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PART 1

Introduction to astrophysical plasmas

We can measure the globula of matter and the

spaces between them, but Space plasma itself is
incomputable.

Vladimir Nabokov

Ada, or Ardor (1969)

I1.1. What is a plasma?

Astrophysical plasmas are remarkably varied, and so it may appear difficult at first
to provide a definition of just what constitutes a “plasma”. Is it an ionized, conducting
gas? Well, the cold, molecular phase of the interstellar medium has a degree of ionization
of <1079, and yet is considered a plasma. (Indeed, plenty of researchers still model this
phase using ideal MHD!) Okay, so perhaps a sufficiently ionized, conducting gas (setting
aside for now what is meant precisely by “sufficiently”)? Well, plasmas don’t necessarily
have to be good conductors. Indeed, many frontier topics in plasma astrophysics involve
situations in which resistivity is fundamentally important.

Clearly, any definition of a plasma must be accompanied by qualifiers, and these
qualifiers are often cast in terms of dimensionless parameters that compare length and
time scales. Perhaps the most important dimensionless parameter in the definition of a
plasma is the plasma parameter,

A =nAd, (I.1)
where n, is the electron number density and
T 1/2 Ty 1/2
Ap = | —— =74 1.2
P <47T621’Le) <ncm3 ) m (12)

is the Debye length, i.e., the characteristic length scale on which the Coulomb potential of
an individual charged particle is exponentially attenuated (“screened”) by the preferential
accumulation (exclusion) of oppositely- (like-) charged particles into (from) its vicinity.!
Thus, A reflects the number of electrons in a Debye sphere. Its dependence upon the
temperature T suggests an alternative interpretation of A:

T kinetic energy

= ~ . 1.3

4me?/A\p  potential energy (I3)
Indeed, if the plasma is in thermodynamic equilibrium with a heat bath at temperature
T, then the concentration of discrete charges follows the Boltzmann distribution,

R (T) = T exp (-qaq;(’")), (1.4)

where Ti,, is the mean number density of species a, ¢, is its electric charge, and §(r) is
the Coulomb potential. In the limit A — oo, the distribution of charges becomes uniform,
i.e., the plasma is said to be quasi-neutral, with equal amounts of positive and negative
charge within a Debye sphere.

'In this course, sometimes temperature will be measured in Kelvin, and sometimes temperature
will be measured in energy units (eV) after a hidden multiplication by Boltzmann’s constant kg.
An energy of 1 eV corresponds to a temperature of ~10* K (more precisely, ~1.16 X 10* K).
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Debye shielding is fundamentally due to the polarization of the plasma and the
associated redistribution of space charge, and is an example of how a plasma behaves as a
dielectric medium. The hotter plasma, the more kinetic energy, the less bound individual
electrons are to the protons. When A > 1, collective electrostatic interactions are much
more important than binary particle—particle collisions, and the plasma is said to be
weakly coupled. These are the types of plasmas that we will focus on in this course (e.g.,
the intracluster medium of galaxy clusters has A ~ 10'9).

Shown below is a rogue’s gallery of astrophysical and space plasmas in the T—n plane,
with the 4 = 1 line indicating a divide between quasi-neutral plasmas (to the left) and
metals (to the right):

Tl

b —— IZM(Q(ELLL -

Cotsme Mooldle, o 5 T Uhachbirwiel) (o)

Clearly, there is a lot of parameter space here and so, to classify these plasmas further,
we require additional dimensionless parameters.

1.2. Fundamental length and time scales

Another useful dividing line between different types of astrophysical and space plasmas
is whether they are collisional or collisionless. In other words, is the mean free path
between particle-particle collisions, Ansp, larger or smaller than the macroscopic length
scales of interest, L. If A, << L, then the plasma is said to behave as a fluid, and various
hydrodynamic and magnetohydrodynamic (MHD) equations can be used to describe its
evolution. If, on the other hand, the mean free path is comparable to (or perhaps even
larger than) the macroscopic length scales of interest, the plasma cannot be considered
to be in local thermodynamic equilibrium, and the full six-dimensional phase space (3
spatial coordinates, 3 velocity coordinates) through which the constituent particles move
must be retained in the description. Written in terms of the thermal speed of species a,

2T 1/2
Vthe = <a> , (L5)

Mo
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and the collision timescale 7, the collisional mean free path is

)\mfp,a = VthaTa- (16)
For electron—ion collisions,
3 iT? 73/2
o = —VMele 34 %10 <V> s, (L.7)
4/ QT(TLC)\C€4 Nem—3 )‘e
where ). is the electron Coulomb logarithm; for ion—ion collisions,
3 miT3/2 ; 73/2
=~ 21 x107( —V— ) s, L8
7 4\/?tniAie4 . Nem—3 )\i i ( )

where ); is the ion Coulomb logarithm. Note that the resulting Amgp e and Apgp i differ
only by a factor of order unity:
3 17 W2 T2

e

Amtp,e = —= fpi = =
TP 4T nedeet TP 4 /M ng et

and so one often drops the species subscript on Ayg,. With these definitions, it becomes
clear that the plasma parameter (I.1) also reflects the ratio of the mean free path to the
Debye length:

neAy T2 /ne/ et Amfp
A A Ap
again, a measure of the relative importance of collective effects (Ap) and binary collisions
()‘mfp)~
Independent of whether a given astrophysical plasma is collisional or collisionless,
nearly all such plasmas host magnetic fields, either inherited from the cosmic background
in which they reside or produced in situ by a dynamo mechanism. There are two ways in
which the strength of the magnetic field is quantified. First, the plasma beta parameter:

N 8mn, T,

“ =TT

which reflects the relative energy densities of the thermal motions of the plasma particles
and of the magnetic field. Note that

A=

(L9)

(1.10)

2
_ 2Ty ATtmana Vi,

Ba , (I.11)

X =
My B? Vi,
where

. B
VAq = ———
A VATt Ny

is the Alfvén speed for species a.? Second, the plasma magnetization, p, /L, where

(L12)

. Utha
o = 1.13
Pa =g (1.13)
is the Larmor radius of species o and
B
2, = Lo (L14)
MeC

is the gyro- (or cyclotron, or Larmor) frequency. What distinguishes many astrophysical
plasmas from their terrestrial laboratory counterparts is that the former can have g > 1

2Usually, a single Alfvén speed, va = B /\/4mp, is given for a plasma with mass density o.
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even though p/L << 1.% In other words, a magnetized astrophysical plasma need not have
an energetically important magnetic field, and 8 > 1 does not preclude the magnetic
field from having dynamical consequences. You’ve been warned.

There are two more kinetic scales worth mentioning at this point, even though they
will receive relatively little notice in this course: the plasma frequency,

Artn, o\ 1/2
wPa = < Mot > ’ (115)

Ma

and the skin depth (or inertial length),

c mac® \?
o= = <47m 62) ' (1.16)

The former is the characteristic frequency at which a plasma oscillates when one sign
of charge carriers is displaced from the other sign by a small amount. Indeed, the
factor (47tnye?) should look familiar from the definition of the Debye length (see (1.2)).
The latter is the characteristic scale below which the inertia of species o precludes the
propagation of (certain) electromagnetic waves. For example, the ion skin depth is the
scale at which the ions decouple from the electrons and any fluctuations in which the
electrons are taking part (e.g., whistler waves). The following relationship between the
skin depth and the Larmor radius may one day come in handy:

o VA« o Pa
- oLl/2
2, 1/

(1.17)

1.3. Examples of astrophysical and space plasmas

%[4/\ W\\wo Tem @ 3«[

!b‘( eV

(Dl({&\:? [ c‘;g

mﬂgz ub
L\

3The ~5 keV intracluster medium of galaxy clusters can be magnetized by a magnetic field as
weak as ~107'% G.
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For reference, the Earth has a ~0.5 G magnetic field.

I.4. How are plasmas measured or observed?

In class.

1.5. Debye shielding and quasi-neutrality

In §1.1, we mentioned the concept of the Debye length and explained its importance in
the definition of a plasma. Here we derive it from first principles. This derivation starts
by recalling that a large plasma parameter A > 1 implies that the kinetic energy of the
plasma particles is much greater than the potential energy due to Coulomb interactions
amongst binary pairs of particles. In this case, the plasma temperature T is much bigger
than the Coulomb energy e® ~ e?/Ar ~ e*n!/3, where & is the electrostatic potential,
Ar ~ n~/3 is the typical interparticle distance, and n is the number density of the
particles. Assuming a plasma in local thermodynamic equilibrium, the number density
of species o with charge g, sitting in the potential @, of one ‘central’ particle of species
« ought to satisfy the Boltzmann relation

R (1) = Fiow €Xp (-W) ~ Tiay (1 - W) , (L18)

where the potential @, (r) depends on the distance r from the ‘central’ particle. To obtain
the approximate equality, we have used the assumption 7' > e®, to Taylor expand the
Boltzmann factor in its small argument. Inserting (I.18) into the Gauss—Poisson law for
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the electric field E = —V®,, we have

V.-E = -V2®, = 4mq,0(r) + 4712%/%/

41 G2,
~ 4mq,o(r) + 4712 Qo' Tat — (Z n;q“> D, (1.19)

« a’

Ly —2
:)\D

The first term in (I.19) is the point-like charge of the ‘central’ particle located at r = 0.
The second term is the sum over all charges in the plasma, and equals zero if the plasma
is overall charge-neutral (as it should be). The final term introduces the Debye length
(see (I.2)), which is the only characteristic scale in (I.19). Note further that this equation
has no preferred direction, and so we may exploit its spherical symmetry to recast it as
follows:

190 ,09, 1

2or  or A3
The solution to this equation that asymptotes to the Coulomb potential &, — ¢, /7 as
r — 0 and to zero as r — oo is

B, = Atqad(r). (1.20)

b, = o exp <r) (1.21)
r

This equation states that the bare potential of the ‘central’ charge is exponentially
attenuated (‘shielded’) on typical distances ~Ap. This is Debye shielding, and the sphere
of neutralizing charge accompanying the ‘central’ charge is referred to as the Debye
sphere (or cloud). Debye shielding of an ion by preferential accumulation of electrons in
its vicinity is sketched below:

b o e cded
\@/ .E,r ‘f\?)®< é\m/ c
\ ~C
- l—x ) ‘\e 74; %}/ Epaerizaion
o =L @
\ev M

Note that the electric field due to the polarization of the plasma in response to the ion’s
bare Coulomb potential acts in the opposite direction to the unshielded electric field.

Now, there was nothing particularly special about the charge that we singled out as
our ‘central’ charge. Indeed, we could have performed the above integration for any
charge in the plasma. This leads us to the fundamental tenet in the statistical mechanics
of a weakly coupled plasma with A > 1: every charge simultaneously hosts its own
Debye sphere while being a member of another charge’s Debye sphere. The key points
are that, by involving a huge number of particles in the small-scale electrostatics of the
plasma, these Coulomb-mediated relations (i) make the plasma ‘quasi-neutral’ on scales
>Ap and (ii) make collective effects in the plasma much more important than individual
binary effects due to particle-particle pairings. The latter is what makes a plasma very
different from a neutral gas, in which particle-particle interactions occur through hard-
body collisions on scales comparable to the mean particle size.

One consequence of Debye shielding is that the electric fields that act on large scales
due to the self-consistent collective interactions between ~A Debye clouds are smoothly
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varying in space and time. As a result, when we write down Maxwell’s equations
for our quasi-neutral plasma, the fields that appear are these smooth, coarse-grained
fields whose spatial structure resides far above the Debye length. Mathematically, we
average the Maxwell equations over the microscopic (i.e., Debye) scales, and what
remains are the collective macroscopic fields that ultimately make their way into the
magnetohydrodynamics of the plasma ‘fluid’.

I1.6. Plasma oscillations

In the previous section, we spoke of a characteristic length scale below which particle-
particle interactions are important and above which they are supplanted by collective
effects between a large number of quasi-neutral Debye spheres. Is there a corresponding
characteristic time scale? The answer is yes, and it may be obtained simply by dimensional
analysis: take our Debye length and divide by a velocity to get time. The only velocity in
our plasma thus far is the thermal speed, vihe = /2T /M4, and so that must be it. .. we
have obtained the plasma frequency of species «,

4mg2ng AD

Wpa = (1.22)

Meq Utha .
Of particular importance, given the smallness of the electron mass, is the electron plasma
frequency wpe, which is ~4/m;/me larger than the ion plasma frequency and is generally
the largest frequency in a weakly coupled plasma.

Fine. Dimensional analysis works. But what does this frequency actually mean? Go
back to our picture of Debye shielding. That was a static picture, in that we waited long
enough for the plasma to settle down into charge distributions governed by Boltzmann
relations. What if we didn’t wait? Surely there was some transient process whereby the
particles moved around to configure themselves into these nice equilibrated Debye clouds.
There was, and this transient process is referred to as a plasma oscillation, and it has a
characteristic frequency of (you guessed it) wpe. Let’s show this.

Imagine a spatially uniform, quasi-neutral plasma with well-equilibrated Debye clouds.
Shift all of the electrons slightly to the right by a distance &, as shown in the figure below:

The offset between the electrons and the ions will cause an electric field pointing from
the ions to the displaced electrons, given by E = 4men.£. The equation of motion for the
electrons is then
d¢ d¢

Me g = —eE = —4mené = —mewﬁeg = - —wgef. (1.23)
This is just the equation for a simple harmonic oscillator with frequency wpe. So,
small displacements between oppositely charged species result in plasma oscillations
(or ‘Langmuir oscillations’), a collective process that occurs as the plasma attempts to
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restore quasi-neutrality in response to some disturbance. Retaining the effects of electron
pressure makes these oscillations propagate dispersively with a non-zero group velocity;
these Langmuir waves have the dispersion relation w? ~ wge(l +3k?03,), where k is the
wavenumber of the perturbation. More on that later.

I1.7. Collisional relaxation and the Maxwell-Boltzmann distribution

In order for the plasma particles to move freely as plasma oscillations attempt to set up
equilibrated Debye clouds, the mean free path between particle-particle collisions must
be larger than the Debye length. We may estimate the former in term of the collision
cross-section o,

\ 1 T?
mie ™ e T et
where the cross-section o = 7b? is given by a balance between the Coulomb potential
energy, ~e?/b, across some typical impact parameter b and the kinetic energy of the

particles, ~T. Comparing this mean free path to the Debye length (I1.2), we find

)\m T2 2\ 1/2
D

Thus, a particle can travel a long distance and experience the macroscopic fields exerted
by the collective electrodynamics of the plasma before being deflected by much the
shorter-range, microscopic electric fields generated by another individual particle.

The scale separation between the collisional mean free path and the Debye length due
to the enormity of the plasma parameter in a weakly coupled plasma says something
very important about the statistical mechanics of the plasma. Because Amg,/Ap ~
WpeTei > 1, the particle motions are randomized and the velocity distribution of the
plasma particles relaxes to a local Maxwell-Boltzmann distribution on (collisional)
timescales that are much longer than the timescale on which particle correlations are
established and Coulomb potentials are shielded. As a result, collisions in the plasma
occur between partially equilibrated Debye clouds instead of between individual particles,
the mathematical result being that the ratio Amg,/Ap is attenuated by a factor ~In A ~
10-40. Thus, the logarithmic factors in the collision times (I.7) and (L.8).

Now, about this collisional relaxation. These lecture notes aren’t the place to go
through all the details of how collision operators are derived, but we need to establish
a few facts. First, because of Debye shielding, the vast majority of scatterings that a
particle experiences as it moves through a plasma are small-angle scatterings, with each
event changing the trajectory of a particle by a small amount. These accumulate like a
random walk in angle away from the original trajectory of the particle, with an average
deflection angle (#) = 0 but with a mean-square deflection angle (§?) proportional to the
number of scattering events. For a typical electron scattering off a sea of Debye-shielded
ions of charge Ze and density n, this angle satisfies
8mnLZ%e

2,4
MeVihe

(6?) ~ In A (1.24)
after the electron has traversed a distance L. A large deflection angle, i.e. (62) ~ 1, is
reached once this distance
mgv?he L
8mnZ2et In A

the collisional mean free path (recall the definition of the electron—ion collision time,

~ VgheTei = )\mfp,ea (125)
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equation (I.7)). Noting that the impact parameter for a single 90-degree scattering
is ~Ze?/T, we find the ratio of the cross-section for many small-angle scatterings to
accumulate a 90-degree deflection, opmuti 000 ~ 1/nL using (1.25), to the cross-section for
a single 90-degree scattering, ogingle,900 = 7% with b ~ ZeQ/T7 is

Omulti,90°

~InA> 1. (1.26)

Osingle,90°

Thus, in a weakly coupled plasma, multiple small-angle scatterings are more important
than a single large-scale scattering. Visually,

This is the physical origin of the In A reduction in collision time mentioned in the prior
paragraph.

So what do these collisions mean for treating our plasma as a fluid? If Ang is
much less than any other macroscopic scale of dynamical interest (i.e., scales on which
hydrodynamics occurs), then the velocity distribution function f(v) of the plasma — that
is, the differential number of particles with velocities between v and v + dv — is well
described by a Maxwell-Boltzmann distribution (often simply called a ‘Maxwellian’):

2

fav) = %%GXP (—UQ) . (1.27)

Vth

3/2

The factor of 73/2v3, is there for normalization purposes:

/d% fu(v) = 47'[/dv v? fu(v) = n (1.28)

is the number of particles per unit volume. (Any particle distribution function should
satisfy this constraint.) Note that the Maxwellian is isotropic in velocity space, depending
only on the speed of the particles (rather than their vector velocity). If these particles
are all co-moving with some bulk velocity w, then this ‘fluid’ velocity is subtracted off to
ensure an isotropic distribution function in that ‘fluid’ frame:

Fi(v) =~ exp (—”}“'2) : (1.29)

S Uth
Note that the first moment of this distribution
/d3v vfm(v) = nu; (1.30)
and that the (mass-weighted) second moment of this distribution
/dB’U mlv — u|? fu(v) = 3p. (1.31)
(Again, any velocity distribution function should satisfy these constraints.)

Different species collisionally relax to a Maxwellian at different rates (e.g., Tee ~
Tei ~ \/Mi/MeTii ~ (Mi/Me)Tic), and so each species may be described by their own
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Maxwellians:
. Na |v — Uq ‘2
fM,a(v) - 7_[3/21}3}1& €xXp ( vtgha > . (132)
But, in the long-time limit, unless some process actively dis-equilibrates the species on a
timescale comparable to or smaller than these collision times, all species will take on the
same u and the same T. Their densities are, of course, the same as well, as guaranteed
by quasi-neutrality (viz., wpeT > 1 for all collision times 7).

Note then, that when we wrote down our hydrodynamic equations for a scalar pressure
(see (IV.14) and (IV.17)) and didn’t affix any species labels to any quantities, we were
implicitly assuming that our hydrodynamics occurs on time scales much longer than
the collisional equilibration times, so that all species can be well described by local
Maxwellians with the same density, fluid velocity, and temperature. Not all astrophysical
systems are so cooperative, and anisotropic pressures, velocity drifts between species,
and dis-equilibration of species temperatures can often be the norm. Yes, hydrodynamics
and MHD are fairly simple, but do not let their simplicity lure you into using them when
it’s not appropriate to do so — a hard-earned lesson for many astrophysicists.

PART II
Single-particle motion

Much of this course concerns the response of fluid elements to both imposed and self-
consistently generated electromagnetic and gravitational fields. But those fluid elements
are composed of charged (and neutral) particles; it would be good to know how those
particles move through phase space. Now, we all know Newton’s equations of motion for
a particle in the presence of electric and magnetic fields:

dr dv q v

T=v, =1 [E(t,r) +2 x Bt,r)]. (IL1)

But solutions to (II.1) are surprisingly subtle, even in seemingly simple situations. ..

I1.1. Particle motion in uniform electric and magnetic fields

Consider the motion of a single, charged particle. Start by decomposing the particle’s
position into a Larmor position p and a guiding-center position R, viz.,

x b

+R, (I1.2)

n

where (2 = ¢B/mc is the Larmor frequency:
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The Larmor position just oscillates around the guiding center at a rate D~ —0 (more
on this later). Using this decomposition, let’s begin with something relatively simple:
particle motion in constant electric and magnetic fields.

Rearranging (I1.2) and taking the time derivative,

R=7—-p

(using (I1.1))

B ~

= parallel streaming of the guiding center + “E cross B drift”

Note that the perpendicular drift is charge independent; ions and electrons drift in the
same direction with the same speed. Thus, no currents are generated by this type of
guiding-center drift. The physical origin of the E X B drift is the dependence of the
gyroradius of a particle on v, which periodically changes due to acceleration by the
perpendicular component of the electric field:

—t

€ J,\ﬂ-
Wi L‘w % s
5 y 0-Q@ eud. k
@-Q ded -
3 @—)@ Jaeo . - =
T ®-0 acel. P
\\ veaﬂl Hua 58]
lowev vp. 2N déﬁ qusaller fodler
£y

You'll see when we study ideal MHD that guiding centers E X B drift in order to stay
on a given magnetic-field line.
For a general force F', the perpendicular drift is

. ;FxB
F — mQ7

which is generally charge dependent and thus results in currents.

(IL.4)

I1.2. Particle motion in a non-uniform magnetic field

Next, let’s keep the uniform electric field, but allow the magnetic field to vary in space.
Equation (II.3) acquires an additional term due to gradients in the magnetic field along
the particle orbit:

: , dB

The final term in (IL.5) includes two new drifts, which can be obtained rigorously using
“guiding-center theory” (and we will, in §11.4). But they can also be obtained quite readily
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if you already know their names: “curvature drift” and “grad-B drift”. The former suggests
we look at the centrifugal force on a particle as it follows a curved magnetic-field line:

mvﬁ

F. = Pe, where o = —1cb- Vb (IL.6)

Tc

with r. being the radius of curvature of the field line. The unit vector 7. points in the
direction of the curvature vector:

Feeding (I1.6) into (I1.4), we obtain the curvature drift,

2
——L(b-Vb) x b. (IL7)

Note that it is charge dependent.
As for the “grad-B drift”, imagine a magnetic dipole with moment
1 v 1 vy, mv?
= — —_ = —— 7b g
p=gar X = TR0, 2B
exposed to an inhomogeneous magnetic field. The force on a dipole is equal to V(u - B) =
—uV B, and so (using (I1.4)), there is a drift given by

= —pub, (IL.8)

Y . —uVBxb
VB—imuQ =

This drift results from the increase (decrease) in the gyroradius of a particle as the
particle enters a region of decreased (increased) magnetic-field strength:

0 o O
Suagu\y

2
Yl
2Qb x V1n B. (IL.9)

0 —5790
0]

9\«4(5\&)
o
O © ©

The grad-B drift is also charge dependent. R R
Note that, in a force-free field configuration with V x B || B, we have b- Vb =
V1 In B. Thus, from (I1.7) and (IL.9),

vi +03/2

Veury T VvB = bx VinB.
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Averaged over all particles, these drifts are ~v,(p/€p), which is typically (very!) sub-
thermal. We'll come back to this point when discussing MHD.

11.3. Particle motion in a time-dependent electric field

If E has some explicit time dependence, then there is yet another drift called “polar-
ization drift”, which can be thought of as being due to an inertial force —m dvg/dt on
the guiding center:

vpe = — B b1 OB (IL.10)

dt Q2 2B 0Ot

If an electric field is suddenly switched on in a plasma, the ions will drift faster than the
electrons (!), thus polarizing the plasma. The idea here is that, if the electric field varies
as the particle navigates its gyro-orbit and does not average to zero, the result is a net
shift of the guiding center in the direction of OF /0t for positive charges and in the
opposite direction for negative charges. The simplest way to picture this is to consider
switching on a linearly increasing perpendicular electric field at ¢ = 0:

€

{50

{<0

3]

e

. —

i N\ - _ . —>Wehia, {é BW:L‘»S Cem[w

_/ )
G(M;%-‘L'm va:Q -\7@

o ? Y
T———ﬁ &3 iv-‘(:(, w

Because the ions and electrons have different signs of polarization drift, there is a current
produced:

2
c) V. (IL.11)

jpol = Q(E ot )
where ¢ = min; + Mene is the mass density. This current is dominated by the heavier
species (ions), since that species has a larger gyro-period and thus is displaced by a much
larger distance by the changing electric field during each orbit. By analogy with standard
electrodynamics in dielectric media, in which*

;. _cOE
Teol = 4ot
we see that the effective permittivity e = (c/va)?, where vy = B/\/4mp is the Alfvén

speed. (Polarization current is tied to the propagation of Alfvén waves.) Since we often
have ¢/va > 1, most plasmas have £ > 1, i.e., they behave as strongly polarizable media.

4Because of the standard undergraduate training in electromagnetism, you may not be
familiar with dielectrics in Gaussian units. If that’s true, then note the following conventions:
D=FE+4nP =c¢E = (1 + 47x.)E.
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I1.4. Guiding-center theory

There is a systematic way of deriving drifts that are due to the non-constantly of forces
along a particle’s orbit, so long as these forces vary slowly. By that, we mean that the
length scales (¢) and time scales (7) over which the forces vary are long compared to p
and 27!, respectively:

p

7 <L ) '« 1.

To enact this scale hierarchy, we introduce a small parameter,

€= % ~ (277,

and expand (II.1) in powers of e. Not surprisingly, we will find a fast gyromotion and a
slow guiding-center motion.
Start by writing R = r — p as before, but now with the Larmor vector defined by

(v—vg)xb
o
The reason for separating out vy from the other drifts is that the E X B is not small in
€. (Indeed, this is why E X B motion plays such a prominent role in MHD.) For ease of
notation, write

(11.12)

w=7v—vg, (I1.13)

so that p = —w X b/£2. Now, we know that the directions parallel (||) and perpendicular
(L) to the magnetic field behave differently (certainly in the e < 1 limit), so write

w:v”i)+wL:v‘|l;+wl(élcos19+égsin19), (1114)
where ¥ is the gyrophase:

%
C

The coordinates (€1, é2,b) are functions of (¢,7) as the particle sweeps around the
changing, inhomogeneous magnetic field. What follows is a gradual shift of the particle
coordinates from (r,v) to (R, v, wy,?).

Let us first examine the motion of the guiding-center position, which follows from (I1.1)
and (I1.12):

. . d b db
R=i—p=ub+vs - —FXZHwX oo (IL.15)
~N N Y Y
®© © @ ®

The order in € of each term (relative to vyn) has been noted. To leading order, there is
parallel streaming and the E X B drift. The next-order terms are those dependent upon
spatiotemporal changes in the electromagnetic fields along the particle’s trajectory.
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Next, the evolution of the parallel velocity:

. d db
v = dt(v b) = E”—|—(vE+w)-a,
—_— —

©

where the ordering is given relative to v, /7. That O(e™1) term is a problem; it says that
E)| accelerates particles along field lines on the timescale of a Larmor gyration. Since ions
and electrons are accelerated in opposite directions, this would lead to a rapid charge
separation, ultimately violating our assumption of slowly varying fields. £ must be O(e):

. d db
o) = i —(v- b) fEH + (vg +w)- T (11.16)
—_—.— —
© ©
Following similar steps, one can also show that
. ~ db d’UE
w, = —€;] * (’U| dz dt > (1117)
—— =
© O

All these terms have clean physical interpretations. Parallel electric fields accelerate
particles along field lines; the plane of the perpendicular drifts tilts as the particles
stream along a varying b and parallel motion can become perpendicular motion if b
changes along the orbit.

It’s a bit more work to show that

B . dé; wy xb db  dvg
J9= —NN—eé T 2 (v| 1 + 1 > (I1.18)
~ ——
© ©

and so I'll show you the steps. (It should be obvious that the dominant term is —2, i.e.,
9 =—0+ O(e°) + ...) Here are those steps:

d d dey de j
'U]L: wLéLerL(CO 19+smﬂ)erl(élsinﬁ#»éQCOSﬂ)ﬁ

dt dt dt dt
:—win;
db d dé dé .
:—éLél.<v|dt—|—f)—i—wL(;lcosﬁ—F(f;sinﬁ>—(wLXb)19
0
_’lUJ_Xb d’UJJ__(wJ_XB)‘éJ_éJ_ 5 A+ VE
w2 dt _/Ui/ e ™ "
de

d )
+(é1-dt2sin219+é2-;1c05219>+19

since &; - dé; /dt = &y - déy/dt =0
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xb d de
WL XD UL 6, S8 (since — & -déy/dt = &, dé; /dt)

= J= —
w? dt dt

, db  dvp
dt w? Fae " "ar

So, we now have the evolution of (R,v,w1,9), but it’s given in terms of (r,v). To
proceed, we must write the latter in terms of the former.
To do that, we Taylor expand about the guiding-center position; e.g.,

wLXlA)

b(t,r) = b(t,R) — -Vb(t,R) + ... (IL.19)
Also,
d 0 T oy a0
— - i __ L —
dt v ot Rv,wy 9 OR to),wp Y H 8UH t,Rw, 9 w t,R,v,0
o,
42 (I1.20)
a0 t,R,UH MW

Henceforth, I'll be suppressing the argument (¢, R) on b and vy and the what’s-held-
fixed labels on the partial derivatives. Using (II.19) and (II.20), we must evaluate our
(d/dt)(R, v, w1,V) order by order in e.

At O(e™1), we have § = —2, i.e, Larmor gyration. At O(e®), R = le; + vg, which is
the same as guiding-center motion in constant fields. Next, work on ¥ and . Begin
by noticing that

. 0 0 0
is the biggest term in d/dt (see (I1.20)). Thus,
db N - . d (wyxb -
dt(atJr”U|b°V+UE‘V)b+Qaq9< 0 >-Vb+0(€), (IL.21)
dvg . 0 A 0 [w, X i)
7dt = (8t+vlb.V+UE‘V)UE+Qa’L9< 0 ) ‘VUE+O(€)7 (11'22)
—

where (to remind you) b and v are functions of (¢, R). (The difference between, say,
b(t,r) and b(t, R) can be packed into the omitted O(e) terms.) Using (I1.21) and (I1.22)
in the evolution equations (I1.16) and (II.17) for v and w, , respectively, gives

dvy  qE| Db .
T = + (ve +w)- De +w, -V_1b|, (11.23)
dw . D o
= e KDterl.Vl) (”U|b+'UE)}7 (I1.24)
where
D . 9 -
D ot + (’U“b + UE) -V (IL.25)

is the Lagrangian time derivative in the parallel-streaming and E X B-drifting frame.
(Remember — partial derivatives are with respect to the (¢, R, v, w1 ,9) coordinates.) In
(I1.23) and (I1.24) we find a mix of terms that are independent of ¥ and dependent upon
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9. For example, grouping such terms in (II.23),

d’U” qEH Db Db -
— =9 — b : bo. I1.2
g” { vp ot QW | pp WL ‘Vib|+wivp:Vy (I1.26)

To separate the two groups, we introduce the gyro-averaging procedure

1

(p= g pA0(0), (11.27)

where the gyrophase integral is taken at fixed R. The following identities are useful:
2
~ PN w ~n
(w)r = wyb, (ww)r = wjbb+ TL (1—bb). (11.28)

Applying the gyro-average to (I1.26) and using these identities yields

(o)) = {qi' +vE.]£’}+{u§(I—BE):VLB}

—_——
=-b-VInB
qF Db w?
(0))g = m“ vE D, ~ 55 0 VB (I1.29)

So, guiding-center acceleration along field lines is driven by (1) parallel electric fields,
(2) a fictitious force that accounts for boosting to the non-inertial frame of a varying
vg, and (3) mirroring forces by parallel gradients in the magnetic-field strength. The
interpretation of the second term is aided by noting that
Db Dug 0
v Py—

bt~ Dt

since v - b = 0. In the third term, you should recognize the combination w? /2B.
Doing the same for w ...

dwy 5 A Di) Dvg
Tar —(é1 cost + ézsind) - (UIDt + Dt)
— (€1 cosV + égsind) - (UHwL . Vﬂ; Tw, - VLUE)
= (e = —((cosvwi)r- VL“HB) é1— ((cosdwi)r-VivE)- &

- ((sin Tng_>R . VJ_’UHIA)) . ég - ((sinﬁwQR . VJ_'UE) . éz
= —%éﬂél H VLUHIA) — %élfﬁ :VL’UE
— %éQéQ H VLUHIA) — %égég H VL’UE

= —%(I—i)i)) :V’U”i)— %(I—i)i)) :Voug

(e = L1 p. v B — 2L (- bb) : Vg (IL.30)
2B 2
And, in a similar manner,
. Dé R R
(U =-Q 27— LoV x (b +ve) (IL31)
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But this one doesn’t really matter — we’ll only ever need the leading-order J=—10.
We can also go back and compute the O(e) terms in R (see (I1.15)), in order to see
the appearance of inhomogeneities in the evolution of the guiding center:

b+wvp— d’U—Ex2 + w><gé
UPTEETN T T/, dt 2/,
. Dvg b b Db b

U||b+’UE—DtXQ—FU”QXDt-F<’wJ_X<’wJ_-VLQ)>R

~ D'UE' B i) Di)
=U||b+’UE_WX§+U”§Xﬁ

R R b\ . R b
e; X <61VQ) + e9 X <62VQ):|

b+ +ﬁBXVlnB+éX
ET 90 7]

(R)r

2
w
v

UIpe T e

Di) DUE
202

<R>R = |:11|| + ﬁi) (V x B)

(I1.32)
Again, every b and v in these formulae are evaluated at (t, R). From left to right, we
have (1) parallel streaming (including an O(e) correction to the parallel velocity), (2)
E x B drift, (3) grad-B drift, (4) curvature drift, and (5) polarization drift. We’ll return
to 11.29, (I1.31), and (I1.32) when we introduce gyrokinetics.

I1.5. First adiabatic invariant
The equation for (i )g, (I1.30), implies something special. Note that

. n cEXb .~ [ cExb
(I—bb).VvE—V-( B )—b-(b-V 5 )

—_——

use Faraday’s law

OlnB b IS cExb
=5 —cE-(VXB)—b-(b-V B )

user vector identities to expand

OB cE-(Vxb) cE-(bxVInB) cbb:V(EXb)

ot B B B
use vector identities to rearrange
_ dlnB cE-(Vxb) cExb cE, -(V xb)
= 5 5 5 VlnB-i-iB
—_— Y—
write = VE
E=Eb+E,
mB cEb-(Vxb dln B
:—aant _ 1(9 ) opVInB = ;lt —vp-VInB+ 0O(e).
[

is O(e) relative
to other terms
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And so (I1.30) becomes

i)r =104V - w;(ag“f vE.va) L0
““(8 +U|B-V—|—’UE-V> In B + O(e)

2 \ 0Ot
&DlnB
2 Dt

+0(e),
which implies
(im = O(c) (1L33)

where p = mw? /2B(t, R). In words, the magnetic moment y is constant on the time
and length scales of the field variation. Its constancy is telling us that, on these time and
length scales, ¢ is an ignorable coordinate. (This property forms the basis of gyrokinetics.)
More fundamentally, 1 conservation is telling us that plasmas are “diamagnetic”, that is,
all particle-generated fluxes add to reduce the ambient field. The total change in B is
proportional to the change in the perpendicular kinetic energy of the particle. The greater
the plasma thermal energy, the more it excludes the magnetic field.

For a fluid element containing an ensemble of magnetized particles, 1 conservation
implies that the thermal pressure perpendicular to the local magnetic field of that fluid
element p; = (mw? /2) o< nB, where the angle brackets (- ) denote the ensemble average.
We'll revisit this important point in §§I1.9 and X.

I1.6. Adiabatic invariance

1 is one of several adiabatic invariants, which are related to the exactly conserved
Poincaré invariants of classical mechanics. Adiabatic invariance is one of the most
important concepts in the plasma physics of weakly collisional plasmas. The invariants
emerge from the periodic motion induced by the magnetic field, and derive from the
Hamiltonian action § p-dq around a loop representing nearly periodic motion. p is
the “first adiabatic invariant” of plasma physics; the corresponding periodic motion is
obviously the gyromotion of a particle about a magnetic field. The canonical momentum
p in this case is the particle’ angular momentum, muv, p; the angular variable ¥ is the ¢,
the conjugate coordinate. If the particle’s orbit changes slowly, either because 0; In B < {2
or because the particle is drifting slowly into a region of varying field strength and/or
geometry, then the action changes very little.” You might see a “simple” derivation of
conservation in some textbooks, rather different from the guiding-center-theory approach

"How little? Kruskal (1958, 1962) and Northrop (1963b) showed that g is conserved “to
all orders”, meaning that, if g can be written as an expansion in the small parameter e,
u= po + e + Epg + ..., then Ay = pu — po = c1exp(—ca/e), where ¢; and ¢z are positive
constants of order unity.
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we’ve taken above. It runs something like this:

Amw?/2)  AB 1 [ 1 AB
(Ap in one orbit) = Almw1/2) p— = —/ dt % (Qmuﬁ_) -
0

B B B H B
27‘(/Q AB
*/ dtq’l.UJ_ EJ_— ?
—y{dm E, -2
AB _ AB_
=p— — g =0

The idea is that the electric field associated with the change in the magnetic field
accelerates the particle, increasing its perpendicular energy in such a way that p is
conserved.

A nice example of adiabatic invariance at work is magnetic mirroring. Imagine a
magnetized particle trapped inside the potential well of a static magnetic bottle:

The energy of the particle is conserved,
e = —muvf + 1mv2 = const
- 9 Il 9 1 = )

as is its magnetic moment, p = const. Thus, as the particle moves from its initial position
where the magnetic-field strength is By into a region where the field strength is B, its
parallel velocity, initially v)o, must adjust according to these constraints:

1 1 2
imvﬁo +uBy = §mvﬁ +uB=¢ = vy ==+ E(e — uB) (I1.34)

With ¢ and p constant, this establishes a relationship between the parallel velocity of
the particle and the local magnetic-field strength (at the particle’s gyro-center): if B
increases in the particle’s frame, v, must increase by p conservation, and v must then
decrease by energy conservation. If the particle encounters a strong enough magnetic field
that v — 0, the particle is said to “reflect” off of the strong-field region. The criterion
for reflection is (II.34) with v = 0:

1 | B
fmvﬁo +u(Bp—B)=0 = Yo < 4/ = — 1 for confinement (I1.35)
2 V1o By

This defines a critical pitch angle separated particles that are trapped inside the magnetic
bottle from those that can escape (the “loss cone”):

Less  we Loss aNE
Vg
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Collisions, which break p, would of course promote the leakage of particles out of the
trapped region.
Now, what if the ends of the mirror were to move slowly?

I1.7. Second adiabatic invariant

Imagine a charged particle confined in a square-well potential:

=0

Assume that the bounce time (i.e., the time required for the particle to transit the mirror,
bounce, and return to its starting point) is much less than the time over which the ends
of the mirror move. There will be an approximately conserved quantity,

J = fdsmv”, (11.36)

associated with the periodic bounce motion of the guiding center in the evolving mirror.
This integral — the second adiabatic invariant — is taken over the “bounce orbit” of the
guiding center, with the differential ds oriented along the local magnetic-field direction
and the limits being the turning points of the bounce orbit.® For example, if the mirror
shrinks adiabatically, then v increases.” Proving this is more involved, and 7 is typically
a less robust invariant than p (although it is of crucial importance for the persistence of
the van Allen belts, by ensuring that precessing particles trapped in the Earth’s magnetic
field return to their native field line after circumnavigating the Earth). If you’re interested
in the finer details, consult Northrop (1963a, pg. 294).

I1.8. Third adiabatic invariant

There is yet another adiabatic invariant associated with the periodic motion of charged
particles in a magnetic field, but it often receives much less attention than the first two
because of its lesser utility. The reason is because the associated periodic motion is not
as general as, say, a particle gyrating about a field line. In this case, the approximately
conserved quantity

Ki]{dﬁp¢ze%d€A¢:e@ (I1.37)

is the magnetic flux enclosed within a periodic orbit caused by cross-field drifts. (The
drift velocity vy is typically small compared to eAg, thus the “~” in (I1.37).) If the
particle orbit also involves bouncing between two turning points in a magnetic mirror,
then the periodic orbit associated with the drift motion is to be evaluated at the “bounce
center” (just as J is to be evaluated using an orbit of the guiding center). As with all
adiabatic invariants, there is a comparison of time scales that must be done; here, it is

%The canonical momentum here is technically muv| +eA /c, but the latter (vector-potential) term
representing the momentum associated with the electromagnetic field, once integrated over the
bounce orbit, equals the total amount of magnetic flux enclosed by the orbit (= 0).

"Note that both p and J are of the form (energy)/(frequency). This is the general form of an
adiabatic invariant. Think of E/w = ki (Einstein) or § pdg = nh (Sommerfeld). Einstein, at the
Solray conference in 1911, said that this is the general form of an adiabatic invariant, and that
this is what ought to be quantized.
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between the time scale on which the magnetic field varies and the period of the drift
orbit. In the Earth’s inner magnetosphere, the time for trapped particles with energies
of ~MeV to circumnavigate the Earth via their cross-field drifts is ~1 hr, and so any
geomagnetic storms would interfere with I conservation. Again, the separation of time
scales and field geometry required for K conservation is not particularly general, but it
is important to bear in mind that particles like to keep the total magnetic flux constant
within both their gyro-orbits (u conservation) and their drift orbits (}C conservation).

11.9. Application: Magnetic pumping

Imagine a stationary, uniform, magnetically confined plasma whose thermal pressure pg
is initially isotropic, i.e., p1(0) = p|(0) = po, where p; = (mwv? /2) is the perpendicular
pressure and pj = (mvﬁ) is the parallel pressure. (Again, the angle brackets (- ) denote an
ensemble average over all the particle constituting the plasma. Note that 3p = (mv?) =
p| + 2p1.) Take the magnetic field to be uniform with strength By.

Slowly increase the strength of this field from By to B;. “Slowly” here means that the
rate of increase is slow compared with the gyro-frequency of the trapped particles but fast
compared with the rate at which collisions establish isotropy of the particle distribution
function. Then, by adiabatic invariance, we have py = (B1/Bo)po and p; = po. Now,
wait. Eventually, energy-conserving Coulomb collisions will isotropize the temperature,
so that py = p = (1 +2B1/By)(po/3). Once the system is well equilibrated, decrease
the magnetic-field strength back to its initial value, By, again at a rate that is slow
compared to the gyro-frequency of the trapped particles but fast compared with the
collision frequency. Then p; = (Bo/B1)(142B1/Bo)(po/3) and p| = (14+2B1/Bo)(po/3)-
Again, wait long enough for the temperatures to equilibrate. The final isotropic pressure
is given by

_ [2+5(B1/By) +2(B1/Bo)?
P= 9(B,/Bo) o
For By = 2By, this is an ~11% increase in the thermal energy of the plasma. Repeating
this cycle 7 times more than doubles the thermal energy!

Questions to ponder: Where did this thermal energy come from? If you had in-
creased/decreased the field strength on a time scale much longer than the collisional
equilibration time, how would p have changed? Suppose this plasma were instead confined
in a magnetic mirror reminiscent of that drawn in §I1.7, whose length decreases and then
increases by a factor of 2 in each cycle. Then what?

11.10. Summary of single-particle drifts and their currents

Here is a summary of the single-particle guiding-center drifts that we’ve discussed:

c - w? . Uﬁ - . - 1 ¢cO0FE,
=_Exb =_Lb InB, v.=—bx(b-Vb), ol === ,
VE B X b, vvyp 50 XxVInB, v 0 X( V) Upol OB o
where the latter two are part of the more general “acceleration” drift,
b

D .
ﬁ X ﬁ(’t}”b‘i’ 'UE).
Note that these are all perpendicular to the magnetic field. Later in these notes, we
will make a connection between the single-particle drifts and the magnetohydrodynamic
equations. For that, we actually need one more “drift” — the diamagnetic flow — and
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something called the magnetization current. These contributions, neither of which are
associated with true particle drifts, are discussed in the next two sections. But first it
will help to compute the currents associated with the particle drifts and include them
here. As we have already emphasized, the E X B drift is species independent, and thus
contributes no current in a quasi-neutral plasma. What about the others?

To compute the perpendicular currents associated with the particle drifts, j | 4., we
imagine a plasma whose particles’ velocities are distributed according to a distribution
function f,(v) for each species a. The perpendicular current is then obtained by affixing
a species label a to the drifts we computed, multiplying each of them by ¢,, summing
over species, and integrating over the velocity space after weighting each drift by f,, viz.

jL,dr = ZQa/dv 'Udr,oz.fa
«

2
_ wi s b D .
—belnBE /d’u —maw? fo + b>< /dvmavl‘f(x

. ob s
Eb <8t+vE-Vb+b-VvE>§/dvmav||fa

C ~ 8 E
+ be <8t +vE- V’UE> Za:/d’l)mafa. (1138)

Each of the above integrals over the distribution function f, have a name: f dvmefo =
MaNe is the mass density, f dvmav| fo = Manal|q is the parallel component of the
bulk momentum density, and

1
/d'v §maw3_fa =DPla /dv mavﬁfa = Pl + manauﬁa

are measures of the particle energies perpendicular and parallel to the magnetic-field
direction. Namely, p1o (p|o) measures the energetic content of the random (“thermal”)
motions of the particles of species « in the direction perpendicular (parallel) to the local
magnetic field. Substituting these expressions into (I1.38) yields

gjl’dr = ZpLalA) X VInB+ Z(p\la + manauﬁa)i) % (E Vl})

R b ovg
+2a:manabx u”“a —|—u‘|a’UE Vb—I—uHab Vvg + — En +UE Vvg|.
(11.39)
This may be further simplified using bxb=0and writing
d 0 . -
I a +uq -V, where uy = ujob + vE. (11.40)

The result is that

B

. L ;> dug
—7 = ob InB b b-Vb alab
I Lar ;pj_ X V In +¥p” X ( V)—i—%mn X

dt,

(IL.41)

So there are currents associated with the grad-B drift, the curvature drift, and the
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acceleration drifts (which include the polarization drift). We’ll return to this formula in
§I1.12 after discussing the magnetization current.

I1.11. Magnetization current

Plasmas are diamagnetic, a fact we pointed out when discussing p conservation: the
greater the plasma (perpendicular) thermal energy, the more it excludes the magnetic
field. There is a macroscopic current, not caused by single-particle drifts, associated with
this property. Essentially, because a magnetized plasma may be thought of as being com-
posed of magnetic dipoles, each of which being associated with a gyro-orbiting particle,
a plasma may be considered as a magnetic material. From basic electromagnetism, the
current of a magnetic material in which the magnetization is non-uniform is given by
I = ¢V X M, where M is the magnetization per unit volume due to these magnetic
dipoles. The latter may be obtained by integrating up all the magnetic moments of each
of the particles, —ub (see (I1.8)), weighted by the particle distribution function:

. b 1 b
M:—bZ/dwafa:—EZ/dvgmawifa:—Ezpm. (I1.42)

The resulting current is

. b
Ju =V XM =—cV X <B Za:pm) (I1.43)

The figure below illustrates the origin of this current. In this example, there are more ions
gyrating about the (uniform) magnetic field in the center of the plasma than near the
edge, and so there is a density (and thus pressure) gradient pointing inwards (indicated by
the blue arrows). Therefore, there are more particles whose field-perpendicular velocities
are oriented clockwise along the red dashed line than there are particles whose velocities
are oriented counter-clockwise. The difference results in a current that flows as indicated,
in the b X Vn direction. A similar effect occurs if the density of guiding centers is uniform
but the particles’ perpendicular velocities are larger in some region of space than they
are elsewhere. Alternatively, one may think of the magnetization current in terms of
diamagnetism: if the perpendicular thermal energy of the particles is larger in one region
than in another, the ability of the plasma to exclude magnetic fields is inhomogeneous.
This produces a current.

O 00 00 o0
O
O O 0 00 0
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11.12. Total plasma current and the diamagnetic flow

Let us add up all the perpendicular currents we have discussed thus far:

Ji=Jm+Jia
b ¢ A ¢ S
=—-cV X (Bza:pla> +§Zﬂ:pi“bxva+§z&:pHabx (b-VDb)

c ~  dug
+5 Ea:manab X (11.44)

The first two terms may be combined to yield

B . . PP . dug
oL = -V X (b%:pj_a> + %:puab X (b-Vb) + Ea:manab X G (I1.45)

@
This next step will be made clearer later in the course, but for now let use simply
introduce the tensor
P.=pia (I — Bi)) +p||ai)i), (11.46)
where I is the unit dyadic. (This is the form of the thermal pressure tensor in a magnetized
plasma.) Noting that VX b—b- (b Vb) = bb- (V X b) is parallel to b, equation (II.45)
becomes simply

B . du
25 =b -P, ol —2 ). I1.47
5. x}aj(v o S ) (1L.47)
Taking b X (I1.47) and using the vector identity b x (b x A) = —A, , we obtain
du, j X B
S (manau + V-Pa) _IXZ (11.48)
dte i c

«

If this looks familiar to you, congratulations! You know MHD, and now you see how
single-particle drifts and magnetization current fit into the MHD description. If it doesn’t
look familiar to you, then you just wait. .. patience is a virtue.

In the meantime, let me just point out that the quantity

b V-P,
7X7

Udia,a =
’ 2, MaNa

(I1.49)

that appears implicitly in (I1.47) has a name — it is referred to as the diamagnetic flow
velocity of species a.® It is not a particle drift, but rather refers to net flux of gyrating
particles passing through a reference surface due to an inhomogeneous distribution of
guiding centers.

We'll return to (I1.48) and all these drifts later in the course when we discuss MHD
waves, the Braginskii-MHD equations, and gyrokinetics.

81 am deliberately not calling it the “diamagnetic drift velocity”, as some are wont to do. Nothing
is actually drifting, so this moniker makes no sense! Later in this course, we will show that
the diamagnetic flow is what one obtains when Taylor-expanding an equilibrium distribution
f(&, n, R) that is a function of the particle energy £, magnetic moment y, and guiding-position
R about the particle position » = R + p and computing its first velocity-space moment.
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PART III

Overview of kinetic theory

How dare we speak of the laws of chance? Is not
chance the antithesis of all law?

Joseph Bertrand
Calcul des probabilités (1889)

III.1. Why a statistical description?

If you read Part II, then you might think plasma physics is solved. At any time, compute
the electromagnetic fields produced by the charged particles, and then use these fields to
evolve the particle phase-space positions using (II.1), or perhaps to evolve the guiding-
center phase-space positions using (11.29)—(I1.32). Done. Well, not quite. First, there are
simply too many particles to follow in a real plasma. There are ~1028 particles in this
room alone. One data dump of r and v for all of these particles would be ~5 x 10'7 TB
(') Secondly, we're not really all that interested in every single particle; we usually want
bulk information, like density, momentum, pressure, heat flux, etc. Thirdly, and perhaps
most importantly, a many-body system like a plasma is chaotic. Even if we could solve all
phase-space trajectories of all the particles given some initial conditions, we would have
to admit that those initial conditions are completely arbitrary, and that infinitesimal
changes to those initial conditions will yield microscopically different results. It’d be a
shame if that mattered, wouldn’t it?

This is where a statistical approach comes in handy: What is the probability that a
particle will have position r and velocity v in some six-dimensional phase-space interval
d3rd3v? How does this probability evolve? Under what conditions is this probabilistic
evolution accurate enough to yield meaningful predictions for a single realization of the
system? Answering these questions is the job of kinetic theory. Think about flipping a
coin. We all know that the odds of getting heads is 50%. But those are the odds — not
very useful is you're betting your career on a single coin toss. Or even two coin tosses,
or ten. But perhaps very useful if you flip the coin 10?® times and make a wager on the
percentage of tosses that came up heads. Or, if you're rich and have 10%® coins lying
around, you could flip them all at the same time and count the number of heads as a
fraction of the total. Why kinetic theory works as a predictive theory is that, statistically,
there is no difference between running, say, a particle-in-cell code with 100 particles per
cell many, many, many times each with different initial conditions randomly sampled from
some prescribed distribution, and running the same code just once with 10?® particles
per cell and a single realization of the initial conditions. The statistics you learn from the
first experiment should be an accurate representation of the actual results in the second
experiment.

The trick is actually building a rigorous, predictive kinetic theory of plasmas. In this
Part III, I'll sketch how one is built, highlighting its assumptions. If you're left wanting
more, you can have access to my AST554 notes.

111.2. 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
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electromagnetic fields in which they move and which they self-consistently produce. We'’ve
already discussed why such a description would be untenable with which to work, but
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)), (I11.1)

=1

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

lim drdv F,(t,r,v)
drdv—0

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

/drdv F,(t,r,v) = N,. (I11.2)

Thus, the microscopic state of the plasma at any time ¢ would be known if one were
to know R,; and V; at ¢ = 0 and their temporal evolution. Hamilton’s equations of
motion provide us with the latter:

; dVi qo Vi
= Vi d —— =—| FEn B, ), I11.3
dt an dt Ma ( - c % > ( )

where g, and m,, are the charge and mass of species «, and
E., =E.,(t, R,i(t)) and By, = B (t, Rai(t)) (111.4)

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:

V X Ey = —%%7 (I1L.5)

V X By, = iaaEtm—f—tnza: qa/dvvFa(t,r,v), (I11.6)
V-Ey=4m)_ qa/dv E,(t,7,v), (I11.7)

V(f B, =0. (IIL.8)

Because Maxwell’s equations are linear, we can add to these fields any that may be
externally imposed: E,, — E,, + Eo and By, — By, + Beyt. 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 (III.3) omit the contribution from particle ().
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., x is the phase-space coordinate and dx is a small volume of phase
space. Likewise, X,; = (Rai, Vai)-
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Now, let us consider how F,(t,z) = F,(t,r,v) evolves:

N,
OF, 0 =
- =5 Z §(x — Xai(t))

dXai
Z dt 8Xm o = Xailt))

de
= - o 5(@ — Kt
z; m a 5z i(t))
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Qo 0
=—<v:-V+—|Epy(t,1)+ — X By(t,7) "o F.(t,x)
0 v 0
- L%—Fv V—’_m(Em—’_CXBm).a’U]Fa(t’w)_o (IIIQ)

Equation (IT1.9) 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 (II1.5)—(IIL.8), the densities
and fields are determined for all time.

The Klimontovich equation (II1.9) can be thought of as expressing the incompressibility
of the substance F,(t,x) 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 (II1.9) and start from a region where F, = 0 will carry that null
information along with them. Likewise with regions where F,, = 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. . .

III.3. The Liouville (“Leé-ooo-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
the distribution function Py of the coordinates and momenta of all of the N = Za N,
particles in the system. Specifically,

Py [ dXa1dXaz ... dXan,
e
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gives the probability that, at time ¢, the phase-space coordinates of the particles of species
a have the values X1, Xa2, ..., Xon, in the range dX,1dX,2...dX,n, . This 6N-
dimensional phase space is called the “I" space”. The microscopic state of the plasma
is expressed in the I space by a point {X,;}. 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 a-PN
_— = . =0; I11.1
Dt ot + za: ; dt 00X, 0 ( 0)

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

Because Py is a probability, we have
/H dX,1d X, ... dXon, Py = /anH Py =1,

where I've introduced the shorthand dX,; 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(I') is the Hamiltonian (kinetic plus potential energy), T is the
(species-independent!) equilibrium temperature (in energy units), and

zZ = /H dX, ... dX,n, exp<—7;) (I11.12)

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).

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 I' space. Then Py can be
defined from
S

Aim =7, (I11.13)
where N is the number of those system points contained in an infinitesimal volume
[I, dXa1...dX,n, in the I' space around {X,;}. (Why can we do this for a
plasma? Hint: think about the accuracy of using a statistical description of an
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?)

Py H dX,1dX ... dX,y, = lim N

IT1.4. Reduced distribution functions

With a probability distribution in hand, we can perform an ensemble average over
all these realizations of the plasma. Each one of these realizations is deterministic,
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but the system is stochastic between different realizations. Averaging amongst all these
different realizations will turn our spiky “fine-grained” F, into the smooth “coarse-
grained” distribution. For example,

/an2 . dXanN, H dXp1dXpss ... dXsn, Py

B
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, @) = N, / dXoo ... dXon, [] dXp1dXs, ... dXsw, Py, (111.14)
5

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 is 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
function:

fa(t,z, @) = NuNj / dXos ... dXan, dXp2 ... dXpn, [[dX1d X2 ... dX,n, Py.
¥
(IIL.15)
Then foa5(t, x, x")dedx’ /N, Ng is the joint probability that particle a1 is at « in interval
dx and particle 51 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. (Particles are indistinguishable amongst a species, and so
the exact numerical indices 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 fo,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-
bution function is

. dXan
gy = NoNgN,, [ =2l p.. I1L.16
Japy A 7/anldedX71 N ( )

the four-particle distribution function is
d Xan

2g+5 = NoNgN, N, Py;
Japns prtte / AX 1 d X5 d X d X

and so on.

We combine this machinery with the Klimontovich distribution (ITI.1) as follows.
Each term in F, = ), §(x — X,;) describes the location of a particle in terms of its

9The reason for the N, is so that Jdv 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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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,). (111.17)

Let’s put this to work.

II1.5. Towards the Vlasov equation

Integrate the Klimontovich distribution (III.1) over the Liouville distribution (see
(IIL.17)):

Na
(Fa(t,m)) =) / dX. Py 0(z — Xoi(1))
i=1
= N, / dXan Py 6(x — X,1(t)) (particles are indistinguishable)

=N, / dXe2 .. dXon, [[dXs51dXs, ... dXsn, Py
B
= fa(t,x) (def’n of one-particle distribution function, (III.14)). (II1.18)

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

E = (E,) = / dX.u Py Em and B = (B,) = / dX. Py Br.  (11L19)

Using (II1.18) and (II1.19) in the Maxwell equations (II1.5)—(IIL.8) gives
10B

VxE=--—", (I11.20)
VxBiaaf+4:Za:qa/dvvfa(t,r,v), (I11.21)
V-E=41)_ ¢, /dv falt,r,v), (111.22)
Va-B =0. (I11.23)

Simple. This is because Maxwell’s equations are linear.

The difficulty is that the Klimontovich equation (II1.9) is not. It has a quadratic
nonlinearity, which it what makes it so hard to solve. Let’s see that. The integral of
(IT1.9) over the Liouville distribution is

8 qa v aFOt _

The first two terms in (II1.24) involve only the one-particle distribution function f,
(see (IIL.18)). 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, =(By,)+iB=DB+/B. (II1.25)
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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 B, are spiky
and fine-grained; they capture the influence of the discrete nature of the particles on the
electromagnetic fields. Using (II1.25) in the Klimontovich equation (III.24) and likewise
writing F,, = f, + 0F,, we obtain

0 v 0 . o v 85Fa
at+v V+TI’LQ<E+CXB>.8’U:|fa(t7x)__<Tna<6E+CX6B>. 9o >

(II1.26)
If there are externally imposed electric and magnetic fields, they can be added to E and
B, respectively.

I111.6. The BBGKY hierarchy

At this point, some derivations discuss the size of the right-hand side of (II1.26) versus
its left-hand side, the latter of which might look 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. The details of what follows in this section constitutes
optional material.

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

0 F,(t,x')
E,=—— roen s 1I1.2
37,;%/@ — (11L.27)
Thus, 6B = 0, B = By, and
0 L OF,(t, @)
In this case,
E=Eeq + (En) = Zq /d’M (I11.29)
ext ext « 7’" .

Then, using (II1.26), the equation governing the one—partlcle distribution function is

9 4. V+<E+UXB>-a}fa(t,a:)

ot -
qadqp /5F5 (t,x) E
<8r Z Ma /d ] gl lelt®) ). (II130)

Recall that, on scales L 2 A\p, 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 >> dr). 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 (II1.30) 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,.
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First, rearrange (I11.30) to obtain

fa(t, ) = [5 +v- V+m(E+xB) v}fa(t,a:)

(6%
_ 4045
- XB: e

/ola:’2 ! -E<5Fa(t,w)5Flg(t,:z:’)>. (I11.31)

or|r—r'| ov
Next, write

(0Fa(t, ®)0F5(t, 2")) = ((Fa = fa)(Fs — f5))
= (FuFp) = (faFp) = (Fafs) + (fafs)
= (FaFs) = fafs = fafs + fofs
= (Fa(t, @) Fa(t, @) — falt,x) f5(t, x). (I11.32)
We must calculate the correlation (F,, Fg) in (II1.32) using the Klimontovich distributions

F,(t,z) = Zivz"l 0(x — Xpi(t)) and Fg(t,2') = Z;VZBI d(x’ — X3;(t)). To do so, first split
up the sums into like-particle and unlike-particle pieces:

N, Ns
(Fo(t,z)Fp(t, ') /ann ZZ Pn §(x — X,0i(1)d(2' — X5;(t))
—dus [ dXa 353 Py ol - Xeu)  Xos(0)
i=1 j= .
(1= 80g) [ dXar Y0 Y Py o — Xasl)(a’ — Xy 1)
o (IIL.33)
Next, separate out ¢ = j in the like-particle piece:
Nq
(Fult, @) F3(t,a)) = dup l / dX, Z Py d(z — Xoi(0))5(2' — )
+ Z Z / AXon Py (@ — Xoi(1))3(2 — X (1))
i=1 j#i
N, Ng
(1= 0) [ X 303" Pdle - Xai)(a’ — Xos(0).
o (I11.34)

Now use the indistinguishability of particles and the definitions of the one- and two-
particle distribution functions (see (III.14) and (II1.15)) to find

(Falt,0)Fs(12) = 805 |36 D)ot + (5 0) fua(t)|

+ (1 - 5aﬁ)faﬁ(t; , wl)

=6apd(x — ') fo(t, ) + fap(t,z,x") + O(]\}) (I11.35)

Substituting (II1.35) into (II1.31) and dropping the O(1/N,,) term, we see that the first
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term odopd(x — &) vanishes. This is because

/dr’é(r - r’)g# 0;

or |r —r'| B
i.e., no self-interaction with the Coulomb force. Thus, equation (II1.31) becomes
; qadp dz’ 0 1 0 ’ ’

= — T —— t,x t,x') — t,x,x')|. 111.36
fo %;ﬂh(/ o] 5o b @53~ fus(t@a)]. (1130
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 ¢, regardless of all other
particles. Now, suppose all particles were truly uncorrelated (i.e., no collisions). Then
fapgt,x,x') = fo(t,x)fa(t,2'), and the right-hand side of (II1.36) 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:

fozﬁ = fafﬁ + Gap- (11137)

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 (II1.36) and (I11.37) that

0 dadp
oyt
B

This is the first step in what is known as the BBGK'Y hierarchy (Bogoliubov, Born, Green,
Kirkwood, Yvon; 1935-1949): the evolution of the one-particle distribution depends on
correlations between two particles.

Let us proceed to find an equation for how the two-particle correlation g,g evolves:

0 1 0

0 , 0 , /
agaﬁ(tvmaw )= ot [faﬁ(t’$7w ) — fa(tvm)fﬁ(taw )]
0

= S [(Falt,@) Fa(t, ")) — Gasb(@ — ') fult, @) = fult, @) falt,2")]

a (e} b ! a b ! !/ 6 « )
_ <F§ w)F,g(t,m)+Fa(t,w)7Fﬁéim) — Gupb(w — o) 2t ; z)
aa ) / a 3 '
-l ) - fott ) L), (111.39)

Using the Klimontovich equation (II1.9) and the kinetic equation for the one-particle
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distribution function (II1.38), and defining

a = qo‘[E(t,r)-i— % XB(tﬂr):|7

equation (II1.39) becomes

0gap(t,z, )
ot
_ /. - OF(t®)  qa OF,(t, x) ,
0Fs(t, ') ¢ OFs(t,a)
AR 7 Nl B\Y 4 n. B\Y
+Fa(t,m){ v -V'Fg(t,z') —a —u mﬁéE(t,r) e

—5aﬁ5(w—w’)[—v-vfa(t,:c) —G.W

daly ,, ﬂ 1 ) O0ga~(t, z, ")
+Z{: Mg, /da: or |r —r"| ov

Ofua(t,x)
T v

- [—U-Vfa(t,a:)—a
0 1 Ogar (t, x, 2"
/dmn&an_T,,| . ’Y(a’u ):|fﬁ(t,m/)

oy
+y -
v
—fa(t, @) [ vV fs(tal) - o’ LT
ov
> /dw” 0 2 Dbz )]> (IIL.40)

or' |r' —r"| ov’
v

Using (I11.35) with fop = fofs + gas (see (I11.37)) in (I11.40) gives

qp4q~
mg

<F04(ta m)FB(t7 .’13/)> = f(x(t, m)fﬂ(t’ CC/) + gaﬂ(tv T, ZC/) + 504[35(‘73 - .’I}/)fa(t, .’IZ);

substituting this into (II1.40) eliminates a lot of terms! Suppressing the time argument

for economy of notation,

Qo 2] e (5p(r)- 26 (o)) - 22 (R 0B0) - 205

mg ov’

ot Ma

~ (v~V+a-ai+v’-V’+a’-ai,>gaB($,$’)

. ’ qaqy " 2 1 . ag(w(wa ZBH)
fﬁ(w); M /d:c or |r —r”| ov
qap4q~ y 0 1 agﬁ’v (:I}/, m//)
—f. dz” 2 .
f (.’I}) ; mg / T or' ‘,r./ _ ’I“N| ov’
Goly 2 1 9gar(z, ")
b —a) / dz’ 2 M E) (1

!
— Ma or |r —r"|
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where the following identity has been used:

0 0
(v V+a- a——kv -V'+ad- av)(Sagd(:c—w) 0.

Writing

L, e S
. z/ )

equation (II1.41) becomes

0 0 0
[atJrv V+a- a—Jr'v -V'+ad - av]gag(m x')

= oty //g 1 .2 / "
*; Ma /dw Br e =] o La(@ Fa(a)0Fy (@)

AL / da o B () Fy (a0 ()

’ )
— mg or' |r! —r"|

— fo(z

qaqw / ;0 1 Ogay(m,2")

ar|r — r”| ov

Il
— ful) Z 484y /dw”i 1 . 9gp(x', x")

— mg or' |r! —r"| ov’

"
—dagb(@—a') Y qf” /dx"ﬁ L Yn(,2") (IIL.42)

or |r —r’| ov

Things are starting to look better.
Note the appearance in (IT1.42) of the triple correlation (Fy, Fjg 6 F,,). Following a similar
calculation that led to (IIL.35) for (F, Fj) gives

(Fa(z)Fa(a') Py (2")) = fapy(z, 2, 2")
+ 80pd(x — &) foy (z, &) + b0y0(x — ") fap(@, ') + d5,0(x" — ") for (x,2")
+ 800, 0(x — ' )o(x' — 2") fo (), (I11.43)
so that

(Fa(@)Fa(x")0F (2")) = fapy(z, 2", 2") — fap(@, ') f1(x")
+0apd(@ — @) [foy (z, 2") — fo (@) 5 (2")] + 0aryd(x — ") fap(z, x')
+05,0(x — ") fory (2, ") + 00p0p0(x — )5 (x' — &) fo (). (I11.44)

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

fapy (.2’ 2") = fa(@)fs(2) f1 (")
+ fa(®)gpy (@', ") + f5(2') gar (2, ") + £ (") gap (@, ')
+ hapy(z, 2", 2"), (IT1.45)

where hog, is the three-particle correlation function. Using (II1.45) alongside fo.g =
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fafs + gap (see (II1.37)), equation (II1.44) becomes
(Fa(z)Fa(a')oF,(2")) = fa(®)gs (2, 2") + f5(2')gary (2, ")
+05y0(x’ — &) [fo (@) f1(2") + gar (T, 2")] + dard( — &) [ fo () f3(2) + gap (@, )]
+ 0apd(x — ') [6,0(x" — ") fo(x) + gary(®, T")] + hapy (x, @', 2"). (I11.46)
Plugging (I11.46) back into (I11.42) gives, after much simplification,

9 9 0
(8t+v.v+a.8’u+’U/'V/+a/'avl)gaﬁ(t7ma$/)

— qaqy " 2 1 . 8fa (t, a:) , ”
; Ma /dm or |r —r’| dv 9py(t, ', ")

qp4q~ n 0 1 afg(t,:l:/) "
_; mg /dw or' v —r" o Gooy (1, @, ")

0 quq 1 9 1 9
" orfr - f“’I ' (m@v B mﬂ@'z}’) [fa(t’m)fﬁ(t@/) +9aﬁ(t,m,m/)}

S gy fder (22 G0 0 10 4 0N, a2
" 5 qv/ v (ma or |r —r’| 6v+m6 or' v —r"| dv' apy (b, @, ' ")

+ self-interaction terms that vanish. (I11.47)

Ugh! The evolution of g,z depends on hqp-!

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.

II1.7. Closing the chain of statistical equations

There is a natural small parameter in a weakly coupled plasma:
A= ()T 1 (I11.48)

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.

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 67 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 nr3 > 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,
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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),
Jap ™~ O(A_l)’
hagy ~ O(A72),

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

1 !
(a +v-V+a- )fa(t,:n) = § " 49 /dx’ﬁ  gas(t, @ >7 (I11.49)
ot 3 Me

or |r — '] ov
0 0 , 0 ,
<at+v -V+a-—+v'-V' +ad- 8vl>gaﬂ(t,:c,ac)

Jv
—anqv/dwné 1 ‘8fa(t7w)g
Mg
Y
_ Z 459y
Y m’B

or|r —r"| ov
:g daqs ( 1 9 1

By (t7 :Bl, iL'”)

b 0 1 ( )
_— = ){ (t,x)fa(t, ") +9aB(t,m,m')}, (I11.50)

or |r —r'| \mg, Ov mgav
where
. qa v
= —|E(t — X B(t
a =22 B(tr) + 2 x Ble,r)|
/
a'iqB[E(t,r')—l—va(t,r')],
meg C
o £y (t,2")
E(t,1) = Eoyi(t,7) 81"%:%/(1 //Virn‘

B(t,r) = Bexs(t, 7).
Physical description of each term in (III.50):

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

(2) RHS term oxg,p: drives changes to an existing two-particle correlation due to
binary Coulomb interaction between a and .

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

LHS second term o f,gs,: modifies correlations between o 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 « and .

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

I11.8. The Vlasov equation

Solutions to (II1.50) are difficult to come by. If you take AST554: Irreversible Processes
in Plasmas, I'll show you how to obtain one very important solution, called the Balescu—
Lenard equation. But for now, let us drop two-particle correlations (gos — 0) to find the
Vlasov equation:

- 0 Qo v 0 _
fa— 8t+U'V+7na(E+CXB)'av:|fa(t7m)_0 (11151)

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 (II1.50) to see whether this
is a good assumption.

Suppose 0f /0t ~ w, f, where wy, is the plasma frequency. Then a-9/0v ~ w, and so,
from (II1.50), we find

¢ R mowf

WG ~ = ~ :
rd A3 mug, g T Ao ¢*v} nA}

then the RHS of the evolution equation for f, (II1.49) is ~w,f/(nA}) << wyf. So,
indeed, gop ~ fo/A and the RHS of (I11.49) is small. As A — oo, we obtain the Vlasov
equation. (This is a statement that, as A — oo, binary collisions between particles become
less and less important.)

Before we say anything more about the Vlasov equation, a comment is in order.
Consider the following excerpt from page 38 of Ichimaru (2004):

In

dis

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.

the next section, I offer a few abbreviated words on these “fluctuations due to

creteness of the particles” — i.e., Coulomb collisions.
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II1.9. A brief primer on collisions and irreversibility
First, take another look at the Vlasov equation (III.51), rewritten here:

: . |0 o v 0
t = | = -V+—|(E+—-XB|:-— t =0. I11.52
fata) = [ gy 0 V4 2 (B4 2 xB) - ] fulta) (52)
Note that setting t >t/ = —t, r > v =r, v > v = —v, fo = [\ = fa(—t,r,—v),

E - E' = E(—t,r), and B — B’ = —B(—t,r) in (I11.52) changes nothing:
9 ’ / da ;v ’ 9
v+l (g T B,
[875’ v * Me * ¢ 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 fa(t,z)In fo(t, ), (I11.53)

£tz = 0.

in a Vlasov plasma:
S=- Z/dm fa(l+1Inf,) =0. (I11.54)

Entropy is constant. What a comforting thought.
Of course, these things aren’t generally true. The world is not time-reversible, no
matter how much we wish it to be so. In dropping

<‘1“(5E+” xaB) : a‘SF"‘>
Me c ov

from the right-hand side of the Liouville-averaged Klimontovich equation (see (I11.26)),
we have lost entropy-increasing collisional dissipation and irreversibility. It’s actually a lot
of work to (rigorously or not) derive the appropriate collision operator, Balescu—Lenard
(Balescu 1960; Lenard 1960) or Landau (Landau 1937), and so I'll simply write down the
latter, as if it’s entirely obvious from whence it came:

2mg2 g2 In M\,
olg = 3 T D [ o) (2 LN fwsaen,

T P TR

(IT1.55)
where U(u) = (u?l — uu)/u? and In \,p is the Coulomb logarithm (see the NRL plasma
formulary). If you want to know all the nitty-gritty details, I have detailed lecture notes,
or you could just take AST554. But, in the meantime, here are some properties that any
rigorously derived collision operator ought to satisfy:

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

. Particle number is conserved:
/dv Clfa] =0 for each .

. Total momentum is conserved:

Z/dv mav C[fa] = 0.

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

Z/dv %maﬁ Clfa] = 0.

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

. The entropy S (see (II1.53)) can either increase or remain constant under the
action of the collision operator. It cannot decrease!
. Maxwell distributions for all species with equal temperatures and mean velocities
are a time-independent solution:
f Na v — ul? 5 . 2T
=————epl——5— ), Vj,=—
Moo T 23 p 2 tha = =

with the same temperature 7" and mean velocity u for all a.

. Ast — oo, any f, satisfying f, > 0 approaches a Maxwell distribution with equal
temperatures and mean velocities for all species.

It’s left as an exercise to the reader to show that (II1.55) satisfies all of these properties.

In practice, the Balescu—Lenard and Landau collision operators are rarely used. When
collision aren’t simply thrown out altogether, various simplified operators are chosen,
mostly based on their analytical and/or numerical tractability, but also because some of
them can be obtained rigorously as certain limits of the full Landau operator. Here are
just a few, which are provided mainly so that you recognize them if they ever cross into
your future light cone:

Bhatnagar-Gross-Krook (BGK): C[fa] = —v(fa — fM.a)

. 0 V2, Ofa
Lenard—Bernstein: Clfal = y% . [(v —u)fo+ R
—_—— ——
drag diffusion
Lorentz: Clfa] = vL[fs]
1[0 0 1 0
h SR S I S T
where £ 5[0 + T
velocity pitch-angle diffusion; & = cos @,
0 10 0
Fokker—Planck: Clfa) = - 30" [Aa(v)fa] + 35090 " [B.(v)fa] -
drag diffusion

The velocity-dependent Fokker—Planck coefficients A, and B, are related to the “jump
moments”’ (Av) and (AvAw), which are expectation values for changes and correlations
in particle velocities over a short (but not too short — there is a Markov assumption
involved) interval of time.

I11.10. Moments of the kinetic equation

Accepting that there is a collision operator — whatever it is — one may proceed to
take moments of the kinetic equation to obtain “fluid” equations, with which you are
undoubtedly more familiar. Start with the Vlasov-Landau equation, repeated here for
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convenience:

Ofa Ofa _
V fo Lo (E ZxB)- 2 =
5 T Vet + 5y — Clfal
We could of course add additional forces on the charged particles, such as that due to
gravity, mqg. Since we’ll use quasi-neutrality to eliminate E at some point, let’s do that:

afa o v 8f0¢ _
SE v Vet [%(E+c xB) +g] S = Clfal. (I11.56)

fa= =2

fo= 27
Now, v contains both thermal and mean velocities. It is useful to split them apart (e.g.,
because they might have very different magnitudes):
w=v— uy(t,T), (IT1.57)
where

uy(t,r) = ni/dvvfa, N (t, ) = /dv fo- (IT1.58)

Enacting this transformation of variables, f,(t,7,v) = fo(t, 7, w), through the use of

0 0 ow 5, s, ou, 0
ol " ol T o |, ow  atl, ot 0w (ITL.59)
0 0 ow 0 0 Ou, O
I IR P Rl [ 2 (I11.60)
equation (IT1.56) becomes
Dfa o Dus | qa Ofa
Dt W Vit [ma (B+=2xB)+g- Di +m—a(— x B) —w-Vua} S
= aq(t,r)
= C|fa], (IT1.61)
where
D 0
i =g eV (IIL.62)

is the Lagrangian time derivative taken in the frame comoving with the mean velocity
u,, of species . The additional acceleration terms in (II1.61) 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, extra 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 x with velocity ugy to another conveyor belt
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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 (II1.61).

A w
u= u(x\:] ﬂ
- -~
w ~ w —
] u

1))

l

g

h e
51

€1

<l

muu ‘o(/(.l“(:'nw.LIS —aw a
in Wb L. dutungs bw @‘-‘W)&c W(‘M)k
MRA('M«/]J(\M

Next, take those moments:

Ne O 0
D
/dw(IH.Gl): mM—FM—i—aQ-M
0
_|_q7a/d w J_/d (w-V )%
M v c ow W Vit ow

P (Veua) fderfa

0
~ [ dwerf
Dng, .. . .

= D +n4V-u, =0| (continuity equation for species ) (IT1.63)

0fa

dw maw(111.61) Dﬂufa dwmeww -V f, +meay- [ dw w%
—_————

bp —ngl
v W - W
ow
dw mawC|f4)
= |V:-P,—manaGy = /dw mawC|[fa] = Ro| (force equation for species «)

(IT1.64)
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where

P, = /dw MWW fo (IT1.65)

is the thermal pressure tensor of species « and R,, is the friction force on species « (recall
Newton’s third law, )~ R, = 0). Equation (II1.64) may of course be rewritten in the
following, perhaps more familiar, form:

D « (6%
—D? = GaNa (E + “7 X B) +mManag — V- Py + R,. (111.66)

MaNe

If we sum (II1.66) 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~ ! Y o MaNala, equation (IT1.66) implies

g(gt+u-V)u:JC><B+gg—V-(P+D)7 (I11.67)

where
3= daNatta (I11.68)
«
is the current density, P =) _ P, is the total pressure tensor, and

D = Z MaNaAUg Aty (IT1.69)

is a tensor composed of species drifts relative to the center-of-mass velocity,
Auy =u, —u. (IT1.70)

(Note that > maneAu, = 0, by definition.) Returning to those moments. ..

D
/dwmawiwj(HI.()'l): DL /d'w mawiwj+/dw Maw;w;w + V fo

[
= Pa,ij

+ maaa,kﬂ@/&’z/ﬂi%'

+ /d'w oW W (% X B) . %

0

ow

bp fdwqa [wl(% X B)j + (% X B)iwj]fa

=_ 4 (PiXB> ,qi(ixB>
me \ € i Ma \ € i

- /dw mawiwj(w-Vuayg)%
¢

L Jdwmg [wi(w - Vug, ;) + (w- Vua,)w; + wiw; (V- wa)] fo

= 7(Pu 'Vua).;j - (Pa . V'Ll,a)ji — Pu(V -ua)

= /dw MW w;C[fol. (I11.71)
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Define the heat flux tensor for species a:
Q, = /dw Mo WWW [y (II1.72)

Then, equation (II1.71) becomes

]l)jf: +V-Q,+ :Tz (FZ“ X B) - (F;”‘ X B)T - [(Pa-Vua) + (Pa-Vua)T]
PV ) = / dw mawwC[fa], (ITL.73)
where the superscript 7' denotes the transpose. In component form, (I11.73) reads
% +(V-Qu)i; + %(qupa,ikBe + €ikePa,juBe)
+ (05¢Paji + 6j¢Pair + 5kzPa7ij)8€)u772’e = /dw maw;w;Clfa). (I11.74)
Usually the trace of this equation is taken, with
Do = étr P,. (I11.75)
Then (I11.73) provides an evolutionary equation for the internal energy:
gDsz +V.q,+Py:Vu, + gpaV Uy = Qas (IT1.76)

where
1
q, = /dw §maw2wfoz (III77)
is the conductive heat flux of species « and

Qa = / dw %manO[fa] (IIL.78)

is the collisional energy exchange. Further writing

|Po = pal + I, | (IIL.79)

where IT,, is the viscous stress tensor of species o and using (I11.63) to replace V - u, in
(I11.76) by dlnn,/dt, the internal energy equation (II1.76) provides an equation for the
hydrodynamic entropy:

3 D Pa
ol nng/?,

= V.q,—I.:Vu,+ Q. (I11.80)

Finally, using (I11.79), the force equation (II1.66) becomes

D «@ «
MaNa Yo _ JaMa (E + Ya X B) +manag — Vpo — VI, + R, (I11.81)
c

Dt,

Clearly, to close the system of hydrodynamic equations (viz., (IT1.63), (II1.80), and
(IT1.81)), we require (I1,,q,,, Ra, Qa) expressed in terms of the lower “fluid” moments
(e, Wa,Po). This is the purpose of what is called the Chapman—Enskog expansion,
which is only possible when the collisional mean free path is much smaller than the
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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. The result is
magnetohydrodynamics.

PART IV
Ideal hydrodynamics

Unfortunately, fluid dynamics has all but disappeared from the US undergraduate cur-
riculum, as physics departments have made way for quantum mechanics and condensed
matter.!” This is a shame — yes, it’s classical physics and thus draws less ‘oohs’ and
‘aahs’ from the student (and professorial, for that matter) crowd. But there are many
good reasons to study it. First, it forms the bedrock of fascinating and modern topics like
non-equilibrium statistical mechanics, including the kinetic theory of gases and particles.
Second, it is mathematically rich without being physically opaque. The more you really
understand the mathematics, the more you really understand physically what is going
on; the same cannot be said for many branches of modern physics. Third, nonlinear
dynamics and chaos, burgeoning fields in their own right, are central to arguably the
most important unsolved problem in classical physics: fluid turbulence. Solve that, and
your solution would have immediate impact and practical benefits to society. Finally,
follow in the footsteps of greatness: on Feynman’s chalkboard at the time of his death
was the remit ‘to learn ... nonlinear classical hydro’. With that, let’s begin.

IV.1. The equations of ideal hydrodynamics

The equations of hydrodynamics and MHD may be obtained rigorously by taking
velocity-space moments of the Boltzmann and Vlasov—Landau kinetic equations, as in
§II1.10. But they may be alternatively derived by using things every physicist should
know: mass is conserved, Newon’s second law (force equals mass times acceleration), and
the first law of thermodynamics (energy is conserved).

IV.1.1. Mass is conserved: The continuity equation

We describe our gaseous fluid by a mass density g, which in general is a function of
time ¢ and position r.!! Imagine an arbitrary fixed volume V enclosing some of that fluid.
The mass inside of the volume is simply

M:/VdVQ. (IV.1)

10 An excellent textbook from which to learn elementary fluid dynamics is Acheson’s Elementary
Fluid Dynamics. It provides an engaging mix of history, physical insight, and transparent
mathematics. I recommend it.

"Here I denote the mass density by o to avoid confusion with the Larmor radius p. But, given
that p is standard notation in hydrodynamics for the mass density, and p is standard notation
in plasma physics for the Larmor radius, you should learn to tell the difference based on the
context.
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Now let’s mathematize our intuition: within this fixed volume, the only way the enclosed
mass can change is by material flowing in or out of its surface S:
dM 0
R —/ ds - ou, (IV.2)
dt v ot s

where u is the flow velocity.
~
u

Gauss’ theorem may be applied to rewrite the right-hand side of this equation as follows:

/SdS-gu—/VdVV-(gu). (IV.3)

Because the volume under consideration is arbitrary, the integrands of the volume
integrals in (IV.2) and (IV.3) must be the same. Therefore,

do B
5 TV (ow) =0 (IV.4)

This is the continuity equation; it’s the differential form of mass conservation.

Exzxercise. Go to the bathroom and turn on the sink slowly to get a nice, laminar stream flowing
down from the faucet. Go on, I'll wait. If you followed instructions, then you’ll see that the
stream becomes more narrow as it descends. Knowing that the density of water is very nearly
constant, use the continuity equation to show that the cross-sectional area of the stream A(z)
as a function of distance from the faucet z is

A(z) = Ao

1+ 2gz/v2
where Ay is the cross-sectional area of the stream upon exiting the faucet with velocity vy and

g is the gravitational acceleration. If you turn the faucet to make the water flow faster, what
happens to the tapering of the stream?

IV.1.2. Newton’s second law: The momentum equation

So far we have an equation for the evolution of the mass density ¢ expressed in terms
of the fluid velocity w. How does the latter evolve? Newton’s second law provides the
answer: simply add up the accelerations, divide by the mass (density), and you’ve got
the time rate of change of the velocity. But there is a subtlety here: there is a difference
between the time rate of change of the velocity in the lab frame and the time rate of
change of the velocity in the fluid frame. So which time derivative of u do we take? The
key is in how the accelerations are expressed. Are these accelerations acting on a fixed
point in space, or are they acting on an element of our fluid? It is much easier (and
more physical) to think of these accelerations in the latter sense: given a deformable
patch of the fluid — large enough in extent to contain a very large number of atoms but
small enough that all the macroscopic variables such as density, velocity, and pressure
have a unique value over the dimensions of the patch — what forces are acting on that
patch? These are relatively simple to catalog, and we will do so in short order. But first,
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let’s answer our original question: which time derivative of u do we take? Since we have
committed to expressing the forces in the frame of the fluid element, the acceleration
must likewise be expressed in this frame. The acceleration is not

Jdu

ot’
Remember what a partial derivative means: something is being fixed! Here, it is the
instantaneous position r of the fluid element. Equation (IV.5) is the answer to the
question, ‘how does the fluid velocity evolve at a fixed point in space?’ Instead, we
wish to fix our sights on the fluid element itself, which is moving. The acceleration we
calculate must account for this frame transformation:

_ Ou . dr
ot dt
where dr/dt is the rate of change of the position of the fluid element, i.e., the velocity
u(t,r). This combination of derivatives is so important that it has its own notation:

D 0

—=—+4u-V. Iv.7

Dt Ot ( )
It is variously referred to as the Lagrangian derivative, or comoving derivative, or convec-
tive derivative. By contrast, the expression given by (IV.5) is the Eulerian deriative. Note
that the continuity equation (IV.4) may be expressed using the Lagrangian derivative as

Dlnp
Dr = -V - u, (IV.8)

which states that incompressible flow corresponds to V -u = 0.

So, given some force F' per unit volume that is acting on our fluid element, we now
know how the fluid velocity evolves: force (per unit volume) equals mass (per unit volume)
times acceleration (in the frame of the fluid element):

Du
F = DL (Iv.9)
Now we need only catalog the relevant forces. This could be, say, gravity: og = —oV®.
Or, if the fluid element is conducting, electromagnetic forces (which we’ll get to later in
the course). But the most deserving of discussion at this point is the pressure force due
to the internal thermal motions of the particles comprising the gas. For an ideal gas, the
equation of state is

(IV.5)

a -Vu, (IV.6)

oksT .

P= 0C?, (IV.10)

where T is the temperature in Kelvin, kg is the Boltzmann constant, m is the mass
per particle, and C' is the speed of sound in an isothermal gas. Plasma physicists often
drop Boltzmann’s constant and register temperature in energy units (e.g., €V), and I will
henceforth do the same in these notes. How does gas pressure due to microscopic particle
motions exert a macroscopic force on a fluid element? First, the pressure must be spatially
non-uniform: there must be more or less energetic content in the thermal motions of the
particles in one region versus another, whether it be because the gas temperature varies
in space or because there are more particles in one location as opposed to another. For
example, the pressure force in the x direction in a slab of thickness dx and cross-sectional
area dy dz is

P
[P(t,x — dz/2,y,2z) — P(t,x + dz/2,y,2)]dydz = —(2)—% dv. (IV.11)
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Unless the thermal motions of the particles are not sufficiently randomized to be isotropic
(e.g., if the collisional mean free path of the plasma is so long that inter-particle collisions
cannot drive the system quickly enough towards local thermodynamic equilibrium), there
is nothing particularly special about the x direction, and so the pressure force force acting
on some differential volume dV is just —VPdV.

Assembling the lessons we’ve learned here, we have the following force equation for our
fluid:

Du 3
— = —_— . = — P— @ I 12
0Dy Q<9t+u V)'u VP — oV (Iv.12)

This equation is colloquially known as the momentum equation, even though it evolves
the fluid velocity rather than its momentum density. To obtain an equation for the latter,
the continuity equation (IV.4) may be used to move the mass density into the time and
space derivatives:

6(8@:) + V- (ouu) = %u + Q%l; +ou-Vu+ V- (ou)u
= [gf—kv-(gu)]u—i—Q(;f—i—u-V) u
= [ 0 }u + 9%1: =F. (IV.13)
Thus, an equation for the momentum density:
3%’:) LV (ouu) = VP — oV (IV.14)

This form is particularly useful for deriving an evolution equation for the kinetic energy
density. Dotting (IV.14) with u and grouping terms,

1 1
i<29u2) +V. (29U2U) =-u-VP—ou-V9, (IV.15)

which is a statement that the kinetic energy of a fluid element changes as work is done
by the forces.
Now, how to we know the pressure P? There’s an equation for that. ..

IV.1.3. First law of thermodynamics: The internal energy equation

There are several ways to go about obtaining an evolution equation for the pressure.
One way is to introduce the internal energy,

P
= — IvV.16
= (IV.16)

and use the first law of thermodynamics to argue that e is conserved but for P dV work:

% +V-.(eu)=—-PV-u (IV.17)

This is the internal energy equation.
Equation (IV.17) may be used to derive a total (kinetic + internal + potential) energy
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equation for the fluid as follows. Do (IV.15) + (IV.17):

o (1 , 1,
at(qu +e>—|—V~[<2Qu +e>u]

-V - (Pu) — ou-VQ,

=—(y-—1)V-(eu) — ou-V®P

/(1 , 1, B
81&(2Qu —i—e) +V. [(2Qu +Ve>u} = —ou-Vo. (Iv.18)
Now use the continuity equation (IV.4) to write
(o) oP
— - (0Pu) = pu - VO —. V.l
5 +V.(oPu) =pu-V —|—Q8t (IV.19)
Adding this equation to (IV.18) yields the desired result:
0 (1 , 1, 0P
~ (= & S = 0 = o0— V.2
8t<29u +e+g)+V {(2911 +ve+ o )u] - (IV.20)

The first term in parentheses under the time derivative is sometimes denoted by £.

Yet another way of expressing the internal energy equation (IV.17) is to write e =
oT/m(vy — 1) and use the continuity equation (IV.4) to eliminate the derivatives of the
mass density. The result is

DInT
Dt
which states that the temperature of a fluid element is constant in an incompressible
fluid (wiz., one with V -w = 0). If this seems intuitively unfamiliar to you, consider this:
the hydrodynamic entropy of a fluid element is given by

-(y=1)V-u, (IV.21)

InTo' . (IV.22)

InPo™ " =

°T v—1 v—1
Taking the Lagrangian time derivative of the entropy along the path of a fluid element
yields

Ds_DlnT_ Dlnp

Di = Di (v=1) D (Iv.23)

It is then just a short trip back to (IV.8) to see that (IV.21) is, in fact, the second law
of thermodynamics — entropy is conserved in the absence of sources or dissipative sinks:

Ds
=90 1V.24
Di ( )

IV.2. Summary: Adiabatic equations of hydrodynamics

The adiabatic equations of hydrodynamics, written in conservative form, are:

% V- (ou) = 0, (IV.254)
% + V- (oun) = VP — oV, (IV.25b)
% 4 V- (cu) = —PV-u. (IV.25¢)

The left-hand sides of these equations express advection of, respectively, the mass density,
the momentum density, and the internal energy density by the fluid velocity; the right-
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hand sides represents sources and sinks. If we instead write these equations in terms of
the density, fluid velocity, and entropy and make use of the Lagrangian derivative (IV.7),
we have

Do

o = —oV - u, (IV.25d)
Du 1

— =—-—-VP-V® V.2
D QV Vo, (IV.25¢)
Ds

DL = 0, (IV.25f)

where s = (v — 1)7! In Pp~7. The limit v — oo, often of utility for describing liquids,
corresponds to Do/Dt = 0, i.e., incompressibility.

IV.3. Mathematical matters

The nonlinear combination u - Vu that features prominently in the Lagrangian time
derivative can be complicated, particularly in curvilinear coordinates where the gradi-
ent operator within it acts on the unit vectors within u. For example, in cylindrical
coordinates (R, p, Z),

u-Vu = u-V(uRR—i—u(PgAa—ﬁ—uZZ)

ﬁaﬁ “R“w@
R Oy R Oy

= (u-Vup)R+ (u-Vu,)p + (u-Vuz)Z +

u . ugu
— (u-Vu)e; — 2R R‘PA, V.26
(w- Vi)~ 2R+ g (1v.26)
where, to obtain the final equality, we have used d@p/dp = —R and 81:'{/3@ = ¢;
summation over the repeated index ¢ is implied in the first term in the final line. A

similar calculation in spherical coordinates (r, 1, ¢) yields

B 0 uy 0 u, 0 . . .
(“Tar * r 09 * rsinv 8go> (1w + ) + )

u2 + u? UpU u? cotd\ . Uy, cOt Y u,u
= (u-Vu;)e; — ﬂr 2+ Trﬂ— wr 19+( v i + Trw>‘AP

(IV.27)

The last two terms in the cylindrical u - Vu, equation (IV.26), might look familiar to
you from working in rotating frames. Indeed, let us write u = v + R§2(R, Z)¢p, where {2
is an angular velocity, and substitute this decomposition into (IV.26):

u-Vu = [(v+ R02P)-Vv;|é; + [(v+ R2P) - V(R2)|p

RN)? . R
_ (vp + R02) R+’UR(U¢+ )LAP

R R
= [(v -V + Q%)vz} &+ [292 Xv—RP?R+ Rp(v- V)2

VRV . UZ ~
+ { P RR} (IV.28)

Each of these terms has a straightforward physical interpretation. The first term in
brackets represents advection by the flow and the rotation. The second term in brackets
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contains the Coriolis force, the centrifugal force, and ‘tidal’ terms due to the differential
rotation, in that order. (The ‘tidal’ terms can be thought of the fictitious acceleration
required for a fluid element to maintain its presence in the local rotating frame as it is
displaced radially or vertically. They come from Taylor expanding the angular velocity
about a point in the disk.) The third and final term is brackets are curvature terms due
to the cylindrical geometry.

As a close to this section, let me advise you to brush up on your vector calculus. ..

A-(BxC)=B-(CxA)=C-(AXB),
AXx(BxC)=B(A-C)-C(A-B),
VX(AxB)=(B-V)A-(A-V)B—-B(V-A)+A(V-B),

Fluid dynamics is full of these things, and you should either (i) commit them to memory,
(ii) carry your NRL formulary with you everywhere, or (iii) know how to quickly derive
them using things like

€kij€htm = 0ie0jm — OimOje,
where d;; is the Kronecker delta and €;;; is the Levi-Civita symbol.

Exercise: Show that the Ry-component in cylindrical coordinates of the rate-of-strain tensor

du , Ous 25w
ox; ox; 3 Y Oz

Wi =

is given by

PART V
Ideal magnetohydrodynamics

Some of this is covered by Eve’s lectures and my hand-written lecture notes. I'm including
here a section on instabilities and one on reduced magnetohydrodynamics (RMHD), as
it will be useful when discussing tearing instabilities (§VIL.1) and Alfvénic turbulence
(§§VIIL.2,VIIL.3).

The adiabatic equations of magnetohydrodynamics, written in conservative form, are:

do

E—I—V-(gu)zo, (V.1la)
0 j X B

(gf) LV (ouu) = ~VP — gVP + 2 xc : (V.1b)

oB
E—FV-(Bu):V-(uB), (V.1lc)

Oe
a—i—V-(eu):—PV-u, (V.1d)

where the pre-Maxwell version of Ampére’s law

j=-—VxB (V.le)

47t
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gives the current density j in terms of the magnetic field. The left-hand sides of these
equations express advection of, respectively, the mass density, the momentum density,
the magnetic field, and the internal energy density by the fluid velocity; the right-hand
sides represents sources and sinks. If we instead write these equations in terms of the
density, fluid velocity, and entropy and make use of the Lagrangian derivative (IV.7), we
have

Do

o = —oV - u, (V.24q)
%%:—%VP—V¢+jZB, (V.20)
%:B-Vu—BV-u, (V.2¢)
Ds

i = 0, (V.2d)

where s = (y—1)~1 In Pp~7. A rarely publicized but useful form of the induction equation
(V.2¢) is obtained by defining the magnetic-field unit vector b = B/B and writing
separate equations for it and the magnetic-field strength B:

DInB
Dt

= (lA)lA) —1):Vu and ];i) =(I- i)l;) : (I;Vu) (V.3)

Just thought I'd throw that out there for you to chew on; we’ll need the first of these in
§§VIIL.5 and IX.1.

The program here is to set up some equilibria and then subject them to small-amplitude
perturbations in the fluid and magnetic field. There are a few different ways of doing this
and assessing whether the system is stable or unstable to these perturbations. There’s
something called the MHD energy principle, which will tell you whether a given set of
perturbations about some equilibrium state will bring the system profitably to a lower
energy state. There’s something called Eulerian perturbation theory, where you subject
the equilibrium state to small-amplitude perturbations, formulate those perturbations in
the lab frame, and ask whether the perturbations oscillate, grow, or decay. And there’s
something called Lagrangian perturbation theory, which is same as Eulerian perturbation
theory but is formulated in the frame of fluid. Each of these has its advantages depending
on the equilibrium state, boundary conditions, and questions being asked. Fulerian
perturbation theory is the most straightforward procedure, so we’ll start there.

V.1. A primer on instability

Before attacking the MHD equations, though, let’s do something simpler to establish

notation and learn the procedure. Consider the following ordinary differential equation:
d?z dz

—— 4+ — + 2%z —x0) =0, V.4

WS+ (e — w0) (v.4)

where v and {2 > 0 are constants. You may recognize this as the equation for a damped

simple harmonic oscillator of natural frequency {2 whose velocity along the x axis is

damped at a rate 2v. But let’s not yet commit to any particular sign of v. First, the

equilibrium state. This is easy: the oscillator is at rest at © = x9. We now displace the

oscillator by a small amount &, so that x(t) = xo + £(¢). The equation governing this
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displacement is

d?¢ dg

— 2=+ % =0. V.5

ae Ty T (V-5)
This equation admits solutions £ ~ exp(—iwt), where w is a complex frequency that
satisfies the dispersion relation

Wiy - 22 =0 = w=-iv+t/0N2-12 (V.6)

How do we assess stability? If the imaginary part of w is positive, then —iw has a positive
real part, and the displacements will grow exponentially in time. If the imaginary part
of w is negative, then —iw has a negative real part, and this corresponds to exponential
decay of the perturbation. If w additionally has a real part, then this represents a growing
or decaying oscillator. It’s clear from a cursory glance at the dispersion relation (V.6)
that the perturbations oscillate and decay exponentially if 2 > v > 0. If v > 2 > 0,
then the perturbations decay without oscillating. But if v < 0, then there is always an
exponentially growing solution. Thus, v > 0 is the stability criterion for this system.

Now, suppose the equation of interest were instead

d? d
d—tf + 2V£ + 2%sin(z — x9) = 0. (V.7)

The equilibrium is still the same, but if we want simple harmonic oscillator solutions,
we’re only go to get them if the displacement is small, i.e., |{| < zo. In that case, we can
Taylor expand sin(x — zg) =~ & — £3/6 + ... To leading order in &, we're back to where
we started with (V.5). This is linear theory: identify an equilibrium, perturb the system
about that equilibrium, and drop all terms nonlinear in the perturbation amplitude.

Note that we are not solving an initial value problems. We are agnostic about the
initial conditions and only ask whether some disturbance will ultimately grow or decay.
In some situations (most notable, Landau damping), solving the initial value problem
is absolutely essential to obtain the full solution and all the physics involved. But if
you just want to calculate the wave-like response of a system to infinitesimally small
perturbations and learn whether such a response grows or decays, you need only adopt
solutions ~ exp(—iwt), find the dispersion relation for w vs k, and examine the sign of its
imaginary part. (The difference is related to a Laplace vs a Fourier transform in time.)

V.2. Linearized MHD equations
Good, now let’s do some MHD. Take (V.2) and write

p=po(r)+op(t,r), w=ou(t,r), P=Py(r)+0P(t,r), B = By(r)+oB(tr),

i.e., consider a stratified, stationary equilibrium state threaded by a magnetic field and
subject it to perturbations. Never mind how the equilibrium is set up — it is what it is,
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and we’ll perturb it. Neglecting all terms quadratic in §, equations (V.2) become

%op _

ot (bu-V)po — po(V - 0u), (V.8)
dou 1 B,-0B dp B2
T pOV<5P+ = )+p(2)V(P0+8T[
n (By-V)éB (6B-V)Bj Vo, (V.9)
47Tp0 47'[p0
6B
Tk —(6u-V)Bg+ (Bg-V)ou — By(V -du), (V.10)
a (0P 6p> Py
=~ ) = _fu-Vin—. V.11
ot (Po oo ” V1

(A quick way of getting these is to think of § as a differential operator that commutes with
partial differentiation.) Pretty much every gradient of an equilibrium quantity here will
give an instability! (Otherwise, you just get back simple linear waves on a homogeneous
background.) So let’s not analyze this all at once. But I write this system of equations here
for two important reasons: (i) it makes clear that we can adopt solutions § ~ exp(—iwt)
for the perturbations, since the equations are linear in the fluctuation amplitudes; (ii) we
can only adopt full plane-wave solutions § ~ exp(—iwt + ik - r) if the fluctuations vary
on length scales much smaller than that over which the background varies (the so-called
WKB approximation). Otherwise, we have to worry about the exact structure of the
background gradients and their boundary conditions.

So these are the themes of most linear stability analyses: a WKB approximation
whereby plane-wave solutions are assumed on top of a background state that is slowly
varying, and a focus only on whether fluctuations grow or decay rather than their specific
spatio-temporal evolution from a set of initial conditions.

V.3. Lagrangian versus Eulerian perturbations

There is one last thing worth discussing before proceeding with a linear stability
analysis of the MHD equations. Just as there is an Eulerian time derivative and a
Lagrangian time derivative, there is Eulerian perturbation theory and Lagrangian per-
turbation theory. The former, in which perturbations are denoted by a ‘d’, measures
the change in a quantity at a particular point in space. For example, if the equilibrium
density at 7, p(7), is changed at time ¢ by some disturbance to become p’(¢,7), then we
denote the Eulerian perturbation of the density by

p'(t,r) = p(r) =dp < p(r). (V.12)

Again, these perturbations are taken at fixed position. The latter — Lagrangian pertur-
bation theory — concerns the evolution of small perturbations about a background state
within a particular fluid element as it undergoes a displacement €. For example, if a
particularly fluid element is displaced from its equilibrium position r to position r + £,
then the density of that fluid element changes by an amount

pt,r+&) —p(r) = Ap. (V.13)
This is a Lagrangian perturbation. To linear order, § and A are related by

Ap=p/(t,r) +&-Vp(r) —p(r) =dp+&-Vp. (V.14)
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There are many situations in which a Lagrangian approach is easier to use than an
Eulerian approach; there are also some situations in which doing so is absolutely necessary
(e.g., see §IIle of Balbus (1988) and §lc of Balbus & Soker (1989) for discussions of the
perils of using Eulerian perturbations in the context of local thermal instability).

Question: It is possible to have zero Fulerian perturbation and yet have finite Lagrangian
perturbation. What does this mean physically? Is there a physical change in the system?

The Lagrangian velocity perturbation Aw is given by

_be_(o .
Au_Dt_<8t+u V)&, (V.15)

where u is the background velocity. It is the instantaneous time rate of rate of the
displacement of a fluid element, taken relative to the unperturbed flow. Because Au =
ou + £ - Vu, we have

23

6'&:5

+u-VE—€-Vau. (V.16)

Note the additional £ - Vu term, representing a measurement of the background fluid
gradients by the fluid displacement.

Ezercise. Let w = R2(R)@, as in a differentially rotating disk in cylindrical coordinates.
Consider a displacement & with radial and azimuthal components {r and &, each depending
upon R and ¢. Show that

Dér

The second term in the latter equation accounts for the stretching of radial displacements into
the azimuthal direction by the differential rotation.

D ds?
=dur and Di:_

You can think of § and A as difference operators, since we’re only working to linear
order in the perturbation amplitude: e.g.,

But you must be very careful when mixing Eulerian and Lagrangian points of view. Prove
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the following commutation relations:

[0
(Z) -(5, 8t:| = O7
(@) |5 | =0
0 __95 90
(4i1) _A, 815} =9t o,
(.01 o0y 0
() |4 8$i] = Om; 08,
D
0 |a g =0
. [. D 9 D
wi) |4 ij = %5, Dr
(vid) -i D — auji
31‘,‘7 Dt 31‘,‘ 81‘]‘.

60

You can use these to show that the linearized continuity equation, induction equation,

and internal energy equation are

A

l:_v'€7

p
AB=B-V¢(—-BV-€,
AT

_— = — —1 .

T (v-1DV ¢,

respectively. These forms are particularly useful for linear analyses.

V.4. MHD waves and linear instabilities

(V.18)
(V.19)
(V.20)
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V.5. Reduced MHD equations

Reduced MHD is a nonlinear system of fluid equations used to describe anisotropic
fluctuations in magnetized plasmas at lengthscales £ > g; and frequencies w < (2. It was
initially used to model elongated structures in tokamaks (Kadomtsev & Pogutse 1974;
Strauss 1976, 1977), but has since become a standard paradigm in astrophysical contexts
such as solar-wind turbulence (Zank & Matthaeus 1992a,b; Bhattacharjee et al. 1998)
and the solar corona (Oughton et al. 2003; Perez & Chandran 2013).

While one may formulate different versions of RMHD, here I will confine the discussion
solely to ideally conducting fluids whose equilibrium state is homogeneous (9o = const,
po = coust), stationary (ug = 0), and threaded by a uniform mean magnetic field oriented
along the z axis (Bg = Bpz). The fluid is perturbed with small displacements, which we
take to satisfy the ordering

do o uv oty 9By OBy Ry oy (V.21)
%0 Po G Cs By By kL

where the sound speed cs = (Ypo/00)'/? is of order the Alfvén speed va = By/(47og)/2.

In other words, the plasma beta parameter
87'Cp0 2 Cs

B = —

2 ~ 2
B Y UA

(V.22)

is taken to be of order unity; subsidiary limits in high and low 8 may be taken after
the e expansion is performed. The fluctuations are therefore sub-sonic, sub-Alfvénic, and
spatially anisotropic with respect to the magnetic-field direction, with a characteristic
length scale parallel to the field (Nku_l) that is much larger than across the field (~k7").
The characteristic frequency of the fluctuations w ~ kjva, so that w ~ ek va; as a result
of this ordering, fast magnetosonic modes are ordered out of the equations. The ordering
(V.22) is applied to each of the ideal MHD equations and the result examined order by
order in e. Before doing so, note that the Lagrangian derivative

D ) 9
DL o +uV+urL-Vy = &+UL‘VL+O(€W%
~— M ——

so that fluctuations are nonlinearly advected to leading order by the E X B flow. This
is important, as it indicates that, while the fluctuations are assumed small, they are not
infinitesimally small. Let us proceed.

First, the continuity equation (V.2a):

D do
Dtgo
—— —— N—\—

@ @ ©

where the order in ¢ at which each term enters relative to w is indicated. To leading

order, we have
v

i.e., the perpendicular dynamics is incompressible. This implies that «, can be written
in terms of a stream function:

=-Vju —Vi-uy,

u, =2XV_ o (V24)

Likewise, the solenoidality constraint on the magnetic field allows us to write 6B, in
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terms of a flux function:

0B
VA4TP0

Thus, the Alfvénic fluctuations can be described in terms of two scalar functions, &
and ¥. (The compressive fluctuations involve the higher-order terms in (V.24a), and are
discussed below.)

The evolution equations for @ and ¥ are obtained by applying the RMHD ordering
(V.22) to the induction equation (V.2¢):

D §B 8u+<5BJ_ Vl) (‘SBlv”)u_z(v.u)_w(v-u).

=2XV W (V.25)

Dt By 0= By By By
—— = —_——— —
@ @ © @ @ @
To leading order, the perpendicular magnetic-field fluctuations satisfy
D déB; 0 6B}
il - (= v/ . V.26
Dt B, <az B, i)'“ (V-26)

The term in parentheses in (V.26) is just b+ ¥ written out to O(ek, ), and so field-parallel
gradients in the perpendicular flow drive (Lagrangian) changes in the perpendicular
magnetic-field fluctuations. Using the expressions (V.24) and (V.25) for u, and 6B,
respectively, equation (V.26) implies

ov 0P
a0 +{o,¥} = vAa (V.27)
where the Poisson bracket
D OV D OV
{9, 0} =2-(V, &P XV, U) = 0 8— — 8—8— (V.28)

o dy Oy Oz

The evolution equation for @ is obtained from the perpendicular component of the
momentum equation (V.2b):

Du 6@ Du, do op 5BH
Dt (UHVH)UJ_“F Dr + — (UHV”)’U,J_ =-V, (C T +v BO
—— N—— R/—/
® ©) ©) ® ©
9 |(SB|2 9 2(531_ 0B | 0B | 0B 0B |
Vg TG M V) E T Em YY) s,
©, ® © ©)
(V.29)

where the order in € at which each term enters relative to we is indicated. At O(1), we
have perpendicular pressure balance:

op 5B|> op 2 5BH 3 5BH
l( “ypo o BBy e B (V-30)

S

At O(e),

D ) §B|?
wr v (@ g LR
YPo

;>:o

9 6B, (6B, 5B,
u 22 +vA< ‘VL) (V.31)

By By’
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where dps is the second-order pressure fluctuation. Fortunately, dpo need not be deter-
mined, since its only role is to enforce incompressibility, equation (V.23). Indeed, taking
the curl of (V.31) eliminates the entire pressure term, leaving

V. X Dg; = %5]?; 12&(65; 'VJ_) 6]1;3’;] (V.32)
Noting that
ViX(:xV, 0)=2V2,
VX (2xV,0)=2V3V,
ViX[(2XV.i®)V (4XV.P)]=22-(V,&XV Vi),
ViX[(EXV.W)-Vi(3xV. W] =22-(V.UXV VIV),
the Z component of (V.32) may be written as
a 2 2 6 2 2
5 Vi%+ {6, Vid} = Ay Vi¥+ {w,viv} (V.33)

This is essentially an equation for the flow vorticity.
Equations (V.27) and (V.33) form a closed set of equations for the Alfvénic fluctuations:

DV ob
ﬁ = UA%, (V34(1,)
D%vids =upb-VV2 0, (V.34b)
where
D 9 5 o 1
ﬁ_§+{¢""} and b‘V—E‘La{W""}' (V.35)

Note that the compressive fluctuations make no appearance in the equations for the
Alfvénic fluctuations, and so the former exert no influence on the latter.

Finally, there is an advantageous combination of (V.34) that makes clear the foundation
of theories of Alfvén-wave turbulence. Define the Elsdsser potentials

(F=o+w (V.36)
Then @ = (¢t +(¢7)/2 and ¥ = (¢t — (7)/2, and so (V.34) may be written as
9 (¢ —¢ "+ - 9 (T +¢
8t< 5 ) + { 5 } = vA@z( 5 > (V.37a)
9 SRS SRS SRS 9 r-¢
gv ( 5 >+{ 5 v 5 }—vAaZvi< 5 )

+ {C+ ;C,viﬁgc } (V.37b)

Noting that {¢*,(*} = 0 and taking V2 of (V.37a), these become
0

Vi) + v2({< S ={ch e })—vAaVQ(C*H)

fv2(g++g) ({g+vc b4+ {¢, V3 })—UA§V2(<+ ¢7)
S (T S G i)}
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which may be added to and subtracted from one another to obtain

D9t ¢t Fun Lvict = L (¢ VI + (L VIC V) | (v

The left-hand side of this equation captures the propagation of linear Alvén waves: (¥ =
(2, y, zFvat). What is notable is that these solutions are also exact nonlinear solutions
if either (= =0 or (™ = 0, since the nonlinearities on the right-hand side of (V.38) then
vanish. In fact, in this case the fluctuation (or, indeed, wave packet) may be of arbitrary
shape and magnitude, simply propagating along the mean magnetic field at the Alfvén
speed. The key here is that only counterpropagating fluctuations can interact (Kraichnan
1965). They do so by scattering off each other without exchanging energy; indeed, it is
easy to show by multiplying (V.38) by 09T and integrating by parts that the nonlinear
Alfvén-wave energy
1

Wi =5 [ Eralvictp (V.39)

is conserved. This conservation law plays an important role in theories of Alfvén-wave
turbulence, particularly the fact that, whatever the compressive fluctuations are doing,
they are doing it independently of the Alfvén-wave cascade.

Now, the evolution equations for the compressive fluctuations will be derived and
analyzed by you in a problem set. But let me state them here without proof:

%% - (V.40)
%% _ _mg/%gg'vu" (V.41)
DDt‘;BOI _ ijg.wl, (V.42)
DBtuH = vii) . VéBBol, (V.43)

where s = Inpp~ 7 is the specific entropy. Equations (V.41)—(V.43) describe the slow-
wave-polarized fluctuations, for which perpendicular pressure balance (equation (V.30))
holds. Equation (V.40) describes the zero-frequency entropy mode. Note that the only
nonlinearities in these equations are via the derivatives defined in (V.35). Questions:
What does the imply about the relationship between the compressive fluctuations and
the Alfvénic ones? Also, recall that MHD supports fast magnetosonic waves — where are
they in RMHD?

PART VI

Non-ideal MHD

VI.1. What is u in a poorly ionized plasma?

Let us revisit the ideal-MHD induction equation, repeated here for convenience:

0B
— =V X (ux B). (VL1)
ot

What is w? Is it the ion velocity u;? the electron velocity ue? both? But if u; = we,

then where are the currents? You may be remembering that w is the E X B velocity.
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Fine, but all charged species drift with the same E X B velocity, so, again, where are the
currents? Or, rather, is u the same center-of-mass velocity ) manata/ Y, Mana that
appears in the momentum equation? But if the plasma is primarily composed of neutrals
with, say, number density n, ~ 107 n;, then the center-of-mass velocity is dominated
by the velocity of the neutral fluid u,. So the velocity in the induction equation is the
neutral-fluid velocity? That’s weird. Why would magnetic flux be frozen into a neutral
fluid that doesn’t conduct electricity?

In ideal MHD, all of these velocities are basically equivalent, because the interspecies
drifts are small. For example, in a quasi-neutral ion—electron plasma,

j cV X B d;

U — U = — = ~— XK 1.
¢ en; 4Tten; B

Ui — Ue

VA

If there are charge-neutral particles around, then collisions keep them co-moving with
the charged species. Let’s go back to basics. . .

Consider a collisional plasma with neutrals, ions, and electrons. The momentum
equations for these species are, respectively,

Du,
mnnn# = _Vpn + Ry + Rn67 (VI2)
Du; i
mini = = =Vpi+ R + Bie + qmi (E+ = x B), (VL3)
D
meneD—?e — —Vpo + Ry + Rai — ene (E n ”? X B) , (V1.4)

where D/Dt, = 0/0ts +us - V is the Lagrangian time derivative in the frame of species
a. The electric field here is what ensures ¢in; — ene = 0. Indeed, add (VI.3) and (VI.4):

Du; Du
Tninii1 + TnCTLciC = 7V(pi +pc) + Rin +%+ ch +%
D¢, Dt,
1
+ (giny —ene) E + p (gniu; — engue) X B (VL5)
= 0 by quasi- = j by def’n

neutrality
Now add (VI.2) and (VL5):

Du, Du; Du
MMy —— + Ming—— + MeNe

© _ _ .
Dtn Dtl - V(pn +pl +pe)

D,
+%+%+%+%+%x3. (VL6)

All the friction forces cancel by Newton’s third law. Recalling (II1.67)—(I11.70), the left-
hand side of (VI.6) may be written as

D
QDfltL +V. <Z manaAuaAua> ,

where Au, = u, — u are the species drifts relative to the center-of-mass velocity .
Further using Ampére’s law to write
BB B2

J
IxB=V.|=—=_1=—/—). I
c % v < 4m 871) (VL7)
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equation (VI.6) becomes

Du B2 BB
—_v. 1 = AugAuy, — 22| . I.
0p; =V l (%:pawL 87T> +Za:mana o Aug — < (VL)

So, collisions between neutrals and charged species is what makes the neutrals see the
Lorentz force. By virtue of their large mass and the low degree of ionization in many
system, u ~ wu,, 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 induction equation (VI.1):
aa—? =V X (u X B).

Now, that u cannot be the neutral velocity; it would make no sense for the magnetic flux
to be frozen into a neutral fluid! Let us instead write

aa—? =V X (ur X B), (VL9)

where us 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:

0B
n =V X [(uf —ue) X B+ (e —uj) X B+ (uj —uy) X B+ u, x B |. (VI.10)
—— —— —— N——
electron-B ion-electron ion-neutral advection
drift drift drift by neutrals

© @) ® o

(If that derivation of a generalized induction equation was wholly unsatisfactory for you,
read §VI.5 before proceeding to §VI.2.)

The terms in (VI.10) labelled @ (Ohmic), @ (Hall), and @ (ambipolar) are
formally zero in ideal MHD. Let us estimate their relative sizes:

©_ 1. N(d6>< de > (VL11)

p

@ Rm ’UAKB VUATen
S——
small could be
large
d; 1/2
@ ~ ’3/6”6 ~ () <Q> oA (VI.12)
@ Un eB Oi Un
—— —— N~
small ~1, but ~1
could be
large
® -
W) | Ruitui N‘JXB‘ Ti |vA|  vATmi (9) vA (VL13)
@ OnUp & OnVA | Un gB On Un

—— ————
could be >1 ~1
~1
Note that @/ (D) is the only ratio not involving collisions. .. we’ll come back to this.
The next three sections focus on the above non-ideal effects in reverse order: ambipolar
diffusion (§VI.2), the Hall effect (§VI.3), and Ohmic dissipation (§VI.4). While Ohmic
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dissipation is certainly the easiest to handle of the three — not only because it’s probably
most familiar to you, but also because it acts isotropically — we’ll postpone its discussion
until after ambipolar diffusion and the Hall effect are elucidated. The reason is that a
discussion of Ohmic dissipation will lead naturally into the topic of Part VII, magnetic
reconnection.

In each of the sections below, astrophysical examples are provided for when each of
these non-ideal MHD effects are important. But there is one particular system where all
three non-ideal effects — ambipolar diffusion, the Hall effect, and Ohmic dissipation — are
important: a protoplanetary disk. This is because the wide variety of ionization sources,
temperatures, and densities give a wide variety of ionization fractions, collision rates, and
Alfvén speeds:

~100 au
h/r << 1 . —
cosmic rays
M~ 107 Manyr® FUV + X-rays
~10K
~1019 cm
~1000K
~10"7 cm?.
| ~100 K
-1 au ~10"8 cm® ~10 au

Using the estimates (VI.11)—(VI.13) with va/cs = 0.1 in a model of the minimum-mass
solar nebula (MMSN; Hayashi 1981) leads to the following figure, adapted from Kunz &
Balbus (2004), which delineates the regimes in which different non-ideal effects dominate:

F T T T L T B
4:— E
C A>H>0 / ]
< Ll 0>H>4 |
& f .
g [z=4h withTex ]
I 5au 0.1 au’
2E 10 au \ | au E
5au
" 100 midplane of MMSN
1 L 1 N 1 L
6 8 10 12 14 16 18

I show this particular plot not because it’s the most accurate (it’s not) or because it’s
mine (okay, maybe because it’s mine), but because it demonstrates in a very simple way
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that — even without the myriad complications introduced by the consideration of dust
grains, their size spectrum, and their spatial distribution — each non-ideal effect gets their
chance to affect the disk dynamics.'? For more on this topic of “layered accretion”, see
Gammie (1996), Fromang et al. (2002), Wardle (2007), and Armitage (2011).

VI.2. Ambipolar diffusion
VI1.2.1. Astrophysical context and basic theory

Imagine a poorly ionized gas of neutrals, ions, and electrons. Let us assume u; ~ u,
(ie., di/fp < (0i/0)'/?) and negligible Ohmic dissipation on the scales of interest. To
give some physical context for an astrophysical situation where these are fairly good
assumptions, consider the cold (T' ~ 10 K) plasma out of which stars form. Such gas is
comprised primarily of neutral molecular hydrogen Ha (ngy, > 10® ecm™3) 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 ym in size. While dust grains are of
critical importance to interstellar chemistry, thermodynamics, and magnetic diffusion, we
will ignore them for now.'? (Sorry Bruce.) 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 2100 MeV (and extremely
weak radioactive nuclides like 26Al and “°K) to ionize the plasma. So sad.

In molecular clouds, interspecies collisions are strong enough that T, = T} = T,. The
friction forces are primarily due to elastic collisions and are accurately modeled by

Rin = Mnltn (un — ui) with Tni — [inltn Tin — 1.23 w, (V114)
Tai ming mini (CW)iH,

Rep = 70 (4 —we) with e = 2800 o q gy Me T My (VL15)
Tne MeNe MeNe <Jw>eH2
e’te 3 e k Te 3/2

Rio= M (y —w)  with 7y = Y/ TelknTe) " (VL16)
Tei 4v2mgie®n; In A

where (ow),m, is the mean collisional rate between species a and hydrogen molecules of
mass my,; the pre-factors of 1.23 and 1.21 account for the presence of He lengthening
the slowing-down time relative to the value it would have if only a-Hs collisions were
considered. The mass ratios worth knowing in this context are m;/m, = 29 for HCO™,
mi/m, = 23 for Na*, m;/m, = 24 for Mg*, and m,/m. = 1836; the mean mass per
particle in molecular clouds is

p=2 =233m,. (VL17)
n

12 and they do. For linear stability analyses, see Blaes & Balbus (1994), Wardle (1999), Balbus
& Terquem (2001), Kunz & Balbus (2004), Desch (2004), Salmeron & Wardle (2003, 2005, 2008),
Kunz (2008), and Wardle & Salmeron (2012). For nonlinear numerical simulations, see Hawley
& Stone (1998), Sano & Stone (2002a,b), Bai & Stone (2011, 2013), Simon et al. (2013a,b),
Kunz & Lesur (2013), Lesur et al. (2014), Bai (2013, 2014, 2015), Simon et al. (2015), Gressel
et al. (2015), Béthune et al. (2016), Bai & Stone (2017), Béthune et al. (2017), and Bai (2017).
Y3Interstellar grains comprise about 1% of the mass in the interstellar medium (Spitzer 1978).
Baker (1979), Elmegreen (1979), and Nakano & Umebayashi (1980) suggested that charged

grains may couple to the magnetic field and thereby play a role in ambipolar diffusion and star
formation (see also Ciolek & Mouschovias (1993, 1994)).
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With (cw)ig, = 1.69 x 1072 cm? s=! for HCO*-Hy collisions (similar values hold for
Nat and Mg") and (ow)en, = 1.3 x 1079 (T/10 K)'/2 ¢cm? s~! for e-H, collisions, the
above collision timescales become

1 —7 1 3 -3
o (e m) (L) (T
mi Iy Ny
-7 3 -3 1/2
Toe = 0.29 12 <10 > <10 o ) <10TK> Myr, (VL.19)
Me Te Nn

107\ /103 cm—3 T \*/?
e (W) (W (R, wim

where z; = n;/n, is the degree of ionization. Because my, /me > 1, Riy + Ren ~ Riy.
To give the above timescales some context, dynamical timescales in star-forming
molecular clouds are 74y, ~ 0.1-10 Myr. Magnetic-field strengths are ~10-100 pG, giving
an ion cyclotron frequency ~0.1 Hz and an Alfvén speed ~1 km s~ '. Every 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 travels slower at ~0.2 km s™!, and so the plasma 3 ~ 0.01 or
so. The gravitational free-fall time is roughly 74 ~ 1 Myr at the mean density of a
molecular cloud, although support against gravitational collapse provided by magnetic
tension renders this timescale almost meaningless (Mestel 1965; Mouschovias 1976a,b).

Under these conditions, equation (VI.5) becomes

mini%zl = -V (pi +pe) + Rin + JE X B. (VI.21)
Next we make a number of simplifying assumptions, which are certainly not true in all
cases of interest but hold rather well in molecular clouds (again, ignoring grains). The
left-hand side of (VI.21) is typically small, ~x;pva /Tayn. Comparing that to the Lorentz
force on the right-hand side, j X B/c ~ gv% /{p, the inertial term is indeed smaller by
a factor ~zifp/(vaTdyn), which is at most ~1078(1 Myr/7Tayn) in molecular cloud cores.
The pressure-gradient terms on the right-hand side of (VI.21) are ~x;30v3 /¢ and so, as
long as the pressure-gradient scales do not differ from the magnetic-gradient scales by
more than a factor ~z;8 < 1078 (unlikely), the pressure-gradient terms are completely
negligible. This leaves the friction force, Rjy,, and so the dominant balance in (VI.21) is

Rinzg—n(unfui)zfle = uizunJr@le. (VI.22)
Tni c On C
Substituting (VI.22) into the non-ideal induction equation (VI.10) with the Ohmic and

Hall terms neglected, we find

0B j X B) X B
— =V X (u; X B) =V X 'U/nXB+u , (VI1.23)
ot COnVni

where vy = T;l is the neutral-ion collision frequency. Thus, there is an electric field

in the frame of the neutrals, generated as the field lines slip through the bulk neutral
plasma. Note that
(jxB)xB  B* . 3.
COnni 47.[Qn1/ni Vni
only targets perpendicular currents; i.e., ambipolar diffusion is anisotropic diffusion. It is
also non-linear diffusion, in that the magnetic-diffusion coefficient is proportional to B2.
(Note that better coupling, v,; — 0o, returns the ideal-MHD case.)
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Finally, with (VI.22) specifying the ion-neutral drift, we have

. 2 2
X BTy iy i|° B? B?
ZmanaAuaAua ~ mini|Aui|2 ~ m;ny J Toi| o TN | UATni | D7 < =,
- COn On B 47t 47t
and so the single-fluid momentum equation (VI.8) becomes
Du Du, Jj
— — =-V = X B. VI.24
th MnNn Dt, pn+c ( )

Therefore, the only substantive change from ideal MHD is an additional (anisotropic)
diffusive term in the induction equation.

VI1.2.2. Wave-driven ambipolar diffusion

Ambipolar diffusion is now recognized to be important in a wide range of astrophysical
plasmas, many of which are extremely complex, both dynamically and chemically. Let’s
curb our ambition and simply investigate how ambipolar diffusion affects linear waves in
a static, homogeneous background. As usual, separate the fields into their background
(adorned by a “0”) and fluctuating parts:

B =Bo+0B, wu,=0du, py=po+0p, on=00+ 00, (VL.25)

with 6 ~ exp(—iwt + ik - 7). Working to O(d), our MHD equations including ambipolar
diffusion become

—iwdp = —igok - du, (VI.26)
(Sp BO . (5B> ik - B()

—iwdu = —ik( +
) 4700

o OB (V1.27)

(5 x Bo) X Bo

COOVni

—iwsB = ik - Bodu — Byik - 6u + ik X . (VI.28)

The final (ambipolar) term may be recast using two vector identities and the linearized
Ampére’s law, 07 = (c¢/4m)(ik X §B):

0j X B B B ByB
ikx{(Jx 0) X Bo :—ikx{ L (l— 020)-6j
CO0Vni C00Vni Bg

B2 ByB,
X 47100 Vni ( Bg > (o )}
kQUIQA (k? X Bo)(k X BQ)
= — I — . 0B
Unji l: szg :l 0 ’

where v3 = B3 /47y refers only to the zeroth-order quantities. Equation (VI.28) may
then be written as

2,,2
[(—iw +F “A) j_ Bxwva)(k X ”A)} .6B = ik- Bodu — Boik-6u.  (V1.29)

Vni Uni

Note that, if k || By, equation (VI.29) is the standard linearized induction equation but
with w — w + ikﬁvi /Vni. In this case, if you remember the linear dispersion relation for

ideal MHD with k = k:HIA)O, you can skip right to the end by simply replacing w with



Plasma Astrophysics 115

w+ ikﬁvi/yni. The result is

k2v3
w(w—H I A):kﬁvi = w=-i

Vni 2l/ni

2,2 2.2\ 2
k”v‘f NG (k'UA> . (V1.30)
Easy...damped shear-Alfvén waves. Physically, as the field lines oscillate with the
effectively inertialess, flux-frozen ions, the inertia-bearing neutrals get left behind (if
k Z 2uvyi/va) and frictionally drag on the ions, damping the oscillation. Put differently,
if an Alfvénic disturbance in the magnetic field has wavelength A < Aap = 7wa Ty, it
diffuses before collisions between neutrals and ions have time to transmit to the neutrals
the magnetic force (e.g., Kulsrud & Pearce 1969, Appendix; also, Mouschovias 1991).

To give you a feeling for the numbers involved here,

B i -1/2 n: -1
A = ni =~ 2 ! s 1.31
AD = TIOAT: (10 uG) (103 cm—3> (3.3 x 10-5 cm—3> pe,  (VI3L)

using m; = 29my, on = 2.33mun, = l.4mpy,ny,, and (cw)ig, = 1.69x 107 cm?3 s71 (see
(VI.14)). To obtain n; in terms of ny,, a customary simplification in used in molecular
cloud research is to assume a balance between cosmic-ray ionization and dissociative
recombination:

CorMH, = QdrMine = Qi (VI1.32)

where (., is the cosmic-ray ionization rate and aq, is the dissociative recombination rate.
Using (o = 5 x 10717 571 and aq, = 2.5 x 107%(7/10 K)~3/% ¢cm? s~! (Umebayashi &
Nakano 1990) to replace n; in (VI.31) by (Cernim, /cvar)'/?, we find

B ny -t
Aap =~ 0.23 (10 HG) (103 C;1_3> pe, (VI1.33)

a suggestive number given that prestellar cores in molecular clouds are observed to be
quiescent with thermalized linewidths (e.g. Goodman et al. 1998; Bacmann et al. 2000;
Caselli et al. 2002; Tafalla et al. 2004).

The general case is more interesting physically. Take ik - (VI.27):

wk - 6u :k2(§p+ BO"SB> _k-Boy s

%0 47tog 47tog
——
= w?éo/00
using
(V1.26)
1) 1) By-6B 1) By-6B
— W22l g2 (p + 0) = k20222 4 22002
20 20 47t 20 47t
1) 16 k2 By-6B
= - _%2_ 097 (VL.34)

Substituting (VI.34) back into (VI.27) and re-arranging leads to

BO -0B w2 ik - Bo
4oy w? — k2a? 4700

—iwdu = —ik

5B, (VL35)
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which may then be fed into (VI.29) to obtain

2,,2
M-5B = { [w2 WL S (k-vA)Q]l— i B X va)(k X va)
Vni Unj
w2 2
+ 53 (k-vakva —kvava) - 6B =0. (V1.36)

Taking the determinant of M and setting it to zero gives the dispersion relation. The
algebra is aided greatly by a good choice of coordinate system:

By =DBoz, k=kz+ki&, O0B=0B2+3B,&+ 3B,y (VL.37)
Then we have
k
kxwvya=—gk va and dvs-0B = —vAk—LéBm. (VI.38)
I
Introducing
0? = w? — (k-va)?, (V1.39)

equation (VI.36) may be written as

2,2 212 ,2
k*vy wk vy

~2 .
w? +iw - 0 0B
Vni w? — k2a? *
5 o =0. (VI.40)
T
0 @2 4 iw——— 0B,
s
ni
The dispersion relation is thus
k22 202 212 2
2, . VlITA 2 2 2 . VA 2 2 WORT UA
w” + iw — kijjv w* +iw —kijvy, — =251 =0, VI.41
< Uni ™A Vi 7A 7 2 — k242 ( )
damped Alfvén waves damped magnetosonic waves

where the two branches have been labelled. For the Alfvén-wave branch, we recover
(VL.30) — damped Alfvén waves. But for the magnetosonic branch, we have

. k23
wt — w?k? (a®+v}) + k2a2k‘ﬁvi = —jw—2 (w? — k*a?). (V1.42)
Uni
fast and slow modes damping by

ambipolar diffusion

Notice that the magnetosonic modes are damped at a different rate than the Alfvén waves!
This is because ambipolar diffusion affects only perpendicular currents, a feature that is
particularly important in the context of planar shear flows and differentially rotating
accretion disks (Kunz & Balbus 2004; Kunz 2008).

VI1.2.3. Gravitationally driven ambipolar diffusion

In the previous section, ambipolar diffusion — ion-neutral drift and the consequent
frictional damping of MHD fluctuations — occurred because the tension in the field lines
drives the ions through the neutral gas. Another way ambipolar diffusion can occur,
particularly important in the context of star formation, is when the neutrals contract
under their own self-gravity as they slip through the magnetic-field lines. You'll do a
problem on this for homework, but it’s worth some foreshadowing.
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Consider a self-gravitating, infinite slab of poorly ionized, isothermal gas, threaded by
a uniform magnetic field and embedded in a hot gas with external pressure peys:

I ‘ v
%]

Force balance along field lines is

d
- diz) = ong = 4nG o> 2. (VI1.43)

Integrating (VI.43) from z = 0 to the surface z = Z yields

Z dp z 2 2 227 mo,
7/ dz — = / dz4nGelz = —Pext + 0nC° = AnGo; — = —Goy, (V1.44)
0 dz 0 2 2

where C' is the isothermal sound speed and o, = 9,27 is the column density of the
neutrals. In molecular clouds, pext/ 0nC? ~ 0.1, so let’s drop it for this simple exercise.
Thus, o, = (20,C?/nG)/2.

A particular important quantity in star-formation theory and observation is the mass-
to-flur ratio, i.e., the amount of self-gravitating mass loaded onto magnetic field lines
enclosed within a flux surface. In the case above,

M R0, on  [20.C%\'?
&z BmR? B B2nG ’
Now, there is a critical value of (M/®p) = (M/®Pp)crit, beyond which the tension

in the magnetic-field lines cannot support the cloud against self-gravitationally driven
fragmentation and contraction. For a slab geometry, it is (Nakano & Nakamura 1978)

M 1
<¢B>Cm = 727“/@ (slab). (V1.46)

(VL45)

For a perhaps more realistic configuration in which a spherical distribution of mass is allowed to
flatten self-consistently along field lines into an oblate spheroid (Mouschovias & Spitzer 1976),

D5 VG

In the central flux tube threading the mass, the critical mass-to-flux ratio is 3/2 times this value.

( M ) o~ 0.126 (oblate spheroid). (VL47)
crit

Thus, in our model cloud,
(M/Pp) _ (8meaC?\"* 0.65( — 12 B\ (VL48)
(M/®B)eric B? -\ 10% em—3 10 uG) '

Such a cloud would be magnetically supported against fragmentation. That is, unless the
mass-bearing neutrals slip through the magnetic field (Mestel & Spitzer 1956). Ambipolar
diffusion can lead to a redistribution of (neutral) mass in the central flux tubes of the
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cloud, leaving the magnetic field behind with the ions (Mouschovias 1979).'* This idea
formed the basis for early theories of star formation, which attributed the inefficiency of
star formation in the Galaxy to magnetic support of clouds on large scales and ambipolar
diffusion leading to fragmentation and contraction on small scales (Mouschovias 1976a,b,
1978, 1979). A lineage of numerical calculations following the contraction of a magnetized,
protostellar core — accounting for myriad effects such as ambipolar diffusion, Ohmic
dissipation, rotation, chemistry, dust grains, radiative transport — have made this into a
quantitative theory (e.g., Fiedler & Mouschovias 1993; Ciolek & Mouschovias 1993, 1994;
Basu & Mouschovias 1994, 1995a,b; Ciolek & Mouschovias 1995; Ciolek & Konigl 1998;
Desch & Mouschovias 2001; Tassis & Mouschovias 2005a,b, 2007 a,b,c; Mellon & Li 2009;
Kunz & Mouschovias 2009, 2010; Dapp & Basu 2010; Li et al. 2011; Dapp et al. 2012).
More recent calculations have ventured into three-dimensional geometry to investigate
fragmentation (Basu & Ciolek 2004; Li & Nakamura 2004; Nakamura & Li 2005; Basu
et al. 2009a,b) and the formation of rotationally supported protostellar accretion disks
(Machida & Matsumoto 2012; Tomida et al. 2013; Machida et al. 2014; Tomida et al.
2015; Zhao et al. 2018), with varying degrees of sophistication in their treatment of the
non-ideal MHD.

Effects like ambipolar diffusion aid in the resolution of one of the most fundamental,
heretofore-unsolved problems of theoretical astrophysics: the magnetic flux problem of
star formation. Babcock & Cowling (1953, p. 373) state it as follows:

Suppose that a star is formed by condensation from the interstellar material
in a region where the magnetic field is sensibly uniform in direction. During the
condensation the density increases by a factor of, say, 10%4; thus, assuming the same
degree of contraction in all directions, the linear dimensions of the mass forming
the star are reduced in the ratio 10® : 1. The contraction squeezes the lines of force
together, the total magnetic induction through the mass remaining constant; thus
the magnetic field increases in the ratio 10! : 1. Hence, if one were to begin with a
field of order 10~° gauss, such as is quoted by some theoretical workers to explain
the polarization of starlight, the contraction would increase this to 10!! gauss. So
high a figure is altogether impossible, since the mechanical effects of a field of 10!
gauss would be so strong as altogether to prevent gravitational forces from pushing
the material together.

Put differently, take a 1 Mg spherical blob from the interstellar medium and compute

MMestel & Spitzer (1956) actually proposed ambipolar diffusion as a means by which an
interstellar cloud as a whole would reduce its magnetic flux and thereby collapse. Some further
history, if you're interested: Pneuman & Mitchell (1965) undertook a detailed calculation of
the collapse of such (spherical) cloud. Spitzer (1968) calculated the ambipolar-diffusion time
scale by assuming that the magnetic force on the ions is balanced by the (self-)gravitational
force on the neutrals. Nakano (1979) followed the quasistatic (i.e., negligible acceleration)
contraction of a cloud due to ambipolar diffusion using a sequence of the Mouschovias (1976b)
equilibrium states, each one of which had a smaller magnetic flux than the previous one. A
new solution for ambipolar diffusion by Mouschovias (1979) showed that the essence of this
process is a redistribution of mass in the central flux tubes of a molecular cloud, rather than
a loss of magnetic flux by the cloud as a whole. He found the ambipolar-diffusion timescale
to be typically 3 orders of magnitude smaller in the interior of a cloud than in the outermost
envelope, where there is a much better coupling between neutral particles and the magnetic
field because of the much greater degree of ionization. This suggested naturally a self-initiated
fragmentation of (or core formation in) molecular clouds on the ambipolar-diffusion timescale
Tap ~ 1.8 x 10° (z:i/ 1077) yr. Time-dependent solutions for gravitationally driven ambipolar
diffusion in slab geometries were obtained by Mouschovias & Paleologou (1981) and Shu (1983).
See Shu et al. (1987) and Mouschovias & Ciolek (1999) for more.
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the magnetic flux threading it:

3Mg | 7/* w( B ni
dp =B =B o~ 1 Mx . 14
B 22 n(49> ~ 5.8 x 10 5.6 )\ Tems b'e (VI.49)
~—~
~10%!
uG pc?

The flux of a typical Ap star'® is ~3 x 1025 Mx. Thus, at least five orders of magnitude
of magnetic flux must be redistributed on the path towards building a star. Want to
solve the problem? A lot of non-ideal radiation magnetohydrodynamics plus chemistry
is needed along the way (see, e.g., Kunz & Mouschovias 2009).

VI1.2.4. Ambipolar diffusion heats plasma

As ambipolar diffusion relaxes perpendicular currents and allows the redistribution
of mass in magnetic flux tubes, heat is generated equivalent to the work done by the
ion-neutral friction force:

(tn — ui) - Riy = %1 x B x B = il P = nali, P (VL50)
n

where 74 is the ambipolar resistivity. Note that na oc (ny,n;)~! — denser gas gets heated
less. This heating was first considered in the context of magnetic star formation by Scalo
(1977) to put constraints on how the magnetic-field strength scales with density during
protostellar core contraction. Zweibel & Josafatsson (1983) considered what constraints
heating by wave damping (including ambipolar diffusion) places on the properties of
the turbulent fluctuations observed in molecular clouds (see also Arons & Max (1975)).
Draine et al. (1983) considered heating by ambipolar diffusion occurring in so-called
“C-type shock waves” in turbulent molecular clouds (see HW04).

VI.3. The Hall effect
VI1.3.1. Astrophysical context and basic theory

Now suppose that |u; — u,| < uy, so that ambipolar diffusion is ignorable, but that
(di/fB)(0/0;)'/? ~ 1 (recall (VI.12)). That is, the ions appreciably drift with respect
to the electrons on the scales of interest. (In what follows, we will also ignore Ohmic
dissipation, postponing its discussion to §VI.4.) In a fully ionized plasma, this is only
true if the magnetic field has structure on scales £ comparable to the ion skin depth
d;. But in a poorly ionized plasma, the ion skin depth is effectively larger by a factor of
(o/ gi)l/ 2. which is potentially huge in protostellar cores and protoplanetary disks. This
is an inertial effect: as a magnetic fluctuation oscillates in a plasma, for the ions to be
responsive to that fluctuation they must cope with the sluggishness of not only their
inertial mass but also the inertial mass of the more abundant neutrals to which they are
collisionally coupled. This makes for a larger Hall length scale,

vz
g = di(9> =2 (VL51)
i WH

154 type of star believed to avoid the convective stage as a protostar and thus avoid appreciable
dynamo amplification of any fossil field. A typical Ap star is 6 Aurigae, which is young
(~200 Myr) and has a radius 4.5 R and magnetic-field strength ~1 kG (van Rensbergen
et al. 1984).
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where
- ¢ B ni

ue n
is the Hall frequency (e.g., Kunz & Lesur 2013). (Recall the definition of u, the mean
mass per particle: (VI.17)). Note that ¢y is independent of the magnetic-field strength.
At scales ¢ < fy, the Hall effect is important.

An example of an astrophysical system in which the Hall effect is very important is
a protoplanetary disk, ~1-10 au from the central protostar in particular. While such
systems are chemically rich, for the sake of obtaining a simple estimate let us assume
the customary balance between cosmic-ray ionization and dissociative recombination,
equation (VI.32). Setting m; = 39m,, (appropriate for K* being the dominant ion) and
= 2.33mp, and using (e = 5 X 1077 s7! and aq, = 2.5 x 1075 (7'/10 K)’3/4 cm?® g1
as in §VI.2.2] equation (VI.51) becomes

nllﬂ/2 T 38
lg ~2.5x 1076 n_? au ~ 0.24 <100K) au, (VIL.53)

independent of density. Comparing this to the disk scale height in the minimum-mass
solar nebula (MMSN; Hayashi 1981),

R\ %4 R\ /2
h ~0.033 ( ) au with 7T ~ 280 () K,

1 au 1 au
we have
¢ R\ 17/16
% ~ 5<1au) = flu~Hat R~5au. (VL.54)

Given the uncertainties in these numbers, the radial location in a protoplanetary disk
at which scales comparable to the disk scale height are subject to Hall electromotive
forces likely ranges between ~1-10 au. (Within ~1 au, cosmic rays are attenuated, the
ionization fraction drops precipitously, and Ohmic dissipation becomes the dominant
diffusion mechanism.) Dust grains complicate this estimate greatly, especially since they
tend to be the dominant charge carriers around ny, = 102 cm™2 (e.g., Umebayashi &
Nakano 1990; Desch & Mouschovias 2001; Kunz & Mouschovias 2010).

Under these conditions, and again specializing to a quasi-neutral ion-electron-neutral
plasma devoid of dust grains, the non-ideal induction equation (VI.10) becomes

0B

_ _JXxXB
ET V X <u>< B p— ), (VIL.55)

where u ~ u,, ~ u; and j = ene(u; — Ue).

VI1.3.2. Wave-driven Hall diffusion

As in §VI.2.2, let us temper our ambition and focus first on the linear theory of waves
in a static, homogeneous plasma, subject to Hall diffusion. The linearized continuity and
momentum equations are identical to (VI.26) and (VI.27), respectively. The linearized
induction equation (VI.55) becomes

(VL56)

—iwdB = ik - Bydu — Byik - Su — ik X (‘WBO>

€Neo
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The final (Hall) term may be recast using two vector identities and the linearized
Ampére’s law, 07 = (c¢/4m)(ik X dB):

ik X <6J XBO) ik:-BO( 0] )lk( 0] )Bo
eNeo €Ne €ENeo

0
. B .
:ik:-BO(CIkX(S )—ik- cik X § B,
4eneg TlENeo
ck - BO
=———(kxJB
4meneg (kX )
Equation (VI.56) may then be written as
k-B
— iwéB — L0 () % §B) = ik - Bodu — Boik - du. (VL57)
TteNeo

Before using the linearized continuity and momentum equations in (VI.57) to obtain
the dispersion relation, let’s do something extremely simple yet incredibly enlightening.
Set du = 0, i.e., stationary ions and neutrals. Using k-6B = 0, equation (VI.57) then
becomes

—0B=0 = w=x=

k-Bo\ k2 k-B
¢ 0) i ckk-Bo (VL58)
iw 471eneg

— iwdB — (

47teneg
This is the linear dispersion relation for a whistler wave. Note that is it a dispersive
wave, in that different wavelengths travel at different speeds. Note further that there is
no dissipation involved. Why? For k || By and By = B2, equation (VI.57) with ju = 0
may be written as

[ oB. ckkyBo [ 0 1 ][ 9B
Ciw _ CFRBo

1 =0. (VL.59)
6B, Teneo | 10 6B,

The Hall effect is just rotating the perpendicular magnetic-field fluctuations about the
guide field! Indeed, eigenvector corresponding to (VI.58) is 6B, /0B, = +i. That there is
a rotation involved should have been clear from the (k X dB) in (VI.57).

Now let’s restore the ion/neutral motion:

. Ck'B() . wk BO'(SB 1kB()
—iwdéB — kxoB)=ik-B - — 0B
w Tteneo( X 0B) =i O(aﬂ — k2a? 4mpoq w 4700 )
. wk B0°5B 1 k)’BO
— Byik- - — 0B ). 1.
ol <w2 — k2a2  4moq w 41 ) (V1.60)

Multiplying by —iw, using k-dB = 0, and rearranging (VI.60),

w2

iwck - B
{[WZ—(’C-UA)Q]I+ W(k'vAkvA_kz'UA’UA>}'5B: 70

k X dB.
4meneg

(VL61)

Using the same coordinate system as in (VI.37), the dispersion relation emerges after a
few lines of algebra:

2 ckk Bo 22 2 ckky Bo 2.2\ _ Wkl o 2 2
<w +W47_[eneo —]f”’UA w _w47'[e’n,e() —k”UA = m(w —kHUA) (VIGQ)

Let us focus on incompressible fluctuations, which may be extracted by taking a?> — co
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(i.e., pressure fluctuations propagate instantaneously). The right-hand side of (VI.62)
then drops out and we find that the positive-frequency solutions satisfy

Ckk’HBo CkkHBo 16me2n2 1 2wy 2
= 1+ 0 = —fyuakl 1 1
. :’:87teneo + 8meneo + c2k2 g o IvAREH T + ko

(VL.63a)
kjva (F, Alfvén wave) if kdy < 1
k
- %wH (—, left-handed ion-cyclotron wave) if kd; > 1 (VI.63b)

kjvaklu (+, right-handed whistler wave) if kd; > 1,

where pu = o/n.
For k = k), the dispersion relation looks like this:

with the long-wavelength Alfvén waves bifurcating at kd; ~ 1 according to their handed-
ness. The ion-cyclotron wave gets “cut off” at the Hall frequency, at which the rotating
electric field associated with the left-handed wave resonates with the ion gyro-motion.
At this resonance, wave energy is converted into perpendicular kinetic energy of the
ions. (The right-handed whistler wave gets cut off at the electron Larmor frequency for
a similar reason.) This difference in handedness of can be obtained from (VI.61) in the
Kkl > 1 limit:

0B,

0B,
For an ion-cyclotron wave, 6B,/0B, ~ —1(k/k|‘)(k£H)2, whereas for a whistler wave,
0By /0B, ~i(k/k)). Graphically,

~d+— k%AéH (VL.64)

@ (A’ACM—))
Hot w‘ﬁd s (k)

W m“u\lfo CC
" o & dye (R
o (,(% as eledea

O, (ow,w; l‘w) CWM lma)

w(mjf(u =

ctbale, W,

Whistler waves have been studied in the magnetosphere for more than 100 years,
starting with passive ground observations of very-low-frequency radio waves from the
ionosphere. (The following historical tidbits are taken from Stenzel (1999).) Preece
(1894) reported that operators on the Liverpool-Hamburg telephone lines heard strange
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rumblings. Barkhausen (1919) described observations of “Pfeifténe” (whistling tones) on
long wire antennas and related their occurrence to lighting and auroral activity. After
World War 11, a lot of research into whistler waves started (not surprisingly). Whistlers
have a distinct pattern in observed frequency versus time:

Stanford VLF Palmer Station 2004-07-23

8000

600!

Frequency (Hz)
dB-fT/HZ'"?

0355:28 0355:29 0355:30 0355:31 0355:32 0355:33 0355:34

Time (HHMM:SS)
Because w o« k? implies a phase velocity ock, the highest-wavenumber /frequency waves
arrive first, leading to the descending tone. Such observations can be used to measure
the electron density of the ionosphere.

V1.3.3. The Hall effect does not heat plasma

From (VI.63), it is clear that the Hall effect results in wave dispersion but not wave
dissipation. Indeed, the electromagnetic work done by the Hall electric field, 5+ Ey
j+ (4 x B) = 0. This makes sense from the physical discussion in the previous section:
the Hall effect only rotates magnetic-field fluctuations; it does not damp their energy.
Because of this, it is a bit of a misnomer to refer to “Hall diffusion”, as it’s not really
diffusion in the usual dissipative sense of the word. Because collisions are not involved,
there is nothing irreversible about the Hall effect (despite the ny notation used in §VI.5).
It is simply a result of differences in the field-perpendicular fluid motion of oppositely
charged species caused by their disparate inertia.'%

V1.3.4. Lorentz force, Hall effect, and canonical vorticity

Those differences result in an interesting change to Kelvin’s circulation theorem. In
HWO02 #3, you showed that, for p = p(p), the fluid vorticity w = V X u satisfies
ow

jxB
— 1.
5t Vx<u><w+ p” ), (VI.65)

so that the circulation I" = f Sw-dS within a fluid element is conserved but for the
rotational influence of the Lorentz force:

Dr ) X B
- = ]{ (J ).dz. (VL66)
Dt as\ ¢cp
Now, when the Hall effect is important, the induction equation (VI.55) reads
oB | X B
:Vx(uxB—J ) (VL67)
ot ene

Compare (VI.65) and (VI.67). Clearly there is some special symmetry here that is saying
something important. Just as the Lorentz force changes the number of vortex lines
threading a fluid element, the Hall effect changes the number of magnetic-field lines

Disparate inertia is key. There is no Hall effect in a pair plasma.
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threading a fluid element. Indeed, the origin of the Hall term is the differential motion
between the electrons, to which the magnetic-field lines are tied (modulo Ohmic losses),
and the drifting ions, which we take to be collisionally well coupled to the bulk neutral
fluid.

Since the divergences of both the vorticity and the magnetic field are zero, any new
vortex and magnetic-field lines that are made must be created as continuous curves that
grow out of points or lines where the vorticity and magnetic field, respectively, vanish. Put
simply, just as the effect of the Lorentz force on the vorticity is non-dissipative, so too is
the Hall effect on the magnetic field; vorticity and magnetic flux can only be redistributed
by these processes. We now prove that they must be redistributed in a specific way.

Consider the canonical momentum

A ne
Pean = MU+ = 0 (VI.68)
cn
and the associated canonical vorticity
1 B
Wean = —V X oy = @ + — 2 (VL69)
m men

where A is the vector potential satisfying B = V X A. The final term in (VI.69) should
look familiar. Combining (VI.65) and (VI.67), we find that the canonical vorticity satisfies

awcan
ot

This equation states that, in the absence of dissipative sinks'”, the canonical vorticity is
frozen into the fluid. As a result, the combined number of vortex and magnetic-field lines
threading a material surface is conserved; i.e., the canonical circulation

1
Lean ij{ Ocan * AL (: /wcan-dS) (VL.71)
as mJs

around a simple closed contour S bounding a material surface S is a constant. This
is simply Kelvin’s (1869) circulation theorem generalized for Hall-MHD. An important
consequence is that a local increase in magnetic flur must be accompanied by a local
decrease in vorticity flux and vice versa.

Such behavior is absent in ideal MHD, in which the magnetic flux is conserved for each
fluid element independent of how the vorticity is advected. The difference is due to the
fact that, in Hall-MHD, the ion-neutral fluid drifts relative to the field lines and, as such,
has its momentum augmented by the magnetic field through which it travels. One may
think of this as a consequence of Lenz’s law. This property received special attention
in work by Kunz & Lesur (2013) on the magneto-rotational instability in poorly ionized
protostellar accretion disks, with surprising consequences for its saturation and the global
self-organization of the magnetic field.

=V X (U X wean)- (VL.70)

VI.4. Ohmic dissipation
VI.4.1. Astrophysical context and basic theory

Up to now, we’ve assumed that there is always at least one a species that is infinitely
conducting, i.e., there is a species into whose fluid velocity the magnetic field is frozen.
We now relax that assumption and, in so doing, introduce a finite conductivity o that

17, . which add V?(vw 4 nw) to the right-hand side of (V1.70).
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relates the current density j to the electric field E’ in the rest frame of the plasma:
j=ocFE. (VL.72)

I speak of a “plasma rest frame”, as I am no longer distinguishing between the fluid
velocity of the neutrals and that of the charged species. Finite o implies finite resistivity
7, which in a collisional plasma is driven primarily by the friction force between the ions
and electrons (see (VI.4) with (VI.16)):

MeNe J

0~ Ry — en.E' = %(ui — o) —en.E' = = —en.E’
Tei Tei €ENe
. e2ne7ei ’ - PR
= J= E' =0cFE =-F. (VL.73)
Me n
Using Ampére’s law, the non-ideal induction equation then reads

0B cn

— =V B)-V —V XB|. VI1.74

5 X (u X B) X ( i VX ) ( )

The first term is the familiar advection term. The second term might look more familiar
to you if we take the resistivity to be spatially uniform and use V x (V x B) = —V2B
to obtain
B 2
687 =V X (uxB)+ %
in which case the resistive term leads to a diffusion equation with diffusion coefficient
c?n/4m. Because this factor of ¢? /47t is often a nuisance to carry around, I will henceforth
absorb this factor into the definition of the resistivity and regard 7 as a diffusion coefficient
(with units of length? per time).
The relative importance of the advection and diffusion terms in (VI.74) is quantified
using the dimensionless magnetic Reynolds number,
Rm = L (VL75)
n
where U and L are characteristic scales for the flow velocity and spatial gradients,
respectively. For example,

V’B,

liquid metals in industrial contexts: Rm ~ 1073 ...1071,
laboratory plasma-astrophysics experiments: Rm ~ 1...100 (and growing),
planetary interiors: Rm ~ 100. .. 300,
solar convective zone: Rm ~ 10°...10°,
warm phase of the interstellar medium: Rm ~ 10'%,
intracluster medium of galaxy clusters: Rm ~ 10%°.
But be careful: even in situations with Rm >> 1 on the macroscopic scales, resistivity
may still be important if sufficiently small spatial scales are produced, say, by a turbulent

cascade or in a forming current sheet. Both of these topics — turbulence and reconnection
— will be covered in Parts VII and VIII. For now, let’s take a quick look at linear theory.

VI1.4.2. Wave-driven Ohmic dissipation

Regarding the linear theory of waves on a static, homogeneous background, there is
nothing particularly special about the Ohmic decay of Alfvén waves versus the Ohmic
decay of magnetosonic waves. Because the diffusion operator is isotropic, all modes
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suffer the same rate of magnetic diffusion, dependent only upon the magnitude of the
wavenumber. Indeed, the linearized induction equation is

— iwdB = ik - Bodu — Byik - du — k*néB. (V1.76)

In the final term, there is no projection onto the plane perpendicular to k X By (as in
ambipolar diffusion), nor is there a k-dependent rotation of the magnetic perturbation
(as in the Hall effect). There is only a simple, isotropic decay at a rate k7. For a shear
Alfvén wave with du = —(k - Bo/w)(0B/4mp), equation (VI.76) becomes

[w(w + ik*n) — kfvX]6B = 0, (VL77)
whose solutions satisfy
k*n k2 \?
w = —17 + k:HvA 1-— (Zk:vA . (VI.?S)

For Rm ~ va /(kn) > 1, these solutions become w = +kjva —ik?n/2, i.e., weakly damped
shear-Alfvén waves. Magnetic-field fluctuations produce currents, currents are associated
with drifts between the charged species, and these interspecies drifts are damped by
collisional friction.

VI1.4.3. Ohmic dissipation heats plasma
Think back to grade-school physics when you played with circuits... power is current
squared times resistance, P = RI?. In the language of non-ideal MHD, j - E' = n|j|?. It
is straightforward to show by dotting (VI.74) with B/4m that this is precisely the rate
at which the total magnetic energy decays:

d [y B /dV I «B Cfds (E x B) /dV 312, (VL79)
— — = - u-| = - — . — . .
dt 87 c 47 n
minus the work of the Poynting flux Ohmic
Lorentz force on the flow dissipation

This liberated magnetic energy must go somewhere, of course, and it does:

p D, . p )
] ﬁlng = nl3]%, (VI.80)

Voila. Joule heating.

VI.5. A more rigorous derivation of a generalized Ohm’s law

This is optional material detailing a more rigorous derivation of the non-ideal induc-
tion equation.
Consider the (inertia- and pressure-less) force equation for the charged species:

0= qgarta (E 4 Yoy B) + Ron, (VL81)
c
where a = 1i,e,g4,g_. With the friction force due to collisions with the neutrals given by
On Oa
Ranzi n— WUa) = ——(Un — Uy),

equation (VI.81) becomes

0 = gana (E + u—ca X B) + —(un — uq)- (VI1.82)
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We are going to use this system of equations to obtain E. We’ll only consider elastic
collisions with the neutrals, since these are the dominant collisions in most of the
parameter space in molecular clouds and their cores. The collision time scales for ion—
neutral and electron—neutral collisions were already provided in (VI.14) and (VI.15); for
collisions between grains with radius ag, and neutrals,

Tng = mnpnNn Tgn =1.09 M, (V183)
Mglg Mg (0W)gH,
where the mean collisional rate between the grain species and Hs is
8kpT \ '/
2 B
(aw>gH2 = Tay, (ﬂmH2) for |u, — 'u,g| < C. (V1.84)

Collisions between, say, ions and electrons can be readily incorporated at the expense of
algebraic discomfort. For an inclusion of inelastic grain-grain collisions, see the Appendix
of Kunz & Mouschovias (2009).

The derivation begins by shifting to the frame of the neutrals by introducing w, =
Uy — Uy and E, = E+ u,, X B/c, so that (VI.82) becomes

0= gana (En + % X B) _ Lo, (VL.85)

TO(H
Using quasi-neutrality, the current density j = Y ¢aftaUa = Y, daNaWq. Thus, if
we can write w, in terms of the electric field E, we can invert this equation to obtain
E = E(j) — a generalized Ohm’s law.
To solve (VI.85) for the relative species velocities w,, start by taking its cross product
with B and multiplying by ¢ 7an/mac to find

2
daMaTan

M C

Adding (VI.86) to (VI.85) and multiplying by 7an/0a,

0= (En x B — MB?) — Gana 22 x B. (VL86)
(& C

qOLTOCIl
Mq

0=2T g (Q0Tan)? (EEn x b — waL) — w,. (VL.87)

B
Note that if the entire plasma is well magnetized, viz. (£247an)? > 1 for each «, then the
leading-order motion of all species consists of the same E X B drift.

We solve (VI.87) by examining its parallel and perpendicular components separately.
The former gives

QaTan daMaTan .
Wal = - Ey = J4)= (Z * ) nf| = <Z"a>En| =0 By,

(VIL.88)
where the parallel conductivity o) has been defined in situ. The perpendicular component
of (VI.87) may be rearranged to obtain

1 Qa an 7
T E,Xb

_ Qa Tan

Wal = My |:1 + (QaTan)Q Enl + 1+ (QaTan)2

Oa UonaTan 7
= — - | E, —cetfalon B oxb
— [%:H(Qamn)?} L %:H(Qaram] %

= ULEnL — O’HEn X I;, (VIgg)
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where the perpendicular conductivity o, and Hall conductivity oy have been defined in
situ. Combining (VI.88) and (VI.89), the total current density

j=0yEn +0.Ey —ouE, xb, (VL.90)
which may be inverted to find
Ey =4, +nLj, +nuj X b, (VL91)
where the parallel, perpendicular, and Hall resistivities are

]. . g

n=—, NL=

; (V1.92)
o

O_i+012_17 nH_Ui‘f’UIQ_I’
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=mny and na=nL—n|, (VL.93)

respectively. Thus,
Un . . .3
E=——"XB+n0j+naj. +mjxDb (V1.94)

is the generalized Ohm’s law. Note that an arbitrary number of species may be included
in this expression, so long as their abundance is 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. (Regarding this final point, the inclusion of inelastic
collisions between charged grains, neutral grains, ions, and electrons does not change the
basic form of (VI.94).)

PART VII
Reconnection

Magnetic reconnection refers to the topological rearrangement of magnetic-field lines that
converts magnetic energy to plasma energy. In these lecture notes, we will assume that
such a rearrangement is facilitated by a spatially constant Ohmic resistivity, as might
occur in a well-ionized collisional fluid:

88—? =V X (ux B)+1V*B.

This assumption is obviously not warranted in hot, dilute astrophysical systems, such as
the collisionless solar wind, or in poorly ionized systems, like molecular clouds and pre-
stellar cores. But let us assume this anyhow, knowing that (i) the physics of reconnection
in even the simplest of systems is surprisingly rich and complex, and (ii) there is a
huge amount of literature on all aspects of magnetic reconnection in a wide variety of
environments. This part of the lecture notes is not intended as a replacement of that
literature, nor a synopsis of current research in the field (particularly in the laboratory
and the Earth’s magnetosheath). What follows is an incomplete presentation of a few key
highlights in the theory of magnetic reconnection, which will hopefully provide enough
pedagogical value and inspiration to encourage you to dig into the literature further. For
that, I recommend that you start with the excellent review articles by Zweibel & Yamada
(2009), Yamada et al. (2010), and Loureiro & Uzdensky (2016).
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VII.1. Tearing instability

VIIL.1.1. Formulation of the problem

We begin by analyzing the stability of a simple stationary equilibrium in which the
magnetic field reverses across = = 0:

By = B,(2)§ + B2, (VIL1)
where By(z) is an odd function and B, = const denotes the guide field. A oft-employed
profile for B, (z) is the Harris (1962) sheet:

By(z) = B, tanh(g), (VIL2)

where B, is the asymptotic value of the reconnecting field and a is the characteristic
scale length of the current sheet. Its profile, and the associated current density j, =
(B./a)sech®(z/a), are shown in the figure below:

1 |

j=/(B:/a)
-1 1 1 1

—4 -2 0 2 4
x/a

The quickest route through the tearing calculation employs the RMHD equations (V.34)
governing the evolution of the stream and flux functions @ and ¥, respectively, whose
gradients describe the (incompressible) velocity and magnetic fields perpendicular to the
guide-field axis, 2:
—ixV.d, DL _ixvw VII

U =zX V9P, \/Tﬁ—zx 1 Y. ( 3)
Thus, By(z)/+/4mp = ¥ for some equilibrium ¥y(x). If By(x) is taken to be the Harris-
sheet profile (VIL.2), then ¥ = ava , In[cosh(z/a)], where va , = B,/v/4mp is the Alfvén
speed associated with the reconnecting field. The RMHD equations are repeated here for
convenience:

0 0
“ U+ {P W} =pp— 2y 1.4
at + { ) } VA 82’ + nVL 5 (V )
0 0
aviqs +{o,Vio} = vAaviw +{w,viv} (VIL5)
where the Poisson bracket
{00} =%2- (V. OXV V). (VIL6)

A constant Ohmic diffusivity 1 has been included in the un-curled induction equation,
(VIL4).

The equilibrium (VIL.1) is perturbed by small fluctuations having no variation along
the guide field and a sinusoidal variation along the reconnecting field:

D = p(x)e™VT W =y(2) + (2)eFV, (VIL7)
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where k is the wavenumber and + is the rate at which perturbations will grow or decay.
Substituting (VIL.7) into (VIL.5) and (VII.4) and retaining terms of only linear order in
the fluctuation amplitudes, we have

d? 2 . ’ d? 2 . "
1 g K)o =B 5 — K Ju — ik, (VIL8)
. / d2 2
Y = koW = n{ 5 — k" J¥. (VIL9)

The trick to solving this set of equations is to realize that, as 1 tends towards zero,
the derivative on the right-hand side of (VII.9) must grow to balance the terms on the
left-hand side. In other words, a boundary layer forms about x = 0, outside of which the
system satisfies the ideal-MHD equations and inside of which the resistivity is important.
The width of this boundary layer is customarily denoted d;,, and much of reconnection
theory rests on determining its size given the various attributes of the host plasma. To
do so, we will first solve (VIL.8) and (VIL.9) in the “outer region”, where the resistivity
is negligible and the system behaves as though it were ideal. Then they will be solved in
the “inner region”, where the resistivity dominates and k ~ a~' < d/dz ~ 6;.*. The two
solutions must asymptotically join onto one another; this matching, along with boundary
conditions at = 0 and too, will determine the full solution.

Before proceeding with this program, it will be advantageous to define the resistive
and Alfvén timescales,

. a? d . 1 1
= — 1 = =
n 7 & A ka@l(0)  kva,’

(VIL.10)

respectively. We will assume 7,~ l«yx TX17 i.e. the tearing mode grows faster than it
takes for the entirety of the current sheet to resistively diffuse but slower than it takes
for an Alfvén wave to cross k—'. Physically, this implies that the outer solution results
from neglecting the plasma’s inertia and Ohmic resistivity.

VII.1.2. Outer equation
Adopting the ordering 7,7 < 7 <« 751, equations (VIL8) and (VIL.9) reduce to

d2 W/// ,y
(x T wig)dj‘)“t =0 and o = gt (VIL11)

Note that ¥y /¥ = B,/ /B, measures the gradient of the current density, and so different
current-sheet profiles will result in different solutions to (VII.11). Regardless of the exact
current-sheet profile, however, both ¢, and ¥, must tend to zero as z — 4oco. Also,
since the y-component of the perturbed magnetic field must reverse direction at x = 0,
Yout must have a discontinuous derivative there, corresponding to a singular current.
Indeed, it is this discontinuity that characterizes the free energy available to reconnect,
quantified by the tearing-instability parameter

/- 1 dwout 0
wout (0) dl’ _07

(VIL12)

and that ultimately warrants consideration of a resistive inner layer.
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VIL.1.3. Inner equation

In the inner region where k < d/dz ~ 6, the dominant terms in (VIL.8) and (VIL.9)
are

P o, P
2~ Mo (VIL.13)
2.y
Yin — ikpiny = nd Vin (VIL.14)

da?

These equations may be solved analytically provided some amenable form of . Because
we are deep within the current sheet, the leading-order term in a Taylor expansion will
suffice, viz., ¥ ~ ¥[/(0)x = var(z/a). Then (VIL.13) and (VII.14) may be straightfor-
wardly combined to obtain

i v 1P @1 n d2
=— —— = 1= ==— |%in|- VII.15
da? [klI/é’(O) xda? |z v dz? v ( )
With some effort, this equation can actually be solved for 1;, analytically. I’ll show you

how below. But even without that effort, equation (VII.15) may be used to estimate the
width of the boundary layer, d;,:

2 N ) W’Tg e
1~ — (1A ) VII.16
(ara T e () (VIL16)
Note that d;, depends on k — each tearing mode k has a different boundary-layer width;
because of this, each k will correspond to a different A’.

Normalizing lengthscales to d;, by introducing & = x/8i,, equation (VII.15) may be
written as

d®,  14d%[1 d2
e = gae [5 (A - )wm}, WVILD

de?
where the eigenvalue A = 3/ QTATnl/ 2 = 762, /n is the growth rate of the tearing mode
normalized by the rate of resistive diffusion across a layer of width d;,. Provided we can
solve (VII.17), the solution t;, must be matched onto the outer solution t,,;. This is
done by equating the discontinuity in ¢out, quantified by A’ (see (VIL.12)), to the total
change in dv;, /dz across the inner region, viz.,

2 [t 1 A%
A= dé —— .
6in /0 6 1ﬁm(o) d€2

(The factor of 2 is because the solution is odd, and so the total change across the z =0
surface is twice the change measured for > 0.) The upper limit on the integral can be
extended to +o0o by committing only a ~10% error:

, 2 > 1 d21/Jin
A= — dé ——— . VII.18
in /0 ¢ in(0) d&? ( )

So, find 9(§) by solving the inner equation (VII.17), compute the integral in (VII.18),
and invert the answer to obtain the growth rate in terms of A’.

Before carrying out that program, it will be useful to further simply (VIL.17) by
introducing

X(6) = 52(% Vi“f)} : (VIL19)
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d [d/1dy AN T
ie (@) - (1rah]=o (VIL20)

Integrating this equation once and, for reasons that will eventually become apparent,
setting the integration constant to —x.., we find

so that

d /1dy
laar ) (@ 4)x = —xet .21
§d§(€2d§> (€2 + A)x = —xwct (VIL21)
Once this equation is solved, the inner solution is obtained using (cf. (VII.19))
o0 T [ele] ! T
un© = ¢ [P g [T X e, (VIL22)
3 r 3 r

which may then be plugged into (VII.18) to compute A’.

VIIL.1.4. Approximate solutions

There are a few ways to solve (VIL.11) and (VIL.21), none of which are particularly
obvious. However, it’s possible to obtain scaling laws for A’ and the tearing-mode growth
rate v without actually doing so. In fact, the answers obtained in this way differ from
those obtained by a more mathematically rigorous solution (see §VII.1.5) by only order-
unity coefficients. Nice.

We start with (VIL.11), the outer equation. With some knowledge that the fastest-
growing modes occur at long wavelengths (ka < 1), we can make some progress by
simply dropping the middle term in (VII.11). Then, so long as B, varies faster within
|z| < a than it does at |z| > a, we can estimate

1
~ ka2’
(This scaling is exact for the Harris-sheet profile, solved for in §VIL.1.5.) One may
formalize this estimate somewhat (Loureiro et al. 2007, 2013) by quantifying what “varies
faster within |z| < a than it does at |z| > ¢” means, but not much is gained intuitively
by going that route, and the estimate (VII.23) will suffice.

As for the inner equation (VII.17), we know from (VII.21) that, whatever its solution,
in(€) only depends on the parameter A. Thus, equation (VII.18) may be written as

A'Siy = f(A) (VIL24)

for some function f(A). Combining (VII.23) and (VII.24) yields an expression for the
growth rate, provided we can invert f(A). Fortunately, we can, at least in certain limits.

The first limit is the so-called “constant-i¢) approximation” or “FKR regime”, which
corresponds to f(A) ~ A < 1 (Furth et al. 1963). Then (VIL.24) gives A’d;, ~ A, so that

A (VIL.23)

i 5 2/5
rerr ~ 7y (A 2 (A) (Aa)'/? (VIL25)
U
With A" ~ 1/ka? (see (VII1.23)), these become
TERR | (ka)=2/5873/5 O (ka)~3/5572/5 (VII.26)
var/a @ g a

where we have introduced the Lundquist number

S, = a”;;’r. (VIL27)
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Note that longer wavelengths have faster growth rates (the divergence as k — 0 will be
cured in the “Coppi” regime, in which the small-A” assumption breaks down — see below).
This approximation results from setting ¥, = i, (0) on the left-hand side of (VIL.14),
so that the inner equation (VII.14) becomes

. " d2win
V¥in(0) = ko (0)z = n-75 (VII.28)
and so (cf. (VIL.21))
od [ 1dx 9 o
3 a (@(:15) =& (X = Xoo) = —APin(0). (VIL.29)

In effect, we are assuming that the resistive diffusion time across the inner-layer thickness
is much shorter than the instability growth time, i.e., v < 7/62, so that v, can be
approximated as constant on the dynamical time scale. Using (VII.26) in this inequality
requires S, > (A’a)?. This is sometimes called the “small-A’ regime”.

The second limit is the “Coppi regime” or “large-A’ regime”, in which the constant-1
approximation breaks down and y ~ 7/62 . This occurs for A ~ 17, at which f(A) — oco.

The growth rate then becomes independent of A’ and we have

—2/3 din a\"?
YCoppi ~ Ta 77;1/3, — (ﬂv) (VIL.30)

In terms of the tearing-mode wavenumber k£ and the Lundquist number .S,

Compt | (pay2/3g=1/3 O pgy-1/3 g1/, (VIL31)
VA /G a
In this limit, the shorter wavelengths have faster growth rates, opposite to the FKR
scaling (VII.26). This suggests a maximally growing mode, whose growth rate vymax and
wavenumber k., may be estimated by matching the FKR, solution (VII.26) to the Coppi
one (VIL31):

_ max — 5in —
VEKR ~ YCoppi ==  maxa ~ Sy /4, max g1z O g-1/4 - (y132)

var/a @ a

Note that the FKR (Coppi) regime corresponds to k > kmax (kK < kmax)-

Of course, all of these scalings make sense only if the modes can fit into the current
sheet, i.e., kL = 1, where L is the length of the current sheet. For the maximally growing
mode to be viable thus requires a current-sheet aspect ratio of L/a 2 Sé/ 4 If this
inequality is not satisfied, then the fastest-growing mode will be the FKR mode (VII.26)
with the smallest possible allowed wavenumber, kL ~ 1. Thus, low-aspect-ratio sheets
with L/a < S;/ * will develop tearing perturbations comprising just one or two islands;
the high-aspect-ratio sheets, in which the Coppi regime is accessible, will instead spawn
whole chains comprising ~kn.x L islands.

VII.1.5. Exact solution for a Harris sheet

This is optional material detailing a more rigorous derivation of the tearing-mode
dispersion relation.

The solutions obtained in the last section should suffice for this course. But with some
(read: a lot of) effort, one can be more precise. For that task, let us adopt the equilibrium
flux function ¥y = ava ; In[cosh(z/a)], corresponding to the Harris-sheet profile (VII.2).
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Then (VIIL.11) becomes

2
e Sech2<x>} Gout =0 and  dous = —i7A coth(f)@bout. (VIL33)
i a a a

The former equation can be solved by changing variables to p = tanh(z/a), so that
sech?(z/a) = (1 — p2)~! and

d_l—/ﬁi d2_1—uzil—p2d

dz a dp de?2  a dp a dp

Then (VII.33) becomes

d d k%a? .
|:dlu,(1 - /12)@ +2— 1_’u2:| d)out =0 and ¢0ut = —IYTA 7/}:;1;7 (VII?)4)

the first of which you might recognize as the associated Legendre equation

d o d m?2 mooy
{du(l—ﬂ )@4‘[@‘*'1)—1_7‘# P (p) =0

with £ = 1 and m = ka. Transforming the boundary conditions ¢(£o0) = 0 into ¢ (u =
+1) = 0 and enforcing (u) = ¥(—pu), the solution to (VIIL.34) is thus

wout = Clmplm (N): (V1135)

with Cy,, = const. If you can’t picture in your head what the first associated Legendre
polynomial with non-integer m looks like — I know I can’t — you may like to know that
the outer solution may be equivalently written as

1 x
1 —kx el
Yout () = C1,,e {1 + Ta tanh(a)} (VIL.36)

for £ > 0, where C7,,, = const. (Note that out(—E&) = Yout(§).) Visually:

4+ ka=0.2

0 1 1 1
—20 —10 0 10 20

x/a

Recall that A’ measures the discontinuity of diout/dz at © = 0 (see (VIIL.12)). Solving
for Ch,, (or C1,,) requires matching onto the inner solution, but even before doing that



Plasma Astrophysics 135
we can compute A’ using You o¢ P (p) in (VIL12):18

()
=2l ——-m
=0 m

—9 (kla - k:a) . (VIL37)

1 apm|™?
P(0) dp

2 APy
o Pr(0) dp

Aqg =

Note that A’ > 0 requires ka < 1 — any unstable mode must have an extent at least as
large as the current-sheet thickness. This places an upper limit on the wavenumber of
the FKR modes (VII.26).

As for the inner equation, let us use its compact form (VII.21), repeated here for
convenience:

1 dx 2 2
& ( ) — (€ +4)x = —x€, (VIL38)
dg\ &2 d¢

where A = 73/2TAT$/2. There are a few ways to solve (VIL.38), none of which are
particularly obvious. One way, explained in Appendix A of Ara et al. (1978), is as follows.
Write

X = Xoo 3 an L3 (€2) 7€ 2, (VIL39)
n=0
where L& (z) are the associated Laguerre (or “Sonine”) polynomials satisfying

d2ri ari .
g et l-z)——+ nL{® = 0. (VIL40)
Substitute this decomposition into (VII.21) and use the recursion relations
dL&

L = —LoT1(2) if 1 < n (= 0 otherwise),
z

1 _
nL$ (2) = - ( + 2) L2 (2) = 2L (2),
to obtain

Z €2 E2LD () (n 4 A — 1) = 1. (VILAL)

Multiply this by ¢ / % _1Lm3/ , integrate, and use the orthogonality relation

> I 1
/ dze ?2"LO LS = 5mnm
0 I'(n+1)

to find that

—3/2)! o
anm#(éln +A4-1)= / dz z71/2e72/2-3/2
: 0

- / s e (L2 )
0

B [T(n+1/2) I'(n—1/2)
=V2(-1) [F(n+1) * I'(n)
(=)™ 4n-1

V2 dn+A-1"

—— an =

18See https://dimf .nist.gov/14.5 for information on P;™(0) and dP}™/du|,=o.
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Thus, equation (VIL.39) becomes'?

_ Xoo —£%/2 .- 1\ —3/2 &_ 2£¢in
x="75¢ n;)( e (0 ey s S T (VI1.42)

which may be solved for vy, following (VII.22).

Actually doing so and plugging the solution into (VII.18) to compute A’ ain’t easy,
as it involves a lot of non-standard math. I may LaTeX those steps up one day, but, for
now, I'll just skip to the answer:

by = f(4) =5 . (VIL43)

This is an implicit equation for I", which may be solved numerically (see figure below). But
it’s possible to recover our approximate results (VII.25) and (VIL.30) in their respective
limits. For A <« 1,

A=21240 = v~ 05477,Pr 35 Aa) Y5, (VIL44)

Our approximate result for this FKR regime, equation (VII.25), is off by only a factor of
0.547 — not too bad. For A =17,

f(A)wg K 1 T AL i o("“’A> (VIL45)

TE/2)1-A 1-4 7% M Aa

This matches our Coppi-regime estimate, (VII.30). These asymptotic solutions actually
do rather well across the full range of wavenumbers:

10-4 __Sa =106 Al > O A< O-
= C ]
i i ]

a
S/ o -
~
<1070 -
: exact FKR Coppi E
1 L L L1111l 1 11 IIIIII 1 L L L1111l 1 L L LLLll I 1 11
1074 1072 100
ka

It also appears that we are well justified in estimating the maximally growing mode by
matching the FKR and Coppi expressions (as in (VII.32)). These regimes also occur
where we anticipated, with f(A4) = A’d;, being < 1 (> 1) in the FKR (Coppi) regime:

9Note that we cannot use the expansion (VI1.39) if A = 1.
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Thus the “small-A"” /“large- A" phraseology.

VII.1.6. Nonlinear evolution and X -point collapse

How long does this linear phase, in which the tearing modes grow exponentially, last?
That depends on the A’ of the mode. If the Coppi regime is accessible — i.e., if the
maximally growing wavenumber k. (see (VIL.32)) that results in A’d;, 2 1 also satisfies
kmaxa < 1 — then X-point collapse is essentially instantaneous once the width w =
4./—(0)/% (0) of the exponentially growing island reaches d;,. At this moment, wA’ is
also ~1, and so the deformations of the current sheet by the nonlinear islands have driven
the regions between the X-points to marginal stability. If the fastest-growing available
modes are instead FKR-like, then there is a gap between when the nonlinear regime
begins (w ~ &i,) and when it ends (wA’ ~ 1). In between occurs a period of secular
growth called the Rutherford (1973) stage, in which w ~ nA’(w), the argument of A’
indicating that the logarithmic derivative of o, is to be taken across the island (rather
than across the inner-layer width).?° During this slow growth stage, the initially unstable
current profile flattens and conditions are set up for the collapse of the inter-island X
points (Waelbroeck 1993; Loureiro et al. 2005). The figure below, adapted from Loureiro
et al. (2005), shows contours of ¢ at the beginning of X-point collapse (left) and the
formation of an embedded, high-aspect ratio current sheet (right):

This current sheet is reminiscent of the now-famous Sweet—Parker configuration.

2ORutherford (1973) did not predict a saturation amplitude for the algebraically growing
nonlinear tearing mode. Subsequent papers by Militello & Porcelli (2004) and Escande
& Ofttaviani (2004) (“POEM”) derived a modified equation for the Rutherford stage,
w ~ (A" — aw/a®) with a being a constant dependent upon the initial current-sheet geometry,
thus predicting a saturated amplitude w ~ A’a?.
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VII.2. Sweet—Parker reconnection

Peter Sweet (Sweet 1958) and Eugene Parker (Parker 1957) provided the first quan-
titative model of magnetic reconnection, envisioning it to be a steady-state process in
which a two-dimensional, incompressible flow advects magnetic flux into a current sheet
of length L and thickness dsp < L. It is through the latter dimension that plasma,
accelerated in the direction along the current sheet by magnetic tension, is expelled in
the form of an outflow:

Uty

Steady state is achieved by (i) balancing the inflow velocity u;, and the outflow velocity
Uout USING mass conservation, ui, L ~ uoutdsp; (ii) balancing the advective and resistive
electric fields so that all the inflowing magnetic flux is resistively destroyed, uinva . ~
nj. ~ nuar/dsp; and (iii) stipulating that the outflows are Alfvénic, ugys ~ va . (This
final ingredient follows from conservation of energy, with the magnetic energy flux into
the sheet balancing the kinetic energy flux out of the sheet.) The result is

Uin 5SP VA rL —1/2 . -1
~BP [ ZArE = §71/2, VII.46
VA,r L ( n > ( )

where S is the Lundquist number (using the current-sheet length L as the normalizing
lengthscale). In the solar corona, S ~ 10*2-10; in the Earth’s magnetotail, S ~ 101°—
10'6; and in a modern tokamak like JET, S ~ 106-10%. You can see that S~1/2 is typically
a very small number, and so Sweet—Parker (SP) reconnection is slow — not as slow as
pure resistive diffusion, but slow in the sense that the reconnection rate 7,7 ! = u;, /L ~
(va.r/L) S™Y/? tends towards zero as S — oo. For example, the SP model predicts that a
reconnection-driven solar flare in a S ~ 104 part of the solar corona should last ~2 mths;
instead, flares are observed to last between 15 min and 1 hr. Not good.

This mismatch between theory and observation was immediately appreciated, and
spawned several attempts to formulate a model in which fast reconnection occurs. The
culprit is the smallness of the resistive layer: the fact that it must be thin enough to
make the current density large also means that the outflowing mass must pass through too
small of an opening. One particularly notorious attempt to circumvent this constraint was
proposed by Petschek (1964) (later revisited and amended by Kulsrud (2001)), in which
the current-sheet length L was shortened at the expense of introducing four standing
slow-mode shocks emanating from a central diffusion region:
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The result is a logarithmic dependence of the reconnection rate on S, 7,7 ~ (va /L) In S.
Unfortunately, no convincing evidence for this type of reconnection has been found (Park
et al. 1984; Biskamp 1986; Uzdensky & Kulsrud 2000; Malyshkin et al. 2005; Loureiro
et al. 2005), even when Petschek’s solution is used as an initial condition (Uzdensky &
Kulsrud 2000).2*

It is worth emphasizing that the failure of the SP model to explain magnetic reconnec-
tion as it occurs in nature is not due to any shortcoming of the theory itself. There are no
obvious mistakes in the theory, which has been put on a rigorous footing (e.g., Uzdensky
& Kulsrud 2000). Indeed, both numerical simulations (e.g., see figure 4(b) of Loureiro
et al. 2005) and laboratory experiments (e.g., Ji et al. 1998) have measured reconnection
rates in excellent agreement with the SP scalings (VII.46). What, then, is the issue?

VII.3. Plasmoid instability

Let us suspend judgement for the meantime and suppose that the SP model is correct.
With tearing-mode theory in hand, let us ask the intriguing question of whether or not
the steady-state SP current sheet is stable to tearing instabilities. One could of course
go the route of rigorously doing the linear tearing theory using the SP solution as the
background state, as Loureiro et al. (2007) did in a now-classic paper, but for our purposes
it will be sufficient to simply replace the current-sheet thickness a in the tearing-mode
theory of §VIL.1 with dgp ~ S—/2L (Tajima & Shibata 1997; Bhattacharjee et al. 2009;
Loureiro et al. 2013). Focusing on the maximally growing tearing mode (VII.32),

L L Osp\ A
kmaxL ~ 5551/4 — 57 (flhA’nésP> ~ 53/87 (VII47G/)
sp
Ymax L L (vasdsp)
Sin @ Ssp (vardsp) 4
Do g L( e > ~ /8, (VILATc)

This is the plasmoid instability — essentially, the tearing instability of a SP current
layer. Of course, the situation in question is very different than that obtained using
the stationary equilibrium Harris sheet, perhaps most obviously because the former has
background flows. These flows can be stabilizing in the tearing calculation, a possibility
we have ignored in making the estimates in (VI1.47). This may be circumvented, however,
by demanding that v > va /L, kmaxL > 1, and 6in/dsp < 1 — demands that may be
satisfied if S > 10%. Indeed, it is at this critical Lundquist number that the plasmoid

21 Petschek-like configurations do emerge when strongly localized (anomalous) resistivity profiles
are used (Malyshkin et al. 2005; Sato & Hayashi 1979; Ugai 1995; Scholer 1989; Erkaev et al.
2000, 2001; Biskamp & Schwarz 2001), as might occur under collisionless conditions.
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instability is (now routinely) observed to occur in numerical simulations of reconnection
(e.g., Samtaney et al. 2009; Daughton et al. 2009; Bhattacharjee et al. 2009; Ni et al.
2010; Huang & Bhattacharjee 2010; Loureiro et al. 2012, 2013). The example below is
taken from a resistive-MHD numerical simulation by Samtaney et al. (2009), showing
the evolution of the current density (color) in the central = [—dsp, dsp] region of a SP
current sheet with S = 107:

OO0 )OO0

Below is another example, taken from Bhattacharjee et al. (2009) using S = 27 x 10%:
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(a) S =6.28¢5, t= 3.00,J, [-4.54e+03, 8.062+00)

e = —
— ———
e e

(c) $,=6.28e5, t= 9.10, Jy [-9.59e+03, 3.71e+03]

(d) 5, =6.2865, t=12.00, J [ -9.116+03, 4.706+03]

Since then, simulations of plasmoid-dominated reconnection has become an industry.

Given that large-aspect-ratio SP current sheets are violently unstable to the plasmoid
instability, it is worth asking whether we should expect them to exist in nature at all.
Indeed, Lundquist numbers of typical space and astrophysical plasmas are absurdly large,
with S ~ 10 or so in the solar corona implying a plasmoid-instability time scale less
than 0.06% of the dynamical time scale. Why would a nice SP current sheet ever be
realized under these conditions? See Pucci & Velli (2014) and Uzdensky & Loureiro
(2016) for more.**

22You may also wish to see Alt & Kunz (2019) for reasons why a relatively large-scale, smoothly
varying current layer (e.g., a Harris sheet) should not be expected to occur in a weakly collisional,
high-3 plasma.
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PART VIII

Turbulence and dynamo

The breaking of a wave cannot explain the whole
sea.

Vladimir Nabokov
The Real Life of Sebastian Knight (1941)

VIII.1. Kolmogorov—Obukhov theory of hydrodynamic turbulence

This is simple. Like all simple things, it resulted from a stroke of genius (Kolmogorov
1941; Obukhov 1941), one which everyone now says is obvious. It’s just dimensionless
analysis!

Suppose energy is being pumped into some fluid at large scales at a rate ¢, which is
fixed. At scales small enough that the system is locally homogeneous but not so small
that viscosity (or whatever dissipative effect there are) is unimportant — the so-called
“inertial range” — this € is passed along conservatively, scale by scale: a constant energy
flux. Assuming this “passing” of energy is local, the energy spectrum is, by dimensional
analysis,

E(k) ~ e2/375/3 (VIIL1)

It cannot be any different under these assumptions:

€] = Ufg [/dkE(k) =U?,

and that’s it. There is one timescale — L/U, the eddy turnover time at the outer scale
L where the velocity is U. (Density is taken to be constant, which becomes a better
assumption the further down the cascade you go where the motions become more and
more subsonic.) This also implies that the typical velocity increment between points
separated by a distance A is

duy ~ (eN)/3 (VIIL2)

The corresponding scale-dependent rate of strain is duy /A ~ €'/3X\=2/3_ Thus, the fastest
eddies are the ones at the viscous scale, duy, /A, x A2 3, where the kinetic energy is
ultimately thermalized as heat.

One could go on from here to some other Kolmogorovian things, but I won't.

VIII.2. Iroshnikov—Kraichnan theory of MHD turbulence

Now suppose that fluid were conducting and threaded by a magnetic field. The
problem with just using Kolmogorov may be stated in two ways. First, the homogeneous
assumption in the Kolmogorov treatment is similar to saying that, at sufficiently small
scales (but still those above the dissipative scales), the fluctuations on those scales are
independent of any large-scale structure or features of the “background” in which they
reside. This is obviously not true when there is a magnetic field: all scales feel that
magnetic field, even if it is only at large scales.?® Secondly, dimensional analysis is no
longer enough, as now there are two speed, U and vy = B/\/4mp, and a directionality

ZEquivalently, a uniform magnetic field cannot be removed by a Galilean transform.
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imposed by B. One way of dealing with the latter — the route taken by Iroshnikov (1963)
and Kraichnan (1965) — is to assume isotropy in the Kolmogorovian way, even at small
scales: there is no k| and k_, there is only k. Their way of dealing with the former was
to give special prominence to the Alfvén time, 74 ~ A/vs — the time for an Alfvén wave
to cross the scale . The nonlinear cascade time that goes into ¢ = const ~ du3 /7y
is obtained by asking how long must one wait for a wave packet to be sufficiently
distorted. You see, MHD turbulence has Alfvén-wave packets as its building blocks, not
hydrodynamic eddies. From the RMHD equations written in terms of Elséisser potentials
(V.38), it is clear that only oppositely propagating Alfvén-wave packets interact, and that
the change in du ) of one packet due to the nonlinear interaction with another in a crossing
time 74 is ~(du3/A) x (A\/va) — the nonlinearity times the characteristic timescale. In
“weak” turbulence, this gives only a small change. So, one requires many collisions to
distort a wave packet by an amount equal to itself. If these collisions add up randomly,
we get the random-wave scaling

ou 2 va )’
N1/2. A ~ Neollisions ~ 2 ~\ s :
collisions (6u’\) 6u/\ = 1 |:A((5'LL)\) 5“)\

The energy transfer time is then Neonisions7TA ~ T, SO
VA 2 A ’UA)\
e~ =] —~—5.
A ouy /) wa 5u§\
Combining these relations yields

2
ouy

Su?
~ A

€ ~oul—2 =const = |duy ~ (cuaN)/4 (VIIL3)
T UA)\
Accordingly,
dk E(k) ~ 0u2 =  E(k) ~ (evp)/?k3/? (VIIL4)
1/A

(Note: Since 7y > M/va, a wave packet must undergo many uncorrelated interactions
with oppositely moving wave packets before energy is transferred to small scales.)
This picture held for 30 years.?*

VIIIL.3. Goldreich—Sridhar theory of MHD turbulence

Isotropy can’t be right. Again, a simple statement that is obvious in retrospect. (This
was realized relatively early on from tentative experimental and numerical evidence,
e.g., Montgomery & Turner (1981) and Shebalin et al. (1983).) But it took until 1995
to be worked into a predictive theory (Goldreich & Sridhar 1995). The idea is that
perturbations with k| < k| are more natural in a magnetic field that is hard to bend
but has little qualms with small-scale structure perpendicular to itself. The problem is to
determine how k| /k. scales. This is provided by critical balance: the linear and nonlinear
timescales are comparable at all scales.?® Thus,

L A

= oy o~ VIIL.5
TA U T (5U)\ ’ ( )

241 learned from Alex Schekochihin that Troshnikov (1963) was largely unnoticed at the time and
“he disappeared into Soviet obscurity.” Apparently, he worked at the Institute of Oceanology in
later years and died in 1991 at the age of 54.

25That 74 /75 is scare invariant has only been found recently by Mallet et al. (2015), who dubbed
this “refined critical balance”.



Plasma Astrophysics 144

where now A denotes a perpendicular scale and ¢ denotes a parallel scale. Proceeding as
in Kolmogorov,

ou?  ud _
e~ T % —  E(ky) ~ 3k, (VIIL6)
TA
A Kolmogorov spectrum, but one in the direction across the field. Along the field,
VA ¢ —1/3
(N2 = D~ )73, VIIL.7
-~ =~ AN (VIIL7)

and so the anisotropy increases at smaller scales. We have
Sux ~ (N3 and  dug ~ (el/va)'/?,

so that E(k) = E(k1)(dky/dky) o kr. Physically, the critical balance ban be argued

from causality (e.g. Boldyrev 2005; Nazarenko & Schekochihin 2011): £ is the distance
an Alfvénic pulse travels along the field at speed va in a time 7 — this is the maximum
distance over which the fluctuation can remain correlated.

These (predicted!) scalings have been since measured in numerical simulations and in
the solar wind. For the latter, the figure on the left below shows the parallel (P) and
perpendicular (P, ) spectra (Fourier and wavelet) of the magnetic fluctuations in the solar
wind, measured by the Ulysses spacecraft and computed by Wicks et al. (2010). (The
spacecraft-measured frequencies have been converted to wavenumbers k using the Taylor
hypothesis.) An earlier (and first ever) result — the spectral index as a function of the
angle to the local mean magnetic field §p — is shown on the right (Horbury et al. 2008).

Note that both are in agreement with the GS scalings, E (k) k15/3 and E(k)) o k[z.
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One slight issue is that simulations, while confirming the ¢ ~ A2/ scaling (e.g., Cho &
Vishniac 2000; Maron & Goldreich 2001), instead find a —3/2 spectrum (rather than
—5/3). This led Boldyrev (2006) to propose a correction to the theory dubbed dynamical
alignment.

VIII.4. Boldyrev’s dynamical alignment

[in preparation]

Argued that the filament-like eddies implied by the GS95 picture are not realizable;
that, instead, fluctuations are three-dimensionally anisotropic. This anisotropy is due to
an angular alignment of magnetic-field and velocity-field polarizations — essentially, the
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turbulence wants to be as “Alfvénic” as possible, with u, and B the same. ((Matthacus
et al. 2008) identified the dynamical tendency for the velocity and magnetic field to align
locally in patches in numerical simulations.) Of course, this alignment cannot be precise,
or else the nonlinear interaction between counterpropagating Alfvén-wave packets would
be turned off. Instead, Boldyrev (2006) argued that, at each scale A, the alignment
of fluctuations should attain the maximal level consistent with a constant energy flux
through that scale. This implies an alignment angle 0y o< A}/%, so that the magnetic-field
and velocity-field fluctuations become increasingly aligned at smaller and smaller scales,
i.e., the dynamic alignment is scale dependent. This progressively weakens the nonlinear
interaction. The end result is a perpendicular energy spectrum E(k, ) o klg/ % consistent
with multiple numerical simulations of MHD turbulence.

rephrased: minimal degree of misalignment is set by a kind of uncertainty principle:
direction of local magnetic field can only be defined with a small angle 8, ~ 6 By/By < 1,
and so the fluctuations cannot be aligned any more precisely than this.

Boldyrev:

ou? A
zf-VzIw@A% = Ewoz‘gw\

14 A
Ty Y — ~
A VA 9>\5u,\

du? _
YL const = duy o< (\/00)3 ~ (coa NVt = E(ky) ~ (EUA)I/QICL:))/Q.
X
Looks like IK spectrum but is anisotropic with critical balance: £ ~ vi/ 2e-1/2)1/2,
Parallel spectrum is the same as in GS95.

adapted from Boldyrev (2006):

See Mason et al. (2006, 2008, 2011, 2012); Perez et al. (2012, 2014)

Beresnyak (2011): in RMHD limit, d B /By is an arbitrarily small quantity and thus so
must be 6. This means nonlinearity would disappear from RMHD ordering. Only way
to keep nonlinearity is to order 8y ~ 1 wrt RMHD ordering, i.e., it cannot scale with e.
Thus, you can’t have £/va oc A'/2. This, even though aligned MHD turbulence has been
measured in RMHD simulations.

Chandran et al. (2015); Mallet et al. (2015); Mallet & Schekochihin (2017): alignment
between u; and B not, mathematically, the same as alignment between zi and z7.
Found that alignment angle between the Elsasser fields at any given scale is anticorrelated
with their amplitudes. Intermittency matters: how is A, £, and £ distributed in a turbulent
MHD system?

For many more details (especially concerning weak turbulence and the most recent
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explorations of the connection between turbulence and the disruption of current sheets
by tearing instability), see the excellent recent review of MHD turbulence by Alex
Schekochihin (Schekochihin 2022).

VIIIL.5. Zel’dovich’s fluctuation dynamo

What if we now have hydrodynamic turbulence sitting in a conducting fluid hosting a
weak zero-net-flux magnetic field (i.e., no imposed field)? Let us set aside the question
of what the turbulence looks like and ask a simpler question: under what conditions will
this “seed” magnetic field be amplified? This is the problem of small-scale or fluctuation
dynamo. Tt’s not easy, and has only been solved under specific conditions.

As a first step, suppose we have a planar flow field u = u, (¢, z,y, 2)& + uy (¢, z, v, 2)Y,
with V - = 0 but otherwise arbitrary. The z-component of the resistive-MHD induction
equation with constant 7,

0B
5 = VX (uxB)+ nV2B, (VIILS)
is then
0B,
5 turVB:= nV2B.. (VIIL9)
Multiplying (VIIL.9) by 2B, and integrating over the volume of the plasma, we find
(B2
<8tz> = —2n(|VB.|?), (VIIL10)

and so B, resistively decays to 0. If B, = 0, then the solenoidality constraint on the
magnetic field becomes 0B, /0x + 0B, /0y = 0 and so the planar components of the
magnetic field may be written in terms of a vector potential, B = V X (A%). The latter
satisfies the un-curled induction equation,

0A 2 d, o 2

o +u-VA=nVA = a(A )y = —2n(|VA|*). (VIIL.11)
Again, the magnetic field decays resistively. Thus, no dynamo can be maintained by a
planar flow (Zel’dovich 1957). This is referred to as Zel’dovich’s anti-dynamo theorem.
There are other “anti-dynamo theorems”, one of which will be proven below (§VIIL.7),
but let us explore the fluctuation dynamo a bit further.

The simplest approach is to consider the zero-net-flux magnetic field to be so weak
energetically that it exerts no dynamical effect on the fluid flow, i.e., the Lorentz force is
negligible on all scales of interest. This is the kinematic limit, in which the velocity field
can be prescribed without regard for the evolution of the magnetic field. Also, we’ll take
Pm = v/ = Rm/Re > 1.2° This causes the viscous scale \,, at which u - Vu ~ vVZ2u,
to be much larger than the resistive scale \,, at which B - Vu ~ nV2B. The former may
be estimated using

du? ou
Ay - Ay _
u-Vu~ ~ N3 and vVPu o~ v 5=~ vellB\;0/3,
v v

Matching these gives
Ay~ eV L LRe™* and  duy, ~ v/ eVt ~ URe™ V4, (VIIL.12)

2Pm ~ 2.6 x 107°T*/n in fully ionized plasmas, which is ~10° in the ICM and ~10"! in the
warm phase of the ISM.
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where Re = UL/v. To estimate the latter (the resistive scale), note that

B dB? dln B
8—:Vx(uxB) = W:2BB:Vu = ;t

= bb: L1
T Vu (VIIL.13)

for an incompressible velocity field. Thus, because velocity gradients are what grow the
field, the viscous-scale eddies, where the stretching rate duy/\ ~ €'/2A72/3 is fastest,
will be the most important. Accordingly, Vu ~ duy, /¢, ~ (U/L) Re'/?; balancing this
with 77)\,27 at the resistive scale leads to

Ay~ LRe ™ V4Rm™Y2 ~ )\, PmY2 < A, (VIIL14)

Graphically,
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Now then, because duy, ~ (g/v)'/2\, o« A, the viscous-scale motions are smooth
and Taylor-expandable. The turbulence looks like a succession of random-in-time linear
shears, and the magnetic field becomes arranged in folds with field reversals on the
resistive scale (see Schekochihin & Cowley 2007, for a review):

7
"\W A

= S 47)
/

It is in this configuration that the mean magnetic-field strength becomes amplified by the
chaotic flows, a point we now prove following the arguments in Zel’dovich et al. (1984).

Because the viscous-scale velocity fluctuations duy, o ¢, are smooth, we can write the
velocity field as a Taylor expansion about some point r = 0:

oy

ut(t,7) = u(t,0) + o, ()r™ + ..., (VIIIL.15)

where summation over repeated indices is implied. Of course, we have the freedom to
set u'(t,0) = 0 by moving to that frame of reference. Then, the jth component of the
resistive-MHD induction equation (VIII.8) is

oBI  , . OB

_ pm_j 2 pj
W+am(t)r W—B ol (t) +nV-B7. (VIIL.16)
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We seek a solution as a sum of plane waves with time-dependent wavevector k = k(t):
Bi(t,r) = / d*ko B (t, ko) exp [iky, (t, ko)r"], (VIIL17)

where k(t, ko) is the time-dependent wavenumber whose value at ¢ = 0 is kg. (Thus,
kn(0,ko) = kon.) This works nicely because (VIIL.16) is linear, so that each k is a
solution. Substituting (VIII.17) into (VIIL.16) and examining each Fourier component
independently,

ar. . . T [OBI(t ko) . Ok (t, ko)
BJ ikn (t,ko)r™ | — Sikn(tko)r™ | 22\ M0O) BJ m 2 vm\Y WO/
ot [ (¢ ko)e ¢ g ik ot
(

= glkn(tko)r" [—afn )™ ik (t, ko) B (t, ko)
+ B™(t, ko)ot (£) — nk(t, ko) B (t, ko)] . (VIIL18)
Equation (VIII.18) must be satisfied at each r, and so

OBI(t, ko)

o —nk?(t, ko) B (t, ko) + B™(t, ko)al,(t), (VIIL.19a)
W = —ky(t, ko)ol, (1), (VIIL.19b)

with the initial conditions B7 (0, ko) = B (ko) and ky, (0, ko) = kom.
To go any further, we require a model ¢/, (¢) tensor. There are a few options, but the
following is the simplest:

A 00
c=10 X 0 (VIIL.20)
0 0 A

with tr(e) = A1+ A2+ A3 = 0 (incompressibility). We may arrange the coordinate system
such that

A1 > Ay > A3 and A\ > 0, A3 < 0. (VIIIQI)
~~ ~~ ~~
stretching “null” compression

Then (VIIL.19) becomes

OB (t, ko)

Fr —nk?(t, ko) BI (t, ko) + B’ (t, ko)), (VIIL.22a)
W = —ky(t, ko) ', (VIIL.22b)
whose solutions are
Bi(t, ko) = B (ko) et~ 1o a' K (ko) (VIIL.23a)
o (t, ko) = Eom e L. (VIIL.23D)

Note that some components of k(t, ko) decay (k1) while others grow (k3); thus, stretching
(along é;) and compression (along é3). We now ask whether or not this leads to a net
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amplification of the mean magnetic energy:
) = [ @b

- / d&r / ko / Ay Bj (£, ko) BY (1, Ky el (ko) Hhe (LRl

_ / Pk / Pk, B, (t, ko) B (1, kb) (2)° 6[k(t, ko) + k(t, k)] |

— 3[(ko + Kj)n o= 0]

= 8(ko + k) [det (e =) ] "
= (ko + kj) e ()

= §(ko + k) since tr(c) =0

= /d3k0 (2m)® B;(t, ko) B’ (t, —ko),

- /d3k0 (2m)° | B(t, ko) 2,
which is just Parseval’s theorem, i.e., the energy of the field is the sum of the energies of
the plane waves. So we must calculate the energy of each mode using (VIII.23):
| B(t, ko) [? = =2 Jo A1/ R2(1" ko) [‘301(’“0)\2 M+ | Boa(ko)|? €22 + | Bos (ko)|* €%

—_———
exponentially larger
than the rest,
since A1 > A2 > A3

~ ‘301(]60)‘2 62/\1t_2n fot dt’ kz(t',ko).

The time integral in the exponential is

t t
/ dt' K2 (¢, ko) / ar’ (kgl e Nt | |2 o~ Pat | f2 e—%t)
0

0
k%l —2X1t k(2)2 —2Aot k%d 2|\
— 0l _ 1 202 (1 _ 2ty 03 (1 _ g2lXslt
S A W A W LR
_,_/
since Az < 0
By, Ko K s

T2A 02X 2|Ng] ’

with the final line following after assuming A2 > 0 (as it usually is in real turbulence).
Thus,

k2 k2 k2
|B(t,ko)|? =~ |Boi(ko)|? exp [2/\115 - n(“ + -2 4 08 eﬂslt)]. (VIIL.24)
At A A
For most modes, the energy decays super-exponentially. But there is a subset of modes,
those satisfying
Bk B
2)\%2&/7] 2)\1)\2t/77 2)\1‘)\3”672‘)‘3“/’0 ~
which actually grows. Within this ellipsoidal volume of size

3/2
t
~ X2 (gl Ag]) 2 (n) eIl

(VIIL.25)
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the mean magnetic energy satisfies

o = [ @k Bl k)

3/2
~ )\%()\2“\3‘)1/2 (;) ‘301(k0)|2 62)\1,5_»\3“

— (A1 —22)t

since tr(e) =0

o £3/2 a2t (VIII.26)

which increases in time because A\; > Ay. Therefore, dynamo works in 3D for certain k.

What if A2 < 0?7 In this case, the growing modes occur within the volume
kg kg ko
201 032|>\ e 032\)\ [t S
2X%t/m 0 2Xq|Aelte2x2lt /y T 20| As|te—2Aslt [y

and one can show that

3/2
(B2) ~ X2 (1] A ) /2 (%) B2, eCi2habr

—_———

= (IX3l=Ix2Dt

Thus, the mean magnetic energy grows at rate set by |As| — [A2].

Physically, what’s going on is the following. During stretching, the magnetic field aligns
with é; (i.e., B ~ By e’\ltél). The wavevector mostly wants to align with the compres-
sion direction (i.e., k ~ ko3 el*3té3), which makes most modes decay super-exponentially.
The only modes that don’t decay are those that had kg almost perpendicular to é3 to
begin with (i.e., kog < (...)e sl —see (VIIT.25)). Since kg L By, this means that the
growing modes mostly have kg ~ kgses. Again, the picture is

-~

- A
e Al
= &= 4;?

/

And the winning configuration is
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7;’ /e\\ (SMWAS\
L/‘é} (mwim\

& ()

Q ﬂ
[
1)

Any other configuration means that each time you stretch, you also compress — then
antiparallel field lines are brought together and B? decays resistively.?”

Zel'dovich showed that such a dynamo won’t work in 2D. Can we show that using his model?
First, in 2D we have A1 + A2 = 0. Without loss of generality, assume A1 > 0, so that é; is the
“stretching” direction and é- is the “compressing” direction. Equations (VIII.23) then imply

I

"t 1 1.2 041
|B(t, ko)|* = e 2" Jo 4 K7 (Fko) [\Bm(ko)ﬁe”lt + | Boz (ko) 2(;2“}

~ | Box (ko)|? €21t~ 21 Jg 4t 13 (¢ ko) (VIIL27)

where the time integral in the exponential is

t t
/dt'k2(t',kzo):/ at’ (kgl e*”l%kéze”lt)

0 0
= %(1 —e M) S—fﬁ(l — ety
~ % ;Li?le”lt. (VIIL.28)
Thus, growth is only possible for those modes satisfying
Kby Kby <1 (VIII.29)

203t/ 2APte~Mt/p ™7
which constitutes an ellipsoidal area of size

~ A2 <%> e Mt (VIIL.30)

The problem is that, with k2(¢) increasing exponentially, the only modes with the potential
for growth must have ko almost perpendicular to é;. But, because ko - Bo(ko) = 0 via the
divergence-free constraint on the magnetic field, the initial field must then be largely in the és

direction:

k ,
Boi (ko) = —k—”Bm(ko) ~ —e M!'Bs(ko), (VIIL31)
01

271 learned all this stuff from Alex Schekochihin.
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the final step following from (VIII.29). Then the mean magnetic energy satisfies

(B _ [ 2
L= /d ko | B(t, ko)|

(2m
t _
~ A% (5) e A1t ‘BOl(k0)|2 62)\1t

~ A (%) \BOQ(k0)|26_ht- (VIIL.32)

Thus, the fluctuation dynamo is impossible in 2D. Physically, the difficulty is that the only
way to avoid bringing oppositely oriented magnetic fields together in a 2D incompressible flow,
and thereby avoid super-exponential resistive damping, is to orient the initial magnetic field
across the stretching direction rather than along it. But this stretching then dilutes (rather than
increases) the field strength, leading to exponential decay. The difference between 2D and 3D is
that, in the latter case, the compression direction, to which the wavevector would want to align
exponentially, can be avoided by starting with modes whose ko initially lies in the third (“null”)
direction. Otherwise, every time you stretch, you also compress, and antiparallel field lines are
brought together.

VIII.6. Kazantsev—Kraichnan model of the fluctuation dynamo

This is optional material and is not written pedagogically.

We start with the evolution equations (VIII.19), repeated here for convenience:

OB (t,k , ,
OBURO) (1, ko) B (1, ko) + B™ (0, ko) (1),
Ohim(t ko) .

ot - _kl(t’ ko)am(t)'

The first step is to split the magnetic field into its scalar strength and its unit-vector
direction: B = Bb, so that B* = Bb'. Substituting this decomposition into the above
equations, and henceforth suppressing the argument (¢, ko), yields

OB o
—— = _nk’B+bb"e B
ar B oS,
o = ol —bbmel b,
Ok ;
ot hiom

The next step is to adorn all of these variables with tildes, which will denote that they
are random variables. We are about to engage in a statistical calculation, which is quite
different than what was done in the previous section. In this case, all random variables
are distributed according to a joint probability density function, P(¢; B, k, B), and the
tildes will remind us that the field strength, field direction, and wavenumber that we
are carrying around in our equations are not the field strength, field direction, and
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wavenumber. So,

B

(?97 — k2B 1 bmE B, (VIIL33a)
b -

%t e A L A (VIIL.33b)
[ -

% - (VIIL33¢)

The rate-of-strain tensor 6/, = 0,4’ is taken to have the two-time correlation function
Gi ()& (1) = T4 (£)6(t —t'), (VIIL.34)
where the overline denotes the statistical ensemble average and

T3 (£) = k|69 8, + a(60 67 + 5;55;1)] . (VIIL35)

Here, k9 is the second-order coeflicient in the Taylor expansion of the velocity correlation
tensor

@it )@l (', r') = 6(t — ')k (r — '), (VIIL36)
where
K (y) = kod” — %@ [y26ij + 2ayiyf} +.. (VIIL37)
The constant a parametrizes the rate of strain; its value is fixed by assuming an
incompressible flow, I;) = 0 and I, = 0, giving

a=-—— (VIIL38)

in d dimensions. The tensors I/ and k" are related in Fourier space by

I (t) = / g;’ilkmknnij(k). (VIIL.39)

Our ultimate goal here is to obtain an evolution equation for the magnetic-energy
spectrum M (k). This can be done by first deriving an evolution equation for the joint
probability density function of the magnetic field B and its wavenumber k,

P(t; B, k,b) =P = 6(B — B(£))3(km — km ())5(bi — bi(t)), (VIIL40)

and then taking the appropriate moments; to wit,
M(t, k) = /d(Zk k2/d36/d3 B?P(t; B, k,b), (VIILA41)

where d{2 is an element of solid angle in wavenumber space. Taking the time derivative
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of (VIIT.40) and using (VIIL.33), we get

ap _ P _
ot ot

_OB(t) 9 Okm(t) 0 Obi(t) O | 4
ot OB ot Ok, Ot b

— [0 O, (0B ) 5 ~ R OB - 55,00 5

+ 61 ()™ (t) a(zi — &L (D) (1) (1) 3}75

= —L7"65, ()P + nkQ%BP, (VIIL42)

where
A 9] , 0 0 0 1.4
L= —Bbb™ — —k ™ — bbb VIIL43
"~ 9B Do A0 B ( )
To arrive at the final line of (VIIL.42), the identity ad(a —b) = bd(a — b) was used.
Note that everything in the square brackets in the final line is non-random. To perform
the remaining ensemble average, we make use of the Furutsu—Novikov formula (Furutsu

1963; Novikov 1965), which generalizes Gaussian splitting to functions:

5P(t)
653 (1)

G, ()P(t) = /O \at 5, (00 (VIIL44)

The functional derivative with respect to 77 (') can be calculated by formally integrating
OP(t)/0t with respect to time:

~ t =i (41 t A P(y
PO _ _jm / ap Sm) oy / dt” (LZ”éin(t”)—nkZaB> s
5&%(#]!) 0 65-%(75/) 0 0B 5~n(t’)

t
=-L} /0 dt" 6(t" —t")yP(t") = —L3P(t'). (VIIIL.45)

The last term in first line is dropped because it disappears when ¢ = t', owing to causality
(i.e., P cannot depend on future values of &). Using this result in (VIIL.44) alongside
(VIIL.34), we find

5 ()P() = —%ﬁyfgnﬁ(t) _ —%ﬁ;‘ﬂi{nP(t). (VIIL46)

The result of these manipulations is a closed equation for the joint probability density
function:

OP 1. A . B
Zr _ Zpminrii 2 9
or = Lt Ly TP 4 nk? o= BP. (VIILAT)

Equation (VIIL.47) can be greatly simplified by noting that P (B, k, b) must have the
following factorization:

P(B,k,b) = 5(|b]> — 1)6(b- k)P(B, k). (VIIL48)
The two delta functions result, respectively, from b being a unit vector and from the

solenoidality constraint b-k = 0. The remaining factor in (VIIL48), P(B, k), is a result
of the statistics being homogeneous and the relative alignment of b and k being fixed.?®

8 IS(B, k) receives proper normalization below in (VIIL.56), after which its ornamental hat is
dropped.
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In order to express (VIIL47) in terms of P, we use the chain rule to write
. 0 0 ; 0 ; 0
LY = —kj— b — — Vb — Vo' | =sB—-d—2 VIII.49
3= Mg, T ( b am) + <6B ) 7 ( )

where d is the dimensionality of the system, and then calculate the combination
L}, P(B, k,b). For any function f,

L7(b-k)f =06(b-Kk)L!f —k;b"0'(b-k)f + (b"k; — b'b"b-k)d' (b- k) f
=8(b-k)Lf — Vb (b-k)3'(b-k)f
=6(b-k)(L? + "), (VIIL50)
where we have used z6’(z) = —d(z) to obtain the final equality. Similarly,
L5(1b|* — 1) f = 6(|b|* — 1)(L7 + 26™b7) . (VIIL51)

Combining (VIIL.50) and (VIIL.51) leads to
L1 P =8(b-k)o(|b|> — 1)(L" + 3b"b7) 74, P(B, k)
kjkn B .

g A
%] J B ] _
T3 Dby 00T, <aBB d+ 1> }P(B,k).
(VIIL52)

= 3(b- k)3 1) -

Taking into account the solenoidality constraint b-k =0 imposed by the prefactor in
(VIIL.52), the following combinations in (VIII.52) may be calculated:

2 I = o [a(;m +(a+1) ’k;”] , (VIIL.53a)
V', = kaladl, + (14 a)b'd™]. (VIIL53b)
Using these formulae in (VIIL.52) gives
L . . , kik )
n _ 2 7 1vm
LY, P = kad(b- k)6 (b — 1){ - [aém +at+ 1) }kak

+ [ad?, + (1 + a)b'd™] 8%3 —a(d—1)8, — (1+a)(d— 1)bibm}ﬁ(3, k).
(VIIL54)

Further applying the operator [A/;" and expending much effort along the same lines gives
us the expression for the first term in (VIIL.47):
PO 0? 0 0
LML THE P =< (2a+ )k*— + (1 +2a)-5B-=B
PLITP = { DR S + (14 20 B
0 0 0

—2a55Bko + [d+ (3d — 1)a]k%
— (14 3a)(d - 1)6%B+a(d— 1)2}13(3, k). (VIIL55)

Normalizability of the PDF requires that
1= /dd65(|6\2 —1) /ddk 5(6.k)/d3 P(B, k)

St / dk k42 / dB P(B,k), (VIIL56)
0
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where S, is the surface area of unit n-sphere (e.g., S = 27, Sy = 4m). Taking this
normalization into consideration, we define P(B, k) = Sy_1S4 2k 2P(B,k)/2 and use

kd*%a% kdl_zp = {kaak —(d - 2)} P, (VIIL57a)
kd*2k283—]:2 kdl_QP = {W{f; —2(d - Q)k% +(d-2)d-1)|P (VIIL57b)
to turn (VIIL.47) into
%}; = ;@{(1 + 2a)§kk2% +(1+ 2a)8%38%3
- Qa%B%k — [(d—2)+ (d - 3)a] a%k
—(1+a)(d— 1)8‘;13}P+nk2£33p. (VIIL58)

We now enforce incompressibility. Substituting (VIII.38) into (VIII.58) leads to the final
form of the evolution equation of the joint PDF:

0P 000 gD pd g 00
9t 2d+ D) {(d Vaph gr t U= V5pBap B+ 255 Bk
) ) o)
(d—1) ok —dld 1)aBB}P+17k 55 8P (VIIL.59)

The magnetic-energy spectrum is M (k) = (1/2) [;~ dB B*P(B, k). Taking the B* mo-
ment of (VIIL.59) leads to

OM 7 9 [,0 [ 4 - I
ot d+20k [k ok <d—1 +d 1> k} M +27M — 2nk"M, (VIIL60)
where
oo, @D +2)
R TP (VIIL61)

Tt is straightforward to show by changing variables using z = In k that equation (VIIL.60)
is a diffusion equation with constant coefficients. In fact, it is in the form of a Fokker—
Planck equation, with diffusion of the magnetic energy through k-space (the term in
brackets), growth of the magnetic energy via stretching at a rate 27, and diffusion of the
magnetic field via resistivity at a rate 2nk2.

In three dimensions (d = 3), equation (VIIL.60) becomes

oM 75 0 0 5
—— = —— (k* = —4k )| M +29M — 2nk*M, with 7 = Ka—. I11.62
ot 5(’)k( ok > AyM et M, with Y = Ry (VIIL62)
This equation has the following solution when 1 = 0:
o [ dE 1 (kN2 2
Mt k) = oG/ / Mk ) () e Mmls/kN) /et VIIL63
( ? ) € o k/ 0( )\/T?Qt k/ € ) ( )

which you can verify by substitution; here, My (k) is the initial spectrum of the magnetic
energy. Thus, the magnetic energy grows exponentially and exhibits a power spectrum
xk3/? — the Kazantsev spectrum. The peak wavenumber moves exponentially fast to-
wards smaller scales until resistivity becomes important, at which time the following



Plasma Astrophysics 157
approximate solution holds:
M (k) = k32 K (k /Ky, (VIIL64)

where K is the zeroth-order modified Bessel function of the second kind (“MacDonald
function”) and k,, = \/7/10n > k, is the resistive scale. Such a spectrum is shown in the
figure below:

10°

2

»

<

g
~10°F
=

=

k/k,

Read more in Kulsrud & Anderson (1992) and Schekochihin et al. (2002).

VIIIL.7. Cowling’s anti-dynamo theorem

Zel'dovich’s anti-dynamo theorem is just one of many anti-dynamo theorems, all of
which involve some constraints on the allowed symmetries of the velocity fields that can
act as dynamos or of the magnetic fields that can be generated by dynamo action. Their
essence can be summarized in three words: “symmetry is bad”. (There is another type of
constraint on dynamo action concerning the minimum Rm below which field amplification
is hampered by resistivity, but I won’t cover that here.) Perhaps the most well-known of
these is the Cowling (1933) anti-dynamo theorem, which states that an axisymmetric
magnetic field (that vanishes at infinity) cannot be maintained by dynamo action.
(Wikipedia adds “by an axially symmetric current”, but this qualifier is unnecessary. A
non-axisymmetric flow always creates a non-axisymmetric field. The converse is not true,
however: an axisymmetric flow can create a non-axisymmetric magnetic field, e.g., the
Ponomarenko dynamo.) From Cowling’s seminal paper on magnetic fields in sunspots:

A similar argument shows that a field which resembles an axially symmetric field
in certain respects cannot, in general, be maintained by the currents it itself sets up.
For example, suppose that the lines of force are closed curves all threading a limiting
closed curve, and threading it in the same direction. Then the currents required to
maintain the field will, near the limit curve, have a component in the direction of
the curve which is at all points directed in the same sense round the curve. This
component is not due to electrostatic fields, which can only make currents flow
from points of high potential to points of low potential, and cannot cause them to
flow round a circuit: equally it cannot be due to electromagnetic induction, by an
argument similar to the above. Hence such a field cannot be self-maintained. . .

Since, then, fields possessing a general similarity to an axially symmetric field
cannot be self-maintained, we are led to conclude that the magnetic field of a
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sunspot is not self-maintained. For the same reason the general magnetic fields of
the Sun and the Earth cannot be self-maintained, as was suggested by Larmor.?"

The proof goes as follows. Consider an axisymmetric magnetic field in cylindrical co-
ordinates (R, ¢, Z) of the form B = B, (R, Z)¢ + B,(R,Z), where B, is the toroidal
(azimuthal) component and B, = V X (A¢) is the poloidal (radial and axial) compo-
nent. The fluid flow is, by necessity, axisymmetric as well: u = u,(R, Z)® + up(R, Z),
with V.u, = 0 assumed. Substituting these fields into the resistive-MHD induction
equation (VIII.8) leads to

0B B 5 1 u
94 1 , 1

These are the cylindrical analogues of (VIII.9) and (VIII.11), respectively. The important
term here is the final one in (VIIL.65); with u, = RS2(R, Z), it constitutes a source term
that produces a toroidal magnetic field by the shearing of a poloidal one — the so-called
“(2 effect”. While this can transiently make a strong toroidal field, it does not constitute
a dynamo. The reason why is that this term relies on the longevity of the poloidal field,
whose evolution is governed through (VIIIT.66). It is this equation that dooms the poloidal
field to resistive decay. To see this, define the flux function 1) = RA; then (VIIL.66) may
be written as

oy _ 2 1\9
En +up-Vw—nR<V R2>R'
Multiplying this equation through by 2% and re-arranging terms,

o 2

871@ + V- (upyp?) = 29V - <¢2 Vin Jﬁ) — 2|V

Integrating over space leaves

d(y?)
dt

and so the poloidal component of the magnetic field decays resistively. With no source
term in (VIIL.65), the toroidal component shares the same fate.

= —2(|Vy[?),

VIII.8. Mean-field dynamos

In the fluctuation dynamo, a zero-net-flux magnetic field is amplified by a chaotic
flow. The resulting field generally has its power on the smallest available scales. There is
another kind of dynamo in which both the magnetic and velocity fields have mean com-
ponents — one which generically leads to the growth of large-scale magnetic fields. While

298ir Joseph Larmor (1919) at a meeting of the British Association for the Advancement of
Science asked “How could a rotating body such as the Sun become a magnet? ... Such internal
motion induces an electric field acting on the moving matter: and if any conducting path around
the Solar axis happens to be open, an electric current will flow round it, which may in turn
increase the inducing magnetic field. In this way it is possible for the internal cyclic motion
to act after the manner of the cycle of a self-exciting dynamo, and maintain a permanent
magnetic field from insignificant beginnings, at the expense of some of the energy of the internal
circulation.”
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an active topic of research concerns the interplay between the small-scale fluctuation
dynamo and this “mean-field dynamo”, here I will focus exclusively on the latter.?’

The basic idea is to split the magnetic and velocity fields into their mean and fluctu-
ating parts:

B=(B)+46B and u=(u)+du. (VIIL67)

Note that (0 B) = (du) = 0 by definition. The evolution of the volume-averaged quantities
(B) and (u) will depend upon quantities quadratic in the fluctuations, viz. (§B éB),
(0B du), (JudB), and (dudu). These quadratic quantities will then depend on cubic
terms, and the cubic terms on quartic terms, and on. It is the business of mean-field
theory to close this hierarchy and thereby obtain a closed equation for the time evolution
of (B) and (u). This proceeds as follows.

Assuming that our averaging procedure commutes with differentiation, the averaged
resistive-MHD induction equation (see (VIIL8)) is

9(B)

o = VX (ux B) +nV?(B). (VIIL68)

The term of interest is, of course, the inductive term, which may be expanded using
(VIIL.67):

(ux B) = (u) X (B) + (0u X 6B) = (u) x (B) + £, (VIIL69)

where we have defined the mean electro-motive force (emf) €. Equation (VIIL.68) then
becomes

% =V x ((u) x (B)) + V x £+ V*(B) (VIIL70)

It is this mean emf that spoils Cowling’s theorem. As I foreshadowed, one cannot write
down a closed-form expression for £ without approximation, but let us feign ignorance
and carry on regardless.

The equation governing the magnetic-field fluctuations may be obtained by further
subtracting (VIIL.70) from (VIIL8). Introducing the vector G = du X B — (du X 6 B)
and re-arranging terms, the result is

B8 -9 x () x 0B) - VX G~ qVB=V x (ux (B).  (VILT)

Note that all terms on the left-hand side of this equation are linear in §B, at least
to the extent that w is independently prescribed. The right-hand side, however, is a
source term; physically, it represents the creation of a fluctuating magnetic field by the
fluctuating velocity shearing and tangling the mean magnetic field. It is at this point that
most discussions state that the resulting linear relation between §B and (B) implies a

linear relation between € and (B), and that relation is simply written down as if it fell
from heaven above. I don’t buy it, so perhaps it is worthwhile to actually calculate the

3%You can find a nice review article on mean-field dynamos and their history here:
http://www.aip.de/People/khraedler/HIST_MHD_06_Rae.pdf


http://www.aip.de/People/khraedler/HIST_MHD_06_Rae.pdf
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source >

contribution to € from that source term:

Esource(t) = < / dt’ 8‘5;,
= (suerx [ a9 < fsue) x (3]
[l
w=[

"(€jemBik — €jimOex)

Su(t') x (B(t))] - du(t) — du(t) - V [du(t') X <B(t’)>]>
= & 1)

source

dt
x[<5ue(t)66um(tl)><33 )) + (dul(t m(t/)>a<3j(t’)>]

ork ork
t j (4!
: o(BI(t
= / at’ {aij (t—t'WB' () + Biju(t — t’)W] : (VIIL.72)
T
In the final step, we have introduced the a(7) and B(7) tensors, which are related
to correlations between the velocity fluctuations separated in time by an interval .
Notably, a says something about the correlation between the velocity fluctuations and
their vorticity, dw = V X du. If the turbulence is homogeneous and isotropic, then
a;j (1) = a(71)0;; and Bi;i(7) = B(T)€ijk, and (VIIL.72) becomes

Esource = /t dt’ [a(t —t')(B(t")) — B(t — ')V x (B(t'))], (VIIL73)
where
alt =) = —é(éu(t) Sw(t)) and Bt —t) = %((M(t)-éu(t’)). (VITL74)

The combination u-w is known as the kinetic helicity; it is zero if the velocity field is
on the average mirror symmetric. If the flow has a vanishing correlation time relative to
the growth/decay time of the magnetic field, then it is said to be “delta-correlated” and
(VIIL.73) becomes

Esource =~ a(B) — fV X B. (VIIL.75)
In this case, the final (3) term acts as a turbulent diffusivity, supplementing the resistive
diffusivity: nV2(B) in (VIII.70) becomes (n + 3)V*(B).

The o and B terms are usually argued to represent not only the source term on the
right-hand side of (VIIL.71) but also all the other emf-like terms on its left-hand side. Let
us follow this assumption and adopt (VIIL.75) as an approximation for the total mean
emf and see what it implies for dynamo action. Equation (VIIL.70) then reads

9(B)
ot

We consider two limits of this equation. First, assume (u) = 0, so that the mean-field
inductive term vanishes and we have

% = aV x (B) + (n+ B)V(B).

Adopting plane-wave solutions ~ exp(yt + ik - r), it is straightforward to show that the
growth /decay rate ~ satisfies

=V X ((u) X (B)) +aV x (B) + (n+ B)V*(B). (VIIL76)

v = +ka — k*(n+ B), (VIIL.77)
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where the upper (lower) sign corresponds to negative (positive) magnetic helicity. The
growing solution is called an “a? dynamo”. For k > 0, the a term generates (By) from
(Bz), and then further uses that (B,) to amplify the original (B,). Note that the signs of
the kinetic and magnetic helicities must be alike. If, for some reason a were to depend on
(B) in such a way that it decreases as the mean magnetic-field strength increases (e.g.,
via back-reaction from the Lorentz force), then this dynamo will eventually shut off — an
effect referred to as “a quenching”.

Now restore the (u) X (B) term and suppose (u) = —wzy, where w > 0 is the
characteristic frequency of the flow shear. Then (VIIL.76) becomes

0 0 N
(57~ w3y ) (B) = ~wlBo)i+ ¥ X (B) + (1 + VB,
Note that the gradient in the fluid flow generates (B,) by shearing (B,) into the stream-
wise direction. If the a term is such that this generated field is re-oriented into the x
direction, then the mean field will grow — a process known as the “a-w dynamo”. So long
as k -y = 0, plane-wave solutions satisfy

v =+vk.a(iw + ko) — E*(n + B3). (VIIL.78)

Clearly, there must be a component of k in the g X V|(u)| direction. But it also must
have the correct sign for growth. This is complicated by the i that accompanies w: the
growth rate is complex, and so these dynamo waves propagate. To figure this out, let us
assume |k,a| < w, so that the o component of the dynamo expressed in (VIIL.78) is
sub-dominant to the a-w component. Then

v~ +ik,aw — B2 (n + B).

Suppose that Re(y) > 0, so that we have growth. Recalling v/i = £(1+41)/+/2, we require
k.aw = k- (¢ x V[{u)]) > 0. In this case, v ~ k.aw(1 +1)/v/2 and so the mode grows
and propagates along the trajectory 2 = —aw/v/2, i.e., in the —ag X V|(u)| direction.
Note further that the fastest-growing mode has k exactly parallel to g X V|(u)|.

This kind of mean-field dynamo is important in the differentially rotating solar con-
vective zone, in which the resulting dynamo waves have been conjectured to cause the
observed 22-year period of sunspot activity (Parker 1955). (In spherical geometry with
¢ replacing y and (r,0) replacing (z,z), the growing dynamo mode propagates in the
—ap X V2 direction, where 2(r, ) is the angular velocity.) The idea is that the Solar
dynamo is of the a-w type, with @ > 0 (< 0) in the northern (southern) hemisphere
and 002/0r < 0 throughout the convection zone. This combination gives the correct
equator-ward migration of sunspots (e.g. Moffatt 1978; Parker 1979; Krause & Raedler
1980).

One could write a lot more about dynamo theory, experiment, and observation, but
these course notes are not really the place for that. If you’d like to learn more, you
can start with the excellent reviews by Childress & Gilbert (1995), Gilbert (2003), and
Rincon (2019).
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PART IX

Braginskii: MHD in a magnetized plasma

IX.1. Chapman—Enskog, Braginskii, and magnetized transport

By now you’ve spent a great deal of time playing with various versions and applications
of the MHD equations. So now it’s time to formulate some new equations! Go all the
way back to the end of Part III where general “fluid” equations were obtained by taking
moments of the Vlasov-Landau equation. So that you don’t have to go digging through
this PDF or your notes, I'll repeat them here:

Dn,
D’ZQ 1oV o ua =0, (IX.1)
Du,, U,
manaw—qana E+—XB)—muneg+Vp,=-V-II,+R,, (IX.2)
o c
3 D Da

ipaDitaln ni/B = 7V°qa 7HQ:V'UIO, +Qa
(IX.3)

You should recognize that everything on the left-hand sides of these equations ultimately
gave us ideal MHD after summing over species and using quasi-neutrality,

Z qaNa = 07
@

and Ampeére’s law,
c
E Mot =J = —V X B.
— faTtatt J 47t

Remember: in ideal MHD, the distribution function of the plasma particles is locally
Maxwellian (exactly!) and thus the plasma can be described entirely in terms of the
density ny, the flow velocity u,, and the pressure p, of each constituent species a. So
what remains on the right-hand sides? These additional terms come in two flavors.
First, R, and @), are the first and second moments of the collision operator, and thus
capture the collisional exchange of momentum and entropy between species. (There is
no corresponding term in the continuity equation, because we have adopted a collision
operator that preserves the total particle number of each species, e.g., recombination
is not allowed.) These terms did not appear in single-fluid MHD because ) R, =
Yo Qo = 0: Newton’s third and energy conservation. But there’s nothing particularly
“non-MHD” about them: each species could be locally Maxwellian and these terms
would still be non-zero, so long as each species’ flow velocities and/or temperatures
were different. Thus, these terms are important for establishing a global thermodynamic
equilibrium: through inter-species collisions, all species should eventually take on the
same flow velocity, and all species should eventually have the same temperature. The
second flavor of non-ideal terms — those involving the viscous stress tensor IT, = P, —p,l
and the heat flux g, — are entirely due to non-Maxwellian features in the plasma and are
only related to collisions insofar as collisions between species help to regulate departures
from local thermodynamic equilibrium. Most importantly, they appear inside divergences
and thus represent fluxes of momentum and entropy from one fluid element to the next;
in the limit where collisions are important (what “important” means here will be defined
below), they capture the diffusive transport of momentum and entropy that occurs locally
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between neighboring fluid elements as the system tries to achieve global thermodynamic
equilibrium through collisions. Pictorially:

ﬂ W well tom ﬁ w‘M “I-;J\IT‘
'Q(Wl ouk‘«\hmizévw o,sw Lnd\m JaL(lchl

ol da o Vsl Qi
le“h,Tw, "WQ%‘W ‘L'zg““"

el uuu,u

The following excerpt from the review article by Hinton (1983) on classical transport
provides this illustration’s caption:

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.

Now, this is not a course on transport theory due to Coulomb collisions — that is AST554,
which T also teach and invite you to attend — and so it’s not appropriate to go through
the details here. But you should be made aware that the procedure of calculating these
(diffusive) “loss rates” and writing them in terms of the “fluid” variables (i.e., the zeroth,
first, and second moments of the distribution function) is called the Chapman—Enskog
expansion. One assumes that collisions occur frequently enough to maintain the plasma
near (but not exactly) Maxwellian, and then discovers that the viscous stress and heat
flux are diffusive, i.e., they have coefficients ~vi, Amfp) and are linearly proportional to
the flow-velocity and temperature gradients. Namely, when the ratio of the collisional
mean free path Angp, = vy /v and the characteristic gradient lengthscale L — the so-called
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“Knudsen number” — satisfies

Kn = Azfp <1, (IX.4)
then the viscous stress and heat flux take on the following forms:
T
Iox-2W and q X —BV—, (IX.5)
v v.om
respectively, where
2
W=Vu+ (Vu)! - g(v ~u)l. (IX.6)

is the (traceless, symmetric) rate-of-strain tensor and I is the unit dyadic. The propor-
tionalities in (IX.5) cover up order-unity coefficients that depend on the exact form of
the collision operator being employed. Those coefficients need not concern us here; in
fact, you'll probably never see them explicitly unless you go digging, as they’re usually
wrapped up into the definitions of the viscous and heat diffusion coefficients, p and &
(both v, /v), so that

IT=—-mnuW and q=-nkVT. (IX.7)

Then you just look up p and & in the NRL formulary (or consult my publicly available
AST554 notes if you want the details). The fact that these fluxes are proportional to
Kn = Ansp/L < 1 means that the departures from local thermodynamic equilibrium
are, indeed, small.

The 1916-17 contributions of Chapman and Enskog have now been honored. So then
where does Braginskii enter into all of this? In a now-classic 1965 article in Reviews of
Plasma Physics, Braginskii applied the Chapman—Enskog procedure to determine the
collisional transport in a magnetized plasma.®' It’s a beautiful piece of mathematics and
physics, and the article itself offers a good blend of rigorous presentation and pedagogical
discussion. In this Part, I'll provide a brief overview of Braginskii’s theory, favoring
a discussion of the physical processes involved and their dynamical consequences over
a formal derivation (which can be found in my AST554 notes). We'll then build our
intuition by applying this theory to linear waves (§1X.5) and elucidating some instabilities
of astrophysical interest (§1X.6).

The basic idea can be gathered by returning to the illustration of local transport shown
above, condensed here:

£ 51,

-~ &
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If we put a magnetic field with p/Angp < 1 perpendicular to the white arrow, then those
heat and momentum fluxes will be stifled because the particles cannot travel a collisional

31 Everyone now cites this 1965 review article, but Braginskii laid down the main results in 1958
in the then-Soviet Journal of Ezperimental and Theoretical Physics.
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mean free path across the magnetic field. In other words, when p/L <« 1, charged
particles can only sample a Larmor’s radius worth of the gradients perpendicular to the
magnetic field about which they gyrate; when p/Amgp < 1, this constraint means that
gyrating particles within fluid elements on neighboring field lines barely communicate
collisionally. If instead we orient the 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. Visually,

%

]

W and W 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. Let us see what this means for IT and q.

1X.2. Pressure anisotropy and anisotropic viscosity
We first return to the idea of particle motion used in §II.4. Decompose each particle’s
velocity in the bulk flow of the fluid element in which that particle resides and the random
(thermal) velocity of the particle:
v =u(t,r) +w. (IX.8)

As in §I1.4, we split the latter into its components parallel and perpendicular to the local
magnetic-field direction b:

'w:w”i)+'wL:w”IA)qul(élcosﬁJrégsinﬁ), (IXQ)

where ¥ is the gyrophase:
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To see what this decomposition means for the transport of momentum, let us calculate
explicitly the thermal pressure tensor P = f dw mwwf:

P= /dwm[wui) +w (é1 cosV + és sinﬁ)] [wa) +w (é1 cosV + éo sinﬁ)]f
= /dw mwbb f + /dw mw? (cos® ¥éie; + sin® véses) f
+ /dw %mwi sin20(é185 + €261) f
+ /dw mwjw, [cos D(e1b + bé,) + sin 9 (exb + Bég)] f. (IX.10)
Now, if p is much smaller than any other lengthscale of interest L, and if {2 is much larger

than any other frequency of interest w, then the largest term in the kinetic equation
governing the distribution function f is that which describes Larmor motion:

qwxB Of _
m ow

0. (IX.11)

In our (wy,w1,¥) coordinate system, the velocity-space gradient may be written as

o 0 w, & (wxb)d

ow "oy T wy Gy T wy 99

and so (IX.11) implies that 9f/99 = 0 to leading order in p/L, w/f2 — that is, f is
gyrotropic to leading order. Let us therefore write f as the sum of a dominant gyrotropic

piece (f) and the remaining small gyro-phase-dependent piece (f),

flw,wi,9) = f(w),w) + f(w),wy,?),

and substitute this decomposition into (IX.10). After performing the gyrophase integra-
tion, we find that

o 1 _ ~
P = /dwmwﬁf bb + /dw imwif (é1é1+é2é2)+ /dwmwwf

=7 =pL = (I - bb) =
= pybb +py (I - bb) + . (IX.12)

In other words, in a frame aligned with b = 2, the pressure tensor is predominantly
diagonal:

prt 0 O
P~[o0 p. 0]. (IX.13)
0 0 pH

In this course, I will make no further comments about the gyro-phase-dependent piece
of the pressure tensor (7), other than to say that it captures suppressed collisional
transport across magnetic-field lines [at a level ~(p/Amep)? times the parallel transport]
and a finite-Larmor-radius effect called “gyro-viscosity” [at a level ~(p/Amgp) times the
parallel transport]. Henceforth,

A “n JUN | .
P =pjbb+p. (I - bb) = pl — (bb— 3>(m —py) =pl+ 11, (IX.14)

where we have used p = (2/3)p1 + (1/3)p to obtain the second equality.
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Thus, the viscous stress tensor in a magnetized plasma is anisotropic with respect to
the local magnetic field and has a magnitude that is related to the difference between
the field-perpendicular and -parallel pressures. But why would a plasma have p, # p)?
Go all the way back to §§I1.5-11.7:

1 w?
p=-m—F ~const and J=m ¢ dlwy ~ const,
2 B
the first and second adiabatic invariants. What is the mean value of the magnetic moment
w1 in a plasma?

1 1
/dwuf _ E/dwimef :pL/B

four " Jomr

If the magnetic-field strengths changes in a magnetized plasma, then the perpendicular
temperature must change as well. (This can be thought of as a macroscopic consequence
of Lenz’s law.) What is the mean value of the bounce invariant J? For that, we need
an estimate of the “extension” ¢ of a fluid element along the magnetic-field line. Quoting
Kulsrud (1983):

(1) =

~const — 1| x B. (IX.15)

The quantity ¢ has an amount of uncertainty in its definition since the particles
are dispersing at a considerable rate. However, it is known that even in free expan-
sion of a one-dimensional gas the mean square dispersion of velocities decreases as
the density does and moreover is inversely proportional to the length of the element
of gas squared. .. For our case the length ¢ is proportional to B/n since the volume
of a tube of force is inversely proportional to n, while the cross sectional area is
inversely proportional to B.

Adopting this argument (which is formalized later in these notes),

B2
dwJ?f — [ dwmuwif 2
(J%) = // x n? ‘// : = (B/n)"py ~const = T %22
dw f dw f K
(IX.16)

If the ratio of magnetic-field strength and density changes in a magnetized plasma, then
the parallel temperature must change as well. Now, while T'; /B ~ const is usually pretty
well satisfied, THB2 /n? ~ const is not — it is often spoiled by the rapid flow of heat along
magnetic-field lines. But let us ignore that complication and carry on to obtain the
double-adiabatic equations of state:

D /T, D DL D T”B2 D p”32
Dt<B> Dt(nB) 0 an Dt( n? ANEE 0 (IX.17)

(The D/Dt are here because these changes are measured in the co-moving frame of the
fluid element.) These equations state that the thermal energy of particles is redistributed
in the directions perpendicular and parallel to the local magnetic field when certain
macroscopic properties of the magnetized plasma change on time- and lengthscales much
larger than those associated with Larmor motion and bounce motion.

In this Part of the lecture notes, we are concerned with collisional, magnetized plasmas,
and so it stands to reason that the double-adiabatic equations (IX.17) ought to be
modified to account for the collisional relaxation of the plasma back towards an isotropic
Maxwellian. (Physically, this would correspond to particles getting kicked off their pu-
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conserving Larmor orbits or J-conserving bounce orbits via Coulomb interactions with
other particles.) Again, this physics is mathematically formalized later in these notes,
but for now let us use this motivation to simply append some collisional terms to the
right-hand sides of (IX.17):

—_— QPL%IHBTL_V(}?J_ - D),
Dp, D n3
D ~PIn: " B2
Subtracting these two equations and stipulating that the collisions are sufficiently strong
so as to maintain the plasma near (but not at!) local thermodynamic equilibrium, an
equation for the pressure anisotropy of the plasma results:

D D B3

ﬁt(pl —pu) = Pﬁ lnm —v(pL —p||). (IX.18)

This equation states that pressure anisotropy in a fluid element is generated by adi-
abatic invariance and relaxed by collisional isotropization. Now we enact Braginskii’s
magnetized, collisional ordering:

—v(p) —p)-

2>v>T' and L> gy > p, (IX.19)

where T" and L are some fiducial macroscopic time- and lengthscales on which the fluid
dynamically evolves. In practice, this ordering means that the left-hand side of (IX.18)
is small compared to the final term on its right-hand side, leaving
3p D B
——1In—.
v Dt n2/3
This is Braginskii’s closure for the pressure anisotropy, which figures into the anisotropic
viscosity (see (IX.14)). It represents an instantaneous balance between adiabatic produc-
tion and collisional relaxation of pressure anisotropy, and reveals that the departures from
an isotropic distribution function the correspond to pressure anisotropy are ~(vT)~! <«
1.

One more thing. Let us use the continuity equation and the induction equation in the
forms

pL—p| = (IX.20)

Dlnn DlnB “a
Di =—-V-.u and D =(bb—1):Vu
(recall (V.3)) to write (IX.20) as
3o |
pL—p| 7}? (bb - 3) : V. (IX.21)
Why is this useful? Substitute Braginskii’s viscous stress tensor into the momentum
equation:
Du 3o I\[(;; |
.. =_V.[T=V.|=Z — = ——: .
mn + \Y% \% [1/ (bb 3) (bb 3) Vu]

Other than the appearance of the tensor projection onto (I;f) —1/3), this looks just like a
viscosity: there are two gradients of the fluid velocity, and a coefficient p/v o mnvgh Amgp-
Thus, Braginskii’s pressure anisotropy endows the magnetized, collisional fluid with an
anisotropic viscosity. In the language of (IX.5),

T=-mnuW — —mnu <6i) — ;) <5I; — ?l)) :W. (IX.22)
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Note that, because y oc v2, /v and v o« m~/2 the heavier species (ions) dominate the
viscous transport. Remember this.

Finally, note that the term on the right-hand side of the entropy equation (IX.3) that
involves the viscous stress may be simplified using Braginskii’s closure:

2
—II:Vu=(py pn)(i)l; ;) :Vu = 37]3 Ki)i) é) :Vu} > 0. (IX.23)
This equation states that the entropy increases due to anisotropic viscous damping of fluid
motions. On a microphysical level, departures from local thermodynamic equilibrium are
shaped by the particles’ allegiance to the magnetic-field direction, promoted by adiabatic
invariance, and relaxed by collisions; this last step leads to irreversible heating.

The most important thing to note in going forward is that the anisotropic viscosity only
targets those motions whose rate of strain has a projection onto the field-aligned tensor
(I;B— 1/3). In §IX.5, we will show that, as a consequence, linear shear Alvén waves are not
damped. Nonlinear circularly polarized Alfvén waves are not damped. Neither of these
produce any adiabatic change in the form of the distribution function, because neither of
these change the magnetic-field strength and density of the plasma. Magnetosonic waves,
on the other hand, do produce pressure anisotropy, and thus are viscously damped.

IX.3. Anisotropic conduction

The notion that collisional transport is affected by the presence of a magnetic field holds
true as well for the transport of heat. We begin by examining the form of the thermal
heat flux ¢ = [ dw (1/2)mw?wf (recall (II1.77)) when f = f(w),w_) is gyrotropic:

1 .
q= /dw §mw2 [w”b +w (é1 cost + é5 sinﬂ)]f
1 . .
= /dw imwaHbf = g¢b. (IX.24)

If you’ve followed the story so far, then there should be no surprises here: the transport
of heat flows along the local magnetic field. To formally calculate the scalar ¢ for a
magnetized, collisional plasma requires a Chapman—Enskog—Braginskii treatment, but we
may combine our qualitative argument that particles have difficulty sampling gradients
across field lines with some knowledge of the isotropic result ¢ = —nxVT to guess that

q=-nkVT — —nkbb-VT. (IX.25)

This turns out to be correct. There’s the familiar projection of a free-energy gradient (here
VT) onto a tensor composed of magnetic-field unit vectors, just as with the anisotropic
viscous stress. Note that, because k oc v} /v and v o m~1/2, the lighter species (electrons)
dominate the conductive transport.

If the distribution function is not exactly gyrotropic, there are additional contributions
to the heat flux that account for cross-field transport. As with the viscous stress, these are
small when p/L, p/Amgp < 1. Namely, there is a term that captures suppressed collisional
transport across magnetic-field lines |at a level ~(p/Amg,)? times the parallel transport|
and a term dependent on the finite size of the Larmor radius called the “diamagnetic
heat flux” [at a level ~(p/Amsp) times the parallel transport]. These will not be discussed
in this course.
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1X.4. Braginskii-MHD equations

When (IX.19) are satisfied, the viscous stress tensor and the heat flux take on the
following field-anisotropic forms:

I P A 2ve |
II, = <bb — ) (PLa = Pla) = —MaNatla <bb — 3) (bb — 3> :Vu,, (IX.26)

4, = bga = —ngkabb-VT,, (IX.27)

where the viscous and thermal diffusion coefficients for ions (v = i) and electrons (o = e)
are given by

3 3
=0.96 x Utthl, te = 0.73 X UthC’Te,
5 5
= 1.56 x Utth” =1.26 x ’UtheTe

The multiplicative prefactors here are specific to the Landau collision operator (they all
equal 1 for a Krook operator). The ion and electron collision timescales are

S T2 3 /meTe? Tg
—0.67 To = =0.011
4/t /\1 42 Aeet /\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.

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,
\/mi/me, and (ii) the ions and electrons have comparable temperatures differing by no
more than ~+y/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
are 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
= = _ )V IX.28
A (IX.28)

Du B? .. B?
° Dy —g—V(pL-Fgﬂ) +V. {bb<4n +p¢—p||)]

B? B-VB P A2 |
:g—V(p+>—|—;+V~[Qu<bb—3)<bb—>:VU], (IX.29)

T =

87 3
% =B-Vu— BV -u, (IX.30)
Ds O | 2
Dt =V-: (nfibb VT) + ou| | bb — 3 :Vu| , (IX.31)

where p = pi + pe, s = (3/2)Inpo =53, u ~ i, Kk ~ ke, and T, ~ T;. Recall that we

32« ow-flow” orderings with flow velocities of order the diamagnetic drift velocity introduce
additional physics of relevance to tokamak plasmas; see Catto & Simakov (2004), which follows
Mikhailovskii & Tsypin (1971, 1984).
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have only retained the leading-order contributions to the viscous momentum flux and
the conductive heat flux, which correspond to field-aligned transport.

IX.5. Linear waves in Braginskii-MHD

To obtain some intuition for the physics captured by (IX.28), 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. As usual, write o — o+ dp,
u — du, p — p+op, B — B+ 6B, and retain only those terms linear in the fluctuation
amplitude. The resulting set of equations support plane-wave solutions o exp(—iwt +
ik-r) with k = k”I; + k) and w a complex frequency. The linear theory is as before (in
ideal MHD) except for the addition of the linearized viscous stress to the right-hand side
of the momentum equation,

. T AY T AN L k-ou
+ik- {gu (bb — 3) <bb — 3) :1k6u] = —op <k|b — 3) (k|5u| — 3),

and the addition of the linearized heat flux to the right-hand side of the entropy equation,
+ ik - (nlii)i) . ik§Te) = 7ﬂ]€ﬁl‘€(5Te.

Unless otherwise explicitly stated, we shall assume that the ions and electrons maintain
the same temperature T' = p/2n (recall that p = p; + pe = 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
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

op 59) P <5p 5@)
—nTekQ/Q(— =—"kil — - =,
| P 0 2"l p 0

so that the linearized entropy equation

3. (6p 56 1, (6p & 5p b0 (Dw—kjr\ s

SETRY (e L Z*k‘ﬁlﬁ o _ 20 — 2_2 7! i—gazﬂc.

2 p 3o 2 P 0 P o \ 3iw — k”n D
When conduction is unimportant (k:ﬁn < w), a’y — a®> = (5/3)p/o, the square of
the usual adiabatic sound speed. The perturbations are adiabatic. When conduction is
strong (kﬁﬁs > w), we find that agff = 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:

—iw@ = —ik - du, (IX.32)
1%
. . [ op 0B . 0B - k k-ou
—iwdu = lk(Q + ’UiB|> + lkl\vif - ,U,<k|b - 3) <k|5’U,| - 3), (IX33)
—iw(s?B = ik du — bik - Ju, (IX.34)

with §p = a230. Solving this set is straightforward. First, use (IX.32) to replace k- du
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everywhere by w(dp/0). Then solve (IX.34) for du in terms of B and dp, and substitute
the result into (IX.33). Multiply through by ik and rearrange to find

6B 5B,
( kHUA) B |:kk‘|UA + I/.ka‘H <k‘|b — 3>:| ?
~ 2% .
= |:w2b — kk\lag;ﬁ“ + glliwku <k‘|b — ’;)] %Q (IX.35)

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:

(SQ . ]{2 5BH
2 2 2

This is then substituted back into (IX.35) to obtain an equation involving only 6 B:

5B , . k\]9B
(w? = kijvi) 5 + [kk”vf\—i—wwk”(hb—?))}B

k2
k‘22 : k2_7
~ [w2h a2y 4+ 2 p_k ”A“””(I ) 55y
= |w b — kkjacg + 5wk { kb -3 5 =N | B
k,Q 23_1_7 <k2_)

3 3
(IX.36)

This equation may be split into two decoupled branches by first dotting it with k X b to
eliminate all terms proportional to 6BH. The resulting dispersion relation

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.36) with b.
After some rearrangement, the dispersion relation governing these magnetosonic modes

is
k% k2
2 (w +3 uk:|> {kz i <k2 3)]
w? + 1uwk‘” 2 T k‘ﬁvi = 12 . (IX.38)
2,2 2
— k2aly + 3 ,uw (kl 3 )
The advantage to writing this equation in this form is that we make readily take the limit

k2a? — oo to eliminate sound waves (and thus the fast mode) and find the dispersion
relation for the slow mode:

k2

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.

IX.6. Magneto-viscous and magneto-thermal instabilities
[in progress — see Balbus (2000, 2001, 2004); Kunz (2011)]
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Plasma Astrophysics 173
PART X

Magnetokinetics

We can know only that we know nothing. And
that is the highest degree of human wisdom.

Leo Tolstoy
War and Peace (1869)

See my hand-written lecture notes.
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