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Kurzzusammenfassung

Ein Vlasov System beschreibt auf statistische Weise die Zeitentwicklung einer grofen
Zahl von ununterscheidbaren Teilchen, die gegenseitig in Wechselwirkung stehen. Bei-
spiele sind etwa Elektronengase oder Sternenwolken. In dieser Arbeit wird eine Hamil-
tonsche Struktur fiir das Vlasov System untersucht.

Es wird ein allgemeines Schema entwickelt, mit dessen Hilfe auf dem Raum der
komplexwertigen quadratintegrablen Funktionen & € £? auf dem Einteilchenphasen-
raum R2? ein neues Hamiltonsches System, genannt das Hamiltonsche Vlasov System,
definiert wird. Fiir jede Losung ¢ — «(¢) dieses Systems ist dann t — f(¢) = |a(t)|2
eine Losung des zugehorigen Vlasov Systems. Die einzige Voraussetzung ist die hinrei-
chende Regularitit des Energiefunktionals auf einem Unterraum der Dichtefunktionen
f € L' Dieses Vorgehen verallgemeinert bekannte Ergebnisse von Frohlich, Knowles
und Schwarz [7].

Fiir dieses Hamiltonsche Vlasov System wird die globale Wohlgestelltheit des Pro-
blems anhand zweier Wechselwirkungspotentiale bewiesen, einer Klasse von regulidren
Potentialen einerseits, sowie des Coulomb-Potentials, welches zum namhaften Vlasov—
Poisson System fiihrt, andererseits.

Man nutzt eine strukturelle Parallele zwischen dem Hamiltonschen Vlasov System
und dem quantenmechanischen Hartree System, welche durch Anwendung einer Fou-
riertransformation in den Geschwindigkeitsvariablen offenkundig wird. Anhand dieses
neuen Hamiltonschen Hartree Systems wird ein Vielteilchenlimes fiir den Fall nicht-
relativistischer kinetischer Energie und reguldrer Wechselwirkung begriindet. Die ver-
wendete Methode hat ihren Ursprung in der Quantenmechanik, kann hier aber fiir den
klassischen Fall erweitert werden.

Schlussendlich wird ein allgemeiner Ansatz diskutiert, um periodische Losungen
des Vlasov Systems unter Ausnutzung des Hamiltonschen Formalismus zu finden. Die-
ser erlaubt etwa, solche Losungen erstmals als kritische Punkte eines Wirkungsfunk-
tionals zu charakterisieren. Des Weiteren kann die Erhaltung von Masse und Impuls
erstmals als Konjugierte zu Noethersymmetrien identifiziert werden. Die Methode der
Marsden—Weinstein Symmetriereduktion [[12] hilft uns, die Phaseninvarianz zu elimi-
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nieren, indem das System auf die Quotientenmannigfaltigkeit sL/s! projiziert wird. Es
zeigt sich, dass dieser Prozess notig ist, um die Trajektorien zu schlieen. Um die Vor-
teile der Reduktion zu demonstrieren, wird sie am vereinfachten Beispiel des Harmo-
nischen Vlasov Systems, einem nichtrelativistischen Vlasov System mit anziehendem
harmonischen Wechselwirkungspotential, explizit durchgefiihrt.



Abstract

The Vlasov system describes the dynamics of large collections of indistinguishable par-
ticles, which interact with each other, in a statistical manner. Important examples are
electron gas or stellar clusters. In this thesis, we study a general Hamiltonian structure
of the Vlasov system.

We give a formal guideline to derive a new system, the Hamiltonian Vlasov system,
on the space of complex-valued square-integrable functions & € £ on the one-particle
phase space R2¢. This system’s key property is that for any solution ¢ +— «a(f) of this
system, the trajectory t — f(f) = Ia(z‘)l2 is a solution of the Vlasov system. The only
requirement is a sufficiently regular energy functional on a subspace of density functions
f € L', greatly generalizing the previous findings of Frohlich, Knowles, and Schwarz
(71

For this newly obtained Hamiltonian Vlasov system, we prove global well-posedness
for the two cases of regular and Coulomb interaction potentials, where the latter yields
the famous Vlasov—Poisson system.

We exploit a peculiar parallel between the Hamiltonian Vlasov system and the quan-
tum mechanical Hartree system, achieved by a Fourier transform in the velocity coor-
dinates. In the context of this newly obtained Hamilton Hartree system, we establish a
mean field limit for the case of non-relativistic kinetic energy and regular two-body in-
teraction. The used method originates from the study of quantum mechanical systems,
but allows extension to a classical problem here.

Finally, we discuss a general approach for finding periodic solutions bifurcating from
equilibrium points of classical Vlasov systems, utilizing the Hamiltonian Vlasov frame-
work. In particular, the Hamiltonian structure allows to characterize periodic solutions
as critical points of an action functional, previously not possible. Also, the formalism
allows to identify some conserved quantities, such as mass and linear momentum, as
Noether conjugate to symmetries of the Hamiltonian. Through the Marsden—Weinstein
symmetry reduction [12]], we specifically reduce the phase equivariance and map the
problem to a Hamiltonian system on the quotient manifold S£/S!. This process proves
to be necessary to close many trajectories of the dynamics. We use the Harmonic Vlasov
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system, a non-relativistic Vlasov equation with attractive harmonic two-body interaction
potential, as a toy model to apply the method to. The simple structure of this model al-
lows to compute all of its solutions directly and therefore, test the benefits of the Hamil-
tonian formalism and symmetry reduction in Vlasov systems.
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Chapter 1

Introduction

The following chapter contains results from the author’s work published or submitted in
[14][15]16]].

The Vlasov system has been introduced by the Russian physicist Anatoly Vlasov [23]]
in order to describe the collective behavior of electron gas. It is a classical model in
the sense that it does not account for quantum mechanical effects. The guiding idea
behind the equation is to reduce the information about a large number of particles to a
statistical space density, which is certainly justified, if the observation scale is too coarse
to distinguish between individual particles. The result is a first order partial differential
equation (PDE), rather than a huge system of first order ordinary differential equations
(ODEs).

In the decades since its introduction, the model has not only been used to describe
the collective electron dynamics, but also to model galactic dynamics. Given the New-
tonian interaction potential in both cases and the system’s effective potential, given by
the solution of the Poisson equation in three dimensions, this specific system has been
known as the Viasov—Poisson system. Other famous Vlasov systems feature electromag-
netic fields (Vlasov—Maxwell) or relativistic motion (Vlasov—FEinstein).

Generally, Vlasov systems are embedded into the bigger class of Boltzmann equations,
which model time evolution of non-equilibrium thermodynamical systems. Vlasov equa-
tions are a special class of collisionless Boltzmann equations, as they do not model dis-
sipative collision or diffusion. This is a key property, motivating the whole perspective
of this work, which is to put those conservative systems into a symplectic framework.
The equation has the structure of a non-linear transport equation, with non-linearities
arising from the interaction between the particles.
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Given a non-dissipative system, a natural question to ask is whether the system is equip-
ped with a Hamiltonian structure. This structure provides access to techniques and re-
sults from finite dimensional Hamiltonian dynamics, e.g., analysis of closed orbits or
stability. It also allows to derive the system’s evolution equation as the extremal condi-
tion of an action functional, in mathematical physics known as Hamilton’s principle.

An early paper by Ye, Morrison, and Crawford [25] contributes to the subject of
Hamiltonian structure of Vlasov systems by formal derivation of a Lie-Poisson bracket
for the linear space of density functions. They argue to remove the degeneracy of this
bracket stemming from certain conserved quantities called Casimir functions by foliat-
ing the linear space into symplectic leaves which are the orbits of the symplectomor-
phism group, acting by composition.

Conjecturing that all these symplectomorphisms can be obtained as time-1 maps
of autonomous Hamiltonian systems, they compute a Poisson bracket restricted on the
leaf, which is claimed to be no longer degenerate. They expect that this non-degenerate
bracket is the cosymplectic form of the Kirillov—Kostant—Souriau form from finite-
dimensional theory, turning the leaf into a symplectic manifold.

As intriguing as these ideas are, a rigorous verification of the formal computation
is still missing. In addition, the derived bracket on the symplectic leaf is by its implicit
definition so difficult to handle, that no further results have grown from it.

A different ansatz occurs in the work of Frohlich, Knowles, and Schwarz [7]] as start-
ing point to compute mean-field limits of bosonic quantum systems. Therein, denot-
ing the density by f = |of?, where @ € £? is complex valued, the symplectic form
w(a,B) = J{a,p) L2 0n L2 allows to find a new Hamiltonian functional Hy(a) which
can no longer be seen as the system’s energy, but leads to a Hamiltonian evolution equa-
tion for «, that reproduces the Vlasov equation for |a|>. In [[7] the explicit case of non-
relativistic dynamics with velocity-independent two-body interaction potential is treated.
In addition to this, we find an underlying structure that generalizes to any Vlasov system
and we contribute to the subject with the first rigorous discussion of the new Hamilto-
nian Vlasov system.

This thesis is structured as follows. In the introduction, we present the standard deriva-
tion of the Vlasov system. We continue by giving a formal concept for the symplec-
tization of any such system, starting with the energy functional H(f), where f is a
non-negative density function on the one-particle phase space, extending findings in [[7].
In addition, we introduce a new system, which we call the Hamilton Hartree system due
to its structural analogy to the quantum mechanical Hartree system. These structural re-
sults are adapted from the three publications [14} [15} |16]. The introduction closes with
a discussion of the main results.
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We then use the derived formalism to discuss various questions rigorously. In Chap-
ter 3] we prove global well-posedness for two different Hamiltonian Vlasov systems
based on the publications [14} [16]. Chapter [ focuses on the existence of a mean field
limit for the Hamiltonian Vlasov system. The main results stem from [[16]]. Chapter E]
discusses the method of symplectic symmetry reduction by Marsden—Weinstein, applied
to the Hamiltonian Vlasov setup. The reduction method is discussed specifically in the
context of periodic solutions. The findings are adapted from [[15].

The final chapter gives a summary of the achieved results and an outlook on possible
further studies in the field of the Hamiltonian Vlasov system.

In the following sections, we formally derive a Hamiltonian evolution equation for a
general Vlasov equation. The positive integer d € N denotes the dimension of the under-
lying physical system, usually d = 3. The generic coordinates z = (X, V) parameterize
the phase space consisting of location (x) and velocity (v) component.

1.1 The Classical Vlasov System

We begin by deriving the Vlasov equation from first principles. For the most general
setup we consider a density function f : R2¢ — R on the one-particle phase space
R2¢ = R x R?, We assume that the full system’s energy functional depending on the
density f is given by H(f) € R. A typical example is given by

1
WU)sjﬁewxﬂndz+5j“kf T(x) - %) f(z1) f(22) dzy dzp. (L.1)
R2 R JR2

The first term contributes the kinetic energy with the velocity dependent energy density
€ : R — R. The second term, which is quadratic in f, represents the self-consistent
potential energy stemming from a symmetric two-body interaction potential I' : RY —
R. In this example, the potential only depends on the relative position of the particles,
an assumption satisfied in most physical systems. The most interesting classical systems
are all in this form.

We restrict our general choice of H(f) by the technical requirement that the first
functional derivative

.1
NMﬂmEEEMUHM%wmhﬁﬁwmwmm (1.2)
exists for a kernel function H}l) : R2¢ — R. For (T.T)), this means

H}“(z) = (V) + f I'(x — %) f(z) dz.
R
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For a static background density f, the kernel function Hj(,l) can physically be interpreted
as the unit point mass one-particle autonomous Hamiltonian. If one replaces f by some
time-dependent f (), the Hamiltonian becomes non-autonomous.

The derivation of the classical Vlasov dynamics now requires solving the self-consistent
system of characteristic equations

0,X(t,5,2) = (VyHY) ) (X(t, 5,2), V1, 5,2)),
O V(t,5,2) = (~VxH'Yy) ) (X(t, 5,2), V1, 5,2)) (1.3)

subject to the conditions
X(t=s,82,V(t=ss12)=2 and f(1,z)= f(X(0,1,2),V(0,1,1)). 1.4

These conditions combined force the density f(#) to follow the same trajectories as a test
particle under the influence of the background density f(¢). This fact justifies to call the
model self-consistent. The given set of equations (I.3) and (T.4) can be reduced to the
single transport equation

0=0,f(t,2) + (VyHY ) @) - Vuf(t,2) + (-ViH ') ) () - Vo f(2,7)
=0 f(t2)+ [ £0), H}) | @) (VD)

with initial datum f(0) = f . The expression [g, ] (z) = Vyg(z) - Vyh(z) — Vyg(z) - Vxh(z)
is the standard Poisson bracket for differentiable functions g, 4 : R2¢ = RY x RY —
C. Equation (VI) is known as the Vlasov equation which has been studied for many
different potentials and phase spaces. The following example is the most famous one.

Example 1.1 (The Vlasov-Poisson System). The Vlasov—Poisson system is the Vlasov
system with non-relativistic kinetic energy and Coulomb two-body interaction. In d >
3 dimensions it fits exactly into the given framework with kinetic term e(v) = ﬂ,

2—d
= %, energy functional

2
H= [ Srewdmneg [ JERDIER g, 4)
RIxRS 2 2 Jr

2uxw2 d(2 — d)wq X1 — X072

Coulomb interaction I'(x)

and Vlasov equation

O f(1,%,v) = =v- Vi f(1,X, V) + (VI f(0)) (X) - V\ f(1, X, V),

where V is the gradient and * is the convolution on R2¢.

Remark 1.2. The derivation of the Vlasov equation can be generalized to multiple parti-
cle species, if one identifies the densities (f,..., f,) on Rﬁd as a single density f on the
disjoint union LI | R24.
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1.2 The Hamiltonian Vlasov System

Now our focus shifts towards constructing a symplectic evolution equation from some
Vlasov equation. We assume that the Hamiltonian H(f) is real-valued and twice differ-
entiable, i.e., not only D! H(f)(5f), but also

1
&

DUH(f) 0fi.0£2) = lim — (D'H( + £ 6)6f2) ~ D'H(0 1)
= fRZd o ]_I}Z)(Zl, ZZ) 6f1 (Zl) 6f2(12) dzl dZ2

exists. We describe a canonical way to find a complex valued Vlasov type equation,
which allows to apply methods from symplectic geometry.

In most applications, it is physically reasonable to assume that the overall particle mass
is bounded, i.e., f € £}, and non-negative (otherwise consider f = f*— f~ with the same
characteristic equations). Both these restrictions are naturally fulfilled for f = la)> with
some complex valued function a € LZ. In addition, L% admits the translation invariant
symplectic form, for complex valued a, 8 € £2 given by

w(@p)=3,p =7 f a(z) f(z) dz € R, (SyF)
R

where J denotes the imaginary part and = the complex conjugate, respectively. It is now
possible to define (on a set of suitable functions a € £2) the new Hamiltonian Vlasov
functional

Hy(a) = %S D'H (laf)([a. ) = %S fR y H‘(;‘)z(z) (@, o] (z) dz (HVIF)

from the system'’s given energy functional /. Now, formal computation of the derivative
shows that

1
D'Hy(@)(da) = (151_{% . (Hvi(a + € 6a) — Hyi(a))
= %S D'H (af?)[2i 3 [6@, al| + %5 D*H (af?)[2R (e 63), (@, a]]

=9 [a,H<“2](z)+a(z) f (@, ] (z) H?\(z,2) dz| 6a(z) dz
R | R |

=K, ()
= — w (X, (@), 6),
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defining the Hamiltonian vector field X4, (@) in the usual manner. Finally, this gives
the Hamiltonian Vlasov equation for @, namely,

0,0(0,2) = Xpay @®)2) = [HY) . a(0)] @) = Koto(@) a(t,2) (HVI)
= = Vaat2)- (WH )@ - Vea(t,2) - (-VaH) ) @) - Ko@) a(t,2)

() le()?

where the function K is imaginary valued.

Example 1.3. Given that the energy is of the form (I.I)), the Hamiltonian Vlasov func-
tional is

1
Ha(@ = 5 [ (e+ (1 +1P) ) 1a.010) da
1 R
yielding the Hamiltonian Vlasov equation

d,a(t,2) = [e + (T x|a)P), 2] (2) - (T * [a(0), e(1)]) (x) (. 2).

Examining one can see that the Hamiltonian Vlasov equation in its general form
is actually just a complex valued Vlasov equation with an additional non-linear phase
oscillation term. This provides the following two formal results, which should fit into
any rigorous topological framework, as they rely more on the structure of the equation
than the specific rigorous setup.

Proposition 1.4. Let I C R be an interval and « : I X R2Y — C be a local solution of
(HVI). Then f(t,z) = |a(t, Z)I2 is a local solution of the classical Viasov equation (VI).

Proof. Multiply (HVI) with 2@ and take the real part R. Noticing that 2R @ da = 0o
for any first order derivative d and R K, = 0, we recover for f = la?:

8.0 = 0,10 = 2R &) d0(0) = 2R (o) (| HC) .. 0(0)] = Kagya )

la(o)??
=R [H) 0| - 2R KuglaF = [Hip,. £0)]. o

Proposition 1.5. Let 0 € I C R be an interval and « : I X R2? — C be some function.

It is a local solution of if and only if
!
a(t,z) = a(0,Z(0,t,z)) exp (— f Kyr(Z(7,1,2)) d‘r) , (1.5)
0

where Z = (X, V) is the solution map of the general characteristic system (I.3).
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Proof. =. Let a be a local solution and Z be the solution map of the characteristic
system. For any ¢, s € I, we find

d,(a(t, Z(t, 5, 2))) = (8,0)(t, Z(t, 5,2)) + [a/, HY ] (Z(1, 5,2))

la(r)P
D _ k@t 5.2) ot 21, 5,2)),

which is a linear ODE with a unique solution for fixed s, z, given by

a(t, Z(t, s,z)) = «(0,Z(0, s,2)) exp (— f Koyn(Z(7, 5,2)) dT) .
0

<. Let a satisfy (I.3) and let Z be the solution map of (I.3). We then compute

a(t, Z(t,0,2)) = a(0,z) exp (—f Ko(Z(7,0,2)) d‘r).
0

Differentiating both sides w.r.t. ¢ yields exactly (HVI) again. O

Equation (I.5) can provide the structure for an iterative scheme in order to solve the
Hamiltonian Vlasov system. This is elaborated rigorously in Chapter 3] for the Vlasov—
Poisson system.

It is worth noting that the choice of a Hamiltonian functional is not uniqueﬂ In fact,
if we assume that G : L] — R is any observable of the classical Vlasov system, not
necessarily a constant of motion, then

Hyi(@) = Hu(a) + G (ol

yields a different Hamiltonian HHy; whose trajectories are different in Lf, but coincide
with those trajectories from Hy, in £} under the map a — o

While this degeneracy of the problem might offer exciting opportunities for stability
analysis or related issues, for all the problems treated in this work, the canonical choice
G = 0 proved to be the most natural.

We close this section by formally classifying this gauging degeneracy.

Proposition 1.6 (Gauging Classification). Let Hy, : L2 — R be given by (HVIF) and
G : L} - R be a smooth functional. Then

Hy(@) = Hy() + G (lef?)

The author thanks one of the referees of [[14]] for pointing this out.
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also generates trajectories satisfying Proposition[I.4} Conversely, if
Hyi(a) = Hy(a) + G(a)

generates trajectories complying with Propositionand Xg is pointwise phase equiv-
ariant, i.e.,

Vaoe L2, :R¥ 5S'cC, zeR¥: Xgz(la)z) = {(z) Xg(a)(2),

then G(a) = é(lalz)for some G L; - R.
Proof. =. In this case, by the linearity of the Hamiltonian vector field, we have
X (@) = Xgg (@) + 169
Vi 1 lal
and the latter term only contributes by a phase oscillation, which is invisible under

a e o

<. Let X,H~V] generate trajectories satisfying Proposition i.e., the different gauging

only contributes by a phase oscillation. Then for every @ € £2 at any z € R2¢, we find
that
Xg(@)(2) € R ia(2).

Therefore, at any « from the dense subset C Lg where {@ = 0} is a null set,

. X(@)(@)

_ . ~(1D) - _
Vzgla=0}: Gllo)= o)

is a well-defined function, because the pointwise phase equivariance shows that the
right-hand side only depends on |a|. Thus

D'G(a)(6a) = —w (Xg(a), 6a) = f Gl“l)z(z) 2 Ra(z) 6a(z) dz,
R
showing that actually G(a) = G (Iarlz). O

1.3 The Hamilton Hartree System

Another remarkable feature of the Hamiltonian Vlasov equation is its structural proxim-
ity to the mean field equations of quantum theory, specifically the Hartree equation as a
self-consistent description of a free electron wave function [9]. This formal equivalence
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inspires the studies of Chapter[d]and Section[5.2] in particular.

To see this relation, we denote the Fourier transform in the velocity coordinate by

1 .
F l:% — L%, ar— & where a(x,é) = v f a(x,V) eV dv, (FT)
RY

)2
in particular the conjugate variable of v € R¢ is consistently denoted by £ € RY, fur-
ther 2 = (x,£). As the (partial) Fourier transform is an £? isometry and therefore also

preserves the symplectic form (SyF), it is always possible to apply this transform and
obtain a system equivalent to the Hamiltonian Vlasov one.

A particularly interesting case occurs if the Vlasov energy functional H is in the form

2
of (I.T) with non-relativistic kinetic energy e(v) = % The corresponding Hamiltonian
Vlasov functional Hy, expressed in & = F « instead of « reveals a remarkably simple

structure, motivating further studies. Introducing the notation
V(x.6) = -VI®) &,

integrating by parts, and recalling the Plancherel Theorem for the Fourier transform a.e.
in X, one computes

1 v
Hyi(a) = % II;Z" > [@, @] (x, V) dz

1
+ 5 f f la(z))]* T(x; - X2) [@, @] (z2) dz; dz,
1 R%d R%d

= — Via(X,v) - va(x,v) dz
21 R%d

1
+§f f la(z)* @(z2) VI(X1 — X2) Vya(22) dz; dzp
1 IR Jr2

ancn. l R
ET, Planch. 1 f Vi@(x,8) - Vea(x, §) dz
2 Jra

1 PN o
tg f f @@ @) VI —X2) - (62 — &) d2; diy
R2 JRX

__! f V,a(x, €) - Vea(x, €) dz + ! f a@) (V= 1al’) @ &(@) d2
R 4

2 Rgd

| —

. Lo o) A .
<a/, (Vx Ve + > ( * |a/|2)) a>£g = Hy (@),
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which is structurally intriguingly close to the Hartree energy functional of an electron
without ion background [9]], given by

L2oR, Yo %<¢/,(—A+%(F*W|2)) zﬁ>.

Hence, we call Hy (&) the Hamilton Hartree functional. Nevertheless, there are im-
portant differences between these two. The kinetic term is now ultrahyperbolic instead
of elliptic and the underlying space is Rgd instead of RY. We remark that, for differ-
ent forms of the kinetic energy e, the operator V is replaced by the Fourier conjugate
operator of Vye(v).

From the first derivative of this functional, the Hamiltonian vector field and the cor-
responding Hamilton Hartree equation is computed to be

10,0(1,2) = (Vy - Ve + (V  la)P) (@) (1. 2), (HH¢)

which can also be directly recovered from the velocity Fourier transform (FT)) of (HVI).



Chapter 2

Outline of Main Results

While the theory developed in Chapter [I|relies on formal computations and gives results
of structural type, we also provide some new rigorous results. These are organized in
three chapters each of which is summarized in one of the following sections.

Global Well-Posedness Theory

In Chapter [3] we establish well-posedness for three different systems. Section [3.2] treats
the Hamiltonian Vlasov—Poisson system from Example[I.1] The entire section is based
on the published paper [14]. For a real parameter k > 2d, the Banach space 81 consists
of some continuously differentiable functions with integrable local supremum. This new
space is discussed in depth in Appendix |Al It allows to prove local well-posedness of
the system.

Theorem I (3.9 3.20] Local Well-Posedness for Hamiltonian Vlasov—Poisson). Lerd >
3 be the dimension of the underlying physical system and let k > 2d be a real parameter.
For every M > 0, there is a positive time of existence T(M) > 0, s.t. any initial datum
@€ Bi"(’z with II&IIB;.K,z < M gives rise to a unique local solution

[0, T(M)) = B2, 1 a(r)

of
2
drat,z) = % + (T * laoF?), a(r)} (2) — (T * [a(1), (D)) (@) a(t, 2),
~ |X|2—d
I = 0o,

11
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with @(0) = &. The solution depends continuously on the initial datum.

We remark that for a subclass of these initial values, we obtain global existence based
on the conditions by Pfaffelmoser—Schaefter [17, 21]] and Lions—Perthame [11].

Based on the submitted paper [L6], Section is dedicated to the Regular Vlasov
system, where the two-body interaction T' : RY — R is C} and its first three derivatives
are bounded. We remind the reader that ‘W, is the notation for the first Sobolev space
on R

Theorem II (3.1} Global Well-Posedness for Regular Hamiltonian Vlasov). Any initial
datum & € ‘W, * gives rise to a unique global solution

Ry — (Wiz, t - alr)

of
\(&

dia(t,z) = 7+(r*|a(r>|2),a<t)] (@) - (T * (a0, a0 @) o(t,1) (2.1

with @(0) = &. The solution depends continuously on the initial datum.

As outlined in Section [I.3] the velocity Fourier transform gives a parallel result for the
Hamilton Hartree system. By defining Mi =F (‘Wf) to be the isometric image of the
first Sobolev space under the velocity Fourier transform, the following result holds:

Theorem III (3.6] Global Well-Posedness for Regular Hamilton Hartree). Any initial
datum @ € M; gives rise to a unique global solution

Ryo — Mé, = ar)

of
i 0,0(1,2) = (Vy - Ve + (V100 @) a(t,2),  V(x,6) = -VI(x) - £

with &(0) = &. The solution depends continuously on the initial datum.

Mean Field Limit

In Chapter [4] based on the submitted paper [16], we discuss the role of the Hamilto-
nian Vlasov system as an effective limiting equation for a many-particle system. This
is reasonable, since the statistical interpretation known for the Vlasov system has no
direct £2 counterpart. Then again, given the £ structure of the equation, we transfer a
method from the quantum mechanical mean field literature [18]], which helps to count
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the average share of particles in the mean field state @ € £2 with a bounded self-adjoint
operator
@ . 2 2
my: L L, 0<a<l
on the N particle state space Lé = L%l ..... 1y This operator m{ is a sum of weighted
orthogonal projections with weights in the interval [0, 1]. They are chosen, s.t. among

other restrictions, the condition <aN, mjaN> = 0 on an N particle state ay € L% implies

N

that ay o« @®" is a pure product state.

Theorem IV Regular Hamiltonian Vlasov Mean Field Limit). Assume that the
potential T is C3 and its first three derivatives are bounded. Let & € (VVf’z be an L2
normalized initial state and &y € Wé’z a sequence of L% normalized initial states which
are also invariant under particle index permutation.

Then there exist @ : Ryg — (W%’z, solving the Regular Hamiltonian Vlasov equation
@20) with a(0) = &, and a sequence of ay : Rsp — (\/V;’Z, solving the complex valued
Liouville equation

N N
dan(t,B) =) [—vm Vs, an(t,7) + [ D VI, - xn>] Yy, an(, i)]
m=1

n=1,n#m

N =1

withZ = (21, ...,2y) and ay(0) = &y. If there is some M > 1, s.t.

1 g 2 . o
sup||Dy éw| . < M. sup||DF, , éw| . <M, and 1Idlyze < M,
N 7 N 7
then for every A € (0, 1), there exist continuous, non-decreasing functions By y, By -

Rso — Ry, both independent of N, s.t.

(@), 15 Can(@) = (d, man)|

< (N + N | Bam(dr|exp| | BLu() dz).
0 0

In other words, a small share of particles outside the mean field state remains small on
compact time intervals for the limit N — co. We also remark that this convergence result
implies convergence of density matrices in full analogy to quantum mechanical theory,
which is an intriguing example where quantum methods are used to conclude results for
classical systems.

Symmetry Reduction and Periodicity

The final Chapter[3]is based on the submitted work [15]]. Therein we present the general
concept of symplectic symmetry reduction by Marsden—Weinstein [12] in the context
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of Hamiltonian PDEs in general and the Hamiltonian Vlasov system in particular. In
this method one first restricts the motion to a manifold of conserved quantities and then
contracts orbits of the group action. In order to implement this procedure, we identify
mass and linear momentum as Noether conjugate conserved quantities of certain phase
oscillation symmetries.

We apply the formalism to the idealistic example of the Harmonic Vlasov system, a
non-relativistic Vlasov system with attractive harmonic two-body interaction. Its asso-
ciated Hamilton Hartree equation is

i 0,0(1,2) = (Vy - Ve + (V +10(0) @) a1,2), V(x.6) = —x-&.

The reduction by the global S! phase equivariance, which is a Noether conjugate sym-
metry to mass conservation, gives the unit sphere projection map

m: s&% —s4/s', aoSla,

which contracts orbits of the global phase multiplication. On this quotient manifold, we
classify equilibria and families of periodic solutions, which bifurcate around them. Em-
phasizing the quotient operation, they are referred to as relative equilibria and relatively
periodic, respectively. We note that the operator

N=Vy-Ve—x-§&

is unitarily equivalent to the sum of 2d independent quantum mechanical harmonic os-
cillators in pairs of opposite signs. Therefore, the operator 9t has a complete basis of
eigenfunctions and discrete spectrum Z, with each eigenvalue infinitely degenerate. The
main findings of the chapter are summarized in the following theorem.

Theorem V (5.10] Spectral Parameterization of Periodic Families in Harmonic Vlasov).
Let & € S& be a unit eigenvector of W with eigenvalue N € Z. If Xy, = 11Xy, is the
push-forward of the Hamiltonian vector field, then we find that:

(i) Xg, (@) is zero and & is a relative equilibrium.

(ii) There exists a subspace W C TH@(S@/ Sl) with 4d-dimensional complement,

s.1.
. 1
Dx(;,m(na)jwm =< (M=N)

and in direction of every eigenvector of DXy, (I1&) Wi bifurcates a family of rel-
atively periodic solutions, whose constant angular frequency is given by modulus

of the eigenvalue.



Chapter 3

Global Well-Posedness Theory

One of the first steps in the analysis of an equation occurring in mathematical physics is
to discuss its well-posedness, which provides a qualitative justification of the equation’s
relevance for the particular physical system it describes. For example, an equation with-
out unique or even without any solution is unsuitable to predict the system’s behavior for
obvious reasons. Furthermore, the continuous dependence on initial conditions is quite
important, since a mathematical theory should take into account that in any application
scenario, controlled initial conditions are subject to small deviations due to inaccuracies,
however small, in any experimental setup.

In this chapter we therefore discuss the global well-posedness for the Hamiltonian
Vlasov equation

d,a(t,2) = [e + (T + la®)P), a(0)] (@) - (T * [a(0), a(1)]) (x) ez, 2) (3.1)
for the following two cases:

(i) Regular Hamiltonian Vlasov system in d € N dimensions with kinetic energy
and regular interaction given by

[vI? 3

e(v) = > and T'e(Cy,
s.t. the first three derivatives of I', but not necessarily I itself, are bounded. In
this case we prove global existence and continuous dependence on initial data
in the Sobolev space (W;’Z. In addition, we transfer the results to the associated
Hamilton Hartree system and prove some higher derivative bounds that are needed
for the results of Chapter[d] Exploiting the duality of the Hamiltonian Vlasov and
the Hamilton Hartree systems through the invertible Fourier transform (FT)), we

15
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also establish global well-posedness for the Regular Hamilton Hartree system

(3:10) explicitly.

(ii) Hamiltonian Vlasov-Poisson system in d > 3 dimensions with the kinetic en-
ergy and the Coulomb interaction given by

Iv[® _ xP
e(v) = and I'(x) = 1 —doy

T2
where wy is the unit sphere surface in RY. For this system we establish local ex-
istence and continuous dependence on initial data for a newly defined Banach
space Bi’“’z c (Wll’2 N C. of continuously differentiable functions with integrable
local supremum. We also adapt the global existence criteria for d = 3 from the
celebrated work of Pfaffelmoser—Schaeffer [17,21]] and Lions—Perthame [[L1]].

3.1 On the Regular Hamiltonian Vlasov System

This section is in large parts adapted from the author’s work [l16] Sec.3].

Throughout this section the positive integer d € N denotes a fixed dimension. The Reg-
ular Hamiltonian Vlasov system is a non-relativistic system with the restriction that the
physical force VI € Ci is bounded, i.e., the potential I' € Ci, which is assumed to be
even, satisfies

Cr = max {||D'T|| ... ||D’T

|p’r

1o o [ o <00, (Pot)

Under these assumptions, global well-posedness can be established in the first Sobolev
space Wi? = {a €eL2:Vace Lg}

Theorem 3.1 (Global Well-Posedness for Regular Hamiltonian Vlasov). Let & € "Wzl’z
be given. Then there is a unique global solution Rsg x R2? 5 (t,z) — a(t,z) of (1)
with initial datum a(0) = &. For any T < oo, the solution map

w,? - Ly L
. 0.71 - L
@

t - ar)
is locally Lipschitz continuous. Additionally, the image of this map is in £ L2 OLZ‘;OC‘WZ]’Z
for T = co.

Proof. (i) Iteration scheme. Consider & € W,l’z n C;yc, ||0°‘||(wz'~2 < M, compactly sup-

ported. Choose any 7' > 0. We define a(t,z) = &(z) and given a,, for some n € Ny, we
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define the objects
pu(tx)= [ latnof o
Ry
Fy(2,%) = (=VI'* pu(1)) (%),

mmmzd*wmwmmxm=ﬁrﬁf&mmeWNHWM(n
R

which are all well-defined for compactly supported a(f) € Ci’c. In fact, F,,(¢), K, (1) € Ci
and all their derivatives are continuous in (z,x). Furthermore, let Z,(t,ty,z) =
Xy, Va)(t, 1o, Z) be the solution map of the non-autonomous Hamiltonian system

atXn(t’ to’z) = Vn(t’ tO’ Z), at‘/rl(l" tO» Z) = Fn(t’Xn(t’ tO? Z)) (32)
Now a4 is defined iteratively from «,, as the unique solution of the linear equation

Iv[?

-—+@*mmﬁume*m—wﬂmmﬂmm@mmmm

a[(lln+1(t, Z) = 2

with initial datum a,+1(0) = &. In fact, this equation integrates to
!
al’H—l(ts Z) = &(Zn(03 t’ z)) exp (_ f Kn(T, Xn(Ts t3 Z)) dT) b (3'3)
0

which proves that also @, (¢) is compactly supported and Ci,v for any ¢. Therefore, the
iteration scheme is well-defined.

(ii) Uniform bounds. As a next step, one determines bounds of the transport coefficients
which are uniform in » and depend on M only. With Cr from one readily finds

lloa(®ll 2, = llan (@I < M?,
IFu(Ollze =T * pa(Dll g < IVTlLge ool < CrM?,  and
IVE 0l = (DT # puto)|

so SIIPTl| g llon(olzy < Cra?.

This yields a bound on the solution map’s differential in matrix operator norm:

! Vu(T, 10, Z) )
Z,(t, 1, 2) =2+ ne d
(4. f02) f ( Fun Xo(r,10,2) | 7

' 0 1
= DZ,(t,t9,z) = 1 + I (VF,l(T, X,(r.10.2)) 0] DZ,(t,ty,z) dr
0

15
= IDZ,(t 1)l <1+ f (1+ CrM?) IDZ, (7, to) g dr < e T¥CrMIN=0l,
to
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where 1 is the identity matrix. Further, one gets the following inequalities for K,, namely,

1K @llzp < [[D'T| e w2 IVau @)l 2 < CrM Va0l ;. and
IVK@ll e < [ID?T]| e w2z IV @@l 2 < CrM V@)l -

Combining all these results, one computes an iterative Gronwall scheme with the aid of
Equation (3.3), that is,

s (Dllgy12 = (“an+1(t)||i:% + ||V&n+1(l)||2£%)% < N1l 2 + V@1 (DIl 22
<@l g2 + [IV@ll g2 IDZ, (0, Dl o + NIl z2 Lrl|VK,l(T)||£? IDZ,(z, D)ll o dr
< M (141G 4 crm? fo t e (Dllgyrz M dr,
Hence, if Q) : Rsg — Ry is the fixed point of the integral equation
Ou(r) = M (1 + e+ rMr) 4 Crm? fo l Qu(r) FEMIE=D 4

uniquely given by

1+ CrM? + CrM? 426V

, 34
1+2CrM? S

Ou® =M
one obviously finds that ||oz0(t)||W;,z < M < Qy(¢) and inductively ||a,1(t)||w;,z < Qu(0),Vn.

(iii) Cauchy sequence. The previous steps allow to compute an iterative Gronwall
scheme in Lf".[%, tel0,T]:

!
llns2(t) = @ns1 (DI = f Or las2(7) = @psi (DI, dr
Z 0 Z

=2R f (@n2(T) = @us1(7), 07 @p42(7) = Or 41 (7)) dr
0

2
M

= 2R f <an+z<r) = @ (@), | -+ (Tl (OF) an+z(r)]>dr
0

Iv[* 2
= + (T #lan(@P), @ (0| ) dr

-2R f <an+z(T) = aut1(7),
0 2

_oR f (@ns2(T) = At (P, K1 (7) @isa(7) = K() tpet (1)) dir
0
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—2%[ <a'n+2(T) a,nJrl(T)

S + (T # | (F), @naa(r) - an+1(r)]> dr
+2R fo () = et (7), [(r*(|an+1<r>|2—|an<r>|2)),an+1<r>]>dr
-2R f (@n42(T) = @1 (7), K1 (7) (@12(7) = @41 (7)) d7

0

-2R f (@42(T) = @11 (7), (K1 (1) — Ky (7)) @py1 (7)) dr
<[ L[5

!
+2 f 2 (0) = et (Dl
0

2
Vi
M 4 (T o (P lanea(o) - anH(r)P] dz dr

=0

(T (len i1 (P = lan(@)P)),

!
Y f f Kyt (1,%) (a7, 2) = o1 (1, )P dz 7
0 JRYU ——

ciR

=0

+2 f 2 s2(®) = st (Ol 2 1K1 (©) = Ku(®) @ @l 2 dr
0

! 3
<2 f llns2(t) = @1 (DI, dr + f
0 i 0

# [ W0 = o) ol

(T (e ()P = lan(@)P)), an+1<f)mi; dr

where for the last two terms, we use that

T (|21 (D = la(OF)), @1 D |||
L

< IVDl g (Ilan+1(7)ll_cg + ”an(T)”_[%) ln1(T) = (Ol 22 V@11 (Dl 22
<2CrMOu (D) llan+1(7) = an(Dll 22

and
I(Kns1(7) = Kn(7)) @ns1 (Ol 2 < 1K1 (1) = KOl g2 |41 (D 22

< (vr* f (@1 (Vs (7) = (D)W n (1)) dv)
R¢

lltns1 (Dl 2
Ly

< IVTlLge @i @l (Ve @z + 1Vl 3) ltnsn (0) = an(@ll 5
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<2CrMOu(T) llan1(7) = an(@llz2 -

Combining the previous estimates, along with an inductive scheme of Gronwall type and
llai(T) — a/o(‘z')llzL2 < 4M?, one finds that forany 0 <t < T,

!
llnsa(t) = @1 (D)7, < 8CEM? f 03/ s (1) = 4, (@I, dr
'z O 'z
!
+2 f lls2(7) = @ns1 (DI, dT
0 Z

!
< 8CEM* Q5 (ne™ f lltns1(7) = (DI, dr
0 Z

Tn+l 4 )
(n+ 1!

< (82 Q)™

As the square root of the right-hand side is summable in n, () is a Cauchy sequence in
the Banach space L~ ([0, Tl Lﬁ) with a unique limit @ = lim,, @,,. As T is arbitrary, « is
in fact in £°£2, where ¢ ranges in Ry.

(iv) Regularity. Fix some ¢ € Ryg. (iii) proves that a,(f) — a(f) strongly in L% and
llan (Dl < Oum(?). By the reflexivity of the Hilbert space ’VVZ]’Z, some subsequence
converges weakly to the same limit a(f), hence, a(f) € (Wzl’z and ||a(t)||,Wsz < Ou(d).

In addition, we remark that by their Lf‘; . CL% norm convergence, F,, and K,,, as well as
>, 1.e., their limits are still continuous.

their first two spatial derivatives, converge in L7,

Taking the n — oo limit of (3.2) and (3.3) proves that a € C(lt’z) is a classical solution.

(v) Dense extension and uniqueness. Now assume that ¢ — «(¢) and ¢ — SB(f) are two
classical solutions with compactly supported C;’C initial values ”&ll(wzl.z , ”ﬁ’”,w},z <M.
Using the bounds from (ii), which remain valid because solutions are fixed pOiIlLtS of the
iteration, and estimating a Gronwall type inequality similar to (iii), we find that

o~ O ~ o=l =2 [ oo e ar
< [l oo - co)ace)

J

' 2 2 2 2
Sfo IVl e ||VC¥(T)||£% (||C¥(T)||£§ + ||ﬁ(T)||Lg) lla(7) —ﬁ(T)llﬁ dr

2
o dr

2
dr

(VF* f (a)Vya(r) - BO)V,B()) dv) (1)
RY

L2
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!
2
+ f VT2 (IR (IVa@Ilz + VA z) lla() - B@IR, dr

0 Z Z

!
<8CEM’ f 0% (@) lla(x) - B, dr.
0 Z
Gronwall’s Lemma therefore yields

lla(®) = Bl 2 <

!
&= | - exp ( f (1+4CEM*Q3(0)) d‘r). (3.5)
d 0
Indeed, we have constructed a solution map
wy*nc,, — ijocjjg, a - a,

which is locally Lipschitz and uniquely extensible to the entire space W.2. This gives
a notion of solution for every ‘W, initial value and (B:5) also proves the uniqueness
of classical solutions with compact support. By the same regularity argument as in (iv),
||a(t)||w;,z < Q”@”w;2 (t) remains valid for any initial datum. Hence, solutions are actually

in £ W n LeL2, O

t,loc z

Theorem yields a couple of Corollaries. It states that solutions are bounded in (Wzl’z
and explicitly gives this bound as well as the dependence of the Lipschitz constant of
the solution map on the initial data.

Corollary 3.2. Let a : Rog — W, be a solution of G1). If 1la(0)llyy12 < M, then for
any t > 0, the solution « satisfies

1+ CrM? + CrM? e(1+2CrM>
1 +2CrM?

la(®llyz2 < O3 () = M (3.6)

Corollary 3.3. Let M > 0 be arbitrary and &3 € Wy with ||&lqy2 »
the corresponding solutions t — a(f) and t — B(t) of (B.1), we have

IEH"WZIZ < M For

o d w2 2
llet) = Bl 2 < || = B exp(fo (1 +4C2M? (sz (T)) ) dT)'

In preparation of Chapter 4] we state bounds on the second derivatives of the solutions
of B.1).

Corollary 3.4. There is a family of continuous, non-decreasing functions

LZ
b 4 N R>0 - R>Q} N
{ M.D? - ) M>0
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s.t. for every solution a : Ry — "Wi’z of B.1) with initial value «(0) = & € (W%’z and
l&lly22 < M, we have

D2, < bijz(z)

Lo . oo 2.2
and the solution is in fact in Lt’ e W2

Proof. A similar claim for the ’M/zl’z norm is already explicitly given in the proof of
Theorem Hence, it suffices to consider HDZQ/(I)H o At first, we assume & € Cy,

compactly supported. Using F(¢,x) = (—VF * |a(t)|2) (x) again, it is necessary to bound
the second derivatives of the solution map Z(#, fp) of the characteristic system, namely,

) ¢ V(1, to, Z)
Z(t,to, Z) —Z+ft0( F(1,X(1,ty,2)) )dT'

Because of the regularity assumptions on I', F(¢) € Ci and clearly Z(t,1,) is in C%.
Differentiation and applying the £;° norm of the tensor operator norms yields for the
first two derivatives that

Dzl <1+ [ (14 o2 s tep)| ) Dz )5 ae
to x
< exp (1 +Crllal:) It - tol) 3.7)

and

!
D>zt 1) < f O <le@P)| . Iz 1 dr
=), :

+ f t (1 + H(DZF « |a(‘r)|2)“£w) D2z, 1) dr
1o X
exp (2 (1 + Crlléll; ) It = rol) - 1
2(1+Crliéll )
< Crllél, It = 1ol exp (3 (1 + Crlldl: ) It - tl). (3.8)

< Crlldl exp ((Cr I8P ) It - 1ol

For the second derivative of a(z), we set K(¢,x) = (I' = [a(?), a(?)]) (x) and recall the
transport formula

a(t,z) = &(Z(0,t,2)) exp (—f K(r, X(t,t,2)) dT)
0
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for the general Hamiltonian Vlasov systems from Proposition[I.5] With this at hand, we
determine for any pair k, / and summation indices i, j in the range {1, ..., 2d} that

(0,0ra(t,z)) exp ( f K(t,X(7,t,2)) d‘r)
0

= Z 8:0;(Z(0, 1,2)) 8,Z0,1,7) 8. Z;(0,1,7)
i.j

+ D 9820, 1,2)) D1 Z;(0, 1,2)
J
- Z 8:6(Z(0,1,2)) ,Z:(0, 1, 7) fo t Z 8;K(t, X(1,1,2)) 8 X,(1, 1,7) dr
, ]
- Z 8:6(Z(0,1,2)) WZi(0,1,2) fo t Z 0K (1, X(1,1,2)) 8, X;(1, 1,z) dt
, j
— &(2(0,1,2)) fo f > 00K (x, X(7,1,)) X (7, 1,2) 9, Xi(r, 1,7) dr
ij
— &(2(0,1,2)) L t > 0K, X(5,1,2)) 0idhX (7, 1,7) dr
J
+ &(Z(0,1,2)) fo r Z 0:K (1, X(1,1,2)) i Xi(1,1,2) dr
: fo t > 0;K(F,X(7,1,2)) 9iX,(%,1,7) dF.
J

Hence, the £2 norm is computed to be

[D*e)|,; < [[D*@]] 5 IDZ(O, DIi7 + IVl 2 ||D?Z(0, )| .

t
+2[Vdl| 2 IDZ(O, l)ll_c;of I(VE  [@(7), a(D)Dll g IDZ(z, D)l g AT
0

+ |l 2 j:H(DZF* [a(7), a/(T)])

£ IPZ(x, Dl dr

16z fo VT [a(2), a(o) Dl o

D*Z(z, 1) .. dr
t 2 N
+ Il g2 ( fo (VT + [@(7), (0Dl 5 IDZ(7, Dl 25 dr) <O (39)

2
for a continuous non-decreasing function bﬁ‘Dz : Ryp — Ry, explicitly computable
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from @.7), (3:8), and b:;/l.z. In particular, it only depends on a bound M of the (Wf’z

norm of &. Now if we approximate ¢ € W2 by a sequence &% of test functions with
norm < M, we have the norm convergence ||0/(t) oz(k)(t)” ) = 0 for any ¢+ > O by

Theorem [3.1} By the inequalities and (3:9) given above, [ ® @, 2 is bounded

and the reflexivity of ’Wf’z gives a weakly converging subsequence. Its 11m1t coincides
with the Lz limit a(¢), which is already in ‘Wf’z and its norm is dominated by the same

bound @.9), i.e., HD2 ) < bMDz(t) mi

In this particular setup, it is very natural to restate the global well-posedness specifically
for the Hamilton Hartree system (3.10), since the Sobolev spaces nicely transform under
the velocity Fourier transform (FT) given by

1 .
7 ‘Ei - Lgs a = &, where &(X,f) = - f a(X, V) e_lv‘f dV,
(2n)2 JRY

as known from standard Fourier theory [6, Sec.5.8.4]. We recall that the Hamiltonian
Vlasov equation (3.1)) yields for & = ¥« the Hamilton Hartree equation

i 9,0(1,2) = (V- Ve + (V  16()) (@) a(1.2) (3.10)
for V(x,&) = -VI(x) - £.

Definition 3.5. For any k € N, define M’; = F (’sz) to be the set of functions
& : R — C which arise from the velocity Fourier transform (FT)) of the respective
Sobolev functions with isometric norm ||&||y¢ = H?”l& k2 In the case of k = 1, the
norm is

%
A — (a2 A2 A2
101, = (1012, + 1€ 61 + V361 )
Utilizing Definition[3.5] we are now ready to state the following result.

Theorem 3.6 (Global Well-Posedness for Regular Hamilton Hartree). Let & e M; be
arbitrary. Then there is a unique global solution Rsy X R%d > (t,2) — a(t,2) of B10)
with initial datum &(0) = &. For any T < oo, the solution map

M - LrL;
2 .. [0.T] - L7
a > a: N
t - a)
is locally Lipschitz continuous. In fact, the image of this map is in L;"’Lz ol L;";oc
T = co.

M; for
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Proof. This is immediate from the norm conserving properties of the Fourier transform
(FT), llallyr2 = llallpe and llall 2 = ll@llz2, and Theorem We also remark that
classical solutions of @ in the class of Schwartz functions transform into classical
solutions of (3.10), since the Fourier transform is a bijection of Schwartz functions.
Therefore, the notion of a solution given here is a meaningful extension, even without
proper regularity restrictions for the derivatives. O

3.2 On the Hamiltonian Vlasov—Poisson System

This section is in large parts adapted from the author’s work published in [[I4} Sec.3].

Since the original purpose of the Vlasov equation is to describe collective behavior
of matter under the influence of gravitational or electric forces, the most fundamental
model is genuinely the Vlasov—Poisson system from Example

As opposed to the regular potential assumption of Section 3.1} the singularity of the
Newtonian interaction potential

requires a more sophisticated choice of initial data in order to solve Equation (3.I).

Let us recall the Hamiltonian Vlasov functional from Example [I.3] Integrating by parts
yields

Hyi(a) = %‘K fd/(x, V) V- %an(x, v) d(x, V) (3.11)

IR f a(x,v) ( f VL - y) la(y, )P d(y,w))- £9,00%,) (5, V),

while the corresponding Hamiltonian Vlasov—Poisson equation is easily determined
to be

0,a(t,x,v) = —v-Vya(t,x,v) + (f VI'(x —-y)lal(t,y, w)|2 d(y, w)) - Vya(t, x,v)

—a(t,Xx,Vv) fd/(t, y,w) VI'(x —y) - Vya(t,y, w) d(y, w). 3.12)

The initial condition is given by (0,:) = & for some function & : R x RY — C.
Formulae (3.11) and (3.12) exactly coincide with the results in [[7, Sec.2], motivating to
write these equations in this form. We use the following definition in order to simplify
the notation.
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Definition 3.7 (Characteristic Tuple). Let @ : RY x R? — C be some function. If all of
the functions

p(x) = f latx, V)| dv, F(x) = — (VI % p) (x),
RV
p(x) = f a(x,v) Vya(x,v) dv, K(x) = = (VI * ) (x)
R{
are well-defined, then « has a characteristic tuple (o, F, ¢, K). In parallel notation to p
and F, ¢ is called the phase density and K the phase force.
Equation (3.12) now reduces to

0a(t,x,v) = =v - Vya(t,x,v) — F(t,x) - Vya(t,x,v) + K(t,X) a(t,Xx, V).

3.2.1 Local Existence and Well-Posedness

The well-posedness theory is developed in a Banach space of C¥ functions with £}
integrable local supremum of all derivatives up to order k, as given in Definition[3.8] For
a more detailed discussion of the properties of this Banach space we refer the reader to

Appendix [A]

Definition 3.8. Let f : RY — R be some measurable function. For any real parameters
p =1 and k > d, consider the norm

1
fllger = sup (1+R)"5 (f sup |f(z + Z) dz)‘ . (3.13)
R>0 Rd |z]<R

Denote by A“? the set of measurable functions with finite norm. In addition, we define
the linear space

Br = {feC*(R! > C): Vi<klo| =1:D"f € A} (3.14)

with the norm

==

I llgrsr =

> ||D"f||f;lk,p}

lal<k

Throughout the section, the real parameter k > dim R2? = 24 is fixed. The central result
of this section is the following statement:

Theorem 3.9 (Local Existence for Hamiltonian Vlasov—Poisson). Let & € B;’KZ be an
initial datum. Then there is a positive time of existence T = T (II&IIBLK,z) > 0, such that
the Hamiltonian Vlasov—Poisson equation gives rise to a unique solution on [0, T).
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Proof. This is an implication of Proposition [3.20} mi

Remark 3.10. (i). If for some y > d we have sup,(1 + |z])*(|&(z)| + |V.&(z)]) < oo, then
& € B1*2. Therefore, Theorem applies to a wide class of appropriately decaying
data.

(ii). For |z] — oo, we always have |&(z)] — 0. This is indeed the case because an un-
bounded sequence of (z,) with |a(z,)| > € > 0 would imply an infinite norm. Never-
theless, the explicit decay rate is not prescribed. In particular, there need not exist any
y > 0, s.t. sup, |a(z)| (1 + [z])” < oo.

Similarly, |V,&(z)| — O for |z| — oo. This forbids oscillations at infinity, even if they
have decreasing amplitude. Toward the boundary of the phase space, matter has to be
locally almost equidistributed. Again, no specific decay rate is implied.

The remainder of the section is devoted to the proof of Theorem[3.9] At first, we specify
the class of solutions we are interested in.

Definition 3.11 (Solution). Let T > 0 and @ € C' ([0,T) x R? x R¢; C) be some func-
tion. « is called admissible if and only if

(1) for every t € [0,T), the characteristic tuple (o(¢), F(t), ¢(t), K(¢)) of a(r) is well-
defined,

(ii) F,ViF,K,ViK € C?t - exist and are continuous as functions of time and space,
and

(iil) sup,o IF (D)l < oo forevery 7 € [0,T).

An admissible function is called a local solution if it satisfies the Hamiltonian Vlasov—
Poisson equation. The solution is called global in the case of 7' = co.

In preparation of our proof, we need three technical lemmata. We introduce the notation

_ . (+R)*  a%(a- byb=«
A(a,b) = }erig Py Py R (3.15)
where 7, represents the Lebesgue volume of the b dimensional unit ball.

Lemma 3.12. Let € BL“? be some function. Then the following holds for the charac-
teristic tuple of a:

(p. F.o.K) e (Wr' nCl) xCh' x (Wy' ney) xcy'.
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Proof. (i) Density p. Since @ € BL** ¢ AL C L2, we get that p € L1. On the other
hand, because a € 5{2’2, for any R > 0 and x, we have that

lo(x)l < j; sup [p(X + X)| dX

(x)cR? |%|<R

1
<— f f sup (X + X,V + V)P d(X, V)
TR Jrd Jr? (z.9)<R

(1 +R)K Ropt
ol

T de

A d) ol

implying that p € L. Since Vxa € AL C L2, the natural candidate for the derivative is
Vio(x) = 2R f a(x,v) Vya(x,v) dv.
Ry
This is indeed the case, because for any R > 0 and x,

f sup |@(x + X, V)| |Vxa(x + X, v)|dv
R

¢ 1%I<R

< f sup |a(@ + 7)| [Vxa(@ +2)| dZ
TaRY Jr2 z1<oR
(1+2R)" Holder (1 + 2R)"
_TIH [IVxalllger < ‘rd—R” Il g2 1Vxerl| e

R opt.
L2 Ak, d) el 2 IVl e -

Hence, p € C_. Finally Vyp € L1 as @, Via € L2, yielding that p € WL

(i) Force F. By (i), the density p is in L. NCL. By Lemma the force F = — (VI % p)
then is in C\;

(iii) Phase density . Since o, Vyo € £2, we have that ¢ € £!. In addition, e, Vya € AL*
implies that ¢ € L. If & € C}’., the derivative is then

z,.c°
Vip(x) = 213 f Via(x,v) Vya(x, v) dv,
d

with similar computations as in (i). This relation can be extended by a density argument
toa € Bi"(’z. By identical arguments as in (i), we find that ¢ € (W,l(’l Nl

(iv) Phase force K. As ¢ is in the same space as p, we use the same argumentation as in
(ii). O
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Lemma 3.13. Let ay,ay € B;’K’z be two functions. If (o;, Fi, ¢i, K;) denote the charac-
teristic tuples, then the following inequalities hold:

(i) llor = pall e < Ak d) (llarll 2 + llaall 2 llan = 2l e,

(ii) llor = pallgy < (lnnll gz + lleall e )l = all e,

_1

(iii) Fy = Fallge < c1.0AGd)' 7 (lnll e + llall gee) Nl = aall geo,
X A A, A,

() llpr = @all g < A, d) (IIVyarll g + Vsl ) et = @all e,
X 4 Z z

() llpr = all g1 < (Vv ll g2 + Iyl g ) ey = @2l g, and

. 1-1
(vi) K = Kall g < c1.aA (k. d)' 77 ([ Vvl e + [Vy@allge2) ey — all oo

Proof. (i), (ii), & (iii). For any x, R > 0,

1
lo1(%) = po(¥)| £ — f sup (|a1(Z + Z)| + |1 (Z + Z)) |a1(Z + Z) — a2(Z + Z)| dZ
TaRY Jr2d z1<k

R opt.
< Ak, d) (llnll gz + llaall gz ) ey = eall gea

and upon integration,

llor = p2ll gy < (il 2 + lleall g2 ) ey = eall 2 < (llertll g2 + llall g2 ) llay = @all e -
In combination with inequality (B.3), one gets that

} -4

I1F1 = Fallgg < crallor = pall 7y llor = p2ll o

1-1
< c1.4AK, )7 (llanll e + lleall g2 ) ey = @2l geo
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(@iv), (v), & (vi). For any x,

o1 (%) = p2(x)| <

f (@1(%, V) = @2(%, V) Vo1 (x, V)V
RY

+

f G2 (V1 (%,V) = Vyaa(x, V) dv
Rd

v

< LJ (Vya (X, V)| + [Vyaa(x, V))) |1 (X, V) — aa(x, V)| dv

f sup (|[Vya (z + Z)| + |Vyar(z + Z)|) a1 (z + Z) — ax(z + Z)|dz
R

< d
TdR 24 |z|<R
opt.
< AW d) (IVvarll e + 1Vva2ll g2 lar = @l e
and upon integration,

ler = @2l < (IVvenllz + IVveall 2) llay = eall 2

< (IVvaill e + IVveall g2 ) llar = aall e -
Finally, by inequality (B.3)),
1-1
Ky = Kalle < c1aA (e d)' ™ ([Vsanll e + [Vvanllgge) lor = ol 72 0

Lemma3.14. LetZ = (X,V),Z= (X, V) : RXxR xRY x R? — RZ x RY be the solution
maps of the C'-ODE systems

0,X(s,1,x,v) = V(s,1,X,V), 0O,V(s,1,x,v) = F(5,X(s5,1,X,V)), and
aSX(S3 t’ X9 V) = V(S, t’ X’ v), BS‘_/(S9 ts Xa V) = F(S’ X(s, t? X9 V))s

where F, F € C?C};l. Then we have that for any s < t,
! T
[[2Cs,1) = Z(s, D) sf |F@) = F@)| exp(f (1+ IIVXF(‘T')IIL;G)d%)dT. (3.16)

Proof. Let s < t and z be arbitrary, then we get
|X(s.t,2) = X(s,t,2)| + |V(s,t,2) - V(s,1,2)|

< ft (‘V(T, t,2) - V(r,t,2)| + |[F(r,X(r,t,2)) - F(r, X(z,1, Z))D dr

< ft (‘V(T, t,2) - V(r,t,2)| + |[F(r,X(r,1,2)) - F(r, X(z,1, z))|) dr
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+f ||F(T)—F(T)||£? dr

< f t(l + IV F @l g ) (X (x. 1, 2) = X7, 1, 2)| + |V(z, 1, 2) - V(.1,2)]) dr

s

!
+ f |F() - F(T)HL? dr,

yielding a bound by the Gronwall Lemma

|2(s,t,2) - Z(s,1t,2)| <|X(s5,1,2) — X(s,t,2)| + |V(s,1,2) = V(s,1,2)|

! T
sf [F@) = F@)| 1o exp (f (1+ IV F D)l 5 ) d%) dr. O

Lemma 3.15 (Transport Formula). Let « € C' ([0, T)x RY x Rf; (C) be an admissible
function in the sense of Definition[3.11| Then the following statements are equivalent:

(i) «is a local solution of the Hamiltonian Vlasov—Poisson equation.

(ii) For any (t,z), we have

15
a(t,z) = a(0,Z(0,1,z)) exp (f K(t,X(t,t,2)) d‘r) , (3.17)
0
where Z(s,t,2) = (X, V)(s,t,2) is the solution map of the characteristic system
0 0
_X(s3 t» X, V) = V(s» t’ X, V)7 _V(S3 t» X, V) = F(S’ X(S, t3 X, V))
as as

with initial condition Z(t,t,X,V) = (X, V).

Proof. As « is admissible, we get that F € CYC] and the solution map Z is C'. The
explicit computation is identical to the formal proof of Proposition[I.5] O

Lemma 3.16 (Existence). Let M > 0 be a positive real number. Then there is a positive
time of existence T(M) > 0, s.t. every compactly supported initial datum & € C;’C with
l&ll g2 < M gives rise to a C! solution

a: [0,T(M)xRIxR? - C

of the Hamiltonian Vlasov—Poisson equation.

Proof. (i) Iterative scheme. The solution is obtained from an iterative scheme which
produces a convergent sequence. At first, we define aq(t, X, v) = &(x, v) on Ry xR? xRﬁ.
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If @, is defined, it has a characteristic tuple (o,, Fy, ¢, K,) due to its compact support
on any compact time interval. Then let Z,(s,1,x,v) = (X,, V,,)(s,1,X, v) be the solution
map of the characteristic system

0 0
_Xn(s’ ta X, V) = Vn(s’ ta X, V)a a. Vn(s7 t’ X, V) = Fil(s7 Xn(s’ t7 X, V))a
as as

with initial condition Z,(¢,¢,X,v) = (x,v). Finally, the iteration step is completed by
defining

v
o1 (1%, V) = G(Zn(0,1,%,V)) exp ( f Ko(r, X7, 1, %, V) dr) .
0

(ii) Well-definedness. Following instructive ideas similar to [20, pp.396], we want to
verify that the iteration scheme is well-defined, that ,, € C,',Z, and that for any ¢, we have
a,(t) € Ci’c. For the latter claim we control the size of the support. Therefore, we define

Ru(t) = sup{[x| : (x,v) € supp a,(1)} and  P,() = sup{|v] : (X, V) € supp @ (1)}

and claim that they both remain bounded on finite time intervals.

The regularity condition is fulfilled for @ by construction and by the choice of the
initial value. The size of the support is found to be Ry(f) = R, Py(r) = P > 0 for the
minimal numbers, s.t. supp & C By (0) X B (0) € R x RY.

Now assume that the claims hold for some n > 0. From the iterative scheme it is
obvious that p,(#) has compact support and is continuously differentiable. We as well
see that F,() is continuously differentiable and bounded on R¢. The phase density ¢,
is also continuously differentiable. To see this, consider the following. For C? functions
a,(t,x, v) we can differentiate ¢, once w.r.t. (£, x) and then integrate by parts to obtain

890,1(1, X) = f (6&n(t’ X’ V) Vvaln(t’ X’ V) - Vvd'n(ta Xa V) 6an(t’ X’ V)) dV.
RY

This identity is easily extended to the C' case by standard approximation arguments.
Finally, also K, € C?C,l(.

By standard theory of ordinary differential equations, the solution map Z, is then C'.
Therefore, @,,; € C! (Rzo X Rﬁ X Rf) and because K, (t, X) is imaginary,

la(t, x, V)| = |&(Z,(0,1,X,V))|. (3.18)
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Hence, as Z,(s, ¢, -) is a diffeomorphism of R‘i X Rg,
Pyi1(t) =sup {|v : (x, V) € supp @,(1)} = sup {|V,(¢,0,x, V)| : (x,V) € supp &}

!
SSHP{IVn(O, 0,x,v)| +f [Fn(s, Xu(s,0,%, V)| ds : (X, V) € supp &}
0

!
<sup {|V| + f IFa($)ll g ds @ (X, V) € supp &}
0

LemBIHB3) , 2 5 -4 (T
o . d-1
< P+ciq ||a||£’2 (Td ||a||£;°) ! f Pu(s)" ds
Z . ()

and
Ry1(8) =sup {|x| : (X, V) € supp au+1(?)} = sup {|X,,(¢,0,%, V)| : (X,V) € supp &}

!
<sup {IX,,(O, 0,x,v)| + f [Vi(s,0,x,v)| ds : (X,V) € supp &}
0

!
<R+ f P,(s) ds,
0
yielding the second claim. The iterative scheme is well-defined and all objects exist.

(iii) Preserved £” norms. As Z,(s, t, ) is a symplectomorphism of RY x RY, it preserves
the Lebesgue measure. By relation (3.18), one finds

1

P
||an<t)||f,g@( f (6(Zy1 (0, 1, )" dz) = 1@l o (3.19)
RIxRY

and

lon(dllz, = f ( f (2, %, V)P dv) ax B2 a2,
rd \JR¢ g

(iv) Time of existence. We want to prove convergence in the space Lf"ﬂ'z(’z. Therefore,
it is necessary to show that all elements «,,(¢) are uniformly bounded in this norm.

At first, we need to compute the difference of the flow Z, generated under the exter-
nal potential of a,(¢) and the free flow Z = (X, V), solving the ODE system

0 - - 0 -
—X(s,1,x,v) = V(s,1,X,v), —V(s,t,x,v)=0.
ads as

By Lemma([3.14]

!
|1Za(s.t) = Z(s.)|| oo < | NFu(D)ll o €. (3.20)
'Cl .
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This implies that for any ¢ > 0,

1

2
llans1 (Dl gz2 = sup(1 + R)™> (f sup |1 (f, 2 + Z)|? dl)
R>0 R

2 12<R

1
2
=sup(l +R)": ( f sup [4(Z,(0, 1,z + Z)* dz)
R

R>0 2 |7|1<R
1
2
s o _ =2

<sup(l +R)2 f sup sup |a(Z(O, t,Z+7Z)+ z)| dz

R20 R3? <R |2]<||Z,(0.0-Z(0.1)|| oo

1
2
_K o - - = - =2

<sup(l +R)2 f sup sup |a(x—tv+x—tv+x,v+v+v)| dz

R>0 R%d |zI<R |i|5f(;l||Fy,(T)HL;°€7dT

1

® i .
<sup(l +R)"2 sup |@(z + Z)|” dz

R20 B <(1+0R+ [ 10l poedr

(A +DR+ [ IFa(@ll e e7dr’

<sup (6| e

RZO 1 + R z

1 b
< (1 +1t+ f 1E (Ol g erT) (Ictl| e (3.21)
0 z

K

!
-1 2 °
s(1+r+c1,dA(K,d) a f llan (@I, e’dr) 6] e
0 'z

where we apply the volume preserving substitution (X, v) — (X + tv, V) at (x). Inspired
by this integral inequality, we infer that bg’z(t) = sup, lla,@ll e is uniformly bounded

by the solution B2

Mo (D Of the integral equation

M k,a M.k,

1 4 %
B2 (r):M(1+t+c1,dA(K,d)1-u f B2 (T)zerT) .
0

The maximal solution of this integral equation exists on some finite time interval defin-
ing T = T(M). We call this interval I = I(M) = [0, T(M)). We remark that all bounds
further derived in this proof can be ultimately bounded by some expression in %'I‘ljzm.
Therefore, they only depend on the bound M of the initial datum & and the fundamental

parameter «.

(v) Uniform bounds and Lipschitz bounds on density and force. For technical rea-
sons, we need to prove various bounds. We start by computing uniform global bounds
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for p and F, namely,
050 =sup lloa(Dll g < Ak, d) sup llan(I. < Atk Bz, (07 = By, (0,
Zn-1 iympl.

lepy = o2 o112 2 — ql
by =suplloa@ligy = lldlly < lldllye < M™ =By,
n

and

bR = sup IFa(Dll g < c1.aAk, d)' 71021 < ¢1aAl, d)' T8 (17 = By, (0.
Upon applying (3:20), we find that for any s < 7,
0 = ! 0 T—5
b5 (s, 1) =sup||Z,(s, 1) = Z(s, 1)|| P f bY(r) e dr

!
Sf By p(M) e dr = %;’K 478, 1).

Similarly, we want to prove bounds for

b, (1) = sup [Vxou (@l ;e and  byp(n) = sup[[ViFa@ll gy -

For R > 0, we have that

Vx [#(Z,(0, 1. %, VIl

2
Vo1 (2, X)] < |V ll@ns1 (2%, VI

< f (V. 161°)(Z,(0, 1, %, V)| [VxZ,(0, £, %, V)] dv
R{

f sup |(V, [817)(Z,(0, t,z + 2))| dz [[VxZ, (0, D)l =
R;

S
TaR¢ JR2 71<R

1 _ _
< f sup  sup (Y, I&)(Z(0, 1, 2) + Z + Z)| dz [|VxZ, (0, D)l £
Tde R z

24 (DR |7 <0 (0.0

1 P _
= f sup  |(V,1&)(Z(0,1,2) + B)| dz [VxZy(0, D)l o
TR Jr

2 Zl<(1+0R+b5 ,(0,1)

1 o K . .
<2 ((1+ DR+ 0.0) V28l g2 Nl g2 1952000, D)l
d

R opt. K 5
< 2A4(kd) (141405 ,00.0) M2 IVyZy(0. Dl -

This can be used to estimate the equations of variation of Z, = (X, V,,),

0
aiszn(S, t,z) = V,V,(s,1,2), a_vzvn(sa t,z) = VyF,(s,X,(s,1,2)) - V. X,,(5,1,2),
S S
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which can be rewritten in integral form for any z = (x, V) € Ri X Rf, 0<s<t,

Vo Xo(s,1,2) | _ f 0 L\ [ VaXu(r.1,2)
= ldRzu - . dr
VZVVL(S’ t’ Z) i s VXFn(Tv Xn(T’ t» Z)) 0 VZVn(T» t’ Z)
to obtain the following for the matrix operator norm:

| VaXau(s, t,2)
IVoZ,(s,1,2)| = ‘( V,V.(s,t,2) )‘
VzXn(T’ t,Z) )‘ d

i3
< |ldR$d| +£ (] + |Van(T,Xn(Ts t, Z))l) ‘( Van(T, t, Z)
!
<1 +f (1 + ||VXF,,(T)||L;<>) |V.Z,(7,t,2)| dr.
s

A Gronwall argument therefore gives the bounds

!
92,650z < o [ (1419 Olz) o).

Combining the estimates, one has

!
IVxpnet @)l gz < 24 (c,d) (1+1+ 15 ,00,1) Mzexp( f (1+IVFa @) dr).
0

QAKA(1+1+B (0.0) M2=Hy, (1)

Mwx,Z-Z

(3.22)
Applying Lemma B.T]yields
Vs Ft Ol e < ca[(1+ lloner Ol o ) (1+ 10 1950001 Dl g5 ) + llons1 Dl 2

<cy

(1+35,,0) (1 +1n, Hyolt) + 1+ fo ’ IV F (D)l g d‘r) + %;M,p(t)] .
By an inductive Gronwall argument, we can find a bound

03¢ = supIVxF(Dll gz < ca [(1+85,,0) (1 +1n, Hyo(0) + 1)+ By, |
cexp (ca (1 +B5;,,(0)1) = By, v O

At last, b3, and estimate (3.22) prove the finiteness of by . i.c.,

b5,(1) < 24%kd) (1 + 1+ 85, 50.0) M? = B3, (1),
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Finally, we have shown that for any 0 < s < r < T(M),

i3
03,(5,7) = sup IV, Z, (s, ll z < exp ( f (1+85,.v7(™) dT) =85 (0 (323)

is finite.

(vi) Uniform bounds on phase density ¢ and phase force K. We want to prove uniform
global bounds b7, b%, i.e., that

by (1) = S'ip“‘Pn(t)”L;f and bp(1) = SlipIIKn(t)IIL;o (3.24)
remain finite on /. We find
Oni1(8, %) =LJ @py1(1,X, V) Vya,p1 (8, X, V) dv
- [ O V. G0 x V) dy
+ fR E(Z,(0.1.x, I Yy ( fo l K, (5, X(5,1,X, V)) ds) dv
- [ 3@ V. G0 x V) dy

- f Yy (16(Z(0, £, x, )) ( f Ku(s, Xu(5,1,X, V) ds)dv.
R4 0

Upon estimating the absolute value and multiply using the Holder inequality, one derives

!
@1 (1, X)| < [ons1 (1, X)I2 [V ($(Z4 (O, t,X,V)))IILg,(l +2 f 1K (Dl g dT)
0
!
< 0wt (6,17 1(V,8) (Z4(0, 1, %, VN 22 IVvZ, (0, D)l o (1 +2f 1K (Ol g0 dT)
0
K !
<0 (1+1+ 55 ,0,0)° AR D IVl V52,0, 1) qu(1 +2 f 1K (Ol 2o dT)
0

s 15
<8y, (07 (1+1+ 85, 0.0) Ak.d)* M B3, 5,(0.1) (1 +2 fo 1K (D) g dr).
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For the integral norm, one finds
lpns1 DIl 1
!
<@ o Z,(0, D)l 2 I(V2@) © Z,(0, D)l 22 [IVyZu (0, D)l o0 (1 + 2f 1K (Dl g dT)
0
t
=@l g2 V2l 2 IVyZi (0, Dl o= (1 +2f 1K (D)l g0 dT)
0

15
< M* B, 4,0, z)(1 +2 f 1K (Ol 2 dT).
0

As K, is only an (imaginary valued) convolution, by Lemma [B.T]

1 1-4 1 oo
1Kl < crallgni @, lonn O < c1aM' 3985, 00,0
1 5 1 1_5 !
.(%;,K,p(;)f@ F1+BS L (0.0) A(K,d)z) (1 +2 f 1K (Ol g dT),
o 0

which proves the uniform finiteness of b on the minimal interval of existence. Now we
find by an inductive Gronwall argument that

sup [|K, (Dl g
144 gac0 o 1 0o % 1 1_5
< LM 85, 00,0 (B, 0F (1+1+ 85, ,0.0) Ak D)}
I 1-4
. exp (201,d MBS o (0,1) (%E’K’p(t)% (1+1+85 , ,0.0) A, d)%) ‘ t)

= QS;’&K(I).

The estimates on ¢, in turn imply the finiteness of

[STEY

0(1) = sup (Ol < By, 02 (11485 (0.1)

!
A, d)* M B, 4,(0,1) (1 +2 f B (1) dr) = 85,0
0
and

!
by(1) = sup llga ()l o1 < M* Bf;, 4,(0,1) (1 +2 fo B k() dT) = B, (0.
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(vii) Uniform Lipschitz bounds on phase density ¢ and phase force K. Finally, we
need to show that b"v"w(t) = sup, |[Vxgu(Dllz= and by (1) = sup, [[VxK,(@)llzp remain
finite. Indeed, we compute the matrix valued derivative of ¢, as follows:

Vx‘pn+1 (t7 X) = 2i S f Vx&n+1 (t7 Xa V) : VVal’H—l (t9 X$ V) dv
Ry
=23 f (Vx(gz(Zn (0,1,%,V))) + &(Z,(0, 1, %, V))
Ry
3
[ R K x X ar)
0
: (Vv(&'(zn(o, t’ X’ V))) + Coy(Zl’l(O’ t? X’ V))
!
. f (VXKH)(T’ Xn(T, t9 Xs V)) . (VVXH)(T’ ta Xs V) dT) dv‘
0
Estimating the absolute value using the Holder and Minkowski inequalities yields

WWW“”“ZI

(I(Vz&) 0 Z,(0,1,%, )| bg,(0, 1)

RY
t 2

+ I&OZn(O,t,X,V)If IVxKn(Dll g2 b37(7,1) dT) dv
0

(1+ R ((1+DR+53 0,0
Tde 1+R

) (b‘%"Z(O, D IV2& 2

1 2
+f IVxKn(Dll gz byz(7,0) dT II&IIﬂ;-Z)
0
R opt. ) oo K o 2
< 2A(kd) M* (141485, 0.0) By, 0,0.0)
1 B (1,0 YV
Mg NZ\"°
. (1 + f ”VxKn(T)”ono wd?'] .
0 M,K,VZ( 5 t)
Taking the positive logarithm In, of this equation and applying Lemma|[B.1] we find

In, Vg Ol < Iny 24, d) M? (1+ 1+ 85, 0,0) B3, ,(0,07)

Bir o)
Bie 0.0
R —

<1

!
+2In, |1+ f IVxKa(Dll 2
0
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< In, (2AGd) M2 (1+1+ 85, (0.0) By, 5,(0.07)

=1 ca[(1+ B30, ) (1410 a0l ) + Bl (0] e

An inductive Gronwall argument proves the finiteness of sup,, In.. ||V, (#)|| ot namely,

by, (1) < exp (Sup In, ”Vx(pn(t)”,[j;’:)
< exp((1+1In, 2A(k.d) M* (1+1+ 85, ,0.0) B, 0,(0.07) + 2418}, (1))

-exp( fo (1+%E,K’¢(T))d‘r)—l) By, v, (0)-

Hence, Equation (B.7) ensures the finiteness of

b (1) < cq [(1 +B5,,0) (1+1In, B ) + ﬂa}w,w(;)] = B3 ox(0).

(viii) Uniform supremum and integral bounds on V,q,. For any (¢,x,v) and n € Nj
we find that

|Vzaln+1 (t’ X, V)|
S |(VZ&)(ZV!(O’ t’ X’ V))l |VZZH(O’ t’ Xs V)l

t
+ |&(Zn(0, t, X? V))l f |VXKn(T’ X(T, t, X’ V))l |VZX11(T5 t’ X’ V)| dT
0
!
<I(V28) (Z4(0, 1, %, V)| bg,(0, 1) + |&(Z,(0, 1, %, V)| f by (T)by, (7, 1) dr,
0

which yields the following for the AL -norm,
K,2
by, ()

sup ||Vzan(t)”$:v2
n

IA

« !
(1+t+b;’_z(0,t))2(||V10°z||ﬂ;,z 03,(0,1) + | 2 fo B (TIBS, (7, 1) d‘r)

« f
< (1+r+85 , ,0.0)° M(%;,K,VZ(O, 1)+ f By ok (DB vz(T, t)d‘r)

K2
- %MKVG(I)’

1,42

proving the finiteness on the interval /. This proves that b,“(r) = sup,, ||&llgi«> < coin [

and the curve of each convergent remains in Bé *2,
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(ix) Difference estimates. We now want to show that @, converges to some limit « in
the L,“’ﬂ;*z norm. At first, we estimate the difference a,,.(f) — @, (¢) of the elements at
z € R2 namely,

|an+2(t7 Z) - a’n+1(t7 Z)|

<|&(Zp11(0,1,2)) — (Z,(0, 1, 2))|

i3
exp ( f K1 (7, X1(7, 1, 7)) dT)
0

+ |&(Z,(0,t,2))| lexp (f K, (1, X,41(7,1,2)) dT) —exp (f K, (1, X,(7,t,2)) d‘r)
0 0

1
Sf (V&) (1 = $)Z,(0,1,2) + $Z,41(0,2,2))| ds1Z,41(0,2,2) - Z,(0,1,2)|
0

+ |&(Zn(0’ f, Z))' f (Kn+1 (T’ Xn+1 (T9 1, Z)) - Kn(T7 Xn+1 (T7 1, Z))) dr
0

+|0°1(Zn(0,t,z))|f(Kn(T,Xn+1(T,t,Z))—Kn(T,Xn(T,t,Z))) dr
0

1
Sf |(V2d) (1 = $)Z,(0,1,2) + 52,41 (0, 2, )| ds 12,410, 1) = Z,(0, D)l
0
+1#(Zu(0, 1, Z))If(; 1Kns1(7) = K (Dl g d7

!
+|&(Zn(0,t7z))|f IVxKn(Oll g 1Xn1 (7, 1) = Xou(7, Dl £ d7.
0

Now we treat all the terms differently. Primarily, we want to remark that by Lemma|3.14]
we have

sup [|(1 = $)(Zu(0, 1) = Z(0,) + $(Zy1 (0,1) = Z(0,1)| .
< (1= 9)sup [|Z,(0,1) = Z(0, )| . + 550p [[Z141(0,1) = Z(0, )| .

<sup [|Z,(0,1) = Z(0,1)|| .. = b5 5(0.0) < B, (0,0,

Mk, Z—

yielding for any R > 0,

1 2
f sup (f (V&) (sZ,(0,t,2 +Z) + (1 — §)Z,41(0,1,Z + Z))| ds) dz
R 0

2 15
2 1ZI<R

2
< f sup sup  |(V,&) (Z(0,t,z+2) +2)|| dz
Ry [2I<R | [2|<3, , ,0.0
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° = _2
< f sup |(V,&) (Z(0,1,2) + 2)| dz
]R,z_" |i|s(l+t)R+‘B;_sziz(0,t)
f sup (V) (z + 2)|* dz.
Ry [Z<(1+0R+B5 , ,(0.0)

Dividing by (1 + R)“ and applying the supremum and the square root, we find that

sup (1 + R)*g
R>0

1 2 \3
. (f sup (f (Vo) (sZ,(0,t,z +Z) + (1 — $)Z,41(0,1,z + Z))| ds) dz]
R2 [71<k \Jo

<(1+1+85 , 0.0) [Vadll e
Similarly, for the second and third terms we get

1
2
sup(1 +R)"? ( f Sup |&(Z,(0, £,z + 7)) dz) <(
R>0 R2 |z|<R

5
L+t+85 o 0.0)" 1l g -

Upon combining these estimates with the Lipschitz estimates of Lemma [3.13] one de-
rives

(141485, 0.0) 7 llawa® = @ Ol g2

!
< V.2 121010, = 20Dl + Wil g [ 1Kor () = K@l
0
t
e [ 19Kz o () = (5Dl di
0
3 T
Wil [ 1= ool exp [ (14 19Dz )
0 0
!
il [ 1Ko (0= K@l o
) 0
! !
Hldle [ I9KaOzz [ 1= FiDl
0 T
-exp (f (1+ HVan(%)HL;o)d%) dz dr

15 T
< [Vl e f 1F i1 (1) = Fu@ll o exp( f (H%;;,K,VF(%))d%)dr
0 0

!
+ II&IIﬂ;ZI 1Kns1(7) = K (D)l g d7
0
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!
e [ () = Fiol
0

( f ' B ok (P exp ( f T(1 + %mw(%)) d%) d%) dr
0 T

<M fo K1 (7) — Kol
+M fo t IF i1 (7) = Fu(Oll g (exp ( fo ’ (1+85,.v+®) d%)
+ fo ' B o (P exp ( f T(l + 85, or(D) d%) d%) dr
< c14A (k,d)' 77 Mf IVyan (Dl ze2 + 1IVy anJrl(T)”y{“)”anJrl(T) (7| g2 d7

+Cl,dA(K,d)l“Mf IIGn(T)IIﬂu+|Ian+1(T)||ﬂK2)|lan+1(T) (7| gz

.(exp ( f (1+85,.9r(D) d%)
0
+ f 4 B (P exp ( f T(1 + %;’W(%)) d%) d%) dr
0 T

13
<By,.,0 f B 420 w1 (1) — @ ()| g2 dr,
0
where

By 0 =(1+1485,, ,0.0)",

B 2(T) = 2c1 4AK, d)l—* [SB;[ZK va (D) + QS’;WzK D (exp (I} (1 + QSEK’VF(‘T)) d‘?)

+ f ' By ox(T)exp ( f ' (1 + %;,K,VF(%)) d%) df)] .
0 T

Upon estimating B, ,(7) < B, (1) for T < 1, we even deduce that for B, | () =
B, 1D By, (1), we have

15
lansa(t) = At Dll g < By 112(0) f 1 (7) = (Dl dr.
0

By induction, one immediately verifies that

%M,K,l+2(t)n < ZEBKZ MK 1+2(t) r )

SUp [l@n1(7) = (Dl 2 <2 sup WA —— VD)

7€[0,1] 7€[0,f]
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As the right-hand side is summable in n for any ¢ < T'(M), the sequence @, converges
uniformly on [0, /] x R¢ x R¢ to some limit @ € C?, and @ = lim, o @, € LEAL”.

(x) Regularity. Using Lemmata and we can estimate the Cauchy property
of all the sequences Z,, p,,, Fr, ¢u, K, uniformly on the set [0, f] X Rgd for any t € I. In
addition, p, and ¢, are Cauchy sequences in the £} norm. As the space of continuous
functions with the £* norm is complete, we find the continuous limits Z, p, F, ¢, K.
We need to show that these limits are continuously differentiable. This is achieved by
proving the uniform Cauchy property of the first derivatives.

We start by examining F,. Let 0 < 7 < ¢ < T and € > 0 be arbitrary. For R =
€/ (4cdﬂ3°" (t)) in the estimate applied on F, (1) — F,,(1), one finds, regarding

Mok Vp
the monotonicity of B ) that

00

M,K,Vp(.
1

IVAFo(7) = VoF (Dl < ca [(1 #1072 )10a(0) = ol + ~ loa(D) = Dl

+ RINwA(D) = Vaon (Dl |

Lem[313]
7S [cd (1 +1n I%)A(K, d) + C—rj] 2%52 (1) (1) = (D)l 2 + g

where the first term can be made < 5, choosing n, m large enough by the Cauchy property

ofa, € ﬂ;*z and the estimates from (ix). Hence, V4 F, is uniformly Cauchy on [0, #] xRﬁ
and converges to a continuous limit, which is known to be Vi F, and F is continuously
differentiable. An identical argument proves the existence and continuity of VK.

Now taking the limit n — oo of the integral equation

ZI‘I(S9 t’ Z) =7+ f (Vn(Tv t’ Z)9 Fﬂ(T’ Xn(T9 t, Z))) dT
t

proves that Z solves an ODE system with right-hand side (¢,x,v) — (v, F(¢,x)). The
continuity of VxF proves that Z € C! (I x I x R4 x Rﬁ) by standard theory [2 Sec.32].
Combining these results, one finds

!
a(t,z) = a(Z(0,t,z)) exp ( f K(t,X(1,t,2)) dT) (3.25)
0
to be continuously differentiable as a composition of such functions.

(xi) Solution. This is a consequence of Lemma [3.15]and Equation (3.25). i

Corollary 3.17. Leta € C! (I x R24; (C) be a local solution of the Hamiltonian Vlasov—

Poisson equation with initial datum a(0) = & € By (0) C Bi"(‘z. Then all the bounds
B, .. derived in the proof of Lemmaalso hold for the characteristic tuple of .
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Proof. As a is a solution, the transport formula holds. In turn this implies that @
with its characteristic tuple is a fixed point of the iterative scheme in Lemma[3.16] There-
fore, all the inductive Gronwall arguments used to prove Lemma [3.16] can be replaced
by non-inductive Gronwall estimates that deliver the same bounds. O

Corollary 3.18. Letay,a; € C! (I x RY x R‘j) be two local solutions of the Hamiltonian

Viasov—Poisson equation with initial data &, &, € By (0) C B;’K’z. Then

[

llar (1) = ar(®)ll e < Ml = @oll g (1+ 1+ B, ,_,(0,0)

exp ( j(; B +2(T)dT).
(3.26)

Proof. By Corollary[3.17] all the bounds for the solutions «, a; are uniformly valid. We
remark that by the transport formula (3.17), the solutions are fixed points of the iterative
scheme. Therefore, we can estimate

o (7, 2) — a2 (1, 2)| <1&1(Z1(0, 1, 2)) — 42(Z1(0, 1, )| + 142(Z1(0, 1, 2)) — G2(Z>(0, 1, 2))|

+|0°zz(Zz(0,t,Z))|f0 IK1(7, X1(7,1,2)) — K>(7, X\ (7, 1,2))| dT
+|&z(Zz(0,t,Z))|j(; K2 (7, X (7,1, 2)) — Ko (7, X(7, 1, 2))| dT.

All terms except for the first one can be treated exactly as in the proof of Lemma(3.16
For the first term, we find that in the ﬂﬁ’z—norm, we have

sup(l + R)™? (f sup |(&1 — &2) (Z1(0,t,z + 2) dz)2
R

R>0 24 |7|<R
1
_k ° ° = _]2
<sup(1 +R)™> f sup (&1 — &) (Z(0,1,2) + 2)| dz
R>0 R24 Zl<(1+DR+%B5, , (0.1)

<(1+1+85,, ,0.0)" lld = &l = By, (01 = Gl e
Combining this estimate with the estimates of the other terms yields
lla1 (1) — a2l g2 < By (D lld1 — @all e

i3
+ By, f B 120 llan (1) — a2 (7)]| ez d.
0

A short Gronwall application delivers the desired inequality. O
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Proposition 3.19. Let {¢,} C By (0) C B;”(’Z, l&, — &llgie — O be a convergent se-
quence of compactly supported initial data with solutions az/,, on (M) = [0, T(M)). Then
there is a solution a of the Hamiltonian Viasov—Poisson equation for the initial datum &
and for every t < T(M), the following holds:

sup |la(r) — an(T)Hﬂkz "Z70.
7€[0,1]

Proof. (i) lelt At first, we remark that {&, } is Cauchy in B 2 and so is {@,}in LX Ay 2
by Corollary [3.18] if one restricts ¢ to any compact subinterval J C I(M). As all the a,
are continuous, there is a limit @ € C° (I(M) x R24; (C), s.t

sup [laA(r) — an(D)l] e =0.
teJ

(ii) Tuple convergence. We now want to prove that {p,} and {F,,} converge to the density
p and the force F induced by the limit a, respectively. In fact, this is an immediate con-
sequence of Lemma [3.13}(1)-(iii). We remark that V4 F exists as well and is continuous,
because {VxF,}is a Cauchy sequence in L( o We proceed similarly to (x) in the proof
of Lemma By Corollary [3.17} for all n we have sup., [|Vxon(Dllze < B3, 3,0
By (B.6) in | one ﬁns

IV Fo(5) = VaFu®l o < ca [(1 +In L )||pn<t) oDl o
1
+ g llon = pull g1 + RIVxon(®) = VxomOll g | -

For any given € > 0, we choose R = €/(4c4B5, Vp(t)) and some r > R. The first two
terms are controlled by Lemma [3.13}(i)-(ii) and the Cauchy property of ;.

For ¢, we only need to remark that for all n, sup,, [|V,a,(7)l| a2 < %;IZK vo () By
Lemma[3.13}(iv)-(vi), ¢, and K,, are Cauchy in their respective spaces. Denote the limits
by ¢ and K. After noticing sup, sup.cio 4 [[Vxpn(Dll = < B M,K,V(p(t)’ the argument of
V«F can be copied to prove the convergence ||VyK, () — Vx K (?)l| o — 0.

Now let Z, denote the solution map of the characteristic system. By Lemma [3.14]
we find that

1Z,(51) = Zyn(5, Dll p5 < f IF (1) = F(Dll g €xp ( f (1+B5,.07(0) d%) dr,

proving the uniform Cauchy property of Z, and thus, its convergence. This allows to
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compute

Z(s,t,z) =lim Z,(s,1,z) = lim (X, V,,)(s,1,2)
n n
—a+lim [ (V,(nn2) Py X0 2) de
noJi
=7+ f (V(z,1,2), F(1, X(1,1,2))) dr.
t

Hence, Z is the solution map of a characteristic system with a C'C} right-hand side. By
standard theory [2} Sec.32], Z € cl.

(iii) Solution. As all the a, are solutions, they satisfy the transport formula
3
a,(t,z) = &,(Z,(0,t,2)) exp ( f K, (1, X, (1,1, 2)) d‘r) .
0

In the previous part we have shown that all the sequences converge for the limit n — oo
sufficiently nice to derive

a(t,z) = &(Z(0,t,2)) exp (f Ko (1, X(1,t,2)) d‘r)
0

and indeed, the right-hand side is C(ll’z). The function « is a local solution for the initial
datum & by Lemma if (0, F, 9o, Ko) is indeed its characteristic tuple. At first, we
verify that ¢ is well-defined. In fact,

IVa@ll e < (1474|200, = Z(0,0)| . )*
!
-(IIVz&IIﬂ;z IV2Z(0, Dl g + Il e f IVxKoo (Dl g IV2Z(T, Dl 22 dT)
0

<2(1+1+ 2.0 - 20, t)||£;o)§

'(lle&Hﬂ;z exp (fot (1 + ||VxF(T)||L;°)dT)

+ 116 e j(;[”VXKOQ(T)“L;? exp (jj(l + ||VxF(%)”L§°)d%) dT)
<2(1+t+85, , 0, r))% (||Vz&||ﬂ;,z exp ( fo t (1+85,9:D) df)

! !
+ 1] 72 fo %E,K!VK(T)GXP( f (1+%E,K!VF(%))d%)dT),
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proving that a(#) has a well-defined characteristic tuple. Now for the phase force K, we
indeed find that

IK()) = K0l gz <IK@) = Kyl g + 1K) = Kn(Dll g
< c1a' AR )7 (V@] g2 + IVv@n (Dl g2 ) lled) = (0] e

+IKeo(t) = Ku (Dl 2 "= 0.

Therefore, « satisfies the transport formula and is a solution with initial datum a(0) = &
by Lemma 3.15] o

Proposition 3.20 (Well-posedness). For every M > 0 and t < T (M), there is a Lipschitz
continuous time evolution operator

W . Bu@®C B - A
e @ B ),

(3.27)
which maps the initial datum to the state at time t. The function a(t,z) = (Uy &) (z) then
is the unique local solution of the Hamiltonian Vlasov—Poisson equation with initial
datum &. Indeed, we have Wy, (B (0)) C BIx2 ¢ Ax2,

Proof. Let M > 0 be arbitrary. At first, restrict the domain of definition to the set of
compactly supported initial data. By Lemma|[3.16] there is the uniform time of existence
T(M), s.t. there is a solution for any of these initial data. By Corollary[3.18] the time evo-
Iution operator is globally Lipschitz on the compactly supported data in By, (0) C B, 12
By Lemma these initial data are dense. Because B, is complete by Theorem
there is a unique Lipschitz continuous extension of ., on By (0) C B;’K’Z. Proposi-
tion [3.19) finally proves that the functions obtained by this technical extension truly are
solutions of the Hamiltonian Vlasov—Poisson equation.

The uniqueness of these solutions is immediately provided by Corollary as any
two solutions with the same initial datum coincide.

The final statement follows from the fact that the finiteness of ||a(t)”‘,3;.»<,2 is given up
to T(M). O

3.2.2 Global Existence

Due to the close relation with the classical Vlasov—Poisson equation, the Hamiltonian
Vlasov—Poisson equation admits almost the same continuation and global existence cri-
teria as those due to Pfaffelmoser—Schaeffer |17, [21] and Lions—Perthame [[11]] for the
classical case. For completeness, we include the leading steps before adapting their cen-
tral results.
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Proposition 3.21 (Maximality Criterion). Let @ € C! ([0, T) x R2; (C) be a local so-

lution of the Hamiltonian Vlasov—Poisson equation with initial datum & € B;’K’z. It is
maximal if either T = oo, or |la(t)||gi«> — oo for t T T. In any other case, there exists an
extension. In particular, we find a maximal solution for every initial datum &.

Proof. Maximality is obvious in both cases. Hence, assume that none of the cases holds.
Then, by definition, we know that

IM>0:¥Te[0,T):Ate(,T): la®llgis> < M.

In conclusion, one can pick some ¢y € [T - m T) where T (M) is the lower bound

for the existence interval of the solution, and continue the solution to at least 7 + T(M )

contradicting maximality. O

Definition 3.22 (Velocity Moments). Let k > 0 be arbitrary. For any measurable func-
tion @ : R2¢ — C, we define the k-th local velocity moment by

iy (@) (%) = f v a(x, V) dv (3.28)
R¢
and the k-th velocity moment as

mmg]&wmwa:fijMmWwa. (3.29)
R¢ R¢ JRY

Lemma 3.23. /20| Lem.1.8] Let k > 0 be arbitrary and « : Rﬁd — C be measurable.
Now let p € [1, 00] be some exponent and 0 < | < k < co. Define the exponent

k+d2=t
r= —p
k=l gp-t
i+ p +d p
Then the following estimate holds
k?+<(k> ’])) - Ip+d(p—1)
Iy (@)l g < Cklp”a'”pz,zl N () =D (3.30)

Proof. Let x be arbitrary and call g = 1% the Holder conjugate of p. Then we find that
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for any R > 0,

m (@) (x) < f VI la(x, v)I* dv + f V' [a(x, V)I* dv
Bg(0) RY¢-Br(0)

1
q
<fla(x, P ( f |v|”fdv) + R f v lax, W dv
v \JBr(0) R{

1
wg \? d _
sna(x,-)u%,,( ) R0 4y (@) (%) R

lg+d
I+f—11 k=1
d d\d k-l +d
R opt. k-1 kg [+ q kg wy kq+d a ﬁ
= (@] il lg+d lla(x, )IILH,, my (@) ().
=Cr.l,p

Now taking the r-th power and integrating this expression, where the right-hand side is
estimated by the Holder inequality once more, we obtain

K=

r
Pk
(2, )"
Ly

k=l
k=I+lp+(p-Dd Ip+d(p—1)
My (a,) Ip+(p—1d+k=1

I+%
rk+4
ny (@) "

U

Iy @)1l <y,

(uan

2p(k=1) Ip+d(p—1)

< Cklp ||a||k 21;1/’+<ﬂ hd My (@) o o-DawkT

— r
= Crip

Ll

Upon taking the r-th root of this expression, we find the asserted inequality

psz;; ll)m lprd(p_D)
lmy @l < crip ||C¥|| My (@) reeDd m|

Proposition 3.24 (Global Existence Criteria). Let « € C! ([0, T) x R2; C) be a solution
of the Hamiltonian Vlasov—Poisson equation on a maximal interval of existence with
characteristic tuple (p, F, ¢, K) and initial datum |I&||B;.K.z < oo, If there is a continuous
h: Ry — Ry, s.t. either

(i) IF@llge < @) onte[0,T), or
(ii) ||p(t)||a < h(t)onte€[0,T)for some p € a’[l - %, 1), or

(iii) M (1) < h(r) on t € [0,T) for some k> [(1-1)d—1]d > (d-3)d,
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then T = co and the solution is global.

Proof. The idea is to replace the key bound %'I“fm in Lemma by a continuous func-
tion that remains finite for finite times. Therefore, we need to manipulate the estimate

@:2D:

X
2

20 f N
|mmmzs@+wjﬁﬂﬂ@ew)wmz
-2 . 2 .
s(1+t+ fo c,,d|m(r)||£p||p(r>||£;:’edr) 16 s

s(1+t+ fo ¢pali ) lply € oIy f')dr) 16l -

Statement (i) follows from the first inequality. The last inequality shows that when-
ever p € d[ 1 l) and (ii) holds, a Gronwall argument proves the existence of g €
C% (Rsp; Rsp), s. t [la@)|| a2 < g(0). By replacing the general bound %K , with the spe-
cific upper bound g in the proof of Lemma L one infers that even IIVza(t)II e and
therefore IIa/(t)||Bl «2 remains bounded on any ounded interval. By the Max1mahty Cri-
terion[3.24] the solution is global.

If we now assume (iii), we can reduce this to the condition (i) by Lemma[3.23] i.e.,

2qk

Lem[323] T (g-1d
lo®llge = llmo (@@llz < crag lla@l o My (1)) Frand

< Crilg ||Ot||qk+(q " Wy (@) T

given that

( l)dS _qk+(q—l)a?<
K

1-= =
k+(q-d

By adjusting 1 < g < oo, we find that if Mt (@ (7)) is bounded for some fixed k > 0, then
sois [[p()llzr forany 1 < p <1+ s. In order to satisfy the condition (ii), we find the
natural restriction for k, given by

1 k
1-—-]d<1+-. O

Theorem 3.25 (Pfaffelmoser—Schaeffer Adaptation). Letd = 3, k > 2d = 6 be fixed and
&€ B;’K’z be an initial datum, which in addition satisfies

(i) [l gz [ ez < o0,
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(i) A 2 d : |[IIV.bll g3 || oo < 00, and
(iii) My (&) < co.
Then the maximal solution for this initial datum is global.

Proof. Let a be the maximal solution for the given initial datum and f = |af? its corre-
sponding solution of the classical Vlasov—Poisson equation. It is easily seen that f =161
then satisfies the conditions given in [[17, Gen.Ass.1]. Further, [17, Thm.19] in combi-
nation with [17, Lem.10] proves that there exists i € C® (Rs0; Rs), s.t. IFOI| o < h(D),
yielding global existence of a by Proposition [3.24}(i). mi

Theorem 3.26 (Lions—Perthame Adaptation). Let d = 3 be fixed, k > 2d = 6, and
& € B2 be an initial datum, s.t. in addition My, (&) < oo for some k > 9 (1 - %)—3 > %.
Then the maximal solution for this initial datum is global.

Proof. Let a be the maximal solution for the given initial datum and f = |a|* be the
corresponding classical solution of the Vlasov—Poisson system. The statement of [11}
Thm.1] proves that there is i € C% (Rsp; Rsp), s.t. My (D)) < h(), yielding global
existence for a by Proposition [3.24}(iii). m]

Remark 3.27. (i) Pfaffelmoser—Schaeffer. While the relation between local-sup inte-
grability conditions given in [17, Gen.Ass.1] and the conditions (i), (ii) in Theorem
are very close, it is worth noting the subtle difference. While « € B2 only requires the
integrability of the local supremum on balls in R2?, the conditions in [17, Gen.Ass.1]
require integrability of the local supremum on balls in R¢ and the full space R¢. Hence,
(1) and (ii) are true restrictions, which are not genuinely fulfilled for any a € B;”"z.

(ii) Lions—Perthame. In the Vlasov picture where f = |&/%, Theorem 1 in [I1] provides
the global extension of solutions under the sole restriction of Mt (&) < oo for some k > 3.
On the other hand, uniqueness of f is only established for the case of k > 6, but on a

much larger class of solutions, essentially satisfying p € L7 L. We should remark

that any f derived from & € B,*? is in B! and indeed satisfies all the regularity and
integrability conditions of [11, Thm.6]. Therefore, on the Vlasov level, the solution f is
unique in that much larger class, as long as k > 6. Nevertheless, as the map & +— & is
not one to one, the results are not instantly transferable to the Hamiltonian Vlasov setup.



Chapter 4

Mean Field Limit

This chapter mainly consists of results by the author submitted in [|16]].

In mathematical physics it is often the case that one has to model a physical system
consisting of many indistinguishable particles whose state can only be detected in a sta-
tistical manner. Mathematical models can then be developed on the microscopic scale of
N particles and on the macroscopic scale of their statistical ensemble. In order to make
the transition from the microscopic to the macroscopic description, the mean field ap-
proach replaces direct particle interactions with an effective background field, typically
in the form of a convolution as in Equation (#.3)). A big justification for the macroscopic
theory is achieved when its time evolution is consistent with the microscopic evolution
at least under some limit procedure N — oo.

This is the idea behind computing a mean field limit. In order to define a mean
field scheme, we require a sequence of physical systems Xy with respective evolution
equations, describing the microscopic dynamics of N particles, as well as a physical
system £ with an evolution equation, parameterizing the macroscopic state of the same
system on a coarse scale, which no longer identifies different particles, but rather carries
the statistical information of their ensemble. Given a projection map

M: I xZx- = (ox)yeny = Toy)yen,

which assigns a sequence of states in £ to a sequence of microscopic states in the Zy,
a mean field limit is a statement which, given the convergence [loy — 0, N — oo in
some sense, implies the convergence [loy(f) — &(t), N — oo as time evolves in the
respective systems. This can be expressed in a commutative diagram, see Figure 4.1

53
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N—ooo -

X, X —oy 5N 2% s

\Ltime evolution J/time evolution

II &N N—ooco —
DiXZyXeer — XV —— X
Figure 4.1: Scheme of a mean field limit. A sequence of many-particle states X; XX, X- - -

is mapped to a limit in the mean field system . This map must commute with time
evolution.

The Vlasov formalism fits precisely in such a framework, as it has been proven to be the
mean field limit of numerous classical many-particle systems. The most seminal work in
this context is [3]]. In order to intrinsically motivate the study of the Hamiltonian Vlasov
system, in this chapter we show that the Hamiltonian Vlasov equation indeed arises as a
mean field equation of a many-particle problem.

Throughout the chapter, we restrict our attention to the case of the Regular Vlasov
non-relativistic model with regular interaction potential I' : R¢ — R, i.e., the energy
functional is

VP 1
H= [ (G430 nw) e
R%d

and T € C3 satisfies

DT

D’r
|D°r|

Cr = max {||D'T]| o) <o (Pot)

£;0?|| £;07

We recall that the global well-posedness for the associated Hamiltonian Vlasov and
Hamilton Hartree equations is established in Section

4.1 The Many-Particle Model

In the classical Vlasov formalism, one way to derive the evolution equation is via the
requirement that the density is constant, i.e.,

d,f(t,X(t,0,2),V(1,0,2z)) = 0 (V1
along the trajectories (X, V) of the non-autonomous Hamiltonian system

9,X(1,0,2) = (VWH) ) (X(1,0,2), V(,0,2), X(0,0,2) =x,

O, V(t,0,2) = — (VyHY) ) (X(8,0,2), V(£,0,2), V(0,0,2) = v,

where H'!) is the kernel of the first functional derivative of the energy functional H :

f@®
Ll >R
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A helpful interpretation is that any infinitesimal mass f(t, z) dz follows the trajectory

of a unit mass test particle under the non-autonomous Hamiltonian H;l(i) generated from

the background f(¢). In this sense, the evolution equation is self-consistent.

On the macroscopic scale, the Vlasov equation describes a continuous cloud of matter,
which on the microscopic scale consists of many point particles. It is therefore natural
to search for a link to the classical many-body problem

BIXm([, 0,Z,...,Zy) = (Vv,,,HN) (X1, Vi,...,. XN, VN)(2,0,24,...,2ZyN)), “4.1)
0 Vn(t,0,21,...,2yv) = — (Vx, Hy) (X1, Vi, ..., XN, V)@, 0,21, .. .,2y), 1<m<N

of N particles with autonomous Hamiltonian

1 N
m Z F(Xm _Xn)~ (42)

m,n=1
m#n

N 2
2, [Vinl
Hy: RZ‘W—HR, (Z1,...,Zy) — E %+
m=1

The state of such a system of many indistinguishable particles is most efficiently de-
scribed in a probabilistic manner. This can be achieved by assuming that the initial data
have the joint distribution fy : R2Y — Ry and this distribution follows the trajectories

7 = (X1, V1, ..., Xy, Vy) of the ODE system (@.I). From both these assumptions, one
easily deduces that the joint distribution evolves according to the following Liouville
equation

N
0=0,fy(t2)+ Z ((Vx, fn) (t.2) - (Vy, Hy) (Z) = (Vy, fn) (1. Z) - (Vx, Hy) (2))
m=1
=0, fn(t,2) + [ fn(0), Hy]y (D), (LvIY)

where [-, -]y indicates the Poisson bracket on Rifw .

The link between the two distributions fy(7) and f(¢) can be heuristically well explained.
While f(r) is a deterministic model, fy(¢) arises from a probabilistic interpretation. For
m =1 in @) one finds that

(a,xl )_( (Vy, Hy)(Z(t,0,7)) )_( v
ovi ) T\ —(VyHy(Z(1.0.2) |\ -5 Zh, VX - X,) )

The second component is expected to behave like

1 l arge
— T 2L TG = X) R (VT s fa) () 43)
n=2
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on regions of the phase space where fy(f) > 0, since the marginal distributions of
{Xs, ..., Xy} should remain close to f(¢) if the initial condition is close to the indepen-
dent identical distribution (i.i.d.) fy ~ f®V.

Existing results are then often in this form: If the joint initial distribution f°N con-
verges to the distribution f‘g’N , where each particle is i.i.d. o f , then for every k € N and
t > 0, the k marginals

k —
12)(t’zl""’zk)=f f fN(t,Z)dZN"'de+1
]R%‘[ R%d

of fy(f) converge to the i.i.d. product f(#)® for N — oo in some space of probability
distributions. This was done for regular forces in the seminal paper [5] and has encour-
aged a rich literature, the main focus today lying on optimal regularization procedures
for singular potentials, mostly Coulomb [10].

Guided by the general symplectization principle of any Hamiltonian Vlasov, one can
now derive a Hamiltonian equation for both the mean field system (VI) as well as the
many-particle system . In the case of the mean field system, the result is the Hamil-
tonian Vlasov equation

2
M

diat,2) = | == + (T #la0)F), oz(t)] (@) — (T * [a8), a(0)]) (%) (1, 7). (HVI)

Its equivalent Hamilton Hartree equation is obtained by the velocity Fourier transform

of Equation (HVI)
10,6(1,2) = (Vy - Ve + (V +1a0?) @) at,2), V(x,6)=-VI(x)-£  (HH)

as already outlined in the discussion of their global well-posedness in Section 3.1}
On the other hand, the energy functional for the N particle problem is

Hy(fn) = LW Hy(2) fn(Z) dZ.

Applying the Vlasov symplectization scheme for £} and R2", rather than £; and R}¢,
yields the corresponding N particle Hamiltonian Vlasov functional
1

Hyvi(an) = >

1
D'y (nf) (av.al) = 5; [ | Hu(® lax.anly @ di.
1 R;dN

This functional yields the Hamiltonian Liouville equation

6¢G’N(Z‘, Z,...,2Zy) = [Hy, CZN(Z‘)]N (z1,...,2Zyn), (HLVN)
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for . Note that by the linearity of the energy functional Hy, Equation is the
complex-valued £? equivalent of (LvIY).

Under the velocity Fourier transform #®V in every coordinate, Equation (HLv")
becomes

N
POt 2) = | D Ve, + 5 D Vi =) | @t 2, 2)
=1 n#m

(PsQM™)

which is called the Pseudo-Schrodinger system, since its structure is similar to the
bosonic many-particle Schrodinger equation, the only difference being in the kinetic
term and the underlying space, which is de"’ as opposed to RZ". In agreement with
bosonic systems we are only interested in the symmetric states @y, that is, states which
are invariant under coordinate permutations.

The connection between the various systems introduced above is nicely represented in
a schematic, commutative diagram, as seen in Fig. {.2] The diagram indicates two key
features.

At first, the structural analogy between the Hamilton Hartree / Pseudo-Schrodinger
ensemble and the quantum mechanical Hartree / Schrodinger system offers exciting op-
portunities to develop a mean field limit similar to the one for bosonic quantum systems.
Up to some restrictions and adaptations, it is possible to follow the guidelines of [18]],
where a quantum mean field limit of bosonic many-particle Schrodinger to the Hartree
equation is proven. Following the strategy presented therein we show that a(¢) arises as
a mean field limit from a sequence of many-particle pseudo wave functions &y(z), solv-
ing . The sense of convergence is given by the average number of particles in
the mean field state. This convergence also implies convergence of the respective pure

density matrices in the operator norm. The computations are rigorously carried out in
Section 431

Secondly, the diagram shows, that any mean field limit in the Hamiltonian Vlasov
or Pseudo-Hartree picture yields a mean field limit for the classical Vlasov case by re-
versing the velocity Fourier transform and mapping a > |o. It is a peculiar example,
where quantum £? methods can be used to infer properties of a classical system. Due
to the reversibility of the velocity Fourier transform, the £? mean field limits in both
pictures are equivalent.
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Classical Vlasov Stoc?a?ﬁc mjnly Liouville
article mode! >
f(x,v) P &)
W(f) convergence of ﬂN(fN) linear
of = [Hf’f] & Oifv = [Hy, fnly
marginal
distributions
f=laf? fu=lanl
Hamiltonian Vlasov N Hamiltonian Liouville
a(x,v) ay(X,V)
Hyi(a) Hy.vi(ay) quadratic
o = [H|(,|2, a] -+, al) -« day = [Hy, anly
A AN
|
ET. i : FT.
\I/ many-particle \l/
Hamilton Hartree S l:l(’fz"ﬁc N Pseudo-Schridinger
(%, €) N an&. 8
Hu(@) \‘T‘h“ Hym(@n)
10 = (Vx - Ve + (V = 181)) @ MR 0y = (Ve Vgt & S Vi)

Figure 4.2: The hierarchy of the discussed equations with their name, phase space vari-
able, energy functional, and equation of motion. Expressions in [-, -] and [-, -]y denote
the Poisson bracket on R3¢ and R2¢N respectively. All mean field theories are in the left
column, all many-particle systems in the right one. The velocity Fourier transform (F.T.)
is reversible and therefore yields equivalent equations. The Vlasov mean field theory in
the first row is widely discussed in the literature, e.g. [5,[10]]. The dashed lines indicate
newly established results.

4.2 Solutions and Estimates

In preparation of the mean field result in Section [4.3] we need to state some properties
and estimates of the solutions of the many-particle system . Although not ex-
plicitly mentioned here, the results clearly translate to solutions of through
properties of the velocity Fourier transform (ET).

Theorem 4.1 (Global Well-Posedness for the Many-Particle System). Under the as-
sumptions in (Pot), the Liouville equation (HLV™) has a global solution for any N € N
and any initial value. The solution preserves regularity of the initial state up to Cé, as
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well as its invariance under particle permutations. If the solution is classical in C(lt " it

is unique therein. Any two solutions keep their L; distance constant for all times.

Proof. In fact, (HLv") is a linear transport equation and its characteristics are indepen-
dent of the initial value &y. They are given by the solution map of

1
0, Xm(t,5,2) = Viu(t,5,2),  0;Vu(t,s,2) = Vo1 Z VI (X,(t, 5,2) — Xn(2, 5, 2)) -

n#m

Assumption assures that the solution map ZN = (X1, Vi,..., Xy, Vy) is well-
defined on R x R x R;‘“V and, because I is Ci, any transformation ZN(t, s) is Cg,. Hence,
for any initial datum &y € Lé, there is a solution given by ay(t,Z) = &N(ZN(O, t,7)).
The solution is classical if &y € C%. If the initial datum is in Cé or ‘Wg’z, the solution
remains in that respective space.

In addition, the Hamiltonian structure of the characteristic equations implies that all
sz norms are conserved because Zy is a family of volume preserving symplectomor-
phisms. Moreover, since the characteristic system is symmetric, i.e., it is invariant under
permutation of particles, such symmetric initial states conserve this property under time
evolution.

The uniqueness of classical solutions is immediate, because the transport equation
and the characteristic equations are equivalent on that class.

For the last claim, we remark that all solutions arise from composition with the very
same solution map. It is volume preserving due to its Hamiltonian structure. Therefore
one obtains ||ay(t) —ﬁN(t)HL; = ||a&n _BNHL; for any two initial data &, By and their

respective solutions. O

Proving a mean field limit requires uniform bounds in N on the first and second phase
space derivatives of the solution. They can be naturally obtained by a respective condi-
tion on the sequence of N particle Hamiltonians.

Definition 4.2 (Mean Field Consistency). Let {Hy : R%"N — R}yen be a sequence of
Hamiltonian functions on the N particle phase spaces. Then the functions Hy are mean
field consistent, if and only if

(i) each Hy is invariant under particle permutation and

(ii) there are constants Cy, C», C3 > 0, s.t. for any N > 2 and any permutation invariant
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ay € ‘Wz%’z, the following inequalities hold:

ool < il

H[D%ZI ,Zz)HN’ aN]

<G fIpl el (MFO)

N2

z <G ”D(zz],h)aNH_c; :

1
H[D(Zl ZZ)HN’ D(Zl Zz)aN]

This definition is tailored for our purposes.

Lemma 4.3 (Non-Relativistic Two-Body Interaction). The sequence of Hamiltonians
(@2) along with Condition (Pot) is mean field consistent.

Proof. For any N > 2 and ay permutation invariant, w.l.o.g. C>* and compactly sup-
ported, we have that

2 3
1 .
N .Cé RédN
2 2
LZHN Z |6X1‘QN' + Z N — Z 9,0, (x) — Xp) (6V1,(1N 6vm,Q'N) dz

L;ﬂ) HD;QN”Q ’

1

||[DLHN,(ZN]

[( ¥ L V(X1 = Xi) ) QN]
N

Vi

(**)

2 1
< |IDy ]| 2 +2[ID?0]| . [ID3, e[ 2 < (
where at () we evaluate the Poisson bracket and norm square and at (xx) apply the
matrix operator norm of DT, as well as exploit the permutation invariance of ay in
order to use the derivative on the coordinates of the first particle.

The computations for the other two inequalities of (MFC) can be carried out very
similarly. The bounds on the first three derivatives of I' are crucial here. By standard
approximation, these inequalities are extended to permutation invariant functions of

2,2
woo m]

Lemmad4d4. Letay : R XR?N — C be an invariant w.r.t. particle permutation solution
of , &y = ay(0) € ,Wz,z HD CKN“£2 s |D(z1 ) L < M. Let Hy be mean field
consistent. Then for any N > 2 with Cy,C3,C3 > 0 from @D we have that

1 1(1+C2) L+C?) — L3
< ||D11aN”L§ 62( ) < Mgz( ) = bM,D}l (1),
1

(4d)*C3? 2 2 R (iac? v
2 T2 1+C7)t _ @Ad)* (5+C5)t — =7
||D(lezz)aN(I)||£§ < M(l + I C% (e( D) 1) e G+ = bM»D(Zz,.Q)(t).
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Proof. Let ay be the solution for some permutation invariant initial datum &y, which
for now is supposed to be C3’ with compact support. Then for any 7 > 0, we find that

0% avtolf, - 0% ]
- f t 3. ||DL,an(@)||} dr = 2R f t (D}, an(1),8:D}, an(1)) dr
0 z 0

!
~2% [ [ (Dlan(nd D} lHy.an(nly @) dzdr
0 Jraw
! 2
= f f [HN,|D;]aN(T)|
0 Jraw N

+2R f f (D}, an(r.) - D, Hy,an()|, (@) dZ dr

(Z) dZdr

P,

1
il

<2
0

dr
4

2
) dr
z

yielding the first claim by Gronwall’s Lemma. For the second claim due to differentia-
bility constraints, we need to replace the matrix operator norm |-| with the trace norm
first:

< fo’ (HD;,CYN(T)”zL; + H[D;IHN,QN(T):IN

!
<(1+C?) fo ”Déla/N(T)”i% dr,

VA € CH4d Al = (tr(A"A))?,  implying  JA| < |Al, < 4d|A].

With [|-||, = |||/l 2, we have in a similar way
a 2 d
||D(Zl 2 HD(Zl 2 ||D(Zl Zﬂ)aN(T)”* T
t t ) .
=2R fo (DY, 1yn(), szl,zz)aTaN(T» dr = fo fR o [HN, |D(Zz],zz)a/N(T)|tr] () dZ dr

=0

5
2 1 1
+2%R f D(ZI,ZZ)QN(T),Z[D(ZIYZZ)HN,D(zlyzz)aN(T)]+[ 2 27)HN,(1'N(T)]>

’ H[D?ZI»ZZ)HN’“N(T)]”*) dr

< 2f HD(Zl ZO)QN(T)“ ( “ (24, Zz)HN’ (Zl V22
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: fo‘l (3 ”D(ZZI’ZZ)QN(T)Hi +2 H[D(lzhzz)HN’ D(lzl,zz)aN(T)] j + H[D(zzl,zz)HNs CYN(T)]Hj) dr

4 2
= (4d)2 L‘ (3 ||D(21|,Zz)a’N(T)||2_[,‘§ +2 ||[D(IZ|,ZZ)HN’ D(IZI»Zz)a,N(T)] 2
i i
7) dr
£

!
2 2 2 2 2
o dr + 4d)*(3 + 2C3)£ HD(zl,zz)aN(T)”L; dr

+ H[D(Zz|,zz)HN’ CYN(T)”

15
< (4d)*C3 fo ||Dy, an (@)

3 !
22 1 2 2 2 2 2
< (4d)°C3 fo ||Dy, an (@) 2 4T+ (4’3 +20)) fo D2, 2yan@|| dr.
As intermediate steps in the computation require C"zi regularity of ay, it is necessary to
extend this inequality in two steps. At first, consider a smoothened potential I'; — T'in
the Hamiltonian Hy, s.t. the solution of the characteristic system is C; at least. As the
support of ay is compact in I X Rif”v for any compact time interval / C R, both sides

of this inequality converge. In a second step, the inequality can be extended to ‘WZ%’Z,
because the computation actually proves boundedness of the linear map

2,2 ) 2 o 2
(WZ - 'EZJOC'EZ’ an = D(Zl,lz)aN’ =

once recalling that |-| < ||, implies ||~||£§ < |Flls-

4.3 The Counting Method

This section is devoted to stating and proving the mean field convergence, proving that
the Hamilton Hartree system arises as effective limit for the pseudo Schrodinger
system and, through the duality of the velocity Fourier transform, the Hamilto-
nian Vlasov equation is the limit for the Liouville equation (HLvY), respectively.

The mean field derivation heavily follows ideas and uses techniques of [[18] with
slight adjustments to fit the new requirements of an unbounded, non-integrable pair in-
teraction potential. For the sake of completeness, the key definitions are included here.
The main result is Theorem [L12] at the end of the section.

Given the quantum type nature of the result, the effective one-particle state & lives in
Lg, while the many-particle state &y is an element of the functions £2 = ®Z:1 Lém. As
mean field analysis is only reasonable for large collections of indistingguishable particles,
a natural restriction is to demand that the many-particle state is invariant under particle
permutation, also referred to as being symmetric. In addition, all states are consistently
assumed to be normalized in |||| z2.
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Definition 4.5 (N Particle Projections and Counting Operators). [18] Def.2.1] Fix some
normalized function & € L? with ||&]| o= 1 and some positive integer N € N.

(1) For j e {l,...,N}and k € Z, define the projections in L2 by

(Pian) @) = @) f 8G)) v, B o) d,
a _
¢j =id - pj,
J
N l —da; ~ a;
P;Cl,jE Z I—[ pN ]+l an j+l> >
ac{0,1)/ i=1
5k

all commuting pairwisely.

(ii) Now let f : {0,..., N} — R be a map. We define the associated operator on £ by
z

N
F7= 0 Py,
k=0

i.e., f defines the spectral decomposition of f¢ and the operator commutes with
all projections from (i). In addition, for / € Z, define the shifted operator

N+l

= > fk=D Py Z SUOPE, -
k=1

(iii) In particular, we define for any A € [0, 1] the counting functions on {0, ..., N},

namely,
| k k
nk) = v and my(k) = min{m, 1}.

Remark 4.6. (i). The operator pf projects onto the subspace of functions with the j-th

particle in state &. Their symmetric product Pg}. projects onto the subspace, where ex-
actly j — k out of the last j particles are in state & and the other k particles are in an
orthogonal state.

(ii). Note, that P“ # 0 only for 0 < k < j < N. In addition, Zk 0 P;jj =id.

(iii). The expectation value “n&&N“ = <&N, (n&)Z&N> counts the share of particles from

& not in state &. Since n(k)> < nt,(k), the quantity By = <&N, mg’&N> is an upper bound
for that share.
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The following lemma summarizes important computation rules for these operators.
Lemma 4.7. [[I8 Lem.2.3] Let N € N be fixed and & € Lé be normalized.
(i) Foranytwo f,g :{0,...,N} = Ryo we have
Frgt =gt £ it = pifh SRR = PR Yk,

(ii) The following identities hold

1< 1 v &k 2
& _ & & _ b (b
N 20 =y 24 2P = 2y Pl = ()
j=1 j=1 k=0 k=0
(iii) Forany f :{0,...,N} = Rso and ay € L% symmetric, we have
z

ENRN

2
(iv) Forany f : {0,...,N} = Ry, any multiplication operator ¥ : (R;d) — R, and
any j, k €{0, 1,2}, we have
FOT ¥, 1) OF = QF 9, 1) OF (),

J

Iriqian]| = ||f2ntan]|  and ||fiqiqian £ (nY .

where Qf = p{pS, Of = p{q3, and Q5 = ¢145.
Proof. See reference. O

Lemma 4.8. Let &y : Rsg — M. be some L2 normalized symmetric solution of

z z
N A, 1 2 . .
(PsQMY). Let & : Ryy — M, be some L normalized solution of (HHY). Then we

have
(@n (), m§Pan() - (an(0), m§Pan(0))
=N fO 3 (an(@),mi® (V@ - 1) - (V #16(0)P) @) = (V # 16(0)) (22))an(D) dr.
Proof. At first we assume that @(0) and @y(0) are Schwartz functions. Their smoothness

and decay properties are then uniform on compact time intervals. The time derivative
then can be pulled into the inner product and be explicitly evaluated. Equations

and immediately apply, that is,
i3
(an(), m} an(®) - (an(0), m Yay(0) = f dc (an(), m}Vay(0) dr
0

= fo t (2R (an(@). P d:an(@) + (@), (9157 )an(D)) dr = (+).
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Utilizing the short hand notation A¢ = V, - Ve, + (‘7 * Idlz) (Zm) and substituting
8:a(1) = LH* (1), we get that

(1) 1 ya(t)  a(r) (1) Fya(r) (T) 1 = (1) 01(1') a(T) ya(t)
0p” = < (ASOps® - pXOAL®)  and  6.P)Y) = T D(AOPL) - PEVALT).

m
m=1

This yields along with d;ay(1) = %I—AIN&N(T) and the symmetry of Hy and &y that

(*) = 2 fo‘ S <d’N(T), mim [Z ﬁgl(r) - I:IN]&'N(T)> dT

m

= ZL <cyN(T) mrt(r) [Z (V * |€y(~r)|2) (Zm) — 2(N Z V@, — zn)]a'N(T)> dr

=N fot 3 (@), ((V +160)F) @) + (7 # 6@P) (22) - V(@ - 2))an(D)) dr,

where we made use of the symmetry of ay at the end. The claim is completed by stan-
dard approximation on M; for the initial data and implied L% convergence of their re-
spective solutions on compact time intervals. O

Lemma 4.9. [I8 Sec.3.2] Define the counting functions on {0, ..., N} by

muk) —muk—-0 : -l <k<N'+]],
A,ml(k)z{ (k) 0/1( ) : 1] =] |7

For any normalized & € L% and fixed N > 2, we have
mf = (Aom§) pipd + (A (piad + i pS) + ) P,y
& & 0 & &

Proof. Writing 1 = p1 p2 + 4\ p5 + Piq; + qiq; and reordering gives

a

my —Zmﬂ(k) plpaPQN 2+(P1‘12 +‘11P2)P;<Y LN- 2+ 41 P 2.N- 2)

N
- Z (k) (PLy = P, ) PipS + D mu) (PLy - PLy ) (PidS + 41p5)

k=0
N
+ Z (k)P /ffz,zvfz
=0
(A zml)p‘l’pg (A,lmﬁ) (plq2 + q‘fpg Z m/l(k)PZ_z,N_z- o

k=0
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The main idea of dealing with the unbounded interaction potential, which is linear in the
& variables, is to introduce a cutoff. This cutoff in the & variables corresponds in turn to
the regularity of the Fourier transform. Therefore, the following Lemma is essential to
treat the large & term.

Lemma 4.10. Let ay € (sz’z be Lé normalized and symmetric, &y = F®ay € M;
Likewise, consider a € (Wf’z and & = Fa. Assume that y - Rg — [0, 1] is smooth,
invariant under rotations, and ¥ |[|.|51} =1 x |{H22} = 0. Define y = F~'¢ and for any
R > 0, set {r(€) = R(%). This yields

2
|DllaN|

1
1_e | 2 4.4

; 1
I = ex € é1pianll ; < 1Pzl

|[¢! _)A(R(fl))flafN”LZT <

Y 4.5)

Proof. Letay € C3N ’W? be some function, then for &y = F®¥ay we have that

2 2
dz

. R
ay(z)

10~ tr@ il = [ = ee P

i

|
T = e o

1 ao R !
< ﬁ o 2 |4 ‘a'N(Z) |£§ < ﬁ ”Dila’N”i; .

z

For the second claim, we analogously compute

- ERforN=1 ]
& |i§ < ﬁ'

play |D§a/||i% . O

0 = e &t = 10— e @) € al

Lemma 4.11. Let & € Mi be some L% normalized function, @ = F~'&. Then we have
the following three inequalities for the operator norms, namely,

V@1 = 221 P3| 2, 12 < Cr Il = Crlall,. . (4.6)
|(71a) @opt| ., < Criaiy, = Crllall,.. and @7
16175]] oo, 12 = Mgl @Iz = Vel . 4.8)

1 1
Proof. Let &y € L2 be arbitrary. Using the estimate |£; — &| < (1 + |§,—‘1|2)z (1 + |§2|2)2,
z
one finds

2 e b alta A2 b an
2= <aN,p‘fp§|V(zl - Z2)| Plfpg(lN>

- H(|V|2 «1aF) iaf

1V@1 ~ 22)p] P3|

& @A

HP1P20'N

2 2 And A 112
| o < IV s il
L i 2 i
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The other two claims hold similarly. O
Now we have all necessary ingredients to prove our main result.

Theorem 4.12 (Regular Hamilton Hartree / Hamiltonian Vlasov Mean Field Limit).
Assume that the regularity condition of the potential T holds. Let & € W>* be an
L2 normalized initial state and &y € ‘WZ’Z be a sequence of symmetric, .E; normalized
initial states.

According to Theorems[3.1|and{.1| there exist

a : Ry — W solving HVI) with a0) = @ and
ay : Ryy — ‘Wz%’z solving HLVH)with an(0) = ay.
Applying the velocity Fourier transform leads to solutions
a: Ry M, 10 Fa), of (A with &0)=&=F& and

ay: Rsg = M, 1t FNay(), of PsSQMN) with ay(0) = &y = FVéay.
z
If there is some M > 1, s.t.

Sl;]p ”D;l&N”L% <M, SL]:,p ”D(zzl,lz)&NHL; <M, and ||C°l’||(W§z <M,

then for every A € (0, 1) there are continuous, non-decreasing functions By, By y
Rso — Ry, both independent of N, s.t.

(an (@, 15w () = (v, nén)| = [(ano, i an®) - (an, mién)

< (N NF) | Bam(odr)exp| | Biu(®) di).
0 0

Remark 4.13. Assuming that HD%I(IN(Z)” 2 and [|Va(?)|| z~ are bounded uniformly in N
7

and 1, it is sufficient to assume that VI' € £2 to prove the validity of Theorem m
Note, that while proving the assumption on ay(#) might be quite difficult for singular
potentials, the assumption on «a(¢) is proven even for the more singular Coulomb inter-
action locally in time for initial data in 8, and globally in time under some additional
restrictions, see Section 3.2}

Although these additional assumptions are not completely satisfactory, it is still re-
markable that they allow for a derivation of the effective description under the presence
of interaction potentials with mild singularities.

Proof. Let & and @y fulfill the conditions of the theorem. Let @, & = F a, ay, and
&y = F®Nay denote the solutions to the respective initial value problems.
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At first, we remark that for every 7 > 0, we have

(an(@), m{Pan®) = (an®), m; ey ),
using the Plancherel theorem for the velocity Fourier transform and 7, pfn(')?',; I = pi(t).
Therefore, it suffices to prove the theorem only for the counting functional

By Reg— (0,15, 1 (an(), m§Pan0).

For the sake of readability, we use the shortened notation
m‘j(” , Amy = Alm“(” Vi = V(@ — 7)),
Vo = (V5 160P) @), p= PR

By Lemmaf.8] the map 7 — By(7) is differentiable and therefore

m, =

3B (1) = 3y (an (D). () “EEN I (an (0. m (V1 + Vo - T12)an(0)

LemN s (aN(t) (Aomy) pipy <V1 +V, - Vl Z)O/N(l)>
+2N I (a0, (A-im) pig, (V1 + V2 = Vi2)aw()

+NJ <aN(t) [Z MPY, 2) (V1 + V- Vl,z)@N(z)>.

We remark that J (@n(z), Adn(¢)) = 0 for any symmetric operator A. As the two oper-
ators in the third term commute and are symmetric, their product is symmetric and the
term is canceled out. Now, interchanging particle indices 1 and 2 in the second term and
inserting 1 = p, p, + p,q, + q,P, + 4,4, in both remaining terms, one obtains

OB () = N 3 (an(t),(Aamy) pyp, (Vi + V2 = Vi2) ppadw() e))
+ N I (an (), (Aam) pypy (Vi + Vo = Vi2) gy () @)
+ N I (an(0), (Aam) pypy (Vi + Vo = Vi2) 4 paa () 3)
+ N 3 (an (), (Aam) pypy (Vi + V2 = V12) g, 420n(0) “
+2N 5( N (D), (Amy) 6]1172( +Va-V 2)P1P26¥N(l)> 5
+2N I (an(0), (Aimy) q,p, (Vi + Va = Via) prgran(D) (6)

( ( ) )
+2N 3 (an(), (A-m) g, (Vi + Vo = Vi2) 4, (D) (7)
+2N 3 (" ) ) (8)

an(0), (Aoim) q,p, (Vi + Vo = Vin) g,q,0n(0)) -
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Along with Lemma.7}(iv), we see that

(1) = N 3 (an (), (Aamp) pp, (Vi + Vo = Vi) p padw()
=N 3 (an(0. pypy (V1 + V2 = V12) pypy (Aampan(0)
== N 3 (an(®),(Aam) pypy (V1 + Vo = Vi2) pypyiin(0) = 0,

and by the very same argument terms (6) and (7) also vanish. Acknowledging the invari-
ance w.r.t. particle permutation, we can also recombine terms (2) and (3), yielding

aPn(1) = 2N I (an(®), (Aamy) pyp, (V1 + Va = Vi2) g, pydn(0) (1)
+ N 3 (@), (Aam) pypy (Vi + Va = V12) g1 g20n(0) @)
+2N 3 (an(0), (Am) g,y (Vi + Vo = Di2) pipyin(®) - (3)
+2N 5 {an(®). (Acm) q,py (Vi + Vo = Vi) giqpén®). (@)

Finally, we compute for the third term (3’) that

(3) = = 2N 3 (a0, p,p, (V1 + Va = Vi2) q,p, (Ampin(1)
= — 2N I (@), (Am)_y pypy (Vi + V2 = Vio) 4, p,an (),

which recombines with term (1’) and with (A_,m,) — (A_;m,)_; = (A_ym,) gives that

aPn(1) = 2N I (an(®), (A_ymy) pyp, (V1 + Va = Vi2) g, pyan(0)
+ N 3 (an(®), (Aam) pypy (Vi + Va2 = 12) 414200 (0))
+2N I {an(®, (Am) q,p, (Vi + Va = V12) 414268 (1)) .
The first term vanishes because p,Voq, = p,q,V> = 0 and p,Vi2p, = p,Vip,, where
the first equality can also be used to simplify the other two expressions by omitting V;
and V5, and V| respectively, resulting in
apn(t) = = N 3 (an(0). (Aamy) py py V1.2g, 420w (1)) (17
+2N 3 (an (), (A1) g, (V2 = V12) 414208 (0)) - @)

Estimating the absolute value of (1), we use the notation (k) = \/g forl <k <N
and fi(k) = 0 else and observe that in = id — Py is almost the inverse of n. Since that
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implies fin q,q, = q,q,, we compute

(A7 <N
Lem@(iv) N

<&N(t)» (A_pmy) P1P2‘71,2ﬁﬂqlqz@1v(l)>’

(an(®), (~A2m)t 0y pypy V1o (A m)?), gy 9,6 (0)|
<N [|=ampt (0_y ane)

((~A2m)?), fig gr0n ()

g enpel, 4
Lem[7}(iii) 1 R A
SN [caamt oo avo), Vizpel e
1
N \2 N o
(m) H((—A_zm/l)Z)2 in“ay(t) 2

n<l1

2N (a0 (~Aam) 0260 [[2pial| o

() (@@ cam e

via (mk+2)-m)E2 < 2(m+ &) and (mk)-mk-2) % <

1%1("‘ 1k) + %) in the first and second inner products, respectively. We conclude for
the estimate that

@ _( N \ 5
< Z(W) Cr ”Cl(l‘)”?Wzlz (ﬂN(t) + m) .

In order to estimate (2”), one picks a smooth cutoff y with the properties as in Lemma
Regrouping V12 = ~VI12 - Re(€)é1 — £2) = VT2 - (1 = Rr(€1)é) yields

I(2”) < 2N

(@, (A g,p, (V2 + VT2 - GrEDE - £) @1g0n0)| (™)
+2N [@n(®. (A1) ¢,p, (VT - (1 - grEDED @ianan ). @7)

As the multiplication operator in (1) times p, is bounded due to Lemma4.T1] we find
that

”(‘72 + VI, - (Pr(EDE — 52)) P2 2o
< |[Vapal| oy o + 19T g (n)zR(fl)f] s + ||§2p2IILHg)

LemHE1T]
< Cr (01,0 + 2R + Va3 ).



4.3. THE COUNTING METHOD

71
This can be used to estimate

(1) =2N

(an (@, (~A ) g,p, (V2 + VT2 - Gr(€DEr - €) 419,080
<2N [[~A-m? qan)|| , [[(V2 + VT2 - e - £2) p,

(a-m?), gyg.av)

L£-02

L2

2N [|=Acm? nan )|, (V2 + V2 - (2e€06 ~£2) o
(25 (o), wavo

= 2N (an (0, (~A-my) wan()’

Lem[d7}(ii)
<

L£-12

g

(\72 + Vo - (Rr(EDE - fz)) P2

(57) (v, am an)

(mk+ 1) —m(k) <

£2-0

via Lig)  and () -muk—1) & <
N"42-1
N

(m (k) + 1\}4) in the first and second inner products, respectively. We conclude for
the estimate that

N+ 1\ L\ 1
<2 (37) er(lawi,. + 20+ 190001z ) (v + ) w0

(1 4+ N2 : !
<o NS ( 0 ) Cr (”a(t)”iwf +2R + ||Va(t)||Lg) (,BN(t) + m) :

Ultimately, term (2”) can be controlled with the regularity estimates on the many-
particle solution. With the aid of Lemmata[d.7}(iv) and [A.10] we get

(277) <2N |IVI|| g

(1 = 2r@DE = pan )|  [[(A-ima g, g,88 0|

1 N \
<2Crg (||D§l aN(t)HL; + HDga(t)HL%)N(m)
oo, (Ao mp? o)

yielding with (mu(K) - my(k - 1) £ < (1+N)" & that

L

Lem@4|Cor[34] 1+N1 1 2
< "c ( vy @ +bf;Dz(t)).

"U-N)IR

(z1.2)
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Combining all the estimates for (1), (1”’), and (2”), we obtain the Gronwall type esti-
mate

0,8n(1)] <2 (I_Cﬁ ((b};/;:z(,))Z +NT(1+ N—ﬂ)% (2R + (1 + bLV;-Z(I))Z)) o

C 2 32 1+ N1 2 1
+4 —r](bz/;z(t)) N +2Cr—,( < (t)+bij2(t))—
(1-N-1)? (1-N-1)? MDp, ) , R
1
1+ N1} R
+2 cr(1+—]1:]7_1) (2R + (1 + b};’z”(t)) )N—‘z‘.

If we choose R(N) = N®, then for the limit N — co we have

00012 (00)+ 0(N )+ O (V) 0 + O (1) 0 () + O ).

This clearly requires the conditions 0 < A < 1 and 0 < ¢ < % For the optimal choice

of § = 1;—4, the convergence rate of all error terms is O (N ‘%) +0 (N "1). The explicit
bounds Bj y,Boy @ Ry9p — Ryo can now be inferred from the estimate on |0,8x(7)|
above. m]

As mentioned in Remark [4.6] the result controls the share of particles outside the mean
field state @(¢) or a(¢) in the Hamilton Hartree or Hamiltonian Vlasov setup, respectively.
Of course this is not a direct convergence in a metric space. Nevertheless, controlling this
share of inaccurately described particles actually implies convergence of the reduced
density matrix of the many-particle system to the pure density matrix constructed from
the mean field state [[19, Lem.2.3-(a)]. In order to give a precise formulation of the result,
we adapt the following definition from standard quantum theory [22| Sec.20.2].

Definition 4.14 (Density Matrix). Let H be some separable Hilbert space.

(i) For a positive semi-definite Hermitian operator Q : H — H, its trace is given by
Q=) (Qex,ep) € [0,00],
k=1

where {e;},cy i any orthonormal basis of H.

(i) A positive semi-definite Hermitian operator Q : H — H with trace tr Q = 1
is called a density matrix. It is called pure, if and only if it is an orthogonal
projection onto a one dimensional subspace.
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(iii) Let K be another separable Hilbert space with some orthonormal basis {f;} and
let H ® K be their tensor product. If Q : H ® K — H ® K is a density matrix,
then the partial trace

Q) : H—H, h > (0 fo), fx

keN
defines a density matrix on H. It is called the reduced density matrix.

Remark 4.15. If Q : ‘H — ‘H is a density matrix, then Q is a compact Hermitian operator
and has a spectral representation [24, Sec.VI1.3] given by

oh) = Z,uk qr(hyqry with >0 and {gi} orthonormal.
k=1

In quantum systems the iy are interpreted as the probability of the system to be in state

qx, since they are non-negative quantities which add up to 1.

In light of this quantum mechanical language, we present the following alternative in-
terpretation of Theorem [.12]

Corollary 4.16. Let & : Ry — /\/(1 be a solution of (HHY) and &y : Ry — /V(1
sequence of solutions, all subject to the constraints of Theorem @.12| Define the pure
density matrices

OnD: L 5 =L 5. he (hay®)ay()

and
O :  L3— L2, hes (ha())a@.

Then, via the representation .E;I iy = L2 12 - for any t > 0, we have that

N

<O’N(O) mQ(O)AN(O)> —) 0 = Htrlz - QN(t) _ :;)0 0.

L1
Proof. Lett > 0 be given. By Theorem 4.12] we get that

an(t)AN(t)Hz LemfL74i) <AN(I), (n@(,))z @N(t)> Rmké@—(ii <a/1v . ma(t) aN(t)>

N—)oo
: ) =

(an(), m“”%(r)) (an(0), 1V an )| + (an(©0), m} a(0)
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Therefore, we omit the time argument ¢ for the rest of the proof. Using the £ kernel
function representation of the density matrix following [[19, Lem.2.3-(a)], we compute

= fm"‘deP(f(xlN(',iz,-n,iN) pian(.2a,...,2y) dz, - - dzy
R R;
+fd"'f?dp?&N(',iz,--wiN)CI‘f@N(',iz,--.,iN)diz"'dizv
R2 R}

G = N A & A A A N A
+fm"'deq(]a/N(‘aZL---,ZN)pla'N(',Zbu-,ZN)dZZ"'dZN
R?2 R

&% ~ ~ & A ” ~ ~ ~
+fz[“'deQ]aN('9z2’~~~9ZN)q(]aN('3129'"szN)dz2"'dZN'
R RZ
z z

. ba I . .
The first term is exactly H p‘l’ozNH 1~ 0, the others are dominated in operator norm by the

respective £2 norms, yielding

Htrﬁ Ov-0

22N

RS [ A [P N N A

Ty
+ flatall2
< 4latan|z -0,
proving the convergence in the operator norm of the reduced density matrices to the pure
state Q. m|

In a way, the partial trace operation is the £ counterpart of the integration of the un-
observed variables yielding the marginal distributions for the classical Vlasov system,
discussed at the beginning of this chapter.



Chapter 5

Symmetry Reduction and
Periodicity

This chapter is mainly adapted from the author’s work [15]].

The problem of finding periodic solutions of Vlasov type equations has been around for
a couple of decades. While there exist some results for solutions on periodic domains [3],
or periodic solutions under boundary conditions [4], the existence of periodic solutions
on the full domain R¢ x R, in particular d = 3, for any type of interaction potential has
not been treated yet.

The construction of periodic solutions can be achieved mainly via two methods, both
of which require a Hamiltonian formulation of the dynamical system. One option is to
find extremal points of the action functional

1
O, a) = f (g w (a(t), 0,a(t)) + ?{V](a/(t))) dt, a:R/Z —> Lf, A>0,
0

evaluated on a Banach space of £2 valued closed curves. Given a semi-bounded Hamil-
tonian, one could potentially apply some mountain pass techniques. However, in this
particular case, the mountain pass method turns out to be inappropriate as in general
Hyi(@) = —Hvyi(@) and the functional is not semi-bounded.

Alternatively, one can first try to identify stationary points of the dynamics and find
non-resonant eigenvalues of the second derivative of the Hamiltonian. This allows to
construct families of closed curves oscillating around the stationary point. The bifurca-
tion equation of interest

A8,0(8) = Xpq, (D) =0, @ :R/Z— L2, 1>0 (Bfc)

75
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is exactly the extremal condition of the functional ®. This method is well developed for
many finite and infinite dimensional systems [1, Chap.5-7]. The existence of such peri-
odic bifurcations strongly relies on a non-resonance condition of the respective eigen-
values of DXy, (&) at some equilibrium point ¢. Finding and classifying equilibrium
states based on their stability is also an active topic of research [13} 20]].

The Hamiltonian Vlasov system reveals a couple of remarkable features that underline
its potential relevance for further studies. For example, it is possible to identify con-
served quantities of the Vlasov system such as mass, linear momentum, and angular
momentum as Noether conjugates of continuous symmetries for the first time.

Identifying and removing continuous symmetries of the system is a major prerequi-
site to solve the bifurcation equation (Bfc). Naturally, symmetries embed every solution
into a continuous family of solutions. This disrupts the use of the implicit function theo-
rem in all methods designed to solve the bifurcation problem. A very strategic approach
to deal with this sort of degeneracy gives the method of symplectic symmetry reduction
usually attributed to Marsden—Weinstein [12]. It is a two-step procedure, where at first
the motion is restricted to level sets of the conserved quantities and then the orbits of the
group action are contracted in a quotient manifold, thereby removing this degeneracy.
As it has already proven its value in many other examples, we want to explore its advan-
tages in this new PDE setup.

In adapting the method, we find two types of symmetries. The first type (S' phase invari-
ance) acts smoothly on the model Banach space (C £?) and can be treated by symplectic
symmetry reduction following Marsden and Weinstein [12]. As it turns out, reduction of
the phase symmetry is not only convenient, but actually necessary in order to identify
periodic solutions.

The second type (translation invariance) is much more difficult to overcome. The key
issue is that the group action is not smooth anymore, only continuous. That defies any
chance to apply global symmetry reduction and projection onto a symplectic quotient
manifold based on existing results as a key condition is violated. Nevertheless there is
hope to overcome the presented difficulties with some local reduction principle around
equilibria points, if one is able to choose an appropriate topological setup. Still, this re-
mains as an open problem as technical difficulties with regularities arise.

The phase invariance of the Hamiltonian yields mass conservation and motivates restric-
tion to the sphere s, Projection onto the quotient space S£/S! not only increases the
number of stationary points, but also predicts the correct periodic families bifurcating
around them in the studied example of the Harmonic Vlasov system. This is a system
with non-relativistic kinetic energy and harmonic two-body interaction. Indeed, these
bifurcating families are invisible for other methods, since in the unreduced system they
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are also governed by a global phase oscillation usually in irrational relation to the pro-
file oscillation, hence, only relatively periodic in the notion of [12]]. For our simplified
example of the Harmonic Vlasov system, we find a one-to-one correspondence between
the spectrum of the Hamiltonian vector field and families of bifurcating periodic solu-
tions in the direction of the eigenvectors (Theorem [5.10). This indicates the method’s
potential impact on more complicated problems.

The chapter is structured as follows. Section gives a short introduction to the prin-
ciple of symplectic symmetry reduction alongside its application to Hamiltonian PDEs
in general. It also discusses the setup of the Hamiltonian Vlasov formulation. In Sec-
tion [5.2] the method is applied to the Harmonic Vlasov system. At first, the spectra of
the linearized Hamiltonian vector field are evaluated around stationary points, then the
associated families of periodic solutions are explicitly computed.

5.1 Symplectic Symmetry Reduction

The idea of symplectic symmetry reduction in the sense of Marsden and Weinstein [12]]
is the reduction of the phase space of a Hamiltonian system according to its continuous
symmetries and the associated conserved quantities. This procedure is particularly useful
as it removes degeneracies around bifurcation points. For completeness, we give a short
overview of the method, before applying it in the specific setup of the Hamiltonian
Vlasov system. We remark that the method applies to all Hamiltonian PDEs if they fit
into an appropriate topological framework. More precisely, a smooth group action is a
necessary requirement. Among others, this is the case for S! phase multiplication in the
NLS equation, the Hartree equation, and the massive Thirring model.

5.1.1 On Linear Symplectic Spaces

Consider a symplectic phase space (M, w), for the sake of simplicity assumed to be
a linear space M with a constant symplectic form w. Let H : M — R be a smooth
Hamiltonian and the associated Hamiltonian vector field Xy : M — TM be implicitly
given by

DH(a)(6a) = —w (Xp(a),60) Y(a,de) € TM, (5.1)

where T M denotes the tangent bundle. The Hamiltonian equation of motion is now given
by
da(t) = Xp(a(1)). (5.2)



78 CHAPTER 5. SYMMETRY REDUCTION AND PERIODICITY

Suppose there is a Lie group G, for the sake of simplicity assumed to be Abelian and
finite-dimensional, acting smoothly on the phase space (M, w) by

u: GXM—->M, (ga) - puga =ga,
leaving the symplectic form invariant, i.e.,
VgeG: g )w=w

under the push-forward with respect to any map u(g,-). This is sometimes denoted as
G C Symp(M). Also assume that G is a continuous symmetry of the Hamiltonian, i.e.,

VegeG, aeM: H(g.a)=H). (5.3)

Example 5.1 (Nonlinear Schrodinger Equation). The NLS equation fits into the given
framework. The manifold is M = £2, equipped with the symplectic form

wu,v) = Sfu\'/dx,
R

the group action

S'x L2 = L2, (Lu)w Cu,

and the Hamiltonian functional

H(u) = % f (|6xu|2—%|u|4) dx.
R

The Hamiltonian formalism yields the well-known NLS equation
i0u= —6)2(u — |ul u.

The symplectic form and the Hamiltonian are also invariant under translation in x, but
this group action is not smooth, only continuous.

The existence of such a symmetry group G raises two major concerns for our analysis.
Firstly, it embeds any equilibrium into a continuous family, as shifting by group elements
yields more equilibria of the same type. This causes technical problems especially for
bifurcation theory, as these families contribute to the kernel of D Xy, disallowing to solve

Aowa(t) = Xg(a(®) =0, a:R/Z—->M, 1>0

locally and thereby to prove existence of periodic families for certain frequencies A.

On the other hand, the symmetry operations are often of no physical interest, but can
easily destroy periodicity. For example, a global S! phase oscillation is usually irrele-
vant as it does not change the profile of the wave package. The same holds for profiles
traveling at constant speed, such as soliton solutions of the NLS equation.
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The symplectic symmetry reduction solves both of these problems, removing the
degeneracies of equilibria arising from the action of G and deleting the non-relevant
motion along orbits of the group action. The newly generated equilibria in the quotient
system are then referred to as relative equilibria. They still carry all the qualitatively
interesting information.

The process of symmetry reduction is summarized in the following steps.

®

(ii)

(iii)

(iv)

From Equations (5.1, (5.2), and (5.3) one computes the full set of conserved
quantities implied by the Lie group G (Noether’s Theorem). The number is equal
to the (real) dimension g of G. The resulting map

C:M— R
is usually referred to as the moment map.

From the conservation laws we know that the trajectories of (5.2)) remain in level
sets of C. Therefore it suffices to restrict ourselves to the level set C~!(c) of a
regular value ¢ € R?, enforcing the set to carry the structure of a manifold.

The Marsden—Weinstein reduction now states that there is a smooth quotient map
n:Cc'e) - Cc ()G,

contracting orbits of the group action, such that C~'(c)/G has a symplectic form
Q, which satisfies

Fw=1I"Q
for the embedding ¢ : C~!(¢) — M, where ¢* denotes the pullback.

Finally, if H : C~'(¢)/G — R is chosen to satisfy H o« = H o I1, which is possible
by (5.3), we obtain that the following diagram commutes:

Cle) — (C0/G.Q)
I Lo
(M, w) B R.
If X is the Hamiltonian vector field of H wort. Q, then
VeeCle): Xgz(a) = dll,(Xy(a)).

This key relation indicates how to compute the new Hamiltonian vector field lo-
cally in charts of the quotient manifold, which is otherwise quite challenging in



80 CHAPTER 5. SYMMETRY REDUCTION AND PERIODICITY

applications. It also shows that motion purely governed by symmetry transfor-
mations of G is canceled, yielding new relative equilibria, not even detectable
in the unreduced system. In charts around these points it is now possible to use
bifurcation theory in search of relatively periodic families.

5.1.2 On the Hamiltonian Vlasov System

While the structural approach of Section[5.1.1]is very general, we want to study the spe-
cial case of the Vlasov system in its Hamiltonian form. Even though the Hamiltonian
formalism is widely used to understand equations such as the NLS or Hartree equation,
this is not the case for the Vlasov system yet. However, the concepts of this section are
applicable to all the aforementioned systems.

Let us consider a classical Vlasov system with an energy functional H(f) € R, kinetic
energy € : RY — R, and two-body interaction potential I : R¢ — R, that is,

1
H(f) = fR i} (e W)+ 5@ ) (x)) Fx,¥) d(x, V),

! 1
Hu(@) = 2D'H (jof) ([@,a]) = f

R2

d
z

I(e(v) +(CxlaP)(®) [@0] dz.  (5.4)

The corresponding equation of motion then is
8,0(t) = Xty (@) = [e() + (T * la@)P) (%), a(t)] = (T * [a(r), a®)]) a) (5.5
= — (Y, - Vxa(®) + (VT [a@)) (%) - Vya(t) = (T x [a(0), a®)]) (x) a(@).

If the system’s energy is structured as in (5.4), then there is a number of general contin-
uous symmetries. These symmetries naturally imply conserved quantities as predicted
by Noether’s Theorem.

Proposition 5.2 (Continuous Symmetries and Noether’s Theorem). Any Viasov Hamil-
tonian Hy,; structured as in (5.4)) is invariant under the continuous action of the 2d + 1
dimensional Lie group G = S' x R? x RZ given by

GxL; = L3, (3.0)=((¢,X0.60),@) b (8.0) (X, V) = { a(x — X0, V) exp (iv - &)).
This implies that any solution t — a(t) of (5.3) conserves the 2d + 1 quantities
1o lle@l, 10 (@@, Vxa®), 1o (@), v a@),

if they are well defined.
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Proof. (i) Constant phase invariance and mass conservation. The S' phase invariance
of Hy) is immediate from (3.4). Let ¢t — a(7) solve (5.3)), then

1
5 O IIG(t)IIZLE = R (0ia(1), a(1)) = R (Xp,, (@(1)), (1)) = w (X4, (@(1)), 1a(1))

Def.

£ — DHvi(a())(a() = — %‘ | H ((¢™,0,0).a(r)) = 0.

(ii) Translation invariance and pseudo momentum conservation. The translation in-
variance in X is also immediate from (5.4). For any 1 < i < d, one computes

% O {a(0),i 0y,a(1)) = R (0,a(1),1 0y,a(D)) = w (X4, (1)), Dy,(D))

ef. d
2 DHy(())@,a(0) = - | (. re 00.a() = 0.

=0

(iii) Linear phase invariance and linear momentum conservation. This symmetry is
not directly obvious, though its implication, conservation of linear momentum, is well
known. For &, € R4, one gets

e 9a, eV al - [@,a] = [@,iv- €] a + [-iv - &, a]@ = i[laf, V- &] =i Vslo - &,

which contributes neither to the kinetic, nor to the potential energy term of Hy;. The
associated conserved quantity is derived as in (i) and (ii). O

Remark 5.3. (i). For an SO(d) invariant kinetic energy € and interaction potential I, the
quantities

tr—)(a,(xii(?x/—xjic')xl)a>, 1<i<j<d

are also (Noether conjugate) conserved.

(ii). In contrast with classical mechanics, momentum conservation here is not a con-
sequence of translation invariance, but rather implied by linear phase invariance. This
linear phase invariance is actually translation invariance in the Fourier conjugate of the
velocity coordinates.

Remark 5.4 (Moment Map). In the geometric literature, the key quantity for the sym-
metry reduction principle is the moment map. It is usually defined as a map M — g*
with values in the dual space of the Lie algebra g = T, ,G.
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We want to show that in our application the moment map is equivalent to the con-
served quantities from Proposition Given G = S' x R{ x R, for any (s,y,7) €
R x R x R{ = g define the vector field

0 . .
Xoym@ = —| exp(r(s,y,m).a=(is+y-Vy+in-v)a,
or 0

T=

given through the derivative of the exponential map exp : ¢ — G. In this setup, each
of these vector fields is Hamiltonian in the sense that it is generated by a real valued
function on (a dense subspace of) £2, explicitly given by

-w (X(S,y,,,)(a), 6&) =R(sa+y iVxa +1n-va,da) =DCyp(@)(a)

for
S v . et s
Cisyn(@) = 5 Nl + 5 (@, iVa) + 5 (o, vy = 5| (@,iVsa) || ¥ |,
270482 2 2
(a,V @) n

which is linear in (s, y, 57) and naturally defines an element in the dual space g* for every
a. Hence, under a linear isomorphism g* = R24+1 4 vector of the conserved quantities
from Proposition equals the moment map, justifying our choice of notation.

At first sight, the phase invariance is an unwanted degeneracy, because it does not seem
to reflect physical properties of the classical Vlasov system. All phase information is lost
upon the mapping a — |a|* anyway. Nevertheless, the phase information is not artificial
at all, since in this Hamiltonian formulation, it provides two continuous symmetries that
are the Noether conjugates of mass and momentum conservation.

Following the guidelines of the Marsden—Weinstein reduction, it is desirable to cancel
out the group action, which corresponds to the phase oscillation (d+1) and translation (d)
in the dynamics of the system. The huge technical problem here is that the group action
is not smooth. Smoothness is required to ensure that the quotient space is a smooth
manifold and to define its differentiable structure. It seems that this obstruction is not
easily removed. From the structure of the derivative it is also obvious that this is not
possible for a space of non-smooth functions.

Here, we restrict ourselves to applying the reduction only with respect to a global
phase multiplication which is smooth. Clearly, the global phase multiplication is invisi-
ble in the classical Vlasov picture after mapping solutions under & - |a|*.

Proposition 5.5 (Phase Equivariant Symplectic Reduction). Consider the symplectic
vector space (L%, w) with the group action

S'x L2 - L2 (La)yela
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Given its associated moment map

1
C:LimR am Sl

1/2 € R is a regular value. By the Marsden—Weinstein reduction, there is a unique
symplectic form Q on the smooth Hilbert manifold SL /S, s.t. under the embedding and
projection maps
PRSI AN Lf and T1:S% = SLE/S',
the relation
Fo=11"Q
holds. Also, given a S'-invariant Hamiltonian H on L2 and its push-forward H on
SE /S, the respective Hamiltonian vector fields satisfy
Vo eS% . Xp(e) = (LXx) (Me) = dI, (X (@)).

Proof. The group action is smooth, free, and proper (since S' is compact). It is also
symplectic as it leaves the symplectic form w invariant. The moment map is constructed
as in Remark [5.4] The rest is a straightforward application of the reduction theorem
[12, Thm.1]. The claim on the Hamiltonian vector fields is just an application of [12}
Cor.3]. O

With explicit computations in mind, it is useful to give coordinate representations for
the manifolds and important maps between them.

Lemma 5.6 (Coordinate Representations). We have the following explicit coordinate
representations:

(i) The tangent bundle TS can be parameterized as a subset of L2 by

TSE ~ {(a/, sa) € (£L2) : llalls = 1. R (. 5a) = o},

(ii) its quotient space T(SL5 / S') allows the natural chart

) 1 L2 2 1.
(/8" = S'(a.6a) € (S5 x £2) /S : ’
(a,6a) =0
(iii) yielding for the projection map
TS - T(S%/s!)

(a,6a) € (L%)Z : N { Sl(a, sa) € (SLE X L%) /St }
I allz = 1, R (@, 6a) = 0 (@,6a) =0

(a, ) — (Ia,d,6e) = S! (@, 5a - (S, a) ).
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(iv) Finally, the symplectic form Q on S& /St is given by

{ SYa, Say, 6ay) € (SL5 X (.[,%)2) /St } . R
Q {a,da1) = {a,dar) =0

SY(a, say, 6a) = Iy, dar).

Proof. All claims are self-evident. O

5.1.3 Remarks on Bifurcation

The main motivation behind the transformations made in Section is to simplify
the search for stationary points and bifurcating periodic solutions, as they are known to
yield periodic solutions for the underlying classical Vlasov system.

The explored method has two notable advantages. Firstly, switching from the classi-
cal £! formulation to a Hamiltonian £? language grants access to methods relying on
spectral theory. This links the Vlasov systems to a rich field of periodic bifurcations,
previously applied to many Hamiltonian PDEs [[1]].

Secondly, canceling the symmetry of the phase equivariance by projecting onto the
quotient manifold s&/s! actually increases the potential number of stationary points
and periodic solutions of the Hamiltonian Vlasov system, since a pure uniform phase
oscillation is now invisible to the dynamics. This has the great advantage that for any
relative equilibrium on the quotient manifold, one can now try to solve the bifurcation
equation

A0a(t) = Xp(a() =0, «:R/Z— sfs!, aso

in a small neighborhood on the tangent bundle T(SL2 /Sl), locally linearized to a C-

codimension 1 subspace of £2. Taking care of the phase oscillation degeneracy on the
full L2 space is topologically complicated.

5.2 Example: the Harmonic Vlasov System

As a toy model, where the developed toolbox works almost perfectly, we want to clas-
sify the periodic solutions of the Harmonic Vlasov system. This is the system of non-
relativistic motion with an attractive harmonic two-body interaction potential, i.e.,

2 2
e(v) = % and TI'(x) = %
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The system’s energy functional is then

2

v[? 1 (X — x2)°
Ho= [ @ [ e S5 fedma. 56
R 2 RxR2 2
yielding the Vlasov equation

2
9, f(1) = % + (I f(n) (X),f(t)} ==v-Vif(@) + (VI = f(1)) - Vi f(D). (V)

Since the condition of a fixed center of mass at x = 0 along with unit mass || f]| o= 1
automatically implies that (VI % f(f)) (x) = X, the existence of a large variety of periodic
solutions is not at all surprising for this model.

Proposition 5.7 (Solutions of the Harmonic Vlasov System). Let f :RIXR? — Ry
be a differentiable function, s.t.

f fx,v)dx,v) =1 and f (x| + Iv]) f(x, v) d(x, V) < 0.
R R

Then up to translation, f gives rise to a solution with period 2n. This period is not
necessarily minimal.

Proof. W.l.o.g. assume (by appropriate translation) that
X\ 0
\ﬁl;gd( v )f(x7v)d(x’v)_( 0 )

9

f(t,x,v) = f(Xcost—vsint, Xsint + vcost)

One directly verifies that

is the corresponding solution of (VI). Adding the center of mass motion for general
initial data completes the proof. O

The improvement achieved by the symmetry reduction method in this work is to al-
gebraically characterize the minimal period and stationary solutions. Nevertheless, the
focus really lies on the method itself and the helpful insights it gives in order to solve
more complicated systems.
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5.2.1 Phase Equivariant Reduction and Transformations

The associated Vlasov Hamiltonian of the energy functional (5.6) constructed from (5.4)

is
| FHur(@) = - v T o v d
vile) = fR 5t (Crlef) @) (@l dz

As already introduced in Section[I.3] it is reasonable to switch to the equivalent setup of
the Hamilton Hartree system via the partial Fourier transform in the velocity coordinates
v, i.€.,

1 .
F. Li- L%, a— a, where @@2)=ax,§é)= _ f a(x,v) eV dv.
2m)? Jry

For this system the transformation significantly simplifies to compute spectra around
certain equilibria. By the Plancherel Theorem it is also an isometry of £> and thereby
a symplectic diffeomorphism. The Hamiltonian formalism therefore is preserved under
this transformation. As computed in Section [I.3] it yields the new Hamilton Hartree
functional

Hi(@) = %<cx (VX Ve + %(v % |@|2)) @> with V(x,6) = -VI(x)- &= -x-¢£.

In this particular case, a second transformation simplifies the structure even more. In
fact, the linear, self-inverse (hence volume-preserving) phase space transformation

1 1
i RM S RY (x,f)sz(q,p)z(—(x+§),7(x—§))

V2
and the notation 8 = & = ¢ o v, W(q,p) = Vo1 '(q,p) = T 'pl , result in the
new Hamiltonian
Hiw(B) ! Lag— 1A +1(W 187) (5.7)
= — - - = - * .
Ht 7 ﬁ: 2 q ) p 2 B

Vg (L _ o b’ 1 1
=§<ﬁ,(2 -5 Bl ——A + 5 |W||£z)ﬁ>+Z|<ﬁ,qﬂ>|2—z|<ﬂ,pﬁ>|2.

Also 7" : Lg — L2 is a symplectic diffeomorphism, because 7 preserves volume. Ul-
timately, this yields the Hamiltonian equation of motion for § with X4, , denoting the
Hamiltonian vector field by

1 lq* 1

2
Xrty (B) = (qu‘T‘EA L )ﬂ+—(<ﬁqﬁ> a-B.ph) - PS

] 2 2 2 2
( </3 “iﬁ> </3 "';'/3>)ﬁ+ (612, ~ 1) =L 5 (s



5.2. EXAMPLE: THE HARMONIC VLASOV SYSTEM 87

From this representation one sees that the restriction to S& and projection IT from
Proposition [5.3] greatly simplify the Hamiltonian vector field, since the restriction can-
cels the last summand and all terms in iR lie in the kernel of the projection.

The form of Equation (5.8) allows us to reformulate the evolution equation for the
Hamilton Hartree system as

08 = X3 B, B:R— L, (HrHY)
called the Harmonic Hartree equation.

It turns out extremely useful to exploit the structural equivalence to the quantum mechan-
ical harmonic oscillator and rewrite the equation with the algebraic ladder operators, a
well-known formalism discussed in many standard textbooks from quantum mechanics
[22, Sec.3.1], i.e.,

(pe+9p). B = —=(pi= ).

(6],‘ + c')q,.) s ('l:-F = — (C], - (9,],) s b,‘ = \/E

1
V2 V2
along with the complete basis of eigenfunctions {|a, b):a,be Nd}, which simultane-
ously diagonalize the commuting counting operators a}a; and bib;. We recall that this

implies that

a; |a,b) = va; [a—e;,b), «a |a,b)= va;+1 |a+e,b), aa; |a,b)=aq; |ab),

and for b likewise. The vectors e; denote the standard basis of R?. Due to its multiple
occurrence, it is also useful to define the linear excitation operator

d
N = Z (b:b, - afa,-) .
i=1

For further convenience we define the simultaneous eigenspaces of }}; a’q; and }; brb;
by

Fa,p = spang {Ia, b)

d d o«
Z%‘:A,Zbi:B}» Fn = @7:,4,3, L%v=@7:1v~
P =1

B-A=N N=—c0

In particular, 9 is diagonalizable with

VNeZ:ker(M—-N)=Fy and o) =7Z.
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In this algebraic notation, upon replacing ¢; = %(ai +af)and p; = %(bi +b?) in 3.8),
the Hamiltonian vector field is represented by

1 1 1 d

X1, (B) = 7 (ER +5 B, mﬁ))ﬁ + Z?\ <ﬁ, Z (b;0; — atat)ﬁ>,3
P

1

-7 (R (B, 0,8y (b; + b)) — R (B, a;8) (a; + a})) B

13

d
1 2 Ky k % %
+ 2 (181 = 1) (29% + > (03 +5b] - aja; - ] )]/3. (5.9)

i=1

d
=1

This is a well-defined £2 valued vector-field on the dense domain

oo

V= {ﬁ = > BancLy:fan€Fan ) (A +B) ||ﬂA,B||ia < oo} c L. (5.10)

A,B=0 A,B=0

With these bosonic creation and annihilation operators on £2,, an application of Proposi-
tion provides the Hamiltonian functional Hy, and the Hamiltonian vector field X,

at 8 € S& NV, given by

) 1Bz =1 1 1 ¢ 1 ¢
Hu(B) = HuB) = S @98+ 53 [RBap -2 Y [R@up[ (.11
i=1

i=1
and

X1, M1B) = dIlg (X4, (B)

1 1< .
= Sl [ﬁ’ T (ﬂt — <ﬁ, ‘Jtﬁ))ﬁ - I ; (% <ﬂ, b,ﬁ> (bz + b,) -2 |‘.R <ﬁ, blﬁ>|2)ﬁ
1 d
+I (% <ﬂ5 alﬁ) ((11* +al)_2|% <ﬂ9 alﬁ>|2)ﬁ] (5]2)
i=1

The phase-reduced Hamilton Hartree equation is denoted by

A1) = X, (MBM)), TIB: R — SE/S!, (HrHt™Y)
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5.2.2 Stationary Points and Spectral Classification

A convenient way to find periodic solutions is by bifurcating around stationary points
of the Hamiltonian dynamics. Many results utilizing this principle exist. We want to
compute relative equilibria I1S € SL/s! and identify possible periods of bifurcating
families from the spectrum of

DXy, (1) : Tryg(S5/S') > Trg(SE/8).
Indeed, in this highly symmetric model, every eigenvector of the differential at a station-

ary point can be linked to a bifurcating periodic family or to a continuous symmetry, as
is outlined at the end of this subsection.

Lemma 5.8 (Relative Equilibria). The phase equivariant projection 113 of any unit
eigenvector 8 € V from (5.10) of N is a stationary point of (HrHt™d).

Proof. This is immediate from the representation (5.12), because R (8, a,8) = R (8, b,5)
= 0, as the operators q; (b;) map S to the eigenspace of the next higher (lower) eigenvalue
of N, as seen from the properties stated in Section[5.2.1] i.e.,

VYNeZ: o(Fy) S Fna, bi(Fn) S Fn-1,
and those eigenspaces are orthogonal to one another. O

Proposition 5.9 (Spectral Properties). For N € Z at any unit eigenvector,é cker(M—-N)
nste of W, on the subspace

B0 :opeV.(B.B)y=0¥I<i<d:
Wi =S R (08 a;3) = R (6B, ;) = 0, C Tys(S5/8"),
R (68.0:8) = R (68.6;8) = 0

which has real codimension 4d in THB(SLEV /Sl), one finds that
o o | o .
DX(F,HI(H,B)i Wiy (gl(ﬁ, 5,8)) =s' (B, T(m - N)6ﬁ) and a(Dxﬂm(nﬁ)| wn,;) =iZ.

Proof. Carrying out spectral analysis on the quotient manifold SH /St s possible in
the chart of Lemma @(ii). In this chart X4 is represented by the vector field at 8 €

Vnsh, given by
d

1 1
XB) = 5 = BABE - - D (RBA) E +0) - 2[R G1A[ )p

i=1

1
+ =
1

(R 6.8 (0 +0) - 2[R 5.0 ).

d
i=1
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s.t. (X(8),B) = 0. It now suffices to compute the spectrum of D3€(,é) : {,[03}L - {ﬁ’}l,
because its spectrum equals the one of DXy, and their eigenspaces map to one another.

For the linearization of ¥ at its zero 3 with %3 = NJ, <,8 6ﬂ> = 0, one computes
1 1¢
DX(B)GB) = + M= N) 6B~ = > R (9B, (o] +0)B) (v} + 1)
i=1

d
5 TR (98G5 + 0)B) (0 + )
i=1

1

The two sums combined are a nuclear perturbation of the operator %(‘ﬁ — N) with finite-
dimensional range. Indeed,

wﬁaz{éﬁe(v:@ﬁ,ﬁ):o,w <i<d: R (38.0,8) = R (6. aip) = 0. }

R (68, 0:8) = R (68.03) = 0

lies in the kernel of the perturbation, proving that D%(ﬁ)| W = TI(YR — N). Hence, every
B

imaginary integer is an infinitely degenerate eigenvalue of D%(B). As this is a computa-
tion in a chart, this result transfers to DX(;(H((H,B)| . given that WHB =TI1(B, W, /;7). |
ng

The spectral decomposition hints at candidates for periodic solutions around the station-
ary point II3. Nevertheless, in this highly degenerate problem, periodic families also
bifurcate in directions outside the eigenspaceﬂ as can be seen in Theorem
However, one derives a satisfying spectral characterization of periodic families as
the 4d-dimensional complement of ‘W5 in Theoremreﬂects the kernel generated

by the unreduced symmetry group RY x R‘é from Proposition as for example,

L
V2

shows orthogonality of 68 € ‘W and the local generator of translation in g;.

0= R <6,3, (Cll' - Cl:()B> =R <6ﬁ’ 6(Iﬁ>

The following result proves that all spectrally admitted bifurcating periodic solutions
around the identified relative equilibria actually exist. Although this problem’s highly
degenerated spectrum obstructs us from obtaining these solutions implicitly from bifur-
cation theory, we at least get a full spectral mapping, justified from the explicit compu-
tations in Section[3.2.3]

'Which corresponds to an oscillation index > 2, see Section
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Theorem 5.10 (Spectral Parameterization of Periodic Families). Let ,8 eVNnSS bea
unit eigenvector of  and choose the subspace WH,E - THB(SL%V / Sl) as in Proposition
B.9 Then there is a canonical injection
S'B.L): B e Wy,
5 _ o Continuous families of periodic solutions
Wl =1ec. | :
~ w o . and their periods bifurcating from 113
B € ker (DX, () - iL)
- 0,7r] — {Closed curves in sZ /s xR
(Slﬁ,L) o 07 { I Y Ay cin? /1~} 2 =
y — (S (cosE,B+sm§Sﬁ),T).

Proof. This is a consequence of the explicit computations in Section It is imme-
diately implied by Corollary and illustrated in Figure[5.1] m|

5.2.3 Algebraic Computation of Periodic Solutions

The highly resonant spectrum iZ C a’(DXﬂH‘ (H,B)) at the listed relative equilibria of
Section[5.2.2]is a difficult obstacle to overcome by applying classical bifurcation theory
to prove the existence of periodic families around them. However, the system fortu-
nately admits an explicit computation of periodic solutions, since it leaves a lot of finite-
dimensional subspheres in S~ invariant by the dynamics. They are the key to computing
a rich variety of periodic solutions. The spheres are constructed as intersections of SZv
with finite-dimensional complex subspaces of £2,.

Definition 5.11 (Centered Subspaces). Let W C £2, be a finite-dimensional complex
subspace. Then W is called centered if and only if

G w= @ nez Wa, where Wy C Fy = ker (9t — N), (or equivalently (W) C W)
and

(ii) VB e W,V1 <i<d: R(B,aB) =R (B, =0.

The number of non-zero subspaces Wy in the decomposition is called the decomposi-
tion index of W, i.e.,

indgec, (W) = #{N € Z : dim¢c Wy > 0} € Ny U {co}.

Example 5.12. (i). Any W = @NGZ Wy, s.t. Wy, Wy, £ {0} = [N — M| # 1, is centered.
For B = Y x By € W, using a;(Fy) € Fy+1 and the orthogonality of ¥, one has

R@Bapy= > RBy.aBu)= Y RBy,aby1)=0.

M,N€Z N€eZ
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(ii). If B = 3 yez B is contained in some centered subspace W = P ~ez Wa then nec-
essarily CBy C Wy by the vector space property of the Wy, hence 65 ver. CON S W.
Also B vez CBN obviously satisfies the decomposition condition. The second condi-
tion is clearly true for any subset of W. Therefore, P ~ez CBy is the minimal centered
subspace containing .

Although it seems a little technical at first, Condition [5.1T}(ii) is actually very natural.
In fact,

1 1
V2 V2
therefore this condition simply allows to cancel the translation invariance in both (q, p)
and to center them at (0, 0).

One quickly checks that the family of centered subspaces is N-stable. This admits
the following definition.

R (B, aB) = B.qiB) and R {B,bB) = B, pi B,

Definition 5.13 (Oscillation Index). Let 8 € S be a function. The oscillation index
of Bis

indose. (8) = inf {indgee. (W) : W C L3, centered, B € W} € Ny U {oo}.

The following Lemma shows that the centered subspaces actually encode some hidden
conservation laws, because their unit spheres are stable under the dynamics.

Lemma 5.14 (SLZ Vector Field). Let 3 : V — L2, be the vector field defined by

d

1 1
3B =+ Z (bfbi ¥ E% (B, (b;b; + b*D;) B — R (B, b,8) (b; + bj))ﬁ

=1
d
- % Z (a;‘ai + %% B, (q0; + afa;) B) — R (B, a;8) (o; + a:f))ﬁ.
i=1

Then the following claims hold:
(i) 3 =Xp,, on VN S&, hence 3:VYVn S& o TSS is well-defined.

(ii) For all centered subspaces W C L2, we have 3(W) € W. In particular, 3 : SV —
TSY is a smooth vector field.

Proof. (i). Note that 3 equals X¢y, from up to a term containing (||ﬁ||2L2 - 1) in the
product. Thus, they are identical on S,
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(ii). Let W c L2 be a finite-dimensional centered subspace. Pick any 8 = Yy By €
W from the decomposition of W, in particular just finitely many Sy # 0. Then using
Condition (ii) from Definition[5.11} we get

1 1 1(1 d
3B) = T Z (SR +5 ®, Ertﬁ'))ﬁ'zv +7 (E% <ﬁ, ; (b;0; — aiai)ﬁ>]ﬁ

N€eZ
1 1 1 d
== [N FS BB+ SR D </3M, (Z (070; - aiai)]ﬁM_2>]ﬁN
NeZ MEeZ i=1
€ Z iRBy C W.
NeZ

As the vector field is in fact only a polynomial in the (finitely many) coefficients By, its
smoothness restricted on W is immediate. m]

In order to learn more about the value of the symmetry reduction, we compute solutions
not only in the quotient manifold S£*/S!, but also in the sphere S

The given example of the Harmonic Vlasov system already proves that many tra-
jectories are only closed by passing on to the quotient, highlighting the value of the
symmetry reduction. An inspection of the proof of Theorem [5.15]even shows that the
global phase oscillation is not generally separable by an ¢! ansatz, emphasizing the ne-
cessity of the reduction method over this ansatz.

We remind the reader that relatively periodic means periodic in the quotient manifold.

Theorem 5.15 (Relatively Periodic Families of the Harmonic Hartree System). Let 3 €
SEv have a finite oscillation index ind,. (,8) = J € N and be contained in the minimal
centered subspace W = @yWy. Then B gives rise to a global solution of (HrHI), which
always remains in SV, is relatively periodic for J > 1, and is relatively constant for
J=1

In the case of J > 2, the relative period T, is given by

2r
gcd ({IN — M| : dime Wy, dime Wy > 0}’

Trel (B) =

In particular, the solution is classically periodic if and only if

d
DB, (v7vi - ;) B) = (B, %) € Q.
i=1

The classical period is a multiple of the relative period.
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Proof. Let B = Y.yfBy be a decomposition according to the minimal centered space
W containing 5. Let N = {N € Z : dim¢ Wy > 0} denote the finite set of indices with
non-trivial Wy. By Lemma 5.14] the initial value problem

3Bty =3B, PO)=pesY

is well-posed on the finite-dimensional compact manifold S¥ ~ S*~! ¢ C’ and has
a global smooth solution by the smoothness and boundedness of 3 on S¥. By Lemma

[5.14}(i), this is actually a solution of (HrHY).
As seen in Example [5.12}(ii), the minimality of W already implies the strict form

Wy = CBy. Hence, one rewrites the equations of motion in the orthogonal decomposi-
tion

. 1
YNeN: iBy@) = (N +5 B, 9tﬁ(t)>)ﬂzv(t)

d
[%% D </3M(r>, [Zl (o;0; - aiai)]ﬁM_z(r)>]ﬁN(r).

M,M-2eN
(5.13)

Now by (5.13) we have By € iRBy, thus the £2 norms of all By are conserved and equal
to ”ﬂN” 2 for t = 0. In particular, there is only phase oscillation inside Wy. Conse-

quently, t — (B(r), NB(1)) = (M) is constant. We therefore choose the ansatz

VN eN: By =Sy exp (—i (N + %(9») ‘- i(p(t)), 0:R>R, ¢0) =0,

which reduces the full system of ODEs (5.13) to the single ODE

Lo, o A ;
0= 1R S (. [21 o1 - afaf)]ﬁM_z>, #0) =0,

MeZ

with a unique global solution, given by a linear combination of sin(2¢) and cos(2¢).

We remark that the common phase %(‘ﬁ)t + (#) is canceled by the S! modulo opera-
tion. The minimal common relative period of the ¢ — SBy(#) is now found by the formula
given in the statement of the theorem. In the special case of J = 1, the dynamics is only
a phase oscillation and therefore relatively constant.

Given that ¢ has period 7, (t) € Q is equivalent to the solution being classically
periodic. O

Theorem 5.16 (Topological Characterization of Periodic Orbits). Let W C L2 be a
centered subspace of finite dimension I = dim¢c W € N. The vector field

3:8" > T1SY
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from Lemma is equivariant under the action of S' and therefore can be pushed
forward under the projection

Im:s% - s%/st ~cpl-t.

The projection onto SY |S! of each trajectory of through 8 € SV is closed and
has constant velocity

v(B) = \[B.IB) - (BN,
The projections of two trajectories either coincide, or are disjoint.

Proof. Let W C L2, be a centered subspace. The S! equivariance of 3 follows from
veesh vpesh: T3¢ B) =36).
Let IT,.3 denote the push-forward. In particular, for solutions of (HrHf), we have

OB =3B = oI =dllgdp) = dlix(3(B) = dL.J) 11B).

We conclude that trajectories in S" /S' cannot intersect because they solve a first order
autonomous ODE with a smooth vector field. Their closedness is shown in Theorem
5.15]

It remains to compute the velocity in the metric of the surrounding space. Let 8 € SV
be given. We can model the differential of IT at 8 by the charts of Lemma[5.6}(i) as

TSV ={ye W:R(B,1) =0} - Tug(SY/S!)=lyeW:(By)=
Y = Y= BB

This yields the following expression for the velocity of a trajectory ¢ +— S(t) € SV in
S¥/S!, namely,

dHﬁ .

GBL, ooy = [A@B ov = 1B (B8) A, = Bl — |8 s\
= I3 — k3B = ().

Using the representation of solutions 8 = Y,y By from Theorem [5.15] and the represen-
tation of 3 from the proof of Lemma[5.14] one computes

2
1 1 d
OEYNA [N £ BB+ R </3M, (Z (07 - aiai)]ﬂM2>]

NeZ MEeZ i=1
2
(ZII,BNIILZ N+ </3‘ﬁ/3>+ %Z<ﬁM,[Z(b,b, a,a,)}ﬁM 2>]]
NeZ MeZ i=1

= (B.9°B) - (B, 0
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St (cos 2 By +sin % ﬁM)

S'Bu

Figure 5.1: The phase portrait of an interpolating family given in Corollary [5.17] For
representation issues a diffeomorphic map between SV /S! ~ CP! ~ §? ¢ R? is chosen.
The north and south pole are relatively constant solutions. The relatively periodic solu-
tions flow along the latitudes with I1,3, whose trajectories can be parameterized by the
angle y € [0, «].

Corollary 5.17 (Interpolating Families). Let By,Bu € S& be two eigenvectors of the
linear excitation operator M with different eigenvalues M # N, s.t. in addition W =
CBu ® CBy is centered. Then there exists a continuous family of relatively periodic
solutions of the phase equivariant Harmonic Hartree , s.t. all trajectories have
the same period.

Proof. The space W = CBy ® CB) has complex dimension and decomposition index
2. Therefore, all elements of W which are not a multiple of the eigenvectors lead to
relatively periodic solutions with period I szNI by Theorem |[5.15| The continuous inter-
polation parameter can be an angle v, as illustrated in Figure O

By the hierarchy of equations, we can transform any solution of (ArHi) back to the £}
picture of the classical Vlasov system. This leads to a rich variety of periodic solutions,
previously difficult to classify.

Theorem 5.18 (Periodic Solutions of the Harmonic Vlasov System). Under the chain
of transformations
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the set of initial conditions
stwn ) w
W centered

leads to periodic solutions of the classical Harmonic Vlasov system (V).

Proof. Following the given chain of transformations, the periodic curves obtained from
Theorem [5.15] yield the result immediately. In particular, the relative periodicity turns
into classical periodicity under the last transformation. O

Actually, many periodic solutions from Theorem [5.18| can be computed very conve-
niently, if one chooses an initial state of the form

_laP® +IpP?
—

3 o (polynomial in q, p) - exp(

as is highlighted by the following example.

Example 5.19. Choose the space dimension d = 1 and the two explicit eigenfunctions

o 1P o I |
Boolg.p)=n"2e” 2 and fho=nze 2 — (g -1
L

of the linear excitation operator 9. Using the angular parameterization vy € [0, ] consis-
tent with Fig. we compute the time-dependent solution

S'B,(t,q,p) =S (ﬁo,o(q, p) cos % +¢'Bao(g, p) sin %)
of (HrHt"Y), the corresponding solution

21s2 1 2
S'ay (1, x,6) = Slate™ " (cos% + e21t$ (@ _ 1) sin %’)

of the reduced Hamilton Hartree equation, the solution

202 1 Y
S'a, (¢, x,v) = Slp e =" (cos Y + —— (x+iv)? sin —)
Y 2 242 2

of the reduced Hamiltonian Vlasov system, and, finally, the Vlasov density

1 2 1 .
Kt x,v) = rle (@) (cos2 % + 3 (x2 + vz) sin? L 4 — R (x +1v)? sin 7)

)

with its oscillating space density

1 3 1
Pyt x) = nre (cos2 + 3 (x4 +x2+ 4_1) sin’ %/ + V2 cos(2t) (x2 - 5) sin 7).

N
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We conclude this chapter by outlining the steps for solving the Harmonic Vlasov system.
We begin to do so by following the general construction principle in order to define the
corresponding Hamiltonian Vlasov system. With the aid of the velocity Fourier trans-
form and the new choice of coordinates, the system is structurally brought into a form
which is analogous to the quantum mechanical harmonic oscillator. This given structure
allows us to compute the relative equilibria and then linearize the vector field at these
points. Hence, we determine the spectral decomposition of the respective linearizations.
Finally, we identify the finite dimensional subspheres left invariant by the dynamics.
On these subspheres, the obtained global phase oscillation is more complicated than a
separation ansatz "V, highlighting the additional value of the employed machinery.



Chapter 6

Conclusions

The main result of this work is a mechanism, which endows any Vlasov system with a
Hamiltonian structure. This allows to embed Vlasov systems into a collection of well-
studied Hamiltonian PDEs, such as the NLS or Hartree equation.

As expected, the Hamiltonian formalism proves to make valuable contributions to the
field of Vlasov systems. The first notable findings are of structural type. Firstly, the gen-
eral symplectization procedure outlined in Section unveils some peculiar features.
For example, the derivation of the Vlasov Hamiltonian

1
?M@=ZWﬂWW@M)

from the energy functional as well as its gauge freedom lead to a variety of fundamental
questions about the physical meaning of these quantities. With the aid of this Hamilto-
nian formalism, the Vlasov equation is derived from an action principle for the very first
time. Namely, the Hamiltonian Vlasov equation is exactly the extremal condition of the
action functional

T
mmafemwwmmwmmmm,mmﬂeﬁ,
0

under variations, vanishing at the interval boundaries. This proves that the Vlasov system
stems from a system, which obeys Hamilton’s principle. This is historically an important
validation point of any equation in mathematical physics.

Secondly, the velocity Fourier transform from Section[I.3]exposes the Vlasov system
in a whole new light. Although a relation between the Hartree equation on the quantum
scale and the Vlasov equation on the classical scale is heuristically not surprising, the

99
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technical realization is stunning. In particular, the Hamilton Hartree equation
i 0,6(1,2) = (V- Ve + (V # 0(0)) @) a(r,2)

with its ultrahyperbolic kinetic term suggests that further studies of this type of equations
seem profoundly promising. For example, finding equilibria of this equation is incompa-
rably harder due to the lack of a minimization principle, as opposed to the well-known
Hartree energy functional.

Going beyond the formal viewpoint, a number of rigorous results are achieved, which
all attribute to new structural analogies to systems already studied in more depth.

The fundamental question, regarding any equation in mathematical physics, is well-
posedness. This is answered in a satisfying manner in Chapter 3] Therein, a global well-
posedness theory is discussed for two Hamiltonian Vlasov systems with non-relativistic
kinetic energy, the Regular Vlasov system with a bounded Lipschitz interaction force in
any dimension, as well as the classical Vlasov—Poisson system with Coulomb interaction
in at least three dimensions. For both systems, global unique existence is established
under reasonable conditions on the initial data. For the discussion of the latter one, a new
Banach space of continuous functions with integrable local supremum is introduced, see
Appendix [A]

The second aspect of this work studies the role of the Hamiltonian Vlasov equation
as a possible limiting equation in Chapter [4] Inspired by the structural analogy to the
Schrodinger / Hartree ensemble, a mean field limit for the Regular Vlasov system is es-
tablished. Nevertheless, the method might not be unfolded to its full capability, since it
is able to deal with singular potentials in quantum theory, an open question for classical
mechanics so far. As our results show, this obstacle reduces to a (missing) regularity es-
timate on the many-particle state. Ultimately, we prove that, in coherence with quantum
mechanical notation, the partial trace of the many-particle density matrix converges in
the operator norm to the pure mean field state. This is consistent with existing results of
marginal convergence for the classical Vlasov system.

Finally, we discuss the problem of symmetries and periodic solutions of the Hamil-
tonian Vlasov system in Chapter [5] We give a rare example of symplectic symmetry
reduction on a Hamiltonian PDE, namely, the Harmonic Vlasov system. Although the
explicit results obtained for the simplistic and idealistic Harmonic Vlasov system are
not very surprising and do not easily generalize to other systems, there are some key
conclusions to draw.

For the very first time the existence of periodic solutions for any classical Vlasov
system without boundary constraints is established. Utilizing the Hamiltonian formalism
for the Hamiltonian Vlasov system has proven invaluable in this area.

Secondly, the method of symplectic symmetry reduction for phase equivariant Hamil-
tonian PDEs turns out to be profoundly effective while looking for periodic solutions.
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The explicit solutions of the Harmonic Vlasov system prove that without this symme-
try reduction, the trajectories are rarely closed and cannot be found by simply trying to
solve the unreduced equation

A0a(t) — Xgq, (@) =0, a:R/Z — L*, 1>0

around some equilibrium. Nevertheless, this is possible on the quotient manifold, where
all periods predicted by the spectrum of the reduced vector field at the relative equilib-
rium are naturally identified in periodic families, bifurcating at that equilibrium.

On the other hand, the method still leaves some open problems. For example, it is not
yet able to deal with the translation invariance of the Hamiltonian Vlasov system. Since
this degeneracy contributes to the kernel of the spectrum at critical points, it opposes the
application of general bifurcation theorems. While the systematic approach of Marsden—
Weinstein seems to be formally valid for this type of symmetry as well, as shown by the
4d dimensional complement in Theorem [5.10] the heavily used technical assumption of
a smooth group action is not easily removed.

Moreover, the method encourages the discussion of other systems around known
equilibria as many Hamiltonian PDEs are endowed with the structure of global S' phase
invariance. Probably the largest obstacle is to find a representation of the equilibrium,
explicit enough to compute the spectrum of the first derivative of the reduced Hamil-
tonian vector field. As the degeneracies arising from symmetries mentioned above are
common to many Hamiltonian PDEs, the formalism puts the Hamiltonian Vlasov equa-
tion into this much larger framework, thereby encouraging to develop the symplectic
symmetry reduction on a weaker topological setup in the future.

Finally, in order to give a more speculative outlook on future applications, the £2
setup of the Hamiltonian Vlasov equation might allow to transfer more methods to the
field of Vlasov systems from fields where they have been developed. Examples could
include application of numerical methods, designed to solve Hilbert space valued equa-
tions, as well as, in an even more speculative way, adaptation of some inverse scattering
method, in parallel to the theory of the NLS equation.

We conclude that the Hamiltonian Vlasov equation leads to an exciting variety of appli-
cations and infuses the field of Vlasov systems with a huge set of new methods. While
this thesis contributes to the subject with the two examples of a mean field limit and
the symplectic symmetry reduction, there are many more inspiring open problems to be
tackled.






Appendix A

Functions with Integrable Local
Supremum

This chapter is adapted from the author’s published paper [14] App.A].

As it is used in many estimates throughout this chapter, for any a > b, we define the
constant

Ata,b) = inf A+RY_ L1 pypme, (A1)

>0 T;,Rb Tp bt

Definition A.1. Let f : RY — R be some measurable function. For any p > 1 and x > d,
consider the norm

1
Ifllaes = sup(l +R)" ( f sup |f(z + )" dz)' . (A2)
R>0 R4 |Z|<R

Denote by A“? the set of measurable functions where this norm is finite. In addition, we
define
Br ={feC(R! > C): VI<ko|=1:D"f € A (A3)

with the norm

I llgrsr =

1
;
> ||D"f||‘;qk.,,) :

lr|<k

Lemma A.2. Ford e N, p > 1, and k > d, we have:

(i) The following inclusions hold: C° € AP C LP N L.

103
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(i) If f € LP and Vf € AP, then f € AP,
(iii) For k < 4, ||fllgw < |1fllger- Hence, AP < AP,

(iv) For % +z11 = LI 8llsea1 < 1flaer I8llea i-e., a generalized Holder inequality
holds.

Proof. (i). Let f € CY have compact support. Then there is Ry > 0, s.t. suppf C Bg, (0).
Thus,

1 f1] 7, = sup(1 +R)r (f sup |f(z + Z)IP dz)
R>0 R

4 |ZI<R

X »
<Ifll g sup(l +R) ™7 (f sup 1p, o)z + i)dz)
R>0 R

4 |z|<R

1
=l sup(1 + R Ry +R)T! < oo,

The inequality ||fll;» < |Ifll#-» is obvious by taking R = 0. In addition, for any R > 0
we have

1 P (A +RF?
1Al < (TW fR sup |f(z +2)I" dz) s((;—Rd)) 1l

d |z|<R

R opt. 1
2 Ak, d)7 1|l e -

(ii). Let f € LP and Vf € A“P, then for any R > 0, we get

+p /l’ K+p p %
(1+R)™7 (f sup |f(z+2)|”dz) <(1+R 7 (f (lf(z)|+Rsup |Vf(z+z)|) dz)
R R4

4 |z|I<R |zI<R
< fllge + IV A llger -

(iii). The statement is clear, since (1 + R)™ < (1 + R)™ .

(iv). For R > 0, we have

a

(1+R)» 4 f sup |f(z +%) gz +7)|dz
R

d |z]<R

_k_2 _ _ Holder
< +R f (sup 17+ 1) sup lece + ) 0z "L W il O
R

|z|<R |zI<R
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Lemma A3. Letk € N, k > d, and p > 1 be arbitrary. Then the functions of compact
support C* are dense in B,

Proof. (i) C* ¢ B5%P, As all derivatives have compact support, the claim follows from

Lemma[A2}(i).

(ii) P C Ck. Let f € B be some function. Let  : RY — [0, 1] be some C’j
function, such that 7 = 1 on By (0) and n = 0 on B, (0)°. For any € > 0 we then define
17e(x) = n(ex). Obviously, fn. € C*. We want to show that for any a € Ng, lo| <
ID*(f17¢) — D* fllar — O for € | 0. In fact, by the Leibniz rule, we have

AL

D(fn) = ), “) (D) (DFne) = D f)me +
BeNd p<ar ﬁeN" B<a p#0

with the usual notation (g) =[1; (Z‘) The first term converges to D* f and as (Dﬁnf) (x) =

eFl (Dﬁn) (ex), all the other terms are integrably dominated for bounded € and their A*?
norms vanish in the limit € | 0. This proves that lim¢o [[D*(f7¢) — D fll g, = 0. O

Theorem A.4. For any k € Ny, k > d, and p > 1, 8P is a Banach space.

Proof. It remains to prove completeness. Let {f,} be a Cauchy sequence in 8“?_ Since
AP embeds continuously into C°, 8P embeds into C. Therefore, {f,} is Cauchy in
C* and has a uniform limit in this Banach space, say f.

We now want to show that ||f, — fllgw, — O and therefore, f € B is the right
limit. It suffices to check the case k = 0, as all the arguments can be repeated for the
higher order derivatives.

Let € > 0 be arbitrary and choose N € N, s.t. by the Cauchy property for n,m > N,
lfi = fullar < € Now let x € R and by the reverse triangle inequality, we get the
following for the supremum norm on By (X) C R4, that is,

sup [fn(X + %) = fin(X +X)| = sup lf(x+%) = fu(x + Xl < sup Ifu(x +X) = f(x +X)|

n—oo
<llfy = fll g "0,

in other words,

lim sup |f,(x + X) = fu(X +X)| = sup | f(X + X) — fu(x + X)|.

=% %<k [XI<R
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Now, for any R > 0, using this equation at every x and in combination with Fatou’s
Lemma, for any m > N, we derive

1 ( f SUp (X + %) — fin(x + D dx)“
(1 + R)» \JR? RI<R

_ (f liminf sup |f,,(x + X) — f,(x + X)? dx)p
R

(1 + Ry \Jre e ger

IN

lim inf ; (f sup |f(x + X) — fru(x + X)|P dx)p
R

= (14 R) ¢ |R|<R

liminf||f, = finllger < €.
n—oo

IA

Therefore, ||f — fiullz» < € and f € AP is indeed the limit. |



Appendix B

Inequalities

We collect some important inequalities well-known from potential theory.

Lemma B.1 (Newtonian Potential). Define the Newtonian interaction potential in space
dimension d > 3 by
x>~

d2-dws

Letp € Cg’" N L,li for some a € (0, 1] be Holder continuous and U,, : R;‘f — R be given
by

I(x) = (B.1)

U =@« 0= [ Tx=y) o) .

Then U, € C2Y and the following representation formulae hold for any xo € R¢ and
[x — x| < §:

3,U,(x) = fR T y) p(y) . (B2)
3i0,U(x) = f 8:0,T(x — y) p(y) dy + f 8:0,T(x — y) (ply) - p(x)) dy
RY-Bg(xo) Br(xp)
o0 [ 0T —y) vity) ds@y). (B3)
0BRr(X0)

In addition, for any X, X, € RY we get that

ViU, (x1) — ViU, (x2)| < L(d, @) sup &) = p&)l X — Xa|” . (B.4)

26 11— &
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In particular, U, € Ci"’ and we find the estimates:
1-2 P
Vp € l1,d) Icpa > 0 [|[Vxlp|| o < cpalloll 2 NllY, - (B.5)

Finally, in the case a = 1, there exists cqg > 0, s.t. forevery O <R <r,

V20| o < ca : (B.6)

(141 )||p||ﬁo —llplly + R IVxpl o

V2| e < ca [(1+llolle) (1 + Ins IVspll ) + lloll ] (B.7)

where In, x = Inmax{1, x}.

Proof. Formulae (B.2)) and (B.3) are well-known from potential theory and are proven
for example in [8, Lem.4.1&4.2].

For the second derivative, the proof of [8, Lem.4.4] contains the estimate for any
R > 0and &, &, € Bg (Xp), that is,

lo(x) — p(X)I

|6:0,Up(&1) = 0:0,U,(&2)| < L(d, a)( R Mol e+ sup = =

)If -6
+ C(R lIpll 2 »

where L depends only on the dimension and the Holder index, and C only on the dimen-
sion. Taking the limit R — oo proves the estimate (B-4).

In order to prove (B.3), we divide the area of integration into Bg (x) and its comple-
ment, yielding for 117 + é =1

|VxU,(x)| < f IVLI'(x — )l lo(y)l dy + f IV<I'(x — y)l lo(y)| dy
RY—Bg(x) Br(x)

dy
< loy)I” dY) + f —— 7 el
{fRd B(0) (wdd |y|d : ] (f Be@ wad [yl

1 (d-p 0 _d=p R R optimal 4 1-2

=— (— 7 lpll g2 + 7 lollgy =" cpallolly lloll "

dw’ p=1 ’ ’
d

requiring p € [1,d).

Inequality is derived as follows. Use with x = x and divide the first in-
tegral into small (< r) and large (> r) radial distance. On the compact sets, p is bounded
by the L3 norm, p(x) — p(y) by the derivative. On the unbounded complement, the in-
teraction potential is bounded and p is integrable. O



Appendix C

Notation Index

A(a, b)

Meaning
dimension of the physical system
coordinates in one-particle space R?

coordinates in the N particle space RV
= (X, V), coordinates in the one-particle phase space
RZd
Z
= (x,£), coordinates in the Fourier conjugate space

Réd of the one-particle phase space R2?

coordinates in the respective N particle spaces R?

vector valued gradient of a scalar function or matrix
valued gradient of a vector field

scalar partial derivative

real and imaginary part

unit sphere in C

Euclidean inner product of R?

Euclidean norm on R, R4, C, or operator norm on
matrices

identity matrix

Lebesgue surface of the unit sphere in R?

Lebesgue volume of the unit ball in R¢

specific positive constant depending on a, b > 0
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Symbol
L7 (L)

k,
w, "

K,

AP
kK, p

B,

Ck(Ct)
Cka

D'H()(SS)
[f. gl

[f’ g]N
(f*8)
Q)

w (.’ .)
st

APPENDIX C. NOTATION INDEX

Meaning

space of (locally) p-integrable functions over the co-
ordinate space of the given variable

Sobolev space of p-integrable functions with weak
derivatives up to order k

a Banach space of p-integrable continuous functions
a Banach space of p-integrable k times continuously
differentiable functions

space of k times continuously differentiable func-
tions (with compact support)

space of k times continuously differentiable func-
tions with a-Holder continuous k-th derivatives

first derivative of H at f in direction of § f

= Vi f-Vyg—-V,f- Vg, Poisson bracket of functions
on R24

= Vi f-Vyg—Vef- Vg, Poisson bracket of functions
on R24N

standard convolution on R¢ or R2¢, whatever the
smallest common domain of definition of f, g is
complex valued £? inner product, antilinear in the
second argument

= J (., ), symplectic form on Lg

unit sphere in £?

Ref.

Def. [A;I']
Def. @
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