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Abstract

As is well known from the work of R. GLASSEY and J. SCHAEF-
FER [6], the main energy estimates which are used in global existence
results for the gravitational Vlasov-Poisson system do not apply to
the relativistic version of this system, and smooth solutions to the
initial value problem with spherically symmetric initial data of nega-
tive energy blow up in finite time. For similar reasons the variational
techniques by which Y. Guo and G. REIN obtained nonlinear sta-
bility results for the Vlasov-Poisson system [7, 8, 9, 10, 21, 22] do
not apply in the relativistic situation. In the present paper a direct,
non-variational approach is used to prove nonlinear stability of certain
steady states of the relativistic Vlasov-Poisson system against spheri-
cally symmetric, dynamically accessible perturbations. The resulting
stability estimates imply that smooth solutions with spherically sym-
metric initial data which are sufficiently close to the stable steady
states exist globally in time.



1 Introduction

The topic of the present investigation is the following nonlinear system of
partial differential equations, known as the relativistic Vlasov-Poisson sys-
tem:
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AU =4mp, ‘l‘im U(t,z)=0, (1.2)

ot ) = / F(t,z,0)dv. (1.3)

Here t €R denotes time, x,v € R® denote position and momentum, and f =
f(t,x,v) >0 is the time-dependent density on phase space of a large ensemble
of particles which interact only by the Newtonian gravitational potential
U=U(t,z) which the ensemble creates collectively through its spatial mass
density p=p(t,x). Since the particles mutually attract each other, the form
of the system stated above is referred to as the gravitational case, as opposed
to the plasma physics case where the sign of the right hand side of the Poisson
equation (1.2) is reversed and the particles repulse each other. The system
does not include collisions among the particles, and the underlying modeling
assumption that collisions are sufficiently rare to be neglected is well justified
for typical galaxies or globular clusters. All particles are assumed to be of
the same rest mass, and all physical constants such as the rest mass of a
particle, the gravitational constant, and the speed of light are normalized to
unity. The individual particles obey the following equations of motion, which
form the characteristic system of the Vlasov equation (1.1):
v

b= v=—V,U(t,2).
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The system is called relativistic because of the relation between the momen-
tum v of a particle and its velocity ©. However, the system as a whole is
neither Lorentz nor Galilei invariant.

In astrophysics galaxies or globular clusters are often modeled as large en-
sembles of particles, i.e., stars, in this way. But from the point of view of such
applications the non-relativistic Vlasov-Poisson system where v/4/14|v|? is
replaced by v in the Vlasov equation is much more important, while a truly
relativistic formulation is given by the Vlasov-Einstein system [1]. From a



mathematics point of view the non-relativistic Vlasov-Poisson system is by
now quite well understood. In particular, the initial value problem has global
weak and, for smooth initial data, global classical solutions, cf. [15, 19, 26].
Moreover, nonlinearly stable steady states have been established by varia-
tional techniques, i.e., by minimizing suitably chosen energy-Casimir func-
tionals, cf. [7, 8, 9, 10, 14, 21, 22]. The stability question has also received
a lot of attention in the astrophysics literature; we refer to [3, 4] and the
references there. An extensive review of the mathematical results on global
existence and stability for the non-relativistic system can be found in [23].

For the relativistic version of the system stated above both the global
existence results and the variational approach to stability fail, and we briefly
explain why. The total energy

Een(f)+ Enoulf) :://\/1+ P f(2,0) dvda— %/\VUf(x)de

of a state f with induced potential Uy is conserved along solutions, and
so is the mass ||f||; or any other L” norm |[|f||,. Whether one wishes to
minimize the energy in a variational stability analysis or to extract an a-
priori bound from the energy for a global existence result, in both cases
one needs to control the negative potential energy in terms of a power less
than one of the kinetic energy and the other conserved quantities. But the
Hardy-Littlewood-Sobolev inequality together with standard interpolation
arguments imply that

2—k)/3 k+1)/3
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where 0 <k <2, so no matter which k& we choose, in the context of the above
estimate E,o(f) is of the same order as Ey,(f). This is the reason why
solutions can blow up in finite time, as shown in [6] for spherically symmetric
initial data of negative energy, and why the variational stability approach
fails. For the non-relativistic system |v|?/2 replaces \/1+ [v|? in the kinetic
energy, and as a consequence the latter appears with the exponent 1/2 in the
above estimate.

Recently a non-variational stability approach was introduced for the
Vlasov-Poisson system [11]. Its advantage is that it can deal with steady
states which are only local minimizers of an energy-Casimir functional and
not global ones, in particular, it requires no lower bound on the energy-
Casimir functional. For the reason explained above this becomes essential in



the case of the relativistic Vlasov-Poisson system, and it is the aim of the
present investigation to show that this new method applies to a variety of
steady states of the relativistic Vlasov-Poisson system and provides their sta-
bility against spherically symmetric, dynamically accessible perturbations—
to remove the symmetry assumption is an open problem. In addition we show
that the resulting stability estimates provide bounds on spherically symmet-
ric solutions starting close to a stable steady state, which are sufficient to
prove global existence. To our knowledge the resulting global existence re-
sults are the first such results for initial data which are not small.

The paper proceeds as follows. In the next section we state and explain
our main results. Section 3 contains the stability analysis. For the non-
relativistic Vlasov-Poisson system it has been known for some time in the
astrophysics literature that the quadratic term in an expansion of a suitable
energy-Casimir functional is indeed positive definite on the set of linearly
dynamically accessible perturbations. We prove such a result, which can be
used to study linearized stability, for the relativistic Vlasov-Poisson system.
The essential difficulty is then to connect this linear result to the nonlinear
problem. Here our analysis proceeds essentially as in [11], but we strive for
greater generality as far as the admissible steady states are concerned, be-
cause as opposed to the Newtonian case no other stability results are available
here. In Section 4 we briefly show how the stability estimates imply global
existence for the corresponding, perturbed solutions. In the last section we
present a large variety of steady states to which our method applies. So far
only the existence of the so-called polytropic steady states has been estab-
lished for the relativistic Vlasov-Poisson system [2].

2 Main results

Consider a steady state, i.e., a time-independent solution fy of the relativis-
tic Vlasov-Poisson system with induced potential U, and spatial density py,
where fj is a function of the particle energy:

fo(z,v) =¢(E) where E=E(x,v):=+/1+|v]?+ Up(z). (2.1)

For a time-independent potential Uy the particle energy E is conserved along
characteristics of the Vlasov equation so that any function of the particle
energy satisfies the Vlasov equation with potential Uy. It then remains to
show that for a given choice of ¢ the Poisson equation for U, has a solution,
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where by substituting (2.1) into the definition (1.3) of the spatial density
the latter becomes a functional of Uy. In Section 5 we present a variety of
functions ¢ for which this approach gives a compactly supported steady state
with finite mass. Steady states of the form (2.1) are called isotropic, and it
can be shown that they are always spherically symmetric, i.e.,

fo(z,v) = fo(Az, Av), A€SO(3), z,vER?,

The spherical symmetry follows by the results in [5], cf. for example [20,
Thm. 3]. For a spherically symmetric potential Uy also L:=|z xv|?, the
modulus of angular momentum squared, is conserved along particle orbits.
It is likely that the techniques of the present paper apply also to anisotropic
steady states of the form fy(x,v) =¢(F, L), but the analysis has not yet been
carried out.

In the present paper we want to analyze the stability of isotropic steady
states. The total energy

H(f)::Ekin(f)—i—Epot(f)://\/1+|v\2f(x,v)dvdx—%/\VUf(x)Fdx

of a state f is conserved along smooth solutions of the relativistic Vlasov-
Poisson system. But if we expand H about any state f, with potential U
we find that

w0 =H+ [ (VIFRE+0) (F = o dvda— o [ 10, - VUi s

and the linear part in the expansion does not vanish. Hence we cannot
use the energy as a Lyapunov function in a stability analysis. To remedy
this situation we observe that for any reasonable function ® the Casimir
functional

()= [[ o) dvds

is conserved as well. If we expand the energy-Casimir functional
He:=H+C
about an isotropic steady state, then with E defined as in Eqn. (2.1),

He(f) = Hc(fo)+//(E+<I>’(f0))(f_f0)dvdx
_%/‘VU’[_VUO|2dx+%//q)”(fo)(f—fo)dedij....
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We want to choose ® is such a way that at least formally fj is a critical point
of the energy-Casimir functional, i.e., ®'(fo)=—F. In order to make this
rigorous we specify the following assumptions on ¢ and fy:

Assumptions on ¢ and fy: (a) ¢ € C(R), there exists a cut-off energy Ej
such that ¢(E)=0 for E>Ey, limp_. o ¢(E)=00, and ¢ € C?(]— o0, Ey|)
with

¢'(FE) <0 for E < Ey, and hmmfgzﬁ( ) > —o0.

E—FEyg—

(b) fo € C.(RE) is compactly supported, satisfies the relation (2.1), where Uy
denotes the potential induced by fy, and is non-trivial.

Since
supp fo={(z,v) ER®| BE(z,v) = /1 + |[v]2+ Us(z) < Ey}

and since Uy is spherically symmetric and strictly increasing as a function
of r=|z| with lim,_,., Uy(r) =0, part (b) necessarily implies that Fy<1. In
the last section we provide a large class of steady states which satisfy these
assumptions. Examples are polytropic steady states

¢(E):(E0_E)+a

with 1<k <7/2, and the King model
G(E)=(ePF 1),

(+)+ denotes the positive part.

For a function ¢ satisfying the assumption above, ¢:]—o0, Ey]— [0,00]
is continuous and invertible with continuous inverse ¢~ :[0,00[—] — oo, Ey],
and we define ®:[0,00[— R by

/¢ z)dz, fe[0,00]. (2.2)

In particular, ® € C'([0,00[) with ®'(fy)=F on supp fo.

A crucial step in the stability analysis is to specify the set of admissible
perturbations. From a physics point of view perturbations arise by some
exterior force field acting on the ensemble represented by the steady state
fo- Such a field induces a measure preserving flow on phase space which
redistributes the particles. We refer to perturbations of the form f= fyo
T with T:R% — RS a measure preserving C'-diffeomorphism as dynamically



accessible from fy. For technical reasons we have to restrict ourselves to
spherically symmetric such perturbations. More precisely, we say that the
O'-diffeomorphism 7" : RS — RS respects spherical symmetry if for all z,v € R3
and all rotations A € SO(3),

T(Az, Av) = (Ax', Av") and |2’ xv'| = |z x v|, where (2',0") =T (z,v).

Such a redistribution of particles on phase space would be caused by the
action of a field which is spherically symmetric, and from a physics point of
view this restriction is undesirable. The set of admissible perturbations is
defined as

Dy, := { f=fooT | T:R°—=R’is a measure preserving C'-diffeomorphism
which respects spherical symmetry}.

It is important to note that this set is invariant under classical solutions of
the relativistic Vlasov-Poisson system, i.e., if ¢— f(t) is a classical solution
with initial datum f=f(0) €Dy, then f(t) €Dy, for all times ¢ for which
the solution exists. Here and in what follows we use a dynamical systems
notation where f denotes a possible state of the relativistic Vlasov-Poisson
system, i.e., f= f(x,v), and t+— f(t) denotes a time dependent curve in this
state space, i.e., f(t)= f(t,x,v). We are going to measure the distance of a
state f €Dy, from the steady state f, by the quantity

d(f, fo): // O(fo) +E(f— fo)]dvdx—i-—/\VUf VU, |*dz,

which is closely related to the energy-Casimir functional:

d(f, fo) =He(f) —Holfo) + / VU, — VU 2 da. (2.3)

As we will see in the next section there exists a constant C' >0 which depends
only on the steady state fy such that

Lf = fol 5+ ||VU; = VUs|[3 < Cd(f, fo), f€Dy,. (2.4)

The major part of the analysis will be concerned with proving the following
result which says—in a precise, quantified manner—that the steady state is
a local minimizer of the energy-Casimir functional in the set Dy,.
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Theorem 2.1 There exist constants 6o >0 and Cy >0 such that for all f €
Dy, with d(f, fo) <do the following estimate holds:

Heo(f) —He(fo) > Col| VU — VU |5

This result is proven in the next section. Our main result is the following
theorem, which is an immediate corollary.

Theorem 2.2 There exist constants 6 >0 and C' >0 such that for any initial
datum feDy, with

d(f, fo) <0

the corresponding solution t— f(t) of the relativistic Viasov-Poisson system
with f(0)=f exists globally in time and satisfies the estimate

d(f(1), fo) <Cd(f, fo), t>0.

Proof. Let 0:=0dy(141/(47Cy)) " with &y and Cj from Theorem 2.1. Con-
sider a solution [0,7'[3 ¢+ f(¢) of the relativistic Vlasov-Poisson system with

f€Dy, on some maximal interval of existence; as to such a local existence
result we refer to the comments in Section 4. Now assume that

d(f, fo) <8 < .

By continuity we can choose some maximal ¢* €]0,7’] such that

d(f(t), fo) <do, t€[0,t7[.

Now f(t) € Dy, for all t€[0,7[, and hence Theorem 2.1, the relation (2.3) of
d to the energy-Casimir functional, and the fact that the latter is a conserved
quantity yield the following chain of estimates for t € [0,¢*[:

A (D). fo) = Hel(F(1)) ~He (o) + 21V U0~ VU]

< Ho(F(8) = Holh) + g (Hol (1) ~Holfo)

~ (14 5 ) (el =teth) < (14 ;) dl. o <o

This implies that ¢t*=T. By Proposition 4.1, T'=00, and Theorem 2.2 is
established. O




Remark. Theorems 2.1 and 2.2 are analogous to the corresponding results
obtained for the non-relativistic case in [11], but there are two differences.
Firstly, the analysis in [11] is restricted to the King model, the reason being
that stability for other models had already been obtained via variational
methods. Since these methods do not work in the relativistic context, as
was explained in the introduction, we keep the admissible steady states more
general here, but the same generality would have been possible in the non-
relativistic case. Secondly, for the non-relativistic case global existence of
classical solutions is known for general data, independently of any stability
analysis. In the relativistic case this is not so. Theorem 2.2 includes a
new global existence result for the relativistic system for data which are not
subject to a size restriction. This should be compared with the results in
[6], in particular, with the fact that spherically symmetric solutions with

o

H(f) <0 blow up in finite time. In particular, Theorem 2.2 answers an open
problem which was formulated in [2, Final remarks].

3 Proof of Theorem 2.1

The essence of the proof of Theorem 2.1 is the analysis of the quadratic term
1 1
D*He(fo)lg] ;:_// (I)”(fo)g2dvdx——/\VUg|2dx (3.1)
2J 50503 8w

which arises in the expansion of the energy-Casimir functional H¢. If Theo-
rem 2.1 were false, then a tangent direction g to the set Dy, of dynamically
accessible states would exist on which this quadratic part is negative, cf.
Lemma 3.2. On the other hand, if we define the Poisson bracket of two
functions f,h:R%—R by

{fvh} :vmfvvh_vvamha (32)

then for linearized, dynamically accessible states g={fo,h} one can show
that the quadratic term is indeed positive definite, cf. Lemma 3.3; we do
not go into the symplectic dynamics details behind this terminology and
construction. Note however that at least formally, states of this bracket form
arise as tangent vectors to the manifold Dy, at the point fj, and that the set
of these states is invariant under the linearized system. More background on
the concept of dynamically accessible data and related topics can be found in



[17]. The analogue of Lemma 3.3 for the non-relativistic case is well known
in the astrophysics literature, where it has been used to prove linearized
stability [13, 18, 27], but for the relativistic case the result seems to be new.
To conclude the proof of Theorem 2.1 we then show that the function g
with D*Hc(fy)[g] <0 obtained in Lemma 3.2 can be written in the form
g={fo,h}, which contradicts Lemma 3.3. At some points the arguments are
similar to the non-relativistic case considered in [11]. But since we consider
a different system and also a general class of admissible steady states and
not just one example, the analysis is technically more difficult, and we prefer
to give a self-contained proof for the present situation.

At several points we have to exploit the spherical symmetry assumption
which is part of our definition of the set Dy, of dynamically accessible data.
To do so we on occasion use coordinates which are adapted to the spherical
symmetry:

x-v 9
ri=|z|, wi=—, L:=|xxv|%; (3.3)
w is the radial component of momentum and L is the modulus of angular
momentum squared. It is easy to see that for any spherically symmetric
function f by abuse of notation, f(x,v)= f(r,w,L). For later use we also
rewrite the particle energy as a function of the above spherical coordinates:

E=FE(z,v)=E(r,w,L):=+/14+w?+L/r2+Uy(r) (3.4)

We collect some properties of the function ® defined in Eqn. (2.2).

Lemma 3.1 (a) ®€C'([0,00])NC?3(]0,00[), ®(f)>—Eof for f>0, and
for f>0,

/ a1 " _ 1 " . ¢II(¢_1(JC>>
Y ==0" . YN =-F=my ¥ D= Gein)F

in particular, ®'(fo)=—FE on supp fo, and ®"(fo)=—1/¢'(E) on the
set where fo>0.

(b) There exists C' >0 such that for all functions f € Dy,,

// O(fo)+E(f— fo)] dvda:>0//\f fol?dvdz,

in particular, Eqn. (2.4) holds.
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Proof. The formulas for the derivatives are obvious, and the lower bound
for ® follows from the fact that ¢~ < E,. The assumptions on ¢’ imply that

Ci= St (@ ()| 0< £ <[ fol oo +1} >0,

For fEDfO,
E(f— fo)=—2"(fo)(f — fo) on {fo>0}

while

E(f—fo)=EfzEf==2(0)f == (fo)(f = fo) on {fo=0}.

Hence by Taylor’s Theorem

O(f) = 2(fo) +E(f = fo) = @(f) —2(fo) — D' (fo)(f = fo)
= lim [®(f+e) = P(fo+e) =D (fo+e)(f—fo)]

e—0+
RT U _ 2 . 2
_el—l>r(§1+2q> (Se)|f f0| Zc‘f fO‘ )

since 0<& <||follo+1 as €—0, and the proof is complete; notice that
[ f1loe =10l loc for f €Dy, 0

Assuming that Theorem 2.1 were false we construct a state g on which
the quadratic term D*Hq(fo) is negative, more precisely:

Lemma 3.2 Assume that Theorem 2.1 were false. Then there exists a func-
tion g € L?(RS) which is spherically symmetric, supported in supp fo, even in
v, i.e., g(x,—v)=g(x,v), and such that

1
VU, =1, (35)

D*He(fo)lg // d"(fo)g*dvdr —1<0, (3.6)
{fo>0}

and for all functions G=G(f,L) € C?*([0,00*) with G(0,L)=0;G(0,L)=0
for L>0 and 82G bounded,

/ / 9,G (o, L)gdvdz—0. (3.7)
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Remark. Eqn. (3.7) expresses the fact that ¢ is a direction tangent to
Dy, at fo. If 7— f(7) is a curve on Dy, with f(0)= fy and %f(()):g then
by definition of Dy, [[G(f(7),L)dvdz= [[ G(fo,L)dvdz so that the formal
derivative of the left hand 81de at 7 =0 vanishes, which is Eqn. (3.7).

Proof of Lemma 3.2. Since we assume that Theorem 2.1 is false, there
exists a sequence (f,,) C Dy, such that for all n€N,

A forfo) < -

but

Helf) = Helo) < oIV Uy, = VUil B (33
If we let 1
fon = fo+ 0Ongn with 8—7T||VUQHH§=1, (3.9)
ie.,
On = |V U} — VUsllas g = —(fo— fo)
Vo a0

then in particular,
1
o7 <d(fu, fo) < = (3.10)
n

A weak limit g of a subsequence of (gy).
Using the definition of d and Eqns. (3.8), (3.9), and (2.3) we find that

/ (fn)—®(fo)+ Eo,g,)dvdx—1

1
— = (d <fn,fo>—ﬂ||vvfn—vvo||§)

1

1 1
U%( c(fa)— Hc(fo))<—8—||VUfn VUoH%zﬁ.

By Lemma 3.1 this implies that

142 >—// ()= ®(fy) +Eangn]dvdx>0//|gn\ dudz,  (3.11)

and hence the sequence (g,) is bounded in L*(R%). We extract a subsequence,
again denoted by (g, ), such that

gp — g weakly in LQ(R6).
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Since the functions g, are spherically symmetric so is ¢, and we need to show
that it is supported on supp fo. The term in brackets in Eqn. (3.11) is non-
negative, and on the set { £ > Fy} the steady state distribution f, and hence
also ®( fo) vanish, while ®(f,) > —FEq f,= —FEy0,9,. Hence

1
2>_// O(fn)— (f0)+EUngn]dUd$Z—// (E— Ey) gndvdz,
E>E0} On JJ{E>E}
and by (3.10),

// (E—Ep) gndvdr <20, —0, n— oo. (3.12)
{E>Ev}

For any fixed Ey < Fy <1,

E—FE
// gndvdxg// 0 ———gpdvdr —0; (3.13)
(E>Ep} (e>50 B1— Eo

notice that g, >0 on the set { £ > Ej}. Since (3.13) holds for any Ey < E; <1,
we conclude that g is supported on supp fo={FE < Ey}. Moreover, since for
Ey< By <1 fixed the set {E<FE;} is compact, the L?>-bound on (g,) and
Eqn. (3.13) imply that (g,) is bounded in L'(R®) as well.

Proof of (3.5).

First we note that Uj is spherically symmetric and radially increasing, so in
particular, Uy(0) <Uy <0. Hence

//\/1+|v\2\gn\dvdx§ //E|gn|dvda:—Uo(0)/ |gn|dvdx

gEO//|gn\dvda:+// (E— Eo)|gn| dvda
{E>Ev}

—Uy(0) / gu|dvde,

so that together with (3.12) and the L'-bound on (g,) the kinetic energy
is bounded along (g,). By well known interpolation arguments [23, Ch. 1,
Lemma 5.1] the sequence of induced spatial densities (p,,) is bounded in
LP4(R3), so without loss of generality this sequence converges weakly in
LY4(R3). We fix Ey< E; <1 and R; >0 such that 1+ Uy(R;) = E;, which
implies that E(z,v) > E; for |x| > R;. Then by (3.13),

/ \pgn\dxg// gndvdr — 0,
{lz[>Ra1} {E>E1}

13



i.e., the sequence (pg,) remains concentrated, and hence
VU,, — VU, strongly in L*(R?),

cf. [23, Ch. 2, Lemma 3.2]. Passing to the limit in Eqn. (3.9) proves that ¢
satisfies the Eqn. (3.5).

Proof of (3.6).
We first claim that there exists a sequence of sets K; C K1 C... Csupp fo
such that for a subsequence which we again denote by (g,),

1
vol(supp fo \ ;) < - and lim 0,9, =0 uniformly on Kj;, jeN.
j n—oo

To see this we note that ||0,9,||2 < Co,, — 0 so that a subsequence converges
to zero pointwise a. e.. Then we use Egorov’s theorem on the set supp fo
which has finite measure. In the following arguments we need to stay away
from the boundary of the latter set, and hence we define

Sm={(z,0) ER°| E(z,v) < Ey—1/m}, meN.
Clearly, d,,:=infg_ fo>0. Hence for all sufficiently large n,
5m/2§f0+0ngn§ Hf0||oo+1 on SmmK]

On the set S, N K},

B(F,) = @fo) + Bl o) = 52" (o) (09" + 58" (ot €000 (0051)"
with 0 <& <1; recall that ® € C3(]0,00[). In particular,
|27 (fo+Eongn)| <sup{|®"(2)][0m/2 <2 <[] folloo +1} =: O < 0.
Using (3.11) we find that for all sufficiently large n,

! " 1
5//Smij<I) (fo)‘%@dvdx = U—%//Smij[é(fn)—@(fo)—i—E(fn_fO)]dvdx

1
- —// (I)m(fO+§O—ngn)(0—ngn)3dvdx
6oy, mNK;
1
< 1+—+C’msup|angn|//|gn|2dvdx.
n K;

14



Now g, — ¢ weakly in L*(R%) and 0,9, — 0 uniformly on K;. Taking the
limit n — oo implies that for all j,m €N,

1
—// " (fo)g* dvdr < 1;
2 SmﬂK]‘

the latter expression is L2-weakly lower semicontinuous in g. By the bound-
edness of ®”(fy) on S, and the choice of K; we find with j — oo that

1
5// q)”(fo)g2dvdx§ 1,

and with m — oo the monotone convergence theorem implies Eqn. (3.6).
Proof of (3.7).

Let G=G(f,L) be a function as specified in Eqn. (3.7). By Taylor expansion
with respect to the first argument,

G(me> - G(f07L> = 8fG(f07L> Ungn+ %a]%G(fO +TUngn7L> (Ungn)2

for some 7€[0,1]. For f€Dy,, [[G(f,L)= [[ G(fo,L), and hence

/afG(fo,L)gndvdx:—%an/ 8;G(f0+70ngn,L)gzdvdx—>0;

note that 07G is bounded, (g,) is bounded in L*(R®), and ¢, —0. On the
other hand 0;G(fy,L) is supported on the compact set supp fy and hence
bounded. Since g, — g weakly in L?(R), Eqn. (3.7) follows as n— oo.

Conclusion of the proof of Lemma 3.2.

The function g constructed above has all the required properties, except that
it need not be even in v. However, if we decompose it into its even and odd
parts with respect to v, g = Goven + Jodd, then geven satisfies (3.5), (3.6), (3.7)
as well. Since p,=py... we have VU, . =VU,, and (3.5) remains valid.
Since ®"(fy) >0 is even in v,

1
1> _// cb”(fO) (geven +godd)2dvdx
2J ) fo>01

-3 " 2 ¢ (o)) o> ,, 2
=3 / /{f0>0}<1> (fo) ((geven)® + (goaa)?) dvda > 5 / /{ f0>0}<1> (fo) (Geven)*dv dz,
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i.e., (3.6) remains valid. Finally, for G as in (3.7), 9;G(fo,L) is even in v so
that the odd part of g drops out of Eqn. (3.7), and the proof of Lemma 3.2
is complete. a

As was said above for states of the form g={fo,h} the quadratic term in
the expansion of H is positive definite; the Poisson bracket was defined in
Eqn. (3.2). It turns out that it will make some arguments technically easier
later on, if we prove this fact for states of the form g={E, h}.

Lemma 3.3 Let he C°(R) be spherically symmetric with supph C { fo >0}
and such that h(x,—v)=—h(x,v). Then the following inequality holds:

i
0= [

denote the potential induced by —{ E,h}. Using the definition of the Poisson
bracket,

D*He(fo) {E,h}]
"// ¢'(E

2+ Ul h?
r(1+]v[2)3/?

\x-v\

] dvdzx.

Proof. Let

/{E,h}dvzvx-/\/%wh(x,v)dv

Since both h and U, are spherically symmetric,

:47T/Lh(x,v)dv
V14 ]v|?

where we recall that = |z| and w=2xz-v/r. By the Cauchy-Schwarz inequal-
ity,

h2

%/\VUhﬁdxg%/ [/%ww)dv] [/\/%W(/Z;(E

Since by Eqn. (3.4)

w? , d d
T (B g (VIFw L/ +Us(r)) =w——(E),

v| dx.
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an integration by parts with respect to w yields

/Wﬁb,w po(r) = pyso(7);

notice that dv=mnr—2dwdL. Hence

DHRHEM == [[ 5o

Since h is odd in v and thus in w the function

{E,h}|2—47rp07(r)h2 dvdz.

V14 ]v|?

w0, L) i= —h(r,w,L)
T™w

is smooth away from r=0. Using the identity h=rwu a straight forward
computation shows that

HE,hH2 = (rw)ﬂ{E,,u}‘Q—|—{E,,u2rw{E,rw}} —1Prw{E,{E,rw}}.

The first term is as claimed in the lemma. The second term leads to
{W(E),p*rw{E,rw}} with ¢ a primitive of 1/¢', and the integral of this
expression with respect to x and v vanishes via an integration by parts; if we
cut a small ball of radius € about x=0 from the z-integral then the surface
integral appearing after the integration by parts with respect to x vanishes
for €e—0 since ru?><C/r. TFinally, another lengthy, but straight forward
computation using the fact that AUy =4mp, implies that

1 r:  U(r) h?
5 +dmpo(r) ——=-
L+l /T4 2 T V142

If we substitute this into the above estimate for D?*H the proof of Lemma 3.3
is complete. O

—Prw{E{E,rw}} =

In order to derive a contradiction between Lemma 3.3 and Lemma 3.2
we have to show that the function g provided by the latter can be written in
the form {E, h}. Taking the opposite sign is of course equivalent but more
convenient in the sequel.

Solving g={—FE,h}.
Let g be the function obtained in Lemma 3.2. In the spherical variables
introduced in (3.3) the equation to be solved for h takes the form

Y g+ L “Ur) | Ouh—g.  (3.14)
N A O e
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The characteristic system of this equation reads

;= - W= L Ul (r). (3.15)

VI1twr+L/r? r3\/1+w2+L/7’2_ ‘

In order to analyze it, we introduce for fixed L >0 the function

\IJL(T):U()(T)—F 1+L/T2.

The particle energy E is conserved along solutions of the characteristic system
(3.15), while L only plays the role of a parameter. For given values of E and
L we want to identify the r-interval in which a corresponding characteristic
can range. By spherical symmetry,

Uy(r)= mi—gm, where mg(r) ::47r/0 po(s)s?ds, r>0.
Since the steady state is non-trivial and Uy increasing, Uy(0) < Ey—1, and
by (2.1), po(0) >0. Next,

L
=0,
VL+r?

and since the left hand side of the latter equation is strictly increasing for
L >0 with limit —/L for r — 0 and || fo||, > 0 for r — oo, there exists a unique
radius r;, > 0 such that

U (r)=0 & mo(r)—

U (rp)=0, W (r)<0 for r<rg, W) (r)>0 for r>ry.

Since lim, oW (r) =00 and lim, ., ¥ (r) =1 we conclude that for any L >0
and W (rp) < E <1 there exist unique radii 0<r_(E,L) <rp <r(E,L) <o
such that

Up(re(E,L)=FE, and ¥ (r)<E < r_(E,L)<r<ry(E,L).

For later use we note that by the implicit function theorem the mapping

]0,00[> L7y, is continuously differentiable, since - (mq(r)—L/vL+12) >

0. The same is true for the mapping (F,L)+—ry(FE,L) on the set {(E,L) €
Rx]0,00[| V(1) < E <1}, since ¥ (r) #0 for r#r,. We also note that

L
W (rp) =4mpo(ry) + PRI TRl (3.16)
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If h is to solve Eqn. (3.14), then for any solution 7+ (r(7),w(7),L) of the
characteristic system (3.15)

D (), w0(r), L) = g(r(r) (). L).

dr
As long as w#0 we can rewrite this in terms of the variable r:

L (), L) = ¢1+w;(<7;))+L/r2

dr
Since F and L are constant along characteristics we express w in terms of

these conserved quantities via the relation (3.4). More precisely, with

E—U()(’f’)
w(r,E,L)

g(ryw(r),L).

w(r,B,L):=+/(E—Uy(r))2—L/r2—1, q(r,E,L):= (3.17)

we have w(r)=signw(r)w(r,E,L) and
d

%h(r,w(r),L) =signw(r)q(r,E,L)g(r,w(r,E,L),L).

Outside supp fo we set h=0. For (r,w, L) €supp fo with L >0 we define h as
follows. We let E:=E(r,w,L) so that r_(E,L)<r<r (E,L), and

h(r,w,L)::signw/ g(s,w(s,E,L),L)q(s,E,L)ds. (3.18)
r_(E,L)

In order for this definition to be consistent we show that the integral above
vanishes if r =r (F, L) so that h(r,0,L)=0. To this end let G be as specified
in Eqn. (3.7) so that [[0;G(¢(E),L)g=0. We want to use the change of
variables (z,v)w (r,w,L)— (r,E,L). Since g is even in v and hence in w we
can extend this integral only over {w >0}, and

dvdr =8r*drdwdL =87q(r,E,L)drdEdL. (3.19)

Thus
7‘Jr(EvL)
/ / / g(rw(r B, L), L)g(r, E, L) dr 9, G(6(E), L) dEdL =0,
MJr_(B,L)

where M :={(E,L)(x,v)| fo(z,v)>0}. The class of test functions
0¢G(¢(E),L) is large enough to conclude that for almost all £ and L the
integral with respect to r vanishes as desired.
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As defined above the function h is not sufficiently regular to apply
Lemma 3.3 to it. Fubini’s Theorem shows that h is measurable, because
by the change of variables formula the function

(8,7, E,L) = 1w, 1), 50 (E)Lp_(8,0)r, (8,0) (8) Lo, (5)
g(s,w(s,E,L),L)q(s,E,L)

is integrable; r <max{|z||(z,v) €supp fo}, and 1,; denotes the indicator
function of the set M.

The cut-off h.
We need to regularize h, and as a first step we study a cut-off version of h.
To do so we need an auxiliary result.

Lemma 3.4 For every meN there exists a constant C,, >0 such that for
L>1/m and Vp(r.) < E<Ey,

T+(E7L)
/ q(r,E,L)dr < C,,.
r_(E,L)

Proof. We first claim that for all m €N there exists a constant 7,, >0 such
that for all L>1/m,V(ry) < E<Ey, and r€[r_(E,L),r.(E,L)],

(WL (r)]
VL) =)

To see this, let meN and L, E,r be as specified. Then

2 M- (3.20)

Ey>E>W(r)=Up(r)++/1+L/r?>Up(0) ++/1+1/(mr?),

and hence r > (m ((Ey—Uy(0))* — 1))_1/2. Let R:=max{|z||(z,v) €supp fo}.
Then
L<r*((Eo—Uy(r))*—1) < R*((Eo—Up(0))* —1).

If the above claim were false, there would exist a sequence (1, L,)— (7, L)
in the set [(m((Eo —Uy(0))2—1))""*,R] x [1/m, R ((Ey — Uy(0))? —1)], such
that

lim <

e \/\IjLn (TYL) - \IjLn (TLn>

We can assume that 7=7y since otherwise W (r)>W(ry) and W’ (7)=0
which is a contradiction to the uniqueness of the minimizer r; of ;. By

~0. (3.21)
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Taylor expansion at r=ry, we find intermediate values 6,, and 7,, between
r, and 7, such that

W, ()| _ |9, 0n)(ra =1L,
VUL (rn) =V, (rr,) V%Wﬁlﬂﬂﬁn—ﬁwy

so that (3.21) contradicts (3.16), and (3.20) is established.
We split the integral under investigation into two parts,

7‘+(E,L) L T4 (E,L)
/ q(T,E,L)dr:/ +/ o=l + I

_(E,L) r_(E,L) rL

— /2197 (re)l, n— o0,

Using the definitions of w(r,E,L) and ¥, and the fact that E—Uy(r)>
Uy (r)—Up(r) >1 we find that

_E-Uy(r) _ E—bo(r)
T o ) B R ) = LA D)
E—Uy(r)

VE=VL(r)(E+V(r)—2Uo(r))
__B-U(0)  _ C
T VRAE-TL(r) T JE-TL(r)

for some constant C' which does not depend on 7, F, or L. In the inte-
gral I; we change variables u= /W (r)—W.(r) so that %=L} (r)<0
on [r_(E,L),r.[. By (3.20) and the previous estimate,
/0 1 dr
VE i) VE =V (ry) —u2du
1 E=¥r(re) du 1 [ ds

< - -

~ MmJo VE=Vi(rp)—u? o vV1—s?
We argue similarly for I5, and the proof of the lemma is complete. O

For meN let

du

L <C

< 00,

m

1 1
Q= {(:E,v) eR | E(z,v) < Ey——, L(z,v) > —}.
m
With the help of the previous lemma we can prove that 1q_h is square

integrable and solves the equation {—F,1q, h}=1q, ¢ in the sense of distri-
butions.
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Lemma 3.5 For meN large, 1g, h€ L?*(R%), and for any spherically sym-
metric test function =1 (r,w,L) € C*([0,00[xR x [0,00]),

//{—E7¢}1thdvdx=—/ Ylo, gdvde.

Proof. In order to prove that 1q, h € L?*(R%) we observe that the integrand
is even in v so that we can apply the change of variables (3.19):

//19 R dvdr =8x // / (ryw(r,E,L),L)q(r,E,L)drdEdL,
mJr_(E,L)

where

Sm={(E,L)=(E,L)(z,v) | (z,v) €}
Let (E,L) € S,,. Writing w(r)=w(r,E,L), q(r)=q(r,E,L) and ro =r4(E,L)
for brevity the definition (3.18) of h, the Cauchy-Schwarz inequality, and
Lemma 3.4 imply that

[ o =[] / w(s). L)Q(S)dsrq(r)dr

< ( ) | Pt Doty

r—

C’/ g*(r,w(r),L)q(r)dr.

A further integration with respect to E and L and the change of variables
(r,E,L)— (z,v) shows that ||1q,, h||2 is bounded in terms of C,, and ||g||2-

Let 1 be a test function as specified in the lemma. As above, we param-
eterize the solutions of (3.15) by r, distinguishing between w >0 and w <O0.
Then it is easy to show that

) 1 d
(~E.} =signw_s 2 (ru(r), L))

Using the same change of variables as before and recalling Eqn. (3.18) we
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find that

/{—E,w}lgmhdvdx:/ +/
{w>0} {w<0}

2 T+L£ raw(r raw(r r)dr
=sot [[ [ ) D). Lya(r)drdEdL

q\r

82 / / ) / r+ﬁ%[w(r,—w(r),L)]h(r,—w(r),L)q(r)drdEdL
g //Sm /i+¢(r,w(7‘),L) g(rw(r), L) g(r)drd EdL
—87r2//m /Tmzﬂ(r,—w(r),L)g(r,—w(r),L)q(r)drdEdL

:—//wlgmgdvdx;

note that h(r,+w(r),L)=0 for r=ry(F,L) which together with the defini-
tion of h is used in the integration by parts above, and also that g is even
both in v and w. The proof of Lemma 3.5 is complete. O

Regularization of h.

The function 1q & is not smooth, so in order to apply Lemma 3.3 we smooth
it. For meN fixed the function 1g, A is, as a function of r,w, L, supported
in a cube of the form

QI: [R(),Rl] X [—Wo,Wo] X [Lo,Ll],

with 0<Ry< Ry, Wo>0, and 0<Lo<L;. Let (€C>®(R?) be even in
all three variables, i.e., ((21,29,23) =C((|21],]22],|23]), (>0, [(=1, and let
Ca(2) :=n3((nz) for n€N. For n sufficiently large we define

hn(r,w,L)::/ / / (Lo 1) (7,0, D)o (1 — 7w — 0, L — L) d L dib dF.
0 —oc0J0

Clearly, h, € C2°(]0,00[xRx]0,00[), and without loss of generality we can
assume that supph, CQN{E<Ey}. Since h is odd in w, so is h,, and
clearly h, —1q_h in L*N L2 The crucial step is to show that

lim {—FE,h,}=1q,,g in L*. (3.22)

n—~o0
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We fix (r,w,L), write p:=+/1+w2+L/r? p:=+/1+w2+ L/, and [:=

I 5 ST for brevity, and split the convolution integral as follows:

L

w !
{—E,hn} = ;arhn —+ (@ — UO(’T’)) 3whn

:/a%mr@ugK@-E)@+Gi—éL4um+%@0a4

pop p  r3p i i
Co(r—7,w—w,L—L)drdwdL

| L o
_/(1th’>(r7w7L) |:Taf+ <fTﬁ_UO(T)) a@:|
Co(r—7,w—w,L— L)drdwdL
:IJ1+J2.

According to Lemma 3.5,
J2 - _/1th{_Ea<n(r_aw_>L_)}
= /(lgmg)(_,w,l_/)cn(r—F,w—zD,L—[_/)dfdwd[_/H 1o, g in L*.

We show that .J; converges to 0 as n—oo. To this end we introduce
new variables 7=n(r—7), w=n(w—w), L=n(L—L). Then 7=r—7/n,
w=w—1w/n, L=L—L/n, drdodL=n"drdidL, and 9,(,(r —7,w—o, L —
L)=n"9:((r,w,L). Now we note that

w

/(1th)(r,w,L) (% - E) OrCp(r—7,w—w,L— L)drdwdL

:n/(lgmh)(r,w,i) <5 - E) 0o (7,0, L) di dib L.
The analogous identity holds for the second part of J;, and we find that

(w w) wW—w (1 1)
nl——— | =n———+nw|-——-
p p p p p

w w?—w?+ L/r?— L/
w

pp(p+p)
w 20w+ wL/r*—2rwL/r?
— __+ )
P 2p3
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since

L L L-L _(F—7)(F+7)
2 72 2 +L 1252 :
We easily see that
n(Us(r) =Ug(7)) = Ug (r)7.

Furthermore,

L L L/F—L/r* L (1 1
n —a_ " Tq =N f“__ -
mp  r3p p B\p

1<3Lf E) L 20w+ L/r?—27L/r
- | — =4+ —= .

p\ vt 3 r3 2p3
Thus most of the terms above integrate to 0 in the limit of the expression
J1, leaving us in the end with

I . .
Jy— (1th)(r,w,L)3—“;/(—fa;+w6@)g(f,w,L)dfdde:0,
rp
where the limit is in L2, and 0 arises in the last equation from an integration
by parts with respect to 7 and w and an exact cancellation. This completes
the proof of (3.22).

The contradiction to Lemma 3.3.

The functions h, have all the properties required in Lemma 3.3. By
Eqn. (3.22), lim,, .o .{—FE,h,}=1gq,,¢ in L? and since h, and 1q,, g are sup-
ported in a common compact set, VU(_gp,} — VUi, 4in L? as n— oo. This
implies that

D*He( fo){—E.ha}] — D*He(fo)[1a,,9], n— 0.
Since lim,, .o 1o,,g =g in L' N L*(R®), there exists my sufficiently large such

that 1g,, g#0, and by Lemma 3.5, 1g,, h#0. For all m >myq, €, C{;, and
thus 1o, h*<1q,h* Since ¢'(E) <0 and Uj(r) >0 we have for all m >my,

1 11 / —3/2
D2Hc(fo)[1szmg]2—5//M;U01Qm0h2(1+\v|2) dvdz > 0.

Letting m — oo we get a contradiction to Lemma 3.2, and the proof of The-
orem 2.1 is complete.
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4 Global existence of the perturbed solutions

Let fy be a steady state as specified in Section 2, and choose § >0 according
to Theorem 2.2. For solutions with initial data ]% € Dy, satistying the estimate
d( ]%, fo) <6 the potential energy and therefore also the kinetic energy remain
bounded. In the present section we show that this implies that such solutions
are global in time.

Proposition 4.1 Let ]%E Dy,. Then there exists a unique, smooth solution

[ of the relativistic Viasov-Poisson system with f(0) :f on a maximal time
interval [0,T[ with T >0. If

sup Fin(f(t)) < o0,
0<t<T

then this solution is global, i.e., T =o0.

Proof. It is well known that a compactly supported, non-negative initial
datum f € C1(R®) launches a unique C solution on some time interval [0,
which we choose maximal. A detailed proof for the non-relativistic case
is given in [23], and the proof carries over to the relativistic situation. In
addition, the solution is known to be global if

sup{|v| | (z,v) €supp f(t), 0<t<T} < 0.

However, there is a technical problem here. The steady state f, and therefore
also data taken from Dy, need not be continuously differentiable on R®, they
need only be continuous on R® and continuously differentiable on the set
where they are strictly positive. But due to the spherical symmetry of the
functions in Dy, these regularity properties propagate to the solutions, since

47

r2

VU (t,z)= / p(t,s)s%ls%, r=|z|,
0

is continuously differentiable if f and therefore p are continuous. In par-
ticular, the characteristic flow of the Vlasov equation is well-defined and
continuously differentiable and f is constant along these characteristics. To
turn these arguments into a rigorous proof would require going through the
local existence proof for the present situation, which would be lengthy but
straight forward.
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Let us now assume a bound on the kinetic energy of a maximal, spherically
symmetric solution f on some time interval [0,7"[. We want to deduce a bound
on the quantity

P(t):=sup{|v|| (z,v) €supp f(s), 0 <s <t},

which by the continuation criterion recalled above implies global existence.
The arguments which follow are adapted from [6], but we prefer to give a self-
contained presentation. First we note that a standard interpolation estimate
implies that ||p(t)|[4/3 is bounded on [0,77], cf. [23, Lemma 5.1]. This in turn
implies that for all 0 <s<t<T,

VU ($)llso <Cllp(s)I2° < CPY(1),

cf. [23, Lemma P1]; the constant C' depends only on the initial datum f and
on the bound on the kinetic energy. Due to the above formula for the field
in the spherically symmetric case,

U (s,7)| < cmin{r~2, P?3(t)} <c(r+a)~2, r>0, (4.1)

where we abbreviate a:= P~%/%(t); the constant ¢> 0 is now kept fixed.
For L >0 we define the function

cu
u):=vV1+u?———, u>0.
ée(w) VL +au

It is easy to check that &g, € C%(]0,00[) with £/ >0. Moreover, there exists a
unique ugz, > 0 such that &7, (uz) =1 and &, is strictly increasing on the interval

[ug,00]. Clearly,
c

Ep(u) > &o(u) = Vitu?——

a
for all w>0 and L >0, and this implies that

up, <ug=+/(1+c/a)®>—1.

Consider now a characteristic (0,73 s+ (z(s),v(s)) in the support of f.
With

r(s)=|z(s)], uls):=v(s)], w(s)=x(s)-v(s)/r(s), L(s):=|z(s) x v(s)|*

it follows that L(s)=L is constant and
d
Euz(s) =—=2U"(s,r(s))w(s).
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Let us first consider the case that L >0, fix some time ¢ €]0,T[, and assume
that w(t) <0. We choose 0 <ty <t minimal with the property that w(s) <0
for s €]tg,t]. Then u(t)>wu(ty), and

( bu(s /(5 (r+a)? )
w(s)

- <m - U’(s,r(s))) WiET o 0

by the estimate (4.1). Since u?(t)=w?*(t)+ L/r*(t) we have the estimate

r(t) >+/L/u(t), and hence

NiE=rTey —c/ o 1T —c g (ult)).
VL /u(t) 7’+CL
If w(ty) =0 then u(ty) = \/7/7“(150) and hence
Erlu(t)) <&r(ulto)),

which by choice of uy, and the fact that w(t )>u(t0) implies that u(t) <up <
ug. If instead w(ty) <0 then to=0 and &7 (u(t)) < /14 P?(0). Hence in the
case L>0 and w(t) <0 we have shown that

V1+u2(t) <\/1+ P2(0)+c/a; (4.2)

notice the formula for uq stated above.

Next we consider the case that L >0 and w(t)>0. Again, we choose
0 <tp <t minimal such that w(s) >0 for s € [ty,t]. Then u(t) <u(ty). If t4=0
then u(t) < P(0). If to>0 there must exist a sequence 0<t; /'t such that
w(t;) <0, which by the case we already dealt with implies that

VI+ud(t) <1+ P*(0)+¢/a,

and by continuity, this estimate must also hold with ¢, instead of ;. Hence
the estimate (4.2) holds for all characteristics with L > 0, but since the initial
data of a characteristic in supp f with L =0 can be approximated as closely
as we wish by data with L >0 and since characteristics depend continuously
on their initial data the estimate (4.2) remains true if L=0. Hence

V1+P2(t) <\/1+ P2(0)+c/a= /14 P2(0)+cP*5(t), 0<t<T.
This implies that P is bounded on [0,7 by some constant which depends on

the initial datum ]% and the bound for the kinetic energy, and the proof is
complete. O

28



5 Stationary solutions

The purpose of the present section is to demonstrate that there are many
examples of steady states which satisfy the assumptions of our stability anal-
ysis. Its purpose is not a systematic investigation of all possible steady states
of the relativistic Vlasov-Poisson system. As we explained at the beginning
of Section 2 steady states of the relativistic Vlasov-Poisson system can be
obtained by making the ansatz (2.1) for some function ¢ = ¢(F). This ansatz
solves the stationary Vlasov equation with potential Uy in the sense that f
is constant along characteristics. By substituting it into the definition of the
spatial density the latter becomes a functional of the potential U,. More
precisely, in the formula

i) = [ fateordo=7% [~ [ ol /TR LI + U dLdu, r=l,

the integration with respect to L can be carried out explicitly after the change
of variables (w,L)— (E,L) so that

po(x) = go(Uo()), (5.1)

where
go(w) ::47r/:01gb(E)(E—u) [(E—u)*—1] Y2 4B, ueR. (5.2)

Hence a steady state of the relativistic Vlasov-Poisson system is obtained, if
for a given choice of ¢ it can be shown that the semilinear Poisson equation

AUO :47rg¢(U0)

has a solution on R? such that fy:=¢o E has finite mass and compact sup-
port. Since in this section we consider only stationary solutions, we drop the
subscript 0 and denote the steady state by f and its potential by U.

As noted in the beginning of Section 2 any solution obtained by the
above approach must a-posteriori be spherically symmetric, so we only look
for solutions U =U(r), r >0, of the equation

U’(r)zi—?/org(ﬁ(U(s))szds, r>0. (5.3)
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In [2], BATT showed that the polytropic ansatz

O(E)=(Ey—E),
with %k €]0,2[ leads to steady states with compact support and finite mass.
Below we present two approaches which can be used to prove the existence
of steady states for more general functions ¢. First however, we show that
¢ must vanish for large values of E if the resulting steady state is to have
finite mass.

Proposition 5.1 Let ¢:R—[0,00] be measurable and let (f,U) be a sta-
tionary solution of the relativistic Vlasov-Poisson system in the sense that
f(z,0)=¢(F) and UeC'([0,00]) solves (5.3) with g given by (5.2). Let
[[ fdvdx <oo. Then Us:=lim, ., U(r)<occo and ¢(E)=0 a.e. for E>
Us +1.

Proof. Let M := [[ fdvdz. Since by (5.3), 0<U'(r) < M/r?, U is increasing
with a finite limit Uy for r — oo, and since g, is decreasing,

M:47r/ g¢(U(r))r2dr247r/ 9o(Uso) 72 dr,
0 0

which means that g4(Us)=0. This is only true if ¢(£)=0 for almost all
E>Usx+1. a

In what follows we are only interested in steady states with finite mass so
we always assume such a cut-off energy Ejy. This implies in particular that
gs(u) =0 for u>FEy—1, cf. Eqn. (5.2).

Under suitable assumptions on ¢ Eqn. (5.3) has a unique solution on
[0,00], if we prescribe U(0).

Proposition 5.2 Let ¢:R— [0,00[ have the following properties: ¢ is mea-
surable, there ezists a cut-off energy Eg €R such that ¢(E)=0 for E> Ey,
and there exists k> —1 such that for every E; < Ey there exists a constant
C >0 such that

p(E)<C(Ey—E)*, E€[Ey, Ey|.

Then for every ug €R there exists a unique solution U € C1([0,00[) of (5.3)
with U(0) =uyp.
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Proof. One can show that under the given assumptions on ¢ the function
ge defined in Eqn. (5.2) is continuously differentiable. The existence and
uniqueness of U on some interval [0,6] then follows by a contraction argument.
Since U is increasing, either U < Ey — 1 on its maximal existence interval, and
the solution is global, or there exists some R >0 such that U(r)> Ey—1 for
r> R, which implies that g,(U(r)) =0 for r > R, and again U is global. O

Remark. Clearly, the solution obtained above will in general not satisfy
the boundary condition U,, =0 which we required in previous sections, and
which is part of our formulation of the relativistic Vlasov-Poisson system.
However, the solution has a finite limit U, and by redefining U=U-Ux
and ¢=¢(-+U,) which shifts the cut-off energy accordingly we obtain a
steady state with the same particle distribution fy= fy(z,v) on phase space
and with the correct boundary condition at infinity.

We now proceed to our first result which guarantees the existence of
compactly supported steady states with finite mass. We follow an approach
which was used for the Vlasov-Poisson and Vlasov-Einstein systems in [25].

Proposition 5.3 Let ¢ be as in Proposition 5.2, and assume in addition
that
H(E)=c(Ey—E)"4+0 ((Eo— E)k+5) as E— Ey—,

for some —1/2<k<3/2, ¢>0, and 6>0. Let (f,U) be an induced steady
state of the relativistic Vlasov-Poisson system, i.e., f(x,v)=¢(FE), and U €
C([0,00]) satisfies (5.3). Then this steady state has compact support and
finite mass.

It is remarkable that up to technical assumptions only the behavior of ¢ at
the cut-off energy Ey needs to be specified. In particular, there are plenty of
functions ¢ which satisfy the assumptions of this theorem and of the stability
result in Section 2 as well. Beside the polytropic states with 1<k<3/2 a
notable example which frequently appears in the astrophysics literature is a
King type model

f(z,0)=¢(E)= (""" — 1)+.

The basic set-up of the proof of Proposition 5.3 is as follows. If U(0) >
Ey—1 then this relation holds also for >0, and the steady state is trivial.
Hence we consider a solution U such that U(0) < Ey— 1, and we define [0, R|
as the maximal interval on which U < Ey—1 so that suppp=[0,R]. If R=00
then Uy, =lim, ., U(r) < Ey—1 exists by monotonicity. Now assume that
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Us < Ey—1. Then p(r) >4mgs(Us) >0 which implies that U’(r) > Cr with
C' >0 which upon integration gives the contradiction that U, =oo. Hence

U(r)<Ey—1on [0,R], and lim U(r)=Ey—1; (5.4)

r—R—

if R < oo the limit assertion is true as well. In order to show that (5.4) indeed
implies that R < oo we use a special case of a result due to MAKINO [16]; a
proof can also be found in [25, Lemma 3.2].

Lemma 5.4 Let x,y € C*(]0,R[) be such that x,y >0 and
re’ = a(r)y —x+2°
ry’ =y(a—pB(r)z)

on 0,R[, where a>0 is a constant, a,3€C(]0,R][), inf,co pe(r)>0, and
lim, g B3(r) €]0,a]. Then R< .

Proof of Proposition 5.3. We first introduce the radial pressure

p(x):p(r)3=/<ﬂ>2f(x,v)dv.

r

Like the spatial density p the pressure becomes a functional of U via
Eqn. (2.1):
p(r)=he(U(r))

where

4 (@)
heo(u) = g/ S(E)E—u)[(E—u)*—1]""dE, ueR.  (5.5)
u+1
On the interval |0, R we define

n(r):=Ey—U(r)—1, m(r)::47r/0r32p(s)ds

and
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A short computation shows that the latter functions satisfy a system of ODEs
of the form stated in Lemma 5.4 with a:=2 and

_p _ hn)
o gm)n’
_(r’ 2ep N\ g'(n) W (n)
‘<p ,o)m ot~ ")

For the sake of convenience we have redefined
n
o) = [ 0 1+n—e) -+ (n )]
0

b =g [ wl1+n=0 2=+ (=0 de

1/2 de.

and
Y(€):=¢(Fy—¢)=ce"+O0("°) as e= By — E—0+.

In order to investigate the asymptotic behavior of § we also need

g'(n) = 47T/0n¢(6) (o—+m—e?) 2 20—+ (—e) ] de,

4

W =1n [ 00| G—0+ (g—07) 45

3 (2(77 —e)+(n— 6)2)3/2] de.

We need to substitute the asymptotic expansion of ¢ into g, h, and their
derivatives; note that 0 <n(r) — 0 asr — R—. The leading order terms always
contain an integral of the form

n 1
/ ek(n—e)mde:nk+m+l/ sP(1—s)"ds=:n""" ey, m>—1,
0 0

where the constants ¢y ,,, satisfy the relation

Ck,m—1 . k:+m+1

Ck,m m

, m>0.

Hence for n — 0+,



If we substitute these expansions into the formula for o we find

2c¢
a(r) == k,3/2

= +0(n’(r)) = (k+3/241)"'>0, r— R—,
3 Ck,1/2

Clearly, a(r) >0 for 0 <r < R and since n(0) >0,

lim a(r)=

)
r—0+ 1n(0)g(n(0))

so that inf,¢jo gpar(r) >0 as desired. As to (3,

_ Ck—1/2 3Cka)2

B(r +O(n6(r))—>k+%, r— R—,

Ckaj2  2Cr3/2

and by the assumption on k this limit lies in the interval ]0,2[. We can
therefore apply Lemma 5.4 to conclude that R < oo, and the proof of Propo-
sition 5.3 is complete. a

Although the class of steady states obtained by the approach above is
quite large, the condition on k excludes for example polytropes with k> 3/2
and possible generalizations of those. Hence we present a second approach
the idea of which is the following. If one introduces the speed of light ¢ as a
parameter into the relativistic Vlasov-Poisson system then solutions of this
system tend to solutions of the non-relativistic case as ¢ — oco. Exploiting this
for Eqn. (5.3) one can show that the potential in the relativistic case has to
cross the cut-off energy for sufficiently large ¢, if the corresponding potential
in the non-relativistic case does. In this way one can show that essentially
every compactly supported steady state of the non-relativistic Vlasov-Poisson
system has its relativistic counterpart. In particular, this will be true for the
polytropic ansatz with 0 <k <7/2, which extends the range found in [2].
The perturbation argument outlined above was used for the Vlasov-Einstein
system in [24].

If the speed of light is not normalized to unity in the relativistic Vlasov-
Poisson system the only change is that /14 |v|? must be replaced by
V1+]v[?/c2. In the sequel we use the parameter v:=1/c*. In order to
obtain the correct non-relativistic limit as v — 0 we adjust the ansatz (2.1):

f@ﬂﬁz¢(%vﬁ+va+U@ﬁ—l). (5.6)

Y
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This ansatz satisfies the Vlasov equation with potential U and parameter ~.
As before the spatial density p becomes a functional of the potential U,

p(r)=g4(7,U(r)),

where
407, 1) ::47r/ H(E) (1+7(E—)) [2(E—u) +7(E—w)?] "> dE, ueR,
and it remains to analyze the Poisson equation for U which takes the form

U’(r)zg/org¢(7,v(s))s2ds, P> 0. (5.7)

For =0 this is precisely the equation which arises if one looks for steady
states of the non-relativistic Vlasov-Poisson system via the ansatz

e =o (5 +U). (5:5)

and an analysis of the limit v— 0 yields the following result.

Proposition 5.5 Let g€ L2 (R), ¢>0, and ¢(E)=0, E> Ey. Let (fy,Up)
be a non-trivial, compactly supported steady state of the Vlasov-Poisson sys-
tem obtained by the ansatz (5.8), i.e., Uy € C*(]0,00|) solves Eqn. (5.7) with
v=0, and Uy(0) < Ey but Uy(R) > Eyy for some R>0. Then for all 7> 0 suf-
ficiently small the solution U € C*([0,00[) of (5.7) with U(0)=Uy(0) satisfies
U(R) > Ey, i.e., the resulting steady state of the relativistic Vlasov-Poisson
system with parameter v has compact support and finite mass.

Proof. It is easy to see that there exists a constant C' >0 such that
196(7: 1) = 9(0,u0)| < Cy+ Clu—uol, u,uo>Us(0).
In what follows, constants denoted by C' are positive, may change from line

to line, and never depend on 7, U, or r. By monotonicity the solutions U
and Uy under consideration take only values u > Uy(0), and hence

\U’(r)—Ué(r)|§C’7+C/ |U(s)—Uy(s)|ds, 0<r<R.
0
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If we integrate this estimate, observe that U(0) = Uy(0), and apply Gronwall’s
lemma we find that

|U(r)—Uy(r)| <Cr, 0<r<R.

The latter holds in particular for r = R, and since by assumption Uy(R) > Ej
the same is true for U, provided 7 is small enough. a

Remark. The requirement that v must be sufficiently small in the re-
sult above actually changes the relativistic Vlasov-Poisson system we started
with. However, it is easy to check that if f is a steady state of the system
with some 7 >0 then the rescaled function f, (z,v):=~"3/2f(y~2z,y~1/20)
is a steady state of the original system with y=1. This scaling changes
the cut-off energy, which however has to be adjusted in order to sat-
isfy the boundary condition U(co)=0 anyway, and it changes the ansatz,
fo(2,0) =7732¢((\/1+ |[v]2+U(x) —1) /), but it does not change the prin-
cipal way in which the ansatz depends on the particle energy.

In the non-relativistic case it is well known that the polytropic ansatz
with 0 <k <7/2 leads to compactly supported steady states; as a matter of
fact the compact support is lost for k=7/2, the so-called Plummer sphere,
and finite mass is lost for k> 7/2. Generalizations of these polytropes were
obtained by variational techniques in [11], and by techniques which are closer
to the ones used to prove Proposition 5.3 in [12], so there are many examples
which one can extend to the relativistic case by Proposition 5.5.
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