Chapter 2

The Problem

The system we wish to study is a binary mixture of non reactive dilute,
electrically charged system of particles. Their masses will be labelled m,
and my with charges e, and e, where e, = —e;, = e. The ions could have
a positive charge Ze but we shall keep Z = 1 for simplicity. The number
densities of the species are n, and n, where n, + n, = n so that the total
mass density p is given by

P = pPa+ Pp = Mang + myny (2.1)

Following the standard notation of the kinetic theory of gases, the single
particle distribution functions for each species is denoted by f; (7, v;, t) where
v; is the velocity of the particle of species 7, ¢ = a, b. If we now assume that in
general the system is acted upon by an electric field E measured in volts m™
and a magnetic induction B in teslas, the Boltzmann equation determining
the time evolution of the distribution function f; is given by

0 I3 N 0 i s 0 % d
8]; + v, - a"i (F + e;U; X B) (91]; o Z J(fify) (2.2)

i,0=a
Here,
F = Fi(e) +eE for i, j=a,b (2.3)

Fi(e) denoting an external conservative force, the electric and magnetic fields,
E and B respectively, are the self consistent fields generated by the plasma
as determined from Maxwell’s equations and

Ty = [ [ {rehs) - s @ s @)
<vzvj — v ) gmdvjdv’dv (2.4)
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14 2 The Problem

In Eq. (2.4) we recall the reader that the 7.t dependence of the f/s has
been omitted. The primes denote the values of v; after the binary collision
takes place, o (17217] — 12112) dzj;’»dv_; is the cross section, namely, the number
of molecules per unit time of species ¢ colliding with a molecule of species j
such that after the collision the molecules have velocities ¢/, in the range dv,
and ¥} in the range dv}; gi; = [vi — vj| = |vz - U_;| For collisions between
molecules of the same species v; — ¢ and v; — 07 to distinguish the two
velocities. A caution note has to be mentioned with respect of Eq. (2.2).
The magnetic induction B is taken to be the average magnetic field, deter-
mined from Maxwell’s equations where the current density will depend on
the distribution functions f;. In fact one should write B = §(w + §e where
B. is an external field which may or may not be taken as a constant field.!
We also recall the reader that the cross section o satisfies the principle of
microscopic reversibility, namely, it is invariant upon spatial and temporal
reflections, so that,

1

~

o (27;17] — vz’-v~> =0 <vz’»vj — 17{173) for i,j =a,b (2.5)

<

thus guaranteeing the existence of inverse collisions.

As well known in kinetic theory, two general results may be derived from
Eq. (2.4) regardless of the specific form of the cross section that is, without
specifying the details of the interaction potential between the particles. Such
results are the conservation equations and the H theorem. In our case this will
require particular care since collisions do not exist for Coulomb interactions
which as well known is a long range repulsive potential. Advancing the
fact that this will be appropriately taken care of using the Debye-Hiickel
approximation we assume that o is well defined and finite. We proceed to
discuss the first of two general results namely, the conservation equations.
Section 2.2 will be devoted to the H-theorem.

2.1 Conservation Equations

As usual, we define the local particle densities as,

07, 1) = / Ji(F, 5, £)do (2.6)

'For a thorough discussion of this question see [7].
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and denote by (7, v;,t) any dynamical variable whose local value is given

by
(W) = v / (7 5 ) fi(F 5 )5, (2.7)

Moreover, we define the thermal or chaotic velocity ¢; as
7 t) (2.8)

Ci:Ui—ﬁ(

and 4 is the barycentric velocity given by
= Z pii (T, t) (2.9)

where,
]z zd 7 2.10
nz / U Ui ( )

is the local hydrodynamic velocity for species ¢. Notice here that contrary to
what occurs in the case of a single species, (¢;) # 0 whereas

MaNa(Ca) + Mpnp(Cy) = patiy, + pptip — pti =0

> pidci) =0 (2.11)

This expression is important because the mass diffusion flux of the i** species
is defined as

or

J; = mi/c_;fi(f’,ﬁ;,t)dﬁ; = m;n; () (2.12)

so that by Eq. (2.11)

» Ji=0 (2.13)

or J, = —Jp.
With these definitions, the flow of charge is readily expressed in a conve-
nient way. In fact, the numerical charge density () is defined as

Q = naea +mpey = (ng — mp)e (2.14a)

and the charge current
Jr=Y nie;(v;) (2.14D)
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which, with the aid of Eq. (2.8) reads Jr = Qi + J,, J, the conduction
current being given by
= niei(c) (2.14c)

which in turn can be written with the aid of Eqgs. (2.12) and (2.13) as

= My +m =
Jo=—2T "], (2.15)
meMp
a result often ignored by authors of this subject.
Returning to our quest, we now derive the equlvalent of Maxwell-Enskog’s

transport equation by taking ¥; = (m;, m;v; and 2 smv?). We first notice that

from Eq. (2.4)
5 [ watssan—o (2.16)

i,j=a
a result which follows from the standard transformation of the collision ker-
nels using Eq. (2.5) and the fact that ¢ and j are dummy indices in Eq. (2.16).

So let ¥; = m;. Multiplying (2.2) by m; and integrating over dv; using
(2.16) one gets

aIO -\ _ > afl
Ejtdlv (,olul)—/( x B) - 8"d

0
In the right hand term, for any component a—Ji the cross product (v; X B)
does not contain such component so that the integration by parts yields zero
whence

iy div (pui) = 0 (2.17a)
and summation over ¢ yields
8——l—dlv( W) =0 (2.17b)
ot N '
Using Egs. (2.8) and (2.12) in Eq. (2.17a) we may also write that
%pti +div (pid) = —div J; (2.17¢)

Egs. (2.17a)-(2.17c) are thus the several alternative expressions for mass
conservation.
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Take now v; = m;v; = my(¢; + u). Multiply Eq. (2.2) by it using
Eq. (2.11), after integrating a couple of terms by parts and summing over i,
one readily gets that

8 = . —k s = == =4 8fz
E(pu) +div (77 + pud) = XZ:HZFZ - zi:ei/vi(vi X B) - avzdv,

where the kinetic part of the stress tensor 7 * is defined as
b
=Y mi [ g (215)

Integration by parts of the last term reduces to 37, e;n; (7)) x B so that we
reach the result that

%(pﬁ) +div (FF 4 piti) = Y niF, + (Jr x B) (2.19)

the conservation equation for momentum. If the external force is zero using
the definition of Jr we readily find that

—

x B))+ J. x B (2.20)

21

J, . e L -
&(pu)—i-dlv(Tk—i-puu):Q(E (d x

Here E' = E + @ x B can be interpreted as the effective electric field as
viewed by an observer moving in the mixture with the barycentric velocity
4. Also, it should be pointed out that often Eqgs. (2.17a)-(2.17¢) and (2.20)
are referred to as the equations of magnetohydrodynamics for isothermal
fluids in the absence of external fields Fe = 0.

We finally take ¢; = mlv and repeat the procedure as in the previous
case. After summation over ¢ and use of Eq. (2.11) we get that,

28t + o E ml/fzdvzc + § mz/vz PE Lv2d; +
afz 1 — = afz
E / Za_,d + 5 E 6’2'/(’01' X B) a_, ,Ld =0 (221)

We deﬁne the internal energy density of the mixture as,

=30 e (222)
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In the third term we set v; = ¢; + d, expand, use Eq. (2.11) and find that it
reduces to

> 1
div(J, + - TF + peii + §pﬁu2)

where

- 1,
T => = : —pi(Eic?) (2.23)

is the total heat flux in the mixture. After a first integration by parts, use
of (2.14c¢), the definition of Jr and assuming ¢ = 0, the fourth term simply
reduces to —Jr - E. Finally integration by parts clearly shows that the last
term vanishes, so that collecting all terms we find that,

10 dpe - 1 -

5&( )+a—'0t—|—dlv(Jq+ﬁ-<?>k+pﬁe+§pﬁu2)—JT-E:()
Using Eq. (2.20) and following the standard steps to combine the first three
terms in this equation we are finally lead to the balance equation for the
internal energy namely,

d - .o
o€ +div J,+ T grad i — J.- E' =0 (2.24)

where as introduced above,
E'=E+axB

Egs. (2.17a)-(2.17¢), (2.20) and (2. 24) are the sought result for the conser-
vation equations. Clearly the unknowns Jz, 7% and J have to be determined
by seeking solutions to Eq. (2.2), a task to be dealt Wlth later.

2.2 The H Theorem and Local Equilibrium

Before discussing these important properties of the Boltzmann equation we
need to specify clearly the domain of its applicability. In the absence of a
magnetic field Eq. (2.2) is valid in the so called kinetic regime characterized
by time ¢t ~ 7 the mean free time where 7 > t. the duration of a collision
time. However, in the presence of a magnetic field we have two characteristic
frequencies competing in the mixture, the collision frequency w. ~ 1/7 and

the Larmor frequencies w; = ‘WLB For electrons w, ~ 1.76 x 10" B whereas
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for ions w; = w, me. If the field is weak enough w;7 is of the order of 1 for
both cases 1mply1ng that the field does not interfere in the collisional regime
of the mixture. We shall limit ourselves to this case. When w;7 > 1 radical
modifications have to be made to the whole approach to the problem and we
shall not discuss it here at all (see however Ref. [7]). Once this is clarified
we proceed with our discussion. If we multiply Eq. (2.2) by In f; integrate
over dv; and sum over ¢ the left hand side vanishes since the only extra term,
f (05 X B) Bfl In f;dv; vanishes after integration by parts. Therefore, using
the same procedure for the right hand side as in the single component case
remembering Eq. (2.2) and Klein’s inequality one obtains that for

HEZ/filnfidzTi , (2.25)

OH(7,t)

ot
for all binary collisions and their corresponding inverses (i, = i, j'). Re-
member that in Eq. (2.5), H = H(7,t) is still function of 7 and t. So the
irreversibility criteria imposed by Eq. (2.26) is still valid in the weak field
approximation and moreover, the quantity usually associated with the en-

tropy production o(7,t) is always positive definite for all exact solutions to
Eq. (2.4)

<0 (2.26)

o= kY [ i) (2.27)

This result will be used later on. We also notice that the solution to the
homogenous Boltzmann equation, namely,

TR + IO f) =0 for i, j = a,b

is a local Maxwellian distribution function. This arises from the well known
argument stating that d—It{ = 0 for every binary collision. By the standard

argument of kinetic theory this implies that
2 (v —a(7,1)?
(0) . mi om Ui—uj",
O — (7t L) e 2Tt 2.28
1 =m0 (s ) (2.28)
provided we define

- / F0dw; (2.29a)
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pi =3 p, / 105z (2.29)

1
pe(r,t) = gnkT => 5piled) (2.29¢)

Nevertheless Eq. (2.28) is still not a solution to the full Boltzmann equation
since it is necessary that

) o E 9 e, s 0 0
(at—l—vz 7 8@+E<vzx3)-8@)1nfi =0 (2.30)

is satisfied for i = a,b. The procedure is, once more, the standard one [1]-[2].
We write .
In {9 = v(Ft) + k(7 t) - T — h(F, )0 (2.31)

3
. . . 3\ 2
where v = InA — mlﬂuz, k = Omu; h = mlﬂ; A = n, (Tglﬁ> with

2 2 T
B = (kT)™!
Subst1tut10n of (2.31) into (2.30) and noticing that (o; x B) - 7, = 0 we

get that,
v 22 oh + | - % + v 7. . 8_]2 +
ot U or v Y o

& 2h =\ - ~ e F oo
171..(%+@__hﬂ)+k.(@x3)ﬁ+_ﬂk:

ot or  my
which must hold for all values of ¥. The coefficients of order v} and v? do
= - _Oh
not depend on B so by the standard procedure h = h(t) and k = FE + 7%

Q(t) + ko(t). For conservative forces (including F' = —egrad ¢) the linear
coefficient in v; yields

k 2h2 i 7 —
a——l—grad (l/+ e¢i>_e_ka:0
ot m

and ¢; is the electrical potential. Scalar multiplication by B , yields in turn

that .
— k 2h
B- (8 + grad (l/+ eng)) =0
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which for B #* 0 and ignoring the possible but unlikely occurrence that B is
perpendicular to the term in parenthesis,

- b
%ﬂLgrad (V—I— hélgbi) =0

This implies %rot/z = (0 or O is a constant vector and, once more by the
argument for a one component system, and non-pathological external forces,

= s (52) e {—5 (m;“i? " @-(F)) } for izab  (232)

where the potential energy is ¢; = ¢eu¢ + €;¢. Thus equilibrium is achieved
and characterized by the Maxwell distribution function Eq. (2.32).
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