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Abstract Minkowski space is shown to be globally stable as a solution to the Einstein—
Vlasov system in the case when all particles have zero mass. The proof proceeds by
showing that the matter must be supported in the “wave zone”, and then proving a
small data semi-global existence result for the characteristic initial value problem for
the massless Einstein—VIasov system in this region. This relies on weighted estimates
for the solution which, for the Vlasov part, are obtained by introducing the Sasaki
metric on the mass shell and estimating Jacobi fields with respect to this metric by
geometric quantities on the spacetime. The stability of Minkowski space result for the
vacuum FEinstein equations is then appealed to for the remaining regions.
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1 Introduction

It is of wide interest to understand the global dynamics of isolated self-gravitating
systems in general relativity. Without symmetry assumptions, problems of this form
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present a great challenge even for systems arising from small data. In the vacuum,
where no matter is present, the global properties of small data solutions were first
understood in the monumental work of Christodoulou—Klainerman [10]. They show
that Minkowski space is globally stable to small perturbations of initial data, i.e. the
maximal development of an asymptotically flat initial data set for the vacuum Ein-
stein equations which is sufficiently close to that of Minkowski space is geodesically
complete, possesses a complete future null infinity and asymptotically approaches
Minkowski space in every direction (see also Lindblad—Rodnianski [26], Bieri [2],
and also Section 1.15 where these results, along with other related works, are dis-
cussed in more detail).

In the presence of matter, progress has been confined to models described by wave
equations.! Here collisionless matter, described by the Einstein—Vlasov system, is
considered. This is a model which has been widely studied in both the physics and
mathematics communities; see the review paper of Andréasson [1] for a summary of
mathematical work on the system. New mathematical difficulties are present since
the governing equations for the matter are now transport equations, though in the
case considered here, where the particles have zero mass and hence travel through
spacetime along null curves, the decay properties of the function describing the matter
are compatible in a nice way with those of the spacetime metric.

The Einstein—Vlasov system takes the form

. 1
Rlcuv - ERguv = T;w» T;w(x) = /P fpupv, (D

X(f)=0. 2

The unknown is a Lorentzian manifold (M, g) together with a particle density function
f: P — [0, 00), defined on a subset P C T .M of the tangent bundle of M called the
mass shell. The function f(x, p) describes the density of the matter at x € M with
velocity p € P, C Ty M. Here (x*, p*) denote coordinates on the tangent bundle
T M with p* conjugate to x*, so that (x, p) denotes the point p*d,u|, in T M. The
Ricci curvature and scalar curvature of (M, g) are denoted Ric, R respectively. The
integral in (1) is taken with respect to a natural volume form, defined later in Section 2.2.
The vector field X € I'(T T M) is the geodesic spray, i.e. the generator of the geodesic
flow, of (M, g). The Vlasov equation (2) therefore says that, given (x, p) € TM, if
¥x,p denotes the unique geodesic in M such that y, ,(0) = x, ¥, ,(0) = p, then f is
constant along (yx ,(s), ¥x p(s)), i.e. f is preserved by the geodesic flow of (M, g).
Equation (2) is therefore equivalent to

f(x, p) = f(exp,(x, p)), 3)

for all s € R such that the above expression is defined, where exp, : TM — T M is
the exponential map defined by exp, (x, p) = (¥x,p(5), Vx,p(5)).

1 See Section 1.15 for a discussion of the relevant works.
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9 Page4of 177 M. Taylor

In the case considered here, where the collisionless matter has zero mass, f is
supported on the mass shell

P :={(x, p) € TM | pisnull and future directed},

a hypersurface in 7M. In this case one sees, by taking the trace of (1), that the scalar
curvature R must vanish for any solution of (1)—(2) and the Einstein equations reduce to

Ricyy =Ty, . “4)

The main result is the following.

Theorem 1.1 Given a smooth asymptotically flat initial data set for the massless
Einstein—Vlasov system suitably close to that of Minkowski Space such that the ini-
tial particle density function is compactly supported on the mass shell, the resulting
maximal development is geodesically complete and possesses a complete future null
infinity. Moreover the support of the matter is confined to the region between two
outgoing null hypersurfaces, and each of the Ricci coefficients, curvature components
and components of the energy momentum tensor with respect to a double null frame
decay towards null infinity with quantitative rates.

The proof of Theorem 1.1, after appealing to the corresponding result for the vac-
uum Einstein equations, quickly reduces to a semi-global problem. This reduction is
outlined below and the semi-global problem treated here is stated in Theorem 1.2.

Theorem 1.1 extends a result of Dafermos [12] which establishes the above under
the additional restricted assumption of spherical symmetry. Note also the result of
Rein—Rendall [29] which treats the massive case in spherical symmetry, where all of
the particles have mass m > 0 (i.e. f is supported on the set of future pointing timelike
vectors p in T M such that g(p, p) = —m?). The main idea in [12] was to show, using
a bootstrap argument, that, for sufficiently late times, the matter is supported away
from the centre of spherical symmetry. By Birkhoff’s Theorem the centre is therefore
locally isometric to Minkowski space at these late times and the extension principle
of Dafermos—Rendall [14] (see also [15]) then guarantees that the spacetime will be
geodesically complete.

In these broad terms, a similar strategy is adopted here. The absence of good quan-
tities satisfying monotonicity properties which are available in spherical symmetry,
however, makes the process of controlling the support of the matter, and proving the
semi-global existence result for the region where it is supported, considerably more
involved. The use of Birkhoff’s Theorem and the Dafermos—Rendall extension prin-
ciple also have to be replaced by the much deeper result of the stability of Minkowski
space for the vacuum Einstein equations. The use of the vacuum stability result, which
is in fact appealed to in two separate places, is outlined below.

1.1 The Uncoupled Problem

Itis useful to first recall what happens in the uncoupled problem of the Vlasov equation
on a fixed Minkowski background. Letv = % (t+r),u = % (t —r) denote standard null
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supp(r(f)) X

Fig. 1 The projection of the support of f in the uncoupled problem

coordinates on Minkowski space R3*! (these form a well defined coordinate system
on the quotient manifold R3**!/S0(3) away from the centre of spherical symmetry
{r = 0}) and suppose f is a solution of the Vlasov equation (2) with respect to this
fixed background arising from initial data with compact support in space. From the
geometry of null geodesics in Minkowski space it is clear that the projection of the
support of f to the spacetime is related to the projection of the initial support of f as
depicted in the Penrose diagram in Figure 1.

In particular, for sufficiently late advanced time vg the matter will be supported
away from the centre {r = 0}, and there exists a point g € R31/50(3), lifting to a
(round) 2-sphere S € R3*!, with r(g) > 0 such that

m(supp(f) N{v < v} C J(S),

where J~(S) denotes the causal past of S and 7: P — M denotes the natural
projection.

1.2 Initial Data and First Appeal to the Vacuum Result

Recall that initial data for the Einstein—Vlasov system (1)—(2) consists of a 3-manifold
3 with a Riemannian metric gg, a symmetric (0, 2) tensor K and an initial particle
density function f satisfying the constraint equations,

divoK; — (dirgK); = Toj.  Ro+ (iroK)* — |K [, = 2Too. 5)

for j =1, 2, 3, where divo, trog, Ry denote the divergence, trace and scalar curvature of
go respectively, and Ty, Tp; denote (what will become) the 00 and 0j components of
the energy momentum tensor. See [30] for a discussion of initial data for the Einstein—
Vlasov system. The topology of ¥ will here be assumed to be that of R3. The issue
of constructing solutions to the constraint equations (5) will not be treated here. A
theorem of Choquet-Bruhat [4] guarantees that, given such an initial data set, a solution
to (1)—(2) will exist locally in time.

The initial density function fy is assumed to have compact support. It will moreover
be assumed that f; and a finite number of its derivatives will be small initially. The
precise condition is given in Section 5. Note the assumption of compact support for
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9 Page60f 177 M. Taylor

fo is in both the spatial variable x, and in the momentum variable p. As will become
evident, the compact support in space is used in a crucial way. The assumption of
compact support in momentum is made for simplicity and can likely be weakened.?

Let B C X be a simply connected compact set such that 7 (supp(f|py)) C B,
where Py denotes the mass shell over X. By the domain of dependence property of the
Einstein—Vlasov system the development of the complement of B in &, DT (X \ B),
will solve the vacuum Einstein equations,

Ric,, = 0. (©6)

The stability of Minkowski space theorem for the vacuum Einstein equations then
guarantees the stability of this region. See Klainerman—Nicolo [21] where exactly
this situation is treated. In particular, provided go, K satisfy a smallness condition® in
¥\ B (i.e. they are suitably close to the gp, K of Minkowski space), there exists a
future complete, outgoing null hypersurface N in this region which can be foliated by
a family of 2-spheres, {Sy,, ,} parameterised by v, approaching the round 2-sphere as
v — 00. Moreover the Ricci coefficients and curvature components of the spacetime
will decay to their corresponding Minkowski values and, by taking go, K suitably
small, certain weighted quantities involving them can be made arbitrarily small on /. It
will be assumed that gg, K are sufficiently small so that the precise conditions stated in
Theorem 5.1 are satisfied on /. A second appeal to a form of the stability of Minkowski
space result in the vacuum (which can be shown to also follow from the Christodoulou—
Klainerman Theorem [10] using upcoming work) will be made in Section 1.4 below.

1.3 Cauchy Stability

By Cauchy stability for the Einstein—Vlasov system (see Choquet-Bruhat [4] or
Ringstrom [30]), Cauchy stability for the geodesic equations and the considerations of
Section 1.1, provided the initial data on ¥ are taken sufficiently small, there exists a 2-
sphere S C M and an incoming null hypersurface A/ such that § C N, Area(S) > 0,
w(supp(f)) NS =0, and

7 (supp(f) NI~ N) C J7(S).
In other words, the existence of the point g in the Penrose diagram of Figure 1 is
stable. It can moreover be assumed that the N above and NV intersect in one of the
2-spheres of the foliation of AV,
NN M = Suo,vo ,

where v can be chosen arbitrarily large. The induced data on A can be taken to be
arbitrarily small, provided they are sufficiently small on X.

2 Ttis used in an important way in Section 8.6 but this can in fact easily be avoided.

3 The precise condition will not be discussed here. See [21].
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supp((f)) b i

Fig.2 The matter is supported in the shaded region and hence the spacetime will solve the vacuum Einstein
equations in the unshaded regions

1.4 A Second Version of the Main Theorem and Second Appeal to the Vacuum
Result

A more precise version of the main result can now be stated. A final version, Theorem
5.1, is stated in Section 5.

Theorem 1.2 Given characteristic initial data for the massless Einstein—Vlasov sys-
tem (1)~(2) on an outgoing null hypersurface N and an incoming null hypersurface
N as above®, intersecting in a 2-sphere Suo.vo Of the foliation of N, then, if vo is
sufficiently large and the characteristic initial data are sufficiently small®, then there
exists a unique spacetime (M, g) endowed with a double null foliation (u, v) solv-
ing the characteristic initial value problem for (1)—(2) in the region vp < v < 09,
uo < u < uy, where N = {u = uo}, N = {v = vo}, and uy can be chosen large
so that f = 0 on the mass shell over any point x € M such that u(x) > uy — 1, i.e.
w(supp(f)) C J~ ({u = uy — 1}). Moreover each of the Ricci coefficients, curvature
components and components of the energy momentum tensor (with respect to a double
null frame) decay towards null infinity with quantitative rates.

This is depicted in Figure 2.

Theorem 1.1 follows from Theorem 1.2 by the considerations of Section 1.2, Section
1.3, and by another application of the vacuum stability of Minkowski space result
with the induced data on a hyperboloid contained between the null hypersurfaces
{u = uy}and {u = uy — 1}. The problem of stability of Minkowski space for the
vacuum Einstein equations (6) with hyperboloidal initial data was treated by Friedrich
[17], though his result requires the initial data to be asymptotically simple. This is,

4 So that, in particular, the particle density function f = 0 on the mass shell over N\, and there exists a
2-sphere S C A such that supp(f) in the mass shell over A is contained in the causal past, J ~ (S), of S.

5 j.e. certain weighted integrals of derivatives of metric components, Ricci coefficients and curvature

components, along with pointwise bounds on certain derivatives of f are small. The precise smallness
assumptions are given later in Section 5.
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Fig. 3 The bootstrap region

in general, inconsistent with the induced data arising from Theorem 1.2.° Whilst a
proof of the hyperboloidal stability of Minkowski space problem with initial data
compatible with Theorem 1.2 can most likely be distilled from the work [10], there is
currently no precise statement to appeal to. In future work it will be shown how one
can alternatively appeal directly to [10] by extending the induced scattering data at
null infinity and solving backwards, in the style of [13].

A precise formulation of Theorem 1.1, including an explicit statement of the norms
used in the first appeal to the vacuum result in Section 1.2 and the Cauchy stability
argument of Section 1.3, will not be made here. The assumptions made in Theorem
5.1, the final version of Theorem 1.2, will be given some justification at various places
in the introduction however. The remainder of the paper will concern Theorem 1.2,
and in the remainder of the introduction its proof will be outlined. The greatest new
difficulty is in obtaining a priori control over derivatives of f. The approach taken
involves introducing the induced Sasaki metric on the mass shell P and estimating
certain Jacobi fields on P in terms of geometric quantities on the spacetime (M, g).
This approach is outlined in Section 1.14 below.

Note that the analogue of Theorem 1.2 for the vacuum Einstein equations (6) follows
from a recent result of Li—Zhu [25].

1.5 The Bootstrap Argument

The main step in the proof of Theorem 1.2 is in obtaining global a priori estimates for all
of the relevant quantities. Once they have been established there is a standard procedure
for obtaining global existence, which is outlined in Section 12. The remainder of the
discussion is therefore focused on obtaining the estimates.

Moreover, using a bootstrap argument, it suffices to show that if the estimates
already hold in a given bootstrap region of the form {ug < u < u’} N {vy < v < '},
depicted in Figure 3, then they can be recovered in this region with better constants

6 One could impose faster decay of the data on {# = ug} in Theorem 1.2 and hope to propagate this decay
so that the induced data on the hyperboloid is indeed sufficient for [17] to apply directly. We have chosen
not to do so here in view of [8], where Christodoulou shows that generic physically interesting spacetimes
are never asymptotically simple.
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independently of u’, v’. This is extremely useful given the strongly coupled nature of
the equations.

The better constants in the bootstrap argument arise from either estimating the
quantities by the initial dataon {v = vg} and {# = ug} or by Uio, and using the smallness
of the initial data and the largeness of vg. Recall that, in the setting of Theorem 1.1,
both the largeness of vy and the smallness of the induced dataon N = {u = ug}, N =
{v = vo} arise by taking the asymptotically flat Cauchy data on X to be suitably small.

1.6 The Double Null Gauge

The content of the Einstein equations is captured here through the structure equations
and the null Bianchi equations associated to the double null foliation (u, v). The
constant # and constant v hypersurfaces are outgoing and incoming null hypersurfaces
respectively, and intersect in spacelike 2-spheres which are denoted S, ,,. This choice
of gauge is made due to its success in problems which require some form of the null
condition’ to be satisfied.® See, for example, [7,9,13,21,27].

The foliation defines a double null frame (see Section 2.1) in which one can decom-
pose the Ricci coefficients, which satisfy so called null structure equations, the Weyl
(or conformal) curvature tensor, whose null decomposed components satisfy the null
Bianchi equations, and the energy momentum tensor (which, by the Einstein equations
(4), is equal to the Ricci curvature tensor).

It is the null structure and Bianchi equations which will be used, together with the
Vlasov equation (2), to estimate the solution. Following the notation of [13,27], the
null decomposed Ricci coefficients will be schematically denoted I'. Two examples are
the outgoing shear X, which s a (0, 2) tensor on the spheres S, ,, and the renormalised
outgoing expansion try — %, which is a function on the spacetime, renormalised using
the function r so that the corresponding quantity in Minkowski space will vanish.

The null decomposed components of the Weyl curvature tensor will be schemati-
cally denoted ¥ and the null decomposed components of the energy momentum tensor
will be schematically denoted 7. This schematic notation, together with the p-index
notation described in Section 1.8 below, will be used to convey structural properties
of the equations which are heavily exploited later.

1.7 The Schematic Form of the Equations

The null structure equations for the Ricci coefficients I', which are stated in Section
2.5, take the following schematic form,

7 See Section 1.8.

8 Itis well known that the Einstein equations in the harmonic gauge do not satisfy the classical null condition
of [20]. Despite this fact, it has been shown by Lindblad—Rodnianski [26] that one can still prove stability
of Minkowski space for the vacuum Einstein equations in this gauge. One could therefore imagine adopting
a similar strategy to approach the current problem in the harmonic gauge. Note the recent work of Fajman—
Joudioux—Smulevici [16] on the development of a vector field method for relativistic transport equations,
which could play an important role in such an approach.
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1 1
W3F=;F+F.F+w+7, W4F=;F+F~F+1/f+T. (7

Here Y3 and Y4 denote the projections of the covariant derivatives in the incoming
and outgoing null directions respectively to the spheres S, .. The %F terms appear
in the equations for the outgoing and incoming expansions try — %, trx + %, which

are renormalised using the function r. Each I' satisfies exactly one of the two form

@ @
of equations (7) and hence are further decomposed as I' or I' depending on whether

they satisfy an equation in the Y3 or Y4 direction respectively. It should be noted that
there are further null structure equations satisfied by the Ricci coefficients which take
different forms to (7), some of which will make an appearance later.

The Weyl curvature components i can be further decomposed into Bianchi pairs,
defined in Section 3.1, which are denoted (\, ') (examples are (P, V') = (a, B)
or (B, (p, 0))). This notation is used to emphasise a special structure in the Bianchi
equations, which take the form,

W3¢=1D¢1b/+%r+r-¢+r-7+v7, 8)

1
V4¢’=mfu)+;r+r-t/f+l“-T+VT-

Here P denote certain angular derivative operators on the spheres of intersection of
the double null foliation, and V7 schematically denote projected covariant derivatives
of 7 in either the 3, 4 or angular directions.

The Ricci coefficients can be estimated using transport estimates for the null struc-
ture equations (7) since derivatives of I' do not appear explicitly on the right hand
sides of the equations. The transport estimates are outlined below in Section 1.11 and
carried out in detail in Section 10. Note that using such estimates does, however, come
with a loss, namely the expected fact that angular derivatives of I live at the same level
of differentiability as curvature is not recovered. This fact can be recovered through
a well known elliptic procedure, which is outlined below in Section 1.12 and treated
in detail in Section 11. One cannot do the same for the curvature components and the
Bianchi equations (8) due to the presence of the Py terms on the right hand sides. In
order to obtain “good” estimates for the Bianchi equations one must exploit the special
structure which, if S denotes one of the spheres of intersection of the null foliation,
takes the following form,

[ 2w v=— 4 Dy,

i.e. the adjoint of the operator Py, is —Pyy. Using this structure, if one contracts
the Y3 equation with 1\ and adds the ¥4’ equation contracted with 1), the terms
involving the angular derivatives will cancel upon integration and an integration by
parts yields energy estimates for the Weyl curvature components. It is through this
procedure that the hyperbolicity of the Einstein equations manifests itself in the double
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null gauge. These energy estimates form the content of Section 9 and, again, are
outlined below in Section 1.10.

We are therefore forced (at least at the highest order) to estimate the curvature
components in L2. All of the estimates for the Ricci coefficients here will also be
L? based. In order to deal with the nonlinearities in the error terms of the equations,
the same L2 estimates are obtained for higher order derivatives of the quantities and
Sobolev inequalities are used to obtain pointwise control over lower order terms. * To
do this, a set of differential operators © is introduced which satisfy the commutation
principle of [13]. This says that the “null condition” satisfied by the equations (which
is outlined below and crucial for the estimates) and the structure discussed above are
preserved when the equations are commuted by D, i.e. ®T and D satisfy similar
equations to I and . The set of operators © is introduced in Section 3.3.

As they appear on the right hand side of the equations for v, I', the energy momen-
tum tensor components 7 are also, at the highest order, estimated in L?. These
estimates are obtained by first estimating f using the Vlasov equation. It is important
that the components of the energy momentum tensor, and hence also f, are estimated
at one degree of differentiability greater than the Weyl curvature components 1. The
main difficulty in this work is in obtaining such estimates for the derivatives of f. See
Section 1.14 for an outline of the argument and Section 8 for the details.

1.8 The p-Index Notation and the Null Condition

The discussion in the previous section outlines how one can hope to close the estimates
for I' and ¢ from the point of view of regularity. Since global estimates are required, it
is also crucial that all of the error terms in the equations decay sufficiently fastin v (or
equivalently, since everything takes place in the “wave zone” where r := v — u + rg
is comparable to v, sufficiently fast in r) so that, when they appear in the estimates,
they are globally integrable. For quasilinear wave equations there is an algebraic
condition on the nonlinearity, known as the null condition, which guarantees this [20].
By analogy, we say the null structure and Bianchi equations “satisfy the null condition”
to mean that, on the right hand sides of the equations, certain “bad” combinations of
the terms do not appear. There is an excellent discussion of this in the introduction of
[13]. As they are highly relevant, the main points are recalled here.

Following [13], the correct hierarchy of asymptotics in r for I', ¥ and 7 is first
guessed. This guess is encoded in the p-index notation. Each T, v, 7 is labelled with a
subscript p to reflect the fact that r?|T" |, 7P|y, |, 7|7, | are expected to be uniformly
bounded.!? Here | - | denotes the norm with respect to the induced metric on the 2-
spheres g. The weighted L? quantities which will be shown to be uniformly bounded
will imply, via Sobolev inequalities, that this will be the case at lower orders.

9 One could actually be sharper and, with slightly more effort, close the estimates with fewer derivatives
than are taken here.

10 1t in fact may be the case that r”|I" | etc. can converge to 0 as r — o0o. The weights may therefore be
weaker than the actual decay rates in the solutions which are finally constructed.
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In Theorem 5.1, the precise formulation of Theorem 1.2, it is asymptotics consis-
tent with the p-index notation which will be assumed to hold on the initial outgoing
hypersurface NV = {u = up}. In the context of Theorem 1.1, recall the use of the
Klainerman—Nicolo [21] result in Section 1.2. The result of Klainerman—Nicolo guar-
antees that, provided the asymptotically flat Cauchy data on ¥ has sufficient decay,
there indeed exists an outgoing null hypersurface in the development of the data on
which asymptotics consistent with the p-index notation hold.

1.9 Geometry of Null Geodesics and the Support of f

If the Ricci coefficients are assumed to have the asymptotics described in the previous
section then itis straightforward to show that u s can be chosen to have the desired prop-
erty that f = 0 on the mass shell over any point x € M with u(x) > u s — 1. In fact,
it can also be seen that the size of the support of f in Py, the mass shell over the point
x € M, will decay as v(x) — oo. This decay is important as it is used to obtain the
decay of the components of the energy momentum tensor. The argument for obtaining
the decay properties of supp(f) is outlined here and presented in detail in Section 7.

The decay of the size of the support of f in P, can be seen by considering the
decay of components of certain null geodesics. Suppose first that y is a future directed
null geodesic in Minkowski space emanating from a compact set in the hypersurface
{r = 0} such that the initial tangent vector y (0) is contained in a compact set in the
mass shell over { = 0}. One can show that, if

Y(s) = p*(s)es + pP(s)es + p(s)ea,

where e; = g1, €2 = 0p2, €3 = 0y, e4 = 0y is the standard double null frame in
Minkowski space, then the bounds,

pt=c. P =cpt. Ppti=cpt fora=1.2, ©)
hold uniformly along y for some constant C.!!

The bounds (9) will be assumed to hold in supp( f) in the mass shell over the initial
hypersurface {v = vp} in Theorem 5.1, the precise formulation of Theorem 1.2. In
the setting of Theorem 1.1, the bounds (9) can be taken to hold on the hypersurface
N = {v = vp} in view of the Cauchy stability argument of Section 1.3 and the fact

11" One sees these are the correct asymptotics for p1 (s), p2 (s) by using the three angular momentum Killing
vector fields of Minkowski space Q1, 7, 23 and the fact that, if K is a Killing vector, g(y, K) is constant
along y, to see that the angular momentum of the geodesic,

3
Peaprtr? = .20,

i=1
is conserved along y. This fact together with the mass shell relation 4 p3 p4 =4aB pA pB and the fact that

p* does not decay along a null geodesic (which can be seen in Minkowski space by looking at the geodesic
equations and noting that ;'74 (s) > 0) gives the required asymptotics for p3.
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that they hold globally in supp( f) for the uncoupled problem of the Vlasov equation
on a fixed Minkowski background.

The idea is now to propagate the bounds (9) from the initial hypersurface {v = vo}
into the rest of the spacetime. If ey, ..., e4 now denotes the double null frame of
(M, g) (defined in Section 2.1), one then uses the geodesic equations,

P*(s) 4 p () pP ()T hy(s) =0,

for a null geodesic y with y(s) = p*(s)euly(s), a bootstrap argument and the point-
wise bounds r?|I",| < C to see that

4007\2 400)2
o (P'O) d(5a N _ o (PO
p(s)-O(r(s)z), a(’(s)p(s))‘(?(r(s)z)’

4 2
5-3 <r(s)2pA(s)) -0 (”r((s(;)z )  forA=1,2.

The estimates (9) follow by integrating along y since d ~ p*(0).
Finally, to show the retarded time u y can be chosen as desired, let u(s) denote the
u coordinate of the geodesic y at time s. Then
PO
r(s)*’

and hence |u(s) — u(0)| < C for all s € [0, c0), for some constant C.

li(s)| ~ p>(s) ~

1.10 Global Energy Estimates for the Curvature Components

The global energy estimates for the Weyl curvature components can now be outlined.
They are carried out in detail in Section 9. The Bianchi equations take the schematic
form,

Vabp =Py, ¥y +Ep. Yoy =Py bp+etixbly +Eyps (10)

where c is a constant (which is different for the different 11)’17/) and E, is an error which

will decay, according to the p notation, like r% Similarly, £ p43 is an error which

will decay like —— . Recall from equation (8) that the errors £, and E +3 contain
linear terms 1nvolv1ng ", nonlinear terms of the form I" -  and I" - 7, and projected
covariant derivatives of components of the energy momentum tensor V7 . Using (10)
to compute Div (r* [p,|%e3), Div (rw |1,b’p/|2e4), after summing a cancellation will
occur in the terms involving angular derivatives, as discussed in Section 1.7, and they
can be rewritten as a spherical divergence. If the weight w is chosen correctly, a can-

cellation'? also occurs in the ctrx’, term (which, since try looks like % to leading
order, cannot be included in the error E P 3) and one is then left with,
2

12 This cancellation is exploited for each Bianchi pair except (\, ") = (a, B), for which a slightly weaker
weight is chosen. See Remark 9.2.
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/BDiv (rw|¢,,|2e3) + Div (rw|1p;,,|2e4) - /Brw (q)p Ep - Ep/+%) ,
(1D

where Div denotes the spacetime divergence and 3 denotes a spacetime “bulk” region
bounded to the past by the initial characteristic hypersurfaces, and to the future by
constant v and constant u hypersurfaces. See Figure 3. Note that this procedure will
generate additional error terms but they can be treated similarly to those arising from
the errors in (10) and hence are omitted here. See Section 9 for the details.

If the curvature fluxes are defined as,

Wp ')
vo v’(u)_Z/ wﬂ)pll)p |1l)p|21

u’}N{vg<v=<v'}

wpp W’ )
uo u’(v ) - Z/ r " N)/p/|2’

v=v'}N{ug<u<u’
w;/ { JN{ug }

then by the divergence theorem, when the above identity (11) is summed over all
Bianchi pairs (1, Il)/p ,), the left hand side becomes

Fy )+ Fp () — Fy (uo) = Fpy , (v0).

Due to the relation between the weights w (1, 11) ) and p, p’, and the bounds assumed
for I' and 7 through the bootstrap argument, the right hand side of (11) can be
controlled by,

u
C
/ v v(u Ydu' + —,
ug vo

for some constant C (which, of course, arises from inserting the bootstrap assump-
tions). It is this step where one sees the manifestation of the null condition in the
Bianchi equations. Dropping the F; , (v) term on the left yields,

uou

u

C
FL ) < FL (o) + uou(vo)+f Fipo W +
uo

and hence by the Gronwall inequality, F,, . (1) can be controlled by initial data and

U() v
the term Returmng to the inequality,

u

C
Fy () + uou(v)_ vov(u0)+ uou(vo)+/ vov(u)du +—0

ug

and inserting the above bounds for F L), F,

w0 (v) can now also be similarly con-
trolled.

uou
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1.11 Global Transport Estimates for the Ricci Coefficients

Turning now to the global estimates for the Ricci coefficients, which are treated in
detail in Section 10, in the p-index notation the null structure equations take the form,

3) 4) p @
Y73Fp=Ep, V4Fp=—§trer+Ep+2,

where again E, is an error which decays, according to the p-index notation, like r—lp

and Ej; decays like rp% Recall from equation (7) that £, and E > contain linear

4)
terms involving I, ¥, 7, and quadratic terms of the form I - I". The ¥4 I" p equations
can be rewritten as

)
Y4 <rp Fp> =rPE ).

“)
To estimate the I one then uses the identity, for a function 4 on M,

avf hdus = Yah + trxhdus,
Su,v Su,v

where the tryh term comes from the derivative of the volume form on S, ,, with

(C)
h=r2r _2| ', |2. The r 2 factor serves to cancel the tr x term (which, recall, behaves
like % and so is not globally integrable in v). Hence,

4) 4
3v/ PP P dps = / PP, - Epyadps
Su,v Su,v

1
—0(=).
(=)
since the volume form is of order r2. Integrating in v from the initial hypersurface
{v = vo} then gives,

@ “
rir? [S T pPdus < C (ﬂp—z fs IFpIZdMS>

Note that the error E > is integrated over a u = constant hypersurface. These are
exactly the regions on which the integrals of the Weyl curvature components were
controlled in Section 1.10, and it is for this reason the curvature terms in the error
E 1> can be controlled in (12).

+ & (12)

V=19 vo

(G
Since the volume form is of order 72, the bound (12) is consistent with T’ p decaying
Q)
like % and, after repeating the above with appropriate derivatives of I' ,, this pointwise

decay can be obtained using Sobolev inequalities on the spheres.
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(€] (G
It is not a coincidence that the % coefficient of trx I' , in the V4T ,, equation is

) G
exactly that which is required to obtain r% decay for I' ,. In fact some of the I' , will
decay faster than this but the other null structure equations are required, along with
elliptic estimates, to obtain this. It is therefore the g coefficient which determines

(C)
the p index given here to the I' as it restricts the decay which can be shown to hold

4
using only the ¥4 (F) equations. Note the difference with [13] where the authors are not
constrained by this coefficient as they there integrate “backwards” from future null
infinity.
3
Turning now to the equations in the 3 direction, the I' , quantities are estimated

using the identity,

3u/ hdus = Y3h +trxhdps,
s X

i, v Su,v

3
with h = r?P72|T p|2. It does not now matter that trx only decays like % since the
integration in u will only be up to the finite value u s.

(©)
Suppose first that I" ,, satisfies

3) . 0
Vil = Ept1 + E,, (13)

where E 11 decays like rp% and Eg decays like }p but only contains Weyl curvature,

@)
energy momentum tensor and I' terms which have already been estimated (the energy
momentum tensor estimates are outlined below as they present the greatest difficulty
but in the logic of the proof are estimated first). Then,

3)
5/ r2r? <|Fp|2+|Ep+1|2+|E?,|2> dps.

3)
o [ rrRIr Paus
Su,v

Integrating from u¢ to u and inserting the bootstrap assumptions and the previously
obtained bounds for Eg, the Gronwall inequality then gives,

(3) 3)
/ PP Pdus < ( f r2p—2|r,,|2dus>
Su,v Su,v
( 1 )
S C &0 + - )
vo

where g( controls the size of the initial data. Note that it was important that the only
error terms which have not already been estimated are of the form £, 1, andnot £, in

order to gain the UI—O smallness factor. It turns out that there is a reductive structure in the

C ur
+—+ c[ r*P|ES Pdu’
u

u=u vo 0
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null structure equations so that, provided they are estimated in the correct order, each
3) 3)
I satisfies an equation of the form (13) where Eg now also contains I" terms which

(©)
have been estimated previously. Hence all of the I'" can be estimated with smallness
factors.

1.12 Elliptic Estimates and Ricci Coefficients at the Top Order

The procedure in Section 1.11 is used to estimate the Ricci coefficients, along with
their derivatives at all but the top order, in L? of the spheres of intersection of constant
u and constant v hypersurfaces. The derivatives of Ricci coefficients at the top order
are estimated only in L? on null hypersurfaces. These estimates are obtained using
elliptic equations on the spheres for some of the Ricci coefficients, coupled to transport
equations for certain auxilliary quantities. This procedure is familiar from many other
works (e.g. [9,10]) and forms the content of Section 11. It should be noted that these
estimates are only required here for estimating the components of the energy momen-
tum tensor. If one were to restrict the semi-global problem of Theorem 1.2 to the case
of the vacuum FEinstein equations (6) then the estimates for the Ricci coefficients and
curvature components could be closed with a loss (i.e. without knowing that angular
derivatives of Ricci coefficients lie at the same degree of differentiability as the Weyl
curvature components) as only the null structure equations of the form (7) would be
used, and these elliptic estimates would not be required. See Section 1.7.

1.13 Global Estimates for the Energy Momentum Tensor Components

At the zeroth order the estimates for the energy momentum tensor components follow
directly from the bounds (9), which show that the size of the region supp(f|p,) C Py
on which the integral in (1) is taken is decaying as r(x) — oo, and the fact that f
is conserved along trajectories of the geodesic flow. For example, using the volume
form for P, defined in Section 2.2, if SUP =y} ] < eo,

CS()
4 14,25 4
c p'y/detg(x)dp dp~dp” < 2

since ,/detg < C r2. In fact, provided the derivatives of f can be estimated, the
estimates for the derivatives of 7 are obtained in exactly the same way.

C
T33(x) = 4T*(x) < 4eg / f
0 | 1

P2

1.14 Global Estimates for Derivatives of f

A fundamental new aspect of this work arises in obtaining estimates for the derivatives
of f. Recall from Section 1.7 that, in order to close the bootstrap argument, it is
crucial that the energy momentum tensor components 7, and hence f, are estimated
at one degree of differentiability greater than the Weyl curvature components, i.e.
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k derivatives of f must be estimated using only & — 1 derivatives of 1. Written in
components with respect to the frame!3 er, ey, e3,eq, E)p] , sz, 8p4 for P, the Vlasov
equation (2) takes the form,

X(f) = p"eu(f) = p"p Tl dpu f =0,

where Fffx denote the Ricci coefficients of M. See (24)-(28) below. One way to
estimate derivatives of f is to commute this equation with suitable vector fields and
integrate along trajectories of the geodesic flow. If V denotes such a vector field,
commuting will give,

X(Vf)=E,

where E is an error involving terms of the form V(Fffk). At first glance this seems
promising as derivatives of the Ricci coefficients should live at the same level of
differentiability as the Weyl curvature components ¥. This is not the case for all of
the F:fx however, for example if V involves an angular derivative then V(I‘fA), for
A, B = 1,2, will contain two angular derivatives of the vector field b. See (17) below
for the definition of b and (26) for FfA. The vector field b is estimated through an
equation of the form,

Vib=T+T.b,

and hence, commuting twice with angular derivatives and using the elliptic estimates
described in Section 1.12 will only give estimates for two angular derivatives of b by
first order derivatives of ¥ and 7 . The angular derivatives of the spherical Christoffel
symbols V', see (22) below, which also appear when commuting the Vlasov equation
give rise to similar issues.

Whilst it may still be the case that E as a whole (rather than each of its individual
terms) can be estimated just at the level of v, a different approach is taken here in
order to see more directly that derivatives of f can be estimated at the level of . This
approach, which is treated in detail in Section 8, is outlined now.

Consider again a vector V € T, ) P. Recall the form of the Vlasov equation (3).
Using this expression for f and the chain rule,

Vi, p)= df|(x,p)v = df|exps(x,p) : deXPs |(x,p)V7

for any s, and hence, if J(s) := d expy |(x,p) V.,

Vfx,p)=J(s)f(exps(x, p)). (14)

13 Recall ey, 3, e3, e4 is the double null frame for M, defined in Section 2.1 using the (u, v, 0l,6%)
coordinate system on M. Note the slight abuse of notation here as ey, e, €3, e4 act only on functions on
M, whilst f is a function on P. As e] = 9, in the (u, v, !, 92) coordinate system, eq f is used to denote

g1 f in the (u, v, o', 62, pl, pz, p4) coordinate system for P. Similarly for es f, e3 f, e4 f.
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If s < O 1is taken so that 7 (exp, (x, p)) € {v = vo} then the expression (14) relates a
derivative of f at (x, p) to a derivative of f on the initial hypersurface. It therefore
remains to estimate the components of J(s), with respect to a suitable frame for P,
uniformly in s and independently of the point (x, p).

The metric g on the spacetime M can be used to define a metric on the tangent
bundle 7T M, known as the Sasaki metric [33], which by restriction defines a metric g
on the mass shell P. See Section 4 where this metric is introduced. With respect to this
metric trajectories of the geodesic flow s — exp,(x, p) are geodesics in P and, for
any vector V € T(x p) P, J(s) := d expy |(x,p)V is a Jacobi field along this geodesic
(see Section 4). Therefore J (s) satisfies the Jacobi equation,

VxVxJ = R(X, )X, (15)

where V denotes the induced connection on P, and R denotes the curvature tensor
of (P, g). Equation (15) is used, as a transport equation along the trajectories of
the geodesic flow, to estimate the components of J. The curvature tensor R can be
expressed in terms of (vertical and horizontal lifts of) the curvature tensor R of (M, g)
along with its first order covariant derivatives V R. See equation (90). At first glance
the presence of V R again appears to be bad. On closer inspection, however, the terms
involving covariant derivatives of R are always derivatives in the “correct” direction
so that they can be recovered by the transport estimates, and the components of J, and
hence V£, can be estimated at the level of .

The above observations of course only explain how one can hope to close the
estimates for 7 from the point of view of regularity. In order to obtain global estimates
for the components of J one has to use the crucial fact that, according to the p-index
notation, the right hand side of the Jacobi equation R (X, J)X, when written in terms of
v, T, pl, pz, p3, p4, decays sufficiently fast as to be twice globally integrable along
s > exp,(x, p). This can be viewed as a null condition for the Jacobi equation and is
brought to light through further schematic notation introduced in Section 8.2.

The fact that the right hand side of (15) has sufficient decay in r is perhaps not
surprising. Consider for example the term

Hor ;) (R()}, Jh))}) , (16)

in ﬁ(X, J)X. Here y is a geodesic in M such that exp, (x, p) = (y(s), y(s)) and Jh
is a vector field along y on M such that, together with another vector field JV along

V’
Ty = Hor(y (") + Verg, 5y (JY),

with Hor(,, ) and Ver(, ;) denoting horizontal and vertical lifts at (y, y) (defined in

Section 4). The slowest decaying v and 7 are those which contain the most e3 vectors.

Whenever such ¥ and 7 arise in (16) however, they will typically be accompanied by
1

p3(s), the e3 component of y (s), which (recall from Section 1.9) has fast o7 decay.

Similarly the non-decaying p*(s), the e4 component of y (s), can only appear in (16)
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accompanied by the v and 7 which contain e4 vectors and hence have fast decay in
r. In particular, potentially slowly decaying terms involving p*(s) multiplying the v
and 7 which contain no e4 vectors do not arise in (16).

Finally, since J f now itself is also conserved along s — exp,(x, p), second order
derivatives of f can be obtained by repeating the above. If Ji, J> denote Jacobi fields
corresponding to vectors Vi, V5 at (x, p) respectively, then,

VaVif(x, p) = Ja(s)J1(s) f (expy (x, p)).

In order to control V, V| f(x, p) itis therefore necessary to estimate the J, derivatives
of the components of J; along s — exp, (x, p). This is done by commuting the Jacobi
equation (15) and showing that the important structure described above is preserved.
The Jacobi fields which are used, and hence the vectors V used to take derivatives of
f, have to be carefully chosen. They are defined in Section 8.3.

Note that this procedure can be repeated to obtain higher order derivatives of f.
Whilst the pointwise bounds on ¥ at lower orders mean that lower order derivatives
of f can be estimated pointwise, at higher orders this procedure will generate terms
involving higher order derivatives of ¥ and hence higher order derivatives of 7 must
be estimated in L? on null hypersurfaces. In fact, at the very top order, 7 is estimated
in the spacetime L? norm.

1.15 Related Previous Stability Results in General Relativity

There are several related previous works on the stability of Minkowski space for
the Einstein equations coupled to various matter models. Without simplifying sym-
metry assumptions, the first such work was that of Christodoulou—Klainerman [10].
They show that, given an initial data set for the vacuum Einstein equations, satisfy-
ing an appropriate asymptotic flatness condition, which is sufficiently close to that of
Minkowski space, the resulting maximal development is geodesically complete, pos-
sesses a complete future null infinity, and asymptotically approaches Minkowski space
with quantitative rates. The result, more fundamentally, provided the first examples of
smooth, geodesically complete, asymptotically flat solutions to the vacuum Einstein
equations, other than Minkowski space itself. The existence of such spacetimes if far
from trivial. The proof relies on foliating the spacetimes they construct by the level sets
of a so called maximal time function, along with another, null, foliation by the level
sets an optical function. Detailed behaviour of the solutions are obtained, along with
various applications including a rigorous derivation of the Bondi mass loss formula.
The proof of Christodoulou—Klainerman was generalised by Zipser [36], who
showed that the analogue of their theorem holds for electromagnetic matter described
by the Maxwell equations. The proof of this generalisation again relies on foliating
the spacetimes by the level hypersurfaces of a maximal time and optical function.
The Christodoulou—Klainerman proof was later revisited by Klainerman—Nicolo
[21] who showed the stability of the domain of dependence of the complement of a ball
in a standard spacelike hypersurface in Minkowski space. Their smallness condition on
initial data is similar to that of Christodoulou—Klainerman, however the Klainerman—
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Nicold proof is based on a double null foliation, defined as the level hypersurfaces of
two, outgoing and incoming, optical functions. The proof of Theorem 1.2 in this work
is based on a similar approach and moreover, since the Klainerman—Nicolo result is
appealed to in its proof, the smallness condition required in Theorem 1.1 is similar to
that of [21]. See Section 1.2.

A new proof of the stability of Minkowski space for the vacuum Einstein equa-
tions using the harmonic gauge, the gauge originally used by Choquet-Bruhat [3] to
prove local existence for the vacuum Einstein equations, was developed by Lindblad—
Rodnianski [26]. Their proof essentially reduces to a small data global existence proof
for a system of quasilinear wave equations and, despite the equations failing to satisfy
the classical null condition of Klainerman [20], is relatively technically simple. The
proof moreover requires a weaker asymptotic flatness condition on the data, compared
to [10], and also allows for coupling to matter described by a massless scalar field.
The asymptotic behaviour obtained for the solutions is less precise, however, than in
[10].

The Christodoulou—Klainerman proof was returned to again by Bieri [2], who
imposes a weaker asymptotic flatness condition on the initial data, in terms of decay,
and is able to close the proof using fewer derivatives of the solution than [10]. The
proof again, as in [10], is based on a maximal-null foliation of the spacetimes.

The stability of Minkowski space problem for the Einstein—Maxwell system, as
studied by Zipser, was returned to by Loizelet [24], this time using the harmonic
gauge approach of Lindblad—Rodnianski. The harmonic gauge approach was also
used by Speck [34], who considers the Einstein equations coupled to a large class
of electromagnetic equations, which are derivable from a Lagrangian and reduce to
the Maxwell equations in an appropriate limit. A recent result of LeFloch—-Ma [23]
on the problem for the Einstein—Klein—Gordon system also uses the harmonic gauge
approach (see also [35]).

Finally, there are more global stability results for the Einstein equations with a
positive cosmological constant, for example the works of Friedrich [17], Ringstrom
[30] and Rodnianski—Speck [31]. A more comprehensive list can be found in the
introduction to the work of Hadzié¢—Speck [19].

1.16 Outline of the Paper

In the next section coordinates are defined on the spacetime to be constructed, and
on the mass shell P. The Ricci coefficients and curvature components are introduced
along with their governing equations. In Section 3 the schematic form of the quantities
and equations are given. Three derivative operators are then introduced which are
shown to preserve the schematic form of the equations under commutation. Some
facts about the Sasaki metric are recalled in Section 4 and are used to describe certain
geometric properties of the mass shell. A precise statement of Theorem 1.2 is given in
Section 5, along with the statement of a bootstrap theorem. The proof of the bootstrap
theorem is given in the following sections. The main estimates are obtained for the
energy momentum tensor components, Weyl curvature components and lower order
derivatives of Ricci coefficients in Sections 8, 9 and 10 respectively. The estimates for
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the Ricci coefficients at the top order are obtained in Section 11. The results of these
sections rely on the Sobolev inequalities of Section 6, and the decay estimates for the
size of supp(f|p,) C Py as x approaches null infinity from Section 7. The fact that
the retarded time u ¢ can be chosen to have the desired property, stated in Theorem
1.2, is also established in Section 7. Finally, the completion of the proof of Theorem
1.2, through a last slice argument, is outlined in Section 12.

2 Basic Setup

Throughout this section consider a smooth spacetime (M, g) where M = [ug, u'] x
[vo, V') x S2, for some uy < u’ < us,vp < v < 00, is a manifold with corners and
g is a smooth Lorentzian metric on M such that (M, g), together with a continuous
function f : P — [0, 00), smooth on P \ Z, where Z denotes the zero section, satisfy
the Einstein—Vlasov system (1)—(2).

2.1 Coordinates and Frames

A point in M will be denoted (u, v,0',62). It is implicitly understood that two
coordinate charts are required on 2. The charts will be defined below using two
coordinate charts on Sy, = {# = up} N {v = vp}. Assume u and v satisfy the
Eikonal equation

g o udu =0, gh"a,vd,v=0.
Following [9,21], define null vector fields

L* = —2g""3,u, LY .= —2g""3,v,

and the function 2 by
2Q7%2 = —g(L, L).

Let (8!, %) be a coordinate system in some open set U on the initial sphere S, v,
These functions can be extended to define a coordinate system (u, v, ol 92) on an
open subset of the spacetime as follows. Define 6!, 62 on {u = uo} by solving

LOY =0, forA=1,2.
Then extend to u > ug by solving

LOY =0, forA=1,2.
This defines coordinates («, v, 61, 62) on the region D(Uj) defined to be the image

of Up under the diffeomorphisms generated by L on {u = ug}, then by the diffeo-
morphisms generated by L. Coordinates can be defined on another open subset of the
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spacetime by considering coordinates in another region U, C Sy, and repeating the
procedure. These two coordinate charts will cover the entire region of the spacetime in
question provided the charts Uy, U cover Sy, The choice of coordinates on Uy, Us
is otherwise arbitrary.

The spheres of constant # and v will be denoted S, ,, and the restriction of g to
these spheres will be denoted g. A vector field V on M will be called an S, , vector
field if Vy € TxSu(x),v(x) for all x € M. Similarly for (r, 0) tensors. A one form &
is called an S, ,, one form if §(L) = &£(L) = 0. Similarly for (0, s), and for general
(r, s) tensors.

In these coordinates the metric takes the form

g =—2Q%du ®dv+dv®du) + g, ,(d0* — b dv) ® d0® — bPdv), (17)

where b is a vector field tangent to the spheres S, ,,, which vanishes on the initial
hypersurface {# = ug}. Note that, due to the remaining gauge freedom, 2 can be
specified on {# = wup} and {v = wvp}. Since, in Theorem 5.1, it is assumed that
[a
{u = up} so that they both vanish.

Integration of a function ¢ on S, , is defined as

/ pdus, , = Z/ / ¢ti\/det gdo?de’,
Sy ' o1 Jo2

i=1,2
where 11, 12 is a partition of unity subordinate to Dy, , Dy, at u, v.
Define the double null frame

— 1) and 3| Y4 log Q| are small on {u = ug}, it is convenient to set @ = 1 on

1

= e4 = 8y + b4, (18)

eq = dga, forA=1,2, e3

and let (p*; n = 1, 2, 3, 4), denote coordinates on each tangent space to M conjugate
to this frame, so that the coordinates (x*, p/*) denote the point

pleyly € TeM,

where x = (x*). This then gives a frame, {e;,, 0pn | © = 1,2, 3,4}, on TM. The
Vlasov equation (2) written with respect to this frame takes the form

pleu(f) —TW p'p*dpu f =0,

where I”ff ,, are the Ricci coefficients of g with respect to the null frame (18). For f as
a function on the mass shell P, this reduces to,

pleu(f) =Ty, p"p oy f =0,

where i now runs over 1, 2, 4, and ﬁl , ﬁ2, F‘ denote the restriction of the coordinates
pl, p?, p* to P, and 3_; denote the partial derivatives with respect to this restricted
coordinate system. Using the mass shell relation (21) below one can easily check,
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glApA ngPA
248p3, 3ﬁ2=ap2+ 248p3, 3ﬂt=81——433.

D D Iz P P
(19)

8? = 3p| +

Note that Greek indices, wu, v, A, etc. will always be used to sum over the values
1, 2, 3, 4, whilst capital Latin indices, A, B, C, etc. will be used to denote sums over
only the spherical directions 1, 2. In Section 8 lower case latin indices i, j, k, etc. will
be used to denote summations over the values 1, ..., 7.

Remark 2.1 A seemingly more natural null frame to use on M would be
1 1 A
er=dpn forA=12 e =, e4=§<8v+b aeA). (20)

Dafermos—Holzegel-Rodnianski [13] use the same “unnatural” frame for regularity
issues on the event horizon. The reason for the choice here is slightly different and is
related to the fact that w, defined below, is zero in this frame.

2.2 Null Geodesics and the Mass Shell

Recall that the mass shell P C T .M is defined to be the set of future pointing null
vectors. Using the definition of the coordinates p/* and the form of the metric given in
the previous section one sees that, since all of the particles have zero mass, i.e. since
f is supported on P, the relation

—4p’p*+ ¢, 5p " =0, @1)
is true in the support of f. The identity (21) is known as the mass shell relation.
The mass shell P is a 7 dimensional hypersurface in 7.M and can be parameterised
by coordinates (u, v, 81, 82, p', p, p*), with p* defined by (21).
To make sense of the integral in the definition of the energy momentum tensor (1)
one needs to define a suitable volume form on the mass shell, P,, over each point

x e MN{u < uy}. Since P, is a null hypersurface it is not immediately clear how
to do this. Given such an x, the metric on M defines a metric on T, M,

—4dp*dp® + g s 5 ()dp”dp”,
which in turn defines a volume form on 7T, M,
2,/det gdp* A dp* Adp' Adp®.

A canonical one-form normal to P, can be defined as the differential of the function
Ay : Ty M — R which measures the length of X € Ty M,

A (X) = g(X, X).
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Taking the normal —%dAx to Py, the volume form (in the (u, v, 61, 6%, p!, p2, p*)
coordinate system) can be defined as

Jdet g

—4dp4 A a’p1 A dpz.
p

This is the unique volume form on Py compatible with the normal — %d Ay in the sense
that

1 det
Lyna (_M
2 P

dp4 Adp' A dp2> = Zw/detgdp3 A dp4 /\dp1 A dp2,

and if & is another 3-form on P, such that

1
—dA N E = 2,/det gdp* A dp* A dp' A dp?,

then
/det
£ = —4gdp4 Adp' Adp*  on Py.
p
See Section 5.6 of [32].

The energy momentum tensor at x € M therefore takes the form
Y Y 1 4 13 2
T,w(x)z'/ / / fpPupv—+/detgdp™dp-dp”.
—o0 J—00 JO p

2.3 Ricci Coefficients and Curvature Components

Following the notation of [9] (see also [10,21]), define the Ricci coefficients

xaB =8(Veyed,e), X, p=28(Vese3,€B),
na =—38(Vesea, es), 10, =—38(Vesen, e3),

o= 3g(Ve,e3, e4).

The null second fundamental forms x, x are decomposed into their trace and trace
free parts

AB 5 1
try =477 xaB, XABZXAB—EtrngB,
1
AB 5
UX =8 Xap  Xap = Xap ~ 3UX%aB:

Note that due to the choice of frame, since ez is an affine geodesic vector field,
= %g(Ve3e4, e3) = 0. Also note that in this frame 4 := %g(VeAe4, e3) = =1,
The Christoffel symbols of (Sy,», ) with respect to the frame ey, e> are denoted r g B>
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Ye.e =T ec. (22)

Define also the null Weyl curvature components

aap = Wiea,ea,ep,es), aup = Wlea,es, ep,e3),
1 1
IBA = EW(@A,@4,€3,€4), EA = EW(eAae3ae3ae4)a
1 1
p = zWl(es,e3,e4,e3), 0 = ;*Wiey, e3, e4, €3).

Here!#
1 . . . .
Waﬁyé = Raﬁy& - E(galeCﬁ(S + gﬂSRlCozy - gﬂleCmS - gaSRlCﬁy)’ (23)

is the Weyl, or conformal, curvature tensor of (M, g) and *W denotes the hodge dual
of W,

1
*WozﬂyzS = Eeaﬁ/w Wlwyéa

where € is the spacetime volume form of (M, g).
Define the S, ,, (0,2)-tensor 7' to be the restriction of the energy momentum tensor
defined in equation (1) to vector fields tangent to the spheres S, ,:

TWY,Z):= YAZB/ fpaps, for Y =YA4eu Z=2Z%4.
P,

Similarly let 7’3, 74 denote the S, , 1-forms defined by restricting the 1-forms
T (e3, -), T (ea, -) to vector fields tangent to the spheres S, y:

73(Y) =" . fp3pa,  Ta¥)=v4 , fpapa.

Finally, let 7'33, 744, T34 denote the functions

T33=/P fp3ps, T44=/P fpapa, T34=/;D Ip3pa.

2.4 The Minkowski Values

For the purpose of renormalising the null structure and Bianchi equations, define the
following Minkowski values of the metric quantities using the functionr := v—u+ry,
with rg > 0 a constant chosen to make sure r > inf, Area(S, y,),

14 Recall that the scalar curvature R vanishes for solutions of the massless Einstein—Vlasov system.
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Q=1 ¢=rty, b,=0,
where y is the round metric on the unit sphere. Similarly, define

2
try. = —, Irx =-—-,
r
and let 17“°§ 5 denote the spherical Christoffel symbols of the metric g° = r?y, so that,

C
WZAeB = FOABé'Cy

where ¥° is the Levi-Civita connection of g°. These are the only non-identically
vanishing Ricci coefficients in Minkowski space. All curvature components vanish,
as do all components of the energy momentum tensor.

Note that the function r in general does not have the geometric interpretation as the
area radius of the spheres S, ,. Note also that

1
—v<r<Cv,
C

in the region ug < u < uy,v9 < v < oo, for some constant C > 0.

2.5 The Renormalised Null Structure and Bianchi Equations

The Bianchi equations,

VEWyne = (VKTUP - VﬁTﬂy)’

R =

written out in full using the table of Ricci coefficients,

1 1
Ve e = Vggec + S XABE3 + 3 X 454 (24)
Veses =x,"ep—n e, Ve,ea = xalen +1, e, (25)

Veea=x,Pes +naes, Veen = [XAB - eA(bB)] eg+n,es,  (26)

Veyes = 2nteq, Veye3 = —wes +2nPep, 27)
Ve3e3 = 0, Ve4e4 = weéy, (28)

take the form!'d

15 See [9] for a detailed derivation in the vacuum case. Recall that { = —n and @ = 0 in the frame used
here, and that the scalar curvature R vanishes for solutions of the massless Einstein—Vlasov system.
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1 n n ~
Via + ~trxa = Y®B —3(Xp+"X0) + (4n — QB+ YTs — V4T

2
1 1
—oxTaa—sxTaua =T xx+n®7T4
: 2 (29)
—Z(Y73T44—477~T4—Y74T34+217~T4+wT34)g
1
+5(VTa—¢ - ux D —¢- @& 7))+,
VaB +2tryxp = divot+wﬂ+(n#—2ﬁ#)~oe
(30)

1
-3 (77744 —VuTq—2x -Ta+w0Ts4— T44T)) )

V3B +trxf=Yp+*Vo+235" - p+30p +*no)
1
+§(WT34—V4T3—L~T4—X-T3—T34Q—wT3+2Q-T),

(€29
3 ; 1,\#
Vap + irxe = divg — SX o+ @ p)
1
2 (V3T4s = VaT3a — 21 - Ta+ 0T34), (32
3 1,
Yo + Etr)(a =—curlB —nAp+ EL/\C(
1
(¢ Y=g axD—¢- e 1), (33)
3 , I 4
Yip+ stryxp=—dvf — X" -a — 2n+n, p)
2 : 2 (34)
1 <V4T33 — V3734 + 20733 —4n-T3+ 21 - T3) ;
Vio + %trlo = —cyrl — 2n+n) A B — %2 N
1
5 (¢ VT3 —¢- Ux D +¢- 8 T)). (35)

YiB +trxp=—-Yp+*Vo —wp+25"- B —300 —"no)
1
—5 (YT =VsTa— g Tamx - Ta+Tam+20- 7). G6)

V3B +2trxp = —diva — (n* +21") -

+% (V733 —V3T3—2x-T3+2T3n+ T3377> : (37
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Vi + %trxg = —W@ﬁ —2wa —3(xp —"F0) — 52®é+ Y73 — V3T
—TX£+T3®Q—%7“33X—%T341+17®T3+T3®71
- % <W4T33 — V3734 + 20733 —4n-T3+ 21 - Ts) 4
b3 (¢ VT ¢ x D vg- )y (38)
Here for an S, , 1-form &, Y~7§ denotes the transpose of the derivative of &,
(Y&)ap = (V5E)a.
The left Hodge-dual * is defined on S, ,, one forms and (0, 2) S,,., tensors by

*ea = ¢apgPC6c and *Eap = ¢4cg Peps,

respectively. Here ¢ denotes the volume form associated with the metric ¢ and, for a
(0,2) Sy, tensor &,

f-&=¢""Erp.
The symmetric traceless product of two S, , one forms is defined by
(68 ap = Eaty +EnEh — g4 (¢CED).
and the anti-symmetric products are defined by

EnE =¢"Peakp and ENE =P PeacEpy,

for two S, , one forms and S, , (0, 2) tensors respectively. Also,

(& x Eap = ¢ PEacEpp,

for Sy,» (0,2) tensors &, §'. The symmetric trace free derivative of an S, ,, 1-form is
defined as

(Y&&)ap = Y aép + Vpéa — (dVE) g 4 5.

Finally define the ¢ inner product of two (0, n) S, , tensors

A B A, B,
(£, €)= ghBro ghBug, e

and the norm of a (0, n) S, , tensor

2 _ _AB A, B
[E1° = g™l - g7 EA A,8B,.. B,
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The notation | - | will also later be used when applied to components of S, ,, tensors to
denote the standard absolute value on R. See Section 6. It will always be clear from
the context which is meant, for example if £ is an S, , 1-form then |§| denotes the g
norm as above, whilst |£4| denotes the absolute value of £(ey4).

The null structure equations for the Ricci coefficients and the metric quantities in
the 3 direction, suitably renormalised using the Minkowski values, take the form

1
Vao = 200, m) = nl* = p = 5T, (39)

1 1 . 1
Yin = —yrx —trx ) —m+ @ —m—x-—m+p— §T3’ (40)

1 , 2 2 1
W3(tr£—tr£o):—E(tri—trio) +;(tr£—trlo)—r—2 1-—

Q) @n
— 1217 =73,
. A 2.
Vg =—(rx —trx )X + -2 (42)
V3b = 2(n—ﬂ)+z~b+%(tr&—tr&0)b— %b, (43)
o 1 o o
(V3(g = ¢°) a5 = (1 - @) X fap+ (tri_ trio) fan 44)

+2X 45 _XAC (#5c — #3¢) _XBC (f4c — #20) >

and in the 4 direction

1 1 1 . 1
W47] + Etr)(ﬂ = E(trx — trxo)ﬂ-i- ;Q_ X _ﬂ) - §T4, (45)

1 2
Va(try —tryxe) +trxtryx —tryo) = E(trx — tr)(o)2 +wtry —trx.) + ;w

—|X1? = T,
(46)

Vax +trxx = ox —a, (47)

1
W4(1—é>:w—a)<l—@). (48)

Through most of the text, when referring to the null structure equations it is the above
equations which are meant. The following null structure equations on the spheres will
also be used in Section 11,

1

1
K = trytry —p+ 57‘34 (49)

FNg-

".X_
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L1 2\ 1 2
d«{VX—EW (trx—;)—z(trx—;)

o 2\ 1 2 .
dlvl=§V<tr£+;>+§(tr1+;>g— n—x-n—B+ 373, (5D

|
+

n+x-n—p+57s, (50

—_

A

1
crln =0 — = /\X, Cl,ﬁ‘lﬁ:i)z/\z—a,

[\

where K denotes the Gauss curvature of the spheres (S, v, £).
The additional propagation equations for X, X,

PO S A R . R A
W41+§trxgzy7®g—w1— trxX +n®n+7, (52)

.1 . A 1 R . A
Yix + FUxx = Y&n — FUX X+ n®n + 7, (53)
will also be used in Section 11 to derive propagation equations for the mass aspect
function sz, p defined later. Here T =T — T34 is the trace free part of 7.
The following first variational formulas for the induced metric on the spheres will
also be used,

Lesg =2x, (54)

Lo =2x. (55)

where £ denotes the Lie derivative.
There are additional null structure equations but, since they will not be used here,
are omitted.

3 The Schematic Form of the Equations and Commutation

In this section schematic notation is introduced for the Ricci coefficients, curvature
components and components of the energy momentum tensor, which is used to isolate
the structure in the equations that is important for the proof of Theorem 1.2. A collec-
tion of differential operators is introduced and it is shown that this structure remains
present after commuting the equations by any of the operators in the collection. This
section closely follows Section 3 of [13] where this notation was introduced.

3.1 Schematic Notation
Consider the collection of Ricci coefficients!® which are schematically denoted T",

1 o N
F:a—l,b,g—g X — o, try —try X, X, 0,1, @.

16 The quantities % —1,band ¢ — g" are, of course, metric quantities. They are however, in Section 10,
estimated systematically along with the Ricci coefficients. Any discussion of the “Ricci coefficients” from
now on will hence implicitly refer also to these metric quantities.
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Note that the I' are normalised so that each of the corresponding quantities in
Minkowski space is equal to zero. In the proof of the main result it will be shown
that each I converges to zero as r — 00 in the spacetimes considered. Each I will
converge with a different rate in r and so, to describe these rates, each I" is given an
index, p, to encode the fact that, as will be shown in the proof of the main result,
r?|I",| will be uniformly bounded. The p-indices are given as follows,

Fozé—l, Flzz,g—go,b,f],
Fry=mntx —try_,trx —trxe, X, [3 = o,

so that I'; schematically denotes any of the quantities ¥, ¢g—4°, b, n, etc. Itmay be the
case, for a particular I",, that lim, _, o r”|I" | is always zero in each of the spacetimes
which are constructed here. This means that some of the Ricci coefficients will decay
with faster rates than those propagated in the proof of Theorem 1.2. Some of these
faster rates can be recovered a posteriori.

3)
The notation I' will be used to schematically denote any I for which the corre-
sponding null structure equation of (39)—(48) it satisfies is in the Y3 direction,

3
I' =

|><>

g — g5 by —try .

“)
Similarly, I" will schematically denote any I" for which the corresponding null struc-
ture equation of (39)—(48) is in the Y4 direction,

@) 1 .
I = @—1 , Nt —trxo, X-

3) 3
Finally, I" , will schematically denote any I",, which has also been denoted I". So,
(©) @
for example, X may be schematically denoted I' . Similarly, I' , will schematically

@
denote any I';, which has also been denoted I".

Consider now the collection of Weyl curvature components, which are schemati-
cally denoted v,

Ip :avﬁvpso-vévg'
Each v is similarly given a p-index,

W1=% wZZIBs ¢3=,0,U, W

=B VYa=a (56)

[SIEN]

to encode the fact that, as again will be shown, r”|v,| is uniformly bounded in each
of the spacetimes which are constructed.

When deriving energy estimates for the Bianchi equations in Section 9, a special
divergence structure present in the terms involving angular derivatives is exploited. For
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example, the Y3« equation is contracted with o (multiplied by a suitable weight) and
integrated by parts over spacetime. The Y48 equation is similarly contracted with 8
and integrated by parts. When the two resulting identities are summed, a cancellation
occurs in the terms involving angular derivatives leaving only a spherical divergence
which vanishes due to the integration on the spheres. The Y3« equation is thus paired
with the Y48 equation. To highlight this structure, consider the ordered pairs,

(@, B), (B, (p,0)), ((p,0), B). (B, ).

Each of these ordered pairs will be schematically denoted (\»,, ll)’p,), with the sub-

scripts p and p’ as in (56), and referred to as a Bianchi pair.
The components of the energy momentum tensor are schematically denoted 7,

T=7.7374713.T4, T3,

and each 7 is similarly given a p-index,
=Ty T=T3 T=T.Tu Ts=Ts To=Tu.

to encode the fact that 7|7, | will be shown to be uniformly bounded.

Finally, for a given p € R, let i, denote any smooth function h, : M — R,
depending only on r, which behaves like # to infinite order, i.e. any function such
that, for any k € Ny, there is a constant Cy such that pktp |(8v)kh pl < Cy, where the
derivative is taken in the (u, v, ol 92) coordinate system. In addition, the tensor field
h,¢° may also be denoted & ,. Note that rk+p | (3)k (hpgj‘B)|go < Ct. For example,

trx, = hi, trlog(}:h].

3.2 The Schematic Form of the Equations

Using the notation of the previous section, the null structure and Bianchi equations
can be rewritten in schematic form. For example the null structure equation (40) can
be rewritten,

3)
Vilo=T2 Mo +T))+h(To+T)+T1 - Ta+T)) + v + T

Here and in the following, I'),, - I',, denotes (a constant multiple of) an arbitrary
contraction between a I',; and a I'p,. In the estimates later, the Cauchy—Schwarz
inequality |I"p, - I'p,| < C|T"p, [T p,| will always be used and so the precise form of
the contraction will be irrelevant. Similarly for 4, "), .

Rewriting the equations in this way allows one to immediately read off the rate of

(©)
decay in r of the right hand side. In the above example one sees that Y3 I 5 is equal
to a combination of terms whose overall decay is, according to the p-index notation,
like riz consistent with the fact that applying Y3 to a Ricci coefficient does not alter
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its 7 decay (see Section 3.3). Each of the null structure equations can be expressed in
this way.

Proposition 3.1 (cf. Proposition 3.1 of [13]). The null structure equations (39)—(48)
can be written in the following schematic form

3) (3)

sl = E3[T ] (57)
@ p @ @
Val p+ Stx Tp = EalT ) (58)

wherel”

(3)
E3[Tp] = Z hp, - Tp, + Z CpTpy+¥p+7p

p1+p2=zp p1+p2zp
4)
E4[Fp] = Z h[71 : sz + Z F[’l : sz + wp-ﬁ—Z + 7—[7-1-2-
pi+p2>p+2 p1+p2=p+2

3)
This proposition allows us to see that the right hand sides of the Y3 T, equations

(C)
behave like r%, whilst the right hand sides of the Y4 T, equations behave like r,,%

This structure will be heavily exploited and should be seen as a manifestation of the
null condition present in the Einstein equations.

4

Remark 3.2 The term gtr X (F) p on the left hand side of equation (58) is not contained
in the error since try behaves like } and so this term only behaves like rl’% This would
thus destroy the structure of the error. It is not a problem that this term appears however
since, when doing the estimates, the following renormalised form of the equation will
always be used:

4 4
Y4 }’prp ZI"pE4[Fp].

This can be derived by differentiating the left hand side using the product rule, substi-

)
tuting equation (58) and using the fact that (try, — try) I , can be absorbed into the
error.
It is not a coincidence that the coefficient of this term is always g, it is the value of
)
this coefficient which decides the rate of decay to be propagated for each I" ,,. This will
be elaborated on further in Section 10. This was not the case in [13]; they have more

17 Stricly speaking, the terms listed in the error can be “worse” than the terms which actually appear in the

3)
equation in question. For example, in E3[ " ], ¥, may actually refer to some ¥4 where g > p. In fact, in
some of the null structure equations no curvature term actually appears.
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freedom since they are integrating backwards from null infinity, rather than towards

G
null infinity, and so can propagate stronger decay rates for some of the I' ,. These
stronger rates could be recovered here using the ideas in Section 11, however it is
perhaps interesting to note that the estimates can be closed with these weaker rates.

The Bianchi equations can also be rewritten in this way.
Proposition 3.3 (cf. Proposition 3.3 of [13]). For each Bianchi pair (\p ,, 11)/[7,), the

Bianchi equations (29)—(38) can be written in the following schematic form

WSll)p = @ﬂ)’p, + ESN)p]y
W411);,/ + VN);,/] Iry Ll)/[,/ = pll)p + E4[1l)/p/]v

where P denotes the angular operator appearing in equation for the particular cur-

vature component under consideration'® and )/['l])/p/] = % for 1]/17, # B, yIBl = 2.
The error terms take the form

Es[bpl = hidyp + Z Upitp, + Z hp DTy, + Z Ty Tpy

pi+p2zp pitp2zp pitp2zp
/
E4N)p’] = Z Uy dpy + Z hp DTy, + Z Ly Ty,
pr+pazp/+3 pi1+p2=p+2 p1+p2=p+2

where ® is used to denote certain derivative operators which are introduced in Section
3.3.

When applied to 7),, the operators © should not alter the rate of decay so again this
schematic form allows one to easily read off the r decay rates of the errors. This
structure of the errors will again be heavily exploited. The first summation in E4 [11);,,]

can in fact actually always begin at p’ 4 2 except for in E4[8] where the term n* - «
appears. Also the terms,

Z hP|©7}72+ Z FPI',];’Z’

pi+p2zp pi+p2zp

in E3[y,] can be upgraded to,

Z hmngz + Z FPI : sz’
pr+p2=pts pi+p2zpts

in E3[a] and E3[B]. These points are important and will be returned to in Section 9.

18 50, for example, %ﬂ/p, = Y &8 in the Y3« equation, and P, = —Yp + *Yo in the V48 equation,
etc.
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3.3 The Commuted Equations

As discussed in the introduction, the Ricci coefficients and curvature components will
be estimated in L? using the null structure and Bianchi equations respectively'®. In
order to deal with the nonlinearities some of the error terms are estimated in L on the
spheres. These L> bounds are obtained from L? estimates for higher order derivatives
via Sobolev inequalities. These higher order L? estimates are obtained through com-
muting the null structure and Bianchi equations with suitable differential operators,
showing that the structure of the equations are preserved, and then proceeding as for
the zero-th order case. It is shown in this section that the structure of the equations are
preserved under commutation.

It is also necessary to obtain higher order estimates for components of the energy
momentum tensor in order to close the estimates for the Bianchi and Null structure
equations. Rather than commuting the Vlasov equation, which leads to certain diffi-
culties, these estimates are obtained by estimating components of certain Jacobi fields
on the mass shell. See Section 8.

Define the set of differential operators {3, r ¥4, r ¥} acting on covariant S, ,, ten-
sors of any order??, and let ® denote an arbitrary element of this set. These operators
are introduced because of the Commutation Principle of [13]:

Commutation Principle: Applying any of the operators © to any of the T', r, T
should not alter its rate of decay.

This will be shown to hold in L2, though until then it serves as a useful guide to
interpret the structure of the commuted equations.

If £ is an S, , tensor field, D*& will be schematically used to denote any fixed
k-tuple D;Dj_1...D1& of operators applied to &, where each ©; € {V3,rV4,
rY}.

In order to derive expressions for the commuted Bianchi equations in this schematic
notation, the following commutation lemma will be used. Recall first the following
lemma which relates projected covariant derivatives of a covariant S, , tensor to deriva-
tives of its components.

Lemma 3.4 Let & be a (0, k) S, tensor. Then,

k
(V3E) A, .4, = e3Ea,..a) — ZLA[_BEAL.AA,-_IBA,»H...A;(»
i=1
k
(Va&)a,..a, = eaEay..a) — Z (XA,vB — Yab® + bCVﬁc) EAL A1 BAis1. Ag>

i=1

19 The former in L2 on the spheres, the latter in L2 on null hypersurfaces.

20 Note that Y3 and rY 4 preserve the rank of a tensor, whilst 7Y takes tensors of rank (0, 1) to tensors of
rank (0, n + 1).

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 37 of 177 9

and
k
(YBE)a,..a, = eB(Ea,. a,) — Z FgAiEAl...A,-_ICA,-H..AAk-
i=1

The commutation lemma then takes the following form.

Lemma 3.5 (cf. Lemma 7.3.3 of [10] or Lemma 3.1 of [13]). If & is a (0,k) Sy.»
tensor then,

[V, VBlEa, A, = —xBSYCén,..a,

k
1 1
+) (XAiBQC =1, xBC +"Bréa,C + ESBCT“A,' - EgAiBT4C>
i=1

X EA| AL {CAyy. Ags

(V3. VBléa,..a, = (’73 +QB) V3iéa,..a — LBCVCEAI..‘A/(

k
1 1
c c c c c
+Z (lA,-Bn Xy — Bpfa XL T34 = EgAiBT3 >
i=1

X EA AL {CAyy... Ags

[W;’H W4]§A1.‘.Ak =2 (’7C - QC) WCSAL.‘A]( + C()W?)%‘A]“.Ak

k
+2 Z (QA[WC - TIA,-QC - U¢Aic) %.Al...A[_]CAH_]...A/(a
i=1

and

k
[V, Vcléa,..a, = K ZgBA[.EAl.“A,-_.CA,-_H.“Ak — #caEA1 A BA A

i=1
where K is the Gauss curvature of (Sy. v, §).
Proof The proof of the first identity follows by writing

k
Va4V Béa,..a, = VaVBEa, . .a, +QBW4§A1...Ak - ZQA’_ XBcéAl...A,-,chm...Ak,
i=1
VeYaba,..a, = VVaba,.a, +1,Vaa
k

c c
+x8°Vcéa,..a — ZQA,»XB EALAi_1CAjyy. Ap>
i=1
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and using
k
C
[V47 VB] = Z R4BA,‘ EA]...A,'_]CAH_]...Ak
i=1

k
1 1
= Z (*,BB¢AI-C + EgBCT4A,' - EgAI.BTélc) “;:A]...A,',ICAiJr]...Aka

i=1

where the last line follows by using equation (23) to write,

1
Ripa,© = Wapa,© + 3 (gBCszI- - gAiBT4C) :

Similarly for the second one uses

k
V3V séar.a, = V3Viéa, a, +18Y3Ea A — 14X AL A1 CAL . AL
i=1
Y5Y3éa,..a = VBVaba,..a, — 1,V3Ea,..a,
k
c c
+Xp Vcéa,..a — ZlA,»Bn EAL. A |CAjp1. Aps
i=1
and for the third,

k

W3W4§A1‘..Ak = V3V4EA|...A1( + ZnCVC%-Al...Ak -2 Z TIAI-QCSA|..‘A,-,ICA,-H..‘A;(,
i=1
YaV3éa,..a, = VaVata,..a, — ©V3éa . .a, + 20 Vcéa, .,
k
-2 ZQA,- N EA A CAryy . Ay

i=1

If R denotes the curvature tensor of (S, ,, £), the last follows from writing,
k
(V. Ycléa,..a = Z RBCAiDfAl...A,-,lDAiH...Ak»
i=1

and the fact that,

Rpcaip =K (gBA,-«gCD - gBDgCA,-) :

O

The above Lemma implies that the terms arising from commutation take the following
schematic form,
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1
[Va. VIE = ——VE+ 3 Tp Vet 3 (hp +Tp)

p1>2 p1+p2>3
: (Fm +w1’2 +7;72) <&,

[V3, VIE =Y Tp -Vaé+ D hp - (rp,+Tp)-rVe

p1=1 p1+p2=1
+ Z (hPI +FP|)'(FP2 +wp2+7;72) 'é’ (59)
pi+p2>2
[V3.Vale = Y hp Tp-rVE+ Y T Vit
pitp2>2 p1>3
+ Z (hpy +Tp) - (Tpy +Vpy) - &
p1+p2=3

The commuted Bianchi equations can then be written as follows.

Proposition 3.6 (cf. Proposition 3.4 of [13]). For any integer k > 1 the commuted
Bianchi equations, for each Bianchi pair (\»p, 1]);7 ), take the form*"

V3@, =P@ W) + E3[D",],

(60)
Ya@ V) + vV, 1ty D9, = D@*,) + Ea[DY), ], (61)
where
Es[D,] = D(E[D,]) + Ar - (D", + D) + A
(@, + 2 ), (62)
E4[D"),] = D(ED D) + E[D ), 1+ Ap - D, + Az - D,
+ A D, + AL DY, (63)

and, for p = 1,2, A, denotes some fixed sum of contractions of h, I', r and T such
that A, decays, according to the p-index notation, like r% Explicitly

A= Z hpy(hpy +Tpy) - (hpy + T py + ¥y + Ty,
p1+p2+p3>1

Ay = Z hp(hp, +Tp,),
pi+p2=2

A/z = Z hpy(hpy +Tpy) - (hpy +Tpy + O s + Vs + Tpy).
P1+p2+p3=2

Note the presence of the first order derivative of I' in A/, whilst A and A, contain
only zeroth order terms.

21 Note that div, cirl when applied to a (0, n) tensor are always defined with respect to the last index etc.
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Remark 3.7 By the commutation principle and induction, it is clear that the first two
terms in the error (63) preserve the structure highlighted in Proposition 3.3. In the
remaining terms, it is essential that ’Dkll)/p , and ©F _111);) , appear contracted with Aj

and A, rather than A . It will be clear in the proof below that it is the special form
of the operators that cause this to occur. Since, for each Bianchi pair ({, 1])’p ), itis

the case that p > p’ + %, the Ay - DX, and Ay - D*~1, terms in E4[Z)k1,b;),] still
preserve the form of the error.

Similarly looking at the error (62), it is clear that the expected r decay will be
preserved from Proposition 3.3.

It will also be important later that A and A, do not contain any derivatives of ¥
or I', whilst A/, only contains first order derivatives.

Proof of Proposition 3.6 The proof proceeds exactly as in Proposition 3.4 of [13],
though one does need to be careful since some of the quantities decay slightly weaker
here. We consider only the k = 1 case. A simple induction argument completes the
proof for k > 1.

Consider first the Y741b/p , equations. Using the schematic form of the commutation
formulae (59),

Var¥ag, = Yo, +r¥aVal,,
yuxrVapl, =rVs (ytrxd/ ) — yb,r¥atry,
@rvﬂbp :”W4 ,Dlpp Z(hpl +0p)- rvlbp

p1=1

+ Z hp (hpy +Tpy) - (Tpy +Yp, +Tp) ).
P1+p2t+p3=2

Now the Raychaudhuri equation®?

Vaty = —%(trx)z — 1217 + oty = T,
and the Bianchi equation for Y7411);) , imply that,
Vi, =y, r¥atrx = ytxd), ( try — )+7Dll)p + E4[ Y, ]
+y (|)A(|2 —otry + T44> vy

= Z hpy(hp, +Tpy) + (U py + Tps) 'Ib;;’
pi+p2+p3=2

1 /
+ ;lep + E4[11’p/]-

22 This is the unrenormalised null structure equation for trx and can be derived from the Y4 (try — tryo)
equation in Section 2.5.
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Note the cancellation. Hence

VarVal') + vy, ltex r¥al, = DrVaby) + EalrVal',l,

where

EslrY a1 = rYaEalWy] + EalWy ]+ Y (hp, +Tp) - Dby

pi=1
X il ) Ty + T W
p1+p2+p3=>2
+ Z hpy(hpy +Tpy) - (Upy 4+ Vps + 1) - .
p1+p2+p3=>2

Similarly, using again the schematic expressions (59),

W4W3¢/p/ = V3W41b/p/ + Z FPI . W31b/p/ + Z hpl . sz . 77711’;/

p1=3 pitp2=2

X T Tyt ) W,

p1+p2+p3>3

yux V¥, =3 (Vtrxd)},/) + Y (hp +DTp) - W

p1>2

DY, = V3D, + Z Tp - V3, + Z hpy(hp, +Tpy) -1V

pi=1 pit+pa=1

+ Z (hm + Fm) ’ (sz + Ir//[?z +7:"2) '11’17’
pi+p2>2

and hence,

Va(V3W',) + v, dtrx V3w, = D(V3p) + E4[V3), 1,

where

EslY3W, ] = V3EalW) 1+ Y hp -Tpy - DY),

P1+p2=2
+ Z hp (hpy +Tpy) - D)
p1+p2=1
D (i +Tp) Uiy + Ty + DT, 1) W)y
p1+p2+p3=3
+ Z (hm + Fm) ’ (sz + sz +sz) 'Ib["
P1+p2=2
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Finally,

Y74FY711);,/ = 7711);,/ + rV4Y711>;,/
= Z Up) 'rWlI"/p’ +r Z (hpy +Tp) - (Cpy +Vpy +Tpy) “1’:’;’9

p1=2 p1+p2=3
ytrerll);/ =rY (ytrxlb;,) + 90, ~lb;,/,
Dry v, =r¥YDy, +r Z (hpy +Tp) - (hpy + Ty 4 Vpy + Tpy) -,

p1+p2>3

where the Gauss equation (49) has been used for the third equality. Note also the
cancellation which occurs in the first equality. Hence,

VaGr VW, + y[W), lrx rVW, = DeVby) + Ealr V1,

where

Eq[rY ¥, 1 = rYEs[¥),1+ ) Tp - DU,

p1>2

+ Z hm (hpz + sz) ' (Fm + Drm + Wps + 7;73) '11’;’
pi+p2tp3=2

+ Z hm (hpz + Fm) ’ (hps +ps + 1//1?3 + Tps) '11’17'
P1+p2+p3=2

The schematic expressions for the Y31, equations follow similarly. O

Similarly, the commuted null structure equations can be schematically written as
follows.

Proposition 3.8 (cf. Proposition 3.5 of [13]). For any integer k > 1 the commuted
null structure equations take the form,

3) 3)
V3(®FT ) = E3[0FT ],

4) 4) 4)
V4@ T ) + g trx DT , = E4[OT 1,

where,

NE) e NE e
E3[DT pl = D(E[D T )+ A1 - (DT, +97'T ) (64)

k(4) k_1(4) k—1(4) k(4) , k_1(4)
ED'T )1 = D(EDF T ) + E4[@'T )1+ Ay - DT, + Ay - 57T,
(65)

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 43 of 177 9

and again,
Ar= Z hpy(hpy +Tpy) - (hpy + Ty + ¥py + Tpy),
p1+p2+p3>1
Az = Z hpy(hpy +Tp,),
p1+p2=2
A = Z hpy(hpy +Tpy) - (hpy + Ty + DT py + Vs + Tps).
pi+p2+p3=2

Proof The proof is similar to that of Proposition 3.6, though slightly simpler as there

are no terms involving P. O
Q) “

Remark 3.9 Note that again in (65), DT pand D=1 p only appear multiplying terms

which decay like rLZ Note also that again A, A, contain no derivative terms, whilst

A/, contains only first order derivatives.

4 The Sasaki Metric

The Lorentizian metric g on M induces a metric, g, on 7. M, known as the Sasaki
metric, which in turn induces a metric on P by restriction. The metric on 7. M was first
introduced in the context of Riemannian geometry by Sasaki [33]. Certain properties
of this metric will be used when estimating derivatives of f later. The goal of this
section is to define the metric and compute certain components of its curvature tensor
in terms of the curvature of (M, g). It is then shown that trajectories of the null
geodesic flow of (M, g) are geodesics in P (or more generally that trajectories of the
full geodesic flow are geodesics in 7. M) with respect to this metric and derivatives of
the exponential map are Jacobi fields along these geodesics. This fact will be used in
Section 8 to estimate derivatives of f. Most of this section is standard and is recalled
here for convenience.

4.1 Vertical and Horizontal Lifts
Given (x, p) € TM, g, p is defined by splitting T(x, )7 M into its so-called vertical
and horizontal parts. This is done using the connection of g on M.

Given v € Ty M, its vertical lift at p € T M, denoted Ver(,, ) (v) is defined to be
the vector tangent to the curve ¢, py,v : (—¢, &) — T M defined by,

Cx.p).v(8) = (x, p+sv)
ats =0,
Ver(x, py(v) = C(x,p),v/(O).

To define the horizontal lift of v at (x, p), firstlet ¢ : (—e, &) — M denote a curve
in M such that ¢(0) = x, ¢/(0) = v. Extend p to a vector field along ¢ by parallel
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transport using the Levi-Civita connection of g on M,
Vep =0.

The horizontal lift of v at (x, p), denoted Hory, ;) (v), is then defined to be the tangent
vector to the curve c(x, ), i : (—¢, &) = T M defined by

Cx.p).H($) = (c(s), p),

ats =0,

Hor y ) (V) = ¢(x, p). 11" (0).
It is straightforward to check this is independent of the particular curve c, as long as
c(0) = x, ' (0) = v.
Given the coordinates pl, el p4 on Ty M conjugate to ey, . . ., e4, the double null

frame on M, one has a frame for T M given by ey, . .., e4, 8,,1, e, 8,,4. Ifve T M
is written with respect to the double null frame as v = v¥e,,, then

Ver(x, py(v) = v“apu,
and

Hor(y p)(v) = vte, — v“p”l"ﬁvapx,

where Fl)\w are the Ricci coefficients of the frame ey, ..., e4.

Example 4.1 The generator of the geodesic flow, X, at (x, p) € T .M is given by

X = pte, — p“p”Fﬁvapx = Hor(x p)(p).

The vertical and horizontal subspaces of T, ;)T M are defined as,

V(X,[?) L= Ver(x,p)(TxM) = {Ver(x,p)(v) |ve T, M},
Hx,p) : = Hor(y py(Te M) = {Hor( p)(v) | v € T, M},

respectively. Note that V(, ) is just T(, ;)T M, the tangent space to the fibre of T M.
One clearly has the following.

Proposition 4.2 The tangent space to T M at (x, p) can be written as the direct sum
T,y TM = Vi, p) © Hex p)-

Since each vector in T(y, ,) T M can be uniquely decomposed into its horizontal and
vertical components, the following defines g on all pairs of vectors in Ty )T M.
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Definition 4.3 The Sasaki metric, g on T M is defined as follows. For (x, p) € T M
and X, Y € Ty M,

8 (x, pyHor(x p)(X), Horx ) (Y)) = gx(X,Y)
g(x,p) (Hor(x,p) (X), Ver(x,p)(Y)) =0
g(x,p)(ver(x,p)(x)a Ver(x,p)(Y)) = gx(X» Y)~

4.2 The Connection and Curvature of the Sasaki Metric

Since the Sasaki metric g is defined in terms of the metric g on M, the connection
and curvature of g can be computed in terms of the connection and curvature of g.
The computations are exactly the same as in Riemannian geometry. See [22].

Proposition 4.4 Let V denote the Levi-Civita connection of the Sasaki metric g. Given
(x, p) € TM and vector fields X,Y € T'(T M) on M,

(1) VHorg, y(x)Hor e py(¥Y) = Hor(x, ) (VxY) = 3 Ver(x p) (Re (X, Y) p),
(2) VHor, »(x)Ver(x.p)(¥Y) = Ver(x, p)(VxY) + 3Hor(x p) (Rx(p. Y)X),
(3) Vergpy(x)Horr p) () = SHor(x ) (Ry (p. X)Y),

(4) Verg,.,(x) Ver(e,p(Y) =0,

where V is the connection and R is the curvature tensor of (M, g).

Proposition 4.5 Given (x, p) € T M and vectors X, Y, Z € Ty M, then

_ 1
R(x,p)(Hor(x,p) (X), Hor(x,p)(Y))Hor(x,p)(Z) = Ever(x,p) ((VZR)(X’ Y)P)

1 1
+Hor(x,p)<R(X, Y)Z + ZR(p, R(Z,Y)p)X + ZR(p, R(X, Z)p)Y
1

and

Ry, py(Hor(y, p)(X), Ver(x, p)(Y))Hor(x, ) (Z)

1 1 1
= Verx.p) <§R(X, )Y + ZR(R(p. Y)Z, X)p> + EHor(x,,,)((vXR)(p, Y)z),

where R denotes the curvature tensor of g, and R the curvature tensor of g.

The proofs of Proposition 4.4 and Proposition 4.5 follow by direct computation.
See [22] and also [18]. The remaining components of R can be computed similarly
but are not used here.

One important property of the Sasaki metric is the following.
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Proposition 4.6 When equipped with the Sasaki metric, trajectories of the geodesic
flow, s — exp,(x, p), are geodesics in T M.

Proof The tangent vector to a trajectory of the geodesic flow is given by the generator
X. As noted above, this is given at (x, p) € TM by

Xx.p) = p"Hor(x p(ep).

A trajectory of the geodesic flow takes the form (y (s), y (s)) where y is a geodesic in
M. Hence, by Proposition 4.4,

VxX

X (p")Hor 9y (en) + 7" VHor, 4 e, HOr (.5 (€40)

= —p"y*T¥ Hor(, ;) (eu) + y"y Hor(y y)(Ve, ) — zVer(y,y»(R(y, )¥)
= 0.

4.3 Curvature of the Mass Shell

Proposition 4.7 If R denotes the curvature of the mass shell P then, if (x, p) € T M
and X, Y, Z € Ty M, the following formula for certain components of R are true.

Rix. py(Hor (¢ ) (X), Hor (. py (Y))Hor (¢ (Z)

1 1
= EVer(x,,,)((sz)(X, Y)p) + Hor(,. ) (R(X, V)Z+ JR(p. R(Z.V)P)X
1 1
+ ZR(p’ R(X,Z)p)Y + ER(p’ R(X, Y)P)Z>,

and

Rx. py(Hor (¢ ) (X)), Ver(x ) (Y))Hor(x ) (Z)

1 1
= Ver(x’p)<§R(X, Z)Y + ZR(R(p, Y)Z, X)p)

1 1
+ SHor(u (VX R)(p. 1)Z) + i (RX DY, p)V.
where V =0 3 IS transverse to the mass shell P.
3
Proof Throughout N = 9,4 + %Bpa + Z—QGPA will denote the normal to the mass
shell, P, such that g(N, V) = —2.

Each identity can be shown by first writing the curvature of P in terms of the
curvature of TM, N and V. If A, B, C € I'(TT M) denote vector fields on T M
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then, since,

. _ 1

VaB = V4B + Eg(VAB, NV,
where V is the induced connection on P, one easily deduces,

~ _ 1
R(A. B)C = R(A. B)C + ;3(R(A, B)C. N)V
1_ — — 1 _
+58(V5C.N) (VAV +58(VaV. N)V)
1

_ _ 1
- §§(VAC, N) (VBV + Eg(VB v, N)V) )

To obtain the first identity note that, by Proposition 4.4,
— 1
ViHor, , (YHOI (x, p)(Z) = Hor(x,p) (VY Z) — Ever(x,p) (R(Y, Z)p),
and so

_ - 1_
&(VHor(, ,,mHor, ) (2), N) = =28 (Verce.p) (R(Y, Z)p) , N)

1
= ——g(RY,Z
2p4g( Y, Z)p, p)
= 0.

Similarly
g(VHor(LP)(X)Hor(x,p)(Z)7 N) =0.

Finally, by Proposition 4.5,

1
g (R(Hor(x, ) (X), Hor(y ) (Y)Hor(y ) (Z), N) = gg((VzR)(X, Y)p,p)=0.

Hence

R(Hor ;) (X), Hor(x ) (Y))Hor (x ) (Z)
= R(Hor(y, y)(X), Hor(y p)(Y))Hor(x, )(Z),

and the formula follows from Proposition 4.5.
For the second identity note that, as above,

g(vHOr(.x’p)(X)Hor(x,p)(Z)a N) = 07
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and that
E(Ver,.,,(nHorx ) (Z), N) =0,

since, by Proposition 4.4, VVer(x'p)(y)Hor(x, p)(Z) is horizontal. The result follows
from Proposition 4.5. O

4.4 Derivatives of the Exponential Map

Recall the definition of the exponential map (or geodesic flow) for (x, p) € T M,

exps(x, p) = (Vx,p(s)a )}x,p(s))’

where yy , is the unique geodesic in M such that y; ,(0) = x, ¥, ,(0) = p.

Derivatives of the particle density function f are estimated using the fact that
derivatives of the exponential map are Jacobi fields as follows. Consider (x, p) € T M
and V € Ty, ,)T M. Using the Vlasov equation,

fx, p) = fexp(x, p)),

and the chain rule one obtains,

V(f)x, p)=df |(x,p) (V) =df |expx(x,p) -d €XPy |(x,p) (V)= J(f)(exps(x, D).

By Proposition 4.6, s — exp,(x, p) is a geodesic in P (or in 7. M). Below it will be
shown that J := d expy |(x,p) (V) is a Jacobi field along this geodesic, and moreover

J(0) and (@ x J)(0) are computed. By taking s < 0 so thatexp,(x, p) lies on the initial
hypersurface {# = ug}, this then gives an expression for V (f) in terms of initial data
which can be estimated using the Jacobi equation. In practice it is convenient to split
V into its horizontal and vertical parts.

Proposition 4.8 If v € T, M and H = Hor(, ;y(v) € Hx,p)y C Tx,ppT M is the
horizontal lift of v, then d exp; |(x,p) (H) is a Jacobi field, Jy, along exp,(x, p) such
that

~ 1
Ju ls=o=H, and VxJy |s=0= EVer(x,p)(R(P, v)p).

If Vi = Verx p)(v) € Vix,py C T, p)T M is the vertical lift of v, then d exp; |(x,p)
(V1) is a Jacobi field, Jv,, along exp,(x, p) such that

~ 1
Jv, ls=0=V1, and VxJy, |s=0= Hor ,(v) + EHor(x,p)(R(pa v)p).

Here X, the generator of the geodesic flow, is tangent to the curve s — exp,(x, p).
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Proof Let cy : (—e&,6) — TM be a curve in T M such that cy(0) = (x, p),
c/H (0) = H. Then, by Proposition 4.6, (s, s1) — exp,(cq (s1)) defines a variation of
geodesics. Hence

d
d exp (H) = s (expy(cri(s1))) ,
(x.p) 51 51=0

is a Jacobi field along exp, (x, p).
Since expy(x, p) = (x, p) is the identity map,

Ju ls=0= dexpo |(x,p) (H)=H
Now,

. Vo9
Vi limo = —=— (exp,(cn(51) |

ds 8 s=0,51=0
vV 9
= g ps<cH<s1>>)\ s
= VX

= H(p")Hor(, ) (eu) + p*ViHor(r p)(e,)

= —v“p”FﬁvHor(x,p)(eM)
_ 1 _
+ PM (VHHor(x,p)(eM) + Eg(VHHOI'(x’p)(EM), N)V)
= —v“p"I‘ﬁvHor(x,p)(eM) + pMHor(x,p)(Vve;L)

1 "
— 5 p"Vere, p)(R(v, ep)p) — ——8(R(v, ex)p, p)
2 4p
1
= zVer(x,p)(R(p, v)p),

by Proposition 4.4.

Similarly, if cy, : (—¢, &) = T M is a curve such that cy, (0) = (x, p), c’v1 ) =
Vi (for example cy, (s1) = (x, p + s1v)), then (s, s1) > exp,(cy,(s1)) is again a
variation of geodesics. Therefore

d
dexp; @, p (V1) = dst — (expy(cv, (s1))) ,
51=0

is again a Jacobi field. Clearly, as above,

Jvi ls=0=d expg |x,p) (V1) = Vi.
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The first derivative can again be computed, using Proposition 4.4, as follows.

. vV oa
Ve oo = Jog (epsten )|

ds 0 s=0,51=0
vV o
= 451 05 (expy(cv, (s1))) ‘5:0,31:0
= Vy, X

= Vi(p")Horx.p)(en) + p*Vy, Hor(xp (e)

_ 1_ —
= Hor(x,p) (v) + Pu (Vvl Hor(x,p) (eu) + Eg(vvl Hor(x,p)(eu)a N)V>

1
= Hor(y, p)(v) + EHOI"(x,p)(R(Pa v)p).

5 The Main Theorem and Bootstrap Assumptions
5.1 Characteristic Initial Data

In Theorem 5.1 below, characteristic initial data, prescribed on the hypersurfaces {v =
vo}, {u = up}, satisfying a certain smallness condition is considered. Of course, in the
setting of Theorem 1.1, such data arises as induced data on two transversely intersecting
null hypersurfaces, whose existence is guaranteed by a Cauchy stability argument and
an application of a result of Klainerman—Nicolo [21] on the vacuum equations (6). See
Section 1.2 and Section 1.3 where this argument is discussed. Characteristic initial data
for Theorem 5.1 can, however, be prescribed independently of the setting of Theorem
1.1. Suppose “free data”, consisting of a “seed” S, ,—tensor density of weight —1, gvo,
on [ug, u r]x S?,a“seed” S, ,~tensor density of weight —1, g“°, on [vg, 00) x S?, and
a compactly supported function f : P|{y=yy} — [0, 00), along with certain quantities
on the sphere of intersection S, v,, are given. Here P|(,—,,) denotes the mass shell
over the initial hypersurfaces {v = vg}. The characteristic constraint equations for the
system (1)—(2) take the form of ordinary differential equations and can be integrated to
give all of the geometric quantities I, v, 7, along with their derivatives, on {v = vp}
and {u = uo} once the above “free data” is prescribed. These geometric quantities,
on {v = vo} and {# = up}, are what is referred to as the “characteristic initial data”
in the statement of Theorem 5.1. Appropriate smallness conditions can be made for
the “free data” (and their derivatives), along with appropriate decay conditions for the
seed guo, in order to ensure the conditions of Theorem 5.1 are met.

The prescription of such characteristic “free data”, and the determining of the
geometric quantities from them, will not be discussed further here. The interested
reader is directed to [9], where this is discussed in great detail in a related setting. See
also [13].
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5.2 The Main Existence Theorem

Define the norms

Fy.0 () —ZZ/ f P 195> + rDF B + 2 (1D ) + Do)

k=0 Dk
+|©kﬂ|2dus v,

Ry f f IR P 4 0P

k=0 Dk
+ D% ) +r |®"g| + lef*dps, ,Q%du’,

where the second summation is taken over D € {¥3, rV4, r¥}* and dus, , denotes
the volume measure on S, .
The main theorem can now be stated more precisely as follows.

Theorem 5.1 There exists a vy large and an &y small such that the following holds.

Given smooth characteristic initial data for the massless Einstein—Viasov system
(1)—(2) on the characteristic initial hypersurfaces {v = vo}, {u = uo}, suppose the
data on {v = v} satisfy

Fapu,00)+ Y f o0t al’dus,  du'

k<3 uo u' v

+Y  sup |Ir7©k“||L4(Su,v0) < %0,

k<l uofufuf
)
2p—2 k 2
ZZ sup r(u, vg)“? / DT pl°dus,,, < €o,
@ k<3 UOSUSUf Su,vo
I'p
supZ Z ...E,‘kf|<8(),
{v= UO}k 0i1,...,
)
2p—2 k 2
YN s rw [ 046, s,
k<2 ) up=u=uy Su, vo

O,

Llf
+Z/ / el 2|©3® Pdps,,, du' < e,

(4) u’.vg

//S vy (F - 79)

u’, vy

dus/ du < &0,
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and the data on {u = ug} satisfy,

Fl oo+ f / 2t ps, v < 0.

k<3 ”0 v

sup  |[rPT 2Dy | <¢

sup PILA(Suy) = €0
k<1 ¥, Ao Vo<V <00

2p—2 2

ZZ sup r(up, v) DT pl°dpus,,., < €o,
3 k=3 v <vV<00 0.0
r,

Fla=t qu=uey = 05

3)
SO s rwo v [ 1940, Ps,,
Suo,v

=2 ® V9 <V<00
e,
+3 sup v, v [P+ R FePdes,.
=1 Vo <V<00 Sug.w

f / Yo 20, + - N2 rYilPdus, , du' < e,

“0L (3)
O pF#K
k o 2
Sup ‘9 (V - V ) dl"l’su(),v
k<2 Vo<V <00 Su04v

v 2
+/ / r2 ‘333er‘ dus, ., < o,
v Suo,u/ o

Here « and the © variables are defined as certain combinations of Ricci coefficients
and Weyl curvature components in Section 11, and E1, . .., E7 is a frame for P defined
by,

Ei=Eifori=1,...,4, E;=p*E;fori=5,6,7,
where E1, ..., E7 is a frame for P defined in Section 8.5. Suppose also that,

0§P4§Cp4, 0§r2p3§Cp3p4, |r2pA|§CpAp4 forA=1,2,

in supp fp| . for some fixed constants C 1, ..., C 4 independent of vo, and that,
in each of the two spherical coordinate charts, the components of the metric satisfy,

C
go’—3

|#45 — #25| < Cr, ‘gAB

for some constant C uniformly on the initial hypersurfaces {u = ug}, {v = vo}.
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Then there exists a unique solution of the Einstein—Vlasov system (1)—(2) on M =
[ug, uyr] x [vg, 00) X S2, attaining the data on {u = ug}, {v = vo}, such that

sup (Fvlo’v(u) + Fuzo’u(v) + Z Z r(u, v)2p_2/ |’Dkl"p|2dusw
u,v

k<3 r, Suv
u
+3 Y )PP + 0 </ / @, v O, Py, du!
k<2 T, k<3 T, uo 48,7

v
- / / r(u,v’)zf’—4|©’<7p|2dusu_v/dv’)
) u,v/

u v
1530 30 I I It v’>2"4|©kn|2dus,,,,v,dv/du’) =T,
uoy Vo u' v’

k<4 T,

where C is a constant which can be made arbitrarily small provided €y and v]_o are
taken sufficiently small. Moreover one also has explicit decay rates for the size of
suppflp, C Py as v(x) — oo and explicit bounds on weighted L? norms of the
© variables. See Section 7 and Section 11 respectively. Finally, if uy was chosen
sufficiently large, f = 0 on the mass shell over any point x € M such that u(x) >
up—1

The L* norms of the Weyl curvature components are required for the Sobolev
inequalities on the null hypersurfaces. See Section 6.

5.3 Bootstrap Assumptions

The proof of Theorem 5.1 is obtained through a bootstrap argument, so consider the
following bootstrap assumptions for Ricci coefficients

rZP*Z/ DT, [*dus,, < C, (66)
Suv

u,v —

for k = 0, 1, 2, the spherical Christoffel symbols,

/ O (7 = 7°) Pds, , + / D4V (F —¥°) Pduss,,,
Suw (67)

—i—/ 1Dk r V4 (r-r°) dus,, < C,
s

u,v

for k = 0, 1, 2, for Weyl curvature components
Fl ,aw<C, F2,w<C, 68)

@ Springer



9 Page 54 of 177 M. Taylor

and for the energy momentum tensor components,

u
St ([ [ e T s,
uo W v

k=<2 k<3
v
2p—4 eyk g 12
+ f / (e, o2 | dusu,l,,dv’> (69)
V0 Sy
u v .
X [ w04 s, javad <.
k§4 ,2—1) uo V0 u/,v/

where C is some small constant?®. Moreover, since a derivative of b appears in the

expression for ¥ 4e 4, consider also the bootstrap assumption for an additional deriva-
tive of b,

v
[ [ el a0 <C. (70)
vo Su,v’ h

and also for V' — J'° at the top order,

/u:/ ’(rW)3 7V —7°)

Recall that ¥ — V'° is a geometric object, an Su.v (1, 2) tensor, and so its covariant
derivatives are well defined.

Note that, since the volume form of S, , grows like r2, (66) is consistent with
the expectation that I';, behaves like rlp Moreover, (67), (71) is consistent with the

expectation that |J' — J*°| decays like 1, or equivalently (by Proposition 6.3 below) that

2 -
dus, du’ <C. (71)

the components IS ; — I"°S 5 behave like 1 with respect to r. Since the I*°¢ ; behave

like 1, this implies the components Fg p also behave like 1 and hence that riVl <C
where,

2 AA' BB C wC
VI5=g¢""¢"" gccVasVap-

These pointwise bounds for lower order derivatives are derived from the bootstrap
assumptions (67), (71) via Sobolev inequalities in Section 6. The covariant derivatives
of I are defined in each coordinate system as,

Vilip = e (VgB) _LAD B _KBD fp +1DCV£B’
VaPip = es (Ph5) = (xa” = Vab® + 65700 ) 15
— (x8” = VabP + b5V 5 ) Vp + (X0 = Vob + 651G 1R,

c c E #C E wC C wE
YpVap = ep (VAB) ~VpaVlep = VeV ar +VpeVas

23 In Sections 6 and 8 smallness conditions on C will be made, but it is otherwise arbitrary.
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Finally, note also that (70) is consistent with b = I';. Since b is only estimated on
an outgoing null hypersurface at the top order though, the Sobolev Inequalities of the
next section only allow us to conclude

P} OrYb < C.
unlike at lower orders where the Sobolev inequalities will give,
r|b|, r|®b| < C.

Here and throughout the remainder of the paper C will denote a numerical constant
which can change from line to line.

5.4 The Bootstrap Theorem

Theorem 5.1 will follow from the following bootstrap theorem, Theorem 5.2, via a
last slice argument.

Theorem 5.2 There exist gy, C small and vq large such that the following is true. Given
initial data satisfying the restrictions of Theorem 5.1, let A denote a characteristic
rectangle of the form A = [ug,u'] % [vy, V'] x $* € M, withug < u' < uy,
vo < v < 00, such that a solution to the Einstein—Viasov system (1)—(2), attaining
the given data, exists in A and, for any x € A, the bootstrap assumptions (66)—(71)
hold for (u, v) = (u(x), v(x)).

Ifx € A, then the bounds (66)—(71) in fact hold at x with the constant C replaced
by %

Sections 6—11 are devoted to the proof of Theorem 5.2, which follows from Propo-
sitions 8.1, 9.3, 10.1, 10.2, 10.4, 11.10. The proof of Theorem 5.1, using a last slice
argument, is outlined in Section 12.

6 Sobolev Inequalities

The Sobolev inequalities shown in this section will allow one to obtain L™ estimates
on the spheres for quantities through the L? bootstrap estimates (66)—(71). They are
shown to hold in the setting of Theorem 5.2, i. e. for x € A, and are derived from the
isoperimetric inequality for each sphere S, ,: if f is a function which is integrable on
Su v with integrable derivative, then f is square integrable and

2
fS (f—ﬂQdusu_vsl(su,w(/s IWfIdMsu,v)v (72)

where

— 1

= d ’
Area(Suu) Swf S,
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denotes the average of f on S, and 1(S,,,) denotes the isoperimetric constant of
Sy

min{Area(U), Area(U°)}

IS, =5
(Su.0) Up (Perimeter(3U))?

where the supremum is taken over all domains U C S, , with C! boundary dU in
Suv-
The following Sobolev inequalities are standard, see e.g. Chapter 5.2 of [9].

Lemma 6.1 Given a compact Riemannian manifold (S, ¢), let & be a tensor field on
S which is square integrable with square integrable first covariant derivative. Then
£ e L*(S) and

\ 1/4 172
d C S) s
(/ ) Ms) < 17 (f VER + (S)m )

where I'(S) := max{I(S), 1}, and C is a numerical constant independent of (S, ¢).

(Area(S))l/4

Lemma 6.2 If £ is a tensor field on S such that €, V€ € L*(S), then

1 1/4
/ 1/4 4 N T AT
Slslplél = CyI'(S)(Area(S)) <[S|W§| + (Area(S))2 €] dus> ,

where again C is independent of (S, ¢).

Under the assumption that the components of ¢ satisfy,
|#45 — #38] < C7,
for some constant C > 0. It follows that
|Area(Sy,v, §) — 47'rr2| = |Area(Sy,v, g§) — Area(Sy,y, g°)| <Cr
and hence there exist constants ¢, C > 0 such that
cr(u, v) < /Area(S, ) < Cr(u, v). (73)
Using this fact, Lemma 6.1 and Lemma 6.2 can be combined to give

rllElLeecs, ) < CT'(Suo)UrYrYel s, ) + 1rVEl L2, ) + 16l 2¢s,,)- (T4

Thus, in order to gain global pointwise control over the Ricci coefficients, curvature
components and energy momentum tensor components, it remains to gain control over
the isoperimetric constants / (S, , ). We first show the above bounds on the components
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of ¢ hold under the following bootstrap assumptions. Let A" C A be the set of points
x € A such that,

Q < Cy, (75)
C

try + 2| < =2, (76)
- r r
C

i< =2, (77)
- r

for some constant Cy, for all points y € A such that u(y) < u(x), v(y) < v(x).

Proposition 6.3 Ifx € A’ then, in each of the two spherical charts defined in Section
2.1,

C
o AB _ ,AB
|#45 — #a5| < Cr, and ‘g — & ‘573’

at x. In particular,

‘Nl a

a5l = €% and [¢*?) <

Proof Recall the first variation formula (54) which implies that,

2 2Q
)
Ou (V gAB) = r_ggAB + T2 Xap

and hence,

2\ 4
h (10gdet r’%) = 124483, (r_ngB> —20 (tr1+ ;) +-(1-9).

This gives,

29(tr£+%)+%(1—&2)’du’ - det%(u) <

20(ux+2)+E (1 -@)|aw’
" det £ (uo) ~ ’

e

and hence, using the assumption that
cdety < det %(uo) < Cdety,
r

for some constants C, ¢ > 0, where y is the round metric, and the bootstrap assump-
tions (75)—(77),

cdety < det 2 (u) < Cdety.

r2
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Let A and A denote the eigenvalues of grA—ZB such that 0 < A < A. There exists
v = (vy, v2) such that max{|vy|, |v2|} and,

g
—v = Av,
2
i.e.,
Av) = g” v + g%vz and Avy = g%vl + g%vz
r r r
Hence,
Z gAB|
AB
and
-2 -2
‘rngB‘ _ " 8| _ 704 1.1
detr—2g AN T AT A
ie.

1 <A ‘rngB‘ .
This implies that,

Z |lAB|2 = Z X ppllXepl = A2r4‘gAchDXABXCD = 2lx| Z #anl”
A.B A.B.C.D

Returning now to the first variational formula (54),

u u
|8 450 — ¢ 45 (0)] 5/’; |8“gAB|du/§/u ZIQKAB"I”/’
0 0

summing over A, B and using the above bounds for the components of x this gives,

S #4500 — ¢4 00)] sf 4901 Y1 gl
A.B A,B

uo
u u
< [ 492003 144a @)~ gaptuoldu’ + [ agixldn’ Y g gl
4o AB "o AB
Using again the bootstrap assumptions (75)—(77) and the fact that,

Z ¢ 45 @0)| < Cr(uo)?,

A.B
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the Gronwall inequality implies,
> |8ap@) = gapo)| < Cr.
A,B

The first result then follows from the fact that,

Z |# 450) — #5,5| < Cr.

A.B
The result for g4Z follows from this and the bounds on det ¢ above. a

If £ isa (0, k) S, tensor such that || < r%, then this proposition implies that the
components of & satisfy

1Ea;...Ac] < Tk

This fact will be used in Section 8, together with the bootstrap assumptions and Sobolev
inequalities, to give bounds on the components of the Ricci coefficients, Weyl curvature
components and energy momentum tensor components.

Lemma 6.4 Ifx € A’ then, for u = u(x), v = v(x),

1
I(Suv) = =
b4

so that the constant 1' (S ) in Lemma 6.1 and Lemma 6.2 is equal to 1.
Proof The proof proceeds as in Chapter 5 of [9]. O

Combining the equation (74) with the bootstrap assumptions (66) then gives

sup (rPIDTp 15, ) = CC. (78)

u,v

for k = 0, 1. In particular, by taking C to be sufficiently small, the bootstrap assump-
tions (75)—(77) can be recovered with better constants. Hence A’ C A is open, closed,
connected and non-empty, and therefore A" = A.

Note that, provided C is taken to be sufficiently small, this implies that

<Q*<2.

N =

This fact will be used throughout.
Finally, to obtain pointwise bounds for curvature on the spheres from bounds on

Fvlo’v(u), F, Mzo’u (v), an additional Sobolev inequality is required.
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Lemma 6.5 If& is an S, , tensor then, for any weight q,

sup ||”q$||L4(su'v,) < C(||"q~f||L4(sM,UO)

vo<v'<v
v 1/2
+< / ra? / [rVa€ > + |rVEI® + €1%d s, U,dv/) )
V0 Su,u’ ’

and

sup ||rq$||L4(Su’,v) = C(Ilr"éllu@ovv)

ug<u'<u

u 1/2
+< / ! / |W3§|2+|er|2+|§|2dusu,,vdu/) )
uo Su’,v

Lemma 6.5 together with Lemma 6.2, equation (73) and the bound on the isoperi-
metric constant combine to give the inequalities,

w3 w2 w2
sup |[r 2 &llLeecs, ) =< C<||’” 2 8l Lacs, ) T lIr 2 ”Wé”ﬁ(su_m)

vo<v'<v

4 ( / P /S FYArVER + 1Y) + PV aE P

1
HrVEP + ¢ Pdus, dv')’ )

v

and

w2 wHl wtl
sup lr 2 &llLogs, ) < C<||r 2 S||L4(Su0,u)+”r 2 ”W§||L4(su0_v)

) u' v
ug<u'<u

+(/ r“’// IV3rVEP + 1(rY)2E 1 + V312

u' v

1
+rVEP + € Pdus, du')’ )

u',v

for any weight w. The bootstrap assumptions (68) then give the following pointwise
bounds on curvature,

sup (719415, = C. (79)
u,v

fork =0, 1.
Finally, note also that, whilst (78) give the pointwise bounds

r|©fp| < C,
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for k = 0, 1, the bootstrap assumption (70) together with Lemma 6.5 give the addi-
tional pointwise bounds,

rI®ryb| < C,
and (67), (71) give,
ri@fp| < C,

for k = 0, 1, as discussed at the end of Section 5.

7 Geometry of Null Geodesics and the Support of f

The decay of the components of the energy momentum tensor come from the decay of
the size of the support of f in P, asr(x) — oo. The estimates on the size of the support
of f form the content of this section. It will also be shown that, provided u s is chosen
suitably large, the matter is supported to the past of the hypersurface {u = uy — 1}.
Recall that the results of this section are shown in the setting of Theorem 5.2, so that
they hold for points x € A.

Throughout this section y will denote a null geodesic emanating from {v = vy} (so
that v(y (0)) = vp) such that (¥ (0), y(0)) € supp(f). The tangent vector to y at time
s can be written with respect to the double null frame as

y(s) = pt()ea + p’()es + pH(s)ea.
Note that in the next section notation will change slightly (y (0) there will be a point

in {v > vo} N (supp(f)) and the parameter s will always be negative).
Recall that, by assumption, (y(0), y(0)) € supp(f) implies that,

0<p*0) = Cp. 0=r(0)?p*0) < Cpp*(0),
r(0)*p ()] < Cpap*(0) for A =1,2,

for some fixed constants C plocees C I independent of vg.
The main result of this section is the following.

Proposition 7.1 For such a geodesic y,

%p“(m <p*s) < %p“(ox 0 <r()*p’(s) <2C,3p*(0),

Ir()*p™ ()] £2C,ap*(0) for A=1,2,
forall s > 0 such that y (s) € A, provided vy is taken suitably large.
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The proof of Proposition 7.1 is obtained through a bootstrap argument, so suppose
s1 € (0, o0) is such that,

1
2710 = p') = 2p%0) (80)
r(s)*p(s) <2C,3p*(0) (81)
r()*pA ()| <2C,3p*(0) forA=1,2, (82)

for all 0 < s < s;. Clearly the set of all such s is a non-empty, closed, connected
subset of (0, 0o). The goal is to show it is also open, and hence equal to (0, 0o), by
improving the constants.

The following fact, proved assuming the above bootstrap assumptions hold, is used
for integrating the geodesic equations in the proof of Proposition 7.1.

Lemma 7.2 Along such a geodesic vy,

PHe) _
Fs)

2,

r

where r(s) = r(y(s)) and 7(s) = Z—S(s), provided vy is taken sufficiently large and
y(s) € A

Proof Recall that

1 | < 1
Q2 -2’
— 3
provided C is sufficiently small, and so 2 > % Since i (s) = pg(f) and 0(s) = p*(s),

this and the bootstrap assumptions (80), (81) then imply that,

4 4
P _ p*(s) - 1 _ 1 <2,
F(s) 4egy — P26 [T 2C,3p4(0) 55 16C,3 =
pH(s) — 52 AL ITEI S 52
33740
provided vy, and hence r(0) is taken sufficiently large. O

Proof of Proposition 7.1 The geodesic equation for p*,
PHS) + T, () p™()p"(s) = 0,

written using the notation for the Ricci coefficients introduced in Section 2.3 takes the
form

1 1 2
P = gapp  ©pTe) = 5 (trl + ;) 450" $)P" )
1
— S, 5P P s) =20, pA () p*(s) — w(p* ().

2
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Using the fact that the pointwise bounds for I" give,

| |<Cr2 tr +%<£ X ‘<Cr ‘ ‘<£ |a)|<£
fapl=Cris Jux+ =50 (R =Cn n, | = — et
the bootstrap assumptions (80)—(82) then imply that,
2
C (p*)
.4 <
o] = =5
Hence, for any s € [0, s1],
‘ 4(s) 4(0)‘ - Cp*(0)
§) —
PRSP = 0p2
by Lemma 7.2, and,
- ) o = p'r = (14 p*(0).
r(0)? - - r(0)?

Taking vg, and hence r(0), sufficiently large then gives,

1 3
5p4(0) <pts) < 5p4<0>,

improving the bootstrap assumption (80).
Consider now the geodesic equation for p3(s),

) 1 1., 1 2
ps) = —ZgABpA(smB(s) — EXABpHs)pB(s) - (trx - ;)
X 4P ©pPE) = (14 = 1,) PP OP6) + 0p )p o).
Recalling that,

pi(s)
Q2

F(s) = ps) -
this then gives,

dr(s)’p’es) _

ds

3
(p“(s) - ”Q—(j)) Ps) — ggABpA(s)me

2o 4 r? 2 A B
— 5 XABP (s)p (s)—z<trx—;> gapgp  ()P°(s)

=2 (na = n,) PP} + opd)p*(5)
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3 2 ) )
pg—f)p%) — S asp PP ) - (ux ;)

r
= -2r —
4
X 450 ©PP) =1 (04 = 0, ) PAOPYS) + o ()p*s),
where the mass shell relation (21) has been used to obtain the cancellation. Inserting the
pointwise bounds for the components of I" and the bootstrap assumptions (80)—(82),
this gives,

2
dr(s)’p*s)| _ C(r*0)
ds r(s)?
Again, integrating from s = 0 gives,
Cp(0)

’

6P 0] = ZEs

and using the assumption on p3(0),

Cp*(0)

2.3
r(0)"p°(0) — 0)

C
<r(s)*p*(s) < Cp,s (1 + @) p*0).

If vg, and hence r(0) is sufficiently large this gives,
2.3 3 4
0=r@)"p(s) = 5Cpp(0),

hence improving the bootstrap assumption (81).
Finally, consider the geodesic equation for pA (s),for A =1,2,

, 27 i 12
ph = —TPA - BCPBPC + (1 - —> ;PAP3
2 2 -
- (trx + —) PP’ - (trx - —) ppt —28,0%p’
LT . X
. A A
_ 2Xngp4 + (Wegb) po4 _ bCVBCpo4 _ 2p3p4(nA +QA)7
which similarly gives,
dr(s)*p*(s) 2phA B C 1 A3 _ 2 2\ 4.3
T:—r]TBCpp + 1—@ 2rp°p” —r tr&—i—; pip
2 N A
_ 2 (trx _ ;> pApt— 2r21§PBP3 — 2254 pB p?

A
+ 12 (Vepb)” pPp* = 2603 p® p* = 207 P p* (i + ™),
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and using the bootstrap assumptions (80)—(82),

2
_ (o)
r(s)?

dr(s)? pA(s)
ds

Integrating and again taking v large similarly gives,

3
@ )| = 50 O,

improving the bootstrap assumption (82).
The set of all 51 such that (80)—(82) hold forall 0 < s < s is therefore a non-empty,
open, closed, connected subset of (0, 00), and hence equal to (0, 00). O

Finally we can show that 7 (supp( f)) is contained in {# < uy — 1} for some u s
large.

Proposition 7.3 For a geodesic y as above,
u(s) <uy—1,

for all s > 0 provided u y is chosen sufficiently large and y (s) € A.

Proof Recall that ii(s) = £ °®) Since Q2 > 1. Proposition 7.1 implies that

QZ
4
) p"(0)
6] = 4C 7
and so
WA ) 32C,5
u(s) < u(0) +4Cp3 /0 r(s’)zds <u(0) + 64Cp3 /r(O) r—zdr <u(0) + 70

The result then holds if

32C 5
uyf > sup (u—i— )—}—1

{v=10} r

8 Estimates for the Energy Momentum Tensor

Recall the notation from Section 3, and the set A from Theorem 5.2. The main result
of this section is the following.
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Proposition 8.1 Ifx € A then, foru = u(x), v=v(x),0 <k <2,

(19,1 (. v) = Ceo.

fork <3,
u
/ / r', v’ O, Fdps,, du’ < Ceo, (83)
uo ul v
and, )
/ f r(u, V)P T, Fdps, ,dv' < Ce, (84)
V0 Su o ’
and for k < 4,
u v
/ f / r', )P DN, Py, dv'du’ < Ce, (85)
uo 0 u v

for some constant C.

Recall from Section 5 that &g describes the size of the data.

The main difficulty in the proof of Proposition 8.1, and in fact the main new difficulty
in this work, is estimating derivatives of f. In Section 8.1, Proposition 8.1 is reduced to
Proposition 8.2, a statement about derivatives of f.In particular, in Section 8.1 itis seen
how the zeroth order bounds, 7”|7,,| < C, are obtained using the results of Section4. A
collection of operators ’}5, which act on functions # : P — R, akin to the collection ®
introduced in Section 3.3, is defined and used in the formulation of Proposition 8.2. In
Section 8.2 additional schematic notation is introduced. This notation is used through-
out the remainder of Section 8. In Section 8.3 seven more operators, V(). .. ., V(¢), are
introduced and Proposition 8.2 is further reduced to Proposition 8.6, which involves
bounds on combinations of the six operators V(1y, ..., V(e) applied to f. The main
observation is that the Vlasov equation can be used toreplace V) f* := rHor(y p)(es) f
with a combination of operators from V(yy, ..., V(g (such that the coefficients have
desirable weights) applied to f. The operators V(j), ..., V(¢), in Section 8.4, are then
used to define corresponding Jacobi fields (with respect to the Sasaki metric, defined
in Section 4) J(1y, ..., J). In Section 8.5 two frames for the mass shell, {E;} and
{F;}, are defined. In Sections 8.6 and 8.7 bounds for the components, with respect
to the frame {E;}, of the Jacobi fields, along with their derivatives, are obtained. It
is transport estimates for the Jacobi equation which are used to obtain these bounds.
For such estimates it is convenient to use the parallel frame {F;}, and it is therefore
also important to control the change of frame matrix E, also defined in Section 8.5. In
Section 8.8 it is shown how Proposition 8.6 follows from the bounds on derivatives of
the components of the Jacobi fields obtained in Sections 8.6 and 8.7, thus completing
the proof of Proposition 8.1.
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For a function i : P — R, define 7,,[h] by replacing f with / in the definition of
7,. So for example,

T 44lh] =/ h papadpp,, and  T[h]lap =f h pappdiip,.

x

In particular
Tl f1="1p.

This notation will be used throughout this section. Finally, it is assumed throughout
this section that x € A.

8.1 Estimates for 7~ Assuming Estimates for f

Consider the set of operators {e3, re4, rej, rez}. The notation D will be used to
schematically denote an arbitrary operator in this set. These operators act on func-
tions & : P — R on the mass shell where, for example,

1
e3(h) = @auh, eq(h) = dyh + bA8yah,

in the coordinate system (u, v, ol 92, pl, pz, p4) on P (as usual it is assumed we are
working in one of the two fixed spherical coordinate charts).

Given a collection of derivative operators from the set {rV, V3, 7V4}, say Dk this
will act on (0, m) S, , tensors and give a (0, 4+ m) S, , tensor, where [ < k is the

.....

of derivative operators in D where, in D (ecy, ..., ec), each rY4 is replaced by rey,
each V3 is replaced by e3, and each r YV ¢, is replaced by rec;, . So for example if k = 4
and

D = (V) V)V3(rY),
then
D¢, ¢, = rearec, (e3(recy(\)))).

Using the results of Section 7, the proof of the k = 0 case of Proposition 8.1 can
immediately be given. First, however, Proposition 8.2, a result about 9 derivatives of
f, s stated. The full proof of Proposition 8.1, assuming Proposition 8.2, is then given
after Proposition 8.3, Proposition 8.4 and Lemma 8.5, which relate © derivatives of
T to ® derivatives of f.

Proposition 8.2 If x € A then, foru = u(x), v=v(x), k=1,2,
(i [54])  < €0
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forl <k <3
! / 2p—2 Nk 2 ’
r(u',v) )’Z}, [D f]‘ dusu,wdu < Cey,
uo M/.U

and for 1 <k <4,

u v - 2
f / / r 0|7, [D4f )| ds, dvian < ceo.
uo Jvg IS,

In the above,

~ 2 ~ ~
"Tp[Qkf]‘ _ $C1D1 » 'gClDl,]:”[QIE‘],.--,le] ,TP[@](DI le].

The proof of Proposition 8.2 is given in Sections 8.3—8.8.

Proposition 8.3 Given h : P — R,

V3T,lhl = Tyles(h)] + (Ca + Ty + hy) - T,[h] + Tples(log p*)h]

rYaTylh]l = Tylres(h)] + (rTo + Vb +rV - Ty + 1) - T,[h] + Tylres(log p*)h]

rYcTylhl = Tylrec (W] + (r¥ - Tplhl) (ec) + Tplrec(log p*)hl,

where the last line is true for C =1, 2.

Proof This follows by directly computing the derivatives of each 7,,. For example,

/det
Vil 3ulhl(x) = e (f hp3p4 p4gdpldp2dp4>
Py
4ey </ hp3w/det gdpldpzdp4>
Py

= 4/ (e4(h)—i—htr)()p?’,/detga’pldpzdp4
Px

+ 4[ he4(p3),/det gdpldpzdp4
Py

= Tsalea(h)] + trx T 3alh] + T3ales(log p)hl,

and

J/det
(774T4[h])A 2eq (/P hP3PAp—igdP1dP2dp4) + 473"
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J/det
+2/ he4(p3)pA—4gdpldp2dp4
Py p

= (Taleatn)" +trxTalh)* + (Ix — Vb — V- b1 - Talh))"
+ T'4les(log p)1*.

The other derivatives are similar. O

Proposition 8.4 Forany k > 1,

DT, flecy, v ec) = TlDk, o f1+E [@kT,,] (€cyr . e,
where

(€, rec) = (QE [@k—‘Tp]) (ec,. ... ec,)

]
+7,[ (D10 ) B! f] ecy - e

+ ( By, - Tpy +rVb 47V - (T + 1) | - T[9! flec,, . . ., ec)),
p1+p2=0

and
E[T]=0
Here | < k is the number of times rY appears in DF.

Proof The proof follows by induction by writing
@k% _ @(Qkflfz—p) -9 (TP [@kflf] +E [@kq%])

and using the previous proposition. O

Lemma 8.5 For1 <k <4,
Brogpi<c Y ot e oevn 4 Y n, (|@k’ppz|+hm) :
k' <k—1 p1+p2>0

in supp(f).
Proof Recall that

A
PP = g p”
4p*
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Using the first variation formula (54),

A B
Xapl P
3y _ Las
e ==
3(p7) 2
and hence,
3 25 pApB it A B
e3(p”) XagP P IX$ApP" P .
lex(log p)| = | 5= | = | =42 =5 < (211 + lrx1)
p gcpP~ P

by the Cauchy—Schwarz inequality. Similarly, using (55),

(xaB + gpcea®©) + g ,ces(®C)) p*p?

e4(P3) = 2p4 ,
and hence,
Irea(log p*)| < r (1X1 + Itrx| + V| + [BIIT) .
Finally,
o eclguprtp®  (#0aTCa+ 840V Cs) p*p"
ec(p’) = =

4p* a 4p* ’
hence similarly,
Irec(log p)| < 2r|V|.
The higher order derivatives follow similarly. O

Proof of Proposition 8.1 For k = 0 the result follows using the bounds on
p', p*, p?, p* insupp(f),

cp?
PLIPLIPY < = Y =C

from Proposition 7.1.
Note that

sup | f| =< o,
P|{v=v0)

and hence, since f is preserved by the geodesic flow,

sup | f| < &o.
P
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This fact and the above bounds imply

,/det C
'/ fP4dMP g(x Y2 dptdptdp? 802,
Ip'L1p?l< % r* r( )
as |,/detg(x)} < Cr(x)2. One then easily sees,
Ceo
17331 <4 / fptptdur | < —-,
Py r
Cegg
T34 <4 / [P’ ptdup,| < ==,
P, r
and
C Ce
T4l <4 ’/P /PP < ’/P fptptdue,| < r_60
Moreover,
Ceg
17341 <2|gan f fp* ptdue,| < C ‘ / fptptdur,| < —
, Ceo
Tarl <2|g 00 /P Fr¥ pdur,| < / T
and
’ / CEO
|TAB| = gAA/gBB/‘[P pr del'LPx SC‘/P fp4p4dl'LPx = 720
so that,
1 11
1731 = /|g48T 347 38| < o
174l = \/|#ABT 44T 4| < r_5’
and
CE()

= \/|gACgBDTABTCD|

For first order derivatives of 7, Proposition 8.4 and the pointwise bounds on
I, ¥V, r¥b imply that,

71 = ¢ (|7, [87]| + 171+ |7, [Brog - 7).
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and hence Proposition 8.2 and Lemma 8.5 imply,

CS()

|D7,| < T

Similarly for the second order derivatives, the pointwise estimates on I', V', r ¥b, DT,
DV, DrYb imply that,

0271 = o ¥ |7 [8 5] + 071+ [07, [B1oe* - 1]
k'<2
+ ‘Tp [élogf i)f]’)
and hence, by Proposition 8.3,

0°T,| < C(Z‘Tp[@k’f]‘+|@Tp|+‘ﬂ[@zlogp3.f]‘+‘7p[©10gps.f]’
k'<2

+ ‘T,, [f)logp3 @f]‘ + ‘Tp [f)logp3 -Dlog p? f)f]‘)
Proposition 8.2, Lemma 8.5 and the above bounds for |97, | therefore give,

C
D27, < —2.
rP

For the third and fourth order derivatives, Proposition 8.2, Lemma 8.5, Proposition
8.3, the pointwise estimates for I', V', r ¥b, DT, DY, Dr ¥b and the pointwise bounds
on T, DT, D*T obtained above similarly give

o=y o]
k'<3

Cep
rpP

( Yo 1y DTy + D VD] + [FD°V| + 1),

P1+p2=0
and
7)< ¢ | X |7, [0 ]|+ 1071
k'<4

C ’ ’ ’
+ =20 < S lhpy @t rp2|+|@"ry7b|+|r®k17|+1).

rpP
k'=23 " p1+p2=0

The estimates (83) and (85) now follow using Proposition 8.2 and the bootstrap
assumptions for derivatives of I', r¥b and V.

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 73 of 177 9

To obtain (84) first compute,

([

v
< C/ / Y3 (r(u, v’)2p_4|’D3Tp|2) +tryr(u, v)PHDIT, Pdps, dv
vo JS, -

u,v’

r(u, v’>2"4|©37p|2dusu,v,dv/)

u,v

U,

v
SC/ f r(u, vy~ <|©3’Tp|2+|©47p|2)dus dv'.
vy JS

u,v’

The result then follows by integrating from u¢ to u# and using (85). O

8.2 Schematic Notation

To deal with some of the expressions which arise in the remainder of this section
it is convenient to introduce further schematic notation. Like the previous schematic
notation introduced in Section 3.1, this notation will make it easy to read off the overall
r decay of complicated expressions.

Throughout most of this section we will consider a point (x, p) € P Nsupp(f) and
the trajectory of the geodesic flow s — exp,(x, p) through this point. The trajectory
will be followed backwards to the initial hypersurface, so s will be negative. Note that

expy(x, p) = (¥ (), y(5)),

where y is the unique geodesic in M such that ¥ (0) = x, y(0) = p. The expressions
exp, (x, p) and (y (s), v (s)) will be used interchangeably. Also y*(s) and p*(s) will
both be used to denote the . component of y (s) with respect to the frame ey, e>, €3, ea.
Note the slight change in notation from Section 7 where y (0) lay on the initial hyper-
surface {v = vg} and s was positive.

Recall from Section 7 that, for such a geodesic, )?4(s) will remain bounded in s
(and in fact will be comparable to y*(0)), whilst y!(s), y%(s), > (s) will all decay

like # The notation Vo will be used to schematically denote y*(s) and ¥, to

schematically denote any of y ! (s), v2(s), 73(s),

Yo=7%  va=vlyi vl

so that,
Py ,| < Cp*0).

Certain vector fields, K, along y will be considered later. If K 1 .., K* denote

the components of K with respect to the frame?* %el, %ez, e3, ey, so that,

24 Not the frame Clynns e4. The reason for this will be explained later.
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K = Klle + K21 K3 K*
= P r€2+ ez + K eq,

then it will be shown that, for all such K considered, K3 will always be bounded
along y, and K!, K2, K* can grow at most like r(s). Therefore Ky will be used to
schematically denote K3 and K_ will schematically denote K', K%, K*,

Ko=K>  K.=K' K> K"
so it is always true that,
rPIK,| < C.

Finally, let ¢, ¢’1 schematically denote the following quantities,

1 b b
¢=ce1,e2, ¢ =e, e,

where ei‘ denotes the S, , one-form g(ey, -), for A = 1, 2. This notation will be used
for schematic expressions involving the components of Weyl curvature components,

Ricci coefficients and energy momentum tensor components. If € isa (0, k) S, ,, tensor,
write,

5¢",
to schematically denote any of the components,
Earay =6(ea), .. eq).

Note that, if r”|£|, < C, then the bounds, |¢*#| < r% imply that,

k7
|§(6A1»-~~16Ak)| = Cr ps

where | - | here denotes the usual absolute value on R. For example, the sum of the
components a4p + T 4p decays like rLZ and is schematically written,

aag+Tap=vaf + Tag> = > Wy +Tp)¢ 7,
P1+p2=2

where in the summation p; = 4, pp = —2 for each of the two terms. Looking at
the summation on the right hand side, it is straightforward to read off that each term

should decay like .
Similarly, if & is a (k, 0) S, tensor, write,

et
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to denote any of the components

Ar..A b b
T =8(ey s ey,)

Since |¢ , 5| < Cr2,if rP|£|, < C then,
g4 < crmrh,
For example, allowing v to also denote /%, 7 to also denote 7°* etc.,

AP T =g A T = Y W + T,
pP1+p2=6

where in the summation now p; = 4, p» = 2 for each of the two terms. Again, the
subscript of the summation on the right hand side allows us to immediately read off
that the components 4%, 748 decay like }6

Finally, if £ is a (k1, k2) S,.» tensor, write,

gl
to schematically denote any of the components,

g AR By..By, -
By

For example,

O‘AB + TAB = Z (Vpy +sz)¢7p2s

pitp2=>4

and it can immediately be read off from the subscript of the summation that the
components o AB.T AB decay like %4 Note that, in this notation, it is clearly not

necessarily the case that no ey, ez, e?, e; appear in the expression
g4,
8.3 Vector Fields on the Mass Shell

Consider the vectors V(1), ..., V() € T(x,p) P defined by,

4
P
Viay = Horg py(ea) + =054, Viz) = Horge,py (e3),
4 p
V(4) = rHOr(x,p)(€4) +p 8ﬁ4’ V(4+A) = r_28fA’

for A = 1, 2. The proof of Proposition 8.2 reduces to the following.
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Proposition 8.6 At any point x € A, ifu = u(x), v = v(x) then, foriy, i, i3,is =
1,...,6,

(" [Ty [Van ) . v) < Ceo. (rP | Ty [Viiy Van f]]) (. v) < Ceo,

u
_ 2
/ / r' 0P| T, [ Vi Vi Van 1| dus,, ,du’ < Ceq,
uo J S,
and
u pv . 5
/ / / ru, v~ |7-p [V(l'4) V(,‘3)V(i2)V(i1)f]| d,ugu,‘v,dv’du’ < Cegy.

uon L) ' v

The vectors V(yy, ..., V(g), together with V(o) given by,
Vioy = rHor(x, p)(e4),

form a basis for Ty, ;) P. They are preferred to the operators © introduced in Section
8.1 as, in view of Proposition 4.8, it is much more natural to work with vectors divided
into their horizontal and vertical parts. It will be shown below that |V(;y f| is uniformly
bounded fori =0, ..., 6.

Remark 8.7 1tis not the case that |[Hor(, )(ea) f|is uniformly bounded, for A = 1, 2.
In fact, [Hor(y, py(ea) f| grows at the rate r(x) as r(x) — oo. It is for this reason the

4
term £-9_4 also appears in V(). A cancellation will later be seen to occur in these
two terms, so that |V(4) f| is uniformly bounded.

In Section 8.4, the vector fields V(j), ..., V(e) are used to define corresponding
Jacobi fields, J(1y, .. ., Ji6), along exp; (x, p). The boundedness of | V(;) f| will follow
from bounds on the components of J;) fori =1, ..., 6. Whilst it is true that | V(o) f

is uniformly bounded, the appropriate bounds for the components of the Jacobi field
corresponding to V(o) do not hold. This is the reason V|, derivatives of f are treated
separately in the proof of Proposition 8.2 below, and do not appear in Proposition 8.6.
See also the discussion in Remark 8.8.

Similarly, the components of the Jacobi field corresponding to p* 854 do not satisfy
the appropriate bounds. The rHor(y ,)(e4) term in V(4 appears for this reason. The
bound on | p* 87‘ f| can easily be recovered from the bound on |V(4) f| using the below
observation that the Vlasov equation can be used to re-express rHor(y, ) (e4) f in terms
of other derivatives of f.

Below is a sketch of how Proposition 8.2 follows from Proposition 8.6.

Proof of Proposition 8.2 Recall the point (x, p) € supp(f) is fixed. The goal is to
estimate @’él le where ® € {rey,rez, e3,res}, k < 4,and ! < k is the number of

.....

.....

can be written as a combination of terms of the form V(... V() f, where kK < k
and iy, ...,ip = 0,...,6. It remains to check that the V(o) can be eliminated and
then that the coefficients in the resulting expressions behave well. This is done in the
following steps.
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(1) First rewrite ’)5’81

.....

,,,,,,,,,,

where D € {e1, ez, €3, rea}, the Cy are constants and py are powers such that
pr < l.The terms in the sum are lower order and so, by induction, can be viewed
as having already been estimated “at the previous step”, so they are ignored from
now on. The ! factor in the first term will vanish when the norm is taken with the
metric ¢ and so is also ignored.

(2) Rewrite each ® in terms of the vectors Vi) - - -» V(6) defined above,
B 3 B
2( P e p C C p
ea =V +r (FVAB + ?L‘ + XA ) Via+o) + (ﬁlw +EA> Vi
B
p
- (FKAB +QA) Vo,
2 p! B B
e3 =V +r (FL‘ +2n ) Via+a),
A A A 3
rp s(pP” B P By, 2P B
res=\1——rn —Vw> Vioy +r (_XA ——eab”)+ —n ) Va+s
( p* A © p* p* pt= ) EEw
pA
“+r FQA +w V(4).
(3) Intheresulting expression bring all of the coefficients of the vectors V(q), ..., V(g
out to the front to get
Obrcf = D D diig Vi - Vi f:
1<k/<k i1,....ip
where the d;, .y are combinations of /1, terms and derivatives of components of
[, V' and b. Clearly d;, ..i,y Involves at most k — k' derivatives of the components
of I and V', and k — k’ + 1 derivatives of components of b. Moreover, using
the bootstrap assumptions from Section 5 they are bounded with respect to r.
Hence |d;, ., | < C fork' = 3,4, [¢ r=2\dy,..i, 1*dus,, < C for k' =2 and
Juo fSu_v/ r~4diy iy I*dus, ,dv' < C fork' = 1.
(4) For each V)... V() f in the above expression containing at least one V),

commute to bring the innermost to the inside. Relabelling if necessary, this gives

Vi - Vi S = diy iy 0V - Vi _p Vo f
+ D D diuVan Vi £

1<K <K' —1 jusoon gy

for some (new) d;, ..., as above.

'jk”
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se the asov equation p Or (x e = see bExample 4.1) to rewrite
(5) Use the VI ion p“Hor . p)(e,) f = 0 (see Example 4.1) i
3 A

rp rp
V(O)f = _FHor(x,p)(eﬁf_ p4 Hor(x,p)(eA)f~

Rewrite this right hand side in terms of V(y, ..., V() and repeat Step (3) to bring
the coefficients to the outside of the expression.
(6) Repeat steps (4) and (5) to eliminate all of the V|, terms to leave

6
Nk
Db af= 2 Do diigVan- Vil

I1<k'<kiy,....ip=1
where the d;,_,, have the correct form as above.
The result now clearly follows from Proposition 8.6. O

Remark 8.8 The vector V(o) = rHor(, p)(e4) should be compared to the vector
S := vHor(y, py(e4) + uHory p)(e3).

In the context of Theorem 5.1, where ug < u < uy in supp(f), the uHor(, ,)(e3)
term is not the dominant one in S. Recall also that v here is comparable to r.

Given any vector V' € T(y p) P, in the sections to follow it is shown that there exists
a vector field J on P such that Jf satisfies the Vlasov equation and J coincides with
V at the point (x, p) € P.For V(y), ..., V() it will be shown that the corresponding ./
are all of size 1 (independent of the point x) at the initial hypersurface {v = vg}. Whilst
this is not the case for the vector field J corresponding to S, a form of the following
observation was used in the proof of Proposition 8.2. The vector field J corresponding
to S has a large component, but this component points in the X direction and hence
vanishes when applied to f. A manifestation of this fact is brought to light through
the fact that [X s, S] = X, where X denotes the generator of the null Minkowski
geodesic flow and, with a slight abuse of notation, S now denotes the vector field
S = vHor(y, p)(e4) + uHor(, ,)(e3) on the mass shell over Minkowski space.

Note that this observation is not specific to the massless case, i.e. the identity
[ X, S] = Xy isstill true if X 3, now denotes the Minkowski geodesic flow restricted
to the hypersurface P, = {(x, p) € TM | p future directed, gmink(p, p) = —m?}
for m > 0. A form of this observation is used in the work [16].

8.4 The Jacobi Fields

Define vector fields Jy, ..., J) along the trajectory of the geodesic flow s
exp, (x, p) by

Jiy(s) = d expg |x, p) Vi)

fori =1,...,6.
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Since

f(x, p) = flexpy(x, p)),

by the chain rule,
Viy f(x, p) = dfl.p)Viiy = df lexp, (x.p) - d €XPs | x, p) Viiy = Ji) ($) -

Taking s < 0O so that exp,(x, p) lies on the mass shell over the initial hypersurface
{v = vo}, this relates V(;) f(x, p) to intial data. By Proposition 4.8, J(;) is in fact a
Jacobi field and hence J;)(s) can be controlled using the Jacobi equation.

Note that so far the Jacobi fields are only defined along the trajectory s >
exp, (x, p). Since higher order derivatives of f will be taken it is necessary to define
them in a neighbourhood of the geodesic s — exp,(x, p) in P. They are in general
defined differently depending on what the higher order derivatives to be taken are.
When considering the quantity

Vi - Van /o
for 2 < k < 4 the Jacobi fields are extended so that
Jiw) - - - Japls=0 = Vi - - - Vi),

as follows.
If k = 2 then define a curve ¢ : (—e€, €) — P, for some small € > 0, such that

c1(0) = (x, p),  cj(s1) = Viiy)s
i.e. c1 is the integral curve of V(;,) through (x, p). Set J;;) = V) along c¢; and
let J)(s, s1) = dexp; le;(s1) Vi) Now the expression J;,)J(;,) f is defined along
exp, (x, p) and has the desired property that Ji;,) J(i;)ls=0 = Viip) Viiy)-
Similarly, if k = 3 define a variation of curves ¢ : (—e¢, 6)2 — P so that

acy acy
2(0,0) = (x, p), a—Sl(SLO):V(ia» a—S2(51,52)=V(i2)-

So the curve s1 = ¢2(s1, 0) is the integral curve of V{;, through (x, p), and, for fixed
s1, the curve 57 = c2(s1, 52) is the integral curve of V(;,) through ¢ (s1, 0). Set

Jaiy (s, 81, 82) = d expg ley(sy.5) Vi)
for s1, 50 € (—e,€),s <0, and,
Jiir) (5, 51, 0) = d exp; |ey (51,00 Vi) »

fors) € (—e€, €), s < 0.Now the expression J;;) J(i,) J(i;) f s defined along exp, (x, p)
and moreover,

Jiiz) i) Jiinls=0 = Vi) Viin) Vi) -
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Finally, if k = 4, similarly define c3 : (—¢, €)> — P so that

dac3
03(01 07 O) = (xs p)’ 8_5‘1(5‘17 O’ O) = V(i4)’

dacs
— (51, 52, 53) = Viin),

dac3
P ) ) 0 = V |
95 (s1,52,0) (i3) 53

and similarly set

J(il)(S, 81, 82, 53) = deXPs |C3(S1,S2,S3) V(i])v
J(iz)(s’ s1,52,0) =d €XPy |C2(S|,82,0) V(iz)’
Jii3) (s, 51,0,0) = d exp; |ey(51,0,0) Viia)»

for s1, 50,53 € (—e,¢),s <O.

8.5 Two Frames for P and Components of Jacobi Fields

Let s, > 0 be the time such that 7 (exp_; (x, p)) € {v = v}, where 7 : P — Miis
the natural projection. The definition of the Jacobi fields of Section 8.4 imply that, for

l<k=4

Vio - Vin f&, p) = iy - Jin [ ls=—s,»

and so Proposition 8.6 will follow from appropriate estimates for J;,) ... Jq) f ls=—s,-
Recall from Section 2 that p', p%, p* denote the restrictions of p', p%, p3 to P
and 8?, 0-2, 854 denote the corresponding partial derivatives with respect to the

(u, v, ol 02, ﬁl, ﬁz, ﬁ4) coordinate system for P. For every (x, p) € P define the

frame E1, ..., E7 of horizontal and vertical vectors for P by

1 1
Ey| = Hor(y, ;) (;el> ,  E> =Hor p (;ez) ,  E3=Hor p)(e3),

1
E4 = Hor , Es5= 0-1, E¢= 0-2,
! cp (ea), Bs = o Be= L
Recall the expressions (19), which imply,
1 140"
Es = Ver ,
> r(x, p) ©-p) (61 + 2p* “
1 goaP"
E¢ = Ver e + e,
CTrtep P\ ot

p3
E7 = Ver(x p) (64 — ?63) .
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The vectors %e A, for A =1, 2, are used rather than the vectors e4 which grow like r.

For J € {Jay, ..., Jg}let J J denote the components of J with respect to this frame.
So

J=JE;.
Define also the frame Fi, ..., F7 for P along s — exp,(x, p) by

F;, = Par(m;) (E;)

fori = 1,...,7. Here y(s) = m(exp,(x, p)) denotes the geodesic in M, so that
exp; (x, p) = (y(s), y(s)), and Par(,, ;) denotes parallel transport along (y (s), y (s)).
Let E denote the change of basis matrix from {F;} to { E;}, so that

E; = E/F;. (86)
Note that, at s = 0,
Eills=0 = 8.

Remark 8.9 In the following, when tensor fields on P are written in components, these
will always be components with respect to the frame {E;}. So if J is a Jacobi field
then J' denote the components such that

J=JE.

When writing components with respect to the parallelly transported frame {F;}, the
matrix E will always be used. So,

J=JE/'F;.

Latin indices #, j will always run from 1, ..., 7.

It will be necessary in the following sections to estimate the components of & and
=1, and certain derivatives, along (y(s), y(s)). It is therefore necessary to derive
equations satisfied by the components of Z and £~

Proposition 8.10 The components of the matrices & and E~" satisfy the equations,

dEij A k o
— () = (VxEi) 8. (87)
and :
dz=";’ k(e N
@ =-8 (VxE) @), (88)

~ k ~
respectively, fori, j = 1,...,7. Here (Vx Ei) denote the components of Vx E; with
respectto Eq, ..., E7.
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Proof Using the fact that,
VxFj =0,
for all j, equation (86) gives,
UxEi =X (27) ).

This can be written as the system of equations (87).

Similarly, writing F; = E~!; E; gives,

_ _ 1 =1k (& J
0=VxF,=|X(E i)+E& " (VxE:) |Ej.

This yields the system (88). O

Now,
JinJdin S = Jir (Jm)j') Ej f + Jipy” Jan ELEj f.

so estimates for J(,)J(i,) f ls=—s, follow from estimates for the components J,)”?
Jiiy)/! and derivatives J,) (J(,-l)jl) ats = —sy since Ej, fls=—5, and Ej, Ej, fls=—s,
are assumed to be bounded pointwise by assumption. See Theorem 5.1. Higher order
derivatives can similarly be expressed in terms of derivatives of components of Jacobi
fields. This is discussed further in Section 8.8. It is hence sufficient to just estimate
the derivatives of components,

Ty - i) (Jm)") ;

fork=1,...,4,j =1,...,7. These estimates are obtained in the next two subsec-
tions in Propositions 8.17, 8.22, 8.26, 8.27. In Section 8.8 they are then used to prove
Proposition 8.6.

8.6 Pointwise Estimates for Components of Jacobi Fields at Lower Orders

For the fixed point (x, p) € P N supp(f), recall that s, = s.(x, p) denotes the
parameter time s such that 7w (exp_; (x, p)) € {v = vo}. The goal of this section is to
show that the components of the Jacobi fields J(j), ..., J(s), with respect to the frame
Ey, ..., E7, are bounded, independently of (x, p), at the parameter time s = —s,,
and then similarly for the first order derivatives Ji,)(Jiy/), for i1, ia = 1,...,6,
j =1,...,7.Second and third order derivatives of the Jacobi fields are estimated in
Section 8.7.

The estimates for the components of J = J(), ..., J) are obtained using the
Jacobi equation

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 83 of 177 9

VxVxJ = R(X, )X,
which in components takes the form,

27k
dITES (lé(x, J)X)k 2 (89)
ds?
There are two important structural properties of the right hand side of equation (89),
essential for obtaining good global estimates for the Jacobi fields. The first involves
the issue of regularity. Given that derivatives of components of the energy momen-
tum tensor appear in the Bianchi equations as error terms, it is important to estimate
derivatives of 7', and hence the components of J(1y, ..., J(s), at one degree of differ-
entiability greater than the Weyl curvature components . It is therefore important
that the right hand side of equation (89) has the correct structure to allow the com-
ponents of the Jacobi fields to be estimated at this level of regularity.”> The second
important property concerns the issue of decay. Since equation (89) is used to estimate
the Jacobi fields globally, it is important that the right hand side is twice globally inte-
grable. Recall that R denotes the curvature tensor of the induced Sasaki metic on P
and, by Proposition 4.7, IQ(X , J)X can be expressed in terms of the curvature tensor
R of (M, g). In order to check that the right hand side of (89) indeed has the two
above properties, Ris expressed in terms of R, which is then expanded in terms of ¢,
7T . Tt is then written using the schematic notation of Section 8.2, which allows one to
easily read off the decay and regularity properties.
First, by Proposition 4.7,

. . 3] o
R(X,J)X = Hor(, ;) (R(y, Iy + LROL R, Iy + 5 ViR, J”)y)

1 1
+ ETVer(y,y-) ((V);R)()), Iy + SR@. Ry, J”);?);?) .
(90)

Here J” and JV are defined by

1
Jh= JA;eA + Je3 + Jes,

1 JA+A B j7,3
J”=J4+A;e,4+( zf;fp — pf es + J es,

so that

h T
Jliy.py) = Hor, ) (T ) + 7 Vergy, ) (T .5)-

25 This structure is crucial even for proving local existence for the Einstein—Vlasov system in the double
null gauge.

@ Springer



9 Page 84 of 177 M. Taylor

For a vector Y € T, M, TVer(, ;) (Y) denotes the projection of Ver(, )(¥) to P. So,
for each (y, g) € P on the trajectory of the geodesic flow through (x, p),

h
T o> Il g) € TyM.

It is tempting to view J”, JU as vector fields on M, though this is not strictly the
case as the value of J"|(y 4, JV|(y.¢) depends not only on y but also on g. Some care
therefore needs to be taken here.

In view of the above discussion regarding the regularity of the right hand side
of (89), the presence of the derivatives of R in the expression (90) seem, at first
glance, to be bad. On closer inspection however, one sees that such terms are always
horizontal or vertical lifts of derivatives of R in the y direction. Since the components
of Jq1y, ..., J) are estimated by integrating the Jacobi equation (89) twice in s, the
fact that the potentially problematic terms, when integrated in s, in fact lie at the same
level of differentiability as R can be taken advantage of. In other words, the derivatives
of R appearing on the right hand side of the Jacobi equation (89) always point in exactly
the correct direction so that transport estimates for the Jacobi equation (89) recover
this loss. In order to exploit this fact, it is convenient to rewrite the expression (90),
using Proposition 4.4, as,

. 1 1
R(X, HX = Hor<y,y->[R<y‘, J”)y‘+5R<yz Ry, J’“)y‘)y‘—EX«J”)“)R(yJ en)y
I ) S U . -
- E(J WR(®Y,Vye )y — EX(V ) (Rea, JV)Y + R(y, J")eq)
1
— 5;}“ (R(Vyeq, JV)y + R(y, JU)V};ea)]
+1TVer-R'R'J”"—XJh"R' ;
> v | Ry, Ry, J)y)y ((UDIRy, ey
=X (Rleas "7 + R, I"eq )

=7 (R(Vjea, I + R, I Vse) = (IR, vyeﬂ)y']

1. . . lo 7 C e
+ 5 VxHorg ) (RG7 1)7) + 5 V5 Vet ) (RG9"7). -

The above observations explain how (89) can be used to give good estimates for
J(1y, - - -, J(6) from the point of view of regularity. In order to obtain global estimates
however, it is also important to see that (91) has the correct behaviour in r so as to
be twice globally integrable. This can be seen by rewriting (91) in terms of ¥, 7
and using the bootstrap assumptions (68), (69), along with the the asymptotics for
pl, p%, p3, p* obtained in Section 7, being sure to allow certain components of J to
grow like r. Consider, for example, just the first term Hor(, ;) (R()), Jh))}) in (91).
Recall the identity,
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1
Ropys = Wapys + E(gay Tps + 8psTuy — 88y Tus — 8asTpy)-

For a vector field K along y in M, let K* denote the components of K with respect
to Lo, 1
0 cel, ye2, €3, e,

1
K = -K% s+ K3e3 + K*ey.
r
Using the form of the metric in the double null frame,

R(V, K)]/ = g,uVR())’ Kv )}7 eu)@v

= SR, K. P ees = SRG K. 7, enes + g0 R, K. 7. enles.
Hence,
R(y, K)y
= —%{K4[)}3J73(4;0 +2734) + 2772 (Ba + Tan) + 7495 (@us + %gABTM)]
+ K[ 20770 o+ T30 + 77428, = Taw) = 77 Ba+ Tan)
— 7498 (og 45 + ¢ ap — %gABTaz; + TAB)]
K] e+ Tac) + P28+ o)
+ 173)?A(,0gAC +30¢sc+Tac— %gAcTM) — v aac + %gACTM)

1 1
+ 7298 (—g 4 pBc + ZacBB + EgABTALC - ngCT4B)]}€3

1
- 5{K4[ =279 Qo+ T30) + 7774 2B, — T34) — 774 2Ba + Tan)

PP PRap +0fan — 5RapTss+ Tan)]

KO[940 2150 — 20948, ~ T3 4747 @an + 3845759
+ %KC [)}3374(2éc —T30) + 771 2Bc + T4c)

PP ae + 58acT) + PP 0 s +30%ac + Tac — 38acT30)

1 1
+ )PAy‘/B(gABﬁC —facByt §$ABT3C - EgACTsB)]}m
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+{ =774 + 147 + 777 (28" + 157)
£ 03E 30440+ TaP — 08 T50) — 99 @a® + 358 )
+ AP (=g B + 82 B + %gABn — 25874
F [P PA@B7 1P+ 4@ 4 1Py — 79 @, 4 558
+ 7492088 +30¢,P + 74" - —aA 734)
PA7E (gapB” - 65;’/8 S ng)]
+;KC[J/ yHac? + 50744)-1-)/ Ve + 5cT33)
+ 93942082 — 2T + 827 30) + AP (— p(gAB aAgBC>
+ 7 A e BY + 88 Bc — 26284 + 82T 4n — EgACsz — —35740)
+ 79 (—g 4B — 8RB+ 2068, +3CT3a — %gACT3D - -3A T3c)

1
+ E(gABTcD + 85T ap — gpcTa” - 5£TBC)):|}6D- (92)

This can schematically be written as

. . .o _ 1
R(y,K)y = Z hp1 szYpst(g + 1)(1/fp5 +7}75)¢ pe (eS +eq + ;¢> >
it +pe=3
93)

which, as the schematic notation now makes clear, decays like r~2 and hence is
twice globally integrable. Note that the summation on the right hand side of (93) can
actually always begin at 3, except for terms involving 8. This fact is important when
estimating higher order derivatives of Jacobi fields in Section 8.7 and will be returned
to then.
Recall, from Section 8.2, that X_1 is used to schematically denote K 1 K2 or K%,
It is important to denote K 1 K2, K% as such since the E 1, E2 and E4 components of
some of J(yy, ..., J) will be allowed to grow at rate .
Clearly, in order to use the Jacobi equation (89) to estimate the components of
J(1y, - - -, J6), several additional points need to first be addressed. First, it is obviously
important to understand how the matrix &, along with its inverse £, behaves along

N i
(v, ). Moreover, since the terms in (R (X, H)X ) involving derivatives of R have

to be integrated by parts, it is also important to understand how the derivative of Z,
ds , behaves along (y, y). An understanding of the behaviour of these matrices is
obtained in Proposition 8.14 below using the equations (87), (88). Since the compo-
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nents of @X E; appear in equations (87), (88), they are written in schematic notation
in Proposition 8.12.
Secondly, it is necessary to understand the initial conditions,

(r=/) @ =ro. GZ?vmh{WOm)

for the Jacobi equation (89). These initial conditions are computed in Proposition 8.15.
The reader is encouraged on first reading to first set R(X, )X equal to zero (i.e. to
consider the Jacobi fields on a fixed Minkowski background) in order to first understand
the argument in this simpler setting. The Jacobi equation (89) can, in this case, be
explicitly integrated and explicit expressions for the Fi, ..., F; components of the
Jacobi fields, (J E;7)(s), can be obtained. It is clear that, even in this simplified setting,
in order to obtain the appropriate boundedness statements, certain cancellations must
occur in certain terms arising from J/(0) and certain terms arising from (@X D) (0)
for some of the Jacobi fields. Lemma 8.11 below is used to exploit these cancellations
in the general setting.

Finally, it is convenient to write some remaining quantities appearing in the expres-
sion (91) in schematic notation. This is done in Proposition 8.13.

The zeroth order estimates for the components of J(1y, ..., Jis) are then obtained
in Proposition 8.17, with Lemma 8.16 being used to make the presentation more
systematic.

To obtain estimates for first order derivatives of the components of Ji; ), for iy =
1,...,6, the Jacobi equation (89) is commuted with J(;,, for i = 1,...,6. The
fact that J(;,) is a Jacobi field along s — exp,(x, p) = (y(s), y(s)), a curve in P
whose tangent vector is X, guarantees that [ X, J;,)] = 0,1.e. J(;,) commutes with %.
It is now crucial to ensure that the schematic form of the error terms is preserved on
applying Ji;,), .. Ji,) ((R(X, J) X)) must have the same, globally twice integrable,
behaviour in r as (R(X, J)X)j, for j = 1,...,7. Moreover, in obtaining the zeroth
order estimates, it was important that the bound

(REX. JaX)'| = cr o)

was true in order that the right hand side of the Jacobi equation (89) could be twice
integrated in s. It is therefore also important to also ensure that,

i (R e x)T)| = o2

Note that this property is completely independent of the behaviour in r. Proposition
8.18 is motivated by showing these properties of the error terms are preserved. In order
for this to be so, it quickly becomes apparent that, at the zeroth order, it is necessary
to show that |J(,~1)j| < Cp4 for j = 5,6, 7. Also, on inspection of Proposition 8.18,
one sees that J () contains terms of the form,

4
l<J4+A_V_JA)’
r r
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for A =1, 2. The presence of such terms means that, in order to see that J;,) ()}A) has
the correct rlz behaviour, it is necessary to ensure that, for each J = J(), ..., J),
either J4t4 is not merely bounded at s = —s,, but behaves like % along (y, y), or
that an appropriate cancellation occurs between the J*t4 and J4 terms. It is hence
necessary, at the zeroth order, to not just show boundedness of the components at
s = —sy, but to understand their behaviour along (y, y) in more detail. To gain this
understanding it also becomes necessary to understand properties of the change of
frame matrices, 2 and E~!, in more detail. See Proposition 8.14 and Proposition
8.17. In order to further commute the Jacobi equation (89), to estimate second and
third order derivatives of the components of the Jacobi fields, it is also necessary to
understand more detailed properties of first order derivatives of the components of the
Jacobi fields.

As preliminaries to the estimates for the first order derivatives of the components
of the Jacobi fields, which are treated in Proposition 8.17, relevant properties of first
order derivatives of E and £~ are understood in Proposition 8.20, along with relevant
properties of first order derivatives of the initial conditions for the Jacobi equation in
Proposition 8.21.

The following Lemma, recall, will be used to exploit certain cancellations in terms
arising from the initial conditions for the Jacobi equation (89).

Lemma 8.11 Fors € [—sy, 0],

FO) + p*O)s —r(s)] = -
r(s)

where C is a constant independent of (x, p).

Proof Note that

. 4 13
r(s) = X(r)(s) = p (s) — 0P ($),

and so
0
r(0) = r(s)—i—/ 7(s)ds

— Sk

0 4 0 1 N
= r(s)—i—/ p(s)ds —/ @p (s)ds.

—Sx —Sx
Recall that Ié p3(s)| < r% p4(s), and the geodesic equation for p4,
.4 1 A B 1 2 A B
Pr(s)= —ggP ()p (s) — - (trx + = | g pP" ()P~ (s)
2r 4\ = r
1,
— S, 5P PP ) =20, p () p*(s) — w(p* ()7,

2

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 89 of 177 9

which implies that,

0 0 4. \\2 4
p4s) = p*O)] < / FA)lds’ < / RN, _ CPte)

r(s’)3 = or(s)?

Hence,

0 1 C
17(0) + 5p*(0) — ()] = / P~ P 0) — oy | =
s r(s)

Note that Lemma 8.11 in particular implies that

r© = p* s,

§C7

and also,

sptO)| _
r@0) |~

’

for s € [—s4, 0].

In the following two propositions, terms arising in the equations (87), (88) for & and
£-!, and in the expression (91) for R(X, J)X are respectively written in schematic
form.

Proposition 8.12 In schematic notation, ifi, j = 1,...,7, then
A J .
(VXEi) = Y Vphm@+ 1)[hp3 + Ty + hpy PV +rYb + 1Y - b)
pit..+ps=2

+ > vql(qumz,z)]f“,

6/1+422P3+%

and moreover, ifi = 1,...,4,j =5,6,7 orvice versa,

<@XEi)j = Z ’}‘/Plhpz(g + 1)|: Z 7'/41 Vg, + qu)]ﬁéms

pit.+paz2 q1+q2zp3+y

Also,

(@XEA)AH_B = Z Vpirhp, (¢ + 1)|: Z Y1 (Vg + Z]z{lfé_m’

pittpaz3 q1+a2=p3+3

forA,B=1,2.
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Note that the second summation in each line guarantees that terms involving Weyl
curvature components and energy momentum tensor components decay slightly better
than the others. This fact is important and will be returned to in Proposition 8.23. Note
also that, if r Vb is just regarded as DTy, the terms involving r Yb above also decay
slightly better. This extra decay is important at higher orders because of the weaker
bounds we have for D*rYb.

Proof Using Proposition 4.4 and the table of Ricci coefficients (24)—(28), one derives,

VxEa = [7Phe + 7725 + 742k - pteaw™)] Ep

-3 .3 .4
y 1 y 2 y 2
= -1+ (¢t S+ (ax == )| E

[ B B B .3
. 2 :
| o fan + —gABry <trx - ;) + $as? + 7/T'7Ai| E;3

2r 4 2r2

. B - B B -3

Y . gaBY 2 gaBY 4

r try + =) - Y |E
+ 2r Xap T 4r <rl+r 2r2 + rﬂA 4

! s
= 5 Vergp) (R(7, e)y),

~ A B (7 2 .
VxE3 = |:VVA1§ + )/B <§ (tr&+ ;) - 1) +2)/4}”QB:| Ep

A 4 17 . . .
yon, tvie|Es— ot Verg.y) (R(y. e3)y),

A DA . r 2 .
VyxE4 = [ryAxf +y8 <§ (tr)( — ;) + 1) +2ry3n3:| Ep

5 A o4 Iy . .
+[V Ny Ty ‘U] Eq— 57 Verg.y) (R(y, ea)y)

£a87” o RGP e
4”)}4 (V,J/) V’ 63 )/

+ [P + 7725 + 7R — ea )] Eavp

.3 .3 .4

4 1 4 2 4 2

—=-1 — |t - —|\ux—-)|E
+[r<92 )*2(ri+r)+2<”‘ r)] e

-B - B 2 B .3
+|:y—f( +—gABy <trl+;>——g”y +VTQA:|E7’

o 1 . .
VxEq4a = ZHOI(y,y) (R(y,ea)y) +

2r =AB 4r 2r2
. 1 . N ) )
VxE; = EHor(y,)}) (R(y,eq)y) — WHOW’J}) (R(y,e3)y)

CA (T 2 .
+ |:rVAX£ +y? <§ (th - ;) + 1) + 21’)/3773] E4rp

+ [;?AQA + ;}%] Eq,
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where, for a vector Y on M, TVer(),,);) (Y) denotes the projection of Ver(, ;)(Y) to P.
The terms involving the curvature R of M can be found explicitly in terms of v, 7 by
setting K = e, e3 or e4 in the expression (92). For example, in the above expression
for Vx E4ra.

Hor(y. ) (R(Y, ea)y)
= r[y“y"‘(aAD - 262744) + 9393, P + %a}mg)
+ 773942088 — 2TAP + 607 34) + 795 (= (g 88 — 628 4)
+ 7G4 BP +88Ba — 288 B + 85 Tac — %gAChD - %652”4@
+ 927 (~gacBP — 8B, + 2688, + 68T 3c - %gAcTsD - %angA)
+ %(gBCTAD +62T5c —g,5Tc" — SQTAB))]ED

1
= 5[ =7t @Be + Tao) + 7 (28, + Tsc)

£977 g e~ 30fac + Tac = 5#acTs) — P9  @ac + 3840740
F PP RpePat Rachs + 38pcTin — 3gacTan |Es
[P, ~ Taw + 747+ Tan

77 @ac + 38ac T+ PP P ac —30fac + Tac — 58 acTs0)

.B. 1 1
+ VBVC(gBCéA —facBy+ EgBCT3A - 58ACT3B)]E4'

The result follows by inspecting each of the terms and writing in schematic notation.
O

Using the bootstrap assumptions for the pointwise bounds on V', ¥b, I', ¥, 7 and
the fact that 7P|y, | < p*, Proposition 8.12 in particular gives,

A J cp*
Y E) < =P
‘( XL (S) —_ I"(S)2
fori,j=1,...,7,
e\ C(p*)?
V E) < ’
‘( XEi) 0| = =0
foralli =1,...,4,j =15,6,7 or vice versa, and
N 4+B C(p*H?
(VxEa) @] = =55
r(s)
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for A, B = 1, 2. These facts are crucial for showing the schematic form of the error
term in the Jacobi equation (see Proposition 8.18 below) is preserved after taking
derivatives. Recall, by Proposition 7.1,

cpt(s) < p*(0) = Cpt(s).
forall s € [—s4(x, p), 0], for some constants ¢, C which are independent of the point

(x, p) € P Nsupp(f). So p4 in the above expressions can either be taken to be
evaluated at time s or time 0.

Proposition 8.13 In schematic notation,

1
\ <;¢> , Vyes, Vyey

= Z hp V(g + 1) (hps + Ty +hpsy PV + Vb + 1V - b))
p1t...+tps>1

g <63 +e4 + %¢> .

Proof Using the table of Ricci coefficients (24)—(28) one can compute,

1 . 3 4. . 1
Vy <;€A) = [P Phe + 7335 + 74 — Plea )] ~es

_.3 .3 .4

y 1 y 2 y 2\11

= -1+ (¢t )+ (== | -
+_r <S22 >+ 2 <r1+r>+ 2 (r)( r):|reA

B B B

- B . B . B .3
o 2
I R +$AB;V<UX+_>_$AB;V+V_,7}4,
4r = r r

~[7*n, + 7] e,
A A (T 2 . 1
Vyes = [ry*‘xf +p? (5 (trx — ;) + 1) + 2ry3n3] ~e

+ [, + 7o) e

In the next proposition, estimates for the components of the matrices 2, £~ are

obtained.
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Proposition 8.14 If vy is sufficiently large then the matrix E satisfies,

g/ () = &/

=

C dg;’
— ‘ ()] =

r(s)’

foralli,j=1,...,7. Moreover, ifi = 1,...,4,j =5,6,7 orvice versa,

, cp*
2 () = o

=.J 42
dE; S‘SC(p)

ds r(s)?
and
C 4 dEA4+B C( 4)2
24| = 2, ()| < =2,
r(s) ds r(s)3
for A, B =1, 2. Similarly, for 271,
. ) C _— 1 ] Cp4
1]
=1 _ 81‘ < —, ,
i () it = (s) ( )‘ r(s)2

foralli,j=1,...,7. Moreover, ifi = 1,...,4,j =5,6,7 orvice versa,

4 dE_l'j C(p4)2
=—1 J i
RO P A (s)' <=
and
=—1 4+B 4y2
g1 B dE~'s C(p
g <>\_r( 2 b (s)'s e

for A, B = 1,2. Here C is a constant independent of (x, p).

Proof The proof proceeds by a bootstrap argument. Assume, for some s € [—sy, 0],
that

. . Ci
(s’ —5~f’< , 94
6 =8| = (94)

fori, j =1,...,7 and that

4

Cip
95
6] = (95)
fori = 1,...,4,j = 5,6,7 or vice versa, for all s’ € [s,0], where C; > 41is a

constant which will be chosen later. These inequalities are clearly true for s = 0. For
any i, j = 1,...,7, equation (87) and Proposition 8.12 imply that,
_CpiGh | ceiptsh

}’(S/)z V(S/)3

dEi/(s")
ds
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for all s” € [s, 0]. Hence,
- /0 dEi/(s")
- J ds

0 40 40
5/ Cp*(s))  CCip (S)ds/

B/ (s) — 87 ds’

r(s’)? r(s’)3
rO ¢ cc
_/ -+ ,;ldr
r(s) r r-
C CcCq
Tr@s)  r(s)?

< i <1+ﬂ>
~r(s) vo )

Choose C| > 4 large so that C; > 4C, and v large so that 1 +
Then,

[el}

o < 2,1.e.v9 > Cq.

. . C; 2 Ci 1
Bl -8l < — ==

4r(s)  2r(s)

The set of s € [—sx, 0] such that the bootstrap assumptions (94) hold is therefore
non-empty, open, closed and connected, and hence equal to [—s, 0].

Supposenowi = 1,...,4, j =5, 6,7 or vice versa. Equation (87) and Proposition
8.12 then imply,

_C(te))’ | cai(pteh)’
r(s’)? r(sh3 7

dg;’ (s
ds

using now the second bootstrap assumptions (95). Proceeding as before, this implies
that

Ci p*s)
2 r(s)’

2 ()] =

if C1, vg are sufficiently large, where we use the fact that cp*(0) < p*(s) < Cp*(0).
Hence (95) also holds for all s € [—s,, 0].

Returning now to equation (87) and settingi = A, j =4+ B,for A,B = 1,2,
the final part of Proposition 8.12 gives

C(p*(s))?
o] < L

9

dEA4+B
‘ ds

for all s € [—sx, O]. Integrating then gives the final part of the proposition for =. The
result for 27! follows identically, using equation (88). O
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In the next proposition the initial conditions for the Jacobi equation (89) are com-
puted.

Proposition 8.15 The Jacobi fields Jyy, ..., J), along with their first order deriva-
tives in the X direction, take the following initial values.

Jay(©0) = rEs + p*Esya,

~ 1
VxJa O = p'Ea+ ¢ 450" E3
1 4 1 B
+ —Horx p) | R\ p.pea+ sgpP €3 )P
2r 2
]T
+ 3 Ver(x p)(R(p, ea)p),

for A =1,2,

. 1
J3)(0) = E3,  VxJ3)(0) = ETVeru,p)(R(p, e3)p),
J(4)(0) = rEs+ P4E7,
. 1
VxJ(0) = —p Ez+ p*Es + SHorp) (R(p, ples — p3e3)p)

p
+ ETVer(x,p)(R(p, e4)p),

P
Jat+4)(0) = - E4qa,

A . p4 1 B
VxJu+a)(0) = TEA + FXABP E3

1 1
+ ﬁHor(x,p) (R (P’ P4€A + EgABPB%) 17) s

for A =1,2, and

4
14
J7)(0) = TE7’
3 4 1
2 _ P p 4 3
VxJ7(0) = —7E3 + 7E4 + ZHor(x,p) R(p,p*es — pe3)p).

The expressions involving the curvature tensor R of (M, g) can be written explicitly
in terms of ¥ and T using the expression (92).

Proof The proof follows directly from Proposition 4.8. O

The components of the Jacobi fields J(yy, ..., J) can now be estimated along
(v (s), y(s)). Recall that it is important, in order to show the schematic form of the
Jacobi equation is preserved after commuting with Jacobi fields, to identify the leading
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order terms of some of the components. The leading order term of J3)* is also identified
in order to carry out a change of variables in the proof of Proposition 8.6. See Section
8.8.

The following lemma will be used.

Lemma 8.16 If J'(s), ..., J'(s) are functions along exp,(x, p) for s € [—s«, 0]

then
ke 7 kg,i
Jj(s)—<Jj(O)+sd] (0)) %Z JH0) + s dJ’g (0)'
i=1
L 0dJ e dJ* gy
+c2/ "< ) — s"(O)‘ds’,
=179
forj=1,...,4
kr-k4+A
2 k= B 4 ke i
cp* dJ* By cp* Ek
<o X::l JHO) +5=—=—(0) ‘ (—23: JHO) 5= (0)‘
7 k i
C k
+— ) |JH0) + 0
r(s),,; (0) ()‘
0 dJkEk4+A , d]k'" 44+A ,
+C'/S s (s — s (O)‘ds
0 dJ'm djkz
Zf ) - k(O)‘d’
r(S)
for A =1,2, and
‘J (s)(_ EEp) J(O)+s - (0)‘
i d]k”’
+CZ J'0) +s (0>‘
=5
0 ke i k=

Proof The proof follows by using the fundamental theorem of calculus to write,

. . dJkHl dJkHt ) dJk"‘l
JE©)EI(s) = 1) + 5 ) — / ()~ S s

and using the estimates for the components of £~ from Proposition 8.14. O
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Proposition 8.17 If C is sufficiently small, s € [—ss, 0], then

1 B(s) —8a8r() < C,  Ja*(s) —r(s)] <C,

forA,B=1,2,
C
V@) (s) = 1] < —
and
[T ()] < C.
fori=1,...,6,j=1,...,4 otherwise,
44+ B B 4 CP4(S) 44+A CP4(S)
[Ja) "7 (s) =847 p7(s)| < R N O M G ] ,
r(s) r(s)

forall A, B=1,2,i # A, and

V6 ()] = Cp*(s),
foralli =1,...,7. Here C = C(C) is independent of the point (x, p) and of s.
Proof The result is shown using a bootstrap argument. For each J € {J(1), ..., Ji7)},

assume that, for some constant C; > 1 which will be chosen later, s € [—s4, 0] is
such that

‘dJk &y _ 4 E (0)‘ _Girte) 96)
ds - r(s/)% ’
forj=1,...,4,
dJkg4ta dJkg A P
‘d—sk(s/) - —(0)‘ —,)2) 97)
for A =1,2,and
dikg,’ dJ (p*(s)
(s — <o) < ) : (98)
ds r(s’)2

for all s” € [s, 0].
Suppose first that i # 1, 2, 4. By Proposition 8.15 and the fact that,

sp*(0)
r(0)

s
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it follows that,

. ~ J
P@j@)+s<vxk0)(® =
forj=1,...,4,and
. ~ J
’J(i)J(O) +s (fo(i)) )| < cp*(0),
for j = 5,6, 7. Using the fact that,
~ J dJ(,')kEkj
(Vxs0) © == =20,

3 10

0 4o r0) 1 c
/ p(s)ds/fo —dr <
N r

r(s')? ® r2 r(s)z
/0 (F*6)) o P
s r(s’)% B r(s)%’
/0 () P
s r@)? BERACOR

and
cp*(0) = p*(s) = CpH0).
for all s € [—s4, 0], Lemma 8.16 immediately gives
V! ()] = CA+C),
forj=1,...,4,and

p(s)

_4+A
[Ji)y T () = C +Cy) o)

for A =1, 2, and
176 ()] < C(1+ Cp*(s).
Note also that,
;3 . 3
J3)7(0) + (Vx.](3)) ) =1,
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and hence Lemma 8.16 moreover gives,

C(1+Cy)
J»3) — 1| < ———2,
[J3)"(s) — 1] < )
If i = 1, 2 then, using the fact that
Cp*(0)

Ip*(s) — p*(0)] <

r(s)?’

(see the proof of Lemma 8.11), Lemma 8.11 and Proposition 8.15 imply that

A A
‘J(A)A(O) + s (VXJ(A)) 0) —r(s)

. <p4<0) ~ (xdw)” (0))‘

= |(r@ +sp* @) —ro)| +
=d

for A =1, 2, and that,

. ~ J
Jay (0) + s (VXJ(A)) 0| <C,

forj=1,...,4,j # A, and

N 44+A C 4 0
‘J(A)4+A(0) +s (VXJ(A)> 0) — p4(0)‘ — ‘SJ(A)4+A(0)‘ < ,{)(0() )’
. ~ i C 4 O
Ty’ (0) + 5 (VXJ(A)>] (o)‘ < fT())’

for j =5,6,7, j #4 4 A. Lemma 8.16 then gives,

@) = 8a%r ()| = ca+ o,

for B =1, 2,
'] = ca+cn,
fori = 3,4,

C(1 4 C)p*(s)

‘J(A)4+B(S) - (SABP4(S)‘ < )

’

for B=1,2,and

@] = ca+cppe.
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Similarly, using the fact that,

A 4
‘J(4)4(0) + 5 (VXJ(4)) 0) —r(s)

s (p4(0> ~ (xdw)’ (0>)|

= |(rO +5p'®) - )|+
=C,

etc., the bounds for J4),

e —r@| = ca+o,

and,
)] = ca+ e,
fori =1,2,3,

C(1+C)p*(s)
r(s) '

’J(4)4+A(S)‘ <
forA=1,2,and
i@ = e+ cppe),

can be obtained.
It remains to recover the bootstrap assumptions (96)—(98) with better constants. It
will be shown that, for each J = J(yy, ..., J),

0 ral 4
f (RX, DX EA (s ds' < SEEDPTE), 99)
s r(s)2
forj=1,...,4,
0 Val 4 2
/ [(R(X, )XY B A(s"ds' < M (100)
s r(s)
forA=1,2, and
0 Val 4 2
/ (REX, NX) & (s < CEEDWTET (101)
s r(s)f

where C(C1) is a constant depending on C;. By integrating the Jacobi equation (89)
and taking C small depending on C(C}), the bootstrap assumptions (96)—(98) can
then be recovered with better constants. This implies that the set of s € [—s,, 0] such
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that (96)—(98) hold for all s’ € [s, 0] is non-empty, open and closed, and hence that
(96)—(98) hold for all s € [—sy, O]. A
Consider first the first term in the expression (91) for R(X, J)X,

Horg, ) (R, IM7 ).

The components of this term with respect to E1, ..., E4 are exactly the components
of R(y, J h))? with respect to the frame %6], %ez, e3, eq for M. From the schematic
expression (93), the pointwise bounds on the components?® of v, 7 and the fact that
rPly,(s)| <C p*(s), one immediately sees that,

i S CC(p*(s))?

r(s)3

3

'(Hor(m;) (R()?, Jh)))>)

and hence, by Proposition 8.14,

r

for j = 1,2,3,4. Other than those in the bottom line, the remaining horizontal
components in the expression (91) can be treated similarly using also Proposition
8.13 and the pointwise bounds on the components of I, V', Yb. For the term

s

VxHor(, 5y (R(7, J)7) ,
in the bottom line of (91), write
VxHor, ) (R, J)y) = X ((RG, JO*) Ey+ (R, TP VX Ey, (102)
where p runs from 1 to 4 in the summations. The horizontal components of the second

term of (102) can be estimated exactly as the others using Proposition 8.12. For the
components of the first term, write,

0 . .
[ x (R0 e ) a5 = (R T2 O
—(R(y, I B (),

for j = 1,...,7. Then using again the schematic expression (93), the pointwise
bounds on v, 7 and Proposition 8.14, the terms in the Jacobi equation (89) which the
first term of (102) give rise to can be estimated,

26 The pointwise bounds on the components of v and 7 follow from the pointwise bounds on ||, | 7|
and the fact that riz [gaBl r2 |gAB | < C in each of the spherical coordinate charts.
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0 ' 0 ‘
[ x (@G sdenas| < | [ x (Res90es) 6

O .
| [ wGamrrx (2,7) 6

- €C(p4(s))2'

5
r(s)2

The vertical terms in (91) are similarly estimated as follows. Notice now that,
ignoring the term

@XTVer(y,y) (R(?, Jh)?) ,

in the bottom line of (91) for now, each term contains at least three y factors and
moreover that, since Proposition 8.13 guarantees that the terms involving V; e, gain
an extra power of decay. Similarly, since V¥ = 0, one can check,

. CA - BwA 3.
X = =y rse — 2777 x ,°

=797 (218" = en®™) = 2077 0" + 1))
X = =377 xan + 7774,y = na) + 7770,

XGhH = =399 = 20" 0, — 7 e,

and hence the terms involving X (y*) also gain an extra power of r decay. Similarly
for the vertical terms arising from the second term in (102), by Proposition 8.12. Since

"Ver, i) (RG, R, TN)Y)7)

is quadratic in R this term also decays better. Hence, using also Proposition 8.14, one
sees all the vertical terms in (91), still ignoring the final term in the bottom line, can
be controlled by?’

CC(p*)’
r(s)® -
For the final term, write

UxTVerp) (R, 9"7) = X ((RG IDDF) Ex gy + RG TP xEs ),

where A runs over 1,2,4 and A(1) = 5,A(2) = 6, A(4) = 7. The components of the
second term can be estimated as before (with the additional » decay) by Proposition
8.12. The components of the first term can again be estimated after integrating,

27 They will actually decay like %, but r% is sufficient.
r2
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0 .
[ x (@R 6as

= \(R(y‘, TNV Es 507 0) = (R, TP Ej )7 ()

- CC(p*(s))?

3 ,
r(s)?2
and hence
0 ral 4002
. o~ CC(p™(s))
[ x (R M977) 85 6| = SLE
s r(s)i

The bounds (99)—(101) are thus obtained. O

Suppose now i1,ip = 1, ..., 6. Since J;,) is a Jacobi field along (y, y), a curve

with tangent vector field X, it is true that [X, J;,)] = 0 and the Jacobi equation for
the components of J;,) can be commuted with J;,) to give,

d*Jiy) (Ja* Bad)
ds?

= Jiy ((RCX, Ja ) X)F 7).

The goal now is to repeat the proof of Proposition 8.17 to get pointwise estimates
for J,)(Jipy?) along (y, ). It is first necessary to show that the schematic form of

R(X, Ji;)) X is preserved after differentiating the components with respect to J,).
As with the K notation introduced in Section 8.2, for J = J, ..., J), let the
components be schematically denoted as follows,

Jo = J3, Toa=JN 02 04 05,0807,
By Proposition 8.17, it is always true that
rP|Jpl < C,
for some constant C.?8

Proposition 8.18 For J = J, ..., J),

J(hp) = Z hpy Tps s

p1+p2=p

28 1 fact, all of the JS, 16, J7 components are uniformly bounded along (y, y), though it is easier to treat
them systematically if they are included in J_1.
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for any h ), appearing in the schematic expressions of this section,

TG = Y hpTn Vs + D0p, +Tp) A +rT +rVb+rV - b¢ P
Pi+...+ps=p
pt B 4
g +Z (J4+A JA)+L&4L5<J4+A_I7_JA>7
r 2r p r
a=12”
(103)
and

T D @+ D@ +¥p + Tp)A+rV +rVb+rV - b)g P

p1+p2=p

Y A+g+DT ) + DTy + ¥y + DV + T +9Ty)
p1+p2zp
X (1+rV +rDOV +rVYb+ DrVb)¢ P2,

Proof In the schematic expressions of this section, 4, always denotes (a constant
multiple of) rl,,. One easily checks,

LY 4 (1 s, (L) _ 3_ g4y _
1(5) =4 ()¢ e (5) - == 8

p1t+p2zp

For the second part, writing Hor(,, yy(e,) = e, —p"” Ffw by direct computation,

. 1 1 2
J(y4) =3 jAyB <XAB EgAB (trl-f- ;) - g“%)

1
_J4)}4w__3;4JAr]A+J7v
r Az

. l g, 1 3 A 1 2 1
I = =1y Ve =~y (ﬁ 5847 (trﬁ ;) - 5AB;>

1 1 2
JB 4()( + =848 <tr)(——))
2 r
1 2 1
— Py 4 2548 ry + = — 848
Aa 9 LS ’

1 2
—J4yB (xA + 25A (trx - —) +68458 ; —(Ygb)A + 7 Cbc>

2 73p4A 2]43}37]A+1<J4+A_V_JA>‘
- r r

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 105 of 177 9

One easily sees these two expressions have the desired schematic form. For J(y?3),
recall,

A B
. gagV'V
y3 = £as

4yt
so that
23y J(gAB))?AVB gABJ(J}A))}B o gABJ?A)?B -4
JC J( .A .B .3 )
= <7ec(gAB> + Pes(g ) + J4e4<gAB)> + % - %J(y“).

The result follows by expanding ec(g 45). €3(¢ 4 5)- €4(g , ) and using the previous
two expressions.
The last point is immediate from Lemma 3.4. O

Note that it is the terms in the last line of (103) which make it necessary to keep
track of the leading order terms in some of the Jacobi fields.

Remark 8.19 One easily sees that the last point from Proposition 8.18 is true at higher
orders, i.e.,

I > a+9')@ T, + D"y, + DT, (1 + rD' P + D r V)¢ 72
p1+p2zp
= Z 1+ + 2 (@', + DH'T), + Dy,
p1+p2zp

+©k+lwpl +©k7;71 +©k+]7—pl)(1+r©kl7~+r©k+lv~+©krvb
+ D Wby P2,

for k > 1. This fact will be used later when estimating higher order derivatives of the
Jacobi fields.

Using the bounds on the components of J1), . .., J(6) from Proposition 8.17, Propo-
sition 8.18 in particular guarantees that

. cp?
[TV p) ()] < pravy
for J = ](1), ey ](6)~
In order to mimic the strategy used to obtain the zeroth order estimates of the compo-
nents of the Jacobi fields, estimates for J;,)( ) along (y, y) are first obtained, then
the initial conditions for J;,) (J) 7y are computed in Proposition 8.20 and Proposition
8.21 respectively.
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Proposition 8.20 If vy is sufficiently large, for J = Jqy, ..., J6) the matrix B satis-
fies,
: dJ(Ex') Cpt(s)
J(E ‘ < < ,
7@ = ‘ O =50

fork,j=1,...,7. Moreover, ifk =1,...,4, j =5,6,7 orvice versa,

C dJ (5’ C(p*(s))>
@] = T, HED | < SL)
Similarly for 871,
c dJE"1,’ C(p*(s))2
‘](H L (S)‘_ P ()s)7 (ds v )m‘i (f(s()sz))

fork,j=1,...,7. Moreover, ifk =1,...,4, j =5,6,7 orvice versa,

dJ(E"17)
ds

C C 4 2
‘J(”‘ 1 ’)()‘_ P (s), 7)™

r(s)?

-

Proof The proof follows that of Proposition 8.14 by first, for s € [—s,, 0], making
the bootstrap assumptions,

Ke <!
- =G
fork,j=1,...,7,
) C 40
’J(Dk < L(S)’
r(s’)
fork=1,...,4,j =5,6,7 orvice versa, for all s" € [s, 0]. Note that at time s = 0,

J (B s=0 =0,

for all J, k, j. Using the schematic expressions for the components of Vx Ex from
Proposition 8.12 and the fact that this schematic structure is pressured by Proposition
8.18, the commuted equation for &,

dJ(Ex))

() = I (Y EW'EV )

1

can be estimated exactly as in Proposition 8.14. Similarly for £~
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The next proposition gives pointwise estimates for the initial conditions for the
commuted Jacobi equation. As was the case for the uncommuted equation, the leading
order terms of some of the components have to be subtracted first.

Proposition 8.21 At time s = 0,

2 B s 4 _ CP
=C, ‘J(4)((VXJ(A)) )y — 84" p ’ =—

’J<4>(J<A)B)|S:o = 8a"r

for A,B =1,2,

. cp*
ol —r| <€ [ @xdw]Zo - p* = =2,

and
j : J Cp'
‘](iz)(](il) )|S:0‘ <C, )J(iz)((VXJ(il)) )|S:0‘ =—
forir,ip=1,...,6, j =1,...,4 otherwise,
Cp4
‘J(4)(J(A)4+B)‘S=O - SABP4‘ =
for A,B =1,2,
Cp4
4+A
‘J(m(J(il) - )|S:o‘ ==
foriy,ip =1,...,6 otherwise,
~ Cp4
‘J(iz)((vXJ(il))4+A)|S=0‘ =5
foralliy,i» =1,...,6,and
7 4 S 7 Cp4
)J(iz)(J(n) )|x:o’ =Cp", )J@)((VXJ(I'])) )|X:0‘ =—

foralliy,in =1,...,6.

Proof Consider the expressions for Ji;;)(0), @X J(i;)(0) before Proposition 8.17. The
proof follows by applying V/;,) to the components, noting that,

Vay () =r,  Va(ph = p*,
Cp4
VoI =C Vp(hl = ==,
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for i # 4, and that, by Proposition 8.18, one has the same pointwise bounds for V(;,)
applied to the terms involving curvature as one does for the terms involving curvature

alone.

Proposition 8.22 For s € [—sy, 0, if C is sufficiently small then,

e (Y ®) ) = 84" r o)l = €,

for A,B =1,2,

[z (Jm)j) (s =C,

forit,ip=1,...,6,j

|Je4) (J(A)4+B) (s) =848 p*(s)l <

I...,

4 otherwise,

Cp*(s)
r(s)

. Va (J<i1)4+A) ()] <

forall A, B=1,2,i1,ip =1,...,6suchthat (i2,i1) # (4, A), and

[ir)

foralliy,i»=1,...,7. Here C = C(C) is independent of the point (x, p) and of s.

Proof The proof follows that of Proposition 8.17. The commuted Jacobi equation

takes the form

d*Jiy (Jin Er)

<J<il)7) ()] < Cp*(s).

ds?

since [X, J(;,)] = 0. Assume that s € [—sy, 0] is such that

= Jiyp ((Ié(X, Jap) X)X Ekj> ,

e (V") ) = rl = €,

d*Jiy (Jap*Ex?) . d* Ty (Jap* Ba?) Cip*(s))
2 (S ) - 2 (0) = 3
ds ds r(s/)j
forj=1,...,4,
2Ty (Jap* 8*A) o d? Ty (Jap* EdTH) Ci(p*(s")?
(s7) — 0)| <
ds? ds? r(s)?
forA=1,2,and
d*Jiy (Jan*B7) o d*Jay (Jap* E) Ci(p*(s)?
2 (S ) - 2 (O) S - 3 >
ds ds r(s’)2
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forall s’ € [s, 0], forall iy, i = 1, ..., 6, where C| is a large constant which will be
chosen later. For j = 1, ..., 4 this immediately gives
, , d*Jiy) (Japh e’
Jiir) (Jm)kEk’) (s) = (J(m (J(mkEk’) (0) +5— Eis(lzl) )(O)
CC
< .
Nr(s)

By Proposition 8.20, and Proposition 8.17,
’J(mkfaz) (Ek-’> (s)’ =C,
and hence, by Proposition 8.21 and the fact that,

Jiin) (J(i1>k5kj) 0) = Jay (Jm)j) (),
dJiy (Jip B/ . :
%(m = i ((VxJ0)’) (O,

this implies,

[ (Jn®) () = 8487 < ca + ey,
for A, B =1,2,
e (J0*) ) = rsh| = ca+ o,
and
‘J(m (J(n)j) | =cd+Cy),
foriy,ip =1,...,6,j = 1,...,4 otherwise, for all s’ € [s, 0], where Proposition

8.14 has also been used. Similarly,

C(1+C)p*(s")

‘1(4) (J(A)4+B) (s") — 5ABP4(O)‘ = (s')

’

forA,B =1,2,

_ Ca+cnptsh
- r(s’)

’

iy (Jan*™ ) )
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forA=1,2,i1,ip =1,...,6 otherwise, and
6 (J607) 9] < €+ Cenpte,

forallij,ip =1,...,6, forall s’ € [s, 0].

The remainder of the proof proceeds exactly as that of Proposition 8.17, recalling
that [ X, J,)] = 0. By Proposition 8.18 and Proposition 8.20 one has the same bounds
for,

T (R i) XOrE )

the right hand side of the commuted Jacobi equation, as for the uncommitted equa-
tion since the bootstrap assumptions of Section 5 and the Sobolev inequalities give
pointwise bounds for Dy, D7, DT, DV, DrVb. O

8.7 L? Estimates for Components of Jacobi Fields at Higher Orders

To estimate J(;5) J(;,) (J(]il)) and J(;,) Jii3) J(in) (J]il))’ the Jacobi equation needs to com-
muted three and four times respectively. This will generate terms involving two and
three derivatives of Ricci coefficients, Weyl curvature components and energy momen-
tum tensor components. The higher order derivatives of the components of the Jacobi
fields must therefore be estimated in L. They will additionally only be estimated after
integrating in momentum space, i.e. after integrating over P, .

Given (x, p) € supp(f) N{(x,p) € P | v(x) > vo} and vg < v' < v(x),
define s,/ (x, p) to be the parameter time such that 7 (exp; , (x, p)) € {v = v'}, where
7 : P — M is the natural projection map. In this notation,

=854 (x, p) = sy (x, p),

where s, (x, p) is defined in Section 8.5.
The goal of this section is to show that, forall iy, iz, i3,i4 = 1,...,6,j =1,...,7,
the quantities

T [J(i3>1(i2)(1é,))(su/)] , T [J(z‘4)1(i3)J(i2)(Jél))(sv/)] , (104)

foreach 7 = T44, T4, T, T34, T3, T33, can be controlled, for all v" € [vg, v(x)], by
up to two and three derivatives of Ricci coefficients, curvature components and energy
momentum tensor components respectively. It will then be possible to estimate the
quantities (104) after taking appropriate weighted square integrals.

The case where two derivatives of the components of the Jacobi fields are taken
will first be considered. Mimicking again the proof of the zeroth order estimates,

second order derivatives of the matrices E and 2! are first estimated, followed by
estimates for second order derivatives of the initial conditions for the Jacobi equation in
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Proposition 8.23 and Proposition 8.25 respectively. The following Proposition should
therefore be compared to Proposition 8.14 and Proposition 8.20.

Proposition 8.23 If vy is sufficiently large, J,), Jiy) = Ja). - .. J(6), then, for all

T,
TN Tin T (B d <C ! He (v
p|Y3) (12)(uk Yy || < ()P + 5,2(1’) s
forj,k=1,...,7, and
T | (P iy Jiiny (Bi? <o Hz (v
2 | (P i Jan) (B ) () || < W‘F g.2() ),
forj=1,...,4 k=5,6,7orvice versa, for all vp < v' < v(x). Similarly for 87",

)TP [J(mf(iz)(E*lkj)(sv/)]( <C (r(x;m/ + Ha,z(v’)) ,

forj,k=1,...,7 and

+ Ha,z(v/)) ,

) L 1
)TP [(p4) i) i) (B lkj)(s"’)] §C<r(x)””/

forj=1,...,4k=5,6,Tor vice_versa. Here C is a constant which is independent
of the point (x, p) (but depends on C) and

2

1 v(x) ,
Hz (V) = 7 3T, ( / , r(smzq2|©2Fq<sv~)|2dv’>
r, v

1
1 v(x) 2 2 4.1 :
- pr [ erera
v /
1

1 v(x) 2
+ =7, ID2rVb(sy)|*dv”

1 v(x)
+ =1, f Zr(s//)z‘i D2y (sy) P

1

2

+ 3 r s D T (s Py ||
T
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Remark 8.24 Tt should be noted that the L? norm on incoming null hypersurfaces of
the quantities

1
v(x) 2
r(x)”ﬁZT,, (f r(s,;)zq_2|©zrq(s,;)|2dﬁ> ,
Iy v

v(x) 2
r()PVV'T, (/ |®2V(s,;>|2dﬁ) ,

will be shown to be uniformly bounded. Direct comparison with the % behaviour of
Ex’ (s) — 8’ and J(;,)(Ex’)(s) from Proposition 8.14 and Proposition 8.20 respec-
tively can therefore be made. The terms involving curvature components, energy
momentum tensor components and b can similarly be controlled after taking their
weighted L? norms on incoming null hypersurfaces. See Section 8.8 below.

Proof of Proposition 8.23 The proof proceeds by a bootstrap argument. Suppose v’ €
[vo, v(x)] is such that, for each 7, for j, k =1,...,7,

‘TP [J<i3>f<i2>(5kf)(Sﬁ)]’ <C ( + Ha,z(v’)) , (105)

r(x)?v

for all v < ¥ < v(x), where C is a large constant which will be chosen later. Note
that

J(i3)J(i2)(Ek])|sv/:0 =0,

so this is clearly true for s,y = 0.
Now,

d
dv’

1 A . N )
= %[F(Eklj(tg)-](iz) ((VXEl)j) + (Vx Ep)/ Ji Jiia) (Ekl) (106)

(Tp I:J(i3)J(i2)(Ek‘/)(Su’)]) =17, [%J(i3)-](i2) ((@sz)j Ekl) (sv’):|

e () o (19 ) -0 () o (97 0 |
Since % = %%’ dd_l;‘, — X(U/) — p4’ and
d
[_’J} =[X.J]=0,
ds

for J = J(iy), Jiy)-
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By Proposition 8.18, Proposition 8.17 and Proposition 8.12,

‘J(iz) <<VXE1) > (sp)| <

forall j,I =1,...,7. Also, by Proposition 8.20,

cp*

r(s3)2

()] 256
(i3) \ =k v _r(Sf))’

forallk,/ =1,...,7. Hence,

7, [#J(is) ( ) Jir) <(VXE1)’) (sv)”

recalling from the proof of Proposition 8.1 that,

‘Tp [P4]lsupp(f)] ‘ =

cp* __C
Plresa’ ]l — reors’’

C
r(or

Similarly,

7p [#J(iz)( )J(m) ((VXEI)J) (55 )” F(X)Lplﬁ

Using the bootstrap assumptions (105) and the pointwise bounds,

cp? _ cp?

rsp)? = 52

(9xE) 0| =

from Proposition 8.12, clearly have,

1 . cC 1
7, [?(VXEI)‘/ Jii3) (i) (Ek1> (Sa)iH < 5—21 ( + Hz (v ))

r(x)Pv

Now, using the schematic form of (Vx Ep)/ from Proposition 8.12, recalling the better
decay for the terms involving Weyl curvature and energy momentum tensor compo-

nents, the bounds for & ]k from Proposition 8.14, Proposition 8.18 and Propositions
8.17, 8.22,

1 . 4
7y [174 Ex' Jis) Jin) <(VXE1)’> (Sa)”

< CT[ (Sl B +Zr(sv)‘f DTy (s)| +r(s3) 21D rYb(sy)|

+ i) DM sl + Y ) D Y (s + Y (s |5‘3274(Sa)|]-

7 7
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Note that,

1

v(x) ccy 1 v(x) 2
— N7 / r(sy) 242D, (syr) | 2dv” dv

v(x) e 1
< CC] E '];] / r(sv//)2q—2|©2rq(Sv//)|2dl)// / —dﬁ
v v

Ty

1

cc; 1 V@) B 2
VDXL (/ P2 DT (s Py )|
v/

and similarly,
1

v(x) CcC 1 v(x) ) S, 2
[ S (G ([ e

1

1 [ v(x) 2
+=7p / D%rYb(s,)Pdv”
v 0]
1 | v() 2g—2 2 2
+ =7, i ;r(sm D2, (s
L q

1

2

dv

N——"

+ D (s DT () Pd”
1,

1
CCy 1 V) 2 2 4. ’
< 7<ﬁT” </v 1DV (sy7)|“dv

r 1

1 v(x) 2
+=Tp / D2 Vb(sy)|*dv”
v

/

i v(x)
2l R STl
L Yy

1

2

+ 3 F (502D, (5, 2y )
7
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Also,

v(x)
[ [rear ool as

Ve 1 ~ % V) 29—-211y2 2 9~ %
<7, [v/ mdv /v/ r(s5)" DTy (s3)|~dv

1

C v(x) 2
-t / F(55) 2 DTy (s9)2d5 | |
v

/

and similarly,

/v(x) oy s 1 . fum o 3
- - < ~
[T wrenl]ars =T ([ @treorar) |

v(x) 1 v(x) 2
[ nfreootsendo < <1, | ([ @irvsearas) |,

/

and

f /Um T, [rs017 (1920 60l +19°T, (50)1) | a5

1

v(x)
f%fp (/ r(sﬁ)zq2<|©21ﬂq(sﬁ)|2+|3327}(Sﬁ)|2)d6>

Hence, integrating equation (106) from v’ to v(x) and using the fact that,

Jii3) Jiia) (Ek’) =0 =0,

it follows that

17 [ i (B ]| = € (1 N Cl> (

U/

+ Ha,z(v/)> .

r(x)Pv’

Now choose Cj large so that C1 > 4C, where C is the constant appearing in the above
inequality, and vg large so that % < 1. Then,
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and the bootstrap assumption (105) has been recovered with a better constant. Hence
the set of v € [vg, v(x)] such that the bootstrap assumption (105) holds for all
v/ < ¥ < v(x) is non-empty, open and closed and hence equal to [vg, v(x)].

The proof of the second part follows by making the bootstrap assumption,

T [ iy Jay D 0) || = € ( + Ha,z(v/)) , (107)

r(x)Pv

forallv' <o <wv(x),forj=1,...,4,k =5,6,7 or vice versa. The proof proceeds
as before, now using the fact that

C(pH?
r(sp)?’

R P C 452
‘J(m ((VXEz)j) (s7) )

IA

(9xm)"

IA

r(sp)?’
cp*
rsﬁ),
cp*

B (sp)

IA

IA

)J(iz) (Ez'i) (s)
and
17, [0 2 T (V5 EDT) G590

< CT,,[r(;)2 + ) r(sp)? DTy ()| + r(s5) 2D r Vb (sy))
v Fq

+ () DVl + Y rsp) D2y (s9)] + Zr(sa)q—imzi’q(sm],

Vq 7y
forl=1,...,4,j = 5', 6, 7 or vice versa.
The proof for 2~ is identical. O

The next proposition gives estimates for the initial conditions for the commuted
Jacobi equation. Again, the leading order terms of some of the components have to be
subtracted first.

Proposition 8.25 At time s,y = 0,

—848r

JayJa (J(A>B)

SU/ =

<C 14+ ) DTyl + Y riD%y+ Y r!D°T| |,
Fq Wq 721
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‘J<4> J4) (WXJ(A))B)

— 548

Sy =

Cp4

<_1§:q2 §:q2 2:612

= + rf|®D°Ty| + r DY, | + r|©’]}1|,
Iy Yy 1,

forA,B=1,2,

‘J@) Ty (J(4>4)

—r
5, =0

<Cl14+ ) DT+ ) riD% Yy + Y r1D°T| |
Iy Vg 7

JayJa ((@XJ(4))4) oo p?
cp* G12 G12 q1y2
< == |1+ Do NDT 4 Y D%+ Y DT |
rq wq 721

and,

{1@3)1@2) (J(il)") 'S -

o fie e+ Y 0t + Yoo
1—‘CI ‘//q 721

‘J(i3)'](i2) ((@Xfu.))j) (

5,r=0
cp*
< == | 1+ Do NDT 4 Y D%+ Y r DT |
Ty 1z 7
oriy, iz, iz=1,...,6, j =1,...,4 otherwise,
i, in, i3 =1 6,j=1 4 otherwi
‘J(4>J(4) (J(A>4+B) e 8% p*
Cp4
< = |1+ DT+ Y D%+ Y 17T |
r“1 lpq 7:]
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for A,B =1,2,
A
‘J(i.%)‘](lé) (Jm) ) o
5, =0
4
< e, 4 Y e+ YT |
T or
ry 1z 7
foriy, iz, iz =1,..., 6 otherwise,

‘J(ia)‘](iz) (Vxdan*)

5, =0
cp*
= =5 |1 DT+ Dl + ) 12T |
T Vg 7
foralliy, iz, iz=1,...,6, and

‘Jm)J(zz) J(n)

(1+qu|©2r |+ D DY+ Y977 |,

¥y 7,
‘J(i3)'](i2) (@Xf<i.>)7) o
4
< e Y 0%+ Y %y + Y 02T
T or

Ty 2 7
foralliy, iz, iz=1,...,6.

Proof Again follows from considering expressions for V; ), Vx Vi), differentiating
the components and using the fact that,

Vay(r) =r, V(4)(P4) =,

Cp4
Vi () < C, Vi (ph] < ——,
r

for i # 4, as in Proposition 8.21. O

Proposition 8.26 If vy is sufficiently large, v' € [vy, v(x)], then, for each T,,

‘Tp [J(4)J(4) (J(A)B) (sv) — r(Su/)aAB] =C <r(i)p

+ HTp,zw’)) ,
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for A,B =1,2,
‘T [J J (J 4)(s/)—r(s/):”<c ! + Hr » (V)
p [T J@ (V@)™ ) Gy || =\ o T B2 :
and
j 1 )
‘Tp[fusﬂ(iz) (J(il)‘)(su’)] =C\;mp T2 )
foriy,iz,iz=1,...,6,j=1,...,4 otherwise,
17, [0 s e (d*®) 60— 8a7)| = S (s + Bz, 20
P @I (T v =5 \ror . :
for A,B =1,2,
‘T [(P4)_1J(i )Ji2) (J(i >4+A> (sv/)]‘ << + Hr »,(v) ),
p 3 2 1 — r(x)P P
foriy,iz,iz=1,...,6, A =1,2 otherwise, and,
17, [0 do i (Fa) 6] | = € (s + Bz, 20
p @@3)J@2) \ Y1) v = r(x)P s ,
where,

1

v(x) 2
Hy,,(v) =T, (/ r<s5>6|©2ﬂ|2<sﬁ>dﬁ>

v(x)

+ | ([ Xm0ty ends
V2B

r 1
v(x)

+ | | [ e P
v

q

v(x) 3 ~
+ | ([ e iotr, s
v T,

r 1

v(x) | 2
+ 7, ( / r(sa)zmzwz(sa)dﬁ)
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1
2

v(x)
+T, (f |©2rvb|2<sﬁ)dﬁ>

(Z rD* Yy | (0) + Y r () DT|(x)
7,

r(x)?
(x) " -

+
+ 3 PP, |() + 192 Vbl () + r(x)|©21r|(x>).
Fq
Proof Suppose v' € [vg, v(x)] is such that the following bootstrap assumptions hold

forall v € [v/, v(x)],

. .
’]}, |:J(,-3)J(i2) (J(il) c:uk/) (Si)] - 7;7 |:J(i3)‘](i2) (‘](il)/) ‘S ’_0]

i 1 dJiy Ty (Y  Ei)
+F X)) =0T, | 57—
b p4 ds Sv/IO
Ci .
< (1+ H7,2(0)),

r?

foralliy,i,iz=1,...,6,j=1,...,4,

sv/—0:|

T [0 e i (Y B2) o) | - 7, |:(P4)_1J(i3)‘](i2) (7an**)

sv/=0:| ‘

1 dJiy i) (Jan Ex*4)

@ =0T {(p“ﬂ as

Cy

< m (1 + HT,,,z(f))) ,

for A =1, 2, and

Su’:0i|

Zp [(p4)_1*](i3)~](i2) <J<i.)k5k7) (Sﬁ)] 7 |:(p4)_1J(i3)J(i2) (J<i1)7)

_ 1 dJiyJin) (Jan*Ex)
+ (v(x) —0) 7,
"1 (phH? ds 5,=0
Ci .
< 1+ H .
T r(x)P (1+ H, 2 ()

Here C is a large constant which will be chosen later.
Note that, for each p € Py,

(W(x) = 1) +s3p%(0)] <
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The proof of this fact is identical to that of Lemma 8.11, using the fact that X (v) =
p*(s3). Using this fact along with Proposition 8.25 and Lemma 8.11, the bootstrap
assumptions immediately give,

’Tp [1(4)J(4) (J(A)B> (sy) — r(sv,)aAB]‘ < % (1 + Hq—pyz(v/)) ,

forA,B =1,2,

cC(1+Cy

roop (L HT200).

)Tp [J(4>J(4> (J<4)4) (s/) = r(sv/)]‘ =<

and

C(1+Cy)

oy (1+ Hz,2(0)),

‘Tp [J(i3)J(i2) (Jm)j) (Sv’)]‘ <
foriy,iz,iz=1,...,6,j =1,...,4 otherwise,

cC(1+Cy)

)Tp [(p4)‘11(4>~’(4> (J<A>4+B) (sv) = 5AB]‘ = oy

(1+ Hz,2(0)),

forA,B =1,2,

C(1+Cy)

r(x)Pv’ (1 + HT‘”z(v/)) ’

‘7; [(p4)_1J(i3)J(iz) (](l-l)4+A> (Sv’):H <

foriy,ip,iz=1,...,6, A =1, 2 otherwise, and,

c+cCy

}Tp [(P4)_1J(i3)~](iz) (J<i1>7) (Sv’)]’S Y (1+ Hz,2(v)).

It remains to recover the bootstrap assumptions with better constants. This again
uses the twice commuted Jacobi equation in components, which takes the form,

d? Jiiyy Ty (JinFEx)
ds?

= Jiy o) ((Ié(Xa T Xk Ekj> ,

By Propositions 8.17, 8.22, 8.20, 8.23, 8.14, 8.18, the expression (91) for Ié the
schematic expression (93)?, the fact that>°

IS . . . O\ K . AP 2
VxHorg, ) (R J,)7) = X ((RG. 38)7)") Eu+ (RO J8)07) " VxEy,

2 . . . . A‘ . . A‘ 2
UxVerg, ) (RG7. 907 ) = X ((R(V, D7) )Em) + (RO T)7) VxEzg),

29 recall that the summation can begin at 3 except for terms involving 8.

30 recall A runs over 1,2, 4 and )1(1) =35, )1(2) =0, }1(4) =17.
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Proposition 8.12, and the fact that [ X, J(;)] = [X, J,)] = 0, the above bounds on,

Zp [J(i3)J(i2) (ﬁm")] :

imply, for j =1, ...,4,

B B Y T
Pl (ph? o)

ds?

1 . Ak
< Ty [ (s (R 21,7) 2 )|
" C(1+Cy)
r(x)l’vz

+ 3 T [ren 02 wq|<sv>]+27 [r 027,165 |
Vg #B

+ 3T [re T l60) | + T, [V(Sﬁ)_7 D% Vbl(59)]

q

(1 + Hz, 2() + C< » [reoPBI6y)|
(108)

+ T, [0 T D50 )

where the fact that,

‘Tp [P4]lsupp(f)]‘ = %,

has also been used. Now,

d dJi )k Ex! 1 dZJ(. )k B/
ﬁTp |:J(i3)J(i2) (l'd—s (s5) A —JinJi) ;T (s3) |5

so T, [J(m](,z) (M (s3) | is estimated by integrating (108) from ? to v(x).
Consider the first term on the right hand side of (108),

1 . R
7, [?X (J(i3)J(i2) <R(V’ J(lfl)))/) Dk") (Sv//):|

k .
| dJandi (RGLIE)7) B
P ds (5v7)

d

=7 —7p [J(zs)f(m (R(V, J(,,))y) ukj(sv”)],
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S0,

v(x) 1 - -kﬁj .
: 7p (I,T)zx VD) (R(y,J(,-l))y> Er’ ) (spr) | dv

4y—1 . v . kr—w Jj
= T | 0D i diny (RG I3)7) 8 O)

ko
Tp [(P4)_11(i3)1(i2) (R()'/, J('fl)))'/) Ek/(Sa)”

c(l+c
< % (1+ Hr, 2(9)) + C(% [F(Sﬁ)lgzﬂl(sa)]
r(x)rfvz
+ 30 T [0 DM l60) | + YT [ 19T 169
Ve #B 1
+ 3T, [r O, 160) | + T, [r(s) 3102 VbIGso)
l—“1

+ T [rs0) 2192 1Gsi) )

k .
where the terms arising from 7, |:(p4)_1J<l~3)J(,-2) (R()}, ng)))}) Ekf(O)i| are con-

tained in
C(1+Cy)

1+ Hr
rorpt T ET200):

For the second term on the right hand side of (108),

/U(X) C(l + Cl) (1 + H’]’ 2(1)”)) dv//
v

r(x)l’v”

C(1+Cy) IR AL
< r(—)pl(1+HTp,2(v))/5 v/—/%dv
< M (1 + HT 2(v))

r(x)PvZ

For the final terms,

v(x) )
[ Tp [r(sv//)|’D ,B(sv/,)|dv”]

1

v(x) 1 % v(x) 2
=7 (/[ ) ([ st Pay
5 sy 7

1

C v(x) 2
=7, / r(sy)®1D?B(sy)|Pdv” ,

3
2

IA
<
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and similarly,

v(x)
[ % B [remr ot s’
Y v#B

1

ve) 29212 2
/ D sy D Y (s P |
U Ye#B

=

<
I\J\b.)

v(x)
I

T, [rsu) 92T, s | 140

S

1
2

v(x) 2
(f D) D T s Py ||

7

v(x)
[ e e s a

q

I/\
<
Nm

<
—

1

v(x)
/ Zr(s //) 2q— |@2F (Sv//)|2dl)// s

‘1

S

-Mm

v(x) 5
/ T, [r o) 31D Vsl | dv”
v

1

v(x) 2
< %Tp < / |®2rvb<su~>|2dv”) :
v ]

and
v(x) 3
[ n et a
D]
1
C v(x) 2
<=7, f Fsn)} 1DV () Pl
V4 0
Hence,

_ dJip*Er’
7, [(p“) Wiy Jiin) (%) (sf,)} (109)

_ dJiykEL
-7, |:(P4) 1.1(,'3)1(1'2) <—(HC; ) :|
s SUIZO

@ Springer




Stability of Minkowski Space for Massless Einstein... Page 125 of 177 9

ca+cC
< CUEED (14 g ) + C( > [rew %16y
r(x)l’vz
+ 3 T [re0 DM l6w) | + YT [reo) 19T 60
Ve #B 7,
+ D re) T 97T, 160 | + T, [rs) 3122 YbI(si) |
Fq

+7p [r(sgr?mzw(sa)])

C v(x) %
+ (Tp / r(syn)°1D?B(syn) Pdv”
V4 v

r 1
V() 2g—2 2 2 " i
+T, / S Fsu 2D (s P
Uy #B
1
ve) 29212 2 4.1
+7, Zr(s N2 DT, (s,0)dv
1
2
+7, ( |@2,%(sv,,)|2dv”> }
1
v(x) 2
+7, / Zr(sm D () Pl
1
v(x) 2
+7p ( F(5y)? | z3217“(51//)|2dv//) })
Now,
d o 1 dJipke
WTp [J(iz)j(iz) (J(mkﬁk’) (s3 )] = [p J(t3)j(lz)lld—s(sﬁ):|’
and hence,

7, I:J(i3)-](i2) (J(il)kEkj) (Sv)] |:J(13)J(tz) (J(tl) ) ‘ ,:01|

Sv/—o} ‘

1 dJinJiiy (Jin <8
+ k) —1)7, [ i (Jan* Er’)
p* ds
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1 dJike
Ty [FJ@)J@) (—”ds (s5)

1 dJi)* e
— T | = JinJiy | —22——
p |:p4 (i3) Y (i2) ( ds 420

Integrating each term on the right hand side of (109) then gives,

dv.

ke /
7p [J(iz)J(iz) (J(m ﬁk’) (sﬁ)] -7y [J@J("z) (J("”]) ‘s ,:0}

Sv/—O} ‘

~ 1 d ‘](i3)‘l(iZ) (J(il)k = kj)
+ x) — 7 J—
(U( ) U) )4 [ 4 /’S

cC(l1+C
< (;1]) (1 + HT,,,Z(U/))-
r(x)Pv's

Taking v large so that C(I+OC1) < %, this then recovers the first bootstrap assumption
with a better constant. The other bootstrap assumptions can be recovered similarly.
Hence the set of v’ € [vg, v(x)] where they hold is non-empty, open and closed and

hence equal to [vg, v(x)].

Finally, at the very top order, we have the following.

O

Proposition 8.27 If vy is sufficiently large, v' € [vg, v(x)], then, for each T,

’T,, [f(4>1(4)1(4) <J<A)B) (sv) — r(sv/)SAB]‘ <C (

+ HTp,a(v/)) ,

r(x)?
for A,B =1,2,
’T [J T J, (J 4)(S/)—r(S/):H<C L L)
» [ I Ja (Ja*) (o N =\ THT0) ).
and
(T [J~ TinJi (J‘ j)(s/)])<C L H L)
p | ) JG3) Y 2) \ L) v = r(x)P ps3 >
foriy, iz, iz, ia=1,...,6, j =1,...,4 otherwise,

IA

c/ 1
4y—1 4+BY (o )y _ 5. B ¢ '
‘Tp [(p )" @ Jw (J(A> >(Sv) 8a ]‘ o (r(x)p + Hr, 3(v ))’

for A,B =1,2,

Ko

_ 1
‘Tp [(p4) Wi Jin) Jiia) (J(i1)4+A) (Sv’)]‘ =z (r(x)p + Hf,,,s(v’)),
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foriy, iy, iz, ia=1,...,6, A =1, 2 otherwise, and,

+ HT,,,3<v’>> ,

‘Tp [(p“)‘lJ(u)J(ig)J(iz) (J<z'.>7) (Sv')]’ =cC (r(i)p

where,
v(x) %
Hy,30) =) (Tp ( f / V(Sa)6|©kﬂ|2(Sa)d5)

k=23

v(x)

+ | ([ X s et Pondi
Vo g #p

r 1
v(x) 2

+ | | [ e s
v

q

1
2

v(x) 3
+ | ([ e ot s
v T,
1

v(x) . 2
+ 7, ( / r(Sﬁ)ZI’DkVIZ(Sﬁ)dﬁ)

1

i v(x) 2
+7, (f |©krY7b|2(Sﬁ)df)>
v

4

1
+ e (;r(x>q|©kwq|(x> + ;r(xﬂmkm(x)

+ 3 PO T | (x) + 19 Vbl (x) + r(x)mkw(x))).

Ty

Proof The proof is identical to that of Proposition 8.26, using appropriate versions of
Propositions 8.23 and 8.25. O

8.8 Proof of Proposition 8.6

The proof of Proposition 8.6 follows from Propositions 8.17, 8.22, 8.26, 8.27.

Proof of Proposition 8.6 Recall the frame E Lyonns E7 from Section 5 defined by,

E;=E;fori=1,2,3,4, E;=p*E;fori=5,6,7.
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Recall also from Section 8.5 that,

Vi fla,py = Jay Flexp_y, e.p) = Jin Ej Flexp_,, e.p)s

fori; =1,..., 6. By assumption,

sup |E; f| < o,
=1 Plv=vo}

B

and so Proposition 8.17, which gives,
i/ (=se)| < Cfor j=1,2,3,4,  |Jg,)' (=se)| < Cp*for j =5,6,7,
implies that,
|Vin £l | < Ceo.

Hence,

CS()
[T, Vi 11 < Ceol Tpl Lsupp(f1p)]l < —

Similarly,
Viiy Vi flee,py = Jiy iy flexp_g, (x.p)

= Jii) (Jm)“) Ej flexp_,, (x.p)

+ i iy EREjy flexp_,, (x.p)-

Again, by assumption,

sup |Ej,Ej f| < eo.

jriz=1 Fliv=ro)

hence Proposition 8.17 and Proposition 8.22, which in particular gives,

<Cforj=1,2,3,4,

‘J(iz) (Jm)j) (—5x)
i (Jan") (=s0)| = Cp* for j =5.6.7,

imply that,
V(iZ)V(il)fl(x,p)i < Cegy,
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and hence,

Ce

0
[Tp[Viiy) Viip fF1I < Ceol Ty Lsupp(rip)]l < —

For the third order derivatives recall that,

Viin) Vi Vi f = Jis) i) (J(m“) Eji flexp_, (x.p)

+ [Jaz) (ﬁm‘“) T + Jis) (hn)") Jin”
(110)

+Jp) (J(iz)J2> J(il)jl]Eszj. Flexp_, e.p)

+ Jin " S Jin" ELEREj flexp_,, (x.p)-

The second terms can be estimated pointwise as before, as can the final terms using
the assumption,

7
sup |ERZELE) f] < eo.
Jrjzjz=1Fle=w)

Consider the estimate for 7, [ V(i3) V(ip) Vi) f ] on the incoming, v = constant, hyper-
surface. The above pointwise bounds clearly give,

u
/ / r2p_2
RN

v

+ i) (Juz)jz) J(mj‘)Eszjl flesp_,, r.p)

Tp[(faz) (Jm)jl) Jin™ + Ty (Jm)j‘) Jiir) "

2

+ J(i3)j3 ](iz)jZ J(il)j] Ej3 Ejz E/l f|CXP_S* (x,p):| dMSu/.Ud”/ < C8(%,

so it remains to estimate the first term in (110). Proposition 8.26 gives,

. 1
Tp[fas)f(tz) (J(tl)’) |6pr*(x,l7)j| =C (r—p + HTp,z(vo)) ;

for j =1,2,3,4, and,

1 j 1
| Jata S (Jm) )lexpﬂ*a,p) =C (5 + Hr,2() .
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for j = 5,6,7, where H'];’,2 is defined in Proposition 8.26. Consider first the final
terms in Hy, . Clearly,

u 1
/MO/ 2P 2er< 3 P02y P+ Y DT+ Y DT, P
! 7,

w,v Yq#a q Iy

+D*rYbP + r2|©2lf|2)du5u, v <,
by the bootstrap assumptions of Section 5. For ¥, = «, 2g — 2 = 6 and,

u u
av/ / rO D%’ dps, du' =/ f r19%a)? + 2r°D%a - V4%
uo ’ uo /

u v
u' v u' v

+ tryr®|D%a?dus , du’,

u v
612,12 !
/
0% dus, '~ [ [
v uo ',

v u
< cf / / r1D%a* 4+ | D%a||Daldus,, , du’
vy Jug u

v u
5cf // r1D%a* + r|Dal*dus,, du'
vo Jug IS, ’
u

<C f Fy o )du’
uo ’

SC’

and hence,

/u/
ug JS,.

612,12 ’
D%l d/vLSu/,vOdu
0

v,

by the bootstrap assumptions for the weighted L? integral of ®2c, D3 on the outgoing
null hypersurfaces. This, together with the assumption on the initial data gives,

u
/ / r®1®%a*dpus, du’ < C.
uo u' v

Consider now the first term involving g in Hr,, »(vo). By the Cauchy—Schwarz inequal-

ity,
1 2
v 2
7p |:]lsupp(f) < f F(Sa)ﬁli)zﬂ(sz;)lzd5> ]’
Vo
Ty [Lsuppcp]| | [ / r(sa)ﬂ@%(s;»ﬁdﬁ}
vo

¢ 7p [ / ' r(m)ﬂ@%(m)ﬁdﬁ}

0

IA

IA

rpP

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 131 of 177

9

. Jdet
Hence, using the fact that ¢ < r; # < Candthatc < E <C,

1
/ y20=2 / [Lupm ( / r(59) D2 ﬁ(su>|2dv> ]
e[ Lo
S /v |p | ‘P ‘< vo

1D ﬂ(sv)|2dvdp dp*dptdus, du’

u' v

= c Z / / / | \p \< / /01 02r(sv)6

1D ,8(s,7)|2d9 do’didp'dpdp*du’

C v oopu
< [ e [ L
ULUy Y0 \PIHPZISU% vo Juo J61.6

1D2B(s5)|%,/det ¢(s5)d6'do*du’ dvdp' dpdp*,

2

dps, du’

u' v

where U1, U; are the two spherical charts. We now perform the change of coordinates,

W', 0,0%,02, p', p? pYy > (4, 9,0',6% p', p* ph,
where

i = ulexpy, (x, p)), 0% = 0% (exp,, (x, p)) for A = 1,2,

with (x, p) = (v, ol 02, pl, pz, p4). The determinant of the Jacobian of this

transformation is equal to the determinant of,

=5
>
=5
>

30!
ou

992
u
o

ou

bl @
> D
B
®
D D
=] [

. D
=5
= D
. D
=5
|=><E)|

=5
)
=5
)
|

Note that,

0ga = Hor(y py(ea) + 48A+ p4 tr)(—z _p_3+p_3 tr)(+z 0--4
P 2 r 2 = r p

.
+ [p4)?£ + P3X§ + PCVAC] 58
B B
B P 2 )4 4
+ |:p Xap T 4 (tri"" ;) fap — EgAB +p QA:| d5e
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3
S N L L
A p4LA 17 AC | V(4+B)
B B B
p° . p 2 p 4
+ [FKAB + 4pt <tr£+ ;) 8ap — er4gAB +2Ai| PO,
and
0 = @ (Hore,py(e3) + (PP 1y + trap® +2p*n")d 0 )
B A
p p
= Q? <V(3) +r2 < 7 XB + —trx +2n ) V(4+A)) .
p P
Hence
368 -
Z)OTA = d@ I(x’p)agA

= dé’Blexpv.u,p) ~d expy. |(x,p) %0,

J(A) (s3) 1 2 p p? 2\ Ja+a) 8 (sp)
= em (x)z[ (t”‘")__”z : (““ >] P

3
. P’ b p | Ja+p)” (s5)
+r()c)2 |:)(D+—X +—17 ]—
A preaA p* AC r(s;)
c c c
P 14 2 )4
- [ tr — - =
+|:p4lAc 4p4< &‘ﬂ,)hc 2rp4gAC+QA]

l (d K )B
exp.. p o-4) ,
r(s3) Pss %

Proposition 8.17 and the bootstrap assumptions for the Ricci coefficients therefore

imply that?!

968

57 (59) = 8a”

rsy)

Similarly,

(sv)

V(SU)

31 The proof of Proposition 8.17 can easily be adapted to show that

J .
‘(d exp,. p43ﬁ4) —rsd| < C.

forvg < v <w.
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and
36! 362
—(s3)|, |—(s5
» (s3) » (s3)
- C 812( ) 812( ) <c
, — (s, |—=(s5)| < C.
= r(sp) a1l v 902
Hence, if vy is taken suitably large,
30T 962 du
c < det | 20% 30> 92 | < C
- 901 962 u | — 7
30T 302 Ju

for some constants C, ¢ > 0 independent of (x, p). The determinant of the Jacobian
of the transformation is therefore controlled from above and below independent of r,
hence,

[ L(x, p)), D) D B(s)|*/det g (s5)d0 ' d6>du'd
) / / /glﬁzr(u(exp‘%(x ). 01D Bsy) I /det ¢ (s5) u'dd

U1,U>

v i)
< c/ / f r(a, D)*D?B1Pd s, .did?
vo Ji(uo) JS; 5 ‘

u(u)
<C f Fy (@)dil
] :

(uo)
S C1
and
192
u v bl
[ ( / V(Sﬁ)6|@2,3(s15)|2d17> dus, du’
uo u v Vo '
c
< C/ / v4dpldp2dp4 <C.
o JiplLIptlsG
Similarly, for the remaining terms in HTP,Z(UO)»
172
u v 2
/ p2r=2 / 7, Y rs)X D Y (sp)Pd dps, ,du" < C,
o %y, Ap '
_ o
u v 2
/ rir? / 7, / Do re M D T (s)Pdd ||| dus, du < C,
uo u v 0 7:1 '
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172
2
/ 2w / S re R0y )P | || dus, du’ < C.
u' v vo ]"
- ) 19,2
2
f 2 f 7, ( f r(sa)imzlf(sﬁ)ﬁdﬁ) } dus,, du’ < C,
u v L vo
_ 1912
u v 7
/ rZP*Q/ 7, (/ |©2ry7b(s,~,)|2da> dus, du' < C.
I e | \Juo '
Hence,
/ 2P 2/ V(l%)v(lz)v(ll)f]’ d,ug, du’ < Cg(z)'
Consider now the fourth order derivatives of f. For iy, i, i3,i4=1,...,6,

Viig) Vi) Vi) Vi) flx, pys

can be written as a sum of,

JinJanJin (Jin’) Ej flexp_,, (x.p)
i Sy Jiny P Jiny EWERE Ejy flexp_,, (x.p)»

and terms which involve lower order derivatives and can be treated as before. Clearly
the second term can also be treated as before using Proposition 8.17 and the assump-
tion,

7
Z sup ‘EME]?E]ZEJIf’ = €0,

J1.J2.J3,J4= 1 Pliv=uo)

so consider just the first term. By Proposition 8.27,

. 1
)Tp [J(i4)J(i3)J(i2) <J<i1>’> |€XP__V*()C,17)]’ <C (r—p + Hffp,3(vo)> :

where Hr, 3 is defined in Proposition 8.27. Using the same argument as for Hr, »
(except for the AP (|D3a| + |D%|) terms32),

32 It is because of these terms @47}, is only estimated in spacetime, rather than on null hypersurfaces.
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v u

/ / P24 / |HT, 3(v0)[*d s, ,du'dv’

vo Jug Su, o
v u

<C /—dv—i—/ // r*(1D%a| + [Dal)dus,, , du'dV’
vo Juop Su,v o
C< / . o )du)
uo

<C.
Hence,
f / . 4/ V(’4)V(l3)v(lz)v(u)f]| dMS, ,du dv’ < CSO
The proof then follows from the considerations of Section 8.3. 0

9 Estimates for Weyl Curvature Components

The Weyl curvature components ¥ are estimated in L2 on null hypersurfaces through

weighted energy estimates for the Bianchi equations. The main proposition of this

section, Proposition 9.3, will show that, at any point x € A (see Theorem 5.2), the

bootstrap assumptions for curvature (68) can be retrieved with better constants.
Each Bianchi pair is assigned a weight ¢,

qla. p) =5, qB.(p.o) =4 q((p.0),p)=2, q(B,0)=0. (111)

The energy estimates will be derived by integrating the following identities over a
spacetime region.

Lemma 9.1 The following identities hold for any k,

1
: 51k 2 : 51k 212 A 2.5k, ok
Div (r | D%« e3) + 2Div (r |D*B| e4> 492d,fv (Q ro%a -9 ﬂ)
= (1D al? + hi |DFBI> — 4(n + 1) - DF e - DB (12)
+ 29 - E3[DFa] + 405 - E4[D*B)),

Div <r4|©k,3|263) + Div (r4|@kp|2e4) + Div (r4|@’<a|2e4)
— 2$d1v (92r4®’<ﬂ (D pg — @ka¢))

= r*(hD*BI> — 207 + ) - D*B - (D*pg — Drorg)
+ 208 - E3[D*B] + 2% p - E4[DFp] + 2D%0 - E4[D*0)),

(113)
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Div (r2|©kplze3> + Div (r2|©kc7|263) + Div (r2|©ké|2e4>
1
+ Z@d,fv (erzgké (D pg — @kag!))
=AD" ol + D o> + 20 + 1) - DB - (D pg — D'o¢)

+20%p - E3[DFp] 4+ 20%0 - E3[DF0] +29% B - E4[D*B)),
(114)

. . 1
2Div (|©"g|2e3) + Div <|©kglze4> + 45 div (szDkg : @kg) (115)
= DB +4(n +n) - DB - D*a + 4D B - E3[D*B] + 29% e - E4[Dar],
where Div denotes the spacetime divergence.

Proof The proof follows by applying the product rule to each term on the left hand
side of each identity. For the first terms each Bianchi equation contracted with its
corresponding weighted curvature component is used, i.e. equation (60) contracted

with rq(lb"’wP’)lbp, and equation (61) contracted with rq(lb”’lbf’/)lb;,. Then use the
fact that

Div(e3) = try, Div(eq) = try + w,

and

1
e3(r') = —’r—lr"@, ea(r') = gr”trxo.

For the final term on the left hand side of each identity, use the fact that

W—QQ:W(logQ):%(nng).

The proof of (114) is presented to illustrate a cancellation which occurs in (113),
(114), (115). Suppose, to reduce notation, that k = 0. Clearly,

Div (lolPes) = S rlol’ +20 - ¥3p + Iofir

= —arlol® =22 plPuy — 27 pdivg +2rp - Eslp]
Div (r2|o|ze3) = —§r|a|2 — 2r2|0|2tr£ — ZrZGCMrIE—I— 2120 - Es[o]
Div (r2|g|2e4) = 2B + 2728 - Vap + r2IB (trx + )

— 72 (— (trx — trxo) 1B + wlB> + 28 - (~Yp +*Vo)

+26 - ExlB]).
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Note that in the expression for Div <r2| B |ze4) the term generated by Y4 acting on 72

exactly cancels the try | 8 | term to leave r2 (try — try.) |8]. This cancellation occurs
precisely because the weight ¢ = 2 was chosen for the Bianchi pair ((p, o), B). This
resulting term, and most of the others, have the same form as the error terms and so
can be absorbed to give,

Div (r2|p|2e3> = —2r2pd,ivﬁ+ 2r?p - E3[p]
Div <r2|a|263> = —2r%0crlB + 220 - E3lo]
Div (r2|g|2e4) =r? (2@- (Vo +*Yo)+28- E4[ﬁ]) :

Terms of the form r7h;|B |2, which would appear if any weight other than ¢ =
2 had been chosen, would not have the correct form to be absorbed by the

error term in the expression for Div <r2| B |Ze4). The proof follows by computing
Ldiv (Q2r2g. (o8 —a¢)). 0

Remark 9.2 The weights (111) were chosen carefully so that a cancellation would
occur in the above identities, as illustrated in the proof. This cancellation does not
occur in the identity for the Bianchi pair (o, B). It would if the weight g(«, B) = 6
had been chosen. This would however lead one to impose a faster rate of decay for
a, B along {u = ug}, consistent with the decay required for a the spacetime to admit a
conformal compactification. The estimates will close without imposing this stronger
decay.

Proposition 9.3 Ifx € Aand u = u(x), v = v(x), then

1
UO U(u)+ ug, u(v)<C<€0+v_0>9

for some constant C.

Proof Integrating the identity (112) over the spacetime characteristic rectangle ug <
u' <u,vg <v <vforafixed 0 <k < 3 gives>>

// |9 a*dus, dv—i—// 19" BPdps,, du’
S,

u',v

/ / rS10%aldus, v + / / 10" pld s, d
S

uo v ()

33 Note that the final term on the left hand side of (112) is a spherical divergence and hence vanished when
integrated over the spheres.
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+/// P (| Dkal? + hi D B — 4y + ) - e - DB
uo Vo !

u' v

+ 298 - E3[D*a] + 4D B - E4[D*B))dps,, ,Q2dv'du.

Clearly
u v u
/ / / o (h1|®koe|2+h1|©k,3|2> dugu,v,dv’du’ff Fy  u)du',
ug Jvg JS, ’ ug ’
and

u v
/ / / P+ n) - Dk - DFB dus, Q%dv'du’
uy V0 u v

u v
e / / / D[P Bl dus , ,dv/dud
uy V0 ' v e

u v
< c/ / / r1@fal? + D581 dus,,  dv'du’
up V0 u v

u
<C / Fy  (u)du',
173

0

using the bootstrap assumptions for 7, n and the upper bound for 2. In Lemma 9.4
below it will be shown that

u o ,
/ / / PP (@, B3R, ]+ DM, - E4DFY N dps,, , QPdv'did
uo Vo u v

u 1
<C (/ Fy ,)du' + — + go> ,
uo Vo

for each Bianchi pair (1, l.l);’ ,). Hence

v u
[ retapans, v [ [ Fiotplans,
0 u,v’ uo u’,v

u 1
=C (/ Fy o )du' + " + Fy, (o) + Fy, , (vo) + So) .
u

0
Repeating this for each of the identities (113),(114),(115) fork =0, 1, ..., s and

summing then gives

u 1
Fpo o) <C ( / Fy ,))du' + o Fy (uo) + Fy, , (vo) + m) . (116
u

0
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and

u 1
uou(v)<C<f Fl  )du' ot FL (o) + Mou(vo)+£o). (117)

0

Note that « doesn’t appear in F, v(uo) so that the term involving (7 + 1) - B -  from
the identity (115) is estimated slightly differently:

/ / / nm+mn-B-adus, ,dev/du

u’ v

=C / / f |,3||Ol|d/tsu,v,92dv’du

<c/ / / 1BI? + dus, L Q%dv'du’
1
SC(/ vov(u)du—}— )
ug vo

where the last line follows from the inequality

o |2d Qv 1
Y S// Udl/t < uou(v)dv
/—dv

S_
vo

I/\

)

usmg the bootstrap assumption for F u(v’ ) and the fact that r ~ v in the “wave
zone”. Similarly for the terms involving (n + 1) - ’Dkﬁ - Dk

Applying the Gronwall inequality to equation (116) and using the fact thatu < u
gives

1
Fy () <C ( + 0+ Fy ,(uo) + Fy,. u(v0)> .
Inserting this in equation (117) gives
1
Fp () <C ( +e0+ Fy ,(uo) + Fy, M(vo)> -

O

It remains to prove the following lemma which provides control over the error
terms.

Lemma 9.4 Under the assumptions of Proposition 9.3, for each Bianchi pair

Wy W),
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[ [ meesoime mms,
ug Jvo W v

+DM, - Eg[DMY 1)d s, Q2dv'du

u 1
<C (f F) ,du' + —+ so> ,
I vo

Proof For the sake of brevity, unless specified otherwise | will denote the integral

u v
/ / / dus,, ,dv'du’.
ug Jvg JS,

Consider first the errors in the Y3 Bianchi equations. Recall from Proposition 3.3
and Proposition 3.6 that

E3[D,] = D(E3[D ', ]) + A1 (D", + DFU))
+A1@ T, + DY),

forl <k <3,and

E3lpl = hib, + Z Lpy - p, + Z hp DTy, + Z Ly T,
pit+p2=p p1t+p2=p p1t+p2=p
(118)

The first term in E3[1,] will contribute terms of the form /’l]@k/lb p to the error
where 0 < k' < k (recall that Dk = h) and these can be dealt with easily

u pv , ,
/ / / rq(wp’lpp/)h]@kll)p . @k ll)pdu«su/ v/dv/du/
ug Jvg IS,
' u pv , ,
sc [ [ 19k, P 108, P) dus, v
up Jvo 4S8, '

u
< c/ Fy, )du’
u

0

The second term in E3[,] will contribute terms of the form DT, - Dk,
where p1 + p» > p and 0 < k1, ko < k. Note also that, since k| + kp = k, at most
one of kj or k> can be greater than 1. Assume first that k1 < 1.

Suppose P, # a, B, then g(\p, 1])/p,) =2p —4and
/ PN, DRy, - DM, < sup (P IDT, 1) f PPy, DM |

< C/ <r2p2—4|®k2wp2|2+r2q+4—2p|©k¢p|2)
u 1
1 ’ /
§C</ Fvov(u)du—i——),
ug ’ vo
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where the first line follows from the Sobolev inequality (78) (and the fact that k; < 1)
and uses p1 + p2 > p. The third line uses the fact that ¢ = 2p — 4 (and recall that

f@<£).

r2 — o

If{, = a or B then g(Y, 11);),) = 2p — 3 and the second term in the second line
above would be f rat1 ok » |2 which can’t be controlled by the last line. The sum
in the error (118), however, begins at p + % for o and B, and so in the first line in the
above would have p; + p> > p + % Using this fact these terms can be controlled.

If k1 > 1 then it must be the case that k; < 1. The above steps can then be repeated
but using the Sobolev inequality (79) for D2 - For, # a, B then get

frq@kl T, -0y, -2k, < C/rq+p1—p|@k1 T 1950, |

< C/ (r2p1—4|®k11—1p1|2+r2q+4—2p|@k¢p|2>

! 1 / / 1
<C Fvov(u)du +—,
ug ’ vo

where the last line now uses the fact that

v 1 C
/ﬂl’l‘ﬂ@’ﬂrml2 < Cluy - Mo)/ 24V = (119)
vo

by the bootstrap assumption (66) and the fact that v ~ r in the “wave zone”. Similarly
fory, =a, B.

The third term in E3[1 ,] will contribute terms of the form /1, @k’sz to E3[D% ]
where 1 < k' < k+ 1 and p; + p2 > p. Recall that, if ¥, = « or S then actually

pL+p2>p+iIfy, #a Btheng =2p —4and,

/ r1hy DT, D, < € / PPN T, D,

< C/r2P2*4|©k/7'pz|2+r2p74|®klbp|2

u 1
<C (/ F  )du' + — ~|—80> :
u ' vo

0

by Proposition 8.1. Similarly, if{, = a or 8,theng =2p —3and p; > p—pr + %,

s0 79 < rPTP23 and,
K k 2pr—4 K 12 1 2p=31ykap, |2
/rth,z) T, - 1bp§C/r P4k T, 12 4 203k |

u 1
<C (/ Fy ,()du' + — + 80> )
uo Vo
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The final term in E3[{ ] contributes terms of the form ok e k2 Tp, with 0 <
ki k> <k, ki +k» = kand p; + ps > p,or pi +p> = p+ % if ), = o or p. These
terms can be dealt with as before using the fact that either k1 < 1 or k> < 1, and the
pointwise bounds for 7,,, ©7,,, ’DZ’Z}, from Proposition 8.1.

The final terms in E3 [@kll)p], i.e. the terms of the form D1 A - ©k21bp etc. can be
dealt with similarly (since all of the terms in A are zeroth order and the numerology
for the Sobolev inequalities still work out).

The errors in the Y4 Bianchi equations can be dealt with in a similar manner. First
recall that

E[D),] = DEID Ty D) + hoEalbly] + MDY, + 42D ),
+ MDY, + MDY,

and

E4N’/p/] = Z Ly, + Z hm@%z‘i‘ Z Lp, '7;72' (120)

pr+paz=p/+3 pi+pa=p+2 Pi+p2=p+2

Recall also that the first summation in the error (120) always begins at p’ + 2, except
for the term n* - o appearing in E4[B].
Assume first then that lb;,, # B. Terms in the first sum (120) will then contribute

terms of the form D% I'p .k Vp, to the error E4[’Dk1])’p,], where py + p2 > p’ +2,
0 < k1, ky < k and at most one of ki, kp is bigger than 1. Again, suppose first that
ki < LIEY), # B then 2, V))) —2p' = q/(q/p,)34 and so

frq@kl Ty '@kzwm '@kw;ﬂ’
< sup (rpl ”©k1 Fpl ||LOO> /rq+P2*p/72|@kzwm||@k.¢/p/|
u' v’

< [ (b 4 0k, )

“ 1 ’ ’ 1
<C Fyyo@)du + — ).
ug ’ vo

Ifll);?, = f then will have terms of the form D! Iy, Dk Vp, With p1 +p2 > p' + %,
however 2¢g(a, B) —2p’ =3 = q'(B) — 1. Hence

/rq@kl Tp) '@kzwm 'qu)/p’

< sup (1 DM Ty 1) [ s R Dy 0ty

u' v

34 Here q’(ll)’p,) denotes the power of r multiplying \1])’p,|2 in F,}O’U(u/). So, for example, ¢'(8) = 0,
whilst ¢((p, ), B) = 2. Set ¢’ () = —2.
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u 1
<C ([ Fy  )du' + —) .
I ’ vo

The second summation in E4[1]);? 1, (120), will contribute terms of the form
h,,l@k/?},z to E4[®k1|);7,], where 1 < k' < k+1and p; + p» > p + 2. Since
290y, V) —2p" < q'())),

/ rhp DX T, - DY, < € f SR AN

< [Pt TP ity P

u 1
<C (/ Fy  hdu + — + 80> :
ug vo

The final summation in (120) contributes terms of the form D% Cp, - Z)k?sz to
E4[®k1b;,], where 0 < ki, ko < k, ki +k, = k and p; + p» > p’ + 2. These
terms can be treated similarly using the fact that either k&; < 1 or k; < 1, and the
pointwise bounds for 7,,, ®7,, from Proposition 8.1.

The remaining terms in E4 [’Dklj)’p ,] can again be dealt with similarly. It is important
to note that A1 and A both contain zero-th order derivatives only of I" and . Whilst
A/, does contain first order derivatives of the form DT, they only appears in E4 [’Dk/ll)/p /]

multiplying L ¥, Hence, when these terms (for k" < k) appear in E4 [k 1, it
will always be possible to control one of the terms in the product pointwise via the
Sobolev inequality. O

10 Transport Estimates for Ricci Coefficients

In this section the Ricci coefficients are estimated in L? on each of the spheres S 4
through transport estimates for the null structure equations. This is done by using the
identities, which hold for any scalar function #,

Su, v

y (f hdMSu_v> = Vah + htrxdus, ,, (121)
Su,v

and

By (/ hd,ugguvu> =/ (Vgh—i—htrx) Q%dus, (122)
Su,v Su,v _

with i = r2P=2|DkT, |2,
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(3) “)
The quantities I" , and I" , are treated separately. Recall the set .A from Theorem

5.2.
10.1 Null Structure Equations in the Outgoing Direction

()
Consider first the I" , quantities, which satisfy null structure equations in the outgoing
direction.

@
Proposition 10.1 If x € A and u = u(x), v = v(x) then, for each T , and each
k=0,1,2,3,

“) 1
r2p—2/ DKL ,12dps,, < C (80 + —) ,
Suv vo

for some constant C.

Proof Recall from Proposition 3.8 that the null structure equations in the 4 direction
take the form

@ @) @
V4@ T ) + g trx DT, = E4[DFT .

Using the renormalisation of Remark 3.2 and the fact that e4(r _2) = —r2tr Xo, the
identity (121) with h = r2P=2|D*T",|? implies that

(€]
81} (r2l7—2/ |®krp|2dﬂsw>

@) @) )
= / 20P72T - Va(rPDRT ) + 7P DK P es(r™)
SH,I)

4)
+ 219K Py dus,
@) @)
zfs er—2®krp-(rpE4[©’<r,,])

“4)
+ 2P DR 1 (try — tryo) ducs,

@) @
_ 2,,217—2/ Dk r,- E4[®F [pldus, .,
Su,v

4) 4)
where in the last line the term |D% T’ p|2 (trx —tryo) = OFT P Dka - T has been

Q) “
absorbed into the error DX T, - E4[D*T,].
Note that a precise cancellation occurs here. If one were to apply (121) with h =
r4|9kT ,,|2 for any ¢ # 2p — 2, there would be an additional term of the form
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“
hi|@%T p 2 in the integral in the last line above. It would not be possible to deal with

4 4
this term as the terms in ©F T’ PR E4[@fT p] are dealt with below.
Integrating gives

@ (G
r2P72/S DT pPdpus,, <r, v0)2p72/5 9Ty Pdus,

u,v u,v()

v ) “
+2/ P2 DT, Ey©FT pldps, ,dv,
v

0 St

so that it remains to bound the error terms.
Recall that

(@ @ G N )
E4[D'T )] = D(ED* T ) + A2 - DT, + A, -D'T ),

fork=1,2,3and

(G
EdTp)=vYp2+ Y. hp Tpy+ D Ty Tpy+Tpn (123)
pi+pa=p+2 pi+pa=p+2

The first term in (123) will contribute a term of the form Z)klb p+2 to the error

4)
E4[@%T pl. This term can be easily dealt with as follows. Here f will be used to

denote the integral
v
f / dus, ,dv',
vo /S, '

(instead of the full spacetime integral in Section 9). By the Cauchy—Schwarz inequal-
ity,

) @
/ rP2ORT DRy, < / PP kT, 2 + / r2P 10" Ypial?.

The first term is clearly bounded by UC—O asin (119). Using the fact that the only curvature

@)
components appearing in the Y4 I" , equations are «, 8 (so that ¥4 € {a, B}), one
can explicitly check that the second term can be controlled by % Fvlo’v (1) and hence,
by the bootstrap assumption (68),

PPLG)) C
/r2p 2’}3ka . @klﬂp-i-z < U_O
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(€]
Consider now the terms in E4[D% T p] arising from the first sum in (123). These

will all be of the form £, @"/Fm where 0 < k' <k and p| + p» < p+ 2 and so

, ) ' “)
/rZP—zhm@k T, 9T, < c/rP+P2—4|@’< T [|10FT |

: @

<cC (/r2”2_4|®k r,,2|2+/r2"—4|©’<rp|2>
c
< —.
S

The terms arising from the second sum will have the form D% T, - ©%2T,, where
p1+ p2 = p+2,k +ky =k and, since k < 3, interchanging k| and k, if necessary,
k1 < 1. These terms can be dealt with exactly as the previous terms by using the
Sobolev inequality (78) on D1 T o

4
Similarly, for the @k'];?_,_z term in E4[DFT »ls
2p—2k k 2=tk B 2 2p ik 2
rPTDNT D T, < | PP DET 17 4+ r P 1D T, 40|

Setting ¢ = p + 2, the second term is of the form,

v
2q—4 1k 2 /
[ [ et pans, av.
Vo Su,v’ '

and hence, since k < 3, Proposition 8.1 implies that,
4) 1
/r2P*2©kr,, . @k'z;;+2 <C (% + 80) .

(G
The remaining terms in E4[D* T p] can be dealt with in exactly the same way using
the fact that A contains only zeroth-order derivatives, and A, contains only first order
derivatives of Ricci coefficients (see the end of the proof of Lemma 9.4). m]

10.2 Null Structure Equations in the Incoming Direction

3) “)
The I' , quantities are estimated in roughly the same way as the I" , quantities. Since

the u coordinate is bounded above by u y however, the term

! 2p-2 Q) 2 ’
C/ reP~ / IT pl"dps, du
up Su’,v
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can appear on the right hand side of the estimates and be dealt with by the Gronwall
inequality. The estimates will also rely on the results of Proposition 9.3 and Proposition
10.1. It is also worth noting that we do not rely on any cancellation occurring when

@)
applying the identity (122), as was the case for the I' , quantities.

3)
Proposition 10.2 If x € Aand u = u(x), v = v(x) then, for each T , and each

k=0,1,...,3
( 1)
Cleo+ — ).
Vo

IA

3
r2p—2/ |®krp|2d“fsuvv
Su,v

for some constant C.
Proof Recall the upper bound on 2.

3)
For fixed 0 < k < 3, setting 1 = r2P~2|D¥ T ,|? in the identity (122) and using
the commuted equations,

3) 3)
V3T ) = E3[®FT 1,

one obtains

3)
0 (VZP_Z/S |@krp|2dusu,u>

3 &)
< c/ PPk, Y3(DFT )
Suw

(€)
+ [ea272) 4 127 2y | 1DFT P,

@) @) 3)
< c/ r2P2hT - E[FT 14+ mir?P 2108 P d s, -
Su‘v

The last line is obtained by recalling that e3(r>?~2%) = 5—%@#1”2, using the
lower bound for €2, rewriting trx = (try — tryx ) +trx, and absorbing the term

k(3) ’ . k(3) k(3)
[DFT p|“(trx — trio) into the error D°I" ), - E3[D" " p].

Integrating from ug gives

@) u 3) @)
r21’—2/ DT 1Py, , < c/ f rPDRT L E3[@FT )
S, ' up 7S,/ .,

(3)
+hir?P 2D P d s, du.

The final term will be dealt with by the Gronwall inequality, so it remains to bound
the integrals of the error terms. Here [ will denote the integral
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u
/ / dus, du'.
"o , /'

u v

Recall that

Ne) e NE e
E3[D°T )] =D(E3[D" T D+ A (DT, +D° 1))

fork=1,...,3, and

(3)
Es[Tpl=vp+ Y hp-Tpt Y Ty -Tp+T, (124)
p1+p2=zp pi+p2zp

(3)
The curvature term in (124) will contribute a term of the form Dk Ypto E3 [DFT »ls
and

3) 3)
/rzpfzgkrp @kwp S /rzplegkrpﬁ_i_-/rzp*z'@kwp'z.

The Gronwall inequality will be used on the first term. For the second term note that,
for v, # a, the r weight of Dkwp which appears in Fu20)u (v) is r*P~2. Hence, since o

3)
doesn’t appear in any Y3 I' , equations, the second term can be controlled by F, u20’u (v)

and, by Proposition 9.3,

_ 1
frzP 2ok y, 12 < C <F,}0,U(u0) + FZ ,(vo) + %> .

Similarly the energy momentum tensor term in (124) will contribute a term of the

3)
form Z)k’Z;, to E3[DFT pl and,

@) 3)
3) 1
< /rzﬂ—2|©krp|2 +C (— +go> :
Vo

by Proposition 8.1.
Consider now the terms in (124) of the form>>

Z py - Tpy + Z Ly Ty

pitpazp+l pi+pazp+1

35 The “borderline terms” in (124), i.e. the terms hp1 “Tp, and Upr - Tpy for which p; + po» = p are
slightly more problematic and will be dealt with separately.
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, 3)
The first sum contributes terms of the form 4, kT p, to the error E S[OFT »] where
0<k' <kand p; + pp > p+ 1, sothat

(3) / 3) /
/rzﬂ—%m@" r, or, <cC / rP= 2 2ok 10k T, |
3) /
<c (f 2P DT 2 +/r2p2—4|©k Fp2|2)

3) 1
< C </ r2[7—2|©k1-wp|2 + _> ,
Vo

where the last inequality follows from the fact that

, u 1 1
2p2—4®kr 2<C/ —d/<c _ -

since r ~ v in the “wave zone” and vy is large.
The terms arising from the second summation are dealt with similarly using the

3 3
Sobolev inequality, as are the terms A1(©k(F) p+ @k”(r) p) and the similar terms
arising from lower order errors.
Note that E3[x ] contains no “borderline terms
shown, fork =0, 1,....3,

36 and so in the above it has been

u
rr / |©"z|2dusu.v56(// PR AP dps, i’ + Fy, o (o)
Suw o u'

- A 1
+ Fuz()»u(v()) + F(M(), v)zp 2_/ |©k£|2d“*su()~u + Ui())v
S,

up,v

and hence, by the Gronwall inequality

202 / 02, , < € (rtwo. v / O3 Pdus, .
S, S,

u,v @), v

1
+ El )+ Fyy0) £ ).

This proves the proposition for ¥ .

The error E3[n] contains two borderline terms /17 and ¥ - 5. The idea is that these
terms can be dealt with since the proposition has already been proved for § and 1 was
controlled in Proposition 10.1. Consider first the term ¥ - 7. This will contribute terms

of the form Dklz . @kzn to E3 [@kﬂ], where k| + k» = k. Assume k1 < 1, then

/rz@klz.@kzn.@kﬁf C/r|’Dk217||’DkQ| <C (/ |©"2n|2+/r2|©"g|2),

36 Terms of the form hpy - Tp, or Tpy - T'p, for which py + p2 = p
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and similarly if k1 > 1 then it must be the case that k» < 1 and so

/rzgklz. ©k2n . Qkﬁ <C (/ |®k22|2 +/r2|©kﬁ|2> .

Repeating this for the terms arising from /17, using the bounds already obtained for
f |k X |2, Proposition 10.1 and the Gronwall inequality this gives,

,(3)
r? /S k0 Pdus,, < (ZZr(uo, v)?P 2 / 94T, Pdus,,,

=0 () 0-v
FP
2p—2 v
+ ZZr(u vo) 9" Tyl dus,
=0 & Su.vg

P

1
Fy (o) + Fy ,(v0) + )

The only borderline term in E3[try — try.] is (1, Q), the only borderline term in
Es[w] is (n, Q), the only borderline terms in E3[¢ — ¢°] are (# — 1) hy and X, and
the only borderline term in E3[b] is 1. Since either the proposition has already been

proved for each of these terms, or they were controlled in Proposition 10.1, they can
be dealt with exactly as before. O

10.3 Estimates for J

In order to estimate I — J*°, it is first necessary to derive equations which they satisfy.

Proposition 10.3 The spherical Christoffel symbols satisfy the following propagation
equations,

Va (P =7°)5 5 = YaxsC +VoxaC — Y xsa (125)
- (XAD - VAbD + bEVgE) (V - VO)EB
— (xs” = VubP + "V Ps) (P = 7°)5,
+ (XDC — Vb + bEFgE) (F=7°)s

Vs (P = V)p = Vax, S +Vox, =V xy, =2, (F =7)p, (126
— 1" (P =T)p + 2, (F = F°) 0y

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 151 of 177 9

Proof Recall

o\C C oC o\C

Y3 (¥ -7 )AB =e3 (FAB -7 AB) _KAD r-v )DB
D o\C C o\D
Xy F=T)up+x," (F=T%)yp
The equation in the e3 direction follows from the fact that,
€3 (Vogg) =0,
and,
es (V55) = Vax,C + V52, C = Vs

See Lemma 4.1 of [9].
The equation in the e4 direction can similarly be derived using the fact that,

e4 (Vﬁg) = VAXBC + WBXAC - WCXBA-
O

Proposition 10.4 Ifx € A and u = u(x), v = v(x) then, for k = 0, 1,2, 3, if DX

contains © = rY at most 2 times, then

2 1
/ )9" (¥ -7v°)| dus,, <C (80 + U—O> :
Proof Equation (126) takes the schematic form,

Vs(F=V°)= Y hp DTy (1+¢)

pi+p2=>2

+ Z hpi - (hpy +Tpy) - (P =T°).

pi+p2>2

The estimates for DX (17 -7 O) with k < 2 then follow exactly as in Proposition 10.2
(in fact these are even easier since there are no borderline terms). The estimates for
DV (¥ — ') follow from applying D? to equation (126), and the estimates for
D%rV4 (V' — V°) follow from multiplying equation (125) by r and applying ©>. O

This recovers the bootstrap assumptions (67) and the (71) for when D3 £ (rV)3.
This remaining case will be recovered in the next section.

11 Ricci Coefficients at the Top Order

The goal of this section is to estimate D37 Y5 and (+¥)* (V' — I'°). This will recover
all of the bootstrap assumptions of Section 5. In order to do this, ®3r YT p must be
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estimated for most of the other Ricci coefficients I'j,. Recall the set A from Theorem
5.2.

11.1 Propagation Equations for Auxiliary ® Variables
Propagation equations are first derived for certain auxiliary quantities.

Proposition 11.1 The angular derivatives of the null expansions satisfy the following
propagation equations.

Viry (trx + g) > (trx + > ry (trx + 2) + %rW (trx + %)
= r 2 = r r = r

2 2
=23 - (VX =X -(Y) <tri+ ;) - ;(77 +n)
r 2\? 2
—s(+n (tr)( + —) +2(n+n) <trx + —>
2 - = r - = r

—rm+ IR —r¥Ts —rn+m73,

and

V4rY (trx - %> +tryxrVY (tr)( - z)
= ! <tr)( - —) ryY (trx — %) —x-ry (trx - %) + ory (trx — %>
2 r r

+ (tr)( - —) rYo + —rVw 2% - (V)X — VT aa.

Proof The proof follows by using Lemma 3.5 to commute the propagation equations
fortrx + % andtry — % When computing Y ( = ) which arises in the expression

for rYVs (tri + %), the fact that 2¥ log Q = (1 + 1), and hence

1 yQ 1
W(1—§>=2§=(n+g)—<1—@>(’7+2)’

is used. This means that (1 — #

principal term. O

) doesn’t appear in the propagation equations as a

Define the mass aspect functions,

>
I><>
b
%
=
I=
I
|
=
~
ko)
5
=

l,(,:

N =

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 153 of 177 9

and the S, ,, 1-form,
kK =Yo+* Yo' + 8.
Here o' is defined to be the solution to
Y73a)T - _
with zero initial data on {u = ug}.

Proposition 11.2 The mass aspect functions and k satisfy the following propagation
equations,

1 R 1.
Vap = —twxp+sp+ 0 —m) - Yy +2% - Vo — Sux g - %
1 X 1
+trxp—trxn-n—Ztrx|x|2+2x-(n®n)—2ﬁ~n+§trx|n|2
1
+§T4'n— T4 n+ T+ a)T34+ diVT4+ Y73T44——Y74T34,

1 .
Vapu = —trxp + Suxp+ @ —n)- Virx +2x -VYn+2n-B+trxp

.. 1
XX %+ wx(nl? ——Inl —n-n)+2%- (n®n)——trxx X
1. 1 1 .
+§K'T 5@ T33+ Ts+ X T3+ — Y74T33—4W3Ts4+§d,{VTs,
1 . . 1
Yik = 2V (n-n) — Y(In*) — Jupe = - Vo —"% - Yo'+ SUxp
. 1,
+(2n~Q—|QI2)(n+Q)+2x~ﬁ—pg+2pn—*go+20*n—51~h
1 1. 1 1
— —t —_—y . — —t S
2 rx74 S X 73 X 73 273477

—T3an — %wh +n-T - %W4T3~

Proof From the definition of w,

Vi =5 (Vai) -2+ 55 - (V42) — divVan — [V, divin — Yap.

1
2
The equation is obtained by substituting on the right hand side the null structure
equations for Y4 % and Y47, equation (52), the Bianchi equation for Y40 and using
Lemma 3.5 to compute the commutator term. The Codazzi equation (50) is also used
to replace the divy term arising from div¥4n.

The equation for Y3 is obtained similarly using the null structure equations for
V3% and Y37, equation (53), the Bianchi equation for ¥3 and the Codazzi equation

).
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Finally,

Vi = YV30+ [V, Vo +*Y¥s0! +* (1¥3, Vio') + V35,

and the equation for « can be computed similarly. O

Proposition 11.3 If x € A and u = u(x), v = v(x) then, fork = 0,...,4, '
satisfies,

. 1
r4/ |®ka)' |2d,u5“ <C <80 + —) .
S, ' Vo

u,v

Proof Since o' satisfies an equation of the form
Vio' =3,

with zero initial data, this can be proved in exactly the same way as the estimates for

3
kT p in Proposition 10.2. O

Let ® schematically denote the following quantities,

2 2
®:rv<trX—_>J’V<UX+_>7M:M,K,
r - r -

and further decompose as

3 @
®2=rW(tr£+%), Oy =rY (rx — %), .

3) (3)
O3 = I3 Oy = k.

As with the ", ¥/, 7, the subscript p indicates that ®, should decay like %

3
Similarly, the (3) indicates that ® satisfies an equation in the 3 direction, and the (4)
G
indicates that ® satisfies an equation in the 4 direction.

(€
The propagation equations for the ® variables take the following schematic form,

@) @ @
Y40, + gtr)(®p = E, [@)p}

3)
and the for the ® variables take the form,
3) (3)
73@1, =FE3 |:®pi| ,
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where,
2
)
r
2 Yo+ (t 2 y r yr D7,
= —rYow ry — — .
- X =7 ryo+ Z pr-r P2+Z pL>
p1tpa=4 p1=6
1 1 2
E4[M]:;&+§ tI'X—; E_’_ Z hl’l 'sz'rWFp3
p1+p2tp3z4
+ Z (hpy +Tpy) - Ty - Ty + Z (hpy +Tpy) -,
pi+p2tp3>4 pit+p2>4
+ Z Tp) '7;92"' Z hPl '97;727
p1+p2>6 p1+p2=5
and
Es|r¥ (i + 2 ZVt+2+ZF YOp+ > hp T
r )=z z . .
3T X , rr rx . pr - T¥1p, rip;
pi1+p2=2 pit+p2=2

+ Z hm ' sz : Fps ’ Fm
Pi1+p2tp3+pa=2

+ Z hm'sz'(FPz +,T173)+Z©7:"1’
pi+p2+p3=2 p1>2

2 1 2 1 2
E3[E]:;ﬁ_;“_ tr&—f—; E+§ tr)(—; 7

+ Z (hpl + Fm) : sz ’ Fm

pi+patp3=4

+ Z (hpl + Fm) ' 1ppz
pi1+p2=4

+ Z FPI'TPz"' Z hm'ngz’
pi+p2>=4 p1+p2>3

1 1 2 . A
Bl = ;"‘z(tfﬁ;)”—&%—*aw

+ Z hp - Tpy - rYTp,

pi+p2t+p3=4

+ Z Ppi Ty Ty
pi+patp3=4

+ Y iy AT Wy + Ty + Y hpy DT,
pitpaz4 pi+p2z4

All of the I" appearing in the VT terms in the errors, unless explicitly stated, are

X, X 0t — % trx + % and hence the bootstrap assumptions of Section 5 give
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an estimate for 27 YT in L? on the spheres. It is the linear principal terms which
will require the most care below. When such terms appear, they have been written
first in the errors above. Linear here means linear in I, ¥, 7, ®, so one example of
a linear term is %rVa) appearing in Ey4 [rW (tr X — %)] Principal means of the form
rYT or ©, since the © variables live at one degree of differentiability greater than
I". The principal energy momentum tensor terms, ©7, will not be problematic as
they have all already been estimated at the top order. Note that there are no principal
curvature terms, i.e. terms of the form ©/, appearing in the errors. Finally, notice that
the propagation equations have the same structure as the propagation equations for the

(€))
Ricci coefficients highlighted in Section 3, i.e. the error terms E3 |:® pi| should decay
o @ o »
like - and the error terms Ey4 | © ) | should decay like —=. The next proposition,
akin to Proposition 3.8, says this structure is preserved under commutation by D.
Unlike Proposition 3.8, we here keep track of the principal terms.

Proposition 11.4 The commuted propagation equations for the ® variables, for k =
1,2, ..., take the form,

3) 3)
V3950, = E; [@’@p} ,

and
@ @ @
V4950, + gtr)(@k@p = Ey [@"@,,] ,
where
3) 3) 3)
E3 [CD"@,,] = DE; [@"‘1@,,} + i+ Y hp Ty |20,
p1+p2=1
3)
+A1-D 10,
and

4) ) 4) “)
E4 [@"@F} =DE, [@’H@p} +| D2 oy Ty | -DF0, + 4524 1E,.
pi+p2=2
Moreover,

3 3
E3 [’D"‘WW@,,] =9E3 [’D"‘%W@,?} + |+ Z hp, - Tp,
p1+p2=1

(3) (3)
Dye, + A - DY,
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and

(G (G “
E4 [@k—‘ry?@p} = DE,4 [@k—zrv@p] + D hp Ty |2 NvVE,
P1+p2=2

)
+ AL - DY,

Recall that A, A/2 from Proposition 3.8, where the ' stresses that A/2 contains terms
of the form OT, involving one derivative of T.

Proof The proof is identical to that of Proposition 3.8, except we keep track of the
principal terms. O

Note that the “moreover” part of the Proposition says that commuting the propaga-
tion equations with »Y only produces principal error terms involving an r Y derivative,
unlike commuting with ¥3 and r ¥4 which can produce principal error terms involv-
ing V3, rV4 and rY derivatives. This is important when estimating « since we only
estimate %7 Y« rather than D3«

11.2 Additional Bootstrap Assumptions

The results of this section will be shown using an additional bootstrap argument.
Let A” C A denote the set of x € A such that the following additional bootstrap
assumptions hold for all y € A with u(y) < u(x), v(y) < v(x),

u 2
f / r?2 | ©kry (trx - %) dus, du <C, (127)
uo u/.U
v 2 2 —
/ / okry (trx + —) ds, dv' <C, (128)
UO SLl U/ - r '
’u 2 _
/ / r2 @ku‘ dus, .du' <C, (129)
uo u' v
v 2 _
[ / 72 ‘@’m) dps, ,dv' <T, (130)
vo JS, - ’
u ' 2 .
/ / 2 ‘@’WV)?‘ ds, . du' <C, (131)
uo u v
v , 2 _
/ / r2 ’@krw( dps, ,dv <C, (132)
vo S, - ‘
u Y 2 _
/ / ‘@krVn‘ dps, du' <C, (133)
uo u/ v
v , 2 _
f / ’DkrVn‘ dps ,dv' <C, (134)
vo v’
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fork =0,1, 2,3, and,

v o) .
f / |0 vi| dus, dv <€, (135)
Vo Su,v’ ’
v ) _
/ f r2 @k(rW)zw’ dus, ,dv' <T, (136)
vo Su,v’ ’
v 2 _
f / 2|2V 3rVo| dus, v <€, (137)
V0 u,v’
v P .
/ / 72 ‘Dk(rV)sz‘ dps, ,dv' <T, (138)
Vo Su’u/ '

fork =0, 1,2, where u = u(y), v = v(y).

11.3 Estimates for Auxiliary ® Variables

The bootstrap assumptions (127)—(138) can now be used to obtain estimates for the
® variables.

Proposition 11.5 Forany x € A”, if u = u(x), v = v(y) then, fork =0, 1, 2, 3, for
(G 3)
all ® and © # «k,

v 3) 1
[ [ et Pus, v < ¢ <80 " —) , (139)
vo u,v’ 1 Yo
u 4) 1
22k 2 /
r DO ,1°dus, du < C<8o+—), (140)
/uo /u,,v g o A/ V0

and, fork =0, 1,2,

v 1
/ / D Vi Pdps dv < C <80 + —) ) (141)
) Su,u’ “r vo

Proof For k < 2, bounds for

/ r2p—2
Su,v

can be obtained exactly as in Propositions 10.2 and 10.1, then integrated to give (139)
and (140). For k < 1, (141) can be obtained similarly.

2

2
2p-2
dus,,, and /S reb
u,v

3)
S p

)
e p

dus, ,,

3
The new difficulties are at the top order, so assume now k = 3 and consider ® # «.

Note that the bootstrap assumptions (127)—(138) together with the Sobolev inequalities
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of Section 6 give the pointwise bounds>’
rP10,l. 1P D6, < C.
for ®, # «, and

;
k|, r2|r¥x| < C.

3)
Equation (122) with h = r?P=4@ , gives,

/ r2p74
S,

u,v

2 2

dpus

3(3) 3(3)
D0, D0, w0/

2p—4
dus, , = / g, V)P
’ S ,

U, v

u (3) 3)
+/ / r2p74©3®p - E3 |:©3®p] d,usu,,u,du’,
uo u’,v’

(3) 3) (3)
where trl©3 Op,=T2+hny)- D3 © , has been absorbed into the error £3 [@3 GP}.

Integrating in v’, this gives,

v 3 ?
// p2r—4 333@,, dus, ,dv’
Vo Su,u/
v 3 ?
:/ / r(uo, v~ *|0%0, d'bLSuo,u/dv/
vg 4§

ug, v’

v " 2p—4 3(3) 3(3)
+/ / / rePD°0, - E3 |:@ ®pi| dus, ,du'dv'.
) uo 7o

u' v

Recall,

2

3(3) /
D0, d'bLSuo,u/dv < g9.

v
/ / r(ug, v~
Vo Su(),v/

It remains to estimate the error terms. Consider first the quadratic terms

Z Ly 1Y),

pi+p2=p

1
37 For Op = ry (try — % , 14, actually have the pointwise bounds r”|D® | < C. There is a loss of 2

for the other variables since the Sobolev inequality on the outgoing null hypersurfaces have to be used.
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(3) 3)
in E3 |:® p]. They will give rise to terms in E3 |:©3 ® ,,] of the form3®

N, - DRrYT,,,

where p1 + p2 > p and k; + kp = 3. It must be the case that either k; < 1 or
ko < 1. Assume first that k1 < 1. Then, by Propositions 10.1 and 10.2 and the
Sobolev inequalities of Section 6,

2 1 2
PP ok, -CDI‘ZVWFPZ‘ < Cr2P=4p2p (8() + —) ‘@brvl"pz
vo

)

1 2
<C (80 + —> p2pa—4 ‘@"Wrm
v

since p1 + p2 > p. Recall that such terms only occur for I, = try — %, try +

%, X Xomn I Tp, = trx + % X, 1 then, using the bootstrap assumptions (127)—
(138),

v opu 3)
/ f / r2p_4©3 ®P : ©k1 Fp[ : QerWFPZdMSM’ v’du/dv/
vo Jug JS, .

v oopu A3)
L (e
vo Jug JS,
v oopu 3)
LS
vo Juo Su,v/
1 v u
+C<80+—>/ f/ r2p2_4’©k2rY7Fp2
vo vo Jug JS,
v opu
s
vo Jug JS,
v opu
S
vo Jug JS, s

u,v

2
i ‘Z)kl Ly -Dryr,

2
) dus,, ,du'dv’

2
dus,, ,du'dv’

2
d,usu,_v,du/dv/

3(3) ’ ! g 1 " 1
D°O,| dus, ,dudv +C e+ — du
’ vo uo

NONE L 1
D0, dus, ,du'dv +C £0+U—0 .

Similarly, if ', = trx — 2, %, 7, then

vopu 3)
/ / / rri3e, .ok, - @kerl"pzd,uSu, du'dy’
vy JUuQ Su,u/ '

v u
vo Jug JS,

38 There will also be cubic and higher order terms but, since they have the same r decay and there will

always be at most one factor which is not lower order and hence cannot be estimated in L°°, they are treated
y y

in exactly the same manner as the quadratic terms.

RONE
%0,

dus, ,du'dv’
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+C <80 + )f / f rr2 Z)kerFm dus,, ,du'dv
v u (3) 1 v 1
< f f f r2r—4 @3®p dus,, du'dv' + C (50 + —) —dv'
vo Jug JS, ' vo /) Juy (V)
e 2p-4 |38 ’ !
5/ / / refT°e, dusu,v/du’dv'+C(£o+—).
vo Jug JS, ' Vo

Suppose now thatk; > 2. Thenk, < 1andso,sincel",, = try —%, trl—i—%, Xs X’ .17,
the bootstrap assumptions (127)—(138) and the Sobolev inequality imply that>

1
rP2—2

<C.

R2ryT,,

Hence,
v u (3)
/ / /S r2p74©3®p .k T'p .@kerl"pzd,uSu,‘v,du’dv/
0 uo u,u’

v u (3) 2
N I

vo Jug JS,

v u
L

vo Jug JS,

v u 7

e

vo Juo Su,v’

v u
L
+C<80+ )// —du'dv’

uo r2
LA

by Propositions 10.1, 10.2, since k1 < 3.

The quadratic terms arising from (tri + %) pw=T203and (try — Hpu =120,
in E3[p] can be estimated similarly.

2
) dugu,’v,du/dv/

NONE
2’0,

dus, ,du'dv’

. 2
DT, ) dus,, ,du'dv’

3(3) ? /g7
D0, d/,Lsu,’U,dudv

©3®

1
dp,s,,dudv +C<80+ )
Vo

39 Similarly to the ® variables, for Cp, = X try + %,Q actually get rP2 }’)DerVFm‘ < C but for
X, trx — % n, have to use the Sobolev inequality on the outgoing null hypersurfaces and hence lose the

1
power of 2.
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The terms

Z Tp) '1//172’

p1+p2=p

(€))
in E3 |:® p] give rise to quadratic terms of the form

gkl Fm : Z)kz Wm ’

with p; + p> > p and k| + k> < 3. These terms can be treated similarly since

ot 2pr—4 k
2 D 2
/ / /S ' ‘ 1/[ ?
vo Jug JS,

by Proposition 9.3.
The quadratic terms arising from

Z Upy '7;?27

p1+p2zp

u'v

2 1
dus, du'dv <C <80 + —> ,
v

are also similar using Proposition 8.1.
The terms

Z hPI '97;72’

p1+p2=p

(3)
in E3 |:® p] give rise to terms of the form

hpy - DX Ty,
3)
in E3 [@3(9,,} with p; + p» > p, k' < 4. For these,

v u (3) ,
/ / f r2P=49%0, - h,, O Tpydps,, ,du'dv'
vo Jug JS,

v oopu
L

vo Jug JS,

v oopu
<L

vy Jug Su,v’
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v u
. ’
e[ [] o,
vo Juo Su,v’
v u
v Juo Su,v’

by Proposition 8.1.

2
dus, ,du'dv’

NoNE o I
D0, d,usu,_v,dudv +Cleg+— ),

Vo

Consider now the linear term %@3 W appearing in E3 [@3 E]' Recall that p = ©3

2r=4 = 2 and,

v u 1
/ / / o3 - —©3MdMSu/ ydu'dv
vo Jug JS, - r '

v u
<[ [ Pl o uPdus, iy
vo Jug JS, - ’

Sor

Now,

v u
[ [ ] mukdus, avas
vo Jug JS '

u,v’

v 1 u
S/ T/ / V2|©3M|2dﬂs/ Jdu'dv’
w 2 L Js,
v 1 ,

C

IA

v (U/)z
C

< —.
Vo
. . . RO . .
The other linear principal terms in E3 | ©°® , | arising from the other linear term in

E3 [&] the linear term in E3 [VW (tr x+ %)] and the linear terms arising from the

commutation can be treated similarly. These are actually even easier as they appear
with an additional factor of % Hence,

v
[,
vo JS,
vopu
([ L],
vo Jug /)

u' v

3(3) ? /
0 @1, du,su.v,dv

NONE
%0,

1
dMSu/ v,du’dv’ + &0 + —) .
. Vo

This is true for all ug < u’ < u hence, by the Gronwall inequality,

v
/ / r2p_4
vg JS, ./

1,V

NONE
90,

1
dﬂSu v,dv’ <C <80 + —> .
, Vo
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The estimate,

v
v ’

u,v

02y

1
dps, ,dv' < C (80 + —) :
, ”

is obtained in exactly the same way. Note that the 7V, r Yo' terms which appear in
E3[k] will only give rise to terms involving D2 (r¥)?w and ©%(rV)?w' in E3[D%r V]
which can be controlled by the bootstrap assumptions (127)—(138). At the principal
order, w and " do not appear otherwise.

4)
Consider now the ® variables. Recall the renormalisation of Remark 3.2,
4) 4)
Y4 (rl’©3®p> =rPEy [@3(9,7} :

and hence that

2 2
“ “ “ 2 )
V4 (rzf’—2 9’0, ) =270, - E4 [@3@),,} -2 D0,
r
@
By equation (121) with h = r2P~2 |D?3 ®,| then get
2 2
(G “
/ PP 2D0,| dus,, = / PP D0, dus,

u,v u’,vy

v “4) “)
+/ / 2,,217—2@3@1) - Ey4 |:©3®pj| d,ugu,.v,dv’,
V0 i

u’ v

@
where (tr X — %) .30 p = I'2 - ©), has been absorbed into the error. Integrating in
u’ gives,

u
/ / r2p_2
uo W,

! v 2p—2 3(4) 3(4) /3.7
<C 80+/ / / 2P0, - E4 | D70, dus, ,dvdu .
uoy V0 ' v

(G
Since E4 |:’D3 ® p:| is schematically like L most of the error terms are estimated

3@ ? /
D0, dMSu/,vdu

rp+2 ’

in exactly the same way as before (when the weight was r2?~%) by

u v
([ ]
ug Jvo ’

u' v

)
D30

2
1
p| dus, ,dv'du’ +eo+ —) .
, %

Some care, however, needs to be taken with the pricipal linear terms and especially
with the %rWa) termin E4 [r¥ (trx — %)]
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Consider first the % p term in Eg[p]. Since p = ©3 this will give the following
error term,

u v
1
/ / / r2©3u-—©3,udu5u,vdv/du’
uo Juo JS,, ro - '

v

u v 1 3
< f / / Pl + r2 |9 uldus,, dv'du’
ug Jvo W/,

v

u v
1
< f / / 2D dus, dv'du’
up Jvo JS,, '

v

1 /u/v/ 213,12 /g7
+ — re|®O7nl*dus , dvdu
\/U_O ug Jvg / - o

u’ v

</M/U[ Y03 dus, dv'du + -C
e r n /-’LS/, vau gy}
ug Juo / o A/ V0

u v

Hence

u
[ ] rturdus,
ug JS,/ ., '
u v 1 1
<C /// r7|333,u|2dusu,udv/du’+8o+—
uo 0 u/,v ’ \/UO

! 1 ! 213,12 /g7 1
<C 3 ro®’pl"dps, dvdu + e+ —1|,
vo (v/)f uo W, ’ «/v_()

v

and so the Gronwall inequality implies,

u
/ / P10 uldus, du’
ug Su/,v '

< Cexp (/U( l)3dv/> (eo—i—\/%_())
vo (V)2

Consider now the %rVa) termin E4 [rV (try — %)] If D3 = ©%rY or ©2Y5 then
similarly get

! Y 23 2 2 3 /g7
D ry oy — =) =D’ rYodus, dv'du
ug Jvg / r r e

D3y <trx - %>
,

u v 1
<L
up V0 /
2
D3ry <trx——>
-

2
3
+r2 |@3r77w|2dugu, vdv/du/

u,v

u v 1
uo Jvo u'

)}

2

C
dus, dv'du + —,
u' v \/%
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using the bootstrap assumptions (127)—(138) for ®2(r¥)%>w and D?Y¥3rYw. Using
the Gronwall inequality then again gives,

/“/ P2 D3y (tr)( - %)

Suppose now that ©3 = ©2r V4. This derivative of r ¥ (tr X — %) is estimated from
the propagation equation directly,

D%rYary (tfx - %) = D2 <— (trx - %) ry (trx - %) - % (trX - %)
wwfr(o-3))

Note that there are no principal terms on the right hand side (all involve at most 3
derivatives) and, since they all decay like r%, by Propositions 10.1, 10.2 and 8.1,

u
uo W/,

v

2
1
dus, du/§C<8o+—>.

2
dus, vdu’ <C (80 +

D2 rYury <trx — %)

)

11.4 Top Order Estimates for Ricci Coefficients

In order to estimate the remaining Ricci coefficients at the top order, the following
estimates for the Gauss curvature of the spheres is required.

Proposition 11.6 For any x € A, ifu = u(x), v = v(x) then, fork = 0, 1,2, the
Gauss curvature of the sphere S, , satisfies,

r4/ Dk <K — i)
S r?

Proof Recall the Gauss equation (49), which can be rewritten,

Lo s 1 t 2 t +2 (142)
=—Xx-X—-|trx — - T -
2 T LT\ LTy

+ : t 2 1 t +2 +1T
— |ty ——)——|(tr o =7 '34.
2r X r 2r X r p 234

If k < 1 then, since 7’34 = 74, Proposition 8.1 implies that

2
dus,, = C.

C
DT 34| < e
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hence
C
r4/ 1D T34 Pdps, , < —4/ dus,, = C.
Suw 7 JSu ’

For k = 2, first recall that Proposition 8.1 implies that

f PO T 3P dpymy + f P03 uPdpymy < C,
v=v’ v=v’

for all vy < v’ < oco. Hence

J

v’ Su(),v

u
612 2
au/ / r |© T34| dl’LSu/,U/
uoy ' v

<cC ( f o227 34 + r6|©3734|2duv:1,/)
v=v’

<C.

r6|©2T34|2d,bLSu.U/ - / r6|@2T34|2dMSMO.U/

/

Similarly, since
f r*19%plPdps,, < C.
v=0’

fork =0, 1, 2, 3, one obtains,

/ 0 plPdus, , < C.

SM.U

fork =0,1,2.

Similarly for the Ricci coefficient terms on the right hand side of (142), one can
easily check that each has the correct decay to be controlled after being multiplied
by r* and integrated on the spheres. Moreover, once 3 derivatives have been taken, in
the nonlinear terms there will be at most one factor involving 3 derivatives and so the
other terms can be estimated in L* as in Sections 9 and 10. Hence

1 2
r4/ ©k<K——2>
S, r

dus,, = C.
Proposition 11.7 Let & be a totally symmetric (0, j 4+ 1) Sy, tensor such that

divé =a, crlE =b, €& =c,

and assume that the bounds on the Gauss curvature of Proposition 11.6 hold. Then,
forl <k <4
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k—1
1YY &l 2, ) < C[Z (||r(rv>"a||Lz(Su_v) + 1r V) bl )

i=1

+ ||(VW)iC||L2(S,,’U)) + 11§ ||L2(Su,v):|’

where, if j = 0, then tr§ is defined to be 0.

Proof The following identity is satisfied by &, a, b, c,
/ VER + G + DKIEPds,, = / a4 b2 + jKlclPdps, . (143)
Suv v

where K is the Gauss curvature of S, ,. See Chapter 7 of [9].
By Proposition 11.6 and the Sobolev inequality,

C
K| < =,
r

uniformly. This immediately gives the estimate for k = 1 after multiplying the identity
(143) by r2.
For k = 2, note that the symmetrised angular derivative of &,

Jj+1
WBSA]...AjJr] + ZWA,'EA]...A,',lA,'+1...Aj+1 s

i=1

1

K _

(VS)BAL,.AJ'_H - ]+2
satisfies

p s __ s 1 * K . _ 2K s
div(Y€)* = (Ya) _j+2( Vb)' + (j + DKE —j+1(g® c)

(76 = L wpy + (G + DR ey
Jj+2

2 J
(V€)' = ——a+ ——(Yo)°,
(V§) [T R 2( )
where,
1 Jj+1
K B
(*Vb)YA]...Aj+| = m Z¢A,‘ WBbAl~-~Ai71Ai+l~~-Aj+1’
i=1
and
(g ®S C)A]...Aj+1 = Z gAiAchlA..A,‘,1A,'+1.“A1,1A1+1..AAjJr] .
i<l=2,...,j+1
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Again see Chapter 7 of [9].
The identity (143) then gives,

V€12, < CLIKAVEP + lal* + 1Y, ) + 1Val?s
(Su,v) . (Su,v)
2 2 2
+ ”Wb”LZ(Su,u) + ”KEHLZ(SL"U) + ||KC||L2(Su,v)i|
1 2 2 2 2
< C[Tz (1765, )+ laldags, , + 1Veldags, ) + 1Vala,

1
V0I5, )+ =7 (160 2, ) + el s, ) ]

again using | K| < r% Multiplying by #* and using the k = 1 estimate then gives the
estimate for k = 2.
For k = 3 can similarly compute (Y (Y£)*)* to get

2

1 ) .
1Y€ 1725, < c(Z [rw (1Y al2zs, ) + 1Y BI2 s, )

i=0

1 . .
+ r6_2i (”WlC”iZ(Su,v) + ”Wl‘?”iZ(Sul))]
+ ”(VK)i:”i2(Suv) + ”(WK)CH%Z(S“,U))'
By the Sobolev inequality,

IOVEENT 25, ) < 18 170es, IV K 172, )

2
c 2 ig2
S ,'_2||WK||L2(SL£.U) ZZ(; ”(rv) %-”Lz(su,v)
C 2
< I VK, ) 2 MOV €Ny,
i=0

C 2
< 32 IOV &Ly,
i=0
Similarly,
C 2
IV K)elZags, ) < o5 D N0V eliag, )
i=0

Inserting this into the above inequality and multiplying by r® gives the result for k = 3.
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Finally, for k = 4, one similarly gets,
3

17*€172s, ><C(Z[ - 2,(W’anm YR )

i=1
8 2i (”Wla”LZ(S W b||L2(S ))i|
1
VK VE s, )+ 1EV K, ) + 5 1EVK s,

1
2
HIVKYellgas, ) + 1V K, )+ 1V K,

2
+ ”aWK”LZ(Su‘v)) .
Using the Sobolev inequality as above get,

1
2
1§V K a5, ) + 5 IEVK g,

1
2
685, (192K s, + 519K )

=
C < 1 1
< 32 MOV Ly, (,—4II<rW>2KIIiz<su,U> + r_4||rWK||2L2(Su,U)>
i=0
2
C .
< 5 2NV €N, )
i=0

by Proposition 11.6. Similarly,
1 c .
1Y KZas, ) + 516V K T2, ) < —g 210V alljag, .
i=0

and,

|aWK”L2(S v) 2 Z ||(VV)lCl||L2(S L)”WK”%'Z(SL{,U)

C ,
<3 Z 1YY aljag, YKz,
i=0

IA

C 2
S 2 eV alia
i=0

@ Springer



Stability of Minkowski Space for Massless Einstein... Page 171 of 177 9

For the remaining terms,

1
IVKYEN72s,,) < gl VElLses, ) IrVK 72, )

3
c i 5112
1=

and
C 3
”WKWC”%‘Z(SM )y = _0 Z |(VW) C||L2(S W)

Inserting into the above estimate and multiplying by r® gives the result for k = 4. O

If £ is a symmetric trace free (0, 2) S, tensor then it suffices to know only its
divergence.

Proposition 11.8 Let & be a symmetric trace free (0,2) S, ., tensor such that

divé = a,

and assume that the bounds on the Gauss curvature of Proposition 11.6 hold. Then,
forl <k <4

k—1

1YY EllLs,,) < C[Z IV alla, ) + usnm,w]-

i=1
Proof This follows from the previous proposition since,

cyrlé = *a,

which follows from the fact that £ is a symmetric trace free (0, 2) S, , tensor. O

These elliptic estimates can be used to recover the remainder of the bootstrap
assumptions (127)—(138) for Ricci coefficients at the top order.

Proposition 11.9 For any x € A”, if u = u(x), v = v(x) then, fork =0, 1,2, 3,

u 2 1
/ / r? ‘Dkrv)? dus, du' < C (8() + —) ,
’ v ! v()
—2 k
f / ‘D ryx dus dv' < C( )
k 2 1
/ / ‘D r¥n| dus, du’SC(eo—i——),
ug JS,, e vo
v
L1 (0 5;)

2
rvﬂ dMSu.v’dv/ = c
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and fork =0, 1,2,

v 2 1
/ / P [0 0| dus, v < (80 + —) ,
vo JS, ' vo

Y 2 |k 2 , 1
/ f r ’@ YVirYo| dus, ,dv' < C e+ — ),
vy JS ’ vo

u, v’

v 2 1
/ f r? ‘@k(ry?)%* dus, ,dv' < C (80 + —) )
) va/ “ Vo

Proof Consider first ¥ . Recall the Codazzi equation (50), which can be schematically
written,

. 1 2
divy = ;I’W (tr)( — ;) + Z (hp, +Tp)-Tp, + Z Wpr +Tpy)-

p1+p2>3 e

Hence, if D% = (r¥)¥, Proposition 11.8 immediately gives the result by Propositions
10.1,10.2,9.3, 8.1, and 11.5.

If ©% = (r¥)*~1¥3 one has to commute the equation by Y3. By Lemma 3.5 this
will only generate terms (with good r weights) which have already been estimated in
Propositions 10.1, 10.2, 9.3, 8.1. Since Y3 is still a symmetric trace free (0, 2) Suv
tensor, can again apply Proposition 11.6 to get,

! 2 JaE , 1
/ / r )(FW) Vax‘ dus, du” = C| e+ —
o u' v ' vo

One of the rY can be commuted with ¥3. Again this will only generate error terms
which ahve already been estimated.

The same procedure works for general D as commuting the Codazzi equation with
rY will also only produce terms which have already been estimated.

Consider now x. This is estimated in exactly the same way using the other Codazzi
equation (51), B

1 2
divy = ;rW (tri‘*‘ ;) + Z (hpy +Tp) - Tp, + Z Ypy +Vpo),

pit+p2=3 p1>2

Propositions 10.1, 10.2,9.3, 8.1, and the estimate for D3y (trl + %) on the outgoing

null hypersurfaces from Proposition 11.5.
Consider now 7, n. They satisfy the following div, curl systems,

. 1. . 1, .
dvn=s%-X—p—n alln=0—--FA%
' 1, . r, .

dvn=s%-X—p—p ollp=-3Ag—o
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and so can be estimated exactly as x, z , now using Proposition 11.7. Recall that we
settr§ =0if & isan S, , one form.
Finally, since

Kk =Yo+ VYo' +§8,
by definition, Y and Yo' satisfy the div, cyrl systems,

divVw = divk — div, crlYw = 0,
divVe' = cirlc — cyrlp, crlYo' =0,

and so ©2(rY)%w and D>(rY)?w' can be estimated similarly.
Finally, for ®?Y3r Y o, recall that o satisfies the propagation equation,

1
Vo =2n-n=n* = p = 5T
Commuting with ¥ this gives, by Proposition 3.5,

1
VarYo =20 -n+2n-¢¥Yn) =2n- V) —r¥p = 5r¥734

1 N
+r(2n-g—IQ|2—0—5T34>(U+Q)—g~rY7w

1 2
- = (tr)( + —) rYo.
2\ = r

The estimate for ©2 Y 3r Yo follows by applying 2 to the right hand side, multiplying
by r2, integrating over the constant u hypersurfaces and applying Propositions 10.1,
10.2,9.3, 8.1. O

Now the bootstrap assumptions (127)—(138) have been recovered with better con-
stants and hence, provided &, v are taken suitably small then A” C Ais open, closed,
connected, non-empty, and hence .A” = A. The remaining bootstrap assumptions of
Section 5, (70), (71) can now be recovered.

Proposition 11.10 If x € A, and if u = u(x), v = v(x), then,

v 1
f / r 2D YbPdus, dv' < C (so + —) ,
Vo / ’ vo

u,v

and

[ fewre-r)

2 1
dusu, vdu/ <C <8() + —) .
. vo

@ Springer



9 Page 174 of 177 M. Taylor

Proof The proof of the first estimate is identical to that of Proposition 11.5 using the
propagation equation,

1 2 1
W3b=2(n#—ﬁ#)+z#-b+§(trl—i-;)b—;b.

For I — I'°, the propagation equation in the outgoing direction (125) is used. The
commuted equation will take the form,

Vatr) (1= 1) 4 3ux 090 (F = 1) = Ea [0 (7~ 1))

where, by Propositions 10.1, 10.2, 9.3, 8.1, 11.5 and 11.9, an argument identical to
that in the proof of Proposition 11.5 can be used to show that,

/uf / (VW)3 (F - ]7‘0) - Ey I:(I‘W)3 (F _ FO)] dMSu/ v,dv'du’ <C (8() i l) .
up J v ;o ) %

u',v

It follows that,

2
Y4 (\WP (- 1) ) = 0V (F = 1) - (—rx oY) (7 = 7°)
2B [0 (F = 19) ).

and hence, using the identity (121),

/v: /;M ‘(rW)3 (U 170)‘261“5“7” < /S ‘(FV)3 (¥ - 1)

u,v(

+ / 0 /S rv)* (¥ —7°) - Eq [(rW (v - V°)] dps, ,dv'.

2
dis,

The result follows by integrating in u. O

12 The Last Slice Argument and the End of the Proof

The proof of Theorem 5.1 follows from Theorem 5.2 together with the following
two local existence theorems, whose proofs are not discussed here, via a last slice
argument. The structure of the last slice argument is outlined below.

Theorem 12.1 (Local existence for the Cauchy problem for the massless Einstein—
Vlasov system [4,6,30]). Given a smooth initial data set (X, go, k, fo) for the massless
Einstein—Vlasov system (satisfying constraint equations) there exists a unique smooth
maximal Cauchy development satisfying the massless Einstein—Vlasov system such
that ¥ is a Cauchy hypersurface with induced first and second fundamental form
80, k respectively and f|p|s = fo.
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NS
t=t"+¢
Q
e, t=t* S
N 4
2 \J
Z

Fig. 4 The solution to the mixed Cauchy, characteristic initial value problem when t* < u ¢ 4 vg

Theorem 12.2 (Local existence for the characteristic initial value problem for the
massless Einstein—Vlasov system). Given smooth characteristic initial data for the
massless Einstein—Vlasov system (satisfying constraint equations) on (what will
become) null hypersurfaces N1, Ny intersecting transversely at a spacelike surface
S = N1 N Ny, there exists a non-empty maximal development of the data, bounded in
the past by a neighbourhood of S in N1 N N».

The analogue of Theorem 12.2 for the vacuum Einstein equations is a result of
Rendall [28]. For the Einstein—Vlasov system see also [5,11].

Suppose that &g, Ui and the bootstrap constant C satisfy the smallness assumption
of Theorem 5.2. Define the function ¢ := v + u, and the hypersurfaces X, = {r =
'} N{ug <u <ug,vo < v < oo}. Whenever the bootstrap assumptions on b and
1 - é hold (see Section 5), clearly dt is timelike and hence the surfaces %, are
spacelike. For a given time ¢, define the region,

M={ug<u<uginim=<v<oo}n (J =y,

to<t’'<t

where 79 = vg + ug. Let t* denote the supremum over all times ¢ such that a smooth
solution to the massless Einstein—Vlasov system (1)—(2) exists in the region M«
attaining the given data on ({u = up} U {v = vo}) N U10§t<t* %, and, for any u’, v
with u’ 4+ v' < r*, the bootstrap assumptions (66)—(71) hold for all u, v with ug <
u < u',vp < v < v. Such a time clearly exists by Theorem 12.2, provided & is
sufficiently small.*

The aim is to show that t* = o0, so suppose for contradiction that t* < co. From
the bounds (66)—(71), which hold in for u, v in the regions ug < u < u',vo <v <V’
uniformly forall u’, v’ such thatu’ +v’ < t*, higher regularity bounds can be obtained
from the equations via commutation, the equations being essentially linear at this stage
(this is carried out in detail in arelated setting in Chapter 16.2 of [9]). Hence the solution
extends smoothly to X+, providing Cauchy data for the Einstein equations on X;+.
Using this Cauchy data together with the characteristic data on {# = u¢} (and possibly

40 The transformation from harmonic coordinates to double null coordinates is carried out in detail in a
related setting in Chapter 16.3 of [9].
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the characteristic data on {v = vo} if #* < u ¢ 4 vg), Theorem 12.1 and Theorem 12.2
imply that a smooth solution to the mixed Cauchy, characteristic initial value problem
exists in the region M=y, for some small ¢ > 0. This is depicted in Figure 4.

Since the bootstrap assumptions (66)—(71) hold in ug < u < u’,vg < v < v/ for
all u’, v such that u’ + v' < ¢*, Theorem 5.2 implies they in fact hold with the better
constant % Then, taking ¢ smaller if necessary, by compactness of 3+ and continuity
they will hold for all u’, v" with u’ + v’ < t* 4 & (with constant C). This contradicts
the maximality of #* and hence the solution exists in the entire region.
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