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Abstract

We consider two classes of steady states of the three-dimensional, gravitational
Vlasov-Poisson system: the spherically symmetric Antonov-stable steady states
(including the polytropes and the King model) and their plane symmetric ana-
logues. We completely describe the essential spectrum of the self-adjoint operator
governing the linearized dynamics in the neighborhood of these steady states. We
also show that for the steady states under consideration, there exists a gap in the
spectrum. We then use a version of the Birman-Schwinger principle first used by
Mathur to derive a general criterion for the existence of an eigenvalue inside the first
gap of the essential spectrum, which corresponds to linear oscillations about the
steady state. It follows in particular that no linear Landau damping can occur in the
neighborhood of steady states satisfying our criterion. Verification of this criterion
requires a good understanding of the so-called period function associated with each
steady state. In the plane symmetric case we verify the criterion rigorously, while
in the spherically symmetric case we do so under a natural monotonicity assump-
tion for the associated period function. Our results explain the pulsating behavior
triggered by perturbing such steady states, which has been observed numerically.
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1. Introduction

1.1. The basic set-up and main objective

The three-dimensional gravitational Vlasov-Poisson system is the fundamental
system of equations used in astrophysics to describe galaxies [8]. The basic un-
known is the phase-space density f: R x R x R3 — [0, oo[ of the stars in the
galaxy; it satisfies the system

Wf+v-Vif —VoU-Vof =0, (1.1)

AU = 4np, (1.2)

p(t, x) :/ [, x,v)dv. (1.3)
R3

Here p = p(t,x) and U = U(t, x) denote the macroscopic density of the stars
and the induced gravitational potential at time ¢ € R and position x € R3, v € R3
is the momentum or velocity variable, and - denotes the Euclidean scalar product.
Equation (1.1) is the Vlasov equation and (1.2) is the Poisson equation. Isolated
systems are characterized by the boundary condition

lim U(t,x) = 0. (1.4)

|x]—00
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We refer to the system (1.1)—(1.3) as the Viasov-Poisson system.

This system possesses a plethora of spatially localized steady states which serve
as models of stationary galaxies [8, 17]. The dynamic stability of such equilibria has
attracted a lot of interest in both the physics and mathematics communities; we will
review some of the corresponding literature below. However, even when a steady
state has been shown to be stable the actual dynamical behavior triggered by a small
perturbation of it is not determined. In a numerical investigation of the Einstein-
Vlasov system, which is the relativistic version of the Vlasov-Poisson system, it
was observed that such perturbations lead to solutions which oscillate about the
steady state [1]. In these oscillations the spatial support of the solutions expands
and contracts in a time-periodic way, i.e., after perturbation the state starts to pulse.
The same behavior was observed numerically for the Vlasov-Poisson system in
[56], and again for the Einstein-Vlasov system in [21].

Such pulsating solutions are classical for the Euler-Poisson system and have
been used to explain the Cepheid variable stars [15,63]; a mathematically rigorous
analysis of these solutions is provided in [31,50].

Some oscillatory behavior in the situation of the Vlasov matter model has been
discussed in [8,46], but very little is rigorously known about the occurrence of such
pulsating solutions in the context of the Vlasov-Poisson system. The main objective
of the present paper is to address this issue in the linearized setting within natural
symmetry classes. In the next sections of this introduction we outline our paper in
more detail and put it into perspective.

1.2. Symmetry classes

The steady states which are studied in this paper and their perturbations will be
either spherically symmetric or plane symmetric. We need to make precise what
we mean by these symmetries, and we begin with spherical symmetry.

A phase-space density function f is spherically symmetric if

f(t, Ax, Av) = f(t,x,v) forall x,v € R? and all rotations A € SO(3).(1.5)

In this case, it is sometimes convenient to use coordinates adapted to spherical
symmetry,

r=lxl, w=>"", L=1xxv] (1.6)
r
where r is the spatial radius, w is the radial velocity, and L is the modulus of the

angular momentum squared. In these variables the Vlasov-Poisson system takes
the form

81f+w8,f+<£3—&£r)>8wf=0, (17)

r r

m(t,r) = 4w frszp(t,s)ds, (1.8)
0

pt,r) = %foo /OO £t r, w, L)dL dw; (1.9)
" J—c0J0
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for the corresponding solution U of the Poisson equation, 8,U = m/r>.
A phase-space density function f is plane symmetric if

f,x,v)= f(t,x1,v) = f(t,—x1, —v1,v) forall x,v € ]R3, (1.10)

which implies that p(t, x) = p(t,x1) = p(t, —x1) and U can be chosen such
that U (t,x) = U(t,x1) = U(t, —x1). Since in the case of planar symmetry the
effective spatial variable is only x|, we drop the subscript and view x € R in the
planar case, while v = (v, ¥) € R?. With this symmetry assumption and notational
convention the Vlasov-Poisson system can be written as

O f +viof =0, U9y f=0, (1.11)

U, x) =2JT/R|x—y|p(t,y)dy, (1.12)

p(t,x):/ f(t, x,v)dv. (1.13)
R3

The system (1.11)—(1.13) is equivalent to the one-dimensional Vlasov-Poisson sys-
tem, since one can simply integrate out the v-dependence, but we prefer to keep to
the above form which appears in the astrophysics literature [3,36], and the stability
analysis of which differs from the purely one-dimensional one. Clearly, within this
symmetry class we cannot require the boundary condition (1.4), but (1.12) implies
that

o0.U(t,x) = 271/ sign(x — y) p(¢t, y)dy, (1.14)
R

and hence lim,_, _~ 0, U (¢, x) = —lim,_,~ 0,U (¢, x), which is a natural sub-
stitute for (1.4). The additional reflection symmetry which we included in (1.10)
implies that 9, U (¢,0) = 0 and

Ut x) = 4r /x,o(t,y) dy; (1.15)
0

this identity will be important in what follows.

A short comment on our (ab)use of notation is in order. We will throughout the
paper identify f (¢, x,v) = f(¢,r, w, L) and analogously for other functions or
variables. However, we will distinguish different representations of the same set—
for example the support of some steady state—in different coordinates. Moreover,
while we do not notationally distinguish between a general, or spherically sym-
metric, or plane symmetric phase space density f, we will notationally distinguish
between function spaces and operators consisting of or acting on spherically sym-
metric, or plane symmetric functions respectively; the latter will be distinguished
by a bar, so A will act on spherically symmetric functions, while A will act on
plane symmetric ones.
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1.3. Steady states, linearization, and stability

The most important class of steady states to the Vlasov-Poisson system are iso-
lated, spherically symmetric steady states, which are time-independent solutions of
(1.7)—(1.9) with the boundary condition (1.4). Physically less important but math-
ematically easier to analyze are plane symmetric steady states solving the system
(1.11)—(1.13). The latter have nevertheless been widely used in past investigations
[36,45,51,52,68].

To find a spherically symmetric steady state fy of the Vlasov-Poisson system
one prescribes a microscopic equation of state ¢ and seeks a solution of the form

fo(r,w, L) = ¢(E, L), E(r,w,L):%wz—i—\IJL(r), (1.16)

where
v _ L U, 1.17
L(r)—ﬁ“‘ o(r) (1.17)

is the effective potential and Uy is the gravitational potential induced by fy via
the Poisson equation. Both E and L are preserved by the characteristic flow of the
spherically symmetric Vlasov equation (1.7), so any sufficiently regular fy of the
form (1.16) is a solution to the Vlasov equation. For a wide range of ¢ one finds
time-independent solutions of the form (1.16) with finite mass and compact support
in phase space [55]. The most representative are the polytropes

¢(E,L) = (Eg — E)" (L — Lo, (1.18)
and the King model
Q(E) = ("7 F — 1)y, (1.19)

which are used extensively in the astrophysics literature [8]. Here, Eg < 0, Ly > 0,
and k,/ € R are suitably chosen parameters, see the discussion in the paragraph
after (2.3) in Sect. 2.1. If not stated explicitly otherwise we employ the following
notational convention throughout the paper: for 7, k € R,

k
t,t >0,
zi:_{ 0 IZO (1.20)

In the planar case, the ansatz
1
Jo(x,v) =@(E,v), E(x,v)= zvlz +Up(x), (x,v) eRxR (1.21)
leads to a solution of the Vlasov equation (1.11), since E and v = (v, v3) are

conserved quantities of the characteristic flow. Analogously to the radial situation,
there exist plane symmetric steady states of polytropic form

9(E,¥) = (Eg — E)X B(¥), (1.22)
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and of King type
@(E,v) = (e F — 1); B(v). (1.23)

For the discussion of the range of exponents k in (1.22), the choice of E( as well as
the v-dependency B, see Sect. 2.2. We refer to the above steady states as the plane
symmetric polytropes and the plane symmetric King solution respectively. All of
the following can be done for a much larger class of steady states, but for the sake
of clarity we limit the discussion to these classical models.

We now linearize the system (1.7)—(1.9) about a fixed radial steady state f with
potential Uy, i.e., we substitute f = fo + 6f into the system and drop all terms
which are of higher than linear order in the perturbation éf. For this to be justified
&f must be small compared to fy, in particular § f must vanish outside the support
of fp. Thus even if one finds an oscillatory solution §f of the linearized system,
this does not explain the pulsations discussed above, since f is always supported in
the support of fy. However, if we linearize the Vlasov-Poisson system not starting
from the Eulerian picture as above, but in suitable mass-Lagrange coordinates, then
the corresponding linearized analysis does indeed capture the pulsating behavior
which was observed numerically. These different linearization schemes lead to
(essentially) the same linear equation of the form

32h 4+ Ah =0, (1.24)
where h = h(x, v) is odd in v and the Antonov or linearized operator A is given as
A:=—-D* - B, (1.25)

where B is a bounded, symmetric operator, and
D:=v-Vy =V, Uy -V, (1.26)

is the transport operator associated with the characteristic flow of the steady state,
whose functional analytical properties have been investigated in [23,42] and re-
cently in [61]. In Sect. 3 we carry out these linearization schemes and the derivation
of the operator A in more detail. A similar analysis around the plane symmetric
steady states (1.22)—(1.23) leads to the linearization analogous to (1.24) with the
Antonov operator A replaced by a related operator .A; see Sect. 3.

The basic criterion for spectral stability is the absence of growing modes. Start-
ing in the 1960’s, a simple criterion for linear stability was proposed and formally
derived in the astrophysics literature [2,14,35]: if

¢'(E,L):=0p¢p(E, L) <0, (1.27)

then the corresponding steady state f is linearly stable. An important tool is the
quadratic form

(Ag. &) H., (1.28)

where H is a suitable Hilbert space consisting of spherically symmetric functions
on the support of the steady state which are square-integrable with respect to a
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certain weight; the latter is chosen such that A is symmetric on H, see Sect. 4. The
condition (1.27) implies that (1.28) is non-negative. This Antonov coercivity plays
an important role in our analysis, cf. Proposition 7.1. The equilibria satisfying (1.27)
are called Antonov-stable or linearly stable. If (1.27) is not satisfied the steady state
may in fact be linearly unstable, i.e., there exist growing modes, cf. [23,67]. A planar
analogue of Antonov’s coercivity bound has been shown in [36] and is proven in
Proposition 7.7 using the techniques from [26,42]. The stability of planar steady
states is e.g. discussed in [51].

In the mathematics literature a lot of effort went into the rigorous non-linear
stability analysis, see [23,25,26,42,43,60] and the references there. In particular,
Lemou, Méhats, and Rapha¢l [43] showed non-linear orbital stability against gen-
eral perturbations for a wide range of spherically symmetric, isotropic steady states.
But beyond the stability assertion, very little is known about the long time behavior
of perturbations of Antonov-stable steady states of the form (1.16).

1.4. Main results

In this section we focus on the spherically symmetric situation, but emphasize
that similar results are obtained in the planar setting as well.

Oscillation modes correspond to the positive eigenvalues of .4 with eigenfunc-
tion odd in v—a detailed discussion on the meaning of the linearization is given
in Sects. 3.1-3.2. An eigenvalue A > 0 of A is related to the period P of the
corresponding oscillation via

_271
=7

In Sect. 3.3 we establish the so-called Eddington-Ritter relation P,o(O)l/ 2 = const
cf. [15,50,63] for the Vlasov-Poisson system, which was observed numerically in
[56] at the non-linear level.

The essential spectrum. We provide a sharp description of the essential spec-
trum of A. By Theorem 5.9, Bis relatively compact to D2, and therefore the essential
spectrum of A = —(D? + B) coincides with the essential spectrum of —D?. A
fundamental ingredient in our analysis are action-angle variables. For any choice
of energy level E and angular momentum L, the corresponding particle motion in
the gravitational well defined by the effective potential Wy, cf. (1.17), is periodic,
and the action variable € S! parametrizes the phase of the oscillation along the
particle orbit. The radial particle periods are given by the period function

P (1.29)

r+(E,L) 1
r_(E.L) VE—=WL(r)
where r_(E, L) < ry(E, L) solve ¥y (r+(E, L)) = E, see Lemma 2.1; the prop-

erties of 7' are analyzed in detail in Appendix B. The corresponding change of
phase space variables

T(E,L):=v2 dr, (1.30)

(r,w,LYy— (0,E, L)
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is not volume preserving as it would be in the case of true action-angle variables [4,
41,49], but we use this terminology anyway. In action-angle variables the transport
operator D takes the particularly simple form

1

(see Lemmas 5.1 and 5.2), and therefore the Antonov operator (1.25) can be rewrit-
ten as

B 1

=—— 3> B. 1.32
T(E’Lﬂag B (1.32)

Itis tempting to express the gravitational “response” operator 3 in the new variables
as well, but the resulting expression does not lead to any insights. This antagonism
between transport and gravity is well explained in Lynden-Bell’s notes [49] and
also mentioned in [8]. Using (1.31), we prove in Theorems 5.7 and 5.9 that

2
27Ny ) _{ 472k2

ess (A) = 055 (=D?) = . k € Ny, (E, L efZEL},
Pess () = 0ess (52 (T(QgL) Tz(E,L)‘ 0. (E.L) €Sy

(1.33)

where Qg L is the interior of the (E, L)-support of the steady state. Related results
regarding the essential spectrum of D instead of —D? were stated previously in the
physics literature, see e.g. [52]. By Proposition B.1, the period function (E, L)
T(E, L) is bounded from above and bounded away from zero on the support of
the steady state (which is due, among other things, to the finite extent of the steady
state), and thus (1.33) in particular shows that the essential spectrum has a gap

between the 0-eigenvalue and the value Following Mathur [52], we refer

_4n?
sup2(T)
to this gap as the principal gap and denote it by

472

0, —
SupﬁgL (T)

Gi= (1.34)

We see that the structure of the essential spectrum is entirely encoded in the prop-
erties of the period function 7 (E, L). Another simple consequence of (1.33) is
that further gaps in the spectrum are possible depending on the relative size of the
maximum and the minimum of the period function on the steady state support, see
Remark 5.10. The gap structure is also mentioned in the physics literature, see [8]
and references therein. In the plasma-physics context, action-angle variables have
been recently used in the important work of Guo and Lin [24], see also [54].

The gap in the spectrum. We next look for eigenvalues in the principal gap
G. One obvious attempt is to obtain such an eigenvalue via a variational principle,
more precisely, to minimize the quadratic form (1.28) over the set of g orthogonal
to ker(A) satisfying ||g|lgz = 1. Antonov’s coercivity bound—as stated in Propo-
sition 7.1—yields a complete characterization of the null-space of A; it coincides
with the null-space of D. Due to Jeans’ theorem, ker(D) consists of all functions
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of E and L that belong to H [5,26,61,65], a statement which also follows from the
formula (1.31). However, this minimization problem is in general hard. In Theo-
rem 7.5 we show that

(Ag. &) u

; (1.35)
geker(HA\(0) gl

is positive by considering an intermediate variational problem, cf. Proposition 7.4.
The positivity of (1.35) follows immediately from Antonov’s coercivity bound (7.1)
in the case of an isotropic model, but is harder to obtain for polytropic steady states
with an inner vacuum region. This proves the existence of a gap at the origin in the
spectrum of A and shows that no point spectrum can accumulate at 0 € o,55(A).
In addition, the positivity of (1.35) is a useful tool employed in the following part.

The Birman-Schwinger principle and the existence of oscillating modes. To
address the existence of eigenvalues we resort to a version of the Birman-Schwinger
principle in Sect. 8. The latter has typically been used to prove the existence of
bound states below the essential spectrum of Schrodinger operators [44]. We adapt
an approach used by Mathur [52] to find normal modes for the linearized Vlasov-
Poisson system, which the author in [52] used in the presence of a fixed external
potential.

We restrict the operators to H°?“—the subspace of H consisting of functions
odd in v (i.e. w)—since only spherically symmetric, odd-in-v eigenfunctions yield
the existence of an oscillating mode. It is easily checked that A € G is an eigenvalue
of A if and only if 1 is an eigenvalue of the operator

-1
0, =B (—D2 —,\) . godd _, podd,

Lemmas 8.1 and 8.2 further show that the existence of some A € G such that O,
possesses an eigenvalue in [1, oo[ implies that .4 has an eigenvalue in the principal
gap G. The operator Q; is not easy to analyze directly, but the fact that 5 maps
onto functions of the form |¢/(E, L)| w F (r) allows us to switch to an operator

M, F— F, (1.36)

where the Hilbert space F consists of functions of the radial variable r and any
eigenvalue of M gives an eigenvalue of Q;, cf. Lemma 8.10. We refer to M,
as the Mathur operator, cf. Definition 8.5. Furthermore, Proposition 8.6 yields an
integral kernel representation of the Mathur operator first proposed in [52], and we
show that M, is indeed a symmetric Hilbert-Schmidt operator—when considered
on the “right” function space—and that its spectrum is non-negative. Thus, the
largest element in the spectrum of the Mathur operator is given by

My = IMillF—7 =sup (G, MiG) g | G € Fiu IIGlF =1} (1.37)

for a suitably chosen function space Fi, and M, is an eigenvalue of M;. We
therefore arrive at the next key result of this work: The linearized operator .4 has an
eigenvalue in the principal gap G if and only if there exists A € G such that M, > 1,
cf. Theorem 8.11.
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Examples of steady states with linearly oscillating solutions. In Theorem 8.13
we prove that there exist classes of planar steady states such that the associated lin-
earized operator has an eigenvalue in the principal gap. Secondly, in Theorem 8.15,
assuming that the maximal value of the period function on the steady state support
is attained at the maximal energy and minimal angular momentum, i.e.,

sup(T) = T (Eo, Lo), (1.38)

SEL
S-2()

and that 7 is sufficiently regular (8.43), we show that there are classes of spherically
symmetric steady states with an eigenvalue in the principal gap of the associated
linearized operator. The assumption (1.38) is implied by the stronger monotonicity
assumptions

9T >0 and 3,7 <0 on 5L, (1.39)

which are expected to hold for a wide class of steady states studied in this paper.
The assumption (1.39) and therefore (1.38) has been verified numerically, and it
will be rigorously established in future work. In general, monotonicity properties
of the period function are an important topic in dynamical systems, especially in
connection to bifurcation theory for Hamiltonian dynamical systems [11,12,27].
Monotonicity of the period function plays an important role for phase mixing (see
e.g. [62]). However, to verify the criterion of Theorem 8.11, it is used in an entirely
different way—and for the opposite purpose.

1.5. Oscillations and damping; other related work and future perspectives

We recall that the numerical investigations [1,21,56] show that oscillations are
possible and consist of periodically repeated expansions and contractions of the
configuration in (phase) space. It is important to realize that there exists a one
parameter-family of explicit solutions to the non-linear Vlasov-Poisson system,
which exhibit exactly this pulsating behavior, the so-called Kurth solutions [39];
for a particular parameter the solution becomes stationary. In Sect. 6 we remind the
reader of these spherically symmetric solutions and introduce a new class of plane
symmetric Kurth-type solutions. In view of the spectral analysis from Sect. 5 (and
neglecting various regularity issues), the Kurth steady state is distinguished by the
fact that the particle period is constant on the steady state support. Comparing the
oscillation period of time-periodic Kurth solutions close to the Kurth steady state
with the essential spectrum, we see that these solutions correspond to an eigenvalue
in the principal gap.

In the linear regime and from an astrophysics point of view oscillating modes
are discussed in [8, Chapter 5], see also [17,33,34,45,52,66,68,69].

A natural question in this context is whether a small perturbation of a stable
steady state can lead to a damped mode, oscillatory or not. To discuss this, we first
consider the plasma physics case of the Vlasov-Poisson system with a fixed, ho-
mogeneous ion background. This system allows for spatially homogeneous steady
states where both the spatial net charge density and the electrostatic field vanish and
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the electrons are freely streaming. In [40] Landau observed that at the linearized
level and despite the absence of dissipation, small perturbations of such steady
states can lead to solutions where the spatial net charge density and the electro-
static field both decay back to their steady state value zero. This process is referred
to as Landau damping. It was shown to hold nonlinearly by Mouhot and Villani
[53], see also [7,20]. On the other hand, Glassey and Schaeffer [19] showed that
small perturbations of a spatially homogeneous steady state are not damped if the
steady state has compact velocity support. Close to the homogeneous state one can
find spatially periodic steady states, the so-called BGK waves. Guo and Lin [24]
showed that at the linearized level small perturbations of certain BGK waves lead to
time-periodic, oscillatory modes which again are not damped. The corresponding
spectral analysis strongly relies on the fact that the corresponding BGK waves are
close to the homogeneous state so that the particle flow is close to free streaming.

By contrast, galaxies are modeled by compactly supported steady states of
the gravitational Vlasov-Poisson system, which are far from being spatially ho-
mogeneous and have a non-trivial particle flow; in our case all the particle mo-
tions are trapped. The linearized dynamics about such a state must combine the
phase-mixing effects due to the particle flow with the gravitational response of
the background. This can be viewed as the interaction between the operators D>
and B in the definition (1.25) of A. In the astrophysical literature, phase-mixing
in connection to damping phenomena has for example been used by Lynden-Bell
[47,48] and Antonov [2], see also the textbook by Binney and Tremaine [8] for
an overview. More recently, Rioseco and Sarbach [62] studied phase-mixing for
Vlasov equations in a given external potential using action-angle variables.

In light of this discussion, our results in Sect. 8 imply that on the linear level
no damping occurs around a large class of plane symmetric steady states, and
the same conclusion holds in the spherically symmetric case under the additional
assumption (1.38) on the period function. This does not mean that such modes
are not damped at the non-linear level, but such non-linear damping will work on
time scales which are much longer than the oscillation periods. It must involve new
mechanisms—the original Landau damping is already present at the linear level—
and it should be a challenging topic for future work. Furthermore, as stated above,
numerical simulations [1,21] indicate that the pulsating behavior is also present
in the context of the asymptotically flat Einstein-Vlasov system and many of our
methods extend to this case [22].

Before we proceed we wish to bring the reader’s attention to the recent book
[38] by M. Kunze. While working on our project we became aware—by personal
communication [37]—of the impending publication of [38], but our investigation
was completed before [38] became accessible, cf. [28]. Comparing [38] to our
work, we think that the emphasis of the former is more on developing the Birman-
Schwinger principle as an abstract tool in galactic dynamics, while our emphasis
is on the application of this tool to the specific question of possible oscillations
of galaxies. While there is a considerable overlap in the spectral theoretic aspects
of the two works, these aspects play a stronger role in [38]. Kunze also obtains
further properties of the period function and a connection between the Antonov
operator and related operators, but he gives no examples to which his criterion for
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the existence of oscillatory modes applies, and his analysis is limited to radial,
isotropic steady states of the form fi(r, w, L) = ¢(E). By contrast, we do provide
classes of plane symmetric and (under the assumptions discussed above) radial,
non-isotropic steady states for which our abstract criterion applies. In the radial
setting, the non-isotropy is crucial for our method of verifying the criterion, which
is why we put considerable effort in including this case.

2. Steady States

2.1. Spherically symmetric steady states

We consider steady states of the three-dimensional Vlasov-Poisson system
(1.1)—(1.3) with boundary condition (1.4) of the form

fo=¢(E, L),

where ¢: R x R — [0, oo[ is a suitable ansatz function, E is the particle energy
induced by the stationary potential Uy = Up(x) of the steady state, i.e.,

1
E=E(x,v) = §|v|2 + Up(x)

as above, and L is the modulus of the angular momentum squared defined in (1.6).
The particle energy E is conserved along characteristics of the Vlasov equation,
provided Uy is time-independent, while L is conserved, provided Uy is spherically
symmetric. The stationary Vlasov-Poisson system is then reduced to the following
equation for the potential:

1
AUp(x) = 471/ 17 <§|v|2 + Up(x), |x X v|2) dv for x € R?,
R3

lim Up(x) = 0. 2.1)
|x]—o00
In the isotropic case where by definition ¢ depends only on the particle energy E,
every solution Uy € C?(R?) of this equation is spherically symmetric, cf. [18],
while this symmetry must be assumed a-priori when ¢ depends also on L.
As for the ansatz function, we focus on the polytropes

@(E, L) = (Eo — E)* (L — Ly, 2.2)
and the King model
@(E, L) = p(E) = (P07 F — 1)y, (2.3)

both of which play a prominent role in the astrophysics literature, cf. [8]; we re-
call (1.20). In both cases, Ey < 0 is a cut-off energy, which is necessary in order
that the resulting steady state has compact support and finite mass. In the polytropic
case, Lo > 0 gives a lower bound for the angular momentum. In particular, Lo > 0
leads to a steady state with a vacuum region at the center. In this case the parameters
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k > O0and/ > —1 have to be chosen such thatk < [+ % in order for a steady state to
exist and have finite mass and compact support, and we also require k +/ + % > 0.
In the case of no vacuum region, i.e., Lo = 0, we restrict ourselves to / = 0, i.e.,
L-independent isotropic models; we use the convention 0° = 1 in (2.2) in this case.
Again, 0 < k < % For the existence of steady states under the above (and more
general) assumptions we refer to [55] and the references there.

Now let

Qo:={(x,v) e R* x R} | fo(x,v) > 0}

be the (interior of the) support of the steady state in (x, v)-coordinates. For the
steady states mentioned above €2 is open and bounded; by Ry:=sup{|x| | (x, v) €
Qo} €]0, oo[ we denote the maximal occurring radius in the steady state support.
We add an upper index when expressing this set in different coordinates:

o:={(r,w, L) € R | 3(x,v) € Qo: r = x|, w= xr;v’ L= L(x,v)},
QEL:=((E, L) e R* | 3(x,v) € Qo: E = E(x,v), L = L(x, v)}.
The derivative ¢':=0dg @ exists on fzg L with
¢’ <0on QEL, (2.4)

which is the usual condition for linear or non-linear stability of the steady state,
encountered both in the astrophysics and in the mathematics literature, cf. [8,60]
and the references there. Here, 502(’)5 L denotes the interior of the set Q§%.

All of the following can be done for a much larger class of steady states. In
fact, it is only essential that the ansatz function satisfies the conditions of the ex-
istence theory [55] and that the steady state satisfies the stability condition (2.4).
Furthermore, for the spectral analysis we require that

/ l¢’(E(x,v), L(x,v))|dv < C (2.5)
]R3

for some C > 0 independent of x, where we extend ¢’ = dg¢ by 0 to the whole
space. The assumption (2.5) however is of mere technical nature and it is expected
that it can be relaxed. In the case of an isotropic steady state, i.e., ¢(E, L) = ¢(E),
(2.5) follows if

Eop
/ l¢"(E)|dE < oo, (2.6)
Uo(0)

cf. [6]. For polytropic ansatz functions, our choice of parameters also yields (2.5),
since

k44
0
f ¢ (E(x,v), L(x, v))|dv = ¢y ¥ (Eo — Up(r) — —2) 2.7)
R3 2r T

for x € R3\ {0} and r = |x|, where ck,; > 0 is some constant depending on k and
l.
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An important quantity for the analysis of spherically symmetric steady states
of the Vlasov-Poisson system is the effective potential

L
Wy 010, 00[— R, Vi (r):=Uy(r) + 52 2.8)

where L > 0 and we identified Uy (x) = Up(]x|). We claim the following proper-
ties:

Lemma 2.1. (a) For any L > 0 there exists a unique r;, > 0 such that

min (\IJL) = \I’L(I"L) < 0.
10.00]

Moreover, the mapping 10, o[> L +— ry, is continuously differentiable.
(b) For any L > 0 and E €]V (rp), O[ there exist two unique radii r+(E, L)

satisfying
O<r_(E,L)<rp <ry(E,L) <00
and such that VY (r+(E, L)) = E. In addition, the functions
{(E,L) €] —00,0[x]0,00[| Y1 (rp) < E}> (E,L) — r+(E, L)

are continuously differentiable.
(¢c) Forany L > Q0 and E €]V (r1), 0],

My
re(E, L) < ——, (2.9)
E
where My := || foll1 €10, ool denotes the total mass of the steady state.

(d) Forany L > 0, E €]V (r.),0l and r € [r_ (E, L), ry(E, L)] the following
estimate holds:

ry(E, L) —1r) (r —r(E, L))

E—W(n>L
L) = 22 (E, Lyr+(E, L)

(2.10)
Proof. We refer to [26,42] or more recently, [61,65]. In these references, similar
and further properties have been shown for other classes of steady states. However,
the proofs only depend on the properties of the stationary potential Uy and can
therefore be adapted word by word. O

The effective potential appears in the particle energy when expressedin (v, w, L)-
coordinates:

E:E(r,w,L):zw +m+U0(V)=§w + W (r).

Therefore, for fixed L > 0, the particle trajectories of the steady state fj are
governed by the characteristic system

F=w,  w=-VY(r).
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LetR > ¢t — (r(¢), w(z), L) be an arbitrary global solution of this system. Since
the particle energy is conserved along these characteristics, there exists £ € R
such that E = E(r(t), w(t), L) for all ¥ € R. We assume that the solution satisfies
Wy (rr) < E < 0, otherwise it is not of interest. For any r € R we then have

1
WL(rL) < VL) < 5w + WLor(0) = E
and thus r_(E, L) < r(t) < ry(E, L). Furthermore, solving for w yields
F(t) = w(t) = £/2E —2W (r(1))

for ¢ € R. Therefore, r oscillates between r_(E, L) and r+(E, L), where 7 = 0 is
equivalenttor = ro (E, L) and 7 always switches its sign when reaching r+ (E, L).
By applying the inverse function theorem and integrating, we obtain that the period
of the r-motion, i.e., the time needed for r to travel from r_(E, L) tor4(E, L) and
back to r_(E, L), is given by following expression:

Definition 2.2. For L > 0 and ¥, (r;) < E < 0 let

ri(E.L) dr
T(E,L)::Z/ S @2.11)
r_(E,L) ~2E—=2W[(r)

which is referred to as the period function of the steady state.

Using Lemma 2.1 (¢), (d), it can be shown that the above integral is finite with
M3
EXJL’
see [61,65] for a detailed proof. We only consider T on the interior of Qg L since
the boundary may contain points with £ = Wy (rp), i.e., r+ may not be defined

there. However, it is easy to see that BQg L is a set of measure zero and therefore
not of interest later on.

T(E,L) <27 2.12)

2.2. Plane symmetric steady states

In the plane symmetric case, we look for stationary solutions of the Vlasov-
Poisson system in the form (1.11)—(1.13), and we recall that for this symmetry
class,x e Rand v = (v, v) € R3, cf. Sect. 1.2.

The conserved quantities associated with the characteristic flow are v, v3, and
the energy

1
E(x,v)) = 51)12 + Up(x), (2.13)

where Up: R — R is the stationary potential. We seek steady states of the form

fo(x,v) =@(E,v) =a(E) B(v), (x,v) e R x R, (2.14)
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This ansatz turns the mass density into a functional of the potential Uy,

1
po(x):=/R} @ <§vf + Up(x), ﬁ) dv

T a(E)
=2 ———— dE=: R, (2.1
[poan [ e dE=ntyw). ek, @19

and the stationary Vlasov-Poisson system is reduced to the equation
Uy =4mh(Up) on R. (2.16)

Solutions of this equation resulting in steady states with compact support and finite
mass are much easier to obtain than in the spherically symmetric setting, and we
briefly outline the arguments. The only requirement on the ansatz function is that
the resulting function £ in (2.15) is C 1 vanishes on [Ey, oo[ and is positive and
decreasing on | — 0o, Ey[, where E( is some cut-off energy. We assume S to be
continuous with compact support and

/ Bv)dv =1, (2.17)

R2

and for the sake of definiteness and simplicity we require « to be either polytropic
a(E) = (Eg— E)L (2.18)

for some k > % or of King-type, i.e.,

«(E) = (eEO_E — 1)+. (2.19)

Again, (...)+ denotes the positive part. As in [55], it is convenient to reformulate
the problem in terms of y:=Eg — Uy. Let ®(n):=a(Eo — n),i.e.,n = Eg — E.
Then y solves

y' = —4rh(y), (2.20)

where

h(z):=2 /Z _ o dn, zeR. (2.21)
0 27 —2n

In order to see the required regularity of & we rewrite it, using integration by parts:
5 z z
h(z) = —2/ ®(n) 9, [Jzz - 2n] dn = 2/ ®'(n) /22 — 20 dn. 2> 0.
0 0
(2.22)

Now A has the same form as in the spherically symmetric case (cf. [55]), with
the sole difference that the microscopic equation of state ¢ contains a derivative
under the integral sign. For our two examples (2.18) and (2.19), & € C'(R), h is
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strictly increasing on [0, oo[ and h=00n ] — 00, 0]; for the polytropic case (2.18),
h(z) = ckzl_frl/z. We define

Z ~
H(z)::4rr/ h(s)ds
0
and observe that
1 N2
E(y) + H(y) (2.23)

is a conserved quantity for the autonomous, planar system corresponding to (2.20)
in the (y, y’)-plane. The form of the level sets of this conserved quantity implies
immediately that any non-trivial solution y to (2.20) exists globally on R, and
there exists a unique x* € R such that y'(x*) = 0 and y(x*) > 0; in accordance
with the reflection symmetry contained in (1.10) we take x* = 0. Since y(—-) is
a solution of (2.20) with the same data at x = 0 it follows that y(—x) = y(x);
y is even in x as required by (1.10). The form of the level sets of the conserved
quantity (2.23) implies that the limits limy_ o0 y'(x) = —lim,_ _oo ¥'(x) exist,
and lim,_, 1+, y(x) = —o0. Hence there exists Rp > 0 such that po:zﬁ(y) has
compact support [— Ry, Rp], and

o0

o0
lim y'(x) = / y/(x)dx = —471/ po(x) dx=: — 27 My;
X—>00 0 0

the non-trivial solutions of (2.20) can be uniquely parametrized by the mass My > 0
of the resulting steady state. It remains to recover Uy from y. At this point we recall
that in the plane symmetric case the usual boundary condition (1.4) at spatial infinity
makes no sense, and instead, Uy is to obey (1.12). If we take (1.12) as the definition
of Up—mnotice that py is already defined—, thenlim, _, oo Uj(x) = — lim, o0 ¥ (x)
so that Uj 4+ y" = 0 and Uy + y = const. If we evaluate this identity at x = Ry, it
follows that the proper choice of the cut-off energy is given by

Ro

Eo:=Up(Ro) = 271/ (Ro — y)po(y)dy = 27 RoMo.
—Ro

With this choice, (2.15) holds, and all together we have proven the following:

Proposition 2.3. Let an ansatz of the form (2.14) with (2.18) or (2.19) be fixed. Then
for each My > O there exists a unique corresponding steady state (fy, Ug, po)
of the plane symmetric Vlasov-Poisson system (1.11)—(1.13) with the following
properties:

(a) My = f]R po(x) dx is the mass of the steady state.

Md)pg € C L(R) has compact support [—Rg, Ro] and is strictly decreasing on
[0, Ro].

(c) Up is convex on R and strictly increasing on [0, oo[, Uyg(x) = 2w Myx for
X > Ro, and Uy(x) = =271 Myx for x < Ry.
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As in the spherically symmetric setting, let

Qo:={(x,v) e R x R?| fo(x,v) # 0} = {(x, v1) € R? | E(x, v1) < Eo} x {8 # 0}

be the (interior of the) support of the steady state in (x, v)-coordinates. The finite
cut-off energy ensures that ¢ is bounded and €2 is open for the above ansatz
functions. We again add an upper index when expressing this set in different coor-
dinates:

QFV={(E(x,v), D) | (x,v) € Q0} = [Un(0), Eo[x{B # 0}
Next, note that ¢':=3dg ¢ exists on int(S_Z(‘)E Yy with
¢’ < 0onint(QFY). (2.24)

Here, int(. . .) denotes the interior of a set. Condition (2.24) is the analogue of the
monotonicity assumption (2.4) in the radial case. In view of a linear stability analysis
itleads to an Antonov-type coercivity bound (proved later in Proposition 7.7) which
implies linear stability against perturbations which do not exhibit any dependence
on x» or x3. For the linear stability analysis against general perturbations see [36].
Before proceeding, we note that we also have an analogue of (2.5) in the plane
symmetric setting, more precisely, there exists C > 0 such that for all x € R

/RS 9" (E(x,v),0)|dv < C. (2.25)

The assumption (2.25) however is of mere technical nature and it is expected that
it can be relaxed. While (2.25) is obvious in the King case, a straight-forward
computation yields

E k-1 1
/ F dE = cx(Eg — Up(x))* 2

Up(x) V2E —2Up(x)

in the polytropic case if Up(x) < Ep, where ¢; > 0 is some constant depending on
k > %

We now consider the characteristic system corresponding to the steady state,
ie.,

f lo'(E(x,v), 0)|dv = 2k
R3

x=v, U =-Ujx). (2.26)

We left out the trivial vy and v3 equations. To analyze the solutions of this system
we first introduce the following notation similar to Lemma 2.1:

Lemma 2.4. For all E > Uy(0) = min(Uy) there exist uniqgue x_(E) < 0 <
X+ (E) satisfying Up(x+(E)) = E. x1 have the following properties:

(a) Up(x) < E is equivalent to x_(E) < x < x4(E).
(b) x4 are continuously differentiable on 1Uy(0), oo[ with

X, (E) = 7 E > Uy(0).
0

(x(E))’
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©) x4 = —x_.
(d) x4 is strictly increasing on 1Uy(0), oo[, x_ strictly decreasing.
(e) limg_, yy0) X+ (E) = 0, which is why we set x4+ (Up(0)):=0.

Now consider a global solution R > ¢t +— (x(¢), v1(¢)) of (2.26). Since E
is a conserved quantity of the system, there exists £ > Up(0) such that £ =
E(x(t),vy(¢)) for all t € R. Solving for v; yields

vi(1) = £y 2E = 2Up(x (1)),
i.e., the solution (x, v) is periodic and x oscillates between x_(E) and x4 (E).

Definition 2.5. For E > Uy(0) define

x+(E) dx x4+(E) dx
T(E):Z/ Woramr el 4/ —_— (2]
x(B) V2E —=2Up(x) 0 V2E —2Uy(x)

Then T (E) is the period of any solution of (2.26) having energy E, i.e., the
time needed for the x-component of the solution to travel from x_(E) to x4 (E)
and back to x_(E), see [8]. Since Ué(x) > 0 for x > 0, the integral (2.27) exists
for every E > Uy(0).

We shall see in Sect. 5.2 that the properties of T are strongly related to the
spectrum of the planar Antonov operator. In fact, the period functions of systems
like (2.26) have widely been studied, see [9,11,12,64]. A question of particular
interest, which is also crucial for the existence of oscillating modes in Sect. 8§, is
whether or not the period function is monotone as a function of the energy. To study
this monotonicity we first compute the derivative of T':

Lemma 2.6. T is continuously differentiable on 1Uy(0), oo[ with

2 /“(E) (Up0)* = 2Wp(x) — UpODUY(x)  dx
~ E—Uo(0) Jo (U0)) V2E —20p(x)

for E > Uy(0).

For details on how to calculate this derivative we refer to [12, Theorem 2.1].
The continuity of 7’ follows by a straight-forward application of the dominated
convergence theorem; note that the fraction in the integral above is bounded for
x — 0. Now let

G(x):= (U§(0)) = 2Up(x) — Up(ONU{ (x), x € R, (2.28)

Obviously, the non-negativity of G will instantly imply the monotonicity of 7. The
former is easy to verify in the planar case, since G(0) = 0 and

G'(x) = =2(Up(x) — Up(0))Uy' (x) = =87 (Up(x) — Up(0)) py(x) for x € R,
i.e., G is strictly increasing on [0, Rg] and constant on [ Ry, oo[. Thus,

Proposition 2.7. T is strictly increasing on Uy (0), oo.
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From the monotonicity we easily obtain the boundedness of 7 on the energy-
support of the steady state:

Proposition 2.8. For all E €]Uy(0), Epl,

2 T
0< = | =:T(Up(0)) < T(E) < T(Ep) < o0.
/Ué/(O) 00(0)

Proof. The monotonicity of 7 immediately gives the upper bound. For the lower
bound it remains to show that

. 2
lim T(FE)=

E—Up(0) / Ul(0) '

First, we change variables via n = Up(x) to rewrite T (E) for fixed E > Up(0) as
follows:

E df}
T(E) =22 ,
() Uo) VE —n Uy (x1(n)

note that xy inverts Up: [0, x4+ (E)] — [Up(0), E]. Next, observe that for every
n €]Up(0), ET there exists s = s(n) €]0, x4 (n)[ such that

(Ug e )’ _ 203 (5)UGs)
n Uy(s)

by the extended mean value theorem, and hence

Uy (x(m) = /20 Uy (s).

As E — Uy(0), we also have Ug(s) — Uy (0) > 0 uniformly in n €]Uy(0), E[,
and therefore

T(E) —

.
\/m Uo0) v (E —mn \/Ué’(O).

We note that the finite extent of the steady state (i.e., the existence of the cut-off
energy Eg) causes the period to be bounded from above. Conversely, the steady state
having a “smooth core” (i.e., Uy (0) = 4mpp(0) < oo) implies that T is bounded
away from zero. These interpretations can also be found in the physics literature,
cf. [8].
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3. Linearization

In this section we consider two different methods to linearize the Vlasov-
Poisson system about some steady state ( fy, po, Up) and to derive the corresponding
Antonov operator A. The different approaches yield (essentially) the same oper-
ator 4, but each allows for a different interpretation of oscillatory modes of .A.
We carry out the computations for three dimensional, spherically symmetric steady
states and only state the results for the case of planar symmetry, since the arguments
are analogous and somewhat simpler in that case.

Our purpose is to arrive at the operator .A by some convincing, but not nec-
essarily rigorous, manipulations; a rigorous derivation would only be necessary
for deducing results for the non-linear Vlasov-Poisson system from the linearized
spectral analysis. Hence for this section we dispense with rigor and formulate our
findings not in the form of theorems and such.

In Sect. 3.3 we derive an Eddington-Ritter type relation for the oscillation period
in the case of spherically symmetric, polytropic steady states.

3.1. The Eulerian picture

In the literature [23,25,26,30,43] the Vlasov-Poisson system is usually lin-
earized in Eulerian variables, starting with the formal expansion of the form f =
fo + e8f 4+ O(e?). After linearizing the system, we follow Antonov [2] and split
8f in its even and odd part in v, given by

1
(Sfi(t,x,v):E(&f(t,x,v):i:éf(t,x, —v)), 3.1
to arrive at the following second order equation for §f_:
9281 — D*8f— + VUaiv js;_ - Vufo =0,
where we recall the definition (1.26) of the transport operator D and introduce
; 1
,og(x)::/ g(x,v)dv, ]g(x)::[ vgx,v)dv, Ug(x)i=— — * pg.
R3 R3 |-

(3.2)

For the latter equation to be of the form (1.24), we define the Antonov operator A
as A:= — D? — B, where

(Be)(x, v) = —Va folx, v) - / S div ) dy, (3.3)

For g = g(r, w, L), Bg is spherically symmetric as well and takes on the form

(Bg)(rr w, L) = _47Tw(p/(E9 L) jg(r)

472 o S
=——w¢'(E, L)// wg(r, w, L)dL dw, (3.4)
r R JO
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where ¢'(E, L) = 0gp(E,L) <0and E = E(r,w, L) = %wz + Wy (r).
The same arguments as above can be applied to the plane symmetric case,
resulting in

(Bg)(x,v) = —4m v ¢/ (E, 1) /R* U1 g(x, v) dv; (3.5)

here we recall that the reflection symmetry included in the definition (1.10) of
planar symmetry implies the formula (1.15) for the potential induced by g.

We now examine whether the spectral properties of A obtained in the Eule-
rian linearization can explain the oscillations about the steady state which were
observed numerically in [56]. Assume that we have an eigenvalue A > 0 of 4 with
spherically symmetric, real-valued, odd in v eigenfunction g_. Let w:=+/A. Then
Sf— = cos(wt)g— is a solution of the linearized equation 838 f— + ASf_ = 0; the
corresponding even in v part is given by

1
8fy = ——sin(wt)Dg_.
1)

Then the kinetic and potential energies—see e.g. [60, Section 1.5] for the definitions
of the energies—of fy + 8f oscillate about the respective energies of the steady
state with period 27 /w up to higher order terms in €, more precisely

Exin(fo + €8/ () = Exin(fo) —  sinon) fR VU dr,
Epot(fo + €81 (1)) = Epot(fo) + ESin(Q)t) /]R‘ VU - jg_dx + 0(52)-

However, as discussed in the introduction, the expansion and contraction of the
spatial support cannot be seen in the present, Eulerian linearized picture.

3.2. Mass-Lagrange coordinates

The following derivation is based on the so-called mass-Lagrangian coordinates
which are often used in spherical symmetry for the Euler-Poisson system, cf. [32,
50]. We restrict ourselves from the start to the spherically symmetric situation,
cf. Sect. 1.2.

We fix a steady state (fy, Up, po) which for the sake of simplicity we take
isotropic, i.e., fo = @(E). We consider a spherically symmetric solution to the
Vlasov-Poisson system with data which are dynamically accessible from fj so that
in particular the solution f () has the same mass M > 0 as the steady state, and
we assume that {r > 0 | p(¢,r) > 0} =]0, R(¢)[. Then the mapping

[0, R(t)] > r +— m(t,r) € [0, M] 3.6)
is one-to-one, since 9,m = 4nr2p > 0on ]0, R(¢)[. Let

[0, M] 5 m +— #(t,m) € [0, R(?)] 3.7)
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denote its inverse. We introduce the new dependent variables

f.mow, Ly= f(t,r,w, L), pt.m)=p(t,r).
For a function g = g(-, w, L) we introduce the abbreviations

oo oo oo o0

R(g):=f / g, w, L)ydL dw, J(g):=/ / wg(,w, L)dL dw
—o00 JO —o0 JO
(3.8)

so that

p(1) = ;T—ZR(f(t)), () = %R(f(t».

In order to rewrite the Vlasov-Poisson system in terms of (m, w, L) we compute

-
om(t,r) = 47'[/ s28,p(t, s) ds

0
r o0 o0
= —47r2/ ar/ / w f(t,r,w, L) dL dwds
0 —00 J0

—4m2 T (f(D)(r).

Hence

Wf=0f+onfom=0f—4n>T(f () dnf,
O f = O f 0rm = 47> R(F (1)) O f

and the Vlasov equation (1.7) takes the form
0 f + 47 (wR(©) = TF@O)) 9 f
L m ~
+ (73 - f_z) 0 f = 0. (3.9)

It needs to be supplemented with the relation between the function 7(7, m) and p
respectively f. Since

1 1
4n7p AnR(f)

O =

it follows that

dn

F(t, = — _ 3.10
ritm 4772/0 RGO G109

and (3.9), (3.10) constitute the spherically symmetric Vlasov-Poisson system in
the coordinates (m, w, L), where we need to recall the abbreviations introduced in
(3.8).
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We notice that 7 (¢, m) is the radius of the ball about the origin in which mass
m of the solution f(¢) is contained. In a second change of variables we relate this
to the steady state configuration as follows. The map

[0, Rol 3 r — mo(r) = 4 /rsz,oo(s) ds € [0, M)
0

is again one-to-one, and
[0, M] 5 m — ro(m) € [0, Rol

denotes its inverse; Ry > 0 is the radius of the spatial support of the steady state.
Now we introduce a new radial variable via

[0, M] > m — r :=ro(m) € [0, Rol,
and new dependent variables
f(t, Fow, L) = f(t,m,w,L) = f(t.r,w,L), pt,F)=pt,m)=p(.r).

If we let 7 (¢, 7) = 7(t, mo(r)), the spherically symmetric Vlasov-Poisson system
becomes

) RAEO) TEO\ . - (L m@Y. -

o f+ (w R(fo) B R(fo) )3rf+ <’¢—3 - >8wf =0, (3.11)

= / R (3.12)
0 R(f(@))

notice that 9m /97 = 47> R( fy) and (3.12) is obtained from (3.10) via the change
of variables s — n = mq(s). The ball of radius 7(z, ') about the origin contains
for the time dependent solution f(¢) the same amount of mass as the ball of radius
r does for the steady state. In this way the steady state mass distribution is used
as the reference frame for describing the mass distribution of the time dependent
solution. In particular, should 7(z, ) on the linearized level oscillate about 7, this
would exactly explain the pulsating behavior of the perturbed steady state which
was observed numerically.
In order to linearize (3.11), (3.12) about the steady state we write

f=1fo+edf+ 0D, p=po+esp+ 0@
and
F(t,F) =F + e8F(t,F) + O(&), (3.13)

and expand (3.11), (3.12) to the first order. When doing so we observe that the
transport operator D along the characteristic flow of the steady state now takes the
form

Df:wa;f+(_£3—m9g)>awf.
r r
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This implies that

a8 f +Dsf + (wR(af) ‘7(8]0)) 05 fo + 87 <2m—0(f) - %) fufo =0,

R(fo)  R(fo) P
(3.14)
SP(t, F) = — fr REF@) 40 (3.15)
o R(fo)

Before we turn this system into a second order one for the odd-in-w part of § f
to obtain the corresponding Antonov operator we compute the time derivative of
87 (t, 7). Using the linearized Vlasov equation (3.14) a short computation shows
that

(3.16)

N Sf
BRGS) = ~R(fo)or (7 ©f ))

R(f0)
and hence

55 _ TGS
tor = .
R(fo)

(3.17)

Now we again split § f = f+ +6 f_ into its even and the odd part with respect to
w. They satisfy the following linear system:

A » JGf)

06 DSf. — ——07fp =0, 3.18
t f+ + f R(f ) fO ( )
RO 1) . (2mo(r) 3L
U8 f 4 DB fo w550 o+ o7 <f—3— 7—4> dufo=0, (3.19)

o [TRGAM)
§r(t,r) = /0 R (o) ds. (3.20)

In order to differentiate (3.19) with respect to ¢ we observe from (3.16) and (3.17)
that

; 8f- sf-
%R f+) = =R(fo) o (j( / )) 3,0F = JOS)

R(fo) - R
Thus
. . 8 8
0:8,28f_—D28f_+D(‘?€((;))8rfo> (‘g(;))>8f
2mo(F) 3L\ J(6f-)
* ( I f_‘*) Rifo) 0

=03 f —D*f —Bsf, (3.21)
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where

J© ., ) 7<J(g)) . <2mo(f) 3L> J(g)
Bg=-D =25 | =22 ) 97 fo — — — = | =<
. (R(fo) fo) v "y )50~ "5 T ) miy

(B [_D (&3;E> s, ( J (@) )H;E . (zm_o<f) ~ g) J() ]
R(f()) R(f()) r3 }"4 R(f())
J () 2m(F) 3L> T (@) ]

_ _ 2 _
_(”(E)[ YR 7 E w( 57 ) RO

_ 2 7 E .
= —47%9/(E) 5.7 (&)

for the last identity we have used the fact that

1 L _ 3L 2mo(F)
3,:2E = 8}72 <§w2 + ﬁ + Uo(r)> = f_4 —

=3 ~+ 4 po(r).
We have therefore shown that the linearized dynamics in what we refer to as mass-
Lagrange coordinates is governed by (3.21), and hence by an equation of the form
(1.24) where the corresponding Antonov operator A is exactly the same as obtained
in the Eulerian picture under the assumption of spherical symmetry, cf. (3.4). The
analogous arguments imply the analogous result for the plane symmetric case.

Assume now that we have an eigenvalue A > 0 and a corresponding, spherically
symmetric eigenfunction g_, which must be odd in w. Then § f = cos(wt)g_ with
@ = /A solves the above linearized dynamics in mass-Lagrange coordinates (3.21).
In view of (3.13) and (3.17) it follows that to linear order,

J(g-)
R(fo)

Hence to linear order the radius of the ball containing a certain mass m oscillates
with period 27 /w about the corresponding radius for the steady state. Of course
the details of this oscillation—Ilike which portions of the configuration take part in
it—depend on the actual eigenfunction, but (3.22) nicely explains the numerically
observed pulsation behavior. Notice that while the even part of the solution to the
linearized dynamics governs the oscillation of the kinetic and potential energies as
seen at the end of the previous subsection, its odd part governs the oscillation of
the spatial support here.

A= - & .
r(t,r) =r + — sin(wt)
w

(3.22)

3.3. An Eddington-Ritter type relation

The Eddington-Ritter relation connects the period of the pulsation of a perturbed
steady state to its central density in the context of the Euler-Poisson system, cf.
[15,50,63]. In this section we establish its analogue for the case of the Vlasov-
Poisson system. To this end we consider a spherically symmetric, polytropic steady
state (fo, Up, po) with ansatz function of the form

kol
@(E,L)=(Eo— E)} L',
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with k and [ fixed. Then the function y(r) = Eoy — Uy(r) satisfies the equation

1 k1432
Sy () = —4me P2y (3.23)

with ¢ ; > 0 determined by k and /; this is the spherically symmetric, semilinear
Poisson equation (2.1), rewritten in terms of y. Its solutions are uniquely determined
by their value y(0) > 0 at the origin, and the induced spatial density is given by

k+14+3/2
po(r) = e ry ()2,

If y solves (3.23), then for any o > 0 the rescaled function

5 2(k+D)+1
o %y (O' A+2 1)

solves (3.23) as well. This implies that if f is the steady state induced by taking
y*(0) = 1, then all other steady states with the same ansatz function can be obtained
via

2kl 20kD+
fo(x,v) =0 1 fi(o™ 22 x,0v)

and
o e, 20D
y(r) =0 7y (o A+2 1),

in particular, o = y(0)~1/2,

Let A* denote the Antonov operator corresponding to the steady state y*, and
let A* > 0 denote its smallest, positive eigenvalue so that

A*h = 1*h

for some eigenfunction /; the central aim of the present paper is to establish the
existence of this eigenvalue. We want to rescale this eigenvalue equation in such
a way that it becomes the eigenvalue equation for a general steady state obtained
from y* by the rescaling above, which results in the function y and the induced
operators A and 5. First we note that
2(k+D)+1
E*(o~ 2%z x,0v) = 02E(x,v),

_2(k+D+1
w(o~ 2+ x,o0v) =ow(x,v),

_2(k+D+1 _ 2k—=1
Lo~ "2+ x,ov) =0 T L(x,v);

the local energy E* corresponds to y*, and E corresponds to the general steady
state y. A lengthy computation shows that

2(k+D)+1 2k+41+3

B*h) (o™ 22 x,00) = 0 BT (Bhyese) (x, v)

where

_ 2(k+D+1
hrese(x, V) = h(o™ " 2¥2 x, o).
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The same scaling law is true for the operator D?. Hence we find that

2k+4l+3 _ 2k +4l+3

Ahpese =0 (A*h)resc =0 )&*hresc
so that
_ 2k+4i43
A=0O 1+1 )\‘*

is the smallest, positive eigenvalue of .4; it has to be the smallest since the scaling
preserves order. Let P denote the period corresponding to the eigenvalue A. Then
P =27 /+/x and expressing o by y(0) we find that
k+2043/2
Py(0) " 2#2~ = const,

this relation was observed numerically in [56]. If we consider the special case/ = 0
and recall that then p(0) = ¢ y(O)k+3/ 2 we find that

Pp(0)1/2 = const,

which is the Eddington-Ritter relation known from the Euler-Poisson case.

4. The Antonov Operators

We now give a precise definition of the Antonov operators in the spherically
symmetric and in the plane symmetric case which have been derived in the previous
section, including the function spaces they act on and some first properties. As
explained in Sect. 3, their eigenvalues, if they exist, correspond to linearized galaxy
oscillations.

4.1. The radial Antonov operator

The operator will be defined on a suitable subspace of the weighted, real-valued
L2-space
“1 (Qo):={g: 2o — R measurable | ||g|| 1 < 00},
<P

where

1
llgll, :=f ——— |g(x, v)*d(x, v);
v Jao l¢/(E, L)

recall ¢’ = 9@ < 0 on the steady state support. The scalar product (-, -) 1 is
']
defined accordingly. Later, we work on the radial subspace ’

2 (QO) ={g e L2 (Qo) | g is spherically symmetric a.e. on €}

I</)

and with odd functions

2"”’”’(sz )={g € L’i (0) | g is odd in v a.e. on Q).

Ivdl l¢'1
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Spherical symmetry on €2 is defined similarly to (1.5); note that the set ¢ is
spherically symmetric. We will always use a lower index r when restricting some
function space to its radial subspace. For an a.e. spherically symmetric function
g: Qo — R, we write g(x, v) = g(r, w, L) with slight abuse of notation; recall
(1.6). Similarly to [61] we use the abbreviations

¢’

H=L% (@), I lw=l-l,  H=1200. @D
¢ l¢'1”

)

The first part of the linearized operator consists of the squared transport operator
which we define in a weak sense similar to [61,65]. For a smooth function g €
C'(Qo),

Dg(x, v):=v - 9xg(x,v) = 9xUp(x) - dpg(x,v), (x,v) € L.

Definition 4.1. For a spherically symmetric function g € L}OC(QO), Dg exists

weakly if there exists some spherically symmetric © € L }OC(QQ) such that for
every test function § € C Cl +(20),

! 1
———— g Déd(x,v) =~ | ————pédx,v). (42
/QO |§0/(E,L)| 8 &Ed(x,v) /;20 |g0/(E, D wEd(x,v) 4.2)

In this case, Dg:=u weakly. The domain of D is defined as
D(D):={g € H | Dg exists weakly and Dg € H}. 4.3)

Obviously, the weak definition of D extends the classical one on C Cl +(£20).
Furthermore, the resulting operator D: D(D) — H has the following properties:

Proposition 4.2. (a) D: D(D) — H is skew-adjoint as a densely defined operator
on H, i.e., D¥ = —D.
(b) The kernel of D is given by

ker(D) ={ge H |3f: R? - R s.t. gx,v) = f(E(x,v), L(x,v))
fora.e. (x,v) € Qo}.

(c) Let
D(D?):={g € D(D) | Dg € D(D)}.

Then D?: D(D?) — H is self-adjoint as a densely defined operator on H.
(d) The restricted operator D*: D(D*)NH® — H%4 is self-adjoint as a densely
defined operator on H%,

Proof. For parts (a) and (b) cf. [61,65]; the same proofs work for the present steady
states.

Part (c) follows by von Neumann’s theorem [57, Theorem X.25] since D? =
—D*D and D(D?) = {g € D(D) | Dg € D(D*)} by (a).

For (d), note that D? preserves v parity, meaning that the operator restricted to
H%4 is well-defined. Its self-adjointness follows with part (c) by decomposing all
functions involved into their even and odd parts in v. O
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We offer a more intuitive characterization of the domains D(D) and D(D?) in
Sect. 5.1. The use of action-angle type variables in Sect. 5.1 also offers alternate
ways to prove the skew-adjointness and the representation of the kernel.

We now get to the second part of the linearized operator. For g € H let

(Bg) (r, w, L):=47?|¢/(E, L)| % J()r) (4.4)

for a.e. (r, w, L) € QF, where

J(g)(r):=/ / wg(r,w, L)dwdL, ae.r >0,
o Jr

g is extended by 0 to R? x R3, and we used the abbreviation E = E(r, w, L).

Lemma 4.3. The operator B: H — H is well-defined, linear, continuous, and
symmetric.

Proof. For g € H we have

o0 1 o0
IBgl3 = 2n)° /0 |J<g)(r>|2r—4 /0 /R w?|¢/(E, L)|dw dL dr

S|
< c/ L 1T@0 P dr
0 r

~1 > 20,/
<Cc| = w?|¢/(E, L) dwdL
o r 0 R

X (foo —|g(r’w’L)|2dde> dr
o Jr l¢/(E,L)|
<Cligl%.

Here, C > 0 changed from line to line, but depends only on the fixed steady state
fo- In the first and third inequality, we used that

T o0 ) , T o
— wlgp'(E, L)|dwdL = —— w dy [@(E, L)]dwdL
r? 0 R r? 0 R

bid

= —2/ fw(E, L)ydwdL =/ @(E, L)dv = po(r) 4.5)
r 0 R R3

for r > 0 and that p( is bounded on the support of the steady state. The symmetry
of B follows by

* 1
(Bg, by = 2m)° /0 S T T dr

and the symmetry of the latter expression for g, h € H. O



On the Existence of Linearly Oscillating Galaxies 641

Obviously, Bg is odd in v for every g € H, which implies that the restriction
B: H4 — H° onto odd function also has the properties from above.

Equation (A.2) from the appendix yields the following alternate representation
of Bg in the case g € D(D):

(Bg) (r,w, L) = |¢/(E, L)| w Ufbg(r), ae. (r,w, L) € Q. (4.6)
We are now in the position to define the Antonov operator.
Definition 4.4. Let
A:D(D?) — H, Ai=—D? - B.

For g € D(D?),
o0
P 4 1 2
(Ag. &)u = IDgll — ) = (J(e)(r)*dr
0 2
= | Dgll3 —f r (Up,(r)) dr
= [ (Upe)
1
= |Dgll% — Euaxupgn%.

The latter expression is also defined on D(D) which motivates the definition

1
(Ag. g)m:=|Dgll% — Euaxupgn% for g € D(D).

Up to some factor, the quadratic form of A equals the second order variation
of an important energy-Casimir functional (see [26]), also known [23,42] as the
Antonov functional. This is why we call A the Antonov operator or the linearized
operator.

Before proceeding we observe that A inherits the self-adjointness of D? and B:

Lemma 4.5. The operator A: D(D*) — H is self-adjoint as a densely defined
operator on H. Its restriction A: D(D?*) N H* — H 1o odd functions is also
self-adjoint as a densely defined operator on H odd

Proof. This follows by the self-adjointness of D? on D(D?) and D(D?) N H°%,
see Proposition 4.2, together with the Kato-Rellich theorem [29, Chapter 13] and
Lemma 4.3. O

4.2. The planar Antonov operator

The function spaces and operators in the plane symmetric setting are defined
similarly to the spherically symmetric case, i.e.,

H:={g: Qo — R measurable | | g 5 < 0o},

where

2. 1 2
”g”H._/Qo W ED) lg(x, v)|"d(x, v).
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The scalar product (-, -)  is defined accordingly. Functions in H are in general not
plane symmetric in the sense of (1.10), but for the sake of generality we consider
the operators on H too. Eqn. (1.10) is valid for functions in

H:={g € H | g is odd in v and x a.e. on Q}
={ge H| forae. (x,v) € Q: g(x,v) = —g(—x,v) = —g(x, —v1, D)}
.7

Observe that oddness in x and v is stronger than the symmetry required in (1.10).
However, imposing the above symmetry condition simplifies the following analysis,
and, as we shall see in Sect. 8, we obtain eigenvalues of A in H nonetheless.

As to the operators, we again start by defining the planar transport operator in
a weak sense similarly to the spherically symmetric setting in the previous section.
For g € C1(Q),

Dg(x, v):=vy dyg(x, v) — Uj(x) 3y, g(x,v), (x,v) € Q.

Definition 4.6. For g € LIOC(QO), @g exists weakly if there exists some u €
106(90) such that for every test function £ € C Cl (),

! > 1
1o, )8 DEdt ) = - 48
~/§:20 |(,0/(E,ﬁ)|g &d(x, v) /QO 1o/ (E. )|M§ d(x, v). (4.8)

In this case, Dg:=u weakly. The domain of D is defined as
D(ﬁ)::{g e H| ﬁg exists weakly and Z_?g € H). 4.9)

The resulting operator again extends D for smooth functions and has the fol-
lowing further properties:

Proposition 4.7. (a) D :_D(ﬁ) — H is skew-adjoint as a densely defined operator
on H, i.e., D* = —D.
(b) The kernel of D is given by
ker(D) ={g € H|3f: R® > Rs.t. g(x,v) = f(E(x, v1), )
fora.e. (x,v) € Q).

(c) Let
D(D?):={g € D(D) | Dg € D(D)}.
Then D?: D(D?) — H is self-adjoint as a densely defined operator on H.
(d) D reverses vi-parity and x-parity respectively, i.e., D? - preserves these parities.

Furthermore, the restricted operator D*: D(D*) N'H — H is self-adjoint as
well.
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All of the above statements can be proven similarly to the spherically symmetric
setting, see Proposition 4.2. The plane symmetric case however is not covered in
[61,65]. The use of action-angle type variables in Sect. 5.2 offers alternative and
more direct proofs, see Proposition 5.15.

The second part of the linearized operator is given by

(Bg) (x, v):=4n|¢/(E, v)| v1 T (g)(x) (4.10)

for g H and ae. (x, v) € Qp, where
j(g)(x)::/ vy g(x,v)dv, ae.x eR, 4.11)
R3

and g is extended by 0 to R x R3. The resulting operator has the following properties:
Lemma 4.8. B: H — H is well-defined, linear, continuous, and symmetric.

Proof. Forg € H,

1Bl = 16n2/R|j(g)<x)|2/R3 l¢'(E, )] v} dv dx

2
c/ |j(g)(x>|2dx=0/ (/ mg(x,v)dv) dx
R R \JR3
<c/ (/ W2 |/ (E, 17)|dv> (/ Mdv)dmcugn%,
- Jr \Ur? R3 ¢/ (E, V)] - H

where in the first and third inequality we used that

IA

/ U% |(p/(E(x, v1),v)|dv = —/ U% (X/(E(xv v1)) dvy
R3 R
_ A v1 By, [ (E(x, v1))]dvy
= / a(E(x,v))dvy = po(x), x €R, (4.12)
R

together with the fact that pg is bounded by pg(0) < co. The symmetry of /3 follows
by

(B, h) ;= 4 /Q v1 F(@)(x) h(x. v) d(x, v) = 4t /R F@)@) T () dx
0

and the symmetry of the latter expression for g, h € H. O

Since B preserves x-parity and the image of 5 is always an odd function in vy,
the restricted operator B: H — H has the analogous properties.

Eqn. (A.4) yields the following alternative representation of Bg in the case
g € D(D):

(Bg) (x.v) = I¢/(E, 9)| v1 Upy (x) (4.13)
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fora.e. (x, v) € Q. We refer to Sect. A.2 in the appendix for a short discussion of
the potentials induced by images of the planar transport operator.
We are now in the position to define the linearized operator in the planar setting:

Definition 4.9. Let
A: DD —> H, A:=—-D?>-B.

For g € D(D?),

(Ag, )z = IDgll; — ||UDg||2

The latter expression is also defined for g € D(@). A is the (planar) Antonov or
linearized operator.

We again have the following properties:

Lemma 4.10. The operator A: D(D?) — H is self-adjoint as a densely defined
operator on H. Its restriction A: D(D*) N'H — H to odd functions is also self-
adjoint.

Proof. We use the self-adjointness of D? from Proposition 4.7 and the symmetry
and boundedness of 3 from Lemma 4.8. O

5. The Essential Spectra of the Antonov Operators

5.1. The essential spectrum of the radial Antonov operator

Let A denote the self-adjoint operator .A: D(D) — H introduced in Defini-
tion 4.4; most of the results below also hold true for its restriction to odd functions.

We will see in Theorem 5.9 that the essential spectrum of A = —(D?* + B)
is solely determined by the one of —D?2. This is why we first analyze the squared
transport operator. We do this by introducing one of the key tools in our work, the
action-angle variables.

For fixed (r, w, L) € Q(letR >t — (R, W)(¢,r, w, L) be the unique global
solution to the characteristic system

R=W, W=-V/(R) (5.1)

satisfying the initial condition (R, W)(0, r, w, L) = (r, w). As discussed in Sect.
2.1, (R, W)(-, r, w, L) is periodic with period T (E, L), where E = E(r,w, L) =
%w2 + Wy (r). We now use the variables 6 € [0, 1], (E, L) € QgL given by

(r,w, L) =((R, W)(OT(E, L), r—(E,L),0,L),L).
For functions g € H we write

g@O,E,L)y=¢g((R,W)@OT(E,L),r—(E,L),0,L), L)
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forae.(0,E,L) € Qg::[O, 1] x le‘ by slight abuse of notation. Integrals change
via

dxdv = 47°T(E, L)d9 dE dL; (5.2)

note that the mapping [0, %] >0+ ROT(E,L),r_(E,L),0,L) € [r_(E, L),
r+(E, L)] is bijective for (E, L) € QEFF with inverse given by

1 r ds
T(E.L) J; .1y V2E =29 (s)

r—(E,L) <r <ry(E, L). In particular, the transformation (x, v) — (0, E, L) is
not measure preserving as it would be in the case of “true” action-angle variables,
see [4,41,49]. However, (0, E, L) have the same interpretation as action-angle
variables, since (E, L) fix a trajectory of the stationary characteristic system and
0 € [0, 1] gives the position along the characteristic flow. Actual action-angle
variables have been used in [23] without the restriction to spherically symmetric
functions.

Using the chain rule we see that D corresponds to a 6-derivative in (0, E, L)-
variables.

o(r, E, L):= (5.3)

Lemma 5.1. For every g € Cr1 (R0),

1 \
(Dg) 0, E, L) = m(a(,g)(e, E,L), 0<6<1, (E,L)eQFL. (5.4)

Similarly, for g € CE(QO),

(P%) . E.L) = F@00.E.L). 0=0 =1, (B L) e of",

1
T(E,L
To analyze —D? and its spectrum, we need a formula similar to the ones derived

in Lemma 5.1 for all functions in D(D) (see Definition 4.1) and D(D?). We therefore
define

Hy:={y e H'10.1D | y© =y} (55)

note that H 1(]0, 1)) <= C([0, 1]), i.e., the boundary condition is imposed for the
continuous representative.

Lemma 5.2. It holds that
D(D) = (g € H | forae (E,L) e QEL, ¢(-.E,L) € H},

d/ TE. L /l|a 0, E,L)|*dod(E, L) }
9 ) £ ) < XOy.
ot [W(E. DI Jo '

Ifg e D(D),

1
(Dg) (6, E. L) = m(f?eg)(@, E, L)

0
forae. (0,E, L) € €.
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Proof. First, consider g € D(D). By the weak definition of D, a change of variables
and Lemma 5.1, we obtain the following for every test function & € Cclyr (R0):

l ]
4,,2/ _/ 0060, E, L) g6, E, L) 0 d(E, L)
ort |@'(E, L)| Jo s ¢

D gd(x,v) = — § Dgd(x,v)

1 1
B /Q lg'(E, L)]| /Q l¢/(E, L)|

=—4n2/ M/IE(G,JE,L) (Dg)(0, E, L)do d(E, L).
ait [¢'(E. L) Jo

We now choose £ to be factorized in 6 and (E, L),i.e.,E(0, E, L) = ¢(0) x(E, L)
for (9, E, L) € Q, where ¢ € C>°(]0, 1) and x € c°°(szEL) Note that every
such choice of ¢ and x induces some £ in C +(£20). Inserting this into the above
calculation yields

1 1,
E,L)y——— 0) g, E,L)d0d(E, L
/QELx( >|¢,(E’L)|/O;(>g< )9 d(E, L)

0

TE,L) [}
=— X(E,L)y———— | ¢(©) (Dg)(©, E,L)d0d(E, L).
QEL lo"(E, L)| Jo
Since this holds true for every x € cgo(fsz), it follows that

1 1
/ z(©)g®, E,L)do = —T(E, L)/ @) (Dg)(©, E, L)do (5.6)
0 0

for ae. (E,L) € QgL.l Since ¢ € C2°(]0, 1) is arbitrary, this means that
g(-, E, L) is weakly differentiable with dpg(-, E, L) = T(E,L)(Dg)(-, E, L).
In addition,

2 T(E, L)' (! 2 2
4r ———— | 1980, E,L)|"d0d(E, L) = |Dglly < oo,
oft |¢'(E, L)| Jo

in particular, dpg(-, E, L) € L*(10, 1) for a.e. (E, L) € Q&%. What remains to
show is the boundary condition g(0, E, L) = g(1, E, L). Observe that (5.6) also
holds true for ¢(0):=1,0 < 0 < 1, since this still leads to & € Ccl’r (R20). Therefore,
integrating by parts yields

T(E L)/ £0) g0, E, L)do = / £(0) 0pg(6, E, L)do

1 The set of measure zero can be chosen independently of the test function ¢ € C2°(J0, 1[)
by considering a countable subset of C2°(]0, 1[) which is dense with respect to || - || ;1 qo.1p-
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fora.e. (E,L) € QgL, ie., g, E,L) € Hel and we have proven the first implica-
tion.
Conversely, let g € H be suchthat g(-, E, L) € Hel forae. (E, L) € Qg]“ and

/ IE. L /1|a 0, E,L)|*dOd(E, L) < 00 (5.7)
1) k) ) < . .
ot [W(E. DI Jo '

For any test function & € Cclyr(Qo) and(E, L) € fZgL weobviouslyhave&(-, E, L) €
Cl([0, 1]) with £(0, E, L) = £(1, E, L). Thus,

g DEd(x, v) =4n2/ !
Q

1
/;zo l¢'(E, L) £L |¢'(E, L)|

1
X f g, E,L) &0, E,L)dOd(E, L)
0

_ _/ 1 (38) £d(x. v),
Qo |§0/(E7L)| T(Ea L)

where we again used Lemma 5.1 and integrated by parts. By the weak definition
of D, the above means that Dg exists weakly and

(Dg)(B. E, L) =

dypg(0, E, L
TE.L g ( )

fora.e. (0, E,L) € Qg. Eqn. (5.7) then also shows Dg € H,i.e.,g € D(D). O

Remark 5.3. (Oddness-in-v) Recall the definition (4.1) of the space H odd of odd-
in-v functions in H. It is of interest to describe the oddness with respect to the
v-coordinate in the action-angle coordinates. To that end let

L>° 0, 10):={y € L*(10, 1]) | y(8) = —y(1 — 0) for a.e. 6 €]0, 1[}.
It is then easy to check that for every g € H,
ge H o g(, E,L)e L**(0,1]) forae. (E, L) € QFL.
To obtain a representation of the domain of D? similar to Lemma 5.2, let
Hp:={y € H210,1D | y0) = y(1) and 50) = 30| = {v e 1) 7 € H}};
(5.8)

note H 2(]0, 1) — C! ([0, 1]), i.e., the boundary conditions are imposed for the
continuously differentiable representative. Then, by applying Lemma 5.2 we obtain

Corollary 5.4. It holds that
D(D*) ={ge H| forae (E,L) e QE", g(E, L) € H},

T(E L)l 2j pl ; 5
and Zf o E DI /0 19520, E, L)>d0 d(E, L) < oo}.
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Furthermore, if g € D(D?),

(P%) 0. E.1) = ————0}9)0. E. L)

T(E L)
forae. (0,E,L) € Q.

We next apply Lemma 5.2 to obtain the following useful lemma, which partic-
ularly implies that the range of D is closed, cf. [10, Theorem 2.19].

Lemma 5.5. For every h € H with h L ker(D) there exists g € D(D) such that
Dg = h. In particular,

ker(D)* = im(D). (5.9)
Proof. We define the spherically symmetric function g: Q9 — R via

0
¢, E, L):=T(E, L)/ h(s, E,L)ds forae. (8, E, L) e Q)
0

and apply Lemma 5.2 to verify the claimed properties of g. First, g(-, E, L) is
weakly differentiable for a.e. (E,L) € Qg]“ with dpg(-, E,L) = T(E,L)
h(-, E, L). In addition,

1
g, E, L)|* < T(E, L)Zf lh(s, E, L)|* ds,
0

ie,g(, E,L) e L*(10,1]) forae. (E, L) € QL and g € H, since

T(E, L)* L)3
2<47r/ / h(s, E,L)|*ds d(E, L) < sup>(T) ||h||%:
lglly < oL T E DI |h(s, )| ( )_Qgg( )l

note that 7" is bounded by Proposition B.1. Furthermore, dg g (-, E, L) € Lz(]O, 1D,
ie,g(, E, L)€ H'(]0, 1)) forae. (E, L) € QEL. Moreover,

1
g(lLE L)= / h(s, E,L)ds =0=g(0, E, L),
0
forae. (E,L) € QEL since h L ker(D). Lastly,

T(E, L)™' [!
47,2/ ¥f 10620, E, L) d6 d(E, L) = ||l < o0. D
orL 19/ (E, L)| Jo

We now turn our attention to the one-dimensional Laplacian as an operator on
H2 .
Py
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Lemma 5.6. The operator
—03: H? — L*(10,1]), y > —¥

is self-adjoint as a densely defined operator on the Hilbert space L*(]0, 1[). Its
spectrum is given by

0 (—92) = 2nNo)%:={(27k)? | k € No}.

In particular, every element of the spectrum is an eigenvalue. The eigenspace of
the eigenvalue 0 consists of all constant functions. For k € N, the eigenspace of
(2mk)? is {c1 cos(2mwk-) + ¢2 sin(2rwk-) | c1, ¢ € R}

Proof. Itis straight forward to verify that — 83 is self-adjoint; note that the boundary
conditions built into H92 cause all boundary terms to vanish when integrating by
parts.

Using basic ODE theory, it can be easily verified that the set of proper eigenval-
ues of —802 equals (27 No)z. What remains to show is that the spectrum of —8(3 does
not contain any other elements. This can be done by explicitly deriving the resolvent
operator for A ¢ (2rNp)? by expanding all functions involved into their Fourier
series; these techniques are related to the ones used for Riesz-spectral operators
[13, Theorem 2.3.5]. O

Similar to the above Lemma one can also show that the operator
—d5 Hy N L2910, 1)) — L2410, 1D, y > =

is self-adjoint as a densely defined operator on the Hilbert space L2°?9(]0, 1[) and
that its spectrum is (27N)%; note that non-zero constant functions are not part of
H7 N L>°% (0, 1]).

2 1

Combining Corollary 5.4, i.e., “—D*" = —Wag”, and Lemma 5.6, i.e.,

“0(—892) = (27Np)?”, allows us to explicitly determine the spectrum of —D2:

Theorem 5.7. The spectrum of the self-adjoint operator —D?: D(D?) — H is

VN
_pry - (2o ) 2k _\? S EL
o(~D?) = (T(s'sz)> ._{(T(E’L)> | ke, (E.1) € 9

Furthermore, the spectrum is purely essential, i.e.,
Oess (—D?) = 0 (=D?).
Proof. We first show (27k T(E*, L*)*‘)Z € 0p5s(—D?) for fixed k € N and
(E*, L*) € QEL. The idea is that
B, E, L) 8+ (E, L) sin(2wk6)

defines an “eigendistribution” of (2nk T(E*, L*)’l)2 (where & denotes Dirac’s

deltadistribution) and that by approximating, we can show that (an T(E*, L*)~! )2
is indeed an approximate eigenvalue.

We therefore prove (2k T (E*, L*)’l)2 € 0,55 (—D?) by verifying Weyl’s crite-
rion [29, Theorem 7.2], i.e., we construct a sequence (g;) jen C D(D?) with



650 M. Hapzi¢, G. REIN & C. STRAUB
(1) llgjllg = 1forevery j € N,

2
(i) H—DZgj - <2nk T(E*,L*)—l) g

(iii) g;j —~ 0in H as j — oo.

— 0as j — oo,
H

To construct such a Weyl sequence, we approximate the Dirac distribution as fol-
lows: For j € Nlet x;: R? — R be such that

(@) supp (x;) C Q5" N Bi(E*, L*),
J 1
2 _
B) /QgL X (E, L) A(E, L) = ——.

Such x; can e.g. be explicitly defined using a rescaling scheme. For j € N we now
define the spherically symmetric function g;: Qo — R by

l¢(E, L)

i 0
T(E.L) xj(E,L) sin(2wk6), (0,E,L) € Q.

gj0,E, L)=

Then (g;) jen is indeed a Weyl sequence. First, g; € D(D?) for j € N by Corol-
lary 5.4, note that 7 > 0 is continuous on Qg L by Lemma B.7 and therefore % is
bounded on the support of x ;. Now to properties (i)—(iii):

(i) Forevery j € N a straight forward calculation using (8) yields ||g;llz = 1.
(ii) It follows from Corollary 5.4 that

2k

2
%
m) g](g, E,L)forae. (0,E,L) € QO'

(-D*¢), E, L) = (
Thus,

2
| = D%, - (2nk 7B 1Y) gy,

_4n2/ T(E, L) ( 21k )2_< 21k >2
0 Jepr 1¢/(E, D) \T(E, L) T(E*, L*)
1
x/ |g;(0, E, L) d0 d(E, L)
0

= 25716k4/ x3(E, L) ‘
qEL 7Y
0

2

2

1 1
d(E, L).

T(E,L)> T(E*, L*)?

Since 7 > Ois continuous on 25 by LemmaB.7, |T(E, L)% — T (E*, L*)7?|
tends to zero for (E, L) € supp (x;) as j — oo by («). Together with (8) this
implies (ii).

(iii) For every h € H the Cauchy-Schwarz inequality yields

1

T(E, L 1 2

(g7 hva| < gl 4712/ ¥/ @, E. L)PdOd(E. L)) .
supp (x;) lo'(E, L)| Jo

with [|gjllz = 1 and the right integral tending to zero as j — c0. Due to the
Riesz representation theorem we obtain (iii).
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By a completely similar proof—where we just have to replace sin(2wk6) in the
definition of g; by a non-zero, constant function—we also get 0 € o (D). Since
the spectrum of an operator is always closed and the boundary values being non-
isolated, we obtain

2

2w Ny

————| Coes(=D*) Co(-D?.
T(€257)

It remains to show that

2
27TNO
-p? — .
e (T(Qé”))

2

Fix an arbitrary A € R\ (ngz ﬁ%)) : note o (—D?) C R. Due to the radial particle
0

period T being bounded away from zero by Proposition B.1, there exists ¢ > 0

such that

dist (x T(E, L)%, (2nNO)2) > ¢ for every (E, L) € QEL. (5.10)

Since (27Np)? = cr(—892), we then obtain the following estimate for the one-

dimensional resolvent operator (—892 —AT(E, L)z)_1 - L?(0, 1)) — H(,2 by
(5.10):

-1 1 .
H (—ag2 —AT(E,L)z) v, =zl fory e L230, 1D, (E, L) € &t

2

see for example [29, Theorem 5.8]. Therefore, inserting y = (—802 —AT(E, L)2) Z
in the above estimate yields

1 .
Il < ~ H (—ag —AT(E, L)Z)ZH2 forz e H2, (E.L) € QEL.  (5.11)

Now, suppose A € o (—D?). Then, by a weaker version of Weyl’s criterion (see [29,
Theorem 5.10]), there exists a sequence (g;) jen C D(D?) such that lgilla =1

for j € Nand |-D?g; — Ag, |, — Oas j — oo. However,

|-D%¢; — 2gj ||?1

) T(E. L) (', 5 2
=47 e T E. Dl o |—05gj(0,E, L) —AT(E,L)*g; (6, E,L)|"d0 d(E, L)
£ ,

by Corollary 5.4. Then, applying (5.11) to g;(-, E, L) € H} forae. (E, L) € Q5L
yields

-3
|- D - gl =4 [ e

1
2
_ (0,E,L)|"dOd(E, L)
art 1¢/(E. L)I/o & |

2

>~ s,
Sup{sz (T)

and therefore the desired contradiction. O
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In particular, we obtain the following estimate:

Corollary 5.8. (A Poincaré inequality) For every g € D(D) with g L ker(D) we
have
2

IDgll% = gl

supégL (T)

Proof. The statement on D(D?) follows by the skew-adjointness of D together
with the spectral properties of —D? stated in the above theorem, see e.g. [29,
Proposition 5.12].

Mollifying extends this estimate to D(D). One way to do this is to express g
in (8, E, L)-coordinates and mollify the -function for a.e. (E, L) € QEL, for
example by using Fourier partial series. Note that the mollification has to preserve
the property g L ker(D). O

Alternatively, an estimate as above can also be shown by more fundamental
techniques without determining the spectrum of —D?, see e.g. [61, proof of Theo-
rem 2.3].

We now use the representation of o,s(—D?) from Theorem 5.7 to explicitly
determine o, (A) as well. In fact, the key property of the essential spectrum is that
it is stable under certain types of perturbations. In our situation, this means that the
essential spectrum of A = — (D? + B) (see (4.4) for the definition of B) is equal
to the one of —D?:

Theorem 5.9. The operator (—B) is relatively (—D?)-compact, cf. [29, Definition
14.1]. Therefore, by the Weyl theorem [29, Theorem 14.6],

Oess (A) = Oe¢ss (_D2)~
Thus, by Theorem 5.7,

2
27N

Oess (A) = a—E(Z) s (5.12)

T(S25™)

where A denotes the unrestricted operator A: D(D*) — H. Similarly,
27N\’

b4

Oess (A| oaa) = | ———] - (5.13)
ess Hdd <T(QgL))

Here, we use the convention min(N) = 1, Ny = N U {0}.

Proof. By Lemma 4.3, —B is continuous on H, i.e., relatively (—=D?)-bounded
with relative bound 0. Furthermore, (—D?) is self-adjoint and p(—Dz) # (. In
this situation, the relative (—D?)-compactness of —[3 is equivalent to the following
(see for example [16, III Definition 2.15 and III Exercise 2.18(1)]):

—-B: (D(Dz), 1D llg+ 1l - ||H) — H is compact;
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the domain of —J3 in this statement is D(D?), equipped with the graph norm of
(—=D?).

To prove this statement, let (gx)ken C D(D?) be such that (8k)keNs,
(D2gu)ren C H are bounded. Corollary 5.8—note Dg; € im(D) C ker(D)*
for k € N—then yields that (Dgy)reny C H is bounded as well. Thus, by (A.1),
(Upg)ken C C N H?(R?) is bounded in H*(RY). In addition, (A.2) yields
supp (3:Upg,) C  Bgy(0) for every k € N. By the compact embedding
HZ(BR0 0) e Hl(BR0 (0)), (0xUpg, ke is strongly convergent in L2(R3; RY),
at least after extracting a subsequence. Representing g as in (4.6) and rewriting
f w?|¢/(E, L)|d(w, L) as in (4.5), it follows that (Bgy)en is a Cauchy sequence
in H, and thus strongly convergent in H.

The analogous relative compactness result also holds true when we restrict all
operators to H odd j e functions odd in v. In addition, it can be shown similarly to
Theorem 5.7 that the spectrum of the restricted squared transport operator is given
by

2

27N

Oess(—D?| yoaa) = | —— | (5.14)
L 75"

since sin(2rwk-) € H92 NL29d4(]0, 1) for k € N, but non-zero constant functions—
which correspond to the eigenvalue O—are not in L2-0dd (10, 1D). O

The sets (5.12), (5.13) may look qualitatively different for different steady state
models depending on the behavior of the period function 7':

Remark 5.10. If SupQgL (T) > 2inf§25;L (7T),

472

2 » OO
supfsz (T)

Oess(A) = {oyu

Otherwise, i.e., SUpgyEL (T) < 2inf GEL (T), there may appear further gaps in the es-
sential spectrum. In general, the number of gaps in the essential spectrum (including
the one at zero) is given by

14+supiykeNy| (k+ 1)inf (T) > k sup(T)
QL QEL
Note that we have infinitely many gaps iff 7 is constant on Qg L

In any case, the essential spectrum of .4 possesses a gap

472

:=1]0, min (o, oH[= |0, ———
g:=] (ess (A) \ {ODI SuPéEL(T)
0
atthe origin since T is bounded from above, see Sect. B.1 in the appendix. Following
Mathur [52], we call this the principal gap of the essential spectrum; although in
[52] this term is used for the gap of the spectrum of —i D around the origin.
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5.2. The essential spectrum of the planar Antonov operator

We now show the analogues of the above results for the planar linearized op-
erator A introduced in Definition 4.9. Since most of the proofs are similar to the
radial setting, see Sect. 5.1, we shall skip some of the details. We again start by
analyzing the squared transport operator D? using action-angle variables.

For fixed (x,v;) € RZletR > ¢ — (X, V})(t, x, v1) be the unique global
solution to the characteristic system

X =V, Vi=-U\X) (5.15)

satisfying the initial condition (X, V1)(0, x, v1) = (x, v1). As derived in Sect. 2.2,
(X, V1)(-, x, vy) is periodic with period T (E), where E = E((X, V1)(¢, x, v1)) for
t € R. We now use the variable 6 € [0, 1] given by

(x,v1) = (X, VI)(OT(E), x_(E),0) (5.16)

together with E € [Uy(0), Ep[ and v on the steady state support. The major benefit
of the plane symmetric case compared to the spherically symmetric setting is that
the (x, v1)-motion can be described by one angle 6 and only one conserved quantity
E; it is independent of the other integrals v. For functions g: Qo — R we write

g0, E, v):=g((X, VD(OT(E), x_(E), 0), v)

for (0, E, v) € Q4:=[0, 11x QY = [0, 11x [Uo(0), Eo[x{B # 0} by slight abuse
of notation. As in the spherically symmetric case the transformation (x, v)
(0, E, v) is not measure preserving, since

dxdv=T(E)d6dE dv. (5.17)

Regarding the latter statement, we observe that the mapping [0, %] 5 0 —
X(OT(E),x_(E),0) € [x_(E), x4+ (E)] is bijective for E > Up(0) and its in-
verse is given by

1 x 1
dy.
T(E) Jx_(5) v2E —2Up(y)

Related planar action-angle coordinates are also used for the study of BGK waves
for the one-dimensional Vlasov-Poisson system in the plasma case [24].
Using the chain rule we see that D can be written as a f-derivative.

O(x, E) = (5.18)

Lemma 5.11. For g € C'(Q) and (8, E, v) € QF,

(Dg)(6, E, b) =

TE) (398)(0, E, v).

Similarly, for g € C*(Q),

_ 1
(D*¢)(6,E, ¥) = W(aég)(e, E, ).
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Next we generalize the above lemma onto the weak extension of D—introduced
in Definition 4.6—and give an alternate representation of D(D) analogous to
Lemma 5.2:

Lemma 5.12. It holds that
DD) ={g e H | forae (E.v) e QE", g(. E, o) e H),

TE)™ ! . _
and/ f/ |[09gg (0, E,v)|~dO d(E, v) < 00},
ors 9" (E, v)| Jo

where He1 is given by (5.5). If g € D(D),

(Dg) (6. E,v) = (38)(0, E, ¥)

T(E)
- 50
Jorae (0, E,v) € Q.

The proof is completely analogous to the one of Lemma 5.2. The v;-parity and
Xx-parity can also be translated into (6, E, v)-coordinates:

Remark 5.13. Consider g: Q9 — R. Then

(a) g isodd in vy if and only if g(0, E, v) = —g(1 — 6, E, v) for (0, E, v) € Qg.
(b) g is odd in x if and only if g(0, E, v) = —g(% — 0, E,v) as well as g(1 —
0,E, ) =—g(0+ %, E, v)for0 <6 < }and (E,v) € QFY.

Applying Lemma 5.12 yields the following for the squared transport operator
in the plane symmetric setting:

Corollary 5.14. With H} as defined in (5.8),

D(D?) ={g € H | forae (E,b) e QL ¢, E,v) e HZ,

1-2j 1,
and Z/FU ﬁffg )]|/ 19580, E, 9)[*d0 d(E, ) < o0}.

The above results allow us to conclude the following fundamental properties of
the transport operator and its square which have partly been stated in Proposition 4.7
before:

Proposition 5.15. (a) D: D(D) — H is skew-adjoint and D>: D(D*) — H is
self-adjoint. The restrictions to H are skew-adjoint respectively self-adjoint as
well.

(b) The kernel of @_consists of all functions depending solely on E and v a.e..

(c) For every h € H with h L ker(D) there exists g € D(D) such that Dg = h. In
particular,

ker(D)* = im(D). (5.19)
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Proof. Interpreting D as a 6-derivative, we integrate by parts in the -integral to
obtain the skew-symmetry of D and the symmetry of D2. From there we easily
obtain the skew-adjointness and self-adjointness respectively.

Part (b) follows since the kernel of 9g : Hg1 — L%(]0, 1) consists of all func-
tions which are constant a.e..

As to the last part, we define g: Qo — R via

0
=Y. = SNy
g, E, v).:T(E)/0 h(s, E,v)ds forae. (0, E,v) € Q.

It is then straight-forward to verify that g € H with ||g||% < T(Ep)? ||h||% and
g(, E,¥) € H} forae. (E,v) € QFY, in particular g(0, E, ) = 0 = g(1, E, )
since h L ker(D). In addition, Dg = h as required. For more details we refer to
the proof of Lemma 5.5 in the spherically symmetric setting. O

Finally we combine Corollary 5.14 and the spectral properties of —802 : H92 —
L%(]0, 1[) from Lemma 5.6 to explicitly determine the spectrum of —D?.

Theorem 5.16. The spectrum of the self-adjoint operator —D*: D(D?) — H is
_ 27N 2 27k \?
o(~D?) = (L) — (L) ‘k e No, Up(0) < E < Eo .
T ([Un(0), EoD T(E)
Furthermore, the spectrum is purely essential, i.e.,
Uess(_ﬁz) = O'(_,Dz)-

Proof. Since the proof is very similar to the one of Theorem 5.7, we only outline
it for the plane symmetric setting. For fixed E* €]Up(0), Eg[ and k € N we show

(271k T(E*)~! )2 € 0,55 (—D?) by constructing approximate eigenfunctions to the
eigendistribution

0, E,v) — 6= (E) sin(2mkb), (5.20)
i.e., a “Weyl-sequence” (g;)jen C D(D?) satisfying
(1) llgjllg =1forevery j € N,
- N2
(ii) H—D g — <2nk T(E*)~ ) g
H

(iii) g; —~ 0in H as j — oo.

— 0asj— oo,

To this end choose x; : R — Rsuchthatsupp (x;) C]E*—%, E*—I—%[O]UO(O), Eol
and

Ey
/ X} (E)dE =2
Up(0)

for j € N. Then

[/ (E, v — . - a0
g0, E, v):= % Xxj(E) v/ B(v) sin(2mk0), @, E,v) e Qg, JjeN,
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defines a Weyl-sequence with the three properties claimed above. In particular,
gj € D(D?) for j € N by Corollary 5.14 since T is bounded away from zero,
see Proposition 2.8. Furthermore,

_ 2
| - D%, — (2nkTEH™) g4 5
2
dE — 0

1
T(E)? T(E*)?

Eo
=23 (k) X} (E) ‘
Uo(O)

as j — oo by the continuity of 7 > 0 on JUy(0), Eo[, see Lemma 2.6. In addition,
the essential spectrum contains 0 (since the kernel of D is an eigenspace of infinite
multiplicity) and is closed, which means that we have shown

( 2w Ny

2
2N N L LB (DY),
T([Uo<0>,Eo])) C Oens (=D C 0 (=)

2
Conversely, for fixed A € R\ (%) there exists ¢ > 0 such that

dist (A T(E)2, (2nN0)2> > ¢ for every E € [Up(0), Eo]

due to the boundedness of 7' away from zero, see Proposition 2.8. Since (277 N)?
equals the spectrum of —802: H92 — L2(]0, 1]),

1
lellz < (=33 -2 787) zH2 forz € H2, E € [Up(0), Eol.

see [29, Theorem 5.8]. However, this rules out the e_xistence of asequence (g;) jen C
D(D?) such that lgjllg =1for j € Nand ||—D2gj —Agj||ﬁ — Qas j — oo,
since in that case,

H—ﬁzgj—/\ng —fQEU |(pT((? U3)|/ | — 2¢;(0, E, )

— AT(E)*g;(6, E,D)|*d0 d(E, D)
- e R
i(0, E, do d(E,
= T(E)4 /K:Zgﬁ |§0/(E, )| 0 |g]( V)| ( V)
2
c

T 1B

>0

for j € N. Therefor_e, by a weak version of Weyl’s criterion [29, Theorem 5.10] we
conclude A ¢ o (—D?). O

A simple consequence of the spectral properties of —D? is the following esti-
mate:
Corollary 5.17. (A Poincaré inequality) For every g € D(D) with g L ker(D),
2

T
ID 8||H = m g ||
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While the above estimate for g € D(D?) follows immediately from Theo-
rem 5.16 and the skew-symmetry of D, we have to mollify an element of D(D) in
some way to get the result there as well. This approximation will be useful later on
as well.

Remark 5.18. Let g € D(D). To approximate g by smooth functions while keeping
Dg under control, we expand g in its 8-Fourier series, i.e.,

g0, E.0) =Y ar(E,)cos2km8) + Y bi(E, v) sin(2mk), (5.21)
k=0 k=1

where the coefficients ax, by are given by
1
ao(E, 17)::/ g0, E,v)do,
0
1
ax(E, 17)::2/ g0, E, v)cos(2wko)do,
0
1
by (E, ﬁ)::2f g0, E, v)sin(2wkO) do,
0

fork e Nand (E,v) € Qgﬁ. Furthermore, by Lemma 5.12,

Dg(6, E, v) = T(E) Z k ag(E, v) sin(2km6)

+ m Z k by (E, v) cos(2k6). (5.22)

Eqns. (5.21) and (5.22) both hold as limits in H. Thus we may assume g to be of
the form

K K
g0, E,v) = Zak(E, 7) cos(2km0) + Z br(E, D) sin(2k0) (5.23)
k=0 k=1

for some K € N. Observe that g L ker(D) is equivalent to a¢p = 0 on fl(’)":‘_’.
Similarly, g being odd in vy is equivalent to a;y = O for k € Ny and g being odd in
x is equivalent to ayx = 0 = by for k € Ny, i.e., these properties carry over too.

To achieve g € D(DQ) we have to mollify g in the (E v)-direction as well.
More precisely, we replace ax, by by approximations ay, by e C °°(1nt(S2E Y)) in
(5.23) such that the resulting function g is in CCQ(QO). Then g and Dg approximate
g and Dg respectively. In particular, by requiring dx = 0 or by = 0 if ax = 0 or
by = 0 respectively, the possible parity properties of g carry over to g.

We use Theorem 5.16 to determine the spectrum of A = —(D?+B) by showing
that adding B does not change the essential spectrum; see (4.10) for the definition
of B.
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Theorem 5.19. (—B) is relatively (—D?)-compact. Therefore, by the Weyl theorem,
Oess (-’i) = O'esx(_ﬁz)

Together with Theorem 5.16, this implies that

. 27Ny 2 2( No )2
ess(A) = ——————=) =4 . — 5.24
Oess () (T([UO(O),E01)> "\ T, Eo) (>24)

where A denotes the operator on the whole space D(D?) with no symmetry restric-
tions. In addition,

11 -\ 2 2N 2.
s () = b (T([Uo<0>,Eo]>) ’ 429

recall that H denotes the functions in H which are odd in v\ and x. Here, min(N) =
1, No = NU {0}.

Proof. Since B is continuous on H and D? is self-adjoint with non-empty resolvent
set, the claimed relative compactness is equivalent to the operator

—B: (DD, 1D+ g +1-1lg) > A (5.26)

being compact; we refer to the proof of Theorem 5.9 for more details. Let (g ) ken C

D(D?) be such that (gj)ren and (D?gx)ren are bounded in H. Then (Dgy)xeny C H

is also bounded, see Corollary 5.17. Thus, (U/@g )ken and (Ul/i)g )keN are bounded
k k

in L2(R) due to (A.3), and supp (U~ ), supp (U~ ) C [—Ro, Ro] for k € N.
Dk Dk

Therefore, the compact embedding H'([— Ry, Ry]) € L*([—Ro, Ro)) yields that
U %)g )keN converges strongly in L2(R), at least after extracting a subsequence.
k

Representing B as in (4.13) and rewriting the v-integral as in (4.12) then gives
|Bgr — Bg; ||% — Oask,l — oo. We therefore conclude that (Bgg)xcN is strongly

convergent in H.
Translating oddness in v; or x into the 6-coordinate allows us to conclude the
statements for the restriction of .4 onto H. O

As in the spherically symmetric case, these sets contain a finite number of gaps
iff 7 is non-constant. The precise form of the sets depends on the steady state and the
behavior of the period function T'; see Remark 5.10. In any case, the boundedness
of T from above (Proposition 2.8) again yields the existence of a gap in the essential
spectrum of A at the origin which we refer to as the principal gap.

6. Kurth Solutions

In this section we present two families of semi-explicit, time dependent solutions
which are exactly time-periodic and arise by a suitable perturbation of a correspond-
ing steady state. The first family solves the spherically symmetric Vlasov-Poisson
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system and was introduced by R. Kurth [39]. The second family is the analogue
for the plane symmetric case. We are in particular interested in the relation of the
period of the time-periodic solutions close to the corresponding steady state and
the orbital period(s) of the particles in the steady state configuration itself. The
latter will give us a first intuition of where the eigenvalue of the linearized operator
corresponding to the aforementioned oscillations can be positioned relative to the
essential spectrum.

6.1. The spherically symmetric Kurth family
Following Kurth [39] we define, in the spherically symmetric situation,

3 [T =1 =P+ Ix x o) "2, where (...) > 0
Solx, U)1=m and [x x v| < 1,
0 , else;

see also [60, Section 1.3]. An easy calculation shows that fj is a stationary solution
of the radial Vlasov-Poisson system corresponding to the ansatz function

o(E. L) = % (=2 —2E+L)"'/%, Whe.re (..)>0and L <1,
477° 0 , else;

we emphasize the fact that f{ is singular at the boundary of its support. Setting

X

RO R(t)v — R(t)x) 6.1)

f, x, v)1=f0(

embeds this steady state into a family of time-periodic solutions, with spatial mass
density

3
H=———1 ,
PO = o B Bro
provided the function R(t) solves the differential equation

11
2t =0 (6.2)

We supplement this equation with initial data
R(0) =1, R(0) = y. (6.3)

For y = 0 we find that R(¢) = 1 is constant and recover the steady state f. For
0 < |y] < 1, the solution is time-periodic, which can be seen as follows. The
equation has the conserved quantity
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The behavior of the corresponding potential % implies that energy levels

2R2 o
—% < E, < 0,ie.,0 < |y| < 1, correspond to closed orbits and non-trivial,

time-periodic solutions of (6.2). Their periods are given by

Ry(y) r
P(y) = 2/
R_

e L2 1
) f—=

Ry(y) rdr

\/W/R » VR = —R-(y)

where 0 < R_(y) < R4+ (y) are the two positive roots of the polynomial 2E],r2 +
2r — 1. In the integral in (6.4), R_(y) < r < R4+ (y), and the remaining integral is
equal to . Hence the fact that these roots converge to 1 as y — 0 implies that

(6.4)

lim P(y) =2m.
y—0

On the other hand, a straight-forward calculation shows that the radial particle
period of all the particles in the steady state equals =, i.e.,

T(E,L)=mn, (E,L)e QL.

In view of the spectral considerations of the previous section, this means that the
eigenvalue corresponding to the limiting period 27 lies in the principal gap of the
essential spectrum of the linearized operator. Note that the Kurth steady state does
not satisfy our general assumptions, but the results from Sect. 5.1 are still expected
to hold true in the Kurth setting. However, the discrepancy between the limiting
period and the period of the particle trajectories is only present when restricting
the latter to the radial motion. When the particle trajectories are considered in
(x, v)-coordinates, all particles have period 27, caused by an azimuthal period of
27. This illustrates that the restriction to the spherically symmetric setting may
be important when searching for isolated eigenvalues in the principal gap of the
essential spectrum.

6.2. A planar Kurth-type family

Let
1 =12
Jfolx, v)::m (1 —x? = v%)+ B(v)

for (x,v) € R x R3, where B is as specified in Sect. 2.2, in particular fRZ B=1;
also recall (1.20). Then fo(x, v) = 0if |x| > 1, and for |x| < 1 the induced spatial
density becomes

,Oo(x)=/ folx,v) dv=— (1-x2=0f) " dv
R3 42 vi<l—x2
1

1 ! n
_m/xzm/n_xz_E
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so that
Lo = A =LA
This density induces the potential
by ,x>1,
Uo(x) =27rf lx —ylpody =11 (1+x%), -1 <x <1,
R -x L, x=<-I,

and

1 ,x>1,

Ujx)y=4 x , -1<x <1,
-1, x <-1.

On the support of fy the particle energy E takes the form

[ 1 2, .2
EGr,v1) = v+ Uo(x) = 5 (1452 +21),
i.e., fo only depends on the conserved quantities £ and v via the ansatz function

1 —1/2 4o
a2 1—=E), " ).

With the exception of the factor (4ﬁn2)_1, which we inserted to make f look
similar to the radial case, ¢ is exactly of the polytropic form (2.18) with index
k=— % In particular, fy indeed induces a stationary solution of the planar Vlasov-
Poisson system (1.11)—(1.13).

As in the spherically symmetric setting, we embed this steady state into a family
of time-periodic solutions

p(E,v) =

X

ft, x,v):=fo (R(t),

R(t)v; — R(t)x, 5) ,

where the function R(#) still needs to be determined. This phase space density
induces the spatial density

. _ 1 X
P(J)—mﬁo(m)

and potential

U(t.x) = R(t) Uy (%) :

so that

/ / X
U (t,x) = UO (m) .
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Substituting all this into the Vlasov equation and observing that fj satisfies the
stationary Vlasov equation with potential Uy we see that f satisfies the Vlasov
equation with its induced potential U, iff

.. 1
R—F—i-l:O. (6.5)

We again supplement this with the initial data (6.3); the choice y = 0 recovers the
steady state fo. For y # O the solution is time-periodic, which can be seen similarly
to the radial setting. Along solutions of (6.5) the following quantity is conserved:

1, 1 1, 3
5 —i—m—}—R:const:EV +§: Ey. (66)

The corresponding potential 2—11?2 4+ R has a unique, strict, global minimum at R = 1
and becomes infinite both for R — 0 and R — oo. Hence every level set of the
energy (6.6) with £, > %, ie., y # 0, corresponds to a closed orbit and a non-
trivial, time-periodic solution of (6.5) with data (6.3).

We now want to determine the period of the above time-periodic solutions in
the limit y — 0 and compare it to the periods of the particle trajectories in the

steady state. As to the latter, they are given as the solutions to
X = —x,
i.e.,
T(E) =2m, %<E§ 1.

The period of the time-periodic solution depends on y and is given as

P(y)=2

Ry(y) dr Ri(y) rdr
_> /
R

R_(y) 2E, —2r — 1/r2 -() 2Eyr2 —2r3—1

Here 0 < R_(y) < R4 (y) are the two positive roots of the cubic polynomial
py(r) =2E,r* =213 — 1;

notice that p/,(r) = 0 for r = 0 and r = 3E, and p,(5E,) > 0if E, > 3,
i.e., y # 0.If we denote the third, negative root of p, by r*(y), we can factor the
polynomial p, and conclude that

1

r= 2R (MR-()
Hence,

Ri(y) rdr
Ry VR () =) — R-(y)(r —r(y))

P(y)=+2
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Now we observe that

/R+(V) dr
=7
Ry VRi(y) —r)r — R_(y))

Using the fact that the function r//r — r*(y) is strictly increasing on [0, oo[, we
obtain the estimate

N ) < P(y) < V2n— 2=

VR-() = r* () VR () —ri(y)
For y — 0, both R4 (y) — 1 and R_(y) — 1, and thus

lim P(y) = 2%
m = —.
y—0 v «/§

In contrast to the radial case, the limiting period is strictly smaller than the period
of the particle trajectories. In the light of the spectral analysis this means that the
eigenvalue corresponding to the limiting period 27 /+/3 is not in the principal gap
of the planar linearized operator—again assuming that the results from Sect. 5.2
also apply to the plane symmetric Kurth steady state. However, when restricting A
to the space of functions being odd in v and x, the aforementioned eigenvalue lies
in the principal gap since the non-zero bottom of the essential spectrum quadruples,
see (5.25). This shows that assuming oddness in v and x can be beneficial in the
search for eigenvalues; note that such symmetries are needed for a function to be
plane symmetric in the sense of (1.10) anyway.

7. The Spectral Gap

We show that the spectra of A and A are contained in [0, oo[ (Corollaries 7.2
and 7.8) and then characterize the respective nullspaces (Corollary 7.3 and Theorem
7.9). In particular, we show that the whole spectra posses a gap at the origin; in the
plane symmetric case we restrict the linearized operator A appropriately to obtain
the latter results.

In both the radial and planar setting, the above results are all based on certain
forms of Antonov’s coercivity bound.

7.1. Spherically symmetric case

Let A denote the self-adjoint Antonov operator on H with domain D(D?);
similar statements hold true for its restriction to H%9?. First, we restate Antonov’s
coercivity bound:

Proposition 7.1. For g € nyr(Qo) odd in v,

lg(x, v)[>d(x, v). (7.1)

1 U/(r)
g, _f _ I %
Mg 8w = | 1E D]
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An estimate of the above type was first shown by V. A. Antonov [2]. For recent
proofs we refer the reader to [26, Lemma 1.1] or [42, (4.6)]. In the former reference
the result is only proven for isotropic steady states, but the same proof can also be
applied to show the coercivity bound for general linearly stable models and then
provides a sharper estimate than the one stated above. We use (7.1) to deduce the
following two corollaries:

Corollary 7.2. The quadratic form associated with A is non-negative on D(D).
Thus, o (A) C [0, ool.

Proof. We split g € D(D) into its even and odd part in v as in (3.1) and use an
approximation argument to extend Antonov’s coercivity bound to D(D) (see for
example [61, Proposition 2]) to obtain (A(g—), g—)y > 0. On the other hand,
B(g+) = 0, and therefore (A(gy), g+)n > 0. Since the odd and even subspaces
are orthogonal to each other and A(g+) = (Ag)+ since D? preserves v-parity, we
conclude that

(Ag, g)n = (A(g4), g+)m + (Alg-), g-)n = 0.

For the equivalence of the non-negativity of the quadratic form of A and o (A) C
[0, oo[ we refer to [29, Proposition 5.12]. O

Corollary 7.3. ker(A) = ker(D).

Proof. The representation (4.6) of B immediately yields ker(D) C ker(A).
Conversely, if Ag = 0 for some g € D(D?), we split g into its even and odd
part w.r.t. v as in (3.1) to obtain

0=(Ag)y = —D*(g1), (7.2)
0= (Ag)- = —D*(g-) — B(g-). (7.3)

We then extend Proposition 7.1 to D(D?) by approximation to obtain g_ = 0. For

the approximation process, note that the weight Uor(r) is positive and bounded on
the radial support, in particular lim, ¢ @ = UJ(0) = %” 00(0) < oo if the

steady state does not have an inner radial vacuum region.
On the other hand, (7.2) implies ||D(g+)||%_1 = 0 and therefore g, € ker(D),
i.e., overall we conclude that g € ker(D). O

One approach to get a positive eigenvalue of A restricted to H° is to show
that
A k]
hi= inf % (7.4)
geD(D)\{0}
elker(D) SVH

is positive, i.e., A1 > 0, and that the infimum is obtained by some odd-in-v function.

While the existence of eigenvalues will be approached in Sect. 8 by a different
method, we next show A; > 0; the positivity of A; however is a useful tool for
Sect. 8. First, we consider the following intermediate variational problem:
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Proposition 7.4. Let

(Ag gln _ o 10:Upgl3
¢eD(D) |Dgll%,  geD(D) 47| Dgl3,
5D@) IDglly  &DD) IDgll%

A=

Then 0 < X < 1 and the infimum is obtained by a minimizer:

Proof. Let (gr)keny C D(D) be a minimizing sequence, i.e., ||ng||%1 = 1 for
k € Nand (Agk, gx)g — A ask — oo.
Convergence of the potentials. Due to Sect. A.1 in the appendix, Upg, € C N
H*(R3) fork € Nand (Upy, )ken is bounded in H*(R¥) by (A.1). Lety € H*(R?)
be such that Upg, — v in H*(R?) as k — oo after extracting a subsequence.
(A.2) yields supp (0:Upg,) C Bgy(0) for every k € N, and therefore
supp (V) C Bg,(0). Together with the compact embedding H 2(BR0 0) e
HI(BR0 (0)) we obtain

9:Upg, — Vi in LA (R*; RY), k — oo.

Convergence of (Dgi)ken- (Dgi)keN is bounded in H. Thus, there exists h € H
such that Dgy — h in H as k — o0, again after extracting a subsequence.

The connection between the above limits. Using (2.5), it follows from the above
step that

/ Dgi(-, v)dv = ppg, — / h(-,v)dvin LQ(R3), k — oo.
R3 R3

As before, we extend all functions by 0. Since AUpg, = 4mwppy,, the uniqueness
of weak limits in LZ(R3) then yields

Ay =/ h(-,v)dvin L*(R%).
R3

From this equality it follows that ¥ = U}, where Uj,:=— ﬁ * pj, 1s the gravitational
potential induced by pp:= [p3 h(-, v) dv. To see this, first note p, € L' N L?(R?)
since supp (pr) C Bg,(0). Then basic potential theory yields Uy, € LO(R3). On the
other hand, ¥ € LO(R3) by the embedding H'(R3) — LO(R?). Thus, u:=U, —
¥ € L°R?) and u is harmonic. The mean value property of harmonic functions
then yields u = 0, i.e., ¥ = Uy.

The minimizer. Since Dg; € im(D) C ker(D)* for every k € N by the skew-
adjointness of D, we also have 4 L ker(D). By Lemma 5.5 there exists g € D(D)
such that Dg = h. Then the above convergences imply that

1 b 10, Up, I3 = 1 Ll VY3 = li 1 1 [ERZE; X
— = —_ = 1um — = A.
4 1T Del2 47 27 S 4y "X Dail2

If |0, Up, ||% = 0 we would instantly get 4 = 1. However, this contradicts the fact
that we can easily choose some f € D(D) \ ker(D) such that 3,Up s # 0.
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Thus, ||y UDgH% > 0, in particular, Dg # 0. This means that g can be taken
as a test function in the infimum X, leading to
 110:Ung 13
47| Degly,’

IA

1 , -
I = 10:Upglly =4 < 1

ie., ||Dg||%{ > 1. On the other hand, the weak lower semicontinuity of L?-norms
yields

IDgll% < liminf |Dg|% = 1.
k— 00

Overall, | Dg||%, = 1 and therefore
(Ag, 8)u
IDgll%,

i.e., g is the desired minimizer. O

)

- 1 )
A=1-="l9:Upgll; = (Ag. 8)n =

The techniques we employed in the above proof are similar to the ones used
for Schrodinger type operators [44, Chapter 11] and for the Guo-Lin operator, see
[23, Lemma 3.1] and [65, Proposition 4.8].

We now apply Proposition 7.4 together with the Poincaré inequality from Corol-
lary 5.8 to estimate Aj.

Theorem 7.5. The constant 1 defined in (7.4) is strictly positive. In particular,
o (A)\ {0} C A1, ool (7.5)
i.e, there is a gap in the spectrum of A.

Proof. Combining Proposition 7.4 and Corollary 5.8 yields
2

(Ag, g)n = A Dgl% > * gl (7.6)

supégL (T)
for every g € D(D) with g L ker(D). Therefore

- 4x?

)\.1 > )»2— >

Supég (1)

To conclude (7.5), recall that we have explicitly characterized the essential spectrum
of A in Theorem 5.9. In particular, every element of o (A) within the principal gap
G has to be an eigenvalue. Since A is self-adjoint, eigenfunctions corresponding to
different eigenvalues are orthogonal to each other and the eigenspace of the eigen-
value 0 equals ker(D), see Corollary 7.3. Thus, applying (7.6) to an eigenfunction
of a non-zero eigenvalue indeed yields (7.5). O

Remark 7.6. (a) Since H°% C ker(D)', the spectrum of the restricted operator
A: H%d A\ D(D?) — H% is bounded from below by A1 > 0.

(b) A non-zero, odd-in-v function where equality holds in (7.6) also constitutes
a minimizer to the variational problem (7.4). However, (7.6) contains the two
separate variational problems Theorem 5.9 and Proposition 7.4 with differing
minimizers, which is why we do not pursue this approach any further.



668 M. Hapzi¢, G. REIN & C. STRAUB

7.2. Plane symmetric case

We now turn our attention to the planar linearized operator A: D(D?) — H,
see Definition 4.9. First, we prove a coercivity bound analogous to Proposition 7.1
in the radial setting.

Proposition 7.7. Let g € C*(Q) be odd in v.

(a) (Ag. g)g = 0.
(b) If g is also odd in x,

- 1 U/
(Ag.8)g = 3‘/;_2 W ED)| % lg(x, v)[*d(x, v). (7.7)
0 ,

Proof. We proceed similarly to [26, Proof of Lemma 1.1]: For every g € CC2(S_20),

2
(Bg,g>g=4ﬂ[ (/ vlg(x,v)dv> dx
R R3
2 e - lg(x, v)[?
=dr /R (Aé vl (B, ) d”) </R ¢/ (E. D)] d”) >

lg(x, v)|?
_47(/ (x)| i3 _)|d(x,v),

where we used (4.12) for the last equality. Thus,
_ 1 _
(Ag.8)5 = f — e (1D, v — dmpo() lg(x, )IP) dx, ). (78)
"= Jag o/ (E. D) )
For (a) consider
1 -
n(x, v):=ag(x, v), (x,v) € Q.

Since g is odd in v, we obtain u € CE(S_ZO). Furthermore, @g = vlﬁ,u + ,uﬁvl
and therefore

Del? = v}iDul? + wD (12) Doi + [ Dvi
=v{|Dul* + D (vmz@vl) + 4782 po.
Thus,

_ 1 _
Ag, 7 Zf T a— 21D s 2d s > 0;
(Ag, 8) i o, [0 (B D] vi [Du(x, v)|=d(x, v)

note that there are no boundary terms when we integrate by parts to obtain

/ 1 5 (v”ﬁ@vl) d(x,v) = 0. (1.9)
Qo 19/ (E, V)]
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For part (b) we consider
1 _
pulx, v):=——g(x,v), (x,v) € Qo;
V1 X

TS CCZ(QO), since g is odd in x and v;. As in the first part, 'Dg = vix @,u +
u D (vix) and hence

|'l5g|2 = v%xzﬂimz +D (le /L2Z_? (le)) —V1X ,uzﬁz(le)
/

> > - U
= ”12x2|DM|2 +D (le ;ﬂD (le)) + 47'L'g2p0 4 3g270.
Thus,

. 1 - U/l (x)
<A&gmz;éOETEgﬂ(ﬁxﬂ@uuﬂm2+34§—muawﬁ)amvx

where we again integrated by parts similarly to (7.9); note that the boundary terms
at x = 0 vanish since g is odd in x. O

We again obtain the positivity of A:

Corollary 7.8. The quadratic form associated with A is non-negative on D(D).
Thus, o (A) C [0, ool.

Proof. We split g € D(D) into its even and odd part g in v; analogously to (3.1).
Then (A(gy), g4) g = 0 since B(gy) = 0. On the other hand, an approximation
argument (as in Remark 5.18) allows us to extend Proposition 7.7 (a) onto functions
in D(D) which are odd in vy, i.e., (A(g_), g—) 7 > 0. O

Theorem 7.9. There exists ¢ > 0 such that for all g € D(@) NH,
(Ag. g) iz = cligl-
In particular, the kernel of A: D(D*) N'H — H is trivial.

Proof. Approximating as in Remark 5.18 allows us to extend the coercivity

bound (7.7) to D(D) N H; note that the weight —UOX(X)

lim,_0 on(x) = Uy(0) = 4mpp(0) < oo. Furthermore, on(x) is bounded away

from zero on the support of the steady state since pp(0) > 0, which implies the
above estimate. O

is bounded on R, since

In particular, the spectrum of A: D(D) N‘H — H is bounded away from zero,
cf. [29, Proposition 5.12]. The proof of this result in the plane symmetric setting is
easier than in the radial case since pg(0) > 0 here.



670 M. Hapzi¢, G. REIN & C. STRAUB

8. Existence of Eigenvalues

As explained in the introduction, S. Mathur [52] used a version of the Birman-
Schwinger principle to show the existence of periodic solutions to the linearized
Vlasov-Poisson system in the presence of an external potential. In this section
we use this approach to derive a criterion for the existence of periodic oscillations
without such an external potential. More precisely, we are interested in the existence
of eigenfunctions for the operators A and A, see Definitions 4.4 and 4.9 respectively.
In the radial case, we seek an eigenfunction which is odd in v/w, in the planar case
the eigenfunction has to be plane symmetric in the sense of (1.10). This is why we
always restrict A to odd functions in this section, i.e., by .4 we denote

A=Al oua: DD N HY — HO

D? and B are restricted accordingly; see Sect. 4.1 for the definitions of these function
spaces and operators.

In the planar setting we restrict the linearized operator .4 onto the functions
which are odd in v and x, i.e., by A we denote

A=Al DD)NH - H,
D? and B are restricted accordingly; the function spaces and operators are defined
in Sect. 4.2, see in particular (4.7) for the definition of .
8.1. Mathur’s argument and a criterion for the existence of eigenvalues

We reformulate the eigenvalue problem using a Birman-Schwinger type argu-
ment. For g € H%?4 N D(D?) and A ¢ 0ess(A) let

hi= (—D2 - ,\) g € Ho,
Since 0,55 (A) = aem(—D2) = a(—Dz), the resolvent operator
-1
R_po(A)i= (—D2 - )\) . jodd _, podd

is bounded and we can recover g from & via g = R_p2 (A)h. Itis clear that g is an
eigenfunction of A with eigenvalue A if and only if (—D? — 1) g = Bg, i..,

h = Bg = BR_p2(Mh.

In the planar case, we conclude similarly that g € D(D?)N'H is an eigenfunction of
A with eigenvalue A ¢ 0, (A) if and only if (—@2 - k) g = Bg, or equivalently
h = BR_@Z (AM)h with h = (—152 — A) g. It is therefore natural to introduce the
A-parametrized families of operators

05:=BR_p2(1): H — [godd, (8.1)
0,:=BR_p(1): H— H. (8.2)
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Before proving some general properties of these operators in Lemma 8.3 we first
discuss the connection between their eigenvalues and the ones of A and A respec-
tively. We have shown above that A is an eigenvalue of A (A) if and only if 1 is an
eigenvalue of Q, (07). In fact, it is easy to see that the following lemma holds.

Lemma 8.1. Let A ¢ 0,5 (ft) (A & Oess (./_l)) and p > 1. Then A is an eigenvalue
of =D? — ;%B (—-D? — ﬁB) if and only if w is an eigenvalue of Q; (Qy).

Lemma 8.1 is simply a version of the Birman-Schwinger principle [44]. The
spectral properties of the Antonov operators derived in the previous sections yield
the following connection between eigenvalues in the principal gap of —D? — [l,LB

(-=D? — ;%B) and A (A) .

Lemma 8.2. (a) If there exists i > 1 such that —D* — %LB possesses an eigenvalue
in the principal gap

2
G=lo,. 2 , (8.3)

’ Sup?osz (T)

then A also has an eigenvalue in G. B
(b) If there exists > 1 such that —D* — ﬁB possesses an eigenvalue in the

principal gap

- 472
g .= }0, 4T2(Eo) [ (8.4)

then A also has an eigenvalue in G.

Proof. For part (a), B > 0 (in the sense of quadratic forms, see [29, Definition
5.11]) and ﬁ < 1yield -D?— ;%B > A. Note that —D? — ﬁB is self-adjoint since

D? is self-adjoint and B is bounded and symmetric. By assuming the existence of

. 2 13 . 21 472 .
an eigenvalue of — D~ — m B in the principal gap, we have —D m B < 2 (T) id,

where < is defined as #. Thus, transitivity yields A < id, which means that

_4m?
sup?(7)
2

2 » &0
SupQgL (T)

o(A) &

)

cf. [29]. Since A is restricted to functions odd in v here, Theorem 7.5 (see also
Remark 7.6 (a)) implies o (A) C]0, ool, i.e., we obtain 6 (A) NG # @. By Theo-
rem 5.9 every element of the spectrum of A within G has to be an eigenvalue of A;
see also [58, Theorem XIII.1].

The proof of part (b) is analogous; the positivity of the resulting eigenvalue
is ensured by Theorem 7.9. Recall however that we have restricted the operators

onto 7 in the planar setting and the essential spectrum of A is given by (5.25). In
472
|

particular, the bottom of the essential spectrum is 4 T2 (Ee)
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We now investigate the properties of Q) and Q;. for fixed A € p(—D?) and
A € p(=D?) respectively. As usual, p:=C \ o denotes the resolvent set. Since all
involved operators are self-adjoint, we always restrict ourselves to real A.

Lemma 8.3. The operators Q;.: H* — H% and Q;, : H — H are both linear;
continuous, and compact.

Proof. We only prove the claim for Q; as the claim for Q; follows analogously.
Linearity is obvious, continuity follows by Lemma 4.3 together with the bounded-
ness of the resolvent operator R_p2 (1) inthe case A € p (—D?). The compactness
of Q, is equivalent to the relative (—D2)-c0mpactness of B, see Theorem 5.9 (and
[29, Definition 14.1]). O

Since im(Q;) C im(B), it is of interest to characterize measurable functions
G: [0, oo[— R such that g(r, w, L) = |¢/(E, L)|w G(r) € H; recall the defini-
tion of B3 in (4.4).

Lemma 8.4. (a) If a spherically symmetric g: Q20 — Ris of the form g(r, w, L) =
l¢'(E, L)l w G(r), then

o
geH <& / r? po(r) Gz(r) dr < oo.
0

In particular, by the boundedness of po, fooo r2 G2(r)dr < oo implies g € H.
® Ifg: Qo — Ris of the form g(x,v) = |¢'(E, v)| v G(x), then

geH& f 00(x) G (x) dx < 0.
R

In particular, by the boundedness of po, f]R G%(x)dx < oo implies g € H.
Furthermore, g is odd in x if and only if G is odd in x.

Proof. As to part (a), Fubini’s theorem shows that g € H is equivalent to
oo oo
o= lgly =4x> [ 620 [ [ wie/ e DawaLar
0 o JR
oo
=4 / r? po(r) G*(r)dr,
0

where we used (4.5) for the last equality.
Similarly, for g: Qo — R,

el =f G%x)/ v} |¢’<E,ﬁ>|dvdx=/po<x> G*(x) dx
R R3 R

by (4.12), and part (b) follows. O
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Let

r =01 po(r) # 0} C [0, Rol, (8.5)

S:={
S:={x € R| po(x) # 0} =] — Ro, Rol, (8.6)

denote the spatial support of the respective steady states. Based on the previous
lemma, it is natural to introduce the spaces

Fi= {G: S — R measurable | /Srz po(r) G2(r) dr < oo} , (8.7)
Fri= {G: S — R measurable | /Sr2 Gz(r) dr < oo} C F, (8.8)

and similarly
Fi= {G: S — R measurable and odd | fspo(x)Gz(x) dx < oo} , (8.9)
Fii= {G: S — R measurable and odd | /SGz(x) dx < oo} C F. (8.10)

We treat F, Fi, F, .7:'1 as (subsets_ of weighted) Lz—spaces, i.e., we identify func-
tions which are equal a.e. on S or S respectively. Their norms | - || £, I - .7, I - || £,
I - ||];-l and scalar products (-, -} £, (-, ) 7, () & (s ~)}--l are defined accordingly.

Definition & Remark 8.5. (The Mathur operators)

(a) Let G € F and define g(r, w, L):=|¢'(E, L)|w G(r). Then by Lemma 8.4,
g€ H%_Since 0,8 € im(B), there exists F € F suchthat (Q,g)(r, w, L) =
@' (E, L) w F(r) fora.e. (r,w, L) € QF, and F is uniquely determined by G.
This defines a map

My: F—-F, G— F.

(b) Let G € ]:"anddeﬁr_zeg(x, v):=|¢/(E, V)| v G(x). Thenby Lemma 8.4, g € H.
Since Qg € im(B), there exists a unique F € F such that (Q58)(x,v) =
l@'(E, v)| vi F(x) for a.e. (x,v) € Q. This defines a map

M,: F—>F, G F.

These operators were introduced by Mathur [52], and we refer to M, (M 1) as
the (planar) Mathur operator. The following key integral kernel representation of
M, is essentially also contained in [52].

Proposition 8.6. For any G € F,

(M,\G)(r):/Kx(r,o) G(o)do (8.11)
S
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fora.e.r € S, where

Ko (r 0)im / l¢'(E, )]
R QEL(nNQEL (o) T(E.L)

 SinQrkO(r, E L))s1n(2nk9(a, E, L))

472 2
T(E, L)Zk

d(E, L) (8.12)

forr,o >0,
EL(p).— {(E, L) e QEL | r_(E.L) <r < ry(E, L)} >0,

and 6 is defined in (5.3). Moreover, the map 10, co[2> (r, o) +— K, (r,0) € Ris
continuous.

Proof. To apply Q; on g € H%% defined by g(r, w, L) = |¢'(E, L)|w G(r), we
first have to apply the resolvent operator R_p2 (). For this purpose we expand g
in its O-Fourier series (recall that g is odd w.r.t. v):

o0
g0, E. L) =Y b(E, L)sinQrko), (8.13)
k=1
where
l o
b (E, L):=2/ g0, E, L)sin2rk0)do,  (E, L) e QFL. (8.14)
0

Using (8.13)—which holds as a limit in H—now allows us to apply the resolvent
operator:

o0

1 .
(R_p2(M)g) (0. E, L) = Z — 5 (B, L) sin(2rko) (8.15)
k=1 T(E,L)Z"

as a limit in H; the representation (8.15) of the resolvent follows by Corollary 5.4.
To apply B, we change variables via (5.3) and get

1

be(E, L) = 4/2 ¢(0, E, L) sin(2mk6) do
0

|§0/(E, L)l r+(E,L)

T(E.L) o e G(r)sinmk6(r, E, L)) dr. (8.16)

As for B, observe that for every f € H odd

(Bf) (r,w, L) = 87%|¢/(E, L)|%/QEL()f(r,,/zé—zwi(r),i)d(é,i).
0 r

(8.17)
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Inserting f = R_p2(A)g yields the following for the integral in (8.17) for r > 0:

/szo”(r) (R-p2(1)g) @(r. E. L), E, L)d(E, L)

_4/ >\ |¢/(E, L)| sinQrk6(r, E, L))
Q

4772
ey i T(E, L) ek — A

r+(E,L)
X / G(o)sin(2rkb(o, E, L))do d(E, L)
r_(E,L)

00 o0 /
l9"(E, L)|
:4/0 G(U)Z/QEL v TED
k=1 o (rNQy = (o) )
y sin(2rkO(r, E, L)) sin(2nk6 (o, E, L))

dn2 70
TELDE A

d(E, L)do, (8.18)

where we used (8.15), (8.16), and Fubini’s theorem. Note that we switched the
infinite sum with the o -integral and then with the (E, L)-integral in the last equality.
Switching with the o-integral is verified by fixing (E, L) € Qg L(r) and observing
that the weight r2po(r) is bounded away fromOon [r_(E, L), ry(E, L)]if L > 0,
i.e., G isintegrable over [r_(E, L), r+(E, L)]. Furthermore, recall that the distance
of A to the essential spectrum of —D? is positive. The second switch will be justified
below. Together with (8.17) we get the desired representation (8.11) of M; G.

To prove the continuity of (r, o) +— K, (r, o) we first extend the mapping 6
from (5.3) by setting

0(r, E, L):=0forr > 0, (E,L) € Q5 \ QFL(r). (8.19)
Then
"(E,L)| sin(2rk6(r, E, L)) sin(2k6 (o, E, L
o) > I?((E,L))I sin(2 k6 (r, ,47{2)) 51r21( k6 (o ) (8.20)
’ T(E,L)Zk —A

is continuous on ]0, oo[2 for every k € Nand (E, L) € fZgL . Moreover, there
exists a constant C > 0 depending only on A such that

n

Z |¢/(E, L)| sinmk6O(r, E, L)) sin(2rkf (o, E, L))

T(E, L _4n2 4o
o T(E. L) Tkt A

n

/ / 2
_le (E,L)ICZL WE DI 77

8.21
- inféEL (T) k2 - infszL (T) 6 ( )
0 0

k=1
forr,o >0, (E,L) € SOZ(‘)EL and n € N: note infSesz(T) > 0 by Proposition B.1.
This shows that for fixed (E, L) € Qg L the limit

o0

Z l¢'(E, L)| sinQrké(r, E, L)) sin(2rké (o, E, L)) (8.22)
T(E,L _4n? g2 ’
= T(E L) Tk
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exists uniformly in »,c > 0 and (8.22) defines a continuous function in (r, o).
Moreover, since |¢'| is integrable over Qg L by (2.5) (after changing variables via
(5.2)), we conclude that

> l¢'(E, L)| sinrkO(r, E, L)) sin(2wk6 (o, E, L))
e
0 k=1

2
T(E, L) Tk

d(E,L) (8.23)

is also continuous in r, ¢ > (. The dominated convergence theorem and (8.21)
yield that we can switch the order of the integral and the infinite sum in (8.23), i.e.,
it follows that the kernel K, is indeed continuous on ]0, co[2. O

In the planar case, we can prove an analogous statement by exactly the same
method.

Proposition 8.7. For any G € F,

M;(G)(x) =/515x(x,y)G()’) dy (8.24)
fora.e. x € S, where
00 , . .
Rox. y)=32m Z/_F N |<;(£)| sm(47rk9(ic7;2E)) sn;(4nk9(y, E)) dE
= JaEmnaty) T(E) Ty 2k — A
(8.25)

forx,y e R,
Qg(x):z {E €]Up(0), Eg[ | x—(E) <x <x4+(E)}, xeR,

and 0 is defined in (5.18). Moreover, R? 5 (x, y) K. (x, y) € R is a bounded
continuous function. Here o is the microscopic equation of state related to fy
via (2.14).

Proof. Except for obvious changes the proof is almost identical to the one of

Proposition 8.6. The resolvent operator reads

o0

1
(R_p(M)g) 0. E.0) =Y 5 Dk(E D) sin(nkd),  (8.26)
o 7 20 =2

where

1
by (E, 6)::2/ g0, E,v)sin(4rkf)dd and
0

g, E,v) = Zbk(E, v) sin(4mk6) (8.27)
k=1

is the O-Fourier series expansion of g € H defined by g(x, v) = |¢'(E, v)| v] G(x).
Recall that g is odd in x and vy, so the Fourier series does not contain any cos-terms
nor sin(2k-)-terms with odd k, see also Remark 5.18. We then follow the proof
above and note that the v-integral can be computed explicitly since ¢'(E, v) =

o' (E) B(V). O
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For the spectral anqusis it is beneficial to treat M, (M ) as an operator on
F1 (Fy) instead of F (F), since the Mathur operators are symmetric on the former
spaces.

Lemma 8.8. Define M, : Fi — Fi and My: Fi — Fy by (8.11) and (8.24)
respectively. These operators are well-defined, linear, bounded, and self-adjoint.

Furthermore, they are Hilbert-Schmidt operators and therefore compact, see e.g.
[59, Theorems VI.22 and VI1.23].

Proof. For all the claimed properties except of the self-adjointness, it suffices to
show that the integrals

2
/S/L;%Kf(r,a)dodr, /L;/Sle}%(x,y)dydx (8.28)

are finite, since for G € F; we have by Cauchy-Schwarz

2
MG, =/Sr2 (/S Kx(r,O)G(o)do) ar

< 2 r? 2 .
<16, | [ 3Kty dodr:

a similar estimate holds in the planar case.

If the spherically symmetric steady state is of polytropic form (2.2) with Ly > 0,
then the spatial support is bounded away from 0 due to the presence of an inner
vacuum region. In this case (8.28) is obviously finite since the integrand is bounded
on S, In the planar setting, the finiteness of the second integral in (8.28) follows
similarly by the boundedness of the integrand as there are no singular terms in (8.25).
The finiteness of the first integral in (8.28) for the remaining radial steady states is
more challenging but will be shown below. Before that, observe that the symmetry
of M, : Fi — F follows from

(M;.G, F);://rzlq(r, 0)G (o) F(r)do dr
SJS

and the symmetry of r2K,(r, o) in (r, o). The planar case is obvious.

Now consider a radial steady state of King type (2.3) or a polytrope (2.2) with
Lo = 0. In particular, ¢(E, L) = ¢(E) in both cases, i.e., the steady state is
isotropic. For every f € L>(S x §),
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'v//LK)‘(r,a)f(r,cr)dadr
NARY

<302 i ¢ (E)| !
- = Jope T(E. L) An 2 —

/’+<E L) /”(E L) sm(27rk9(r E, L)) sinQwk0(o, E, L))
r_(E,L) Jr_(E,L) o

.
lo"(E)|
<32 ”f“Lz(SXS)Z/l:L T(/éE L)

| /,+<E,L> sin?(2mk6(r, E, L))
k2 r_(E,L) r?

f(r,o)|dodrd(E, L)

drd(E, L)

472
T(E,L)?

by inserting (8.12); the following calculations will show that we can switch the
infinite sum with the integrals. Thus,

r? 2
N (?Kk(r, o)do dr

= Pt EL T(E, L) )2k2

/V+(E L) sln2(27'[k9(l’, E, L))
X
-

s drd(E, L)
(E L)

g’ (E)| /’+<E’L> dr
—d(E, L
= lanEL (T) Z\/QEL 47'[2 )\’ . r2 ( ’ )

T(E, L)2 -(&.L)

lp"(E)|
SC/Qngd(E’L)

for some constant C > 0 depending on the steady state and A; note that 7" is bounded
away from 0 by Proposition B.1 and that the distance between X and the spectrum
of —D? is positive. To show that the latter integral is finite, recall that r_(E, L) is
defined in Lemma 2.1 as a solution of

E = WL(r—(E, L)) = Uptr—(E. L)) & 55,

which implies

1 2E-2Uy(r(E, L)) \/—x/Eo ~ 0O
r(E,L) VL VL
Thus,

/ BN g 1) < J2Es —2000) / - / ' ()| dE < oo,
of Vo (0)

ELr_(E, L)
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where L,y €]0, oo[ is the maximal L-value in the steady state support and the
finiteness of the latter integral follows since k > 0O in the polytropic case. We
therefore conclude that the first integral in (8.28) is indeed finite. O

In the next lemma we show that M, (M) map F (F) into the smaller spaces
Fi (F).

Lemma 8.9. M, (F) C Fi and M; (F) C Fi.

Proof. Let F € M, (F), i.e., there exists G € F such that M, G = F. Define the
spherically symmetric functions f, g: Q9 — R by

f@r,w, L) = |¢'(E, L)|w F(r),
gr,w,L) = |(p/(E, D)|wG(r), (ryw,L)e 96

Lemma 8.4 yields f,g € H° and Q,g = f by the definition of M, see
Definition 8.5. In other words,

F(rw, L) = Bh(r, w, L) = 47%|¢/(E, L)| %

o0
/ /wh(r,a),L)duvdL, (r,w, L) € Q.
0 R

where h:=R_p2(A)g € D(D?) N H%¥ Using the representation of F provided by
the formula above, we arrive at

o0 2
IF1I%, :/;»2 F2(r)dr:16n4/i2 (/ /wh(r,w,L)dde) dr
S sr 0 R
< 167r4/i2 (/ wa |<p'(E,L)|dde)
Si’
</ th(r w, L) dde) dr
R |9/ (E, L)

< Cllhlg,

where we used (4.5) and the boundedness of pg in the last inequality. In the planar
setting the proof is analogous; apply (4.12) instead of (4.5) for the last step. O

_ We are now in the position to show the equivalence of the eigenvalues of Qj
(Q;) and the ones of the Mathur operator M, (M,):

Lemma 8.10. Let 1 € R\ {0}.

(a) w is an eigenvalue of Q;. if and only if w is an eigenvalue of M. Here, M,
can be seen as an operator F — F or F1 — Fi.

(b) w is an eigenvalue of Q. if and only if | is an eigenvalue of My, where M,
can be seen as an operator F — F or F| — Fj.
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Proof. We only prove part (a), similar arguments apply in the planar setting.

If there exists g € H°% with Q¢ = ug, then g € im(B) since u # 0. Thus,
there exists G: § — R such that g is of the form g(r, w, L) = |¢/(E, L)|w G(r),
and G € F by Lemma 8.4. Using Definition 8.5, the eigenvalue equation becomes

" (E, L)lw M G(r) = ¢ (E, L) wG(r), (r,w, L) € €. (8.29)

Hence, M; G = uG. In particular, G € F; by Lemma 8.9.
Conversely, let G € F (recall 7| C F) be such that M; G = G and define
g(r,w, L) = |¢'(E, L) wG(r). Then g € H%? and (8.29) holds true. O

Since M, : Fi — Fi (/\;l;\: Fi - .7:"1) is a symmetric and compact Hilbert-
Schmidt operator by Lemma 8.8, the spectrum of M, is real and its largest element
is given by

My:=sup {(G, MG 5, | G € Fi1, |Gllm =1}. (8.30)
Similarly, the largest element in the spectrum of M}, is
M;;:sup{(G, MG)z | G e Fi, Gl z = 1]. (8.31)

Furthermore, if M), #0 (M, # 0), then M, (M) is actually an eigenvalue of M,
(My).

Theorem 8.11. (Criterion for the existence of oscillating modes)

(a) Let fo be a radial steady state of the form (2.2) or (2.3). Then the linearized
operator A possesses an eigenvalue in the principal gap G—defined in (8.3)—
with associated eigenfunction odd in v if and only if there exists a A € G such
that

M > 1. (8.32)

(b) Let fo be a planar steady state as specified in Sect. 2.2. Then the linearized
operator A possesses an eigenvalue in the principal gap G—defined in (8.4)—
with associated eigenfunction odd in vy and x if and only if there exists a ) € G
such that

M; > 1. (8.33)

Proof of part (a). If . € G is an eigenvalue of A (restricted to H odd j e functions
in the spherically symmetric, weighted L?-space H which are odd in v), then 1
is an eigenvalue of Q; by Lemma 8.1. Thus, Lemma 8.10 yields that 1 is also an
eigenvalue of M, : F; — Fi, which implies M, > 1.

Conversely, if there exists A € G such that M, > 1, then M, has an eigenvalue
@ > 1. Lemma 8.10 implies that w is also an eigenvalue of Q,, and therefore A is
an eigenvalue of —D? — ;%B by Lemma 8.1. Using Lemma 8.2, we conclude that
A indeed has an eigenvalue in the principal gap G. O
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Proof of part (b). The proof is analogous to the radial setting and uses the planar
statements of Lemmas 8.1, 8.2, and 8.10. However, recall that we restricted A to
H, i.e., functions odd in v; and x, in the planar setting, which causes the top of the
principal gap G to quadruple, see (8.4) and also Theorem 5.19. O

Before verifying these criteria for selected steady states, we state some proper-
ties of M, and M.

Remark 8.12. (Criterion for the existence of eigenvalues in the principal gap) Using
the kernel representation of the radial Mathur operator provided by Proposition 8.6,
the associated quadratic form can be rewritten as

(G, M;G)F, =f/r2 K, (r,0) G(r) G(o)do dr
SJS

0 / (E.L)
E. L 1 re(EL)
— 3222 f '*;(E L)l — / sin(k0(r, E, L)) G(r)
p le‘ ( ) ) T(E L)2 —A r—(E,L)

dr)?d(E, L) (8.34)

for G € Fj. Since A is in the principal gap, the latter integral is obviously non-
negative, i.e., the spectrum of the Mathur operator is non-negative as well.

Hence M, coincides with the operator norm of My, cf. [29, Theorem 5.14].
Furthermore, M, increases in A, which can for example be seen in the integral
(8.34). Theorem 8.11 now allows us to translate the existence of an oscillating
mode corresponding to an eigenvalue of A in the principal gap into a condition on
the size of

M:=sup M, = sup M, [l F -7 : (8.35)
reg reg
(a) If M > 1, then A possesses at least one eigenvalue in the principal gap.
(b) If M < 1, then A has no eigenvalues in the principal gap.
(c) In the case M = 1, the existence of an eigenvalue of A in the principal gap
depends on whether or not the supremum (8.35) is attained.

Similar statements hold true in the plane symmetric setting. In particular, the
spectrum of M, : Fi — ) is non-negative, and

M:= sup M, = sup ||MA||;?1_>]31 (8.36)
reg reg

being larger (smaller) than 1 implies the existence one (no) eigenvalue(s) of Ain
the principal gap.

8.2. Examples of linear oscillations

We now apply Theorem 8.11 to give a class of examples of steady states which
allow for pulsating modes. A particularly simple-minded approach is to identify
steady states for which M; (M) tends to infinity as A approaches the top of the
principal gap.
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8.2.1. Linear oscillations in the planar case In the plane symmetric setting we
are able to analytically show the existence of linearly pulsating modes for a large
class of steady state models by pursuing the approach discussed above.

Theorem 8.13. Let fy be a planar steady state of polytropic form (2.18) with % <

k < 1orof King type (2.19). Then the associated linearized operator A—restricted

to 'H, i.e., functions in H which are odd in vi and x—possesses an eigenvalue in
47‘[2 [

the principal gap G =10, 4m

Proof. For G € Fi, the quadratic form in (8.31) is

(G, M;G) £, =/§fgkx<x,y)6(x>c<y)dxdy

o0
=32nZ/_/_/_ )
im1 SIS QE@NQE )

o/ (E)| sin(4k (x, E)) sin(dmkO(y, E))

dE G(x) G(y)dxdy
T(E) T‘tgz (2k)2 — A
— [Eo ja/(E)| 1
=327 Z/ T =
=1 /U0 Foe(2k)% =
x4 (E) 2
x / sin(@drkO(x, E)) G(x)dx | dE, (8.37)

x_(E)

see Proposition 8.7 for the definition of K;_. Note that the exchange of the infinite
sum and the integration can be justified similarly to the radial case, see for example
a related argument in the proof of Proposition 8.6. In particular, for any A in the

principal gap,ie.,0 <A <4 472 _ e conclude that for all non-zero G € Fi,

T2(Eo)’
_)L - (G, MAG>}=1
2
IGII%Z
2
32 Eo jo/(E 1 *+(E)
2#/ |O;((E))| _ (/ sin(476 (x, E)) G(x)dx | dE.
F Up(0) T(E)Z_’\ x_(E)

(8.38)

Consider a neighborhood anz[Eo — 1, Ep] of the cut-off energy E¢ for some
sufficiently small parameter 0 < n < E¢ — Up(0). By an easy continuity argument
we can choose a closed interval I Clx_(Ey), O[=] — Ry, O[ such that

sin(47f(x, E)) > for E€ Ny, x el, (8.39)

| =
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if 7 > 0 is sufficiently small, in particular, / Clx_(E), [ for E € N,. Now let

1, X € I_,
G:S—>R, Gx)={-1, —xel, (8.40)
0, else.

Clearly, G is odd and G € F with ||G||2f- = 2|I|. Moreover,
1

x+(E) _
/ sin(4mf(x, E)) G(x)dx > |I|
x_(E)

for any E € 1\_/,7; observe that the symmetry of Ug implies 470 ([x_(E), 0], E) =
[0, 7] and 476([0, x4 (E)], E) = [r, 2] as well as 6 (x, E) + 0 (—x, E) = } for
x € [x_(E), 0], recall the definition (5.18) of 8. Plugging G into (8.38) yields

- - o’ (E)| 1
M, > 16x|1| [ TE) 162 dE.
Ny TE? A
We now let A — sup G = Tl(f’é;z)z —notice that I is independent of A—and conclude

by the monotone convergence theorem that

limsup M > 167|1] (B ! dE
16x2 - N T(E) lonx2 _ _16x?
T(Eg)? ! T(E)>  T(Ep)?

_ / o/ (E)l  T(E)T(Eo)®
N, T(Eo) = T(E) T(E) + T(Eo)

> c/ __ B e (8.41)
%, T(Eo) — T(E)

for some C > 0; recall that T is bounded and bounded away from 0 on [U(0), Eg[
by Proposition 2.8. To show that the latter integral is infinite, we expand the denom-
inator of its integrand. By the mean value theorem, for each E € 1\7,, there exists
E* € Nn such that T(Eg) — T(E) = T'(E*) (Ey — E). Since T’ is continuous by
Lemma 2.6, we obtain T (Eg)—T(E) < C(Eg—E)forE € ]\_/,7 and some constant
C > 0 depending on the steady state and 7. Inserting this estimate in (8.41) then
yields

/
_ E
limsup M, > c/_ Bl 4
N”

1672 Eo—E
T(Ep)?
on y ( — E)¥"2dE, « is polytropic with % <k<1
on . EFOO : dE, a is of King type

= Q.

The claim now follows by part (b) of Theorem 8.11. O
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Remark 8.14. (a) Since T’ > 0 on ]Uy(0), oo[, we can not expect to show that the
integral (8.41) is infinite for polytropes with exponent k¥ > 1 by expanding T
to higher order.

(c) For the above proof—and everything in the preceding sections—the exact poly-
tropic (2.18) or King type (2.19) structure of « is not essential. Only the behavior
of « near the cut-off energy E( matters for our argument.

8.2.2. Linear oscillations in the radial case In order to apply the same idea
as in the proof of Theorem 8.13 we need to know where the period function
s"zg L' 5 (E, L) — T(E, L) attains its maximal values. This is an involved technical
question about the behavior of solutions to semi-linear radial ODEs of Lane-Emden
type, which will be rigorously addressed in future work. However, numerical cal-
culations conclusively show that for a wide range of steady states of the form (2.2)—
(2.3) the period function has the property that

sup(T) = T (Eo, Lo), (8.42)

SEL
QO

where Lo > 0 is the lowest occurring L-value in the steady state support. Note
that T (Eq, Lo) may formally not be defined by Definition 2.2, but T can easily be
extended to L = 0 by replacing W with Uy in the definition.

In order to Taylor-expand T near its maximal value similar to the planar setting,
we further require that

T is differentiable and o T, 9. T are bounded near (Eg, Lg). (8.43)

The latter can be shown by explicitly computing the derivatives of 7 with respect
to E and L, but we choose to leave out the proof of this rather technical statement.
One way to validate (8.42) is to show

dT(E,L) >0, 8, T(E,L) <0, for(E,L)eQEE, (8.44)

and numerical computations indicate that (8.44) is indeed true for a wide range of
steady states. We discuss this matter in more detail at the end of Sect. B.3 in the
appendix, and give explicit parameters of a steady state for which (8.42) and (8.44)
have been verified numerically in Remark 8.16.

Theorem 8.15. Let fy be a radial steady state of polytropic form (2.2) with param-
eters k, L, Lo satisfying

7 1
L0>0,k>0,l>—l,k<l+§,k+l+§20,k+150. (8.45)

Assume further that the assumptions (8.42) and (8.43) hold. Then the associated
linearized operator A—restricted to H "dd, i.e., functions in H which are odd in

v—possesses an eigenvalue in the principal gap G =]0, #(ZT) [.
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Proof. Just like in the proof of Theorem 8.13 we can show that

. 3272 / l¢/(E, L)| 1
A= 2
1Gll7 Jof* T(E,L) L)2 —A
re(E.L) 2
X / sinQ2wkO(r, E, L)) G(r)dr | d(E, L) (8.46)
r—(E,L)
for any G € F; \ {0} and A € G. Letting > — dn?  __dn? using the

sup?(T) T (Eo,Lo)?’
monotone convergence theorem, and the boundedness of 7' from above and away

from zero (see Proposition B.1), we conclude that

limsup M, >

R IG1I%,
sup?(T)
¢/ (E. L) re(EL) ’
/ / sinmé(r, E, L)) G(r)dr | d(E, L)
ott T(Eo, Lo) = T(E, L) \Jr_(£,1)

for some constant C > 0 depending on the steady state.
Consider a closed neighborhood N, of the T-maximizer (Eg, Lg) of the form

Ny:=[Eo — 1, Eo]l x [Lo, Lo + 1]

for a sufficiently small n > 0 such that 1\07,7 C le‘ . Next, choose a non-empty,
closed interval I C § such that

1
sin@mO(r, E, L)) > 3 for (E,L) € Ny, r € I. (8.47)
Now let G:=1; € Fj. Analogously to (8.41) we conclude that
Lo lo'(E, L)
lim sup M, > C dLdE. (8.48)
Ep-nJry  T(Eo, Lo) —T(E, L)
T(Eo LO)2

Taylor-expanding the denominator in this integral gives
T(Eo, Lo) —T(E,L) =cg(Eo— E) —crL (L — Lo)
+ 0, 1)~ (Eo,Lo) (I(E, L) — (Eo, Lo)|),  (8.49)

where we denote cg:=dg T (Eo, Lo), cp:=d.T(Ep, Ly) < o0o; recall the assump-
tion (8.43). Thus, after choosing a possibly smaller 1, we use (8.48) and the poly-
tropic structure (2.2) of the steady state model to obtain

Lo+n Eo— E k—1 L—1L 1
limsup M, zC/ / (Eo )« 0) dLdE
42 Eo—n J Lo Eo—E+L— Ly

T(Eq,Lg)?
0 k=1yl
—c/ / P Y dydx, (8.50)
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where we used the obvious change of variables x = Eg — E and y = L — L.
The latter integral is infinite precisely when k + [ < 0. Together with part (a) of
Theorem 8.11 this concludes the proof. O

Remark 8.16. The steady state parameter conditions (8.45) are for example satisfied
with

1

k=—-, Il=—=, Lo> 0 arbitrary, (8.51)
2 2

and numerical computations—e.g. with Ly = % and Eg — Up(0) = 1—=<clearly

show that in this case the monotonicity assumptions (8.44) are valid.
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A. Auxiliary Results on Potentials

In this section we discuss the properties of potentials induced by functions of the form Dg
for g € D(D) and Dg for g € D(D) respectively.

A.l. Potentials in the spherically symmetric case
For g € D(D), let
P = pPDg:= /I‘@ Dg(:, v) dv.

We extend all functions by 0 on R3 x R3. Using (2.5) yields

2 |Dg(x, U)| _ 2
3= [ | (f Dy, v)dv) ar=c [ [ e dvax = cipai,

and supp (p) C Bg,(0), i.e., p € L'nr? (R3). Furthermore, the integral of p vanishes,
since

f p(x)dx = (|¢/(E. L)|. Dg) i
R3
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and |¢'(E, L)| € ker(D) C H by (2.5) as well as Dg € im(D) L ker(D) by the skew-
adjointness of D.
Now let U:=U), = Upyg be the gravitational potential induced by Dg, i.e.,

Ukx) = —/ pY) dy, xe RS.
R3 [x — vl

Since p € L' n L2(R3), basic potential theory yields U € C(R3) with
limy | 00 U(x) = 0and [|U oo < Cllpll2 as well as 8, U € L?(R%) with

192Ul = Cliellg = Clipllz,

and obviously AU = 4mp € L%2(R3). In particular, all derivatives exist in the weak sense.
Furthermore, for all x € R3 with |x| > 2R the vanishing integral of p implies that

p(y) ‘ / P () / P ()
U dy — —=d
= Vﬂ@ lx — Br,(0) X =¥ Y B, (0) x|

lxl = x — | 2Ry | 2Rololy
5/ |p<y)|7dys/ P gy = 2ol
Bg, (0) el - e =yl B, (0) x| Ix]

Thus,
dx
f U dx < 4R3||p||%f — =87 Rolipllf < Clipll3.
|x1>2Ro [x|>2Ro 1X]

Overall we obtain U € H 2(IR3) with
Ul 2@ < Clioll < ClIDgll. (A.1)
where C > 0 only depends on the fixed steady state f{. Related arguments have also been

used in the proof of Theorem 1.1 in [23].
Lastly, U inherits the symmetry of p, Dg and g, i.e., we can write U (x) = U(|x|). Then,

472 42 [o°
Up (1) = U'(r) = "o T(8)(r) = Lz/ / we(r,w, Lydwdl  (A2)
r r 0 R

forae.r > 0. For g € C 7.(2p) this follows by integrating the radial Poisson equation,
since

p(r) = / / Dg(r,w, LydwdL = —= Br <f / wg(r,w, L)dde)

(A.2) can be extended to D(D) by using the approximation scheme from [61,65] together
with (4.5).

A.2. Potentials in the plane symmetric case

In the plane symmetric case, we let g € D(D) and
o) = pp, = [ Datx vyt xR

where we again extend all functions by 0 to R x R3. By (2.25), |lpll2 < Cllﬁgllg with
some constant C > 0 depending only on the steady state. Obviously, supp(p) C [—Rgp, Ro]l,
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ie., p € L' N L2(R). Asin the spherically symmetric case, Jrp = ¢ (E, V), ﬁg}g =0
by the skew-adjointness of D. ~
Now let U = U, = U'Dg be the potential induced by Dg, cf. (1.12). Since p vanishes

outside of [—Rq, Rg] and /]R p =0, (1.14) implies that

, Ry X
U'(x) = Zﬂ/R sign(x —y) p(y)dy =4ﬂ/ p(y)dy,
—Ro

—Ro

and U’(x) = 0 for x € R\ [—Ry, Ry]. Hence
2 Roo 2 2521112
||U/||2=/R U (x)|”dx < 167" R lIpll5.
—Ro

Altogether,
1U Iz + 1U" 112 < Clpll2 < Cllﬁgllz. (A.3)

Lastly, we obtain the representation
X —
U- (x) = 47r/ f Dg(y,v)dvdy = 471/ v1g(x,v)dv, xeR (A4)
Dg —Ry JR3 R3

for smooth g, which once again can be extended onto D(D) by approximation, for example
as in Remark 5.18, using the bound (4.12).

B. Properties of the Radial Period Function

This appendix is devoted to the properties of the period function 7 in the case of a spherically
symmetric equilibrium, since it gives the essential spectrum of the linearized operator .4 and
is a crucial quantity for the existence of oscillating modes. Recall the definition (2.11) of
T(E,L)for L > 0and Wy (r;) < E < 0. In the two upcoming sections we prove the
following result:

Proposition B.1. There exist ¢, C > 0 such thatc < T(E,L) < C for (E,L) € QgL.

Afterwards we discuss the regularity and potential monotonicity of the period function.

B.1. An upper bound on T
First we recall the bound (2.12), i.e.,

Il foll
E2JL

for L > 0 and V7, (r;) < E < 0. This estimate has earlier been used in [61,65], where the
reader may also find a rather straight-forward proof. In particular, it shows that in the case
of a polytropic shell steady state, i.e., the ansatz function is of the form (2.2) with Ly > 0,
T is bounded from above on the whole set 2EL.

Unfortunately, the boundedness from above is harder to show in the case where no inner
vacuum region exists, for example in the case of isotropic steady states. In order to handle
these models we use the maximum principle to estimate 7" as follows:

T(E,L) <2n
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Lemma B.2. Consider an isotropic steady state, i.e., ¢ is of the form (2.3) or (2.2) with
Ly = 0 = 1, in particular supp (pg) = [0, Ro] and py(0) > 0. Suppose that there exist
S, ¢ > 0 such that pg > c on [0, S] C [0, Rg]. Then

Zlc(m(E, L) =@ —r—(E,L)(r+ry(E, L)+ r_(E, L))
3 r

E—Wp(r) > (B.1)

for (E, L) € QF* and r > 0 such that 0 < r_(E, L) <r < ry(E, L) < S. This leads to

T(E, L) < ‘/37” (B.2)

for (E, L) € QFL satisfying ry (E, L) < S.
Proof. Fix (E, L) € Q' withry (E, L) < S and let

2 (ryp(E, L) =n)(r —r—(E, L))(r +r4(E, L) +r—(E, L))
3 ¢ r
2w

1
= ?c <r2 —(r4+ — r_)2 +r_ry+ ;r_r_,_(r_,_ + r+))

Uc(r):=—

forr € [r—(E, L), r+(E, L)], where we used the abbreviation r+ = r4+ (E, L). Obviously,
Ue(re(E, L)) = 0 = E—W (r+(E, L)). Applying the (radial) Laplacian A = (3,2 + %ar)
yields

AUq(r) =4mc,
L L
AV (r) = AUy(r) + ' =dmpo(r) + '

forr € [r—(E, L), r+(E, L)]. Thus, by the choice of c,
AWUe+E—-VYyr)<O0on[r—(E,L), r+(E,L)].
By the maximum principle we therefore conclude that
U+E—-VY;, >0o0n]r—(E,L), r+(E, L),

which shows (B.1). Inserting this into the definition of 7' yields

[3 [r+(EL) dr 37
T(E,L) < —/ =,/ —. O
en Jr_(e.L) J(r+(E,L) —r)(r —r—(E, L)) ¢

The bound (2.12) shows that for any choice of L1 > 0 the period function 7" is bounded
on the set L > L. For any choice of Uy(0) < E| < E( orbits corresponding to (E, L)
with E < Ej are radially restricted to some interval [0, R1] with Ry < Ry. For an isotropic
steady state, pg is bounded away from zero on such an interval, and the previous lemma
shows that the period function 7T is bounded on the set £ < E7. The next lemma closes the
remaining gap.

Lemma B.3. Consider a steady state of the form (2.3) or (2.2) with Ly = 0 = [, in particular
supp (pg) = [0, Rol. Then there exist Uy(0) < E1 < Eg and L1 > 0 and a constant C > 0
such that

T(E,L)<CforEy <E<Ey O<L<Lj.

In particular, L and E{ can be chosen such that ¥y (r;) < E for Ey < E < Ep, 0 <
L < Ly, i.e, T is well-defined for points as above.
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Proof. For L > Olet E;: =V, (r;) < E < Egande€ > Osuchthat E —e > E ;€ will be
specified more precisely below. Then

r—(E,L) <r—(E—¢€,L) <ry(E—€,L) <ry(E,L).
Step 1. We estimate the time a particle takes to travel from r— (E, L) tor—(E —e€, L). To do

so we first show that W is convex on the interval ]0, r7 ], which contains the radii specified
above. This follows from

\IJ”(r) =4mpo(r) — %U/(r) + 3£
L 0 ;o0 &
and the fact that by definition of r ,
W (r) :U/(r)—£ <0
L 0 3

on J0,rp[.Forany r € [r—(E,L),r—(E — €, L)] we let

_ r—r_(E, L)
r(E—e L)—r_(E,L)
Then
W (r) < (1 =)W (r—(E, L)) + aVy (r—(E — ¢, L)) = E — ae.
Hence

r_(E—c.L) dr
/r,(E,L) VE—-Y.(n
_Vr—E-eD)—r(EL) [-E-D dr

NG r_(E,L) Vr—r—(E,L)

r (E—e L)—r_(E,L)
NG )

Step 2. Here we estimate the time a particle takes to travel fromr_ (E —e, L) tory (E —e¢, L).
On this interval, ¥y (r) < E — €, and hence

/ME—ﬂL) dr _ri(E—e L)—r (E—¢L)
r_(E—e,L) VE—WYL({r) NG ’

Step 3. Here we estimate the time a particle takes to travel from r (E — €, L) tor4(E, L),
which is the crucial part. Let

ni= min{\I’/L(r) |r e[r+(E —¢€, L), r+(E, L)]}.

Clearly, Wy (r) < E —u(r+(E,L) —r)forr € [r(E —€,L),r+(E, L)]. Since u > 0
this implies that
/M(E,L) dr r+(E,L) dr
- < -
re(E—e,L) VE =YL (r) — Jr(E—e,L) Ju(r4(E, L) —r)
_ 2\/r+(E, L)—ri+(E—¢€,L)

7 .

so it remains to estimate x independently of E and L.
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We observe that r (E, L) — Rg > 0 as (E, L) — (Eg,0),and r; — 0as L — 0. Hence
there exist Up(0) < E1 < Eg and L1 > 0 such that

r4(E, L) >ryp, >rp, =1L

as well as £ < E for all El <E <Epand0 < L < L. We define

Ey - E|
€=

Ey+ E
,E':0+1
2

1- )

Considerany E1 < E < Egand0 < L < L{.Then E —e€ > El,andhencer+(E—e, L) >
rpp, and forr € [r4-(E — €, L), ry(E, L)],

/ / L / L /
VL) = Ug() = 5 = Uglr) = 5 = W ()
> min{lIJ’Ll (s) | s €[rap,, Rol} > 0.
The latter constant depends only on the given steady state and the parameter L and provides
the required lower bound on .

All three steps together yield the desired estimate for 7'(E, L), where we note that also €,
which enters in the estimates from the first two steps, has now been chosen to depend only

on the parameters L and El =2E1 — Ep. m]

B.2. A lower bound on T

Lemma B4. Forall (E, L) € QfL,

A
T(E, L)z |4rllpolloo +3— :
;
L

Proof. First,

re(E L) —r(E.L) _ sre(EL) =1
VE-Y1(rp) — NJE-WL(L)
‘We now apply the mean value theorem to the mapping ¥y (r7.), O[> n +— r4(n, L), contin-

uously extended by r4 (W (rz), L):=ry. Note thatr (-, L) is differentiable on [Wy (r7 ), O[
with

T(E,L)> 2

0
%(n, L) n €IV (rp), Of

W (L))
by the inverse function theorem. Hence there exists n €]Wy (r1.), E[ such that
E—-W(rp)
re(E, L) —r) = —/————.
W) (r+(n, L))

Thus,

. ﬁ\//E — U (rp) . 2\/:7 — U (rp)
Wy (r4(n, L)) Wy (r4(n, L))

1
- Wy (r+(n, L)) =V (rp) :
(W2 (ry (. L)) — (W) |

T(E,L)
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where we used \IJ/L (rr) = 0and \I/’L (r+(n, L)) > 0 in the last equality. By the (extended)
mean value theorem, there exists s €]ry , r4(n, L)[ such that

20 ()W) (s) (WL (ry(n, L)) — WL (rr)) = W} (s) ((¥))2(r(n, L)) — (W))* (1)) .

‘We therefore conclude that

1
/ 2
T(E,L)zﬁ( AC) >= !

2W] ()W) () /‘I”L’ (s) ’

note that \IJ}‘ > 0 on Jr, oo[ and the above equality yields \IIZ (s) > 0. Moreover,

L mo(s) L L
Wy (s) = Uy (s) +3s7 =-2 3 +4mpo(s) +3s7 < 47| polleo +3Sj,
and
_1 -1
L 2 L
T(E,L) > (4rllpollco +3s7 = |4rlpolloc +3— . o
’
L

In order to obtain the boundedness of 7 away from zero when arbitrary small Ls are in the

steady state support, we have to ensure that the continuous function ]0, co[> L +> r% is
L
bounded for L — 0; note thatr;, — 0 as L — 0.

Lemma B.5. It holds that

lim L 4 )
1 —_— = — .
L—0 ri 3P0

Proof. Recall that 77, is the unique solution of the equation rmq(r) = L. By the implicit
function theorem, the mapping ]0, oo[> L + ry is differentiable with

8rL 1
—(L) = 3 , L>0.
IL mo(rp) +4mri po(rr)
Therefore, by 1’Hospital’s rule,
L mo(ry) + 4mr po(r
fim L = g 7002 LPUL) o motL) + 700(0).
L=0r}  L—0 4r3 L—0 4r}
Applying I’Hospital’s rule once again we arrive at
4rr? b3
lim 00L) o mot) rpor) _ T o (0). .
L—0 4r2 r—0 4r3 r—>0 1212 3

Since pg(0) < oo if the steady state possesses no inner vacuum region, the previous two
lemmata yield the boundedness of the period function 7 away from zero on QEL,

Remark B.6. Another approach to bound the period function 7" from below and above is to
extend it continuously onto the boundary of Qg L



On the Existence of Linearly Oscillating Galaxies 693

B.3. Regularity & monotonicity of T
Lemma B.7. T is continuous on {(E, L) €] — 0o, 0[x]0, oco[| ¥ (r1) < E}.
Proof. The change of variables r = s (r+-(E, L) —r—(E, L)) + r—(E, L) yields

T(E,L) = V2 (r4-(E, L) — r—(E, L))
ds

1
« f
0 \/E — W [ (E.L)—r_(E.L)) +r—(E. L)]

Since r+ are continuous by Lemma 2.1, it remains to show that the latter integral is also
continuous. This can be seen by the dominated convergence theorem, since

1
\/E — W [s 4 (E.L)—r_(E.L)) +r—(E. L)]
_ Vamg 1
T VLE} (r(E.L) = r—(E. L)) V/s(T =)

for (E, L) €] — 00, 0[x]0, oo[ with W7 (r;) < E and 0 < s < 1 by Lemma 2.1. Note that

(ry — r—)~Lis locally bounded and fol \/S(dfi_s)
In fact, one can show that 7 is even differentiable. The E-derivative can be computed
similarly to the plane symmetric case (see Proposition 2.6), the L-derivative can be computed
by related techniques. Unfortunately, the non-negativity of dg T is harder to show in the
spherically symmetric case than in the planar setting.

Nonetheless, numerical simulations clearly indicate g7 > 0 and 9;7 < 0 for a wide
range of steady states, including the ones satisfying the assumptions of Theorem 8.15, see
Remark 8.16 for an explicit example.

We again emphasize that whether period functions as the one above are monotonous is an
involved question and has been widely studied [9,64], especially in the context of bifurcation
theory for Hamiltonian ODEs [11,12,27]. The rigorous monotonicity properties of 7' will
be treated in future work.

=77 < OQ. O
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