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Abstract

In this work, we invetigate further the singular nature [1] of the nonlinear station-
ary solutions [2] of the one dimensional Vlasov-Poisson system of equations, which
governs a plasma made of electron and one species of fully ionised ions. First, we
propose a new integral formulation of the Poisson equation and we prove two inver-
sion lemmas for such equation. These lemmas allow us to write the solutions of the
Poisson equation in such a way that the energy distribution of either of the particle
species is related, in a straightforward way, to the energy distribution of the other
species. Then, we show that these distribution functions are retrieved as boundary
values of suitable sectionally analytic functions. These latter functions are shown to
be the extension of the particle distributions into their respective complex energy

domain.

Key words: plasma, oscillations, double layers, isolated electrostatic structures,
electrostatic solitary waves, integral equations

PACS: 52.35.Fp, 52.35. g, 52.35.Sb, 94.20.Bb, 96.35.Kx, 98.10.+z




1 Introduction

In this report, we address the problem of solving Poisson’s equation, which, in
electrostatic conditions, relates the electric potential and charge distributions
in a plasma composed of electrons and one species of fully ionised ions. In its
simplest understanding, this equation is used as differential equation for the
electric potential in the plasma and it is used to determine this latter, once

the charge distributions of the electrons and of the ions are given.

The reverse approach may also be used [2]: Poisson’s equation may be con-
ceived as an integral equation for the energy distribution function of one of
the particle species (say species (3, usually electrons, e.g. [3]), whereas the
electric potential and the distribution of the other particle species (say species
«) are assumed to be known. In fact, only that fraction of the distribution
corresponding to those particles of species 3 which are trapped by the electric
field is found in this way, whereas the fraction corresponding to untrapped

particles is assumed to be given.

This approach to Poisson’s equation is appropriate e.g. when the energy dis-
tribution of the untrapped particles of species (3, which are free to reach the
plasma boundaries, is constrained by some boundary conditions. The solutions
to Poisson’s equation found in this way are known as BGK waves [2]. Usually,
they are given in terms of the Abel transform of a quantity sometimes known

as the “pseudopotential”.

The BGK technique is used e.g. in Space Plasma Physics [4,5], where accu-
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rate data about electric potential waveforms are available (e.g. [6,7,8,9,10])
and where a judicious Ansitz may be formulated both about the energy dis-
tribution function of particles of species a and about the boundary energy

distribution function of particles of species .

Recently, in the attempt to interpret the electrostatic tripolar spikes observed
in Refs. [6] as BGK waves, we proved that the smoothness of the waveform of
the electric potential of the tripolar spike and the smoothness of the energy dis-
tributions of the particles are two incompatible requirements [1]: specifically,
assuming that the potential waveform be smooth, we showed that both the
electron and ion distribution functions are singular and that their singularities

are of the jump and of the logarithmic type.

Our present work aims at furthering the understanding of these singularities.
To do so, we first introduce a suitable integral representation of the electric
charge distribution in the plasma and we establish “inversion rules” which
allow us to do so. This representation permits us to write the BGK solutions
of the integral Poisson equation directly in a simple and compact way by

means of Hilbert transforms.

This approach has two advantages over the representation based on the Abel
transform of the pseudopotential, which was used in all the works on BGK
waves so far. On one hand, it allows the computation of the solution of Pois-
son’s equation directly from the distribution function of the other particle
species, without any need to compute the pseudopotential. Most important,
the Hilbert transform representation allows a straightforward extension of the
solution of the integral Poisson equation for complex values of the particle

energy. The remarkable fact about this extended solution is that it is non



singular: in fact it is a sectionally analytical function [11] of the complex en-
ergy, whose boundary value precisely gives the real-valued BGK solution of

Poisson’s equation.

2 Assumptions, notation and basic equations

According to the standard statistical treatment (cf. e.g. Ref. [12]), a complete
description of the fully ionised plasma considered in our work may be given
in terms of the electron and ion “one particle” velocity distribution functions
and of the mean “self consistent” macroscopic force. Here we also assume
that: (@) the velocities of the particles be largely non relativistic, so that the
mean force is mainly electrostatic; (b) the plasma be homogeneous along two
cartesian coordinates, so that the distribution functions and the mean force

depend on one only space cartesian coordinate called X.

Under these conditions, we integrate the one particle velocity distribution
functions (or velocity distribution functions for short) over the whole domain
of the velocity coordinates orthogonal to X. The resulting integrated distri-
butions will depend on X and on one velocity coordinate only — say V, x for
the electron velocity distribution, and V;x for the ion velocity distribution.
The mean electrostatic force may be evaluated by taking the X-derivative
of a function of position. In particular, for the electrons, which have elec-
tric charge —|e|, this function is |e|®(X). The quantity ®(X) is the observed

electric potential in the plasma.

Now, let the electrons have mass m. and, in the limit X — +o00, let them

have boundary number density n.., and boundary kinetic temperature 7, ..



Then, adopting Gaussian units and setting the Boltzmann constant to one,

we denote by

)\De = \/{Teoo/[47re2ne<>0]} ( )

the electron Debye length, by

JJ:X/ADQ ( )

the normalised space coordinate, by

Ur, = \/[TGOO/me] (2.3)

the electrons’ boundary mean thermal speed, by

Ve = eX/UTe ( )

the normalised electron velocity coordinate along x and by

Neoo fe(, Ve)dzdove (2.5)

the probability of finding any one of the electrons having a position within a
distance dx from x and a velocity component parallel to x within a distance dwv,
from wv,, irrespective of its velocity components orthogonal to x, irrespective
of the position and velocity of all the other electrons, and irrespective of the

position and velocity of all the ions.

Likewise, we assume that the ions have mass m;, atomic number Z; and electric
charge +Z;le|, and that charge neutrality is approached as © — oo, so that

the ions’ boundary number density there is

Ut



Nico = neoo/Zi ( )

and, in the same limit, their boundary kinetic temperature is

7—7'100 = HZiTeoo . ( )

Then, we denote by

or, = [Tioo/ 1] (25)

the ions’ boundary mean thermal velocity, by

v = Vix/vr, (2.9)

the normalised ion velocity coordinate along x and by

[Meoo/Zi] fi(, v;)dzduy; ( )

the probability finding any one of the ions having a position within a distance
dx from z and a velocity component parallel to x within a distance dv; from
v;, irrespective of its velocity components orthogonal to z, irrespective of the
position and velocity of all the other ions, and irrespective of the position and

velocity of all the electrons.

Last, we denote by

¢(x) = [e[®(Apet) /Teoo- (2.11)
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the electric potential normalised to the electron boundary kinetic temperature.

A typical waveform of the electric potential in the is shown in Fig. 1.

Next we denote by & = z,;» the position at which the electric potential has

its absolute minimum (cf. Fig. 1) and by

_Ue(¢) = _[¢ - Qs(xmin)] ( )

the rescaled potential energy of a test electron positioned at x to the electrons’
boundary kinetic temperature. Likewise, being the absolute maximum of the
electric potential located at x = oo (cf. Fig. 1), and being # the ion to electron

temperature ratio there (cf. Eq. (2.7)), we denote by
~U(¢) = ~[ lim_o(z) — ¢1/9 (213)

the rescaled potential energy of a test ion positioned at x normalised to the

ions’ boundary kinetic temperature.

In this way, the electron and ion electric potential energies U, and U; enjoy

the following properties (cf. Egs. (2.12) and (2.13) and Fig. 1)

Ue(é(x)) > 0 for all values of =, (2.14a)

max_(~U(0(a))) = ~Ue(0(rmin)) = 0, (2.14b)
and

Ui(¢(x)) > 0 for all values of x, (2.15a)

_max_(~Ui(0(a))) = ~Ui( Jim_6(x)) = 0. (2.15b)

Next, we introduce the electron and ion space charge densities, which we



denote by |€]nesc0e(x) and |e|neso0i(x), and which, using the normalisations

of the energy distributions introduced in Eqgs. (2.5) and (2.10), we write as

oo(w) == [ i fi(a0). (2.16)
and
ai(z) = +/:: v} fi(x, v;). (2.17)

Since we assumed that the plasma be in electrostatic conditions, Poisson’s

equation holds, which we write in the non dimensional form

LD o) + oo (.19

Jointly with Egs. (2.16) and (2.17), Eq. (2.18) relates the particle energy
distribution functions f, and f; and the electric potential. Now, in the former

two equations, we change the integration variable according to

vy, = £ /2(W,, + Ua(@)]}, = e, (2.19)

the upper (respectively lower) sign holding in that part of the integrals, ap-
pearing in Eqgs. (2.16) and (2.17), extending over the positive (respectively
negative) range of v/,. Given the bivariate distribution function f,(z,v,), and
given the variable W,,, the transformation given in Eq. (2.19) introduces, in
the integrals appearing on the right hand side of Eqgs. (2.16) and (2.17), the

quantities



Fo(Wa) = falz, +/{2[Wa + Ual¢(x))]}) +
ol = {2[Wa + Ua(@(2))]}), @ = e, (2.20)

and reduces those integrals to

00(7) = —ne(d()), (2.21a)
e ROV B
wl0)= [ W ) (2:21b)
and
0i(z) = +ni(o(x)), (2.22a)
(o= [T / E(W) .
m(o) = | o VT T (2.22b)

Here, it is agreed that, in order for the integrals in Eqgs. (2.21b) and (2.22b)
to converge, the functions F,(W,) vanish faster than 1/ VWa as Wy — 4o00.
These equations reveal that the quantity Fy, (W, )dzdW, amounts to , /{2[Wa+
Ua(¢(x))]} times the probability of finding a particle of species a having po-
sition within distance dz from x and total energy within distance dW, from
W.,, irrespective of the sign of their velocity (cf. Egs. (2.21b) and (2.22b)). In
the following, the univariate functions F, and F} will be respectively known as

the electron and ion bi-directional energy distribution functions.

An important property of the charge distributions written as in Eqgs. (2.21)
and (2.22) (rather than as in Eq. (2.16) and (2.17)) is that their values at
position x are specified through the value of the potential ¢ at z. This is of
course legitimate as long as ¢(x) is a monotonic function of x. Wherever this

condition fails, Eqs. (2.21) and (2.22) are still meaningful, in a piecewise sense,



in each of the x-domains where ¢(x) is a monotonic function of z (cf. Fig. 1).

If we also assume that, in these domains ¢(z) is a be a continuous function
of the position z, then, the inverse function ¢! of ¢ certainly exists and the
quantity d?¢(x)/dz? may well be conceived as a function of ¢ itself, which we

call

Gua(¥) = [A*9(€)/dE]|e=61(v); (2.23)

and which may be calculated by Lagrange’s inversion formula (cf. e.g. [13]),

provided the electric potential ¢(z) is an analytic function of x.

In conclusion, the above transformations of the space charge densities ge(x)
(cf. Egs. (2.21)) and g;(x) (cf. Egs. (2.22)) and of d?¢(z)/dz? (cf. Eq. (2.23))

allow us to rewrite Poisson’s equation (cf. Eq. (2.18)) in the form

¢xw(¢) = Ne (¢) — Ty (¢) ( )

3 The inversion lemmas

The relation between the electron and ion distribution functions and the elec-
tric potential established in Section 2 (cf. Egs. (2.21b), (2.22b) and (2.24))
amounts to a fully fledged integral equation which we need solve for the en-
ergy distribution function of one species subject to the following conditions:
(a) the electric potential and the distribution function of the other species
are given; (b) the distribution function to be determined is specified over the
positive energy domain. Given these conditions, we wish to determine the

distribution function over its own whole complex energy domain.
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We divide this task into three parts. In the first part (cf. Section 4), Poisson’s
equation will be transformed from its fractional integral formulation (cf. Egs.
(2.21b), (2.22b) and (2.24)) to a pair of new, entirely equivalent fractional
integral equations. In the second part (cf. Section 5), these fractional equations
will be solved in favour of the electron or ion energy distribution functions.
In the third part (cf. Section 6) these functions will be analytically continued

over their whole respective complex energy planes.

To carry out the above tasks, we need two important lemmas, to which we

devote this section.

3.1 Let a and b be real constants, such that a < b and let f(w) and
g(w) be two functions which are Holder continuous over the interval a < w <

b. Provided all the integrals converge, we have the following results.
(1) Fora <w < b, the identity
w b
[Cau 0 [y, o .
a \/[w — ] w \/[u — w]

holds if and only if, denoting by P the Cauchy principal value of an inte-

gral,

1 b \/[t—a} g(t)
f(w)_ﬂp/adt\/[w—a]t—w. (32)

(i1) Fora <w <b, Eq. (7.2) is equivalent to

oo toA 1
iy )_W\/[w—a}+7rP/a dt\/

w—a] g(t)
[t—a] t—w’

where A:/abdu\/[gu(u_)a]. (3.3b)
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(111) The results in points (1)—(i1) hold also for b — +oo; they hold also for

a — —0OQ.

Proof. To carry out the proof of the lemma, we introduce the function

1
-l l—¢r

forn > & > (, (3.4)

Me&m = [ e v

whose properties we establish beforehand. Specifically, since in the integral on

the right hand side of Eq. (3.4), n > &, we set & = £ — [ — £]s?. In this way,

Eq. (3.4) gives

Ji 1
A(Qé}n)z/()” ]dS\M_
2 arcsinh (\\;E]:g), forn > ¢ > (. (3.9)

We now revert to the proof of the lemma and we show first that Eq. (3.2)
necessarily follows from Eq. (3.1). Specifically, we regard Eq. (3.1) as an Abel

equation for f(w), whose solution is (cf. e.g. [14]))

1 d v 1 b t
ﬂw:h—/du /u 9(t) (3.6)
mdw Ja Viw—ulJu [t =
Since, by assumption, w < b, our idea is to split the inner ¢-integral, on the
right hand side of Eq. (3.0), into the sum of an integral running from u to w
and an integral running from w to b. Actually, this step must be taken with

some care. To do so, we introduce a real number € and we let the first of those

two latter integrals run from u up to w — €, and the second one run from w+¢

12



to b. Then, we develop our proof for € # 0 and we recover our final results by
taking the limit for ¢ — 0. According to the above instructions, the double

integral appearing on the right hand side of Eq. (3.6) splits as follows:

flw) =

1., d w—e 1 w—e g(t)
;lg%@ {/a du\/[w—u]/u dt\/[t—u]+

L
wme ™ =] / Y-

/awduw/:ﬁdtﬂ%}. (3.7)

In the first two integrals appearing on the right hand side of Eq. (3.7), we
interchange the order of the ¢t- and u-integration according to Fubini’s theorem:;
in the third integral, such interchange is achieved in a straightforward way.

Then, using the function A, defined in Eq. (3.1), Eq. (3.7) reduces to

b

/w dt g(t)Mw, t, w) +/

a0 a 0.} (55)
w—+te

In the second integral appearing on the right hand side of Eq. (3.8), the third
argument of the function A\ always exceeds its second argument, and the value
of A given by Eq. (3.5) may be used, according to which A(w, ¢, w) = jr. Thus,

since, by assumption, the function g is continuous, the contribution given by

that integral to f(w) is

—lim = [ dtg(OA(w, w) = limlg(w) — g(w - )] =0, (3.9)
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On the other hand, taking the w-derivative of the first and third term on the

right hand side of Eq. (3.8), we find

Now, in the second and third term appearing on the right hand side of Eq.
(3.10), the third argument of the function \ also exceeds its second argument,
and the value of A given by Eq. (3.5) may again be used. Also, since € > 0, we

have

Ma,w — €,w) = —In(e) + In(2[w — a]) + O(e),
Aa, w,w+ €) = —In(e) + In(2[w — a]) + O(e),

fore ~ 0, € > 0. (3.11)

We thus see that, since, by assumption, the function ¢ is continuous, the
contribution given by the second and third term appearing on the right hand
side of Eq. (3.10) to f(w) is

ilii%[g(w —e)ANa,w —€,w) — g(w+ €)A(a,w,w +€)] = 0. (3.12)

Furthermore, in both integrals appearing on the right hand side of Eq. ( )
the third argument of the function A also exceeds its second argument. Then,
again using Eq. (3.5), the two w-derivatives of A, appearing in those integrals,

turn out to be
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d _d o (yE—al)
@)\(a,t,w) = @2 arcsinh (\/[w—t]) =
[w— ] ~1/2
2 i~ g ~
Vit—a 1
V0w —at—w (3:13)

and

d _d o —al)
@)\(a,w,t) = @2 arcsinh <\/[t—w]) =

2\/[t—w]1\/[t—w] t—a

Vit—al 2 Jw—al [t —w]?

\/[t—a] 1
V0w —at—w (3:14)

Finally, substituting Eqs. (3.12), (3.13) and (3.14) into the right hand side of

Eq. (3.10), we recover Eq. (3.2), as desired:

Viw—at—w
b viizd 1|
/w+edtg(t)\/[w—a]t—w}_
Lp [P g/ =) o) (3.19)

This concludes the proof of the first part of point (i) of the lemma. The proof
of the second part of that point consists in showing that Eq. (3.1) necessarily

follows from Eq. (3.2). To do so, we substitute the right hand side of Eq.



(3.2) directly into the left hand side of Eq. (3.1) and interchange the order of
integration, which we can do, provided the integrals be understood as Cauchy’s

principal value integrals. In this way, we get

g L A P/t g) _
/a d \/[w—u]ﬂ'P/a dt\/[u—a]t—u_

/d%ﬁ—a P/ mL ¢w—dtiu' (3.16)

In the inner integral appearing on the right hand side of Eq. ( ), we change

the integration variable according to u = [w + as®]/[1 + s?], to get

1 w 1 1 1
;P/a du [w—u]\/[u—a]t—u:

1 o0 2
;P./o ds[t—w]—f—[t—a]SQ' (3.17)

In the integral on the right hand side of Eq. (3.17), we must take into account

that the quantity ¢ is the integration variable of the outer integral on the right
hand side of Eq. ( ), and thus ¢ exceeds a, the lower limit of integration
there. Therefore, in the denominator of the integrand in the integral on the
right hand side of Eq. ( ), two cases arise: if ¢ < w, the signs of the two
terms in the denominator disagree and the principal part of the integral itself
obviously vanishes; if ¢ > w, the two signs agree and the integral reduces
to 1/{/[t — w],/[t — a]}. Substituting this result into Eq. (3.10), only the

contribution

b 1
Ad““‘”“”«w—w¢w—@
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survives, which coincides with the right hand side of Eq. (3.1), as desired.

This concludes the proof of point (i) of the lemma. The proof of point (ii)
consists in reducing Eq. (3.2) to Eq. (3.3), which we do by means of the

obvious identity

u—w

Jib—d 11 {\/[wl_a]+\/w—a]}. (3.19)

To prove point (ii1), we work out the above arguments using finite values for
the constants a and b and then let them take arbitrarily large values in Eqgs.
(3.1), (3.2) and (3.3a). In so doing, we must ensure that, as |w| — 400, the
functions f(w) and g(w) vanish faster than a suitable negative power of |w|,
in such a way that the integrals in the above formulse converge, as assumed

in the lemma.

Lemma 3.1 provide a practical means to extract the function f out of Eq.
(3.1) once the function g is known. The following corollary precisely allows

the reverse operation.

3.1 Let a and b be real constants, such that a < b and let f(w)
and g(w) be two functions which are Hélder continuous over the interval a <

w < b. Then, provided all the integrals converge, we have the following results.

(1) For a <w < b, the identity

LwduM:Abdum (3.20)

holds if and only if, denoting by P the Cauchy principal value of an inte-
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gral,

(i1) Fora <w <b, Eq. (7.21) is equivalent to

1 B 1 b b—w
gw) = -——"— — —P/ dt\/[ | 1®) , (3.22a)
myb—wl 7 Jo -t t—w
b
where B = / duﬂ. (3.22Db)
a \/[b — U]
(111) The statements in points (1)—(i1) also hold if a — —o0; they also hold if
b — +o0.
Proof.

2}

The proof of the first part of point (i) consist in showing that Eq. (3.21)
necessarily follows from Eq. (3.20). To do so, in the integrals appearing on
each side of Eq. (3.20), we set w = b+ a — y and we change the integration

variable according to u = b+ a — s. In this way, Eq. (3.20) reduces to

w
[\
w

~—

v Sg(b—l—a—s): b Sf(b—l—a—s) "o
/ad VI =] /yd Js=yl @

Now, this relation between the functions g(b+ a — y) and f(b+ a — y) has
the same structure of the relation between f(w) and g(w) given in Lemma 3.1
(cf. Eq. (3.20)), provided the role of f and g be interchanged. Therefore, Eq.

(3.23) directly leads to (cf. Eq. (3.2))

gb+a—vy) —P/ du - (b;L_ay—u) (3.2

(ON)
(N
~—
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If, in the integral on the right hand side of Eq. (3.24), we set y = b+ a — w
and if we change the integration variable according to u = b+a —t, we recover

Eq. (3.21), as desired.

This concludes the proof of the first part of point (i) of the lemma. The proof
of the second part of that point consists in showing that Eq. (3.20) necessarily
follows from Eq. (3.21). But this is entirely equivalent to showing that Eq.
(3.23) necessarily follows from Eq. (3.21), a task which is accomplished by the

same procedure used in Lemma 3.1 to show that Eq. (3.1) follows from Eq.

(3.2).

This concludes the proof of point (i) of the lemma. The proof of point (ii)
consists in reducing Eq. (3.21) to Eq. (3.22), which we do by means of the

obvious identity

b—u b—w
¢[]1_1{1 \/[]}' (325)

\/[b—w]u—w_\/[b—u} Vb — ] C u—w

To prove point (iii), we work out the above arguments using finite values for
the constants a and b and then let them take arbitrarily large values in Eqgs.
(3.20), (3.21) and (3.22a). In so doing, we must ensure that, as |w| — +oo, the
functions f(w) and g(w) vanish faster than a suitable negative power of |w|,
in such a way that the integrals in the above formulse converge, as assumed

in the lemma.

Our next lemma is the following

3.2 Let a,b and ¢ be real constants, such that —c < a < b. Let

19



the function f(w) be integrable for —a < w < c¢ and let the function g(w) be
integrable for —c < w < b. Provided the integrals in Eq. (3.20) below converge,

we have the following results.

(1) For —a < w < c, the identity

Cofw o) -
=) =/, NOE) (3.26)

holds if and only if

Flw) = / du 9u) (3.27)

u+w

(11) For —a < w < ¢, Eq. (7.27) is equivalent to

e « 9@
) = 5 ol —f/ Torw 029

where C = /d o) (3.28b)

VI —al

(111) The results in points (1)—(11) also hold if b — +o00; they hold also if

¢ — 400.

Proof. To carry out the proof of the lemma, we introduce the function

w 1
plw, u) = —adt\/[w—t]\/[u+t]’

for w > —a, u > a, (3.29)

whose properties we establish beforehand. Specifically, since in the integral
appearing on the right hand side of Eq. (3.29) w + u > 0, we change the

integration variable according to t = w — [w + u]s?, to get

20



wa

Sl 1
Ju) =2 / LA PR

[ /Iw+d]
2 arcsin (\/[UH‘U]) , forw>—a, u>a. (3.30)

In the following, the w-derivative of p(w,u) will be needed, which turns out

to be

iM(w,u) = CSUQ arcsin (\/{w * a]) —

dw V0w +

2\/[w+u]1\/w+u] U—a :\/[u—a] 1
Viu—a 2 Jlwt+adw+u?  Jwtawtu

We now revert to the proof of the lemma and we show first that Eq. (3.27)
necessarily follows from Eq. (3.20). Specifically, since, by assumption, b > a, we
write the integral on the right hand side of Eq. (3.20) as the sum of an integral
running from —w to a and an integral running from a to b. After changing
the integration variable in the first of these two latter integrals, according to

u +— —u, we subtract it from both sides of Eq. (3.20) itself, to get

v fW =g _ P
/, S —1] _/ad\/[wm]' (3.32)

Eq. (3.32) is an Abel equation for the quantity f(w)— g(—w) and its solution
is (cf. e.g. [14]))

i 1 P e
f(w)—g(—w)—ﬁdw /—adt\/[w—t]/a d VIt +u] (3:33)
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Since, by assumption, w > —a, in the outer integral appearing on the right
hand side of Eq. ( ), t exceeds —a, the lower limit of integration there; also,
the assumption b > a, implies that, in the inner integral, u exceeds a, the lower
limit of integration there: thus we have ¢t + « > 0, and, in the double integral
appearing on the right hand side of Eq. (3.33) we may interchange the order
of the ¢- and u-integration. Further using the function p(w,u) defined in Eq.
(3.29), and interchanging the order of the w-differentiation and u-integration

operations, Eq. (3.33) reduces to

flw) = g(-w) =~ [ duglw) 2w, 0). (339

In the integral appearing on the right hand side of Eq. ( ), the assumption
b > a implies that u > a, and since, also by assumption, w > —a, the value
of dp(w,w)/dw given by Eq. (3.31) can be used. Substituting this value in
the right hand side of Eq. ( ), this latter equation precisely reduces to Eq.

(3.27), as desired.

This concludes the proof of the first part of point (i) of the lemma. The proof
of the second part of that point consists in showing that Eq. (3.20) necessarily
follows from Eq. (3.27). To do so, we substitute the quantity f(w), given by
Eq. (3.27), in the left hand side of Eq. (3.20)), to get

T LR LPRCh

—a  Jw—u]  J-a \/[w—u]Jr
LW S LV el W U]
T wd \/[w—u}/a dt\/[u—f—a]t—&—u' (3:35)

In the second double integral on the right hand side of Eq. ( ), the assump-

tions w > —a and b > a respectively imply that u« > —a and t > a, so that
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t+u > 0: thus we may interchange the order of the ¢t- and u-integration, which

reduces Eq. (3.35) to

L b vt @)
T wd \/[w—u}/a dt\/[u—ka]t—ku_

1 b w 1 1 1
;/a deg(t) 1t —a —adu\/[w—u] Jutat+u

In the inner w-integral on the right hand side of Eq. (3.306), we change the

integration variable according to u = [w — as?]/[1 + s?], to get

w1 o1
—a \/[w—u]\/[u—l—a]t—l—u_

o0 2

/ods[ter]wL[t—a}s?' (3:37)

In the integral appearing on the right hand side of Eq. (3.37), we must take
into account that the quantity ¢ is the integration variable of the outer integral
appearing on the right hand side of Eq. ( ) and thus t exceeds a, the lower
integration bound there; also, since, by assumption, w > —a, we have t4+w > 0,
and the signs of the two terms in the denominator of the integrand in the
integral appearing on the right hand side of Eq. (3.37) agree: that integral
thus reduces to m/{, /[t + w],/[t — a]}. Substituting this result into the right

hand side of Eq. (3.30), and this latter into Eq. (3.35), we find

I LR L COR

o Jw—ul oo -1
boogt) ot g(t)
/adt\/[t—l-w]_/—wdt\/[t—l-w]’ (3:38)
which precisely reproduces Eq. (3.20), as desired.
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This concludes the proof of point (i) of the lemma. The proof of point (ii)
consists in reducing Eq. (3.27) to Eq. (3.28), which we do by means of the

obvious identity

\/[u—a] I 1 { 1 \/[w—i—a]}. ( )

Vwtadut+w  Jlu—a] \/[era]_ u+w

To prove point (iii), we work out the above arguments using finite values for
the constants b and ¢ and then let them take arbitrarily large values in Egs.
(3.26), (3.27) and (3.28a). In so doing, we must ensure that, as |w| — 400, the
functions f(w) and g(w) vanish faster than a suitable negative power of |w|,
in such a way that the integrals in the above formulse converge, as assumed

in the lemma.

We further notice that an immediate consequence of point (i1) of Lemma 3.2

is that

C

f(w)Nm

,  forw ~ —a,

if o_/abduj(“)%o. (3.40)

u — al

Indeed, the assumption that the integral on the right hand side of Eq. ( a)
converge, implies that the function g(—w) may diverge at most as 1/|w + al?,
for w ~ —a, with p < 1/2. This ensures that, on the right hand side of that

equation, the first term is the leading one for w ~ —a.

Lemma 3.2 provides a practical means to extract the function f out of Eq.
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(3.20) once the function g is known. The following corollary allows the reverse

operation.

Corollary 3.2 Let a,b and ¢ be real constants, such that —c < a < b. Let

the function f(w) be integrable for —b < w < ¢ and let the function g(w) be

integrable for —c < w < b. Provided the integrals in Eq. (7./1) below converge,

we have the following results.

(1) For —w < b, The identity

oo g P g
—a du\/[w — uj /_wd V0w + 1l

holds if and only if, denoting by j the imaginary unit,

VR B VI (U (C)
o) = =fwy+ o [ Y

—w|u+w

for —c<w < a,

1 —a
=—P d
g(w) T Job u\/[b —wlu+w

fora <w < b.
(11) Eq. (3.42) is equivalent to

1. b
™ /[0 —w]

for —c<w < a,

1o =] f(u)
_f<_w)+j7r/b du\/[u—i—b]u—i—w’

g(w) =

1 D 1 o Jb—wl f(u)
;\/[l)—21}]+j7rP b du\/[u—f—b]u—kw’

g(w) =

for a < w < b,

1 S
where D_j/_b d WIET



(111) The results in points (1)—(i1) hold also if b — +oo; they hold also if

¢ — +00.

Proof. We preliminary rearrange Eq. (3.41) as follows. In the integral ap-
pearing on its left hand side, we change the integration variable according
to the Mobius transformation u = —[b + at]/[t + 1]; likewise in the integral
appearing on its right hand side, we change the integration variable according

to u = —[b — at]/[t — 1]; we also introduce the quantity

w—+b
w—i—a'

In this way, denoting by j the imaginary unit, Eq. (3.11) takes the form

a0y
RN R

/*""d F(=[b+at]/[t + 1)) /[t + 1]
. [t + 12 /[t + 9] '

In Eq. (3.45), two cases arise, according to the sign of y. If y > 0, Eq. (3.15)
precisely appears in the form considered in Lemma 3.2 (cf. Eq. (3.20), now with
a =0 and b = 4+00), provided, of course, the role of f and g be interchanged.

Its solution is (cf. Eq. (3.27))
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f(=lb—ayl/[=y +1]) /-y + 1]
[~y +1]2 N

\/t F=lb+af] /Tt + 1) St +1] 1
/ [t + 1]2 t+y’

for y > 0. (3.46)

In the integral appearing on the right hand side of Eq. (3.40), we change
the integration variable according to ¢t = —[u + b]/[u + a] and we take into
account that: (i) y = [w + b]/[w + a] (cf. Eq. (3.41)); () Eq. (3.46) holds
only for y > 0; (i) since, by assumption, —c¢ < a < b and —w < b, then

y >0 —c< —w < a<b. In this way, Eq. (3.10) reduces to

Vbl f)
g(—w) + f(w w/d ET

Ju—w

for —c < —w < a. (3.47)

This shows that Eq. (3.12a), which we recover from Eq. (3.17) by simply letting
w — —w, necessarily follows from Eq. (3.16) and in turn from Eq. (3.11), as

desired.

On the other hand, if y < 0, we again use Eq. (3.45) and, on its right hand

side, we change the integration variable according to t — —t to get
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_fhﬂe%—mvw—m¢w—u:
) =12t —y]

S eI VY .

[1 =12 /ly — 1]
This equation appears exactly in the form considered in Corollary 3.1 (cf. Eq.

(3.20), now with @ — —oo and b = 0). Its solution is (cf. Eq. (3.21))

g(=b—ayl/ly - 1) ly—1]

[y —1]
1o Jtf(=b—at]/L—t) /11 1
_wp/oodt\/y [1—t]2 t—y’
for y < 0. ( )

In the integral appearing on the right hand side of Eq. ( ), we change
the integration variable according to ¢ = [u + b]/[u + a] and we take into
account that: (i) y = [w + b]/[w + a] (cf. Eq. (3.11)); (i) Eq. (3.19) holds
only for y < 0; (4) since, by assumption, —c¢ < a < b and —w < b, then

y<0& —c<a< —w<b. In this way, Eq. (3.19) reduces to

g(—w) = iP - du \/[u +9 f(u)

im e bt wu—w

Y

fora < —w <. (3.50)

This shows that Eq. (3.12b), which we recover from Eq. (3.50) by simply
letting w — —w, necessarily follows from Eq. (3.48) and in turn from Eq.

(3.41), as desired.

This concludes the proof of the first part of point (i) of the corollary. The proof
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of the second part of that point consists in showing that Eq. (3.11) necessarily
follows from Eq. (3.42). But this is entirely equivalent to showing that: (i) for
y > 0, Eq. (3.45) necessarily follows from Eq. (3.40); (1) for y < 0, Eq. (3.48)
necessarily follows from Eq. (3.19). Part (i) of this task is accomplished by
the same procedure used in Lemma 3.2 to show that Eq. (3.26) follows from
Eq. (3.27); part (i) of the task is accomplished by the same procedure used

in Corollary 3.1 to show that Eq. (3.20) follows from Eq. (3.21).

This concludes the proof of point (i) of the corollary. The proof of point (ii)
consists in reducing Eq. (3.12) to Eq. (3.13), which we do by means of the

obvious identity

Jw+bl 11 1 Vb —w]
\/[b—w]u+w_\/[u+b] \/[b—w]+ wtw (3.51)

To prove point (iii) of the corollary, we work out the above arguments using
finite values for the constants b and ¢ and then let them take arbitrarily large
values in Eqs. (3.41), (3.42a), (3.42b), (3.43a) and (3.43b). In so doing, we
must ensure that, as |w| — +o0o, the functions f(w) and g(w) vanish faster
than a suitable negative power of |w|, in such a way that the integrals in the

above formulae converge, as assumed in the corollary. O

We notice notice that an immediate consequence of point (ii) of Corollary 3.2

is that, provided b be finite, then

D
g(w)wm, for w ~ b < oo,
0
if D_J_/_bd %Hbﬁéo. (3.52)
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Indeed, the assumptions that b that the integral on the right hand sides of
Eq. ( a) converge, implies that the function f(—w) may diverge at most as
1/]b — w9, for w ~ b, with ¢ < 1/2. This ensures that, on the right hand side

of that equation, the first term is the leading one for w ~ b.

We now show that the two expressions given in Egs. (3.12a) and (3.12b) for the
function g(w) may be recovered as limit values of a suitable complex-valued
function. To do so, we introduce the complex variable z and, in the complex z-
plane cut along the line b < Rz < 400, we consider the double-valued function

/b — 2], which has the following boundary values

for z = w =+ je,

6li]f[])f1+[l)—,z*]1/2:\/[b—w], if w < b, (3.53a)
egr[%[b—z]l/Q:ij\/[w—b], if w > b. (3.53b)

Next we consider the function

-a u—+b u
1/d¢[+]f() (3.54)

T =P u—(=2)

g9(z) = —f(=2) +

Now, in the above introduced complex z-plane, a complex number z approach-
ing a real number w, with w < a, definitively lies outside the branch cut of the
function [b — z]'/2, because, by assumption, in Corollary 3.2, a < b; also, the
number (—z), appearing in the denominator of the integrand of the integral on
the right hand sides of Egs. ( ), definitively lies outside the integration path
of that integral, which, therefore, is non singular. Then, using Eq. ( b), and

taking the boundary value of both sides of Eq. (3.51), we precisely recover Eq.

(3.12a):
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li —je) = —f(— B
ei%g(w o) J(zw) + jm J-b u\/[b —wlu+w’
for —c<w<a. (3.55)

On the other hand, a complex number z approaching a real number w, with
a < w < b, definitively lies outside the branch cut of the function [b — 2]/2;
also, the number (—z), appearing in the denominator of the integrand of the
integral on the right hand sides of Eqgs. (3.51), lies arbitrarily close to the
integration path of that integral, which, therefore, is singular. Because of Eq.
(3.53b) and of the Sokhotskyi-Plemelj formulae (e.g. [11]), denoting by the

symbols % and () respectively Cauchy’s principal value and Dirac’s delta

distributions, the following identity may be used in that integral:

lim ! ! =
=0t [b— (wje)] 2 u— [—(wEje)]

1 P
Vb —w] lu+w

Fimo(u+w)|,

for —b<u<—a and a<w<b. (3.50)

Then, taking the boundary values of both sides of Eq. ( ), we precisely

recover Eq. (3.12b):

. 1 e Jut b f(u)
eE%Q(M_JE)_ﬁP b du\/[b—w]u+w’
fora < w < b. ( )

In conclusion, Egs. (3.55) and (3.57) show that the complex-valued function g,

defined in Eq. (3.54), is the solution of Eq. (3.41) in the whole complex plane:
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the solution to that equation, evaluated at real values of its argument, may
be recovered as the boundary value of the complex-valued function g as its
complex argument approaches the real axis in the lower half of the complex

plane.

4 The fractional distributions of the electric charge density of elec-

trons and ions

In this section we carry out the first part of the task, set at the beginning of
Section 3, of solving Poisson’s equation (cf. (2.24)) in favour of the electron
and ion distribution functions. This part consists in casting that equation into

two pairs of new, entirely equivalent and more convenient fractional equations.

To do so, we need reformulate the electron and ion number densities, given in
Egs. (2.21b) and (2.22b), in a more convenient form. In each of the following
two pairs of transformations of these quantities, the first transformation con-
cerns the electron number density, and the second one concerns the ion number

density. A first pair of transformations is worked out using the obvious identity

(cf. Egs. (2.12) and (2.13))

Ue(¢) = [ lim ¢ (2) — ¢(min)] — OU(9), (4.1)

T—+400

and the change of the integration variable W! = W' — [lim,_, o ¢(x) —
@(Tmin)], in the integral on the right hand side of Eq. (2.21b). These relations

reduce the the electron number density to
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. oo ,Fe(GW/ - [hmx—>+oo qb(l') - gb(a:mm)])\/ﬁ
n(@)= [,V SR =T |

Likewise, the obvious identity (cf. Egs. (2.12) and (2.13))

Ui(¢) = {[ lim _¢(z) — ¢(zmin)] — Ue(9)}/0, (4-3)

T—+00

and the change of the integration variable W/ = {W’' — [lim,_, 1o ¢(z) —

1

d(Tmin)]}/0 in the integral on the right hand side of Eq. (2.22b), reduce the

ion number density to

/oo W,Fi({W’ — iMoo (@) — P(Tmin)|}/0)/ /0

o N 44

To work out the second pair of transformations, we need the quantities

Uoo = max (=U.(¢(x))) =

z€domain j

min  (Ue(o())), (4-9)

r€domain j

and

Uip = max (=Ui(¢(x))) =

r€domain j

min  (Ui(¢(x))), (4.6)

r€domain j

i.e. the maximum respectively of the electron and ion potential energy in
each of the domains where ¢(z) is monotonic (cf. Fig. (1)). We also need the

quantity
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Up=[ lim ¢(x) — OUig] — [Ueo + &(Tmin)] =

Tr——400

max  (¢(z)) — min (¢(z)) >0, (4.7)

r€domain j r€domain j

i.e. the strictly positive, maximum electric potential difference in each of those
domains. Using these quantities, we represent the electron number density n,

(cf. Eq. (2.21Db)) in the form

oty = 7 g HP)
O o W 00— o

We notice that, because of the definition of U (cf. Eq (1.5)), the upper limit
of integration in the integral appearing in Eq. (1.8) always exceeds the lower
limit. Therefore, Lemma 3.2, which we proved in Section 3, prescribes that,
for both Egs. (1.8) and (2.21b) to hold, the function H, must be related to

the electron energy distribution function F, according to (cf. Eq. (3.27))

He(W + Ueo) = Fe(=[W + Ueo]) +

l /OO dW/\/W/ FQ(W/ - UQO) ’
mJo W W+ w

for W > 0. (4.9)

Given that the quantity n.(¢) is the normalised electron electric charge density
distribution (cf. Eq. a), and given that the integral appearing on the right
hand side of Eq. (41.8) is fractional, we call the function H,(W') the “U.q-based

fractional distribution of the electron electric charge density”.

Likewise, given the same real number U,q, we wish to represent the ion number

density (cf. Eq. (1.1)) in the form
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e K ()
nl(¢) B Ueo aw \/{Q{UE(QZS) - W/]} ( )

Now, Lemma 3.1 prescribes that, for both Egs. (1.10) and (1.1) to hold, the

function K; must be related to the ion energy distribution F} according to (cf.

Eq. (3.2)):

1 oo w’
Ki(W + Usg) = %P/O dW’\\//W x

E(W'/0 + Uso] — Uo/8)/ /0
wh—w ’
for W > 0. ( )

Given that the quantity —n;(¢) is the normalised ion electric charge density
distribution (cf. Eq. a), we call the function —K; (W), appearing on the
right hand side of Eq. (1.10), the “U.g-based fractional distribution of the ion

electric charge density”.
To work out the second pair of transformations, we represent the electron

number density n. (cf. Eq. (1.2)) in the form

K (W)
v2WUi(¢) =W}

Ui(¢)
ne(@) = [ aw’

Using the same terminology as for Eq. (1.8), we call the function —K.(W)
the “Ujp-based fractional distribution of the electron electric charge density”.
Lemma 3.1 (cf. Section 3) ensures that both representations of the quantity
ne(¢) given in Eqgs. (1.12) and (41.2) are legitimate, provided the function K,

be related to the electron energy distribution function F, according to (cf. Eq.



Ko(W/0+ Vi) /6 =

1 S ,\/WI Fe([WI+Ue0] _UO)

%PA MVVW W —W ’

for W > 0. ( )

Likewise, given the same real number Ujo, we wish to represent the ion number

density (cf. Eq. (2.22b)) in the form

Ui(¢) Hi (W’)
oo W R —

Using the same terminology as for Eq. (1.11), we call the function H; (W) the
“Uio-based fractional distribution of the ion electric charge density”. Lemma
3.2 (cf. Section 3) ensures that both representations of the quantity n;(¢) given
in Egs. (1.11) and (2.22b) are legitimate, provided the function H; be related

to the electron energy distribution function F; according to (cf. Eq. (3.27))

Hi(W/0 + Uso) [\ /0 = Fi(—[W/0+ Us])/ /0 +

o0 W' EFE,(W'/0 — U, 0
L7 gV OV )0,
7w Jo \/W W+ w

for W > 0. (4.15)

Having performed the anticipated two pairs of transformations of the electron
and ion number densities, we now use these quantities to rearrange Poisson’s
equation (cf. Eq. ), as announced at the beginning of this section. To

work out the second pair of rearrangements, we respectively use Eqgs. (1.%)
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and (4.10) in place of Eqgs. (2.21b) and (2.22b) and we introduce the function

Then Poisson’s equation (cf. Eq. (2.24)) takes the form

LU H(W)
0= [ g WY (1)

Likewise, if we respectively take the electron and ion number densities from

Egs. (1.12) and (1.11), and if we introduce the function

then Poisson’s equation takes the form

vy o K(W)
o)== [ | J0I06) — W}

Egs. (1.17) and (1.19) are the second pair of fractional forms of Poisson’s
equation, announced at the beginning of this section. Given that the quantity
¢z (¢) equals the normalised charge density in the plasma (cf. Egs. (2.18) and
(2.23)), and given that the integral appearing on the right hand side of Eq.
(1.17) is fractional, we call the function H (W) the “U.o-based fractional dis-
tribution of the total electric charge density”. Likewise, the function — K (W)
will be known as the “Ujg-based fractional distribution of the total electric

charge density”.

In conclusion, the above analysis showed that, based on Poisson equation, it is

always possible to write the second derivative of the electric potential ¢,, as
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an Abel transform of a suitable single function and that this function may be
constructively related to the electron and ion energy distribution functions.
The convenience of writing the quantity ¢, in this way will be made clear in

Section 5.

5 The Hilbert form of the Solutions of the Integral Poisson Equa-

tion

In this section we carry out the second part of the task, set at the beginning of
Section 3, of solving Poisson’s equation (cf. (2.241)) in favour of the electron and
ion distribution functions. First, using the definition of the electron potential
energy U, (cf. Eq. (2.12)), we cast Eq. (1.19)) as an Abel equation (cf. e.g.
[14]) for the quantity H (W)

Gua(Ue + ¢(Tmin)) = /U(: dw”’ \/{Qﬂmjl)m//]y (5.1)

whose solution we conveniently write as

H(W + Uy) =

\/2 d w I¢ZL'$(W/ + [¢($min) + UeOD

waw e W JIW =W ’

for W > 0. (5.2)

Following an analogous procedure, Eq. ( ) may be solved in favour of

K (W), thus giving
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—K(W/0+Uio)/,/0 =

ﬁi W dW/ ¢1‘$([hmx—>+oo ¢(I) — eUiO] — W/)
T dW Jo \/[W — W] )

for W > 0. (5.3)

In this way, Egs. (1.17) and (5.2) on one hand, or Egs. (1.19) and (5.3) on the
other, respectively establish a complete equivalence between the knowledge of

the electric potential ¢ and that of the function H(W) or K(W).

Because of this equivalence, Eqgs. (1.16) and (1.18) may be regarded as the
first pair of equivalent forms of Poisson’s equation (cf. Eq. (2.241)) announced
at the beginning of this section: specifically, using Eqs. (1.9) and (4.11), we

rewrite Eq. (1.10) as

Fo(=[W + Ueo) =

e W’ r_
_1/ dW/\/ FC(W UCO) +
m Jo \/W W'+ w

VW E(W' /0 — Usol — Uo/0)/ /0
\/W Wwhr—w +

1 [e'e)
—P/ aw’
s 0
H(W + Us),

for W > 0. (5.4)

Likewise, using Eqgs. (1.13), (4.15) and (4.7), we rewrite Eq. (1.18) as
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E(=[W/0+Uil)/\/0 =

A LA
7w Jo %4 W'+ W

1o W E (W = Ue] — Uo)

EP/O aw Vi W W +

K(W/6+ Ug)/ /0,

for W > 0. (5.5)

Egs. (5.5) and Eq. (5.1) are the solutions of Poisson’s equation announced
at the beginning of this section. We call them the “BGK solutions”. Indeed,
according to the approach adopted by Bernstein, Greene and Kruskal (cf. Ref.
2]),Eq. (5.1) gives the the electron energy distribution functions for values
of its argument less than U, (cf. the left hand side of Eq. (5.1)), provided
it be given at all the other values of its argument (cf. the first term on the
right hand side of Eq. (5.1)) and provided the ion energy distribution function
and the electric potential be given. The same task is accomplished for the ion

energy distribution function by Eq. (5.5).

We now proceed to rearranging Eqs. (5.1) and (5.5) in yet another pair of
equivalent forms. First, we notice that, since the U,g-based fractional distri-
bution H, appearing in Eq. (1.17), and the Ujg-based fractional distribution
K, appearing in Eq. (1.19), represent the same quantity (i.e. the total charge),
they must be related. To find this relation, in the integral appearing on the
right hand side of Eq. ( ), we change the integration variable according to
W' = W" — ¢(xmin), and, writing the electron potential energy U,(¢) as in Eq.

(2.12), we get
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e nGW" = (T min))
¢zw(¢) - /er+¢($mm) \/[2(¢ - WH)]

Likewise, in the integral appearing on the right hand side of Eq. (1.19), we
change the integration variable according to W’ = [lim,_ 4 ¢(z) — W"]/0,

and, writing the ion potential energy U;(¢) as in Eq. (2.13), we get

¢xm(¢) ==

K (limg s 6(2) = W'1/0)/ /0
VRV =5

limz_,+oo ¢($)79U1 0
/ dW™ x
¢

Subtracting the respective sides of Eqgs. (5.0) and (5.7), an integral relation is
obtained between the functions H and K, which is of the kind shown in Eq.
(3.1) and in Eq. ( ): there now, a = Ueg + ¢(Tmin) and b = lim, o ¢(z) —
0U;o and, due to Eq. (1.7), a < b, in such a way that the hypotheses of Lemma

3.1 and of Corollary 3.1 apply. Then, Lemma 3.1 prescribes that (cf. Eq. (3.2))

H(W 4+ Us) =
¢W’ (Uo/8 — [W'/6 — Uis))/ /8
“P/ W — W ’
for W > 0, (5.8)

whereas Corollary 3.1 prescribes that (cf. Eq. (3.21))

K(W/6+Us)/,/0 =

1 Uo ,\/W, H(Uo — [W’ — Ue0]>
P dW
/ \/W wWh—w '

for W > 0. (5.9)
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Finally, substituting Eq. (5.8) into Eq. (5.1) and Eq. (5.9) into Eq. (

respectively get

and

/\/W, Fe(W, — Ue()) o

Fu(—[W + Usg]) + jr/ooo aw

\/W wWr+w
L e R0 Ul — Uu/0)/ 9
}P/o aw N wr—w -

1 o WK (Uo/0—[W'/0 = Usl)/ /6
EP/O aw W W —Ww ’

for W > 0.

JW EW')0 = U)/ /0

E(—[W/9+Uio])/\/9+71.‘./000 aw’ N W+ W

1 ©© \/W/ Fe([W/ — er] — Uo)
fP/ aw’

= Jo SV W W +
1 0 ,\/W H(Uo—[W —er]>
%P 0 aw W W — W :

), we

Egs. (5.10) and Eq. (5.11) are the solutions of Poisson’s equation announced

at the beginning of this section. Both of these equations relate K or H, i.e.

suitable transforms of ¢,, (cf. Egs. (5.3) or (5.2)), to suitable transforms of

the electron and ion energy distribution functions F, and F;. The advantages

of writing Poisson’s equation in its formulation given in Egs. (

will be demonstrated in detail in Section 6.
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6 The Sectionally Analytic Form of the Solutions of the Integral

Poisson Equation

In this section we carry out the third part of the task, set at the beginning
Section 3, of solving Poisson’s equation in favour of the electron and ion energy
distribution functions. This task consists in extending these functions in the

whole complex plane of their respective arguments.

To do so, we use the forms of Poisson’s equation given in Eqgs. (5.10) and
( ). We begin by introducing the complex variable z and, in the complex
z-plane cut along the positive real axis, we introduce the two-valued function
2172, Specifically, let j denote the imaginary unit, and let z = w =+ je; then, if

the real number w does not belong to the cut, i.e. if w < 0, we set

lim [w £ je]'/2 = /[|w]e”"] = +j/|wl,

e=0t

for w < 0. (6.1)

If the real number w belongs to the cut, i.e. if w > 0, we set

lim [w + je]'/? = +/w.

e=0t

for w > 0. (6.2)

Next, we assume that the energy distribution functions F;, and F} are integrable
over their respective domain and, in the above introduced complex z-plane,
cut along the positive real axis, we define the sectionally analytic functions

(cf. e.g. [11])
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Fe(u, 2) ! /Oood v Fe(t —u = Ueo) (6.3)

= | a
2jm 212t —(=2)

1 oo St E([t—u]/0—Ui)/ /0
Fi(u,z) = 237 ; d?le/2 (=) .

In Egs. (6.3) and (6.4), the values of the real parameter u are such that, as
the integration in ¢ runs in the complex z-plane along the cut, and for all
the appropriate values of Uy and Uig (cf. Egs. (4.5) and (4.0)), the argument
t —u — U, lies within the domain of the electron energy distribution function
F., and the argument [t — u]/0 — Uj( lies within the domain of the ion energy

distribution function F;.

Now, in the above introduced complex z-plane cut along the positive real axis,
a complex number z approaching a negative real number w definitively lies
outside the branch cut of the function z'/2; also, the number —z, appearing
in the integrals on the right hand sides of Eqs. (6.3) and (6.4), lies arbitrarily
close to the integration path of those integrals, which, therefore, are singular.
Then, because of Eq. (6.1) and of the Sokhotskyi-Plemelj formulee (e.g. [11]),
denoting by the symbols g and (&) respectively Cauchy’s principal value
and Dirac’s delta distributions, the following identity may be used in those
integrals, as z = w =+ je approaches the negative real axis, provided both
[t Fe(t —u — Ueo)) and [\ /t]Fi([t — u]/0 — Uip)) be Holder continuous at

t=—w:
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1

li _
0" [w £ je] 2 {t — [~ (w £ je)]}
11
Fjmé(t +w
il lt+w (]
fort > 0 and w < 0. (6.5)

On the other hand, a complex number z approaching a positive real number w
lies arbitrarily close to the cut; also, the number —z, appearing in the integrals
on the right hand sides of Eqgs. (6.3) and (6.1), definitively lies outside the
integration path of those integrals, which, therefore, are not singular. Then,
because of Eq. (6.2), the following obvious identity holds in those integrals, as

z = w =+ je approaches the positive real axis:

1 1 1
lim =

=0+ [w £ je|V2{t — [—(w £ je)|} Jwt+w’

for t > 0 and w > 0. (6.6)

As an application of Eq. (6.5), its use in Eq. (6.3) and (6.1) leads to the

identities

—]j lirori{Fe(u,w + je) — Fe(u,w — je)} =
Fo(=[w +u+ Uel), (6.7a)

EHl{Fe(% w + je) + Fe(u,w — je) } =

\/t F —Uu— er> .-
_f/ \/|w| P , ((,».4b)

for w < 0, (6.7¢)



—j im {Fi (u, w +je) = Fi(u, w — je)} =
E(—{lw+ul/0 + Uio})/ /9,

for w < 0, (6.5a)

whereas the application of Eq. (6.0) into the same equations immediately gives

_j lir%{Fe(uvw +j€> - Fe<u7w —jG)} =

_7/ \/75 F.(t —u— Usp)

\/w t+w

Y

for w > 0, (6.9)

] 1jm{Fi+(u,w +je) —Fi(u,w —je)} =

t+w

for w > 0. ( )

Next, in the same complex z-plane cut along the positive real axis, as intro-

duced above, we consider the properties of the functions defined in Eqgs. (6.3)

and in Eq. (6.1) evaluated at e/ z:

. 1 o0 \/t Fe(t—u— Ue())
J7 -
Fe(“’? € Z) - 2]71— /0 dtejﬂ./gzl/g t — 5 ) ( )

. o0 .Fl —Uu G—Uig 0
TP Ry P RN -

ejﬂ’/2zl/2 t— 2
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The situation encountered by the functions Fe(u,e™z) (cf. Eq. (6.11)) and
Fi(u,e™2) (cf. Eq. (6.12)), as z approaches the real axis, is significantly dif-
ferent from the one encountered by the functions Fe(u, 2z) (cf. Eq. (6.3)) and
Fi(u, z) (cf. Eq. (6.1)). Indeed, consider first a complex number z approaching
a negative real number w: in so doing, it definitively lies outside the branch

/2 and outside the integration path of the integrals on

cut of the function z
the right hand sides of Egs. ( ) and ( ), which, therefore, are not singu-
lar. Then, because of Eq. (6.1), the following obvious identity holds in those

integrals, as z = w =+ je approaches the negative real axis:

¥ 1 1 1 1
im e
=0t [w L je] 2 {t — [wEjel} j|w|t—w’

fort > 0 and w < 0. ( )

On the other hand, a complex number 2z approaching a positive real number w
lies arbitrarily close to both the cut and the integration path of the integrals
on the right hand sides of Eqgs. (6.11) and (6.12), which, therefore, are sin-
gular. Then, because of Eq. (6.2) and of the Sokhotskyi-Plemelj formule, the
following identity may be used in those integrals, as z = w =+ je approaches the
positive real axis, provided both [, /] Fe(t—u—Usco)) and [, /] Fi ([t —u] /0 —Uio))

be Holder continuous at ¢t = w:

1
li =
=0t Tw £ je] 2 {t — [w £ je|}
1 P
+— | —— tjno(t —w)|,
VW t—w
fort > 0 and w > 0. (6.14)
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As an application of Eq. (6.13), its use in Eq. (6.11) and (6.12) immediately

gives

hm{F (u, €7 [w + je]) — Fol(u, &™[w — je])} = 0,

e=0

for w < 0, ( )

Jim {F; (u, €"[w + je]) = Fi(u, &7 [w = je])} = 0,

for w < 0, ( )

whereas the application of Eq. (6.141) into the same equations leads to the

identities

hm{F (u, e”[w + je]) — Fe(u, ew[ —je} =

\/tF U—er)
7P/ d\/w t—w

for w > 0, ( )

Y

6lim{l: (u, € [w + je]) — Fi (u, € [w — je])} =
7P/ \/tF [t —u]/0 — 10)/\/9

t—w

for w > 0. ( )

Finally, given the positive real number Uy (cf. Eq. (4.7)), in the same complex
z-plane cut along the positive real axis, as introduced above, we consider the

sectionally analytic functions
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0 t 0— e0 S,
G(z) = 2J17T/0U d 2\1//2 H([U t_t];U ]), (6.19)

1 /OUo " Vit K([Uy—t]/6 + Uio)/\/e.

S 6.20
2jm z1/2 t—z (6:20)

H(z)

The situation encountered by the functions G(z) (cf. Eq. (6.19)) and H(z)
(cf. Eq. (6.20)), as z approaches the real axis, is akin to the one encountered
by the functions Fe(u, e™z) (cf. Eq. (6.11)) and F;(u, €™ 2) (cf. Eq. (6.12)). In
particular, in the integrals appearing on the right hand side of Eqgs. (6.19) and
(6.20), Eq. (6.13) holds as z = w =+ je approaches the negative real axis, thus

giving

j lim {G(w -+ je) — Glw — je)} =0,

for w < 0, (6.21)

j lim {H(w +je) — H(w — j)} =0,

for w < 0. (6.22)

On the other hand, in those same integrals, Eq. (6.14) holds as z = w +
je approaches the positive real axis, provided w < U, and provided both
[VtH([Uo — t] + Ueo) and [, /t|K([Uy — t]/0 + Uio) be Holder continuous at

t = w, thus giving
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j lim {6+ Je) = G(w— jo)} =

Lp [ g VL W =+ U
T Jo \/w t—w

Y

for 0 < w < Uy, (6.23)

j T {H(w + je) — H(w — o)} =

1P/0Uo g Y4 KU = 1/0 + Uio)/ /0.

T \/w t—w

for 0 < w < Up. (6.24)

Now, adding the right hand sides of Egs. (6.7a), (6.16) and (6.22), all of
which apply for w < 0, we simply get F.(—[w + Ueg]). Also, adding the right
hand sides of Egs. (6.9), (6.18) and (6.24), all of which apply for w > 0, we
precisely get the right hand side of Eq. (5.10), which obviously equals the
quantity Fe(—[w + Ueo]), appearing on the left hand side of Eq. (5.10) itself.
These results may be conveniently summarised, irrespective of the sign of w,

in terms of the sectionally analytic function

Te(2) = —jFe(0, 2) + Fi (Up, €7 2) — jH(2), (6.25)
as follows:
E(=[W + Ueo]) = Im [Se(W +je) = Fe(W — je)], (6.26)

A similar result may be established by manipulating Eqs. (6.10), (6.15), (6.21)

and Egs. (5.10), (6.10), (6.17), (6.23), and, introducing the sectionally analytic
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function

Bi(2) = —iFi (0, 2) + Fo(Up, €72) + jG(2), ( )
we have
Fi (=W 4+ U)) = Elilgl[&(w+jf) =S5 (W —je)], (6.28)

In conclusion, in the above analysis, we showed that the electron energy dis-
tribution function F, may be found as the boundary value of a suitable sec-
tionally analytic function (cf. )): this latter function §. (cf. Eq. (6.25))
precisely gives, through Eqs. (6.3), (6.12), (6.20) and (5.3), the continuation
of the electron energy distribution function F, in the whole complex electron
energy plane. An analogous boundary value relation (cf. Eq. (6.28)) holds for
the ion energy distribution function Fj, whose continuation in the complex

ion energy plane is provided by the sectionally analytic function §; (cf. Eq.

( )), through Eqgs. (6.4), ( ), ( ) and (5.2).

7 Conclusions

In this report, we investigated the distribution functions of the electrons and of
the ions which, in stationary, collisionless conditions, self-consistently sustain

an unsymmetrically distributed (skewed) electrostatic potential (cf. Fig. 1).

These distribution functions of both particle species are governed by the in-
tegral Poisson equation (cf. Eqgs. (2.21b), (2.22b) and (2.21)). We determine

the distribution function of one particle species (either electron or ion, accord-



ing to need), once the electric potential and the distribution function of the
other species are known. To do so we propose a new procedure which provides
the sought distribution function directly from the distribution function of the
other particle species, and from a suitable integral transform of the second
derivative of the potential (cf. Egs. (5.1) and (5.5), without the calculation of
the pseudopotential used in the standard BGK approach. This procedure is
based on two inversion lemmas whose proof is also an important and novel

part of this report (cf. Section 3).

The main advantage of this procedure is the possibility to extend the solu-
tion of the integral Poisson equation thus found for any complex value of the
particle energy (cf. Egs. (6.25) and (6.27)). We show that such extended distri-
butions are sectionally analytic functions of their argument, whose boundary

value precisely gives the real-valued BGK solution of Poisson’s equation (cf.

Egs. (6.26) and (6.20)).

Acknowledgements

The author acknowledges fruitful discussions on sectionally analytic functions
with Z. Sedlacek and on electrostatic solitary waves with A. Mangeney and

J.S. Pickett.

References

[1] L. Nocera, The morphology of electrostatic tripolar regions, Ann. Phys. 323

(2008) 2482-2504.



2]

I. Bernstein, J. Greene, M. Kruskal, Exact nonlinear plasma oscillations, Phys.

Rev. 108 (1957) 546-550.

V. Turikov, Electron phase space holes as localized BGK solutions, Physica Scr.

30 (1984) 73-77.

V. Krasovsky, H. Matsumoto, Y. Omura, Electrostatic solitary waves as
collective charges in a magnetospheric plasma: Physical structure and properties
of Bernstein—Greene—Kruskal (BGK) solitons, J. Geophys. Res. 108 (2003) 67—

85.

L.-J. Chen, G. Parks, BGK electron solitary waves: 1D and 3D, Nonlinear Proc.

Geoph. 9 (2002) 111-119.

A. Mangeney, C. Salem, C. Lacombe, J.-L. Bougeret, C. Perche, R. Manning,
P. Kellogg, K. Goetz, S. Monson, J.-M. Bosqued, WIND observations of
coherent electrostatic waves in the solar wind, Ann. Geophys. 17 (1999) 307—

320.

S. Bale, A. Hull, D. Larson, R. Lin, L. Muschietti, K. P.J., S. Monson,
Electrostatic turbulence and Debye scale structures associated with electron

thermalization at collisionless shocks, Astrophys. J. 575 (2002) L25-L28.

J. Pickett, L.-J. Chen, S. Kahler, O. Santolik, D. Gurnett, B. Tsurutani,
A. Balogh, Isolated electrostatic structures observed throughout the Cluster
orbit: Relationship to the magnetic field strength, Annales Geophysicae 22

(2004) 2515-2532.

Y. Hobara, S. Walker, M. Balikhin, O. Pokhotelov, M. Gedalin,
V. Krasnoselskikh, M. Hayakawa, M. André, M. Dunlop, H. Reme,

A. Fazakerley, Cluster observations of electrostatic solitary waves near the

Earth’s bow shock, J. Geophys. Res. 113 (2008) A05211.



[10] S. Li, X. Deng, M. Zhou, R. Tang, K. Liu, H. Kojima, H. Matsumoto, Statistical
study of electrostatic solitary waves associated with reconnection: Geotail

observations, Advances in Space Res. 43 (2009) 394-400.

[11] B. Roos, Analytic Functions and Distributions in Physics and Engineering,

Wiley, New York, 1969.
[12] T. Boyd, J. Sanderson, Plasma Dynamics, Nelson, London, 1969.

[13] E. Whittaker, G. Watson, A Course in Modern Analysis, Cambridge University

Press, Cambridge, 1990.

[14] S. Samko, A. Kilbas, O. Marichev, Fractional Integrals and Derivatives. Theory

and Applications, Gordon and Breach, Reading, 1993.



Figure caption

(1) Left and bottom axes: the electrostatic potential ® vs. coordinate X as
observed by WIND on February 2nd 1996 at 12:04:36.6 UT (¢’s). Right
and top axes: the normalised potential ¢ vs. the normalised coordinate
x. H h, Y,y are the potential jumps. The horizontal dash-dotted lines
U, = 0 and U; = 0 denote the reference zero values of the electron and ion
potential energies. The broad- and fine-hatched areas denote the position
and energy values of the negative energy electrons and ions respectively.
Also shown is the scheme for for the electron and ion distributions f, and
fi- Subscripts (1), (2) and (3) denote the domains where the potential is

a monotonic function of position.
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