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PART I
Introduction

The tendency for entropy to increase in isolated
systems is expressed in the second law of
thermodynamics — perhaps the most pessimistic
and amoral formulation in all human thought.

Gregory Hill and Kerry Thornley
Principia Discordia (1965)

I.1. Bogoliubov’s timescale hierarchy

The content of this course is best summarized through the Bogoliubov hierarchy of
timescales, which is related to the relaxation of an arbitrary perturbation in a plasma.
Fill a volume with N particles, each randomly placed and with random velocity. The
system will attempt to adjust itself into a statistical equilibrium. There are four stages
in this adjustment:

(1)

(2)

Pair correlations are established and Coulomb potentials are shielded on Debye
scales. This occurs on plasma-frequency timescales, ~w> . This is a reversible
process.

P

The velocity distribution relaxes to a local Maxwellian on collisional timescales,
~v~ 1 ie., local thermodynamic equilibrium is established. Note that v—!
wp LA/ InA) > wp ! for plasma parameter A = nA3 > 1. This gives irreversibility

i velocity space.

Macroscopic force balance emerges on a crossing time ~L /vy, ~ v~ (L/ Amfp) >
v~1. (Note: This timescale was not included in Bogoliubov’s original hierarchy, but
it appears in the Chapman—Enskog—Braginskii expansion and is thus important in
this course.)

Hydrodynamic diffusion occurs on macroscopic spatial and temporal scales, and
attempts to relax the system to a global, space- and time-independent Maxwellian.
(Boundary conditions that enforce density or temperature gradients prevent this
from occurring.) This occurs on a diffusive timescale ~L?/D; e.g., ~v ™1 (L/Angp)?
in an unmagnetized plasma, or ~v~1(L/p)? across the magnetic field in a magne-
tized plasma. This results in spatial irreversibility.

Each of these timescales is associated with a part of this course:

(1)
2)
3)

(4)

At t = 0, begin with an arbitrary initial distribution of point particles (Klimon-
tovich, Liouville, BBGKY §IT).

For wpt 2 1, Debye-shielding clouds are established (two-particle correlation
function; Vlasov physics; §§I1III).

For vt 2 1, the particle distribution function approaches a local Maxwellian
(Balescu—Lenard and Landau collision operators and their derivatives; discrete
particle effects; Fokker—Planck and Langevin equations; test-particle superposition

principle; §§IV-VIII).
For vt > 1, the particle distribution function attempts to relax to a global

I There is, of course, turbulent transport, but that is a different course.
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FIGURE 1. Trajectories of (a) a neutral particle and (b) a charged particle.

Maxwellian, but cannot because of macroscopic boundary conditions or source
(classical transport theory: Spitzer-H&arm, Chapman-Enskog, and Braginskii;
81X).

In a sense, this course is all about the interplay between collective processes and binary
processes and how one affects the other.

I.2. Time (Ir)reversibility(?)

The clearest qualitative illustration of this involves the trajectories of particles. Neutral
particles in an ionized gas move independently along straight-line trajectories between
distinct collisions that occur when particles come within roughly an atomic radius of
one another (see figure 1(a)). In contrast, charged particles’ trajectories are determined
by collective interactions as the weak Coulomb electric field from all nearby charged
particles give successive, random, but usually small-angle deflections (“scatterings”) of
their direction of motion (see figure 1(b)). The cumulative effect of many small-angle
Coulomb collisions is examined in HWO01.

Now, all of these collisions are, in fact, encoded in Newton’s equations of motion for
the charged particles:

dr dv q v
& 4 L4 Ipern+ 2 xB, } 1.2.1
Vv ad o O Baay 4 B (12.1)
But note that setting
t—=t=—t, r—=r'=r, v—ov=-v,

E - E = E(-t,r), B— B =-B(-t,r),
in (I.2.1), which amounts to a reversal of the time axis, results in

dr’ , dv’

q v
7 =0 and == |E'{,r)+ =X B'(t',r")

dt/  m
Thus, the equations of motion for charged particles in electromagnetic fields are time-
reversible. This should not be particularly surprising: such equations can be derived
from a Hamiltonian, and so the emergence of time reversibility makes sense. But, even
though this is a simple consequence, its implications are profound. For then how does
irreversibility emerge? How does entropy increase? Why don’t we see things running
backwards all the time if the governing equations allow for it? These questions have been
debated ever since Boltzmann and Maxwell invented kinetic theory.

The main antagonist early on was Josef Loschmidt (1821-1895), who (among others)
argued that Boltzmann’s H theorem, which implies irreversibility and the second law of
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thermodynamics, cannot possibly be correct if based on classical mechanics. This is now
known as “Loschmidt’s paradox”. The complaint is not without subtlety, but — to me, at
least — Loschmidt seemed a bit of a crackpot. Apparently, he wanted to. ..

...destroy the terroristic nature of the second law [of thermodynamics], which
has made it appear to be an annihilating principle for all living beings of the
Universe; and at the same time open up the comforting prospect that mankind is
not dependent on mineral coal or the Sun for transforming heat into work, but
rather may have available forever an inexhaustible supply of transformable heat.

This is quite a leap from simply wondering why particle trajectories cannot simply be
reversed. Boltzmann’s famous response to this? “Go ahead, reverse them!”

Another levied attack was based on a theory by Poincaré, called the recurrence
theorem, which states that a dynamical system with constant energy in a compact phase
space must eventually return to its initial state within arbitrary precision for almost all
initial conditions. Ernst Zermelo (1871-1953), offering a new and more general proof of
this theorem, used it to say that entropy can surely decrease as the system recurs to its
initial configuration. Nietzsche loved this idea of eternal recurrence, claiming that “if the
Universe has a goal, that goal would have been reached by now”. (He believed that the
Universe had always existed.) He continued:

If the Universe may be conceived as a definite quantity of energy, as a definite
number of centers of energy — and every other concept remains indefinite and
therefore useless — it follows therefrom that the Universe must go through a
calculable number of combinations in the great game of chance which constitutes
its existence. In infinity, at some moment or other, every possible combination must
once have been realized; not only this, but it must have been realized an infinite
number of times. And inasmuch as between every one of these combinations and
its next recurrence every other possible combination would necessarily have been
undergone, and since every one of these combinations would determine the whole
series in the same order, a circulate movement of absolutely identical series is thus
demonstrated: the Universe is thus shown to be a circular movement which has
already repeated itself an infinite number of times, and which plays its game for all
eternity.

Such a cycle — and more modest ones — are called “Poincaré cycles”, and their period is
called the recurrence time. Boltzmann’s answer to this was to point out that the recur-
rence time is incredibly long. He estimated that a system consisting of 10'® atoms cm ™3,
with average velocity 0.5 km s, would reproduce all of its coordinates to within 10~7 ¢cm
precision and all of its velocities to within 100 cm s~ in a time of 100" years 0]

Boltzmann put it to Zermelo rather bluntly: “You should live so long.”

The difficulty here is that kinetic theory is fundamentally a probabilistic description,
and its laws govern trajectories towards the most probable behavior of a system. Ir-
reversibility emerges from the fact that usually the initial state is very unusual, being
restricted to a very small part of the total available phase space. In other words,

There is irreversibility of the basic laws of physics, but there is something special
about the initial state of the system that we are considering: this initial state is
very improbable. By this we mean that it corresponds to a relatively small volume
in phase space (or a small entropy). The time evolution then leads to a region with
relatively large volume (or large entropy), which corresponds to a very probable
state of the system. In principle, after a very long time the system will return to
the improbable initial state, but we shall not see this happening... As a physicist,
you will want to make an idealization in which the number of particles in your
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system tends to infinity and the time of eternal return also tends to infinity. In this
limit you have true irreversibility. (Ruelle 1991)

Or, you could take Maxwell’s eventual view (1867):

I carefully abstain from asking the molecules which enter [the volume under
consideration] where they last started from. I only count them and register their
mean velocities, avoiding all personal enquiries which would only get me in trouble.

With that, let’s get started. ..

PART 11
Klimontovich, Liouville, and the BBGKY hierarchy

We can measure the globula of matter and the

distances between them, but Space plasm itself is
incomputable.

Vladimir Nabokov

Ada, or Ardor (1969)

Useful references for concepts presented in this part include Chapter 2.1 of Ichimaru
(2004), Chapter 7.1 of Krall & Trivelpiece (1973), Chapter 3 of Nicholson (1983), Section
I1.4 of Klimontovich (1967), and §§1.3,8 of Krommes (2018).

I1.1. The Klimontovich equation as a microscopic description of a
plasma

A complete description of a plasma would emerge if one were to have knowledge
of all the coordinates and momenta of all of the constituent particles, as well as the
electromagnetic fields in which they move and which they self-consistently produce. While
this description would obviously be untenable with which to work — one is usually only
interested in the macroscopic observables such as density, flow velocity, pressure, etc. —
let us nevertheless adopt this microscopic standpoint and see where it leads.

Start by defining the function

N
Folt,m,0) =Y 0(r — Rai(t))5(v — Vai(t)), (IL.1.1)

=1

which completely specifies the positions R;(t) and velocities V;(t) of N, particles of
species « as functions of time. Graphically,

-
)
-t
—r
Note that
li drdv F,(t
ol | drdv Falir.®)

is either unity or zero, depending upon whether there is a particle at (r,v) at time ¢, so
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that

/drdv Fo(t,r,v) = N,. (I1.1.2)

Thus, the microscopic state of the plasma at any time t would be known if one were
to know R,; and V; at t = 0 and their temporal evolution. Hamilton’s equations of
motion provide us with the latter:

dRai dVaz « Vai
-V, and = o (E m), (IL.1.3)
dt M, c

where g, and m,, are the charge and mass of species «, and
E,, = E,(t, R,i(t)) and B, = By, (t, Ru(t)) (I1.1.4)

are the “microphysical” electric and magnetic fields evaluated at the particle position R,;
at time ¢t. The adjective “microphysical” here is meant to indicate that E., and By, are
the fields self-consistently generated by the particles themselves. These satisfy Maxwell’s
equations:

10B,

V X Eu —787, (IL.1.5)
c
1 8E 471
= - I1.1.

V X By, = - E qa/dvvF (t,r,v), (11.1.6)
V-E, =4n E qa/dvFa(t,r,v)7 (I1.1.7)
V.B, =0. (IL1.8)

Because Maxwell’s equations are linear, we can add to these fields any that may be
externally imposed: E,,, — FE,, + Eoy and By, — By, + Beyx. This will be useful for
describing magnetized plasmas threaded by an external magnetic field. Before we proceed
any further, two things are worth noting:

(1)  The electric and magnetic fields in (II.1.3) omit the contribution from particle
(ai). In other words, a particle does not interact electromagnetically with itself.

(2)  Writing (r,v) and drdwv all the time is exhausting. Denote = (r,v) and dz =
drdv, i.e., = is the phase space coordinate and dx is a small volume of phase
space. L1kew1se = (Rais Vai)-
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Now, let us consider how F,(t,x) = F,(t,r,v) evolves:?

N,
OF, 0 = .
o~ g 2 0@ Xeilt)
N,
X dX oy 0
2 "q ox,, @ Xailt)
N,
N dX, 0
=2 g 0@~ Xeal)
Nqo
o Vai 0
- 72 ViV 4+ —|En,(t, Rai(t)) + . X B (t, Rai(t))] - o 5(x — Xoi(1))
=1 o
Nqo q 5
= — ; {’U Vv + mia [Em(t,’r') + - X By, (t,r)] - 81)} 8z — Xai(t))
q v 9 Y
= —{'u VvV + p— {Em(t,r) +ox Bm(t,r)} 'av} 2 8 — Xai(t))
= {0 V4 LB (tr) + 2 X Bult,7) 9 Fu(t,z)
= ma m k) c m bl a,U e B
9 o v 0 B
— |:(i)lf+v-v+%<Em+cXBm>-av:|Fa(t,€B)—0 (1119>

Equation (I1.1.9) is called the Klimontovich equation. While it is equivalent to phase-
space conservation, it is not a statistical equation. With proper initial conditions, it
is completely deterministic. Together with Maxwell’s equations (II.1.5)—(II1.1.8), the
densities and fields are determined for all time.

The Klimontovich equation (I1.1.9) can be thought of as expressing the incompress-
ibility of the substance F,(t,2) as it moves in phase space: DF, /Dt = 0, where D/Dt
is the phase-space Lagrangian (i.e., comoving) derivative. Nicholson (1983) writes, “is it
any wonder that a point particle is incompressible?” Phase-space trajectories that follow
the characteristics of (I1.1.9) and start from an interval de where F, = 0 will carry that
null information along with them. Likewise with intervals where limgg ¢ f da F,(x) = 1.
Thus, the phase space is populated in a very choppy way. For that reason, as well as the
simple fact that, despite some mathematics, we haven’t actually simplified anything, the
Klimontovich equation as a description of the plasma is not worth much practical use.
It does, however, form the basis of a statistical description of the plasma. But, for that,
we need some kind of averaging process. . .

I1.2. The Liouville (“Leé-ooo0-ville”) distribution

Just as the microscopic state of a plasma is completely specified by the coordinates
and momenta of its constituent particles, the statistical properties of the plasma are com-
pletely determined by the probabilistic distribution of said particles. Thus, we introduce

?Make sure you understand each of these steps. Namely, ask yourself: what if dX ,:/dt involved
a drag force «V,;? Because the property X (¢)d(z — X (t)) = z6(z — X (¢)) does not imply that
X(t)d' (z — X (t)) = 28’ (x — X (t)), what is required of dX ,;/d¢t for the following to hold?



10

M. W. Kunz

the distribution function Py of the coordinates and momenta of all of the N =3 N,
particles in the system. Specifically,

Py H dX,1d X, ... dXoN,

gives the probability that, at time ¢, the phase-space coordinates of the particles of species
o have the values X1, Xa2, ..., Xon, in the range dX,1d X2 ...dX,n, . This 6]N-
dimensional phase space is called the “I" space”. The microscopic state of the plasma
is expressed in the I' space by a point {Xq;}. You can read all about this in §2.1.B of
Ichimaru (2004) and §7.2 of Krall & Trivelpiece (1973), but let me flag a few important
points:

(1)

The system points {X,;} do not interact with one another and so Py satisfies a
continuity equation of the Liouville kind:

N,
DPN . 8PN = ani aPN
==X . =0; I1.2.1
Dt ot +§a:§:: dt 90X, . (2.1

i.e., the probability density is conserved along a characteristic trajectory in phase
space.

Because Py is a probability, we have
/H dX,1dXas ... dXan, Py = /ann Py =1,

where I've introduced the shorthand d X, to indicate integration over all of the
I" space (including all species).

In thermodynamic equilibrium, Py equals the Gibbs distribution

.1 H
where H = H(T") is the Hamiltonian (kinetic plus potential energy), T is the
(species-independent!) equilibrium temperature (in energy units), and

Z = /H dX, ... dX,nN, exp<—7;> (11.2.3)

is the partition function. We will primarily be concerned with non-equilibrium
systems, and so we will need to know how Py evolves in time from a given starting
distribution Py (0). We’ll return to thermodynamic equilibrium now and then to
help develop our intuition (e.g., in §IV.6).

It is profitable to think of Py in the statistical-mechanics ensemble sense: imagine

N replicas of our plasma, all macroscopically identical but microscopically differ-

ent, with the system points {X,;} scattered over the T' space. Then Py can be
defined from

S

— 11.24

Jm =, (11.2.4)

where N is the number of those system points contained in an infinitesimal volume

[I, dXa1...dX,n, in the T' space around {X,;}. (Why can we do this for a

plasma? Hint: think about the accuracy of using a statistical description of an

Py [] dXa1dXos ... d Xy, = lim N,
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N-body system to describe any one realization of the system. What happens to
the model’s predictive power when N is not very large?)

I1.3. Reduced distribution functions

With a probability distribution in hand, we can perform an ensemble average over
all these realizations of the plasma.? This will turn our spiky “fine-grained” F, into the
smooth “coarse-grained” distribution. (Greg Hammett’s words: “deterministic within any
particular realization, stochastic between different realizations”.) For example,

/anz . dXan, H dXp1dXpss ... dXsn, Py
8

is the joint probability that particle ol has coordinates in (X,1) to (Xa1 + dXa1)
irrespective of the coordinates of particles o2, ..., aN,, 81, 82, ..., BNg, etc. This
reduced distribution function is called the one-particle distribution function. It can be
normalized to one’s tastes. I choose the following:*

falt, @) = NCY/an2 . dX,n, H dXpdXgss...dXsn, Py, (IL.3.1)
B

The operative word here is “irrespective”. Of course the probability of, say, an electron
being at some phase-space position x is impacted by an ion being nearby at =’ ~ x,
but this information is not in f,. The influence of a near neighbor on the distribution
of a particle is contained in a less reduced description, e.g., the two-particle distribution
Sfunction:

fap(t, @, @) = NoNjg / dXo2...dXon,dXp, ... dXpn, [[dX,1d X, ... dX N, Py
v
(I1.3.2)
Then fos5(t, @, ®")dedx’ /N, Ng is the joint probability that particle ol is at « in interval
dx and particle 81 is at &’ in interval dz’, irrespective of all other particles.
Note three things:

(1)  The species labels « and 8 could refer to the same type of particle (o = ), in
which case 81 — «2. (The exact numerical labels we affix to a particular particle
do not matter.) In this case, Ng — N, — 1.

(2)  The two-particle distribution function f,g is still a reduced distribution, but, as
opposed to the one-particle distribution function f,, it contains some information
about two-body interactions. If the particles do not interact, then f,g = fo f3, the
product of one-particle distribution functions. .. simple.

(3)  One could of course generalize this process. For example, the three-particle distri-

3Krommes (2018) adorns random variables drawn from Py with a tilde. T find this notation
cumbersome and so do not employ it, but you should always be alert when dealing with random
variables.

4The reason for the N, is so that J dv fa(t,z) is the number density no, a customary
normalization for the one-particle distribution function. Others might introduce a prefactor
V for volume, which makes [dv fu(t,2) equal to the fraction of the mean number density
Ta = No/V in that volume.
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bution function is

) dXan
wgy = NoNgN., | ————————— Pn; I1.3.3
Japy = Nalg 7/anldX,@ldX N (IL.3.3)
the four-particle distribution function is
d Xy

P .

35 = NoNgN-, N,
fapys BV 5/an1dX51d X,1dXs1

and so on.

We combine this machinery with the Klimontovich distribution (I1.1.1) as follows.

Each term in F, = ), §(x — X,;) describes the location of a particle in terms of its
initial conditions, and Py describes the probability of a particle having a certain set of
initial conditions, and so the reduced descriptions of Py can be expressed in terms of the

averages of products of F,, over all possible initial conditions. These averages are defined
by

(G(Fo, Fg,...,F)) = /anH Py G(Fy, Fg,...,F,). (I1.3.4)

Let’s put this to work.

11.4. Towards the Vlasov equation

Integrate the Klimontovich distribution (II.1.1) at a particular time over the Liouville
distribution (see (I1.3.4)):

(Fu(t,x)) = i/ann Py é(x — Xai(t))

=N, / dXan Py 6(x — X,1(t)) (particle labels are arbitrary)

=N, / dXaz ... dXan, [[dXs1dXs, ... dXsn, Py
B
= fa(t,x) (def’n of one-particle distribution function, (I1.3.1)). (IL.4.1)

Similarly, the average electromagnetic fields are obtained by averaging the microscopic
fields E,, and By,, which depend upon the positions of the (point-like) particles, over
the probable locations of all of the particles:

E = <Em> = /ann PN Em and B = <Bm> = /ann PN Bm. (1142)

Using (II.4.1) and (I1.4.2) in the Maxwell equations (II.1.5)—(II.1.8) gives

10B
VXE=--—", (I1.4.3)
V xB= laE an/dvvfatrv (I1.4.4)
V-E= 4712 o /dv fa(t,r,v), (IL.4.5)
V-B=0. (11.4.6)

Simple. This is because Maxwell’s equations are linear.
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The difficulty is that the Klimontovich equation (II.1.9) is not. It has a quadratic
nonlinearity, which it what makes it so hard to solve. Let’s see that. The integral of
(I1.1.9) over the Liouville distribution is

0

7\ Fa) v ViFa) + <q°‘<Em+Z><Bm>-aFa>=o. (I1.4.7)

a ov

The first two terms in (I1.4.7) involve only the one-particle distribution function f,
(see (I1.4.1)). The third and final term can be manipulated further by decomposing the
microscopic electromagnetic fields into their mean and fluctuating parts:

E,=(E,)+0E=E+éE and B, =(B,)+0/B=B+0B. (I14.8)

The fields E and B are smooth and coarse-grained; they are the “macroscopic” fields
obtained by averaging the microscopic fields over all possible positions of the plasma
particles, weighted by the Liouville distribution. The remainders,  E and d B, are spiky
and fine-grained; they capture the influence of the discrete nature of the particles on the
electromagnetic fields. Using (I1.4.8) in the Klimontovich equation (I1.4.7) and likewise
writing F,, = fo + 0F,, we obtain

3 v 0 B Qo v OSF,

(I1.4.9)
If there are externally imposed electric and magnetic fields, they can be added to E and
B, respectively.

At this point, some derivations discuss the size of the right-hand side of (I1.4.9) versus
its left-hand side, the latter of which should look quite familiar to you. Let’s postpone
that for now and just see if we can obtain a general set of equations describing the
statistical mechanics of a plasma.

I1.5. The BBGKY hierarchy

Let us concern ourselves with non-relativistic plasmas, such that the microscopic
magnetic field can be dropped and the Coulomb potential gives an electrostatic field

Bp=—o- an/d ’ _r,/|) (IL5.1)

Thus, 6B = 0, B = By, and

!
OE = _9 an /dm’ Fa(t,z) (IL.5.2)

or |r —r'|
«

In this case,

E = Bext + (Bn) = Bext — 5 an/d ) fa(t,®) (IL5.3)

r =7l

Then, using (I1.4.9), the equation governing the one-particle distribution function is
0 0
+v- V+<E+v xB).}fQ(t,m)
c ov

ot Ma
_ /9 948 ,SFs(tx) &
N <8r zﬁ: Mg, /d:l? |’I" _ ’I"'| 9v 5Foc(t; 515) . (11.5.4)
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Recall that, on scales I 2 Ap, individual particle particles are shielded and what remains
are fields due to the collective action of a large number of particles. Also recall that the
Coulomb potential is long-range, and so the fields decay on distances long compared to
the interparticle spacing (Ap > 7). This gives collective behavior: interaction of particles
with the mean (“macroscopic”) fields generated by all other particles. This means that
the entire left-hand side of (II.5.4) consists of terms that vary smoothly in phase space,
since it’s entirely insensitive to the discrete nature of the plasma. The right-hand side, by
contrast, is very sensitive, and is ultimately responsible for collisional effects. Note that
it is quadratic in 0F'. To solve this equation, we must write (0FgdFy,) in terms of f,.
First, rearrange (I1.5.4) to obtain

fa(t,z) = Lf? +v- V+m(E+><B) i]fa(t,w)

(0%

Zq:l‘lﬂ [ g (OF (@), (IL5.5)

or |r —r']

Next, write

(0Fu(t,@)0Fs(t, @) = ((Fa — fa)(Fs — f3))

= (FaFg) = (faFp) = (Fafp) + (fafs)

FaF5> fafs = fafs + fofs

Fo(t,@)Fa(t,@')) — falt,x)f5(t, ). (IL.5.6)
We must calculate the correlation (F,, Fp) in (I1.5.6) using the Klimontovich distributions
Fy(t,x) = Zfi’l 0(x — Xyi(t)) and Fg(t, ') = Z;V:‘gl 0(x' — X;(t)). To do so, first split
up the sums into like-particle and unlike-particle pieces:

o o~

N, Ng
(Fult,2)Fs(t, ) / X 3537 P e = Xaa)3(e! — X (1)
= 5(1[3/an11 ZQ Za PN 5(33 — Xm(t))é(m' — Xaj(t))
1=1 j= . ..
+(1=0up) [aXa 3.3 Py ol = Xeslt)dla’ = X, (1),
o (I1.5.7)
Next, separate out 7 = j in the like-particle piece:
Na
(Fo(t,@)Fp(t, ') = 0up [/ dXan Z Py d(x — Xoi(t)0(x' — )
+ ZZ/anH Py 8(x — Xoi(1))8(x' — Xoj(t))
i=1 j#i
N, Ng
(1= 80) [ WX 303 Prdle - Xai)d(a’ — Xos(0).
=1 j=1
(I1.5.8)

Now use the definitions of the one- and two-particle distribution functions (see (I1I.3.1)



Irreversible Processes in Plasmas 15

and (I1.3.2)) to find

(Fo(t,x)Fp(t, ') = dap |0(x' — @) fo(t, @) + (N?V; 1) faa(t,w,w’)}

+ (1 - 5aﬂ)foz5(t7w7 ml)

=6apd(x — ') fu(t, @) + fap(t,x, @) + O (;) : (IL.5.9)

Substituting (11.5.9) into (II.5.5) and dropping the O(1/N,) term, we see that the first
term xd,30(x — x’) vanishes. This is because self-interactions with the Coulomb force

are excluded, i.e.,
0 1
dr'é(r —r)=——— =
/r (r 7')81"|7“—7“’|

Thus, equation (I1.5.5) becomes

P da43
A~
B

/dm/ 0 1 0 rp a)fslt.a)) — fapltoz,a’)].  (IL5.10)

E\r—rﬂ'%

At this point, it’s worth reiterating the definitions of f, and fos. fo is the one-
particle distribution function — the probability that a particle of species a has phase-
space position x at time ¢ in the interval dx regardless of all other particles. No
particle-particle interactions are encoded in f,. fag, on the other hand, is the joint
probability that a particle of species a has phase-space position x at time ¢ and a
particle of species 8 has phase-space position x’ at time t, regardless of all other
particles. Now, suppose all particles were truly uncorrelated (i.e., no collisions). Then
fapgt,x,x') = fo(t, ) f3(t,2'), and the right-hand side of (II.5.10) would vanish. This
would return the Vlasov equation, f, = 0. This suggests that we introduce some function,
say, gas(t, @, x’), which captures their difference:

faﬁ = faf,@ + Gas- (11.5.11)

This is the first step in what is known as the Mayer cluster (or cumulant) expansion.
It splits the statistically independent pieces of f,g, which have multiplicative proba-
bilities, apart from the statistically dependent piece. It’s almost always useful to split
off the piece of a joint probability distribution that corresponds to uncorrelated events.
Nicholson (1983) on page 54 of his textbook has a cute analogy concerning correlated
and uncorrelated coin tosses and die rolls. I prefer Yahtzee: the difference between rolling
each die separately versus putting them all in the can and shaking them all and rolling
them all out at the same time, so that their mutual collisions influence which side of each
die faces up when the system comes to rest.
So, now we have from (I1.5.10) and (II.5.11) that

P da48
oy
B

/dw’ 0 _1 -%galg(t,w,w’) (I1.5.12)

ar r — /|

This is the first step in what is known as the BBGKY hierarchy (Bogoliubov, Born, Green,
Kirkwood, Yvon; 1935-1949): the evolution of the one-particle distribution depends on
correlations between two particles.
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Let us proceed to find an equation for how the two-particle correlation g,g evolves:

O stz = & fupltz.a) — fult. ) f5(0.2))]

ot
= %[<Fa(t, x)Fs(t,a')) — dapd(x — ') folt, @) — folt, @) fo(t,x)]
- <3F aa(Z’ ) By(t, ') + Fa(t, ) 22 T) ﬁg; ) 5o — oy Helb®) iéi’ 2)
- Wfﬂ(t,w’) - fa(t,x)W>. (11.5.13)

Using the Klimontovich equation (I1.1.9) and the kinetic equation for the one-particle
distribution function (I1.5.12), and defining

!
o =L [E(t, )+ > x B(t, r')],
&

equation (II.5.13) becomes

0gap(t,z, )
ot
B OF(t,x)  qa OF,(t, ) ,
= <[— v-VF,(t,x) —a B T~ OE(t,r) B Fg(t,z")
OFs(t,x') ¢ OFg(t, x’)
AR v nN_gqg 22T 48 B\ E )
+ F,(t, x) [ v -V'EFg(t,z') —a Y m 0E(t,r") B

_5aﬁ6(w_wl)[_’v'Vfa(t,iL') —a-%’i’w)

daqy , 0 1 0gary(t, z, x")
dz" = .
+ZY: Me / * or |r —r"| ov

Ofa(t, )
/ o L1 Wi, m”)} fa(t, o)
—fa(t7w)[—v’-V/f5(t,w’)—a 507

- [—’U'Vfa(t’l’)—a'av
daq~ v .
+ZY: M, or |r —r’| ov
’, (9f5(t7£l:/)
0 1 Ogp~ (t, ', x")
+y /dx”WW — S : (I1.5.14)
&t

489y
mg

Using (IL.5.9) with fog = fofs + gap (see (IL.5.11)) in (I1.5.14) gives
(Fo(t,x)Fp(t, ")) = falt,@) fa(t, @) + gas(t, @, @) + bapd(x — &) fo(t, ®);

substituting this into (I1.5.14) eliminates a lot of terms! Suppressing the time argument
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for economy of notation,

gap(@, ') qa OF, (x) N\ 48 N OFs(a)
5 = T 0E(r) 5o Fg(z") m F.(x)dE(r") B/
—|v-V+a- i—kv V'+a - 0 (x,2)
v o ) 9P
e Galy v 0 1 0gay(m,x")
fﬁ(m)z m dz 5‘r |r —r"| ov

. 489y " 1 agﬁ’v( z")
folz Z mg / 6?“’ |r — ”| a'v’

5
_ o Gody " 2 1 . 9gar (@, ")
0apd(x — ') Z o~ /da: orlr v 5o , (I1.5.15)

where the following identity has been used:

0 0
(v V+a- 8—+v -V'+ad- av)§a55(mm) 0.

Writing

0 5F, (")
SE(r) = —Equ/dw” \rir”\ ,

(@)
oF ’I’ - a/ZqV/dN //|

equation (I1.5.15) becomes

0 0 0
[6t+v Vt+a-—+v -V +ad- ]gag(ww)

v ov'’
— qaq’)’ " 2; . ﬂ , "
B ; M /dw or|r —r"| Ov <Fa(w)F5(;c JOE, (x )>
a9
+° m;
-

b 1 9
/ da” o — | 57 (Fa(@)Fs(@))o P, ("))

qaq,Y / , 0 o Ogor(x, ")
ar |r—r"| ov

— fa(z

mg or' |r! —r"| ov’

qaq 0 1 0o~ (x, 2"
—bapd(x —a') > m: /dw” AT W(gv ). (I1.5.16)
Y

sy
—mu)quq”/dwffi L Y@, )
Y

Things are starting to look better.
Note the appearance in (I1.5.16) of the triple correlation (F,FpdF,). Following a
similar calculation that led to (IL.5.9) for (F, Fj) gives

<Fa(w)Fﬂ(w/)F7(33H)> = fapy(z, 2’ 2")
T Gapd(@ = @) far (@, @") + G (@ — &) fa (@,2) + 03,3( — &) far (. 2"
+ dapdpyd(x — a')o(x' — ") fa(x), (IL5.17)
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so that
<Fa(m)FB(wl)5F'y(mN)> = faﬁ'y(ma x, a:") - faﬁ(w7 m/)f'y(w”)
+ 50435(33 - CC/) [foz’y(mv .’I}H) - fa(w)f’y(w”)} + 5a'y5(m - m/,)faﬁ(ma :13/)
+0p,0(x" — ") fary (@, ") + 0apdpd(x — &' )o(x' — ") fo(x). (I1.5.18)

To make further progress, write the three-particle distribution function f,z using the
Mayer cluster expansion,

fapy(®, @, 2") = fo(@)fa(2') (")
+ fa(w)g,@’y(w/7 33”) + f,@(w/)ga'y(w7 33”) + f’y(w”)gaﬁ(xa 1:/)
+ hopy(z, 2’ 2"), (I1.5.19)

where hapgy is the three-particle correlation function. Using (I1.5.19) alongside fo3 =
fafs + gap (see (IL.5.11)), equation (I1.5.18) becomes

(Fa(z)Fg(a')oF,(x")) = fa(®)gs (2, 2") + f3(2')gary (, ")
+ 6p,0(x" — ") [fa (@) f5(x") 4 gary (T, 2")] + Sarb(x — ") [fo(@) f3(2') + gap(x, )]
+ 0apd(x — ') [6p,0(x" — ") fo (@) + gary (@, T")] + hapy (x, @, 2"). (I1.5.20)

Plugging (I1.5.20) back into (I1.5.16) gives, after much simplification,

(a+v.v+a-a—|—’ul'vl+al'8)gaﬁ(t7wam/)

ot ov ov’
_ N\ oty y 0 1 Ofa(t,®) o
ZY: Mq /dw or |r —r"| v gp~(t, ', ")

N [ g 0L Ofslta) ,
S fu g o
0 ey (1010 , ,
COr|r—1/| (maav mﬁa,v/>[fa(tvm)fﬁ(t7$)+gaﬁ(t,x,aj)}

+Zq’)’/dw”< ! 6 do 6 + 1 a Q,B a )h’aﬁ"/(t)w7ml7wﬂ)
vy

Mg O |1 — 77| "ov mg Or' v — | “ov’
+ self-interaction terms that vanish. (I1.5.21)

Ugh! The evolution of g,3 depends on hqag-!

We could keep going, but the set of equations we’ll get is just as difficult to solve than
the original Klimontovich equation. We must break the hierarchy at some point, in order
to obtain a closed system of equations.

I1.6. Closing the chain of statistical equations

There is a natural small parameter in a weakly coupled plasma:
A= ()T 1 (I1.6.1)

i.e., there are many particles in a Debye sphere. Recall that this also means that the
average potential energy of the plasma is small compared to the average kinetic energy.
To the extent that the potential energy due to interactions can be neglected, the plasma
behaves like an ideal gas; thus, A~! measures the size of departures of the thermodynamic
properties of the plasma from those of an ideal gas.



Irreversible Processes in Plasmas 19

Before explaining what this means for our BBGKY hierarchy, let us compare this
situation with that of a gas of neutral particles. In that situation, the range of the
interaction force 7o is much smaller than the mean spacing o7 of the particles ~n~1/3.
Then it makes sense to expand particle correlations in the small parameter nrd, and thus
neglect the triple correlation. In other words, particle-particle collisions are sufficiently
rare due to the small cross section that three-body collisions are much rarer than two-
body collisions, with the presence of a third body affecting the collision between two
bodies at an asymptotically small level. In a plasma, by contrast, ro ~ Ap > n~ /3
implies nrg > 1. This is because Debye screening limits the range of the interaction
potential, but to a value that is still large compared to the average interparticle separation
(i-e., the Coulomb force is long range compared to the scattering force of direct two-body
collisions, but has its long range attenuated by Debye screening). However, this does
not mean that three-body interactions are more important than two-body interactions,
despite nr§ > 1 for a plasma. This is because, even though a charged particle is
interacting with all the particles in its Debye sphere and thus undergoes ~A simultaneous
Coulomb collisions, such collisions are weak, in the sence that the effect of, say, particle
A on particle B’s orbit is small enough that the collision between particle B and another
particle C is practically unaffected. This is because collisions in an ionized plasma result
in small-angle (rather than large-angle) deflections. Another way of saying this is that the
joint distribution fag of two particles in a small volume (n™! < V < A\}) is determined
by the many particles outside of the volume rather than by the separation of the two
particles from one another; i.e., fog = fofs. We will prove this explicitly in due course,
but for now we use these arguments to order

fa~ 0(1),
Gap ~ O(Ail)’
hOéﬁ’Y ~ O(A_2)7

Thus, the BBGKY hierarchy can be truncated by dropping, say, three-body interactions
(hapy — 0). In this case, our closed set of kinetic equations is:

0 0 Gaq 0 1 0gap(t,z, )
(—FU-V—I—a-av)fa(t,w):; /dw’— , (IL.6.2)

ot Mo, or|r — '] ' ov

0 0 9
(alf+v.v+a.a’l;—|—UI-V/+04/'av,>gaB(tywvwl)

Qan/dw// 0 1 afa(tvw)

§|r—r”|. ov

9By (ta wlv :B//)

v Ma
489y " i 1 ) afﬁ(t, z') .
- mg /d:l) or' v’ — ] v’ Gary(t,x, ")
~ 0 s (1O 10 : ,
Cor|r—1r/| (ma v mg 8v’> {fa(t,w)fg(t,w )+ gap(t, @, x )}7 (11.6.3)
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where
- qi E
a= - [E(t,r) + o X B(t,r)},
/
o =L [E(t, )+ > x Blt, 1")],
meg Cc
0 t,x
E(t,r) = Eox(t,7) ~ o qu/d " fv( //)

5
B(t,7) = Bext(t, 7).

Physical description of each term in (I1.6.3):

(1) RHS term ocf, fg: establishes a two-particle correlation between initially uncorre-
lated particles o and g caused by a binary Coulomb interaction.

(2)  RHS term xgqg: drives changes to an existing two-particle correlation caused by
a binary Coulomb interaction between « and f.

(3) LHS first term ogap: conservatively advects the two-particle correlation g,
through phase space; the a-9/0v and a'-9/0v’ terms represent the effect of
the mean field on the two-particle correlation.

(4)  LHS second term o f,gg~: modifies correlations between a and 3, due to Coulomb
interactions between particle o« and all other particles v in the bath that are
correlated with 8. This is an important shielding term, in which a typical particle
in the bath both mediates and modifies the correlation between particles o and S.

5 LHS third term o f3g,~: modifies correlations between o and 3, due to Coulomb
BYay
interactions between particle 8 and all other particles v in the bath that are
correlated with «. This is another important shielding term.

I11.7. The Vlasov equation

Solutions to (I1.6.3) are difficult to come by. We will obtain one solution — the Balescu-
Lenard equation — in due course (§IV). For now, let us drop two-particle correlations
(gap — 0) to find the Viasov equation:

. 0 0
fa = o +v-V+ ma(E + - B) 81;} falt,z) =0 (I1.7.1)

Thus, the one-particle distribution function f, is our old familiar friend, customarily
referred to as the distribution function of the plasma. The assumption here is that the
phase densities at different points in 6D phase space are completely independent (but for
collective interactions via electromagnetic fields). Let us use (I1.6.3) to see whether this
is a good assumption.

First, by ordering 9/0v ~ v;;! and |r — r'| ~ Ap, we find that the “collision operator”
on the right-hand side of (I1.6.2) satisfies

of ¢ o3 AD Ué))h
ot ~ —Up g~ Wpg-

m Uth n

Second, adopting f ~ m;t_hS and 0g/0t ~ wpg, where wy, is the plasma frequency, equation
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(11.6.3) implies

g LS S ey L
rd MY mug, AR mug 03, AR vl
Thus,
of | 1
(315) ~ =5 wpf = prf K wpf. (I1.7.2)
c D

As A — oo, we obtain the Vlasov equation.
Before we do anything with the Vlasov equation, a comment is in order. Consider the
following excerpt from page 38 of Ichimaru (2004):

It is interesting to note a formal similarity between the Vlasov equation and
the Klimontovich equation... Yet it is quite important also to note the funda-
mental difference in the physical contents between the two equations: while the
Klimontovich equation deals with the microscopic distribution function, containing
all the fine structures arising from the individuality of the particles, the Vlasov
equation is concerned with a coarse-grained distribution function obtained from a
statistical average of the microscopic distribution function. The fluctuations due to
discreteness of the particles have not been retained in the Vlasov equation.

PART TI1
Properties of the Vlasov equation

By now, you should be familiar with the Vlasov equation and how to solve it. But there
is a reason for revisiting it. Actually, there are two reasons: (1) we are going to solve the
Landau problem in a slightly more sophisticated way than is standard, which will allow
for a straightforward solution of the g,p equation (II.6.3) to obtain the Balescu-Lenard
operator; and (2) it is worthwhile revisiting the notion of phase mixing and the generation
of small-scale structure in velocity space. This course is on irreversibility — it’s probably
best to understand reversibility first! This will afford a preview of key concepts in the
course: entropy, conservation of free energy, dielectric response to a test particle, etc.

II1.1. Time reversibility and entropy
First, let us look at the Vlasov equation (II.7.1), rewritten here:

. 0 Qo v 0

)= | Lt v+ (E+2xB). L atx) =0 IL1.1

fata) = [ gy + 0 V4 2 (B4 2 xB) - L fuftoa) (1)
Note that setting t =t/ = —t, r > ' =r, v > v = —v, fo = [, = fo(—t,7,—0),

E — E' = E(—t,r), and B — B’ = —B(—t,r) in (IIL.1.1) changes nothing:

0 ’ ’ Qo , v ’ 0
il WV +2(E+ZxB ). —
[875’ v +ma * ¢ ov'
Thus, the Vlasov—Maxwell set of equations is time-reversible. All information about the

phase-space fluid elements is preserved for all time.
Next, calculate the evolution of the entropy,

S=- Z/dw foln fo, (II1.1.2)

ot x')=0.
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in a Vlasov plasma:

ds _ —Z/ (1+fs) =0. (IIL1.3)

Entropy is constant. What a comforting thought.5 In what follows, we will investigate
how this constancy is maintained (and ultimately broken) in a plasma with fluctuations.

II1.2. Linearized Vlasov equation

It will be useful for later in the course to consider a spatially homogeneous, charge-
neutral plasma in the electrostatic limit (i.e., the v X B term is dropped). Allowing for
fluctuations in the electric field and the distribution function about this equilibrium,
denoted by a d, the Vlasov equation (III.1.1) becomes

afOOz o aafoz

0 o B
(at—Fv V)éfa OB = B (IT1.2.1)

where fo, is the equilibrium distribution function of species a. The fluctuating electric
field 0 F is determined from Poisson’s equation'

5f/3 (t,x')
SE(t,r) = —-Vp(t,r) ~ 5 Zq /d ! (II1.2.2)

where ¢ is the electrostatic potential and, as before, B is a dummy species index over
which to sum. Thus, the right-hand side of (II1.2.1) is nonlinear in the fluctuation
amplitudes; let us drop it under the assumption that the fluctuations of interest are
small. Then, our linearized Viasov equation reads

(§t+v V>6fa anqﬁ O/oa -Q/d Ot (IIL.2.3)

ov Or |r — /]

This equation is customarily solved using Laplace—Fourier techniques. We will use a
Green’s function approach, which will also allow us to consider a non-zero right-hand
side of (I11.2.3) if there are sources/sinks or perhaps initial conditions turned on at some
special time (e.g., t = 0).

I11.3. Green’s functions
The idea behind the Green’s function approach to solving (I11.2.3) is to write

<§)t + ﬁ) Gop(t,z;t' @) = 5,50(t — t')d(x — '), (I11.3.1)
where £ is the Vlasov operator satisfying
Gaq~y Ofoa O / " G’yB (t7 .’1)”; t, .’13/)
g =V~ wh — B P 1 AL kR R A 111.3.2
LGap = v VGag ;m ov Or * |r — "] (IT1.3.2)

for some f, = fa(t, ), and solve for the Green’s function, Gop(t,z;t', ). Once we know
Gogp, then

dfalt,z) = Z/dm’ Gop(t,z;0,2") 6 f3(0, ") (I11.3.3)
B

SIn fact, any integral of a function Q = Q(f) is conserved by the Vlasov equation; such quantities
are commonly referred to as Casimir invariants.
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for some ¢t > 0, given the initial condition 0f,(0,x); or, if there is an additional
source/sink Sya(t), then

Sfult,x) = Z/da:’ Gop(t,®;0,2") 5 f5(0, ')
B

t
+/ dt’ Z/daz’ Gop(t,z;t' a") Sap(t’). (I11.3.4)
0
B

To remind you: the reason you can use this technique is because of the linearity of the
operator. One can divide up the source into a collection of impulses:

o0
S(t) = / dt' §(t —¢")S(t'),
—0o0

the response to each being given by the appropriate Green’s function. Note that the

Green’s function does not care about the nature of the source. (We're always integrating

forwards in time in this course, so backward-propagating solutions will not be discussed.)
We wish to solve (II1.2.3) using this technique. Before doing so, let us establish some

conventions. . .

I11.4. Fourier and Laplace transforms

The (3D spatial) Fourier and inverse-Fourier transforms are, respectively,

f(k) = /(;71;)3 e T f(r), (IIL.4.1a)
f(r) = /dke““""f(k). (111.4.1b)

The convention here is the same as is used in the textbooks by Nicholson (1983), Krall
& Trivelpiece (1973), Ichimaru (2004), and Montgomery (1971) (although K&T are
inconsistent — their Chapter 10 and the latter part of Chapter 11 shift the factor of 27t to
be in the inverse-Fourier transform). Klimontovich (1967) and Krommes (2018) both use
the definitions f(k) = [dr exp(—ik-7)f(r) and f(r) = (2r)~2 [ dk exp(ik - ) f (k). So,
be aware of factors of (271)? differing between these notes and those texts.

This Fourier convention is such that:

f(r)=1 < f(k)=0d(k),
f(r) =exp(+ig-r) <= f(k)=0kFq),

which is why I prefer it. Another advantage is that the Dirac delta is then simply related
to the Kronecker delta via

4]
0

§(k — ko) <~ ‘Ak|715k7k0,

where |Ak| (= Aky Ak, Ak, in 3D) is the spacing between the discrete wavenumbers in
the Fourier series

27mn, 2mn, 27‘mz) (111.4.2)

— ik.r h _
f(r) zk:e fr, where k L I, L.

with integer (ng,n,,n,) and domain size (L, Ly, L.).
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In HWO01 you will prove the following:

d ; 1 o
i. / " e R Tf(y) = / dzesinke f(2), where 2 =|r|in 3D;
0

(2m)3 - 2m2k
(111.4.3)
d - 1 [
. /(27:)2 e R TH(R) = %/0 dRRJo(kR) f(R), where R = |r|in 2D;
(I11.4.4)
i /d—r e=ikT / A0 e ) = PRk + K. (IIL.4.5)
(2m0)3 (2m0)3
Thus, the Fourier transform of the 3D Coulomb potential is
d'r —ik-r drl —ik’ .’ ]. ]. 1
! ! = ok+ k). I11.4.
/(271)3 ¢ /(zﬂ)a’ ¢ ] 2Rtk R (IL.4.6)
This will come in handy.
The (temporal) Laplace and inverse-Laplace transforms are, respectively,
flw) = / dt et f(t), (I11.4.7a)
0
dw .
ft) = / et f(w), (IIL4.7D)
L 27

where “L” denotes the Laplace (or Bromwich) contour, which is a straight line in the
complex plane parallel to the real w axis and intersecting the imaginary w axis at Im(w) =

o: )
L

_____———4»-——-—-—"?

] Re()

If there exists a real number o > 0 such that |f(t)| < exp(ot) as t — oo, then the Laplace
transform integral exists for all values of w such that Im(w) > o. This convention follows
Nicholson (1983). The reason I like this convention is that performing the integration
along the Laplace contour often brings in a 27t from residues, thus cancelling the 27t in
the denominator of (I11.4.70).

I11.5. The Vlasov response function

Back to (II1.2.3), with our Fourier and Laplace transforms in hand. Note that, since
we have taken the background to be spatially homogeneous, G, 3 can only depend on the
combination 7 — r’; this follows from translational invariance. Then, writing

Gop(t,x;t' @) = /dk k=G st kvt ), (IT1.5.1)
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and likewise for 1/|r — 7/|, equation (II1.3.1) becomes

o . Gaqy 4k Of
— k, k ! AN a4y . @ i k ", 4/ /
<at+1 v)(?u@(t, yo;t’ v % e T /dv Gt k,v";t v

12
= 0ap0(t —t')o(v —0"). (111.5.2)

Next, we Laplace transform in time to transform the 0/9t operator. G,3 may then be
analytically continued into the lower half of the w plane; there it has poles, corresponding
to the roots of the plasma dielectric function D(w, k) (defined below). The Laplace
contour extends from —oo to +o0o along a path in the upper half plane in such a way
that all poles lie below it. For £ > 0, we can close the contour with an infinite semi-circle
in the lower half plane, with Cauchy’s theorem used for the inverse transform. For ¢ < 0,
we can close the contour in the upper half plane, giving G5 = 0 for ¢ < 0.
Proceeding, we find

dapd(v — ')
—iw+ik-v

qad~y 4mik 6.f0a/a'v / " "o,
E . dv" G k ; . I11.5.3
+ M, k2 —iw+ik-v v ’Yﬂ(wa ,U 3 ) ( )

Gop(w, k,v;v") =

To eliminate the integral of G4, do >, ¢o [ dv of (IIL.5.3), which yields

4s
an/dvGag w, k,v;v") = Totiko

qa 4mik aan ov
+Zma / v 5 4 A / dv" Gop(w, k0" 0') | (IT15.4)
@ v

—iw+ik v

Changing the dummy index o and dummy integration variable v on the left-hand side
of (II1.5.4) to v and v"”, respectively, we obtain

1 L]ﬂ
dv" G k,v"iv") = 1IL.5.5
% Q'y/ 0" Gp(w, k0" v") D k) ko ( )

where

2 "
4
Dlw, k) =1+ %kif /dv” Ofoy /90" (IIL5.6)
~ 0l

w—k-v"

is the dielectric function describining longitudinal waves in a Vlasov plasma. (It is
customary to add a small imaginary positive number, +i0, to the denominator of the
integrand when causality must be respected.) Plugging (IT1.5.5) into (II1.5.3), we obtain
the Viasov response function

dapd(v —v')
\ (IT1.5.7)
AE drik  9fon 1 1 1
me k2 Ov D(w, k) —iw+ik-v —iw +ik-v’

The first term on the right-hand side of (IIL.5.7) represents a free-particle propagator

SHere, and throughout these notes, we are assuming that the plasma is stable, so that all the
poles of D lie in the lower half of the complex plane.
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(thus, the d,p factor — a particle doesn’t change flavors or interact just by propagating).
The second term accounts for the effect of Coulomb interactions; it is the polarization
response of the plasma to the test particle represented by the first term. You should know
all about D(w, k) from the Waves course.

To get 6fu(t,z), we just integrate Gog(t,x;0,2’). Or, better yet, let us obtain
0fa(w, k,v) in terms of Gog(w, k, v;v’) and then inverse-Fourier-Laplace transform that
instead:

Sfa(t,x) = Z/da:’ Gop(t,z;0,2")0f5(0,2")
B

=  fo(w,k,v) = Z/dv’ Gop(w, k,v;0)0f5(t =0,k,v").  (IIL5.8)
B

Using (IIL.5.7) for Gap, equation (II1.5.8) becomes

0fa(t=0,k,v)
Hole k) = = ko
gaqs 4mik O0fpn 1 1 / ,0fs(t=0,k,v")
: d .
+ZB: e k2 0w D(w k) —iwtik-v) 0 —iwtik-v
(I1L.5.9)
Voila! Then
d .
5fa(t,k:,v):/L%e"“’téfa(w,kz,v)
_ / dw i 0falt =0,k v)
Lo —iw+ik-v
+ Z daqp 41k 0 foa / diw e it 1 /dv’ dfp(t=0,k, v')
7 Ma k2 Ov J; 2n D(w, k) —iw +ik-v —iw+ik-v
(111.5.10)

To do the integrals in (IIL.5.10), the Laplace contour must be shifted, with ¢ f(w, k, v)
being analytically continued everywhere to Im(w) — —oo without the contour crossing

T N s .

., k;JNL (
Vv ?ﬂ"
— ) Dc(w)

M7, _
/VS(M{M aouy

If it’s been awhile since you performed such a task, here is a reminder along with some cautionary
statements. Push the contour down towards Im(w) — —oo, draping it over and encircling the
poles as you go. The contributions from the horizontal parts of the contour are exponentially
small in time (one hopes... keep reading); and the contributions to the integral from the
segments leading towards and away from the poles cancel. All that’s left are those circles around
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the poles, and those give the residues by Cauchy’s formula: +27i times the sum of the residues
for a counter-clockwise (clockwise) contour. Regarding the “one hopes”... if 6f3(t = 0,k,v) is
proportional to, say, a Maxwellian distribution, then the final integral in (I11.5.10) will contain
a term o exp(—w /kuvth) which can be large at large Im(w). In this case, the integral along the
horizontal part of the contour vanishes only at ¢ — oo, and the above approach isn’t necessarily
the best way to determine the finite-time behavior of § fa (it relies on the smallness of exp(—iwt)).
Other requirements are that the initial conditions are entire and that there are a finite number
of simple poles.

Then the potential
L 6fa(t =0,k,v")
- II1.5.11
plw k) = k2D Zq / Tiw + ik -0 (IL5.11)

must have the form

cs
> o AW,

— —i(w —w))
where ¢; are the residues and A(w) is the analytic part of the solution, so that

dw _ ,0f(t=0,k,v")
t. k) = 1wt v
Pt k) Lo’ k?pwk Zq / “iw + ik v/
_ die—iwt Z Cj —l—A(w)
)L om - —i(w — wj)

= et (I11.5.12)
J

by Cauchy’s residue theorem. Evidently, the k-space electrostatic potential (¢, k) is a
sum of damped modes. The poles here are the zeros of the dielectric function, D(w, k) = 0
(there can also be a pole due to §fg(t = 0, k,v") if, say, 6 fz(t =0, k,v") o< §(v' — Vy)).
Let us rewrite (II1.5.9) using this:

faliorkyv) = el =0 K 0) | e Tk O [Z o AW,

—iw+ik-v Me —iw+ik-v v w— wj)

(I11.5.13)
Here we have the “kinetic pole” (w = k- v) and the poles representing the linear modes
(w = wj). Following through with the inverse-Laplace transform and using the residue
theorem, equation (II1.5.13) gives

§fa(t7k7q;): 5fa(t:07k7v)—q—aik-afoaz Cj ]e_ik‘”t

Mg ov —iw; +ik-v
-

4 oy OJoo 3 cje

Mg v —iw; +ik-v

(IT1.5.14)

= ballistic response, which oscillates without decaying

+ eigenmode solution, which is found from D(w, k) = 0.

Note that the analytical part of p(w, k), denoted A(w), must satisfy A(k-v) = 0 in order
for (IT1.5.14) to return the correct initial value at ¢ = 0.

Let us summarize. The electrostatic potential p(t, k) (see (I11.5.12)) is a sum of damped
eigenmodes, ¢ & exp(—iw;t) with Im(w;) < 0. However, the solution for §f, (see
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FIGURE 2. Illustration of phase mixing (from Joseph Parker, D.Phil. Thesis at Oxford, 2015).
The distribution function f(t, z,v)) = sin(z — v t) exp(—vﬁ) solves the free-streaming equation,
0f /0t +v)0f/0z = 0, thus acquiring fine-scale structure in velocity space.

(I11.5.14)) does not decay: there is a part of d f,(t) — the “ballistic response” proportional
to exp(—ik - vt) — that oscillates without decaying. (In fact, it has a growing part, which
keeps the free energy conserved as the potential decays. More on this shortly.) This is
Landau damping: the transfer of (free) energy from the electric-field fluctuations to the
perturbations of the distribution function.
The important thing to note here from the standpoint of irreversibility is that §f,

acquires sharper and sharper structure in velocity space:

i@N—ikt—)oo as t— oo.

of Ov
This is due to phase mixing (see figure 2). Eventually, the velocity-space gradients of
6 f become so large that collisions can no longer be ignored. We haven’t derived the
collision integral operator yet, but from (I1.6.2) and (I.6.3) we can see that it has a
piece involving two applications of 9/0v (the other piece involves just one application of
0/0v and represents a drag force — more later). Thus,

9o f %5 f 1
(5‘15) ~ VthhW ~ =3 K0 = 0f ~ exp(—gukzvfht?’). (I11.5.15)
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Collisions decay & f! The characteristic timescale here is teon ~ v~ 3 (kvg,) ~2/3.
Let us continue with the Vlasov model to see what is conserved during Landau
damping.

II1.6. Free-energy conservation in the Vlasov treatment

It is straightforward to show by using the Poisson equation (I1.4.5), V- E = —V?2¢p =
> o 4mge [ dv fo, and the Vlasov equation (II1.1.1) that the rate of change of the electric
energy satisfies

d E? Ve 0Ve v 0 2, (i
a/dTSTT = [dr i ot —/d ZEV (integrate by parts)

= _/ f@( Z47{qa/dv fa> (use Poisson)
/derqa/dv OJa
/drgqua/dv( v VfaJr—V %{?) (use Vlasov)

- /d”/d”anw Vo + /er Zf;;/ 8fa

= 0 by parts

= /drV(p-/dv > Gavfa by parts

—/drE-j, (I11.6.1)
where

= 4a / dvvfa (I1L.6.2)

is the current density. Thus, the rate of change of the electric energy equals minus the rate
at which the electric field does work on the charges (“Joule heating”). Nothing surprising
there.

That energy goes into the particles:

dt .dtZ/dr/
:Za:/dr/dv

=— an /dr/dv fav -V (integrate by parts)

( v- Vfa—&——V 8fa

- 5o ) (use Vlasov)

= /dr E.j (def’n of current density, (I11.6.2)) (II1.6.3)
d E?

— | = 111.6.4

= dt(U—l—/dr&[) 0 (111.6.4)

This is just energy conservation. (Collisions do not change this, a fact you’ll soon prove.
With magnetic fields, the conservation law includes [ dr B?/8m.)
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If the perturbations are damped, then U must increase. This is sometimes referred
to as “heating”, but let us examine in detail the evolution of the temperature of the
equilibrium. Consider a Maxwellian equilibrium,

2

Nea v . 2T,
Joo = MeXp<‘va ) Vo = (IL6.5)
tha tha o

which is homogeneous in space but with some possible time dependence, T,, = T,(t).
We say that this time dependence is slow, in the sense that the time evolution of
the equilibrium temperature occurs on a time scale t.q that is much greater than the
characteristic time scale w™! of the (Landau-damped) fluctuations. Formally,

1

t+AL)2
fonlt.0) = (ftm0) = 7 Y 5 [arsro) (111.6.6)

where w™! < At < teq and V denotes the spatial volume under consideration. Decom-
posing fo = foa + 9 fa, we have

Mo 02 M2
Uv;/dv 5 f0a+;/dr/dv S0 (I11.6.7)

— 3
= §TlaTa

Averaging (I111.6.7) over time using (II1.6.6), the fluctuating part vanishes and we are left
with

(Uy=vy %: %naTa. (I11.6.8)
Thus, from (I11.6.4), we have
Z 3 dT,  d1 d (E?)

2w T aty | Y an

: (111.6.9)

that is, the heating rate of the equilibrium equals the rate of decrease of the mean energy
of the electromagnetic fluctuations.

Now, we saw from (II1.5.12) that (¢, k) = >, c;j exp(—iw;t). If we wait long enough,
only the slowest-decaying mode will be important, with all others exponentially small;

call the frequency and decay rate of this mode wg and g < 0, so that Ep = —ikpg
—ik exp(—iwgt — |k |t). If || < we, then (II1.6.9) becomes
3 AT, | By
Ny —— = 2 . I11.6.1
;Qna 5 ij el > 0 (ITL6.10)

In words, the rate of Landau damping of the electric-field fluctuations equals the heating
rate of the equilibrium.”

There is a subtlety here worth confronting. Recall from (III.1.3) that entropy is a
constant in a Vlasov system, but here we have heating of the equilibrium. Indeed, for

"Prof. Ilya Dodin, when he was teaching this section of the course in Spring 2022 while I was on
sabbatical, rightly pointed out that the above approach (and what follows in the remainder of this
section) is a bit dodgy and relies too heavily on the non-trivial assumption that w™' < At < teq.
Doing the calculation correctly, by rigorously taking into account the evolution of the plasma
properties as the Landau damping heats the equilibrium, is not easy but can be done (see Dodin
2022).
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each species, the entropy of the background is

%i—/MEmﬁ
321 3 2
—/dmfo{ln{n(;;) } —2lnT—n;;}
m\3/2 3 3
—V{—nln{n(%) }—l—innT—i—Qn}

— T2=Vin—>0. (I11.6.11)

Thus, heating is associated with the increase of Sy. But if entropy cannot increase without
collisions, where is the missing (negative) entropy?

The mean entropy associated with the perturbed distribution function §f is

(65 / 2 ((fo+ 5 n(fo+5f) — foln fo)
5f of
<h+ﬁ(mh+h—2f+ )—hm@>
RSN
= / o+ (IIL.6.12)

after using (6 f) = 0. For the total entropy to be constant, any increase in Sy must be
accompanied by a decrease in (§S). The latter can only be achieved by increasing (5f2):

ds  dS, ..d(5S) .dS, d ar
Ti?—TH?+T a ~ g TS - eSy
dT d

3 dT d T{5f?) must be
~vontt — 2 [4g st
Vorar ~at )

0. (111.6.13)

If we reaffix the species label a, sum over species, and use (I111.6.9), we obtain

aw . d Taldfz) | (E?)
) [Z/ ERR

This is the free energy of the fluctuations (i.e., energy minus entropy).

=0 (I11.6.14)

Thus, during Landau damping, the free energy is conserved while the electric-field
fluctuations decay. This means that the entropy of the fluctuations increases negatively
to offset the increase in the entropy of the background equilibrium. In this sense, the
phase-mixed fluctuations make the plasma more ordered. We will see that, with collisions
decaying the d f piece, the overall entropy will increase since then there isn’t enough (4.5)
to compensate for the rise in Sy. In other words, collisions restore disorder by disrupting
the phase-space organization of § f caused by phase mixing.
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II1.7. Free-energy conservation for a weakly damped plasma
oscillation

It is instructive to show explicitly that free energy is conserved for a particular solution
to the linear Vlasov equation (II1.5.14),

1—e" i(k-v—wj)t

)

- 3

Sfalt,k,v) = 6£.(0, k,v)e vt 4 92 ik fo“z cje Wit { o)

(I11.7.1)
with fo, being Maxwellian so that dfy,/0v = —(2v/v3,) foa- As in §II1.6, we focus
on the slowest-decaying mode, for which |y,| < wg. To establish a definite ordering,
take wg ~ wpe and g to be no larger than ~e3wp, with € < 1 (we will verify this
frequency separation a posteriori), and consider the coarse-graining time interval At
to satisfy wpeAt ~ e 2. Thus, w,;l < At <« 7,;1 ~ teq, as in §IIL.6. To ensure weak
damping, we adopt wi, ~ € kvyne and assume that the velocities of the Landau-resonant
particles satisfy v(r®®) ~ wi/k ~ € vy, ie., they are in the tail of the distribution.
Then kv, At ~ e 1. These orderings focus on free-energy conservation occurring on
timescales longer than both the inverse plasma frequency and the inverse phase-mixing
rate. As we are seeking a growing |0f2|, we can drop the initial-value term §f,(0) in
(IT1.7.1), which obviously does not grow. Then

(I11.7.2)

a . 1— —i(k-v—wg)t
Ofalt k,v) ~ _%(k < 0) fou cre Wkt Rt [e} .

k°’l}7wk

Our goal is to compute

Z/d Taldfalt, k)" _ |5f(;;0a’" Y Z/dv )? foa

2

—iwkt—|vwlt

201 — efi(k-'ufwk)t
Cr € _

k-v—wg

= \w\Q

1— efi(k-'ufwk)t 2

fZ/dvqo‘k'v foa k2

k-v—wg
(I11.7.3)

where k = k/k, and show that its time derivative is equal to —(87)~1d|Ey|?/dt.

Our ordering makes clear that there are two populations of particles in our distribution
function: those which are non-resonant (k- v < wyg) and take part in a mean (oscillating)
flow of the plasma, and those which are resonant (k-v =~ wg) and are responsible for
the Landau damping. The former are easier to treat, so let’s start there. In the limit
k- v < wy, the non-resonant contribution to (II1.7.2) is

qakv

SFRT) (8 ke, v) ~ = oo (wc ~ cxe 1’“”), (I1L.7.4)

[0

and so (II1.7.3) becomes

Tol6 £ (8, K, v) )2 K2 onl2 K2|cw?
;/d 2o “Z/d” T, ,% (4
_Z/ Q(x U

w2
Ty Wi

f0a cos[(k+-v —wg)t].  (I11.7.5)

The second line on the right-hand side of (II1.7.5) integrates away in the long-time limit
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of interest (i.e., time enough for many oscillations and for phase mixing but not so much
time that the perturbation has completely decayed away), since the integrand becomes
rapidly varying in velocity space. The second term on the first line is time-independent
to leading order in €, and thus will vanish upon taking the time derivative for (I11.6.14).
What remains is

T |8 £ (8 ke, 0) 2 7 k2|sok|2 (k- v)?
;/d 2foa Z / wi o

where

. 47'[(](21“&
wi, = T (IIL.7.7)
is the (square of the) plasma frequency of species a. What is this energy? Returning to
(IT1.7.4), its first term from which (II1.7.6) stems has an interesting first moment:

ok 1 ok . E
Sug(t k) = 225k 0 2 [ qpovfy, = Jo Bk _ o Tk (IIL.7.8)
To W Na Me Wi Mg (—iwg)
N— —
= (Ta/ma)l

This equation states that the rate of change of the fluid velocity (i.e., —iwgdu, ) is equal
to the (electric) force divided by the mass — Newton’s second law of motion. Equation
(IT1.7.6) then captures the kinetic energy of the bulk plasma as it is accelerated by the
oscillating electric field:

Talfs"™ (8 ko) 1 2
~ - . I1L.7.
ga /d’v Fon Ea 2mana|5ua(t,lc)| (I11.7.9)

Now for the resonant contribution to (II1.7.3). The difficulty is that last squared term
in the long-time limit: for the Landau-resonant particles satisfying z = k-v — wg = 0,
the factor

= 1 ~1 = = -

1—e @ 1 _cosxt .sinzt _sinat et —e7izt | gt o
dt/ irt
~ e
—t

T T T T 2x 2
—_———  ——
finite as =it as
t — oo, even t — oo
at x =0 atx =0
— imd(x) as t — oo (I11.7.10)

by definition of the delta function. So we must square a delta function... dangerous!
Before doing so, note that (IT1.7.10) implies

1— e—i(k cV—wg )t

SIS (t, k,v) oc e Wkt — e “rting(k-v —wy) as t — oo (IIL7.11)

k-v—wg

for the resonant particles. This delta-function solution is an example of a Case—van
Kampen mode (Van Kampen 1955; Case 1959). Now, back to squaring that delta function.
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Here is one way to do that:

d1—e=t® 9 [2—2cos(xt) sin zt
i - == =2 216
ot x at[ x2 } T e ()
1 — e—izt|?
— ’ omitd (). (II.7.12)
X t—00

Apologies for this interruption and what will be a long aside, but one must be incredibly careful
here about what is meant by |6(z)|*>. Because such a thing will always appear inside of an
integral, and that integral has limits that we are taking to infinity in order to make sense of that
delta function, the context matters. Here’s an example, based on equations (E.31)-(E.35) of
Krommes’ opus. Consider the function f(t) = cost, and compute its square over a time interval
T, which we let tend to infinity:

T/2 27
lim dt cos*t = lim / dt cos*t = lim L. (I11.7.13)
T —o0 —T/2 T —o0 2T 0 T —o0
So, we may write
/ dt|f(t)]° = g (I11.7.14)

Alternatively, in Fourier space we have
flw) = / dte™! cost = %27‘([(5((«2 +1)+6(w—1)].
Now square it:
[fw)]* =7 [6*(w + 1) + 8 (w - 1)].

What are we to make of these squared delta functions? Using the formula §(z — a)f(z) =
§(x — a)f(a), we have 6%(w — 1) = §(w — 1)6(w = 0) and §%(w + 1) = §(w + 1)d(w = 0), and so

/Z & F@) = mo(w =0)

By Parseval’s theorem, this must be equal to (II1.7.14), implying that

T

271

T 5(w) (I11.7.15)

d(w=0)= oo

[6(w)[* =

Now, return to (II1.7.13) and let the integral run instead from —7 to T; surely the result is
twice our previous answer. In this case, |§(w)|> = (T /m)d(w). (See why the context matters?)
Apparently, sending T — oo is different than sending 7 /2 — oo, and we chose the former when
deriving (I11.7.12). Indeed, setting x = 0 in (II1.7.10) gives §(0) = t/m. When dealing with delta
functions, be extremely attentive to the context. Back to our regularly scheduled program...

Using (II1.7.15) to compute the resonant contribution in (II1.7.3), we find

(res) 2 2 2 2
Z/d T |5f (t kzyv)‘ %Z/dvqi(k'v)zfoa%Qﬂté(k‘v_wk)

2f0a S Ta
2 k2 22 + R
=3 [ 22 e w)? o 2L 2 o —
. T, 2 &
2‘*’2‘*’%& us wi\ | Bk |?
_ N ke T (—)7275, 111.7.16
Z k3v2 ng “\k /) 8m ( )
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where in the last line we have introduced the one-dimensional distribution function,

Foolu) = /dv foa(©)8(k-v —u) (I1.7.17)

Mo _y2 /02 .
=2 ¢ " /Y for a Maxwellian,

ﬁvtha

obtained by integrating out the velocity space perpendicular to k. The time derivative
of (I11.7.16) is

T 018 (K, 0)|> = Aiwla T rwie | B
dtz/ : Fi (7)

2o T kR, ne Nk 8
QWk:Wga U Wi |_Ek,|2
- R (—) . I11.7.1
za: K2 ng *\Ek/ 8n (ITL.7.18)

This is the entropic contribution to the free energy due to the Landau-resonant piece
of the perturbed distribution function; note that it is positive, corresponding to an
decreasing entropy. The combination of pre-factors to the electric-field energy in (II1.7.18)
may be simplified as follows. When |y| < w (i.e., slow damping), we can expand our
eigenfrequency equation D(w, k) = 0 to obtain

D(w, k) + iy%D(w, k) ~ 0. (I11.7.19)

The imaginary part of this gives

v _—(;mp( k) (I1L.7.20)
a—wReD(w k)

Using

!/
D(w,k) =1+ Z qfa@ / 1 0foa/OV' (by def’n, (IIL.5.6))

/
Mg, w—k-v

wl, 1 F}(u)
=1-) 22— [ qyu by def’n, (I11.7.17
~ nu/ uu—w/k (by defn, ( )

wQ E! (u)
=|1- — —PV Oa
[ - k;2 N, / u—w/k
where the last equality follows from Plemelj’s formula (“PV” denotes the principal value),

(IT1.7.20) becomes
w2, ™ w
T g oo )
k2 ng % \k

v = o . (I11.7.22)

Ow PV/ u—w/k

w2

+il- kp; T FOa(k)], (II1.7.21)
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An analytic expression for the principal value integral can be obtained by expanding®

/duuFiaL/)k ~/du ffz(/l;)) [1+]L“+ (T)Z

2
:fﬁ/duFéa(u) lkqu (ku) +...
w w w

N 5. (I11.7.23)
Then (II1.7.22) becomes
“ha T (2) “ha T (2)
— k2 n, "\ — k% n, "\
B I I )
Ow 4 k2 w? W w?
——
~1 in
this limit
WrW.
— 2= ’“kQP“;Fw(%). (I11.7.24)

Note that, for Fy, Maxwellian, this equation implies vz /wg ~ € 3 exp(—1/€?), so that
the damping rate is exponentially small. Thus, equation (II1.7.18) may be written as

T |0 f 8 (K, v))> |Ex|> 5 d |Ey|?
dtz/d 2 fo L T T

(I11.7.25)

Again, a decreasing entropy is associated with the Landau-resonant particles.
Finally, we combine (III.7.25) with its non-resonant counterpart (II1.7.6) to obtain

T 10fal(t, k, v)|2 d |Eg|?

which is (by Parseval’s theorem) equivalent to the free-energy conservation law, (111.6.14).
Q.E.D.

Summary: Landau damping is the process of transferring free energy from fluctuations
in the electric field to fluctuations in the distribution function. The latter acquire fine-
scale structure in velocity space, which gets progressively finer with time: if 6f ~
exp(—ikvt), then (i/6f)(0df/0v) ~ kt — oo as t — oo. This is called phase mixing,
and is a consequence of the shearing of phase space as particles at the same position
have differing velocities. Phase mixing explains why J f need not decay for its moments
(e.g., the potential ) to decay:

4
= k—T;an /dv(Sfa xe Mt 0.

———
fine-scale
structure

cancels

8This is a good expansion, since it guarantees that the damping is small (because ku/w < 1
implies that not many particles in the distribution are Landau resonant). If w ~ kv, then the
damping would be strong since the waves would interact with a majority of the population.
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In other words, a perturbation initially “visible” as ¢ phase-mixes away. This lost (free)
energy goes into &2, where it gives a negative entropy that exactly offsets the heating
of the background. The total entropy only increases once the fast velocity dependence of
6 f is removed — and that is accomplished through collisions.

I11.8. Landau damping via Newton’s 2nd law

I used to assign the following calculation (taken from Lifshitz & Pitaevskii 1981
and brought to my attention by Alex Schekochihin) as part of a problem set, but it’s
sufficiently pedagogical that it’s worth including it here in my notes.

Imagine an electron moving along the z axis with speed vg. Slowly turn on a wave-
like electric field: E(t,z) = Egcos(wt — kz) e %, where w is the frequency as k is the
wavenumber of the wave. The adverb “slowly” is captured by the e factor with € < 1.
We'll take € — +0 at the end of the calculation; its only purpose is to establish an arrow
of time. The goal is to solve perturbatively for the motion of the electron by assuming
that FEy is so small that it changes the electron’s trajectory only a little bit over several
wave periods. The solution illustrates the physical mechanism of Landau damping.

The equations of motion are

dz
= =, II1.8.1
= ( )
dv, e "
=——2F 3 — . I11.8.2
i - o cos(wt — kz)e (I11.8.2)

The solution to lowest order in Ey is trivial: z(t) = vot and v,(t) = vy = const. Write
z(t) = vot + 0z(¢t) and v,(t) = vy + dv.(t) and calculate the first-order changes §z and
dv,. Equation (IIL.8.1) becomes

dév, By .
Y C Bt 2(t) ~ — = B(t, vot) = — 20 Re eliwkvo)+elt (II1.8.3)

dt Me Me Me

Integrating this gives

t
. (t) = — 20 / dt' Re eli(@—kvo)+elt

Mme Jo

E i(w—kvo)+elt 1
_EE0ReE

Me i(w—kvy) + €

_ eE e cos[(w — kvo)t] — € + (w — kvg)e® sin[(w — kv )t] (IT1.8.4)
o me (w— kvg)® + € . N

Integrating again,

t E t i(w—kvo)+elt 1
5z(t):/ dt’ v, (t) = — < 0/ d'Res—
0 0

Me i(w—kvy) + €
eE, e[i(w—kv0)+e]t -1 et
T m, { “Tw—kvo) + 2 (w— kvo)® + €2 }

_ ek { [€2 — (w — kvg)?][e“t cos|(w — kvg)t] — 1] + 2¢ (w — kvg) e sin[(w — kvg)1]
S me [(w—kvg)? + €2]?

et
_ 5. II1.8.
(wkv0)2+62} ( 85)
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The first-order correction to the electric field evaluated at the particle position is

8E(t, Uot)

SE(t, 2(t)) = B(t, 2(t)) — B(t,vot) = 02(t) 5=

= 62(t) ksin[(w — kvo)t] Ege,

(I11.8.6)
with dz(t) given by (II1.8.5). The work done by the field on the electron per unit time is
the power gained by the electron (and thus lost by the wave). Denoting an average over
timescales satisfying w™! < t < ¢! by (), this power is

P(vo) = —e({E(t, 2(t))v:(t)) = —e([E(t, vot) + S E(t, 2)][vo + 0v(1)])

= —e(E(t,vot)vo + E(t, vot)dv.(t) + 0E(t, 2(t))vo) + O(6)

vanishes only cos? only sin?
under term survives term survives
averaging averaging averaging
e?E2 ., € 5 2kvpe(w — kvg) 9
~ 0 ————CO0S — kvg)t Si — kvg)t
e <(w ko) + &2 [(w vo)t] + (w0 — ug)? + 22 sin®[(w Vo) ]>
_ GZES o2t € 2kvpe(w — kug)
2me (w—Fkvg)2+€  [(w—kuvy)?+ €?]?
2 2
e’E dy €Vp
—  |P(v) = —2e* 2 with y= ————— 11.8.7
(’UO) o, e dvg W1 X (w — k’UQ)Q + €2 ( )

If vo < w/k (particle lagging the wave), then dy/dvg > 0 and so P(vg) > 0, indicating
that energy is being transferred from the field to the electron. The wave damps. If vy 2
w/k (particle leading the wave), then dy/dvg < 0 and so P(vg) < 0, indicating that
energy is being transferred from the electron to the field. The wave grows.

Suppose there is now a distribution of these electrons, F'(vy). The total power per unit
volume going into (or out of) this distribution is

2 2
dx v e EOe2et

€2E§ 2et
P= [ dv, F(v,)P(v,) = —e dv, F(vz)d 5
Uy Me

2me

/dvz F'(v,)x(vs).
(I11.8.8)
Take ¢ — +0 and use Plemelj’s formula,

. 1 .
€1—l>I-ri-10 x—(qiie_PVz—Cilﬂé(x_O7

where PV denotes the principal value and §(z) is the Dirac delta function, to show that

X(v.) = (* _ ] < B — > > e 0(0: — oK),

w— kv,)? + €2 2\ kv, —w —ie kv, —w+ie

(I11.8.9)
Using this limit in (IT1.8.8) leads to
e?Eg
— F’ II1.8.1
2mek2ﬁw (w/k) (II1.8.10)

If wF'(w/k) < 0 (> 0), there are more resonant particles lagging (leading) the wave than
there are leading (lagging) the wave, resulting in a net transfer of energy to the electrons
(wave). It’s left as an exercise to the reader to show that, for F'(w/k) < 0, this power
comes at the expense of the electric energy (i.e., damping), and that, for F(w/k) > 0,
the energy loss from the electrons goes into growing the electric energy (i.e., instability).
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I11.9. Plasma echo

While we’re on the topic of the Landau damping, here’s a fun calculation that
demonstrates that nothing is lost in Vlasov dynamics: the plasma echo. The classic
calculation of the echo is due to Gould et al. (1967) and involves all the Landavian
gymnastics in the complex plane caused by the dielectric function... but worse because
the echo calculation is actually a nonlinear phenomenon, so there are multiple Bromwich
contours to close. It turns out, though, that nothing of great pedagogical value is gained
by carrying around D(w, k), and so (at first) we’ll effectively set it equal to unity by
ignoring the self-consistent collective response of the plasma. This decision means that
we can avoid an unnecessary detour through Laplace space, which is nice, but at the cost
of losing the plasma’s eigenmodes. No matter, though, because nothing qualitative about
the plasma echo depends upon the dielectric response — it’s actually just phase mixing
(and un-mixing).

The calculation goes as follows. Write f,(t,v,7) = foa(v)+ 6 fo(t, v, r) and assume an
electrostatic plasma with potential ¢ = (¢, 7). Substituting these fields into the Vlasov
equation yields

df(]a o a(;foc

0 o B
(at”'v>5fa‘maW‘ do ma V¢ o

. (IT1.9.1)

Write 0fa = Y 0 far(t,v)exp(ik-r) and ¢ = Y, ¢r(t) exp(ik - ) and Fourier trans-
form the above equation to find

0 . do . dan Qo a1 86fa,k—k’
((,% —|—1k:-'v><5fa7k - vrik - o m Z(pkllk . 9v . (111.9.2)

« a7

Now, rather than take the potential ¢ to satisfy Poisson’s equation, we’ll choose ¢ to
represents two impulsive “hammers” — one occurring at time ¢; and the other a later time
to > t1 — that excite sinusoidal (in space) fluctuations in the plasma that are subsequently
phase mixed by the free streaming of particles. Denoting this collection of hammers by
x(t,7), we then have that

o(t,r) = x(t,r) = A15(t —t1) cos(ky - ) + A20(t — t2) cos(ka - T); (I11.9.3)

or in Fourier space,

! 1
oR(t) = xk(t) = 5Alé(ﬁ —t1) (0K tey + O,y ) + 5Agé(t —t2)(Ok ky + Ok, —k,). (II1.9.4)

In this case, the linear response is given by

. 0 df t
S0 = aatbery e i S [y o)

= W {Ale(t — 1) Okpy + Ok, gy ) e~ R V(E—0D)

Mo, dv 2

+ AgO(t — t2) (O ey + Ok, ) € R V(EE) | (I11.9.5)

where we have assumed the plasma to be unperturbed at ¢ = 0; the Heaviside function
O(1) = 1 for 7 > 1 and = 0 otherwise. Physically, at times t; and t5, particles are
instantaneously accelerated from fy, into d f, by two impulses; thereafter, each of these
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kinetic responses is phase mixed. Transforming (I11.9.5) back into real space provides

(5fgin) (t,r,v) = —:l—akzl d(J;o(x A10(t — ty)sin{ky - [r —v(t — t1)]}
e, dj{‘h A20(t — t) sinfks - [r —v(t — )]}, (IIL9.6)

Let us suppose for the moment that foo = foo(v) is Maxwellian. In this case it is a
straightforward exercise to calculate the associated density fluctuation by integrating
(IT1.9.6) over velocity space:

sni™(t,r)

_qiak% A19(t _ tl)(t _ tl) ef[k1vch(tft1)/2]2 COS(kl . T)
Noa Me

_ %kg Ag@(t _ tg)(t _ tg) e—[k21)th(t—t2)/2]2 COS(k:Q . 'r). (11197)
(6%
As anticipated, soon after each harmonic is excited the associated density fluctuation
grows linearly and then decays rapidly once kjvy(t — t1) > /2 (likewise for k).
Phase mixing creates small-scale, rapidly varying structure in velocity space, which when
integrated over leads to cancellations that cause the “damping” of real-space quantities.
The goal of the echo calculation is to compute the nonlinear response (i.e., the effect
of the potential on the perturbed distribution, represented by the right-hand side of
(I11.9.2)) and show that there is a time at which the small-scale structure in velocity
space caused by the linear phase mixing gets temporally removed by this nonlinear term,
leading to the recovery of real-space structure. In general, this nonlinear response cannot
be calculated analytically. But if we assume that ¢ f,, is sufficiently small, we can solve
(I11.9.2) iteratively by evaluating (I11.9.5) at k — k', substituting the result into the
right-hand side of (II1.9.2), and integrating forward in time:

a8 (', v)

t
e DLl (0

e & 0 ov
(% /t dt’ k-0t
4mg o 0

{Alé(t/ —11) (O oy + Okt —key ) + A20(t" — t2) Ok oy + 5k',k2)}

d o Ci(k—K') v (t —
81}{ . {Al@(t/_h)(ék—k’,kl+5k—k',—k1)e (k=k') - v(t'—t1)

+ AsO(t" — t2) (Ok—k ks + Ok, — k) e_i(k_k/).v(t/_b)]
(I11.9.8)

This integral has four main pieces. Two of them are nonlinearities associated with
hammer 1 (hammer 2) interacting with the plasma’s response to hammer 1 (hammer 2);
they can be spotted easily by matching up the A coefficients. Physically, these terms
must vanish by causality: an impulsive hammer can’t interact with something it created.
Mathematically, fot dt' 6(t'—t1)O(t'—t1) = ©(0) = 0. The remaining two terms in (1I11.9.8)
are cross terms ocA; Ao describing the interaction between one hammer and the kinetic
response to the other hammer. One of them vanishes: because t5 > t1, the combination
O(t' — t1)O(t' — to) kills the integral. Physically, the first hammer cannot interact with
the perturbation generated by the second hammer (again, causality). The only nonlinear
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term of interest is therefore

echo 1 o L
6f(§‘,kh )(t’ = qa Zk/ k k/ / dt/ AlAQ(S(t/ _ tg)Q(t/ _ tl)e ik-v(t—t")
oc k'
d @ —i(k—FK') - f_
av{ Jo (O’ ks + Ok’ —kn) (Ok—k/ Ky + Ok—k/ —Ky) € i(k—k') - v(t tl):|

1
_ la o oo ko) Ay Ay O (t — to)e k- vlt=t2)
4m

d . )
8 { an |:6k;,k:1+k:261k1 cv(te—t1) 5k7k2—k1e1k1 cv(ta—t1)
v
— Op g —kpe R t) gy e '”<t2—t1>] } (I11.9.9)

There are two types of terms here: those associated with the sum of the excited wavenum-
bers, and those associated with the difference of the excited wavenumbers. Let’s take the
former and inverse-Fourier transform them to find

an
dvdv

dan

L qa ka A AQ@(t —tz): do

2m

cos () +

kl(tz — tl) sin QZJ( ):| (111910)

where ¥ (t) = (k1 + k2) - [r — v(t — t12)] and t12 = (k1t1 + kota)/(k1 + k2). Note that the
sinusoidal variation in velocity space associated with these terms vanishes at

k1
t=t1g=tg— ——(l2—11) <1 I11.9.11
12 =t2 = g /4:2( 2 — 1) <tz ( )
but because of the Heaviside function, ©(t — t2), this will never occur. This is not the
case with the terms in (II1.9.9) that feature the difference of the wavenumbers, ko — k1;
inverse-Fourier transforming those provides

an
dvdv

dan
dv

cosO(t) —

1 2
+§%k2k1A1A2@(t7t2): Ei(ty —t1)sin6(¢)|,  (I11.9.12)

where 0(t) = (k2 — k1) - [r — v(t — techo)] and tocho = (kote — k1t1)/(k2 — k1). Note that
the sinusoidal variation in velocity space associated with these terms vanishes at

k1
t =techo = to + ——— (tz — tl) > to; (111913)
ko — k1

thus, there will always be a time at which this variation vanishes. This is the echo.
Assembling (I11.9.10) and (IT1.9.12), we have

1 2
SFEhO) (1 3 o) — 5%1@21@1/11/12@(15 — )

. d2f % 3 . d/foa Si
: { dv(;)v [cos O(t) — cos(t)] — do ki(ta —t1)[sin0(t) + bmw(t)]}

(111.9.14)

To offer something more concrete, let us suppose a Maxwellian fo,, = foo (v). In this case
it is a straightforward exercise to calculate the density fluctuation associated with the
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Fi1cure 3. Total density perturbation from two impulsive, sinusoidal, electrostatic hammers with
dielectric D = 1, exhibiting a plasma echo at t = techo. See equations (II1.9.7) and (I111.9.15).
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FIGURE 4. Echo distribution function § ) (¢, 2, v) caused by two impulsive, sinusoidal,
electrostatic hammers with dielectric D = 1, with techo = 25. See equation (111.9.14).

echo by integrating (II1.9.14) over velocity space. The result is that

5n((1echo) q2
T = — m—oékleAlAQ(t - tQ)Q(t - t2)

1
2
> {(kg _ kl)Q(t _ techo) e*[(kQ*kl)Uth(tftecho)/z}Q COS[(kQ _ kl) . ’l"]
— (kg + k1)%(t — t12) o~ [(k2 k1) ven (t—t12) /2] cos[(ko + k1) -r]}. (I11.9.15)

The first term in the curly brackets contributes the echo, while the second term is the
analog of the linear response (II1.9.7) at the nonlinearly excited harmonic k1 + k2. Putting
the full solution together, equations (I11.9.7) and (II1.9.15), and setting the parameters
(k1, ko, A1, Ag, t1,t2) = (1,2,0.1,0.1,5, 15) yields the evolution shown in figures 3 and 4.
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For completeness... if instead we were to have done this calculation including the
self-consistent potential response, such that (II1.9.3) becomes

4
p(t,r) = x(t,r) + /?72[ an/dv 0fa; (I11.9.16)

then the calculation would necessarily venture through the Laplace space. The trans-
formed potential associated with the linear response to the hammers would be dressed
by the dielectric function (II1.5.6),

Xk (w)
D(w, k)

: 1 iw 1 iw
Pr(w) = with  xx(w) = JAie Ok ey + Ok, —y) + 5Aze "2 (Ok ks + Ok, —k2)

and the linear part of the perturbed distribution function would be as in §III.5:

jodo Tk () Lo
T my, —iw+ik-v Pk dv °

38 (w,v (111.9.17)

Likewise, equation (II1.9.8) for the nonlinear response would be

50D () = o5 D /°° dt it /“*i“ R e
M & —iw+ik-v 0Ov J, —ootio 270 J _sotigr 2T

X on () 6f,i“i:1k/ (" o) ot e

Z // dw'dw” (pk/ )5f 1]2 k’(w//7v)
Mo 4= —1w—|—1k v v H(w—w —w") ’

(I11.9.18)

with Im(w) > o’ + ¢’ to ensure convergence of the Laplace transform. Substituting
(I11.9.17) and pg(w) = xkx(w)/D(w, k) into (II1.9.18), cleaning up various factors of i,
and rearranging ultimately leads to

5100 (w, ):@ iK' (k — k') //dw’dw” 1 1
m2 " w-k-v 0v —w W —(k—k)-v
Xi (W) Xp—r (W) dfoa
D, K)DW" k—K) dv’

We know from the calculation with D = 1 that we’re only interested in the terms
proportional to the product of the two hammer amplitudes, A; A;. We also know that,
of those terms, there are two kinds: those associated with the sum of the excited
wavenumbers, and those associated with the difference of the excited wavenumbers. The
former are:

12 —ik'(k—k) //dw’dw” 1 1
4mik w—k-v 0o w—w —w'w —(k—k)-v

/

(111.9.19)

Aj Ay i@tz t) d foo
D! WD o — ) K e Ddrthe 0K Dbk b) g,

+ (the same but with 1+ 2) . (I11.9.20)

The procedure for doing the integrals is as follows (see the diagram below). First, do
the integral over w’ by pushing the contour up to Im(w’) — oo and encircling only the
pole at w’ = w — w" (counter-clockwise, contributing a 427i). Note that both exp(iw'ty)
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and exp(iw'ts) — 0, so that the horizontal parts of the contour vanish. The expression
n (I11.9.20) becomes

l@ ik:'(k:—k’)_g dw” 1
Am 4~ w—k-v o] 2mw —(k—K) v

’

Ay Ay ei[wtsz”(tzftl)] dfoa
5 ’ 6 - 5 o 5 — —
x D(w—w" KD(W", k — k/)( o O+ Ok o O~ ) dv

+ (the same but with 1 + 2) . (I11.9.21)

Next, do the integral over w”. For the term displayed above that is explicitly written out,
the contour must be pushed downwards because ty > t1, so that exp[—iw” (t2 —t1)] — 0.
As it goes down, it encircles the kinetic pole at (k — k') -v (clockwise, contributing a
—2mi) as well as all the poles from the dielectric functions in the lower half-plane. For
simplicity, we ignore all the dielectric poles, which correspond to damped eigenmodes
and so will not contribute to the echo. For “(the same but with 1 <> 2)”, the contour
must be pushed upwards so that exp[—iw” (t; — t2)] — 0. But no poles are crossed, and
so this integral vanishes. This is the Laplace-space manifestation of why one of the terms
ocA; Ay in (I11.9.8) vanished by causality. Evaluating the Kronecker delta functions in k’
then provides

L aa Rk Ok tks ot , O AjAgemiki-vla=t) g,
4m2 w-—k-v 0v | D(w — ki -v,ks)D(ky-v, k1) dv

— 1 qo‘ M wtz . 2 A1 A, eik1 cv(ta—t1) dan
4m2 w—k-v v | D(w + k1 - v, —k2)D(—ky - v, —k1) dv .
(HI.9.22)

We now transform this expression back into the time domain by inverse-Laplace trans-
forming, while demanding that ¢ > ¢5. Pushing the contour to Im(w) — —oo and picking
up the kinetic pole at k - v (clockwise, contributing a —27i) while neglecting the dielectric
poles, we finally obtain (for ¢ > t5)

L g —5 k1Ko O ko, +k. o—ik-v(t—t2) 9 Ay Ay etk vlta—t) d foa
CAm2 1+ v | D(w — k1 -v,ka)D(ky-v, k1) dv | __, .,
Ll A kiksd o ik v(t—t2), 9 Ay Agelkr-vita—t) dfoa
gz 2 TRk fe2® "Ov | D(w+ kv, —ko)D(—ky v, —ky) dv | _, .
(111.9.23)

Setting D = 1, distributing the 9/dv, and inverse-Fourier transforming nicely returns
the result in (I11.9.10). Good. Now for the terms associated with ko — ky:

1 qa ik'(k — k') // dw'dw” 1 1
4m2 o w_k-v 0o 2 w—w—ww—(k—K)-v

A1A2 e‘ w'ta+w’t) dan
( ' K ) ( "k —k )(516',’626’67’62—’61 + §k',—k25k7k1—k2)ﬁ

+ (the same but with 1 <> 2). (I11.9.24)
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The calculation proceeds exactly as above, ultimately giving (for ¢ > t2)

lﬁkﬂw Ok ks —k e ik v(t=tz) 2 Ay Aot vt ) dJoa
4m3 2 1 ov D(w+k1 ’v7k2)ID(*kl 'Uvikl) dv w=k-v
1 ¢ e, D[ Adget) a,
1o b s ik-v(t—tz), 9 e
+ 1 m(QX 1R2 0k k) — ko€ ov D(w _ kl v, —k2)D(k1 ‘v, kl) dv w=k-v
(111.9.25)

as the counterpart to (111.9.23). Again, setting D = 1, distributing the 9/dv, and inverse-
Fourier transforming returns the result in (I11.9.12). Assembling everything, we have

£ (¢, v) = (111.9.23) + (111.9.25). (111.9.26)
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PART IV
Balescu—-Lenard and Landau collision operators

The law that entropy always increases holds, I
think, the supreme position among the laws of
Nature. If someone points out to you that your
pet theory of the universe is in disagreement
with Maxwell’s equations — then so much the
worse for Maxwell’s equations. If it is found
to be contradicted by observation — well, these
experimentalists do bungle things sometimes. But
if your theory is found to be against the second
law of thermodynamics I can give you no hope;
there is nothing for it but to collapse in deepest
humiliation.

Sir Arthur Stanley Eddington
The Nature of the Physical World (1927)

IV.1. Derivation of the Balescu—Lenard collision operator: Method

With some knowledge of Vlasov physics behind us, let us return to the BBGKY
hierarchy, closed at second order in A~! <« 1 by neglecting three-particle correlations
(hapy = 0). Our equations are (I1.6.2) and (I1.6.3), repeated here for convenience:

g i _ dadp / 0 1 8gaﬂ(t7m7m/)
(at“’ V+a av)fa(t,w)_zﬁ: e /dcc (IV.1.1)

orfr—r| v ’

) 9 0
<+U.V+a-+v’-V/+a/'>ga6(t7$7m/)

ot ov ov’
a q;i” /dw// 5%’ v jr”| ' afaﬁ(f; 2 g5 (t,", @)
R [ s g e
= (% |T‘Ia_qfﬂ/| ) (n;éi - rigaav’) [fa(t,m)fﬂ(t,zc’) + gap(t,z,2')|. (IV.1.2)

The left-hand side of (IV.1.2) is homogeneous with respect to g; the right-hand side is
thus a source term: particle correlations are driven by Coulomb interactions. The first
part of the source term, that proportional to f,fg, corresponds to initially uncorrelated
particles becoming correlated through Coulomb scattering. (Technically, it corresponds
to each of these uncorrelated particles becoming correlated due to interactions with each
other’s Debye clouds, but we’ll come to that soon enough.) The second part of the source
term, that proportional to g,g, corresponds to initially correlated particles becoming
more or less correlated due to further interactions. This term is ~A~! <« 1 smaller than
the first term, and thus may be neglected in most cases. There are, however, certain
situations in which the g,s contribution to the source term may not be neglected; this
will be discussed in §IV.6.

To proceed, note that the left-hand side of (IV.1.2) looks like a combination of linear
Vlasov equations for each particle in the pair, capturing the dielectric response of the
(7) bath, with the right-hand side of the equation contribution a source term describing
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the two particles’ mutual Coulomb interaction: [(0; + £ + L')glag = Sap, with L given
by (II1.3.2) and L’ the same but with & <> =’ and o « S. This suggests a Green’s
function approach, with a Vlasov Green’s function for each particle used to advance the
two-particle correlation forward in time (note that £ and £’ commute). But this will
only work if we drop the g,g contribution to the source term. Physically, this brute-force
simplification means that, at any “initial” time from which we wish to integrate (IV.1.2),
no two-particle correlations exist. We argue in favor of this idea below (§IV.2), but for
now we adopt it blindly and note that this simplification allows us to write down a formal
solution to (IV.1.2) using our knowledge of the Vlasov Green’s function (cf. (IT1.3.4)):

Gap(t,x, ') ZZ/ dt/d:c/d:c 36T T )Gt — 2 7)G g5(t — 1,2, T),

(IV.1.3)
where T and T’ are dummy phase-space coordinates (introduced for the integration) and
@ and ( are dummy species indices (introduced for the species sums); the source function

Sus(t.2,0) = oo -(18— ! 8)]‘11(75 2)fsta);  (IV.14)

or|r—r'| \mgOv mgov

and G is the appropriate Green’s function (see (II1.5.7)) with G = 0 for ¢ < 0.

In writing (IV.1.3), we have expressed the two-particle correlation between o and 3 at
time t as a superposition of the correlation effects created between @ and 8 at T and &’
at time ¢ that propagate to  and ' during the time interval ¢ —¢. Substituting (IV.1.3)
into (IV.1.2) and using Leibniz’s rule,

da

b(t) b(t)
S st = [ de D) + b)) - fa0)

dt a(t) a(t) t

for differentiating under the integral sign, we find that
0 0 _
(8t+v V+a- )Gw(t—t,w;m)

v
dady , 0 1 3fa I . B
Zma/ orlr—r| v Gralt —1,2";T) = doad(x — T)0(t — 1).

(IV.1.5)

A similar equation holds for G4z with a — § and @ — B in (IV.1.5).

This is (almost) exactly the problem solved in §III.5 using the Green’s function
approach. Equation (IV.1.5) gives the solution to the linearized Vlasov equation. This
means we already know G,z and G 5B and thus how to solve the g.g equation.

The “almost” is because f, is technically time-dependent and inhomogeneous — it’s
evolving with g,p as a source term (see (IV.1.1)). To overcome this complication (and
to justify removing gop from S.p), we make some assumptions, which are known as. ..

IV.2. Bogoliubov’s hypothesis

At the start of these lecture notes, we discussed Bogoliubov’s timescale hierarchy (see
§1.1). It concerned the hierarchy of well-separated time- and lengthscales related to the
relaxation of an arbitrary perturbation. What this hierarchy means for our problem is
that, on the timescale over which the two-particle correlation g,g relaxes, the one-particle
distribution function f is roughly constant. Thus, the time dependence of f, and f3 in
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the source term (IV.1.4) can be ignored: f,(t,x) — fo(x) and likewise for fz. Equation
(IV.1.3) is then a linear equation for g.s with a temporally constant source term. The
fast timescale over which f is fixed is denoted by a ¢ to distinguish it from the timescale ¢
over which f evolves due to collisions. Ultimately, we will take ¢ — oo, which amounts to
a Markov assumption that the future is independent of the past (more on this in §VI.1).

A final assumption in the standard calculation is that the ensemble of plasma is
spatially homogeneous. This means that f(x) = f(v) and that the acceleration a(t,r) =
a(t) = 0. Thus, any ensemble-averaged function of two spatial variables (e.g., fag) can
only be a function of the difference of those variables: gog = gag(%v, r—r v,v).

Under these assumptions, equations (IV.1.1) and (IV.1.2) become

afa(tvv) _ 4aqp
Mq

o 1 0 ,
5 /dm’_?ﬂ/-a’ugag(t,rr’,v,v ), (Iv.2.1)

or |r

a ~
(a}?Jr”'VJ””"V')gag(t,r—r’,v,v’)
o 2i " a 1 afa ~ . , .
_ dz" 2 Ofa s
Z/: Ma / ¥ or |r—r”| v gﬁ“/( T rT,U,v )
4By n 0 1 dfs ~ , .,
_Z/:mg /d:l: %m'%gay(tﬂ“—r’v’v)

= Sap(r —r',v,v") = 9 tads .<1a_ ! )fa( )fa(@'), (IV.2.2)

orlr—r'| \mydv mgov

where ¢ is the fast timescale over which fa is temporally constant.

IV.3. Derivation of the Balescu—Lenard collision operator: Details

Following the discussion in §IV.1, equation (IV.2.2) can be solved via
_ t
goplfor=r'.0,0) = S5 [ [z [ @' S 5(@. ) Gunlt- i 0)G 50T’
— = Jo
«“ B

Fourier transforming and using (II1.4.6), equation (IV.2.1) becomes

9fa — CIaC]ﬁ/ // , 0 1 0 / ik - (r—r") /
o —Zma do’ [ dr' oo gy [ dke st k,v,0")

ik (r—r')
anqﬁ/dk/d kagagtk'uv) /dr’e
Me ov |r — /|
—_— ——

= 4k ~?

an g /dk Anik /d 7 9905 t 99ap(t, kv, v7) (IV.3.2)

m
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Note that, since f, is real, we need only compute the imaginary part of g,g to close this
equation. Fourier transforming (IV.3.1) gives

Gap(t, kv, 0") ZZ WT/ dt/dv/d*’ Anik (nia ;v T;ﬁ )fa( v) f5(0")

X Gaa( —t,k,v; v)GﬁE(t —1,—k,v";v). (Iv.3.3)

Next, Laplace transform G,z and G 58 in time:
P kw.of) Mﬂ/?/ o fa ik (L0 L 0N
gap(t, k,v,0") = Za:zﬁ: o7 J, dt [ do [ dv 12 e f=(v) fz(0")

dw _; 7 dw’
[ L e lG (w kD) [ S
/L o ¢ om (W, k, v;0) L 27

¢TG (o, —k, 05 T), (IV.3.4)

where L and L’ denote the appropriate Laplace contours. To ensure convergence, we
impose the constraint Im(w + w’) > 0. Then perform the time integration to obtain

@ ik 0
Gus B,k 0, 0') ZZ ik /d@/dw L (Wfav n}tﬁ (T,)fa( v)f5(®)

/ / . i GO,(w k 17'T>)G9§(w' —k ’U"T)l)
’ 27[ 1w+w +10) o L ’ T ’
(I v '3'5)

Recall that “0” is meant to notate an infinitesimal displacement of the pole off of the real
axis (for causality reasons). The w’ integration can be carried out by closing the contour
by an infinite semi-circle in the upper half-plane, since G Bﬁ(w/ , —k) vanishes as |w'| — oo.
Because Im(w 4+ w’) > 0, the only contribution to the integration arises from the pole at
w' = —w —i0. The “1” term vanishes because everything it multiplies is analytic in the

upper half plane, and we are left with
n_ dads [ . [ ., 47k 10 1 »
sl ) = 02 Gy [ [ 5 (s ) @@

X /L (;1;: Goa(w, k,v;0)G y5(~w, —k,v"; 7). (IV.3.6)

Now we substitute in our Green’s function (I111.5.7), taking the extra precaution of noting
what functions are analytic in upper (lower) half w-plane by appending w with an +i0
(—i0). The result is:

d /

4 k 1 0 1
Jap (k7 v, 1}/) - (

o (=5
5% e )
></dﬁw iéaa(s('v—ﬁ) _ Gala 4mik 3f(y 1 1 1
c2m lw—k-v+i0 mg k2 Oww-k-v+i0w—k- v +10 D(w, k)
y _15@5(@’—5’) +qﬁ%4nik'8f5 1 1 1
w—k-v'—10 mg k? OWw-k-v-10w—k-v'—-i0D(—w,—k)|
(IV.3.7)
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Now, this whole thing goes into the Fourier’d version of (IV.1.1), which reads (see
(I1v.3.2))

8fa(tv B qaqg/ 4mik 8/
o Z e dk — dv’ gos(k,v,v"). (IV.3.8)

Note that the [ dv’ integration only touches the final term in brackets in (IV.3.7). Along

with the 5 gs(...) summation in (IV.3.8), that last term of (IV.3.7), when substituted
into (IV.3.8), contributes

—iqg 1
w—k-v —i0 D(—w, —k)
(recall the definition of D(w, k) from (II1.5.6)). This gives a huge simplification! Equation
(IV.3.8) becomes

3fa(t,v)_ o /dk47'cik 0

ot Me 2 ov
s [ R (1010,

xgzﬁ:(znﬁ/dv/d” 2 (maav m; 0% fa(®)f5(¥)
></dﬁw dawd(v —V)qg

21 |(w—k-v+i0)(w— k-7 —i0)D(—w, —k)

0]
_ Gafs 4k Ofa 5 1
me k2 Ov (w—k-v+i0)(w—k-v+i0)(w— k-7 —i0) D(w,k)D(~w, —k) |

©)
(IV.3.9)

Lots of integration to do! Let’s label the terms:

%z——/dkéhﬂk 0 {@ + @+ O+ @ |, (IV.3.10)

Mo

where the subscript @ or 3 indicates which m~1(9/0w) it multiplies. To proceed, write

. (o 4mik 6fa
®a:m k2 Z /d

dw 1 D(w, k)
% /L o ok o0k —10Dw k) Dk VA

. ga 4mik afa Y, ()ja
@a: My k2 Z / 2 Z /dv fﬁ
X/d—w 1 1
2mw—k-v+i0 (w—k- v—i—iO)(w—k-ﬁ’—iO)D(—w,—k)D(w7k)
4o 4mik 8fa
= Ty k2 Z /d

dw [D(w, k) — 1]
. /L 2 (w—k-v+i0)(w — k-7 —i0)D(—w, —k)D(w, k)’

e
My

(IV.3.12)
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using the definition of D(w, k) (see (I11.5.6)). Adding ®a and @H together eliminates
the D(w, k) term:

Go 4mik 8fa @)
®E+@a_m k2 Z /dv fﬁ

dw 1
— . Iv.3.1
x /L 21t (w—k-v+i0)(w — k-v —i0)D(~w, —k)D(w, k) (IV.3.13)

Next, let’s do @:

B
. Qo 4mik Ofa qg/ , Antk dfg /
@), = = . do fx
B mg k2 ov mi k2 Z v fa(®

dw 1 1
X/%wfk v —i0 (w—k-v+i0)(w — k-© +i0)D(—w, —k)D(w, k)
o 4mik (“)fa
= me k2 Z dv fa(v

dw D(—w, —k) — 1]
x /L 27 (@ — k-0 +10)(w — k-0 + 10/D(—w, —K)D(w, k) (IV:3.14)

Combine this with @a"’_@a (see (IV.3.13)), noting that ¥’ and 3 are dummy variables
and can be replaced by v and @ under the integral and sum:

O+ @+ @5 =
Go 4mik 3fa 1
+m7a k2 Z /dvfa /7(w—k v +1i0)(w — k-0 4 i0)D(w, k)

ik o, : [t
e 2 o ;qﬁ v fa(v)

><‘/dw 1 1 1 1
r2nw—k-v+i0\w—-k-v—-10 w—-k-v+i0) D(—w,—k)D(w, k)

use Plemelj formula,

1 1
- :PV(7> + ind(z),
x F i0 T
for both terms to get

276 (w — k- D)

_ qo 4mik afa 1
T ome k2 Z /dvfa / T (w—k-v+i0)(w—k-7+10)D(w, k)

_ 4o ATk % / !
me k2 Z v f=(v k: v—k-v+i0)D(—k-v,—k)D(k-v,k)’

(IV.3.15)

The first term here is actually equal to zero! Look at the w integral:

5 :
L2n(w—k-v+i0)(w—k-v+i0)D(w, k)

The contour is shown below:
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7'3\64 &\—b (Bw)

We can close this contour by an infinite semi-circle in the upper half w-plane and avoid
all the poles! Cauchy’s theorem then gives zero. Thus,

Oz + @+ @5
_ a4k % 1
= T R . /d”f" kot 0Dk o RE (V310

Looking back at (IV.3.10), we see that the right-hand side must be real, and so the above
expression must be imaginary. By the Plemelj formula,

Im[k(l} = —n5(k-v—k-v).

-(T—v)+10

Retaining only the imaginary part of (IV.3.16) then gives
Go 41k Ofa / ﬂé(k-ﬁ—k-v)
| Dt @+ @) = -7 an Ve Tp e - VA

Finally, one last piece:

2 .
4mike a (. ,0fz
@5 = -wohuto) - L [ 00 5

771@ .

e 1
L2 (w—k-v+i0)(w— k-0 —i0)D(—w, —k)

| dw _ [D(-w k) 1]
= _1‘]afa(v) A % (w —k-v+ iO)D(_w7 _k)

. dw 1 1
= _IQafoz(v)/L% P T [1 - D(ka)]. (IV.3.18)

Again, we need only retain the imaginary part of this:

Im[@ﬂ - —qafa(v)Re{/L (21—“; — k-lv = {1 - D(_(i _k)] } (IV.3.19)
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The contour may be closed in the lower half w-plane, since the factor in brackets only
has poles in the upper half w-plane. Thus,

[Ds] =~y Re{ (D1 - 5 ||

- 1 B Im[D(k - v,v)]
fqafa(v)lmm*%xfa(v)m
_Gafa(v) IS~ dadnk [ Ofx d(w—k-v)
Dk v, k)2 mz k2 v w—k-v+i0
o 2ank [ Ofs ~
_M[:ﬁ; /d fﬂéw—k v)é(w—kz-v)]
o 2ank [ O0fx .
_M[ ana;./dv({;;ﬂd(k.v—k-v)} (IV.3.20)

where the penultimate step follows from Plemelj’s formula applied to (w — k- o +i0)~*
Putting all of the pieces together (that is, (IV.3.17) and (IV.3.20)),

[ D+@)] = a7 Lt [0 T (G ) P

k)2 \maOv mgdv
(IV.3.21)
Inserting (IV.3.21) all the way back into (IV.3.10), freely replacing v — v’ and @ — f3,
and rearranging some terms, we finally obtain

afu(tv) dk k0
ot :Z/(zn)?»mi'a?
/d” k2D (k kz)‘ ﬂd(k-v—k-v')(m-%—m-%>fa( v) f5(v')
(IV.3.22)

The right-hand side of this equation is the Balescu—Lenard collision operator.
We'll discuss the physics in this operator shortly. But first note that, if we write the
Coulomb potential in k-space as

47% qs

- 904
pask) = o
then (IV.3.22) can also be written as
afa(tav k: 8
el = ety [k
B @
2
| pap(k) SO A ig_i !
x/dv D(k-v, k) mo(k-v —k U)(m(JZ ov  mg 81} Ja(v) f5(v).

(IV.3.23)

What’s nice about this form is that we could have chosen a different potential (so long
as it’s weak and long-range) and everything would have gone through.

Now, this |pas(k)/D(k-v,k)|> term is very important. It represents the interaction
of one particle (together with its shielding cloud) with the potential field of another
particle (together with its shielding cloud). Because of the §(k-v — k-v’), this term
handles the shielding for both particles. Thus, the Balescu—Lenard operator physically
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describes collisions between two shielded particles. As Krall & Trivelpiece (1973) put
it, “A binary collision of charged particles in a dielectric medium is different from a
collision in vacuum.” This fact is manifest quite early in the calculation, where we used
the fact that the solution is comprised of two Green’s functions. Physically, this was a
statement that, to lowest order, interacting particles move on unperturbed trajectories,
carrying their shielding clouds along with them. (This shielding cloud is in the Vlasov
response function.) Since the two-particle Green’s function factors in this way, our
solution cannot capture large-angle scatterings. This will manifest as a divergence at
small scales — something we’ll discuss in the next section. For now, some foreshadowing:
this lowest-order factorization of the two-particle response into the product of two one-
particle Green’s functions, which are coupled by the source function S,z describing the
Coulomb interaction, underlies Rostoker’s Test Particle Superposition Principle. We’ll
use this principle later (§V) to further understand the Balescu—Lenard collision operator
and its derivatives.

IV.4. Properties of the Balescu—Lenard collision operator

Let us catalog the properties of the Balescu-Lenard collision operator. (You’ll some-
times see it as the “BGL” operator, with “G” = Guernsey (1960).) But first, a reminder
of what went into it:

. Three-particle correlations are negligible (hagy = 0);
. The ensemble of plasmas is homogeneous;
. The two-particle correlation function g, relaxes on a timescale much shorter than

does the one-particle distribution function f,.

This makes the Balescu—Lenard operator inappropriate for situations in which there
is spatially inhomogeneous wave motion on relevant scales or for any phenomena that
involve high frequencies like wy,. Also, note that we took Beyx; = 0. A version of Balescu—
Lenard can be obtained when By # 0 — see Klimontovich (1967), §15. In this case, the
particle trajectories are helical rather than straight, and the directions parallel (||) and
perpendicular (L) to the magnetic-field direction bext = Boxt / Boxt are treated differently.
The Balescu—Lenard collision operator (cf. IV.3.22) becomes

6fa St o) k a , k k ,
()T £ £ [ (i) forn(t) 2 ()

B n=—ocon'=—o0

dk
(27)°

4T qaqp 2 L
k2D (kyv) +nﬂﬁ,k)’ mO(kyoy + nfla = ko) = ' f2a)
k 0 k 9
XKma.av)n_(Tnﬁ'av’)nlfa(v"”’t)fﬂ(”fwl’f)v (Iv.4.1)

where J,, is the n*® Bessel function, 2, = ¢o Bext /mec is the Larmor frequency of species
a, k= kHbext +k,,dk = QHdedekH, and

k 0 0 nfl, 0O
me Ov ), v vy Ovy
If the Larmor radii of all particles p, = vth1a/f2« are much greater than the Debye

length, then trajectories are approximately straight on the scales of interest, and we
recover the electrostatic Balescu—Lenard operator.
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The Balescu-Lenard collision operator (IV.3.22) has a few desirable features:

If fo, >0att=0, then f, > 0 for all .

Proof: If f, > 0 initially but becomes < 0 later, then there must have been a time at
which its minimum value as a function of v first passed through zero. At that time and
point in phase space, we have (i) fo = 0, (i) Ofa/0v = 0, (iii) 0% fa/OvOv is positive-
semidefinite, and (i) Ofo/0t < 0. Suppose the first three conditions hold. Then the
right-hand side of (IV.3.22) becomes

27qu¢q6 0 (S(k? v—k v) 1 o 1 ,
/dk/ '[(avm e 80 mp a,, fa() f3(v")
=0 by (i) and (ii)
(5(k:-v_k;.v’) 1 92 1 o? ,
+ n|D(k-v, k)2 (Eavav - miﬁa’uav’ fa(v) fa(v')
= 0 by (1)
27’:%% (k-v—Fk-v') 8fa ,
/dk/ [7t|D(k v, k)2 0vov fs(v')| > 0 by (i),

which contradicts (iv). Q.E.D.

The collision operator is Galilean invariant.

Proof: Let fo(v) = fa ('v —u) and f;; (v') — fg(v' —u), where w is the velocity of some
frame. Then define w = v —u and w = v’ —u; and note that dv’ = dw’, 8/0v = §/0w,
and 9/0v" = 9/0w’. Also, v — v' = w — w’. Then the right-hand side of (IV.3.22)

becomes
227'[61@% 0 ik [ dw' ** d(k-w—k-w')
Ma k47t|Dk w+k-u, k)?

B
-(ii—ii)m ) fa(w)

This is the same as the original operator, but for the argument of the dielectric function
D. But D is Galilean invariant:

2 7

q"/ 47Tk " 8fo,y/5’v
Dk-w+k-uk)=1 DAL [ d
(k-wtk-u k) + m~ k? /v k-w+k-u—k-v"

_ 1+Zﬁ4nk ) /dw,, 0 for /Ow”
Y

k-w—k-w”

Q.E.D.

Maxwell distributions for all species with equal temperatures and mean velocities
are a time-independent solution:

N, v — ul? 5 . 2T
qu7a 3/2 3 expl| — 2 ) Vtha = mi

Vtha Vtha a
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with the same temperature 7" and mean velocity w for all a. The proof follows by
direct substitution into (IV.3.22).

As t — oo, any f, satisfying f, > 0 approaches a Maxwell distribution with equal
temperatures for all species.

The Balescu—Lenard collision operator conserves particle number:

/dv (%) =0 for each a.
ot ),

The Balescu—Lenard collision operator conserves total momentum:

;/dvmav (%%)C =0

(NB: momentum of each individual species is not conserved. Newton would have
a problem with that.)

The Balescu-Lenard collision operator conserves total kinetic energy:

)3 [ a0 a2ma (‘95;) o

(NB: again, this holds only for the entire plasma, not each species by itself.)

The final three properties above may be proven simultaneously as follows. First, introduce
the tensor

Qaﬁ(v,v')i/(dk kk

2m)3

4Amqaqp 2 . ’
kQD(k-'v,k:)‘ n(k-v—k-v'). (IvV.4.2)

Then, the Balescu—Lenard operator (IV.3.22) may be written as

(%ﬂ)c - L2 a4 Qus- (Li _1 al)fa(v)fﬁ(v'). (IV.4.3)

7 Ma ov

Next, multiply (IV.4.3) by an arbitrary function of velocity, ®o(v), sum over «, and
integrate over v. The result is

5 [T [ @ue (g~ o 050
——Z/M/ oLt g, (L2 L )

1 doa 1 0 1 8 )
_;ﬁ/dv/dv [m T -Qaﬂ-(mfa%—m—ﬁav,)fa(v)fg(v)

N (R AT

mq OV mg OV’
_ 101 dda 1 dog 1 0 1 0 ,
o &Zﬁ/dv/dv Q(ma dv mg dv’ ) Qe (ma ov  mg 81;’)fa(v)fﬂ(v )

where the last step follows from Qu3(v,v") = Qga(v’, v). Finally, note that this integral
only vanishes for three functions: @, (v) = 1, maw, and (1/2)mav>. Q.E.D.

+ 2mes dv
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Very soon, we will also see it advantageous to separate terms in (IV.4.3) by defining

DL LY [dk 470 qp 2/ , n O
Ao = - %:(ma +m5)/(27t)3 kk k?D(k-v,k)‘ Q' (kv — ko) 5
(IV.4.4q)
=1 11 dk 4nqaqs 2/ / _ / /
B ;(ma i ma> /(27‘[)3 wk kQD(k-v,k:)‘ dv'mo(k v — k- v)) f5(v"),
(IV.4.4b)
so that (IV.4.3) may be written as
Ofalt,iv) 0 19 9
o = gy Acfa@)] + 5550 [Bafa(v)] (IV.4.5)

This Fokker-Planck form has two pieces: the first corresponding to friction, the second
corresponding to diffusion. You’ll see why soon enough (§VI).

Finally, the Balescu—Lenard collision operator satisfies an “H theorem”; i.e., the
entropy-like functional

—Z/dw fa(t, @) In fo(t, ) (IV.4.6)

can either increase or remain constant. It cannot decrease!

Proof: Take the time derivative of (IV.4.6) and use the Balescu-Lenard equation (IV.3.22) to

find
= Z/da: 1+1n fa] (%) . (IV.4.7)

Since this operator conserves particle number, the first term vanishes. Thus, using (IV.4.3), we
have

%:—Z/dm lnfa<%)
—7ZZ/dmlnfai— @ Qs (o= ) @)
2N [ g [ o (OGS - O ) i)
ST [ (L2 L) .

. (Lalnfa 1 9lnfs

Ma OV mg Ov'

)faw)fg(v'), (IV.4.8)

where in the final step the symmetries of Q,s were exploited to introduce the extra d1n f3/0v’

term. Defining the vector

1 dlnfa 1 Olnfs

Faﬁ(v’vl)ima ov mg OV’

(IV.4.9)
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and inserting (IV.4.2) for Quz gives

ZZ/dm/dv/dk

> 0. (IV.4.10)

qo qﬁ )

k2D(k k) 5(k-v —k-v') fa(v) fs(v)

Q.E.D. (Question: given that the Balescu-Lenard operator cannot decrease entropy, where did
the arrow of time appear in its derivation?)

Note that equality in (IV.4.10) only occurs when
F.5(v,v") = Aup(v,v") (v — ) (IV.4.11)

for some scalar function A,g(v, v’). We now show that the only consistent solution to this
equation is for f, and fsz to be Maxwellians. First, note that A.z(v,v') = Ags(v',v).
Next, take the velocity-space curl of (IV.4.11) and use (IV.4.9) to find

0 0Aas
7XFaﬂ—0— 9o

50 X (v —), (IV.4.12)

which implies that Ayps = Aas(Jv — v'|). It follows by setting v’ = 0 and then v = 0 in
(IV.4.11) that (see §7.2 of Montgomery & Tidman 1964)

1 <3lnfa> 1 (81nfﬁ> .
— = — | ——= =aj.
Mg, ov J,_, mg\ OV J,._,
Using this in

1 Oln f, dln f, 1 Oln f, Jln f,
Faﬁ(ov'“/)“‘Faﬁ(”aO):TrLaK Bz >_0+ v }_mﬁ[( av'5> o av/ﬁ]

leads to the constraint
Aas(|v)) v — Aap([V) v = Fop(v,v") = Agp(lv — ') (v — o). (IV.4.13)

The only continuous solution of (IV.4.13) is Ayg(|v — v'|) = as = const. Thus, (IV.4.11)
has the solution

1
In fo(v) = Mg <2a21}2 +ai v+ ao) (IV.4.14)

with ag = const. These constants can be determined from the definitions
. 1 o1 1
na:/dvfom uazi/d’v’vfav Tazi/dv*mﬂv*ua‘zfom
Nq Ny 3

in which case (IV.4.14) gives
_ Ng v — uy|? s . 2T, VA1l
fa('U) = Wexp B e— Utha = mi()(’ ( RE N 5)

a shifted Maxwellian. Substitution of this distribution back into the collision operator
indicates that all species must have the same bulk velocity w and temperature T
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IV.5. Asymptotics of the Balescu—Lenard operator: The Landau
operator

A notable feature of the Balescu—Lenard collision operator is the inclusion of both
binary and collective processes. The term

(5 = 70 ) @10

me OV mg OV’

is associated with two-body interactions — indeed, this factor also arises in the Boltz-
mann collision operator (discussed further in these notes and in the homework). But
the Balescu—Lenard operator also includes the dielectric function D(w, k), and so the
distribution functions of all species enter non-linearly; this reflects the many-particle
shielding effects of the Coulomb interaction.

An elegant consequence of this feature is that the Balescu—Lenard operator converges as
k — 0 (i.e., at large scales). Let’s see that. Write dk = [ df2g fooo dk k2. The k-dependent
part of the Balescu—Lenard operator is then

kkakv dk 2 3(kev — k)
0 0 kk———— IV.5.1
Jao || a5 nee = o ) F R v

where k = k/k. Now, D has a particular form (see (II1.5.6)), so let’s examine that:

2 !
D(k-v,k):lJqui@, /dv/k (af'y/av

— My k2 -(v—2')+1i0

2 2
=1+ S /d'u’ Yihy k- 0fy /00
vy

’y k2T, 2n, k- (v—v') +10
R
=1+ 2 alk-v,v), (IV.5.2)
where

1 4mgn

2 - - gl
k3 = v > T (IV.5.3)

v

Thus, writing
> kD L ’
ID(k-v,k)|” = {1+k2Re(a)} + [kQ Im(a )} ,
equation (IV.5.1) is

dk kké(k-v—Fk-v)
/ko/ [1+k23( )]2 {212;1 3 )r. (IV.5.4)

For k2 /k* > 1 (i.e., long wavelengths), this becomes

kké(k-v—Fk-v)
dn dk k3
/ k/ la(k-v, k)2

which is nicely convergent. The physical reason is that the dielectric function works to
limit the effective range of the Coulomb interaction at large distances; the Balescu-Lenard
operator takes Debye shielding into account. What if we didn’t account for polarization?
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Set D = 1. Then we have
Tk
d 2 ?kk (k-v—Ek-v),

which is divergent! Physically, this is because the “bare” Coulomb force has infinite range.
More on this shortly. . .

For k% /k? < 1 (i.e., short wavelengths), note that we have a logarithmic divergence.
This may be traced to our original assumption about the smallness of g, relative to f,,
and likewise for hqgp. relative to gog. (Recall that gos was neglected relative to fa fs in
(IV.1.2)!) At short distances, the momentum transfer between particles is large, and we
must worry about particle discreteness. For example, two electrons cannot get very close
to one another, and so fo3 — 0 as |r — /| — 0; this implies gopg =~ —fof3, and so gap is
not much smaller than f,. HWO03 explores this further.

In practice, since the divergence is logarithmic, it ain’t so bad. The customary thing
is to simply cut off the k integral at some large value ko: [~ dk — foko dk, and choose
an appropriate kg. Being off by a little bit in this choice doesn’t much affect the answer,
being only logarithmic. A typical choice is the Landau length k; bee? /T, the distance
of closest approach of thermal electrons. The potential isn’t Coulombic on this scale
anyhow, so this makes sense.

The next several pages will be devoted to understanding the physics contained within
in the Balescu—Lenard equation, but first let us return briefly to the case D =1 — i.e.,
ignore the polarization effects involved in Debye screening. Then (IV.3.22) reads

8fatv Z/ dk_ k- 2

x/dv’

“dk k 9
—ZQQaQB/ko/O ?Fa%

x/dv’é(ic-v—fc-v’)(k-éij—E-;ﬂ)fa(v)fg(v’). (IV.5.5)

Mmea mpg

dmig, Nk .0 _k 90 /
712261/3‘ m;(k.v—k;-v)(-—W-W)fa(v)fﬂ(v)

ma OV

Clearly, we have to cut off the integral over k both at large k (as with the Balescu—Lenard
operator) and at small k (since we’ve ignored shielding and thus are allowing for long-
range influence of bare particles, stripped of their Debye clouds). I've already commented
on kmax- A sensible choice for kmyiy is kp = 1/Ap. Then,

ko qk ko
=1 =In\ IV.5.
/k - n<kD> na, (IV.5.6)

D

the Coulomb logarithm. Then

Ofa(t,v) E 0
T %:Qqaqﬂln)\ag /dﬂk—a-—

X /dv’é(l%-v—lg:-v’)(ic-;u - E-(aaw)fa(v)fg(v’). (IV.5.7)
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It is possible to simplify this expression by examining the combination
1 an N ~
;/dﬁkkkd(k-v —k-v').

Without loss of generality, orient the velocity difference u = v — v’ along the z axis, and
work in spherical coordinates to write k = cosf 2z + sin(cos ¢ & + sin ¢ g). Then,

A . 27t +1
%/dﬁkkké(k-u) = l/0 d¢[1 d(cos 0) §(u cos 0)

T
X [cosﬁ%+sin9(cos¢§:+sin¢y)} [cos@z—l—sm@( SO + sin ¢
1 + LT + Yy
= 27 d(cos8) d(ucosb) [0052 6 2% + sin’ 9($m ;— yy)]
-1
———
= §(cos0)/u
2 (zx+yy
o 2
2, _
= MY - Y. (IV.5.8)

Then (IV.5.7) becomes

' Ulo — o) (18— ! )fa( ) fa(@)

me Ov  mg OV’

Ofa(t,v) <= 274545 hmag a
ot _Z

5 Ma

(Iv.5.9)
The right-hand side of this equation is the Landau collision operator (Landau 1937).
(Note: Landau obtained this from the Boltzmann equation after many assumptions —
keep reading. . .)

We'll revisit the Landau operator in due course, and will take a number of useful
limits to obtain approximate operators of great use (§VIII). But, first, we really need
to understand the content of the Balescu-Lenard and Landau equations. In the next
few sections and chapters, we’ll examine the BBGKY hierarchy in a plasma in thermal
equilibrium (IV.6), thereby obtaining the spectrum of electrostatic fluctuations off of
which particles scatter. We will also derive and use something called the test-particle
superposition principle (§V), and will show how our Balescu—Lenard and Landau collision
operators are Fokker-Planck operators (§VI). All of this is buried in the preceding
material, masked by the mathematics. In what follows, this physics will be elucidated bit
by bit. First, let us consider a plasma in thermal equilibrium. ..

IV.6. Equilibrium BBGKY hierarchy

In thermal equilibrium, the probability distribution Py (I") is just the familiar Gibbs
distribution from your undergraduate statistical mechanics class:

Dy (D) = %exp [—H(TF)] , (IV.6.1)

where T is the (species-independent) temperature, Z = [ dI" exp(—H/T) is the partition
function, and the Hamiltonian

_ 1 _ 9a4p
H_§2ma £ R - Ry (IV.6.2)

a; BiFa;
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contains the kinetic and potential energies of the particles. (The sum >, =3, va:“l is
a sum over all species and all particles of each species. The factor of 1/2 in the potential
energy accounts for double counting of particle pairs in the sums.) The Gibbs distribution
is clearly separable in the velocity:

—maV2 /2T .
o, exp(zma Vs, /2T) — Dy, (1V.6.3)
IL, [f dV,, exp(—ma V2 /2T)] “

where D ~ contains all of the spatial dependence of Dy arising from the potential energy
in the Hamiltonian. Thus,

1

Fal@) = fulv) Fct?), (IV.6.4a)
. Jap(r —1')
Jap(@, @) = fo(v)fs(v') ), (IV.6.4b)

with

2
Ne v 9 . 2T
al\V) = - ) a =
f ( ) 7-(3/21}?}1& eXp( t2ha) i «a
for all species . (NB: fl(r) = 1, because integrating over all Coulomb potentials gives
no net acceleration: df,/0r = 0.)

In equilibrium, the equation for the two-particle correlation (IV.2.2) becomes

(v-V+0 V) gas(r —7',v,0)

qaly " 0 1 dfa / nooaoon
- dz” 2 e _p
a . / T | a gp~ (T ;o' v

459 o 1 dfy
X [ G g el =0
,y B
9 4aq 1 d 1 d
e O Ry ) (1V.6.5)

Because gqp is translationally invariant and f,(v) is Maxwellian, one has that
v-V+v -V =(w-2)-V,

v—1v

( _ ﬁ,) Jal0)f5(@') = =22 fa @) f5(0).

Then (IV.6.5) becomes
('u - v') - Vgap(r — 7' ,v,0")

o 0 1
$Y Lo D) g ol )
0l

T or |r —r"|

0] 1
# I [ aa ! o0 g (170, 07)
-

T W\r’—r”|.

_ 2 dadp "U—’U/ ,
= o T Je0@): (IV.6.6)

Writing Gag = gag/(fa(v)fs(v')) and introducing s = r — 7/, the middle two (shielding)
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terms are given by

o " 0 1 7 " ! "
5 qTqv/dw 9sls— s 0 fa (V) Gpy (8”) f5 (V') £ (v")

0s |s

tatyy / 0 )G (") a0, (IV.6.7a)

0s |s — s"|

1 ~ " "
> / G e VI G (5 fa0) 5 ()
ol

_ 4ay"y //2 1 ol "o "
> "% [0 = V) (O a0), (V6T

respectively, so that their sum may be written as

4 -~ " ’
QW;V / s’ 05\51 - (00VT51(8”) = 45V Gary (87)) fa(0) f5(0)).  (IV.6.8)

Equation (IV.6.6) then reads

_ ). Gonls qaqp 1 v
(009 (Gusls) + B2 2 ) Falw)o(0)

n 0 1 a g
- qVT7 /ds” A7+ (0avG5(8") — 4" Gar (")) fa(v) f5 (V') =
v

s |s — s"|
(Iv.6.9)
Because this equation must be satisfied for each v and v’, we must have that
Z GadyN~Gpy (8 Z 034517 Gar (8").
Bt v
Then (IV.6.9) may be rearranged to obtain
~ QQQ,B QOchn'y gB’Y( ) _
(v-v)-V (gaﬂ<s> et Z [ o 5 — |> fa(0)f3(@) =
(IV.6.10)

Fourier transforming in s and requiring that the solution be valid for arbitrary v — v’
leads to

~ daq 4TG0 gy My
Gap (k) + 2k§T+Z G (k) = 0. (IV.6.11)

This is our equation for the equilibrium two—partlcle correlation function.
To solve (IV.6.11), first multiply by gan, and sum over «:

. qaqgna AmgZng .
ZQQnagaﬁ 22 k2T ( k2T ) <Z q’Yn’Ygﬁ’Y(k)> =0.
a «a 5

With « and v being dummy summation indices, this equation may be rearranged to
obtain

N 4a98na
R — 212 k2T
> gynaGpn (k) = —2—p—, (IV.6.12)
~

4mggna
1+ =7
(e
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which may be substituted back into (IV.6.11) to find that

~ . ga/_g(k,'v,v') daqp 1
(k) = =— IV.6.1
9os®) = ) o) 2T R (Vo1

where k3 =" 4mg2n,/T. Noting that D(0, k) = 1+ (kp/k)?, this expression may also
be written as

. 4aqp 1
s(k) = — . IV.6.14
9o3(k) = =5 12T D0 k) ( )

Now we take the inverse Fourier transform of (IV.6.13):

k-2
~ daq € . .
Gap(2) = —2;;2; /dk ER with 2=7r—17r'

q s 27t +1 1ka cos 0y,
- d d 0 dk ———
om2T / o / o8k /0 1+ (kp/k)?2

—ike

dagp 27 ® dk eF* —e
omT o 0 k 1+(kD/k)2
 Qagp 2m [ keik?

22T o J_oo  (k+ikp)(k —ikp)’

(IV.6.15)

This integral can be done via contour integration. There are simple poles at +ikp; the
contour runs along the real axis from —oo to 400 and closes in the upper half k-plane
(since exp(ike) — 0 as k — ioco):

Picking up the residue from the +ikp pole, we have

71{)DZ
~ daqp €
o =— IV.6.16
Gus() = - 222 (IV.6.16)
Thus, the equilibrium two-particle distribution function is
Faple, @) = fu(o) fa(o) [ 1 - 228 2T (1v.6.17)
ws(x, ') = fo(v v — _ .6.
A A T |r—7|
There are three things to note about (IV.6.17):
(1)  The equilibrium two-particle correlation
k)Dl 3 —kDZ —sz
qaqs € qaqpn k3 e 1 qagsn e _
Jap(2) = 2210 = 472D = £ ~ AT L
T 2 Tki n kpe 4ntA 27 @2n, kpe

This is consistent with our expectation that g,z ~ O(A71); i.e., that particle
correlations are weak when A is large.

(2)  The joint probability of finding a particle of species a at phase-space location @
and a particle of species B at phase-space location x’ is modified substantially
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FicUure 5. Equilibrium two-particle distribution function f,s for a hydrogenic plasma with
plasma parameter A = 10*. Plus (minus) sign corresponds to unlike-(like-)signed charges. Note
that the probability goes negative for like-signed charges (red), a consequence of neglecting g.s
in the BBGKY source term for gag.

at separations |r — r/| ~ Ap. This is the effect of Debye shielding. Much beyond
Ap, particle § is distributed independently of particle «.. This is because all other
particles are correlated with particle o, which is surrounded by a cloud of radius
~Ap with net charge @ = —gq,. Oppositely signed charges are statistically more
likely to be found close to one another than like-signed charges.

(3)  Figure 5 shows a plot of fa/g for a hydrogenic plasma,
1 efk:DZ

1+ —
8nA kpez ’

with A = 10%. Note that the probability shown here goes negative for like-signed
charges (proton-proton or electron-electron), which is obviously not good! Where
could we have gone wrong? Remember that g,3 we threw away in the source
term because we argued it to be small relative to f,fs? Yeah... can’t do that.
As fop = 0, gap = —fafs. One fix, in the spirit of Chapters 11.2.2 and 11.2.3
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of Krommes (2018), is to consider a Yukawa-type potential ¢ = (q/2) exp(—kp2).
This gives

~ 409
Gap(2) = —1+exp [— ;f

exp(—sz)],

which safely goes to —1 as ¢ — 0 for g,gs > 0. The problem then is for oppositely
signed charges (gags < 0) — it blows up! As Greg Hammett put it in his lecture
notes: “nothing classical can prevent electrons from collapsing onto ions with
infinite negative potential energy. Only quantum effects can prevent this collapse.”
Read the end of Krommes (2018) Chapter 11.2.3 for interesting applications. The
point here is that A >> 1 implies that the mean kinetic energy is much much
greater than the mean potential energy, and that’s just not true as ¢ — 0. (Recall
that KE/PE ~ A2/3.)

PART V
Discrete particle effects and the test-particle
superposition principle

Collision operators capture the discrete nature of the particles comprising a plasma.
Thus, to understand our collision operators, it would be prudent to investigate some
consequences of this discreteness. I've already touched on some of these things, but in
this part we’ll dig a little deeper. The results will ultimately allow us to unpack all the
formalism involved in calculating the Balescu—Lenard operator and understand fully its
physical contents.

V.1. Moving test charges

Let us proceed by considering the motion of a single particle — a “test particle” —
through a plasma, which is taken to be otherwise uniform and field-free. We've already
said much about Debye shielding, particularly in the case of a static particle surrounded
by a screening cloud. Now, we determine the properties of that cloud as the particle is
moving. Most texts at this point launch into a calculation of particle motion and Vlasov
dynamics, but, by virtue of our Green’s function solution to the Vlasov equation, we
already have everything we need. Recall (I11.5.7):

Sapb(v — v
Gusle i) = 20
qaqs 4mik 8f00¢ 1 1 1
+ ma k2 Ov D(w, k) —iw+ik-v —iw+ik-v’

(V.1.1)

The solution for df,(t,k,v) that follows from applying this Green’s function is
(cf. (I11.5.14))

do ., Ofoa Cj ik - vt
k = =0,k - —ik-
Ofalt,k,v) Ofalt =0,k v) ma1 ov Z —iw; +ik-v ¢
a—iwjt
4 oy Ooa ¢je (V.1.2)

Ma v~ —iw; +ik-v’
J
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where the c¢; are the residues of w; determined from the solution for the potential:
,0fs(t=0,k,v")
k = M)
plw k) = k2D Zq / iw+ ik v
= E S N A V.1.3
J *i(w —u) ). (V-13)

where A(w) is the analytic piece (with A(k-v) = 0). Inverse-Laplace transforming the
latter gave (cf. (II1.5.12))

k)= che_i“’jt. (V.1.4)

For our test-particle problem, § f, (t = 0, k,v) = 0; i.e., the initial plasma is in equilibrium
and is not yet disturbed. The distribution of the test particle at t = 0 is

5fT(t = 0, 13) = (5(1‘ — Ro)é(’u — ‘/v())7 (V15)

where (Ry, V) are the initial phase-space coordinates of the test particle. (The subscript
“T” denotes “test”.) The Fourier transform of (V.1.5) is

Sfr(t=0,k,v) = ek Ros(y —Vy); (V.1.6)

1
2P

then

—ik -+ Ry 6 ! _ V
gr € ’ (U 0)
k) = do 20— 20
P k) = 5 Dl k) / Y ot ik
_ qr e—ik'Ro 1

-~ 2m2k2 D(w, k) —i(w — k- V)

efik'- Ry

qr
2m2k2 D(k -V, k)
for the kinetic pole w = k- V. Other poles give damping from D(w, k) = 0 eigenmodes,
which don’t survive for long. Thus, equation (V.1.4) becomes

:>CT:

(V.1.7)

o—ik- R(1)

qar
ot k) =~

1.
2722 D(k - Vo, k) (V-1.8)

at late times, where R(t) = Ry + V)t is the (straight) test-particle trajectory. Equation
(V.1.2) for the perturbed distribution function then gives

L. ’ ki 8f0 €
5 A t k ~ ik ‘Ut/ dt/ ik - vt lqaqT
falt b, v) e 22k ma  Ov  D(k- Vo, k)
_ dagqr k  Ofoa e~k R()
Tomk2m,  Ov [k-(v— V)] D(k- Vo, k)

The test particle clearly generates a response in the plasma! Physically, what’s going on
is that the sudden presence of a moving test charge in the plasma excites a spectrum
of Landau-damped plasma oscillations due to the local charge imbalance. On timescales
longer than the inverse of the Landau-damping rate, what remains is an equilibrated
Debye cloud that surrounds the test charge. Indeed, the argument of the dielectric
function is k- V, which is the remaining zero-frequency mode Doppler-shifted to the
frame of the moving test charge. We’ll see that this corresponds to an equilibrated, but
spatially distorted, Debye cloud.

—ik - (Ro+Vot')

(V.1.9)
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Let us take some limiting cases by varying V. For that, it’ll help to recall the definition
of D(w, k) (cf. (111.5.6)):

¢ Ank / Qo 0 fo/OV'
w—k-v +i0

Proceeding. . .

(1)  Test particle in vacuum (D — 1):

qr —ik -
o(t, k) — ST e ik R(1)

+1
— ¢lt,7) = / d(cos ) / Qh 2rek? T il (o) ost
0

-1

ngﬁ/ dk o iklr—R(D)] _ ikl R(t)l)
S22 lr— R
q 2 [ dk .
=1
-
lr — R(t)]

Good! The potential of a moving charge.

(2)  Slowly moving test charge (Vy < vgne for all «). In this case, the dielectric function
471(]2 1 0F,
D(k-Vy, k) —1— | du— 4
( 0 ) ;m’ykg/ uu ou
where Fy (u) = [dv fo,(v)d(u— k- v). Defining a generic Debye wavenumber via
B Z 47'lfq,2y / u l@Foy
— My u Ou ’

which equals k3 for a Maxwellian plasma, we have

o—ik - R(t)

qr
Pk =5 eE Ty (Kp/k)?

We've already inverse-Fourier’d such a function before (see (IV.6.16)), so we know
that

o 4T —Kp|r—R(t)| vV
t ~ b .1.10

which is just a Debye-shielded moving test particle.
(3)  Fast moving charge (Vp >> vipne for all ). In this case, D — 1, and so
qr
e(t,r) = s,
r — R(t)]

which is just a moving charge in vacuum (to leading order). This is because the
plasma cannot set up a Debye cloud fast enough.

(V.1.11)

What’s going on here is that the plasma is trying to shield a charge at a location from
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which it has already departed. In effect, the plasma feels a retarded potential. In HWO04,
you will show that this potential causes a spatially distorted Debye cloud, and you will
compute the first-order corrections to (V.1.10) and (V.1.11) that capture this distortion.
You will also interpret the following plots of equipotential surfaces for Vj/vghe = 0.1, 0.3,
1, 3, and 10, which were obtained by numerically inverse-Fourier transforming (V.1.8):

%/Uthe =0.1 %/vthe =0.3

‘/O/Uthe =1 ‘/U/Uthe =3
6' """" T T T T ARAARAES ] 6' """" (RRARARRAR (RRARAREAR T T RARARASE: ]

kDey
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The density response of the plasma to these potentials — so called “Cerenkov wakes” —
may be computed as follows. Note that Poisson’s equations in Fourier space is

_kQSD(t’ k) = —4712(]&6”&(15’ k) _ % e_ik'R(t)7

where R(t) = Ry + Vot is the position of the test charge and dn, = [dvdf,. Using
(V.1.8), the density response may be written as

1

za:qaéna(t, k) = (;TT)S e~ik - R(®) {W - 1]. (V.1.12)

Inverse-Fourier transforming then provides

> qadng(t, 2) = (;%3 / dk exp(ik - 2) [D(klvok) - 1} , (V.1.13)

where 2 = r — R(t). Numerically evaluating this integral for Vj/vine = 10 shows that the
density fluctuations in the plasma form a conic structure reminiscent of a Mach cone from
a supersonic aircraft, with the density fluctuations confined inside |y/z| = C/Vj <« 1 with
C= \/gvthe:

%/Uthezlo

47 vw L e e T T
2

S

& Of

K ]
—2F o 3
4t m M B B

—-20 —15 —-10 -5 0
]CDCI

Some additional references you can check out on this topic are Perkins (1965), Wang
et al. (1981), and Dewar (2010).

V.2. Electric-field fluctuations

Here we calculate the electric field generated by a moving test charge as it sweeps
through a (responsive) plasma. We have seen in the last section that a moving test
charge excites waves at w = k-Vj (see (V.1.8)), and that these waves are subject to
Landau damping when there is an appreciable fraction of the particles in the plasma with
velocities v satisfying k- (v — Vi) & 0. Thus, waves are being emitted and absorbed.
A detailed balance emerges between emission and absorption, which in turn implies a
steady-state level of electric-field fluctuations. We will compute this level.

From (V.1.8), we have

gr e ik RO

E(t, k) = —ikp(t, k) = —ik V.21
(7 ) 1 <P(7 ) 1 27T2k2D(k°V0,k)7 ( )
so that
. k oik- (r—R())

E(t,r)= [ dke® "E(t,k) = i [ dk o V.2.2
) = [k B R =~ [k ST (V2

The total energy density in this field is given by

E(t,r)-E*(t 2 k cik- (r—R(t)) k' ok - (r—R(1)) *
(t,7) (t,7) - &t /dk—ei . /dk’—e,i, , (V.2.3)
87 (2m)3 k2 D(k-Vy, k) k2 D(k'- Vo, k')
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where * denotes the complex conjugate. We want the average energy density in the
plasma, and for that we do something special: we consider each and every particle as a
test charge. These “test” charges are completely uncorrelated, uniformly distributed in
space, and distributed in velocity according to fon(v). This test-particle superposition

principle (TPSP) works because the leading-order effects in the particle correlations
have already been taken into account in the construction of each shielded (“dressed”) test
particle. Ichimaru puts it this way (with his equation numbers and notation changed to
conform to mine):

In terms of the Bogoliubov hierarchy (§1.1) on the characteristic timescales, we
may describe the superposition principle in the following way. Let us again fix
on a charged particle in the plasma, which we regard as a moving test charge.
It will act to polarize the medium and so carry a screening cloud with it. This
action corresponds to that establishment of a pair correlation; the characteristic
time associated with such a process has been denoted by ~w; 1. In the course of
its motion, however, the test charge collides with other field particles; its energy
and momentum change abruptly. The polarization cloud originally associated with
the test charge will no longer represent a screening cloud appropriate to the new
situation; the polarization cloud must adjust itself to these revised circumstances.
If the mean free time ~»~! between such collisions is much longer than ~wp Lin
such an event, the adjustment will take place quickly so that, for most of the time
between two successive short-range collisions, the test charge can be considered
as carrying a well-established cloud. It is clear that the superposition calculation

.. amounts to assuming that each particle, not almost always, but always carries
such an equilibrated screening cloud [emphasis added]. We thus argue that the
superposition principle represents a good approximation as long as w, > v. For
a stable plasma in weak coupling, such a condition is well satisfied.

Thus, we may compute the ensemble-averaged electric energy density by performing

E(t,r)-E*(t,7)\ . E(t,7)-E*(t,r
<()8ﬂ()> :Z/dvo/dRoan(Ro,Vo)%
AVo fou(Vo) [ dRo | [ar X ot R
Za: / 0 foa 0/ ° / k2 D(k- Vo, k)
1 ik - (r—R(t))
. /dk’k—e,i,
K2 D(K - Vo, k')

2 /
§ qa k * k
T 2np /dVO foa(VO)/dk/dk/ k2k"2

(e

i(k—Ek') - (r—Vot)
% € . . /dRO efl(k k")
D(k-Vo,K)D* (K - Vo, k)

= (2m)36(k — k')

1 1

:Z aa
(2m)2
«

Deﬁnlng7 as usual, the one-dimensional distribution function Fo, (u f dVy foa(Vo)d(u—

k- Vo) and introducing w = ku,

a2 1 Foa(w/k) /dw/
(V.2.4) Z / / 15 D ) dk W, 1., (V.2.5)
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where
4o Foolw/k)
- 21tk3 |D(w, k)|?

is the spectral density of the field fluctuations. Thus,

W‘<E( r): E*“'> /dw/dewk (V.2.7)

is the ensemble-averaged electric energy density, derived by considering the plasma as an
ensemble of dressed test particles.
Let us evaluate (V.2.7) for a Maxwellian background, for which

I w Na w?
— = ——exp|l——555)-
°\% )~ Vrvea T\ B2

Equation (V.2.7) becomes

Wi s = (V.2.6)

(w/kvt}m)
qana
2.
W= Z2n3/2vtha/ / S |Dw PIER (V.2.8)
with
D(w, k) = 1+Z 214 ¢aZ(Ca)]- (V.2.9)

Here, k3, = 411¢2n4 /T, (o = w/|k|Vihas and

.1 [ e’
)= = /_OO do P (V.2.10)

is the plasma dispersion function. Equation (V.2.8) looks like a nasty integral. But there’s
a trick! Note that

(DG, ] = 3 e ¢ tm[2(6)] = 30 BB et

e [e3%

Then, (V.2.8) becomes

/ /dk TIT;ka _ / /&ZIm[YD(i,M]' (V.2.11)

Believe it or not, this integral can be done. Recalling that w is real, move it inside the
Im operator and consider the following integral:

PV/;lw [wD(lwk)] (V.2.12)

where PV denotes the principal value. All of its poles are in the lower half w-plane (since
the plasma is stable). So, let’s take a contour that does the following:

- . ]:Mcms‘\ gf,mioirc[c B

! k} \
M i \
w( 1(,7/ “m‘;‘"k l\
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Write the integral (V.2.12) as

fowmlatom) = [ L L,

and take ¢ — 0 and the B part of the contour to oco. Rearranging, equation (V.2.12)
becomes

(VAR el R VA R A F )

The C contour integration yields zero, since there are no poles enclosed. To do the A and
B contour integrals, write w = rexp(if); note furthermore that the Im operator can be
taken outside of these integrals. Each of these are then:

/dﬁl 1 g /Oide 111
Lo oD k)] T ) 2 D(e. k)~ 2D(0, k)’

/de N /”id& L1
son oD k)| T ), 21 Dloo, k) 2D(o0, k)’

and so (V.2.12) becomes

/ dw dw 1 1 1 1
L 27 wD(w, k) 2 D(0,k) D(oo,k)
Now, D(00, k) = 1 and D(0,k) = 1+ (kp/k)?. So, equation (V.2.8) is equal to

& T 1
W= / 2m)% 2 1+ (k/kp)? (V-2.13)

The manipulations above are related to the Kramers—Kronig relations. Namely, consider a
function S(w) that is analytic in the upper half w plane and vanishes sufficiently rapidly at
infinity. Then by Cauchy’s residue theorem,

/ dw ) =0, e¢>0.
—w—i—le

Use Plemelj’s formula

=PV 1 Find(w' —w)
w —w

to get

inS(w) =PV / ! S

Take the imaginary part of this to obtain
; Im S(w

w—w'

Re S(w PV/

(This is one of the Kramers-Kronig relations.) In our case, we have S = 1/D—1 where D = D(w)
is the dielectric function; note that S vanishes at infinity, since D(co) = 1. Now set w = 0. Then

the above expression becomes
3] =2y )

Re gy 1) = PV [ G im |
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But D(0) is already real, so

1 1 /
— __1=-p I
D(0) n V/d“’ m[w/p

This leads to the same result as above, namely (V.2.13).

(w’)}

Three important notes regarding (V.2.13):

(1)  All modes with k < kp are equally probable (i.e., equally excited with the same
energy — that energy is 7'/2, half of the thermal energy). That the energy is T'/2
agrees with the equipartition theorem in statistical mechanics that each degree of
freedom acquires T'/2 worth of average energy. See the figure below:

GOl
b
—y Lauda - Jmtel ol wak lea.H LM;

okt

I
W%mez@l wm&
el g e

(2)  This implies

T 1
”@k“wm{waJ’

which is a consequence of the fluctuation-dissipation theorem. The fluctuation level
and the damping rate are related in such a way that there is T/2 of energy per
degree of freedom (a standard result from equilibrium statistical mechanics). This
is worth memorizing.

(3)  Let’s try to do the k integral in (V.2.13):

/ dk4nk® T 1 /
W = — 0.
(2m)3 21+ (k/kp)? nT T 4mA 1 x2

Ah! Tt diverges! Why? To find out, write the integral as
/ dxﬂ =— / de —— + / dz
0 1 + .’1,'2 0 1 + $2 0

7_[ o0
- _I d
2+/0x

~—~— ——
energy due to energy due to
correlations uncorrelated
(ask: why the particles (infinite
minus sign?) self-energy of

an unshielded
charged particle)
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So,
W . W — W 1

ow . _ N 1
nT nT 8t/ O(™)

= more particles, less thermal noise, less scattering — Vlasov

V.3. Polarization drag

In the last two sections, we saw that moving (test) charges excite electric-field fluc-
tuations, which enter into a balance between generation and dissipation from Landau
damping. But from where did the power to support these waves come? Here we show
that such particles lose energy due to polarization drag. This “drag” comes from the fact
that the velocity of a particle affects its ability to acquire an effective Debye cloud. This
Debye cloud, in turn, affects the (test) particle:

@f/ “\
W e
®
L/l—"f ele?éetg‘e%/ ET(,\MItq"m

Debye shielding takes ~w; ! to set up. This generates E,, due to charge redistribution.
If, in that time, the test charge has moved, then the charge will be off-center to the cloud,
and the charge will see a headwind from EPOI
®7 e @e, B ©®
(> © 6\
® o 6 LD

e/e ’\9

Thus, there will be a component of Epol dlrected against the test-particle’s motion. This
is called polarization drag.
The drag force is simply

Fpol = qTEpol

B total electric field generated by a moving test charge as it sweeps
—ar through a plasma minus the electric field from the bare test charge

1qT k 1
= dk — | ——————= —1
om2 k2 [D(k-Vo,k) }

using (V.2.2). Writing the integrand as (1/2)[original + (k — —k)| gives

(V.3.1)

F 1qT / k 1 _ 1
Pl = g2 k2 | D(k-Vo, k) D*(k- Vo, k)
1qT awx k [D* —D} _ 1qT k {—2iImD}

dk —
T BE T k2| DR

7> k 1
. Al ) PR — 3.2
o2 | i m{p(k.vo,k)} (V-3.2)
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The particle will lose energy due to this drag force at a rate

aw 2 k-V, 1
T P Vo= L /dk 0 Im[ ] (V.3.3)

dt 272 k2 D(k- Vo, k)

Next, we adopt the TPSP introduced in the previous section and average this power over
the distribution of “test” charges:

_/dWr k-Vy 1
P = < dt > /dVo f(]a(V()) /dk k‘ Im |:'D(k . Vo, k):| . (V.3.4)
Recalling the definition F,(u) = [ dv foa(v )6(u—k - v), equation (V.3.4) becomes (with
w = ku)
dWr dw w Foa(w/k)
P = < > / /dk P,r with P, = k?’ Im[ Dw k) | (V.3.5)

As in the last section, consider a Maxwellian background. We have

2
qn w w T
e potin () = g P R

[e3

and so

P:/S—Z/% 2TIm[D(w,k)]Im[D(i7k)} (V.3.6)

Comparing this with (V.2.11), we see that

P+ 20W,, . Im[D(w, k)] =0 (V.3.7)

This states that the power lost by the particles due to polarization drag is gained by
the emitted (and Landau-damped) waves. This kind of balance between emission and
absorption is called Kirchoff’s law.

We can check this explicitly by recalling the discussion at the end of the Vlasov section
(§II1.6): for a weakly damped, stable mode, the decay rate is (see (II1.7.20))

w2, w
— P‘D‘F/a()
Im D(w, k) [ — k% n, "\ k
Te = — b = — D) .

Using this in (V.3.7) gives
P = —2wW,  Im[D(w, k)]

e

= —dyWy k
dWw k dWw k;wave
_ oWk dWo kwave. V.3.8
dt dt ( )

[The factor of 2 in the last line is there because the total wave energy ( = electrostatic
energy + mechanical energy) is divided evenly amongst the electrostatic and mechanical
energies.|



Irreversible Processes in Plasmas it

Another way of computing the power is to calculate

W = 2(2m)* /dw/ |I~cJka)|7
wD(w, k)
which is the radiation emitted by a test current (i.e., the current density of the test particle)
over a time 7. (This will be derived by you in HW04.) Then, with
JT(t7 7') = qTV05(T — Ro — ‘/()t)7

we have

JT(w7k) :/(2(1T7')3/ dteiik.erthJT(t,’r')

qTVO/ dte —ik - Rg —1(w k- V)t

?;7:;0 e R RS (W — k- V).

The rate of radiation — the power — is W/T, where T is the time (— 00) over which the radiation
is emitted. Then the power from a single test particle is

.2 dw 2¢1[0(w — k- Vo)|?
lim Im/ /dk k Vo) D(w, ) .

We learned how to square a delta function in §II1.6 (see (II1.7.15), which applies when the time
interval is 7): |§(w)|* = (T/2m)(w). So the power is finite:

_ dw o2 0w — k- V)

2
qrm k'V() 1
= [k 3.

om2 m/ k2 D(k-Vo, k)’ (V:3.9)

which is precisely what we have from (V.3.3).

Let’s explore an example application of (V.3.2): the drag on a fast test ion in a
Maxwellian plasma. Assume v, < Vo < vipe for the test ion. Then D(k-Vy, k) =~
1+ (kpe/k)? and

I D(k- Vo, k)= - wﬂnlﬂga(lé Vo)

k2 ng /Tiha

k2 - -
— ﬁik-VOFMa(k-Vo)
«

2
k2 ng

Wga 7T Nea (_2k'VO)e(l;:-Vo/’Ucha)2

2
Vtha

k3, k-Vy
k2 Uthe

~ /T

using vgh; K Vo < Uthe-

Then the acceleration of an ion (charge ¢; = Ze) due to polarization drag is (see (V.3.2))

 Foa 2% k —kp k-Vo( K\
Gpol = m;  2mm; dkﬁﬁ k2 Uthe L+ k2

_ Zz 2\/>kDe/dk:k:k Vo <1+k12)e)_

2721 Vihe k4 k2
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Dotting this expression into 1//?) = Vy/Vp yields

— Z2er\/mt Ame?n, + e 1 K2\ 2
Vo=— x 21V, dp p? dkk? — 1+ -Re
ool V0 = T ome T o KK /0 3 ( * e
ATZ% M, 2 [ dk k3.\ 72
:_%MX,/ dk () 4 Fbe
My Vithe Lo 3 Jo k k2
1 1 k3, + co?
=T2'3 1<T>
must cut off wavenumber
integration! Set co — Emax,
so that this is ~In \je.
8/mZ%e*n. In \je 4/ 27'cm613/2Z2e4n€ In A\
=V =" 3/2
SmivtheTe BmiTe
42l ? Z2e*n, In M\,
— | ape = - Vo A (V.3.10)
SmiTe
Look in your NRL formulary, page 37... this is
ene 1 3T
Aol = —vie Vo With vy = e — 1 = m . (V.3.11)
MmN Tei 4/2mn; Z2%et In N,

This is our first glimpse of transport coefficients! Also, a strong suggestion that polariza-
tion drag is related to collisions. Stay tuned.

V.4. Summary: Recovery of Balescu—Lenard

Before proceeding, let us recapitulate the last few sections. We learned that moving
“test” charges in a plasma radiate plasma waves, and that this is because the asymmetry
of a Debye cloud around a moving charge pulls back on the charge. We learned that
these radiated waves are Landau damped by the plasma, and that a balance emerges
between emission and absorption. This provides a minimum amount of thermal “noise”
in the plasma. That this noise is precisely that which is responsible for “collisions” in
a plasma will soon be shown. We also invoked the test-particle superposition principle
(TPSP) to treat all the particles in a plasma as simultaneously being in the bath and
being test charges. This led to a picture of a plasma in which Debye clouds — rather than
Vlasov particles — are statistically independent.

I must admit that this is hard to picture. Each “test” particle serves as the nucleus of
a Debye cloud, and each particle serves as a member of another “test” particle’s Debye
cloud. This means that the “dressed” particles can (and do) overlap, even though such
clouds do not interact. This is really a statement about A being large, but not so large
that Vlasov is an adequate description.

From this picture, we found that each “test particle” with charge ¢, and velocity v
feels a velocity-dependent polarization electric field given by (see (V.3.2))

da k Im[D(k-v, k)]

o2 k2 |D(k-v, k)2’ (V-4.1)

Epol(v) =
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where

A3 k0 )
s 2 90 dv’ fz(v")o(k-v' — k-v). (V.4.2)

Combining (V.4.1) and (V.4.2) and exploiting the symmetries of the delta function in
the latter, we see that each particle in the plasma feels a force

N L [ dE 414045 2/ / o Ofs
anpol(U)—Zmﬁ/(2ﬂ)3 kk kQD(k:-v,k)‘ dv'né(k-v—k-v') B0 (V.4.3)

B

Store this in your short-term memory; you’ll need it in about 5 minutes.

We also found that each of these test particles excites a fluctuating electric field in the
responsive background plasma, which is given by (see (V.2.2))

o k ik - (r—Rp—vt)
0E(t,r) = _jdo ¢

om? k2 D(k-v,k)
k elk r—Ry)—iwt
27_[2/ / D, ) —2nf(w — k-v) (V.44a)
- et ik r—iwt E 4.4
/27T/dk:e SE(w, k), (V.4.4b)

where Ry is the initial position of the test charge. Each of these test particles must in
turn navigate through the resulting sea of such electric-field fluctuations, which have been
generated by all the other dressed “test particles” (whose initial positions are randomly
distributed). Now, at this point in the course, you might not understand why I'm about
to calculate what I’'m about to calculate, but there is a surprise waiting for you at the
end, so hold tight. Ensemble-average 6 E(t,7)0 E*(0,r) over the distribution of particle
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initial positions Ry and velocities v:
(6E(t,m)SE*(0,7) Z/dv /dRO fs(Ro,v") S E(t,r)0E*(0,7)
= Z/dv’/dRo fs(Ro,v")
qﬁ /dk/dk’ E ok (r—Ro—v't) —1k://-(r—R0/)
k2k? D(k-v',k) Dk -v k)
- XB:/ a fﬁ(”/)@ig)z/ e [ aw e D(k-v’,ek;;zl:’-v' W)

X /dRO ei(k:fk/) . (T*R(})

= (2m)38(k — k')

—Z/dvfﬁ / )kk

2
47“15 efik"u't
2Dk, k)

—iw 47t g !/
:/7 tZ/dv fa(w / 2 K k2D(q6kz)‘ 218 (w — k- v')
(V.4.5a)
i/g—b;e’i“’t<5E5E*>w, (V.4.5b)

where <6E5E*>w is the fluctuation spectrum of the fluctuating electric field. It satisfies

47 2/ ’ ’ ’
kJQD(k:-U,k)‘ dv' 2m(k v — k-v') fg(v').

(V.4.6)

) dk
(SESE™) _, = ;/(zn)s kk

You'll soon see (§VI.3) why I calculated this particular quantity.

Now, dig (V.4.3) out of your short-term memory and consider it alongside (V.4.6).
These formulae should look eerily familiar. Go all the way back to our derivation of the
Balescu-Lenard equation. Comparing these to (IV.4.4), it becomes apparent that

2
qa %
B, = <ma> <6E5E >w:k (V4.1
and
_ Yo 190
A, = aEpOl + 5 9o B.(v). (V.4.8)

Ah! So, we have discovered that the Balescu-Lenard operator (IV.4.5) accounts for
polarization drag, radiation of plasma waves, and the effects of particle motion on the
efficacy of Debye shielding. Now, what is the meaning of A, and B,? For that, we make
a foray into Fokker-Planck theory. ..
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PART VI
The Master equation and Fokker-Planck theory

Take therefore no thought for the morrow:
for the morrow shall take thought for the things of itself.

Matthew 6:34

A common thread running through all we have done thus far — dropping three-
particle correlations, obtaining the Balescu—Lenard collision operator, the test-particle
superposition principle — can be traced back to HWO01 and the fact that multiple
small-angle Coulomb scatterings are more important than a single large-angle scattering
(provided A >> 1). In fact, this idea was hidden in the calculation of discrete-particle
effects; notice that the trajectory of the test charge was a straight line (a consequence
of using the Vlasov response function). Another important theme, borne out in the
calculation of Balescu—Lenard from the BBGKY hierarchy, was that the two-particle
correlation function g.g is sourced by uncorrelated particles (recall Sop x fofs) and
that, on the timescale on which g.s relaxes, f, and fg are assumed to be temporally
constant.

In this part, we will show that the latter theme is equivalent to the Markov assumption
and that the former theme leads to the Fokker-Planck equation. Not surprisingly, then,
we will be able to recover the Balescu-Lenard operator via such a Fokker-Planck equation
using the lessons learned in using the test-particle superposition principle.

VI.1. The Chapman—Kolmogorov equation

As a result of these scattering events, particle orbits acquire a random, or probabilistic,
nature. A given phase-space point does not have a unique mapping through time, but
rather has a probability of arriving in a certain phase-space volume at some later time.
Let us then define the transition probability density At W (t + At,x;t,x — Ax) to be
the probability that a particle changes its phase-space coordinate @ — Ax at time t by
an amount Ax (not necessarily small) so that it arrives at the phase-space coordinate
x after a time interval At. The distribution function at time t + At is then obtained by
summing up all possible origins of f(t+ At, x), weighted by their transition probabilities;
the result is the Chapman—Kolmogorov equation

ft+ At,x) = At/d(A:c) W(t+ Atz t,x — Ax) f(t,x — Ax) (VL.1.1)

All particles end up somewhere, of course, and so
At / d(Az) W (t + At,x + Azx;t,z) = 1. (VL.1.2)

(Note that things are scaled such that W is a rate.)

The assumption here is that the future only depends on now, and not the past. This
is the Markov assumption. That this should hold true is not at all obvious, but can be
argued for as follows. Consider two billiard balls that somehow have become correlated in
their motion (perhaps due to a recent collision), so that their trajectories are aligned with
one another. Put a bunch of randomly distributed obstacles (say, other billiard balls) on
the pool table. Here is one possible outcome (after Krommes (2018, figure 4.2)):
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Obviously the particles are correlated on a collision timescale (not Markovian). But after
many collision times, the trajectories diverge wildly, and the situation is very nearly
Markovian. This is also a demonstration of extreme sensitivity to initial conditions, and
that even completely deterministic trajectories can wander randomly over the entire
available phase space. (A classic example of this is Brownian motion, to which we will
return shortly.) With A >> 1, it is easy to imagine a plasma being close to Markovian,
since there are so many particles affecting the two-particle correlations; things become
chaotic pretty quickly!

This is how irreversibility enters the picture. But Chapman—Kolmogorov does not
require irreversibility. Indeed, we didn’t discount some “sneaky conspiracy in the motions”
of the individual particles (Carroll 2010). Note that, if the transition probability is taken
to be a delta function along the self-consistent Vlasov characteristic ' = «/(¢, x), i.e.,

AtW(t+ At,z;t,x — Az) = §(x — Az — ' (t;t + At, x)),

then
flt+ At x) = f(t, @' (t;t + At, @),
which is just the Vlasov equation (f = constant along characteristics). Only phase-
space coordinates along the characteristic feed into the future distribution function. The
differential form of the Vlasov equation can be obtained by taking the At — 0 limit (see
below). This is important to note, since nothing irreversible is necessarily built into the
Chapman—Kolmogorov equation. But, for smooth, non-singular transition probabilities
(i.e., no sneaky conspiracies), irreversibility is implied by (VI.1.1).
A differential version of (VI.1.1) can be obtained in the At — “0” limit as follows:’

f(t+Ataw) — f(t,iL‘)
At— 407 At

= lim d(Az) [W(t + At,x;t, @ — Az) f(t,x — Ax)
At=407

“in”

—W(t+ Atz + Az;t, x) f(t,2)], (VL.1.3)
% = /df [W(ast, @) f(t, @) — W(@;t, ) f(¢, )] (VL.1.4)

This is the master equation. It describes the evolution of f(¢, ) due to inward transition

9 At — “0” means to take t to 0, but not smaller than wgl; the process must be nearly Markovian.



Irreversible Processes in Plasmas 83

from all other occupied states T at time ¢ into x (first term) and due to outward
transitions from « at time ¢ into all possible states T (second term).
A bit of kinetic theory history... The Boltzmann equation,

Dfa Z/ /d()( >|'v—v [[fa(t,m,w) fo(t, 7, w") = falt,r,0) fo(t, 7, 0")],

(VL.1.5)
where w and w’ are the velocities of the o and [ particles after a collision and
do/df? is the differential cross section (see HWO01), is an example of a master equation
(perhaps the example). The Markov assumption entered through what Boltzmann called
the Stosszahlansatz = “collision number hypothesis” or, less literal but perhaps more
descriptive, “molecular chaos hypothesis”; this is an assumption that all particles enter
into a collision uncorrelated (and so prior collisions do not affect future collisions). We
have already remarked on this in the context of Bogoliubov’s hypothesis.

VI.2. The Fokker-Planck equation

Now we leverage our knowledge about collisions in a weakly coupled Coulombic plasma
— that they are predominantly small-angle collisions. While not particularly necessary,
we also follow the assumption, used in the derivation of the Balescu-Lenard equation,
of a homogeneous plasma. Then (VI.1.4) can be Taylor expanded about v in small Av
using

W(t+ At,v;t,v — Av) = W(t + At, v + Av — Av;t,v — Av)

ow 1 _O*W
~W - Av 6—+ -~ AvAv  Sodu
and
~ of 0%
flt,v—Av) = f— Av- 0 + A Av 5000
to find
of 0 0 0
5~ d(Av)[ Av - 6—(Wf)+ ! vo: a—a—(Wf) , (VL.2.1)

where f = f(t,v) and W = W (t + At,v + Av;t,v).}° Adopting the shorthand notation
A= /d(Av) Av W, (V1.2.2q)
B= /d(A'v) AvAv W, (VI.2.2b)

equation (VI.2.1) may be written as

of 0 10 0
EN—a—v-(Af)Jr%—va—v.(Bf) (VL.2.3)

This should look familiar! (Recall (IV.4.5).) This is the Fokker-Planck equation.

1OAB: CD = Zij AlBjchJ
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Sometimes the Fokker-Planck coefficients (VI.2.2) are written as

(Av)
A= 1.2.4
At—cor At v @)
) (AvAv)
= 1.2.4
B~ m, S5 (V1248
where
<Av>::At/luAv)Avvu (VI.2.50)
(AvAv) = At/d(Av) AvAv W (VI.2.5b)
are the jump moments. We need to calculate them.
VI.3. Calculating the jump moments
Start by writing the equations of motion for a particle:
d
agzzv@% (VL.3.1a)
WL et ey = LB 1) + alt, z(t) (VL3.15)
dt  m ’ T oo P! ’ ' o
force on charge due force on charge due to inter-
to polarization drag actions with all other particles
(plus external fields, if present;
in HWO05, you’ll include Bext)
Integrating (VI.3.1b), we find
1 t
v(t) =v(0) + — dt' F(t',z(t")). (VL3.2)

m Jo

This may be substituted for the right-hand side of (VI.3.1a) and the result integrated
from ¢’ = 0 to t to obtain

r(t) =r(0) + v(0)t + 1 /t dt’ /t dt" F(t", z(t")), (V1.3.3a)
m Jo 0
zmm+mmu-1/ﬁwu—www%awn (VL.3.3b)
m Jo

To obtain the second equality above, consider the following diagram:!'!

1 Alternatively, write fg dt’ fot dt" H(t' —t")F(t",z(t")) and use fot dt' H(t' —t") =t —t" for
t" <t
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(
¢ Ll ¢ Laae

N ¥ SN RN
% t

Using (VI.3.2) and (VI.3.3b), the increments Ar(At) and Av(At) are then

Ar(At) = r(At) —r(0) = v(0)At + — / ds sF (At — s, x(At — s)), (V1.3.4a)
mJo

At

Av(At) = v(At) — v(0) = ~ [ ds F(s, a(s)). (VL.3.4b)
m Jo

These can solved perturbatively in small At:

At
Ar(At) = voAt + e / ds sF (At — s, xo(At — s))

At 9
m/ ds s[@(At — s) — To(AL — 5)] - 3 —F (At — s,xo(At —s)) + ...

Lo
(VL.3.5a)
At At 9
Av(At) = m/ ds F'(s,zo(s m/ ds [z(s) — o (s )]-T%F(s,wo(s))Jr...,
(V1.3.5b)

where x((t) = [r(0) + v(0)t,v(0)] is the unperturbed phase-space trajectory. (Fore-
shadowing: these are Lagrangian increments, measured with the moving particle, rather
than Fulerian increments, measured at a fixed position.) Henceforth, F = gEq1(v(t)) +
ma(t,r(t)) with (a) = 0; i.e., no magnetic field and a homogeneous background. With

1 At—s
(At — s) — ro(At — 5) ~ — / ds' s F(At — s — s',xo(At — s — s')), (VL.3.6a)
m Jo

At—s
v(At — 5) —vo(At — 5) ~ % ; ds'F(s', xo(s")), (V1.3.60)
r(s) —ro(s) = % /Os ds's'F(s—s',xo(s — 5')), (VI1.3.6¢)
v(s) — vo(s) =~ 7711/03 ds' F(s',zo(s")) (VI.3.6d)

inserted for the bracketed terms in (VI.3.5), we can proceed.
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It turns out that it’s easiest to compute B first (see (VI.2.4b)), so let’s do that:

(AvAv)
Ao At

1/ 1 2 At
:Ath—r&o”{At<m2 i ds F(s,xo(s)) ; ds’F(s’,mo(s’))> —l—}
11 A At
Ath—r;%O”{ E W A ds A dsl < [quol('UO) + ma(s, T’Q(S))]

X [qEpol(vo) +ma(s’,ro(s))] >}

B~

12

S I P—

At 407 m
At At
+Ait /0 ds /0 dS’<a(s,ro(s))a(s/,ro(s’))>}. (VL3.7)

Recall that we’ve assumed translational invariance so that {(a(t,7o(t))) = 0 along the
unperturbed orbit of the particle.

Before proceeding any further, note that the first term in this equation is smaller
than the second by a factor of vAt < 1 if the latter is associated with the (Markovian)
relaxation time v~ !, e.g., if @ = (¢/m)JE, with §E being the fluctuating electric field
generated by the thermal bath of charged particles. (Physically, drag and diffusion are
of the same order, and so (drag)? < diffusion.) Thus, we may drop the sub-dominant
E, . E,, term in (VL.3.7), a simplification that is verified a posteriori at the end of this
section. With a = (¢/m)0E, equation (VI.3.7) then becomes

B ) 1 q 2 pAt At , , .
2A2ﬂ0’7m<m>/0 ds/o ds' (§E(s,ro(s)) E(s', ro(s)))

L 1 q 2 LAt s
= Athjﬁo” A <m> /0 ds /szt dt (0E(s,7o(s)) 0E(s — t,ro(s — t))), (VL3.8)

where one of the integration variables has been changed to ¢ using t = s — s’. To perform
the integrals in (VI.3.8), examine the domain of integration (the  region):

Vv
o

(4)? b‘—\; 0

The correlation (0E(s, ro(s)) dE(s—t,r¢(s—t)) is only important when wyt ~ 1, which is
denoted by the B region. Outside of there, contributions to the integral are N(cupAt)’1 <
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1. Thus we may freely extend the limits on the ¢ integration in (VI.3.8) to 4o0:

' 1 At
B~ lim At( ) / ds/ At (5B (s,o(s)) SE(s — t.ro(s — 1)), (VL.3.9)

Now, write
OE 5 TO / /dki —iws+ik - ro(s) 5E K

d : .
5E(S — t,’l’o(s — t)) = / % /dk/ e lw "(s—t)+ik’ - ro(s—t) JEw’,kH

with ro(s) = 7(0) + vos and ro(s — t) = 7(0) + vo(s — t) = 7o(s) — vot. Then (VI.3.9)
becomes!?

g () [ 5 5 o[

<e—1(w+w’)s i(k+k')-7o(s ) i(w' —k" - vo)t 5Ew WOE., k:’>

At
— lim ()/ds/ dt/dw/dw/dk/dk’
At—)O”At

% efl(erw 5(27'[)35(’6 + k/)<el(w —k' -vg) 5Ew,k5Ew’,kz’>

do s () [Ta [T [ [ [

e—l(erw )5(27_[) <el(w +k-vg)t 5Ew,k5Ew’,—k>

= img (1) e [ [ e

x e i@te)s (9)3 <2m5(w +k-v)0E,, kéEw/__k>

At
P g dw —1w k-vop)
Jim At<m> / ds/ /dk (2m)? 6By 10E 1. vy >
. dw 71(w k-vg)At _ 1
Atlﬁ“O’ At( > / /dk < —i(w — k- vo) 5Ew’k5E_k'”°’_k>
= ( ) / /dk) 27'[ <(5Ew k(SE k-vo, 7k>

- (;i) /dkz (OESE)_, . 4 (VL.3.10)

which is precisely (V.4.7)!'3 Therefore, the Fokker—Planck coefficient B,, in the Balescu—
Lenard collision operator corresponds to diffusion in velocity space due to many small-
angle scatterings of particles off of correlated electric-field fluctuations. Because w =
k - vg, equation (VI.3.10) says that diffusion is a resonant phenomena; the only compo-

B

12The following steps are related to the relationship between Lagrangian and FEulerian
correlations — that is, those measured in the frame of the particle versus those measured at
a fixed position in the lab frame. See §5.3 of Krommes (2018), as well as later in these notes,
for more.

13To obtain the final equality in (VI.3.10), we have used (2m)2(SE,0E,/) = (§ESE), §(w+w').
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nent of 0 E, j that matters is the one with w = 0 in the frame of the particle. This makes
sense — the other frequency components just wiggle the particle back and forth, and that
oscillation averages out in the long-time limit. (This is related to quasi-linear diffusion.)

Now let’s compute A (see (VI.2.4a)):

. (Av)
A}LH‘I‘O” At

. 1 /1 At
= Al A\ m fy, GF(E ()

At
+ %/0 ds [@(s) — @o(s)] - aimoF(s, zo(s))+... >}

. 1 g [ 1 At
:A};Hlo” E%/O dSEpOl(v0)+E/o ds (a(s,ro(s)))

——
=0

A=

Ll

A ), ds (v(s) *’00(5)>’8i,UOEp01(”0)

use (VI.3.6d)

At
+$/0 ds<[7“(8)—ro(s)]-8(2()(1(8,7"0(3))>+,”}

use (VI.3.6¢)

CAtssor | Atm

(L 2/Atd/sd’E (00) - -2 Epon(v0)
At \m 0 i 0 # Fpoli0 Ovg pol 10

L T A , D
+E/0 ds/0 ds’ s <a(s—s,ro(s—s))-aroa(s,ro(s))>+...}. (VL.3.11)

1 At
— lim { g ds Epol(vo)

Again, with @ = (¢/m)dE, the second term is small compared to the last term by a
factor v At < 1; equation (VI.3.11) then becomes

At—<0" | m

+ <A1t (i)Z /0415 ds /05 ds's' SE(s — s',ro(s — §)) - aiTO(SE(s, ro(s))> + ... }
(VL3.12)

A= lim {quol(Uo)

Because At, while small, is nevertheless >w_ ! (remember the Markov assumption?), the
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integration limit on s’ in (VI.3.12) can be extended to +oo:

A~ %Epol(vo)

+At14‘0”At< >/Atds/ ds’ s <6Ess ro(s — ")) - £5E(5,T0(5))>-

(VI.3.13)

As before, write
SE(s, (s / /dk ik-rols)—iws 5@ 4,
SE(s—s ro(s— ) = /% /dkz' ok’ - To(s)—iw’s+i(w k- vo)s’ SE, 1.
Then (VI.3.13) becomes

At
4 . ,, [ dw [ dw ,
A~ mEpol(vo) JrAtla“O At( ) / ds/ ds’ s / / /dk/dk

% <e—1(w+w )s i(k+k’) - 7ro(s) l(w —k’ -vg)s’ ik-0E ’k’(SEwk>

At
_4 ; ;o [ dw [ du ’
et i, g () [T [0 [ 50 [ fo

x e 1@t (2m)35 (ke + k’)< (K00 i By OB, k>

At
_q (L =
= mEpol(’Uo) + Athﬂ“O At( > 8’00 / dS/ / / /dk;

« e ilwtw)s (2m)3 <el(w thevo)s' s ,kéEw,k>

At
_q 1/q dw
N mEpOI(vo) + Atha“o At ( > vy / / / /dk

x e iwte)s (9)3 <7‘c§(w +k-v0)5Ew,k5Ew,,,k>

q 11 At /dw/
=21FE, lim = . ds [ = [ dk
m- P 1(vo) T AtQ( ) vy /0 *) on

« (27.[)3<e—i(w—k ~vo)s 5Ew,k5E7k: . vo,fk>

. W L1(1
—mEpol(v0)+AtILI)I}LO>7 tg( ) Ao / /dk

5 71(w k-vo)At _
2 5Ew OF _j .0y —
x (2m) < Tiw — kw0 & k- vo, k:>

a L[ dw 3
D) 2 [ ko 5B )
q

m) O./dk(&EkaE_k>w:k_vo

B(v,), (V1.3.14)

= q IUO
= o
m p

41
2
_ 9B (o) 4k
—m pol 0 2
q 10
= EEpol(’Uo) + 587
4.8

which is precisely (V.4.8)! So, we have learnt that A in the Balescu-Lenard operator
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corresponds to a particle, on the average, changing its velocity — this is a drag term. In
the case of E, it’s just polarization drag. For the B piece, it’s dynamical friction (i.e.,
trying to wade through a bunch of waves).

Sometimes, instead of

0 10 0
“a0 AN+ 55,5, (BS)

for the Fokker-Planck collision operator, you'll see
0 ’ 10 of
2 .(A - < . (B-Z
v (A'f) + 2 Qv ( 8'0)’

with A" = (q¢/m)Epo(v) representing only the polarization drag. No physical difference, just
notation.

Thus, we have drag (A) and diffusion (B). Pictorially, the relaxation to equilibrium might
look like this:

I
I
|
[
| Y
I
I
I
I
|

1V

1
|
1w |
|

v

A Maxwellian distribution is thus a balance between drag, which slows down particles,
and diffusion, which broadens the distribution.

I
I
I

Had we retained the first term in (VI.3.7) proportional to Epo1(vo)Epe(vo), we would have
obtained a correction to B, given by

2
lim At(q—a> Eo1(v0)Epol (vo).

At <0? Mo
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With Eo1(vo) given by (V.4.3), we may estimate the size of this neglected term to be

2 2 2
NAt(iq“qﬁ neto ln/\aB)

3
MaMp Vi g

Let us compare this to its competing term, (ga/ma)> [ dk (§ExE_k)w=k - vy, Which we retained.
Using (V.4.6), its size is
4295 ng
m3 Vthg

~

In Aag.

With vg ~ vtha, the ratio of these two terms is

qaq5ms In Aas maTa - A

I/a,B MaTo
mgvghﬁ mpTp mglp

~ At <1,

where the collision frequency v*? is given later in these notes by (VIIL.6.28). Thus, (drag)? is
indeed < diffusion, and we rightly dropped the E01Epol term when calculating A and B.

VI.4. Summary

A summary is in order, before we proceed any further.

We began by obtaining the Balescu—Lenard (and then Landau) collision operator from
Klimontovich and the BBGKY hierarchy. This came from a direct solution of the BBGKY
hierarchy for the two-particle correlation function, which was possible only after using
Bogoliubov’s hypothesis: f, is roughly constant over the timescale on which g,g relaxes,
which we now see is equivalent to the Markov assumption (that is, the time axis is coarse-
grained in units of At larger than w; ! which measures the interaction of one particle
with the Debye cloud of another). The B-L operator captures polarization drag, radiation
of plasma waves and the dynamical friction and diffusion that result from many small-
angle scatterings off of these fluctuations, and the effects of particle motion on the efficacy
of Debye shielding. These effects are neatly categorized into Fokker-Planck coefficients,
A, and B,, which represent drag and diffusion, respectively. That these coefficients can
likewise be obtained using the test-particle superposition principle indicates that we can
rigorously view the plasma as being comprised of statistically independent Debye clouds
(at least to the order of A in which we are working). This is related to the fact that we
could split the solution for g,s into the product of two one-particle response functions,
which are coupled at the next order by a source term describing the Coulomb interaction.
Also note that A, and B, were evaluated along unperturbed orbits (see (VI.3.9) and
(VL.3.13))!

As part of this summary, below I've matched up the assumptions made and procedures
taken when going from BBGKY to the Balescu—Lenard operator and from Fokker-Planck
to the Balescu—Lenard operator, color-coded:

1

(1) Assume that the two-particle correlation g, relaxes on a timescale ~w;* much

less than the timescale on which f, evolves.

(1)  Calculate the plasma response ¢ f, and the electrostatic response ¢ due to a test
charge in the long-time limit At > w L

(2)  Neglect three-particle correlations hqg.
(2)  Focus on a single test charge and its dressing.

(3) Take f, to be homogeneous on ~Ap scales.
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(3)  Consider jump moments only in velocity space and not in configuration space.

(4)  Drop gqp from the source term S,g, so that particles enter into correlations being
initially uncorrelated.

(4)  Assume small-angle scatterings and adopt the Markov assumption.

(5)  Solve the reduced BBGKY hierarchy using the Vlasov’s Green function, which
assumes straight-line trajectories.

(5)  Solve dv/dt = (¢/m)E and dr/dt = v for a single dressed particle in the short-
time limit, compute the jump moments (Av) and (AvAv), and substitute these
into the Fokker-Planck operator assuming the test-particle superposition principle.

Both of these approaches ultimately lead to the same Balescu—Lenard operator. Make
sure you understand why.

PART VII
The Langevin approach

How dare we speak of the laws of chance? Is not
chance the antithesis of all law?

Joseph Bertrand
Calcul des probabilités (1889)

Looking back at a lot of what we’ve done — obtaining the Balescu—Lenard operator,
discussing free-energy conservation, deriving the Fokker—Planck equation and its coetfhi-
cients — there was always a coarse-graining of the time axis. We were concerned with
times longer than w, ! the auto-correlation time on which Debye shielding is set up (and
on which reversible physics lives). For example, in the Fokker—Planck approach of the
last chapter, we computed the jump moments (Av) and (AvAwv) by expanding in small
At, “small” meaning At — 0 while having w, At > 1. These moments were then fed
into the Fokker—Planck equation to obtain the long-time physics. They were intrinsically
probabilistic, being moments of the transition probability rate W (t + At, x;t,x — Ax).

There is an alternative approach, due to Langevin, which computes the moments for all
times conditioned on initial conditions. It’s easy to imagine that this is much harder than
obtaining the Fokker—Planck coefficients, but one can nevertheless do it for some simple
problems. And the Langevin approach has use in statistical descriptions of turbulence
and a rich history in the context of Brownian motion. For these reasons, and for providing
a solid foundation for Fokker—Planck theory, Langevin’s method is worth discussing.

We’ll start simple.

VII.1. The Langevin equation

Consider a single particle of unit mass with phase-space coordinates (z,v) at time ¢,
subject to an external force a(t) and to a drag force with a rate 4. The equations of
motion are

dz

dz _ IL1.1
L (VILL1a)
D vt a). (VIL1.1b)

dt
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Let a(t) be a non-random oscillatory force, a(t) = agexp(—iwpt). Assuming z(0) = zg
and v(0) = v, the solution can be obtained by direct inspection, Laplace transforms, or
a Green’s function approach.

The Laplace way:

o iwt % _
/o dte [dt—l—’yv—a(t)}

= —iwv(w) —vo +yv(w) = ao/ dt el w0t —
0

iao
w — Wo

= v(w) = o — ao
S wtiy (W—wo)(wtiy)
dw _jue| ivo ao
ty=[ =2 -
== [ 5 [wm (wfwoxwm)}

2mi (. ao iwgt ao —~t
= —""|ivge 7" — e WOt 77
wo + 17y wo + 1Y

—~t iag —iwgt —~t
=woe " + . (e @0 fe”),
wo + 1Y

where the following contour was used to perform the inverse-Laplace transform:

W=0y~10

The Green’s function way:

v(t) = voG(t) + /Ot dt' a(t)G(t —t') with G(s) =e 7°

¢

—~t ’ —iwot! —y(t—t’

:voew-l—/dtaoe fwot” g =(t=t)
0

—t iao —iwgt —t
=wvoe "+ —— (e 1o —e”).
wo + 1Y

Either way, taking the real part of the solution gives

v(t) = (vo — u%) e 7t 1 ﬁ (wo sin wot + 7y cos wot). (VIL.1.2)
Note that, as t — oo, the particle eventually oscillates at the driving frequency.

Now, let us suppose that the external force a(t) is random and independent of v. Then,
while dv/dt = —yv+a(t) may look like a simple differential equation, it is not. Rather, it
is a stochastic differential equation. It’s different, because we don’t actually know what
a(t) is — we just know that it’s random.

There are two ways to think about how a solution might be obtained. Suppose that you
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did know a(t) experienced by some particle. In principle, then you could go ahead and
solve (VII.1.1). But the next particle under consideration would experience a different
a(t). (Remember “deterministic within any particular realization, stochastic between
different realizations”?) So you’d have to solve that one. Now draw yet another force
a(t) from the random-force generator and solve (VIL.1.1) for that realization. Do this a
bunch of times, and this will quickly get exhausting. It’s probably best then to speak of
some typical solution; i.e., we consider the ensemble average. For example, the ensemble-
average value of all these randomly generated, but individually deterministic, forces might
be zero, i.e., (a(t)) = 0. The standard deviation, probably not. You could use the statistics
of the forces to say something about the statistics of the particles’ motion.

The other way is to simply admit that it’s unrealistic to actually know a(t) in any
specific case. Instead, we only know certain gross features of it, e.g., its average value, or
perhaps its standard deviation. (For Gaussian statistics, that’s all you need.) Then we
could use this crude information to say something about, e.g., the average value of v or
maybe of v?. We adorn these gross features of a(t) with brackets (...).

This is the goal of solving the Langevin equation, which is simply (VIL.1.1b) with a
random a(t). Clearly, some statistics of a(t) must be provided. Let’s see this in action.

Solving (VII.1.1b) with a random a(t), we have

t
v(t) =voe et / dt’ a(t')e . (VIIL.1.3)
0

At this point, we can’t go any further. But, let us assume that, on the average, the force
vanishes at any given time: (a(t)) = 0. Then, taking the average of (VII.1.3), we have

(v(t)) = voe™ ", (VIL1.4)

and so
(2(t)) = 20 + %0(1 —e M. (VIL1.5)

This is not surprising, but there is an interpretive subtlety. These equations are not saying
that the velocity and position have been determined, but rather that the ensemble average
(or expectation value) is known. (Individual particles in a many-particle system might
do different things, but their average behavior is known.)

We can obtain more information by computing some quadratic quantities, such as the
variance in position (22(t)) — (2(¢))? or in velocity (v?(t)) — (v(t))?, or perhaps the two-
time correlations (z(t1)z(t2)) and (v(t1)v(t2)). The latter tell us information about the
correlation between the position and velocity of the particle at time ¢ and at time ¢4,
given that we know where it was at t = 0. For example,

to ty
(v(t1)v(ta)) = <v§e_7(t1+t2) + pge Y (rHt2) {/ dth a(th)e" —|—/ dt&a(t’l)e'ytl]
0 0
t1 ta ’ ’
+e—V(“+f2)/ dt’l/ dt!, a(t’l)a(t;)e7<t1+t2)>
0
t1 2 ’ ’
= v2e V(itt2) 4 o=(hitt2) / dt; / dth (a(th)a(ty))e T+t
0

= (v(t1))(v(t2)) + / a, / "t} (a(t))a(ty))e R (VILLG)

Given the two-time correlation for the forcing, we can determine the two-time correlation
for the velocity.
In many cases of interest (e.g., Brownian motion), the kicks imparted by the force are
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both fast and uncorrelated. To get a feeling for what this means, imagine the force is
due to collisions between our particle and some other particles. If each collision takes a
time %011, then it’s obvious that, on timescales less than t.oy, there will be a correlation
between the forces imparted on our particle because these forces are due to the same
collisional process that is taking place. But if we consider times t > t..)1, the force will
be due to a different collision with a different particle. The statement that the force
is uncorrelated means that the force imparted by later collisions knows nothing about
earlier collisions. Mathematically, this means

<a(t1)a(t2)> =0 when |t1 — t2| > teoll- (V1117)

“Fast” means that the timescales of interest all satisfy |t; — ta| > teon, and so we can
effectively take t.o1 — 0. That doesn’t mean that the correlations vanish; rather,

| (a(ti)a(tz)) = €d(ta —t1) | (VIL.1.8)

where € governs the strength of the correlations. Equation (VII.1.8) is called white noise.
As written by David Tong in his excellent lecture notes on kinetic theory,'*

It is valid whenever the environment relaxes back down to equilibrium much
faster than does the system of interest. This guarantees that, although the system
is still reeling from the previous kick, the environment remembers nothing of what
went before and kicks again, as fresh and random as the first time.

Let’s see where this leads.
Using (VII.1.8) in (VII.1.6) and assuming t5 > ¢; > 0, we have

<mmmw»:@@»@@»+Alwgéi%sagfﬁmWHwM4m

t1
— (e () += [ df i)
0

= (v(t1))(v(ta)) + — |~ T\*271) — e T2 .1.9
25 vy(tz—t1) v(ta+t1) VII
g
At late times (t1,t2 — 00),
(v(t)v(tz)) — % e~ (t2—t), (VIL.1.10)

i.e., the correlation between velocities decays. So, if you know wv(t1), then v(ty) will be
similar if to < ¢1 + 1/7; but if you wait any longer, all bets are off on the velocity at to
based on v(¢1). (This is called an Ornstein—Uhlenbeck process; this process converges to
the same PDF for any initial condition. Every Markovian, stationary, Gaussian process
in an Ornstein—Uhlenbeck process.)

Note further that

<v2(t)>—>2i as t— oo. (VIL1.11)
B

In this long-time limit, one would expect energy equipartition between the test particle
and the noise bath:

2
Vth

(w2 (t) = %

which is a fluctuation-dissipation theorem (Einstein 1905, 1956). This is remarkable —

= =3, (VIL.1.12)

Myyw.damtp. cam. ac.uk/user/tong/kinetic.html
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there is a relationship between the diffusion of the particle in velocity space (statistically)
and the slowing-down of the particle due to drag (statistically).

Before further discussion, let us finish calculating the linear and quadratic expectation
values for our 1D-1V problem. We already have

(w(t)) =woe™ ™, (2(t)) = 20 + ”;"(1 —e ),

9

02(0) = (o(0)? = (803(0) = = (1= ");

now compute

= zo{v(t)) + / dt (o(8)) (w(t))) + — /f‘ & |:e_—y(t—t') B e—'y(t+t/)]

0 2y
t
= (v(t)) {Zo +/ dt’ er”/] + i/ d’ [ef'y(tft’) _ e*“/(tth’)}
0 2y Jo

= WON) + 5 [1 (1) 4 (e - >]
(8=(0)00(1)) = (=)0 (8) — () (0(B) = 55 (1 =) (VIL113)

and

<22(t)>:<[20+ Otdt’v( )} {zo—f—/tdt”v( ”)D
22425 / / a’ / a" (o(t ("))
— (0 - e+ M

t t
+ . dt/ dtl/ e,,y(t’ft'/) B e*W(t'Hﬁ”)}

27 /
e [* t o o
2+ —/ dt’/ dt” 2H(t' —t") {eﬂ(t —t") _ gt +t )]
27 Jo 0

N——
gives needed

time ordering
(see figure)

&

= (2(1) 2+5/ dt’/ dt” —E =t e*W'H”)}
7 Jo 0
¢ 1 1 ) ,
= <Z(t) 2 + E/ dt’ [ —'yt 7(6_2% et ):|
Y Jo gl gl
2 1
= (2(t)* + % [t + 5( e —1) + 3 (1= e_27t)}

=5 (2715 —344e” M — e, (VIL1.14)
o
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These results are summarized in the table below (which follows Table 6.1 of Krommes

(2018)):1°
vt <1 vt > 1
(short times) (long times)
() vo(1 —~t) 0
(collisional slowing down) (randomization of particle velocity)
(2) 20 + vot 20 + v/ = 20 + Amp
(free streaming) (randomized in a mean free path)
(5v2) et e/2y=T
(velocity-space diffusion) (thermalization)
(620v) et? /2 /22
2
(522) ct3/3 et/

(real-space diffusion)

The result (622) ~ et3/3 for 4t < 1 is particularly important; it implies that there is
rapidly increasing uncertainty in the particle position at short times. Sometimes this is
referred to as “orbit diffusion” or “resonance broadening” (Dupree 1966).

The next thing to do is to connect this exercise, devoid of plasma physics, to everything
we’ve done up until now. Before doing so, a few things are worth noting:

(1)

The Einstein relation € = yv3, gives an excellent way to determine Boltzmann’s
constant experimentally. We found (§2%(t)) = et/v* = v} t/v, and so, if we
know temperature and the drag rate, we can measure (§z2) versus time and
determine Boltzmann’s constant. For example, with v = 6mna/m (Stokes’
law, where 7 is dynamic viscosity and a is the radius of the particle), we
have kpoi, = (622())(3mna/Tt). In 3D, (|dr(t)]?) = 3et/+?, in which case
kpoitz = (|67(t)|?)(ra/Tt). This formula was used by Jean Baptiste Perrin
in 1909 to measure kpoit, (published in 1912); the value was consistent with
other values previously determined from tests of the ideal gas law and from
measuring blackbody radiation. This experiment constituted the first experimental

15y = 0, or the short-time limit shown in the table, corresponds to a “Wiener process”:
dv/dt = a(t) for {a(t)a(t')) = ed(t —t'). This gives Brownian motion.
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demonstration of the physical reality of atoms and molecules, and it earned him
the Nobel Prize in 1926. (Wikipedia has a very nice page on Brownian motion;
the history of the discovery and theoretical development is quite interesting.)

Because At > t.on and the kicks are statistically independent, a(t) is the sum
of many independent random variables. By the central limit theorem, a(At) is
essentially Gaussian — “Gaussian white noise”. Moreover, since the sum of two
jointly Gaussian variables is also a Gaussian, then z and v are Gaussian. This
means that the probability distribution functions of z and v are completely
specified by the first and second cumulants (z(t)), (v(t)), (z(t)v(t')), (v(t)v(t)),
and (z(t)z(t")).

Note that (v) = 0 for vt — oo but that (§z) = vo/y = Amsp. In other words,
the velocity is completely randomized by the kicks, but the particle position has
advanced by a mean free path. Thus, spatial diffusion! (Mathematically, (§z) #
(6v)t as yt — 0.)

Equation (VII.1.8) can be inverted:

/ Car [ta(vat)) = <o ).

t

Writing ¢ = ¢ + 7, we have

/OO ar [(a(t)a(t + 7)) = 26(r)].
0

This should hold for any time:

== /0 dr (a(0)a(r)) = = (VIL.1.15)

(The factor of 1/2 comes from integrating half of a d-function.) This is Taylor’s
formula for diffusion. Correlation functions are intimately related to transport
coefficients.

What if a(t) had a finite correlation time? Recall

(602 (1)) = /0 t dt’ /O t At (a(t')a(t")) 7+ =20, (VIL1.16)

Set v = 0, since it will only affect the long-time limit when the precise value of
teon shouldn’t matter anyhow. Furthermore, let us assume a(t) to be stationary,
ie.,

(a(ta(t")) = {a(t’ = t)a(t" — 1)) = (a(0)a(r)).
Then (VII.1.16) becomes

02 :t/t//a/a//
@@>Aaéa<mu»
0

t+7/2 t t—7/2
a7 + / dr (a(0)a(r) / ar,
0 T

= dr (a(0)a(r
(@(©a() [ .

—t —7/2

where 7 = ¢ — ¢ and T = (1/2)(¢' + ¢""). This change of variables looks like this:
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where the hatched regions denote the region where substantial auto-correlations
in a(t) occur (i.e., |7| < teon). Then,

(6v%(t)) = /0 d7 (a(0)a(r)) (t + T4 I) + /Ot dr (a(0)a(r)) (t T Z)

» 272 272
= dr (t — 7){a(0)a(—7) + a(0)a(r)).

(602 (8)) = 2t / dr (1 — 7/t){a(0)a(r)). (VIL1.17)
0

Note that, if (a(0)a(r)) = ed(7), then (6v?(t)) = et, as needed. In general,
(a(0)a(r)) has some finite area defined by

. 1 o
teonl = m/{) dr (a(0)a(7)), (VII.1.18)

where (to remind you) tcon is the time a collision takes (equivalently, the “auto-
correlation time” of the forcing). Then the correction term in (VIL.1.17) (i.e.,
—71/t) is of order ~(tcou/t). When t.on < t, this term is negligible and we recover
(5v2(t)) = 2t fot dr (a(0)a(r)), which is Taylor’s formula with e = (6v%(t))/t as
t — oo. Then, £/2 = (a?(0))tecon- (Almost anything looks like a delta function
from far enough away!)

(6) We’ve done all this for scalar fields, but things easily generalize to vectors: the
standard Langevin problem can be written as

dv
ik and Eff'yqua(t),

with
(a(t)a(t')) =ed(t —t")I.

Of course, one could imagine variations to this... maybe the drag force is more
general, say, A(v). Maybe the correlation tensor el is more general, say, B(v).
(These names are highly suggestive, aren’t they?) Perhaps a,(t) has a correlation
with a;(t') (e.g., if there is a magnetic field), or perhaps only one component is
being forced. One useful forcing scheme in kinematic dynamo theory is due to
Kazantsev (1968) (and independently introduced in the context of passive scalar
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advection by Kraichnan (1968)):
<Ui(t, ’I’)Uj (t/, 7"/)> = 5(t — t,)liij (’I‘ — ’I’/)
with
1 [, 1
Kij (Y) = Kodij — 52|y dij — QYiYi |+

being a Taylor expansion of the velocity correlation tensor. This drives magnetic-
field growth in a way whose statistics are exactly solvable.

Because we’ve taken a(t) to be independent of velocity and position, things have
been nice and simple. We had a linear Langevin equation. More generally, a(t) will
depend on position and/or velocity: a = a(t, z(t)), where = (z,v) denotes the
full phase-space coordinate. If so, then the Langevin equation becomes non-linear.
We must solve

— d d'U —
g =v ad L =- + a(t,z(t)).
The random forcing must be computed along the phase-space trajectory of the
particle (cf. (VII.1.16)):

o) = [t [ ar ' a))ae (e,

This is a Lagrangian correlation. If a(t) is stationary, then (setting v = 0 for
simplicity) we have

(G03(1)) = 2 / dr {a(r, 2(r))a(0, 2(0))),
0

in which case

g=2Awdﬂqnﬂﬂmmwmm (VIL1.19)

is the diffusion coefficient. The Lagrangian correlation is the important one, since
it takes into consideration the phase-space history of the particle as it moves in a
phase-space-dependent environment. Of course, experimentally, FEulerian correla-
tions are measured, i.e., correlations at a fixed location. One must then translate
between the two, which is often difficult (if not impossible). But, did you notice
that we’ve already done such a calculation? Remember when we were computing
the jump moments to obtain the Fokker—Planck coefficients? We had (cf. (V1.3.7))

(dv(t)ov(t)) :/0 ds/o ds' (F(s,z(s))F(s',z(s"))),

and we solved perturbatively in small times w; '« t < v7! so that =(s) ~
2o+ (de/ds)|z=z, s+. ... The manifestation of this Lagrangian focus was the §(w—
k-v) factor in (VI.3.10) and (VI1.3.14), which is related to quasi-linear diffusion
(see §5.3.3 of Krommes (2018)).

There is a subtlety when the random force depends upon the phase-space coor-
dinate of the particle. If the force depends on x(t), but the system is getting a
delta-function impulse at time ¢, then x(¢) is not well defined during the kick.
There are two interpretations that work around this:
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. Ito: The forcing is dependent upon the position just before the kick occurs
(i.e., forward Euler method)

. Stratonovich: The kick is really not a d-function at all, but rather a process
the occurs over a small period of time. Then, the forcing should be deter-
mined by the average of the position @(t) over this small (but finite) time
interval (i.e., Crank-Nicholson method)

One would hope, of course, that the two give no macroscopic difference, but, alas,
that isn’t true. For us, what we’ve done is to consider a forcing with a small but
finite auto-correlation time, and then we took f.,; — 0. This gave things like
Jo° da§(x) = 1/2. This is in line with the Stratonovich interpretation. (Ito would
have [;° dz d(z) = 1.) If there is ever any confusion, it’s best to work with an a(t)
that has a finite auto-correlation time, and then take that time to zero at the end
of the calculation. (In a numerical simulation, the algorithm would determine the
interpretation, so be careful.)

VII.2. Relationship between Langevin and Fokker—Planck

There is a close relationship between the Langevin equation and the Fokker—Planck
equation. To see this, imagine a particle at some velocity at time tg, say, vg. If the
subsequent evolution is noisy because of some stochastic forcing, then the Langevin
equation can be used. But we will have no idea exactly where that particle will be in
velocity space. The best we can do is speak of probabilities: P(t, v;tg, vo) is the probability
that the particle has velocity v at time ¢, given that it had velocity vy at time ty. The
Langevin approach is to express this uncertainty in terms of correlation functions. Here
we ask: what P(t,v;tg,vo) would lead to the same correlation functions that arose from
the Langevin equation?

Denote the solution to the Langevin equation for a given noise function f(t) as vy(t). If
we knew what this noise is, then there is no uncertainty in P(t,v); it is simply 6 (v—v#(t)).
Averaging over all possible noise, however, gives

P(t,v) = (5(v — vy (t))). (VIL2.1)

(This should look very familiar from the beginning of the course and the discussion of
Liouville-averaging the Klimontovich distribution. Not a coincidence!)

Using this definition, we ask: What is the probability P(t + At,v;t,v — Av) that the
particle has velocity v at time ¢ + At given that it had velocity v — Av a moment earlier
at time ¢? This is just

P(t+ At,vit, v — Av) = (5(Av — Av)), (VIL.2.2)

where Av is a random variable denoting the change in velocity in a time At. Next, we
Taylor expand the delta function:
P+ Aot — Av) = (14 (G2 + L@AZ 1 Vs (VI1.2.3)
, U3t v) = Vg, T3V )gat-- v). 2.
(If that made you queasy, just know that all this will be inside an integral. If that doesn’t
quell your stomach, then write the delta function as your favorite distribution that reduces
to §(z) in the limit € — 0.) This goes into the Chapman—Kolmogorov equation (VI.1.1),

P(t + At,v;tg,vg) = /d(Av) P(t+ At,v;t,v — Av)P(t,v — Av;tg,vp).
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Remember: this states that, given some initial arbitrary velocity vy at tp, the particle
must be somewhere in velocity space between then and ¢t + At. Making the substitution,
we obtain

P(t 4+ At, v;to,v9)
/d(Av)K1+<Av>aa+ <N2 82 ) } t,v — Av;to, vo)
0
ov?

b:pP(t,v;to,vo)f%{(&> (tvto,vo)} [( VP(t,vito, 00)] + .-

(VIL2.4)

1
2

— —2
For the Langevin problem, (Av) = —yvAt and (remember?) (Av ) = e At for small At
(i.e., YAt < 1 but At > teon). Expanding (VII.2.4) in small At then leads to

P(t,v;t
Pt vsto,v0) + At ZPE00D) by g ) — 2 [ uatp(r, vsto, o)
19 )
+ 5502 [eAP(t,v;to,v0)] + O(AL?)
oP 0 £ 02P

which is just the Fokker—Planck equation (VI.2.3) with drag and diffusion!
The equilibrium 0P/0t = 0 is

0 e oP
3v< PS5 >0
_ () w1 _v
:>P_(7'cs) exp( =)= Jron exp 2 ) (VIL.2.6)

where, in the final equality, I have used the fluctuation-dissipation relation ¢ = yv3 . A
Maxwellian, as expected.

For v = const and € = const, the Fokker—Planck equation can, in fact, be solved
exactly. I will use a Green’s function approach:

P(t,v) = /dvo G(t,v;0,v9)P(0,vp), (VIL.2.7a)
with

G(0,v;0,v0) = d(v — vp),
oG 0 e 0°F

o = 5,06 + 555 (VIL.2.7b)
Start by writing
G(t,v;0,v9) = /d—keik”Gk(t).
2m

Then, away from v = vy,

d(i’“ k% + %Gk =0. (VIL2.8)
Ansatz:

ek?

In Gy = —ikvoa(t) — —5( ).
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(It must be Gaussian!) Differentiating in time and wavenumber gives

dIn Gy o da  ek?dg 0ln Gy, . 9
dt ST 2 ar M ok ikvoyer —7ek™s
Plugging these expressions back into (VIL.2.8) puts the following constraints on « and S:
da ds
— = d —+298-1=
T +~va=0 an & + 278 0

1
— a=ape "t and B= 2—(1 — e_zwt),
Y

and so
In G, = —ikvgagpe t_ 7]62 (1 —e 2 t)
k 00 ]'Y .

The initial condition G (0) = exp(—ikvg) implies g = 1, so that

2
Gr(t) = exp [—ikzvoe_”t — % (1- e_27t)} ) (VIL.2.9)

Completing the square and defining 02 = (£/27)(1 — e=27%), equation (VII.2.9) becomes

o? iwpe= "\ 2 v2e— 27t
Gk(t):exp[—2<k+ — ) — 0202 .

This form is useful, since the Fourier transform of a Gaussian is a Gaussian:

dk | 2 1
/7 elkvefk 0?/2 _ e7v2/202.
2m 2102

Defining K = k + ivge™ 7! /o? and proceeding with the inverse Fourier transform. ..

dk
G(t,v) :/%e‘k”Gk(t)

dk . 2 2 2 —2vt o 2
_ 7elkvefK o /2671)08 /20
21

_ ef(vaoe_'yt)2/2cr2ev2/20'2 </M6K202/261Kv>
27

_ 1 ef(vaocf"’t)Q/ZUQ'

2702

Simple! With 202% = (g/7)(1 — e™2") = v3 (1 — e=27%),

1 e (w—voe™")?/vd (1—e™*)
VT V1 — e-27t

Note that, for v¢ — 0o, this becomes e~¥"/h /,/7tvy,! This relaxes any P(0,vo) towards
a Maxwellian, by broadening the standard deviation and pushing the mean towards 0.
The lesson here is that the Fokker—Planck and Langevin approaches are in many ways
the same. Both involve a coarse-graining of the time axis over the auto-correlation time
of the forcing; both reveal a relaxation towards a Maxwellian equilibrium; and both,

G(t,v;0,v9) = (VIL.2.10)
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accordingly, describe the effects of drag and diffusion. Where they differ is that, in the
Fokker—Planck approach, we only required the short-time jump moments. Once those are
obtained, they can be fed into the Fokker—Planck equation, and the PDF can be evolved.
By contrast, the Langevin approach describes the statistics captured by the PDF in the
form of correlations (“cumulants”), which are explicitly calculated for all time depending
upon the initial conditions. From this, it is clear that the Fokker—Planck approach is
logistically superior, since short-time physics is easier to calculate than all-time physics.
In fact, there are problems where one cannot explicitly solve the Langevin equation but
can at least formulate the equivalent Fokker—Planck equation. See §§7.2,7.3 of Krommes
(2018) for more.

PART VIII
Simplified collision operators

The transport will flow along the party line.
Alex Schekochihin, on the “KGB” operator

In practice, the Landau collision operator (IV.5.9) is rarely used, let along the Balescu—
Lenard operator (IV.3.22). Simplifications to the Landau operator are instead employed,
some more rigorously obtained than others. In this part, we investigate several of these
approximate collision operators.

VIIL.1. Krook (or BGK) operators
One of the crudest collision operators is the Krook (or BGK) operator:

1

713/2

C[fa] =V (fa - fM,oc)a where fM7a = 3
tha

eV /Viha / dv fo.  (VIILL.1)

This operator simply pushes f, towards a Maxwellian with a specified temperature T, =
(1/2)mav3,,, while conserving particle number at some specified rate v. (The papers are
Bhatnagar et al. 1954 and Gross & Krook 1956.) The assumption here is that there are
no sharp discontinuities in f, and so it stays close to Maxwellian. This operator does not
conserve momentum or energy. One could repair this flaw by constructing an operator
that pushes f, towards a Maxwellian in the correct frame:

1

Clfo] = v (fo — fata), where fyo = 3/273<f|v*“‘2/”?ha /dv fo  (VIILL.2)
T Vtha

and u = ([dvvf,)/([dv fy). A similar fix would patch up the temperature for energy
conservation, using ([ dvmav?f,)/([ dv f,) to determine the thermal speed to be used
in fu,e. Other versions have been constructed for electron-ion collisions (Greene 1973)
and for including trapped-particle effects (e.g. Kadomtsev & Pogutse 1970; Tang et al.
1976; Tang 1978).
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VIII.2. Lenard—Bernstein operator

We have already encountered another approximate collision operator that annihilates
a Maxwellian in HWO02: the Lenard—-Bernstein operator

2
Clfa] = 1/% . (fufa + ”ga %’Z"), (VIIL2.1)
which is described in Lenard & Bernstein (1958) and Dougherty (1964) (see Francisquez
et al. 2022 for a recent update and additional references). This should also look familiar
from our discussion of the Langevin equation (cf. (VII.2.5)), and thus it includes both
drag and diffusion and pushes f, towards a stationary Maxwellian. This operator con-
serves the number density of particles and represents some diffusion in velocity space,
but uses the same collision frequency for both drag and diffusion. Thus, there is no
distinction between pitch-angle scattering and energy diffusion. Momentum conservation
may be gained by modifying (VIII.2.1) to push f, towards a moving Maxwellian as
follows (Kirkwood 1946):

Clfa] = y%- (v —u)fa+ ”%a %ﬂ, u= (/dvvfa>/</dvfa>. (VIIL.2.2)

If you recall HWO02, the Lenard—Bernstein collision operator takes on a particularly
elegant form in Hermite space, —mv, where m is the Hermite number (the velocity-
space analogue of the Fourier wavenumber k in real space). One can conserve momentum
and energy by demanding that m start at m = 3. Nice.

VIII.3. Rosenbluth potentials

Now let us return to the Landau collision operator (IV.5.9),

8@ ’ 2 321 >\Ot 0 / / 19 0 !
Ohaton) 2 BB 0 [y v (L2 L) s

5 M

where U(u) = (u?l — uu)/u. A natural expansion parameter here is the mass ratio
mq/mg. For example, with @ = e and 8 = i, m,/mp ~ 1/1836 for a hydrogenic plasma,
and so it’s clear that the (m;'0/0v — m518/8v’) part of the Landau operator can be
simplified. The easiest way to achieve this is actually not with the Landau form given
above, but rather using something called the Fokker—Planck—Rosenbluth form.

The Rosenbluth form (for short) constitutes a different way of interpreting the Fokker—
Planck coefficients A, and B,, one which is particularly convenient for numerical work.
Recall from (IV.4.4) that

1 1 1 dk
A, = — S 4 — kk
 Ma ;<ma * mg> /(271)3

1 1 1 dk
B,= — S (— 4+ — kk
e 2 (ot ) [
As in §IV.5 (see (IV.5.2)), write

47TQO¢QB 2/ / ’ afﬁ
dv' (kv — k') -
k%)(k-v,k)‘ vimd(k-v — ko) 50

4mqaqs 2/ / _ / /
kQD(k:-v,k)’ dv'mo(k-v—k-v')fz(v).

D(k-v,k)|* = {1 + ];—]23 Re(a)} 2 + Uf; Im(a)} 2,

where o = oz(ic -v) is only a function of the angle between k and v and not of & itself.
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Then,

92493 , , fo o L, [ dk 1
o= [ (o)) | dkkd(k-v—k-v') [ —= . .
5 Ma o K [1+(kp/k)*a(k-v)?
(VIIL3.1)
The final integral in (VIIL.3.1) — the one over k — may be simplified as follows

/ dk 1 _ /°°dk2 K2
o K1+ (kp/k)2alk-v)2  Jo 2 [k + k3 Re(a)]” + [k3 Im(a)]’
/yma" @ y — k3 Re(a)

(set y = k% + k3 Re(a))
min 2 2 4 [k Im(a)]2
——
Replace oo by
Ymax = kiax
+ k% Re(a) so
that integral
converges

= iln{gf + [k%hn(a)}}

R TSy
2@ Bl ,,,,
a(f) L L O e (im0

Ymax

[Re(a)]? + [Im(a)]?
Re(a 1| Re(a

—Qmiin{ﬁ—“m‘[lmiﬁ]}

— ln<k/jsx> + O(1) terms.

Chandrasekhar (1943) ¢

alls the first term here the “dominant” term, since it diverges
logarithmically as kpax — oo while the other terms are finite. Thus, with In(kmnax/kp)
..,

In Ao (ie., the Coulomb logarithm), equation (VIII.3.1) becomes

422 In Ay R .
B.=)_ Lﬂ /dv’ fs(v") /d-Qk: kko(k-v—k-v'). (VIIL3.2)
8 Ma

The integral over (2 is just what we found in the Landau operator, and so we’re effectively
capturing Debye shielding via the ki, cutoff. Recall from §IV.5 that

A A A~ ~ 2 —_—
l/d(zkkk(S(k-v—k-v’): “’73"“‘
s u

32
- Uw) = 5o
where u = v — v’. Then (VIIL.3.2) may be written as

Ovov’

4mtg2q? In A 2
B, :Ziq“qﬁ N Aap /dv’fﬁ(v’) O

2 dvov

E Ma
4mg?q% In A 2
-y R L v )
B

m2 dvdv

—_——

= vYs(v)



Irreversible Processes in Plasmas 107

Likewise,
2¢2¢%1n A, 1 1 NN .
A, anq35<+)/dv,af€. /d()kkké(k-vfk:-v’)
8 My Me mﬂ 8’0
2712 g% In A\, 2
72 Qa B( +1> /dv,afg.au
Mo Mg ov' Ovov
2U
- fﬁW% F==
82
- /dv falv B'U " owov
—/dv fa( 'LJ)—(V2 )
= /dv fa(v 7(7)
= 3 /dv fa (v’ )7
47%(15 InAag (1 1\ 0 1
— - . d / / -
- (o ) g [ @0 Tt
—_——
= pp(v)
Thus,
47—“]3‘]% In )\aﬁ 1 1 8(,0[3
Av=) ————(—+— |5~ VIIL3.3
2 (ma * ) o0 (VIIL3.3)
4mq2¢3 In Aas 821/;
B, = ol g VIIL3.4
Zﬂ: m2 Ovdv ( )
with
. 1
pp(v) = /dvl fﬂ(’v/)m (VIIL.3.5)
Ys(v) = / dv’ fg(v')lv — 2| (VIIL3.6)

The functions g and 1z are called Rosenbluth potentials, originally introduced by
Rosenbluth et al. (1957). What’s interesting (and why they are called “potentials”) is

that they satisfy the following Poisson-like equations:!'6
Vips = —4nfs (VIIL.3.7)
Vs = 2pg (VIIL3.8)

This indicates that there is a close relationship between drag and diffusion, which is not
particularly surprising given all the ways we’ve obtained A, and B,,. Note the (arbitrary)
choice of gauge: we can send ¢ — ¢+ a and ¥ — ¥ + b+ c- v with a, b, and ¢ constants
and leave both A, and B, unchanged.

There are a few insights gained by writing A, and B, is this form. As Hinton (1983)
writes (with his notation changed to conform to mine):

16Note: g is usually written as hs and s as gg, but I'm using g and h for other things.
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g is analogous to the potential in real space due to a charge density fg, 13 is the
potential which results from considering —yg/27 as the charge density. It follows
from this analogy that if fg is spherically symmetric then 3 and ¢g are also, and
that pg(v) and ¥3(v) are affected only by fz(v’) with v" < v. Thus, the dynamical
friction vector A, (v) and the velocity diffusion tensor B, (v) acting on a particle
with a given speed v, are determined only by interactions with slower particles. .. It
also follows that the dynamical friction force on a fast electron decreases as v~2, by
analogy with the electric field outside a spherically symmetric charge distribution.

One can also borrow all the knowledge we have about solving Poisson equations, such
as expanding in spherical harmonics and/or using numerical recipes like relaxation or
multi-grid methods. Given f3, you solve for g using (VIIL.3.7); using ¢g, you solve
for 1 using (VIIL.3.8). Then you get A, and B, and, thus, the collision operator. Or,
perhaps 13 is easiest to obtain by computing [ dv’ fg(v')u. If so, then ¢z is obtained
using (VIIL.3.8). Either way, the Fokker—Planck collision operator

Ofa 0 0 0
<é];>cz_a [ afa( )] ;8 a [ozfoz( )]

+
[ o] A2 [ )

4 In A\,
= Z T[Qaqﬁ B a(?v |:_ (/1/_’_ ) dpp =B 1 (v) W

1 0% Ofa
29090 Do } (VIIL.3.9)
where (VIIL.3.8) has been used to cancel the two slashed terms. Thus,
Ofa 47'cq§q% InAag 9 ma Opg 1 0%¢p Ofa
Ofa) _ 9 |_Ma0¥s Ve T11.3.1
( ot ) 2 I v | s 00 2 T 25000 e (VIIL3.10)

This is the Rosenbluth form of the Landau collision operator. This form will be used in the
next three sections (§§VIIL.4-VIIL.6) to investigate electron—ion collisions, ion—electron
collisions, and collisions with a Maxwellian background.

VII1.4. Electron—ion and ion—impurity collisions

First, consider « = e and 8 = 4. The first term in (VII1.3.10) is then ~O(m./m;) and
can be dropped. As for the second term, proportional to 921);/0vdv, we can treat the
ion distribution function f;(v) as if it were a delta function:

fz( )—nz (U_ui)7

where n; is the number density and w; is the mean “fluid” velocity of the ions. This is
because, for T; ~ T,, the thermal speeds of the two species are widely different:

2Tz Ti 1/2 me 1/2
Uthi = = () () Uthe K Uthe-
m; T, m;

In other words, from the standpoint of a thermal electron, the ion distribution is
extremely narrow. Thus,

Pi(v) = /d’v’ fi(v) v — | = nilv — (VIIL4.1)
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and (VIII.3.10) becomes

Ofe\ _ 2nZ%milne 0 (%o —ui Of.
ot m2 v dvdv o )’

(VIIL4.2)

c,t

This operator will drive the electrons towards an isotropic distribution in the frame of
the ions, so that f. — fe(Jv —u;|). Let us show this.

With w; /Vthe ~ Uthi/Vthe ~ O(y/me/m;), note that

VU Me
oot %) co(2),

We then expand fe(v) = e(o)(v) + 5O (v)+... in the small parameter \/m./m;, so that
O o), FO o O(y/me/m;), and so on. Equation (VIIL.4.2) becomes

= .
m2 ov

Ofe. _2nZ?e'n; InXe; 9 0%v 8fé0) 0%v 8fe(1)
ot /., o ovov  Ow ovov Ov

0 (v-u 8fe(o) Me
- 31)61)( ) v +O(). (VIIL.4.3)

v m;

Recall 92v/0vdv = (vl — vv)/v3, which is orthogonal to v. If £* is isotropic, then
8fe(0)/8v x v and so the first term in (VII1.4.3) vanishes. (This is why we're keeping
terms of O(y/me/m;)!) If #9 is not isotropic, then that first term is

9 (o o\ _ o [10f" v op”

ov \ovov 9Jv | Ov |v v v3 ov '
Adopting spherical coordinates in velocity space, (v, 0, ¢), with the z axis oriented along
u;, this expression becomes

11 6/, oaféo) 1 92

o |smooa\"" 00 | T snZe 04® |
No v derivatives! Physically, this is because electron—ion collisions do not change the
magnitude of the electron velocity but rather only its direction (at least to the order in
mass ratio at which we’re working). The kinetic energy of an ion barely changes during
an encounter with an electron and so, because energy should be conserved in such an
interaction, the kinetic energy of the electron barely changes as well; only angular changes
in the electron distribution occur, as the electrons are deflected in pitch angle. This is so
important that it has its own symbol:

11 o (. of 1 9
Lifl=5 Lina 5 (sm069> + s,in?eww] (VIIL.4.4)

Thus, the first term in brackets on the right-hand side of (VIIL.4.3) is

AnZ%e*n;InAg; 1 3T [ 4V/2nZ%e*n; In Ny Vthe \ 3
T L1 = f( o (M) 2 [f0]. (viras)
m2 v 4 3ymeTe v

=71, (recall (V.3.11))

This is the Lorentz or pitch-angle-scattering operator. The reason for the latter name is
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that, defining the pitch angle as £ = cosf € [—1,1],

1[0 N I
“3la -5t )

L (VIIL.4.6)
thus, this part of the electron—ion collision operator tries to make the electron distribution
isotropic via diffusion in pitch angle. Returning to equation (VIII.4.3), the electron—ion
collision operator may then be written as

(f%)m - 3\/7?(vthe>3£[f€<o>]

ot L 47'61' v

m?2 v |ovdv v dvdv ov |’ (VIIL4.T)

v

+27IZQe4niln>\ei£ lé)% of H? (vul) o

dropping O(me/m;) terms.
Next, the O(y/me/m;) terms (i.e., the second line of (VIIL.4.7)). The first term there,
proportional to d fe(l) /0v, is simple — this is, again, the Lorentz operator. The second

term can be simplified considerably if we anticipate f(go) being isotropic, as would result
from the Lorentz operator. In this case,

CRETH {0 B veu;\ vOfe
_a.lw( u)'(‘)f()]_ 9 laZ( )am)]

ov | dvdv v ov v | ovov v v o
B [ v v 8fe(°)] ( 9w, 0% )
= . Tu;— since -~ = 55—

COv | Ovdvdv T ‘v Ov ov v vy
_ 0,0 9%\ u; 9f" e v 9%
) ov \ Ovov v Ov O0v;O0vy, _(%kavj
B Pv o ofY
—81).(— e el | (VIIL.4.8)

since

i 0%v B i V280 — VeUm,
Uk Avp \ Ovpdv,, | Uk Ovy, v3

v Ov Vg

= 7627”?87’0]@ - vi?)((skfvm + 6kmrUZ) +
1 v

= _5€m7 + Lgm
v v

B 0%v

T Qupdu,,

3UEVpUy, OV
vi  Ou

Picking the calculation back up. ..

o [ 0% w;of”
(VIII48) —_— % M (8’06’0 M 7 81;

o |02 o (vof®
= [auav'au<v o | il (VIIL.4.9)
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since
8%v 0 vkﬁf laf +s laif
Ove0v,, | Ovg \ v O 8v48vm Vi, km o B
_ ﬁg Lof o (P 108
— kUK 81}481} v v Ov Uk OveOvy, | v Ov
B 10 of v uof
mmﬂwwquwJ+awbvm’
——
=0
vl U
and so

o [ o [vou0p” 2 [vou; 05

All together, then, the electron—ion collision operator is

(%), =5 (e

This operator pushes

FO 4 f Dy (VIIL4.11)

ov

v-u; af(o)
v

v u; 8f.§0)
v

(1)
59 T Y (v),

f = -

where g )( ) is some O(y/m./m;) isotropic distribution. Thus, under the action of
(VIIL.4.11), the total distribution tends towards

v 57O
Folw) = FO0) + £O = FO(w) + g0 (w) - L2
v v
v 9fO
= ) - %% (just renaming f(%)
= (v —wi) + O(m) (VII1.4.12)
m;

So, indeed, the electron—ion collision operator pushes f.(v) towards an isotropic distri-
bution in the frame of the ions.

Note that the electron—ion collision operator (VII1.4.11) depends in no way on the ion
mass (only the ion charge). Thus, we can just sum over all ion species and declare some
Zer- The only assumption here was m,/m; < 1, and so we could just as well apply this
operator to ion—-impurity collisions if mz > m;, where m is the mass of the impurity.

While we have the electron—ion collision operator fresh in our minds, let’s (i) make
sure it conserves energy and (ii) calculate the friction force between electrons and ion
and compare it with the polarization drag we calculated in (V.3.11). First, the collisional
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energy gained or lost by the electrons is

1 2 afe
/dvimev <8t> 4

Uthe d 1 02 v-u; OFY
1 faw e | 1—5)&1_52%2}(]“ T

STEZ
£ (VIIL.4.13)
Good. Energy is conserved.!” Next, the friction force is
0]
Rei = /dv me'v< afl;e >Ci
3V Vihe ) ® veu; Of
= dv meu(—) c| f. o+ (VIIL4.14)
ATe; v v ov
_~ ——
0] ©)

Let’s handle each term separately:

27t +1 oo
2= iﬁme/ d¢ d(cos 9)/ dv v [vcos 02 + vsin 6(cos & + sin ¢F)]
Tei 0 -1 0
Ve \? o[ v u; 9L
x (T) ﬁ[ v Ov

+1 00 o 9 £0)
= 3ﬁme X 27wf’h62/ d(cos 0)/ dv cosf L lv w; Ofe 1
0

47, 1 v Ov

(since neither £, nor f} ©) nor v- ui depend upon ¢)

37.[3/2 3 +1
=S mefws [ dego (1-
47_61' m Utheu z /_1 é‘gag é-/
=-4/3 =180
™/ 2mevd, 0)
:% u; f{9(0). (VIIL.4.15)

So that’s one piece. Apparently, only v = 0 electrons are important here, which makes
sense: slow electrons are more likely to have strong interactions with ions. The other

Y"Energy transfer between the electrons and ions is best calculated using the ion—electron
collision operator. Again, it’s not that there is zero energy exchange; it’s just that it occurs
at higher order in the mass-ratio expansion. See §VIIL.5.
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piece is

®= 3\F dvv(vje)g[a(l—ﬁ)aﬁ- ! 82}106(1)

8o o€ o6 1-¢&209?
- ?z)s{ w0 () |50 -5 + = agog) 1
F o () R o) e
:38{62_ o (%) (<204 12 —1“52)]@
- 3. / dv :—3 FO. (VIIL4.16)

Again, the slowest electrons suffer the most friction. Inserting (VIII.4.15) and (VII1.4.16)
back into (VII1.4.14) leads to

me7'[3/2v3 3 v
R, = ————the [uiféo)(()) ~ / dv fe(l)} (VIIL.4.17)

Tei

If we assume that f.(v) is a Maxwellian with mean velocity wu., so that f(l) =
(2v - uc/v3,) fme(v), then the second term in (VIIL4.17) becomes (after some

straightforward algebra and integration) —n.u./m/?v} . With f(o)( 0) = ne/m/ %03, _,

MeTle

R.; (Maxwellian electrons) = (u; — ue) (VIIL.4.18)

Tei

That makes sense.

VIII.5. Ion—electron collisions

As was stated in the previous section, electron—ion collision operator conserves energy
because the ion barely moves when an electron “hits” it. To calculate the energy transfer, it
is better to use the ion—electron collision operator, which describes the effect of collisions
with electrons on the ion distribution function. The situation is similar to Brownian
motion, since each ion is subjected to a bombardment of light, fast particles.

Again, we employ a mass-ratio expansion, this time on

Ofi _ME _ 6‘P€f( )+}a2¢€ ofi

ot N m? v me v " T 29000 " ow
Me 82we . 8f7’ X EWS/QUE}I@
2m; Ovdv  Ov 4T ne

fi(v) +

_mene 10 [ Ipe (VIIL5.1)

min; Tei OV

Following the method employed in the previous section, we expand f.(v') = fe(o) (v") +
D (v') 4 ... in powers of y/m./m;, and calculate the Rosenbluth potentials ¢, and .

to leading order. First,

1

lv =]

pelv) = [ v’ (o)

We could proceed as before by expanding |v — v’| in powers of \/m./m;, with v ~ vy,
and v' ~ vgpe, but then we would miss contributions to the potential near v = 0 (since

(VIIL5.2)
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0 is smaller than an infinitesimal number). We must tread carefully. Instead, start by
expanding |v — v’|~! in Legendre polynomials, so that equation (VIIL.5.2) becomes

e = [ oS (D) miers [ anent S (5) R

v/ <v £=0 v<v’

(VIIL5.3)
where P, are the Legendre polynomials and their argument £ = wv-v’/vv’. The first
integral in (VIIL.5.3) captures contributions from those (few) electrons that are slower
than an ion having speed v ~ win;. Because the electron distribution is much broader
than the ion distribution — a consequence of the mass-ratio expansion — the electron
distribution in this integral may be approximated accurately by its value at v = 0.
Because there aren’t many electrons that satisfy v’ < v, it is enough to retain only the

leading-order contribution to the electron distribution, fe(o)(O). Then

1 (v v 1 4m
/ dv’ fo(v')= > <“> Py(€) ~ 4m / dv' v f0(0)= = =% f0(0). (VIIL5.4)
v v 0 v 3
v/ <w =0
The second integral in (VIIL.5.3) is slightly more complicated, because it contains
contributions both from thermal elections that are statistically much faster than an
ion with speed v, and from sub-thermal electrons whose speeds are comparable to, but
slightly larger than, an ion with speed v ~ wvy,;. These two contributions may be separated
after expanding f,(v’) in mass ratio:

/ dv’ [fe(o)(v') + @) +. }%Z (3,)6&(5’)

v<v’

Vthi 1
~ 47{/ dv’ U/Qféo)(O)& + / dv’ fe(l)(v'):f/zpl ) +...

v<v’
. !/
= —om(v? — v3,) f0(0) + / dv’ f§1>(v’)”v—;’ +... (VIIL5.5)
v<v’

Combining (VIIL.5.4)—(VIIL5.5) and taking the required velocity-space gradient yields

dpt!) Am ) A
W:—?vfe (0)+ [ do' £} (/U)UW (VIIL.5.6)

Then, using (VIII.4.17) to eliminate the above velocity-space integral of fe(l) (v') in favor
of the electron—ion friction force R.;, equation (VIIL.5.6) may be recast as

8(,0&1) 47t (O) 47t TeiRei (0)
Ope  , _4m _ | Teillei . TIL5.
81) 3 Ufe (O) 3 men3/2vt3he u fe (0) (V 5 7)

This will go into (VIIL.5.1). Next we calculate )., which may be obtained from (VIII.3.6):

Ve(v) = / dv’ f.(v')|v —v'| ~ / dv’ fO @) |w —v'|. (VIIL5.8)

Here we need only retain the leading-order contribution from f., because the competing
term in (VIIL.5.1) is multiplied by m;/m,. > 1. Taking two velocity-space gradients of
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(VIIL.5.8) and using (IV.5.8),

Py 8n

s e(0)
dvov 3 V(). (VIIL5.9)

Finally, inserting (VIIL.5.7) and (VIIL5.9) back into (VIIL.5.1) and rearranging terms
gives the ion—electron collision operator,

ot m;n; Ov MM Tei o

(aﬁ> _ Rei 0fi | menel 6 l(v—ui)fi(v) £ 0203,

[o'e) 0
+ &%/ dv’ v /f( )( /)ng/Qvghe]
0

my; ov Te
(VIIL.5.10)
As usual, let’s evaluate (VIIL.5.10) for Maxwellian electrons:
af; . R 0fi
( 5t )C’e (Maxwellian electrons) = o v
mene 1 0 T, Of;
* Ming Tei OV [(’U —ui)filv) + m; av}
(VIIL.5.11)

with R.; given by (VIII.4.18). (Does the second line in (VIIL.5.11) look familiar? If not,
re-read §VIIL.2.) For a Maxwellian plasma, equation (VIII.5.11) becomes

el

n;T;

2mene 1 1 T. v —u;? 3 !
m;Nn; Teq Ti Utth 2 M

(VIIL5.12)

(v — ;) fa

<%];l> (Maxwellian plasma) = —

From this form of the ion—electron collision operator, it is clear that it acts to equilibrate
the ion and electron temperatures — see (VIIL.5.16) below for more.
Next, we compute the ion—electron friction force and energy exchange. For general

70 (v) = fe(o)(v)HS/zvthe/ne, the former is

R = /dvmw(aa{:)

/d'u 8fz | el 7O /d m— (v — ui) fi(v)]

fn%nZ mml Tei
b:p S = 0 by parts and def’n of u;
+ méne /dv ml'vVsz/ dv’ o' f10 (v
m N Tei
0

R... (VIIL5.13)



116 M. W. Kunz

Good! Newton would be proud. Now energy conservation (for general fe(o)):

o 1 - 5(0fi
Qze*/deZmﬂ) (8t>ce

200 ene J2O 0
e [ar o G B [ -t

mmi Tei

bp bp

o 7/dvmwfi 2~ [dvmio- (0 - w) fi(o)

= ~miniu; (def'n) - 7/dv malv — w2 fi(v)

+m ele /d'U “mv 2V2fz/ dv/vljc\(o)( )

m i i Teiq

e Smi/dv fi
= 3m;n; (def’n)

2(0) 2 00
elte 0 3 e
— w,-R. - m@/dvmm_uipmH m/ v’ o' FO W),
MoN;  Tei iTei Jo
(VIIL5.14)

The first term here is clearly the work done by the friction force. What of the other two
terms? Let’s again take fe(o) Maxwellian:

e’te 3 € eTe
Qi (Maxwellian electrons) = —u; + Re; — Telt /d’v milv — w;|* f;(v) + Dellee,
iT MiTei
(VIIL5.15)

The final term here looks like the energy exchange related to temperature equilibration.
Now take f;(v — u;) to be Maxwellian; then

3 elve
Qi (Maxwellian plasma) = —u; - Re; — el

T, —Te). VIIL5.16

(7, - T,) (VIIL5.16)
Temperature equilibration, indeed. But it occurs on a long timescale, ~(m;/m.)7e;, which
means that ions and electrons can have many collisions and their distribution functions
can become Maxwellian long before their temperatures become equal. Finally, because
of energy conservation,

3Mene
Qei = 7Qie =U;-* Rei - (T€ - T'z)
MiTeq
3Mene
= Ue-* Rm + ( — Ue) . Rei — (Te — Tz) . (VIII517)
MiTei
N——
work done Joule heating temperature
by friction  (current disruption equilibration

by collisions
gives heating)

VIII.6. Collisions with a Maxwellian background

We next consider collisions between an arbitrary species o and a Maxwellian species
3, which we take to be at rest:

n v2
foto) = foto) = g esn( ) (VINLG1)

Vthg Vthp
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We must compute the Rosenbluth potentials for a Maxwellian species.
Let’s start with ¢g. In spherical velocity-space coordinates, equation (VIIL.3.7) is

2 2
1 d de dng eV /v
2 29¥B B

R N T /e AN VIIL6.2
Vues v2 dv (v dv ) mfs NG v?hﬁ ( )

Integrating (VIII.6.2) once over velocity gives

4 v/Veng

2498 Ang dz 222" (VIIL6.3)

dv ﬁ 0

The integral on the right-hand side of this equation is special. Let’s chew on it:

@ " 1 Y Y .
/ dz 22" e _Zge + f/ dze=®
0 o 2.Jo

2
a _,2 T
=-3 +T¢( )s
= g [di(a) - a@'(a)], (VIIL.6.4)
where
.2 “ 2
P(a) = ﬁ/o dze (VIIL.6.5)

is the error function (see figure 6). Using (VII1.6.4) in (VIIL.6.3) and integrating once
more over velocity, we find

g = s /OO dz % [®(z) — 2 (z)]

/venp

= fﬂ/ dz d {lgs(x)}
Vthg Jojvgs AT LT

— () = ”%(). (VIIL6.6)
Next up, 3. We must solve (see (VIII.3.8))
1 d 2d¢5 2ng v
——|vT—= | =2¢pp = —F—P — ). VIIL.6.7
v? dv (U dv w8 ( )
Integrating this equation once over velocity,

dvg

02
dv

’U/’Uthg
= 2500, /0 dz zd(z) (VIIL.6.8)

The integral on the right-hand side of this equation is

- /0 "o [m@(x) + ;qm)}

a

/0 " dwad(z) 2 o {:@(x) + ;qs/(x)}

0

(since / e ®(z) = 20(z) + ?’@))

a

= dz 2®(x) =

; % [cﬂ@(a) + “qs/(a)] - i@(a). (VIIL6.9)
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FIGURE 6. Error function ¢(x), Chandrasekhar function G(z) (see (VII1.6.11)), and some
important combinations.

Using (VII1.6.9) in (VIIL.6.8) and integrating once more over velocity, we find

v/Veng 1
Vs = 25 /0 do —[(22% ~ 1)®(2) + 20 ()]

v/Vgng [
_ "8Uhg / dr - [‘P'(x) +(1+22?) (x)] (since &"(2) = —220'())
2 o dx x

2 2
— W(U) _ NnaUthp & v +1+ ;) Uthﬁ¢ v
2 Vthg Vihg v Uthg

Now, there is a particular combination of the error function and its derivative that occurs
frequently, so much so that it deserves a name:

+ const. (VIIL.6.10)

Gla) = W, (VIIL6.11)

the Chandrasekhar function (see Chandrasekhar 1943); its form is shown in figure 6.
Written in terms of G(z), the first Fokker—Planck coefficient (see (VIIL.3.3)) is
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47'[2Y 21n A, o) O
)= 3 B (05l

5 m2 mg/) Ov

v — AT a5 In Ao mg v
_ o (om0
v g maTp My, Uthg

(VIIL6.12)

Note that (i) the drag force is greatest when v ~ vy, and (i) A, decreases at large v
and so the drag force gets smaller and smaller as v — co. (Why, physically?) In order to
write the second Fokker—Planck coefficient in terms of @ and G, note that

dvs _ v o v
Civ_nﬁ{@(vthﬁ) G(’Uthﬁ)}

#(x) - @'2) = 2G(a),

and

02 <vv>18 v 02

Sod0 50 T 02 902 (when operating on an isotropic function).
vOv vov w2 v

V2

Then, after some straightforward manipulation, the second Fokker—Planck coefficient (see
(VIIL.3.4)) becomes

47[q3q% In Aag 021p5(v)
Ba(v)zz m2 Jvov
B [0
vv 4nq§q§nalmag[ ( v ) ( v )}
=(1- = || — | - G| — I11.6.1

( 1)2); m2v Uthg (I (VIIL6.13)
v 87tqiq5n5 In Ayp v

v2 5 m2v Vthg

Note that both parallel and perpendicular diffusion decrease with velocity.
These coefficients, (VIII.6.12) and (VII1.6.13), go into the Fokker—Planck collision
operator,

ofa O 19 0
<6t> = =55 [Aa@)faW)] + 55052 [Ba(v) fa(v)]. (VIIL6.14)
Recall that A, and B, originally come from the jump moments,
- (av) _ (4vdv)
a — At and Ba = Al ,

with At — “0” (see §VI.2). Since A, is parallel to v (see (VIIL.6.12)), let us define a
collision frequency associated with this drag force:

(Ay Jv)eB

ap - _
v (v) L

(VIIL6.15)

where “s” stands for slowing down. Writing Opg(v)/0v = (v/v)(dgg/dv) and using
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(VIIL.6.12), we have

412 g3 In A, 1
Ve (o) = — 2 RCR (1 + ma) 1des
o mg /v dv (VIIL6.16)
4nq§qgn51nAa5< mﬂ)1 < v ) o
e Ryl
maTps Me ) U UthB

This describes the rate at which a particle of species « is decelerated by collisions with
particles of species 3. Likewise, recall that B, has two pieces, parallel and perpendicular
to v (see (VIIL.6.13)). Define

((Avy /v)?)?

v (v) = oy (VIIL6.17)
as the parallel diffusion frequency. Using (VIIL.6.13) and
P v ddg  vodiy () vo\1ddy  vodis
vdv  Ovdv dv 2 dv? v2 v dv w2 dev?’
we have
v (v) = Amag3 0 Aap 1 dys
[ - m2 v2 do?
5 o (VIIL.6.18)
B 87, g5 In s i G v
o m2 v3 Vthg

This represents the rate at which a particle of species a diffuses in v by collisions with
particles of species 5. Finally, define

0By - ((Avifv)®)e?
V() = S — (VIIL6.19)

as the perpendicular diffusion frequency. Using (VIIL.6.13) and

00\ _ () wo)1dvs
ovov )| v2 o dv’

we have

B 87‘[qiq% ln)\aﬁidq/;ﬂ
N m2 v3 dv

8ng2g2ngIn s 1
-l n) oG]
m2 v Vthg Vthg

This is the rate at which a particles of species « is diffusing in v; by collisions with
particles of species f5.
In a frame oriented with v along the z axis,

VP (v)
(VIIL.6.20)

0 0
0 |=—v| 0 |, (VIIL6.21)

<AUH> 23 Vgﬂ

1

A, = —
At
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| [(4ed)/2 0 0 2 S svil /2 oaﬁ 0
o= 1 0 (Av?)/2 02 =v 0 a1 /2 0 ,
0 0 <AU”> 0 0 PP Vﬁﬁ
(VIIL.6.22)
or, in vector notation,
Ay =-v> 127, (VIIL6.23)
1
B, =vv) v+ 5 (1= vv) > vih (VIIL6.24)
B B

Plugging these into (VIIL.6.14) gives

aa 0 af
(i)Zm/”Z%“”ﬂ

B
o 0 o 1 .
9000 [v’u zﬁ: v folv) + 5 (= m;)%: yffa(v)] . (VIIL6.25)

+

N |

Let’s simplify each of the colored terms in (VIII.6.25):
« af()/ a fe
rcd:Zusﬁv ——}—fa( )8’1)'<’UZVSB>
B B
Ofa(v) 1d
_ af 3 afB
_;VS v 81} —|—fa(v)vi2@ v ;VS

v%?vlsz aﬁfa 1’

blue = ivﬁ |"UQ Z Vi’gfa('v)]

B
1 0 )2 B
:vml 2V el

“‘Eﬂ

iﬁi‘c[fa]'

The remaining terms in (VIIL.6.25) are equal to
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To further simplify this expression, note that

af -1
dv” _ 2 LM a4 as Va/a
dov v

dI/i'B - 2 af 3 a8
dv vl v
All together then, equation (VIII.6.25) simplifies to

6fa 1 «Q a 2m0¢ «@ @ 8fa( )
(at)czz%{”f‘[f““zav[?’w”sﬁfa(“) w2t |

(VIIL.6.26)
Each of the three terms in (VIII.6.26) has a clean physical interpretation. The first
corresponds to perpendicular diffusion at fixed energy, i.e., pitch-angle scattering. Often,
ugﬂ = v Lﬂ /2 is defined as the deflection frequency. The second term corresponds to
slowing down, i.e., drag. The third and final term corresponds to parallel diffusion
(i.e., energy diﬁusion). Noting that vy and v are closely related (cf. (VIIL.6.15) and
(VIIL.6.18)), an alternative way to write (VIIL.6.26) is

fa _ o 19 of__ Ma Ts 9fa(v)
(at)C_Z{VDﬁﬁ[fa]‘Fvgav UQVsBma+mﬁ( fa(v) + e )}}

B
(VIIL.6.27)
Physically, collisions with species [ are trying to make species « relax to a Maxwellian
at the same temperature as species 3.

The operator (VII1.6.26) is good for collisions of a tenuous (n, < ng) group of test
particles whose presence doesn’t change the background (Maxwellian) distribution very
much. It is not useful for self-collisions within a single species, our next target (§VIIL7).
But, first, two things:

(1) A summary of collision frequencies. Denoting the generic pre-factor

drg? g3ngln )\,
ygt = et B Ael (VIIL6.28)
Mo Ving

we found the following:
1d
LT <1+ ma)@ﬂ
ng mg ) v dv

(1 e ()
meg v Vthps

3
JoB _ a8 Vths id Vg
I O ng w2 do?

i)
v Uthﬂ

v 2 Ao
Va,B — 21/04[3 — Vaﬂ tha 4 B
+ b O ng v3 dv

af ”fhﬁ v v
= 2VO ’Uig @ ’UtT — G r
B thg

(VIIL6.29)
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where
- 2 ¢ —v? K @(JS) B x@/(x)
P(x) = \/E/O dve and G(z) = 572 .

One can further define an energy-loss rate:

P (V0

N At
_o,aB _ af  _apB
=20 v -y
Mq \ Vthp v 'Ughﬁ v
= 25° 2(1 + )G() - 3¢(> .
mg v UthB v VthB
Pictorially,
e & cooba {
& kav« 6%{\9%&
Vi
i\
v =
V|2
Vs
(2)  It’s useful to know further that
2z
= 250 22
’ —, z—0
G(z) =~ 31/77[ and &(z)~{ VT
— Tr — 00 1, T — 0
222
We can use these in (VIIL.6.29) to obtain the following table:
v/vgmg < 1 v/vgng > 1
R ()
V(()x,@’ mg 3ﬁ Uthg
aff 4

123
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(3)  Runaway electrons. The fact that G(z) decreases for large x is important. The
average friction force on a particle is

a(Av))eP
el T G()
At Vthp

which decreases for v 2 vmng. It actually vanishes as v/vgmg — oo (although
relativistic effects intervene as v — ¢). The reason is that the momentum ex-
changed in a collision decreases with the incident particle’s speed if the impact
parameter is held constant, and the number of particles with which the test particle
is interacting does not increase as v/vng — 0o (recall that the drag and diffusion
are determined only by interactions with slower particles — a feature made clear
by working with Rosenbluth potentials and from the fact that the integral in the
error function goes from 0 to a finite value, its argument) since fg — 0 as v — oco.
The implication is that, if some persistent force is applied to the particle (e.g.,
a constant electric field), this force will always be larger than the frictional drag
force for sufficiently fast particles. Some electrons in the tail of the distribution can
thus be accelerated to arbitrarily high energy and form a population of runaway
electrons. If the applied force is strong enough, even ordinary thermal electrons
can run away. This occurs when the electric field being applied outstrips the drag
force; roughly, when

Artneed In A
E>Ep= ”"T# (VIIL6.30)

Ep is known as the Dreicer field (Dreicer 1959). (Note that Ep ~ e/M3.) This
has practical importance: if a tokamak disrupts, significant numbers of runaways
can be produced that can damage the device. Disruptions are thus a significant
problem for large machines like ITER. See §24.6 of Krommes (2018) for more.

VIII.7. Ton—ion and electron—electron collisions

Up to now, we have either exploited the possibility of m,/mg being a small number
or just assumed that one of the species is (and stays) Maxwellian. These are obviously
not good assumptions for like-particle collisions. Both the ion—ion and electron—electron
collision operators are very difficult to approximate, as v and v’ are comparable and the
distribution function itself is unknown. But, if we assume that f, is near Maxwellian,
then some progress can be made. This is because the Landau operator is bi-linear in its
arguments. Ignoring perturbations to the Coulomb logarithm, we have

C[fomfﬁ] + C[gavfﬁ} = C[fa + Yo, fﬁ]v
C[foufﬁ] + O[fomgﬁ] = C[foufﬁ +g,6‘]a
Claafa:bpfs] = aabsClfa, f5]

for any distribution functions fa., f3, g, g8 and constants a, and bg. This means that
the collision operator for self-collisions, C[f«, fa], is nonlinear:

O[Qfaa2fa] = 4C[fa7fa}-
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But, if f, is close to Maxwellian, fo = fma + 0 fo With 6 fo < fuma, then

Ol fo] = Clbsaaefra] % Clfstas8Fu] + 1o Fra] + Clo o 312]

~ Clfma, 6 fal + Cléfas fual

= C'fal, (VIIL.7.1)
where the superscript £ denotes “linearized”. Physically, this states that a collision between
a test « particle and the other particles in f, can be treated as a sum of:
(1)  a collision between a Maxwellian test particle and a Maxwellian background;
(2)  a collision between a Maxwellian test particle and the perturbed distribution;
(3)  a collision between a perturbed test particle and a Maxwellian background;
(4)  anonlinear term that can be neglected if 4 f,, is small.

We have already computed the third term in §VIIL.6. The first term vanishes by the
H theorem. The last term is dropped as being small. The second term is the new one,
as it involves the Rosenbluth potentials of the non-Maxwellian distribution 4 f,. While
complicated, this term is required for momentum conservation. Let’s examine it.

From (VIII.3.10) and (VIIL.6.28), we have

vha 0 [ 0004 19%0¢a  Ofua
o 0fa] = Vg the . o : : I11.7.2
Clftas81u) = v e 2 [ B, ) 1O 00 O (VIIL7.2)
Using 0 fyma/0v = —(2v/v3,,) fra along with
V261 = 2000 and V26p, = —470 fo
(see (VIIL.3.8) and (VIIL.3.7)), equation (VIIL.7.2) becomes
aa thana 2 2’1}2 825wa
= —a— 14 . I1L.7.
Clfse85n) = v 2 (s, — o, + 200 (VIIL7.3)
Recall from §VIIIL.6 that
_ ozoz Utha 1 d¢a ig fdea 86fa _ d@a
[(SfoufMoc] - ™~ |:’U3 dv [6fo¢] 20 2 dv? v (Sfoc )
(VIIL7.4)

with the background potentials satisfying

d
v () oG]
dv Vtha Vtha
A%, _ 2ng G v 7
dv? v Vtha
tn L g )
dv Vihe Vtha
Provided we can obtain d¢, and d201,/dv? from 6 f,, we can write down C[f,].

Now, if this doesn’t seem to you like much progress, I can’t completely fault you. We
still have an integro-differential equation to solve. But there is something useful here:
the linearized collision operator forms the basis of a formal expansion of ¢ f, in terms
of spherical harmonics Yy,,(0,¢) — or, if 6 f, is gyrotropic in some direction, Legendre
polynomials. This is because the Yp,,’s are the angular eigenfunctions of the Laplace
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operator

o ,0
%U 7+2£7

1
2 ov

Vi=
v

v

so that, if  f, can be written as
§fa(v Z ) Yom (6, 9),

then the perturbed Rosenbluth potentials have the same angular structure, and thus so
does the full linearized collision operators.

The linearized collision operator C*[f,] has another important property — it is self-
adjoint, i.e.,

Ma Ma

/ dw i5gacé[fa] = / dv%é faC%g4] (VIIL7.5)

where f, and g, are reasonably well behaved and do not diverge at co. The proof mainly
consists of several integrations by parts. First,

v3 202 92
/ dv 7 090l e = / dv dgq v e <4msfa — ——8pa + %)
f Ma Na Vtha? vtha a'l}

Defining 6®,, and 8%, via V2@, = —47mdg, and V26¥, = 26P,,, the above expression

03 2 2 42
=y tha Utha /dv |:47T69a5fa — 22<v”6¢a>5g0a ) 207 0 5¢a:|

a7 — 5
o tha 4m Vtha v
integrate by parts use def’n of d¢q
3 4 2
v 47t ln)\ Vié
= ygo —tha /d'v 470900 fo + Qo 1l Aaa /d 0P, < Pa
Nea Vtha
= —dfa

v3 2112 0?
+V3a%/dv/dv’ 8ga(v) 5 2[5fa( v —v'|]
fe' tha

use symmetries

3 47g" 1 Ao 2
_ yg‘avtﬂ/dvzlﬂdgaéfa— "o 1 /dv T

2
Na Vtha

3 9 12 82
+yga”;1ﬂ /dv/dv’éfa( ) o = [6ga(v)|v — v'|]

2
tha8/

switch dummy integration variables, v + v’

o vg’ha 2
=1 T dv (5fa 47-[5901 — ,UT(S@O‘
e tho

3 2 92
+V§‘av;bﬂ/dv6fa( )21) 9 /dv’éga(v’)|v7v’|

o Vtha

:/d’u %5fac[fMaa69a]'

Ma
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Second,
1
[ 40+ —00.C vl
_ aa Utha 1 d?/)a i 0 d2wa 96 fo . d@a
—/dv Na Lﬁ dv Lokl + 2 0v 2 dv? v 6fa
—_———
int. by parts
to move L
onto dgq
v 1 dibg,
:V(o)coz thoe/ ,Uf?ﬁ[ ] QZ) 5foz
8 v? A%y, 9IS, de
aa tha a o 2 a
/d!) / v (2 T 6fa)

int. by parts to move 8/0v onto 694/ fMa

_ 1 aavgha 1 d’(/Ja
—/dvfM S fav, N R L[6g4]

o

dg v2 A%, O f, dep
aa tha (e s a o 2 [
/dQ / @ (fMa)(? w2 v U e

do lots of int. by parts and algebra on scrap paper

1 v 1 dy 1 0 [v?d%y, dég dep
— d ) Y aa tha [&] 5 o i o' a2 a(s N
/ v fM far Mg Lﬁ dv £logal + v2 Qv < 2 d? av | dv Y

:/dv T&fao[égaana]'
Ma

Thus,

[ 0 800 (Clfuta. 8121+ Cl6as i) = [ dv 56 (Clitan B00] + Cloa. )

Q.E.D.

Self-adjointness implies positive entropy production (see Problem 3.3 in Helander &
Sigmar (2005)), and also allows for an easy proof of conservation laws. For example, with
0ga = fMa, equation (VIIL.7.5) implies

[ 40 (Clistas 8]+ €16t rtal) = [ dv 588 (Clhstar frta] + Clhrta frra]) =0

Voila, number conservation. Likewise for momentum (use dg, = v fmq) and energy (use
890 = V% fula). Simple.
For completeness, here is the linearized operator for collision between arbitrary species:

C*[fal = Clfrtas f5] + C[6 fas fuig]

a8 VingMa 2 a6 2 202 92594
= Oﬁthﬁ{gl 7510[3 (1> 6(55 . §€Pﬂ+4w]

2
B ng vtha mg Vtha Utha dv

3 2 g2
aﬁvthﬁ i% S ig id Q/Jﬁ 86fa . 2ma dSOB
R [1)3 dv Llofal + v20v\ 2 dv? Ov mg dv Oa
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where
af . 47Tq3q[23n5 InA.p
W =——2.3 -
Mo Ving

Equation (VIIL.7.6) conserves number, total momentum, and total energy. It’s also
possible to show that it is self-adjoint, and that it obeys an H theorem: entropy stays
3Fa(0) = faal)| 222 +

constant only for
u) N 0T (melv—u|*> 3
Na T T 2T 2/

(57175+m55u-(v—u)+57T mplv —ul> 3
g T T oT 2]

Mo Medu- (v

515(0) = fus(v) [

which are just perturbations to two full Maxwellians with equal temperatures and mean
velocities. Otherwise, entropy increases.

In summary, one can identify four collision frequencies:

Vee ~ Mg 1/2 equilibration of electrons with each other

—1/2 . .
Vei ™~ Mg / equilibration of electrons,

momentum transfer between electrons and ions
—1/2

Vii ~ M, equilibration of ions with each other
m
Vie ~ —=Ve; momentum and enegy transfer between ions and electrons
ms
Thus,
me\ /2 m
Vee,Vei © Vii : Vie = 1 : < e) : ( e) (VIIL.7.6)
m; my;

VIII.8. Fokker—Planck operator in curvilinear coordinates

Now that we’ve gone through several simplified collision operators, it pays to return to
the Fokker—Planck operator and generalize it for a non-Cartesian coordinate system. For
that, it is useful to follow Rosenbluth et al. (1957) in writing the operator in covariant
form:

Crplf) = (A" P+ 5(B* e
1 a9 1 92 5 1 0 y
= _ﬁ@<ﬁAuf) + EW(\@BH f)+ maiqy(\/gf,\uB”’\f),
(VIILS.1)

where ¢" are the generalized coordinates, the semi-colon denotes the covariant derivative
with respect to ¢, g = det(g,,) is the determinant of the metric tensor g, and

gug agﬂ')\ agcru B ag)\p
2 \ Og+ og* 0q°

ry, = (VIIL8.2)

are the associated Christoffel symbols. For example, this form is useful for expressing
the Fokker—Planck operator in spherical polar coordinates (v, &, ¢) with & = cos6. The
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metric for spherical polar coordinates satisfies

ds® = gdgidg” = dv® +1 de? + 0% (1 — €%)de?, (VIIL.8.3)

52
so that ¢ = v*. With the metric being diagonal, the calculation simplifies considerably.
After some judicious rearrangement, equation (VIIL.8.1) becomes

CeE ] =
LO0( oqvp 10 opuw O (_pep4 19 pee 9 o 10 pos
U28v<vAf+26vB f> 8§<Af+28§Bf % —A%f+ — quB I
1 0 0
e = &€ o)
a6 ) [T -
1 0[] 4(0 0 o (0 13
—— B*¢ Bv¢ B f — 7354’ 111.8.4
3o [“ (ag T+ 5 fﬂ 8¢<6£ i f) (VHLE4
where the Fokker—Planck coefficients are given by
v = (Av) e (A . (A9
v i U AT lm 0S40 lim S
2 2 2
At—c0r At At—0r At At—c0r At
At—0r At At—0r At At—c0r At

It is often the case that the distribution function is gyrotropic (i.e., symmetric about
the polar axis), especially if a strong magnetic field is aligned with the z-axis. In this
case, all ¢-derivatives and all jump moments involving A¢ vanish. The resulting operator
can be simplified further if it is demanded to annihilate a particular form of distribution
function. For example, if Crp[f] = 0 for an isotropic Maxwellian having temperature

= (1/2)mv?, and bulk velocity w aligned with the polar axis, then (VIIL.8.4) becomes

Crplf] = Lo B””{( §)f+”thaf]+2863 <af+ af). (VIIL8.5)

2 Qv v, 2 0 o€
If we take B¢ to have the form v(v,¢)(1 — &2), then (VIIL8.5) may be written as
10 v ., B vth of1, 9 [1- &2 of of
Crp[f] = 20 UthB [( ub) f+—* %ag[ 5 v(v) o tus |- (VIILS.6)

Each term is readily interpreted. The first term, proportional to (v — u&), corresponds to
drag in the frame of the bulk flow. The second term, proportional to 9 f/dv, corresponds
to energy diffusion. The combination of these two terms forces the distribution function
towards a Maxwellian with thermal speed vy, and bulk flow w at a rate given by BYY/v2 .
The third and final term is the familiar Lorentz operator, which isotropizes f at a rate
v(v,€) in the frame given by the bulk flow.
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PART IX

Classical transport

We now embark on the final part of the this course, that which corresponds to the final
entries in Bogoliubov’s hierarchy of timescales (see §I.1):

(3)  Macroscopic force balance emerges on a crossing time ~L/vg, = v (L/Agp) >
v~1. (Recall that this timescale was not included in Bogoliubov’s original hier-
archy, but it appears in the Chapman—Enskog—Braginskii expansion and is thus
important in this course.)

(4)  Hydrodynamic diffusion occurs on macroscopic spatial and temporal scales, and
attempts to relax the system to a global, space- and time-independent Maxwellian.
(Boundary conditions that enforce density or temperature gradients prevent this
from occurring.) This occurs on a diffusive timescale ~L?/Dj; e.g., ~v ™ (L/Amip)?
in an unmagnetized plasma, or ~v~1(L/p)? across the magnetic field in a magne-
tized plasma.

This part is what ties all that we've done up to this point with the more familiar
topics of collisional hydrodynamics and magnetohydrodynamics and the more tangible
phenomenon of spatial irreversibility. The focus is on transport processes that are
spatially local, that is, the fluxes of particles, momentum, and energy are due to forces at
approximately the same location. This requires the plasma to be dominated by collisions,
with collisional mean free paths much smaller than the gradient lengthscales (in the
direction of the magnetic field if the system is magnetized; in this case, either the mean
free path of the mean gyroradius must be much shorter than the gradient lengthscales in
the directions perpendicular to the magnetic field). Then, the particles comprising the
plasma are affected only by forces within a mean free path (or a gyroradius).

The connection to the prior topics of this course is captured well by this excerpt from
the review article by Hinton (1983):

When the transport processes are local, the plasma may be considered to be
made up of many approximately closed subsystems, with slightly different densities,
mean velocities and temperatures. Charged-particle collisions tend to force each
subsystem to local thermodynamic equilibrium, with the subsystem entropies being
maximized, subject to the constraints imposed by particle, momentum and energy
conservation. Because of the small differences between subsystems, the velocity
distributions for these subsystems depart slightly from Maxwellians. For example,
the distribution of the velocity component in the direction of the temperature gra-
dient is skewed somewhat in the direction of motion of those particles coming from
the hotter region. As a result, there are small fluxes of particles, momentum and
energy between subsystems, which are approximately linear in the thermodynamic
forces (e.g. the density and temperature gradients). The resulting entropy fluxes
between subsystems then make the plasma as a whole tend towards a state of
global thermal equilibrium. Because of the boundary conditions and other external
constraints, such as applied electromotive forces, the plasma generally is not able
to reach this equilibrium state but remains in a nonequilibrium steady state. The
charged particles and energy are lost from the plasma at the same rate that they
are produced in the plasma in this steady state. It is the goal of transport theory
to calculate these loss rates, assuming they are due to Coulomb collisions.

With this viewpoint borne in mind, we focus on three calculations:
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(1)  The Spitzer-Hérm problem (§IX.1): how collisional conductivity is established in
a plasma subject to a macroscopic electric field

(2) The Chapman-Enskog expansion (§I1X.2): how Navier—Stokes emerges from the
kinetic equation for a collisional plasma

(3)  The Braginskii-MHD equations (§I1X.3): how transport in a collisional, magnetized
plasma is constrained by the magnetic field

IX.1. The Spitzer—Harm problem

For our first example of transport theory, consider the conductivity of a fully ionized,
collisional plasma. The problem can be stated and solved with varying degrees of
complexity and difficulty. Let’s start simple.

A constant electric field is applied to an infinite, homogeneous plasma. We seek a
relationship between the steady-state current that results and the applied field:

j=oE. (IX.1.1)

Here, o is called the electrical conductivity. As a first pass at calculating o, let us recall
(VIIL.4.17):

men,
Rei: = e(ui*ue),

Tei
which is the frictional force on electrons due to collisions with ions if (if!) the electrons
are Maxwellian and the collision operator is approximated by the Lorentz operator (see
(VIIL.4.11)):

Clf.] = 3\/&<v§jhe)3£{fe+2v-uiafe].

47, ov?

In steady state, force balance on the electrons is then

0=—en.E+ R;

MeTle

= —eneE + T(uz — ue)
ey MM I
Tei €Ne
2 .
— |j=2"T g R (IX.1.2)
Me

Now, what we have done here is treated the small distortion of the electron distribution
generated by the electric field as an induced flow, with no distortion in the thermal part
of the distribution. Not really kinetics, but we do have an answer! The disappointing, yet
somewhat reassuring, thing is that doing a proper kinetic treatment only affords a more
accurate numerical prefactor. A lot of work for an O(1) detail, but it’s an important
detail, and finding such details is good for one’s training and character.

So how do we do better? We really ought to be solving

e Ofe
R
Me ov

= C[f.), (IX.1.3)

but the full collision operator is complicated. For our a first pass at this, ignore self-
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collisions and adopt the Lorentz collision operator for electron-ion collisions:

c—%(vthe)gc.

4Tei v

We'll also neglect any ion motion, and assume that F < Ep (see (VIIL.6.30)) so that
the distortion in f. will be small and there will be few runaways. Then (IX.1.3) can be
solved perturbatively by introducing the small parameter

) J Ue
€ ~

= — Y
Ep  eNeVthe  Vthe

<1 (IX.1.4)

and by expanding the electron distribution function in powers of e:

fe:f60+€fel+€2f52+~-~- (IX15)
Equation (IX.1.3) becomes
B (ot et Lt ) = Cla] + O[] +Clf] + . (X16)

Now examine (IX.1.6) order by order in e. At zeroth order, we have
3\/& (Uthe
47'51‘ v

i.e., the zeroth-order electron distribution function is independent of the (cosine of the)
pitch angle £ = v||/v, where || denotes the direction parallel to the applied electric field.
While not enforced by this collision operator, let us assume that

0=C[feo] = )3 Lfo] = feo= feolv); (IX.1.7)

2
Fra(6) = fu(0) = s exp( =5 )

the Vthe

(This would be enforced by a more realistic collision operator.) Proceeding to first order
in €, we then have

e Ofe0 € 3V [ Vphe \ 3
_7E . e —E- e = ell,
Me v T, vhu, 4Tei( v ) ﬁ[f 1]

or, substituting in (VII1.4.6) for L,
eEv 3T [ Vine \ 3 O o O
(0) = -2y, IX.1.
7, Sfel?) 8761-( o) 5e (1 =€) ggla (IX.18)
Equation (IX.1.8) can be solved by recognizing that ¢ = P;(¢) and exploiting the

orthogonality of the Legendre polynomials or, simply, by direct integration:

el §2 _ 3\/7le Vthe \ 3 2 8fel

T. 2 Me(v) = 8, ( " ) (1-¢%) € + const. (IX.1.9)
To keep Ofe1/0¢ finite at £ = %1, the constant of integration must be (eEv/2T,) fm,e(v).
Then (IX.1.9) becomes

eBvé? -1 3T (vine 3 Ofer
T, 2 el 8761-( v ) (-89 o€

Integrating once more over &, with f.1(£ = 0) = 0, and solving for f.; gives

eFv 4Tei( v

3
- '53\/71 ) Fte (IX.1.10)

fel =

Uthe
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Note that this distortion is not just a drifting Maxwellian, for which f.; would be
(mevuel/Te) fur,e. The greater distortion at higher speeds in this Lorentz model occurs
because the friction force is proportional to v~2, so that the electric field causes a
greater distortion at higher speeds. (A complete collision operator with electron—electron
collisions would reduce the magnitude of this distortion for v > wvipe.) Now we can
compute the current that is flowing (recall that we’ve assumed stationary ions):

€2E 4Tei
T. 37

2Fn, 81 [T 00 5 o0 /0.
— = SR T d§§2/ dvu2( ! ) S
0

v

j= e [dvosa = dvoue(—) o)

Uthe

T. 3w J_4 Uthe V/TWihe
—_———
=2/3
_ e?En, 87¢; v3, /°° 4o 29e—7
T. ovmvm J
(S —
=3'=6
32 €*nete; 2
_32Pnery 32
3T me 3
32
= |og= 370 (IX.1.11)

Now, 32/3m ~ 3.40 is greater than 1 (obviously). The increase is because more current
is being carried by high-speed electrons, whose frictional drag is smaller. Indeed, f.;
vt exp(—v? /v ), which peaks at v = v/2vghe.

To ensure consistency with our expansion, let us check when f.1/fyme < 1. From
(IX.1.10),

f{\;: ~ %UtheTei = ?E;)\mfp <1
i.e., the work done on an electron over a distance comparable to the collisional mean
free path must be smaller than the typical electron kinetic energy. In other words, the
energy gain between collisions must not be too large, so that the Maxwellian distribution
function is not significantly distorted. Another way of stating this inequality is by using
E/Ep ~ € to find \/Amp(e?/Te) ~ Ap; i.e., the Debye length should be intermediate
between the mean free path and the Landau length.
Doing better than this constitutes the Spitzer—Hdarm problem:
e ., Ofe

E-
Me ov

:C[feafe]‘i’c[feafi] (IX112)

(Spitzer & Harm 1953; Spitzer 1962), where the collision operator on the right-hand side
of (IX.1.12) is the full Landau operator. The solution for the Spitzer—Héarm conductivity
osu was obtained numerically (see Spitzer 1962; Braginskii 1965):

Z 1 2 3 4 16 oo
o .

osn = — with o, (Spitzer) [0.506 0431 — 0375 0319 —  (IX.1.13)
¢ o (Braginskii) | 0.51 0.44 0.40 038 — 0.29

Note that the Z = oo solution, for which a, = 0.29 ~ 37t/32, corresponds to our Lorentz-
operator solution, in which electron—electron collisions are negligible. The reduction of
the conductivity when Z = 1 is because electron self-collisions reduce the high-energy
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tails (which was caused by the v* factor of the Lorentz solution (IX.1.10)) by pushing f.
towards a Maxwellian.

The Spitzer problem can, in fact, be solved analytically to any desired accuracy by
expanding the perturbed distribution function f.; in a suitable basis of orthogonal
functions, taking moments of the kinetic equation, and then solving the resulting set
of matrix equations for the coefficients in the expansion. This approach was developed in
Braginskii (1958, 1965), Hirshman (1977, 1978), Hirshman & Sigmar (1981), and Hinton
(1983). The appropriate basis of orthogonal functions is that of Laguerre polynomials
(which were shown also to be the appropriate basis functions for determining the most
compact set of moment equation by Grad; see Grad (1949a,b)):

2v N v?
Je1 = THfM,e Z ue,kLés/Q) (1}2) , (IX114)
k=0

Uthe — the
where v = v{ and

5

35
L@ =1, LV (@) =3 -

7 1
x, Lé3/2)(x) =35~ §x+ 51'27....

The Laguerre polynomials constitute a good basis because, for the oft-occuring integral
weighting function of

[e’) d 2 2 )

vve 20 2 /.2 _

/ T 5 ¢ ' /v :/ dz z3/%e™2,
v v

0 th th 0

they have the orthogonality relation

= 3/2,—x 1 (3/2 3/2 (p+3/2)! I'(p+5/2)
/0 dz 2*/%e Lé/)(a:)Lé/)(m)z ol Opg = ToT D) v

Here are the first few integrals, which will ultimately come in handy:

oo
3
/ dz 23/%e=" [Lég/z) (x)] 2 —\/ﬁ,

0 4
> 1
/ do 23/2e 7 [L(13/2) (as)]2 = 75\/77[7
0 8
e 105
dz 2%/2e™® [ng/z) (J:)]2 = 3;/77[.
0

While the Laguerre polynomials are not eigenfunctions of the Landau collision operator,
they are particularly useful for kinetic transport problems in which the background
distribution is Maxwellian. (Because the lowest-order equation is 0 = C[feo], with C
being the full Landau collision operator, a Maxwellian background is guaranteed by the
H theorem.) This can be seen by examining the moments. For example, the momentum
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density parallel to the electric field is

0
Nel|le Z/d’U’U”er/d’UU”%"‘ fel+...)

~ /d’UUgfel
2 2 2 2
= [av B a5 ) uat (5 )+
Uthe Uthe Uthe
U dz 2%/2e7* L3/ (2) [u oLE P () + ue L P () + . }
3 /7 J, 0 v et
—_——
can insert

here, since
it equals 1

4 3T
= ——=Nele g X —— = Neleo- (IX.1.15)

3T 4
Evidently, the zeroth Laguerre coefficient is the parallel electron fluid flow. Likewise, the
parallel heat flux of electrons is'®

N mev? 5T, mev? 5T, 0
q|e/dvv|< 5 Q)fe/dvv|< B 2>%+fel+...)
mev? 5T,
~ [d — o
/ vv&( S >f 1

202 v? 5 3/2) [ ? 3/2) ( v*
=1 [av 3¢ fM,e< - ) [uwﬂ () fueiL () T }
Ut2he Ut2he 2 0 Ut2he ! ’Utzhe

_Ann T, [

3 /T Jo

s 3
dx 23/2%e <5C - 2> [Ue,oLéS/Q)(m) + Ue,ngS/Q)(I) T }

———
=-1? @)
4 15/ 5
= ———=nTu, ——— = ——Delle,1- IX.1.16
3ﬁn u )1 X 8 2p U ,1 ( )

The first Laguerre coefficient is related to the parallel electron heat flux.
Using (IX.1.15) and (IX.1.16), the first-order electron distribution function (IX.1.14)
can thus be written as

2v 2 E]\ e .U
for = b e fug P (2) = L3P @y 4| w = (IX.1.17)
Vthe 5 DPe Uthe

8This is, of course, not the conductive parallel electron heat flux, which is customarily given by
qe = [dow (mew?/2) fe, where w = v — u, is the peculiar velocity. Using (w) fe) = 0, this ex-
pression is also equivalent to gj. = [ dvw)(mew?®/2—5T./2)fe = —T. [ dv wHL§3/2) (w? JvEe) fe-
Mathematically, the distinction between this definition and that given in (IX.1.16) doesn’t
matter; it just matters what we dub the “heat flux” and whether we chose to Laguerre expand
about a stationary or drifting Maxwellian. But to avoid confusion, the heat flux defined in
(IX.1.16) is adorned by a hat to distinguish it from g.. To be absolutely precise, the vector
g = [dv(mv®/2 — 5T/2)vf = q + IT-u + (mnu®/2)u, where ¢ = [ dww(mw?/2)f is the
conductive heat flux, IT = [ dw m(ww — w?l/3)f is the viscous stress, and u = (1/n) [dvvf
is the fluid velocity.
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This expression goes into the first-order kinetic equation

e 8fe0 GEU”
7HQE' v = Te fM,e = C[fel}a (IX118)

where

C[fe] = C[fer, fare] + Clfrtes fer] + Clfers fui] + C e, fir]-
is the first-order collision operator. Thus, to solve the Spitzer problem, we substitute
(IX.1.17) into (IX.1.18), take [ dv vHL,(Cg/Q) (z) moments of the resulting kinetic equation
to determine the u.  coefficients, and invert the resulting matrix equation to solve for
Ue,k; in terms of &/. We can continue to higher and higher £ to obtain ever more accurate

answers. All this, just to invert a collision operator! Let us proceed with this programme.
The left-hand side of (IX.1.18) is easy: for each k in the sum,

eE 207 el V2
/d b L<3/2>< ) /d 2% 2, ,6L3/2)< i )
Me the the the /Uthe

dmtel n
_ e d 3/24—x(3/2)
3 e v Jo zx/ e "L (x)
4 eFn, 3V eEn,
= 6 = Oko- 1X.1.19
3/ m, <O = 0k )

The right-hand side of (IX.1.18)? Not so much. The electron—ion operator isn’t too bad
(see (VIIL.4.11)):

/d”UuL(d/z( ) Clfe, fi /dmij/?)(x)Zﬁ(“tvlw)%[fdwv,ulafm}

3 +1 %) . 19 9
= 4\7/527tvfhe/_1 dgg/o dv L (z )255(1 g)a?

2y al (3/2) 2vnu
e e L 3/2 - ‘ el-
x L}z Fae Y tie Ly () fM ]

the 0=0 t

Let’s do each term in brackets separately. The first term is

3ne [T L [ 3/ ad (3/2)
5 | de¢ i dee ™ L (@)Y " ue Ly (x)
e £=0

= —Z—e / dz e_xL,(c?’/z)(x) {ue,oLé‘o’/z)(m) + ue,lL(13/2)(a:) + ue,2L53/2)(1‘) + .. }
et JO
o [ 1 32 15/8 T Tueo

=——13/2 13/4 69/16 | |uc1| fork=0,1,2. (IX.1.20)
Tei 115/8 69/16 433/64| |ue.o

The second term is

In +1 0o n 1 0 0 Uq
—/ dgg2/ dze "L (@)u; === |3/2 0 0||0| fork=0,1,2.
27ei )1 0 Tei |15/8 0 0|0

(IX.1.21)
Now the electron—electron piece: we need the perturbed Rosenbluth potentials written
in terms of Laguerre polynomials. I'm not going to do this. See Hirshman (1977) and
Hinton (1983); they exploit certain properties of the linearized collision operator, like it
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being self-adjoint and momentum conserving, to calculate the coefficients. The resulting
contribution to the right-hand side of (IX.1.18) is

. 0 0 0 7 [teo
—=SV2 10 1 3/4 [|uerl|; Tee = ZTei (IX.1.22)
Tee 10 3/4 45/16] |ucs

Combining (IX.1.20)—(IX.1.22) to obtain the right-hand side of (IX.1.18) leaves us with

a matrix equation to be solved for the u. ; coeflicients:

C - 3 15 1T
1 VA §Z gZ Ue,0 — Uj
eETee 3 13 3v2 69
0|l=-| 2z 2+ —z 24z . 1X.1.23
o 5 V2 + 1 YBRET; Ue,1 ( )
15 3v2 69, 45V2 433
A R T T R R
The solution to (IX.1.23) is obtained after inverting the 3 x 3 matrix:
[ 1 [ 9 151/2 217 45v2 33 32 3]
Ue.o — Us = (1+ V2, 207 ) 45v2 33 V28,
: 27 72 288 16 16 4 "8
eETec 45v2 33 45v2 13 3vV2 3
v, |=- _45v2 33 45v2 13, 3v2 3,
me 16 16 16 4 4 2
3v2 3 3v2 3
. S Sy S S 2+ 7
[ fer ] i PR TR V2rz |
1
x| 0 1 (IX.1.24)
9 612 2 ' o
14+ 2z 222
2( T ATy )
0
Knowing that ue o = uj. (see (IX.1.15)), we find
15172 21
L 572fZ ﬁZzZQ
jH = —€MNe (UHE — qu) = O'E” X 61\/§ 9 5 (IX125)
1+ —274222
T ATy

where o is given by (IX.1.2). The factor in parentheses takes on the following values for
Z 1 ‘ 2 3 00

varying Z:
#11.9499 | 2.3210|2.5292 ] ... ‘3.3906

Note that 3.3906 corresponds to the o, value from the calculation using the Lorentz
operator (see (IX.1.11)). These values match the full numerical result to within 0.03%
(not that we know In A.; to that accuracy!). The solution for fe; to this order is (see

(IX.1.14))
2u) 5 02 35 702 1t
el = —5—JM.e |Ue ell = — —— e2|l ——=——+ = 1X.1.26
f ' Utzhe fM’ |:u o o B (2 vt2h6> u 72( 8 2vt2he " 2U§he ( )
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with
151\[ )
o cBr 1T 75 +%Z
ue,O_uHe_ui_ m X 61[ 9 )
© 1+ —~274+ 272
T 4Ty

=1.9499 for Z =1
V2
uel__g%:eETei " 8
' 5 Pe Me L 61v2 61f 722
72 9
= 0.5545 for Z = 1

722

— V2, L
. eBTe;
Ue,2 = Weighted = X
heat flow Me 1+ 61\fZ+ Z2

72 9
=0.0630 for Z =1

Before proceeding to the next section, I want to point out something rather subtle and ask
you to think about it. Go all the way back to (IX.1.10), where we found that fe1 1)||v3fM,e
for a Lorentz operator describing electron-ion collisions. The v® there was due to the velocity
dependence of the Coulomb collisions. So where is that v* in (IX.1.26)? All T see there are even
powers of v in the Laguerre sum. ..surely Coulomb collisions don’t change their v dependence
just because we’ve chosen to work in a Laguerre basis. Shouldn’t I recover the Lorentz result by
taking Z — oo in the above expression for fe1? The value of jj certainly matches. What gives?

1X.2. The Chapman—Enskog expansion

The electrical conductivity is just one material property of a plasma, for which the
kinetic theory provides a rigorous means of calculating. You should know by now that
the moment equations derived by taking velocity moments of the kinetic equation are not
closed, and that one must do analogous calculations to obtain the form of the pressure
tensor and the heat flux in terms of lower-order moments of the distribution function in
order to close the system. For a hydrodynamic system, the Chapman—Enskog expansion
does just this. It results from establishing a hierarchy of temporal and spatial scales and
asymptotically solving the kinetic equation order by order in this scale separation. Before
establishing this hierarchy and carrying out the expansion, let’s do a quick recapitulation
of from whence the hydrodynamic equations came.

Start with the Vlasov-Landau kinetic equation,

Dfa . Ofa 9o o, Ofa
Dt ot o Vet maE' v Clfal-
We could of course add additional forces on the charged particles to ¢, F, such as that
due to gravity, m,g. Since we’ll use quasi-neutrality to eliminate E at one point, let’s
do that:

Dfa = Ofa o afoc _
bt o U Vet <maE+9> Ho =Clfa] (IX.2.1)

Now, v contains both thermal and mean velocities. It is useful to split them apart (e.g.,
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because they might have very different magnitudes):
w=v—u,(tr), (IX.2.2)
where
1 .
uq(t,r) = — /dv v, na(t,r)= /d’u fa- (IX.2.3)

Enacting this transformation of variables, f,(t,7,v) = fo(t, 7, w), through the use of

0 0 ow 0 0 ou, O
81&’ &f’w+8t Cow &’w_at w’ (IX.2.4)
0 0 ow 0 0 du, O
arl " ar, or | Bw or|, or ow’ (IX.2.5)
equation (IX.2.1) becomes
df. o dug fa _
dr. +w-Vf,+ (maE+g EivT w-Vua> w Clfal, (IX.2.6)
= aq(t,r)
where
d . 0

is the Lagrangian time derivative taken in the frame comoving with the mean velocity
u,, of species . The additional acceleration terms in (IX.2.6) that result from the frame
transformation, viz. du,/dt, and w-Vu,, are the result of boosting to a time- and
space-dependent frame. The former term is fairly self-explanatory — particles must be
accelerated so as to continue residing in the “fluid element” they comprise, which is itself
being accelerated by various (magneto)hydrodynamic forces that result in du, /dt,— but
the latter deserves some discussion. Imagine you are trying to walk at constant velocity
w = wa across several layers of differentially moving conveyor belts with velocities
u = u(x)y, as in the figure below. In your frame (and the frame of the conveyor belts),
your velocity will always be w&. But, in the lab frame, your velocity will include the
velocity of the conveyor belts. This means that, every time you step onto a new conveyor
belt that has some velocity oriented in the y direction that is different from that of the
last conveyor belt, you will be accelerating in the lab frame. That is, your velocity in
the lab frame will change over an interval of time from one conveyor belt to the next.
Mathematically, the figure below corresponds to an acceleration wAu,/Ax every time
you step from one conveyor belt at position z with velocity uy to another conveyor belt
at position x + Az with velocity (u + Au)y. The difference between these two points of
view is enacted by adding —w + Vu, to the acceleration term of (IX.2.6).
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Next, take those moments:

d e 0 !
/dw(IX.2.6): &M+M+GQ'M
0

—/dw(w-Vua)-%Z/d fal

L (V-u,) [darfs
dng . . .
= |3 +naV-uy, =0]| (continuity equation for species ) (IX.2.8)
d 0 0fa
dw m,w(IX.2.6) : T d W o+ [ dwmoww -V fy +myas- | dw fwa—w
—_——
e —nal

0

_M:/dwmawc[fa]

— |V-P,—myn,a, = /dw mawC|fa] = R, | (force equation for species «)

(IX.2.9)

where

P, = /dw MWW fq (IX.2.10)

is the thermal pressure tensor of species a and R, is the friction force on species « (recall
Newton’s third law, > R, = 0). Equation (IX.2.9) may of course be rewritten in the
following, perhaps more familiar, form:

d
manaﬁ = Mana <5LQE + g> ~V-.P,+R,. (IX.2.11)
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If we sum (IX.2.11) over species, the electric-field term vanishes by quasineutrality,
Y o dana = 0. Then, defining the total mass density o = > man, and the mean
center-of-mass velocity u = o~ Yo MaNala, equation (IX.2.11) implies

Q(aat—i—u-V)u:Qg—V-(P—l—D), (IX.2.12)

where P =" _ P, is the total pressure tensor and

D = Z MaNa Aty Au, (IX.2.13)

is a tensor composed of species drifts relative to the center-of-mass velocity,
Auy = Uy — u. (IX.2.14)
(Note that > manaAu, = 0, by definition.) Returning to those moments. ..

d
/dw mew;w;(I1X.2.6) : T /dw mawiwj—i—/dw Maw;w;w + V fo

—_———
= Pa,ij
0 0fa
+ Mok [ d . ja—wk - dwmawiwj(w-Vuayg)a—W
:/dwmawiwjo[fa]. (IX.2.15)

Define the heat flux tensor for species a:
Q. = /dw Mo WWW fy. (IX.2.16)

Then, equation (IX.2.15) becomes, after integrating by parts the final term on its left-
hand side,

dPyg ;j Oug
T LA (V . Qa)ij + <6i€Pa,jk + 6j€Pa,ik + 5k€Pa,ij> 7;’, £ _ /dw mawiij[fa]
« k
(IX.2.17)
Usually the trace of this equation is taken, with
1
Do = gtr P,. (IX.2.18)
Then (IX.2.17) provides an evolutionary equation for the internal energy:
3d 3
2P L g, + 2paV g + Pa: Vg = Qa, (IX.2.19)
2 dt, 2
where
1
q, = / dw 5m,WZw fa (IX.2.20)
is the conductive heat flux of species « and
1
O = /dw 5 at?Clfa] (IX.2.21)

is the collisional energy exchange. Further writing

| Po = pol + 11, | (IX.2.22)
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where IT,, is the viscous stress tensor of species o and using (IX.2.8) to replace V - u,,
in (IX.2.19) by dlnn,/d¢t, the internal energy equation (IX.2.19) provides an equation
for the hydrodynamic entropy:

3 d Pa

Sl L v.g IV, + Q. 1X.2.23
aPdr, 5/ V-4, Vo +Q ( )

Note that, in the absence of conductive heat fluxes, viscous stresses, and energy exchange
amongst species, the hydrodynamic entropy of a fluid element is conserved (as it should
be). Finally, using (IX.2.22), the force equation (IX.2.11) becomes

d « «
Lo g (qE + g> —Vpo -V, +R,. (IX.2.24)
dt, Mg

MaNa

Clearly, to close the system of hydrodynamic equations (viz., (IX.2.8), (IX.2.23), and
(IX.2.24)), we require (I1,,q,, Ra, Qo) expressed in terms of the lower “fluid” moments
(Na,Wa,Po). This is the purpose of the Chapman-Enskog expansion, which is only
possible when the collisional mean free path is much smaller than the lengthscales of
interest (e.g., gradient scales) so that the distribution function f, is nearly Maxwellian.
This will give a tractable kinetic equation, without time variation, which will close the
moment equations and allow evolution on a slow timescale. Let us proceed.

We adopt the ordering

Kn = Azfp =ex 1, (IX.2.25)

which defines the Knudsen number Kn in terms of the mean free path and the characteris-
tic gradient lengthscale L, and group the plasma timescales in the (extended) Bogoliubov
hierarchy (§I) as follows:

Wp, V > Ven/L > D/L?
plasma freq., (sound—crossing) -1 (diﬁusion) -1 (IX.2.26)
collision freq. time time ’

where “>>” means ~e~!. A few things to note before proceeding:

(1) wp'and v7! (denoted “t” below) are lumped together as the smallest timescales
in the problem. Therefore, if you want to tell the difference between these scales,
you'd have to do a subsidiary expansion in A~'. But we don’t, which will mean
that Debye clouds are established instantaneously, and velocity-space irreversibil-
ity emerges instantaneously as well (even though v=!' ~ w'A/InA > w;!).

“Instantaneous” times a factor A/1In A is still considered “instantaneous”.

(2)  The timescale L/vy, ~ “t1” (see below) is a non-dissipative timescale, and captures
sound waves and the emergence of macroscopic force balance. This timescale is
taken to be ~tg/e, since t1 ~ L/vgn ~ (L/Amtp) (Amtp/Ven) ~ to/€.

(3)  The timescale L?/D ~ “t” (see below) captures processes leading to spatial
diffusion. In a hydrodynamic plasma, to ~ L?/D ~ (L/Amgp)?v™! ~ to /€%
Thus,
0 0 0 5 0
o ot oo
is how time variations are measured — on three disparate timescales. The Chapman—
Enskog expansion is a multi-scale analysis of the kinetic equation, which focuses on
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hydrodynamic (rather than kinetic-Vlasov) dynamics. We write

fa=foteh+efat... (IX.2.27a)
0_ 0 0 29 (IX.2.27b)

prial L v

and take the forces ¢, E and m,g to be O(e) — that is, they drive evolution on the
hydrodynamic (i.e., sound-crossing) timescale. (This says that the electrostatic potential
o satisfies e /T < 1 and that the gravitational potential @ satisfies m®/T < 1.) Then,
equation (IX.2.1) becomes

D D D
(Dt0+ D7t1+6 Dt2>(f0+€f1+62f2+-.-)ZC[f0+€f1+62f2+~~-} (IX.2.28)

Equation (IX.2.28) is analyzed order by order.
At zeroth order in €, equation (IX.2.28) is simply
Dfo
— = CIfo]. IX.2.29
2 = Clfl (IX.2.29)
This contains kinetic-scale physics that is “instantaneous”. Thus, we drop the D /Dty term
and obtain C[fy] = 0. This states that the lowest-order distribution is a local Maxwellian
that is stationary on the ¢y timescale:

folt, ) = n(t,r) expl—|v_a(t’r)|2], (IX.2.30)

/200, (t, ) U (t,7)

where 17&12(15,7') = QT(t,r)/m and the species label o has been dropped for economy
of notation (it will be reintroduced when necessary). The reason for the tildes on n, u,
and T is that we only know that fy looks like a Maxwellian, not that these parameters
correspond the the density, mean velocity, and temperature of the plasma. But, in fact,
we have the freedom to set m = n, uw = u, and T = T. To prove that, look at the O(e)
terms:

DD{O* Clfo, fi] + Clf1, fo] = CHi. (IX.2.31)

(Recall that the collision operator is bi-linear in its argument. The O(e) contributions
correspond physically to a particle in fy colliding with a particle in f; and vice versa.)
The solution to (IX.2.31) is

- .[Dho
fi=C 1 [Dtl:| ) (IX.2.32)

provided that we can invert the collision operator. Before discussing how to do that, note
that fi can contain anything looking like a Maxwellian and the equation Dfy/Dt; =
c f1 would not change. Put differently, the solution to C fi = 0 doesn’t have to be
f1 = 0; it could be any additive combination of Maxwellians. (Mathematically, f; could
be expanded in terms of the null eigenfunctions of é which are just the basis functions
for density, momentum, and temperature perturbatmns ) In other words, f; could simply
adjust 7 until it’s n, and likewise for w and T. By choosing f1 = 0 as a solution to Cf1 =0,
we are packing all the information about the density, momentum, and temperature into
fo. In math speak, “ f,>1 are constructed to be orthogonal to the hydrodynamic subspace”
Krommes (2017). This affords the freedom to associated 7 with n, & with u, and T with
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T. Thus,

folt @) = — /Zi%h’EZT) exp {— [v ;ﬁitr’)’)' } (IX.2.33)

with n, u, and T being governed by the fluid equations.
With fy given by (IX.2.33), we substitute it into (IX.2.31) and solve for f;. To do so,
first note that

2

In fo = const +1nn — §lnT — wT
2 Yth
Then, with
D 0 0
— - 4 u-V4w-V —w-Vau) —
Dtl 8t1 tu tw + (al w u) 8'w’
—_———
= d/dty
we have
Dln fy d w? 3 d
= — -V )1 —— - == -V )|InT
Di; (dt1+w ) nn+<vtzh 5 dt1+w n
2
+ (a1 —w-Vu)- (;U> (IX.2.34)
Uth

The quantities dlnn/dt; and dInT/dt; can be obtained from the moment equations,
appropriately ordered. At this point, the calculation could go in a few different directions.
If we are interested in a one-component plasma (or a multi-component plasma whose
species never interact with one another), then we know that the friction force R = 0
and the energy exchange ) = 0, because the collision operator conserves momentum and
energy. The moment equations to O(¢) are then

dlnn dInT 2 Vp

dtl :_V‘u7 dtl :_gv"uw ai

(IX.2.35)

mn

(We will explore the situation for an interacting multi-component plasma in §IX.3.)
Substituting (IX.2.35) into (IX.2.34), we find

2 2
Dinfo _ <w2 - 5>'w-V1nT+ (wzw - Iw2> : {Vu—&- (VU)T:|,
Dty vg, 2 Vi, 3vg,

where T denotes the transpose. Using this in (IX.2.31) leads to the correction equation
c 2 5 I w?
Ch (v 5w (22 1) (IX.2.36)
fo Vi, 2 Vg 3 g,

where the rate-of-strain tensor

W=Vu+ (Vu)! - g(v ~u)l. (IX.2.37)

Note: If we were interested in a multi-species plasma of, say, ions and electrons, then
we would have to decide how quickly their fj equilibrate. For example, how long does it
take for u. to become arbitrarily close to u;? How long does it take for T, to become
arbitrarily close to T;? Depending on these choices (which really amount of a choice of
mass ratio — see §IX.3), the friction force R and the energy exchange rate ) might appear
in the correction equation.
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For now, since it’s our first time through this, let’s suppose that we have a one-
component plasma (OCP). The solution to (IX.2.36) is “simply”

PN w? 5 ww | w?
f1=C‘1{f0K—)w-VlnT+<—):W]}. (1X 2.38)
vh o 2 v 3,
Just as in the Spitzer—Harm problem (§IX.1), we must invert the collision operator. As
a first pass, let’s take C[f] = —v(f — fo), the Krook operator. Then

2 2
fi= _]%{(u; — 5>w°V1nT+ <w2w - Iw2> : W}
vi\vg 2 vg, U5,

II = /dwm(ww— Iw2>f1 = —BW7
3 v

1 5 2
q= /dw —mwlwf, = _§Bvﬂ — 2"y
2 2v  mn 4 v

and so

(IX.2.39)

Easy! For the full Landau collision operator, not so easy. But you get the idea. For the
general case, write

|H =-—mnuW, gq= fnnVT| (IX.2.40)

with a viscous coefficient y and heat diffusion coefficient r (both ocv3, /v).

For your benefit, I include here the details of the calculations that lead to (IX.2.39). First,
the heat flux g. Orient VInT along the z direction and write w in spherical coordinates:

w = wéz + /1 — £2(cos V& + sin¥g). Then
q= /dw %mwafl
_ 1dlnT [™ o [T ool o, (w5
oo “+1 2
__1 dInT / dw w2/ dé 2m %mwzw«S(z}T — 9)11)52 fo (doing ¥ integral)
0

v dz —1 th 2

4 o0 6 2 +1
mn v dww® [ w 5\ _w?/02 2 . . .
—— VT2 = (T — 7>e W™/ e d¢¢”  (inserting fo, rearranging)
v Vit o Vgh Ve 2 -1
1 foo 5 2
= - de2b/2(z— = )e @ = -
0

@ -2 ()

_ V7 /105 515 _ 15
—T(E‘ﬁ)—ﬁﬁ
2
_ MG 2 = 2 Wi gy,
v 8 4 v

Next, the viscous stress IT:

2
HE/dwm 'ww—lw2 flz—l/dwm ww—lw2 wf;w_le W fo.
3 v 3 v, 33U

Before going any further, two simplifications can be made. First, note that I: W = tr(W) = 0.
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Second, with w written in spherical coordinates as above,

+1 27T 47_[ 5
/ d§/ dﬁww:?wl = /dwww:Wocl:WzO.
-1 0

H:f%/ W fo = 77/ e : W fo.

So we must compute fdﬁfdi? wwww. ertlng w| =w?¢? and w2 =w (1 - 52) makes things
a bit more compact after performing the ¥ integra&, which leaves

Therefore,

+1
21 / d¢ {wﬁzzzz + 3wt (@22 + YYYY)

{wﬁ(f%—&-:i:%)(%:fc—i—ﬁ:,%)—l—wﬁ(%@—i—@%)(%@—&-@%)+—(a:y+i/:i:)(i-y+i/a:
To perform the £ integration, note that
+ 2 + 16 +! 4
deg* =2 de(1—¢%)?2 = — / deg?(1-¢%) = —.
[rae=2 [Caa-er- [ aca-e)-
Then,

+22)

el

+1 27
/ d§/ dY wwww = 2mw? x % { (2222 + z@zd + yyyy) + 11+ (22 + 22) (2
-1 0

+ (29 +92) (29 + 92) + (29 + 92) (2y + 9&)
Inserting this expression into the equation for the viscous stress, and using the facts that W is
symmetric and I: W = 0, gives

2T 1 oo 6 2/
———85 W/ dw w? —f — Py 10 dw7w e = Py,
v v v 157 Jo v v

Voila. Now, back to the expansion. ..

At O(€?), equation (IX.2.28) is

Dfy  Dfi _

Dt, T Dt Clfo, f2] + Clfa, fol + Clfr. f1] = Cfo + Clf1. fu]- (IX.2.41)

This is called the “solvability condition”; we must ask whether this equation has a solution
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for fy. To do so, take the following moments:

/dw (IX.241) = /dw <Dfo + Dfl) =0 (C conserves number)

Dty = Dty
(IX.2.42q)
D D
/dw v(IX.241) = /dwv Do + DAy _ 0 (C conserves momentum)
th Dtl
(IX.2.420)
D D
/dw w?(1X.2.41) = /dw w? Dfo + Dh =0 (C conserves energy)
D¢, Dty
(IX.2.42¢)
Now,
df1 d
/dw (1’w’w2)d71 - & dw (1, w,w?) f; =0,
and
0
/d'w (l,w,wQ)(al —'w-Vu) . 87']:117

lg)f/d'w (O,I,Zw)-a1f1+/dw (V-u,wV-u+w-Vu,w2V-u+2ww:Vu)f1
=0.

So (IX.2.42) becomes

/dw (1,w,w2) <Dfo> =— /dw (1,w7w2)w -Vfi. (IX.2.43)

Dt
hydrodynamic quantities dissipative fluxes
evolve without dissipation = -V -(0,IT/m,2q/m)

The solvability condition (IX.2.41) therefore returns the transport equations! Good. From
Krommes (2018), §23.2.7:

Thus, in this kind of asymptotic expansion, one obtains successively more and
more information about lower-order quantities from solvability conditions at higher
and higher order. This behavior is not unique to this problem; it occurs in virtually
all asymptotic problems in which a large parameter like e~ determines the lowest-
order physics. The behavior of charged particles in a strong magnetic field is another
such problem, and some derivations of particle drifts and gyrokinetic equations
follow essentially this same asymptotic route. It is an important technique with
which you should be familiar.

One could, of course, do better than what is done in this section by inverting a more
accurate collision operator. But the purpose here was just to show you how Chapman—
Enskog works. Our real goal is the Braginskii equations for an ion-electron plasma, which
is next. There is where we’ll be more sophisticated with our collision operator.

Pictorial summary:
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Different temperatures and velocities driven transport between these fluid elements,
which is approximately linear in the gradients. This is connected with the slight de-
partures from Maxwellian that result from the system trying to achieve global thermo-
dynamic equilibrium by relaxing these gradients diffusively. What we’ll see in the next
section is that a strong magnetic field — “strong” meaning p/Ayp < 1 — can impede this
transport.

I1X.3. The Braginskii-MHD equations

We now arrive at the crown jewel of classical transport: Braginskii’s equations for a
collisional, magnetized plasma. These are a great example of rewarding mathematics and
rich physics, and we will explore both. Speaking of a good blend of rigorous presentation
and pedagogical discussion, Braginskii’s original article published in Rev. Mod. Phys. in
1965 is a must-read classic. Do yourself a favor and consult it alongside these notes. John
Krommes also has an article on classical transport in a magnetized plasma, recently
published in J. Plasma Phys., which employs a “modern” projection-operator technique
to determine the transport equations. Same physics, different formalism. .. to each their
own.

The basic idea can be seen by returning to the illustration at the end of the Chapman—
Enskog notes:

‘Co='{:ﬂ,l -po =£M,1

- &

)
ﬂ\ )-\f\ |Tl N

3

—
Y\\.\“(‘L |TL

If we put a magnetic field with p/Amg < 1 perpendicular to the white arrow, then those
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heat and momentum fluxes will be stifled since the particles cannot travel a collisional
mean free path across the magnetic field. If we put a magnetic field along the white arrow,
then heat and momentum fluxes can readily proceed since the particles can stream along
the magnetic field unimpeded but for collisions. Thus, transport in a magnetized plasma
is fundamentally anisotropic. Let’s explore this, and other such effects, rigorously through
a Chapman-Enskog expansion.

I1X.4. Ordering of parameters

One difference between the following calculation and the Chapman—Enskog expansion
detailed in §IX.2 is that we will focus on an ion-electron plasma, with collision rates
ordered such that f; and f. are both Maxwellian to zeroth order. But, following Bra-
ginskii, we will exploit the smallness of mq/m; to allow the Maxwellian parameters u;
and T; to be different than u, and T, respectively. In Braginskii’s words: “this feature
makes it possible to obtain separate transport equations for the electrons and ions with
different temperatures (and different velocities) and to uncouple the electron and ion
kinetic equations.”

There are three different small parameters in this problem:

Pi

L

)\mfp
L

<1 (the plasma is magnetized)

<1 (the plasma is collisional)

m

—«x1 (temperature and mean velocity equilibration takes some time)
' my

We will take T; ~ T, (i.e., ions and electrons have comparable temperatures, not differing
by more than ~y/m;/m.) and a “high-flow” ordering:

m
Ui ~ Ue ~ Vthi ~ 4/ ’I’I: Vthe K Uthe- (IX.4.1)

“Low-flow” orderings with flow velocities of order the diamagnetic drift velocity introduce
additional physics; see Catto & Simakov (2004), which follows Mikhailovskii & Tsypin
(1971, 1984). Note that individual collisional mean free paths are all comparable,

Acc ~ )\ci ~ )\iia (IX42)

despite the collision frequencies being different: vee ~ Vei ~ \/Mi/Me V3.
Within the

g 0 0 5 0

&—870—&—68—“—1—6 %+
timescale ordering in the Chapman—Enskog expansion, which we adopt here as well,
the “t1” dynamical timescale is ~wvin; /L ~ +/me/m; vtne/L, while the “t” collisional
timescale is NVe_el ~ V;l. The timescale “t5” again denotes the diffusion timescale. To
simplify the derivation of the Braginskii equations, we use the ordering

Pi A Me
— — o~ — 1 1X.4.3
T < 7 ’/mi < ( )

so that the plasma is collisional, but not so collisional that Larmor orbits are disturbed.
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To achieve this, it is common to first expand using the orderings

Pi i me

Pe )\ee )\ei Me
7 m, Soand Ty ——

(IX.4.4)

and then perform a subsidiary expansion to achieve undisrupted Larmor orbits:

Pi Vi; L Me Pe Vee L Me
—_—~ =KL 1l~— and ~ <1~ .
i £ Aii \| My Aee 2. Aee \| My

(IX.4.5)

Note: This isn’t the only way of obtaining the Braginskii equations. One could first
expand the kinetic equation in p;/L < 1 with A\;;/L ~ 1 to get drift kinetics (which
becomes “kinetic MHD” in the high-flow ordering; Kulsrud (1964, 1983)) and then
perform subsidiary expansions in \;;/L < 1 and m./m; < 1.

What follows is a derivation of the Braginskii-MHD equations using the full Landau
collision operator, just like Braginskii (1965). I admit that it is certainly not the most
pedagogical exercise to work through Braginskii’s calculation for the first time while re-
taining the full Landau operator. So if you find yourself getting lost, you should probably
skip to the hand-written pages appended to these typed lecture notes, where simplified
collision operators are used to perform the Braginskii-Chapman-Enskog procedure in
a simpler fashion. It’s the same general procedure, but the inversion of the collision
operator there is a trivial task; here, it’s more complicated, involving the projection of
the collision operator onto a Laguerre-Legendre basis.

IX.5. Expansion of the kinetic equation

With the inclusion of the Lorentz force, the kinetic equation in (¢, 7, w = v — u,)
variables for species a (see (IX.2.6)) is

B
%+w-Vfa+ {%(EJF%X >+g—dua —w-Vu, Ofa
dt, Mg c

_ o e o). axsa)

(Recall that d/dt, = 0/0t, + us -V, with the temporal and spatial derivatives both
taken at fixed w.) Using the force equation for species « (viz., (IX.2.11) with (IX.2.22)),

dua:%(E+uaxB>+g_ VDo _V-HaJr R,
C

b)
dt,, Me MaNe MaNg MaNe

to replace du, /dt, in (IX.5.1) leads to

df, Vpa v.II, R, Ofa Ofa

L-ﬁ-’w'Vfa-‘r p + — .L_(w.vua).i

dt,, Mala  Malla  Maa) OW ow | (1xX.5.2)
) g, ..
= —Qa(w X b) . 87’11) + C[fa]

where 2, = ¢4 B/mqc and b=B /B is the unit vector in the direction of the magnetic
field. The Braginskii ordering will be applied to (IX.5.2) for each species to solve for f,
and thus obtain the transport coefficients.
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IX.5.1. Expansion of the electron kinetic equation
Let’s do the electrons first. Set

and write

f€:f€0+€f€1+6f62+"‘7
like we did in the Chapman—Enskog expansion (see (IX.2.27)). Then (IX.5.2) becomes

dfe Vpe V'He Rei afe afe
dt. Fw-Vie +<mene * Mene mene> Tow (w- Vue)- ow
~N = M~ Y YT —_—
©) ® 0] 0] 0] ©)
= — 2. (wxb)- g{i + Cee[fe, fe] + Ceil fe, fil, (IX.5.3)
—_———— ———
© © @

where the circled numbers indicate the lowest order in € at which each term appears.
(Recall that ty ~ v ! ~ v;' ~ 271 and t; ~ (vini/L)~'. The term involving the
electron viscous stress tensor IT. will eventually be shown to be ~e2, rather than ~e,
after feo is found to be an isotropic Maxwellian.)

At zeroth order in €, equation (IX.5.3) is

afeO

0=—02,(wxb)- o

+ Cee [f607 feO] + Cei [feO7 fi0]7 (IX54)

with the condition that [ dw w feo = 0. Because of the mass-ratio expansion, we can take

Cei ~ M (Uthe )35,

47 N w

where £ is the Lorentz operator (VIII.4.4). Then we multiply (IX.5.4) by In fo and
integrate over velocity space to obtain

D (280’ ),

w

O:/dw lnfeocee[f607f60]+/dw lnfeo

Both of these are positive quantities, and so each must vanish in order to satisfy this
equation. We know that C.. vanishes if f.o is Maxwellian, and that £ vanishes if f.q is
isotropic in velocity space. Thus,

feO = fMe =

ne(t,T) _”_“e(tv’“”z] (IX.5.5)

— 2 _exp
/208 (¢, 7) [ vi, (t,r)

with fe; adjusted so that n., u., and T, are the true electron density, flow velocity, and
temperature (recall the discussion in §1X.2). To ensure this, we require

Jawra= [awosa = [dwurfa—o

in order that (IX.5.5) hold for the true moments. In other words, fe; is purely kinetic.
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At first order in €, equation (IX.5.3) is

v e V'He Rei 0 e
w -V e + ( Pe n ) _Ofm
MeNe MeNe MeNe ow
_ o Ofen ¢ 37T [ Vthe \3
= —Ou(wx B)- ot + Ol fu] + (7o) £l (IX.5.6)

where

Cge[fel} = Cee[fel; fMe] + Cee[fMea fel}

is the linearized electron—electron collision operator (see (VIIL.7.6)) and the [...] argu-
ment of the Lorentz operator is

W+ (U; — Ue)

m
fel - Te fM€7

the O(y/m./m;) piece of the Lorentz operator for electron—ion collisions (VIII.4.4). We
can simplify some terms in (IX.5.6) by using the following:

. Llw-(u; —u.)] = —w- (u; — ue) ;
w? 5

. w'VfMe: 'w-Vlnpe—l— T_§ w'VIHTe f]\/[e;
the

ane _ —27wf .
' ow i, Me >
MeNe 3T w’
. R, = p (u; — ue) — ir.; mevghe/dwl ﬁfel(w') )

. .~ dwme(ww—;wQ)fMeZO.

Thus, equation (IX.5.6) becomes

2 3 A —
fte (w — 5>w-VlnTe + fMe {1 — —3ﬁ<vt}‘€) }Qw (i — ue)
2 4 w

2 2 i
Uthe UtheTed

if(vge)?’am

= —u(w x b L O[]+
+ %fMe

2T Me

w/
VtheW * /dw' Efel(w,). (IX57)

Believe it or not, we can solve this in a way similar to the Spitzer—-Hérm problem by using
Laguerre polynomials. But first, let us cast (w X I;) -J/0w in a more mathematically
useful and physically revealing form.

Anticipating that the material properties of the plasma are biased with respect to the
magnetic-field direction, decompose the peculiar velocity of the particle as follows:

w=w|+wy = w”lA) + w, (cos V& + sin ¥y), (IX.5.8)

where w) = w¢ (wy) is the component of w oriented along (across) the magnetic field.
The angle ¥ is the “gyrophase”, which tracks the angular position of a particle as it
gyrates about the magnetic-field line in the &— plane:
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A

b

/'
B>

X
Using (IX.5.8), it is straightforward to show that
0 b 0 wy 0 _wX b o
6w 8wH w9 w 3wL wH*ﬁ wﬁ_ 319 wyw.

and that dw = dv w; dwdw. Also useful will be

where
1 27
)= — dd (... IX.5.
()0 = 30 () (IX.5.9)
denotes the gyro-average. It will be helpful in what follows to note the following identities
’ b
. =—w,; Xb and % =w,. (IX.5.10)

oY

With these results, equation (IX.5.7) becomes

2 3 . .
fMe<1§—5)w-V1nTe+fMe|:1_3ﬁ Uthe) :|2w (2uz ue)
Uthe 2 VtheTei
_ afel A 3 Uthe
- Qe 819 + Cee[f@l] ( w ) E[fel}
4 3V fve Vphew - / dw’ fe1 . (IX.5.11)
27'61 Ne

The solution to (IX.5.11) must have the form

fer= (fe)s + fa (IX.5.12)
—— ~—
gyrophase- gyrophase-
independent  dependent
piece piece

Note that (C%,[fe1])s = CL[(fe1)o] and (L[fe1])o = L[(fe1)s]. Then, using (w)y = w;b,
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the gyro-average of (IX.5.11) is

fMe<UQ}2 _ 5)w|5-V1nTe + Fue [1 _ 3\/7?(”“18)3] w

2 .
Uthe 2 4 w ViheTei

= CL[(fe1)o) + iﬁ(vge)gﬁ[ﬁeﬁﬂ + ?;\T/TT f;;/[e VtheW)| /dw’ %fd(w’).
‘ S (IX.5.13)

(Note that the fei(w’) in the final integral term of (IX.5.13) may be replaced with
impunity by its gyro-average, (fe1)y.) Following (IX.1.14), write

2w N w2
(fer)o = UTHfMeZUe,kLS)/Q) (1)2> (IX.5.14)
the

the k=1

Here, the Laguerre sum starts at £ = 1 since u.o = 0; i.e., there is no parallel mean
flow in fe1, since it’s in feo by construction. The right-hand side of (IX.5.13) was already
calculated in §IX.1 (see (IX.1.23)):

13 3[
5,8, 3v2, 09, .
Ne V2+ 4 16 te1

Tee | 34/2 @Z 452 433Z
4 167 16 ' 64

The transformed left-hand side of (IX.5.13) is (with @ = w?/v2 )

/dwwHL 3/2) )fMe{(:’z_ 5>w|b VInT, + [1-%(”2}1)3]2“”@_“”}

Ue,2

the 2 vtheT‘fi
_ 2027 (3/2) 2 5 3y 2(ugi — uye)
= /dww E°L 7 () fue [(x >b VinT, + (1 4x3/2> VE T

A UQ € = —z 7 (3/2 3/2 ~
= ?7‘[\;77[%/ d$x3/2e Ll(c/ )(Z‘) _Lg / )(x)thlTe

+L(3/2>(x)2<““i —uje) 3V U — e
0 V3 Tei 223/2 v T

the
4 e 7 1 4 e2ui7M
= Pe b w5, 0V 4 pe 2y S ono Y

73\/7? Me TV e 8 MTei My
Pe 2(““2 - uHe) 3 15
— De 2R He) 2o+ 28
M. 27 x| 9x0 + 50k + Ok
5 Tei » 3
——b-VT, + - (u”i - uHe)
Te 2 me
—— _—
Tei 15
5 (i~ ue)
13 3
V2t Tf 1GZ el
— Ne . (IX.5.15)
Tee | 3v/2 69, 45v2 433
—_— VA4 7 Ue,2

T 167 16 Tw
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Inverting, we find
45+/2 433
5 7. iZ + —72
_ ei g 16 64
et = o Ve s s L T
‘ + Z+ =72
16 16 64
= 0.506 for Z =1
45+/2
—51\6[2 + ?—222
+ (upi — uye) X : (IX.5.16)
72 N 151\/52 N 217,
16 16 64
=0.284 for Z =1
2
5. %Z @ZQ
Uy = —=—2b- VT, x 16
2me 72+151\/§Z+£722
16 16 64
=0.253 for Z =1
2
+ (Ui — Yjle) X , 1X.5.17
(us = uje) ?_isive, o, ( )
16 16 64
=0.032 for Z =1
Thus, for Z =1,
3/2) [ w? 5_ Me (Ui — Ujle)
(fer)o = w) fueLy (02) [0.506 X 57eibs VInT, +0.284 }
the e
3/2) [ w? 5 me(u); —uje)
— wy fmeLs (2) [0.253 X ~7eib-VInT, —0.032 x ]
/Uthe 2 Te
N (IX.5.18)
Next we obtain f.1, the gyrophase-dependent piece. Do (IX.5.11) minus (IX.5.13):
2 3 2 . P
fMe<“; - 5)wl VT, + fue [1 Ty }W
Uthe 2 4 w ViheTei
Ofet | i 17 1 3VT (Ve \? o7
-0, ct It ( ) Cif.
99 + ee[f 1] + 47—ei w [f 1}
3T wl ~
+ f fMe VtheW | * /d'w’ 713']0@1 (’LU/)7 (IX519)
2Tei Ne w

where w; = w — wHB Now we impose our subsidiary expansion (IX.4.5) on (IX.5.19).
To lowest order, the only terms in (IX.5.19) that survive are

w? 5 81((1))
fMe (vghe - 2)wJ_ -Vin Te == QSW7 (IX520)
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where we have written f.; = f fﬁ}) -+ .... To next order,

3 the 3] 2 (U — Ue 8( 3 e 3
e[t () P2 0 S et T () i)

V3 Tei oY AT,
L 3V e w’ %0
27@1 . VtheW | * /dwlﬁ e1 ().
(IX.5.21)

Equation (IX.5.20) becomes, upon integrating over 9,

’wJ_XlA)

o VInT. (IX.5.22)

fel - _fMe L§3/2) (!L‘)

There is no need to solve (IX.5.21) for f61 ; ultimately we’ll only need to know 8]?8(})/819.
It will pay, however, to insert (IX.5.22) into (IX.5.21) and simplify where possible. “Where
possible” means that pesky integral over w’ on the right-hand side of (IX.5.21):

w’ w’ w', X b
/ dw' 5 f)) (w') = / dw' 5 fue L2 (o) =72 - VIn T,

e

:—/ / “’i“’L e LPP (@) xb-VInT,

14
= ;(I—bb) X b-VTe/dw’ w fnge L2 (1)
1 4m 0
"’L b
° bx VInT, [ do' e !
Q 3 ’/T\/> QUthe X . 1 (m )
=0.
Well, that’s nice. Equation (IX.5.21) becomes
0. 8f£) _y _3ﬁ<vt},e)3 2w, - (u; — ue)
09 Me 4 w VA Tei
) - BV (1) g IX.5.2
CLITS = 2 (M) I (1X.5.23)
Now that we have f.1, let’s compute some moments.
First, the electron heat flux:
1 2 1 2
qg.= [ dw w§mew fe~ [ dw wimew fe1
w?
:Te/dww< )fel (since [dwwfe; =0)
Uthe
2
_ /dw wL(/? <v > (<f61>19 + 7O+ ) (IX.5.24)
the
N
gives gives gives  higher-
q. qy. q, . order

stuff
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Using (IX.5.18), the parallel electron heat fluz for Z =1 is (with x = w?/v3, )
ajo = . [ dwwL{"(@)(f)s
=1, [ dw(w)y L{ @) fa)o = -, [ dwab L @) f)s

2 o .
= —?ﬂ dw w* {L(l?’/z)(a:)] e [0.506 §7'6ibb - VT, +0.284 me(u); — u|e)b}

2
= [0 5065Tezbb VT, +0284m5(u‘|1 u” :|/ dz 232 —x|: (3/2)( )}

3 mym 2
4 IR - 15
—__— P 0.506 *Teibb - VT, +0.284 me(uHi — uHe)b X f
3V/mTme 8
= =316 "Lbb - VT, — 0.71pe (uy; — uy.)b. (IX.5.25)

Using (IX.5.22), the diamagnetic electron heat fluz for any Z is

qdye = —Te/dw wLL§3/2 ( )f(o)

) R
= /d’w w | [L?/Q)(x)} e wL Xb - VT,

2
1 2 A
= ﬁ/dw (wlwgﬁ |:L§3/2) (x)} fMe Xb-VT,

_ L4m ne v, (I— Bi)) X B-VTe/dxx?’/ze_x [L?/Q)(x)r

Q. 3 mym 2
1 4
LA pep g o VT
Q. 3/Tm,
9 De
=2 bx VT.. (NB: . <0! IX.5.26
XN X V ( <0 ( )

Finally, using (I1X.5.23), the perpendicular electron heat fluz is

i, [, 20

_ 7 / o 2w1 X B) L&/ () FD

oY
bp 3/2 af
=T,
[ dw . xBLE @) Fe
w, X b (3/2) 3\/> Uthe 2wy - (uz - ue)
:Te/dwiL () fve 1—— —_—
0, 1 ( ) V3 Tei
w, X i) (3/2) ¢ 1 7(0) 3\/7T[ Vthe \ 3 7(0)
Te/dw—ge L) (@)] CLIFY + T2 () )
= crunch crunch, crunch..
_ 3P ”bx( u.) — 4.66 2 PTec' g 70 (IX.5.27)
T2 o me2 -

Next, the electron wviscosity. Simple: IT, = 0, at least to the order at which we’re
working, since fe1 o< P1(£) and non-zero viscosity requires a contribution from Ps(§).
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Finally, the friction terms. Recall the friction force for electron—ion collisions (see
(VIIL4.17))

3T w
(s = ) = 2 med, [ dw 2 f(w)

MeTle
Rei =

Tei

Then the parallel friction force for Z =1 is

S SV wj
Rjer = i c dw —(f.
”ez Tei (u”l u”e) 47—@7, G ,Uthe/ w < 1>
Do SV Ve v 3/2 3/2
= (ulli—UIe){1—2:Le/dww?lfMe[()_oggzng/ )(z) +0.032 L8/ (2 )}

2

5 - 3 e w

— on.b- VT, x g“;h / dw w—L‘, Fate [0.506 LB (2) - 0.253 L/ (x)}
e

MeNe o —xz 1 (3/2) > —z7(3/2)
= (upi —uye) |1 —0.0284 ; dze L™ (x) — 0.032 ; dze ™ Ly " (x)

Tei

— gnei) VT, |0.506 / dz e*ngg/Q)(x) — 0.253 / dz e*ng}/Q)(x)
0 0
=3/2 =15/8
= 0.51 <" (uy; — o) — 0.7 nb- VT, (IX.5.28)

et

Likewise, the perpendicular friction force is

MeNe
R, .= . < (uri—uie) — mevthe/dw - i
MeNe 3V -
= Tos (uJ-i - uJ_e) + 49\/;_mevghe/d 3 fMe (3/2)( )wj_ ¢ b X VlnTe
e'te 3 e -
:M(ULi_uLe) 4Qﬁ n / de (1 - &%) / dze IL(‘S/Q)( )beT
Tei Tei
=4/3 =3/2
= Dl —uie) + 3 bx VT.. (IX.5.29)
Tei eTei

The collisional energy exchange was already obtained in (VIIL.5.16) using Maxwellian
electrons and ions; it is given by

3Mene

Qie = (T. = T;). (IX.5.30)

mM;Te;

With f.o Maxwellian and (as we will show) f;o0 Maxwellian with T; # T, the difference
between the temperatures of f.; and f;; will only give small corrections to the collisional
energy exchange rate, and so (IX.5.30) remains valid to leading order. This energy
exchange is, indeed, on a long timescale, and our use of a small mass ratio captures
this.
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A summary of electron transport is as follows (NB: {2, < 0 and Z = 1):

qj. = —3.1675bb- VT, = 0.71p. (u); — u;)b
5 Pe 3
=2 bx VT,
Ixe 2 mef2e X VI
— _ DeTee §p8 et
q..= 466meQeVLT 5 b><( — )
=0
R”ez =0. 51 (qu u”e)l; — 0.71116?)6 . VTe
MeNe
R ei — i— e b X VT
+ Tei (UJ_ et ) 2 Q eTei
Qi = 30 (T, - Ty)
MiTei

The physics captured by these expressions is thoroughly discussed in §1X.6.

1X.5.2. Expansion of the ion kinetic equation

Now the ions. Following the expansion procedure used for the electrons, set

pi i Me
‘C“TTL e

and write

fi=fo+efu+eEfiat.. ..
Then (IX.5.2) becomes

dfi Vp; V-II; R\ Of; ofi
dt; Fw- Vi +<mmi * min; mmz> 0w (w- V) - ow
—~ —— e e —_—
@ @® @® @ @® @®
= 0w xb) Pl f ROl £ (KB
—_— Y
© © ®

where the circled numbers indicate the lowest order in € at which each term appears.

(Note that Cie ~ vie ~ vijn/Mme/m; ~ €Cy;.)

At zeroth order in €, equation (IX.5.31) is

8f10
ow

with the condition that [ dww f;o = 0. The solution to (IX.5.32) is a Maxwellian:

mltr) {vu<t>l]

B ﬂg/zvthz(tv T) Ut2hi (t7 ’l")

0= —02i(w X b)- ==+ Cylfio, fio), (IX.5.32)

fio = fmi = (IX.5.33)

with f;; adjusted so that n;, uw;, and T; are the true ion density, flow velocity, and



160 M. W. Kunz

temperature (recall the discussion in §1X.2). To ensure this, we require

/d'wfil :/dwwfil :/d'ww2fi1 =0

in order that (IX.5.33) hold for the true moments. In other words, f;; is purely kinetic
(as in the electron case).
At first order in €, equation (IX.5.31) is

sz sz _ Rze —aw- V’LLZ . anz

afl + Cg [fll] + Cze [me fMe] (IX534)

+w-Vfmi + (

where
Clilfal = Culfi, fai] + Cuil fati, fi]

is the linearized ion—ion collision operator (see (VIIL.7.6)) and Cjc[fmi, fue] is given by
(VIIL.5.12) written to O(e):

, 2
Cielfwmis frie] =T wfy - 2me”61<1_?)<w )fMl

Di min; Te; Uthz

_ Rie ‘ani+2Qze<

- i I1X.5.35
m;n; ow 3 Pi 2>fM ( 3 )

Uthz

where we have used R;. = —R,; and (VIIL.5.16) to obtain the final line. We can simplify
some terms in (IX.5.34) by using the following:

dfwi  [dInn, w?  3\dInT; .
) at; | dt W2 2) a M
dlnn; dInT; 2 2 Qie
M = - * Wy, :_*V u; — )
dt; RET 3v Mty
w? 5
. w-VfMi{w-Vlnp¢+<2)w-VInﬂ}fMi;
Vi 2
Ofwi 2w f
’ ow 3N

Thus, equation (IX.5.34) becomes

w? 5 ww | w2 dfin ,
oz, g )oYVt e g ) W = 4 a). (X5
T |:<Ut2hi 2)111 vinti (thhi 3Ut2hi> ] oY +Cylfal. (1X.5.36)

As before, the solution to (IX.5.36) must have the form

fa= (fu)e + fa . (IX.5.37)

—— ~—~
gyrophase- gyrophase-
independent dependent

piece piece

Note that (C4[fi])s = C%[(fi1)s]. Then, using (w)y = wyb and (ww), = witbb +



Irreversible Processes in Plasmas 161
(w? /2)(I — bb), the gyro-average of (IX.5.36) is
2 5 . w? —w? /2 N |
Fari [(“; - >w|b-V1nTi n ('QM (bb - ) ‘Wi | = CL[(fin)g]. (IX.5.38)
Uths 2 Vthi 3

To solve this equation, we must invert the collision operator on its right-hand side.

Before doing so, note that the difference between (I1X.5.38) and its electron equivalent,
equation (IX.5.13), is the second (viscous) term on its left-hand side. The addition of this
term requires the use of both Lf’/ ? and Ll(f/ ?) as our basis functions, where the latter
satisfy the orthogonality relation

oo . I'(p+17/2)
/ dz z°/%e L;5/2)(;U)Lg5/2) (x) = ——=0pq-

0 I'(p+1)
Thus
2w o 2 (w2 [ w] —wl/2 . (5/2) (W
(fin)o = ——fmi Y uixL |+t ——— | i ) ™l —
Vihi kz::l g Vi 3 PiVi kZ:O g Uthi
(IX.5.394)
= (fa)y + (fir)5- (IX.5.39b)

(Once again, note that the 3/2-Laguerre sum starts at k = 1 since u; ¢ = 0; i.e., there
is no parallel mean flow in f;1, since it’s in f;p by construction.) This expansion works
because the viscous stress associated with (f;1)5 is

k=0

w? \ 2 w? — wi/2 N w?
dw m; 'LU2 — L) — 7“ f i T L(5/2) ()
>/ ( I 2 3< Pivi,; . Z o Ui

I\ 4 32 1\ o
= I . /20— 7(5/2) (5/2)
= | bb 5)3v= ), df( 5 ) ,;)ﬂ%k/o dea”“e™" Ly " (x) L, (x)
- —_——
can insert
here, since
it equals 1

1 4 2 157
—(bb— =) x 23, YT
( >3ﬁx5kz_0””“ g ko

Y |
= (bb — 3)71'2”()7

i.e., the zeroth Laguerre coefficient is the parallel component of the viscous stress tensor.
Good. Before proceeding, it is also worth noting that
2 2
o wi 3 -1 4 2
L el = Py (&)w?,
where Ps is the second Legendre polynomial, so that

N
)5 = 2aPo(©) fa S E L) (),

3 k=0

(2
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The factor of 2/3 provides the proper normalization of the second Legendre polynomial:
recall that

+1 9
[1 d¢ Pp(f)Pq(g) = mépq'

Thus, equation (IX.5.39) may be written

N N
(fi)§ + (fi)§ = 20 PL(&) fa Y %Lz(fm (z) + %xpz(ﬁ)fw > @LSM)(%)-
k=1 "M k=0 **

(IX.5.40)

If you'’re seeing a pattern here, you might be interested to read Grad (1949a,b), in

which the distribution function is expanded in terms of Laguerre-polynomial energy

moments and Legendre-polynomial angular moments of the departures of the lowest-

order distribution function from a Maxwellian. (His expansion was in terms of Hermite
polynomials, but this is equivalent.)

The expansion (IX.5.39) means that we need the linearized collision operator written

out in terms of L](f/ 2) polynomials. Before doing so, let’s handle the heat-flux term first
((fi1)}) and then worry about the viscous term ((f;1)5). In order to calculate the ion
heat flux from (IX.5.38), we must solve

ﬁﬂ

2 Ui 1
3/2 w ) > n; 4
KR IENCAECNCN
4 16 ’
(IX.5.41)

The left-hand side of this equation is equal to

4 pis 1
~ 2 Py Y InT x 0y 5?

3\/7T[ m;

and so, inverting the 2 X 2 matrix on the right-hand side of (IX.5.41), we find

)

5 \/?Tii » 5
Uiy =7 - b-VT; x <4>7 (IX.5.42)
) \/ET”‘ ~ 1
U2 = Zle.VTZ X (—3) (IX543)
Thus,
55 5 2w 1o w?
(fi)§ = wy frrib- VIn'T; {L —— | —zL —— 1, (IX.5.44)
! : 4 47 Vi 372 Vi

where 7; = v/27;;.

Now the viscous term. Consulting Hirshman & Sigmar (1981, equations (4.31)—(4.40)),
the linearized ion—ion collision operator written in terms of the L,(f/ 2) (x) polynomials is
(to the order we’re seeking)

6 g 1 3/4 3,1
5T {3/4 205/48} [m,g]' (1X.5.45)
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So, we must solve
6 n; 1 3/4 i1 . wi (5/2)
5n [3/4 205/48] Lm] = it / dw (“ﬂ - L (@)
wi—w? /2\ /.. |
X futi ('2L/> (bb - > . W, (IX.5.46)
Following through with the velocity-space integration, the right-hand side of (IX.5.46) is
3 P |

Inverting the 2 x 2 matrix on the left-hand side of (IX.5.46) thus obtains

1025 Y |

= —— )W 1X.5.4

4,0 712 DiTi (bb 3> i ( bl 7)
45 Y |

= T —— )W, I1X.5.4

il 1781)7'(bb 3) (IX.5.48)
so that
w? —w? /2 | 1025 45
” I 1 (5/2) (5/2)
= —| =" | farss [ BB — w; Ly - 51
(fi1)g < o )fMT< 3) [1068 @) = 567 (x)}

(IX.5.49)

Next we calculate ﬁ-l, the gyrophase-dependent piece. Do (IX.5.36) minus (IX.5.38):

ww, +wiw| +twiw — (’wi/2)(l— BE))

2
Uthi

w? )
fMi(2_2)wJ_'V1nTi+fMi ;
Uthi

dfa
oY

Now we impose our subsidiary expansion (IX.4.5) on (IX.5.50). To lowest order, the only
terms in (IX.5.50) that survive are

= 2= 4 Ol fal (IX.5.50)

w? 5
fMi(g - 2>'wJ_‘V1nTi + fymi
Uthi

oy
] Wi = 2~ (IX.5.51)

where we have written f;l = f;(lo) + JA”-(I) + .... To next order,

f

0= 0,221 4 CLIfY]. (IX.5.52)

Equation (IX.5.51) becomes, upon integratmg over v,

b Xb+w, xbw, W,
T = e LD (@) X2 W T 4 fgg SO
2 i e "] (1X.5.53)
+ fMi—— 2 [sin20(&2 — §g) — cos29(&Y + Y&)] : —.
4o Uths Qz

As before, we need not solve (IX.5.52) for f}ll), because an integration by parts will move

a 0/9Y onto ffll ) when computing moments. Now that we have f;1, let’s compute some
moments.
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First, the ion heat flux:

1 1
:/dwwiminf,» Q/dwwimiw2f“
w2
=Ti/dww( )fll (since [dwwfi1 =0)

vthz
- _T,-/dw wL(3/2)< >(<f21>19+f + P+ ) (IX.5.54)
Uthz
—— =~ ~—~
gives gives  gives  higher-
q) 9xi q., order
stuff

Using (IX.5.44), the parallel ion heat fluz is (with z = w?/v3 ;)

4= -1 [ dwwL @) ()
=T / dw (w)y L§3/ D(2)(fi)y = —T; / dwwyb L (2)(fin)o

2% ..
z——/d 3/2) )} fwmi [mnbb-VTi]
:—4—7[&”ﬂ 2 bb- VT, /oodzgcff/“‘e*ﬂf[L(‘q’/”(x)}2
3/ 2 |16 A 1
L pe 25 o] VA
3y/mme |16 8
1%5pimi g
=- - 7;; bb- VT, (IX.5.55)
(3
—~
~3.91

Using (IX.5.53), the diamagnetic ion heat flux is

qu:_Tl_/dwwLng/z)( )f(o>

2 b
:/dwwl [ng)(x)} fMiwl(;( VT,

1 2 A
= ﬁ/dw (wLwQﬁ |:L§3/2)(x)] fmi Xb-VT;

_ LAm ni vy (1-bb) xb- 9T, / dwa®/2e~ [LfY 2’(:':)}2

2 3 mym 2
L S NN SUR 157
Q; 3/Tm; 8
5 Di 7
=2 bx VT;. (IX.5.56)
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Finally, using (IX.5.52), the perpendicular ion heat fluz is

4= T [ dww, 17 @) 7
_ 7 / duw 2L XB) 1 3/2) 71
o !
ofy
09
—-1; [ dw P L @) LY

(2

E / dw (wy x b)LP*? (2)

= ...crunch, crunch, crunch...

—1
DiT;

=2 V.T,. (IX.5.57)

Next, the ion viscosity:

1
+ /dw m; <'ww - 3w2> (fi(lo) + fAi(ll) + .. ) (IX.5.58)

~N N~ =~
gives gives  higher-
IT,; IT, ; order

stuff
We already found the parallel ion viscosity II; = m; o
1025 3/~ |
I, =———pmi=(bb— = | : W,. 1X.5.59
I#= " T068 7172 ( 3> ( )
——
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Using (IX.5.53), the diamagnetic ion viscosity is

] ~
IIy; = /dwmi(ww — 3w2)fi(f)

/dw mi(wjwy +wiwy +wiw) fu

. . ) .
« {“’”‘“ Xbtw XOWy WL 99(6d — gi) — cos20(ad + §2)] } . Wi
Uthi 405, £2;
= ...crunch, crunch, crunch...
= i " [2(by + gb) (b + &b) — 2(ba + &b) (by + §b)
+ (@& — 9y) (29 + y2) + (29 + yz) (@@ — yy)] w;
Way + Wy Woo — Wy —2(Wy + W)
2(W,y + W) 2(Woe + W) 0
=10 P (b Wy (1 36b) — (1+ 3bb) - Wi x b). (IX.5.60)

Finally, using (IX.5.52), the perpendicular ion viscosity is

II :/dwmz(ww— —w )f(l)

= /d'wmi('wu’wl +w w +wLwL)fi(11)
= /dwmi(%(wqu Xb+w, x i)wu)ﬁq)

2
+ / dw mi%(,% [sin 20(2& — §9) — cos 20(&9 + §2)] F1”
ofy)

oY

/dwml ww ><b—|—'wL wa”)

2
/ dw mL“; [sin 20(&& — §§) — cos 20(&9 + §2)]
1 X b w| X b
/dw m; ('w| 0, + 0, |>Cﬁ [f ]

/dw mz

(&& — §5) — cos 20(2y + §2)| CHIY).
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Insert (IX.5.53) for £ to obtain

’LULXIA) ’LULXIA) 6 fui wHwLXlA)—I—lelA)wH w;
I, ; = —/dwmi (’w| 0 + 0. 'w|) 5 ( ,U?h ?
% i 4 i i
2
_ /dw m; Z}é [sin20(22 — §g) — cos 29(&y + J&)]
. 2 w.
gf;:h 4?;12; [sin 20(2& — §g) — cos 20(zY + Y& )] : —:

= ...crunch, crunch, crunch...

5 22
3 iT-i N R A A o . . .
a %pr;2 {(my +92) (29 + 92) + (22 - §9) (22 - yy)} w;
1 1
g War = W) 5 (Way + Wya)  2(Was + Weo)
_ 3wy 1
2Wey + Waz)  2(Wey + W.2) 0
3 piTi_l 1, ~. A . n
= -2b [ll WLy B Wi 4l Wb 4 Wio 1], (IX5.61)
1

where I}, =1 — bb.
A summary of ion transport is as follows:

g1, = —3.912 7 ph . vy
Il m;
5 pi ¢
= T
dx; 2m¢9¢bxv i
-1
i T
q,; = _2192 VLE
3.~ | ]
I, = -096p;,7;=({bb— =) |bb— =) : W,
= -098 (b0 5) (8- 5)
I = o [bx W, (1+ 3bb) — (I+36b) - W; x b|
3;01'7'-71 1 PPN An ~an
HLi:*TO Q} {IL'VVi'IL+§ILbb:VViJr4IL-VVi-bb+4bb-VVi°IL}

where 7; = v/27; and
2
W=Vu+ (Vu)! - g(V-u)l.

is the rate-of-strain tensor.'?

197f you’d like to read more about transport coefficients, heat fluxes, and viscous stresses, consult
Catto & Simakov (2004). Those authors talk about so-called Mikhailovskii-Tsypin contributions
to these transport terms when a drift ordering is assumed (rather than Braginskii’s “high-flow”
ordering, which takes the Mach number of be of order unity).
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IX.6. Discussion of Braginskii transport

First, read §3 of Braginskii (1965)!

That there should be different transport efficiencies in different directions in a mag-
netized plasma should not be surprising: the smallness of Larmor radii puts constraints
on the motions of particles comprising the fluid elements, and these constraints manifest
quite clearly in all the b- , b x , bb: , etc. operations. The parallel transport is the easiest
to understand: when (2,7, > 1, particles are constrained to move along field lines, and
so a collisional mean free path can easily be transversed along the field, but not across
it. Here’s an illustration:

W and TR can viscously transport momentum and conductively transport heat

between one another. But these two cannot easily do so with CD, because of the
smallness of the particles’ Larmor radii. It is very difficult for a particle to travel a
collisional mean free path across a field line. In fact, in Braginskii’s ordering, to leading
order in p/Amgp, such particles cannot do so. The result is that transport is along field
lines, and only gradients of quantities oriented along field lines are adequately sampled. If
we relax 2,7, > 1, then there is some cross-field transport, which is a bit more difficult
to understand. We’ll get to that after a discussion of parallel transport.

IX.6.1. Discussion of parallel transport

Collecting together all the terms related to collisional transport occurring along the
magnetic field, we have

DeTe

Q. = 73.16m—l3f)-VTe — 0.71ne (u); — uje), (IX.6.1a)
PiTiz o
q; = —3.91 p— bb-VT;, (IX.6.1b)
3o I\ [(:: |
77 MeTle
R||ei = —-0.71n.bb- VT, + 0.517_7(’11,‘” - uHe) (IX.6.1d)
e

We have already discussed R); in the context of the electron—ion collision operator. But
why does a temperature gradient provide a friction force, and why are ion—electron drifts
giving a heat flux?

The former, the —O.71neI;l; - VT, term in the parallel friction force, is due to the fact
that, in the presence of a temperature gradient, the energy of a particle is correlated with
its direction: particles from high-temperature regions will have more energy than those
from low-temperature regions. The difference in energy gives a friction force because
particles coming from the low-temperature regions will collide more often (recall T o
T3/2) and will lose more momentum than particles going in the opposite direction, coming
from high-temperature regions. Figure 1 in Braginskii (1965) shows this:



Irreversible Processes in Plasmas 169

m!(.lé_/_,j@;———' au [

(
( U.+ | U~
- TR ®
t (

-

{ A

( n

( S

( | ‘ L2

b b

Flows arriving at z = 0 from the left (u4) come from regions with higher 7" and thus
experience a weaker friction force R.. Flows arriving at z = 0 from the right (u_)
come from regions with lower 7" and thus experience a stronger friction force R_. The
unbalanced part of the friction will be ~—Ang(dInT'/dz) x mnue /7, which is just a
Taylor expansion of the friction force about z = 0. While the form —nebb - VT, makes no
explicit reference to the collision timescale, the force is due to collisions: the dependence
on the temperature gradient actually comes via dInt/dz = (3/2)dInT/d>.

The latter, the —0.71n.(u); — ) term in the parallel electron heat flux, has a similar
origin: slow electrons are more likely to collide with ions and so are more apt to acquire
the mean ion velocity than are fast electrons. This gives a heat flow, even if u, = 0.
Again, even though this term does not explicitly make reference to the collision frequency,
is it physically caused by the temperature dependence of ;.

The fact that both electron-heat-flux terms have a 0.71 prefactor is not an accident.
This is related to something called “Onsager symmetry”, a symmetry of the off-diagonal
terms in the transport laws. You can read about it in, e.g., Chapter 26 of Krommes
(2018).

Regarding the bb- VT heat fluxes, note that (i) electron heat transport is a factor
~y/m;/m. faster than is ion heat transport (i.e., electrons dominate the thermal con-
ductivity) and (ii) one must be very careful in a system in which b is a fluctuating
quantity, since the heat flux is not only directed along b but also is proportional to
the projection of VT along b. (This causes interesting effects in a weakly collisional,
stratified plasma; see Balbus (2000, 2001); Quataert (2008); Kunz (2011) for a Braginskii
calculation and Xu & Kunz (2016) for a more general approach starting from the Vlasov
equation.)

Finally, the parallel ion viscous stress IT|;. First, note that the ions dominate the

parallel viscosity (by a factor ~y/m;/m.). Secondly, while the illustration of field-line-
separated fluid elements can give some intuition for why momentum would be difficult
to transport across field lines, consider the following alternative interpretation of IT ...

Recall (IX.5.8): w = wHB + w (cos V& + sinJy). Using this in the definition of the
pressure tensor P (see (IX.2.22)), we find

P= /d'w mwﬁfi)l; + /dw mw? (cos® 92 + sin® 9gg) f

1 . .
+ /dw imwi sin29(zy + y&) f + /dw mww_ [cos I(&b + ba) + sind(yb + by)]| f.
(I1X.6.2)

To lowest order in w/f2, we have shown that f is gyrotropic, f = (f)y = f(w),wL).
Thus, the integrals over sin1, cos, and sin 219 are all zero and the entire second line of
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(IX.6.2) vanishes. The result is that

Aa 1 N an Aa
P= /dwmwﬁfbb—i— /d'w gmwﬁ_f(l—bb):p”bb—i-pj_(l—bb), (I1X.6.3)

=p =pL

where pj| (p) is the parallel (perpendicular) pressure; i.e., the pressure tensor is diagonal
in a frame aligned with the magnetic field. Just to remind you: if v~! and Amfp Were the
smallest interesting scales, then the dominant term in the kinetic equation would be
C[f] =0, and so f would be Maxwellian and the pressure would be isotropic. Thus, we
are considering deviations from a Maxwellian. Now then, with

.1 2 1
p= gtrP =3PL + 3Pl (IX.6.4)
equation (IX.6.3) may be written as
] .
P =pl - bb_§ (pL —py) =pl+II. (IX.6.5)

And so we see that the viscous stress is related to the pressure anisotropy, p1 — pj.

Why would there be a bias in the thermal pressure with respect to the magnetic-field
direction? Recall adiabatic invariance in a magnetized plasma:

2
mw?

w= -5 = const, (IX.6.6)

J= j{dﬁmwﬂ ~ const. (IX.6.7)

Averaging (IX.6.6) over the particle distribution function gives (u) = T, /B ~ const;
i.e., if the magnetic-field strength changes in a fluid element, so too must 7' . Similarly
averaging the square of (IX.6.7) over the particle distribution function gives (J?)
TH£2 ~ const. Taking the length of the mirroring field ¢ to be «xB/n, this implies
T (B/ n)? ~ const; i.e., if the ratio of magnetic-field strength and plasma density change
in a fluid element, so too must 7). Thus, we obtain the double-adiabatic laws discussed

in Chew et al. (1956),
d (T, d(p1
(=) ==£) ~ IX.6.
dt(B) dt(nB) 0 (IX.6.8)
d (TyB*\ _ d (p B
- = — ~ 0. IX.6.
dt ( n? dt\ n3 0 (IX.6.9)

You should understand the “~” as holding true on timescales smaller than those on which
the two adiabatic invariants are broken (e.g., collisional timescales or, in the case of the
second adiabatic invariant J, acoustic timescales). Note that combining (IX.6.11) and
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(IX.6.12) yields an equation for the evolution of the total pressure p (see (IX.6.4)):
dp _2dp.  1dp

dt 3 &t 3 dt
2 d 2 1 d 31

n
=—-p,—1InBn — = - —p—In— — = —
P B = 3vpr =P+ gpig In g — v —p)
— —
use p; =p use p|| = p
+ (L —p))/3 —2(pL —p))/3
5 dlnn+2( )dl B
“3PTa TP TP g s
Multiplying through by 3/2 and moving the dInn/dt term to the left-hand side results
in an evolutionary equation for the hydrodynamic entropy, In pn=5/3:
3 d D d B

Note that if p; = p, entropy is conserved in a fluid element. This will come in handy.
Now, if our interest is in weakly collisional plasmas — which, in this class, it is — then

the difference between p, and p; will remain small. One way to model this (correctly, in

fact) is to modify (IX.6.8) and (IX.6.9) to include the isotropizing effect of collisions:

dpj_ d

— =pL7-InBn— - IX.6.11
dt pidt non V(pL p)> ( 6 )
dp d, nd

Pl g v - p) (IX.6.12)

Note that, if v > d/dt, these equations effectively push p1,p — p. Subtracting (I1X.6.12)
from (IX.6.11) provides an equation for the time evolution of the pressure anisotropy:

d d d 3

n
— - =p,—InBn—pj=In— — —
gPL—p) =pLgnBn—pigin g5 —v(pL - p))

d B

where in the second equality we have used |p1 —pj| < p. In this case, the left-hand side
of (IX.6.13) is much smaller than the collisional term (recall Braginskii’s ordering), so
that
3p d B
PL —p” ~ T&IHW
This states that pressure anisotropy in a weakly collisional, magnetized plasma is set via
a balance between adiabatic production and collisional relaxation. In this case, equation

(IX.6.14) becomes

3 d P 3p(d B \?

Sp—hh—=L(—=Inh—) >0. 6.

P s T (dt In n2/3> 20 (IX.6.15)

Entropy cannot decrease. Good. Namely, collisional isotropization of the pressure in-

creases entropy.

How does all this relate to the form of IT that we derived by using the Braginskii
ordering in the Chapman—Enskog expansion? Recall the continuity equation

dinn

dt

(IX.6.14)

:—V"U,,
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and, from the induction equation,
dln B

e (bb—1):Vu
(to be proven in HWO0T). Then
d B - 2 O |

Inserting this expression into (IX.6.14) obtains the Braginskii pressure anisotropy

3p (i |
pL—p =" (bb - 3) : Vu (IX.6.17)

Do you see it yet? Substitute (IX.6.17) into (IX.6.5) to find
P:p—@<63—;>(55—;>:Vu:pl+ﬂ. (IX.6.18)
v

If we identify v with (0.967)7!, then the expression for IT in (IX.6.18) is precisely
the same as was obtained via the Chapman—Enskog procedure for the parallel viscous
stress (cf. (IX.5.59))! Pressure anisotropy in a weakly collisional, magnetized plasma is
parallel viscosity (“Braginskii viscosity”). Note further that the entropy equation (I1X.6.15)

becomes
3 d p _3p / v 2.
P In 7575 nd/3 v |:(bb IEY AR (1X.6.19)

i.e., viscous heating. Thus, only motions that change the magnetic-field strength and
density (provided that B o¢ n?/3) are viscously damped. Linear shear Alfvén waves
are not damped. Nonlinear circularly polarized Alfvén waves are not damped. Neither
produce any change in the form of the distribution function; rather, they simply define
the frame in which the distribution function is to be measured. Magnetosonic waves, on
the other hand, do produce pressure anisotropy, and thus are viscously damped.

1X.6.2. Discussion of perpendicular transport

Collecting together all the terms related to collisional transport occurring across the
magnetic field, we have

b De 7
G = 57 0¥ VT (IX.6.20a)
_ 5 P jvr, (IX.6.20b)
q><i - 2 szz 79 .0.
_ PeTee 3 PeTy; DeTei o
q,,= —466 _QQV 1T+ = 5 0. b><( Ue), (IX.6.20¢)
S PiTi
q.;= 92 VLTZ, (IX.6.20d)
.= 45 [b X W« (1-+ 3bb) — (I+3bb) - W; x b, (IX.6.20¢)

- 130“92 [IL.M~IL+%I¢BB:V|/¢+4IL-VI/i-BB+4BB-VI/i-IL, (IX.6.20f)

3 MeTle
bx VT,
2 (Z e Tei + Tei

R,.i= (uii —uie). (IX.6.209)
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Let us focus first on the terms with subscript “1” and set aside those with a b x operator
in them.

The first thing to notice is that |q1;/q1e| ~ v/mi/me > 1, and so the ions dominate the
perpendicular transport of heat along V | T;. This dominance is the opposite of |q);/qje| ~
v/me/m; < 1 for the parallel transport. The reason is that |q. /q| ~ (£27)72 ~
(p/Amfp)?, and so the species with the larger Larmor radius has more perpendicular
transport. Physically, having a larger Larmor radius means that the particle orbits sample
more widely differing temperatures for a given V| T. Put differently, particles travel a
distance Af ~ p in a collision time, and so diffusive transport ~(Af)? /At ~ p?v is larger
for larger p. By contrast, parallel diffusive transport ~(Af)? /At ~ )\fnfpu ~ AmfpUth, and
so the species with the larger thermal speed (viz., the electrons) has the faster parallel
diffusion of heat.

Next, the (mene/Tei) (w1, —u ) term in R.;. This, again, is just the standard friction
force due to collisional drag, but is oriented across the field lines. Since cross-field drifts
are, at least in Braginskii’s “high-flow” ordering, species independent (think E x B), this
term is small.

Finally, IT ;. This is ~(£2;7;)2 times smaller than IT |i- Gradients in velocity are
sampled across the magnetic field by gyromotion, and so diffusive transport of momentum
by collisions is constrained by how large p; is relative to Aygp. Same idea as with the
cross-field heat flow.

Next, the weird bx terms: these arise because the act of particle gyration about the
magnetic field rotates temperature and velocity differences by 90°. Let us look first at
the heat fluxes q,,. and gq,;. Note that |gxe| ~ |gxi|; their magnitude is independent
of mass! Also note that they are in different directions, since {2, < 0 and 2; > 0. This
will make sense, since the sense of rotation in the Larmor orbits of ions and electrons
is different, and so the species might herald from different thermal environments. These
are fundamentally finite-Larmor-radius (FLR) terms; they rely on p/L being finite. Note
that the collision time is not in g, . Below is a diagram explaining their physical origin:

ek &,,,_‘EL—’—* Gld

P
O G

Bigger Larmor orbit on the left, since hotter plasma is over there. This orbit is taken
by a faster particle than the one on the right, and so there is a net energy flow in the
direction —b X VT, (upwards in the picture). NB: heat is transported along isotherms!

The friction force ocb x VT, and the corresponding (Onsager-symmetric) heat flow
ocb X (u; — u,) also have their origin in FLR effects, but for them collisions are involved.
The former is due to the fact that, in the presence of a temperature gradient, the energy
of a particle is correlated with its direction. This is just as in the parallel friction force, but
now its direction is not along the field (I; - VT # 0) but rather across the radius because
of Larmor motion. The particles arrive from a gyroradius away rather than a mean free
path away: particles coming from low-temperature regions will collide more often and
experience a larger friction force (R_ > R, ), giving an imbalance along b x vT/:
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The latter is caused by the fact that, for one-half of a Larmor orbit, the electrons are
traveling against the ion flow and, for the other half, the electrons are traveling with the
ion flow. That means that the friction force is different along the Larmor orbit. Picture
this:

— —>
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7 0 kb
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auelnak'm

Electrons arriving from below are gaining energy from ion collisions, whereas those
arriving from above are losing energy from ion collisions. This gives a net energy transport
at the intersection of these orbits.

Finally, IT ;. This is called “gyroviscosity”; it arises from Larmor-scale spatial varia-
tions in the guiding-center E X B drifts. It is dissipationless and transports momentum
across the magnetic field. Note that it is independent of collision frequency. Momentum
transport is deflected in the cross-field direction due to Larmor motion. Braginskii passes
the explanation of this term to a “lucid discussion” by Kaufman (1960). I do not find
Kaufman’s discussion particularly lucid, so I'll offer up my own.

Gyroviscosity is a peculiar feature of working with particle coordinates rather than
guiding-center coordinates. In the latter, with R = r — p, the distribution function
evaluated at the guiding-center position is f(R) = f(r) — p-V f(r) + O(p/L)%. The
—p -V f(r) term here is what is responsible for the “diamagnetic” fluxes of momentum
and heat that appear in the Braginskii equations as bx VT and bx W terms. “Gyro-
viscosity” is a bit of a misnomer, though — no momentum is being dissipated! — and it
even appears in collisionless plasmas with finite Larmor radii. What it does is reorient
momentum through rotation.

Consider an oscillatory displacement &, perpendicular to the magnetic field in a
plasma (collisional or collisionless, doesn’t matter). It is straightforward to show using
flux freezing and the momentum equation that £ |, in the limit m./m; — 0, satisfies

@ ., kfvgg dg, .
el - _ SLvp
(dt2 * k|UA)£L 20, At

if €, oc exp(ik)2). The right-hand side of this equation is due to off-diagonal components
of the pressure tensor — the “gyroviscosity”. The left-hand side is just an Alfvén wave.
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Note that the right-hand side rotates the displacement about b:

P2y )e, - iV dy
az " MvA )& 20, dt’

d2 kivd, d
kv )& = T ﬁv
acz " t0, @

which lends the Alfvén wave some circular polarization on scales kjp; ~ f; 12 Let
& | x exp(—iwt) to obtain

k2v i
(fw2 + kﬁvi){x = Jriw i fy,
k v
. || “thi
( w +kHvA)§ —iw 0, &y
kzvth ? k2, 1 [ k2v? ?
% || “thi 2 9 || “thi

Note that gyroviscosity gives dispersion, not dissipation! At long wavelengths, one re-
covers Alfvén waves. At small wavelengths such that kjp; > 5_1 2, one gets either
w A kQUt}n/2Q or w = 2§2;/B;, depending on whether the wave is right-handed or left-
handed

One way of thinking about this is that, as a particle streams along a field line with
speed ~wyy;, it samples different E X B drifts. If the structure along the field is such that
the particle encounters different E X B drifts in one Larmor orbit, then gyroviscosity is
important. This occurs when kjp; ~ Vyave /Vparticle- For waves/instabilities whose vyave
is proportional to some inverse power of k||, gyroviscosity can be stabilizing (e.g., see §5.2
of Xu & Kunz (2016) or Ferraro (2007) for astrophysical examples).

IX.7. Curvilinear considerations

There are a lot of vectors, tensors, and gradients in the Braginskii transport model,
and so it’s useful to catalog here a few vector identities and expressions of these objects
in curvilinear coordinates. Given a scalar f, vector A with components A;, and tensor
T with components T;. ..
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Cylindrical polar coordinates (R, ¢, z):

af ~ 19f. Of .

V= aRR“LE%d’“L* (IX.7.1)
V.A- %5(1;;‘3) %‘9;; aaiz’ (IX.7.2)
NI e
+ MZ 2R+ ;88% 20+ 88/? 23, (IX.7.3)
V)4 = <BR8AR 1;:;5 ag;R B aglzR - B(%A¢>R
+< RaA¢ +%8£¢ B 8£¢+B¢24R>$
n < % aaiz Bfﬁj)%, (IX.7.4)
v.T - <3TRR 11%3;21% . 52;;1% n TRR]; T¢¢>R
. ( 0T ko ; agf a;j \ Ths ;TM) 5
+ (mRZ ;a;;:z a;: + ng)z. (IX.7.5)

For example, the rate-of-strain tensor for a differentially rotating plasma with velocity
u = Rw(R, z)¢ is given by

(R} + ¢R) + R—— (dpz + 29). (IX.7.6)
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Spherical polar coordinates (r, 0, ¢):
af . 190f 1 9f -

V=i +—%9+“m96¢¢, (IX.7.7)
+ %éﬂ (165;9 + ‘?j’)ééJr (@8@? —cot6-7 )0
+%{bi«+ 18A¢’¢> (Tsfnea(,;;z’JrAJr teéf)c}bq}, (IX.7.9)

0Ayp By 0Ayp By 0Ay  BoA, B¢A¢ .
<BT or + r 00 +7"81119 0¢ cotf ¢

0A,  Bg 0A, By 0A,  ByA, B¢ 0

B,—+ — IX.7.1
+< " or r 00  rsinf 0¢ * e ¢, (IX.710)
(0T, 10Ty, 1 0Ts 2T, — Too — Tos T(,r .

v T_( or +; 00 rsing J¢ r ot
OT,g 10Tgg 1 0Tge 2Tr9+ Tor Too — T¢¢ -
- t 0 0

- < or r 06 rsing 0¢ o r

0T, 10Tgg 1 0Tee  2Tpp+ Tor Tog + Teo \ 4
- t——— | .
+< or Jrr o0 Jr7“sir19 ¢ * o r ¢

(IX.7.11)

For example, the rate-of-strain tensor for a differentially rotating plasma with velocity
u = Rw(r,0)¢ with R = rsinf is given by

0w 0w
W= sm@aln (7 + ¢F) + sin 98— (0 + ¢0). (IX.7.12)

IX.8. Linear waves in Braginskii-MHD

In many situations, it is sufficient to consider only the dominant component of col-
lisional transport occurring in the local magnetic-field direction. In this situation, the
viscous stress tensor and the heat flux are given by

II, =— (I;l; - ?I)> (PLa = Pla) = —MaNatla <I;l; — ;) <I;I; — ;) :Vu,, (IX.8.1)

4, = bga = —ngkabb-VT,, (IX.8.2)
where the viscous and thermal diffusion coefficients for ions (o = i) and electrons (a = €)
are given by

3 3
Hi = 0.96 x §U§hi7-i7 He = 0.73 x 2Uthe7—€‘7

5 5
ki = 1.56 x nghiﬂv =1.26 x 4%676
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As you know by now, the multiplicative prefactors above are specific to the Landau
collision operator (they all equal 1 for a Krook operator). The ion and electron collision
timescales are

3/l 06r I 3T T
n=———=0. T, Te =
N Y N e

where A, is the Coulomb logarithm of species «; in the final numerical expressions, T
is measured in eV and n in cm 3. Note that particle collisional mean free paths are all
comparable, A; ~ );, despite the collision timescales being different.

As a reminder, two further assumptions in the Braginskii model are that (i) the Mach
number M of the bulk flows is of order unity with respect to the square root of the mass
ratio, v/m;/me, and (ii) the ions and electrons have comparable temperatures differing by
no more than ~+/m;/me. The former assumption is called a “high-flow” ordering: subsonic
and supersonic flows are allowed, so long as they do not interfere with various mass-ratio
expansions that occur in Braginskii’s calculation. A consequence of this ordering is that
the perpendicular flow velocity of the ions and electrons are very nearly the same and
equal to the E X B drift velocity.

Under these conditions, the single-fluid Braginskii-MHD equations for a quasi-neutral
ion-electron plasma are:

Do

== oV, (IX.8.3)

Du B2 . (B2
°pr ~9 V(Z?J_ + 8) +V. [bb(m +pL —P|>}

:g_v<p+ B) L B-VE g [Qu(ai,_ ;) (z.g_;) vu] (1X.8.4)

81 4m
% =B-Vu—-BV-u, (IX.8.5)
Ds o s Y ?
v V - (nkbb-VT.) + ou| | bb — 3) Vu| , (IX.8.6)

where g is the mass density, p = pi 4+ pe, s = (3/2) Inpo~>/3, u ~ pi, k =~ ke, and Ty, ~ T.

To obtain some additional intuition for the transport physics captured by (IX.8.3), it
helps to calculate the linear theory using a simple equilibrium state: a uniform, stationary,
pressure-isotropic plasma threaded by a uniform magnetic field. Ignore gravity. Write
0o— o0+9d00, u— du,p— p+dp, B — B+ IB, and retain only those terms linear in
the fluctuation amplitude. The resulting set of equations support plane-wave solutions
x exp(—iwt + ik - r) with k = kHB + k., and w a complex frequency. The linear theory is
as in ideal MHD except for the addition of the linearized viscous stress to the right-hand
side of the momentum equation,

+ ik {QM (i?i) - ;) (35 - ?I)) :ikdu] = —op <k|b - k) <k|5u| - k36u>’

and the addition of the linearized heat flux to the right-hand side of the entropy equation,
+ ik - (nlii)i) . ik:6Te) = —nkﬁmSTe.

Unless otherwise explicitly stated, we shall assume that the ions and electrons maintain

the same temperature T' = p/2n (recall that p = p; + p. = 2p;). Note that the parallel-

viscous heating is quadratic in the perturbations and thus does not enter the analysis.
One might be tempted to keep things “simple” and retain the effects of just one
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additional term at a time (e.g., v # 0 but x = 0). But the incorporation of the heat-flux
term into the linearized entropy equation is surprisingly straightforward, and there is a
pain-free way to carry the influence of this heat flux through the entire calculation. To
see this, note that the linearized heat-flux term may be written as

P 0 2 P 0

so that the linearized entropy equation

3. (0p 50 1, (6p & §p  bo(Biw—kir\ s

S(R_R00) L (p_ b0y, dp_ dofBRTRY L 00

2 p 3o 2 P 0 D o \ 3iw kl\ D
When conduction is unimportant (kﬁn < w), a’y — a®> = (5/3)p/o, the square of
the usual adiabatic sound speed. The perturbations are adiabatic. When conduction is
strong (kﬁli > w), we find that a?; = p/p. The perturbations are isothermal, because
rapid conduction along field lines causes magnetically tethered fluid elements to behave
isothermally as they are displaced. Thus, everywhere we see an a? in our linear theory,

we simply replace it with a?; and use that as a tag to follow the influence of conduction.
Our linearized equations are then:

fiw@ = —ik - du, (IX.8.7)
4
0B B -k k-
—iwdu = —1’(3(55 + U%Bl) + i]{JH’UQA% — ,u(k‘”b - 3) <k||(5’ll| - ;u>, (IX.8.8)
B A
—iw% = ik:||<5u —bik- (5u, (IX.S.Q)

with 6p = aZ;d0. Solving this set is straightforward. First, use (IX.8.7) to replace k- du
everywhere by w(do/0). Then solve (IX.8.9) for du in terms of § B and dp, and substitute
the result into (IX.8.8). Multiply through by ik and rearrange to find

0B . . k\]6B
(w? = kijvi) % {kk”viﬂuwk“ (k;ﬂ;—)}B
w?b — kkjaZs + 2 = pwk k“b— kY] oe (IX.8.10)
oft T g 3/ o

Dot this equation with k/kj and use k-dB = 0 to obtain an expression for the density
fluctuation in terms of the magnetic-field-strength fluctuation:

2i k‘2 5@ ]4}2 (53”
2 _ 12 2 2 2 : 2
[w -k aeﬁ—i—guw(k‘l— 3)] 0 [k UA—i-l,uw(kl— 3)} I

This is then substituted back into (IX.8.10) to obtain an equation involving only 0 B:
5B dB)

k2
k2 2 : k2_7
o2 kg + By (g ”A*”“(l 5) on
= |w"b k:k”aeﬂ—f— ,uwkH k‘”b 5 .
3 3 k242 2i 52— k B
Ao + 3/“*] I~ 3

(IX.8.11)

This equation may be split into two decoupled branches by first dotting it with k X b to
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eliminate all terms proportional to §B|. The resulting dispersion relation
w? — k vA =0 (IX.8.12)

describes undamped Alfvén waves whose magnetic-field fluctuations are perpendicular
to both k and b. Anisotropic viscosity and conduction play no role, which shouldn’t be
surprising: such waves do not change density or magnetic-field strength to linear order in
the fluctuation amplitudes, thus they do not produce any pressure anisotropy, thus they
are not subject to collisional damping. To obtain the other branch, dot (IX.8.11) with b.
After some rearrangement, the dispersion relation governing these magnetosonic modes

is
k3 k?
<w—|— uk|> {ch_UA—H,w.uk2 (k 3)]
. (IX.8.13)
9 2i , k2
— k?a? + 5 Hew k” 3

The advantage to writing this equation in this form is that we make readily take the limit
k?a? — oo to eliminate sound waves (and thus the fast mode) and find the dispersion
relation for the slow mode:

k2 2,2
OJ +1ka” k2 _kH'UA =

2

Now this mode is viscously damped, and it’s no wonder: slow modes have § B # 0, which
drives pressure anisotropy, which results in viscous damping of the wave.

Anisotropic transport of momentum and heat result in very interesting dynamics and
MHD instabilities. Typesetting in progress. ..

IX.9. Resistivity of a poorly ionized plasma

This is optional material presenting a derivation of the electrical resistivity of a
poorly ionized, magnetized plasma. Its content is important in the study of astrophysical
plasmas — namely, molecular clouds, protostellar cores, and protoplanetary disks — but is
somewhat peripheral to what else is covered in this course. The closest chapter to which
it’s related is Chapter IX.1 on the Spitzer—-Harm problem, but here the current-bearing
species are taken to be much less abundant than a population of neutral particles and
a magnetic field is present that effectively promotes the electrical conductivity from a
scalar to a tensor (& la Braginskii). Let’s get started.

Consider a collisional plasma composed of neutrals, ions, and electrons. To give some
physical context here, the cold (T ~ 10 K) plasma out of which stars form is comprised
primarily of neutral molecular hydrogen Hy (ng, > 10° cm~2) with 20% He by number,
along with trace (<10~7) amounts of electrons, molecular ions (primarily HCO™), and
atomic ions (primarily Na™, Mg™, KT). There are also neutral, negatively charged, and
positively charged dust grains, conglomerates of silicate and carbonaceous materials
that are between a few molecules to 0.1 um in size. While of critical importance to
interstellar chemistry and thermodynamics, and magnetic-field diffusion, we ignore dust
grains in what follows. Molecular clouds are poorly ionized because their densities are
large enough to screen the most potent sources of ionization (e.g., UV radiation) and their
temperatures are low enough to render thermal ionization completely negligible. This
leaves only infrequent cosmic rays of energy =100 MeV (and extremely weak radioactive
nuclides like 26Al and 4°K) to ionize the plasma. So sad.

Assuming these species are collisional enough for their local distribution functions to
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described by isotropic Maxwellians, the momentum equations for the neutrals, ions, and
electrons are

0
MMy (625 + uy - V) Uy = —Vpy + Ry + Rye + muny g, (I1X.9.1a)
0 i X B
min; <8t + - V) u; = —Vpi + Rip + Ric + Zen; (E + 2 ) + min; g,
(IX.9.1b)
0 X B
MeTe ((915 + U+ V) Ue = —Vpe + Rep + Rei — ene (E + Ye > + Mene g,
(IX.9.1¢)

respectively, where R,z is the friction force on a due to collisions with § and g is the
gravitational acceleration. The other symbols have their usual meanings: m,, is the mass,
N is the number density, u,, is the fluid velocity, po, = noT, is the gas pressure, and Ty,
is the temperature, all of which refer to species «; FE is the electric field and B is the
magnetic field. The ion charge ¢; = Ze. The goal is to use these equations to derive the
electrical conductivity tensor of a poorly ionized, quasi-neutral, collisional plasma with
Zni = Ne <K Ny

Under molecular-cloud and protostellar conditions, interspecies collisions are strong
enough to guarantee that T, = T; = T,. The friction forces are primarily due to elastic
collisions and are accurately modeled by

MnTn

R, = -R, = (un - ui) (IX92(J,)
Tni
n i 10~7 103 -3
with 7; = L2, = 12375 T g 93 £y <1 N mH2> ( 0 > < 0% cm )
Oi Oi <Uw>iH2 m; i Ny
Ren - _Rne — [TtnTin (un - ue) (IX92b)
Tne
n e 1077 103 —3 10 K 1/2
with 7o = Py = 1217 T MHe () 99 \pyy THe < 0 > ( 0% em > < 0 )
Oc e (TW)en, me \ i Ny T
min;
R, = —R; = (uc - ui) (IXQQC)
Tie

. . -7 3 -3 3/2
with 72 = Zp 121 7 (1Y 107 cm I :
Oc Me T Nn 10 K

where x; = n; /n, is the degree of ionization, (ow)in, ~ 1.69x 107 cm? s=* for HCOT-H,
collisions, and (cw)en, =~ 1.3 x 1072 cm? s™! for e-Hy collisions. The collision timescales
are calculated using fiducial molecular-cloud parameters; the numerical pre-factors of
1.23 and 1.21 are the factors by which the presence of He lengthens the slowing-down
time relative to the value it would have if only Ho—s collisions were considered (s refers
to a charged species). The following mass ratios are useful: m;/m, = 29 for HCO™,
mi/m, = 23 for Na®t, m;/m, = 24 for Mg*, and m,/m. = 1836. The mean mass per
neutral particle in molecular clouds is m, = 2.33m,,.

To give the above timescales some context, and to educate you a bit on a non-
laboratory plasma, dynamical timescales in star-forming molecular clouds are ~0.1-
10 Myr. Magnetic-field strengths are ~10-100 pG, giving an ion cyclotron frequency
2 ~ 0.1 Hz and an Alfvén speed ~1 km s~ '. Every plasma astrophysicist should know
that 1 km s~ ~ 1 pc Myr~!, and so an Alfvén wave crosses a typical molecular cloud of
size ~10 pc in ~10 Myr and a typical pre-stellar core of size ~0.1 pc in ~0.1 Myr. Sound
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travels slower at ~0.2 km s~ ', and so the plasma 3 ~ 0.01 or so. The gravitational free-
fall time is roughly ~1 Myr at the mean density of a molecular cloud, although support
against gravitational collapse provided by magnetic tension renders this timescale almost
meaningless.

Okay, enough of this astrophysics propaganda. . .

Add (IX.9.1b) and (IX.9.1¢) together:

Du; Du,
Milti =+ Mele 5~ = =V (pi +pe) + Rin + BT + Ren + Rt + (ming + mene)g
1
+ (gini — ene) E + — (giniju; — encue) X B. (IX.9.3)
c
—_———
= 0 by quasi- = j by def’n
neutrality
Now add (IX.9.1a) and (IX.9.3):
Dtn i 29 4 e 2% = 9 (g 4+ g1+ pe) + ( + min; + mene)
mpyNn——— mini—— MeNe—— = — n i e MpNn ming MeNe
Dt,, Dt; Dt, Po o Pi P g

+ Rii + Bl + B+ B + 2 x B, (IX.94)

All the friction forces cancel by Newton’s third law. Recalling (IX.2.11)—(IX.2.13), the
left-hand side of (IX.9.4) may be written as

Du
QD—t +V. <za: manaAuaAua> ,

where o = Za maNe and Au, = u, — u are the species drifts relative to the center-of-
mass velocity w. Further using Ampére’s law to write

j BB | B?
“XB=V.|—-1— IX.9.
¢ v < 47 8 )’ (1X.9.5)
equation (IX.9.4) becomes
Du B? BB
With nj, ne < ny, equation (IX.9.6) is, to a very good approximation,
0 B? B-VB
mpy | = +up-V]u,=-V{pp+—|)+———+mun, g. (I1X.9.7)
ot 8 47

So, collisions between the charged species and the neutrals are responsible for transmit-
ting the Lorentz force to the bulk neutral plasma. By virtue of the relatively large mass
of the neutrals and the low degree of ionization in many system, w ~ u,, and so it looks
like the neutrals are magnetized. Not true. They just need to collide often enough with
the magnetized particles.
With that borne in mind, let us again return to the MHD induction equation,
0B

EZVX(UXB)

Now, that u cannot be the neutral velocity; it would make no sense for the magnetic flux
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to be frozen into a neutral fluid! Let us instead write
OB

ot

where u; is the velocity of the field lines. This must be true: field lines are frozen into
themselves (i.e., there exists a frame where the electric field vanishes). Now add zero:

=V X (us X B), (IX.9.8)

0B
E:VX (uf —ue) X B+ (e —u;) X B+ (uj —up) X B+ u, x B |. (IX.9.9)
—— ——— ——
electron-B ion-electron ion-neutral advection
drift drift drift by neutrals

© () ® ®

The terms in (IX.9.9) labelled @ (Ohmic), @ (Hall), and @ (ambipolar) are formally
zero in ideal MHD.20 Let us estimate their relative sizes:

© 1. 4 d.\ ( de
N ~ [ Le IX.9.1
@ Rm valp (€B> <UATen> ( ? O)

small could be
large
. 1/2
en, d; v
D Jaen| () (£)" o)
® Unp gB Oi Un
small  ~1, but ~1
could be
large
. 1/2
RniTni X B Tni v VA Tni v
@ - ~ ‘3 ‘ YAl Ua (9) A (IX.9.12)
@ OnUp c OnVA | Un ‘€B On Un
—— —— N~
could be >1 ~1
~1

Note that @/ (D) is the only ratio not involving collisions. .. we’ll come back to this.

Our task now is to compute these Ohmic, Hall, and ambipolar terms more rigorously.
To do that, start with the momentum equation for the charged species s (= i,¢e), which
under poorly ionized, collisional, and strongly magnetized conditions may be simplified
without great consequence to obtain

0= gsns (E + + Rg,. (IX.9.13)

u, X B
c
The assumptions here are that collisions between charged species, the thermal pressure
of charged species, and the inertia of charged species are all negligible compared to
collisions with the neutrals and electromagnetic forces. Introduce the velocity of species

20pPlasma physicists and plasma astrophysicists have different definitions of “ambipolar diffusion”.
The former use the term to describe the diffusion of oppositely charged species as they interact
via an electric field that is trying to enforce quasi-neutrality. The idea is that an electric field is
set up to ensure electrons and ions diffuse at the same rate, preserving quasi-neutrality (“ambi”
means “both”.) The latter community uses the term to describe ion-neutral drifts, by which
the magnetic flux diffuses along with flux-frozen ions (and electrons) through a predominantly
neutral fluid (Mestel & Spitzer 1956; Mouschovias 1979).
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s relative to the neutrals, w; = us—uy, and the electric field in the frame of the neutrals,
E, = E + u, X B/c. With these definitions, equation (IX.9.13) may be written as

wy X B) MM

w,. (IX.9.14)

0= gsns <En +
&

TSH

(Note that 7sy # Tns, or else Newton would be very unhappy!) Using quasi-neutrality,
the current density

3= g, =Y gnaw,. (IX.9.15)

Equation (IX.9.14) may be solved to relate the components of j in the directions parallel
() and perpendicular (L) to the magnetic field to the corresponding components of E,,.

Start by taking the cross product of (IX.9.14) with B and multiplying the result by
¢sTsn/Mmsc to find

2
0— M(En % B — &32) — g 22 % B. (1X.9.16)
msc c c
Adding (IX.9.16) to (IX.9.14) and multiplying by 7,/ 0s,
0 q;ZnE b (2u7an)? (%En < b— wﬂ) —w,. (IX.9.17)

Note that if the entire charged plasma is well magnetized, viz. (£257s,)% > 1 for each s,
then the leading-order motion of all species consists of the same E X B drift.

We solve (IX.9.17) by examining its parallel and perpendicular components separately.
The former gives

qsnsTsn .
sn—T “By = J|—<Z ) nn—(Z%) Ey = 0By,

(IX.9.18)
where the parallel conductivity o) has been defined in situ. The perpendicular component
of (IX.9.17) may be rearranged to obtain

qsTsn 1 QsTsn 7
E, — = FE, Xb
ms [1 (P e N (/R

Og 0s{2sTen 7
— i = — = | E, ———— | E. Xb
I [gu(rmn)?] LT ;H(ersn)?] *

= O-LErlL - UHErl X 67 (IX919)

Ws| =

where the perpendicular conductivity o, and Hall conductivity oy have been defined in
situ. (Question: What if 2,7, > 1 for all charged species? What if 2,7, < 1 for all
charged species? Do the asymptotic values of o), o1, and oy make sense to you?)
Combining (IX.9.18) and (IX.9.19), the total current density
j= JHEnH +o0,E, —ogE, X i), (IXQQO)
which may be inverted to find
Ey =nj+n1d, +nuj x b, (IX.9.21)
where the parallel, perpendicular, and Hall resistivities are
1 (ot OH

= = = = 1X.9.22
77“ UH nL Ui T 0%17 a Ui T 0_12{7 ( )
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respectively. Knowing that Ohmic dissipation affects the total current while ambipolar
diffusion affects only the perpendicular component, the Ohmic (O) and ambipolar (A)
resistivities are

no=mn and na=nL—n|, (IX.9.23)
respectively. Thus,

Uy . . .o
E=——XB+noj+naj.+mjxb (IX.9.24)

is the generalized Ohm’s law. Note that an arbitrary number of species may be included
in this expression by simply adding their contributions to the conductivity tensor o,
so long as their abundances are small enough that they may be considered inertia- and
pressure-less and so long as the dominant collisional processes affecting their dynamics
involve only the neutrals. For example, the collision time between a neutral and a charged
grain is

Tog = Prg, = 1.09 e T (1X.9.25)
Og 0g{ow)gn,
where the mean collisional rate between the grain species and Hs is
8kpT \ '/
2 B
= 1X.9.26
(o, = e, (220 ) (1X.9.26)

for sub-sonic drift speeds and grains of radius agy. Inelastic collisions between charged
grains, neutral grains, ions, and electrons can also be included (with some effort; see
Kunz & Mouschovias 2009.)
Equation (IX.9.24 can be inserted into Faraday’s law to obtain
0B

5 = CVXE=VX |uyxB—cod —enad 1 = e X bl . (1X.9.27)

In the ideal-MHD limit n — 0, the flux is effectively frozen into the neutrals. Note that
the Hall effect depends on the sign of the magnetic field, which can make for interesting
dynamics (e.g., Wardle 1999; Balbus & Terquem 2001; Kunz 2008; Kunz & Lesur 2013).
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PART X

Problem sets

X.1. Homework #1: Prerequisites

1. Things bumping into things. In this problem, you’ll work through what ought to
be a familiar problem: binary Coulomb collisions. This should serve as a remembrance
of things past and a preview of things to come. Pluck two charged particles from a fully
ionized plasma and label them 1 and 2 (what else?). Their charges are ¢; and g2 and
their masses are my and ms, respectively. The nonrelativistic equations of motion for the
two charged particles are, of course,

d27”‘1 T — T2 d2’l”2 Ty —7T1
mi—s = Q1Q2| and mo——3- = Q1Q2|

E— P EE— X.1.1
dt? T — 1"2|3 de? 1 — T2|3 ’ ( )

where 71 is the position of charge 1 and 79 is the position of charge 2.
(a)  Show that the center of mass R = (myr1+marsa)/(m1+ms) satisfies 2 R/dt? = 0

and that the relative position r = r; — r2 obeys

& = w'r where =

mimsa

(X.1.2)

mi + mo

is the reduced mass.

mi,qi1

incident
: m2,q2
particle target o
particle

recoil path

(b)  Now throw one at the other, so that their relative velocity is vy and the impact
parameter is b. (You may take them to start infinitely far apart; see the figure
above.) Show that angular momentum is conserved and, thus, that the solution to
(X.1.2) may be written parametrically as

b cos(0 + «) + cos a bu?
- = — ( +. )+ ,  where tanazu 0
T sin «v q192

(X.1.3)

and 6 is the deflection angle in the center-of-mass frame. [Hint: set u(6) = b/r(9)
and show that d?u/d#%+u = — cot . The initial polar angle §y = 7, corresponding
to particles starting infinitely far apart with m approaching from the left in a
standard polar coordinate system.| Use this to show that the asymptotic deflection



Irreversible Processes in Plasmas 187

angle in the center-of-mass frame 6, at r = oo satisfies

0

tan 22 — q142
2

pbvd

(X.1.4)

Note that the magnitude of this angle depends only on the impact parameter and
initial relative velocity, and not on the sign of the binary force: like and unlike
charges are deflected by the same amount. Larger impact parameters and larger
initial relative velocities give smaller deflections, which intuitively makes sense. To
get a 90° deflection angle requires an impact parameter

bg()o - - (X15)

Scattering an ion-electron pair to 90° requires a smaller impact parameter (by
a factor of ~2) than does scattering a pair of electrons (given the same vp).
Physically, why?

Repeat this experiment many times while varying the impact factor between b
and b + db. You will find that particle 1 will be scattered into asymptotic angles
between 6., and 0., + df,. Use conservation of particles to argue that the ratio
of the number of scattered particles per unit solid angle df2 = 27sin6,,df, to
the total number of incoming particles per unit area (i.e., the “differential cross
section”) is given by

di b db
d  sinf. |df.

2
q192 1

= ) X.1.6

<2m)8 ) sin (6 /2) ( )

This should look familiar — it’s the Rutherford scattering cross section. Use this

and (X.1.5) to show that the cross section for scattering of a particle by 90° or
more in a single encounter is 7h3 ..

Instead of a single large-angle scattering event, let us now consider the cumulative
effect of many small-angle scatterings, for which (X.1.4) gives 0 =~ 2q1¢2/ubv3 =
9(b). (Such scatterings could result from a series of large-impact-parameter en-
counters.) For concreteness, imagine an electron (m; = me, ¢1 = —e) moving
through a bath of ions (mg = m; > m., g2 = Ze, number density n), undergoing
such small-angle scatterings.?! If random, these scatterings will accumulate like
a random walk in angle away from the original trajectory of the electron, with
an average deflection angle () = 0 but with a mean-square deflection angle (6?)
proportional to the number of scattering events. Use this reasoning to argue that,
after the electron has traversed a distance L through the ion bath and scattered
many times,
bmax 2.4
(6%) = 2mnlL / b9 (b) = SLZC ) b (X.1.7)

m2vg bmin

bmin

where byax and by, are the maximum and minimum impact parameters encoun-
tered.

21The specification to an electron in a bath of ions is not really necessary. One could perform the
same calculation without making any assumptions about the characteristics of the charges, as
long as ¢1 is considered to be a test particle — that is, ¢ is assumed not to noticeably disturb the
q2 charges off of whose Coulomb potentials it scatters. Of course, the accuracy of this assumption
improves as m1 — 0; you can’t get much better than an electron!
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That upper and lower cutoffs for the impact parameter must be enforced should
be familiar from GPP1. The divergence as by.x — 00 is due to the fact that
the Coulomb potential used in (X.1.1) is long-range. By now, you should know
well that the potential between a test particle (electron) and a plasma particle
(ion) is not ¢ = —Ze?/r but rather p = —(Ze?/r)exp(—r/Ap), where \5? =
>, 4Amg2na /T, is the Debye length. That is, the ion scatterer is Debye-shielded
by the surrounding plasma so that its Coulomb potential is appreciably screened at
distances greater than the Debye length. Of course, this screening can be taken into
account, and we will do so later in the course. But, for now, let’s take ba.x = Ap.
The lower cutoff on b is needed to justify the small-angle approximation used in
obtaining (). With Jax ~ 1 we have by, ~ Ze?/T,, where we have estimated
v3 ~ 2T./m.. When quantum-mechanical effects are not important, this estimate
is almost as good as any (it’s in a logarithm!); if the temperature is high enough
that T, > Z2%e*m./(2mth?), the by, should be the de Broglie wavelength. Anyway,
note that bmax/bmin ~ A = n)\% using the classical estimate of by, so let’s just
call it A and get on with it. ..

(e)  Equation (X.1.7) provides an estimate for the mean deflection angle of an electron
undergoing many small-angle scatterings over a distance L. Use this formula to
derive how far an electron must travel to accumulate a large deflection angle,
i.e., (92) ~ 1 (see the illustration below, taken from Krommes’ notes). Use this to
obtain an estimate of the cross section for multiple small-angle scatterings to result
in a large-angle deflection. Compare this with the single large-angle scattering
cross section, 73, found in part (c). Knowing that In A ~ 10-30 in most weakly
coupled plasmas, what does this say about the statistical importance of small-
angle vs large-angle scatterings? What does this say about the ratio of the collision
frequency and the plasma frequency?

() Use InA = 20 and Z = 1 in your expression from part (e) to compute the multi-
scattering cross section for a 100 keV plasma. Compare this to the cross section
for a d-d fusion reaction and write something intelligent.

2. Ballistic propagation with Fourier, Laplace, and Green. In this course, a lot
of particles will be zooming around. To get irreversibility (as the course promises), they
ought to interact at some point; but let’s forget about that for now. Consider the following
partial differential equation:

(i—}—v-V) ft,r,v) =S rv), t>0 (X.1.8)

where S(t,r,v) is some unspecified phase-space- and time-dependent source term. In this
problem, you’ll solve it in two different, but equivalent, ways. This should be review.
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(a)  Define the (multi-dimensional) Fourier and inverse-Fourier transforms as follows:

f(k)= / (;7:)3 e FTf(r)  and  f(r) = / dke* " f (k). (X.1.9)

Note the 27 convention used in this course. It is different than that used by
Klimontovich and Krommes, but is the same as that used by Nicholson, Ichimaru,
Montgomery, and Krall and Trivelpiece.?? I like it this way because, then, the
Fourier transform of f(r) = 1 is just the delta function §(k). So, Fourier transform
(X.1.8) to find

ot

I know this is a one-liner and is stupidly easy, but I belabor the point simply to
establish conventions and note in passing that, sometimes, I write f(t, k, v) instead

of fr(t,v).
(aa)  While you're at it, prove the following:

(8 + ik-v) fr(t,v) = Sk(t,v), t>0. (X.1.10)

d ; 1 o
i. / T _emikr fle) = —/ dzesinkzf(2), where 2 =]|r|in 3D;
0

(2m)3 22k
(X.1.11a)
d , o
ii. /ﬁeﬂ’”f(}%) = %/0 dRRJy(kR)f(R), where R =|r|in 2D;
(X.1.110)
d : U ,
1. /ﬁ e ik / (27:)3 e KT f(r — ) = f(Kk)S(k + K). (X.1.11¢)

You won’t need these for this homework, but they’ll come in handy later.

(b)  Okay. First, we’ll solve (X.1.10) using Laplace and inverse-Laplace transforms; my
convention for these is the same as Nicholson’s and Ichimaru’s:

o0
flw) :/ dt et f(t) and f@) :/ d—we*i‘”tf(w), (X.1.12)
0 L 2T
where L denotes the Laplace contour (i.e., a straight line in the complex plane
parallel to the real w axis running from —oo to co and intersecting the imaginary
w axis at Im(w) = o, where o > 0 is a real number such that |f(¢)| < exp(ot)
as t — o00). The reason I normalize the transforms in this fashion is that the
inverse-Laplace transform almost always involves the use of Cauchy’s residue
theorem; the 27 from the residues neatly cancels the 27 in the denominator of
(X.1.12). You might be used to seeing the Laplace transform written as f(s) =
fOOO dt exp(—st) f(t), but pretty much everything we’ll look at in this course is
dominantly an oscillation, and so I prefer to work directly with the frequency w.
So, use (X.1.12) to show that the solution to (X.1.10) is

d —iwt
fk(t,v):i/L%m [££(0,0) 4+ Sk (v)], (X.1.13)

where fr(0,v) is the initial distribution function and +i0 is shorthand for

22Qr, rather, Krall or Trivelpiece: Chapter 10 and the latter part of Chapter 11 of their text
inexplicably shift the factor of 27t into the inverse transform, so perhaps the authors themselves
had conflicting conventions.
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lim,_, o+ (ie). Explain physically why I added +i0 to the denominator. Again, this
is simple, but I’'m dragging you through it to establish notation.

Let us set the source term S = 0 for now. Perform the remaining w-integral in
(X.1.13) to obtain the ballistic response

fr(t,v) = fr(0,v) eV (X.1.14)

Provide the details of your calculation. Namely, (i) draw the original and the shifted
Laplace contours in the Re(w)-Im(w) plane; (ii) explain why you can analytically
continue the integrand into the lower half-w plane; (iii) explain why (in this case)
it’s “—2mi” times the sum of the residues, and not the usual “27mi”; and (iv) show
that all the straight pieces of the shifted contour (i.e., those not encircling a pole)
vanish. Finally, perform the inverse Fourier transform to obtain f(¢,v, ).

There is a mathematically equivalent, but conceptually different, way of solving
(X.1.8), which is provided by the theory of Green’s functions. Recall that a Green’s
function describes the response due to a unit point source. It is used to propagate
initial conditions or the response to a pulse at some time into the future (or the
past, if desired, but we won’t desire such a thing in this course ...it’s named
irreversible processes, after all). Thus, causality is built into the Green’s functions
in a more transparent way than for the Laplace transform, which requires you to
think about the complex plane as some kind of temporal plane with +i telling
you something about the past or future. To remind you of the details: the idea
behind the Green’s function is that one can divide up the source into a collection
of impulses,
oo
S(t) = / dt’6(t —¢')S(t'),
—0o0
the response to each being given by the appropriate Green’s function. This results
from the linearity of the system, i.e., we can just integrate up or “superpose” the
responses to stimuli at different times to get the full solution. Thus, if we can solve

(5 +0-9) Glrast.a) =t - @), (X119

where & = (r,v) is shorthand for the phase-space variables, then our solution to
(X.1.10) is simply

f(t,x) = /dw’ [f(&w’)G(t,:c;O,:c’) +/t dt’ S(t',z")G(t,z;t',x')|, (X.1.16)

0

where do’ = dr’dv’. Physically, the Green’s function propagates the initial con-
ditions forward in time while taking into account phase-space stimuli from the
source term. By solving (X.1.15), prove that the relevant Green’s function is

i6(v—7')

G (Vi V') = w—k-v

= Gt,z;t', ') =d(r—r" —v(t—1t))sv—v)

(X.1.17)
and so

ft,r,v)=f0,r —vt,v)+ /t dt' S(t',r —v(t —t'),v). (X.1.18)
0
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X.2. Homework #2: Klimontovich & Vlasov

Generals prep. Make sure you can provide brief definitions of the following terms:
Klimontovich distribution, Liouville theorem, Bogoliubov timescale hierarchy, BBGKY
hierarchy

1. Practice with particle correlations. Recall the definition of the Klimontovich
distribution

Na
Folt,m) =) 0z — Xai(t)),
i=1

where @ = (r,v) is shorthand for the phase-space variables and X ,; = (Rai, Vai) i
shorthand for the phase-space location of particle ¢ of species a; N, > 1 denotes the
total number of particles of species . Also recall the definitions of the one-, two-, and

three-particle reduced distribution functions:??
Py
@ t» = Na an Tv
f ( w) / ! dX(xl
f (ta:w’)iNN/dX __ v (X.2.1)
apf\l, &, atVp all anldX,817 c&.
Py
t "x") = N,NgN, [ dX X.2.2
amn(t., @) = NuNol, [ X glma (x22)

respectively, where Py is the Liouville distribution and the differential
dXa =dXa1dXas ... dX oy, dX51dX g ... dXpn, dX1d X 0. . .dX N, ...

indicates integration over all of the ‘I" space’ (including all species «, 3, v, ...). Denote
an average over the Liouville distribution by angle brackets:

(G(Fu, Fg, Fy,...)) i/anHPN G(Fo, F3,Fy,...).

In many cases, one is interested in the differences between the fine-grained (Klimontovich)
and coarse-grained (reduced) distribution functions, viz., §F,(t, ) = F,(t,x) — fo(t, x).
For example, in class we used the above definitions to calculate the correlation (§F,0E),
where 0 F is the fluctuating electric field given by Coulomb’s law,

/
B(tr) = -3 [aa 2202
B

=T

Calculating (0F,0FE) x (0F,0F3) was necessary to obtain the right-hand side of the
kinetic equation governing the evolution of the one-particle distribution function. Ulti-
mately, we found that

<6Fa(ta w)(SFB(tv w/)> = <Foz(ta x)FB(t7 wl)> - fa (ta :I:)f,@(t, xl)
= gap(t,z, @) + 60p d(x — ') fu(t, @), (X.2.3)

where gag = fap — fofs is the two-particle correlation function. In other words, the

231f o and B refer to the same species, then 81 — a2 and NoNg — No(Na — 1) in the definition
of the two-particle distribution function (eq. X.2.1). If «, 3, and  refer to the same species, then
b1 — a2, 1 = ag, and NaNgNy — No(Na — 1)(No — 2) in the definition of the three-particle
distribution function (eq. X.2.2). But, because the number of particles is asymptotically large,
there is really no practical difference between No, No — 1, and N, — 2.
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evolution of the one-particle distribution function depends on correlations between two
particles instigated by the Coulomb interaction. (The last term in (X.2.3) describes self-
interaction, and thus is ultimately dropped.)

In this problem, you will calculate a few other correlations that we needed along the
way in deriving the evolution equation for g.g.

(a)  Follow steps similar to those leading up to equation (I1.5.9) in the lecture notes to
show that

(Fo(@)Fs(a')Fy (")) = fapy (@, 2", 2") + 0ap 0(@ — 2') fory (2, ")
83y 08— &)y (2,2) + By 6( — 3 o )
+ 800y 6(x — 2')0 (2" — ") fo(), (X.2.4)

where I've omitted the time arguments for notational ease. Such a correlation is
needed to calculate the term

o (ra o) 25 ) - L (g @y ome) 208 xas)

mp

in equation (II.5.15) of the lecture notes. These two terms represent the change
in the correlation between a particle of species a at position « and a particle of
species 3 at position &’ due to electric-field fluctuations from the bath accelerating
each one of the particles. With J E given by

OB(t,r) =~ qu / da “M (X.2.6)

fr—r"|

it is clear that we need to compute (Fo,FgdF,) = (FoFpFy) — (FoFp) fy ...
(b)  Use the Mayer cluster expansions for f,s and fos, in (X.2.4) to show that

(Fo(z)Fp(2') 0F, (")) = hapy(z, @, 2") + fo(®)gs, (', ") + f5(2')gay (2, 2")
+ 0ap 6(x — ') [gary (2, ") + 65, 6 (2" — &) fo ()]

+ 08y o(x’ — ") [gow(w7 x") + fa(x)fv(xn)]

§ by 6@ — ) g @)+ ful@)fol@)]. (X27)

The first term on the right-hand side of (X.2.7) describes three-particle correla-
tions; we discussed in class why it can be dropped. The next two terms on that
first line, when substituted into (X.2.5), yield important shielding terms (see the
last part of §I1.6 in the lecture notes). When substituted into (X.2.5), the second
line of (X.2.7) ultimately vanishes, since it describes self-interactions. As for the
final two lines of (X.2.7)...

(¢) ...substitute them into (X.2.5) with (X.2.6) to obtain what becomes the source
term in the evolution equation for g.ga:

e '(18_ 1 )[fa( )f5(®") + gap(z, x")]. (X.2.8)

or|r—r'| \mqgdv mgov

State under what conditions the second term (g.3) can be neglected compared
to the first term (f,f3), and explain physically why the first term generates two-
particle correlations.

2. Landau damping via Hermite polynomials. Consider the following (1+1)-
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dimensional model of a homogeneous plasma perturbed about a Maxwellian equilibrium:

99 99 Iy
— — Fh— = C X.2.9
5 T Vg, + oviig 9] (X.2.9)
~—~
phase mixing  electric field collisions
p= a/ dvg. (X.2.10)

Equation (X.7.1) is a linearized kinetic equation for the perturbed distribution function
g(t, z,v), which includes its advection by the particles (“phase mixing”), the acceleration
of its constituent particles by the gradient of an electrostatic potential (¢, z) (“electric
field”), and the removal of free energy by a collision operator C[g] (“collisions”); the
Maxwellian equilibrium distribution Fy(v) = =" /y/7. For convenience, I have normal-
ized the velocity v (in the z direction) to the thermal speed vy, = +/27T/m, the spatial
coordinate z to an arbitrary lengthscale L, and time ¢ to L/vty,.

Equation (X.2.10) can be variously interpreted, depending upon the value of a. For
example, if g is taken to be the perturbed ion distribution function in a plasma and
the electrons are assumed to have a Boltzmann response, then o = T/T; (the ratio
of the electron and ion temperatures) and the resulting system of equations describes
Landau-damped ion-acoustic waves propagating in the z direction. Equation (X.2.10)
is then just a statement of quasineutrality. On the other hand, if ¢ is taken to be the
perturbed electron distribution function and the ions are assumed to have no response,
then a = 2/k*)\3 and the resulting system of equations describes collisionlessly damped
Langmuir waves (this case was originally considered by Landau in 1946; here, Ap is the
Debye length). Equation (X.2.10) then is the Gauss—Poisson equation. Finally, for

-1

T; 1 T\ 2 1
+ 1 1
« = — 774’*:‘: 1+7 +7
Te ,6’1 ( 16) 612 ’

equations (X.7.1) and (X.2.10) describe the evolution of compressive perturbations in
a magnetized plasma at scales much larger than the ion Larmor radius (Schekochihin
et al. 2009). In this case, there are two corresponding decoupled fluctuations g+ and g—,
which are certain linear combinations of the zeroth and wﬁ_ moments of the perturbed
distribution function. All this is to say that equations (X.7.1) and (X.2.10) capture a
variety of interesting kinetic physics.

(a) It is fruitful to recast the kinetic equation (X.7.1) in Hermite space by writing

Z \/zT gm, m_/d g(v), (X.2.11)

where
. 2 d™ 2
H,,(v) =(-1)"e" qum © v (X.2.12)
is the Hermite polynomial of (integer) order m. Before we do so, first make a
plot of Hy,(v)Fy(v)/v2™m! versus v € [—4,4] for m € [0, 8]. Note that increasing
m corresponds to increasingly fine-scale structure in velocity (the same way that
increasing k in Fourier space corresponds to increasingly fine-scale structure in

configuration space).

Note that the Hermite polynomials are orthogonal with respect to a Maxwellian
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weight:

/dv %fw Fo(0) = S (X.2.13)

where 6, is the Kronecker delta function. It will also be helpful in what follows
to note that go = [dvg(v) is the zeroth moment of the perturbed distribution
function (i.e., the perturbed number density), g1/v2 = [dvvg(v) is the first
moment (i.e., the perturbed momentum density), and g2/v2+go/2 = [ dvv?g(v)
is the second moment. Higher m’s are often referred to as the “kinetic moments”.

(b)  Use the recursion relation dH,,/dv = 2vH,,, — Hp, 1 = 2mH,,—1 to show that the
linearized Lenard-Bernstein collision operator (about which you’ll learn later),

i =0 [2 (v 22) s o) 210

with v being the collision frequency and v = [ dvwvg(v), becomes —vmg,, (m > 2)
in Hermite space. That’s rather convenient.

(¢)  Show that equation (X.2.10) implies ¢ = agg. Use this in equation (X.7.1) to derive
the following set of equations coupling higher-m moments of g to the lower-m ones:

dg0 0 @
=0 (X.2.15a)
dgn 0 1+«

AGm 0 m+1 m
% =5 <, /Tgm+1 + \/;gm_1> —vmgm, m>=2. (X.2.15¢)

Given your plot from part (a) and your understanding of Landau damping, explain
each of equations (X.2.15a,b,c) physically.

Because equations (X.2.15a,b,c) are linear, whatever free energy is in one wavenumber
k cannot be transferred to another wavenumber. As such, the “cascade” is entirely in
velocity space (i.e., to higher m), with each wavenumber evolving independently of all
the others. Therefore, we need only solve (X.2.15) for a single wavenumber k; the solution
is then easily rescaled for different wavenumbers. So write

Z Gm. k() exp(ikz) (X.2.16)

and proceed. . .

(d)  Show that the free energy in wavenumber k,

1 & a
=5 Z |gm. ik |? + §|90,k|2 (X.2.17)
m=0

satisfies

dW
E_ Z mlgmsl?. (X.2.18)

Interpret this equation physically, makmg contact with the kinetic free-energy
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conservation law derived in class, in which

_ T(of2) | (E?)
WVlasov = /dr [g/dv 2f0a + 3

In particular, what must happen for irreversible dissipation to occur as v — 07

. (X.2.19)

Download landau_damping.f90 from
https://www.astro.princeton.edu/ kunz/Site/AST554

This code (modified from one written by Prof. Michael Barnes) solves the following
implicit set of equations (cf. equations (X.2.15)):%4

n+1 n n+1

g((),k )_9((),13 ik ik )

At NI
(n+1) (n)

91k ~ Y91k o ey 1A y
T = —ik <92le + Wgoflk s

g(”Zl) - Q(n)k fm+1 (ny1) M (n41) (n+1)
m, m, . n4+ n+ 4 (n+
T — _1k< Tgm—&-l,k + \/;gm—l,k) —vm g,y 2<m < Ny

where time has been discretized as t(") = nAt with (fixed) timestep At and the
integer n > 0. The default free parameters in the code are as follows: N, = 128,
a=1k=2nv=10"7, and g(()?,z = 1 (which is arbitrary, because the equations
are linear). Note that the collision term —vmg,,  has been replaced by —vm?g,, 1,
which is a sort of “hyper-collisionality”; the higher power of m here is useful for
allowing a larger “collisionless” range of m before the cascade to higher values of
m is affected by collisions. You can compile the code using

gfortran -o landau_damping landau_damping.f90

Run it. It will output two files: landau_damping.phik2 and landau_damping. gkm.
The former contains |¢g|? versus time; the latter contains the real and imaginary
parts of g, 1, versus time. These files can be read using the following python script:

import numpy as np
fname = ’landau_damping.phik2’

data = np.genfromtxt(fname,autostrip=True)
tphi datal:,0] ; phik2 = datal:,1]

fname = ’landau_damping.gkm’

data = np.genfromtxt (fname,autostrip=True)
time = datal:,0] ; mlab = datal:,1]

gkmr = datal:,2] ; gkmi = datal:,3]

nm = 128 ; nt = int(time.size/nm)

24If you're interested in such details, the resulting matrix equation can be cast in the

form ZZ’” Aom g:;’zl) = gg”g, where A, is a tri-diagonal matrix. There is an O(Nm)
algorithm known as the Thomas algorithm for solving tri-diagonal matrix equations (see
https://en.wikipedia.org/wiki/Tridiagonal _matrix_algorithm).


https://www.astro.princeton.edu/~kunz/Site/AST554
https://en.wikipedia.org/wiki/Tridiagonal_matrix_algorithm
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m = np.arange(0,nm) ; indx = np.arange(0,nt)*nm
t = time[indx]
gkm = np.zeros((am,nt) ,dtype=complex)
for m in range(nm):
gkm[m,:] = gkmr[indx+m] + 1j*gkmi[indx+m]

Make semilogy plots of |pr|? and Wy, vs time. Be sure to label your axes. Comment
on what you observe.

(f)  Use gm,x and equations (X.2.11) and (X.5.24) to reconstruct and plot g(¢, z,v) at
t=0,t=0.5, and £ = 1. (Did you remember to take the real partz) COmment on what you
observe.

(g)  Re-run the code with v = 1072 and make plots of |px|? vs time and g(t,z,v) at
t = 1. Comment on what you observe.

We’re going to revisit this Landau—Hermite problem in HWO05, so keep your notes and
code.
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X.3. Homework #3: Balescu—Lenard & Equilibrium BBGKY

Generals prep. Make sure you can provide brief definitions of the following terms:
Balescu—Lenard collision operator, Landau collision operator, Boltzmann’s H theorem

1. Balescu—Lenard in 1D. The Balescu-Lenard collision operator may be written in
the following highly suggestive form:

ofa) &k k 0

x/dv'

By the end of this course, you should be able to promptly identify the physical meaning
of each and every ingredient of this operator and state all the assumptions that went
into their derivation. But that’s then. For now, simply note that, in a one-dimensional
plasma, the delta function

? k 0 k0
ﬂé(k-v—k-v’)<ma~av—mﬂ°6v,>fa(v)fﬂ(vl)~
(X.3.1)

419,95
k2D(k, k- v)

dk-v—k-v')=08kkv—-2)]=—

implies that only particles with the same speed can collisionally interact.

(a)  Use this fact to prove that (X.3.1) vanishes for a single-species plasma in one
dimension. (Note: the Coulomb potential in 1D is still ock~2 in Fourier space, just
accompanied by a different coefficient.)

(b)  As shown in the lecture notes (§IV.4), the Balescu-Lenard collision operator
independently conserves the total energy and the total momentum of a plasma.
Use this to explain in physical terms your answer to part (a).

(¢)  This led to a puzzle in the early development of kinetic particle-in-cell (PIC) sim-
ulations of plasmas (most notably, by John Dawson), which were one-dimensional
and yet somehow exhibited relaxation to a Maxwellian. How do you resolve this
paradox? Is the Balescu—Lenard operator incomplete in 1D, or were Dawson’s
simulation results simply as a result of uncontrolled PIC noise? Explain your
answer.

Hint. pr Trvrrrrrrrrrrrrrrrrr1orr1r
2000 [ relaxation time vs

[ (number of particles per Debye length)?

_ ]
1000} 4
: from Dawson 1964:
OO 50 100 150 200
N 2
D

2. Equilibrium thermodynamics to O(A~!). In thermodynamic equilibrium, the Li-
ouville distribution Py (I") reduces to the familiar Gibbs distribution from undergraduate
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statistical mechanics:

Dy (I') = 3 exp (-H(TF)> (X.3.2)

where T is the (species-independent) temperature, Z = [dI" exp(—=H([')/T) is the
partition function, and the Hamiltonian

;2( maV2 +Z Z 2\Ra?a—q§%5 |> (X.3.3)
(8] 7o)

contains the kinetic and potential energies of the constituent particles. The one- and
two-particle equilibrium reduced distribution functions are then

Na
= Z/dFDN(F) 5(x — X ai),
N, Ng
fap(®, @) ZZ/dFDN — X ,0)0(x' — X ;)
= fa(m)fﬁ(w/) + ga,ﬁ’(w7 ml)
= fa(v) f5(v")[1 + Gap(r,7)],

where = (r,v) is shorthand for the phase-space variables and, in the last line, we
have introduced gog = gag/fafs as the part of the equilibrium two-particle correlation
function that depends only on position. (Recall f,(x) = fo(v) in equilibrium.) In this
problem, you will calculate O(A~!) corrections to familiar thermodynamic quantities.

(a)  The thermodynamic energy
U=(H)= / Ar H(I) Dy (D) (X.3.4)

is defined as the expectation value of the Hamiltonian. Using the indistinguisha-
bility of like-species particles and the definitions of the one- and two-particle
equilibrium reduced distribution functions, show that

3 o ~
U= 2NT+V%:%:2nqanaq5n5/o de 2Gap(2), (X.3.5)

where N = )" N, is the total number of particles in the system, V is the volume of
the system, and 2 = |r — 7’| is the radial separation between two generic particles
of species a and S. The first term in (X.3.5) is (obviously) the thermal energy
of the plasma; the second term measures the importance of the correlation, or
potential, energy.

(b)  Remember undergraduate statistical mechanics? Neither did I. The free energy
W can be obtained from the partition function via W = —T In Z.?°> With this in

25 In some plasma texts, the free energy is denoted A, after the German “Arbeit”, meaning
“work”. (Remember that the free energy is the amount of energy available in the form of useful
work.) But I'm going to use A for something different in this course, so it’ll have to be W for
the English “work”.
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hand, other thermodynamic quantities may be obtained. Show that the pressure
ow
P=—|— ,
WV Inr

PV = NT + g za: zﬁ: ananaqﬁnﬁ/o de 2 Gup(2). (X.3.6)
(Hint: You may be wondering where is the V in the partition function. Well,
A < V¥ and |R,; — Rgj| o V13, s0...)

(¢)  Evaluate the thermodynamic energy (X.3.5) and pressure (X.4.19) for the equilib-
rium two-particle correlation

satisfies

~ qaq
Gop(2) = — Tf exp(—kp2), (X.3.7)

where k3 = Y - 47'cqﬁ2{n7 /T, and show explicitly that the corrections to the ther-
modynamic quantities are O(A™1).

If you’re interested in the above, you might enjoy reading this paper by Foster et al.
(2023), in which they compute the two-particle correlation function from the BBGKY
hierarchy and the associated thermodynamics for a moderately coupled plasma, i.e., one
in which the plasma parameter satisfies 1 < A/In A < (m;/m,)*/?.

3. Semi-convergent equilibrium pair correlations. We saw in class that the diver-
gence of the equilibrium two-particle distribution function fog(x, ') as [r — 7| — 0
is related to our neglect of two-particle correlations in the source term for gog(x,z’).
Dropping that term amounted to an assumption that particles enter into two-body
interactions initially uncorrelated. We really should have f,z — 0 as |r — r/| — 0,
i.e., the probability of finding a particle of species o and a particle of species 8 at the
same location, regardless of what all other particles are probably doing, should vanish.
To get this physically reasonable result, we require that gog = gag/(fafs) = —1. So,
let’s retain the contribution of two-particle correlations to the source term and see what
happens. With ¢, (r,7") = g¢./|r — 7’| in 3D, equation (IV.6.10) in the lecture notes
should be replaced by

(=) o |gante ) + LT @) + 3 [aa LT w)gs (o', 0”)
s

:—('v—'u')-3

or

daPp (Tv T/)

a2,

(X.3.8)

the additional term having been placed on the right-hand side. You already know from
class that the solution to (X.3.8) without this extra source term is

A(BfL)(i) _ datpp(2)

Jup T eXP (—kpe), (X.3.9)
and that its kpe < 1 (Landau) limit is
-~ andau qa 2
glhandan) () — —72‘3( ) (X.3.10)


https://ui.adsabs.harvard.edu/abs/2023JPlPh..89e9006F/abstract
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(a)  Show that, in the (Boltzmann) limit in which shielding is negligible, the equilibrium
two-particle correlation function is

GBI (4) = —1 + exp <—‘h‘pTM> . (X.3.11)
Note that, for like-signed charges, this safely asymptotes to —1 as 2 — 0, unlike
the Balescu—Lenard correlation function (good), but that the kpz > 1 limit is
now wrong (bad). Why is this, physically? Unfortunately, the case with unlike-
signed charges blows up as 2 — 0. As Greg Hammett put it in his lecture notes:
“Nothing classical can prevent electrons from collapsing onto ions with infinite
negative potential energy. Only quantum effects can prevent this collapse.”

(b)  The combination

Gop = gssz) + gi];oltz) B g((XLéandau) (X312)

is globally convergent, asymptotes to the correct limits (at least for A — o0), and
results in a collision operator

Goa Ofa dv’f / ’~ / (9(,0[3(7’,7”’)
e ) s(v') [ dr'gap(r,7") ———
3 / / or

me OV

whose spatial integral exists without artificial regularization (at least for like-signed
charges).?S Sweet! Make a plot of (X.3.12) in the same format as Fig. 5 in Section
IV.6 of the lecture notes and comment on the differences. Unfortunately, despite
these advantages, the internal energy per particle (X.3.5) diverges for this choice
of gag-

(¢)  We know that the third term in (X.3.8) is ultimately responsible for “dressing”
the Coulomb potential: ¢3(2) = qz/2 — (¢3/2) exp(—kp#). Another approach to
obtaining a globally convergent collision operator is to solve (X.3.8) after neglecting
that third term but using this dressed Coulomb potential for ¢ 3. Do so to derive
the two-particle correlation

Gap(2) = —1 + exp [— q;‘f exp(—km)] , (X.3.13)

and show that it asymptotes to the correct limits. Plot it on top of your plot from

(b).

4. Debye shielding and equilibrium pair correlations in 2D. Finally, let’s return to
the original version of (X.3.8) featured in class, which has its right-hand side neglected:

gopta )+ Y [aa? O 5 o) (a0 + EET) o) ) < 0,
8l

(X.3.14)
The solution to this equation may be written for arbitrary dimensionality d (= 1,2, 3) in
Fourier space as follows:
-1

Gap(k) = icf,ﬁ(i’;f:&::; = —qawj‘i(k) 1+ (2n)d; M . (X.3.15)

26 Fquation (X.3.12) is what results by matching solutions of (X.3.8) across the various
asymptotic limits; see Frieman & Book (1963). If you’d like to read more about globally
convergent collision operators, I recommend Baalrud & Daligault (2019).
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This may be compared with equation (IV.6.13) in the lecture notes.

Use (X.3.15) to calculate the two-particle correlation function for an equilibrium
plasma with only two spatial dimensions (d = 2), so that the “particles” are infinitely long
charged rods aligned with the z axis of a cylindrical-polar coordinate system (R, ¢, 2).
You'll first need to calculate the appropriate ¢(k) from Poisson’s equation. Plot g, 5(R)
and discuss the limiting cases kpR — 0 and — oo mathematically and physically.
Compare with the d = 3 case worked out in the lecture notes and given by equation
(X.3.9) above.?”

2THint: The two-dimensional Fourier transform of an axisymmetric function, which you derived
in HWO01 Problem 2(aa.ii), is called the Hankel transform of order zero. (It’s used in spectral
gyrokinetic codes.) You’ll need its inverse for this problem. Also worth noting: §(r) = 6(R)/nR
in polar coordinates.
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X.4. Homework #4: Cerenkov & Bremsstrahlung

Generals prep. Make sure you can provide brief definitions of the following terms: test-
particle superposition principle, polarization drag, Bremsstrahlung. Also, 1 eV ~ 10* K

1. Cerenkov wakes from moving test charges. In class, we showed that a moving
test charge provokes a polarization response from the background plasma through which
it travels. This response dresses the test particle, so that the steady-state potential

qT explik - (r — Ro — Vpt)]
t,r)=— [dk X.4.1
for a particle of charge gr with initial position Ry and velocity V;, where
w2, 1 k-0f./0v
D(w, k) =1 22— fdv —— X.4.2
(w, k) +2a: k2 na_/vw—k:-'v—i—io ( )

is the dielectric function. The other symbols have their usual meanings: k is the wavevec-
tor, wga = 4mg*n,/me is the square of the plasma frequency, and f,(v) and n, are the
(spatially uniform) distribution function and number density of the background (i.e.,
undisturbed) plasma, respectively. In class, we discussed the physically reasonable result

that
qr

o(t,r) ~ v — Ry — Vit exp(—Kplr — Rg — Vot|) for Vo < vtna (X.4.3)
and
(p(t,’l") ~ ﬁ for Vo > vha, (X44)

where v 1S the thermal speed of species «; i.e., a sufficiently slow particle has efficient
Debye shielding, whereas a sufficiently fast particle has inefficient Debye shielding.?® In
this problem, you will analytically compute the first-order correction to (X.4.3) and then
examine the exact solution, which was numerically obtained and presented in the lecture
notes. You will also examine the corresponding density response of the plasma through
which the test charge travels (so-called “Cerenkov wakes”).

(a)  For simplicity, take the background plasma to be composed of Maxwellian electrons
and cold, immobile ions. Show that the dielectric function may be written as

2

D(k-Vy,k) =1+ ]‘23 [1+ ¢Z(C)], (X.4.5)

where k’%e = 4me?n, /T, is the square of the inverse Debye length, Z(¢) denotes
the plasma dispersion function, and . = k - Vj/Vthe-

(b)  Suppose Vy/vthe < 1. Expand the Z function in its small argument to show that
the first-order correction to (X.4.3) is given by

QTkDe 4W(’£De @) é ‘/O

(5‘)0(@) = (chz)S \/77[ ° 'Uthc’

(X.4.6)

28In (X.4.3), we have employed the square of the Debye wavenumber for an arbitrary distribution
function, Kp = — >, wi, [du (1/u)(0F, /Ou), where F, (u) = (1/ny) [ dv f(v) §(u—k - v). For
the usual Maxwellian distribution, K3 = > dngin, /Ty = kp.
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where 2 = r — Ry — Vjt and the function

1 (> siny—ycosy
U(z) == — X.4.7
is shown in the figure below:

I

1k -
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At large distances from the test charge, it’s clear from the figure that ¥(kpe2z) —
1.9 The potential dp(2) thus falls off as 1/2? at large distances. Note further
the asymmetry revealed by (X.4.6): observers in front of the moving test charge
(2+Vy > 0) see an enhanced potential, whereas observers in back (&-Vy < 0) see
a reduced potential. Explain physically why this is so.

For 2-Vh = 0 (i.e., directions perpendicular to the velocity of the test charge),
the first-order potential (X.4.6) vanishes. Whoops. If I were mean, I would make
you calculate the second-order correction to (X.4.3). But I'm not, so it’s up to you
whether you want to torture yourself with six different contour integrals. Here I'll
just give the answer:

kpe Vo Vi
502 (2) = _(iIT) ’;’)3 2(m — 2) T(kpe) : v02 0 (X.4.8)
e the
where
- e x? L . T

and I is the unit dyad. Note that, at large distances (z > 1), T — —(322 — I),
and so grdp(x > 1) is negative in the direction perpendicular to V5. Why is this,
physically?

Section V.1 of the lecture notes includes five plots of equipotential contours of
(¢/qrkpe) in the rest frame of the test particle for Vp/vme = 0.1,0.3,1,2,3,10.
These were obtained by numerically performing the integral in (X.4.1) using
(X.4.5) for the dielectric function. Explain what you see there in physical terms.
For example, why is the potential negative behind the moving test charge (if
gr > 0)? How is this related to polarization drag? What’s happening in front of
the test charge? What happens to the Debye cloud at Vj /vthe = 10 and why? Is the
potential in the direction perpendicular to the test charge’s velocity qualitatively
consistent with (X.4.8)7

29You won’t earn extra points for doing it, but the mathematically inclined might enjoy the
asymptotics challenge of proving this analytically.



204

M. W. Kunz
The perturbed charge density,

za:qaéna(t, 2) = (2‘1;)3 / dk exp(ik - 2) [D(klvok) - 1] : (X.4.9)

is given by equation (V.1.13) in the lecture notes. Numerically evaluating this
integral for Vj/vghe = 10 results in the isodensity contours shown on pg. 69 of the
lecture notes. You can see a nice Mach cone trailing behind the test charge, with
the density fluctuations confined inside |y/z| ~ C/Vy < 1 where C' = v/3vipe.
Explain this result physically (including the factor of v/3).

In the above, we’ve assumed that the ions are cold and immobile. Equation (V.3.10)
of the lecture notes states that the polarization drag force on a test charge ¢ > 0
of velocity V; in a bath of electrons of number density n. and temperature T, is
given by

2 W

3\/7? Vthe '

This expression is traced by the blue dashed line in the figure below. As you can
see, it does rather well for Vj/vihe < 1 at approximating the red line, which is the
full velocity-dependent drag force (equation (V.3.2) in the lecture notes) when the
ions are taken to be cold and immobile.? You can also see that the drag force drops
off for Vy/vtne = 1; physically, this is because the charge is out-running its Debye

Fpol = _q%k%e In Aje

~

cloud of electrons. Ah, but what’s happening with the black line for Vg /vghe < 0.37
That line is the full drag force (V.3.2) with active ions having m;/m. = 1836 and
Ti/T. = 1. Explain physically why this curve rises and then falls as Vj approaches
ven; (the vertical dotted line) from above. Perhaps some drawings might help.

L B B B R T ||||/v||| T T T T T 11T

10°

Fpol

2. Thermal Bremsstrahlung. In class, we computed the radiation emitted as a test
particle moves through a continuous plasma—so-called Cerenkov radiation. In this prob-
lem, you will use similar test-particle methods to compute the radiation due to collisions
between discrete particles, which is called Bremsstrahlung (German for “braking radia-
tion”). In particular, you will focus on collisions between ions and electrons. Consistent
with the rest of the course thus far, only electrostatic fluctuations are considered, so

397 t00k kmax = 10%kpe in numerically evaluating (V.3.2).
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that the wavevector k is parallel to Eg. (At the end of this problem, I comment on the
arguably more important case of transverse polarization.) Your first goal is to compute
the radiation emitted as a shielded test electron scatters off a test ion, which is given by

T/2
W = lim dt/dr E(t,r)-Jr(t,r), (X.4.10)
T—o0 —T/2

where Jr(t,r) is the current density of the test particles and T is the time over which
the radiation is emitted. I'll lead you through the process.

(a)  Write the electric field and current density in Fourier space,
© quw [ )
E(t,r)= / —/ dk E(w, k) expli(k - r — wt)],
2(t7) :/ / Ak’ T (o, k') expli(k -7 — w't)],

and use Maxwell’s equations with E || k to show that (X.4.10) becomes

(2m) Re/ /dk:E ) Jh(w, k)

k- Jr(w, k)2 dw
2(2 41 dk —————— = X.4.11
m) m/ / wD(w k) 2n We ( )
where k = k /k and D is given by
w2, 1 k-0f,/0v
D(w, k) =1 B ¢ (it X.4.12
(w, k) +za: k2 na/vw—kz-'v—i—iO ( )

You should prove this step by step. But, once you’'ve become an expert at these
things, you could just surmise that the current density of the undressed test
particles Jp ought to be “dressed” with a 1/D(w,k) factor. On pg. 76 of the
lecture notes, this formula was used to compute the power emitted by Cerenkov
radiation from a single test charge; see equation (V.3.9) there.

(b)  Apparently, we need to compute the square of the test-particle current in the w-k
space. To do so, write the current of the test ion-electron pair as

Jr(t,r) = ZeVi(t) (r — Ri(t)) — eVe(t) 6(r — Re(t)), (X.4.13)
where Ze (—e) is the charge of the ion (electron) and (R, V,) are the position
and velocity of species v at time ¢. Assuming that kvipe < w and me/m; < 1, use
(X.4.13) along with Newton’s second and third laws to obtain
_ 7% |k-E(w, Ry)|?
 w?m? (27)6 ’
where E(w, R;) is the electric field due to the (dressed!) test electron evaluated
at the location of the ion. Thus,

1 7264 |k Eo(w, R;)|?
W, =—1Im [dk ’ . X.4.15
272 m/ w?m?2  wD(w, k) ( )

(¢)  Show that, in the long-wavelength limit for which w > kvpe,

o T(w, k)| (X.4.14)

2 2

k

D(w, k) ~ “rp <1+2U“‘e>+1ImD. (X.4.16)
w w
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Also show that ImD <« 1 when w 2 wpe. Use these properties in (X.4.15) and
perform the k-space integration to obtain

222 4 2( w2 >
W= [o(1- 2 |E(w, R (X.4.17)
9m2vd \ 3 2

You'll need the following tricks:

Jim, re = @),

oz — ;)

0(f(x)) = —————~ where f(z;) =0.
2T

In class, we calculated the electric field excited by a test charge moving through

a responsive plasma. Taking the electron to be that test charge, the electric field

evaluated at the position of the ion is

E (w,R;) = i;e/dk W explik - (Ri — R.)]. (X.4.18)

Plug this into (X.4.17). The result is the total radiation emitted when a single test
electron, dressed by the surrounding plasma, scatters off a single ion. Now invoke
the test-particle superposition principle to show that the total power radiated per
unit volume by a distribution f,(v) of electrons is

4Z2€6n1 pe ( k’U)
T W \/ (1-55) [[ awaw o i g a0

where n; is the number density of ions.

Hint: It might help you to set up a coordinate system with the impact parameter
b = R, — R; = bz, the electron velocity V, = V.2, and the wavevector k =
kjz + k1. If you do this, then you'll have to recall that 6(k, — k') = 26(k?3 —
k'?) 8(¢r — dx) in cylindrical coordinates. Alternatively, keep b as a general vector
and eventually use §%(w) = (7/2m)d(w) — see equation (II1.7.15) in the lecture
notes for an explanation.

Using the equations for Cerenkov radiation (e.g., equation (V.3.9) in the lecture
notes), argue that (X.4.19) is a factor ~1/A smaller than its Cerenkov counterpart.
Physically, why is this? (Think in terms of the particle trajectories in the two
calculations and how and why they differ.) Does the Balescu—Lenard operator
capture Bremsstrahlung emission? If so, where is it? If not, what assumption
precluded Bremsstrahlung from entering?

Evaluate (X.4.19) for a Maxwellian electron distribution,

u(0) = (-5 ) (X.420)
v ————exp| ——— |- 4.

‘ 7-[3/2 ghe vt2hc

For simplicity, just take D(w,k) = 1 and cut off the wavenumber integration

using a maximum wavenumber kp.x. (Note that you need not specify a minimum
wavenumber.) You should be able to massage your answer into the following form:

16Z2e5nin. |2
p= 2 2 Gl (X421

2,3
9"TLe the
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where €min = (Wpe/kmaxvthe)2a

1 o 1 gmin)
G(pin) = ——= d¢ E —(1—-==, X.4.22
(6o = 5 [ demn(onfg (1- % (X.422)
and the exponential integral
1 o€/t
Bi(e) = / ar (X.4.23)
0

The function G(&min) = 1 at &min = 0 and decreases sharply thereafter. For
plasmas with T, > 27.2Z2 eV (the Hartree energy), the electron thermal de Broglie
wavelength provides the maximum wavenumber: kpax = 1/meTe/h2. In this case,
P oc nin Tt Otherwise, kmax ~ To/e? (the “Landau length”, or the distance of

closest approach of thermal electrons) and P « nineTe /2,

An additional note for your own edification (please read):

One can repeat the ion-electron thermal Bremsstrahlung calculation outlined above but
with transverse (rather than longitudinal) electromagnetic fluctuations (i.e., light). Now,
k-FE; =0but k X Ey # 0, and so there are magnetic-field fluctuations. This is the kind
of Bremsstrahlung radiation you can (and one does) observe, e.g., at radio wavelengths
from HII regions in the interstellar medium and in the X-ray band from hot astrophysical
plasmas, such as the intracluster medium of galaxy clusters and the accretion flow onto
the black hole at our Galactic center. (Of course, a test current Jr of accelerated charges
will excite both longitudinal and transverse electromagnetic fluctuations. Problem 2
focused on the former; the following focuses on the latter.) One can straightforwardly
generalize the calculation from Problem 2 for this case by using the relevant dielectric
function,

2 T e (X.4.24)

w? wiw fe(v) w2 4miw
D k)y=1- pe d ¢ =1- —— —
(w, k) * / U o—k-v +i0 22 e

where o is the conductivity, and revising equation (X.4.11) for the new polarization. The
derivation will be given in my solutions; the result is that

472e5n; d(w—k-v)
- [ dwy/1- Pe/ dkd —_— X.4.25
37rm2c3/ v e(v k2|D(w k)2’ ( 2
_ 1622%e%nine
3m2c3

Emax G (Emin) for a Maxwellian with |D(w, k)|? ~ 1. (X.4.25b)

For kmax = v/meTe/h?, the total power radiated per unit volume is o nineTel/Q. In CGS

units with temperature measured in Kelvin, its numerical value is ~10727 Z 2nineTe1/ 2,
a formula routinely used to infer number densities of X-ray emitting astrophysical
plasmas from the observed emission. The temperature may be obtained from the ob-
served cutoff of the otherwise flat frequency spectrum dP/dw o« E;(£/2), where £ =
(hw/kpT.)?. Namely, taking the cutoff to be at ¢ ~ 1 implies an emitted frequency
v = w/2n ~ 108 Hz (kgT,/5 keV), right in the middle of the X-ray band. Here, I've
normalized the temperature to that of the most abundant plasma in the Universe —
the intracluster medium, a hot and dilute plasma that fills the space between galaxies
in so-called galaxy clusters (the largest virialized objects in the Universe). Thermal
Bremsstrahlung is the main cooling process in this plasma, despite a characteristic cooling
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time ~6 Gyr (kpTe/5 keV)'/? (ne/0.01 cm™3)~' ... do you know the age of the Universe?
In fusion plasmas, the density and temperature are known by other means (generals
prep: do you know what they are?), and so the amount of Bremsstrahlung emission (in
the visible range) provides a measurement of Z.g. This is an important number because
radiation from impurities can affect the confinement time. X-ray Bremsstrahlung emission
is also used in laser-plasma experiments (where n, ~ 10%° cm=3, kT, ~ 0.5 keV) to
measure density fluctuations and in ICF experiments to estimate the neutron yield.
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X.5. Homework #5: Langevin’ing

1. Langevin dynamics in a magnetic field (after Krommes Ex. 6.8). Consider
random, sub-Debye-scale, electrostatic fluctuations JE(t) in the presence of a weak
(£2/wp < 1), straight magnetic field By = Bz, where By is a constant. The classical
Langevin equations for a test particle with charge ¢ and mass m moving in these fields
are

dr

T (X.5.1a)
dv .
T —yv + 2v X z + a(t), (X.5.1b)

where 7 is the drag coefficient, 2 = ¢Bg/mc is the cyclotron frequency, and a(t) =
(¢/m)dE(t) is the random acceleration due to the electrostatic fluctuations. In the spirit
of Langevin’s approach (in which the time axis is coarse grained into time intervals much
larger than w; 1 the transit time through a Debye cloud), one may assume that a is
Gaussian white noise:

(a(t)) =0, (X.5.20)
(a(t)a™ (') = ed(t — '), (X.5.20)
where T denotes the transpose and / is the unit dyadic. Remember that the brackets

indicate an ensemble average over many individually deterministic realizations of the
system. Thus, the position r and velocity v of the test particle are random variables.

(a)  One expects that at long times (¢ > 1) the particle will diffuse in space, although
it may diffuse at different rates in the directions parallel (||) and perpendicular (L)
to Byp. Argue (no mathematics) that the parallel spatial diffusion coefficient is the
same one that was calculated in class for the one-dimensional Langevin equation.
Then use the simplest random-walk formula you can think of to predict how the
cross-field diffusion coefficient ought to scale with v and By in the physically
relevant regime /{2 < 1. Hopefully this scaling will agree with the detailed
formula you derive in this problem.

(b)  Solve for the random velocity of the particle v(t) in terms of a(t). There are several
ways to do this, but my preferred method is to first solve

%—f +vG-02Gx z2=456(t—t)l (X.5.3)
for the (matrix) Green’s function G(¢;t') and then write
t
w(t) = G(t:0) - v(0) + / at’ G(t: ¥ - a(t). (X.5.4)
0

You should find that
,feos[2(t —t")]  —sin[2(t —t')]
G(t;t') = e 7 | sin[2(t — /)] cos[2(t — t')]
0 0

(X.5.5)

_ o O

Compute the correlations (v (t)), (vL(t)), (5vﬁ(t)>, and (Jv (t)6vT (1)), where
dv = v — (v) is the departure in the velocity from its mean value.

The rotation matrix R(6) has the following properties:
R"(0) =R *#)=R(—6) and  R(0,)R(6:) = R(6, + 65).
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I just thought I'd say that.3!

(¢) At this point, it should be clear that the solution in the direction parallel to
the magnetic field is the same as the solution to the standard one-dimensional
Langevin problem. So let’s concentrate on the perpendicular dynamics. Integrate
dv (t) to find an expression for the perpendicular displacement

t
571(15)5/ dt’' v (¢ /dt’/ dt" Gt ;t")ra (") ="7. (X.5.6)
0

Using your answer, compute

(Gr . (1)5rT (1) / a / at’ / a5’ / ds” Gt t") - (a, (t")al (")) - GT(s'; 8").
(X.5.7)

Because I don’t want to you spend a huge amount of time chugging through
the math, here’s a generous hint. Be wvery careful that your integration limits
ensure causality. This means that, at some point in the calculation, you’ll want
to interchange integrals so that the integral over ¢’ in equation (X.5.7) runs from
0 to t (instead of from 0 to t') and the accompanying integral over ¢’ then runs
from " to t (instead of from 0 to ¢’). Ditto for the integrals over s’ and s”. If you
take this bit of information for granted and use it, you should at least justify this
interchange via some illustrative drawing. After this, to perform the new ' and
s’ integrals, you’ll want to switch to integration variables similar to those used at
the bottom of pg. 97 of the lecture notes: 7 =t — s’ and T = (¢ + §')/2. Again,
you should at least justify this change of variables via some illustrative drawing
(e.g., like the one at the top of pg. 98 of the notes).

Here’s the final answer:

T € 1—e 27
r O 0) = = [t+ o

2y _ 0 ..
— (1 —ecos 2t + —e Msin2t )|l X.5.
N 92( e " cos 2t + 5 e 7'sin )] 1, (X.5.8)

where I, =1— 22.
(d)  Define the running diffusion tensor by

r ’I’T
B(t) = W. (X.5.9)

Use (X.5.8) to obtain an explicit, simple formula for B in the long-time limit.
(Don’t do more calculation than is necessary! My solution is just two lines.) It
should be of the form

Vth Amfp | Something 22 + something else IJ_:| , (X.5.10)

wnere v = £ rom € riuctuation-dissipation eorem an mfp — Uth 1S
h 2 ~ f the fluctuation-dissipation th d Amip v i

3You may be wondering... cross a temsor into a vector? How do I
do that?! I found the following website extremely wuseful on this topic:
https://en.wikiversity.org/wiki/Introduction_to_Elasticity/Tensors. It writes out a
lot of these tensor-tensor and tensor-vector combinations in component form. For example,
the ij-component of a tensor G crossed into a vector v is €xm;GikVUm, where summation over
repeated indices is implied. So, (G X 2)i; = Gik €kzj-


https://en.wikiversity.org/wiki/Introduction_to_Elasticity/Tensors
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the mean free path. Is your answer compatible with the heuristic scalings you
predicted in the first part? If not, start over.

2. Vlasov Langevin equation in Hermite space (after Kanekar et al. 2015). It
is now time to revisit HW02 #2, named “Landau damping via Hermite polynomials”.
There you derived the following set of linear equations coupling various Hermite moments
m =0,1,2,... of the perturbed distribution function g(t, z, v):

a9’0 9 g .
St T o5 (X.5.11a)
g1 0 1 0 o(t, z)
—_— 4+ — — — = X.5.11
5t 3, <92+\/§go)+8z NG 0, (X.5.11b)

gt 92 (\/79m+1 + \/>9m 1) = —UMGm, m=2. (X.5.11¢)

To remind you of the physical content of these equations: (X.5.11a) is the continuity
equation, representing the transport of density fluctuations by momentum fluctuations;
(X.5.11b) is the momentum equation, showing that density fluctuations create potential
fluctuations (¢ = agg), which accelerate particles (the final term in (X.5.11b)) and thus
lead to Landau damping; then small-scale structure in velocity space is generated via
phase mixing, which manifests as a conservative cascade to higher m in Hermite space
(eqns X.5.115,X.5.11¢); eventually, small enough scales (i.e., large enough m) are pro-
duced that collisions become important (the right-hand side of (X.5.11¢)). Irreversibility
occurs. During this velocity-space cascade of free energy from the low (“fluid”) moments
of g to the high (“kinetic”) moments, the following quadratic quantity is conserved for
each wavenumber k:

1
W, = ¢

|90.%[? (X.5.12)

m=1
(Recall that each k is independent of the others because the equations are linear.) Once
sufficiently small structure in velocity-space is produced, Wy decays due to collisions:

% = v Z m|gm k|- (X.5.13)

Hopefully you remembered all of that, because now we’re going to add a stochastic forcing
to the right-hand side of (X.5.11a) representing the injection of energy into density
fluctuations:

ago 9 g1

En + = 923 = ZXk exp(ikz). (X.5.14)
In the spirit of Langevin, take the forcing to be Gaussnan white noise, whose ensemble
average (xx(t)xi(t")) = ex0(t —t'). Now that you know a few things about Langevin
equations, let’s have some fun.

(a)  Integrate (X.5.14) over time to show that (go x(¢)x}(¢)) = €x/2. Use this to show
that, in the presence of this forcing, equation (X.5.13) is replaced by

dW, 1+« > 9
=g ek umz:;m ). (X.5.15)

dit

(b)  Equations (X.5.11a)—(X.5.11¢) were obtained from Hermite-transforming the fol-
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lowing equations (now including the stochastic forcing of density fluctuations):

99 . 99 ¢ _
&‘FU@‘FUFO% —X(t,Z)Fo-i-C[gL (X.5.164)
p= a/ dv g, (X.5.16b)

where Fy(v) = exp(—v?)/+/7t. Ignoring collisions and Fourier-transforming in space
and time, show that the steady-state mean-square fluctuation level in the plasma
is

2

I ’Z(C) (X.5.17)

(lovl?) = 0o = o [ a5

where ¢ = w/|k|, Z(¢) = [ dv Fy/(v—() is the plasma dispersion function, and

Da(Q) =1+ +C2(Q) (X.5.18)

is the dielectric function. Equation (X.5.17) is the fluctuation-dissipation relation
for the kinetic system (X.5.16); given an amount of energy injection € and a channel
of dissipation controlled by «, it predicts the long-time behavior of the electrostatic
fluctuations. Again, note that, because of the linearity of (X.5.16), there is no
coupling between different wavenumbers.

(¢) Let a+ 1< 1, so that the dispersion relation D, (¢) = 0 implies {( < 1. Expand
the Z function in its small argument to show that the mode is aperiodic, i.e., it is
a purely damped mode:

1+«
VT
is the rate of collisionless (Landau) damping. A physical example of damping in
this regime is the Barnes (1966) damping of compressive fluctuations in high-beta
plasmas, for which 1 + « &~ 1/8; < 1 (Schekochihin et al. 2009, their equation

(190); see also the discussion in the problem setup for HW02 #2). From this, use
(X.5.17) to show that

w=a —iy,, where 4= || (X.5.19)

€
27
This should look quite familiar from the lectures on the standard Langevin equa-
tion, which (in the notation of this problem) reads d¢/0t + v = x ().

(lowl?) = (X.5.20)

This is a brief educational aside about the opposite limit, « > 1, which corresponds physically
to Landau damping of ion acoustic waves (for ;i < 1 and Ti/Te < 1, so that a ~ T./T;) and of
long-wavelength Langmuir waves (for which o ~ 2/k*A3). In this case, one may expand the Z
function in its large argument to show that the mode is rapidly oscillating and weakly damped:

2
Wt/ %\lﬂ — iy, where AL = ﬁ%e_a/2|k\. (X.5.21)
From this, one may use (X.5.17) to show that
2
Q€L
(lonl*) ~ T (X.5.22)

This system being only weakly damped, the steady-state fluctuation level is larger than found
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in part (c). This is actually the same fluctuation-dissipation theorem as that of a Langevin
harmonic oscillator governed by the stochastic differential equation ¢ + v + wgp = x(t). This
formed the basis for an Irreversibles question on 2023’s General Examination, in which this
Langevin harmonic oscillator was used as a model to determine the steady-state electrostatic
fluctuation level in a weakly coupled plasma in thermal equilibrium.

Here’s the fluctuation level versus 1 + a, obtained by performing the integral in (X.5.17)
numerically:

10%[ T T R
0%k !
(j E 3
~
C\l: E g
S i 3
= 07k E

10-E 4

107! 100 10!

1+«

My guess is that, up to this point, you haven’t actually derived an explicit solution
for gx(t). Now do so. You should be able to coax it into the following form:

* dw i O dw e DXk 1+a sgnk F,
gku):/ d o @)e tz/ o oot Wi {7y 8 0

oo 2T oo 21 k| a v—w/k]| Du(¢)
(X.5.23)

Hermite transform this equation to find

> d ik 1 —sen k)™ Z(m)
Gm o (t) = —/_ %e‘“’” IT];“' ZO‘(\/S% Da(g)7 m>1, (X.5.24)
where
my= T2 _ _qpym [ g Hm@)Fo(v)
2m(Q) = T = (-1 /dv — (X.5.25)

(You must be very careful about k vs. |k|.) Now, use (X.5.24) to show that the mean
square fluctuation level in the statistical steady state of each Hermite moment m
is given by

_ 2y Ek 1+a\? 1 - RIS
Conke = (|gm.kl") = 2mtk| ( a > 2mmn /700 dC‘Da(C)

2

m > 1.

(X.5.26)
The Hermite spectrum (X.5.26) characterizes the distribution of free energy in
phase space. It is the m > 1 version of (X.5.17).

Equation (X.5.26) in its general form is difficult to parse. It’s clear that having
1+ a < 1 results in a lower fluctuation level than does o > 1. This makes sense
from (X.5.15), since sending o — —1 reduces the effective injection rate of free
energy into the plasma by the driving. But let’s see if we can’t clean (X.5.26) up to
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make it more physically instructive. For that, let us wade into the “inertial range”
of the velocity-space cascade, at m’s far enough away from both the driving scale
and the collisional scale. You will see below that this corresponds to 1 < m <
(k)\mfp)2/3, where A\, is the mean free path.

This part (e) is optional! A quick glance online reveals that, for m > 1,

e—v2/2Hm(v) ~ (2:1)’”/2 V2 cos (v\/% - 7'Em/2) . (X.5.27)

In this limit, the Hermite transform is somewhat analogous to a Fourier transform
in velocity space with “frequency” v/2m /vy, (restoring velocity-space units).
Show that, assuming m > 1 and { < v/2m,

m/2

Zm(¢) ~ V2mim Tt (i”) exp(i¢V2m — ¢%/2) (X.5.28)

and, therefore, that
1 e(l4a) 1

o € (1+a)2/°° dce ¢

" Vemlk| \ o  Da(QP | Vim — V2K Vm
This requires use of Stirling’s formula and some manipulation of contours in the
complex plane. To evaluate the integral in (X.5.29), use can the same technique
as was used in class to calculate the electrostatic field fluctuation spectrum in
an equilibrium plasma; namely, exploit the fact that D,(¢) has no poles in the
upper-half plane and do a small clockwise loop above ( = 0 and a large counter-
clockwise loop to close the contour. (This is equivalent to using the Kramers-Kronig
relations.)

(X.5.29)

(This part is required!) Equation (X.5.29) reveals that the Hermite spectrum
of the free energy C, ; o 1/1/m is shallow and, in particular, that the total free
energy diverges. This is an indication that it must be regulated via collisions, no
matter how small is v. (Remember that larger m corresponds to finer structure in
velocity space.) To that end, it is possible to show (though you need not) that, for
m > 1, equation (X.5.11¢) implies

8C’m,,k

ot

Thus, the Cp,; x 1/4/m spectrum represents a constant fluz of free energy

in velocity space; this is directly analogous to the constant flux of energy in
wavenumber space that goes into the Kolmogorov turbulence spectrum ock=5/3.

+ [kl \/ MCo e = —20mC, . (X.5.30)

By integrating (X.5.30) in steady state (0/0t = 0) and using the steady-state
relation

1+« >
5 Ek = umzﬂmcm,k (X.5.31)

obtained from (X.5.15), show that the steady-state Hermite spectrum in the range
m > 1 is given by

ex(l+a) 22 v 3/2
Cm, exp | ————m . (X.5.32)
© Vamlk| ( 3 I

Thus, show that the cascade of free energy to small scales in velocity space is
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exponentially cut off at (restoring dimensions)

me ~ (|k|vw /1) (X.5.33)

and, furthermore, that the free-energy dissipation rate v [ = dm mCp, 1 is finite, no
matter how small is the collision frequency(!) In other words, entropy is produced
at a rate that is independent of the collision frequency!

This is the velocity-space analogue of Kolmogorov turbulence: there is a power-law
spectrum in the inertial range (k‘5/ 3); the accompanying cascade of free energy to
small scales in real space is exponentially cut off at the viscous scale; and entropy
is produced at a rate that is independent of the viscosity, no matter how small its
value.

You can find some code named landau_langevin.f90 at
https://www.astro.princeton.edu/ kunz/Site/AST554

which is based on the code you played with in HWO02. This one solves the same
set of implicit equations as the other one but with a white-noise forcing xj in the
equation for go j:

(n+1) _ (n) (n+1)
0,k 90,k - ik 91,k i X(n)
At V2 koo
n+1 n
o)y Le
At 0,k )
n+1) (n)
g’fn,k ~ Im.k — ik m+ n+1) + m (n+1)
At \ "5 Imiik 9 Im—1.k
(I/m-l-l/ m )gr(::l), 2<m < Ny

(The forcing scheme starts on line 192.) The default free parameters in this code
are as follows: N,, = 2048, a = 1, k = 2m, v = 0, v, = 1072, and géoz, =1
(which is arbitrary, because the equations are linear). I've also tried v = 10~ and

v = 1072, both with 14, = 0. Compile the code using
gfortran -o landau_langevin landau_langevin.f90

and play with it a bit. Executing the python script given at the end of this problem
set produces the plots of |px|? vs time and Cp.,x vs m shown on the next page.
For a = 1, the predicted (|px|?) = ek/27eq With veg = 0.71|k|. In the code,
the default driving uses e, = 4, so that the predicted (|px|?) ~ 0.45 for k = 27t
Examining the plot on the left, this seems about right! The plot on the right shows
the m~1/2 spectrum, with an exponential cutoff that seems to scale as v=2/3 just
as predicted. Nice!
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import matplotlib.pyplot as plt
import matplotlib as mpl
import numpy as np

font = 13 ; mpl.rc(’text’, usetex=True)
mpl.rcParams[’text.latex.preamble’]=r"\usepackage{amsmath}"
mpl.rc(’font’, family = ’serif’, size = font)

fname = ’landau_langevin.phik2’
data = np.genfromtxt(fname,autostrip=True)
t= datal:,0] ; phik2 = datal:,1]

figl=plt.figure(figsize=(4,4))

axes = figl.add_axes([0.18,0.13,0.79,0.84])
axes.semilogy(t,phik2, ’k’)
axes.tick_params(which=’both’,direction="in’,top=True,right=True)
axes.tick_params(which=’major’,length=5)
axes.tick_params(which=’minor’,length=3)
plt.xlabel(r"$t$",fontsize=font)

plt.ylabel(r"$|\varphi k|2 $",fontsize=font)

plt.ylim(le-3,1el)

plt.show()

fname = ’landau_langevin.gkm’

data = np.genfromtxt (fname,autostrip=True)
time datal:,0] ; mlab = datal:,1]

gkmr = datal:,2] ; gkmi = datal:,3]

nm = 2048 ; nt = int(time.size/nm) ; spec = np.zeros((nm,nt))
mm = np.arange(1l,nm+1) ; indx = np.arange(0,nt)*nm
for m in range(nm):

spec[m,:] = (gkmr[indx+m])**2 + (gkmi[indx+m])**2

fig2=plt.figure(figsize=(4,4))

ax = fig2.add_-axes([0.18,0.13,0.79,0.84]1)
ax.loglog(mm,np.mean(spec[:,100:nt-1],1),°k’,label=r’$\nu_h=10"{-12}$’)
ax.loglog(mm,mm**(-0.5),’--k’)
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ax.tick_params(which=’both’,direction=’in’,top=True,right=True)
ax.tick_params(which=’major’,length=>5)
ax.tick_params(which=’minor’,length=3)

plt
plt
plt
plt
plt

plt.

.x1im(1,2048) ; plt.ylim(2e-5,2e0)

.text (40,0.22, $\propto m~{-1/2}$’)

.xlabel (r"$m$",fontsize=font)

.ylabel (r"$C_{m,k}$",fontsize=font)

.legend (frameon=False,loc=’lower left’,prop="size":12)

show ()
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X.6. Homework #86: Collisions & Transport

Generals prep. Make sure you can provide brief definitions of the following terms:
Krook operator, Lenard—Bernstein (or Dougherty) operator, Lorentz operator, Rosen-
bluth potentials, runaway electrons, and Dreicer field. Also know vee, Vei : Vi : Ve = 1 :

VMo /my 1 me/m.

1. Fast ions and neutral-beam heating. In this problem, you will explore an im-
portant and practical application of the Landau collision operator: the consequences of
injecting an energetic beam of neutrals into a hot, ionizing plasma. In many tokamak
experiments, such “neutral-beam injection” (NBI) is used to heat a magnetically confined
plasma to thermonuclear temperatures. The basic atomic processes that involve the
absorption of energetic neutrals by the plasma and the consequent production of fast
ions are:

charge exchange: H’+H'" — H" + H°
electron ionization: H”+e™ — H™ 4 2¢~
proton ionization: H’+H" — H" + H" +¢™.

(The energetic particle is identified in red.) For an injection energy of ~50 keV per
nucleon, these three processes are almost equally likely (cross section o ~ 10716 cm?).
After the absorption of the injected energetic neutral by any of these processes, we are
left with a fast ion and an electron. The electron heats up rapidly to the bulk electron
thermal speed v ~ vy, o due to its small mass. The fast ion joins other similarly produced
fast ions to form a hot ion component (subscript h) with vy, < vy < Vg . This problem
guides you through a calculation of the properties of that hot ion distribution.

Assume the following: that the NBI is into a magnetic field that gyro-tropizes the
velocity-space distribution function f;, of the hot ions (i.e., fi is independent of gy-
rophase); that the background cold ions and electrons are unshifted Maxwellians; and
that the density of hot ions ny is small compared with the density of the background
ions n;.32 In this case, the hot-ion distribution function satisfies the test-particle form of
the Fokker—Planck equation:

0
% = Clfun] + Sh, (X.6.1)
where C[f1] is the test-particle collision operator (to be determined by you below) and
Sy is a source term describing the production of hot ions through NBI. The latter is
modeled by
n
T 6(0 — v0) 8(E — &) H(2), (X.6.2)

Sh=npd(v—wvo) H(t) = 9
0

where ny, is the production rate of hot ions, £ = cos@ is the (cosine of the) pitch angle,
and the Heaviside function H(¢) indicates that the source is turned on at ¢ = 0.

(a) Use the assumptions given above alongside vy, j << vy < Vth e to simplify terms in
the Landau collision operator and thus obtain

mi v3 10
3 L(fn) + ﬁ%(vf + U3)fh7 (X.6.3)

Ts C[fh] ~

mp

32In truth, the hot ions impart both momentum and energy to the background plasma and thus
can give rise to net motion (e.g., toroidal rotation in a tokamak with tangential injection). But
let us neglect this here. The assumption that ny < n; is a good one: few energetic particles are
required to produce the desired heating.
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where
2.3 1/3
Somy myvg ) 3/ me
N A oo, [2YEme) X.6.4
T my 4rZ2e*n; In Ay an Yo = Uth, ( 4 mi> ( )

Ezxplain your reasoning and all of your steps! What is the physical meaning of each
of the three terms on the right-hand side of (X.6.3)?

To help guide you, fill out the following table using the ordering v¢ni < vn < Vsh,e
in the formulae for the collision rates for test particles scattering off of a Maxwellian
background plasma (see pp. 122-123 of the lecture notes):

collision frequencies (with 15® = dwn.Z2e* In \/mivd, )| B =i| 8 =e

slowing down (28 /vbe) 70| 777
perpendicular diffusion (I/iﬁ Jvde) 70| 777
parallel diffusion (Vll‘“ﬂ Jvde) 707 777
energy loss (V28 /u{®) 77 777

Using (X.6.3) for the test-particle collision operator, solve (X.6.1) to show that

. 0o (mi/6my) £(€+1)
NhTs 1 v3 vg’ + 03
=0T N~y 2 pe)P v c
fu(v,§,1) 2 (0% 1 0F) ;}( + 2) 0 (§)Pe(&o) <v8 0 4 03
x H[t — 7(v)|H (vg — v), (X.6.5)
where P;(§) is the ¢th Legendre polynomial satisfying L[Py] = —(£/2)(¢ + 1) Py,
and
3, .3
. Ts ) + Ve
T(v) =3 ln<U3 Jrvg,) (X.6.6)

is the time taken for a hot ion to slow from speed vy to 0 < v < vg. [Hint: Expand
fn in Legendre polynomials and use

=) =3 (¢+3) PlOPLG)
=0

to expand 6(§ —&p) as well. You may further find it useful to define a new function
gn = (v3 4+ v2) fu and then refresh your memory on how to solve inhomogeneous
linear PDEs with non-constant coefficients using the method of characteristics.
You're on the right track if you need to solve a separable ODE that looks like
dw/dt = —(v34+w3)/(17sw?) and if you eventually must use something like & (w(t) —
w(0)) = §(¢)/|w’(0)]. Please do not hesitate to ask the TA or me if you need any
further assistance!|

Use (X.6.5) to show that the distribution function at late times for particles
satisfying vy > v > v, is given by

foea(v) =

This is called the “slowing-down distribution”. Sketch it for £ = £p. In addition,
use (X.6.5) to show that, for particles satisfying v < v, the late-time distribution
is approximately isotropic (i.e., £ = 0 represents the largest contribution).

hh Ts

27 (0% + 03) H (v — v)6(€ — &o)- (X.6.7)
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Take the energy moment myv?/2 of (X.6.1) to obtain the following equation
relating the power input by the hot ions @ into the background electrons and
ions to the injection and evolution of the energy density of the hot ions:

/dv %mhv2 % = %nhsh = —Qne — Qni + 7meno H(2), (X.6.8)
where ey, = mpv3/2 and
. 1 ) ) Vo ’()3
Qpe = — /d'v 3Ky Clfn, fre] = munn /v(t) dvwv o (X.6.9a)
. Lo, [ ve
Qni = — /dv 50" Clfn, fui] = mui, /U(t) dvv 3 (X.6.90)

(This includes proving the final equalities in (X.6.9).)

The plasma in the Joint European Torus (JET) attains densities ~10'4 ecm ™3 and

temperatures ~10 keV. Neutral beams on JET are at 110-140 keV. Estimate v,
for JET parameters. Using (X.6.9) as a guide, is the power flowing predominantly
into the background ions or into the electrons? Use (X.6.6) to compute the time
required for a hot ion to slow down from an initial velocity vy to a final velocity
v = /3Ti/my. Take Zy, = 1, my = m; = 3670m,, and In A = 17.
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X.7. Example Generals Problem for Irreversible Processes

This problem concerns a particular Chapman—-Enskog expansion of the ion kinetic equa-
tion for a magnetized, weakly collisional plasma. Mathematical formulae of possible utility
are provided at the end of the problem.

To answer all of the following questions, you will need the Vlasov-Landau kinetic equation
governing the time evolution the ion distribution function f;. Written in a frame co-
moving with the ions’ mean velocity u; = wu;(¢,r), that equation is

i i - 1I; o i
af’4—(u,-+'w)-Vfi+<w? +V—w-Vui+waib>-af
ot min; min; ow
Rie af1

= CyilJi ielfi) + —— , X.7.1

Cul i) + Cul i+ - 22 (x7)

where w = v — u; is the “peculiar” velocity relative to the mean velocity, f; = f;(t,r, w),
and b = B/B is the unit vector in the direction of the magnetic field B = B(t,r).
The other symbols have their usual meanings: m; is the ion mass, n; is the ion number
density, p; = n;T; is the (isotropic) ion thermal pressure with 7; = m;v3 /2 being the
ion temperature and vy; being the ion thermal speed, II; is the ion viscous stress tensor,
and (2; = ZeB/m;c is the ion Larmor frequency with Ze being the ion charge. The
collision operator on the right-hand side of equation (X.7.1) takes into account both ion—
ion collisions (Cj;) and ion—electron collisions (Cj.), each occurring a rate proportional
to their respective (mass-dependent!) collision frequencies, v;; and v;.. The final term
on the right-hand side accounts for the friction force on the ion fluid due to collisions
with electrons, denoted R;.. To simplify the ensuing calculations, assume Maxwellian
electrons with mass m. < m; so that, to leading order in the mass ratio,

Cielfi] + Rie Ofi _ v; 0 ('wfi + L. 8fi), (X.7.2)

m;n; ow e ow m; ow

where T, is the electron temperature. You are also given that Cj; and Cig satisfy
Boltzmann’s H theorem and that, in field-aligned coordinates in which w = w;b+ w,,

0 _; 0 w0 wxbo
ow - 8w‘| w 8wJ_ wﬁ_ 8197

where 9 is the gyrophase.

(a) [15 points] Order the dimensionless parameters that appear in equation (X.7.1)
as follows:
U Me T,

PR AU e | PO A 1 X.7.3
Vthi m; T; ‘ c<h ( )

where p; = vi;/§2; is the ion Larmor radius, A;; = vgn, /v4; is the ion—ion collisional
mean free path, and L is the characteristic scale of the macroscopic gradients in
the plasma. Expand the ion distribution function as f; = fio + €fin + €2 fio + ...
and write down the lowest order in € at which each term of equation (X.7.1) enters
relative to vy fio (e.g., Ci;[fi] enters at O(1) relative to vy; fin). Clearly justify each
of your orderings.

(b) [5 points] Use your answer to (a) to write down an equation that is valid at O(1).
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(c)

(d)

(e)

2
(w)y =wb, (ww)y = wﬁbb + %(I — bb), = —w X b,
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Solve this equation to show that
2

oy w 9 _ 2T
fio= fui = exp(—), where w=|v—wu;| and vg, = —.
L Loy, Vs | | T m,
(X.7.4)

What constraints must f;; and f;o satisfy so that the parameters n;, u;, and T;
in equation (X.7.4) are the true time- and space-dependent number density, mean
velocity, and temperature of the ions?

If you could not do part (a), then provide physical arguments why f;o ought to be
gyrotropic and Mazwellian, and answer the above question about constraints.

[5 points| Use your answer to (a) to write down an equation that is valid at O(e).
In what way(s) is your equation different from that obtained at O(e) in Braginskii’s
expansion for the ions? Why?

If you could not do part (a), then explain how the ordering (X.7.2) differs from
Braginskii’s.
[10 points] Solve your O(e) equation for f;;. To keep things relatively simple, let
Culfi]l = —vii(fi — fum,:) and adopt the subsidiary ordering

pi Vi Lo

—_—~ ==K, X.7.5
where L (L)) is the characteristic scale of the macroscopic gradients oriented
across (along) the local magnetic-field direction.
Hint: Split f;1 into its gyro-averaged part, (fi1)9, and its gyrophase-dependent part,
fir.
[15 points] Use your answer to (d) to compute the leading-order expression for the
ion heat flux g,. Briefly explain what each component of g, represents physically.

If you could not do part (d), then state how you would compute q; given f;1, and
provide physical arguments that anticipate the form of q;.

Possibly useless information:

ow . . 9w xb)
o0

=w,4,

Y
(Ixb)-V =bxV, wherelis the unit dyadic.

/ dezFe ™ =T(k+1) (= k! for integer k > 0)
0

()b ()2 (D) o(2)-

2 2 2) 16



Irreversible Processes in Plasmas 223

REFERENCES

BAALRUD, S. D. & DarigauLT, J. 2019 Mean force kinetic theory: A convergent kinetic theory
for weakly and strongly coupled plasmas. Phys. Plasmas 26 (8), 082106.

BaLBUS, S. A. 2000 Stability, Instability, and “Backward” Transport in Stratified Fluids.
Astrophys. J. 534, 420-427.

BaLBuUs, S. A. 2001 Convective and Rotational Stability of a Dilute Plasma. Astrophys. J. 562,
909-917.

BaLBus, S. A. & TERQUEM, C. 2001 Linear Analysis of the Hall Effect in Protostellar Disks.
Astrophys. J. 552, 235-247.

BHATNAGAR, P. L., Gross, E. P. & Krook, M. 1954 A Model for Collision Processes in
Gases. I. Small Amplitude Processes in Charged and Neutral One-Component Systems.
Physical Review 94, 511-525.

Braginskil, S. I. 1958 Transport Phenomena in a Completely Ionized Two-Temperature
Plasma. Soviet Journal of Experimental and Theoretical Physics 6, 358.

BRAGINSKIIL, S. I. 1965 Transport Processes in a Plasma. Reviews of Plasma Physics 1, 205.

CARROLL, S. 2010 From Fternity to Here: The Quest for the Ultimate Theory of Time. New
York: Dutton.

Casg, K. M. 1959 Plasma oscillations. Annals of Physics 7 (3), 349-364.

CarTo, P. J. & Simakov, A. N. 2004 A drift ordered short mean free path description for
magnetized plasma allowing strong spatial anisotropy. Physics of Plasmas 11, 90-102.

CHANDRASEKHAR, S. 1943 Stochastic Problems in Physics and Astronomy. Reviews of Modern
Physics 15, 1-89.

CuEw, G. F., GOLDBERGER, M. L. & Low, F. E. 1956 The Boltzmann Equation and the
One-Fluid Hydromagnetic Equations in the Absence of Particle Collisions. Proceedings of
the Royal Society of London Series A 236, 112-118.

DEwAR, R. L. 2010 The screened field of a test particle. In In Celebration of K C Hines. Edited
by McKellar B. H. J. & Amos K. Published by World Scientific Publishing Co. Pte. Ltd,
pp. 47-73.

Dobin, 1.Y. 2022 Quasilinear theory for inhomogeneous plasma. Journal of Plasma Physics
88 (4), 905880407.

DouGHERTY, J. P. 1964 Model Fokker-Planck Equation for a Plasma and Its Solution. Physics
of Fluids 7, 1788-1799.

DREICER, H. 1959 Electron and Ion Runaway in a Fully Ionized Gas. 1. Physical Review 115,
238-249.

Duprgeg, T. H. 1966 A Perturbation Theory for Strong Plasma Turbulence. Physics of Fluids
9, 1773-1782.

EINSTEIN, A. 1905 Uber die von der molekularkinetischen Theorie der Wirme geforderte
Bewegung von in ruhenden Fliissigkeiten suspendierten Teilchen. Annalen der Physik 322,
549-560.

EINSTEIN, A. 1956 Investigations on the Theory of The Brownian Movement. Dover
Publications, Inc.

FErRrRARO, N. M. 2007 Finite Larmor Radius Effects on the Magnetorotational Instability.
Astrophys. J. 662, 512-516.

FosTer, T. E., FETscH, H. & FiscH, N. J. 2023 Fast correlation heating in moderately
coupled electron-ion plasmas. J. Plasma Phys. 89 (5), 905890506.

FRANCISQUEZ, MANAURE, JuNO, JAMES, HAkIM, AMMAR, HAMMETT, GREGORY W. &
ERrNsT, DARIN R. 2022 Improved multispecies Dougherty collisions. Journal of Plasma
Physics 88 (3), 905880303.

FriEMAN, E. A. & Book, D. L. 1963 Convergent Classical Kinetic Equation for a Plasma.
Phys. Fluids 6 (12), 1700-1706.

GouLp, R. W.; O’NEIL, T. M. & MALMBERG, J. H. 1967 Plasma wave echo. Phys. Rev. Lett.
19, 219.

GRAD, H. 19494 Note on N-dimensional hermite polynomials. Communications on Pure and
Applied Mathematics 2, 325-330.

GRAD, H. 19496 On the kinetic of rarefied gases. Communications on Pure and Applied
Mathematics 2, 331-407.



224 M. W. Kunz

GREENE, J. M. 1973 Improved Bhatnagar-Gross-Krook model of electron-ion collisions. Physics
of Fluids 16, 2022-2023.

Gross, E. P. & Krook, M. 1956 Model for Collision Processes in Gases: Small-Amplitude
Oscillations of Charged Two-Component Systems. Physical Review 102, 593-604.
GUERNSEY, R. L. 1960 The Kinetic Theory of Fully Ionized Gases. Off. Nav. Res. Contract

No. 1224 (15) .

HELANDER, P. & SiaMAR, D. J. 2005 Collisional Transport in Magnetized Plasmas. Cambridge:
Cambridge University Press.

Hinton, F. L. 1983 Collisional Transport in Plasma. In Basic Plasma Physics: Selected
Chapters, Handbook of Plasma Physics, Volume 1 (ed. A. A. Galeev & R. N. Sudan),
p- 147.

HirsHuMAN, S. P. 1977 Transport of a multiple-ion species plasma in the Pfirsch-Schlueter
regime. Physics of Fluids 20, 589-598.

HirsHMAN, S. P. 1978 Neoclassical current in a toroidally-confined multispecies plasma. Physics
of Fluids 21, 1295-1301.

HirsumaN, S. P. & Siamar, D. J. 1981 Neoclassical transport of impurities in tokamak
plasmas. Nuclear Fusion 21, 1079.

IcHIMARU, S. 2004 Statistical Plasma Physics: Volume I. Boulder, CO: Westview Press.

Kapowmtsev, B. B. & Pocutsg, O. P. 1970 Turbulence in Toroidal Systems. In Reviews of
Plasma Physics, Volume 5 (ed. A. M. A. Leontovich), Reviews of Plasma Physics, vol. 5,
p- 249.

KANEKAR, A.; SCHEKOCHIHIN, A. A., DorLAND, W. & Loureiro, N. F. 2015 Fluctuation-
dissipation relations for a plasma-kinetic Langevin equation. J. Plasma Phys. 81 (1),
305810104.

Kaurman, A. N. 1960 Plasma Viscosity in a Magnetic Field. Physics of Fluids 3, 610-616.

KazaNTSEvV, A. P. 1968 Enhancement of a Magnetic Field by a Conducting Fluid. Soviet
Journal of Experimental and Theoretical Physics 26, 1031.

KirkwooD, J. G. 1946 The Statistical Mechanical Theory of Transport Processes I. General
Theory. J. Comput. Phys. 14, 180-201.

KrimoNTOVICH, YU. L. 1967 The Statistical Theory of Non-Equilibrium Processes in a Plasma.
Oxford: Pergamon Press, Ltd.

KRraicHNAN, R. H. 1968 Small-Scale Structure of a Scalar Field Convected by Turbulence.
Physics of Fluids 11, 945-953.

KraLL, N. A. & TRIVELPIECE, A. W. 1973 Principles of plasma physics. New York: McGraw-
Hill.

KromMmMES, J. A. 2017 Projection-operator methods for classical transport in magnetized
plasmas. I. Linear response, the Braginskii equations, and fluctuating hydrodynamics.
ArXiv e-prints .

KromMmMES, J. A. 2018 Introductory Lectures on Plasma Kinetic Theory, Turbulence, and
Transport. Volume I: Weakly Coupled Kinetic Theory and Classical Transport.

KuLsrup, R. M. 1964 . In Teoria dei plasmi (ed. M. N. Rosenbluth), p. 54. Academic Press.

KuLsrub, R. M. 1983 MHD description of plasma. In Basic Plasma Physics: Selected Chapters,
Handbook of Plasma Physics, Volume 1 (ed. A. A. Galeev & R. N. Sudan), p. 1.

Kunz, M. W. 2008 On the linear stability of weakly ionized, magnetized planar shear flows.
Mon. Not. R. Astron. Soc. 385, 1494-1510.

Kunz, M. W. 2011 Dynamical stability of a thermally stratified intracluster medium with
anisotropic momentum and heat transport. Mon. Not. R. Astron. Soc. 417, 602-616.

Kunz, M. W. & Lesur, G. 2013 Magnetic self-organization in Hall-dominated
magnetorotational turbulence. Mon. Not. R. Astron. Soc. 434, 2295-2312.

Kunz, M. W. & MouscuHovias, T. CH. 2009 The Nonisothermal Stage of Magnetic Star
Formation. I. Formulation of the Problem and Method of Solution. Astrophys. J. 693,
1895-1911.

Lanpau, L. 1937 Transport equation in the case of Coulomb interaction. Zh. FEksper. i
Teoret. Fiz. 7, 203.

LENARD, A. & BERNSTEIN, I. B. 1958 Plasma Oscillations with Diffusion in Velocity Space.
Physical Review 112, 1456-1459.

Lirsuitz, E. M. & Prraevskil, L. P. 1981 Physical kinetics.



Irreversible Processes in Plasmas 225

MesTEL, L. & SPITZER, JR., L. 1956 Star formation in magnetic dust clouds.
Mon. Not. R. Astron. Soc. 116, 503.

MikHAILOVSKII, A. B. & TsypPiN, V. S. 1971 Transport equations and gradient instabilities
in a high pressure collisional plasma. Plasma Physics 13, 785-798.

MikHAILOVSKII, A. B. & TsypiN, V. S. 1984 Transport equations of plasma in curvilinear
magnetic field. Beitrige aus der Plasmaphysik 24, 335-354.

MONTGOMERY, D. C. 1971 Theory of the Unmagnetized Plasma. New York: Gordon and Breach.

MonNTGOMERY, D. C. & TibpMAN, D. A. 1964 Plasma Kinetic Theory. New York: McGraw—Hill
Book Company.

MouscHovias, T. C. 1979 Ambipolar diffusion in interstellar clouds - A new solution.
Astrophys. J. 228, 475-481.

NicHoLsoN, D. 1983 Introduction to plasma theory. New York: John Wiley & Sons, Inc.

PERKINS, F. 1965 Motion of a test particle in a plasma. Phys. Fluids 8 (7), 1361-1367.

QUATAERT, E. 2008 Buoyancy Instabilities in Weakly Magnetized Low-Collisionality Plasmas.
Astrophys. J. 673, 758-762.

RosENBLUTH, M. N., MacDoNALD, W. M. & Jupp, D. L. 1957 Fokker-Planck Equation for
an Inverse-Square Force. Physical Review 107, 1-6.

RUELLE, D. 1991 Chance and chaos. Princeton, NJ: Princeton University Press.

ScHEKOCHIHIN, A. A., CowLEY, S. C., DorLAND, W., HaMMETT, G. W., HowEs, G. G.,
QUATAERT, E. & Tarsuno, T. 2009 Astrophysical Gyrokinetics: Kinetic and Fluid
Turbulent Cascades in Magnetized Weakly Collisional Plasmas. Astrophys. J. Supp. Ser.
182 (1), 310-377.

SPITZER, L. 1962 Physics of Fully Ionized Gases.

SPITZER, L. & HARM, R. 1953 Transport Phenomena in a Completely Ionized Gas. Physical
Review 89, 977-981.

TaNG, W. M. 1978 Microinstability theory in tokamaks. Nuclear Fusion 18, 1089-1160.

Tang, W. M., Liu, C. S., RoseEnNBLUTH, M. N., Carto, P. J. & CALLEN, J. D. 1976
Finite-beta and resonant-electron effects on trapped-electron instabilities. Nuclear Fusion

16, 191-202.
VaN KaMmpPEN, N. G. 1955 On the theory of stationary waves in plasmas. Physica 21 (6),
949-963.

Wang, C.-L., Joycg, G. & NicHoLsoN, D. R. 1981 Debye shielding of a moving test charge
in plasma. J. Plasma Phys. 25 (2), 225-231.

WARDLE, M. 1999 The Balbus-Hawley instability in weakly ionized discs. Mon. Not. R. As-
tron. Soc. 307, 849-856.

Xu, R. & Kunz, M. W. 2016 Linear Vlasov theory of a magnetised, thermally stratified
atmosphere. Journal of Plasma Physics 82 (5), 905820507.



	Part I. Introduction
	I.1. Bogoliubov's timescale hierarchy
	I.2. Time (Ir)reversibility(?)
	 Part II. Klimontovich, Liouville, and the BBGKY hierarchy
	II.1. The Klimontovich equation as a microscopic description of a plasma
	II.2. The Liouville (``Leé-ooo-ville'') distribution
	II.3. Reduced distribution functions
	II.4. Towards the Vlasov equation
	II.5. The BBGKY hierarchy
	II.6. Closing the chain of statistical equations
	II.7. The Vlasov equation
	 Part III. Properties of the Vlasov equation
	III.1. Time reversibility and entropy
	III.2. Linearized Vlasov equation
	III.3. Green's functions
	III.4. Fourier and Laplace transforms
	III.5. The Vlasov response function
	III.6. Free-energy conservation in the Vlasov treatment
	III.7. Free-energy conservation for a weakly damped plasma oscillation
	III.8. Landau damping via Newton's 2nd law
	III.9. Plasma echo
	 Part IV. Balescu–Lenard and Landau collision operators
	IV.1. Derivation of the Balescu–Lenard collision operator: Method
	IV.2. Bogoliubov's hypothesis
	IV.3. Derivation of the Balescu–Lenard collision operator: Details
	IV.4. Properties of the Balescu–Lenard collision operator
	IV.5. Asymptotics of the Balescu–Lenard operator: The Landau operator
	IV.6. Equilibrium BBGKY hierarchy
	 Part V. Discrete particle effects and the test-particle superposition principle
	V.1. Moving test charges
	V.2. Electric-field fluctuations
	V.3. Polarization drag
	V.4. Summary: Recovery of Balescu–Lenard
	 Part VI. The Master equation and Fokker-Planck theory
	VI.1. The Chapman–Kolmogorov equation
	VI.2. The Fokker-Planck equation
	VI.3. Calculating the jump moments
	VI.4. Summary
	 Part VII. The Langevin approach
	VII.1. The Langevin equation
	VII.2. Relationship between Langevin and Fokker–Planck
	 Part VIII. Simplified collision operators
	VIII.1. Krook (or BGK) operators
	VIII.2. Lenard–Bernstein operator
	VIII.3. Rosenbluth potentials
	VIII.4. Electron–ion and ion–impurity collisions
	VIII.5. Ion–electron collisions
	VIII.6. Collisions with a Maxwellian background
	VIII.7. Ion–ion and electron–electron collisions
	VIII.8. Fokker–Planck operator in curvilinear coordinates
	 Part IX. Classical transport
	IX.1. The Spitzer–Härm problem
	IX.2. The Chapman–Enskog expansion
	IX.3. The Braginskii-MHD equations
	IX.4. Ordering of parameters
	IX.5. Expansion of the kinetic equation
	IX.5.1. Expansion of the electron kinetic equation
	IX.5.2. Expansion of the ion kinetic equation

	IX.6. Discussion of Braginskii transport
	IX.6.1. Discussion of parallel transport
	IX.6.2. Discussion of perpendicular transport

	IX.7. Curvilinear considerations
	IX.8. Linear waves in Braginskii-MHD
	IX.9. Resistivity of a poorly ionized plasma
	 Part X. Problem sets
	X.1. Homework #1: Prerequisites
	X.2. Homework #2: Klimontovich & Vlasov
	X.3. Homework #3: Balescu–Lenard & Equilibrium BBGKY
	X.4. Homework #4: Cerenkov & Bremsstrahlung
	X.5. Homework #5: Langevin'ing
	X.6. Homework #6: Collisions & Transport
	X.7. Example Generals Problem for Irreversible Processes

