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Because of the long-range nature of the gravitational interaction, self-gravitating systems never reach
thermal equilibrium in the thermodynamic limit but remain trapped in nonequilibrium stationary states, or
quasiequilibrium states. Here, we deal with quasiequilibrium self-gravitating systems by representing them
as a collection of smaller subsystems that remain infinitely close to equilibrium. These subsystems
represent regions from where thermalization spreads later over the whole system. Such a methodological
attitude allows representing their statistical properties as a superposition of statistics, i.e., superstatistics. It
has the advantage of producing Tsallis distributions, widely used in fitting observational data, as a special
case of a more general family of distributions, while relying only on conventional statistical mechanics.
Focusing on the three universality classes of superstatistics, namely, »2, inverse-y>, and log-normal
superstatistics, we discuss the velocity distributions arising in this picture and confront them with
independent numerical simulations. Then, we study the consequences on typical phenomena arising in self-
gravitating systems. We discuss the Jeans instability in the classical regime, for a static and an expanding
universe, and extend our results to the quantum regime by applying the Wigner-Moyal procedure. Our
results reveal that quasiequilibrium systems remain stable for larger perturbations, as compared to
equilibrium systems, meaning that a larger mass is needed to initiate the gravitational collapse. This is
particularly relevant for Bok globules because their mass is of the same order as their Jeans mass; hence, a
small deviation from equilibrium may lead to a different prediction for their stability. We also discuss the
Chandrasekhar dynamical friction in a quasiequilibrium medium and analyze the consequences on the
decay of globular orbits. Our results suggest that the superstatistical picture may offer a partial solution to
the problem of the large timescales shown by numerical N-body simulations and semianalytical models.
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I. INTRODUCTION

Enormous progress has been achieved in dealing with
self-gravitating systems when, despite the apparent diffi-
culties associated with the long-range nature of the gravi-
tational interaction, statistical mechanics tools have been
employed. Although such a progress is unquestionable, our
current understanding of self-gravitating systems remains
far from complete, and whether actual statistical mechanics
theories can adequately explain their dynamical behavior is
still a matter of debate. At the heart of this debate lie a
number of peculiar—and even exotic—properties exhibited
by self-gravitating systems [1], such as negative specific
heats, the inequivalence of statistical ensembles, and non-
ergodicity. Furthermore, in the infinite particle limit,
N — oo, self-gravitating systems never reach the thermo-
dynamic equilibrium, characterized by the Maxwell-
Boltzmann (MB) velocity distribution, but remain trapped
in a stationary nonequilibrium state [2], i.e., a quasiequili-
brium or quasi-stationary state.

“kam.ourabah @ gmail.com

2470-0010,/2020, 102(4)/043017(15)

043017-1

For finite N, the evolution of a self-gravitating system
proceeds in two steps [3,4]. Starting from a nonstationary
initial condition, the system first undergoes a relaxation
regime that drives it to a stationary state which, in general,
is nonthermalized. The system stays in this quasiequili-
brium state for a certain time, say 7(N). Then, the quasi-
stationary state starts evolving in a second regime, and the
system is expected to evolve toward the maximum entropy
configuration, that is, to thermal equilibrium when this is
well defined. In the limit N — oo, however, the lifetime of
the stationary state diverges, i.e., 7 — oo, and the thermo-
dynamic equilibrium is never reached. This requires going
beyond the realm of equilibrium statistical mechanics and
exploring statistical methods inherent to nonequilibrium
systems.

One fruitful route that has been widely explored in the
past years consists in changing the paradigm with which
one approaches such systems to the so-called nonextensive
statistical mechanics (NSM) [5]. The latter is an extension
of statistical mechanics based on the Tsallis entropy, i.e., a
one-parameter generalization of the entropy. The motiva-
tion behind this program is that self-gravitating systems
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constitute a special case of a wider class of systems
characterized by long-range (and unscreened) interactions;
that is, d-dimensional systems where the interparticle
potential decays at large distance r as 1/r* with a < d.
Beyond gravitational systems, these include, for example,
unscreened Coulomb systems [6], two-dimensional vorti-
ces [7], or wave-particle interactions [8]. In this case, the
interactions are of a nonextensive nature; i.e., their energy
grows faster than linearly with the volume, making the
employment of NSM quite natural.

A number of successes have been achieved in this
direction, either in reproducing observational data [9-15]
or revisiting key phenomena [16-25] and clarifying fun-
damental statistical and thermodynamic aspects [26,27] of
gravitational systems. Despite these successes, such a
program faces some limitations as well. On the one hand,
Tsallis distributions arising in the framework of NSM seem
not universal enough to cover the rich behavior of self-
gravitating systems, as indicated by a number of observa-
tions [28] and simulations [29]. On the other hand, the
recourse to NSM, as a universal framework for self-
gravitating systems, is not immune from a number of
conceptual difficulties that call into question its universal
validity. For instance, the origin of the parameter ¢ that
underpins these distributions remains to date unclear, and it
is generally taken as a free parameter. Besides, velocity
distributions arising in NSM are characterized by diverging
moments for some parameter values [30,31], and the
nonadditive nature of the entropy may potentially result
in thermodynamic inconsistencies [32,33].

Here, we suggest a different perspective that allows
reproducing Tsallis distributions as a special case of a more
general family of distributions, while relying solely on
conventional statistical mechanics. In this approach, quasi-
equilibrium states are taken quite literally; that is, the self-
gravitating system in a quasi-stationary state is represented
as a collection of smaller regions, considered large enough
to be treated statistically, that remain infinitely close to
equilibrium. These regions form subsystems from where
thermalization spreads later over the entire system. Clearly,
this picture assumes a form of slow modulation [34]; the
temperature is assumed to vary on a long timescale which is
much larger than the local relaxation time for each region to
reach local equilibrium. This allows decomposing the
dynamics of the system over two scales: at the level of
these small regions, the temperature is nearly constant, and
equilibrium statistical mechanics holds. At a larger scale,
however, one has to account for the temperature distribu-
tion across different regions. Such a methodological atti-
tude is known as superstatistics since it requires dealing
with a superposition of statistics. The main idea has a long
tradition in the statistical mechanics literature [35-38], but
it was first crystallized in a single formalism in Ref. [39].

The paper is organized as follows. In Sec. II, we present
the three universality classes of distributions arising in this

picture and validate them by independent numerical sim-
ulations of self-gravitating systems. We also work out some
results for future needs. In the subsequent sections, we
analyze the consequences of these quasiequilibrium dis-
tributions in typical phenomena arising in self-gravitating
systems. In Sec. III, we analyze the gravitational instability
in the classical regime, for a static and an expanding
universe. In Sec. IV, we extend our results to the quantum
regime, by using the Wigner-Moyal procedure and con-
sidering quantum statistics. In Sec. V, we examine the
Chandrasekhar dynamical friction and compute the
dynamic friction timescale for globular clusters spiraling
to the galactic center. We summarize our main results and
discuss prospects for future research in Sec. VI.

II. QUASIEQUILIBRIUM DISTRIBUTIONS

The superstatistics concept can nicely be introduced by
considering the adiabatic ansatz [40]: consider a system
that, during its evolution, travels within its state space X,
which is divided up into small cells, each characterized by a
sharp value of some parameter . Within each cell, the
system is described by the conditional probability p(A|f)
to be found in a specific state A € X. As f varies
adiabatically across the different cells, the joint distribution
of finding the system in the state A with a sharp value of f# is
p(A,B) = p(A|B)p(p), viz., the De Finetti-Kolmogorov
relation. The probability p(A) for finding the system in the
state A is obtained by eliminating the nuisance parameter /3
through marginalization and reads as a superposition of
statistics. That is,

p(4) = / P(AIB)p(B)dp. (1)

Here, we are mainly interested in the velocity distribu-
tions (that is, A = v) that are characteristic of a quasiequi-
librium system, i.e., a system made up of small regions at
different (inverse) temperatures, that is, f = 1/kgT (here-
after, we set kz = 1). Note, however, that the formalism is
much more general and such a parameter may equally well
represent any other fluctuating intensive quantity. One may
think, for instance, of a fluctuating chemical potential or an
energy dissipation rate in a turbulent fluid.

It is clear from Eq. (1) that the temperature distribution
determines the form of the emergent velocity distribution
p(v). While, in each small region, one has local equilib-
rium and p(v|f) corresponds to a Gaussian (MB distribu-
tion), the emergent distribution p(v) may deviate from it
significantly. Then, the question is which forms of p(f) are
relevant for quasiequilibrium systems.

In principle, there are infinitely many possible temper-
ature distributions, but it is known that three universality
classes arise as universal limit statistics in majority of
known systems; the y? distribution, the inverse-y? distri-
bution, and the log-normal distribution. These universality

043017-2



QUASIEQUILIBRIUM SELF-GRAVITATING SYSTEMS

PHYS. REV. D 102, 043017 (2020)

classes can be obtained from purely probabilistic argu-
ments, relying on the Central Limit Theorem [41] or from
the entropy maximization scheme [42]. The emergence of
these three classes in typical situations can also be under-
stood from the shape of the velocity distributions they
produce, as discussed below. These three classes are the
following:

(a) y? superstatistics.—In this case, the inverse temper-

ature S follows a y° distribution of degree n,

/2 "
L) n /2] e_%,
2p

1

f(ﬁ)=@<

where f; = (f) is the average of §. The corresponding
(d-dimensional) emergent velocity distribution, i.e.,
marginal distribution, follows from Eq. (1) as
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The latter can be mapped onto the Tsallis distribution
(¢ Gaussian), emerging within the formalism of NSM,
with an entropic index ¢:=142/(n+d) and an
effective inverse temperature 5 := fo(n + d)/n. In the
statistics literature, distributions in the form of Eq. (3)
are known as Students t distributions. They constitute
a special case of the Burr-type III distribution [43].

(b) Inverse-y* superstatistics.—In this case, the temper-
ature (f7!) itself is y? distributed. Then, S follows an
inverse-y? distribution,

— Po <n_ﬂo>n/2ﬁ—n/2—2e_%.

rg\ 2
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The corresponding velocity distribution in this case

reads as
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where /C,(x) is the modified Bessel function of the
second kind.

Log-normal superstatistics.—In this case, f follows a
log-normal distribution,

1 —(Inf)?
f(ﬂ):\/i—];sﬂexp{ 2S2 },

with an average of  given by f, = ,uesz/ 2. In this last
case, there is no closed-form expression for the

(©)

corresponding velocity distribution B(v), but it can
easily be computed numerically.

Note that there is a substantial and increasing empirical
evidence for these three universality classes, i.e., Egs. (2),
(4), and (6), in nonequilibrium systems: y* superstatistics
corresponds to the statistics arising from NSM and has been
observed in many situations [5]. Experimental evidence of
log-normal superstatistics has been reported in the context
of Lagrangian and Eulerian turbulence [41,44,45], space
plasmas [31], and other systems [46], while candidate
systems for inverse-y> superstatistics have been discussed
in Refs. [47,48].

The universality of these three classes can be understood
from the velocity (or energy) distributions they generate,
that cover the main families of distributions encountered in
nature: for large |v|, velocity distributions corresponding to
2 superstatistics exhibit power-law tails, those associated
with inverse-y> superstatistics decay exponentially, and
log-normal superstatistics produces truncated power laws.
Such rich behavior may offer new perspectives, that go
beyond the usual scenario of NSM, in covering typical non-
Gaussian distributions observed in self-gravitating systems.

Examples of (one-dimensional) velocity distributions
emerging from the three universality classes, i.e., y?
[Eq. (3)], inverse-y* [Eq. (5)], and log-normal (computed
numerically), are shown in Fig. 1. To facilitate the
comparison between the different classes, we parametrize
the distributions via the parameter g := (#*)/{(f)? (different
from the entropic index used in NSM, as explained below).
The latter is a measure of the temperature inhomogeneity in
the system and reduces to 1 for a completely thermalized
state, i.e., when f(f) shrinks to a Dirac delta, recovering
therefore a Gaussian distribution for B(v). It can easily be
expressed, for the three classes, in terms of the parameters
of f(f), as follows:

(), 2
. <ﬁ2>inv;(2 . n
B n=2
2
- _<ﬁﬂ>%LN _ (7)

As it can be seen from Fig. 1, the superstatistical velocity
distributions, especially those associated with the y?> and
log-normal classes, exhibit heavy tails; a typical feature
of quasiequilibrium self-gravitating systems, as indicated
by observations and simulations. To test the ability of these
distributions to account for deviations from the MB
distribution in quasiequilibrium self-gravitating systems,
we confront them by the results of simulations presented
in Ref. [4], that show a substantial deviation from the
Gaussian distribution. The latter are produced using the

043017-3



KAMEL OURABAH

PHYS. REV. D 102, 043017 (2020)

e T T
(a) x*superstatistics 1 (b) inverse x?

N — 172
0.001F 1 0.001

1078} ] 10
= s
o [s]
107°F ‘ ] 10°°
i -1
12 4 1 -12
10 ! (Gaussian) |l| 10
i |
! z
10-18 f Al . il ) 1015
-20 -10 0 10 20
\Y
FIG. 1.

1 1 f(c) ‘log—norma‘l 7
/ q=2
0.001F % N\ 1
1078 F, 1
B
m
107k i
g=1
(Gaussian)
10712 I [ ]
1 i
i 1
' :
10°18 . N . il "
-20 -10 0 10 20
\Y \Y

Examples of one-dimensional superstatistical velocity distributions for (a) y?, (b) inverse-y?, and (c) log-normal

superstatistics, with different values of g := (8%)/3 [cf. Eq. (7)], in a logarithmic scale to better highlight the tails. We set fgm = 1.

widely employed public code GADGET-2 (available here
http://www.mpa-garching.mpg.de/gadget/), by fixing dif-
ferent initial conditions according to the so-called water-
bag model. In Fig. 2, we show the best fits obtained with
the three universality classes of superstatistics, i.e., y>
[Eq. (3)], inverse-y” [Eq. (5)], and log-normal (computed
numerically). One may see that the three classes exhibit
similar profiles, typical of quasi-stationary states.

At this stage, one should note that, even in the case where
the superstatistical distributions are not accessible in closed
form, as in the case of log-normal superstatistics, the
velocity moments (v') are accessible in an analytical form.
The latter can be simply expressed as

(o) = / VB = (D) ()

where (°) 5 stands for an average over the (d-dimensional)
MB velocity distribution and (*) s is an average over

the (inverse) temperature distribution f(f3). By combining
the moments of the three distributions, i.e., Egs. (2), (4),
and (6),

W=t (2)

n
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with those of the MB (Gaussian) distribution

(I+d-2)"
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(I even), one readily obtains all superstatistical velocity
moments in an exact form. Especially useful for future
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FIG. 2. Examples of non-Gaussian velocity distributions associated with quasiequilibrium self-gravitating systems. The open circles
correspond to time-averaged velocity distributions, simulated using the public code GADGET-2 [4], with different water-bag initial
conditions. The solid lines represent the best fits obtained with y> (black), inverse-y” (blue), and log-normal (red) superstatistics.
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needs are the second-order moments. The latter can be
expressed (assuming isotropic pressure, so that the dyadic
product can be contracted: Vv ® v — v?), for the three
universality classes, as

n
<”2>;(2 ) (1*)us
n+2

invy? — 7 MB>
(e = "2 ()

(n>2),

(11)

terms of q:= (f)/f3

2
<U2>LN =e <v2>MB’

which can be rewritten in
[cf. Eq. (7)] as

T
(W) =d pilg) > (i=1.23).  (12)
m
where Ty = f; ! is the mean temperature and
h@)=5- (1<q<2)
1 q _2_q q ’
2g—1
$a(q) = :
2(q) 7
$3(q) = q. (13)

with i =1, 2, and 3 corresponding, respectively, to 7,
inverse-y?, and log-normal superstatistics. Note that, for the
three superstatistics, one has ¢;(g) > 1, indicating that the
presence of temperature inhomogeneities tends to increase
the velocity dispersion. In the limit of a fully thermalized
state, i.e., ¢ — 1, the distribution f(3) shrinks to a Dirac
delta centered at S, and (%), (i = 1, 2, 3) reduces to the
MB second-order moment, i.e., (v?) = d - To/m.

Before closing this section, a few remarks are in order.
First, note that we are implicitly adopting here the so-called
type-B formulation of superstatistics, i.e., we are consid-
ering locally normalized equilibrium distributions that
are averaged over f(f) [see, for example, Eq. (3)]. The
other alternative, known as type-A superstatistics (see, for
instance, Refs. [39,49]), consists in working with un-
normalized canonical distributions and normalizing the
marginal distribution at the very end, by introducing a
multiplicative factor. One may, however, easily switch from
one formulation to the other by properly redefining the
distribution f(3). Note also that, because we are adopting
type-B formulation, the parameter ¢ used here [Eq. (7)], in
the case of y? superstatistics, differs from the entropic index
used in NSM. The latter is obtained via the transforma-
tion g - 1+ [2(¢—1)]/[2+d(g—1)].

II1. JEANS MECHANISM IN THE
CLASSICAL REGIME

In this section, we analyze the consequences of the
superstatistics scenario on the Jeans instability. The latter is

the mechanism causing the gravitational collapse of inter-
stellar gas clouds and subsequent star formation. It occurs
when the internal pressure of a region filled with matter is
not strong enough to prevent gravitational collapse. The
earliest understanding of the mechanism can be traced back
to 1902 with the seminal work of Jeans [50], who showed
the existence of a physical cutoff, today known as the Jeans
wavelength 4;, such that perturbations with wavelengths
larger than A; may grow exponentially in time. The
phenomenon, although known for a long time, has attracted
recently increased attention either from the perspective of
accounting for new effects that may significantly influence
the collapse condition, such as the presence of dissipation
[51] and viscosity [52], or revisiting the mechanism in other
paradigms, such as modified gravity theories [53,54] and
the framework of NSM [17,21].

We discuss here the Jeans mechanism in a quasiequili-
brium self-gravitating system, as defined above. To do
so, we consider an infinite self-gravitating collisionless
neutral gas, subjected to a constant gravitational potential
@( = cste. Initially, the gas is assumed at rest in a
quasiequilibrium state, with a constant mass density p
and a mean temperature 7. In such a stationary non-
equilibrium state, the distribution has the form of B(v) =

(fmB(0)) p(p) [cf. Eq. (1)], where fyg(v) is the equilibrium
MB distribution and (*) ) denotes the average over the

temperature distribution f(f). In the collisionless regime,
the space-time evolution of the one-particle distribution
function f(r,v; ) is given by the collisionless Boltzmann
(Vlasov) equation

of (r,v;1) of (r,vs1) Of (r,v;1)
a TV Ta Y Ty

=0. (14)

We restrict ourselves to the case of linear perturbations that
remains tractable analytically and write the distribution
function as

f(r,vit) = B(v) + 6f(r, v 1), (15)

where |5f] < B. In this case, one may linearize Eq. (14)
and couple it with the Poisson equation for the gravitational
potential to form a closed set of equations as
a6f Ly asf 0B
ot or ov
V2o = 4ﬂGp0/5fd311,

Vo 0,

(16)

where G is the gravitational constant and @ denotes the
perturbation of the gravitational field. Note that, in Eq. (16),
we used the so-called Jeans swindle by considering that the
gravitational potential is sourced only by the fluctuations
around the uniform background density. Indeed, one may
observe that the condition @, = cste. (V®, = 0) does not
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satisfy the Poisson equation, because it would imply a
vanishing mass density. The usual way to overcome this
inconsistency is to use the Jeans swindle by assuming that
the homogeneous density p, does not contribute to the
gravitational potential. Note, however, that such a trick can
be avoided, either by the introduction of a container and the
consideration of an inhomogeneous distribution of matter
[55] or by taking into account the expansion of the Universe
(to be discussed next).

The above set of equations (16) may be solved simulta-
neously by performing a decomposition in Fourier modes.
That is,

Sf ~ eilkr—wt)  anq @ ~ plilkr-or) (17)
We consider here, without loss of the generality, the x axis
to be along the direction of the wave-vector k and let
v = v,. Equation (16) yields

Q> [ OB/Ov ,
_F/v—w/kd”_o’ (18)

where Q = (47Gp,)'/? is the Jeans frequency. Note that,
according to Eq. (17), for @*> > 0 (® real), one has an
oscillatory regime, while for @> < 0 (w imaginary), one has
an exponential regime, responsible for the Jeans instability.
The boundary separating the two regimes is obtained by
setting @ = 0 in Eq. (18). Bearing in mind that

OB(v) a<fMB(U)>f(/}) ~ /ofus(v)
o o _< ov >f(ﬁ)7 e

and using Eq. (12), one readily obtains the Jeans wave
number for the tree universality classes of superstatistics as

_ 4xGmp
) =dla) "k k=[S (20)

where k; is the Jeans wave number for an equilibrium
configuration, i.e., assuming the MB velocity distribution.
Note that in the particular case of y? superstatistics Eq. (20)
reduces to the Jeans wave number arising in the framework
of NSM, addressed by many authors from the kinetic [17]
or the hydrodynamic [22] point of view.

One may observe that, since thermal fluctuations tend to
increase the second-order velocity moment [see Eq. (12)],
one has in general k(Jq) < ky, indicating that the presence
of temperature inhomogeneities tend to stabilize the self-
gravitating system for smaller values of k. From Eq. (20),

one may define the Jeans wavelength A\ = 2z/k\?,

such that perturbations with wavelengths 4 < A(Jq) yield

harmonic oscillations while perturbations with wave-

(9)

lengths 1> 4;" experience exponential growth. One may

unstable
25+ B
s 20t 1
s,
log-normal
151 b
inverse x?
stable
1.0k , , , , J

1.0 1.1 1.2 1.3 1.4 1.5

FIG. 3. Effect of temperature inhomogeneities on the Jeans
mass for the three universality classes of superstatistics, as a
function of g = (8%)/p5.

equivalently express the Jeans mass, defined as the mass

initially contained in a sphere of diameter A(Jq) , as

T 1 77.'T0 3
— | — (= . (21
6\ ro <Gm) 1)

The latter is of a more practical usefulness in probing the
stability of interstellar clouds; if the mass of the cloud
exceeds the Jeans mass qu), the cloud will experience
gravitational collapse. Figure 3 shows the Jeans mass (21),
for the three universality classes, as a function of ¢ :=
($?)/B%. One may observe that the temperature inhomo-
geneities tend to increase the Jeans mass, reducing there-
fore the process of star formation. For the same strength of
fluctuations (the same q), the class of y? superstatistics
induces the most significant effect on the Jeans mass, while
the class of inverse-y> superstatistics has the least impact
on it.

It is customary to write the Jeans mass/length in terms of
the mean molecular mass um,, where p is the mean
molecular weight and m,, is the proton mass. The Jeans
length and the Jeans mass can therefore be written as

4@ 1.06pc (¢i(q)Ty\ /2 n —1/2
4 U2 10 K 10* cm™3
155.98 (q)To\3/? -1/2
M(‘]) ~ Mo ¢l(q) 0 - n — ) (22)
u 10 K 10* cm

3/2
qu) :¢i/ My, M,

J 2

In Table I, we give estimations of the Jeans mass, in the
absence and presence of temperature inhomogeneities, for a
number of astrophysical systems. For the sake of illus-
tration, we choose the intermediate value ¢ = 1.1. One may
appreciate that even relatively small deviations from the
equilibrium state, i.e., ¢ = 1, may lead to a significant
modification of the Jeans mass. This is particularly relevant
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TABLE I. Estimation of the Jeans mass of different astrophysical objects, for the three universality classes of superstatistics, with
q=1.1.

Object Ty (K) n (103 m™3) M;(My) MJ‘;Z (M) MiJ“Vlz (M) Mle(Mo)
Bok globules 10 100 11.24 13.16 12.81 12.97
Diffuse molecular clouds 30 50 82.63 96.77 94.15 95.33
Diffuse hydrogen clouds 50 5.0 795.13 931.27 905.98 917.33
Giant molecular clouds 15 1.0 206.58 241.95 235.38 238.33
HII regions 10* 1073 3.79 x 10° 4.44 x 10° 4.32 x 10° 4.37 x 10°
Fermi bubbles 108 107 3.79 x 10" 4.44 x 10" 4.32 x 10" 4.37 x 10"
Intracluster medium 107 1073 1.20 x 10'8 1.40 x 108 1.37 x 108 1.38 x 10"8
for Bok globules (clouds of interstellar gas and dust with 2 [x 2

temperatures of around 10 K) because their mass is of the erf(x) = ﬁ 0 exp (—1)dr. (24)

same order as their corresponding Jeans mass; thus, a small
deviation from the equilibrium configuration may lead to a
different prediction for their stability.

As is clear from the discussion above, the Jeans criterion
for gravitational collapse is not sensitive to the exact form
of the velocity distribution but depends only on its first
moments [cf. Eq. (20)]. Also, it is worth analyzing more
generally the dispersion relation (18) for the different
superstatistics and studying the instability growth rate.
Since we are mainly interested in the unstable modes,
we set @ = iy (y > 0) and substitute into Eq. (18). After
simple algebraic rearrangements, the dispersion relation
(18) can be written as

2.2
R
2Bo2i2

e_ [
K 2 Jo

o0 B\ 3/2 vk
anr(5) e

0

Note that in the limit of thermal equilibrium, i.e., for
f(B) = 8(f — Po), it reduces to the standard result [56]:

[1 et <\/i§%>] . 5)

We have solved Eq. (23) numerically for f(f) correspond-
ing to the three universality classes of superstatistics, i.e.,
Egs. (2), (4), and (6). The results are shown in Fig. 4. One
may appreciate that the three classes produce qualitatively
the same effect; i.e., they tend to decrease the growth rate, a
feature that is commonly attributed [17] to the special class
of Tsallis statistics arising in the context of NSM.

It is worth examining two extreme situations where the
dispersion relation (18) can be analyzed in closed form, for
the three superstatistics. On the one hand, in the limit of
high-frequency @, as there are no singularities, it is possible
to integrate Eq. (18) along the real axis. By Taylor
expanding (1 — vk/w)~' and using the moments of
f(p), ie., Eq. (12), one has

242
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FIG. 4. Unstable branches of the dispersion relation (23) computed numerically for the three universality classes of superstatistics. One
may see that the three classes have qualitatively the same effect, i.e., they tend to decrease the growth rate.

043017-7



KAMEL OURABAH

PHYS. REV. D 102, 043017 (2020)

?* k2
— =3¢i(q) 51, (26)
Q? k3

which reduces to the standard dispersion relation for ¢ = 1.
In the other extreme, corresponding to low-frequency
perturbations, by using the asymptotic relation [54]

2
1 © xe~T I
\/—2_” . mdxb:é]l + l\/;b (27)

and considering unstable modes (w = iy), Eq. (18) can be

written as
y 2 k k?
~—=aq; —— |1 ==, 28
Q “’@\/;k, [ K2 (28)

(@) = 5l 1
T -
=1
GZ(Q):F[#_%] q s
a(q) = q7"%, (29)

with i = 1, 2, and 3 corresponding, respectively, to y2,
inverse-y2, and log-normal superstatistics. One may easily
check that «;(¢) < 1 (i = 1, 2, 3), indicating that temper-
ature inhomogeneities tend to decrease the growth rate, as
observed in Fig. 4.

Note that, besides the kinetic approach adopted here, the
other route for studying the Jeans instability involves the
hydrodynamic (fluidlike) formulation. It is instructive to
briefly comment on this alternative approach in the super-
statistics scenario. In the hydrodynamic formulation, the
Poisson equation is coupled to the continuity equation and
Euler equation, as

dp B
En +V(pv) =0

ov 1

— -V)v=--VP -V, 30
oy v (30)
where v is the fluid velocity and P is the pressure, related to
the temperature via an equation of state (EoS). In the
superstatistics formalism, one may use Eq. (12) to express
the pressure as follows:

P =—p(v?); = ¢i(q) = Ty. (31)

That is, the pressure is linked to the mean temperature 7',
through an effective isothermal EoS. By combining
Eq. (31) with the hydrodynamic model (30), one readily
ends up with the Jeans wave number (20) obtained from our
kinetic approach.

Finally, and for the sake of completeness, let us discuss
the Jeans mechanism in an expanding universe background
and show how the formalism of superstatistics can be
implemented in this scenario. We will be mostly following
Ref. [57] but considering a quasiequilibrium state. For an
expanding universe, one has to account for the cosmic scale
factor a(t) through the Friedmann and acceleration equa-
tions. For a matter dominated Universe, the latter read as

a\? 8zG a 4G
— = — N —_—= - 5 32
(a> A 37 (32)

where the dots denote derivatives with respect to time z.
Equation (32) can be solved to give the mass density p as a
function of the cosmic scale factor as

P =po <%> 3, (33)

where p, and a, are the values of the mass density and the
scale factor at + = 0. Note that, accordingly, p is only a
function of time and the unperturbed gravitational potential
is now depending on the space coordinate and reads as

2
Dy (r. 1) = ?” Gpr, (34)

such that the recourse to the Jeans swindle is no longer
necessary. From another hand, one has also to account for
the universe expansion in the distribution function itself.
In the superstatistical scenario, one has locally equilibrium
MB distributions, that are averaged over f(f), i.e.,
B(v) = (fms) (5. However, since each region is experi-
encing the universe expansion, by virtue of the Hubble’s
law r = (a/a)r, the local equilibrium distribution must
read as [57]

funeovi) = (P20 el 200 (v~ 20)

(35)

Notice the time dependence of the inverse temperature /3,
due to the universe expansion. In fact, during the universe
expansion, the dispersion velocity is proportional to the
inverse of the cosmic scale factor, i.e., 6(¢) & 1/a(t), and,
accordingly, the inverse temperature scales as (1) o« a(t).
Bearing this in mind and proceeding as previously (see, for
example, Ref. [57] for the detailed calculations in the case
of the MB distribution), one easily obtains the evolution of
the density contrast 6, = p/p, defined as the ratio of the
perturbed and unperturbed densities, as

313) 423
- 5, — =0, (36
53c) 7 2528 (36)

4 2
28 + =18, — = (1

3 3
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where

3 2 10 (q)T
,E\égt Jo = f;ao, a0 =17 ¢i(a)To

3Q m (37)

Above, the primes represent derivatives with respect to the
dimensionless time 7, and q is the comoving wave number,
i.e., related to the physical wave number k through
k =q/a(r). The solution of Eq. (36) involves Bessel
functions of the first kind J,(x) and is given by [57]

] A A\] 2 573
S, =170 [Cl.]% <g) +C2J_% (g)] +§ (1 +W>7 (38)

where C; and C, are integration constants and

_ [Ba”

A= .
5 o

(39)

For large values of A, the Bessel functions produce
oscillations, while for small values of A, the first term in
Eq. (38) gives two solutions, one decaying as 1/z and the
other growing as 72/3. Beside, because of the last term, the
density contrast 6, grows with time for small values of A,
giving rise to Jeans instability. When ¢ := (?)/3 departs
from the equilibrium value ¢ = 1, A increases, preventing
therefore the Jeans instability from occurring, as discussed
previously for a static background.

Note that we are considering here, for simplicity, the
case of neutral matter, making therefore abstraction of the
potential role played by electromagnetic fields. In many
astrophysical situations, however, electromagnetic fields
play an important role and may significantly modify the
Jeans criterion (see, for instance, Refs. [58—62]). This has
important implications in the dynamics of comets, plan-
etary rings, and the formation of stars and planets.
Depending on the electrical conductivity of the matter,
the pressure produced by magnetic fields tends to counter-
balance the gravitational attraction, yielding larger thresh-
old wavelengths for the onset of instability [59]. The effect
of electromagnetic fields is, however, independent on
temperature inhomogeneities. It can be accounted for, in
the kinetic picture adopted here, by introducing the
corresponding potential in the Vlasov equation (14).
Although this would alter the Jeans criterion (20), the
conclusion drawn here, i.e., that thermal fluctuations tend
to stabilize the system, remains nonetheless valid.

IV. JEANS MECHANISM IN THE QUANTUM
REGIME: WAVE-KINETIC APPROACH

In the preceding section, we discussed the Jeans mecha-
nism in a classical context. It is worth extending the
previous analysis to the quantum regime. In modeling
quantum self-gravitating systems, one usually adopts the

Schrodinger-Newton (SN) model (sometimes referred
to as the Schrodinger-Poisson model), by coupling the
Schrodinger equation with the Poisson equation, describing
the self-gravitating potential, as follows:

L Oy n? )
1hE— <—%V —l—m(I))lp,

V2@ = 4zmGly|*. (40)
Such an approach was first considered in studying self-
gravitating boson stars [63]. It also enters in dark matter
models [64]; it describes fuzzy dark matter and approx-
imates classical cold dark matter for masses sufficiently
large.

In the commonly adopted treatment [65-67], Eq. (40) is
written in a hydrodynamic form upon introducing the so-
called Madelung transformation [68]. Such an approach,
however, does not account for kinetic effects as those
associated with a finite temperature and temperature
fluctuations. Kinetic effects can nonetheless be introduced
by adopting a wave-kinetic approach (see, for instance,
Ref. [69] for a pedagogical review in the context of cold
atomic gases). To elaborate on this, let us rewrite the above
system (40) as a single integrodifferential equation

oy {_h_z

iV
! ot 2m

w (. 1))

V2 —m’G P dr’]y/. (41)

A kinetic treatment, similar to the one presented in Sec. III
for the Vlasov dynamics, can be realized by relying on the
use of the Wigner function W(r, q, 1),

W(r.q.1) = / W (1 —$/2. Op(r + /2. 1) exp(iq - 5)ds.
(42)

where q is the particle momentum. The Wigner function
([70]) is simply the Fourier transform of the autocorrelation
function corresponding to the wave function w (r, 7). Note
in passing that the Wigner function is not a bona fide
distribution and should be regarded as a quasi-distribution,
since it can take negative values. It is nonetheless a very
useful mathematical tool, especially well suited for under-
standing the quantum/classical transition. By applying the
so-called Wigner-Moyal procedure [71], Eq. (41) provides
the evolution of the Wigner function as (detailed calcu-
lations can be found, for instance, in Refs. [70,72])

k.f) . dk
ih<g+vq-v)wz —4ﬂm2G/n( LN

k? (2n)*’
(43)

where vy = 7iq/m is the particle velocity and
AW =W~ —WH, WE=W(q+k/2,r,1). (44)
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In Eq. (43), n(k, t) is the Fourier transform of the (number)
density, defined as

n(r,1) = |y (r,7)?

/qu, el (45)

Equation (43) provides the full phase-space description of
the self-gravitating system and can be treated similarly to
the Vlasov equation (14). As in the classical regime, we
restrict ourselves to linear perturbations and write the
Wigner distribution as W = Wy+ oW (OW < W),
where W, is the stationary distribution describing the
quasiequilibrium self-gravitating system and 6W is a small
perturbation assumed to evolve in space and time as
approximately e!®T=®")_ Accordingly, the density pertur-
bation follows as 6n ~ ¢! 7" Then, Eq. (43) gives

47Gm® AW,

SW = —
K h(o-k-v,)

on(k). (46)

Integrating over the momentum and using Eq. (45), one has

4rm*G AW, dq
1 —0. (47
e /h(w—k-vq) (27)? (47)

Let us introduce the parallel and perpendicular compo-
nents of the particle velocity and momentum as

k k
V, =0—+V], q=q 7+ (48)
|k k|

and write Eq. (47) in terms of the parallel velocity
distribution

Golq)) = / Wo(qy. QL)% (49)
as follows:
o Go(v)d B
1+F/(l—kv/a})2—fl2k4/4m2w2O (50)

The latter is the quantum analog of the integral dispersion
relation (18). By Taylor expanding the integrand in Eq. (50)
for v < w/k, one has

n2k
w? = —-Q%+3(v >k2+4— (51)

where (v?) is the second-order moment of the stationary
distribution G. Equation (51) is the quantum counterpart
of the dispersion relation (26). It indicates that, in addition
to thermal effects, the Jeans instability is also saturated by
quantum effects that scale as approximately k*.

Assuming a quasiequilibrium state, described by a
superstatistical distribution, i.e., G(v) reads as an equilib-
rium distribution averaged over the temperature distribution
[cf. Eq. (1)], one may, using Eq. (51), analyze the effect of
the temperature inhomogeneity on the Jeans criterion in the
quantum regime. For classical (distinguishable) particles,
the equilibrium distribution corresponds to the MB dis-
tribution, and (v?) is given by Eq. (12). It is, however,
worth studying the case of quantum particles by identifying
the equilibrium distribution, associated with each small
region p(v|f), with the quantum-mechanical expressions
for the equilibrium distribution, namely [73], p(v|f) =
2m3f(q)/2zh* with f(q) corresponding to the Fermi-
Dirac (FD) or the Bose-Einstein (BE) distribution.

The case of fermions is particularly relevant. It is of
interest, for instance, in dealing with fermionic clouds of
dark matter [74] supposed to be associated with the known
dwarf spheroidal galaxies in the vicinity of the Milky Way
[75,76]. In this case, using the FD distribution and working
out (vz> as previously (see, for instance, Ref. [73]), one has

w%=<9w+<;f> L@
(B)

where vy is the Fermi velocity, i.e., related to the Fermi
energy via Ep = mv%/2. Equation (52) remains valid from
the case of completely degenerate (zero temperature)
fermions, where the velocity dispersion arises solely from
the Pauli exclusion principle, that is, (v?) = 3v2./5, all the
way to the classical limit, that is, (v?); = 3¢,;(q)To/m
[cf. Eq. (12)]. For intermediate cases (quasi-degenerate
fermions), where both thermal and quantum statistical
effects come into play, one may obtain closed-form
expressions by retaining the appropriate leading terms:
when thermal effects are dominant, one may expand
Eq. (52) to find

Ty vim
)

which shows a quantum correction to the classical result
[cf. Eq. (12)]. In the opposite limit (for highly degenerate
fermions), one may also expand Eq. (52) to obtain

w2 Za@(Z) ] e

m

where &;(q) > 1 read as

1
&i(q) = 6_7q124 (1 <q<3/2),
2 7
52(61)564‘?—5,
&(q) =4, (55)
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with i = 1, 2, and 3 corresponding, respectively, to y2,
inverse-y2, and log-normal superstatistics. Here, again, one
may check that the temperature inhomogeneities tend to
increase the velocity dispersion, i.e., Egs. (53) and (54), that
remain larger than their equilibrium counterparts (¢ = 1),
hence stabilizing the self-gravitating system in the quantum
regime as well.

One may follow similar lines of reasoning for bosons, by
identifying f(q) with the BE distribution. At low temper-
ature, however, bosons are expected to form Bose-Einstein
condensates, in which case temperature effects and, a for-
tiori, temperature fluctuations are irrelevant. When temper-
ature effects are dominant, one has, at this order of
approximation, essentially Eq. (53), upon identifying the
Fermi energy with an equivalent energy scale [77]

.= % (6°n/g)*/3, where g is the factor accounting for
the degeneracy of the particles spin states.

Before closing this section, it is instructive to note the
generality of the present approach. In fact, the applicability
domain of the SN equation (41) goes far beyond the
scenario of a self-gravitating system discussed here and
covers a wide spectrum of laboratory systems that can be
described by a formally identical equation [78]. These
systems include, for instance, quantum plasmas [79] and
atomic molasses in magneto-optical traps [80]. The super-
statistical wave-kinetic approach we went through here
remains equally well applicable for those systems and
allows for the introduction of temperature fluctuations or
inhomogeneities in such different contexts.

V. CONSEQUENCES ON DYNAMICAL
FRICTION

When a massive body of mass M moves through a cloud
of lighter bodies of typical mass m, the light bodies tend to
accelerate (due to the gravitational interaction), gaining
therefore momentum and kinetic energy. By virtue of the
conservation of energy and momentum, the heavier body
will loose kinetic energy and momentum by an amount to
compensate, resulting in slowing its motion. This loss of
energy and momentum of a moving body, through gravi-
tational interactions with surrounding matter in space, is
known as dynamical friction (DF). It plays a fundamental
role in the evolution of many-body astrophysical systems,
such as globular clusters (GCs) [81], radio galaxies in
galaxy clusters [82], and nonlinear gaseous media [83].

The first understanding of this process is due to
Chandrasekhar [84] who showed that the DF deceleration
on a body of mass M moving with velocity v, in a
homogeneous and isotropic distribution of identical par-
ticles of mass m reads as

Um Zd
D _ —167%(In A)G*Mmn o fv)v7dv

di M (56)

3
Up

where In A is the Coulomb logarithm, i.e., the factor by
which small-angle collisions are more effective than large-
angle collisions, n, is the number density of the surround-
ing particles, and f(v) is their velocity distribution. In the
usual treatment of DF, the medium is considered to be
completely thermalized, and the distribution f(v) is iden-
tified with the equilibrium MB distribution, although the
effect of the more general class of Tsallis distributions
arising in the framework of NSM has been recently
analyzed in the literature [25]. In this section, we will
study the DF mechanism in a quasiequilibrium medium,
where the velocity distribution corresponds to one of the
three universality classes of superstatistics, and examine the
consequences of these distributions on the decay of
globular orbits.

To proceed, we identify the velocity distribution f(v)
with one of the families of superstatistical distributions, i.e.,
f(v) = B(v). Integrating Eq. (56), and using the definition
of B(v), we obtain the generic equation

d 4z1In AG*M
v _TH plr) H;(X )V,

(57)
dt vy

where i = 1, 2, and 3 refer, respectively, to y2, inverse-y2,
and log-normal superstatistics. For the first two classes of
superstatistics, we obtain closed-form expressions for the
functions H;(x), accounting explicitly for the effect of
temperature inhomogeneities: For y? superstatistics, we have

(q_UNMﬁF@+Jﬂ

2 q—
H =
33 1 5
F. = = - (1= 2
oFi(35+ orai-aR). 69
while for inverse-y? superstatistics, we obtain
B, (x)x* + Cq(x)xtq%12
H,(x) = , (59)
A,
where
3@ q
A =—2g-1T|—],
=2 g r (2
q q+1
B =(4g -2
o(x) =(4g-2) g1 <2(]—2>
353 g o7
2222 g-17¢g-1)
a/ta=1) (g +1
C =3(g-1)| —— r
o) =3l )<q-1> <2-ZQ>
2
q q q qx
Fil1 — ;2 ; .
) 1( +q—1’2+ 1 +q—1’q—1)
(60)
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FIG. 5. The functions H;(x) corresponding to (a) y? superstatistics [Eq. (58)], (b) inverse y? superstatistics [Eq. (59)], and (c) log-

normal superstatistics [Eq. (61), computed numerically], for different values of g = (5?)/f3.

Above, ,F|(a, b; c; z) denotes the Gaussian hypergeometric
function. For the third class of superstatistics, i.e., for log-
normal superstatistics, one has

In(5\/3/po)?
e o [erf(m/ﬂ/ﬂo)

S S
Hslx) = \/2fcln(q)/0 p
2x ﬁe—ﬂxz/ﬂo],

VAR

for which there is no closed-form expression, so it will be
treated numerically. Figure 5 shows the functions H;(x)
(i =1, 2, 3) corresponding to the three universality classes,
i.e., Egs. (58), (59), and (61), for different values of ¢ :=
($*)/33. One may see that the three universality classes have
qualitatively the same effect on H;(x). In the limit ¢ = 1
(thermal equilibrium), the three functions reduce to

(61)

—%e—xz (i=1,2,3),
and Eq. (57) reduces to the standard result [84].

To illustrate the physical effect that emerge from this
modification, let us discuss in some detail the case of a GC
orbiting through the galaxy field. Because of its interaction
with the stellar medium, the GC experiences DF; it loses
energy and spiral toward the galaxy center. The time
required for the cluster to reach the galaxy center is
extremely sensitive to the stellar velocity distribution
f(v) through the function H(x) and scales as approxi-
mately 1/H(1) [25].

In light of Fig. 5, one may conclude that the super-
statistical distributions tend to increase this timescale. More
precisely and to provide a quantitative analysis, we con-
sider the case of a GC, initially on a circular orbit of radius
r;, and following Ref. [25], we assume a mass density
distribution of the galaxy given by

_ L (e
C4zG\r )’

lin}H (x) = erf(x)
q—)

(62)

p(r) (63)

where v, stands for the circular speed. The frictional force
felt by the GC moving through the stellar field with speed
v, reads as [25]

F= —GlnA@)zH,.(l), (64)

where H;(x) (i = 1, 2, 3) are given in Egs. (58), (59), and
(61), for the three universality classes. The dragging force
being tangential to the cluster orbit, the GC gradually loses

angular momentum per unit mass L at a rate dL/dt =
Fr/M. Since L = rv,, Eq. (64) gives

—<GM> In AH,(1).

Ve

dr
y— =
dt

(65)

The latter equation can be easily solved, with the initial
condition r(0) = r;, to give the time by which the GC
reaches the galaxy center as follows:
2

(9) Vel

= 66
! 2GM1In AH (1) (66)
In the limit ¢ — 1, the latter reduces to the standard result
[84], corresponding to the equilibrium MB distribution. In
Fig. 6, we show the relative deviation

51:(q) = ti(q) — fo’

- (67)

where 1, is the DF timescale corresponding to a
Maxwellian distribution, i.e., t, = lim,_ #;,(q) (i =1, 2,
3), as a function of g = (#?)/f3, for the three universality
classes of superstatistics. One may see that, for the three
universality classes, as g departs from the equilibrium value
q = 1, the time by which the GC reaches the galaxy center
increases. The superstatistics scenario appears therefore (as
recently discussed for Tsallis statistics [25]) as a possible
remedy to the problem of the large timescales [85] derived
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FIG. 6. The relative deviation of the DF timescale 67;(q)
[cf. Eq. (67)], as a function of gq:= (f*)/p5, for the three
universality classes of superstatistics.

through numerical simulations or semianalytical models
that do not concur with the Chandrasekhar model.

Before closing this section, a remark is in order. Note
that, although in the special case of y? superstatistics the
velocity distribution corresponds to the Tsallis distribution
arising in NSM, our prediction for the DF timescale of GC
in this case differs from the one obtained in Ref. [25] in the
context of NSM. Our results agree qualitatively, but the
timescale obtained therein increases much more rapidly as
the distribution departs from the Maxwellian distribution.
This is because, to map the velocity distribution corre-
sponding to the y? class [cf. Eq. (3)] onto the ¢ Gaussian
used in NSM, one has not only to reparametrize the
parameter g but also the inverse temperature that is
redefined as f3 := fy(n + d)/n (see Sec. II). Note in this
regard that the temperature definition in the framework of
NSM (whether it should be identified with the inverse
of the Lagrange multiplier f or not) is to date a matter of
debate [86,87], and one may make different predictions
according to the definition adopted. The superstatistical
picture dispels this ambiguity by regarding such distribu-
tions as a manifestation of a nonequilibrium situation. In a
nonequilibrium state, attributing a single temperature to the
whole system is elusive. Nonetheless, the stationary dis-
tributions in this case depend only on the mean temperature
T, that is clearly defined, and the parameter ¢, measuring
the temperature dispersion around its mean value.

VI. CONCLUSIONS

In this analysis, we were dealing quite generally with
self-gravitating systems that, due to the long-range nature
of the gravitational interaction, remain trapped in a non-
equilibrium stationary state. The system is understood as a
collection of small regions or subsystems that remain
infinitely close to equilibrium. Such subsystems represent
regions from where thermalization spreads later over the

entire system. At the level of these regions, the whole
machinery of equilibrium statistical mechanics holds, but
each subsystem has a different temperature assigned
to it, according to some probability density. The statistical
properties of the system follow as a superposition of
statistics, i.e., superstatistics. This methodological attitude
allows reproducing the distributions arising in the context
of nonextensive statistical mechanics (NSM), that have
been widely explored in self-gravitating systems and in
fitting observational data [9—15], only as a special case of a
more general family of distributions, while the method
relies on conventional statistical mechanics and does not
introduce any free parameter.

We focus here on the three universality classes of
superstatistics, namely, 2, inverse-y?, and log-normal
superstatistics. These classes arise as universal limit sta-
tistics in the majority of known superstatistical systems and
can be derived from purely probabilistic arguments [41] or
from the maximum entropy principle [42]. The velocity
distributions corresponding to these classes cover the
asymptotic behavior of the main families of distributions
encountered in nature, that is, power laws, truncated power
laws, and exponential decays. We worked out the velocity
distributions corresponding to the three universality classes
and confronted them with independent numerical simula-
tions of self-gravitating systems. Then, we explored the
consequences of this picture in typical phenomena arising
in self-gravitating systems.

We discussed the Jeans instability in this picture, in the
classical regime, considering a static and an expanding
universe and extended our approach to the quantum regime
by considering the Wigner-Moyal procedure and the effect
of quantum statistics. In both cases, our results show that
quasi-stationary self-gravitating systems are generally more
stable than equilibrium systems, indicating that a larger
mass is needed to initiate the gravitational collapse, in
agreement with previous studies [17,22] using the NSM
distributions in the superthermal regime. This result is
particularly relevant in the case of Bok globules because
their mass and their corresponding Jeans mass are of the
same order; hence, a small deviation from equilibrium may
lead to a different prediction for their stability. We also
examined the Chandrasekhar dynamical friction in a
quasiequilibrium medium and analyzed the consequences
on the decay of globular orbits. Our results show that the
time by which globular clusters reach the galaxy center
increases in the superstatistical scenario, offering a poten-
tial solution to the problem of the large timescale [85]
shown by numerical N-body simulations and semianalyt-
ical models.

Our main result is that the typical behavior, usually
attributed to the special class of Tsallis distributions
emerging in the framework of NSM, is rather a general
feature of nonequilibrium systems in a stationary state.
Thus, the superstatistical picture presents itself as a
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promising alternative to handle such systems inasmuch
as it is able to produce a wider class of distributions,
while overcoming potential problematic aspects and
open problems appearing in the NSM context, such as
the definition of a physical temperature [86,87], the
stability of the averaging schemes [88,89], and possible
inconsistencies associated with the nonadditive entropy
maximization [90,91].

The present study naturally opens up new prospects for
future research. First, a closer examination of the ability of
the superstatistical distributions to account for results of
N-body simulations of self-gravitating systems and obser-
vational data will be welcome, especially in the cases that
seem to go beyond the scope of Tsallis distributions
[28,29]. This would pave the way for a more complete
understanding of the emergence of these distributions in
astrophysical situations. Furthermore, the use of the super-
statistical kinetic approach presented here, especially in the
quantum regime, can be found simple and meaningful in

many relevant physical situations. As shown recently [78],
the applicability domain of the Schrédinger-Newton equa-
tion goes far beyond the scenario of a self-gravitating
system discussed here and covers a large spectrum of
systems that can be described by a formally identical
equation. These systems include quantum plasmas,
Bose-Einstein condensates with or without long-range
dipolar interactions, and atomic molasses in magneto-
optical traps. The method worked out here remains appli-
cable in such different contexts and allows to account for
fluctuations of the temperature or the chemical potential
(see, for instance, Ref. [92] for a superstatistical approach
to a fluctuating chemical potential in the context of quark
matter). Besides, as these systems manifest similar elemen-
tary excitations, e.g., electron oscillations in a quantum
plasma (plasmons), hybrid-phonon modes, or Bogoliubov
excitations, the superstatistical approach presented here
may allow identifying the signature of nonequilibrium
stationary states in the corresponding dispersion relations.

[1] J. Katz, Found. Phys. 33, 223 (2003).

[2] T.N. Teles, Y. Levin, R. Pakter, and F. B. Rizzato, J. Stat.
Mech. (2010) P05007.

[3] R. Balescu, Equilibrium and Nonequilibrium Statistical
Mechanics (Wiley, New York, 1975).

[4] T. Worrakitpoonpon, Ph.D. Thesis, University of Paris VI,
2011.

[5] C. Tsallis, Introduction to Nonextensive Statistical Mechan-
ics (Springer, New York, 2009).

[6] D.H. Dubin and T.M. Oneil, Rev. Mod. Phys. 71, 87
(1999).

[7]1 R. Robert and J. Sommeria, Phys. Rev. Lett. 69, 2776
(1992).

[8] J. Barr, T. Dauxois, G. de Ninno, D. Fanelli, and S. Ruffo,
Phys. Rev. E 69, 045501 (2004).

[9] A. Taruya and M. Sakagami, Phys. Rev. Lett. 90, 181101
(2003).

[10] A.Nakamichi, I. Joichi, O. Iguchi, and M. Morikawa, Chaos
Soliton Fractals 13, 595 (2002).

[11] A. Nakamichi and M. Morikawa, Physica (Amsterdam)
341A, 215 (2004).

[12] J. C. Carvalho, B. B. Soares, B. L. Canto Martins, J. D. do
Nascimento, Jr., A. Recio-Blanco, and J. R. De Medeiros,
Physica (Amsterdam) 384A, 507 (2007).

[13] V.F. Cardone, M. P. Leubner, and A. Del Popolo, Mon. Not.
R. Astron. Soc. 414, 2265 (2011).

[14] R.F. Aranha and I. Damio Soares, Phys. Rev. D 71, 124034
(2005).

[15] R.F. Aranha, I. Damio Soares, and E. V. Tonini, Phys. Rev.
D 81, 104005 (2010).

[16] A.R. Plastino and A. Plastino, Phys. Lett. A 174, 384
(1993).

[17] J. A.S. Lima, R. Silva, and J. Santos, Astron. Astrophys.
396, 309 (2002).

[18] R. Silva and J. S. Alcaniz, Phys. Lett. A 313, 393 (2003).

[19] D. Jiulin, Europhys. Lett. 67, 893 (2004).

[20] H. Yu and D. Jiulin, Europhys. Lett. 116, 60005 (2016).

[21] D. Jiulin, Physica (Amsterdam) 335A, 107 (2004).

[22] D. Jiulin, Phys. Lett. A 320, 347 (2004).

[23] K. Ourabah and M. Tribeche, Ann. Phys. (Amsterdam) 342,
78 (2014).

[24] Du Jiulin, New Astron. 12, 60 (2006).

[25] J. M. Silva, J. A. S. Lima, R. E. de Souza, A. Del Popolo, M.
Le Delliou, and Xi-Guo Lee, J. Cosmol. Astropart. Phys. 05
(2016) 021.

[26] K. Sau Fa and E. K. Lenzi, J. Math. Phys. (N.Y.) 42, 1148
(2001); 43, 1127(E) (2002).

[27] L. F. Escamilla-Herrera, C. Gruber, V. Pineda-Reyes, and H.
Quevedo, Phys. Rev. E 99, 022108 (2019).

[28] A. Nakamichi and M. Morikawa, Physica (Amsterdam)
341A, 215 (2004).

[29] C. Fron and J. Hjorth, Phys. Rev. E 77, 022106 (2008).

[30] J. A.S. Lima, R. Silva, Jr., and J. Santos, Phys. Rev. E 61,
3260 (2000).

[31] K. Ourabah, Phys. Rev. Research 2, 023121 (2020).

[32] M. Nauenberg, Phys. Rev. E 67, 036114 (2003).

[33] C. Ou and J. Chen, Physica (Amsterdam) 370A, 525 (2006).

[34] P. Allegrini, F. Barbi, P. Grigolini, and P. Paradisi, Phys.
Rev. E 73, 046136 (2006).

[35] R. Kubo, M. Toda, and N. Hashitsume, Statistical Physics
II: Nonequilibrium Statistical Mechanics (Springer, New
York, 1995).

[36] B.H. Lavenda, Statistical Physics: A Probabilistic Ap-
proach (Wiley-Interscience, New York, 1991).

043017-14


https://doi.org/10.1023/A:1023776921610
https://doi.org/10.1088/1742-5468/2010/05/P05007
https://doi.org/10.1088/1742-5468/2010/05/P05007
https://doi.org/10.1103/RevModPhys.71.87
https://doi.org/10.1103/RevModPhys.71.87
https://doi.org/10.1103/PhysRevLett.69.2776
https://doi.org/10.1103/PhysRevLett.69.2776
https://doi.org/10.1103/PhysRevE.69.045501
https://doi.org/10.1103/PhysRevLett.90.181101
https://doi.org/10.1103/PhysRevLett.90.181101
https://doi.org/10.1016/S0960-0779(01)00042-X
https://doi.org/10.1016/S0960-0779(01)00042-X
https://doi.org/10.1016/j.physa.2004.04.116
https://doi.org/10.1016/j.physa.2004.04.116
https://doi.org/10.1016/j.physa.2007.05.045
https://doi.org/10.1111/j.1365-2966.2011.18543.x
https://doi.org/10.1111/j.1365-2966.2011.18543.x
https://doi.org/10.1103/PhysRevD.71.124034
https://doi.org/10.1103/PhysRevD.71.124034
https://doi.org/10.1103/PhysRevD.81.104005
https://doi.org/10.1103/PhysRevD.81.104005
https://doi.org/10.1016/0375-9601(93)90195-6
https://doi.org/10.1016/0375-9601(93)90195-6
https://doi.org/10.1051/0004-6361:20021395
https://doi.org/10.1051/0004-6361:20021395
https://doi.org/10.1016/S0375-9601(03)00858-2
https://doi.org/10.1209/epl/i2004-10145-2
https://doi.org/10.1209/0295-5075/116/60005
https://doi.org/10.1016/j.physa.2003.11.027
https://doi.org/10.1016/j.physleta.2003.11.047
https://doi.org/10.1016/j.aop.2013.11.016
https://doi.org/10.1016/j.aop.2013.11.016
https://doi.org/10.1016/j.newast.2006.06.004
https://doi.org/10.1088/1475-7516/2016/05/021
https://doi.org/10.1088/1475-7516/2016/05/021
https://doi.org/10.1063/1.1335553
https://doi.org/10.1063/1.1335553
https://doi.org/10.1063/1.1430622
https://doi.org/10.1103/PhysRevE.99.022108
https://doi.org/10.1016/j.physa.2004.04.116
https://doi.org/10.1016/j.physa.2004.04.116
https://doi.org/10.1103/PhysRevE.77.022106
https://doi.org/10.1103/PhysRevE.61.3260
https://doi.org/10.1103/PhysRevE.61.3260
https://doi.org/10.1103/PhysRevResearch.2.023121
https://doi.org/10.1103/PhysRevE.67.036114
https://doi.org/10.1016/j.physa.2006.03.065
https://doi.org/10.1103/PhysRevE.73.046136
https://doi.org/10.1103/PhysRevE.73.046136

QUASIEQUILIBRIUM SELF-GRAVITATING SYSTEMS

PHYS. REV. D 102, 043017 (2020)

[37] G. Wilk and Z. Wiodarczyk, Phys. Rev. Lett. 84, 2770
(2000).

[38] C. Beck, Phys. Rev. Lett. 87, 180601 (2001).

[39] C. Beck and E. G.D. Cohen, Physica (Amsterdam) 322A,
267 (2003).

[40] P. Jizba, J. Korbel, H. Lavicka, M. Proks, V. Svoboda, and
C. Beck, Physica (Amsterdam) 493A, 29 (2018).

[41] C. Beck, E. G. D. Cohen, and H. L. Swinney, Phys. Rev. E
72, 056133 (2005).

[42] E. Van der Straeten and C. Beck, Phys. Rev. E 78, 051101
(2008).

[43] S. Nadarajah and S. Kotz, Physica (Amsterdam) 377A, 465
(2007).

[44] A. Reynolds, Phys. Rev. Lett. 91, 084503 (2003).

[45] S. Jung and H.L. Swinney, Phys. Rev. E 72, 026304
(2005).

[46] B. Schifer, C. Beck, K. Aihara, D. Witthaut, and M. Timme,
Nat. Energy 3, 119 (2018).

[47] F. Sattin and L. Salasnich, Phys. Rev. E 65, 035106(R)
(2002).

[48] A.Y. Abul-Magd, B. Dietz, T. Friedrich, and A. Richter,
Phys. Rev. E 77, 046202 (2008).

[49] K. Ourabah, L. At Gougam, and M. Tribeche, Phys. Rev. E
91, 012133 (2015).

[50] J. H. Jeans, Phil. Trans. R. Soc. 199, 1 (1902).

[51] G. M. Kremer, M. G. Richarte, and F. Teston, Phys. Rev. D
97, 023515 (2018).

[52] N. Carlevaro and G. Montani, Int. J. Mod. Phys. D 18, 1257
(2009).

[53] S. Capozziello, M. De Laurentis, I. De Martino, M.
Formisano, and S. D. Odintsov, Phys. Rev. D 85, 044022
(2012).

[54] 1. De Martino and A. Capolupo, Eur. Phys. J. C 77, 715
(2017).

[55] P.-H. Chavanis, Astron. Astrophys. 381, 340 (2002).

[56] J. Binney and S. Tremaine, Galactic Dynamics (Princeton
University, Princeton, NJ, 1987).

[57] G. M. Kremer, AIP Conf. Proc. 1786, 160002 (2016).

[58] H. Ardavan and M. H. Partovi, Phys. Rev. D 16, 1664
(1977).

[59] J.D. Barrow, R. Maartens, and Ch. G. Tsagas, Phys. Rep.
449, 131 (2007).

[60] A. Krasifiski and K. Bolejko, Phys. Rev. D 73, 124033
(2006); 75, 069904(E) (2007).

[61] A.P. Kouretsis and Ch. G. Tsagas, Phys. Rev. D 82, 124053
(2010).

[62] B.P. Pandey, K. Avinash, and C. B. Dwivedi, Phys. Rev. E
49, 5599 (1994).

[63] R. Ruffini and S. Banazzola, Phys. Rev. 187, 1767 (1969).

[64] Ph. Mocz, L. Lancaster, A. Fialkov, F. Becerra, and P.-H.
Chavanis, Phys. Rev. D 97, 083519 (2018).

[65] S. Ghosh and N. Chakrabarti, Phys. Rev. E 84, 046601
(2011).

[66] P.-H. Chavanis, Phys. Rev. E 84, 031101 (2011).

[67] K. Ourabah, Phys. Scr. 95, 055005 (2020).

[68] E. Madelung, Z. Phys. 40, 322 (1927).

[69] J.T. Mendonca and H. Tercas, Physics of Ultra-Cold
Matter, Springer Series on Atomic, Optical and Plasma
Physics (Springer Science + Business Media, Berlin, 2013),
Vol. 70.

[70] E.P. Wigner, Phys. Rev. 40, 749 (1932).

[71] M. Hillary, R. F. OConnell, M. O. Scully, and E. P. Wigner,
Phys. Rep. 106, 121 (1984).

[72] J. E. Moyal, Quantum mechanics as a statistical theory, in
Mathematical Proceedings of the Cambridge Philosophical
Society (Cambridge University Press, Cambridge, England,
1949), Vol. 45, pp. 99-124.

[73] N.R. Arista and W. Brandt, Phys. Rev. A 29, 1471 (1984).

[74] B.G. Giraud and R. Peschanski, Phys. Scr. 94, 085003
(2019).

[75] J.D. Simon and M. Geha, Astrophys. J. 670, 313 (2007).

[76] G. Gilmore, M. I. Wilkinson, R. F. G. Wyse, J. T. Kleyna, A.
Koch, N. W. Evans, and E. K. Grebel, Astrophys. J. 663,
948 (2007).

[77] B. Cowan, J. Low Temp. Phys. 197, 412 (2019).

[78] J. T. Mendonga, New J. Phys. 21, 023004 (2019).

[79] F. Haas, Quantum Plasmas: An Hydrodynamic Approach
(Springer, New York, 2011).

[80] J. T. Mendonga, R. Kaiser, H. Ter¢as, and J. Loureiro, Phys.
Rev. A 78, 013408 (2008).

[81] S.D. Tremaine, J. P. Ostriker, and L. Spitzer Jr, Astrophys.
J. 196, 407 (1975).

[82] B.B. Nath, Mon. Not. R. Astron. Soc. 387, L50 (2008).

[83] H. Kim and W.-T. Kim, Astrophys. J. 703, 1278 (2009).

[84] S. Chandrasekhar, Astrophys. J. 97, 255 (1943).

[85] J. 1. Read, T. Goerdt, B. Moore, A. P. Pontzen, J. Stadel, and
G. Lake, Mon. Not. R. Astron. Soc. 373, 1451 (2006).

[86] S. Abe, Physica (Amsterdam) 358A, 430 (2006).

[87] S. Abe, S. Martinez, F. Pennini, and A. Plastino, Phys. Lett.
A 281, 126 (2001).

[88] S. Abe, Europhys. Lett. 84, 60006 (2008).

[89] J.F. Lutsko, J. P. Boon, and P. Grosfils, Europhys. Lett. 86,
40005 (2009).

[90] S. Press, K. Ghosh, J. Lee, and K. A. Dill, Phys. Rev. Lett.
111, 180604 (2013).

[91] S. Press, Phys. Rev. E 90, 052149 (2014).

[92] A. Ayala, S. Hernndez-Ortiz, L.-A. Hernndez, V. Knapp-
Prez, and R. Zamora, Phys. Rev. D 101, 074023 (2020).

043017-15


https://doi.org/10.1103/PhysRevLett.84.2770
https://doi.org/10.1103/PhysRevLett.84.2770
https://doi.org/10.1103/PhysRevLett.87.180601
https://doi.org/10.1016/S0378-4371(03)00019-0
https://doi.org/10.1016/S0378-4371(03)00019-0
https://doi.org/10.1016/j.physa.2017.09.109
https://doi.org/10.1103/PhysRevE.72.056133
https://doi.org/10.1103/PhysRevE.72.056133
https://doi.org/10.1103/PhysRevE.78.051101
https://doi.org/10.1103/PhysRevE.78.051101
https://doi.org/10.1016/j.physa.2006.11.054
https://doi.org/10.1016/j.physa.2006.11.054
https://doi.org/10.1103/PhysRevLett.91.084503
https://doi.org/10.1103/PhysRevE.72.026304
https://doi.org/10.1103/PhysRevE.72.026304
https://doi.org/10.1038/s41560-017-0058-z
https://doi.org/10.1103/PhysRevE.65.035106
https://doi.org/10.1103/PhysRevE.65.035106
https://doi.org/10.1103/PhysRevE.77.046202
https://doi.org/10.1103/PhysRevE.91.012133
https://doi.org/10.1103/PhysRevE.91.012133
https://doi.org/10.1103/PhysRevD.97.023515
https://doi.org/10.1103/PhysRevD.97.023515
https://doi.org/10.1142/S0218271809015060
https://doi.org/10.1142/S0218271809015060
https://doi.org/10.1103/PhysRevD.85.044022
https://doi.org/10.1103/PhysRevD.85.044022
https://doi.org/10.1140/epjc/s10052-017-5300-0
https://doi.org/10.1140/epjc/s10052-017-5300-0
https://doi.org/10.1051/0004-6361:20011438
https://doi.org/10.1063/1.4967659
https://doi.org/10.1103/PhysRevD.16.1664
https://doi.org/10.1103/PhysRevD.16.1664
https://doi.org/10.1016/j.physrep.2007.04.006
https://doi.org/10.1016/j.physrep.2007.04.006
https://doi.org/10.1103/PhysRevD.73.124033
https://doi.org/10.1103/PhysRevD.73.124033
https://doi.org/10.1103/PhysRevD.75.069904
https://doi.org/10.1103/PhysRevD.82.124053
https://doi.org/10.1103/PhysRevD.82.124053
https://doi.org/10.1103/PhysRevE.49.5599
https://doi.org/10.1103/PhysRevE.49.5599
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1103/PhysRevD.97.083519
https://doi.org/10.1103/PhysRevE.84.046601
https://doi.org/10.1103/PhysRevE.84.046601
https://doi.org/10.1103/PhysRevE.84.031101
https://doi.org/10.1088/1402-4896/ab7650
https://doi.org/10.1007/BF01400372
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1016/0370-1573(84)90160-1
https://doi.org/10.1103/PhysRevA.29.1471
https://doi.org/10.1088/1402-4896/ab1959
https://doi.org/10.1088/1402-4896/ab1959
https://doi.org/10.1086/521816
https://doi.org/10.1086/518025
https://doi.org/10.1086/518025
https://doi.org/10.1007/s10909-019-02228-0
https://doi.org/10.1088/1367-2630/ab0045
https://doi.org/10.1103/PhysRevA.78.013408
https://doi.org/10.1103/PhysRevA.78.013408
https://doi.org/10.1086/153422
https://doi.org/10.1086/153422
https://doi.org/10.1111/j.1745-3933.2008.00483.x
https://doi.org/10.1088/0004-637X/703/2/1278
https://doi.org/10.1086/144517
https://doi.org/10.1111/j.1365-2966.2006.11022.x
https://doi.org/10.1016/j.physa.2006.04.001
https://doi.org/10.1016/S0375-9601(01)00127-X
https://doi.org/10.1016/S0375-9601(01)00127-X
https://doi.org/10.1209/0295-5075/84/60006
https://doi.org/10.1209/0295-5075/86/40005
https://doi.org/10.1209/0295-5075/86/40005
https://doi.org/10.1103/PhysRevLett.111.180604
https://doi.org/10.1103/PhysRevLett.111.180604
https://doi.org/10.1103/PhysRevE.90.052149
https://doi.org/10.1103/PhysRevD.101.074023

