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Abstract

The aim of this thesis is to obtain as much information as possible, about global
solutions of the Cauchy problem for the Einstein-Vlasov-scalar field system with
spherical, plane and hyberbolic symmetries written in areal coordinates. The
sources of this system are generated by both a distribution function and a linear
scalar field subject to the Vlasov and wave equations respectively. This system
describes the evolution of self-gravitating collisionless matter and scalar waves
within the context of general relativity. We consider the cosmological case. That
is spacetimes possess a compact Cauchy hypersurface and then, data are given
on a compact 3-manifold.

We extend the local-in-time results obtained by G. Rein for the Einstein-
Vlasov system with collisionless matter alone. This extension concerns pointwise
estimates for hyperbolic equations by the method of characteristics. This means
that the system is transformed to a system of ordinary differential equations
which are integrated along characteristics. The constraint equation on the initial
data reduced to an ordinary differential equation of first order and is solved. In
the past direction, we show global existence results for general data. The proof
is based on a change of variables inspired by the work of M. Weaver. The nature
of singularity is analyzed. The curvature invariant called Kretschmann scalar
blows up as t tends to 0 so that there is a singularity at ¢ equal zero.

We prove that there is no global solution in the future in the spherical
symmetry case. In the plane and hyperbolic symmetries, the area radius goes
to infinity and so we obtain global solutions in the expanding direction. In the
special case of plane symmetry without Vlasov contribution, we show that the
asymptotics are Kasner-like at early time. Moreover the spacetime obtained in
this case is future geodesically complete.

We conclude the work by showing that the spatially homogeneous solutions
of the plane and hyperbolic symmetric Einstein-Vlasov-scalar field system exist
globally in the future and the corresponding spacetimes are geodesically com-
plete. Future asymptotics are Kasner-like in the plane symmetric case.



Introduction

The Einstein-Vlasov system governs the time evolution of a self-gravitating col-
lisionless gas in the context of general relativity. In the mathematical study of
general relativity, one of the main problems is to establish the existence and
properties of global solutions of the Einstein equations coupled to various mat-
ter fields such as collisionless matter described by the Vlasov equation (see [1],
[21] for reviews) or a scalar field (see [19] for the cosmological case and [6], [7]
and references therein for the asymptotically flat case). The aim of the present
investigation is to establish in the cosmological case the global in time existence
of solutions and their behaviour near the singularity and in the future. In this
case the whole universe is modelled and the ”particles” in the kinetic description
are galaxies or even clusters of galaxies.

In [15] and [16] G. Rein obtained cosmological solutions of the Einstein-
Vlasov system with surface symmetry written in areal coordinates. In [27] and
[30], these results were generalized to the case of non-vanishing cosmological
constant. In the present work, we extend the results of [15] to the case where
the source terms of the Einstein equations are generated by both a distribution
function f of particles, which is subject to the Vlasov equation, and a massless
scalar field ¢, which is subject to the wave equation. The first result we establish
is a local in time existence theorem together with a continuation criterion. With
this, we prove global existence in time and study the asymptotic behaviour of
solutions when the time coordinate ¢ tends to its limiting values, which might
correspond to the approach to the singularity or a phase of unending expansion.

There are several reasons why it is of interest to look at the case of a scalar
field. The first is that it is the simplest situation in which wave phenomena can
be examined in the context of the Einstein-Vlasov system. In surface symmetry
all wave propagation can be eliminated from the Einstein equations by the use of
suitable coordinate conditions. This is an analogue of the well-known statement
that there are no gravitational waves in spherical symmetry. Mathematically
it means that controlling solutions of the Einstein equations can be reduced to
controlling solutions of ordinary differential equations in time and in space. The
Vlasov equation, being a scalar hyperbolic equation of first order, can also easily
be solved in terms of its characteristics. This was the strategy used in [15] and
[16]. In the presence of a cosmological constant it is possible to follow the same
route.

The inclusion of a scalar field introduces waves into the system which cannot



be eliminated. Mathematically this means that it introduces a non-trivial hy-
perbolic equation, the wave equation. This work is concerned with symmetric
situations where there is a symmetry group acting on two-dimensional spacelike
orbits. This means that the wave equation reduces to an effective equation in
one space dimension. As a consequence part of the strategy used previously
can be carried over. That was based on pointwise estimates and not on integral
estimates (energy estimates) as is usual in the theory of hyperbolic equations.
Pointwise estimates for solutions of wave equations in terms of data can be ob-
tained in one space dimension but not in higher space dimensions (See e.g. the
discussion in [12], p. 14.)

Pointwise estimates for hyperbolic equations in one space dimension can be
obtained using the method of characteristics. This means that in fact ordinary
differential equations appear once again but this time they are integrated not at
a constant value of the spatial or time variable but along characteristics. This
method will be applied in the following, the characteristics in this case being
null curves of the spacetime geometry.

It should be mentioned that there are global existence results in the literature
where the Einstein-Vlasov system is considered in a context where hyperbolic
equations play an important role. In fact if we relax the assumptions from sur-
face symmetry, where there are three local Killing vectors, to the case where
there are only two local spacelike Killing vectors, then hyperbolic equations nec-
essarily occur. Some relevant papers are [20], [4], [32]. In those references no
direct local existence proof was given. Instead an indirect argument was used.
First a known local existence theorem for the Einstein-Vlasov equation without
symmetry was quoted. Then it was shown that coordinates could be introduced
which are well-adapted to making use of the symmetry when proceeding to ob-
tain global results. Apart from the methodological interest of having a direct
local existence proof, the direct proof gives stronger results concerning the dif-
ferentiability required of the initial data and obtained for the solutions. This is
very difficult to control in the indirect method and for this reason the latter has
only been applied to the case where everything is of infinite differentiability.

The inclusion of a scalar field can be seen as a step towards certain ques-
tions of physical interest. In recent years cosmological models with accelerated
expansion have become a very active research topic in response to new astro-
nomical observations [25]. The easiest way to obtain models with accelerated
expansion is to introduce a positive cosmological constant, a possibility studied
mathematically in [28], [30] and [13]. A more sophisticated way is to introduce
a scalar field with potential (see [22], section 4.3., [23], [14]). We treat only
the case of a linear scalar field but it is likely that the approach developed here
will be useful in the nonlinear case. Scalar fields also play a role in theories of
gravity generalizing Einstein’s theory, such as the Jordan-Brans-Dicke theory.
In that case, in contrast to the one considered here, there is a direct coupling be-
tween the scalar field and the distribution function. The techniques developed
here could serve as a first step towards the study of these more complicated
situations, which have hardly been looked at mathematically yet. (See however
[2] and [5] where the coupling of the Vlasov equation to a scalar field of the



Jordan-Brans-Dicke type in the absence of Einstein gravity is considered).

A large part of our investigation will focus on the initial value problem
for the Einstein-Vlasov-scalar field system with surface symmetry. In the first
chapter, we split the wave equation in ¢ into a system of two partial differential
equations of first order. This permits us to bound the derivatives of ¢ by the
solutions of the field equations and to introduce an auxiliary system. Next, we
solve each equation of the auxiliary system when the other unknowns are fixed.
Using the results of [15], and under some constraints on the initial data, the full
system is equivalent to the auxiliary system and is reduced to a subsystem. This
chapter ends with the solvability of the constraint equation on data. By iterating
the solutions of the auxiliary system, local in time existence and uniqueness of
solutions in both time directions and continuation criteria are established in the
second chapter.

The third chapter concentrated on the contracting direction. Solutions of the
Einstein-Vlasov-scalar field system with spherical, plane and hyperbolic sym-
metry exist on the whole interval ]0,1] for general initial data. The proof is
based on a change of variables inspired by [32] where the existence up to ¢ = 0
for a certain class of T%-symmetric solutions of the Einstein-Vlasov system with
vanishing cosmological constant was studied. The structure of the initial sin-
gularity is analyzed as in [15]. We show that the spacetime has a curvature
singularity. Moreover the singularity is crushing for any solution in 0, 1]. An
idea from [24] which studied the singularity for solutions of the Einstein equa-
tions in Gowdy spacetimes, allows us to prove in the special case of the spherical,
plane and hyperbolic symmetric Einstein-scalar field system that the singularity
is velocity-dominated.

In the expanding direction in chapter four, a global existence result in the
cases of plane and hyperbolic symmetry is obtained. But this fails in the spher-
ical case. The spacetime is future geodesically complete in the special case of
plane symmetry without Vlasov contribution. The same result holds for spa-
tially homogeneous spacetimes which are solutions of the full system.

The present work is oganized as follows : chapter 1 is concerned with the
formulation of the surface symmetric Einstein-Vlasov-scalar field system written
in areal coordinates and the proof of some preliminary results. The results of
chapter 1 are used to obtain in chapter 2, local existence theorems with contin-
uation criteria in both time directions. Chapter 3 focuses on the existence of
solutions up to ¢ = 0 and their behaviour near the initial singularity. In chapter
4, we prove a global existence result in the future and geodesic completeness.



Chapter 1

Equations and preliminary
results

1.1 Equations

Let us recall the formulation of the Einstein-Vlasov-scalar field system ; for the
moment we do not assume any symmetry of the spacetime.

We consider a four-dimensional spacetime manifold M, with local coordi-
nates (%) = (¢,2%) on which 2° = ¢ denotes the time and (z°) the space
coordinates. Unless otherwise specified in what follows Greek indices always
run from 0 to 3, and Latin ones from 1 to 3. On M, a Lorentzian metric g is
given with signature (—, +, 4, +). The metric is assumed to be time-orientable,
i.e. that the two halves of the light cone at each point of M can be labelled
past and future in a way which varies continuously from point to point. With
this global direction of time, it is possible to distinguish between future-pointing
and past-pointing timelike vectors. The worldline of a particle of non-zero rest
mass m is a timelike curve in spacetime. The unit future-pointing tangent vec-
tor to this curve is the four-velocity v® of the particle. Its four-momentum p®
is given by mv®. Here we assume that all particles have the same mass m,
normalized to unity and no distinction need be made between four-velocity and
four-momentum. There is also the possibility of considering massless particles,
whose worldlines are null curves. In the case m = 1 the possible values of the
four-momentum are precisely all future-pointing unit timelike vectors. These
form a hypersurface (seven-dimensional submanifold)

PM = {gapp°p’ = —1, p° > 0},

in the tangent bundle TM called the mass shell and coordinatized by (¢, 2%, p‘).
If the coordinates are such that the components gg; vanish then the component

p? is expressed by the other coordinates via

P’ =/ =g%\ /1 + gijpipd.



The distribution function f, which represents the density of particles with given
spacetime position and four-momentum, is a non-negative real-valued function
on PM. A basic postulate in general relativity is that a free particle travels
along a geodesic. Consider a future-directed timelike geodesic parameterized
by proper time. Then its tangent vector at any time is future-pointing unit
timelike. Thus this geodesic has a natural lift to a curve on PM, by taking its
position and tangent vector together. This defines a flow on PM. Denote the
vector field which generates this flow by X. The condition that f represents
the distribution of a collection of particles moving freely in the given spacetime
is that it should be constant along the flow, i.e. that X f = 0. This is the
Vlasov equation. In addition we consider a scalar field ¢ which is a real-valued
function on M. The Vlasov equation can be coupled to the Einstein-scalar field
equations, giving rise to the Einstein-Vlasov-scalar field system. The unknowns
are a 4-manifold, a (time orientable) Lorentz metric ¢ on M, a non-negative
real-valued function f on the mass shell defined by g and a real-valued function
¢ on M. The Einstein-Vlasov-scalar field system now reads:

1

P i
of + anif — Efﬁvpﬁpvﬁpif =0

Ga@ = 87TTQ5

1 dpldp?dp?

EY 1 v
Top=— /RS fpaps | g|? + (VadVipd = 590V 0V"9)

where p, = gapp”, |g| denotes the modulus of determinant of the metric gags,
Féﬁ the Christoffel symbols,
1
Gag = Rag — §ga@R

the Einstein tensor, and T, the energy-momentum tensor. R is the scalar
curvature of g and

Rag =R¥ a,vp = 8VF25 — 65FZV + Fll:pFZ,B — Fzﬁl‘gy
the Ricci tensor.

Lemma 1.1 For any scalar field ¢ of class C? defined on M, we have :
1
Va(VEVPg — 5gaﬁqusv”qs) =0,6VP¢

Proof: We have, using the properties of g :

Vo (V¥VPP) = Vo (V) VP 4+ V4V, VI
=0,0V70 + V¢V V'



9PV (VoY 9) = g Va (VL) V6 + g*PV,6(Va V" 9)
= (VIV,0)V 6 + V,6(VIV)
=V"oVIV, 6+ g0,V (VP gV 1)
=V"¢VPV, ¢+ 8V VPV, ¢
= VY¢VPV, ¢ 4+ V*¢VPV 0
=2VY¢VPV, ¢

Therefore
1
Vao(VepVP e — 5gaﬁvugww) =0,0VP0 + VoV, VPh — V' ¢V’V, ¢ = 0,0V7¢.0

Remark 1.2 Due to the Bianchi Identities, the Finstein equations imply the
conservation law VT = 0. Now since the contribution of f to the energy-
momentum tensor is divergence-free [8], we deduce that:

1
Va(VO6V76 = 59°°V,679) = 0
which is equivalent to
0,6VP¢ =0

i.e Oy = 0 or VP = 0. Consider the open set S = {(t,r)|0y0(t,r) # 0}.
Suppose that S is non- empty. On S, VP¢ = 0 then VPVs¢ = 0 i.e Og0 =0,
which is a contradiction. Therefore S is empty. This means that

Dg(b =0,
which is the wave equation for ¢.

Remark 1.3 The Viasov equation in a fixed spacetime is a linear hyperbolic
equation for a scalar function and hence solving it is equivalent to solving the
equations for its characteristics. In coordinate components these are :

{dc.lxi — pi
s.
dP* __ i
= —F%,YPBPV

Let Xi(s,x%, p%), Pi(s,x%, p') be the unique solution of the previous system with
initial conditions X" (tg,z%,p*) = x* and P*(tg,z“,p*) = p*. Then the solution
of the Vlasov equation can be written as :

f(‘raapi) = fO(Xi(thxavpi)aPi(t07xa7pi))

where fo is the restriction of f to the hypersurface t = ty. This function fy
serves as initial datum for the Viasov equation.



In [18], a definition of spacetimes with spherical, plane and hyperbolic sym-
metry was given. The spacetime (M, g) is topologically of the form ]0, oo[x S* x
S, where S is a 2-sphere, a 2-torus, or a hyperbolic plane, in the case of spherical,
plane or hyperbolic symmetry respectively. We now consider a solution of the
Einstein-Vlasov-scalar field system where all unknowns are invariant under one
of these symmetries and write the Einstein-Vlasov system in areal coordinates.
The circumstances under which coordinates of this type exist are discussed in
[3]. The metric g takes the form

ds? = —e2 ) @2 4 NG g2 4 12(d6? + sin? Odp?) (1.1)

where
sinf  for k =1 (spherical symmetry);

sing 0 =<( 1 for k =0 (plane symmetry);
sinh# for k = —1 (hyperbolic symmetry)

t > 0 denotes a time-like coordinate, r € R and (6, ) range respectively in the
domains [0, 7] x [0, 27], [0, 27] x [0, 27], [0, oo[x [0, 27] respectively, and stand for
angular coordinates. The functions A and p are periodic in r with period 1. It
has been shown in [15] and [16] that due to the symmetry, f can be written as
a function of

t,r,w = e*pt and F := t*[(p?)? 4 sin? 6(p®)?],
ie. f = f(t,r,w,F). In these variables, we have p° = e #\/1 +w? + F/t2.

The scalar field is a function of ¢ and r which is periodic in r with period 1.

We denote by a dot and by a prime the derivatives of the metric components
and of the scalar field with respect to ¢ and r respectively. We specify the
regularity properties which we require.

Definition 1.4 Let I €]0,00] be an interval and (t,7) € I x R.

a) f e CYI x R? x [0,00[) is regular if f(t,r + 1L,w,F) = f(t,r,w,F) for
(t,r,w,F) € I x R? x [0,00[, f >0 and suppf(t,r,.,.) is compact uniformly in
r and locally uniformly in t.

b) ue€ CYI x R) is reqular, if i/ € CH(I x R) and p(t,r +1) = u(t,r).
¢) A€ OV I xR) is reqular, if A € C'(I x R) and \(t,7 +1) = A(t, 7).
d) [ (or ¢1, ¢2) € CH(I x R) is regular, if a(t,r +1) = a(t,r).

e) p (orp,j,q) € CHIxR) is regular, if p(t,r +1) = p(t,r).

f) ¢ € C?*(I x R) is regqular, if ¢(t,r +1) = ¢(t,7).

Lemma 1.5 Let f = f(t,r,w, F) be reqular on I x R? x [0,00[, I £]0,00[ an
interval; A and p regular on I x R. Then the nontrivial components of the
energy-momentum tensor are:

400 400
1 .
Too(t, ) = e%t% / V1+w?+F/e2f(t,rw, F)dFdw+§(¢2+e2(“_A)¢’2)
—o00 0

T +o0 o0 2
Tll(t, T’) = 62)\*

I —
2 )_« Jo 1+ w2+ F/t?

1 .
t,rw, F)dFdw+§(62(Aw)¢2+¢,2)



T +oo +oo .
TOl(t,’l“) = —€A+#ﬁ/ / wf(t,r,w,F)dFdw + ¢¢l
—00 0
Too(t,r) = I /OO /OO $f(t W F)dFdw—i—ltz(e_2l‘q52—e_2’\¢’2)
9 2t2 P /1 +7’LU2+F/152 L) 9 2

T33 (t, r, 9) = T22 (t, T) Sini 0.

Proof: Set T3 = T(fﬂ + T(fg where T(fﬂ and Tfﬁ are respectively the contri-
bution of f and ¢ to the energy-momentum tensor. Concerning the calculation
of components T (ic 5, we refer to [15]. We calculate only the components

T2, = VadVpod — 39asV,0V"¢.  We have
VooV = 6"V, Vet = 9" (Vog)? + g'1(V16)? = —e~21¢? +-¢~2¢'. Thus
. 1 1. B
T(i) = ¢2 - 5900VV¢V”¢ = §(¢2 + o2 ,\)¢,2)
Tg) = VooV = d¢'
1 1 .
Tﬁ = ¢/2 - 5911VV¢VD¢ = 5(62()‘_#)¢2 + ¢/2)
1 1y g
T;; = —5922VV¢V”¢ = §t2(e g2 _ o 2>\¢/2)
T?% = T3, sin? 6.

The remaining components being zero.[]
Following [15], we can now write the complete Einstein-Vlasov-scalar field
system as :

e/t—)xw .
Of + ——ee=u 0, f — Qw+ e 214+ w2+ F/t2)0,f =0 (1.2
bt~ W [2)0uf =0 (12)

TN+ 1) + k = 8nt?p (1.3)
e 2t (2tp — 1) — k = 8nt’p (1.4)
W= —Amte (1.5)
.. .1 .
AW (W = N)) = e+ (A T)A = f)) = dmq (1.6)

B e .2
G ek )b e PN ) =0 (1)
where (1.7) is the wave equation in ¢ and :
+oo
V1+w?+ F/e2f(t,r,w, F)dFdw
0

1 .
5 (€7 + e

+oo

p(t,r) = 6_2“T00(t,r) = t%/

— o0

(1.8)



—+o0 —+oo
p(t,r) = 6—2AT11(75,7“) = t%/ ft,r,w, F)dFdw
—00 0

U}2
VI+w?+ F/i?

n %(e_%(ﬁz n 6—2,\¢/2)
(1.9)
“+o0 “+o0
jlt,r) = —e~ AT (¢, 1) / / f(t,ryw, FYdFdw — e~ g/
(1.10)

2 2
q(t, 7’) = —2T22 (t, T’) = 2_7291133 (t, T, 9)

f(t,r,w, F)dFdw + e~ 21¢? — e g2

-5/ / m
(1.11)

We are going to study the initial value problem corresponding to this system
with unknowns f, A, p, ¢ and prescribe initial data at time ¢ = 1:
f(LT}U},F) = f(?",w,F), )‘(LT) = )\(7‘)7 N(LT) = ,8,(7‘)7

[e]

¢(17T) = ¢(’I‘), é(lﬂn) = w(r)

The choice ¢ = 1 is made only for convenience. Analogous results hold in the
case that data are prescribed on any hypersurface ¢t = tg > 0.

1.2 Auxiliary system and preliminary results

Using characteristic derivatives, we show in this section that the first and second
derivatives of ¢ can be bounded in terms of A and pu.

Lemma 1.6 Let Dt =e HOpt+e 29, ; DT =e "9 —e 0, ;

X = d)e,u_d)/—)\ ; Y = (be }L+¢/—)\

a= (—)\ 1)6 F_ple™ ; b= —% ; c= (—)\— %)6_“ + e

then X, Y are solutions of the system
DtX =aX +bY (1.12)
DY =bX +c¢Y (1.13)

Proof: We have
DY X = (e "8, + e 10,)(pe ™" — ¢'e™ ™)
= e (—jde " + geT) — e (=Aple N+ @le)
_’_e—/\(_u/ée—u +§5/6_M) _ e—>\( N ¢ e—)\ +¢// —/\)
_ (5672;1, o //672)\ 7[“;'5672;1, + A ¢€72>\ + (>\¢ 7/1/(72-5)67“7)\

10



(From (1.7), we deduce that
DYX = (¢ = N¢')e™ + (i — Ad)e ™"
9 . ) . )
_ ¥¢e—2,u _ ﬂ¢€_2# + A/¢/€_2>\ 4 (A(ﬂ _ Ul(é)e_'u_A

= A 4 (3! — e — 2 e

= (A= et — e (G — ) — 1 (e + e
=aX +bY

If we replace, r by —r (i.e 9, by —9,), the wave equation is invariant, X and Y,
a and ¢, D' and D~ interchange respectively; and we can write the equation
with D~ to obtain (1.13).00.

The full system above is overdetermined and we will show that a solution
(f, A, p, @) of the subsystem consisting of equations (1.2), (1.3), (1.4) and (1.7)
solves the remaining equations (1.5) and (1.6). Notice that such a solution
determines the right hand side of (1.5) which is then a given function say fi.
Then, since (1.4) already provides u, an idea introduced in [15], and that we
will follow here, is to replace p' in (1.2) and (1.7) by an auxiliary function f,
which is not assumed a priori to be a derivative, and prove later that, under
certain conditions, ji is nothing else than p’. We then introduce the following
auxiliary system obtained by coupling (1.3)-(1.4) to the equations obtained by
replacing ¢/ by i in (1.2),(1.5) and (1.12)-(1.13), i.e

eﬂ_)‘w .
hft—m——— 0, f— A+ e a1+ w2+ F/t2)d,f =0 (1.14
It e i/ J2)0,f =0 (114)

fi = —Ante Mt (1.15)
and

DYX =aX +bY (1.16)

DY =bX + & (1.17)

Where 1/ is substituted by jz in @ and ¢ to obtain @ and ¢ respectively.
Let us estimate the first and second order derivatives of the scalar field ¢,
using the characteristic curves of (1.7) and system (1.16)-(1.17).

Proposition 1.7 Let
Ko = 2sup{| ¢(r) | e ) + | ¢ (r) [e ) 5 r € R}
. 2
m(t) = sup{| At,r) | +5 + | ilt,r) e~V r e RY

K(t) = sup{(|X]* +|Y|})2(t,r) ; r € R}.

11



If (X,Y) is a solution of (1.16)-(1.17) with

and L.
Y(1) = e " Op(r) + e/ ()
then:
1) Ift €]T,1], T > 0, we have

K(t) < Ko+2 /t () K ()ds (1.18)

2) If t > 1 the analogous estimate holds with the limits t and 1 exchanged in the
integral in (1.18).

Proof: The characteristic curves (t,7;), ¢ = 1,2 of the second order partial
differential equation (1.7) satisfy g(u,u) = 0 with v = (1,4;,0,0). Then,
—e? 4 2242 = 0 and 4; = +e#~*. Therefore, for any function f,

df

Gr(B(0) = 0f + 400 f = 0,f £ "0, f

et(e MO f £e 20, f) =etDTf or e*D™f

and we have D* = D™ = e’“% on the corresponding characteristic. Then
(1.16)-(1.17) become

{th(t, () = et (aX + bY)(t, (1))

LY (t,72(1) = e (bX + &Y )(t,72(t))

Integrate this system on [t, 1], thus
X(tm(t) = X (1,71 (1) — [ 726 (@x +bY)(s,v1(s))ds
Y (t,72(t) = Y (1,72(1)) — [, e#C2)(bX + &Y)(s, 72(s))ds

Now take the absolute value in each equation and add the two inequalities to
obtain:

(X (& (@) + [V (E72()] < [X (L7 (D)) + [V (L, 72(1))]
1 1
+/t 6“(5’“(5))(|&||X\+IbIIY\)(Sm(S))dSJr/t e 2N (6] X + [2][Y]) (s, 72(s))ds

< \X(lm(l))l+\Y(1ﬁ2(1))|+/f e G E(ja] + (b)) (1X] + Y )](s,71.(s))ds

1
+/t e 2O (J] + 2) (1X] + Y] (s, 72(s))ds

12



Take the supremum in space of each term of the above inequality. Now, we have
X (L, + Y (1,72(1)] < Ko ,

X+Y =2peH
Y — X =2¢e

thus

2|ple < |X|+ Y]
2|¢'le* < |X| + Y]

which implies

e % e %) <2(|X|+|V )2, ie K(s) < 2 sup{(|X|+]V])(s,7); 7 € R}.
Since, (|X|+|Y])? <2(|X|*> +|Y|?), we have

sup{(| X| + |Y])(s,7);r € R} <2K(s).

And (1.18) follows. O

Corollary 1.8 If Uy¢ =F where F' is a continuous function of variables t
and r, then we have the inequality

K(t) < Ko+ 2/t [m(s)K (s) + sup{e" " |F(s,7)|;r € R}]ds

Lemma 1.9 Let DT and D~ be defined as in Lemma 1.6 and define
X1 =e 0. X, V1=e79Y; b =(-2\— %)e‘“ —(a+p e ™ ;
bgz—e;“ : bS:_)'\/e—u—k_,'_()\/ﬂ_ﬂu/_ﬂ/)e—Q/\ ;

by = (=2A—Pe "+ (i+p)e ™ ; by=—Ne "= (Nip—j —ji)e?* ;
If X andY satisfy (1.16) and (1.17) then X1 and Yy satisfy

DTX; = b1 X) +boY] +b3X (1.19)
DY) = by Xy + b4Y7 +b5Y (1.20)

Proof: we have by definition,
DTX; = (0,X)D"e™ +e 2D (9, X) (1.21)

(0, X)Dte ™ = (0, X)(e "0y + e 0. )e ™ = (e, X) (= e " — Ne™)
= (=de " = Ne MX,

(1.22)
Next
0.DT = 0.(e ", + e 9,) = D0, — e "9, — Ne 0,
i.e
O-(DYX) = DT (9, X) — (e "0 + Ne 20,) X,
and then
DT (0,X) = 0.(DTX) + (e "0, + Ne 0,)X (1.23)

13



Now we have firstly,
1 1
(We 0y + Ne™0,)X = S (W + N)D*X + S (0 = N)D™X

1 1
= 5(#’ +N)DTX + 5(;/ - \N)(DTX —2X)

=p' DX — (1 = N)Xy
ie
(e 0y + Ne 20,)X = p/(aX +bY) — (' — N )Xy (1.24)

and secondly,

0-(DTX) = (8,a)X 4+ a0, X + (9,b)Y +b9,Y

= 8,,,
= (0,a)X + ae* X1 + (0,b)Y + be Y]
i.e

. .1 !
0.(DYX = &e’\Xl—l—be/\Yl+[—)\’e_“—i—//(>\+g)e_“—/1'e_>‘+/1)\’e"\}X+'u?e_“Y
(1.25)
Substituting (1.25) and (1.24) in (1.23) gives

. T
DY (0,X) = ae* X1 + be Y + [-Ne ™™ 4+ /(A + ;)67‘1' — e + aNe X

/

+ %e‘“Y o (@X +0Y) — (4 — V)X,

) .1
= ae* X, + beYy + [~ Ne P+ p/ (A + Z)e_“ — e+ aNe X
! !/ li
+ B Y+ {(—pA = Eyet — e )X - ey — (- V)X,
ie
DT (0,X) = (ae* — ' + N) X1+ be Yy + (= Ne ™ —fip/e™ —fi'e ™ + N e M X
(1.26)
Substituting (1.26) and (1.22) in (1.21) gives
DFXy = (=de ™ = NeMXy +[a+ (—p/ + N)e X +bY; + (=Ne ™ — fip/e™
_ ﬁ/e—)\ + ﬂAle—A)e—)\X
=(=Ae P Ha—pe XL +bY; + [-Ne P A4 (= — 7/ + N )e X
and equation (1.19) follows. If we replace e™ by —e™*, the wave equation

is invariant, Dt and D~, X; and —Y;, by and by, —bs and bs interchange
respectively; and we can write equation (1.20).

14



Proposition 1.10 Let K(t) be defined as in Proposition 1.7 and set:

o

Ao = 2sup{[(1 %' |+ | 1 119 De™ =+ (16" |+ | X | ¢/ De2(r) ; v € R}
A(t) = sup{[XT + Y?]'2(t,r) 5 r € R}

2 : . _
v(t) = sup{ +2[ A +([ |+ p D"t ) ; 7 €R}

h(t) =sup{[| X' [ e+ (| @/ || |+ | N (VA |+ | e~ (t,r) ; r € R}

If in addition to the assumptions of Proposition 1.7 the quantities X, and Y;
satisfy (1.19) and (1.20) and agree with e=*0,X and e=*,Y respectively for
t=1 then

1) Ift €]T,1], T > 0, we have the estimate

A(t) < Ag + 2/t (v(s)A(s) + h(s)K(s))ds (1.27)

2) If t > 1 the analogous estimate holds with the limits t and 1 exchanged in
the integral in (1.27).

Proof: Analogous to the proof of Proposition 1.7, using this time Lemma
1.9.0

Note that the factor e~ in the definition of X; and Y; is very important.
Without it the above derivation would not work since the derivative A’ would
occur in by and by.

Lemma 1.11 Let D' and D~ be defined as in lemma 1.6 and define
Xo=e'X | Yo=e'Y. If X and Y hold system (1.12)-(1.18) and the field
equations (1.3)-(1.4) are satisfied, then Xo and Y satisfy

—u

k
Dt Xy = eu[g —drt(p — p)| Xy — " Y5 (1.28)
— e_/"b k
Proof: We have
DX, = D¥(e"X) = " D¥X + (DFet)X
.1 Y
= (A e = e X = X G e )X
.1 Y
p— ] —_— A I X -
(it X -
1 K
= =A X - Y

15



Subtract the field equations (1.3) and (1.4) to obtain
2te (N — 1) 4 2k — 272 = 8nt?(p — p)

ie
o ket 41
ﬂ—)\:%—élﬂ'te%(p—p).

Substituting this into the above equation gives (1.28). If we replace 9, by —3,,
the wave equation is invariant, D" and D™, X5 and Y, interchange respectively
and we can write equation (1.29).

Remark 1.12 Let

Bo = 2sup{(|X2| +[Y2[)(1,7) ; r € R}
B(t) = sup{(|Xa|* + [Y2|?)/*(t,7) ; r € R}
||

1
I(t) = sup{; + e ”

+4xt(p — p)|(t,r) ; r € R}

If (X2,Y2) is solution of (1.28)-(1.29), then we obtain analogously to (1.18),
the estimate

B(t) < By + 2/)51 1(s)B(s)ds (1.30)

witht € |T,1], T >0 ort > 1.

1.3 The reduced system

We first solve each equation of the auxiliary system introduced in the previous
section, when the other unknowns are fixed (in the form to be used later for the
iteration). In order to clarify our statements, we introduce the notations ¢1, ¢
in place of ¢, ¢'.

Proposition 1.13 1) Let f, 537 i, fi, o1, ¢2 be regular for (t,r) € I xR,
I CJ0,00]. Substitute f, \, u, ¢, ¢' respectively by f, A\, i, ¢1, ¢2 in p and p

to define p and p. Suppose that 1 € I, f € C*(R2 x [0,00)), A, o € CY(R) and
are periodic of period 1 in r. Assume that:

“200r) 4 g gr 1
% —k+ 77r s%p(s,m)ds >0, (t,r)eIxR (1.31)
t

then the system

eﬂ_j‘w K3 -y
Of + —— — 0, f — M+ " i1+ w2 + F/t2)0,f =0 (1.32

22U+ 1) + k = 87t?p (1.33)
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e (2tp — 1) — k = 81t?p (1.34)

has a unique regular solution (f,A\,u) on I x R with f(1) = f, A1) = X
u(l) = [OI, This solution is given by

)

o

ft,rw, F)y=f(R,W)(1,t,r,w, F), F) (1.35)

where (R, W) is the solution of the characteristic system

d a—X B .
£(T,w) = (\/:lfw—2%/t2,f)\w7€#7)\ﬁ\/l+w2+F/t2) (136)

satisfying (R,W)(t,t,r,w, F) = (r,w);

—24(r) 4 ko 8 1
! —k+ l
t t Jy

e 2utT) — s*p(s,r)ds (1.37)

1+ ket (t,r)
2t

A(t,r)zi(r)—/t A(s, r)ds (1.39)

If I =|T,1] (respectively I = [1,T[) with T € [0, 1] (respectively T €]1,00[), then
there exists some T* € [T, 1] (respectively T* €]1,T]) such that condition (1.51)
holds on |T*, 1] xR (respectively [1, T*[xR). T* is independent of p if I =|T,1],
whereas it depends on p if I = [1,T].

2) Let A\, p, A, i be reqular; let C, D be reqular as i (see definition 1.4).
Set

A(t,7) = 4nte® p(t, r) — (1.38)

X =¢re ™ —goe™ | Y =dre " + dpe? (1.40)
and define the operators D¥, D= as DY, D~ in Lemma 1.6, with \, j substi-

o

tuted respectively by X, fi. Assume that ¢ € C'(R), ¢ € C*(R) are periodic of
period 1. Then the system -
DtX =C (1.41)

DY=D (1.42)
has a unique reqular solution (¢1,¢2) such that (¢1,P2)(1) = (¥, ¢').

Proof: 1) the proof of this point is the same as that of Proposition 2.4 in [15].
The only thing added is the existence of T* we now prove and that will replace

in the case of local existence, the hypothesis 1 < 0 if k = —1 in [15].
If I =T, 1]; since p > 0, the left hand side of (1.31) is bounded from below by

h(t,r) = % — k. If k € {0,1}, we have, since + > 1, h(t,r) > e2r) >
and we can take T" = T. If k = —1, since ,LOL is bounded, there exists 3 > 0,
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such that h(1,7) = e 20(r) > (. By the continuity of ¢ — h(t,r) at t = 1, we
conclude that:

3T* €]T,1] such that e 27 > p(t,r) > g t€]T*,1] and p> 0. (1.43)

If I = [1,T], define h(t,r) to be all the left hand side of (1.31) and proceed as
above in the case k = —1, to obtain T™ that depends this time on p.

2) The system (1.41)-(1.42) in (X,Y") is a first order linear hyperbolic sys-
tem, and the existence of a unique solution with the prescribed data (X,Y)(1) =

(e_‘o‘w —e Y, e"o‘w +e7*¢') is given by a theorem of Friedrichs [10]. (See also
the paper of Douglis [9] where existence of C'! solutions of hyperbolic systems
in one space dimension was proved for C'! initial data in the more general quasi-
linear case.) We then deduce from the relations (1.40) that define a bijection
(X,Y) — (¢1,02), the existence of a unique regular solution (¢, ¢2) of (1.41)-

(1.42) such that (¢1,¢2)(1) = (¥, ¢’). This completes the proof of Proposition
1.13.0

In fact, since the equations for X and Y are decoupled, it is not necessary
to use existence results for hyperbolic systems in the above proof; it suffices to
solve a parameter-dependent ordinary differential equation. The above proce-
dure has the advantage that it can easily be generalized to problems where the
corresponding equations are coupled as they are, for instance, in the case of a
nonlinear scalar field.

Now we show that the solution of the subsystem consisting of equations
(1.2), (1.3), (1.4) and (1.7) also satisfies equations (1.5) and (1.6), and that the
auxiliary system is equivalent to the full system.

Proposition 1.14 1) Let (f, A, p, ¢) be a regular solution of (1.2), (1.8), (1.4)
and (1.7) on some time interval I €]0,00[ with 1 € I, and let the initial data
satisfy (1.5) for t = 1 with ¢, € CY(R), in particular i € C2(R). Then (1.5)
and (1.6) hold for all t € I, in particular p € C*(I x R).

2) Let (f, A\, w, 1, d1, d2) be a reqular solution of equations (1.14),(1.8), (1.4),

(1.15), (1.16) and (1.17) with the initial data (f, X\, g, 1, d2)(1) = (f, A, f1, 10, @)
that are as in proposition 1.13 and satisfy (1.5) for t = 1. Then there exists a

unique regular function ¢ satisfying ¢(1) = &, ¢(1) = b such that (f, A\, u, P)
solves the full system (1.2)-(1.11). The function ¢ is given by:

P(t,r) = ;5(7“) + [} ¢i(s,7)ds.
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Proof: 1) Firstly, we prove that (1.5) holds. ;From equations (1.9), (1.2), (1.7)
and integration by parts, it follows that, since supp f(¢,r,.,.) is compact :

Orf(s,r,w, F)dFdwds

¢ 2
/ p/(s,T)Sstzﬂ—/ / / X
! Vol i Ee

t
"‘/ (—MI¢.>2672“ N d)’Z 2 4 B de 2 4 ¢l ¢e ~2) 245
1
t [e%) oo
:W/ / / [~ wdh f + (w4 phwy/T+w? + F/2)d, fldPdwds
1 J—o0JO
¢
" / [~/ §Pe 2 — N e 4 §lde + ¢ e + (A — 1)/ de 2
1
+ 2(25/427672” + (N = i )e 2 ¢?)s%ds
t oo o
_W/ / = dFd“’*”/ / / (A — )e*w fdF dwds
1 —oo J0

—|—7r/ / [(Aw?er ™ + w1+ w? + F/t2) f]®, dFds

- / / (2 we* ™ + ' \/1+w? + F/t2 + W )fdFdwds
t

V1+w?+ F/s?

1

i.e

t
b [ e e PR e e (=)ol s+ [ 2sof e

t e} e}
/ (5,7)s%ds = 77/ / A fSZl dFdw — 71'/ / / A+ p)e* Hw fdF dwds
1 —o0 JO

2

w
— 14+w2+ F/t?2 + dFdwd
77// / VIt Efe \/1—|—w2—|—F/82)f e

+/1 [ N ¢2 —2u l 72)\¢/2 + ¢ ¢672H + QS/(%@*Z;L + ()\ o [L)(b/d’)eiz“]d5+ [82(15/4)672“]:223

t
- [ #eandtde oy e g he)ds

—71'/ / AP f]5 idFdwfﬂ'/ / / )\Jru A=ty fdFdwds

)fdFdwds

2
_ 2 2 w
N A e e
t
+ [s%¢ e 3=t + /1 (A + )¢/ e — /1 @ (P2e™2 + e ™) s2ds
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Therefore,

t t
/ P (s,7)5%ds = [~ Hi(s, )52t - / (o)A (s, r)s%ds— / i (pp) (s, 7)sds
1 1 1

(1.44)
Adding equations (1.3) and (1.4), we have
A+ o = 4xte® (p + p). (1.45)
JFrom equation (1.4), we obtain
e—2A(r ) 4+
672"(“):7—k‘+—/ s*p(s,r)d
and differentiating this with respect to r, yields :
o ° t
tu'e™ = ple 2 4 47r/ s%p/ (s, r)ds (1.46)
1

Substituting for the last integral by (1.44), using (1.45) and assuming the fact
that the constraint equation (1.5) holds for ¢ = 1, relation (1.46) implies

t
—te® (' + dmeMrjt) = 471'/ (p+p)s? (i + dmetHjs)ds
1

and since the left hand side is zero at ¢ = 1, we obtain
W+ Amter T =0

on I, i.e (1.5) holds for all ¢ € I. In particular this relation shows that p is C?
with respect to r with

= (N + ) — dmtetry,

Now we prove that equation (1.6) holds. From (1.10), (1.2), (1.7) and integration
by parts we obtain the identity

j'(t,r) = )‘“/ / -1+ w2+ F/t20, f

Aw\/l +w? + F/t2 + e/ (1 + w? + F/t%))0,, fldFdw
+ (X )e™ g — e CHI(G g + o¢)

_ _7T A u/ / 1+ w? + F/£20, fdFdw
+ tfzek“/ [(Mo/T+w? + F/82 4+ e (14 w? + F/1%) /1%
0
i /°° /OOM 1+w?+ F/t2 + S + e 2u] fdFdw
2 o 1—|—w2-i-F/t2

+ e GG — Oty — A(dd 4+ (A — i+ )¢2]
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ie
j'(t,r):f—e/\ ”/ / V1+w?2+ F/t20, fdFdw — 2p' — / / wfdFdw

At Ttw?t F/e2+ Y raFdw
// VIt EfR \/1+w2+F/t2)f

+2p/ e Ot g — e MGy — AT gG + (A -+ )¢>2]
:JT A=p 1+ w? + F/t28, fdFdw — 2 ~ wfdFd
//mtf w u[m/owf w
—)\e’\ ”(p—i—p—(b e~
— 7)oyl — O — AHGG 4 (R it 2]
= M/ / V1+ w2+ FJ20, fdFdw — \e> " (p + p — d2e™
— ) 2 — O — G (= i D))

Since by (1.8)
p(t,r) = —2% / / V14+w?+ F/?2fdFdw
—o0 JO
+ 52/ / VIt w? + F/20, fdFdw

tz// t3 \/1+w2+F/t2 fw
e M (—d? + §P) + e PN (A + ¢')

2p 1, 5, _ —ou ] —
- +;(€ 2;¢2+e 2)\¢/2)_¥+;(e 2I¢2_62)\¢12)

i / s Vm@fdmw e 4 9d) + (A 4 )

2 2 G R 4 4+ PR+ )

+t12/ / V1+w?+ F/t20, fdFdw ;
—o0 JO

JFrom (1.3) we obtain

1+ ket (t,r)

At,7) = dmte® p(t,r) — 57
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and differentiating with respect to ¢ yields:

. 1+ ke2w k02t
A\ = 4me! p + 8t et p + % + drmte®p — rRe”

t
o 14 ke [ 1+ ket
=4me®tp 4+ 2N+ ————) — Dkt 4 ———
metp 4+ 20\ + o ) ket + — 0
q 2

+ 47#62“{_72'0 — ST e (—d? + 0) + e (A0 + 9o}

2 ESRES
waper [ VISR ara
—oo JO0
— MT_A — dmge™ + 201 + 87% + dmt(—i$” + §) + dmte™ N (A + ¢/ )
2 oo oo
valen [ [ Tut v FPo fapdu.
—o0 J0

Combining all these relations gives :
3 P 1. 3 ]
e (= X)) = e+ (At )N = ) = e (W 4 ) = el 4l (0 = X))

- e_QM{MT_/\ — dmqe® + 2\ + 81P? + Ant(— 12 + Hd) + 471'1562“_2>\(—).\¢l2 +¢'¢)

2 oo oo 1.
+4”762ﬂ/ / VIR F FJE9 fdFdw + (o )~ i)}
—o0 J0
=2u/%e™? — 672>\47Tt6>\+”{*t£26)\7ﬂ / / V14 w? + F/t20, fdFdw
—oc0 JO
=M Mp 4 p) + AP 4 eTNTING? 20 — TG — A THG) — TN — o+ 2)0%)
A . - : o . .
— 6_2”[7 — 4mge® + 201 + % + 87¢* + Ant(— 1 4 ¢P) + dmte*H A (NP + @' P)
7T2 e’} e’} . 1 .
+ 47e2“/ / V14 w? 4 F/t20; fdFdw] — e 2*(\ + ;)(A — f1)
—o00 J0

, Y . ; C1 .
=212 + N(p + p)ant + Smtp/ e + ;672” +4mq — 2e72H N1 — %672# —e (A + ;)(x\ — 1))

.. 1 A . ’ .

=2u%e ™ NN+ p)e 2 + 87Tt,u’6“7)‘(74—t67“7>‘u') + ¥672M +dmq — 207\ — %672” — e )2
T

+ 672M)\/.1, - ;672# + %672#

=4mq
2) subtract the two equations (1.16)-(1.17) to obtain
b2 = 01 = (b= W)n (1.47)

Let us first prove that p/ = . Consider equation (1.44) and write p = p1 + p2
where p; and p, are the contributions to p made by f and ¢ respectively. We
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obtain from [15] that studies the case ¢ = 0, and in which p corresponds to p;
here, using definitions (1.8), (1.9) and (1.10) of p, p, j :

t t
/ 82p'1 (s,r)ds = —/ ()\ + ﬂ)e’\_“s2(j + e_)‘_“qSlgbg)ds — [e’\_“SQ(j + 6_)\_“¢1¢2)H
1 1
t
= [ o+ ) - (6 et
1
We have

D (pre " —goe ) = dre H—dhe P —ipre”H + N poe T+ (Npo— ' 1+ —pa)e H

JFrom (1.16),
.9 .

D (¢re™" = doe™) = (=A = 2)dre™ + Apoe TN — fie o1 + i 0

We deduce from these two relations that
¢12€72>\ _ (]31672# _ ﬂ¢1672# + )\/¢2672)\ _ Mld)lef,uf)\
N .2 3 o o
+(¢h = d)e N — (=A - ;)¢1€ ot e gy — fie” P o

Then,

t t
[ stwas,rds = [ uate o NG g dne o dhgne s

1 1

t
= [ Pludie - ok P 4 e
1
+ ga(dre™ — fure + Nppe N — /e

+ () = da)e N — (= - %)me*“ + fie " gy — fiem o)) ds
t
= / s2 [~/ ple ™ + Gl pre  + gapre™H + (N — 1)e P pa
1

t
+ (@) — P2)pae A+ (i — ) prpae PN — fiem A p2ds + / 251 poe2Hds
1
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Integrate the last term of this relation by parts and using (1.47), we obtain

t t
/ splh(s,7)ds = / S[—p de ™ + i dre ™ + dadre  + (A — ) propa
1 1
+(¢h — d2)poe N+ (i — 1) prboe TN — fie” P B3ds + [P propoe ]}

t
—/ s2(=201p1pae ™ + Prpoe H + pr e )ds
1

= [s*d1¢ae ]} + /1 t[(A + e hros + (o1 — drdo)e”

+ (91 — Go)doe M — ppTe ™ — ighe N + (1 — i) prpoe s ds
= [*dr1¢ae ]| + /1 t[(A + e M dros + (0 — da)(dre” + goe™ )
— WPl — fighe™ ™ + (i — i) drdae™" s ds

= [s*¢1¢ae ]} + /1 t[(k +p)e” M hrgn — i(¢leH + ge”)]s%ds

Then, using (1.45),

t t t
/st’z(S,r)dé‘:[—eA_”jSQJ’i—/ dme s (p +p)82d8—/ jilp +p)s’ds
1 1 1

(1.46) becomes :

o]

o . o t
tu'e” 2 = ple T 4 Am(e TRy — ARG + 47r/ (dmwse* i 4+ 1) (p + p)sds
1

and using the definition (1.15) of i :

o

o © N
tu'e™ 2 = e 2 (! + dme P+ tie ™ for all t € I CJ0,00],

Hence, if (1.5) holds for t = 1, then, tj'e=%* = tjie 2" and i’ = fi.

Now we prove the existence of ¢. Define ¢ by : ¢(t,7) = ;(r) + flt o1(s,r)ds.
Then ¢(1) = ¢ , ¢(1) = ¢1(1) = ¥ and ¢ = ¢1. Now (1.47) implies, since

1/ = fi, that ¢g = ¢/, hence the relation ¢o(1) = ¢’ implies ¢/ = ¢y.

The relation ' = & also implies that the systems (1.12)-(1.13) and (1.16)-(1.17)
are identical. Then a direct calculation, using the fact that (41, ¢2) satisfies the
system (1.12)-(1.13) shows that ¢ satisfies (1.7). O

We conclude this section with a proposition dealing with the solvability of the
constraint equation (1.5) for ¢ = 1. Let = e M.

o —
Proposition 1.15 Given a function \(r), a non-negative function f(r,w,F)

o ~
and functions ¢(r) and ¥(r), all periodic in r and regular, there exists a function
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fL(r), periodic in r and reqular, such that the constraint equation

o
/

¢ oo
W= —dmethy

J

o o _
holds for a mnon-negative function f. It can be assumed that f = f 4+ a®, where
O(r,w, F) is a fized function, independent of the particular choice of input data,
and a is a suitable constant.

Proof: This can be proved just as in [27], with ® chosen as in that reference.
O

This result shows that it is possible to produce a plentiful supply of initial data.
It cannot be applied to produce data with f = 0. A way of doing that is to
adjust ¥ = ¢ + b® (b is a suitable constant) instead of adjusting f. ®(r) > 0

and supp® C I, I an interval in which 9,¢(r) # 0.

Remark 1.16 1) The two previous propositions show that the coupled system
(1.2)-(1.8)-(1.4)-(1.5)-(1.6)-(1.7) reduces to the subsystem (1.14), (1.3), (1.4),
(1.15), (1.16), (1.17) on which we concentrate in the next chapter.

2) In the following, only one norm on function spaces is used, namely the L>-
norm, which is denoted by ||.||. For example if f € C*(I x [0, 00[), we define

LF @I = sup{|f(t,7)],r € [0,00[}.

25



Chapter 2

Local existence and
continuation of solutions

In this chapter using an iteration we prove the local existence and uniqueness of
solutions of the Einstein-Vlasov-scalar field system together with continuation
criteria.

2.1 Iteration

Let us first use the solution (f, A, p, i, @1, ¢2) of the auxiliary system consisting
of the equations (1.14), (1.3), (1.4), (1.15), (1.16) and (1. 17) to construct a

o
sequence of iterative solutions as follows. Define u = u Xo(t,r) == A(r),

,U'O(tvr) = /cl(r)a ﬂO(tar) = /j‘(r)a gO(tar) = ¢<T)a hO(tar) = (,25/ for t 6]07 ]-]a
reR. If A\y_1, n_1, fin—1 are already defined and regular on ]7%*,1] x R then
let

we/”'n 1— >\n 1 . A
Gpo1(t,r,w, F) —Apoqw — et 1T g, /14 w? 4+ F/E?

1+ w2 + F/t2
(2.1)

and denote by (R, (s,t,r,w, F') the solution of the characteristic system

W)
d
15 —(R,W) =Gp_1(s, R,W, F)
with initial data

(R, W) (t, t,ryw, F) = (r,w); (¢,7,w, F) €]0,1] x R? x [0, 0] ;

note that F' is constant along characteristics. Define

o

falt,r,w, F) = f((Rp, Wo)(1,t,7,w, F), F), (2.2)

26



that is, f, is the solution of

we/"’val*)\n—l . A
VItw?+ F/tgarfn_()‘nflwre”"** " i1V 1+ w? 4 /)0y fr = 0
(2.3)

with f,(1) = f. Define py,, pn;, jn, gn by the formulas (1.8), (1.9), (1.10) and
(1.11) with f, A, u, ¢, ¢' respectively replaced by fn, An—1, tn-1, In—1, Pn—1,
(n > 1). Using Proposition 1.13, 1), define u,, and A, to be the solutions of

atfn"‘

28 4 ) !
t
. 1+ ke2tn
An(tor) = dmte2rn ) p (87 — +27: (2.5)

o 1 .
An(t,r) = () —/t An(s,7)ds (2.6)

and set
fin(t,1) = —dmtelntAn) O 5 (4 1) (2.7)

Notice that, by Proposition 1.13, the right hand side of (2.4) is positive on
|T*,1], ¥n. Now define g, and h, using Proposition 1.13, 2) to satisfy the
conditions that the quantities

Xn = €_M”9n - e_/\nhna Yn = G_M”Qn + e_)\nhn
are solutions of the system
Djlrf]Xn =ap_1Xn—1+bp_1Yn_1 (28)

Dgflyn =bp_1Xn—1+cp1Yn1 (29)

where D:ﬁl, D, i, apn_1, b1 and ¢,,_1 are defined in the same way as D+,
D, a, b, ¢ (see Lemma 1.6), with u, A, b, ¢, a, b, ¢ substituted respectively
by tn—1, An—1, 9n—1, Pn—1, @Gn-1, bn_1, ¢n—1. Now Ky and Ag being defined in
Propositions 1.7 and 1.10, we introduce the following quantities that are similar
to those defined in those propositions:

Kn(t) = sup{(g2e 2 + h2e=2 )3 (t,r) ; r € R}
An(t) = sup{e ™ [(g7, — pgn) e + (b, = Ao ) e Y2 (8,r) s r € R}
2 : - o
1 (8) = sup{5 + (| Anoy [+ [fin [ e 722)(8,7) 5 7 € R}
2 . - _
U1 (8) = sup{Z + 2 [ Ana [ (| fin [+ [y et 722 (k7)1 €RY

s () = sup{{| N,y [ €= 4 ( o [ ins |+ Ny [ s |
1 et (b s 1 € R)
(2.10)
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Now we proceed for (2.8)-(2.9) the same way as we did for (1.16)-(1.17) to
establish the inequality (1.18) and we obtain the following analogous inequality:

Kn(t) < Ko+ 2/tl mn_l(S)Kn_l(S)dS (211)

We can use (2.8)-(2.9) to establish a system for (e" =19, X,,,e~*-19,Y,,) anal-
ogous to (1.19)-(1.20) from which we deduce the following inequality which is
analogous to (1.27)

1
An(t) < Ao+ Q/t (Vn—1(8)An—1(8) + Brn-1(8)K,—1(s))ds (2.12)

[e]
Throughout the document, we use the fact that by (2.2), || fn(¢) || = || f || for
n € N and ¢ €]T*,1]. The numerical constant C' may change from line to line
and does not depend on n or t or the initial data. In order to prove the local
existence theorem, we prove respectively in the next two propositions :
- a uniform bound on the momenta in the support of distribution functions f,,
and a uniform bound of the first derivatives with respect to r of the functions

fn7 )\’nv ﬂnv gn» h’na
- the convergence of the iterates.

Proposition 2.1 We take f as in proposition 1.13 and such that

suppf C [0, Wo] x [0, By, Wy >0, Fo > 0. (2.13)
then there exist nonnegative constants Ty, Ty such that the quantities
Qn(t) =sup{|w |; (r,w,F) € suppfn(t)} for all t € [T1,1].
Bo(t) = sup{|| 0, fun(s) || +A%2_,(s); t < s <1} for all t € [Ty, 1].
and K, (t) for all t € [Ty, 1] are uniformly bounded in n.
Proof: Firstly we bound @, (t) and K, (t). On suppf,(t), we have

VT FIE < TT @4 Boff < (14 R)1+Qut) (214

and thus

_Qn (t)

o [@n®) rFo
I <5 [ [ 20+ R+ Qullf (ldFdw -+ (a0
G+ B Qu)? | T Il +(oa(t))?

IN

3

. s Qn(t) F(J 9
2 (@) (11 3n(8) I < ;2/ Qn()[|fa(@)]|ldFdw + (Kn1(t))
_Qn(t) 0

IA

SO )4 Qu))? | I+ 1(1))?
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(From (1.43), we have, setting Cy = B

et ) 2 % (2.15)
Using (2.5)-(2.7) and (2.15) we have
| Xa(s,7) | < dmsehn D p (s, 1) + 2 +25$/Co
C . c
S*[(l'FFO)MHf”_i_( ())]+12+Oo;
0 SCy
and
S~ = drs?® C Lo ,
[ fine = (5,7) | € =[5 (L4 F) (14 Qo)) | F | +Kn1(5)?]
= c%[(l FE)(1+ Qu()? || f | +Knea(5)7)
Thus
|Wn+1(8)| < |>\ ( )|+‘,un|e“ . —An ( )\/m

(1+Qn( )?

IN

Q\QQ\QQ\Q

1+ () + W (9)
+F0

[(1+ Fp)?

[(1+Fo)(1+Qn(8)) | F |l +EKna(s)?
2 (1+Qu(s))?

(14 [Waia(s)])

A 1 f DA+ K1 ()21 + [Wasa (5)])

IN

(1 + F())

INA
Q
| —

(14 Qn(8))* (1 + Kp—1(s))* (1 + [Waga (s)])
This implies after integration over [t, 1],
1
1
Woia(t) < Wot Cr [ 11+ Quls)) (0 + Kouma(6))2(1 + W () s
t
then

1
Quii(t) < Wo+Cy / %(1 +Qn(8)?*(1+ K 1(5)?(1 4+ Quyi(s))ds (2.16)
t
with Cy = & (1+ F)2(1+ || f [} Next we have, using (2.5)-(2.7) and (2.15)

Xl |+ ] G s.r) (< 0 SEDO g o2 (aar)

we then deduce from (2.11) and (2.17) that

Kn1(t) < Ko+ Cy /1 (1+Qn(s)?

¢ S

(14 K,_1(5))?K,(s)ds (2.18)
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Add (2.16) and (2.18) to obtain

Qur (O+H,1(8) < Wit Kt Cr [ S04 Qu(6) (1K1 (5)2 (14 Qs (9)+K (5))ds

(2.19)
Now define H,,(t) := sup{Qm (t) + Kn(t) ; m < n}. (Hp)nen Is an increasing
sequence. Then,

Qn(t) + Kn(t) S Hn(t) S HnJrl(t) )

1
1
Qi1 (£) + K () < Wo + Ko + Cy / L1+ Hya(5))ds and
t
1
1
Qm(t) + K (t) < Wo+ Ko + Cl/ —(1+4 Hpy1(s))°ds for m < m;
t S
which imply :
"1
Hp1(t) < Wo + Ko + Cy / g(l + Hyy1(s))ds
¢

Let z; be the left maximal solution of the equation

1
1
Zl(t) = WO + K() + Cl / *(1 + 21(8))5d8
t

S

which exists on some interval |77, 1] with 7} € [T, 1[. By comparing the solution
of the integral inequality with that of the corresponding integral equation it
follows that

Hn+1(t) < Zl(t)7 t E]Tl, 1[, n € N.

Since Qn(t) + K, (t) < Hp41(t), we obtain
Kn(t), Qn(t) < 21(t), t €]Ty, 1], neN.

And all the quantities which were estimated against @,, and K,, in the above
argument are bounded by certain powers of z; on |71, 1]. Namely A, (£)], [pn(t)],
Da(®)] [in (0)] [fine > (8)], g2 e~ 21 (£), b2 e~ 21 (£) are bounded. (2.4)
shows that e~2#» is bounded and by (2.15), €?#» is bounded. (2.6) shows that
|An(t)| is bounded. Consequently e*» and e~* are bounded. Then g,, and h,,
are bounded. We conclude that, there exists a continuous function Cs(¢) which
depends only on z; as an increasing function, such that

{ i) s A 1 1 A s 1 (@) 1 2a (@) 1],

2.20
30 (@) 1 et =2 1L 1 g (@) 1l 1 hn(2) || < Ca(t) (220
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Now we bound B, (t). We have, using (2.20), the estimates

7T2 [e'e] fo%s)
p;(t)zﬁ/ / 1+w2+F/t25rfndFdw
—o0 J0
+ (= 192 F gnorgh e 4 (=X hE | 4+ by bl )e P
2 [e%e] oo
:%/ / L+ w? + F/t20, fpdF'dw
P At
(= Gt + G )e T g re TPt 4 (=X B + h'ln_l)e_)\n_lhn_le_An—l
2 [e%s) fo%e)
< % / / 1+ w2 + F/t20, fpdFdw + g2 e” 21
—o0 J0

/

(1 Gn1 + Gnn) e (SN By )P eI B e P
: %2 /_o; /Om V14w + /R0, fadFdw + g5 _ye™= 4 b _je™?
eI (gt gn1 + g n) e T (S By )PP et
and
I on(®) 1< C2(£)(Cs + Bn(t))

We deduce in the same way as previously :

O FAGY N FACN N NZAGON N PHON B PWON Cz(t)(Cgﬂ?g(ztB
| i et =2 | < Ca(t)(Cs + Ba(t)) (2.22)

Following step 2 of the proof of theorem 3.1 in [15], we have

|0-Gr (s, 7, w, F)| < Ca(s)(C3 + Bp(s));

|00 G (8,7, w, F)| < Ca(s)

and differentiate the characteristic system of the Vlasov equation with respect
tor:

d
78T(R7 W)n+1(5,t,r,w,F)| = ‘a’f"(Ra W)"+1(Svtaraw7F)'8TGTL(57Rn+1’Wn+1vF)|

|ds
<O (R, W )py1(s, t,r,w, F)|Ca(s)(C3 + By(s))

therefore for (r,w, F) € suppfn+1(t) Usuppf,(t), we obtain by Gronwall’s in-
equality

1
|0r (B, W) g1 (L, 8, w, F)| < exp/ C2(5)(Cs + Bn(s))ds.
t
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(From the definition of f in (2.2), we obtain

[e]

||8rfn+1(t,’l",w,F)H = ||8T(RvW)n+1(lvt7r7wﬂF)'a(rvw)f((R7 W)nJrl(lvtﬂrﬂva)) ||

< Ha(’ﬁ w)f” Sup{‘aT(R’ W)n+1(1at7r7w7 F)') (’I”,U}, F) € Suppfn-‘rl(t)}

< 10, w) | exp ( [ caica Bn<s>>ds)
(2.23)

with C3 =|| X' || + || @/e=2" || +1. We use (2.20), (2.21), (2.22) and estimate
(2.12) to obtain

1
Apir(8) < Ao + /t Co()(Cs + Bu(5)) (1 + Ap)(s)ds

Let D, (t) := sup{A,,(t)|m < n} and E,(t) := sup{B,,(t)|m < n}. {D,} and
{E,} are increasing sequences. Therefore

1
1+ A,1(t) <A+ 1+ / C2(s)(Cs + En(s))(1 + Dpya(s))ds (2.24)
t
then we deduce by replacing n by any m < n in (2.24)
t
14+ Dpii(t) <Ag+1+ / C2(8)(C3 + En(8))(1 + Dypy1(s))ds;
1
which gives:
1
Dpi1(t) <2(Ag+1) exp/ C2(8)(C3 + En(s))ds. (2.25)
t
Now add (2.23)-(2.25) to obtain

Buar(t) < (2(Ao + 1)+ || Orf ) exp / Co(3)(Cs + En(s))ds

and deduce by replacing n by every m < n that:
1
En+1(t) < C4 exp/ CQ(S)(C;; + En+1(8))d8
t
where Cy = 2(Ao + 1)+ || 9w f ||. Let 22 be the left maximal solution of

1
25(t) = Cyexp / Co(5)(Cs + 2a(3))ds

i.e

Z2(t) = —Ca(t)(C3 + 22(t))22(t), 22(1) = Cu;
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which exists on an interval |73, 1] C]T3, 1]. Then we have
Epi1(t) < 22(t), t €]T3,1], n€N
and so
Ap(t) , Bn(t) < 29(t), t €]T2,1], n €N

and all the quantities estimated against B,, above can be bounded in terms of

29 on |Ty, 1], uniformly in n.O]

Remark 2.2 The sequences )\n7 Hn, fn: :u’neun » Pns Pn;s jn7 In; h’ )\I :U’n;
n7 gn7hn7 )\n7 M'nm gn7 h’ru )\n ’ pn7 pn; Jn? Mn , are umformly bounded /”7‘ th@

L>®—norm by a function of t on [T}, 1] with T} = max(Ty,T»).

In order to prove the convergence of the iterates in the following proposition,
we introduce auxiliary variables g, and h,, defined by g, = gne™#,
hy, = hpe ?, for n € N.

Proposition 2.3 Let [T3,1] C [Ty, 1], be an arbitrary compact subset on which
the previous estimates hold. Then on such an interval, the iterates converge
uniformly.

Proof: Define for ¢ € [T3,1]:

an(t) == sup{|| (fn+1 F)() 411 G = ) (8) |+ 1| (s = Ba)(9) |
e = An)(8) 1+ 1] (tnta = )()II t<s<l1}

and let C' denote a constant which may depend on the functions z; and 2z
introduced previously. If we consider the new quantities

Xn = (§n+1 - gn) - (thrl - hn); an = (§n+1 - gn) + (?anrl - h’n)v

then we obtain by subtracting the system (2.8)-(2.9) written for n + 1 and n
(see appendix), the new system
D:Xn = Qn Nn—l + bnYn—l + Fy (226)
DY, =byXn 1 +cnYno1+Gn (2.27)
Fn = (an —ap-1+ b - bnfl)gnfl + (anfl — an + b - bnfl)ﬁnfl
(e =€) G~ ha) + (e = (G, )
and substitute in F,,, 71; and g/, respectively by fiz;L and —g/, to obtain G,,.

Now let 3 3
an(t) = SUP{| Gnt1 = Gn | + | hng1 — hn |§ e R}
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Thus similarly to (2.11), we have :

0,(t) < 2/t (mn(8)0n—1(8) +sup{e’ (| Fn(s,7) | + | Gn(s,r) |); r € R})ds

(2.28)
Using the mean value theorem to express the differences e #n — ¢7#Hn-1,
e~ —e~*=1 and remark 2.2, then (2.28) gives

1
| gn-‘rl _gn | + | hn+1 - hn |§ C/ (an—1+ | ﬂn - ﬂn—l | + | )‘n - )\n—l |)(5)d5
t

(2.29)
The expressions of p,, pn, jn yield, using proposition 2.1, that
| pnr = o | (), ] Prtt = Pu [ (8), ] dins1 = J | (8) < Can(t)
JFrom (2.5) and (2.7), we have respectively
Ay — A t) = 4nt 2 Q2Hm—1Y) 5 = Pn_i)e2tm=1 | (t
| (0 = dmt | (0 ) b o = puc ) [0y

S Oan—l (t)

| Fin, — fim—1 | (t) _ 47Tt|(e)\n+un _ e)\'rL71+N1L71)jn 4 (]n _jnil)eAnfl+anl‘(t)

S Can—l(t)
(2.31)
Using the two previous inequalities, (2.29) gives
R R 1
(s = o |+ s =l DO C [ anatslas (232)
t
By the mean value theorem, (2.4) gives :
1
et =i | (0 C [ an(s)as (2.33)
t
(2.6) gives :
1 ) 1
| Amst = An | () = / Boner — Anlds < c/ an(s)ds  (2.34)
t t

Now from (2.30)-(2.31), (2.33)-(2.34), the mean value theorem and the fact that
ftl an_1(s)ds < Cay,_1(t), we deduce

| Gn - anl | (S,T,'th) é Canfl(s)

which implies for (r,w, F') € supp f,—1(t) U suppf,(¢),

d
| %((Rv W)n+1*(R7 W)n) | (S,t,T’,’U_},F) :| Gn*Gn—l | (S,T,’ZU,F) S Can—l(s)
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Integrating over [t, 1] and using the fact that
| (R7 W)n+1 - (R7 W)’ﬂ | (t,t,r,w, F) =0 giVGS

1
(R, W)ar — (B, W) | (167w, F) < c/ a1 (5)ds
t

This implies using (2.2) and the mean value theorem

| (fn+1 - fn)(t) ‘ §| aﬁw} H (R7 W)n+1 - (Ra W)n | (Ltvrvva)

o 1 (2.35)
S C ‘ ar,wf | / an—l(s)ds
t

Adding (2.32), (2.33), (2.34), (2.35), then
1
an(t) < C/t (an(s) + an—1(s))ds ; n>1.

By Gronwall’s inequality au,(t) < Cﬂl an—1(s)ds ;
and by induction

_ \n n+1
-0 _C

an(t) < ot n! n!

for neN, te[Ts,1]

Cn+1

Since the series ) “—— converges, we deduce the convergence of ) a, which
implies that «,, — 0 for n — oco. Every difference term which appears in a,,,
converges to zero. We deduce the uniform convergence of

fn7)\’n;,u“n;gTuIjln7).\n7ﬂn7ﬂn7pn7pn7jn‘ (236)

And in L —norm, Ay — A; pn — i3 fin — 15 fo = f; Gn — G hy, — h.O
It remains to show that the limits §, h, f, A\, are C', f solves the Vlasov
equation (1.2), A, u solve the field equations (1.3)-(1.4), and to show the exis-

tence of a function ¢ that solves the wave equation (1.7). This is the subject of
the next section.

2.2 Local existence

Theorem 2.4 (local existence) Let f € C*(R? x [0, 00[) with

Fr + Lw, F) = f(r,w, F) for (r,w, F) € R? x [0,00[, f > 0, and
Wo = sup{|wl|(r,w, F') € suppf} < o0

Fy = sup{F|(r,w, F) € suppf} < oo

35



o

Let X b e '), P b € C2(R) with A(r) = A(r + 1), fu(r) = p(r + 1),
d)(r) ¢(r +1) and

o

w(r) = —47Te>‘+‘o‘j(r), reR
Then there exists a unique, left maximal, reqular solution (f, A, u, d) of system

(1.2)-(1.11) with (f,\, p, @)(1) = (}, ())\,/(},;)) and (1) = 1 on a time interval
T, 1] with T € [0, 1].

Proof : Consider the sequences of iterates constructed at the begining of this
chapter and the limit obtained in the above proposition. We need the uniform
convergence of the derivatives of these iterates.

We know by (2.36) that (\,) and (f,) converge uniformly. We must now show

that, A, u, frs Orfrn, O S Gns Jhs R, h also converge uniformly. Using
(2.3) the convergence of fn will be a consequence of that of Any Hn, )\m fin

O frs Owfrn. Using system (2.8)-(2.9), the convergence of §,, hn will be a con-
sequence of that of g, k!, pn, Any (An), un We then proceed to show the
uniform convergence of X, 1!, &y fn, Owfr, G, h.

In what follows, we fix Ty € [T2,1], t € [Ty, 1], |w| < U, F < Fyp, t < s < 1.

Step 1: Convergence of (0, f,,) and (O fr)-
Following step 4 in the proof of theorem 3.1 in [15], and using (2.36), we can
establish with minor changes, using Proposition 2.1, that if we set:

&n(s) = ePn=r)SMPR (s,t,r,w, F) (2.37)

Nn(s) = OW,(s) + (V1 + w2 + F/s2e* 7 X, )R, (s) (2.38)

in which 0 stands for 9, or 9, and s — (R, (s), Wy (s)) the indicated solution of
the characteristic system associated to equation (2.3) in f,,, and then: Ve > 0,
dN € N such that we have, for n > N:

1
(H&ns1 =&n [+ g =1 )(5) < Ce+0/ (IH&nt1=&n [+ | nga =1 ) (T)dT

(2.39)
in which C' > 0 stands, as in what follows, for a constant that may change
from line to line. (2.39) implies by Gronwall’s lemma, that (£,) and (n,) con-
verge uniformly. Now, since the transformation (OR,,, 0OW,,) — (&,,n,) defined
by (2.37)-(2.38) is invertible with convergent coefficients, this implies the con-
vergence of 0y , (R, W,,) and, given (2.2), the convergence of (0, f,,) and (O frn)-

Step 2: convergence of (X, ), (1), (71,), (3,) (R%).
We set

Y (t) = sup{l&nt1 = &nl(s) + [mng1 = mnl()+ || (s — 1) (5) |l

N = X)) L+ 1 @ = 3 |+ 1 (B = R () |58 < s <1}
(2.40)
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Now since (pin), (fin)s (An), (Gn)s (Bn), (pn), (jn) converge uniformly, we take
the above integer N sufficiently large so that we have for n > N:

I (s = ) (8) 11 Giner = 3a)(8) 10 (o = n=1)(8) 11| G = An) () 4

1@ = Ga=1)(8) 1,1l (o = 1) () [ 1] (Pt = pa)(s) 1< €

(2.41)

A) Estimation of (X)), (1), (iil,). We deduce from (2.37)-(2.38), taking 9 = 0,
that:

OR,(s) = elrn=2n)sme (5) (2.42)

Let us first consider p/,, 5/, pl, that involve 9, fn, (Gnhn)’, (32 + h?). We have,
using (2.2), (2.42), (2.43)
[ Orfr1 = O fr)(8) | <l Orwo f || (10 Ring1 — OrR| + [0- W1 — 0, Wi |)(s)
<C| Orwf || (‘eun+1—/\n+1§n+1 _ eun—/\ngn|

+ ‘77n+1 - 77n| + D‘n—&-lfn—&-l - AngnD(s)
. (2.44)
Estimate (2.44) gives, using (2.41) and since (\,), (in), (€r), (M) are bounded,

|| (arfnJrl - arfn)(s) HS C(|§n+1 - €n| + |77n+1 - 77n|)(5) +Ce (2-45)
Next we have, using (2.41) and remark 2.2 :
|(£~7n}~ln)/ - (gn—lﬁn—lﬂ = |§;L}~ln - g;z—lﬁn—l + gnﬁ/n - gn—lﬁ/n—l‘
< Ce+ C(1gn = Gnl + |1y, = B, ))

n—1

(2.46)

Now using (2.41) and the fact that (g,), (hn), (§,), b/, are bounded, we obtain

1, . ~ 1, . ~ - N - - ~ ~
|5+ 12 = 5@+ ki) | = 1300 = GpaGns + hnbly = BBy
< CGn = Gl + R, =By, _y]) + Ce
(2.47)
We then deduce, from the expressions of p,, pn, jn and using (2.40), (2.45),
(2.46), (2.47), (2.41)

I (s = ) (8) 1N Prgr =20 (8) I Ml G = ) () < Ce+ Com +7n21)(8§
2.48
Concerning (u!,), we obtain by taking the derivative of (2.4) with respect to r :

o! o 1
wet Arm

/ _2U'n —
e =
Hn, ; )

s2pl (s, r)ds
subtracting this relation written for n + 1 and n, we obtain

_ _ ar (1
b = iy = (e — ey < 5200 = ) (s
t
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This gives, using (2.41), (2.48) and the fact that u,, p, are bounded :

I (g1 = 1) (5) < Ce+ C/ (n—1(7) 4 (7))dr (2.49)

Concerning ()}), if we take the derivative of (2.5) with respect to r, we have
. MI
N = (87tul, py + 4mtpl))e?Hn — anez”" (2.50)

We first deduce that Xn/ is bounded since pl,, pn, ph,, in are bounded. Next,
subtracting (2.50) written for n + 1 and n, we obtain :

. . k
N1 — Ay = 2 (), 4y — pay,) (Bt prgr — z) + 8t gy, (prs1 — pn)
k
At (ply = pr)] + (€ — e (dmtpr, — — i+ 8t pn)
using (2.40), (2.41), (2.48), and since (fn), (pn), (ih,) are bounded

I (Asr = AR)(8) I Ce + Clyn-1(s) +7n(s)) (2.51)

Now, (2.6) gives :

uﬂf&mmzlwwf&wwm

which gives, taking the norms, using (2.51) and integrating over [s,1], with
At1(L,r) = An(1,7) =0

| Ya = X)) < Cet € [ (ualr) +alr)dr (252

We will also need to bound fi;,,; — fi;,. If we take the derivative of (2.7) with
respect to r, we obtain, after subtracting the expressions written for n + 1 and
n:
fingr — fi, = (i — i) (5L 4 ) — Amt(f 41 — 5n)

+ (M1 = Ho N = Ap)dng 4 (1, 4 Xp) (g1 — Jn)]edmtiTonss

We then deduce from (2.40), (2.41), (2.48):
I (g1 — fin)() [ Ce+ Clyn—1(s) + (s)) (2.53)

B) Estimation of (§/,), (k). Recall that

- ~ . 1
Xn = gn - hn 5 Yn = gn + hn ; An = (_)\n - ;)e_#n - ﬂne_)\n;
o S (2.54)
by, =— P ; Cn = (_>\n - g)e—ﬂn + ﬂne_xn
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Set
On = anXn +baYn 5 Co= (N, = u)e " X) 1y +405,Cn + C, (2.55)
Dy =buXn+eaYn s Dn=(up, = Ap)e™ Yy + Do+ Dy, '

Then system (2.8)-(2.9) becomes
D:'L_XnJrl =Ch
D;Yn—i-l =D,

If we take the derivative of the above system with respect to r, a direct calcu-
lation shows that (see appendix) :

DX, ., =G, (2.56)

n
DY,y =D, (2.57)

We are going to integrate (2.56)-(2.57) on characteristic curves of the wave op-
erator. Consider the following characteristic curves v}, 42 of the wave operator,
starting from the point (s,r), i.e for every n,

e R= e G =i = (259)
We have D} =e "< on~} and D, =e "4 on 2. We then have, integrat-

ing (2.56) over v} and (2.57) over 2 :

1
Xiia(s) = Xi (1) = [ e Colrab()ar

1
Y1 (s) = Yoy (1) — / e D, (7,72(r))dr

Now if we subtract respectively each of this two relations written for n 4+ 1 and
n, we obtain :

(¥a = X0(0) = | [ Gl () — e (b (7)) dr - (250)

1
Vi = Y0 = [ [ Daa(ria2 y(n) = e Dlr 2] dr (200
Since e» and C,, are bounded, we have

e Co (1, 74(7)) = €1 Cra (1,71 (7)) = e (1,70 (7)) — €72 (1, 7 (1)) YO (7, 7 (7))
+{Cn (1,70 (7)) = Cra (1 v () Y1 (1,78 (7)) + {Cr 1 (1,7 (7)) = Coa (1,71 (7))}
et (1,7 (7)) + {1 (1 (7)) — e (1 1o (1)} Ot (1721 (7))
< C{|l (et — e )(r) | + || (Cr = Cr)(7) ||
+|Cna (1, 75(7)) = Coa (11— ()] + =2 (1,70 (7)) — €2 (7, 7m0 (7))}

(2.61)
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Now integrating the relation 4. — 4L | = etn=An — ghn—1=An—1 over [s, 7] yields
[ = Tl (7) < Csup{ll (A = Aa-1) (@) | + || (o — pn—1) (@) ||, Ty <t < 1}

(2.62)

we then deduce from (2.36) (the right hand side of (2.62) tends to zero as n

tends to oo), the uniform continuity of (e#n-1), (C,_1) over the compact set
K = [Ty, 1] x (3[4, 1)) U1 ([T, 1])) e

Ve >0, 3n(n,e) >0 such that |v: -~ ,|(7) <n=
|Gt (1,7 (7)) = Corma (T, Yot (T 4 [ (1,7, (7)) — €= (7 (7)) < €

And from (2.61), (2.59)-(2.60), we deduce that

1
Xio = Xil) S CetC [ @u=CunD i (263

1
Yo —Y,l(s) < Ce+ C/ | (Dn = Dy1)(7) || dr (2.64)

Therefore, for n sufficiently large, (2.63)- (2.64) implies respectively :

1 1
~Ce=C [ 1/(Co = Cud)(r) 1 Koy = X3, < Cet C [ (G = Coma)r) [ dr

1 1
~Ce=C [ /Dy = Dud)(0) £ ¥y = Vi < Cet € [ (D= Dooa)() | dr

We deduce from (2.54) (definition of X,, and Y;,), by adding and subtracting
the previous inequalities, that

I (Grr = 30)(8) s | (Pgr = ) (s) 1< Ce+0/ [l (Cr = Com) () |
+ | (Dn = Dp1)(7) [l]dr
(2.65)

Now from (2.55), (2.41) and the fact that the sequences (An), (An), (ttn), (fil,)
are bounded together with their first derivatives, we have (see appendix)

(G = Ca1)(7) || Ce+ C(yn—1(7) + (7)) (2.66)

and
| (Dn = Dn—1)(7) ||< Ce+ Clym-1(7) +7a(7)) (2.67)
Therefore, we deduce from (2.65), (2.66)-(2.67) that

1 @har = 3n)(8) 1 (R =R (s) (1< C€+0/ (Yn—1(7) +va(7))dr (2.68)
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C) Convergence of (X,), (i), (iih), (3.), (h.). Add inequalities (2.39),
(2.49),(2.52) and (2.68) and take the supremum over s € [t, 1] to obtain using
(2.40)

n(t) < Ce+ C/t (Yn—=1(8) + Yn(s))ds (2.69)

Define I, (t) = sup{ym, m < n}; then (I';,) is an increasing sequence and (2.69)
gives

1
I'y(t) < Ce+ C/ I (s)ds
¢
And by Gronwall’s lemma,
Ih(t) <Ce te€ [Ty, 1], nsufficiently large.

We then deduce that (I'y) converges uniformly to 0, and from (2.40)-(2.53),
(AL, (wh), (ah), (hL), (@ih,) converge uniformly on [Ty, 1]. We deduce from sys-

tem (2.8)-(2.9), the uniform convergence of (g,) and (h,). The regularity of f,
A, s G, h (and f1) follows from step 1 and step 2. Therefore g = e#g and h = e
are regular. Note that, using the convergence of the derivatives, we can prove
that the limit (f, A\, p, 1, g, h) is a regular solution of (1.14), (1.3), (1.4), (1.15),
(1.16), (1.17) and by Proposition 1.14, we conclude the existence of a regular
function ¢ such that (f, A\, i, ¢) is a solution of the full system (1.2)-(1.11).

To end this theorem, we prove the uniqueness of the solution. Let w; =
(fi, Niy iy @i), © = 1,2 be two regular solutions of the Cauchy problem for the

o O [e]
same initial data (f,)\,ft,cb,w) at t = 1. Using the fact that wu; is a solution
of the system, one proceeds similarly as to prove the convergence of iterates to
obtain

at) < C/t1 a(s)ds

where

a(t) = sup{|| fi(s) = fa(s) | + [ A(s) = A2(s) | + || pa(s) — p2(s) ||
+ 11 g1(s) = ga(s) | + | ha(s) — ha(s) || 5 s € [t, 1]},
with g1 = éle“l; go = (i)ge‘”; hy = e hy = #he*?. We deduce that

Oé(t) = 0, ~fOI‘ t 6]0, 1] This implies that f1 = fg, Al = )\2, H1 = U2, §1 = ?]2
and hy = hy. By Proposition 1.14, we conclude that ¢1 = ¢o.0J

2.3 Continuation criteria

Let us now prove continuation criteria for ¢ decreasing.

Theorem 2.5 Let (f, A, 1L, &, ) be initial data as in theorem 2.4. Let (f, A, i, ¢)
be a solution of (1.2)-(1.11) on a left maximal interval of existence |T,1] for
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which :

1. sup{|wl|(t,r,w, F) € suppf} < o0,

2. sup{(e”2¢? + e P2 (t,r);t €T, 1]} < o0,

3. p is bounded.

Then T = 0.

If k>0 or ,Z, < 0 then condition 3 is automatically satisfied.

Proof : Let (f,\ u,fi,g,h) be a left maximal solution of the auxiliary sys-
tem (1.14), (1.3), (1.4), (1.15), (1.16), (1.17) with existence interval |T,1]. By
Proposition 1.14, there exists ¢ such that (f, A, p, @) solves (1.2)-(1.11). By
assumption

Q" := sup{|wl||(r,w, F) € suppf(t), t €T, 1]} < oo.

We want to show that 7" = 0, so let us assume that T > 0 and take ¢; €]T,1[. We
will show that the system has a solution with initial data (f(t1), A(¢1), u(t1), &(¢1),

@(t1)) prescribed at t = t; which exists on an interval [t — d,¢1] with 6 > 0
independent of ¢;. By moving ¢; close enough to T' this would extend our initial
solution beyond 7', a contradiction to the initial solution being left maximal.
We have proved in Proposition 2.1 that such a solution exists at least on the
left maximal existence interval of the solutions (z1, z2) of

Zl(t) = W(tl) + K(tl) + Cl /t1 %(1 + 21(8))5d8

25(t) = Cyexp [ / " O+ zﬂs))ds} ,
where

W (t1) := sup{|w||(r,w, F) € suppf(t1)},

1

K(t1) := sup{(|¢*[e" 2" + |¢"*[e" )2 (t1,7) ; r € R},

Altr) = sup{e (¢ — W'd)?e ™ + (¢ = N¢/)?e ) 2(t1,7) 5 v € R},

C
Ci c (1+ FO)Q(H— I f&) 1) ; Co= inf{e‘“(tl’r); r € R}

0

Cy = e 2/ (t1) || + | X (81) | +15 Ca =24 2A(80)+ || Oy F(t1) ||

and Cj is an increasing function of z;. Now W (t1) < Q*, || f(¢t1) =] f I, Fo
is unchanged since F' is constant along characteristics, and since t; < 1, taking
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t =t in (2.4) shows that: Co(u(t1)) > Co(iz). Thus there exists a constant
M > 0 such that

%Cl(f(tl),Fo,u(tl)) < M, fO?“ tq E]T, 1]

The expressions of p,p, j, A, fi show since |w| < Q*, that

(s, 1), 1p(s, )1, 15 (s,m)l, [A(s,m)]s [e A (s, 7)| < C + (K(s))?

K(s) is bounded on ]T, 1]. We proceed as in step 6 of the proof of theorem 3.1
in [15] to prove that (., f is uniformly bounded on |T',1]. Let p’ = ji; consider
the relations

p = —Anter gy = —[(N 4 p@')j + jAmte (2.70)
Vo 2 / L/J'/ AN /_O/ t'/
N =eH(8mtu'p+ " +anmtp) s N =M+ [ N(s,r)ds (2.71)
1

We bound p’ , j/ by quantities which depend on 9, f and A(s). Since 9, f, p and
j are bounded, we deduce from the above relations that ”, A and consequently
v(s) and h(s) (see Proposition 1.10) are bounded each by A(s). Using inequality
(1.27) and the fact that K (s) is bounded, we obtain

1
At) < Ay +C/ (A(s) + 1)ds
¢
And we deduce that A(t) < A* = (1 + Ag)e®; t €]T, 1]. Therefore
D = sup{| oy £ 1) | +A() [t €IT,1]} < o0,

From

2u

pier) = (e an [ srstas).

(2.70), (2.71) and since K (t) and A(t) are bounded, p’ is bounded and we obtain
a uniform bound Cs(u(t1), A(t1)) < Ms. Let y2 be the left maximal solution of

ty

ya(t) = Deexp [ O3 ()(M; + y2<s>>ds] ,

t

where C5 depends on y; in the same way as C; depends on z;. ys exists on
an interval [t; — «,t1] with « > 0 independent of ¢;. If we choose t; such that
T > t1 — a then 27 is bounded; 2o < y5 by construction. In particular, zo exists
onl C [tl — Oz,tl].

From (1.37), we deduce for & > 0 that e=2# > 672# —k > e~2H since % > 1.

If k=—1and g <0, then e~ 2 > # +1 > 1. Either, p is bounded above.
Then condition 3 holds. This complete the proof of the theorem.[]
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Theorem 2.6 Let (f,\, 1, ¢) be a solution of (1.2)-(1.11) on a left mazimal
interval of existence |T, 1], T > 0, with initial data as in Theorem 2.5. If

1. Q(t) = sup{|wl|(r,w, f) € suppf(t), t€]T, 1]} < oo

2. p is bounded.

then T = 0.

If k>0 or ,Z, < 0 then condition 2 is automatically satisfied.

Proof: We need to prove that K (¢) is bounded for all ¢ €]T, 1]. Unless otherwise
specified in what follows constants denoted by C will be positive, may depend
on the initial data and may change their value from line to line.

We deduce from system (1.28)-(1.29) :

k K
Dt X2 = 2¢# L — dnt(p p):| X2 - QQTXQYQ

u i
DY} = —2%X2Y2 + 2et [t — 4nt(p — p):| &

On the corresponding characteristic curves of the wave equation,
Dt =D~ =e #< and then

8 (0) =26 [~ amitp )| X30.0(0) - 2x¥attm(0)

GYR0(0) = T XaYalt 22 (0) + 26 | — dntlp = )| ¥ (0. (0)

Integrate the first of the two previous equations on [t, 1] :
2 2 Yook 2 1
X3t () = X317 (1)) +2 [ (=2 4 dms(p - p)XE + L XaYa) (5, (5))ds
t

< X3 () +2 [ {5+ dmslp = PG + 5o (X3 + YD)} s (s)ds

1

28}/22}(87 ’Yl(s))ds

1
1 .k
< XE1 W) +2 [ {5z + (=5 + dms(p - p)IXE +
t
In a similar way,

1

(o dms(p )| Y2 s ()i

V20,0(0) < V()2 [ (x|

Add the two previous inequalities and take the supremum over space :
1
B(t)? < B(1)* + 2/ I(s)B(s)*ds (2.72)
t

where

B(t) = sup{(|Xa|* + |Y2|*)/?(t,r) ; r € R}
I(t) = sup{% + 62“[|—]:| +4rt(p —p)l(t,r) ; r € R}
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Now subtract the two equations (1.8)-(1.9) to obtain :

2
p—p:tz// Vit + P - — Y \fdFdw

V1+w? + F/t?
1+ F/t?
- / / U i
t° J_oJo 1+ w? +F/t2
T 14+ F/t?
< = ——L— fdFdw
s /_oo/o \/1+F/t2f
oo (oo}
< tﬂz/ / V1+ F/e2fdFdw
—o00 J0
gg ; since  Q(t) < oo
Using (2.15) for the bound of e#, we obtain :

Then (2.72) implies :

1
B(t)? < B(1)* + 2/ (C(1+-)+ 1)B(s)2ds
¢ S s
And by Gronwall’s lemma,
B(t)2 < B(l)Qt—QeC(l—t)t—C < Ct—C—Q

Now, we have from (1.9),

(s,7) = 2 /M b PR+ (07 4 Y)(,r)
5,1) = — s, 7, W w4 — s,
me 52 0 wl—&—uﬁ—i—F/s2 T 2 ’
T [T Tw 1 20 ( X2 2
§ (s,r,w, F)dFdw + = 5¢ (X5 4+Y5)(s,r)
O 2 2
§§+§€ ‘LLB(S)
< % + Cs™C 220
s
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Then using (1.37) (where p is replaced by p), we obtain the estimate :

672‘0‘(”—1—/{7]6 81 !

e~ 2t < n + t 32(892 + Cs™ 9722 ds
—2a(r) 4k c
< e T k+ f/ (145 e 2)ds
t t ),
-2a(r) Lkl [t
< ef—’—l' + ?/ (1+ S—Ce—Qu)dS
t

—2a(r) L |kl C© 1
< it L] +—(1 —|—/ s~ C%e 2 ds)
t

- t t

1
< %(1 —|—/ s~ % 21ds).
t

By Gronwall’s lemma, we deduce that e=2* < Ct~!exp[1Z= (1 —¢1¢)]. There-
fore,

(X2 4+ Y2)(t,r) = e 2(XF + Y2)(t.1r) < CtC exp| 1C (1 — 11-0)]

i.e K(t) is bounded. And we conclude by Theorem 2.5 that T'= 0.0J
We prove in the next theorem, the analogue of theorems 2.4 and 2.5 for
t>1.

Theorem 2.7 Let (f, )\,;04, @, ) be initial data as in Theorem 2.4. Then there
exists a unique, right mazimal, reqular solution (f, A\, u,¢) of (1.2)-(1.11) with

(fs A 1, 0, 0)(1) = (}, i,,&,;,w) on a time interval [1,T[ with T €]1,00]. If

sup{| w | |(t,7,w, F) € suppf} < oo;

sup{e*t|r e R, t € [1,T[} < oo
and
K(t) < oo
then T = oo.

Proof : We give only those parts of the proof which differ from the proof of
Theorem 2.4 for ¢t < 1. The iterates are defined in the same way as before,
except that now (2.4) is used to define p,, only on the interval [1, T, [, where

e=20(r) + k 8r [t

k— — szpn(s,r)ds>0,r€R,te[1,7‘]},

T, = sup {T E]lanflﬂ n t
1

[1,T,—1[ being the existence interval of the previous iterates and Ty = oco. De-
fine:

Qn(t) :=sup{|w|, (r,w, F) € suppfu(t)} , t € [1,T5]
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E,(t) :=sup {362""L(S’T)|r eR,1<s< t}

we obtain the estimates

V1+Fw? +F/t2 <14+ (Qn(t)2+ Fo < (1+ Fo)(14 Qn(t));

1 2n (@) [l 1l 2 () (I 1] 30 (2) 1< 07(1 +Qn(1)* + (Kn-1(t))%; (2.73)

and

| et =2 i (1) |+ | Aty 1) |< CF(1 4 Qu()? + (1 + K1 (1) (1 + En(t)).
where C* = C(1 + Fy)*(1+ || ;” ). Thus, we have similarly to (2.16):

Qnyr(t) <Wo+C” /1 (1+Qn(8)*(1 + En(s)) (1 + Kn—1(5))*(1 + Qny1(s))ds.

(2.74)
and similarly to (2.18):

¢
Kn(t) < Ko+C* / (1+Qn(8)*(1+ K,1(8) 2K (s)(1+ E,(s))ds. (2.75)
1
We deduce from the field equation (1.4) that
(ZﬂneQ"")t = 2 4 ket 4 SW(teQ“")zpn

Integrating over [1, s] and using integration by parts for the left hand side yields
the following estimate, since (2.73) holds,

En(t) <|| e | +C*/1 (1+Qu(9)*(1 + En(s)*(1 + Kn-1(s))?ds.  (2.76)

Reasoning in the same way as in the proof of Proposition 2.1, we can say the
differential inequalities (2.74), (2.75), (2.76) allow us to estimate Q,, K, and
E,, against the solution z1, 2o and z3 of the system

21 (t) = Wo + C* / (14 20(3)3 (1 + 22(8))2(1 + 2 (5))ds,

2(t) = Ko+ C” /1 (1+ 21())*(1 + 22(5))°] (1 + 23(5)) ds,

23(t) =] € || +C /1 (14 21(5))%(1 + 22(5))* (1 + 23(s))*ds,

and in particular T,, > T where [1,T] is the right maximal existence interval
of (z1,%2,23). One can now establish a bound on first order derivatives of
the iterates in the same way as in the proof of Proposition 2.1 and obtains a
local solution on a right maximal existence interval which is extendible if the
quantities Q(t) , E(t) =|| ¢**® || and K(t) can be bounded.]
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Theorem 2.8 Let (f, A\, u,d) be a right mazimal regular solution obtained in
Theorem 2.7. Assume that

sup{| w | |(¢t,7,w, F') € suppf} < oo;
and
sup{e?*t|r e R, t e [1,T[} < C < oo;
then T = oo.
Proof : We deduce from system (1.12)-(1.13):
Dt X? =2aX?+2bXY
D7Y? =2bXY + 2cY?

On the respectively characteristic curves of the wave equation, D™ = D~ =

e M jt and then we obtain :

T X2(t, (1) = 2¢"(aX? + bXY)(t, 7 (t)) (2.77)
%Yz(t, Y2 (1)) = 2" (XY + cY2)(t,7o(t)) (2.78)
(From (2.77), we have:
EX (1) = oA - e~ 7 - BT
= 8rte (j — p) X* + #XQ N %XQ - g
< (_71 + ke2“)X2+g since j—p<O0;

If k=0 or —1 then
LX) < 1217 (0).
If £ =1 then
(CXZ+Y*)(t, ().

H—\»—t

SX2(t () <

Since j + p > 0, we deduce as above, from (2.78), the estimates

1
SVt (1) £ SX3(t (1) for k=0 or k=1,

DY2(t90(0) < T(X2 +OY?) (1, 30(0)) for k=1
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After integrating these two inequalities over [1,¢] and taking the maximum over
space, we obtain :

t
1
K(t)QgK(l)Q—i—/ ;K(s)2ds for k=0 or k=—1;
1

"1+0
K(t)? < K(1)2+/ K (sds for k=1
1
We deduce by Gronwall’s lemma that:
Kt)?<K(1)?, for k=0 or k=—1 andt € [1,T] (2.79)
Kt)* < K1), for k=1 andt € [1,T] (2.80)

And we conclude by Theorem 2.7 that T' = co. [
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Chapter 3

Global existence and
asymptotic behaviour of
solutions in the past

3.1 Global existence in the past

We prove that the solutions obtained in Theorem 2.4 exist on the whole interval
]0,1].

Theorem 3.1 Consider a solution of the Finstein-Viasov system with k > 0
and initial data given for t = 1. Then this solution exists on the whole interval

10,1]. If k < 0 and /3 <0, the same result holds.

Proof : we follow the works of M. Weaver [32] and S.B. Tchapnda [29]. The
strategy of the proof is the following : suppose we have a solution on an interval
1T, 1] with T > 0. We want to show that the solution can be extended to the
past. By consideration of the maximal interval of existence this will prove the
assertion.

Firstly let us prove that under the hypotheses of the theorem, u is bounded
above.
From the field equation (1.4) we have for k > 0,

d
—(te™*) = —k — 87t*p < 0. (3.1)
dt

So te™2* cannot increase towards the future, i.e. it cannot decrease towards the
past. Thus on |7, 1], te~2* must remain bounded away from zero and hence u

is bounded above. .
For the case k = —1, since p(s,r) > 0, we get from (1.37), e =2+ > *4—1 >1

which gives the upper bound of y for /3 <0.
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Now, let us prove that w is bounded.
Consider the following rescaled version of w, called uy, which has been inspired
by the works of [32] (p. 1090) and [30] (p. 5):
et
Uy = gw

If we prove that p is bounded below then the boundedness of u; will imply the
boundedness of w. So let us show that u is bounded below under the assumption
that u; is bounded.

We have J
@(tefz“) = —k — 87t’p. (3.2)
Transforming the integral term defining p to w1 as an integration variable instead

of w yields

[e%¢) o3} St —3un,,2 1
p:/ / e ad dedU1+f(X2+Y2>;
—soJo N1+ dt2e20y? + F/t2 4

where X and Y are defined in lemma 1.5. The integrand term in p can then be
estimated by 4me?#|u;|. We have

R 14 F/t?
62“(p—p)=£2/ / RN !
t —o0Jo 1—|—w2+F/t2

o oo 1+ F/t?)2tet
:EQ/ / U+ PR i,
2 Jo 1+ 4t2e= 202 + F/t2

e fdF dw

2 o0 o0
< 7” / / (1+ F/t*)e! fdFdu,
—o0 JO

2T o rFo

< —36”/ / (1+ F)fdFduy
t —uy JO

< Ct3aget

where @ is the maximum modulus of u; on the support of f at a given time. We
can then estimate from (2.72) I(s) by h(s) = C'sup{1+s~1 + s 2etu(s,7);r €
R} and B(t)? by B(1)? exp(ft1 h(s)ds). Thus

1
X2 4Y2<e?B(t)? <e B(1)? exp(/ h(s)ds).
t
Therefore, using the bound for x and u;, p can be estimated by Ce™2* and so
(3.2) implies that
d

4] < OO+ 1e20),

integrating this with respect to ¢ over [t, 1] yields

1
te 2 (t,r) < e 2m(Lr) +/ C (1 + 5672“(5’74)) ds,

t
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which implies by the Gronwall inequality that te~2* is bounded on ]T’, 1]; that
is p is bounded below on the given time interval.

The next step is to prove that u; is bounded. To this end, it suffices to get
a suitable integral inequality for @;. Since u; = wuy (¢, r(t)), we can compute 1w, :

. et +e“ (.+.,)+e”.
Uy = —gpWT ;W r —w
PT T Ty T T Ty
ie.
. A | et .
U = ,u+7"uf¥ u1+2—tw (3.3)
We have \
o
W= —Arter A ¢ = e v
L +w?+ F/t?
and ,
14 kes#
= At (/T F P 5 FJ2 — pu) + -,
so that (3.3) implies the following :
1+ F/t?

k
. 2 3
U =e —Ant(p — p) + — | u + 2me .
! [ (v ) J ' j\/l + 4t2e—2my? + F /12

i.e
(14 F/t?)|uy|
V1 +4t2e=2mu? + F/12

(3.4)

k .
u'1|u1| — 21 [47Tt(p —p) + t:| U1|U1| + 27'(@‘3,“]'

In order to estimate the modulus of the first term on the right hand side of
equation (3.4), we need the estimate of e**(p — p)ui. For convenience let log_
be defined by log, () = log « when log  is positive and log  (x) = 0, otherwise.
Then estimating the integral defining p — p shows that

p—p<C(1+ 10g+(w))7

i.e.
p—p<C(1+log, (1) — p).

The expression —p is not under control ; however the expression we wish to
estimate contains a factor e2*. The function p — —pe?* has an absolute maxi-
mum at —1/2 which is (1/2)e~!. Thus the first term on the right hand side of
equation (3.4) can be estimated by Caf(1 + log, (u1)).

Next the second term on the right hand side of equation (3.4) will be esti-
mated.
By definition

7_‘_ o0 o0 . )
= 2 / / wf(t,r,w, F)dFdw — ¢¢'e " > = ji + j
—o0 J 0

92



The first term of j can be estimated by Cw?, i.e.
j1| < Cufe 2

and the second term  [jo| < 2e72B(t)% so that it suffices to estimate the
quantity
(i + B(t)*)(1 + F/t?)
V1 + 4t2e—2mu? + F/t2

[ua] (3.5)

in order to estimate the second term on the right hand side of equation (3.4).
But since p and t~! are bounded on the interval being considered, the quantity
(3.5) can be estimated by C(u? + B(t)?). Thus adding the estimates for the
first and second terms on the right hand side of (3.4) allows us to deduce from
(3.4) that

jinler] < Ca2(1+ log, (@) + C(@ + B(t)?)

ie

d _ _

%\Ul\Ql < Clun)*(1 +log, (af)) + CB(t)?
Integrating over [t, 1] gives :

() < (1) + O / [@(s)(1 + log, (@(s)) + B(s)?]ds  (3.6)

We deduce from the estimate of p — p and from inequality (2.72), that I(s) can
be estimated by C(1 + log, (%;)). We then obtain

B(H)? < B(1)? + C/f (1 + log, (a2)(s)) B(s)?ds (3.7)
Adding (3.6) and (3.7) gives estimate :
w2 (t)+B(t)* < a§(1)+B(1)2+0/1(1+a§+B(s)2) [1+log, (1+ai(s)+ B(s)*)] ds
' (3.8)

Set v(t) = u3(t) + B(t)?, then (3.8) can be written

1
v(t) <wv(l) + C/t (1+v(s)) [1 +1og, (14 v(s))] ds (3.9)

By the comparison principle for solutions of integral equations, it is enough to
show that the solution of the integral equation

1
a(t) =a(l) + C/t (1+a(s)) (1+1log, (1 +a(s)))ds

is bounded. The solution a(t) is a non-increasing function. Thus either a(t) < e
everywhere, in which case the desire conclusion is immediate. Or there is some
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Ty in |T, 1] such that e < a(t) on |T, T1]. We take T} maximal with that property.
Then it follows on |7, T1] that inequality

T
a(t) < C (1 +/t a(s)(1+ log a(s))ds)

holds for a constant C. The boundedness of a(t) follows from that of the solution
of the differential equation & = Cz(1 + logz) which is exp(exp(Ct)—1). In
either case a(t) is bounded. Thus %% and B(t)? are bounded i.e w and K(t) are
bounded. The proof of the theorem is complete using theorem 2.6.0]

3.2 On past asymptotic behaviour
In this section we examine the behaviour of solutions as t — 0.

Firstly we follow the work of Ringstrom [24](P. S310-S311) to bound the
quantity |¢’|e#~* by C|tlogt|~!, where C is a positive constant.

Lemma 3.2 Let A; = %(7Q§+ tl;ﬁgt + ¢'et N2 and

As = %(*(fl) + “fgt — ¢'eP M2 with t €]0,1[. If ¢ satisfies the wave equation,
then

<6t+e—“—A8T>A1 U )l o) 4 g

logt tlogt
1 / A . 1. . ) e . ¢ e
+ o (L )¢2 nme 1()\—#4‘;)@—(156# =0+ o7 T
(3.10)
(O +e"20,)A —_l(1+ ! —)(—o+ ¢ )2 4 ¢2e2H2A|
' e logt tlogt
L 1202u=2X | 1 —) ; 10} A\
+§t(1+@)¢ et 1()\ B+ )(¢+¢e‘ )(— ¢+tlogt ¢(u ))
3.11

Proof : We have,

) _ ¢(1 +logt)
tlogt (tlogt)?

8(& + 67“*’\87,)/11 = 2[*¢ +

¢
tlogt

+ (= Nger ™+ et

¢
tlogt

F TG o (W = XN T 4 @ T (< o e

) ~ ¢(1 +logt)
tlogt (tlogt)?

/ 2u—2A | (b [BNTEDN
+ (1 = N)g' e (= ¢+@+¢@l )

— 2[—é+¢//62“_2)\+

¢/ep,—)\
tlogt

+ (= A)g'er ™

+

o4



i.e

N2 4 ¢ #(1 +logt)

8(0 +e "0, A1 = 2[(A — j+ )¢+< T Tlogt T (tlogt)?

. o —A .
- Rge+ S8 gt T~ X)E(—d+ ﬂfg [ o)
T N I S
= 2AA =i+ )0t et T Wlogt? ~ Plogi
. AN o p— (b’elt—)\ o)
(=N T ot o T
= 20— i+ PO = I ) 1 4 e
¢ 1 ¢ ; ¢ ' oA
tlogt((b_tlogt)+z(¢_tlogt)](_qj—’_tlogt—'_d)el )
_ _ ¢ — _ 1 _1 ! ¢ ERPVSNTEDN
=2 N tlogt t)( ¢+t10gt ¢
2= i+ )G+ o )
f,g L _7' ¢ /2 2pu—2A\
N t(1+logt) ( ¢+tlogt) —erer )}
2= ik PO I Nt o+ He
__2 L__' ¢ 9 12 2u—2X é L N2 2u—2)
N t(1+10gt) ( ¢+tlogt) +ee }+t(1+logt)¢ e
$2h = 4 DG SNk e

and (3.10) follows. If we replace r by —r, the wave equation is invariant, d; +
e #7209, and ; — e #*9,, A and A, interchange; and we can write (3.11).0

Lemma 3.3 Let (f,\, p, @) be a left mazimal solution of the Finstein-Viasov-
scalar field system on the interval |T,1], 0 < T < e~!. Assume that

Q(t) = supf{| w | |(r,w, F) € suppf(t)} < Ct*
for some positive constants C, a and for some t €|T,e~1]. Then

¢

ﬂ gt)2 + ¢2e A < Of(tlogt) 2 (3.12)
(0]

(—6+

Proof : Consider the two characteristic curves (¢,71(t)) and (¢,72(t)) of the
wave operator. Since ¢ €]0,e~!], the term (1 + @)qﬁ’zez‘“”‘ is nonnegative
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and (—¢ + )% 4 ¢/2e22A = 4(A, + Ay), then from (3.10) :

tlogt

(0 + e 20,) As (t,m (1) > —%(1 + @)(Al +A2)(t, (1))

. . T, . (3.13)
_ _ \(_ ! — _ _r ! ph—
TO =it DG4 GGk o e Nt ()
Similarly, we deduce from (3.11) that :
(0 — e7#729,) Az (t, 12(t)) > 71(1 + i)(Al + A2)(t,72(t))
t logt (3.14)
L U YA SV S S IS '
— At (o —get )(7¢+tlogt7¢eu )t 72(t))

Since Q(t) < Ct®, we can bound p — p by Ct=37® (see the proof of Theorem
2.6). e2* < Ct; then

(A= a)(t) + L+ =~k 4 drte®(p — p) < C(1 4t 1+*); and from (2.72), I(s)
can be bounded by s~ + C + Cs™1*®. We deduce from (2.72) (consider the

integral term in the interval [t,e~1]) that

-1
B(t)? < B(e7')?exp[2 [ (s'+C+Cs™'T%)ds] ie B(t)> < Ct=2. There-
fore |p(t)| and |¢'|e”~*(t) are bounded each by Ct~!. We can then have a lower

bound of the second term of the right hand side of each inequality (3.13) and
(3.14) which is —C'(t~2 +t~3+®). Then

(O + P20, At (1) > — (14 —— ) (A + As)(t, (1) — C(t~2 +£75+9)

t logt
and
1 1
(O + e H72D,) Aa(t, 12 (1)) > -1+ @)(Al + Ag)(t,ya(t)) — C(t™2 +t73T9)

On the corresponding characteristic, we have 9, + e #~20, = 0, — e *~20, =
%. Take the supremum in the space of each of the above two inequalities and
add them. Then

d 2 1
—(A1+ A >——1+—)A1+ 4 — 2 4 pite
o (A + A2)(tr) 2 ——( +10gt)( L+ Ag)(t,r) — Ot +17777)
Set u(t) = (A1 + Aa)(t) and v(t) = (tlogt)?(A; + A2)(t). If v(t) is bounded,
then we conclude that u(t) is bounded by C(tlogt)~2. Let us prove that v(t) is
bounded. We have :

d d
d%f) = 2t(log t)u + 2t(log t)*u + (tlog t)QditL
du 2 1
= (tlogt)*(— + ~(1+ —
( og)(dtth( Jrlogt)u)

> (tlogt)?(—Ct™2 — Ct3%*) = —C(log t)*(1 +t~ 1)

Then, v(t) < v(e ) + Cj;eil(l + 5717 (log 5)?ds < v(e™') + C. We obtain
the desired conclusion of the lemma.[]
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Remark 3.4 In the case f =0, we obtain from previous theorem and theorem
2.5, the global existence of solutions and the above estimates hold on the whole
interval ]0, e~ 1].

Remark 3.5 We have from the field equation (1.4),

ik sr [ iy g
€ e
6*2“:7—’_—]{?—%1 82p(s,r)d327+—k

¢ tJe t
and then, for k=0, e 2t > %2“ > % ;
fork=—1, e>em=li1>8 41,
where .

C inf e=2# fork=0orl
0 - o
infe 2 — 1 fork =—1
Thus
e2u§CLO for k=0ork=1;
and 62# S Cot-‘,-t fO?” k=-—1.
Remark 3.6 Let us prove that inf e 20(r) = | ;OH.
e<m
Forallr €R, 0 < ||, hence e 0> i and
o2
inf e—20(r) > 1
lle221 . .
Forallr € R, e i) >infe i) e %) < L and
inf e =#("
||e2#]| < ﬁ i.e infe20(r) < 1 ;ﬁn' This completes the proof.
infe™ 7‘ e

First we analyze the curvature invariant Raﬁ,ﬂ;Ro‘m‘S called the Kretschman
scalar in order to prove that there is a spacetime singularity. Thus the spacetime
cannot be extended further.

Theorem 3.7 Let (f, A\, u,¢) be a regular solution of the surface-symmetric
Einstein- Viasov-scalar field system on the interval |0, 1] with data given for
t=1. Then

By 4/ —2& 2
(RapsRPO)(t, 1) > I (mfe + k) )
with r € R.
Proof We can compute the Kretschman scalar (see [15]) and obtain
Rags R0 = 4l (" + 4l (4! — X)) — (3 + AR — o)) 2
8 _aus 4y _
?[e 4;L)\2 +e 4p.u2 — % 2()\+;L)('u/)2}
4 _
+ g€ k)

:3K1+K2+K3

_|_

o7



The first term K is nonnegative and can be dropped.
Inserting the expressions

: ke ke
672H)\:47Ttp77+2i coeT2Hy *47Ttp+7+2€t coe MY = —dAnty
into the formula for K5 yields
8 k+e 2n, k+e 21, N9
Ky == |Antp — — 47t — )" — 2(—4nt
= [t X Gamp + T a(am)
8 9 kE+e 2t (k+e 21)2
=52 [16# t2(p* +p* — 25%) — 4xt(p — p) ” + 572 .
Now
' - [eS) [eS) o B
enl < [ ulsapdo ¢ gl e
—o0 J0
< 1 2 F t2 1/4 £1/2 1/2dFd
_t2/_oo/o L+ + F/E)S (1+w2+F/t2)1/4f v
1 .
4 §(¢2672y+¢/2672)\)
m e e 1 1
< — V14 w24 F/t2 dFdwE/ / dFdw)?
1
+ §(¢26_2“ + ¢"2e=?*) by the Cauchy-Schwarz inequality.

I /\

- fdFduw)

2t2/ / \/mdedw—i—//

7((252 72;1,_’_¢I2 72)\)

\/1+w2 + F/t?

_|_
w\)—'l\?

(p+p)(t,T).

In fact the above inequality holds in general for all choice of matter satisfying
the dominant energy condition. Therefore

. 1 1, 1 1
P4t =2 2 p " = St p) = 50"+ 5P e = 5(p —p)?

2
and
8 5 5 kE+e 20 (k+e 21)?
K225 {87# (p=p)” —dmt(p —p)———— + 3
4 k4 e 20 2
>3 {47#(/)1)) — =0
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Recalling the expression for e 2 we get
e—20(r) +k 8t (!
- Jr R

t t ),
e~ 4k S inf e~ 2% +k
- t - t

e M4 k= s2p(s,r)ds

thus
4

4
Ky = —(e 2 + k) > —

and so we deduce from (3.15) that

(inf 6_2‘0‘ + k)2

~

4 ; 2
(Rap s RPN (t,r) > 7 (inf e 20 4 k) , t€]0,1], r € R,

and the proof is complete. [

Remark 3.8 We deduce from the above inequality that
lim (Ra s R*7) (2, 7) = oo,

uniformly in r € R.

Next we prove that the singularity at ¢ = 0 is a crushing singularity i.e.
the mean curvature of the surfaces of constant ¢ blows up. In the case where
there is only a scalar field and no Vlasov contribution this singularity is velocity
dominated i.e the generalized Kasner exponents have limits as ¢ — 0.

Theorem 3.9 Let (f, A\, u,¢) be a regular solution of the surface-symmetric
Einstein-Viasov-scalar field system on the interval )0, 1] with initial data given
ont=1. Let

K(t,r) = —e " (X(t,r) - ?)

denotes the mean curvature of the hypersurfaces of constant t. Then
K(tv 7“) S _Cti?)/za
where C' is a positive constant.

Proof For a metric of the form ds® = —a(t,r)?dt? + g;;dz'dz?,
the second fundamental form of the hypersurfaces of constant ¢ is given by

Kij = —(2a)7'0;g;; and its trace K(t,r) = ¢g¥ K;; is the mean curvature of
that hypersurfaces. For g defined by (1.1), we have
Ki' = —%6,5‘91‘]'. Thus

K11 = —570ig11 = AP 5 Koy = =S5 0g99 = —te ™"
K33 = —te™# sini 9
And K(t,r) = —(A+ 2)e*. We have

- k+ e 2 k+e 21
=X (4mtp— ——— ) > e ). 1
A=e ( mtp o7 ) > —¢ ( 5 (3.15)
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and . )
— 3e—2n
Kt r)< ———— ¢,
(t,7) < 2% ¢
For k=0or k= —1,

3
t < ——eh
K(tr) < —5e

and the estimate

-2
e—2/L > € ! + k
- t
implies
3 infe 2 4k 3 ;
K(t,r) < _%(y)lm < —Ct™%/% where C = §(infe_2“ + k)2

For k =1 we have

2 =2
e_“2T>1:k(sincet<1)

thus
1—3e2¢ e —3 eH
Kt r)<et < -
(tr)<e 2t - 2 t
< e M inf e*ﬁ
ST ST
< —Ct3/?  where C = inf e*’i.
O

Remark 3.10 We deduce from above that

lim K (¢,r) = —o0,
t—0

uniformly in r € R.

Theorem 3.11 Let (A, u, ¢) be a reqular solution of the spherical, plane and hy-
perbolic symmetric Finstein-scalar field system on the interval 0, 1] with initial
data given att = 1. Then

Ki(t,r)

2 3
im K5(t,r) I K3(t,r) 1
t—0 K(t, ’I‘)

- 5(1 - CL(’F))7

=al) s i iy i K

uniformly in r € R,
where

Kll(tvr) Kg(tvr) Kg(tar)
K(t,r) " K(t,r)' K(t,r)

are the generalized Kasner exponents and a(r) a function of r.
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Proof We have

Ki(tr) _ tAtr)  K3(tr) _ K3(tr) _ 1

K(t,r)  tAt,r) +2 K(t,r)  K(t,r)  tA(tr)+2
with k
tA = At p — 562“ -5

As we have seen previously
2T < O

which implies that
2B 0 ast— 0

Let to €]0,e~!] and ¢ €]0, o). From (3.11),

(b _ 1 '_ ¢ _ —1 —2
Ojory) = 1og7®@ ~ Tiogy) = O (log D)%)

so that

o(t,r) _ lto,7) /to s (log s)~2ds
logt log to " '

The integral term of the above relation converges as t — 0. Set

to
A(r) = lim o(tr) = d(to, ) —/ s '(logs)"2ds
t—0 logt log to 0

Since from (3.11), (¢ — 7757) = O((t|logt])~*), we have
¢

L 1
top = Togt +O((|logt|)™)

so that td — A(r) as t — 0. Inequality (3.11) shows also that
@222 = O((t|logt|)~2). Using these limits, we have

: ; k 1 1
tA(t, 1) = 21 (292 + t2 g2 2) — §€2H -5 2mA(r)? — 7 as t — 0, uniformly in .

We take a(r) = % to complete the proof . [J
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Chapter 4

Global existence and
asymptotic behaviour of
solutions in the future

4.1 Global existence in the future

We prove the global existence in the future in the cases of plane and hyperbolic
symmetries.

Theorem 4.1 Assume that (f, A\, p, d) is a right mazimal regular solution of
the Einstein-Viasov system with scalar field obtained in Theorem 2.7. Then for
k=0ork=-1,

sup{e?*t|r e R, t € [1,T[} < oo.

Proof : We now establish a series of estimates which will result in an upper
bound on p. Similar estimates were used in [4] and [3]. Unless otherwise spec-
ified in what follows constants denoted by C will be positive, may depend on
the initial data and may change their value from line to line.

Firstly, integration of (1.4) with respect to t and the fact that p is non-negative
imply that

o —1
—20(r) 4 L 8 t t
oute) _ | € AR _i/ 2 >_t 1,7 (4.1
. [ R I I R ARy

Next let us show that

1
/ M Ap(t,rydr < Ct, t € [1,T] (4.2)
0
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We have

d 1 1 .
G | emotenar = [0 e+ ot

with
~7_27T/ / V14+w?+ F/2fdFdw+ — /Oo /Oo\/1+w2+F/t28tdedw
—o0 J0
f —2u(_ pd2 —2X(_\ 412 e
tz/ / 1+w2+F/t2d dw + e (< + ) + P (<302 + ¢o)
1

—_ _7p_ 7q+ t( 72u¢2 72/\¢)/2) E(672;1¢')2 o 672)\(1)/2)

+5 /_‘X’ /OOC V1+w? + P[0 fdFdw + e~ (—id® + ¢§) + e N (=Ao” + §'¢)

2 1 2 . . -
= 2= S+ TG e (=g + 60)

+ e (Ag? + Fo) + / / I 0T T FJ0, fdFduw.

1

The Vlasov equation and integration by parts imply,

ul / / L+ w? + F/20, fdFdw
t —o0 J0
-5/ . / Y e [ e N R L S L S ) P
2 J_ Jo L+wi+ B/
_ ;2/ / [Aw L+ w? + F/2 + e/ (1+w? + F/tQ)} Ou fdFdw
—oo0 J0

ft%/ / e’ Mwd, fdFdw
—o0 J0

= = e G+ e + e NG + ¢ )de ]

,w2
—)\— 1+w?+ F/t2 4+ —u | fdFdw
/ / ( / \/1+w2+F/t2>f
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And so

2 1 . ) .
p=—Tp—ca— " =2 = Mp+p) + Te g
e (= + 90) + e TN (=AG + I'Y) + (N + e e
_ 672/\@')/(25/ + QB(ZSH) _ 2,11/(2.5(25/672)\ + /'\(672;%2’52 + 672)\¢/2)

2 1 . ) . . 2.,
=== a7+ 2G) = Mp+p) + (A= it J)d%e
+ (N = W)gd e+ d(e™h — e )

2

1 U . 1+ ke?+
= =3P 0= T+ 2) — (dmtpe — — —

5 (P +D);

where we use the wave equation to substitute the term e 2Hp—e 2 ¢ and also
the expression of A. Therefore,

d [ 1t
G [ et =3 [ [2p+q+ew<j'+zu'j>’)gf’mke%} dr
0 0

=3 [ a2 ke - [eniyar
0 0

(4.3)
and since p and j are periodic with respect to r, we deduce that:

1 1
i/ et Ap(t, r)dr = —= / et 2p 4 g — m(1 + ke | dr

For k = 0, since ¢ > —2p, we have ¢ + ?)prp >q+p > —p; we deduce that:

d [* 1!
—/ P Ap(t,r)dr < f/ P p(t, r)dr
dt J, tJ;

Integrating this inequality with respect to t yields (4.2) for k = 0. For k = —1,
we have, using (4.1):

d ! 1t
7/ e”“p(t,r)dr:”/ en ) 2p g — PP )| gy
dt J, t Jo 2

1 1
HEA (o ot B / wr PP
/0 € (p+q 2 C+t 0 ¢ 2 "

1 1
1 p+p
YD) d - HAA d

1 1 1 1
A €N+)\pd’]" + (E — 074—1;)/0 e/’H"/\pd'f'

<(2 1 )/1 B
B o— r
=% ot ), 7

< - p)dr

IN
S| = k| =

IN
S
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where we use the fact that 2p + ¢ > —p and "Qﬂ < p. Integrating the above
inequality with respect to t yields (4.2) for kK = —1. Using equation p/ =
—4rtel A4, the fact that |j] < p and (4.2) we find

1 1 r 1 1
mmw—/umwwha//uﬁmwwE/ /wwﬂww
0 0 o 0 0
1

1
< 47rt/ et At 7)|dr < 47rt/ P p(t, T)dT
0 0

that is .
ntt.r) = [ ulto)do |< OF, e LT 7 e 0,1 (4.4)
0
Next we show that
et =AY < Ot e [1,T, r e [0,1]. (4.5)
To see this observe that : relation i — A = 4rte2r (p—p) + %, p—p<0
and (4.1) imply that
0 ‘ 14 ket
—el A = (1 — N)et N = et [dnte® (p — p) + Lrher
ot t
1+ ke2# 1
< =X < (Z B2,
S iy L

and integrating this inequality with respect to t yields

t
=X < < Ct
ST =

ie. (4.5).
We now estimate the average of u(t) over the interval [0, 1] which in combi-

nation with (4.4) will yield the desired upper bound on p. We use (1.4), (4.2),
(4.5) and the fact that p < p, ke <0 :

/01 p(t,rydr = /01 (r)dr + /j /01 f(s,r)drds

t 1 1
<C+ / — / [e*(87s’p + k) + 1]drds
1 25 Jo

1 t 1 t 1 k 24
=C+-Int+ 47‘(‘/ / se*pdrds + / / © drds
2 1 Jo 1Jo 2

1 t 1 t 1 k 2u
<C+ -Int+ 47r/ / sel el A pdrds + / / ¢
2 1 Jo 1 Jo 2s

1 t
§C+§lnt+C/ s3ds
1

drds

1
:C+§lnt+Ct4
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with (4.4) this implies
p(t,r) < C(A+Int+t* +1%) < Ct*, t € [1,T], 7 €[0,1]. (4.6)

Remark 4.2 we have proven that for initial data as in Theorem 2.4 (local ex-
istence), the right maximal regular solution of the FEinstein-Viasov-scalar field

satisfies estimates (4.2)-(4.5)-(4.6).
In the next theorem, we prove that this solution exists on the full interval [1, col.

Theorem 4.3 Assume that (f, A, p, @) is a solution of the full system on a right
mazximal interval of existence [1,T], then T = co.

Proof: Assume that 7' < co. We show that under the bound of u, we obtain the
bound of sup{|w||(¢,r,w, F) € suppf} which is in contradiction to Theorem
2.8. The proof of the bound on w is similar to the proof of [see [15], Theorem
6.2]. Let

Wy := sup{|w]|(r,w, F') € suppf} < oo,

Fy := sup{F|(r,w, F) € suppf} < cc.
Except in the vacuum case we have Wy > 0 and Fy > 0. For ¢t > 1 define

Py (t) := max{0, max{w|(r,w, F) € suppf(¢t)}},

P_(t) := min{0, min{w|(r,w, F) € suppf(t)}}.

Constants denoted by C will be positive, may depend on the initial data and may
change their value from line to line. Let (r(s),w(s), F') be a characteristic in the
support of f. Assume that P, (¢) > 0 for some t € [1,T[, and let w(t) = w > 0.
We have

W= —Aw— e M/ \/1+w? + F/s?
1 k 2
= (—4mse?tp + —’—276)111 + dmse* j\/1 + w? + F/s2
s

1+ ke
= dmse!(j 1+w2+F/52—pw)—|—+2786w

4 2 oS ') ~ ~
- %62“/ / (wm Fw? + F/s? —wy\/1+ 02+ F/82> fdF di
—oo0 J0

1+ ke2w 1 . .
+ 7+2 € w — dmwset |:2’LU(¢262'U' + ¢’2672)\) + /1 4+w? 4+ F/SQ(M)’@”)‘]
s
(4.7)
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Using the fact that K(s)? < K(1)%s for s € [1,T][ (see (2.78)), we have :

(¢26—2u + ¢/2 —2X + 14+ w2 T F/S2(Z.5(bl€_'u_A
(w+ /1 +w? + F/s2)gg/e >

> —\/14w? + F/s2K(s)?

>

—C(1+ Pi(s))s (4.8)

Wi N)M—l

Set v = w\/1 + w? + F/s2 — wy/1+ @2 + F/s2. As long as w(s) > 0, we have
the following estimates: if w < 0 then v < 0. If w > 0 then

472 o e 1+ ke 1+ ke
Le%/ / v fdFdi + TR < +26 w
2s S

eu/ﬂ()/ﬂ) W (1 + w? + F/s?) — w?(1+ 02 + F/s?)
0

fdFdw
/14 w? + F/s? +wy/1 + 02 + F/s2
Pi(s) pFo W2 1 F - 1 & ke2m
e“/ / WA+ F/S) popap 4 LR
20w 2s
Pelo) o p(14+F) , - 1+ ke2#
< Le%/ / ;)dedu? + Lw
S w 2s
o 2K 1 1+ ke2#
<Ar?Fo(L+ Fo) || £ |l E(PJF(S)FE Tt v
2
< c {(P+(8)) +w} (4.9)
s w

Therefore, using (4.8) and (4.9), (4.7) yields:

= Fw(s)| + O(1+ Py(s))s?

i.e.

\ Q

~(P1(9))” + CP(s)(1 + Py (s))s”
diiw(s)2 < C(s 14 53 (Py(s))? + CPy(s)s?

as long as w(s) > 0. Let ¢; € [1,¢] be defined minimal such that w(s) > 0 for
s € [t1,t[, then

w(t)? < w(t)? + C/ (571 + 5%)(Pe(5))* + 5° Py (s)]ds

t1

If t1 = 1 then w(t;) < wp and
<w0+0/ Po(5)) + 52Ps ()] ds.
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If t7 > 1 then w(t1) = 0 (¢1 is the minimal) and

w(t)’ <O [ [(s7 + ) (Po(s))® + 8 Pi(s))ds

ty

<wd+0 [ 167+ AP + Pl
Thus
uawfs%+czkf%m%WAm%mﬁmmwwmmueuﬂ
Now we use the fact that Py < (1 + P?) to obtain
<&mfs%+cARusWA@W+¥w
< (wg + Ct?) + C/lt(s_l + 5%)(Py (s))%ds; for all t € [1,T]

If t < oo, applying Gronwall’s inequality to this estimate implies that P, is
bounded on [1,T7.

Estimating w(s) from below in the case w(s) < 0 along the same lines shows
that P_ is bounded as well and the proof is complete.

Remark 4.4 In the case of spherical symmetry (k = 1), there is no global
existence in the future, regardless of the size of initial data. For any solution
(fs A, 1, @), the estimate

—24(r) 4 1 8t [t —2a(r) 4 1
o—20(tr) % 1 7” p(s,r)ds < % 1
1

has to hold on the interval [1,T[. Since the right hand side of this inequality
tends to —1 fort — oo, it follows that T < co. And we deduce from the previous
Theorem (|w| < 0o) that ||e**|| — oo fort — T.

4.2 The future asymptotic behaviour

In this section we prove that the spacetime obtained in Theorem 4.3 (with f = 0)
in the plane symmetric case is timelike and null geodesically complete in the
expanding direction. Later on, we prove that this result holds for homogeneous
solutions of the Einstein-Vlasov-scalar field system in plane and hyperbolic sym-
metry.

Let us determine first the explicit solutions ¢, i, A in the case f =0 and k = 0.
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4.2.1 Integration of equations

In the case k = 0 the wave equation can be reduced to a simple linear equation
as observed in [19]. This reduction goes as follows. In that case the field
equations imply that A\ — p + logt is constant in time. It may, however, be
dependent on r. Suppose that r is replaced by a new coordinate s on the
initial hypersurface. Choosing s appropriately makes the transformed quantity
A — p + logt constant on the initial hypersurface and hence everywhere. Let
us call this constant 7. Then A — p + logt = 1 and the wave equation (1.7)
simplifies to

O + 17100 = t2e 720,46 (4.10)

Now with the change of coordinate r by s, /g, dr = err = erds = V/Gssds with
A — p+logt=mnie ds=e dr=te "er Hdrand1=e" fol tePA=m (&) dpe
for all ¢ > 1. In particular for t = 1, 1 = Ae™" is the period of variables r and
s for A= fol A=) gy,

Now if we set T = 3t? (3 a positive constant), then (4.10) reads

Orro +T10r¢p = ﬁe”"ass(b. Setting Ae™" = 27 and 48e?7 = 1, we can use
the results of Jurke (cf. [11]) obtained in the case of polarized Gowdy T-models
(here W is replaced by ¢, t by T', the period of the space coordinate is 27). The
equations are similar with the same boundary conditions. Following this, for all
(t,7) € [1,00[xR and T = 2, ¢ must be in this form :

(tr) = a, + 2blogt (homogeneous case)

o) = a; +2blogt +t~ta(t,r) + B(t,r)  (non-homogeneous case)
(4.11)

where a; and b are constants fixed by initial values of ¢ and ¢, o and j real-

valued C?-functions with |af, |o/| < C, |&| < Ct, |B], |8 < Ct=3, 8] <

Ct=%, C a positive constant and (¢t 720, — t729;)a(t,r) = dyra(t,r). We

deduce that |¢¢/| < Ct~1,

JFrom the field equation (1.4), we have :

2tf =1+ 8mt2e®p

ie
. 1 ; _ 1 .
= 272‘: +27Tt(¢2 _'_62,11, 2)\¢/2) _ 27t + 27Tt(¢2 +4t2¢l2)
JFrom (1.3) .
2\ = —1 + 8mt?e?tp
ie

A . -1 .
A=+ 2mt(p? + 22 g?) = o 2t + 4t%¢"?)

We deduce from the expression of ¢, that ;i and A are bounded each by a
positive constant C. From Theorem 15 of [11] (the hypothesis of this theorem
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are satisfied : a; is replaced here by f1), u can be cast for all (¢,7) € [1,00[xR
into the form

L1672 + 1) logt if /=0
u(t,r)_{z( S (4.12)

vt? 4+ 5(t,r) (non-homogeneous case)

where v is a positive constant, 7 a constant fixed by initial value of 1 and the
function & satisfies the inequalities, |3(t,7)] < C(1+t), |§| < Ct with a positive
constant C. Note that if ¢’ = 0 then from equation (1.5), 4/ = 0 and X = 0;
the solutions are independent of r and we are in the homogeneous case. Since

A== —t"!, we deduce that A(t,7) = u(t,r) — logt + A(r) — ju(r).

4.2.2 Geodesic completeness

Let |7_, 7[> 7 = (z%(7),p”(7)) be a geodesic whose existence interval is max-
imally extended and such that 2°(m) = t(m9) = 1 for some 79 €]7_,7+[. We
want to show that for future-directed timelike and null geodesics, 74 = +oo.
Consider first the case of a timelike geodesic, i.e.,

Japp®p® = —m* 5 p° >0

with m > 0. Since dt/dr = p° > 0, the geodesic can be parameterized by the
coordinate time ¢. Recall that along the geodesics the variables
t,r, p%, w = eMpt, F = t*[(p?)? + sin; 0(p*)?] satisfy the following system of
differential equations :

dr Y dw

i o = A\ —
dr e dr pw—e

dF

2u—XA, 1(,0y2 4
w(p°)7, e

0 (4.13)

ﬂ_ 0 dipo__~(0)2_2—)\ 1,0, —2u>'\ 2 —Q;Lt—?)F (414)
dT—P, ar w(p e ‘upw—e w e . .

With respect to coordinate time the geodesic exists on the interval [1, oo since
on bounded t-intervals the Christoffel symbols are bounded and the right hand
sides of the geodesic equations written in coordinate time are linearly bounded
in pt, p?, p3. Along the geodesic we define w and F as above. Then the relation
between coordinate time and proper time along the geodesic is given by

dt
— =p" =e"/m? +w?+ F/t2,
dr

and to control this we need to control w as a function of coordinate time.
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The plane symmetric case without Vlasov

Assume that w(t) > 0 for some t > 1. By (4.13) and the fact that |¢||¢/|(t) <
Ct=1, =N = ="t we have as long as w(s) > 0

d ‘ 1
d—w(s) = —dw — A/ p? = dmse®  (j\/m2 4+ w? + F/s2 — pw) + 2
s s
1
< 2 4rse®t pw + |4mse®j(w 4+ /m2 + F/s2)|
s
1
< 2—w+47r362”\j\\/m2 + F/s? since |j| <p
s
1 :
S gwt 4mset = @l|¢'|/m2 + F/s?
s
1
< —w+Cs
2s
(4.15)

Let to € [1,¢] be defined minimal such that w(s) > 0 for s € [to,t[. Then
Gronwall’s inequality shows that

t

w(t) < [w(to) w0 [ sem / ’ ‘jj)ds} exp( / o).

Now either tg = 1 and w(tg) = w(1) or tg > 1 and w(te) = 0 (o is the minimal).
Thus

w(t) < [|w<1>| e " s exp( / 1 ;’st] expl <o

Estimating w(s) from below in the case w(s) < 0 along the same lines yields
the upper bound of —w(t).

Since |§| < C(1+t), vt2 +6 > vt? —C(1+t) = vt?(1 — C(yl;t)). For ¢ large, we

choose C(;{t) < % ie vt?2 46> %z/tz. Then along the geodesic we have :
dr et eVt +o
At \/m?ru+ FJ2 J/m?+ Cth+ FJE
1 2
ezt vit?

= constant.

> >
PV O+ F -~ 222 C 1 F

Since the left hand side is constant, the integral over [1, co| diverges.
In the homogeneous case (v =0, j =0, p > 0), (4.15) becomes

d (5) < 1
dsws _23w

and we can prove similarly as above that w(t) < Ct'/2 for t > 1. Therefore

dr 3 (16mb%+1) log t+ - 13 (16mb%+1) oy >Ct8”b2

dt  \/m2+Ct+F/2 ~ t\2/m>+C+ F
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The integral on the right hand side of the above inequality over [1, oo diverges.
In either case, we conclude that 7, = +o00 as desired.

In the case of a future-directed null geodesic, i.e. m = 0 and p°(9) > 0, p° is
everywhere positive and the quantity F' is again conserved. The argument can
now be carried out exactly as in the timelike case, implying that 7, = +o00. We
have proven :

Theorem 4.5 Consider initial data with plane symmetry for the Einstein-scalar
field system written in areal coordinates. Then the corresponding spacetime is
timelike and null geodesically complete in the expanding direction.

Remark 4.6 In the homogeneous plane symmetric case with only a scalar field,
p(t) = p(t) = Le721¢?, (A — [)(t) = —t~' and solving the wave equation, we
obtain |p(t)] = [¢|t~1. From the field equations, A(t) = (2m)® — Dt~ and
At) = A+ (2792 — D) logt ; p(t) = i+ 279 + L logt ;

o 2 .

p(t) = p(t) = 92 2374707 1 () =0 ; q(t) = 2p(t).

We can compute the limiting values of the generalized Kasner exponents :
tA =2myp? — % ;

Ki(t,r) — lim t/.\(t,r) B dmp? — 1 .

e R I = S S e

K2 K3 1 2
—20 (t,7) = lim —2 2>~ (t,7) = lim — = ,
L T NS O (s B A S R e

The spatially homogeneous case

Consider now the Einstein-Vlasov-scalar field system for £ < 0. We study the
future behaviour for solutions which are independent of the space coordinate r.
In this case p’ =0, ¢’ = 0 and equation (1.5) shows that j = 0.

We prove that w(t) is bounded for finite time ¢ and the spacetime obtained
is geodesically complete. Since p > 0, 7 = 0 and k < 0, we have from (4.13) as
long as w(s) > 0,

d : 1 k 21
d—w(s) = —dw — AP0 = dmse® (j\/m2 4+ w2 + F/s? — pw) + J;iew
s s
14 ke?*
= —drse® pw + Ziew
s

1

< —w
2s

and we can prove as above that w(t) < Ct'/? for t > 1. Using (4.1), e2* >
n

1 _ 0. 2 t 1 1 _
Cfork—O, and e 270+t_71+0/t271+0 for kK = —1. In each case, €
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Then along the geodesic,

dr et S C
dt /m2+w2+F/t2 /m?+Ct+ F/t?
C

> > Cct~Y2

1 mE T CF F
The integral on the right hand side over [1, oo[ diverges. Therefore 7, = +o0.
In the case of a future-directed null geodesic, the argument is the same as what
we done in the previous subsection.

In the homogeneous case, a number of further estimates can also be obtained.
We follow the proof of Theorem 4.1 and [17] to obtain a better bound of y which
depends explicitly on the data. Recall (4.3)

d 1
(o) (t) = — e |29+ q = LI (14 e
dt t 2
Since ¢ > 0, we obtain :
for k =0,
d 75 2 1 75 2
@( p)(t) < 3 p(t);
thus i
e tAp(t) < e HApt (4.16)
for k= -1

d 1 p+p 1 p+p
(P tA < _ZphtA _ _
gl = —ge [2’) 2 Cott 2

11
<ehtA
=¢ p( ¢ Co—i-t)

< —me“‘”‘p(t)

where C = k 4 ¢~ 2 (see (4.1)) and C; = max(0,Cp). Thus
P p(t) < (O + 1)2eitApt=2. (4.17)

Next we have similarly to (4.5),

e < e for k=0 (4.18)
and
o © _2/3‘
el < e“_)‘fit for k=-1
e — 1+t
Ifﬁ < 0 then —4+— < 1. Ifft > 0 then %2“’5 < 1. Thus in either case,
e—2n —1+4t e~2n—1+4¢
ehA < il A for k= 1 (4.19)
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Now

t t
o . o 1
u(t) = p+ / f(s)ds = p+ / 2—8[62“(87752]3 + k) + 1]ds.
1 1

For k£ =0,
o 1 k o 1 i
p(t) < p+ 3 logt + 477/ setpds = 1+ 3 logt + 477/ sel et A pds
1 1
o 1 ° S0 o % ¢
<p+ 5 logt + 47re“+Ape“*)‘/ sds
1

o 1 ©0
<u+ 3 logt + 2me? pt?

ie
p(t) < fu+ 2meH pt?. (4.20)
For k = —1,
0 K b1
w(t) §,u+47r/ se2“pds+/ —(1—€*")ds
1 1 2s
o t PUNTEEY t 1 S
< 4 B=2eh T pd —(1- d
<p+ 77/1 set e ps+/1 23( Co-l—S)S
<+ 4n(Cy + 1)26\ﬁ|—f\°e,‘i+f\ /t s lds + /t 1(1 S )ds
- M T ! p 1 1 2 S CO +S
o 1 ) t
<u+ 3 log(Co + 1) + 47 (Cy + 1)ze|“|+“p/ s tds
1
ie

o 1 o150
wt) <p+ 3 log(Co + 1) + 4meltHH5(Cy + 1) log t. (4.21)
We have proven :

Theorem 4.7 Consider spatially homogeneous solutions of plane and hyper-
bolic symmetric Einstein-Viasov-scalar field system written in areal coordinates
and initial data given for t = 1. Then these solutions exist on the whole in-
terval [1,00[. The corresponding spacetimes are timelike and null geodesically
complete in the expanding direction and estimates (4.16)-(4.17)-(4.18)-(4.19)-
(4.20)-(4.21) hold.
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Conclusion

We have investigated in spherical, plane and hyperbolic symmetry, cosmological
solutions of the Einstein-Vlasov-scalar field system. But their are some remain-
ing problems listed as follows :

- past global existence for k = —1 without any restriction on the data;

- asymptotics in the past direction with Vlasov matter. Maybe the idea of [24]
could be used here?

- future geodesic completeness in general;

- future asymptotics. Maybe one can use the results of [26] which study the
future asymptotic behavior of massless scalar fields in a class of cosmological
vacuum spacetimes;

- in the case of a non-linear scalar field, using our approach can we obtain sim-
ilar results as in the case of non-vanishing cosmological constant?

Thus it appears that the work of this thesis can serve as a useful starting point
for future investigations.
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Appendices

Appendix A

Here we establish relations (2.26) and (2.27). Relation (2.8) gives :

eiﬂnil(gn - hn) + ei/\nil(gg - h;) = an—l(gn—l - hn—l) + bn—l(gn—l + En—l)

i.e

e Gme MR = ey —e M G (b1 )Gn 1+ (Bnm 1~ n
Therefore,
Dr—tXn = D:(gn-'rl - Bn-&-l) - D: (gn - Bn)

= n(Gn — Pn) + bn(Gn + hn) — €7 (G — Bn) —e (gl — hW'n)

= (an 4 bp)Gn + (b — ap)hp — Gu(eHn — e Fn=1) 4 B! (e7 0 — = An-1)

+ et — ghe M — gue it 4 plem A

= (@ 4 0)Gn + (b — @)y — Gu(eHn — e Fo=1) £ R (e7An — e7An1)

+ hpe Hn — ghe " — e*""*liLLn + ef’\"*lﬁé = (an—1+bn-1)Gn—1 = (bn—1 — an-1)hn—1
= (an +52)(Gn = Go=1) + (bn = an)(tn = ho1) + (@n + by — an—1 = bu-1)Gn—1

b (by—an+an 1 — bn—1)f~ln—1 + (eHn — e—un—l)(};n — §,L) + (e—An — e—An—l)(il;L —3n)
— an[(Gn = Gn1) = (b = )] + bl(Gn = Grn1) + (B = Frn1)]

(an 4 bn — 1 = b 1)+ (b — i+ a1 — ba 1)

(7 = e ) = Gu) + (7 — M) (B, — 37)

anXp_1+byYp 1+ Fy,

A

+ o+

If we replace EL;L and §/, respectively by —h/, and —g,, (2.8) and (2.9), D} and
D,;, X,, and Y,, interchange respectively and we can write (2.27).
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Appendix B
Let us prove relations (2.56) and (2.57). We have
0r(Dyy Xn41) = (0, D) X1 + DTTX’:L—‘,-I

ie

Dy X1 = 0n(Dyf Xug1) = (0, D7) Xy

=Cl + e " X1 + Ne M X
We deduce from relation (e7#nd; + e *9,) X, 41 = C,, that
e_“"GtXn+1 = Cn — C_A”X;H,l

Therefore

DszrX;l-H =Cy, + 11, Crn + )‘;L€7A71X7,1+1 - ,U;Lei)\"Xyll-H
=Cp+ (N, — N;)eiAnX;«L-H + 1, Gy = G,

If we replace r by —r (i.e 9, by —0,.), D;} and D,;, X,,11 and Y, 41 interchange
respectively and we can write (2.57).

Appendix C
Let us prove inequalities (2.66)-(2.67). we have from (2.55)
G G = (N, = e Xy = Ny — ) X,
+ p13,Cn = piy 1 Cpr + G, = Gy
Now we obtain the following relations :
i) (A —p)e X = (Nl — ppmg)e X = (A = )e M (X — X))
F N, = pp)e ™ = Ny — e A1 XG,

=\, — Nln)ef)\" (g;’L-‘rl =G A hy = hy) H IO, — ;L—l)ei)\n
— (= g )e M+ (N g — ) (e — e X,

i) i, Crn — iy, _1Cn1 = (1 = 1) Crn + iy 1 (C — Cro1)

iii) O\ +Cl | =a, Xn+an X, +0. Y +b,Y) —a, (Xp 1 —an 1 X, =V Y1 —by 1Y, |
= (a;z - a/n—l)X" + a/n—l(Xn = Xn-1) + (an — an—l)lez + aTl—l(lem - X’:’L—l)

+ (b;z - ;L—l)Yn + b;z—l(Yn - Yn—l) + (bn - bn—l)Yvi + bn—l(Yri - Y7:—1)

(s



. 1 .
) 0l = @y = (A — 5 = M) (X

1

g (A1 — _>‘i1 VeI (—fi g A Uy Ny )e

; 1, _ : 1, _ : 1, _
= (11— ;><—An—;>e = (<A = e+ (<A = e

+ (N, - A ) —pn _ /\n e —emHn=1) b (@, — il )e >
;L 1(6 - ) ()\{’7' - )\/’I'L - 1)/1716_)\" + )\/’I'L - 1(/1716_)\”' - p/n—le_k"_l)
/ I
0) o, = = e Enol
n—1 "7 t ;
1 P )
= (4t — py e+ B (e — e

t t

Using remark 2.2, (2.36) and (2.40), we obtain respectively from i), ii), iv) and
v) the following estimations :

(X, = pil)e ™ X0y — (Ny_y =ty _y)e " X0 | < C o+ C|Ghgr — Gl + [Py — h|
+ gy, =t |+ 1A — A1)
< Ce+ C(yn(7) +vn—1(7))

|3, Cn = -1 Crot| < |1y, = pt 1 [1Cnl + 1 [|Cr — Craa |
< Ce+ Cyp-1(7)

al, —al,_y| < C+ (|ph_y — | + 1N,y = Nl 4 iy — i+ [N, = X, 4 )
< Ce+ Cyp_1(7)

b7, — b%_li < Ce+ Clpy = pna| < Ce+ Cyna(7)
X0 = Xl 1Yo = Yo _a| S CUGh_y = Ghl + 1oy = B]) < Crama(7)
Using this, we deduce from iii) that
€+ Ch_il < Cet Cly(r) + Y0 (7))

Combining all the necessary estimates, (2.66) follows. Similarly, we prove in-
equality (2.67).
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