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Abstract: The secular dressed diffusion equation describes the long-term evolution of collisionless
systems of particles with long-range interactions, such as self-gravitating systems submitted to a
weak external stochastic perturbation. We successively consider nonrotating spatially homogeneous
systems, rotating spatially homogeneous systems, and spatially inhomogeneous systems. We contrast
the secular dressed diffusion equation applying to collisionless systems perturbed by an externally
imposed stochastic field from the Lenard—Balescu equation applying to isolated systems evolving
because of discreteness effects (“collisions”). We discuss the connection between these two equations
when the external noise is produced by a random distribution of field particles.

Keywords: self-gravitating systems; kinetic theory; Fokker-Planck equation; angle-action variables;
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1. Introduction

The dynamics and thermodynamics of systems with long-range interactions has been
a topic of active research in the last 20 years [1]. In a first regime, provided that the number
of particles N is sufficiently large, the evolution of the system is collisionless and a mean
field approximation can be implemented. In that case, the evolution of the distribution
function of the particles f(r, v, t) is governed by the collisionless Boltzmann equation [2],
also known as the Vlasov equation [3] (see Hénon [4] for a discussion about the name that
should be given to that equation). Following a process of (possibly incomplete) violent
relaxation [5,6], the system generically reaches a virialized state (quasistationary state) after
a few dynamical times. The slow evolution of the system on a longer (secular) timescale
may be due to the intrinsic internal noise arising from the graininess of the system (finite
N effects) if the system is isolated, or to the influence of an external stochastic potential
if the system is not isolated. In the first case, the system evolves because of “collisions”
(encounters) between the particles. In the second case, it evolves because of the action of
the external forcing. We briefly review the kinetic theories that have been developed in the
past in these two situations, starting with the case of isolated systems (see Refs. [7,8] for
more detailed reviews on this subject).

The first kinetic equation applicable to systems with long-range interactions was de-
rived by Landau [9] for a spatially homogeneous neutral Coulombian plasma. Starting from
the Boltzmann equation [10] and expanding this equation in terms of a weak deflection pa-
rameter, he obtained a kinetic equation governing the evolution of the velocity distribution
f (v, t). His approach ignores collective effects (Debye shielding) and exhibits a logarithmic
divergence at large scales that he cured heuristically by introducing a cut-off at the Debye
length [11]. There is also a logarithmic divergence at small scales due to the neglect of
strong collisions that Landau cured heuristically by introducing a cut-off at the distance
at which the particles are deflected by about 90° (Landau length). A more exact kinetic
equation taking into account collective effects was derived by Lenard [12] and Balescu [13]
from the Liouville equation.' Their treatment removes the divergence at large scales present
in the Landau equation. As a result, the Debye length appears naturally in their formal-
ism. A kinetic theory of spatially homogeneous plasmas was independently developed
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by Hubbard [15,16]. He started from the Fokker-Planck equation [17-20] and derived the
diffusion tensor and the friction force by a direct calculation, taking collective effects into
account (see also Rostoker and Rosenbluth [21] and Thompson and Hubbard [22] in the
thermal bath approximation). When the diffusion tensor and the friction force are substi-
tuted in the Fokker-Planck equation and a simple transformation is carried out (a step that
Hubbard did not make explicitly), one obtains an equation identical to the Lenard-Balescu
equation. Therefore, the Fokker-Planck equation derived by Hubbard is equivalent to the
Lenard—-Balescu equation. The Landau and the Lenard-Balescu equations can be applied
to the whole class of systems with long-range interactions in various dimensions of space
provided that they are spatially homogeneous [7,23,24]. These kinetic equations are valid
at the order 1/N (since they neglect three-body and higher correlations) so they describe
the evolution of the system of a timescale of the order N tp, where tp is the dynamical
time. In d > 2 dimensions, they relax towards the Boltzmann distribution of statistical
equilibrium. However, when the kinetic theory is applied to one-dimensional (1D) systems,
such as 1D plasmas [25,26] and the Hamiltonian Mean Field (HMF) model [27,28], it is
found that the Landau and the Lenard—Balescu collision operators vanish identically for
spatially homogeneous systems. This is a situation of kinetic blocking at the order 1/N.
This implies that the relaxation towards statistical equilibrium takes more time that N tp
since it is due to higher order correlations [23]. Recently, a new kinetic equation has been
obtained by Fouvry et al. [29,30] for 1D homogeneous systems with long-range interactions.
This equation, which takes three-body correlations into account, is valid at the order 1/N2.
It satisfies an H-theorem and relaxes towards the Boltzmann distribution of statistical equi-
librium on a timescale of the order N2 tp, whatever the potential of interaction (i.e., there is
no kinetic blocking at the order 1/N 2).

The kinetic theory of stellar systems was initiated by Chandrasekhar [31-43] and
further developed by Rosenbluth et al. [44]. They proceeded as if stellar systems were
spatially homogeneous and neglected collective effects. Using the Fokker-Planck approach,
they obtained a kinetic equation which is essentially equivalent to the Landau equation
although written in a different—Iless symmetric—form (see Ref. [8] for a detailed com-
parison of the two approaches).” This equation exhibits a logarithmic divergence at large
scales that they cured heuristically by introducing a cut-off at the size of the system (Jeans
length) [45] which is the presumed analogue of the Debye length in plasma physics.” If
one tries to account for collective effects in homogeneous self-gravitating systems by using
the Lenard—Balescu equation, one obtains a strong (algebraic) divergence at large scales
associated with the Jeans instability of a uniform self-gravitating medium. This reveals
the inadequacy of kinetic theories of self-gravitating systems based on the homogeneity
assumption to correctly describe collective effects. If we consider finite homogeneous
systems and truncate the integration over wavelengths at a maximum wavelength Amax
smaller than the Jeans length A, we find that the diffusion and friction coefficients diverge
algebraically when Amax — Aj (see Ref. [50] and Appendix E of Ref. [8]). This suggests that,
if we were able to account for spatial inhomogeneity rigorously, collective effects (Debye
anti-shielding) would tend to decrease the relaxation time of stellar systems.*

There is a situation where a stellar system can be rigorously spatially homogeneous.
This is when it is uniformly rotating at a specific angular velocity Q = (2Gp)!/2 such
that the mean gravitational force is exactly balanced by the centrifugal force.” In that case,
a spatially homogeneous system can be in static equilibrium in the rotating frame and
no Jeans swindle is necessary. The Landau and Lenard—Balescu equations for spatially
homogeneous rotating stellar systems were derived by Wu [53]. Following the earlier work
of Lynden-Bell [54], he also investigated their dynamical stability with respect to the Vlasov—
Poisson equations by studying the dispersion relation [55]. He found that the equilibrium
state is always linearly unstable so that it evolves on a dynamical timescale. Indeed,
a spatially homogeneous collisionless stellar system suffers from the Jeans instability
above a critical wavelength A [54]. As a result, the whole kinetic theory which implicitly
assumes that the system is dynamically (Vlasov) stable breaks down. At a formal level, the
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Lenard-Balescu equation which takes into account collective effects is ill-posed because it
suffers from an algebraic divergence at large scales associated with the Jeans instability. By
contrast, the Landau equation which ignores collective effects just suffers from a logarithmic
divergence. This is like in the case of nonrotating spatially homogeneous self-gravitating
systems when we make the Jeans swindle. As a result, Wu [53] had to truncate artificially
the integration over the wavelength at a maximum wavelength smaller than the Jeans
length in order to obtain sensible results. In other words, he considered a “very large but
finite” system characterized by a dimension smaller than the Jeans wavelength.

To solve these difficulties rigorously, it is necessary to develop an appropriate ki-
netic theory for spatially inhomogeneous stellar systems. This can be performed most
conveniently by using angle-action variables [46]. The inhomogeneous Landau equation
was obtained in Refs. [8,56,57] and the inhomogeneous Lenard—Balescu equation was
obtained in Refs. [58,59].° The inhomogeneous Landau and Lenard-Balescu equations have
been recently studied in relation to stellar discs [62-64], globular clusters [65,66], galactic
nuclei [67-70], and 1D gravity [71]. The inhomogeneous Landau and Lenard-Balescu
equations have also been applied to other systems with long-range interactions such as
the inhomogeneous phase of the HMF model [72]. In Ref. [73] they have been used to
study the dynamics of spins with long-range interactions moving on a sphere (recovering
and generalizing previous works on the subject [74-76]) in relation to the process of vector
resonant relaxation (VRR) of stars in galactic nuclei [77-79]. In some cases, collective effects
can considerably accelerate the relaxation. For example, the work [63] demonstrated that
collective effects decrease the relaxation time of stellar discs by three orders of magnitude. A
similar acceleration is obtained for the periodic stellar cube as its mass approaches the Jeans
mass [8,50,80] and for the homogeneous HMF model close to the critical temperature T, [24].
In other cases, such as a spherical galaxy modeled by an n = 3 polytrope [81], the inhomo-
geneous phase of the HMF model [72], globular clusters represented by a spherical isotropic
isochrone distribution function [66], and 1D self-gravitating systems [71], collective effects
unexpectedly reduce the diffusion and the friction and increase the relaxation time. The
inhomogeneous Landau and Lenard-Balescu equations also share many analogies with the
kinetic equations obtained in the context of point vortices in 2D hydrodynamics [82-88] and
in pure electron plasmas under a strong magnetic field [89,90]. The numerous analogies
between stellar systems and 2D vortices are discussed in Refs. [57,91-93].

The case of collisionless self-gravitating systems submitted to an external stochastic
forcing was first studied by Binney and Lacey [94] following the suggestion of Spitzer and
Schwarzschild [95,96] that inhomogeneities in a galactic disc accelerate stars (see also the
works of Lacey [97] and Lacey and Ostriker [98] for the problem of disc heating by giant
molecular clouds or massive black holes in galactic halos). They considered spatially inho-
mogeneous systems (using angle-action variables) and neglected collective effects. They
showed that the long-term evolution of the system is described by a nonlinear diffusion
equation in which the diffusion tensor is sourced by the power spectrum of the stochastic
force evaluated at the resonance frequencies. This formalism can be applied to a galactic
disc undergoing (cosmic) perturbations from its surrounding dark matter halo or to the
secular diffusion of accretion streams within the Galactic halo. This problem was also
treated independently by Weinberg [99] who stressed the importance of collective effects.
In the same spirit, Ma and Bertschinger [100] used a quasilinear approach to investigate
dark matter diffusion induced by cosmological fluctuations while Pichon and Aubert [101]
sketched a time-decoupling approach to solve the Vlasov equation and applied it to the
statistical study of dynamical flows through dark matter halos. The same types of prob-
lems were studied independently in the context of systems with long-range interactions,
such as the HMF model, by Nardini et al. [102,103] and Chavanis [7,23]. Specifically,
they considered the evolution of spatially homogeneous collisionless systems of particles
with long-range interactions driven by external stochastic forces and derived a nonlinear
diffusion equation. These calculations were generalized to the case of inhomogeneous
systems by Fouvry et al. [64,104-106] with specific applications to stellar discs. More re-
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cently, Fouvry and Bar-Or [107] developed an approach based on the #-formalism [108]
that allowed them to treat both graininess effects and external stochastic perturbations.”
The y-formalism also offers a numerical method to compute the long-term diffusion and
friction coefficients in inhomogeneous systems.

In summary, there are two main kinetic equations describing the secular evolution of
systems with long-range interactions. The first one is the Lenard—Balescu equation (or the
Landau equation when collective effects are neglected) which describes the “collisional”
evolution of an isolated system of particles undergoing perturbations arising from its
own discreteness (finite N effects). The second one is the secular dressed diffusion (SDD)
equation (or the secular bare diffusion (SBD) equation when collective effects are neglected)
which describes the long-term evolution of a collisionless system of particles (N — +co
with m ~ 1/N) undergoing external perturbations. In the first case, the perturbations are
intrinsic and self-induced, whereas in the second case the perturbations are exterior and the
system responds to them. The Lenard-Balescu equation has been discussed and reviewed
in several papers and books. The SDD equation is less well-known. Therefore, in this paper,
we offer a brief review of the formalism leading to that equation. We successively consider
nonrotating spatially homogeneous systems (Section 2), rotating spatially homogeneous
systems (Section 3), and spatially inhomogeneous systems (Sections 4 and 5). We adopt
the same presentation in each case in order to show the unity of the formalism. At the
end of each section, we specifically consider the case where the external noise is produced
by a random distribution of field particles and discuss the connection between the SDD
equation and the multi-species Lenard-Balescu equation.

2. Spatially Homogeneous Systems
2.1. Derivation of the SDD Equation from the Klimontovich Equation

We first derive the SDD equation from the Klimontovich equation. We follow an
approach similar to the one developed in Section 6 of [23].

2.1.1. Quasilinear Theory and Bogoliubov Ansatz

We consider a system of particles of mass m interacting via a long-range binary
potential u(|r — r'|) decreasing more slowly than r~7 with oy < d in a space of dimension
d. We assume that the particles are subjected to an external stochastic force (exterior
perturbation) of zero mean arising from a fluctuating potential ®,(r, t). The equations of
motion of the particles are

% =V % = —Vq)d(l'l'> — Vq)g(l‘i, i’), (1)
where ®;(r) = m Y; u(|r — r;]) is the exact potential produced by the particles. They can be
written in Hamiltonian form as mdr; /dt = d(H; + H,)/0v; and mdv;/dt = —d(H; + H,)/dr;,
where H; = (1/2)Y%; mo? + Yicj m?u(|r; — rj|) is the Hamiltonian of the particles and
H, = Y;m®,(r;, t) is the Hamiltonian associated with the external force. The discrete
distribution function of the particles, f;(r,v,t) = mY_; §(x — r;(t))d(v — v;(t)), satisfies the
Klimontovich equation

ofa . 9fa Afa _
ot TV op T V@it P 50 =0, @)

where

Pur,t) = [ulle—r (e, t) ©
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is the potential produced by the discrete density of particles p;(r,t) = [ f(r,v,t)d
mY_; 6(r —r;(t)). The Klimontovich Equation (2) can be written under the form

a
Vi s {foHy+ 1) =0 @

where H; + H, = p?/2m + m(®, + ®,) denotes here the total Hamiltonian of a particle
and {f, g} = 9:fdpg — Jpf0:g is the usual Poisson bracket (p = mv is the impulse). This
Poisson structure is valid for all canonical coordinates and is particularly useful to treat
spatially inhomogeneous systems (see Section 4 and Refs. [59,99,104]).

We introduce the mean distribution function f(r,v,t) = (f;(r,v,t)) corresponding
to an ensemble average of f;(r,v,t). We then write f;(r,v,t) = f(r,v,t) +6f(r,v, 1),
where 0f(r, v, t) denotes the fluctuations about the mean distribution. Similarly, we write
D,(r,t) = P(r,t) + 0D(r,t), where 5D (r, t) denotes the fluctuations about the mean poten-
tial ®(r, t). Substituting these decompositions into Equation (2), we obtain

of af | of . af of asf
at VTt Ve Ve G
of asf

Ve + @)L - Ve e, 5L <0 5)

Taking the ensemble average of this equation, we find that

%) f of of 0o
where the right hand side is the “collision” term arising from the granularity of the sys-
tem (finite N effects) and the external stochastic force.® Subtracting this expression from
Equation (5), we obtain the equation for the fluctuations of the distribution function

af | 9of asf of
DoV S VR S = V(60 + @) -
= % (OfV (6P + ;) — % (SfV (6D + D)) )

The foregoing equations are exact since no approximation has been made for the
moment.

We now assume that the external force is weak and treat the stochastic potential ®,(r, t)
as a small perturbation to the mean field dynamics. We also assume that the fluctuations
0®(r,t) of the long-range potential are weak. Since the mass scales as m ~ 1/N this
approximation is valid when N >> 1. If we ignore the external stochastic force and the
fluctuations of the potential due to finite N effects altogether, the collision term vanishes
and Equation (6) reduces to the Vlasov equation

U .U _ye. U
at ¥ ar ve v 0 ®
where
(x,t) = [u(r =)ol t)ar ©)
is the potential produced by the mean density of particles p(r,t) = [ f(r,v,f) =

(p4(r,t)). The Vlasov equation describes a self-consistent mean fleld dynamlcs corre-
sponding to a collisionless and unperturbed evolution. It is valid in the limit &, — 0 and
N — +ocowithm ~ 1/N, or for sufficiently “short” times.

We now take into account a small correction to the Vlasov equation obtained by
keeping the collision term on the right hand side of Equation (6) but neglecting the
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quadratic terms on the right hand side of Equation (7). We therefore obtain a set of
two coupled equations

6 Y gD

vt ove LoD rviete) (10)
and Bf  3f a8 f of

v S ove. .Sl _vpe+e,) 2o (11)

These equations form the starting point of the quasilinear theory which is valid in a
weak coupling approximation (m ~ 1/N < 1) and for a weak external stochastic force
(P < D). Equation (10) describes the evolution of the mean distribution function sourced
by the correlations of the fluctuations and Equation (11) describes the evolution of the
fluctuations due to the external stochastic potential and the granularities of the system
(finite N effects). These equations are valid at the order 1/N and to leading order in ®,.”

If we restrict ourselves to spatially homogeneous systems, the mean field force —V®
vanishes. In that case, the unperturbed equations of motion of the particles are simply
straight lines traveled at constant velocity: v(t) = v and r(t) = r + vt. Any distribution
function f(v) is a steady state of the Vlasov equation. On the other hand, the fundamental
Equations (10) and (11) of the quasilinear theory reduce to'’

f 0
A6 f A f of _
B Y e VPR =0 )

Our goal is to solve Equation (13) for the fluctuations éf (r, v, t) and substitute the result
back into Equation (12) in order to obtain a closed kinetic equation for the mean distribution
function f(v,t). Assuming a timescale separation, we will regard df /dv in Equation (13)
as being independent of time (Bogoliubov ansatz). Indeed, the mean distribution function
evolves on a secular timescale which is long compared to the dynamical time over which the
correlations of the fluctuations have their essential support. In order to derive the Lenard-
Balescu equation describing the mean evolution of the system under purely discreteness
effects (“collisions”) at the order 1/N we take ®. = 0 and consider an initial value problem
as described in, e.g., Section 2 of [23]. In that case, Equation (13) must be solved by
introducing a Fourier transform in space and a Laplace transform in time. This involves the
initial perturbed distribution function éf(k, v,0) which accounts for the granularities of
the system (finite N effects). Here, we neglect discreteness effects (assuming N — +4-o0) and
focus on the effect of the external stochastic potential ®, as in Section 6 of [23]. In that case,
Equation (13) can be solved by introducing Fourier transforms in space and time.'! The
Fourier transform of the fluctuations of the distribution function éf(r, v, t) is defined by

5F(k,v,w) = / (Zdﬂr)d / dte=ikT=at 5 ¢ (p v 1) (14)
and its inverse Fourier transform is given by

S5F(t,v, 1) = / dk / ‘;%e’(k'r*wf)af(k,v,w). (15)

Similar expressions hold for the fluctuating potentials 6®(r, t) and P,(r, t). We note
that, for periodic potentials, the integral over k must be replaced by a discrete summation
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over the different modes. For future reference, we recall the Fourier representation of the
Dirac é-function

et dw _iler Ar
5(t):/_w et 22, (5(k):/e K i (16)

2.1.2. Dielectric Function

We are now ready to solve the equation for the fluctuations for a given external
perturbation. Taking the Fourier transform of Equation (13), we find that

k-

N _[5d(k,w) + de(k, w)]. (17)

o lovw) = (25

The fluctuations of the potential are related to the fluctuations of the density dp(r, t) =
J éf(x,v,t)dv by a convolution

3D(r,t) = /u(|r —1'|)op(¥, t)dr. (18)
Taking the Fourier transform of this equation, we obtain
o (k,w) = (2m)41(k)op(k, w) (19)

with dp(k,w) = [ 8f(k,v,w)dv, where ii(k) is the Fourier transform of the potential of
interaction. Integrating Equation (17) over v and using Equation (19), we find that the
Fourier transform of the fluctuations of the potential is related to the Fourier transform of
the external stochastic potential by

1—e(k,w)

b (k,w) = (k)

&, (k,w), (20)

where the “dielectric” function is defined by12

k- U

N gy, 1)

e(k,w) =1— (2m)%a (k) K v—w

Without external perturbation, the system would be rigorously spatially homoge-
neous (in the limit N — 4-co that we consider here) and described by the distribu-
tion function f(v). The external perturbation ®,(r,t) creates a small inhomogeneity
Sp(r,t) = [6f(r,v,t)dv (via Equation (13)) producing in turn a weak potential 6®(r, t)
(via Equation (18)). This is like a polarization process. As a result, the total poten-
tial acting on a particle, which is sometimes called the dressed or effective potential,
is 0@yt (1, ) = De(r,t) + 6P(r,t). This is the sum of the external perturbation plus
the potential fluctuation induced by the system itself (i.e., the system’s own response).
Equations (13) and (18) are coupled together. One manner to solve this loop is to use
Fourier transforms as we have shown above. Using Equation (20), the Fourier transform of
the total potential Dot (k, w) = ®p(k, w) + 6P(k, w) is related to the Fourier transform of
the external stochastic potential ®,(k, w) by

5®ior(k,w) = m

Although not explicitly written, we must use the Landau prescription w — w + 0"
in Equation (21)."* As a result, 1/e(k,w) is a complex function which plays the role
of the response function in plasma physics. It determines the response of the system
0Pyt (k, w) to an external perturbation b, (k, w) through Equation (22). The dielectric
function takes into account the polarization of the medium caused by the self-interaction of

(22)
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the particles. This corresponds to the so-called “collective effects”. Depending on the form
of the self-interaction (attractive or repulsive), the polarization cloud can amplify or shield
the effect of the imposed external potential. This amounts to replacing the bare potential
&, (k, w) by the dressed potential 6®yot(k, w) = ®.(k, w)/e(k,w) which is the potential
&, (k,w) dressed by the polarization cloud. Without self-interaction, or if we neglect
collective effects, we just have Dot (k, w) = P (k, w), corresponding to e(k,w) = 1, and
6d(k,w) = (1 —e(k,w))P,(k,w) =~ 0. The notion of “dressed” particles (or quasiparticles)
has been introduced and developed by Hubbard [15,16,22] and Rostoker [115-117] in
plasma physics.

Remark 1. The dielectric function can be written as €(k,w) = 1 — M(k, w), where M(k, w)
is the polarization function of the system such that 6®(k,w) = M(k,w)®t(k,w). On the
other hand, R(k,w) = (1 — e(k,w))/e(k,w) is the potential response function of the system
such that 5®(k, w) = R(k, w)®d,(k,w) (see, e.g., Refs. [46,118,119]). In the absence of external
perturbation (., = 0), we obtain the dispersion relation €(k,w) = 0 determining the proper
complex pulsations w(k) = wy (k) + iw;(k) of the system for each wavenumber k. A distribution
function f(v) is linearly stable with respect to the Vlasov equation if, and only if, w;(k) < 0 for all
modes k [114]. The vanishing of w; (k) at some k. signals the onset of an instability. This implies
the vanishing of €(k., w), or the divergence of R(k., w), when the real pulsation w — w(kc).

2.1.3. Power Spectrum

We now assume that the time evolution of the perturbing potential is a stationary
stochastic process so that the auto-correlation function depends on t and ' only in the
combination T = t — /. On the other hand, since the system is spatially homogeneous,
the auto-correlation function depends on r and r’ only in the combinationx =r —r'’. Asa
result, the auto-correlation function of the external potential can be written as

(@ (1, )P (v, 1)) = C(x — 1, t — ). (23)
The spectral auto-correlation function of the external stochastic potential is
(Do (k, w) D, (K, ')*) = 278(k — K)o (w — ') C(k, w), (24)

where C(k, w) is the Fourier transform in time of C(x, T) (Wiener—Khinchin theorem [120,121]).
The function C(r — t/, t — t') describes a possibly colored noise. A white noise corresponds
to a correlation function C(r — t/,t — ') which is d-correlated in time. In that case, its
Fourier transform C(k, w) is independent of w.

The auto-correlation function of the total fluctuating potential in Fourier space is given by

(6ot (k, w) 6D (K, ")) =278 (k — k')é(w — ') P(k, w), (25)
where P(k, w) is the power spectrum. Combining Equations (22), (24), and (25), we obtain'*

C(k,w)

P(k,w) = et @) (26)
This equation relates the power spectrum P(k, w) of the total fluctuating potential
acting on the particles to the spectral auto-correlation function C(k,w) of the external
stochastic potential. We note that C(k,w) and P(k,w) are real and positive. The power
spectrum P(k, w) takes into account collective effects through the dielectric function e(k, w).
It can be seen as a dressed correlation function. If we neglect collective effects (e = 1) we

obtain the bare power spectrum (or the bare correlation function)

Poare(k, w) = C(k, w). (27)

It can be directly obtained from Equations (24) and (25) with Dot (k, w) = &, (k, w).
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Remark 2. If the system has a weakly damped mode wyy, i.e., €(k, wpr) = 0 with wy = wo + iy
wheren < 0and |17| < wy, then the power spectrum (for w real) is close to a Lorentzian P(k, w) ~
1/[(w — wo)? + %] (we have used e(k,w) =~ e[k, wpy + (w — wpy)] =~ € (k,wp)(w — wp)
implying |e(k, w) |2 l€' (k, wa)|?[(w — wo)? + n?)). This is because the (real) pulsation is close
to the singularities of R(k, w) or 1/e(k, w). The fluctuations become very largeasy — 07, i.e.,
as the mode approaches neutral stability. Indeed, P(k,w) ~ 7:6(w — wo) whenn — 0~ (ie,
k — k). This is similar to the phenomenon of critical opalescence [122,123]. Large fluctuations
also occur in self-gravitating systems close to the Jeans length and in the HMF model close to the
critical temperature [8,50,80,124].

2.1.4. SDD Equation

The basic equations governing the evolution of the mean distribution function f (v, t)
of a spatially homogeneous system of particles with long-range interactions forced by an
external perturbation are given by Equations (12) and (13). Introducing the total fluctuating
potential 6Pt = §P + P,, we can rewrite Equation (12) as

f

%oy (0fVDiot). (28)

We now compute the effective collision term'® appearing on the right hand side of
this equation. Introducing the Fourier transforms of the fluctuations of the distribution
function and potential, we obtain

S=ifaf 5 fac d(:)r (“/ aav) etk 1=w't) (5 (I, v, )6y (K, ). (29)

Equation (13) can be written in Fourier space as (see Equation (17))

k.

A ovw) =525

Dot (k, w). (30)

Substituting Equation (30) into Equation (29), we obtain

% *l/dk/dw /dk//dw K - J i(k—k’)~re—i(w—w')t
ot 271 ov
af
ﬁ@q’tot(k w)sdi (K, ). (31)

Introducing the power spectrum from Equation (25) and performing the integration

over w’ and k/, we find that
k-
/dk/ ( )kv_ Pk, w). (32)

Recalling the Landau prescription w — w + i0" and using the Sokhotski-Plemelj [125,126]
formula

1 1
xii0+_P< )ﬂpzmi() (33)

where P denotes the principal value, we can replace 1/(k - v — w —i0") by +iné (k- v — w)
in Equation (32). Accordingly,

% _ n/dk/;l—: <k~aav>5(w—k-v)P(k,w)<k a£> (34)
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The integration over w, which corresponds to a condition of resonance at w = k - v,
leads to the kinetic equation

3{:é/dk(ki)P(k,kv)(kg{,). (35)

Therefore, for spatially homogeneous systems with long-range interactions, the secular
evolution of the mean distribution function f (v, t) of the particles sourced by an external

stochastic force is governed by a nonlinear diffusion equation of the form'°
aof 0 of
with an anisotropic diffusion tensor
1
Dy =3 / dik kikiP(I, k- v). (37)

This equation expresses the diffusion tensor in terms of the power spectrum of the
total fluctuating potential at the resonance frequencies w = k - v.

Using Equation (26), we can express the diffusion tensor in terms of the spectral
auto-correlation function of the external perturbation C(k, w) as

) 1 . Clk-v)
Dylf,v] = 2/dkklk]7|€(k’k.v)‘2. (38)

Therefore, the diffusion tensor involves the ratio of the power spectrum of the external
perturbation {|®,(k,w)|?) divided by the squared susceptibility |e(k, w)|? of the system
both evaluated at the resonance frequencies w = k - v.!” Equation (36) implies that the
secular response of the system is due to the combined effect of the external noise and
its susceptibility. The diffusion tensor Dj;[f,v] depends on the velocity v and on the
velocity distribution f(v, ) itself through the dielectric function e(k, k - v) defined by
Equation (21). As a result, D;;[f, v] is a functional of f. Equation (36) with the diffusion
tensor from Equation (38) is therefore a complicated integrodifferential equation called the
SDD equation.

For noninteracting systems or when collective effects are neglected, i.e., when we
make € = 1 in Equation (38), the diffusion tensor reduces to

Dyi(v) = % / dic kikiC (kK - v). (39)

In that case, it depends only on the velocity v. Equation (36) with Equation (39) is called
the SBD equation. If ®,(r, t) is a white noise in time so that C(k, w) does not depend on w,
we obtain a pure diffusion equation with a constant diffusion tensor D;; = % J dk kikjé (k).
If C(k) depends only on k = |k|, the diffusion tensor is isotropic: D;; = Dé;j with D =
ﬁ J C(k)k? dk. For a colored noise, the spectral auto-correlation function of the external
stochastic potential C(k,w) is a function of w that has to be evaluated at the resonance
frequencies w = k - v.

Remark 3. The SDD Equation (36) with Equation (38) was first obtained in Section 6 of Chavanis [23].
A related equation was obtained by Nardini et al. [102] and studied in detail in [103]. However,
the diffusion tensor has a form different from Equation (38). Some connections between the two
equations have been discussed in [7].
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2.1.5. Properties of the SDD Equation

Some general properties of the SDD Equation (36) can be given. First of all, the total
mass of the system M = [ f dv is conserved since the right hand side of Equation (36) is
the divergence of a current. By contrast, the energy of the system is not conserved, contrary
to the case of the Lenard-Balescu Equation [23], since the system is forced by an external
medium. Taking the time derivative of the energy which, for a spatially homogeneous
system, reduces to the kinetic energy

E— % / Fo? dv, (40)

using Equation (36), and integrating by parts, we obtain
/ Dylf, vl dv. 1)

In general, E has not a definite sign However, when f = f(H) with f'(H) < 0 where
H = (1/2)mv?, we obtain E = — [ f'(H )Djjvjv;dv > 0 (since Djjv;v; > 0) so that energy
is injected in the system. Finally, introducing the H-functions

- [cav, (42)

where C(f) is any convex function, we obtain
s— [0 prrvdf
s= [ a2, Dilf Vg v (43)

Because of the convexity condition C" > 0 and the fact that the quadratic form x;D;;x;
is definite positive (see Section 2.1.4), we find that S > 0. Therefore, all the H-functions
increase monotonically with time. This is different from the case of the Lenard-Balescu equa-
tion in dimension d > 1 where only the Boltzmann entropy increases monotonically [23].

If we heuristically introduce a dissipative term in the SDD equation by analogy with
the homogeneous Kramers equation (see Section 4.1 of [23]), we get an equation of the form

%:_aavl< z]U ] +€fvl> (44)

where ¢ > 0 is the friction coefficient. The general behavior of this nonlinear equation
is difficult to predict as it depends on the potential of interaction of the particles and
on the correlation function of the external potential. Furthermore, the diffusion tensor
is a functional of f. Equation (44) may relax towards a non-Boltzmannian steady state
determined by the equation

of

Dj;[f, V]aTJj +¢fvi =0, (45)

or exhibit a complicated (e.g., periodic) dynamics. Since the diffusion tensor is a functional
of f, the nonlinear SDD equation presents a rich and complex behavior.

2.1.6. Stochastic SDD Equation

The SDD Equation (44), which is a deterministic partial differential equation, describes
the evolution of the mean distribution function f (v, t). If we take fluctuations into account,
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by analogy with the results presented in [124], we expect that the mesoscopic distribution

function f(r, v, t) will satisfy a stochastic partial differential equation of the form'®
of . _v5. % _ 9 (p.7udf
ot TV o VP v T o, <D” fovlgy, Téfor | +imvh), #6)

where {(r,v, t) is a noise term with zero mean that generally depends on f(r,v,t). When
D;; = Dd;j is constant and isotropic and when the fluctuation-dissipation theorem is
fulfilled so that { = DfBm, as in the case of Brownian particles with long-range interactions,
the noise term is given by [124]

I(r,v,t) = %- { 2Dme(r,v,t)], (47)

where Q(r, v, t) is a Gaussian white noise satisfying (Q;(r, v, t)) = 0and (Q;(r, v, £)Q;(r', v/, t'))
= 0;6(r —1')d(v — v')é(t — t'). This expression can be obtained from an adaptation of the
theory of fluctuating hydrodynamics [124]. In that case, the stochastic partial differential
equation reads

i+v.i7V6-£—i

ot or ov  ov

D (gf + ﬁmfv>

A\

+ 9. [ 2Dmf Q(r,v, t)] ,  (48)
ov

and the deterministic equation for the mean distribution function (i.e., Equation (48) without
the noise term) relaxes towards the Boltzmann distribution f = Ae—Pm(@?/2+9(r)) When
D[f] is a functional of f, the noise term may be more complicated.'” When the deterministic
Equation (44) admits several equilibrium states, the noise term in Equation (46) can trigger
random transitions from one state to the other (see, e.g., [128,129]).

Remark 4. We may alternatively consider a stochastic partial differential equation of the form

F  of _—of o (. - aF\ -
aJ;-l-V-aJ;—VCID-a{If:é)Z)i(Dij[f/V]aé)_Vf‘i‘é(rrvft)/ (49)

where —v f is a linear damping term with 0 < v < 1. The stationary solutions of the corresponding
deterministic equation (Equation (49) with { = 0) are determined by

A <Dz~,- f, v]§j;> —vf=o. 50)

Since Dj;[f] is a functional of f, Equation (50) is a very nonlinear equation which admits
nontrivial solutions.

2.2. Derivation of the SDD Equation from the Fokker—Planck Equation

In this section, we derive the SDD equation directly from the Fokker-Planck equation.
We follow an approach similar to the one developed in Section 3 of [23] to derive the
Lenard-Balescu equation.

2.2.1. Fokker-Planck Equation

Let us consider the evolution of a test particle of mass m moving in a spatially ho-
mogeneous medium and experiencing a stochastic perturbation @, (r, t). The equations of
motion of the test particle are

dr dv
7=V and i —VoDor (1, t), (51)
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where §®y (1, t) is the total fluctuating potential acting on the particle. They can be written
in Hamiltonian form as mdr/dt = 9(H + 6Hyot)/0v and mdv/dt = —d(H + 6Hyot) /0r,
where H = (1/ Z)mv2 is the mean Hamiltonian and ¢ Hit is the total fluctuating Hamil-
tonian. At leading order, the test particle follows a rectilinear trajectory at constant ve-
locity v (the mean force vanishes) but it also experiences a small stochastic perturbation
6Dt = P + 0P which is equal to the external potential @, plus the fluctuating poten-
tial 6@ produced by the system itself (collective effects). Equations (51) can be formally
integrated into

t t
r(t) = r+ /O v(thdt,  v(t)=v— /0 VoD (x(t'), ) dt’, (52)

where we have assumed that, initially, the test particle is at position r with velocity v.
Since the fluctuations 0@yt of the potential are small, the changes in the velocity of the test
particle are also small. On the other hand, the fluctuation time is short with respect to the
evolution time of the distribution function. As a result, the dynamics of the test particle can
be represented by a stochastic process governed by a Fokker-Planck equation [34,112]. The
Fokker—Planck equation can be derived from the Master equation by using the Kramers—
Moyal [110,111] expansion truncated at the level of the second moments of the increment in
velocity.” If we denote by f(v,t) the probability density that the test particle has a velocity
v at time t, the general form of this equation is

of 02 ) d o
g - aviavj (Dl]f) - aivi(fFit t)' (53)

The diffusion tensor and the friction force are defined by

Dy(v) = lim_ & ((o,(0) — ) (ey(8) — o) = Eo, (54
Ol v) = lim < (oy(t) — o) = S50 (55)

At
In writing these limits, we have implicitly assumed that the time ¢ is long compared to
the fluctuation time but short compared to the evolution time of the distribution function.
As shown in our previous papers [8,23,59], it is relevant to rewrite the Fokker-Planck
equation in the alternative form

of d of pol
- = — | D;i=—=— — fF .
The total friction can be written as

tot _ ppol | 9D

E=F"+ a—vj, (57)
where Fp, is the friction by polarization (see Section 3.3 of [23]) while the second term is
due to the variation of the diffusion tensor with the velocity v (see Section 3.4 of [23]). As
explained in [8,23,59,136] in the context of the Lenard—Balescu equation, the friction by
polarization Fp, arises from the retroaction (response) of the system to the perturbation
caused by the test particle, just like in a polarization process. It represents, however, only
one component of the dynamical friction Fi, experienced by the test particle, the other
component being 9;D;;.

Remark 5. The two expressions (53) and (56) of the Fokker—Planck equation have their own interest.
The expression (53) where the diffusion tensor is placed after the second derivative 9*(DP) involves
the total friction Fyo while the expression (56) where the diffusion tensor is placed between the
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derivatives JDIP isolates the friction by polarization Fpq). It is shown in [23] that this second form
is directly related to the Lenard—Balescu equation. This is also the form corresponding to the SDD
Equation (36). It has therefore a clear physical meaning.

2.2.2. Absence of Friction by Polarization

In the limit N — +oo0 with m ~ 1/N where the collisions between the particles are
negligible, the friction by polarization (which is proportional to m [23]) vanishes

Fpol =0. (58)

Indeed, the perturbation on the system caused by the test particle is negligible. In that
case, the Fokker-Planck Equation (56) reduces to

of _ 9 (p of
y -2 (). .

We note that, in Equation (59), the diffusion tensor is “sandwiched” between the two
derivatives d/0v in agreement with Equation (36). As mentioned previously, this is not the
usual form of the Fokker-Planck equation which is given by Equation (53). Therefore, the
test particle experiences a friction (see Equation (57))

F = —av;ﬂ (60)

arising from the velocity dependence of the diffusion tensor.”! Using Equations (54) and
(55), this relation can be written as

<A0i>

1 <AZ)Z'AZ)]‘>
At 20v ’

At

0
=— 61
= (61)
Remark 6. This relation is sometimes referred to as a fluctuation-dissipation theorem because it
links the friction to the diffusion. Howeuver, this is not the usual fluctuation-dissipation theorem
which arises in connection to the Fokker—Planck form of the Lenard—Balescu Equation [136].
Equation (60) links D;j and Fior when Fpo) = 0 while the usual fluctuation—dissipation theorem
2 - pmDjjv; [23] links Djj and Fpo) at statistical equilibrium (i.e., for the Maxwellian
distribution function).

2.2.3. First Calculation of D;;

We now calculate the diffusion tensor from Equation (54) following the approach
developed in Section 3.2 of [23]. According to Equation (51) the increment in velocity of the
test particle is

- /O VD (x(t), ) dt. 62)

Substituting Equation (62) into Equation (54) and assuming that the correlations of the

fluctuating force persist for a time less than the time for the trajectory of the test particle to

be much altered, we can make a linear trajectory approximation®”

r(t') =1+ vt, v(th =v, (63)

and write

t—+-o00 j

D; = lim 2f/ dt/ <35 ot +vt’,t’)a(§if°t(r+vt”,t”)>. (64)
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Introducing the Fourier transform of the total fluctuating potential, we obtain

00Dyt (r + vt t/) 96Dyt (r+ vt t” /dk/ dw /dk/ aw- k k/
axi ax]
w ik (14vt") p—iwt =ik’ (r+vt") iw't" <(5q3tot(k, w)éétot(k/, w’)*). (65)

Substituting Equation (25) into Equation (65), and carrying out the integrals over k’
and w’, we end up with the result

<a(sa¢;m(r+vt’,t’)a§;};0t(r t", > /dk/—kk ikev=@)(t' ") p(k, ).  (66)
! ]

This expression shows that the correlation function appearing in Equation (64) depends
only on the difference of times s = t' — t”’. Using the identity

/Otdt’/otdt”f(t’—t”) - 2/ dt/dt”f ) _2/ ar’ /t " 45 £(s)

2./0 ds/oti at' £(s) :2./0 ds (t—s)f(s), 67)

and assuming that the force auto-correlation function f(s) decreases more rapidly than
s~1 23 we find for t — +oo that?*

- +oo 8(5<I>t0t 00Dyot
/ < o, (r,0) ax; (r+vs,s)>ds. (68)

Therefore, as in the theory of Brownian motion [34,112,138-140], turbulent fluids [141],
plasma physics [15,16,22,49,142], and stellar dynamics [8,31,137,143-147], the diffusion
tensor of the test particle is equal to the integral of the temporal auto-correlation function
(Fi(0)F;(t)) of the fluctuating force acting on it along the unperturbed motions:

Dy= [ ROF D). (69)

Replacing the auto-correlation function by its expression from Equation (66), which
can be written as

/ dk / ikv=w)tp(k, ), (70)
we obtain
D;; _/ dt/dk/ 8 fikjellev =)t p(i, ). (71)

Making the change of variables t — —t, k — —k and w — —w, and using the fact that
P(—k, —w) = P(k,w), we see that we can replace f dtby (1/2) [T dt in Equation (71).
As a result,

11_2/ dt/dk/—kkek"‘*’)tP(kw) (72)

Using the identity (16), we obtain

l]_n/dk/ kikid(k - v — w) P(k, w). (73)
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The time integration has given a -function which creates a resonance condition for
interaction. Integrating over the §-function (resonance), we find that

1
=3 / d kikiP(k, k- v). (74)

This is the general expression of the diffusion tensor of a test particle submitted to a
stochastic perturbation in a spatially homogeneous system with long-range interactions.
Since P(k,w) > 0 (see Section 2.1.3), the diffusion tensor is positive definite. Using the
relation between the power spectrum of the total fluctuating potential and the spectral
auto-correlation function of the external perturbation (see Equation (26)), we obtain

C(kk-v)
/dkkk]’ Kk (75)

We thus recover the expressions from Equations (37) and (38) obtained from the
Klimontovich approach. Therefore, the Klimontovich approach and the Fokker—Planck
approach coincide.

2.2.4. Second Calculation of D;;

In order to compute the diffusion tensor, we can also proceed as follows. The
change in velocity of the test particle due to the total fluctuating potential is given by

(see Equation (51))
av

= = ~Volu(rb). 76)
Integrating this equation between 0 and ¢, we obtain
t
AV = — / V5Dt (x(), 1) dt’
0
t
- / VoDior(r+ vt ') dt, 77)
0

where we have used the unperturbed equations of motion (63) in the second equality (this
accounts for the fact that the test particle follows a rectilinear trajectory at leading order).
Decomposing the total fluctuating potential d®y,; in Fourier modes and integrating over
time t/, we obtain

Av

t . / A
- / 'V / dk / 1 e (e4v) =it 5o, (K, o)

= /dk/d“" ’kréétotkw/dt”k"“’

B dw . dor s ez(kv w)t _ 1
= — /dk/ E ike 5q>tot(k, W)m (78)
Substituting Equation (78) into Equation (54), we find that
;[ dw 1i(k—K' )1/ 54 2 Iy
Dy = lim /dk/dk / —k Ke (6Dror (K, ©0)6Dror (K, 0 )*)
i(kev—w)t _ 1 ,—i(K-v—w)t _
e le 1 (79)

. ik-v—w) —i(k-v—uw')’

Introducing the power spectrum from Equation (25) into Equation (79) and carrying
out the integrals over k" and w’ we are left with

] dk —kv 1P b w) (80)
Dy = lim ok [ Gk o P @)



Universe 2023, 9, 68

17 of 53

This equation can also be directly obtained from Equation (64) with Equation (66)
by integrating over ' and t”. Taking the limit + — +oo and using the identity (see,
e.g., Appendix E1 of [60])

fim 121 2716 (x) 81)
ttoo X2t ’
we find that "
D; = n/dk/ 2 kikjé (kv — w)P(k, w). (82)

Integrating over the J-function (resonance), we obtain
1
Dy =3 / dkkikiP(I, k- v), (83)
which returns Equation (74). Then, using Equation (26), we obtain Equation (75).

Remark 7. If we do not take the limit t — 400 in Equation (80), we obtain a time-dependent
diffusion tensor of the form

Dy(t) = n/dk/‘;%kiij(k.v—w,t)P(k,w) (84)

with the regularized function

1 e —1]% 1 —cos(xt)
2t x2 a2

Ax,t) = (85)

When t — +co, we can make the replacement A(x,t) — 5(x).

2.2.5. Third Calculation of D;;

We can make the calculations of the previous section in a slightly different manner. In
Equation (77) we decompose the total fluctuating potential in Fourier modes in position
but not in time. In that case, we obtain

AV = — /O 1Ay / dk ™ (V) 5y (K, 1)
- /O Lar / dk ike™ (V) 5 (K, 1), (86)
Substituting Equation (86) into Equation (54), we obtain
Dij = Hmy 0 35 fo dt’ [y dt” [ dikdk/kikjell V)= (000t (5o (1, ) ddior (K, 7)), (87)
Using the relation
(6Dt (k, 1) 6Dior (K, 1)) = 5(k — K )P(k, t — 1), (88)

where P(k, t) is the temporal inverse Fourier transform of P(k,w), we can rewrite the
foregoing equation as

t t . ! 1"
D;i = lim 2% /0 at’ /O dt" / dic kikie™ VP (i, b — 1), (89)

t—r+o0
Using the identity (67), we obtain

t .
Dj = lim » /O ds (t —s) / di ke P (K, s). (90)

t——4oo
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Assuming that P (k, s) decreases more rapidly than s !, we find that
+oo ”
Dy = / ds / dic kikje™ V<P (K, s). 91)
0

Making the change of variables s — —s and k — —k, and using the fact that
P(—k,—s) = P(k,s), we see that we can replace [, ™ ds by (1/2) [*2 ds. Therefore,

Lo+ ik-vs
Dy = E/m ds/dkkikje Pk, s). (92)
Taking the inverse Fourier transform of P (k, s) we obtain
1
=3 / dikik;P(k,k - v), (93)

which returns Equation (74). Then, using Equation (26), we obtain Equation (75). We
note that P(k, s) is complex while P(k, w) is real. They satisfy the identities P(—k,s) =
P(k,s)* = P(k,—s) and P(k,w) = P(k,w)* = P(—k, —w). We also note that the static
power spectrum is P(k) = P(k,0) = [ 4 p(k, w).

Remark 8. If we introduce the temporal Fourier transform of P (k, t) in Equation (89) we obtain

Dy = lim / dr / at’ [ dx / ke V() iU =) (1, ), (94)

t—r-Foo

which is equivalent to Equation (64) with Equation (66). If we integrate over t' and t", we recover
Equation (80).

2.3. Energy of Fluctuations

The energy of fluctuations

1
&= §<5Ptot5q>tot>/ (95)

where dpior = Jp + pe is the total perturbed density, can be calculated as follows. Decom-
positing the fluctuations of density and potential in Fourier modes, we obtain

= % [ axax ‘21‘” i“’ iller—at) =ik r=e't) (55, (1, 0) 5ot (K, ') ). (96)

Using Equation (19) we can rewrite the foregoing equation as

/ dkdk/ d(() d(() (k-rfwt)efi(k’-rfw’t)m«ﬁ)tot(k/w)&@tot(k// (L)/)*> (97)

Introducing the power spectrum from Equation (25) and integrating over k’ and «”’,

we obtain p P k
/ / w Plow) (98)
2
Finally, using Equation (26), we can rewrite the energy of fluctuations as
C(k,w)
99
2 / / )41 ( )e(k,w)|? )

Remark 9. In the gravitational case, the energy of ﬂuctuations is negative since C(k,w) > 0 and
ii(k) < 0in agreement with the relation € = — g1 ((V3®or)?) that can be deduced directly from
Equation (95) by using the Poisson equation A® = S;Gp. More generally, the energy is positive
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for repulsive potentials with 1i(k) > 0 (like plasmas) and negative for attractive potentials with
(k) < 0 (like gravity).

2.4. Connection between the SDD Equation and the Multi-Species Lenard—Balescu Equation

In this section, we discuss the connection between the SDD Equation (36) with
Equation (38) and the multi-species Lenard—Balescu equation. The multi-species Lenard-
Balescu equation reads (see, e.g., [8,148])

a(k)>

9fa
U _ ¥ (2m) /dkdv kkjm

FT (k- (v—v')]

« (’”baau _ ’"a?;f) £ D (7, 1), (100)
j i

This equation governs the evolution of the distribution function f,(v, t) of particles
of species a under the effects of “collisions” with particles of all species “b” (including the
particles of species a) with distribution function f,(v/, t). The dielectric function is given by
Equation (21) where f(v,t) denotes the total distribution function ¥, f;(v, t). The set of
Equations (100), in which all the distribution functions f,(v, ) evolve in a self-consistent
manner, is closed.

We now make the following approximations to simplify these equations. The particles
of mass m, with a distribution function f, (v, t) form our system. They will be called the
test particles. The particles of masses {m; };-, with distribution functions {f;(v, )}y,
form the external—background—medium. They will be called the field particles. We
take into account the collisions induced by the field particles on the test particles but we
neglect the collisions induced by the test particles on the field particles and on themselves.
This approximation is valid for very light test particles m, < m; or, more precisely, in
the limit N, — oo with m; ~ 1/N,. The distribution functions {f;(v, t) };., of the field
particles are either assumed to be fixed (bath) or evolve according to their own dynamics
(i.e., following equations that we do not write explicitly). Under these conditions, the
kinetic Equation (100) reduces to

2
Eiﬁ:l; (2 /dkdv k&ﬁ [k (v—=v")] (mba )fa(v, Mfp(¥). (10D

This equation can be interpreted as a Fokker-Planck equation. The diffusion arises
from the discrete distribution of the field particles which creates a fluctuating gravitational
force (Poisson shot noise) acting on the test particles. For that reason, the diffusion tensor
is proportional to the masses {m;} of the field particles. The diffusion tensor has no
contribution from particles of species a. The condition m, < my justifies neglecting the
fluctuations induced by the test particles on themselves.?” On the other hand, the friction by
polarization vanishes (F,,; = 0). Indeed, since the mass m, of the test particles is small, the
test particles do not significantly perturb the distribution function of the medium, so there
is no friction by polarization (no retroaction).”® As a result, the mass 1, of the particles of
species a does not appear in the kinetic Equation (101).

Equation (101) can be written as an SDD equation

of 0 of
E avl (D [V f} av]> (102)
with a diffusion tensor
) a(k)? / ,
Dylv, f] = ; (277) /dkdv ki k]m k- (v—v)]myfy(v), (103)
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where we have dropped the subscript a for clarity. One can show [136] that the expres-
sion (103) of the diffusion tensor is consistent with Equation (38) where

C(k, w) = Y () a(k)? / v’ 5(cw — T - v )iy fy (V) (104)

b

is the bare correlation function of the potential created by a discrete collection of field
particles of masses {m;}. To exactly recover the SDD Equation (36) with Equation (38),
we have to replace f(v,t) + Y, f(v) by f(v,t) in the dielectric function. This assumes
that the external medium—field particles—is non polarizable (i.e., collective effects can be
neglected) while our system—test particles—is polarizable (i.e., collective effects must be
taken into account).”” As we have already mentioned, the SDD Equation (102) is a nonlinear
diffusion equation involving a diffusion tensor which depends on the distribution function
of the system f(v,t) itself. This is therefore a complicated integrodifferential equation.
Combining Equations (26), (98) and (104) we obtain the dressed power spectrum

0 2
P(k,w) = ;(2")d+1|(-:(1<(,12)2 /dv’ S(w — K-V myfy(V), (105)

the static power spectrum

myii (k)2
(277) E/d |2mbfb( v) = (271)‘1;1_:217 l;d ) )/ (106)

(k
a(k)po

and the energy of fluctuations

mbP
Z/dk/dv k k ek ") 2/ o ),BPb dk.  (107)

The last equalities in Equations (106) and (107) are valid for the Maxwell-Boltzmann
distribution (see Appendix C of [119]).

Remark 10. This type of equations was first introduced and studied by Spitzer and Schwarzschild [95]
in an astrophysical context.”® These authors showed that the collisions of test particles with external
massive perturbers such as molecular clouds can considerably increase their diffusion and heating. A
recent discussion of this problem has been given in Appendix F of [135] where a self-similar solution

of the Spitzer-Schwarzschild equation is obtained.

3. Rotating Homogeneous Systems

We consider here a 3D homogeneous system of particles with long-range interactions
rotating with a constant angular velocity Q). We assume that the mean field force is balanced
by the centrifugal force so that the system is in static equilibrium in the rotating frame.
We also assume that the system is submitted to a weak external stochastic perturbation
that slowly changes its velocity distribution function f(v, t). We wish to derive the SDD
equation in that context. Since the formalism is complicated and has been developed
elsewhere, we just give the main steps of the derivation and refer to earlier works [53,55,149]
for technical details. The fundamental equations of the quasilinear theory are

% —2(Qxv)- % = % (BFV (5D + D)), (108)
Wf  asf s f of
SV S 2(Qxv) - S - V(004 @) - 5 =0, (109)
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where 2Q) X v is the Coriolis force. We assume that f is isotropic in the plane perpendicular
to the axis of rotation Q). Taking the Fourier transform of Equation (109), integrating over
the azimuthal angle ¢, and averaging over this angle (see Ref. [53] for details), we obtain

lkf

21k, v,w) = = w) +zna4,

[6D(k, w) + de(k, w)]. (110)

In this equation, the notation

1
i(k-v—w)+209,

(111)

stands for the operator defined in Appendix A of [149]. Integrating Equation (110) over
v and using Equation (19), we find that the Fourier transform of the fluctuations of the
potential is related to the Fourier transform of the external stochastic potential by

5 (K, ) = 1—e(k,w)

el w), (112)

where the dielectric function is defined by (see Appendix A of [149])

e(k,w)=1— /dv WL/ZQ)( af) (113)

e —w ov

Following Wu [53,149], we have introduced the notations
of 0 2nQ) 0
S I ik 114
< 8v> kzavz+ v, 0v) (114)

and
(k- v), = kv, +2nQ). (115)
The Fourier transform of the total potential acting on a particle, &t (k, w) = 6d(k, w)
+b, (k, w), is therefore related to the Fourier transform of the external stochastic potential by
Pe(k,w D (k, w)
e(k,w)
We can use the foregoing expressions to compute the collision term appearing on the
right hand side of Equation (108). Introducing the notation

Dot (k, w) = (116)

Clf) = 2 (5f Vodua), (117)

and decomposing the fluctuations of distribution function and potential in Fourier modes,
we obtain

i) =i [ [ 52 [ [ 55 e (k/ aav> x0T (57K, v, )6y (K, ). (118)

Using Equations (110) and (116), we obtain successively

- 5 f o | 1 - o

zkf

X kv —w) 3208, (0Pl @)0®iu (K, @) (119)
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and

Clf] = —i/dk/g—c;/dk’/% <k/‘aav) i(k—K) 1 ic0—a )t
o of

1 b1 o)
TV —w) + 200 el @) (i, ) el )P ). (120)

Substituting Equation (24) into Equation (120), we find that

. do (9 ik- 9 1
clfl= _Z/dk/ 2 <k. 8v> i(k-v—w )—1—2084, le(k, w)|? Cllw). (121)
Averaging this expression over the azimuthal angle ¢ and using Equation (42) of [53],
we get
. do = J2(k v, /20) of 1
=[] 37 X (0 w), Wi (), rap ke 02

Using the Landau prescription w — w + i0" and the Sokhotski-Plemelj Formula (33),
we can replace 1/((k-v), —w —i0") by +iné((k - v), — w). Accordingly,

Clf] —n/dk/ ¥ ( ) ]n<kﬂu>(5(wf(k'v)n)(k g{) Clow) 3

oo e(k w)f?

The integration over w, which corresponds to a condition of resonance, is straightfor-
ward and leads to the final expression of the collision term

A B D) R), o

In conclusion, the secular evolution of the mean distribution function of the particles
sourced by the external stochastic force is governed by a nonlinear diffusion equation of

the form
of 0 of
o (D Ui, ) 12

av]

where Djj[f, v] is a diffusion tensor whose components are

ou-bfo ERi() S,

o /on0 kiv\ Ck, (k-v),)

o=y o B (o) () S 127
el ZnQ kv \ Clk, (k-v),)

pi=pu=; fac ¥ SRS e oe 0

The SDD equation for a spatially homogeneous rotating system with long-range
interactions can be written as

=5 ] nz_oo( ) (kﬂ>|f<§<lf'((1<k~'vv>g)|2 (5), 0=
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It can be compared to the multi-species Lenard—-Balescu equation [53]

N

Gomer g fa EE (k%) [ el e

N=—00 Mm=—0o0

< ("L”)Jm (k“’l) {mh (k~ %) — <k~ %Mﬂ(v)ﬁg(v’). (130)

Taking the limit m, — 0 and proceeding as in Section 2.4, we obtain the SDD Equa-
tion (129) with a function C(k, w) corresponding to the bare correlation function of the
potential created by a discrete collection of N field particles of masses {1 }:

Clow) =n@nP Y ¥ [ avakefw - (k- >Mm<"l”)mbfb<v’>. (131)

b m=—o0

4. Spatially Inhomogeneous Systems

We now consider a spatially inhomogeneous system of particles with long-range
interactions submitted to a weak external stochastic perturbation. We take the limit N —
+oco with m ~ 1/N in which the collisions between the particles can be neglected. For
sufficiently short times, the external perturbation can also be neglected. Therefore, the
initial stage of the system’s evolution is governed by the Vlasov equation (see Equations (8)
and (9)) involving only mean field effects. During this regime, the system generically
reaches a quasistationary (virialized) state as a result of a process of violent relaxation [5].
This is a stable steady state of the Vlasov equation. Then, on a longer timescale, the
system undergoes a slow evolution due to the effect of the external stochastic perturbation.
This slow evolution is described by the SDD equation. In order to deal with spatial
inhomogeneity, it is convenient to introduce angle-action variables (w, J) [46]. In a steady
state of the Vlasov equation, the particles move through a mean potential ®(r) on orbits
characterized by isolating integrals J called the actions. These are adiabatic invariants.
By construction, the mean field Hamiltonian H of a particle in angle and action variables
depends only on the actions J that are constants of the motion: H = H(J). The conjugate
coordinates w are called the angles. The Hamilton equations become j = —9H /9w = 0 and
w = 0H /9] = Q(J), where Q(J) = 0H /9] is the angular frequency (pulsation) of the orbit
with action J. The unperturbed equations of motion of the particles are simply straight lines
in angle-action space traveled at constant action: J(¢) = J and w(t) = w + Q(J)t. One can
show that the distribution function of a perfectly relaxed collisionless system is a function
f = f(J) of the actions only (Jeans theorem) [2]. Such a distribution is a steady state of
the Vlasov equation. Because of the external stochastic perturbation”” the actions slowly
(secularly) drift from their initial values. This causes the particles to diffuse. As a result, the
distribution function f slowly evolves in time. If the perturbation is small the particles keep
their action J for at least several orbital times. On a long timescale they slowly drift from
one orbit of constant J to another. This is because there is a timescale separation between the
dynamical time tp which is the timescale during which the system readjusts itself to reach
a new steady state and the diffusion time which is the timescale over which the system
evolves under the effect of the external perturbation. Making an adiabatic approximation,
we can assume that f remains at any given time a function of the actions only, though
a function that changes slowly in time. Thus, we assume that the distribution function
is a function of the form f = f(J, t) which, at fixed secular time, only depends on the
actions according to the Jeans theorem. Therefore, the system evolves through a sequence
of quasistationary states that are steady states of the Vlasov equation, depending only on
the actions J, slowly changing in time as a result of the external stochastic perturbation.
The system is approximately in mechanical equilibrium at each stage of the dynamics but
the external perturbation makes it slowly diffuse in action space. Below, we derive the SDD
equation from the Klimontovich equation and from the Fokker-Planck equation.
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4.1. Derivation of the SDD Equation from the Klimontovich Equation
4.1.1. Quasilinear Theory and Bogoliubov Ansatz

For spatially inhomogeneous systems, the fundamental equations of the quasilinear
theory written in terms of angle-action variables® are [59,99,104]

of 9o d

Fria <5faw(5c1>+c1>g)>, (132)
Ao f 6f 0 of
o T Gw T aw P gy =0 .

In order to solve Equation (133) for the fluctuations, we resort to the Bogoliubov ansatz.
We assume that there exists a timescale separation between a slow and a fast dynamics and
we regard ()(J) and f(J) in Equation (133) as “frozen” (independent of time) at the scale
of the fast dynamics.’! This amounts to neglecting the temporal variations of the mean
field when we consider the evolution of the fluctuations. This is possible when the mean
distribution function evolves on a secular timescale that is long compared to the dynamical
time (the time over which the correlations of the fluctuations have their essential support).
Since we ignore collisions, we can solve Equation (133) with Fourier transforms.®? The
Fourier transform of the fluctuations of the distribution function é f (w, J, t) is defined by

dw

+
—i(k-w—wt)
3oy / dte )6f(w,],1) (134)

st = [

and its inverse Fourier transform is given by
5f(w,J,t) Z/dw ew=e5f(k,J, w). (135)

Similar expressions hold for the fluctuations of the potential ®(w,J, ) and for the
external potential ®,(w,J, ). Since the angles w are 27r-periodic, we have introduced
discrete Fourier expansions with respect to these variables. For future reference, we recall
the Fourier representation of the Dirac §-function

oo dw . dw
—iwt —ik-w
ot) = /_oo ¢ 27’ O10 / ¢ (2m)d” (136)

4.1.2. Dielectric Tensor

We are now ready to solve the equation for the fluctuations for a given external
perturbation. Taking the Fourier transform of Equation (133) in w and ¢, we obtain

k- af R
5f(k, ), w) = W[&fb(k J, @) 4+ de(k,J, w)]. (137)

The fluctuations of the potential are related to the fluctuations of the density by
Equation (18). The coupled Equations (18) and (133) are difficult to solve because their
natural coordinates are different. The natural coordinates for solving the linearized Vlasov
equation are angle-action variables which make the solution by Fourier transform easy.
On the other hand, the natural coordinates for solving Equation (18) are the position
coordinates r. If we transform the fluctuating potential to angle-action variables, we obtain

(i ),w) = (20} [ Age (1151, ), (138)
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where Ay (J,7') is the Fourier transform of the potential of interaction in angle-action
variables [59]. If we substitute Equation (137) into Equation (138) we obtain a Fredholm
integral equation

K-
2 - d / / aJ’ AR 2 !y
5d(k,J,w) = (270) ;/dj Ao 0) g (80T, @) + &, (KT, )], (139)

which determines 6 (k,J, w). However, this equation is complicated to solve explicitly
because of the summation on k’ and the integration over J’. In order to solve Equation (137)
with Equation (18), we follow Kalnajs’ matrix method [150]. We assume that the fluctuations
of density dp(r,t) and potentials P (r,t) and P.(r,t) can be expanded on a complete
biorthonormal basis such that

op(rt) = Lo Aa(t)pu(r),  0P(rt) = Ly Au()Pa(r),  Del(r,t) = Ly AL(H)Pa(r),  (140)
where the functions p, (r) and @, (r) satisfy™
Dy (1) = /u(|r —Y|)pulr) dr, / 0 (1) Dy (1) dr = — 6. (141)

Multiplying the first relation in Equation (140) by @} (r), integrating over r, and using
Equation (141), we obtain

Au(t) = — / Sp(x, )% () dr. (142)

Substituting the relation
So(x,t) = / SF(x,v,t)dv = / vy e Wof(k,],t) (143)
k
into Equation (142), we find that

Adt) = — / drdv;eikwaf(k,J,t)@;(r)

- / dwd) Y e W5 f (I, J, )@ (w, ])
b k

~m! [y of (e i), (144)

where we have use the fact that the transformation (r,v) — (w,]) is canonical so that
drdv = dwd]. Taking the temporal Fourier transform of Equation (144), we obtain

A(w) = @) [ A1y of (k3 w)di(k,1). (145)
k
Using Equations (137) and (140), we find that
Anw) = —en [ DY oo 090+ el @] i)
k.-

= —(@n / dlg oo Ll Aw(@) + Ay (@)]@u ()@ (kD). (146)

o

Introducing the dielectric tensor
k.Y

cu (@) = b + 2! [ a1 =g T (1)@ ), (147)
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the foregoing equation can be rewritten as

Atx (w) = Z[Atx’ ((‘J) =+ AZ/((UH (504“’ — €an/ (“J)) (148)

“/
Solving this equation for A, (w), we obtain

Aa(@) = L[ (@) = buar| Asu (). (149)

o

Without external perturbation, the system would be described by the distribution
function f(J). The external perturbation ®,(w, J, t) polarizes the system and creates a small
change in the distribution function ¢ f (w, J, f) (see Equation (133)) producing in turn a weak
potential 6®(w, ], t) (see Equation (18)). As a result, the total potential acting on a particle,
which is sometimes called the dressed or effective potential, is d®iot(W, J, 1) = (W, ], 1) +
d0®(w, ], t). This is the sum of the external potential plus the potential fluctuation induced
by the system itself (i.e., the system’s own response). Equations (18) and (133) are coupled
together and written in terms of different variables. One manner to solve this loop is
to use a biorthonormal basis and Fourier transforms as we have shown above. Using
Equation (149), we find that the Fourier amplitudes A (w) = A,(w) + A% (w) of the
total fluctuating potential 6Pyt = 6P + P, acting on a particle are related to the Fourier
amplitudes of the external stochastic potential ®, by

A (w) = Y (€ aw (W) AY (). (150)

06/

Although not explicitly written, we must use the Landau prescription w — w +i0*"
in Equation (147). As a result, (¢ 1), (w) is a complex tensor which plays the role of the
response function in plasma physics. It determines the response of the system AL!(w)
to an external perturbation AZ, (w) through Equation (150). The dielectric tensor takes
into account the polarization of the medium caused by the self-interaction of the particles.
This corresponds to the so-called “collective effects”. Depending on the form of the self-
interaction and on the geometry of the system, the polarization cloud may amplify or
shield the action of the imposed external perturbation. Therefore, the action of the external
potential is modified by collective effects. This amounts to replacing the bare potential
b, (k,J, w) by the dressed potential 0ot (k, T, w) which is the potential b, (k,J, w) dressed
by the polarization cloud. Without self-interaction, or if we neglect collective effects, we
just have I®ioi(Kk,J,w) = de(K,J, w), corresponding to € = 1 and §® = 0.

Remark 11. The dielectric tensor (147) can be written as € = 1 — M where M is the polarization
tensor such that A = MAt. On the other hand, R = e~ — 1 is the response tensor such that
A = RA,. Equation (150) may be written in matrix form as €At = A,. When A, = 0 this
equation has nontrivial solutions only if det[e(w)]| = 0. This is the dispersion relation which
determines the proper complex pulsations w of the system associated with the distribution function
f(J). It can be used to study the (Vlasov) linear dynamical stability of the system. A zero of the
dispersion relation det[e(w)] = 0 for w; > 0 signifies an unstable growing mode.

4.1.3. Power Spectrum

We assume that the time evolution of the perturbing potential is a stationary stochastic
process and write the auto-correlation function of its different components as

(AL AL (H)") = Cou (t=1). (151)
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The function C,, (t — ') describes a possibly colored noise. The spectral auto-correlation
function of the components of the external stochastic potential is

~

(AL (@) AL (w')) =216 (w — ") Cour (), (152)

U(,

where C,,/ (w) is the temporal Fourier transform of C,, (t — ') (Wiener-Khinchin theorem).
The auto-correlation function of the external potential is

(@ (1), ) De(k, ], #)") = Ck I, £ = 1), (153)
and its temporal Fourier transform is
(De(K,J, w)De (K, J, ') = 218(w — ') C(K, ], w). (154)
According to Equation (140) we have

(De(k,J, w)Pe(k,J,w")") = ) (AL (w) AL (w')") Pk, T) D (K, J)*. (155)
Comparing Equations (152), (154) and (155) we find that
Clk,J,w) = Y Da(16J) Cop (W) D (K, 1) (156)

!

Similarly, we write the spectral auto-correlation function of the components of the
total fluctuating potential as

(A (W) AGH(w')") = 270 (w — ') P (@), (157)

where P,/ (w) is the power spectrum tensor. The auto-correlation function of the total
fluctuating potential in Fourier space is given by

(0Ptot (K, J, w)6Pror (k T, w')*) = 276(w = ) P(k, ], w), (158)
where P(k,J, w) is the power spectrum. According to Equation (140) we have
(0Dtot(k, J, w)dProt (K, J, ")) = Y (AR (@) AF (') ) Pale D) D (J)7 (159)
an!
Comparing Equations (157)—(159) we find that
P(k,J,w) =Y ®u(k,J) Pyws (w) Dy (k,J)*. (160)
an/

On the other hand, using Equation (150), we obtain

(A (W) AGHw)) = ) equn(@) (AL (w) AL (")) e

o ol

-1 /
L. (161)
l!(”l’(”,

Equations (152), (157) and (161) then yield

P (@) = [e1C(e™)] (@), (162)

wo!

Substituting Equation (162) into Equation (160), we finally obtain

Pk, J,w) =Y &, ]) [e‘lé(e_l)q (w) by (k,])7, (163)

wo!

where we have used (1) , = (e7'), . This equation relates the power spectrum

P(k,J,w) of the total fluctuating potential acting on the particles to the auto-correlation
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function C,(w) of the external stochastic potential. We note that C,y (w), C(k,J, w),
Py (w) and P(k,J,w) are real and positive. The power spectrum P(k, ], w) takes into
account collective effects through the dielectric tensor €,,/. It can be seen as a dressed
correlation function. If we neglect collective effects (¢ = 1) we obtain the bare power
spectrum (or the bare correlation function)

Poare(k, J,w) = Y ®u(k,J) Cor () Dy (K, J)* = C(K, ], w). (164)

It can be directly obtained from Equations (154) and (158) with Do (K, J,w) =
CDE (k/ J,(U)

4.1.4. SDD Equation

The basic equations governing the evolution of the mean distribution function f(J, t)
of a spatially inhomogeneous system of particles with long-range interactions forced by
an external perturbation are given by Equations (132) and (133). Introducing the total
fluctuating potential 0Pyt = 0P + D,, we can rewrite Equation (132) as

of _
7.2 <(5fa 50 t0t> (165)

Introducing the Fourier transforms of the fluctuations of distribution function and
potential, we obtain

3= DS D [ (K g et e O 07 (1, )08 (K 1)) (166)

On the other hand, Equation (133) can be written in Fourier space as (see Equation (137))

k-3
5f(k,J,w) = Wéq)tot(k J, w). (167)

Substituting Equation (167) into Equation (166), we obtain

dw dw' (11 9\ i W)w,—i(w—w)t
_;/m;/m<k'aj>e e
af

W (0Prot (K, J, w) 0Dy (K, J, ') (168)

Since the mean distribution function f depends only on the action J, we can average
the collision term over the angle w. This brings a Kronecker factor dy j» which amounts to
taking k' = k. Therefore,

&’\Q

<5q>tot(k J, W)‘Sq)tot(k J,')). (169)

9 . / T k-
F= i [ (e g el g

Introducing the power spectrum from Equation (158) and performing the integration
over w’, we find that

of

Z/ < >kkna] P(k,J,w). (170)

Recalling the Landau prescription w — w + i0" and using the Sokhotski-Plemelj
Formula (33), we can replace 1/ (k - Q — w — i0") by +ind(k - Q — w). Accordingly,

Z/dw( )5(k Q- w)P (k,J,w)(ng;). (171)



Universe 2023, 9, 68 29 of 53

Integrating over the é-function (resonance), we obtain the kinetic equation

gft‘:;Z(k.;’l)p(m,k.m(k.g). (172)

k

Therefore, for spatially inhomogeneous systems with long-range interactions, the
secular evolution of the mean distribution function f(J, t) of the particles sourced by an
external stochastic force is governed by a nonlinear diffusion equation of the form

of 0 ) af
E - 87]1 (Dz][ffl]a]j>/ (173)

with an anisotropic diffusion tensor
1
Dij[f,]] = 5 ) kikiP(k,J, Xk - Q). (174)
k

This equation expresses the diffusion tensor in terms of the power spectrum of the
fluctuations at the resonances w = k - Q3(J).

Using Equation (163), we can express the diffusion tensor in terms of the correlation
tensor of the external perturbation as

Djlf,1) = ;;; kikiba (k1) [ Ce )] (k- QO)Pe()).  (75)

o’

The diffusion tensor depends on the spectral auto-correlation tensor of the external
perturbation C, (w) and on the inverse dielectric tensor €~ !(w) both evaluated at the
resonance frequencies w = k - Q(J).* As a result, the diffusion tensor Djj[f,]] depends
not only on the action J but is also a functional of the distribution function f(J, t) itself
through the dielectric tensor €,, (k - Q(J)) defined by Equation (147). It also depends
implicitly on f through the orbital frequencies Q(J). Equation (173) with the diffusion
tensor from Equation (175) is therefore a complicated integrodifferential equation called the
inhomogeneous SDD equation. In the spatially homogeneous case, we recover Equation (36)
with Equation (38).

When collective effects are neglected, i.e., when we make € = 1 in Equation (175) and
use Equation (156), or replace P(k,J, k - Q) by Pyare(k, J, k - Q) (given by Equation (164))
in Equation (174), the diffusion tensor reduces to”®

D) = 5 L ki Clk ) k- 00)) (176)

In that case, it depends only on J and Q(J). Equation (173) with Equation (176) is
called the inhomogeneous SBD equation.

4.1.5. Properties of the SDD Equation

Some general properties of the inhomogeneous SDD Equation (173) can be given.
First of all, the total mass M = [ fdJ of the system is conserved since the right hand
side of Equation (173) is the divergence of a current in action space. By contrast, the
energy of the system is not conserved, contrary to the case of the inhomogeneous Lenard-
Balescu equation [58,59], since the system is forced by an external medium. Taking the time
derivative of the energy

E— / FH() dv, (177)
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using Equation (173), and integrating by parts, we obtain
/ Dy, a 7 9 o a. (178)

In general, E has not a definite sign. However, when f = f(H) with f'(H) < 0, we
obtain £ = — ff’(H)DijQin dJ > 0 (since D;;(3;Q); > 0) so that energy is injected in the
system. Finally, introducing the H-functions

- [cpha, (179)

where C(f) is any convex function, we obtain

1 f
S= [ £,7]== dJ. (180)
/ Fl5) Jj

Because of the convexity condition C" > 0 and the fact that the quadratic form x;D;;x; is
definite positive (see Section 4.1.4), we find that S > 0. Therefore, all the H-functions increase
monotonically with time. This is different from the case of the inhomogeneous Lenard-Balescu
equation where only the Boltzmann entropy increases monotonically [58,59].

If we heuristically introduce a dissipative term in the inhomogeneous SDD equation
by analogy with the inhomogeneous Kramers equation (see Section 3.6 of [59]), we obtain
an equation of the form

of _ 0 f
3 =3 (D A ]a]]+§f0()> (181)

where ¢ > 0 is the friction coefficient. Here, Q(J) = 0H/dJ is either a given external “force”
or the pulsation generated by the distribution function f(J,t) itself in a self-consistent
manner. The general behavior of this nonlinear equation is difficult to predict. It may relax
towards a non-Boltzmannian steady state determined by the equation

Dylf, 1a]f +EFOu(]) =0, (182)

or exhibit a complicated (e.g., periodic) dynamics. Since the diffusion tensor is a functional
of f, the nonlinear SDD equation presents a rich and complex behavior.

4.1.6. Stochastic SDD Equation

The SDD Equation (181), which is a deterministic partial differential equation, de-
scribes the evolution of the mean distribution function f(J, t). If we take fluctuations into
account, by analogy with the results presented in [124], we expect that the mesoscopic
distribution function f(J, t) will satisfy a stochastic partial differential equation of the form

s - ;’] (Dij[f, Jl a}: +EFu( >> +¢0.8), (183)

where {(J,t) is a noise term with zero mean that generally depends on f(J,t). When
D;; = D¢;; is constant and isotropic and when the fluctuation-dissipation theorem is
fulfilled so that { = DBm, as in the case of Brownian particles with long-range interactions,
the noise term is given by [124]

d

(0.0 = 5

( 2Dmf Q(J, )> (184)
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where Q(J, t) is a Gaussian white noise satisfying (Q;(J,t)) = 0 and (Q;(J,t)Q;(J',t')) =
0;j6(J —J')6(t —t'). This expression can be obtained from an adaptation of the theory of fluc-
tuating hydrodynamics [124]. In that case, the stochastic partial differential equation reads

75 o2 g

+ ;J- ( 2Dmf Q(J, t)), (185)

and the deterministic equation for the mean distribution function (i.e., Equation (185) with-
out the noise term) relaxes towards the Boltzmann distribution f = Ae=F"HU) When D[f]
is a functional of £, the noise term may be more complicated (see note 19). When the deter-
ministic Equation (181) admits several equilibrium states, the noise term in Equation (183)
can trigger random transitions from one state to the other (see, e.g., [128,129]).

Remark 12. We may alternatively consider a stochastic partial differential equation of the form

72 (aﬂﬁﬂ%) 20, (186

where —vf is a linear damping term with 0 < v < 1. The stationary solutions of the corresponding
deterministic equation (Equation (186) with { = 0) are determined by

d

a; <Dz’j[f/”af> —vf=0. (187)

a;

Since Dj;[f] is a functional of f, Equation (187) is a very nonlinear equation which admits
nontrivial solutions.

4.2. Derivation of the SDD Equation from the Fokker—Planck Equation

In this section, we derive the SDD equation directly from the Fokker-Planck equation.
We follow an approach similar to the one developed in Section 3 of [59] to derive the
inhomogeneous Lenard—Balescu equation.

4.2.1. Fokker-Planck Equation

Let us consider the evolution of a test particle of mass m moving in a spatially inho-
mogeneous medium and experiencing a stochastic perturbation @, (r, t). The equations of
motion of the test particle, written with angle-action variables, are

aw _ 96 Piot dj _ 96Piot
TR L T A L i

(w, ], 1), (188)

where 6®yot(w, ], t) is the total fluctuating potential acting on the particle. They can be
written in Hamiltonian form as w = d(H + §Hyot) /0] and j = —9(H + §Hiot) /0w, where
H is the mean Hamiltonian and J Hyot is the total fluctuating Hamiltonian. At leading order,
the test particle moves on an orbit characterized by a constant action J and a pulsation
Q(J) = 0H/JJ but it also experiences a small stochastic perturbation 6P = Pp + 0P
which is equal to the external potential ®, plus the fluctuating potential & produced by
the system itself (collective effects). Equations (188) can be formally integrated into

wit) = w [0+ [T (), 1), 1), 59)
t
36 =T [ 2wt (), ), (190

where we have assumed that, initially, the test particle has an angle w and an action J.
Since the fluctuations 0@y of the potential are small, the changes in the action of the test



Universe 2023, 9, 68

32 of 53

particle are also small. On the other hand, the fluctuation time is short with respect to the
evolution time of the distribution function. As a result, the dynamics of the test particle can
be represented by a stochastic process governed by a Fokker-Planck equation [34,112]. The
Fokker-Planck equation can be derived from the Master equation by using the Kramers—
Moyal [110,111] expansion truncated at the level of the second moments of the increment
in action. If we denote by f(J, t) the probability density that the test particle has an action J
at time ¢, the general form of this equation is

of 02 ) d o
g - a]ia]j (Dl]f) - ai]i(fFit t)' (191)

The diffusion tensor and the friction force are defined by

AJAT;
Dy0) = lim_ L ()= 110y = I, (192
F) = gim L - gy = G (193)

In writing these limits, we have implicitly assumed that the time ¢ is long compared to
the fluctuation time but short compared to the evolution time of the distribution function.

As shown in our previous paper [59], it is relevant to rewrite the Fokker—Planck
equation in the alternative form

TR (Dl]a]j fE . (194)
The total friction can be written as
oD;;
tot _ Pol ij
= S (195)

where Fp, is the friction by polarization (see Section 3.3 of [59]) while the second term is
due to the variation of the diffusion tensor with J (see Section 3.4 of [59]). As explained
in [8,23,59,136] in the context of the Lenard-Balescu equation, the friction by polarization
F,,o1 arises from the retroaction (response) of the system to the perturbation caused by the
test particle, just like in a polarization process. It represents, however, only one component
of the dynamical friction Fit experienced by the test particle, the other component being

Remark 13. The two expressions (191) and (194) of the Fokker—Planck equation have their own
interest. The expression (191) where the diffusion tensor is placed after the second derivative
02(DP) involves the total friction Fioy and the expression (194) where the diffusion tensor is placed
between the derivatives dDIP isolates the friction by polarization Fp,. It is shown in [59] that this
second form is directly related to the inhomogeneous Lenard—Balescu equation. This is also the form
corresponding to the inhomogeneous SDD Equation (173). It has therefore a clear physical meaning.

4.2.2. Absence of friction by polarization

In the limit N — +oo0 with m ~ 1/N where the collisions between the particles are
negligible, the friction by polarization (which is proportional to m [59]) vanishes

Fpo = 0. (196)
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Indeed, the perturbation on the system caused by the test particle is negligible. In that
case, the Fokker-Planck Equation (194) reduces to

of _ 9 (p,of
= = ah(Dl,a]j). (197)

We note that, in Equation (197), the diffusion tensor is “sandwiched” between the two
derivatives d/d] in agreement with Equation (173). As mentioned previously, this is not
the usual form of the Fokker—Planck equation which is given by Equation (191). Therefore,
the test particle experiences a friction [see Equation (195)]

oD::
Fot= 1, 198
i 3j; (198)

arising from the inhomogeneity of the diffusion tensor.”’ Using Equations (192) and (193),
this relation can be written as

(AT;) (ATiNT)) . (199)

_19
At 29]; At

Remark 14. The relation (199) was first derived by Binney and Lacey [94] (see their Equation
(3.10)) from general considerations (see their Appendix A). As a result, they obtained the diffusion
Equation (197) where the diffusion tensor is placed between the two action derivatives. They
computed the diffusion tensor Dj; but did not take into account collective effects. Weinberg [99]
independently considered the same problem. He computed the diffusion tensor D;; and the friction
force Fyor by taking collective effects into account but did not notice that they satisfy the relation
from Equation (198). As a result, he wrote the Fokker—Planck equation under the general form of
Equation (191) but did not obtain the simpler form of Equation (197) resulting from Equation (199).

4.2.3. First Calculation of D;;

We now calculate the diffusion tensor from Equation (192) following the approach
developed in Section 3.2 of [59]. According to Equation (188) the increment in action of the
test particle is

A= - 0 Ow

(w(t),J(t),t)dt. (200)

Substituting Equation (200) into Equation (192) and assuming that the correlations of
the fluctuating force persist for a time less than the time for the trajectory of the test particle
to be much altered, we can make a linear trajectory approximation in angle-action space
(i.e., we assume that the test particle follows an unperturbed orbit when calculating the
dynamics of the fluctuations)

wit)=w+at, J({t)=], (201)

and write

T 1 t ! t " a5(I>t0t / /aéq}tot " "
Dlj_tgrfwﬂfo dt/odt Twi(w—i-ﬂt,],t)aiwj(w—kﬂt g Y. o)

Introducing the Fourier transform of the total fluctuating potential, we obtain

00D ;o 00Dt oy o\ /dﬁ /LCU/ X
<am (w—i—Qt,],t)iawj (w+Qt", ], t") *; 27T§ T klkj

X eik-(w+Qt’)efiwt’efik’»(w+ﬂt”)eiw’t” <5®t0t(k/ J/ (U)é(ADtot(k/, J/ w/)*> (203)
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Since the distribution function depends only on the action, we can average the diffu-
sion tensor over w. This brings a Kronecker factor Jy j» which amounts to taking k' = k.
Then, substituting Equation (158) into Equation (203), and carrying out the integrals over
w’, we end up with the result

<ag<5)tiot (w+Qt,],t) agi;m (w+Ot"J, ) > i f 2% kikj ik 0-w)(# =" p P(k,J,w). (204)

This expression shows that the correlation function appearing in Equation (202) de-
pends only on the difference of times s = t' — t"". Using the identity (67) and assuming that
the auto-correlation function of the total fluctuating force f(s) decreases more rapidly than
s~1, we find for t — 4oo that®®

Di,-_/O < T (W ,0) T (w +Qs]s)> (205)

wj

Therefore, as in the theory of Brownian motion [34,112,138-140], turbulent fluids [141],
plasma physics [15,16,22,49,142], and stellar dynamics [8,31,137,143-147], the diffusion
tensor of the test particle is equal to the integral of the temporal auto-correlation function
(Fi(0)F;(t)) of the fluctuating force acting on it:

py= [ FEOF®D) (206)

Replacing the auto-correlation function by its expression from Equation (204), which
can be written as

(F; Z/ ——kikje "9t P(k, ], w), (207)
we obtain

Dij:/(:oodtZ/*kk Siteas wtp(klw) (208)

Making the change of variables t - —f, k - —k and w — —w, and using the fact
that P(—k,J, —w) = P(k,J,w), we see that we can replace f dt by (1/2) f dt in
Equation (208). As a result,

Dy = / dt Z / 8 ke 100t p(ic 3, ). (209)
Using the identity (136), we obtain
l]—rrZ/ kKo (k- O — w)P(k, ], ). (210)

The time integration has given a -function which creates a resonance condition for
interaction. Integrating over the J-function (resonance), we arrive at the following equation

1
Dij =3 gkiij(k, I.k-Q())). (211)

This is the general expression of the diffusion tensor of a test particle submitted to a
stochastic perturbation in a spatially inhomogeneous system with long-range interactions.



Universe 2023, 9, 68 35 of 53

Using the relation between the power spectrum and the correlation function of the external
perturbation (see Equation (163)), we obtain

=YY kkd oD [e e )] e 00)d ) @12)
k aa!

wo!

We thus recover the expressions from Equations (174) and (175) obtained from the
Klimontovich approach. Therefore, the Klimontovich approach and the Fokker—Planck
approach coincide.

4.2.4. Second Calculation of D;;
In order to compute the diffusion tensor, we can also proceed as follows. The change in
action of the test particle due to the total fluctuating potential is given by see (Equation (188))

ﬂ _ _BMDtot
dr ow

(r(w,J), t). (213)
Integrating this equation between 0 and ¢, we obtain

_ / N
N = [ ), ) a

_ t 85<I>tot ’ ’ ’

- /0 o (w - O, ) (214)

where we have used the unperturbed equations of motion (201) in the second equation
(this accounts for the fact that the test particle follows the mean field trajectory at leading
order). Decomposing the potential in Fourier modes, we obtain

d /
A] = / 2/ w zk (w+0t") ﬂa;t (S(I)tot(k 1, w)

_Z/ o lkw§¢t0t(k J w)/o ei(k~ﬂ—w)t/ dt/

ik Q—w)t
- Z/ ke Wb (K, J, w)e. !

Tn o) (215)

Substituting Equation (215) into Equation (192) and averaging over w, we find that

R 71( k/ i(k—K')w
] H+oo 2t / (2m)d lgj/

D;

R . ) N i(k-Q-w)t _ 7 p=i(k - Q-w')t _
Dot (k Dot (k * . 21
X (0Deot(k,J, w)dDior (K, J, w')™) ik O-w) —i(K 0—) (216)
Performing the integral over w and the sum over k/, we obtain
D;; = t£+oo o Z/ ki (6Diot (K, J, w)6Pror (K, J, ') ")
i(kQ—-w)t _ 1 —i(k-Q—w')t _
e le 1 (217)

ik Q-w) ik Q-)

Introducing the power spectrum from Equation (158), the foregoing equation can be

rewritten as
|ei(k-07w)t _ 1|2

Dﬁtﬂwmz/ kPl ) ) g e @18)
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This equation can also be directly obtained from Equation (202) with Equation (204) by
integrating over ' and t”. Taking the limit t — o0 and using the identity (81) we find that

l]—nZ/ I kikiP(I, ), w)d(k - O — w). (219)
Integrating over the J-function (resonance), we obtain
1
5 ;kikjp(k, IL.k-Q), (220)

which returns Equation (211). Then, using Equation (163), we obtain Equation (212).

Remark 15. If we do not take the limit t — 400 in Equation (218), we obtain a time-dependent
diffusion tensor of the form

Dij( —"Z/ ~—kikiP(k,J,w)A(k- Q — w,t) (221)

with the regularized function (85).

4.2.5. Third Calculation of D;;

We can make the calculations of the previous section in a slightly different manner. In
Equation (214) we decompose the total fluctuating potential in Fourier modes in angle but
not in time. In that case, we obtain

t 0 ik Q) <4
s = - i g T s 1)

t ; AN
S /O dt' Y ike™ (WO 5y (K, T, ). (222)
k

Substituting Equation (222) into Equation (192), we obtain

. 1 ik-(Ww+Qt') —ik/- ot
D"f:tETooﬂ/ ar’ / dt”lé;k Kl (W) =W O) (56, (K, T, 1 )0Dior (K, T, 17)F).  (223)

Since the mean distribution function f depends only on the action J, we can average
D;j over the angle w. This amounts to taking k'’ = k, yielding

Dj_tgrfmz/ at’ / dt”Zkkekaf’—f ) (6Dior(k, T, )0Dror(k, T, £7)%).  (224)

Using the relation
(6Dt (k,J, 1) 0Dt (k, I, 1)) = P(k,J, t — 1), (225)

where P (k, ], t) is the temporal inverse Fourier transform of P(k, ], w), we can rewrite the
foregoing equation as

t t
ik-Qt' —t"
Dy = lim /0 at’ /0 dt”g;kikjel =P, ], ¢ — ). (226)

t—+oc0

Using the identity (67), we obtain

Dj = lim f/ ds (t —s Zkkelkf’SP(kJs) (227)
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Assuming that P(k,J,s) decreases more rapidly than s~1, we find that
+00 )
D;j = / ds Y kikie* P (I, ], 5). (228)
0 k

Making the change of variables s —+ —s and k — —k, and using the fact that
P(-k,J,—s) = P(k,J,s), we see that we can replace f0+ ds by (1/2) f ds. Therefore,

Dy = 1/“o ds Y kikie Pk, ], 5). (229)
1y 2 e - 1 7 )7
Taking the inverse Fourier transform of P (k, J, s) we obtain
1

which returns Equation (211). Then, using Equation (163), we obtain Equation (212).
We note that P(k,],s) is complex while P(k,]J,w) is real. They satisfy the identities
P(-k,],s) = P(k,]J,s)" = P(k,J,—s) and P(k,J,w) = P(k,J,w)* = P(-k, ] —w). We
also note that the static power spectrumis P(k,J) = P(k,J,0) = [ 5% 4w p(k,J,w)

Remark 16. If we introduce the temporal Fourier transform of P(k,],t) in Equation (226)
we obtain

Dy = lim 27/ ar’ / dt”):/ kikieR QUm0 p(1 T ), (231)

t—+oo

which is equivalent to Equation (202) with Equation (204). If we integrate over t' and t"', we recover
Equation (218).

4.3. Energy of Fluctuations
The energy of fluctuations

£ = %/<5Pt0t5q)tot> dl‘, (232)

where dpior = 6p + p. is the total perturbed density, can be calculated as follows. De-
compositing the fluctuations of density and potential on the biorthonormal basis, using
Equation (140), we obtain

1
= 5 Y (AR (£) At /p,x (233)

Using the orthonormalization condition from Equation (141), we find that
1 tot (112
&= LIAZOF). (234)

Decomposing the amplitudes in temporal Fourier modes, we can rewrite the foregoing
equation as

__ = 2/ dw dw' 7zwteiw’t<Altxot(w)A§(ot(w/)*>‘ (235)

27 27

Introducing the power spectrum tensor from Equation (157) and integrating over «’,

we obtain
- 2 [ 5 P (236)
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Finally, using Equation (162), we can rewrite the energy of fluctuations as

£=—3 Z/ ‘;L‘?‘T’ [e1ee ] (). 237)

4919
This is the proper generalization of Equation (99) to spatially inhomogeneous systems.

4.4. Connection between the SDD Equation and the Multi-Species Lenard—Balescu Equation

We can readily adapt to the case of spatially inhomogeneous systems the discus-
sion given in Section 2.4 concerning the connection between the SDD equation and the
multi-species Lenard—Balescu equation. The multi-species inhomogeneous Lenard-Balescu
equation reads [60,136]

af, .9 , .
zTCZ 5 ZZ/d]kMkk,J,],k~0)|2(5(k'07k~Q)
b kK

ofa , 9 !
(mbfbk f; o fuk af;b) (238)

where f’ stands for f(J'), (0 stands for Q(J') and Aﬁ’k/ (J,)/, w) is the Fourier transform of

the dressed potential of interaction in angle-action variables defined by’

Al (0T w) = = 1 @l J) (€ g (@) D (K, T). (239)

wn!

Let us focus on the species of particles of mass 1, (test particles). We take into account
the collisions induced by the field particles of masses {1, };.., on the test particles but we
neglect the collisions induced by the test particles on the field particles and on themselves.
This approximation is valid for very light test particles m, < m; or, more precisely, in
the limit N, — 400 with m,; ~ 1/N,. In that case, the inhomogeneous Lenard—Balescu
Equation (238) reduces to

% = 71(271)

= /d] k|Af (0, ]’,k~0)\25(k~0—k’-Q’)(mbfbk f“> (240)

aJ b;éa 5%

We note that the friction by polarization vanishes (F,,; = 0) and that the diffusion
tensor has no contribution from particles of species a. As a result, the mass m, of the
particles of species a does not appear anymore in the kinetic equation.

Equation (240) can be written as an inhomogeneous SDD equation

of af
3 =3I (D 1.7 a]]> (241)

with a diffusion tensor

D7) = m(27) ZZ/dJkk 1AL (07 k- Q)25(k-Q - K - Q)myf],  (242)
b kK

where we have dropped the subscript a for clarity. One can show [136] that the expres-
sion (242) of the diffusion tensor is consistent with Equation (175) where

Cor (@) = @0 T m 1 [ 6w —k- Q)& (DDA (243)
b k
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is the bare correlation function of the potential created by a discrete collection of field
particles of masses {m;, }. Combining Equations (160), (162), (236) and (243) we obtain the
dressed power spectrum

Par(@) = @)1 Y Y [ o — k- 0) [ @)@ (D] [ (@) bk D] A, @49
b k

Pk @) = O™ L my ¥ [ 6w =K - )AL 0T 0)PR0) Y, @45)
b K
the static power spectrum

Paw = (2" Ly} [ e d 1) [k 0y ®D)] fi0)d,  @46)

Plc]) = @r)! Lomy 1 [ d) 1AL (1LY A - Q) PR, 47
b Kk’
and the energy of fluctuations
1 .
&= Cm Y [[1e7 (k- )& (1 )f0) d, (249)
b k

where [e 71 (k- Q)®*(k, ) > = Lo [e (k- Q)D* (K, J)]u[e (k- Q)*D(k,])]4. If we neglect
collective effects, the energy of fluctuations can be written as

rare = 520 T X [ Assc L1)A0) 249
2 b k

5. Derivation of the SDD Equation in Physical Space
5.1. SDD Equation

In this section, we derive the SDD equation in physical space without using Fourier
transforms. This formal derivation provides some insight on the physical structure of
this equation. We consider a possibly spatially inhomogeneous system of particles with
long-range interactions submitted to an external stochastic perturbation ®,(r, t). Denoting
by Fiot = —V (6P + P,) the total fluctuating force by unit of mass experienced by a particle,
the fundamental Equations (10) and (11) of the quasilinear theory can be rewritten as

of 2
St Lf = == (0f Fior), (250)
asf B of

W + Léf — —]:tot . E/ (251)

where L = v-9/dr — V& - 9/0v is the mean field Liouvillian (or Vlasov) operator, i.e.,
the advection term in phase space. Equation (251) for the fluctuations can be formally
integrated into

5f(x,v,t) = — /0+oo G(t,t — T) Frot(r, t — T) - %(r,v,t —1)dr, (252)
where ,
Gl 11) —exp{—/t2L(t) dt} (253)

is the Greenian operator constructed with the mean field Liouvillian operator. We have
taken 6f(r,v, —00) = 0 because we neglect the fluctuations due to finite N effects (we
do not consider the collisions between the particles of the system but only the influence
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of the external perturbation).”lO This is valid for N — +oco with m ~ 1/N. Substituting
Equation (252) into Equation (250), we obtain the non-Markovian kinetic equation

of  a of B pre
af; by ;TJ; _Vo. % = 2 [ P ) F (e = ), - 7))
1

xg—f( (t—1),v(t—7),t — 1), (254)
Uj

where the notations r(t — 7) and v(t — 7) recall that the particles move along the mean field
trajectories determined by the time-dependent potential ®(r(t — 1), t — T) according to

dr

=) =v(t—1), %(t —T) = —VO(r(t— 1), t —T). (255)

Making a Markovian approximation, we can replace f(r(t — 7),v(t — 7),t — T) by
flx(t—1),v(t—1),t) and ®(x(t — 7),t — T) by ®(x(t — 7), f). In this manner, we obtain
the inhomogeneous SDD equation

of .o of _ 0 [T fot Ot (p(t 1)t
5TV g AL E v~ 90, / dt (Fi% (x, ) Fi* (x(t — 7),t = 7))
d

80]( r(t—1),v(t—1),t). (256)

When integrating over T, we must consider that the mean field is “frozen” at its
value at time t (Bogoliubov ansatz). In that case, the particles move along the mean field
trajectories determined by the static potential ®(r(t — 7), t) according to

I —vit—1), Y1) = Vo)1) (257)
dt dt
Although appealing, Equation (256) is formal because 0F(r,t) = —VJi®(r,t) in

F©r,t) = 0F(r,t) + Fe(r,t) depends on éf(r,v,t) through Equation (18) which itself
depends on JF(r, t) through Equation (251). We can solve this loop by introducing a formal
generalization of the dielectric function in physical space (instead of Fourier space). In
that case, F'(r,t) can be interpreted as the dressed force acting on the particles and
(Flo(r, t)]-"jt"t(r(t —T),t — 7)) must be viewed as a functional of f which accounts for
collective effects. If we neglect collective effects and take F'°t(r, t) ~ F,(r, t), Equation (256)
reduces to

of of of _ 9 [T e ISP _
5 TV s VO 5, / dt (F (x, )F (x(t — 7),t — 7)) 50, (r(t—7),v(t—1),t). (258)
In this manner, we obtain the inhomogeneous SBD equation.*!
For spatially homogeneous systems, we have f = f(v,t) and (F) = 0. Since the mean
field force vanishes, the mean field trajectories of the particles are just straight lines traveled

at constant velocity:
r(t—71)=r—vrT, v(it—1)=w. (259)

In that case, Equation (254) reduces to

af_i teo tot tot /.. _ ﬂ _
% /O T (EN (5 DF! (= Vet = ) (vt = ) (260)

If we make a Markovian approximation, we obtain the homogeneous SDD equation

g_i e tot tot(., B %
5 = % /O T 1 DF (= vt = D) 30 (), 261)
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If we neglect collective effects, we obtain the homogeneous SBD equation
of o9 [T of
= = 5— Ff(r, t)Fi (r —vT,t — 7)) ==—(V,1). 262
S5 | AT EEDE v, g (v 262)

It can be written as a diffusion equation

of 9 (p 9f
K (D” 80j> (263)

with the anisotropic diffusion tensor
—+00
Dy = / 4t (F{ (5, ) F (r — ve, t = 7). (264)
0

For a colored noise, the diffusion tensor depends on the velocity v of the test particle.
When the external force is d-correlated in time (white noise), i.e.,

(Ff(r, t)PjB(r’, th) = Cij(r— v)o(t—t'), (265)

the Markovian approximation becomes exact and we obtain

1
Djj = 5Cij(0). (266)

In that case, the spatial correlation of the external perturbation is unimportant (only
the value of C;;(0) matters) and the diffusion tensor is constant. We recover the results of
the discussion following Equation (39).

Remark 17. Equations (263) and (264) (or more generally Equation (261)) are equivalent to
Equations (59) and (68) obtained in Section 2.2 from the Fokker—Planck approach. We stress,
however, that the derivation based on the Klimontovich equation exposed in this section is very
different from the one relying on the Fokker—Planck approach in Section 2.2. In particular, we do not
have to use Equations (53), (56), (58) and (64). Therefore, the Klimontovich approach is another
manner to derive the Fokker—Planck Equations (59) and (68) without using the Master equation and
the Kramers—Moyal expansion. We note that the Klimontovich approach directly leads to a diffusion
equation of the form of Equation (56) where the diffusion tensor is sandwiched between the velocity
derivatives whereas, in the usual Fokker—Planck approach, the diffusion tensor is placed after the
two velocity derivatives (see Equation (53)). Since F,o; = 0 the two equations are equivalent as
discussed in Section 2.2.2. The same remarks apply to the results of Section 2.1.

5.2. Application to the Theory of Brownian Motion

Let us consider a system of self-interacting Brownian particles immersed in a fluid.
We write the equations of motion of the Brownian particles as

dr; dv;
d—; =v;, d—tl = —V&(r;) — &v; — VD,(1;, t). (267)
The friction force —¢v and the external stochastic force Fo = —V®, model the “colli-

sions” between the Brownian particles and the molecules of the fluid in which they move.*?
In stellar dynamics, these equations can describe the motion of test stars a experiencing
a stochastic force which may be due to collisions with other stars or have a more general
origin. For simplicity, we neglect discreteness effects due to the Brownian particles.*’

Therefore, ®(r) = [ u(|r —r'|)p(r") dr’ represents the self-consistent mean field potential
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produced by the Brownian particles. Repeating the calculations of Section 5.1 with the addi-
tional friction force (which is a deterministic term), we obtain the Fokker-Planck equation

of |, of of _ o (pof
StV VO 8v< +<’;fv> (268)

like in the theory of Brownian motion [34,43]. This is the so-called Kramers or Klein—
Kramers-Chandrasekhar equation [34,35,37-39,43,1 10,132].** However, it is derived here in
a completely different manner without using the Langevin equations, the Master equation,
and the Kramers—Moyal expansion. The diffusion coefficient is given by (see Equation (264))

-1 / " B(0) - E(1)) dt, (269)

where F represents the stochastic force acting on the Brownian particle (the factor 1/3
accounts for the dimensionality of space d = 3). For simplicity, we have assumed that the
diffusion tensor is isotropic (D;; = D¢;;) and constant (independent of f and v). This is
the case when the external potential ®,(r, t) is d-correlated in time (white noise) and when
collective effects can be neglected (e.g., when the Brownian particles are noninteracting).
The diffusion coefficient can be approximated by

D ~ %r<F2>, (270)
where T is a typical decorrelation time and (F?) is the variance of the inter-molecular forces.
In the case of stellar systems, the distribution of the gravitational force produced by a
random distribution of stars is a particular Lévy law called the Holtsmark [162] distribution
(see, e.g., [163]) and the diffusion coefficient can be calculated from a stochastic approach
[8,31,32,36,40,41,49,137,143,144].

If we apply the general argument of Chandrasekhar [34,43] and require that the kinetic
Equation (268) relaxes towards the Maxwell-Boltzmann distribution function of statistical

equilibrium™®

f _ Ae*ﬁm[02/2+¢(r)]l (271)

where § = 1/ (kpT) in the inverse temperature, we find that the friction coefficient is related
to the diffusion coefficient by the Einstein relation

& = Dpm. (272)

We can then write the Fokker-Planck equation as

Goodoso k- pGem)] e

Combining Equations (269) and (272), we obtain the formula

P %/m / " B(0) - B(1) dt. (274)

This is the so-called Green—-Kubo [139,140,153] relation expressing the fluctuation—
dissipation theorem. Actually, this formula was first derived by Kirkwood [152] by a direct
calculation of the friction force (see also [8,136,139,140,144-147,153-159]).

If D is constant, the Langevin equations associated with the Fokker-Planck Equation (268)
are [112]%

dr av

S=V g =Vem) v+ V2D R(t), (275)
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where R(t) is a Gaussian white noise satisfying (R;(t)) = 0and (R;(t)R;(t')) = &;6(t —t').*/
If we take fluctuations into account at a mesoscopic level of description, we obtain a
stochastic partial differential equation of the form (see [124] and Section 2.1.6)

gjt’ .g_vg gjvf 2 <D8f+5f >+aa { 2Dme(r,v,t)], (276)

where Q(r, v, t) is a Gaussian white noise satisfying (Q;(r, v, t)) = 0and (Q;(r, v, t)Q;(r’, v/, t'))
= 0;j0(r — 1')d(v — v')3(t — t'). When the deterministic Equation (268) admits several equi-

librium states, the noise term in Equation (276) can trigger random transitions from one
state to the other (see, e.g., [128,129]).

Remark 18. In the original approach of Einstein [130], the value of the friction coefficient was
assumed to be known (e.g., being given by the Stokes [165] formula) and Equation (272) was used
to determine the diffusion coefficient D from the friction ¢, the temperature T, and the particle mass
m.*® Alternatively, in the approach of Kirkwood [152], the friction coefficient is determined via
Equation (274) by the auto-correlation function of the inter-molecular forces. This is a very different
point of view. In this sense, Equation (274) may be viewed as a generalization of the Stokes formula.

5.3. Generalization for a Velocity-Dependent Diffusion Coefficient

If we account for the possibility that the diffusion coefficient depends on the velocity,
we must write the equations of motion of the Brownian particles in our approach as

dr; dv; 1
?; =V, dtl FpO — VCD(I‘Z) VCIDE(rZ-, i’). (277)

In that case, the Fokker-Planck equation becomes (see Section 5.1)

If we require that the kinetic Equation (278) relaxes towards the Maxwell-Boltzmann
distribution function (271), we find that the friction force (more precisely the friction by
polarization) is related to the diffusion coefficient by the generalized Einstein relation

Foo1 = —D(v)Bmv. (279)

The Fokker—Planck equation can then be rewritten as

The friction by polarization is of the form
Fpol = —¢(v)v  with ¢(v) = D(v)pm. (281)

The friction coefficient depends on the velocity.
If D = D(v), the Langevin equations associated with the Fokker—Planck Equation (280)
are [8,112]

v W v ey L2 4 aDwRE), (282)

where R(t) is a Gaussian white noise satisfying (R;(t)) = 0and (R;(t)R;(t')) = 6;;0(t —t').
Since the diffusion coefficient depends on the velocity, we have a multiplicative noise. In
that case, the Langevin equations involve a term %%—e in addition to the naive friction force

—¢(v)v. This spurious drift is not very intuitive. In contrast, the equations of motion (277)
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with Equation (281) do not involve a spurious drift; they are therefore more intuitive. This
shows that the approach based on Equation (277) with Equation (279) is fundamentally
different from the (Langevin) approach based on the Equation (282).

5.4. Generalization for an Anisotropic Diffusion Tensor

If we account for the possibility that the diffusion tensor is anisotropic, we must write
the equations of motion of the Brownian particles in our approach as

drj ) dv; pol '
qr Vi, I =F VO(r;) — VD, (1;,t). (283)

In that case, the Fokker-Planck equation becomes (see Section 5.1)

f .U .o _ 9 (p 9f | cppol
at TV e V¥ ey T oy \Diay, /T (284)
The diffusion tensor is given by
+oo
D= [ (FOF M) (285)

In the general case, Dj;[f, v] depends on v and is a functional of f. If we require that the
kinetic Equation (284) relaxes towards the Maxwell-Boltzmann distribution function (271),
we find that the friction force (more precisely the friction by polarization) is related to the
diffusion tensor by the generalized Einstein relation

1
Ff* = —D;;jpmo;, (286)

( of + pmfo; )1 (287)

Combining Equations (285) and (286), we obtain the generalized Green-Kubo formula

so that
af af V. af 0

at or ov  0v;

B = o [T FEOF @) (288)

expressing the fluctuation-dissipation theorem.
If D;; = Djj(v), the Langevin equations associated with the Fokker-Planck Equation (287)
are [112]

dr dv 9gkj

at =V, ar —Vo(r )+Fpol+gz]a + &ij ]( ) (289)
where D;; = gixgjx and I'(t) is a Gaussian white noise satisfying (T';(t)) = Oand (I';(£)[;(')) =
25;;6(t — t'). Using Equation (57) the Langevin equations can also be written as

dr dv 9gij
=V o= V() + Fuor $Kigy, T 8 T(t). (290)
As mentioned above, these equations are less intuitive than Equation (283). This shows
the physical interest of our formulation.

6. Conclusions

We have reviewed the SDD equation for spatially homogeneous and inhomogeneous
systems with long-range interactions submitted to an externally imposed stochastic force.
The SDD equation describes the evolution of a near-equilibrium system caused by scatter-
ing of orbits by fluctuations in the potential due to the external perturbation. The evolution
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timescale is intermediate between the violent collisionless relaxation timescale and the
collisional relaxation timescale. We have derived the SDD equation either from the Klimon-
tovich approach or from the Fokker-Planck approach. We have considered the case of an
external stochastic force with an arbitrary correlation function. When the external noise
is produced by a random distribution of N field particles, we have made the connection
between the SDD equation and the Lenard—-Balescu equation (see also [136]).

The SDD equation may have several applications in astrophysics and cosmology.
Some examples have been given in the Introduction and in Section 4 in relation to the
secular evolution of stellar discs. In this context, Fouvry et al. [64,104-106] have computed
the initial flux (9f/9t)y due to the external forcing in thin and thick discs and compared
the theoretical prediction with direct numerical simulations (similar calculations have
been performed with the Lenard-Balescu equation taking into account internal Poisson
shot noise [62-64]). Here, we consider the case of dark matter halos. Classical N-body
cosmological simulations suggest that dark matter halos have a universal density profile,
the so-called Navarro-Frenk-White (NFW) profile [166]. This profile results from a process
of collisionless violent relaxation.*’ It decreases as r 3 at large distances and presents a
r~! cusp for r — 0. This cuspy density profile is in conflict with observations [167] which
reveal that dark matter halos have a flat core, not a cusp. This core-cusp problem could be
solved by baryonic feedback that can transform cusps into cores [168-170] or by quantum
mechanics which prevents infinite densities if dark matter is made of fermions or bosons
with a very small mass (see, e.g., [135] and references therein). In addition to baryonic
feedback and quantum effects, the SDD equation could also be used in the context of
galactic halos to predict their density profile resulting from a (slow) secular evolution due
to external perturbations (e.g., fly-by encounters, satellite mergers, black holes, baryons,
etc.). The evolution of haloes in noisy environments was first considered by Weinberg [171]
who predicted a universal density profile with a flattened core. He mentioned that results of
large-scale structure simulations and observations of substructures in the Milky Way halo
provide evidence that galaxies are not in equilibrium and that dynamical evolution does not
stop after the galaxy formation. A wide variety of instabilities and interactions may drive
a galaxy away from equilibrium in the 10 Gyrs subsequent to formation. Weinberg [171]
emphasized that galaxies often have very weakly damped modes and these result in large
amplification when excited. If the noise excites the weakly damped mode, he showed
that the repetitive stochastic response of the galaxy drives the equilibrium toward some
universal profile independent of its initial condition and from the detailed characteristics of
the noise. The halo profile obtained by Weinberg [171] differs from the NFW profile because
it is due to a repetitive excitation from equilibrium and subsequent (secular) relaxation to a
new equilibrium while the cosmological mechanism leading to the NFW profile is rapid
and violent. For technical reasons Weinberg [171] did not consider cuspy density profiles.
However, he showed that the noise results in flattening the profile of the dark matter
distribution. This suggests that external perturbations can transform cusps into cores. The
SDD equation reviewed in the present paper could be used to study this possibility. It
may also be interesting to derive hydrodynamic equations from the kinetic theory and
investigate their possible applications in cosmology on a long timescale (see, e.g., [172]).

The SDD equation also occurs in other systems with long-range interactions such
as the HMF model [7,23,102,103]. When the dynamics includes a form of dissipation,
the system may relax towards a non-Boltzmannian distribution function arising from the
competition between the nonlinear diffusion and the friction, or display a complicated
(e.g., oscillatory) dynamics. On a mesoscopic scale, these systems may present out-of-
equilibrium phase transitions. These interesting results may be worth investigating further.
This could be a topic for future research. Similar results are expected to hold for 2D point
vortices and for geophysical flows submitted to an external stochastic perturbation (see [88]
and references therein).
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Notes

1

11

Prigogine and Balescu [14] previously derived a kinetic equation without collective effects being unaware of the earlier work of
Landau [9]. Their equation (which corresponds to the Lenard-Balescu equation with the dielectric function e(k, k - v) replaced
by 1) involves the Fourier transform of the potential of interaction (k) and exhibits a condition of resonance é[k - (v — v')].
If we perform the integral over the wavenumber k (see, e.g., Appendix C of [8]) we recover the original form of the Landau
equation [9].

Note that the kinetic approach developed by Chandrasekhar [31—43] and Rosenbluth et al. [44] allowed them to take strong
collisions into account (unlike Landau [9]) so that no divergence occurs at small scales in their Fokker—Planck equation. In
particular, the gravitational Landau length appears naturally in their formalism.

Self-gravitating systems are never spatially homogeneous even in theory. Indeed, an infinite homogeneous distribution of stars
is not a steady state of the Vlasov—Poisson equations (except in an expanding background). Even if we advocate the “Jeans
swindle” [46], or take into account the expansion of the Universe, we find that an infinite homogeneous distribution of stars
is linearly unstable to perturbations whose wavelengths are above the Jeans length A;. Therefore, Chandrasekhar [31-43] and
Rosenbluth et al. [44] actually considered spatially inhomogeneous stellar systems with a size of the order of the Jeans length
A; and made a “local approximation” so as to treat them as if they were spatially homogeneous (this could be referred to
as “Chandrasekhar’s swindle”). This local approximation gives relatively good results in the case of globular clusters when
an orbit average approximation is implemented, leading to the orbit-averaged Fokker—Planck equation [47,48]. In his works,
Chandrasekhar [31-43] argued that the Coulombian factor In A should be cut-off at the interparticle distance but it was later
recognized [49] that this claim is incorrect and that the Jeans length (i.e., the system’s size) provides a better prescription for the
large scale cut-off.

This rough argument may sometimes be misleading (see below).

It is interesting to point out the analogies between the effect of a solid rotation on a stellar system and the effect of a constant
magnetic field in plasma physics. The small oscillations of a fully ionized plasma in a constant magnetic field were first studied
by Bernstein [51] and the kinetic equation of a plasma in a constant magnetic field was first derived by Rostoker [52]. Of course,
there are also differences between stellar systems and plasmas since gravity is attractive whereas electricity is repulsive.

Heyvaerts [58] derived the inhomogeneous Lenard-Balescu equation from the BBGKY hierarchy and Chavanis [59] derived
it from the Klimontovich formalism. The inhomogeneous Lenard—Balescu equation can also be directly derived from the
Fokker—Planck equation as shown in [59-61]. The inhomogeneous Landau and Lenard-Balescu equations are structurally very
different from the orbit-averaged-Fokker-Planck equation [47,48] used to describe globular clusters.

The y-formalism which treats the fluctuating force acting on a particle as a stochastic force is closely related to the Fokker—Planck
approach developed in [59,60]. However, it relies on the rather technical Novikov theorem [109] while the Fokker-Planck
approach is based on the more physical Kramers-Moyal [110,111] expansion (see, e.g., Ref. [112]).

We generically call it the “collision” term although it may have a more general meaning due to the contribution of the external
perturbation. Actually, in this paper, we shall be exclusively interested by the contribution of the external perturbation. A more
proper name could be the “correlational” term.

For the simplicity of the presentation, we have assumed that the external potential ®, is of zero mean. If there is an external mean
component (®,), it can be included in ® by making the substitution ® — ® + (P, ). In other words, ® represents the total mean
potential including the mean potential produced by the system of particles and by the external perturbation. In Section 4, this
amounts to replacing the pulsation Q) of a particle in an inhomogeneous system by the total pulsation 0 + Q..

In the following, we assume that the system remains spatially homogeneous during its whole evolution. This may not always
be the case. Even if we start from a spatially homogeneous distribution f(v), the collision term will change it. The system
may become dynamically (Vlasov) unstable and undergo a dynamical phase transition from an homogeneous phase to an
inhomogeneous phase (see, e.g., Ref. [113]).

In our approach, the initial condition is rejected to the infinite past but we have to add a small imaginary term 0" in the pulsation
w of the Fourier transform to ensure the vanishing of the fluctuations and the convergence of the integrals for t — —oc. Ina
sense, our procedure amounts to using a Laplace transform in time but neglecting the initial condition.
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Equation (21) is the generalization, for an arbitrary binary potential of interaction, of the dielectric function introduced in plasma
physics [114]. We generically call it the “dielectric” function although it has a more general meaning.

It is implicit throughout the calculations that a small imaginary term i0" should be added to the pulsation when necessary. For
convenience, we do not write this term at each step of the calculations and refer to the “Landau prescription” when necessary.
The Landau prescription w — w + 07 ensures the vanishing of the Fourier modes 6, (t) « e~*“* for t — —oco and regularizes
the resonant denominators (see note 11).

Since we have assumed that the system is linearly Vlasov stable, we have e(k, w) # 0 for any real pulsation w (the solution of the
dispersion relation e(k, w) = 0 is of the form w = w, + iw; with w; < 0) so that Equation (26) is well-defined.

We call it “effective” because it is not due to collisions (finite N effects) between particles but to the external perturbation (see
note 8).

Here, and in the following, we use the Einstein summation convention on repeated indices.

We have assumed that the system is stable so e€(k, w) does not vanish for any real w = k - v (see note 14).

This mesoscopic level of description characterized by f (coarse-grained dynamics) is intermediate between the discrete level of
description characterized by f; (exact dynamics) and the smooth—locally averaged—Ilevel of description characterized by f
(mean dynamics). It takes into account fluctuations with respect to the mean dynamics f but replaces the sum of /-functions in f,;
by a continuous (yet stochastic) distribution function f. If we average f over the noise, we recover f.

A general approach to obtain the noise term and the corresponding action is to use the theory of large deviations [127].

The idea of this expansion was introduced by Einstein [130] who used it to derive the diffusion equation, thereby improving the
heuristic approach of Fick [131]. It was then generalized by Fokker [17-19] and Planck [20] to derive the Fokker—Planck equation
(the same results were obtained independently by Klein [132] a little later). Landau [9] used a similar expansion to derive the
Landau equation from the Boltzmann equation. Actually, this type of Taylor expansion was introduced by Lord Rayleigh [133]
long before all the classic papers on Brownian theory. He considered the dynamics of massive particles bombarded by numerous
small projectiles. This paper can be seen as a precursor of the theory of Brownian motion that is usually considered to start with
the seminal work of Einstein [130] (see Refs. [129,134,135] for some additional comments about the paper of Lord Rayleigh and
the history of Brownian theory).

This formula is established by a direct calculation in Section 3.4 of [23].

This protocol is usually called the quasilinear approximation, i.e., we assume that the test particle follows an unperturbed
trajectory when calculating the dynamics of the fluctuations.

The auto-correlation of the gravitational force in d = 3 in an infinite homogeneous medium decreases precisely as s—11[41,49].
This leads to logarithmic corrections as discussed by Lee [137].

This formula can also be obtained by using the identity

1d 1,. ) 1 t
Dij = 5 2 (B0ilvj) = > (0idvj +0;Av;) = 5 </O dt’ [H(r, 0)Ej(x(t'),t') + F(r, 0)Fi(x(t), t’)] > (291)
where F = —V§®; is the total fluctuating force (by unit of mass) experienced by the test particle. Making a linear trajectory

approximation and taking the limit t — 400, we obtain
400
D;; :/0 (Fi(x,0)F(xr+vs,5)) ds, (292)

in agreement with Equation (68).
A more precise criterion for neglecting the contribution of the test particles on the diffusion is m, f, < Y, my fp.
A more precise criterion for neglecting the friction by polarization is 1, f,0f /v < Y, my, fpdfa/0v.

In this sense Equation (102) with Equation (103) is more general than the SDD Equation (36) with Equation (38) because it takes
into account the polarizability of the external medium.

In these studies, collective effects were neglected for the reasons given in the introduction.

In the context of stellar discs, the stochastic perturbation may be due to weak mergers, transient spiral structure, orbiting blobs,
giant molecular clouds, massive sub-halos around the disc, spiral arms, the presence of a bar, dwarf or large satellites, a halo of
super-massive black holes, gas accretion, orbiting dwarf galaxies, debris streams, dark clusters, dwarf galaxy mergers, disrupting
dwarfs, fly-by encounters, etc. (see [94,99,101] and references therein).

We assume that the background potential of the system is stationary and integrable so that we can always remap the usual phase
space coordinates (r, v) to the angle-action coordinates (w,J). This is consistent with the Bogoliubov ansatz discussed below. We
also assume that the system remains Vlasov stable during the whole evolution. This may not always be the case. Even if we
start from a Vlasov stable distribution function f;(J), the “collision” term (r.h.s. in Equation (132)) will change it and induce a
temporal evolution of f(J,t). The system may become dynamically (Vlasov) unstable and undergo a dynamical phase transition
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from one state to the other. We assume here that this transition does not take place or we consider a period of time preceding this
transition.
For convenience, we shall often write f for f(J) and Q for Q(J).

In order to derive the inhomogeneous Lenard-Balescu equation describing the collisional evolution of the system due to finite
N effects, we have to solve an initial value problem and use Laplace transforms in time as explained in Section 2 of [59]. This
involves the initial perturbed distribution function df (k, J,0) which accounts for the granularities of the system.

We consider an attractive self-interaction, such as gravity, hence the sign — in the second term of Equation (141).

In matrix form, we have A = (1 —¢€)(A + A,) yielding €A = (1 —¢€)A,, then A = ¢71(1 - €)A, = (e7! — 1)A,, and finally
At = A+ A, =€ 1A,. Ifwe neglect collective effects, we have Aot = A, corresponding to € = 1 and A~ (1- e)Ae ~ 0.

We have assumed that the system is stable so the dielectric tensor is invertible on the real axis.

When collective effects are neglected, it is not necessary to introduce a biorthonormal basis.

This formula is established by a direct calculation in Section 3.4 of [59].

This formula can also be obtained by using the identity

| =

t
Dij = % <A]iA]j> = %(]ZA]] + ]]A]1> = %</0 dr' [E(W,J,O)‘Fj(w(t/),](tl), t/) + E(W,J,O)E(W(tl),](tl), t/)} >r (293)

QU

t

where F = —d0®yot/dw is the total fluctuating force (by unit of mass) experienced by the test particle. Making a linear trajectory
approximation in angle-action space and taking the limit t — 400, we obtain

+oo
Dy = [ (Fiw 10 F(w+00)ss)) ds, (294)

in agreement with Equation (205).

The Fourier transform of the dressed potential of interaction in angle-action variables is written as —1/Dy j/(J,]’, w) in
Refs. [58,59]. The Fourier transform of the bare potential of interaction in angle-action variables is recovered by taking e = 1
yielding Ay (J,)') = — Ly Sa (k1) 3 (K, T').

See the difference with Section 2.1 of [147] where we derive the collision term due to finite N effects by considering an initial
value problem.

This equation is exact for noninteracting systems forced by an external perturbation.

Note that we depart from the standard Langevin [151] approach where the equations of motion are written as

ar _ vi

T \P it = 7CV1‘ — qu(l‘,‘) + Fl‘(i’), (295)

where F;(t) is a random force (per unit of mass) acting on particle i [34,43,112]. The difference of formalism will become more
apparent in the following sections.

Actually, the friction force arises precisely from discreteness effects. The friction force is introduced here in a purely heuristic man-
ner as in the original works on Brownian motion [34]. Chandrasekhar [37-39,43] also introduced the friction force in an ad hoc man-
ner in his early works on stellar dynamics based on the analogy with Brownian motion. We refer to [8,136,139,140,144-147,152-161],
in addition to the references given in the introduction, for a self-consistent treatment of discreteness effects and a direct calculation
of the friction force.

This equation (without the advection term) was introduced by Lord Rayleigh [133] long before all the classic papers on Brownian
theory (see additional comments in Refs. [129,134,135]). This equation was further studied by Uhlenbeck and Ornstein [138].
This argument was also advocated by Klein [132], Uhlenbeck and Ornstein [138], and Kramers [110]. Actually, it was first given
by Lord Rayleigh [133] long before all the classic papers on Brownian theory, including the seminal paper of Einstein [130] (see
Refs. [129,134,135] for additional comments on this point of history).

For simplicity, we omit the index labeling the particles.

Following Uhlenbeck and Ornstein [138], the diffusion coefficient defined by Equation (54) can be obtained from the Langevin
equations by writing the autocorrelation function of the noise term as (F(t) - F(#')) = Ké(t — ') where §(x) is a function with a
very sharp maximum at x = 0 (like the J-function). Using the relation (see Equation (67))

v 2 t 00
D= L?J ) &/ON dr' '/OA A" (F(¢') -F(")) = %/; (F(0) - F(t)) dt, (296)

one finds that the constant K is given by K = 6D so that (F(t) - F(#')) = 6D3(t — t'). This justifies the expression of the stochastic
force in Equation (275). Following Chandrasekhar [34,43], the diffusion coefficient can also be obtained from the Langevin
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equations by writing Av = OAt F(t')dt' = YN, 6v; with N’ > 1. Therefore, the net increment in velocity Av is a sum of A’

random variables dv;. We then have ((Av)?) = N'{(6v)?), yielding

_{@v)?) 1 2
D= =ei = gMv)), (297)
where 7 is the number of collisions per unit time between a Brownian particle and the molecules of the surrounding fluid (about
102! collisions per second) and ((6v)?) is the mean square increment in velocity of a particle per collision. The Brownian particle
experiences a great number of weak deflections. One can show that the probability of occurrence of different net increments of
velocity Av during an interval At is given by the Gaussian distribution [34,43]

W(A ) 1 _ (AvHEvAR VAL (298)
= ¢ IDAT .

V)= anDat)r2

This is a consequence of the central limit theorem [164] according to which the distribution of the sum of A/ >> 1 random variables

of finite variance is a Gaussian.

8 Note that Einstein [130] was working in physical space (instead of phase space) by considering a strong friction limit § — +oco.
Therefore, the original Einstein relation reads D = pkgT where y = 1/(&m) is the mobility.
4 The NFW profile is, however, different from the prediction of Lynden-Bell [5] based on statistical mechanics. This discrepancy

may possibly be due to incomplete relaxation.
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