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[1] The Gordeyev integral for plasma particles colliding with neutrals is obtained using a
particle dynamics formalism in which the collisions are modeled as a discrete Poisson
process. The result leads to an electron density fluctuation spectrum model for partially
ionized plasmas which is identical with the spectral model obtained from BGK plasma
kinetic equations. This isomorphism between the Poisson process and the BGK operator is
analogous to a similar relation between the Brownian motion process and the Fokker-
Planck operator with constant coefficients. We take advantage of this analogy to derive a
collisional ISR spectrum model that takes into account collisions with both neutrals

and charged species.
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1. Introduction

[2] The purpose of this note is to show that incoherent
scatter spectrum theory derived from the Boltzmann equa-
tion with BGK collision operator can also be obtained by
using a particle dynamics approach where particle collisions
are modeled as a Poisson process. This is analogous to
Fokker-Planck operator (with constant coefficients) and the
Brownian motion (Ornstein-Uhlenbeck) collision process
leading to identical spectral models when utilized in the
Boltzmann equation and in particle dynamics formalism,
respectively [e.g., Chandrasekhar, 1943; Gillespie, 1996;
M. Milla and E. Kudeki, Simulations of electron and ion
Coulomb collisions in a magnetized plasma for ISR applica-
tions, poster presented at 2006 CEDAR Workshop, National
Center for Atmospheric Research, Santa Fe, New Mexico,
2006].

[3] In general, incoherent scatter spectral theories perti-
nent to various types of ionospheric plasmas (magnetized,
collisional, etc.) in thermal equilibrium can be expressed in
terms of appropriately derived Gordeyev integrals utilized
within a general framework described by Kudeki and Milla
[2006]. Briefly, in this framework, the electron density k—w
spectrum causing the incoherent radar scatter can be
expressed (for a single ionic species, singly ionized; gener-
alization to multiple ions is straightforward) as
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where wy = w — k - V; is Doppler-shifted frequency due to

mean velocity V of species s (“e” or “i”_in the single-ion
case) in the radar reference frame, /i, = \/€,KT;/N,e? is the
corresponding Debye length, 7, the species temperature,

, the mean plasma density, K Boltzmann constant, €,
permittivity of free space, —e electronic charge, and

— * Te—ij k- Arg
w) = /O d Can! (4)

is a Gordeyev integral (a one sided Fourier transform)
expressed in terms of characteristic function <e’k ALY of
random particle displacement vector Ar; for species s over
intervals 7. Different types of plasmas are distinguished by
different types of Ary statistics, the specification of which,
depending on the physical processes governing individual
particle motions (with the exception of collective interac-
tions), determines the species conductlvmes o4k, w) and
the corresponding spectra, (|n (K, w)| ), of thermally
impressed density fluctuations which collectwely drive”
the observed electron dens12/ spectrum (|n(k, w)|?). The
characteristic function ™), an expected value that
depends on the pdf of d1sp1acements Ar,, will also be
termed as single particle signal correlation (or ACF), since
signal return from a single particle exposed to a radar

1 of 4


http://dx.doi.org/10.1029/2009JA014200

A07302

pulse would be proportional to &*™, with r, =
the particle trajectory.

[4] During the review process of Kudeki and Milla
[2006], the validity of the general framework outlined
above was initially questioned by one of the reviewers,
who was concerned about BGK-based incoherent scatter
spectral models being an exception to the proposed frame-
work. Although the reviewer was ultimately shown that
BGK-based models constitute no exception, i.e., they can be
represented in terms of a Gordeyev integral corresponding
to a one-sided Fourier transform of a single particle ACF, an
explicit discussion of this was not included in the published
version of the paper. In this note, we are revisiting the case
of BGK-based incoherent scatter theories to provide an
explicit derivation of the BGK density spectrum from a
particle dynamics point of view. In particular, the BGK-based
Gordeyev integral is obtained, in section 2, by assuming a
Poisson collision process, and it is shown that its inclusion in
the above framework yields the usual BGK model results
[e.g., Dougherty, 1963; Dougherty and Farley, 1963] for
the electron density spectrum. The paper is concluded with
further discussions and implications of our results in
section 3.

r,(?) denoting

2. Derivation of the BGK Gordeyev Integral
Using a Particle Dynamics Approach

[5] Clemmow and Dougherty [1969] state that the BGK
model can be used to simulate the effect of binary collisions,
e.g., collisions between charged and neutral particles, and
also that these collisions could be imagined to be a Poisson
process. However, this explanation was given more to
provide a possible interpretation of the BGK model than
to establish a direct relationship with the Poisson collision
process. The mathematical proof that these two collision
models are directly linked is provided next.

[6] Assume that in a time interval 7, a particle (electron or
ion) collides n times with neutral particles constituting a
medium. Collision events are independent from each other.
In between collisions particles move in straight line orbits.
We can then express the particle displacement over interval
7 as the random vector

(5)

Vit — 1),

where ¢ty = 0, 1,1, = 7, and #, is the time of /th collision such
that 0 <, <...<t,<T.

[7] Let the number of collision events »n invoked above be a
Poisson random variable with a collision frequency » and pmf

)

n:

p(n) =e for n > 0. (6)

Given that there are n collision events in an interval 7, the
conditional pdf of collision times # (for 1 <7 < n) is given
by [e.g., Hajek, 2009]

n .
i[5 05
0 else.

<L <T

(7)
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This is in effect a uniform distribution over all ordered sets
of collision times 0 < ¢; < ... <1, < 7, that can also be
written as

| 1

Sty etif) = 7 ®)

u(tin — 1)

=0

in terms of unit-step function u(7) and it satisfies [df,
f dnfiti, .., t,|n) = 1 as all pdfs do. Additionally, assume that
particle velocities v;, [ € [0, n], in between the collisions
constitute a set of independent and identically distributed
random variables. Taking the distribution of vector velocities
v; as Maxwellian, we have

e

f(Vz) :W7

©)

where C = % is the thermal speed of the particles.

[s] Let us next compute the single particle ACF (¢*2")
(the characteristic function of displacements Ary) required
in the general framework outlined above, where the
expected value will be computed over random variables
Vo, - e Voo 11, ..., L, and n using the probability distribu-
tions defined above. We note that

<ejk'Ar"> :< k- Z/ o Vit = > _ <ﬁejk.w(tz+1—tz)> , (10)
vt =0 viin

where the subscripts on the right indicate successive
expected value operations to be performed. Starting with
the expectations over independent Gaussian random vari-
ables v;, we have

n
<ejk'Ar“> = <H e—%kzcz(f1+1—t1)z> .
=0 tn

Expectations over f, ...,

| n !
(2 fo fafleses )
1=0 n

where integration limits run from —oo to co. Finally, using
p(n), we find that the ACF is

V”ef’”/ dt, - - /dt1

Now we define

(11)

t, next yield

**k C2(t11—1)’

(13)

M(IHI — I]).

n=

g(r) = e y(n), (14)

to rearrange (13) as

<ejk-Ar‘ _ y”/dl‘ .. /dﬁ Hg i1 _t[)

n= 1=0

_ l/”/dl‘”g ./dtlg(lz—tl)g(tl)~ (15)

n=
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Clearly, the integral chain above is n successive convolu-
tions of n + 1 realizations of g(¢) evaluated at # = 7. Thus,
the ACF of particles with a Maxwellian velocity distribution
undergoing a Poisson collision process reduces to

*g(7). (16)

(Ron) =S gl o

n+l

Since (e/M“™) is the characteristic function of Ary, i.e., the
Fourier transform of the pdf of Ar,, our particle displace-
ment model with Poisson collisions is uniquely described
by (16).

[¢9] The corresponding Gordeyev integral (4), i.e., one-
sided Fourier transform of the single-particle ACF (16), is
then (using the properties of the convolution and the Fourier
transform)

Js(w) = G(w) i V"G (w), (17)
n=0

where

Gw) = / dre 1Te TR CT (18)
0

is the Fourier transform of g(#). The convergence of the
series in (17) is guaranteed as

;: VG (w) = T0G0 :G(w) (19)

since |vG(w)| <1 for any v > 0. Hence, Gordeyev integral
(17) reduces to

G(w)

Js(w) 1060

(20)

a well-known result previously derived by Dougherty [1963]
using the BGK collision model for unmagnetized plasmas.

3. Discussion

[10] We can argue, on the basis of our result in section 2,
that from a particle dynamics perspective, the BGK colli-
sion process is a Poisson process. As a consequence, any of
the expected quantities that can be obtained using the BGK
kinetic equation, can also be derived using our stochastic
model for particle dynamics, for example, species conduc-
tivities o4k, w) and the spectra of thermally impressed
density fluctuations (|n,(k, w)|*).

[11] The general framework for incoherent scatter spec-
trum models presented by Kudeki and Milla [2006] can be
developed independent of plasma kinetic equations, on the
basis of only the following fundamental relations: the
fluctuation-dissipation or Nyquist theorem that relates
(Jng(k, w)|*) and Re{oy(k, w)} for particles in thermal
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equilibrium [e.g., Callen and Welton, 1951], and the
Kramers-Kronig relations that connect the real and imaginary
parts of o(k, w) in order to satisfy the principle of causality
[e.g., Clemmow and Dougherty, 1969]. As we have shown
above, plasmas can also be studied on the basis of these
principles, and thus, whether we use kinetic equations or the
particle dynamics approach is a matter of choice in solving
plasma problems concerning particles in thermal equilibrium
(including the phenomenon of Landau damping).

[12] Let us now calculate, as an example, the covariance
matrix of particle displacements in a Poisson collision
process. The covariance matrix is defined as

n

<AI’SAI'I> = <Z iV]V;I,-(lprl - tl)(tlurl — l]r)> . (21)

=0 I'=0

Since v; are independent random variables, we have

(22)

<ArSArI> = <Z Vv () — t1)2>
=0

v,tn

Furthermore, provided that the components of v; are
Gaussian and independent, the covariance matrix of v; is
given by

{(viv] ) =1, (23)
where 7 is the identity matrix. Thus,
<AFSAFI> = C2]<Z (tl+l — l])2> . (24)
=0 tn
After some math, it can be verified that
n 27_2
<]Z(;(ll+1 - f1)2> =12 (25)
= t

Taking the expected value of (25) with respect to n and
substituting in (24) gives

T\ _ 27 S —vT (VT)n 2T2
<ArSArS>—CI;e P
20 (n+ 1) (wr)"?
_ 7 vT 2
A e @
which simplifies as
T 2C2’ —uT
(ArAr]) =—-I(vt—1+¢"7). (27)

2

[13] This is a very interesting result because the same
mathematical expression can be derived in the context of a
Brownian motion collision model [e.g., Chandrasekhar,
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1943], an approach that it is often used to describe
Coulomb collisions [e.g., Zagorodny and Holod, 2000]. In
the Brownian motion formalism, the effects of collisions on
particle motion are considered to be caused by the action
of a friction force and random diffusive forces. A param-
eter analogous to v is also defined, but it is regarded as a
friction coefficient. Although, the expressions for (Ar,Ar,")
are the same for the Poisson and the Brownian motion
models, the corresponding expressions for the single particle
ACFs are not equal and lead to different incoherent scatter
spectral shapes [e.g., Hagfors and Brockelman, 1971]. The
differences, however, are only noticeable for intermediate
values of v since both spectra converge to the same asymp-
totic expressions in the collisionless/frictionless (v — 0) as
well as high collision/friction (v — o) limits. The difference
at intermediate v can be attributed to Ary(7) being a Gaussian
random variable at each 7 in case of a Brownian motion
process, but only so in 7 — 0 and oo limits for a Poisson
process; when Ar(7) is strictly Gaussian, and only thlen the
ACF (%4 ") can be shown to reduce to e —Jean 9,
where (Ar?) is a diagonal element of (Ar,Ar,T).

[14] A generalization of the results presented in section 2
can be easily performed. Notice that the assumption that in
between collisions the particles move in straight line orbits
was not a necessary condition and it was only considered in
order to recover the classical results of the BGK collision
model. In between collision events, we could have consid-
ered the particles moving in helical orbits due the action of
an external magnetic force or even move randomly because
of Coulomb interactions with other charged particles con-
stituting a plasma. Either of these assumptions would have
led to different definitions of the function G(w), but it can be
shown that the form of the Gordeyev integral Jy(w), i.e.,
equation (17), would have remained the same. In general, it
is found that

(28)

00
/dTe jw’ —UT e_]k Ar>
0

where (") is the single particle ACF of the process that
takes place in between Poisson collision events. For instance,
let us consider an unmagnetized plasma in which both
neutral and Coulomb collisions are relevant. Modeling the
neutral collisions as a Poisson process of frequency v, and
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Coulomb collisions as a Brownian motion process, G(w)
takes the form

~
—jor —vr 2 (pr—1te
(w) :/dre TTe e (pr-te ),

0

(29)

where we have used (3 to denote the friction coefficient in
Brownian motion. This expression together with (17) pro-
vides us with a model for ionospheric incoherent scatter
spectrum measurements detected from regions in which both
neutral and Coulomb collisions are expected to be important,

, the 150-km region. More general extensions of the
Poisson collision model can be pursued, for instance, a
velocity-dependent collision frequency (v) could be
considered into the theory. Further generalizations of this
type will be the subject of future studies.
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