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Abstract

The currently preferred models of the universe undergo accelerated expansion induced by
dark energy. One model for dark energy is a positive cosmological constant. It is consequently
of interest to study Einstein’s equations with a positive cosmological constant coupled to
matter satisfying the ordinary energy conditions; the dominant energy condition etc. Due
to the difficulty of analysing the behaviour of solutions to Einstein’s equations in general,
it is common to either study situations with symmetry, or to prove stability results. In the
present paper, we do both. In fact, we analyse, in detail, the future asymptotic behaviour of
T3-Gowdy symmetric solutions to the Einstein-Vlasov equations with a positive cosmological
constant. In particular, we prove the cosmic no-hair conjecture in this setting. However, we
also prove that the solutions are future stable (in the class of all solutions). Some of the
results hold in a more general setting. In fact, we obtain conclusions concerning the causal
structure of T2-symmetric solutions, assuming only the presence of a positive cosmological
constant, matter satisfying various energy conditions and future global existence. Adding the
assumption of T3-Gowdy symmetry to this list of requirements, we obtain C°-estimates for
all but one of the metric components. There is consequently reason to expect that many of
the results presented in this paper can be generalised to other types of matter.

1 Introduction

At the end of 1998, two research teams studying supernovae of type Ia announced the unexpected
conclusion that the universe is expanding at an accelerating rate; cf. [27, 18]. After the obser-
vations had been corroborated by other sources, there was a corresponding shift in the class of
solutions to Einstein’s equations used to model the universe. In particular, physicists attributed
the acceleration to a form of matter they referred to as 'dark energy’. However, as the nature of
the dark energy remains unclear, there are several models for it. The simplest one is that of a
positive cosmological constant (which is the one we use in the present paper), but there are several
other possibilities; cf., e.g., [24, 25, 26] and references cited therein for some examples. Combining
the different observational data, the currently preferred model of the universe is spatially homoge-
neous and isotropic (i.e., the cosmological principle is assumed to be valid), spatially flat, and has
matter of the following forms: ordinary matter (usually modelled by a radiation fluid and dust),
dark matter (often modelled by dust), and dark energy (often modelled by a positive cosmological
constant). In the present paper, we are interested in the Einstein-Vlasov system. This corresponds
to a different description of the matter than the one usually used. However, this system can also
be used in order to obtain models consistent with observations; cf., e.g., [31, Chapter 28]. In fact,
Vlasov matter has the property that it naturally behaves as radiation close to the singularity and
as dust in the expanding direction, a desirable feature which is usually put in by hand when using
perfect fluids to model the matter.

The cosmic no-hair conjecture. The standard starting point in cosmology is the assumption
of spatial homogeneity and isotropy. However, it is preferable to prove that solutions generally



isotropise and that the spatial variation (as seen by observers) becomes negligible. This is expected
to happen in the presence of a positive cosmological constant; in fact, solutions are in that case
expected to appear de Sitter like to observers at late times. The latter expectation goes under
the name of the cosmic no-hair conjecture; cf. Conjecture 11 for a precise formulation. The
main objective when studying the expanding direction of solutions to Einstein’s equations with a
positive cosmological constant is to verify this conjecture.

Spatial homogeneity. Turning to the results that have been obtained in the past, it is natural to
begin with the spatially homogeneous setting. In 1983, Robert Wald wrote a short, but remarkable,
paper [40], in which he proves results concerning the future asymptotic behaviour of spatially
homogeneous solutions to Einstein’s equations with a positive cosmological constant. In particular,
he confirms that the cosmic no-hair conjecture holds. What is remarkable about the paper is the
fact that he is able to obtain conclusions assuming only that certain energy conditions hold and that
the solution does not break down in finite time. Concerning the symmetry type, the only issue that
comes up in the argument is whether it is compatible with the spatial hypersurfaces of homogeneity
having positive scalar curvature or not; positive scalar curvature of these hypersurfaces sometimes
leads to recollapse. The results should be contrasted with the case of Einstein’s vacuum equation
in the spatially homogeneous setting, where the behaviour is strongly dependent on the symmetry
type. Since Wald does not prove future global existence, it is necessary to carry out a further
analysis in order to confirm the picture obtained in [40] in specific cases. In the case of the
Einstein-Vlasov system, this was done in [13]. It is also of interest to note that it is possible
to prove results analogous to those of Wald for more general models for dark energy; cf., e.g.,
[24, 25, 26, 14].

Surface symmetry. Turning to the spatially inhomogeneous setting, there are results in the
surface symmetric case with a positive cosmological constant; cf. [37, 38, 39, 15], and see [22] for
a definition of surface symmetry. In this case, the isometry group (on a suitable covering space)
is 3-dimensional. Nevertheless, the system of equations that result after symmetry reduction is
1 + 1-dimensional. However, the extra symmetries do eliminate some of the degrees of freedom.
Again, the main results are future causal geodesic completeness and a verification of the cosmic
no-hair conjecture.

T2-symmetry. A natural next step to take after surface symmetry is to consider Gowdy or
T2-symmetry. That is the purpose of the present paper. In particular, we prove future causal
geodesic completeness of solutions to the T3-Gowdy symmetric Einstein-Vlasov equations with a
positive cosmological constant (note, however, the caveat concerning global existence stated in
Subsection 1.1). Moreover, we verify that the cosmic no-hair conjecture holds. It is of interest to
note that most of the arguments go through under the assumption of T2-symmetry. However, in
order to obtain the full picture in this setting, it is necessary to prove one crucial inequality, cf.
Definition 1, which we have not yet been able to do in general.

Stability. A fundamental question in the study of cosmological solutions is that of future stability:
given initial data corresponding to an expanding solution, do small perturbations thereof yield
maximal globally hyperbolic developments which are future causally geodesically complete and
globally similar to the future? In the case of a positive cosmological constant, the first result was
obtained by Helmut Friedrich; he proved stability of de Sitter space in 3 + 1 dimensions in [10].
Later, he and Michael Anderson generalised the result to higher (even) dimensions and to include
various matter fields; cf. [11, 1]. Moreover, results concerning radiation fluids were obtained in
[16]. However, conformal invariance plays an important role in the arguments presented in these
papers. As a consequence, there seems to be a limitation of the types of matter models that
can be dealt with using the corresponding methods. The paper [28] was written with the goal
of developing methods that are more generally applicable. The papers [29, 36, 32, 34, 35, 12], in
which the methods developed in [28] play a central role, indicate that this goal was achieved. In
fact, a general future global non-linear stability result for spatially homogeneous solutions to the
Einstein-Vlasov equations with a positive cosmological constant was obtained in [31], the ideas
developed in [28] being at the core of the argument. In the present paper, we not only derive



detailed future asymptotics of T?-Gowdy symmetric solutions to the Einstein-Vlasov equations
with a positive cosmological constant. We also prove that all the resulting solutions are future
stable in the class of all solutions (without symmetry assumptions).

Outlook. As we describe in the next subsection, some of the results concerning T3-Gowdy
symmetric solutions hold irrespective of the matter model (as long as it satisfies the dominant
energy condition and the non-negative pressure condition). As a consequence, we expect that it
might be possible to derive detailed asymptotics in the case of the Einstein-Maxwell equations
(with a positive cosmological constant), and in the case of the Einstein-Euler system (though the
issue of shocks may be relevant in the latter case). Due to the stability results demonstrated in
[36, 32, 34, 35], it might also be possible to prove stability of the corresponding solutions.

1.1 General results under the assumption of T?-symmetry

T2-symmetry. In the present paper, we are interested in T?-symmetric solutions to Einstein’s
equations. There are various geometric ways of imposing this type of symmetry (cf., e.g., [7, 33]),
but for the purposes of the present paper, we simply assume the topology to be of the form I x T3,
where I is an open interval contained in (0,00). If §, z and y are ’coordinates’ on T? and ¢ is the
coordinate on I, we also assume the metric to be of the form

g =t"Y2A2(—dt? + a7 d0?) + tel [dx + Qdy + (G + QH)db)? + te~F'(dy + HdO)?, (1)

where the functions a > 0, A\, P, Q, G and H only depend on ¢ and 8; cf., e.g., [33]. Note that
translation in the x and y directions defines a smooth action of T? on the spacetime (as well as
on each constant t-hypersurface). Moreover, the metric is invariant under this action, and the
corresponding orbits are referred to as the symmetry orbits, given by {t} x {#} x T?. Note that
the area of the symmetry orbits is proportional to ¢. For this reason, the foliation of the spacetime
corresponding to the metric form (1) is referred to as the constant areal time foliation. The case
of T3-Gowdy symmetry corresponds to the functions G’ and H being independent of time; again,
there is a more geometric way of formulating this condition: the spacetime is said to be Gowdy
symmetric if the so-called twist quantities, given by

J = €aprs XYPVIX? | K = e0psXYPVIY?, (2)

vanish, where X = 0, and Y = 0, are Killing fields of the above metric and e is the volume form.
A basic question to ask concerning T?-symmetric solutions to Einstein’s equations is whether the
maximal globally hyperbolic development of initial data admits a constant areal time foliation
which is future global. There is a long history of proving such results. The first one was obtained
by Vincent Moncrief, cf. [17], in the case of vacuum solutions with T3-Gowdy symmetry. The case
of T?-symmetric vacuum solutions with and without a positive cosmological constant have also
been considered in [8] and [5] respectively. Turning to Vlasov matter, [2] contains an analysis of
the existence of foliations in the T3-Gowdy symmetric Einstein-Vlasov setting. The corresponding
results were later extended to the T2-symmetric case in [3]. However, from our point of view, the
most relevant result is that of [33]. Due to the results of this paper, there is, given T2-symmetric
initial data to the Einstein-Vlasov equations with a positive cosmological constant, a future global
foliation of the spacetime of the form (1). In other words I = (to,00). Moreover, if the distribution
function is not identically zero, then tq = 0. Finally, if the initial data have Gowdy symmetry,
then the same is true of the development. Strictly speaking, the future global existence result in
[33] is based on the observation that the argument should not be significantly different from the
proofs in [5, 8, 3]. It would be preferable to have a complete proof of future global existence in
the case of interest here, but we shall not provide it in this paper.

Results. Turning to the results, it is of interest to note that some of the conclusions can be
obtained without making detailed assumptions concerning the matter content. For that reason,
let us, for the remainder of this subsection, assume that we have a solution to Einstein’s equations



with a positive cosmological constant, where the metric is of the form (1), the existence interval
I is of the form (tg,00) and the matter satisfies the dominant energy condition and the non-
negative pressure condition; recall that the matter is said to satisfy the dominant energy condition
if T'(u,v) > 0 for all pairs u,v of future directed timelike vectors (where T is the stress energy
tensor associated with the matter); and that it is said to satisfy the non-negative pressure condition
if T(w,w) > 0 for every spacelike vector w. To begin with, there is a constant C' > 0 such that
a(t,f) < Ct=3 for all (t,0) € [to+2,00) xSt; cf. Proposition 42. In fact, this conclusion also holds
if we replace the cosmological constant with a non-linear scalar field with a positive lower bound;
cf. Remark 43. One particular consequence of this estimate for a is that the 6-coordinate of a
causal curve converges. Moreover, observers whose #-coordinates converge to different 6-values
are asymptotically unable to communicate. In this sense, there is asymptotic silence. In the case
of Gowdy symmetry, more can be deduced. In fact, for every e > 0, there is a T' > ¢y such that

3
A(t,0) > =3Int+2In| — | —
(t,6) > nt+2In < 1 A) €
for all (¢,0) € [T, 00) x S; cf. Proposition 44. This estimate turns out to be of crucial importance
also in the general T2-symmetric case. For this reason, we introduce the following terminology.

Definition 1. A metric of the form (1) which is defined for ¢ > ¢y for some o > 0 is said to have
A-asymptotics if there, for every € > 0, is a T' > t( such that

3
> -3l 2In{ — | —
At,0) > —3Int+21In <4A> €

for all (¢,0) € [T, 0) x St.

Remark 2. All Gowdy solutions have A\-asymptotics under the above assumptions; cf. Proposi-
tion 44.

Proposition 3. Consider a T?-symmetric solution to Einstein’s equations with a positive cos-
mological constant. Assume that the matter satisfies the dominant energy condition and the non-
negative pressure condition. Assume, moreover, that the corresponding metric admits a foliation
of the form (1), on I x T3, where I = (ty,00) and to > 0. Finally, assume that the solution has
A-asymptotics and let t1 =ty + 2. Then there is a constant C' > 0 such that

3
: Int —2In — < —1/2
H)\(t, )+3Int nox W = Ct=/=,
32 a2 (1)) +1Q( )leo + [Pt ) o < C,
1He(8, e+ 1Ga(t ) < CE3/2

for all (t,0) € [t1,00) x S*.

Remark 4. The choice t; =ty + 2 may seem unnatural. However, we need to stay away from ¢
(since we do not control the solution close to ty). Moreover, in some situations we need to know
that Int is positive and bounded away from zero. Since tg = 0 for most solutions, it is therefore
natural to only consider the interval ¢ > ty + 2 in the study of the future asymptotics.

Remark 5. If h is a scalar function on S!, we use the notation

) = 5= [ nas 3)

Sometimes, we shall use the same notation for a scalar function h on I x S*. In that case, (h) is the
function of ¢ defined by (h(t,-)). Finally, if p € R?, we shall also use the notation (p). However,
in that case, (p) = (1 + [p|?)'/?; cf. Remark 19.



Proof. The statement is a consequence of Lemmas 46, 47 and 48. O

In particular, in the case of a T3-Gowdy symmetric solution, there is asymptotic silence in the
sense that the fxy-coordinates of a causal curve converge, and causal curves whose asymptotic
Oxy-coordinates differ are asymptotically unable to communicate; cf. Proposition 49.

1.2 Results in the Einstein-Vlasov setting

In order to be able to draw detailed conclusions, we need to restrict our attention to a specific
type of matter. In the present paper, we study the Einstein-Vlasov system.

A general description of Vlasov matter. Intuitively, Vlasov matter gives a statistical descrip-
tion of an ensemble of collections of particles. In practice, the matter is described by a distribution
function defined on the space of states of particles. The possible states are given by the future
directed causal vectors (here and below, we assume the Lorentz manifolds under consideration
to be time oriented). Usually, one distinguishes between massive and massless particles. In the
latter case, the distribution function is defined on the future light cone, and in the former case,
it is defined on the interior. In the present paper, we are interested in the massive case, and we
assume all the particles to have unit mass (for a description of how to reduce the case of varying
masses to the case of all particles having unit mass, see [6]). As a consequence, the distribution
function is a non-negative function on the mass shell P, defined to be the set of future directed
unit timelike vectors. In order to connect the matter to Einstein’s equations, we need to associate
a stress energy tensor with the distribution function. It is given by

Ty5(r) /79 Ipapsiip, - (4)

In this expression, P, denotes the set of future directed unit timelike vectors based at the spacetime
point r. In other words, if Tyof € T-M is a future directed timelike vector, then

Pr={veT. M| g(v,v) =—1, g(Trer,v) < 0}.

Moreover, the Lorentz metric g induces a Riemannian metric on P,, and pp, denotes the corre-
sponding volume form; cf. (18) below for a coordinate representation of pp, . Finally, p, denotes
the components of the one form obtained by lowering the index of p € P,. using the Lorentz metric
g. Clearly, it is necessary to demand some degree of fall off of the distribution function f in order
for the integral (4) to be well defined. In the present paper, we shall mainly be interested in the
case that the distribution function has compact support in the momentum directions (for a fixed
spacetime point). However, in Subsections 1.3—1.7 we shall consider a somewhat more general
situation. Turning to the equation the distribution function has to satisfy, it is given by

Lf=0. (5)

Here £ denotes the vector field induced on the mass shell by the geodesic flow; cf. (19) below for a
coordinate representation of it. An alternate way to formulate this equation is to demand that f
be constant along + for every future directed unit timelike geodesic . The intuitive interpretation
of the Vlasov equation (5) is that collisions between particles are neglected. It is of interest to
note that if f satisfies the Vlasov equation, then the stress energy tensor is divergence free. To
conclude, the Einstein-Viasov equations with a positive cosmological constant consist of (5) and

Ein + Ag =TV, (6)

where TV! is given by the right hand side of (4) and A is a positive constant. Moreover,

Ein = Ric — %Sg



is the Einstein tensor, where Ric is the Ricci tensor and S is the scalar curvature of a Lorentz
manifold (M,g). The above description is somewhat brief, and the reader interested in more
details is referred to, e.g., [9, 23, 4, 31].

Vlasov matter under the assumption of T?-symmetry. In the case of T?-symmetry, it is
convenient to use a symmetry reduced version of the distribution function. Introduce, to this end,
the orthonormal frame

eo =t*e N4, e = t1/46_)‘/4a1/2(8g - GO, — HOy),

(7)

2 :t71/2eip/283:a €3 = t71/2ep/2(ay — QO0y:).
Since the distribution function f is defined on the mass shell, it is convenient to parametrise this
set; note that the manifolds we are interested in here are parallelisable (i.e., they have a global
frame). An element in P can be written ve,, where

00 =14 (1) + (0?2) + (v3)HY2

As a consequence, we can think of f as depending on v*, i = 1,2, 3, and the base point. However,
due to the symmetry requirements, the distribution function only depends on the t6-coordinates of
the base point. As a consequence, the distribution function can be considered to be a function of
(t,0,v), where v = (v, v%,v?). In what follows, we shall abuse notation and denote the symmetry
reduced function, defined on I x S' x R?, by f. A symmetry reduced version of the equations is
to be found in Section 2.

Remark 6. In the T?-symmetric setting, we always assume the distribution function f to have
compact support when restricted to constant t-hypersurfaces. Under the assumptions made in the
present paper, f has this property, assuming the initial datum for f to have compact support.

The first question to ask concerning T?-symmetric solutions is that of existence of constant areal
time foliations for an interval of the form (tg,00). However, due to previous results, cf. [33], we
know that T2-symmetric solutions to the Einstein-Vlasov equations with a positive cosmological
constant are future global in this setting (keeping the caveat stated in Subsection 1.1 in mind). In
other words, there is a to > 0 such that the solution admits a foliation of the form (1) on I x T3,
where I = (tg,00). Consequently, the issue of interest here is that of the asymptotics. Unfortu-
nately, we are unable to derive detailed asymptotics for all T?-symmetric solutions. However, we
do obtain results for solutions with A-asymptotics; recall that all T3-Gowdy symmetric solutions
fall into this class.

Theorem 7. Consider a T?-symmetric solution to the Einstein-Vlasov system with a positive
cosmological constant. Choose coordinates so that the corresponding metric takes the form (1) on
I x T3, where I = (to,00). Assume that the solution has \-asymptotics and let t = tg + 2. Then
there are smooth functions ase > 0, Ps, Qoo, Goo and Hoo on S', and, for every 0 < N € Z, a
constant Cn > 0 such that

I H(t,)llon + Gt )lov + [1H(E, ) = Hullon + |G(t, ) = Guolloy < Cnt™2, (8)
Pt Mev + Qi Moy + 1P(t,-) = Paollen +1Q(E, ) = Qeoller < Cnt™h, (9)
a3 g ‘ At + 3 < Cnt™2, (10)
(6% t cN t cN
3
3 —1
[a(t, ) = aos| v + H)\(t,-) +3Int —2In = i < COnt™h  (11)

for allt > t,. Define fs via f(t,0,v) = f(t,0,t='/2v). Then there is an R > 0 such that

Suppfsc(ta ) - Sl X BR(O)



for allt > t1, where Br(0) is the ball of radius R in R3. Moreover, there is a smooth, non-negative
function with compact support, say fsc.co, on St x R3, such that

t”atfsc(ta ')||CN(Sl><R3) + ||fsc(t7 ) - fsc,oo”CN(Sl xR3) < C’Nti1

for all t > ty. Turning to the geometry, let g(t,-) and k(t,-) denote the metric and second funda-
mental form induced by g on the hypersurface {t} x T3, and let Gij(t,-) denote the components of
g(t,-) with respect to the vectorfields 0y = 0p, 02 = 0, and 03 = 0y etc. Then

171955 (t, ) = Goosijllon + [t kij — Hoo,ijllon < Cnt™" (12)

or all t > t1, where H = (A/3)Y/2 and
f ; (

Joo = ‘4A?;*d92 + e [dz + Quody + (Goo + Qoo Hoo)d0]* + e~ (dy + Hoodf)?.  (13)

Moreover, the solution is future causally geodesically complete.

The proof of the above theorem is to be found in Section 10.

It is of interest to record how the spacetime appears to an observer. In particular, we wish to
prove the cosmic no-hair conjecture in the present setting. The rough statement of this conjecture
is that the spacetime appears de Sitter like to late time observers. However, in order to be able
to state a theorem, we need a formal definition. Before proceeding to the details, let us provide
some intuition. Let

gas = —dt* + *'gp, (14)

where H = (A/3)"/? and gp denotes the standard flat Euclidean metric. Then (R?, ggg) corre-
sponds to a part of de Sitter space. It may seem more reasonable to consider de Sitter space
itself. However, as far as the asymptotic behaviour of de Sitter space is concerned, (14) is as
good a model as de Sitter space itself. Consider a future directed and inextendible causal curve in
(R*, gas), say v = (7°,%), defined on (s_, sy). Then 7(s) converges to some Zo € R® as s — s, —.
Moreover, v(s) € Cz, s for all s, where

Cagp = {(t,T) : [T — To| <H e ™}

In practice, it is convenient to introduce a lower bound on the time coordinate and to introduce
a margin in the spatial direction. Moreover, it is convenient to work with open sets. We shall
therefore be interested in sets of the form

Carxr={tz):t>T, |z|<KH e M} (15)

note that Ty can be translated to zero by an isometry. Since we are interested in the late time
behaviour of solutions, it is natural to restrict attention to sets of the form Ci g r for some K > 1
and T > 0.

Definition 8. Let (M, g) be a time oriented, globally hyperbolic Lorentz manifold which is future
causally geodesically complete. Assume, moreover, that (M, g) is a solution to Einstein’s equations
with a positive cosmological constant A. Then (M,g) is said to be future asymptotically de
Sitter like if there is a Cauchy hypersurface ¥ in (M, g) such that for every future oriented and
inextendible causal curve « in (M, g), the following holds:

e there is an open set D in (M, g), such that J=(y) N J*(X) C D, and D is diffeomorphic to
Ca,k,r for a suitable choice of K > 1 and T > 0,

e using ¢ : Cp, k7 — D to denote the diffeomorphism; letting R(t) = KH e " using
gas(t,-) and kqs(t,-) to denote the metric and second fundamental form induced on S; =
{t} x Br)(0) by gas; using g(t,-) and k(t,-) to denote the metric and second fundamental



form induced on Sy by ¥*g (where ¢*g denotes the pullback of g by ©); and letting N € N,
the following holds:

Jim (Jgas(t, ) = g0t Mepg s, + WRas(t ) = B e s,)) =0 (16)

Remark 9. In the definition, we use the notation

N 1/2
- _ _ _im —jnetl S =1 SZL
1Rllex sy = <Sgp E 9dS,i1jy *** 9480151948 Gas Vas - Vashiji Vas - '-Vdshmn>
t =0

for a covariant 2-tensor field h on S;, where Vg4g denotes the Levi-Civita connection associated
with gas(t,-). Note also that, even though R(t) shrinks to zero exponentially, the diameter of S,
as measured with respect to gas(t, -), is constant.

Remark 10. In some situations it might be more appropriate to adapt the Cauchy hypersurface
¥ to the causal curve +; i.e., to first fix v and then X.

The above definition leads to a formal statement of the cosmic no-hair conjecture.

Conjecture 11 (Cosmic no-hair). Let A denote the class of initial data such that the corre-
sponding maximal globally hyperbolic developments (MGHD’s) are future causally geodesically
complete solutions to Einstein’s equations with a positive cosmological constant A (for some fixed
matter model). Then generic elements of A yield MGHD’s that are future asymptotically de Sitter
like.

Remark 12. It is probably necessary to exclude certain matter models in order for the statement
to be correct. Moreover, the statement, as it stands, is quite vague; there is no precise definition
of the notion generic. However, what notion of genericity is most natural might depend on the
situation.

Remark 13. The Nariai spacetimes, discussed, e.g., in [28, pp. 126-127], are time oriented,
globally hyperbolic, causally geodesically complete solutions to Einstein’s vacuum equations with
a positive cosmological constant that do not exhibit future asymptotically de Sitter like behaviour.
They are thus potential counterexamples to the cosmic no-hair conjecture. There is a similar
example in the Einstein-Maxwell setting (with a positive cosmological constant) in [28, p. 127].
However, both of these examples are rather special, and it is natural to conjecture them to be
unstable. Nevertheless, they constitute the motivation for demanding genericity.

Finally, we are in a position to phrase a result concerning the cosmic no hair conjecture in the
T3-Gowdy symmetric setting. The proof of the theorem below is to be found in Section 10.

Theorem 14. Consider a T?-symmetric solution to the Einstein-Vlasov system with a positive
cosmological constant. Choose coordinates so that the corresponding metric takes the form (1) on
I x T3, where I = (tg,00). Assume that the solution has \-asymptotics. Then the solution is
future asymptotically de Sitter like; i.e., the cosmic no-hair conjecture holds.

Remark 15. Recall that all T3-Gowdy symmetric solutions have A-asymptotics.

Remark 16. In the particular case of interest here, the equality (16) can actually be improved
to the estimate

1Gas (7, ) = G(r, Ml em, s,y + kas (T, ) = k(7. )llen, s,y < Cne 27
for all 7 > T and a suitable constant C).

Remark 17. The main estimate needed to prove the theorem is (12). In situations where such
an estimate holds, it is thus to be expected that the solution is future asymptotically de Sitter
like.



1.3 Stability, notation and function spaces

Let us now turn to the subject of stability. Combining Theorem 7 with the results of [31], it turns
out to be possible to prove that the solutions to which Theorem 7 applies are also future stable.
In the present subsection, we begin by introducing the terminology necessary in order to make a
formal statement of this result.

Let (M, g) be a time oriented n+ 1-dimensional Lorentz manifold. We say that (x, U) are canonical
local coordinates if O,0 is future oriented timelike on U and ¢(Oylr, Oilr), 4,5 = 1,...,n, are the
components of a positive definite metric for every r € U; cf. [31, p. 87]. If p € P, for some r € U,
we then define

Zx(p) = =" Oxalr) = [x(r), D], (17)
where p = (p!,...,p"). Note that =, are local coordinates on the mass shell. If f is defined on the
mass shell, we shall use the notation f, = f o =_1. It is also convenient to introduce the notation
px according to =y(p) = [x(r), px(p)], assuming p € P,. With this notation, the measure pup, can
be written
NAGIES

Px,0 © L

where |gy| is the determinant of the metric g, when expressed with respect to the x-coordinates;
tr 2 Pr — P is the inclusion; pg(p) are the components of p with respect to the coordinates x; and
Pr.or(P) = Gx.apP2 (p). The reader interested in a derivation of (18) is referred to [31, Section 13.3].
Let us also note that the operator £ is given by

pp, = vidpy, (18)

80
* Opy,

le' 0 % (e}

with respect to the above coordinates.

In order to proceed, we need to introduce function spaces for the distribution functions. Recall,
to that end, [31, Definition 7.1, p. 87):

Definition 18. Let 1 < n € Z, u € R, (M, g) be a time oriented n + 1-dimensional Lorentz
manifold and P be the set of future directed unit timelike vectors. The space D{°(P) is defined to
consist of the smooth functions f : P — R such that, for every choice of canonical local coordinates
(x,U), n+ 1-multiindex a and n-multiindex 3, the derivative 8;"85 fx (where = symbolises the first
n+ 1 and p the last n variables), considered as a function from x(U) to the set of functions from
R™ to R, belongs to

CIx(U), L2, 5 (R™)]. (20)

Remark 19. The space Li (R™) is the weighted L2-space corresponding to the norm

ez = ([ o nora) (21)

where (p) = (1 + [p|?)'/?; recall the comments made in Remark 5.

Remarks 20. If f € D3°(P) for some p > n/2 + 1, then the stress energy tensor is a well
defined smooth function; cf. [31, Proposition 15.37, p. 246]. Moreover, the stress energy tensor is
divergence free if f satisfies the Vlasov equation.

It is worth pointing out that it is possible to introduce more general function spaces, corresponding
to a finite degree of differentiability; cf. [31, Definition 15.1, p. 234]. However, the above definition
is sufficient for our purposes. The above function spaces are suitable when discussing functions
on the mass shell. However, we also need to introduce function spaces for the initial datum for
the distribution function. If (x,U) are local coordinates on a manifold ¥, we introduce local
coordinates on T'Y by E;(ﬁi&—(dg) = (x(£),p) in analogy with (17). Moreover, if f is defined on
TS, we shall use the notation fy = f o i{l. Let us recall [31, Definition 7.5, p. 89]:



Definition 21. Let 1 <n € Z, y € R and X be an n-dimensional manifold. The space D77 (T'%)
is defined to consist of the smooth functions f : TS — R such that, for every choice of local
coordinates (x,U), n-multiindex o and n-multiindex 3, the derivative 8%85 fx (where Z symbolises
the first n and p the last n variables), considered as a function from X(U) to the set of functions
from R™ to R, belongs to

CR(U), Ly 5 (R™)]-

Remark 22. According to the criteria appearing in Definitions 18 and 21, we need to verify
continuity conditions for every choice of local coordinates. However, it turns out to be sufficient
to consider a collection of local coordinates covering the manifold of interest; cf. [31, Lemma 15.9,
p. 235] and [31, Lemma 15.19, p. 237].

Finally, in order to be able to state a stability result, we need a norm. Recall, to this end, [31
Definition 7.7, pp. 89-90]:

Definition 23. Let 1 <n € Z,0<[€Z, un € R and ¥ be a compact n-dimensional manifold.
Let, moreover, x;, @ = 1,...,j, be a finite partition of unity subordinate to a cover consisting of
coordinate neighbourhoods, say (X;,U;). Then || - || i, is defined by

S

1/2

1 Flla, = D3 [ (@005, € oo (22)

i=1 |a|+|8|<l x; (Uy) XRn
for each f € D (TY).

Remark 24. Clearly, the norm depends on the choice of partition of unity and on the choice of
coordinates. However, different choices lead to equivalent norms. Here, we are mainly interested
in the case ¥ = T3, in which case it is neither necessary to introduce local coordinates nor a
partition of unity.

1.4 The Einstein-Vlasov-non-linear scalar field system

In the present paper, we are mainly interested in the Einstein-Vlasov system with a positive
cosmological constant. However, in the proof of future stability of T3-Gowdy symmetric solutions,
we use two results. First, we use the fact that solutions that start out close to de Sitter space are
future stable. Second, we use Cauchy stability. There are results of this type in the literature.
However, they are formulated in the Einstein-Vlasov-non-linear scalar field setting. In order to
make it clear that the statements appearing in the literature can be applied in our setting, it is
therefore necessary to briefly describe the Einstein-Vlasov-non-linear scalar field system. This is
the purpose of the present subsection.

In 3 + 1-dimensions, the Einstein-Vlasov-non-linear scalar field system can be written

1
Rap = Tap + 5(t1T)gap = 0, (23)
vev a¢—V’o¢ — 0 (24)
Lf 0; (25)

cf. [31, (7.13)—(7.15), p. 91]. In these equations, ¢ € C°(M) is referred to as the scalar field;
V : R — R is a smooth function referred to as the potential; V is the Levi-Civita connection
associated with the metric g; and

Top =T + T

where TV! is defined in (4) and

T3 = VadVsd — | V76V10 + V(9)| gus.
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Assuming V' to be such that V’(0) = 0, it is consistent to demand that ¢ be zero in (24). Moreover,
if ¢ = 0, then T5' = —V(0)g. Letting A = V(0), the equations (23)—(25) then reduce to the
Einstein-Vlasov system with a positive cosmological constant A, assuming V(0) > 0. In order
to prove future stability in the Einstein-Vlasov-non-linear scalar field setting, it is not sufficient
to demand that V’(0) = 0 and V(0) > 0. It is also of interest to know that V”(0) > 0. We
shall therefore make this assumption from now on. Given V such that V/(0) = 0, V(0) > 0 and
V"(0) > 0, it is convenient to introduce

H = (V(0)/3)"* (26)

and

x = V"(0)/H* (27)
cf. [31, (7.9) and (7.10), p. 90]. Note that in the non-linear scalar field setting, we always assume
V(0) to be positive and we equate it with A. In particular, (26) is thus consistent with previous

definitions of H; cf., e.g, the statement of Theorem 7. In case we are interested in the Einstein-
Vlasov system with a positive cosmological constant A, it is sufficient to choose V' to be

V(g) = A+ A¢?. (28)

Then V(0) = A > 0, V/(0) = 0 and V" (0) = 2A > 0. Moreover, H = (A/3)*/? and x = 6. Clearly,
(28) is an arbitrary choice; there are many other possibilities.

Let us now recall the definition of initial data given in [31, Definition 7.11, pp. 93-94] (note that
the dimension n is here assumed to equal 3):

Definition 25. Let 5/2 < u € R. Initial data for (23)—(25) consist of an oriented 3-dimensional
manifold 3, a non-negative function f € QEO(TZ), a Riemannian metric g, a symmetric covariant
2-tensor field k and two functions ¢y and ¢; on 3, all assumed to be smooth and to satisfy

7= kiKY + (trk)? = ¢+ ﬁéoﬁiéo +2V (o) + 20", (29)
le%ji — Vz(trl%) = 4131vi¢30 - ji\/lv (30)

where V is the Levi-Civita connection of g, 7 is the associated scalar curvature, indices are raised
and lowered by g and pV! and J'! are given by (33) and (34) below respectively. Given initial data,
the initial value problem is that of finding a solution (M, g, f, ¢) to (23)—(25) (in other words, an 4-
dimensional manifold M, a smooth time oriented Lorentz metric g on M, a non-negative function
f €D(P) and a ¢ € C°°(M) such that (23)-(25) are satisfied), and an embedding 7 : ¥ — M
such that

Z*g:gv ¢OZ:¢_507 .]?:Z*(fopr;(%]))

and if N is the future directed unit normal and x is the second fundamental form of (%), then
i*k = k and (N¢)oi = ¢;. Such a quadruple (M, g, f, ¢) is referred to as a development of the
initial data, the existence of an embedding i being tacit. If, in addition to the above conditions, i(X)
is a Cauchy hypersurface in (M, g), the quadruple is said to be a globally hyperbolic development.

Remark 26. The map pr;(y, is the diffeomorphism from the mass shell above i(X) to the tangent
space of i(X) defined by mapping a vector v to its component perpendicular to the normal of i(X).

Remark 27. If ¢y = ¢1 = 0, the equations (29) and (30) become
F—kijkV + (trk)? = 2A+2pV, (31)
ﬁj]_fji - ﬁi (trE) = —j,L-Vl. (32)

These are the constraint equations for the Einstein-Vlasov system with a positive cosmological
constant A.
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The energy density and current induced by the initial data are given by

pV'(€) FO)L+ 3, )] fig e, (33)

TeS

JNX) = F(9)3(X. D)z . (34)
TeS
In these expressions, £ € 3, X € T¢Y, fig ¢ is the volume form on T¢X induced by g and p € TgX.
It is important to note that under the assumptions of the above definition, the energy density is a
smooth function and the current is a smooth one-form field on ¥; cf. [31, Lemma 15.40, p. 246].

Given initial data, there is a unique maximal globally hyperbolic development thereof; cf. [31,
Corollary 23.44, p. 418] and [31, Lemma 23.2, p. 398]. The definition of a maximal globally
hyperbolic development is given by [31, Definition 7.14, p. 94]:

Definition 28. Given initial data for (23)—(25), a mazimal globally hyperbolic development of
the data is a globally hyperbolic development (M, g, f, ¢), with embedding i : 3 — M, such that
if (M',¢',f',¢') is any other globally hyperbolic development of the same data, with embedding
i’ : ¥ — M’, then there is a map 1 : M’ — M which is a diffeomorphism onto its image such that

Vg=g v f=fv*¢=¢ and Yoi =i.

It is worth noting that the maximal globally hyperbolic development is independent of the param-
eter . The above discussion of the initial value problem for the Einstein-Vlasov-non-linear scalar
field system is somewhat brief, and the reader interested in a more detailed discussion is referred
to [31, Chapter 7).

1.5 Future stability in the spatially homogeneous and isotropic setting

In the proof of stability of the T3-Gowdy symmetric solutions, we need to refer to [31, Theo-
rem 7.16, pp. 104-106]. However, the statement of this theorem is based on terminology introduced
in [31]. Moreover, in the statement of Theorem 35, we refer to the conclusions of [31, Theorem 7.16].
For this reason, we here provide not only the notational background, but also the statement of
[31, Theorem 7.16]. However, the reader interested in a discussion giving a justification for why
the particular formulation of the theorem is natural is referred to [31, Sections 7.6-7.7].

The rough idea of the statement is to only make local assumptions concerning the initial data and to
derive future global conclusions concerning the solution. Given a 3-manifold ¥, we therefore focus
on a local coordinate patch (x,U). Here U is the neighbourhood in which we make assumptions in
the statement of the theorem. The conditions on the initial data are phrased in terms of Sobolev
norms on U. Given a tensor field T on X, we therefore define

1/2

Soo = X Y % [, i oxtpaz | (35)

i1yets=1J1,..,0r=1|a|<I

In this expression, the components of T are computed with respect to the coordinates X and the
derivatives are taken with respect to x. In what follows, norms of the type ||T|| ;) are always
computed using a particular choice of local coordinates. The choice we have in mind should be
clear from the context. In the formulation of Theorem 29, we also use the notation

1/2

10l 10y = ZZ / 090,05, 05 12z | (36)

4,7=1|a|<l

To measure the local size of the distribution function, we need a weighted Sobolev norm. However,
it is also necessary to allow the freedom to rescale the momentum variable in the definition of the
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norm. Since we have already motivated the need for this rescaling freedom in [31, Subsection 7.6.1,
pp. 100-102], we shall not do so here. Given a constant w, we simply define the local norm for
the distribution function by

1/2

Ay, 0= 2 // )20 e p) 22 o2 o) R 2 (€, p)dédp | . (3T)

e +[B]<!
Here =x are the coordinates on TU associated with X (cf. Subsection 1.3), and fy = f o =2,
Given the above notation, [31, Theorem 7.16, pp. 104-106] takes the following form for n = 3.

Theorem 29. Let 5/2 < p € R and 7/2 < kg € Z. Let V' be a smooth function on R such that
V(©0)=Vy >0, V'(0) =0 and V"(0) > 0. Let H,x > 0 be defined by (26) and (27) respectively
and let Ky > 0. There is an € > 0, depending only on p and V', such that if

o (X,5,k, f,b0,01) are initial data for (23)-(25) with dimX = 3,

x: U — B1(0) are local coordinates with x(U) = B1(0),

e the inequality
le™*gi; — iy < e (38)

holds on U for alli,j = 1,...,n, where K is defined by e = 4/H,

e using the notation introduced in (35) and (36), the inequality

3
ZHznangHko(U) + Hllk — Hgll grro () + Dol mrro+1 (0 Jr7‘1‘71H¢1”H’€0(U) <ee V1 (39)
j=1

holds,

e using the notation introduced in (37), the inequality

Ul oy < M 2T (40)
holds with w = K + Ky,

then the mazimal globally hyperbolic development (M, g, f, ) of the initial data has the property
that if i : ¥ — M is the associated embedding, then all causal geodesics that start in ioX'[By 4(0)]
are future complete. Furthermore, there is a t— < 0 and a smooth map

Y (t-,00) X Bgs(0) = M, (41)

which is a diffeomorphism onto its image, such that all causal curves that start in iox [B1/4(0)]
remain in the image of ¥ to the future, and g, f and ¢ have expansions of the form (42) (55)
in the solid cylinder [0,00) x Bss(0) when pulled back by 1. Finally, (0, €) = iox (&) for
§ € Bs;s(0). In the formulae below, Latin indices refer to the natural Euclidean coordinates on
Bs/5(0) and t is the natural time coordinate on the solid cylinder. Let ¢ = 4x/9,

Apre = { M—-1-0Y% ¢e(0,1)

3 (>1

and Ay = min{1, \pre }. There is a smooth Riemannian metric ¢ on Bs;g(0) and, for every I > 0,
a constant K; such that

[P 2R G (8, ) — 87 || + (e g (t, ) — @il
le™>M =25 9,935t -) — 2H g o

Kl672/\m'Ht’ (42)

<
S Kl€_2>\mHt, (43)
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for every 1 >0 and t > 0. Here % denotes the components of the inverse of 0. Furthermore, C"
denotes the C'-norm on Bs/5(0). Turning to gom, there is a b > 0 and, for everyl > 0, a constant
K; such that

gom (t, ) = Bumll o + 00gom (t, )l < Kie ", (44)
for alll >0 and t > 0, where
S
b = 50 %im; (45)

and Yim; denote the Christoffel symbols of the metric g, given by
1., _ _ _
Yimj = 5(0igjm + 0j0im — Om0ij)-

Let Eij denote the components of the second fundamental form (induced on the constant-t hyper-
surfaces) with respect to the standard coordinates on Bss(0). If Ay < 1, there is, for every 1 >0,
a constant K; such that

Ig00(t,) + et + [1Bogoo(t, Mer < Kye A,
e 2Kk (t, ) — Haigllen < Ke
for every 1 >0 and t > 0. If A\ = 1, there is, for every 1 >0, a constant K; such that
1[Bogoo + 2H(g00 + V] (t, M < Kie ?,
llgoo(t, ) + 1|l < Kl(1+t2)1/26*27'lt7
||e—2Ht—2K]%ij (t, ) — H@ij”cl < Kl(l + t2)1/26—27-[t

for every 1 >0 and t > 0. In order to describe the asymptotics concerning ¢, let ¢ = e*er?te. If
¢ < 1, there is a smooth function g, a constant b > 0 and, for every l > 0, a constant K; such
that

llo(t, ) = woller + ldopller < Kie™*™ (46)

foralll >0 andt > 0. If ( = 1, there are smooth functions o and p1, a constant b > 0 and, for
every | > 0, a constant K; such that

100¢(t,-) = erllcr + lle(t, ) — o1t — gollor < Kie™*™ (47)

for all1 >0 and t > 0. Finally, if ( > 1, there is an anti symmetric matriz A, given by
0 O0H
A= ( 5H 0 ) !

where 6 = 3(¢ — 1)Y/2/2, smooth functions ¢o and 1, a constant b > 0 and, for every l > 0, a

constant K; such that
_ OHe %) )
At 0
e t,) —
H ( o )( ) ( P1

for alll > 0 and t > 0. In order to describe the asymptotics for the distribution function, let
x ==L, Then (x,U) are canonical local coordinates, where

U = [(t—.00) x By/s(0)].

< Kpe "M (48)
Cl

Letf, = fo=! and

h(t,z,q) = f(t, 2, e~ Hg), (49)
Introduce, moreover, the notation
1/2
Fl o= | S [ [ @91020](@.p) Pdpda
laf+]g1<t 7 Bors(0) TR
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for f e C*® [Bs/5(0) x R3]. Then there is a constant b > 0 and, for every l, a constant K; such
that

10eh(E, e, 1855 (0) xR < K (50)

holds for all1 > 0 and t > 0. There is also a function h € C™ [B5,5(0) x R3], a constant b > 0
and, for everyl, a constant K; such that

o,

€_th (51)

bz, 18, s (0) xRe)
Ih(t,-) = hll

Vi1,

<
[Bs/8(0)xR3] < K

hold for all 1 > 0 and t > 0. Furthermore, h > 0. Concerning the stress energy tensor associated
with the Vlasov matter, there is a b > 0 and, for everyl > 0, a constant K; such that the estimates

e3(Ht+Kv1)T(}61_/ mml/qu < Kle_bm, (52)
R3 el

A HHEWTE + /]R qihlel'*da|| < K™, (53)
Cl

[y < K (54

hold for alll > 0 and all t > 0, where |g| denotes the absolute value of the determinant of o,

K—-Kvis. =i

g, =0 +e 0ijq

and v; is defined in (45). Finally, if u > 9/2, there is a constant b > 0 and, for everyl >0, a
constant K; such that

ARV — / ha;d;al'/*dg
R3

holds for alll >0 and t > 0.

< Kje bHt (55)
Cl

Remark 30. In case one is only interested in the Einstein-Vlasov setting with a positive cosmolog-
ical constant, more detailed information can be obtained; cf. [31, Proposition 32.8, pp. 609-611].

1.6 Cauchy stability

In what follows, we also need a Cauchy stability result in the Einstein-Vlasov-non-linear scalar
field setting. There are such results in the literature; cf. [31]. However, for the convenience of
the reader, we introduce the necessary terminology and quote the relevant result in the present
subsection.

To begin with, we need to introduce the notion of a background solution; cf. [31, Definition 24.2,
p. 421]. In the 3-dimensional case, this definition takes the following form.

Definition 31. Let 5/2 < u € R, ¥ be a closed 3-dimensional manifold, and let g be a smooth time
oriented Lorentz metric on M = I x X, where I is an open interval. Let 9; denote differentiation
with respect to the first coordinate and assume that g(9;, 9;) = goo < 0 and that the hypersurfaces
¥, = {t} x ¥ are spacelike with respect to ¢ for ¢ € I. Finally, assume that ¢ € C*°(M) and
[ €D7°(P), together with g, satisfy (23)—(25). Then (M, g, f, ¢) is called a background solution.

Remark 32. In the case of T%-symmetric solutions, the metric is of the form (1). Moreover,
the distribution functions of interest have compact support on constant time hypersurfaces. As
a consequence, it is clear that the T?-symmetric solutions we consider in the present paper are
background solutions in the sense of the above definition.

Next, we introduce the notion of induced initial data on constant ¢ hypersurfaces; cf. [31, Defini-
tion 24.3, p. 421]. In the 3-dimensional case, this definition takes the following form.
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Definition 33. Let 5/2 < p € R, X be a closed 3-dimensional manifold, and let g be a smooth time
oriented Lorentz metric on M = I x ¥, where I is an open interval. Let, furthermore, ¢ € C* (M),
[ € ©7°(P) and assume that (g, f, ¢) solve (23)-(25). Let ¢ € I and assume ¥; = {t} x X to be
spacelike with respect to g. Let, furthermore, x be the second fundamental form and N be the
future directed unit normal of 3;. Finally, let ¢; : ¥ — M be defined by (%) = (¢,Z) and

=g, k=ur [=y(fopry)), ¢o=1{¢, ¢1=1;(No)

Then (g, k, f, o, 1) are referred to as the initial data induced on ¥; by (g, f, $), or simply the
initial data induced on X; if the solution is understood from the context.

Finally, we are in a position to formulate the Cauchy stability result we need here; cf. [31,
Corollary 24.10, p. 432]. In the 3-dimensional case, this result takes the following form.

Theorem 34. Let 5/2 < p € R and 5/2 < | € Z. Let (Mg, gbg, fog: Pbg) be a background
solution with Myg = Ing X ¥ and recall the notation ¥, ¥, etc. from Definition 31 (the interval
which was denoted by I in Definition 31 will here be denoted by I ). Assume that 0 € Iy, and
let (gbg,Ebg,fbg,ébg,o,(ﬁbgl) be the initial data induced on Lo by (gbg, fog: Pvg). Make a choice
of HQI,H(TZ)—norms and a choice of Sobolev norms || - || gt on tensor fields on X. Let J C Iy, be

a compact interval and let € > 0. Then there is a § > 0 such that if (X,3,k, f,¢o0,¢1) are initial
data for the Einstein-Viasov-non-linear scalar field system satisfying

15 = Goell e + 1k = Fogll 1 + 60 — Sogoll s + 1161 — dog,1lme + I1F = fogllay, ) <0,

then there is an open interval I containing 0 and a solution (g, f,®) to (23)-(25) on M =1 x %
such that

e the initial data induced on 2o by (g, f,®) are given by (g, k, f, ¢o, 1),

e 0, is timelike with respect to g and Xy is a spacelike Cauchy hypersurface with respect to g
foralltel,

e J C I and if the initial data induced on %y (fort € Ing N 1) by (g, f,®) and (gng, fog, Pbg)
are denoted by (gta ktv fh ¢t,07 ¢t,1) and (gbg,ta kbg,tv fbg,ta qbbg,t,Ov ¢bg,t,1) TGSPeCtiUEly; then

Gt — Gog.tll e + ke = Bog il + 6.0 — Pog,.0ll e

o o 56
Bus = og el + 1Fo = Fosallmy, crsy < € (56)

forallt e J.

1.7 Stability of T3-Gowdy symmetric solutions

Combining Theorems 7, 29 and 34 yields a future stability result for the T?-symmetric solutions
considered in Theorem 7. Moreover, the solutions are stable in the Einstein-Vlasov-non-linear
scalar field setting.

Theorem 35. Consider a T?-symmetric solution to the Einstein-Viasov system with a positive
cosmological constant A. Choose coordinates so that the corresponding metric takes the form (1)
on I x T3, where I = (tg,00). Assume that the solution has \-asymptotics. Choose at € I and
leti: T3 — I xT? be given by i(Z) = (t,7). Let gog = i*g and let kg denote the pullback (under
i) of the second fundamental form induced on i(T3) by g. Let, moreover,

fbg = Z*(f © pr;('i-s))-

Make a choice of p > 5/2, a choice of norms as in Definition 23 and a choice of Sobolev norms
on tensorfields on T3. Let, in addition, V : R — R be a smooth function such that V(0) = A,
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V'(0) = 0 and V"(0) > 0. Then there is an € > 0 such that if (T3,g,k, f, 6o, #1) are initial data
for (23)-(25), with f € D2 (TT?), satisfying

17 — Gogllzrs + 1k = Engllms + 1F = fogllms,  + dollms + ll1]lms <e,

then the mazimal globally hyperbolic development (M, g, f,d) of the initial data is future causally
geodesically complete. Moreover, there is a Cauchy hypersurface ¥ in (M, g) such that for each
point of ¥, there is a neighbourhood (x,U) such that Theorem 29 applies. In particular, the
asymptotics stated in Theorem 29 thus hold.

Remark 36. Up to the point where we appeal to Theorem 29, Cauchy stability applies. It should
thus be possible to obtain detailed control over the perturbed solutions for the entire future. The
interested reader is encouraged to write down the details.

Remark 37. The function ﬁ,g has compact support, but f need not have compact support.

The proof is to be found in Section 10.

1.8 Outline

Finally, let us give an outline of the paper. In Section 2, we write down the equations in the
case that the metric takes the form (1) (though the reader interested in a derivation is referred
to Appendix A). In Section 3, we then collect the conclusions which are not dependent on the
particular type of matter model (as long as it satisfies the dominant energy condition and the non-
negative pressure condition). The section ends with conclusions concerning the causal structure
of T3-Gowdy symmetric spacetimes. Turning to the more detailed conclusions, we specialise to
the case of Vlasov matter. The natural first step is to derive light cone estimates; i.e., to consider
the behaviour along characteristics. This is the subject of Section 4. As opposed to the vacuum
case, we need to control the characteristics associated with the Vlasov equation at the same
time as the first derivatives of the metric components. Fortunately, the es- and es-components
of the momentum are controlled automatically due to the symmetry. However, an argument is
required in the case of the ej-component. In order to obtain control of higher order derivatives,
we need to take derivatives of the characteristic system (associated with the Vlasov equation; i.e.
with the geodesic flow). Naively, this should require control of second order derivatives of the
metric functions, something we do not have. Nevertheless, by an appropriate choice of variables,
controlling first order derivatives turns out to be sufficient. It is of interest to note that a similar
choice was already suggested in [2, Lemma 3, p. 363]; cf. also [3, Lemma 3, p. 257]. However,
in the present setting, it is not sufficient to derive a system involving only first order derivatives
of the metric functions. We also need to be able to use the system to derive the desired type of
asymptotics for the derivatives of the characteristic system. It turns out to be possible to do this,
and we write down the required arguments in Section 6. After we have obtained this conclusion,
it turns out to be possible to proceed inductively in order to derive higher order estimates for the
characteristic system and the metric components. The required arguments are written down in
Sections 7 and 8. In order to obtain the desired conclusions concerning the distribution function,
it turns out to be convenient to consider L2-based energies. This subject is treated in Section 9.
Finally, in Section 10, we prove the main theorems of the paper. As an appendix to the paper,
we include a derivation of Einstein’s equations as well as of the Vlasov equation; cf. Appendix A.
We also provide a summary of the most important notation in Appendix B.

2 Symmetry assumptions and equations

In this paper, we study T2-symmetric solutions of Einstein’s equations. Since it will turn out to be
convenient to express the equations using the orthonormal frame (7), let us introduce the notation

p="T(eo,e0), Ji=—-T(eo,€;), Pi=T(e;,e;), Sij=T(es ej), (57)
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where we do not sum over any indices; here, and below, we tacitly assume Latin indices to range
from 1 to 3 and Greek indices to range from 0 to 3. It is also convenient to introduce the notation

J =152 2P NG 4+ QH,), K =QJ —t°2a'/2e P~ 2H,. (58)

Note that these objects are the twist quantities introduced in (2); cf. Appendix A.3. In order to
derive Einstein’s equations, it is useful to calculate the Einstein tensor for a metric of the form
(1). The corresponding, somewhat lengthy, computations are to be found in Section A. Using the
above notation, the calculations yield the conclusion that the 00 and 11-components of Einstein’s
equations can be written

)\/2—PJ2 >\/2+P(K _ QJ)Q
[ e €
M—2-0 = t[P 4ol +P(QF +aQ))] + g + 572 (59)
+4t'/2eX2(p + ),
e)\/Q—PJZ eA/2+P(K _ QJ)2
N o=t [PE + OzPez + €2P(Q§ + O‘Qg)] - £5/2 - 15/2 (60)
+4t1/2eM2 (P — A),
respectively. The 22-component minus the 33-component can be written
—1/2,2/2—P 72
at(ta71/2pt) :ag(tal/ng) + tafl/262P(Q% _ an) + O‘;TJ
(61)
a—1/2e/\/2+P(K_QJ)2 B
B T T 1/2eM2,, 1/2(P2 — Py).
The 22-component plus the 33-component can be written
3
Oy [m_uz (At - 2% _ t)} =0 (ml/?)\e) —ta V2 [P? 4+ 2P Q7 — (P} + €27 Q3)]
—2ta™"/? AP AP(K - QJ) (62)
t7/2 t7/2
+ oz_l/z)\t + 2t1/2€)\/204_1/2(2A — P2 - P3)
The 01, 02, 03, 12 and 13-components are equivalent to
Ao = 2t(PPy+ e QuQq) — 4t'/2eMN 2012 g (63)
Jo = 2t5/4a_1/26P/2+)‘/4J2, (64)
Ky = 2°/tq 12 P/2HN4 g0 4 2t5/4a_1/2ep/2+k/4QJ27 (65)
J, = o5/ AP2g (66)
Ky = —2°/4M4FP2Q6,, — oS/ P/2HNAG . (67)

respectively. Finally, the 23-component reads
8t(ta71/2€2PQt) _ ag(ta1/2€2PQ9) _ t75/2a71/26>\/2+PJ(K . QJ) + 2t1/2a71/26)\/2+P523. (68)

For future reference, it is also of interest to note that

7P+)\/2J2 P+)\/2(K _ QJ)2

Q€ _ € A2 020 eg1/2, 02/

o = 57 1572 At =eMEN =2t %M (p— Py),  (69)
At — % = t [Pt2 + an + eQP(Qf + aQZ)} + 2t1/26)‘/2(p + Pp). (70)
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2.1 Preliminary calculations

Since the metric components only depend on two variables, it is natural to derive estimates by
integrating along characteristics. In the present subsection, we record a general calculation which
is of interest in that context. To begin with, let us define

Or = 0y + 20y, Ax = (0:P)? + 2P (0:Q)% (71)

One reason for introducing Ay is the equality (72) derived below; since the right hand side
only contains first derivatives of the metric components, it is possible to integrate along the
characteristics to control A.

Lemma 38. Consider a T?-symmetric solution to Einstein’s equations with a cosmological con-
stant A such that the metric takes the form (1). Then

2 « 2
sy = (5= %) s 7 2t 2P0 + 7 Qu05Q)
e~ P+A/2 j2 eP+/\/2(K _ QJ)2 e)‘/zJ(K _ QJ) P (72)

+ 2t—1/2ek/2(P2 — P3)0+P + 4t‘1/26’\/25236P33FQ-

Remark 39. In this calculation, the cosmological constant need not be positive.

Proof. The statement follows from a lengthy computation. Let us, however, for the benefit of the
reader, write down some of the intermediate steps. Using (61), we obtain

1
0+0xP =— LR+ 2%3#3 +e*7(QF — Q)

e—P+A/2J2 eP—i—)\/Q(K _ QJ)Q
2047/2 247/2
Similarly, due to (68), we obtain

(73)

+ t_1/2€/\/2(P2 — P3)

1 A2=P (K —QJ
010+Q = —th + ;—;&FQ —2(QP, — aQyPy) + ¢ t7(/2 @J) + 271227 P G, (74)

Combining (73) and (74) with the fact that
—4( QP — aPpQy)0+Q + 20+ P(0: Q) = —20:P(Q} — 0Qj),

a calculation yields the conclusion of the lemma. O

2.2 Vlasov matter

The equations (59)—(70) hold in general. However, we are here particularly interested in matter
of Vlasov type. In order to derive the relevant form of the Vlasov equation, recall the conventions
concerning f introduced in Subsection 1.2. Recall, moreover, the fact that the Vlasov equation is
equivalent to f being constant along future directed unit timelike geodesics. As a consequence, it
can be calculated (cf. Appendix A.7) that the Vlasov equation takes the form

1/2,,1 r 2,3
ﬂJra 12y of ia1/2/\6vo+i(>\t2atl> v17a1/2ePQ9%
v

ot 0 90 t

L 1) (”3)2_(7}2)2_ —7/4 _N4A(,—P/2 7,2 P/2(1r 3 ﬁ
+ 50 Pgivo M (e PR Jv + P (K — QJ)v?) ol

! 1 1 viv?] of
(P + )02+ Zal2P =)
_2<t+t>v+2a 00 | ov?
L/l 3 L vlv? P, 2 12, ' of
— 2<t—Pt)’U —50[ PG/UT—’_e v Qt"‘a/QeE %:0

(75)
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Turning to the stress energy tensor, it satisfies
1
T(eu,e) = vy, f——dv, (76)
R3 —vo

where v, = naﬂvﬁ and n = diag{—1,1,1,1}. In particular, in the case of Vlasov, we thus have

k\2 ok
p:/ WO f dv, Pk:/ @) ¢ g, Jk:/ oF f dv, Sjk:/ Y'Y rdv,  (77)
R3 R3 R3 R3

v v

where j, k=1,2,3.

3 Preliminary conclusions concerning the asymptotics

In the present section, we are interested in T2-symmetric solutions to Einstein’s equations such
that the corresponding metric admits a foliation of the form (1) on I x T3, where I = (ty,00) and
to > 0. For the sake of brevity, we shall below refer to solutions of this form as future global, and
we shall speak of tg and t; = £y + 2 without further introduction.

It is useful to begin by recalling the following consequences of the non-negative pressure condition
and the dominant energy condition.

Lemma 40. Consider a solution to FEinstein’s equations with a cosmological constant A and a
metric of the form (1). Let p, P;, J; and S;j, 1,7 = 1,2,3, be defined by (57). If the stress energy
tensor satisfies the non-negative pressure condition, then, fori=1,2,3,

0< P, (78)

If the stress energy tensor satisfies the dominant energy condition, then, fori,j =1,2,3,

0 < p, (79)
Pl < p, (80)
| < p, (81)

1Sl < p (82)

Proof. By definition, P; = T'(e;, e;). Since e; is a spacelike vector field, the non-negative pressure
condition implies that (78) holds. The dominant energy condition states that T'(u,v) > 0 for future
directed timelike vectors u and v. By continuity, this inequality also holds for future directed causal
vectors. Since eq is future directed timelike, p = T'(eg, e0) > 0, so that (79) follows. Note that
eo + e; is a future directed causal vector field. In particular,

0§T(60—6i,60+€j):p+Ji—Jj—S1‘j.

Since S;; is symmetric, adding this inequality with the one obtained by interchanging 7 and j
yields the conclusion that S;; < p. Similarly,

0< T(eoiei,e():l:ej) = p$Ji$Jj +S¢j.
Adding the two inequalities yields —S;; < p. Thus (82) holds. The proof of (80) is similar. Finally,
0<T(eo,e0 £e;) =pFJi

so that (81) holds. 0

Before deriving estimates describing the asymptotics of solutions, let us make the following remark.
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Remark 41. In what follows, the constants appearing in the estimates we state are allowed to
depend on the solution, unless otherwise indicated.

Proposition 42. Given a future global solution to Einstein’s equations with a cosmological con-
stant A > 0, T2-symmetry and a stress energy tensor satisfying the dominant energy condition,
there is a constant C > 0 such that

alt,f) < Ct™3 (83)

for all (t,0) € [t1,00) x S*.

Remark 43. The same conclusion holds if we replace the cosmological constant with a non-
linear scalar field with a potential with a positive lower bound; in other words, if we set A = 0
and consider stress energy tensors of the form T = T° + T5F, where T° is the stress energy tensor
associated with matter fields satisfying the dominant energy condition, and T°f is the stress energy
tensor associated with a non-linear scalar field with a potential V having a positive lower bound.

Proof. Due to (70) and the fact that the matter satisfies the dominant energy condition (so that
(80) holds), we conclude that Ay — ay/a > 0. There is thus a ¢y > 0 such that

(a™Y2eN2)(1,0) > ¢y
for all (¢,6) € [t1,00) x S!. Combining this observation with (69) and (80), we obtain

By~ 12 = _;Ltaflﬁ > 24127122\ > ¢ t1/?
Q@

for some constant ¢; > 0 and all (¢,0) € [t;,00) x S!. Integrating this inequality, we obtain the
conclusion of the proposition. O

In the Gowdy case, the second and third terms on the right hand side of (60) are zero, and as a
consequence, we can extract more information. In fact, we have the following observation.

Proposition 44. Consider a future global solution to FEinstein’s equations with a cosmological
constant A > 0, T3-Gowdy symmetry and matter satisfying the non-negative pressure condition.
Then there is, for every e >0, aT >ty such that

A(t,0) > —3Int +2In <4?;\> —€

for all (t,0) € [T, ) x S™.
Proof. Let

XA+31nt21n<43A>. (84)
Then (60) with J = K = 0 yields

N =t [P} +aP}+e*(QF +aQ})] + 4t1/2eM2 P, + %(1 — M2,
Since P; > 0 due to the non-negative pressure condition, cf. (78), we conclude that
A > S(1—eM2),

For every e > 0, there is thus a 7" such that A(t,0) > —e for all (¢,0) € [T, 00) xS'. The proposition
follows. =

21



In order to proceed, it is convenient to introduce an energy:

Fhas :/ ta~"1/? (At _o%t _ 4t1/2e”2A> do
st (07

2,-1/2 [p? 2 2P()2 a) | a2
=/, (e [Pf + Py + e (QF + aQp)] + ——z5—— (85)
—1/2,02+P (K _ O.])2
=t t3/:§ Q) + 4t3/2a—1/2€v2p> d0-

Let us motivate this particular choice. The energy FEj,,s is quite similar to the energy defined
in [3, (42), p. 251]. However, there is one fundamental difference. The integrand in the energy
defined in [3] contains a term of the form a~/2U?, where U = (P 4 Int)/2. Using U instead of P
as a variable is convenient in global existence arguments, since some of the formulae become less
involved. However, the variable U is poorly adapted to the actual asymptotics of solutions. The
reason for this is that, in the end, it turns out that P, converges to zero as t~2. The dominant
term in U is thus Int/2. Using U instead of P in the energy, the best estimate of E},s one could
hope for would be Fi,s(t) < Ct3/2. Below, we prove that Ejas < Ct'/?; cf. Lemma 46. In addition
to this, it is possible to derive a good estimate for the time derivative of E},s; cf. the proof of
Lemma 45 below.

On a more general level, it is natural to ask why it is necessary to use L2-based energy estimates
at all. Since the problem is 1+ 1-dimensional, should it not be sufficient to consider the behaviour
along characteristics? The problem in our setting is that we wish to derive detailed quantitative
information for arbitrary initial data. In particular, we are not in a situation where we can use
bootstrap arguments. For this reason, we need to proceed step by step. First, it is necessary to
derive not only rough, but quite detailed, control of some of the metric components, in particular
A. This leads, for example, to estimates of the form (96) and (97). Only once we have estimates
of this form is it meaningful to turn to the characteristic system; cf., e.g., the last two terms on
the right hand side of (109) and the proof of Lemma 52.

In case the metric has A-asymptotics (recall Definition 1), it turns out to be possible to estimate
Ebas~

Lemma 45. Consider a future global solution to Einstein’s equations with a cosmological constant
A > 0, T?-symmetry, \-asymptotics, and a stress energy tensor satisfying the dominant energy
condition and the non-negative pressure condition. Then for every a > 1/2, there is a constant
C, > 0 such that

Ebas(t) S Cata (86)
for allt > t4.

Proof. Due to (62), we obtain
Oy [tofl/2 ()\t - 2% — 4t1/2ek/2A)} =0y (ta?Ng) + 2ta/?(P} 4 €27 Q3)
3o 1/2eN2-P 2 3o 1 2MN2HP (K Q)2
2 t5/2 2 t5/2
_ 93202 2N[P2 4 2P Q2 4 (P2 + 2P Q2)]
+ /207 12eM2(3p + Py — 2Py — 2P3)
— 422 N (p + P).

(87)

Since the matter satisfies the non-negative pressure condition, we know that P; > 0, cf. (78), so
that

dEbas

< / 2ta'/2(P} + 2T Q3)d0 — | 260 2ANN(P + T Q3)dd
st st

+ / t12a712eM23p + Py)do — | 4t2a”V2erA(p + Py)d6.
st st
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Using the consequences of Lemma 40 and the fact that the solution has A\-asymptotics, we conclude
that for every a > 1/2, there is a T' > t; such that

dEbas a
° < —Fya
e ot
for all t > T. As a consequence, Fy,s(t) < Ct® for t > t;. O

Using the estimate for Ey,s derived in Lemma 45, it is possible to extract more information
concerning the asymptotics.

Lemma 46. Consider a future global solution to Einstein’s equations with a cosmological constant
A > 0, T?-symmetry, \-asymptotics, and a stress energy tensor satisfying the dominant energy
condition and the non-negative pressure condition. Then there is a constant C' > 0 such that

< ctY2 (88)
Co

Ebas(t)

3
43It —2In—
H/\(t, )+ 3Int —2In

Cct'/? (89)

IN

for allt > t;.

Proof. Due to the estimate Ej,os(t) < Cyt?, the fact that a/? < Ct=3/2, (60) and (80), we conclude
that
(Ae) = 4t 2 (M)A + O(t*5/?); (90)

recall that the notation (\;) was introduced in Remark 5. Due to (63) and (81), we also have
No| < ta”2[P? 4 aPf + 27 (QF + aQf)] + 4t'Pa /2N p,

Due to (86), we thus obtain

/ |N\oldd < Ct* L. (91)
Sl
Recall that ) is defined in (84) and note that, due to (90),

. 3 s W

Ae) = (1~ (€2) + 0t 7%/2). (92)

Let us first prove that (\) converges to zero. Let, to this end, € > 0. Since the solution has

A-asymptotics, we know that there is a T such that (A)(t) > —e for all ¢ > T. In order to prove

that there is a T such that (\)() < ¢ for all ¢ > T, let us assume that (\)(¢) > ¢ for some ¢. Due
to (91), we conclude that A(t,0) > €/2 for all § € S! (assuming ¢ to be large enough). Inserting
this information into (92), we conclude that

() < S(1 =€),

N

assuming t to be large enough. Since the right hand side is negative and non-integrable, we

conclude that (A) has to decay until it is smaller than e (assuming the starting time ¢ to be large

enough). Moreover, (\) cannot exceed € at a later time. In order to obtain a quantitative estimate,

note that 3
(Ae) = n

where we have used the fact that  is bounded to the future as well as (91). As a consequence,

(1—eMN2) L0172,

oA =203 = S0 1= (14 50 + 0 ) + 02
=~ 20074 TOUR) + 0 2(R)).
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Let 0 < b < 1—a and define .
E=1t2(\)2,

Then € 2. 3. 1

— = E - SE4+ SO(NE) + ot /?),

= e - et S0(NE) +17'0 )
As a consequence, there is a constant C' > 0 such that 0, < 0 when £ > C and t is large enough.
In particular, £ is thus bounded to the future. For every 0 < b < 1/2, there is thus a constant C,
such that

3
A, - Int —2In — < Oyttt
H(,)+3n nox < C

CO

for all ¢ > t;. Due to this estimate, we can return to the argument presented in the proof of
Lemma 45 and obtain the improvement Epas(t) < Ct'/? for t > t;. As a consequence, we can go
through the above arguments with a = 1/2 and b = 1/2. The lemma follows. O

Lemma 47. Consider a future global solution to Einstein’s equations with a cosmological constant
A > 0, T?-symmetry, A\-asymptotics, and a stress energy tensor satisfying the dominant energy
condition and the non-negative pressure condition. Then there is a constant C' > 0 such that

322 () + 1Q(E, )l co + | P(E, ) |lco < C (93)
for allt > t;.

Proof. Estimate, using (69), (84), (88), (89) and Lemma 40,

dulaV) =2 (a2 = i/ e R QIR g
2 a 21 Jor 2t5/2 2t5/2
+ L / (261207 Y22 4 112071/ 2eM 2 (p — Py)dB
21 St
<Ct™1% ¢ i/ 21207 1/2M2 N dY
- 2 st
3,3 3 .
<Op-12 4 2 A2, -2y o 2 —1/2 —3/2, —1/2 -1/2.
<Ct +2t<e o' >_2t<a Y+ Ct a5+ Ct
Let A= (a~'/?) +t. Then
dA 3
— =9{a Y+ 1< A+ Ct32A,
AR T
Consequently,
A(t) 3
1 < —Int+ C
" Ay S Mo
so that (a‘1/2> < Ct3/? for t > t;. Combining this estimate with (89) yields
1/2 1/2
/ | Pyldf < (/ a1/2P92d9) (/ a_1/2d9> <ot ¥t < o (94)
st st st
for t > t;. On the other hand, using (83) and (89) yields
1 1 2 e 3/2
0P| = {P)| < — Pldf < —— P7de < Gt 95
P =PI < o [ 1pdas < = ([ reao) < (95)
Consequently, (P) is bounded to the future. Combining these two observations, we conclude that
[1P(t,)llco < C

for all t > t;. Combining this estimate for P with the bound (89), it is possible to derive L'
estimates for Qg and Q; analogous to (94) and (95). Consequently, @ is bounded to the future.
The lemma, follows. O
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Lemma 48. Consider a future global solution to Einstein’s equations with a cosmological constant
A > 0, T?-symmetry, \-asymptotics, and a stress energy tensor satisfying the dominant energy
condition and the non-negative pressure condition. Then there is a constant C' > 0 such that

e>\/2—PJ2 _2
5 » < Ct?, (96)
P+X/2 K—-0J 2
€ (r 5 Q ) < Ct_Q (97)
&5/ co

for allt > t1. Moreover, fort > tq,
[Hllpr + |Gl < Ct3/2,

Proof. Combining (64), (81), (88), (89) and (93), we conclude that
/ | Jg|d6 < Ct5/4/ a2 pd < Ct5/4t_3/2t3/4/ 3207 2M2pdp < Ot (98)
St St st
The spatial variation of J is consequently not greater than Ct. Combining (66), (82), (83), (88),
(89) and (93) yields
/ | J;|d6 < Ct5/4/ eMApdh < Ct5/4t‘3/2t3/4t‘3/2/ 320712 2 pdp < Y2 (99)
st st st
As a consequence,
()] < CE'/2, (100)

Combining (98) and (100) yields
[J(t)llco < Ct. (101)

Due to (88), (93) and (101), we conclude that (96) holds.

Let us now turn to K — QJ. To begin with, note that the L'-norm of Q4 is bounded to the
future. The argument to prove this statement is similar to (94), keeping in mind that (93) holds.
Moreover,

[ 150 =01 = Qualdo < [ 1Ko~ Quilas + | |Qusldo < [ 1160~ Quulas + .
st st st st
where we have used (101) and the fact that the L'-norm of @ is bounded. On the other hand,

(64) and (65) yield
KG _ QJO — 2t5/4a_1/26_P/2+A/4J3.

Keeping (81) in mind, we can thus argue as in the proof of (98) in order to conclude that

/ Ky — QoJ — QJy|d6 < Ct. (102)
Sl

In particular, the spatial variation of K — QJ is bounded by Ct. On the other hand, the L'-norm
of Q; can be be bounded by Ct=3/2; ¢f. (95) and (93). Combining this observation with (101)
yields

[ K- @ - < [ (K- Qulas+ [ (@ulas < [ |k - @aldo+ ce 1 (103)
st st st st
Moreover, due to (66) and (67),

K, — QJ, = —2t%/%=FP/2474g, ..
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Keeping (82) in mind, we can proceed as in (99) in order to obtain
/ |K; — QJy|do < Ct=Y/2,
Sl

Due to (103) and this estimate, the mean value of K — QJ cannot grow faster than Ct'/2. Com-
bining this observation with (102) yields

K —QJlco < Ct. (104)

Keeping (88) and (93) in mind, we obtain (97). Using the fact that (58) holds, we conclude that
/ |H,|do g/ t=52q72ePTN2 K — Q]| df.
st st

Combining this inequality with (88), (93) and (104) yields the desired L!-estimate for H;. A
similar argument for G; yields the remaining conclusion of the lemma. O

3.1 Causal structure of T3-Gowdy symmetric solutions

It is of interest to note that in the T3-Gowdy symmetric case, it is sufficient to assume future
global existence and energy conditions in order to conclude that there is asymptotic silence. In
fact, we have the following result.

Proposition 49. Consider a future global T3-Gowdy symmetric solution to Einstein’s equations
with a cosmological constant A > 0 and a stress energy tensor satisfying the dominant energy
condition and the non-negative pressure condition. Then there is a constant C, depending only on
the solution, such that if

V() = [5,0(s),2(s), y(s)] = [5,7(s)]

is a causal curve, then
F(s)P < Cs72 (105)

for s > t1. In particular, there is a point Tg € T3 such that
d[3(s), 0] < Cs™'/? (106)
for all s > t1, where d is the standard metric on T3,

Proof. The causality of the curve is equivalent to the estimate
10?4+ 3225 4 Qy + (G4 QH)O? 4 832~ P2 (y + HO)? < 1. (107)

Note that in the case of Gowdy symmetry, G and H are time-independent. In particular, they
are thus bounded. Due to (93) we also know that @ is bounded for ¢ > ¢;. On the other hand,
combining (107) with (83), (88) and (93) yields

o] < Cs72,
g+ HO| < Cs™3/2,
i+ Quy+ (G+QH)f| < Cs?/?
for s > t;. Thus (105) holds, an estimate which implies (106). O
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4 Light cone estimates

In the presence of matter of Vlasov type, it is necessary to consider the characteristic system in
parallel with the light cone estimates for the metric components. Let us therefore begin by writing
down the characteristic system. It is given by

do 12 V!
- = — 1
T SRR (108)
dv?t 1 1 a1 V23
— = v ()\t — 25 - S) Vit al2ePQ, =5 (109)
L oaep (V3)? = (v?)? n e PRy, ePPTVA(K — Q) V3
2 0 10 $7/4 S7/4 ’
dv? 1 1 1 Vviv?
— = (P4 VP a?Pp—— 110
ds 2 < et s) 2% Ty (110)
av3 1/1 s, Lo  VIVE o e p, VIV
K = 75 g*Pf 14 +§OL Pgw*@ va — € Q9 VO . (111)

Note that in this system of equations, functions such as a!/? should be evaluated at [s, ©(s)].
In view of the Vlasov equation (75), it is clear that the distribution function is constant along
characteristics. It is important to note that only in the case of V! is it necessary to carry out an
analysis; concerning V2 and V3 we automatically obtain the following estimate.

Lemma 50. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (to,00), where to > 0. Assume that the solution
has A-asymptotics and let t1 = to + 2. Then there is a constant C > 0, depending only on the
solution, such that if ©, V is a solution to (108)—(111) with initial data O(t1), V(t1) such that
[t1,0(t1),V (t1)] is in the support of f, then

V3(s)] + V3 (s)] < Cs™1/2
for all s > 4.

Remark 51. As mentioned in Remark 6, we tacitly assume f(¢1,-) to have compact support.

Proof. Due to (110) and (111), it can be verified that
sU26PI2y2  §1/200eP/2Y2 4 g1/2=PI2y3 (112)

are conserved along characteristics. Since we know P and @ to be uniformly bounded, cf.
Lemma 47, we obtain the conclusion of the lemma. O

Let us now turn to V'. To begin with, we have the following estimate.

Lemma 52. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (to,00), where tg > 0. Assume that the solution
has A-asymptotics and let t1 = to + 2. Then there is a constant C > 0, depending only on the
solution, such that if ©, V is a solution to (108)-(111) with nitial data ©(t1), V(t1) such that
[t1,0(t1), V (t1)] is in the support of f, then

d(v1)? 1 17g"
(d ) < - 7(‘/1)2 + 08—1/26)\/2(Q1)2 |V()|
s s v e (113)
+ C’SFW + C’$71F1/2W + 03*3/2(‘/1)2 +Os2 VY
for all s > t1, where
QL (t) := sup{|vt| : (t,0,v", 0% v®) € suppf} (114)
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and

F(t) = sup A, (t,0) + sup A_(t, 0), (115)
oest fest

where Ay is defined in (71).
Proof. Due to (109), we have

d(vl)Z 7
ds

Vlv2v3

1744
(V3)2 _ (V2)2 N 267P/2+)\/4JVIV2 N 26P/2+)\/4(K _ QJ)

Vo $7/4 s7/4

1 1 1
— ZalPa VOVt = 2 <)\t _o%t _ > (VH? 4+ 202" Qq
2 2 «@ S

— o' 2PVt Vv,

However, due to Lemmas 48 and 50, we can estimate the last two terms by Cs=2|V?!|. We thus
have

avy? _ 1 1 1 !
V" o Lowzypovr (5, 0% D rpyoeprlVly ooy
2 2 a s Vo

ds

where we have used Lemma 50. Due to (59) and (63), the sum of the first and the second term
on the right hand side can be written

e—P+/\/2J2 2 eP+/\/2(K _ QJ)2

1/2_X\/2 0 1 1 1/2_X\/2 1\2 1\2
252N (VO — pV VT — 2512 2N (V)2 s o572 vhH
1 1
— sa' 2 (P,Py + 2P Q,Qq)VOV! — 35 [P? +aPf +e*(QF + Q)] (V1) + g(vl)?.

(116)
Note that
1 1
—sa'?P,P VOV — 5s[Pf + aP2)(Vh? <sall?|P,Py| VOV — 5S[P,? +aP|(V1)?
<sal PP Py [VH(VO - V1))
1
= 5s(1P] = a2 P2 (V).

Combining this estimate with a similar estimate for @, we conclude that the second and third last

terms in (116) can be estimated by

1+ (V)2 4 (V3)?
VO 4+ |V

V']
< CsF 70

sal/?(|PPy| + €*71Q: Qo) [V

Due to Lemma 46, we have

1

—251/2AM2N 4 —
2s

1
== +0(s7%?).
S
Combining the above observations with Lemma 48, we conclude that

d(V1)2

P (V1)2 + 281/26)\/2(le0 _ pvl)vl

S_

®» | =

117
vt —171/2 v —3/2/1,1)\2 —21/1 (1)
Let us estimate the term

Ty = 2522 (VO — pV VL = 25122 (17 + 1TV, (118)
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where

7
—
V2]
~—
I

L] 0o = oV @) 0, et e,

I (s)

/ /Oo[leo(s) — V()] f(s5,0(s), v)dv' dvdv®.
R2 Jo

There are two cases to be distinguished, V1(s) > 0 and V!(s) < 0. When V1(s) > 0, I~ is
non-positive and can be dropped. Furthermore, for v! > 0,

(Ul)Q(VO)Q _ (,UO)Z(Vl)Z

1v,0 Oys1 __
vV =0V = STV 071
C@DPOH)? (VP (VDR () 4 (v)?)
- VIV 40V vlIV0 4 0V1
v (14 (V?)2 4 (V3)?)
< )
< 70

Letting Fya = {(v?,0%) : [0?| < Cs™ Y2 |v3| < Cs~'/?}, where C is the constant appearing in
Lemma 50, we obtain

o' 11 212 3\2
/ vi(1+ (VV)O +(V?) )dvldvzdv3
0

Ty <2 f(tr,)oosV/ 262V /
E.

vel (119)

1

<CsV2eM? /Q vldvlv—l < 05_1/26’\/2(91)2‘/71
- 0 Vo — Vo’

where Q!(t) is defined as in the statement of the lemma. When V! < 0, an analogous argument
can be given and it follows that in both cases

- V2
T, < Cs 1/26/\/2(91)2W' (120)
Combining (117), (118) and (120) yields the conclusion of the lemma. O

Lemma 53. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+2. Then there is a constant C' > 0, depending only on the solution,
such that

B11P2 + aPE + 2P (Q2 + a@3) oo +HQ ) < C

forallt > ty.

Proof. Let us use (72) to derive an estimate for F. Note, to begin with, that
2 Qg 2 1 5 —
(- ) < (ZHa2MN ) <S4 01?2
( . a) < ( ; + e < -5 T o),

where we have used (69), (80) and (88). Note also that the second term on the right hand side of
(72) can be written

1

2 1 1
?t(A$ —As) + Sa(Pf +e27Qp) < EAx + %(AJr +A-).

t

Combining these estimates with Lemma 48, we conclude that

4 1
s Az < — T Az + Ot P Ag + 2 (A +A-) + Ct3AY?
+ 272N (Py — Py)d- P + 4171222 803eT0-Q.

29



Moreover, due to (77) and Lemma 50,
|Pi| < Ct™2In(14 QY), |Sas| < Ct 2In(1+ Q)

for k = 2,3. As a consequence,

4 1
s Az < — Az +CtPUg + o (Ap + AD) + Ct3 Ay ot 1A In(1 + QY).

Defining .
A =t* AL + t, (121)
we obtain )
dr Az < Q—t(fh + A+ Ot Ag + O 2 AY P (1 + QY.
Introducing . R R
F(t) = sup A (¢,0) + sup A_(t,0), (122)
fest fest
we obtain
i
F(t) < F(ty) +/ (iﬁ(s) + Cs732F(s) + Cs2FY2(s) In(1 + Ql)> ds. (123)
ty
Introducing .
R'(s) = [s(V'(s))* + 1'%, Q'(s) = [s(Q"(s))* +1]'/%, (124)

(113) implies that

d(R1)2 -2/ A1\2 —2 7 —5/2 ¢ —-3/2/AH1)\2
T SOsTQN 4 Os TP 05T 4 05T (),

Integrating this inequality from ¢; to ¢ and taking the supremum over initial data belonging to
the support of f, we obtain

[OL(1)]2 < [0 ()] + / t (cﬂﬁ n 08—3/2(Q1)2) ds. (125)

t1

Adding (123) and (125) and introducing

G=F+ (9", (126)

we obtain

G(t) <G(t) + /t <ig(s) + 053/2g(s)) ds.

t1

In particular, G(t) < Ct, so that F(t) < Ct and Q! is bounded. Returning to (113) with this
information in mind, we conclude that

12
d(gs) < 05 32(01)2.

By arguments similar to ones given above, we conclude that Q! is bounded. The lemma follows. [
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5 Intermediate estimates

Before proceeding, it is useful to collect the estimates that follow from the above arguments.

Lemma 54. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+2. Then there is a constant C' > 0, depending only on the solution,
such that

A(t,~)+31nt—21ni < ot (127)
A || oo
3 3
S I D A e (128)
[0 t co t Co
Hal/% < ot (129)
CO

for allt > t1. Moreover,

[Jelloo + [ Killco < O3, (130)
P+X/2(f _ 2 —P4+X/2 72

2 (K —q)) e < ot (131)

$5/2 oo 15/2 o
[Tollco + | Kpllco < C, (132)

6P+)\/2(K _ QJ)Z €7P+)‘/2J2 4

‘ Oy < 572 > + ’ Op <t5/2> < Ct (133)

co co

for allt > t1. Finally,

lpllco + /21 Jillco + tlIPillco + ¢ Simlloo < =3/ (134)

forallt > ty.

Remark 55. Note that as a consequence of (128),

Hat(a—l/Qe)\/Q)‘

< COt2
CO
for all t > t;.

Proof. Due to (77) and Lemmas 50 and 53, the estimate (134) holds. Combining Lemmas 48 and
53 with (60) and (134), we conclude that

A =" — %em +O(t72),

where we have used the notation (84). Combining this observation with Lemma 46, we conclude
that there is a constant C' such that

N < %P + Ct72|\.

Introducing L = t25\2, we obtain

C
t
In particular, it is clear that L decreases once it exceeds a certain value. As a consequence, L is
bounded, and we obtain (127). Combining (60), (69), (127) and (134) and Lemmas 48 and 53, we
then obtain (128). As a consequence of this estimate, t>a converges to a strictly positive function.
In particular, there are constants C; > 0, i = 1, 2, such that

1
L < —L+ L'/2.

Cy < ta(t,0) < Cy (135)
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for all t > t;.

Due to (63), (88), (134) and Lemma 53, we obtain (129). Returning to (66) and (67), keeping
(88), (93) and (134) in mind, we conclude that (130) holds. As a consequence, it is clear that J
and K are bounded. Combining this observation with (88) and (93) yields (131). Due to (64),
(65), (88), (93), (134) and (135), we also obtain (132). Due to (93), (135) and Lemma 53, we
know that Py and @y are bounded for ¢t > t;. Moreover, Ay is bounded for ¢ > ¢; due to (129)
and (135). Combining these observations with (127), (132) and the fact that J, K, @ and P are
bounded, we obtain (133). O

6 Derivatives of the characteristic system

Solutions to the Vlasov equation can be expressed in terms of the initial datum for the distribution
function and appropriate solutions to the characteristic system (108)—(111). In order to see this,
let us begin by introducing the notation 6,V for the solution to (108)—(111) corresponding to the
initial data

O(t;t,0,v) =0, V(tt,0,v)=n. (136)

Here we write ©(s;t,0,v) and V(s;t, 6, v) in order to clarify the dependence on the initial data. In
particular, ©(s;t,0,v) and V (s;t,6,v), considered as functions of the parameter s, thus constitute
a solution to (108)—(111). The purpose of the variables (¢, 6, v) appearing after the semi-colon is
simply to indicate that the relations (136) hold. We shall use the notation d©/ds and dV/ds to
indicate differentiation with respect to the first variable. Moreover, we shall take 9,0, 340, 0,:©
etc. to denote differentiation with respect to the variables appearing after the semi-colon.

Given a fixed 7 € (tg,00), where (tg,00) is the existence interval of the solution to the Einstein-
Vlasov system under consideration, we know that

f(t,0,v) = f[r,0(7;t,0,v), V(r;t,0,v)]. (137)

Since f(7,-) is a smooth function with compact support, it is sufficient to estimate the derivatives
of solutions to the characteristic system in order to estimate the derivatives of f. Unfortunately,
differentiating the characteristic system leads to second order derivatives of P, @ etc., quantities
over which we have no control. However, using the ideas introduced in [2], this problem can be
circumvented. In fact, let 0 be a shorthand for 9;, 9y or 9,: and let

U o= o Y2290, (138)
z8 = v+ [ia—l/Z (ne =258 —ast/2e2n) VO - %a‘l/QPtVO E“izgz - Egjiz
+%P9V1 Egziz = E“;T;Q — a2l Q, (V;/)Z‘/_Qz/le)z (139)
Q0 e e 90
7?2 = v+ %ng%e, (140)
73 = V3 - (;P9V3 - ePQ9V2> 00. (141)

It is then possible to derive an ODE for (¥, Z1, Z2, Z3) such that the coefficients are controlled due
to previous arguments. The definitions (138)—(141) differ slightly from those of [2]. The reason for
this is that in the present context, it is not sufficient to know that no second order derivatives of
P, Q etc. occur; we need to analyse, in detail, all the terms that appear, and to use the resulting
system in order to derive specific estimates for 90 and V. The relevant result is the following.
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Lemma 56. Consider a T2?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+2. Then there is a constant C' > 0, depending only on the solution,
such that

dz?! 1

= = 2SZ1 + eV + e, 27, (142)
%2 = —%22 + 2227, (143)
dd—Z; = —%Z?’ + 322 +c337°, (144)
% = o0V +coiZ’, (145)

where Finstein’s summation convention applies to ¢ and j,
lcij(s;t,0,v)| + |coi(s;t,80,v)| + |cia(s;t,0,v)] + 81/2|09,0(8;t,9,’l})| < Cs732,
and the estimate holds for all (t,0,v) € [t1,00) x St x R? in the support of f and for all s € [t1,1].

Proof. Let us begin by noting that

oPI251/272  _ 8(81/26P/2V2),
s1/2e=P12 78 L PI20s12 72 — 8(31/2er/2V2+sl/26_P/2V3).
Since the quantities appearing in (112) are preserved along characteristics, we obtain
d
- (eP/Qsl/QZQ) = 0 (146)
di (sl/Qe_P/QZ3 + eP/QQsl/QZQ) = 0. (147)
s
We also have o0 - -
1 (673 1
—:7/\ff)xp Sal 2w M2 L) 14
ds 2<t o +2a fy0 +e7o Vo (148)

In the end, we shall express (V'/V?) in terms of Z* and ¥. However, there is no immediate gain
in doing so here. The most cumbersome part of the argument is to compute the derivative of Z*.
This calculation can be divided into several parts. Let us begin by considering

d .o fdV?
ds(aV)_a(ds)

When calculating the right hand side, it is convenient to divide the result into terms which include
a OV factor, i = 1,2,3, and terms which do not. Combining Lemmas 50, 53 and 54, the terms
which include such a factor can be written

1 )
——0V! + 0V,
25

where ¢;(s) = O(s72); note that the factor in front of V! in (109) is given by

1
—— +0(s7?%).
55 TOG6™)
It is straightforward to calculate the remaining terms, and we conclude that

V2ys
Vo

a
ds

1 1

(OV') = = 19p(a'/229) V700 — 20y (At - 2%) V196 + 9p(a'/2el Qy)

(V3)2 _ (V2)2

R

+ 5749 [MN 2P (K — QJ)VE00 — %avl + ¢V,
S

00

1
- 5ae(al/QPG) 00 + s~ /49e(eM e 12 )V 200
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where ¢;(s) = O(s72). Combining an argument which is identical to the proof of (133) with
Lemma 50, we can estimate the factors multiplying 0O in the third and fourth last terms on the
right hand side. In fact, we obtain

27173
YV b0

1 1l 1 1/2 0ag L 5%t 11 1/2 P
5(8V) SOV = 20(a' )V 00 489()\t za)va@wg(a P Qo)

1 (V3)2 _ (V2)2
_ 586(a1/2p9)T

where ¢;(s) = O(s72) and cp(s) = O(s™3). As a next step, it is of interest to consider the terms
that arise when d/ds hits a V< in the second term in the definition of Z!. Before writing down
the result, let us note that, due to Lemmas 50, 53 and 54,
v 1 9 avo
ds __%V +0(7), ds
Due to these observations, Lemmas 50, 53 and 54, as well as (135) and the definition of Z!, we

conclude that when d/ds hits a V' in the second term in Z!, the resulting expression can be
written cy0O, where cy(s) = O(s72).

d
90O + OO + ¢; 0V,

=0(s7?). (149)

Note that every term appearing in the second term in the definition of Z! can be written in the
form

(-, ©)p(V)a~Y2(.,0)00. (150)

We have already estimated the terms that arise when d/ds hits ¢. Let us therefore consider the
terms that arise when the derivative hits the remaining factors. Omitting the arguments, we need
to consider

<ht + a/?hg— ) Yo~ ?200 — ™ 3/2 h)d©
Vi _ ay Vi
+h¢{ o 320500 +a mvoae+a< )} (151)

= (a (™ Y2h) + hy ) YOO + hapd (Vl) .

In all the terms of interest, hyp = O(s~2), where we have used Lemmas 50, 53 and 54. As a
consequence, this expression can be written

(at( “12h) 4 hg— )¢8@+618V1

where ¢;(s) = O(s72). Adding up the above observations, we conclude that

%1 __ ;?avl - iag(al/zxg)voa@ - iag (n—22) Vo0 + o002 Q) LV 90
%ag(alﬂpg)—(vg):;(Wya@ + iat a2 (A =220 — 4s1/2eM20 ) [ 000
+ iae ()\t - 2% - 451/2&/2/\) V'oe — 1at(a1/2pt)voggz§ Evi’*; 00
— ;Pwvlma@ + Pt9V1Ma@ (152)
— Og(e PQt)(V;Vszs)a@ + (e PQe)ma@
+ 89(&1/26PQ9)“;1)M8@ + ¢90O + ¢; 0V,

34



where cg(s) = O(s72) and ¢;(s) = O(s™2). How to interpret the terms in this equation should be
clear from (150) and (151). However, there is one term which is slightly ambiguous, namely the
sixth one on the right hand side of (152). For the sake of clarity, let us point out that the factor
in front of V29O in this term should be interpreted as the time derivative of

E [ofl/z ()\t _o%t 4t1/2€)\/2A)] ,
4 o

evaluated at [s, ©(s)]. The expression (152) can be simplified somewhat. To begin with, the terms
involving Py cancel. Moreover,

—09(e" Q) + 0:(e" Qo) = e” (P,Qo — PpQy).

Using Lemma 53 and (135), we can estimate this expression in order to conclude that the sum of
the fourth and fifth last terms is of the form cpd©, where ¢y = O(s~3) (in order to obtain this
conclusion, we have also used Lemma 50). Using Lemma 53, (127), (129) and (135), the sum of
the third and the seventh term can be written cgd0, where ¢y = O(s~2). Since

(V3)2 _ (V2)2 (V1)2 (V2)2 _ (V3)2 (V2)2 _ (V3)2

_ S VA
Vo + VO (V0)2 —(V1)2 (V0)2 — (V1)2
V2v3 Vl Vlv2v3 VOvaS
Vo + Vo (VO)2 = (V1)2 = (V02 — (V)2

the terms involving a factor of dy(a'/?Py) can be written

(V2)2 _ <V3)2

Vo= W

1
iag(al/zpe)vo

and the terms involving a factor of dy(a'/?e”’Qy) can be written

Vo2’
P
0o *e" Qo) rrvs — 1y 0O

Combining these observations yields

z' 1

1 le} 1
_ 1, + —1/2 % 1/2 M/2 0 14 1/2 0
75 283V + 4&, [oz ()\t 2—a 4s*/4e A)} V00 489(oz M) VY00

22 (1/3)2

_ %[at(aﬂ/zpt) - ag(al/ng)}voWa@ (153)
0Y/21/3

— 010727 Q1) = 0026 Qo)) a7 00 + 090 + DV

where cg(s) = O(s72) and ¢;(s) = O(s~?). Combining (61), (135) and Lemmas 53 and 54 yields
(2P — 9y(at/?Py) = O(t™Y).

Due to this estimate and Lemmas 53 and 50, the fourth term on the right hand side of (153) can
be written cpd0, where cy(s) = O(s72). Keeping (68) in mind, a similar argument yields the
same conclusion concerning the fifth term on the right hand side of (153). Finally, keeping (87)
in mind, a similar argument yields the conclusion that the combination of the second and third
terms on the right hand side of (153) can be written cy90, where cg(s) = O(s~3/2). To conclude,

le 1 1 %
= =50V 4O + iV, (154)

where cy(s) = O(s7%/2) and ¢;(s) = O(s72). On the other hand, due to (127) and (135), the
function a='/2e*/? can be bounded from above and below by positive constants (for ¢ > t;).
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In other words, 00 and ¥ are interchangeable when deriving equations of the form (142)—(145).
Moreover, due to (135) and Lemmas 50, 53 and 54,

Z'=0Vit ¢V, (155)

where ¢; g(s) = O(s~'/?). We are now in a position to prove the lemma. To begin with, combining
(146), (147) and Lemma 53 yields (143) and (144). Combining (148) and (155) with Lemmas 50,
53 and 54 yields (145). Finally, combining (154) and (155) yields (142). O

Lemma 57. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+2. Then there is a constant C' > 0, depending only on the solution,
such that

(In 5)% 90 (s; t,0,v)| + s'/2 |99V (s;t,0,v)| < C(Int)? (156)

for all s € [t1,t] and (t,0,v) € [t1,00) x St x R? in the support of f.

Remark 58. It is possible to use arguments similar to the ones given below in order to derive
estimates for 0;0, 0,:0 etc.

Proof. Let N _ .
Z'(s;t,0,v) = 51/2Z1(5;t,9,v), U(s;t,0,v) = (Ins)?U(s;t,0,0). (157)
Then, due to Lemma 56,
dz* X g
I = 01)981/20118)_2\114-01’]‘2],
dz? 5
K = C2,222a
dz? . 5
e 3227 + c332°,
dw 2 . . .
—_— = W+ cg 9\11Jrcgi:sflm(lns)zZz
ds slns ’ '

for s € [t1,t], with coefficients as in Lemma 56. Introducing
A 3 A . A~
E=) (2 +(¥) (158)
i=1

we conclude that there is a constant C' > 0, depending only on the solution, such that

dE 1.
—_— > — E
ds — Cs(ln 5)2
for s € [t1,t]. As a consequence,
E(s;t,0,v) < CE(t;t,0,v) (159)

for s € [t1,t]. Let us now assume 9 = dy. Then
W(t:t,0,0) = O[(Int)?].

Moreover, N _
Zi(t;t,0,v) = [tY20,V + O(1)](t;t,0,v) = O(1).

As a consequence, E(t;t,0,v) = O[(Int)*]. Thus (159) implies (156); note that the estimate for
0p© is immediate and that ‘ .
105V < |Z°| + Cs~ /2|40

The lemma follows. O
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7 Higher order light cone estimates

Before proceeding to the higher order light cone estimates, let us record some consequences of the
estimates obtained in Lemma 57.

Lemma 59. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where tog > 0. Assume that the solution has
A-asymptotics and let t1 = tg+2. Then there is a constant C' > 0, depending only on the solution,
such that

1Bepllco + /2|0 Jillco + t]10aSisllco + t|aPellos < Ct3/2(Int)?, (160)
Joo (G = € (161)
H% < c (162)

a lic

for allt > t;.

Remark 60. Note that dg(o/c) = O(ag/cx) = 0rg In cv.

Proof. The estimate (160) follows from the fact that (137) and (156) hold and the fact that
|vi| < Ct~'/2 in the support of f(t,-). Consider (69). Since Lemmas 53 and 54 together with
(135) imply that J, K, Q and P are bounded in C' and that \g is O(t~/2), the first two terms
on the right hand side of (69) are O(t~*) in C. Since \g is O(t~1/?), the f-derivative of the third
term on the right hand side of (69) is O(t~3/2). Due to (160), the -derivative of the last term is
better. Thus (161) holds, so that
Qy
o <20 (3)]

o ()]

Integrating this estimate yields (162). O

< Ot 3/2,
co

In what follows, we shall proceed inductively in order to derive estimates for higher order deriva-
tives. Let us therefore assume that we have a T?-symmetric solution to the Einstein-Vlasov
equations with a cosmological constant A > 0 and existence interval (to,00), where g > 0. As-
sume, moreover, that the solution has A-asymptotics and let t; = to+2. Let us make the following
inductive assumption.

Inductive assumption 61. For some 1 < N € Z, there are constants 0 < m; € Z and Cj,
j=1,...,N, (depending only on N and the solution) such that

v foC) m
s1/? w(s;t,@,v) + ‘w(s;t,ﬁ,v) < C(lnt)™, (163)
IPollen-1 + 1Qollov— + 2| Pellen—1 + 32| Qillev—1 < Cn-a, (164)

forall j=1,...,N, (t,0,v) € [t;,00) x S! x R3 in the support of f and s € [t,1].

Remarks 62. The induction hypothesis holds for NV = 1. In what follows, C'; and m; will change
from line to line. However, they are only allowed to depend on N and the solution.

In this section we prove that, given that Inductive assumption 61 holds, then (164) holds with N
replaced by N + 1. In the next section, we close the induction argument by proving that (163)
holds with j replaced by N + 1.

We shall need the following consequences of the inductive assumption.
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Lemma 63. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t; = tg+2. Assume, moreover, that Inductive assumption 61 holds for some
1 < N € Z. Then there are constants Cj, j = 0,...,N, and my, depending only on N and the
solution, such that

pllew + 721 Tillen + tPilleny + | Simller < Cnt™2(Int)y™, (165)
205 Mo < O, (166)
Horlaga‘co < ¢ (167)
[Jolley + [Kollon < Cn(Int)™~, (168)
I+1 (&t -3/2
b @) < oo o

fort >t1,0<j<N,0<I<N-1andi,m=1,2,3.

Proof. For N = 1, the conclusions follow from Lemmas 53, 54 and 59, (135) and the equations (64)
and (65). We may thus, without loss of generality, assume that N > 2. An immediate consequence
of the inductive assumption is that, for 0 < j < N and t > ¢4,

‘ f

507 < C;(Int)™s,

cf. (137) and (163). As a consequence of this estimate, we obtain (165). In order to obtain
control of the #-derivatives of a and A, we need to proceed inductively. Let us make the inductive
assumption that

Ha‘laga‘ < G (170)

Co

135A o < Ot (171)

for 1 < j <1< N. Note that we know the inductive hypothesis to be true for [ = 1. Differentiating
(63) I times with respect to 6 and appealing to (164), (165), (170) and (171), we conclude that
(171) holds with j replaced by I 4+ 1. In order to improve our knowledge concerning «, let us
begin by improving our estimates for the 0-derivatives for J and K. Differentiating (64) and (65)
0 < j <1 times and using (164), (165), (170) and (171), we conclude that

105 llco + 193+ K lon < Cy(Int)™ (172)

for t > ¢; and 0 < j < [. Differentiating (69) [ + 1 times with respect to 6, using (164), (165),
(172) as well as the fact that (171) holds for 1 < j <1+ 1, we obtain

Jon (s = lloen ()]

% ()]
Joi (55
for t > t;. Combining this estimate with the inductive hypothesis, we conclude that (170) holds

with j replaced by ! + 1. Thus (171) and (170) hold for 1 < j < N. We thus conclude that (166),
(167) and (168) hold. In addition, (173) implies that (169) holds. O

<Copt3/? (173)
Co
for ¢ > t1. Thus

<G
C’U

We are now in a position to derive higher order light cone estimates.

Lemma 64. Consider a T2-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where tg > 0. Assume that the solution has
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A-asymptotics and let t; = tg+2. Assume, moreover, that Inductive assumption 61 holds for some
1 < N € Z. Then there is a constant Cy > 0, depending only on N and the solution, such that

%2105 Pillco + 105" Pollco + %217 05 Qillco + €705’ Qollco < Cn (174)
forallt > t1. As a consequence, (164) holds with N replaced by N + 1.

Proof. Let us begin by pointing out that if N = 1, then the lower bound is larger than the upper
bound in some of the sums below. In that case, the corresponding sum should be equated with
zero. Moreover, terms which are bounded by Ct=2 for ¢ > t; will sometimes be written O(t=3).
Let us compute

Qv
L[N P, 7 0) (a2 Py)) =0) Py T O} (ial/QPg + a1/2Pt9) + ol/29N TP,
_ al/QaéVH (al/QPQ)
N-1 1oy

1 iy .
=8)' Py F By Z ﬂjaév ! (%) 85(041/2130) T3

=0

o (a2 Py)

NO[@

N-2
T o ROV RE Y 0,007 (@07 (P) - ) [o 000 2 Fy)

J=0
N—-2
Nag

+ 5oz (PR + Y 805 7 (al)05 T (a2 ),
=0

where the 3; are binomial coefficients. Note that all the sums are O(t73) due to Inductive as-
sumption 61, Lemma 63 and (135). Let us use (61) in order to compute

«
0p' [Pi — a' /209 (o' Py)) =05 (Ptt —aPyy — 79P0>

N-1
1 N (673 N N—i
—— 0P+ SR+ Y 80 i

=0

)P,

Qi
20
+ Y859, 7 (EM)(QF - aQ))

J=0

N1
+ 2P Z 5j(5g7j(Qt —a'2Q9))(95(Q: + a'/2Qy))

Jj=1

+267 (@105 Qr — a'*Qu 05 (a'* Qo)) — 0’ (

ePJr)\/Q(K _ QJ>2
2t7/2 >

N (e TTRg? —1/24N1 N/2
+89 W +1 89 [6 (PQ—Pg)].

Due to Inductive assumption 61, Lemmas 63 and 54, and (135), the sums are O(t~3), as well as
the last three terms on the right hand side. We thus obtain

o Nayg
20 2a1/2

+262P[QON Qr — a2Qpdl (a?Qp)] + O(t73).

1
04(0) P, 0 (a'?Py)) = — ;%VPt + (00 P F0) (a'?Py)) ¥ 05 P, ¥ 07 (a2 Py)]

Introducing
Ani1+ = [0) P £ 0} (a2 Py))? + 2P 10) Q, £ 0} (/2 Qp))?, (175)
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we conclude that
5 2
005 Py F 95 (a'?Py)” < — ;[55\73 F O, (o' P) F gaév(al/QPe)[aéVPt F 0 (a2 )]
+ C’Ntfg.A}\{j_l} + CNt73/2(.AN+1,+ + ./41\/.;.17_)7

where we have used Inductive assumption 61, Lemma 63, (128) and (135). Let us now consider

0:[0)' Qu ¥ 07 (a12Qu)] =05 Qu F 5 ZB] (%) (0 2Qu) ¥ 5 210 (0/7Q0)

N-2
Na . .
F o Oh Qi F Y 8,0, (@0 Qua — 07 [0 00(a Qo)
j=0
Na@ ol/2 ~ N (1) 90 (/2
7=0

As above, all the sums are O(¢~?) due to Inductive assumption 61, Lemma 63 and (135). Compute,
using (68),

N-1
O Qu — a0y (0 Q)] = — 0N Qi+ L Q3 5500 (o) 93Qu — 203 P)@s
j=0

_2Pt(aéVQt)+23N( 2P))at/2Qg + 202 Pyd) (a*/%Qy)
N-1
2 5@ IR0 +2 Y. 5,0 0B 04 Qo)
Jj=1 j=1

MNP (K - QJ _ _
+ 0 ( tf/2 )) + 271207 (2?7 F Sa3).

Due to Inductive assumption 61, Lemmas 63 and 54, and (135), the sums are O(t~3), as well as
the last two terms on the right hand side. Thus

3i[aéVQt :Faév(al/2Q9)] == *%VQt + [8éVQt + 89 (a UQQQ)] o 1/2 [8éVQt + 89 (a UQQQ)]
- 2(89" Pt)Qt — 2P,(05' Q1) + 20 (a'* Py)a*Qy
+ 202l (a?Qp) + O(t73).

Consequently,
5 2
O£[05Qr F 05 (' 2Qu)]* < — 2107 Qu F 05" (o 2Q0)* F 057 (02 Q0)[05 Q1 F 05 (0 Qo)]
+ CNt_3A%i1,¢ + Ot 32 (Angr 4 + ANs1,-),

where we have used Inductive assumption 61, Lemma 63, (128) and (135). Adding up the above
estimates, we conclude that

1 1
O Ant1g < — *AN+1 =+ oy (ANg = Avgrz) + 5 (Avsrs + A=)
+ Cnt™ 3/2 (AN+1,+ + Any1-) + CNt_SA%iL:F.
Let us introduce

AN+1,:|: = t7/2AN+1,:|: + /2, FN-H,:I: = sup AN+1,:|:, Fyi= FN+1,+ + FN+1,—- (176)
fest
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Then 1
0+ Ant1,5 < %AN-H,i + COnt3 Ay + An,o).

Integrating this differential inequality, taking the supremum etc., we obtain

Enii(t) < Fnya(t) "‘/

ty

1 . .
<2SFN+1 (8) + CNS_3/2FN+1(S)) ds.

Thus F' N41(t) < Cnt'/2. Combining this estimate with Inductive assumption 61, Lemma 63 and
(135), we obtain (174). O

8 Higher order derivatives of the characteristic system

In the previous section we showed that (164) holds with N replaced by N + 1; i.e., that
1Pollen +11Qsllen + 72| Pillen + 32| Qullen < Cn (177)

holds for all t > ¢;. We also need to prove that (163) holds with j replaced with N + 1. Before
stating the relevant result, let us make the following preliminary observation.

Lemma 65. Consider a T2-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,o0), where to > 0. Assume that the solution has
A-asymptotics and let ty = tg+2. Assume, moreover, that Inductive assumption 61 holds for some
1 < N € Z. Then there are constants C; and mj, j = 0,..., N, depending only on N and the
solution, such that

lollox + 82 Jillow + | Pillox +t|Simllex < Cnt™/2(nt)™, (178)
HoflagaHCO+t1/2||8§+1)\||co < ¢ (179)
[Jollex + [ Kollev < Cn(Int)™, (180)
los (2], + 105 Nllen < cum®2, (181)
a/llco
H)\t—Q%—éltl/Qe”QAH < Oyt 2, (182)
« CN
HAt—%H < COnt? (183)
allen
ort>1,0<)<N,0<I[<N—-1andr,m=1,2,3. Moreover, using the notation
f 0<j<N,0<I<N-1and1 1,2,3. M ing th )
U, =000, Zi=09y7', Vi=aV', ©;=08,0 (184)

(where the 0-operator used to define Z and U is given by dyg), there are functions c; 9, i =1,2,3,
such that the following estimates hold:

|Wy(s:t,0,0)| + 52| Zy(s:t,0,0)] < Ci(Int)™, (185)

| (s;t,0,0) — (a"1/2eM2)[5,0(s;t,0,0)]0,41(5;t,0,v)] < Cj(Int)™, (186)
|Z;(s;t,9,v)— jiﬂ(s;t,@,v)—(ci,gllfj)(s;t,ﬂ,vﬂ < st_l/z(lnt)mj, (187)
lcio(sit, 0,0)] < Cos™1/? (188)

for all (t,0,v) € [t1,00) x St x R? in the support of f, 0 <j < N,0<I< N —1 and s € [t1,1].

Remark 66. Due to (179), '
|050”| < Gy 07

for all (t,0) € [t1,00) x S', p€ R and 0 < j < N. In particular, spatial derivatives of powers of «
can thus effectively be ignored. In the derivation of the estimates below, it is useful to keep this
observation in mind.
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Proof. Combining Lemma 63 with (177), (60) and (63), we obtain (178)—(181); recall that P, @,
J and K are bounded to the future. The estimate (182) is a consequence of Lemma 63, (177) and
the fact that

e—P+A/2J2

«
A — 25 — 41 2A2N =t [P? + aP? + 2T (Q? + aQR)] + —

6P+>\/2(K _ QJ)2
t5/2

+ 4t1/2€>\/2p;

cf. (69) and (70). For similar reasons, (183) holds; cf. (70). Turning to (185)—(188), let us note
that 0¥ (s;t,0,v) can, up to numerical factors, be written as a sum of terms of the form

85(()‘71/26)\/2)[57 @(8; t, 97 U)]G)h (S; i, 07 U) e @ik+1 (5; t, 9, 11),

where i1 4+ -+ 4+ g1 = j + 1. Since k < j < N, the first factor is bounded due to (179). Due to
Inductive assumption 61, the factors ©;; can be estimated by C(Int)™s if i; < N. The only way
a factor O 41 could occur is if £ = 0 and all the derivatives hit ©; in the definition of ¥. Due to
these observations, (186) and the estimate

|Wi(s;t,0,v)] < Ci(Int)™,

0 <1< N —1, follow. The proof of the remaining estimates is similar in nature, but somewhat
more involved. O

We now finish the induction argument by proving that (163) holds with j replaced by N + 1.

Lemma 67. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and ezistence interval (tg,00), where tg > 0. Assume that the solution has
A-asymptotics and let t; = tg+2. Assume, moreover, that Inductive assumption 61 holds for some
1< N €Z. Then (163) holds with j replaced by N + 1.

Proof. The strategy of the proof is very similar to that of the proof of Lemma 56. The idea is to
derive a system of ODE’s for Z% and ¥y analogous to (142)—(145), and then to use arguments
similar to those presented in the proof of Lemma 57. Deriving appropriate equations for Z%,
1 = 2,3, turns out to be relatively easy; this is due to (146) and (147). In fact, we obtain the
desired conclusions concerning Z%;, i = 2,3, without much effort; cf. (191) and (192) below.
Deriving an equation for ¥y also turns out to be quite easy; cf. (190) below. Similarly to the
proof of Lemma 56, the main difficulty consists of deriving an equation for Z3;. Once the desired
equation has been obtained, we rescale Z} and ¥y according to (199) and introduce an energy
according to (200); note that these definitions are analogous to the ones given in the proof of
Lemma 57. Finally, the equations imply a differential inequality for the energy Ex which can be
integrated to yield the desired estimate.

Before proceeding to a proof of the statement of the lemma, it is of interest to introduce some nota-
tion. Let b be a C! function on M = (tg,00) x St. Evaluating this function along a characteristic,
we obtain

B(s;t,0,v) = b[s,O(s;t,0,v)].
Differentiating B with respect to 6, we obtain

0B ab 00

50 (s;t,0,v) 50 [s,0(s;t,0,v)] 50 (s;t,0,v) (189)
On the other hand, distinguishing between B and b is quite cumbersome in the arguments that we
are about to carry out. As a consequence, we shall write b when we mean B. Moreover, we shall
use the notation dyb as a shorthand for 0y B, whereas Jyb should be interpreted as the first factor
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on the right hand side of (189) and 9;b should be interpreted as the function mapping (s;t,6,v)

to
b
gl
In particular, we thus have by = by©®;. Finally, let us point out that if in some expression a
U-derivative hits a V or a O, it is to be interpreted as an ordinary #-derivative.

Note, to begin with, that

S’ @(5; t? 97 IU)}'

3

d\I’ 1 oVt V
_ V] 1/2 \I’ A2YY )\/2 2 :Vz VZ
ds 2 ()\t a) + 2a A y0 te Vo )3 g

due to (148). Differentiating this equality N times with respect to 1, we obtain

3

1
ozl/Z)\gv—lllfN+e)‘/2VN+1 W V ZWVN L+O0[s™2(Int)™~]
Vo Vo P + ’

d¥ N
ds

1
2

1
= (=) un+t
2 o}

where we have used (135), Inductive assumption 61 and Lemma 65. Due to (187), this equation
can be written

d\IIN Q — m
o = Coo¥n + g Zy + Ols T (Int)"], (190)
where ¢y = O(s72), ¢f); = O(s73/2) and we sum over i but not N. Turning to Z2, we have
dz? 1 Vi
27 Ly Lip o gep, z%
ds 2s 2 ( AT ’

cf. (146). Differentiating this equality N times with respect to ¢, we obtain

dz, e V1 _
_ 1l 1(p 12p, Z *(Int)™~
ds 2s 2( rha “vo N+ Ols™> (™),

where we have used (135), (177), Inductive assumption 61 and Lemma 65. As a consequence,

4 (sl/QeP/QZJQV) = O[s~%/%(Int)™V].

S

Integrating this equality from s to ¢, we obtain (assuming N > 1)
- (sl/QeP/QZJQV) (s;t,0,v) = O[(Int)™N];

note that
(tl/QeP/QZJQV) (t:,0,0) = 11/2¢P/2 1 SO Py = 0(1)

due to (177). In particular, we thus have
|Z% (s;t,0,0)] < Cns™ Y2 (Int)™ (191)

for s € [t1,t]. Turning to Z3, we have

dz3 1 1 V! V!
- = _%23 +5 (Pt + al/QP@W) AR (Qt + al/zQevo) VAS

cf. (147) and (146). Differentiating N times with respect to ¢, we obtain

dZJBV 1 3 1 1/2 V 1/2 —2 my
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Due to (191), the third term on the right hand side is O[s~2(In#)™~]. We can thus proceed as in
the proof of (191) in order to obtain

|Z3:(s;t,0,0)] < Cys™Y2(Int)™~ (192)

for s € [t1,t]. Finally, we need to derive an equation for ZX. Just as in the derivation of the
equation for Z!, it is natural to divide the analysis into several steps. Consider, to begin with,

ajJrl dVl

v ds
for 0 < j < N. All the terms appearing in dV'!/ds can be written h 1o V. When differentiating an
expression of this form, the terms that arise are (up to numerical factors) of the form 8{; h@éqp oV.

If both k and [ are > 1, the resulting term is O[s~2(Int)™]. If all the derivatives hit 1), we obtain
(after summing over all the terms appearing in dV!/ds)

1 i1/t — m;
*%ngrl+cgvj+1+o[5 *(lnt)™]

where ¢/ = O(s72) and we sum over i but not j. If all the derivatives hit , we obtain (after
summing over all the terms appearing in dV'*/ds)
V2ys

Vo

1. 1. :

_ Zaéﬂ(auz)\e)vo _ Z%H <)\t _ 2%) vy 81]9“(011/2613629)

(V3)2 _ (V2)2
10

where cé = O(s73) and we have used (132); note that, due to (177) and Lemma 65, we control

N + 1 #-derivatives of the first factor in each of the last two terms appearing on the right hand
side of (109). Adding up, we conclude that

1, )
— 50 (a2 Py) +¢)O;41 + Ofs*(Int)™],

g1 (dV! 1oy i j Lojt1, 172 o Lo ATl
0"\ g5 ) = 35 Vi T Vi T GO — 1057 (M) — 28y ()\t—2g)v

. V2V3 1 . (V3)2 _ (V2)2 B ‘
+ %-H(Ozl/QBPQQ) 70 o §8§+1(a1/2P9)T + O[S 2(lnt)m’],
(193)
where ¢/ = O(s72) and cg = O(s7?) and we sum over i but not j.
The second term in the definition of Z' consists of a sum of terms of the form
hipoVa~t/?0,. (194)
The relevant h’s are
1 1 1
hy = 1 (/\t - 2% - 481/2€A/2A) , ha = —§Pt, hs = §C¥1/2P9, hy = —e"Qq, hy = a/?ePQy,
and the relevant i’s are
V2 2 _ V3 2 V2 2 _ VS 2 VOv2v3
wl :‘/'O7 wQZVO( ) ( ) , 1)[}3:‘/1( ) ( ) 1,[14:

V1V2V3

v = - (VI

We want to differentiate (194) with respect to s and then N times with respect to ). Before
turning to the details, let us record the following estimate:

5
s'/21(85h) (58,6, 0) + D [(95hi)(s58,0,0)] < COns™ (I t)™ (195)
=2
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for 0 < j < N, (t,v,0) € [t1,00) x St x R3 in the support of f and s € [t1,t]. In the case of
hi, i =2,...,5, (195) is an immediate consequence of the inductive hypothesis, (135), (177) and
Lemma 65, and in the case of hq, it is a consequence of (182). We also have

5 5
[Ur(sit,0,0)[ + 5> [Wil(sit,0,0)| < C, D> |05 b0 V)(s5t,60,0)| < Cjs~ ' (Int)™  (196)

i=2 i=1

for 0 < j < N -1, (t,v,0) € [t;,00) x S* x R3 in the support of f and s € [t1,¢]; this is an
immediate consequence of the inductive hypothesis.

Let us consider the term that arises when d/ds hits the v-factor in (194). Note, to this end, that

AV
2 ( CZ >‘ < Cns32(Int)™

for all i =1,2,3 and all 0 < j < N; for j = 0, the estimate is a consequence of (149); for j > 1
and ¢ = 1, it is a consequence of (193); and in the case of ¢ = 2,3, it follows immediately from
(110), (111) and the induction hypothesis. Due to the above observations,

dyoV
o) (hﬁiwzel) = ) @1 + Ols > (nt)™),

where ¢}’ = O(s™2) and h is one of hy,...,h;. When the s-derivative hits the remaining terms in
(194) (not 1), we obtain

1

_ av VY N i
oy [(a (aY2h) + hg— ) ¥O; + hw th(vo)g ;V ov

cf. (151). Due to (195) and (196), this expression can be written

oy Kat( “12h) + hy > wel] +ZCNVN+1+0[ 2(Int)™~],

=1

where ¢ = O(s72). Differentiating the second term appearing in the definition of Z! once with
respect to s and N times with respect to ¥, we obtain (by adding up the above)

Zf)ﬂ K (@20 + (Bphi) )Wal] +Zc Vi1 +cdOngr + O 2(Int)™],  (197)

where c) = O(s72) and ¢/ = O(s72). In order to obtain the desired equation we need to add
this expression to (193) with 7 = N. However, before doing so, note that

1 1
—Zagwl(al/%)vo = —Zag[ae(al/Qxe)vo@l] + O[s™2(Int)"™~]

etc. Due to this observation, we can argue as in the proof of Lemma 56. In particular, we obtain
a formula analogous to (152): the difference is that V' should be replaced by Vi, in the first
term on the right hand side of (152); that 8{,\[ should be applied to all but the first and last two
terms on the right hand side of (152); and that the last two terms should be replaced by ones
analogous to the last three terms on the right hand side of (197). Proceeding as in the proof of
Lemma 56, the corresponding expression can be simplified; cf. the derivation of (153). Most of
the steps involved in the derivation of (153) consist of algebraic manipulations. However, there
are two exceptions. The combination of the fourth and fifth last terms on the right hand side of
(152) can be written
P viyzys
e (PQo — Pth)( VO — (V)2 O1.
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The analogous expression in the present setting is

viyz2ys
>2@1) = ¢} On1 + Ofs 3 (lnt)"™],

0y (eP<PtQa - PQ) gy — i

where ¢}’ = O(s73) and we have used (177), Inductive assumption 61 and Lemma 65. The
combination of the third and the seventh term on the right hand side of (152) can be written
—0y(s'/2eN2N)VO,.
In the present setting, the analogous term is
—0N[0y(s'2N2N)V10,] = ¢} Oni1 + Os~2(Int)™¥],

where ¢}’ = O(s72) and we have used Inductive assumption 61 and Lemma 65. Summing up, we
obtain

dzy 1
ds =~ 2s

Vi + 0N Bat [a—l/Q (/\t - 2% — 451/2e*/2A)} Voo, — iag(al/%)voel
o (V2)? = (V3)?
(V0)2 — (V1)2
yoy2ys
(VO)2 —(v1)2 1}
+ ) Ong1 + N Vi + O[s™2(Int)™],

_ %[at(a—lﬂpt) — 0y(a2P)V o,

~[0(a /%" Q1) — Dp (2" Qp)]

(198)

where ¢} = O(s72), ¢¥ = O(s7?) and we sum over i but not over N. The term of importance is
the second one on the right hand side. If all the ¥J-derivatives hit ©, the resulting term can be
dealt with as in the proof of Lemma 56, and we obtain a ¢} © y1-term, where ¢}’ = O(s73/2). In
the case of all the remaining terms, it is possible to use the equations (as in the proof of Lemma 56)
in order to obtain terms of the form O[s~3/2(Int)™~]. Let us go through the argument in detail
for

(V2)2 — (v9)?

O R e ]

Using (61), this expression can be written

a~1/2e)/2—P j2 a—1/26>\/2+P(K — QJ)2
247/2 a 257/2

1 1
—3% K‘s“” PPt a2 (QF - 0Q) +

(V2)?2 = (V¥)? N —2(1, 4ym
(V)2 — (V1)2®1 =¢p Ony1+ O[s(Int)™],
where ¢y = O(s72) and we have used (135), (177), Inductive assumption 61 and Lemma 65. Due
to this argument, and similar ones for the remaining terms in (198), we obtain
dz} 1 ; _ m

NVl e On N Vg + O ()™,
where ¢} = O(s7%/2), ¢ = O(s73/2) and we sum over i but not over N. Due to (186) and (187),
we conclude that

57122 2Py - Py) ) VO

dZ}V 1 1 N N i —3/2 m
ds :7£ZN+09 Un +¢ Zy+0ls (Int)™~],

where ¢} = O(s7%/2), ¢N = O(s7%/?) and we sum over i but not over N. Combining this equation
with (190), (191) and (192) yields

A0y 2 . i . . . N
o = U by s 2 (ns)PZy + Ofs T (ns)P (Int) "],
VA, . .

dsN — cf{eslﬂ(lns)_%ll]v +c{\le}v —I—O[s_l(lnt)m’\’],
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where ¢y = O(s72), cffy = O(s73/%), clVy = O(s73/2), ¥, = O(s73/?), there is no summation
over N and we have used the notation

ZA}V(s;t,H,v) = 51/2Z}V(s;t,0,v), ‘i’N(s;t,Q,v) = (Ins)*Wp(s;t,0,v). (199)
Introducing the energy . . .
Ex = (¥n)*+(2Zy)% (200)
we conclude that R
dEN Cn

- En — Cns™ ' (nt)™ £y,
ds —  s(lns)? N = Cns (Int) N
Letting rn be such that rn(t1) = 0 and its derivative is the first factor in the first term on the

right hand side, we obtain

%V > —Cns~H(Int)™EN?,

where Ey = exp(—rN)EN. Dividing by 6']1\,/2 and integrating from s to ¢, we obtain
EN(s:t,0,0) < EX(£:1,0,0) + Cy(Int)™.

However, the first term on the right hand side can be estimated by Cy(Int)?. Combining the
resulting estimate with (186), (187), (191) and (192), we conclude that (163) holds with j =
N +1. O

Corollary 68. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (to,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+ 2. Let 0 < k € Z. Then there is a constant Cy, depending only on
k and the solution, such that

I1P:lex + 1Qllor + 72 [[a 2|l or < Oyt 2 (201)
for all t > t1. Moreover,
3 3
R +‘At+ < Oyt
« t foL t Ck

for allt > t;.

Proof. By combining Lemmas 64 and 67, we know that Inductive assumption 61 holds for all N.
In particular, we thus know that the conclusions of Lemma 65 hold for all N. Combining this
information with (61) and (68) yields

10:(ta™ 2Py on + [10: (b2 Qy )| or < Cut ™2
As a consequence,
[t 2Pl + [lta™ 2 Qullox < Cyt'/?.

Due to this estimate, as well as (135) and (179), we can proceed inductively in order to conclude
that
[P ler + [|Qiller < Crt ™2

Combining this estimate with (63), (135), (177) and Lemma 65, we obtain (201). Combining (201)
with (60), (69) and (128), we obtain the final estimate stated in the corollary. O
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9 Energy estimates for the distribution function

In the proof of the existence of fs.o0, cf. Theorem 7, a natural first step is to estimate L2-based
energies for f. In the process of deriving such estimates, it is useful to consider equations for the
derivatives of the distribution function. Such equations take the following general form:

Oh  oM*'on 1 ,0n

I T TR T (202)
In case h = f, R is given by of
=L~ 203
-, (203)
where
1 1 200 3 vid 1 (v3)? — (v?)?
IV = a2y 0 4 = L T SR Vo o VRGN V-3 S G il G
4a /\9v+4 At " tv « ngvo +2a () 0
—t~ /AN (eiP/QJU2 + e (K — QJI)v®), (204)
1 1 1,2
L? = §Ptv2+§oz1/2pevv§ : (205)
1 1 1,3 1
L* = —5Pw’ = a2 4 P <Qt + a1/2Q9”0> . (206)
v v
The energies we shall consider are
IADICESSY / / t= 118,08 h(t, 0, v) |22t =3/2duds. (207)
st JR3

I+|BI<k
We shall also use the notation E = Ej.

Remarks 69. The purpose of the factor a~/2¢=3/2 is to simplify some of the terms that result
upon carrying out partial integrations. We could equally well consider energies of the form

mAfO = S [ [ e 000 1,6, 0) vds

I+18|<k

for p > 0; cf. [31]. However, there is a constant C' > 1, depending only on the solution, u and 3,
such that
C—l < <t1/2,0>2u+2\[3\ <C

for t > t; (where t; is defined as in the statement of previous lemmas) and (¢, 6, v) in the support
of f. As a consequence, the corresponding weight is of no practical importance.

Lemma 70. Consider a T2-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where tg > 0. Assume that the solution has
A-asymptotics and let t; = tg + 2. Let h be a smooth solution to (202) (where the function « is
the object appearing in the Einstein-Viasov equations and R is some function) which has compact
support when restricted to compact time intervals. Then there is a constant C' > 0, depending only
on the solution to the Einstein-Vlasov equations, such that

dE[h] 3

— A < _ZEh+ 2/ / hRa~Y2t=3/2dyvdf + Ct =2 E[h]
dt 2t st Jgrs

forallt > ty.

Remark 71. It is important to note that the constant C' does not depend on h. Moreover, R
should be thought of as being defined by (202). In particular, due to the assumptions concerning
h, the function R is smooth and has compact support when restricted to compact time intervals.
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Proof. Differentiating E with respect to time, we obtain

dE
7:2/ / hathafl/%*/?dvdw/ / R A ) (208)
dt St JR3 st JR3 2t 20

Due to (128), we can estimate the second term on the right hand side. Consider the first term on
the right hand side of (208). Using (202), it can be written

al/2p! Oh 1 .0h
2 hl—-———+ —v"—+R /247372 qyqp.
/gl /]RS ( 00 90 + 2tv ovt * > @ v

The term involving dgh can be integrated to zero. The term involving R we leave as it is. What
remains is to estimate the term

1 Oh?
7/ / vza—h.a_l/Qt_?’/dedez—é/ / h2a~ Y243/ qude.
2t st JRrs ov? 2t st JRrs

The lemma follows. O

Let us turn to the higher order derivatives of the distribution function.

Lemma 72. Consider a T?-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+ 2. Fiz 0 < k € Z. Then there is a constant C), > 0, depending
only on k and the solution to the Einstein-Vlasov equations, such that

dEx[f] 3

o < o Bl + Crt 32 EL[f]

for all t > ty. In particular, t3/?Ey|[f] is bounded to the future.

Proof. Differentiating (202) with h = f, we obtain

(9f57l + (11/2’01 8f,37l 1 iaf/g,l

ot O 80 2 ov

at/2pt 1
B Hl _
0y, 0, 8‘9} f 57

[V, 0705] £, (209)

!
:6589R+ |: UO

where we use the notation f5; = 979, f and assume that |3 +1 < k. Let us denote the right hand
side of (209) by Rg,;. Due to Lemma 70, it is of interest to estimate

2/ / t18 f5 1Rg 102673/ quds. (210)
st JR3

By an inductive argument, it can be proven that the third term on the right hand side of (209) is
given by |B|fs,/2t. The corresponding contribution to (210) is thus

Pli-1o1175..

Turning to the second term on the right hand side of (209), it can (up to numerical factors) be
written as a sum of terms of the form

1/2,1
L [aTY lo+1
651801 <UO) 352692-"- 1

where 81+ 82 = 8, 11 +1a =l and |B1|+ 11 > 1. Note that the first factor can always be estimated
by Cit=3/2. In case 81 = 0, it can be estimated by Crxt~2 (on the support of f). Due to these
observations, we have
al/2yl - -
{ o 89,65%] f’ S D DR A

li+|B1|<k

18172
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The corresponding contribution to (210) can thus be estimated by
Crt ?Ey[f].

Finally, let us consider the first term on the right hand side of (209). Since R is given by (203),
the expression 9 8(§R is given by the sum of

L'0,:0°0, f (211)
and terms which (up to numerical factors) can be written
(0510l 11)0,:0%20% f, (212)

where |1]| + I3 > 1. The contribution to (210) from (211) can be written

/81 /R tIPIL (0, f3.))a/2t3/ 2 dvdf.

Integrating partially with respect to v* and keeping in mind that the L are given by (204)-(206),
we conclude that this expression can be estimated by

Cut =32 EL[f], (213)

where we have used Lemma 65 and Corollary 68. Let us now consider the contribution arising
from terms of the form (212). It is natural to divide these terms into two different categories.
Either 5, =0, or 51 # 0. In case 51 = 0, the expression (212) can be estimated by

Ot =3/%71/210,,080% £|.
In case 81 # 0, the expression (212) can be estimated by
Cit%/210,:022 0y f).

In order to obtain these estimates, we have appealed to Lemma 65 and Corollary 68. As a
consequence, the contribution to (210) from terms of the form (212) can be estimated by (213).
Adding up the above observations, we conclude that

d dE 3
a4 (t*'ﬁiE[fﬁ,l]) _ @flﬁ‘E[fﬁ,l] n t*lﬁ\% < _@f\mE[m] Sy

+ 2/ / t718IRg , fo 00~ /2732dude + Ct= 2t~ 1P B[ f5.]
st ]RS
3
< — St PIB f] + Ot B ).

Summing over 5 and [, we obtain

dE;t[f} < —%Ek[f] + th*3/2Ek[f}.

The lemma follows. O

In order to obtain a better understanding for the asymptotics, it is convenient to rescale the
distribution function according to

foe(t,0,0) = f(t,0,t7/%0).

We have the following conclusions concerning fi..
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Lemma 73. Consider a T2-symmetric solution to the Einstein-Vlasov equations with a cosmo-
logical constant A > 0 and existence interval (tg,00), where to > 0. Assume that the solution has
A-asymptotics and let t1 = tg+ 2. Fiz 0 < k € Z. Then there is a constant C, depending only on
the solution, such that in order for (t,0,v) € [t;,00) x S x R3 to be in the support of fs., v has
to satisfy |v| < C. Moreover, there is a constant Cy, > 0, depending only on k and the solution to
the Einstein-Vlasov equations, such that

10¢ fse (t, )l ok s xmay < Crt ™2

for allt > t1. In particular, there is thus a smooth, non-negative function with compact support,
50Y fsc,00, ON St x R3 such that

||fsc(ta ) - fsc,oo||Ck(Sl><R3) < thil
for allt > t;.

Proof. The statement concerning the support is an immediate consequence of Lemmas 50 and 53.
In order to derive the desired estimates, let us compute

(D1 fuc) (t,0,0) = (B f)(t, 0,67/ %v) — %t‘” 20 (0 f) (¢, 0,7 20).

Using the Vlasov equation, we conclude that
Ql/24=1/21

atfsc = —W

a@fsc + Rscv

where
Rec(t,0,v) = L' (t,0,t720) (8, ) (t, 0,7/ 20) = t1/2Li(t, 0, t7/%0) (8,1 fuc) (¢, 6, 0)
and the L' are defined in (204)—(206). Introducing
Li(t,0,v) = tY2L(t, 0,17 %0),

we thus have

Ql/24—=1/21
(t=1/20)

Due to the properties of the support of fs., Lemma 65 and Corollary 68, there is a constant Cj,

for each 0 < k € Z such that

at.fs.c = - a&fsc + Licavifsc- (214)

> 10805 LL) (0, v)] < Cyt 2 (215)
I+|BI<k

for all i = 1,2,3 and (¢,6,v) € [t;,00) x S! x R? in the support of fi.. In order to estimate the
derivatives of fs. in C¥, it is convenient to translate the estimate Ej, < Cj,t~3/2 into an estimate
for fs.. However,

[ @0z roeo.0fdeao = [ [ 1007 e, .67/ doio
st JRR3 st JRR3
:t3/2/ / t= 1811808 £)(t,0,v)|2d0dv < Ct3/?Ey(t) < Cy,
st JRr3

assuming [+ |3] < k. Due to this estimate and Sobolev embedding, we conclude that all derivatives
of fs. are bounded for ¢ > ¢;. Combining this observation with (214) and (215), we conclude that

Z ‘Q?aéatfbc‘ S th_Q

I+]8|<k

for t > ¢;. The lemma follows. O
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10 Proof of the main theorems

Finally, we are in a position to prove the main theorems. Let us begin with Theorem 7.

Theorem 7. To begin with, the conclusions concerning the distribution function are direct conse-
quences of Lemma 73. Turning to H and G, we have

H; = —t_5/2a_1/2ep+>‘/2(K -QJ), Gy=-QH;— t0/2q /2= A2 I, (216)

cf. (58). In order to estimate H; and Gy, it is useful to note that P and @ are bounded in every
Ck-norm for t > t¢; this follows by integrating (201). Combining this observation with (66), (67),
(88) and Lemma 65 yields

[ Jellen + [ Kellon < Cnt™(Int)™v.

Thus J and K are uniformly bounded in C¥. Combining this observation with (216), (135), (88),
the bound on P and Q in every C" norm and Lemma 65, we conclude that (8) holds. Due to
Corollary 68, we know that (9) and (10) hold. Combining (10) with (88) and (135) yields (11).
Let us turn to the second fundamental form. By definition,

- - 1
k‘i]‘ = k‘(ai, (9]) = <v8i€0, (9J> = <v(‘3i (t1/4e_’\/48t), 6j> = t1/4€_)\/4<Vai8t, 8J> = §t1/46_)\/48tgij,

where we have used the fact that 0; and 0; are perpendicular. In what follows, we would like to
prove that -
[kij — Haijllex < Cn, (217)

where H = (A/3)'/2. Consider the spatial components of the metric (1). If a time derivative hits
one of P, Q, G or H in such a component, then the resulting expression is bounded in CV after
it has been multiplied by t!/4e=*/4/2; this is due to (8), (9) and (11). As a consequence, what we
need to consider are the components of the tensor field

1 11
§t1/46_/\/4 [<_2t + A - at) t712eM207140% + P [dx + Qdy + (G + QH)db)?
[0

1 1 1 3 «Q 3
-p 2| o3/ e o174 1 aja |t 2\ [ O 2
= t )
+e " (dy + Hdb) ] t= e g+ -t Fa e { ()\ + ) < + ﬂ do
2 2 2 t « t

where g is the spatial part of the metric. Note that the components of the second term on the
right hand side are bounded in C¥; this is a consequence of (10) and (11). Moreover,

1t73/4€7>\/4 _ 7_1675\/47

where ) is defined in (84). In order to prove (217), it is thus sufficient to demonstrate that
I(e™* = Dgijllen < COn.

However, t(e‘j‘/4 —1) is bounded in CV due to (11) and ¢t~1g;; is bounded in CV due to (8), (9)
and (11). Thus (217) holds. Let us define go, by (13); note that this is a smooth Riemannian
metric on T3. Moreover,

171935t ) = Goosisllon < COnt™ (218)
due to (8), (9) and (11). Combining this estimate with (217), we obtain (12). The proof of
future causal geodesic completeness is not very complicated, given the above estimates. It is, e.g.,
possible to proceed as in the proof of [28, Propositions 3 and 4, pp. 189-191]. However, we shall
not write down the details, since the result follows from the proof of Theorem 35. O

Let us now turn to the proof of the cosmic no-hair conjecture.
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Theorem 14. We need to verify that the conditions stated in Definition 8 are fulfilled. To begin
with, note that ¥; = {t} x T3 is a Cauchy hypersurface for each ¢ € (tg,00). An argument is
required in order to justify this statement, but since the details are quite standard (cf., e.g., the
proof of [30, Proposition 20.3, p. 215], in particular [30, p. 217]), we have omitted the details.
Let v = (7°,9) be a future directed and inextendible causal curve, defined on I, = (s_,s;).
Reparametrising the curve, if necessary, we can assume that 7°(s) = s and that I, = (¢o, 00). Due
to the causality of the curve, we know that

gis O ()7 (1) < —goo[r(t)] < Ct2

for t > 1, where t; = ¢ty + 2 and we have used (11). Combining this estimate with (12), we
conclude that there is a constant Ko > 1 (independent of the curve v, as long as 7°(¢) = t) such
that

oo O (07 (1) < JHGH 2

for all t > ¢;. In particular, there is thus an Zo € T® such that duo[§(t), Zo] < KoH~'t~'/2 for all
t >ty Where doo is the topological metric on T? induced by goo. Let €inj > 0 denote the injectivity
radius of (T3, gs); the injectivity radius of a point p of a Riemannian manifold, denoted inj(p),
is defined in [20, Definition 9.2, p. 142], and the injectivity radius of a Riemannian manifold is
the infimum of the injectivity radii of the points of the manifold; that €j,; > 0 follows from the
continuity of inj, cf. [20, p. 178]; readers interested in a more quantitative bound on the injectivity
radius are referred to [20, Lemma 51, p. 319]. Then, given & € T2, there are normal coordinates
on B, (Z), where distances are computed using d.o; cf. [19, pp. 72-73] for a definition of normal
coordinates. Fixt_ > K3H 2 ;UQ +1 (note that ¢_ is independent of the curve). Due to the above
arguments and definitions,

J=()NJIHE ) C{(t,2) e I x T2t > t_, doo(, To) < KoH 17 1/?} (219)

and the closed ball of radius KOH_lt:1/2 (with respect to ds) and centre T, is contained in the
domain of definition of normal coordinates X with centre at Toy. Denote the set appearing on the
right hand side of (219) by D;_ k,.z,- Let us define

w(r,€) = [277,x71(€)).

Then - -
w_l(th Ko,io) = {(T 6) €Jx R?’ i 2> T, ‘§| < ‘KVO/H_1 _HT}

where Ty = H~'Int_/2, and J = (79,00), where 79 = H 'lInty/2; if ty = 0, then 79 = —oo0.
Letting T be slightly smaller than T and K be slightly larger than K, the map ¢ is still defined
on Cp g.7; cf. (15). In analogy with Definition 8, let D = ¢(Cx g.r) and R(1) = KH te 17,
Due to the above arguments, we have already verified all of the requirements of Definition 8 (with
¥ =3, etc.) but the last one; i.e., that (16) hold.

In order to proceed, let g ;; denote the components of g, with respect to the coordinates X. Let
gi;(7,-) and k;;(7,-) denote the components of g(e?*7, ) and k(e*"7, ), respectively, with respect
to the coordinates X. Moreover, consider g« i;, 8i;(,-) and kij(T, -) to be functions on the image
of X; i.e., on B, ;(0), with the origin corresponding to Zo. Note that the estimates (217) and (218)
hold with g;; replaced by g;; etc., assuming the domain on which the C norm is computed is
suitably restricted. In particular, letting S; be as in Definition 8, the following estimate holds:

le™ kg (7, ) = Hesisllow(s,) + e 8is(7,) — Boisllon(s.) < One ™™™
for all 7 > T. Note that
8oc,ij(0) = bij,  (O1Boo,ij)(0) =0
by the definition of the coordinates X. As a consequence, if £ € S, then
1
d

[ 501 i) (sE))ds| < e,

(D1800.17)(€)] =
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Moreover, -
|8o0,i(€) — 6ij| < Ce M7

for 7 > T and £ € S,. In particular, we thus have
le™?"Tkij(t, ) = Héijlloogs,) + le™ g (t, ) — bijllcogs,) < Ce M7

for all 7 > T. Letting gas(7,-) and kqs(7, ) be defined as in Definition 8, we conclude, in particular,
that

1as(7;-) = G(1, Mo s,y + Ikas (T, ) = K(T,) g, (s,) < Ce 27T

for all 7 > T'. In fact, due to the above estimates, we have

gas(7,-) = a(7, )lew, s,y + [kas (T, -) — k(T Men s,y < Cne 27

for all 7 > T. The theorem follows. O
Finally, we are in a position to prove Theorem 35.

Theorem 35. The idea of the proof is to demonstrate that for late enough ¢, there is a neighbour-
hood of each point in {t} x T3 such that Theorem 29 applies in the neighbourhood; combining
this observation with Cauchy stability, cf. Theorem 34, then yields the desired result.

Fixing N, there is an ¢ > 0 and a constant Cx such that for every & € T2, there are normal
coordinates x on W = B,(Z) with respect to goo, where distances on T3 are measured using the
topological metric induced by go.. Moreover, if g ;; are the components of g, with respect to X
and g% are the components of the inverse, then the derivatives of Joo,ij and g% up to order N with
respect to the coordinates X on W are bounded by Cy. Moreover, the derivatives of X, considered
as functions of (6, x,y), up to order N + 1 are bounded by Cy. Similarly, the derivatives of x~*
up to order N + 1 are bounded by Cy. The arguments required in order to prove the above
statements are similar to those presented in the proof of [31, Lemma 34.9, p. 650]. The important
point is that we obtain uniform bounds which hold regardless of the base point.

Define K by the condition e = 4/# and define the coordinates y = e~ %¢'/2x on W. Note that
the range of y is B, x,1/2.(0). For t large enough (the bound being independent of the base point
), we consequently have e X¢'/2¢ > 1. From now on, we assume ¢ to be large enough that this is
the case. Moreover, we assume the coordinates y to be defined on the image of B;(0) under y~!.
Let g;; denote the components of g(¢,-) with respect to the coordinates y. Moreover, let go ;;

denote the components of g, with respect to the coordinates x. Due to (218), we have
102(e > i — Booij) 0¥ I(E)] < Oyt ™11/
for £ € B1(0) and |a| < N; note that

71(€Kt71/2€_).

=
—_
—~
a3
~

Il

Xl

Since geo,ij 0y (0) = 8y,

le 2Kg;j 0yt — 8] < Ont™ /2 (220)

on B1(0); in particular, (38) holds with a margin for ¢ large enough. Similarly,

|0m (Boc,ij 0¥ 1) (w)] =

noo.1
Z/ D10m (Boo,ij 0y V) (su)ulds| < Ct!
1=170

on B1(0). To conclude, we thus have

e (Okgij oY )llen-1(m, 0y < Cnt ™" (221)
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Due to (217), we also have
I(kij — Hgis) o7 Hlow s, oy < Ont ™, (222)

where Rij denotes the components of the second fundamental form % calculated using the coor-
dinates y. In the end, we shall choose Ky = Int/2. As a consequence, (221) and (222) imply
that (39) holds with a margin (note that the T2-symmetric background solution is such that ¢;,
i = 0,1, vanish), assuming N > 5; note that in order to prove Theorem 35, it is sufficient to apply
Theorem 29 with kg = 4.

Let us turn to the distribution function. First of all, recall that if ¥ is a spacelike hypersurface
in a Lorentz manifold, and § is a distribution function defined on the mass shell, then the initial
datum for the distribution function (denoted § and defined on T3) induced by f on ¥ is given by

f=foprs',

where pry, is the projection from the mass shell over ¥ to T'3; in other words, if p € P, for some
r € ¥ and N, is the future directed unit normal to ¥ at r, then pry(p) is the element of 7,5
corresponding to p + g(p, N,.)N,.. In our case, we are interested in the hypersurface ¥ = {t} x T3.
If z = (t,6,$7y), _ .

f(ﬁz el'z) = f(pa ea'z) = f(tvevﬁ)a
where p = (p', 5%, p°),

=1+ @)+ @)+ ()]

and p’ = p'. However, in the application of Theorem 29, we need to express | with respect to the
coordinates y. Consequently, we are interested in

Op].) = (A7 (2) €5].) = S1t.0,0(z.p)],

fzp) =7

where z = (¢, 2), ‘ ‘ ‘
v(z,p) = (1A' (2), ' A (2), 5 A% (2))
and Aij is defined by the requirement that

0Oyi

Yilz

— A () ey, -

Thus
Al (2) = (0

_ 07!
Z’ej|z>:6Kt 1/2<ai"'z’ej|z>:6Kt 1/26 1( )<ail|z’€j|z>’

where z correspond to the standard coordinates on the torus (which are locally well defined). In
particular, ;1 = Oy, 02 = 0, and 0;3 = 0. Due to the observations made at the beginning of

the proof, (7) and Theorem 7, it is clear that all derivatives of Az-j up to order N are uniformly
bounded on the domain of y, the bound being independent of the base point T and the time ¢
(assuming t to be sufficiently large). What we need to estimate is

S e g o €
lee| 4181 <ko
cf. (37) and (40), where
f5(€.p) = Fy 1 (©), 8] = FIx (R t717%),p] = flt, 2" ox (" t72E), u(x (5t 71/2E), )]

and the constant w remains to be specified. Note that all derivatives of X1 and z! o X! up to
order N are uniformly bounded. As a consequence,

OpEp) = Y Stz ox (MG w(x N ("2, p)Jyy (1712E)
IvI=18l
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for functions 1), with bounded derivatives; note that

%

As a consequence, 859‘6]? ﬁ—, (€,P) consists of sums of terms of the form

¢ 1295000 flt 2t o x N (28, (kT (RT3, D)y s (t12E)DY,
where [A| = |8], || = |B8],  + 8] < |a|, ¢+.5; are bounded functions and p* = (p')* (p?)*2(p3)*e.
On the other hand, we know that
F(t,0,0) = ficlt,0,1%v),

where fi. converges to a smooth function with compact support with respect to every every C*-
norm. Moreover, we know that fs. has uniformly compact support. Note also that

AL F(1,0,v) = t(NHIN/2L g7 +5 £ (4 9 41/20),

Since there is a uniform constant C' > 1 (independent of ¢ (large enough) and the base point Z)
such that
CHpl < Jo(x™H(e"t7128), )] < Clpl,

we conclude that
t1l2 (0500 0 flt 2t o )TN (T 2E) w(x T (Xt T2E), P brsa (tTH/2E)P
<C, Bt(lvl—lal)/QX(tlﬂp)’

where x is a smooth function with compact support. As a consequence,
1020, 85(8,p)| < Clo st 171710023 (41/2p)

for £ € B1(0). Let us now define w = K + Ky, where Kvyj = Int/2. Then
[ empoiie e slioe o (€ plaédp
R? (U)
<c2, // ( e~ 2ABII =181 (oK 41/25 20208141 Bl ol 2(41/25) 4 g < €yt~ 191312,
R B+ (0

The square root of the right hand side of this expression should be compared with the right hand

side of (40):
(40) H2:5/20-3K/2=Kvi _ 442.5/2,—3K/24-1/2

Clearly, we have a margin. As a consequence, for ¢ large enough there is, for every z € T?, a
neighbourhood of Z such that (40) holds with a margin. Due to (220), (221) and (222), we also
know that (38) and (39) hold with a margin. We can thus apply Theorem 29 with the given p > 5/2
and ky = 4. In addition, the covering of T? obtained by taking the neighbourhoods }7*1[31/4(0)]
corresponding to varying base points Z has a finite subcovering. Appealing to Cauchy stability,
Theorem 34, we conclude that there is an € > 0 with the properties stated in the theorem. O
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A Derivation of the equations

The purpose of this appendix is to compute the Einstein tensor associated with the metric (1),
and to derive an expression for the Vlasov equation. Let us begin by expressing g with respect to

suitable one-form fields. Let
I
¢!
¢2
%

t71/4€)\/4dt7

t_1/4e’\/4a_1/2d9,

t1/2eP/2(do 4+ Qdy + (G + QH)db),
2= P12 (dy + Hab).

With respect to these one-form fields, the metric can be written

3
g=-80+) e

i=1

Using the orthonormal frame {e,} introduced in (7), it can be verified that {*(eg) = d5.

A.1 Commutators

Let us compute the commutators, in other words the functions Y5¢ such that

les, ec] = Y5cea-

Clearly, Yae = —Vp- Consequently, it is sufficient to compute Yae for 8 < (. By a straightforward

computation,
0
Yo1
1
Yo1
2
Yo1
3
Yo1
where we have used the notatio
is @ = 2, and we then have

n

Turning to &5, the only a’s for

have

1

Zt1/4e_’\/4a1/2)\97 (223)
= _lagagaafy g 1
= 4ttt A—2— =), (224)
= (7327 P2 (225)
t732eP12(K — QJ), (226)

(58). Turning to 7§s, the only a for which this object is non-zero

1 _ _
Voo = =t eV 4 Py).

which this object is non-zero is @ = 2 and a = 3, and we then

2 = /A=A 4GP,

. 1 _ _
Yy = —eteMA (- PR

Turning to v{,, the only « for which this object is non-zero is o = 2, and we then have

V2, = _%t1/4e—x/4a1/ng.

Turning to {4, the only a’s for which this object is non-zero is @ = 2 and a = 3, and we then

have

3 _
Y13 =

7%3 — VA NMAG12P 0,

%t1/4e—,\/4a1/2P0_
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Finally, v§5 = 0. For future reference, let us make the following observations:

N = 3N,

’Y(i)i = ’7(%1 - t73/467>\/43

’Vga = 7&1 - t73/467)\/4a
A

T1A = 07

Wiz = 07
@ o 0

Yia = “o1s

where Greek indices range from 0 to 3, lower case Latin indices range from 1 to 3 and capital
Latin indices range from 2 to 3; moreover, Einstein’s summation convention is enforced.

Non-zero components. Note that in order for Yg¢ to be non-zero, one of the following conditions
has to be satisfied:

o {8,¢} =101},
e one of f and ¢ is in {0, 1}; the other is in {2,3}; and « is in {2, 3}.

A.2 Connection coefficients

Define the connection coefficients ¢ by the relation
Veﬁe( = Fgcea,
where V is the Levi-Civita connection associated with the metric g. Note that
F([)i( - 7<VEB€<760>7 F;ﬁ( = <v€/36<7ei>a
since the frame is orthonormal. Let us begin by recording some symmetries of this object.

Symmetries of the connection coefficients. Due to the metricity of the connection and the
fact that the basis is orthonormal, we have

3o =0 (no summation over a).

For similar reasons, ng is anti-symmetric in the indices ¢ and j. Moreover, since [e;, ;] is per-
pendicular to ey, we have

3’0 = <V6j607e’i> = _<60’V5j€i> = _<607v6i€j> = <Vei€0,6j> = FgO'
Thus, T, is symmetric in 7 and j. Note that the computation also demonstrates that ', = T';.
Similarly, since [e4, eg] = 0, we have
Fg’l = <V63617€A> = —<€1,veBeA> = _<61’V6A6B> - <V€A€1’6B> = Fﬁl'
In particular, Fgl is symmetric in the indices A and B, and Fgl =T

Connection coefficients including two or more zero indices. That 'Y, = 0 follows from
the above. Moreover, using the Koszul formula, it can be computed that

Fgl = F(1J0 = 781
and that the remaining components satisfy I') , = I'ypy = 0.
Connection coefficients including exactly one zero index. As already mentioned, ng is

antisymmetric and T, = T, is symmetric. It is thus sufficient to compute T'y; for i < j and I'%,

for i < j. We have

L 4
F(l)A = —5%1»
1
2, = ZA~2.
03 2’)’03
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Moreover,

Iy, = —~ (nosummation over i),
1
Ty = —27%)
A0 2’Yo17
1
T3 = —s7%s
30 2“Y03

Connection coefficients including no zero index. Note that, due to the Koszul formula and
the properties of the commutators, the only F;k’s which are non-zero are the ones that have one
index equalling 1 and two indices in {2,3}. Moreover, since I'f, = —T 5 is symmetric and I'{}
is antisymmetric, it is sufficient to calculate that

1
1'\2 — A2 ,
13 5713
4, = -4 (no summation over A),
1
Iy = —7is
31 5713

For future reference, it is of interest to note that

Iy, = 9, (227)
ro= o (228)
I% = —g +t /e, (229)
o« = 0. (230)

A.3 Twist quantities

The quantities J and K have been defined in two different ways; one definition is given in (2) and
another is given in (58). In the present subsection, we wish to verify that these two definitions
yield the same result. In the proof of this statement, it is useful to introduce different notation
for the different definitions. Let us therefore denote the J and the K defined in (2) by Ji, and
Ky, respectively. The quantities defined in (58) we, however, still refer to as J and K. Due to
the fact that we have calculated the connection coefficients using the orthonormal frame {e,}, it
is convenient to carry out the computations relative to this frame. Note, to this end, that

X = tl/zeP/Qeg,

Y = Y2 P20y 1 41/26P/20e,,

where X = 0, and Y = 0,. In particular, if X and Y denote the components of X and Y with
respect to the frame {e,}, then

o X2 =11/2eP/2 and X =0 for o # 2,
o Y2 =1t1/2eP/2Q Y3 = t1/2e=P/2 and YO =Y = 0.
Consequently,
Jiw = €apcs XY PVEX? = €305 XPYPVEX? = ¢(VOX! = VIX0) = (VX' +V1X°), (231)

where the indices are frame indices, and we assume the orientation of M to be such that egi23 = 1.
Similarly,
Ky = —t(VoY! + VYY), (232)
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What remains is thus to calculate Vo X! etc. However,
VaX? = €%(Ve, X) = Plea(X )ec + X Ve, e¢] = ea(X?) + XTI .
The calculation for Y is the same. In particular,
VoX' 4+ ViX? = X(Tf +T9:) = X?(Dfy + Ty) = = X343,
Combining this calculation with (225) and (231) yields
Jow = tX?8, = t3/2eP 273272 =

Thus J = Jiw. Next, let us calculate

VoY + VY0 = YC(P(qu + F(l)g) = Y?(Dgy +Ty) + Y3 (g3 +T%3) = =Y 95, — Y395,
Combining this observation with (225), (226) and (232) yields

Ktw — ty2731 + ty3,yio31 — t3/2€P/2Qt_3/2€_P/2J + t3/2€_P/2t_3/2€P/2(K _ QJ) — K

To conclude, we thus have Ji, = J and K, = K.

A.4 Auxiliary computations

In order to simplify future calculations, let us make some observations concerning the derivatives

of the connection coefficients. Note, to begin with, that all 7§, (no summation) can be written
Yo = —t/ e,

for suitably chosen functions f;. Thus, it can be computed that

. 1 1 3
—eo(7y;) = — tHte™M 49, (—exp (—4)\ +3 Ina — 1 lnt) ta1/2f1>

1 1 . )
:Zt1/4e—,\/4 ()\t _ 2% _ t) N +t1/4e_’\/4t_178i —|—t_1/2e_k/2a1/28t(ta_l/Zfi),

where we do not sum over i. However, the factor in front of 7§; in the first term is given by —v{,
and the factor in front of 7§, in the second term is given by —73, — vi;. Consequently,
eo(Th) + Tl =t 12 22l 29, (ta” 12 1),

where we sum over a but not over i. In particular, we thus have

1

eo(TY) + T2, 19, = Zt_1/2e_>‘/2a1/28t [ta= Y2\ — 207 ey —t7Y)], (233)
1

eo(T32) + Tl = 5’5_1/26_/\/20‘1/2(% [ta ™21 + P, (234)
1

eo(T9;) + T2, % = it_l/Qe_’\/Qal/Qat[ta_l/Q(t_l - PB)]. (235)

Next, note that 3, , 77, and 73, all can be written as h; = t'/4e=*/4 f; for suitably chosen functions
fi- Moreover,

el(hi) — t1/4e—A/4a1/260(t1/4e—>\/4fi) — t1/2e—A/2a1/260fi _ '781h2
Since I'?; = 79;, we conclude that

1
e1(Tyo) + T2 T8, = Zt_1/2e_’\/2a1/28g(tal/Q)\g), (236)

e1(Thy) + 01T 3,

1
—it_l/Qe_Apal/gﬁg(ta1/2P9)7 (237)

1
er(T;) +T2 T, = §t_1/26_’\/2a1/28g(tal/QPg). (238)
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The expressions 725 and 77, require a somewhat different treatment. However, similar arguments
yield

e1(Pg3) + T53T0,

1 1
2NN, (101 PP Qy) — S (o — ) (239)

1 _ Ca /o _
60(F83)+F83Pgo gt 1/2¢72/2 Pal/zat(ta 1/2€2PQt)+ (733_’732)73& (240)

N

A.5 Riccl curvature

The Ricci curvature is given by

Ric(es, e¢) =ZGQ<R%6/36C, €q) = Z€a<veave;s€< ~ Ve Venee = Vie, es]€¢) €a)

«

= Ve, (Thces) = Vey (Tces) = V0pT5cen, €a)
= Z (ea FBC es + I‘ﬁgl"a(;e)\ B(I‘gg)eg - I‘ggl"/ﬁ\(;e)\ - q/gﬁI‘:;\CeA, €a)
«

5 s
:ea(rﬁg) + FBCFaé - eﬁ(rgg) - Facrgé - Waﬂrglga
where ¢g = —1 and ¢; = 1. Let us begin by computing the 00 component:
Ric(eo, e0) =€ (Ty) + ToTas — eo(T%0) — TooT6s — va0l'5
=e1(Tgp) + Tgolar — eo(Tag) — FgOFS‘ﬁ - 7§org0~

In order to simplify the expression, let us note that
1
e1(Tho) + Tl = it_l/ze_’\ﬂal/zag(tal/z)\g),
where we have used (236). Moreover, due to (229),

_ _ 1 _ _ _
~eo(T0) = —eo(—by + ¢ 4e™/4) = eolyh) + 3t /2 V20 + 367,
Compute, using the symmetries of the connection coefficients,
—T00T8s = —T%Thy — Tool: — TheTh; = —ToTh; = —(70,)?
a0t 08 01 00 00 i0 00" 01 Yo1) -
Finally,

. . o A N
—’Ygorgo == %%F;ao =70:Tho + ’réiF}o = (701)% + 710110 + 161 T o + vouT B0
A A
=(701)% = (v61)* + 41T o + T Bo
1

—(80)% — () — (2 — () — (1) — (2)? —

1 5 5
B) B) 5703702-

IPPRY
5 (703) )

2

Since 7§, = 0, we obtain

Ric(eg, €0) Zt 1/2¢=2/2 1/289(ta1/2)\9)+4t 1/2 7)‘/2()%—4—37571)—0—60(731)

1 1 ] 1

*(’731)2 - *(’781)2 - (732)2 - (’Y33)2 - *(’Ygs)?

(’701) 9 9 9

In order to simplify this expression, it is useful combine (229) and (233) in order to conclude

1 1
eo(701)—(101)* = _Zt_1/2€_/\/2@1/25t[ta_l/Q()\t—QOé_lat—t_l)]‘Fit_l/ge_/\p()\t—QOé_lat—t_l)-
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Let us now compute

1 1

1
= 50060 = 500600 = (%62)* — (463)” — 5(96)°
A/2—P 72 A/24+P 2
_ %tl/ze—x/z (Pt2 +e2PQ? e /t7/2 J e (;52— QJ) ) B %t_3/2€_>\/2.

Thus
1
Ric(ep, €0) :11571/267)‘/2041/2 (5‘9(ta1/2)\9) — Oy fta™ (N — 20 ey — til)]>

e/\/27PJ2 6)\/2+P(K _ QJ)2
1772 1772

_ %t1/267,\/2 <Pt2 Jreszf T

1
+ ot 1/2emA/2 (/\t - %> .
2 «

Let us compute, using (227), (230) and the antisymmetry of foj in ¢ and j, that
Ric(eo, e1) =ea(I1) + 01 Tas — eo(T'a1) — i T8 — a0l B
=eo(T01) + To1lao — eo(v01) — F§1Fg,8 - vﬁofgl
:Fglrgo - Fglrgﬁ - 750Fg1-
Compute, using (229),
IO TS0 =01 (=01 + %/ %e™M*) = —4Qiv51 + 1t~/ 4e™ V4,
Moreover, using the symmetries of the connection coefficients,

_Fglrgﬂ = —F?ll“(l)o - F§'1F(])i = ’7817(%1-

Thus
), re, — Fgng‘ﬁ = 781t*3/4e*’\/4 = it*1/2e’”2a1/2)\9.
Finally,
—7§org1 :“Ygiriﬁl =76:T01 + Vgiré'1 = 02151 + 75351 + 752T31 + oI5y
=- 732’)’122 - %7337%3 - 7337?3 = _%tl/Qe_/\/Qal/Q(PtPG + €2PQtQ0)-
Thus

. 1 _1/9 _
Ric(eg, e1) :Zt 1/2¢ )‘/2&1/2[)\9 — 2t(P,Py + e*PQ,Qp)].
Let us compute, using (230),
Ric(co, ) =ea(Tfa) + L0405 — co(Tha) — TLaT6s — Va0l

1 ) . S
=— ~e1(y01) + Tl — T94T0 — [T, — 54T, + Yo1Toa + V0,174

2
1 A A
=- 561(701) + (T +TP)TE + 16T s a-
Let us begin by considering the case A = 2. Compute
ey = _Lismpaasagiag e o
e1(01) = t e o 6 Y1271
2 2 2
1 1
(Th +TH)TH = _5’7122781 - 5’7%3"/31»
1
B
i ke = Yo1vie+ 57317%3-
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Thus

1
Ric(eg, eg) = — =t/ 4e /2701172 5y
Compute
1 3 L. _5/4 Pj2—x/a 12 Lo 5 1,5 5
_561(%1) = _515 € a’? (Ko —QJp) + 5712701 ~ 57137015
1
(T3, +TH)0E = —57%3731»
1
10Tk = 5731’7123 + 01743

Keeping in mind that 7%, = —73,, we conclude that

Ric(ep, e3) = —%t75/4ep/27>‘/4041/2(K9 —QJy).
Compute, using the symmetries of the connection coeflicients,
Ric(er, e1) =€a(I'f)) + 19,005 — e1(T0;) = T T%s — 70105
:@O(F(l)l) + F(l)lrgo - 51(781) - F6411%1),4 - F%Fio - Fgﬂ”ij - ’Ygngl - 731F(1)1
- ’Y(ﬁr?ﬁu - VE1F§1
=eo(TY) + T Ta0 — er(vo1) + i%ﬁ’%ﬁ - 3’75117641 +70: 1% — (on)?
- 731F?1 - ’Yéqlr?cu - 7§1Fgl
=eo(T}1) + T Ta0 — e1(v0) — (1) = 911 — V&1 U1
Due to (233) and (236), we know that the sum of the first four terms is given by

itil/zef)‘/zozl/2 (@[tofl/Z(/\t —2a oy —t7Y)] = 89(ta1/2/\9)) .

It can also be computed that

1 g _
0l = 5t 4K - QJ)),

1 _
—vm I8 _§t1/26 M2a(P} + e Q).

Thus

1
Ric(e, 1) :11571/267)‘/2041/2 (Bt[toflm()\t —2a tay —t7h)] - 89(15041/2)\9))
A/2—P 2 A/2+P 2
T %t1/2e’)‘/2 (e =Py MNP (K - QJ)

1772 1772 ) - %t1/267)\/20‘(P92 +e*PQp).
Let us turn to
Ric(er, €4) =€a(If4) + T74T0s —e1(T04) — ToaTs — 70115
=eo(IY4) + DY Al + T1aT0; — T9aT g — DALY, — F;’AF{Z‘ — Y Tha
- ’YélF?A - 7§1FgA

1 A
=- 560(701) +ThoTBo — T3oTBo — ToaTio — T8alBo — 101754 — 761 0%4-
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Compute that

1 1 _ A 1
—560(731) = _it Blde=A/1 P/QJt—§7837(2)1_’7827(2)17
_Fézrio_’)’(l)lr(l)z = 0,
1 1
_F%F}BO - F032111130 = —5732731 - 5’7337317
3 1 1
T3olB0 — 7 l% = 57317§2+§7§1733+§7317023~
Adding up, we obtain
1
Ric(ey, e2) = —it_5/4e_>‘/4_P/2Jt.
Compute that
_1 3 __}—5/4P/2—>\/4K_J_12 2_12 3 .3 .3
260(’701) = 2t € (K: — QJ) 2’703701 2’702701 Y0301
_Fésr%o_%%lr??, = 0,
1
*F%F}BO*F%F}BO = *5733’731,
1 B B 10 3 3 3 1 5 5 I 5 5
F3ol'go — 01083 = 5701703+§701702+§’701703~

Adding up, we obtain
. 1, _
Ric(ey, e3) = _it S/4PI2=MA (K, — Q).

Compute
Ric(ea, ep) =ea(T%p) + Tplas — Topls — 10alss
=eo(Thp) +e1(Thp) + Thplao + Thplar — TopT%s — v0alss
Note that if A = B = 2, the first four terms can be written

%1?‘1/26_/\/2041/2 (6t[ta_1/2(t_1 + P — ag(tal/QPg)) ;

cf. (234) and (237). Let us therefore turn to

s s . . o
—T0ol%s — Yool 'se = — F?zréo - F62ng - F;aréi - ’YSQng - ’Y%zréz
i (i ; A A
= —T9(T% + Tha) — Taol'dh — 15054 — 78279 — 752l 30

However, it can be computed that

) ) ) 1 1
—I5(I0 +T0e) = _§t_3€_PJ2 - 5151/26_/\/26213@? — (12)%
1
Tl — T, = 5151/26_/\/2046213@3 + (732)%,
—732F(2)2 - 7%21—‘%2 = (’732)2 - (7%2)2~

Adding up,

B }t1/26_>\/2 e)\/2—PJ2

1
Ric(eq, e2) zit_l/ze_)‘/%cl/2 (615 ta 2t + P - 8@(to¢1/2P9)> 7

1
AR 0.
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Next, consider
: _ 0 1 0 1o 1 pa ) o ) (e
Ric(eg, e3) =eo(I'y3) + e1(I'a3) + T30 + T23la1 — Tosl'9s — Yaol'ss-

Due to (239) and (240), the sum of the first four terms can be written

1 _ o _ 1 1
it 1/2e= 2= Pgl/2 [(’)t(ta 1/2€2PQt> - ae(tal/gesze) - 5(7?3 - 7%2)7%3 + 5(733 - 732)’73&
Compute
5 5 j ' i
—T0sl'9s — Ya2l'ss = — F?3F§0 - F63ng - F}BF%Z' - 7§2F(2)3 - 7%21%3
j i ‘ A A
= (F:Zso + FBS)FlQO - F1A3F21 - F13F%A - ’Ygzrgg - 7122F%3-
However,
i i\ 15 5 I 5 5
—(I5 +To3)5y = ~ 5701701 = 5703703
1
A A
*Fkgrzl - F13F%A = 57%37%37
1 1
*’Ygﬂ‘g:s - ’Y%QF%?) = 5’)’32’733 - 57%2’7%&

Adding up, we obtain
Ric(ez, e3) = %t71/267)\/2713a1/2 [6t(tofl/262PQt) - 39(ta1/262PQ9)} - %tiSJ(K —-QJ).
Finally, let us consider
Ric(es, e3) = eo(T'33) + e1(T33) + 93000 + Tislay — TaslSs — 70sl8s.

Due to (235) and (238), the sum of the first four terms is

%t‘l/Qe_’\/Qozl/2 (Bt[ta_l/Q(t_l - P+ Be(tal/QPg)) :

Let us therefore compute
5 5 0 1 i 10 i A 10 Al
—T0sT8s — vaslss = — Tl — Tosls; — F;'?,ngi = 703043 — 7131 a3
i i i 1 pA Al A 10 Al
=— (50 + T03)T30 — Tasl31 — T334 — 703043 — 7130 as-

On the other hand

i i\ 1
—(I59 +To3)l50 = *5(781)2 — (783)%
—F}43F3A1 - F{‘?,I%A = (7?3)2,
1 1 .
—'y()%F?% - ’Yﬁsr}% = 5(733)2 + (’733)2 - 5(’7?3)2 - (’st)z~

Adding up, we obtain
1 1
—T03T55 — vasl5s = *§t73€P(K -QJ) + 5751/267/\/2621)(@% - aQj).
Thus

1
Ric(es, e3) :§t71/267>‘/20¢1/2 (@[m*l/?(fl - P+ 3@(ta1/2P9))

- 1151/264\/2 6/\/2+P(K - QJ)2
2

1 -
77 + 5t 22 (QF - aQ)).
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A.6 The Einstein tensor
Adding up the above, we conclude that the scalar curvature S is given by
S :%75_1/2r3_’\/20z1/2 (8t[toz_1/2()\t —2a oy —t7Y)] - 89(75041/2)\9))
+ %tl/ze—x/z [Pt2 +e2PQ? — (P2 +62PQ§)]

A/2—P 712 A/24+P 2
+ %t1/28_>\/2 (e /t7/2 ! o §§2_ Q) ) - %t_l/ze_A/QAt.

As a consequence, if Einyg = Ein(e,, eg), then

eX/Q—PJQ e)\/2+P(K_QJ)2'
t7/2 t7/2

. ]
Eingy = —Ztl/%—m P2 + aP} 4 2P (Q? + aQ3) +

+ L1202 (/\t - 2%) ,
4 o

) 1 _ r e)\/Q—PJQ e)\/2+P(K _ QJ)Q'
Einy; = —Ztl/Qe A2 PP+ aPj +*7(QF + aQ}) — a2 1772
4&(1/264/2)\“
1 1 3 1
Ein22 = *t_1/26_>\/2041/2 8,5 tOé_l/2 Pt — *)\t + % + = - 69 ta1/2 P@ - 7/\9
2 2 le’ 2t 2

1 _
—Zt1/2e A2 [Pt2 +3e2PQ? — a(P? + 362PQ3)]

_Lsze-are (3 ew;f‘ﬂ eA/HP(gg_ QJ)Q) + g1z,
4 t t 1

The last diagonal component is given by

1 1 3 1
EiD33 = — §t_1/26_>\/2a1/2 (81/ |:t04_1/2 <Pt + 5)\t - % - 2t):| - 69 |:t041/2 (PG + 2)\9):|>

1
_ Zﬁ1/26—A/2 [Pt2 _ ezPQtz — (P2 - ezPQ?))}

1 eA/Q—PJQ e)\/2+P K —0J)2 1
—41&”%‘“( 7+ (t7/2 QJ) >+4t‘1/2e—WAt.

It is of interest to note that
Eingy — Eingg =t~1/2e7/2¢1/2 (&,(ta*l/zpt) - 89(ta1/2P9)) — 11267220 (Q2 — a2)

B ltl/Qe—)\/2 eN2—P j2 B e/\/2+P(K _ QJ)2
2 t7/2 $7/2 ’

We also have
: . L 12 xj2.1/2 —1/2 a3 1/2
Eings + Eingg = — §t e « O [ta AM—2——— || —0p (ta )\9)
«

1
_ §t1/2€—)\/2 [PtQ + 62PQ§ — (P2 +€2PQ3)]

/2. —2/2 e)\/Q—PJ2 e)\/2+P(K _ QJ)2
—trte 7772 7772

) + %t—l/Qe—,\/z/\t_

The remaining components of the Einstein tensor equal the corresponding components of the
Ricci tensor, and have consequently already been computed. Using the above calculations, the
expressions (59)—(68) for Einstein’s equations, Ein + Ag = T, follow.
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A.7 The Vlasov equation

The distribution function f characterising the Vlasov matter is defined on the mass shell. The
mass shell, in its turn, is given by the future directed unit timelike vectors. Since a tangent vector
in this set can be written v*e,, where

v =1+ (o) + (%) + (092,

we can think of f as depending on v%, i = 1,2,3, and the base point. However, due to the
symmetry requirements, the distribution function only depends on the tf-coordinates of the base
point. As a consequence, the distribution function can be considered to be a function of (¢,6,v),
where v = (v!,v%,v3). In order to derive an equation for f, recall that the Vlasov equation is
equivalent to f being constant along future directed unit timelike geodesics. Consider, therefore,

a future directed unit timelike geodesic

V(s) = [t(s),0(s), 2(s),y(s)]

in a T2-symmetric spacetime. Define the functions v®(s) by the equality

Y(s) = v*(s) €a|7(s) :

Note that
L) = ) ox(s)0(s), (241)
Do) = )0 2) 05(s)v'(5) (242)
Let

v(s) = [t(s),0(s),v(s)], h=fov,
where v(s) = [v1(s),v2(s),v3(s)]. The requirement that f be constant along geodesics is equivalent
to the requirement that dh/ds = 0 regardless of the choice of future directed unit timelike geodesic
~. On the other hand,

dh _Of dt df  db 3 of v

as ot Vs o0 ds T o 7 s

Keeping (241) and (242) in mind, the requirement that dh/ds = 0 is equivalent to the requirement
that

3 »
of o v Of i of
ar oy T g o 2 e g Y

In order to derive an expression for ©, note that

. d . . .
0=9= 7ds( Yeq) = 0% + vBVA,eﬁ = 0%, + vﬁv“veuelg = (0" + UBU”FZ‘ﬁ)ea.
The geodesic equation can thus be written
NOU B
0 = —vPkTg .

Using this formula, it can be calculated that

0 = —7010°0° + 7991001 +15,0°0% + 15,00 — Ap0?0% — 030 — 4f0%00
Using the formulae for ~5,,, we conclude that
.1 2,3
v _ o Lypyo 1 a1y 1/2, P UV
pvzpes v R G G i R e
1 3\2 _ (,2)2
ial/QPH (v°) _ (v%) + t_7/4e’\/4(e_P/2Jv2 + eP/Q(K _ QJ)U3)7
v
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where we have omitted composition with ~ for the sake of brevity. We also have

0 = 2 + 2,
so that ) -
v 1 LY 9 1 v
A g — 3 (PtH)” BRI
Finally,
0% = 2550°0% + 7550°0° + Afsute? +asute’,
so that

03 1/1 3 1 4 vlo? vt
e L 1p2p UV poo /20, Y
tl/4e=M4y0 2 (t Pt) v Fo w0 Y (Qt ta Qev()) ’

Adding up the above computations, we conclude that the Vlasov equation is equivalent to the
requirement that (75) holds.

B

Notation

Metric variables, twist quantities, cosmological constant, frame, manifold.

1.

2.

3
4

a>0,\ P,Q, G and H. These are the functions characterising the metric; cf. (1).

\ is defined in (84).

. J and K. These are the twist quantities defined in (2). They also satisfy (58).

. A and H. A is the positive cosmological constant and H = (A/3)/2.

{en} is the orthonormal frame defined in (7).

. to, t1. In the situations of interest in this paper, the metric (1) is defined on (tg,00) x T3,

where tg > 0. When speaking of a T2-symmetric solution, we take it for granted that tg is
defined in this way. Moreover, t; =ty + 2.

Variables for the characteristic system.

1.

5.

O, V1, V2 V3 are the basic variables of the characteristic system (108)—(111). The symbols
O(s;t,0,v), V(s;t,0,v) denote a solution to the characteristic system corresponding to initial
data (¢,0,v). In other words, ©(s;t,0,v), V(s;t,0,v), considered as functions of s, are
solutions to (108)—(111). Moreover, O(t;t,0,v) =0, V(t;t,0,v) = v.

U and Z¢%, i = 1,2,3. Given a choice of derivative (9;, 9y or 0,:), say 9, the variables ¥ and
Z = (71,72, 73) are defined by (138)—(141).

¥ and Z are the rescaled versions of ¥ and Z, and they are defined in (157).

W, Zi, V; and ©; are the higher order derivatives of ¥, Z, V and ©. They are defined in
(184).

Z% and Wy are the rescaled versions of Z} and Wy, and they are defined in (199).

Notation, matter quantities.

1.

p, Ji, P; and S;;. The quantities p, J;, P; and S;; are defined in general in (57). In the case
of Vlasov matter, they are defined in (77).
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Notation, Vlasov matter.

. P denotes the mass shell (the set of future directed unit timelike vectors).

f denotes the distribution function. For T?-symmetric solutions, f, however, denotes the
symmetry reduced version of the distribution function. In other words, f is considered to
be a function of ¢, 6, v, v? and v3, where, if p is an element of the mass shell, (¢,6,z,y) is
the base point of p, and v* are the components of p relative to the orthonormal frame {e,}.

fsc is the rescaled distribution function. It is given by fi.(t,0,v) = f(t,0,t=/%v).

T(yé is the stress energy tensor associated with the Vlasov matter. It is given by (4). The
components of the stress energy tensor with respect to the frame {e,} are given by (57) and
(77); see also (76).

L'. The functions L? are given by (204)—(206).

The initial value formulation.

1.
2.

pry, is the projection defined in Remark 26.
pV! and JV! are defined in (33) and (34).

Auxiliary notation.

1.

2.

(h). If h is a scalar function, its mean value is denoted (h); cf. (3).

(p). If p is a vector, (p) = (1 + |p|>)'/2.

Energies controlling the metric variables, the distribution function and solutions to
the characteristic system.

1.
2.

The H{,W—norm is defined in (22).

O+ and A4 are defined in (71). They are given by

Oy = 0y £ 020y, Ay = (0+P)* +*F(0:Q)%.

Els is the L?-based energy introduced in (85).

Q! controls the size of the support of f in the v!-direction; cf. (114). It is given by
Q1) = sup{o| : (1.6.0", %, o) € supp ]},

F. The sup-norm energy F' is introduced in (115). It is given by

F(t) = sup A4(t,0) + sup A_(t,0).
9es! gest

Ay and F are introduced in (121) and (122) respectively. They are given by

Ay =t* AL +t, F(t) = sup Ay (t,0) + sup A_(t,0).
oest fest

R! and Q! are defined in (124). They are given by

R'(s) = [s(V'(s)? + 1Y%, Q'(s) = [s(Q"(s))* + 1]'/%.
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8. G is defined in (126).

9. F is introduced in (158). It is given by

b=

%

(Z%)? + (1)

3
=1

10. An41,+ is introduced in (175). It is given by

Ansre = [O) P £ 8) (PP + 719 Q1 = ) (' 2Qo).

11. ANH,i and FN+1 are introduced in (176). They are given by

Anyie =t Ao +tY2 Fyyr = sup Angr 4 + sup Ana .
fest fest

12. Ey is defined in (200). Tt is given by

N

En = (In)*+ (Z))%

13. E; and E. These energies control suitably weighted Sobolev norms of the distribution

function. Ej is defined in (207). Moreover, E = Ej.
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