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Introduction

Many important developments and concepts in mathematics originate with the
N-body problem. It describes the motion of N mass points which move ac-
cording to Newton’s equations of motion under the influence of their mutual
attraction governed by Newton’s law of gravity. The N-body problem has many
applications in astronomy and astrophysics, the most notable one being our so-
lar system. Looking at larger astronomical scales further N-body systems come
into view, for example globular clusters or galaxies. If the internal structure of
the stars, interstellar material, processes leading to the birth or death of stars,
and various other effects are neglected, then a galaxy can be described as an
N-body system. For the solar system N is a fairly small number, and it is to an
excellent degree of precision possible to predict the exact positions of all N bod-
ies. For a galaxy however, N is of the order of 10'°-10'2, and keeping track of
all these mass points is neither feasible nor even desired. Instead, the evolution
of the in some sense averaged mass distribution of the galaxy is the issue. Such
a statistical description of a large ensemble of gravitationally interacting mass
points leads to a mathematical problem which is far more tractable in certain
of its aspects than the N-body problem is even for very moderate N. In the
present treatise results for certain nonlinear systems of partial differential equa-
tions are presented, which are used in the modeling of galaxies, globular clusters,
and many other systems where a large ensemble of mass points interacts by a
force field which the ensemble creates collectively.

In order to motivate the equations which describe such a particle ensemble
let us continue to think of a galaxy. If U=U(t,z) denotes its gravitational
potential depending on time ¢ €R and position = € R3, then an individual star
of unit mass with position x and velocity v € R® obeys Newton’s equations of
motion

t=v, v=—=0,U(t,x), (1)
as long as it has no close encounters with other stars. Here 0,U denotes the
gradient of U with respect to x. To describe the galaxy as a whole we introduce
its density f= f(t,o,v) >0 on phase space R® x R3. The integral of f over any
region of phase space gives the mass or number of particles (stars) which at
that instant of time have phase space coordinates in that region. In a typical
galaxy collisions among stars are sufficiently rare to be (in a first approximation)
negligible. Hence f is constant along solutions of the equations of motion (1)
and satisfies a first order conservation law on phase space, the characteristic
system of which are the equations of motion (1) of a single test particle:

Ouf+v-0f —0uU -, f =0. (2)

Of course this equation can be derived in a more rigorous way like other conser-
vation laws, using Gauf’ Theorem. The spatial mass density p = p(¢,z) induced
by f determines the gravitational potential U according to Newton’s law for
gravity, subject to the usual boundary condition at spatial infinity:

AU =4mp, | lim U(t,x)=0, (3)

z|—o00



p(t,I)Z/f(t,CC,’U)dU; (4)

for the moment y=1. The equations (2), (3), (4) form a closed, nonlinear
system of partial differential equations which governs the time evolution of a
self-gravitating collisionless ensemble of particles. No additional equations such
as an equation of state are needed to close this system, as would be the case for
fluid type models. A more detailed discussion of the derivation of such a system
and its underlying physical assumptions can be found in [73].

At the beginning of the last century the astrophysicist Sir J. Jeans used this
system to model stellar clusters and galaxies [65] and to study their stability
properties. In this context it appears in many textbooks on astrophysics such
as [13,26]. If we want to model an ensemble of mass points which interact by a
repulsive electrostatic potential, we choose v=—1. This form of the system is
important in plasma physics where it was introduced by A. A. Vlasov around
1937 [109,110]. In the mathematics literature the system of equations (2), (3),
(4) has become known as the Vlasov-Poisson system.

Besides being nonlinear the specific mathematical difficulty of this system
lies in the fact that an equation on phase space is coupled to an equation on
space. The Vlasov equation easily provides a-priori bounds on LP-norms of f(t)
for any p€[1,00], but upon integration with respect to v only an L!-bound on
p(t) survives, which does not give good bounds for 9, U.

The Vlasov-Poisson system is just one example of a class of partial dif-
ferential equations known as kinetic equations. Other such systems are the
Vlasov-Maxwell system, a Lorentz invariant model for a dilute plasma where
the particles interact by electrodynamic fields, and the Vlasov-Einstein system
which describes a self-gravitating collisionless ensemble of mass points in the
framework of General Relativity; for more details we refer to Section 1.1. In
these systems the standing assumptions are that the particle ensemble is suf-
ficiently large to justify a description by a (smooth) density function on phase
space and that collisions are sufficiently rare to be neglected. If collisions are
to be included a Boltzmann collision operator replaces the zero on the right
hand side of the Vlasov equation (2). One can then consider situations where
collisions are the only interaction among the particles, the case of the classical
Boltzmann equation of gas dynamics, or situations where both short and long
range interactions are taken into account, like in the Vlasov-Poisson-Boltzmann
or Vlasov-Maxwell-Boltzmann systems.

We refer to [18,22,28,43,44] for systems including collisions. The present
treatise is concerned with the collisionless case. We essentially consider two top-
ics: The existence of classical, smooth solutions to the initial value problem, and
the nonlinear stability of stationary solutions. In dealing with these problems
we focus on the Vlasov-Poisson system, for the stability problem we restrict
ourselves even further and consider only the gravitational case. The motivation
for this approach is as follows. For the Vlasov-Poisson system the mathemat-
ical understanding of the initial value problem is fairly complete, while on the
other hand the techniques which were successful there can provide a guide to
attacking open problems for related systems. For the stability problem in the



gravitational case, which as noted above was one of the starting points of the
whole field, a successful approach began to appear in the last few years, with
techniques which hopefully will reach beyond kinetic theory. In spite of the
restriction to the Vlasov-Poisson system we frequently comment on results and
open problems for related systems so that this treatise can serve as a guide into
the whole field of collisionless kinetic equations.

There are important questions concerning kinetic equations and even con-
cerning the Vlasov-Poisson system which we do not discuss. An obvious one,
which comes to mind in connection with our point of departure, the N-body
problem, is the following: Consider a sequence of N-body problems where N
increases to infinity and where the initial data, which can be interpreted as sums
of Dirac § distributions on phase space, converge in an appropriate sense to a
smooth initial distribution function on phase space. Do the solutions of the
N-body problems at later times then converge to the solution of the Vlasov-
Poisson system launched by this initial distribution? A positive answer to this
question could be considered as a rigorous derivation of the Vlasov-Poisson sys-
tem from the N-body problem, but the question is open. Partial results, where
the Newtonian interaction potential 1/|z| is replaced by less singular ones, are
given in [54,85].

Notation and preliminaries

Our notation is mostly standard or self-explaining, but to avoid misunderstand-
ings we fix some of it here. For x,y € R" the Euclidean scalar product and norm
are denoted by

-y ::inyi, || =z .
i=1
The open ball of radius R >0 with center z € R™ is denoted by
Br(z):={yeR"||z—y|< R}; Br:=Bg(0).
For £ € R the positive part of this number is
&y :=max{&,0}.
For a set M CR", 1), denotes its indicator function:
1y(z)=1ifzeM, 1y(x)=0if x¢ M.

For a differentiable function f = f(t,z,v), t€R, z,v € R3,

atfu 8If7 avf

denote its partial derivatives with respect to the indicated variable; in the case
of z or v these are actually gradients. If U=U(z) we also write VU =0,U for
the gradient. For ¢t € R we denote by f(t) the function

f#):R3xR®> (z,0) > f(t,2,v).



By

C*(R), C¢(R™)
we denote the space of k times continuously differentiable functions on R", the
subscript ¢ indicates compactly supported functions. The Lebesgue measure
of a measurable set M CR™ is denoted by vol(M). The norm on the usual
Lebesgue spaces LP(R"), 1<p<oo, is denoted by ||-||,, where by default the
corresponding integral extends over R™ with n=3 or n=06 as the case may be.

We denote by L% (R™) the set of non-negative integrable functions on R". For
f €L (RY) we define the induced spatial density py € L (R®) by

:/f(a:,v)dv

integrals without explicitly specified domain of integration always extend over
R3. For p:R3— R measurable the induced potential is denoted by

_ [ .ry)
™= Fy/lw—yldy’

provided the latter convolution integral exists, also U :=U,,, and if f = f(t,,
or p=p(t,z) also depend on time t we write py(t,z):=pru) (2), U,(t,2):
Uy (x) ete. It will often not be necessary to write the subscripts at all.

For the convenience of the reader we collect some facts from potential theory.

°

Lemma P1 Let pe CL(R?). Then the following holds:

(a) U, is the unique solution of

AU =4nyp, lim U(z)=0

|z|—o0

/I:v yl3p

Up(@)=0(z|™"), VU,(2)=0(|z|?) for |z|— oo

in C?(R3). Moreover,

(b) For any p€|1,3],
IVUplloe < enllpl2/? 1 pll3c ",

where the constant ¢, >0 depends only on p, in particular, c; :3(2#)2/3.
Moreover, the second order derivative satisfies, for any 0<d< R,

ID?Upllos < e [R™2||pll1 +d|Vpllo + (1 +1n(R/d)) || ]| ]
with ¢ >0 independent of p,R,d, and

1D, lloe < e [(1+ plloe) (110 [ Tplloc) + ol



Proof. We only sketch the proof since most of this is well known. The formula
for VU, is obtained by shifting the x-variable into the argument of p first. After
differentiating under the integral once the derivative can be moved from p to the
kernel 1/|x —y| using Gaufy’ Theorem; one has to exclude a small ball of radius
€ about the singularity y == when doing so, but the corresponding boundary
term vanishes as ¢ — 0. This procedure is then applied to the formula for VU,
except that now the boundary term survives in the limit ¢ — 0, and the resulting
singularity is no longer integrable at y=xz. Hence for any d >0 and 4,7 =1,2,3,

(i —yi) (x5 —y;) dij
3 - d
{ Py e LR

0.0, Uyla) = = [

|z—y[>d

—7/|xy|<d[---] (p(y) = p(z))dy + %ﬂv&a‘p(w);

the difference p(y)—p(z) in the latter integral kills one power of the singular-
ity so the integral exists. The uniqueness assertion is usually referred to as
Liouville’s Theorem, and the asymptotic behavior is easy to deduce from the
compact support of p. We consider (b) in more detail. For any R >0, Hélder’s
inequality implies that

lp(y)] lp(y)|
VU, (z)| < d d
| <>|</ y+/ y

|m7y|<R|x_y|2 z—y|>R |z —y|?

47

3 9 1/q
<ATR||plloo+ | =——=R°*? ollp,

where 1/p+1/¢g=1 and hence ¢>3/2. We optimize this estimate by choosing
R=(c|lpllp/llplloc)?’® with a suitable constant ¢ >0 and obtain the estimate for
VU,. With 0 <d < R the formula for 0,,0,,U, implies that

4 4
DU, (z)| < —|p(z)|+]||Vp Oo/ _—
D0, < @]+l [

4 4
+/ 7|p(y)ldy+/ —=lp(y)|dy
d<|z—y|<R |I—y|3 lt—y|>R |$—y|3

< c[llpllse + Vol +llplloc In(R/d) + R~ pll1] .

The second form of the estimate results by the choice R=1, and d=1/||Vp||s
if [Vplloo >1, else d=1. m|
We also need certain LP-estimates for the potential, based on the weak Young’s
inequality.

Lemma P2 (a) Let1<p,q,r <oo with1/p+1/q=1+1/r. Then for all func-
tions g€ LP(R™), he L% (R™) the convolution gxh:= [g(-—y)h(y)dye
L™ (R™) satisfies
llg Al <cllgll, 1214,



Here c=c(p,q,n) >0, and by definition, h€ LL(R™) iff h is measurable
and

1/q
1Al ;:supr(vd{xeﬂw Ih(z)| >T}) < o0;
>0
the latter expression does not define a norm.

(b) If p€ LS/5(R®) then U, € LS(R3) with weak derivative VU,:=~-/|-|3xpe
L3(R3), and there exists a constant ¢ >0 such that

1 2 1 p(@)p(y) 2
- U =— dy < .
87T/|V b dx 2// iz —y| dzdy <c|pllg/s

Proof. As to the weak Young’s inequality recalled in (a), cf. [74, 4.3]. The
assertions for U, and VU, follow with n=3, p=6/5, and h=|-|"", ¢g=3 or
h=|-172, ¢=3/2. The estimate in (b), a special case of the Hardy-Littlewood-
Sobolev inequality, follows by Hélder’s inequality. If p € CL(R?) then - /|- [3xp
is the gradient of U,, and integration by parts together with the Poisson equation
yields the equality of the two integrals. The general case follows by a density
argument. U



Chapter 1

Classical solutions to the
initial value problem

1.1 The initial value problem—An overview

Before going into details we give an overview of this chapter and of the history
and current state of the mathematical treatment of the initial value problem for
collisionless kinetic systems. We also introduce some systems which are related
to the Vlasov-Poisson system

hf+v-0,f—0,U-0,f=0, (1.1)
AU =4mp, | llim U(t,z)=0, (1.2)
pt,x)= [ f(t,x,v)dv; (1.3)

as a rule, teR, x,veR3. If the particles are allowed to move at relativistic
speeds a first modification is to replace the Vlasov equation (1.1) by

v
V14|l

Here v should be viewed as momentum so that v/4/1+ |v|? is the correspond-
ing relativistic velocity; like all other physical constants the speed of light is
normalized to unity. The system (1.4), (1.2), (1.3) is called the relativistic
Vlasov-Poisson system, and again one distinguishes the gravitational case vy=1
and the plasma physics case y=—1. In spite of its name this system is not fully
relativistic, i.e., not Lorentz invariant. To obtain a Lorentz invariant system
the field equation has to be modified accordingly. In the plasma physics case
this yields the relativistic Vlasov-Maxwell system which we write for a plasma

O f+ 0y f—0,U-0,f=0. (1.4)



with two particle species of opposite charge; otherwise, all physical constants
are again normalized to unity:

o fE+ O ft+ Oy fE=0,

v v
—_— E+——xB
V1+|v|? < V14 |v|? )

O F —curl B=—4nj, 0;B+curl E=0,
divE =4nmp, divB=0,

plt)= [(F5 =)ty )= [ (4 = )0}
V1+vf?

Here f* = f*(t,,v) are the densities of the positively or negatively charged
particles on phase space respectively, F=FE(t,z) and B= B(t,x) denote the
electric and magnetic field, and the source terms in the Maxwell field equa-
tions are the charge and current density p=p(¢,2) and j=j(¢,x). According
to [71, p. 124] it was this system (with v instead of v/4/1+ |v|?) which Vlasov
introduced into the plasma physics literature in 1937. The major assumption
that collisions can be neglected is satisfied if the plasma is very hot and/or very
dilute, a good example being the solar wind. If a fully relativistic description
in the gravitational case is desired the corresponding Vlasov equation has to be

coupled to Einstein’s field equations
GP =8nT*P.

Here the Einstein tensor G*? is a nonlinear second order differential expression
in terms of the Lorentz metric gog on the spacetime manifold M, and Tk
is the energy momentum tensor. The equations of motion of a test particle
are the geodesic equations in the metric gog so that the corresponding Vlasov
equation is that first order differential equation on the tangent bundle TM of
the spacetime manifold M which has the geodesic equations as its characteristic
system. The corresponding density f on phase space T'M determines the energy
momentum tensor 7%, For the present treatise there is no need to make this
more precise, and we refer to [3] for an introduction to the Vlasov-Einstein
system.

We first consider classical solutions of the Vlasov-Poisson system (1.1), (1.2),
(1.3), i.e., solutions where all relevant derivatives exist in the classical sense. A
local existence and uniqueness result to the initial value problem was established
by R. Kurth [69]. A first global existence result was proven by J. Batt [6] for
a modified system where the spatial density p is regularized. The first global
existence result for the original problem was again obtained by Batt [7] for
spherically symmetric data. In the course of this proof an important contin-
uation criterion was established: A local solution can be extended as long as
its velocity support is under control. In Section 1.2 we prove the local exis-
tence result together with this continuation criterion, since it forms the basis
for results towards global existence. The analogous result is valid for the rela-
tivistic Vlasov-Poisson and Vlasov-Maxwell systems [36], see also [15,66], and

10



for the Vlasov-Einstein system in the spherically symmetric, asymptotically flat
case [100]. In Section 1.3 spherical symmetry is shown to imply global existence
for the Vlasov-Poisson system. It is also shown to be essential that the particle
distribution is given by a regular function on phase space; if the particles are
allowed to be d-distributed in velocity space blow-up in finite time can occur.

The next major step was a global existence result for the Vlasov-Poisson
system with sufficiently small data by C. Bardos and P. Degond [5]. The anal-
ogous result was achieved for the Vlasov-Maxwell system by R. Glassey and
W. Strauss [37], and for the Vlasov-Einstein system in the spherically symmet-
ric, asymptotically flat case by G. Rein and A. Rendall [100]. The corresponding
techniques are discussed in Section 1.4 for the case of the Vlasov-Poisson system.

The development for the Vlasov-Poisson system culminated in 1989 when in-
dependently and almost simultaneously two different proofs for global existence
of classical solutions for general data were given, one by K. Pfaffelmoser [87]
and one by P.-L. Lions and B. Perthame [80]. Since the two approaches are
quite different from each other and both have their strengths we present them
both in Section 1.6. In sharp contrast to the N-body problem global existence
is obtained both for the repulsive and for the attractive case. In the former case
the total energy is positive definite while in the latter it is indefinite, but as
shown in Section 1.5, the same a-priori bounds can be derived in both cases.

It may seem strange to discuss results for spherically symmetric and for small
initial data when there is a result for general ones. The reason is that for the
restricted data more information on the behavior of the solution is obtained, and,
more importantly, the techniques employed may be useful for similar problems
where a general result is not yet available.

For the Vlasov-Maxwell system no analogous global existence result for gen-
eral data has been proven yet. However, two points have to be emphasized
here: Firstly, our discussion so far refers to the full three dimensional problem,
and much progress has been made for lower dimensional versions of the Vlasov-
Maxwell system [31-33]. Secondly, our discussion so far is restricted to classical,
smooth solutions. In a celebrated paper R. DiPerna and P.-L. Lions proved
global existence of appropriately defined weak solutions for the Vlasov-Maxwell
system, cf. [21]. A somewhat simplified proof of this result under somewhat
more restrictive assumptions can be found in [99]. A variety of tools for kinetic
equations, which are used in these results and in many others, is discussed in a
much broader context in [89].

Granted that global existence holds for both the attractive and the repulsive
case of the Vlasov-Poisson system one certainly expects a different behavior
of the two cases for large times. Results in this direction were obtained in
[24,63,88], and they are discussed in Section 1.7.

1.2 Local existence

A local existence and uniqueness theorem is the necessary starting point for all
further investigations. Since the basic approach to proving such a result is used

11



for many related systems again and again, it is worthwhile to give a complete
proof here. To begin with we make precise what we mean by a classical solution:

Definition. A function f:IxR3*xR3—[0,00[ is a classical solution of the
Vlasov-Poisson system on the interval I C R if the following holds:

(i) The function f is continuously differentiable with respect to all its vari-
ables.

(ii) The induced spatial density p=ps and potential U=Uy exist on I x R3.
They are continuously differentiable, and U is twice continuously differ-
entiable with respect to x.

(iii) For every compact subinterval J C I the field 9, U is bounded on J x R3.

(iv) The functions f,p,U satisfy the Vlasov-Poisson system (1.1), (1.2), (1.3)
on I xR3 xR3,

It is essential that the local existence result not only provides unique local
solutions for a sufficiently large class of initial data, but also says in which way
a solution can possibly stop to exist after a finite time.

Theorem 2.1 FEvery initial datum foe CL(RY), fOZ 0, launches a unique clas-

sical solution f on some time interval [0,T] with f(()):]g For all t€0,T]
the function f(t) is compactly supported and non-negative. If T >0 is chosen
mazximal and if

sup{|v| | (z,v) €supp f(t), 0<t<T}<oo

or
sup{p(t,z)[0<t<T, CCERS} < 0,

then the solution is global, i.e., T =00.

A classical solution can be extended as long as its velocity support or its spatial
density remain bounded. This rules out a breakdown of the solution by shock
formation where typically the solution remains bounded but a derivative blows
up; if the solution blows up, p must blow up due to a concentration effect.

Due to the requirement that the initial datum be compactly supported,
the solutions obtained in the theorem enjoy stronger properties than what is
required in the definition. This requirement can be replaced by suitable fall-
off conditions at infinity [57]. Since such an extension of the result is mostly
technical we adopt the simpler case. One can weaken the requirements on
a solution and still retain uniqueness. Exactly how far one can weaken the
solution concept without loosing uniqueness is not yet completely understood.

In order to prove the theorem we need to be able to solve the Vlasov equation
for a given field F'=—0,U. First we consider the characteristic flow.

12



Lemma 2.2 Let I CR be an interval and let F € C(I x R3;R3) be continuously
differentiable with respect to x and bounded on J xR3 for every compact subin-
terval J CI. Then for every t€l and z= (x,v) ER3 xR? there exists a unique
solution I3 s+ (X,V)(s,t,z,v) of the characteristic system

t=v, 0V=F(s,x) (2.1)
with (X, V) (t,t,x,v) = (z,v). The characteristic flow Z:=(X,V) has the follow-

) 3
1ng properties:

(a) Z:1xIxR®—RC is continuously differentiable.
(b) For all s,t €I the mapping Z(s,t, ) : RS —R® is a C-diffeomorphism with
inverse Z(t,s,-), and Z(s,t,-) is measure preserving, i.e.,

o0z
deta—(s,t,z)zl, s,;tel, zeRS.
2

Proof. Most of this is standard theory for ordinary differential equations, in
particular, Z(r,t,Z(t,s,z)) = Z(r,s,z) by uniqueness. Hence Z(s,t,Z(t,s,2)) =z,
ie., Z71(s,t,-)=Z(t,s,-). In order to see that the flow is measure preserving,
we rewrite the characteristic system in the form

2=G(s,z), G(s,x,v):=(v,F(s,x)).

The assertion then follows from the fact that

d 0Z 0z

T det 5 (s,t,z) =div,G(s,Z(s,t,2))det 5 (s,t,z)=0;
divergence-free vector fields induce measure preserving flows, a fact also known
as Liouville’s Theorem. o

The relation between the characteristic low and the Vlasov equation is as
follows:

Lemma 2.3 Under the assumptions of Lemma 2.2 the following holds:
(a) A function f€CY(IxRO) satisfies the Viasov equation

Of+v-0pf+F(t,x) 0, f=0 (2.2)
iff it is constant along every solution of the characteristic system (2.1).
(b) For fect (R®) the function
ft,2)=f(Z(0,t,2)), tel, zeR®
is the unique solution of (2.2) in the space C*(I x RS) with f(O):f. Iff

is non-negative then so is f,

supp f(t) = Z(t,0,supp f), te T

and for every p € [1,00],

1FOllp=fll,. tel.

13



Proof. For a solution z(s) of the characteristic system (2.1),

(52 = Ouf +v-0u f+ F0,5) (5,7(5)).

This proves (a), since through each point (¢,x,v) there passes a characteristic
curve. The remaining assertions follow immediately with Lemma 2.2. O

Before giving a rigorous proof of Theorem 2.1 an “exploratory” computation
is instructive, which the experts of the trade would usually accept as a proof
in itself. For this computation let f be a solution on some time interval [0,7T7].
What are the crucial quantities that must be controlled in order to control the
solution? Assuming that f(¢) has compact support as will indeed be the case
for the solution constructed below, let

P(t) ::sup{|v| | (z,v) € suppf(t)}, tel0,T]. (2.3)
Since || f(¢)|loo and ||f(t)||1 are constant by Lemma 2.3,

o)l <CP2(2), p(t)]1=C

so that by Lemma P1
10:U ()l < CP2(2).

By the characteristic system
t
P(t)gP(O)—i—C/ P?(s)ds, (2.4)
0

where C' depends only on fo and changes its value from line to line. This estimate
gives local-in-time control on P and the quantities which we estimated against
P. In order to get a smooth solution we need to control derivatives, i.e., we
need to go through another Gronwall loop as above, but for the differentiated
quantities. The z-derivative of p can be estimated against the z-derivative of
f and hence of the characteristics; note that the support of the solution is
now under control. If we differentiate the characteristic system with respect to
initial data we get a Gronwall inequality for 0, Z(s,t,x,v), involving 92U so that
0,7 (s,t,x,v) will be bounded by the exponential of the time integral of 92U.
The crucial point is that in the estimate for the latter quantity in Lemma P1 (b),
Oy p enters only logarithmically, and the whole chain of estimates leads to a linear
Gronwall estimate for d,p. Hence the derivatives are under control as long as
the function P is.

If is useful to go through the arguments of the above exploratory compu-
tation in the form of a rigorous proof at least once in a mathematical lifetime,
and here is your chance:

Proof of Theorem 2.1. We fix an initial datum fe CY(R®) with fOZ 0. For

later use we also fix two constants }%> 0 and ]?’> 0 such that

f(x,v):() for |z| > Ror |v] >P.
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We consider the following iterative scheme. The Oth iterate is defined by

fo(t,2) :zf(z), t>0, zeRS.
If the nth iterate f,,:[0,00[xR®— [0,00[ is already defined we define

P = Pfn Uni=Up,

on [0,00[xR3, and we denote by

Zn(8,t,2) = (X0, Vi) (s,t,2,0)
the solution of the characteristic system

t=v, v=-0,Up(s,x)
with Z,(t,t,z)=z. Then
fry1(t,2):= f(Zn(O,t,z)), t>0, z€R®

defines the next iterate. The idea of the proof is to show that these iterates
converge on some time interval in a sufficiently strong sense and to identify the
limit as the desired solution.

Step 1. Using Lemma 2.2, 2.3, and Lemma P1 it is a simple proof by induction
to see that the iterates are well defined and enjoy the following properties:

Fn €C(10,00[XRE), (| f (8)]loo = | Flloos [IF ()] =1l Fll1, ¢>0,

¢
fu(t,z,0)=0 for |v| > P,(t) or |x| ZR—F/ P,(s)ds
0
where

o

Py(t):=P, Pn(t)::sup{|Vn_1(s,O,z)||z€suppf, Ogsgt}, neN,
o 47T o
pn €C1(([0,00[xR%), o)l = fll1; llp(#)llo0 < <[ flloPr (1), 20,

t
pn(t,x) =0 for |z| ZR—i—/ P.(s)ds,
0

and finally
0,Un € C1([0,00[xR?), [0, Un(t)]loc < C(F)P2(1)

where by Lemma P1 (b) with p=1,
o o 1 3 o
C(f)=4-3m B I FIRL. (2.5)
Since this particular constant enters into the length of the interval on which the

iterates converge, the information on which parameters it depends is important
for the proof of the continuation criterion.
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Step 2. Let P:[0,0[—]0,00[ denote the maximal solution of the integral equation

P(t)=P+C(f) /O P2(s)ds

i.e.
-1

P(t):ﬁ(l—ﬁC(f)t)il, 0<t<d:=(PC(f))

without loss of generality f #0. We claim that for every n €Ny and t € [0,[ the

estimate
Po(t) < P(t)

holds. The assertion is obvious for n =0. Assume it holds for some n € Ng. Then
by Step 1,
Vals,0.2)| < lol+ [ 10:Ua(0)dr <PrC) [ P2rYar
0 0
t
< P+ C(f)/ P%(1)dr = P(t)
0

for any 0<s<t<§ and z€supp f so that the assertion follows by induction.
On the interval [0,0[ the following estimates hold:

lon(®)lo0 < T 1Flc PP(0), 10U (00 <CHP ), neNo.

We aim to show that the iterative scheme converges uniformly on any compact
subinterval of [0,d]. Hence we fix 0 <dp<J. In order to estimate terms like

amUn(taXn) - 6mUn(tan+l)

a bound on 92U, is needed, uniformly in n.
Step 3. There exists some constant C >0 depending on the initial datum and
on 0p such that

102 () [l oo + 05U () |0 < C, t€10,80], 7€ No.

In the following proof of this assertion the constant C' may change its value
from line to line; it is only important that it does not depend on ¢ € [0,dp] or on
n € Np. First we note that

10upmsa (br)| < /

lv|<P(t)

0u [0 (0,t,,0))] | dv < C110:20(0,8,) | .

We fix 2,0 € R and t € [0,d0] and write (X,,,V,)(s) instead of (X,,,V,,)(s,t,2,v).
If we differentiate the characteristic system defining Z,, with respect to  we
obtain the estimates

|8xXn(5)| <[0:V (s)l, |ann(5)| < HaiUn(S)Hooszn(S”-
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If we integrate these estimates, observe that 9, X,,(t) =id, 0, V,,(t) =0, and add
the results we find that

|ann(3)|+ |81Vn(3)| < 1+/ (1+ ||6§Un(7)||00) (|6an(T)| + |‘9an(7—)|) dr.

By Gronwall’s Lemma,

t
0., (5) |+ .Vas)| <exp [ (14020, ()] )
0
and hence
t
180 pns1(8)]l oo < Cexp / 102U, (7) o dr, 0<s<t<0p.
0

We insert the estimate on p,+1 from Step 2 and the above estimate on 0, py,11
into the second estimate for 92U,,+1 from Lemma P1 (b) to find that

t
102U, (D] oe <C <1+ / ||a§Un<r>||oodr>.
0

By induction,
||6£Un(t)||00 S C€Ct7 te [0760]7 n €N07

if we increase C so that ||02Up||o < C, and the claim of Step 3 is established.
Step 4. We show that the sequence (f,,) converges to some function f, uniformly
on [0,00] x RS. Firstly, for n €N, and t € [0,6], z € R,

[fnt1(t,2) = fu(t,2)| S C1Z0 (0,8, 2) = Zn-1(0,t, 2)]
For 0 <s <t we have, suppressing the ¢ and z arguments of the characteristics,
X0~ Xaa (9 = [ W)= Vaa
V6 Va1 £ [ 007,50 (7) - 0un a7 K ()
10U (7, X (7)) = B Un 1 (7, X1 (7)) | dr
< [ [10.0) - sl O )~ X a ()]

If we add these estimates and apply Gronwall’s Lemma we obtain the estimate

0
t

<c| 10 (T) = a1 (D2 00 (1) = prr (7)1} 2

<C [ pn(m) = por (D) wdr <C / () = 1 (7) | sodr;
0 0
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note that the support of both p,(t) and f,(t) is bounded, uniformly in n and
t€]0,dp]. Summing up we obtain

an+1(t)—fn(t)||oo§0*/0 [ (7) = fra (7)o,

and by induction,

crgnon
[fn+1() = fa)lloo < C—— <C

F, TLGNO, OStS(SO

This implies that the sequence is uniformly Cauchy and converges uniformly
on [0,80] x R® to some function f € C([0,d0] x R®). The limit has the following
properties:

t
f(t,x,0)=0 for [v| > P(t) or |z| ZR—i—/ P(s)ds
0
and
pn—p:=ps, Un—U:=Uy

as n— 00, uniformly on [0,80] x R3.
Step 5. In this step we show that the limiting function f has the regularity
required of a solution to the Vlasov-Poisson system. Since

102U (1) = 82U ()0 < Cllpn(t) = p (NIl pn(t) — pm ()]}

and
020 (8) = 02U ()]l ow < C|(1+10(R/))]|pa(t) = pin (1)

|20 (8) = O (Dlloo + B o (t) = pra (1)1

for any 0<d< R the sequences (9,U,) and (92U,,) are uniformly Cauchy on
[0,80] x R3; notice that due to the compact support in z, uniformly in n, the L!-
difference of the p’s can be estimated against the L>°-difference which converges
to zero by the previous step, and while the L°°-difference of the derivatives of the
p’s can according to Step 3 only be estimated by a uniform and not necessarily
small constant, it has the factor d in front which can be chosen smaller than
any prescribed €. Hence

U, 0.U, 02U € C(]0,50] x R?).
This in turn implies that

Z:= lim Z, €C"([0,d0] x [0,80] x RY),

n—oo

which is the characteristic flow induced by the limiting field —0,U. Hence

f(t,Z): lim f(Zn(O,t,Z)):f(Z(O,t,Z)),

n—oo
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and f € C1([0,80] x RY) is a classical solution of the Vlasov-Poisson system. Since
the arguments from Steps 3—5 hold on any compact subinterval of the interval
[0,0] this solution exists on the latter interval, and it is straight forward to verify
the remaining properties from the above definition of a classical solution such
as the differentiability of p and U with respect to t.

Step 6. In order to show uniqueness we take two solution f and g according to
the definition with f(0)=g(0), which both exist on some interval [0,d]. By (iii)
in the definition of solution and Lemma 2.3 both f(t) and g(t) are supported in
a compact set in RS which can be chosen independent of ¢ € [0,6]. The estimates
for the difference of two iterates f,, — f,,—1 can now be repeated for the difference
f—g to obtain the estimate

17— g(#)]le <C / 17(5) - g(s)lloods

on the interval [0,0], and uniqueness follows.
Step 7. In order to prove the continuation criterion, let f & C*([0,T[xR®) be
the maximally extended classical solution obtained above, and assume that

P*:=sup{|v|| (t,2,v) Esupp f} < oo,
but T'< co. By Lemma 2.3,

1F @)oo= Flloes IF@N1=1Fll1, 0<t<T.

The idea is to use the control of the length § of the interval on which we con-
structed the solution in Steps 1-5 to show that, if we use the procedure above
for the new initial value problem where we prescribe f (to) as initial datum at
time t=t , we extend the solution beyond T if { is chosen sufficiently close to
T. This is then the desired contradiction. To carry this out we notice first that

o. o

C(f(£)=C(f), cf. (2.5). The maximal solution of the equation

t

P(t):P*+O(f(t°))ﬁ P?(s)ds

t

exists on some interval [f,¢ +0*[ the length 6* of which is independent of . But
since f(f,2,v) =0 for |[v] > P* by definition of the latter quantity, the functions
P,, will be bounded by P on this interval, and all the estimates from Steps 2-5
can be repeated on the interval [Lg it + 0*[ so that our solution does exist there.
If the a-priori bound on p holds this gives an a-priori bound on the field —0,,U
and hence on the quantity P* as well, and the proof is complete. O

Concluding Remarks. (a) The above proof is essentially given in [7] although
the result is not stated there.

(b) The analogous result, in particular the analogous continuation criterion is
valid for the relativistic Vlasov-Maxwell system [36] or the Vlasov-Einstein sys-
tem in the case of spherical symmetry and asymptotic flatness [100]; for these
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systems the control of the velocity support has to be replaced by control of the
momentum support. Due to the nonlinear nature of the Einstein equations the
continuation criterion is not valid for the Vlasov-Einstein system in general.
(¢) Uniqueness within weaker solution concepts is considered in [81,103,114].
(d) Uniqueness is violated within the framework of measure-valued, weak solu-
tions to the Vlasov-Poisson system in one space dimension [83], cf. also [82].

1.3 Spherically symmetric solutions

The estimates used in the proof of the local existence result are not strong
enough to yield global existence. Indeed, it is a priori not clear that solutions
should exist globally in time. In the plasma physics case one might argue that
the particles repulse each other and hence the spatial density should remain
bounded. But in the gravitational case the particles attract each other, and a
gravitational collapse seems conceivable. To make these doubts more substantial
we consider spherically symmetric solutions which by definition are invariant
under simultaneous rotations of both = and v:

f(t,zv)=f(t, Az, Av), A€SO(3).

If f is a solution, this transformation produces another one which by uniqueness
coincides with f if the initial datum is spherically symmetric. Hence spherical
symmetry is preserved by the Vlasov-Poisson system. For a spherically sym-
metric solution

p(t,x)=p(t,r), Ult,x)=U(t,r), r:=|z|,
with some abuse of notation, and

3TU(t,T):4:—2’Y/ p(t,s)s%ds, 8zU(t,x):8TU(t,r)§. (3.1)
0

Example of a “dust” solution which blows up. Let y=1. A likely candi-
date for a gravitational collapse is a spherically symmetric ensemble of particles
which all move radially inward in such a way that they all arrive at the center
at the same time. Hence let us consider a distribution function of the form

ft,x,0)=p(t,x)d(v—u(t,z))

where ¢ is the Dirac distribution. In such a distribution there is at each point in
space only one particle velocity given by the velocity field u(¢,#) €R3, in other
words, there is no velocity scattering. Notice that such an f is forbidden in
our definition of solution, more importantly, it is not a distribution function
on phase space, but we consider it anyway. Formally, such an f satisfies the
Vlasov-Poisson system provided the spatial density p and the velocity field w,
which now are the dynamical variables, satisfy the following special case of the
Euler-Poisson system:

Orp+div(pu) =0, (3.2)
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Opu+ (u-0y)u=—0,U, (3.3)

AU =4rp, lim U(t,z)=0.
|z|—o00

This system represents a self-gravitating, ideal, compressible fluid with the
strange equation of state that the pressure is zero, a situation which in as-
trophysics is sometimes referred to as dust. More information on how to pass
from the Vlasov-Poisson system to the pressure-less Euler-Poisson system can
be found in [20]. As initial datum to this system we take a homogeneous ball
about the origin with all the particles at rest:

3
™

For such data the following ansatz is reasonable:

3 1 R
rﬁux%‘i}jﬁiﬂlBRm(x%1“ny_?%%z’

i.e., we assume that the system retains the shape of a homogeneous ball, but the
ball may contract (or expand). The radius R:[0,7[—]0,00[ of the ball has to be
determined such that a solution of the system above is obtained. It is straight
forward to see that the continuity equation (3.2) is satisfied for |z|# R(t); it
holds in a weak sense everywhere. Moreover,

.U (t,x)=R73(t)x, Opul(t,r)= <§ - R—2> M)z, (u-0z)u=—=(t)x
xT ) 3 ) R R2 ) x R2 o

Hence Newton’s law (3.3) is equivalent to the equation
R=-R7? (3.4)

which is nothing but the equation for the radial motion of a mass point in a
central gravitational field. Our initial data translate into the condition

R(0)=1, R(0)=0.

The corresponding solution of (3.4) becomes 0 in finite time which means that
all the mass of the solution of the pressure-less Euler-Poisson system collapses
to a point in finite time.

This blow-up result for a system which does not belong to kinetic theory
but seems to be closely related to the Vlasov-Poisson system might motivate
one to look for a corresponding blow-up example for the latter. But in 1977,
J. Batt proved the following result, which was the first global existence result
for the Vlasov-Poisson system in three space dimensions—the result holds for
both y=1and y=-1:
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Theorem 3.1 Let foe CL(R®), fZO be spherically symmetric. Then there ex-
ists a constant Py >0 such that for the corresponding classical solution of the
Vlasov-Poisson system,

f(t,z,0)=0 for |v|> Py, 0<t<T, 2R3,

in particular, the solution is global in time, T =00. The constant Py depends
only on ||f|l1,|f|lce, and P, where f(z,v)=0 for |v| > P.

Proof. With M := ||f||1 =||f(t)]]1, formula (3.1) implies that
|0, U (t,2)| < M/r?, r=|z|, t>0.
On the other hand by Lemma P1 (b) with p=1,
102U (t,2)| < Clip(t)[135° < CP(t);
for technical reasons P is redefined to be non-decreasing:
P(t):=sup{[v| | (z,v) €supp f(s), 0 <s<t}.
Combining both estimates we find that
|0,U (t, )] < Cmin{1/r?, P?(t)}.

Hence for any characteristic (z(s),v(s)) which starts in the support of f we have
for i=1,2,3 and 0 <s<t<T the estimate

|i4(5)] <100, U (s,2(s))| < C* min{1/|wi(s)|*, P ()}

where the constant C* depends only on the L' and L*>-norms of f Let £ :=x;.
Then ¢ € C?([0,t]) with

£(s)| < g(&(s)), 0<s<t,

where
g(r):=C*min{1/r* P*(t)} >0, r€R.

If £(s) #0 on ]0,t], i.e., £ does not change sign, it follows that

€(t)—£(0)* < [£(t) = E(O) (1) +£(0)] = [€(1)* — €2 (0)| =2 /O £(s)€(s)ds

<2 [élsteenas=2 [ girr<> [ oryir=sc po)

and hence

[€(t) —£(0)] <2v20+PY2(1).
If £(s5) =0 for some s €]0,t[ we define

5 ;:mf{se]o,t[|§'(s):o}, s+::sup{se]o,t[|g'(s):o}
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so that 0<s_<s, <t, £(s_)=£&(s4) =0, and the first case applies on the in-
tervals [0,s_] and [s,t]. Hence

[€(t) = £(0)| () —E(s4) [ +]E(s-) —£(0)] <4V2C* PV2(2).
Since £ = &; = v; this implies that
P(t) < P(0)+4V6C*PY2(t), t€[0,T],

the proof is complete. ]

Given the blow-up example for the pressure-less Euler-Poisson system on the
one hand and the global existence result for the spherically symmetric Vlasov-
Poisson system on the other, the question arises whether there are similar semi-
explicit solutions to the Vlasov-Poisson system and how they behave. A family
of such examples has been constructed by Kurth [70]:

Semi-explicit spherically symmetric solutions. It is easy to check that

_ 3 (1—|:1:|2—|v|2—|—|33><v|2)71/2 , where (...)>0 and |z xv| <1,
fowv):=15 0 else

defines a time independent solution with spatial density and potential

_ 3 _[lal?/2-3/2, |a|<1,
po(@) = —1p, (@), UO(x)_{ 1|, f2[>1;

note that due to spherical symmetry the particle angular momentum x x v is
preserved along characteristics, the particle energy |v|?/2+Up(z) is preserved
because Uj is time independent, and fy is a function of these invariants. The
transformation

ft,x,v):= folx/R(t),R(t)v— R(t)x)

turns this steady state into a time dependent solution with spatial mass density

3 1
f=———1
P = G (g e

provided the function R= R(t) solves the differential equation
R—R34+R?2=0,

and R(0)=1. Notice that in this example the spatial density is constant on a
ball with a time dependent radius, like for the Euler-Poisson example stated
above. Depending on a.:= R(0) the solution behaves as follows:

o If =0 then R(t)=1, t €R, and we recover the steady state fo.

e If 0< || <1 then

R(t)=(1-acos¢(t))/(1-a?),
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where ¢(t) is uniquely determined by
(t) —asing(t) = (1-a?)*2(t—to),
to:=—(1—a?)73/2(po —asingy), ¢o:=arccosa.
The solution is time periodic with period 27 (1 —a?)~3/2.

e If |a|=1 then
R(t)=(1+¢%(t))/2

where ¢(t) is uniquely determined by
o(t)+¢°(t)/3=2(at +2/3).

The solution is global, but R(t) — oo for |t| — 0o, and R is strictly decreas-
ing on | —00,t] and strictly increasing on [tg,00[ where to=—2/(3a).

o If || >1 then
R(t) = (|of cosho(t) —1)/(a® — 1),

where ¢(t) is uniquely determined by
(t) = |a|sinh o(t) = —(a® = 1)*/2(t — to),

to:=(a®>—1)"%2(¢y — |a|sinh¢y), coshg =, sgndo = sgna.

The solution is global with R(t) — oo for |t| — o0, and R is strictly de-
creasing on | — 00,tp] and strictly increasing on [tg,00].

Rigorously speaking, this example does not fit into our definition of solution,
because f becomes singular at the boundary of its support, but the induced
field allows for well defined characteristics, and f is constant along these. In
no case does the solution blow up. To understand this difference to the dust
example discussed above it should be observed that as opposed to the former
there is velocity scattering in these solutions.

Concluding Remarks. (a) The original proof of Theorem 3.1 given in [7]
considered only the gravitational case v=1, which is the more difficult case
anyway. It relied on a detailed analysis of the characteristic system, written
in coordinates adapted to the symmetry: For a spherically symmetric solution,
f(t,z,v) = f(t,r,u,a), where r:=|z|, u:=|v|, and « is the angle between = and
v. Tt is easy to check that the modulus of angular momentum rusina = |x X v|
is conserved along characteristics, and this fact was exploited in [7]. The above
proof of Theorem 3.1 is due to E. Horst [58], where an analogous result is shown
also for axially symmetric solutions which by definition are invariant under
rotations about some fixed axis. To prove the latter result a-priori bounds on
the kinetic energy of the solution and on ||p(t)||5,3 were established first. These
a-priori bounds are discussed in Section 1.5, since they become essential for the
global results in Section 1.6.

(b) Angular momentum invariants have proven useful in related situations. For
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example, in the plasma physics case global existence of classical solutions to the
relativistic Vlasov-Poisson system has been shown for spherically symmetric
and for axially symmetric initial data [29,34]. In the gravitational case blow-up
occurs for that system, cf. Section 1.7.

(c) Under the assumption of spherical symmetry the relativistic Vlasov-Maxwell
system reduces to the plasma physics case of the relativistic Vlasov-Poisson
system, and global existence holds.

(d) The above Kurth solutions are to our knowledge the only time dependent
solutions to the Vlasov-Poisson system, the behavior of which can be determined
analytically. Notice that the boundary condition lim|,| o U(t,2) =0 is part of
our formulation of this system, i.e., we consider only isolated systems. Other
semi-explicit solution families which do not satisfy this boundary condition are
considered in [8]. For a cosmological interpretation of these solutions, which
do not represent bounded particle ensembles, we refer to [25]. No Kurth type
examples are known for the related systems.

1.4 Small data solutions

For a nonlinear evolution equation a natural question is whether sufficiently
small initial data lead to solutions which decay and hence are global in time.
This happens if the linear part of the equation has some dispersive property
which is strong enough to dominate the nonlinearity as long as the solution is
small. By no means all nonlinear PDEs have this property, but kinetic equations
as a rule do. For the Vlasov-Poisson system this was established in [5]. In the
following discussion of this result initial data are always taken from the set

D:={feCHRE) | 20, Ifle <1, 110 flloc <1,
]?(x,v)zo for || 2]% or |v] Zﬁ}

where }O%, P>0 are arbitrary but fixed. Constants denoted by C may depend
on these parameters and may change from line to line. The following theorem
holds for both y=1 and y=—1.

Theorem 4.1 There exists some § >0 such that for any initial datum fE’D
with || f|lec <& the corresponding solution is global and satisfies the following
decay estimates for t >0:

lpt)lloc <2, 110U (8)]| o0 < Ct72, 02U (t)]|oo < Ct*In(1+12).
The idea of the proof is as follows:
e If the field is zero, 0, U =0, the free motion of the particles causes p to
decay:
p(t,x) = /f(X(O,t,x,v),V(O,t,x,v))dv:/f(:v—tv,v)dv

=13 / AX (z—X)/t)dX <Ct3.
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If the field is not zero but decays sufficiently fast this argument remains
valid, i.e., the determinant of the matrix 9, X (0,¢,2,v) which comes up in
the change of variables above grows like t3.

e By Lemma P1 a decay of p translates into a decay of the field.

If the decay of the field which is needed in the first step is asymptotically
slower than the one resulting in the second step, then one can “bootstrap” this
argument and obtain the decay estimates on the whole existence interval of the
solution, which implies that the solution is global.

We approach the result through a series of lemmas, the first one being a
local perturbation result about the trivial solution. It provides some finite time
interval which can be made as long as desired and on which the solution exists
and the field is sufficiently small to start the bootstrap argument outlined above.

Lemma 4.2 For any €>0 and T >0 there exists some § >0 such that every
solution with initial datum f €D satisfying || fllco <0 exists on the interval [0,T]
and satisfies the estimate

10U (8) oo + 102U (t)lloo <€, tE[0,T].

Proof. By Step 2 of the proof of Theorem 2.1 the solution for any initial datum
f €D exists on the interval [0,(C(f)P)~![ where by (2.5),

C(f)=4-3Y3743|| FI2 | FI22 < Coll f oo

with Cy depending only on the parameters Rand P. Hence if §:= (QCoﬁT)’l,

the solution exists on the prescribed time interval [0,77], provided || f |loc < 9. Let
P:[0,2T[—]0,00[ denote the maximal solution of

. 0 1 L
P(t)=P+ / P2(s)ds,
2TP Jo

a function which depends only on R P, and T. If ||f||00<5 then O(f)g
(2T'P)~1, and hence f(t,2,v)=0 for |v|> P(t) and t € [0,T]. This implies that

4 ~ o
[p() oo < FPS(T)HJ“HOO,

and we also have )
4_7T [} o o
ool < (5 ) #70

for all t€[0,7]. After making § smaller if necessary, Lemma P1 (b) implies
the desired estimates for 9,U and 92U. For the latter quantity we have to go
through the estimates in Step 3 of the proof of Theorem 2.1 applied to the
solution instead of the iterates to find that ||0,p(t)|lcc < C where the constant

depends only on Rand P. Then by Lemma P1 (b),
102U (1) ]|oo < C (5+d + (1 —1Ind)3)
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for any 0<d<1, t€[0,T] and f€D which || f||c <5. The right hand side can
be made less than e by first choosing d sufficiently small and then again making
0 smaller if necessary. a

The following decay condition on the field is the substitute for 0, U to vanish
identically in the first step of the bootstrap argument. Let a >0 and a>0. A
solution satisfies the free streaming condition with parameter o on the interval
[0,qa] if the solution exists on [0,a] and satisfies the estimates

02U ()] oo < ar(141)73/2
02U (1) || oo < (1 41)5/2 } (FSa)

there. The next lemma justifies this terminology: Under the assumption the
long time asymptotics of certain quantities are like in the case where the field
vanishes identically, provided the parameter « is chosen sufficiently small.

Lemma 4.3 If a>0 s small enough then any solution f with initial datum

FeD, which satisfies the free streaming condition (FSa) on some interval [0,al,
has the following properties for all t €[0,a]:

(a) f(t,z,v)=0 for [v| > P+1 and z €R3,
(b) |detd, X (0,t,z,v)| >3t for (z,v) €RS.
(c) Fort>0, x€R3 the mapping X (0,t,z,-) :R3 —R3 is a C-diffeomorphism.
(d) [102p(t)lloc < 4m(P+1)%.
Proof. Let s+ (z(s),v(s)) be a characteristic with |v(0)| <P. Then for any
te€[0,a] by (FSa),
t t
|v(t)|§P—|—/ ||8IU(S)||OOds§P—|—a/ (145)73/%2ds < P+2a,
0 0

which implies (a) if « <1/2. As to (b) we define for 0 <s<t<a and (z,v) € RS
the function
&(s) =0, X (s,t,x,v) — (s—1)id.

Clearly,

£(s)=—0U(s, X (s,t,2,0))-0,X (s,t,x,0), £(t)=E(t) =0,

and by (FSa), )

()| < all+5) "2 (€(s)] + (E =)
Upon integrating this inequality twice and switching the order of integration we
obtain the estimate

§(s)] < /:/Tt|é(a)|dad7-_/:/:|§"(U)|d7.do.

<a / (140) "2 (&(0)] + (t—0)) do

< 2a(t—s)+a/ (14+0)7/2|¢(0)| do.
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By Gronwall’s Lemma,
t
[€(s)| <2a(t—s)exp (a/ (1 +0)3/2d0) <20e®*(t—s).
If we take s =0, recall the definition of £, and divide by ¢ we can rewrite this as

1
‘gavX(O,t,x,v)+id <20e. (4.1)

The assertion in (b) follows if & >0 is sufficiently small. In addition, by (4.1)
the mapping considered in (c¢) is one-to-one:

1
| X (0,t,2z,0)— X (0,t,2,0)| = / 0, X (0,t,z, 7o+ (1—7)0)(v—0)dr
0

1
/[—tid—f—tid—l—@vX(O,t,x,Tv—i—(1—7)17)](U—@)dT
0

1
2t|v—6|—2a62°‘t|v—6|2§t|v—6|

for v,9€R3, x €R3, and t €]0,a]; for the last estimate « is again chosen smaller
if necessary. Hence the mapping X (0,t,z,-) is a C!-diffeomorphism onto its
range which is an open set. Assume that it were not onto R3. Then the range
X (0,t,7,R?) has a boundary point zo which is not an image point. Choose
a sequence (v,)CR3 such that X(0,¢,z,v,)— xo. By the previous estimate,
v, — v converges, and by continuity, o= X(0,t,2,vp) is an image point. This
is a contradiction, and the assertion in (c) is established. As to (d), clearly

4T o
10:p() |00 < == (P+ 12185 (£) o

and
02 f(t,2)| < 110:f lloo (|02 X (0,2,2)[+10:V (0,2, 2)]) -

By definition of the initial data set D, ||, fo||oo <1, so it remains to estimate

the derivatives of the characteristics. Proceeding as above we define
&(s) =0, X (s,t,z,v)—id

so that ) .
E(s)| < a(l+s) 722 (|€(s)|+1), &(t)=&(t)=0.

The resulting Gronwall estimate yields, for a sufficiently small,
()| < 20e* <1,

and

£(s)] < / Em)dr<a / (1) 52 (je(r) 4 1) dr < 1.
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Since 9,V (0,t,z,v) =£(0) we have shown that
|0:X(0,t,2)|+ |0,V (0,t,2)] <3,

and the proof is complete. O

After these preparations we are ready to prove Theorem 4.1.
Proof of Theorem 4.1. We start by fixing some « > 0 sufficiently small for all
the assertions of Lemma 4.3 to hold, and we consider some interval [0,a] with

a>1 on which (FSa) holds for some solution f with initial datum fED. For
t€]0,a] and x € R? the change of variables v+— X = X (0,¢,2,v) and Lemma 4.3
(b), (c) imply that

p(t,x) = /fO(X(O,t,x,v),V(O,t,:v,v))dv
= [FXVOt,0(0)) [det0,X 0, 0(X))| X < 8 F ot

v(X) denotes the inverse of the change of variables. Hence by Lemma 4.3 (d),

lp(®)lloe < C1t7%, |0up(t) |0 < C1, tE[0,al,

where the constant C; depends only on Rand P. By Lemma P1,
10U ()0 < 3(2m)23| fIl P TP 42 < 0ot 2,
and for t €[1,a] with R=t and d=t"3 <R,
02U (t)]|oo <C [t2+t 2+ Int*] < Co(1+1nt)t 2,

where again the constant Cy depends only on Rand P. We fix some time To>1
such that for all t > Ty,

(07

1 t75/2
(141

Oyt™2< %(1 +1)73/2 Cy(1+Int)t 3 <

which means that the decay obtained as output in the above estimates is stronger
than the one in the free streaming condition (FS«). Lemma 4.2 provides 6 >0

such that any solution launched by an initial datum f€D with I f loo < & exists
on the maximal existence interval [0,7[ with T > Tp, and

102U ()lloo + 102U (£)lloo < %(1+To)_5/2, t€[0,To].

By continuity the free streaming condition (FSa) holds on some interval [0, 7]
with T* €]T},T], and we choose T* maximal with this property. On [Ty, T™*],

HaIU(t)”oo < 02t72 < %(1_}_1&)*3/27
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which implies that T* =T, and by Lemma 4.3 (a) and the continuation criterion
from Theorem 2.1, T'= co. O

Concluding Remarks. (a) Lemma 4.2 is a special case of the fact that solu-
tions depend continuously on initial data, cf. [90, Thm. 1].

(b) Global existence for small initial data was established for the relativistic
Vlasov-Maxwell system in [37], and these techniques lead to analogous results
for nearly neutral and nearly spherically symmetric data [30,90]. Similar tech-
niques have been employed for the spherically symmetric, asymptotically flat
Vlasov-Einstein system [100].

1.5 Conservation laws and a-priori bounds

Conservation laws represent physically relevant properties of the system, and
they lead to a-priori bounds on the solutions used for the global existence result.
As a matter of fact we have already stated and used one such conservation
law, namely conservation of phase space volume: The characteristic flow of the
Vlasov equation is measure preserving, cf. Lemma 2.2, and this leads to the
a-priori bounds

1F@)p=1F]lp, pe[1,00],

as long as the solution exists. For p=1 this is conservation of mass

//f(t,:v,v)dvdx:/p(t,x)d:sz,

which can also be viewed as a consequence of the local mass conservation law
Op+divj=0, (5.1)

where the mass current j is defined as

J(t, ) SZ/Uf(t,:c,v)dv.

Eqn. (5.1) follows by integrating the Vlasov equation with respect to v and
observing that the total v-divergence 9,U -0, f =div,(f9,U) vanishes upon in-
tegration. Conservation of phase space volume follows from the Vlasov equation
alone, regardless of the field equation to which it is coupled. The resulting a-
priori bounds are much too weak to gain global existence, since in particular
only a bound on the L'-norm of p results.

However, the system is also conservative. There is no dissipative mecha-
nism in the system, and hence energy is conserved. It is a straight forward
computation to see that for a classical solution the total energy

%//|v|2f(t,x,v)dvd:c—%/|3zU(t,:17)|2d:C (5.2)

is constant as long as the solution exists. There is however an immediate prob-
lem: In the gravitational case y=1 the energy does not have a definite sign,
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and hence it is conceivable that the individual terms in (5.2), kinetic and poten-
tial energy, become unbounded in finite time while the sum remains constant.
This does indeed happen for solutions of the N-body problem when two bodies
collide, and it also happens for the counterexample to global existence for the
pressure-less Euler-Poisson system in Section 1.3. If we consider the plasma
physics case both kinetic and potential energy are obviously bounded. But as
we will see shortly the same is true also in the gravitational case, which may
come as a surprise.

Since conservation of energy plays a vital role in the stability analysis in the
second part of this treatise, our presentation in the rest of the present section
is a bit more general than necessary for the existence problem. The kinetic and
the potential energy of a state f€ L (RS) are defined as

Ekin(f)::%//|v|2f(x,v)dudac,

Epot(f)::—%/|VUf(x)|2dx:%/Uf(ac)pf(x)dx.

The spatial density py is bounded in an appropriate norm by the kinetic energy
Eyin(f). The reason is that the kinetic energy is a second order moment in
velocity of f, while py is a zeroth order moment. For later purposes we prove a
more general result than needed right now.

Lemma 5.1 For k>0 we denote the k-th order moment density and the k-th
order moment in velocity of a non-negative, measurable function f:RS— [0,00[

by
mal)(a)i= [ ol o 0)do
and
M ()= [mu(ia)do= [ [ ¥ o) dod.
Let 1<p,q<oco with 1/p+1/q=1, 0<k <k<oo and

. k+3/q
K +3/q+(k—K)/p

If f € L¥.(R®) with My, (f) <oo then mu (f) € L"(R?) and
I ()] <CHf”(kfk’)/(kJrg/q)Mk(f)(k,+3/¢I)/(k+3/¢I)
T p

where c=c(k,k’,p) > 0.

Proof. We split the v-integral defining my (f) into small and large v’s and
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optimize with respect to the splitting parameter, more precisely, for any R >0,

o faydot [ ol (o)

[v|>R

rm%ﬁ@)g/

lv|<R

1/q
< [If (@), (/KRIUI’C/qdv) +Rk/_k/|v|kf(x,v)dv

< | f(@, ), R34 RY “Fmy(f) (),

where we used Holder’s inequality. Let

)

= {mk(f)(x)/Hf(w’)Hp} 1/(k+3/q)

which up to a constant is the choice which minimizes the right hand side as a
function of R>0. Then

mg(f)(x

)(k—k/)/(k+3/q) ( ) (K'+3/q)/(k+3/q)

mie(H@) e (1,

If we take this estimate to the power r and integrate in = we can by the definition
of r again apply Holder’s inequality, and the assertion follows. O

Together with Lemma P2 the potential energy can be estimated in terms
of the kinetic energy in such a way that by conservation of energy both terms
individually remain bounded along classical solutions also in the case y=1. This
was first observed by Horst [57].

Proposition 5.2 Let f be a classical solution of the Vlasov-Poisson system on
the time interval [0,T[ with induced spatial density p. Then for all t€[0,T7,

Exin(f(8)), [Epot(f ()], [[o@)l5/5<C,

where the constant depends only on the initial datum f(O)zf, more precisely
on its L' and L>®-norms and its kinetic energy.

Proof. If y=—1 the kinetic and potential energy are both non-negative and
hence bounded by conservation of energy. The bound on p follows by Lemma 5.1
with k=2, ¥’ =0, p=oo, ¢=1, r=5/3:

P55 <l FONZL Buin(£(1))/°.

If v=1 we use Lemma P2 (b) and Lemma 5.1 with k=2, ¥’ =0, p=9/7, r=6/5
to obtain

| ot (FE)] < ellp(®)l13 5 < el £(E) 157 Ban(F(£) /2 = CBian ((£)) /2,

where the constant C has the claimed dependence. By conservation of energy

Eiin(f() = CEian(£(£)) "% < Bian (£ (£)) + Epot (£(£)) < Bin(f),
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which implies the bound on the kinetic energy also for the case y=1. O

With these additional bounds at hand one may hope to improve the estimates
in the local existence result in such a way that global existence follows. Indeed,
by Lemma P1 (b) with p=>5/3 and Proposition 5.2,

10U (8) o <Cllp()|[2° < C PY3(t) (5.3)

with P as defined in (2.3). Hence

/ 10,U (s dsSP(O)+C/tP4/3(s)ds. (5.4)
0

This certainly is an improvement compared to our first attempt at bounding P,
cf. Eqn. (2.4), but the improvement is not sufficient to yield a global bound.
One way to improve this argument is to observe that an a-priori bound on
a higher order LP-norm of p(t) allows for a smaller power of the L>-norm of
p(t) in the estimate (5.3) and thus for a smaller power of P(s) in the Gronwall
inequality (5.4). In the estimate (5.3) we would need an exponent less or equal
to 1/3 on ||p(t)||., to obtain a Gronwall estimate on P leading to a global bound.
If we compare this to Lemma P1 (b) and use Lemma 5.1 with p=o00, k=3, k' =
we obtain a less demanding continuation criterion which we note for later use:

Proposition 5.3 If for a local solution f on its maximal existence interval
[0, T the quantity ||p(t)|y or Ms3(t) is bounded, then the solution is global.

Concluding Remarks. (a) The a-priori bounds in Proposition 5.2 together
with compactness properties of the solution operator to the Poisson equation can
be used to prove the existence of global weak solutions for the Vlasov-Poisson
system [4,61]. These solutions are not known to be unique nor are they known
to satisfy the above conservation laws.

(b) For the relativistic Vlasov-Poisson system the kinetic energy

/ V1|2 f(tz,v)dvde

is of lower order in v than in the non-relativistic case, and the potential energy
turns out to be of the same order in the sense of the above estimates. Indeed,
in the gravitational case the a-priori bounds from Proposition 5.2 do not hold
and solutions can blow up, cf. Theorem 7.4. For the plasma physics case the
bound on the kinetic energy yields only a bound on [|p(t)|| 3, and these a-priori
bounds are then too weak for the proofs of global existence in the next section
to extend to the relativistic case.

1.6 Global existence for general data

The aim of this section is to prove the following theorem:
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Theorem 6.1 Any non-negative initial datum foe CL(R®) launches a global
classical solution of the Viasov-Poisson system.

Let [0,T] be the right maximal existence interval of the local solution provided
by Theorem 2.1; all the arguments apply also when going backwards in time.
For technical reasons we redefine the quantity P(t) and make it non-decreasing:

P(t) ::max{|v| | (z,v) €supp f(s), 0<s St}.

We need to show that this function is bounded on bounded time intervals. By
Proposition 5.3 it also suffices to bound a sufficiently high order moment in
v. This is the approach followed by P.-L. Lions and B. Perthame [80]. The
approach followed by K. Pfaffelmoser [87] is to fix a characteristic (X,V)(t)
along which the increase in velocity

V() -V(t—A |</ // = (s y’ dwdyds (6.1)

during the time interval [t — A, ¢] is estimated. In the Gronwall argument leading
to (5.4) we first split z-space to obtain the estimate (5.3) and then split v-space
to obtain the estimate for p in Proposition 5.2. Pfaffelmoser’s idea is that instead
of doing one after the other one should split (z,v)-space in (6.1) into suitably
chosen sets. Since this approach is more elementary and gives better estimates
on the possible growth of the solution, we discuss it first, following a greatly
simplified version due to J. Schaeffer [105,106]. The Lions/Perthame approach,
which has the greater potential to generalize to related situations, is presented
second.

1.6.1 The Pfaffelmoser/Schaeffer proof

Let us single out one particle in our distribution, the increase in velocity of which
we want to control over a certain time interval. Mathematically speaking, we

fix a characteristic (X,V)(¢) with (X,V)(0) e supp f, and we take 0< A<t <T.
After the change of variables

y:X(S’t’x7v)’ w:V(S’t’x7v) (6'2)

Eqn. (6.1) takes the form

V() -V (t-A |</ // X S,t,xtf .2) Xplvdeds,  (63)

because f is constant along the volume preserving characteristic flow. For pa-
rameters 0 < p < P(t) and r > 0, which will be specified later, we split the domain
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of integration in (6.3) into the following sets:
Mgy:= {(s,x,v) eft—A,t x RS ‘ [v|<pV |[v=V()] Sp},
My = {(s,x,v) €lt—A, 1 xR® ‘ [v|>pA o=V (t)|>p
A [|X(s,t,:1c,v) —X(s)| < r|v|73
VIX (s,t2,0) = X (5) | o=V ()] ] }

Mu:z{(s,x,v)e[t—A,t] x R® ‘ [v|>pA o=V (t)|>p
AX (s,t,x,0) — X (s)] >r|v| ™3

A X (s,t,2,0) — X ()] >T|U—V(t)|3}.

The logic behind the names of these sets is as follows. In the set M, velocities
are bounded, either with respect to our frame of reference or with respect to
the one particle which we singled out. Hence M, is the good set—we know
how to proceed if the velocities are bounded. The set Mj is the bad set, since
here velocities are large, and in addition the particle whose contribution to the
integral in (6.3) we are computing is close in space to the singled out particle, i.e.,
the singularity of the Newton force is strong. Notice however that the latter type
of badness is coupled with the former via the condition | X (s,t,2,v)— X (s)| <
rlv|=3. Both M, and M, are going to be estimated in a straight forward manner,
while on the set M, the time integral in (6.3) will be exploited in a crucial way to
bound its contribution in terms of the kinetic energy. It is the ugly set although
the ideas involved in its estimate are beautiful.

To estimate the contribution of each of these sets to the integral in (6.3) the
length of the time interval [t— A,t] is chosen in such a way that velocities do
not change very much on that interval. Recall that by (5.3),

10:U ()]l <C*P®)*?, te[0,T],

for some C* >0 so if

—mi p
A.—mln{t, 4C*P(t)4/3} (6.4)
then )
V(s,t,z,v)—v| <ACTP(H)Y3 < P € [t—ALt], z,0eR3. (6.5)

The contribution of the good set M,. For (s,x,v) € M, by (6.2) and (6.5),
lw|<2pV [w—=V(s)| < 2p.

Hence the change of variables (6.2) implies the estimate

f(t,.f,l}) vda t M
I e e R A s
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where
)= [ £ (s,yw)dw < Cp,
lw|<2pV]w—V(s)|<2p

and by Proposition 5.2,

Hﬁ(5)||5/3 < HP(S)H5/3 <C.

Therefore, by the estimate (5.3),

f(t,z,0) s
ds < A ,
/Mg IX(s,t,:v,v)—X(s)Pd”d“’” s<Cp (6.6)

The contribution of the bad set My. For (s,z,v) € My, by (6.2) and (6.5),
1 1
2P < |w| < 2|v| A 3P < |lw=V(s)| <2lv—=V(t)]
A [y =X ()| <8rfw| = v Jy— X(s)| < 8rfw—V(s)| ).

On the other hand, |w| < P(t) and |w—V (s)| <2P(t) for wesupp f(s,y,-), 0<
s <t. Thus by (6.2) and since || f(5)|lo =1l

f(t,z,v)
/Mb X (s.t,2,0) — X (5)]2 dvdrds

) 3

/ / / o) ipas
Lp<tw|<P(t) JJy—x ()| <srlw] -3 ¥ — X ()]

/ / I Fo00) s
Lp<|w—V ()| <2P(t) J [y— X (s)| <8r|w—V (s)| 3 ly— X (s)]
t

4P(t)
<Crln . A. (6.7)

The contribution of the ugly set M, . The main idea in estimating the contri-
bution of the set M, is to integrate with respect to time first, using the fact
that on M, the distance of X (s,t,2,v) from X (s) can be bounded from below
linearly in time. Let (x,v) € RS with |v—V (t)|>p and define

d(s):=X(s,t,x,v)—X(s), s€[t—At].

We Taylor-expand this difference to first order around a point sg € [t— A, ¢]
where the difference is minimal:

|d(so)| =min{|d(s)| |t — A< s <t}.
To this end, we define

d(s):=d(s0)+ (s—s0)d(s0), s€[t—At].
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Then

d(so) =d(so), d(so)=d(s0),
and . . .
\d(s) —d(s)| = |V (s,t,z,0) =V (s)| <2/|0,U(s)]| ., <2C* P(t)*/3.

Hence,
|d(s) —d(s)] < C*P(t)*3(s—s0)> <C*P(t)*3 Als — 50|
1 1
< Zp|s—so|<Z|U—V(t)||s—so|. (6.8)
On the other hand, by (6.5),
. 1 1
[d(s0)| =V (s0,t,2,0) =V (s0)| 2 o=V (t)| = 5p> Sl =V (D)},

and by the definition of s¢, distinguishing the cases s =t — A, sg €]t — A, t[, and
So = t,

(s—50)d(s0)-d(s0) >0

Hence for all s € [t—A,t] the estimate
() > o= V(1) Pls —sol?
holds. Combining this with (6.8) finally implies that the estimate
d(3)] > 2o~V (D)ls—sol (6.9)

holds for all s€[t—A,t] and (z,v) €R® with |[v—V(¢)]>p. To exploit this we
define auxiliary functions

R ]

‘”(5):‘{ (rfo] =) 7 €<l

and
£? L E>Tlu=V(t)]7?

o2(§) 5—{ (r|v—V(t)|73)72 LE<ro=V ()73

The definition of M, the fact that the functions o; are non-increasing and the
estimate (6.9) imply that

6. (s0) < osals)) < (310 = ViD=l

for i=1,2 and s€[t—A,t]. Hence we can estimate the time integral in the
contribution of M, in the following way:

[ MO s <so-vr [ ouerae
t—A 0

r ol Li=1

= 16jo = V()™ { r -V i=2"
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and since this estimate holds for both i=1 and i =2,

t
/ ld(s)| Lo, (s,,0)ds < 16~ [o— V()] min{ o, Jo— V(1)*)}
t—A

< 167 o2
Therefore,
ft,z,v)dvdrds // /t 9
< t d 1 dsdvd
fo e < [[ 16000 [ 00100 o) ot
< Crfl/ lv2f(t,z,v)dvde < Cr~t, (6.10)

since according to Proposition 5.2 the kinetic energy is bounded.
Adding up the estimates (6.6), (6.7), (6.10) we arrive at the following control
on the increase in velocity along the characteristic which we singled out:

[V(t)-V(iEt—A) < O(p4/3+rln£(t) +T71A71) A.
p

= C(p4/3 +rln 4P() +rt max{l/t,4C*P(t)4/3/p}> A;
p

recall the definition of A=A(¢) in (6.4). We choose the parameters p and r in
such a way that the terms in the sum on the right hand side of this estimate
are of the same order in P(t):

p=Pt)*1, r=P(t)'%/3,
without loss of generality, P(t) > 1 so that p < P(¢), otherwise we replace P(t) by
P(t)+1. Since P is non-decreasing and by Theorem 2.1, lim; .7 P(t) =00 if T' <
00, there exists a unique T* €]0,T[ such that 1/t <4C*P(t)*/3 /p=4C* P(t)3%/33
for t >T*. Hence for t>T%,
V() =V (t—A)| <CPt)/33ImP(t)A.

Thus, for any € >0 there exists a constant C' >0 such that

[V(t)=V(t—A)| <CP@t)*/33F A, t>T* (6.11)
Let ¢t >T* and define tg:=t and ¢;41:=t; — A(t;) as long as ¢; >T*. Since

ti—ti = A(t) > Alto)

there exists k € N such that

tk<T*§tk,1<"'<t0:t.
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Repeated application of (6.11) yields

VOVl < SV ()= Vi < PO 1 —t,)
i=1 i=1
< CP(t)16/33+¢,
By the definition of P,
P(t) < P(tg)+CP(t)6/33+<

so that for any 6 > 0 there exists a constant C'>0 such that

P(t) <C(141)3/17 te0,T],
and by Theorem 2.1 the proof is complete. O

1.6.2 The Lions-Perthame proof

We present the ideas developed in [80] within the framework of classical solutions
and use them to verify the continuation criterion in Proposition 5.3. Let

my(t,x) :=my(f(t))(x), Mi(t):=Mi(f(t)), t€[0,T[, z €R>;

the right hand terms were defined in Lemma 5.1. The field induced by the
potential U is denoted by

F(t,x):=—-0,U(t,x).

The proof is split into a number of steps; constants denoted by C' may depend
on the initial datum, and their value may change from line to line. The order &
of the moment to bounded is specified below, but in any case, k> 3.
Step 1: A differential inequality for My. Using the Vlasov equation, integration
by parts, Holder’s inequality, and Lemma 5.1 with p=o0, g=1, k¥’ =k—1, and
hence r=(k+3)/(k+2) we obtain the following differential inequality

d

EMk(t)’ = }/ [o|¥ (=v-0pf — F-0,f) dvdx

= ‘k/ |o|*2v. Ffdvdx

< kHF(t)||k+3||mkfl(t)||(k+3)/(k+2)
< Ol (1) M (£) #2105, (612)

< k/ lo|*~1 fdv|F|dx

Step 2: Straight forward estimates for the field. By Lemma P2 (a) and Propo-
sition 5.2 the estimate
F@),<C, tel0,T, (6.13)
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holds for any p €]3/2,15/4], and the constant C' can be chosen to be independent
of p. Hence the estimate

Tpvol{xeRg [ |F(t,z)] >T} <CP, 7>0,

holds for all 3/2<p<15/4, with C independent of p, so that the estimate also
holds in the limiting case p=3/2, which implies that

IF(0)]l3)5,0 < C. tE[0,T] (6.14)

This estimate also follows from the fact that the mapping L' (R3) > p— px1/|-|2
is of weak-type (1,3/2), cf. [108, V.1.2, Thm. 1].

Step 3: A representation formula for p and further estimates for the field. In
order to proceed with the differential inequality (6.12) we need a suitable esti-
mate for ||F(t)||; 5, which is not provided by Step 2. To this end we first derive
a representation formula for the spatial density p. The Vlasov equation can be
rewritten as follows:

Ouf +v- 0, f = —div, (fF).

We treat the right hand side as an inhomogeneity and integrate this equation
along the free streaming characteristics to obtain the following formula:

flt,z,v) = fo(:zr—tv,v)—/o div,(fF)(s,x+ (s—t)v,v)ds
= ]?(:v—tv,v)—divv/o (fF)(s,x+(s—t)v,v)ds

—|—divz/0 (s=t)(fF)(s,x+(s—t)v,v)ds.

Integration with respect to v yields

¢
p(t,x) = /f(a:—tv,v)dv—l—divx/ (s—t)/(fF)(s,x—!— (s—t)v,v)dvds
0
=: po(t,x)+div,o(t,x).
We split the field accordingly:
F=F+F = —6mUp0 — 0. Udive-
The first term is easy to control. Because of the estimate
polt,z)= / fla—tv,v)ydv=t"3 / fX (z—X)/t)dX <Ct™3

the density contribution pg(t) is bounded on [0,7] in any LP-norm. Hence
Lemma P2 (a) implies that ||Fy(t)]], is bounded on [0,7 for any r>3/2. To

proceed with F; we need an auxiliary result, a consequence of the Calderon-
Zygmund inequality:

40



Lemma 6.2 For any p€]l,00[ there is a constant ¢>0 such that for all o€
Ce (R%R?),
IC/1- 1)+ (divo)ll,, < cllo],.
Proof. Let E:=(-/|-|3)*(divo). Integration by parts shows that for i=1,2,3,
Eifa)=lim " (I.(2) - I, ()

e—0%
J=1

where

ij Ti—Yi Lji—Yji
Iﬁ(:v)=/ ;(y) T—rd%(y),
" le—y|=e [z —y> 7 |z —y]

i Ti—Yi
Bw=[ o, o
. |lz—y|>e Y |x—y|3 !
For i # j the surface integral of the kernel in [ ﬂ vanishes, and since o € C}(R?),
Iﬂ —0 for e—0. For i=j the integral of this kernel equals 47/3 so that

Zj Ili{€—>47m/ 3 for € — 0, uniformly on R3, and by the compact support as-

sumption this convergence holds in LP. The limit of I;fe can be estimated in
the desired way by [108, I1.4.2, Thm. 3], and the proof is complete. |

Using this lemma for the term F; in the above splitting and the established
bound on Fy we arrive at the estimate

IE Ol <CAA+No@)llp5)s t€[0,T]. (6.15)
In order to proceed we need another auxiliary result:

Lemma 6.3 For all functions g€ L*NL>®(R3) and h e Li,/2(R3),
[ latldz <3622 g1 1oLl o

Proof. For any 7> 0 the “layer cake representation” [74, 1.13] implies that

3/2 _
/|h>7|h|dxs3|h||3§2,wr 2,

and hence

3/2 _
Jighido= [ lghldz+ [ ighldo<rlgl +3 18,7 gl
|h|<T |h|>T

If we choose 7:= ||h||3/2_’w(3/2)2/3 (||g|\00/||g|\1)2/3 the assertion follows. O

Step 4: Gronwall estimate for My. In order to derive a Gronwall inequality for
the moment M}, we need to estimate [|o(t)||;,, 5 in terms of a moment, cf. Steps 1
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and 3. We fix some time ¢¢ €]0, T, to be chosen in a suitable way later on. Then
for any t €]to,T[ we have by the definition of the quantity o in Step 2,

lo®lhs = | [ 5= [ s (5=

/to /t
0 to

By Lemma 6.3, Eqn. (6.14), a change of variables, and the boundedness of f,

k+3

:Zjl —|—IQ

S ‘
k+3

X

k+3

/(|F|f)(sx+(s— tyo,0)dv < C(t— )~ </f 5,24 (s —t)v,0)dv >1/3,

We use this estimate and Lemma 5.1 for the term I:

1/3
IlgC/ (t—s)~ (/fs +(s—t Uv)d) ds
k+3
to 1/3
< C/ (t—s)"! /f(s,-+(s—t)v,v)dv ds
0 (k+3)/3

to
< c/ (t—s) "t My(s)Y/ 3 ds.
0

This estimate is good as long as we stay away from the singularity of the inte-
grand, but for s close to ¢, i.e., on the interval [to,t] we have to argue differently.
We fix some parameter 3/2 <r <15/4, to be specified later, and its dual expo-
nent defined by 1/r+1/r'=1. Then by Hdélder’s inequality and (6.13),

/t:(t—s) (/|F(s,-+(8—t)v)|rdv) v
A ([ rtse +s—tUMd>/W@

t 1/r’
< O/ (t_S)I—B/r
to

Let I >0 be such that (I+3)/3=(k+3)/r’; such a choice is possible, since

I <

k+3

ds.
(k+3)/r’

/f(s,'+(s—t)v,v)dv

(k+3)/r' >6/r' > 1.

Applying Lemma 5.1 to the v-integral in the last estimate we conclude that

t
12§c/ (t— )73/ My ()Y FH3) s,

to
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In order to continue it is convenient to have M} non-decreasing in t so we replace
My, (t) by supg<s<; Mi(s). Collecting the estimates for I; and I, we obtain by
(6.15) the following estimate for the field:

t
HF@MHgC(Hﬂh@ﬂ“”ﬂﬁt%+NMW““$w4@2WO.(&m)

If on the other hand we integrate the differential inequality from Step 1 we
obtain the estimate

Mi(s) < Mi(0)+C sup [F(s)],.5 / My(r)+2/43) g
0

0<s<t

which implies that for 0 <s<t,

M(s)<C <1+tl+3 sup ||F(s)||§i§> . (6.17)

0<s<t

In order to close the Gronwall loop for the quantity M} we must estimate the
L"*3-norm of the field F(s) in terms of My(s), which by Lemma 5.1 means that
we must estimate it in terms of the L*+3)/3-norm of the spatial density. The
way to do the latter is to again use Lemma P2 (a), so we now must adjust the
exponents k,l,r properly. We need that

3 +271+ 1
E+3 3 1+3

3 1)1_ 3(k+3)

e, 143=(—" = .
Le., I+3 (k+3 3 6k

Since [ must be positive, £ must satisfy the restriction
3<k<6.

On the other hand we have to observe the relation between k,l,7" used above:

k+3 143 k+3
6-k 3

which implies that

1 1 5-k
'=6—k, ie, —=1——=—.
" » L8 3 v 6—k
Now we recall that for the estimates above the restriction
3< <15 o 3<6—k<15
—<r<— ie, —<—<—
2 -4’ "2 "5—k~ 4
was required. We end up with the result that the exponents k,l,7 can be chosen
such that all the relations introduced so far do indeed hold iff

3<k<51/11.
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This is the range of exponents for which we now establish a bound on M}. By
Lemma P2 (a) and Lemma 5.1,

1E) s < Clo) sy 5 < OMR(t)* ¢, 0 <5<t <T.
and by (6.16) and (6.17),
t 30+3)
IF(t)]p5<C (1 + My (t)H/ F3) In 3= o M (1) 4597 3 (- t0)2_3/T> :
We have to examine the various exponents. Clearly,
2—-3/r>0.
Since 1/1'>1/3 we have [ +3 > k+3, and hence

L 3(+3) _ 1 [ 3(+3) “0
k+3 (k+3)2 k+3 k+3 '

By monotonicity there exists a unique time t* €]0,7 such that

1 3(1+3)

My ()73 0007 <2737 4>

without loss of generality My (0)> 0. For t > ¢* we choose t( €]0,¢[ such that

)2 g ) P
(= o)/ = My ()= w597,

and hence
[F () ]|jys < O3t My (£)Y T3 In My (2).

If we insert this estimate into the integrated differential inequality from Step 1
we finally arrive at the estimate

t
My (t) <C+C | sF31Ins My (s)In My (s)ds, t€[t*,T.
-
Hence Mj, is bounded on bounded time intervals, and by Proposition 5.3 the
proof is complete. ]

Concluding Remarks: (a) In addition to being more elementary the Pfaffel-
moser /Schaeffer proof yields better bounds on P(t) and ||p(t)|| .. Using a some-
what different refinement of the original Pfaffelmoser proof Horst [60] showed
that for any § >0,

P(t)<CL+0)'™, [pt)| <C(1L+1)>+, t>0.

(b) The Pfaffelmoser/Schaeffer proof has been employed for the Vlasov-Poisson
system in a spatially periodic, plasma physics setting [12] and in a cosmological
setting [101].
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(c) The Lions/Perthame ideas have the greater potential to generalize to re-
lated systems. In [14] global existence was established for the Vlasov-Fokker-
Planck-Poisson system. In this system collisional effects are included by a linear
approximation of the Boltzmann collision operator, and instead of the Vlasov
equation (1.1) the so-called Vlasov-Fokker-Planck equation

Orf+v-0uf—(0.U~+Pv)-0pf=38f+0A,f

is coupled to (1.2), (1.3), where 3,0 > 0. Notice that the method of characteris-
tics does not apply to this equation. The Lions/Perthame techniques were also
successful for a version of the Vlasov-Poisson system which includes a damping
term modeling the fact that charges in motion radiate energy [68].

(d) A proof based on the ideas of Lions and Perthame but using moments with
respect to « and v is given in [27].

(e) The above global existence results extend easily to the plasma physics case
with several particle species, with a fixed ion background, or with a fixed ex-
terior field. If on the other hand the system is considered on a spatial domain
with boundary, where a variety of boundary conditions for the particles can be
posed like specular reflexion, absorption, or an inflow boundary condition, then
the situation changes drastically, and in general not even a local existence and
uniqueness result is known. We refer to [38-40,62,111] for results on Vlasov-
type systems with boundary conditions.

(f) For the plasma physics case of the relativistic Vlasov-Poisson system and for
the relativistic Vlasov-Maxwell system no global classical existence result for
general data has been proven yet, cf. also the concluding remarks of Section 1.5.
In addition to the papers mentioned in Section 1.1 we mention [86] where C. Pal-
lard introduced significant new ideas for the Vlasov-Maxwell system.

(g) The ideas of Pallard have very recently been exploited by S. Calogero [17]
to prove global existence of classical solutions for general data to the Vlasov-
Nordstrém system

v v 1
8tf+7m'azf_ [<8t¢+7maz¢> U+7T|v|281¢‘| '8vf:Oa

9 g dv

09— Do=—c"* [ 1 NEaS

In view of the notoriously difficult Vlasov-Einstein system the Vlasov-Nordstrém
system can serve as a toy model to gain experience with relativistic, gravitation-
ally interacting particle ensembles. It is much simpler than the former, physi-
cally correct system, but the Vlasov equation is relativistic in the sense that its
characteristic system are the geodesic equations in the metric e?*¢diag(—1,1,1,1),
and the field equation for the function ¢ = ¢(¢,x) is hyperbolic. Notice that com-
pared to the Vlasov-Maxwell system the source term in the field equation here
is of lower order in v, which is important for the success of the proof.
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1.7 Asymptotic behavior

Due to Proposition 5.2 the global existence proofs go through and give the same
bounds for both the plasma physics and the gravitational case. The latter fact
is not satisfactory, since in the plasma physics case the particles repulse each
other—in the case of several particle species with charges of different sign this
is true at least on the average—and thus the spatial density should decay as
t— oo. In the present section we present results of this type, which also form a
link to the next chapter where we study the stability of steady states. The main
tool are certain identities satisfied by a solution; the second one was introduced
and exploited in [63,88] and put into a larger context in [23].

Theorem 7.1 Let f be a classical solution of the Viasov-Poisson system with

non-negative initial datum fe CL(R®). Then the following identities hold for all
times:

1d?
2 dt?

% [%/ |a:—tv|2f(t,:zr,v)dvd:c+t2Epot(f(t))] =tEpot(f(1)). (7.2)

//|:17| f(t,z,v)dvde =2Ewn (f(t)) + Epot(f (1)), (7.1)

Proof. We start by proving yet another identity which is sometimes referred to
as the dilation identity, cf. [35]. By the Vlasov equation,

%//x-vf(t,:v,v)dvdx = //x-v(—v-@mf—i—amU-avf)dvdx
= //|v|2fdvd:v—/x-8mUpd:v.
Now the formulas for the potential and its gradient imply that
/x 0, Updr =~ // |3pty) p(t,z)dydx
57 [[ @ (e ) dy

= 2/Upd:c—— Epot(f(2)).

Hence

%//x.uf(t,:v,v)dvdxz2Ekin(f(t))+Epot(f(t)), (7.3)

Together with

2dt//lirl fdvdz=3 //le -0y f+8,U -8, f)dvdz = //:1: vf dvdz
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this implies the identity (7.1). Since the total energy H:= Ekin+ Epot 1S con-
served,

%B/ |x—tv|2f(t,x,v)dvdz—l—tQEpot(f(t))}

{ / 2| f dvda+t*H(f(t —§t£//|g¢| fdvd:c}

= 2H(f(1) 310 //|a:| fdvde=tEper(£(1)),

and the proof is complete. O
In the plasma physics case the identity (7.2) implies that solutions decay.
Corollary 7.2 In the plasma physical case v = —1 there exists for every solution

of the Vlasov-Poisson system with initial datum as above a constant C' >0 such
that the following estimates hold for all t >0:

10U 0l < C(1+8)712, (7.4)
//|v—x/t|2f(t,x,v)dudm <O+t (7.5)
lo(®)ll5/5 < C(1+1)7%5. (7.6)

Proof. Since 7= —1, the quantity

9(t):=1*Epor(f()) 20
is non-negative. The identity (7.2) takes the form

%[%//|:v—tv|2f(t,:v,v)dvdx+g(t)} 2@, t>0.

Integration of this identity from 1 to ¢ >1 yields

t
%/ |x—tv|2f(t,x,v)dvdz+g(t):C’—F/l %S)ds (7.7)

for some constant C'>0 which depends on f(1). We drop the double integral
and apply Gronwall’s Lemma to the resulting inequality to obtain the estimate
g(t) < Ctfor t >1, and this proves (7.4). Insertion of the estimate for g into (7.7)
proves (7.5). To obtain the estimate (7.6) we repeat the argument from the proof
of Lemma 5.1, but instead of splitting the p integral according to |[v| < /> R we
split according to |v—z/t|< />R, and instead of the kinetic energy density
[ |v]? f dv we use the quantity [|v—z/t]*fdv. O
It should be emphasized that this type of decay remains true if the plasma
consists of several species of particles with charges of different sign. In particular,
this shows that in the plasma physics case the Vlasov-Poisson system as stated
above does not have stationary solutions.

In the stellar dynamics case, Theorem 7.1 yields a dispersion result for so-
lutions with positive energy. This was first observed in [24].
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Corollary 7.3 Consider a solution f of the Vlasov-Poisson system in the
stellar dynamics case v=1 with positive energy: H(f)= Ekm(f)—i-Epot(f) >0.

Then there exist constants C1, Co >0 which depend on H(f ) ||f||1, ||f||o<j such
that for all sufficiently large times,

Ct? < / |x|2f(t,x,v) dvdz < Csyt?.

In particular,

sup{|z| | (z,v) €supp f (1)} > (C1 /| f|1)"/* 1.

Proof. By Proposition 5.2 and since the potential energy is negative,

0<2H(f) < 2Bin(f(1)) + Epor (f(1)) < Co,

and the assertion follows from the identity (7.1). m|

The corollary implies in particular that any stationary solution in the stellar
dynamics case must have negative energy.

As pointed out for example in the remarks following Proposition 5.3, global
existence does not hold for the relativistic Vlasov-Poisson system (1.4), (1.2),
(1.3) in the gravitational case [29]. This result can be seen using an identity
similar to the above.

Theorem 7.4 Let f be a spherically symmetric, classical solution to the gravi-
tational, relativistic Vlasov-Poisson system (1.4), (1.2), (1.3) with non-negative

initial datum foe CL(R®) and with negative energy:

=5 [[VIFRP st dvde— - [ 1000 P =10) <0

Then this solution blows up in finite time.

Proof. A computation analogous to the one leading to Eqn. (7.3) yields the
following relativistic dilation identity, which holds for any classical solution as
long as it exists:

//xvft:z:vdvd:c // f(t,z,v)dvde.
Vi

This implies that, for t >0,

//:v-vf(t,x,v)dvdwgC+tH(O).

Moreover, with
v
= | ——f(t,z,v)dv
)= [

48



and the previous estimate we find that

%//|$|2,/1+|v|2f(t)dvdz = 2//x'vf(t)dvd$—/|17|2(31U-j)(t,x)d:c
< O+2H(0)t—/|x|2(8xU-j)(t,x)d;p,

Due to spherical symmetry, using (3.1),

\ [ 0.0t

<l [ littolde< 1701 =C.
and hence
ogf |z|?/1+ o2 f (t)dvdz < C(1+t) +H(0) 2.

But this estimate cannot hold for all ¢ > 0, since by assumption, H(0) <0. O

Concluding Remarks. (a) In [93] the decay estimates from Corollary 7.2 for
the plasma physics case are used as input in the Pfaffelmoser/Schaeffer proof to
obtain the improved estimates

P(t) <CA+6)*2, ||p(t)] <C(1+1)%, t20.

(b) In the plasma physics case, at least for the case of only one particle species,
one may conjecture that the decay estimate

lp(t)lloe <C72, t>0,
holds. If true, this decay rate would be sharp:

2 p(t)]l o 720, t— o0,

since with such a decay the velocities remain bounded, the diameter of the spa-
tial support grows at most linearly in ¢, but the mass is conserved. For small data
the above decay rate does hold. Using the techniques from Section 1.4 one can
show the following: If a solution satisfies the decay estimate ||p(t)|| ., <Ct™®
with some «>2 then any solution starting in a small neighborhood satisfies
the decay estimate with a=3. For spherically symmetric solutions the esti-
mate ||p(t)||,, <Ct3In(1+t) was established in [59]. In space dimension one,
0(1)]l oo < CT, cf. [10];

(¢) Since the analogue of Theorem 2.1 holds for the relativistic Vlasov-Poisson
system, blow-up means that p blows up in the L°°-norm. Moreover, it is easy
to see that in the spherically symmetric situation this blow-up has to occur at
the origin. It is an interesting open problem to show that this blow-up behavior
persists without the symmetry assumption. It is maybe not of physical but of
mathematical interest that such blow-up results hold for the (non-relativistic)
Vlasov-Poisson system in space dimensions >4, cf. [58,72].
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Chapter 2

Stability

2.1 Introduction—steady states, stability, and
energy-Casimir functionals

The question of which steady states of the Vlasov-Poisson system are stable
in the gravitational case has over decades received a lot of attention in the
astrophysics literature, and it still is an active field of research in astrophysics.
The stability problem is of course also of considerable importance in plasma
physics, and we will make occasional remarks on this case, but except for such
remarks we consider only the gravitational case y=1 in this chapter. The
corresponding results in the plasma physics case are in comparison easy to
obtain. The results of this chapter originate in the collaboration of Y. Guo and
the author [41,42,46-49,94,96-98]. They are presented here in a unified way.

Before entering into a discussion of the stability question there arises a pre-
sumably simpler question: Does the system have steady states?

2.1.1 A strategy to construct steady states
If Up="Up(z) is a time independent potential then the local or particle energy
1
E=E(z,v):= 5|v|2+UO(;v) (1.1)
is constant along solutions of the characteristic system
t=v, v==VUy(z).

Hence E as well as any function of E solves the Vlasov equation for the potential
Up. This leads to the following ansatz for a stationary solution:

fo(,v) = d(E) = ¢(E(z,v)),

where ¢ is a suitably chosen function. By this ansatz the Vlasov equation is
satisfied. The spatial density py becomes a functional of the potential Uy, and
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in order to obtain a self-consistent stationary solution of the Vlasov-Poisson sys-
tem the remaining, semi-linear Poisson equation must be solved, cf. (1.2). If a
solution exists then the above ansatz defines a steady state with induced poten-
tial Uy. However, not just any solution obtained in this manner is acceptable.
The resulting phase space density fy needs to have finite mass and possibly fi-
nite support in space; it should be noticed that the semi-linear Poisson equation
has to be solved on the whole space R3, since it is a-priori not known where the
support of the steady state will end and whether it will be bounded in the first
place. It can be shown that these properties can hold only if the distribution
vanishes for large values of the local energy E, cf. [102, Thm. 2.1]. It turns out
to be convenient to slightly reformulate the problem:

Steady state existence problem. Specify conditions on a measurable func-
tion ¢: R — [0,00[ with ¢(n) =0 for <0 such that there exists a cut-off energy
Ey R and a solution Uy of the semi-linear elliptic problem

lim Up(z)=0, (1.2)

||

AUy :47r/¢ (EO — %|v|2 —U0> dv,

with
Uo(x) > Ey for |z| sufficiently large.

If Uy is a solution of this problem then up to regularity issues

folo)i= 0 Ea- 3loP - Uo(o))

defines a steady state which is compactly supported and hence, if for example
fo is bounded, has finite mass.

We do not enter more deeply into the matter of the existence of steady
states for two reasons: Firstly, in our stability analysis we actually prove the
existence of stable steady states. Secondly, steady states of the form discussed
above must a-posteriori be spherically symmetric so that the semi-linear Poisson
equation (1.2) becomes an ordinary differential equation with respect to the
radial variable r = |z|, and its analysis does not really fit into the present treatise.
In order to demonstrate the wide variety of possible steady states we present
some of the known results without proofs. If Uy is spherically symmetric the
square of the modulus of angular momentum

L:=|zxv|? (1.3)

is conserved along characteristics, and the distribution function can be taken to
depend on F and L. The so-called polytropic ansatz

folw,v)=(Eo—E)} L

with k>—-1, I>—1, k+1+1/2>0, k<3l+7/2, leads to steady states with
finite mass and compact support, cf. [9]. In the limiting case k=31+7/2 the
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mass is still finite but the support is the whole space, and for k> 31+7/2 the
resulting steady state has infinite mass.

The dependence on L entails additional problems in the stability analysis
which we will comment on later. In the sequel we restrict ourselves to steady
states which depend only on the particle energy, so-called isotropic states. In
[102, Thm. 3.1] it is shown that the approach above leads to a steady state with
finite mass and compact support, provided ¢ € L2 (R) and

loc
¢(E)=c(Ey— E)* +O0((Eo —E)k+5) as E— Eg—

with parameters 0 <k <3/2 and d,¢>0. This result covers the isotropic poly-
tropes with 0 <k < 3/2. More recently, a similar generalization of the isotropic
polytropes with 0 <k <7/2 has been found, cf. [55], but then a condition on
the global behavior of ¢ is required. We will repeatedly encounter the threshold
k=3/2 in what follows.

The steady states mentioned so far are spherically symmetric, and much less
is known about the existence of steady states with less symmetry. In addition
to the results in [49,94], which will be discussed in the stability context, we
mention that axially symmetric steady states can be obtained as perturbations
of spherically symmetric ones via the implicit function theorem [95].

For the plasma physics case the system as stated above has no steady states,
cf. Chapter 1, Corollary 7.2. In order to have steady states in the plasma
physics case one needs to include an exterior field or a fixed ion background
or to consider the system on a bounded domain with appropriate boundary
conditions. In these situations steady states are fairly easy to obtain, cf. [11,91].
The problem becomes more challenging if one is interested in steady states with
a non-trivial magnetic field [45].

2.1.2 Stability via linearization?

We do not wish to enter a general discussion of possible stability concepts, for
which we refer to [56]. An often successful strategy to analyze the stability
properties of some steady state of a dynamical system is linearization. For
the Vlasov-Poisson system this approach is often followed in the astrophysics
literature. We briefly review some of the arguments which can for example
be found in the monographs [13,26], where the interested reader will find many
further references. Assume that fj is a steady state with induced spatial density
po and potential Uy, and let

f=fo+g, p=po+o, U=Us+W,

denote a solution of the time dependent problem which starts close to the steady
state. We obtain the linearized system (linearized about fy) if we substitute the
above into the Vlasov-Poisson system, use the fact that (fo,p0,Uo) satisfies the
system, and drop the quadratic term in the Vlasov equation:

Org+v-0,9—VUy-0pg=0y,fo- 0 W,

92



AW =4ro, lim W(t,z)=0,

|| — o0

o(t,x)= /g(t,:v,v)du.

Now we assume that the steady state is of the form discussed above, i.e.,
fo(z,v)=¢(F). If we use the abbreviation

D:=v-0,—VUy- 0y,

observe that D E=0, and substitute the formula for the Newtonian potential
we obtain the equivalent equation

drg+ D {g—f—d(E)//%y’yuf)dwdy} =0.

What we have in mind here is only an exploratory calculation so we assume that
everything is as regular as necessary for our manipulations. With some abuse
of notation we make the ansatz

g(t,zv) =eg(x,0)

so that the linearized problem takes the form

Ag+D [g+¢’(E)// g(y’zl)dwdy] =0. (1.4)

|z —

If ReX <0 for all solutions (A, g) then the steady state fy is expected to be stable,
if ReA>0 for one solution then it should be unstable. For finite dimensional
dynamical systems (ordinary differential equations) this expectation is of course
justified by rigorous theorems. However, for infinite dimensional dynamical
systems such as the Vlasov-Poisson system no general such results exist.

There is however a more specific problem with an attempt to prove stability
via the above spectral analysis of the linearized system. We split g into its even
and odd parts in v, i.e.,

1
g=ge+g- where gi(e,0)i= 3 gwv) % g(r,—v)).

If we substitute this into the eigenvalue equation (1.4) and group together the
even and odd parts we see that we have to solve the system of equations

Ag++Dg- =0,

Ag_+Dgs+D [qs’(E)//dedy} —0.
r—=y
We eliminate g, and it remains to investigate the equation

Dg-_(y,w)

)\29_=D29_+D[¢'(E)/ T— dwdy}zo,
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where only solutions g_ =g_(z,v) are relevant which are odd in v. But if the
pair (A, g_) solves this equation then so does the pair (—\,g_). Hence as far as
stability is concerned the best we may hope for is that all the eigenvalues A are
purely imaginary. Since in this situation one can in general draw no conclusion
about the nonlinear stability of the steady state, not even for finite dimensional
dynamical systems, we do not pursue linearization any further.

For the plasma physics case a linearized analysis based on conserved quan-
tities instead of spectral properties is carried out in [11].

2.1.3 Energy-Casimir functionals

As noted in Chapter 1, Section 1.5 the Vlasov-Poisson system conserves energy:
The functional

1 1
M) i= Buin )+ Bpes(1) =5 [ 10 S0} dvda— - [ 1900
is constant along solutions. A natural approach to the stability question for
a conservative system is to use the energy as a Lyapunov function. This idea
meets an immediate obstacle: For the Lyapunov approach to work the steady
state must first of all be a critical point of the energy, but in the present case

the energy does not have critical points, i.e., the linear part in an expansion
about any state fy with potential Uy does not vanish:

) =Hi+ [ [ <%|U|2+Uo> (= fo)dvda— o [ 1VU; - VUoda.

However, the characteristic flow corresponding to the Vlasov equation preserves
phase space volume, cf. Chapter 1, Lemma 2.2 (b), and hence for any reasonable
function ® the so-called Casimir functional

e()= [ [ @t t)avs
is conserved as well. If the energy-Casimir functional
He:=H+C
is expanded about an isotropic steady state

folz,v) =¢(E)

with the particle energy E defined as in (1.1), then

He(f) = Hc(f0)+//(E—i-fI)’(fO))(f_fO)dvdz
_%/|VUf_VU0|2dI+%//‘I’"(fo)(f—fo)ded:c+.... (1.5)
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At least formally, we can choose ® such that fj is a critical point of H¢, namely
&' =—¢ !, provided ¢ is invertible. In more abstract terms we can say that
the Hamiltonian H does not have critical points when we take as state space
the space of all phase space densities f, but given a Casimir functional defined
as above the corresponding steady state is a critical point of the Hamiltonian
restricted to the manifold which is defined by the constraint C(f)=C(fo). A
mostly formal discussion of this energy-Casimir approach in the context of so-
called degenerate Hamiltonian or Lie-Poisson systems can be found in [56]. We
make no use of this abstract background of our problem.

The question now is whether the quadratic term in the expansion (1.5) is
positive (or negative) definite. As was noted in Section 2.1.1, in order for the
steady state to have finite total mass the function ¢ must vanish above a cer-
tain cut-off energy. For ¢! to exist ¢ should thus be decreasing, at least on its
support. But then ®” is positive and the quadratic part in the expansion indef-
inite. Since one would like to use this quadratic part for defining the concept of
distance or neighborhood, the method seems to fail.

If the issue is the stability of a plasma, the sign in front of the potential
energy difference in the expansion (1.5) is reversed, and up to some technicalities
stability follows, cf. [92]. The technical difficulties are among other things due
to the fact that ¢ can at best be invertible on its support which is bounded from
above by the cut-off energy.

2.1.4 A variational problem and stability

As noted above, certain steady states of the Vlasov-Poisson system are critical
points of an energy-Casimir functional. At the same time the quadratic term in
the Taylor expansion of this functional about such a steady state looks at first
glance indefinite, which bodes ill for a stability analysis.

In this section we reverse our strategy in the following sense: We do not start
with a given steady state whose stability we want to investigate, but instead
we start with an energy-Casimir functional, i.e., with a function ® defining
the Casimir part, and we ask whether this functional attains its minimum on
a suitable set of states f. Such a minimizer, if it exists, is a critical point
of the energy-Casimir functional and hence should be a steady state, and its
minimizing property can hopefully lead to a stability assertion.

Hence let ®:[0,00[— [0,00][ be given—the necessary assumptions on this
function are stated below. We investigate two closely related, but different
variational problems, both of which have their merits. The difference between
the two problems lies in the role of the Casimir functional—in the first formu-
lation it is part of the functional to be minimized, in the second one it is part
of the constraint:

Variational Problem—Version 1
Minimize the energy-Casimir functional Ho=H~+C under a mass constraint,
i.e., prove that the functional Ho has a minimizer fo € Far,

He(f) > He(fo) for all f€Fu,
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where the constraint set is defined as

Fai={ re L @) [ favie =M, Bt +en)<oc .

Variational Problem—Version 2

Minimize the energy functional H under a mass-Casimir constraint, i.e., prove
that the functional H has a minimizer fo € Fuc,

H(f)>H(fo) for all f € Fuc,

where the constraint set is defined as

Fuc = {feLi(Rﬁ‘)|//fdudx+6(f)=M, Ekin(f)<oo}.

In both cases the parameter M >0 is a prescribed positive number. In order to
obtain solutions to these problems we make the following assumptions on ®:

Assumptions on ®: Let ® € C1([0,00[) with ®(0)=0=®'(0), and
(®1) @ is strictly convez,
(®2) ®(f)>CfHE for f>0 large,
where 0 <k <3/2 for Version 1,
0<k<7/2 for Version 2.

(®3) In addition for Version 1
O(f) < CfHE for f>0 small, where 0 <k’ <3/2.

A typical function @ is

(=1

The first version covers the parameter range 0 < k< 3/2, the second one covers
0< k< 7/2,indeed, with some technical extra effort also the limiting case k=7/2
can be covered, cf. [48]. The main advantage of the first approach, which covers
a smaller range of the polytropic steady states, is that it can be attacked via a
reduction procedure, and this reduction procedure brings out a relation between
the stability problem for the Vlasov-Poisson system, i.e., for a self-gravitating
collisionless gas, and the one for a self-gravitating perfect fluid as described by
the Euler-Poisson system.

As will be seen below, the potential energy is finite for states in the constraint
sets. The major step in the stability analysis is to prove the following theorem.

fFIEEF>0. (1.6)

Theorem 1.1 Consider Version 1 of the variational problem under the above
assumptions on ®. Then the energy-Casimir functional He is bounded from
below on Far with har:=infr,, He <0. Let (f;) C Fu be a minimizing sequence
of He, t.e., Ho(fj) — har. Then there exists a function fo € Far, a subsequence,
again denoted by (f;) and a sequence (a;) CR?® of shift vectors such that

T% fj=fi(-+a;j,)) = fo weakly in L'"/H(R%), j— oo,
T*NVUy, =VUy, (- +a;) — VU, strongly in L*(R?), j— cc.
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The state fo minimizes the energy-Casimir functional: He(fo) =ha.
The analogous assertions hold for Version 2 of the variational problem, with
He replaced by H and Fpr by Furo-

Since the functionals under consideration are invariant under spatial translations
a trivial minimizing sequence is obtained by shifting a given minimizer in space.
If for example it is shifted off to infinity no subsequence can tend weakly to a
minimizer, unless one moves with the sequence. Hence the spatial shifts in the
theorem arise from the physical properties of the problem.

In Section 2.6 stability of the state fo will follow quite easily from the theo-
rem. The point is that in the Taylor expansion (1.5) the negative definite part,
i.e., the L2 difference of the gravitational fields, converges to zero along minimiz-
ing sequences. Hence it is essential that the latter is part of Theorem 1.1—the
mere fact that fy be a minimizer is by itself not sufficient for stability.

The main difficulty of the proof of Theorem 1.1 is seen from the following
sketch. To obtain a lower bound for the functional on the constraint set is easy,
and by Assumption (®2) minimizing sequences can be seen to be bounded in
L'tk Hence such a sequence has a weakly convergent subsequence, cf. [74,
2.18]. The weak limit f is the candidate for the minimizer, and one has to pass
the limit into the various functionals. This is easy for the kinetic energy, the
latter being linear. The Casimir functional is convex due to Assumption (®1),
and so one can use Mazur’s lemma for the same purpose, cf. [74, 2.13]. The
difficult part is the potential energy, for which one has to prove that the induced
gravitational fields converge strongly in L2. Since the latter do not depend
directly on the phase space density f but only on the induced spatial density
ps the state space Fys seems inappropriate for the latter problem. This is the
mathematical motivation for passing to a reduced functional which is defined
on a suitable set of spatial densities. The reduction procedure is explained in
the next section. Then we turn to the proof of Theorem 1.1 for the case of
Version 1. For Version 2 reduction does not work and the necessary additional
arguments are discussed in Section 2.4. The pay-off of reduction in terms of
stability results for the Euler-Poisson system is discussed in Section 2.7.

2.2 Reduction

In this section we consider Version 1 of the variational problem with ® satisfying
the assumptions above; the results below are based on [97]. The aim is to factor
out the v-dependence and obtain a reduced variational problem in terms of
spatial densities. For >0 let

6.~ {se 11 @) [ (3hPat0+ee) ) as<oo, [aia=r} )

and

U(r):= inf /(%|v|29(v)+<1>(g(v))) dv. (2.2)

9eG,
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In addition to the variational problem of minimizing H¢c over the set Fp; we
consider the problem of minimizing the functional

Ho(p) = [ W(p(a))do+ Eper ) (2.3)

over the set

RM_{peLl R3) |/ ))dx < oo, / Ydx = } (2.4)

it will be seen below that the potential energy Fpot(p) which is defined in the
obvious way is finite for states in this constraint set. The topic of the present
section is the relation between the minimizers of Heo and H,. The following
remark should convince the reader that the construction above is indeed a very
natural one.

Remark. Consider the intermediate functional

:_flen;p//( ol f (2,0) + B(f (x, v))> dvdz

Fo:={f€Fumlps=rp}-
Clearly, for p=p; with feFu,

where for p e Ry,

C(f)+ Exin(f) > fienjf_ C(F)+ Exn(f))

P

> jut [ Lt [ (GloPoto)+ el do] ao
N /Leiél,,f(m)/<%|v|29(v)+‘1>(g(v))) dv] d

= /\Il(p(x))da: (2.5)
This shows that
He(f)=P(pr)+ Epot(pr) = /‘I’(P.f(iﬂ))derEpot (pr)=H,(py),

and it will be seen below that equality holds for minimizers. The functional P(p)
is obtained by minimizing the positive contribution to H¢, which also happens
to be the part depending on phase space densities f directly, over all f’s which
generate a given spatial density p. Then in a second step one minimizes for each
point x over all functions g=g(v) the integral of which has the value p(x).

These constructions owe much to [112] where they appear for the special case
O(f)= fYYE in a spherically symmetric situation. The main result of the
present section is the following:
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Theorem 2.1 (a) For every function f € Fur,

HC(f) > Hr(pf)v

and if f= fo is a minimizer of Ho over Fur then equality holds.

Let po € Ras be a minimizer of H, with induced potential Uy. Then there
exists a Lagrange multiplier Eg € R such that a. e.,
oo= { (\I//)_l(EO — Uo) , Uy < Eo,
0=

0 . Uy > E,. (2.6)

With the particle energy E defined as in (1.1) the function

f — (¢/)71(E0_E) ) E<E07
0 0 5E2E07

is a minimizer of Heo in Fas.

Assume that H, has a minimizer in Rys. If fo € Far is a minimizer of He
then po:=pys, € Ry 1s a minimizer of H,., this map is one-to-one and onto
between the sets of minimizers of Ho in Far and of Hy in Ras respectively,
and is the inverse of the map po+— fo described in (b).

In the next section we show that the reduced functional H, does have a mini-
mizer, and then the theorem guarantees that we recover all minimizers of H¢
in Fps by “lifting” the ones of H, as described in (b).

The above relation between ® and W arises in a natural way, but it can
be made more explicit. Denote the Legendre transform of a function h:R—
] — 0, OO] by

h(N):= ilelg()\r —h(r)).

Lemma 2.2 Let ¥ be defined by (2.1), (2.2), and extend both ® and ¥ by +00
to the interval | —o0,0].

(a) For AeR,

(b)
(c)

W(N) :/5 <)\— %|v|2> dv,
and in particular, ®(\)=0=W()\) for A<O0.
U e C([0,00[) is strictly convez, and ¥(0)=V¥'(0)=0.

With positive constants C which depend on ® and M,
U(p) > Cp " for p>0 large, where n:=k+3/2, and
U(p) <Cp' " for p>0 small, where n' ==k +3/2.
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Proof. By definition,

T(A) = sup [Ar— inf (%|U|2g(v)+q>(g(v))) dv}

>0 9€G,
—pp [ (=50 - wte0

gei?()n@)/ KA‘ %W) 9(v) —@(g(v))] dv

Jou] v 3o (o o)

As to the last-but-one equality, observe that both sides are obviously zero for
A<0. If A>0 then for any ge L (R?),

/KA— %|v|2> Q(U)—é(g(v))} dvg/zglg [(A—%|v|2>y—q>(y)} du.

If [v] > V2 then sup,~q[---] =0, and for [v| <2\ the supremum of the term
in brackets is attained at y =y, :=(®)~' (A—1|v|?). Thus with

(v) = Yo, U] <V2A,
=0, o = VN,

we have

[ (A= 3102 )y do = [|(A= 310 ) o)~ 00| a0

< 1 (3=318) at0)- 2tato))| av

and part (a) is established.

Since ® is strictly convex and lower semi-continuous as a function on R
with lim oo ®(f)/| f] = 00, @ € C*(R), cf. [84, Prop. 2.4]. Obviously, ®(\)=0
for A<0, in particular, (®)'(0)=0. Also, (®)’ is strictly increasing on [0,00]
since ®’ is strictly increasing on [0,c0[ with range [0,00[. Since for |A| < Ao with
Ao > 0 fixed the integral in the formula for ¥ extends over a compact set we may
differentiate under the integral sign to conclude that ¥ € C1(R) with derivative
strictly increasing on [0,00[. This in turn implies the assertion of part (b).

Part (c) follows with (a) and the definition of the Legendre transform. O

We now prove the theorem above.
Proof of Theorem 2.1. We start by proving
The Euler-Lagrange equation for the reduced problem. Let pg € Ry be a mini-
mizer with induced potential Uy. For € >0 define

Se:={zeR¥e< py(z) <1/e};
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think of py as a pointwise defined representative of the minimizer. For a test
function w € L>°(R3) which has compact support and is non-negative on R3\ S,
define for 7> 0 small,

Jwdy |

vol S, Se

pPri=pot+TW—T

Then p >0 and pr =M so that p, € Rps for 7>0 small. Since pg is a mini-
mizer of H,,

0<He(pr) =) =7 [ (W' () +0) (w— I ;jgylse) dr+o(r).

Hence the coefficient of 7 in this estimate must be non-negative, which we can
rewrite in the form

/ [\I//(po)—l—Uo— Voise (/Se(\lf'(po)—i—Uo)dy)] wdz > 0.

This holds for all test functions w as specified above, and hence ¥’ (pg) + Uy = E.
on S, and ®'(pg)+Uy> E. on R3\ S, for all € >0 small enough. Here E. is a
constant which by the first relation must be independent of ¢, and taking e —0
proves the relation between py and Up in part (b).

The inequality in part (a) was established as part of the remark before
Theorem 2.1.
An intermediate assertion. We claim that if f € Fjs is such that up to sets of
measure zero,

' (f)=FEo—E >0, where f >07} (2.7)

Ey—E<0 , where f=0.

with E:= 1|v|?+Uy(z) and Ey a constant, then equality holds in (a). To prove
this, observe that since ® is convex, we have for a. e. z € R? and every g € Gos ()

SIolg0)+ @(g(0)) > Sl f )+ B(f(r,0))
+ (GRG0 ) (o) S0l e

Now by (2.7),

JGreren)e-pn=[ af

:(Eo—Uf(:c))/ (g—f)dv+/{j'_0}%|v|2gdv

{f>0}
1
——(E-Us@) [ (g=Hdvt [ SiPgdo
{f=0} {f=0}

:/ (E—Ep)gdv>0;
{f=0}
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observe that g >0 and [(g— f)dv=0. Hence
wos(o) = [ (FlPreaw)a
. 1
> st [ (3lePo+#(0)) do=v(os(a) a.c.

and the proof of the intermediate assertion is complete.

Proof of the equality assertion in (a). If fo € Fps is a minimizer of H¢ then the
Euler-Lagrange equation of the minimization problem implies that (2.7) holds
for some Lagrange multiplier Ey; the proof is essentially the same as for the
reduced problem above, cf. also Theorem 5.1 below. Thus equality holds in (a)
by the intermediate assertion, and the proof of part (a) is complete.

Proof of the remaining part of (b). Let fo be defined as in (b). Then up to sets
of measure zero,

z,v)dv = N1 —Up(x 1 v]? ) dv
/fO( o /U|§\/2(E0—U0(1))((I)) (EO Uole) =31 >d
= () (Eo—Uo(x)) = (V') (Eo—Uo(x)) = po ()

where Up(x) < Ep, and both sides are zero where Uy(z) > Ey. Thus po=py,, in
particular, fo € Fas. By definition, fj satisfies the relation (2.7) and thus by our
intermediate assertion He (fo) =H,(po). Therefore again by part (a),

He(f) >He(pr) > He(po) =He(fo), f€Fum,

so that fy is a minimizer of H¢, and the proof of part (b) is complete.

Proof of part (c). Assume that H, has a minimizer po € Rps and define f; as
above. Then part (a), the fact that each p€Rys can be written as p=py for
some f € Fyr, and our intermediate assertion imply that

inf H > inf H,(p;)= inf H,
it c(f) > Jinf (py) nf (p)
= HT(PO):Hc(fo)Zfier;_f He(f)- (2.8)

Now take any minimizer go € Fps of He. Then by (2.8) and part (a),

inf r = inf = — I'ly 0/
pg}zMH (p) fle%-‘MHC(f) He(go) =He(pgo)

that is, pg, € Ry minimizes H,, and the proof of part (c) is complete. |

2.3 Existence of minimizers via the reduced
problem

First the reduced variational problem is studied in its own right under the
following assumptions on the function U:
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Assumptions on V: Let ¥ e C([0,00[) with ¥(0)=0=V'(0), and
(P1) W s strictly conver,
(U2)  W(p)>Cp' TV for p>0 large, with 0<n <3,
(T3)  W(p) <Cp' Y™ for p>0 small, with 0 <n’ <3.

We shall prove the following central result:

Theorem 3.1 The functional H, is bounded from below on Rar. Let (pj) CRum
be a minimizing sequence of H,. Then there exists a sequence of shift vectors
(aj) CR? and a subsequence, again denoted by (p;), such that

T p; = p;(-+aj)— po weakly in L'T*/™(R3), j— oo,
T%VU,, —VU,, strongly in L*(R?), j— oo,
and po € Rar is a minimizer of H,..

The main difficulty is to prove that the fields induced by a minimizing sequence
converge strongly in L2. Such a compactness property holds if the sequence
(p;) remains concentrated. In view of the next section the corresponding result
stated below is slightly more general than what is needed in the present section.

Lemma 3.2 Let 0<n<5. Let (p;) C Lfl/n(R?’) be such that
p; — po weakly in L1+1/"(R3),

Ve>03R>0: limsup/ pj(z)dr <e. (3.1)
|z| >R

Jj—00
Then VU, —VU,, strongly in L2

Proof. Clearly, there exists a constant m >0 such that for all sufficiently large
J €N, [p; <m, and by weak convergence the limit py is integrable as well. The
sequence o :=p; —py converges weakly to 0 in L'*Y/" [|g;|<2m, and (3.1)
holds for |o;| as well. We need to show that VU,, — 0 strongly in L? which is

equivalent to
9 :://Mdyd%o_
[z -yl

For § >0 and R >0 we split the integral above as follows:
=L+ 1jo+1;3,
where
le—y|<d for I;1, |z—y|>d A (Jz|>R V |y|>R) for I;,,

|$_y| 25 N |CC| <R A |y| < R for Ij_]g.
Since 2n/(n+1)+2/(n+1) =2, Young’s inequality [74, 4.2] implies that

11,11 S Clloj 1T 1 nll LB, || gy 2 < C8C7/ D,
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Hence we can make I;; as small as we wish, uniformly in j and independently
of R, by choosing § small. For § >0 now fixed,

m

|12 < |loj(z)|d,

0 Jiz|>r
which becomes small by (3.1), if we choose R >0 accordingly. Finally by Holder’s

inequality,

<lojllipa/mliigllivn <Cllhzln,

Lial=| [0y (o) o

where in a pointwise sense,

o) i=Lag(a) [

1
1. (y)——0i(y)dy—0
|x7y|26 R( )|x—y| J( )

due to the weak convergence of o; and the fact that the test function against
which o; is integrated here is in L'™". Since |h;|< 215, uniformly in j
Lebesgue’s dominated convergence theorem implies that h; —0 in L7, and
the proof is complete. O

Proof of Theorem 3.1. Constants denoted by C may only depend on M and
¥ and may change their value from line to line. The proof is split into a number
of steps.

Step 1: Lower bound for H, and weak convergence of minimizing sequences. By
Lemma P2 (b), interpolation, and (¥2),

n/3
—Epot () <Clipl2 s < Clloll P ol P < o+ C ( / w<p>dx) , PERM;

note that 1<6/5<141/n. Hence on Ry

n/3
HT(p)z/kll(p)dx—C—C(/\I/(p)dx) . (3.2)
Since n < 3 this implies that H, is bounded from below on R ;:

hy = inf H, > —oo.
Rm

Let (p;) CRa be a minimizing sequence. By (3.2), [¥(p;) is bounded, and
by (¥2) and the fact that [p; =M, the minimizing sequence is bounded in
L'*1/"(R3). Hence we can—after extracting a subsequence—assume that it
converges weakly to some function pg € L'T1/7 (R?). By weak convergence, pg >
0 almost everywhere—if py were strictly negative on some set S of positive,
finite measure the test function 0 =1g would yield a contradiction.

The next two steps show that minimizing sequences remain concentrated
and do not split into far apart pieces or spread out uniformly in space.
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Step 2: Behavior under rescaling. For pe Ry and a,b>0 we define p(z):=
ap(bzx). Then

[pde=ab® [ pds, Bus(p) = Bruslp). [¥(5) =072 [wiap)a

First we fix a bounded and compactly supported function p€Rp; and choose
a="b% so that p€ Ry as well. By (¥3) and since 3/n’ > 1,

Ho(p)=b"" / T(b%p) dw+b Epor (p) < CH*/™ +b Eper(p) <0

for b sufficiently small, and hence for M >0,
har <0. (3.3)

Next we fix two masses 0 < M < M. If we take a=1 and b= (M/M)'/? >1 then
for p€Rar and p € Ry rescaled with these parameters,

Halp) = b [ W)+ b Brn()

5/3
1, (p).

>0 ([ W(p)do+ Byus(p) ) = (3701
Since for the present choice of ¢ and b the map p— p is one-to-one and onto
between Ry and Ry; this estimate gives the following relation between the
infima of our functional for different mass constraints:

har> (M /M)>3hpy, 0<M < M. (3.4)

Step 3: Spherically symmetric minimizing sequences remain concentrated. In
this step we prove the concentration property needed to apply Lemma 3.2, but to
make things easier we consider for a moment spherically symmetric functions p €
R, ie., p(x)=p(|z]). For any radius R> 0 we split p into the piece supported
in the ball B and the rest, i.e.,

p=p1+p2, p1(x)=0 for |z|> R, p2(z)=0 for |z| <R.

Clearly,

Ho(p) = Ho(p1) +Ho(p2) — / %dmy.

Due to spherical symmetry the potential energy of the interaction between the
two pieces can be estimated as

/Pl(fﬂ)m(y)

|z —y

M—
dxdy:—/Uplpgde %,

where m= [ p, is the mass outside the radius R which we want to make small
along the minimizing sequence. We define

3 M2
Roi=—22 <0
S S
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and use the scaling estimate (3.4) together with (3.3) and the fact that &°/3 +
(1-£)5/3<1-2£(1-¢) for 0<E<1 to conclude that

Ho(p) > hag—rm+ hom — @
2| 50) " G e
> tart ;= | @1 (35)

We claim that, if R> Ry, then for any spherically symmetric minimizing se-
quence (pj) CRar of H,, the following assertion holds, which is even a bit
stronger than what is needed to apply Lemma 3.2:

lim pj(x)dr=0. (3.6)
I Jz|>R

Assume this assertion were false so that up to a subsequence,

lim pj=m>0.
J7eC|z|>R

Choose R; > R such that
1
mji= P = 5 Pj-
|z|>R; |z|>R

11 11
Hr(pj) = har+ {R—O—R—j] (M —mj)m; = ha+ [R_O_E] (M —myj)m;,

By (3.5),

and letting j — oo leads to a contradiction, and Eqn. (3.6) is proven.
For the weak limit pg of the minimizing sequence clearly

supppo C Br,, /pon.

Step 4: Proof of Theorem 3.1 under the assumption of spherical symmetry.
Given a minimizing sequence (p;) we already know that up to a subsequence it
converges weakly in L'*1/™ to a non-negative limit pg of mass M. The functional
p— [¥(p)dz is convex by Assumption (¥1), so by Mazur’s Lemma [74, 2.13]
and Fatou’s Lemma [74, 1.7]

/\If(po)dxglimsup/\lf(pj)dx,
Jj—o0
in particular, pg € Rys. If we assume in addition that the minimizing sequence
is spherically symmetric then by Step 3 and Lemma 3.2, Epot(pj) — Epot(po),
and hence

Hy (po) < limsupH,.(p;) = has

Jj—00
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so that pg is a minimizer of H,. over the subset of spherically symmetric functions
in RM

The restriction to spherical symmetry would mean that stability would only

hold against spherically symmetric perturbations. Fortunately, this restriction
can be removed using a general result due to A. Burchard and Y. Guo.
Step 5: Remowving the symmetry assumption. To explain the result by Bur-
chard and Guo we define for a given function pEL}|r (R3) its spherically sym-
metric decreasing rearrangement p* as the unique spherically symmetric, radi-
ally decreasing function with the property that for every 7> 0 the sup-level-sets
{xeR3|p(z) > 7} and {z €R3|p*(z) > 7} have the same volume; the latter set is
of course a ball about the origin whose radius is determined by the volume of
the former. The integral [ ¥(p)dx does not change under such a rearrangement,
while the potential energy can only decrease, and it does not decrease iff p is
already spherically symmetric (with respect to some center of symmetry) and
decreasing. These facts can be found in [74, Ch. 3]. In particular, a minimizer
must a posteriori be spherically symmetric.

Now let (p;) CRar be a not necessarily spherically symmetric minimizing
sequence. Obviously, the sequence of spherically symmetric decreasing rear-
rangements (pj) is again minimizing. Hence by the previous steps, up to a
subsequence (p}) converges weakly to a minimizer po = pj and

VU,: — VU in L?, hence /\If(p;)ﬂ/\lf(po).
Moreover,
Bvalp5) = Halp)) = [ Wos)=1o0s) = [ 0(s))
= Moo~ [ (o) = Epes().

In this situation the result of Burchard and Guo [16, Thm. 1] says that there
exists a sequence (aj) CR? of shift vectors such that

T%VU,, =VU,, (-+a;)— VU in L*.

Hence we can repeat the arguments of Step 4 for the sequence (1'% p;), which
is again minimizing, and the proof of Theorem 3.1 is complete. O

The proof of the result by Burchard and Guo is by no means easy, and it is
possible to obtain stability against general perturbations without resorting to it,
cf. [48,96,97]. Since this general result may be useful for other problems of this
nature we wanted to mention and exploit it here. On the other hand, Version 2
of the variational problem does not lend itself to a reduction mechanism like
Version 1. Hence the result by Burchard and Guo does not apply, and we will
show in the next section how to handle the concentration problem directly in
the non-symmetric situation. We also refer to [53] for an account of the result
by Burchard and Guo and its relation to stability problems.
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Theorem 3.1 implies the result that we were originally interested in.
Proof of Theorem 1.1 for Version 1. By Lemma 2.2 we see that if ® sat-
isfies the assumptions (®1), (®2), (®3) then the function ¥ defined by (2.2)
satisfies the assumptions (¥1), (¥2), (¥3), where the parameters k and n are
related by n=k+3/2, with the same relation holding for the primed parame-
ters. Theorem 2.1 connects the original and the reduced variational problem in
the appropriate way to derive Theorem 1.1 from Theorem 3.1: Firstly, H¢ is
bounded from below on Fjs since this is true for H, on Ras. Let (f;) CFur
be a minimizing sequence for He. By Theorem 2.1, (py,) C Ry is a minimiz-
ing sequence for H,. Again by Theorem 2.1 we can lift the minimizer py of
‘H, obtained in Theorem 3.1 to a minimizer fy of Hc. The properly shifted
fields converge strongly in L? to VUy,. Hence after extracting a subsequence
the Casimir functional as well as the kinetic energy converge along (7% f;), and
this sequence converges weakly in L'*t1/* to the minimizer f;. O

Notice that the weak convergence of a subsequence of (T'% f;) to the mini-
mizer fo, which was derived after the existence of the minimizer was established,
will play a role in the stability analysis in Section 2.6.

2.4 Existence of minimizers—the direct ap-
proach

In this section we prove Theorem 1.1 for Version 2 of our variational problem,
i.e., we minimize the energy functional H under the mass-Casimir constraint
implemented in the constraint set Fjsc. In the reduction procedure employed
above the kinetic energy and the Casimir functional were reduced into a new
functional acting on spatial densities p. But in Version 2 of the variational
problem the former two functionals appear in different places, namely as part
of the functional to be minimized and in the constraint respectively. Hence
reduction in the above sense does not apply, and a direct argument is given.
This necessarily also shows how the use of the non-trivial result by Burchard
and Guo for removing the symmetry assumption can be avoided.

Proof of Theorem 1.1 for Version 2. Constants denoted by C' may only
depend on M and ® and may change their value from line to line. The growth
parameter k in the assumptions on ® satisfies

0<k<7/2, hence 3/2<n:=k+3/2<5and 1+1/n>6/5.

The proof is again split into a number of steps, similar to Version 1.

Step 1: Lower bound for H and bounds on minimizing sequences. By the as-
sumptions on ®, Lemma P2, Lemma 5.1 of Chapter 1, and interpolation the
following estimates hold for any f & Fsc:

[l + 1l e <€

k+1)/(n+1 n
pr||1+1/n < C”f”g;g/)k/( + )Ekin(f)3/(2k+5) < CEkin(f)B/@( -1-1))7
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5—n)/3 n+1)/3
—Epor (1) <Cllpsld /s <Cllogl 2 llps 17000 < CBian(£)M2.

Hence the total energy H is bounded from below on Fyc,

H(f)ZEkin(f)—CEkin(f)l/2 for f€ Fpe, hai= inf H> —o0,

Fumc

and Fii, together with the quantities estimated above are bounded along min-
imizing sequences of H in Fyc.

The observation that concentration implies compactness made in Lemma 3.2
is going to be used again in the present situation, and we turn to the investi-
gation of the concentration properties of the energy functional under the mass-
Casimir constraint.

Step 2: Behavior under rescaling. Given any function f, we define a rescaled
function f(:b,v):f(ax,bv), where a,b>0; as opposed to Version 1 we do not
scale the dependent variable but only its arguments. Then

//(f+<1>(f))dudx=(ab)*?’//(fw(f))dvdx (4.1)

ie., f€Fnc iff f€Fyz, where M:=(ab)~3M. The kinetic and potential en-
ergy scale as follows:

Bin(f)=a""b"Eian(f),  Bpot(f) =a7"b"  Epor(f).
If f€Fae and b=a""' then f € Fyo and
H(f)=0a’Ein(f) +aEpot(f) <0
for a> 0 sufficiently small, since E,oi(f) <0. Hence for all M >0,
har <0. (4.2)
Next we choose a and b such that a 3b°=a"°b"5, i.e., b=a"2. Then
H(f)=a"H(f), (4.3)

and since a=(M/M)'/3 and the mapping Farc — Fg7o, f+ f is one-to-one
and onto this shows that for all M, M >0,

hyr= (3 /M) hy. (4.4)

Step 3: Minimizing sequences do not vanish. In the non-symmetric case we
cannot establish a result like Eqn. (3.1) as easily as in the spherically symmetric
situation. As a first step we show that along any minimizing sequence some
minimal mass must remain in a sufficiently large ball. This is precisely the
point where we have to allow spatial shifts: We cannot expect this non-vanishing
property to hold unless we move with the sequence. Our assertion is that for
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any minimizing sequence (f;) C Farc of H there exist a sequence (a;) C R and
mg >0, Ry >0 such that

p;dx>mg (4.5)
a;j+Brg

for all sufficiently large j €N, where p;:=py,. To see this we split for R>1,

1 ) )
_Epot(fj)—i//%dydx—h-l-b—l-ﬁv

where
1 1
|z —y| < I for I, = <|z—y|<Rfor I, |zx—y|>R forIs.
Since (p;) is bounded in L*(R?) and in L'**/"(R3) by Step 1,
L < 1ol 1l 2y 11 i nany o < CR™OTW/HD,

ek [[  p@puddy<Re s [ pa)ds
lz—y|<R yER3Jy+Bp

1
<4 [[m@oisy<crs

for the first estimate we used Young’s inequality [74, 4.2]. Since (f;) is mini-
mizing and hjps <0 we have, for any R>1,

hat/2>H(f;)>—1 — 1o — I3,

provided j is sufficiently large. Therefore,

sup/ pjdr>R"! —hM/(QC)—R_l—R_(5_")/("+1)}.
y+Br

yER3

Since hp; <0 the right hand side of this estimate is positive for R sufficiently
large, and the proof of Equ. (4.5) is complete.

Step 4: Non-vanishing, weakly convergent minimizing sequences remain con-
centrated. In this step we show that a minimizing sequence (f;) C Farc for H
remains concentrated in the sense that Eqn. (3.1) holds, provided that

/ p;jdx>mg and p; — po weakly in LYTYm(R3)
BRO

for some Ry >0 and mo >0, where p; :=py,. Notice that a minimizing sequence,
if properly shifted in space, does not vanish by Step 3. Since the shifted mini-
mizing sequence is again minimizing, the induced spatial densities do by Step 1
converge weakly as required after extracting a subsequence.

For R> R, we split f; as follows:

fi=f+ £+ 5
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where

f} (z,v)=0for |z| > Ry, f}(z,v)=0for |z| <RoV|z|> R, f}(x,v)=0 for |z| <R.

Then
H(f5) = (f1)+H(f»2) +H(f})

//pJ pJ+pJ dd—//pj dy
|z =yl I—yl
127

= H(f)+H(f7) +H(f}) -

(4.6)
with obvious definitions for p},p?,p3. Since |[VU, pltp |l2 is bounded by Step 1,
L=C|VUzIL<C (IVUlla+ VU2 = VU3 l2)

For R>2Ry and |z| < Ry, |y| > R we have |x —y|> R/2, and hence
I,<2M°R™".

It is easy to show that £7/34(1-€)7/2<1-I£(1-¢€) for £€[0,1]. With
Eqn. (4.4) and obvious definitions of M jl,M JZ,M 7 this implies that

HfH)+HUP) +HST) = hags +hage + s

r e 7/3 A2 7/3 e 7/3
a2\ s\
) T\ar) |

7 M} + M2 M3 7 mo
—2 I > |1
3 M 3 M2

Y

>

M3] hoars

in the last estimate we used the non-vanishing property. With (4.6) and the
estimates for I; and I this implies that

CymoM3 <H(f;)—has +Co [||vvpg||2+ VU, —VUpg||2+R’1] .

Here R> 2Ry is so far arbitrary, and the constants C7,C5 are independent of R
and Ry. The first difference on the right hand side converges to zero since the
sequence (f;) is minimizing. The first term in the bracket can be made as small
as we wish by increasing Ry; notice that this does not affect the non-vanishing
property. Choosing R>2R, large makes the third term in the bracket small.
For fixed Ry < R the middle term converges to zero by Lemma 3.2, since p? — pj
weakly in L'+1/™ and these functions are supported in Br. This shows that the
sequence (f;) satisfies the concentration property (3.1) as claimed.
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Step 5: Proof of Theorem 1.1 for Version 2. Let (f;) be a minimizing sequence
and choose (a;) C R? according to (4.5). Since H is translation invariant (7% f;)
is again a minimizing sequence which by abuse of notation we denote by (f;). By
Step 1, (f;) is bounded in L'*'/#(RS). Thus there exists a weakly convergent
subsequence, again denoted by (f;): f; — fo. Clearly, fo>0 a. e. Again by
Step 1, (Exkin(f;)) is bounded, and by weak convergence

Eyin(fo) < limsup Eyin (f5) < 00.

Jj—00

By Step 1, (pj)=(py,) is bounded in L'*1/"(R3). After extracting a further
subsequence
p; = po=p;s, weakly in L'/"(R3);

it is easy to see that the weak limit of the spatial densities induced by (f;) is
indeed the spatial density induced by the weak limit of (f;). By Step 4 and
Lemma 3.2,

VU,, — VU strongly in L*(R?).

Hence H(fo) <limj_o H(f;), and it remains to show that [ fo+C(fo)=M. By
(®2), Mazur’s Lemma, and Fatou’s Lemma

MO:://(fo—i—(I)(fo))dvd:v§limsup//(fj—i—(I)(fj))dvd:v:M,

j—o0
and My > 0 since otherwise fo =0 in contradiction to H(fo) <0. Let
b:= (MO/M)Q/?’, a:=b"1/2
so that by (4.1), fo € Farc. Then by (4.3),
har <H(fo) = a"H(fo) = (M/Mo)"*har,

which implies that My> M. O

Remark. Instead of the explicit arguments above one can also employ the
concentration-compactness principle due to P.-L. Lions [79], cf. [96].

2.5 Minimizers are steady states

Via the corresponding Euler-Lagrange identity the minimizers obtained by The-
orem 1.1 are shown to be steady states of the Vlasov-Poisson system. Once
the minimizers are identified as steady states some further properties are in-
vestigated. The minimizers obtained for the reduced variational problem in
Theorem 3.1 turn out to be steady states of the Euler-Poisson system. This
fact and the relation between steady states of the Vlasov-Poisson and of the
Euler-Poisson system are postponed to Section 2.7.
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Theorem 5.1 Let fo€ Fpr be a minimizer of Ho with potential Uy, and define
the particle energy as in (1.1). Then

n—1 _
oty ={ (7B B

with Lagrange multiplier

Eoizﬁ//(E+‘1)/(fo))f0dvd$-

If fo€ Fuc is a minimizer of H then

){(‘I’/)I(E/Eo—l) , B < Ep,
0 , E>Ey

with Lagrange multiplier

. [ E fodvdx
PO =T 0 (fo) fodvdr =

In particular, fo is in both cases a steady state of the Vlasov-Poisson system.

The Lagrange multiplier Ej is negative also in case of Version 1, but the proof
is different and postponed to Proposition 5.2. The choice (1.6) leads to the
polytropic steady state

fo(z,v)=(Eo—E)%
in the case of Version 1, and to a similar formula for Version 2.
Proof of Theorem 5.1. We give the proof for Version 2, since due to the
nonlinear nature of the constraint this case is slightly less trivial. Let fo and
Up be a pointwise defined representative of a minimizer of H in Fj;¢ and of its
induced potential respectively. The following abbreviation will be useful:

QUf):=f+2(f), f=0.
For € >0 small,

Se:= {(:C,v) eR®[e< fo(w,v) < %}

defines a set of positive, finite measure. Let w € L°°(R®) be compactly supported
in S.Uf;*(0) and non-negative outside S, and define

G(U,T)I://Q(fo‘f'UlSe—f'T’LU)d’Udl';

for 7 and o close to zero, 7 >0, the function fy+olg, +7w is bounded on Sk,
and non-negative. Therefore, G is continuously differentiable for such 7 and o,
and G(0,0)= M. Since

0,G(0.0)= [ /S Qoo £0,

73



there exists by the implicit function theorem a continuously differentiable func-
tion 7—o(7) with o(0)=0, defined for 7 >0 small, such that G(o(7),7)= M.
Hence fo+o0(7)1s, +7w € Fpre. Furthermore,
0_/(0) — 6TG(O7O) — _ fo/(fO)w
8UG(050) ffsé Q/(fO)

Since H(fo+0(7)1s. +7w) attains its minimum at 7=0,

(5.1)

OgH(fo—l—U(T)lse—l—Tw)—H(fo):T//E[o'(O)lSe+w]dvdx+0(7)
for 7>0 small. With (5.1) we get
JIs. B
ffsé Q/(fo)'

By the choice for w this implies that E=E.Q’'(fo) a. e. on Sc and E> E.Q’(fo)
a.e. on f; '(0) . This shows that E.= Ey does in fact not depend on e. With
e—0,

//[_Ete(fo)-i-E]wdvdeO, E..=

E = EyQ'(fo) a. e. on fo ' (]0,00]),
E > EyQ'(0)=Fy a. e. on f;*(0).

Multiplication of the former by fy and integration yields the formula for Ej,
and since

//Efo dvdr = Ekin(fo) + 2Epot (f()) < H(f()) <0

this Lagrange multiplier is negative; such a direct argument does not seem to
work for Version 1 of the variational problem. O

The minimizers are steady states of the Vlasov-Poisson system in the following
sense: By definition, Uy is the gravitational potential induced by fo. On the
other hand, for a time independent potential the particle energy, and hence
any function of the particle energy, is constant along characteristics and in this
sense satisfies the Vlasov equation. The problem is that Uy should be sufficiently
smooth for the characteristic equations to have well defined solutions.

Proposition 5.2 Let fy be a minimizer of H or Hc as obtained in Theorem 1.1
with induced spatial density pg. Alternatively, let po be a minimizer of H, as
obtained in Theorem 8.1. Let Uy be the induced potential. Then the following
holds:

(a) The functions py and Uy are spherically symmetric with respect to some
point in R3, and po is decreasing as a function of the radial variable.

(b) po€C(R?), Uy € C*(R?) with lim|;| . Uo(x) =0, and Ey <0. If py comes
from a minimizer of Ho or H then po € CE(R?). Minimizers fo are com-
pactly supported also with respect to v.
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Proof. In order to prove part (a) we consider first the case that po € Rps is a
minimizer of the reduced functional H,. as obtained in Theorem 3.1. As observed
in Step 5 of the proof of that theorem py is spherically symmetric with respect
to some point in R, and decreasing as a function of the radial variable. Let fo
be a minimizer of the energy-Casimir functional H¢. Then the assertions for pg
and Uy remain true, since fj arises from a minimizer of the reduced functional
by the lifting process in Theorem 2.1 (b).

To prove the spherical symmetry of a minimizer fy of the energy H we
denote by f{ its spherically symmetric rearrangement with respect to x. Argu-
ing as above, fo(z,v)= f§(z+ay,v) for some possibly v-dependent shift vector
a,. Since both fy and f; are minimizers they are both of the form stated
in Theorem 5.1, so Eo®'(fo(z,v))=3|v]*+ Uy, (z) — Ey and E§®'(f§(z,v))=
3[0]*+ Uy () —Ej.  The explicit form of Ey implies that Eo=Ej, hence
Uf,(x)=Uys (r+ay), and a, is independent of v. Hence the minimizer fo is
a spatial translation of f§, which proves the symmetry assertion.

As to part (b), we note first that by Theorem 5.1 a minimizer f, obtained
in Theorem 1.1 satisfies a relation of the form

fo(x,v) = $(E(x,v))

with ¢ determined by the function ® and Ey. This in turn implies a relation
between py and Uy,

w@)=hUo@) =43 [ sEET@aE,  (52)

o(z

where h is continuously differentiable. For a minimizer py of H, such a relation

holds by (2.6); in this case h is determined by ¥ and need only be continuous.
Let po € LY (R?) for some p>1, and as usual 1/p+1/g=1. For any R>1

we split the convolution integral defining Uy according to |z —y|<1/R, 1/R<

|z —y| <R, and |z —y|> R to obtain

VR 1/q M
o) <Cllml, ([ ar) wr [ ey
0 ly|>[e|-R R

This implies that Uy € L>(R3) with Up(z) — 0, |z| — oo, provided ¢ < 3, i.e., p>
3/2. Assume for the moment that this is true. Then by (5.2), po € L' N L% (R3).
By spherical symmetry,

A (" > A [T
Uhtr) == [ sote)ds—am [ smis)ds, U= [ mie)is

where r=|z|, in particular Uy is continuous. Again by (5.2), po is continuous
as well, and the formulas above imply the asserted regularity of Up.

If 0<n<2 then p:=141/n>3/2, and the regularity assumptions are es-
tablished. If 2<n <5 a little more work is required. By the assumptions ($1)
and (®2) and the mean value theorem,

vz o)== s op
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for all f large, with some intermediate value 0 <7< f. Similarly, for p large,
V' (p)>Cp'/™.
In both cases the relation (5.2) together with these estimates imply that
po() < C(1+ (Eo — Up(2))™).

If we use this estimate on the set of finite measure where pg is large and the
integrability of py on the complement we find that

/po(:zr)deSC'—I—C'/(—Uo(x))”pd:c. (5.3)

Starting with po=1+1/n we apply Lemma P2 (a) to find that Up lies in L? with
q=(1/po—2/3)~1>1, and substituting this into (5.3) we conclude that py € LP*
with p; =¢/n; note that by assumption pg<3/2. If p; >3/2 we are done. If
p1=3/2 we decrease p; slightly—note that pg € L'—so that in the next step we
find po as large as we wish. If p; <3/2 we repeat the process. By induction,

~ 3(14+1/n)(n—1)
Pk (n—5)+2n—+2

as long as pr—1 <3/2. But since 2<n <5 the denominator would eventually
become negative so that the process must stop after finitely many steps, and
again pg € LP(R3) for some p > 3/2.

The minimizer of H¢ or H, obtained in Theorem 1.1 or Theorem 3.1 has
compact support by Step 3 of the proof of the latter theorem. The limiting
behavior of Uy together with Theorem 5.1 implies that Ey < 0.

For Version 2 of the variational problem FEy<0 by Theorem 5.1. Hence
lim| ;| oo Up(2) =0 implies that for |z| sufficiently large, E(x,v)> Ey, and by
Theorem 5.1, fy and pg have compact support also in this case. O

A question which is of interest in itself and which is also relevant for the sta-
bility discussion in the next section is the possible uniqueness or non-uniqueness
of the minimizer. So far, only preliminary results in this direction exist.
Remark. (a) Consider the polytropic case ®(f)=f'+t1/* or W(p)=p't1/™ re-
spectively. If 0<k<3/2 or 0<n<3 then up to spatial translations the func-
tional H¢o or ‘H, has exactly one minimizer with prescribed mass M >0. If
0< k< 7/2 then up to spatial translations the energy H has at most two mini-
mizers in the constraint set Fasc.

We show the uniqueness assertion under the mass constraint; the proof under
the mass-Casimir constraint is more technical, cf. [42, Thm. 3]. Up to some shift
Uy as a function of the radial variable r:=|x| solves the equation

1

—5(r?Ug) =e(Eo=Up)%, r>0, (5.4)

with some appropriately defined constant ¢> 0. The function Ey— Uy is a solu-
tion of the singular ordinary differential equation

1
T—2(r2z’)’=—czi, r>0. (5.5)
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Solutions z€ C([0,00[)NC?(]0,00[) of (5.5) with z’ bounded near r=0 are
uniquely determined by z(0). If z is such a solution then so is

zo(r)i=az(ar), r>0

for any >0 where v:=(n—1)/2, and z,(0) = az(0). Now assume there exists
another minimizer with mass M, i.e., up to a shift another solution U; of (5.4)
with cut-off energy E;. Uniqueness for (5.5) yields some >0 such that

E,—Ui(r)=aEy—aUy(ar), r>0.

However, both steady states have the same mass M, so that
M=c r2(FBy —U; (r)ydr= a"_?’”c/ r2(Ep — Uo(r))}dr= a3 M.
0 0
For 0 <n < 3 the exponent of « is not zero, hence a=1, and considering limits
at spatial infinity we conclude that Fy=FE; and Uy="U;.
(b) Let ¥ be such that ¥(0)=0 and

p  ,0<p<l,
U (p)= Pt/ 1< p<10,
1079719, [ 10<p.

This function satisfies (1), (¥2), (¥3); note however that the exponent used
for 1< p <10 corresponds to n=10 which is well outside of the required range
0<n<3. If the resulting equation for z= FEy— Uy is solved numerically then
the choices z(0)=0.522, 1.641, 2.364 give three different steady states with
the same mass M =0.462. The minimizers of H, for this value of M must be
among these three states, and it turns out that the values of H, resulting from
2(0)=0.522, 2.364 are equal and smaller than the one resulting from z(0)=
1.641. Hence for this example there are two distinct minimizers. Clearly, this
also provides a counterexample to uniqueness of the minimizer for the energy-
Casimir functional He.

A similar example of non-uniqueness of the minimizer of H is reported
in [107, Sect. 5]. We have found no numerical indication that under our general
assumptions there might be infinitely many minimizers. In particular, minimiz-
ers always seem to be isolated.

2.6 Dynamical stability
We now come to the stability assertion for the steady states which are obtained

as minimizers above. To this end we first rewrite the Taylor expansion of the
energy or energy-Casimir functional respectively:

Remark. (a) In case of Version 1,

Ho(f) = Helfo) =d(f.f0) - 5= [ [VU; =TV (61)
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where for f e Fyy,

d(f o) i= [ [ @05) - @) + B (S~ fo)] dods
— [[ @) -atho) + (B Eo) (7~ fo) dvds
> [[00)+ (B~ Bl (- fo) dvda =0
with d(f, fo) =0 iff f= fo.
(b) In case of Version 2,
M)~ HUfo) =d(f.fo) - [ IVUy = VUo[do (62

where for f € Fye,

d(f, fo) :== //E(f—fo)dvdx
= [[(-E@) - 2o + (B B - fo) dvaa
> [ 1B o)+ (BBl (7 fo) dud >0

with d(f, fo)=01iff f= fo.

This is due to the strict convexity of ®, and the fact that on the support of fy
the bracket vanishes by Theorem 5.1; note also that in the second equality we
added a zero due to the respective constraint.

Theorem 6.1 Let fo be a minimizer as obtained in Theorem 1.1, in case of
Version 1 assume that the minimizer is unique or at least isolated up to shifts
in x. Then the following nonlinear stability assertion holds:

For any € >0 there exists a § >0 such that for any classical solution t — f(t)
of the Viasov-Poisson system with f(0)€ CLRO)NFp or f(0) € CHRE)NFune
respectively, the initial estimate

1
d(f(0). fo) + o~ / VU (o) — VUo|?dz < 8
implies that for any t>0 there is a shift vector a €R3 such that
1
d(Taf(t)ufO) + 8_71' / |TGVUf(t) - VU0|2d$ <€, tZ 0.

As above, T f(z,v):= f(z+a,v).

Proof. Let us first assume that the minimizer is unique up to spatial transla-
tions, and let us consider Version 1 first. Assume the assertion is false. Then
there exist € >0, t; >0, f;(0) € CL(R®)NFys such that for j €N,

1 1
A5+ 5 [ VU0~ V0P <
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but for any shift vector a € R3,
1
d(Taf] (t]),fo) + 8_7T / |Tavaj (t]') - VUO|2d{L' 2 €.

Since H¢ is conserved, (6.1) and the assumption on the initial data imply that
He(f(t5) =He(f(0) = He(fo), ie., (fj(t;)) C Far is a minimizing sequence.
Hence by Theorem 1.1, f|VUf].(tj) —VUy|?—0 up to subsequences and shifts
in x, provided that there is no other minimizer to which this sequence can
converge. By (6.1), d(f;(t;),fo) — 0 as well, which is the desired contradiction.
If the minimizer is unique up to shifts, the proof for Version 2 is completely
analogous.
By definition, we call the minimizer isolated up to spatial translations if

inf{||VUf0 ~VU; || foeMM\{T“f0|aeR3}} >0

where M s denotes the set of all minimizers of the given functional under the
given constraint. The argument above then has to be combined with a continuity
argument to show that the assertion of the theorem still holds true, cf. [98,
p. 124]. For Version 2 a much less trivial argument due to J. Schaeffer [107]
shows that the theorem remains true even if the minimizer is not isolated. O

The spatial shifts appearing in the stability statement are again due to the
spatial invariance of the system. If fy is perturbed by giving all the particles
an additional, fixed velocity, then in space the corresponding solution travels
off from fy at a linear rate in ¢, no matter how small the perturbation. Hence
without the spatial shifts the assertion of the theorem is false. A stability result
of this type is sometimes referred to as orbital stability, cf. [72,104].

A weak point of the present approach is the fact that the proof is not

constructive—given € it is not known how small the corresponding § must be.
A nice feature of the result is that the same quantity is used to measure the de-
viation initially and at later times ¢. In infinite dimensional dynamical systems
initial control in a strong norm can be necessary to gain control in a weaker
norm at later times. On the other hand, it certainly is desirable to achieve the
stability estimate also in some norm for f. In [72,104] results in this direction
are obtained by changing the variational approach. However, such improve-
ments are easily obtained within the framework presented here. To see this we
have to think for a moment about what perturbations are admissible from a
physics point of view.
Remark on dynamically accessible perturbations. A galaxy in equilib-
rium represented by a steady state fo is typically perturbed by the gravitational
pull of some (distant) outside object like a neighboring galaxy. This means that
an external force acts on the particles in addition to the self-consistent one. The
resulting perturbation simply consists in a reshuffling of the particles in phase
space. Hence a physically natural class of perturbations are all states f which
are equimeasurable to fy, f~ fo, which by definition means that

v >0: vol ({(z,v) €R®| f(z,v) >7}) =vol ({(z,v) ER®| fo(z,v) >T}).
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Notice that this class is invariant under the Vlasov-Poisson system. Clearly, if
fr~ fo then [|f]|, = foll,, for any p € [L,00].

With this remark in mind we arrive at the following stronger stability result;
notice that we need not even exploit the full strength of the restriction on the
perturbations introduced above.

Corollary 6.2 If in Theorem 6.1 the assumption |[f(0)|l\ ;. =Ifolli41/s is
added then for any € >0 the parameter 6 >0 can be chosen such that the addi-
tional stability estimate

”Taf(t)_fOHprUk <€, fZO.

holds. If K >0 is such that vol(supp fo) < K, then this stability estimate holds
with any p € [1,14+1/k] instead of 1+ 1/k, provided the perturbations satisfy the
additional restriction vol(supp f(0)) < K. If K >0 is such that | fol|, <K and
the perturbations satisfy the restriction || f(0)||, <K then the same is true for
any pe[1+1/k,00[.

Proof. We repeat the proof of Theorem 6.1 except that in the contradiction
assumption we have

a a 1 a
1T f5(t;) = folly 11y +d(T fj(tj),fo)+§/|T VU, ;) — VUo[*dz > €.

Now we observe that from the minimizing sequence (f;(t;)) obtained in that
proof we can extract a subsequence which converges weakly in L*t1/¥ to fy by
Theorem 1.1. But due to our additional restriction on the perturbations

||fj(tj)|‘1+1/k: Hf0||1+1/;ga JjeN

By the Radon-Riesz-Theorem [74, 2.11] this implies that f;(¢;) — fo strongly
in L'1/* Together with the rest of the proof of Theorem 6.1 this proves
the first assertion. Under the additional restriction on the perturbations,
vol(supp f(t)) < K or || f(t)||,, < K for all times, and the additional assertions
follow by Hélder’s inequality and interpolation. O

Concluding Remarks. (a) The conditions for stability are formulated in terms
of the Casimir function ®, but they can be translated into conditions on the
steady state fo=¢(FE). In particular, the crucial assumption that ® be strictly
convex means that ¢ is strictly decreasing on its support.

(b) In [47] spherically symmetric steady states depending also on the modulus
of angular momentum L, defined in (1.3), are dealt with. In [49] axially sym-
metric minimizers depending on the particle angular momentum corresponding
to the axis of symmetry are considered. The method yields stability against
perturbations which respect the symmetry, but not against general perturba-
tions. This is due to the fact that the function ® in the Casimir functional
C must in these cases depend on the additional particle invariant, and hence
the Casimir functional is preserved only along solutions with the proper sym-
metry. Stability of non-isotropic steady states which for example depend also
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on L against non-symmetric perturbations is an interesting open problem, in
particular, since in view of the above discussion of dynamically accessible per-
turbations symmetry restrictions are unphysical and at best are mathematical
stepping stones towards more satisfactory results.

(c) A similar problem arises with flat steady states where all the particles are
restricted to a plane. They are used as models for extremely flattened, disk-like
galaxies. Their stability was investigated by variational techniques in [94], but
the perturbations were restricted to live in the plane.

(d) So far, no rigorous instability results are known in the stellar dynamics case
for steady states which violate the stability conditions. Such results do exist in
the plasma physics case, cf. [51,52, 75-78].

(e) By similar techniques a preliminary result towards stability was established
for the Vlasov-Einstein system [113].

(f) The above stability result brings up a question concerning the initial value
problem for the Vlasov-Poisson system: Can one extend the class of admissible
initial data in such a way that it contains the steady states considered above?
Notice that fy need not be continuously differentiable. Going further one might
wish to admit all dynamically accessible perturbations originating from these
steady states as initial data. It is not hard to establish stability results within
the context of weak solutions in the sense that the stability estimates then hold
for such weak solutions which are obtained as limits of solutions to certain regu-
larized systems, cf. [67,72]. However, due to the inherent non-uniqueness such a
formulation is unsatisfactory. It is therefore desirable to have a global existence
and uniqueness result which covers these states as initial data and provides so-
lutions which preserve all the conserved quantities, cf. [114].

(g) An ansatz of the form

fo(z,v)= (eE"*E — 1)Jr

also leads to a steady state with compact support and finite mass, cf. [102]. This
so-called King model is important in astrophysics, but since the corresponding
Casimir function

O(f) =1+ /)m(1+f)—f

does not satisfy the growth condition (®2), it cannot be dealt with by the above
variational approach. A non-variational approach which covers the King model
has recently been developed in [50].

2.7 The reduced variational problem and the
Euler-Poisson system

So far the reduced variational problem played the role of a mathematical device.
In the present section we demonstrate that the reduction procedure is much more

than that: It points to a deep connection between the Vlasov-Poisson and the
Euler-Poisson systems on the level of their steady states and their stability.
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If po € Ras minimizes the reduced functional H,., then pg supplemented with
the velocity field ug =0 is a steady state of the Euler-Poisson system

Orp+div (pu) =0,

PO+ p(u-0p)u=—0,p— p0,U,
AU =4rp, lim U(t,z)=0,

|z|—o0

with equation of state

p="P(p)=p¥'(p)—¥(p).

This follows from the Euler-Lagrange identity (2.6). Here u and p denote the
velocity field and the pressure of an ideal, compressible fluid with mass density
p, and the fluid self-interacts via its induced gravitational potential U. This
system is sometimes used as a simple model for a gaseous, barotropic star. The
beautiful thing now is that the state (pg,uo=0) obviously minimizes the energy

Hipau)i= [ luPoda+ [ W(p)do+ Epuslp)

of the system, which is a conserved quantity. Expanding as before we find that

1 1
H(pyu) = H(po,0) = 5/|u|2pdx+d(p,po) _ 8—W/|VU,,—VU0|2d:c

where for p e Ry,

. p0) = [ 1¥(p) = W(p0) + (U~ Eo) (o~ po)] 0,

with equality iff p=pg. The same proof as for the Vlasov-Poisson system implies
a stability result for the Euler-Poisson system—the term with the unfavorable
sign in the expansion again tends to zero along minimizing sequences, cf. The-
orem 3.1. However, there is an important caveat: While for the Vlasov-Poisson
system we have global-in-time solutions for sufficiently nice data, and these so-
lutions really preserve all the conserved quantities, no such result is available
for the Euler-Poisson system, and we only obtain a

Conditional stability result: For every e >0 there exists a 0 >0 such that for
every solution t— (p(t),u(t)) with p(0) € Ryr which preserves energy and mass
the initial estimate

1 1
3 [ WO Ro0)do+ d(p(0). )+ - [ 19U0) ~ VUl <

implies that as long as the solution exists,

1 1
5/|u(t)|2p(t)dx+d(p(t),po)+8—ﬂ_/|VUp(t)—VU0|2dx<e
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up to shifts in x and provided the minimizer is unique up to such shifts.

The same comments as on Theorem 6.1 apply. Because of the above caveat
we prefer not to call this a theorem, although as far as the stability analysis itself
is concerned it is perfectly rigorous. The open problem is whether a suitable
concept of solution to the initial value problem exists.

The relation between the fluid and the kinetic steady states. Now that
minimizers of the reduced functional are identified as stable steady states of
the Euler-Poisson system it is instructive to reconsider the reduction procedure
leading from the kinetic to the fluid dynamics picture. First we recall that for
the Legendre transform h of a function h the following holds:

B (€) =n <= h(€)+h(n)=En= (R) (n)=¢

If fo is a minimizer of Hc¢,

fo= (@)Y (Ey—E)=(3) (B - E),

o st
o=3 1P fado= [®(E0-vo- 310 ) ao

is the induced, isotropic pressure. On the other hand, if pg is a minimizer of the
reduced functional H,.,

and

po = (¥) " (Ey—Uy) = (@)/(Eo —U),
po = P(po) =po¥'(po) — ¥ (po) =T(¥'(po)) = ¥(Eo — Up).

In both the kinetic and the fluid picture the spatial density and the pressure are
functionals of the potential, and these functional relations on the kinetic and on
the fluid level fit provided

T(\) :/6 (/\— %W) dv,

which is exactly the relation between ® and ¥ obtained by the reduction mech-
anism.

The threshold k=3/2, n=3. It is worthwhile to review the role of the thresh-
old k=3/2, n=3 in the context of the relation between the Vlasov-Poisson and
the Euler-Poisson system. For the Vlasov-Poisson system the Casimir functional
C is preserved, and hence it is possible to incorporate C into the functional to
be minimized or into the constraint. We have seen that the former approach,
which allows for reduction, works only for 0 < k< 3/2 while the latter works for
0<k<7/2. That this is not just a mathematical technicality can be seen from
the following observation:
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By Theorem 2.1 the energy-Casimir functional in the kinetic picture equals
the energy functional in the fluid picture in the case of a minimizer. For poly-
tropes, signHc (fo) =sign(n—3), i.e., the energy-Casimir functional in the ki-
netic and the energy in the fluid picture changes sign at n=3. The energy
H in the kinetic picture however remains negative for 0 <k <7/2. Secondly, if
the perturbation of a steady state has positive energy then this perturbation
is unstable in the sense of Corollary 7.3 from Chapter 1. An analogous result
holds for the Euler-Poisson system, cf. [19]. Hence stability is lost for the Euler-
Poisson system at n=3 and so reduction in the sense we used it cannot work
for k>3/2.

A nonlinear instability result for the Euler-Poisson system with equation of
state p= Ap%/° was recently established in [64]. Notice that this equation of state
corresponds to n=>5, which is well outside the range of stability which was estab-
lished above for the Euler-Poisson case. On the other hand, the corresponding
Vlasov-Poisson steady state fo(x,v)= c(—E)Zr/ ?, the so-called Plummer sphere,
is stable, cf. [48, Sec. 6]. That this state is the minimizer of the energy under
an appropriate constraint had been observed earlier in [1], cf. also [2].
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