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Abstract

In this thesis we investigate the existence and properties of stationary solutions of the flat
Vlasov-Poisson system. This system of partial differential equations can be used as a model
of extremely flat astronomical objects and is a combination between the two-dimensional
motion of particles and the three-dimensional interaction through their gravitational po-
tential.

The steady-states are constructed by the so-called energy-Casimir method developed by
GUO and REIN, where the minimization of a suitable energy functional provides existence
and non-linear stability of such steady-states. This thesis proceeds as follows. In Chapter 3
we adapt the reduction procedure for the energy-Casimir functional known in the full
three-dimensional case to get an existence and stability for a large group of polytropic
stationary solutions against all planar perturbations (not necessarily axially symmetric).
We also describe the connection between stability for the flat Vlasov-Poisson system and
stability for the flat Euler-Poisson system, a system describing dynamics of a thin disk of
ideal non-viscous fluid.

Chapter 4 investigates the ”limit” polytropic steady-state, the Kuzmin disk. The
Kuzmin disk is widely used in the astrophysical literature as a model for various flat
astronomical objects. Its limiting properties can be understood in the sense, that it has
finite mass, but the support is unbounded (as opposed to all polytropes with lower poly-
tropic index, which all have compact support). We prove also its non-linear stability
against general planar perturbations.

In Chapter 5 we introduce the new model describing a flat galaxy inside a halo of dark
matter. We show some a-priori estimates of the total energy and prove properties of the
energy minimizer.



Abstract

In dieser Dissertation beschéftige ich mich mit dem flachen Vlasov-Poisson-System, einem
System partieller Differentialgleichungen, welches als Modell fiir hinreichend flache as-
tronomische Objekte weithin in Gebrauch ist. Im Zentrum der Arbeit steht die Entwick-
lung einer Existenztheorie fiir speziell geartete stationdre Losungen dieses Systems und
die Untersuchung deren weiterer Eigenschaften. Die wesentliche Schwierigkeit bei der
flachen Variante des Vlasov-Poisson-Systems besteht in der Kopplung von zweidimension-
aler Teilchenbewegung und ”dreidimensionaler Wechselwirkung” durch gravitative Krafte.

Die Konstruktion der stationdren Zustédnde erfolgt mit Hilfe der sogenannten Energie-
Casimir-Methode, welche von GUO und REIN entwickelt wurde. Hierbei kann sowohl
die Existenz als auch die nichtlineare Stabilitdt von stationdren Zustdnden aus einem
Minimierungsprinzip gewonnen werden.

Diese Arbeit gliedert sich folgendermaflen: In Kapitel 3 wird die Reduktionsmethode
fiir die Energie-Casimir-Funktionale modifiziert, um die Existenz und die Stabilitéat fir
eine grofle Klasse sogenannter Isotrope, das sind Losungen, deren Verteilungsfunktion
nur von der Teilchenenergie abhéngt, gegen allgemeine flache Stérungen (nicht nur axial-
symmetrische) zu beweisen. Hier wird auch der Zusammenhang zwischen der Stabilitét
des Vlasov-Poisson Systems und der Stabilitit des Euler-Poisson Systems besprochen. Das
letztgenannte System wird als Modell fiir eine ideale nichtviskose Fliissigkeit benutzt.

In Kapitel 4 untersuche ich den unter dem Namen Kuzmin Disk bekannten Grenzfall der
polytropen Losungen. Dieser ist ein in der Astrophysik weithin akzeptiertes Modell fiir
flache Objekte. Die Besonderheit dieser Grenzlosung besteht darin, dass dieser Zustand
zwar endliche Masse hat, aber sein Trager - im Unterschied zu allen anderen Polytropen
- unbeschrankt ist. Ich beweise in dieser Arbeit die nichtlineare Stabilitat des Kuzmin
Disks gegen allgemeine flache Storungen.

In Kapitel 5 fiihre ich ein neues Modell ein, mit dem die Dynamik einer Galaxie
umgeben von einer Halo aus dunkler Materie beschrieben wird. Ich beweise die a-priori
Abschétzungen der Energie und beschéftige mich eingehend mit den Eigenschaften des
Minimizers.
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Notation

LP(R™)
I e @nys (|- Mo

LE(R")

LG (R™)

AU
Df
Dt

f*g

n-dimensional Euclidean space with coordinates (x1,...,Z,),
{xr e R:z >0},

{r eR:z >0},

space of all k times continuously differentiable functions,
space of all functions in C* with compact support,

{x e R": |z| < R},

{r e R": Ry < |z| < Ry},

indicator function of a set M,

Lebesgue space,

Lebesgue norm,

1/p
il = ([ 17@P)

set of all function from LP(R™), which are non-negative almost
everywhere,

weak Lebesgue space — space of all measurable functions f such
that

supal{a : |f(x)] > a}|'? < oo,

positive part of a function,

(f (@) := max{0, f(2)},

partial derivative,
z-gradient vector defined as

0

Laplace operator,

total (material) time derivative,
convolution of two functions,
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Notation

a-b Euklidean scalar product of two vectors,
0(xz1), 0° Dirac’s distribution in z;-coordinate and its standard regular-
ization,
Eyin(f) total kinetic energy of the state f,
Epot(f) total potential energy of the state f,
I - [pot norm derived from the potential energy defined as
[ f{lpot == v/ —2Epot (f),
(-, *)pot scalar product derived from the potential energy defined as
(g = // f(2)9(y) dz dy,
|z =yl
Fumr minimization class of function,
H total energy functional,
C Casimir functional,
He energy-Casimir functional,
He reduced energy-Casimir functional,
H(S, f) energy functional including dark matter distribution,
M, M3P MFL combined constraint vector with ist flat and non-flat compo-
nent,
har, Py infimum of the energy(-Casimir) and reduced energy-Casimir

functional over appropriate set of functions
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1 Introduction

One of the most classical problems in astrophysics is to describe an evolution of an en-
semble of particles interacting among themselves through a force of some kind (gravity,
magnetism, radiation, etc.). Particularly in galactic dynamics, where the number of par-
ticles can reach the order of 107-10'2, is important to choose a model which is a good
approximation of the reality, which is mathematically well enough understood and of
course it must be numerically computable in reasonable time. One of the most common
non-relativistic setups uses non-radiating, electric neutral point masses. The equations of
motion are then given by the Newton’s Second law

n
. mimg(q; —qg) .
m-q-:GE , 7=1,...,n,
T —~ g —aql?

k#j

where G denotes the universal gravitational constant and m;, q; mass and position vector
of each individual particle. This second order system of ordinary differential equations to-
gether with proper initial conditions on positions q; and velocities q; gives us the classical
N-body problem. This model has, however, in the galactic scale several disadvantages. One
of the biggest problems is the number of equations to be solved, which is (and remains
in the nearest future) beyond the computational resources of contemporary computers.
This problem is often overcome by reducing the number of equations using for example
different methods of averaging.

The other option is to use statistical physics together with the theory of partial differ-
ential equations. Instead of describing a state of a system discretely for each individual
particle (which is often undesirable, since the biggest interest lies on a global behavior of
the system), we describe it globally as a density function f on a position-velocity phase-
space. In the three-dimensional setting we have

fRxR*xR®— R,

//v f(t,z,v)dzdo

represents the mass contained in the phase-space volume V in the time ¢. The spatial
density at position z is the sum over all velocities, i.e.

where

pr(x) ::/f(t,a:,v)dv,
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and the total mass of the system in the time ¢ is given by

M = //f(t,a:,v)dxdv.

When we suppose that there are no collisions among the particles, the density function f
satisfies the so-called Liouville’s theorem, which states that the distribution of particles
in the phase-space is constant along the particle trajectories. That means, that the total
derivative

Df

Dt
When the particle trajectories s — (X (s,t,z,v),V(s,t,x,v)) obey the Newton’s equations
of motion

0.

X(s,t,z,v) = V(s t,x,v), (1.1a)

Vs, t,z,v) = F(s,X(s,t,x,0)), (1.1b)
the previous equation has in the Eulerian description the following form:

0
a—{—i—v-vxf—i-F'va:U- (1.2)
The equation (1.2) is called the Viasov equation (or the collisionless Boltzmann equation).
The vector F represents a force field, which drives the motion of the particles.
When we assume that the only force that acts on the system is gravitation created

collectively by the particles, we can write
F=-VU,

where U is the gravitational potential. The Vlasov equation will now have the form

0

a—{—kv-vxf—VxU-va:O. (1.3)
The gravitational potential U is in the non-relativistic case given as a solution of the
Poisson equation

AU = 4mpy, lim U(x) =0. (1.4)

|z|—o00
When we put the equations (1.3) and (1.4) together and supply suitable initial data fo,

we get the Vlasov-Poisson system:

O 0 Vel ~VLU-Vuf = 0, (1.52)
AU = dmpy, (1.5b)

|llirn Ut,z) = 0, (1.5¢)

f(O,IE,’U) = fo(ﬂ?,U). (15d)



The Vlasov equation can be of course coupled with other types of field equations as
well. If we want to investigate the evolution of particles in an electromagnetic field, we can
use the Maxwell equations and we get the Vlasov-Maxwell system. The Vlasov-Einstein
system results from a coupling with the Einstein gravitation equations and describes the
particle evolution in the framework of General Relativity.

The existence theory differs strongly from one type of system to another and in case
of the Vlasov-Poisson system, the global existence and uniqueness of a classical solution
for initial data fo € C(R?) was proved in [20, 29]. The next sort of problems lies in the
stability analysis of stationary solutions. This particular field is, especially in astrophysics,
very important and receives a lot of attention. The results presented in this area originate
primarily from the collaboration between Y. GUO and G. REIN.

The first necessary step in order to analyze stability of stationary solutions is to prove,
that there are any stationary solutions. The strategy to construct them uses the conser-
vation law of total mechanical energy. We define for a time-independent potential Up(x)
the local (particle) energy E as

1
E(x,v) := §|v|2 + Up(x).

This energy is constant along the particle trajectories given by (1.1). Hence E and any
function of E solves the Vlasov equation. It is therefore reasonable to search for stationary
solutions fy in the form

fo(z,v) = ¢(E(z,v)). (1.6)

With this ansatz the Vlasov equation (1.5a) is satisfied and the spatial density pg, becomes
a functional of the potential Uy. In order to obtain the self-consistent stationary solution
of the Vlasov-Poisson system, we only need to solve (1.5b). If we find a solution to the
semi-linear Poisson equation, then (1.6) defines a stationary solution of the Vlasov-Poisson
system. It is natural, that only physically relevant solutions of this kind are allowed, for
example the ones with finite total mass and with compact support.

We do not go into details concerning the existence of the general stationary solutions
because the methods we use to prove stability of some of these solutions provide their
existence automatically. To illustrate the variety of stationary solutions using different
variations of (1.6) we give a few examples.

The ansatz

fola,v) = (Ey — E(z,0))§, Eo <0

leads for —1 < k < 7/2 to the so-called isotropic polytropes, spherically symmetric so-
lutions with compact support and finite mass. Existence and stability of those solutions
was proved in [15, 25, 26, 12]. The next class can be obtained if we allow dependence on

L(z,v) == |z x v|?,
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Distance

Distance

Figure 1.1: Example of the isotropic polytrope and stationary shell solution of the Vlasov-
Poisson system (radial and planar density profiles).

which is the square of the modulus of angular momentum. If we are still in the spherically
symmetric case, this quantity is also conserved along the particle trajectories (hence solves
the Vlasov equation). The form of fy has in this case the form

folz,v) = (Ep — E(m,v))iL(m,v)l, Ey <0,

and for k > —1,1 > —1,k+1+1/2 > 0,k < 3l + 7/2 we again get the stable stationary
solutions of (1.5) (see [13]). The next (but definitely not last) type of stationary solutions
uses the ansatz

folz,v) = (Eg — B(z,v))% (L(x,v) — Lo)L, Eo<0,Ly>0.

This class of solutions (so-called stationary shells) was first introduced in [22] and the
nonlinear stability was proved in [32].

All types of solutions mentioned above are spherically symmetric. Very little is known
about the existence of steady-states with less symmetry. One example is discussed in [23],
where axially symmetric solutions were obtained using the implicit function theorem as a
perturbation to a spherically symmetric one.



It is an easy exercise to show that the total energy functional

H(f) = Ekln + Epot(f)

= //\v\fxv )dzdv — //pf dxdy
Isv—yl
— 5 [[ P s dedo - vy B

remains conserved as the solution evolves, which makes it a natural candidate for a Lya-
punov function for the stability analysis. However, the Lyapunov approach works only
when the stationary state is a critical point of the energy. But when we expand the
functional H around some steady state fy (with potential Up), we get

() =) = [ (3108 + volo)) (¢ = oy dado = o= [ (90 = T e

which has clearly non-vanishing linear part, hence fy cannot be a critical point of H.
The flow t — f(t) preserves not only the total energy, but the phase-space volume as
well, hence all functionals in the form

// ) dz dv (1.7)

for ® : R — R reasonably smooth remain conserved along the flow. The functional (1.7)
is called Casimir functional and it is an important tool in the stability analysis. When
we now define the combined energy-Casimir functional as

He(f) :=H(f) +C(f) (1.8)
and expand it around some steady state

we obtain

Helf) = Meldo)+ [[ (B+®(f0) (f = o) dado
g [IVU; = VU + 5 [[ @0 - P dedv

Now there is a chance, that if we (at least formally) put ® = —¢~!, we can cancel
the linear part out. That means that although fy is not a critical point of the energy
functional H, it is a critical point of the energy-Casimir functional H¢ for the properly
defined Casimir functional. To obtain a stability result we expect the quadratic part in
the expansion above to be definite. But for physically relevant steady states with finite
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mass and bounded support we must put ¢ in (1.9) strictly decreasing (¢! must exist)
which implies ®” > 0 and the definiteness of the quadratic part is lost.

To overcome this apparent failure of the energy-Casimir method, we reverse out ap-
proach. Instead of starting with an apriori given steady-state we start with an energy-
Casimir functional and try to minimize it in some class of admissible functions. The
minimizer, provided it exists, should be (as a critical point of the energy-Casimir func-
tional) a steady-state of the Vlasov-Poisson system and its minimizing property hopefully
gains some stability result.



2 The flat Vlasov—Poisson system

2.1 Disk-like galaxies

Most of the electromagnetic radiation emitted by a typical spiral galaxy comes from a
thin disk. Therefore it is reasonable to ask, whether the Vlasov—Poisson theory can be
modified, so that the dynamics of these very flattened objects can be investigated within its
framework. This question, as it stands, is too complex to be answered in all its generality
and a small portion of mathematical idealization is needed. We assume for simplicity, that
the whole visible galactic matter is concentrated in an infinitesimally thin layer (in our
case in the (x1,x2)-plane). To remain flat, we need the velocities to be concentrated on
the (v1,v9)-plane as well. This means that the phase-space and the spatial densities have
the form

ft, @, 2s,0,03) = f(t,&,0)5(x3)d(vs), (2.1)

where ¢ denotes the classical Dirac distribution and Z := (x1,2z2), ¥ := (v1,vs). This
simplification is quite natural from a physical point of view. The objects in question are
already flat enough (according to [11] the so-called "superthin” galaxies having an axial
ratio over 8:1) and to make them totally flat does not make much of a difference. From the
mathematical point of view, however, is the legitimacy of this approximation much more
delicate and still, according to our knowledge, not fully understood (see more discussion
on this topic in Chapter 6).

Figure 2.1: Typical side profile of a spiral galaxy



2 The flat Vlasov—Poisson system

Now we have to construct the equations governing the evolution of such a flat ensemble
of particles.

2.2 2D kinematics 4+ 3D potential

The distribution function in the form (2.1) represents also a distributional solution of
(1.2). We have for every test function ¢ € C°(R)

<ﬁ—|—v me—l—F-VUf,gp> =0.
ot R6

If we now use the Green’s theorem and expression (2.1) we get

<f, +v-Vep+F- Vu<,0> = 0,
R6
Op
<f5m351,3, +v-Vepo+F- VU<,0> = 0,
ot R6
~ (Op
—<f< + - Vmgo—l—F va0> > = 0,
8t (5[7,07’570) R4
8f ~ =
E""v fo‘i‘F'V{)f,QO(w,O,U,O) = 0.
R4

We see here that the function f is a distributional solution of the three-dimensional Vlasov
equation if and only if f solves the two-dimensional Vlasov equation with the modified
force term F, which has in the gravitational case the form

x_ —
F) = - [ G ysp @ o= [ i)

When we simplify notations by dropping the tildes we obtain the following system of
partial differential equations describing the evolution of such flat ensemble of particles:

of

E +uv- vmf - Vchf : vvf = 7 T,V € Rz (2.2&)
U(t,z) |$ & y| (2.2b)

lllim Ut,x) = (2.2¢)

f(07337v) = fO(:L'v’U)' (22d)

This system is called flat Viasov-Poisson system. We can see that although particles oc-
cupy the two-dimensional domain, the gravitational interaction remains three-dimensional



2.2 2D kinematics + 3D potential

in nature with a typical % singularity in the potential. This distinguishes (2.2) from the
two-dimensional Vlasov-Poisson system, where the two-dimensional logarithmic gravita-
tional potential appears. The latter system can be used to model hypothetical infinitely
long cylindrical objects (see [6]).

The main difficulty in the analysis of (2.2) is that the potential is ”more singular” in
dimension two than in regular three-dimensional case. For example the force kernel ﬁ is

not even local integrable in R2. As regards the existence theory we have ”only” existence
(without uniqueness) of local classical solution and global weak solution (both proved in
[5]), compared to the global unique classical solution for (1.5). The general existence
and uniqueness theory for singular solutions of (1.5) was established using the Coulomb
algebras was established in [14], but this concept seems to be too abstract to be used in
our stability analysis.

To analyze stability of stationary solutions of the flat Vlasov-Poisson system we modify
the variational energy-Casimir method described in Chapter 1.






3 Stability via reduction

The aim of this chapter is to prove the existence of a large class of non-linearly stable
steady states of the flat Vlasov-Poisson system. To do so we follow the approach developed
by Guo and REIN [15, 16, 17] in the regular, three dimensional situation. We prove that
under suitable assumptions on a prescribed function @ : [0, co[— [0, oo the energy-Casimir
functional

He(f) = //|v| f(z,v) dvdx——////f |$_y| )dvdxdwdy
// ))dvdz

has a minimizer fy subject to the constraint

/ flz,v)dvde =M

where M > 0, the total mass of the resulting steady state, is prescribed.

In [21] this approach has already been used to construct stable steady states of the flat
Vlasov-Poisson system. Here we obtain a number of improvements and extensions of this
earlier result. Firstly, we use a reduction procedure for proving the existence of a minimizer
of He. This approach is mathematically more elegant and adequate, since the reduced
functional lives on the set of spatial densities p, and the main difficulty in the variational
problem lies in the potential energy part which does not really depend on f but only on
the spatial density induced by f. More importantly, the reduced variational problem is
of interest in its own right since it provides a stability result for the flat Euler-Poisson
system which is the fluid dynamical analogue of the kinetic Vlasov-Poisson system. For
the reduction procedure to work the function ® has to satisfy certain growth conditions.
An example of a steady state which violates this growth condition is the so-called Kuzmin
disk which is known in the astrophysics literature and was not covered by previous results.
The Kuzmin disk is closely investigated in Chapter 4. Secondly, in [21] the perturbations
admissible in the stability result had to be supported on the plane and in addition had to
be spherically symmetric. In this thesis we remove the latter, unphysical restriction. It is
desirable to remove also the restriction that the perturbations have to live in the plane,
but that is much harder and is still under investigation (see the discussion on that topic in
Chapter 6). Lastly, we relax the assumptions on ® the main one being that ® be strictly
convex so that we cover a larger class of steady states, and we obtain stability estimates
in stronger norms than were obtained previously.

11



3 Stability via reduction

This chapter proceeds as follows. In the next section we introduce various function-
als and the reduced version of the variational problem, and we establish the connection
between the original and the reduced variational problem. In Section 3.2 we establish
the existence of a minimizer to the reduced problem using a concentration-compactness
argument; notice that the variational problem—both reduced and original—is non-trivial
since the energy-Casimir functional is not convex and is defined on functions supported on
R? or R* respectively. In Section 3.3 we derive our stability result, and in the Section 3.4
we consider the stability result for the Euler-Poisson system which arises from the reduced
functional.

3.1 Energy—Casimir functionals and reduction

For p = p(x) measurable we define the induced gravitational potential and potential energy
as

|z —y

Epot(p /U x)de = —= // dydx
Isv—yl

the integrals f without a subscript always (except Chapter 5) extend over R2. It will also
be useful to introduce the bilinear form which corresponds to the potential energy, i.e.,
for p,o : R> — R measurable,

so that in particular Epyot(p) = —(p, p)pot- For the convenience of the reader we collect
the main estimates for potentials, potential energies, and the above bilinear form, which
we will need.

Lemma 3.1. If p € LY3(R?), then U, € L(R?), and there exists a constant C > 0 such
that for all p € L*3(R?) the estimates

1Uplls < Cllpllas,  —Epor(p) < Cllpll3s

hold. The bilinear form (-,-)po defines a scalar product on L*/3(R?) with induced norm

10]lpot == (s pils = (—Epor(p))/?,

in particular,
(P, 0)pot < (Epot(p) EI)tDt(U))l/2 = [|pllpot||o|lpot-

12



3.1 Energy—Casimir functionals and reduction

Proof. Since 1/| - | € L2 (R?), the weak L? space, the assertions on U, follow by the
generalized Young’s inequality [19, 4.3]. The estimate for the potential energy is nothing
but the Hardy-Littlewood-Sobolev inequality [19, 4.3] and follows by Hdélder’s inequality,
and so does the fact that (-, -) ot is defined on L*/3(R?). The positive definiteness of (-, -)po
can be shown exactly like the positivity of the Coulomb energy in the three dimensional
case, cf. [19, 9.8]. O

Let f = f(x,v) be a measurable function on phase space. We define the induced spatial
density, gravitational potential, and potential energy as

pr(x) == /f(a:,v) dv, Uy:=Uy, Epot(f):= Epot(py)-

In addition, we define the kinetic energy
Eyin(f) == %/ lv2f (z,v) dv dz,
the so-called Casimir functional
()= [[ as0) dvas

with @ : [0, co[— [0, 0o prescribed, and the energy-Casimir functional

HC(f) = C(f) + Ekin(f) + Epot(f)-

The total energy Fiyi, + Epor as well as the Casimir functional C and hence also their sum
He are conserved along sufficiently regular solutions of the flat Vlasov-Poisson system. As
regards @, we assume for the moment that
® € C1([0, 00[) is strictly convex, ®(0) = &'(0) =0, lim ®(n)/n = occ.
n—00

These assumptions make ® non-negative and @’ a bijection on [0, col.

Our aim is to show that the energy-Casimir functional Hc has a minimizer in the
constraint set

Fu = {f € LY (RY) | Exin(f) + C(f) < o0, py € L4/3(R2>,/ f= M} :

where M > 0 is prescribed, and the subscript + indicates that only non-negative functions
are considered. Since the troublesome term in the functional is the potential energy
which actually depends only on the spatial density induced by f we introduce a reduced
variational problem for a functional which is defined in terms of spatial densities p. For
r > 0 we define

G, = {g € L (R?) | / e\v\?g(v) + @(g(v))) dv < oo,/g(v) dv = r}

13



3 Stability via reduction

and

T(r) = inf /<%|U|29(U)+¢(g(v))> dv.

g€G,

The idea behind this construction is to first minimize the energy-Casimir functional over
all functions f(z,v) which upon integration in v give the same spatial density p, and
then minimize with respect to the latter in a second (and main) step. This approach was
introduced in [24, 33].

The reduced variational problem is to minimize the reduced functional

HE(p) = [ W(ola)) o+ Bys(p)

over the set
Fu = {p e L3 NLL(R?) | /\If(p(:n))dzn < oo,/p(x) dz = M} .

We need to establish a relation between minimizers of the original functional and mini-
mizers of the reduced one. Here we can essentially follow the corresponding results proved
for the three dimensional case in [24]. First of all we explore the relation between ® and
¥. For a function h : R —] — 00, 00| we denote by

h*(\) = ilel[g (Ar — h(r))

its Legendre transform. In what follows constants denoted by C' are always positive, may
depend on ® and M, and may change their value from line to line.

Lemma 3.2. Let & and ¥ be as specified respectively defined above, and extend both
functions by +oo to the interval | — co,0]. Then the following holds:

T*(\) = /<I>* ()\— %W) dv,

and in particular ®*(X) =0 = V*(X\) for all A < 0.

(a) For A € R,

(b) ¥ € CH([0, ) is strictly convex, and ¥(0) = ¥'(0) = 0.
(c) Let k>0 and n=Fk+ 1.

(1) If ®(f) = C f1HY* for f >0, then W(p) = Cp'tY/™ for p > 0.
(i) If ®(f) > CfHY* for f >0 large, then U(p) > Cp' Y™ for p > 0 large.
(iil) If ®(f) < CfYHYE for f >0 small, then ¥(p) < Cp' /™ for p >0 small.

If the restriction to large or small values of f can be dropped then the corresponding
restriction for p can be dropped as well.

14



3.1 Energy—Casimir functionals and reduction

Proof. By definition

T*(\) = sup [/\r— inf / <%|v|2g(v) —I—<I>(g(v))> dv]

>0 G,
=g (25 o) - o050 o

= s [[(3=30B) o0 - w600
[om ] (+= b ) o at0] 0= [ (= B}

For A < 0 both sides of this estimate are zero, so consider A > 0. If |[v| > /2 then
sup, o[- - -] = 0 and for [v| < V2 the supremum is attained at y = y, := (@)1 (A—3[v[?).
Hence with the definition

IN

o(v) = yp for |v| < V2
0 for |v|>V2X\ "~

we obtain the reversed estimate, and part (a) is established. Part (b) is standard for
Legendre transforms, and we refer to [24, Lemma 2.2] for the details. As to (c), if we
assume that ®(f) > CfH1/k for f > 0 large, we find that ®(f) > Cf1H/k —C’ for f > 0.
Hence for A > 0,

() = sup (\f — ®(f)) < C' + sup (Af - 0f1+%) < C+CNHL
f>0 f=0

and

1 1 k+1
T*(\) = / P <)\ — —W) dv < C 1+ <>\ - —W) dv
o <V2X 2 o] <VZX 2

1 k+1
<CA+C <A— —|v|2> dv < C 4+ CONFF2 = 0 4+ o™,
lv|<v2X 2

Using the fact that ¥** = ¥ we obtain the estimate

U(p) = sup(ph — T*(N)) > —C’ + sup(pA — CAIF") = Cp'+/m — ¢,
A>0 A>0

which proves (c¢) (ii). The remaining estimates are shown in a similar way. O

The relation between the minimizers of He and H, is as follows.

15



3 Stability via reduction

Theorem 3.3. (a) For every function f € Fyy,
He(f) = Helpy),

with equality if f is a minimizer of He over Fyr.

(b) Let po € Fy; be a minimizer of Hy with induced potential Uy. Then there exists a
Lagrange multiplier Fy € R such that the identity

_ (@) (Ey-Uo) , Up< Ey
PO 0 , Up > Ey

holds almost everywhere. The function

fO ::{ (¢/)_1(E0_E) s E < Ey

. L o
0 B> B, with E = E(x,v) := 3 |v|* + Up(x)

18 a minimizer of He in Fay.

Proof. Since the proof follows the same lines as [24, Thm 2.1] we only indicate the main
arguments. The estimate in part (a) follows directly from the definitions. Next one can
show that if f € Fjs is such that up to sets of measure zero,

®'(f) = Ey — E > 0 where f >0, and Eyg — E < 0 where f = 0. (3.1)

with £ defined as in (b) but with Uy instead of Uy and Ey a constant, then equality
holds in part (a). If f is a minimizer of H¢, then the Euler-Lagrange equation implies
that f is of the above form for some Lagrange multiplier Fjy, and equality holds in (a).
The relation of pg and Uy in part (b) is nothing but the Euler-Lagrange equation for
the reduced variational problem. If fq is defined as in (b) then py = py,, in particular,
fo € Far, and (3.1) holds by definition of fy. Hence equality holds in (a) for fy so that by
part (a) for any other f € Fyy,

He(f) = Helpg) = Helpo) = He(fo),

which means that fy minimizes He. O

Remark. (a) In the next section we show that under suitable assumptions on ¥ which
can be translated into corresponding assumptions on ® the reduced variational problem
has a solution pp. The minimizer fy obtained by the lifting procedure in part (b) of the
theorem depends only on the particle energy E. The latter is for the time-independent
potential Uy constant along characteristics of the Vlasov equation, and hence f is a steady
state of the flat Vlasov-Poisson system.

(b) If H; has at least one minimizer in F}, and if fo € Fjs is a minimizer of He, then
one can show that pg := py, € Fj, is a minimizer of H;. This map is one-to-one between
the sets of minimizers of H¢ in Fj; and Hp in F}, and is inverse to the mapping po — fo
described in part (b) of the theorem.
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3.2 Existence of a solution to the reduced variational problem

3.2 Existence of a solution to the reduced variational problem

In the present section we prove that the reduced energy-Casimir functional H; has a
minimizer in the constraint set

fM—{pELl Rz\/ dw<oo/ ydz =M },

where M > 0 is prescribed and ¥ satisfies the assumptions ¥ € C'([0,00[), ¥(0) =
U’(0) =0 and

(P1) W is strictly convex,
(T2) W(p) > Cp' /™ for p > 0 large,
(U3) W(p) < Cp' /™ for p > 0 small,

with growth rates n,n’ €]0,2[. The core of the proof is a concentration-compactness
argument to show that along a minimizing sequence the matter cannot spread out but
has to remain concentrated in a finite region of space. First however we show that the
energy-Casimir functional is bounded from below in such a way that minimizing sequences
are bounded in a suitable LP space.

Lemma 3.4. Under the above assumptions on ¥ and for p € F},,

/p1+1/"dw§C+C/\I/(p)dw,
Hamz/&me—O—c(/wwdﬁwe

by = inf He > —oo.
F]M

and

In particular,

Proof. The first estimate follows by assumption (¥2) and the fact that [p = M. By
Lemma 3.1 and interpolation,

(3—n)/2 +1)/2 n/2
~Epa(p) < CllolEs < ClAlF ™ol < e ¢ ([ wioran)

and since 0 < n < 2 the proof is complete. [l
We note an immediate corollary.

Corollary 3.5. Any minimizing sequence of Hp in Fy, is bounded in L1+1/”(]R2) and
therefore contains a subsequence which converges weakly in that space.

17



3 Stability via reduction

The concentration-compactness argument mentioned above relies on the behavior of
HE(p) if p is scaled or split into several parts. We start with the latter; in the sequel Bg
denotes the open ball of radius R > 0 about the origin.

Lemma 3.6. Let p € F;,. Then for R > 1,

1
dz > —— (=2E,0:(p) — M2R™* — C||p||2. ,, R~G-m/(n+1)) |
56111152 L+3Rp($) Y= RM ( pot () ol 11 /m )

Proof. We split the potential energy as follows:

o = [ )y, f] [
P lt—y|<1/R |z —y 1/R<|z—y|<R lt—y|>R

= L+1h+Is.
By Holder’s and Young’s inequalities we obtain estimates

1 < lpllsamlle * sy 1 Dllnsr < 1612410l 1/] - sy
< Clpl[ 4y RO/ 04D,

LR [ p@pwdedy=MRsp [ pla)da,
lz—y|<R a€R? Ja+Bp
Is < M?R71.

We insert these estimates into the formula for —2FE,,; and rearrange terms to obtain the
assertion. |

Next we investigate the behavior of the reduced functional under scalings.
Lemma 3.7. (a) For every M >0, b}, <0.
(b) For every 0 < M < M the estimate W2 (M /M)3/%13, holds.

Proof. For p € Fj; and a,b > 0 we define p(z) := ap(bx). Then

/ﬁdzn = ab_Q/pd:E,

Epot(p) = a®b°Epot(p),
/\I/(p)da: = b—2/\11(ap) dz.

To prove part (a) we fix a bounded and compactly supported function p € F}, and choose
a =b? so that p € F%, as well. By (¥3) and since 2/n/ > 1,

HE(p) = b2 / U(b%p) da: + bEpoi (p) < CO¥™ + bEpei(p) < 0

18



3.2 Existence of a solution to the reduced variational problem

for b sufficiently small, and part (a) is established. As to part (b), we take a = 1 and
b = (M/M)"? > 1. For this choice of parameters the mapping F%, 3 p + p € Fip s
one-to-one and onto, and the estimate

Help) =7 [ W) da + b Epur(p)

2570 ([ W) do + Bralo) = (%)w He(p)

proves the assertion of part (b). O

Corollary 3.8. Let (p;) C F; be a minimizing sequence of Hp. Then there exist g > 0,
Ro > 0, and a sequence of shift vectors (a;) C R? such that for i sufficiently large,

/ pi(z)dx > do.
a;+Bp,

Proof. By Corollary 3.5, (||pi||i41/») is bounded. By Lemma 3.7 (a),

1
Epot(pi) < He(pi) < 5hiy <0
for ¢ sufficiently large, and the assertion follows by Lemma 3.6. O

This corollary only shows that along a minimizing sequence not all matter can spread
uniformly. In the proof of the existence theorem below we shall actually see that the
matter remains within a ball of finite radius up to spatial shifts and an arbitrarily small
remainder. In such a situation we have the following compactness result:

Lemma 3.9. Let (p;) C F}, be such that
pi — po weakly in L1+1/"(R2)

and such that the following concentration property holds:

Ve>03R>0: limsup/ pi(z)dz <.
1—oo  J|z|>R
Then
Epot(pi - pO) — 0 and Epot(pi) - pot(pO)a i — 00.

Proof. By weak convergence py > 0 a. e., and [ pyg < M. We define o; := p; — py so
that o; — 0 weakly in L'*1/7(R?), the concentration property holds for |o;| as well, and
[ loi] <2M. We need to prove that

I; —//UZ d:ndy—»O
\x—y\

19



3 Stability via reduction

which is the first assertion. Since
Epot(Pi) — Epot (po) = Epot(Pi — po) + / Upo (pi — po),

the fact that U,, € L*(R?) together with the weak convergence of p; implies the second
assertion. For § > 0 and R > 0 we split the domain of integration into three subsets
defined by

|$_y|<57
|t —y| >dA (] > RV |y| > R),
[z —yl = oA |z] <RAJy| <R,

and we denote the corresponding contributions to I; by I; 1, I; 2, I; 3. Young’s inequality
implies that

5 2/(n+1)
1Tia| < Clloill Ty nll18,] - [ )2 < C </0 (1=n)/2 dr>

which can be made as small as we wish, uniformly in ¢ and R > 0, by making § > 0 small.
For § > 0 now fixed,

[Lig] < — |o5(x)| da
|z|>R
which becomes small for ¢ — oo by the concentration assumption, if we choose R > 0
accordingly. Finally by Holder’s inequality,

|I; 3| = ‘/az(az)hz(:ﬂ) dz

< loillismllilli4n < CllRil[14n,

where in a pointwise sense,

hi(x) = 15, (2) /

lz—y[>0

1

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;| < %1 By uniformly in 7, Lebesgue’s dominated
convergence theorem implies that h; — 0 in L'™™, and the proof is complete. O

We have now assembled all the tools we need to prove the existence of a minimizer of
the reduced functional.

Theorem 3.10. Let (p;) C F}; be a minimizing sequence of Hp. Then there exists a
sequence of shift vectors (a;) C R? and a subsequence, again denoted by (p;), such that for
every € > 0 there exist R > 0 with

/ pi(z)de > M —¢e, 1 € N,
a;+Bgr
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3.2 Existence of a solution to the reduced variational problem

Ty, pi == pi(- + a;) = po weakly in L'T1/"(R?), i — oo,
/ po(x)dx > M —e.
Br

Finally,
Epot (Taipi - PO) - O,

and pg € Fy; is a minimizer of H.
Proof. We split p € F;, as follows:
p=1pg P+ 1, \Bg, P+ lr2\Bs, P = 1+ P2+ p3.

The parameters R; < Ry of the split are yet to be determined. Recalling the definition of
the bilinear form (-, -)pot,

He(p) = He(pr) + He(p2) +He(ps) — 2(p1 + p3, p2)pot — 2(p1, P3)pot.-
If we choose Ry > 2R, then
C
<P17P3>pot S R_2
By Lemma 3.1 and interpolation,

<P1+P37P2>pot < HP1+P3Hp0tHP2Hp0t
+1)/4
C'llor + psllassllpallpor < C Il 9o ot

IN

If we define
M; = /pl(x)d:Ev 1=1,2,3,

then Lemma 3.7 (b) and the estimates above imply that

. . M\ 32 Mo\ 372 Mo\ 3/2 .
v = (- () () () e
+C (B + 11l el )

C

W(MlMQ + Mo M3 + MlMg)h}rw

_ n+1)/4
+C (B + oI ol oot )

r — n+1)/4
< Chy MM+ C (Ry 4+ Il oo et )

IN

Here we used that for some constant C' > 0 the following inequality holds:

232 4312 4 B2 <1-C(xy+az+yz) for z,y,z >0 withx +y + 2z = 1.
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3 Stability via reduction

Now we consider a minimizing sequence (p;) C F}, of Hp and choose shift vectors (a;) C
R2, 59 > 0, and Ry > 0 according to Cor. 3.8. Since all our functionals are invariant under
spatial translations the sequence Ty, p; = pi(-+a;) is again minimizing and hence bounded
in L't1/7(R?) so that up to a subsequence we can assume that it converges weakly to
some pg € L'*T1/"(R?). We choose R; > Ry so that by Cor. 3.8, M; 1 > o for i large, and

—Chly6oM;3 < C Ry + Cllpozllpot + Cllpiz — po2llpot + He(Ta,pi) — hiy-

Given any € > 0 we increase R; > Ry such that the second term on the right hand side
is smaller than €. Next we choose Ry > 2R; such that the first term is small. Now that
R; and Ry are fixed, the third term converges to zero by Lemma 3.9, and since Ty, p; is
minimizing the remainder follows suit. Therefore for 7 sufficiently large,

/ Tupide = M — Mg > M — (~Chiy80) e,
Br,

The strong convergence of the potential energies now follows by Lemma 3.9. By weak
convergence pg > 0 a.e., and for any € > 0 there exists R > 0 such that

Mz/ podx > M — ¢,
Br

in particular pg € L'(R?) with [ pp = M. The functional p — [ ¥(p)dz is convex, so by
Mazur’s lemma [19, 2.13] and Fatou’s lemma

/\I/(po) dz < limsup/\I’(Taipi) dx.

Hence pg € F},; with
He(po) < limsup He(pi) = hiy,

1—00

and the proof is complete. O

Remark. (a) Thm. 3.10 provides a minimizer pg of the reduced energy-Casimir functional
H; under the assumptions (V1)-(¥3). By Thm. 3.3 this minimizer can be lifted to a
minimizer fy of the original energy-Casimir functional H¢. By Lemma 3.2 the function ¥
satisfies the necessary assumptions if ® which appears in the original Casimir functional
satisfies the following ones: ® € C([0, 00[), ®(0) = ®'(0) = 0 and

(®1) @ is strictly convex,
(®2) ®(f) > CfHHYVE for f> 0 large,

(®3) ®(f) < CFHVF for f >0 small,
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3.3 Stability of minimizers

with growth rates k, k" €]0, 1[.

(b) As will be seen in the next section the mere fact that fy minimizes He is not sufficient
for stability. However, let (f;) C Fas be a minimizing sequence of He. By Thm. 3.3 (a) the
sequence of induced spatial densities p; = py, is minimizing for H;. Choose a subsequence
of (p;) (and (f;)) and shift vectors such that the assertions of Thm. 3.10 hold, and denote
the shifted subsequence again by (f;). We claim that this sequence converges weakly to
fo. Clearly, (f;) is bounded in L't1/#(R*) with bounded kinetic energy, and Epot(fi) =
Epot(pi) — Epot(po). Any subsequence of (f;) must therefore have a weakly convergent
subsequence with weak limit f; which is a minimizer of H¢ and induces the same spatial
density po and potential Uy. But then by Thm. 3.3, fo = fo so that indeed f; — fo weakly
in Ll-l—l/k(Rél)‘

(c) For k > 1 one can still obtain stability results, cf. [8] for the Kuzmin disk which
corresponds to ®(f) = f3/2 ie., k = k' = 2. However, the reduction approach cannot
work, because as we shall see in the last section this approach implies stability for the
Fuler-Poisson system where stability is probably lost at n = 2, i.e., k = 1.

3.3 Stability of minimizers

Now that the existence of a minimizer is proven, we can explore its dynamical stability
properties. So let pg be as obtained in Thm. 3.10 and fj as induced by Thm. 3.3. A simple
expansion shows that

He(f) — He(fo) = d(f;, fo) + Epot (f — fo), (3.2)

where for f € Fas and with the Lagrange multiplier Ey from Thrm. 3.3 (b),
drd) = [[180) - @) + B - fo)dvds
= [[ ) - 20 + (B - B - fo)ldvds
Jf @)+ @ - - pydvdez 0

v

with d(f, fo) = 0 iff f = fo. For the positivity of d we use the strict convexity of ® and
the form of fy according to Thm. 3.3 (b); by that theorem the term in brackets vanishes
on the support of fy. We recall that —Epoi(f) = (pf, Pf)pot = HPfH%Ot defines a norm on
py, cf. Lemma 3.1; note that the right hand side in Eqn. (3.2) is d(f, fo) — llpf — pol|3et-
We obtain the following stability result; C2(R*) denotes the space of compactly supported
C? functions on R%.

Theorem 3.11. Let fo be a minimizer of He on Fpr obtained from a minimizer pg of
He, and assume that the minimizer is unique. Then for any € > 0 there ewists 6 > 0
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3 Stability via reduction

such that for any classical solution [0, T[> t — f(t) of the flat Viasov-Poisson system with
£(0) € CZRY) N Far and [|£(0)|l141k = | folligayn the estimate

d(£(0), fo) + llpr0) — pollper < 6

implies that for each t € [0, T there exists a shift vector a € R? such that

1F() = Tafollic1s + d(f (), Tafo) + |lpp@) — Tapolle; < &

Proof. Assume that the assertion were false. Then there exists ¢ > 0, t; > 0, f;(0) €
CZ(R*) N Far with [|£5(0)[l111/% = [ foll1+1/% such that for every j € N,

1
d(f](0)7 fO) - Epot(fj(o) - fO) < 3 (33)
but for any shift vector a € R?,

15 (t5) = Tafollis1/e + d(fi(t;), Tafo) — Epot(fi(t;) — Tufo) > €. (3.4)

Since He is preserved along solutions we have from (3.2) and (3.3) that

He(fi(t5) = He(f;(0)) — Helfo),

ie., (f;j(t;)) is a minimizing sequence. By Thm. 3.10 and the remark at the end of
the previous section there is a sequence of shift vectors (a;) C R? such that up to a
subsequence,

Jim Epor (Ta, f5(t;) = fo) = 0.

By (3.2) this implies that d(Ty, f;(t;), fo) — 0. For the convergence of || - [|;41/, We use
the fact that ||f;(O)|l1+1/k = [[fj(0)|[141/6 = [[foll141/x for any ¢ > 0. By the remark,
T, f;(t;) = fo weakly in L'T1/*(R%), and hence Ty, f;(t;) — fo strongly in LIT1/F(R%).
But these convergence results for Ty, f;(t;) contradict (3.4). O

Remark. (a) The uniqueness assumption on fy in the above theorem is made mostly
in order to avoid technical complications. It suffices if fj is isolated with respect to the
topology of our stability estimate. If there should be a continuum of minimizers then the
set of minimizers itself is stable; we refer to [16, Thm. 4] for such a formulation of the
result in the three dimensional case. We are not aware of a case where there is a continuum
of minimizers with fixed mass M. For a closely related variational problem it has been
shown that the above stability estimate remains valid even then [30].

(b) As opposed to the three dimensional case [20, 27, 29] there is no global existence
and uniqueness result to the initial value problem for the flat Vlasov-Poisson system yet.
Hence our stability result is conditional in the sense that it holds as long as a suitable
solution exists. A local existence and uniqueness result for smooth solutions with initial
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3.4 Connection to the Euler—Poisson system

data in C2(R*) as well as a global existence result for weak solutions to the flat system
was established in [5]. We could also carry out our stability analysis in the framework of
these global weak solutions, but this would only bury the main ideas under technicalities.

(¢) By interpolation between L' and L't1/F we obtain a stability estimate for ||f(t) —
Tofollp with p €]1,1 + 1/k]. If we assume that the initial perturbations have supports
of uniformly bounded measure we can include the case p = 1, if we assume a uniform
bound on the L® norm of the initial perturbations we can by interpolation include all
p € [1 + 1/k,00[; notice that both the measure of the support and the L® norm are
invariant under classical solutions of the Vlasov-Poisson system.

(d) The need for the shifts in the stability estimate arises from the Galilei invariance of
the Vlasov-Poisson system. If f; is a steady state then for any fixed V € R? the function
folx —tV,v — V) is a time dependent solution; fy is simply put into a uniformly moving
coordinate system. But while the distance of this perturbation to the steady state grows
linearly in ¢, it is arbitrarily close to the steady state at t = 0 for V' small.

3.4 Connection to the Euler—Poisson system

A self-gravitating matter distribution can be described on the microscopic, kinetic level
represented by the Vlasov-Poisson system or on the macroscopic, fluid level represented
by the Euler-Poisson system. The reduction technique connects the stability problems for
these two viewpoints. In the three dimensional situation this connection was observed in
[25]. In the flat case the corresponding Euler-Poisson system reads

ap . _
Fn + div(pu) =0,

ou

pg + (u-Vy)u=—=Vyp—pV,U,

vt =~ | |€c(tiyy)| .

with the equation of state
p(p) = p¥'(p) — T (p).

Here p denotes the pressure of the fluid and » denotes its velocity field; the meaning of
p and U is as before. If py is a minimizer of the reduced energy-Casimir functional H,
then using the Euler-Lagrange identity in Thm. 3.3 (b) it is easy to check that py and the
zero velocity field ug = 0 solve the flat Euler-Poisson system. Clearly, the state (pg,ug)
minimizes the energy

H(p,u) :%/\u!zpdx—i-/\ll(p)da:—FEpot(p),
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3 Stability via reduction

among the states with [ p = M. Formally, the energy is conserved along solutions of the
Euler-Poisson system. An expansion about (pg, up) gives

1
(o)~ H(po. o) = 5 [ [P pdc + d(p, o) + Eplp ~ po).

where
d(p. po) = / [W(p) — W(po) + Uy — Eo)(p — po)] da > 0.

Now the stability proof proceeds in the same way as in the Vlasov case. We can for every
e > 0 find a 0 > 0 such that for every solution ¢t — (p(t),u(t)) of the flat Euler-Poisson
system with p(0) € F},, which preserves energy and mass, the initial estimate

1
3 [ 14(O)Po(0) s + d(o(0), p0) + [16(0) = pol By < 5
implies that as long as the solution exists and up to shifts in space,
1
1o(8) = pollitam + 5 / u(t)*p(t) dz + d(p(t), po) + [1p(t) = pollpes < e

Neither in the flat case nor in the three dimensional one is there an existence theory for
global solutions of the Euler-Poisson system, which preserve all the necessary quantities,
so the result is conditional in this sense.
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4 The Kuzmin disk

We will construct the Kuzmin disk by minimization of the energy functional H which is

defined as
H(f) = //|v|f3:vd:ndv— //pf|$_y| dxdy (4.1)
= Ekln f) + Epot(f)

over the set
Far = {f e Ly(RY); / / FPRdwdo = M, Bgn(f) < oo} : (4.2)

where M > 0 is an arbitrary prescribed constant. The technical difficulties of the limiting
case arise from the fact that the kinetic energy, potential energy as well as the norm ||-||3/
are invariant under the transformation

Saf = A" (A ), A > 0. (4.3)

This kind of scaling invariance is not present in the cases k < 2.

We will proceed as follows. In Section 4.1 we derive the explicit formula for the Kuzmin
disk by minimizing the energy functional and using the sharp constant in the Hardy-
Littlewood-Sobolev inequality, in analogy to [2], where the optimal Sobolev inequality was
used to construct the Plummer sphere. Since we are dealing with an infinite-dimensional
dynamical system, the fact that this state minimizes the energy does not automatically
imply its stability. We will later see that the crucial property for the stability to hold (at
least in our variational approach) is convergence of the potential energies along minimizing
sequences of H. In Section 4.2 we prove this convergence as well as the stability result
with respect to perturbations restricted to the plane in which the steady state lives.

4.1 Existence

The main result of this section is the following theorem:

Theorem 4.1. There exists a unique minimizer fo of H on Far which, up to translations
in x-space and scalings (4.3), has the form

folz,v) = [(-CyE(z, )]  ae. (4.4)
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4 The Kuzmin disk

with potential Uy and density py given by (again up to translations and scalings corre-
sponding to (4.3),

(@) = ot (15 )3/2, Uple) = ~Cur (15 )1/2.

1+ |z|? 1+ |z|?
fo is indeed a steady-state of (2.2).
Proof. For each f € Fjs we define

1
hf($,’[)) = §|U|2 + Uf($)7

Nf_/Jr = {(z,v) € R hy(x,v) <0/ > 0}.

Then the energy functional can be written as

H(f) = / hy fdzdv +/ hyfdzdv + |Epet(f)]- (4.5)
Ny Ny
We can use Hoélder’s inequality to estimate the first term on the right hand side as follows:
2/3 1/3
- / hyfdado < [ / f3/2da;dv] / |hpPdedu| . (4.6)
Ny Ny

A simple computation gives us the value of the last integral:

v —2Uy (@)
/ |hsPdede = 2#//
- r2 Jo

Ny

1 3
S0+ Us(@)| [oldlolda

Uy ()
= 27T/ / s3dsdz = z/ U (z)|*de = z||Uf||ﬁ11.
R2 Jo 2 Jre 2

In [2] the Sobolev inequality was used to estimate the LP norm of the potential by the norm
of VU. This is unfortunately not possible here since we have no information about the
gradient of the potential. Instead we use the Holder and the Hardy-Littlewood-Sobolev
inequality to achieve a similar estimate. By the reflexivity of L*(R?) there exists ¢ €
L*Y3(R?) with l[¢l]4/3 = 1 such that the following holds:

4
10713 [/ Uf‘PdiE] = 16(ps, ©)pot < 16/ [0t 1l [pot (4.7)

2
4B () [ I/ %dxdy] < ACH S B (NP6l (18)

= 4Cs|Epot (),
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4.1 Existence

where we recall the definitions of (-,)pot and || - ||pot as introduced in [7]:

(& Ppor = ////5 |$_ ddydvdw

_ Pf
- // |$ _y| dxdy - <p§7p¢>pot7
[€llpor = (&, E)n = /= Epot(€)

= —Epot(pe) =t |l pellpot
ellpot < Cllpellass < ClIEll3/2,
where ¢,1) € L32(R*). As one can see the above definitions are equivalent for distribution
functions as well as for their induced spatial densities (by integrating over velocities). In

this paper we will use both notations interchangeably. The above expressions define a
scalar product and induced norm on L3/2(R*) (resp. L*/3(R?)). Now from (4.5) we have

M) = [ by fdedot B ()] = (20Chus) " B (1)
f

> 7M >ClLss (4.9)

where we have dropped the non-negative integral over N JT and minimized with respect
to |Epot(f)| to obtain the last estimate. Now we investigate the optimal case when the
inequalities in (4.6), (4.7) and (4.8) reduce to equalities. In (4.6) equality is achieved when

f(x,v) = alhy(2,0)[?0(=hy(z,v)),

where « is some constant and 6 is the usual Heaviside function. This implies that the
density must be in the form

py(@) = =-alUs(z ).
The function ¢ in (4.7) must of course satisfy

Uy @) = Blo()| .
and finally equality in (4.8) holds when
&

g

o\ —3/2
o(zr) = o 3/4g=3/2 <1 + ) , o>0, £ €R?

see [18]. With a little algebra we can combine the above four equations and show that o
and 3 depend only on M with

a 27034 2O M2,
6 = 2_2327T_2C'ﬁ€sof2,
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4 The Kuzmin disk

and that energy of this optimal state is precisely the value which appeared as a lower
bound in (4.9). The explicit forms of the density and potential of the minimizer are now

Up(z) = —Cppo~ /2 <1 +

-8

g

pr(x) = Cppo3/? (1 +

-8

g

To verify (2.2b) we define for ¢ € L*/3(R?) functional

2) -1/2
( ) — <pf +€¢7pf>pot
lps + ¥llasllogllass

and since R has its maximum at € = 0,

d
d_ER(E) - =0.

After some algebra we get (2.2b). O

4.2 Existence and stability

First we formulate some a-priori estimates.

Lemma 4.2. For oll f € Fr the following holds:

(a) py € LY3(R?) with

/ pi*da < < / / f3/2dg:dv> " ( / / o2 fda:dv) " < CEan(H)V3.

(b) Us € LY(R?) with

_Epot(f) < CHPin/:; < CEkin(f)1/2-

Proof. By splitting the v-integral according to |v| < R and |v| > R we get:

pr(x)

30
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/ f(x,v)dv+/ f(z,v)dv
lv|<R lv|>R
2/3
wi/3 </f3/2dv> R2/3+R_2/\v\2fdv =: I(R).



4.2 Existence and stability

Now we optimize I(R) with respect to R:

1/3 2/3
dl 2w [/ f?’/zdv] R1/3 _ 2R_3/\v\2fdv.

drR 3
If we now set the derivative above equal to zero to obtain the minimum we find

[ 3.J o] fdv ]3/8
R= :
w3 (f f3/2)2/3

pr(x) < C ( / f3/2dv>1/2 < / |v|2fdv>l/4.

Hence by Holder’s inequality,
2/3 1/3
C'/ </ f3/2dv> </ ]1)]2de> dz (4.10)

/pj/gdw
C (// f3/2d3:dv> o’ <// |U|2fdg:dv>1/3

< CBan(f)Y?,

and

IN

IN

and the estimate (a) is proved. The assertion (b) follows by the Hardy-Littlewood-Sobolev
inequality [19, Sec. 4.3]. O

A lower bound for H immediately follows from Lemma 4.2:

Corollary 4.3. There exists a constant C' > 0 such that for f € Fs

H(S) = Eian(f) = CEan(H)?,
i particular,
hyr = }%f H>—o0
and Ey, is bounded along minimizing sequences for H in Far.
Now we explore the behavior of H and || f]|3/2 under scaling transformations.
Lemma 4.4.

(a) Let M > 0. Then hyr < 0.
(b) For all M, M > 0,

hi = <%>2hM. (4.11)
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4 The Kuzmin disk

Proof. For a given function f(z,v) we define a rescaled function f(x,v) := f(ax,bv). Then

/ FRPdede = //(f(aac b)) 2dadv = (ab)~ / F32dxdo,

ie., f € Fyiff f € Fy where M := (ab)2M. Next

Eun(f) = / ]v[ f(az,bv)dzdv = a 2y 4Ekm(f)

1) = = [ [ PR vttty = 4 By,

To prove (a) we fix any f € Fys and let a = b~! so that f € Fy; as well. Then
H(f) = b~ Eiin(f) + b7 Epor () < 0

for b > 0 sufficiently large, since Epo(f) < 0. To prove (b) we choose a = 1. Then

H(f) =0~ H(f), (4.12)
and since b=2 = (M /M ) and the mapping f — f is one-to-one and onto from Fys to Fyy,
(b) follows. O

The key step in our stability analysis is the convergence of the potential energy along
minimizing sequences. This will be treated by the following series of lemmas:

Lemma 4.5. If (g;) is a sequence which converges weakly to g in L'(R?) and (h;) is a
sequence bounded in L°°(R?) which converges almost everywhere to h, then

gihi — gh weakly in L'(R?).

For a proof we refer to [10, Prop. 5]. In order to analyze the convergence of the potential
energy along the minimizing sequence we first consider axially symmetric densities.

Definition 4.6. A function f : R* — R is called axially symmetric if
f(z,v) = f(Azx, Av), z,v € R, A € S0(2).
A function p: R? — R is called axially symmetric if
p(z) = p(Ax), z € R% A€ SO(2).

Later we will remove the symmetry restriction. Note that when viewed as a function
on RS respectively R? through

f(@y, 2,23, v1,v9,v3) = f(x1, 22,01, v2)8(23)0(v3),
p(z1,z0,23) = p(z1,22)0(23),

these functions are really axially symmetric with respect to the z3-axis.
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4.2 Existence and stability

Lemma 4.7. Let (p;) C L*3(R?) be bounded, azially symmetric, supp p; C Bpr, Rr,, where
Bry.r, = {z € R%*0 < Ry < |z| < Ry < oo}, and assume that

pi — po weakly in LY 3(RY).

Then
Epot (pz - PO) — 0.

Proof. First we note that due to the condition of the support of (p;) this sequence is also
bounded in L!(R?) and has the property

pi — po weakly in L' N LY/3(R?).

We would like to apply Lemma 4.5 to the sequences (p;) and (U;) := (Up,). The bound-
edness of (U;) in L>°(R?) can be proved using estimates from [21] for the symmetric

potentials:
Bz 2\/rs
o)l = ) =4 [ S (22 a
Ro )
< C sp,-(s)K( ﬁ) ds
Ry r+s
1/4
Ba 275\ 1"
> ||P||4/3</R1 8[ <7‘—|—3>] s
Ry 1/4
< CctcC </ (1 — [r, s])\4ds> ,
Ry
where r := |z|, [r, s] :== min{r/s, s/r} and K denotes complete elliptic integral of the first

kind defined as

0<E<.

/2 d ! dt
KO=[ =2 ,
0 V1-8sin?p  Jo /1-E22V/1 —¢2
Now we can estimate the logarithm as

C’(l—g)_l/8 0<r<s,

C’(l—f)_l/8 0<s<r.

[In(1 = [r,s])] < { (4.13)

With this estimate we can according to the position of r estimate the value of the corre-
sponding potential. In the case 0 <r < R; we get

Ro

Ry Ry ~1/2
/ |In(1 — [r, s])|*ds < / (1 - f) ds<C (s — Ry)™Y2ds < o0,
Ry Ry § Ry

33



4 The Kuzmin disk

fOTR1§T§R2

/I:2|ln(1—[r,8])|4d8 < 0</Rl (1-%)_1/2ds+/f2 (1—9_1/2(13)

C(1+4(Ry — R)Y?) < o0,

A

IN

and for r > Ry

R>
/ |In(1 — [r, s])[*ds < C’R}/z(Rg — R)'? < .
Ry

S

Ui = ti) = =i [ o) = (e (2 Y

= —4 /R2 s(pi(s) — po(s)) K <2\/E> ! ds — 0 a.e. i — oo,

R r+s)r+s

2
“
T

The latter follow easily from (4.13). Now we can use Lemma 4.5 to conclude that

since for each r > 0,

‘f) € LY[Ry, Ry)).

1 1
Epot(pi) = 3 / Uipidz — 3 / Uopodx = Epot(po)-

2

Now
oot (05 — 0) = Epot(p1) — Epot(p0) — / Uo(pi — po),

and the fact that Uy € L*(R?) and the weak convergence of (p;) in L*/?(R?) prove the

assertion.

Now that the convergence of the potential energies is proved, the existence of a minimizer
follows. The restriction that we obtain a minimizer in the class of axially symmetric

functions in Fj; will be removed below.

Theorem 4.8. Let (f;) be a minimizing sequence of H in Fpr which is azially symmetric.
Then there exists fo € Far, (A;) C RT and a subsequence of (f;) (also denoted by (f;))

such that
Sy, fi = fo weakly in L3/2(R4),

Epot(S)\ifi - fO) — 0.

Moreover, fo is a minimizer of H over .7-"]?/[ :={f € Fur; f axially symmetric}.
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4.2 Existence and stability

Proof. Let (f;) be a minimizing sequence. From the definition of Fj; we have

3/2
1£ill37s = M

First we choose \;, such that the sequence (S}, f;) has the following property
/ / (S, )2 dvda = / / (S, fi)**dvde = M/2, ieN. (4.14)
lz|<1 z[>1

For notational simplicity we will from now one denote by (f;) the sequence (Sy, fi) which
has the property (4.14). Because of the boundedness of (f;) in L3/2(R*) we can extract a
subsequence (without change of notation) such that

fi = fo weakly in L3/2(R4).
Clearly, fp is non-negative and axially symmetric. From the weak convergence we have

Eyin(fo) < hmmf Euin(fi) < (4.15)

/ / £ < lim inf / / £ = (4.16)

We have to show that fy is actually a minimizer of H. The key step is to show that [[ f; 3/2

cannot concentrate either at the origin or at infinity. We claim that for each £ > 0 there
exists N > 1 such that

limsup/ /ff/zdvdx+limsup/ /ff/zdvdx < €. (4.17)
1—00 r<1/N 1—00 r>N

If not, there exists an g9 > 0 such that up to a subsequence

/ / £ dvdz + / / £ dvdz > (4.18)
r<1/N r>N

for any N > 1. Since fy € L3/?(R*), for any € > 0 there exists Ny > 2 such that

/ /f3/2dvda:+/ /f3/2dvdx<5. (4.19)
<1/Ng >No

We now split f; into four parts. The essential part f; is defined as

fi = filiyNo<r<No-

The small part f; is defined as

Ji = fillyna<r<iyng + Ing<r<nal-
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4 The Kuzmin disk

And finally the two concentrated parts are defined as
[P =10+ 172 = filecyng + il ng
The energy split corresponding to the parts just described is

H(fi) = M) +HUD) +H) +HS?)
=2((f7, f7 A+ fodpot + (F7 [ por + (5 + f75 fi% )pot)- (4.20)

The crucial step is to estimate the interaction terms in (4.20). The first term is easily
bounded by

(fi fi + fz'C>pot < ||fz's||pot||fi||pot < C||fz's||p0t
By Lemma 4.7, (4.10) and (4.19), we have for fixed Ny (up to a subsequence)

A

1 lpot = 1 £5llpot < CH/’fSH4/3

3/2)
C {// | fo [Lr<1/ng + Lz | / } < Ce'/2,

The estimate for the second term follows:

2(f fpot = // |$ - y| d dy
-1

1 1\ 1/2 ~1/2
- A2 s N2 < ON;

IA

IN

The last term can be treated as

(fF+ 1 7 pot < /P?(ﬂf)Ungrpj (@)dz < {[pillassllU e 4 per |l La (> Nay)

< CN}/? </
N4

1/4
\xy—?’d\xy) <CN,2,
0
where we used the estimate

pi(y) 1
U . < / dy < ——||pill L1112
| Z+pl ( )| WI<No |IE _y| |3§‘| — N0||p ||L {]z|<No})

1/2
C’||,oi||4/3N0/
2]

) |l‘| > 2Ny.
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4.2 Existence and stability

Without loss of generality we may by (4.18) assume that

0 < ep/2 < / FPavde < M/2.
|z|>Ng

Now by the scaling equation (4.11) and the fact that hy; < 0 we have

2 2 2
1151133 172115 511573 152211573

H(fi) > i + 7 Y i M

o2 aNy
2
I £l

12 —1/2
% i Ce CN, 7,

v

which is a contradiction with (f;) being a minimizing sequence. Notice that we may choose
¢ sufficiently small and Ny sufficiently large. Now having established the claim about the
concentration we can finally prove the convergence of the potential energy term:

1fi = follpot <l Ljgj<1/n fi = Lizj<1/n follpot
+1111/N<jzj<n fi = 11yn<|z|<n follpot
H1jz>n fi = Ljzp>n follpot-

Both the first and third term are uniformly small if N is large due to (4.17). For now
fixed N the second term goes to zero by Lemma 4.7. Hence

pot(f fO)
Therefore we have, letting i — oo and observing (4.15)

H(fo) < hu-

In order for fo € Fj we must have [ f = M. Suppose on the contrary that [[ f; 3/ 2 =

M < M. Using the scaling fo(z,v) := fg( (M/M)l/2 ) we have from the scaling equahty

(4.12): - -
i = (57) Hw = (7)< o,

and fy € Far, which is contradiction and fy € Fyy. [l

In Lemma 4.7 and 4.8 we needed the symmetry assumption in order to prove the con-
vergence of the potential energy terms along the minimizing sequence. This would of
course limit our stability result to stability against axially symmetric perturbations only.
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4 The Kuzmin disk

To overcome this shortcoming we have to generalize the compactness properties of the
potential energy for general minimizing sequences. We use the same trick as in [16] and
define the for the cut-off parameter N > 1,

| h(x,v) if 1/N < h(x,v) <N,
hyn (@, v) = { 0 otherwise.

Lemma 4.9. Let (f;) C Fam be a minimizing sequence. Then there exists a sequence
(X)) C RT such that up to a subsequence the following holds:

(a) For any e > 0 there exists some N > 1 such that for all sufficiently large i € N,
1Sx: fi = (S fi) v ll372 < e

(b) There exists a sequence (a;) C R? and eg > 0, Ry > 0 such that for all sufficiently
large © € N,

/ (Sx, f;)%2dzdv > .
(ai—‘rBRO)XRQ ’

(c) Let gi == Tu,Sx,fis 9i — go weakly in L3*(RY) and p; = pg, — po weakly in
L*Y3(R2). Then for any R > 0

Epot(lBRpi - lBRPO) — 0.

Proof. To prove (a) we use Theorem 4.8. We consider (f;), the sequence of axially sym-
metric rearrangements with respect to = of (f;), which is again minimizing in Fy;. By
Theorem 4.8 there exists a symmetric minimizer g such that Sy, f — g weakly in L3/ 2(R%).
Since ||y, fi |32 = | fillsj2 = M = ||gl|3/2 it follows that Sy, f;* — g strongly in L32(RY).
Now since Sy, f7* is axially symmetric and decreasing in |z| and equi-measurable with Sy, f;
we have Sy, f = (S, fi)*. For notational purposes we define g; := S), fi in the proofs of
(a) and (b).

Now for € > 0 we chose N > 1 such that |[g][s/2(4,) < /2 where Ay := {g <1/Nvg >
N} Let Aj n :={g; <1/N Vg > N}. Then for i sufficiently large,

197 = g7 i llsse = 1107 zarzga, ) < 1197 = 9llzarzca,  + 19112 a0
< &/241l9llLsr2(a, )

Up to a subsequence, g; — g pointwise almost everywhere, so limsup, ,o, 14, v < 1ay
a.e. and by Fatou’s lemma

limsup |gl]zs/2 (4, ) < 9llsr2eay) <e/2-
1— 00

So up to a subsequence we have for sufficiently large i

llg; _9:|N||3/2 <e.
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4.2 Existence and stability

For any function h > 0 and p > 1 we have the identity
/(h— hn)? = p/ P b1 nvns Ny > shds

= p “Hu{s <h <1/N} + p{h > max{s, N}}] ds

o

— p/oosp Vu{s < B* <1/N} + p{h* > max{s, N}}] ds
0

= [ —wp

Now if we take h = g; = Sy, fi then with the help of Sy, f = (S), fi)* we have (a).
To prove (b) we split for N > 1, g; = gi|y + (9; — gin) and proceed as in Lemma 4 in
[16]. Firstly we define for R > 1

R, || <1/R,
Kg(z):=<¢ 1/[z| , 1/R<|z| <R,
0 , x| > R,

and

Fr(z) = ﬁl{wz«z}(w)’ Gr(z) = (% - R> 1{jz|<1/R} (T)-

It is easy to check that the latter split gives

1
]

Now according to (4.21) we split the potential energy as

//pl dxdy—ll—i—lg—l—lg,
Iw—yl

where p; := Pgin- We estimate the parts as follows

= KR(a:) + FR(a:) + GR(x) (4.21)

] < R / pi(2)pi(y)dzdy < RCn Sllp/ pi(z)dz
lz—yl<R y+Br

yeR?
3/4
CnNR3/? sup [/ p?/gdx}
yER? LJy+Bg

CnR3? sup [/ /gﬁﬁdvd:n] )
yeR? LJy+Br

1
I // pi(x)pi(y)dady < CyR™Y,

I < lpillsjelles * Grlls < C||Grllz2 < ONR™Y2.

IA

IN

12|

IN
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4 The Kuzmin disk

In the last estimate we used the boundedness of p; in L3?(R?) which comes from the
boundedness of g; |y in L3201 L>(R*). Now since g; is a minimizing sequence we have for
any R > 1 and i sufficiently large

hM/2 > H(gz) > Epot(gi) = Epot(gz|]v + gz gz\N))
Pgin (T)Pgi—gix (Y)
Epot (gin) + Epot(9i — gijn) — // ‘N o — ] N daedy
Epot(9i|n) + Epot(9i — gijn) — Cllgi — ginlls2
—([] + 2] + I3]) + Epot (9i — 9ijn) — Cllgi — gijwllz/2-

VvV 1V

Now we have

1/2 1/2
liminf | sup / / 32 quda > liminf | sup / / g,i{fdvdx
=00 | yeR2 Jy+Bgr 170 | yeR2 Jy+Bpgr

V

> Cyliminf |I|R3/?
> CyR73/2 [—hM/z R RT3

+Epot(gi — gi\N) —Cllgi — gi|N||3/2] .

Now from part (a) and Lemma 4.2 we can choose N > 0 such that Epot(gi — gijn) —Cllgi —
9i|nll3/2 > har/4. Then we choose R > 0 large enough so that the term in the brackets is
positive, and we have (b). As to (c), it is enough to prove that

l19i — gollpot(BrxBr) — 0, i — 00,

where we use the notation
o 1/2
€ ooy = 3 [ 252 L 1 N S

where Br = {x € R%|z| < R}. We split for any § > 0 the integration domain into two
parts:

My = {(z,y) € RY Jz| < R, Jy| < Ry 0 {z —y[ <4},
My = {(z,y) €RY|z| <R, |yl < Ry {|z —y| > 5}
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4.2 Existence and stability

We estimate the first part as follows:

ng’ - gOHpot(Ml) < ng - gi|NHpot(M1) + Hgi|N - gO\NHpot(Ml)
+190n = 9ollpot(an)

< Hgi\N - gO|NHpot(M1) +Cllgi — gi|NH3/2 + CHQO\N - 90\’3/2
—1,1/2
< lpgan—goll3/2l18] - 17155 + Cllgi = giplls2
+Cllgoin — goll3/2
) 1/3
< Cn </ r_1/2dr> +Cllgi — gijnll3/2 (4.22)
0
+Cllgoin — goll3/2
= CN51/6 +Cllgi — gi\NH3/2 + CH90|N - 90H3/2- (4.23)

Next we estimate the second part:

1 o) pgi—
§Hgi—goHpot(M2) = ‘// Pai=a0 (@)Py: gO(y)dmdy'
Mo

|z —yl

< ogi—gollassllhilla < Cllhilla,

_ ‘ / Por—ao (@) hi () der

where
1

1BR(y)mPgi—go (y)dy — 0.

hi(z) = lBR(m)/

|z—y|=>6
The reason for the above convergence is weak convergence of pg, 4, and the fact that the
test function against which is pg,_g, tested lies in L*(R?). Now since |h;| < 15,Cun /6,
converges h; — 0 in L*(R?) by Lebesgue’s dominated convergence theorem. The majoris-
ing function for h; of course does not depend on 4, since from (a) we can find such N that
the last two terms in (4.23) remain small for all ¢ sufficiently large and then we can fix §
to control C'y. Now with § being fixed we can pass through the dominated convergence
argument. [l

The existence theorem for the minimizer in the general class Fjs is the following:

Theorem 4.10. Let (f;) C Far be a minimizing sequence of H. Then there exists
a minimizer fo € Fur, a subsequence (also demoted by f;), a sequence of translations
T, fi(z,v) = fi(x + a;,v) with (a;) C R? and a sequence of scalings Sy, with \; > 0 such
that

H(fo) = infr,, H = hu,
T, Sy, fi — fo weakly in L3/2(R%),
Epot(Ta,Sx, fi — fo) — 0.
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4 The Kuzmin disk

Proof. We choose ()\;), (a;),e0 > 0,Ry > 0 according to Lemma 4.9 and define g; :=
T4,;Sy, fi, which is again a minimizing sequence in Fj;. This sequence is bounded in
L3/2(R*) and by Lemma 4.2 the induced spatial densities p; are bounded in L*3(R?).
Now we can pick subsequences (without changing the notation) such that

gi — fo weakly in L3/2(R*),
pi = po = pyf, weakly in LA3(R?).

3/2

By weak convergence and convexity of || - || /2

Exin(fo) < lim inf Eign(g;) < oo,

/ / £324zdv < lim inf / / ¢>*dzdv = M.

We have to show the convergence of the potential energies. We use the method of splitting
introduced in [16] and for R > Ry we split g; as follows:

gi = 9ilpg x> T 9ilBy nxw2 T 9ilp,  xR2
1 2 3
= g+ 9P+ (4.24)

From Lemma 4.9 we already know that Epot(gi(l) + gi@)) converges to Epot(g(()l)

any fixed R. So it is enough to show that for any € > 0

+g5”) for

lim inf | Eper(9)] < & (4.25)

for R large enough. By Lemma 4.2 it is sufficient to show that
3/2
lim inf / / <g§3)) dedo < e. (4.26)
To prove this we split the energy functional H according to (4.24):
Hig:) = H")+Hg™) + ()
~2(9, 0" + 61 et — 2008, 95 por
= H") +H(g?) +H(e) — 1} - 12

Now from the boundedness of Fpu¢ (,0(-1) + pgg)

; ) we get the estimate

2
1 < )19 por-
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4.2 Existence and stability

(2)

)

(2)

Since p;~ converges weakly in L*/3 to Py = polBg, r We have from Lemma 4.9 (c)

Epet (0" — o) = 0, i — o0, (4.27)

The second mixed term 12-2 we estimate for R > 2Ry as follows:

2 -1 Ro\'?
B ps [ wiewa e ()
Br, BRr,oo

Now from Lemma 4.11 we can write (with Mi(m) = Hgl(m)]@g, m=1,2,3)

H(gl(l)) + H(QZ@)) + H(gl(g)) > hM_(l) + hMFQ) + hM.(S)

MO\ (N (@
= ]\2 + ]\’4 + ]\’4 hym

i 2 2

. Mi(l) n Mi(2) . Mi(3) .

> i 7 M

B '1 2]%(1) n Mi(2) Mi(3) .

B M M|
and thus

hM - H(gz) - CthMi(l)Mi(g) < [Zl + [z2
1/2
2 2 2 Ry

< O (I8 oo+ 198 = 2o+ (2 )
Now suppose that (4.26) is false. Then there exists some £ > 0 such that for every R > 0
and ¢ large

//(ggg))?’/zdxdv > 1.

Define

€9 1= —Cth€0€1 > 0,

where g is as in Lemma 4.9 (b) and then increase Ry from that lemma such that
C’2||f(§2)||pot < e9/4. Next choose R > 2Ry such that Cy(Ry/R)Y/? < e3/4. Then, for
i large,

har — H(gi) — Cyhpy MY M)

1
52 Callg? = £ lpor-

ha — H(g:) + €2

IN

IN
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4 The Kuzmin disk

By (4.27) this contradicts the fact that (g;) is minimizing. Thus (4.26) holds and (4.25)

follows. Now it remains to show that [[ fo3 2dazdv = M. This follows exactly as in the
proof of Theorem 4.8. O

Now we can give the stability proof of the minimizer against general perturbations.
But before that we need to define the appropriate distance on the phase space from the
minimizer:

oty i= ([ [(GhF+00) (= )= g5 (£2 = 73] duae

where C)y is as in (4.4). It easy to check that d(f, fo) > 0 for all f € Fp; and d(f, fo) =0
only if f = fy. The energy difference of a state f from the minimizer fj is then

=) = [[ (G0 +00) (7 - fodudo+ Bt — o) (428
= d(f, fo) + Epot(f — fo)-

Theorem 4.11. Let fo € Fpr be a minimizer of H over Fir defined in (4.2). Then for
every € > 0 there exists & > 0 such that for any solution t — f(t) of the flat Viasov-Poisson
system with f(0) € C2(R*) N Fy

d(£(0), fo) + |Epot (f(0) — fo)| <0

implies that for every t > 0 as long as the classical solution exists there exist X > 0 and
a € R? so that

d(f(t)v S)\Taf(]) + |Epot(f(t) — S)\Tafo)| <e.

Proof. Assume the assertion is false. Then we can find g9 > 0, solutions to the Vlasov-
Poisson system f; and times ¢; such that

d(i(0), fo) + | Epor (£:(0) — fo)| < 2

and
d(fz(tz)y S)\TafO) =+ |Ep0t(fi(ti) - S)\Taf(])| > €0 (4'29)

for every A > 0 and a € R2. Since the energy is preserved along classical solutions of the
Vlasov-Poisson system, (f;(¢;)) is also a minimizing sequence. Notice that by Theorem 4.1
the minimizer fy is unique up to translations and scalings. By the analysis above we have

Epor(fi(ti) = 53 Tu, fo) = 0.

Using (4.28)
d(fl(tl)7 S)\lTalfO) - 07

which is clearly a contradiction with (4.29). O
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5 Flat galaxies with dark matter halos

5.1 Motivation

Today, the existence of dark matter is considered as a well-respected theory in astrophysics.
One of the evidences that speak for its existence is the analysis of the rotation curves in
spiral galaxies. Around 1970 by that time widely accepted Keplerian extrapolation (with
the fall-off in the rotation speed as R~'/2 in the outer regions of the galaxy) was confronted
with the improved sensitivity of observations showing that the profiles of the rotational
velocities are rather flat with no signs of the proposed decay. One possible explanation
was that there exists a massive halo of "undetectable matter” around the spiral galaxy
which extends to larger radii then the optical disk, which would correct the profile from
Keplerian to relatively flat (or even slightly increasing). This conclusion was first stated
in [9]. For an introduction to the dark matter theory we refer to [3, Chapter 10| and
references there.

We consider a model of this situation using the Vlasov-matter. According to our knowl-
edge the first attempt to model galactic dark matter halos using the Vlasov-type matter
was done in [28], where the Vlasov equation in the polytropic setup was used to investigate
the structure of the halos. Here we follow a different approach. In [15, 16] a variational
technique for the Vlasov-Poisson system was used to prove existence and non-linear stabil-
ity of certain equilibria in galactic dynamics. In Chapter 3 and 4 a similar approach based
on [21] was used for the flat Vlasov-Poisson system, which is in fact a singular case of the
three dimensional case, where all the particles are concentrated in a plane. In this chapter
we combine those two methods and prove the existence of stationary solution of a mod-
ified Vlasov-Poisson system, where both flat and normal distribution functions appear.
The flat part will be used to model the normal ”visible” matter and non-flat part for the
dark matter. We would like to point out that we do not study the decoupled system with
dark matter as an external potential as in [28]. Here, normal and dark matter evolve and
interact with one another through the common potential which they create collectively.

We suppose that both normal and dark matter are of Vlasov-type and interact with
each other through a gravitational potential given as a solution of the Poisson equation.
The system of partial differential equations governing the evolution of such an ensemble
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5 Flat galaxies with dark matter halos

can be (at least formally) written as:

%—i—v-vmf—VxUC-va _— (5.1a)

o 5V - VaU(,0) Vi = 0, (5.1)
3 pi(G)

Ue(w) = Us(x) + Upla) = —/Ra ’foyz‘ dy—/}Rzmdy, (5.1c)

lim Uc(z) = 0, (5.1d)

where f(t,z,v) : R x R? x R — RT (resp. f(t,%0) : R x R x R? — R7) is the
distribution function of dark (resp. normal) matter. Throughout this chapter we use the
notation convention that all variables with (resp. without) tilde are used for flat (resp.
non-flat) quantities. Also we use the simplified notation p := py,p := P U= f]f etc..

In Section 5.2 we present some integrability results for the flat potential. The Section
5.3 introduces the variational setup and presents a brief review of the existence results for
the decoupled problems which play an important role throughout this chapter. In Section
5.4, where we prove some a-proiori estimate for the energy functional. Finally, the last
section describes the properties and structure of the minimizer.

5.2 Integrability of the flat potential

In order to analyze the mixed term in (5.3), we need some information about integrability
of the flat potential in R®. Some regularity result are presented in [21], but those are with
respect to the plane z3 = 0 and do not say anything about the quality of U perpendicular
to that plane.

Lemma 5.1. Let p € L*3(R?). Then U € LS(R?) with VU € L*(R®) and

IN

10116 re) Cl1pll /3 m2)

VU || L2 ()

N

< Cllpllpass e)-

Proof. We use the general form of Minkowski’s inequality (see [19, p. 47]) and Young’s
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5.3 Variational setup

inequality to obtain the first assertion:

Jo k2] enes
2 o]
- cf [/%dyr 4z = 7+ | /0 So aey

< OllallGass gzl - 17711

10118

12/5(R2)-

To prove the second estimate we simply repeat the above procedure for

Vit - [RDE- G0,

[z — (7,0)°
and we get
o < [ ([ D sar) s
R2 Rz |2 — (§,0)?
72(5) 1/2 2

< d dg| dz

B /l/</fw—yw+%ﬂ “) y] '

= o [[[ D0 @ e o

- i —gpre Y =llp L2(R2)

< ClUAR sl 21y g
In both calculations we used that |- |~ € Ly )‘(R"). O

5.3 Variational setup

Before we begin with the minimization procedure, we have to choose the appropriate
functional to be minimized and a suitable minimization class of functions. In previous
chapters we chose the total mechanical energy as our functional and as a class we chose
all positive functions with some LP and kinetic energy bounds. We will use the same
strategy here. The total energy in this case is the sum of total energies of the individual
components (flat galaxy and dark matter halo) plus the interaction potential energy, which
comes from the fact, that galactic matter is under the influence of dark matter’s gravity
and vice versa. We can write

Mﬁﬂ=Mﬂ+ﬁm+%/0wmmw+%/WiWMNﬁ
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5 Flat galaxies with dark matter halos

Note that the last two integral make sense as long as we provide some integrability con-
ditions (specified later) on f and f, the first one directly from Lemma 5.1 and the second
one using the following estimate:

J1U(&, 0)¢(z)| di [ 1p(@)U, (x)| da

UG, 0)[pare) < sup = sup
peL4/3(R2) lellass ©ELA/3(R2) ||90||4/3

N

< Cllpllzess ms)-

In the calculation above we used the equality

/\U(a}, )| = //M iy /\U 7)| da. (5.2)

We will use the symmetry relation (5.2) to merge the mixed terms and minimize the
total energy functional

HLF) = M)+ + / Updz (5.3)
= Eun(f) + Epot(f) + Ekin(f) + Epot(f) + / Up dz

under the constraint

Fa={(£,HIf e LL®), F e LL®RY), NIfll < M| fll1sam < N,

Il < M, HJEH1+1/k2 <N,
f(‘%ax371~)7v3) = f(ji‘7 _‘T371~)7 _U3)7
Bygn(f) + Bian(f) < o0}

where M := (M, N, M, N) € (R*)" denotes the constraint vector, 0 < ki < 7/2, 0 < ky <
2 and

En(f) = 1/ v f (z,v) dz do,

Balf) = 3 [[ P
Boal) = = [ ”f‘x_ Az ay,
Bpor(f) = // pflw—y(l 74

represent the total kinetic and potential energies. We denote by M?P := (M, N) the
non-flat and by MFL : (M N ) the flat part of M. The symmetry of f with respect to
the z1,z9 and v1, v planes is necessary to maintain the galactic disk flat.
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5.3 Variational setup

A lot of the properties derived in the next section depends on the existence and proper-
ties of so-called decoupled minimizers. This means minimizers of the variational problems,
where one of the components is missing. Note, that this problem is not exactly the same as
the one we discussed for example in Chapter 3. Here we have two separate LP constrains
and not a sum of those as it was in Chapter 3.

In the case of a trivial flat component, the existence of a minimizer was proved for exam-
ple in [1]. We briefly repeat the proof for the other case of vanished non-flat component,
since the method itself is analog. We want to find a minimizer of the energy functional
H under the MFL constraint. With the help of the Riesz rearrangement inequality ([19,
p. 87]) and the fact, that the kinetic energy as well as the constraints are invariant under
the spherically symmetric rearrangement, we get that your problem is equivalent to the
same problem, when the functions f have the form

F(&,9) = (|7, 18]),

where the function ¢ : (R*)? — Rt is nonincreasing. Before we prove the actual existence,
we need some preliminary estimates for f. From the monotonicity of f and L7 and Eiin
bounds for each g € [1,1 + 1/k3] we have

) B )
FUE )RR < 0/ / (. s)rsds dr < CN,
0 0
) @ el o
faapirt < o [ [ ensrst dsdr < CEa(f
0 0

As a result, we immediately get the local bounds on the distribution function f:

c ~ -

- ===, for |0 <V(|z]),
f(z,0) <g(z,0):= |Z[2/9]5]2/4 ! !

Ee for 19> V()

where V(|z]) > 0 is an arbitrary function. When we now want to calculate the spatial
density pg, we get

C V(|z) ,@‘ C 00 , ‘
~ — d"’ .
po() |f|2/q/o opa 0 /W oyt 417!

C C

_ V2—2/q ~ ]
g’ DT EEveay

For the choice
V(1)) = V,(|2|) = |7|1t-9/ )

we get
poli) < || 72/a=)
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5 Flat galaxies with dark matter halos

with the exponent s := —2¢/(2¢ — 1) being such that

s<=3/2, if 1<q¢<3/2, (5.4a)
s>—=3/2, if ¢>3/2. (5.4b)

Now we split our estimates for f by choosing ¢ = 1+1/ky > 3/2 for |Z| < 1 and q € [1,3/2]
for |z| > 1:

|j‘2/(1+1/k2ﬁ5|2/(1+1/k2) for |Z[<1 A [7] < Vl—l—l/kg(’jf‘)a
T EEAGE for |2]>1 A 5] < Vg(lZ)),
ﬁ for 7| >1 A |3 > V(7))
Now from (5.4) we have
- Cr®t with s; > —8/5 for |z] <1,
< < .
Pf(T) < pg(7) { Crs2 with sy < —8/5 for || > 1. (5:5)

The crucial part is to prove the convergence of the potential energies along the minimizing
sequence fn (see proof of Theorem 3.10). Since we have here the estimate 0 < fn < g, the
finiteness of the potential energy for g would allow us to pass to limit using the dominated
convergence theorem. But from the Hardy-Littlewood-Sobolev inequality we have

‘ pot( )| <CHP9H4/37

which is, thanks to the bound (5.5), finite.

5.4 Properties of 'H
First we need to establish a lower bound on H.
Lemma 5.2. For all (f,f) € Fam the following holds:

Let ny = ki +3/2,ny = ky + 1. Then p € L'*Y/™(R3), 5 € L'1/72(R?) with

HPHHl/m < O NE+D/(m+l) g (f)3/2k1+5
[llisaym, < CNGED/D) gy (fy1/thee),
—Epou(f) < 0||p||§/5§OMEkm< Y2,
—Epot(f) < ClIpllE s < CmBian()'V2.
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5.4 Properties of H

Proof. We use the classical optimization method (used for example in the proof of Lemma
4.2) to prove the first two inequalities. For fixed R > 0 we split the v-integral and using
Holder’s inequality and the definition of the kinetic energy we get

plx) = /U<Rf(ac,v)dv+/ f(z,v)dv

[v|>R

4 1/(k1+1) k1/(k1+1)
()" ()

1
b [ [ 1P pa) dvde = 1)

IN

To obtain the optimal value of R we set the first derivative

ar

@—0.

After some algebra we get the first assertion. In the same manner we prove the flat
version of this estimate. The last two inequalities follow using interpolation and the
Hardy-Littlewood-Sobolev inequality. O

Lemma 5.3. The functional H is bounded from below on Fni, i.e.

0> hm ::}pr>—oo.
M

Proof. We have for each (f, f) € Fm

IN

‘ / p(2)U(z) dz

l1olle/511Ulls < Cllpllessl1pllass

= CEin ()Y Eyin(/)V* < OMEiin(f)Y? + CrmEn ()2,

H(f. f)

v

Biin(f) — OMEiin(f)"? + Ewin(f) — OmExin(f)/* + /Ufp dx
> Bin(f) — CMEiin(f)* + Exin(f) — OB ()2 (5.6)

The negativeness of hng is an easy consequence of

har < HFED, FFL) = (D) + H(FFY) + / Gopodz < 0,
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5 Flat galaxies with dark matter halos

Having established the lower bound on H we can choose a minimizing sequence

(fnyfn) C Fwm, H(fnafn) — hyp.

From (5.6) we get that both the kinetic and the potential energies are bounded along the
minimizing sequence:

Ekin(fn) + Ekin(fn) + |Ep0t(fn)| + |Epot(fn)| < C’M (57)

The bound Cyp could be find easily by putting H( fn, fn) < 0 (which is true for large n)
in to the bound (5.6).

In order to analyze the mixed nonflat-flat terms, we need some information about how
strong the mixed potential energy term is with respect to the potential energies of its
individual components.

Lemma 5.4. Let p € L¥°(R3), 5 e LY*(R?). Then

_ p()p(9) v di 1207 (A 1/2
o= [ LB 2 < 2B ()] 1B ()]

Proof. First we show the assertion under the further assumption p, p € C°. We have

Z(p.p) = /ﬁ(ﬂ)(ﬂ « |- 17)(5,0)dg = /ﬁ(g)(p « | [7)(y) doy, dy
=( (>

= hm / Yp*]|-] )(y)déggdgj: lim //dedy

e—0+ ]a; —
1/2 < € 1/2
< (// w dxdy) lim <// 9)0° (w3)0"(ys) dxdy)
|z —y| e—0+ !w—y!

€ € 1/2
< \/_|Epot 1/2 hm <// §)0%(23)0° (ys3) dxdy)

Iw—yl

= 2|Bpot (o) Epon (7).

Now when the smoothness of p and p is not available, we use the standard regularization
p° = p 0%, p° := p 0% and we have:

Z(p—=pp—p°) <Cllp—pllessllo—pllazs — 0, €— 0+,
Z(paﬁ) - Z(p€7ﬁ€) - 07 e — 0+

Now we present some classical compactness properties of the Poisson integral.
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5.4 Properties of H

Theorem 5.5. Let (p,) € L'Y/™(R3) and (p,) € L*/"2(R?) be a bounded sequences
with

pn — po weakly in L't1/m (R3),
Pn — po weakly in L'TV/m2(R?).
Then for each R > 0 we have
Epot(]-Ban - ]-BRPO) — 0,
Epot(]-BR[)n - ]-BRﬁO) — 0,

/(lBan — 1BRp0)ﬁléRﬁn—1BRﬁO dz — 0.

Proof. The convergence of non-flat potential energies was proved for example in [16] and
for the flat case we can use Lemma 3.9. Finally, the convergence of the mixed term follows
from Lemma 5.4. O

In the next lemma we explore concentration properties of a minimizing sequence.

Lemma 5.6. Let (f,, fn) C Fwm be a minimizing sequence of H. Then for all sufficiently
large n € N

- MM
Upnde < ———ms—— 5.8
J Ot < s agm o

where RSD and ROFL are the radii of some chosen decoupled minimizers fg’D and fg L
subject to constraints M>P and MFV shifted so, that they are spherically (resp. azially)
symmetric. Further we can find (an), (by) C R%, g9 > 0 and Ry > 0 such that

/ /fndvdx > e, (5.9)
(@n,0)+Br,

/ ) /fndﬁdi > & (5.10)
En‘l'BRO

for all sufficiently large n € N.

Proof. Assume that (5.8) is false. Then we have
. - - . MM

1 [ 1 [~
MO + MUY + 5 [ 050 de = MU ) — 5 [ 05 o

\%
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5 Flat galaxies with dark matter halos

which is clearly a contradiction. We used hygp and hygrr as a symbols for the infimas of
the energy functionals corresponding to the decoupled problems.
For R > 1 we split |- |71 as

S

2] = Kg(x)+ Fr(z) + Gg(x)

1 1 1
1{1/R§\w\gR}m + 1{|m|zR}m + 1{|m|s1/R}m

We use the latter splitting of the Poisson kernel to split the mixed potential energy as

'/Unpnd:c // |$_ d:z:dy—J1+J2+J3
We have
h] < R / Pn (Y )da:dy<MRsup/ /fn (x,v)dvde,
|z—(5,0) |<R y€R2 J(3,0)+Br
< v @@ <arsw [ [ F@odd
|i—j|<R #eR2 Ji+Bp

B < R //pn(:n)[)n(g]) dzdj < MNR",

m(¥) -
——dy
/|:z=—g|<1/R |z — (9,0)|

Cllpnll141/m A * (Gr)™ D11
n1/(n1+1) | |,Y

| J3]

IN

lloalli41/m,

‘n1+1

IN

Cllpnll1+1/m 1Al 141 /m |1 (GR)
Cllpnlli41/m 1onlli41/m, 77 < CmR™7

VANVAN

with v and o defined as

-1
1< = 5.11
i <n1+1 n2+1> ’ ( )
2 ny
0<o = —— 5.12
v ni+1 ( )

We recall, that for the present choice of k1 and ko we have 3/2 < ny < 5,1 <ng < 3. The
last inequality in the J3 estimate comes from the boundedness of f,, f, using M and from
the boundedness of kinetic energies (5.7). From (5.8) we have for n large

MM

- > [ Upndz = —|L| = |Ja] — |J5].
2(R8D+R(1;‘L) / Pn AT ’ 1‘ ‘2‘ ‘3’
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5.4 Properties of H

Hence
MM MM
AR - — CMR°,
Nz smr R T R ™
Sup/ /fndvdzn > R7! <%—%—C—MR > (5.13)
jeR? J (3,0)+Br 2(R3°+Rg) R M

For R sufficiently large the right hand side is positive, which proves (5.9). When we repeat
the same procedure, but using the second estimate of .J;, we get

N M Cum
ndody > R™ —— — —R" 5.14
e /x+BR/ fndody ( 2RPIRY) R M ) (5.14)

which in turn gives (5.10). O

The expressions (5.13) and (5.14) allow us to formulate the following Corollary:

Corollary 5.7. Let the constraint vector M satisfies 0 < Mo < M < M;,0 < My< M <
M;,0 < Ny <N <N;,0<Ny<N < N;. Then the constants €9 and Ry in (5.9) and
(5.10) can be chosen independently of M and (fy, fn), depending only on the bounds M
and M.

Proof. From (5.13) and (5.14) we have for n sufficiently large

_ My My Cwmy
Sup/ /fndvdaz > R 1< - — R™°
GER? J (5,0)+Br 2R+ REs) R My
5 i~ g~ _ My My Owm, .,
Sup/ ) /fndvdy > R —— ———R ,
#eR? Ja+Bg 2R« + Bis) R M
where R3D and REL  are maximal radii of the decoupled minimizers with all possible

constraints M satisfying the bound above. Note that these maximum radii are as well

functions of My, M; and are bounded and R3D._ is away from zero. The boundedness can

be proved by the classical scaling and splitting argument with (see [21, Lemma 4,5,6]) O

Definition 5.8. We say, that the constraint vector M € (R§)* has at least one nontrivial
component, when ) )
(M>0AN>0)V(M>0AN >0).

Lemma 5.9. Let M, M, € (Ra')4. Then the following holds:
hMl + th > hM1+M2' (5'15)

If both M and My have at least one nontrivial component, then there exists € (depending
only on My and Ms ) such that

hav, + Anve, > havi+m, + €. (5.16)
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5 Flat galaxies with dark matter halos

Proof. We construct two minimizing sequences with

H( nl’fnl) - hMl’
H( n27fn2) - th'

From the Minkowski’s inequality we have (f1 + f2, f} + f2) € Fam, v, which gives

It S (L 2 A J2) = MO D) + (2 2) - //p“‘x_“ i dy

//pnrw—yr dnay— [ RS e =i~ //r n@ | o dd

< H fn)fn) +H(fn7fn) - hM3D + hMFL

Now when M; and My have each at least one nontrivial component, we can without loss
on generality assume that sequences are already shifted so that the analogy of assertions
(5.9) or (5.10) holds for &}, 3, R} and R3 without spatial shifts for these nontrivial com-
ponents. Then we pick from the above estimate that mixed term which contains the latter
components. Here we demonstrate the case when both non-flat components are nontrivial:

s, € M+ £+ 5 < WL B - R - [0 g,
< ML Y+ MO ) - // ()0 (0) ”" ) dzay
R1><B
1 2 1.2
< 1 7 2 72 €00 h h _ %%
>~ H( n7fn)+H( nafn) RQ R2_> M1+ M- R(1)+R(2)

g

Since € from the previous lemma comes implicit from Lemma 5.6, the analogy of Corol-
lary 5.7 holds for € as well.

5.5 Properties of the minimizer

Say we have proved the existence of the minimizing element (fo, fo) of the variational
problem describen above. First we have to exclude the possibility that fo = 0 or fo = 0.
The case with both parts vanishing we can rule out simply from hyt < 0. The case when
only one component vanishes cannot happen either, since we can substitute the trivial
component by the minimizer from the decoupled problem and obtain a state with lower
energy. The next lemma proves that at the constraints are always in some sense saturated
by minimizer.
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5.5 Properties of the minimizer

Lemma 5.10. Let (fo, fo) € Fm be a minimizer of H over Fni. Then

foli=M Vv |lfollh =M,
I[folliqrims = N,

I follivim, = N,

Proof. Let us say for example |[fol|i41/%, < N. We define for a,b,c,d,e > 0 a new,
rescaled state (fg, f&) as

folx,v) = afo(bz,cv),
ff)k(ﬂ?,@) = dfo(bZ,eD).
For kinetic and potential energies holds:
Ean(f3) = ab 3¢ En(fo),
Epot(f{]k) = a2b_5c_6Epot(f0)7
Ean(f) = db e Egn(fo),
Epot(fy) = d2b_36_4EpOt(f0)7

/ Tephdr = adbtc3e™? / Uopo daz.
We know choose the parameters a, b, ¢, d, e so that
1451l = lfollv ) = o), and [ Gipie = [ T da.

This is true for
a=7c=~vb=d=e=1, ~>0.

For this particular choice of a, b, ¢, d, e we have

ol = Ilfoll,

IWfolle = Ilfoll
Wflhriym = 7 * D follism
follme = lfollivisms

and for the energy

H(J375) =7 Bian(0) + Eper( o) + o) + [ Topo
Hence we can surely choose 7 > 1 so that we get a state which still lies in Fy and

has lower energy. With the same argument we get saturation for the flat part as well,
|| folli+1/k, = N. The last thing to prove is saturation of the minimizer in L' norm.
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5 Flat galaxies with dark matter halos

Assume that || foll1 < M A||foll1 < M. In the scaling introduced above we choose
a=7"b=d=vytc=e=7, ~>0.

For this choice of scaling parameters we have

15l = Allfolls,

1l = 2l folls,
1o lli41/m yEED/ERD| foll 11y
175 1141k YR/ C2D ol 141,

and . .
H(fo. f5) = H(fo, fo)-
We can now choose v > 1 such that (fg, fg ) € Fv and M —MDP has at least one non-trivial
component. Now we use the strict subadditivity (5.16) and get
hM < hMO + hM_MO,
which contradicts the fact H(fo, fo) = hm. d

Finally, we prove that the minimizers of the energy functional are functions of a total
mechanical energy. We use the classical Lagrange multiplier method presented for example
in [15, 16, 27, 4].

Theorem 5.11. Let (fo, fo) be the minimizer obtained in the previous section with poten-
tials (Uy, Uy). Then

k1
fo(z,v) = (—EO — ]?\C(:E’v)> a.e.,
+
y o ko
fol@,7) = <E0 - Ec(;’o’”’o)> ae.,
+

where Eq(z,v) := 4v|? + Up(z) + Up(x). The Lagrange multipliers are defined as

1 2k1 +5 ~
Ey = AR ( 13 Ekin(fo)+2Epot(f0)+/ﬂoUod$> <0,

Ey = ~1 <(/€2 +2) Ean(fo) + 2Epot (fo) + /poﬁo da:) <0,
ol
2(1431 + 1)Ekin(f0)

1+1/k
3/ folly L1/

(kg + 1) Eyin(fo)
~ k:
[ Folly e

!
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5.5 Properties of the minimizer

Proof. Let (fo, fo) be a minimizer of H with corresponding potentials (U, Up). We first
define two new functionals

(5) = Mo
j

g
Gg(f) = M(fo.f)

From the definition of H we get

G(f) — G(fo) = ﬂﬂﬂ—EmMﬁ+%ﬂﬂ—EmUM+//mrww%¢a@W)
G~ G(0) = Buan(f) — Buan(fo) + Boor () — Epor(fo) [/ — 70)Uo(-,0) dZ.

We now define for each fixed ¢ > 0 the set S. := {(z,y) € R : ¢ < fo(z,v) < e}
Now let n € L®(R%) be a real-valued function with compat support such that n > 0
a.e. for (x,v) € R\supp fo and suppn C (RS\supp fo) U S.. For t € [0,T] and T =

Ul + 9ll1 /6, + nllos) ™ te/2 we define

filv) = ¥ Ol ol . a(e)0),

where

a@:<wwuwlumwwl>%“w
foll 1o+ tnlligasm,
Note that we have for ¢ € [0, 7]

felle = [ folle, M1 felliasme = [ folliases
and that fo+tn > 0 a.e.. From the bounds (for £ small enough)
||f0||1 [ foll141/k1 e

<|lfo+tnllx <Ilfoll + 5 <Ifo+tnllig1/m < lfollirijm +

2 2

we can infer that « is a smooth functlon on [0,7] and

J@M+gw{ bl Um+WWWM@}

3 |[.fo + tnll ||f0+7577||11%1

Moreover supjy 71 a”(t) is bounded. Now we have from (5.17) for t € [0, 7]

61 ~() = (sl 1) Baa(fo) + e i () 5.15)
(B 1) By + I [t s
B+ (g 1) [ o

I e
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5 Flat galaxies with dark matter halos

By a Taylor expansion at t = 0+ we obtain

Wolh [l et (ol Jf S mdedo | o
a?(t)|].fo + tnlls |1 follx 3 \Ulfollx £l ’
wlh s = O
2
Tt~ = T O
2
Toam = o0
ot ~1 = A O
it = 0@

where the notation O(#?) means that the rest terms are bounded by Ct? with C not
depending on . When we now substitute the above estimates into (5.18), we obtain

G(fr) = 6(fo) = t//(EC — Ey+ cfy/M)ndzdv + 0(2)

with Fy and ¢ given in Theorem 5.11. Recalling the free choice of 17 and letting ¢ — 0 we
get that F — FEy > 0 on R\supp fp and that

Ey— E\™
Jo= <70 \ C> a.e. on supp fo.

By repeating the same procedure for the functional G we get the assertion for fo. O
Finally we would like to point out some remarks concerning this chapter:

1. Although we know that the minimizer must be a function of total mechanical energy,
we have so far no existence result. The conjecture is that the existence of the energy
minizer should be proved using the the concentration compactness argument (see
for example [16]) as it was done in the decoupled problems. The key argument,
convergence of the potential energies,is however in out combined setup more difficult.
We need to prove that

Ve > 03R > 0 : liminf (|Bpor (faljafs )| + | Bpor (Falizisn)l) <2,

which is beyond our reach for the moment.
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5.5 Properties of the minimizer

2. Even if we had the existence result, we could not say that the minimizer is a station-
ary solution to (5.1). To do so, we need the potentials Uy and Uy to be sufficiently
regular or we need another (perhaps weaker) sence of solutions which allows less reg-
ularity on the potentials. In this sence, we can call this minimizer a ”conditional”
steady-state of the combined Vlasov-Poisson system.
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6 Further tasks and open problems

As in [5], we would like to close this thesis with a small set of (partially) open questions
or problems, which are connected to the topic.

6.1 Numerical computation of flat stationary solutions

In the full three-dimensional case the numerical computation of stationary solutions of
the Vlasov-Poisson system is very straightforward. The minimizing state of the energy
Casimir functional and its spatial density must have in the isotropic case the form

folw,v) = (Bo—E)E,
pol) = C(E—Up)i™”.

The only thing to do now is to calculate the potential which solves the Poisson equation.
In our case

AUy = C(Ey — Up)t T2, (6.1)

Since the minimizer (and its potential) is spherically symmetric, we look only for radial
solutions of (6.1). In spherical coordinates (6.1) becomes the following ordinary differential
equation in r = |z|:

1
(U3 = OBy - Ug) 77,

which can be numerically easily solved when a suitable initial condition on the potential
Uy is prescribed.

In the flat case the situation is slightly more complicated. We do not have the Poisson
equation, instead of that we have for the potential Uy the singular integral equation (2.2b)
to solve. This is not very convenient from the numerical point of view since the support
of Up is unbounded.

Instead of computing the potential Uy we can try to compute the spatial density directly
using the numerical minimization of the reduced energy-Casimir functional (3.1) under
the total mass constraint. Since our problem is now again one-dimensional (we work with
the axially symmetric functions), we used a modified steepest descent method to do the
minimization.

Since the reduction is possible in the full three-dimensional case (see [24]), we can
use this fact to test our method. However, the minimizer coming from the numerical
minimization need not to be the same as the one obtaine by analytical methods. The
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6 Further tasks and open problems

4 Zleooopooes

60 6000600k oGO0 0

Figure 6.1: Test of numerical minimization for two 3D steady-states with polytropic in-
dexes k = 0.5 and k = 1.0. The red lines show the density profiles calculated
with the ODE method, blue points show density profiles calculated with the nu-
merical minimization of the reduced energy-Casimir functional. Green points
show the initial state used in minimization (step function).

10 10

[ 8,02 0,04 (X3 8,08 0.1 0,12 8,14 1e-07 16-86 16-05 8.8001 8.801 8.81 8.1 1

Figure 6.2: Numerical minimization of the reduced flat energy-Casimir functional for poly-
tropes k = 0.25,0.5,0.75 (red,green and blue line) with normal and logarithmic
horizontal scale.
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6.2 Approximation of flat solutions

numerical minimization provides only local minimizers of the reduced flat energy-Casimir
functional and there is no guarantee that these minimizers are global as requested by the
theory in Chapter 3 (even if the minimizers calculated in the full three-dimensional case
are apparently global).

6.2 Approximation of flat solutions

This problem was already stated in [5], but we think it is important enough for us to
mention it at least one more time. The real astronomical objects are of course not totally
flat, but three dimensional with some finite (possibly small) thickness. This fact immedi-
ately leads to the following question: Is it possible to approximate the flat Vlasov-Poisson
system by the full three dimensional Vlasov-Poisson system? In mathematical language,
the problem stands as follows. We have some class of initial conditions

f§(@,v) = fo(&,9)8° (23)0% (vs).

Each of the functions above, when sufficiently regular with compact support, launches
according to the standard existence theory a global classical solution of the Vlasov-Poisson
system. According to the existence theory for the flat Vlasov-Poisson system (see [5]),
function fy launches (again under some assumptions) a local classical solution of the flat
Vlasov-Poisson system. Since f§ approximates fo (in distributional sense), we would like
to know if the solutions associated to f§ approximate in any sense the solution launched
from fo.

6.3 3D-stability of flat objects

This problem is slightly connected to the previous one. All stability results for the flat
Vlasov-Poisson system presented in this thesis prove stability against all perturbation
living in a plane. This unphysical restriction is of course undesired since flat astronomical
objects surely undergo perturbations perpendicularly to this plane. A very interesting
(and according to our knowledge still open) question is, whether some stationary solution
of the flat Vlasov-Poisson system keeps any of its stability properties even if we drop the
above restriction for the perturbation.

The motivation which supports the conjecture, that some stability property should hold,
lies in the analysis of the total energy functional for the three-dimensional approximation
of some flat steady-state. We define this flat steady-state fy and its approximation f§ as

fO(:L'a’U) = {O(jaﬁ)éxgdvga
folz,v) = fol@,0)0"(23)5°(v3),
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6 Further tasks and open problems

where 0° is the usual approximation of the Dirac’s distribution. Now for the total energy
we have the following estimate:

H(f5) = // 0|2 fo(&, 9)0° (x3)0° (v3) dz dv — _// P (@)pj, ()5 (x3)0° (y3) dz dy

Isv—yl
7)0¢ (x3)0°
/ o] fo T,0)0%(w3)6% (v3) dz dv — _// pfo pfo (23)0°(y3) de dy

|z — g
= / 5% fo(2,0) di i — // pfo pfo di:dg

As we see, the energies of the approximations are always greater than the energy of the flat
steady-state. We of course cannot build any result whatsoever on this calculation. The
approximation we chose is very special and there is a chance that the energy inequality
fails to hold if we take some different approximation. We also cannot expect that some
flat steady state minimizes the total three-dimensional energy, because we already know
how the global energy minimizers look like and they are spherically symmetric and not
flat (see [15, 17, 12] etc.). What could be true is that the flat steady state is a local
minimizer of the energy in some sense. However, the analysis of local minimizes of the
energy functional lies momental beyond the reach of the energy-Casimir method.

v

6.4 Stability of planetary rings

In recent work [31], the energy-Casimir method was used to prove the existence and
nonlinear stability of stationary shell solutions of the three-dimensional Vlasov-Poisson
system with a fixed central point mass. This type of solutions can be used for example as
a model for quasars, astronomical objects believed to be massive black holes surrounded
by galactic matter. It is very probable that the same approach should work in the flat
case as well. Now, if we replace the central point mass with some spherically symmetric
stationary solution, which has the same mass, we get a reasonable model describing the
dynamics of planetary rings. Note that the external potential acting on the flat shell would
be the same, hence the existence and all properties of such stationary solutions would not
alter from the ones with point mass in the center. A careful analysis of the variational
problem under this setup would surely provide some stability results.
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