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Preface

In this thesis, I have strived to compile a comprehensive collection of my research findings
on the Einstein-Vlasov system gathered over the past several years. The work presented
here builds in parts on the contributions of my colleagues and myself which have signif-
icantly influenced the direction and results of my research [45] 46, 47, [48]. T have made
an effort to reference my prior work clearly throughout the dissertation.

In addition to the publications mentioned above, this thesis contains new results that
go beyond the scope of my previous work. It represents an exploration of current open
problems and is intended to advance knowledge in the field of collisionless equilibria in
general relativity. Ultimately, I hope that this work contributes to the existing body of
knowledge in the field and encourages further research and progress. I sincerely hope
that the ideas and findings presented here will pave the way for future investigations.
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Abstract

We study the dynamics of self-gravitating, collisionless matter in general relativity using
the Einstein-Vlasov system, for which we consider the spherically symmetric, asymptot-
ically flat case. We construct singularity-free stationary solutions and shells surrounding
a black hole at the center. The properties of these steady states are thoroughly ex-
amined, including the single-well structure of the corresponding effective potential and
the period function for particle motions. In the process, we introduce action-angle type
variables. A numerical investigation provides further insights and evidence for the single-
well structure for general isotropic steady states. We show that the metric coefficients,
source terms, period function, and further macroscopic quantities are continuous along
the redshift «.

The linearized Einstein-Vlasov system around a fixed steady state is represented by
a second-order evolution equation that is characterized by an Antonov-type operator L.
We prove that the essential spectrum of £ is strictly positive. By establishing a Birman-
Schwinger principle, we characterize the issue of linear stability through a variational
principle for the Mathur operator M, which is a one-dimensional Hilbert-Schmidt oper-
ator. In addition, we obtain a quantitative bound on the number of unstable modes. As
an application, we show that small shells surrounding a black hole are linearly stable.

By employing a continuity argument along the redshift, we prove that the Antonov
operator has an isolated, positive eigenvalue under rather general assumptions. This
leads directly to the existence of a linearly oscillating mode for the linearized system. In
order to obtain this result, we show the continuity in k of a projection operator that is
not explicitly known and arises in the definition of the Mathur operator.

We numerically investigate non-linear stability with a particle-in-cell method. The
study reveals different types of behavior for slightly perturbed equilibria: For stable
steady states, we observe oscillating and damped solutions. Unstable configurations
(fully or partially) collapse, disperse via a heteroclinic orbit, or perform a homoclinic
orbit. The binding energy hypothesis is examined, and evidence for the existence of
families of steady states with multiple stability changes is presented.

Linear stability is probed numerically by approximating the infimum of the spectrum
of £. The results show that linear and non-linear stability coincide. We confirm the
existence of multiple stability changes on the linearized level. In addition, we investigate
the existence of oscillating solutions and explore damping effects for isotropic polytropes.






Kurzfassung

Die Dynamik von selbstgravitierender, kollisionsfreier Materie in der allgemeinen Rel-
ativitatstheorie wird mit Hilfe des Einstein-Vlasov-Systems modelliert, wobei der
sphérisch symmetrische, asymptotisch flache Fall betrachtet wird. Es werden singu-
laritdtsfreie stationdre Losungen und Schalen mit schwarzem Loch im Zentrum konstru-
iert. Die Eigenschaften dieser stationéren Zustdnde werden griindlich untersucht, ein-
schliefflich der “single-well”-Struktur des zugehorigen effektiven Potentials und der Peri-
odenfunktion fiir Teilchenbewegungen. Dabei werden Variablen vom Typ der Wirkungs-
Winkelkoordinaten eingefithrt. Es wird gezeigt, dass die metrischen Koeffizienten, die
Quellterme, die Periodenfunktion und weitere makroskopische Grofien langs der Rotver-
schiebung  stetig sind.

Das linearisierte Einstein-Vlasov-System um einen festen stationdren Zustand wird
durch eine Evolutionsgleichung zweiter Ordnung représentiert, der durch einen Antonov-
Operator £ charakterisiert wird. Es wird bewiesen, dass das wesentliche Spektrum
von £ strikt positiv ist. Uber ein Birman-Schwinger-Prinzip wird das Problem der lin-
earen Stabilitdt durch ein Variationsprinzip fir den Mathur-Operator M charakterisiert,
welcher ein eindimensionaler Hilbert-Schmidt-Operator ist. Dartiber hinaus erhalt man
eine quantitative Schranke fiir die Anzahl der instabilen Moden. Als Anwendung wird
gezeigt, dass kleine Schalen, die ein Schwarzes Loch umgeben, linear stabil sind.

Durch Anwendung eines Stetigkeitsarguments entlang der Rotverschiebung wird unter
recht allgemeinen Annahmen bewiesen, dass der Antonov-Operator einen isolierten, pos-
itiven Eigenwert besitzt. Dies fithrt direkt zur Existenz einer linear oszillierenden Mode
fiir das linearisierte System. Um dieses Ergebnis zu erhalten, wird die Stetigkeit in &
eines nicht explizit bekannten Projektionsoperators gezeigt, welcher in der Definition des
Mathur-Operators auftritt.

Eine numerische Untersuchung der nichtlinearen Stabilitdt wird mithilfe einer
“particle-in-cell’-Methode durchgefiihrt. Die Studie zeigt verschiedene Arten von Ver-
halten fir leicht gestorte Gleichgewichte: Oszillierende und geddmpfte Losungen wer-
den fiir stabile stationére Zustdnde beobachtet. Instabile Konfigurationen kollabieren
(komplett oder teilweise), zerflieBen iiber einen heteroklinen Orbit oder fithren einen
homoklinen Orbit aus. Die Bindungsenergie-Hypothese wird gepriift, und es wird Evi-
denz fiir die Existenz von Familien stabiler Zustidnde mit mehreren Stabilitdtswechseln
prasentiert.

Lineare Stabilitdt wird numerisch untersucht, indem das Infimum des Spektrums von £
approximiert wird. Die Ergebnisse zeigen eine Ubereinstimmung zwischen linearer und
nicht-linearer Stabilitdt. Die Existenz von mehrfachen Stabilitatswechseln wird auf der
linearisierten Ebene bestéatigt. Dariiber hinaus wird die Existenz von oszillierenden
Losungen untersucht und Dampfungseffekte fiir isotrope polytrope Zusténde erforscht.
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1 Introduction

Nothing has such power to broaden
the mind as the ability to investigate
systematically and truly all that
comes under thy observation in life.

Marcus Aurelius

Albert Einstein’s theory of general relativity is widely considered as one of the founda-
tional pillars of modern physics, having revolutionized our understanding of space, time,
and gravity. Einstein’s work on general relativity can be traced back to 1911, when he
postulated the equivalence principle [36]. Prior to developing the notion of curved space-
time, Einstein used the combination of the equivalence principle with special relativity
to predict that clocks operate at different rates in a gravitational field and that light
rays bend under the influence of gravity. He spent several years refining his ideas and
developing the mathematics necessary to express them. In 1915, his work culminated in
the theory of general relativity [37, [38], which represented a radical departure from the
previous understanding of gravity.

General relativity has stood the test of time and has been validated by numerous
observations, including the explanation of the perihelion precession of Mercury [39], the
deflection of light by the sun [34], and the detection of gravitational waves [I]. Ein-
stein’s theory predicts the existence of black holes [106]—some of the most extreme
and mysterious objects in the universe—which are regions of spacetime where the grav-
itational pull is so strong that nothing can escape. This prediction has recently been
confirmed through the first-ever image of a black hole, captured by the Event Horizon
Telescope [41].

The behavior of matter in the presence of gravity is central to our understanding of
the universe, from the motion of planets and stars to the structure and evolution of
galaxies. One of the most fundamental questions that arises in the context of general
relativity is therefore how matter generates and interacts with the gravitational field.

1.1 The Einstein-Vlasov system

The Einstein-Vlasov system stands as a mathematical model that describes the behavior
of an ensemble of particles or gas moving under the influence of their mutual gravitational
interactions, as described by the theory of general relativity. In this model, the particles
are treated as a continuous distribution of mass, rather than discrete individual objects,
and their dynamics are described by the Einstein field equations coupled to the Vlasov
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equation, also known as the collisionless Boltzmann equation. We now present the
Einstein-Vlasov system in its full generality before restricting it to spherical symmetry
in the next section. We choose units where the gravitational constant and the speed
of light are normalized to one. Concerning the notation for general relativity and the
Einstein-Vlasov system, we follow [91), 112].

The object under investigation is a spacetime (M, go3), where M is a time-orientable,
four-dimensional manifold and g is a Lorentzian metric with signature (— + + +).
Greek letters always run from 0 to 3. Indices can be lowered with the metric g,5 and
raised with its inverse ¢®?. By writing z® for local coordinates, the line element is given
by

ds® = gagd:nadxﬂ.

Henceforth, the Einstein summation convention is employed. The metric induces the
Christoffel symbols

1
Gy = Egaa(amﬂgw + O0xv985 — 0p3598+)
and the geodesic equations

de® . dp* _

= —T%.0°p", (1.1)

which can be viewed as equations of motion for particles or light rays in the gravitational
field generated by the metric g,5. This is in analogy to Newton’s equations of motion.
The parameter 7 corresponds to the proper time of an observer if the geodesic is timelike.
The tangent bundle TM of the manifold M is equipped with the coordinates (z®, p?),
where p? are the (canonmical) coordinate basis components of the tangent vectors to
the manifold M. The eight-dimensional tangent bundle T'M—or rather an appropriate
subset of TM—is the proper phase-space on which the particle density f = f(z®,p?) is
defined. The Vlasov equation is consequently given by

P Ope f — T30 P 0pa f = 0. (1.2)

Since we aim to model (clusters of) galaxies, the particles are massive and travel along
timelike geodesics, i.e., they move forward in time. The rest mass of a particle on
a timelike geodesic is given by —gagpapﬂ and is conserved along solutions to (|1.1)).
Therefore, we restrict the particle density to the mass shell

PM = {(z%,p") € TM | gopp®p”® = —1, p” is future pointing},

which is a geodesically invariant, seven-dimensional submanifold of T'M, where all par-
ticles have rest mass one. By employing Gaussian normal coordinates locally on M, the
line element can be written as

ds® = goo(dguo)2 + gabda;“dxb,



1.1 The Einstein-Vlasov system

and solving for p° in gagpapﬁ = —1 yields
(0°)* = =" (1 + gurp®p").

Latin indices always run from 1 to 3. Due to the signature of the metric and p® being
future pointing on the mass shell PM, we obtain p° > 0 and

P’ = vV —g"V/1 + guppept.

The coordinate ¢ := ¥ can now be interpreted as a timelike coordinate because of
dx® 0
—=p >0
dr

on PM. In particular, the geodesic equations (1.1) and the Vlasov equation (1.2]) can
be expressed in (t,z%,p?) on the mass shell via

dx® _ pa dpa _

= — — T2 P
dt pO’ dt p() ByP

p’Y

and “
b 1 a B, _
of+ Eaxaf— Ermp p'Opa f =0, (1.3)

respectively.

In order to obtain a self-gravitating system of collisionless matter, the Vlasov equa-
tion ((1.3)) on the mass shell gets coupled to the Einstein field equations

Gap = 8113, (1.4)

where G is the Einstein tensor determining the curvature of spacetime and T,z is
the energy-momentum tensor representing the matter and energy contained in M. We
are only interested in the setting with a vanishing cosmological constant. The Einstein
tensor is given by

1
Gaﬁ = Ra,@ - iRgaﬂy

where R,z is the Ricci tensor and R = R,“ is the Ricci scalar. The Ricci tensor is in
turn obtained from the Riemann curvature tensor

Rop," = 0,610, — 0zl + T T, —TO.T5,

aBy Be™ ay

by setting R,g = R avﬂv' Therefore, the Einstein tensor is fully determined by the
metric g,g and contains second-order derivatives of this metric.

The particle distribution f induces the energy-momentum tensor via

1 dplddep?’
T = [ papaflalt P (1.5)
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where |g| is the modulus of the determinant of the metric. The resulting equa-
tions , , and constitute the Finstein- Viasov system in general coordinates.
We prescribe that the spacetime is asymptotically flat, which corresponds to the descrip-
tion of an isolated system. For a detailed derivation of the Einstein-Vlasov system from a
kinetic-theory perspective, we refer the interested reader to [35] and the references there.
In [29], the local well-posedness of the Cauchy problem for the Einstein-Vlasov system
was first established by considering certain energy estimates in appropriate Sobolev
spaces.

The goal of this work is to analyze stationary solutions to the asymptotically flat
Einstein-Vlasov system. One trivial steady state is obtained by flat Minkowski space
gap = diag(—1,1,1,1) and f = 0. The non-linear stability of this setting was originally
established in the spherical symmetry case in [91, 03] and proven recently in [43] [75] for
general small perturbations. The second well-known steady state is given by the vacuum
Schwarzschild metric

-1
ds* = — (1 — 21”) dt* + <1 — 254”) dr® + 12(d6? + sin?()dy?),
where a central black hole of M > 0 is surrounded by vacuum. The seminal work [30]
shows that vacuum perturbations of Schwarzschild spacetime converge asymptotically
to a member of the Schwarzschild family, modulo the Kerr solutions. The authors prove
this on a non-linear level and without symmetry assumptions.

Currently, it is not possible to rigorously analyze questions regarding the stability
or instability of non-trivial, time-independent solutions to the Kinstein-Vlasov system
without employing a symmetry assumption. From a mathematical point-of-view, the
above-mentioned results for the Minkowski spacetime and the vacuum Schwarzschild
spacetime rely on the matter being small, and the arguments are structurally different
from the stability of non-trivial equilibria. We thus prescribe that the spacetime is
spherically symmetric. We conduct our research in two coordinate systems which are
presented in the following.

1.1.1 The Schwarzschild coordinate system

Einstein’s field equations allow for coordinate freedom. For the Schwarzschild coordinate
system, the line element is given by

ds? = —e2Htn) g2 4 G @r? 4 p2(dh? + sin®(0)dy?), (1.6)

where (t,7,0,1) € R x [0, 00[x[0, 7] x [0, 27]. The coordinates t and r can be interpreted
as a time and radial variable, respectively. The polar angles # and i parametrize the two-
spheres of constant t and r > 0. The metric coefficients p and X\ are unknown functions
in (t,7) that determine the metric of the spherically symmetric spacetime. We prescribe
the boundary conditions u(t,00) = 0 = A(¢,00) which ensure asymptotic flatness. In
order to eliminate the artificial singularity that arises at r = 0, it is convenient to
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introduce Cartesian coordinates
z = (2%, 2%, 23) = r(sin() cos(v)), sin(f) sin(1)), cos(6)) € R3 (1.7)

and to express the metric, the Christoffel symbols, etc., in these coordinates. Further-
more, instead of the canonical momentum variables p%, we use non-canonical momentum

variables v® given by
a

a __ a A

V' =p+ (e —1) i (1.8)
We have introduced the shorthand x - p = 042%?, and in the following, we employ
the notation | - | for the Euclidean norm on R3. The change of momentum variables
from p® to v® is advantageous, as it removes the dependency of the energy-momentum
tensor on the metric coefficients. However, the characteristic flow of the Vlasov equation
is no longer measure-preserving in (z,v). By plugging , , and into the
Einstein-Vlasov system, a lengthy derivation yields the system which follows below. It is
worth mentioning that the geometric aspects inherent in the Einstein equations are now
fully eliminated, and only a coupled system of partial differential equations remains. We
refer to [91] for a detailed discussion and derivation of the relevant geometric tensors
and the energy-momentum tensor. The Vlasov equation for the particle distribution

f = f(t,x,v) is given by

8 +€M_>\L'ax _ }\ﬁ_‘_eu_)\/ 1—|— ’U2 Ea,u :O 19
e 0t~ (A5 VIR )00 (1.9

Einstein’s field equations are represented by

e 2rN — 1) + 1 = 8mr?py, (1.10)
e M2y + 1) — 1 = 8mrpy, (1.11)
A = —drrerthye, (1.12)
B 1 e
e (u“ + (=N + T)) —e 2 (A + AN - u)) = 8mqy, (1.13)

where the source terms arising from the energy-momentum tensor are

pr(tr) = pylta) = [ VTFTP f(t0) do (1.14)

T-v\2 dv
pr(t,r) = py(t,z) = /11@3 (T) f(t,z,v) Wa (1.15)
Gp(tr) = jp(t,z) = /RS quvf(t,x,v) dv, (1.16)
1 zxvl? dv
qr(t,r) =qr(t,x) = 5 /R3 " f(t,x,v)\/ﬁ. (1.17)




1 Introduction

Throughout the equations x,v € R3. A prime or a dot always denotes a derivative with
respect to r = |x| or t, respectively, e.g., \ == 9.\ and X := 9 \. As an aside, the terms
pf, Pfy jf, and gy can be interpreted as a mass, pressure, momentum, and tangential
pressure density, respectively. The system is not complete without boundary conditions
and initial data. We impose an asymptotically flat spacetime as mentioned above, i.e.,

rlggo pu(t,r)=0= rlggo A(t, ). (1.18)
For the remaining boundary and initial conditions, we distinguish between two situations:
On the one hand, we consider singularity-free spacetimes with a non-negative, spherically
symmetric initial distribution

£(0) = f € CHR® x R®).
A particle distribution f = f(t,z,v) is called spherically symmetric if
f(t,z,v) = f(t, Az, Av), A€ S0(3),

i.e., if f(t) is invariant under simultaneous rotation in x and v; we comment further on
spherical symmetry in Section In addition, we prescribe that f satisfies

47?/ p};(s)s2 ds < E, r >0, (1.19)
0 2
and impose that

A(t,0) = 0. (1.20)

The latter condition is required to obtain a spacetime with a regular center. The esti-
mate ([1.19) is a necessary constraint on the initial data, as otherwise field equation
cannot be solved for ¢ = 0 globally in . We call f the singularity-free Einstein-
Viasov systeml]

On the other hand, we consider the setting where a Schwarzschild black hole of mass
My > 0 is situated at the center of the spacetime. In this case, Schwarzschild coordinates
can only cover points of the spacetime where » > 2M,. Therefore, we allow non-negative,
spherically symmetric initial distributions f € Cl({z e R?| |z| > 2Mp} x R?) with

‘a
My + 47r/ ,0};(5)32 ds < C, r > 2My, (1.21)
2M 2
and we prescribe
lim e 2Mt7) = 0. (1.22)
r32Mo

The latter two conditions play the same role as ([1.19)) and (1.20) for the singularity-free

"When using the expression Finstein-Viasov system, we henceforth refer to the asymptotically flat,
spherically symmetric setting in Schwarzschild coordinates. We implicitly refer to both the
singularity-free case and the case with a singularity at the same time, unless stated otherwise.



1.1 The Einstein-Vlasov system

system. Accordingly, we call (1.9)—(L.18]), (1.21)), and (1.22)) the Einstein-Viasov system

with a Schwarzschild-singularity of mass M.
In both settings, the quantity

m(t,r) = 4w /OT py(t,s)s* ds (1.23)

is referred to as the quasi-local (Vlasov) mass, and necessarily 2m < r or 2(m+ M) <r
must hold.
At first sight, the Einstein-Vlasov system seems to be overdetermined due to the four

field equations ([1.10)—(1.13)). As shown in [91], we can eliminate equations (1.12]), (1.13)

from the system and prove their validity a-posteriori if the Vlasov equation as well

as (1.10), (1.11]) are fulfilled. Furthermore, we substitute A with field equation (1.12)) in
the Vlasov equation ([1.9)). This yields the modified Vlasov equation

Oz f + (47rre“+)‘jf¥ — e M1+ ‘0‘2)% -Ouf =0, (1.24)

v
V14 |v]?

and one can prove that solving (1.10), (L.11f), (1.14), (1.15), and together with
the corresponding boundary and initial conditions is equivalent to solving the Einstein-
Vlasov system introduced above. In the following, we thus refer to as the Vlasov
equation for our purposes and dispense with .

O f + et

1.1.2 The maximal areal coordinate system

Besides Schwarzschild coordinates, we introduce the maximal areal coordinate system,
for which the line element is of the form

ds® = —(a® + a®B?)dt* 4 2a*Bdtdr + a*dr? + r*(df* + sin®(0)dy?).

The variables ¢, r, 6, and ¢ are the same as in , and the metric coefficients «, a, and
B are again functions of (¢,7); we demand that a and a are strictly positive. Since we
only use maximal areal coordinates for the numerical investigation in Chapter [7], we keep
the discussion of the Einstein-Vlasov system in these coordinates fairly short. Overall,
the structure is very similar to Schwarzschild coordinates but more involved due to the
presence of a third metric coefficient 8 and the geometric “maximal slicing condition”
which prescribes that hypersurfaces of constant ¢ have vanishing mean curvature. For a
thorough derivation and discussion, we refer to [44] [46].

The Einstein-Vlasov system in maximal areal coordinates is given by the following
system of equations: The Vlasov equation

(0% v T
% + o e~ Pl 0

n o 1+v2§+((a5)/—d)x'” z B, _zve 0,f =0 (1.25
(v ) 2 -2 )
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is coupled to the field equationsﬂ
p

K§ =" 1.26
0 ar’ ( )
/ 3,3 02 3, @ 2
a' = 4nrpa’ + 57"([(9) a’ + 5(1 —a”), (1.27)
KG
(K8 = —3=% — 4raj, (1.28)
r
no__ 1 CLI 2 2 0\2 2
o' =« — — | +6aa”(Ky)* + draa”(S + p), (1.29)
a
a = (aB) + 20Ky, (1.30)
. 3 o a 1
K9 __° K@ 2 1— — 4 _ y 1.31
0 2( 9) Q ra2 2T‘2< CL2) + 7T(Oép aﬁ])a ( 3 )

via the source terms as in ([1.14)—(1.17), and

Se(t,r) =pr(t,r) + 2q¢(t,7) = f(t,z,v)dv. (1.32)

The boundary conditions for the metric coefficients are

lim a(t,r) =1= lim a(t,r), lim B(¢,7) = 0. (1.33)

r—00 r—00 r—00

In the singularity-free setting, we prescribe a(t,0) = 1, whereas we demand

lim ——=0
r32Mp a?(t,r)

in the case with a black hole of mass Mj at the center.

We only consider compactly supported, non-negative initial data f(0) = f such
that (1.27) and (1.28) have solutions that exists for » > 0. Through the same mech-
anism as for Schwarzschild coordinates, we can eliminate @ in the Vlasov equation by

field equation ([1.30) and show that ([1.30]) as well as ([1.31)) are fulfilled a-posteriori for a
reduced set of field equations; see [46], Sc. 2.3].

There are some key differences between the Einstein-Vlasov system in maximal areal
coordinates compared to Schwarzschild coordinates. Maximal areal coordinates are able
to cover parts of the spacetime that are trapped. A trapped surface is defined as a closed
two-dimensional surface with the property that the expansion of any family of outgoing
null geodesics (light rays) from the surface is negative everywhere on the surface. In
other words, the surface has the property that the area of a small sphere centered on
any point on the surface decreases as time progresses. In maximal areal coordinates, a

2We use the notation Kj, since % is the 00 component of the extrinsic curvature tensor Kj .



1.2 Preliminaries and previous results

trapped surface is present, if at some time ¢ and radius r > 0 the inequality

i) < rKj(t,r) (1.34)
holds. The ability to describe trapped surfaces is a crucial advantage in the study of the
formation of singularities.

In addition, the elliptic-type field equation for « apparently yields more regu-
larity compared to equation for p. Indeed, this simplifies some arguments in the
proof of local existence [44], [46].

However, the trade-off for these beneficial properties is the more difficult structure of
the Einstein-Vlasov system as a whole in maximal areal coordinates. In particular, the
metric coefficients cannot be determined explicitly for given source terms. This makes
the situation considerably worse for deriving analytical properties.

As mentioned above, we will come back to maximal areal coordinates when numerically
studying the non-linear stability of steady states in Chapter [7] since the detection of
trapped surfaces can be quite insightful in this case.

1.2 Preliminaries and previous results

Before we get to the main objectives of this work, we comment on some technical details,
mention preliminary properties of the system, and review previous results. We limit
the technicalities to the Schwarzschild coordinate case, but they can be transferred to
maximal areal coordinates as well.

To begin, we note that spherical symmetry, as defined in the previous section, is con-
served along regular solutionsE| to the Einstein-Vlasov system. The spherical symmetry
of the distribution function f(t) allows us to eliminate three of the six variables (z,v),
since we can write f as a function of

T -v

r=lzl, w== L=zP

—(xr-v)" = |x XV
(2 )" = |z x v]?

Under abuse of notation we write f(t,xz,v) = f(¢,r,w,L). However, note that this
introduces an artificial singularity at » = 0 which can make the analysis of the system
more difficult. In (r,w, L)-variables, the (modified) Vlasov equation (|1.24) becomes

w

Ouf + e =0, f
1+w?+ 4

L L
+ | dmre T jpw — e M1+ w? + S et Owf =0.
" 31+ w? + %
\/ -

The field equations and the source terms remain unchanged, apart from transforming

3See [01] Def. 1.2.7] for a precise definition of a regular solution to the Einstein-Vlasov system.
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the variables in the integrands of the source terms accordingly. The stability analysis
central to this work relies mainly on (r, w, L)-coordinates since periodic particle orbits are
better described in coordinates adapted to spherical symmetry. The spherical symmetry
of f is also the reason why the source terms are radially symmetric functions, e.g.,
pf(t,r) = pg(t,z) for r = |z| and z € R3.

Along regular, compactly supported solutions f to the Einstein-Vlasov system, it is
easy to see that the ADM-mass

M= //RG\/Wf(t,x,u)d(x,v):47r/oopf(t,s)32ds

0

as well as the Casimir functionals
//}RG A (f(t,z,v)) d(z,v) (1.35)

are conserved quantities for every x € C*(]0,00[) with x(0) = 0. For the special case
x = id, we obtain that the number of particles

N / /R A £ (1,2, 0) d,0) (1.36)

is constant in time.

Let us comment on some known results for the Einstein-Vlasov system in spherical
symmetry in the singularity-free case. For a general overview and introduction, we refer
to [6, O], 95].

The local existence of regular solutions together with a continuation criterion is es-
tablished in [91), O3] for Schwarzschild coordinates and in [44, [46] for maximal areal
coordinates. It is an open problem whether these solutions can always be continued
globally in time. For matter bounded away from the spatial origin, the main result
of [97] shows that solutions exist globally. A similar result is proven in [I1] for outgo-
ing initial data in maximal areal coordinates. The gravitational collapse of collisionless
matter is studied in [7) 12} [13]. A first step towards proving the weak cosmic censorship
hypothesis [28, [81] for collisionless matter is obtained in [32] by applying the results
from [3I]. The authors show that singularities for the Einstein-Vlasov system must em-
anate from the center and that the weak cosmic censorship hypothesis holds if a trapped
surface forms.

For the setting with a central black hole, it is possible to show that global in-time solu-
tions exist, by applying the continuation criterion from [91], [93]. However, the non-linear
dynamics of the system with a singularity have not yet been studied in the literature.

There is a plethora of stationary solutions to the Einstein-Vlasov system [47, [83] 90,
96]. The existence of steady states to the axially symmetric Einstein-Vlasov system
was shown in [I4] and recently in [64] as a bifurcation from Kerr spacetime. Non-linear
stability of steady states remains an open problem: An approach towards non-linear
stability was tried in [IT13], but the work contains serious flaws, as pointed out in [9]. On

10



1.3 Methodology and outline of the thesis

the contrary, the issue of linear stability is better understood: In [53]54] it is proven that
isotropic steady states are linearly stable if they are close to Newtonian, and the authors
of [52] show that highly relativistic, isotropic equilibria are linearly unstable. Static
shells surrounding a black hole are established by different means in [47, 63, 00], and
linear stability of such shells is proven in [47]. Much work in the literature deals with the
numerical investigation of stability; we refer to Chapter [7] for a detailed discussion. The
existence of compactly supported stationary solutions to the massless Einstein-Vlasov
system with a black hole at the center is shown in [§].

To conclude, we briefly discuss related results for the Vlasov-Poisson system—the
Newtonian counterpart of the Einstein-Vlasov system: It is shown in [94] that solutions
to the Einstein-Vlasov system converge to solutions to the Vlasov-Poisson system as
the speed of light tends to infinity. The existence of regular global solutions to the
Vlasov-Poisson system with general initial data is proven in [76, [82]. In sharp contrast
to the Einstein-Vlasov system, all physically relevant isotropic steady states are known
to be non-linearly stable, see [50, [72] and the references there. Recently, the quantitative
behavior of perturbed stable steady states of the Vlasov-Poisson system has been studied
in [55, 56, [69], which is closely related to the approach we will employ in Chapters
and [B

1.3 Methodology and outline of the thesis

As the basis of the investigation, we construct classes of stationary solutions to the
Einstein-Vlasov system in Chapter [2] After defining what we mean by a steady state in
Section [2.1] we establish equilibria fy of the form

fo(x, U) = (p(E(l’,’U), L(x,’l)))

with and without a singularity in Sections and The microscopic equa-
tion of state ¢ is a suitable function of the integrals of motion: the particle energy
E =et\/1+ |v|? and the angular momentum L. In a nutshell, the construction of
steady states comes down to solving an integro-differential equation and making sure
that the resulting solution has finite mass and radius. In Section we thoroughly
analyze important properties of these stationary solutions. At the core of this is the
so-called single-well structure of the corresponding effective potential which allows us to
uniquely characterize each particle trajectory by fixing the pair (E, L). In Section m
we prove the single-well structure for isotropic steady states that satisfy 6m < r and
for small shells surrounding a black hole. Under the assumption of the single-well struc-
ture, we bound the period function T'= T'(E, L) for the periods of the particle motions
from above and away from zero in Sections [2.3.3| and [2.3.4] Moreover, we introduce
action-angle type variables which are crucial for the analysis of linear stability later in
the work. In Section we conclude with a brief numerical investigation of stationary
solutions which helps to justify the assumptions required for rigorous results in Chap-
ters [5] and [l In particular, we present evidence that all isotropic steady states have

11
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single-well structure.

We determine the parameter dependence of families of isotropic steady states along the
redshift x in Chapter [3] This creates the groundwork for the continuity arguments used
later in Chapter @ In Section we provide the continuous (differentiable) dependence
of the metric coefficients and source terms along x, whereas the quantities related to the
single-well structure are studied in Section the single-well structure in general and
the period function in particular again require in-depth analysis. As one of the main
results, we show in Proposition that the period function is continuous along x.

In Chapter [ we derive and set up the linearized Einstein-Vlasov system around a
fixed steady state that meets certain assumptions, e.g., ¢ has to be decreasing in the
particle energy E. The linearized system is represented by a second-order evolution
equation

O2f +LFf=0

for the odd-in-w part of the perturbation f, where the Antonov operator L is of the form
L=-B"-R=—(T+S8?-R.

The transport operator 7 corresponds to the characteristic flow of the steady state, and
S, R are non-local, bounded operators. In Section [£.2.1] these operators are defined
on an appropriately weighted L2-space H, and in Section a comprehensive study
of their properties is conducted. One of the crucial results is the proof that the inverse
of —B2 exists on an appropriate subspace of H. As the main result, we determine the
properties of the essential spectrum of the Antonov operator in Theorem and show
that it is non-negative and bounded away from zero.

Linear stability is defined through the positivity of the spectrum of the Antonov op-
erator, i.e., inf(c(£)) > 0, which corresponds to the absence of non-positive eigenvalues.
By deriving a Birman-Schwinger principle in Chapter [5, we show in Section that
eigenvalues < 0 of £ are equivalent to eigenvalues > 1 of the Birman-Schwinger operator

Q=—VRB /R

The operator () possesses favorable properties from a functional analysis point of view
and can be reduced by observing that im(Q) C im(yv/R), where the latter is isomorphic
to a radial L%-space. In Section we reduce the search for eigenvalues < 0 of £
to the search for eigenvalues > 1 of the so-called Mathur operator M which is linear,
bounded, symmetric, non-negative, compact, and of Hilbert-Schmidt type with a con-
tinuous integral kernel K that we determine semi-explicitly. As a result, linear stability
is characterized through a one-dimensional variational principle in Theorem [5.4.1] and
a Birman-Schwinger bound on the number of unstable modes follows in Theorem [5.4.3

As an application, we prove the linear stability of small shells surrounding a black hole
in Theorem [5.4.4l

In Chapter |§|7 we initiate the search for (linearly) oscillating solutions to the Einstein-
Vlasov system. The strategy is to obtain a positive eigenvalue of the Antonov operator as

12
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it departs from the essential spectrum and becomes negative via a continuity argument
along the redshift. A careful analysis of the operators along k is necessary in Section [6.2
The main problem stems from the orthogonal projection operator Il onto ker(B),
which is not known explicitly but needs to be controlled since it appears in the Mathur
operator M,. In a lengthy endeavor, we prove the continuity of 1, along the redshift in
Theorem [6.2.13] after deriving a fixed-point equation for the generator of II,;. This leads
directly to the continuity of the Mathur operator M, through its representation as a
Hilbert-Schmidt operator. Due to the results from Chapter [5] we deduce the existence
of an oscillating mode under suitable conditions in Theorem

In Chapter [7 a numerical investigation is carried out in maximal areal coordinates
with a focus on non-linear stability of steady states using a particle-in-cell method.
After describing the algorithm in Section we characterize the different types of
behavior of the time evolution of slightly perturbed equilibria. In Section we study
singularity-free stationary solutions and obtain stable oscillations, but—for the first time
for the Einstein-Vlasov system—we also observe damping effects when the microscopic
equation ¢ is sufficiently regular. Unstable equilibria collapse to a black hole, lead to
a heteroclinic orbit, or fully disperse. In Section we provide evidence against the
binding energy hypothesis and for the existence of families of steady states with multiple
stability changes. In Section [7.4] we conduct a first investigation towards stability issues
of (single) shells surrounding a black hole, for which we observe similar behavior as in
the singularity-free case, apart from the existence of homoclinic orbits.

Finally, linear stability is numerically examined in Chapter [§| where we approximate
the bottom of the spectrum of the Antonov operator. The numerical method introduced
in Section [8.2]is mainly set up to provide a proof-of-concept for more refined algorithms.
The results from Section [8.4] indicate that linear and non-linear stability coincide up to
numerical accuracy. In particular, we confirm the results from the non-linear stability
analysis regarding multiple stability changes for a family of steady states on a linear level.
In Section [8.5] we explore whether oscillating solutions exist for isotropic polytropes or
whether there is evidence for damping, by studying these behaviors along the redshift x
and the polytropic index k.

13






2 Stationary solutions to the
Einstein-Vlasov system

Life is like riding a bicycle. To keep
your balance, you must keep moving.

Albert Einstein

In this chapter, we study the construction and properties of time-independent solutions
to the Einstein-Vlasov system in the singularity-free and the Schwarzschild-singularity
case. In the first part, we define what we mean by a stationary solution in our context
and deal with some preliminaries. In Section self-consistent equilibria as well as
static shells around a black hole are derived from scratch. We investigate important
properties of these steady states in Section where the focus lies on the notion of
the (strict) single-well structure, which allows us to define the period function that
we bound from above and away from zero under suitable conditions. This enables us
to introduce so-called action-angle type variables. We conclude the chapter with a
numerical investigation of the steady states in Section

2.1 Definition and preliminaries

There exists an abundance of steady states to the spherically symmetric, asymptotically
flat Einstein-Vlasov system which are physically reasonable, i.e., with finite mass and
compact support. The main observation in order to construct static solutions is the
following: Consider a sufficiently regular function of the form f = ¢(FE, L), where

E = E(z,v) = e"I*) /1 4 [v|2 (2.1)

is the particle energy, p is the metric coefficient induced by f, and L = |z x v|? is
the (squared modulus of the) angular momentum. Then f formally solves the Vlasov
equation (|1.24)) since £ and L are preserved along the characteristic flow. The Einstein-
Vlasov system is therefore reduced to solving the field equations. This motivates to use
the following concept of a stationary solution to the Einstein-Vlasov system:

Definition 2.1.1. (a) Let p € C'([0,00[) and define the particle energy E = E(x,v)
as in (2.1). A function f: R® x R3 — [0, oo| with the property

flz,v) = p(E(z,v), L(z,v)), (z,v) € {(,7) e R® xR* | f(&,) >0},
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where : R xR — [0, 00, is called a stationary solution or steady state or equilib-
rium to the singularity-free Einstein-Viasov system, if v is the metric coefficient
corresponding to f, i.e., if

I 2A\ ﬂ : _
wo=e (r2 +47rrpf>, Thﬁrgou(r) =0. (2.2)

Here py and py are the densities induced by f via (1.14) and (L.15), m is the
quasi-local mass (1.23) given by py, and e =1- 277” If ¢ only depends on E,

ie., f(z,v) = p(E(x,v)), the steady state is called isotropic.

(b) We define a stationary solution or steady state or equilibrium to the Einstein-
Vlasov system with a Schwarzschild-singularity of mass Mgy > 0 in the same man-
ner but prescribe p € C1(]2My, o0o|), replace m with My + m, and only consider
radii r > 2Mj.

In both cases, the ansatz ¢ is called the microscopic equation of state of the stationary
solution f. When we mention a steady state of the Einstein-Viasov system, we implicitly
refer to both settings (a) and (b) simultaneously.

Even though the ansatz f = ¢(E, L) takes care of the (non-linear) Vlasov equation,
finding stationary solutions is still a non-trivial problem since p is determined by f,
which itself depends on E and thus also on p through . Our definition of steady
states allows for density functions f which are not necessarily regular, because the Vlasov
equation only has to be fulfilled in the sense that f can be written as a function of (E, L).
However, we obtain a classical solution of the time-independent Vlasov equation if ¢ is
sufficiently regular.

Lemma 2.1.2. Consider a stationary solution f = ¢(E, L) to the Finstein-Vlasov sys-
tem. If p € CHRxR) holds, f € C*(R?xR3) and the time-independent Vlasov equation
is solved in a classical sense, i.e.,

v
V1+]v?

Proof. Since ¢ is compactly supported, the densities py and py are bounded, which im-
plies that p/(0) = 0 by . Therefore, p can be interpreted as a radially symmetric,
continuously differentiable function on R3, i.e., u(r) = p(|z|) = pu(x). Thus, E = E(x,v)
and L = L(z,v) = |z x v|? are continuously differentiable, and we get that f is contin-
uously differentiable by the chain rule. The time-independent Vlasov equation follows
after noting j; = 0 for f = p(F, L) by parity considerations. O

Of — I+ 0 - 0,f =0 on R® xRS,
T

The class of isotropic steady states is important in its own right since the dependency
on L is not present in the microscopic equation of state. This leads to relations and
estimates which generally hold for isotropic equilibria and which we will use repeatedly
when dealing with such stationary solutions.

16



2.2 Construction

Lemma 2.1.3. Consider an isotropic stationary solution f = @(E) to the Finstein-
Vlasov system. Then p¢(r) and ps(r) are monotonically decreasing in v, ps = qf, and

3pf < py-

Proof. We plug the ansatz f = ¢(E) into the formulas for ps, py, qf from (1.14)), (1.15)),
(1.17), respectively. A change of variables from v to (E, L) yields

py(r) = dme=40) / E>V/E? — 30 () dE,
en(r)

dr r > r
pr(r) = g0 [ (B2 = ) (B dE = 4s(r),
e T

where we explicitly computed the integral over L. Let 0 < s < r. Since p is increasing,

we get

pr(s) > Are~ () / E*\ E2 — ¢245) o(E) dE

en(r)

> 4me ) / E*VE? — 20 o(E) dE > py(r),
eﬂ(r)

and thus that pf(r) is decreasing in 7. An analogous estimate holds for py. The obser-

vation )
T-v\2 T X v
( >+’ 2‘ 2‘1}’231—%’1}‘2
r T

and py = qy imply 3p; = py + 2q5 < py. O

2.2 Construction

In this section, we derive stationary solutions for which we will analyze stability later on.
We consider two situations which have to be treated slightly differently: steady states
in a singularity-free setting and steady states which are situated around a black hole of
mass My at the center. We start off by constructing singularity-free steady states.

2.2.1 Singularity-free steady states

The construction of steady states for the Einstein-Vlasov system in the spherically sym-
metric and singularity-free case has been thoroughly covered in the literature. For our
approach, we mainly refer to [83]. The primary difficulty arises from the fact that the
support of the steady state should be compact with finite mass for physically reasonable
configurations. In [83], this problem is solved for a large class of microscopic equations
of state ¢ with help of what the authors call a “compact-support-Lemma”. The tech-
niques used in [83] are quite general and can also be applied, e.g., to the classical and
relativistic Vlasov-Poisson system and related fluid models. For similar approaches, we
refer to [90] 96].
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2 Stationary solutions to the FEinstein-Vlasov system

Consider a microscopic equation of state of the form
E l
f(.%',U) = (P(EvL) =P 1- ﬁ (L - L0)+a (23)

where ® is a suitable ansatz function specified below and E° €]0,1[ is a cut-off energy
which bounds the possible energy values in the steady state support. Moreover, we
prescribe [ > —% and Lg > 0. The latter gives a lower bound for the angular momentum.
In fact, Lo > 0 leads to solutions with a vacuum region at the center of the steady state.
The index + denotes the positive part of a function, and we use the convention

) !, x>0,
l‘+ =
0, z < 0.

Isotropic steady states are obtained in the special case where | = 0 = Lg. We point out
that the explicit form of L-dependence in is chosen only for simplicity, and our
analysis can easily be extended to stationary states with more general L-dependencies.
We demand that the ansatz function ® satisfies the following conditions:

(®1) ®: R — [0,00][, @ € L>([0,1]), and ®(a) =0 for o < 0.
(®2) There exist constants ¢1,c2 > 0, ag > 0, and 0 < k <[+ % such that

c10f < ®(a) < ok, a €], a).

These properties together with the presence of the cut-off energy E° are sufficient to
provide a compact support and finite mass, as we will see in Proposition[2.2.4] Obviously,
|(®1) and [(®2)| are quite loose conditions and allow for a variety of different ansatz
functions. For example,

Ba) = (e — 1), (2.4)

yields the so-called King model which is commonly used in the astrophysical literature
to model globular clusters since it corresponds to an isothermal configuration [67]. The
simple polytropic relation
k
Q(a) = o} (2.5)

with 0 <k <[+ % yields static solutions referred to as polytropes.

By plugging the ansatz with F given by into the singularity-free Einstein-
Vlasov system, we obtain a non-linear equation for the metric coefficient u. However,
the field equation for p has a boundary condition at spatial infinity and contains the
cut-off energy E° as another parameter, which makes the resulting equation difficult to
handle. It is therefore advantageous to consider

y = In(E%) — p

instead, in order to eliminate E°. After having solved for y, we will define the cut-off
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2.2 Construction

energy E° accordingly. For y, we get the integro-differential equation

! - — L 4j TSQ S S S mr r r = K
V) = Gt ], SO ds () ) y(O)( ),
2.6

where K > 0 is a given initial value. The functions G and H are defined for
(r,y) €]0,00[xR by

L
Glr,y) = 2me r2e@+20 g, <1 e Uy 14 3) (2.7)
.
._ 2l (4+2l)y —y Ly
H(r,y) =2nd;r“e hill—e I+, (2.8)
,
where the functions g;, h;: | — 00, 1] — R are given by

Ji ®(@)(1 - a2(1-a)? — (1-2)2) " da, 20,

91(z) = (2.9)
0, z <0,
“o(« —a)? — (1 —2)? s « z
o) o 0 2O =P = @) e 20, 210
0, z <0,

and

1—s

TR 1
c = / ds, dj:= / s'V/1 = sds.
0 0

In particular, G and H vanish for e ¥4/1 + % > 1. These quantities arise from the
coupling of the Vlasov equation and the field equations , , since the
mass density py and the pressure p; are induced by the density f, which contains y
through the energy dependency. More precisely,

py(r) =G(r,y(r), py(r)=H(r,y(r)), r>0.

First, we have to analyze the regularity of G and H, which was also done in similar
contexts, e.g., in [83, Sc. 2.1.3], [90, Lem. 3.1], and [96, Lem. 2.2]. However, in these
references, the more detailed arguments are often left out. For the sake of completeness,
we provide the missing details here. Under the assumptions on ® above, we obtain that
g1 and h; are sufficiently regular.

Lemma 2.2.1. Let! > —%, Ly >0, and consider ® that satisfies |(®1)| and [(®2)| Then
g1 € CY(] — 00, 1[), by € C*(] — 00, 1]) and g, hy are monotonically increasing.
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2 Stationary solutions to the FEinstein-Vlasov system

Proof. The proof comes down to applying Lebesgue’s (dominated convergence) theo-
rem[T] We claim that

1—

(NI

=) = @+ 1)(1-2) /0 “B(a)(1 - a)*((1-a)* — (1- %) F da

is the derivative of g; on ]0,1[. For z €]0,1[ and h > 0 small, we estimate

=1

— 2+ 1D)(1-2)(1-a)*—-(1-2)% 2|da

= Il + 127

and deal with the two terms separately. In both cases, we can bound
|@ ()| < [|®|[Lo0([0,17) due to We estimate the integrand in I by

(1—a)—(1—z=h)2)*2 < (1=2)2=(1—2=h)2)"*2, aclzz+h]
and thus )
L<C(1-2?%-1-2z-—h)»"2 50, h—0,
because of [ > —%; note that C > 0 is independent of h.
The integrand in Is goes to zero pointwise almost everywhere for A — 0 due to

d
dz

1
l_2

((1=aP—1-2)") =@+ D0 -2)(1-a -1 -2 %,

for every o €10, z[. For the majorant, we apply the mean value theorem for o €]0, z[
and obtain

(1—a)2—(1—2-h)2)"2 = (1-a)2—(1-2)?)"2
h
= (2 +1)(1—z—h) ((1 A (1-z— B)Q)l_5 (2.11)

for some h € 10, h[, which depends on «. In the case | > %, we obtain 2/ 4+ 1 as an upper

!Throughout the work, we only write Lebesque’s theorem as an abbreviation.
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2.2 Construction

bound for (2.11)). On the other hand, if [ < %, we estimate

(A= —(—2=0?) 7 < (-0 - (-2

and get an integrable majorant for (2.11]), since [ > —%. By Lebesgue’s theorem, we have

Li,Ip -0ash 0. Therefore, g; is right differentiable on |0, 1[ with right derivative
g;- Since g; as well as g; are continuous, we deduce that g; is continuously differentiable
with ¢; = g/ on ]0, 1[. In analogous fashion, we prove that h; is differentiable with

hi(z) = (21 +3)(1 - 2) /0 B(a) (1 - a)? - (1 - 2)2)"2 da,

and—since A is structurally similar to g;—the same process yields that h; is differentiable
again with

hi(z) = = (20 +3) /OZ P(a)((1—a)*— (1 - z)2)l+% do

(204 3)(20 + 1)(1 — 2)? /0 o(a)((1—a)® —(1—2)%)"

N

da, 2z €]0,1].

The continuity of g; and h;' on ]0, 1[ can be shown by another application of Lebesgue’s
theorem in a similar manner and comes down to using [ > —% for finding suitable
integrable majorants. To summarize, we now have g, by, hj € C*(]0,1[U] — o0, 0[), since

g1, hy vanish on | — 0o, 0[. It thus remains to show that
lim g;(2), hu(z2), g1(2), hy(2), ki (2) = 0.
230

We limit the proof to the case g; and | < % The remaining convergences follow via

analogous or easier arguments. For z > 0, we have

-1
2 da,

i) < C [ (1=a2=(-2?)
where C' > 0 does not depend on z. We observe that
(l-a)P-(1-20=Q2-a—-2)(z—a)>z—qa, z€[0,3],a€]0,2],

and, because of —% <l< %,

/ - -1 ¢ +1 >,
|gl(z)|§C/(z—a) 2da=-—52"2-20, z50.
0

I+1

To conclude, we note that the montonicity claims follow from the explicit formulas for
g; and hj above. O
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2 Stationary solutions to the FEinstein-Vlasov system

We translate the results for g;, h; to G, H in the following way:

Lemma 2.2.2. Consider ® that satisfies |(P1)| and [($2)| Then,

G € C'(]0,0[xR), H € C?(]0,00[xR), (2.12)
and G, H are increasing functions in the y-component. Moreover, the functions
10, 0[xR > (r,y) — 7“72ZG(7‘, Y), r72lH(r, Y), TﬁQlayG(T, Y), r7218yH(7‘,y),
can be extended continuously for r — 0 onto [0, 00[xR .

Proof. The regularity shown in Lemma as well as the definitions (2.7)), (2.8)), im-
ply (2.12) by the chain rule. The functions G and H are increasing in y, since g;, hy

are increasing and due to [ > —%. The continuous extension for r = 0 follows from the
definition of G, H as well as the continuity and boundedness of g;, h;. ]

Since the Vlasov equation is only solved in the sense that f is constant along char-
acteristics, as given in Definition there is no guarantee that the fourth field equa-
tion holds a-priori, which would be the case for classical solutions. This remaining
second-order equation for y is tightly connected to the so-called Tolman-Oppenheimer-
Volkov equation which holds for spherically symmetric perfect fluids [I12, Eqn. 6.2.19]

Lemma 2.2.3. Let y be a solution of (2.6) on an interval |0, R[. Then py = G(-,y) is
continuously differentiable and the Tolman-Oppenheimer-Volkov (TOV) equation

2 (ps(r) — 45(r) (2.13)

r

Pp(r) =y (r)(ps(r) + py(r))
holds on 10, R[, where gy is the tangential pressure (1.17)) induced by f = p(E, L).

Proof. A proof is found in [90, Lem. 3.3] and can be applied almost word by word.

It involves using Lemma [2.2.2] and expressing ¢y through p; as well as an additional
function similar to (2.7) and ({2.8]). O]

With these preliminary regularity considerations out of the way, we now obtain steady
states as in [83, Thm. 4.1]:

Proposition 2.2.4. Consider ® that satisfies |(®1)| and |(®2), and let | > —% and
Lo > 0. For every k > 0, there exists a unique solution y € C*([0,00[) of (2.6) with

Yoo = lim y(r) < 0.

r—00

Defining E° = exp(yso), pt = In(EY) — y, and
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2.2 Construction

yields a (non-trivial) stationary solution to the singularity-free Einstein-Viasov system,

as defined in Definition|2.1.1|(a), with f = @(E, L) as in (2.3)). The solution is compactly
supported and has finite mass. The FEinstein field equation (1.13)) is satisfied on ]0, ool.

Proof. For the proof, we refer to [83]. We shortly recall the central idea: A contraction
argument yields a unique, local solution y on a small interval which can be extended to a
maximal solution by standard ODE theory and by controlling the denominator in ([2.6))
via the TOV equation as in [90, Thm. 3.4]. The central difficulty is to obtain
a compact support together with finite mass, which is shown by a “compact-support-
Lemma”, cf. [83, Lem. 3.1]. The field equation follows from the chain rule and
the TOV equation. O

For a fixed ansatz function ® and values [ > —%, Ly > 0, we thus obtain a family
of static solutions (fx)x>0, which are parameterized by x = y(0). For every x > 0,
this corresponds to a spherically symmetric star cluster in an equilibrium with finite
expansion and mass.

Definition 2.2.5 (The s-family). Consider ®, I, and Lo as in Proposition . We
call the induced family of steady states (fi)w>0 a k-family. We denote the corresponding
static quantities by a subscript K, e.g., Wy, px, etc., its cut-off energy by E", and its
Vlasov mass by M.

The value s has an illustrative physical interpretation: It is closely related to the
central redshift z. of a photon which is emitted at the center of the steady state and
received at spatial infinity. In fact, it holds that

6.%

1= e 0 1, (2.14)

Ze =
A more suitable quantity for our work is the central-to-surface redshift
z=e"—1, (2.15)

which is equivalent to considering k. In particular, higher values of x correspond to higher
values of the central-to-surface redshift z. This can be interpreted as an indication that
the configuration gets more relativistic as s increases. Due to these relations, we will
refer to k as the redshift from now on.

2.2.2 Matter shells with a Schwarzschild-singularity

In addition to the singularity-free case, we explore steady states of the Einstein-Vlasov
system with a Schwarzschild-singularity of given mass My > 0. Even though the investi-
gation is related to the singularity-free case in many aspects, some important structural
differences arise so that it is convenient to consider this setting separately. The approach
here is very similar to the one found in [47] but relies on a different parameter to obtain
a slightly more diverse class of steady states. We discuss this in more detail and mention
additional references in Remark 2.2.13]
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2 Stationary solutions to the FEinstein-Vlasov system

The stationary solution shall be of the form

flx,v) = x(r —ro) p(E(z,v), L(z,v)), (2.16)

where x is the Heaviside step function, i.e., x(s) =1 for s > 0 and x(s) = 0 for s < 0,
and rg > 0 is a parameter which we will determine later. For the microscopic equation of
state ¢, we use the ansatz of the form ([2.3) with cut-off energy E°, | > —%, and Ly > 0.

As above, we impose that ¢ satisfies [(®1)[ and |[(P2)]

Remark 2.2.6. (a) The radial cut-off function x ensures that only periodic orbits
occur in the steady state. However, the resulting equilibrium will not depend on
the particular choice of rq.

(b) In [{7], condition is replaced with the more general assumption that ® is
positive on some small interval 10,e[. In our case, this is in general not sufficient
to guarantee a compact support and finite mass, since our approach allows for a
broader range of initial values for y(3My) compared to [{7).

Due to the presence of the radial cut-off function, f will only be a solution of the
Vlasov equation if the parameters ro, Lo > 0 and y(3Mjy) are chosen suitably. We derive
such a choice of parameters by analyzing the metric quantity x4 induced by f. According

to (L.11]), the equation for u reads

1 (Mo + m(r)
1-— %(Mo +m(r))

Iu/(r) = 2 + 47['7°pf(7°)>, r > 2Mj, (2.17)

together with the boundary condition lim, . p(r) = 0. Recall that m is induced by py
via (L.23)), where we set py := 0 on [0, 2M).

It is instructive to consider the setting f = 0, i.e., where only the Schwarzschild black
hole is situated at the center and no Vlasov matter is present. We denote all quantities
in this case with an upper index zero. The pure Schwarzschild solution

pl(r) = ;ln<1 - 2];40) r > 2My, (2.18)

solves ([2.17)) in the case f = 0 = m. The effective potential given by

L 2M, L
WO (r) = 6“0(7")\/1 +5= \/1 - 74(]\/1 +5, L>0, r>2My, (2.19)

encodes how particles move in the external potential of the black hole, which makes it
an important quantity to study. We gather some of the main properties of \IJ% in the
next lemma,; see [27, § 19] or more recently [63, Apx. A].

Lemma 2.2.7. The effective potential \IIOL in the pure Schwarzschild case has the fol-
lowing properties:

(a) For every L >0, we have that lim,_ops U9 (r) = 0 and lim,_0o ¥ (r) = 1.
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2.2 Construction

(b) For every L > 12Mg, there exist two unique zeros 19 > s > 3My of (\IJOL)/ given

by
L 12M2 L 12M2
0 0 0 0
= 1—14/1-— = 1 1- . 2.20
oL 2M0< L ) " 2M0<+ L ) (2:20)
Furthermore, (\I'%)/,(s%) <0< (\I'%)”(r%), i.e., W9 attains a strict local mazimum

m s% and a strict local minimum in r%.

(c) The estimate B9 (r9) < min{1, W9 (s9)} holds, and W9 (s9) > 1 is equivalent to

L >16M3.
(d) For every L > 12M¢ and E €)%Y (r?), min{1, Y (s9)}[, there exist three unique
radii
2My < (B, L) < s} <r%(B,L) <) <(B, L)
such that

Vi (r0(B, L)) = E = Vi (ri(E, L)).

We illustrate these quantities in Figure With this knowledge of the effective po-
tential, we can specify the choice of the parameters remaining in the ansatz . We
proceed similarly to the singularity-free setting and turn the cut-off energy EV into an
unknown variable by considering y := In(EY) — . Due to Lemma we set an initial
value for y at r = 3My and thus arrive at the equatio

y'(r) =~

— Z(Mz pny (Mo +2m(7“) + 47rrpf(r)>, y(3My) = k + ln<\/§)7

(2.21)
on |2Mj, oo[ which should be compared with (2.6). We specify the admissible range
for k below. The initial value for y(3Mjy) is chosen such that it fits together well with
the singularity-free case. Equation (2.21)) is a closed system for y, since we can express

py and py in terms of y by plugging (2.16) into (1.14) and (1.15):
pr(r) =x(r—=ro) G(r,y(r)), pp(r) = x(r —ro) H(r,y(r)), r>2Mo,  (2.22)

where G and H are defined in (2.7)) and (2.8]). In the pure Schwarzschild case f = 0, the
solution of (2:21)) is given byf]

r

1-— > =w—po(r), r>2M.
r

2A general result for particle motions in the external potential of a Schwarzschild black hole states that
stable orbits are only possible outside of the photon sphere which is situated at r = 3My. This is
another reason why we choose the initial value of y at r = 3Mp.

3This is the “deeper” reason why we add ln(\/g) in the initial value for y(3Mo): It gets rid of an
additional term in the relation for u° and 4°.
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2 Stationary solutions to the FEinstein-Vlasov system
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Figure 2.1: Illustration of the effective potential \IJOL in the pure Schwarzschild case for
My =1, Lo = 15. The black line corresponds to \IIOLO and the grey line to \IJOL
with L = 18. The value e can be chosen between \If%o (7“%0) and \IJ%O (ro)-

We can now specify how we choose k and the parameters in the ansatz (2.16)):
(P1) Choose L such that Ly > 12M¢.

(P2) Set ro = s , where s > 3Mj is defined in (2.20).

(P3) Choose £ € R such that

\II%O(T%O) <e' < \IIOLO(S%O).

To put it briefly, ensures that trapped orbits exist in the first place. The definition
of rg in[(P2)|leads to f(r,w, L) = 0 for r < ro. The lower bound in [(P3)| ensures that the
solution is not trivial, i.e., f # 0, while the upper bound in yields that the matter is
strictly bounded away from r = r such that f does not have discontinuities arising from
the Heaviside function x in . This is the reason why & is bounded from above unlike
in the singularity-free case. As an aside, we note that the case e < min{1, ¥} (s )}
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2.2 Construction

yields the same steady states, as derived in [47, Sc. 2.2]. The choice of these parameters
together with the behavior of \IJ% is depicted in Figure For the sake of completeness,
we mention that the TOV equation is also valid in the current setting with a
Schwarzschild black hole at the center.

Lemma 2.2.8. Let y be a solution of (2.21)) on an interval |2My, R[. Thenps = G(-,y)
1s continuously differentiable and the TOV equation

2(Pf(7") —q5(r)), (2.23)

o
holds on |2My, R[, where qf is the tangential pressure (1.17)) induced by

f = X(T - 7QO)SO(E7L)‘

Py(r) =y (r)(ps(r) + ps(r))

Proof. Except for technical details, the proof is the same as that of Lemma [2.2.3 O

The next lemma deals with the existence and behavior of solutions of (2.21)). In the
proof, further details reveal why we have introduced conditions [(P1)H(P3)

Lemma 2.2.9. For every choice of parameters Lo, 1o, k that satisfy |(P1)H(P3)|, there
exists a unique solution y € C*(]2My, oc[) of (2.21)), where pf, Py, and the quasi-local
mass m are given through the relations (2.22)) and (1.23)). It holds that

20My +m(r)) <r, y(r)<y(r), re]2My, ol (2.24)
There exists € > 0 such that
pr(r) =0=ps(r), y(r) = yo(r), r €2My, o + €], (2.25)

but py and py do not vanish on the whole domain |2My, co[. The limit

Yoo = lim y(r)

r—00

exists with Yoo €] — 00,0[ and the relation

1 2
e = W(Fiw) + 3101 2 (04 00) (2.26)
holds, where M is the total Vlasov mass given by
Rmax
M = lim m(r) = 47‘(‘/ s%p(s) ds, (2.27)
r—00 2Mo

and Rmax = sup{r > 2M;, | p(r) > 0} < occ.

Proof. Observe that y = y° defines the unique solution of (2.21]) on |2Mjy, r¢]. This is due
to the presence of the radial cut-off function y in (2.22) which implies p¢(r) = 0 = ps(r)

27



2 Stationary solutions to the FEinstein-Vlasov system

for 2M < r < rg. We plug rg = SOLO into the explicit formula for ° and get that

L

e v, 14 —g =09 (rg)e ™™ > 1,
7o
which is equivalent to
2 M L
1— 0 /1+ 73 > eff
To o

and by the choice ro = s%o, this holds if  satisfies|(P3)| Therefore, since G and H vanish
for e ¥4/1+ % > 1, there exists € > 0 such that y = y° solves (2.21)) on |2My, o + €].

In particular,
G(Tvy(7“>) :OZH(Tay(T))a To <TSTO+€7

which proves . By considering with the new boundary condition
y(ro +¢) = y°(ro +¢), the arguments from the singularity-free case can now be ap-
plied almost one-to-one. Uniqueness and local existence follow by basic ODE theory
since G, H € C*(]0,00[xR), according to Lemma m For a proof that the solution
can be extended to arbitrarily large radii, we refer to [90, Thm. 3.4]. The main diffi-
culty is to show that the denominator on the right hand side of does not vanish,
which is achieved by using the TOV equation . The limiting behavior of y is
deduced by applying the “compact-support-Lemma” from [83, Lem. 3.1] analogously
to the singularity-free case; here condition is needed. Once we have determined

Rpax < 00, equation ([2.26)) follows explicitly from solving (2.21)), because

1 My+ M

() = > Rmax-
y(T) 1—%(M0+M) 7"2 9 r= max

It remains to show that the solution is not simply the vacuum solution, i.e., that there
exists r > rg with py(r) > 0. We prove this by contradiction: Assume p¢(r) = 0 for
every r €]2My, 00[. Then, as 0 < ps(r) < ps(r), we must have y = y° on ]2My, oo[ and

we obtain
L L
eV /14 T—S = efyo(r)\/ 1+ 7”73 =e "0 (1)

Therefore, we need to show that e_“\ll%o (r) < 1 for some radius r > 79, because this
implies p¢(r) = G(r,y(r)) > 0 which contradicts the assumption. If £ > 0, we are done
by making r large enough. In the case where x < 0, the lower bound for x in condition
(P3)[ comes into play: Since e < min{1, ‘IJ%O (ro)}, Lemma yields the existence
of unique

ro = s, <1’ (e", Lo) <1}, <rl(e", L),

with the property \P%O(roi(e”, L)) = €. In particular, \I/%O(T’%O) < e, which completes
the contradiction for x < 0. L]
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From the solution y of (2.21), we can derive a stationary solution to the Einstein-
Vlasov system—again similar to the singularity-free case.

Proposition 2.2.10. Consider ® that satisfies |(®1)| and |(P2)|, and let My > 0 and
I > —%. For any choice of parameters Lg,rg, k that satisfy (P1)~I(P3), let y be the

solution of (2.21)) provided by Lemma . Defining E° = exp(yso), pt = In(EY) — v,
and

) = —;ln<1 _ %(Mo + m(r))), r > 2Mo,

where

T

m(r) = 477/ s2G(s,y(s)) ds,
3Mo

yields a (non-trivial) stationary solution to the FEinstein-Viasov system with

Schwarzschild-singularity of mass My, as defined in Definition ( b) with

f=x(r—ro)p(E,L) as in ([2.16). The solution is compactly supported and has finite

mass. The Finstein field equation is satisfied on |2Mjy, ool.

Proof. Due to the properties of y shown in Lemma [2.2.9] it suffices to show

f(x,v) = QD(E(.%,’U),L(.CI}, U))v

if f(x,v) > 0, which might only fail for |z| = 79, because of the cut-off function Y.
However, according to Lemma we have f(z,v) = 0 for |z| € ]2My, ro+¢]. Moreover,
the field equation (|1.13]) follows by the chain rule and the TOV equation (2.23)). O

To summarize, for a fixed ansatz function ® and parameters My, Lo, [, x chosen
suitably, we obtain a steady state of the Einstein-Vlasov system with Schwarzschild-
singularity of mass My. The value k has a similar interpretation as in the singularity-free
case and will also be referred to as the redshift here; note that x < 0 lacks a reasonable
physical interpretation.

In contrast to Section [2.2.1] we do not only consider families of static solutions that
are parameterized by k, since using the mass of the central black hole My or other
parameters to describe families of steady states can be of interest. In particular, we can
reproduce an analogue family of static solutions to the one introduced in [47], where a
smallness parameter d > 0 is used to control the size of the Vlasov matter. We refer to
it as a o-family.

Definition 2.2.11 (The J-family). Consider ®g that satisfies |(P1)| and |(92), and let
My >0 and | > —%. Fiz values for Lo,ro, & such that |(P1)H(P3) and

EO,Vac = e < 1

are satisfied. For 6 > 0, let fs be the steady state induced by the parameters above
and ® = 0Py via Proposition [2.2.10} We call such a family of steady states (fs)s>o a

4We use the terminology E%V2°, since this quantity corresponds to the limiting cut-off energy in the
case where the mass of the Vlasov matter goes to zero, i.e., only the black hole at the center remains.
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2 Stationary solutions to the FEinstein-Vlasov system

o-family. We add the subscript 0 to all relevant quantities, denote its cut-off energy by
EY, and the Viasov mass by Ms.

We employ the following notation when using a d-family: Let Gg, and Hg, be the
induced functions by ®g, according to (2.7) and (2.8). In particular, G = 0Gg, and
H = 0Hg, correspond to

,05(7“) = G(T7 yé(r)) = 6G<I>o (7", yé(r))v pg(’l“) = H(T7 yg(?“)) = 6H<I>0 (Tv y5(r))'

Note that such a Choice of parameters, as made in the definition above, is possible
because of Lemma [2.2.7(c)l The prefactor § > 0 governs over the “size” of the Vlasov
matter as § becomeb small. In fact, as in [47, Lem. 3.3], we can show that a J-family
converges uniformly to the pure Schwarzschild case in a suitable sense:

Lemma 2.2.12. Consider a §-family (f5)s>o. For every é > 0, the following properties
hold:

(a) The radial support of f5 is contained in [R°. , RO ] C]3My, o[, where
R?nm =10 (B, Lo), RO, =1L (E™ Ly); (2.28)

see Lemma d)| for the definition of r..

(b) As 6 — 0, the steady state quantities behave as follows: ps — 0, ps — 0, and
s — A0 wniformly on |2My, oo, My — 0, E® — EV*, and

(1) ™ = (uY®) uniformly on ]2M, 0], k€ {0,1,2}, (2.29)

where p° is given by (2.18) and \° = %

Proof. For part (a ) we first notice that r (EO Va¢ L) are well defined because of |(P3)

and Lemma For rg = sL as in Lemma [2.2.9] yields ys = y° on ]QMO, ro]
Consider r € [ro,Rmm] then ys(r ) yO(r ) and vl () > EOvac a5 per Lemma

imply
/ L / L
e Ys(r) 1_,_7;) > eV 1_,_70 EOvac > 1,

and therefore G(r,ys(r)) = 0 = H(r,ys(r)). This proves ys(r) = y°(r) and f5(z,v) =0
for |z] < Rmm For the upper bound on the radial support, the same arguments are
repeated for 7 > RO which completes part (a)ﬂ

As to part (b), we start by showing the convergence of the density ps, which, due to (a),

can be restricted to [R?mn, RY..]. Since R?nm > 3My, ys is decreasing, and y; < y°, we
obtain that
Ga, (T’, Ys (T)) < Ga, (T7 y0(3M0))7 [R?mnv R?nax]

5We emphasize that, for the proof, it is essential that E®V2° = e® < 1. Otherwise, we would not be
able to bound the radial support uniformly in 4. This is why we only get such a result for a J-family
and not for general families of steady states parameterized, e.g., in k.
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2.2 Construction

because G, is an increasing function in the y-component, see Lemma Hence, there
exists C' > 0 such that Ge,(r,ys(r)) < C for r € [R%, ,R%..] and every § > 0, from
which we deduce that ps < C§. This immediately implies that Ms — 0; recall (2.27).
Analogous arguments are valid with ps replaced by ps. These convergences lead to
(y5)" — (y°) uniformly on |2My, co[[f] In particular, A\s — A\°. After integration, we then
deduce that y; — y° uniformly on |2Mj, oo[ using similar arguments. Thus, E? — E%vac,
and for k € {0,1} follows. Lastly, the uniform convergence of the second derivative
of us follows from the field equation , which holds according to Proposition

O]

To conclude this section, we comment on some other and related approaches of con-
structing stationary solutions to the Einstein-Vlasov system around a black hole, which
appear in the literature.

Remark 2.2.13. (a) The existence of compactly supported stationary solutions with a
Schwarzschild-singularity was originally proven in [90, Thm. 5.1] and the deriva-
tion is closely related to our work. In [90], the steady states are restricted to
Ly > 16MO2 and no families of equilibria were yet considered.

(b) The approach presented here is similar to the one found in [{7, Sc. 2.2] but allows
for equilibria that can reach arbitrarily close to r = 3My, whereas in [{7] the
solutions are bounded away from r = 4My. In addition, it is possible that the steady
states in our work can be arbitrarily relativistic—as measured in the redshiftk—
which is not the case in [{7].

(c) Stationary solutions surrounding a black hole are also derived in [63] via an entirely
different strategy using a bifurcation argument. In short, steady states are implicitly
obtained by perturbing the pure Schwarzschild case with a small amount of Viasov
matter. The main advantage of this method is that it can be generalized to obtain
equilibria of the axisymmetric Finstein-Viasov system with a Kerr black hole at the
center [04)]. This setting is out of reach in our approach.

By nature of the implicit function theorem, the main result of [63] allows only
for small shells that are not known explicitly. Moreover, the steady states are not
suitable for our investigation from Chapter[]] onwards since we need to impose that
Opp < 0 on the steady state support, which, by construction, is not possible in [63].

(d) The spherically symmetric massless Einstein-Viasov system is studied in [§]. The
author proves the existence of static shells with finite mass and compact support
surrounding a black hole. These stationary solutions are highly relativistic and the
first known class of equilibria for the massless Finstein-Vlasov system.

(e) For the Viasov-Poisson system, the existence of steady states with a fized central
point mass is shown in [105, Thm. 5.1] by minimizing a suitable energy-Casimir
functional. The point mass can be interpreted as the non-relativistic counterpart

SRecall (2.25) and note that (ys)'(r) — 0 as r — oo uniformly in § > 0, since 2Ms < R, — 2Mo.
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2 Stationary solutions to the FEinstein-Vlasov system

of the Schwarzschild black hole. In addition, the result in [105, Thm. 6.1] proves
that these static solutions are mon-linearly stable against spherically symmetric
perturbations.

2.3 Properties

We now investigate important properties of the steady states derived in the previous sec-
tion and aim to show these features under as few assumptions as possible. For various
purposes throughout the investigation, we need to verify or assume a specific character-
istic of the equilibrium: that the effective potential of the steady state has a so-called
(strict) single-well structure. We can show this property for stationary solutions that
are isotropic and satisfy 6m(r) < r, and also for small matter shells surrounding a black
hole. However, numerically the single-well structure holds for a much larger class of
steady states, as we will argue in Section [2.4] The single-well structure is essential for
the introduction of action-angle type variables in Section and for the continuity
of some quantities along a redshift-parameter, as we will see in Chapter The strict
single-well structure is needed to appropriately bound the period function from above
and below in Section 2.3.3 and 2.3.4

Unless stated otherwise, throughout the next subsections we consider a steady state f
of the Einstein-Vlasov system with or without a Schwarzschild-singularity at the center,
as derived in Section Let p, A, E, and p, p be the static quantities corresponding
to f and let

Rpin :=inf{r >0 | p(r) >0}, Rpax =sup{r >0 | p(r) >0}, (2.30)

be the radial bounds of the steady state.

2.3.1 The single-well structure

We start by defining what we mean by a steady state having (strict) single-well structure.
Our definition differs slightly from the one used in [47].

Definition 2.3.1. Let f be a steady state of the Finstein-Viasov system with or without
a Schwarzschild-singularity of mass My, as derived in Section . Let E° €]0,1] be the
corresponding cut-off energy, Lo > 0 the lower bound on the angular momentum, and
w and p the induced metric coefficient and mass density, respectively. Furthermore, for
L >0, let the effective potential be given by

L
U (r) = et 1+ =, r>2M,, (2.31)
T

where My = 0 represents the singularity-free case. For L > 0, we define

Ip={r>0 | 9y(r) < E° A p(r) > 0},
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2.3 Properties

and denote the set of all possible values of L in the steady state support as
L:={L>0|L> Ly, I #0},
and the upper bound for the angular momentum as Lyax = sup(L).

(a) The steady state is said to have single-well structure if for every L € IL there exists
a unique radius ri, € If, such that V', (rp) = 0.

(b) The steady state is said to have strict single-well structure if in addition to (a)
there exists a > 0 such that U] (rp) > a uniformly in L € L.

Even though the definition of the single-well structure for a steady state is easily
understood, showing this property for relevant equilibria is quite difficult. In fact, it is
known to be wrong for some static solutions.

Remark 2.3.2. (a) The main result in [104] proves that there exist steady states of
the singularity-free Finstein-Viasov system similar to the ones constructed in Sec-
tion which violate the single-well structure property in the anisotropic case,
i.e., where an explicit L-dependency is present in the microscopic equation of state.
Candidates for such steady states are numerically investigated in [16, Sc. 3.1],
where the authors observe multiple nested static shells.

(b) For the radial Vlasov-Poisson system—the non-relativistic counterpart to the
FEinstein-Vlasov system—, all relevant steady states have single-well structure [71),
Lem. 2.1] and satisfy Jeans’ theorem [19] which states that static solutions can
only depend on the particle energy E and the angular momentum L.

(c) It is an open question whether general isotropic steady states have (strict) single-
well structure. We prove this statement for steady states satisfying the inequality
6m < r in Proposition [2.3.5. However, in Section we will demonstrate nu-
merically that this is the case for a large class of ansatz functions ®, when the
condition 6m < r is relaxed or even dropped.

(d) Strictness of the single-well structure is tightly related to the period function being
bounded from above, see Definition [2.3.7. In fact, it should be the case that a
strict single-well structure is even necessary in order for the periods of the particle
orbits to be bounded. We investigate this in more detail in Sections[2.3.9, [2.5.3,

and[2.3.)

The definition of the single-well structure immediately yields that for relevant values
of L, the effective potential can only have one local minimum on the steady state support.
This and further important properties are gathered in the upcoming lemma.

Lemma 2.3.3. Consider a steady state with single-well structure.

(a) For L € L, it holds that Vr,(rr) = H}in Uy.
L
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2 Stationary solutions to the FEinstein-Vlasov system

(b) Let L € L. For every E €|V (ry), E°[, there exist two unique radii r+(E, L) € Iy,
such that r—(E,L) <rp <ry(E,L) and Y(r+(E,L)) = E.

(c) The functions r4 are differentiable on {(E,L) | L€ L, E €|V (rL), Eol } with

or4 _ 1
or BH = v E D)

In particular, T+ are continuous.

(d) r+(E, L) is strictly increasing in E and strictly decreasing in L. r—(E, L) is strictly
decreasing in E and strictly increasing in L.

(e) The functions r+ can be extended continuously by

lim ry(E,L)=ry, Le€L, (2.32)

B3 (L)
li E,L) = Rpax, 2.33
oy o 1y "B D) (2.33)
lim r_(E,L) = Rumin. (2.34)

(E,L)—(E%,Lo)

The radial bound Ryax is the largest solution of U, (r) = EC. Moreover, if Lo =0,
the limit
ry(E,0) = lim r, (E, L)
L—0
exists for E €]et®) EO[.

(f) The set L is an interval.

Proof. In the singularity-free situation, we have p(r) = G(r,y(r)) > 0, if and only if
e ¥, /14 % < 1, which is equivalent to ¥y (r) < EY; see (2.7) and the definition of
EY in Proposition m Hence, it holds that I, = {r >0 | ¥1(r) < E°}. In the case of
a central Schwarzschild-singularity, we have {p > 0} = {¥, < E°}n]s] , o0l with s} _
given by Lemma b).

In both settings, the minimum of Wy, is attained at rz,, since ¥ has only one zero on
I, by definition of the single-well structure. From the characterization of I}, we deduce
that W7, equals E° at the boundaries of I7. This yields the claim in @ In particular,
I, and the interior of the radial steady state support {p > 0} are connected.

As to part we fix L € L. The single-well structure implies U’ (r(E, L)) # 0 and
by definition ¥ (r+(FE, L)) = E for E €9 (r), E°[. Therefore, r (-, L) is differentiable
by the inverse function rule with

(97‘:|: 1 0

7 (B L) =g, EE€]Vi(ry), B[

oF Vo (r+(E, L))
The differentiability with respect to L can be deduced from the implicit function
theorem. Part [(d)] follows directly from and from VUp(r) being increasing in L.
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2.3 Properties

The claim in can be derived from these monotonicity properties and from
Ruin <7—(-,L) <7 <ry(-,L). The limit in exists by the fact that ri(F, L)
is increasing in F, decreasing in L, and bounded by Rp.x. In addition, the limit must
be equal to Rax, because otherwise

li E.L)<ry(E,L) < Ruax
(E,L)—l}(IJlE’O,Lo)TJr( ) <ri(E,L)

for some pair (E, L) with ¢(E, L) > 0, which contradicts the monotonicity of 7. The
same reasoning leads to (2.34). The final claim in @ can be proven with similar argu-
ments.

At last, we show that L is an interval: By definition, we have . C [Lg, Liax] \ {0}. We
now prove that [Lg, Lmax[ \{0} C L, which implies the claim. For L € [Lg, Lmax[ \{0},
choose L € L such that L < L, which exists by the definition of Lyac. From
U (r) < Uz(r) and the characterization of Ij, above, we get () # I; C Iy, i.e., L € L.

O

We have to analyze the mapping L — rp, further. For example, we need to prove that it
is differentiable under suitable conditions which will be needed to show the strict single-
well structure for isotropic steady states. Knowledge about r; will also be important
when dealing with the period function in the upcoming sections and is required for an
upper bound on ¥/ (rr).

Lemma 2.3.4. Consider a steady state with single-well structure and with '/ (rp) >0
for L € L.

(a) The mapping L > L — rr, is continuously differentiable and increasing with

[N

1 w(re) L\~
Oy _ ¢ < ) >0, Lel.

oL U (rr) r% 7"%

(b) The following estimate holds:

4 L
=T min p<— < 87r< max 62’\_2“> sup p, Lel. (2.35)
3 [Rmin 77'L] TL [Rmin 7Rmax] [RminyRmax]

(¢) The limit r* := lm rp exists, and it holds that
LS Limax

Vr,, () =E°% W (") =0.

(d) If the steady state is isotropic, %imo r, = 0 is valid.
%
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2 Stationary solutions to the FEinstein-Vlasov system

Proof. Since V7 (ry) > 0 for L € L, the implicit function theorem implies that
L > L — ry, is continuously differentiable with

a’I“L . (aL\IﬂL)(’FL)

oL Wi(rp)

Making use of W’ (r) = 0 yields

u(rr) L\~
(OL9})(r) = —— (HTQ) ,
L L

Njw

and hence the claim in the lemma for the derivative of r. The estimates for %4 in |(b)

L
can be derived from

L p(rp) L IA(rp)—2 m(rr)
J— 1 7 — rr /L(TL)\IIQ 4
r‘i = + r% e 1(rn) r% + 47p(ry) |,

which follows from W/ (rz) = 0 and (1.11)). Inserting

4T 4
m(ry) < —ry sup  p,
3 [Rmin :Rmax]

Ur(ry) <1,and 0 < p < p gives the upper bound in (2.35). The lower bound follows
from A >0, ¥y, > e, p > 0, and from

(rp) > dm 5 )

m(r —7r? min p.

L= 3 L [Rmin7TL] p

The limit in exists due to drrr, > 0 from @ and since Rpin < 11, < Rmax. From the
continuity of ¥/ (r) in (r, L), we obtain

/Lmax(T*) = lim Y% (ry)=0.
LS Linax
Recalling the definition of IL in Definition and considering Ly.x = supl, yields
Uy (r*) = E° As for @ we apply @ and @ The fact that ry, is increasing in L
implies that the limit of r; for L — 0 exists. According to the lower bound in ([2.35])
and the fact that p is decreasing in r because of Lemma we have
4 4

L
— = —minp< —, Lel.
3 Pre) = 3 minp <1

By choosing R = r; < Rpax for some fixed 0 < L < Lpax, We obtain

3L

4
<
L= dxp(R)

0<L<L,
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2.3 Properties

ie., v, > 0as L — 0. O

We now show that isotropic steady states have strict single-well structure, if 6m < r
holds everywhere. Similar arguments have been used in [47, Lem. 3.2].

Proposition 2.3.5. Consider a stationary solution to the singularity-free Finstein-
Viasov system, as constructed in Section |2.2.1. We require that the steady state is

isotropic and satisfies
2m(r) 1
<z > 0. 2.36
Wl (2:30)

Then the steady state has strict single-well structure.

Proof. We start by showing that the steady state has single-well structure. The strictness
will only follow a posteriori. Consider L € LL. Since ¥, (r) > Eg as r — 0 and as r — o0,
there exists at least one zero of U/, by the mean value theorem. In order to show that
this is the only zero, we use that ¥/ (r) = 0 is equivalent to

1 1 1

—=———-—, r>0. 2.37

L mu(r) 12 ( )
We prove that the right hand side of (2.37) is strictly monotonic on the steady state
support. Since the underlying steady state is isotropic, we get p = ¢, according to

Lemma The field equations (1.10]), (1.11)), and (1.13)) thus yield

1 1Y e
(-

2
- (487727%2 — 167 pp + 28mp — dmp e + 4”1)] .
T T T

167p + 4mp + @3
r

Let d(r) denote the term in the square brackets. By isotropy we obtain 3p < p, and thus

2 2
d(r) = 16mp + dmp + 7% _ e (167r2r2p(3p o)+ Tm <147rp —2mp+ ;f))
> 167mp + 4mp + ﬂs — 2(62)‘ — 1) (47rp+ Tg),
T T

where we used that QTm =1—e 2. We observe that is equivalent to e?* — 1 < %,
from which we deduce that d is positive on {r > 0 | p(r) > 0} and in particular on I .
This proves that —and thus U/ = 0—has a unique solution on I, and shows the
single-well structure.

We now aim to apply Lemma and thus have to provide that ¥/ (rr) > 0. As
above, fix L € L. From ¥/, (r) = 0, we get

L 1

L = (ry), 2.38
el (239)
L
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2 Stationary solutions to the FEinstein-Vlasov system

which yields

W (ry) = Wy (rp) <u”(m) 1Sl 2<u'<m>>2).

L
By inserting ((1.13)), p = ¢, and the identities

f N = dmre? (p + p),

we arrive at

W (rp) = U (ry)e? [477(/) + 3p) + 4y (p — 3p) + Z(l - ?;)] , (2.39)

where all functions are evaluated at 7. We make use of (2.38]) in order to obtain

U (rp) = % [(1 - é) (4m(p + 3p) + 4mp/ (p — 3p)) + é(l - 67”)] .

Using ¥y (r) <1, ¢/ >0, and 0 < 3p < p yields

Y (r) > 0 [47Tp(TL) + é(l - 6”1(5”)] >0 (2.40)

by (2.36). Hence, Lemma [2.3.4(a)] implies that L + 7/, is continuously differentiable and
increasing in L.

It remains to show that the single-well structure is strict, according to Defini-
tion M(b) Fix L € L. Then from the monotonicity of 7, we obtain r, < rfp
for 0 < L < Em The estimate yields

V) (r1) = 4me® O p(ry) > dme? ) p(ry),

since isotropy implies that p is decreasing. For L > L, we estimate

i () > )

by again making use of (2.40]). Therefore, for every L € IL we have

' I ' 6m(r)
24(0 = -
WY (rp) > e )mln{4WP(TL)’ R4 I7p>18<1 o >} o

max

which is independent of L and positive by the assumption that 6m(r) < r for r > OE|

"Recall that L is an interval, as shown in Lemma f).
8We have m(r) = r? for small r and m(r) = m(Rmax) for 7 > Rmax, which implies that the minimum
over r > 0 exists.
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This implies the strict single-well structure and finishes the proof. ]

In the setting of a steady state with a central black hole, we have to find a differ-
ent argument to assure the single-well structure. Since a J-family is close to the pure
Schwarzschild case for small values of §, according to Lemma [2.2.12|(b), we can salvage
the strict single-well structure for 0 < § < 1. This is also done in [47, Prop. 3.4]. We
refer to [102, Apx. D] for a related analysis.

Proposition 2.3.6. Consider a 0-family (fs)s=o as in Definition |2.2.11. Then there
exists 8o > 0 such that fs has strict single-well structure for any 0 < § < dg.

Proof. Recall the notation from Definition [2.2.11] Let W5 (r) be the corresponding
effective potential given by (2.31)) for § > 0, L > Ly, and r > 2Mj. Then, equation ([2.24))
and Lemma [2.2.12| imply that

Isp ={r>0]| ¥Ys.(r) < ES A ps(r) >0}
C {r € [Ron, Rina | U2(r) < B9} = J}

for § > 0 and L > Ly.

If Jg # (), then r% € Jg where r% is defined in Lemma In this case, \I’% behaves
as follows on J?: There exists an open interval around r?, where (¥9)” is positive.
To the left of that interval, (¥9)" is negative, and to the right of this interval, (U9 )’
is positive; in both of the latter regions, (\Il%)’ is bounded away from zero. Using the
uniform convergences implies that Ws 7, has the same properties on Jg for § €10, do]
with some suitable dy > 0. The interval Jg is empty for large L, which is why we only
have to consider a compact L-interval and can thus choose dg independent of L. ]

2.3.2 The periodic particle motions and the period function

In addition to the setup from the beginning of Section [2.3] we assume that the steady
state has single-well structure, as stated in Definition [2.3.1} and also employ the notation
from that definition.

In order to extract information about the particle motions, we analyze the character-
istic flow of the steady state within (the interior of) its support

Q= {(r,w, L) €]0,00[xRx]0,00[ | f(r,w,L) > 0}. (2.41)

The characteristic system can be interpreted as the Hamiltonian-like ODE system

= e M 9y B(r,w, L) = et Y (2.42a)
1+w?+ 54

= —e M 9. E(r,w, L) = M)A L — ' (r) 1+ w?+ %
r3y/1 4+ w2 + r% r

(2.42D)
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2 Stationary solutions to the FEinstein-Vlasov system

To be precise, the equation L = 0 is also part of the characteristic system. However,
this means that the angular momentum is constant along solutions and can be thought
of as a parameter of the system. In addition, the particle energy E given by is a
conserved quantity. It is crucial to have good understanding of the particle motions in
the steady state for the investigation in Chapters 5] and [6] In the upcoming lemma, we
show that the particles move in periodic orbits, and we define the corresponding period
function, which is an important quantity in the context of action-angle type variables.
The period function can be derived formally by applying the inverse function theorem.
We refer to Figure on page for an illustration of the periodic orbits. From the
single-well structure, we are able to identify every particle orbit uniquely by fixing the
energy I and the angular momentum L. We restrict the analysis to the case L > 0
as QN {L = 0} forms a set of measure zero which will not be of importance later on. In
addition, we leave out circular orbits, i.e., where E = W (ry), as the period of such an
orbit is not easily defined.

Definition & Lemma 2.3.7. Let f be a steady state with single-well structure and
define
L= {(E(r,w,L),L) | (r,w,L) €Q, L >0, E(r,w,L) > W (rg)}. (2.43)

For (E,L) € QFL, let (R,W) = (R,W)(-,E,L): R — R x R be the mazimal solution
of (2.42)), satisfying the initial condition (R,W)(0,E,L) = (r—(E, L),0), where r;, and
ri(E,L) are defined in Definition and Lemma [2.3.4(b). The solution is time-

periodic with period

+(E,L) )\(r) w(r)
T(E,L) = 2E / (2.44)
(E,L) \112

The induced function T: QFL — 10, 00] is called the period function. The orbit corre-
sponding to the periodic motion is given by

Ogr = {(r,w) | E(r,w,L) = E, p(r) > 0}.

Proof. From the single-well structure and the fact that the energy FE is conserved, we
obtain that

L

E = MR 7E7L))\/1 +W(,E,L)?+ m’

where the solution (R, W) exists. Observe that the radial component R of the solution
stays in the interval I;, and the momentum component W is bounded since ¥ (r) < E;
in particular, I;, # 0, according to Definition m Due to E > ¥ (ry), the solution
is non-constant, bounded, exists on R, and is time-periodic with the orbit given by
Ogr; the periodic behavior follows from standard arguments. Because of the single-well
structure, Ogy, is bounded and connected. It does not contain any stationary solution

of (2.42), since E > Uy (rr) and W) (s) # 0 for s € I, \ {rr} by Definition O
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2.3.3 A lower bound for the period function

As in the non-relativistic setting [55, 69], the period function T" and its properties are
crucial in order to develop a Birman-Schwinger principle, see Chapter [5| In particular,
we need to ensure that the period function is bounded away from zero and bounded
from above uniformly in £ and L. For the investigation in Section [3.2] it is essential to
have explicit control over these bounds which makes deriving them quite painful.

We begin by showing that the period function is bounded away from zero if the steady
state has strict single-well structure and if Ly > 0 or [ > 0 holds. We have to prescribe
the latter condition to guarantee that p is bounded on [0,00[. Without the explicit
bound and many missing details, a similar result is derived in [47] for some classes of
steady states. As a first step, we show that ¥/ is bounded from above.

Lemma 2.3.8. Let f be a steady state with strict single-well structure and Ly > 0 or
Il > 0. The second-order derivative of the effective potential is uniformly bounded for
every L € L and r € [rr, Rmax] by

U (r) < Ng» = 387 A(1 + 87 R?

max

A), (2.45)

where

A::( max e2>‘2“> max p.
[RmimRmax] [Rmianmax}

Proof. For r € [Ruin, Rmax|, we compute

Wy (r) = ¥r(r)

2z

Since p/(r) >0, 0 < ¥y (r) <1, and rp > 0, we obtain

L
WY (r) < p(r) + i/ () + 3 7 €L, Rimad
L

Lemma [2.3.4]b) thus yields

U (r) < ma " (W)?) + 24 max e\ ma,
1(r) < X (“ (u) ) T [Rmin,R);(nax] [Rmin,R)fnax]p

[Rminy max]

for r € [r1, Rmax|. The maximum of p over [Ruyin, Rmax] is attained in the cases Ly > 0
or [ > 0, because if Ly > 0 we have Ry, > 0, and if [ > 0 and Ly = 0, the boundedness
of p over [0, Rpmax| follows from Lemma and p(r) = G(r,y(r)). From the Einstein

field equation ([1.13]), we haveﬂ

/

N —
'+ ()= Ny + TM + 8me?q. (2.47)

9Recall that (T.13)) holds in the singularity-free as well as in the singularity case, according to Propo-

sitions [2.2.4] and [2.2.10,
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2 Stationary solutions to the FEinstein-Vlasov system

In addition, the field equations (1.10)) and (1.11]) imply

)\/ /
—:62)\(471'/)—@3), & 262)‘<47Tp+ %)7
r T r T

and due to m(r) < 27r®  max p, as well as e# < 1, we obtain

mins;{tmax

)\/ !/ )\/ !
- i, a < 67T< max 62)‘2“) max p = 67A.
r r r R [RminaRmax]

min 7Rmax]

Because of (2.47) and 0 < ¢ < p, we get
1+ (1')? < (67 RinaxA)® + 6mA + 87A < 147 A(1 + 87R2,, A),

and thus,
Y (r) < 387A(1 + 87 R?

max

A)7 T e [TL; Rmax]

With this auxiliary lemma, we can now bound the period function from below.

Proposition 2.3.9. Let f be a steady state with strict single-well structure and Ly > 0
or 1 > 0. The period function corresponding to f is bounded from below by

1

T(E,L) > 2¢/fmin) ,
\/ N‘lj//

(E,L) € QP L, (2.48)

where Ny is defined in (2.45)).

Proof. We proceed in similar manner to [47, Lem. 3.6] and [55, Lem. B.4]. We fix
(E,L) € QFL. Then e#(fimin) < E and

E? —Wi(s) = (B~ Vr(s))(E + Wir(s)) < 2(E — Wi(s)), s€[r-(B,L),r(B, L),

imply the estimate
T(E, L) > /2 Fmin) §(E, L), (2.49)

since A > 0 and p < 0, where
r+(E,L) dr

D

Since U, attains its minimal value at r;, > r_(F, L), we get

ro(B, L) —r_(E, L) _ (B, L) —r1

E—\IJL(TL> o \/E—\I/LO"L)‘

S(E,L) >
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2.3 Properties

Using W/ (rr,) = 0 in the first-order Taylor expansion of ¥y, yields

(re(E,L) —r1)°

E= \I’L(T+(E,L)) = \IIL(TL) + \I]/[I/(S) 9 ’

for some intermediate value s €lrp,ry(E,L)[ and necessarily ¥/ (s) > 0 due to
E > ¥y (ry). Rearranging this term and putting it into the estimate for S above gives

S(E,L) > V2

RVAZIO)

which together with (2.49) and Lemma finishes the proof. O

2.3.4 An upper bound for the period function

Bounding the period function from below is rather easy compared to deriving an explicit
upper bound for T. We provide many of the involved details which are intentionally left
out in [47]. The idea is similar to the non-relativistic setting [55, Apx. B] as the proof is
divided into three steps: First, we bound T uniformly for values L > Lq, where L; > 0
is fixed, see Lemma In Lemma we bound T for values £ < FEj, where
E; < EY is fixed. The remaining gap is then closed in Lemma

Alternatively, we could show the boundedness by extending 71" continuously onto the
boundary of QFL using the techniques from [69, Thm. 3.13]. It is likely that this would
be even more difficult than our approach.

In case the details are not of interest, the reader is invited to skip forward to Propo-
sition where we summarize the main result of this section. Before starting to
bound 7', we need to show an auxiliary result which guarantees that we can control ¥,
away from its zero r;, and ¥/ close to ry, independently from L.

Lemma 2.3.10. Consider a steady state with strict single-well structure and fix L1 > 0.
Then there exist a,q > 0 such that, for every L € L with L > Ly, it holds that

(i) V) >a on [rp—qr,+q NIy,
(ii) ¥ < —a on [Rumin,7z —q] NI,
(iii) Wy >a on [rp+ q, Rmax) N IL.

In the cases (ii) and (iii), the sets may be empty. The interval Iy, is given in Defini-

tion [2.31.
Proof. For fixed L; > 0, let

Ry = lim r_(E,L;) >0,
ESE®

which exists since r_(-, L1) is decreasing due to Lemma [2.3.3(d)l The mapping

[R17 Rmax] X [Lla Lmax] > (Ta L) = \IIIL/(T)
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2 Stationary solutions to the FEinstein-Vlasov system

is uniformly continuous and, by the strict single-well structure, there exists a; > 0 with
U (rp) >2a1, L € [L1, Lnax)-
This directly implies the existence of ¢ > 0 with
i(r) > a1, re[rp—qrp+q NI,

by the uniform continuity of ¥/ .
For part (ii), we observe that the set

D_:={(r,L) | L € [L1, Luax), 7 € [Ruin, 7 —q] NIz}

is compact (or empty) since r, is continuous. If D_ = (), we are done and skip part (ii).
In the case where D_ # (),
as = — max W
2 (r.L)eD_ £(r)

exists by continuity of U’ (r) over D_. Moreover, as > 0, since (rz,L) ¢ D_ and ¥/
has exactly one zero on I, by the single-well structure. For (iii), an analogous argument
holds. Overall, the claim in the lemma follows by choosing a > 0 small enough. O

With the previous lemma at hand, the boundedness of T" away from L = 0 is obtained
in the next result. In order to simplify the investigation, we first consider

+(E7L) ~
S(E,L) = / L, (E,L) € QFL (2.50)
_(B.L) VE—-YL(r)

and recover the estimates for T later in Proposition [2.3.16] A similar strategy in a more
specific setting is used in [47), Proof of Lem. 3.6]. Related arguments can be found in [55]
Prop. 2.8]

Lemma 2.3.11. Consider a steady state with strict single-well structure and fix L1 > 0.

Then the estimate

4v/ Rax + \/§7T
Va
holds for every (E,L) € QFL with L > Ly, where a > 0 depends on Ly and is chosen
according to Lemma |2.5.10,

S(E,L) < (2.51)

Proof. For Ly > 0, let a,q > 0 be the parameters given by Lemma [2.3.10, We split the
integral S(E, L) into three parts

T+(E7L) dT

/TLq /TLJrq
B,L) \/E ‘I’L ri—q¢ B — ‘I’L ro+q E— W (r)

= S)(E,L) + Sn(E, L) + 5, (E,L)

S(E,L) =
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2.3 Properties

and estimate each term separately. In the case where rp — ¢ < r_(E,L) or
rp +q>ry(E,L), we replace r;, + q by ri(F, L), respectively, i.e., the terms S; or
Sy vanish. If S; is present, we obtain U, < —a on the domain of integration from
Lemma ii), i.e., the mean value theorem yields

E—-9,(r)y=9.(r_(E,L)—9Y.(r)>a(r—r_(E,L)), rel[r_(EL),r,—q.

Inserting this estimate into S; gives

[ dr 2 2
SEDE T o e VeV G e

The term S, can be treated analogously by using ¥} > a on [ry + ¢,74(E, L)] which
yields

S.(E,L) < f\F

The middle term requires a more elaborate argument. We split S;, further into

n-[ et e =t

By means of the single-well structure, ¥} > 0 for r > rz, and thus, changing variables
vian =Vr(r), e, r=ry(n, L), yields

W(E,L)+ S} (E,L).

Vir(ro+q) dn

SH(E,L) = / (2.52)

viie) (W (rs (0, ) (B —n)

We apply the mean value theorem for n € [V (rp), ¥ (rr, + ¢)] to obtain the existence
of £ €|V (rr),¥r(ry + q)[ such that

V(e (0, L)* = W (ro (0, L))? = W (re)? = 0y (W (r+ (- L)) () (n — Wi (re)), (2.53)

where we have extended ri(n, L) continuously by rp for n Z> \IJL(TL), according

to Lemma [@] By explicitly computing the derivative in and employing
Lemma we obtain

W' (ry(n, L))
n—Vr(re)

Pr(r (8, L))

SLIHS ) ogl 4 (¢, 1)). 9.54
\IIIL(T—F(&aL)) L( +( )) ( )
Since 74 (&, L) € [rp,rr + g, it follows that 7 (r1(§, L)) > a by the choice of a and g.
Therefore, after inserting this result into (2.52)), we explicitly calculate

=207 (r(§, L))

dn T

.
S, 1) < \/@/WL ) VO — UL (B —n)  V2a
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2 Stationary solutions to the FEinstein-Vlasov system

We proceed in the same way with S,,, recall the estimates for S; and S, above, and get

4v/ Rax + \/571'
Ja .
We immediately obtain that S (and thus the period function T") is bounded from

above in the case Ly > 0, i.e., if the steady state is a shell with a vacuum region at the
center.

S(E,L) < O

Corollary 2.3.12. Consider a steady state with strict single-well structure and Lo > 0.
Then the quantity S(E, L) is bounded on QFL.

Proof. The claim follows by setting Ly = L¢ in Lemma [2.3.11 O

The situation gets a bit more delicate when Ly = 0. In this case, we are only able to
prove that S(E, L) is bounded from above when [ = 0 holds as well, i.e., if the underlying
steady state is isotropic. However, we have reason to believe that this is no coincidence:

Remark 2.3.13. Consider a steady state with single-well structure and Ly = 0.

(a) In the case where | = 0, we have ¢(E,L) = ¢(FE), i.e., an isotropic stationary
solution. We bound the period function in the upcoming lemmata under suitable
conditions.

(b) In the case where l >0, i.e.,

E
o(E,L) = @(1 - EO)LQ,

we claim that
lim U7 =0.
Ll 0 7(rr)

In particular, the steady state cannot have strict single-well structure. Analogously
to the proof of Proposition we can show

2
S(B1) > 2
w7 (s)
for some intermediate value s € |rp,ry(E, L)[. If we choose E close to ¥ (ry) and

L close to 0, this lower bound implies that S(E, L) gets large. In particular, the
period function T is unbounded on QFL. We leave out the technical details.

(E,L) € QFL,

In light of this remark, we intentionally dismiss the anisotropic case with Ly = 0. It
thus suffices to consider isotropes for which we demand that 6m(r) < r as in Proposi-
tion As a counterpart to Lemma we prove that 7" is bounded if we restrict
it to values of E which are uniformly smaller than the cut-off energy E°. We refer to [55)
Lem. B.2] for a related analysis in context of the Vlasov-Poisson system.
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2.3 Properties

Lemma 2.3.14. Consider an isotropic steady state that satisfies

2m(r) 1
< =, >0, 2.55
r 3 " ( )

fix et < By < E°, and define Ry = r(F1,0). Then the estimate

max e K

T(E, L) < Vor—Fom

min e2#+23p
[Ole]

holds for every (E,L) € QFL with E < E;.

Proof. From Proposition[2.3.5] we know that the steady state has strict single-well struc-

ture. First, we observe that Ry < Rpax is well defined due to Lemma and @

Fix (E,L) € QFL with E < F; and abbreviate r+ = r(E, L). The idea is to apply

the maximum principle for the radial Laplacian A = §2 + %& and show that U% can be

bounded on [r_,r;] by an explicit function. For ¢ > 0, we define an auxiliary function
2rc (ry —r)(r—r_)(r+ry+7-)

Ue(r) = 3 . . TE[ro,ry].

Applying the radial Laplacian shows that U, solves the boundary value problem

AU, = 4mec on [r_,r4], (2.56)
Ue(ry) = 0. (2.57)

In addition, a lengthy calculation similar to (2.46|) yields

AL(WE) = 5 (P (3))

L 6
=22 4 (p+ 3p) + Amr(p + )i’ + — (47”“3(19 + o) +drr?(p—p) +1 - T)] :
(2.58)

which makes use of (1.10)), (1.11), (1.13)), and p = ¢. Putting (2.56)) and (2.58) together

implies

AU, + E? — 02) < dc — 8re? 2,
since 6m < r, 0 < p < p, and p/ > 0. We define

¢ := min e2#t2

>0,
[Ole] p

which is positive since p is decreasing and p(r) > 0 for r < Ry < Rpax in the isotropic
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2 Stationary solutions to the FEinstein-Vlasov system

case. By using the boundary conditions (2.57)), we obtain

A(U.+E*—-9%3)<0 on[r_,ry,
Ui(ry) = E?,

and thus the maximum principle for elliptic differential equations implies
U+ E*>—0U% >0 on[r_,ryl.

We insert this estimate into the definition of the period function (2.44)) and get
T(E,L) <2 max e "
B0 <2y ) [

The integral can be bounded by

/TiJr \/_dUTic(T) - \/Z/ri+ V(g —:)(r—r) NG —i—i—l—r_ dr

Vo] T Ve

Hence, we obtain the desired bound for T'(E, L). O

By combining Lemma and Lemma it remains to control T for values of
E close to E° and values of L close to Ly = 0. Illustratively speaking, these are the
orbits with the highest eccentricity. We close this gap in the next lemma. An analogous
result in the non-relativistic case can be found in [55, Lem. B.3]

Lemma 2.3.15. Consider an isotropic steady state that satisfies

2m(r) 1
<3
T 3

r > 0. (2.59)

There exists e'®) < By < E° and L1 > 0 such that for every (E,L) € QFL with
E,<E<EYand0< L < Ly it holds that

max 4 \% max
T(E,L) < <[On}1%ax | e)‘“> ( \/ 0 + il .
sfimax mln{eu(o) , EO _ El } . \:[12 /
[7'2Lrlr}glmax] ( Ll)

Proof. From Proposition [2.3.5, we know that the steady state has strict single-well struc-
ture. For (E,L) € QFF let ¢4 > ¢ > 0 with E — ¢ > Uy (rr). The main idea is to
partition the orbit corresponding to (E, L) into the intervals

[r—(E,L),r_(E—¢,L)], |Jr—(E—e,L),ry(E—e,L)], [r+(E—e,L),r+(E,L)]; (2.60)
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2.3 Properties

recall the monotonicity properties of 74 from Lemma [2.3.3(d)l Unsurprisingly, the most
difficult part is controlling the period function on the first and last interval, i.e., near
the turning points of the orbit. We start by analyzing 1" on the first interval:

Step 1: From r_(E,L) tor_(E —¢,L)

Consider the formula for A(¥2) in (2.58). From 6m < r, 0 < p < p, and ¢/ > 0, we

deduce 4
0<AWE) = (V1) + Wi ¥,

and, as ¥/ < 0 on [r_(E, L), [, we obtain that U2 is convex on this interval. Hence,
for every a € [0, 1], we have
Wi (ar (B, L)+ (1 —a)r_(E—¢,L)) <(1—-a)¥3(r_(E,L)+aV?(r_(E—¢,L))
=(1-a)E? +a(E —¢)? = E* + ag® — 2a¢E.

We choose

B r—r_(E,L)
a(r) = T (E—cl)—r (BL) re|

r—(E,L),r_(E —¢,L)],
and obtain
E? — ‘IIQL(T) > a(r)(2¢eE — 52) > a(r)eE,

since E > €9 > ¢ by choice of . With this result, we can estimate the first part of
the period function via

r_(E—e,L) (E—e¢,L) dr
/r_(E,L) / — W2 (r / )eE
~(E=el) fr (E—¢, L) —r_(E,L)
dr
\/6E r—r_(E,L)
—(EvL)_ —(E_ng) 2Rax

=92 < , 2.61

Vek T VeE ( )

where we have inserted the definition of a(r) and calculated the remaining integral.
Step 2: Fromr_(E —¢,L) tory(E —¢,L)
OnJr_(E —¢,L),r1(E —¢,L)[, we have ¥ (r) < E — ¢ by definition of ry.. Therefore,

r+(B-e.lL) r+(E—5,L)—r_(E—5,L)
/ (E—¢,L) — W2 (r VE?—(E—¢)?
< +(E—€,L)—T7(E—5,L) Riax
- VeE VeE’

IN

(2.62)

because of E > e#0) > ¢
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2 Stationary solutions to the FEinstein-Vlasov system

Step 8: From r(E —¢,L) tory(E,L)

Unfortunately, we cannot deal with the last interval in (2.60) in the same way as the
first one, since \IJ% is not necessarily convex there. We define

= min v2) > 0,
K m(E—a,L),u(E,L)]( 1)

which is positive because of the single-well structure and due to r;, < r4(E —¢,L). By
the mean value theorem,

\II%(T) < E2 *7(T+(Ea L) - T)’ re [T+(E - €,L),T+(E, L)],

gives rise to the estimate

/ +(E,L) r+(E,L) dr
(F-el) B2 — 02 (1) — w2 (r fr+(E ey T (B, L) — 7
2\/T+ EaL)_T+(E_€aL) < 2/ Rmax
el TV

We now aim at controlling v independently from (E, L). For this, we need the two limits

(2.63)

li E,L) = Rnax,
) )5

lim r7, = 0,
L—0

which were shown in Lemma|2.3.3(e)|and Lemma[2.3.4(d)l These limits imply that there
exist et(0) < E1 < E%and 0 < L1 < Lpax such tha

T'+(E,L) > T+(E1,L1) >ron, >Trp, = TL, El > \I/L(T'L), (2.64)
for every (E,L) € OFL with By < E < EY and 0 < L < Ly. The choice

EO—i-El

By==— 2, o= min{e“(o), E°— El}, (2.65)
yields that for every (E,L) € QFL with E1 <E<E%and0 < L < Ly, firstly, E—¢ > E;
and thus ri (E — &, L) > rof, from (2.64)), and, secondly,
(w2) (r) > (\11%1)’(7-) > min (92 ) >0, (2.66)
[T2L1aRmax]

for every r € [ry(E —¢e,L),r+(E, L)]. The first estimate in (2.66) follows from the fact

0Here we also use that r+ and 71, are continuous from Lemma and Lemma [2.3.4fa)| as well as

the corresponding monotonicity properties. In addition, we observe that L — W (ry) is increasing
and continuously differentiable, according to the chain rule.

50



2.3 Properties

that (\ll%)/ is decreasing in L since

o1
BL (\Ij%)/(r) = 2€2M <7"2 — r> S 0.

This derivative is non-positive because p'(r)r < 1 is equivalent to 4m < r, which is valid
due to assumption (2.59). Hence,

v > min (\Il%l)/.

o [TQLI aRmax]

Note that e—used also in the first and second steps—mnow only depends on E° L,
and Ep, and not on L anymore. In particular, E —¢ > Uy (ry) for all By < E < EY,

0 < L < L; due to (2.64]). To summarize, we merge ([2.61]), (2.62)), and (2.63]), the choice

for €, and the uniform estimate for v in order to obtain

/r+ (B,L) dr 3 Rmax 2v/ Rax
< +
r(BD) L\ JE2—w2(r) VEE val
3Rmax 2v/ Rax

< + :
o028 [ (1)

[T2L1 7Rmax}

As per the definition of the period function in ([2.44]), we deduce the estimate claimed in
the lemma.
O

We gather the previous results in one central proposition which establishes an upper
bound on the possible periods of orbits appearing in the steady state. The fact that the
bound is in some sense explicit will be used later when we analyze families of steady
states in Chapter [3]

Proposition 2.3.16. Consider a steady state of the Einstein-Viasov system and define

Q= " mf}%x ]e/\*“. Then the following holds:

(a) If Ly > 0 and the steady state has strict single-well structure, the period function
1s bounded by

4v/ Rax + \/571'
Ja

where a > 0 is chosen according to L1 = Lg in Lemma[2.3.11]

T(E,L) < 2@( ) (B, L) € QFF,

(b) If the steady state is isotropic and satisfies
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2 Stationary solutions to the FEinstein-Vlasov system

the period function is bounded by

T(E,L) <Qmax{2(4vaaX+ﬂ7r> Vor

) K )
Va min /€222 p

[0,R1]

6 Rinax N 4v/Rmax }
e EE y (1)
1

[T2L1 7Rmax]

for (E,L) € QFL, where the parameters Ly and Ey are given by Lemma
Ry =7r4(FE1,0), and a > 0 is chosen according to L1 in Lemma|2.3.11. We refer

to Lemma (2.3.3(e) for the definition of r4(FE1,0).

In both cases, the period function is bounded uniformly on QFL.
Proof. We observe that, in general,

T+(E7L) dr
L) VE-YL(r)\/E+YL(r)

Therefore, the claim in (a) follows from Lemma[2.3.11] For part (b), we use Lemma/2.3.15]
in order to fix £1 and Li and bound T on the set Q*'N{E; < E < E°}n{0 < L < L;}.
We can then apply Lemma [2.3.14 and Lemma to obtain a bound for T" on the sets
QFLN{E < By} and QFF N {L; < L}, respectively. We take the maximum over these
bounds and arrive at the estimate for 7. O

<2QS(E,L).

T(E,L) < 2QE /

2.3.5 Action-angle type variables

One of the main reasons why we deal with the concept of the single-well structure, is the
goal of introducing so-called action-angle type variables similar to [47, Sc. 3.3] and [55]
Sc. 5.1]. As described at the beginning of Section we consider a steady state f of
the Einstein-Vlasov system, and we prescribe that it has single-well structure, as stated
in Definition 2.3.1]

For (E,L) € QFL let (R,W) = (R,W)(-,E,L) be the unique global solution
to the characteristic system with parameter L satisfying the initial condition
(R,W)(0,E,L) = (r_(E, L),0). As shown in Lemma[2.3.7] this solution is time-periodic
with period T'(E, L) €10, 00[ and orbit Ogr, = {(r,w) | E(r,w,L) = E, p(r) > 0}. Now
let

Q= {(r,w,L) € Q| (E(r,w,L),L) € QEL}, (2.67)

where Q and QFF are defined in (2.41)) and (2.43), respectively. This point of view allows
us to change variables from (r,w, L) to coordinates better adapted to the characteristic
system.
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Lemma 2.3.17. Consider a steady state with single-well structure.
(a) For every (r,w,L) € Q, there exists 6 € [0, 1] such that
(r,w, L) = (R,W)(0T(E, L), F, L, L),
where E = E(r,w, L). The change of variables
Q3 (r,w,L) — (6, E,L) € [0,1[xQFL (2.68)
1s bijective.

(b) For (E,L) € QFL and r € [r_(E,L),r+(E,L)], we call

)\(s (s)
O(r,E, L) / ds E 2.69
( BT " F = (2.69)
the angle function. For (r,w, L) € Q, the variable 6 from (a) is given by
0(r, E(r,w, L), L), if w >0,
_ (2.70)
1—-6(r,E(r,w,L),L), ifw<0.

(c) For g € LY(Q), the identity

1
/ / / g(r,w, L) drdwdL = / / T(E, L) / e MROT(EL).EL) 69 B L) dddEdL
Q) QEL 0

holds, where g(r,w,L) = g(0, E, L) under abuse of notation. Formally, integrals
change via
drdwdl = e *T(FE, L) dddEdL. (2.71)

Proof. For part (a), let (r,w,L) € Q and E = E(r,w,L). We have (r,w) € O, i.c.,
the pair lies in the orbit corresponding to the energy E and angular momentum L.
The existence of 6 € [0, 1] thus follows from the characterization of Ogy,. Similarly, we
deduce that the mapping in is surjective. For its injectivity consider (0, E, L),
(0,E, L) € 0,1[xQFL such that

(r,w,L) = ((R,W)(@T(E,L),E,L),L) = (R,W)@T(E,L),E,L), L).
Then obviously L = L and (r,w) € Opr N Op;, which yields £ = E(r,w,L) = E and
thus 6 = 0, since (R, W)(-, E, L) is injective on [0,T(E, L)[. As to part (b), for fixed
(E, L) € QFL the mapping
10,4 260+~ R(OT(E,L),E,L)

is continuously differentiable with derivative T(E,L)R(OT(E,L),E,L) > 0, since
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2 Stationary solutions to the FEinstein-Vlasov system

0 €10, 3. By the inverse function theorem and the characteristic equation (2-42al), we
get

00 1 M) =u(r) g

a. (T7 Ea L) = , Tre ]

r_(E,L),r+(E,L)|. (2.72)

After integration in r and considering (E, L) as a function of (r,w, L), we obtain ([2.70)
for w > 0. The case w < 0 follows analogously. The change of variables in (¢) can be
shown by first transforming from w to E via

/ / / g(r, w, L) drdwdL =2 / / / o(r,w, L) drduwdl.
QN{w>0}
(7’
=2 / / / <r, e M B2 — w3 (1), L) drdEdL
QEL (E,L) 1112

and then changing from r to 6 using (2.72)). O

To summarize, for a steady state f of the Einstein-Vlasov system with single-well
structure, we call the variables (0, E/, L) introduced above the action-angle type variables
corresponding to f. In particular, every function g = g(r,w, L) can be written as

g(r,w, L) = g(0,E, L) for (r,w, L) €€,

under abuse of notation. The interpretation of these new variables is that the pair
(E, L)—the “actions”—fixes an orbit of the characteristic flow of the steady state and 6—
the “angle”—determines the position along this orbit. The underlying advantage from
a mathematical point of view will become clear in Chapters and [6l The meaning
of action-angle type variables is illustrated in Figure for a fixed value of L.

Remark 2.3.18. (a) As can be seen from (2.71)), the change of variables

Q> (r,w,L)— (6,E,L) € [0,1[xQFF

is not volume preserving which would be the case for “true” action-angle vari-
ables [18, 70, [77]. This is why we call them action-angle “type” variables.

(b) The sets Q and Q, as well as

QFF = {(E(r,w,L),L) | (r,w,L) € Q} (2.73)
and QFL are equal up to sets of measure zero, respectively. This is the reason why
it is sufficient to establish the change of variables on the (smaller) subsets. In fact,
for circular orbits, i.e., where E = U (rr), the notion of an angle variable breaks
down since the corresponding orbit Oy, is a singular point.
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0.1 r

0.05 -

—0.05

—-0.1

6 7 8 9 10 11 12 13 14

Figure 2.2: An illustration of the periodic orbits and the action-angle type variables for
a stationary solution as in Section The angular momentum L > 0 is
fixed and the energies are chosen such that ¥y (ry) < By < Ey < E3 < EY.
For E — W[ (rL), the orbit becomes circular, while for E — EY it has a more
eccentric shape. Note that the illustrated angle 276 is an approximation and
not an analytical equality since 6 is not linear.

2m

2.3.6 A preliminary bound on ="

We close this section on a completely different issue compared to the previous results.
At various points in our investigation we need to control the ratio 277”, which yields an
upper bound on the metric coefficient e*. It has long been conjectured that for stationary
solutions to the Einstein-Vlasov system

2
sup m(r)
r>0 r

8
< = 2.74
- (274)

generally holds [5], [16], which can be interpreted as a type of Buchdahl inequality origi-

nally established for fluid spheres [26]. Indeed, in [16, Thm. 1] inequality is shown

to be valid under specific assumptions, e.g., for isotropic steady states. Numerical evi-

dence in [16] also strongly indicated that it might hold true. In [4], it is shown that there

exist steady states which come arbitrarily close to the ratio %, i.e., the bound should be

sharp.

The main result from [5] establishes the bound (2.74)), since there it is shown that

sup 2m(r) < (14+20)2 -1
>0 T (1 + 2@)2

holds for any static solution to the spherically symmetric Einstein equations, which
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2 Stationary solutions to the FEinstein-Vlasov system

satisfies p + 2¢ < Op, and p,p,> 0. Here, © is a non-negative constant. For the
Einstein-Vlasov system, we have 0 < p+ 2q < p and thus can choose © = 1. This yields

2
sup 277)

and sup e < 3 (2.75)
r>0 T

r>0

<

©| co

for all stationary solutions considered in Section

2.4 Numerical investigation

In order to gain a better understanding of the behavior of stationary solutions, as derived
in Section it is useful to investigate these equilibria numerically. Since most of
the numerical work on the spherically symmetric Einstein-Vlasov system concerns the
stability behavior of stationary solutions which we will deal with later in Chapter [7] we
refer to that part of the work for a more detailed study of the numerical literature.

Let us quickly recall the results from Section [2.2] We prescribe an ansatz function ®

satisfying |(®1)| and |(P2)[ such that the steady state is of the form

E

Fe,0) = o(B, L) = @(1 - EO) (L—Lo)..

where E° > 0 is the cut-off energy, Ly > 0 is a lower bound on the possible values
of L in the steady state support, and [ > —%. For these fixed parameters and every
K > 0, Proposition proves the existence of a singularity-free, compactly supported
stationary solution f, with finite mass, where y = In(E®) — p satisfies y(0) = x. For
equilibria surrounding a Schwarzschild black hole, we additionally prescribe a central
mass My > 0 and need to choose Ly and x € R such that they satisfy |(P1)H(P3)]
Proposition then guarantees the existence of a compactly supported stationary
solution f, with finite mass, where y = In(E®) — p satisfies y(3Mp) = x + In(v/3).

The conditions for ® are not very restrictive, which allows for a large variety of pos-
sible ansatz functions. Common choices in the literature are the King model and the
polytropes introduced in and , respectively. A new family of ansatz functions
is introduced in [48] by the author and colleagues. It is given as the piecewise linear
function

1%, if 0 <71 < 1560
_ n—100000 99n : n
®n(n) = { Tm—10000" T Tom-To000¢ it 000 < 7 (2.76)
0, else,

for 0 <mn <1000 and we refer to these ansatz functions as the piecewise model. We
only consider the isotropic case Ly = 0 = [ when using the piecewise model. It is
important to note that for n < 1555 the ansatz ®,,(n) is equal to the polytropic nﬁ with
k =1 up to a constant rescaling factor. The function is then continued by the unique
straight line that connects the first part of the function continuously with the fixed value
®,,(1) = 10. We do not imply that these are physically relevant models arising in nature.
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2.4 Numerical investigation

This family of models is selected primarily because of its novel characteristics and simple
mathematical description. In particular, it exhibits unusual stability properties, as we
will see in Chapter

Once a model is prescribed, it is rather easy to numerically approximate stationary
solutions. We simply solve the differential equation by a radial midpoint method
starting at the initial value » = 0 in the singularity-free case. In the setting with a
singularity at the center, we solve instead and start at r = 3Mj. In the process,
we keep track of the quasi-local mass m. When we encounter a vacuum region, indi-

cated by e ¥, /1 + % > 1, we can either cut-off the steady state there or search for
another spatially separated shell. For our purposes, we always choose the former and
thus do not study multi-shell solutions in this workE Mathematically, this corresponds
to multiplying the ansatz with an additional radial cut-off function at an appropriate
radius. Note that this still yields a steady state of the Einstein-Vlasov system, as defined
in Definition Multi-shell solutions are extensively investigated numerically in [4]
Sc. 3].

As a result of the calculation, we obtain an approximation on the metric coefficients
A, p, as well as the (Vlasov-)mass M, cut-off energy EY, and number of particles N,
see . We provide a pseudo-code of this algorithm in Appendix

2.4.1 General overview of macroscopic quantities

We begin by giving a general overview of the relevant macroscopic quantities of the
singularity-free steady states under consideration. From [4, Thm. 2], it is known that for
isotropic stationary solutions, the (Rpax, M )-relationship exhibits a spiraling behavior
along the redshift x, at least for large values of k. This relation is plotted in Figure 2.3
for the isotropic King model, a polytropic shell model with Ly > 0, as well as for the
piecewise model introduced in for n = 90. For the piecewise model, we notice
that the behavior is radically different for small values of k and a spiraling behavior only
sets in after increasing x sufficiently. The mass-radius relation is crucial for the related
spherically symmetric Einstein-Euler system where matter is modeled as a perfect fluid.
The work in [5I] proves that linear stability of stationary solutions to the Einstein-
Euler system may only change at “turning points” of the mass-radius spiral. Numerical
evidence suggests that this is not the case for the Einstein-Vlasov system [45] [4§].

Another important quantity is the so-called binding energy which was long thought
of as an indicator for determining stability behavior, see Section for a detailed
discussion and the references there. The binding energy is defined as

 N-M
- N

and illustrated in Figure for several models. Note that M includes only the Vlasov
mass and not the mass of the central black hole My, when considering shells with a

Eb : (277)

"The research group with which the author is associated, is currently working on the study of solutions
with multiple shells and it appears as if these arise quite naturally for shells surrounding a black hole.
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1 [ -
0.8 i
= 0.6 - klng i
EH polytropic
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0 1 1 1 1 1
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R

max, R

Figure 2.3: The relation of the ADM-mass M and the maximal radius R for the isotropic
King model (Ly = 0 = [), the polytropic model for ¥ = 1, I = 1, and
Ly = 0.05, and the piecewise (p.w.) model for n = 90. The values of k range
from 0.05 to 4. For large values of «, the relation of M and R approaches a
limit in a spiraling form. We have normalized by dividing with the maximal
mass and radius over all considered values of k.

singularity at the center. For singularity-free equilibria, the binding energy always ap-
proaches zero for small values of k, increases initially in k, and eventually reaches a
(local) maximum. After this, the behavior can be quite diverse. It can drop below
zero and stay there (polytropic and king case), or resides close to the maximum and
remain positive (p.w. n = 270 case), or decrease initially but develop a pronounced local
maximum much later (p.w. n = 90 case).

As to the metric coefficients, Figure shows e, e* as well as the densities 47r2p,
47tr2p for the isotropic King model for a not too relativistic value of k. We prefer this
over plotting p and p, because it improves visibility. Moreover, we obtain insights over
where the bulk of the mass of the steady state is located, as 47r2p is the integrand of the
quasi-local mass m. Since 47r-2p behaves similarly to 4772p and since e* can theoretically
be obtained from 47r2p, we mainly choose to plot e and 47r2p in the following. By
increasing the redshift value k, the metric coefficients as well as the densities get more
and more peaked, as illustrated in Figure Adding an anisotropic part Ly > 0 and
[ # 0 yields solutions that are bounded away from r = 0, as seen in Figure 2.7

Stationary solutions obtained from the King model and polytropes behave quite sim-
ilarly which is why we do not go into more detail for these ansatz functions. However,
for the piecewise linear ansatz functions from , we obtain qualitatively different
behavior, as already observed in [48]. The gradient difference for these piecewise linear
ansatz functions implies that low energy particles, which are located near the center,
can make the core extremely dense for larger values of k. Around this dense center it is
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Figure 2.4: The binding energy Fj for
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Figure 2.5: The densities 47r2p, 47r?p, the quasi-local mass m, and the metric coeffi-
cients e, e* for the isotropic King model for x = 0.2. The radius is given in
multiples of the ADM-mass M to make it comparable to other models.
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Figure 2.6: The weighted mass density 47r?p and metric coefficient e for the isotropic
King model for different values of k. The mass density peaks closer to r = 0
and (9 gets smaller rapidly. For better visibility, we have limited the plot

tor < 20M.
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Figure 2.7: The weighted mass density 477?p and metric coefficient e/ for an anisotropic
polytrope with k=1, 1 =1, and Ly = 0.05. For 0 < r < Rpujn, it holds that
p(r) =0 and et(r) = r(0),
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Figure 2.8: The weighted mass density 47r2p of a core-halo configuration for n = 130
compared with the polytropic case k = 1 for the same value of kK = 0.4. We
will see later that, numerically, the blue graph corresponds to a stable steady
state and the red graph to an unstable one.

possible that a long tail of non-relativistic particles forms. This long tail is sometimes
referred to as a Newtonian halo in the literature, cf. [21, [42]. An example of such a
core-halo configuration is shown in Figure These dense cores can have a stabilizing
effect on the stationary solution, as discussed in [4§].

For steady states surrounding a Schwarzschild black hole, the metric coefficients u
and A go to Foo, respectively, as r e 2My. In fact, up to a constant, u and A equal the
vacuum Schwarzschild metric for 2My < r < Rpin. The typical behavior of the metric
coefficients compared to the vacuum Schwarzschild metric is depicted in Figure[2.9] The
density p and the quasi-local mass m are qualitatively the same as in Figure Note
that we rescale the radial variable with the total mass

Moy = Mo + M,

where M is the Vlasov mass of the steady state.

If we reduce the central mass My while keeping all other parameters fixed, the steady
states eventually “converge” to the corresponding singularity-free shell with the same
parameters. This is illustrated in Figure |[2.10} However, note that this convergence
might only be uniform on a compact subset of ]0, co[, which contains the steady state
supports, as u and A still diverge for r T 2My if My > 0.

There are obviously many more limiting cases we could study. Recall that x must fulfill
\II%O (r%o) <et < \IIOLO(S%O), as demanded in [(P3)l In the case where e® = \I'OLO (7’%0) <1,
the radial support of the steady state radius is bounded as in and the radial bound
contracts to a point in this limit, i.e., the stationary solution is radially supported on
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0.6

0.2

T/Mtot T/Mtot

Figure 2.9: The metric coefficients e and e* for a matter shell around a black hole with
mass My = 1 and parameters k = 1, [ = 1, Ly = 30, and x = 0.2. The
dashed lines correspond to the vacuum Schwarzschild case p° and A°. For
2My < 17 < Rpmin, we have A = V.

smaller and smaller sets. The mass density also goes to zero in this case and we get the
pure Schwarzschild metric in the limit. On the other hand, considering e® = 9 (s%,)
seems to yield a limiting non-trivial steady state. For a J-family, as introduced in
Definition [2.2.11] we have proven in Lemma that the metric converges uniformly
to the Schwarzschild metric as § — 0. Therefore, letting § — 0 or kK — \IIOLO (T’%O) yields
similar qualitative behavior.

2.4.2 Single-well structure, bounds on 27m, and the period function

As we have seen in Section [2.3] the property of the steady state having strict single-well
structure is of particular interest and difficult to obtain analytically. We were able to
show the single-well structure in Propositions [2.3.5| and [2.3.6] for not too relativistic
isotropic steady states and for small matter shells around a black hole, respectively. It
would be desirable to verify the strict single-well structure for a larger class of stationary
solutions. Luckily, we can quite easily test for this numerically.

As the strict single-well structure is known to be false for some static shells [104], we
limit the analysis to isotropic steady states. Moreover, our goal is to numerically verify
the assumptions needed for the investigation in Chapter [6] which is only carried out for
isotropic steady states, as constructed in Section[2.2.1] We numerically test for the strict
single-well structure in three steps:

1. We check for
2m 1
I'= sup — < -,
r€l0,00] T 3
which is sufficient for the strict single-well structure as per Proposition Note
that we only need to check the supremum over the finite interval |0, Rpax]-
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Figure 2.10: The mass density 4mr2p and metric coefficient e# for a static polytropic
shell with k=1,1=1, Lo = 1, k = 0.1, surrounding a central black hole of
different masses M. The case My = 0 corresponds to the singularity-free
setting.

2. If the first step fails, we numerically check for a strict, unique minimum of the
effective potential ¥y, for L € [0, Lax] on a discrete L-grid.

3. If the second step fails for some L € [0, Lyax|, we output U, on the radial grid and
check for the strict single-well structure by direct inspection. This happens only
for large values of £ and is mainly due to numerical errors.

We summarize our findings in the following remark.

Remark 2.4.1. Across all isotropic equilibria which we have studied through the three-
step procedure described above, we find that the strict single-well structure is always
valid, even for large values of k. More precisely, we have checked the king model ,
isotropic polytropes for various values of 0 < k < 2, and the piecewise model
formn=1,...,1000. The values of k were chosen equidistantly in the interval [0.05,4].
A reasonable conjecture is thus that the strict single-well structure holds for every
isotropic steady state of the Einstein-Viasov system, as derived in Section [2.2. 1”7 New

2Note that all these models have in common that Orp < 0. However, we have also considered some
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Figure 2.11: The value of sup,- 27’” for the isotropic King model, the isotropic poly-
tropes for k = 1, and the piecewise model for n = 90 and n = 270.

techniques are required to analytically prove this hypothesis. The central problem consists
of appropriately processing the pointwise terms arising from p and p together with the
non-local terms p and .

As we had to keep track of I' in the preceding investigation, we illustrate another
interesting property associated with isotropic steady states which we observe numerically.

Remark 2.4.2. The models mentioned in Remark all satisfy I’ < % We conjecture
that this holds for general isotropic steady states. As with the strict single-well structure,
the analytical proof of this is an open problem. In [16, Thm. 1], it is shown that isotropic
equilibria satisfy I' < %, but our numerical evidence proposes that this bound is not sharp.

We illustrate the values of I' in Figure for various models. The maximal values
IM'uax of I' along families of steady states are listed in Table where we also provide
the minimal value of s for which I' = % holds and denote this value as kg¢ws. The value
Ksws 18 of interest in light of Proposition [2.3.5] The supremum I' tends to get larger as x
increases. However, for the piecewise models in particular we observe that I' decreases
for relatively small k. We speculate that this is tightly connected to the unusual stability
behavior of these models which we study in Chapter [/} This also leads to kgws being
larger compared to the polytropes or the king model, as shown in Table

Closely related to the single-well structure is, of course, the period function 7', which
we examined in detail in Section Especially the boundedness of the period function
was of interest, and we could only show that it is bounded from above and below for
isotropic steady states with I' < % as well as small shells surrounding a black hole, see

other piecewise models not introduced in this work, which have dgp > 0 on some interval(s). The
strict single-well structure seems to hold there as well.
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model | king k=1 k=1 k=3 n=90 n=130 n=270
Ksws | 0.467 0.406 0.459 0.509 0552  0.596  0.762
Trax | 0494 0494 0491 0493 0491 0491  0.491

Table 2.1: The approximate values kgws and 'y . along families of steady states. We
consider the isotropic king model, polytropes for k € {%, 1, %}, and the piece-
wise model for n € {90, 130, 270}.

Sections 2.3.3] and 2.3.4l A numerical investigation of the boundedness of the period
function is much more computationally expensive since we either have to calculate the
integral explicitly or approximate solutions to the characteristic system (2.42))
on an appropriate grid in (E,L) € OFL We choose the latter approach and obtain
T(E, L) by keeping track of the time that elapses as characteristics travel from r_(F, L)
to 7, (E,L). This yields half of the period T(E, L). The period function and the set Q%
is illustrated in Figure 2.12] for the king model and a static shell with a Schwarzschild
singularity at the center.

0.14 24 35 80
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0.12 75
4 i
20 3 70
0.1 18
65
16 3 7
0.08 3 60 3
= g A =
& L M 55&
0.06 12 32
50
0.04 10
31+ .
g 45
0.02
6 40
30 |- A
0 4 ‘ ‘ 35
0.76 . : . . 0.83 0.84 0.85

Figure 2.12: The set Q% and the period function (color gradient) for the isotropic King
model with £ = 0.2 on the left-hand side, and a polytropic steady state
surrounding a Schwarzschild black hole of mass My = 1 with parameters
k=1,1=1, Ly = 30, and x = 0.1 on the right-hand side.

Remark 2.4.3. (i) For every isotropic stationary solution considered, numerical evi-
dence suggests that the period function is bounded from above and away from zero.
Due to limited computational resources, this study was only carried out for a subset
of the models mentioned in Remark[2.4.1]
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2 Stationary solutions to the FEinstein-Vlasov system

(ii) In Remark [2.3.13(b), we claimed that the case Ly = 0 and | > 0 leads to an
unbounded period function. We provide numerical evidence for this in Table
where we consider ever smaller values for Ly for otherwise fixed parameters. This
leads to an exploding period function as Lo approaches zero. In fact, we observe
that the supremum over T is reached as E and L both decrease, as claimed in

Remark|2.3.15(b). Note, however, that this is quite delicate numerically.

Lo 1072 1073 107* 10® 100 1077 10°%

sup T(E,L)| 22.0 31.0 433 623 89.4 124.2 188.1
(BE,L)EQEL

Table 2.2: The approximate value of the supremum over the period function depending
on the parameter Lg for the polytropic model with k =1, =1, and x = 0.2.

We could, of course, put more effort into the numerical investigation and we are certain
that there are still many interesting aspects to be discovered. For example, we could
take a closer look at the period function for static shells with or without singularity,
or investigate multiple, disjoint shells for some kind of “separated”-well structure. We
leave this prospect open for future research.
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3 Parameter dependence for steady state
families

Some people want it to happen,
some wish it would happen,
others make it happen.

Michael Jordan

After dealing with individual steady states in the previous chapter, we now investigate
families of stationary solutions. We consider a s-family of steady states (fx)x>0 to
the singularity-free Einstein-Vlasov system which is parametrized by the redshift , as
defined in Definition

We limit the analysis to this type of family but mention that analogous results can be
shown for several types of families that might be constructed from the general existence
theory in Proposition and Proposition as long as the parametrization of the
family is in some sense regular. Therefore, the next subsections should rather serve as
a blueprint and do not make heavy use of the explicit structure of the parametrization
via k. In particular, similar results hold for the é-family introduced in Definition [2.2.11

The main objective of this chapter is to show convergence and continuity results for
relevant quantities, e.g., the metric components, the steady state support, the period
function, etc., in the parameter Ii.F_-I In Section we prove continuous differentiability
of the metric coefficients and source terms. For further properties, we need to prescribe
the strict single-well structure. This allows us to show in Section that the period
function is uniformly bounded and continuous. The results will be essential in Chapter 6]
where we derive the existence of oscillating solutions from a continuity argument.

As in Definition [2.2.5] every quantity arises from a steady state f, with x > 0 is
from now on denoted by a subscript &, e.g., px, Mk, P, and so forth. As an important
notational artifact, we emphasize that E, corresponds to the energy

L
Ep(r,w, L) = ey 1+ w? + =,
r

whereas E* is the cut-off energy corresponding to fx.

!The reader should be warned that the following investigation will be very technical and can be omitted
if the details are not of interest. Summarized in one sentence: Everything works out as expected in
the sense that continuity and differentiability hold where desired.
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3 Parameter dependence for steady state families

3.1 Metric coefficients and source terms along the redshift

As a first step, we deduce that the quantities y,, px, Px, and m, are uniformly continuous
in & for compact subsets in the radial variable ]

Lemma 3.1.1. Let n > 0 and R > 0. There exists C' > 0 such that for every k > 0 with
|k —n| <1 and r € [0, R], it holds that

[y (1) — yu(r)| < Clk —nl,
lye(r) =y, (r)] < Cr?' |k — ),
[my(r) — mn(r)‘ < C"’ZlJrgL‘£ nl,

|

In particular, the functions

0,00 > (%,7) = yw(r), yi(r), mu(r), pa(r), pi(s),

are continuous.

Proof. The main idea of the proof is to employ Gronwall’s inequality in order to control
|y — yp|- Fix n, R > 0 and let k > 0 with |x — 75| < 1 and r € [0, R] be arbitrary.
Equation ([2.6)) and the triangle inequality yield

|5 (r) = (7))

1

_ 2mg
1 T

Mg — MM Mg — MM
al 5 n+47”"(pn_p17) + = u

(1= 2=)(1 = 22

T T

T 4 87y |.

r

We apply the estimate (2.75) for e2* = (1 — 22)~! and obtain

94(r) = 3400 < () = ()] 1) = )]+ Tlnalr) =g 31

The constant C' > 0 may change from line to line but remains independent of x and r.
We treat the terms on the right hand side of separately. First, we note that the
functions G and H from and are independent of k. From py(r) = G(r, yx(r))
and y.(r) <k <n+1, we getE|

_ < " ovall| 2 B
| (1) mn(r)|_47r/0 s Hs 8yGHL°°([O,n+1}><[O,R])|y’i(8) yn(s)| ds
<02 [1y.(s) - o)l ds (32
0

2As a reminder, ¥, is the solution of (2.6) with y(0) = .
3Recall that y,. is monotonically decreasing and y,(0) = k.
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3.1 Metric coefficients and source terms along the redshift

by the mean value theorem and Lemma A similar argument for p,(r) = H(r, y.(r))
yields
(1) = py(r)] < Cr? |y (1) — gy ()], (3.3)

Inserting this into (3.1)) therefore implies

1Y () = ()] < Cr¥ up |ys(s) = yn(s)l; (3-4)
se|0,r

and after integration

.
sup |ys — Yyl < |5 — 1l + C/ s? sup |y — yy| ds.
[0,7] 0 (0]

We apply Gronwall’s inequality to obtain
ys(s) = yn(s)| < Cle —nl, 0<s<rm,

since [ > —%, which together with the previous estimates (3.2), (3.3]), and (3.4) finishes
the proof. O

We need to show that 7, +, Rx max, f2x,min, €tc. are continuous in x as WGHH Since these
quantities are all given implicitly through the solution of an equation, i.e., as solutions of
VU, 1 = E for suitable values £/ and L, we aim to employ the implicit function theorem.
For this, however, we first need to show that the functions from the previous lemma
are also continuously differentiable with respect to . It is convenient to first consider
the differentiability of y, in &, but we cannot simply argue with theorems from ordinary
differential equations. We therefore formally derive and solve an equation that O,y has
to fulfill if it exists. It then follows a-posteriori that the solution of said equation is
indeed Oxyx-

We write z, instead of 0y, of which we do not yet know if it exists. By formally
taking the derivative of with respect to k, we get

2m m 1 m
/ K K K ~
— =M (M )777 4 , 0=1, (35
T (3 ). =0 -1 @
where
T
my(r) = 471'/ 328yG(s,y,.@(s))z,{(s) ds, (3.6)
0
ﬁn(r) = 8yH(ra yﬁ(r))zn(r), (3'7)
for r > 0. In the end, we will show that m, = dxm. and p, = Oxpx. Next, we solve this

system of equations with techniques similar to the ones employed for solving ([2.6)).

47+ correspond to the radii which are defined in Lemma[2.3.3(b)|and require the single-well structure.
We deal with these issues later.

69



3 Parameter dependence for steady state families

Lemma 3.1.2. For every k > 0, there ewists a unique z, € C'([0,00[), which

solves (3.5)—(3.7)). Moreover, the function
}07 00[2 =] (’{7 ’I") = ZR(T)
18 contlinuous.

Proof. Since the first part of the proof works for fixed k > 0, we drop the index to
lighten the notation. We rewrite (3.5]) by inserting (3.6)) and (3.7) via

2 = _ag) /OT 528yG(s,y(s))z(s) ds — b(r)royH(r,y(r))z(r), =2(0) =1, (3.8)
where we have abbreviated

2m(r) 2
A ==+ 8mrp(r) 4
a(r) = P TTI0) ( T +1], b(r) = PETIGR (3.9)

T T s

which are positive and bounded by (2.75)). We integrate (3.8) and obtain the integral
equation

z(r)=1-— /0 <O:S)/0 020,G(0,y(0))z(0) do + b(s)sayH(s,y(s))z(s)> ds, r (Z 0. |
3.10

The existence of a local solution z € C'([0,6]) for § > 0 small enough now follows
from a standard contraction argument which makes use of the fact that s0,G(s,y) and
sOyH (s,y) are bounde on [0,4] x [0,]. On [2,00[, equation can be written as a
two-dimensional ODE system with a linear right-hand side since H is twice continuously
differentiable, according to Lemma [2.2.2] Therefore, the solution z can be extended
uniquely to [0, col.

It remains to show that z is continuous in k. We reintroduce the index s and fix
n, R > 0. For every x > 0 with |k — 7| < J, we have

() — ()] < /0 124 (s) — 2(s)| ds
< (lafe(s) —ag( ) g ) )~ ()

4752 47s?
+ |bi(s) = by(s)|spn(s)| + [bx(s)]s|P(s) —;3,,(5)\) ds, (3.11)

where a, and b, are defined as in (3.9). The Buchdahl-type inequality (2.75)) together

®Recall Lemma for properties of G and H and use s9,G = s' 25729, G as well as | > —%. This
lemma also yields that solving (3.8) is equivalent to solving (3.10)).
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3.1 Metric coefficients and source terms along the redshift

with Lemma, yields that
[an(s) — ay(s)], lbuls) = by(s)| <&, s €[0,R) (3.12)

for 6 > 0 small enough. Furthermore, Hs_%ayGHLw([O’R}X[O’,{]) < C follows from
Lemma where C' > 0 is a constant that may depend on R, n and can change
from line to line. This implies

|y (s)] < C’/ 0¥z (0)|do < Cs¥ s € [0, R], (3.13)
0

and, by the same argument for 0,H, we get |sp,(s)] < Cs't2 In addition,
|lax(s)| + |bx(s)| < C for s € [0, R], if § > 0 is small. Since o~29,G is uniformly contin-
uous on [0, R] x [0,n+ 1] and [ > —3, we get

|7 (8) — 111y (5] < C/Os|8yG(a, Yi(0))zk(0) — 0yG (0, yy(0)) 2y ()| do

82
sc/
0

e /0 S]a—%ay(;(a, ()]0 2(0) = 2(0)| do

029,60, yn(0)) — 0 28,G (0, 4 ()| 0|29 (0)] d

< Ce+ C’/ 0?2, (0) — 2y (0)| do (3.14)
0

for s € [0, R]. Similarily, we obtain
8P (8) — Pn(s)| < Ce+ Cs 2, (s) — z,(s)|, s€[0,R). (3.15)

By putting the bounds above as well as (3.12)—(3.15]) into (3.11)) and again using [ > —%,

we deduce .

sup |zx — 2| < Ce+C | supl|z. —2zy|ds, r€]0,R],
[0,7] 0 [0,s]

which—via Gronwall’s inequality—implies
|2(r) = zy(r)| < Ce, re[0,R],

for every k > 0 with |x — n| < 0, i.e., we have continuity in x.
O

With the solution z, of (3.5 at hand, we can prove that x — y, is differentiable with
continuous derivative z,..
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3 Parameter dependence for steady state families

Lemma 3.1.3. Forr € [0,00[, the function
10, 5[5 5 g(r)
is continuously differentiable with Oxyx(r) = 24 (1).
Proof. The proof is structurally similar to the proof of the continuity of z, in

Lemma|3.1.2 Fix R >0 and r € [0,R]. Let k > 0 and h € [-1,1] \ {0} with x +h > 0.
First, we estimate

Yrrn(r) — yu(r) _
+ - —zx(r)| =

h — T oo/ _ .{Q r
K+ K +/ Yrn(s) = yi(s) ds—l—/ 2 (s) ds
h 0 0

h
<),
0
According to (2.6 and (3.5)—(3.7]), we obtain

Yern(8) —y(s)

)

1 1 m,{+h($) 1 mﬁ(s)
h L _ 2muin(s) ( 52 + Amspreyn(s) | — | 2ma(s) 2 + 4mspy(s)

Yern(s) —ui(s)
th h _ZI{(S)

s

210, (5) )2<mn§é’) +47T8pn(5)> 1 (”‘L;@ +4wsﬁﬁ(8)>'

! 1 1 21(s) || msn(s)
- h(l - maen(s) 2’”‘(5)> (- T Amspein(s)

T 27?125(5) . ‘mn—i-h(s) 2_ mn(s) + 47l'$(p,€+h(8) _ p,.;(S))
5(1 _ m:(s)) S
1 My h(S) - mn(s) - drs Pk h(s) - pn(s) ~
+ > (1 - 2m2(5)> ‘ + ; — ()| + ) N - — Dr(s)
— Ti(s) + T(s) + Ts(s) + Tas) (3.17)

for s € [0, R], after repeatedly applying the triangle inequality. The goal now is to
construct a “Gronwall-loop” by estimating these terms appropriately for small values
of h. For this, let € > 0. From the explicit estimates in Lemma [3.1.1] we know that

Myg+h S)
) | drspean(s)| <€, s € 0B
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3.1 Metric coefficients and source terms along the redshift

due to |h| <1, where C > 0 is a constant that may depend on x and R but never on h
or r. This bound and the mean value theorem applied to ]0, 5[> = 1_127% yield the

existence of n; > 0 between my(s) and my(s) such that

Ti(s) < © - _12775)2 <mﬁ+h(8)h— m5(8)> N s<1 m;i)(s))?

s

<C 1 B 1 My (8) N C Myt h(8) — my(s) i (s)

(- )2 <1 - 2mn(s>>2 s s(1 — 22 h g

= TH(S) + T12(8).
For T11, we can establish the bound

|m:‘i5(5)’ S 082+217 (318)
as in (3.13)), and choose h small such that
1 1
— <€

(1- 223)2 (1_M>2

s

uniformly in s € [0, R], which is possible because of Lemma and the choice of 7s;
recall the Buchdahl-type inequality (2.75)). Hence, with (3.18) we get the estimate

TH(S) S CE. (3.19)

We deal with T12 by again using the mean value theorem in order to obtain

[ ( Sloenle) = Gloute)

C

T12(S) = ;

S
0

for intermediate values &, between y.in(o) and y.(o). Since o=29,G is uniformly
continuous on [0, R] x [0, k + |h|] from Lemma (2:2.2) and | > —3, we get

- 0,G(o, y,{(a))z,{(a)> do

o~29,G (0, &) Ynin() = Ynl(0) _ o™ 20,G(0, yx(0))2(0)

. do

Yrtn(0) = Yx(0)
h

Tia(s) < Ce + C / o1+ (o) do, se0R, (320
0

if |h| is chosen small enough. The term 75 is considerably easier. The prior results ([2.75))
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3 Parameter dependence for steady state families

and (3.18]) yield

s) < 0| PO o) = o (321)

52

and therefore, by making |h| small, T5(s) < Ce for s € [0, R] from the estimates in
Lemma Furthermore, the Buchdahl-type inequality (2.75]) implies

1
52

mlﬁ-h(s) B mf'i(s) _ m,{(s) ]

T3<S> S h

In similar fashion to T}, we obtain

Yut+n(0) — yu(o)

- do, s€0,R), (3.22)

— z4(0)

Ts(s) < Ce + C/ o2
0

where we used [ > —1 and made |h| small enough. With the remaining term Ty we
proceed in the same way since all arguments for G above also work for H. More precisely,

Tu(s) < CS‘H(SayH-‘rh(S))h_ H(s,ys(s)) 0, H (5, yn(5)) 2 (5)

yn—i—h(s) - ym(s)
h

< Ce+ Cs'H

—zx(s)|, s€]0,R]. (3.23)

We insert the estimates (3.19)-(3:23) into (3.17) and, because of I > —3, get

Ysn(s) = Yils) Ynth(9) = ys(0)

— 21 (s)| < Ce+ C sup —zx(0)], s€][0,R],
h o€l0,s] h
which together with (3.16) implies
p— r p—
sup Ysth — Un — 2| < Ce—i—C/ sup Ynth — Un — zx|ds, r€0,R].
ol 0o sl M
Overall, Gronwall’s inequality yields
ylﬁ?+h (r)h_ yﬁ (T) _ ZK(T') S CE,
if |h| is chosen small enough, which finishes the proof since € > 0 was arbitrary. O

Fortunately, this was one of the more difficult steps in the analysis on parameter-
dependence in k. The regularity of metric coefficients and source term can be shown
rather easily from the previous lemma.
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3.1 Metric coefficients and source terms along the redshift

Proposition 3.1.4. The functions

0,003 (#,7) = pi(r), Pi(r), M), An(r), (1), pi(r)

are continuously differentiable, and for r > 0 it holds that

anpﬁ(r) = ayG(Ta yn(r))aﬁyﬂ(r)a
Oxpi(r) = 8yH(7”v Yr (1)) 0x Y (1),

Oy (1) = 477/ 520 px(5) ds,
0

0 Au(r) = ~ 22D 200

9

Ot (1) = ZGHAH(T)GQ)‘“(T) (171:2(1") + 47rrp,{(r)) + 2 (1) <6,J:§(7‘) + 477T8npn(r)>a

3wdﬂ=—/ Ot (5) ds.

Moreover, the cut-off energy |0,00[2 k — E* €]0, 1] is continuously differentiable.

Proof. As p.(r) = G(r,yx(r)) and p(r) = H(r,y.(r)), the continuous differentiability
follows from Lemma Lemma and the chain rule. We can differentiate m, as
a parameter-dependent integral, since

|0kpr(s)] < CsQl\z,{(sﬂ <0s?, se [0, R],

is an integrable majorant over [0, R], where R > 0 is fixed. The remaining claims can be

deduced analogously from the field equations ((1.10)) and (1.11)). To complete the proof,
we note that Proposition implies that the cut-off energy is given by

EH = eruﬂ(r)—’_yﬁ(r)’ r E]0,00[,
which yields its continuous differentiability. O

As an application of the continuous differentiability of the quantities shown above, we
prove that the support of the steady state €, given by is well behaved for values
of k, which are close to each other. More precisely, we can locally uniformly approximate
the sets €),; by compact subsets. This will be enormously important later since we can
then restrict the analysis to a set which is independent of k.

Lemma 3.1.5. Letn > 0.

(a) For every e > 0, there exists a compact set K and § > 0 such that for every k > 0
with |k —n| < 0 it holds that K C .,

/// drdwdL < e, (3.24)
Qe \K
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3 Parameter dependence for steady state families

and, for every r € [Rmin, Rmax),

/ / dwdl, < . (3.25)

{(w,L) | (r,w,L)e Q\K}

(b) For § > 0 small enough, there erxists a compact set U such that for every k > 0
with |k —n| < d it holds that Q. C U.

Proof. For k > 0, the interior of the steady state support is given by
Q. = {(r,w, L) €]0,00[xRx]0,00[ | Ex(r,w,L) < E®, L > Ly}.
For € > 0, we define
K = {(r,w,L) € Qy | Ey(r,w,L) < E"—2¢, L > Lo+c¢}

and make ¢ small enough such that K # ). The set K is bounded since 2, is bounded.
In particular, due to ju,(r) > py,(0) we get

Lo+e _ () 9 L (E" —¢)?
72 = 62M7](0) 1+w™+ ’]"72 = eQNTI(O)

for (r,w,L) € K. Therefore, if (7, wn, Ly)neny C K is convergent, this implies that
(rn)nen is bounded away from zero and the sequence must converge in K, i.e., K is
compact. For § > 0 small enough, the compactness of K and the continuity of the
energy in (k,r,w, L) from Proposition yield

E.(r,w,L) SE"—&SE“—%

for (r,w,L) € K and |k — n| < , where the latter estimate follows from the continuity
of the cut-off energy shown in Lemma This proves K C Q, for [k —n| < §. In
addition, we have

O\ K = {(r,w,L) € | By(riw,L) > E"—¢c V L < L0+5}
and thus define
M = {(r,w,L) € Q. | Ey(r,w,L) > E" —6},
My = {(r,w,L) e, | L<Lg+a},
with Q, \ K C M; U My. We first note that for § > 0 small enough

L
w? + - = e (B —1<C
r

76



3.2 Dependence in the case of the single-well structure

and
En(rv 'UJ, L) Z E,i(’l",o, LO) = \IJ&LO > EH

holds for every » > R, +1, because E* is continuous and lim, ets(1) = 1. We conclude
that Q is uniformly bounded in s with

L
r, w?, L, 2 <C, (r,w,L) €y, (3.26)

for some C' > 0 independent of k.
Let us estimate the integrals over M7 and Ms. Since the cut-off energy E* is continuous
in k, we can choose § > 0 such that

|E?7(TawaL)_En| <g, (T>w>L) EMla
In particular, we get
M, C {(r,w,L) € [0, R,] x Rx]Lg,00[ | |Ey(r,w,L) — E"| < e},

where R, > 0 is a bound on the radial variable obtained from E,(r,w,L) < E"4+¢ <1
after making ¢ > 0 sufficiently small. A change of variables via w — E,(r,w, L) yields

Ry [E"e pr2(E2e20n(r)_1) 2e— 2 (1) B
/ / drdwdL < / / / dLdEdr
M 0 En—e JLg \/E2@*2Mn(7’) N N

r2

R, [E"+e I
< / / 4r2 B 2kn(r) \/E26_2/“7(T) - —g dEdr < Ce
0 En—¢ r

with C' > 0 independent of k. As to M, we use (3.26]) in order to obtain

Lo+e
/// drdwdL < C/ dL = Ce.
M2 LO

These estimates together with Q,,\ K C M7 UMy imply (3.24)). In order to obtain (3.25)),
we perform the same estimates as above without the radial integral. This still yields the
factor € due to the integral over (E, L). Part (b) was already established in (3.26). [

3.2 Dependence in the case of the single-well structure

The next step consists of showing that the maximal radius Ry max and the total mass M,
is continuous in x. If we naively try to prove that R, max is continuous, we encounter
the obstacle that multi-shell solutions [16] could lead to discontinuities in the maximal
radius. In order to avoid such a situation, we have to prescribe that the singularity-
free steady state fy has (strict) single-well structure, as introduced in Definition m
Throughout this section, we consider an open interval I, C]0,00[ such that f, has
strict single-well structure for kK € Igys.

77



3 Parameter dependence for steady state families

Lemma 3.2.1. Consider the minimal and maximal radius Ry min, Rk max, the mazimal
angular momentum L, max, and the ADM-mass M, corresponding to f.. The mappings

Lsws 3 K= Rimin, Remax, Limax, Mg
are continuously differentiable.
Proof. From Proposition we know that the functior[]
F(k,r) =Ty 1,(r) — E*, (k,1r) € Lswsx |0, 00],

is continuously differentiable and Ry max solves F'(k, Rx max) = 0, as we have proven in
Lemma [2.3.3(e)] From the single-well structure, we deduce thaf|

aTF(K/7 Rn,max) = 8T\IIN,LO (Rn,max) > 07

and thus the implicit function theorem yields the claim for Ry max. For R min, we
proceed analogously and note Ry min = 0 for Lo = 0. As to Ly max, we define

G(k,r, L) = <\IJK’L/(T) -

) , (Kyr L) € Igwsx]0,00[ X ]0, 00l
H,L(T)

which is continuously differentiable due to the previous results. From Lemma [2.3.4c)|
we observe that
G(k, 7%, Licmax) = 0

y 'R

for every k € Isws, Where
* .
r.= lim 7,p.
LS Ly max

Moreover, we calculate

det(D,.,1)G) (K, 7, Licmax) = =V,

'y R H,Ln,max

(ry)0L¥ . (1)) >0,

which is positive according to the strict single-well structure. The implicit function
theorem implies that Isys 3 K+ (), Ly max) is continuously differentiable. At last, the
ADM-mass is given by

Mn = mn(Rﬁ,max)v

which is continuously differentiable due to Proposition and the chain rule. O
We obtain more information about the regularity of quantities specific to the single-

well structure through the implicit function theorem. In particular, we analyze r, ;, and
T+ (E, L), defined in Definition and Lemma [2.3.3|(b)] respectively.

5Recall the definition of the effective potential U, 1, in (2-31).
"To be precise, we have to treat Lo = 0 separately. However, in this case U, L, = e"* and the claim
follows from the strict montonicity of p.
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3.2 Dependence in the case of the single-well structure

Corollary 3.2.2. The mapping
{(F&, L) | K € Isws; Le ]LO, Ln,max[} > (ﬁ’ L) = Tk, L
is continuously differentiable.

Proof. For every pair (k, L) in the set above, W} /(7 1) = 0 holds by Definition
and, since we assume strict single-well structure, \I/Z 1(re,r) > 0. The implicit function
theorem implies the claim. O

In order to derive a regularity result for r, +, we first need to introduce sets that
describe the steady state support along . We recall the definition of €, from (2.67)) as
well as QFL from (2.43)), and we define

= {(n,r,w,L) | k € Lsws, (r,w,L) € QR}, (3.27)

2= {(5, B, L) | 5 € L, (B, L) € L}, (3.28)

which contain all “relevant” values of (r,w, L) and (E, L) appearing in the steady state
supports along the parameter K € Igys.

Lemma 3.2.3. The sets T' and T'FL are open.
Proof. From the definition of I', we have

(k,ryw, L) el & k€ lyws, Ver(rsrn) < Egx(r,w,L)<E", L> Ly,

where Ej(r,w, L) = etn (M) /1 4+ w? + T% Likewise, we can characterize
(k, B,L) eTPL & K€Ly, Ver(rer) <E<E®, L> L.

The proof that these sets are open now comes down to the fact that all quantities are

continuous in their parameters; see Proposition Lemma, and Corollary
]

Corollary 3.2.4. The mappings
TPl s (5, B, L) v~ 74+ (E, L)
are continuously differentiable.
Proof. According to Lemma[2.3.3] we have W, 1 (rx+(E, L)) = E, and
T (B,L) <7Twp <7ws(E,L), (x,E L)cTFL

The single-well structure yields \I’f€ 1(re+(E,L) # 0, and thus the implicit function
theorem is applicable. O
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3 Parameter dependence for steady state families

3.2.1 Continuity of the period function

The derivation of regularity for the period function 7" defined in is one of the main
objectives in the analysis of parameter dependence along k. First, we need to ensure
that solutions to the characteristic system are regular in a suitable sense. Recall that we
consider a family of singularity-free steady states (f).>0 restricted to kK € Igys, Where
Isws is introduced at the beginning of Section

It is convenient to slightly reformulate the analysis of the characteristic system com-
pared to Section and switch from a description in (E, L) to (r,w, L) coordinates.
Similar to Definition for (r,w, L) € Qs, let

(R, Wy) = (R, W) (-ymyw, L) : R - R x R

be the maximal solution to the characteristic system (2.42) with parameter L satisfy-
ing the initial condition (R, Wy)(0,r,w, L) = (re,—(Ex(r,w, L), L),0). Obviously, this
solution now also depends on k.

Lemma 3.2.5. The solution to the characteristic system
RxT > (tk,r,w, L) — (R, We)(t,r,w, L)

s continuously differentiable.

Proof. We can interpret L and k as parameters of the system. The right-hand side of the
characteristic system (2.42)) is continuously differentiable on I' due to Proposition
Note that » > 0 on I'. Furthermore, the initial condition

(R, Wi)(0,r,w, L) = (ry,—(Ex(r,w, L), L),0)

is continuously differentiable as a function on I' by Corollary [3.2.4]and the chain rule. The
claim therefore follows from the standard theory of continuous differentiable dependence
on initial values and parameters for ordinary differential equations. O

The next goal is to show that the period function is continuous on I'*F by making
use of the previous results. For this, we need a result similar to Lemma which
is in some sense uniform in k. This will also be useful later when we bound the period
function uniformly in k.

Lemma 3.2.6. Let n € Igws and fix Ly > 0. There exist §,a,q > 0 such that for every
K € Isws with |k —n| < § and L1 < L < Ly max it holds that

(Z) \Ij:«i,L Z a on [TKI,L —q,Tk,L + Q] N fn,Ly
(i1) \IJ:@L <—-a on [Remin,Tsr—q NIlr,
(ZZ’L) \IJ,;L >a on [TH,L +q, Rn,max] N IR,L'

In the cases (ii) and (iii), the sets may be empty. The interval I, 1, is given in Defini-

tion [2.3 1l
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3.2 Dependence in the case of the single-well structure

Proof. The proof is similar to the one in Lemma [2.3.10, but we have to take care of the
dependence in k. For § > 0 and ¢ > 0 small enoughlﬂ, consider the sets

Jt?,q = {(/{,L) ‘ K€ [77 - 5777+5}7 Le [leLH,maX]}y
K&q = {(K,T‘, L) | (K‘?L) € Jé,qa (S [rn,L —q,Ts,L + Q]}a

which are compact since L max and r, 1 are continuous as per Lemma and Corol-
lary [3:2.2] Therefore,

Jé,q > (’{a L) = Tk,Ls
Ké,q 2 (K,T, L) = \IJZ,L(T)a

are uniformly continuous. By the strict single-well structure, there exists a > 0 such
that

;;7[,(7‘77,[/) 2 aa
for L1 < L < Ly, max- These two observations imply the claim in (i) after possibly
making 6 and a smaller.

By using the values for § and ¢ from part (i) and making them smaller if necessary,
we use similar arguments and deduce that

{(H,’I’, L) | (KaL) € J&,qa (S [Rm,minarn,L - Q}}

is compact, and thus W} ; (r) attains its minimum on this set. Moreover, the minimum
is bounded away from zero. This yields (ii). Part (iii) follows analogously. O

The continuity of the period function (2.44)) can now be deduced from the continuity
results in Proposition and Lemma [3.2.6

Proposition 3.2.7. The period function
TH,‘F(EVL) eAﬂ(r)fﬂﬁ(T)

'L 5 (k,E,L) — T(E,L) = 2E dr
TN,*(EvL) E2 — \Ili L(T)

18 continuous.

Proof. The goal is to apply Lebesgue’s dominated convergence theorem as well as the
continuity of r,+ and V¥, ; derived above. Finding suitable integrable majorants is
the main difficulty here and they are obtained in a manner similar to the proof of
Lemma 2.3.111

Fix (&, F,L) € TFL and choose dy,a,q > 0 according to Lemma We split the

8In particular, we choose these parameters small such that 7 > & and 7.,z > g for k € [n — 6,7+ J] and
L € [L1, Ly max], which is possible because of continuity and L > 0.
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3 Parameter dependence for steady state families

period function into the three parts

maX{Tn,L_(Ia TH,*(E7L)} (T) iuH )

T, (E,L) 'E \1;2

min{r, +q,7x,+(E,L)} e (r)—pw(r)

max{r.,1—¢,7e,—(E,L)} /E? — \IJ2

rw,+(E,L) eAN(T)_MN(T)
T, (k,E, L) := 2E/ dr,
min{T&,L+Q7 Tn,+(E7L)} E2 - \Pi,L(T)

Ti(k,E,L) =2F

T(k, E, L) = 2F

for which obvious{y T=T+Tn+1T. We separately show that T;, T},, and T, are
continuous in (&, E, L). Choose 0 < § < §y such that for every

(K‘?E7L) € Ds = {(/%7E7l~—/) 6]0700[3’ ”%_R‘? ’E_E‘7 ’E_I_/’ < 5}
it holds that

1 _

(K}, E, L) S FEL7 Rn,max S Rk,max + 17 §TR,—(E7 L) S Tn,—(Ea L)
This is possible due to Lemma and the continuity properties shown previously. We
first deal with 7} and consider the case where 75 _(E, L) < 7z —q. We choose § > 0
small such that r, _(E, L) < r. 1 — q for every (k, E, L) € Ds, which is possible because
of the continuity derived in Corollaries and [3.2.4] After changing variables

! (= 4 1 (B, 1))l amre (B b (5.0)

ds,

Ty(k,E,L) = QE/
0 \/E2 — 02 [ (3(rn,r, — g — 1w~ (E, L)) + 14— (E, L))

where the integrand converges for § — 0 because of the continuity of all relevant quan-
tities. More precisely, we use that W, 1(r) and the metric coefficients are uniformly
continuous for |k — K| <6, |L — L| <6, and r € [3r5 —(E, L), Ry max + 1] by the choice
of § above. In order to obtain an integrable majorant, we use that e’ ~#= is uniformly
bounded, £ + ¥, ;, > E, and observe

E—-V,.r(r)>a(r—re—(E,L), re€lres—(E,L),rer—dql,
from the choice of ¢ and the mean value theorem. Hence,

Te,L —q— Tm—(E) L)
VE =V 1(s(re,p —q— 14— (E, L) +re—(E, L))

< \/TH,L _q_rn,—(EaL) 1 < vV RR,maXJFl
B Va T Ways

S
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3.2 Dependence in the case of the single-well structure

Applying Lebesgue’s dominated convergence theorem yields the continuity of 7; in
(k, E,L) in this case. It remains to show the continuity if rz _(FE, L) > T=L — ¢, for
which Tj(r, E, I_L) = 0 holds. Due to the continuity of . and r, 1, the scenario “>” is
trivial. In the case where rz ,(E L) =711 — ¢, we estimate

q— rm—(Ea L)
\/6 )

as above with C' > 0 independent of (k, E, L) € Ds and . _(E, L) < r, 1, —q. The right-
hand side goes to zero as § — 0, since 75 _(E, L) = T%L—¢q- Forrg (E,L)>1.1 —q,
we again have Tj(k, E,L) = 0. This proves the continuity of 7;. For the term 7,, we
argue in similar manner and leave out the details.

Ti(k, B, )] < Cm,L—

We split the term T}, further into

Tw,L

e)\n(r)fﬂﬁ(r)
(s B.L) =2E | v
max{r, r—q,Te,—(E,L)} E? — \Iji,L(T)

/min{r&L+q, re,+(E,L)} )\N(r) ()

Tk,L A / \Iji L

=T, (k, B, L) + T, (x, E, L)

+2F

and show the continuity for both terms separately. Let us first consider T} and the case
7L+ < 7r+(E, L). Due to the single-well structure, we have W} ; > 0 for r > r,
and can switch variables (twice) via n = W, (1), i.e., r =ry +(7, L) which implies

w,L(T,L+q) e/\n(m,+(nvL))*un(mﬁ(mL))

Yrkrt) \/(‘I’L,L(m,+(n,L)))2(E2 —1?)

TH(k,E,L) _2E/ dn

TN + 77(5) L)) I‘H(TN,+(77(S)7L))

= (\I]KL(THL—i_q) ,‘iL rnL / \/ ds,

where n(s) = (Y 1(re,r +q) — Vi, 1.(Te,1))s + ¥y, 1.(r4,1) for s € [0, 1]. Since
Ds > (k,n, L) — \I]:{,L(TfiHr(T/?L))’ e (T, 4+ (1,L)) = s (v 4 (1, L))

are uniformly continuous, we get pointwise convergence in the integrand of (3.29)) for

d — 0. Moreover, the methods used in (2.53)) and (2.54) in the proof of Lemma [2.3.11
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3 Parameter dependence for steady state families

can be applied word-by-word to yieldﬂ

1. (et (0, L))?
N —Ver(rs.L)

>2a, 1€|Ver(rer) Ver(rer+q)l
Therefore,

\IIH,L(TR,L + Q) - \IJH,L(TH,L)

(W (50, 20)) (B = (s

1 1
< <
/261\/5\/\1, E—y1(rk,L) _ s V2a./s(1—5s)

K,L(TH,L+q)_\DK,L(TH,L)

for every s € [0, 1], which yields an integrable majorant. Lebesgue’s theorem proves the
continuity of T,%. The case 7, 1 +q > r& (F, L) as well as the term T,,, can be treated
with the same techniques. ]

A similar result can be deduced for the angle function defined in (2.69), which is
another quantity that has to be controlled for the analysis in Chapter [6]

Proposition 3.2.8. The angle function

0x(r, B, L) £ / T o
K T? ’ T TR T ’
TK,(E? L) rr,—(E,L) E2 - \I’iL(S)

)

is continuous on the set where (k,E,L) € T*L and r €]r,_(E,L),rs+(E,L)[. For
fired (k, E, L) € TPE | the function 0,(-, E,L) can be continuously extended onto [0, 0|
by

0, if r<re_(E,L),

(3.30)
3 ifr > e (B, L).

Ox(r,E, L) = {

Proof. Note that the set on which the angle function is defined is open because 'L

is open and r4 are continuous, see Lemma and Corollary Since the proof
is very alike to the proof of Proposition [3.2.7, we only refer to the general procedure
and leave out the details. We fix a point (&, 7, E, L) in the domain of definition, choose
8o, a,q > 0 according to Lemma [3.2.6] and split the angle function into

‘]‘TTR,—(E7L) T lf r S T“:L - g
Tr,L—4 .
On(r, E, L) = T.(E.D) L ey g if r,—g<r<reL+aq,
Tr,L—4 Tr,L+q T .
f'r‘,g,,(E,L) "'+fr,€,Lqu +f7“,€7L+q"" if > TH,L+Q7

9This estimate is possible uniformly since a does not depend on x because of Lemmam
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3.2 Dependence in the case of the single-well structure

for (k,r, E, L) close to (k,7, E,L). fro+q>re(E,L)orrer —q<re_(E,L), we
replace 7y 1, = ¢ with r, +(F, L), respectively. We observe that T, (E, L) is continuous
because of Proposition[3.2.7] Moreover, the terms which do not depend on r were already
treated explicitly in the proof of Proposition [3.2.7, while the terms depending on r can
be dealt with the same techniques as in said proof, i.e., we use Lebesgue’s theorem and
apply the different cases in Lemma to control the integrand. The cases 7 = 77 +¢
have to be considered separately in similar fashion to the border cases in the proof of
Proposition [3.2.7

The continuous extension of 0, (-, E/, L) onto [0, o] is obtained by the limiting behavior

lim  6.(r,E,L)=0
rzn",@,(E,L)

as well as T(E L )
lim  6.(r,E,L) = TJEL) _ =
rﬁrm_,_(E,L) 2TH(E7 L) 2

3.2.2 Bounds on the period function

As a final project, we prove that the period function can be bounded away from zero
and from above locally uniformly in the redshift parameter. For this, we pursue the
same strategy as in Sections [2.3.3] and [2.3.4. More precisely, we show that the bounds
obtained in Propositions [2.3.9] and [2.3.16] can be generalized to include a dependence
in k. As in Proposition we prescribe that Ly > 0 or [ > 0 to get a lower bound.

Proposition 3.2.9. Let Ly > 0 orl > 0. For every n € Ilsws, there exists § > 0 and
c > 0 such that

T.(E,L)>¢c, ke p—6n+0), (EL)eQfr

Proof. Fix 7 > 0 and let § > 0 be such that [ — 8,1+ 8] C Lys. Proposition [2.3.9)
implies

1
T.(E, L) > 2etsFrmin) —_
(B L) 2 2 VN,

with

N, = 387r< max 62’\”_2“”> max Dr
} [Rn,miny R/{,max}

[Rn,miny RK,,IH&X

. (1 + 8%R,€7max <[R max | 62)‘“_2“"> max pn> .

K,min, Rﬁ,max [Rn,miny Rﬁ,max]

We now choose 0 < 0 < 1 such that Ry max < Rymax +1 = R and E* > %E”. First,

consider the case Ly = 0, i.e., [ > 0. Together with the Buchdahl-type inequality (2.75)),
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3 Parameter dependence for steady state families

we get

N, <C <max eZy“> max py <1 + <max 629“> max p,.;) .
[0,R] [0,R] [0,R] [0,R]

Moreover, y, and p, are uniformly bounded for x € [n — d,n + ] and r € [0, R]
due to Lemma and [ > 0. On the other hand, if Ly > 0, we can bound
Ry min > %Rn,min > 0 by making § small, and proceed similarly to above with the radial
steady state support uniformly bounded away from zero. O

For the upper bound, we have to restrict the accessible steady states further, as it is

the case in Proposition

Proposition 3.2.10. Let Ly > 0 or let f.. be isotropic with

2 1
() <=, r>0,
T 3
for k € Igys. For every n € Igys, there exists § > 0 and C > 0 such that
T.(E,L)<C, welp—6n+6], (B L)eQ"

Proof. Fix n € Isys. In the case Ly > 0, we choose &y, a,q > 0 according to Lemma [3.2.0]
and 0 < § < d§p. We can apply Proposition [2.3.16{a) to obtain

T.(E.L) < 2Q,€(4V R“’“j’%* ﬂ”) (B,L) € QFF,

where Qx = MaX(R, ... Ry max] eM~Hs Now T can be bounded uniformly in x, since
Qx < C and because Ry max is continuous by Lemma [3.2.1]

In the isotropic case, we apply Proposition (b), but we have to make sure that
FEq and Li—which are chosen in step 3 of the proof of Lemma can be chosen
independently of x € [n — 6,7 + d]. Recall that r, (E,L) and r. 1 are continuous
in (k, E, L) and (k, L), respectively, due to Corrolaries [3.2.2| and 3.2.4] In addition, we
have shown monotonicity properties for these quantities in Lemmas[2.3.3(d)|and [2.3.4{a).
Because of this, we can choose E1, By, L1 > 0 with the following properties for every
keEM—06,n+06], By <E<E" and0< L < Ly:

(1) Uur(rer) < E1 < By < E® and 0 < Ly < Ly maxs
(ll) r1€7+(E? L) > 7“777+(E~’1a L) > Tn2Ly > Tk,L»

after possibly shrinking d; this is the counterpart to (2.64). We now choose £y > 0 with
Ey < Ey < E* for every k € [n — d,n + 6], and we define

€:= min (min{e““(o), Er — El})
KE[N—38,n+4]
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3.2 Dependence in the case of the single-well structure

From this, we deduce that for every x € [p—4,1+d] and (E, L) € QOFL with By < E < EF
and 0 < L < Ly it holds that firstly, E — ¢ > FE5, and thus r, 4 (E —¢&,L) > Ty2L, due
to (ii), and secondly,

w2 Y (r) > min U2 Y (s)>0
( n,L)( ) = (R,S)E[n—5,7l+5]><[Tn,ng,Rn,max-l-l]( n,Ll)( )

for ro 4 (E —¢,L) <r <ry4+(E,L). Therefore, we can bound

/rm_._(E,L) dr
e (E=e,L) \[E2 — W2 (r)

uniformly for the relevant values of k and (E, L), as in the proof of Lemma
Moreover, in the estimate from Proposition (b), we can choose R; independent

of k, e.g., by setting R; = %rn7+(E1,0) and making & > 0 smaller if necessary. By

Lemma the parameter a > 0 is independent of x as well which finally yields via

Proposition [2.3.16|b) that

r,max T \/57") Asus
\/5 \/[II]II%I] e?u,ﬂ—l—Q)\,gp’$

0,R1
6Rn,max + 4 Rm,max }
R AN N )
kL1

[TI—5777+5] X [Tn,QLl 7Rn,max+1]

{ (4 R
T(E,L) < Q,max< 2

for every k € [p—6,n+ 6] and (E,L) € QEL for suitable parameters a, F1, L1, and Ry,
as described above. By continuity considerations, this estimate can be bounded further
by a constant independent of k.

O

This concludes our investigation of the steady state families. We could have put
even more work into the details when dealing with the dependence on k. However, the
arguments that we shortened were already part of Section [2.3] and we refer the reader
to this section for more details. Most of the work done in this chapter is necessary much
later in Chapter [6} We now continue our work by analyzing the linearized Einstein-
Vlasov system to access the question of linear stability.

OFor the complete proof, we would have to consider the proof of Lemma [2.3.15| in detail and repeat
most of the steps word-by-word, which we omit here.
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4 Linearization of the Einstein-Vlasov
system

I can calculate the motion of
heavenly bodies but not
the madness of people.

Isaac Newton

The main focus of this work is to analyze whether stationary solutions to the spheri-
cally symmetric, asymptotically flat Einstein-Vlasov system are stable or unstable under
small perturbations. The comprehensive introduction on equilibria and families of steady
states in the previous two chapters can be seen as a necessary preliminary for what fol-
lows next. A first step towards stability analysis consists of linearizing the system close
to a steady state and studying its dynamic behavior. The linearized Einstein-Vlasov sys-
tem and analysis of linear stability is, e.g., considered in [47, 52} 53], 54, [59] 60], 611 [62].
For a detailed recap of what is known about linear stability, we refer to Section [5.1

In this chapter, we start by providing the class of steady states for which our analysis
is possible in Section The main condition that we need to prescribe is the (strict)
single-well structure of the effective potential, as introduced in Definition We
then formulate the linearized Einstein-Vlasov system and introduce the corresponding
operators in Section The linearized system is represented by a second-order in
time evolution equation governed by a self-adjoint, unbounded operator. The relevant
operators are thoroughly analyzed in Section In particular, we provide valuable
information about the spectral properties of these operators. This lays the groundwork
for the spectral analysis in Chapter

4.1 The class of steady states under consideration

Throughout the investigation in this chapter and in Chapter [5 we consider a steady

state fo with or without a Schwarzschild-singularity at the center, as derived in Proposi-

tion [2.2.4] and Proposition respectively. We denote its metric coefficients, source

terms, etc., with a subscript zero, e.g., 1o, Ao, po, po- In the case of a spacetime with a

singularity, My stands for the mass of the central black hole. Similar to [47, Sc. 4.1], we

have to prescribe more specific properties that need to be fulfilled by the steady state.
The distribution function fy is of the form

fo(r,w, L) = p(E(r,w,L),L), (r,w,L) € Q,
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4 Linearization of the Einstein-Vlasov system

for some appropriate microscopic equation of state p: R? — [0, oo[. Here E is the particle
energy induced by pg via and €2y is the interior of the steady state support defined
in . In addition, let Ry, and Rpnax be the radial bounds of the steady state, as
defined in . We further impose the following conditions on fy:

(S1) The steady state has single-well structure, as introduced in Definition [2.3.1f(a).

(S2) The period function T', defined in (2.44)), is bounded and bounded away from zero
on the set QFL, which is given by (2.43).

(S3) The microscopic equation of state ¢ is continuously differentiable with respect to £
on QFF with ¢’ .= dgp < 0 on QFL. On R?\ QFL, we set ¢’ == 0.

(S4) There exists C' > 0 such that
/ (B, L)| dv = 7;/ / (B, L) dwdl < C, 1 €]Rmim ool  (4.1)
R3 r™Jo JR

At first glance, these conditions may seem confusing and rather restrictive. In both the
singularity-free and the Schwarzschild-singularity case, condition is mandatory in
order to introduce action-angle type variables as in Section which will be used
heavily in the following analysis. In particular, condition is required for |(S2)
which enables us to control the periodic particle motions. Condition is necessary to
obtain a Hilbert space as the domain of definition for the linearized operators. Lastly,
we prescribe for mere technical reasons.

The detailed analysis of the properties of steady states in Section allows us to

verify |(S1)H(S4)| for a broad family of stationary solutions:

Remark 4.1.1. (a) We have seen in Proposition that wsotropic steady states
fulfill if they are not too relativistic, i.e., if 6m < r holds. Moreover, in this
case the period function satisfies because of Propositions|(2.3.9 and|2.5.16{(b).
As mentioned in Remarks|2.4.1] and|2.4.3, numerical simulations demonstrate that
the (strict) single-well structure and the bounds on the period functions are valid for
a much larger class of equilibria. In particular, we conjecture that |(S1)| and |[(S2)]
hold true for general isotropic static solutions.

(b) In the case of stationary solutions surrounding a Schwarzschild black hole,

as constructed in Proposition [2.2.10, the results in Propositions
and |2.8.10(a) prove |(S1)| as well as if the mass of the Vlasov matter is

sufficiently small compared to the mass of the black hole. As in part (a), numerical
evidence indicates that this holds in much more generality.

(c) In the setting of an anisotropic steady state without a singularity, we are not able to
show that the strict single-well structure is present—not even in special cases. This
is to be expected for some cases since multi-shells are known to exist, as already
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4.2 The linearized FEinstein-Vlasov system

commented on in Remark (a). Howewver, if one can confirm the strict single-
well structure numerically or with help of new techniques, we obtain that
holds by Propositions|2.3.9 and|2.3.16(a) in the case where Ly >0 orl > 0.

(d) We prescribe such that the relevant function space H, which we introduce in
Section becomes a Hilbert space. From a physics point of view, ¢’ < 0 means
that more energetic stars are less common compared to less energetic stars. This
is a reasonable assumption, as also argued in [59]. For example, ¢’ < 0 is fulfilled
by the King model , the polytropes , and by most ansatz functions used
i the literature.

(e) The technical assumption is, for example, satisfied if the energy-dependency ®
for the steady states from Section is chosen suitably. It is, e.g., true if ®' is
bounded. In addition, can be verified in the case where Ly > 0, since the
integral over L can be calculated explicitly, and due to ® € L*°([0,1]), as well as
Ryin > 0.

4.2 The linearized Einstein-Vlasov system

We use the same linearization of the spherically symmetric, asymptotically flat Einstein-
Vlasov system in Schwarzschild coordinates, as introduced by Ipser & Throne in [62], and
subsequently also used in [47, [52] 53, 54]. For 0 < ¢ < 1 and a suitably smooth function
f=ft,r,w,L): R x [0,00[ xR x [0,00[— R with f(¢) supported on Qy for t € R, we
plug

fo+ef+0()

into the Einstein-Vlasov system with or without a Schwarzschild black hole at the center
and dispense with terms of order O(g?). For a detailed derivation of the following
equations, we refer to Appendix [A] The linearized Vlasov equation reads

2
Of = —e {f, B} + dnr|p/|eProto %jf — 2070 g gy, (4.2)

where

{g,h} = 0rg - Oyh — Oyg - Oxh = 0rg Oyh — Dyyg Orh

is the Poisson bracket of two spherically symmetric, differentiable functions
g(x,v) = g(r,w, L) and h(z,v) = h(r,w,L). The linearized metric coefficients Ay and
¢ are determined by

(re 22N = drr?py, (4.3)

1
py = dmre*opy + <2u6 + T) A, (4.4)
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4 Linearization of the Einstein-Vlasov system

where the source terms py, py, and js are the same as in ((1.14)—(1.16). The boundary
conditions are given by
lim pp(t,r) =0= lm Af(¢,7). (4.5)
r—>00

r—00

In the singularity-free case, we prescribe
Ar(0) =0, (4.6)

while
/\f(SMO) =0, (4.7)

if there is a Schwarschild black hole of mass My at the centelﬂ Integrating (4.3) yields
that

4ge2ro(r)  pr
Af(r) = 7Te/ pf(s)s2 ds, 1 €]|2Mp, ], (4.8)
r Rmin
for My > 0, where My = 0 represents the singularity-free case. In summary,

equations f are referred to as the linearized, singularity-free Einstein-Vlasov
system on [0,00[ XR x [0,00[, whereas (£.2)-(4.F]) together with constitute the
linearized Einstein-Vlasov system with a Schwarzschild-singularity of mass My on
12Mp, oo[ xR x [0, co.

It is now possible to analyze the linearized Einstein-Vlasov system as a new dynamical
system. A natural question is that of the existence of global-in-time solutions for given
initial data at ¢ = 0. For the singularity-free case, this is covered in [53, Thm. 5.1]. The
proof can be adapted to obtain an analogous result in the setting with a singularity at
the center. For our purposes, however, this is not needed since we analyze stability from
a spectral analysis point of view.

As an aside, we derived the linearized system in canonical momentum variables to see
if it behaves structurally differently. Unsurprisingly, it turns out that the two linearized
systems are equivalent by applying a simple transformation of variables. Furthermore,
we tried to transfer the setup of the linearized system from Schwarzschild to maximal
areal coordinates. Firstly, it is much longer and more involved. Secondly, we did not find
a way to bring the linearized system into a nice form, let alone show that the resulting
linearized operators are self-adjoint which is the case in Schwarzschild coordinates, as
we will see later.

In order to define and analyze linear stability properly, it turns out very useful to
reformulate the linearized Einstein-Vlasov system as a second-order evolution equation
for f. As preparation, we define several operators in the next subsection to keep notation
short.

!By construction of fo in Section [2.2.2] we have 3My < Rmin, i.€., it suffices to set a boundary condition
at r = 3Mpy.
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4.2 The linearized FEinstein-Vlasov system

4.2.1 Definition of the function spaces and operators

We now introduce suitable function spaces and the operators for which we conduct
spectral analysis in Chapter [5} The approach is similar to the ones used in [47, 52} [55].
Most of our analysis takes place on the weighted L2-space

H = {f: Qo — R measurable ‘ Wflla < oo}7 (4.9)

which we equip with the normﬂ

2 . 2 eAO(T) 2
£l = 4m o WU(T,M,L)’ drdwdL.
0 )

Recall that ¢’ < 0 almost everywhere (a.e.) on QX by We thus obtain a real
Hilbert space (H, (-, )m), where the scalar product is given by

Ao(r)
au=a® [[[ S ) gtrw Ly drdwdL, g i
0 )

While carrying out the spectral analysis, we sometimes have to allow for complex-valued
functions as well. In this case, the scalar product is given by taking the complex con-
jugate of g in the integral above. As usual, we identify functions in H which are equal
up to sets of measure zero, i.e., if they are equal a.e. We extend functions f € H by 0
to all of R3. In Section we will see that functions which are odd in w play a
prominent role in our investigation. Therefore, we split f € H into its odd-in-w part f_
and even-in-w part fy defined by

Fo(rw, L) = %(f(r,w,L) +f(r—w, L)), (rw, L)€,

ie, f = fr+ f- with fo(r,w,L) = £fi(r,—w, L) for almost every (a.e.) value of
(ry,w,L) € QOE| The subspace of odd-in-w functions is denoted by

H={fe€H|fisodd in w a.e. on Q} C H. (4.10)

As in [55, Rem. 5.3], we note that parity with respect to w can be translated to parity
with respect to the angle variable defined in Section [2.3.5

Remark 4.2.1. Consider the function spaces

£204(10,1) = {y € Z2(10.10) | 4(6) = (1~ 0) for a.c. 0 €]0,1[},
L2,even(]071[) — {y c L2(}071[) | y(0) =y(1—0) for a.e. 0 6]0,1[}.

2To keep notation short, we do not always write out the dependence of E = E(r,w, L) in full. We hope
that this leads to no ambiguities.
3Note that € is symmetric with respect to w, since fo is even in w by virtue of the ansatz fo = ¢(E, L).
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4 Linearization of the Einstein-Vlasov system

For every f € H, we can characterize

fis odd inw a.e. & f(-,E,L) € L**0,1[) for a.e. (E,L) € QFL, (4.11)
fis even inw a.e. & f(-,E,L) € L**¥(]0,1[) for a.e. (E,L) € QFL, (4.12)

where f = f(0,E, L) is expressed in action-angle type variables associated with fo.

The transport operator corresponding to the steady state’s characteristic flow is a
crucial quantity in the context of linear stability. For a suitably regular function f, it is
given by

Tf=—e{f E}

L L
S [ e — po 14+ w? + — — ,
24 L r 3 24 L
1+ w*+ 3 o/ 1+w* + 3

(4.13)

and arises naturally from the first-order linearized Vlasov equation (4.2). Let
(R,W)(-,r,w,L): R —]0,00[xR be a solution to the characteristic system with
initial data

(R(0,r,w, L), W(0,r,w, L), L) = (r,w, L) € Q.

Then the transport operator can be written as

d

Tf(r,w,L) = %[f(R(t,r,w,L), W(t,r,w,L),L)], feCYQ),

i.e., T computes the derivative of f along characteristics of the underlying steady state.
The transport operator is comprehensively studied in [I00]. As in this reference, we
have to extend this definition to a weak sense such that we can define T on a dense
subset of H. In addition, we introduce a related operator 3, which we call the essential
opemtorﬁ Both of these operators were also defined in [47), Def. 4.2] and [52, Def. 4.11].

Definition 4.2.2. (a) For a function f € H, the transport term T f exists weakly if
there exists some h € H such that for every test function & € C}(Qp),

(£, T8 =—(h.&)n.

In this case, we set T f = h in a weak sense. The domain of T is defined as
D(T)={f e H|Tf exists weakly},

and the resulting operator T : D(T) — H s called the transport operator.

4This terminology is due to the fact that B determines the essential spectrum of the Antonov operator
L, which we introduce below as well. Moreover, B is the main—or essential—operator that we have
to handle throughout the investigation of linear stability.
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4.2 The linearized FEinstein-Vlasov system

(b) The essential operator B: D(T) — H is defined by
Bf =T/ +S/,
where S: H — H s given by

,w2

Sf = —dmr|p|e2rotro wpy — T Jf
14w+ 2z

(¢) The response operator R: H — H is defined by

Rf = 4r|¢'| €30 (2ruf + 1)wsy.

(d) The Antonov operator L: D(L) N'H — H is defined on
D(£)=D(T?):={f € H|f e D(T), Tf € D(T)}

and given by
L:=-B"-R.

Remark 4.2.3. The test function space C}(Qq) is dense in H. Therefore, the trans-
port operator is well defined, because for f € D(T) the transport term T f is uniquely
determined a.e. if it exists.

As shown in [100, Prop. 1], we have (f,Tg)u = —(Tf,9)u for f,g € CL(Q). In
particular, the weak and the classical definition agree for f € CL(Qo), and we
deduce

Ce (%) € D(T),
which implies that T is densely defined on H.

Before coming to the properties of the operators introduced above, we transform the
linearized Einstein-Vlasov system to a system which is second-order in time.

4.2.2 A second-order formulation

The procedure of formulating the linearized Einstein-Vlasov system as a second-order
evolution equation goes back to Antonov, who used it in the context of non-relativistic
galactic dynamics [I7]. The same method was used for the Einstein-Vlasov system in [62]
and subsequently in [47, [52].

Let us formally derive the second-order formulation. We write f = f + f_, where
f+ are the even-in-w and odd-in-w parts of f introduced in the previous section. The
linearized Vlasov equation can be written as

1
Ouf = Bf — ¢[00 <2M/o + T>W)\f7
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4 Linearization of the Einstein-Vlasov system

after using the definition of the essential operator B and (4.4). Since B reverses parity
with respect to w and Ay = Ay, , which we will show later in detail, we get

1
Orf— = Bfy — |/ |e2Ho—R0 <2M6 + r)w)\f+’ (4.14)
O fy =Bf_. (4.15)

By inserting the latter equation into the former, we obtain

1
O2f_ = BBf_ — |¢|e2H0~0 (2/16 + r)w)\gf
= B2f_ +4x||e3ro (2rup + Dwjp. = B*f +Rf =-Lf,

where we applied the identit ABf. = —4qrerotro s 7, which follows by an integration
by parts. This yields the following lemma, partly also given in [52, Lem. 4.21].

Lemma 4.2.4. A formal linearization of the spherically symmetric Einstein-Viasov sys-
tem takes the form
OPf-+Lf =0, (4.16)

where L is the Antonov operator. More precisely, f € C?*(R x §q) solves the lin-
earized Einstein-Vlasov system if, and only if, f— solves (4.16), O,f+ = Bf— holds,
and (4.3), (4.4)) as well as the boundary conditions (4.5) and (4.6) or (4.7) are valid for

the singularity-free or singularity case, respectively.

Proof. For the proof, we only note that the derivation above is possible rigorously for
f € C*(R x Q). Equations (4.14) and (4.15) are fulfilled in the case where f solves the
linearized Einstein-Vlasov system, as well as if (4.16]) and 0, f+ = Bf- holds. O

The Antonov operator L therefore governs the behavior of solutions to the linearized
system, and we will see later that £ has some beneficial properties, e.g., it is self-adjoint.
This is why we define linear stability of a steady state through £ in Definition [5.1.2
We emphasize that £ only determines the evolution of the odd-in-w part of the linear
perturbation f, and we have thus defined £ only on the subspace H consisting of odd-
in-w functions.

4.3 Properties of the operators

Deriving various properties of the operators from Definition [£.2.2] is a technical but
vital endeavor. We still consider a stationary solution to the Einstein-Vlasov system, as
described in Section The current section has much overlap with [47, Sc. 5], even
though we do provide more details throughout the lengthy proofs and computations.
The main result of this section is a thorough understanding of the transport operator T

5This identity will be proven rigorously later in (4.41) and can also be interpreted as the linearization
of the field equation (1.12).
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and the essential operator B summarized in Propositions [4.3.2] and [4.3.5] respectively.
Furthermore, we control the essential spectrum of these operators and the Antonov
operator in Theorem The reader is invited to skip forward to these references in
case the details are not of interest.

From this point forwards, for a given triple of action-angle type variables (6, F, L), as
introduced in Section [2.3.5 we denote the radial coordinate and the radial momentum
by R= R(0,E,L) and W = W (0, E, L), respectively. More precisely,lﬂ

W
V1+W2+ L

oW = T(E, L)eHo(F)=Ao(R) L — pb(R) /1 4+ W2+ % . (4.17D)
R3J1+ W2+ L

where we prescribe (R, W)(0,E, L) = (r_(E,L),0) and (R,W)(3,E, L) = (r.(E, L),0)
with 0 < r_(E,L) < r(E,L) defined for a.e. (E,L) € QFF by Lemma [2.3.3(b)l We
often leave out the explicit dependency on (6, E, L) to shorten notation. We start with
an important identity that is also used in [47], 52| [59].

R = T(E, L)etoF)=ro(R) (4.17a)

Lemma 4.3.1. The following identity holds:

T [ 2 e—2Mo(r)—po(r) , .
7~2/ /Rw ’80 (E(rawaL),L”dUJdL: 4—( 0‘1‘#0)(7"), TE]QMO;OO[,
0

r
(4.18)
where Mgy = 0 represents the singularity-free case.

Proof. By the chain rule, we have wdgp(E,L) = e 20" Ed,p(E,L). Therefore,
|¢'| = —0pp implies

/ / w?|¢' (B, L)| dwdL = —e~2H0() / / wEdy(p(E(r,w, L), L)) dwdL
0 R 0 R

- 2
_ 6—2#@(7‘)/ /(E+ 62H0(T)12,> 90(E7L) dwdL,
0 R

where we integrated by parts in the second step. The boundary terms vanish for fixed
(r, L), because for large w we have E(r,w, L) > E°, i.e., ¢ = 0 there. We thus obtain

5[ et B ), Dl dudz = 0 o+ (o),
0 R

which together with the field equations ([1.10)), (1.11)) yields the claim in the lemma. [

SThis is a slightly different notation than the relation of (r,w, L) and (6, E, L) in Lemma [2.3.17|(a),
where the period function T'(E, L) is also plugged into the first argument of R and W. We have thus
rescaled the time variable in (R, W)(-, E, L) such that it takes values in [0, 1] instead of [0, T(E, L)].
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4 Linearization of the Einstein-Vlasov system

4.3.1 The transport operator T

As mentioned above, the transport operator has been comprehensively covered in the
literature. We recall many important properties from these references and prove most
of them here; see Remark for a more detailed discussion. We employ action-angle
type variables (0, E, L) introduced in Section in order to transform 7 into a one-
dimensional differential operator along the angle variable 8, which simplifies a lot of
the proofs compared to (r,w, L)-coordinates. In order to show this property of 7, the
function spaces

Hy = {y € H'(]0,1[) | y(0) = y(1)}, (4.19)
Hi = {y € H*(]0,1))|y(0) = y(1) and §(0) = y(1)} = {y € Hj|y € Hy}  (4.20)

I
<

are useful to characterize the necessary regularity with respect to the angle variable.
Note that the Sobolev embeddings H'(]0,1[) — C([0,1]) and H2(]0,1]) — C*([0,1])
hold, i.e., the boundary conditions in H; and Hg are prescribed for the continuous
representatives.

We now show that 7 and 72 act as differential operators with respect to . First,
we formulate the following central proposition and then prove its claims step by step
throughout this section.

Proposition 4.3.2. (a) The transport operator T: D(T) — H is well defined and
skew-adjoint as a densely defined operator on H, i.e., T* = —T. Moreover,
T2:D(T?) — H is self-adjoint.

(b) T reverses w-parity, i.e., (T f)+ = T(fx) for f € D(T), in particular, f € D(T)

is equivalent to fi € D(T) and the restricted operator T?: D(T?)NH — H is
self-adjoint as a densely defined operator on H.

(c) For every f € D(T), there exists a sequence (fn)nen C C°(Qo) such that
fo—=f, Tfh—Tf in H asn — oo,
and (Or frn), (Owfn) are bounded in H.
(d) The domains of T and T? can be characterized by

D(T)={f e H|[(EL)¢ Hg for a.e. (B,L)eQbL

and // / 199 £(0, B, L)|? d9dEdL < oo}
QBL Iso

D(T2) = {f cH |f(-,E, L) € H? for a.e. (E,L) € QFL

d EL”J aﬂ (6, 2 dpdEd
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4.3 Properties of the operators

In addition,

(TH)O,E, L) = — (Gof)(0,E, L), feD(T),

T(E, L)

(Tgf)w?EvL) = W (8gf)(9aEv L)7 e D(Tz)a

for a.e. (6,E,L) €[0,1] x QF~.
(e) The kernel of T consists of functions only depending on (E,L), i.e.,

ker(T)={f € H|3g: R* > R s.t. f(r,w,L)=g(E(r,w,L),L) a.e. onQp}.
(4.21)
The range and the orthogonal complement of the kernel of T are equal and given

by

im(7) = ker('T)l = {f € H‘ /01 f(6,E,L)df =0 for a.e. (E,L) € Q(')EL
(4.22)

(f) The mapping T : D(T)Nker(T)*+ — im(T) is bijective. Its inverse T 1:im(T) —
D(T) Nker(T)* is given by

(T 'f)6,E,L) = -T(E, L) (/Oaf(f, E,L)dr — /01 /OT f(o,E, L) dadr),

(4.23)
for a.e. (0,E,L) €[0,1] x QFL, is bounded, and reverses w-parity.

Before we come to the proof, a comment is in order since most of these properties
were already shown in similar contexts in the existing literature.

Remark 4.3.3. (a) The transport operator is thoroughly examined in [100] and an
overview as in Proposition can be found in [{7, Prop. 5.1]. It should be
mentioned that in [100], many of the features of the transport operator are derived
without relying on action-angle type variables. The approach in [100)] is therefore
more difficult but also more general since action-angle type variables are only known
to exist for limited classes of steady states, as discussed in detail in Section[2.5 In
particular, not all of the properties given above require the existence of the single-
well structure, as stated in Definition [2.3.1].

(b) For relevant results from operator theory, we refer to Appendiz @ In particular, a
short recollection of the terms skew-adjoint and self-adjoint operator can be found

in Definition [B.1].

(c) Most of the properties introduced above were originally derived for the transport
operator corresponding to the Viasov-Poisson system. For example, a result similar
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4 Linearization of the Einstein-Vlasov system

to Proposition|.3.4(d) is derived in [55, Lem. 5.2, Cor. 5.4]. Proposition|4.3.4(e)
should be compared with [55, Lem. 5.5] and [100, Thm. 2.3].

(d) In the non-relativistic setting, the transport operator is inverted in [50, Sc. 3.2]
without using action-angle type variables, and in [55, Proof of Prop. 8.6.] via a
Fourier series approach. We choose to invert T by integrating in the angle variable
and have to subtract the correct element in ker(T) in order to obtain an element
in ker(T)+ = im(T). This approach is more useful for the upcoming investigation.

As a first part of the proof, we recall that the transport operator is skew-adjoint and
that it can be approximated by smooth functions. Since most of these properties were
already shown in the literature, we skim over the details.

Proof of Proposition @ The operator T is well defined, as explained in Re-
mark The fact that 7 is skew-adjoint is proven in [I00, Thm. 2.2]. We note that
n [I00], only isotropic steady states are considered. However, the methods employed
there work with our different class of stationary solutions as well—also in the setting with
a Schwarzschild black hole at the center. The parity properties in (b) can be deduced
immediately from the weak definition of 7. The self-adjointness of 72 in (a) follows from
von Neumann’s theorem, cf. [87, Thm. X.25]; the restricted operator is self-adjoint due
to parity considerations. For the approximation by smooth functions, we refer to [100]
Prop. 2] and add that the same methods, which are used in this reference in order to
bound (7 f,), can be employed to obtain bounds on (9, f,) and (9 f) as well. O

We now provide the proof of Proposition [4.3.2(d)} which was left out in [47] as it is
quite similar to the non-relativistic case.

Proof of Proposition |4.3.4(d). The proof relies on methods similar to [55, Lem. 5.2],
which we recall here. We start by examining the assertions for D(7) and 7.
Lemma and the chain rule imply

1
T(E,L)

(Th)(6,E,L) = — (0ph)(0,E,L), he CLy). (4.24)

Consider f € D(T). By using the weak definition of 7 and changing variables from
(r,w,L) to (0, E, L) via , we obtain

4 //QE ST EL /agh Vf(0, E, L) dOdEAL = (f, Thyy = —(Tf,h)u
— _ap? //QE S |/ 0, E,L)(T)(0, E, L) d0dEdL  (4.25)

for every h € C}(Qp). In particular, this holds for h(0,E,L) = x(0)¢(E, L) with
x € C2(]0,1]) and ¢ € CX(QFL). Inserting this into the equation above and using
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4.3 Properties of the operators

that £ can be chosen arbitrarily, implie&ﬂ

I8 |
S O)0.B.L) a8 =T(E.L) [ \O)T)0.E.L)ds (4.26)
0 0

for a.e. (E, L) € QFL. This holds for every x € C2°(]0,1]) and thus f(-, F, L) is weakly
differentiable with

89f('>E7 L) = _T(E7L>(Tf)('7E>L) € LQ(]Ov 1[)

for a.e. (E, L) € QFL. In particular,

// / 09£(0, E,L)|* d0dEdL = | T f||% < oc.
Qb |90 L)

For the boundary condition f(0,F, L) = f(1, E, L), we observe that (4.26) is valid for
x = 1 as well because this still induces h € C}(Qg). Therefore,

1 1
0=-T(E, L)/O (T£)(0,E,L)do :/0 Opf(0,E,L)df = f(1,E,L) — £(0, E, L)

for a.e. (E,L) € QFL from an integration by parts for functions in H'(]0,1[), which
holds for the continuous representative of f.

For the reverse implication, we consider f € H with f(-,E,L) € Hel for a.e.
(E,L) € QFL and

// / |09 f(0, E, L)|* dddEdL < cc. (4.27)
QFr |<P

Every test function h € CL(Q) satisfies
h(-, E,L) € C'(]0,1]), h(0,E,L)=h(1,E,L),

directly from the definition of action-angle type variables, see Lemma There-
fore, (4.24]) and an integration by parts similar to (4.25) above yield

o 89f)(7“, w, L) 1
(f, Th)g = 4n* ///QO S(EL] T h(r,w, L) drdwdL, h e C.(Qp),

which, together with the weak definition of the transport operator, implies that

1

=@

Oy f

"Note that we can choose the set of measure zero independently of x by considering a countable subset
of C£(]0, 1[), which is dense in H'(]0, 1]).
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4 Linearization of the Einstein-Vlasov system

holds weakly. In addition, we have f € D(T), because T f € H from (4.27)). This finishes
the proof for the characterization of D(7) and the properties of 7. By applying this
result to 7 f instead of f, we obtain the claims for both D(7?) and T2 O

From the representation of the transport operator in part @ it is an easy task to
determine the kernel of 7 and consequently show that the range (or image) of T is
closed.

Proof of Proposition|4.3.4(e). The fact that every function g = g(F,L) € H is an el-
ement in ker(7) follows from Proposition _ (d)| because obviously g(E, L) € H} for
ae. (E,L) € QFF and 9yg = 0. Conversely, let f € ker(7), i.e., according to Proposi-
tion we have f(-, E,L) € H} with 9yf(-, E,L) = 0 for a.e. (E,L) € QFX. This

implies

0

for a.e. (E, L) € QF" and thus shows (4.21)).

From [25, Cor. 2.18(iv)], we deduce ker(7)+ = im(7) and therefore only have to
prove ker(7)* C im(7). For g € ker(7)*, we show that there exists f € D(T) such
that T f = g, which implies g € im(7). We define the function f: Q9 — R through

0
f(9>E7L) = _T(EvL)/O' 9(7_7E7L)d7—7

which is weakly differentiable in 6 with 9yf(-,E,L) = —T(E,L)g(-,E,L) for a.e.
(E,L) € QFL. Moreover,

1
(0, B, L) < T(E, L)* / g(r, B, L) dr
0

and therefore f € H due to
1 £11% < 4n // |<,0 ’ / lg(r, B, L)|* drdEdL < sup(Tz) lgll%,

where we recall from |(S2)|that T"is bounded on QFF. Since g € ker(T)*, we get

0= (g, h) g = dr //Qg m </01 9(0,E, 1) d9> h(E, L) dEdL

for every h = h(E, L) € ker(T), and thus

1
/ g(6,E,L)do =0
0

for a.e. (E,L) € QFL. Combining these results yields f € H'(]0,1[) as well as
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f(0,E,L)= f(1,E, L), and hence f € D(T) by Proposition 4.3.2(d)| because of

// / 09f(0, E,L)|? d0dEdL = || g||% < oc.
Qb \80

We have T f = g by Proposition 4.3.4(d)] i.e., g € im(T). O

Proof of Proposition |{.3.4(f ). For g € im(T), we define

(Gg)(0,E,L) = -T(E, L) (/Oeg(f, E,L)dr — /01 /OT g(o,E,L) dad7>

and aim to prove G = T !, We first show that Gg € D(T) with help of Proposi-
tion [4.3.9(d)l For a.e. (E,L) € QFL, we observe Gg(-, E, L) € H}, becauseﬁ

1
@ ELDP <C [ lglr. B L)P dr (1.28)
0
and since Gg is weakly differentiable in 6 with 0yp(Gg)(-, E,L) = =T(E,L)g(-, E, L).

Moreover (Gg)(0, E,L) = (Gg)(1, E, L) due to fol g(1,E,L)dr = 0 for a.e. (E, L) € QF
by (4.22)). We again apply the characterization (4.22]) and obtain

/Ol(gg)(@,E,L)dQ——T(E,L)</01 /00 7, B, L) drdf — / / 7, E, L) dea> —0

for a.e. (E,L) € QFF, which implies Gg € ker(7)t. Therefore, the mapping
G:im(T) — D(T) Nker(7T)* is well defined. For g € im(7"), we compute

(TG9)(0,E, L)
(bf L)ag( (E,L)(/Ogg(T,E,L)dT—/Ol /Ogg(T,E,L)deU>> — ¢(8,E, L)

for a.e. (E,L) € QFL, where we employed the representation of 7 from Proposi-
tion 4.3.2(d)l Lastly, this part of the proposition together with (4.22]) also yields

6 1 o
(ng)(H,E,L):/O agf(T,E,L)dT—/O /0 Of(r,E,L)drdo

= f(0,E,L) —/01 flo,E,L)do = f(0,E, L)

for f € D( T) Nker(T)* and ae. (E,L) € QFF. We thus deduce that G = 71
that 7! is bounded because of - The fact that T reverses w-parity 1mmed1ately
implies the same property for 7—!; see also Remark [4.2.1] O

8The constant C' > 0 does not depend on g. Note again that 7" is bounded on Q& from (S2)
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4 Linearization of the Einstein-Vlasov system

With this in-depth knowledge of the transport operator 7 at hand, we can now turn
to the essential operator B. Its analysis is more involved.

4.3.2 The essential operator 5

In order to derive a Birman-Schwinger principle for the operator £ = —32—R, we need a
comprehensive understanding of the essential operator B defined in Definition 4.2.2(b)
We want to derive more or less analogous results for B, as for 7 gathered in Propo-
sition This turns out more difficult than the analysis for 7 since B introduces
non-local terms via py and jr, and because we do not have access to action-angle type
variables that are in some sense adapted to B.

The main difficulties arise from the inversion of B and B%. We need to determine
(B2)~! as explicitly as possible for two key reasons: Firstly, we have to ascertain that
the spectrum of B? restricted to odd-in-w functions stays away from zero, which we
do in Section Secondly, by construction we need (B2)~! in order to derive a
Birman-Schwinger principle in Chapter

As in [47, Def. 5.7], the following operator B! turns out quite useful and is actually
a right-inverse of B. We will see later in Lemma that B! is well defined.

Definition 4.3.4. The operator B~': ker(B)* — D(T) is defined by

Blf=T" (f + [¢'le?oA ‘“2)
. f E

sds. (4.29)

Rmax
| Be s [T,y ()

T

We proceed in a similar manner as in the previous section and first state all the
properties of B in the upcoming proposition. The reader should be warned that some
steps of the subsequent proofs are quite technical and peppered with many non-trivial
calculations.

Proposition 4.3.5. (a) The essential operator B: D(T) — H is well defined and
skew-adjoint as a densely defined operator on H, i.e., B = —B. Moreover,
B%: D(T?) — H is self-adjoint.

(b) B reverses w-parity, i.e., (Bf)+ = B(fz) for f € D(T). Moreover, B% conserves
w-parity, and the restricted operator B> = B%|y: D(T?) N'H — H is self-adjoint
as a densely defined operator on H.

(c) For every f € D(T), there exists a sequence (fn)nen C C°(Q) such that
fo—f, Bfn—=Bf inH asn — oo,

and (Or fn), (Owfn) are bounded in H.
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(d) There exists a bijective mapping between ker(T) and ker(B), where

Rmax
ker(B) = {g + 47r\go’\Ee_)‘°_“°/ eBroFro)()p (s)sds| g € ker ’T}. (4.30)

T

(e) It holds that im(B) = im(B?), ker(B) = ker(B?), H C ker(B)* = im(B), and
1 W2
ker(B)* = {f cH ‘/ (f+]90']e2“0(R))\f(R)E) df =0 for a.e. (E,L) € QOEL},
0
(4.31)

where the notation introduced at the beginning of Section [1.3 is used, i.e.,

R=R(0,E,L) and W =W (0,E,L).

(f) The operator B: D(T) Nker(B)* — im(B) is bijective. The bounded and skew-
symmetric inverse is given by

B~! = (id— 1B, (4.32)

with B~ defined in Definition and 11: H — ker(B) being the orthogonal
projectz'mﬂ onto ker(B). Moreover, B~ reverses w-parity.

(9) The operator B%: D(T?) Nker(B2)t — im(B?) is bijective. The bounded and sym-
metric inverse is given by

(BH =Bl = B2 (4.33)
Moreover, B~2 conserves w-parity.
(h) There exists C > 0 such that

IBfllzz = Cllfllm, f€D(T)Nkex(B)*. (4.34)

Before attending to the proof—we do this step by step in this section—some prelimi-
nary results are necessary in order to show the claims in Proposition For example,
we have to analyze the source terms and ensure that they are in some sense bounded
operators. The next lemma draws on and extends [47, Lem. 5.2]. Throughout the up-
coming proofs, C' > 0 denotes a constant that may depend on steady state quantities
but never on elements in H or r €]2Mp, ool.

Lemma 4.3.6. (a) The mappings

H > fe|¢lps, |#lpss 1€y € H,
H> f = TQPfa T2pf7 T2jf € L2([Rmin7RmaXD

9We refer to Deﬁnitionand Lemmafor details and further references on orthogonal projections.
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4 Linearization of the Einstein-Vlasov system

are bounded, where py, py, j¢ are defined in (1.14)~(1.16). The mapping

H> f— )\f S LZ([RminuRmax])
is compact with Ay given by (4.8).

(b) For f € C¢(Qo),
2

r

. 1\ . _
Jy = —2<u6 + T)Jf — Ny, (4.36)

Py = —uo (ps +p5) — = — a5) — €77y, (4.35)

The mappings
D(T)> fe ¢ (rpg) € H, D(T)> fr ¢ (rjs) € H

are well defined and bounded, if D(T) is equipped with the norm || - ||g + [|T - ||&
and the deriatives are taken in the weak sense.

Proof. In the following, we repeatedly use that the steady state support is compact. We
apply the Cauchy-Schwarz inequality and obtain

1 1
2 2 2
< < "(E,L)|d Ld 2M, 4.
el < <o [ i) ([ oaEsa) e, @
with C' > 0 independent from r by using [(S4), which readily proves that
H> [~ rgpf € L2([Rmin7RmaX])

is bounded. Furthermore, (4.37) and |(S4) also imply

2
1oslly < [ [ e B0 s dsas < €

The boundedness for the mappings involving py and j¢ follows from |jf|, [ps| < Py For

the compactness of f +— Af, let (fn)nen C H, which converges weakly to 0 in H. The
explicit formula (4.8) yields
2

9 Rmax 64)\0(7‘) Y , L
|’AanL2<[Rmm,Rmx1>:/R 2\ I 0t G MRy Jn ) dre (4.38)

min H

It is easy to see that for every r € [Rpin, Rmax] the function
—Xo(s)|, 2 L
Q0> (vavL) —e 0 ‘(,0 (E(S7w7L)7L)’ I+w +?]1[Rmimr](s)
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4.3 Properties of the operators

is an element of H, and by the weak convergence of (f,) in H, we deduce that the
scalar product in (4.38)) converges to zero pointwise in r € [Ryin, Rmax|- In addition, the
Cauchy-Schwarz inequality and |(S4)| yield

2

- L
<e“@%ﬂwwﬁ+§1mmmpn> < Clifnllir

H

which is uniformly bounded in n due to the weak convergence of ( f,); recall also that ¢’
vanishes outside of ). Hence, Lebesgue’s theorem implies that the term in goes
to zero as n — oo, which proves the compactness.

As to part @ for r > 2Mp and f € C(£y), we compute

/
Pe(r :—fp r,w, L) dwdL
) =—2p)+ 5 [ /Tg e )gf( )

/ / R 1+w2+ 4
By solving for 9, f in the transport term (4.13)), we obtain
N el
r 1+ w?+
& L L
= 72/ / w | —eroM=r T4 g f ppr /1 + w? + = - dwdlL
™Jo Jr r r3\/1+w2+%
T

— _po(r)—n ()]Tf_MO(Pf+pf ) + qf_ / / ; - )3f(r,w,L)dde
(1 +w 2

f(r,w, L) dwdL. (4.39)

f(ryw, L) dwdL

after an integration by parts. Boundary terms vanish due to the compact support of f.
Putting this into (4.39) gives the claim in (4.35)). A similar calculation shows

. 2
Jy(r) = —Jr

/)/Qf *WWmM+W+@+%K%Q+ﬁ+@>‘®>MM
T T T

and integrating by parts in w yields (4.36)). In order to prove the last claim in (b), we
first show that the weak derivative ex1sts More precisely, that there exists h € LIOC(QO)
with

(rpg, 0r) 12(00) = — (P, E) 12(00), € € C (o), (4.40)

ie., (rps) = hin a weak sense. According to Proposition there exists a sequence
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4 Linearization of the Einstein-Vlasov system

(fn)nen C C(9Qp) such that
fo—=>f, Tl —=Tf in Hasn— oo.
Together with part @, we can thus write
.Y
(101 E) 2y = {|¢/Irpr, €7200,€)

I / —Xo 1 / I —=Xo

N R S
after an integration by parts. From (4.35) we get

(rpg,) = —=rug (g, +Dg.) = Pro +2a5, — 1€ 0 jrp, = hy.

The choice of (f,) and part [(a)| imply that |¢'|h, converges to |¢'|h in H for n — oo
with

h = —rug (pf +pg) = py + 2a5 — 1 iy,

Therefore, we get
<Tpfa 8r§>L2(QO) = _<‘80’\h, ef’\0§>H = —(h, §>L2(QO)7
which proves (4.40)). The boundedness now follows from the result in via
1€ rpp)' [ = 110l < C[1€' s || g + W17 [ ) < CUAN + 1T Fll)-

The assertions for (rj7)’ follow in a similar manner. O

We now show the first few properties of the essential operator B stated in the main
proposition of this section.

Proof of Proposition[{.3.4(a)}{(c} Due to Definition [4.2.9(b)| we have B = T + S and,
according to Lemma |4.3.6(a), the operator S is well defined and bounded on H. More-

over, S is skew-symmetric since for f,g € H, it holds that

2
w .
(Sf,9)m = <47T7“90/62“°+A° wpf — —————=Jr |, g>
14+w?+ %
r H

Rmax
= (4m)? /R o203 (pojir — pirjg) dr.

Hence, B =T + S is skew-adjoint as per the Kato-Rellich theorem [87, Thm. X.12] with
domain D(B) := D(T). Thus, von Neumann’s theorem [87, Thm. X.25] implies that
B? is self-adjoint on the domain D(B?) := {f € D(B) | Bf € D(B)}. We claim that
D(B?) = D(T?). To see this equality, it remains to show that Sf € D(T) for f € D(T),
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4.3 Properties of the operators

which we accomplish via the weak definition of 7. For ¢ € C}(§y), we have

2 3
w w .

<Sf7 Tf)H = 47T<|()0/|63HO Pf — 1 2 L ryf 787‘§>

1+w2+ 4 Tw s

r H
2
. L
- 4ﬂ—<‘()0/‘63,u0 'U}’f’pf - =z T.]f :ué)e_HOE - 78w§> )
1+uw?+ % r3yJ1+w?+ 4 Y

where we can integrate by parts in both terms since 0,(rpy) as well as 0,(rjf) exist
weakly, according to Lemma [4.3.6(b)], and the remaining terms are continuously differ-
entiable in r and w, respectively. Boundary terms vanish because £ has compact support.
Therefore, we get

($HTOr =—(hn

for a suitable function h. By computing h explicitly (via the product rule for weak
derivatives), it is easy to see that h € H due to f € D(7) and Lemma [4.3.6(b)|

Since 7 and S reverse w-parity, so does B. In addition, B? preserves w-parity which
proves Proposition [4.3.5(b)l Lastly, the approximation property follows directly from
Proposition |4.3.%(c)| and the fact that S is bounded. O

As in [47, Lem. 5.4], an additional auxiliary result is needed which will be crucial
across the investigation. The first of these identities can be interpreted as the linearized
version of the field equation (|1.12]).

Lemma 4.3.7. Let f € D(T). Then the following identities hold for a.e. r € [Ryin, 00[:

Ags(r) = _47”ne(uo+/\o)(T)jf(74)7 (4.41)
Ae*‘O*)‘OTf(T) — _47rre(2ﬂo+2>\0)(7”)jf(r)_ (442)

Proof. By Propositions |4.3.2(c)| and |4.3.5(c), we can approximate f € D(7) and simul-
taneously 7 f or Bf, respectively, with smooth functions. Because of Lemma [4.3.6{(a)
it is therefore sufficient to show (4.41)) and (4.42)) for f € C°(Qy).

We insert (4.13)) into (4.8) and integrate by parts to obtain

ATy(r)
2. 2Xo(r) pr 00
= —4”/ / /e(“o/\o)(s) (wﬁrf — Ouf <,u6(s) (1 +w?+ 1:2) - @)>ddeds
r Rmin v/ 0 R S S
2Xo(r)  pr
= —47rre(“°+)‘0)(r)jf(r) _ AmeT0 / (o + Xp)(s) e(“o_)‘o)(s)jf(s)s2 ds (4.43)
r Rmin
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4 Linearization of the Einstein-Vlasov system

for 7 > Rupin. Moreover, plugging Sf into (4.8)) yields

Asy(r)

3.2x0(r) pr 00 L
_ 167re/ / /s|<p’|e(2“°+)‘°)(s) (wmpf(s) — w2jf(s)> dwdLds
r Rmin 0 R 5

2 2)\0(7‘) T ©
_ _16776/ 836(2uo+>\o)(8)jf(3) (7;/ /|<p’|w2 dde) ds,
r Rmin s 0 R

where we have used that the first term vanishes since it is odd in w. By (4.18]), we get

47T€2)\0(r) r 3 5
Asg(r) = T/R (10 + Xo) (s)eWo 20 ()57 dis,

which together with (4.43)) implies (4.41)). Similar to (4.43)), we obtainlﬂ

/\euo+/\07’f(T)
__dntetol) / /m/ezuo(s) (warf - awf<u6(s) (1 +w? I;) - 1;1,)) dwdLds
r RminJ0 JR 5 N
= —47rre(2“°+2/\°)(r)jf(7“)
and thus (4.42)). -

With the knowledge about ker(7") from Proposition [4.3.2(e)| we can now characterize
elements in the kernel of B explicitly and find a bijective mapping from ker(7) to ker(B),
see [47, Lem. 5.5]. With the next lemma we prove the claim in Proposition [4.3.5(d)]

Lemma 4.3.8. (a) The kernel of B is given by
Rmax
ker(B) = {g+4ﬂ|¢/|Eeruo/ 6(3/\0+M0)(8)pg(5)3d8 lg=g(E,L) € kerT}.

When f € ker(B) is of the form above, we refer to g as the generator of f. This
generator is given by

Rmax
g(E, L) = f(;E L) — 4r|¢/(E,L)|E - ey (s)s ds
r+(E,
for a.e. (E,L) € QFL. Moreover,
Rmax
F(6, B, L) = g(B, L) + 4l (B, L)|E PNy (s)sds (4.44)
R(0,E,L)

holds for 6 € [0,1] and a.e. (E,L) € QFL.

0The weight e”0t0 is chosen such that only the boundary term remains after integrating by parts.

110



4.3 Properties of the operators

(b) The mappings

Rmax
ker(7)>g— g+ 47r\g0'\Ee_)‘0_“0 / 6(3)‘0+“0)(3)p9(8)s ds € ker(B), (4.45)

T

Rmax
ker(B) > f — f(;,Ea L) —4n|¢'|E . 62)‘0(8)pf(8)8 ds € ker(T)  (4.46)
T+ )

are well defined, bijective, and inverse to each other. In particular, the generator
of f € ker(B) is uniquely determined.

Proof. We prove that every f € ker(B) is of the form claimed in From (4.41) we
obtain 0 = Agy = —47rre“0+)‘0jf, which implies j; = j; = 0. We split Bf into its
odd-in-w and even-in-w par

Bfy = T f+ — 4rr|¢ |20 owp,, =0, (4.47)
w2
Bf- =Tf- +drr|p/|erot ——u—j; =0, (4.48)
1+w?+ %
and therefore 7 f_ = 0 from j; = 0. However, ker(7") only contains functions which are

even in w because of Proposition [4.3.2(e), which yields that f = fi. We express (4.47)
in action-angle type variables and apply Proposition [4.3.2(d)|in order to obtairﬂ

1
- E L) = —4 "B L) e2rotXo)(R) 4.4

for 6 € [0,1] and a.e. (E, L) € QFF. Integrating this equation in 6 € [0, %] implie

F0,B,L) = f(;,E,L> + 4xlg (B, L)|T(E,L)/02(Re@“O“OﬂR)Wpf(R))(T,E,L) dr.

We change variables in the integral through s = R(7, E, L) and recall ([2.72]), which yields

1 / L) ets)
10.5,0) = 1(3.5.L) + 4lg (B, L)|E Py () ds
R(0,B,L)
RmaX
=g(E, L)+ 47r]<p’(E,L)]E/ eQAO(S)pf(s)s ds,
R(0,B.,L)

where g is the generator of f, as defined above. This proves (4.44)). We deduce that f

"Recall that B and T reverse parity in w and that f+ € D(T), according to Proposition |

12 As mentioned at the beginning of Section , R and W have to be considered as functions of (6, E, L).

13Recall that f(-, E, L) € Hy for a.e. (E,L) € QF", i.e., the evaluation f(-,E,L) at = 1 is well defined
for the representative that is continuous in 6.
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4 Linearization of the Einstein-Vlasov system

has to be of the form
f0,E,L)=g(E,L)+ |, (E,L)|EH(R(,E, L)),

for some function H € C([Ruin, Rmax]) depending on f with H(Rpyax) = 0. Using
(4.49) yields the differential equation

BTH = —471'7"62)\0 (pg + p|ga’|EH)7 H(Rmax) =0. (450)

We can simplify this via (4.18]), which implies

6—2)\0(7“) , ,
. (Ao + o) (7),

m > 2
poen(r) = B0 T [ [ | dud = 10
and therefore (4.50]) is equivalent to
o, (eu0+Ao H) — —dmre?otiop  H(Rpax) = 0.

We integrate this equation and get

Rmax
H(T) _ 471'6“0/\0/ 6(3/\0+“0)(8)pg(3)8 ds, r€ [RminyRmaX]a

r

which proves the first inclusion in @ For the reverse inclusion, we show that the
function

Rm:

F(0,.L) = 9(E,L) + g/ (E, D) Bl s0® [T @ty (5)s s,

R

defined for (0, E,L) € [0,1] x QFF, is in ker(B) for every g = g(E,L) € ker(T). We
first must ascertain that f € D(7), which we accomplish through the characterization in
Proposition In detail, we observe f(-, E,L) € L?(]0,1[), because it is bounded
in 6. Moreover, f(-, E, L) is weakly differentiable in § with

99 f(0,E,L)
(_MO_3>\O)(R) Rmax
= —4wR|so’|Te<2“0“°><R>W(pgu%) + (o + N)(R) /R e3*°+“°pgsds>,
which is again a function in L2(]0,1[) due to Lemma @@ The remaining

condition f(0,E,L) = f(1,E,L) for ae. (E,L) € QFF is fulfilled because of
R(0,E,L)=r_(E,L)= R(1,E, L). Proposition [4.3.2(d)| furthermore implies

e—Ho—3Xo

Rmax
T f = dmr|p| 2ot Aoy <pg + —— (ko + o) / eBrothop g ds). (4.51)
r T
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For Bf, we compute

6_3)\0_“0 , Rmax 3N
pr=pyt O [ e psds (452

r

by again using (4.18)). This equation together with (4.51)) and the definition of Bf yields
Bf=TFf-— 47T7‘|<p'|62“0+/\0wpf =0,

because f is even in w, which finishes the proof of @

The mappings in part @ are well defined because of the considerations made above.
The inverse property follows from a lengthy calculation for which we briefly provide the

details: Firstly, we plug (4.45) into (4.46)), i.e., we take g € ker(7") and define

Rmax
f =g+ 4dn||Eeto—ro / eBroFho)($)y, ()5 ds.

r

As in (4.52)), we get

/ /
p1(r) = py(r) + e=3or)=mo(r) Ho(r)  Ao(r)

RIIlaX
! / 6(3/\0+M0)(5)pg(3)8 dS, r > Rmina
r

and, therefore, R(%,E, L)y=ry(E,L)=:ry yields

1 Rmax
f<2,E,L> — 47r\<p’\E/ P @pg(s)s ds
T+

Rmax

T4

Rmax
—anlle [ (@05 -0, (o)) [
Ty

s

Rmax
6(3)\0+#0)(U)pg (U)O’ d0> ds.

An integration by parts in the last term cancels the second and third term such that only
g = g(E, L) remains, as desired; note that all these assertions hold for a.e. (E, L) € QF~.
Secondly, for a function f € ker(B), we know from part @ that

1 Rmax s
g = f<2,-,-> —47rg0/E/ e2o( )pf(s)sds
T4+

is the generator of f, i.e.,
Rmax
f=g+dn|g|EBeroHo / e(?’/\oﬂ‘o)(s)pg(s)s ds,
T

which is simply (4.46|) inserted into (4.45)). This finishes the proof. O]
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To conclude, we can describe ker(B) in similar fashion to ker(7), but we must add an
extra term to the “generating” function g = g(E, L). We emphasize that we could have
used an integration from Ry, to r in this characterization. However, this choice would
only complicate the description of ker(B)+, which is why we integrate from 7 to Rpyax
instead. As in [47, Lem. 5.6], we identify the orthogonal complement of the kernel of B
via an integral over the angle variable 6.

Lemma 4.3.9. Let f € H. Then, f € ker(B)* is equivalent to
1 2
0,E,L E, L)|e2o(R W7 a0 E,L) € QF*F
; f( )+ | ( )|e /\f(R)E =0 forae (E,L)€Qy”, (4.53)
i.e., f+ |<,0’\62“0)\f%2 € ker(T)*. In particular, H C ker(B)*.
Proof. By definition, we have f € ker(B)= if, and only if,

(f,h)m =0, h € ker(B).

From the characterization of elements in ker(B) in Lemma this is equivalent to

Ao Runax
0= /// |€7'|f (g + 47T|g0/|E6—>\o—u0/ 6(3>\0+u0)(s)pg(8)8 ds> drdwdl.
Qo 1P ,

6)\0 Rmax Rmax
= ///Q ng drdwdL + 4/R szf/ 6(3)\0+#0)(s)pg(5)8 dsdr (454)
0 min T

for every g = g(E, L) € ker T. We rewrite the source term py using the linearized field
equation (4.3) and integrate by parts for the second term in order to obtainlﬂ

Rmax Rmax 1 Rmax / Rmax
4/ r2pf/ 63/\°+“°pgs dsdr = / (re_2’\°)\f> / 63)‘0+“Opgs dsdr
T

™

min T Rmin

1 Rmax
= 71-/ e>‘0+'“‘0)\fpg'r2d'r = /// >\0+2u0)\f i g(E, L) drdwdL.
Rmin Q0o

This enables us to express condition (4.54)) equivalently as

,L) w?
0= // g(B, L)eM® ( (r,w, L) | couo(r (7")) drdwdL
o’ /(. L)] e

://QEL g(E,L)T(E,L)/O <m+ 210(R >Af(R)M;>d9dEdL

after transforming the integral from (r,w, L) to action-angle type variables, according
to (2.71). Since g € ker(T) is arbitrary and the period function is positive, the integral

'The boundary terms vanish when integrating by parts since Af(Rmin) = 0 by (4.8). Note that this is
the reason why we chose to integrate from 7 to Rmax in the characterization of ker(B), as commented
on above.
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over (E, L) must vanish a.e. and (4.53)) is proven.
The fact that odd-in-w functions f are elements in ker(B)* follows from the obser-
vation that Ay = 0 and that fol f(6,-,-)df# = 0 holds a.e. by the characterization of

w-parity in Remark O

It is now possible to analyze the range of B. The result is structurally the same
as for the transport operator in , i.e., we identify the range and the orthogonal
complement of the kernel of B. We first show that the operator B! introduced in
Definition is a right-inverse of B. We emphasize that, as far as the author knows,
this right-inverse is not deducible from any general procedure. Its derivation involved a
lot of trial and error.

We would certainly prefer to provide the true inverse of B, but we are unable to
explicitly construct B~'. The difficulty of this endeavor arises from the fact that the
orthogonal projection onto ker(B) is not known explicitly, as we will see later. The next
lemma is also part of [47, Lem. 5.8, Prop. 5.9]

Lemma 4.3.10. The operator B! given in (4.29) is well defined, bounded, reverses
w-parity, and for every f € ker(B)* it holds that BB~'f = f. Moreover,

im(B) = ker(B)*,

and the range of B is closed.

Proof. Lemma implies that f+ |g0’|e2“0)\f%2 € ker(T)* for every f € ker(B)*, i.e.,
we can apply the inverse 7! to this function and obtain an element in D(7), according

to Proposition [4.3.2(f). In addition, Lemma [4.3.6(a)|and Proposition [4.3.2(d)| yield that

the second term in the definition of B~! is in D(T), since R(-, E, L) is differentiable and
R(0,E,L) = r_(E,L) = R(1,E, L) for a.e. (E,L) € QF*. Hence, B~ is well defined.
The boundedness follows from Proposition [4.3.2(f)| and Lemma

Consider an odd-in-w function f € ker(B)L. Then Ay = 0 and, since 7! reverses
w-parity, 7' f is even in w. The second term in B! f is always even in w. Conversely,
if f is even in w, the second part vanishes because T 1(f + |¢|e2H0\ f%) is odd in w.
This proves the parity-reversing property of B~

We need to show the right-inverse property of B~!. For f € ker(B)*, we calculate

BB'f=TB'f+SB7'f
62u0w2

Rmax
_ / 2u0—Ao —Ao—Ho 3Xo+po
E )\f 47T|()0 |w€ 81” <6 /T € pT—l(er(p/eQuo)\fug)(S)SdS)

=f+ ¢

2
w= .
+ Aot <€’“’ g~ WP f>

2040 4,42
¢ v ()\f+47rre“0+)‘°jg,1f>

=f+1|¢|

Rmax
B 1 2p0—A “Xo—p 3Xo+u 20, _
Am|g'|eHo 0w<87~ <e 0 O/T e OpT1(f+¢/ezuoxf“§)(s)8ds> tre Opzalf)’
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4 Linearization of the Einstein-Vlasov system

by applying Proposition [4.3.4(d)| and the chain rule. A comparison of coefficients yields
that the following two equatlons have to be fulfilled in order for BB~! f = f to hold:

Ap = —dmrelotNoge (4.55)
PB1y = Pros(priplerons 52)

1 Rmax
+ (NG A+ pp)e BromHo / e(BAotro)(s) (s)sds. (4.56)
r r

Pro(ssieiemon 52)

Since g .= f + |¢’ |62“0)\f € im(7) = ker(T)* due to Proposition we get

Aerotrog = —471’7“62“0-"_2)‘0]'7-719

from (4.42)), which together with jg,lf = j(g,lf)_ = jr-14 and (4.8) yields

2p0+2X0 ; dme ' 1o+Xo 2
—47re Jg-1p = Aenotrog = e pgs”ds
T len

4 2)\0 T o
= Wi /R | eHoFAo (pf—i—e"oz\f(;;/o /Rw2]<p’]dde>)32 ds
2)
_ Ame™ </r et s? ds + 4i /r se” 20\ 10, (e”0+)‘°> ds)
r Rmin 0 Rmin

4 2o r 1 1 r
= etoto),, (4.57)

Here we made use of and ( as well as of an integration by parts. This shows
the validity of (4.55) Equatlon 4.56) follows from plugging the definition of B! f into
p and calculatmg

PB1r = Pros(raigienons 52)

Rmax o0
—Xo (3X0+10)(s) T 20 7
+ 4me </T e pT—l(erl@’le?“OAflj;)(s)s ds) 2 /0 /]Rw |©'| dwd L

!/ !/ Rmax
4 20 HO o320 / oo
T

T

pT—l(f_H(p/‘erO)\fwfz)(s)s d87

TP )
from (.18). Therefore, we have BB~'f = f and conclude ker(B)*t C im(B). Since B
is skew-adjoint, we obtain ker(B)*+ = im(7) from [25, Cor. 2.18(iv)] and thus deduce
ker(B)* = im(B). O
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4.3 Properties of the operators

The goal is to invert B and B? appropriately. The actual inverse of B must satisfy
B71f € im(B) = ker(B)*,

which is why we need to project elements of H onto the kernel of B in order to obtain
B! from B~!. We denote the orthogonal projection of elements in H onto ker(B)
by II: H — ker(B). For more details on orthogonal projections, we refer the reader to
Definition Lemma and the references there. As a first step, we identify the
kernel and range of B2, see [47, Lem. 5.10].

Lemma 4.3.11. The kernel and image of B? are given by
ker(B?) = ker(B), im(B?) = im(B).
Proof. The inclusion ker(B?) D ker(B) is obvious. By the skew-adjointness of B, we get

0= (B, 1), = —(Bf.Bf)y = —|BfI%

for f € ker(B?), and therefore Bf = 0, which gives ker(B?) C ker(B). The fact that
im(B*) C im(B) is trivial. For the reverse inclusion, we consider f € im(B), i.e., there
exists h € D(T) with Bh = f. We set

h = (id — )k € ker(B)*

such that Bh = Bh = f. Lemma yields h € im(B), which implies that Bg = h for
some g € D(T). We now have B2g = Bh = f and thus f € im(B?). O

After deriving these properties for B and 5—17 we are now able to complete the proof of
Proposition In summary, only the invertibility of B and B? remains to be proven.
For the parts|(f)| and similar arguments were carried out in [47, Lems. 5.11 & 5.12]

Proof of Proposition[4.53.4(d}{(h)} For the sake of completeness, we mention that [(d)]
follows from the explicit characterization of ker(B) made in Lemmam The assertions

in [(e)] were shown in Lemmas [4.3.9] [4.3.10] and [£.3.11]
As to part we have to prove that B is invertible and that the formula (4.32)) holds.
The operator

(id—IB~': im(B) = H

is well defined and bounded because of Lemma In addition, as per definition of
the orthogonal projection onto ker(B) we have

im((id — B~ C im(id — ) = ker(B)* N D(T), (4.58)
since for f € D(T) it holds that (id — II) f € D(7T) due to im(II) = ker(B) C D(T). We

now show that B: D(7)Nker(B)* — im(B) is bijective. Let g € im(B) such that Bf = g
for some f € D(T). By defining f := (id — II)f, we obtain f € D(T) N ker(B)* with
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4 Linearization of the Einstein-Vlasov system

Bf = Bf = g, i.e., B is surjective. The injectivity follows from the identity
Ker(Blp () her(sy ) = ker(B) N ker(B)~ = {0}.
According to Lemma and due to BII = 0, we have
BGid—IB'f=BB'f=Ff, fcker(B)* =im(B).

Thus, (id — IT)B~! is a right-inverse of B: D(T) N ker(B): — im(B). Since above we
have proven that the latter operator is bijective and because of (4.58]), we conclude that
(id — IT)B~! is indeed the inverse of B. Skew-symmetry of B! can be seen from

(f, B g)rr = (BB~ f,B g}y = —(B'£,BB ')y = —(B"'f.q)u, f.g € im(B),
(4.59)
because B is skew-adjoint. The reversal of w-parity follows from the observation that
B~! reverses and id — II conserves w-parity since H C ker(B)* and functions in ker(B)
are even in w.

It remains to show For elements f € im(B?) = im(B), part implies
B~lf € ker(B): ND(T) such that we can again apply B! due to ker(B)* = im(B)
from part @, which yields B~2f € ker(B)~ND(T). In order to provide B~2f € D(T?2),
we have to show TB~2f € D(T). Since the proof of this is very similar to arguments
employed in part @ using Lemma we leave out the details here. Together with
ker(B)* = ker(B?)* from part @, we get that

B~%: im(B%) — D(T?) Nker(B*)*

is well defined. The boundedness and conservation of w-parity are a consequence of
We show that B2 is the inverse of B? in two steps: Firstly, for f € im(B?) = im(B) we
obtain that

B*B2f =BBBHYBf =BB7'f = f,

because of B~!f € im(B). Secondly, for f € D(T?) Nker(B%)*+ we deduce
B2B*f =B (B 'B)Bf =B 'Bf = f,

due to Bf € D(T) Nker(B)* and f € D(T) N ker(B)* by part @ Consequently,
B2 = (82)71. The symmetry of B2 can then be deduced from the self-adjointness of

B2 similarly to (4.59).
At last, follows immediately from the boundedness of B~! shown in O

Before we can tackle the spectral properties of the main operators, we need to show
two so-called relative compactness results.
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4.3 Properties of the operators

4.3.3 Two relative compactness results

In this section, we provide the necessary tools to characterize the essential spectrum
of £, B2, and 7?2 in Section First, we briefly cover the main properties of the
response operator R defined in Definition 4.2.2(c)l Compared to 7 and B, the response

operator behaves rather nicely, see also [47, Lem. 5.15]

Lemma 4.3.12. The operator R: H — H 1is bounded, symmetric, and non-negative in
the sense of quadratic forms, i.e., (Rf,f) > 0 for f € H. The square root operator is
applicable, and

2rul +1
VR:H = H, VRf :=dn/r|g|ePotro /mwﬂf

is bounded, symmetric, and non-negative as well. In particular, we have that
VRVR =R on H. Moreover, VRf € H and Rf € H for f € H.

Proof. The well-definedness and boundedness is due to Lemma |4.3.6(a) and the compact
support of the steady state. We immediately obtain

Rmax

Rf.ghu =167 [ BNy 4 jgirtdr. fg € .
Rmin

which yields the symmetry and non-negativity of R due to pg > 0, see (1.11). The

claim for VR follows from similar considerations by employing (4.18]), which eliminates

the denominator pf + A{) The fact that Rf and VRS are odd in w follows from

¢ = ¢'(E(r,w, L), L), which is even in w. O

Finally, we now show that the Antonov operator is well defined and self-adjoint.

Corollary 4.3.13. The Antonov operator L: D(T?)NH — H is self-adjoint as a densely
defined operator on H.

Proof. We first note that £ is well defined by Proposition In addition, since
323, is self-adjoint and the response operator R is bounded and symmetric, the Kato-
Rellich theorem [87, Thm. X.12] implies that £ is self-adjoint as well. O

We recall the definition of relative compactness of two operators and a useful char-
acterization in Definition and Lemma in the appendix. In general, relative
compactness is a powerful method to control essential spectra [58, Ch. 14]. We apply
the two upcoming results in the next section. For the Birman-Schwinger principle in
Section we have to prove that v/R is relatively B2-compact on H as in [47, Lem. 5.16].

Lemma 4.3.14. The operators VR|y and Ry are relatively (B2|y)-compact.

5From the field equations, it follows that puh + Ny = 4dmre?*0 (po + po) > 0 for 7 € | Rmin, Rmax|-
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4 Linearization of the Einstein-Vlasov system

Proof. We only prove the claim for VR R|, since R]H is structurally the same with dif-
ferent radial weights. According to Proposition (b)|and |(g) . )b the restricted operator
2|3 is self-adjoint and zero is an element of the resolvent set. By Lemma |B.9| . it is
sufficient to show that

VR: (D(TH)NH, 1Bl + |- i) = H

is compact. Consider a bounded sequence (f,)nen C D(72) NH such that (B%f,)nen is
bounded in H as well. From the Poincaré-type estimate , we obtain that (Bf,)nen
is also bounded in H, i.e., we can choose a subsequence, which we again denote by (f,),
with Bf, — h in H for n — oo for some function h € H. Since im(B) = ker(B)* from

Proposition |4.3.5(e), we get

(h.g)n = lim (Bfn.g)n =0, g € ker(B)

due to the weak convergence of (Bf,), and therefore h € ker(B)* = im(B), i.e., there
exists f € D(7) with Bf = h. The identity (4.41) yields

2ruy + 1
VRfp = —|¢|et0 | 91— WABS, ,
" (1o + Xo)

and (4.18) consequently implies
R
ma. 2rug + 1
VR = )l =t [ Sy < a2 (([ [ i L) ar

(ko + A¢

Rmax
= / 70 (2rpg + 1) Asys, — Assl* dr < ClAss, = Assllia(r
Rmin

minaRmax])7

which goes to zero as n — oo due to the compactness result from Lemma [4.3.6(a)l O

The second relative compactness is slightly more technical and lengthy. Recall that
B =T + S from Definition

Lemma 4.3.15. The operator S is relatively T -compact.

Proof. Due to Lemma [B.9] we need to prove that
S:(DT), IT g+ o) —H

is compact. Let (fn)nen € D(T) be bounded in H such that (7 fy,)nen is bounded in
D(T7) as well. By choosing an appropriate subsequence, which we again name (f,), we
get

fo—=Ff, Tfau—h, inH forn— oo

for some functions f,h € H. Proposition [4.3.2(e)| and T f, € im(7) yield that there
exists f € D(T) with T f = h. The weak deﬁmtlon of the transport operator together
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4.3 Properties of the operators

with the weak convergence above implies
~(1Tn = (F: TEm = M (Tfo, &) = (Tf.&)n

— lim
n—oo

for every £ € C1(€Q), and therefore 7f = T f a.e. By linearity, we can assume that
f=0. We apply (4.42)) in order to obtain

2
_ w
Sfn = Al | oy, — NP | T Ao oy,

Estimating this by using (4.18)) yields

S fullar < C(HTgpfn||L2([Rmin,Rmax]) + HT)‘eH0+>\o7’fn||L2([Rmin,Rmax})>7 (4.60)

where C' > 0 is a constant that only depends on steady state quantities and may change
from line to line. The second term on the right-hand side goes to zero because of
the compactness result from Lemma This lemma also implies that (ripy,) is
bounded in L?([Rumin, Rmax]). In addition, the weak derivative of rpy, exists due to

Lemma {4.3.6(b)| and f,, € D(7). We further deduce that equation (4.35)) holds in the

weak sense which yields

H (T3pfn )/ HL2([Rmin,RmaX])

< C(I7 11l 2 (Rusn Rene]) F 17205 | 22 (R Renas]) F 17237 12 1 L2 ((Runins Bonae]) )
S C(falla + 1T fallw),

where we again used that all the source terms can be bounded by pjs,| and applied

Lemma From this, we obtain that (r3p fn) is bounded in H'([Rmin, Rmax))-

Moreover, py, converges to zero weakly in L?([Rmin, Rmax]), because for every
g € L?([Ruin, Rimax]) it holds that

<T3pfn i g>L2([Rmin7Rmax])

Rmax 1 =03 w?
= [ ey dr = (e e ) 0
Rpin ™ 1+w2+7‘%

for n — oco. Since H'([Rumin, Rmax]) is compactly embedded in L?([Rmin, Rmax]), we
obtain that (r®py, ) converges (strongly) to zero in L?([Rmin, Rmax]) after choosing an
appropriate subsequence. To conclude, we have shown that the right-hand side of
goes to zero for this subsequence, which finishes the proof. O

To complete the analysis of T and B, we will investigate the spectral properties of
these operators next.
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4 Linearization of the Einstein-Vlasov system

4.3.4 Spectral properties of 7 and 5

The spectral analysis is heavily facilitated by the in-depth knowledge about the transport
operator and the essential operator attained in the previous two sections. For a formal
definition of the spectrum, essential spectrum, discrete spectrum, and further results that
we use here, we refer to Appendix

We first determine the spectrum of 7 and show that it is purely essential by making
use of similar techniques as [55, Thm. 5.7] and [69, Lem. B.12], where the spectrum
of the squared transport operator in the non-relativistic setting is considered. To this
end, we initially investigate the spectrum of the derivative operator dy, because of the
representation of 7 given in Proposition 4.3.2(d)| see [55, Lem. 5.6] for a related result.

Lemma 4.3.16. The operator
0o Hy — L*(0,1]), y 3

is skew-adjoint as a densely defined operator on L*(]0,1[), where H} is defined in (4.19).
The spectrum is given by

0(9p) = 2mi Z = {2mik | k € Z} = 04(dp),

i.e., the spectrum is purely discrete. For k € 7, the eigenspace to the eigenvalue 2mik is
spanned by the function ‘
10,1[> 6 — €20, (4.61)

Proof. The skew-adjointness follows immediately from integrating by parts in H'(]0, 1]).
The boundary terms vanish due to the condition y(0) = y(1) in the definition of Hj.
We prove that o(dp) only contains isolated eigenvalues of the form claimed above. For
this, it is easy to check that the resolvent operator is given byﬁ

i eyt

T 0
[(ae—vidrly](e):e”e( S e—‘”yv)dr), y e L2(0.1D, (162

for v ¢ 2miZ, i.e., v € p(0y). For v € C, the ODE

oy =y, y(0) =y(1),

is solved if, and only if, v = 2mik for some k € Z and y() = ce?>™™*? with ¢ € C, which
shows (4.61)). 0

Knowledge about the operator dy can now be translated to the transport operator by
using action-angle type variables.

6 The formula for the resolvent can be derived by solving 8pz — vz = y, 2(0) = 2(1) via a variation of
constants.
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Proposition 4.3.17. The spectrum of the operator T : D(T) — H s given by

2mi 7, 2mik ~
o(T) = <T(QOEL)> = {T(E,L) ’k €Z,(E,L)e Q(’;JL},

and the spectrum is entirely essential, i.e., oess(T) = o(T).

Proof. The proof is similar to that of [55 Thm. 5.7]. We show that

= € oes(T), (E,L , keZ, 4.63
T(E7L)€0 (7), (E,L)€Yy € (4.63)

by verifying Weyl’s criterion Theorem [B.7, i.e., we need to find a sequence
(fn)nen C D(T) with the following propertiesﬂ

Q) Ifullz =1 for n € N,

@ 7 - 22,

— — 0 for n — o0,
T(E,L)

H

(iii) fr, = 0in H for n — oo.

Consider a smooth function ¢: R? — R such that supp (¢) € QFL' N By(E, L) and with
2

1
/ ¢*(E,L)dEdL = —.
Q(?L 4

We now defind™|
(o(E,L) =nl(nE,nL), (E,L)eR? neN,

which fulfills

supp (C,) € Q¥L N B1(E, L) (4.64)

and .
/ GH(E,L)dEdL = —;. (4.65)

QOEL 477'

With this at hand, we set

l¢'(E, L)

ful0, B, L) = < T(E L)|>2 Co(E,L)e” 20 (9, L) € [0,1] x QFF,

"To be precise, Theorem is formulated for self-adjoint operators. However, by using that 7 is
self-adjoint, we can still apply the result here.

!8We can interpret this as an approximation of Dirac’s delta distribution. In fact, the resulting “limit”
of f,, which we construct here, is in the sense of distributions sometimes referred to as an “eigendis-
tribution”.
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4 Linearization of the Einstein-Vlasov system

via action-angle type variables and consequently show that this sequence satisfies (i)—(iii)
above Recall that the period function 7" is bounded away from zero on QEL by assump-

tion |(S2)l We compute

1 £all7; = 472 // / |f2(60, E, L)|? d§d EAL = 4 / ¢2(E,L)dEdL =1,
QpL
because of (4.65), which shows (i). As to (ii), Proposition .3.2(d)] yields
2mik
(Tfu)(0,E,L) = mfn(Q,E,L)

almost everywhere, and therefore

2mik 2
‘V”‘ﬂﬁmh

2 1 1

= llomik( = — ——=— ) f»
u H ™ <T T(F, ))f
952 2 1 1 2
— 4n2k /Qa” Ca(E, L) <T(E7L) - T(E,E)) dEdL.

The integrand goes to zero pointwise a.e. since T is continuous, as proven in Proposi-

tion Equation (4.65) together with Lebesgue’s theorem yields (ii). It remains to
show that f, — 0 for n — co. We let h € H and estimate

H

[(frs M)l < | fulla H]lsupp(g’n)hHH —0, n— oo,

where we use the Cauchy-Schwarz inequality, || fn||z = 1, and (4.64) in order to apply
Lebesgue’s dominated convergence theorem once again. Riesz’s representation theorem
therefore shows (iii). As explained above, Weyl’s criterion yields

2mi 7
(T(QOEL)> C oess(T) Co(T),

because the spectrum of an operator is always closed [58, Thm. 1.2], and since the
boundary values are not isolated, i.e., they lie in the essential spectrum as WGHE

In order to finish the proof, we show

2mi Z
C\ (T(QOEL)> c p(T),

9Note that the essential spectrum is always closed due to its definition and the definition of the discrete
spectrum, see Definition @
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because this implies
2mi 7
(T(QOEL ))

For v € C\ (ﬁg%%), we first notice that there exists ¢ > 0 that satisfies

dist(yT(E, L), 2miZ) > ¢, (E,L)e€ QFF, (4.66)

due to the lower boundedness of the period function prescribed in |(S2)l We use
o0(—0y) = 2miZ from Lemma {.3.16| i.e., yT(E,L) € p(—dy), and thus the operator
G: H— D(T) given by

(G0, B, L) == T(E, L) [(~0 —y T(E, L)id) "' (-, B, L)](9), ¢ €[0,1],
for a.e. (E,L) € QFL, is well defined which follows from Proposition |4.3.2(d)| and from

(=9 —yT(E,L)id)~': L?(]0,1[) — Hj. From the definition of G, we immediately
deduce that G is the inverse of

T —~id = (=89 — yT(E, L)id).

1
T(E,L)
In addition, we estimate the resolvent operator

(=09 —yT(E, L)™'+ L*(J0,1]) — Hy

by employing [68, Thm. 5.8] and (4.66|) via

1 1
1
Ul 2g01p < G5tV T(E. L), 2riZ) 1yllz2go1p = l¥llz2goap

[(=0s = T(E, L))~
for every y € L?(]0,1[). Together with the upper boundedness of the period function
prescribed in |(S2)] this yields that

G= (T —~id)"': H—D(T)
is bounded, i.e., v € p(T). O

It is now an easy task to determine the (essential) spectrum of 72|y, B, B?|y, as
well as £ from Lemma and the relative compactness results in Section We
summarize this in a spectral theorem since many of the properties derived in this chapter
find their use here—directly or indirectly.

20Note that, here “id” refers to the identity on L?*(]0,1[). We have determined the resolvent of —dp

explicitly in (4.62)).
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Theorem 4.3.18 (The essential spectrum of £, T2, and B?). The spectrum of the
operator —T2: D(TQ) — H is given by

) . 2
oor= () - {(stata) e enge). e
0 )

The spectrum of —T?2 is purely essential and

UESS(_B2) = UeSS(_T2) = 0(_7—2)7 Oess(B) = ess(T) (4.68)

is valid. Moreover, for the spectrum of the restricted operator —B2%|3: D(T?) NH — H
and the Antonov operator L: D(T?) N'H — H, it holds that

N2
tes(L) = Tess(—B231) C Gees(—B) \ {0} = (T(ZSSLJ . (4.69)
0

Proof. We observe that —72: D(T) — H satisfies

N2
J(_T2) = _U(T)Q = _a-ess(7d)2 = (TQ(?ZTE(L)) s (470)

which follows from Proposition |4.3.17/and Theorem “!| According to Lemma[4.3.15

the operator S, is relatively T-compact. Weyl’s theorem, see Theorem therefore
implies 0ess(B) = 0ess(T). By applying Lemma twice, we consequently get

Uess(_BQ) = _0655(8)2 = _U'ess(,]—)2 = Uess(_T2)a

which together with (4.70) proves (4.68). It remains to show (4.69). Recall that £ is
self-adjoint by Corollary [4.3.13] From Lemma [£.3.14] we know that R|y is relatively
(B2|y)-compact. Therefore, Theorem [B.10| yields oess(£) = Gess(—B%|%). In order to
verify

Uess(_BQIH) C Uess(_BZ) \ {0},
let v € Oess(—B%|y). Firstly, v # 0 due to H C ker(B)* from Proposition
Secondly, let (f,)nen C H be a Weyl sequence corresponding to v, see Theorem We
claim that (f,) is also a Weyl sequence in H. For this, we only need to deal with the weak
convergence as the other properties transfer immediately. By the Riesz representation
theorem, f, — 0 in H is equivalent to

(fn,h)g — 0, mn — oo, forevery h € H.

21 As mentioned in footnote these theorems are formulated for self-adjoint operators but can be
applied for skew-adjoint ones as well.
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Since every g € H can be decomposed into g = g4+ + g— and f, is odd in w, we get that
(fn9)m = (fn,9-)g — 0, n— o0, foreveryge H,

i.e., fo» = 0in H. Thus, we obtain v € ess(—B%). The last equality in ([4.69) is valid
due to (4.67)) and (4.68). O

As an aside, it is claimed in [47, Rem. 6.3] that oess(—B2%|%) = Tess(—T 2|3) without a
proof. Upon closer inspection, this is more difficult to show than previously assumed. In
the theorem above, we are only able to confirm the inclusion gess(—B%|%) C Tess(—T 2| % ).

In addition, we do not determine the discrete spectrum of —B2|3, and it might be
the case that o4(—B?|%) # (). This remains an open problem. However, we can at least
bound the spectrum away from zero as in [47, Cor. 5.13].

Corollary 4.3.19. There exists € > 0 such that
o(=B?%3) C [e, 00
Proof. From Proposition and we have H C ker(B)* as well as
IBfllz = Cllfllm,  f€D(T)Nker(B)>.
The skew-adjointness of B yields
(=B*f, fim = IBfllir > C*|fIh,  feD(T?)NH,
which implies the claim due to Lemma O

Without an application of the properties derived in this chapter, all knowledge about
the operators would be a sunk cost. We can now reward ourselves for the elaborate
preparatory work by developing a criterion for linear stability of steady states to the
Einstein-Vlasov system.
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5 On linear stability of stationary solutions

But it remains the case that
you know what is wrong
with a lot more confidence
than you know what is right.

Nassim Nicholas Taleb

In this chapter, we finally come to a topic already suggested in the title of this work:
stability of stationary solutions to the Einstein-Vlasov system. Since non-linear stability
is still very much elusive for now, we only deal with linear stability issues by further
analyzing the linearized system introduced in Chapter

Throughout this chapter, we consider a steady state of the Einstein-Vlasov system,
as described in Section and employ the same notation as in that section. In par-
ticular, we prescribe the conditions |(S1)H(S4)| and make extensive use of the operators
investigated in Section

In Section [5.1 we define what we mean by linear stability of stationary solutions and
describe the general idea behind the Birman-Schwinger principle. We also recap the (lim-
ited) knowledge about linear stability available in the literature. The Birman-Schwinger
principle and its corresponding operator is rigorously established in Section and sub-
sequently reduced to an operator—the Mathur operator—acting on a one-dimensional
L?-space in Section From these properties, we characterize linear stability in Sec-
tion which is applied in order to show that small matter shells surrounding a
Schwarzschild black hole are linearly stable.

5.1 Definition, previous results, and methodology

5.1.1 Definition of linear stability

For many readers, the term linear stability will be familiar from a variety of settings,
e.g., from ordinary differential equations. Even though there might be an intuition of
what linear stability means, we motivate and define how we use it in the following. The
same notion of linear stability was introduced in [47, Def. 4.4], but we provide a more
thorough description.

As mentioned in Lemma the linearized Einstein-Vlasov system can be repre-
sented by the second-order evolution equation

OFf-+Lf- =0 (5.1)
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for the odd-in-w part f_ of f € H, where the Antonov operator £ is given in Defini-

tion [4.2.%(d)| and H is a weighted L?-space, see (£.9). From [52, Lem. 4.20], we recall
that there exists a conserved quantity which can be interpreted as the energy of the lin-

earized Einstein-Vlasov system. This result can readily be extended to the second-order
formulation, see [52, Lem. 4.21] and [62, Eqn. (24a;R)]

Lemma 5.1.1. For solutions to the linearized Einstein-Vlasov system, the energy
e)\o Rmax
A(f, f) = 4n? /// Wja drdwdL — / oA (2l + 1))\% dr, (5.2)
QO SO Rm'm

1s formally conserved. Moreover, it holds that
107 + (Lf= o) = A(Bef. Bef)
and this quantity is formally conserved along the flow of (5.1)).

Proof. For sufficiently regular f, the first- and second-order formulations are equiva-
lent, according to Lemma By using the essential operator B defined in Defini-

tion [4.2.2(b)|and (4.4)), the linearized Vlasov equation (4.2) can be written as
1
Ouf = Bf — o= (2% + ) @' [wAy.
r
We plug this into the time-derivative of the energy (5.2]) and obtainﬂ

1 d 1 Rmax
S A ) = (Bf =072 (20 + — )¢ lwA, f ) — / MO0 (2 + 1) Ay g dr
2dt r H Rmin

1 Rmax
- <Bf Y (ma " ) so'wAf,f> o [ o2y + 1) dr
r H Rmin

after inserting (4.41). The second term in the scalar product cancels the last addend,
and (Bf, f)m = 0 holds, since B is skew-adjoint, see Proposition 4.3.5(a)l This implies
that 9. A(f, f) = 0 and thus the energy is conserved.

As to the second part, we have 0;f+ = Bf_ and observe that
<£f—7f—>H = <Bf—an—>H - <Rf—7f—>H

Rmax
= oSl = 16w [ e o 1)y e

min

Rmax
= laufll = [ e - 1)y

'Note that \s,; = Ay after parity considerations.
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5.1 Definition, previous results, and methodology

where we again used (4.41)). This yields

Rma

1O N3 + (Lf—s foym = |0uf 17 — / " 0002y + 1) (Agyp) 22 dr = A(OLf, 00 f),

Rmin

since 0; f_ is odd in w and O f+ is orthogonal to d;f_ in H. In addition, we compute

SO0 I+ (L ) = OF F 0uf ) + (L5 -.0f Y =0,

because L is self-adjoint by Corollary O

This lemma is the foundation for the definition of linear stability as in [47, Def. 4.4]
in the following sense:

Definition 5.1.2. Consider a stationary solution to the Finstein-Vlasov system, as

specified in Section [{.1].
(a) The steady state is called linearly stable if the spectrum of L is positive, i.e.,

inf(o(£)) > 0.

(b) The steady state is called linearly unstable if there exists v € o(L) with v < 0.

(¢) The number of linearly independent eigenfunctions corresponding to negative eigen-
values is called the number of exponentially growing modes of the steady state. If
zero s an eigenvalue of L, we say that the steady state has a zero-frequency mode.

A few remarks on the appropriateness of this definition are in order.

Remark 5.1.3. (a) The Antonov operator is self-adjoint by Corollary so the
spectrum of L is real [58, Thm. 5.5]. Moreover, Theorem implies

2
2
(L) © [ 2N
T(Q5")
i.e., we get inf(oess(L)) > 0, since the period function is bounded from above
by|(S2). Therefore, every v € a(L) with
v < inf(oess(L))

1s by definition in the discrete spectrum and thus an isolated eigenvalue with finite
multiplicity. In particular, negative values in the spectrum are always isolated
etgenvalues with finite multiplicity. Figure tllustrates how the spectrum of L
might qualitatively look like.

(b) In the case where v = inf(o (L)) > 0, we can deduce the Antonov-type inequality

<£fv f>H > ’YHf”%ﬁ f € D(£)7 (5'3>
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5 On linear stability of stationary solutions

(c)

(d)

(e)

as per Lemma[B.€. Furthermore, Lemma yields that

10113 + (f=s L=y = A(Of, O f)

is constant the flow of 02 f_ + Lf_ = 0. From this, we can show that, for suitably
chosen small initial data, the norms || f— ()| m, |0t f— ()|, |0cf+ ()] stay small
as well, i.e., we have linear stability in the sense of these norms. The claim for
|Ocf+ (D)l follows from Oy f+ = Bf—, by using the skew-adjointness of B, and
because R is bounded.

On the other hand, consider an element y € o(L) with v < 0 and thus, as discussed
in (a), v must be an isolated eigenvalue of L. Let f € H be an eigenfunction, i.e.,
Lf=~f. Then g(t) == eVTItf e R, solves , and we obtain a solution to
the linearized Einstein-Viasov system which grows exponentially in time. This is
why we call g an exponentially growing mode and refer to the corresponding steady
state as linearly unstable in this situation.

The terminology zero frequency mode, used if zero is an eigenvalue of L, goes back
to [62, Ch. IV(f)], where the authors arque that zero-frequency modes transfer the
original equilibrium to another stationary solution nearby. If the eigenvalues are
in some sense continuous along a family of steady states, this special case 0 € o(L)
also corresponds to the point where linear stability can change. We will comment
on this in more detail in Chapter [0

From a non-linear perspective, the steady state fo is a critical point of the energy-
Casimir functionaﬁ

’Hc(f)::47r2///Q (\/1+w2+7gf—|—e)‘x(f)>drdde, feH,

where x € CY(R) with x(0) = 0 is chosen such that X'(¢(E,L)) = —E for
(E,L) € Q(‘;JL. For more details, we refer to [53, [54, [65]. The energy-Casimir
functional has two important properties: He is constant along solutions to the
non-linear Finstein-Viasov system and the second-order variation of He at fy cor-
responds to the quadratic form A induced by L. Therefore, spectral knowledge of L,
and thus A due to (Lf, [ g = ABf,Bf), should also be a natural step towards
non-linear (in)stability. However, this is still an open problem.

5.1.2 Previous results on stability

We briefly recall what is known about (linear) stability for the Einstein-Vlasov system.
For a more thorough review, we refer to the recent work in [92]. Linear stability in

2Here, the notation is a bit ambiguous. Only for this formula we write X for the metric coefficient which
is obtained by solving the non-linear field equation (L.10J).
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Figure 5.1: A possible qualitative configuration for the spectrum of the operator £. The
opaque parts represent the bounds for the essential spectrum of £ while
Y0,71,72 € 04(L) are isolated eigenvalues with finite multiplicity. In partic-
ular, 9 corresponds to an unstable mode, and 1,72 induce an oscillating
mode which we will deal with in Chapter[6] A-priori, we do not know whether

oa(L) # 0.

the context of the singularity-free setting was first examined in [62]. The system is
linearized around appropriate equilibria similar to Section and the author shows
that the spectral properties of the associated unbounded operator £ serve as the basis
for studying linear stability. This is also the case for the non-relativistic counterpart to
the Einstein-Vlasov system, i.e., the gravitational Vlasov-Poisson system, for which it is
known that all physically relevant stationary solutions are both linearly and non-linearly
stable [17, [33], 49, 66, [72].

As an aside, in [61] the analysis of linear stability leads to the claim that, along a
family of suitably chosen equilibria, eigenvalues can only change sign at local extremal
points of the binding energy FEj = w, as defined in ; we discuss this in more
depth in Chapter [7| and |8 where we consider numerical results on (non-)linear stability.

It was proven in [53, 54] that isotropic steady states of the Einstein-Vlasov, as con-
structed in our work, are stable for small values of the redshift s, i.e., if the setting is not
too relativistic. These stationary solutions become linearly unstable for large values of &,
as shown in [52]. The authors also establish a trichotomy in phase space divided into
a stable, unstable, and center space. For future reference, we gather the main results
from [52, 53| 54] in a theorem adapted to our setting. These conclusions will become
very important in Chapter [6] As we deal with a k-family in this theorem, we denote all
relevant quantities with a subscript . In particular, the function space H = H, and
the operators depend on k as well.

Theorem 5.1.4. Consider a k-family of isotropic steady states (fx)x>0, as in Defini-
tion that satisfy the assumptions in Section [{.1].

(a) There exists kg > 0 such that for every 0 < k < kg it holds that

(Luf F)m. = Cellfll3.. [ € He (5.4)

for some C,; > 0, where L, is the Antonov operator corresponding to f.. The sta-
tionary solution f, is linearly stable for 0 < k < kg, according to Definition[5.1.3,
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5 On linear stability of stationary solutions

(b) There exists kunst > 0 such that for every k > Kunst it holds that

<£I€f7 f>7-l,i <0,

for some f € Hy. The stationary solution f. is linearly unstable for k > Kunst,

according to Definition [5.1.3

Proof. The main result in [54, Thm. 5.1]—translated to our notation and settingEP
establishes a coercivity estimate in the following sense: There exists C* > 0 and kg > 0

such that
<r2w2 {E, f}
W

Aw(Buf, Buf) > C* / / /

for every 0 < k < kgt and f € H,. Here, A, is given by (5.2) and By is the essential
operator corresponding to f. In addition, we have a = %—Fi with & given by |(®2)l Due
to the self-adjointness of B, and from (4.41)), we compute

(Lt fr. = Bef,Buf) i, — (R, f) . = An(Bif, Bef).- (5.6)

We dispense with the first term in (5.5) and include a factor e*~ in the integrand, in
order to obtain (5.4]). Using Lemma yields

inf(o(Ly)) > Cr >0, 0<k < Ket,

1 2
A + K112 f|2> drdwdL (5.5)

and thus linear stability follows.
Similarly, we deduce from [52, Thm. 4.3] that there exists kynst > 0 such that for every
K > Kunst, We have

Ax(Bi f, B f) <0,
for some f € H,;, which implies the first claim of (b) due to (5.6)). In this case, we get

<£I€f7 f>'Hn

inf(o(Lx)) = inf

<0
rete I3,

by applying the min-max principle for self-adjoint operators [88, Thm. XIII.1] and there-
fore obtain linear instabilityﬁ O

Note that in the original works [52] [54], the assumptions [(S1)| and [(S2)| are not im-
posed and thus the results in the theorem above hold in more generality. However,
more work is required to obtain an exponentially growing mode from (L, f, f)y,. < 0,

3Instead of using the essential operator By, the authors in [52, [54] formulate their results via the concept
of linearly dynamically accessible perturbations which allows only for perturbations in im(B.) to begin
with. All in all, the approach is equivalent to ours.

“To be precise, in order to apply [88, Thm. XIII.1], we have to show that £ = —B? — R is bounded from
below in the sense of quadratic forms. However, this follows from —B% > 0 and the boundedness
of R.
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see [52, Thm. 4.25], since the spectrum is not easily controlled if we do not prescribe|(S1)|
and

To the authors knowledge, linear stability has been investigated numerically only
in [61], where

inf(o(L,)) = inf Enh o
rer | I,

is approximated in order to estimate the bottom of the spectrum of £. In [60], trial
functions of the form f(r,w, L) = |¢'|w C(r) are used—with an arguably limited number
of radial test functions C. Modern computational power allows us to estimate more
accurately in Chapter

We end this section with a comment on the issue of non-linear stability. It would be
beneficial to obtain stationary solutions as minimizers of an appropriate energy-Casimir
functional, as mentioned in Remark [5.1.3(e). This was tried in [I13], but the work
contains serious flaws, as pointed out in [9]. As a workaround, the Euler-Lagrange equa-
tion corresponding to critical points of the energy-Casimir functional is solved in [10].
However, actually finding steady states as minimizers of the energy-Casimir functional
remains an open problem. This leaves us with numerically investigating non-linear sta-
bility which we discuss in Chapter [7}

(5.7)

5.1.3 Methodology of the Birman-Schwinger principle

As motivation and preparation for the following rigorous analysis, we outline the central
idea behind the Birman-Schwinger principle. Originally, the Birman-Schwinger principle
was designed in the context of quantum mechanics. For example, it is employed to
investigate the eigenvalues of time-independent Schrédinger operators —A — V', where
V' > 0 is an external potential. More precisely, it is used to determine or estimate the
number of eigenvalues below a prescribed energy threshold. A small collection of where
the Birman-Schwinger principle is applied in quantum mechanics is [73], Sc. 12.4], [74]
Sc. 4.3], [88] Sc. XII1.3] as well as [110} Sc. III.3]; there is an abundance of other sources
and applications which we do not list here. Recently, the Birman-Schwinger principle
has attracted attention in the study of galactic dynamics for the Vlasov-Poisson system
independently in [55] and [69], and subsequently in [56]. For the Einstein-Vlasov system,
it has been applied in earlier work by the author and colleagues [47].

In our setting, the goal is to find a criterion to determine whether £ has or does not
have an eigenvalue smaller than zero since this decides over linear stability, as defined in
Definition Now follows a formal derivation: We observe that zero is an eigenvalue
of Lg = -B% - %R for 8 > 0 if, and only if, 8 is an eigenvalue of

Q:=—VRB2VR,
which we call the Birman-Schwinger operator. This is the reason why we already deter-

mined VR and the invertibility of B? in Section With help of continuity in 8 and
the auxiliary operators L3, we then prove that negative eigenvalues of £ can be charac-
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5 On linear stability of stationary solutions

terized by eigenvalues 8 > 1 of (). In fact, even the multiplicities of the eigenvalues are
conserved by this transformation. The procedure is discussed in detail in Section [5.2

The spectral analysis of the Birman-Schwinger operator can be radically simplified
by observing that im(Q) C im(yv/R), which essentially reduces Q to an operator act-
ing on a radial L?-space. More precisely, a function in im(v/R) can be written as
|¢'(E, L)|w ag(r) F(r) for some F € L?([0,00[), where o is a radial function depend-
ing only on steady state quantities. In fact, we can equivalently consider the operator
M: L2([0,00[) — L%(]0, 00[) given by

Q¢ (B, L)|wao(r) F(r)) = |¢'(E, L)|w ag(r) (MF)(r), (5:8)

which we denote as the Mathur operator. This reduction process is due to Mathur [7§],
who considered a related problem for the non-relativistic setting with an external po-
tential. Even though the Mathur operator acts on a radial L?-space instead of a three-
dimensional phase space like ) and £, we prove that () and M have the same eigenvalues,
i.e., it is sufficient to investigate the spectrum of M.

In Section[5.3] we show that the Mathur operator has advantageous properties by using
the comprehensive knowledge on the essential operator from Section It is compact,
symmetric, bounded, non-negative, and a Hilbert-Schmidt operator with integral kernel
K, cf. [89, Thm. VI.22 et seq]. This means that M can be represented by

(MF)(r) = /OOO K(r,8)F(s)dr, F € L*([0,00[),

for an appropriate function K € L?([0, 00[?). Unfortunately, we are only able to deter-
mine K semi-explicitly, as it involves the inverse of B2, which is only known up to the
projection onto ker(B), see Proposition |4.3.5(g)}

As the main result of this chapter, we deduce a variational principle for M, which is
represented by integrating radially over the kernel K, in Section Importantly, we
prove that this fully characterizes linear stability of the steady state under investiga-
tion, i.e., whether negative eigenvalues of £ are present or not. As an application, we
investigate linear stability of small matter shells with a Schwarzschild-singularity.

5.2 A Birman-Schwinger principle

After the brief introduction to the Birman-Schwinger principle in the previous section,
we now implement it rigorously in order to obtain a criterion for linear stability which
we can apply for a diverse collection of stationary solutions. As above, we consider a
fixed steady state, as described in Section 4.1
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5.2 A Birman-Schwinger principle

5.2.1 The operators L

We consider the family of auxiliary operators

1
Lpi=—B— BR: D(TY)NH —H, B>0, (5.9)
which correspond to a shift of the Antonov operator £ = —B? — R. Analyzing the

operators Lg from a functional and spectral analytic point of view is again a tedious
and abstract endeavor. However, it is essential to understand how the spectrum behaves
in the parameter S. This will help later when analyzing £ = £; in the following way:
Formally speaking, if the spectrum of Lz is “continuous” in 8 > 0, we would expect that
it is in some sense increasing in § because R > 0, as seen in Lemma [4.3.12] In addition,
letting 3 — oo should leave us solely with the spectrum of —B?, which is positive and
strictly bounded away from zero by Corollary If £ does indeed have a negative
eigenvalue, the spectrum of Lg therefore has to pass through zero for some value of
B, and vice versa. It turns out easier to search for the eigenvalue zero of Lg instead of
negative eigenvalues of £. We make these preliminary considerations much more precise.
A very similar investigation can be found in [47, Sc. 6.1].

To begin, we prove that £z has essentially the same properties as the Antonov oper-
ator. In particular, we can control the essential spectrum in the same manner.

Lemma 5.2.1. For 3 > 0, the operator Lg: D(T?)NH — H is self-adjoint as a densely
defined operator on H. The essential spectrum is given by

Uess(»cﬁ) = O'ess(*B2|H) = O'ess(»c)-

Proof. The self-adjointness follows analogously as for £ in Corollary [4.3.13] More-
over, Lemma [4.3.14] implies that %Rh{ is relatively (B2|3)-compact and thus

Oess(L£) = Oess(—B7|31) by Weyl’s theorem, see Theorem O

Having controlled the essential spectrum, we can thus resort to investigating the dis-
crete spectrum of L£g in dependence of 3. What follows does not depend on the specific
definition of B? and R but mainly comes down to the invertibility of B2, the positivity
of R, and the relative compactness result from Lemma As in [47, Prop. 6.4], we
can characterize isolated eigenvalues by the well-known min-max-principle. We recall
the notion of multiplicity of eigenvalues in Remark

Proposition 5.2.2. For >0 andn € N, let
Y(B) = sup inf (h,Lgh)m |. (5.10)

G1ygn_1€H \ RED(TA)NH, ||R||p=1,
hlgi,....gn—1

Then v,(B) is finite, and either
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(i) Yn(B) < inf(oess(—B%3)). In this case, there exist at least n eigenvalues (count-
ing multiplicities) of Lg below inf(oess(—B%(%)), and yn(B) is the n-th smallest
eigenvalue (counting multiplicities) of Lg,

or

(i1) Y (B) = inf(ess(—B?|%)). In this case, there exist at most n—1 eigenvalues (count-
ing multiplicities) of Lg below inf (0ess(—B2|3)), and Y1 (8) = inf (0ess(—B2|3))
for 3 e N.

Proof. We can directly apply the min-max principle for self-adjoint operators that are
bounded from below [88, Thm. XIII.1], [110, Prop. I1.32]. Note that £ is bounded from
below due to

o Laf)i = 1B = 548 Ry = -t

for f € D(T?) NH with || f||z = 1, because R is bounded. O

We now investigate the mapping ]0,00[ > 5+ v,(8) for n € N, as this tells us how the
n-th eigenvalue of Lz—if it exists—behaves in the parameter 5. As motivated above,
we can indeed show that +, is non-decreasing. A similar problem was, for example,
considered in [88, XIII Problem 2| and [110, Thm. I1.33].

Lemma 5.2.3. For fized n € N, the mapping |0,00[> B+ v,(B) is non-decreasing and

WA®—%WMSH—;MRM%J (5.11)

for a, 8> 0. In particular, ]0,00[> B — v, (B) is continuous.

Proof. We first show that the quadratic form is non-decreasing and continuous in j3 for a
fixed test function, and afterwards we prove that this carries over to 7, via the definition
in (5.10). For 8 > 0 and h € D(7?)NH with |||z = 1, we define

Jn(B) = (h, Lgh)n.
Since R is non-negative due to Lemma we get
1
B
for 8 < a. Moreover, the Cauchy-Schwarz inequality yields

$u(8) = IBAI = 5 (b RR) < BRI = (b, RA) 1y = fi(a)

n(8) - Fala) —]'

1 1 1
=|= hRhMg <|=-——|||R 0. 5.12
= |5 - 5| R0 < |5 - IRl ap>0 G2

In particular, the mapping ]0,00[> 8 +— fx(8) is non-decreasing and continuous. We
illustrate the procedure for translating this to the estimate (5.11f): For 5 > 0 and fixed
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g1, -+ 9n—1 € H, let

1 ey On_1) = inf .
5(91 9n—1) heD(T?)NH, ||h||H:1,fh(ﬁ)

hJ-gla“-ygnfl
For o, 3 > 0 as well as h € D(T?) N'H with ||h]|g =1 and h L g1,...,gn_1, Wwe obtain

1 1
T30t .901) < 59) < ) + |5 = 2| Rl
from (5.12)). Taking the infimum over all such h’s and switching the role of § and «
yields

1 1
‘Iﬁ<gl7 e 7971—1) - Ia(gl7 s 7gn—1)’ S E - Oé‘ HRHH—>H
Since g1, ..., gn_1 are fixed, this implies that
1 1
Ya(B) = I5(g15- -5 Gn-1) = Lalg1,- -5 Gn-1) — 7 a IRIm—m, «,B>0.
From this, we proceed in similar fashion by taking the supremum over all such g;’s and
switching the role of 8 and «, in order to obtain ([5.11]). O

As hinted towards above, the monotonicity of -, can be attributed to the fact that
increasing 8 in Lg assigns more relative weight to the non-negative term —B? instead
of the non-positive term —+R. Thus, the spectrum gets shifted towards more positive
values. We can even show that this monotonicity is strict if v, is not part of the spectrum
of —B2|3, see also [4T, Lem. 6.7]. Remember that o(—B2|3) is bounded away from zero

by Corollary [£.3.19]

Lemma 5.2.4. Fizn € N and suppose that there exists By > 0 such that

Y (Bo) < inf (o(=B%3)).

Then |0, Bo] 2 B+ vn(B) is strictly increasing.

Proof. The proof is akin to [73, Proof of Thm. 12.1]. First observe that Proposition
and Lemma yield v;(8) < inf(c(—B?%)) and that ~;(8) is an eigenvalue of L.,
for every 1 < j < mand 0 < 8 < fy. For every such j and (3, we choose orthonormal
eigenfunctions hf , L.e.,

Lohl =7 (BR], |B)lw =1, b L1 fori#j.
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Fix 0 < 8 < o < By and consider h = Z?Zl cjh? with c1,...,c, € R selected such that

n—1

n
IAlF => 3 =1, hLh],. ..
j=1

holds )] We compute

n n

(h, Loh) g = Zc? vj(a) < v () c]2» = () < inf(a(—BQIH)), (5.13)
j=1 7=1

from which we deduce (h, Rh)g > 0 due to ||Bh||% > inf (o(—B?|%)) from Lemma

In conclusion, we estimate
1

We claim that the supremum in v, (), see (5.10)), is attained for g; = h?, 1< j<n. For
this, we decompose H = H,, @span{h? e hﬁfl}—with ‘H,, chosen appropriately—and

(h, Lshyrr = |BR|G — =(h, Rhyi < |BAI} — —~(h, Rh)g = (h, Lah)rr.  (5.14)

1
«

restrict L to H,,. Note that Lg|y,, : H,, — H,, is well defined because hf are eigenfunc-
tions, it is self-adjoint, and as per Proposition we get that v, () < inf (a(—leH))
is the smallest eigenvalue of Lg|y,,. Therefore, the claim follows from case (i) in Propo-

sition and from [58 Prop. 12.1].
This observation together with (5.13]) and (5.14)) implies that

n(B) = inf (hy Loh)ir < (b, Lgh)ir < (h, Lah) i < (),
heD(T?)NH, ||hllr=1,
hLh? ..hE
and thus 7, is strictly increasing on ]0, Bo]. O

In other words, we can only expect strict monotonicity of an eigenvalue in 3 if the
eigenvalue “departs” from inf(o(—B2|3)) > 0 as 3 decreases. We can verify that there
exists a smallest eigenvalue which diverges for 3 tending to zero. Unfortunately, we do
not know what happens for n > 2 as 8 gets small. In contrast, letting 8 go to infinity,
we can prove that -, eventually reaches the infimum of the essential spectrum for every
n € N; cf. [47, Lem. 6.8 & 6.9)].

Lemma 5.2.5. It holds that limg_,ov1(8) = —o0. Moreover,

lim v, (8) = inf(o(—B%3)) > 0

B—00

for every n € N.

5The existence of such coefficients ci, ..., ¢, is a simple exercise from linear algebra.
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5.2 A Birman-Schwinger principle

Proof. The proof of the first assertion relies on the fact that the supremum in (5.10) is
not present for n = 1. More precisely, we choose g € D(72) N'H with ||g||z = 1 and
(9, Rg)rr > 0, which implies that

1
= inf (h,Lgh)g =  inf Bh||% — =(h,Rh >
n(8) heD(lTQ)mH,< sl heD(lTQ)mH,<” Iz 5< i
1Al =1 IRl =1

1
< |Bgll7 — B(g,Rgm — —o00, B —0.

For the second part, we notice that the eigenvalue 7, is non-decreasing and bounded due
to Lemma which implies that the limit for 8 — oo exists. In addition, we estimate

(h, Loh)i = ||Bh|F — ;(h,RmH > inf (o(—B%y)) — HRHéHH

for every h € D(T?) N'‘H with ||h||g = 1 by Lemma O

As we can see from these results, the zeros of the mappings |0, 00[> 8 — v, () are of
particular interest since they are closely connected to negative eigenvalues of £ = L;.

Definition 5.2.6. For n € N, we define 3} as the unique zero of vy, if this zero exists.
Otherwise, we set 3 =0, if v, > 0 on |0, co].

The quantity () is well defined because of the previous results: Lemma [5.2.3| as-
serts that =, is continuous while Lemma yields that «, is strictly increasing if
Y < inf(o(—=B2|%)). Lemma therefore implies that either v, > 0 or ~,, must have
a unique zero on 0, 00[. As an aside, we further note that 3}, ,; < 3y for n € N due to

Y+l = Yn-
Because ~,, is non-decreasing, we can identify the number of negative eigenvalues of
L = L; with the zeros of ~,, which are bigger than one, see [47, Prop. 6.11].

Proposition 5.2.7. It holds that
#{negative eigenvalues of £ (counting multiplicities)} = #{n € N | 5} > 1}.

Note that each negative eigenvalue of L has finite multiplicity since inf(oess(L)) > 0.
Nonetheless, the number of negative eigenvalues could be infinite in principal.

Proof. As per Proposition [5.2.2
#{negative eigenvalues of £ (counting multiplicities)} = #{n € N | v,(1) < 0}.

The continuity and monotonicity deduced in Lemmas and imply that
(1) < 0 for some n € N if, and only if, 8} > 1. O

To conclude, we sketch the properties of v, in Figure[5.2]in order to clarify the results
above.
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Figure 5.2: A conceivable qualitative behavior of the functions v, for n € {1,2,3,4}.
The positions of the zeros of v, yield information about negative eigenvalues
of L. With Proposition we get two negative eigenvalues of £ in this
case since 3 < 1 < 35 < B7. The functions ~,, are strictly increasing until
they reach the bottom of the essential spectrum. After this they are constant.

5.2.2 The Birman-Schwinger operator

We have now provided enough groundwork to rigorously prove the steps outlined in
Section First, we introduce the Birman-Schwinger operator Qﬁ

Definition 5.2.8. The operator
Q=-—VRB2R:H—H

1s called the Birman-Schwinger operator associated to L.

The square root of the response operator R was introduced in Lemma whereas
Proposition establishes the existence of B~2: im(B%) — D(7?) N ker(B%)L.
Therefore, the Birman-Schwinger operator is well defined because H C ker(B?)* as
well as im(vVR) C H.

It is now possible to translate eigenvalues of the auxiliary operator L3 from (5.9) to
eigenvalues of ) as in [47, Prop. 6.13]. Results of this type are often referred to as a
“Birman-Schwinger principle”.

50ur definition yields a symmetric Birman-Schwinger operator, which is the more common approach,
see e.g., [69, Def. 4.1], [73, Thm. 12.4], or [88, Thm. XIII.10]. However, one could also consider
RB™? as the Birman-Schwinger operator instead. This was, for example, done in [55, (8.1)] and the
symmetry must be recovered a-posteriori by choosing the right function space for Q.
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5.2 A Birman-Schwinger principle

Proposition 5.2.9 (Birman-Schwinger principle). Let § > 0. Then 0 is an eigenvalue
of Lg if, and only if, B is an eigenvalue of Q.

In this case, the multiplicities of these eigenvalues are equal, and the associated eigen-
functions can be transformed explicitly into one another:

(a) If f € D(T?)NH is an eigenfunction of Lg to the eigenvalue 0, then
g=VRfeH (5.15)
defines an eigenfunction of Q to the eigenvalue 5.
(b) If g € H is an eigenfunction of Q to the eigenvalue 3, then
f=-B2RgeD(THNH (5.16)
defines an eigenfunction of Lg to the eigenvalue 0.

Proof. Let f € D(T?)NH be an eigenfunction of Lg to the eigenvalue 0 with 5 > 0.
Then —( B%f = Rf and applying —vR B2 to this equation yields

Bg=BVRf=-VRBRf=—VRB2VRVR f = Q(\/Tzf> — Qg
where g is defined as in and g € H. In addition, we deduce g # 0 from f # 0 and

Ly |
58 Rf ﬁB VRy,
which follows from Lgf = 0; note that we are able to apply B2 to Rf, because
Rf € H C im(B?). This proves part (a).

For part (b), we consider a eigenfunction g € H with Qg = B¢ and define f as in .
As argued above, we can apply B~2 due to VR f € H. Moreover, f € D(T?)NH, because
B2 conserves w-parity, see Proposition We compute

f:_

1
B

and VR f = Qg = Bg # 0, which implies that f is an eigenfunction of Lg to the
eigenvalue 0.

To finish the proof, we notice that in both cases the multiplicities of the eigenvalues
are preserved since the transformations and conserve linear independence
of eigenfunctions that are odd in w. O

Lpf=-B*f— Rf:x/ﬁg—;\/ﬁcggzo

Together with Proposition |5.2.7|we now establish a connection between negative eigen-
values of the Antonov operator £ and eigenvalues > 1 of the Birman-Schwinger operator
Q, see [4T, Prop. 6.14].
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5 On linear stability of stationary solutions

Corollary 5.2.10. It holds that
#{negative eigenvalues of L} = #{eigenvalues > 1 of Q}.

In both sets the eigenvalues are counted including their multiplicities.

Proof. The claim is an immediate consequence of Propositions and O

Let us summarize what we have shown: Instead of searching for negative eigenvalues
for the (unbounded) Antonov operator £, we can analyze the eigenvalues of the Birman-
Schwinger operator (). This is achieved by means of the auxiliary operator Lz and
the monotonicity properties of the corresponding eigenvalues. No “information” about
the linear stability of the underlying steady state, as introduced in Definition [5.1.2} is
lost during this process. At first glance, one could argue that this simply translates
one difficult eigenvalue problem into another. However, the procedure is still beneficial
since () has much more favorable functional analytic properties compared to L, as already
observed in [47, Lem. 6.15].

Lemma 5.2.11. The operator Q = —VR B 2V/R : H — H is linear, bounded, symmet-
ric, non-negative, and compact.

Proof. We refer to Proposition [4.3.5{(g)| and Lemma4.3.12|for properties of B~2 and v'R.

The Birman-Schwinger operator @ is linear, bounded, and symmetric because B~2 and
VR satisfy these properties. From Lemma we know that v/R| is B%|3-compact,
i.e., according to Definition , the operator Q = vR B~2 is compact because VR is
bounded and im(v/R) C H. This implies that Q is compact. The non-negativity follows
from the symmetry of vR and skew-symmetry of B!, which yield

QF, fYw = (=B 2VREVRf)w = |B'WRF|}, >0, feH. O

Because of these properties, the spectrum of () can be narrowed down significantly.
We also obtain more information about the number of negative eigenvalues of L.

Remark 5.2.12. (a) The symmetry of Q implies o(Q) C [0, 00[. In addition, we have
o(Q) \ {0} C 04(Q) and oess(Q) C {0} from the compactness of Q, according to
the Riesz-Schauder theorem [58, Thm. 9.10]. The spectrum therefore only consist
of positive, discrete eigenvalues with finite multiplicity and a possible accumulation
point at 0, which can be an eigenvalue of infinite multiplicity.

(b) Since the spectrum of @ is bounded from above by the operator norm ||Q||x—n < 00,
cf. [58, Thm. 1.7], and because the only possible accumulation point is at 0, there
can only be a finite number of elements in o(Q), which are greater than 1. Together
with Corollary we therefore obtain that the Antonov operator L can only
have a finite number of negative eigenvalues (counting multiplicities).

In the next section, we reduce the search for eigenvalues > 1 of the Birman-
Schwinger operator to a setting in a radial L?-space due to the characteristic structure

Q=-VRB*VR.
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5.3 The Mathur operator

5.3 The Mathur operator

5.3.1 Definition and functional analytic properties

The following reduction process start with a simple observation: If f € H is an eigen-
function of the Birman-Schwinger operator Q@ = —vR B~2V/R, necessarily f € im(vVR)
must hold. This is advantageous since elements in the range of v/R can be characterized
by radial L?-functions via

im(VR) € {f = f(r,w, L) = |¢/(B, D)lwao(r) F(r) ace. | F € L([Ruyin, Fana))
(5.17)
where

. )\02(7‘) + ;1,02('r)

0= )

is chosen such that F lies in an unweighted L?-space. Recall that Rmin and Rpax are the
minimal and maximal radii appearing in the steady state support, as defined in (2.30)).
By the specific choice of ap and by (4.18]), we get

re ]Rmim OO[,

(l¢'lwao F, |¢'lwao @)y = (F, G) 2Ry, o)) (5.18)
for every F,G € L*([Ruin, Rmax]), i-e., the mapping
im(VR) > f = F € L*([Rmin, Rinax)),

given by the relation in (5.17)), is an isomorphism. With these observations at hand, the
following definition of the reduced operator is well defined.

Definition 5.3.1. For every F € L?([Rmin, Rmax)), the function Q(|¢'|wag F) lies in
the range of VR, i.e., there exists a unique G € L*([Rmin, Rmax]) such that

Q(|<p’|wa0 F) = ]@'[waoG a.e. on Q.
The resulting mapping
M L2([Busin, Rinax]) = L2([Bunin, Rina)), F = G

is called the reduced operator or Mathur operator.

By construction of this reduced operator, we do not lose information about eigenvalues
when analyzing the Mathur operator instead of the Birman-Schwinger operator. In fact,
the eigenvalues of these operators are equivalent, see [47, Lem. 6.18].

Lemma 5.3.2. Let § € R\ {0}. Then 8 is an eigenvalue of Q if, and only if, 5 is an
eigenvalue of M. The multiplicities of these eigenvalues are equal.

Proof. Consider that Qg = B¢ if, and only if, —vVR B 2V/Rg = Bg and g € im(VR),
which means that there exists G € L?([Ruin, Rmax]) With g = |¢'|wag G. This relation
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5 On linear stability of stationary solutions

is therefore equivalent to
Q(l¢'[wag G) = Bl¢'wag G

and by definition of the Mathur operator we have MG = SG. Note that obviously g # 0
if, and only if, G # 0.

The multiplicities of an eigenvalue for Q and M are equal by , which implies
that orthogonality of eigenfunctions is conserved. O

Together with Proposition [5.2.10| it is therefore sufficient to analyze the spectrum
of the Mathur operator since it encodes the full linear stability behavior of the steady
state under consideration. It is also plausible that the spectral analysis of M should be
simpler than that of the Birman-Schwinger operator because () acts on functions defined
on the three-dimensional phase space, while M is an operator on a radial L2-space only.
This is also the reason why we refer to M as a reduced operator. Fortunately, the nice
properties of ) are directly inherited by M.

Lemma 5.3.3. The Mathur operator M: L?([Rmin, Rmax]) — L?([Rumin, Rmax]) s lin-
ear, bounded, symmetric, non-negative, and compact.

Proof. This follows directly from the properties of @) proven in Lemma [5.2.11| and from
the orthogonality relation ([5.18]). O

5.3.2 Explicit representation

In the previous sections, we have introduced the Birman-Schwinger operator and the
Mathur operator as mere abstract objects which might not be of much help when de-
termining linear stability. At the heart of this chapter, we will now bring M into
a (semi-)explicit form that can be applied later. This is rather surprising at first
glance because one would expect that B~! or the projection IT onto ker(B), see Propo-
sition [4.3.5(f) are needed explicitly. However, additional knowledge is not necessary in
order to infer further properties of M. A similar calculation was done in [47, Sc. 6.3.2],
but we provide a few more details here.

We start off with the Birman-Schwinger operator @) for which we only need to consider
functions of the form f = |¢/'|wagF with F € L?([Ruin, Rmax]), as observed in the
previous section. Plugging this ansatz into vR from Lemma yields

VR f = VR (|¢'lwaoF) = dny/rlgl|eo o |20 Lo T [ [ 0210 dwar
f (l¢'lwaoF) = dmy/r|¢'|e o wook — wl@'| dwdL,
M0+)\0 r 0 R
and with (4.18) we get
6#07>\0
VR f=le'hw V@it + DNy + ) a0 F = |'|w foF, (5.19)
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5.3 The Mathur operator

where we setﬂ

r n /27y 1
Bo(r) = - LAOT()M, 7 € | Riin, 00]. (5.20)

r

Before we begin with the more elaborate computations, we refer the reader to Section [£.3]
for the notational conventions that will also be used in the following.

We have to determine VRB 2VR f = VRB B VR f, so it makes sense to first
bring B~'v/R f into a suitable form. However, B! = (id —IT)B~! includes the unknown
projection II, as seen in Proposition [4.3.5(f); we postpone this problem for now. Since
VR f is odd in w, the quantity X VR I vanishes, and the term stemming from the right-

inverse is of the form B
BYWR=T""WR+UT VR

for some suitable operator U/. Hence, it is reasonable to first calculate 7 'vR f. We
make this more specific now{|

Step 1: Computing T-'"VR f

Since f as well as VR f are odd in w and 7! reverses w-parity—recall these properties
from Lemma [4.3.12 and Proposition [4.3.4(f)}it is sufficient to consider 6 € [0, 5], as
remarked in (4.11)) and ([#.12]). We plug (5.19) into the explicit formula for 7! in ,
apply Fubini’s theorem, and obtain

(T—lx/ﬁf) 6, E, L)

0
=-T(E, L)|90'(E’L)|</O W(r,E,L)Bo(R(7, E,L))F(R(t, E, L))dr
1 1
_ /0 / W(J,E,L)BO(R(U,E,L))F(R(U,E,L))d7d0>
0
=-T(E, L)|90/(E7L)|</O W(r,E,L)Bo(R(7, E,L))F(R(t, E, L))dr
+ /IUW(U,E,L)BO(R(U, E,L))F(R(o, E,L))d0> (5.21)
0

for 6 € [0, 3] and a.e. (E, L) € QF after observing that

/ 1 W (o, E,L)By(R(0, E, L))F(R(o, E, L))do = 0,
0

"Note that S here obviously has nothing to do with 8y appearing in Lemma Unfortunately, the
Latin and Greek alphabets are finite.

8Though rather lengthy, we believe that this calculation is such a central and valuable part of our work
that it would not do it justice if we outsourced it to the appendix.
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5 On linear stability of stationary solutions

because the integrand is an element in L>°%4(]0, 1]) for a.e. fixed (E, L), see ([.11)). This
parity in the angle variable further implies

1
/0 oW (o, E,L)Bo(R(c,E,L))F(R(c, E,L))do

N |=

_ /0 oW (o, E, L)fo(R(o, E, L) F(R(c, E, L))do

N

—i—/ (1-o)W(l—-0,E,L)Bo(R(1 —0,E,L))F(R(1 —0,E,L))do
0

N

:/0 (20 — 1) W (o, E, L)Bo(R(0, E, L)) F(R(c, E, L))do. (5.22)

We put (5.22) into and change varlables via s = R(o,E, L), i.e., 0 = 6(s,E, L),
where 6 is the angle functlon, as introduced in . This yields

R(6,E,L)

(Tfl\/ﬁf) (0,E,L) = —|¢/(E, L) </ Eeto210)() 5 (5) F(s) ds

r_(E,L)

T+(E7L)
- / (20(s, E, L) — 1) EePo=200)(9) 3 () F(s) dss
_(E,L)

Rmax
= ¢/(E,L)|E (/ A0 By F ds

R(6,E,L)

Rmax T+(E7L)
—/ 02030 F ds — 2/ (s, B, L)e* 2" 50 F ds |,

ry(E,L) r_(E,L)

where we rearranged the domains of integration in the last step. The last two terms
only depend on (F, L), and we introduce the shorthand

Rmax T+ (E7L)

e)‘o_zuoﬁoF ds + 2/

+(E,L) r—(E,L)

hp(E,L) = —|¢ (E,L)|E ( / 0(s, E, L)eM 203 F ds) :

for a.e. (E,L) € QFF. In order to see that hp € H, we observe that T-'vVR f € H as
well as

Rmax
"(E,L) \E/ o208 Fds € H
0 E, L

due to and F € L?([Ruin, Rmax)), i-e., hr can be written as the sum of two elements
in H. To summarize, we have shown for 6 € [0, 3] and a.e. (E, L) € QFL that

Rmax
( 1\Ff)(9 BE,L) =|¢(E, L) |E/ M08 P ds + hp(E,L).  (5.23)
R(0,E,L)
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5.3 The Mathur operator

Step 2: Computing B-'VR f

Since VR f is odd in w according to Lemma [4.3.12 we get )‘\/Tzf = 0 from (4.8). By
Definition we thus obtain

~ RIH&X
B—l\/ﬁf _ T_l\/ﬁf + 47r|<,0/|Ee_>‘O_MO/ e(3>‘0+”0)(5)p7-,1\/73f(8)8 ds, (5‘24)

T

which itself is even in w due to Proposition [4.3.2(f)l We use (5.23)) and then (4.18]) to

compute

7T6/'L0(7’) oo 9 , Rmax \—2
pT_lﬁf(r) = 7’2/ /w | (E, L) / eV OBy F ds | dwdL + pp,. (1)
0 R r

—2Xo(7r) (\/ / Rmax
— € ()‘0 + MO)(T) / 6)\0—2u050F ds + DPhp (T)

4rr

for r € | Rpin, 0[. Therefore, we get
~ Rmax
BWRS= W\E/ X020 30 F s + h

Rmax Rmax
+ \go/\Ee*AO*“O / e(/\0+#0)(3)()\6 + uh)(s) / M2 30 F dods

r

Rmax
+ 47T|<p'|Ee—>\0—uo / e(3>\0+u0)(8)phF (s)sds

r

Rmax Rmax Rmax
= |<p’|E</ 020 B0 F ds + e_AO_“O/ (e>‘°+“°)'/ M2 B F dads)
T s

T

Rmax
+ hp + 4n|@/ | Be~o—ro / Nt s ds

r

Rmax
_ |¢/|E67>\o*uo / 62>\0*u0ﬂ0F ds
T

Rmax
+ hp + 4r|@/ | Ee= Mo Ho / ooy, s ds.
T
after an integration by parts in the last line. Remarkably, the last two terms together
define an element in ker(B) with generator hp, as described in Proposition
and Lemma Notice that hp € H, as mentioned above, and hp is a function in
(E, L) only. Since B~ = (id — IT)B~!, as seen in Proposition with II being the
orthogonal projection onto ker(B), we obtain

Rma

BWRf=(G{d-I)B VR f= (idH)<|gp’|Ee_A0_“0 / Xe%—wﬁopds). (5.25)

It is worth reflecting on what has happened in the two steps above: Naively, one would
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5 On linear stability of stationary solutions

assume that 5_1\/72 f consists of four terms—two from T-VR f and two from the

second term in . Moreover, multiple separate integrations in r and (w, L) seem

to appear. An integration by parts removes one of the terms while Fubini’s theorem

and the crucial identity (4.18 - ) help to determine the integrals explicitly. The fact that

we can write B1VR R f as one term plus an element in ker(B) then allows us to reduce
B~1V/R to just one term which behaves quite mcelyﬂ

Step 3: Determining the Birman-Schwinger operator @
Applying (4.41) yields

2ru + 1 .
\/>B 2\/>f = —47Tf|90 |€2“0+>\0 )\, = - W Jp- 2R f

This step is quickly implemented but has some powerful consequences, since it removes
one B~l-term. Otherwise, it might not even be possible to determine B=2v/R f in a
suitable way because this would involve computing B~ of B-'/R f, which itself is only
known semi-explicitly through the projection II. Moreover, we can now write Az, 7z 7 as
a scalar-product in H, which allows us to use the symmetry in the projection to decouple
the unknown function F' and the projection II in the following way: We insert

into (4.8) and get

2X0(r)

<]<p |Ee=?0~ Holl i B‘Wﬁf>H

Rmin 7T] ’

Mgy (1) =
62>\0(’r‘)

S <<id—n>(rso’rEeA°“°ﬂmmm,r]),rgo'rEeA°“o /
S

Rmax

B i )
H

for r € | Riin, 00[, where we have used the symmetry of II. We write the scalar product
as an integral again and subsequently integrate by parts which yields

2A0(T’) Rmax 9 Rmax 2\
)\371@]@(7“) -, /R ‘ dms p(id_n)(|“DI|E6_AO_“01[Rm1n;r])(S)/S e 0B F dods

62)‘0(T) Rmax 20 Rmax 2
T /R 38<3€ ") (jg/ e uonmmmﬂ)@)/s e?0 1By F dods

2)\0( ) Rmax
_ / se*#o(S))\(ld )|/ Be— o401 )(s)ﬁo(s)F(s) ds

7]
T Rmin min>

after recalling (4.3) now applied to the projection term. Note that the boundary terms

90verall, this whole process is rather surprising. We do not know if there is a deeper reason why
the calculation works out as it does here but we disclose that several weeks—including different
approaches—went into this single part of the work.
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5.3 The Mathur operator

vanish at Ry and Rpax due to )\(idfﬂ)(...)(Rmin) = 0 and due to the domain of inte-

gration [s, Rmax], respectively. We reveal a useful symmetry property in this integration
term by considering the identity

se 2ol

minv’"]) (S)

= ((ia =) (|¢/| B0 ) 6| BT g ) = 1(8),

S)>\ s ’ —A0—H0Q
(id H)(|L,a |Ee 1ir

and since II is symmetric, we obtain that I(r,s) = I(s,r) for r,s € [Rpin, c0[. Putting
these results into (5.26)) and recalling the definition of By in ((5.20) implies that

PONE T ) O R | Rmax  0(s) | 30g(s) \/ﬁ
Qf = I s [ e I L g s
T( 0 + ILLO) Rpin §

for functions f € H of the form f = |¢/|wagF with F € L?([Ruin, Rmax))-
Step 4: The Mathur operator M

As the final step, we make the Mathur operator more explicit by using the represen-
tation of @) above. We prove a slightly stronger result compared to [47, Prop. 6.20], as
we also show that the kernel K is continuous. We only have to adjust for the factor «y.

Proposition 5.3.4. For F € L?([Ruin, Rmax|), we have
Rmax
(ME)(r) :/ K(r,s)F(s)ds, 1 € [Rumin, Rmax);
Rmin

where the kernel K is defined as

o) | M) g(a) | Igle) V2rph(r) + 1y/2suf(s) + 1

K(r,s)=e 2 - I(r,s), (5.27)
with I given by
1(r,5) = ((id = 10) (|| Be 0 0m, ) [ B0 0m, 0 (5.28)

for r,s € [Rmin, Rmax|- The kernel K is symmetric, i.e., K(r,s) = K(s,r), continuous
on [Ruin, Rmax|? with K =0 on 8([Rmin, Rmax]2), and can be continuously extended by
K =0 onto [0,00[2. Moreover, K € L?([Rmin, Rmax)?)-

In particular, M is a Hilbert-Schmidt operator, see [89, Thm. VI.22 et seq].

Proof. The representation of the Mathur operator and the formula for the kernel follow
from Definition and from the calculations made in Steps 1-3. We first show the
continuity of the function I. For this, we let (r,s), (7,3) € [Rumin, Rmax)> and estimate

151



5 On linear stability of stationary solutions

via the Cauchy-Schwarz inequality that
|I(T, S) - I(fv §)|
(id —1I) (|90'|1’5€_A°_“O (L {Rppir) — ]l[Rm;ni]))

+ H(id - H)<“P,’E6_AO_“O]1[Rmm,F]) HH HllelEe_AO_“0 (T Ruinrs] — LR r3]) HH

min 75]

<]

/| B0 o1,

I ’

Due to [jid — TI|| = 1 and

S Ca r Z Rminv

H |SD,|E6_>\O_'U‘O]1[Rmin7T] H

< /| Fe—0—Ho
<l

we get

11(r,5) = 17, 3) < (||~ (10 = Vi) |
+ H @1 B (LiRyi0.8) = LiRuin.s) HH)

where C' > 0 is a constant independent of (r, s) and (7, §) and may change from line to
line. From the prescribed estimate |(S4)| we further obtain

max(r,7)
H ’SOIIEef)\O*NO (]I[Rminﬂ"] — ]I[Rmimﬂ) HH S C 0'2 dU

min(r,7)
< C|max(r,#)® — min(r, 7)3| = O}r® — 7

for r,7 > Ruin, and thus

[I(r,s) —I(7,3)] < C>r® — 7 + s* — §%),

which yields continuity of I on [Rpyin, RmaX]Q. In addition, this implies that % can be
extended continuously onto [0, oo[? with
I I 1
im 108 gy K80 g gy 1)
r—=Rmin TS r—=Rmin TS rs—Rmin TS

On the other hand, a straight-forward calculation shows that

|cp'|Ee_>‘°_“0 = ]cp’]Ee_AO_“‘)ﬂ[R Runax] € ker(B),

min

which implies I(Rpax,s) = 0 = I(s, Rpax) for s > Ry, due to the symmetry of I.
Overall, since g, po, and p, are continuous, we conclude that K is continuous and K = 0
on 6([Rmin, RmaX]Q). The claim that K is square-integrable follows immediately. d

Having established this central representation of the Mathur operator, we can deduce
even more properties of M due to the fact that M is Hilbert-Schmidt which is almost
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5.3 The Mathur operator

as good as it gets from an operator theory point of view. For example, in the next

section, we explicitly bound the number of negative eigenvalues of £ because M is
Hilbert-Schmidt.

Lemma 5.3.5. (a) The Mathur operator M can be extended to an operator
M: L*([0, 00]) = L*([0, 00]).

All properties observed in Lemmas[5.3.2 and[5.3.3 remain valid for this extension.

(b) The so-called Hilbert-Schmidt norm || - ||zs of M is given by

Mg = K122 0,00p) :/0 /0 |K (r, 8)|2 drds, (5.29)

see [89, Thm. VI.23]. If v1 > 2 > ... > 0 are the eigenvalues of M, where each
etgenvalue is repeated according to its multiplicity, it holds that

o0
IMl7s =73, (5.30)
j=1

where v; == 0 if necessary, i.e., if M has finitely many eigenvalues.

(c) The operator norm of M: L?([0,00[%) — L?([0, 00[?) is given by

M| = sup{(F, MF) 2(jo00p) | F € L?([0,00]), || FllL2(o,00p = 1} = max(a(M)).
(5.31)

Proof. The proof relies on properties of Hilbert-Schmidt operators which are covered
in [89, Sc. VL.6]. Part (a) follows by setting K = 0 on [0, 00[?\[Rmin, Rmax)?, as done in
Proposition Because of the Hilbert-Schmidt theorem [89, Thm. VI.16], it is possible
to choose an orthonormal basis of eigenfunctions of L?([0, cc[) to the eigenvalues of M.
Using the symmetry of M together with [89, Thm. VI.22(b)] then yields .

Since M is symmetric, non-negative, and compact due to Lemma the results in
Lemma and [89] Thm. VI.6] yield that

sup(c(M)) = max(a(M)) = [M].
In addition, the operator norm is defined as and can be characterized by

M| :=sup{[|MF| r2(j0.00p | F € L*([0,00[), |IFllz2((0,00p = 1}
= sup{(F, MF) 120,00 | F € L*([0,00[), [IFll12(j0,00p = 1},

where the latter equality holds because M is symmetric and non-negative. O
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5 On linear stability of stationary solutions

5.4 Results on linear stability

In this section, we apply the previous results in order to tackle linear stability issues
for the steady state under consideration, as mentioned at the beginning of this chapter.
It is useful to recall the definition of linear stability and the terminology introduced in

Definition

5.4.1 A reduced criterion for linear stability

First, we characterize linear stability via the Mathur operator and therefore establish
some of this work’s main theorems. For similar results, we refer to [47, Thm. 1.1 &
Sc. 6.4].

Theorem 5.4.1 (A reduced variational principle). A steady state, as described in Sec-
tion [{.1), is linearly stable if, and only if,

M| = sup / / K(r,s)G(r)G(s)dsdr < 1.
GeL?([0,00])
Gll2=1

If equality holds, there exists a zero-frequency mode but no exponentially growing mode.

Proof. Theorem [4.3.18]yields that inf(oess(£)) > 0, and thus o (L) \ oess(£) only consists
of isolated eigenvalues of finite multiplicity. Linear stability of the underlying steady
state is therefore equivalent to £ having no non-positive eigenvalues.

According to Corollary the number of negative eigenvalues of £ and the number
of eigenvalues of ) that are greater than one are the same (counting multiplicities). In
addition, Lemma [5.3.2] shows that the same holds true for the Mathur operator M
instead of Q). This 1mphes that £ has a negative eigenvalue if, and only if, the Mathur
operator M has an eigenvalue greater than one, i.e.,

M| = sup / / K(r,s)G(r)G(s) dsdr > 1;
GeL?([0,00])
IGll2=1

note that the representation of M in Proposition together with yields the
characterization of the operator norm ||M||.
Similarly, Proposition Corollary and Lemma imply that zero is the
smallest eigenvalue of £ if, and only if, | M|| =1, i.e., one is an eigenvalue of M.
Putting these observations together shows that linear stability is equivalent to
M| <1, and we deduce that || M| = 1 implies that zero is an eigenvalue of £ but
no negative eigenvalues exist. O

From Theorem we can derive a sufficient stability criterion which does not
involve a variational principle.
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5.4 Results on linear stability

Corollary 5.4.2 (A stability criterion). A steady state, as described in Section 18
linearly stable if || K| 12([0,002) < 1-

Proof. From (5.30) and (5.31)) we get ||[M]|| < || M| gs; note that this is true in gen-
eral, as shown in [89, Thm. VI.22(d)]. The claim then follows by (5.29) together with
Theorem [(.4.1] O

The thorough analysis in Sections and furthermore yields an explicit bound
on the number of exponentially growing modes by the L?-norm of K, as also observed
in [47, Thm. 6.24]. Such bounds are often referred to as Birman-Schwinger bounds in
the literature, cf. [74], Sc. 4.3] or [88, Thm. XIII.10].

Theorem 5.4.3 (A Birman-Schwinger bound on the number of growing modes). It
holds that

#{negative eigenvalues of £ (counting multiplicities)} < HKH%2([0,O<>[2)' (5.32)

In particular, K # 0.

Proof. From Lemma we know that 87 > 0, where 5] was introduced in Defini-
tion Together with Proposition and Lemma this yields that the Mathur
operator has at least one non-zero eigenvalue and hence K # 0. In order to prove (5.32]),
we note that Corollary and Lemma imply

#{negative eigenvalues of £ (counting multiplicities)}

= #{eigenvalues greater one of M (counting multiplicities)}.

In the case where M has no eigenvalues greater one, £ has no negative eigenvalues
and ((5.32) is trivial. Otherwise, if we denote the eigenvalues of M by 73 > v2 > ... >0

respecting multiplicities, we get by (5.29) and (5.30|) that
#{eigenvalues greater one of M (counting multiplicities)}

—#{GeN[y>1}< D % <> 7 = IMlis = IK 72 q000p) O
jeN, y;>1  jeN

As a final remark, we mention that it might be the case that the stability criterion
in Theorem [5.4.1] and the existence of a negative direction of the reduced differential
operator Sy in [52] Sc. 4.5] are equivalent. Interestingly, the authors encounter the same
problem of not being able to explicitly determine the projection onto the kernel of B. On
the one hand, analyzing the bounded and compact Mathur operator is, of course, more
pleasant compared to the unbounded operator S from a function analysis point of view.
On the other hand, for the results in [52], the use of action-angle type variables—and
therefore a single-well structure—is not necessary, which makes these results applicable
to more general settings. In the context of the Vlasov-Poisson system, a relation of
the Mathur operator to a corresponding reduced differential operator has been observed
in [69, Ch. 5].
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5 On linear stability of stationary solutions

5.4.2 Linear stability of matter shells with a Schwarzschild-singularity

As an application of the general results from the previous section, which hold for a large
class of stationary solutions, we prove that small shells around a Schwarzschild black
hole of mass M) are linearly stable. This was first proven in [47, Thm. 1.2]. We consider
a d-family (fs5)s>0, as introduced in Definition and employ the notation given in
this definition, i.e., all quantities which depend on the steady state fs are denoted with
a subscript 6. We emphasize that the following result does not require any additional
assumptions on the steady states.

Theorem 5.4.4. Let (fs)s=0 be a §-family with @y € C1(R) and ®) > 0. Then there
exists 0g > 0 such that for every 0 < § < dg, the steady state fs5 is linearly stable. As
0 goes to zero, the metric coefficients converge uniformly on [2Mp, 00| to the vacuum

Schwarzschild metric coefficients of mass My, and the densities fs converge pointwise to
zero on {x € R3||x| > 2Mp} x R3.

Proof. We first need to verify that the stationary solutions fs satisfy the assumptions
from Section for small values of & > 0. The single-well structure, as prescribed
in follows from Proposition for 6 €]0, dg], where 69 > 0 is sufficiently small.
In fact, the single-well structure is strict. The upper and lower bounds on the period
function were shown in Propositions and (a), respectively, because of
Ly > 0. Condition is fulfilled by the assumption that ®q is continuously differen-
tiable. Finally, is valid due to Ly > 0, as argued in Remark [4.1.1{e)]

As in Definition [2.2.11] we employ the notation

fs(r,w, L) = 8po(Es, L) = 6P <1 — gi) (L — Lo),.

The sufficient stability criterion in Corollary yields that fs is linearly stable if
[ 55l £2([0,00[2) < 1, Where as per Proposition m

Ks(r,s) =e¢ 2

e . o/ 2r(us) (1) + 1 \/28 "(s) + 1
s )+3)\(;( )eM?( )+3Ag< ) \/ (Né) (r) (s) ( ) I5(r, s) (5.33)
rs

and

16 (T7 S) = <(1d - ]'_‘[5) <6‘s06‘EaeiAaiué]]'[Ré,minyT}) ? 5|(’06|E667)\57u6]1[R5,min)s} >H
3

for r, s > 2Mjy. Note that K, I5 are extended by zero onto [0, oo[? and supported inside
[R5 mins Romax)?, where 0 < R min < Rsmax are the radial bounds of the steady state fs.
Moreover, the orthogonal projection onto ker(Bs) is denoted by Il;.

The Cauchy-Schwarz inequality yields

[I5(r, )| < ||olblEse 01,

H5|606|E56_A5_““]1[R5 min» 5]
H§ ?

)

Ré,min) T] H6
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5.4 Results on linear stability

where we have used ||id — Ils5|| = 1, since IIs (and thus also id — Ils) is an orthogonal
projection. We bound
[Ls(r,s)l 1 ’
rs N (Rgnin)2

15125
H;

due to [Rsmin, Rsmax] C [Bins RO

min’ ~ “max

| C]3My, o[ from Lemma [2.2.12(a). Recall that
the correct integral weight in the Hilbert space Hj is %. Therefore, we estimate
0

I
Qs

rs

for some d-independent constant Cy > 0, which may change from line to line. We
now bound the remaining integral independently of § as well. To this end, we use
Lemma b), which asserts that the metric coefficients ps, pf, and A5 converge
uniformly to the pure Schwarzschild quantities u°, (u°)’, and A on ]2Mp, 0] as §
goes to zero; in particular they are bounded uniformly on [R?. RO 1. We estimate

Es < E% <1 on the steady state support and show that the area of integration

Qs ={(r,w,L) | r> R Es(r,w,L) < Eé}

min»

is uniformly bounded for small § €]0,do): For any (r,w,L) € €5, we have established
above that r € [R%. RO ] C]3My, o[, and thus

min’ * “max
Lo<L=r1? (Ege_m's(”) —-1- w2) < p2e2ms(r) < Co,

which then yields a bound for w. After possibly shrinking Jp, we conclude that

| L5(r, 5)|

< 2
rs > 0057 (7’, 8) 6]07 OO[ )

from the considerations above, (5.34)), and since ®(, is continuous. Inserting this estimate
into (5.33) and again using the uniform bounds on the metric coefficients, implies that

1Kl L2 ([0,002) < Co.

By choosing §g < C%? we can apply Corollary and obtain the linear stability of f;s
for 0 < 0 < dg. L]

In order to show linear stability in the setting above, a different approach consists
of deriving a coercivity estimate for Ls for small values of §. In fact, the methods
used in [53] 54] simplify considerably in the case of a Schwarzschild-singularity, and one
obtains a result similar to Theorem [£.4.11
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6 On oscillating solutions

The definition of a good
mathematical problem is the
mathematics it generates rather than
the problem itself.

Andrew Wiles

With the main results from Chapter 5| at hand, the goal of this chapter is to obtain
oscillating solutions to the linearized Einstein-Vlasov system, as introduced in Chapter
This part and its results are entirely new and not yet part of previously published work.

We aim to show the existence of oscillating solutions and therefore restrict the investi-
gation to singularity-free equilibria which are isotropic and sufficiently regular. However,
we are certain that most of the upcoming arguments carry over to more general station-
ary solutions by more technical and elaborate reasoning.

For the Einstein-Vlasov system, the question whether galaxies can oscillate has not yet
been considered in the literature. For the related Vlasov-Poisson system, the investiga-
tion of oscillating modes was initiated independently in [55] and [69] where an approach
similar to that of Chapter |5 was used. The authors search for isolated eigenvalues in
the principal gap 10, inf(cess (ﬁ))[, where £ is the Antonov operator corresponding to the
Vlasov-Poisson system, similar to £ for the Einstein-Vlasov system. In order to infer the
existence of eigenvalues in the principal gap, the authors assume certain monotonicity
properties for the period function. Without needing prescriptions on the period function,
oscillating modes are rigorously established in the planar case studied in [55, Thm. 8.13]
and for small shells with constant angular momentum surrounding a point mass [506,
Thm. 1.2].

On a related note, we mention that there is research on the quantitative behavior
of collisionless matter in an external potential where self-gravitation is neglected. For
example, the Einstein-Vlasov system without self-gravitation and with a central black
hole is studied in [10T), 102]. In this situation, it is shown that phase-mizing occurs,
which is strong evidence against the existence of oscillating modes. Whether this is
also the case for stationary solutions with a Schwarzschild-singularity, as constructed in
Section is an open problem. It seems as though that the self-gravitation plays a
major role for the existence or absence of oscillating modes.

This chapter is structured as follows: In Section we specify the class of isotropic
stationary solutions which we consider, and we describe the general idea behind our
method. In Section we prove some preliminary results: We approximate the
quadratic form corresponding to the Antonov operator with smooth test functions and
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6 On oscillating solutions

show that the projection onto ker(B) can be characterized by a fixed-point equation.
This yields the continuity of this projection in the redshift. In Section we apply
this to prove the existence of oscillating solutions by a continuity argument along the
redshift.

6.1 The class of steady states and methodology

Instead of investigating one single steady state as in the previous two chapters, it is
essential for our approach to consider a family of equilibria, since we want to make use
of continuity arguments along this family.

More precisely, let (fx)x>0 be a x-family of steady states, as given in Definition
and employ the notation mentioned there, i.e., every quantity corresponding to the
steady state fy is labeled with a subscript x unless stated otherwise. We do the same
with every operator appearing in the previous two chapters because they obviously also
depend on k. We demand that f, fulfills similar assumptions as in Section 4.1

(S1’) For every k > 0, the steady state f,; has strict single-well structure, as introduced

in Definition a).

(S2’) For every 0 < k1 < kg < 00, there exists C, ¢ > 0 such that
c<T.(E,L)<C, (E,L)eQFL ke [ni,ro.

The period function T} is defined in (2.44)), and QFL is the set of relevant (E, L)
pairs, as defined in ([2.43]).

(S3’) The ansatz function ® is continuously differentiable on ]0,00[ with ® > 0. In
particular, the microscopic equation of state ¢y, is continuously differentiable with
respect to E on QFF with ¢/, = dpp, < 0 on QFE. On R?\ QL we set ¢, == 0.

(S4’) The steady states are isotropic, i.e.,

fﬁ(xa U) = QOH(EH(xﬂ}))v ('1"7 U) €y,
where €, is the interior of supp (fx), defined in (2.41)). In particular, Ry min = 0.
(S5’) There exists C' > 0 such that | (E)| < C for every x > 0 and E € [0,1].

Let us comment on these conditions which are very similar to the ones in Section 4.1

We refer to Remark for a related discussion of [(S1’)H(S3’)

Remark 6.1.1. Conditions[(S1°) and[(S3) are essentially the same assumptions as[(S1)]
and extended to a family of steady states. In we demand that the period
function is uniformly bounded from below and above on compact k-intervals. We have
discussed the problem of bounding the period function in Section and refer to Propo-
sitions |3.2.9 and |3.2.10} in particular. Conditions|(S4’) and|(S5°) are easily satisfied by
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6.1 The class of steady states and methodology

choosing an appropriate ansatz function ® and are imposed because of technical conve-
nience.

We now describe the strategy for obtaining an oscillating mode for the linearized
Finstein-Vlasov system by applying the techniques and results from Chapters [3] to
Consider an eigenvalue v > 0 of the Antonov operator £, with eigenfunction g € H.
Then

ft)=eVitg, teR, (6.1)

solves the second-order linearized system (4.16)), and we get a solution which is periodic
in time with period 2—7; In other words, the solution’s amplitude oscillates in t. Real

oscillating solutions are obtained by considering

Re(f(t)) = cos(v/vt)g, Im(f(t)) =sin(y/vt)g, teR. (6.2)

We refer to a solution of the type or as a (linearly) oscillating mode or
solution corresponding to the underlying steady state. By means of the linearization,
the oscillation is only visible in the magnitude of the solution f, whereas the support of f
is fixed by the support of the underlying steady state. Numerically, it seems as though
oscillating behavior also happens in quantities such as the maximal radial expansion
for the non-linear case. This behavior can be reconciled by considering a different (but
equivalent) linearization method, as discussed in [55, Sc. 3].

In order to determine the existence of an oscillating mode, three observations for
steady states as above are key:

(i) The steady state f; is linearly stable for small and linearly unstable for large values
of k by Theorem

(ii) The essential spectrum is (uniformly) bounded away from zero on compact k-
intervals by Theorem [4.3.18] and [(S27)]

(iii) Every element outside of the essential spectrum oess(L) corresponds to an isolated
eigenvalue by the standard min-max principle [88, Thm. XIII.1].

Now follows the general idea: If we assume that the infimum of the spectrum inf(o (L))
is continuous in k, we know that an eigenvalue must depart from the essential spectrum
at some value kqsc and eventually turn negative at some larger value kg, which induces
the linear instability. Since inf(o (L)) < inf(oess(Lx)) is an isolated eigenvalue by (iii),
this yields an oscillating mode for the linearized system, as described above, for some
intermediate values that satisfy kese < K < Kg. The continuity of the infimum of the
spectrum of £, should therefore be sufficient to infer the existence of oscillating solutions.
This idea is illustrated in Figure [6.1] and sounds intriguing at first glance.

However, we are not able to show the continuity inf(o (L)) directly and do not know
if this is possible with the current techniques. This difficulty can be attributed to the
fact that the Antonov operator is an unbounded, densely defined operator and thus
hard to control. At this point, the Mathur operator approach from Chapter [5| comes
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W

Rosc Ko R

inf(o(Ly))

Figure 6.1: Depiction of the idea behind obtaining an eigenvalue that induces an os-
cillating mode. At kosc an eigenvalue departs from the essential spectrum
and becomes negative for kK > kg, i.e., the steady state f, becomes unsta-
ble. An isolated eigenvalue exists in the principal gap |0, inf(cess(Lx))[ for
all intermediate values kose < K < Kg-

in handy. As the Mathur operator M, is much better behaved, see Lemma and
Proposition we instead aim at showing that || Mj|| is continuous in x. By the
intermediate value theorem and Theorem we obtain a (minimally chosen) value
ko > 0 such that ||My,|| = 1, which is equivalent to inf(c(Lx,)) = 0. For small values
of € > 0, we then show the existence of a test function f € H,,_. such that

0 <inf(0(Lry—c)) < (Lrg—cf, f>Hm075 < inf(Oess(Lro—c))

via an approximation result for the quadratic form of the Antonov operator. In conclu-
sion, we obtain the existence of an isolated eigenvalue and thus an oscillating mode.

The attentive reader will have noticed that—in the Mathur operator—the orthogonal
projection onto ker(B) occurs. More precisely, we need to show that

1T, =Tl (\%!Ene‘“_“"ﬂ[o,s})

is continuous in k in an appropriate sense for fixed s > 0. It is important to note
that the function spaces depend on x, which is why we have to reformulate the analysis
to an unweighted L?-space over R3 and take care of the different function spaces by
including indicator functions as well as the correct integration weights. By combining
Lemmas 4.3.8] and 4.3.9 we are able to derive a fixed-point equation for the generator
g, of IIZ characterized by a compact fixed-point operator. This compactness then yields
the continuity in » in an unweighted L?-space. These technical and lengthy arguments
will be thoroughly treated in the next section.
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6.2 Preliminary results

6.2 Preliminary results

Before we perform the search for an isolated eigenvalue in the spectrum, as described
in the previous section, we need to provide some preliminary results that extend the
knowledge from Chapter 3| and Section As mentioned above, we want to infer the
existence of an oscillating mode by a continuity argument in &, for which we need to
control the quadratic form corresponding to the Antonov operator and the orthogonal
projection II, onto ker(B,). However, II,; is not known explicitly, which makes this
endeavor much more challenging, as we have to show continuity through some involved
arguments.

We first recall the necessary properties in x from Chapter [3] apply them to our specific
situation described in [(S1°)H(S5’)} and gather them in the following lemma for future

reference.

Lemma 6.2.1. Consider a k-family which satisfies|(S1°)H(S5’). For ko > 0 and € > 0,
there exist 6 > 0 and compact sets K, U as well as a constant C > 0 such that the

following holds for every k > 0 with |k — Kol < 0:
(a) K C Q. C U with ffoK\K drdwdL < & and Ry max < Ry max + 1, as well as

dwdL < ¢,

{(w,L) | (ryw, L)€ Q\K}

for every r € [Ry; min, Ry max) -

(b) The steady state quantities
[HO - 57 Ko + 6] X [07 Rmo,max + 1] = (R7T) = :U/K,(r>7 /’L:ﬁ)(r)7 AH(T)7 pli(r)a pli<7n)

as well as

N

(ko — &, k0 + 8] X K 3 (k,7,w,L) = Ex(r,w, L), | (E(r,w, L))]

are bounded and uniformly continuous. The latter mapping is uniformly bounded
away from zero.

(¢) The period function
[ko — 6, k0 + 0] x K > (k,7,w, L) = T,.(Ex(r,w, L), L),

1s uniformly continuous as well as bounded from above and bounded away from
zero. For fived (k, E,L) € TEL, the angle function 0.(-, E,L) is continuous with
0<0.(-,E,L) < 3; recall (3:28) for the definition of T*L.

(d) The solution to the characteristic system (4.17))

[0,1] X [kop — 0, k0 + 6] Xx K 3 (0, k,7,w, L) — (Rx, Wy)(0, Ex(r,w, L), L)
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18 bounded and uniformly continuous.

(e) For every r €10, Ryymax + 1], it holds that
7T2/ / |l (Ex(r,w, L))| dwdL < C.
™ Jo JR

(f) For every f € Hy, it holds that

Rno,max“l’l Rno,max+1 %
/ phwwgct/ p . (M2r2dr) < C|flu,.
g 1l 0 i

Proof. We first note that all the properties necessary to apply the results from Chap-

ter [3] hold due to [([ST)H(S5)] Part [(a)] follows directly from Lemmas [3.1.5 and [3.2.1}
The uniform boundedness and continuity in @ holds according to Proposition

and . Note that the compactness of K implies that the energy is bounded strictly
away from the cut-off energy E*, and thus |¢’| > ¢ for some constant ¢ > 0. The conti-
nuity of the period function and angle function is shown in Propositions [3.2.7) and [3.28] -,
respectively. The lower and upper bounds of T" are prescribed by |(S2’) m Lemma
and the continuity of the period function yield the claim in @; recall the discussion at
the beginning of Sectlon E 3| for the relation between (2.42)) and ( - The claim in @
is a consequence of | . and Q, C U, since the mtegral over the (w, L)-support yields
a r2-term, see also and the discussion thereafter.

The proof of [(f)] rehes on similar techniques as that of Lemma 4.3.6(a)l Due to the
uniform bound of the radial support, we obtain

Rucgmax-+1 Rucgmax-+1 3
/ p, . (rrdr<C / p(r)2ridr) . (6.3)
0 £ 0 |£]

The density py can be estimated by the uniform bound €2, C U and by the Cauchy-

Schwarz inequality via
2 3
< / / /] dw dL>
R |()0Ii

FCEET '%rmdﬂ< | [l
| f] r2 Jo Jr |l |2
1
o) s 2
([ [y
r 0 R ‘90/1|

for every r > 0, where we employed @ and in the last step Plugging this back

into (6.3)) yields

Rno,max‘f'l 2 RNO max—+1 1
</ p (r)rdr) < C/ (/ / |f|2dde>r dr =C| fl3..
0 Il 0 R |(pn

O

N|=
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6.2.1 Approximating the quadratic form

In the next lemma, we provide the necessary tools in order to control inf(o (L)), when
k is close to a fixed value k9 > 0. We do this by approximating the quadratic form with
smooth functions.

Lemma 6.2.2. Consider ko > 0 and go € He, N D(Tx,). For every € > 0, there ezists
an odd-in-w function g € C°(Qy,) and 6 > 0 such that for every x> 0 with |k — ko| < 0
it holds that

(i) g € C& (o N ),
(ZZ) |<BK/0907BH090>H,§0 - <BI€97859>H&| <g,
(lll) ’<R5090’gO>HNO - (Rfﬂg) g>HN| < €.

Proof. In order to shorten notation, we write a subscript 0 instead of ¢ for the necessary
operators and quantities. Let ¢ > 0 and k9 > 0. By the approximation result in

Proposition [4.3.5(c)| there exists g € C°(Qp) with
90 = 9l o + [1Bogo — Bogllmo < € (6.4)

and
9l o + 1Bogll e + [10r9ll 1y + 10wgll, < C (6.5)

for some constant C' > 0, which is independent of e. Since gg is odd in w, we can assume
the same for g by restricting g to its odd-in-w part. For the fixed value of €, we choose
d > 0 and a compact set K according to Lemma [6.2.1§(a)| with the additional property
that supp(g) C K C Q, for every k > 0 with |k — kg| < §. In particular, we have
g € CX(QoN Q) for |k — ko| < 0. As to part (ii), we estimate

[(Bogo, Bogo) #to — (B9 Bughi| < |I1Bogolh, — 1Bogll, | + [1Bogllis, — 1Bugll, |- (6.6)

The first term can be controlled by

1Bogol%, — 11Bog %, | = (IBogolli + I1Bogllse )| 1Bogoll o — 1Bogl

< C||Bogo — Bogllm, < Ce,

with C' > 0 independent of ¢ due to (6.5)). The last two steps follow from the reverse

triangle inequality and from (6.4). We introduce the shorthand (v) = /1 + w? + T% and
note that the steady state supports and metric coefficients can be bounded uniformly
in Kk and ¢ by applying Lemma (e.g. with ¢ = 1.). Since ¢ is odd in w and
supp (7xg9) C K, we estimate the latter term in by

/], <wzf<zm(g°g)2 - \sof:;m (B“g)2>drdw“’
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= 472

Ao Ak
/], (V%e(Eo)l (Tog + 09" ~ [y (oo + S”g)2> et

et 9 e 9
—(S09)* drdwdL 757(Skg)” drdwdL|,
Qo\K |0l Q\K [

where we recall the operator S, from Definition [4.2.2(b)l The latter two terms can be
estimated for every x > 0 with |k — ko| < J via

Ak
/// e—I(S,{g)2 drdwdL| < C’/// lon | |jg(7‘)|2r2 drdwdL
Q\K |k Q\K

Rn,max

<C ; // dwdL plg\(r)2T2 dr < Cel|g||3, < Ce

{(va) | (T‘vw:L)e QK\K}

by using [(S5’), Lemma [6.2.1f(a)| and (6.5). It remains to estimate the first term
in (6.7, which we split further into

6)\0 2 6)\“ 2
=1 (Tog + S09)” — 5~ (Teg + Sk drdwdL
/1], (\%(Eo)’( 09+ 509" = 1@ T g)) e
Mo By
<< [f] @™ - i o
@l P e )
v [[[ |icbEnietnors - g Bjeror
K
4 C’/// ‘62%”’\0769 R
K

=11+ 1+ Is.

472

drdwdL

jar? drdwdL

|7g|r drdwdL

We treat the terms I, I, I3 separately. To begin, we expand the square of the transport
operator in I; and obtain

el

2;},0 )\0 eQNn_)\m

I% Eo)|  |#L(Ex)]

w L \?

)~ o ] (02 0u)? drdwa
— [ Taw
T ) Tt "
2,“40 Ao €2MN7AH

drdwdlL.

/
u - I
0B le(B)"

Owyg (w(?rg + 8w9>

According to Lemma the factors depending on & in the integrands are uniformly
continuous over [kg — d, kg + 6] X K. This implies that, for 6 > 0 small enough, we have
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62/140 —Xo 62/1«14_)\&

62/»LO_)\0 /N9 62,“.»@_)\14
— +
lo(Eo)| [l (Ex)l

(10)* — 757~ (1)
o(Eo)[ ok (Ex)|
62/1'0_)‘0 , ezﬂn_)\n

+ 1o — 1,
[oh(Eo)| " @k (B

< emin(1,d?)

on K for |k — ko| < §, where we defined

d= min 71> 0;
(row,L)eK
note that this distance is positive since K C Q, C]0, 00[xRx]0,00] is compact, and
recall that K and e are fixed throughout this whole process. In addition, we can bound
the values of T% on K uniformly in & as well due to T% < e 2 Tnserting this into
the estimate for I; above yield that

. 2 2 (811)9)2 2
I < Cemin(1,d”) (&g) + 2 + (0wg)*| drdwdL
2
< Cemin(1, d?) / / [eolEol | 5 2 + (8“’29) + (9wg)?| drdwdL
K leo(E d

<ce [[[ i@ + <awg>2< drduwdlL < Ce(|0,gl%, + ugl) < Ce
K |‘P0(E0)’

due to|(S5’)[ and (6.5)), with C' > 0 still independent of . For the term I, we make ¢
sufficiently small such that

4M0+3)\0 ) ‘64MH+SAKZ

[leh(Eo)le™ ™ — | (B <e

on K for |k — ko| < 0, as above. This immediately implies
RO,max+1
B<Ce [T i)t dr < Celglfy, < C:
0

because of [j| < Pis and Lemma as well as (6.5). The final term I3 can be

controlled analogously. Skipping over similar estimates, we obtain

K

The Cauchy-Schwarz inequality, uniform continuity, and r > d on K yields

(\arg\ 1 %ugl \awg) ol drdwd.

RO,max+1
I3 < Ce(||0rgl 1o + ||3w9||Ho)/ g (r)[Pr? dr < Ce
0

as above with I; and I5. In conclusion, we deduce (ii) by putting the estimates above
into , since C > 0 is independent of e.
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6 On oscillating solutions

It remains to show that (iii) holds as well, for which we first estimate

’<R090590>H0 - <Rlig7g>Hn| S |<R090790>H0 - <RDg,g>H0| + |<Rogvg>HO - <Rﬁgag>Hn’

< 1672 / ot MO0 2y + 1) |2 — 3|7 dr
0
+ 1672 / e e300 (21 + 1) — €Mt 2+ 1) 22 dr.
0
Choosing § small enough guarantees
‘63“0“‘0(27"/16 + 1) — 3T (2 + 1)‘ <e

on [0, Romax + 1] for |k — k| < 8. In addition, |j2 — j2 | = |jg + jglldg — Jgol, the
Cauchy-Schwarz inequality, and Lemma [6.2.1{(f)| imply

[{Rogo, 90) o = (Recgs 9) .. | < Clllgollm + gl )90 — 9l + Cllgllir,e < Ce

for |k—ko| < 0, where we used (6.4]) as well as (6.5)), and C' > 0 is independent frome. [

It is now easy to infer the analogous result for the Antonov operator £, by combining
(ii) and (iii). This might also be useful for further applications beyond this work.

Corollary 6.2.3. Consider ko > 0 and go € Hy,. For every € > 0, there exists an
odd-in-w function g € C°(Qy,) and 6 > 0 such that g € C(Qy, N ) and for every
k> 0 with |k — Ko| < 0, it holds that

[(Lxg, 9, — (Lro90, 90) H,, | < &

Proof. This follows directly from the skew-adjointness of B, and the application of
Lemma [6.2.2] O

Remark 6.2.4. At first glance, it is rather disturbing that Corollary[6.2.3 is not suffi-
cient to show that k — inf(o(Ly)) is continuous which would save a lot of work. Consider
the same setup as in Corollary[6.2.3, where g and gy are normalized. Moreover, choose
9o € Mo with (Ly,90, 9o) H,, < inf(o(Ly,))+e. On the one hand, we immediately obtain

inf(o(Ly)) < (Lr9, 9) b, < (Lro90s 90) H,,, + € < Inf(0(Ly,) + 2,

which implies upper semi-continuity of k — inf(o(Ly)). On the other hand, we cannot,
for example, rule out

lim inf(o(Ly)) < inf(o(Ly,)),

/{Zmo
as illustrated in Figure[6.2 It is easy to see that, in this case, Corollary[6.2.5 can still
be wvalid, but k — inf(o(Ly)) is not continuous in kg. We do not know if and how
this conundrum can be resolved directly. We work around the problem by employing the
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Mathur operator approach developed in the previous chapter. Despite this observation,
Corollary[6.2.53 will still be crucial in Section[6.3 for showing the existence of oscillating
modes.

inf(o(Ly))

L 4

Figure 6.2: A conceivable behavior of inf(c (L)) along the redshift x, which does not
violate Corollary The graph does not cross zero and the instability
arises “suddenly” for values k > kg. In particular, the strategy of obtaining
an oscillating solution by a continuity argument, as described in Section
does not seem possible in this scenario.

6.2.2 A fixed-point method for the projection operator

We now establish a fixed-point equation that fully characterizes the orthogonal projection
for some fixed value of the redshift s, and we afterwards show that this leads to continuity
of kK — Il in an appropriate sense. Only for the current section, we consider a fixed
value kg > 0, i.e., just the steady state f,,. In order to lighten notation, we change from
a subscript kg to a subscript 0 or leave out the index completely such that the notation
is the same as in Chapters [4] and

The central difficulty when considering the kernel K from is the term

s — n(|<p’|Ee*A0*#0]1[o7s]). (6.8)

Recall that Ry, = 0 holds due to isotropy. According to Lemma there exists a
unique function ¢° = ¢°(F, L) € ker(T) such that

Rmax
I1° = ¢° + 4n|@/|Ee0—Ho / eBroFr0)(@)p ()0 do. (6.9)
T
In this section, we show that ¢g° can be characterized by a fixed-point equation. As
mentioned in Section [6.1] one of the main objectives is to eliminate the dependency
on k in the function spaces H,. Therefore, we formulate the following results in an
unweighted L?-space which makes things more cumbersome to write down. The results
from this section could have been shown much earlier in Section but it did not feel

appropriate to include them there.
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6 On oscillating solutions

Definition 6.2.5. For s >0 and j € {1,...,5}, the auziliary operators G;(s): H — H
are defined by

(s,E,L)
(Gr(5)g)(r,w, L) = 2|¢|E / e~ Gt (R0)) g

]' Rmax
(Ga()g)(r,w, L) = —Ax| /| B / ¢~ Co-+110) (F(0)) / Bo+0)©), () dordh,
0 R(6)
12 g2 e2M0(R(9))  pmin(s,R(6))
(G3(8)g)(r,w, L) = 47T|<p'|/ E lI’Ff’(R(G)) R / 0'26_)\0(0)M27<p(0') dod®,
0 0

)
e 2o(RO)) [R(O)
L(R(e)) / O_Zpg(o_) do_de7
0
)

1 2
(Ga(s)g)(r,w, L) = —4“\‘P"/D : E R(0)

L g2 _ g2 R(6 62)\0(R( R(0)
(Go(ela)(rvw. 1) = 162y | [ BTN [T e man (o)
0 0
Rmax
. 6(3)\0+N0)("7)pg(n)ndn dodb

for (r,w, L) € R3, where E = E(r,w,L), R(0) = R(0, E,L), and we have introduced the
shorthand

Moy () 7"2/ /<1+w + >|g0( (ryw, L))| dwdL, r > 0. (6.10)

The fixed-point operator G: L?(R3) — L?(R3) corresponding to II is given by
G(s)h = 3 || 73 ZG ( —%°|<p'|%h). (6.11)

Recall the definition of the angle function # = 6(r, E, L) introduced in and its
continuous extension in the radial variable given in . We refrain from a derivation
of G(s), since Proposition shows why we have defined this family of operators as
we did. First, we prove that G(s) is well defined.

Lemma 6.2.6. For every s > 0 and j € {1,...,5}, the operators G;(s): H — H are
well defined with Gj(s) = Gj(Rmax) for s > Rmax. In particular, the fized-point operator
G: L*(R3) — L?(R3) is well defined with G(s) = G(Rumax) for 8 > Rumax-

Proof. Throughout the proof, C' > 0 denotes a constant depending only on steady state

quantities. The operators G; and G3 are constant. On the one hand, since the angle
function is bounded by %, we can bound G by

|G1(s)g| < Cl¢|.
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6.2 Preliminary results

On the other hand, for G3 we use Lemma in order to obtain M, < C, and
therefore

|Gs(s)g| < Cl¢|,

since the term R in the denominator gets canceled by the radial integral over . For the

remaining terms, we apply Lemma [6.2.1§(f) which yields

+ [ s+ loa(@))a?do < [ (lpy(o) + Ipyfo)hodo < Cllgla, +> 0. (612
0 0

r

due to |pg| < Pl This estimate takes care of G5, G4, and G5 simultaneously. For
je{l,...,5} and g € H, we therefore obtain

Gi(s)gl < C(L+Nlgllm) €], g € H, (6.13)
which implies G;(s)g € H with

1G;(s)glla < C(A+ [lglla), (6.14)

for every s > 0. When evaluating G; at s > Rpyax, we get 0(s, E,L) = %, and
min(s, R(0, E,L)) = R(0, E, L) for every 0 € [0,1] and (E, L) € QFF. Thus, G; does
not depend on s and G;(s) = Gj(Rmax)-

The well-definedness of G(s): L*(R?) — L?*(R3) now follows from

G ()hl| 2y < Ci |ci@ (e Fen)],
j=1

<o(1+|e e ) <+ IhleE)

for every h € L?(R?) after using (6.14]) and that =P ]go’]%h € H. O

We now show the fixed-point equation that fully characterizes the generator of II°,
as defined in (6.8). For the notion of the generator of a function in ker(B), recall

Lemma 438
Proposition 6.2.7. For s > 0 the following holds:

(a) If g° € ker(T) is the generator of I1°, the function

satisfies the equation G(s)h = h a.e. on Qg and h =0 a.e. on R3\ Q.
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6 On oscillating solutions

(b) If h € L*(R®) solves G(s)h = h a.e. on Qo and h = 0 a.e. on R3\ Qy, the generator
of II® is given by
s 2, 1
g =e 2|¢|2heH.

Proof. From the definition of the orthogonal projection, , and the uniqueness of the
generator, as shown in Lemma we deduce that ¢° € ker(7T) is the generator of II°
if, and only if,

RII\ a:

Ps(gs) — |<,0/|Ee_’\°_“0]1[o,s] _ <gs + 47T|(,0/|E€_>\0_u0/ €(3>\0+M0)(0)pgs(o-)g d0->
T

is an element in ker(B)*. By Proposition this is equivalent to
1 W2
/ <Ps(gs) + |<p’|e2“0<R(">)Aps(gs)(R(e))E) d6 =0 for ae. (E,L) € Q5"
0

where we employed the shorthand R(¢) = R(0, £, L) and W (0) = W(0, E, L). For fixed
(E,L) € QFF, we insert the formula for P*(g*) and arrive at

1
¢#(E.L) = ||E /0 ¢~ ot (RO | (R(0)) df

1 Rlnax
— 4r|'|E / o~ Co-+i0)(R(9)) / eBrotu0)@p ()0 dodd
0 R(0)

1 2 W2
1) /0 E \I'EL(R(H)) <)\|¢,|E6A0MO]I[O’S}(R(O))—)\QS(R(H))

— 47T)\|Lp’|E6_>\0_‘u‘0 faRmax e(3>\0+,u.0)(n)pgs (n)ndn(R(e))> d9
(6.15)

Here we have used that ¢° = ¢°(F, L), according to Proposition 4.3.2(e)|, and the identity
e2ro(RO)W?2 = F2 — W2 (R(6)). For the first term, we note that the integrand is even in
w such that

1 1
/0 ot ROV - (R(9)) df = 2/02 e~ Qo) (RO | (R(6)) db;
recall (4.12). The following cases can appear due to r_(E,L) < R(6,E,L) < r (E,L):
If s < r_(E,L), the indicator function vanishes on [0,1], and if s > ry(E,L), the
indicator function is always 1. In the remaining case, where r_(F,L) < s < ry(F, L),
the indicator function vanishes for > 0(s, E, L). In all three cases, we conclude

1 \ ) 0(s,E,L) \ 0
/O e—(Rotro) (R( ))1[0,5](R(9)) do — 2/0 e~ (Rot10)(R(0)) do, (6.16)
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because of the continuous extension of the angle function in (3.30). Moreover, from the
explicit formula in (4.8)), we get

B 47r62/\0(r) /mln(r,s) 6_()\04_#0)(0)
0

2
)‘|g0’|Ee*>‘0*M0]1[OYS] (r) = ., pl@’IE(U)U do

2Xo(7) min(r,s)
_ 4”% / e MO, (0)02 do (6.17)
0

as well as

A

Can— R r
|| Ee=*0~H0 fg max 6(3A0+uo>(n)pgs(n)ndn( )

2Xo(r)

s Rmax

Ame2o(r) 7 Rmax
—Wi/o Uge_AO(J)Mw(U)/ B o0 (m () dndo, (6.18)

for every r > 0, where M , is defined in (6.10). Putting the three identities (6.16[)—(6.18)
back into (6.15)) yields that g° is the generator of I1° if, and only if,

for the auxiliary operators G; introduced in Definition From this, the claims in
(a) and (b) follow immediately when we consider the different weights that appear in
the operator G(s). O

We need to analyze the fixed-point operator G(s) further in order to find out more
about the generator of II°. In fact, we establish a compactness result for G(s), which
will play a crucial role later when proving a continuity result for II° in the redshift .

Lemma 6.2.8. For every s > 0, the operator G(s): L?>(R3) — L?(R3) is compact in the
sense that
G(8)hy — G(s)h in L*(R3) for n — oo,

if hyy — h in L*(R3) for n — ooE|
Proof. Let h, — h in L*(R3) for n — oo. From the definition G(s) in (6.11]), we have

Ao

|G (s)hn — G(s)hll ey < > G (e F I — b))

1
' je{2,4,5}

)

L2(R?)

Note that G(s) is not linear but includes affine terms that do not depend on the argument. Com-
pactness for G(s) thus refers to compactness in the sense of affine transformations which is defined
analogously as for linear operators.
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6 On oscillating solutions

since the terms involving G1(s) and G3(s) vanish in the difference. We consider the
three addends separately. Throughout the proof, C' > 0 denotes a constant which may
change from line to line and is independent of n. The weak convergence implies

Rmax
e (3X0+40)(r)
R(0,E,L) o ‘@‘Z(hn—h)( )TdT
BA+H0) (1) ﬂ[R(@EL) Runa] () W
<C 0THO Wh@ | (hp, — h)(r,w, L) drdwdL
Qo

<C — 0, n— oo,

<]lQoe(3>\o+#o)(T) —]I[R(e E\L), Fmax] v ¢’ |2 - h>
r (v) L2(R3)

for a.e. (0, B, L) € [0,1] x QFL. In addition, Lemma yields the bound

Rmax
/ Bty (r)rdr| < Cl[(hn = W)@ |2 [l < Cllhn = hll2@s) < C

R(6,E,L) o2 (hn—h)

for a.e. (A,E,L) € [0,1] x QFF, since weakly convergent sequences are bounded.
Lebesgue’s theorem thus proves that

Rmax
li e(Brotho)(r) drdf = 0
Iy R65.0) Pt oo

for a.e. (E,L) € QFY, and this sequence is again bounded in n and a.e. in (E, L). By
again applying Lebesgue’s theorem and using |(S5’)] we obtain

max (3)\ +M )
"W/ /R D b gy (1T O

The term involving G5 can now be estimated by

1 Rmax
< Clo 1/ / (3Xo+p0)(r) d
=Gl o |/Re) ‘ Pt b iy 7V 4O

which converges to zero for n — oo in L?(R?) due to (6.19). Similarly, we estimate

1 Rmax
< Cgp’é/ 1 / Pl (0)o? do
0 R(@) R(6) |’12 (hn—h)

Analogous to the case above, we get

= 0. (6.19)
L2(R3)

lim
n—oo

)\

1 Gals) (¢ ¥ |91 (hn = 1) o,

|<P|2

Lo
2

de.

FGa(s) (e F 11 (i — 1)

|3
(6.20)

1 (9 E L) )
A R0, 5, / Plorth ) (07 40 =0
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for a.e. (6, E,L) € [0,1] x QFL, where the integrable majorant is obtained by

1 R(6,E,L) )
RO,E,L) /0 T GO

after again using Lemma [6.2.1(f)l From this point, we continue as with G2 to obtain
convergence of (6.20)) in L?(R?).

For the last term G5, we proceed in exactly the same manner, but we have to elim-
inate one more radial integral; recall that M, is uniformly bounded, as shown in

Lemma O

We emphasize that we change back to the notation mentioned at the beginning of
Section since we now consider a family of steady states (fy).

R]’l’l&x
< 1 olodo < (C
- /0 CTICILLL

6.2.3 Continuity of the projection operator

The goal of this subsection is to show that the projection term
I o= T Il Bee ™10 ) (6.21)

is continuous in k for every s > 0. From Lemma we know that II7 is characterized
by its generator g = g3(E, L) € ker(T) via

RK,,H[&X
15 = g5 + 4n|@l | Exe e / 6(3>\“+““)(0)p92(0)0 do. (6.22)
T

The procedure is as follows: We consider a sequence (k,,) C |0, oo[ such that x, — ko > 0
and show that the corresponding generators (g;, ) are bounded uniformly in n. We then
extract a weakly convergent subsequence from (g; ) and use that G(s) is compact in the
sense of Lemmal6.2.8] From the fixed-point equation and a “sub-subsequence” argument,
we obtain the continuity of the generators in «, which consequently yields the continuity
of II7. We start by bounding the generators uniformly in x. The proof involves many
properties of the operators derived in Section and relies on a Sobolev-embedding in
the angle-variable.

Lemma 6.2.9. Let kg > 0 and s > 0. There exist § > 0 and C > 0 such that for every

|k — Ko| < § the generators g& corresponding to 1L, satisfy

lgillm, < C.
In particular, the functions
Ak _1
hy=e2 || 2gs
are uniformly bounded in L*(R3) for |k — ko| < 9.

Proof. Throughout the proof, C' > 0 denotes a constant which does not depend on x > 0
with |[k—kg| < 0 and may change from line to line. Lemma yields that the generator
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of II7 is given by the equation
1 Rm,max
GE.L) =105 B.L) — anll (B D) P (ods (6:23)
TK7+(E7L) K

for a.e. (E,L) € QFL. In the first step, we control II5(5, E, L). Due to the fact that
IT? € ker(B) C D(T) and because of Proposition [4.3.2(d)| we obtain

Hi(v E?L) € H91

for a.e. (E,L) € QFL where H} is defined in (£19). The Sobolev embedding
H'(]0,1[) < C([0, 1]) implies the existence of C' > 0 independent from (E, L) with

50, E, L)| < CIMG( B, L)l gy, 0 €10,1],

for the continuous representative of II*(-, E,L) and a.e. (E,L) € QFL. We express
the norm of II? in action-angle type variables, see Lemma [2.3.17|(c), and consequently

estimate
1 2
Hm() = 4n? // ( E L> dOdEdL
2 QEL |(»0/£
< 2 (-, E, L)||%1 dEdL
C [, 1o (D et B Dl apa
// ToE, L) / 1I5(0, B, L)|* + |0p115(0, E, L)|*) dOdEdL
osL |k (E,L)|
= C(III |17, + 1061157, ) - (6.24)

The more difficult part is to control the derivative dgll. We apply the representation
of elements in ker() given in Lemma [1.3.§)(a) to II$ and differentiate this relation in 6,
which yields

Rn,max
OpIIE (0, E, L) = 4r|o | E Op / 62/\”(U)pns (0)odo
R« (0,E,L) K

= —dn| @), |E (09 Rx) (0, B, L) OBy (R.(0, E, L)) Ry (6, E, L)

= —dr|gi|(CHAIRIT W, p (R) R ) (0, B, L),

where we used the characteristic equation (4.17a). Because of Lemma we bound

A E) 7 < O

independently from x and (0, F, L). By assumption|(S2’), the period function is bounded
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uniformly as well. In conclusion, we have
G115 ] < Cllel 7 Ipy, |
a.e. on {2,. Therefore, Lemma implies that

00T 1, < Cllghel oy, 1. < Clr g 220 ey < I,

after possibly shrinking . Together with (6.24), we get

1
)
2 H

and have thus eliminated the derivative along 6. Equation (6.23) and estimate (/6.25))
yield

< Ol . (6.25)

K

195l =

1 Rn,max
1 (5o ) —arleldie [ O @) do
Tk, + r

1
< \\H?<2’E’ L)\

for every k > 0 with |k — ko] < d which again is due to the bounds and estimates
established in Lemma In the final step, we use that the operator norm of an
orthogonal projection satisfies ||II|| < 1, which implies that

Hy

< O],
Hi

Rﬁo,max“l‘l
; OHW / by, (o) do
K 0 ®

H,

92, < CIMElm, = Oy (1 e 1)

Hy
< Ot Bee 1, <
due to Lemma[6.2.1[(b)] and [(e)] The last claim in the lemma follows immediately since
lg5llm, = P3| L2 (rsy by definition. d

Before we can finally come to the continuity of the generator g in s, we have to further
investigate the fixed-point operator. We first show a boundedness result for G(s) in an
appropriate sense.

Lemma 6.2.10. For kg > 0 and s > 0, there exist § > 0 and C > 0 such that for every
k> 0 with |k — Kko| < ¢ it holds that

1
|Gr(s)h] < Clgil> (1 + [hll2gs)),  h € L*(RY),

almost everywhere.

Proof. The proof comes down to similar arguments that were already established in
the proof of Lemma [6.2.6, now being applied locally uniformly in k. We thus keep
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6 On oscillating solutions

the reasoning rather short. By making § small enough, we can uniformly bound the
metric coefficients in x and in r due to Lemma Recall the auxiliary operators Gy, ;
defined in Definition which now depend on « as well. For fixed h € L?(R?) and

G = e_%ﬁ|g0;|%h, we get
|G (5)gxls 1Gr3(5)gx] < Cleyl,

almost everywhere. Here, C' > 0 is a constant which does not depend on x or h and may
change from line to line. From Lemma [6.2.1(f)] we get

1 T 9 Rn0+max+1
+ [ oo+t in < | (1952 (0)| + Ipy. () )7 dor < Cllgils,
(6.26)
for r > 0. As in (6.13]), we thus obtain
|Grj(5)gxl < Cleil(1+ llgullm.) < Clegl (1 + |17l L2(rs)),
a.e. for j € {1,...,5}. In particular,
1 5 1
(Gr(s)h] < Cleil 72 Y |Gk ,j(5)gx] < Clepl2 (L+ [[Bll p2re))- O

j=1

Next, we show that G (s)h is continuous in x for a fixed choice of h. From this point
on, the continuity and differentiability results from Chapter [3| are indispensable.

Lemma 6.2.11. For s > 0 and ko > 0, it holds that]

lim [|Gy(s) — Go(s)|| = lim  sup  [|Gu(s)h — Gy, ()R] L2msy = 0.

K—KQ K—KQ h€L2 (Rg)

HhHLQ(RS):l

Proof. Fix kg > 0and ¢ > 0. Let h € L2(R3) with Al z2(rs) = 1 be arbitrary. According
to Lemma [6.2.1f(a)| there exists a compact set K and § > 0 such that for every x > 0
with |k — ko| < § it holds that K C Q, and

/// drdwdL < €.
O\ K

From the definition of G(s), we get

|Gr(s)h — Gro ()R] L2 (w3
< |Gr(s)h = Go(8)hl L2 x) + 1Gr(8) Pl 200\ 1) + |Gro ()Pl 20, \ 1)

2For linear operators, this corresponds to continuity in the operator norm. Since G, is affine linear,
this can be interpreted as an analogous result.
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and estimate the latter two terms via the bound from Lemma [6.2.10] which implies the
existence of C' > 0 such that

1
Gk (8)Pll 200 k) < Cll ekl 2 20 k) < Ce

for every |k — Ko| < d small enough due to |(S5’)l Note that C' does not depend on h
because of ||h[|2gs) = 1. Since € > 0 is arbitrary, it is sufficient to show that

sup  ||Gi(s)h — Gry ()bl r2(x) = 0, K — Ko, (6.27)
heL?(R3)
||h||L2(1R3):1

where K is now a fixed compact set. From now on, we do not write the index xg anymore
but instead the index 0 for better readability. The constant C' > 0 does not depend on
k or h and may change from line to line.

We analyze the five terms appearing in definition (6.11]) separately, now restricted to
the compact set K and h € L?(R3) with 1Al L2 ®s) = 1.

Term no. 1: As to the first term, the estimate

Ak _1 _ s 1 20 _1 _2o 1
E Il 3 G (5) (7 E @) — ¥ bl EGoa(s) (e F Ieh 20|

An N 0x(s,Ex,L)
2% |l |} E, / o~ Ot (B0, EL) g9
0

00(s,Eo,L)
_Qe?l%léEO/ T e Goto o0, g
0

L*(K)
< CHe%ﬁ\so;I%En - 6%0%06!%]50‘
L*(K)
L [Ox(s,Eg L)
I
00(s,Fo,L) L2(K)
. (bo(s,Eo,L)
el IPAL: / (ef@wa(m(oﬂmm) _ e*(/\o+uo)(R0(9,Eo,L))) 40
° L2(K)
= In+hLa+ 3
follows from the (uniform) boundedness of the metric coefficients, 6, < %, and the

triangle inequality applied twice. The term I;; converges to zero due to the uniform
continuity of the integrand in x over K, as discussed in Lemma which also yields
bounds on u, and A;. These bounds imply

0« (s,Ex,L)
/ e~ Ant) (B(0.8x.L) g9\ < C|0,,(s, B, L) — 00(s, Eo, L)|.
0o(s,Eo,L)
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6 On oscillating solutions

We claim that the right-hand side converges pointwise to zero for kK — kg a.e. on K.
In the case where s €|rg_(Eo, L), 70+ (Eo, L)[, this follows from the continuity of the
energy, 7+, and the angle-function, as shown in Corollary and Proposition
If s < ro_(Eo, L), we have lim,_,,, 0x(s, Ex, L) = 0 = 6o(s, Eg, L) by (3.30), since
T,— is continuous. Similar reasoning yields limy,_ ., 0x(s, Ex, L) = 1 = 6y(s, Eo, L), if
r0+(Eo, L) < s. The remaining edge cases form a set of measure zero in K. By using
the L'-majorant C|p}|, Lebesgue’s theorem implies I13 — 0 for kK — k. The uniform
continuity mentioned above further yields

0o(s,Eo,L
/ o(s,Eo )(e_()w—&—u,{)(Rm(G,EmL)) _ e—(Ag—l—pg)(Ro(G,Eo,L))) 40— 0. K — ko,
0

a.e. on K, and via the same argument as for I;2, we deduce convergence of I13 to zero.

Term no. 2: We proceed in similar manner as for the first term and estimate

Ar 1 Yy 1 Ao 1 _2o 1
e F 1o 5 Grals) (7 F Ikl 2h) — e ¥ b 2 Goa(s) (¢ ¥ il )|

L2(K)
Ak 7L Ag 7L
< O||(¢¥ 16kl B — e ¥ o 2 By

1 Rm,max
. / o (bt A) (R (0,5, L) / eBretu)@)y (J)gdadg‘

0 R (6,Ex,L) leil2h L*(K)
1
+C "P()’%/ (e_(ﬂm+)\n)(Rn(97EN7L))_6_(MO+AU)(RO(07E07L))>
0
Rm,max 5
/ e(2Anthn) () / %h(g)adgd(g
R (0,Ey,L) |0k | L2(K)
1 Rn,max
el At / ¢ (0+30) (Ro (6,0, L)) / (BN @y (o) do
0 R (0,E,,L) lekl2h

RO,max 5
_/ ez}t (5)odo | df
Ro(6,Eo,L) ool 2 h

12(K)
=: Io1 + Iog + Io3.

We observe that

Rn,max 5
/ e(BAetin) (@),
Re(0,Ex,L)

RO,max+1
(o)odo| < /0 ‘pw;'%h(a)‘a do < Cllh||lp2msy < C

1
[t Zh

for |k — ko| < 0 as per Lemma This together with the uniform bounds on the
metric coefficients implies that

= CIlh

Aeo g1 X g2
In < CH€ 2 gy |2 By — e \%PEO‘ L2
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which converges to zero for k — kg, as shown above. Similarly, we get that

1
I < CH]%]%/ (e—(unﬂn)(Rn(G,Eﬁ,L)) _ e—(uo-‘r)\o)(Ro(O,Eo,L)))de
0

L2(K)

approaches zero for k — kg due to the uniform convergence in the #-integral and
Lebesgue’s theorem applied with majorant C|¢p| in analogy to Ij3. The third term
I3 requires a more elaborate argument. We fix 6 € [0,1], (r,w, L) € K, and define

d:= min o >0.
(o,0,0)EK

For the fixed values E, = E(r,w, L) and Ey = Ey(r,w, L), we can estimate

ey 3n()7 o

Rm,max 5 RO,max 5
/ e(§>\n+ﬂm)(0)p 1 (0)odo — / e(§>\0+uo)(0)p
R (0,E,,L) lok|2h Ro(6,Eo,L)

= ~ 3 o ~ F 1
< C/o /R/O ‘(e(2>\n+ﬂm)( )|90;(E”(U’w’L))|21[RN(G,EN,L),RN,MX](U)

5 - o~ 1 h O',w,f/ T~
— €220 t0) |ty (o (0, @, L))|2 L5y (60,B0,L). Fo mas] (0’)> w dLdwdo

C o (o.9)
< —|lh
<9 ||L2(Rs></0 L]/

5 o ~ =y 1
— el2hotmo)( )’SDB(EO(anaL))’2]1[R0(9,E0,L),R0,max} (o)

5 o ~ o=yl
2| (Byo(0, @, L) |2 U R, (0.5,,L). By ns) (0)

2

2
didwda> . (6.28)

where we used the Cauchy-Schwarz inequality in the last step. The remaining inte-
grand converges pointwise to zero a.e. as k — kg because of Lemmas [3.2.1] and [6.2.1]
Condition |(S5’)[ and the various bounds mentioned above yield

5 NNt
2 X))\t (B, (o,w,L))|2 LR, (6,E,L), Rr.mmax] (T)

5 a1 s
— €220t (B (0, @, L) |2 LRy (9,50,L), Fo e (0) | < CLur(0, 0, L) (6.29)

uniformly in 6 € [0,1], (r,w,L) € K, and k, where U is a compact set with , C U,
according to Lemma|6.2.1j(a)l Lebesgue’s theorem therefore yields pointwise convergence
of (6.28) to zero for k — kg for a.e. § € [0,1], (r,w, L) € K. In particular, we obtain

1 Rn,max 5
/ e—(uo+>\o)(Ro(97Eo7L))(/ €(5>\,§+Mn)(0)p

1 (0)odo
lek|2h
0 Ry (0,E,,L) .
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6 On oscillating solutions

RO,max 5)\
_/ e(3 0+M0)(0)p /l%h(a)ada)da

— 0, K— Ko
Ro(6,Fo,L) %o

for a.e. (r,w, L) € K after again applying Lebesgue’s theorem using the bound (6.29)). In
addition, this difference is bounded by a constant as well. We repeat the same argument
on the outer integral over K with majorant C|pp| and thus get Ias — 0 for kK — Ko.

Term no. 3: Fortunately, the arguments for the remaining three terms are very similar,
so we can cover them more quickly. We introduce the shorthand

E? -0’ (R«(0,E, L))

ezAﬁ(Rn(e,E,L))
E

P.(0,E,L) =

for § € [0,1] and (E, L) € QL. This quantity is uniformly bounded in x. We split the
third term into

Ak _1 PV 1 2o _1 _2o 1
|e¥ len 73 Ga(9) (7 F el 3h) = e ¥ b2 Goa(s) (e ¥ il 2 )|

L2(K)

<C

Ak 1 2o 1
(€% 16kl By — e ¥ il o)

L Po(0,E,, L) [min(sRe@EeLl)
0 E6lY Bsy £) oy ot
/O Rr{(e E,Q,L) /0 ge K,Q,me(g) (o}

L*(K)

o2e MM, 5, (o) dodd

1 P, — Py|(0,E,, L min(s,R«(0,Fx,L))

RN(HaEIi?L) 0

L2(K)

1 min(s,Rk (6,Ex,L))
[ MO, (o) dodd

1
L
P, Eoy,L)| ———
e |g00|2/0 0(0’ 0 )<Rn(97En7L) 0

1 /min(s,Ro(G,anL))

o2e 2 Mo 5 40 (0) dad@)

R0(07E07L) 0 LQ(K)
=t I31 + I3z + I33.
In addition, we bound
1 min(s,Rx(0,Ex,L))
R(GEL)/ 0_26—)\,€(0')MK’27¢H (O') dodf S C (630)
wk\Yy MK 0

for @ € [0,1] and (r,w,L) € K after noting that the term R, appearing in the de-
nominator can be eliminated by the integral over o; by Lemma [6.2.1f(e), we uniformly
bound M, 2 .. We thus obtain I3; — 0 for kK — k¢ in a manner similar to ;1 and Io;.
Using and the uniform continuity results from Lemma yields that Iss also
converges to zero after applying Lebesgue’s theorem twice. The third term I35 can be
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treated similarly to Is3, because

1 min(s,Rx(0,E,L))
/ o2e=Mn(0) My 2.0, (0)do

Rn(ea Em L) 0

:L oo o0 —Ak(0) 1 ~2 £ ! B ~ [:
Rnw,EmL)/o /R/o ’ (”’ 52 |len(Bulo. @, L))

Lo min(s, R (6,1 (0) dLdido

converges as kK — kg for fixed values of 6 € [0,1] and (r,w,L) € K by Lebesgue’s
theorem using the majorant C' 1y, as with term I23. Appyling Lebesgue’s theorem twice
more—once in # € [0,1] with a constant majorant and then over K with the majorant
Clyp|—as with I3 yields that Is3 — 0 as kK — Ko.

Terms no. 4 and 5: For the terms involving G 4 and G, 5, we combine the techniques
from the previous three steps. Differences only arise in the details. We first split the
terms with the triangle inequality. We have to consider p instead of p in the fourth term
and eliminate the function kA with the Cauchy-Schwarz inequality as in and bound
the integrand similar to ; note that this is simpler for the fourth term, since o does
not arise in the denominator. Lebesgue’s theorem applied with majorant C' 1y yields
the pointwise convergence of the inner integral a.e. in # and on K. In order to obtain
a majorant for the integral over 6, we notice that R, (0, E,, L) in the denominator can
be eliminated by one power of ¢ in the innermost integral. The outer integral over K
can again be dealt with as above. For the fifth term, the innermost integral is the same
as the integral appearing in term no. 2. The convergence of one more layer of radial
integration has to be shown, which is again achieved by Lebesgue’s theorem, since all
terms there are bounded. As the fourth and fifth terms are structurally very similar
to the first three, we judge it unnecessary to repeat the slightly different reasoning in
detail.

Bringing these five steps together proves (6.27)). It is important to note that all the
convergences above were uniform in h due to ||A[/z2(x) = 1, which implies convergence
in the supremum. O

The compactness and continuity result for the fixed-point operator as well as the
uniform boundedness of the generators come together nicely so that we can prove the
continuity of g; in the following sense:

Proposition 6.2.12. Let g;, be the generator of 117, defined in fors >0 and Kk > 0.
The mapping
A
0,00[3 k1= i == e F | 2 g € LA(R?)
is continuous for every s > 0.

Proof. Fix kg > 0 and consider a sequence (kp)nen C |0, 00[ with k£, — k9. Then there
exists C' > 0 with

1hs 2 @s) = 92, 5., <€, mEN,
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6 On oscillating solutions

due to Lemma [6.2.9 and thus, we have weak convergence
hznj —h, j— oo,
in L?(R3) for a subsequence (kp, ) jen to some limiting function h € L2(R3). We estimate

G, (5115, — Gy (5)Pll 2y
< NG, ()2, = Gro($)h3, llr2s) + G () (B3, = 1)l L2(rs)-
For the former term, the uniform boundedness of the (sub)sequence implies
G, ($)Pi,, = Gro ($)hi;, Mlz2ms) < CllGay (8) = Gro(8) = 0, j = o0,
due to Lemma The compactness result from Lemma yields
HGno(S)(hinj — 1)l p2@sy = 0, j— oo

Therefore,
lim Gy, (s)h;

j—o0 Fnj Gro(s)h
in L*(R?). However, hi is the unique solution of the fixed-point problem G ( )h = h,
according to Proposmon [6.2.71 This implies that
Gro(s)h = lim G, ( s)h; = lim hj
Jj—roo J Jj—0o0 J
holds. Thus, A, converges both weakly and strongly in L?(R?), from which we conclude
J
that o .
Gro(s)h =hae. on Q., h=0 ae onR3\Q,,. (6.31)

The fact that h a.e. on R? \ Qy, follows from the weak convergence and Lemma 6.2.1)(2)
More precisely, we have

1R11Z2 R0, ) = = Him

/// hy, hdrdwdL| < Ce|[h||j2r\q,, )
B3\ G2 )0 (2 \K) ’

where € > 0 is independent of C and K is as in Lemma [6.2.1 _ In conclusion,
yields h = h;,, by Proposition and we have

hi, = lim A} in L*(R3).

j—oo

These arguments work for any sequence of generators which converges weakly in L?(R?).
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6.2 Preliminary results

In particular, any subsequence (hznj) C (hg, ) has a subsequence (hy ) C (h; ) with

K
"5k nj

s : s : 2/m3
hi, = lim h;  in L*(R").

k—oo ik

From the standard “sub-subsequence-argument”, we obtain

s
hi,

= lim h$ in L*(R?),

n—oQ

and the proof is finished. O

From the continuity of the generators, we now infer continuity of the projection
k — 117 which was the main objective of this technical section.

Theorem 6.2.13. For every s > 0, the mapping
10,00[3 k — e%n\gou*% II* € L*(R?)
s continuous, where 117, is given by .

Proof. Fix kg > 0. By similar arguments as in the proof of Lemma [6.2.11] it is sufficient
to show

Ar
e%|¢;lféﬂi — 670\90;0\*%1'[20 — 0, K — Ko, (6.32)

L2(K)

where K is a fixed compact set independent of x, as in Lemma [6.2.1f(a)l In addition, we
only have to consider k > 0 with |k — k| < J, where § > 0 is small and fixed. We again
write a subscript 0 instead of g for better readability. We define

he =¥ |72 g € LA(R),

where g7 is the generator of II?, as defined in Lemma [4.3.8, From the representation of

IT¢ in , we get

A
e 13 — e loh 3

L2(K)
< |[[hi — Bl L2 (rs)
_|._

Rn,max
47TEH|SO:{|%6*/\N*,U% / e(g)\n+ﬂn)(a)p (0-)0- do-
T

1
Il |2 b

RO,max
- 47TE()|<,06|%67)\07“O / e(g)‘oﬂ‘o)(")p (0)odo
T

1
AR
0 0 LQ(K)

=11 + 5.

By Proposition [6.2.12, we know that h$ — h§ for kK — kg in L?(R3). The term I; there-
fore goes to zero for k — kg, whereas I here is structurally comparable to o1 + Iog + Io3
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6 On oscillating solutions

in the proof of Lemma [6.2.11] and we use very similar arguments to control it. We esti-
mate Iy via

RKIIlaX
1 1 ’
I <C’H(E ! |2e M THe — ’26_’\0_”0)/ aada”
2 S x|l oleol : pl%l%hi( ) L2(K)
+< /!%</Rﬁ’m6x (§Acthn) (@)
6 K K
LA Pleostbng
RO,max 5
_/ (Bt (g)gdg)‘
r lepl 2 by

RO,max
CH’I/ L dH — Iy + Do + Ios,
+ Cllleo|2 : plw&lé(hi—hs)(a)a o L2(5) 21 + {22 + f23

(0)o do

L2(K)

where C' > 0 does not depend on x. Recall that the metric coefficients, the steady state
supports, and h? are uniformly bounded for |k — ko| < ¢ as per Lemmas and

In particular, Lemma [6.2.1{(f)| yields that

Rn,max
/T p‘%|%hi(a)0 do

for |k — ko| < § and r > 0. Due to the uniform convergences from Lemma [6.2.1(b), we
deduce that Is; — 0 for kK — k¢. The term I5s is the same as the term Is3 in the proof
of Lemma, with k% instead of h and without an additional integral over the angle
variable . However, this does not change the arguments—we again need that h; are
uniformly bounded—, and we get the convergence of Iy to zero for kK — kg. As to the

final term, we again employ Lemma [6.2.1(f)| and obtain

<CO|hillemsy < C

RO,max
S S
/r pl%l%(hi—hé)((j)g do| < Ok = hill2rsy — 0, & — ko.

In conclusion, we get Iy — 0 for kK — k¢ and thus (6.32) holds. O

6.3 Existence of oscillating solutions

6.3.1 Continuity of the Mathur operator

All the effort in the previous section was put in solely to be able to show that the
Mathur operator is continuous in x with respect to the operator norm. Because the
Mathur operator is of Hilbert-Schmidt type and can be written via an integral kernel,
as seen in Proposition [5.3.4] it is sufficient to show that this integral kernel

10,00[3 k= K, € L*([0, 00[%)

is continuous. The integral kernel and the Mathur operator depend x and are extended
to [0,00[? and L%(]0, 0ol), respectively, as in Proposition and Lemma m(a)
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Lemma 6.3.1. The integral kernel
10,00[3 & = K, € L*([0,00[%)
is continuous, i.e., for every kg > 0, it holds that

Jim LK = Ko || £2((0,0012) = 0- (6.33)

Proof. Let g > 0 and choose § > 0 as in Lemma [6.2.1((a)| such that

Rﬁ,max < Rﬁo,max +1=R

for k > 0 with |k —ko| < . Recalling equation (5.27)), we write K, (r,s) = A.(r,s) I”S,Z’s),
where

s (1) 3>\~(T) Am(?) 3/\»i(3)
2t + V2rul (r) + 14/ 2sul(s) + 1,

AN(T,S) €
(id — TL,)) (w EpeMheg ) oL | B e ] > ,
< 1 | n| e [0,7] | Ii‘ € [0,s] H,.

for (r,s) € [0,00[2. We aim to show (6.33) by applying Lebesgue’s theorem. The
quantity A, is uniformly bounded and uniformly continuous over [0, R]?> because of
Lemma [6.2.1{b)l For fixed (r,s) € [0,00[%, we write the scalar product as

I5(r.5) = ( (id = Te) (Il Bue ™+ ). @l B 2p0,9)

. / 1 _ Ak < 7L Ak "
= (Iehl? Bee ™ 70, || Bue™ ]1[oys]>Lz<R3>

A _1 1 R Y-
(I e ) (6:34

where we employ the notation introduced in (6.21). Theorem [6.2.13| proves that

A . . . .
67|<,0;|_%H2 € L?(R?) is continuous in x. In order to pass to the limit in (6.34)
as K — Ko, it is therefore sufficient to show that the mapping

0,00[3 K = |gl,|2 Bre™ 5 o1,y € L2(R?) (6.35)

is continuous for fixed r > 0. As in the proofs of Lemma [6.2.11] and Theorem [6.2.13
we can restrict the analysis to a compact set K independent of x, as described in
Lemma [6.2.1((a)| by making 6 > 0 small enough. We obtain that

AR
|Phl? Bre™ 2 g

converges pointwise a.e. on K. In addition, this function can be bounded by a con-
stant independent of x by [(S5’)| as well as the boundedness of the metric coefficients.
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Lebesgue’s theorem implies

;1 Ak ;1 LT R
‘905|2El€e 2 ]1[0,7‘} - ‘SOEO‘QEFvoe 2 0]1[0,1”] — 0, K — Ko,

L2(K)

and thus the continuity of the mapping (6.35)). In particular, we obtain I, — I, for
K — Ko pointwise on [0, co[2. Moreover,

I.(r,s)
rs

11/, o o
< m’<(ld—ﬂn)(|<ﬂHEne A ““Mo,ﬂ)J%\Ene A “'“11[0,s]>

Hy

IN

|orc| Ee™ ”]1[0,74’

|re| e ”ﬂ[o,s]‘

1
rs Hy Hy

holds for (r,s) €]0,00[? because of ||id — II|| < 1 and the Cauchy-Schwarz inequality.
We compute

H | Exe™ 1T g

K Qe

with C' > 0 independent of k > 0 and r > 0 by using |[(S5’)| and bounding the steady
state supports uniformly, as in Lemma Putting these estimates together yields

I.(r,s)

< 2,
- <C, (r,s)€]0,00]

In conclusion, we get K, — K, for kK — ko pointwise on |0, 00[2. Recall that K, vanishes
outside of [0, R]? due to Ry max < R and Proposition 5.3.4] In addition, we have shown
a uniform bound on K. This allows us to apply Lebesgue’s theorem and (6.33)) is
proven. ]

The continuity of the integral kernel can now be translated to the continuity of the
Mathur operator directly from the representation of the Mathur operator in Proposi-

tion (.34

Proposition 6.3.2. The Mathur operator ]0,00[ > k +— M, € L(L?([0, oc[); L([0, oc[))
is continuous in the operator norm, i.e.,

lim ”M,{ - MK/OH = lim sup ”MHF - MHOFHLQ([O,OO[) =0 (636)
KR—KQ KR—KQ F€L2 ([0,00D
||F||L2([0,oo[):1

for every kg > 0. In particular, the operator norm of the Mathur operator |Myl| is
continuous in K € ]0, 0o].
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Proof. For every F € L*([0,00[) with ||F|z2(00e) = 1, Proposition and the
Cauchy-Schwarz inequality yield

2
dr

e’}
”MKF — MKOFH%P([O,OO[) :/0

/OOO(K,{(T, s) — Kyy(r,s))F(s)ds

< (/0 /0 | Ko (7, 8) — Ky (1, 8) |2 dsdr>|F||%2([0mD = || K, —KH0||§2([0’00[2),

Therefore,
My = Ml = sup [MeF = My Fll 220,00 < 1Kk — Kﬁo”%?([o oo[2)
FeL2([0,00]) ’
1l 22 (0,00 =1
which converges to zero as kK — kg due to Lemma [6.3.1 O

This is a very helpful result for our upcoming application and, hopefully, for more
applications to come. For steady states, as described in Section the continuity of
| M || shows that linear stability along a s-family is well-behaved in « since it is fully
characterized by the value of | M,]|, as shown in Theorem [5.4.1]

Despite the technical nature of the continuity results in k—especially the continuity
of the projection term which was crucial in the proof of Lemma [6.3.1}—it is not too
surprising that all the necessary quantities depend continuously on «, since we can (to
some extent) wish for the regularity of the steady states by choosing appropriate ansatz
functions ¢. However, the in-depth knowledge attained in these preliminary results,
enables us to now prove the existence of oscillating solutions.

6.3.2 On eigenvalues in the principal gap

We begin by combining the previously known linear stability results, which we have
recalled in Theorem [5.1.4] with the characterization of linear stability in Theorem [5.4.1
Note that we still consider a family of steady state, as introduced in Section [6.1

Proposition 6.3.3. There ezists ko > 0 such that | My, || = 1. In particular, the steady
state f., has a zero-frequency mode, as defined in Definition (c)

Proof. Since the steady states (f.)x>0 are isotropic by [(S4’), Theorem implies the
existence of 0 < kgt < Kunst Such that fi is linearly stable for 0 < xk < kg and linearly

unstable for £ > Kypst. According to Theorem this is equivalent to || Myl < 1 for
0 < Kk < kgt and || M]| > 1 for k > Kunst- Note that all the assumptions from Section
are also satisfied by the conditions prescribed in Section Since ||M,]|| is continuous
in k, as proven in Proposition we obtain the existence of kg > 0 with ||M,,|| =1
from the intermediate value theorem. Furthermore, Theorem implies that f., has
a zero-frequency mode. O
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6 On oscillating solutions

With this setup and the previous results at hand, we now establish the existence of
positive eigenvalues in the principal gap for two related situations. In consequence, we
obtain the existence of oscillating solutions.

Theorem 6.3.4 (Existence of oscillating solutions). Consider a r-family (fx)x>o0 of

steady states as in Definition [2.2.5, which satisfies[(S3TH(S5’} Moreover, assume that
(i) the conditions|(S1°) and|(S2’) hold,

or
(ii) the inequality

2my(r) 1

<3

T 3

is satisfied for k €0, Kunst[, where Kunst s given by Theorem|5.1.4|(b).

Then there exists k > 0 and an eigenvalue v of Ly such that 0 < v < inf(0ess(Lk)). The
eigenvalue y induces an oscillating mode of f., as described in Section [6.1]

Proof. We first consider case (i). By Proposition there exists ko9 > 0 such that
[ M|l = 1, i-e., zero is the smallest eigenvalue of Ly, by Theorem|[5.4.1]and the definition
of linear stability in Definition In addition, we choose kg as small as possible.
This choice is well defined because the value kg is bounded away from zero due to
Theorem and since || M,|| is continuous as per Proposition In particular, we
have

Mgl <1, K< Ko. (6.37)

We denote an eigenfunction corresponding to Ly, by go € Hyx, N1 D(Tx,), i-€., Lr,g90 = 0.
By Theorem we have
27N\ ?
o2 (i)

Because the period function is uniformly bounded from above by |(S2’)l there exists
Cess > 0 such that
inf(o-ess(»cn)) > Cess

for every k > 0 with |k — ko] < d and 0 < § < k9. The approximation result in
Corollary yields the existence of g € C2°(Qp) and § > 0 with

[(Lr0905 90) ey — (L5 9V 1| = [(Lrg, @), | < Cess (6.38)

for every k > 0 with |k — ko| < ¢ due to L,,90 = 0. Equation and Theo-
rem imply that f is linearly stable for k < k¢ which, by Definition means that
inf(o(Lx)) > 0. In particular, we deduce (L.g,9)m, > 0 for k < ko from Lemma
The estimate consequently yields

0 < inf(o(Ly)) < Cess < inf(0ess(Lx))
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for every k < ko with |k — kg| < 0. For any such value of x, we choose v = inf(c(L)),
which is an eigenvalue of L., by applying the min-max principle for self-adjoint oper-
ators [88, Thm. XIII.1], since v cannot be an element in the essential spectrum. This
proves the claim in scenario (i).

In case (ii), we apply Proposition which shows that f, has strict single-well
structure for k €10, kunst[, since the steady state is isotropic by In addition,
Propositions [3.2.9] and [3.2.10] yield that the period function is uniformly bounded and
bounded away from zero on compact sub-intervals of |0, kunst[. Thus, [(S1’)| and |(S2’)|
hold, not for k > 0 but for k €0, kKunst[- Note that all the results from this chapter can
be derived for £ €0, kunst| instead of k €]0,00], since they are “local” in . This is
sufficient to be able to repeat the same arguments as above for case (i) since necessarily
Ko < Kunst by the continuity of | M| in k. O

To finish this section, we add a few comments to this new result. We argue that the
situations (i) or (ii) are quite general and put the existence of oscillating solutions into
context with related work on the Vlasov-Poisson system.

Remark 6.3.5. (a) Condition (i) in Theorem is, of course, very demanding
and not easy to verify. However, it is unavoidable to know about the single-well
structure and the boundedness of the period function since our whole approach is
based on these assumptions. Condition (ii) is in some sense less stringent since
we do not need to prescribe knowledge about the period function but only about
the macroscopic mass function my. The mass function can be analyzed much
more easily and condition (ii) can be accurately verified from a numerical point
of view. The boundedness of the period function is then simply a consequence of
Propositions|3.2.9 and|5.2.10

(b) For a detailed discussion on the wvalidity of conditions (i) and (ii), we refer to
Remarks [2.5.2 and |2.4.2. In short, it seems as though (i) holds for any isotropic
steady state, while (ii) holds for large classes of stationary solutions. It is, however,
still an open problem to rigorously show this.

(¢) Our idea of infering the existence of an isolated eigenvalue, as it departs from
the essential spectrum and crosses zero, is not possible for the Viasov-Poisson
system since all relevant steady states are linearly stable there. This means that no
etgenvalue will cross zero and this approach breaks down. Paradoxically, the search
for oscillating solutions is thus simplified because we know that unstable equilibria
exist for the Einstein-Viasov system.
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7 Numerical investigation of non-linear
stability

The first principle is that you must
not fool yourself—and you are the
easiest person to fool.

Richard Feynman

As described in the previous chapters several times, non-linear stability of steady
states for the spherically symmetric Einstein-Vlasov system, as constructed in Chapter
remains difficult to tackle analytically. A large corpus of the literature which we recall
in Section has therefore dealt with numerical modeling of this system. The most
common approach is the so-called particle-in-cell (PIC) method which is based on a
decomposition of phase space into disjoint cells. We describe the PIC method in more
detail in Section[7.2] This algorithm is then used to examine singularity-free steady states
in Section We address different manifestations of stability as well as instability and
present convincing evidence that the so-called binding energy hypothesis is not true.
Furthermore, we show the existence of heteroclinic orbits, which were first observed by
the author and colleagues in [45]. We conclude the chapter with a new study of the
stability of shells surrounding a black hole in Section and present the different types
of stability behaviors there as well.

7.1 Setup and previous results

We choose to simulate the Einstein-Vlasov system in maximal areal coordinates, as
introduced in Section This was also done in [15, 45, 48, [79] and allows us to detect
the emergence of trapped surfaces which signal the inevitable development of a black
hole [80]. This is not possible in Schwarzschild coordinates. In addition, we can better
simulate collapsing matter in maximal areal coordinates since this allows us to “freeze”
the particles once they are inside a trapped surface. Fortunately, it is easy to see that
stationary solutions in Schwarzschild coordinates are equivalent to stationary solutions
in maximal areal coordinates through the relation

as discussed in [15] 45, [48]. This is due to the fact that 8 = 0 = j must necessarily hold
for time-independent solutions in maximal areal coordinates. It should be noted that
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7 Numerical investigation of non-linear stability

the stability behavior of steady states seems to be independent of the actual coordinates
used [45] [4§]. This is a-priori not obvious, as there is no canonical way of comparing
metric coefficients across different coordinate systems, cf. [48, [62] for a more detailed
discussion.

Before we begin with the numerical analysis, we briefly comment on the previous
findings in the literature where the stability of stationary solutions to the Einstein-
Vlasov system is numerically investigated. We refer to [48, Sc. 1.2] for a comprehensive
and in-depth review. The work towards numerical stability analysis was initiated by [60]
and subsequently [42] who consider linear stability by approximating the bottom of the
spectrum of the Antonov operator . The first simulation of the dynamics for the
non-linear system using a PIC method was presented in [107, [108]. More classes of steady
states are investigated in [2I], 85], where the authors claim to find stable equilibria with
an arbitrarily large central redshift. The authors of [85, [86] approximate the particle
density directly in phase space instead of using a PIC method. Initial research on
the axisymmetric Einstein-Vlasov system is carried out in [2, [I09] and was recently
reconsidered in [3].

A study of the stability of anisotropic steady states of the polytropic type is
conducted in [I5] using maximal areal coordinates. This research is extended to multiple
coordinate systems by the author and colleagues in [45, [48]. In [45], heteroclinic orbits
are first described, while [48] provides evidence for steady state families with multiple
stability changes, see Section for more details.

Remark 7.1.1. (a) In the literature, it was long believed that the binding energy
hypothesis holds. This hypothesis states that stability along a family of sta-
tionary solutions—parametrized by an appropriate redshift-factor—changes only
at extremal points of the binding energy. Farlier numerical evidence supported
this [2, (15, (45, [60, (85, (86, (107, (108, [109]. In fact, in these references, stability
seems to change exactly at the first local mazimum of the binding energy. In ad-
dition, arguments from a physics point of view made the hypothesis plausible as
well [61), (114, [115]. Owverall, the stability behavior along families of steady states
seemed to be solved in the sense that stability can be determined by examining the
binding energy curve.

However, the author and colleagues recently provided compelling evidence in [48]
that the binding energy hypothesis is generally not true for isotropic steady states
by considering the piecewise linear model (2.76). We elaborate on this in Sec-

tion [7.3.3

(b) A weaker form of the binding energy hypothesis states that, along a family of steady
states parametrized by an appropriate redshift-factor, the equilibria are stable at
least up to the first local mazimum of the binding energy curve. This assertion still
holds true for all the evidence obtained in the references above. Our work continues
to support it as well, but we do not go further into detail here. An analytical proof
of this hypothesis remains an open problem.
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As an aside, the Einstein-Vlasov system was of interest in the question whether
highly relativistic matter distributions can be stable in order to explain the discov-
ery of quasars [22] 23] [62], 1T4]. One could say that this initiated the activity in the field
and the subsequent numerical investigations mentioned above. Unstable steady states
also play a role in the study of critical collapse and might become useful for explaining
the type I behavior observed for the Einstein-Vlasov system [15, [79, [08]. This is tightly
related to the cosmic censorship hypothesis which is a central open problem in general
relativity [81].

7.2 The numerical method

In this section, we describe the numerical scheme employed to simulate the Einstein-
Vlasov system in maximal areal coordinates. We use a particle-in-cell (PIC) method
which is a common choice in plasma physics and for Vlasov equations in general [20].
The use of a PIC method allows for both the efficient tracking of the evolution of the
distribution over time and the simulation of the collective behavior of large numbers
of particles. This makes the PIC method particularly well-suited for problems that
involve the interaction of particles with each other and with external fields. It has been
used in [3] 15, [45], 48] 08, [I07] for the Einstein-Vlasov system and in [84] for the Vlasov-
Poisson system. This method has been shown to converge for the Einstein-Vlasov system
in Schwarzschild coordinates in [99] and for the spherically symmetric Vlasov-Poisson
system in [103]. We expect that the PIC method also converges in the case of maximal
areal coordinates, but leave this open for future research.

In essence, the PIC method involves a discretization of the simulation domain, i.e.,
phase space, into a grid of disjunct cells. Each cell is represented by a particle which is
assigned a weight that corresponds to the distribution function f to be approximated.
The densities and metric coefficients are then calculated from this distribution using
the formulas — of the Einstein-Vlasov system in maximal areal coordinates.
These formulas are subsequently employed to update the positions and velocities of the
particles using the characteristic system that corresponds to the Vlasov equation .

The method involves a time-stepping process where each step entails a computation
of the source terms on the grid based on the particle positions, an approximation of the
metric coefficients on the grid via the field equations, and an update of the positions
and velocities of the particles according to the characteristic system. The process is
repeated for multiple time steps to simulate the evolution of the distribution function
f over time. We now make this process more precise but only describe the algorithm
for the singularity-free case. Translating the PIC method to the Einstein-Vlasov system
with a black hole at the center requires handling the boundary conditions appropriately.

Initialization: For technical reasons, we do not use (r,w, L) variablesﬂ in order to
initialize the numerical particles from a given spherically symmetric distribution f, but

Tt turns out that the initialization process does not work well in (r,w, L) variables. It is not fully clear
to the author why this is the case. However, one reason seems to be that particles with small angular
momentum L are not represented appropriately when using an equidistant grid in (r,w, L).
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7 Numerical investigation of non-linear stability

choose to write ) ) )
= f(x,v) = f(r,w, L) = f(r,u, 1),

f
where u > 0 and ¢ € [0, 7] are given by

uw? = w4+ =

3 W= ucos(1)).

It is easy to see that every spherically symmetric distribution can be written in the
variables (r, u, ). Hllustratively, u corresponds to the absolute value |v| of the momentum
v € R? of a particle, whereas ¢ determines the angle between the position 2 € R? and
the momentum v € R3. We define

Ryax — Rmin Unax 71'

N, i Lmax = fmin - ny Dy T
Ar “TN, Y=,

where N,, Ny € N and Ar > 0 are prescribed, and Upax is the maximal value of u
appearing in the support of f. The grid is then set up on the points (74, u;,¥y) given by

1 o1 1
7 = Rmin + (l — 2> AT‘, Uj; = <] — 2> Au7 ¢k = <k — 2> Aﬂ)’

where i, j, k € N. The weight corresponding to the point (r;, u;, 1) is defined as

fijk = f(rs, uj, Vi) 87r27'l-2u? sin(yg ) ArAul. (7.1)

These weights include the phase space volume element, i.e., the volume of the corre-
sponding cell which the particles were placed into, and the weights have to be propa-
gated accordingly in the time-step. Including the volume element is advantageous when
computing the approximate densities p, S, and j, which we describe below. Note that
points only contribute to the initialization if fzjk > () and get discarded otherwise.

In reality, the initialization scheme is somewhat more sophisticated. For example,
when 7; is fixed, we choose the step sizes Au and Ay adaptively to guarantee a certain
amount of minimal steps into each variable direction. Moreover, the distribution f is
not evaluated sharply at one point, but we sample over multiple points inside the cell
and take the average. These and other refinements make the initialization more efficient
and accurate.

Once the particles are initialized, the grid in (r, u, %) is no longer needed. By changing
back to (r,w, L)-variables, we obtain a set of points

(7, w, L, f) € ([0,00[xR x [0, 00[x[0, 00 )7, (7.2)

which approximates the initial distribution f , where N € N is the number of parti-
cles/cells used. In the following, approximated quantities are always denoted with a bar
to distinguish them from the analytical quantities.
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7.2 The numerical method

Time propagation: From the setup after the initialization, we now describe the
time-step. Assume that we have a set of points as in at time ¢t = 0. We fix a
radial grid with step size Ar. The first step consists of computing the densities p, p, and
S. In order to smoothen the approximation, we smear out the particles radially via the

hat-function o
S

X(S) — - Aro ‘8‘ S AT,

0, |s| > Ar.

Since the weights f contain the volume elements, we obtain an approximation to the
source terms by summing

N
_ 1 _ -
p(r) = drr2 Z 1+ w3 + — X(r = 7n) fn, (7.3)
n=1 n
s LS TR (7.4
S T) = L = X r ’Fn fn) 74
s Nl wd + Ly
1 Y _
j(r) = gy W, X (1 — 7n) [, (7.5)
n=1

where 7 is chosen from the fixed radial grid. We plug p and j into the field equa-
tions and , which decouple from . In contrast to Schwarzschild coor-
dinates, we cannot solve for the metric coefficients explicitly. We thus use a standard
fourth-order Runge-Kutta (RK4) method to solve for @ and Kj. We put these two
quantities into the elliptic-type field equation , which leaves the linear second-
order differential equation

i 9 B B
o = a’(a - ) + 6aa’(K§)? + 4raa(S + p), (7.6)

a r
where the boundary condition a(co) = 1 makes solving this more delicate. Instead

of using a sufficiently large radial grid and approximating the boundary condition at
infinity as in [I5] 45], we employ a different strategy which is inspired by the analytical
procedure of solving for a developed in [46]. We first solve with boundary condition
a(Rpin) = 1 via the RK4 method and obtain an approximate solution. We then rescale
because of linearity in order to obtain &, which is an approximate solution of with
a(oco) = 1.

Hence, we have computed the source terms and the metric coefficients of the current
distribution represented by (7, w, L, f). The actual time step is implemented by propa-
gating the particles according to the characteristic system corresponding to the Vlasov
equation . For this, we use a prescribed time step of size At > 0. The necessary
quantities are interpolated from the radial grid. By nature of (7, w, L)-coordinates being
adapted to spherical symmetry, the propagation leads to difficulties and possibly large
numerical errors if the radius 7, gets small. To work around this problem, we propagate
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7 Numerical investigation of non-linear stability

the particles in Cartesian coordinates (z,v), which removes the artificial singularity at
the origin. This is a bit more computationally expensive but much more accurate. At
this point, the new coordinates (7a;, WAy, I}At) of the particles are known at time ¢t = At.
In addition, we update the weights f during each time step and take care of the volume
element contained in f. More precisely, we have

Jar=F = At| 5254 () = (ra) = 2a(r) K§(a) | f

5= =

(=) 1+t ks
as the new weights at time ¢t = At, see also [15]. We now iterate this time step until we
reach a final time T or until a certain condition is met to stop the simulation. A pseudo-
code of the entire procedure can be found in Appendix

As to the numerical parameters, we typically use in the order of 107 particles for
isotropic steady states and 108 particles for shells surrounding a black hole; in the latter
case, fewer particles are sufficient since the particles are bounded away from the spatial
origin, and the external potential from the black hole contributes to better numerical
stability. During the time evolution we employ up to 10 time steps. Good choices for
the step sizes Ar and At depend on the initial distribution under consideration.

Numerical refinements and validity checks: We actually use a RK4 method
for the time propagation as well instead of the basic Euler stepping method suggested
above. More precisely, a copy of the particles is propagated with a Euler method for a
half time step %At—we save the source terms and metric coefficients at the half step—,
then a midpoint method is used to propagate the copy of the particles to t = At, and
we again save the resulting source terms and metric coefficients. The actual particles
are then propagated by employing RK4 and using the quantities calculated at ¢t = %At
and t = At. This is numerically quite costly but worthwhile to prevent the particle
trajectories from drifting from their actual path. Since the propagation of one particle is
independent from the others, the PIC method can be parallelized efficiently, as discussed
in detail in [6§].

In the case of collapsing matter, the densities and metric coefficients become quite
peaked and the simulation eventually gets inaccurate or breaks down. In order to prevent
this from happening, we are able to freeze the particles which are inside a trapped surface,
as defined in . This does not change the behavior of the solution outside of the
trapped surface since information starting from the inside cannot reach the outside
of a trapped surface. It does, however, prevent the quantities from exploding at the
center, and the simulation of the dynamics outside of the trapped surface can continue.
Note that this would not work in Schwarzschild coordinates which cannot cover trapped
surfaces.

In order to keep track of the dynamical evolution, we output macroscopic quantities
such as the radii Rmax, Rmin, the ADM-mass M, the number of particles N, and the
central value @(0), etc., at every time step. If necessary, we also output the metric
coefficients and source terms as functions in r. Since the ADM-mass and the number
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7.2 The numerical method

of particles are conserved quantities along solutions to the Einstein-Vlasov system, we
track the relative errors _
|M — M| IN — N|

M N
during the time propagation. The errors stay remarkably small in the order of 10~°
(or even much lower) as long as the solution does not develop a trapped surface which
may lead to errors up to 1073. We also verify that the initialization algorithm, which
translates a given distribution f to the PIC method, is sufficiently accurate. For example,
we compute the approximate L!-difference

Rmax —Rpyin
Ar

Y |p(Ruin + kAT) = p§(Rmmin + kAF)|(Rmnin + kAr)?
k=0

and check that this difference is sufficiently small; otherwise we have to use more particles
or a finer initialization grid.

Perturbing a steady state: The process described above does not draw on the
investigation of stationary solutions but holds for general distributions f . However, in
this work we are mainly interested in studying the stability behavior of steady states of
the Einstein-Vlasov system. In order to investigate stability, we have to employ a scheme
of slightly perturbing stationary Solutionsﬂ We use the same dynamically accessible
perturbation method as in [45, 48]: We add the divergence-free term (0,7%) € R x R?
to the right-hand side of the characteristic system during the particle propagation for an
initial time interval [0, Tpers]. Here v € R is a small factor that determines the strength
of the perturbation. This type of perturbation is physically reasonable since it conserves
all Casimir functionals and can be interpreted as an external force exerted on the
individual particles. We typically use Tpery = 10M, whereas the value of v might depend
on the specific steady state: for isotropic equilibria |y| ~ 1073 is reasonable while for
shells with a black hole we need larger values of |y|. In order to determine the strength of
the applied perturbation method, we consider the difference Aa(t) := |e*0(¢,0) — a(t,0)|
for t € [0, Tpert), which should stay quite small. Note that errors in the initialization and
during the time evolution tend to lead to increased values of Aa(t). This necessitates
a delicate balance, where v must be sufficiently large to counterbalance initialization
errors, yet not so large that it disproportionately perturbs the steady state.

Generally, the sign of « determines whether the solution tends towards dispersion
(v > 0) or towards collapse (v < 0). This is attributable to the fact that particles get
slightly accelerated outwards for v > 0 and inwards for v < 0, which promotes dispersion
in the former and collapse in the latter case. This was also observed in [45] [4§].

It should be mentioned, however, that other types of perturbations basically lead
to the same results as the dynamically accessible perturbation introduced above. In

2Numerical errors also naturally lead to a perturbation away from the steady state. However, as we
observe different behaviors for different perturbation “directions”, we cannot rely on numerical errors
as the driving factor.
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particular, simply rescaling the static distribution f by a factor close to one or slightly
shifting all particles radially in- or outwards leads to similar results [15]. We have no
reason to believe that the specific type of perturbation is decisive for the phenomena
observed in the following.

Limitations: One of the main limitations of the PIC method is numerical noise
introduced by random motion of the particles which can lead to fluctuations in the source
terms and—to less extent— in the metric coefficients. Furthermore, the accuracy of the
particle method is inherently limited by the cell size chosen during the initialization. In
addition, we need to choose multiple numerical parameters which can affect the accuracy
of the results. Lastly, the particle-in-cell method requires a large number of particles to
accurately simulate the system, resulting in high computational costs.

7.3 Singularity-free steady states

For this part of the numerical investigation, we only consider singularity-free steady
states which are isotropic. We present the distinction between stable and unstable
steady states and how it manifests in the metric coefficients and macroscopic quantities
in Sections [7.3.1] and [7.3.2] Furthermore, we recall the main result from [48], where
the authors provide numerical evidence that contradicts the binding energy hypothesis.
For the case of anisotropic equilibria, analogous results hold, and we refer the interested
reader to [15, [45] for related studies.

For two main reasons, we use «(t,0) as the main quantity to illustrate the time-
development of a perturbed steady state: Firstly, it is the general relativistic counterpart
of the Newtonian gravitational potential at the spatial origin. Thus, the development
of a(t,0) provides insights into whether the configuration is becoming more relativistic
(indicated by decreasing values of «(t,0)) or less relativistic (indicated by increasing
values of «a(¢,0)). As we will see in Section the quantity «a(¢,0) goes to zero if
matter collapses to a black hole, whereas it converges to one as the matter disperses
(fully). Secondly, from a mathematical point of view, a(t,0) is obtained by integrating
over [0, 00[, which means that it takes the whole structure of the setting into account,
rendering it more numerically stable. For an illustration of the density p(t,-) during the
time evolution, we refer to [15] [45].

Another way to visualize the current configuration is to plot the (r, E')-space for a
representative subset of the particles, as first introduced in [45]. This approach provides
a detailed insight into the radial positioning of particles as well as their corresponding
energies, thereby providing an indication of the system’s behavior at the particle level
in phase space.

7.3.1 Stable steady states

We find that stationary solutions that are not too relativistic are stable when perturbed
slightly for v > 0 and v < 0, where v is the parameter of the dynamically accessible
perturbation introduced in Section This is consistent with the results of Theo-
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Figure 7.1: Time evolution of the quantity «(t,0) for the King model with x = 0.25
perturbed with v < 0 (blue line), v > 0 (red line), and unperturbed v = 0
(black line).

rem [5.1.4{(a). Stability here does not mean that the configuration remains unchanged
but manifests itself in two different types of behavior which we describe in the following.

Oscillation: A small perturbation of the static configuration often leads to oscillations
of various quantities, for example in the density terms p and p, as well as in the metric
coefficients o and a. This pulsating behavior has already been observed in [15] 45, [48] and
is also known for the Vlasov-Poisson system [84]. We illustrate it for the King model in
Figure[7.1] which also shows the effect of the sign of v when perturbing a steady state. For
v > 0, the value of (¢, 0) initially increases, whereas for v < 0 it initially decreases. This
is a general feature which we observe for all equilibria considered. In all three simulations,
an oscillation sets in at roughly the same period. Even the unperturbed steady state
(v = 0) pulsates slightly due to inherent numerical errors from the initialization and
time evolution. The period depends on the specific model under consideration as well
as the strength of the perturbation. However, if the perturbation is small enough, the
period appears to “converge” to a fixed value.

It is worth noting that such oscillations are particularly pronounced and easily rec-
ognizable when one is close to the stability change along a k-family of steady states
(fx)r>0, see Section m This should not come as a surprise, as we have proven the
existence of linearly oscillating modes under suitable assumptions in Theorem by
considering values of x close to the point where stability changes.

Damping: We observe damping effects for stationary solutions if the ansatz func-
tion @ is sufficiently smooth and the redshift x is small enough. For example, perturbed
isotropic polytropes with different values of £ and x = 0.05 are shown in Figure
On the one hand, if the polytropic index k is small, i.e., the ansatz function ® is not dif-
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Figure 7.2: Time evolution of the quantity «(t,0) for isotropic polytropes with different
values of the polytropic exponent k and k = 0.05 perturbed with v < 0.
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Figure 7.3: Time evolution of the quantity «(¢,0) for the piecewise model with n = 130
and k = 0.4 perturbed with v < 0. See Figure for the corresponding
weighted mass density 47r2p.

ferentiable at zero, undamped oscillations are present. On the other hand, for k£ > 1.5 we
obtain damping that becomes more intense as k increases. The damping is represented
by the progressive decrease of the deflection of the quantity «(t,0), until an unchanged
state is reached where a(t,0) remains almost constant for large values of ¢. Note that
k > 1 corresponds to an ansatz function ® that is continuously differentiable at zero.
However, it is not feasible to numerically determine the threshold value of k, which leads
to damping rather than oscillation. In particular, it is unclear whether k£ = 1.25 and
k = 1.375 can be considered damped or if we obtain a superposition of two oscillations.
As in [84, Fig. 7], we observe models where oscillations get damped for small ¢ and after
some large time seemingly get re-initiated, e.g., for the case k = 1.5.

To the authors’ knowledge, damping effects for perturbed steady states of the Einstein-
Vlasov system have not yet been described in the literature. Our results are consistent
with the observation of [84], where the authors numerically discover damping for New-
tonian isotropic polytropes with k£ > 1.2. Since we observe damping for small values
of k, the steady states can be considered close to Newtonian, and similar behavior as
in the Vlasov-Poisson system should be expected. We speculate that damping will not
be present near the point where stability changes, even for larger values of k, in accor-
dance with Theorem This may also be the reason why damping has not yet been
observed in the literature.

For the linearized Vlasov-Poisson system with a point-mass, damping has been proven
in the recent work [56] for small, smooth shells. Remarkably, in this case the polytropic
index k fully determines whether oscillation or damping is present. As we do not go into
more detail here, we refer to [56] and the references there for further information.

We emphasize that it is often not possible to differentiate between damping and oscil-
lation. For example, depending on the model and the strength of the perturbation, the
relevant quantities might stay static or flicker diffusely. Such behavior might arise be-
cause numerical errors dominate compared to the small perturbation. Recall the steady
state induced by the piecewise model with n = 130 and x = 0.4 shown in Figure It
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Figure 7.4: Time evolution of the quantity «(t,0) for the King model with x = 0.36
perturbed with v < 0.

has a very dense core and a long tail which is much less relativistic. It turns out that such
a setting can be stable, as illustrated in Figure The quantity «(t,0) behaves quite
randomly after an initial oscillation for roughly two periods. This oscillation apparently
comes back stronger later in time, but numerical effects make it hard to say anything
more specific. The evolution of «(¢,0) is reminiscent of the case k = 1.5 in Figure
This perturbed steady state is also considered but not presented explicitly in [4§].
Overall, the results above provide new insights on the behavior of steady states of
the Einstein-Vlasov systems and may have important implications for the formation and
evolution of astrophysical structures. Further research is needed to fully understand the
damping mechanisms and to develop new methods for studying their long-term behavior.

7.3.2 Unstable steady states

One of the most interesting facets of the Einstein-Vlasov system is the existence of
unstable steady states that arise when choosing a sufficiently large value of the redshift «,
cf. Theorem [5.1.4b). If the system is initially perturbed slightly away from the steady
state, the perturbation can grow exponentially over time, leading to a rapid change
of the configuration. This evolution can take various forms depending on the specific
properties of the underlying steady state, such as the ansatz function ®, the value of &,
as well as the direction of the perturbation, i.e., the sign of ~.

We observe a dichotomy in the sense that we generally obtain two types of behavior
for unstable steady states: The perturbation can cause the system to collapse to a black
hole, which means that a trapped surface develops, or it can cause the system to disperse
and become more homogeneous. We describe this in more detail below.

Total collapse: For a large class of the unstable steady states, a small perturbation
towards collapse (v < 0) leads to the total collapse of the matter. Every numerical
particle irreversibly leaves its orbit and rushes towards the center until, eventually, a
trapped surface forms. We confirm the findings of previous studies that the radius
at which the first trapped surface forms is much larger than the radial step size Ar.
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Figure 7.5: Time evolution of the radius-energy space for the King model with £ = 0.36
perturbed with v < 0. The red line correspond to the radius rrg, i.e., the

outermost trapped surface which first appears at ¢ ~ 357M.
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This supports that the weak cosmic censorship hypothesis holds for the Einstein-Vlasov
system. Moreover, the mass density p gets more peaked as the matter focuses towards
the center, whereas the value of «(t,0) converges to zero. The latter is often referred to
as the “collapse of the lapse” in the literature since «/(t,-) determines the rate of proper
time elapsing on the hypersurface of constant t. The exponential decay of the lapse
function « is studied more closely in [45, Sc. 4.3]. We either stop the simulation, if a
trapped surface is present, or freeze the particles inside of it, as described in Section[7.2
In order to detect a trapped surface, we check if

a(tl, o <rKj(t,r) (7.7)
is valid at some radius r > 0. For fixed ¢ > 0, we call the largest value of r, where
holds, the (outermost) trapped radius and denote it as rrg(t). The smallest point in
time ¢, where is satisfied, is referred to as the collapse time and denoted by t7gs.
Accordingly, the trapped mass Mrg(t) corresponds to the mass inside the trapped ra-
dius rpg(t).

The typical process of a total collapse for an unstable steady state induced by the
King model is presented in Figures and for the quantity «(¢,0) and in the
radius-energy space, respectively. Initially, the configuration appears almost unchanged
for ¢ < 300M until the instability sets in rapidly. The value «(t,0) converges to 0
and we stop the simulation as the numerical errors get too large. Figure clearly
illustrates that all particles get sucked towards the center. At roughly tTg ~ 357M, the
first trapped surface forms, and shortly afterwards, all particles cross the radius rpg(t).
Note that the collapse time t1rg depends on the strength of the perturbation as well as
the numerical accuracy employed. It is worth mentioning that in the final configuration
at t = 380M we have rpg(t) =~ 2M.

Partial collapse: It is not always the case that all the matter eventually collapses
into the black hole. For example, unstable core-halo configurations exist, as shown in
Figure In this setting, the dense core typically collapses rapidly when the steady
state is perturbed with v < 0, while the large Newtonian halo remains mostly un-
changed. In contrast to the aforementioned scenario, we do not observe that all matter
moves into the trapped surface but continues to orbit the newly formed black hole in a
stable manner. Although individual particles may occasionally move beyond the trapped
radius, this phenomenon diminishes over time and could be primarily attributed to nu-
merical errors. We are confident that the bulk of the matter stays confined away from
the trapped surface. In particular, if we run the simulation long enough, an apparently
stable shell surrounding the newly formed black hole remains. In this sense, we observe
a heteroclinic orbit from an unstable, singularity-free isotropic equilibrium to a stable
shell with a Schwarzschild singularity at the center. We note that the inner radius of the
remaining shell is very close to the photon sphere r = 3Mtg. However, it is unclear what
the final setting actually is and by what model it can be described. Further research is
needed to fully understand the final configuration. It is worth noting that the trapped
radius rrg is small compared to the remaining matter, but it still contains a significant
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Figure 7.6: Time evolution of the radius-energy space for the piecewise model with
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Figure 7.7: Time evolution of the trapped mass Mg and the trapped radius rtg in
multiples of the ADM mass M, corresponding to the model used in Figure

fraction of the total mass of the initial steady state. The time evolution of the trapped
mass and the trapped radius is shown in Figure This presents further evidence that
the configuration eventually settles near a new equilibrium. In conclusion, the partial
collapse highlights another complex behavior that can occur for unstable steady states.
It is important to study such scenarios in more detail to better understand the behavior
of Vlasov matter under highly relativistic conditions.

So far, we have considered collapse promoting perturbations. Next, we study the
scenario of v > 0, i.e., perturbations that promote dispersion which leads to significantly
different behavior for unstable steady states.

Partial disperison (heteroclinic orbits): Perturbing an unstable equilibrium
with a dispersion promoting perturbation can lead to heteroclinic orbits in the sense
that the unstable isotropic steady state is transformed to a less relativistic, stable static
solution which still seems to be isotropic. Such behavior was first observed in [45].

The perturbation leads to an initial dispersion and relaxation of the solution. More
precisely, the matter is distributed more homogeneously in phase space, and the cor-
responding spacetime becomes flatter. If the initial steady state is not too relativistic,
the solution reimplodes at some point, and a new structure appears to form around the
center which begins to oscillate. In terms of «(¢,0), this means that the quantity ini-
tially increases due to the relaxation but starts to decrease after the solution reimplodes.
After this, it oscillates around an approximately fixed value which is larger than «(0,0),
indicating a less relativistic configuration. This behavior is depicted in Figure for
the King model and occurs across all unstable isotropic models that we have considered,
when they are perturbed towards dispersion and the redshift is not too large.

In terms of the individual particles, we observe that the initial dispersion leads to
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Figure 7.8: Heteroclinic orbit for the King model and « = 0.5 illustrated by the time
evolution of the quantity «(t¢,0). The steady state is perturbed with v > 0.

clusters of particles being ejected completely from the setting—they keep moving away
from the spatial origin during the whole simulation—while other particles return after
some time. The process of particles getting expelled and returning repeats a handful
of times until the solution settles (and pulsates) around a new, apparently stationary
configuration. For the same simulation as in Figure the evolution of the radius-
energy space is shown in Figure The ejection of particles is clearly visible for
t =400M and t = 500M. For t > 2000M, the solution has settled down and does not
change much anymore apart from the pulsating behavior.

The final configuration, which remains after the dispersion and reimplosion, is less
relativistic and only depends on the initial steady state. In particular, it is independent
of the (small) perturbation. For dynamical systems, such a new state is generally a
stable static solution to the system, and the behavior described above is suggestive of
a heteroclinic orbit since the initial equilibrium migrates to a new one following the
perturbation.

As noted in [45], it is a delicate task to identify the new state since it is not possible to
decide which particles constitute the new state and which particles are simply trapped
inside of the gravitational potential of the new state without actually “belonging” to it.
The abundance of stationary solutions to the Einstein-Vlasov system further complicates
this process, leaving the problem unsolved and thus requiring additional research.

There are two additional important observations concerning heteroclinic orbits:
Firstly, it is not always the case that particles get expelled. In some cases, the steady
state simply moves to a slightly less relativistic state which is stable. This usually hap-
pens if the steady state is located close to the point where stability changes along a
k-family. In fact, it appears to be a smooth process in « from stable steady states to
heteroclinic orbits without ejection of particles to heteroclinic orbits with ejection of
particles. This progression is demonstrated in Figure for the King model. Secondly,
it has been speculated [108] that negative binding energy together with a dispersion
promoting perturbation leads to the full dispersion of the steady state. This is expanded
to and confirmed for anisotropic polytropes in [I5]. However, the author and colleagues
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Figure 7.9: Time evolution of the radius-energy space for the King model with x = 0.5
perturbed with v > 0.
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Figure 7.10: Heteroclinic orbits along the King model for different values of & illustrated
by the time evolution of the quantity «(¢,0). The steady states are per-
turbed with v > 0.

present evidence against this hypothesis in [45], where heteroclinic orbits are observed
even if the initial equilibrium has negative binding energy. In addition, we observe and
hypothesize that heteroclinic orbits always exist for unstable steady states with positive
binding energy. This means that even highly relativistic stationary solutions perturbed
towards dispersion perform a heteroclinic orbit to a less relativistic configuration and
do not fully disperse or show other unstable behavior. For example, we have checked
the piecewise model with n = 130 and x = 1.5, which corresponds to a central redshift
factor of z, =~ 3.624 and a binding energy of Ej, ~ 0.01793. Despite the very relativistic
initial equilibrium, we indubitably obtain a heteroclinic orbit.

We come back to the question whether the sign of the binding energy determines the
dispersion behavior later in Section [7.4) when we investigate shells surrounding a black
hole. Nevertheless, fully dispersing solutions are still present for the isotropic steady
states for the Einstein-Vlasov system in some cases.

Full dispersion: For some x-families of singularity-free steady states, it happens that
the heteroclinic orbit ceases to exist if the value of x is large enough. In this case, a
dispersion promoting perturbation leads to a full dispersion in the sense that the metric
coefficients approach that of Minkowski space, i.e., « =1 = ¢ and K g = 0. The evolution
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isotropic polytrope with k£ = % and k = 1 perturbed with v > 0.

of the metric coefficient «(t,-) is presented in Figure for the isotropic polytropes
withk:%and/ﬂzl.

For every fixed radius r > 0, the value of «(t,r) is monotonically increasing in time ¢
and thus the overall setting gets less relativistic. In particular, «(¢,0) keeps increasing
until it approaches one, unlike for heteroclinic orbits where this value eventually de-
creases again. The individual particles spread out more and more homogeneously over
the radial space. Some particles escape towards spatial infinity and appear not to return,
while others stay close to the origin. The particles close to the center do not move on
periodic orbits anymore but have very small momentum. We emphasize that we only
find evidence for full dispersion if the binding energy Fj, is sufficiently negative. In Sec-
tion [7.4.2] we will see that the dispersing behavior of shells surrounding a black hole is
qualitatively different.

7.3.3 Stability behavior along x-families

Throughout the analysis of the stability of steady states of the Einstein-Vlasov system
in Chapters [5] and [6] considering families of stationary solutions parametrized by the
redshift x was of particular interest and useful from a mathematical point of view. This
is also the case for the numerical stability analysis. As mentioned in Section the
point where stability changes along a one-parameter family of steady states has already
been studied quite extensively in the literature. Most of the earlier numerical work found
that k-families (fx)x>0 behave in a manner that f, is stable for k < ko and becomes
unstable for k > kg, where kg is a threshold value signaling the onset of instability. For
example, this is the case for isotropic and anisotropic polytropes [15] 45] as well as for
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Figure 7.12: Stability behavior of the King model for different values of x illustrated by
the time evolution of the quantity «(t,0). The steady states are perturbed
with v < 0.

Maxwell-Boltzmann distributions [60, 10§]. In Figure we recall the behavior for
the King model and provide the typical stability behavior along a family of isotropic
equilibria perturbed with v < 0; this is also included in [45], . We find that the steady
states are stable for k < 0.3325 and unstable for x > 0.335. There is only one change
in stability behavior, and the value k = 0.3325 is very close to the maximizer of the
binding energy curve. In the case of a stable configuration, the perturbed steady state
stays mostly unchanged. Despite the plot being limited to ¢ < 1000M, we have simulated
the system much longer in the stable case. The perturbation might lead to an oscillation
which is more visible when & is close to the point where stability changes. In the case
of collapse, a trapped surface eventually forms and all particles cross this barrier after
some time. In addition, Figure shows that—for unstable steady states—the collapse
time, i.e., the time after which a trapped surface is first formed, is increasing in Iiﬁ

As mentioned in Remark the author and colleagues provide strong evidence
in [48] that stability changes do not necessarily occur at a critical point of the binding

3For this observation, we have to employ the same “strength” of the perturbation and numerical
accuracy across all models. Otherwise, the collapse time can vary much more and may not decrease
if Kk increases.
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Figure 7.13: Stability behavior of the piecewise model with n = 200 for different values
of k. The left hand side shows the binding energy along k; green dots mark
stable steady states and red dots unstable ones. On the right hand side,
the time evolution of the quantity «(t,0) is plotted. The steady states are
perturbed with v < 0. See also [48, Fig. 5].

energy, which was long believed to be the crucial quantity for the onset of instability.
For the sake of completeness, we briefly recall the main findings of [48, Sc. 5.1] which
contains much more information on the topic and a comprehensive numerical analysis
of the piecewise model .

In Figure we present the binding energy curve as a function in x and the cor-
responding time evolution of «(t,0) along certain values of x for the piecewise model
with n = 200, see also [48, Fig. 5]. The steady states are stable for x < 0.56 and un-
stable for k > 0.57, whereas the first local maximum of the binding energy is attained
at k =~ 0.265. Moreover, the change in stability cannot be attributed to other critical
points of the binding energy curve. Other criteria that might be connected to the onset
of instability are discussed further in [48, Ch. 6], e.g., a local binding energy, a modifi-
cation of the binding energy by using a different Casimir functional, a threshold value
of sup,~q 277", etc. However, these ideas were to no avail and no universal criterion is
known. It remains a conundrum why the binding energy serves as a reliable indicator
of stability in models such as the King model or the polytropes but fails to do so in the
case of the piecewise model.

For the King model and polytropes, previous studies always found just one point
along k, where stability changes from stability to instability. In this regard, the piecewise
model displays another interesting feature: For 255 < n < 290 stability changes multiple
times along the family of steady states parametrized by the redshift. This was first
detected and described in [48, Sc. 5.2].

In the case n = 270, the stability behavior and the multiple stability changes on the
level of the evolution of «(t,0) are depicted in Figure The steady states are stable
for k < 0.32 and become unstable for 0.33 < k < 0.47. After the initial unstable region,
a second stability domain sets in for 0.48 < k < 0.63, which consists of much more
relativistic stationary solutions compared to the first stable domain. By increasing the
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Figure 7.14: Stability behavior of the piecewise model with n = 270 for different values
of k. The left hand side shows the binding energy along k; green dots mark
stable steady state and red dots unstable ones. On the right hand side,
the time evolution of the quantity «(t,0) is plotted. The steady states are
perturbed with v < 0. See also [48] Fig. 6].

redshift further, we eventually reach another point where instability sets in, and the
steady states are unstable for x > 0.64. The points where stability changes are close to
critical points of the binding energy curve which is quite flat for the relevant values of .
It is unclear if this has anything to do with the peculiar behavior observed here. We do
not observe a third stability domain for the piecewise model, but it is conceivable that
stability may change even more often when considering other ansatz functions.

7.4 Steady states surrounding a Schwarzschild black hole

Besides isotropic steady states, static shells surrounding a Schwarzschild black hole of
mass My form the other central class of equilibria considered throughout this work.
We describe the different types of stability behavior for shells, as constructed in Sec-
tion [2.2.2] To avoid exceeding the scope of this study, we refrain from analyzing the
stability behavior along families of steady states. To the author’s knowledge, this is the
first time that non-linear stability of stationary solutions to the Einstein-Vlasov system
with a singularity is explored.

As maximal areal coordinates only cover the region where r > 2My, we cannot use
the evolution of «(t,0) for illustrating the stability behavior of the steady state in time.
Instead, we use «(t,3Mp), which can be viewed as an analogous quantity to «(t,0) in the
setting with a singularity. Note that 3My < Ruin necessarily holds due to condition
i.e., a(t,3M)) is guaranteed to take into account the whole structure of the steady state—
at least in its initial, unperturbed state—since it is obtained by integrating from infinity
inwards. Furthermore, we usually consider the time and radial variables in multiples of

Mot = Mo + M,
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Figure 7.15: Time evolution of the quantity «(t,3My) for a stable shell surrounding a
black hole of mass My = 1 perturbed with v < 0, v > 0, and unperturbed
(v = 0). The model is given by the polytropic ansatz with £ = 1, [ = 1,
Ly =50, and x = 0.01.

where M is the Vlasov mass of the steady state, see . This makes the time and
radial variables more comparable across different models. Finally, as in Section we
consider only single shell solutions and leave the study of equilibria with multiple shells
open for future work.

7.4.1 Stable shells

Given Theorem the existence of non-linearly stable shells surrounding a black hole
should come as no surprise. Stability manifests itself in several ways, analogous to the
singularity-free case studied earlier:

Oscillation: A small perturbation can induce an oscillation of the source and metric
terms which is very similiar to the behavior described in Section We illustrate
this for a polytropic model in Figure [7.15] where we consider the time development of
a(t,3Mj) in the three cases of a perturbation towards collapse, towards dispersion, and
the unperturbed solution. This should be compared to Figure which shows the same
qualitative behavior. It is noteworthy that the period of the oscillation is only marginally
dependent on the strength and type of the perturbation. In addition, the unperturbed
solution exhibits a slight pulsation caused by numerical artifactsﬁ

*Without going into more detail, we note that—as in the singularity-free case—oscillations are better
visible and obtainable when the model is “close” to unstable steady states. Even if the theory from
Chapter [f] does not apply here, the same mechanism for the linearized system should be valid, i.e.,
there will most likely be an eigenvalue that transitions into the negative and thus stimulates an
oscillating mode.
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Figure 7.16: Time evolution of the quantity a(t,3My) for a stable shell surrounding a
black hole of mass My = 1 perturbed with v < 0. The model is obtained by
considering a §-family for the polytropic ansatz with k=2, =1, Ly = 15,
E%vac — (.97, and 6 = 10.

Damping: We also find static shells that show damping when perturbed. The effects
are very similar to those described in Section In order to obtain better observable
and stronger damping effects, the steady state should not be too close to unstable shells
and the ansatz functions should be smooth, e.g., have high values of k& for the polytropes.
In Figure we depict this for the polytropic model with k = 2, My = 1, [ = 1,
Lo = 15, and E%V2 = 0.97, parametrized via a é-family with 6 = 10 by considering the
evolution of a(t,3Mp). This shell is rather small in the sense that its Vlasov mass is
approximately M =~ 0.052My. The non-smooth variation of «(t,3Mj) can be attributed
to numerical round-off errors since the vertical scale is very small in relative terms.
Searching for damping in the case of shells surrounding a black hole turns out more
delicate than in the singularity-free case since the central black hole often dominates
the motion of the particles. We comment further on this in the following third behavior
which can be observed.

No effects or indeterminable behavior: When considering small shells compared
to the black hole, i.e., M <« My, we could expect a similar behavior as in the Vlasov-
Poisson system with a point mass, as studied in [56], since this is the Newtonian coun-
terpart of our setting; recall also the discussion of [56] in the previous section. However,
we often do not see any effect after the perturbation of a sufficiently small shell. More
precisely, the gravitational field generated by the black hole at the center dominates the
self-gravitating part of the Vlasov matter by orders of magnitude. The particles seem
to move on orbits which are almost identical to the orbits in the vacuum Schwarzschild
solution. In particular, we cannot observe oscillations or other behavior, but the steady
state just stays where it is, despite using rather strong perturbationsE] Such small
shells can, for example, be obtained by fixing a J-family and making § sufficiently small,

SOf course, if the perturbation is strong enough, we would see effects. However, we doubt the sense of
this approach.
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Figure 7.17: Time evolution of the quantity «(t,3M) for a stable shell surrounding a
black hole of mass My = 1 perturbed with v < 0. The model is obtained by
considering a §-family for the polytropic ansatz with £k =2,1 =1, Ly = 15,
E%vac — .97 and § = 1.

cf. Definition From Lemma we know that this yields solutions close to
the vacuum Schwarzschild solution. The evolution of «(t,3Mp) is shown in Figure
for the same model as used in Figure but with the smaller value § = 1, which yields
M == 0.0065My. Even an increase of the strength of the perturbation does not lead to
better observable effects. Instead, the question whether oscillation or damping happens
seems to get obscured by the central black hole.

In conclusion, the non-linear numerical stability analysis of stable shells confirms that
the findings of [56] concerning linear stability can, to some extent, be transferred to the
Einstein-Vlasov system. More precisely, we observe that damping seems to occur for
smoother ansatz functions, i.e., larger values of k, if the shell is “small”. However, these
results have to be taken with a pinch of salt, as we cannot make the shells arbitrarily small
compared to the central black hole since in this case the strong external gravitational
field dominates the dynamical behavior of the Vlasov matter.

7.4.2 Unstable shells

Besides stable shells, as described above, we also observe instability for steady states
surrounding a black hole. As in the isotropic case, unstable steady states behave differ-
ently if perturbed with v < 0 or v > 0, i.e., towards collapse or dispersion, respectively.
The former case always leads to the collapse into the black hole at the center. The latter
case v > 0 is a bit more interesting, as we could expect heteroclinic orbits, as described
in Section [7.3.2] especially because such heteroclinic orbits are also obtained in [45] for
singularity-free shells. However, it seems that this is not the case for shells surrounding
a black hole. Instead, we observe a “homoclinic orbit” if we perturb an unstable shell
towards dispersion. We describe the behavior in more detail in the following.

Collapse: If we increase the redshift x for the same modelas used in Figure we
eventually reach unstable equilibria. One possible scenario is the collapse of the matter
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Figure 7.18: Time evolution of the quantity a(t,3Mj) for an unstable shell surrounding
a black hole of mass My = 1 perturbed with v < 0 (blue line) and v > 0
(red line). The former corresponds to a collapsing solution while the latter
represents a homoclinic orbit. The model is given by the polytropic ansatz
with k=1,1=1, Ly =50, and x = 0.1.

after it gets perturbed slightly towards collapse, i.e., with v < 0. The mechanism is
quite similar to that described in Section [7.3.2) with the main difference being that the
matter now approaches the black hole at the center and eventually gets absorbed by
it. The entire shell moves towards the central singularity, and a new outermost trapped
surface forms abruptly at a radius rrg > 2Mj, which signals the development of a new,
larger black hole at the center. Such a scenario is depicted in Figure [7.18|for the quantity
a(t,3My), which decreases rapidly due to the instability. On a particle level, the solution
behaves qualitatively the same as the King model illustrated in Figure All particles
rush towards the center and ultimately cross the outermost trapped surface after which
we terminate the simulation. Note that we did not search for the phenomenon of partial
collapse which should be easily obtainable by constructing two separate shells where the
outer shell is stable and the inner shell is unstable. Research towards such results is
currently underway. In addition, it would be interesting whether partial collapse can
happen for single-shell solutions, similar to the model used in Figure

Homoclinic orbit: When perturbing unstable shells surrounding a black hole to-
wards dispersion, i.e., with v > 0, the solution performs a homoclinic orbit for a large
class of models. These orbits often arise in dynamical systems such as ordinary differen-
tial equations and connect a saddle equilibrium to itself. In our setting, the perturbed
stationary solution relaxes to a less relativistic configuration, the radii of the particles
increase significantly, but no particles reach escape velocity. Eventually, the whole config-
uration appears to return to its original state. This can be observed across all quantities
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7 Numerical investigation of non-linear stability

that we have considered. However, as the original state is unstable, the configuration
again begins to expand and starts a new cycle of the same behavior. This leads to a
type of oscillatory behavior which should not be confused with the oscillations of stable
steady states[f] We illustrate a homoclinic orbit in Figure which shows the process
of repeated expansion followed by an implosion represented by the quantity «(t,3My).
We continued with the simulation much longer than depicted in Figure and it ap-
pears that the cycle of expansion and reimplosion continues indefinitely. In addition,
Figure [7.19) shows one full cycle in radius-energy space, which better clarifies the evolu-
tion of the whole configuration as well as of the individual particles. From Figure [7.19
it is evident that this behavior should be regarded as unstable. It is rather remarkable
that the system returns exactly to its original state after approximately t = 440M and
that no particles are expelled which is most likely due to the external potential generated
by the central black hole.

Full dispersion: By increasing the value of x even further, we usually encounter
fully dispersing solutions when the static shell is perturbed towards dispersion. We
depict this in Figure for the evolution of «(t,3Mj). For large time ¢, the value of
a(t,3My) approaches %, which is the value corresponding to the vacuum Schwarzschild
solution. Furthermore, the maximal radius of the particles increases linearly in time.
The particles get expelled violently from their initial configuration and do not return
but escape towards infinity, as shown in the bottom plot in Figure

One crucial difference compared to full dispersion for perturbed isotropic steady states,
as discussed in Section [7.3.2] is that the particles do not disperse over a large radial
region, but remain in a rather compact bundle and move away ”uniformly” towards
spatial infinity. To our numerical accuracy, the configuration does not return which is
indicated by the energy of the particles being larger than one in Figure

It is of interest if there exists a simple criterion that determines whether the perturbed
equilibrium performs a homoclinic orbit or fully disperses. Before we address this issue in
more detail, let us briefly comment on our observation regarding the stability of families
of stationary solutions.

Remark 7.4.1. (a) There is a multitude of possibilities to parametrize static shells
surrounding a black hole, even if the ansatz function is fixed. For example, we
could vary the parameters My, Lo, k, or even consider d-families, as defined in
Definition[2.2.11. For more details, we refer to Section[2.2.3. We have limited the
analysis to mainly studying families along either k or &, where My =1 and Ly are

fized. Recall that k has a lower and upper bound determined by |(P3).

(b) Usually, equilibria are stable for k close to its lower bound. This case corresponds
to small shells compared to the central black hole and is consistent with the result in
Theorem|5.4.4. The same behavior can be observed if § is small along a d-family.

SFor isotropic, singularity-free steady states, we did not explicitly observe homoclinic orbits. However,
it is reasonable to assume that homoclinic orbits also exist if the model is close to the point where
stability changes. In this case, it is delicate to differentiate between heteroclinic and homoclinic
behavior since the system does not undertake a large structural change.
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Figure 7.19: Time evolution of the radius-energy space for an unstable shell surrounding
a black hole of mass My = 1 perturbed with v > 0. The model is given by
the polytropic ansatz with k = 1,1 =1, Ly = 50, and « = 0.1.
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Figure 7.20: Time evolution of «(t,3Mp) and the radius-energy space for an unstable
shell surrounding a black hole of mass My = 1 perturbed with v > 0. The
model is given by the polytropic ansatz with £ = 1, [ = 1, Ly = 50, and
Kk =0.3.

(c¢) When increasing k or §, we often obtain unstable shells of the types described above.
In some sense, this can be interpreted similarly to the singularity-free case since
increasing k or 0 usually yields more relativistic settings. It is, however, not clear
whether this is necessarily the case along families in k, since k is bounded from
above.

A binding energy criterion: It appears that the change of behavior from homoclinic
orbits to full dispersion happens suddenly when parametrizing families of shells along
or considering d-families. In particular, we do not observe any heteroclinic orbits. We
hypothesize that it is a general feature of shells surrounding a black hole that heteroclinic
orbits do not exist due to the central black hole. Instead, the sign of the binding energy
seems to be tightly connected to the question whether the solution full disperses. For
shells surrounding a black hole, the binding energy is defined as E, = w, where
M is the Vlasov mass of the shell, which does not include the mass My of the central
singularity. When increasing k, the time to complete the homoclinic orbit generally
increases. For a family along k, our results are presented in Figure by visualizing
the evolution of «(t,3My). In Table we provide the corresponding binding energy
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Figure 7.21: Homoclinic orbits for different values of k illustrated by the time evolution
of the quantity «(t,0). The shells are given by My = 1, k = 1, | = 1,
Lo = 50, and are perturbed with v > 0.

K 014 015 016 017  0.18 0.19 0.20

By 0.0284 0.0230 0.0170 0.0105 0.0036 —0.0038 —0.012
Full dispersion? No No No No Yes Yes Yes

Thco 535 655 891 1618 - - -

Table 7.1: The binding energy, the dispersing behavior, and the approximate time taken
to complete one homoclinic orbit Tyco for multiple values of x. The model
is given by the polytropes with My =1, k=1, =1, and Ly = 50.

of the models as well as the approximate time Tyco it takes for one homoclinic orbit
to complete—if it exists. For k = 0.18, we observe a full dispersion, according to our
numerical accuracy, despite of positive binding energy which seemingly contradicts our
claims above. However, firstly, the binding energy is very close to zero for this model
and it is difficult to determine whether the solution fully disperses or returns after some
(possibly very long) time. Secondly, numerical errors could also be the reason why we
obtain that x = 0.18 disperses fully. For a second k-family, the results are quite similar,
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K 0.07 0.08 0.09 0.10 0.11 0.12 0.13
£y 0.0340 0.0252 0.0148 0.0035 —0.013 —0.0319 —0.0584
Full dispersion? No No No Yes Yes Yes Yes
T
Sy 458 613 1145 - -

Table 7.2: The binding energy, the dispersing behavior, and the approximate time taken
to complete one homoclinic orbit Tgyco for multiple values of k. The model
is given by the polytropes with My =1, k = %, [ =0, and Ly = 25.

as shown in Table [7.2l In conclusion, a more elaborate and structured analysis of
families of shells with a singularity is needed in order to get a better understanding of
their stability behavior and features.

"We do not consider d-families here, as they appear to never fully disperse and, in particular, always
have positive binding energy. This might be explainable by the fact that the gravitational potential
induced by the central black hole is more dominant for §-families, because of the different way these
shells are constructed, see Section [2.2.2] For example, we have that the minimal and maximal radii
are a-priori and uniformly bounded in §, as proven in Lemma
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8 Numerical investigation of linear stability

An algorithm must be seen
to be believed.

Donald Knuth

As we have outlined in the previous chapter, most of the literature concerning nu-
merical stability of steady states of the Einstein-Vlasov system deals with non-linear
stability issues. In this chapter, we aim to analyze linear stability from the perspective
of spectral analysis by numerically approximating the bottom of the spectrum of the
Antonov operator £ introduced in Definition [4.2.2(d)

We begin by outlining the general idea behind our method in Section [8.1] and assess
how this analysis complements the work in Chapter [} We also present the relevant cal-
culations and considerations necessary for minimizing the quadratic form corresponding
to the Antonov operator. In Section the concrete numerical method is introduced
along with its limitations. In Section we then apply this numerical method in order
to test for the agreement of linear and non-linear stability of stationary solutions to
the Einstein-Vlasov system. In Section we search for oscillating solutions, which
expands the knowledge gained from the rigorous investigation in Chapter [6} In addition,
we probe for evidence of damping which should be tightly connected to that observed
in Section for the non-linear system.

Since this chapter should mainly be viewed as a “proof of concept” and, as we need
a steady state fp with strict single-well structure—at least when using arguments that
involve the period function—, we restrict the analysis to isotropic equilibria which fulfill
the conditions introduced in Chapter Recall that we put forth the conjecture
in Remark that the (strict) single-well structure holds for all isotropic stationary
solutions. However, it is in principle possible to expand the investigation to anisotropic
steady states, which may or may not surround a black hole, if the formulas are adjusted
accordingly. We use the same notation as introduced in Chapter

8.1 Preliminaries and setup of the variational principle

In Section we have seen that the spectral properties of the Antonov operator £ fully
describe the linear stability behavior of a steady state of the Einstein-Vlasov system.
Since the Antonov operator acts as an unbounded operator on an infinite-dimensional
Hilbert space, the best that we can reasonably hope to achieve, is to approximate the
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bottom of the spectrum of £. Therefore, our goal is to numerically find

i
O = R B e e

(Lf fu, (8.1)

where the first equality follows from applying the min-max principle for self-adjoint
operators [88, Thm. XIII.1], and H is the appropriate Hilbert space defined in
consisting of odd-in-w functions. Approximating the bottom of the spectrum of £ still
entails a lot of information about the stability behavior of the underlying steady state.
We refer to Remark [5.1.3] for a more detailed discussion of the following.

In the case inf(o(L£)) > 0, we have that the equilibrium is linearly stable, as per
Definition If in addition inf(o(£)) < inf(o(—7?2)) holds, this implies the existence
of an oscillating mode, since

inf(o(~T2)) < inf(0ess (L)), (8.2)

according to Theorem and thus inf(o(£)) must be an isolated, positive eigen-
value. Recall that the question whether equality holds in is an open problem, as
discussed in Section In case inf(o(L£)) > inf(o(—72)) holds, it is difficult to assess
the qualitative behavior of the linearized system without further knowledge, but it is
plausible that damping may take place. For the Vlasov-Poisson system, the existence
of damping is rigorously proven in [56]. There, the authors observe that no eigenvalue
exists when inf(o(£)) > inf(o(—T?2)). In the case inf(o (L)) < 0, we deduce the existence
of an exponentially growing mode, as argued in Remark and thus the stationary
solution is linearly unstable.

In conclusion, we can thus check if linear and non-linear stability coincide for the
Einstein-Vlasov system—especially in the case of multiple stability changes observed in
Section [7.3.2}—, expand the search for linearly oscillating modes, and find equilibria for
which damping on a linear level is possible.

Linear stability is studied via a similar approach in [60]. The author plugs different
heuristic test functions of the form f = ¢'wF(r) into the variational principle in
order to get an approximation of the sign of inf(c(£)). The radial function F' = F(r) is
the only part that is subject to variation in the attempt to find . The distribution
functions under consideration are given by families of isotropic, isothermal clusters as
well as isotropic, polytropic equilibria; note that these are different polytropes compared
to ours introduced in (2.5). The results of [60] are expanded upon in [42], where the
author optimizes the radial trial function F' for similar distribution functions. Our goal
is to build upon the previous work from [60] and use a much larger class of test functions
as well as more advanced techniques in order to better approximate the bottom of the
spectrum of L.

It is important to note that, while having attempted to numerically minimize the
functional over the infinite-dimensional function space H, the author of this work
is by no means an expert in this field. The work here is simply an ad-hoc solution
that has been developed as a proof of concept. A more rigorous and methodologically
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8.1 Preliminaries and setup of the variational principle

sound approach would require refined expertise in areas such as numerical optimization.
Nonetheless, our efforts provide a foundation for further exploration and development.

The reduced variational principle: Before we approximate the infimum in (8.1)),
we have to bring the scalar product (Lf, f) gy into a form suitable to be implemented on
the computer. Recall from Definition that the Antonov operator can be written as

L=-B"-R=—(T+S8?-R, (8.3)

where § and R are bounded operators which introduce non-local terms, and 7 is the
transport operator which acts as a differential operator along characteristics of the steady
state. This interplay between the differential terms arising from the transport operator T
as well as the non-local terms generated by & and R, causes the main difficulty in
reducing the scalar product (Lf, f) g to a nice and compact form. In addition, we have
to construct and choose test functions in the three independent variables (r,w, L).

We employ separated test functions of the form
fikm(rvwvl’) = ‘SOI(E)|¢Z(T) ak’(w) bm(E(TawaL))7 (T,’LU,L) € Qo, (8'4)

for i, k, m € Ny; we specify ;, ag, by, later. For the sake of the following formal deriva-
tion, it is sufficient to prescribe that 1;, a, b, € C*(R) are bounded and ay, is odd in
w. It will become clear later why it is advantageous to choose a separated ansatz not in
(ryw, L) but in (r,w, E). From a mathematical point of view, this should not make the
test functions less general.

We start by applying the relevant operators to a test function fix,, as in (8.4). For
the transport operator, we get

(T firm) (r,w, L) = |/ (E)|eZro20) ", (E).-
: (—;wg(r)ak(w) + <e—2ﬂo<7">ug(r)E - é)zﬂi(r)az(w)) (8.5)

by using definition (4.13]). Applying the bounded operators S and R yields

2
(S fim) (1,10, L) = 47 (B)| “Lore o200 (1), (5.6)
(R fiom) (0, 1) = 4 (E) e 2 () + 1), (1) (5.7)

since fikm is odd in w. In order to appropriately minimize (8.1]), we need to plug two
test functions figm, and fj,, where 4,5, k,1,m,n € Ny, of the form (8.4]) into the scalar
product

(L fims Fin) i1 = (Bfikms Bfjin) g — (Rfikm fjin) a2
= AT fitm> T fjtn) i1 + (S firem, T fjm) 75 + (T fitem> S fjmn) 1
+ (S fikm> S fim) i — (R fikms fin) 1, (8.8)
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where we have used (8.3]) and the fact that B is skew-adjoint on H, as shown in Proposi-

tion4.3.5(a)l In addition, we need to calculate ( fikm, fjin)m as well as jy,, (r) for r > 0,
which arise from the variational principle. For the derivation, it is useful to introduce

the shorthand
g(r,E) = e 2m0ME2 _ 1 (8.9)

and the auxiliary function

AP (@) = /Ox hVyy'e, x>0, (8.10)

where h € C(]0,00[) and s > 0.

We present all relevant equations needed for the reduced variational principle on
page In a nutshell, these formulas are derived using f and multiple
changes of variables. We provide more details of these laborious calculations in Ap-
pendix [C] In this generality, the reduced equations are not of much use, which is why
we have to specify the test functions ;, ax, by, next.

The class of test functions: One of the numerically most expensive tasks is the
computation of the integrals appearing in and . In fact, currently three
integrals appear which we would have to approximate numerically. The idea now is to
first define suitable functions aj that span a satisfactory subspace in w and at the same

)

time allow us to explicitly compute the necessary integrals Agf . Our choice for the test

functions along w consists of

w, k=0,
ap(w) = sin(’”—w>, (8.14)

Wmax

for w € [—Wmax, Wmax] and k € Ng, where wpyax = sup{w | (r,w, L) € supp (fo)}. Recall
that the functions fix,, need to be odd in w. We include the linear term ag(w) = w, since
the family (ax)r>1 cannot cover general test functions due to the boundary conditions
ap(0) = 0 = ag(l) and aj(0) = 1 = aj (1) for k > 1 All integrals Agf) appearing
in and can now be calculated by hand for the different cases, e.g., recursively
in s. As an aside, we mention that this maneuver is only possible since we have chosen
a separated ansatz in (r,w, F) instead of (r,w, L). In conclusion, only two-dimensional
integrals remain to be computed in the equations for the reduced variational principle,
which reduces the numerical workload considerably.

Since the equation of state ¢ depends on the specific steady state under consideration,
we cannot generally eliminate the integral over E as well. In our case, after probing

Loosely speaking, we need to ensure that the functions (ax)x>o span a basis over H'([0,1]) in an
appropriate sense. Without the linear term, (ax)r>1 defines a basis over Hg([0,1]), which is not
optimal to approximate the most general functions possible in H.
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‘ The equations for the reduced variational principle:
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several test functions in F, the best numerical performance has been achieved with

1, m =0,
bn(E) = | £ m =1, (8.15)
2 E—et0(0)
cos (M omy ). m=2,

for E > 0 and m € Ng. We leave out the sine from this family of functions since it only
provides marginal gains in numerical testing. By similar considerations as for a; and b,
above, we employ the radial test functions

T, 1 =0,
Yi(r) = cos(%), 1> 1 odd, (8.16)
sin(%), 1> 2 even,

for r € [0, Rimax] and ¢ € Ny.

We emphasize that, in principle, there are many other ways to choose the test functions
and ours is most likely not the best choice overall. However, we employ the functions
above because they provide a satisfactory mix of simplicity, usefulness, and numerical
performance.

8.2 The numerical method

We now come to the actual method for approximating

inf(o (L)) = feH,ilT}ﬁ\H:1<£f’ f)m. (8.17)

First, we present the mathematical formulation which reduces the problem to a finite-
dimensional one. In the second step, we provide the algorithms and solvers employed
for our problem. Finally, we lay out the main difficulties and limitations of the method.

Mathematical formulation: We fix 41yax, kmax, Mmax € No and consider the family
of test functions

(fikm )0<i<imax, 0<k<hmax, 0<m <rmumas
as defined in (8.4). We assume that these test functions are linearly independent which

is plausible by their definition; from a numerical point of view, this should always be the
case. For a more concise formulation, we re-index the family of test functions through

(fr)1<n<nmax: Where Nmax = (imax + 1) (kmax + 1)(Mmax + 1). The infimum in (8.17) is
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approximated by solving the optimization problem

minimize <£ (”i‘"‘:" Cnfn> ,%‘Cnfn>H7

et =t (8.18)
subject to H Z Cnfn "y 1,
n=1
where ¢ = (c1,...,¢p,.,) € R™ax acts as the unknown. We define the shorthand
Lom = (Lfn, fm)H,  Fam = (fn, fm) i, (8.19)

which define real, symmetric matrices L = (Lpy,), F' = (Fyy,) € RMmaxXMmax Note

that F' is invertible and positive definite since we assume that (f,,) is linearly indepen-
dent. With this, (8.18)) is equivalent to determining

min{c’Le | ' Fe=1, c € R"™}, (8.20)
which can be solved with the method of Lagrange multipliers. We define
— : T T — Mmax
Ymin '=min{c’ Le | ¢ Fe=1, ¢ € R™max}, (8.21)

which obviously depends on the particular family of test functions employed.

The algorithm and solvers: Since the non-local terms jy, —appear in the for-
mula (8.11]), we have to compute these terms for the relevant values of 7, k, m in advance.
Due to (8.13]), we only have to compute

EO
/ ( )Agi)(g(rv E))|¢,(E)|bm(E)EdEy 0<k< kmam 0 <m < Mmnax,
etolr

for r > 0 on a radial grid; we use the same grid as for the computation of the underlying
steady state. Recall that for our choice of ag, cf. , we can explicitly calculate A((li).
Thus, for every r > 0 a one-dimensional integral over Je#0("), E0[ remains that we ap-
proximate with the CUBA library in C++, which is a collection of numerical integration
and Monte Carlo methods for multi-dimensional problems [57]. With the same library,
we evaluate the scalar products (8.11)) and (8.12)) needed for the matrices L and F, as
defined in . For each element L,,, and Fj,,, this amounts to a two-dimensional
integral in (r, E)-spacef]

Once L and F are determined, we can solve for yyin. Instead of inverting F', which
can be numerically delicate, we search for the minimal value of A\, which solves L¢ = AF'c
for some ¢ € R™ax\ {0} with ¢ Fc = 1. This is equivalent to determining (8.21). In the
literature, min is referred to as the smallest generalized eigenvalue of the pair (L, F),

?The necessary integrals need to be normalized to integrals ranging over the domain [0, 1] in order to
use the methods provided in the CUBA library. This is a mere technicality which we do not explicate
further.
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8 Numerical investigation of linear stability

cf. [24, Example 3.37]. We use the GeneralizedEigenSolver from the Eigen library in C++
to find ymin. For an overview of the code, we refer to Appendix

We use about 10* and 107 evaluations of the integrands for the approximation of
one-dimensional and two-dimensional integrals, respectively. The radial grid consists of
at least 103 steps, but we tend to employ much more accuracy when considering more
relativistic steady states, as measured in the value of the redshift k. Before we run the
algorithm, we normalize the test functions which seems to improve accuracy.

Refinements: The main bottleneck of the algorithm consists of the two-dimensional
integrals that need to be calculated for the entries of the matrices L and F. AS npax
increases, the amount of necessary two-dimensional integrals grows as n2,... When
considering a family of the form (fixm,), this translates to a growth of the order
(tmax Kmax mmax)2, which limits our ability to choose a large number of test functions
in order to keep the computation time reasonable. In addition, due to numerical errors
adding up from the computation of jr, =~ and from the lengthy formulas for the inte-
grands in (8.11) and (8.12)), the search for ymin can lead to errors once we employ too
many test functions. These errors manifest themselves in the fact that vy, suddenly
changes its value drastically when another test function is added to the family (fixm).
These errors can be eliminated at the cost of increasing the computational resources
sufficiently.

Due to the numerical errors and the fast growing number of necessary integrals, we
sometimes employ a different strategy for finding Ymin. In short, it consists of splitting
the optimization process in (r,w, F') into two separate optimization problems in r and
(w, E): Consider a family of test functions (f;xm) as above. For every fixed pair (kg, mo)
with 0 < kg < kmax, 0 < mg < Mupax, we first find the best approximation according to

the algorithm described above for the family (fikymg)o<i<ima.- We denote this value as
(k07

min

mo) Concretely, we obtain a vector ¢ = (co, ..., ¢i,..) € Rmaxtl guch that

Tmax

romo = (1) |0 (E)|aky (w)bmy (E) = (Z Cﬂ%(ﬂ) |6 (E)ary (w)bmq (E)
=0

defines the solution of (8.18)) for the family (fikymg)o<i<ima.- For the fixed pair (ko,mo),
the radial function v is now determined. We then repeat the same optimization process
for the family (grm)o<k<kmax,0<m<mmax: Which yields a final best approximation ~min

to inf(o(L)). Necessarily, it holds that Yy < 71(:;}:”)- Due to the separation of the
radial optimization process from the optimization in (w, E), we refer to this method as
radial separation in the following. Although this procedure may appear unconventional,
it boasts its own unique benefits and is justified by its performance which we investigate
in the next section. On the one hand, we lose numerical accuracy by splitting up the
optimization process since we do not approximate the infimum exactly. On the other
hand, this loss in accuracy can be overcompensated by the fact that it allows us to
employ many more test functions since the number of relevant two-dimensional integrals
is of the order kmax Mmax (i?nax + kmax mmax). In fact, for this method the calculation of
the necessary functions jy,, =~ takes up the majority of the computation time.
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Limitations: The reduced variational principle, which we solve numerically, consti-
tutes an optimization problem over a finite-dimensional subspace of the Hilbert space H.
This naturally leads to suboptimal results and an overestimation of inf(o(£)) < Ymin.
In addition, there is no known error estimate. This makes it difficult to assess the
accuracy of the results obtained, which is why we test the method thoroughly in the
next section. In addition, higher values of the redshift x seem to make the numerical
method more prone to errors, so a significant increase in computational resources is
required to obtain reliable results. There are of course multiple numerical parameters,
e.8., (Tmax, Kmax, Mmax), the radial step size Ar, etc., which need to be prescribed and
affect the algorithm’s accuracy as well as its performance.

Next, we specify how we verify the accuracy of the algorithm, and we test various
combinations of (imax, Kmax, Mmax) With and without the radial separation method.

8.3 Testing and verification

For reliable results, we need to verify our implementation described in the previous
section. In addition, we have to find suitable values for #max, kmax, Mmax, Which deter-
mine the family of test functions (fixm,) and lead to a good numerical approximation.
As a benchmark, we consider the (isotropic) King model , which we have already
investigated on a non-linear level in Section

There are two possible ways by which we can verify that our code works correctly
and that v, is, in fact, close to the actual value inf(o(L£)). Firstly, we check whether
the value of vy, converges as we iterate through 1 < n < npax. Additionally, we
need to use different values of (imax, Kmax, Mmax) t0 compare which combination of these
numbers provides the most reliable results. In this context, more reliable results by
definition means that we are looking for (imax, Fmax,Mmax) that lead to the smallest
values for ymin. Secondly, we compare the linear stability results with the non-linear
stability investigation from Section [7.3] where we have considered the King model along
the redshift x in Figure Recall that, according to Definition [5.1.2] an equilibrium
is linearly unstable if inf(c(L£)) < 0. Thus, we can check if the sign of ymin becomes
negative at roughly the same value of x that corresponds to the onset of instability in
the non-linear case. Of course, this assumes that linear and non-linear stability coincide
which is by no means an obvious fact for the Einstein-Vlasov system.

As to the convergence of ~min, we have tested various combinations of
(Ymaxs Fmaxs Mmax) € Ng for the King model with x = 0.2 and kept track of ymin as
we increase n to npax. We present our results in Figure The value of Ymin
seems to slowly converge in all the cases that we have studied. However, the final
value at npax depends quite strongly on the class of test functions used which is de-
termined by the indices (imax,kmax, Mmax). Since the approximation performs worst
for (imax, Kmax, Mmax) = (0,7,7), choosing an appropriate number for iy,yx, i.e., suffi-
ciently many radial test functions, appears to be essential for a good approximation to
inf(o(L)). Nevertheless, the extreme setting of employing only radial test functions,
as in the case (imax, kmax, Mmax) = (50,0,0), does not lead to the best result either.
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Figure 8.1: The approximation Yy, to inf(o (L)) for the King model with £ = 0.2 along
increasing values of 1 < n < npmax = (imax + 1) (kmax + 1) (Mmax + 1) for
different values of (imax, Fmax, Mmax)-

Recall that the previous work in [60] exclusively considered the case where variation
is only applied in r. It seems as if a good mixture of different ansatz functions in
(r,w, F) performs the best, as is the case, e.g., for (imax, Fmax; Mmax) = (7,2,2). It is
rather remarkable, however, that the final values of vy are fairly close to each other for
many of the different combinations of (imax, Kmax, Mmax), and notably also for the case
where (imax, Fmax, Mmax) = (11,6,6) with the method of radial separation employed, as
explained in Section [8:2] We interpret this as another indication that the results are
reliable.

In addition to the performance for one fixed steady state, we have tested different com-
binations for (imax, kmax, Mmax) along the King model. In conclusion, it does not appear
that one set of (imax, Fmax, Mmax) always performs best, but that a mix of multiple test
functions in each variable r, w, and E are necessary for the best possible approximation.
In addition, the method of radial separation works quite well overall because it saves
valuable computation time, leads to better numerical stability due to smaller matrices
that need to be considered, and yields a satisfactory value of iy when compared to the
other cases.

As our last test, we check if the numerical results for linear stability are consis-
tent with the results from non-linear stability from Section The value of Ymin
along the redshift x for the King model for different values of (imax, Fmax; Mmax) iS
provided in Figure 8.2 The roots along the plots indicate the point where linear sta-
bility changes, according to our approximate value. Non-linear stability changes be-
tween 0.3325 < k < 0.335, which is illustrated by the vertical, dashed grey lines in Fig-
ure Again, the results are quite consistent across the different combinations of
(Ymax; Fmaxs Mmax). On the one hand, perturbed stationary solutions in the non-linear
system are more prone to develop instabilities due to numerical errors stemming from
the dynamics. On the other hand, by nature of the numerical method, we always overes-
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Figure 8.2: The value of iy along the redshift « for the King model for different values
of (imax, Fmax, Mmax). The vertical, dashed gray lines at x = 0.3325 and
% = 0.335 indicate the corridor where stability changes non-linearly according
to the PIC method, see Figure and its description in Section

timate linear stability since inf(o (L)) < Ymin must necessarily hold. These observations
should be able to explain the (small) discrepancy between our results on linear and non-
linear stability. Overall, we believe that this confirms that our method is working well,
but improvements to the algorithm’s accuracy and efficiency would be welcome.

At least for the King model, linear and non-linear stability seem to coincide up to
numerical accuracy. This is the first time that results concerning linear and non-linear
stability are compared for steady states of the Einstein-Vlasov system. We expand on
this in the upcoming section.

8.4 Results on linear stability

As we have already indicated above, we can approximate the linear stability behavior of
equilibria by determining the sign of yyin. The results for the King model, as presented
in Figure[8.2] indicate that the onset of linear and non-linear stability happens at roughly
the same value of k. This raises the question if linear stability always coincides with
non-linear stability. We will not analyze this question in depth, but investigate the two
models for which new non-linear stability behavior has been observed in Section [7.4.2
namely the piecewise model for n = 200 and for n = 270. In particular, we analyze
if the binding energy hypothesis explained in Section holds for linear stabilityﬁ
In addition, it is of interest whether multiple stability changes for n = 270 are also
observable in the linear case.

3This might seem odd at first glance. However, the only “formal” derivation of the binding energy
hypothesis is performed in [61] by investigating linear stability. Therefore, it could in principle be a
phenomenon that is only present on the linearized level.
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Figure 8.3: The value of vy, along the redshift x for the piecewise model with n = 200.
The set of test functions is given by (imax,Kmax, Mmax) = (9,2,6) and
the method of radial separation is used. The green and red dots indicate
non-linearly stable and unstable equilibria, respectively, as obtained in Sec-

tion @

We begin by presenting the piecewise model for n = 200 along the redshift «. Espe-
cially if x is large, i.e., roughly x > 0.5, we need to massively ramp up the numerical
accuracy. In particular, the step size dr and the number of integrand evaluations need to
be increased sufficiently, which means that we cannot use too many test functions. Due
to its good performance and smaller computation time, we employ the radial separation
method and choose (imax, Fmax, Mmax) = (9,2, 6), thereby putting more emphasis on the
test functions along r and E instead of w. This performs better and is numerically more
stable. The results on linear stability are depicted in Figure [8.3] where we also compare
them to the results from the non-linear stability investigation from Section Our
numerical results yield that the model is linearly stable for k < 0.59 and unstable for
k > 0.595. The linear instability sets in rapidly for x > 0.595, for which we provide the
values of Yy in Table . It is quite delicate to determine the exact value where Vi
becomes negative, but we can still confidently rule out the binding energy hypothesis for
the linearized system since the first maximizer of the binding energy curve is located at
k ~ 0.265, see Figure [7.13] and no other extremal point is close to k = 0.59.

Comparing this to the result from the non-linear stability analysis from Section [7.3.3
where the threshold value for the onset of instability is x = 0.57, yields that the two
results are quite similar. In addition, the observation that v, decreases rapidly in the
unstable domain may be correlated with the low collapse time which can be seen in

Figure [7.13]
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K H 0.595 0.60 0.61 0.62 0.63 0.64 0.65
—0.00250 —0.00471 -—0.0628 -0.161 —0.176 —0.270 —0.344

“Ymin

Table 8.1: The value of i, in the unstable domain for the model used in Figure
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Figure 8.4: The value of vy along the redshift x for the piecewise model with n = 270.
The set of test functions is given by (imax, Kmax, Mmax) = (9,2,6) and
the method of radial separation is used. The green and red dots indicate
non-linearly stable and unstable equilibria, respectively, as obtained in Sec-

tion @

As a second example, we consider the piecewise model with n = 270, for which we
have investigated non-linear stability in Section[7.3.3] The distinct feature of this family
of steady states is the existence of multiple non-linear stability changes. Indeed, linear
stability also changes multiple times for n = 270, as we illustrate in Figure by
plotting the values of ypin. For x < 0.33, the value of vy is positive. This initial
linear stability domain is followed by the range 0.34 < k < 0.42, which yields Ymin < 0,
i.e., the existence of an exponentially growing mode. For 0.43 < x < 0.68, we obtain
a second linear stability domain after which the steady states become linearly unstable
again for x > 0.70. Similar to the case n = 200 above, it is difficult to determine the
boundary values for x with much precision, so these results should be considered more
as a rough overview of linear stability for this model. The important finding is that
multiple stability changes occur linearly as well as non-linearly.

This should be compared with the results obtained in Section As for the case
n = 200, the threshold values for x differ with the algorithm for linear stability, where
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the steady states are always judged to be stable more often—as measured in k—than
with the non-linear PIC method. However, the results are still reasonably consistent
considering the highly relativistic setting for the large values of x and the inherent fact
that we only approximate inf(o (L)) on a finite-dimensional subspace.

In conclusion, we provide evidence that the binding energy hypothesis does not hold
for linearized stability and that multiple stability changes can occur also for the linearized
system. More generally, we confirm that linear and non-linear stability coincide up to
numerical accuracy for the two examples of the piecewise model with n = 200 and
n = 270, which are distinguished by their unusual stability behavior. The fact that
there is a discrepancy between the results for linear and non-linear stability may be
explicable by the limitations of the numerical method, as mentioned in Section
The consistency of the linear and non-linear results, which are obtained by entirely
different methods—through a variational principle induced by a unbounded differential
operator in the former and through a particle method in the latter case—, serve as an
indication that our numerical results are reliable and accurately represent the features
of the analytical system.

8.5 Results on oscillating modes and damping

The second application of the numerical analysis of the linearized Einstein-Vlasov sys-
tem deals with the search for linearly oscillating solutions whose existence we showed
rigorously in Theorem for isotropic steady states under certain conditions. The
goal of this section is to numerically explore whether

0 < inf(0(L)) < inf(dess(L)) (8.22)

holds which yields an oscillating mode, as described in Section From the analysis of
the essential spectra in Theorem [4.3.18] we obtain

2
2
O—ess(ﬁ) = Uess(_82|H) - (T i\ ) = Uess(_T2|’H,)'

()
Together with (8.22]), this shows that the estimate

0<info(C) < inf T
inf(o in —

(z,.L)err T(E, L)?

necessarily implies the presence of an oscillating mode. We also search for damping for
the linearized system, as we have observed non-linear damping for stable steady states
in Section It is unclear how to determine the existence of damping from the analysis
of the bottom of the spectrum of £. However, it is plausible that damping takes place
in the case

inf(o(L)) = inf(cess (L)),
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since this is the case in [56] for the Vlasov-Poisson system. Unfortunately, we do not
have an exact formula for inf(oess(L)), but it is reasonable to assume

2
e 5 = inf (0ess (= T7|2)), (8.23)

inf(oess(L)) = inf ———
(Oesll)) = I e T, T)

which is indirectly claimed in [47, Rem. 6.3].
We therefore approximate inf(o(£)) with ~ymin, as outlined in Section and com-

pare this with the value of inf( B,L)eOEL ﬁ, which we compute numerically as in
Section 2.4l If we find
. 472 . )
0 < Ymin < inf ———vs= 1nf(aess(—T |H)) (8.24)

(e,L)yearr T(E, L)?

and assume that the steady state is, in fact, linearly stable, we can conclude with good
confidence that an oscillating mode does indeed exist since the algorithm always yields
inf(o(£)) < Ymin- On the other hand, if

: 4r? :
i > e T TR~ T ) (8.29

holds, it is possible that damping takes place for the steady state under consideration;
however, this has to be taken with a pinch of salt. In particular, if is indeed true,
the estimate is always due to numerical inaccuracy. As we minimize the quadratic
form over only a finite-dimensional subspace, such errors are expected, especially since
elements in the essential spectrum can only be approximated in a distributional sense
which is hard to obtain from our numerical method.

We focus on the isotropic polytropes which are parametrized by the polytropic
index k determining the smoothness of the ansatz function. As we have observed in
Figure for the fixed value of the redshift k = 0.05, damping appears to set in
when k is increased sufficiently. For the same setting, we present our findings regarding
the linearized system in Figure and additionally consider x € {0.01,0.005,0.001}.
Note that the vertical scale, i.e., the value of vy, is logarithmic. Three observations
stand out: Firstly, we obtain an oscillating mode for approximately & < 1.31 for the
case k = 0.05, after which is fulfilled, indicating that damping might be present.
This is consistent with the non-linear results depicted in Figure [7.2l However, as in
the non-linear case, it is difficult to determine the exact threshold value for k, where
oscillation changes to damping. Secondly, in the limit x — 0, it appears that £k = 1.2 is
close to the value which decides over oscillating or damping behavior. We do not know
whether k£ = 1.2 is of any deeper analytical meaning or if it is an artifact of numerical
inaccuracy. However, it is worth mentioning that k = 1.2 also arises as a critical value in
the results of [84] for the Vlasov-Poisson system. Finally, there seems to be a negative
exponential relation between Y, and k as well as between oess(—72|3) and k, as we
get an almost perfectly straight line in the logarithmic plot. We speculate that this is
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Figure 8.5: The values of Yy and oegs(—72) for the isotropic polytropes along the poly-
tropic index k for multiple values of k. The set of test functions is given by

(imaXa kmaX, mmax) = (6, ]-7 4)

due to the polytropic nature of the ansatz function. The quantity cess(—72|%) falls off
less quickly than iy in k, which is why the two functions eventually cross. It remains
unclear whether there is a deeper analytical reason behind this behavior for polytropes,
so more research in this direction is needed.

Instead of scanning along k for a fixed value of k, we next investigate a fixed polytrope
along . We provide the ratio ymin over inf(cess(—72)) in Figure 8.6/ for k € {3,1,3,2}.
In the case where the ratio is between zero and one, the estimate (8.24) is valid which
corresponds to the existence of an oscillating mode. If the ratio is greater than one,
holds, indicating the possibility of damped solutions. For & < 1, we always obtain
oscillating solutions for all values of x for which the steady state is linearly stable.
For k£ > 1.5, we observe the validity of for an interval in x which appears to
start at 0. For example, in the case k = 1.5, the estimate seems to hold for
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Figure 8.6: The ratio of Yy over inf(cess(—7?2)) for the isotropic polytropes along the
redshift x for multiple values of k. The set of test functions is given by
(Ymaxs Kmaxs Mmax) = (9,4,4) and the method of radial separation is em-
ployed.

0 < k < 0.15. Moreover, this interval gets larger as k increases, e.g., for k = 2 it ranges
from 0 < k < 0.35, supporting the hypothesis that the smoothness of the ansatz function
is tightly connected to the question whether an oscillating mode exists or damping occurs.

However, if we consider k close to the value of the redshift where stability changes, we
always obtain oscillating modes, as an eigenvalue departs from the essential spectrum
and eventually crosses zero, leading to an exponentially growing mode. This fits very
well to the general idea stated and used in Chapter [6]in order to obtain oscillating modes
analytically.
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9 Conclusion, open problems, and possible
areas of further research

We live on an island surrounded by a
sea of ignorance. As our island of
knowledge grows, so does the shore of
our ignorance.

John Archibald Wheeler

In this final chapter, we provide a brief summary of our main results and address open
problems. We also list areas for possible further research which are beyond the scope of
this work.

The main focus of this dissertation was to investigate stability issues of steady states
and the existence of oscillating solutions to the spherically symmetric, asymptotically
flat Einstein-Vlasov system. As the foundation, we have constructed stationary so-
lutions, analyzed their properties, and derived the linearized Einstein-Vlasov system in
Chapters[2to[dl In Theorem[4.3.18] we have gathered spectral properties of the Antonov
operator £ which governs over the dynamics of the linearized system. Through a Birman-
Schwinger principle, we have characterized and reduced the issue of linear stability to a
one-dimensional variational problem for the Mathur operator M in Theorem This
has lead directly to a Birman-Schwinger bound on the number of exponentially growing
modes in Theorem and, as an application, to the linear stability of small stationary
shells surrounding a black hole in Theorem [5.4.4, We have established the existence
of linearly oscillating modes for isotropic equilibria under suitable conditions in Theo-
rem For the proof, we have shown in Theorem that the projection onto the
kernel of the essential operator B is continuous along the redshift. In the numerical study
in Chapter [7] we have considered and described non-linear qualitative and quantitative
stability behavior in the isotropic case as well as in the setting with a Schwarzschild
singularity. We have provided evidence against the binding energy hypothesis and for
the existence of multiple stability changes along certain families of isotropic equilibria.
In Chapter |8] we have closed with a brief numerical investigation of linear stability by
means of approximating the bottom of the spectrum of £. We have found that linear
and non-linear stability coincides up to numerical accuracy and analyzed the existence
of oscillating modes versus damping behavior for polytropes.

Nevertheless, numerous problems remain open and unsolved. It would be of interest
to show the linear stability result from Theorem [5.1.4(a) with the Mathur operator
approach. This should be possible by considering the limit x — 0, which yields solutions
close to Newtonian, see [54, Sc. 3|, together with the continuity result for the Mathur
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operator from Theorem [6.3.2] as well as the Birman-Schwinger principle for the Vlasov-
Poisson system derived in [55]. Understanding the projection II onto the kernel of
B better and finding an explicit representation would open up possibilities to specify
the variational principle for determining linear stability further, possibly leading to an
explicit stability characterization. Furthermore, a better understanding of the spectral
properties of £ is necessary to determine whether linearly oscillating modes exist or if
damping happens. In this context, it is unclear what precisely is the connection between
our work in Chapter [5| and the linear stability analysis of [52]. The main assumption
which we make throughout our study is the existence of the single-well structure, which
we have shown, e.g., for isotropic steady states which are not too relativistic. Numerical
evidence indicates that the single-well structure holds for general isotropic equilibria,
but proving this is an open problem. A concept for a generalized single-well structure
for (multi-)shell solutions could be a next natural step in order to expand our findings
to anisotropic steady states.

For projects involving numerical analysis, a more structured investigation of families
of shells surrounding black holes is needed. For example, it is unknown whether x- or
d-families always lead to unstable steady states when increasing x or J, respectively. In
addition, one should study the effects of multi-shell solutions to answer the question
whether different qualitative behavior occurs in comparison to single shellsE As to the
method for approximating the infimum of o(£) via a variational principle, it is clear
that our algorithm would benefit from a more sophisticated approach and a numerically
more stable implementation.

One major long-term open problem for the Einstein-Vlasov system consists of
(dis-)proving the cosmic censorship hypothesis [81] and showing global in-time existence
of classical solutions in Schwarzschild coordinates launched by compactly supported ini-
tial data. These two issues are most likely tightly intertwined. The non-linear stability
of steady states is another important topic which is out of reach using the current
techniques. The search for non-linearly stable equilibria should most likely begin by
obtaining stationary solutions close to Newtonian as minimizers of an appropriate func-
tional. The non-linear behavior of unstable steady states, i.e., the existence of collapsing
solutions, heteroclinic and homoclinic orbits, requires further deep understanding of the
dynamical system. A first step into this direction would be to translate the existence of
an exponentially growing mode for the linearized system to instability in the non-linear
case in a suitable sense.

Throughout this thesis, we have recalled and applied previous results, proven open
research questions, and stated new problems that require further investigation. It re-
mains crucial to consider the spherically symmetric Einstein-Vlasov system in order to
gain a more comprehensive conceptual understanding of collisionless matter within the
framework of general relativity.

LA research group associated with the author is currently working on this topic.
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A Derivation of the linearized system

We provide a formal derivation of the linearized system which is missing in the literature.
We only consider the singularity-free case, as the same techniques can be applied almost
one-to-one to the setting with a Schwarzschild black hole at the center. To simplify the
computations, we assume that fy is a classical solution of the Vlasov equation ,
and we employ the same notation and assumptions, as introduced in Section For
0 < ¢ < 1 and a suitably smooth, spherically symmetric function f: R x R¢ — R
supported on the steady state support, we insertE]

f=fot+ef+0@E)
into the Einstein-Vlasov system and ignore terms of order O(¢?). Consequently, we get
pi=poteps+OE?), pj=npo+eps+O(E?),
and the quasi-local mass (of f) is given by
m=mg +emy + O(?),

where my is the quasi-local mass ((1.23) corresponding to f. Moreover, we deduce equa-

tions for the linearized metric coefficients Ag, uy by expressing the metric coefficients p,
A induced by f as

A=Xo+eds+0(?), p=po+eus+ 0. (A.1)

By explicitly solving (|1.10]) for A, we obtain by a first-order Taylor expansion that

2 my
A= —;111(1— 2mo +emy + O(e ))> - _;1n<1— 2m°> + e+ O(E)

r _ 2myg
T

and thus

py(s)s? ds. (A.2)

my(r) 47T€2/\0 /7‘

Rmin

'Here O(e?) stands for a function g.: R x R® — R such that |g.| < €?|g| for a fixed function
g: R x R® — R and small values of ¢ > 0. We use this symbol quite loosely in our derivation but
note that it could be made more rigorous.
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A Derivation of the linearized system

Moreover (|1.11), yields

mo + emy

(o + epg) + O(e2) = 2Poters) < + dar(po + €pf)) + O(e?).

r2
We use the Taylor expansion
e2(Roters) — 62’\0(1 +2eXyp) + 0(52)

as well as m
po = 2o (—2 + 47rrp0)
T

and (A.2), in order to obtain (4.4). Expressing (A.2) as a differential equation

yields (4.3)). Inserting f and relation (A.1]) into the Vlasov equation (1.24) gives

v

0=20fo+eOf + e 201 4¢ — X)) —— - (02 fo + €0,
+ (47Tre)‘°+“°(1 +e(Af 4+ py))(Jo + ejf)g

— €M (1 +e(pp — Ap))(po + su})m) L (@ufo +euf) + O(),

,
where we have employed multiple first-order Taylor expansions in . This equation can be

simplified considerably by eliminating terms of order €2 and using that f is a stationary
solution to the Einstein-Vlasov system. In particular, we have 0;fog = 0, jo = 0, and

v T
W‘axfo =M6v1+|v|2; - O fo- (A.3)

Therefore, we obtain
v
V14 |v)?

) _ xT
+ (47rre’\°+”°jf—r — eto—Ao (,u’f + (g — Ap)po) V1+ v2) o 0w fo

+ oo (f’awf — o/ T+ TP = 0vf>,

+ |vf?

0=0uf + e (up — Ay) Oz fo

which can be rewritten by again using (A.3|) such that

0= f +eto o (vﬁxf — o/ 1+ |v]? % -&,f)

1+ |v?

+ <47rre>‘°+“°jf7xq;v — el T 02>§8vf0.
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We use the Poisson bracket of two differentiable functions g, h
{97 h} = 0z9 - Oph — Oypg - Ozh = 0,g0uh — OywgOy-h,

and, since fo(z,v) = p(E(z,v), L(z,v)) and % = w, we get
2
0=0f+ e_AO{f, E} + (47““63”0"")‘0 %Jf _ 62u0—)\0wa> S0/’

which is equivalent to (4.2)) because of ¢’ < 0 by
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B Results from operator and spectral
theory

We recall the definition of closed, self-adjoint, and skew-adjoint operators from the sem-
inal work [89, Ch. VIII].

Definition B.1. Consider a densely defined operator T' on a Hilbert space (H, (-, -)) with
domain D(T).

(a) The operator is called closed if its graph {(T'f,f) | f € D(T)} is a closed subset
of Hx H.

(b) Let D(T™*) be the set of f € H such that there exists g € H with
(Th, f) =<h,g), heD(T).

The operator T*: D(T*) — H, given by the relation T* f = g, is referred to as the
adjoint of T'.

(¢) The operator T is called self-adjoint if D(T') = D(T™*) and T = T*.
(d) The operator T is called skew-adjoint if D(T') = D(T*) and T = —T*.

The orthogonal projection onto a (closed) subspace plays an important role in de-
termining the inverse of the essential operator B. For the existence theory of such
projections, see, e.g., [25, Section 5.1] or [58, Section 5.4].

Definition B.2 ([58], Def. 5.15). A bounded operator P acting on a Hilbert space H is
called a projection if P2 = P. If P is self-adjoint, it is called an orthogonal projection.

Lemma B.3 ([58], Prop. 5.16). If M is a closed subspace of a Hilbert space H, there
exists a unique orthogonal projection P such that im(P) = M. In addition, H can be
decomposed into

H = ker(P) @ im(P).

There is a plethora of literature that provides an introduction to spectral theory. For
our purpose, we refer to [58] and [89] as the main works on which we orient ourselves.
We only formulate the following for self-adjoint operators but note that many results
and properties can be generalized to much less restrictive settings. As in [58], we define
the spectrum of an operator acting on a Hilbert space (H, (,)) as follows:

Definition B.4 ([89], Ch. VI & Ch. VIII). Let T be a self-adjoint operator on a Hilbert
space H with domain D(T).
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B Results from operator and spectral theory

(a) The resolvent set of T' is defined as
p(T) ={A e C | T — \id is invertible with bounded inverse}.
The spectrum of T' is given by o(T) := C\ p(T).

(b) The discrete spectrum of T' is defined as

o4(T) ={A € a(T) | X is isolated and
an eigenvalue of T with finite multiplicity}.

The essential spectrum of T' is given by oess(T) == o(T) \ 04(T).

We need to specify what is meant by “multiplicity” of an eigenvalue in the case of a
self-adjoint operator. For a more detailed discussion, we refer to [58, Sc. 7.1].

Remark B.5. Let T be a self-adjoint operator on a Hilbert space H with domain D(T).
Then ~v € R is an eigenvalue of T if there exists f € D(T)\ {0} such that Tf =~f. The
multiplicity of v is defined as dim(ker(T — vid)) € NU {oo}. By the definition above,
the multiplicity of «y is finite if v & 0ess(T).

Fortunately, for self- and skew-adjoint operators the spectrum has some nice a-priori
properties. For example, it is easy to see that the spectrum of self-adjoint operators is

real, see [58, Thm. 5.5]. The following characterization of coercivity is used at various
points of our investigation:

Lemma B.6. Let T be a self-adjoint operator on a Hilbert space H and v > 0. The
coercivity estimate (T f, f) > | fI|? holds for f € H if, and only if, o(T) C [ry, oo

Proof. We observe that (T'f, f) > ~||f||?> for f € H if, and only if, the operator
T, =T —~id fulfills
(I f, f) = (TL, ) =P = 0.

Since T, is self-adjoint as well, this is equivalent to o(T,) C [0, 00| according to [58,
Prop. 5.12]. This means that for every n < 0, the operator

T, —nid =T — (y+n)id
is invertible with bounded inverse, i.e., v+ n € p(T") and thus o(T") C [y, 0] O

A famous theorem is Weyl’s criterion, which characterizes elements in the essential
spectrum by an approximation result. We formulate the following properties for self-
adjoint operators but emphasize that they can be defined and applied for skew-adjoint
operators T' analogously since in this case 7T is self-adjoint.

Theorem B.7 ([58], Thm. 7.2). Let T be a self-adjoint operator. It holds that
A € 0ess(T) if, and only if

I(fa)neny € D(T) with ||foll=1:  fo—0, (T —Xd)f, =0 forn — oo.
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In this case, (fn)nen is called a Weyl sequence.

Let us recall the definition of relative compactness of two operators which we only
define for self-adjoint operators.

Definition B.8 ([58], Def. 14.1). Let T be a self-adjoint operator. An operator S is
called relatively T-compact if D(S) D D(T) and S(T — Aid)~! is compact for some (and
thus every) A € p(T).

Note that in [58, Def. 14.1], this is formulated for closed operators. However, self-
adjoint operators are always closed with a non-empty resolvent set. By using the defini-
tion and result from [40] III. Def 2.15 & Exercise 2.18.(1)], we can characterize relative
compactness as follows:

Lemma B.9. Let T be a self-adjoint operator on a Hilbert space H. An operator S is
relatively T -compact if, and only if, D(T) C D(S) and

S (DO NT Mg+~ 1) = H
1S compact.

Using the notion of relative compactness, Weyl’s theorem proves that the essential
spectrum of an operator remains unchanged under relatively compact perturbations.

Theorem B.10 ([58], Thm. 14.6). Let T' and S be self-adjoint operators and let T — S
be relatively T-compact. Then,

Uess(T) = Uess(s)-

The next technical result—referred to as a spectral mapping theorem—relates the spec-
trum of a polynomial of an operator with the polynomial of the spectrum.

Theorem B.11 ([I11], Cor. 5.5). Let T be a self-adjoint operator. For a locally analytic
function F: C — C, it holds that

As with many assertions above, this holds for a much broader range of operators, e.g.,
closed operators. With this result, we are able to show that the essential spectra are
mapped accordingly as well. We only prove this in our adapted situation.

Lemma B.12. For a self-adjoint operator T, it holds that
Uess<T2) = Uess(T)2~

Proof. We note that cess(T?) as well as 0ess(7)? contain only real, non-negative elements
since T is self-adjoint. For the first inclusion, consider A € gess(T?), i.e., A € o(T?), but A
is not an isolated o(7T?) or its multiplicity is infinite. In the case where ) is not isolated,
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B Results from operator and spectral theory

++v/X is also not isolated in o(T) due to o(T)? = ¢(T?) from Theorem m On the
other hand, if A is an eigenvalue with infinite multiplicity, i.e.,

dim (ker(7% — Aid)) = oo,
we can estimate
dim (ker(7? — Aid)) = dim <ker((T — Vid)(T + v/Aid) ))
— dim (ker(T +Vid) & (ker(T — Vid) N im(T + ﬁid)))
< dim <ker(T + ﬁid)) + dim (ker(T - ﬁid)).

Hence, one of +v/\ must have infinite multiplicity as well. Overall, this yields that one
of £/ X is in 0egs(T) and thus A € oegs(T)?.

The reverse inclusion follows in a similar manner: For A € O'eSS(T)Q, we assume
VA € 00ss(T) without restriction of generality. In case v/ is not isolated in o(T),
then A € o(T)? = o(T?) is not isolated in o(T?) either. If v/ has infinite multiplicity,
we immediately get

0 = dim (ker(T . ﬁid)) < dim (ker(T2 - )\id))

These two cases prove A € gess(T?). d
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C Derivation of the equations for the
reduced variational principle

The basis of the numerical investigation in Chapter [§]is given by the equations for the
reduced variational principle (8.11))—(8.13). We provide the details on how to obtain
these formulas here. Recall the setting in Section and consider firm, fjin € H as

in (8.4). In the following, we repeatedly use equations ({8.5)—(8.8)).
We begin with the term

(T fitm> T fin) a1

42 / / /Q ()] (b ) ()

— (W) anat) ) + ()0 ) ) 2 (0 )

2

(W/JJ)() 5 (akar)(w)

dwdLdr,

where we recall that E has to be considered as a function £ = E(r,w,L). Changing

variables from w > 0 to F via w = \/ e"2m F2 — T% — 1 and applying Fubini’s theorem
yields

<szkm7 Tf]ln

Rumax e 20 E2-1)
S [0 T a0
ero(r)

(ahap) (yfemoB2— 5 —1) L \?
! E<62“0,U/6E — 3>
\/6—2“0E2—%—1 rE
I8

- (w;wj)(r)(akan(Je—%oE? L) e (e - 5 - 1)>.

L
. <e_2“°,u/0E _ r3E>

‘ [(W/fj)(?”)
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C Derivation of the equations for the reduced variational principle

T 1>\/e Mop? — & 1

5 s dLdEdr.

)0 agan) (4 e E? -

The boundaries of the integrals are due to ¢ = {(r,w L) | E(r,w, L) < E°}. Another
change of variables defined through y = e 2*0E? — & — 1 where r €]0, Rnax[ and
E €leto(r), E°[ are fixed, implies

<szkma Tfjl?’b

Rmax e—210 F2_1
2,2 0—>\0 / .
B 87r / /eMQ(T) /0 reet |<'0 (E)|(bmbn)(E)
/ o )
‘ [(wiwﬁ(r)WE( 2oy gy LTY € 21 E2)

VY rE
— e—2H0 2
~ (Wl ) ara) (Vi) + (i) () (@han) (v5) (6‘2“%“ S )

W) () anen) (7)Y | dyd

We expand the square and sort in the different powers of y in order to obtain

<szkm7 Tf]ln

Rmax
=4 / / 2210720 ! ()| (bbn) (E)-
e“O(T

r r 2 g(r,E) a a
: {(wz‘%’)(r) [(6_4“0 (i) — 22091 ’f)E + g(r;? > /O @)W,

\/ﬂ
6_2 0 / r (r,E) 3
+ (2 “ P - 21 ’E)> /09 (akal)( WY dy + 2E/ ak;al )(y)y? d?/]

r r2FE

[ r, 9(r,E) 9(r.E)
~ i) | (e - L) [T wapway+ I [T @y

r (r,E) (r,E)
~ o) | (e = ) [T w7 @y

"D (r g(r,E)
+ Wé)() /0 (akaz)(y)\/@dy} dEdr,

where we recall the shorthand g(r, F) = e 20 E2 _ 1. By using the auxiliary quan-
tity (8.10]), we arrive at the first integral addend in (8.11)). The exact same steps are
now repeated for the remaining terms for which we keep the derivation shorter. For the
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mixed terms involving 7 and S, we get

(T fikm>S fjm)m

1673 / / /ﬂ e g )16 () b ()

2 ) 3
) [wi(r)agg(w) % (e_Q“O,u’OE _ 7“3E> — wg(r)ak(w)j;] dwdLdr

g [Timax OBl 1B 3o+
_ 3or /0 /m /0 bt (1) (B) by (E):
etol”

14+y— e~ 21 F2

-[¢i<r>a;<¢@w(e—2ﬂ%E+ ) - el vi) | avasar

Rmax
st [ [T o 01 (BB
_ r, E g(T,E) ]_ g(T,E) 3
: {wz-(r) [(e 210y B — g(rE)) /0 ar, (VY )Wy dy + 7°E/0 ar,(vVY)y2 dy

/ 9(r.E)
=4 ak(\/mydy}dEdn

which yields the second and, by symmetry, the third term in (8.11). Next, we compute

4
. . w
(S i St = 04 [ [ / PGy g ) (B) g dwd L

R ! e 20 E2—1
max . . ()0 E 3
= 128" / / rietrotddo (]fikmjfjln)(r)|(E) / y2 dEdr
6MQ(T) 0

_ 256 Rmax . | . é
4/ /u ) PO (g1 ) (1) |¢EE )‘9(7“, E):z dEdr
erol”

leading to the fourth addend in (8.11)). Before we deduce the last term in (8.11)), we
calculate

Jfirm (1) = 2¢z / / E)|way(w)by,(E) dwdL

(r,E)
— 9oy (r) / (E) b (E)E /0 ak(y/5) dydE

ero(r)

for r > 0 in similar fashion to the terms above, which implies (8.13). By plugging this
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C Derivation of the equations for the reduced variational principle

into the term involving the residual operator R, we obtain

(R faoms fim) a1 = 87 / / /Q P20 (90t 4 1) (g G ) (r) dr
0

Rmax g(r,E)
_ 16n2 / / PR (201t 4 1)j5 (1) ()| (B) b E/ a5 dy dEdr,

and thus, we have completed the derivation of (8.11]). To conclude, the scalar product

Futoms Fi) iz = 472 / / / 01! (E) | (ith;) () (apar)(w) (buuby) (E) drdwd L

fimax 9E) (ara
= 8’ / /euo(r) 2620210 (. )(7“)|90/(E)|(bmbn)(E)E/0 (kl)\/g(?\[y)dydEdr

yields (8.12]), and all necessary equations from page are shown.
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D Pseudo-codes

In this chapter, we provide the pseudo-codes of the algorithms used throughout the work.
As we aim for a comprehensive presentation, it is not possible to lay out all the details
of the codes. We denote the radial grid points as r, = kAr. The metric coefficients,
the auxiliary function y, and the source terms at the radial step r; are denoted with a
subscript k € N.

D.1 The steady state computation

For the setting covered in Section we numerically approximate steady state solutions
as follows.
Input : &, k, My, Lo, I
Output: Metric coefficients, source terms, and macroscopic quantities, e.g., M,
N, E°, Ruyax
if My > 0 then
Check whether |(P1)|and |(P3)| are satisfied;
end
Compute Ry, metric coefficients, and y; for rp < Runin;
T < Rmina my < 0;
while e ¥, /1 + L—g <1do
Calculate g(rk,yx) and h(rg, yx) via Simpson rule, see and ([2.10);
my < my + drrlgLAr;
Use midpoint method to compute yx11 according to ([2.6]).
end
if mazimum number of wanted shells is reached or no more shell exists then
‘ return metric coefficients, source terms, and macroscopic quantities;
else
‘ Repeat while-loop above for next shell;

end
Algorithm 1: Approximating steady states

D.2 The particle-in-cell method

Compared to the pseudo-code below, the actual PIC code includes additional features
such as the ability to freeze particles inside a trapped surface and a more elaborate
sampling in the initialization process.
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D Pseudo-codes

Input : Steady state f from Algorithm |1} perturbation scheme, and Txya)
Output: Time evolution of metric coefficients, radius-energy space, and
macroscopic quantities

Initialization of particles;
fori=1,...,N,,j=1,...,Ny,, k=1,...,Ny do
o 1
if f((z - i)Ar,jAu, kA¢> > 0 then
1
Generate particle at (7, — 2) Ar, jAu, and KAy with weight f given

by (7.1);
Transform back to (r,w, L) coordinates and write (r;, w;, L;, f;) for i-th
particle’s representation;

end
end
if there are not enough particles then
Increase Ny, Ny, Ny;
end
Check accuracy of initialization by comparing the result to the steady state;
Partition the particles for parallelization onto the individual threads;

The time loop;
t <« 0;
while ¢t < Th,, do
Calculate source terms pg, ji, and Si on radial grid via formulas 7;
Solve for a; and (Kg)k on radial grid with RK4 method;
Solve for ay; with RK4 method while ay, (X, g ) are fixed and use linearity to
handle boundary condition at r = oo;
if a%, < r(KY)x, then
trapped surface has developed;
end

foreach thread in parallel do
Transform particle positions (r;, w;, L;) to Cartesian coordinates (z;, v;);
Propagate particle positions and weights f; according to Vlasov
equation using RK4 method;
if t < Tphert then
Include dynamically accessible perturbation if wanted;
end

Transform particle positions back to (r;, w;, L;) coordinates;

end

Output errors, metric coeflicients, and radius-energy distribution if wanted;
t <+ t+ At;

end

Algorithm 2: Particle-in-cell method
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D.3 The variational principle

D.3 The variational principle

Input : Steady state f from Algorithm |1} (4max, Fmaxs Mmax) € Ng
Output: Approximation to inf(o (L))

Setup;
Create class of normalized test functions f = |¢|¢;arby, and use CUBA library

to compute || f|g;

Calculate j; according to (8.13));

Approximation of inf(c(L));

if radial separation method is employed then

for 0 < j < jmax, 0 <k < kpax do

Compute matrices L = ((L(|¢'|vhi ak bm ), [€'|¥j arbn) #) o<; j<ion
F = ({|¢'|¢s ag, b, € |5 g b”>H)0§i,j§imax according to (8.11))
and using CUBA library;

Find smallest generalized eigenvalue of the pair (L, F') and a
corresponding eigenvector c¢ using Eigen library;

Vkm < D5 it

end

Compute matrices L = ((L(|¢|Vkm ak bm), |¢ | a; bn>H)k;,l,m,n and
= ((|¢'[Yrm ak b, |9 %in a1 bp) B) g g

Find smallest generalized eigenvalue iy of the pair (L, F);

return vyin;

Ise

Compute matrices L = ((L(|¢[¢i ak bm), |¢' |1 a1 bn) i) and
F = ({|¢'|[vi ar, by, |‘Pl|¢j aj bn>H)i7j7k7l7m7n§

Find smallest generalized eigenvalue iy of the pair (L, F);

i7j7k7l7m7n

return Ypin;

end

Algorithm 3: Approximating inf(c (L)) via a variational principle

Last but not least, here is a sketch of the algorithm used in Chapter [§| to approximate
the bottom of the spectrum of the Antonov operator L.

and
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