The formation of black holes in spherically
symmetric gravitational collapse

Hakan Andréasson
Mathematical Sciences
Chalmers University of Technology
Goteborg University
S-41296 Goteborg, Sweden
email: hand@chalmers.se

Markus Kunze
Fachbereich Mathematik
Universitat Duisburg-Essen
D-45117 Essen, Germany
email: markus.kunze@Quni-due.de

Gerhard Rein
Mathematisches Institut der Universitat Bayreuth
D-95440 Bayreuth, Germany
email: gerhard.rein@uni-bayreuth.de

December 6, 2009

Abstract

We consider the spherically symmetric, asymptotically flat Einstein-
Vlasov system. We find explicit conditions on the initial data, with
ADM mass M, such that the resulting spacetime has the following
properties: there is a family of radially outgoing null geodesics where
the area radius r along each geodesic is bounded by 2M, the timelike
lines r = ¢ € [0,2M] are incomplete, and for » > 2M the metric con-
verges asymptotically to the Schwarzschild metric with mass M. The
initial data that we construct guarantee the formation of a black hole in
the evolution. We give examples of such initial data with the additional
property that the solutions exist for all » > 0 and all Schwarzschild
time, i.e., we obtain global existence in Schwarzschild coordinates in
situations where the initial data are not small. Some of our results are



also established for the Einstein equations coupled to a general matter
model characterized by conditions on the matter quantities.

1 Introduction

The spherically symmetric, asymptotically flat Einstein-Vlasov system de-
scribes in the context of General Relativity the time evolution of a large en-
semble of particles which interact only through the gravitational field which
they create collectively. Such a self-gravitating, collisionless gas is used in
astrophysics to model galaxies or globular clusters [6]. To be specific, we
consider a spacetime manifold S with Lorentz metric

ds? = —e2tr) qy2 4 2A(Er) g2 4 r2(d6? + sin® 0 dyp?)

in Schwarzschild coordinates. Here ¢ € R is the time coordinate, r € [0, 00|
is the area radius, i.e., 47r? is the area of the orbit of the symmetry group
SO(3) labeled by r, and the angles 6 € [0,7] and ¢ € [0,27] parameterize
these orbits. Asymptotic flatness means that the metric quantities A and p
satisfy the boundary conditions
lim A(¢,r) = lim p(t,r) =0. (1.1)
T—00 T—00
For a metric of this form the 00, 11, and 01 components of the Einstein
equations read

e A 2r\, — 1) + 1 = 81r?p, (1.2)
e A 2rp, + 1) — 1 = 8mr2p, (1.3)
At = —dmret ) (1.4)

where the subscripts r» and ¢ indicate the partial derivative with respect
to r or t, respectively, and the right hand sides are related to the energy-
momentum tensor 7,3 via

p=e Ty, p=e T, j=—e OTWT. (1.5)

All the particles in the ensemble are assumed to have the same rest mass,
normalized to unity, and to move forward in time. Hence, their number
density f is a non-negative function supported on the mass shell PS =
{gapp®p”® = —1, p° > 0}, a submanifold of the tangent bundle T'S of the
spacetime manifold S; p® are the canonical momenta corresponding to the
coordinates on S. In order to exploit the symmetry it is useful to introduce



non-canonical variables on momentum space in which the Vlasov equation
for f = f(t,r,w, L) takes the form

O f + et~ A af ()\tw+e“ A B — et L) Owf = (1.6)

Here E = E(r,w,L) := \/1+w?+ L/r? = e*p", and w €] — oo, 00| and
L € [0, oo[ can be thought of as the radial component of the momentum and
the square of the angular momentum respectively. The latter is conserved
along characteristics of the Vlasov equation. The quantities p, p, and j read

plt,7) = 7T/ / Ef(t,r,w,L)dLdw, (1.7)
p(t,r) = 7T/ / —f (t,r,w, L) dL duw, (1.8)
it r) = ”/_OO/O w f(t,r,w, L) dL duw. (1.9)

r2

For a detailed derivation of the system (1.2)—(1.9) we refer to [18]. As initial

o o

data we prescribe a distribution function f = f(r,w, L) > 0 which is C?,
compactly supported in ]0, co[x] — 0o, 00[Xx]0, 0o[, and such that

7r/0 7725(77)d77—47r2/0 / /0 Efo(n,w,L)dewdn<g. (1.10)

Such initial data we call reqular. The origin r = 0 is excluded from the
support for technical reasons, but this can be avoided by using Cartesian
coordinates. Regular initial data launch a unique local solution for which
all the derivatives which appear in the system exist classically [18, 19]. The
solution of (1.2) is given by

2m(t "
e ) — 1 2mft,r) where m(t,r) := 47r/ n’p(t,n) dn, (1.11)
0

so (1.10) is necessary in order that this relation makes sense at least initially;
geometrically speaking (1.10) says that the initial data do not contain a
trapped surface. Since f has compact support and this property is inherited
by f(t), the integrals in (1.7)—(1.9) exist, and they are given in terms of
f alone, which is the main reason for using the non-canonical variables
w and L. As stated, the system is overdetermined, but for a solution of
the subsystem (1.2), (1.3), (1.6), (1.7), (1.8) all other components of the



field equations hold as well [18, 19]. Besides the 01 component (1.4) also
the 22 and 33 components are nontrivial, but they are not needed for our
analysis. The remaining components vanish identically due to the symmetry
assumption. By (1.4), (1.11), and the compact support of j(t), the quantity
M = m(t,o0) is conserved, and is the ADM mass of the solution.

Our aim is to find explicit conditions on the initial data such that the
corresponding solutions have the following property: There is an outgoing
radial null geodesic v+ originating from r = r9 > 0, i.e.,

dyt
ds

such that the solution exists on the outer region

(s) = eW=NEATE) 4t (0) =y, (1.12)

D :={(t,r) € [0,00[*| r >~y (1)}, (1.13)
and v* has the property that

lim 77 (s) < . (1.14)
S—00

This indicates that the matter distribution undergoes a gravitational col-
lapse, and a black hole forms. In fact we obtain a more detailed picture
which supports this interpretation: There exists an extremal, radially out-
going null geodesic v* in the outer domain D such that lims_,, 7*(s) = 2M,
and as t — oo the metric converges for r > 2M to the Schwarzschild metric
representing a black hole of mass M; recall that M is the ADM mass of
the solution. The established behavior of the solutions is stable in the sense
that, except for “boundary cases”, properly restricted small perturbations
of the corresponding initial data lead to solutions with the same properties.
For the Einstein equations coupled to a general matter model, i.e., if
the field equations (1.2)—(1.4) are supplemented by an evolution equation
for the matter replacing the Vlasov equation and by the definitions of the
corresponding components of the energy-momentum tensor, some of our
results remain true, provided the matter model satisfies specific assump-
tions. In order to give a broader impact to our analysis we include this
general-matter case, but we emphasize that only the Vlasov matter model
is presently known to satisfy all the required assumptions. As a corollary to
our main result we obtain initial data for the Einstein-Vlasov system which
lead to the formation of black holes and for which the solutions exist for
all Schwarzschild time and all » > 0. To the best of our knowledge this is
the first global existence result in Schwarzschild coordinates for initial data
which lead to gravitational collapse and the formation of black holes and



which in particular are not small. Small data are known to result in dispers-
ing solutions and singularity-free, geodesically complete spacetimes [19].

We now put our results into the larger context of General Relativity.
One of the many striking predictions of this theory is that under appropri-
ate conditions astrophysical objects like stars or galaxies undergo a gravi-
tational collapse resulting in a spacetime singularity. This was first proven
by Oppenheimer and Snyder [15] who constructed a semi-explicit example
of a homogeneous spherically symmetric ball of dust, i.e., of a pressure-less
fluid, which collapses under its self-consistent, general relativistic gravita-
tional interaction. During the collapse the scalar curvature blows up at the
centre of symmetry, and the geometry of spacetime breaks down there, i.e.,
a spacetime singularity forms. In the 1960s Penrose [16] proved that the for-
mation of spacetime singularities from regular initial data is not restricted
to spherically symmetric, especially constructed or isolated examples but
is a genuine, stable feature of spacetimes. However, this result gives little
information about the geometric structure of a spacetime containing such
a singularity. In particular, it is not known in general if every spacetime
singularity arising from the gravitational collapse of regular data is covered
by an event horizon. The (weak) cosmic censorship conjecture asserts that
generically this is the case, and the validity of this conjecture is one of the
major open problems in classical mathematical relativity; see [23] for more
information. To deal with this conjecture in full generality is out of reach
of the present level of mathematics, but under the assumption of spherical
symmetry progress has been made in recent years. One important insight is
that the answer is sensitive to which model is chosen to describe the matter.
Christodoulou [7] showed that for dust, i.e., the matter model used by Op-
penheimer and Snyder, cosmic censorship is violated. On the other hand,
in a series of papers Christodoulou investigated a massless scalar field as
matter model and showed in 1999 that weak and strong cosmic censorship
hold true for this matter model; see [11] and the references therein.

One aspect of our result is that there is a set of initial data which leads
to gravitational collapse such that weak cosmic censorship holds. This point
should be related to an earlier result by Rendall [22], who showed that there
exist initial data for the spherically symmetric Einstein-Vlasov system such
that a trapped surface forms in the evolution. The occurrence of a trapped
surface signals the formation of an event horizon. Indeed, Dafermos [12]
proved that weak cosmic censorship holds if a spherically symmetric space-
time contains a trapped surface and the matter model satisfies certain hy-
potheses which were then verified for Vlasov matter in [13]. By combining
these results it follows that initial data exist which lead to gravitational



collapse and for which weak cosmic censorship holds. However, the proof in
[22] rests on a continuity argument, and it is not possible to decide whether
or not a given initial data set will give rise to a black hole. This is in con-
trast to the explicit conditions on the initial data together with the detailed
asymptotic structure that we obtain in the present paper. In this regard it
is natural to relate our results to those of Christodoulou on the spherically
symmetric Einstein-scalar field system [8, 9, 10]. In [8] it is shown that if the
final Bondi mass M is different from zero, the region exterior to the sphere
r = 2M tends to the Schwarzschild metric with mass M. Theorem 2.4 be-
low shows that solutions of the spherically Einstein-Vlasov system, under
certain conditions on the initial data, also converge to the Schwarzschild
metric asymptotically. Furthermore, in [9] explicit conditions on the initial
data are specified which guarantee the formation of trapped surfaces. This
paper played a crucial role in Christodoulou’s proof of the weak and strong
cosmic censorship conjectures for the Einstein-scalar field system, cf. [10, 11].
The conditions on the initial data in [9] allow the ratio of the Hawking mass
and the area radius to cover the full range, i.e., 2m/r €]0,1[, whereas our
conditions require 2m/r to be close to one. However, we believe that to
understand gravitational collapse in the case of Vlasov matter the essential
situation is when 2m/r is large. We thus hope that our results will lead to
progress in the general understanding of gravitational collapse and the weak
cosmic censorship conjecture in the case of Vlasov matter.

The paper proceeds as follows. In the next section we state our main re-
sults for the Einstein-Vlasov system, where we specify classes of spherically
symmetric initial data which lead to solutions showing the above behavior.
In Section 3 we formulate one of our results, Theorem 2.2, for the general
Einstein-matter system and on the level of the macroscopic matter quantities
single out precisely the conditions needed for our arguments to go through.
After stating some general auxiliary results in Section 4 we prove, in Sec-
tion 5, Theorem 3.1 which is the general-matter version of Theorem 2.2.
The latter result is then established in Section 6 by showing that Vlasov
matter satisfies the required general conditions on the matter for a suitable
class of initial data. Theorem 2.1 is established in Section 7 together with
Corollary 2.3 on global existence in Schwarzschild coordinates. In Section 8
we prove the convergence of our solutions to a Schwarzschild black hole of
the corresponding ADM mass in the case of Vlasov matter.

To conclude the introduction we refer to [1] and the references there for
more background on the Einstein-Vlasov system, and we mention [5] where
in particular the present results are related to a formulation of weak cosmic
censorship proposed in [11].



2 Main results for Vlasov matter

To state our main results let 0 < rg < 71 be given, put M = ry/2 (this is
going to be the ADM mass of the solution), and fix 0 < My, < M such
that 2(M — M, 8
w < 2. (2.1)
To 9
The value 8/9 is chosen for definiteness only. Two different theorems will
be stated below, corresponding to the following two situations.

(i) Let Ry > ry be such that

rn —7To

6 (2.2)

Ri—-—rm<

or

(ii) let Ry > r1 be such that

R1 — T . 1 7“8 rn —7To
< -, , , 2.3
R mm{ﬁ 126R M’ 8KR; (2:3)

where the (explicit) constant £ > 0 will be specified in Theorems 2.2
and 3.1 below.

Finally, we define

1
Ry := 5(?“1 + Rl).

Denote by p the energy density induced by the initial distribution function
J. We require that all the matter in the outer region [rp,oo[ is initially
located in the strip [Ryp, R1], with My being the corresponding fraction of
the ADM mass M, i.e.,

00 Ry
/ drr? J(r)dr = / 4 J(r)dr = Moyys. (2.4)

T0 RO

Furthermore, the remaining fraction M — M,y should be initially located
within the ball of area radius rg, i.e.,

70
/ 4rr? J(r)dr = M — Moy (2.5)
0

We are now in the position to formulate our main results for Vlasov matter.
Corresponding to Case (i) above, we prove



Theorem 2.1 Let rg, r1, M, and Moy be given as above, and let Ry satisfy
(2.2). Then there exists a set I; of reqular initial data for the spherically
symmetric Einstein-Vlasov system such that iffe Ty, then (2.4) and (2.5)
hold, the corresponding solution exists on D, and

o
lim v7(s) < oo, lim / 4rr?p(s, ) dr > 0,
v

5—00 5700 Jyt(s)

where v+ satisfies (1.12).

By abuse of notation we denote by D both the outer region in spacetime
defined by (1.13) and the part of the mass shell with (¢,7) € D.

The next theorem addresses Case (ii) above, assuming the stronger condi-
tion (2.3). This allows for a more straightforward proof, and the constraints
on the momentum variables of the initial distribution function f which are
used to specify the set Z7 will be slightly relaxed. Hence, the initial data set
71 does not contain 7y in Theorem 2.2 below, but it is larger in the sense
that data in Zo are quite close to containing a trapped surface, which is not
necessarily the case for data in Z;. The precise form of Z; and Zs will be
specified in the proofs.

Theorem 2.2 Let rg, r1, M, and My be given as above and let Ry satisfy
(2.3) with k = 6. Then there exists a set Iy of regular initial data for the
spherically symmetric Einstein-Viasov system such that iffe Ty, then (2.4)
and (2.5) hold, the corresponding solution exists on D, and

[e.9]

lim v7(s) < oo, lim 4rr?p(s, ) dr > 0,

$—00 500 Jot(s)
where T satisfies (1.12).

The Einstein-Vlasov system has a wide variety of static, spherically sym-
metric solutions with finite ADM mass and finite radius, i.e., compact sup-
port of the matter, cf. [20] and the references therein. Particularly interest-
ing examples of initial data for which our results apply are obtained if the
matter for r < 7y is represented by such a static solution.

Corollary 2.3 Let fs be a static solution of the spherically symmetric
Einstein-Vlasov system with finite ADM mass Mgy > 0 and finite radius
rs > 0. Define rg = rs, let Ty > ro be arbitrary, M = ri1/2, and
Moww = M — Mg > 0. Then the initial data sets 71 and Zs both contain



data .]g which coincide with the given static solution for 0 < r < ro. The
corresponding solution f of the Finstein-Vlasov system exists for all r > 0
and t > 0, and it coincides with the static solution fs for all v < ~T(t) and
t>0.

We prove this result at the end of Section 7. It represents a global existence
result for the Einstein-Vlasov system in Schwarzschild time for initial data
that are not small.

In the next section we formulate a version of Theorem 2.2 for quite gen-
eral matter models. One reason for this is that the main mechanism behind
our method becomes very transparent by posing sufficient conditions on the
macroscopic matter terms rather than conditions on the initial distribution
function f as we did in the theorems above. In the proofs it will turn out
that for the classes of initial data that we specify we can establish the fol-
lowing additional result which shows that the solution evolves towards a
Schwarzschild black hole of mass M.

Theorem 2.4 In the situation of Theorem 2.1 or Theorem 2.2 the following
holds:

(a) There exist constants «, > 0 depending only on the initial data
set Iy or I respectively such that if t > 0 and r > 2M + ae*ﬂt,
then f(t,r,-,-) = 0, i.e., we have vacuum, and the metric equals the
Schwarzschild metric

oM 2M\
ds? = — <1 - 7~> dt? + (1 — r) dr® + r%(d6? + sin? dy?),

representing a black hole of mass M.

(b) For allt >0 and v (t) < r < 2M + ae™P we have limy_, pu(t,7) =
—oo for all v < 2M. Furthermore, for ¢ € [0,2M] the timelike lines
r = ¢ are incomplete and their proper lengths are uniformly bounded
by a constant depending on o, B, and M.

(c) Let
r* :=sup{r > ro | the radially outgoing null geodesic v with

v(0) = r satisfies lim v(s) < oo},
S§—0OQ

and let v* be the radially outgoing null geodesic with v*(0) = r*. Then
lims o0 v*(s) = 2M, and every radially outgoing null geodesic y with
v(0) > r* is future complete with lims_,o y(s) = 0.



3 The result for general matter models

In this section we specify the general assumptions on a matter model suffi-
cient for our method to be applied. In order to keep the discussion consistent
with the Vlasov part of our arguments we use the notation introduced in
(1.5). Firstly, we assume that the following two conditions are satisfied.

e The dominant energy condition holds. (DEC)
e The radial pressure p is non-negative. (NNP)

The dominant energy condition (DEC) plays a central role in general rel-
ativity and is the main criterion that a matter model should satisfy to be
considered realistic. We refer to [14] for its definition. The non-negative
pressure condition (NNP) is restrictive in the sense that it rules out, for
example, a Maxwell field as matter model. However, for most astrophysical
models it is a standard assumption, with e.g. fluid models satisfying this
condition. For the purpose of this paper we only need to focus on two con-
sequences of these two criteria, cf. [14] and [17]. (DEC) implies, together
with (NNP), that

0<p<pand|[j| <p. (3.1)

Furthermore, by (DEC) any geodesic (s, R(s)) of a material particle or a
light ray satisfies

ds

The meaning of the latter condition is that locally the speed of energy flow
is less than or equal to the speed of light.

Let A, u, p, p, j correspond to a solution of the general spherically sym-
metric Einstein-matter system in Schwarzschild coordinates, i.e., (1.1)—(1.4)
supplied with suitable evolution equations for the matter and an energy-
momentum tensor being an appropriate function of the matter and the
metric. In order to investigate the global structure of the solutions it is
necessary that they exist globally in an appropriate sense. In the situation
at hand they need to be defined on the outer region D from (1.13). In the
spherically symmetric case the main obstruction for obtaining global solu-
tions arises from the difficulties related to the centre of symmetry » = 0. For
example, for a massless scalar field or a collisionless gas as matter model it
has been shown that solutions remain regular away from r = 0 for general
initial data, cf. [11, 2, 21]. On the other hand, for dust a singularity of shell
crossing type can also occur at some r > 0. Although in that case there are

'dR(S) < =N (R(s), (3.2)

10



no true geometric spacetime singularities, such behavior has to be ruled out
in order not to interfere with the analysis of the solution on D. This can be
achieved by proper assumptions on the initial data, cf. [7]. In view of (3.2)
a possible break down of solutions at » = 0 will have no influence on the
outer domain D. Hence we formulate a third condition, concerning global
existence of solutions in the outer domain:

e For solutions launched by data from the set Z, v defined by (1.12)
exists on [0, 00[, and X, y, p, p, j € CH(D). (GLO)

The three conditions above are of a quite general nature. The fourth and
final condition however, is tightly connected to our method of proof.

e There exists a constant ¢; > 0 such that p < —¢;j in D. (GCCQ)

The acronym (GCC) stands for “gravitational collapse condition”. We em-
phasize that for Vlasov matter there are by our main results initial data
sets such that (GCC) holds. As a first consequence of (GCC) and (3.1),
note that j < 0 in D, i.e., the matter is ingoing for all times. In this re-
spect our present results complement [4], where purely outgoing matter was
considered.

Let us now assume that our matter model satisfies (DEC) and (NNP),
and that there exists an initial data set Z such that (GLO) and (GCC) hold
as well. Then we have the following result, which should be viewed as a
version of Theorem 2.2 for general matter.

Theorem 3.1 Let rg, 71, M, and Moy be given as above and let Ry satisfy
(2.3) with k = 2¢1. Assume that there exists an initial data set Is C T such
that (2.4) and (2.5) hold for all initial data in I3. Then for any solution
launched by initial data in I3,

o0

lim v7(s) < o0, lim 4rr?p(s,r) dr > 0,

S§— 00 S§—00 "Y+ (S)

where v+ satisfies (1.12).

The detailed information on the gravitational collapse which for Vlasov mat-
ter is provided in Theorem 2.4 is not available in the present situation.

4 Preliminaries

In this section we collect some general facts concerning the spherically sym-
metric Einstein-matter equations under the assumptions (DEC) and (NNP)

11



that have been specified in the previous section. A quantity which plays an
important role is the quasi-local mass m(¢,r). We assume M > 0 and define

m(t,r) =M — /00 4 p(t, ) dn. (4.1)

Then lim, o m(t,7) = M, 0 < m < M, and m, = 4mr?p. Defining \ by
e =1 —2m/r, (1.2) and the boundary condition in (1.1) are satisfied.

We require that
,

m(r) < 3 7 €]0, oo, (4.2)

a condition that again will be included in the notion of regular initial data.
By (1.2) and (1.3),

m m
Ar = <47r7"p — T—Q)e”‘, My = (72 + 47r’rp) e (4.3)

In view of (1.1), u = i + f1, where we define

. > mft,
(t,r) = — / (772") M dn, (4.4)
f(t,r) = — / A p(t, ) e dn. (4.5)

Lemma 4.1 The following assertions hold.
(a) 20 <p—A<pg<p+Xand p+A<j+ A\
(b) (= N)(t,7) = 20(t,r) + [ 7 (p — p)(t,n) 07 dy.

(c) f(t,r) = froo 4 (t,n) eWFNEM ML) dy - In particular, if j < 0,
then also fi; <O0.

Proof: The claims follow straightforwardly in view of the boundary condi-
tions (1.1) and the formulas for u, fi, i, and A from above. O

The first part of the following lemma is due to [2], and the second part
can be proved similarly.

Lemma 4.2 For r € [0, 00],

/oo A (p + p)(t,n) eWFNEM AL gy — 1 _ HFNET) < 9

/ "t p(t ) eEENED ) g g _ (G0 <

12



5 Proof of Theorem 3.1

In this section we use the hypotheses stated in Section 3 to prove Theo-
rem 3.1. The proof is short and emphasizes that the crucial mechanism is
captured in (GCC). Consider the out- and ingoing null geodesics v+ and v~
defined by

-
ds

The claims follow if we can show that these geodesics never intersect. By
continuity and monotonicity there exists T €]0, co| such that

(5) = £t NETEE) 4 (0) = 1 < 7 = 47(0). (5.1)

ro <yT(t) <y (t) <1, te[0,T] (5.2)

it will be shown that actually T' = co. In view of (2.4) we have initially that
p=p=j=0forr>R;. (GCC) implies that j < 0 in D, i.e., the flow of
matter is ingoing. Therefore

p=p=j=0 and m=M for (t,r)€[0,T[x[Ry,00]. (5.3)

By Lemma 4.2, (3.1), (GCC), and Lemma 4.1(c) for s € [0,7] and r €
[y*(s),00],

| — om0 ) / " (0 + p) (5, ) NG A g
< —201R1/ 4mj(s,n) et A)(5:m) g2A(s, 1) dn = —2c1 Ry ju(s, 1),

since j(s,n) # 0 implies n < R;. Thus

1
fe(s,r) < — (1 - e(“+’\)(5”)). (5.4)

This in turn implies that
¢
(e 5(0) = H07*0) = [ il (s)) ds

o i (5,77 () eV ) g

(s, 0
t ( 1

)
_ (1 (1N (5,7 (5) ) (s, 75(8)) (s, (s))) ds
261R1 ( )2

¢ 1 m(s,v%(s)) +
’ (1) (s, 75 (s))
+/0 (201 S )e ds. (5.5)

L,y
-
<)

0
<

= 2c1 R,



Now for any r € [rg,r1] and ¢ € [0, T it follows from fi, > 0 and e~ =
1 —2m/r that

jtt.r) < e ) = — [~ (5.6)

R NP1 —2M/n)

Using M =r1/2 we get i(t, Ry) = %log(RlT:”), so that for r € [rg,r1],

ep,(t,r) < eﬂ(t,Rl) - (Rl — Tl)/Rl- (57)

By (3.2) and the properties of the initial matter distribution there is vacuum
in the region y*(t) <r <~ (¢). Hence m(t,r) = M — Moy and (2.1) imply
that
AT < ! <3 (5.8)
V1 —=2(M — Mow)/r0
for v (t) <r <~ (¢). From Lemma 4.1(a) and (2.3), recalling x = 2¢;, we
obtain in particular that

2
N (575 () < L@V EAEE) i J L 10 _.
e <e < min 5 8e, Ry 1 d.

Thus (5.5) yields

t t 1 M
0t T (1) — (0,4 (0)) < — d/ —)d
Aty () = 0.70) = =57+ | (2c1}21+ r3> ’

1—-d M 1 M t
= — —d— |t < — —d— |t < — 5.9
<2€1R1 r%) - (461R1 T‘%) - 8c1R; ( )

for t € [0,T[. Hence Lemma 4.1(a) leads to the estimate

t t
‘Vi(t) - Fyi<0)’ = ’/0 e(“_/\)(577i(5)) ds < A eﬂ(s,'yi(s)) ds

t [
< 6[L(O,’yi(0)) / 6_ 8(:181?,1 dS < SclRl Rl - 7’]_’
= 0 = R]_

where we used (5.7) in the last inequality. By the third condition in (2.3),
V(Ry —r1)/R1 < (r1—70)/(16¢1 R1), so that [y*(t)—y%(0)| < (r1—7rg)/2 for
t € [0,T[. Since vy~ (0)—~1(0) = r1—ro, this implies that v~ (T)—~*(T) > 0.
Hence, if we choose T in (5.2) to be maximal, then T' = oo, i.e., v and v~
never intersect. This completes the proof of Theorem 3.1. O
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6 Proof of Theorem 2.2

We first check that the conditions (DEC), (NNP), and (GLO) hold for Vlasov
matter. Then we show that there exists a class of initial data such that
the corresponding solutions satisfy (GCC) with ¢; = 3. Theorem 2.2 then
follows from Theorem 3.1.

The characteristic system associated to the Vlasov equation (1.6) is

dR w

— =) (s, R) 2
ds ¢ E’ (6.1
aw L
— = —M\e(s, )W — e(M—A)(SﬂR)MT(S’ R)E + e(#_)\)(&R)Rg’iE’ (6.2)
dL
— - 0. (6.3)

If s — (R,W,L)(s) is a solution with data (R, W, L)(0) = (r,w, L), then
f(s,R(s),W(s),L) = f(r,w,L) is constant in s. Hence (R(s),W(s),L) €
supp f(s) iff (r,w,L) € supp f Such characteristics will be addressed as
characteristics in supp f.

Direct inspection of the definition in (1.8) shows that (NNP) holds for
Vlasov matter. It is moreover well-known that (DEC) is satisfied for Vlasov
matter; see [1, Sec. 1.4]. Alternatively, we can check (3.1) and (3.2) directly.
The latter follows from (6.1) above, whereas the former is a consequence of
the expressions for the matter terms (1.7), (1.8), and (1.9).

To see that (GLO) holds we consider the spherically symmetric Einstein-
Vlasov system on D, with e™>* = 1 — 2m/r and (4.1) replacing the usual
boundary condition A(¢,0) = 0 of a regular centre and with (1.12) included.
We need to show firstly that regular initial data supported on {r > ro}
launch a local solution on D which can be extended as long as P(t) :=
sup{|w| | (r,w,L) € supp f(t), r > " (¢)} remains bounded, and secondly
that P(t) cannot blow up in finite time. The latter follows by the estimates
in [21] where is is shown that the w-support of a solution on the whole space
cannot blow up in finite time, provided matter is bounded away from the
centre or is controlled in a neighborhood of the centre. A local existence
and continuation result of the required type is usually shown by an iterative
scheme, cf. [18, 19]. The difficulty with such a scheme in the present situation
is that 4 and hence D would change with the iteration. Rather than dealing
with this difficulty here we by-pass it by observing that data from our initial
data set launch solutions where the support of the matter on D stays strictly
to the right of vT. For such data fout we take an arbitrary initial data fin
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supported in {r < 7o} such that fout + fin has mass M. This launches a
local solution on the whole space which we restrict to D. Assuming that the
solution on D is maximally extended with finite existence time 7' and that
P is bounded on [0, T'[ we pick to €]0,T[ and solve the system on the whole
space with the data fou(to) + fin prescribed at ¢ = tg. The corresponding
local solution exists on a time interval the length of which is bounded from
below uniformly in ¢g. This follows from the bound on P, cf. Step 7 in the
proof of Thm. 3.1 in [18]. If we choose ¢y close enough to T" we have extended
the solution, and the local existence and continuation result is established.
Notice that the matter inside {r < 4" (¢)} can influence the solution on D
only through its mass which remains constant in the situation we consider.
It remains to show that (GCC) holds. To this end we let 0 < rg < r; <
Ri, Ry = (r1 + R1)/2, and M = r1/2. For a parameter W_ < 0 to be
specified below and regular data f with ADM mass M we formulate the

General support condition: For all (r,w, L) € supp f the following holds:
T G]O,To] U [R(), Rﬂ,

and if r € [Ry, R1] then w < W_ and also

3L o
0. < L= mlm) +nmln), n € [ro, Bl (6.4)
We use the notation m when p = g in (4.1). Furthermore, we abbreviate

Ri—r
T =T(r,Ry):= ’/Ri - ri. (6.5)

The following lemma shows that if the support condition holds, then the
particles in the outer domain D keep moving inward in a controlled way.

Lemma 6.1 Let ]% be reqular and satisfy the general support condition for
some W_ < 0. Then for all (r,w, L) € supp f(t) such that (t,r) € D,

w < T'(rq, R)W_.
In particular, j <0 on D.
Proof: Let [0,7] denote the maximal time interval such that for t < T
w < 0 for (r,w, L) € supp f(t) with (¢,7) € D. (6.6)
Since W_ < 0, T' > 0 by continuity. By the definition of j,
j(t,r) <0 for (¢t,r) € Dy := DN ([0,T[x]0, o0]). (6.7)

16



Let (R,W, L)(s) be a characteristic in supp f. Then

d, _, AR  dW
WA + WA, 2 -2
as& W)= ( et WA ds>
47 R 2my\ L
m o 2 2 w _
= (W Ej — Wp— E%p) +e (1 R)R3E

4—6"ﬁ (w— E)

__eu// fw_[ |'satao

L m 1+L/R2+ 2L \ |
R2 E mE )t R3E’

where E = E(R,W, L) and E = E(R,w, L). Therefore

d 1+ L/R2 2L L
) <o (YR LY

ds E R2E R3E’

Differentiating e=2* = 1 — 2m/r w.r. to t and using (1.4) leads to my

—4nr2el=2j, which by (6.7) is non-negative on Dy. It follows that m(s,r) >
m(0,7) = m(r). Thus as long as the characteristic remains in Dr,

d, m(R) (1+L/R* 2L . L
PG R2< E  ®E)T° BE

1 3L
M I 2= o o o ]
e R3E< 7 m(R) Rm(R)>
Now R(0) € [Ro, R1] and R(s) < 0 by (6.1) and (6.6) yields Ry > R(0) >
R(s) > v*(s) > rg. Hence condition (6.4) implies that, as long as the
characteristic remains in Drp, %(e*AW) < 0, so that
W (s) < Mo BEIMORO) yp7_ < ( min e—A(O,r)) a

- - T‘E[Ro,Rl]
Furthermore, e M%7 > (1 —2M/Ry)"/? = ((Ry —r1)/(R1 +71))*/? holds for
r € [Ry, R1], and recalling (6.5) it follows that W (s) < T'(r1, R1)W_ <0, as
long as the characteristic remains in Dp. By the maximality of 7" in (6.6),
T = oo, and the proof is complete. O

In order to specify the initial data set Zo, let 1o, r1, M, and My be
given as in Section 2 and let Ry be such that (2.3) holds for kK = 6. We
require that W_ < 0 satisfies the estimate

L(ry, By) [W-| = 1. (6.8)
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Then
Is = {fo\ fois regular, satisfies (2.4), (2.5), the general support condition,
and for (r,w,L) € supp f with r € [Ro, R1],VL/ro <T |W,|}
(6.9)

Consider now a solution f launched by initial data from this set. Condition
(6.8) and Lemma 6.1 imply that

w] > T(ry, R)[W-| >1 on suppfn D, (6.10)

and since L is conserved along characteristics, (6.9) leads to vL/r <
VL/ry < |w| for all particles in supp f N D. Hence the definition (1.7)
of p implies that on D,

p(t,r)SZ/ / dedw+7;/ / | f dL dw
r —o0 J0 r —o0 J0

T o0 o
+ 3 / / VL/rfdL dw
—oo J0
<3;;/ / (ol dL dw = 3 |j(t,7). (6.11)
—o0 JO
Accordingly, 7, satisfies (GCC) with ¢; = 3, and Theorem 2.2 follows from
Theorem 3.1. O

We briefly show that the set Zy is far from being empty. Therefore
fix 0 <rg <1 < Ry < Ry, M =r1/2, and 0 < My, < M such that
Ro = (r1 + R1)/2, (2.1), and (2.3) are satisfied. Let 0 < f; € C! have
r-support in [rg — d,7g] for some 0 < § < 79/9, and let 0 < fo € C*
have r-support in [Rp, R;]. Fix the compact w-support of fo in | — oo, W_]
with W_ < 0 such that (6.8) holds, and fix its L-support in [0, Ls] so that
VLa/ro < T(r1, Ry) [W_| and

3L
L< (M- Mouo(7 +n), Lel0,La, n€lro, Ril.

Now take ]% = Afi + Bfs, where A > 0 and B > 0 are chosen such that
(2.4) and (2.5) are satisfied. Note that m(n) > M — My for n € [ro, R1),
whence (6.4) holds as well; thus the general support condition if verified. It
remains to check (4.2). If r €]0,7¢ — 4], then m(r) = 0. If r € [rg — §, Ry),
then m(r) < M — Moyt yields in view of (2.1),

277?7/< 2(M - Mout)

< 1.
ro o rg — 0
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If r € [Rp, 00, then 2m/r < 2M /Ry < 1, since 2M = r; < Ry. Hence Fis
regular and has all the properties that are required in the definition of Z,.
Remark. The set Z> has “non-empty interior”, in the sense that sufficiently
small perturbations of initial data in the “interior” of this set belong to Z, as
well, provided that the support is changed very little and M is left invariant.
This is due to the fact that the various parameters entering into the definition
of 7o are defined in terms of inequalities and hence can be varied.

7 Proof of Theorem 2.1

The set up is closely related to the set up in the proof of Theorem 2.2. As
we saw above, (DEC), (NNP), and (GLO) are satisfied for Vlasov matter,
and we will again construct an initial data set such that (GCC) holds with
c1 = 3. However, since this result relies on condition (2.2) instead of (2.3),
we cannot simply invoke Theorem 3.1 after (GCC) has been verified; instead
an additional step needs to be added to the proof. For this new argument a
slightly stronger condition on the momentum variable w needs to be imposed
on supp f. We now require that W_ < 0 satisfies

10

Dy, R W12 2 . (1)
where
d := min 1 _m m—ro
o 2" 12R;’ 300R; | °
Then

I = {f\ fis regular, satisfies (2.4), (2.5), the general support condition,

and for (r,w,L) € supp f with r € [Ro, R1],VL/rg < 1.} (7.2)

The same construction as at the end of the previous section shows that this
set is not empty, and the same remark as at the end of the previous section
applies. Let f be a solution launched by initial data from Zj. It is clear
from these conditions that Lemma 6.1 applies, and since 10/d > 1, it follows
that (6.10) holds as well. Thus the argument leading to p < 3|j| on D in the
proof of Theorem 2.2 applies again. Hence, (GCC) is satisfied with ¢; = 3.
Next consider the expression

p(s,r)—p(s,r):;/(:/ooo (E—%Q) f(s,r,w, L)dL dw.
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Since E? > w? > I'?(r1, R)) W2 by Lemma 6.1, we get for r € [y"(s), R4]
from /L /rg < 1,

w1 1 Ly _2 2
E—-— =2 (E*- sz(l 7><7< E=:FE :
F- gl =gt ) spSmyp Pk, (19)
so that
p(s;1) —p(s,1) < cop(s, ). (7.4)

After this preparation, we again show that the out- and ingoing null
geodesics v and v~ do not intersect. We choose T' €]0, oo[ such that (5.2)
holds. In this case we cannot rely on the smallness of e/ as in the proof of
Theorem 3.1, so we need to control the evolution also when e” is not small.
For this part the estimate (7.4) is essential. We fix ¢ € [0, T[ by requiring
that

eBHNETEG) S g for s € [0, 6], N6 < for s € (3, TT.

First we note that tF is well-defined, since

d . . .

75 (L + N (s, 75 (s)) = (Mt —drr et G F p)) <0. (7.5)
Step 1: Consider s € [0,tf]; if tf = 0, then this step is omitted. For >
~E(s) we have d < (BN 75() < (BN gince (i+A), = drrpe?* > 0.
Hence Lemma 4.1(b) and (7.4) yield

(,LL - )\)(37’}’i(5)) = 2/1(37’}/:‘:(8)) —+ /i( )471'17 (,0 _p)(s’n) 62/\(8,77) dn
~E(s
S 2ﬂ(8,7i<3>) -+ C—O 471'7’] p(s’ 7]) e(ﬂ+>‘)(svn)e2A(57n) d/,]
4 Jyxs)
< 2j(s, 7 () + 7,

where for the last estimate Lemma 4.2 has been used.

Now we make the following observation: There is at least one charac-
teristic (R, W, L)(s) with R(0) € [Ro, Ry}, which does not leave the strip
[r1, R1] during the finite time interval [0,7]. In fact, if at time ¢t = T all
characteristics had left the strip [r1, R;] (and thus had entered the region
r < r1), then m(T,r1) = M. From e=?* = 1 — 2m/r and 2M = ry it would
follow that A(T,71) = co. However, this contradicts (GLO) which holds for
Vlasov matter.
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Since v¥(s) < r < R(s) and i, > 0, we thus obtain in view of
Lemma 4.1(a) that

Next note that |[W| > 1 by (6.10), and hence due to (6.1) and observing
B2 02> L,

D W] ux W D
Rl=—el"> el "> _¢eH
1A E T V24+ W2 — 2

Therefore we obtain for all ¢ € [0,#F] the estimate

t
|'Yi(t) - ’Yi(O)I = ‘/0 :I:e(ﬂ—/\)(S,'yi(s)) ds

t _
<o / =N (s R(s) g
0

< —2¢% / té(s) ds = 2¢'4 (R(0) — R(t))
0
< 2@%0(]%1 — 7’1). (76)

Step 2: Let t € [tF,T][; if tf = T, then this step is omitted. The arguments
here are basically the ones presented in Section 5. The computation leading
to (5.5) is almost identical, and

At (1) — At v ()
t—tF /t 1 m(s,
< - + /[, ( +
201R1 tit 201R1 Y

for ¢y = 3. By Lemma 4.1(a), e(HHN(5:,75(9)) < (BN (577() < ¢, Using
the definition of d we obtain by a similar chain of estimates as in (5.9)

+
Zg)(;))) BN g (7.7)

Aty =) — ptE v (1) < SR (t—t), telt Tl

Hence by Lemma 4.1(a),

t
_S:l:S
Ivi@)—vi@fﬂ=:‘/ 25,7 ) g

tF

t
< / ofil5:7E(9) g
= )
X 0 (s=tF)
< AN (EE £ () /i e~ 8c1tRl ds < 8ciRyd. (7.8)
[
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Adding the contributions (7.6) from Step 1 and (7.8) from Step 2, the final
estimate |y(t) — 4(0)] < 2¢%/4(Ry; — r1) + 8c1Rid is obtained for all
t € [0,T]. From (7.3) and (7.1) we have ¢y/d < 1/5. The third condition
on d together with (2.2) thus imply that [y*(¢) — v5(0)] < (r1 — 70)/2. As
in the proof of Theorem 3.1 we conclude that v and v~ do not intersect,
completing the proof of Theorem 2.1. a

It remains to prove Corollary 2.3.

Proof of Corollary 2.3: Let f; be a static solution. By [3], 2m4(r)/r <
8/9 for r > 0 where my is the local ADM mass induced by fs. In particular,
My < rs/2 < ri/2 =M, and (2.1) holds. As described above we can now
specify the matter distribution for r > rg, and we obtain initial data f in 71
or in Zo which coincide with the given static solution for 0 < r < rg.

Since no matter travels from the outer domain D to the inner one where
r < 4T (t), the only way the matter in the outer domain can affect the static
solution is through the metric. Consider the time-independent version of the
Vlasov equation (1.6). Dropping all the time derivatives we see that in the
remaining equation the factor e’# can be canceled. Therefore, the static
Einstein-Vlasov system is formulated in terms the quantities f, A, and u,
but not p itself. Recalling e = 1 — 2m/r and (4.3), we see that A and
- are, on r < 7 (t), not affected by the matter in the outer domain D.
Therefore f = fs, A, and y, remain time-independent for r < v (). O

Note that the metric coefficient p of course does change on the interior
region; cf. Theorem 2.4(b).

8 Proof of Theorem 2.4

As a first step we estimate p— A\ from below for » > 2M, using Lemma 4.1(a).

(1= N (t,7) = 2(t,r) = —2 / mlt ) e gy

n
o m(t,n) /°° M
= dn> -2 [ ————=dn
/r n(n —2m(t,n)) » n(n—2M)
:lnr_2M, r > 2M.
T

Now consider any characteristic in the matter support and let R(t) denote
its radial coordinate. Then by Lemma 6.1 and as long as R(t) > 2M,

dR % R—-2M
- = (/‘_)‘)(SvR)i < — (”_A)(S’R) < — - .
ds € E — Ce =-C R
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for initial data from the set Zj respectively Zo one can take C :=
DIW_|/1/2 + T2W?2 respectively C' := 1/4/3. Integrating this differential
inequality we find that as long as R(t) > 2M the estimate

R(t) T R(t) —2M

— > = —_ I el

Cr> /R(O) g 0 = RO = RO0)+ 20 i
R(t) — 2M

>9M — Ry +2MIn -0 — =2
= N O]

holds, and hence R(t) < 2M + (Ry — 2M) exp(Ry — 2M — Ct/2M). This
proves the support estimate in part (a). Since all the matter, which has
ADM mass M, is contained in the region where 7 < 2M +ae™% =: o(t), the
assertion on the metric follows. Moreover, for any r < ¢(t) the monotonicity
of u with respect to r implies that

o(t) — 2M \ /2
o(t) ) ’

which is the first assertion of part (b). The second follows immediately since
the integral fooo ett1)dt is the proper length of a coordinate line of constant
r,0, and ¢ in the outer region D. This completes the proof of part (b).

As to (c) we first observe that any radially outgoing null geodesic which
enters the region r > 2M escapes to r = oo and is future complete, since by
part (a) the metric on r > 2M + € where € > 0 is arbitrary eventually equals
the Schwarzschild one for which the asserted properties of the geodesics hold.
Now consider the extremal geodesic v*. If there existed some time ¢ > 0
such that v*(¢t) > 2M, then by continuous dependence on the initial data
the same would be true for all radially outgoing null geodesics with ~(0)
sufficiently close to but less than r*. Hence such geodesics would escape to
r = oo in contradiction to the definition of 7*. This shows that the extremal,
radially outgoing null geodesic v* has the property that lim; . v*(¢) < 2M.

It remains to show that the limit above cannot be strictly less than
2M. To this end we consider a radially outgoing null geodesic as long as
Y(t) < o(t) = 2M + ae P*. Then

) < it o(0) = e, (8) = In

1/2
DY _ N 6(5) < olor0(s)) — (0(5) —2M ) < Ce B2,
o(s)

ds
and hence for any 0 < to < ¢ and as long as y(t) < o(t) we have v(t) <
v(to) +Ce=P/2 wwhere the constant C' > 0 again depends only on the initial

23



data set. Assume that R* := lim;_,o, 7*(t) < 2M, choose ty > 0 such that
R* + Ce=P/2 < 2)M, and consider the radially outgoing null geodesic **
with v**(t9) = R*. By construction, v**(t) < 2M < o(t) for all t > to, and
since 7**(tg) = R* > v*(to) it follows that v**(0) > v*(0) = r*. Hence v**
is a radially outgoing null geodesic which at time ¢ = 0 starts to the right of
r* and does not escape to r = co. This contradicts the definition of r*. O
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