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Chapter 1
Introduction

Understanding the self-consistent coupling and flow of energy, momentum, matter,
and electromagnetic fields is necessary for every aspect of solar, space, and
astrophysics. Transport of energy from the center of Sun or a star to the photosphere
determines its stellar evolution, for example. The transport of convective energy and
its translation to magnetic energy and the subsequent transport of magnetic energy
into the solar corona is thought to be responsible for the unexpected heating of the
solar corona to its very high temperatures. The transport of mass, momentum, and
energy is necessary to understand the physics of expanding flows, such as the solar
wind and stellar winds, the interstellar medium, and almost every conceivable flow
found in a solar, space, and astrophysics context.

To illustrate the fascinating complexity of transport processes within a space
physics setting, consider the interaction of the solar wind with the local interstellar
medium. The transport of matter from the solar atmosphere is manifest in the
supersonic solar wind that expands non-adiabatically past the Earth and planets to
eventually interact with the local interstellar medium at some 120 Astronomical
Units (AU). Over this vast distance, the solar wind begins in a highly collisional
state deep in the atmosphere of the Sun, becoming essentially collisionless as it
expands away from the corona, and is then mediated weakly beyond the planets
by charge-exchange processes with neutral interstellar hydrogen that flows into
the heliosphere.! In the case of the large-scale heliosphere, despite the coupling
of plasma and neutral H through a collisional process, the associated creation of
so-called pickup ions introduces an important new collisionless transport element
into the system as well. Specifically, in the supersonic solar wind, neutral H drifts
through the supersonic solar wind, which has a radially expanding velocity of ~350
to ~700 km/s in an opposite direction with a speed of ~20 km/s. Charge exchange

I'The large scale structure of the bubble of solar material carved out by the solar wind expanding
into the partially ionized local interstellar medium is called the heliosphere. See the review by
Zank (1999) for a discussion of the large-scale heliosphere and its coupling through collisional
charge-exchange processes to the local interstellar medium.

G.P. Zank, Transport Processes in Space Physics and Astrophysics, Lecture Notes 1
in Physics 877, DOI 10.1007/978-1-4614-8480-6__1,
© Springer Science+Business Media New York 2014
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between a solar wind proton and an interstellar H atom creates a new ion (the
“pickup ion) which responds immediately to the motional electric field of the solar
wind, accelerating the pickup ion to co-move with the solar wind. The newly created
pickup ions have an energy corresponding to that of the solar wind speed in which
they were “picked up, i.e., of the order of about 1 keV, and form an unstable ring-
beam distribution. The ring-beam instability excites Alfvén waves that scatter the
initial unstable pickup ion distribution to a more stable bispherical distribution,
which is well approximated by a simple shell distribution that co-moves with the
background solar wind. The pickup ions come to dominate the solar wind thermally
in the distant heliosphere, although the ram pressure carried by the relatively cool
solar wind remains the energetically dominant process. Furthermore, the excited
Alfvén waves act as a new source of turbulence in the outer heliosphere, and
therefore modify the transport of magnetic turbulence in the outer heliosphere. It
transpires that the driving and transport and dissipation of low frequency magne-
tohydrodynamic turbulence in the heliosphere is necessary to explain the heating
of the solar wind and the observed temperature profile. This in turn affects the
modulation, i.e., the transport, of galactic and anomalous cosmic rays. In summary,
the apparently simple coupling through collisional charge exchange of neutral inter-
stellar hydrogen and the solar wind plasma yields an enormously complicated set of
transport processes, both collisional and collisionless, including thermal, suprather-
mal (pickup ions), and superthermal (cosmic rays) particles and low-frequency
magnetic fields. The purpose behind this book is to develop some of the theoretical
techniques necessary to understand the underlying transport modeling of various
processes in systems such as the outer heliosphere-local interstellar medium system.
The study of transport processes in gases by Maxwell and Boltzmann laid the
foundations for using kinetic processes to understand and develop a macroscopic
description of non-equilibrium phenomena. Within the context of a collisional gas,
a fairly systematic and complete theory of transport in dilute or moderately dense
neutral gases was completed, predicting transport coefficients for diffusion, heat
conduction, and viscosity that appear to be in reasonable accord with observations.
Nonetheless, this remains an active field of research with numerous applications.
Transport phenomena in low density gases are based on the idea that frequent
collisions, essentially binary, between individual elements of the gas (molecules or
atoms) drive irreversibility and dissipation because of the subsequent randomization
of individual particle trajectories—the essence of “molecular chaos. The random
collisions of the particles are balanced by the free streaming of the individual
particles in a macroscopic inhomogeneous medium subject to the possible presence
of an external force field such as gravity. The balancing of collisions, streaming, and
the response to an external force, results in the system of particles reaching a quasi-
steady state for which a macroscopic description of fluxes of mass, momentum,
and energy can be deduced. The macroscopic fluxes at a first approximation are
linearly related to the gradients of density, temperature/pressure, and velocity. Such
relations allow one to derive transport coefficients whose detailed form depends on
assumptions about the nature of the inter-particle forces and particle structure.
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Despite the success in modeling neutral dilute gases in the collisional regime,
charged gases (plasmas) have proved to be immensely challenging. A classical
collisional theory for plasmas was developed over the past 50 plus years by many
authors, based effectively on extensions of the Chapman-Enskog-Grad formalism,
but predications of transport phenomena did not compare very well to observations,
sometimes different by several orders of magnitude. The difficulties stem in part
from two effects. On the one hand, collisions in a fully ionized plasma cannot be
treated as binary interactions since the Coulomb force is long range. The second
is that charged particles respond to the magnetic field of the medium. Large-scale
magnetic field structure induces particle drifts of various forms, particle trapping,
and so forth. The combination of classical scattering models of plasma and magnetic
field geometry improves the predictions of transport phenomena in a plasma, and
this is sometimes referred to as the neoclassical transport theory for plasmas.
However, despite some successes, the neoclassical transport theory remains largely
unsuccessful when applied to realistic plasma configurations. The reason for this
is that a plasma is almost never in a quiescent state. The long-range Coulomb force
ensures that the collective response of a plasma to fluctuations and variation governs
its behavior. Under many circumstances in space and astrophysical plasmas, particle
collisions play a relatively minor (although, as illustrated in the solar wind interstel-
lar medium interaction example above, not an unimportant) role in the dynamics of
a plasma. Collective processes in both collisional and collisionless plasmas results
in the particles organizing themselves as waves, vortices, advected fluctuations,
streamers, coherent structures, etc. that can be mutually coupled through processes
such as wave-wave coupling or turbulence. Such coupling of fluctuations and coher-
ent structures is often much more effective in transporting mass, momentum, and
energy than individual particle action. The transport theory for collisionless plasmas
is often described as anomalous transport theory. This theory has been particularly
intensively studied in an astrophysical context to describe the transport of energetic
particles in a low-frequency magnetically turbulent inhomogeneous flow.

In this book, we present a systematic treatment of classical transport theory as
applied to gases. The application of the Chapman-Enskog approach is simplified
in that we assume a relaxation time scattering operator rather than using a full
collisional integral. This allows us to address the detail of the derivation of the
transport coefficients without becoming too mired in tedious algebra. We also
used a simplified form of the gyrotropic-averaged transport equation in Chap.2
without derivation (although this is derived in Chap.4) as an example of the
use of polynomial expansion techniques to derive simpler transport equations. In
this case, we use the gyrotropic-averaged problem to derive both a telegrapher
transport equation and a diffusion transport equation for an isotropic distribution
of particles. The polynomial approach allows us to discuss the connection between
the telegrapher and diffusion equations. The derivation of the viscous and heat
conduction transport coefficients allows us to apply a multiple-scales perturbation
analysis to the Navier-Stokes equations to derive evolution equations for linear and
non-linear waves, the latter providing a model for weak shock waves. This leads to
a more general discussion of weak solutions and shock waves.
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Chapter 3 extends the classical transport theory of gases to a collisional plasma.
The analysis is based about the Chapman-Kolmogorov equation and the derivation
of the Fokker-Planck transport equation. The formalism of the Rosenbluth potentials
is particularly useful in deriving the transport coefficients for a variety of collisional
processes, and the Landau form of the collision operator is obtained. The collisional
processes that are considered are electron-proton, and proton-electron collisions,
collisions with a Maxwellian background, and fast particle collisions. This allows
for the derivation of the transport equations for a proton-electron plasma, which are
used to describe the diamagnetic heat flux. The two-fluid proton-electron transport
equations can be simplified further to obtain the equations of magnetohydrody-
namics (MHD). Some discussion about conservation laws associated with MHD
is presented in Chap. 3, followed by a brief presentation of MHD shock waves and
their classification based on the shock polar relation.

Chapter 4 considers anomalous transport of energetic particles in a space and
astrophysics context. Specifically, we address the transport of energetic particles that
experience pitch-angle scattering in a turbulent fluctuating magnetic field. Both the
gyrophase-averaged transport equation for non-relativistic and relativistic energy
particles is derived. The gyrophase-averaged transport equation is also known as the
focused transport equation and is appropriate to non-isotropic particle distributions.
The derivation of the focused transport equations is presented in more detail than is
found typically in the literature. The focused transport equation is still very compli-
cated and we introduce a Legendre polynomial technique to consider distributions
that are nearly isotropic. This approach, which is very systematic, yields the classical
cosmic ray transport equation derived originally by E.N. Parker, W.I. Axford, and
L.J. Gleeson. Because the interaction between energetic particles and turbulence is
so critical to the derivation of the transport coefficients, we address in some detail
the magnetic correlation tensor in Chap.4. The use of the magnetic correlation
tensor allows the derivation of the momentum and spatial diffusion tensors using
a quasi-linear methodology. To evaluate the perpendicular component of the spatial
diffusion tensor, we utilize the non-linear guiding center approach that has become
popular. Chapter 4 concludes with some applications of the cosmic ray transport
theory. The cosmic ray transport equation is further reduced by invoking a fluid
moment closure to yield the cosmic ray two-fluid equations. Some discussion about
linear and nonlinear waves and weak shock structure is presented. A very important
application of the energetic particle transport equation is to the energization of
particles at a shock wave the mechanism of diffusive shock acceleration. This is
discussed from both steady and time-dependent perspectives. We conclude with a
brief analytic treatment of cosmic ray modulation in the heliosphere.

The final chapter, Chap.5, considers the transport of fields. In this case, we
address the transport of low frequency magnetohydrodynamic turbulence in an
expanding flow. The MHD turbulence transport models extend classical turbulence
transport models used successfully for hydrodynamics, including in engineering
applications. A basic description of MHD turbulence is presented, based on either a
Kolmogorov or Irishnikov-Kraichnan phenomenology. Adopting one of these phe-
nomenologies allows us to develop an energy-containing transport theory for MHD
turbulence based on a mean-field decomposition of the incompressible inhomoge-
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neous MHD equations. A comparison with solar wind observations of the energy
density in magnetic field fluctuations with the theoretical transport turbulence model
illustrates the considerable success that these models have enjoyed.

The book is aimed at advanced undergraduates, graduate students, and new post-
doctoral students. The general background that is needed for students taking a class
based on this book is basic mathematical statistics, although Chap. 1 provides much
of the needed background. It is useful for students to have introductory classes in
plasma physics, statistical mechanics, and mathematical methods.

A course can be tailored in different ways, depending on the interests and needs
of the person teaching the class. In classes given at the University of Alabama in
Huntsville, I have tended to cover most of the book in a single semester, omitting
some sections in each chapter depending on the interests of the students. Graduate
students have found the pace challenging, particularly since I have required the
students to do most of the problems listed in the book. Problems are distributed
quite liberally throughout the book. A detailed solutions manual is available and
has been published by A. Dosch and G.P. Zank and is available from the publisher.
If a class has the requisite background in mathematical statistics, most of Chap. 1
can be omitted or relegated to background reading. Chapter 2 is important even for
students familiar with the H-theorem because of the systematic development from
the Chapman-Enskog approach of the hydrodynamic equations (Euler and Navier-
Stokes). The subsections on weak shocks, perturbative techniques, and shock waves
are important for later sections in Chaps. 3 and 4. The section on the telegrapher
equation in Chap.2 can be neglected. The first sections of Chap.3 should be
included, but the alternative, more formal derivation of the Chapman-Kolmogorov
equation can be omitted. The development of the Rosenbluth potentials should be
addressed, which includes the Landau scattering operator. Some of the particular
scattering processes can be included in a course but not all sections need to be
included. Derivation of the MHD equations from the two-fluid proton-electron
transport equations is probably necessary given their wide application, and the
section on MHD shock waves is also particularly useful. Chapter 4 provides a
comprehensive treatment of energetic particle transport in a collisionless plasma.
Depending on interests, much of the derivation of the transport coefficients from the
magnetostatic correlation tensor may be neglected but the hydrodynamic description
of a coupled thermal and energetic particle plasma system is useful. The wide
applicability of diffusive shock acceleration theory makes this section important.
Finally, Chap. 5 can be neglected if the purpose of the class is to address transport
equations for particles. However, it provides the needed background to understand
simple models of turbulence and an introduction to the transport of turbulence that
is not found elsewhere.

Reference

G.P. Zank, Modeling the interaction of the solar wind with the local interstellar medium:
A theoretical perspective. Space Sci. Rev. 89(3—4), 413-687 (1999)



Chapter 2
Statistical Background

2.1 Probability Set Function

For many interesting physical problems, we need to describe the “long-term”
behavior of systems governed by macroscopic laws and microscopic randomness.
A random event has an outcome that is uncertain and unpredictable. Sometimes
small changes in initial conditions can result in a substantially different outcome —
this is the essence of chaos. Quantities that change randomly in time and space are
called stochastic processes. Physical systems that are subject to stochastic driving
will have a random component and the variables that describe the system are
also stochastic processes. Examples of physical problems include the behavior of
gases in the presence of microscopic collisions of the constituent particles, the
collective propagation of energetic charged particles in a magnetically turbulent
medium, the collective behavior of dust particles in an accretion disk subject to
coagulation and destruction, the evolution of a gas of charged protons and electrons
(a plasma), etc.

Before considering specific physical problems, some basic statistical concepts
need to be reviewed. There are numerous excellent texts that introduce the basic
elements of probability theory and stochastic theory and this introductory chapter
draws heavily from these. The classic treatise is that of Feller (1968), from which
almost all introductory texts draw. Much of this chapter is based on the books by
Hogg and Craig (1978) and Gibra (1973).

Suppose we perform n independent experiments under identical conditions. If an
outcome A results n 4 times, then the probability that A occurs is

o= i

More formally, let C be the set of all possible outcomes of a random experiment. C is
the sample space. An outcome is a point or an element in the sample space. Thus,

G.P. Zank, Transport Processes in Space Physics and Astrophysics, Lecture Notes 7
in Physics 877, DOI 10.1007/978-1-4614-8480-6_2,
© Springer Science+Business Media New York 2014
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a sample space C is a set of elements or points, each of which corresponds to an
outcome of an experiment or observation. A sample space can be finite or infinite.

Example. Toss a coin twice and denote the outcomes as H (head) and T (tail). The
possible outcomes are

{(H.H),(H,T),(T,H),(T. T)},
and so the sample space is given by
C={(H,H),(H,T),(T,H).(T,T)}.

The subset E corresponding to the event of heads occurring on the first toss contains
two elements

E={(H,H),(HT)}.

Another subset is the event F' where a head occurs on the first and second toss,
given by

F={(H H)}.

An event E is defined as a set of outcomes, and an event has occurred if the
outcome of the experiment corresponds to an element of subset £. A null event
corresponds to the empty set @, i.e., the set of no outcomes. If the subset E
consists of all possible outcomes of the experiment, then E is the sample space
(and obviously an event).

Define a probability set function P(C) such that if C C C, then P(C) is the
probability that the outcome of the random experiment is an element of C. We take
P(C) to be the number about which the relative frequency n4/n converges after
many experiments. The properties that we want of the probability set function may
be defined as follows.

Definition. If P(C) is defined for a subset C of the space C, and Cy, C;, C3, ... are
disjoint subsets of C, then P(C) is called the probability set function of the outcome
of the random experiment if

i P(C)=0,
(i) P(C,UC,UCs--+) = P(Cy) + P(Cy) + P(C3) ++--,
(i) P(C) = 1.

Theorem 1. For each C C C, P(C) = 1 — P(C*), where C* denotes the
complement of C.

Proof. SinceC=CUC*andC NC*=0,1= P(C)+ P(C*).

Theorem 2. P(0) = 0.
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Proof. In Theorem 1, take C = @ so that C* = C. Hence
P@=1-PC)=1-1=0.

Theorem 3. If C, and C, are subsets of C such that C; C C,, then P(C))
< P(Gy).

Proof. C, = C; U (C} N Cy)and C; N (CF N C,) = 0. Hence
P(Cy) = P(C)) + P(C" N Cy).

But P(C* N Cy) = 0, hence P(Cy) > P(Cy).

Theorem 4. Foreach C CC,0< P(C) < 1.

Proof. Since® C C CC,P(@) < P(C)<P(C)or0< P(C) <.
Theorem 5. IfC; C C and C, C C, then

P(C] U Cz) = P(Cl) + P(Cz) —P(Ci N Cz)
Proof. Since

C1 U Cz = C1 @] (Cl* N Cz) and C2 = (C1 N Cz) U (Cl* N Cz),

we have

P(CiUG) = P(C) + P(CI NGy
and

P(Cy)) = P(C1 NGy + P(CF N G).
Hence

P(CiUGC) = P(C)+ P(Cy) — P(CNGy).
Example. Two coins are tossed and the ordered pairs form the sample space
C={c:c=(H H),(HT),(T,H),(T,T)},
and let P(c € C) = %. Suppose C is the event that a head is tossed with the first
coin and C, the event that a head is tossed with the second coin. The events C; and

C, therefore correspond to the subsets

Ci={c:c=(H,H),(H,T)} and Cyo={c:c=(H,H),(T,H)}.
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To find the probability that the first coin toss corresponds to a head or the second to
head, we compute

P(C)) = P(Cy) = %

and the probability that tossing the two coins each results in a head is given by
1
P (C1 N Cz) = Z .

The probability that a head is tossed by one or the other coin is given by

1 1 1 3
P(C1UC2)=§+E—Z=Z.

Exercises

1. A positive integer from 1 to 6 is chosen by casting a die. Thus C = {¢ : ¢ =
1,2,3,4,5,6}. Let C; = {c : ¢ = 1,2,3,4}, C, = {c : ¢ = 3,4,5,6}. If
P(C € C) = %, find P(Cl), P(Cz), P(Cl n Cz), and P(C] @] Cz)

2. Draw a number without replacement from the set {1,2, 3,4, 5}, i.e., choose a
number, and then a second from the remaining numbers, etc. Assume that all 20
possible results have the same probability. Find the probability that an odd digit
will be selected (a) the first time, (b) the second time, and (c) both times.

3. Draw cards from an ordinary deck of 52 cards and suppose that the probability
set function assigns a probability of 5—12 to each of the possible outcomes. Let
C, denote the collection of 13 hearts and C; the collection of 4 kings. Compute
P(Cy), P(Cy), P(C;NCy) and P(C U Cy).

4. A coin is tossed until a head results. The elements of the sample space
C are therefore H, TH, TTH, TTTH, TTTTH, etc. The probability set

function assigns probabilities %, i, %, 1—16, etc. Show that P(C) = 1.
Suppose C; = {c¢ : cis H,TH,TTH,TTTH,or TTTTH} and C, = {c

cisTTTTH or TTTTTH}.Find P(Cy), P(Cy), P(CiNC,),and P(C1UC,).

5. A coinis tossed until for the first time the same result appears twice in succession.
Let the probability for each outcome requiring 7 tosses be 1/2"~!. Describe the
sample space, and find the probability of the events (a) the tosses end before the
sixth toss, (b) an even number of tosses is required.

6. Find P(C; N C,) if the sample space is C = C; U C,;, P(Cy) = 0.8 and
P(Cy) =0.5.

7. Suppose C C C ={c :0<c <oopwithC = {c:4 < ¢ < oo} and
P(C) = [, e *dx. Determine P(C), P(C*),and P(C UC™).

8. If C C C is a set for which fc e~ Xldx exists, C = {¢ : —00 < x < o0}, then
show that this set function is not a probability set function. What constant should
the integral be multiplied by to make it a probability set function?

9. If C; € C and C;, C C of the sample space C, show that

P(CiNG) = P(C) S P(CLUG) = P(C) + P(Cy).
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2.2 Random or Stochastic Variables

As discussed above, elements of a sample space C may not be numbers, being
outcomes such as “heads” or “tails”. Since we are typically interested in quantifying
the outcome of an experiment, we formulate a rule by which elements ¢ € C may
be represented by numbers x, pairs or n-tuples of numbers (x1, X, ..., X;).

Definition. Consider a random experiment with a sample space C. A function X
that assigns to each ¢ € C one and only one real number x = X(c) is a random
variable, and the space of X is the set of real numbers A = {x : x = X(c¢),c € C}.

Example. Coin toss: C = {c : wherecisT or H}, and T = Tail, H = Head.
Define a function X such that

Y = 0 %f c=T

1if ¢c=H
Therefore X is a real-valued function defined on C which maps ¢ € C to a set of real
numbers A = {x : x = 0, 1}. X is a random variable and the space associated with
Xis A.

Sometimes the set C has elements that are real numbers, so that if we write X(c) =
c,then A =C.

Two forms of random variable can be defined. (1) Discrete random variables
are those that take on a finite or denumerably infinite number of distinct values.
(2) Continuous random variables are those that take on a continuum of values
within the given range. Random variables are generally denoted by capital Latin
letters such as X, Y, Z. Some examples of discrete and continuous random variables
are the daily demand for coffee at a Starbucks (discrete), the number of customers
at a checkout per hour (discrete), the daily number of absences from a company
(discrete), the waiting time of a passenger for a train at a particular train station
(continuous), the daily consumption of gas by your car (continuous), and the annual
snowfall in Alabama (continuous).

Example. A vendor at a rugby game buys “koeksisters” (a form of unfilled donut
from South Africa) for $1.00 each and sells them for $2.50 each. Unsold koeksisters
cannot be returned. Suppose the demand during a game is a random variable Y.
Suppose the vendor orders a quantity X of koeksisters. Let F' denote the profit after
the game, which can then be computed as

$1.50X Y>X

FY) =1 g150y —s1.000x—7) ¥ < X

where Y =1,2,....

Example. If a die is rolled twice, the random variable X that describes the sum of
the values is X(c) = ¢ where c = 2,3,...,12.
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Example. A sample of five items is drawn randomly from a lot. The random variable
X that describes the number of defective items in the sample is X(c) = ¢, where
c =0,1,2,3,4,5. If the random variable Y is the number of non-defective items
in the sample, define the random variable Z = |X — Y'|. Thus, the random variable
Z(c) = c wherec = 1,3,5.

Just as we refer to an “event C” with C C C, we can introduce an event A. Like
the definition for the probability P(C), we define the probability of the event A,
P(X € A). With A C A,let C C Csuchthat C = {c : ¢ € C and X(c) € A}. Thus
C has as its elements all outcomes in C for which the random variable X has a value
that is in A. This means that we can define P(A) to be equal to be P(C) where
C = {c : ceCand X(c) € A}. This allows us to use the same notation without
confusion.

That P(A) is a probability set function can be seen as follows. For condition (i)
above, P(4) = P(C) > 0.

Consider two mutually exclusive events A; and A,. Here

P(4,U 4;) = P(C),
where C = {c¢ : ¢ € C and X(c) € A, U A,}. However,
C={c:ceCand X(c) e A1} U{c:ceCand X(c) € A2} = C; Uy,
say. Since C; and C, disjoint, we have
P(C) = P(C)) + P(C2) = P(A)) + P(A4),

which is condition (ii).
Finally, since C = {c : ¢ € C and X(c¢) € A}, it implies that P(A) = P(C) = 1.

Example. Let a coin be tossed twice, and consider the number of heads observed.
The sample space is

C={c:wherec =TT, TH,HT,HH}

0ifc=TT
X(c)=131ifc=THorHT
2ifc = HH

Hence, A ={x: X =0,1,2}.
Let A C Asuchthat A = {x : x = 1}. Whatis P(A)?
Since X(¢) = 1ifcisTH or HT,
= C CC suchthat C={c:c=THor HT}

= P(A)=P(C) ie, PX=1)=P(C).
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Define

Ci={c:c=TT}
C,={c:c=TH}
Ci={c:c=HT}
Cy={c:c=HH}
Suppose P(C) assigns a probability of }1 to each C;. Then P(C)) = }1, PG U

C3) = 1,and P(Cy) = §,sothat P(X =0) =1, P(X = 1) = },and P(X =
2) =

1 1
1> 2
1
1
Example. An experiment yields a random value in the interval (0, 1), so the sample
space is C = {c¢ : 0 < ¢ < 1}. Let the probability set function be given by the

“length”

P(C) =/(;dc,

so, for example, if C = {c : % <c< %} then
2/3 1
P(C) = dc = —-.
1/3 3

Define a random variable X = X(c) = 2¢ + 1, so that the space A = {x : 1 <
x <3}.For A C A,suchthate.g, A ={x:a <x <b,a > 1,b < 3}, we have
C={c:(a—-1)/2<c<((b—-1)/2,a > 1,b < 3}. Hence

(b—1)/2 b
P(A)=P(C) = / dec = / —dx.
(a—1)/2 a 2

Typically, however, we assume a probability distribution for the random variable
X rather than introducing the sample space C and the probability set function P(C).

Example. Suppose the probability set function P(A) of a random variable X is
P(A):/f(x)dx where fx)=2x, xeA={x:0<x<1}.
4
Ay ={x:0<x<i}and Ay = {x : § < x < 2} are subsets of A. Then

1/4 1
P(AI)IP(XGAI)Z/ 2xdx = —
o 16
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and

3/4 5
P(42) = P(X € Ay) = / dxdx = =
1/2 16

Hence, it follows that since A} N A, = @, P(A; U A3) = P(A)) + P(A4,) = %

Example. Consider two random variables X and Y, andlet A = {(x,y) : 0 < x <
y < 1} be the 2-space. Suppose the probability set function is

P(A) =//;2dxdy.

IfA1={(x,y):%<x<y<1},then

1 y 1 1
Puan =Py el = [ [ 2avay = [ @y-nay =yl = .
120172 1/2

Suppose 4, = {(x,y) :x <y <1,0<x < %}, then A, = A}, and

P(Ay) = P[(X.Y) € A)] = P(A¥) =1 — P(4)) = %_

Exercises

1. Select a card from a standard deck of 52 playing cards with outcome c. Let
X(c) = 4if ¢ is an ace, X(c) = 3 for a king, X(c) = 2 for a queen, X(c) =1
for a jack, and X(c) = 0 otherwise. Suppose P(C) assigns a probability é to
each outcome c. Calculate the probability P(A) on the space A = {x : x =
0, 1,2, 3, 4} of the random variable X .

2. Suppose the probability set function P(A) of the random variable X is P(A) =
[ f(x)dx where f(x) =2x/9,x e A={x:0<x <3}.Ford; ={x:0<
x <1}and A; = {x : 2 < x < 3}, compute P(A;), P(A,),and P(A; U Ay).

3. Suppose that the random variable X has space A = {x : 0 < x < 1}. If

A1={x:0<x<%}andA2={x:%§x<1},ﬁndP(A2)ifP(A1)=%.

2.3 The Probability Density Function

The distribution of the random variable X refers to the distribution of probability,
and this applies even when more than one random variable is involved. We discuss
some random variables whose distributions can be described by a probability
density function of both the discrete and continuous type. Consider first probability
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distribution functions (pdfs) of one random variable. Suppose X denotes a random
variable with one-dimensional space A such that A is a set of discrete points. Let
f(x) be a one-to-one function f(x) > 0, x € A with

Y f) =1
A
Whenever a probability set function P(A4), A C A, can be expressed as

P(4) =) f(x),
A

then X is a random variable of the discrete type, and X has a discrete distribution.

Example. Consider a discrete random variable X with space A = {x : x =
0,1,2,3}, and let

P(A) =) fx),
A

where

3
f(x)=3—L(%), XGA,

(recall 0! = 1). If A = {x : x =0, 1,2}, then

301\ 3t 13 1y 7
=>PXeAd)=—|= — | = —(Z) =L,
( ) 013! (2) + 112! (2) + 211! (2) 8
Note that P(A) = 1.
Example. Consider a discrete random variable X with space 4 = {x : x =

0,1,2,3,...}, and let

fx) = (%)r x e A

Thus, P(X € A) =) , f(x).ForA={x:x=1,3,57,...},

3 5
pxem=b () e (A) eon2
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Suppose that the one-dimensional Riemann integral over the space A satisfies

/A Fydx =1,

where f(x) is a one-to-one function f(x) > 0, x € A with at most a finite number
of discontinuities in every finite subset (interval) of 4. Whenever a probability set
function P(A), A C A, can be expressed as

P(A)=P(X €A = / f(x)dx,
A

then X is a random variable of the continuous type, and X has a continuous
distribution.

Example. Let A = {x : 0 < x < oo} and f(x) = ae™*, x € A. The probability
set function is

P(X € A) = / f(x)dx =/ae_3"dx.
4 y
Since P(A) =1,
PA) = / aedx =1 = a =3.
0
IfA={x:0<x <1}, then
1
P(X € A) = / 3¢ dx =1—e.
0

The probability P(A) is determined completely by the probability density function
(pdf) f(x), whether or not X is a discrete or continuous random variable.

The concept of the pdf of one random variable is readily extended to the pdf of
multiple random variables. For example, suppose the two random variables X and
Y are discrete or continuous and have a distribution such that the probability set
function P(A), A C A can be expressed as

P(A)=PX.Y)eAl =) Y f(x.y),
A
or

P(A) = P[(X,Y) e A] = //Af(x,y)dxdy.
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In either case, f(x, y) is the pdf of the two random variables X and Y. Of course,
P(A) = 1.

Suppose that the space of a continuous random variable X is A = {x : 0 < x <
oo} and that the pdf is 3e 3%, x € A. We can write

3¢ 0 < x < o0
0 elsewhere

o) = {

and f(x) is the pdf of X. Hence

o] 0 0o
/ f(x)dx = / 0dx + / 3¢ dx = 1.
—00 —00 0

If A C Asuchthat A = {x :a < x < b}, then

b
P(A)=Pla<x<b)= [ f(x)dx.

If A = {x: x = a}, then P(A) = 0, which implies that P(¢ < x < b) =
P(a <x <b).
Example. Suppose the random variable X has pdf

3x2,0<x <1
0, elsewhere

o) = {

To find P(3 < X < }), we evaluate

1 1 1/2 1/2 3
P-<X<o)= f(x)dx = / 3x?dx = —.
4 2 1/4 1/4 32
Similarly,
1 1 1/2 0 1/2 1
P(—-<X<o)= f(x)dx = / 0dx +/ 3x%dx = —.
2 2 ~1)2 —1/2 0 8

Example. Let

6x’y0<x<1, 0<y<l
0 elsewhere

fony) = {
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be the pdf of two random variables X, Y. For example,

31 2 3/4
P(O<X<—,—<Y<2)=/ f(x,y)dxdy
43 13 Jo
1 p3/4 2 p3/4
= / 6x2ydxdy+/ / 0dxdy
173 Jo 1 Jo
=3 +0= 3
8 B
Exercises

1. Find the constant a that ensures that f(x) is a pdf of the random variable X: (a)
f(x)=a (%)A, x =1,2,3,..., 0elsewhere. (b) f(x) =axe™,0<x < 00,0
elsewhere.

2. Consider a function of the random variable X such that

ax 0<x<10
f(x)=3a(0—x)10<x <20
0 elsewhere

Find a so that f(x) is a pdf and sketch the graph of the pdf. Compute P(X > 10)
and P(15 < X < 20).

3. Let f(x) = x/15, x = 1,2,3,4,5, 0 elsewhere, be the pdf of X. Find P(X =
1 or 2),PA<X<32),and P(1 <X <2).

4. Compute P(|X| < 1) and P(X? < 9) for the following pdfs of X, (a) f(x) =
x2/18, =3 < x < 3, 0 elsewhere. (b) f(x) = (x +2)/18, =2 < x < 4,0
elsewhere.

5. Given P(X > a) = e Qa+1),1 > 0,a > 0, find the pdf of X and
P(X > A7),

6. Let f(x) =x721 < x < 00, 0elsewhere, be the pdf of X. If 4} = {x : 1 <
x <2}and Ay = {x :4 <x < 5},find P(A; U Ay) and P(A4; N Ay).

7. Let f(x,y) =4xy,0 <x < 1,0 < y < 1,0 elsewhere, be the pdf of X and Y.
Find PO<X <11 <Y <1),P(X=Y),P(X <Y),and P(X <Y).

8. Given that the random variable X has the pdf

5
2 —0.1a < x <0.1a
Jx) = 0 elsewhere

and P(|X| <2) =2P(|X| > 2), find the value of a.
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2.4 The Distribution Function

Suppose a random variable X has the probability set function P(A), and 4 is a 1D
set. For a real number x, let A = {y : —oo < y < x}, so that P(A) = P(X €
A) = P(X < x). The probability is thus a function of x, say F(x) = P(X < x).
The function F(x) is the distribution function of the random variable X . Hence, if
f(x) is the pdf of X, we have for a discrete random variable X

F(x)=>_ f(.

y<x

and for a continuous random variable X

F(x) = S(y)dy.
y<x

The distribution function is therefore of a discrete or continuous type.

Example. A die is rolled once. The sample space is C = {1,2,3,4,5,6}. To find
the probability that the value on the upturned face is less than or equal to three, let
X be the random variable whose value is less than or equal to three. Thus, the event
X < 3isthe subset C = {1,2,3} C C. The distribution function

1 1 1

FO)= P(X3) = PC)= P() 4 PQ)+ PO) = ¢ + e+ =5

[@)}

Sketch the graph of the distribution function.
A distribution function F(x) possesses the following properties.
(i) 0 < F(x) <1because0 < P(X <x) <1.
(i) F(x) is a non-decreasing function of x. This can be seen as follows. Suppose
X1 < Xap. Then
{(x:x<x}={x:x<x}U{x:x <x<xp}
and
P(X§X2)=P(X§X1)+P(X1 <X§X2),
from which it follows that

F(x;) — F(x;) = P(x; < X < x3) > 0.

(iii) F(oo0) =1and F(—o0) =0 ({x : x < —oo} = 0).
(iv) If a < b, then, from (ii),

P(a < X <b) = F(b)— F(a).
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Without proof,
P(X =b)=F(b)— F(b-),

where F(b—) denotes the left-hand limit of F(x) at x = b. If the distribution
is continuous at x = b, then P(X = b) = 0.
(v) Also without proof, F(x) is continuous to the right at each point x.

Example. The distribution function of a random variable X is given by

Thus,

P(X <1)=F(l) = §;

P(O<X§2)=F(2)—F(O)=1—%=

P(1<X§2):F(2)—F(1):1_§:

AW W= MW

P(1§X§2)=F(2)—F(O):1_%

Example. Suppose the random variable X is continuous with pdf f(x) = e™*,
0 < x < 00, 0 elsewhere. The distribution function of X is therefore

F(x)=/ 0dy, x <0
o0

X
=/ e Vdy=1—¢"", 0<x
0

Sketch this function. F(x) is a continuous function for all real x, and the derivative
exists at all points except x = 0.

Example. Let a distribution function be given by (sketch this function)

0, x<0
F(x) = X;1,0§x<1
1, 1<x
so that
1 1 3 3
P(3< X< ) )=F|=)|-F(-3)=--0=—,
(B<X=3) (2) =7 4
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for example, and

P(X=0)=F(0)—F(0—)=%_()=%

Note that F(x) is a mixture of both discrete and continuous type distributions.

Suppose X is a random variable with space A, and ¥ = g(X) is a function of
X.Y = g(X) is a random variable with space B ={y : y = g(x),x € A} and a
probability set function. If y € B, the event Y = g(X) < y occurs when and only
when the event X € A C A occurs, where A = {x : g(x) < y}. The distribution
function of Y is therefore

G(y) = P(Y =y) = P(g(X) =y) = P(4).

Example. Suppose a random variable X has the pdf f(x) = x + %, 0<x<1,0
elsewhere. The distribution function of X is given by

Fx(x) = /0 (y + 1) dy = 3+ ).

2
so that
0, x<0
Fx(x)=15(1+x),0=<x<1
1, x>1

Consider now the composite random variable Y = X?2. The distribution function
of Y is

Fy(a) = P(Y <a) = P(X*> <a) = P(—va < X < Ja).
Y is always non-negative,

Fy(a) = P(X < Va) = Fx(Va),

therefore
0, a<0
Fy(a) = “/7‘7(1+\/E),05a§1
I, a>1

Differentiation of Fy yields the pdf as

fy(y)z{%(“rz;ﬁ’)ofysl

0. elsewhere
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Finally, for example,
1
P(Y >049) =1-P(Y <0.49) = 1-Fy(0.49) = 1—5(0.49—\/0.49) = 0.405.

Extending these ideas to two or more random variables e.g., X and Y, is readily
accomplished. Let P(A) be the probability set function of X and Y, where A is a
2D set. If A = {(u,v) : u < x,v < y}, x, y real numbers, then

P(A)=P[(X,Y)e A= P(X <x,Y <y).
The distribution function of X and Y is
F(x,y)=P(X =x,Y =y).

If X and Y are continuous type random variables with pdf f(x, y), then

Fen = [ ; [ oo Fudud,

so that

PF(x,y)

xay f(x,y),

at continuous points.

Example. The random variables X, Y, and Z have the pdf f(x, y,z) = eyt
0 < x,y,z < 0o, 0 elsewhere. The distribution function of X, Y, and Z, is

F(x,y,2) = P(X <x,Y <y,Z <2)

z Py px
= / / / e~ dudvdw
o Jo Jo

=1—-e)A—-e")(1—-eT%), 0<x,y,z<o0,

and O elsewhere.
Exercises

1. Let f(x) be the pdf of a random variable X . Find the distribution function F(x)
of X and sketch the graph

f(x) =1,x =0, 0 elsewhere.

f(x)=1/3,x = —1,0,1, 0 elsewhere.

f(x) =x/15,x =1,2,3,4,5, 0 elsewhere.

f(x) =3(1 —=x)%,0 < x < 1, 0 elsewhere.

f(x) =x72,1 < x < oo, 0 elsewhere.
f(x)=1/3,0<x <land?2 < x < 4,0 elsewhere.
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2. Given the distribution function

0, x < -1
Fx)=1*2 -1<x<1
1, 1 <x

Sketch F(x) and compute P(—% < X < %), P(X = 0), P(X = 1), and
P2 <X <3).

3. Suppose the random variable X has a distribution function F(x) = 1 —e
x > 0. Find (a) the pdf of X, (b) P(X > 100), and (c) let Y = 2X + 5 and find
the corresponding distribution function Fy .

4. Let f(x) = 1,0 < x < 1, 0 elsewhere be the pdf of X. Find the distribution
function and pdf of ¥ = /X.

5. Let f(x) = x/6,x = 1,2, 3, 0 elsewhere, be the pdf of X. Find the distribution
function and pdf of ¥ = X?2.

6. Suppose that a random variable X has the pdf

—0.1x
9

1
5 —1<x=<1
27 — —

S ) 0, elsewhere

Determine (a) the distribution function F(x); (b) the probability density function
of the random variable ¥ = X2, and (c) compute P(Y > 0.36).

2.5 Expectations and Moments

One of the most important concepts needed for the transport theory of almost any
physical system is that of moments. This section provides the foundation for the
remaining chapters. Suppose X is a continuous or discrete random variable with
pdf f(x) and let u(X) be a function of X such that

Eu(x)] =/_ wx) f)dx,  or  E[u(x)] =) ux)f(x)

X

exists, then E[u(x)] is called the mathematical expectation or expected value of
u(x).

More generally, if X, X»,..., X, are continuous random variables with joint
pdf f(x1,Xa2,...x,), then for the function u(Xi, Xs,...X,), the expectation is
defined by

o0 o0
Eu(xy, x2,...x,)] =/ / u(xy, X2, ... x,) f(x1, X2, ... Xp)dx1d x5 ... dx,.
—0o0 —00

The case for discrete random variables is similarly defined.
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The expectation possesses the following properties:

. Foraconstantk, E(k) = [° kf(x)dx =k [°2, f(x)dx = k.

. For a constant k, E(ku) = kE(u).

. For constants k1, ko, E(kiuy + kouy) = k1 E(uy) + k2 E (u3).

. For constants ¢ and k, E[(ku)] = kEu) or E(kX)¢ = k“E(X°).

A~ LW =

Properties (1)—(3) demonstrate that E is a linear operator.
Example. Suppose X has the pdf

2x,0<x <1
0, elsewhere

0 = {

Corresponding expectations are
0o 1 2
E(X):/ xf(x)dx:/ xX2xdx = -
0o 0 3

E(X?) = / " 2 )y = / ' xdx — !
0

—00
5

2 1
EX 4+2X)=Z42-="=Z.
(X +2X7) 37°2 73

Example. Suppose X and Y have the joint pdf

x4+ y,0<x<1, 0<y<l
fley) = %0, elsewhere
Then
1 pl
E(XY) =/ f xy(x + y)dxdy
0 Jo
_/1 LR P D
=/, 3V TRy ey =73
Similarly

E(XY?) = [_oo /_oo xy? f(x,y)dxdy

1 1 17
= / / xy*(x + y)dxdy = —.
o Jo 12

Example. Suppose a rod of length three units is randomly divided into two parts. If
X is the length of the left-hand piece, we might assume that X has the pdf
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1L0<x<3
0, elsewhere

o) = {
Note that

/3 f(x)dx = 1.
0

Hence the expected value of the length X is

3
and E(3—X):§.

3
E(X) =/ xldx = 3
b 3 2

However, note that the expected product of the two lengths is

9 3

3 1 2
E[X(3—X)]:/0 x(3—x)§dx:6:;7é(§) ,

illustrating that the expected value of a product is not the product of expected values.
For a random variable X that is either continuous or discrete with pdf f(x), let
u(X) = X. This defines the mean value p of X with

_ _ | J22, xf(x)dx continuous
w=EX)= { > xf(x) discrete

The variance o of X is obtained by taking u(X) = (X — u)?ie.,

0% = E[(X — j)’] = /_ (r — 1) f(x)dx

for a continuous random variable (an analogous definition for a discrete random
variable holds). The standard deviation of X is simply o. Observe that since E is a
linear operator,

0% = E[(X —)’] = E(X? —2uX + 1*)
= E(X?) —2uE(X) + p>
= E(X?) —u>.
The variance o> of a random variable represents a measure of the variability
of observations or fluctuations about the mean . If a random variable has a small
variance or standard deviation, then most of the values are grouped around the mean.

We may therefore expect the probability that a random variable assumes a value
within an interval about the mean is greater than for a similar random variable with
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a larger variance. A useful but rather weak result for estimating the probability of
a random variable falling within n standard deviations of its mean is the following
inequality.

Theorem (Chebyshev’s inequality). The probability that any random variable X
falls within n standard deviations of the mean is at least (1 — n™2), or equivalently

P(u—no <X <pu+no)>1-—n>2

Proof. Since
0% = E[(X — )] = /_ (x — w2 f(x)dx

n—no ntno 0o
- f (r — WP f(@)dx + / (x — P f@)dx + f (x — > f(x)dx

—00 n—no n+tno

—no 00
> / (r — 10 F(x)dx + f (xr — WP f(@)dx

—00 utno

since the middle integral is non-negative. Because |x — | > no whenever x >
w+no orx < u—no, we have (x —)?> > n’0? in both remaining integrals. Thus,

o> /M_m n*o? f(x)dx + /00 n’o? f(x)dx

—0o0 utno

from which we obtain

[ T dx + / * fodx <n?.

—00 u+tno

Hence we have established

n+no
P(u—n0<X<u+no):/ f(x)dx > 1—n"2.

n—no

By way of example, for n = 2, the random variable X has a probability of
at least 1 — (2)™2 = 3/4 of being within two standard deviations of the mean,
or equivalently, that 3/4 or more of the observations of any distribution fall in the
interval p &+ 20.

Example. Suppose a random variable X with an unknown probability distribution
has a mean u = 8, a variance 02 = 9. Then, for example,

P(-4<X <20)=P[8—(#H(3) <X <8+ (H(3)] = %
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Consider instead

P(X—-8/>6)=1-P(X—-8 <6 =1—P(-6<X—8<6)

=1-P[B—(2)3) <X <8+ (2)(3)] < %.

These values are lower bounds only.

Another important concept is the covariance and the related correlation function
since it enables the introduction of the idea of statistical independence and stationar-
ity of a random variable. These concepts are particularly important for the statistical
description of turbulence, for example. Let X, Y, and Z be random variables with
joint pdf f(x, y, z). The mathematical expectation

E[(X —pu)(Y —p2)] = E(XY — o X — 1Y + pipo)
= EXY) - iEX) — i EQX) + nipe
= E(XY) — pipa,
is the covariance of X and Y. Here wi, 2, j13, 07, 07, and 07 denote the means
and variances of X, Y, and Z respectively. Similarly, the covariance of X and Z is
E[(X — u1)(Z — u3)] and the covariance of Y and Z is E[(Y — u2)(Z — u3)]. If

the standard deviations o7 > 0 and 0, > 0, we define the correlation coefficient of
X and Y as

_ El(X —p)(Y — )]
- 010, '

P12

In general, if the standard deviations are positive, the correlation coefficient of any
two random variables is the covariance of the two random variables divided by the
product of the their standard deviations.

Example. The random variables X and Y have the joint pdf

x+y,0<x<1,0<y<l,
0, elsewhere

Flry) = {

To compute the correlation coefficient, we need

1 1
7
= E(X) =[ / x(x + ydxdy = -
o Jo 12

1 1
7
pa= B0 = [ [ 3+ pyaxay = 5.
0 Jo
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and

2 2 2 bt 2 7\’ 11
=EX")—pu; = +y)dxdy —| =) = —.
o (X°) — /0 /0 x“(x + y)dxdy (12) a2

2 2 2 bl 2 7\ 11
=EY")—u; = +y)dxdy — | — ) = —.
05 Y*)—p; A];y(x y)dxdy (12) 1

The covariance of X and Y is

1 1 7 2 1
E(XY) = papis = dxdy — (=) =——,
@) == [ [Cxre s yavay - () =15

yielding the correlation coefficient as

1
po w1

1
(7a2) (732)

An important expectation is the moment generating function of a random variable
X, either continuous or discrete. Suppose there exists a finite real number ¢ for
which the expectation

E(e¥) = / o fydx  or  E(¥) =) e f(x)

—0o0

(continuous or discrete respectively) exists. Then, M(t) = E(e'X) is the moment
generating function. Setting 1 = 0 = M(0) = 1. Not every distribution has
a (real-valued) moment generating function, but if it does, then the moment-
generating function is unique and completely determines the distribution of the
random variable.

For example, let X be a continuous random variable with

Mity=(1—-1t)2= /00 e™ f(x)dx, t<1.

—00

It is not obvious how to determine f(x). Consider a distribution with pdf

e, 0<x <o
elsewhere

=1
Then

o0 o0
M(1) =/ e xerdx :/ xe 170y
0 0
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oo ,—(1—t)x
=/  dx=(-7
0

1—1t

Thus, the pdf has the moment generating function M(t) = (1 —1)72,¢ < 1.
An important property of moment generating functions is derivatives of all orders
existatt =0,

dM(t)
dt

=M(t) = /_oo xe™ f(x)dx

and analogously for a discrete random variable X. Hence, for both cases, t = 0
implies

M'(0) = E(X) = p.

Similarly, the second derivative

M’(t) = /oo xZe™ f(x)dx,

—00
yields M”(0) = E(X?). Hence,
2
o> =E(X?) —p*=M"0)—[M©0)].
Thus, using the previous example M(¢) = (1 —¢)72, ¢ < 1, yields
M'(t) =2(1-1)73, and  M"(t) =6(1—1)"*

sothat . = M’(0) = 2and 6> = M"(0) — u> = 2.
In general, for m > 0 an integer, the mth derivative of the moment generating
function generates the mth moment of the distribution,

[e.o]

M"(0)=EX™) = / x" f(x)dx or Zx’"f(x),

and this is used to define macroscopic quantities for e.g., gases, plasmas, collections
of stars, etc.

Note that a mean, or any other higher-order moments or expectations, need not
exist even for a well-defined pdf, as the following example illustrates.

Example. Suppose the random variable X has pdf

X2 1<x<oo
0, elsewhere

flx) =
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Then

o0 c d
/ xx"2dx = lim X fim (Inc —Inl),
1 c—oo J1 x c—>00

does not exist, and hence neither does the mean value of X, nor other higher-order

expectations.
Example. Consider the moment generating function M(¢t) = e’ 2/ 2, —00 < X
< 00. We can use an alternative approach to computing moments rather than simply

differentiating. We may write

cr e LY (7 2+ ] t2k+
e = —_— —_— —_— —_— .o —_— —_— DY
n\2)"2a\2 kt\2

L, k= D=3 B

1 (3)(1)
=14 —2 4 A
TR TR k) -
The MacLaurin’s series for M (¢) is
M'(0) . M0 M" (0
M(t) = M(0) + O, MO, MO,
1! 2! m!
E(X E(X? EX™
4 B, EXD s BT
1! 2! m!

Thus the coefficient of (¢ /m!) in the MacLaurin expansion of M(¢) is E(X™). For
the example above, we therefore have

(2k)!

E(X*) = 2k — 1)k —3)---3)(1) = k1’

k=1,23,...,and EX* =0,k =1,2,3,....

Before completing this section, we should point out that many functions do
not have real-valued moment generating functions. However, if we define ¢(¢) =
E(e"™), t an arbitrary real number, then this expectation exists for every dis-
tribution and is called the characteristic function of the distribution. In fact,
the characteristic function may be defined from the pdf f(x) using the Fourier
integral

o0
B0 = () = [ e peodx.

—0o0

and of course the inverse Fourier transform yields the pdf
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oo

f@)=§%/167W¢UML

—0o0

By expanding the exponential in the Fourier integral, we can compute moments as
before,

o(1) /oo (1+itx—%t2x2+~--)f(x)dx

—00

1
1+iE(X)t — EE(X2)t2 + o

Exercises

1. Suppose X has the pdf

x+2
f(x): T,—2<x<4
0, elsewhere

Find E(X), E[(X + 2)3], and E[6X —2(X + 2)?].
2. The median of a random variable X is the value x such that the distribution
function F(x) = % Compute the median of the random variable X for the pdf

2x,0<x <1
0, elsewhere

ﬂm={

3. The mode of a random variable X is the value that occurs most frequently -
sometimes called the most probable value. The value a is the mode of the
random variable X if

fla) = maxf(x),

(for a continuous pdf). The mode is not necessarily unique. Compute the mode
and median of a random variable X with pdf

IA

1
3.

X

IA

fo =130
V= 1

<X

IA

)

W= WIN

4. Suppose X and Y have the joint pdf

e ¥V 0<x<o00, O0<y<o
fxy) = Y

0, elsewhere
and that u(X,Y) = X, v(X,Y) = Y, and w(X,Y) = XY. Show that
E[u(X,Y)]- EM(X, Y)] = Ew(X, Y)].
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10.

11.

12.

13.

14.

2 Statistics

. If X and Y are two exponentially distributed random variable with pdfs

fx(x) =277, x=0;  fy(y) =4V, y=0,
calculate E(X +Y).

. Suppose X and Y have the joint pdf

2,0<x<y, O0<y<l
0 elsewhere

f(x,y) =

and that u(X,Y) = X, v(X,Y) = Y, and w(X,Y) = XY. Show that
Elu(X,Y)]- E[v(X,Y)] # E[w(X,Y)].

. Let X have a pdf f(x) that is positive at x = —1,0, 1 and zero elsewhere. (a)

If £(0) =1, find E(X?). (b)If £(0) = 1, andif E(X) =
and f(1).

é, determine f(—1)

. A random variable X with an unknown probability distribution has a mean

w = 12 and a variance 0> = 9. Use Chebyshev’s inequality to bound P(6 <
X <18)and P(3 < X < 21).

Two distinct integers are chosen randomly without replacement from the first
six positive integers. What is the expected value of the absolute value of the
difference of these two numbers?

Assume that the random variable X has mean u, standard deviation o, and
moment generating function M(¢). Show that

P(55) e (5]
el () ()

Suppose that E[(x — b)?] exists for a random variable X for all real 5. Show
that E[(x — b)?] is a minimum when b = E(X).

Suppose that R(t) = E(e'*~) exists for a random variable X. Show that
R™(0) is the mth moment of the distribution about the point b, where m is a
positive integer.

Let ¥(t) = InM(¢), where M(¢) is the moment generating function of a
distribution. Show that ¥/(0) = u and ¥"”(0) = o>.

Suppose X is a random variable with mean . and variance o2, and assume that
the third moment E[(X — u)?] exists. The ratio E[(X — )?]/0? is a measure
of the skewness of the distribution. Graph the following pdfs and show that the
skewness is negative, zero, and positive respectively:

@ f(x)=(x+1)/2,—1 < x < 1,0 elsewhere.
(b) f(x)=1/2,—1 < x < 1, 0 elsewhere.
(©) f(x)=(0-x)/2,—1 < x < 1,0 elsewhere.

and
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15. Suppose X is a random variable with mean j and variance o2, and assume that
the fourth moment E[(X — 11)*] exists. The ratio E[(X — )*]/o* is a measure
of the kurtosis of the distribution. Graph the following pdfs and show that the
kurtosis is smaller for the first distribution

(@) f(x)=1/2,—1 < x < 1, 0 elsewhere.
() f(x) =3(1—-x%)/4,—1 <x < 1,0 elsewhere.

2.6 Conditional Probability and Marginal
and Conditional Distributions

One is sometimes interested only in outcomes that are elements of a subset C; of
the sample space C. Thus, the subset becomes effectively the new sample space.
Let P(C) be the probability set function defined on C and let C; C C such
that P(C;) > 0. Suppose C; C C. We want to define the probability of the
event C, relative to the hypothesis of the event C;. This is called the conditional
probability of the event C, relative to the event C;, or simply the conditional
probability of C, given Cy, denoted by P(C,|C}). Specifically, we define P(C,|Cy)
such that

P(G|Cy) = —P(gl(gl)CZ)

and P(C;) > 0. We then have

1. P(C,|Cy) = 0.

2. P(CbUC3U---|Cy) = P(C,|Cy) + P(C3|Cy) + - -+, provided C, Cj, ... are
mutually disjoint sets.

3. P(C|Cy) = 1.

Properties (1) and (3) are obvious and (2) is an exercise. These properties of course
ensure that P(C,|Cy) is a probability set function defined for subsets of Cy — called
the conditional probability set function given Cj.

Consider now a subset A of the event space A of one or more random variables
defined on the sample space C. If P is the probability set function of the induced
probability on A, and A; C A and 4, C A, then the conditional probability of the
event A, given the event A; is

P(4>, N A4)

P(As]Ay) = P(A)

provided P(A;) > 0.
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Note that the above definition yields the multiplication rule for probabilities
P(Ci N Gy) = P(CP(GICY).

Example. Suppose we draw cards successively and randomly without replacement
from an ordinary deck of cards. Given that three spades were drawn in the first six
drawings, what is the probability that the seventh draw will yield a spade? Let C,
denote the event of three spades in the first six draws and C, the event of a spade on
the seventh drawing. We want to compute P (C; N C;). We therefore have

P(C)) = ,
(C1) -
6
and
10
P(C,|Cy) = —.
(G]C) 10

Hence, using
P(CiNGCy) = P(C)P(C,|Cy) ~ 0.028.

Note that the multiplication rule can be extended to multiple events quite
straightforwardly. For three events, we have

P(CiNCNG) = PCNC) NG
= P(CiNG)P(G|Ci N G)
= P(C)P(C|C))P(C3|Cy N Cy).

Let f(x;, x5) be the joint pdf of two random variables X; and X,. Consider the
event a < X; < b, a < b. This event can occur when and only when a < X; <
b,—o0 < X5 < 0.

b o)
Pla< X, <b,—00< X; <o0) = / / f(x1, x2)dxadx,
a —00

for the continuous case (the extension to the discrete case is obvious). Now
o0 . .
f_oo f(x1,x2)dx; is a function of x; only, say fj(x;). Hence, for every a < b,

b
P(Cl < X1 <b) 2/ fl(xl)dxl
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so that fi(x;) is a function of X only. fj(x) results from integrating (or summing)
the joint pdf f(x1,x,) over all x; for a fixed x;. The function fi(x;) is called the
marginal pdf for X;. A marginal pdf for X is defined by

o0
fite) = [ fenmdn,
—0o0
Example. Suppose the joint pdf of X; and X; is

kv 0<x; <2, 0<x;<2

fxr,x2) = % :

0, elsewhere

The marginal pdf of X is

2
Silxr) = /f(x1,xz)dx2 = éfo (X1 + x2)dx, = xl: 1,

and the marginal pdf of X} is

2
fo(x2) = /f(xhxz)dxl = é/o (x1 + x2)dx) = m: 1'

Note that

2 2
/ JiGe)dx =1 =/ fr(xp)dx;.
0 0

Example. Suppose the joint pdf of X; and X, is given by

Mt0 oy =1,2,3,x,=1,2

f(x1,x2) = { 21

0, elsewhere

We have, for example,
3
P(Xy =3)=f(3,1)+f(3,2)=§ and P(X; =2)

= f(1,2)+ f(2,2) + f(3,2) = ;

The marginal pdf of X is

2
X1+ x 2x1 +3
fit) =) == =123

x2=1
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and O elsewhere. The marginal pdf of X, is

3
X1+ X2 6+ 3x;
fo(x) = Z TR T X =12

x1=1

and O elsewhere. The preceding probabilities can be computed directly from the
marginals as P(X; =3) = fi(3) =3 and P(X,=2)= £(2) = ;

Consider now the moment generating function (if it exists) M(t,t) =
E(enX+2Yy ¢t 1, finite, of the pdf f(x,y) of the random variables X and Y.
The moment-generating function, like the single random variable case, completely
determines the joint distribution of X and Y, and hence the marginal distributions
of X and Y. This follows from

M(t;,0) = E(e"Y) = M(t;), and M(0,5,) = E(e?Y) = M(1,).

For continuous random variables,

ak+’”M(l1 1) / / kymetx iy £(x yydxdy

arl e
implying that

et FTM (11, 1)
ok 2

f=t=0 / / kym £(x, y)dxdy = E(XXY™).

This yields the following set of useful relations,

AM(0.0 aM (0.0
wo=Ex) = MO0 gy = MO0,
ot ot
2M(0,0
= E(X}) —ui = —8(2 b
ll
92M(0,0
=E(Y?) —p3 = —8(2 ) 3
t2
92M(0,0)

E[(X —p)(Y —p2)] = — 1.

dt10t,

Thus, the covariance and correlation functions can be computed using the moment
generating function of the joint pdf.

Example. Continuous random variables X and Y have the joint pdf
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e 0<x <y <oo,
Sy _% 0 elsewhere

The moment generating function is given by

M(t, 1) = / / expltix + t2y — )dydx
0 X

1
(1 — 1 — lz)(l — 12) ’
provided #; + #, < 1 and #, < 1. From the moment-generating formulae above, we

can derive (Exercise: Check)
p1 =1, Mo =2,
012 =1, 0y =2,
E[(X —pu)(Y —p2)] = 1.

Hence, the correlation coefficient of X and Y is p = 1/+/2. The moment generating
functions of the marginal distributions of X and Y are

1 1
M(l],O)ZIT[l, Hh <1 M(O,l‘z)Zm, h < 1.

The corresponding marginal pdfs are

flx) = f:oe_ydy:e_x,0<x<oo
! a 0 elsewhere
and
_ffiePdx=ye . 0<y <o
S0 = % 0 elsewhere

Let X and X, denote continuous random variables with joint pdf f(xy, x;) and
marginal pdfs f1(x;) and f>(x,). Provided fi(x;) > 0, we define the conditional
pdf of the continuous random variable X, as

_ fx,x0)
S(xalx1) = —fl(xl) .

It is easily seen that f(x,|x;) has the properties of a pdf (Exercise: Check!), which
means that it can be used to compute probabilities and expectations. Thus, the

conditional probability that a < X, < b, given that X; = x, is given by

b
Pla< X, <blXy=x))= / f(x2|x1)dx,.
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Similarly, P(c < X; < d|X, = x) = P(c < X; < d|x2) = [* f(x1]x2)dx;.
The expectation of the function u(X>) of X,

Elu(Xa)|x1] = / " ) f (ol

—00

is the conditional expectation of u(X;) given X; = x;. Specifically, E(X,|x;) is
the mean and E([X, — E(X;|x;)]?|x;) the variance of the conditional distribution
of X, given X; = x;. These are sometimes referred to as the conditional mean and
variance. Obviously,

E[(X2 — E(Xa|x))?|x1] = E(X3]x1) — [E(Xa|x)].
Example. Suppose the random variables X; and X, have the joint pdf

6)61, 0<X1<X2<1

fx1,x2) = {

0, elsewhere

The marginal pdfs are

1
fl(xl):/ 6x1dxy = 6x1(1 — x1), 0<x =1
X

X1

X2
fo(x2) = / 6x1dx; = 3x3, 0<xx<1
0

Note that
1 1
/ fl(xl)dxl Z[ 6X1(1 —Xl)dX] =1
0 0

1 1
/ Sa(x2)dxy = / 3x3dx; = 1.
0 0

The conditional pdf of X; given X, = x; is

S,x) a2
f2(x2) 3x2 X3

S(xi]x2) =
and the conditional mean is

x % 2x? 2
E(Xi]x2) =/ x1f(xi|x2)dxy = / —-dx; = Zx2.
0 0o X3 3
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Example. The random variables X| and X, have the joint pdf

= {5 Goha"
The marginal pdfs are thus
filx) = { lel 2dx; =2(1=x1),0<x1 <1
0, elsewhere
and
R K R vy

The conditional pdf of X, given X, = x5, is

2

2 _ -1
2X2—X2 ,0<x <1

S(xi]x2) =

0, elsewhere

The conditional mean and variance of X; given X, = X, are therefore
o0

E(X1|x) = / X1 f(uil)dn

—00

2 x 1
=/ —]dxlz—xz, O<x <1
0

X2 2
and
X2 1 2
E([X] — E(X]|X2)]2|X2) = / (X] — E.Xz) X;ldxl
0
X3
= =, 0<xy<1.
12
Note that
1/2 1/2

PO< X, <1/2|X; =3/4) = f(x113/4)dx, = / ‘—tdxl = -
0 o 3

and

1/2 1/2 3
P(O < X1 < 1/2) = fl(xl)dxl = / 2(1 —xl)dxl = Z
0 0



40 2 Statistics

The definitions introduced above are all extended in an obvious way to multi-
variables. Thus, for continuous random variables X, X, ..., X, with the joint pdf
f(x1,x2,...,x,), we have the following definitions:

1. The marginal pdfs f;(x;), f2(x2) ..., fu(x,) are defined by (n —1)-fold integrals

o] oo
fi(xi) :/ / f(xl,xz,...,x,,)dxl...dx,-_ldx,-+1...dxn,
—00 —00

1<i<n.

2. We can also define a marginal pdf of a set of k variables, k < n. For example,
suppose n = 4,1i.e., X1, X2, X3, X4, and consider the subset <= X; and X4, i.e.,
k = 2. The marginal pdf of X, and Xy is the joint pdf of the two variables

o0 o0
/ / 4f(x1’x27x37-x4)dx1d.x3.
—00 J—00

This is extended in an obvious way to any subset of n random variables.
3. Provided f;(x;) > O, the joint conditional pdf of Xi,..., X;—1, Xi41,... X»
given X; = x; is

f(xl’ .- -7xn)

S Xy Xy X1y e X X)) o

4. As above, more generally, the joint conditional pdf of n — k of the variables for
given values of the remaining k variables is defined as the joint pdf of the n
variables divided by the marginal pdf of the group of k variables provided it is
positive.

5. Provided fi(x;) > 0, the conditional expectation of u(Xy,...,X;_,
Xi+1,...X,) given X; = x; is defined by

0o 0o
E[u(Xl,...,Xi_l,X,-+1,...X,,)|xi] :/ / u(xl,...,xi_l,xiﬂ,...xn)
—00 —00

f(xl, e ,x,l|xi)dx1, .. .dX,'_]dX,'.H .. .dx,,.

Corresponding definitions for discrete random variables X, X»,..., X,, with the
joint pdf f(xy, x2,. .., x,) hold, now using sums instead of integrals.
Exercises

1. Consider the joint pdf

(1+3x3).,0<x <2, 0<xy<l1
0, elsewhere

f(x1,x2) =
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Show that ff(xl,xz)dxldxz = 1. Find P[(Xy,X;) € A] where A =
{f(xl,x2)|0 <x; <1, 1< X2 < %} Determine fl(xl), fz(Xz), f(X1|X2), and
P(1/4 < X; < 1/2|X, = 1/3).

2. The random variables X; and X, have the joint pdf

X1+ x,0<x1<1, O0<xx<1
0, elsewhere

Sf(x1,x2) ={

Find the conditional mean and variance of X, given X; = x,0 < x; < 1.
3. Suppose the conditional pdf of X given X, = x; is

c1§—§,0<x1<xz, 0<xy <1
2

S(x1|x2) = {

0, elsewhere
and the marginal pdf of X, is

0x3,0<x <1,
0, elsewhere

folx2) = %

Find (i) the constants ¢; and c¢;; (ii) the joint pdf of X and X,; (iii) P(1/4 <
X1 < 1/2|X; =5/8);and (iv) P(1/4 < X, < 1/2).
4. Suppose that the joint pdf of X; and X, is

2 2
CxX7X2, X7 < xp <1
0, elsewhere

f(x1,x2) = %

Determine the value of the constant ¢ and then P(X; > X;). Evaluate fi(x;)
and f>(x,). (Hint: sketch the region where f(x, x;) > 0.)

5. LetW(t),t;) = In M(¢,,t,), where M(t,,1,) is the moment generating function
of X and Y. Show that

v 2y 2y
0¥(0,00 9 (2,0) k =1.2), 9°¥(0,0)
oty ot 0110t

’

yields the means, the variances, and the covariance of the two random variables.
6. Given the joint pdf of X and X»,

21x2x3, 0 < xy < xp < 1,
S(x1,x) = 172
0 elsewhere
find the conditional mean and variance of X given X, = x5,0 < x, < 1.
7. Five cards are drawn at random without replacement from a deck of cards.
The random variables X;, X, and X3 denote the number of spades, the
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number of hearts, and the number of diamonds that appear among the 5 cards
respectively. Determine the joint pdf of X, X, and X3. Find the marginal pdfs
of X, X, and X3. What is the joint conditional pdf of X, and X3 given that
X =37

. Suppose that the joint pdf of X and Y is given by

flx,y) = 3,0<x<y,0<y<1, '

, elsewhere.
Show that the conditional means are (1 + x)/2,0 < x <land /2,0 <y <1,
and the correlation function of X and Y is p = 1/2. Show also that the variance
of the conditional distribution of ¥ given X = xis (1 — x)2/12,0 < x < 1,
and that the variance of the conditional distribution of X given Y = y is y2/12,
O0<y<l.
. Let f(¢) and F(¢) be the pdf and distribution function of the random variable 7.
The conditional pdf of T given T > 1, ty a fixed time, is defined by f(¢|T >
to) = f()/[1 — F(t)], t > to, 0 elsewhere. This kind of pdf is used in survival
analysis i.e., problems of time until death, given survival until time #y. Show that
f(|T > ty) is a pdf. Let f(t) = e™". 0 < t < 00, 0 elsewhere, and compute
P(T >2|T >1).

2.7 Stochastic Independence

Consider two random variables X; and X, with joint pdf f(xy, x3). The joint pdf
may be expressed as

J(x1,x2) = f(x2lx1) fi(x1).

Suppose that f(x;|x;) does not depend on x;. Then the marginal pdf of X,
(assuming X, is continuous) is

fa(x2) = /_OO S (e2lx1) fi(x1)dx

= et [  fiGenda
= f(x2]x1).

Hence,

fa(x2) = f(x2lx1) and  f(x1,x2) = fi(x1) f2(x2),
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when f(x,|x;) is independent of x;. Thus, if the conditional distribution of X, given
X1 = x; is independent of xy, then f(x1,x2) = f1(x1) f2(x2).

Definition. Let the random variables X; and X, have the joint pdf f(xi,x;)
and marginal pdfs fj(x;) and f>(x,). Then the random variables X; and X, are
stochastically independent if and only if f(x1,x;) = fi(x1) f2(x2). Otherwise,
they are stochastically dependent.

Example. Let the joint pdf of the random variables X and X, be

5:0<x<20<=x;=1,
0, elsewhere. '

Fnxa) = {

The marginal pdfs are

1

1
1
Silxr) = /(; dez = 5

2
1
fz(xz)=/ del =1, 0<x =1
0

and O elsewhere. Thus,

1

1
, ==-x1==
J(x1,x2) B B

implies that the random variables X and X, are stochastically independent.
Example. Consider the random variables X and X, with joint pdf

12x1x2(1 —xz), 0< X < 1,0 < Xy < 1,
0, elsewhere. '

Sf(x1,x2) ={

Since the marginal pdfs are given by
1
Silxy) = / 12x1x2(1 — x2)dx2 = 2xy;
0

1
fo(x2) = / 12x1x2(1 — x2)dx1 = 6x2(1 — x2),
0

we have f(x1,x2) = fi(x1)f2(x2) and thus that X; and X, are stochastically
independent.

Some useful theorems follow. These (i) provide a means of determining whether
random variables are stochastically independent without computing the marginal
pdfs; and (i) show that the product property of independence carries over to
probabilities, expectations, and moment generating functions.
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Theorem. Let the random variables X| and X, have joint pdf f(xi, x2). Then X,
and X, are stochastically independent if and only if

S(x1,x2) = g(x1)h(x2),
where g(x1) > 0, Vx; € Ay, 0 elsewhere, and h(x;) > 0, Vx; € A, 0 elsewhere.

Proof. 1f X and X, are stochastically independent, then f(x;, x2) = f1(x1) f2(x2),
where f1(x;) and f>(x;) are marginal pdfs. Thus the condition f(xy,x;) =
g(x1)h(x;) holds.

Conversely, if f(x1,x2) = g(x1)h(x,) holds, then

Ala) = f_ g(eh(x)dx = g(x1) /_ K dxs = c1g(a),

o0

and

fales) = /_ genh(x)dx = h(xy) /_ (e )dx1 = cah(x2).

[e.]

Here ¢, and ¢, are constants. However,

o0 o0 o o0
[ / f(x1,x2)dx1dx; =1 = / g(xl)dxlf h(xy)dx, = cics.

—00 o0

Hence

f(x1,x2) = g(xDh(x2) = fi(x1) fa(x2),

and X and X, are stochastically independent. The related proof for discrete random
variables is similar.

Theorem. If X| and X, are stochastically independent random variables with
marginal pdfs f1(x1) and f>(x;), then

Pla< X, <b,c<Xy<d)=Pla<X|<bh)P(c <X, <d),

for all constants a, b, ¢, d satisfyinga < b and ¢ < d.

Proof.
b prd
P(Cl < X1 < b,C < XZ < d) = / / fl(xl)fz(xz)dxldxz

b d
=/ fl(xl)dx]/ So(x2)dx,

=Pla< X, <b)P(c < X, <d).
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Theorem. Suppose X| and X, are stochastically independent random variables
with marginal pdfs fi(x1) and f>(x;), and u(Xy) and v(X5) are functions of X| and
X, respectively. Then, the expectation

Efu(X1)v(X>)] = E[u(X)]E[v(X2)].

Proof. This follows immediately from the definition of stochastic independence.
o0 oo
Eu(X1)v(X2)] = / [ u(x1)v(x2) fi(x1) fo(x2)dx1dxy
—00 J—00

= /_00 u(xy) fi(x1)dx /00 v(x2) f2(x2)d X3

oo —00

= E[u(X)]Ev(X2)].

Example. Suppose X and Y are stochastically independent random variables with
means f; and p, and variances o7 and oj respectively. Then, we have the
important result that the correlation coefficient of X and Y is zero because the
covariance

_ElX —p)(Y —po)] _ E[X —p)]E[(Y —p2)]
- 0102 - 010, -

O12 0.

Theorem. Suppose X| and X, are stochastically independent random variables
with joint pdf f(x1, x2) and marginal pdfs f1(x1) and f>(x2). If the moment gener-
ating function M (ty, t;) of the distribution exists, then X, and X, are stochastically
independent if and only if M(t,,t,) = M(t;,0)M(0,1,).

Proof. If X and X, are stochastically independent, then

M(t), 1) = E(et1X1+thz)
— E(etlxlelzxz)
= E(e"M)E(e?"?) = M(1;,0)M (0, 1,).
Hence, stochastic independence of X; and X, implies that the moment generating
function factors into a product of the two marginal moment generating functions of

the marginal distributions.
Suppose now instead that M (¢, t,) = M(t;,0)M (0, ;). Since

M(1,0) = / N fi(x)dxs and M(0.1) = f ¢ f,(x)dxa,

—0o0 —0o0



46 2 Statistics

we have
o0 o0
M([],O)M(O,[z) Zf e”x'fl(xl)dx]/ e’”zfz(xz)dxz
—00 —00
=/ / e f () fo(x2)dxidxs
—00 J—O0
= M(t1,1p).
But

o0 o0
M(t, 1) = / / e"IHEY f(x), Xp)dxydxs,
—00 J—00
which implies that

f(x1,x2) = fi(x1) f2(x2),

and hence that X; and X, are stochastically independent random variables. The case
for discrete random variables is similar.

The n random variables X1, X», ..., X,, with joint pdf f(x,x,,...,x,) and
marginal pdfs fi(x), f2(x2),..., fu(x,), are mutually stochastically independent
if and only if f(x1,x2,...,Xx,) = fi(x1) f2(x2)... fu(x,). The theorems above
can be suitably generalized.

Exercises

1. Let the joint pdf of X; and X, be

X1+ x,0<x1<1,0<x <1,
flx) =471 072 : 2 -
0, elsewhere.
Show that the random variables X; and X, are stochastically dependent.
2. Show that the random variables X and Y with joint pdf

277, 0<x <y, 0<y <o0,
0, elsewhere.

)

f(x,y)=%

are stochastically dependent.
3. Consider the joint pdf of random variables X and Y,

M) 0 <x<2,0<y <1,
Sx,y) = .
0, elsewhere.

Are the random variables X and Y stochastically independent? Compute f(x|y)
and hence P(1/4 < X < 1/2|Y = 3).
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4. The random variables X and Y have joint pdf

4x(1—-y),0<x<1,0<y <1,
0, elsewhere. ’

o) = {

Find PO < X <1/3,0<Y < 1/3).
5. Let X, X», and X3 be three stochastically independent random variables, each
with pdf

X, x>0,
0, elsewhere

f) = {

Find P(X; < 2,1 < X; <3,X5>2).
6. Show that the random variables X and Y with joint pdf

TV 0<Xx <00,0 <y <00,
0, elsewhere

’

Flry) = { e

are stochastically independent, and that

EE@ ) =1-172 t<1.

2.8 Particular Distributions

We consider three of the most important probability distribution functions, the bino-
mial distribution, the Poisson distribution, and the normal or Gaussian distribution,
and the latter’s connection to the Maxwell-Boltzmann distribution.

2.8.1 The Binomial Distribution

The binomial theorem is expressed as

n

@by =3 (1) pra

x=0
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x!(n—x)!

for n > 0 an integer. Recall, (n ) = " __ By analogy, introduce the function
X

s = (") pra-pr x5

= (0 elsewhere

for n > 0 an integer and 0 < p < 1. Clearly, f(x) > 0 and

=Y (") ra-prr=a-par =1

x=0

Hence, the function f(x) is the pdf of a discrete random variable X. A random
variable with this pdf has a binomial distribution, and f(x) is a binomial pdf. n and
p are the parameters of the binomial distribution, often denoted by B(n, p). For
example, B(4, 1/3) has the binomial pdf

X 4—x
wo=(Y() Q)7 rmozas

=0 elsewhere

The binomial distribution is a very useful model for any experiment or system
that admits an outcome drawn from two possibilities only, such as heads or tails in a
coin toss, life or death, red or green, etc. If the experiment is repeated n independent
times or a system produces n independent outcomes and the probability of “success”
is p on each occasion, then the probability for “failure” is 1 — p. Define the random
variable X;,i = 1,2...,n to be 0 if the outcome of the i th performance is a failure
and 1 if the outcome is a success. Thus P(X; =0) =1—pand P(X; = 1) = p,
i = 1,2...,n. The random variables X; are mutually stochastically independent
since the experiment is repeated n independent times. ¥ = X; + X, + -+ + X,
is the number of successes through the n repetitions of the experiment. Let y be
an element of the set {y : y = 0,1,2,...,n}. Then ¥ = y if and only if y of
the random variables X; have the value 1 and n — y have value 0. The number of

combinations of y 1’s that can be assigned to the X; is just (n ) The probability
y
for each of these possible combinations is simply p”(1 — p)"~” because the X;
are mutually stochastically independent. The P(Y = y) is the sum of the (n)
y

mutually exclusive events, i.e.,

(Z)py(l—p)”‘y, y=0,1,2,3,....n

and 0 elsewhere. This is the pdf of a binomial distribution.
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The moment generating function can be evaluated from

M = Yoo = e (1) pra-pr
X x=0

" (n _
=2X:MWTU—M”X
X
x=0
=[1-p)+ pe’]", Vi € R.
The mean and variance are therefore
M'@)=n[1-p)+ pe’]n_1 pe' = = M'(0) =np,
and
M"(t) = n[(1=p)+pe']" pe' +n(n—1)[(1=p)+ pe']" (pe')’
—= 02 =M"0)—u*>=np+nn—1)p*—n’p*=np —p).

Example. The binomial distribution with pdf

X 4—x
f(x):(i) (%) (%) , x=0,1,2,3,4

=0 elsewhere

and random variable X has moment generating function

4
M(t) = (% + %e’) ,

and mean 4 = np = 2 and variance 6> = np(l — p) = 1. We can compute, for
example,

4 5
+—==,

1
1
PO=X=<DH=) fx)=—
; 16 16 16

and

' 3 1
ra=n=ro=-55(5) (3) =5
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Exercises

1. If the moment generating function of a random variable X is

L2, >
-+ -e
33
find P(X =2 or3).

2. The moment generating function of a random variable X is

Show that
5 X 9—x
9 1 2
P(u—2 X 20) = - - .
(=20 <X <pt20) A,Zzl(x)(3) (3)

3. The probability that a patient recovers from heart surgery is 0.4. If 15 people
have had heart surgery, what is the probability that (i) at least 10 survive, (ii)
from 3 to 8 survive, (iii) exactly 5 survive? Using Chebyshev’s inequality, find
and interpret the interval pu &+ 20.

4. If the random variable X has a binomial distribution with parameters n and p,

show that
X X 2 1—
E(X)=p o E[(__p) } _ri=p),
n n n

2.8.2 The Poisson Distribution

For all values of p, the series

r’ i
1+p+7+—+ Z , x=0,1,2,...

converges to e”. This motivates the introduction of the function f(x)

p'e
fx) =
=0, elsewhere Vp>D0.

x=0,12,...
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Since p > 0, f(x) > 0 and

S S
Yo=Y
X x=0
Hence, f(x) is a pdf of a discrete random variable. A random variable X that has
the pdf f(x) is a Poisson distribution and f(x) is a Poisson pdf.

Examples of Poisson distributions include the random variable X that denotes
the number of alpha particles emitted by a radioactive substance that enter some
region in a prescribed time interval, or the number of defects in a manufactured
article. Even the number of automobile accidents during some unit time is often
assumed to be random variable with a Poisson distribution. A process that leads to
a Poisson distribution is called a Poisson process. The assumptions that underly a
Poisson process are essentially that the probability of a change during a sufficiently
short interval is independent of changes in other non-overlapping intervals, and is
approximately proportional to the length of the interval, and the probability of more
than one change during a short interval is essentially zero. One can formalize these
assumptions and derive a simple ordinary differential equation that shows that the
probability of changes X in an interval of some length has a Poisson distribution.

The moment generating function of a Poisson distribution is

M@ = Y i = Y e LT
X x=0 :

= e Per =P vren
The mean and variance are found to be
M'(t) exp[p(e' —1)] pe' = u=M'0)=p
M"(t) = exp[p(e' —1)] pe' +exp[p (' —1)] (pe’)2
=0’ =M"0)-p=p+p’-p’=p

i.e., a Poisson distribution has ;1 = o2

Poisson pdf as

= p > 0. This allows us to express the

pre !
x!

flx) =
=0 elsewhere Vi > 0.

, x=0,1,2,...
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Example. Consider a random variable X with a Poisson distribution with © = 3
and 02 = 3, i.e.,
3¥e3

flx) = , x=0,1,2,...
x!

=0 elsewhere.

For example,
PI<X)=1-PX=0)=1—f0)=1—e">=0.95.
Example. If the moment generating function of a random variable X is

M(t) = exp [2 (el — 1)] ,
then X has a Poisson distribution with u = 2. For example,

23e72

P(X=3)=10)=—

4
=—¢2=0.18.
3

Example. The average number of radioactive particles passing through a counter
during 1 millisecond in an experiment is 4. What is the probability that six particles
enter the counter in a given millisecond?

We may assume a Poisson distribution with x = 6 and & = 4, so that

46 —4
6!

f(6) = = 0.104.

Exercises

1. If the random variable X has a Poisson distribution such that P(X = 1) =
P(X =2),find P(X =4).

2. Given that M(t) = exp[4 (e’ — 1)] is the moment generating function of a
random variable X, show that P(u —20 < X < pu + 20) = 0.931.

3. Suppose that during a given rush hour Wednesday, the number of accidents on a
certain stretch of highway has a Poisson distribution with mean 0.7. What is the
probability that there will be at least three accidents on that stretch of highway at
rush hour on Wednesday?

4. Compute the measures of skewness and kurtosis of the Poisson distribution with
mean L.

5. Suppose the random variables X and Y have the joint pdf

-2
flx,y) = y=0,1,2,...;x=0,1,...,y,

x!(y —x)!’
=0, elsewhere.
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(i) Find the moment generating function M (t;, t;) of the joint pdf. (ii) Compute
the means, variances, and correlation coefficient of X and Y. (iii) Determine the
conditional mean E(X|y).

2.8.3 The Normal or Gaussian Distribution

Known by both terms, depending on the context (mathematical statistics, plasma
physics, statistical physics), this is the most familiar and important of the many
distribution functions that exist. We can evaluate the integral

I= /oo exp (—x?/2) dx,

—00

by noting that / > 0 and that /% may be written as

00 e8] 2 2
12=/ / exp (_x -;—y )dxdy.
—00 J—00

Introducing polar coordinates x = r cos 6 and y = r sin 6 yields

2 oo ) 2
I = / / e Prdrdf = dé =2,
0 0 0
which shows that / = +/27 and so

1 /°° 2
— exp (—x°/2)dx = 1.
v 27 J—o0 ( )

If we replace x by

X —da

b >0,

we have

! fwex (—M)dx—l
b\/ZJT —00 P 2b2 -

Consequently, since b > 0, the function

(%)
exp|————=—], —oco<x<oo,

f) = =

1
b 2w
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is the pdf of a continuous random variable, and the random variable has a normal or
Gaussian distribution and f(x) is a normal pdf.
The moment generating function for a normal distribution is

1 © (x — a)z)
M@) = eMexp| ———— | dx
= /_oo p( 207
1 /°° ( —2b%tx + x* —2ax +a2)d
= ex — X
b2 o ¥ 207

N Ol Ch LA W /""ex _—a-bny
=P 202 bv/2r J oo P 20?

b*t?
= t — ),
exp (a + > )

after completing the square and since the last integrand is a normal distribution with
a + b*t. The mean and variance can then be computed as

M'(t) = M(t)(a +b2t) = u=M(©0)=a,
and

M"(t) = M(@)b>+ M(1)(a + b*1)*,
— 2 =M'0)— 2 =b*+a®—a® =D

The normal or Gaussian pdf can therefore be written as

1 _ 2
f(x) = T exp(—%), —00 < X < 00,

and the moment generating function as

o’t?
M(t) = exp (/Lt + T) .
Example. 1f X has the moment generating function

M(t) = exp (3t + 1617),

then X is normally distributed with mean y = 3 and variance o = 32.

The normal distribution is often expressed simply as n(u, 02), thus, for example,
n(0, 1) implies the pdf of X has mean 0 and variance 1 and is given by
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1
fx) = ——e™? —co<x<oo, M(t)=e"l%

Var

The graph of the normal distribution is the familiar “bell shape,” symmetric about
x = p with a maximum there of 1/0+/27. There are points of inflection at x =
n £ o (Exercise: Check!).

A useful “renormalization” of the Gaussian distribution is the following

Theorem. If the random variable X is n(j,c?), 6 > 0, then the random variable
= (X —w)/oisn(0,1).
Proof. Since 02 > 0, the distribution function G(w) of W is

X —
G(w):P( Mfw):P(Xfwa—}—u),
o
which corresponds to

G(w) =

wo+ _ 2
" (_M) dx.

202

o«/_

On setting y = (x — u)/0, we have

w
e_yz/zdy,

7 |

implying that the pdf g(w) = G’(w) of the continuous random variable W is

Gw) =

)
€W/2

1
w) = ,
80 V2r
meaning that W is n(0, 1),

This theorem is very useful for calculating probabilities of normally distributed
variables. Suppose X is n(u, 02). Thenif a < b, we have

Pla<X<b)=PX<b)—P(X <a)

X — - X — -
e R
o o o o

/(b w/o w22 (a—p)/o 2/
dw — —[ e " dw
T Vm

because W = (X — u)/o is n(0, 1). Integrals of this form cannot be evaluated so
tables are used, based on the n(0, 1) distribution i.e., if

1 * 2
Nix) = — e 24w,
( ) \/27‘[ —00
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and X is n(u, 0?), then

X - b— X - —
P(a<X<b)=P(—'u< M)—P( k2 M)
o o o o

b—pu a—u
=N ( o ) -N (T) '
Note that it can be shown that N(—x) = 1 — N(x).
Example. For X n(2,25),

P(0<X<10):N(M)—N(E)
5 5

= N(1.6) — N(—0.4) = 0.945 — (1 — 0.655) = 0.600

where the last steps involved looking up a table of normal values. In similar
fashion,

M—ZG—M)

2 —
P(/L—20<X<;L+20)=N(w)—N(
o o

= N(2) — N(=2) = 0.977 — (1 — 0.977) = 0.954.

Exercises

1. If

N(x) = gy,

1 X
N /_w ‘
show that N(—x) = 1 — N(x).
. If X is n(75, 100), find P(X < 60) and P(70 < X < 100).
. If X isn(p, 0?), find a so that P(—a < (X — p)/o < a) = 0.90.
. If X isn(u, 02), show that E(|X — pu|) = 0/2/m.
. Show that the pdf n (4, o) has points of inflection at x = u % 0.
. Suppose a random variable X has pdf

AN kAW

2
f(x) = =¥, 0<x<oo

Nz

=0, elsewhere.

Find the mean and variance of X .
7. Let X and X, be two stochastically independent normally distributed random
variables with means | and u, and variances 012 and 022. Show that X + X; is



2.9 The Central Limit Theorem 57

normally distributed with mean (w1 + 42) and variance (o7 + 03). (Hint: use the
uniqueness of the moment generating function.)
. Compute P(1 < X2 < 9)if X isn(1,4).
9. Suppose the random variable X is normally distributed with n(u, 02). What will
the distribution be if 62 = 0?

o]

2.9 The Central Limit Theorem

The central limit theorem shows that under certain conditions, probability distribu-
tions will converge to the normal or Gaussian distribution. We will show briefly the
relationship to the Maxwell-Boltzmann distribution. Many different versions exist
with different conditions and convergence properties. We will describe the simplest
(and most restrictive) version.

Before establishing the central limit theorem, we will need the following useful
result. Consider a limit of the form

’

bn
lim [1 + 44 ¢(n)}

n—00

for a and b independent of n and where lim,, o ¢ (n) = 0. Then

a ¢m)”" abn 5
lim|:1+—+ :| —lim[l—i——] = e,
n n

n—o0

For example,

) w2 w1l ) —w?  w/n? 2 —ou?
lim |1 - —+4+ —| =lm [+ —+ =e 7,
n—>oo n n n—>oo n n

for all fixed values of w.

Theorem. Suppose that X;, i = 1,2,. n is a random sample from a dis-
tribution that has mean | and variance o>. Then the random variable Y, =
(Xisi Xi —np) /no = Jn (X, — )/0 has a limiting distribution that is
normal with mean 0 and variance 1.

Comment By establishing this theorem, the central limit theorem, it implies
that whenever the conditions of the theorem are satisfied, the random variable

N (Xn — ,u) /o has, for a fixed n, an approximate normal distribution with u© = 0
and 02 = 1.
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Proof. Let us assume the existence of a moment generating function M(t) =
E (e'X) for finite values of ¢ for the distribution. (An alternative more general proof
would be based on the characteristic function ¢(¢) = E(e''*) instead.) Introduce
the moment generating function for X — pu,

m(t) = E (e'*™M) = e M M(1).

Hence, m(0) = 1, m'(0) = E(X —p) = 0, m"(0) = E[(X — u)?] = o> The
function m(¢) can be expanded using Taylor’s formula, for 0 < £ < ¢, such that

m(t) = m(0) + m’(0)t + %m”(é)tz

1
= 1+ 5m" )1

1 1
1 + 50212 + 5 (m//(%-) _0.2) [2

Now consider M(¢;n), where

N 2 Xi—nu
M(t,n)—E_exp(t—Uﬁ ):|

o (B Yo () e (2252)]
~e[on () e[ ()] oo (o)
e loo ()]t

HeDl

Hence,

Thus,

Since m”(¢) is continuous at ¢ = 0, and since § — 0 as n — 0o, we have
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lim (m”(€) —o?) = 0.
n—o00
Hence, using the result above, @ = /2 and b = 1, and so

lim M(t;n) = e/ Vit e N.

n—>oo

It therefore follows that the random variable ¥, = /n (X, — 1) /o has a limiting
normal distribution with ;= 0 and variance 6% = 1.
Example. Suppose X denotes the mean of a random sample of size 75 from a
distribution that has the pdf
fx)=1, 0<x<1
=0, elsewhere.
Hence, p = 1/2 and 0> = 1/12. The limiting distribution of ¥, =

Jn (X,, — ,u) /o is normally distributed, allowing us to compute for example the
P(0.45 < X < 0.55) by means of

P(0.45 <X <0.55) = P [ﬁ(o"f_“) - ﬁ(’i’; - _ ﬁ(O.zs—u)]

_p V75(0.45 —1/2) - V75(X, —1/2) - V75(0.55 —1/2)
B J1/12 J1/12 J1/12

= P[-1.5 < 30(X — 1/2) < 1.5] = 0.866.

Example. Suppose X;, i = 1,2,...,n is a random sample from a binomial
distribution B(n, p) = B(1,p)ie,u = np = p and 6> = p(1 — p), and M(t)
exists Vi € R If Y, = X; + Xo + --- + X,,, we know that ¥, is B(n, p). We
can use

Yy—np _ nXu—p) _ VnXi—p
Vnp(L=p)  /np(1—p) o
as a limiting distribution with mean 0 and variance 1. Suppose n = 100 and

p = 1/2, and that we want to compute P(Y = 48,49,50,51,52). Since Y is a
discrete random variable, the events Y = 48,49,50,51,52 and 47.5 <Y < 52.5
are equivalent (using the convention of taking 0.5 above and below the limiting
discrete values). So instead we compute P(47.5 < Y < 52.5). Thus, with
w=np=>50and c? = np(l — p) = 25, we have
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475-50 Y -50 52.5-50
P@475<Y <525 =P

< <
5 5 5

0
=P (—0.5 < < 0.5) = 0.382

since (Y — 50)/5 has an approximately normal distribution.

There are many examples of stochastic variables whose values are determined by
independent additive increments. The best known example of such a variable may
be the momentum of a molecule in a dilute gas. At a given time, the x momentum
mv, is the vector sum of all momentum increments caused by past collisions with
other molecules. If we suppose that the increments in mv, are independent with
zero mean, we may conclude from the central limit theorem that v, is normally
distributed, i.e.,

100 = e (~ 525

vy) = ——exp|—=—=],

Y V2nkT 2kT

where k is Boltzmann’s constant and 7 is the temperature. Similarly, we may
argue that the y and z momenta are independent of the x momentum, and that the
increments in the three directions are independent. Hence the y and z velocities also
have normal or Gaussian distributions. The joint pdf f (v, vy, v.) of the independent
velocities is therefore the product

2kT

1 \¥? Vi v 407
S vy v) = fv) fvy) f(v) = (m) expl ———=—1)-

By introducing spherical coordinates in velocity space with ¢* = v} + v} 4 vZ, we
obtain the Maxwell-Boltzmann distribution

1\ 5 c?
f(c) =4n (2nkT) c”exp (_ﬁ)

The Maxwell-Boltzmann distribution for the gas is a consequence of the indepen-
dence of the successive collisions experienced by a molecule. The three components
are identically distributed because there is no preferred direction. This can be
different for a magnetized flow in the presence of a large-scale or mean magnetic
field. The distributions have a zero mean because the gas is at rest with respect to
the chosen coordinate system. A mean flow will introduce an offset in the normal
distribution.

Velocities in a turbulent fluid flow do not have a normal distribution because
the momentum increments that a fluid parcel experiences at successive times
are not necessarily independent. For example, eddies tend to be coherent and
interact in sometimes complicated ways with other fluid particles. However, at
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some scales, the local motions may be nearly independent. Consequently, tur-
bulent velocity fields are not Gaussian, although often not very different from
having a Gaussian distribution. This difference is a fundamental property of the
dynamics of turbulence. To analyze the dynamics of turbulence, non-Gaussian
properties do need to be included typically, but if one is concerned primarily with
the effects of turbulence, assuming a Gaussian distribution may be an adequate
approximation.

Exercises

1. Compute an approximate probability that the mean of a random sample of size
15 from a distribution having pdf

f(x)=3x2, 0<x<l,

=0, elsewhere

is between 3/5 and 4/5.
2. Let Y be B(72,1/3). Approximate P(22 <Y < 28).

2.10 Relation Between Microscopic and Macroscopic
Descriptions: Particles, the Gibbs Ensemble,
and Liouville’s Theorem

A gas of particles or plasma of charged particles are both characterized by a very
large number of degrees of freedom. One can in principle describe the system in
terms the spatial and momentum coordinates of each of the particles in the system.
By contrast, a macroscopic description, such as a fluid mechanical model, may have
as few as three variables (the density, the velocity, the pressure or the temperature),
depending on the closure assumptions imposed. The statistical treatment of the same
system may require as many as 6 N variables, where N is the number of particles in
the system. These variables are the 3N spatial coordinates X;, X, ---Xy = (X) and
the 3N conjugate momenta py, p2,---py = (p) of the constituent particles. This of
course neglects effects specific to the particles themselves and treats the particles as
point masses. A typical system can be described in terms of a Hamiltonian function
H [(x). (p)], where

H[(x).(p)] = E[(x). (p)].

In the absence of external fields, £ [(x), (p)] denotes the total energy, kinetic energy,
and potential energy of the system. The equations of motion for the system are given
by Hamilton’s equations
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dx; . _BH

dr T apy

dpi . OH .
szi:_a_x,»’ i=1,2,---,/N.

The state of the system at any time is given by a representative point in the
6N dimensional phase space (also called the I" space) defined by the mutually
orthogonal vectors X, X, --+Xy, P1, P2, -+ P~. Thus, for a given set of initial
conditions, the trajectories of a particular system can be computed. Note that the
Hamiltonian does not depend on time and so the equations of motion above are
invariant under time reversal.

It is evident that a very large number of states of a gas corresponds to a
particular macroscopic state of a gas e.g., a gas of a particular density contained
in a box of fixed volume can be formed in an infinite number of ways according
to the distribution of the particles in space.! However, macroscopically we cannot
distinguish between one representative point or another i.e., between gases existing
in different states. A gas that can be described by certain macroscopic conditions
refers therefore to an infinite number of states and not to a single state. Thus,
instead of considering a single system, we may consider a collection of systems that
are identical in composition and macroscopic conditions but existing in different
states. Such a collection of systems is called a Gibbs ensemble, and is the collection
of systems that is microscopically equivalent to the system we are considering
macroscopically. Each system in the ensemble can be represented by a point in
phase space. As the number of systems becomes very large, the representative points
become increasingly dense in phase space and we can describe their distribution in
phase space by a density function. The density function is a continuous function of
(x) and (p), which if normalized can be described by a probability density function
fn(x,p.t)ie., fy(x.p,t)d*Npd3x is the number of representative points that at
time ¢ are in the infinitesimal volume d3"pd3"x about the point (x, p) in phase
space. Although fy is a probability distribution function, it evolves in time in a
completely deterministic manner, in principle though solving Hamilton’s equations.

An ensemble average of the macroscopic property M (x, p) can be defined by

(M(1)) = / M(x.p) fiv (x.p. )V pd PV x:

i.e., the expectation of the property M (x, p). Another important and basic postulate
of statistigal mechanics is the so-called ergodic statement, which is that the time
average M (X, p)

I Although it appears that this statement is self-evident, it is essentially a postulate. A basic
g pp y ap

postulate of both equilibrium and non-equilibrium statistical mechanics is that all macroscopic
properties of a given system can be described in terms of the microscopic state of that system.
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M(x,p) = (M(1)).

The ergodic statement asserts that we can consider ensemble averages rather
than time averages as a basis for determining macroscopic properties from the
microscopic description. Thus, we need to study the properties and behavior of the
probability density function fy .

The evolution of the pdf fy is described by Liouville’s theorem. The Hamilton
equations determine how each ensemble member evolves in phase space. Consider
the change dfy in the value of fy at the point (x, p) at time ¢ in phase space which
results from an arbitrary, infinitesimal change in these variables. This yields

di_%dt a -dx; +Za
i=1
di_m+i[afN .+afN_pA]_

= a T w x0T ap

(2.1)
dfy/dt is the total change of fy along the trajectory in the neighborhood of (x)
and dfy /0t is the local change in fy, i.e., at the point (x). Liouville’s Theorem is
the statement

m:

0 2.2)

Liouville’s theorem states that along the trajectory of any phase point, the prob-
ability density in the neighborhood of the point remains constant in time. Since
Hamilton’s equations have unique solutions, there can be no intersection of trajec-
tories of separate ensemble members in phase space. Thus, an incremental volume
about the point (x) in phase space, defined by a specified surface of points in phase
space, is also invariant in time, even though it may change its shape (points from
inside the volume can never cross the surface since then they would intersect with
the points defining the boundary). Since both fy and the number of points inside
the volume dx remain constant in time, the volume of dx is unchanged.

Note that since fy is constant along a trajectory in phase space, so too
is any function of fy. Finally, Liouville’s equation is reversible in the sense
that the transformation ¢ — —¢ leaves the form of the equation unaltered.
Hence, if fiy ((x(t)), (p(t)),?) is a solution to Liouville’s equation, then so is

In ((x(=1)). (p(=1)). —1).
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2.11 The Language of Fluid Turbulence

The mathematical description in the previous sections provides the statistical tools to
understand fluid turbulence, for example, but like many areas of physics, one needs
to translate the language of mathematics to that of physics. There will be a slight
departure from some of the concepts introduced already in that we will use some of
the tools of Fourier theory. As we have seen, an important physical concept is the
notion of ensemble average, as it allows one to form averages for time-dependent
processes.

An example of a random function in space and time in fluid dynamics is the
velocity field of a turbulent jet or flow. The macroscopic boundary conditions
for the flow field may be independent of time, but the velocity at a point varies
in an unpredictable manner in time. The local time-average velocity is different
in different locations, as are other averages, such as the square of the velocity
departures from the mean (v — U)? — the variance. For flows with gross boundary
conditions that are constant, we can define time averages. For flows where the
boundary conditions are temporal, time averages are not useful, and we need to
use ensemble averages.

Consider an ensemble of macroscopically identical experiments, each of which
produces as output a variable u(¢), where ¢ > 0 is the time. The output from the jth
experiment is the jth realization of u(t), denoted by / u(¢) say. The / u(t) may look
like an oscillation with “noise” superimposed, for example, and each realization
may be rather different from the others. The ensemble average of the values of u(¢)
is defined as the limit

() = Jim 3wt

or one can define the ensemble average of a function g[u(¢)] of u(z) in the same
way,

(glu(0)) = lim "¢ [Ju)].
j=1

Ensemble averages of powers of « are the moments, so the ensemble average of u*
is the kth moment of u at ¢, i.e.,

(u()) = lim_ 1 g [u)]”.

If we consider two distinct times ¢ and ¢ and form the ensemble average of the
product u(z)u(z’) for each realization, we then define the covariance R, by
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Ru(t.1') = (u(t)u(t)).

A random function is stationary if all its moments and joint moments are
independent of the choice of time origin. For example, a flow becomes turbulent
after passing through a grid at a starting time ¢ = 0. After some time 7" > 0, the
flow will have settled down and initial transients will have damped away. Then, for
t > T, the values of velocities and other variables can be expected to be stationary
random functions. Instead of using the above definitions, the stationary ensemble
average is equivalent to a time average, e.g.,

T/
(u) = lim %/; 2u(l)dl.

T—o00 T/2

A stationary random variable is a significant simplification since then averages such
as (u(t)) are independent if time, as are all expectations and moments of u.

Time covariances of stationary random functions should be independent of the
choice of time origin but will depend on the time difference t = ¢’ — ¢,

Ry (7) = (u(@)u(t + 7))

The double subscript indicates that the covariance is the covariance of u with u, and
the argument t indicates that the velocities are measured at a time interval T apart.
We note too that the velocity is generally three dimensional and so one frequently
expresses the tensor R as

Rij = (ui(l)uj(l + ‘L'))

Some properties of the covariance are easily derived.

1. R,,(7) is an even function. This can be seen from
Ru(@) = (u@u(t + 7)) = (u(t’ — Hu")) = R (—71).

2. The joint covariance of u and its time derivative # is the time derivative of R,,.
This follows from

0 0
Rii(m) = ()it + 7)) = o (u®u(t + 1)) = - Ru (7).

Related results are derived easily.

Consider two joint random variables — that is, in each realization there are two
results (such as the x and y components of velocity, or the velocity and the density
at a point in the flow) — say, u(¢) and v(¢). The joint covariance is then given by

Ry (7) = (u(@)v(t + 1)),



66 2 Statistics

assuming the process is stationary (since we express the joint covariance in terms of
the relative time delay only). Some elementary properties are given in the Exercises.

The covariance and joint covariance functions are assumed to decay for large
values of the lag or delay time 7, so that the functions are square integrable
and possess Fourier transforms. The Fourier transform of the time autocovariance
function R,,(7) is called the power spectral density, defined by

1 .
Suu(w) = E/ eleruu(r)dr-

—0o0

For a function f(¢), Fourier’s integral theorem yields the expression

=5 " o / " o phdr'do.

—00 —0o0

Using this result in the power spectral density expression then yields

0 .

R, (1) = / e 'S dw.
—00

The joint or cross-spectral density of the joint pair of random functions u and v is

given by

| I .
Suw(w) = E/ e’ Rydt = Coy(w) +iQuy, (w),
—00
where the real part Co,, is called the co-spectrum and the imaginary part Qu,, is
called the quadrature spectrum.
Let u(x,t) be a random function of position x and time ¢. The space-time
covariance is expressed as

R (x,x,1,t") = {(u(x, Hu(x',t)).

If u is a stationary random function, then R,, is independent of the choice of time
origin. If R, is independent of the choice of spatial origin, and the same is true for
other statistical measures, then u(x, t) is a homogeneous function of x. Hence, for a
stationary and homogeneous random function, the space-time covariance is

Riu(§.7) = (u(x, u(x + §.1 + 1)).

We can Fourier transform the space-time covariance with respect to space and time.
The power spectral density of u is the Fourier transform of the time autocovariance
R,,(0,7), and is given by

o]

1 .
Suu(w) = Z/‘ eleruu(O» f)d‘[’

—0o0
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The wave number spectrum @ (k) is defined by

3 ho00 o) 00
mmz(%g![w[m[waM4mfmm@nm&&m&

Finally, we may define the combined wave number-frequency spectrum as

4 roo 00 oo 00
ok, w) = (%) [m [m [m [m exp[—i(k-E—w1)|R, (€, 1)dE1dEdEd .

Example. Suppose that we have placed two surface gauges in the middle of the
Pacific ocean, separated by a small distance ¢, so that we can measure the cross-
spectral density at each. With these gauges, we want to determine the phase velocity
of the random surface waves — these are 2D with velocity (u, v) say. Assuming that
the power spectrum is the same at both gauges, we have

Su(@,€) = [|Suul |SW|]1/2(a))C0hw(w) expli O ()],

where the coherence Coh,(0) = [(Co2, + Quﬁv)/|SW||SW|]1/2. The phase
velocity of frequency Fourier component can be determined by a straightforward
argument. The cross-spectral density is a complex function, so the phase is given by
the argument of S,,,, i.e.,

O (@) = arg[Sy (@, )],

and this will give the phase velocity. The phase gives the time interval §¢ between
arrivals of a wave, which is proportional to the phase difference times the wave
period divided by 2,

_ Qr/0)bn O

ot

2 w

The phase speed is simply the gauge separation distance divided by the time delay,
so the phase velocity as a function of frequency is therefore

V4 Low
)= 5 T B

This expression also obviously gives the average wave number for the freq-
uency as

o Oy(0)
Tw)
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For surface waves, it is also possible to derive the phase velocity from S, ().
Since, if ' = 9u/dx, then S, (w) = k2S,.(w) (Exercise), the mean square wave
number is

Su’u'
(k) = 2@,
Sun(w)
The phase speed is then obtained from
2 @

cslope - (kz) :

Note that the phase speeds calculated from the two methods might well be different.
For example, for a standing wave between the two gauges, the phase speed derived
from the cross-spectral density would be zero while the slope method may yield a
non-zero phase speed. For waves propagating in a single direction, the two methods
should give similar results.

Example. Noise is often defined as having all its Fourier components as stochastic
variables with zero mean i.e., (u(w)) = 0. A signal therefore corresponds to a
definite additive component. In the absence of periodic components, the correlation
function or covariance tends to zero as t — co. Suppose that the covariance decays
exponentially, so that

(u()u(0)) = Ce™"",
The power spectrum is given by (Exercise)

1 Cy
Suu(w) = ;m,

and is called the Lorentz distribution. Note that white noise corresponds to the limit
y —> o0.

Consider now a periodic component to u(t), say u(t) = v(t) + Ae™®", with
(v(1)) = 0 and (v(7)v(0)) = Ce~"!"l. Hence,

(M(‘L’)M(O)) = Ce_V|T| + AQe—iwgr,

1 yC

Su(w) = T2+ 16

+ A%8(w — wo).

indicating that the periodic signal introduces a spike in the power density spectrum
at w = wy.
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Exercises

1. Show that the joint covariance is not symmetric in the time lag 7, i.e., that
Ruv(T) = Rvu(_r)~
2. Show that the joint covariance for u and a time derivative of v satisfies

d
R, = R, (—7).
e (-7)

3. Show that the co-spectrum and quadrature spectrum may be expressed as
integrals

Couv(w) = % Ooo [Ruv(‘() + Ruv(_r)] cos(a)r)dr;
Qu,(w) = % 000 [Ruy(7) — Ryy(—7)] sin(wT)d T.

4. By introducing the coherence Coh,(w) = [(Co2, + Qu? )/|SVV||S,M|]1/2 and

uv

the phase 6,,(w) = arg(S,,) (the argument of S,,), show that the joint- or cross-
spectral density can be expressed in terms its magnitude and argument,

Sun(@) = [|Su(@)][Sw(@)]]'? Cohu () expli B (@)]-
5. Show that if ' = 0u/dx, then S,y = kS, (w).
6. Show that an exponentially decaying covariance (u(7)u(0)) = Ce "Il yields a

Lorentz distribution for the power spectral density,

1 yC

Su(@) = Tt

Sketch the covariance and the power spectral density.
7. Show that the autocovariance in the last example of the chapter is given by

(u(f)u(o)) = Ce_y‘z‘ + Aze—fa)of’
and that

1 C
Suu(a)) = - Y

= m + A28(a) — o).

Sketch the covariance and the power spectral density.
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Chapter 3
The Boltzmann Transport Equation

3.1 Derivation of the Boltzmann Transport Equation

We are not interested in the motion of each particle in detail but instead in the
distribution function f(x, p,?), which is defined so that

fx.p.0)d’*xd’p

is the number of particles d N in the phase space volume (x+d>x, p+d>p) about the
point (x, p) at some time ¢. The space defined by (x, p) is a six-dimensional space
in spatial volume x and momentum p, and is called p-space. Before proceeding to
the derivation of the transport equation for the distribution function in phase space,
we prove a useful result.

Invariance of phase space volume. Consider a frame comoving with a group
of particles that occupy a phase space volume (x + d3x',p + d>p’) about the
point (X, p) at some time ¢, all at the same energy. The particles therefore occupy
a spatial volume element d°x’ = dx’dy’dz and a momentum volume element
d’p = dp.dp)dp;. Consider now a frame K that is not comoving with the
particles, say with velocity parameter 8 = v/c with respect to the comoving frame
K'. In the spatial volume d>x occupied by the particles as measured in frame K,
perpendicular distances are unaffected by the motion, i.e., dy = dy’, dz = d7/, say,
but there is a length contraction in the x direction (the assumed direction of motion),

so that dx = y~'dx’, where y = (1 — /32)_1/2’ or
d3X — yfldSX/'

Consider the momentum volume element d3p measured in the frame K. Since there
is no energy change from K to K’, the x component of the momentum transforms
according to dp, = ydp’. and the remaining momentum increments are unchanged.
Thus,

G.P. Zank, Transport Processes in Space Physics and Astrophysics, Lecture Notes 71
in Physics 877, DOI 10.1007/978-1-4614-8480-6_3,
© Springer Science+Business Media New York 2014
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d*p = yd3yp,
from which we find
d’xd’p = d’x'd’p’.

Hence, since the frames K and K’ are arbitrary, d 3xd 3p is a Lorentz invariant.
Furthermore, since the number of particles d N within a phase space volume element
is a countable quantity and therefore invariant, we have also established that the
phase space density

dN
f(x,p,t) = T dV = d*xd’p.

is an invariant.

Now suppose that the number density of points in phase space from volume
element to volume element does not vary rapidly. This allows us to assume
continuity of f(x,p,?) over the entire u-space and we can introduce an integral
over the over the distribution function so that

/f@nﬂfw%=N,

where N is the total number of particles in a total volume V. If the particles are
distributed uniformly in space, so that f is independent of x, then

N
3., _
/fmnndp—v.

Kinetic theory tries to find the distribution function f for particular forms of particle
interaction in different physical settings.

To determine the equation of “motion” for the distribution function, suppose
there are no particle collisions, so that particles at location (x,p) at time ¢ will
find themselves at location (x + vdt,p + Fér) at the time ¢ + §¢. Here §¢ is an
infinitesimal change in time, F the force acting on the particle, and v = p/m
the velocity. Furthermore, these translated particles will find themselves in the new
volume element d>x'd 3p’ at time ¢ 4 &¢. Thus, in the absence of collisions, we have

F(x+v8t,p+Fét.t +81)d>}X'd’p' = f(x,p.t)d>xd’p
= f(x+ vét,p+Fdt,t +6t) = f(x,p,1),

by the invariance of the phase space volume element.
In the presence of collisions, the above equality will be modified so that

S(x+vét,p+Fst,t +8t) = f(x.p.1) + (i—{) 8t,
coll
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which should be interpreted as a definition of the collisional term (§f/6¢),,;;- By
Taylor expanding the LHS about the time ¢, and retaining only linear terms, we
obtain the equation of motion for the distribution function f as we let §t — 0,

et = (),

where V and V, are the gradient operators in x and p respectively. The variables x,
P, and ¢ are independent variables. At this point, we will assume that the particles are
non-relativistic and express the Boltzmann equation in terms of particle velocity v,

af §f
3_+V Vf+_ V= (51)0011 Gb

Before deriving forms of the collisional term, it is often useful to express the
Boltzmann equation (3.1) in terms of mixed variables related to convection in a

background flow. One can separate the particle velocity into a random component
and mean or a bulk fluid or gas component u(x, #) according to

c(x,t) =v—u(x,1),

where the bulk velocity is defined as a moment of the distribution function (more
later)

u(x,t) =

1 oo
22, f(x, v, 0)d3 /_oo vf(x,v,0)d’v.

The bulk velocity is independent of v, and the random velocity component ¢, unlike
that of v, is a function of 7. To express the Boltzmann equation (3.1) in terms of the
random velocity ¢(x, ¢) introduces a mixed phase space set of coordinates, giving
(Exercise)

of of _(m Do ENOL_ (Y
b i i)a-—\ 57 / ‘ m ~ s ’ :
Jat * (I/t te ) an ( dt + (u-/ + C'/) axj ) acl (SZ coll (3 )

and f = f(x,¢,t),u = u(x,t), F = F(x, v, ). We shall see that this form of the
Boltzmann equation is the starting point for studying energetic particle transport in
a magnetically turbulent medium.

Exercises

1. Show that the Boltzmann equation (3.1) is invariant with respect to Galilean
transformations.

2. Show that the Boltzmann equation (3.1) transforms into the mixed phase space
coordinate form (3.2).
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3. Find the general solution to the Boltzmann equation (3.1) in the absence of
collisions i.e., (§f/8¢t),,; = 0. Derive the general solution for the case that
the force F = 0.

3.2 The Boltzmann Collision Operator

Consider a suitably rarefied gas that satisfies the following conditions.

1. The gas is neutral;

2. The mean distance between particles is large in comparison to their size as
expressed by their inter-particle forces;

3. The gas is sufficiently dilute that only binary collisions are important; and

4. Collisions conserve mass, momentum, and energy.

For simplicity, suppose we consider a gas of particles of a single species and let the
mass be normalized to unity. Consider a two particle collision, where one particle
has velocities in the range dv and the other in a range du before collision and
in the ranges dv' and du’ after. See Fig.3.1. To keep the notation simple in this
subsection, we do not use bold-face for the vector variables. As noted, collisions
conserve momentum and energy, so that

V4 =v+u

WP+ '[P = v+ Jul.
The total number of collisions per unit time per unit volume for a particle with
velocities in the range dv may be expressed as (the number of particles per unit

volume) times (the probability that a particle experiences a collision), or

f(x,v,t)dvx P,

Fig. 3.1 Binary collision
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where P is proportional to (the number of particles per unit volume) times (dv' x
du)or f(x,u,t)dux dvdu'. Thus the

total number of collisions/unit volume/unit time

=@ ,Viu,v) f(u) fO0)dudvdu'dV .

The function @ is determined from the collision problem for the given physical
system. The joint pdf for a pair of particles experiencing a collision with velocities
u, v at (x,t) is proportional to the product f(x,v,t)f(x,u,t), and was in fact
hypothesized already by Maxwell. The hypothesis is called “molecular chaos” and
in fact corresponds to an assumption of stochastic independence i.e., the joint pdf
can be expressed as the product of the marginal pdfs.

The function @ may be thought of as the transition matrix in quantum mechanics.
@ may be regarded as a symmetric function, i.e.,

oW Viu,v) = o, v;u',V).

This follows from noting that in equilibrium, the number of collisions (u,v)
(«',V') is equal to the number of collisions (—u’,—V) — (—u,—v). This is a
consequence of the Newtonian equations being symmetric under time reversal.
Thus, under such a mapping we expect to get

oW Viu,v) = &(—u, —v;,—u', ),

and hence it follows that @ is a symmetric function.

For each collision of two particles, there is a transfer of velocity out of a particular
range dv (losses). Given d v, the total number of collisions (u, v) — (&, with all
possible values of u, «’, v/ occurring in the volume element dx per unit time is

dxdv/ D@ Viu,v) f(w) fO0)dudu'dV .

Consider the total number of collisions in the volume dx that bring particles into the
range dv from outside the range per unit time (gains). Given v, these are collisions
(', v') = (u,v) with all possible u, «’, v' such that

the total number of such collisions in volume dx per unit time

= dxdv/ D, v;u' V) fW) fO)dudu' dV'.

Consequently, by virtue of the symmetry of &, the collisional term can be
expressed as

5
(%) Tt = / D@ vt V) [f W) () = f) f )] dudu'dV.
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The differential cross section do is frequently introduced,

do — ddu'dV

v—ul

The differential cross section contains delta functions that express conservation of
momentum and energy,

S +V —u—v) S (VI + > = v)> = |ul).

If the delta functions are removed, then do is the scattering cross section, expressed
in terms of the solid angle

d§2 = sin6d0d¢,
and relative velocity |u — v|, such that
do =§(82,|lu—v|)dS2.

Hence,
(f) = / / E(2.u—WDLFW) FO) — fu) f)]dRdu,
R3 |2]=1

This is the Boltzmann collision integral, and is integrated over five independent
variables. The Boltzmann transport equation (3.1) is therefore a nonlinear integro-
differential equation

G v s amvs = [ @) ) - S felandu

dt
(3.3)

3.2.1 Collision Dynamics

Consider first the simplest possible case of hard sphere scattering. In this case, we
have

b
SO(u,v;u' V) = ?OS(M +v—u —V)8 (|v|2 + |uf? = V|? - |u’|2) ,

where by is related to the size of the spheres and the factor of 2 is due to energy
conservation. Then C( f) can be expressed as
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Fig. 3.2 Geometry for hard
sphere scattering of a particle

e =2 [ [1rersa+ =)= rwsm] <
(VPP + lul> = VPP = lu+v—V1|*) dudV
=2 [ [ro-nsa+n-rwsolx
§ (V1> + [ul® = [v—=A1* — |u+ A]*) dudA,
where A = v — V. Write dA = p?dud2 = p’dusin0dOde using spherical
coordinates (i, 6, ¢) with the polar axis along v — u so that |u| < |v — u| and

(Fig.3.2)

A-v—u) (=) -(v—u)

cosf = = .
ALy —ul V' =y —u|

We can express the argument of the energy delta function above as

WP+ ul® = v — A2 = Ju+ A]?
=2+ u> = (v*=2v- A + A2 — (u)* + 2u- A + |A]?)
= 2A2 +2(v—u)- A =2u|v—u|cos§ —2u>.

To evaluate the delta function, we need the following result (see the Exercises),

§((x — a)(x — b)) = ﬁ [8(x —a) +8(x —b)]. a#b.

Hence,

1
55 (V> + [ul* = V)P = Ju+v =) =8 (W — ulv — u| cos )

= §(u(p — [v —ulcos 0))
1
=X
|u —v|| cos 6]

[6(1) 4 8(u — |[v — ul cos )] .
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The §(u) term in the integrand yields O because of the u’dp term, whereas the
second term contributes

1

v —ul*cos’ 0 = |u—v|cos .
|u — v|| cos 0]

In the integrand for C(f), we have

fo=)=f0)., flu+ir)=fu),

so that
C= bo/ / lu—v|[cos B[ f () f(V) = f(u) f(V)]dud 2
|2]=1JR3

for the scattering of hard spheres i.e., for hard sphere scattering, £($2, |u — v|) =
bolu — v||cos @], where by is an impact parameter that reflects the size of the
scattering spheres and 0 < 6 < /2.

A more general analysis can be developed for particles with a potential energy
V(r). Consider the relative motion of particles P; and P, moving in each other’s
field of force. The particles have position vectors r; and r,, masses m; and m»,
and subject to central forces F| and F,. Of course, F; = —F,, and are parallel to
r = r| —r; and depend only on r = |r| — r|. Thus, m ¥, = Fy, m,i, = F, so that
niniy (I‘l — 1‘2) = m2F1 — mle, or

where M is the reduced mass.
Introduce polar coordinates r and 6,

x =rcosf y =rsiné,

to describe particle motion subject to a central force (Fig. 3.3). To obtain the particle
velocity and acceleration vector, differentiating with respect to time yields

Fcos —rOsinf;

% =

y = isinf + rf cos 0;

X = i‘cos@—Zi’ésin@—ré%os@—résin@;

y = Fsinf + 270 cosh —r*sin6 + récos@, (3.4)

where as usual the dot denotes a time derivative. The velocity and acceleration
vectors may be expressed in terms of the orthonormal vectors f and 6 using
vV = v TF + vee ora = a,r + a99 Furthermore, the velocity and acceleration
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Fig. 3.3 Scattering of a
particle by a central force

79

Vo

>y

Fig. 3.4 Particle motion subject to a central force

components of the Cartesian coordinates of the particle can be expressed using
the time derivatives of the Cartesian coordinates. One obtains geometrically from

Fig. 3.4 the following relations

Vv, =
Vg =
a, =

dg =

X cosf + ysinb;

—xsinf + ycos6;

X cosf + ysin6;

—Xsinf + ycos . (3.5)
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By using (3.5) in (3.4), we easily obtain
v, =7 vg=rb; (3.6)
a, =i —r0%  ap =20 +r0. (3.7)

The terms in (3.7) correspond to the centrifugal (réz) and Coriolis (2}"9) forces
respectively.

On returning to the reduced mass equation of motion, we may use the above
results to obtain

M@ —rO)t + M(ré +276)8 = —%—Vf-,
r

where V(r) is the potential energy (V(co) = 0) of the force F. The conservation
laws for angular momentum and energy are therefore
r20 = const. = gb;

1 . 1
EM(r'2 +720%) + V(r) = const. = EMgz,

where b is a distance, and is known as the “impact parameter”, and g is the constant
relative velocity. It is then straightforwardly established that

21,2 2
gb ﬂ 2 _l 2_V(r)
2 |:(d9) +r}_2g M

do b p2 2V ()1 V?
=4+—11 .
r2 M g?

from which we find

dr r2

The path of particle P; in a force field centered on P, exhibits two asymptotes,
one along the initial direction of approach and the other along the final direction of
motion as the particle recedes to “infinity.” The “scattering angle” y is the angle
between the asymptotes (see Fig.3.3). The reference frame is chosen so that prior
to the interaction of the particles, P; is at § = 0, and its final position after the
interaction is at & = w — y. The trajectory is symmetric about the apse line i.e., the
line from Pj to P; at closest approach (ry, 6y). At this point, dr/d6 = 0. Hence,

2r2
Mg?

2 —b*— =L V(ry) =0,

Evidently, y = 7 —26y. To determine 6, we integrate d0/dr over (ry, 00), choosing
the negative root since the slope is negative along the incoming trajectory. Hence,

/°° dr
v r2J1=02/r2=2V(r)/(Mg?)

x=m—2b



3.2 The Boltzmann Collision Operator 81

As discussed above, the differential cross section can be expressed as
do =§(2,|lu—v|)dS2.

We can use the results above for the scattering angle to determine £. Suppose
that P, is incident on an annulus of inner radius b and outer radius b + db with
fractional area 2wbdbdp, where dp is the angular width of the area. Let £d £2 be
the probability that P; is deflected into the solid angle d£2 = sin ydydp. Of N
incident particles per unit area per second, |bdbdp|N are scattered into solid angle
d §2, which by definition is £d 2N . Hence, we obtain

b |db
~siny |dy

where y = x(b, g) can be computed if the potential V() is known. An important
example is the Coulomb or Rutherford scattering cross section.

Exercises

1. Show that for a # b,

1

=) =b) = =

[8(x —a) + 8(x — b)].

2. Complete the steps in the derivation of

do b [ b> 2V(r):|_1/2
g B

starting from

) . NN v
MG —ré%i + M (r9 + zr'e) b=k
r
3. Consider the scattering of an electron (charge Z; = —1) in the Coulomb field of

an ion of charge eZ,,

622 r

E = —
4rreg r3’

where g is the permittivity of free space. Show that
b2

T =1+4+¢€cosh, by= |ZlZz|e2/(4n80Mg2),
oo
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and € = /1 + (b/by)?. Show that at the point of closest approach, tan 6y =
b /by and hence that

2
bé lezez
T 4sin' 1y~ \8megMgsinily )
5X mwegM g sin” 3 x

This is the Coulomb or Rutherford scattering cross section.

3.3 Conservation Laws, the H-Theorem, and the
Maxwell-Boltzmann Distribution Function

The collisional integral is frequently expressed as the operator

O(f. f)(v) = /m 3 /9=1 E(2. u— DLW SO — f) fO))dud 2.

A related quadratic form can be introduced,
* 1 / / / /
07(f.8)v) = 5/ / E[f (g + fu)g(v)—f(w)g(v)—f(v)gwld2du.
R3J|12|=1

Q* is symmetric and Q*(f, f) = Q(f, f).

We can obtain explicit forms of «' and V' from the momentum and energy
conservation laws since they impose four constraints on the six variables. This
implies two degrees of freedom. We can write

W =u+alu,v,2)2
VvV =v—a(u,v, 2)02,

where a is a scalar function and |£2| = 1. Evidently, momentum is automatically
conserved. Considering energy conservation implies

WP+ V)P =uP+a®+2a2 u+ | +a*>—2a2 -v=|ul> + v~
Hence,
a?=a(2-v—2-u),
or, provided a # 0,

a(u,v,2) = 2-(v—u).
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Introduce a smooth function 7(v), and consider | Q*( f, g)n(v)dv, and exchange
u and v in the integral. Then, since

W =u+[2- -(v—u)R2;
V=v—[2- -(v—u)f,

swapping u and v yields

v—[R2-(v—-w]R2 =V
u+[2-(u—v))2 =1u.

Consequently, we obtain the following equivalent expression,

3| [ [ elwrew + runew)
~ f@g) ~ f0)86] n()d2dudy
=5 [ [ [elromewr + runew)
~ F@g0) ~ fg)] nwd 2dudy

/ 0*(f. g)n()dv

since £ is invariant.
Now consider the change in variables (u,v) — (u/,V') so that the integral
becomes

[ 0" (f.on()dv
=5 [ [ [ 5@ = abnow s 6)e6) + funew)
— [ (@' V)g@' V) — @ V))gu@ V)] d2du'dV.
It is a tedious if straightforward exercise to show that the Jacobian J = —1. Since
= = 2Jul® + 2 — |u+v|* = ' =V,
(from conservation of energy and momentum), £ is invariant. Also, since

V-t =v—u—2(2-(v—u)$2,
Q-(V-u)=2-v—u)—2(2-(v—u) =—-2-(v—u).

These equations can be inverted to yield

v=V+[R2-v—w]R2 =V —-[2- - —-u)]2=vV);
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u=u—-[2-0v-wR=u+[2 -0 —-u)2 =u@V).

On renaming («/,V') to (u,v), we get

[ o rommar =3 [ [ [e@ - rmew + rwew
S 2 -0~ 2 (- 0)2)
—fv—R2-v—uw2)glu+ 2-v—u)2)|nlv—2-(v—u)2)d2dudv

= %//[é(ﬂ,lv—ul) [fMgw) + fwe®) — fu)g()
—f0)gw)]n0d2dudv.

Finally, if we switch u and v above and again let /' — V', v/ — u’ as above, we
obtain the last equivalent expression,

[ 0 (f.9m)dv
! / ’ / ’ ,
2 ///Hf(v)g(“) + e — fu)g() — f(V)g)] n(u')d R2dudv.

Let f = g in Q*(f, g)(v) and the four equivalent forms to obtain

[ o moav=5 [ [ [slrarron - saso]
« [10) + ) — 90!y = 9] d 2dudv. (3.8)
Hence it follows that
JO(f. HHndv = 0if n(v) + nu) = () + n() .
These are called collisional invariants. In particular, if we choose
=1 =, (=123 16) = b

it follows immediately (conservation of momentum and energy) that the following
moments are Zero:

/ O(f. f)dv = 0: / (/. fyvydv =0 / O/ )2y = o,

for j = 1,2, 3. Consequently, if we choose 7(v) to be one of the three moments and
multiply the Boltzmann equation by 7(v), and integrate, we obtain the conservation
laws,
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/ / fdvdx = const. mass conservation;
/ / v; fdvdx = const. momentum conservation;
/ / [v|? fdvdx = const. energy conservation.

We now come to a fundamental result for the collisional Boltzmann equation,
viz. the H-theorem. This theorem shows that Boltzmann’s equation possesses the
irreversibility associated with dissipation — the left-hand side has negative parity
under time reversal while the right-hand side has positive parity. Negative parity
means that its sign changes when all the velocities and the time are reversed in sign;
with positive parity, there is no change in sign.

Theorem. If f satisfies the Boltzmann equation, then

dH

=0, H(t)Ef/flnfdvdx.

The expression — f In f is the entropy density.
Proof. Letn =1+ In f and use Eq. (3.8) to obtain

s[ounarmnar=[ [ [elrwrrw)- rarm]x
[In f(v) + In f(u) — In £()) — In f ()] d2dudv
— [ [ [elr@rre) = rasm]mew s
—In(f () f0V))] d2dudv
— [ [ [elrwrrer- rasw]

L S
) f)

= [ [ [erarrera - wmpaedud

dS2dudv

where

o S
Fa) fy

Now clearly (1 — u)Inpu < 0 for all w > 0, implying that



86 3 Boltzmann Equation

[Q(ﬁ £)In fdv <0,

for f > 0. Therefore,

%//flnfdvdx://ﬁ(l—i-lnf)dvdx

=//(—v-Vf+Q(f,f))(1+lnf)dvdx

=//Q(f,f)1nfdvdxso,

thus establishing the H-theorem.
To conclude this section, consider [ Q(f. f)In fdv = 0. It follows that

In f(v) +1In f(u) = In f(V') + In f(u),

i.e., n = In f satisfies n(v)+n(w) = n(v')+n@’). Thus, conservation of momentum
and energy imply immediately that

nw)y=a+b-v+c?

and thus f is a Gaussian distribution, f(v) = exp(a + b - v + ¢|v|?), ¢ < 0. The
precise values of @, b, and ¢ are determined from the constraints,

3
n= /fdv, nu = /vfdv, EnkT = %/(V—u)zfdv.
We can rewrite the equilibrium distribution f(v) as

fv) =exp[~a—B(v—uw?],

where &, B, and u are determined from the above constraints. For simplicity, suppose
we move into the translational frame so that ¢ = v — u. The first constraint yields

n=e™ /_Z /_: /_: exp [—ﬁ(cﬁ + ci + cf)] deydceydc,
\/g = /_00 exp(—px?)dx,
exp(—a) =n (E)S/z.
Fig

and since

we have
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The third constraint yields
3 oo oo oo 1
—nkT = e_“/ / / —m(c2+ 2 +c?
2 —00 J—00 J—00 2 ( ! Z>
exp [— (c% + cf + cf)] deydceydc,.

The expectation of ¢2 is given by

1
Bl = [ i fac
n
_ (P Y2 poo oo o0 2 2., .2, 2
= (; /_oo /_oo /_oo c exp [—,3 (cx +c) + cz)] decdeydc,.
Since
VT *
W = x? exp(—Bx?)dx,
—o0

E[c}] = 1/2B = Elc}] = E[c?]. Hence, kT = m/(2p) or § = m/(2kT). This
yields the familiar Maxwell-Boltzmann distribution

3/2 (v—u)?
) exp [_m T }

S 1) =n (anT

where k is Boltzmann’s constant, u, n, and T are the bulk velocity, number density,
and temperature of the gas.

3.4 The Boltzmann Equation and the Fluid Equations

Suppose f(x, v, 1) is a solution to the Boltzmann equation in the absence of forces,

a
L ivvr =00 ). (3.9)

For each species, we define the number density and the hydrodynamic (Eulerian)
velocity by

n(x,t) = /f(x,v,t)d%,

and

u(x,t) = %/Vf(x, v, t)d>v.
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On multiplying (3.9) by 1 and integrating with respect to v yields

%/fd3v+v-/vfd3v=0

on

— W

+ V- (nu) =0,
where we have exploited the vanishing of the velocity integrated collision integral.
This is the continuity equation in physical space, or the conservation of mass
(sometimes charge) equation.

We define the pressure tensor p;; by

p,‘j(X,l) = /m(vi —l/ti)(Vj —uj)f(x,v,t)d3v
— m[v,-vj-fd3v—mnu,-uj,

which is the negative of the stress tensor as generally defined in fluid mechanics.
Multiply (3.9) by v; and integrate over velocity space. The first term is d(nu;)/0t,
and the second is

ad ad 1
Kj/vivjfd%z % (n—1pij —i—nu,-uj) .

This then yields the conservation form of the equation of momentum,

ad 0 1
g(nu,‘)-i-gj Zpij + nujuj | =0,

which, if we use the continuity equation, reduces to

mn (8M, + Bul):_ap_,j

o ey ) T ey

for smooth flows i.e., flows without discontinuities such as shock waves or contact
discontinuities.

The continuity and momentum equations admit the further unknown p;;, so
we can take the next moment of equation (3.9) to determine the evolution equa-
tion of the pressure tensor. However, this introduces further unknowns — this is
referred to as the “closure problem.” Nonetheless, by introducing the following
definitions,

1
e(x, 1) = mn Zpii»
i
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for the internal energy, (and note that p = mn) and

%mHZ%M/M—MW—m%WﬂUWw

for the heat flux vector, we can derive an energy conservation equation. On
multiplying (3.9) by |v|? and integrating, we obtain

0
&/|v|2fd3v+V-/|v|2vfd3v=O.
The internal energy can be expressed as
e(x,1) = sz-- = lZ/w —u;|> fd3v
’ 2mn - 123 2n - l 1
1 2 2 3
= — (|u| =+ |v| —2u-V)fdv
2n
1 2 2 13
= — |(njul"+ | |v|"fd’v—2nu-u
2n
1 1
= ﬂ/ v|? fd3v — Euz.
It therefore follows that
d 0 1
ma / v|? fd3v = g(mns + Emnuz).

To compute f V2, fd 3y, we need to use the heat flux vector,

1
@i = 3 [0 =w)lv = uP sy

1
Em/(vi —u;) | o +v2—2Zvjuj fd3v
J
1
== [mnu® + (2mne + mnu*) — 2mnu - u]

1 1
+§mu2/vifd3v+zm/vivzfaﬂv—mZuj/vivjfd3v
j

1 1
—mneu; + Emnuzui + Em/vivzfd%— Zj:uj(p,-j + mnu;u;)

1 1
= —mneu; — Emnuiuz — g:ujp,-j + Em / v,-vzfd3v.
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Combining these results yields the conservation of energy equation,

The conservation of mass, momentum, and energy are the five equations
that are the basis of continuum mechanics — fluid mechanics or hydrodynamics,
magnetohydrodynamics (including Maxwell’s equations), etc. As noted above, the
five equations possess more than five unknowns. We have the two scalars, n and
e, the three vectors u and ¢, giving six unknowns, and finally the 3 x 3 pressure
tensor p;;, which is symmetric and yields a further six unknowns. However, the
trace of the pressure tensor is related to the internal energy e through >, p;; = 2pe,
which reduces the unknowns by one. Hence we are left with five equations for 13
unknowns. We therefore need to impose constitutive equations or relations to relate
Pij.qi ton,u,e.

Finally, we may define a “local temperature” T'(x, ¢) by

3nkT = pi; = m/ [v—ul*fd>v.

The energy density of the random translational motion is thus %nkT.

Example. The Euler equations result from assuming that

pij = p(x,1)8;, qi =0,
and p(x,t) is the scalar pressure. We have

on

iy, =0:

o + V. (nu) =0;

nm (g—l; +u-Vu) =-Vp;
op

5
— -V -pV-u=0.
8t+u p+3p u

Example. The Navier-Stokes equations for viscous fluid result from assuming that
there exist viscosity coefficients p and A such that

ou; ou; ouy,
o= px 08— e T g3 e
Pij p(X )] M(axj—i—axl) p axk J
oT
P = —K—.
9 8)6,'

Note that the non-diagonal terms in the pressure tensor p;; i.e., excluding the scalar
pressure pd;;, comprise the rate-of-strain tensor.
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Exercises

1. By using the conservation equations for mass, momentum and energy, derive the
evolution equation for p;; assuming the flow is smooth.

2. Use the Boltzmanns-Maxwellian distribution to show that the definitions for the
number density 7, velocity u, pressure tensor p;;, and temperature 7' do indeed
yield these quantities. Show too that the heat flux q vanishes and that the pressure
tensor can be expressed as p;; = p(X,1)§;;.

. Using the above results, derive the Euler equations.

4. Linearize the 1D Euler equations about the constant state ¥, = (ng, ug, po)
i.e., consider perturbations §¥ such that ¥ = ¥, 4+ §¥. Derive a linear wave
equation in terms of a single variable, say én. Seek solutions to the linear wave
equation in the form expi(wt? — kx), and show that the Euler equations admit
a non-propagating zero-frequency wave and forward and backward propagating
acoustic modes satisfying the dispersion relation ' = w — upk = £Csk where
C; is a suitably defined sound speed.

(O8]

3.5 The Relaxation Time Approximation

The form of the Boltzmann collision operator suggests that we may approximate

f =l
T

O£, H) = - = —v(f = fo).

for a relaxation time parameter t or scattering frequency v (Bhatnagar et al.
1954). Here, f, is the Maxwellian equilibrium distribution. The relaxation time or
BGK operator must vanish under the appropriate moments, as with Q(f, f)(v).
The relaxation time approximation describes the rate of loss of particles —vf
due to collisions from a small element of phase space while vfy represents the
corresponding gain of particles as the result of collisions. The detailed dynamics
and statistics of the collisions are neglected, as is the fact that the velocity after a
collision is correlated with that before. The relaxation operator is purely local and
simulates the effect of close binary collisions in which there is a substantial change
of velocity. The collisions can be thought of as a Poisson process, occurring with
probability vdt in the time interval [z, t +d], and the relaxation operator establishes

a Maxwellian or normal distribution in a time of the order of a few v—!.

3.6 The Chapman-Enskog Expansion

We have seen that taking moments of the Boltzmann equation leads to a closure
problem. A formal approach to solving the Boltzmann equation and closing the
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moment expansion was developed independently by D. Enskog and S. Chapman.'
The general approach will be outlined, and then by way of example, the Navier-
Stokes equations will be derived using the relaxation time approximation.

We consider an expansion of the distribution function about the equilibrium or
Maxwellian distribution f; in the form

f=rfotefi+efrt-e,

where f}, f>, ... are successive corrections to f. The right-hand collisional term is
to be regarded as providing the fastest time scale in the problem and an order larger
than the left, allowing us to write the equation as

af  af 1
3 P = 2N,

To capture the fast time scale behavior, we need to introduce a multiple scales
expansion of the time derivative,

a_ao A 32+
ot ot o

On using these expansions in the Boltzmann equation, we obtain

0: QO(]%» fo)a
3 fo dfo _
St = 0\ i
f S f1
74‘7"‘ i : Q(fo?flva)

where Q L Qz, ... are appropriate functionals, assumed known. The first of these
equations is satisfied automatically by our choice of the Maxwellian distribution.
The moment equations applied to the lowest order then give dny/dt, duy/dt, and
dTp/dt. Since we therefore know df;/dt, the second equation can in principle be
solved for f;. Since f| must not contribute to 1y, wy, and Ty, it is also subject to the

constraints
/fld3v:0, /cf1d3v:0, /c2f1d3v:0.

! A wonderful reference to much of this section is the classic monograph by Chapman and Cowling
(1970).
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It transpires that this system can be solved uniquely and terms describing viscosity
and heat conduction can be derived. This can be laborious for the full collision
integral.

Consider, by way of illustration, the Chapman-Enskog approach applied to the
Boltzmann equation with a relaxation form of the collisional operator. Suppose then
that we consider a gas of particles governed by

a 0
Linil =0 = v - o,

where v = O(1/¢) and the equilibrium distribution is the Boltzmann-Maxwellian
distribution,

B m \3/2 m(v —u)?
Jo=n <2nkT) cxp [_ 2T ] (3-10)
3/2
=n (ﬁ) e b (3.11)
T

where ¢ = v—uand B = m/(2kT). We expand as before f = fo+efi+&>fo+---
to obtain

afo 8fo _
B0 TV~ W

Hence, for the relaxation time operator, solving for f; is straightforward. The left-
hand side of the reduced Boltzmann equation can be evaluated since f; is the
Maxwellian distribution. Thus,

du , 10T
= |5 Tt VW (v =) ]

%_ 1on 310T m
- not 2T ot 9 2kT T ot

To evaluate the time derivatives, we employ the zeroth-order or Euler form of the
fluid equations (i.e., that are solved exactly by the Maxwell-Boltzmann distribution).
We therefore have

0
B_IZ + — (nuk) =0;
aui Bui 1 apik
) ) = . 12
”(az +uk8xk) m oxy (3.12)
5 ou;
—(nkT)+uk—(nkT)+ nkTa— =0,

from which we can express the time derivatives in terms of spatial derivatives, i.e.,
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10n ouy  ux on

n ot x, n axk;
10T 20u;, ug T
F§=_§8xk Taxk;
ou; ou; 1 dp

- Uuj .
ot oxy  mn 0x;

This then yields, assuming p = nkT,

1 9fo
—_——— = U S
fo ot “\2kT ~ 2) Toxe T oxk

m n 1 25 du; uy on ¢ on
—— | ciu | — - ——.
kT k3o % oxy n 0x;p n ox;

(m02 3) 10T ¢, 0T

By taking the spatial derivative of fj, we can derive after a little algebra,

o _ v dn  (me INLOT  om o
oy T moaxe T\ T 2) Tox, kT o, |

Combining these expression yields

m 1, ouy; me2 5\ 1 0T
—vf] = —lcck—=zcOi )| m—+alz=—z)=—1|-
fi=Jo [kT ( T3 ’”) axp " (2kT 2) T axk}
It is easily established that f; does not introduce collisional source terms.
For the Euler equations, we have the relations (which is seen by taking moments
of the Maxwell-Boltzmann equation)

P;j = pé;j and g¢; = 0,

for the pressure tensor and the heat flux vector. To determine the corrections to the
Euler equations, we need to evaluate

pilj = m[cicjf1d3v, q! = %/ciczfld%,

since P;j = pd;; + pilj and ¢; = 0 + ¢/. Consider the contributions term-by-term
and use dvidv,dvs = dcidcydces. The first term is

m2 N h ~ Bul
ﬁ/_oo /;Oo /_oo CijCkleodcldcdeE.

For the moment, we suspend the convention that repeated indices implies
summation.
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Case l: i=j,i#k#I pl:

m2 (e’e] (] e’} 5 aul
kT /_w/;w/_wczckclfo c1dc; Csaxk
o0

2 0o [oe] 3/2 2 —
— m_/ / cizc;(n< - ) e e P
kT ) )ooo 2nkT 28 dxk

—0o0

=0.

Case2: i=j,i#k=Ip,

/ / / C; ckfodc]a’cza,'qEjﬂ
Xk

m? ( m )3/2 N2 N 2 7 Jug duy,
w1 OnkT 283122832\ B dx; oxi

Case3: i=k,j =l,pi1j:

m? [ [P [ 2 0 ou; ou;
mn 2¢2 fodeydeydes—- = nkT—L.
kT /;oo /;oo /—oo e Joderdeydes 0x; 0x;

Cased: i=1,j=j,pj:

m2 [ [R [ ou; ou;
_T/—oo /_Oo /_oo Cizcjz‘deCIdCZan_xi = nkTa—xi.

Case5: i #j,k =l,pi1j;

mz 00 0o 00 ou
ﬁ/;oo /_oo /;OOCicjc]%deC1dC2d638_le =

Consider the term %cz&(/ du; /9xx. The pressure moment then yields

ou
3ka / / cicjc fodcldczdm—k

Case 1: i #j,p):

ou
3 kT / / / ¢icj (cf+c5+ C%)fodcldcquﬁ =0.
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Case2: i=j,pl:

3 kT / / / cilei +e3+ C%)f()dcldczd63—

8uk Ok
nkT dcideydes—
Bxk 3 kT / / / i fO cracac Bxk

5
gnkT% nkTEjﬂ
3 ox X 8xk

Hence, collecting terms o< du; /dxy yields

/ / f cicj (ckcl - —c Skl) fod3 au;

ET Bu, n u; 2 0u;
=n — ———).
3xj dx;  30x;

Consider now terms o (1/7)d7T/dx;, so we need evaluate terms like

m o0 o0 o0
2k_T/ / / c,-cjckczfod3c;
—00 J—00 J—00
5 o0 o0 o
5/ / / cicjex fod3c.
—00 J —00 J —00

It is easily checked that these terms are all zero. Consequently, the pressure can be
expressed as the sum of the zeroth-order and first-order terms,

ou; ouj 2. Ou )

o=l — [ T 2 T
Dij = Doij /’v(axj + ax, 3% 9x,

where

is the coefficient of viscosity. The term in brackets is the rate-of-strain tensor. It is
left as an exercise to show that the heat flux vector can be written as
aT 5= 5nk*T

——l— _ = ,
ax;’ 2 my

and A is the coefficient of heat conduction.
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The Navier-Stokes equations can therefore be expressed as

on

E-ﬁ-a(ﬂu,)—o
ou; e 8u, 1 dp n d du; n Ouj 25 ou;

n|— =——— 4+ — — = —=8i— )
ar " oxe max; ox; | \ax; T ax 377 ax;
9 9

(L 4 ) =V AVT) = pV-u+ o, (3.13)
Jt Xk

where @ is the viscous flux.

Exercises

1.

Complete the details for the derivation of the expressions above for dfy/0t
and dfy/0x;. Use these results to complete the derivation of the expression
for fi.

. Consider the 1D pdf

f(x) = \/F_ﬂ” -0 <X <00

Show that the moment generating function is given by M(¢) = exp (t2 / 4,3).
Derive the expectations E(X), E(X?), E(X?), E(X*), E(X?), and E(X°®).
Hence show that the integrals

ﬁ = ” xX2e P dx, M = xte P dx,
2/33/2 4/35/2

. Show that the Chapman-Enskog expression for f; satisfies the constraints

/f1d3V:0, /Cf1d3V:0, /sz1d3V:O.

. Show that the terms o< (1/7)dT/0dx) in the pressure moment term vanish

identically.

. Show that the heat flux vector is given by

where A is the coefficient of heat conduction.
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3.7 Application 1: Structure of Weak Shock Waves

By way of application, consider the structure of weak shock waves derived as
solutions to first, the 1D Euler equations, and then the 1D Navier-Stokes equations.
The 1D Euler equations for an arbitrary adiabatic index y are given by

ap d
P42 (o) =0 14
5% T 3 (ou) = 0; (3.14)
u du ap

- ) =_£f. 3.15

”(az”ax) ox ©-15)
)

W a2, (3.16)

ot ox ox

where p denotes the mass density, u the flow velocity, and p the adiabatic pressure.
Consider a characteristic time 7" and length scale L such that a characteristic phase
velocity V), to be identified, satisfies the relation

V,T
=

1.

This allows the Euler equations (3.14)—(3.16) to be expressed in dimensionless form
using the variables

5 19 5 10
—_ = —_—— = T _ = —=—
= =Tn "Vl =5 =775

p=p/po; @=u/Vy p=p/po

=1
I
=

where py and pg are equilibrium values far upstream of any shock transition. We
then have

oo 0 __

a7 T ag (P =0

_(du _du a2, 0p
P(ﬁ “ﬁ) T Tyviae
ap _dp _n
=t — =0

of Tlax TrPeir =0

where the square of the background sound speed a 30 = ypo/ po has been introduced.
If we make no assumptions about the magnitude of the normalized sound speed, then
there are no natural time or length scales in the system. Nonetheless, we expect that
the quadratically nonlinear terms in (3.14)—(3.16) will lead to the “steepening” of
wave forms over a long time. Introduce therefore the fast and slow variables
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E=x—-1, r—afﬁi—a—si—i' 9 88 9
AT horeE 0x  oxoE 0t o ‘o oE

and expand the flow variables about a uniform far-upstream background,
p=1+eo+&*pr--;
U= euy +82u2+"' 5

p=1l+epi+&pr+---.

On substituting the new time and spatial coordinates t and § and expanding the state
variables, we get, for example,

si—i (14 ep1 + &pr--+) +
ar  Of : 2

2
35 L1+ e+ (w4 iy +--)] = 0.

Collecting terms of different orders of ¢ for each of the normalized Euler equa-
tions (3.14)—(3.16), we find (Exercise)

) ad
O(e) : _3i§l+8igl:0;
8u1 dLZO 8[)1 .
0y 0 ’
8p1 Bul
—¥ + )/E =0,

which, for uniform upstream conditions, yields the relations

az,
pr=yuw; p1r=uw u=-—-"pi.
4
The last of the relations imposes a compatibility condition on the sound and phase
speed since

corresponding to the dispersion relation of the system. The expansion is therefore
following the propagation of a sound mode in the fluid. To determine the nonlinear
evolution of the wave, consider the expansion at order &2,
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a2 Jup ap1 d
2 . —_—— —_— T ———— — —— .
0 : 0& + € dt  0€ (pr):

Buz é_lcz,o 8172 8u1 8141 8u1
v ey Al vk by
¢ y o€ ot ¢ ¢
% 8”2 _ 8[)1 % 81/{1

ToE Ve T e Mae e

By substituting for p; and p; using the O(¢) relations, we may combine the O (&?)
equations as a single nonlinear partial differential equation in u; after eliminating
the second terms with the dispersion relation (Exercise)

8u1 Y +1 8u1
a Ly, 3.17
or T2 "M (3-17)

This is the simplest quasilinear nonlinear wave equation and is sometimes called the
inviscid form of Burgers’ equation. Suppose we have initial data

ur(§,0) = f(§),

where f(£) is a given smooth function. To solve the initial value problem generally,
we parameterize the initial curve as

E=n =0 uw=/(.
The characteristic equations are

d¢  y+1 dr_l du]_o
ds 2 "™ Gy T as T

with initial conditions at s = 0 given by the initial curve. Evidently, the last relation
shows that u (s, n) is constant along the characteristic curves. Therefore,

ui(s,n) = u1(0,n) = f(n).

We can therefore immediately solve for £ and 7, finding that

y +1
2

EG,m)=n+s f), t(s.n) =s.

This system can be inverted generally to give s = 7 and n = n(§, 7) and

up = fn( o)l
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orsinces =tandn=&—s(y+1)f(n)/2 =&—(y +1)/2 - u;t, we have the
implicit solution

m=fE-+D/2-m7).

An obvious but important point about the solution u; = u;(§, r) is that the two
characteristic equations imply

dé y+1

dt 2
Thus, the greater the amplitude |u; (£, T)| of the wave, the greater the speed of
the corresponding point x on the wave. Assuming u#; > 0, points & where
u1(&,7) has larger values and the wave is higher move more rapidly to the
right than points § where u; (&, t) has smaller values and the wave is of lower
amplitude. If, initially, there are portions of the wave form located to the left
or the rear of the lower portions, the higher points may eventually catch up and
pass the lower points, at which time the wave is said to break. At the time
of breaking, the wave is multi-valued and is no longer a valid solution of the
inviscid Burgers’ equation. To avoid wave breaking and the introduction of multi-
valued solutions, we can try to introduce higher-order derivatives that can act to
smooth the discontinuity. This is discussed below on the basis of the Navier-Stokes
equations.

Alternatively, we can introduce a discontinuous solution — a shock wave — that
extends the validity of the solution beyond the breaking time. To determine the
breaking time, we use u1(s,n) = f(n) and £ = n+ (y + 1)/2 - u;t and implicit
differentiation to find the slope of the wave

oy _ £
E 14y +D/2cf" ()

Hence for f/(n) < 0, the slope u;, becomes infinite and the wave begins to break
when

ui.

_ 2 1
y+ 1)
has the smallest non-negative value 7y. This condition corresponds to intersection
of the characteristics.

To extend the solution beyond the breaking time, we need to define weak
solutions which exist beyond the time 7p. We can write the wave equation (3.17)

in conservation form
1,
)+ 34 ) =0.
b4

where we introduced the normalization y = &/[(y + 1)/2] for convenience.
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3.7.1 Weak Solutions and the Rankine-Hugoniot Relations

In view of the inviscid form of Burgers’ equation above, consider more generally
nonlinear equations expressed in the conservation form

u + (f(w), =0. (3.18)
For notational convenience, let F = ( f(«), #) and note that
DivF = 0,

is equivalent to (3.18) provided we introduce the spacetime divergence
Div(f1, f2) = (f1)x + (f2):. Let ¢ be a smooth function with compact support in
the (x,t) plane, meaning that ¢ is zero outside a compact set. We may therefore
express (3.18) in the weak form

/q& -DivFdxdt = 0,
for all ¢. On integrating by parts, and using the compact support of ¢, yields at once
/Grad¢ -Fdxdt = 0. (3.19)

If u is smooth, then the differential form (3.18) and the integral form (3.19) are
equivalent. However, if u is not smooth, then the latter expression (3.19) remains
valid unlike the differential expression (3.18). A weak solution of the differential
equation (3.18) is one that satisfies (3.19) for all smooth ¢ with compact support.

Besides the differential (3.18) and weak form (3.19), we can also express (3.18)
as an integral form. Suppose we consider the interval [a, b] on the x-axis, so that
from (3.18)

%/ﬂbudx:/abutdxZ—/ab(f(u))xdx:_f(”)|z'

A weak solution does not have to be differentiable, and neither does a function that
satisfies the integral form of the equations. A weak solution does satisfy the integral
form of the equation, and therefore weak solutions are the objects that we seek when
a flow is discontinuous. This result is straightforward to show in general but we omit
the details here.

Let us consider the conservation law (3.18) and the weak formulation (3.19)
in the presence of a jump discontinuity. Suppose u is a weak solution with a jump
discontinuity across a smooth curve X in the (x,7) plane, and let ¢ be a smooth
function with compact support on the closed region S'. This is illustrated in Fig. 3.5.
The closed region can be expressed as S = S} U S,. Then
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Fig. 3.5 Spacetime plot t,
illustrating a region S in s

which ¢ is a smooth function 5
that vanishes outside S. The
jump discontinuity is denoted
by ¥

0= /Grad¢ -Fdxdt = / Grad¢g - Fdxdt + / Grad¢ - Fdxdt.
S1 S2
For u smooth in the regions S| and S,, we have

/ Grad¢ - Fdxdt :/ Div(ng)dxdt—/ ¢DivFdxdt
S1 S1 S
=/¢>F-nds— ¢DivFdxdt.
z S

The last term above is zero since in the region S| where u is smooth, DivF = 0,
thus yielding

/ Grad¢ - Fdxdt =/ ¢F, -nds,
S1 X

where the notation F| means that u is evaluated by taking the limit from the region
S1. In similar fashion, one has

[ Grad¢ - Fdxdt = —/ ¢F, - nds,
S» )

and the negative sign is because the outward normal n for S is the inward normal
for S,. We therefore immediately obtain

/ ¢ (Fi —F2) -nds =0,

z

which is valid for all ¢. It therefore follows that the jump condition
[F-n]=0

holds generally on the curve X, and [F -n] = F; - n — F, - n denotes the jump in
F -nacross Y.
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Suppose we parameterize X' by x = x(¢) so that the speed of the discontinuity
is § = dx/dt. The normal n may then be expressed as

n= (17 _S)
NS
and with F = (f(«), 1), we can express the jump condition as
—s[u]l + [f(w)] =0 (3.20)

on Y. Equation (3.20) is the constraint that the weak form of the equations (3.19)
imposes on the values of u on both sides of the discontinuity. Notice that for the
inviscid form of Burgers’ equation, we have

1
— s[u] + 5[u2] =0. (3.21)

Hence,
5 = # (3.22)

is the shock jump relation for the inviscid Burgers’ equation, connecting the speed of
propagation s of the discontinuity with the amounts by which the velocity u jumps.
The subscripts 0 (front) and 1 (back) denote the different sides of the discontinuity.

The above analysis holds exactly for systems of conservation laws where we use
the vector unknown u. The Euler equations are an example, and in this case satisfy
the one-dimensional Rankine-Hugoniot conditions

s [p] = [pu] = [m];
s [pu] = [pu® + P]; (3.23)
sle] = [(e + p)u].

where we have introduced the total energy

Lo Pl
= — == e.
PP T Ty T TR

e

Here, e = P/(p(y — 1)) is the expression for the internal energy.

Since the Euler equations are Galilean invariant, we may transform the Rankine-
Hugoniot conditions into a coordinate system moving with a uniform velocity
such that the speed of the discontinuity is 0. The steady-state Rankine-Hugoniot
conditions can then be written as

Pollp = P1U1; (3.24)
pots + po = pris + pi; (3.25)
(eo + po) uo = (er + p1) ui. (3.26)
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As defined above, if we let m = pou, = pju;, we can distinguish between two
classes of discontinuity. If m = 0, the discontinuity is a contact discontinuity or slip
line. Since uyp = u; = 0, these discontinuities convect with the fluid. From (3.25),
we observe that py = p; across a contact discontinuity but in general py # p;. By
contrast, if m # 0, then the discontinuity is called a shock wave. Since uy # 0 and
u; # 0, the gas crosses the shock, or equivalently, the shock propagates through
the fluid. The side of the shock that comprises gas that has not been shocked is the
front or upstream of the shock, and the shocked gas is the back or downstream of
the shock. A detailed discussion of the properties of gas shocks based on the Euler
equations can be found in Landau and Lifshitz (2000).

Exercises

1. Explicitly derive the O(g) and O(g?) expansions of the Euler equations.
2. As outlined in the text, derive the nonlinear wave equation (3.17).
3. Solve the linear wave equation

u; + cu, =0, ¢ = const.

with u(x,t = 0) = f(x). Write down the solution if f(x) = sinkx.
4. Consider the initial data

0, x>0,

U(X’O)=%1x<o

for the partial differential equation written in conservative form

U+(1U2) =0
t ) x— .

Sketch the characteristics. What is the shock propagation speed necessary to
prevent the characteristics from crossing?
5. From the stationary Rankine-Hugoniot conditions (3.24)—(3.26), show that

2 Do — D1
m- = s
To— 11

where © = 1/p. Show that
€0To — €111 = P11 — PoTo,

and hence that

(t1 — ) =0,

+
81—8o+p0 2191

(the Hugoniot equation for the shock) where & = lel pr.
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We have seen that the weak shock limit of the Euler equations leads to an
equation that required the introduction of discontinuous shock jumps to connect
solutions when the wave breaking occurs. The inviscid Burgers’ equation might
be thought of as the limit in which the coefficient of a higher order derivative
vanishes. This suggests that we should consider higher-order corrections to the Euler
equations that admit second-order and possibly higher order derivatives. As we have
seen, the simplest example is the Navier-Stokes equations. Consider the 1D form of
the equations. Then

ou; Bu, 2 Juy
i =3 —8; ] =3
Z pi P Z (8x, axi 3 0x; ) p-

The internal energy is therefore simply

Finally, we need

4 Ou
Zujpij =I/tp11 ZMP—M /,Lax

J

from which we obtain the total energy equation as

i+ 37)

. PR O TRt B
ax |\ T “P Uz RS ax |

The corresponding momentum equation can be expressed as

ou n u 8p N d (4 Ou
—_— u— = - - - .
P\ar T %% ) ™ Tox o BMox
On expanding the energy equation and using the continuity equation and the

momentum equation and the result

De 3Dp 3 Ou
n—=-—+-—p—,
Dt 2Dt 2" dx

where D/ Dt = d/dt 4+ ud/dx is the convective derivative, we find

3Dp+5 u 4 u +3 AE)T
2D 2P T 3M\ox ax U ox )’
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To summarize, the 1D Navier-Stokes equations are therefore given by the higher-
order system of equations

_— —_— = : .2

o T x (ou) = 0; (3.27)
8u+ u __ap 4 ou (3.28)

Plar T"%x ) T Tx 3 ox '

ap  op ou 8 (ou 9 (29T

FT PRR L P “(ax) *ox (3Aax)’ (3:29)

and p = nkT.
We normalize the Navier-Stokes equations in the same way that we normalized
the Euler equations except that we introduce p = p/po sz. This yields

Bu n u ap N d (41 Ju
Zru— ) ==L T (I__T).
p ot ox dx  0x \ 3 Re dx
3p+ 8p+ u 81 3u2+3 5 9T
o0 T x TPy T 9Re \ox ) T ax \3%0x )
where for convenience we have omitted the bars. We have also used the normaliza-

tion Ty = mVp2 /k, where k is Boltzmann’s constant. In the normalized equations,
we have introduced the dimensionless Reynolds number

V,L
ReEpO—p,
125

which is therefore a measure of the relative importance of a fluids inertia and
viscosity. Thus, if viscous forces dominate, as in the case of a flow very near a
body, then Re is small. If on the other hand, inertial effects dominate, then Re is
large. Problems for which Re are typically large include turbulent flows, inviscid
flows, potential flows, and flows well removed from boundaries. Cases where Re
is small include laminar flows, bubble flows, and flows close to a boundary. The
remaining nondimensional number is related to the Prandtl number, and is given by

A 2m
Vpro 5k’

XE

and 2m /5k is the specific heat of a monatomic gas at constant pressure. The Prandtl
number is essentially the ratio of the heat conductivity and the viscosity,

A2
Pr:——m,
w 5k
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so that

-1 = Lé V. L
X = WPr 2100 pl-

To derive the weak shock equation from the Navier-Stokes equations, we use
again the multiple scales method. An important step in the multiple scales analysis
is the relative ordering of the dissipative or dispersive terms, both of which are
assumed to be small. To isolate the richest possible evolution equation from the
Navier-Stokes equations, we impose the most general scaling on Re~! and y, which
is that both are O(¢). As before, we use the slow and fast scales and expand the flow
variables about a uniform far-upstream background,

p=1+ep+&p:

2 .
= euj + &%up + -+

N

pot+epi+ept -

STl
I

kT = 5 = po + &(p1 — pon1) + & (p2 — n1p1 + pony) + -+

= k(To + T + )
On expanding to O(g), we obtain

8/)1 _ 8141. 8141 . 3[)1. 8]71 i 8u1

I A R T R A T

These are the same as for the Euler equation case discussed above. This yields
the eigenrelations and acoustic dispersion equation of before (although normalized
slightly differently)

p1=ui; pr=u; p1=ypour = yYpo=1<% sz =afo-
At the O(&?) expansion, we find

i e
9E | 0f It 0F’
8142 @_ Bul Bul 8141 3(4 1 8141)

J— —_ X

ot T - ar Mo P ToE\3Re ot

8[72 8142 8u1 8141 d 5 8T1
_— —_— = —— — 1 _— _— —_Y —

8§+yp08§ e (y + )u18§+8§(3){8§)’
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where kT) = p; —n; = uy(m — 1)/m, and m is the mass of a gas molecule. Use
of the normalized acoustic dispersion relation 1 = ypy yields a general form of
Burgers’ equation

N TR CALTs It
at 2 & & \ 3 Re 0¢ 0 \37 0¢

which resembles the inviscid nonlinear wave equation derived above except that
dissipation terms in the form of the second-order spatial derivatives are now present.
Physically, the importance of the dissipative terms will depend on the value of the
Prandtl number Pr. If Pr > 1, then the heat conduction term dominates and
determines the characteristic length scale for a shock transition.

For notational convenience, consider instead the canonical form of Burgers’
equation

Uy + Uy = Klyy, (331)

which is straightforwardly obtained from (3.30). The steady-state form of the shock
structure equation (3.31) satisfies

—Vouxy +uuy = kuyxy, X =x-—"V,t.
Hence
1,
Eu —Voyu+ C = kuy.

Ifu— uy,upas X - +ooand uy(+oo) = 0, then

V, = &zuz C = %uluz,
and the equation may be written
(u—u))(u—up) = —2kuy.
The solution is simply
X = 2« 1 _ul,ul#uz,
Uy — up U— Uy
which yields

Uy — U _urtup

u=u + , =
" —exp [ (x — V1) ] b 2
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This solution illustrates that the discontinuity of the shock is smoothed by the
dissipative term in Burgers’ equation and the length scale of the transition is
determined by diffusion coefficient «/V,. The steady-state Burgers’ equation
solution can be expressed in terms of a hyperbolic tan (tanh) function (Exercise).

Exercises

1. Show that the Cole-Hopf transformation

Px

u=—2k—,

¢

removes the nonlinear term in the Burgers’ equation
Uy + Uty = Kllyy,

and yields the heat equation as the transformed equation. For the initial problem
u(x,t = 0) = F(x), show that this transforms to the initial problem

1 X
¢ = P(x) = exp [—5/0 F(n)dn} , t=0,

for the heat equation. Show that the solution for u is

0 x—1 ,—G/2
[Toe “The” ¢ dy

M(.x,[) = ff(‘;o e—G/ZKdn

where

" ¥ — )2
GO x, 1) = / F(n)dy' + Gl
0 2t
2. Show that the characteristic form of the steady Burgers’ equation admits a
solution that can be expressed as a hyperbolic tan tanh profile given u(—oo) =
ug and u(co) = uy.

3.8 Application 2: The Diffusion and Telegrapher Equations

A basic problem in space physics and astrophysics is the transport of charged
particles in the presence of a magnetic field that is ordered on some large scale
and highly random and temporal on other smaller scales. This will be considered in
more detail later. Here we discuss a simplified form of the Fokker-Planck transport
equation that describes particle transport via particle scattering in pitch-angle in
a magnetically turbulent medium since it resembles closely the basic Boltzmann
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equation. In the absence of both focusing and adiabatic energy changes, the BGK
form of the Boltzmann equation reduces to the simplest possible integro-differential
equation,

af of _ (N —-f

at ad ar T (3-32)
where f(r,t, i, v) is a gyrophase averaged velocity distribution function at position
r and time ¢ for particles of speed v and pitch-angle cosine u = cos 6. Observe
that 4 € [—1, 1]. Here, we are no longer restricting ourselves to the equilibrium
Boltzmann distribution but instead define

1 1
<f>z§/_lfdu,

as the mean or isotropic distribution function averaged over p. Finally, as before, t
is the collision time. We follow the approach of Zank et al. (2000).

To solve (3.32), we may exploit i € [—1, 1] and expand f(7, ¢, i, v) in an infinite
series of Legendre polynomials P, (u),

1 o0
f=520n+ DGO LG 1),
n=0

where f,(r,t,v) is the nth harmonic of the scattered distribution function

1

furtv) = / / Pt W) Pa()d$2 = 21 /_ P St )

and

1
Po(n) =1; Pi(pn) = PZ(M)=§(3M2—1)2

are the first three Legendre polynomials. The Legendre polynomials are mutually
orthogonal, satisfying the orthogonality condition,

0 m#n
2
2n+1

1
/_ 1 Py () Py(pu)dp =

m=n'

and form an infinite basis set about which to expand the distribution function.
By means of the recurrence relation

m+1D)Pyy1+nPi—y=Q2n+ HubP,, n=1,23...,
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we can use the polynomial expansion and the orthogonality of the Legendre
polynomials to reduce the BGK Boltzmann equation (3.32) to an infinite set of
partial differential equations

(2n+1)ﬁ+(n+1) f"r*‘ +nv 8]; f” (2n+1)ﬁ5n0,

n=0,1,2,..., (3.33)

where §;; =0 (@ # j)or1 (i = j).

The problem, of course, that one is faced with in solving the infinite set of
equations (3.33) corresponds to the standard closure problem, this time expressed
as a decision about the order at which to truncate the series. This is commonly
addressed by simply truncating the infinite set of equations at some arbitrary order
with the hope that this does not introduce any unphysical character into the reduced
model. Typically, truncations are made at the lowest order possible. For the f;
approximation (i.e. assume f, = 0 V n > 2), we have

Ao | dfi
-2 - =0 3.34
ot Y or (3-34)
8f1 A% af() f1
BT A 3.35
at + 3 ar T (3.35)
which can be combined to yield the homogeneous telegrapher equation
3 Ffo e Pfo
L =0, 3.36
[ TEER R T (3:30)
where the spatial diffusion coefficient k = 3v 7 has been introduced. Before

considering the properties of the telegrapher equation, notice that if, in Eq. (3.35),
we assume that the “inertial” term df;/df =~ O compared to the remaining
more rapidly varying terms (cf., the discussion related to the Chapman-Enskog
expansion), then combining the f; approximation equations yields

_ vtdfo _ dfo azfo_
U T 37

which is the classical diffusion equation.
Consider the properties of the transport equation expressed by the telegrapher
equation. The telegrapher equation can be expressed in matrix form

S () () () =(p0)
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a b

t A
> >

r r

Fig. 3.6 The space-time plane showing the characteristics r = v/ /3 (a) for the £; truncation,
and (b) the offset characteristics for the f; truncation. Note the presence in (b) of two forward and
two backward characteristics and a stationary or non-propagating characteristic

This is a hyperbolic system and the characteristics are determined by solving the
characteristic equation |[A — A7 | = 0 for A, where A is the matrix above and [ is the
identity matrix. Thus

V2

=\-—=0,
3

A v

A== v/3 A

yields the characteristic or “sound” speeds for the system

v - .
A= :l:—3 and characteristic equations  —

Consequently, particles released at some initial time in a 1D scattering medium
propagate in opposite directions at the fixed speed +v/+/3 in the limit that
their transport is described by the telegrapher equation. This is illustrated in the
space-time diagram Fig.3.6 that shows the characteristics +vf/+/3 along which
information propagates.

Exact solutions to the telegrapher equation for initial data can be derived and
can be expressed in terms of the modified Bessel function of order 0. A somewhat
more revealing approach is to use asymptotic expansions since this clarifies the late-
time evolution of the solution to the telegrapher equation. For convenience, let us
normalize the telegrapher equation (3.36) by introducing new time and space scales
according to f = t/7, 7 = x/L, and ensuring that L?/t = k. This then yields the
canonical form

2 2
u+%—u=0, (3.38)
2~ ot 0r?
after dropping the bars and the O subscript for convenience.

Since the telegrapher equation is a second-order (dissipative) equation, the

Cauchy problem requires that we specify smooth initial data f(r,0) and f;(r,0)
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att = 0, and we seek solutions for t > 0, —co < r < oo. Let F(w,t) be the
Fourier transform of f(r, 1),

1 oo
— e f(r,t)dr,
A/ 27 /—oo f( )

so that the transformed equation becomes

F(w,t) =

PF OF
— F=0 1¢t>0.
a2 + ot o ~

The initial values are similarly transformed but we are not particularly concerned
about the specific data since we seek to characterize the solution in general terms.
The solution to the transformed equation is simply

F(w,t) = Fy(w)exp |:(—— + =v1- 4a)2) ]
1 1
+ F_(w)exp 5~ Evl —4w? )1,
and the inverse transform therefore yields

f(rt) = ooF+(a))exp|:(———}— vl—4a))t—la)r:|d

1
E/_m
+ \/__n/—: F_(w)exp [(—% — l«/1 —4a)2)t—iwri| dw,

where Fy(w) is specified by the initial data.
To examine the behavior in the limit of large time ¢, it is evident that for w? > 1

we have v/1 — 402 = i V4w? — 1, so that

-

exp[(——i «/1—4a)) ] _t/zexp[i%\/4a)2—lt:|, w® >
We then obtain

| .
‘7/2 1 Fi(w)e™"/?exp |::|:l§v4a)2— 1t —iwrj| dw
T Jw?>;

>3

—t/2 o) —t/2
< |Fe| (w)dow < :
A/ 21 J—o00 kY 2

for constant M. Thus, the contributions to both integrals are exponentially small

whenever w? > }1 for large ¢. For values w? < %, we have




3.8 Application 2: The Diffusion and Telegrapher Equations 115

1 1 1
exp[(—§+5«/1 —4a)2) li| <=1, w’< 7

FNI

1 1
exp [(—5 — =1 —4a)2) ti| <e? @<

The latter exponential is maximum for v = i% and the first when o = 0. Hence,
the entire F_(w) integral is bounded over the full interval of integration since

LI b LY sl PO
‘m/_wF_(w)exp[( 3 1 4a))t za)r:|da)‘

2
—t/2 o0
< r[ |F-(@)] do.

2 o]

Consequently, the entire F_(w) integral is bounded by (M/~/27)e™"/? and decays
exponentially and uniformly in r as t — oco. Thus, we expect the main contribution
to come from the Fy(w) integral as ¢ — oo. Since the F, integral decays for
all @ # 0, the major contribution to the solution f(r,¢) must come from the
neighborhood of w = 0. The asymptotic evaluation of the Fi(w) integral can
be accomplished using the method of Sirovich rather than the stationary phase
method.”? This is because the integral that we are interested in decays exponentially

2The Sirovich method proceeds as follows. Consider an integral of the form

I(r,t) = /00 F(w)exp[—g(w)t —iwrldw,

where the conditions (i) /o, |F(w)|dw < M < o0o; (i) max| F(w)| < M ¥ w; (iii) R [g(0)] =
0; (iv) g(w) =0 <> o = 0; (v) g(w) = iaw + Bw? + O(|w|?), for a, B real, B > 0, w0 — 0,
and (vi) g(w) is continuous in w, are all satisfied. Condition (v) is essentially a Taylor expansion
of g(w) about @ = 0, recognizing that the maximum contribution comes from the neighborhood
of w = 0. Then as t — o0, we have

*° 1
I(r,t) = / F(w)exp [—ﬂwzt —iawt — iwr] do+ O [ll—_s] ,
o0

where § is small positive constant. Recall that the notation O[- - -] means that if K(x) = O[G(x)],
then |K(x)/G(x)| — C for some constant C as x — ¢. Thus, O[1/¢' %] implies that as t — oo
the error term above decays as C/¢'~%. Now expand F(w) about @ = 0 and retain only the leading
term F(0), to obtain

oo
I(r,t) ~ / F(0) exp [—ﬁwzt —iawt — ia)r] dw.
—00

This integral can be evaluated exactly, yielding

2
1(r1) ~ \/gF(O)exp [_%T?t)] t = oo.
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as the relevant parameter becomes large whereas in the stationary phase method,
the integral oscillates rapidly and the main contributions are due to the “slow”
oscillations.

As described in the footnote, we can use the Sirovich approximation to evaluate
the F, (w) integral. Identify Fy (w)/~/27 with F(w) and the term % - %v 1 —4w?
with g(w). We assume that Fy (w) satisfies conditions (i) and (ii), and we have (iii)

W[4 3VT—407] 2 0for —o0 < < 00 (iv) § = VT =407 = 0atw = 0

only, and (v) 3 — 3vV1 —40? = 1 — 1[1 = 20? + O(lo[’) = 0* + O(|w|*) as
® — 0 on using the binomial expansion. Finally, since g(w) is continuous for all
w, all the conditions on g(w) are met. We therefore have

1 o 1 1 Fi(0 2
E/;oo Fi(w)exp |:(—§ + 5\/1—46{)2) t —ia)ri| do ~ :;;_t) exp [—Z—t]

in the limit ¢ — oo. Hence, we find that asymptotically the solution for f(r,?) is
given by

F+(0 2 1 2
f(rt) ~ ;;_t) exp |:—:—t:| = «/EF+(O) X \/mexp |:_Z_ti| , t— 00,
(3.39)

where we have expressed the solution in terms of the fundamental solution of
the heat or diffusion equation (3.37). On rewriting Eq. (3.39) in non-normalized
variables, we obtain

Evidently, f(r,t) is nonzero essentially only in the parabolic region defined by
r2/(4tk) = O(1) since otherwise the exponential term is vanishingly small. This
solution behavior is illustrated in Fig. 3.7. The solution to the telegrapher equation
at long times is essentially diffusive, occurring in the wake of the wave fronts or
characteristics r = vt/ V3 and yields the major contribution to the solution because
dissipation has damped everything else away. The decay of the “heat equation”-like
solution also occurs as ¢ — oo but only algebraically like ¢~/ for > < 4t rather
than exponentially as for all other values of r. It is worth noting that the asymptotic
solution to the telegrapher equation (and many others) is often more useful than the
exact solution in extracting the physical character of the solution.

The expanded system of partial differential equations (3.33) in the f, truncation
forms a linear hyperbolic system of pdes,

¥, +vAV, = C,
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Fig. 3.7 The space-time
plane showing the
characteristics r = Fvt/ ﬁ
for the telegrapher equation.
The characteristics bound the
solution space, and the
shaded region identifies the
long-time diffusion regime
into which solutions of the
telegrapher equation evolve

with a discrete spectrum of characteristic speeds. Here ¥ = (fo, fi, fo,... fu)',
where ¢ denotes transpose, A is the tridiagonal matrix

01000 0

1 2

30500 0
02020 0

A=[00503 o .

: Lo
0000 - 5= 9 T
0000 0 5t

and

C=110, fi. /oo fi).

The characteristic equation [A — AI| = 0 yields the n + 1 characteristics of the
linear hyperbolic system, all of which are distinct. When the truncation of (3.33) is
even, i.e. when 7 is even, the number of characteristics is odd, and consists of n/2
propagating information forward, n/2 propagating information backward, and one
that is stationary. For example, the f, characteristics are

dr Oingﬁr OiJgt
— =0, v =0, ~vt.
dt ). 50770 5

At the fi (telegrapher equation) level of truncation, all scattered particles prop-
agate along +vf/+/3 characteristics, whereas the f> truncation is more refined,

substituting 0, j:\/gv for the speeds of the scattered particles. When n is odd,

the number of characteristics is even, with n/2 propagating information forward
and n/2 backward. No stationary or zero characteristic exists for the f, (n odd)
truncation, revealing that the even and odd closures are fundamentally different. By
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Fig. 3.8 Numerical comparison of solutions obtained using fi, f>, f3, and f; truncations. The
scattered distribution f; is plotted for times ranging from early ( = 0.1 in normalized units) until
later

increasing the number of equations in the truncation (i.e. increasing n), the accuracy
with which information is propagated forwards and backwards is increased (see
Fig. 3.6). However, the odd truncation can never capture the non-propagating mode,
and is therefore always intrinsically less accurate than the even expansion, even
when the even truncation is of lower order. This is illustrated in Fig. 3.8 where the
method of characteristics is implemented numerically for the fi, f>, f3, and f3
truncations.

The telegrapher equation, and its higher-order truncations, does not capture the
early phases of particle propagation when particles have experienced little or no
scattering and the distribution is typically quite anisotropic. However, a simple
extension of the approach described here can capture the so-called flash phase
corresponding to early times of particle propagation (Zank et al. 2000).

Exercises

1. Legendre polynomials P, (i) and P, (u) satisfy Legendre’s differential equation

A=pd)y" =2y’ +nn+1)y =0, n=012,....



References 119

Hence show that for n # m, the orthogonality condition

1
[1 Pu() Pa)dit =0, 1 # m.

2. The generating function for the Legendre polynomials is given by

o0
L(p.t) = (1=2ut + )72 =3 "P,(we". |t < 1.
n=0

By differentiating the generating function with respect to ¢ and equating coeffi-
cients, derive the recursion relation

m+ 1Py +nPy—1=Q2n+ HYub,, n=12.73,....

3. By using the generating function and Problem 1 above, show that

1
P> (u)dp = .
/_1  (L)dp 1

4. Complete the steps to derive the infinite set of partial differential equa-
tions (3.33).
5. Show that the integral

/_: exp[—Bw’t —iawt —iwr]dw = \/%exp [—%} .
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Chapter 4
Charged Particle Transport in a Collisional
Magnetized Plasma

4.1 The Kinetic Equation and Moments for a Magnetized
Plasma

A plasma is an admixture of charged particles — electrons, and possibly many
different populations of ions, including protons — each of which can be characterized
by their position x and velocity v, and, as with a gas, can be represented by a point
in the 6-dimensional phase space (X, v). The distribution function f,(x,v,¢) for a
particle species a is the number of particles of that species per unit volume in phase
space near the point (x, v) at time ¢ as before, i.e.,

fa(x,v, t)d3xd3v

is the number of particles in the volume element d3xd>v about the point (x, v). The
zeroth moment gives the number density n,(x, ¢) of the a particles in real space. In
a plasma, each particle moves according to

X=v;

\'r:q—a(E—i—va),

a

where g, denotes the electric charge of particle species a, m, the mass, E the
total electric field, and B the total magnetic field. Like the Boltzmann equation,
the distribution function obeys a conservation equation (since the number density is
conserved in phase space), so that if § = (x,v), then § = (X, V) or

%-F%(éfa) = 0.

G.P. Zank, Transport Processes in Space Physics and Astrophysics, Lecture Notes 121
in Physics 877, DOI 10.1007/978-1-4614-8480-6_4,
© Springer Science+Business Media New York 2014
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This of course corresponds to the magnetized form of the Boltzmann equation or
the Vlasov equation

%+V-Vfa+q—a(E+va)-VVfa=0, 4.1
mg

where we used
V,-(E+vxB)=0.

In the neighborhood of each discrete charged particle, the fields can be large and
dominate the macroscopic large-scale fields. Thus, E and B fluctuate strongly on
short length scales compared to the Debye length (i.e., Ap = /eokT/nq?, which
is the distance over which charged carriers are screened). We take E and B to be the
average of the actual electric and magnetic fields over many Debye lengths, and the
effects of the short-range electromagnetic fluctuations or collisions will be included
through a collision operator

8fa
Ca a) = o, s
(f) 8t coll
and (4.1) is now modified to read
dfa a _
o +V-Vfa+m—(E+va)-vau—Ca(fa), 4.2)

where E and B are the averaged fields. For plasmas, rather than using the Boltzmann
collision operator as we did before, we instead use a Fokker-Planck operator C,,
and the corresponding kinetic equation is called the Fokker-Planck equation. In the
absence of collisions, it becomes the Vlasov equation.

The collision operator

Ca=Y_ Cap(fur f5)
b

is a sum of the contributions from collisions with each particle species b, including
self-collisions @ = b. Like the Boltzmann collision operator, the number density,
momentum, and energy moments of the Fokker-Planck collisional operator must
satisfy

/QMLM%=m
/mavCah(fa)d3v = —/Mvaba(ﬁ)d3v:

1 1
/Emavzcu;,(fa)d% = —/ Embvzcba(ﬁ))d3v,
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since the force a species a exerts on a species b must be equal and opposite to
that which b exerts on a, so that no net momentum or energy change results from
collisions. For b = a, we have

/ Caal fu)d*v = 0;
/mavCaa(ﬁz)d3v = 0;
/ %mavzcaa (fa)d3v =0.

Any model collision operator has to satisfy these properties.

Finally, another important property of the collision operator is that it induces
the distribution function to relax to a local thermodynamical equilibrium, i.e., to a
velocity shifted Maxwellian distribution for each species,

£ = mae) ( m )3/2 oxp {—ma [v—ua<x,r)]2] |

2k T, (x, 1) 2k T,(x,1)

where u, is the mean velocity of species a, and the temperature is 7,(x, t). The
collision operator vanishes if and only if all species have the same mean velocity
and temperature. For a single species plasma, C,,(£’) = 0 for an arbitrary mean
velocity u,, indicating that the collision operator is Galilean invariant.

As with a simple non-magnetized gas, we can introduce moments for each
particle species,

(M) = ni/Mfaaﬂv,

where M is any polynomial function of the components of v. For example, the
zeroth-order moment, M = 1, yields the plasma species number density through

ng(x,t) =/fa(x,v,t)d3v.

The higher-order moment (v) yields the average velocity of all particles of species
a at some point in phase space, i.e., U,(x,¢) = (v). As before, let ¢, = v — u,.
The mean value of ¢, is zero, but higher-order moments are generally non-zero and
are related to the thermal momentum and energy flux, and hence to the pressure and
heat flux. Define the temperature 7, so that 3k T, /2 is the average kinetic energy
associated with the random velocities,

3 1
kT, = —macf .
2 2
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This of course is quite independent of whether the plasma is in local thermodynam-
ical equilibrium or not. Observe that

1 3
Emanu (vz) = Ema”uuz + EnakTa,

showing that the total energy is the sum of the kinetic energy associated with the
mean flow and the thermal energy.

Following the procedure described in Chap. 2, we can derive fluid equations by
taking moments of the kinetic equation, obtaining the conservation laws

2—7 4+ V- (nu) = 0; 4.3)

8%(m”u)‘i‘V'P=n€(E—i-u><B)—i—/mVC(f)cz’3v; 4.4)

d (3 1 ) B 1, 3
&(EnkT+§mnu)+V-Q—enE-u+/§mv C(f)d’v, 4.5)

where P is the momentum flux tensor,
Pij = (mnviv;),
and

1 2
Emn(v v),

Q=
is the energy flux vector. For convenience, we neglect the subscript a until we need
to distinguish between particle species again and we have used the notation (V -
P); = 0P;;/0x;. The conservation laws are the same as those of gas dynamics
except for the inclusion of the electric and magnetic fields.

We may separate the tensor P into two tensors related to the thermal properties
of the plasma and another related to the kinetic energy,
Pij = pSij + TTjj + mnu;u;,
where we introduce the scalar pressure p (for an isotropic plasma) through
1 2
p= gnm(c )y =nkT,

and a traceless tensor, the viscosity tensor,

J'[,'j = mn(cic_/) — pSij~
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Finally, the heat flux vector q that describes the flux of thermal energy relative to
the flow velocity is defined by

S
q:n(zmcc).

The momentum and energy flux in the conservation equations (4.4) and (4.5) can
therefore be expressed as

Pij = p8,-j + i +mnu;u;; (4.6)
5 1
0i=¢q; + SUip + miju; + zm’”‘z”i‘ “.7

The energy flux Q therefore comprises a heat flux q, a convective flux 5/2up, the
viscous transport of energy, and the convection of kinetic energy. Note that a heat
flux tensor

Qijk = m(cicjcr)
is sometimes introduced, which is then related to the heat flux vector via
1
qi(x,1) = EQijj(X,l)-
The right-hand sides of the fluid equations contain the rate of change of
momentum and energy due to the electromagnetic fields and the collisional transfer

of momentum and energy via collisions to and from other species, and may be
expressed as

/mVC(f)d3v =R;
[ smicinav=o+reu
where
0 E/%mCZC(f)d%.

This Q should not be confused with the heat flux vector or tensor, but unfortunately
the notation is standard and so we use it here. R is the rate of transfer of momentum
to the particle species of interest due to collisions with other species in the plasma,
and Q describes the corresponding rate of thermal energy transfer. The work R - u
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performed by the force R plus Q gives the total energy transfer rate. Evidently, for
a plasma comprised of protons (p) and electrons (e) only, the collisional relations

Rp = —R,;
Qp =-0,—(u _up) ‘R,,

follow from the collisional conservation relations.
In general, the effects of collisions with different charged particle species are

additive (recall the collision operator is a sum of contributions from collisions with
each particle species b including self-collisions) so

R, = ZRab
b

0. = Z Oub
b

where each R, or Q) represents the interaction between particle species a and b.
It is straightforward to rewrite the conservation laws (4.3)—(4.5) as equations for
the density, flow velocity, and temperature (Exercise)

ong,
ot

+ V- (n,u,) = 0; (4.8)

d
mgng, (% —i—ua-Vuu) =-Vp—V-n,+qgn, (E+u, xB)+R; (49)

3 KT,
SMa ( (at“) +u,- V(kTa)) +pV-u, =-V-q,— 7, : Vu, + Q,, (4.10)
where
duy,
e Vo, =7 —.
T u, ”’kax,-

Note too that the convective derivative describes the rate of change experienced by
the fluid element itself, and is sometimes denoted

d d
dt ot
The momentum equation is similar to the Navier-Stokes equation with the addition

of the Lorentz force and the frictional term R,. A form of the energy equation that
is often useful follows from rewriting the conservation of mass relation (4.8) as

—Inn, = -V - u,.
7 nn u
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On using this expression in the energy equation (4.10) with p, = n,kT,, we find

3 AT, d,._3dp 5 d
Mg TP e T gy T pPeg e

_3 4, ( P
=37a ")

from which it follows that

ds,
P d[a :_v.qa_naivua'i'Qa-

Here we have introduced the entropy per particle S, = % In ( Da/ nf,/ 3). Thus, n,S,

is the entropy density per unit volume of species a and the right-hand-side describes
the production of entropy.

Exercises

1. By taking moments of the Fokker-Planck equation, derive the fluid equa-
tions (4.3)-(4.5).

2. Derive the momentum equation (4.9) and energy equation (4.10) from the
conservation laws (4.3)—(4.5).

4.2 Markov Processes, the Chapman-Kolmogorov Equation,
and the Fokker-Planck Equation

The analysis of the previous section provides little insight into the underlying
description of the collisional term, beyond identifying that it satisfies certain
conservation laws. Here we derive a basic formalism that provides a structure
for describing the slow change in time of a particle probability distribution
function in response to an enormous number of small rapid changes. These rapidly
occurring small changes may be due to small angle particle-particle collisions,
or the pitch-angle scattering of charged particles by turbulent magnetic field
fluctuations. Typically, the small rapid changes (particle scattering) can be regarded
as independent in some sense. As will be shown here, the Fokker-Planck equation
is a very general equation that can be used to describe any phenomena that in some
approximate sense can be described as a Markov process. A Markov process is one
whose value at the next measurement depends only on its present measurement and
not on any previous measurements from earlier times. Thus, if X(¢) is a random
process, and X, = X(t,) with t, > t,_; > --- > t; > 1y, then a Markov process has
a probability density function such that

f(Xn|xn—1xn—2 L. X1Xg) = f(Xn|xn—])‘

Markov processes can be both discrete and continuous.
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Fig. 4.1 A smooth function X(1) 4
representing a physical
process

L PR

Example. A simple and obvious example of a discrete Markov process is the
flipping of a coin where for each toss, the random variable X(¢,) = x, = +1
for a head and —1 for a tail. Clearly, X is a Markov process since f(x,) =
%8()(,1 -1+ %S(Xn + 1) is independent of x,_; and all preceding values of x,,.

Example. Suppose

X(tn) =X, = in,

i=1

where x; are as in the previous example i.e., x, = +1 for a head and —1 for a tail.
Evidently, X is a Markov process as the value of X,, depends on the value of X, _;
only and on no previous values.

An example of a continuous Markov process is not really possible to provide since
a continuous Markov process cannot exist in nature. Suppose, for example, that a
random function can be expressed as a smooth curve (Fig.4.1). From elementary
calculus, the value of x,4+; depends not only on x, but also on x,_; since we need
to know the slope of the function x,,,

dx ([) Xn — Xn—1
dt T Ar

t=t,

for At small. Consequently, neither this function, nor any other that can be
expressed as a smooth curve, can be a Markov process. Nonetheless, a Markov
process can be a good approximation to a physical process. A particle experiencing
collisions fluctuates rapidly in position and slows down due to a net frictional force.
On a time scale much longer than the collisional time scale, the particle performs
a random walk in velocity space and soon “forgets” the details of its orbit near
t = 0, but it does typically remember its initial velocity v(t = 0). The process
has essentially three time scales: the collisional time t.; the time A¢ after which we
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v(t)

«» 7, Collisional time

«—— At “Markovian” time scale

< » v ! dissipation time scale

Fig. 4.2 A realization of the velocity of a particle experiencing scattering. The three time scales
distinguishing the different physical regimes are identified

may assume that to a good approximation, the process is Markovian, and finally the
dissipation time v™! at which the mean particle velocity is approximately zero. We
require At > 7., and will generally assume that At <« v~!. See Fig.4.2.

Using At as described, we would expect to derive the particle distribution
function f(v,t + At) governing the probability of occurrence of v at time ¢ + At
from the distribution function f(v, ) at time ¢ if we know the transition probability
Y (v, Av) that v changes by Av in time A¢. This suggests that the relation

fv,t + At) = / f(v—Av,)¥(v— Av, Av)d(Av), 4.11)

holds. This is essentially the Chapman-Kolmogorov equation and is used as the
starting point for deriving the Fokker-Planck equation, which may be thought of as
a generalization of Liouville’s theorem to include random motions. We follow the
derivation given by Chandrasekhar (1943)! in deriving the Fokker-Planck equation.

We note that sometimes specific forms of the transition probability can be
identified, such as for Brownian motion. Holding ¥ (v, Av) general, we may Taylor
expand f(v,t + At), f(v— Av,t),and ¥ (v — Av, Av), to obtain

of
ot

o0 o0 o0 8 az
:/_oo/_oo/_w [f(v’t)_Za_i:AviJr%Za_v];(Avi)z

fOv.t + At) = f(v,t) + = At + O(Ar?)

!The classic paper on this topic is that by Chandrasekhar (1943).
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+ Z 82 Avi A n l]/(v Av) BIIIA n 1 aZf (A )2
—F— AV; Ay, oo , _ Z vy 1 N

i<j 0vidv; ! — v; 2 Zj 2

* Z dv; av, Avi Avj + -+ | d(Av))d(Av2)d(Avs).

Let us introduce moments of the velocity increments as
o0
(Avi) =/ Av; ¥ (v, AV)d(Av);
—00
o0
(Av}) = / (Av)> W (v, Av)d(Av);
—00

(AV,'AVJ‘) = / AV,‘AV]‘W(V, AV)d(AV),
—00

which allows us to rewrite the Taylor expanded integral equation as

of

of 3 f
EA[+0(A12)=—ZB—W(AVf)+ Z o 2( Vi)

—i—Zaz—f(Av-Av-)—Zfi(Av-)—i—zi(A 2 0
= v; dv; e - av; ! - av;

'AVJ')

ad 02
—i—Z AV,AVJ f+ ZW(

i#]

+ 0 ((AviAvjAvk)) .

This equation is written more conveniently as
of | 0(Ar) of (. (Avi)
T Z an

Z aavf (f(m )) s 882f~ (f(AviAvj)) L0 ((Avi Av; Ave))

At At ’

(4.12)

which is the most general form of the Fokker-Planck equation.
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4.2.1 A More Formal Derivation of the Chapman-Kolmogoroy
Equation and the Fokker-Planck Equation

More formally, consider the probability of a sequence of values of the random
function X (¢) such that
f(xn, Xy—1,...,X1,X9) = Probability that at time ¢y, the process X(¢) has value
Xxo and at time f; has value xi, and ... and at time f,, x(¢) has value x, where
ty >t >-->101 > 1.

Hence, by applying repeatedly the definition of a conditional probability for a
Markov process,

f(x}'hxn—lv-"vxlvxo) = f(xn|xn—lv--'7x19x0)f(xn—lv-"7x17x0)

= f(xp|%p—1) f(Xn—1, ..., X1, X0)

= f(xnlxn—l)f(xn—l |xn—2)f(xn—2’ Xn—3,...,X1,X0)

f(xnlxn—l)f(xn—l |xn—2)f(xn—2|xn—3) s f(x2|xl)f(xl |X0)f(X0).

We have also seen that

Fxn, Xn—1s -+ - X1, X0) = f (X, Xpn—1, - - ., X1]|X0) f(x0),
so that
SOy Xn—1, -+ x1|x0)
= [ lxn—1) f (n=11xXn=2) f (Xn—2|Xn—3) . .. f(x2]x1) [ (x1]X0).
Hence, choosing n = 2 yields

S (x2, x1]x0) = f(x2|x1) f(x1]|x0).

Upon integrating over all possible values of x|, we obtain
feolso) = [ fGanbd o

Flxalxo) = / Foaln) f (i lxo)dar, “.13)

which is called either the Chapman-Kolmogorov equation or the Smoluchowsky
equation.

In the formal definition of the Chapman-Kolmogorov equation, identify x; with
the time ¢ and let x, = x (¢ + At). Furthermore, suppose that

f(X()) = f(x,t = [0) = 8()6 — )C()).
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This allows us to neglect xq in (4.13) and express

Jalxo) = f(x,t + At),

where x; is now denoted simply by x and
S (xilxo) = fx1,0).
The introduction of the definition
Ax = x — X1,
allows us to use the following notation for f(x,|x;),

f(xalx)) = f(x.t + At|x — Ax, 1)
= W(Ax,t + At|x — Ax,t).

The transition probability ¥ gives the probability that at time # + At the random
process has made a jump of Ax from its previous value of x — Ax at time ¢. The
Chapman-Kolmogorov equation then becomes

flx,t + Ar) = /U/(Ax,t + Atlx — Ax,t) f(x — Ax,t)d(Ax). (4.14)

The value of x appears only in combination with incremental changes Ax through
x — Ax. In plasma (and a gas in general), most Coulomb collisions cause only a
small change in the velocity of a particle. So we may assume in general that all of
the important physical changes will happen on the small Ax scale, and we therefore
introduce a Taylor expansion on the right-hand-side of (4.14), obtaining

- k
f(x,t—i—At):/kX:(:)( ﬁ!x)

k
X [;}? [W(Ax,t + At|x — Ax,t) f(x — AX, 1)) pr—y d(Ax):| ,

or

e —A kak
f(x,t+At)=/kX_;( k!x) I

XW(Ax,t + At|x,t) f(x,1)d(Ax)
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o0 k ok
-> 5 ;;J%xj)/kAxVu«AxJ—%AHXJNKAX>

k

© (1) 5
=y O e,

after assuming that the infinite sum is convergent and interchanging the summation
and integration. The last expression was evaluated by introducing the kth moment
or kth expectation

(Ax)Fy = / (Ax) W (Ax,t + At|x,t)d(Ax),

and is a function of (x,¢). On rewriting the expanded Chapman-Kolmogorov
equation as

flx,t + At) — f(x.t) Z( Dk 9

A kmlakvﬂmﬂ«Awﬂ@Jﬂ,

and letting At — 0, implies the left-hand-side becomes

. flet+ Ay = f(x,0) Of
lim = —.
At—0 At ot

There is some subtlety in the limit which is not immediately apparent. The time
At really refers to the Markovian time scale (Fig.4.2) which is certainly smaller
than the macroscopic dissipation time scale. However, to ensure that the system is
Markovian requires the collisional time scale 7, <« At, and so in this sense At
cannot tend to zero! We conveniently overlook this technical point and express the
limiting form of the Chapman-Kolmogorov equation as

af . ((Aax)¥)
Z(_ )kaxk [Aﬂo war T © t)}

By defining diffusion coefficients

(Ax)*
DB = Ah—>0(k'At 4

we derive the infinite order “diffusion” equation

}j(l% [D® .0 f(x.0)].



134 4 Charged Particle Transport in a Collisional Magnetized Plasma

If we truncate the expansion after k = 2, we have the general form of the Fokker-
Planck equation,

y__ 9

82
P . [DV(x, 1) f(x.0)] + ) [DP(x,1) f(x,1)], (4.15)

in the variable x on which incremental changes occur.

For particle motion in which the velocity experiences incremental changes
through collisions (Coulomb collisions for a collisional plasma, pitch-angle scat-
tering of fast particles in low frequency turbulence for a collisionless plasma, or
Brownian motion in a fluid or gas), the variable x is replaced by the velocity v and
Ax by Av. Accordingly, the diffusion coefficients become

Av)
v.1) = Atlmo At
A 2
D(2)(v,t)= lim ((4v) )’
At—0  2At

and the 1D Fokker-Planck equation in velocity space becomes

of _ a(()

? (({(an?)
: 00 f0n) + 55 (e e o) = . @o)
t v

o2 2At

The right-hand-side can be regarded as the collision operator. The first term on the
right-hand-side describes the average change in v, and has the character of a drag
force slowing the particle. The second term describes diffusion in velocity space due
to particle scattering. In equilibrium, the collisional drag and diffusion will balance
and result will be a Maxwellian distribution function describing the plasma. The
extension of the Fokker-Planck equation to three dimensions is straightforward and
is given by

C(f)=-
where V,, is the divergence in velocity space and J is the flux in velocity space
(Avy) 0 (Avavj)
Ji = X, 1) — — t
o= g S = g ()

The velocity diffusion coefficient is a tensor indicating that diffusion is not
necessarily isotropic, and indeed may not even be governed by the same physical
processes in different directions (see later the discussion about the parallel and
perpendicular diffusion coefficients for energetic particles in a collisionless plasma).

The neglect of terms higher than second order is justified in that these terms are
smaller by a factor of (In A)~!, where A is proportional to the Debye length divided
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by the Coulomb impact parameter. Higher order terms describe the effects of close
collisions that yield large deflections in the velocity vector. Most astrophysical and
almost all laboratory plasmas satisfy In A >> 1 but this is not necessarily true in a
solar context.

Finally, note again that a plasma is comprised of multiple species typically, and
each distribution experiences collisions with the others. Since collisions are additive,
we have the velocity space flux of particles of species a expressed as the sum

Jo=>"J7

b
due to contributions from collisions with each species b, including a.
Exercises

1. Consider a coin tossing event. Suppose

X(ty) = X, = ins

i=1

where x; are given by x,, = +1 for a head and —1 for a tail. Calculate the pdf
for the experiment.

4.3 Collision Dynamics, the Rosenbluth Potentials,
and the Landau Collision Operator

To determine explicit forms of the diffusion coefficients,> we consider first the
dynamics of single particle collisions and then evaluate the statistics of cumulative
collisions, i.e., we compute the velocity-space flux of particle species a experiencing
collisions with particles of species . Consider the masses of two colliding particles
a and b to be arbitrary. To evaluate the changes in velocity, we need to compute the
particle deflection o — see Fig. 4.3. Introduce the Lagrangian

2
mpXy . qadqb
2 2 deglx, — Xp|’

and express it in the coordinates of the center of mass and the relative position

mgXq + mpXp

my + my

R

2The following sections deriving the collisional transport coefficients are based on the extensive
monograph by Helander and Sigmar (2002).
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qp

Fig. 4.3 Collision dynamics and angles in the rest frame of particle b. See text for details

so that

_ (ma + Inb)R2 l mambfz 4aqb

L — .
2 2m, +my  Admegr

L is independent of R, so from the Euler equations,

d (dL oL d aL 0
di (aR) "R ORTT

Consequently, (m,+m b)ﬁ = 0 implies that the center of mass moves at constant
speed, R = const. The first term in the center of mass form of the Lagrangian is
therefore an additive constant, and the two remaining terms describe the motion
around the center of gravity. Thus, this is simply the Lagrangian of a particle of
reduced mass my = mgm;/(m, + m;,) moving in a fixed Coulomb field. Hence,
the deflection angle of the relative velocity vector Vg = I is equal to’

3Recall that if we have a particle of charge ¢, and velocity v traveling past a particle of charge gj,
we can compute the deflection quite easily if the impact parameter b is assumed to be so large that
the deviation is through only a small angle «, as in Fig. 4.3. The Coulomb force q,qp/4msor(t),
where r(¢) == (b> + v*t?)"/? is the separation between the particles at time ¢, implies that the
momentum change in the y-direction to the moving charged particle is given by

(T daw b qugy [ b _ 4a9p
mgAvy, = o ndt= T aaandl = .
oo 4megr?(t) r(t) dey J—oo (b2 +1212)3/ 2megbv

The angle « is then given by

_ Avy _ qaqb _ bmin
0= —=—— = ,
V 2w eobmyv? b

where bin = quqp/2meomav?. The deflection angle o < 1 if the impact parameter b >> b,
i.e., large.
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4aqb
o =

T 2
2eormy V7,

in the collision. Introduce the orthogonal coordinate system (x, y,z) — Fig.4.3 —
with x in the direction of v,. The relative velocity V,.; then varies according to
AViep x = Vrel(COSOl - 1);
AViely = Vyer sino cos 0;
AVier; = Vier sina sin 6,

as a result of the collision. Here 6 denotes the angle of the perpendicular component
of the deflection vector to the x — y-plane (Fig.4.3). On using

mp

X, =R+ —"
mg + mp

we can compute the change Av, in the velocity vector of particle a as

Av, = — 0 Ay,
mg + mp

In a collision with impact parameter b, v, changes as

—1 2
Av, = mp(cosa )Vrel ~ _(1 n @) ( qaqp )

mg + mp my ) \2meoma ) 2r2V3)°

in the x-direction, and

my sin o cos 6 qaqp cosb
Avy = rel = —————— ———,
my + my 2megmy Vel ¥
my sin « sin 0 qaqp Sin6
AVZ = Vyel = T
my + my 2meomy Vielt

in the y- and z-directions, after approximating cosa — 1 ~ —a?/2 and sina ~ «
for assumed small angle deflections.

On the basis of the velocity deviation for a single collision, we now consider
the cumulative effect of many collisions. To determine the number of collisions that
can occur between a given particle @ and particles of species b in time At with
impact parameters in the interval [r, ¥ + dr] and angles in the interval [0, 6 + d6],
consider Fig. 4.4. The area spanned by dr and d# is the cross-section do = rdrd0,
and V,.dt is the distance particle a travels relative to b in time d¢. The volume
corresponding to the cross section do along the relative velocity vector V. is given
by dV = V,.dtdo. On multiplying the volume by the distribution function f;, and
integrating over all possible velocities that species b can have then yields the number
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>
Vrel

Fig. 4.4 Geometry to compute the collision frequency of a particle traveling through a gas of
particles. See text for details

of particles in the volume. Consequently, the frequency of collisions of particle a
with species b is given by

Atderdr/ﬁ,(v’)vmd%’,

where V,.; = v — V' is the relative velocity of colliding particles.

The velocity change Av resulting from a single collision of a particle with
another can be used to estimate the average change in the velocity vector of particle
a due to collisions with particles b. Thus, multiplying Av,, Av, and Ay, by the
number of collisions and integrating over r and 6 yields the average change in
velocity as

_<AVX>ab Ma qaqb 2/” fzn[ ! / 3
=) Greom, ———dbrd Viud
At i mp 2meoma Fiin 40 2r2Vr3€l rdrfp(V)Vrerd®v
1 g
N (1 + ) (‘]a%) / r / LW
4 my EoMy Fovin re[

Lab m, ,
. (1+ )/V,z (V)3

el
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where the logarithmic integral has been “cut-off” at some minimum to avoid a
divergent integral. Of course, particles somewhat further than the Debye radius or
length

SokT
ng?

ADE

)

from the other particle do not experience an effective collision (i.e., the scattering
particles remain on straight-line trajectories) so the integration regime is [, A]-

Hence,
2 L 2
Lab — (Qa%) / vdr _ (Qa%) nA.
Eomy rmin T Eomy
where In A = In(Ap/ryin) is known as the Coulomb logarithm. Similarly, because
of the cos 6 and sin # factors, we have

(Avy>ab o (sz>ub

= =0.
At At

Since (Exercise),

(A2 ((Avyt L [ .
= = — d
2A1 2A1 5w | v )
and
Qv _x(ma\(dagy NI LT[ AOD s
2At 8 mp, 2w eoMy rio AL V3, ’

we have crudely

((Avy)?) ~ rp In A ((Avy)?).

This result suggests that we may neglect ((Avx)z) /2 At under most circumstances.
For the same reason, the higher-order terms in the Fokker-Planck expansion are
similarly ordered and are thus typically neglected.

These expectations can be inserted into the Fokker-Planck collision operator.
However, we have expressed (Av;) and (Av; Av;) in a coordinate system aligned
with the velocity vector of one of the colliding particles, so we need to introduce an
arbitrary orthogonal coordinate system with unit vectors e;. We therefore have

(Av)* (e -RAv)® L (1 . m_)/ reli o )dY,

At At 4 mp V3,
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and, noting that (Avavy) /At = 0 and ((Avy)z)/At = <(sz)2) /At

(Avidv))® (e GAvy +3Av)e; - GAvy +34v))"
2At 2At
~ N ~ ~ ab
_ ((ei - )(e; - )(Avy)* + (& - 2)(e; - 2)(Av,)?)
2At
A N ab
_ ([ei - e; — (ei - X)(e; - X)](Av))?)
2At
ab
((Si' - Vrel,i Vrel, /Vrze )(AV )2 Lab ’ ’
_ (@ AL o [ vahma.

where the tensor related to the relative velocities of the particles has been defined as

2
Vrelgij - Vrel,i Vrel,j
V3 ’

rel

Vij =

To complete the derivation of the Fokker-Planck collision operator, introduce the
“Rosenbluth potentials*”

1 1
B =~ / T HWE:

Yp(v) = —% / Vel f5(V)d?V'.

Since
aVrel 0 Vrel i
= o k= vi)? = ——,
3\/,' 8\1,‘ ; k Vrel
and
82 Vrel o
Bviavj o

the expectation values can be expressed in terms of the potentials

Av;)b a 9

4Rosenbluth et al. (1965).
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(Av; Av;)* b
peb =17 jab Z 70 4.18
K 2At aV,‘an ( )

Hence, the average force experienced by particle species a colliding with particle
species b is simply —maA?b and ijb is a diffusion tensor in velocity space. The

Fokker-Planck collision operator can therefore be expressed as

ad 0

Carlfu fi) = 5 [A?bfa - (D;;-bfa)} . (4.19)
i J

Since the Laplacian in velocity space is

Vi=2 5

then V2V, = V;; = 2/V,.1, so that
Vil = ¢p.

Hence, Afb and ijb are related by the “Einstein relation”

b
v — (14 ma) PP
! mp 8Vj

The collision operator (4.19) can then be written in terms of the Rosenbluth
potentials as

2 2
CIaCIb) 0 (ma% 0“Yp 3fu)_ 4.20)

B_V,' m_bavi “ Bv,-ij 8Vj

Cor(fur ) =1nA(

maé&o

If we express this equation directly in the integral form of the Rosenbluth potentials,
we obtain the Landau form of the collision operator,5

C A (qugp\ D [ | LYY SO | s,
Corlfin = g (222 a—vi/rfu[ A e }a’v,

8tmy,

4.21)

after using aV;; /0v; = 2Vye1i/ Vyer-

SLandau (1936).
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Exercises
1. Show that
«MMWZ«MXW:L”/IﬁNMM
2At 2At 8 Vel
and
(v (0 ma )\ ey [ L LT A
2At 8 mp 2w ey rl AL V3, '

2. By direct substitution, show that the Landau collision operator (and hence the
other forms) satisfy the conservation laws

[ cottaatv=o
/maVCa;,(fu,fb)d% = —/meCba(ﬁ?,fa)d3v;

1 1
/Emavzcab(fa,fb)d% = —/ Embvzcbu(fb,fa)d%.

4.4 Electron-Proton Collisions

The Coulomb collision operator can be simplified if the colliding particles move
at very different speeds, such as electrons colliding with protons moving at some
average speed u,. The velocity spread around u,, in the proton distribution function
is the order of the proton thermal speed,

vrp = A/ 2kT,/mp K 2kTe/m, = vre

unless T, « T,. To the electrons, the proton distribution is therefore a very
narrowly peaked distribution function, which we may approximate as a delta
function

Jp(V) @ npd(v—u,),

with u, < vr.. The Rosenbluth potentials then become

n, 1 np ( v-u,
et L vy,
o 4 |v—u,| 4y V2

n n v-u
P P P

~ _—Zl|lv—u ’\’__V(l— )
Vo 871' p| 8 v2
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In the Rosenbluth potential form of the collision operator, the ¢, term is multiplied
by m,/m, < 1, implying that only the v, term is important to electron-proton
collisions. Furthermore, in the expression approximating v,, note that the second
term is small since u, < v. Hence,

y [ Py, of,
(f) ~ —per L [ 2V e
Cp(f) 3\/,' (8vi8vj an)
”_pmi[ v dfe 9 (Vkupk)ane]

8 v | ov;dv; E B 0v;dv; V v,

0 1
Cp +Cop (4.22)

where the second term in the expansion was approximated using a Maxwellian
electron distribution function fj. since it is relatively small (and thus suitable to
approximate the distribution function by the lowest-order distribution). Note that
the tensor

2 . 28 vy
0%y _8(3v)_8(v_j)_v8,] V’V/:WH
= (— )= = =— L =W
dv; 0v; dv; \ dv; ov; \y v3
can be expressed as
V2 — V% VW2 —ViV3

2

—VVvy VvV —V% —VV3

—V3Vy —Vi3Vp V2 — v%

which is easily seen to be orthogonal to the vector v = (vy, v,, v3), and hence to

fme _ mev
ov kT,

fMe-

This implies that both collision terms need to be retained in case the collisional
term operates on a Maxwellian distribution since the first term vanishes, and so both
terms may be of the same order. We can use this result to simplify the C, eop term,
expressing it as

o e 8 (v N _np g, 0 [13f v (0 Bf]
¢ 8w dv; \ dv;dv; dv; 8 ov [vav 3 ov

We need only include the components of the square bracket that are perpendicular
to v. This implies that the second term in Cef’p will vanish identically, and only
the non-radial terms in the first term will contribute. Physically, this is because
collisions of electrons with ions do not change the magnitude of v but only the
direction. Consequently, electrons will scatter on a sphere of fixed velocity radius,
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so it is sensible to introduce spherical coordinates in velocity space (v, 6, ¢). In view
of the comments above, on using spherical coordinates, we obtain

LT 19 (. of 1 RLT  n,Le
CO _ _r -7 9_9 e = )4 L ),
@ 83 |:sin9 a0 (sm 89) * sin” 6 8¢2j| 4v3 (fe)

where we have introduced the Lorentz scattering operator L( f,), i.e.,

_ 11 dfe 1 3/
£if) = [sm@ 36 (Sm@ ae) t e a¢2]
1 s RS
it G AR et

19 2. 0fe
_E@[(l_ﬂ)@]

where we have introduced the pitch-angle ;1 = cos @, and the last line follows if we

assume that the electron distribution f, is gyrotropic (i.e., independent of ¢).
To evaluate Celp, we need to evaluate the derivatives. We use the Einstein
summation convention to obtain

92 (V_k> fume _ i (81_ vkvj) ane
1%

dv; 0v; v; ov; \ v V3 v

2
ViV Vi ViV VszV
Y AV F SR ST L M
( v3 v3 v Y el

V28ik — Vivk mg m,
=— Me = Wem———fu
V3 f e kaef ()

and

Wik 0 Vi —vive

dv; v v3
= Vs Mg 3@ 2ve
Rt 3 30 N 3
Use of these two expressions allows us to find
cl - _ np L meupk frre IWik _ _np L m, v-u, fu
ep 81 kT, ;i A kT, V3 ¢

The total electron-proton scattering operator can therefore be expressed as the sum
of the Lorentz scattering operator and Ce'p,

MM—MM@w%—%EMJ, (4.23)
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where

n,L?  npet A — 3T (ng)3

n
23 4t,, \ v

Vep (V) = =
er(¥) vy dmmle]

is a velocity-dependent electron-proton collision frequency, and z,, is a measure of
the electron-proton collision time,

12(k T,)¥my 2
ﬁnpe“ nA

Tep =

The first part of the collision operator (4.23) describes the collision of electrons
with “infinitely heavy” stationary protons, implying that only the electron direction
and not the velocity changes in a collision. Consequently, there is only diffusion in
velocity space on a sphere of constant radius v = constant, and the collision operator
is spherically symmetric. Finally, note that the proton mass is completely absent
from the collision operator, depending as it does only on charge e. This makes it
straightforward to model electron collisions in a plasma comprising several different
ion species.

Exercises

1. How would the result (4.23) change (i) if the electrons scattered off a background
of « particles (He nuclei), and (ii) a mixture of protons and « particles, as found
in the solar wind emitted by the Sun?

4.5 Collisions with a Maxwellian Background

Assume a stationary Maxwellian background population of charged particles b,

_ 2
(V) = fro(v) = 3/2 3}) e~ W/vrp) i

where vy, = +/2T,/my is the thermal speed. The background distribution is
isotopic in v, making the Rosenbluth potentials dependent only on v, thus

& (V) = dp(v),  ¥i(V) = ¥p(v).

Hence,
Iy _ ¢y dv _ vi Iy _ ¢
d; v v v v b’
321ﬂb 0%y ViV, ”
= vy, + _j = W/ + Wb’

0v; dv; B 0v; dv;
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where W;; = (v?8;; — v;v;)/v3. Using these expressions, the Rosenbluth form of
the collision operator for an isotropic background particle distribution reduces to

daqb )2 i (mu ad)b 82Wb afa)

Can(fur fin) = lnA(

mgé€o 3\1,' mp 8\1,‘ a_av,»avj an
a ((mgv; Vivj af,
—gab % (MaVig e B ) e
) aw( L fo— (W' + ") 5 ,)
On using
0 af,
f(an ) 2e,
and
1 a3 A
V(4 = 0D,
%
we obtain
2L L 9 my ) 20
Conl o i) = =2 f) + S |o# (g, - B2 |

where the velocity derivative is taken at fixed direction of v, and we have used
v;j0f,/0v; = vaf,/dv. We will assume an orthogonal coordinate system in which
the x-coordinate is parallel to the velocity vector.

To identify the role of each of the terms in the collision operator in this coordinate
system, recall that Fokker-Planck collisions are described by the expectations

ab

Aab _ 1 <A(;" > .
i T )
At 0

1 Avﬁ 0 0
ab __

0 0 A})2

ab

The other two directions are orthogonal to x and denoted by the L symbol. Hence,
Avj = Av, and Av] = Av} 4 AvZ. With the isotropic forms of the Rosenbluth

potentials, we can evaluate the elements of the tensors A;‘b and D;‘jb. From (4.17),

we have
lAab —— (AV”/V)“ 1 1 + Lab a¢
v ¥ At v mp ov;

= (1 + )L“” % _ =) (4.24)
mp
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so that

vsab
Ac =v< 0 >
0

The frequency v;‘b describes the rate at which a particle of species a is decelerated
by collisions with particles of species b. From (4.18), the elements of the collisional
diffusion tensor can be expressed through (using v = vX)

(Awp)” 1@y, 1, 1

BTV v _7% = Ev”b(v); (4.25)
2\ab ab 92 ab

(/2™ L 8y — _L_l/,};(v) =9 (), (4.26)

2At T2 v V3

from which it follows that the diffusion tensor can be expressed as

b

vt oo ‘
ij’:; 0 v¥ 0
0 0 v

The tensor D*? gives the velocity diffusion frequency vl’ll” in the parallel direction

and vf)b is the frequency with which particles are scattered from the parallel direc-
tion. Consequently, if, for example, v?” can be neglected, v”Db describes how quickly
particles are scattered onto a spherical shell of constant radius in velocity space i.e.,
onto a shell of constant energy. Parallel scattering acts to broaden the shell.

On replacing ¢, /v and v, /v by the streaming and diffusion scattering frequen-
cies allows the collision operator to be expressed as

Conlfor i) = 008D + 530 | (i f+ e ) |- @
vz oy 2

my + my av

Recall that the Lorentz operator £ simply describes particle diffusion on the surface
of a sphere v = constant, so this term gives the rate at which particles scatter on a
sphere — i.e., changing their direction while preserving v.

To complete the analysis, we need to evaluate the Rosenbluth potentials ¢ (v)
and V¥, (v) for a Maxwellian distribution function, so that we can compute the
collision frequencies vé‘b s vl‘llb, and v‘bb . A useful comparison can be drawn between

the Rosenbluth potentials and the electrostatic potential @, defined as usual by

V2® — _ﬂ = @(r) — / p(r) d3rl
)

dreglr — 1’|

9
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where p denotes the charge density. Since

_ 1 1 o
dp(v) = ] v fr(V)d>,
(V,e1 = v—V) we have that
19 3
Vi, = =3 (v2%) — £, (), (4.28)

after expressing the Laplacian in spherical velocity-space coordinates and assuming
isotropy. Thus, ¢}, is the “potential” associated with the “charge distribution” f;, in
velocity space. This is the origin of the term Rosenbluth potential. On assuming that
the distribution f, is a Maxwellian, we can integrate the Possion equation (4.20) to
obtain (after integrating by parts)

mpnp

¢1/7 (V) - 4k Tb

G (v/vrp) .

where G(x) is the Chandrasekhar function, x, = v/vry, X4 = v/v71a,

G(x) = f(X)_—Xf/(X), fx) = % /: e dz = erf(x),

2x2

ENVES

1
57 asX —> 00

)

{ 2 a5x — 0

and erf(x) is the familiar error function.
Similarly, the second Rosenbluth potential 1, can be obtained by using the
relationship VVZ ¥ = ¢p, or in spherical velocity-space coordinates

1 d XAZANE
2y (V d_v) = ¢p(v).
It can then be established that
d n
W _ 10 () - G
dv 87

(Exercise). On using these results in (4.24)—(4.26), we obtain the collision frequen-
cies in terms of the error function and the Chandrasekhar function. Consider first
the streaming scattering frequency, obtaining

b g2qiIn A (1 ma) mpny 1 G(v/vrp)

§ eim? my ) dxkTy vry v/vra
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_ annglf In A my, (1 N ﬂ) Ta G(xp)

drwelm2vy,, mg my ) Ty X4
T, G
25, e (1 + @) (), (4.29)
Ty my X

while the corresponding diffusion scattering frequencies are given by

e
Vi (v) = o L0 — G(X8) ; (xs), (4.30)
xa
G
v (v) = 2%@; 431)
x{l
npq2g?In A
where By = delb DL o Y =2 (43
dregmivy, VTh VTa

The last equation defines the fundamental collision frequency v, of the system.

From the asymptotic form of the Chandrasekhar function (see the Exercises), we
see that G(x) decreases with increasing velocity (x = v/vr) if x is sufficiently
large. The average frictional force on a particle

(Avy)”

= —mvp® x G(xp),
At aV| Vs (b)

mq

therefore decreases with increasing velocity for x; sufficiently large. This vanishes
in the limit of infinite velocity, although relativistic effects eventually prevent this.
This is a consequence of momentum exchange decreasing as an incident particle’s
speed increases if the impact parameter is held constant. This curious effect has
an interesting implication. Consider an applied electric field in a plasma with a
population of fast electrons. As a result of the decreasing frictional force on the
electrons, the electrons can be accelerated to arbitrarily high energies, forming a
population of runaway electrons. If the electric field is sufficiently large, then even
thermal electrons can experience run away, and the bulk electron distribution will
depart from a Maxwellian distribution. This will occur when, approximately,

el > 2v,.m.vr,,
or equivalently when the electric field exceeds the “Dreicer field”

nee3ln A

Ep=—+-—.
b 47 2T,
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Exercises

1. Show that the assumption of a Maxwellian distribution function fj(v) yields the
solution to the partial differential equation

19 (Vz%) = /)

vz oy av

as
’ mpnyp
= —G ,
¢, (v) T, (v/vrp)
where G(x) is the Chandrasekhar function defined above.
2. By using the definitions of v4’(v) and vﬁb (v) and the relation V2, = ¢
in spherical velocity-space coordinates, derive the collision frequencies (4.30)

and (4.31).
3. Plot the Chandrasekhar function G(x) from [0, 5].

4.6 Collision Operator for Fast Ions

Energetic ions are ubiquitous in plasmas and often of considerable interest, fre-
quently acting as a probe of high energy processes in astrophysics, space physics, or
laboratory plasmas. Examples include solar energetic particles (accelerated in either
solar flares or at interplanetary shock waves) or galactic cosmic rays. Cosmic rays
especially propagate vast distances through a variety of interstellar environments
experiencing numerous particle collisions that can modify their distribution. Note
that this is distinct from the collisionless pitch-angle scattering that cosmic rays
experience due to magnetic turbulence — this is discussed in the following chapter.
For the present, we will assume a background comprised of thermal protons
and electrons, and consider only moderately energetic particles that satisfy the
ordering

vrp K Vg KL Ve,

where the subscript « identifies the energetic particle population.
The largest collision frequency in this case, assuming a background Maxwellian
population, is the energetic ion-electron frictional drag, given by (4.29),
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_ T me\ G(x
pee — 2”&9% (1 + _e) (xe)

s
e mO{ 'xO(

c To 2v/vre Vra
“T, 3y v
neq2e*my* In A o

= =z ,

3(27)32ekmy (K T,)3/?

where the small argument approximation to the Chandrasekhar function was used.
The opposite limit, x — oo, is appropriate for frictional drag of energetic ions with
thermal protons. The critical speed above which electron drag dominates proton
drag is given by v¥¢ > v ie.,

T, G
‘L'_1 21_)0117?0[ (1 + nﬁ) —(xp)

s
p mgy Xa

2
o (1) T
- my ) Ty, V2 v
a) 1p

3
= (1452) ()

Hence, we find a critical particle velocity v, such that

ve 0 mp
=V |1+ — )1
VTa Mgy

3Vmn, 1 (1 N mp) (2kT,)3?

%

or

This corresponds to an energetic particle energy of approximately (on setting vy, =~

vre = 2kT,/m,)
1
—mgv? ~ 50kT,.
2

A massive particle moving through a cloud of electrons experiences a drag force
but little deflection (think of a cyclist riding through air) as it propagates. This can
be verified by estimating the diffusion frequencies. On the other hand, collisions
between energetic ions and thermal protons can lead to large deflections because
their masses are comparable. In this case,

ap (Vb)3 1
vyl =(—) —,
v/ 1
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and the critical speed for pitch angle scattering

m,\ 3
my

is of the same order of magnitude as v.. Thus pitch-angle scattering of energetic
particles is comparable to proton drag since both are determined by energetic ion
and thermal proton collisions.

The collision operator for energetic ions is therefore given by the electron drag,
proton drag, and ion-proton scattering expressions above, thus substituting these
results into the collision operator (4.27) yields

Vb

1 0 5 5 31
[ 490 )] + () L0,

V2T 0 %

Colfo) =

after using

Mg ap _ (Ve
—y == T, .
My +m Y

If the energetic particles are isotropically distributed, the scattering operator will
vanish by symmetry.

Exercises

1. Suppose that energetic particles are introduced as an isotropic distribution with
speed U at a rate n per unit volume. Since the energetic particles are isotropically
distributed in velocity space, the kinetic equation may be expressed as

Ve _ | 3[(v3+v2)fa(V)]+n

s(v—"U)
9t 2ty dv ’

47 U2

Subject to the boundary condition f,(v > U) = 0, show that the steady-state
energetic particle distribution function is given by
TS

=n——7--m f <U.
fa(V) 774n(v3 +vg) or v

4.7 Proton-Electron Collisions

Unless the proton temperature is sufficiently high that 7, < T, electrons, being
much lighter, move far faster than protons. Protons (and ions in general) therefore
experience multiple collisions by light fast particles, and this problem is thus similar
to the mathematical description of Brownian motion. In view of the different particle
speeds, we introduce the electron distribution function as a sum of a Maxwellian
distribution with mean velocity equal to that of the proton mean velocity fjs. and a
remainder f,,
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JeX, 1.V) = fyre(V—=vp) + fu(v).
Similarly, we separate the collision operator into two parts,
Cpe(fps fo) = Cpelfp fre(v =Vp)I + Cpe (. fer)-

Consider the latter contribution to the collision integral first. From the form of the
collision operator,

9 (@3% Py df,

Che s Jea) = LPC— -
pe(fps fe) v \m, dv; 77 v dv; 8Vj)

~ LPei (@ ¢ fp) ,

av; \m, vy,

since the first term is large. Recall that the first term is the streaming/frictional drag
term

Lo 0 _ {Av) _ F)

m, ov; At m,

where F7¢(v) is the averaged force acting on a proton as it propagates through an
electron distribution f,; at velocity v while experiencing collisions. The force acting
on the proton through electron collisions must be essentially independent of the
proton velocity since the electrons in this case are fast, vz, > vr,, meaning that f,
varies on this time scale only. Hence, F7¢(v) is approximately unchanged for all ion
velocities, and so

with the result that

a (F R af,
Ce s Jel) = — 35— — = s ._p.
peJp: Jer) av; (mp fp) mpn, OV

Recall that R = ['m,vC(f)d?v and that C,,( f,) was computed in Sect. 3.4.

Consider now the first term in the proton-electron collision operator. In this case,
the electron distribution is given by the Maxwellian fi.(v — v,). Nonetheless,
protons move more slowly than the electrons, so we may use the Rosenbluth
potential solution for ¢, in terms of the Chandrasekhar function G(x) in the limit
that x — 0,

3/2
8¢e_vj—v,,j¢,_vj—vpj My 2 v ne( me )

v, v v amk T 3w TS Gk
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To compute v, we use the relation

Ve = g =~ [ Ly

27 oo /2 —v’z/vT

/ / Y T avdeds
_ ne
T @n)2 kTe

Py  ne me
vidv; — 3Qm)¥2\ kT,
We therefore obtain

R, 2\ e (_me "
o= sl ) 2 [ 2

mpnp mpey ) OV e 2nkT,

ne me afp
3(271)3/2 \ & 8v]
Rep Uy | _mene 3
Mpn, OV Mpyn,Te, OV

which yields

|:( Vp)fp kTe %:| ,

my, ov
where the electron-proton collision time

12732 Jm, (kT€)3/2sg
Top = ,
ep V2 n,etIn A

has been introduced. The first term in the square brackets is the proton-electron
frictional drag term, and is inversely proportional to t.,. The second term in the
square brackets describes energy exchange between protons and electrons, mediated
by collisions. This term is has a time scale

MpTep

N‘Ee
me p

that is significantly slower than that associated with frictional drag.
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4.8 Transport Equations for a Collisional
Electron-Proton Plasma

As with the ideal gas problem, the Chapman-Enskog expansion is one approach to
deriving plasma fluid transport equations in the limit of strong collisionality. This
approach was developed in considerable detail in a classic article by Braginskii
(1965). As with the case of gas dynamics, the collision frequency v is assumed to
be sufficiently high that local thermodynamical equilibrium is attained more rapidly
than the relaxation of the plasma due to the presence of macroscopic gradients that
drive plasma transport. This requires that the orderings

D «v. axvi=L.

ot
be satisfied, where A = vy /v is the mean free path and L defines a macroscopic
length scale over which the mean plasma parameters (density, velocity, temperature,
magnetic field) vary. Unlike a gas of neutral particles, gradients can vary
significantly along and perpendicular to magnetic field lines, so one needs
to distinguish between parallel (L) and perpendicular (L) length scales.
Furthermore, the particle gyrofrequency (£2 = ¢B/m) introduces a further time
scale into the system, often larger than the collision frequency, thus

v
A= — K1
o <
Obviously, this implies that the particle gyro- or Larmor radius r, = m,v/(q.B) =
v/|824| =~ vra/|824] < A. For this ordering, the ordering perpendicular to the mean
magnetic field can be relaxed with

A< Ly, §=-% <l
Ly

Thus, for a magnetized plasma, the mean free path need only be short compared to
the parallel length scale, and this is the ordering that we shall assume henceforth in
this subsection. The distance that a particle travels nominally before experiencing a
collision is at least a mean free path along the field and a Larmor radius across the
field. Macroscopic gradients must be essentially absent over these scales i.e., the
plasma is essentially homogeneous on these scales.

We consider a plasma comprising electrons and protons only and develop a
transport theory in the presence of proton-proton, electron-proton, and electron-
electron collisions. Since the electrons do not collide with a stationary background,
we need to transform the kinetic equation for each species a to a coordinate frame
moving with the mean or bulk flow velocityu, (r, ) of each species. This requires
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a transformation (x,v,7) — (X,¢,,?) where ¢, = v — u,, so the derivatives
become
d Jdu, 0
S e A
ot ot ot dc,
dug; 0
VoV-—Y ;
0x dcgj
Vy =V,

The kinetic equation therefore becomes

8f qa ’ 0 afa
i +(, +¢,) -V + [ma (E' + ¢, xB) — (8t +u, V) uai| A,
17 afa
Cy4 =C,(f, 4.33
i acak (fa), (4.33)

where E' = E + u, x B is the motional electric field.
The dominant time scales are those associated with the collision frequency and
the gyrofrequency. For electrons, we can order the kinetic equation as

Coolf) +C (m+( cexB) Ve ey uvy,
Mme [ ot

ou, afe duter fa
+cev.f€_(miE/+( U —I—ue-Vue)).i_c’. Uek f —Celp(f‘g),

ot de, Y 0x; Ocek

where the higher order correction to the collision operator has been included on the
right because it acts more slowly than the leading order term.

Following the Chapman-Enskog expansion procedure, we solve the above
equation by expanding the distribution function as f, = f.o + fe1 + .... To the
lowest order, the left hand side must vanish, which requires the distribution function
to be a Maxwellian at rest in the moving frame,

ne 3/2 B2
Jeo = e (27rkTe) ¢

where 8% = m,c2/2kT,. On using the zeroth order solution on the right hand side,
we obtain an equation for the next order solution f,,

dfer

Cee(fa) + C (ﬂ1) + (—v X B) =
v

8 ) 8
i . _2)( 2 v/
(Bt +u, V) Inn, foo + |:(,3 2) (at + u, )lnkTe
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3 mev e
+v-Vinn, + (ﬂz—z)v'VIHkTeA— keTe (m_eE/

MV Vi Qilege mev - (u, —up)
))+ Ty T

0
+(—+ue~Vue

o i| Je0, (4.34)

where, for notational convenience, we have written v for c,. Integrating Eq. (4.34)
over velocity space yields the continuity equation (see Exercise below), showing that
dInn,/dt (where d/dt is the convective derivative) can be replaced by —V - u,.
Similarly, taking the first moment of (4.34) yields the momentum equation without
the viscous term, showing that (Exercise)

d E R, —V n.kT,
(—+ue-V)ue+e =—(n )-
ot m, MeN,

The second moment of (4.34) yields the energy equation without the heat conduc-
tion, viscous heating, and energy exchange terms. Thus

3/(0
—|{—+uw-V|)Ink7T, +V-u, =0,
2 \ ot

which allows us to eliminate the d(kT,)/dt in (4.34).
Using the above results allows us to eliminate the time derivatives from (4.34),
giving the kinetic equation

Cucthi) + Chfo + v x ) -
= |:(,32— g)v-VInkTe +v- (% + rr;:_;:p (“e_“p))
+ % (Vj vk — ?5/%) Wfk} Jeo, (4.35)
where
jk = %VTZ ?)vxjk _g(v'u”)sjk’

is the rate-of-strain tensor, as before. As with a neutral gas, this term introduces the
plasma viscous terms.
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A closely related analysis yields an equation corresponding to the electron
correction kinetic equation (4.35) for the proton kinetic problem,

€ 0fp1
Cpp(fp])—(m—pVXB)'a—f’
23 mp v P
= B —z V-VlnkTp—i-m vjvk—?Sjk Vij fpo, (4.36)

where the proton-electron collision operator has been assumed small, allowing the
frictional term R, to be neglected.

Exercises
1. Show that integrating (4.34) over velocity space yields the continuity equation

on,

ot

+ V- (n.u.) =0.

2. Show that the first moment of (4.34) yields the momentum equation without the
viscous term, and that

(i‘i‘ue‘v

me MeNe

3. Show that the second moment of (4.34) yields the energy equation without the
heat conduction, viscous heating, and energy exchange terms, and hence that

3(/0
E(E—FHE-V)lnkTe—i—V-ue:O.

4. Eliminate the time derivatives in (4.34) using the results from the Exercises above
to derive (4.35).

The kinetic equations (4.35) and (4.36) must be solved for the f,/;; correction so
that a two-fluid description can be determined. The approach used by Braginskii is
to expand the distribution function as a series of orthogonal polynomials, which is,
as we have seen earlier, an attractive and systematic approach that yields accurate
results to any order, in principle. Typically, generalized Laguerre polynomials, also
known as Sonine polynomials, are used. The Sonine polynomials tend to converge
rather rapidly, so although the reduced system of equations is of infinite order, a
truncation at about order 3 is generally sufficient. Nonetheless, the full procedure is
tedious, so we simply provide the main results without derivation — the details can
be found in Braginskii’s review.
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We assume from the outset that the gyrofrequency is much greater than the
collision frequency ie., A <« 1, for both electrons and protons. Following
Braginskii, we introduce the collision times

Te =Ty, Tp= «/Etpp,
and assume the strongly magnetized limit £2,7, — oo.

The force R, for electrons comprises both the drag force R, and the thermal
force Ry,

R, =R, + Ry;
MeN,
R, =" (0.51 (uf —uf) + (uf —ul)):

3n
Ry = —0.71n,V|kT, + 0

° bx VkT,,
Te

e

where b = B/B, u®/? are the electron and proton bulk velocities respectively,

and the electron gyrofrequency 2 = —eB/m, is negative. Observe that the term
($2,7.)"" is of higher order than the preceding term for R7. Since momentum is
conserved in Coulomb collisions, R, = —R,,.

The electron heat flux also comprises a drag term and a thermal term,

qe = q; +q7;

3n.kT,
q, = 0.71n.kT, (uf| —uﬁ) - #ﬁ:b x (uf —u’):
q; = —KﬁV”kTe —kibx VkT, —k{V.ikT,,

and the heat conductivities are defined by

. n.kT,t. . 5n.kT, . n.kT,
kj =3.16 . Ky = Tam. k{ = 4'66mg.(2€2te'

Since electrons are strongly tied to the magnetic field, fast electrons streaming along
the field can significantly distort a Maxwellian distribution because the collision
frequency decreases with velocity according to 7, ~ v3. This is reflected in both the
electron force term R,, (because fast electrons contribute to the bulk velocity more
than they do to friction) and the electron flux along the parallel direction (first term
in qr since fast electrons will stream more in one direction and slow electrons more
in the opposite direction).

The proton heat flux has terms proportional to the ion temperature gradient only,

q, = —Kﬁ’V”kTP +«k4b x VKT, — Kf_VJ_kT ,
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with the heat conductivities defined by
o =3kt SmpKT, o, kT,
I m, =~ 4 2m,2, *t m,22t,

The magnetization factor §2t separates the various heat conduction coefficients .
The time scales are therefore significantly different for protons and electrons,
and the proton contribution is dominant perpendicular to the field whereas along
the magnetic field, the electron heat flux dominates. Note that the diamgnetic heat
flux term, carrying heat across the field perpendicular to the gradient, is not the
consequence of collisions (7., is absent), and we shall discuss this further below.

Heat exchange between protons and electrons results from temperature equilibra-
tion on the slow time scale 7,, and the frictional generation of heat, and is expressed
through

3n.m,
0p=—0c—R.-(u,—u,) = (kT, —kT,).

mpyTe

Like the Navier-Stokes equations for a non-magnetized gas, the viscosity tensor
is given by
mi; = puWi; + AV -uéy;,
where 11 and A are the viscosity coefficients and W;; is the rate-of-strain tensor,
as before. Because the transport of momentum occurs at different rates in different

directions for a magnetized plasma, the viscosity tensor is more complicated, and
has the form

1 1

Tlxx = _EMO(W\’X + I/Vyy) - EMI(W\W - Wyy) - /’L3ny;
1 1

Tyy = _EMO(W’C)C + W7y) - EILI(Wyy - W) + w3Wyys

1

Ty = Tyx = _/LIny + 5/"*3(Wxx - Wyy);

Txz = Tgx = —UoWig — a Wy

Ty, = Ty = —a Wy + paWsy;

e = —o Wz,
for a coordinate system (x, y,z) defined by the magnetic field orientation b =
(0,0, 1). Consistent with the Chapman-Enskog ordering, the viscous terms enter
the magnetized fluid equations at an order lower (either in terms of the ratio of the
gyroradius to the macroscopic perpendicular length scale, r, /L 1 , or the ratio of the

mean free path to the parallel macroscopic scale, A/L), ie, Vp ~ R > V..
The viscosity coefficients for protons are
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1 3n,kT 1 nykT
P _ . P _ p _ OpKip, P _ p _ NMpKip
o = 0.96n,kT,tp;  py = A = 10227, M3 =5k = m,
and for electrons
e e 1 e n.T, e 1 e n.T,
Ho = 0TI Ters = qus = 051G s = gut = 55

As with the heat flux, different scalings are present depending on the direction of
momentum transport. Along the magnetic field, the u are entirely due to particle
collisions and therefore resemble transport in a nonmagnetized gas. Transport
perpendicular to the magnetic field (i) involves a scaling with the ratio of the
scattering time to the particle gyroradius, introduced through the factor (£27)2.
The remaining viscous terms, w34 depend only on the gyrofrequency i.e., are
independent of the scattering time 7, and correspond to a diamagnetic momentum
flux across the field.

4.9 Application 1: Transport Perpendicular to a Mean
Magnetic Field

Here we consider an alternative approach to the transport of particles, momentum,
and energy across a mean magnetic field in a plasma. Such flows are called
diamagnetic flows. In the section above, we saw that the perpendicular heat flux and
momentum flux were independent of particle collisions. The momentum equation
is given by

du,
mghg (a_ut +ua-Vua) =—-Vp,—V-m,+qsn, (E+u, xB)+R,.

By taking the cross product of the momentum equation with B (and dropping the
subscript a) yields (b = B/B,andbx (uxb) =u—(u-bb=u—-u =uy)

_ExB+bx(Vp+V-n—R+mndu/dt)

v B2 mn§2

where d/dt denotes the convective derivative. This expression shows that the bulk
flow velocity perpendicular to the mean magnetic field is the sum of the E x B
drift and a diamagnetic drift velocity. Present in the diamagnetic term is the small
parameter § = r,/L . The viscous terms and resistive force are generally small,
and the inertial term typically varies slowly, so that to leading order we have
approximately

ExB+bep
uy = — 4+ —--.
L B2 mns2
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This ordering is certainly true whenever the particle distribution is close to a
Maxwellian. The perpendicular force R ~ vmnu, is smallif v/£2 < 1. Neglecting
the inertial term is valid if the thermal speed and time variability is small. If a plasma
flow does not satisfy this criterion, then the convective term mnu - Vu must be
included.

If the magnetic field B is constant and E = —V@, then the approximate
flow velocity u) is incompressible, i.e., V - u; = 0. If the flow is in general
incompressible, then it follows that

V'(U||+UJ_)=0,

indicating that the divergence of the parallel flow balances that of the perpendicular
flow.

A related approach can be used to derive the viscosity tensor if we approximate
the collision operator by the BGK operator,

C(f) =vlfo— 1),

as we did for the gas kinetic problem. The kinetic equation can be expressed in
components as

of 9 9
§+a—)ci[(ui+ci)f]+3—w[(

emﬁ + €iji(uj + Cj)-Qk) f] =v(fo—f).
where ¢ = v — u is the particle velocity relative to the bulk velocity, as before.
The gyrofrequency is eBy/m and €;j; is the Levi-Civita tensor, a completely
antisymmetric unit tensor in 3D such that €;;; = 1if ijk is an even permutation
of 123, €;;x = —1 for odd permutations, and €;;;x = 0 for repeated indices. Taking
the ¢;c,,-moment of the kinetic equation yields an equation for the pressure tensor
P;,, and conductive heat flux term, where

3 _ . 3
P :m/CICmfd Ve ilm Zm/CiClCmfd v,

in the form
8P1 0 8u1 ou
B_tm + T (i Py + qitm) + a_XiPim + 8—;:'1”1'1
— 82t (€1jk Pjm + €mjk Pj1) = v(pSim — Pim). (4.37)

The non-diagonal elements of the pressure tensor are given simply by

P, = P51m + Tim.
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Let us impose the Braginskii short-mean-free-path orderings discussed above to the
evolution equation for Py,,. Thus, terms proportional to v and §2 will dominate, and
so to lowest order the distribution function is a Maxwellian f = f. At this order,
the pressure tensor is symmetric and

le = P(Slm» qdilm = 0.

We can therefore use these expressions in the small terms of (4.37) to obtain the
corrections at the next order for P, — these are of course the terms proportional to
v and £2. This may be represented formally as®

S
K(P) = —,
(P) =2
where S is the tensor defined by
0 0 ou ou
Slm = _p+_(ulp) 51m+p _l+_m +U(le—P51m),
a  Ox; 0xpm  0x;

and K is an operator defined by
t 2
K(P)ZPXb+(P Xb) = E(E[jkij +€mjkPlj)

2P, Py, — P, Py
=| Py, — P —2Py —Py
Py, —P,; 0
As usual, the z-axis is defined by the magnetic field direction, so that 2 /2 = ;3.
The K-operator of Kaufmann has two useful properties. Since 7;,, = Ppy — PSim,

K(P) = K(). Secondly, at lowest order, we have seen that the viscosity, heat flux,
and collisional terms vanish, so that to lowest order, entropy is conserved and

dlnp 5dlnn
dt 3 dt

Consequently, the first term in S becomes

ap dlnp 2
R v — Py, = _Zpv.
o + (up) p( 7 + u) 3p u,

from which we obtain

a ou, 2
S =pW+vmr; W;m=i+ “ — =V -ud;,.
00X, ox; 3

SKaufmann (1960).
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We can therefore rewrite K = S/£2 as a system of algebraic equations

2y Ty — Txx Ty, 1
Tyy — Moy —2yy —Tx: | = E(pW + vm),
Ty, — Ty, 0

from which we can solve for 7. Solving this system of six equations yields precisely
the same results as derived by Braginskii and quoted above, except that the viscosity
coefficients are a little different,

M2 = U3 = 244

28027
Mo = pT; M1 = 5 Mo,

_ Mo . _ Mo . - ot
1+ 402272 1+ 2272 S 1+402%
where T = v~!. The form of the viscosity tensor is therefore recovered and the
qualitative form of the dependence of the viscous coefficients on gyrofrequency and
collision frequency is correct.

In the collisionless limit, 27 >> 1, the non-diagonal elements of the viscosity

tensor become

14
Ty = Tyx = 40 (Wxx - VVyy);
p
Txz = Tzx = _EWyZ;
p
Ty, = TTzy = Eme

which agrees exactly with Braginskii since p/2£2 coincides with the gyroviscosity
coefficient w3 when 27 > 1. Gyroviscosity is a consequence of the Larmor
gyration of particles and not collisions, and in the limit of £27 >> 1 is unaffected
by collisions.

Consider now the diamagnetic flow of heat. Determining heat transport is entirely
analogous to determining the transport of momentum across the magnetic field in a
collisionally dominated plasma. In this case, we take the energy moment (mv?/2)v
of the kinetic equation, and assume that the flow velocity is small v ~ §vy < vr.
This assumption yields the simplification that there is little to distinguish between v
and ¢ = v — u at the lowest order in the pressure tensor. We therefore obtain

a—Q+V-H—£(E-P+§pE+QxB)=G,
ot m 2

where

5 | )
Qi =qi + 5P U A S mMAuTU = g D Pl



4.9 Application 1: Transport Perpendicular to a Mean Magnetic Field 165
since IT;; = pé;; and m;; = 0 in a Maxwellian plasma. A “heat stress” tensor
H: = L v fd?
i = [ 5mvvv; fdv

has been introduced, together with the collisional rate of change of the total heat
flux

GEf%mVZVC(f)d3v.

If the particle distribution function is close to a Maxwellian, then H;; =
(5pT/2m)d;; and P;; = pé;; (Exercises). The perpendicular heat flux Q_ is
obtained from the cross product of the transport equation with B,

QL

_5p (ExB bxVp 5p bx VT
2 B2 mns2 2m 2

where the time derivative dQ/d¢ has been neglected, and we have assumed that

b v
Gx —~—qi,
XQ qu

is small. On using the expression for the diamagnetic drift velocity and the slow flow
approximation Q >~ q+ 5p/2u, the lowest order conductive part of the diamagnetic
heat flux is given by

_ 5pbx VT
T 2m 2

qL

1. By taking the c;ci-moment of the kinetic equation, derive the evolution equation
for the pressure tensor P, Eq. (4.37).

2. Complete the steps in deriving the Kaufmann representation for S;,, and the K-
operator.

3. Show that for a Maxwellian distribution,

1 5
Hij = / EmVZVjijd3V= %pT(‘;ij.
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4.10 Application 2: The Equations
of Magnetohydrodynamics

One of the most important simplifications of the system of transport equations is
the single magnetized fluid system of equations — essentially the ideal gas dynamic
equations modified by the inclusion of the Maxwell equations. Let us assume that
the distribution function for both electrons and protons is a Maxwellian distribution,
and for simplicity we restrict ourselves to a simple two-component plasma. It is
straightforward to include more particle species. The equations for the number
density and momentum transport are given by

du,
Mmgyhyg (— +u, - Vua) =-Vp, + q.n, (E+1u, xB) + R,

where a = e, p identifies the species (electron, proton). As before, R, = —R,.
This set of equations corresponds to a two-fluid model. We can combine the electron
and ion fluids to obtain a one-fluid model, which will be the magnetohydrodynamic
(MHD) model.

The single fluid is characterized by a mass density

p(X, 1) = men, +mpn, = mpn,(X,t),
where the last approximation results from assuming m,/m, < 1, a charge density
Pg = qele +qpnp, = e(n, —n,),
and a center-of-flow velocity
Mpn pUy + Ml U,

u= ~u
P
o

(again assuming m,./m, < 1), a current density
J=gqpnpu, +q.n.u, =e(n,u, —neu,),
and a total pressure
P=p,+ pe.

By combining the individual two-fluid equations appropriately, we can derive a set
of equations that relate and describe the evolution of these quantities. Of particular
note will be an equation, Ohm’s law, relating the magnetic field, electric field, and
the single fluid flow velocity.
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By multiplying the proton and electron continuity equations by their respective
masses and adding yields immediately
dp

Tiv. =0,
ar+ (ow)

which is the conservation of mass equation. Similarly, by multiplying the proton and
electron continuity equations by their respective charges and adding yields

%4
ot

which is the conservation of charge equation.

The construction of the single fluid momentum equation results from summing
the proton and electron force equations, using R, = —R,, regarding u, and dn, /0t
as small and neglecting the products of small quantities. This then yields the total
momentum equation as

+ V- (pgd) =0,

0
p(a—l;—i—u-Vu) =—-VP +p,E+JxB.

The final equation that is needed is of course for the current. This equation,
known as the generalized Ohm’s law, follows from multiplying the proton and
electron momentum equations by ¢,/m, respectively, summing, and neglecting

quadratic terms in the small quantities u, and dn,/d¢, and using ¢, = —q. = e.
This yields
9 2 2 2
9 =—ivpp+ine+ (e ne | € np)E+ e < B
3t m], me me mp e
e’n e e
+ ”u,,xB+(—+—)Rp.
m, m, m,

The term multiplying the electron velocity can be expressed as

e’n, e e?

u, = — (n.euw, —njzeu,) + ——myn,u
n, e me(e e P p) mym, ptpYp
e e? ( + )
~— m,n,u Men U
m, mpme ptpYp elteUe
2
e
=—-——J+ (pu).
M mp,m,

We can use this expression to simplify the generalized Ohm’s law, together with the
following approximations, m./m, < 1,n, ~ n.,and p, >~ p. >~ P /2, to obtain

B 2
W__ ¢ gpy P
ot 2m, Mmem

e e
(E4+uxB)——JxB+ —R,.
me me
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We suppose for simplicity that we may approximate

pe
myo

J?

R, xu, —u, «J sothat R, = —

where we have introduced the conductivity o. A negative sign was chosen to reflect
the expected decrease in current J due to proton-electron collisions. Thus, the
generalized Ohm’s law can be expressed in the commonly used form

e 0
MpMe 03 _ My G p B yuxB— "2 xB— 3, (4.38)
per ot 2pe pe o

The term “Ohm’s law” derives from the neglect of all but the two terms in (4.38)
that give

J =0E,

which is Ohm’s law with conductivity o. For very low frequencies, one can typically
ignore the dJ/0¢ term in the generalized Ohm’s law. For low temperature plasmas,
the V P term can also be neglected, and if the current is small, we can neglect the
Hall term J x B compared to the u x B term. Subject to these assumptions, Ohm’s
law becomes

J=0(E+uxB).

Finally, in the limit of vanishing collisions, the conductivity becomes infinite, so
that we must have

E =—-uxB.

The one-fluid equations are coupled to Maxwell’s equations,

VXE = BB_
TR

JE
VxB=puJ+ 80#052

V:-B=0.

Maxwell’s equations and the one-fluid or MHD equations correspond to 14 equa-
tions in 14 unknowns, p, o4, u, J, E, and B, provided we assume that the pressure
P can be expressed in terms of p. g is the vacuum permittivity and o the
permeability.

In the low frequency limit and infinite conductivity, no charge imbalance is
allowed, i.e., p, = 0. These conditions then yield the equations of ideal MHD,
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dp

o +V-(pu) =0; (4.39)
p(g—';Jru-Vu) — _VP +JxB: (4.40)
%_?zvX(uxB); (441)
V% B = pl; (4.42)
V.B =0, (4.43)

where the low-frequency assumption allowed us to neglect the JE/d¢ term.
Equations (4.39)—(4.42) are typically augmented by an equation for the pressure,
the simplest possibility being the adiabatic equation of state,

aP
E—i—u-VP—i—yPV-u:O, (4.44)

where y is the adiabatic index of the system.
Exercises

1. Linearize the ideal MHD equations (4.39)—(4.44) with p = py = const., B =
Boz + 8By, u = Suy, J = §JX. Seek solutions of the linearized 1D MHD
equations in the form exp (iwt — kz), where w is the wave frequency and k the
corresponding wave number and derive the Alfvén wave dispersion relation.

2. For B = B#, linearize the ideal 1D (say x) MHD equations about a stationary
constant state. Seek solutions of the linearized 1D MHD equations in the form
exp (iwt — kx), where w is the wave frequency and k the corresponding wave
number and derive the magnetosonic wave dispersion relation.

Before concluding this section, we discuss briefly the conservation form of
the Egs. (4.39)—(4.44). Evidently, Eq. (4.39) is already in conservation form (mass
conservation), as is (4.43). By using (4.39), we have

du dpu
_— Vul="24+vV.
p(at +u u) o + V- (puu),

and, using the vector identity a x (V x b) = (Vb)-a— V - (ab) — bV - a, we have

1 1 1 1
—JxB=—Bx(VxB)= —v(—BZ)——V-(BB),
Mo Mo \2 Ho

which yields the conservation form of the momentum equation,

9 1 1
(v |y (puu+ (P + —BZ)I— —BB) —0.
ot 210 Ho
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By introducing the internal energy e as before with P = (y — 1)pe, where y
denotes the adiabatic index for the magnetized gas, we can rewrite the gas pressure
equation (4.44) as

d

(éote) +u-V(pe) + ypeV-u=0,

or
a
(éote) + V. (peu) + (y —1)peV -u =0,

giving

d

(g’te) 4+ V- (peu) + PV -u = 0: (4.45)
de
E—}—u-Ve—}—(y—l)eV-u:O. (4.46)

The conservation of energy equation corresponds to the temporal evolution of the
kinetic, internal, and magnetic energy. Considering each of these separately and in
turn yields first for the kinetic energy (taking u- (4.40))

J (1 1
5 (Epuz) 4+ V. (Epuzu) 4u-VP —u-JxB=0.
The internal energy expression is given by (4.45). Finally, taking B- (4.41) yields

%(%Bz)+V~[B><(u><B)]—(u><B)-V><B=0,

which implies’
0 (1 ,
P EB +V.-(B-Bu—u-BB)+ pou-JxB =0.

Adding these results together for the kinetic, internal, and magnetic energy yields
the conservation of energy equation (4.49) below.

"The following identities are used,
Vx(@axb)=b-Vxa—a-Vxb,

and
ax(bxc)=(a-c)b—(a-b)c.
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Finally, since
VXE=-Vx((uxB)=V-(uB—-Bu),

Equation (4.41) can be expressed in the conservation of magnetic flux form (4.50)
below.

We collect the results above to express the conservation form of the ideal MHD
equations through

g_/; + V- (pu) = 0: (4.47)
1 1

G (puu + (P + —BZ) I- —BB) = 0; (4.48)
ot ZMO Mo

9 (1 , 1
R _—_RB?
o (Zpu + pe + 2 )

1 1 1
+V. [(Epuz +pe+ P+ —Bz) u— —u-BB] =0; (449
Ho

Ho
B
5+ V- (@B—Bu)=0: (4.50)
V.-B=0. (4.51)

Finally, note that we may express the entropy (Sect.3.1) generally as § =
C, In(Pp~7) + const. (C, the specific heat at constant volume) and so, from (4.39)
and (4.44), the evolution equation for § is given by

a8

— 4u-VS =0

ot
We can then derive an additional conservation law, the conservation of entropy per
unit volume,

%(pS) + V- (pSu) = 0. (4.52)

These conservation relations are important in that it allows us to introduce the notion
of weak solutions to the system of MHD equations, these being critical to treating
discontinuities in a magnetized gas flow.

Before concluding this section, we derive two further conservation results that are
fundamental elements of the theory of MHD. The first is the frozen-in flux theorem
derived originally by H. Alfvén. Consider a surface S bounded by a closed contour
C moving with the local magnetized fluid velocity u® (Fig. 4.5). We may consider

8Consider a line element d1 in a fluid flow u(x, #) with ends at x and x + d1. The motion of d1 is
given by the Lagrangian derivative of d1,

dx+dl) dx

d
— = — — = + dl) — =dl-Vu.
7 (d o r ux+dl) —ux,?) =d u
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Fig. 4.5 Magnetic flux
passing through a closed B(t)
surface S bounded by a
curve C

u(x,t)

We may define a surface element dS = d1; X dl, and determine its equation of motion from the
Lagrangian derivative

d d d
E(dS) = E(dll) X dlz +dll X E(dlz) = dll -Vu x dlz —dlz - Vu x dll,

after using the result for the motion of a line. The vector identity (a Xb) x V. =ba-V —ab-V
applied to the fluid velocity u gives

[@xb)xV]xu=(ba:-V)xu—(ab-V)xu=—a-(Vu) xb+b:(Vu) xa.
With a = dl; and b = dl, we have dl; - Vu X dl, —dl, - Vux dl; = —(dS X V) xu =

—(Vu) - dS 4+ V -udS (using (ax V) xb = (Vb) -a—aV - b), we can obtain the equation for
the kinematic motion of a surface element,

%(dS) = —(dS x V) xu=—(Vu)-dS + V - udS.

Finally, we note that the equation for the kinematic motion of a volume elementdV = dS -dl; =
(dl; x dl,) - d1; can be derived using the above result as

d
4 =V-udV.
@) udVv.

This last result can be used to show that the mass of a fluid element dM = pdV is constant, that
momentum of a fluid element d(pu)d V is not constant, and that the total energy density of a fluid
element is not constant.
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the magnetic flux through a surface element d¥ = B - dS, using the Lagrangian
form for the magnetic flux, or induction equation,

dB dB

—=—+u-VB=B-Vu—-BV.u,

dt ot
and the kinematic equation of motion for the convected surface element dS, to
obtain

d d dB d
(W) = —(B-dS) = —"-dS +B- —(dS)

=B-Vu—BV-u)-dS +B-(—(Vu)-dS +V-udS) =0. (4.53)

Consequently, the magnetic flux through a co-moving surface element is constant,
and since this holds for any surface element, the flux through any surface bounded
by a contour C moving with the fluid is conserved, i.e.,

W:/B-ndSzconst.
c

Note that we can combine the Lagrangian form of the conservation of mass and the
induction equation to obtain

d (B 1 B B
—(—)=—(B-Vu—BV-u)+—V-u=(—)-Vu. (4.54)
dt \ p p P P

This equation is structurally identical to the kinematic equation of motion for a line
element d1, so a line element d1 || B moves exactly as B/ p. Thus, plasma on this line
element and magnetic field line move together, often described as the magnetic field
lines are frozen into the plasma. The concept of field lines and flux tubes, although
a mathematical construction, offers considerable insight into our understanding of
magnetic fields. At every point, the field lines follow the direction of the magnetic
field and are therefore defined by the characteristic equations

dx dy dz

B, B, B/

A magnetic or flux surface is one that is everywhere tangential to the field i.e., the
normal to the surface is everywhere perpendicular to B. An open ended cylindrical
magnetic surface defines a flux tube, and the density of field lines through a flux
tube can represent the strength of the field.

The divergence-free or solenoidal condition for the magnetic field, i.e., V-B = 0
indicates that the a vector potential A can be used to represent the magnetic field,

B=VxA.



174 4 Charged Particle Transport in a Collisional Magnetized Plasma

The electric field (Ohm’s law) then becomes
E=—-ux(VxA),

and the induction equation can be expressed in terms of A,

0A
E=ux(VxA)—V(D,

where @ is a scalar potential. The above equations are invariant under a gauge
transformation so we can choose @ = 0 without loss of generality. We introduce
the magnetic helicity

K= / A-BdV, (4.55)
|4

where the integration is taken over the volume of some flux tube. Consider now the
Lagrangian rate of change of the magnetic helicity,

dK dA dB d

oA OB
:/(E.B+u'(VA)~B+A~¥+u'(VB)'A+A'BV'u)dV

=/[(uxB)-B—I—A-Vx(uxB)~|—V-(A-Bu)]dV
:/V-[(uxB)xA+A~Bu]dV
:/(A~uB—A-Bu+A-Bu)-ndS=0,

because B - n = 0 on the boundary of a flux tube and certain vector identities
were used to obtain the second last line.® Thus, the magnetic helicity of any flux
tube is conserved in ideal MHD. The concept of magnetic helicity is of particular
importance to MHD studies of plasma fusion devices and coronal magnetic
fields.

9The following vector identity was used,
V-.(axb)=b-(Vxa)—a- -V xb,
and identifying b = u x B and a = A. Thus,

(uxB)-VA—A-VXx(uxB)=V:(AxuxB).
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Exercises

1. Show using the kinematic equation of motion for a volume element that mass
in a fluid element dM = pdV is conserved. Show that the momentum of a
fluid element d (pu)d V is not constant, and that the total energy density pu?/2 +
P/(y — 1) + B?/2u, of a fluid element is not constant.

2. Derive the frozen-in field equation (4.54).

4.11 Application 3: MHD Shock Waves

In this section, we discuss the theory of magnetohydrodynamic (MHD) shocks
based on the conservation form of the MHD equations (4.47)—-(4.51). An extensive
discussion of MHD shock theory can be found in the classic works of Cabannes
(1970) and Anderson (1963). We confine our attention to steady planar shocks
moving in a direction normal to the plane of the shock (see Fig.4.6). As with gas
dynamic shocks, we can derive the MHD form of the Rankine-Hugoniot conditions
from the conservation form of the MHD equations. We can choose a coordinate
system in which the velocity and magnetic field vectors on both sides of the shock
are co-planar i.e., lying in the same plane. If we suppose the (u, B)-plane to be in the
(x, y)-plane and the shock wave to lie in the (x, z)-plane (Fig. 4.6), the generalized
Rankine-Hugoniot conditions are given by

[oux] = 0; (4.56)
2 )

puy + P+ —B; [ =0; (4.57)
2po -

UPSTREAM aJ DOWNSTREAM

b A

Fig. 4.6 Schematic of an
oblique MHD shock located
in the x = 0 plane of a
rectangular Cartesian
coordinate system OXYZ.
The fluid velocity u and
magnetic field B lie in the
(x, y)-plane and the electric
field E lies along the z-axis
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|:puxuy - in By:| = 0; (4.58)
Mo

oo (L ) + e

pux | —P +-u" |+ —(ExB), | =0; 4.59)
y—1 2 Iz

[E:] = 0: (4.60)

[B,] =0, (4.61)

where (uy, u,) is the fluid velocity, u? = ul+ ui. The square brackets [-] are defined
in the usual way to mean the difference between the quantities evaluated upstream
and downstream of the shock.

If a transformation is made to a new reference frame with constant transverse
velocity u,, the corresponding transformation of the transverse electric field is

E =E +u xB,
or
E; = Ey + uzB)m Eé = EZ —LtyBx.

Thus, for B, = const. # 0, u; and u, can be chosen so that £}, = E] = 0.
The generalized Rankine-Hugoniot conditions are simplified considerably in such a
reference frame, known as the de Hoffmann-Teller frame, in which E| = E] = 0,
ensuring that the magnetic field and velocity vectors are parallel (i.e., co-planar),
and allowing the transverse electric field to be replaced by

uyBy —uy, B, =0, (4.62)

on both sides of the shock.
On introducing the specific volume of the fluid, T = 1/p and the mass flux
density m = pu,, the conservation of energy condition (4.59) becomes

[w]—i—lmz[rz]—i—l u —LBB ’ —}—i[rBz]— B [32]20
2 2 Yompe po L7 2m2pd L ’

where w = %P /p denotes the enthalpy per unit mass. From the transverse
momentum condition (4.58), the third term above is zero. On using the normal
momentum relation for m, we obtain the MHD Hugoniot relation

]+ (P)[e] + 5 (Bl =0, 463)
Ho
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where (Q) = %(Ql + Q»). Equation (4.63) differs from the hydrodynamic form
only in the third term. The MHD Hugoniot relation (4.63) can be used directly to
show that entropy increases or decreases across a shock as the density p increases
or decreases across a shock,'? showing that only compressive shocks are physically
admissible. We do not provide a direct proof here.

For a perfect gas with adiabatic index y, the square of the sound speed and the
enthalpy can be expressed as

P a;
P y—1
We introduce the dimensionless parameters
P2
r=-=;
P1
u 1 m?
My= 2 — Ho

Ve T PR\ B

where r is the shock compression ratio, M, the Alfvénic Mach number of the
flow and Vy, the component of the Alfvén velocity normal to the shock. On
rewriting (4.56)—(4.61), using the sound speed and enthalpy relations for an ideal
gas, we have

Plidy1 = pityy = m; (4.64)
2 2
piay 2 [ P24y, 2 1
— + puy; + — B = —= + poui, + — B, (4.65)
T o Ty P 2
1 1
Piruxiy; — _BxByl = PolUy2Uyr — _BxByZ; (4.66)
Mo Mo
2
aj; L, 1
x = —B 1By — uy By
/O1M1(y_1 +2u1)+M0 y1 (M1 yl — Uyl )
ag 1, 1 .
= PoUy2 y— 1 + 5”2 + %ByZ (uszyz - l/lysz) s (467)
ulex — Uy Byl = uyZBx - MXZByZ; (4.68)
B = By, = B,. (469)

The transverse momentum equation (4.66) and the transverse electric field equa-
tion (4.68) can be solved for u,, and B,

(r — 1) tan 6,

1, 4.70
M‘il —r u/\1 ( )

Uyr = Uy

10See e.g., Boyd and Sanderson (2003).
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By, = ngl, 4.71)
M3 /r—1

where tanf = B, /B, and, in this geometry, is the angle between the magnetic
field and the shock normal upstream of the shock. On using (4.70) and (4.71), we
can rewrite parts of the normal momentum (4.65) and total energy (4.67) equation
as follows,

1 1)M?2, —2r B?
(g = o pa DM

2410 (M3, —1)?  2u0
B)z’z o B§1 _ (r _ 1) M;{‘l —r B)z’l .
Hopa  Hop1 (M3, —1r)? popr’

(r +1)M2, —2r B},
(M3, —r)?  popr’

1 B 1
B (”iZ - “il) - /LO_:" (Byauyr — Byruyi) = —5(7 -1

By using the above results in the normal momentum equation and dividing by
B2/ 1o, we obtain a dimensionless equation,

ap/ Vi = a3/ Vi M2, - M2+ (= M2, (r+1)Mj, —2r

tan 6, = 0.
Y 2(Mf211 —r)?

4.72)

On dividing the energy equation (4.67) by m B2/ 10 p> and using the above relations,
we find

_ 2
)_r L4 ‘*‘E(Miz_eru)

1 a5 ag
V= 1 VAZnZ V/%nl V= 1 V/%nl 2

r(r—1)2Mjl—r—1

M2 tan’> 6, = 0. 4.73
2 S e : &73)
Since
—Mil = & =7
M3, ;i ’

we can eliminate M3, from (4.73) to obtain the equation for the shock adiabatic,

2 2ra? V3,
(M3, —r) yM3, — ——— A — Al
r+1—yr-1)
) { 2r —y(r—1)

= 7 7 M? —ritan?6, = 0. 4.74
Mr+1—yr—-1 M r} a “4.74)
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Alternatively, since M3, /M3, = r, we can express the shock adiabatic as the so-
called shock polar relation or shock cubic,

M3 =) (M3, = 1)+ [@ - )M, +y — 10,

2

2
- %(y + M2, — 23“ sec? 014 (M2, —1)° = M2, [yM2, —y — 1] tan” 6,
Al

(4.75)

where V4 is the Alfvén velocity based on the magnetic field magnitude.

The importance of the shock polar relation is that, by specifying the upstream
variables ag, V41, 01, and My, the downstream Alfvén Mach number can be
computed easily, and the remaining downstream variables determined from

By (M}, —1) = Byi (M3, — 1)

Bx ( )
Uy =uy,g + — (B, — B )
y2 yl o y2 vl

2
p= P2 _ M _ Mj
= o
P1 U2 MA2

P=Pr 2 1—l LBZ—B2
2 = L] + pruy , +2M0 yl y2) -

The nature of the shock polar can be made more transparent by expressing the
variables a / V2 | and tan® 6, in terms of the fast and slow magnetosonic speeds in
the upstream plasma. The shock adiabatic is a bicubic in M3, which implies that
three finite amplitude shocks are possible, corresponding to slow, intermediate, and
fast mode shocks. In the weak shock limit, r ~ 1, Eq. (4.74) reduces to

2

(M3, — 1) [(M/ZU -1 (MA21 - If_ﬁl) — M}, tan® 91:| =0, (4.76)
Anl

which, on introducing a phase velocity V,, is reminiscent of the well-known
expression for the speeds of propagation of perturbations in a perfectly conducting
fluid embedded in a magnetic field, i.e.,

VZ=VD Vi =i +a)vi+Via] =0, @.77)

The first factor in both (4.76) and (4.77) represents Alfvén wave propagation and
the second magnetosonic propagation. Thus, to be consistent with (4.77), fast and
slow magnetosonic Mach numbers M and M_ must satisfy

a2
(M;—1) (Mj - V—z) — Mjtan® 6, = (Mj — M3)(M; — M?),
An
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where

, 1] a 2 as 2 ’ 2
M3 = V_},1+tan 0+ 1+ an+tan O+ 1) +4tan?0, ¢,

or equivalently

Vis

My =
VAn

)

where V; and V; are the fast and slow magnetosonic speeds satisfying the
dispersion relation (4.76). Thus, we have established that weak shocks correspond
to magnetosonic waves and have phase velocities V, = £V, V, = £V.

On employing the relations

a2

ﬁ = M_%_ME, tan2 91 = (Mi - 1)(1 - ME),
n

the shock polar relation (4.75) reduces to
Mil - Miz =
2(Mi2 - 1)(M,§2 - M12+)(Mi2 - M]2—)

. 478
G DM, D2+ (- MOME, D [@ Mty 1] T

Hence, specifying the fast and slow magnetosonic Mach numbers ahead of the shock
yields a single curve along which all shocks must lie. Furthermore, in general, 0 <
M_<1<M 1+-

As discussed above, entropy increases across a shock if and only if the shock is
compressive. Since M3 o 1/p, the shock is compressive, provided M3, > M?, in
Eq. (4.78); therefore M 3, must satisfy one of the inequalities

ME < M3, <1, (4.79)
1< M}, < M3, (4.80)

Shocks in which the downstream normal fluid speed is sub-Alfvénic, (4.79), are
called slow mode shocks, whilst those that satisfy the super-Alfvénic inequal-
ity (4.80) are called fast mode shocks. The weak shock solutions for which r = 1
correspond to an Alfvénic shock (M 4o = 1) and a fast and slow magnetosonic wave
(M4, = M4+ and M4, = M,_ respectively). A shock with 8; # 0° is generally
referred to as an oblique shock. Shocks that have either §; = 0° or §; = 90° are
called parallel or perpendicular shock waves respectively, and shocks for which
01 < 45° are described as quasi-parallel whereas shocks for which 6; > 45° are
described as quasi-perpendicular.
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Fig. 4.7 An example of the Alfvén Mach number shock polar (4.75) in which the upstream plasma
beta B,; = 1 and the upstream magnetic field angle (or shock obliquity) is §; = 30°. For
compressive shocks, M3, > M3, (Webb et al. 1987)

A schematic!! of the shock polar (4.75) or (4.78) is illustrated in Fig. 4.7 for an
upstream state ; = 30° and plasma beta 8,; = 1, where

B, = p . a? _Vﬂ
P B2)2u0 v: o2t

The straight line r = 1 lies in the M3,-M3, plane and intersects the polar profile
at the square of the small disturbance speeds. The asymptote of the shock curve as
M 4, tends to infinity is given by r = (y + 1)/(y — 1) = 4if y = 5/3. This is
the maximum possible compression ratio for a strong MHD shock. Those sections
of the shock curve above the line r = 1 correspond to expansion shocks, which are
inadmissible physically since they violate the second law of thermodynamics. Hence

Relativistic oblique magnetohydrodynamic shocks by Webb et al. (1987).
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the only physically acceptable solutions are those below the line » = 1 i.e., the arcs
ABC and EF that correspond to compressive solutions. The arc AB is the locus
of slow mode shocks and EF of fast mode shocks. The double-valued regime BC
(two possible downstream states corresponding to a single upstream state) represent
unstable shocks which disintegrate spontaneously into several waves. The points
A, B, and E correspond respectively to the slow magnetosonic wave, the Alfvén or
intermediate shock, and the fast magnetosonic wave. The point B at which M4, = 1
corresponds to the slow mode switch-off shock in which the downstream magnetic
field angle 6, = 0° and B, = 0. On the arc AB, B, > 0 whereas on the arc BC,
B,z < 0.

Figure 4.8 illustrates the effect of varying the upstream field angle 8, with 8,1 =
1 and y = 5/3 on MHD shocks. When 6; = 0 in the shock polar relation (4.75),
one obtains either

2 _
My, =1,
or

y+1 2 2
Al .
y—1 y+1V3

2 _
MAZ_

This relation gives the inverse compression ratio of a pure gas shock'? i.e.,

4 _p_y—1 21
r = — = + 5
p2 v+l y+1M;

where My, = u,/ay is the acoustic Mach number of the gas upstream of the shock.

As 8 —> 0, the kink in the shock polar curve near M /2“ = 1 (Fig.4.8c)
degenerates into the straight line segment AB of Fig. 4.8d. The line AB of Fig. 4.8d
corresponds to switch-on shocks for which the upstream tangential magnetic field
is zero yet downstream is non-zero and M 4, = 1. This implies

Mﬁl—l
2

tan 6. (4.81)
o1

tan 6, =

To determine the behavior of 6, as 6, —> 0 and M4, — 1, we substitute (4.81)
into the shock polar relation (4.75) and let 6, —> 0 and M 4, —> 1 simultaneously,
to obtain
2
ag y—1 .,

- —WM; -1, 4.82
le 2 ( Al ) ] ( )

tan® 6, = 2(M3, — 1) [1 -

121 andau and Lifshitz (2000).
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Fig. 4.8 These figures illustrate how the Alfvén Mach number shock polar (4.75) changes as the
upstream magnetic field angle 0, varies (6; = 60°, 30°, 1°, and 0°) for 8,; = 1. Case (d) shows
both the pure gas dynamical shock (the solid line passing through B) and switch-on shocks (the
dashed line AB) (Webb et al. 1987)

which implies that 6, is non-zero in this limit. Furthermore, Eq. (4.82) implies that
the Alfvénic Mach number must satisfy the inequality

1<M§1<1+L(1—a5221), a§21<1. (4.83)
y—1 Vi Vi

This implies that switch-on shocks occur only in low beta plasmas satisfying 8, <
2/y. The lower and upper limits on M3, in (4.83) correspond to the points A and
B of Fig.4.8d. From the auxiliary relations listed above, it is easily seen that the
pressure jump across a switch-on shock is given by
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Pl (y =1 =1
PR B FEYI )

b

where in this case, the compression ratio is r = M?3,.

Thus, besides providing a convenient method of calculating the downstream state
of the fluid after specifying the upstream fluid parameters, the shock polar relation
furnishes an elegant geometric classification of the possible shocked downstream
states and also contains the dispersion relation for small amplitude waves.

Exercises

1. Derive the shock polar relation (4.75) from the shock adiabatic (4.74).

2. Derive the alternative form of the shock polar relation (4.78).

3. Solve the shock polar relation numerically and plot curves corresponding to those
of Fig. 4.8 for 8,1 = 0.1 and 8,1 = 4.
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Chapter 5
Charged Particle Transport in a Collisionless
Magnetized Plasma

The solar wind, undoubtedly like many other astrophysical plasmas, is essentially
collisionless and the description of a plasma based on particle collisions as described
in Chap. 3 is inappropriate. Instead, interplanetary plasmas and astrophysical plas-
mas typically possess numerous waves and fluctuations that include a fluctuating
magnetic field. Many studies, beginning with the landmark observational studies
of Belcher and Davis (1971) and Coleman (1968) revealed the presence of both
Alfvén waves and extended power-law spectra for the energy density of solar
wind magnetic fluctuations. These low frequency magnetic field fluctuations can be
interpreted in terms of an MHD turbulence description. The turbulence description
of fluctuations in the solar wind has become increasingly refined, and today, solar
wind turbulence is thought to comprise a superposition of propagating Alfvénic
fluctuations (the minority component, sometimes called the slab component) and a
dominant 2D component that is non-propagating. The two-dimensional component
has velocity and magnetic field components and wave numbers nearly perpen-
dicular to the background magnetic field with “zero frequency.” The origin of

the terminology is from the shear Alfvén wave dispersion relation w = Vy|k|,
where k| is the wave number parallel to the background mean magnetic field By
and V4 is the Alfvén speed. For perpendicular wave numbers, @ = 0 so 2D

magnetic turbulence has zero frequency modes and non-propagating fluctuations.
A turbulent magnetic field in a moving medium, such as the solar wind, scatters
charged particles in pitch-angle. Thus, unlike the collisional plasma considered in
Chap. 3, the Fokker-Planck coefficients for scattering must now account for particle
scattering by forward and backward propagating electro-magnetic waves (Alfvén
waves, magnetosonic modes, etc.), randomly propagating magnetic fluctuations for
which a wave description is inappropriate (MHD turbulence), waves that may be
resonant with certain particles, and magnetic fields that experience complicated
non-resonant temporal changes in the background plasma. This remains a very
active area of current research, and we present only some of the most basic
results here.

G.P. Zank, Transport Processes in Space Physics and Astrophysics, Lecture Notes 185
in Physics 877, DOI 10.1007/978-1-4614-8480-6_5,
© Springer Science+Business Media New York 2014
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5.1 Transport Equations for Non-relativistic Particles
Scattered by Plasma Fluctuations

5.1.1 The Focussed Transport Equation

Electromagnetic fluctuations in a flowing medium such as the solar wind act to
scatter particles, in pitch angle, gyrophase, or in energy. Although we do not
explicitly restrict our attention to any particular form of electromagnetic waves
in this subsection, we will implicitly consider particles scattered in pitch angle by
magnetic fluctuations — either Alfvén waves or convected magnetic fluctuations. In
this subsection, we derive a general equation for a gyrotropic distribution function
that describes non-relativistic particles scattering in a flowing medium. Such a
model was developed by Isenberg (1997) based on an approach by Skilling (1971)
to describe the propagation of pickup ions in the solar wind. Although particles
may eventually scatter towards isotropy in the frame of the medium, we not assume
an isotropic distribution in this subsection. Following Isenberg, we begin with
the Boltzmann equation for the distribution function f(x,v,t) of non-relativistic
particles in the inertial frame, 1

f F _f
(§+v-Vf+%vvf_8t)s+S. (G.D

The force term can be quite general, but we restrict our attention to F = ¢/c(E +
v x B) i.e., the inertial frame electromagnetic force acting on a particle of charge
q, mass m, with ¢ the speed of light. In the Boltzmann equation, S is a particle
source term. Of note is that (5.1) has been implicitly separated into mean and
fluctuating parts with the fluctuating components being treated as “scattering”
terms and relegated to the right-hand-side. The scattering term §f/8¢)s acts to
stochastically scatter particles towards isotropy. In later subsections, we explicitly
calculate various forms of the scattering operator. Here, we focus on the left-hand-
side of (5.1).

Let us consider a frame of reference that propagates in the inertial “rest” frame
at a velocity U. Strictly speaking, this new frame comprises both the background
convection velocity and the “average” velocity of the scattering “centers” (Alfvén
waves, for example). Certainly in the supersonic solar wind, the convection velocity
is much larger than the velocity of the background scattering fluctuations and so
the additional velocity of the fluctuations is often neglected. Most importantly, a
velocity transformation U can be identified with the velocity of the background
conducting plasma, in which case the motional electric field E = —U x B/c exactly
cancels the electric field and leaves F = gv x B/c. It is important to recognize that
the scattering term in this frame conserves energy since all macroscopic electric
fields are transformed away. With no electric fields, particles can only scatter in
pitch angle. However, energy is not conserved in the “rest” frame and this has
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important consequences, as we discuss later in considering particle acceleration at
shock waves. Let us write

v=c+U<c=v-0,
for which the following transformations hold,

0 d dc; 0 o oU; 0

— _+__ = — = —

ot at  dt d¢; Ot at dc;

0 0 au; 0 d 0

— _—— — = —.
axj an ij 86’,’ aV,‘ 8ci

On applying these frame transformations to the inertial form of the Boltzmann
equation (5.1), we obtain an equation in mixed coordinates for the distribution
function f(x,¢,1),

af f [ [4q aU; aU;
al‘ +(Uz +Cl) axi+|:m(CXB)z - 8t _(Uj +cj)axj]

of _ 8f
8_6,-_ 57 )S. 5.2)

The subscripts refer to vector components and the summation convention holds.

Let us now suppose that the particle gyroradius is much smaller than any
other spatial scales in the system and similarly that their gyroperiod is smaller
than other time scales. Thus, the particle distribution function can be regarded as
nearly gyrotropic, and so f(X,c,t) is essentially independent of gyrophase i.e.,
f(x,¢,t) >~ f(x,c, u,t), where the particle pitch angle ; = cos § = c¢-b/c and the
direction vector b = B/|B| is the unit vector along the large-scale magnetic field.
Since we are assuming gyrotropy of the distribution function, we may average (5.2)
over gyrophase. By gyrophase averaging, we neglect the action of perpendicular
drifts on the distribution function. It is convenient to introduce spherical coordinates
(6 = pitch-angle, ¢ = gyrophase, ¢ = |¢|),

¢y = csinf cos ¢; ¢y =csinfsing; ¢, =ccosf =cu;

¢ ¢ibi
2 2 2 2. z, 1Y, A A N
cC=cpteyten cosf = = p=— c=cyéx+cyéy+c e,

and u = p(x) and ¢ = ¢(x). Consequently, we have the following transformations,

0 d
V=V+Vu— +Vop—:
+ ,uaqu ¢8¢’
dc 9 du d  dp
3¢, 9 9c T dc o dc, 99
;0 b; i d 0 0
()

cac T\ @) aa g
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which yields, on assuming that f(x,c, u,$,t) = f(x,c, u,1),

af af o df aU; aU;
e ) (2L + 2L Qeinciby — — —(U; At
5 + (U, +c)(8x,- + ox; It + | Qsijrci by 5 U; +C’)8xj
Cj 8f bl‘ MCi Bf _ 8f
><(c 8c+(c cz)au)_(gt S (5-3)

where the gyrofrequency 2 = ¢|B|/m has been introduced and ¢ is the Levi-Civita
tensor. We introduce an averaging operator for ¢ such that &;j; = 1/27 fozn Qd¢
and average (5.3) term-by term. Thus, since

(=Y il =uZ (L)@

al o o T ox ax;’

and é, = b, we obtain
af

d
—f =cubi— = ((U; + ¢;)
ax,' Bxi

f

d 0
(@) - i

> = (Ui +cubi) 7—
0x;
Here we used
(€) = c(sinB cos pé, + sinf singé, + cos fé;) = cub,

since (sin¢) = (cos¢) = 0. Use of

<3_“>=<ﬁ>3bf — b,

ax; ¢ B_x,-_'ujax,-’

andb;b; = 1,0r b;0b; /0x; = 0, shows that

Now consider
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and the cross terms (c;c;/c?) = Oforalli # j,i,j = x,y,z Recalling that
¢,¢, = bb we obtain

ab; 1—p? 1—p? ob;
C<Clcj> C( M éxéx+ 2/’L ey y +M2bb)

3)([ 8xl

b
(I—bb) + /ﬁbb] —
axi

ob;
0x;

(51‘}' bib; ) + ,U«zbbi|

2
Ol U LTI et Ui
2 Y Bxi 2 8x,~’

since b;0b; /0x; = 0. Here we used é.é, + é,é, + é,6, = ééx +é,é, +bb =1
oré.é, + é,é, = I —bb, where I is the identity matrix. Consequently, we have

LA\ 1 b o
8x, u 2 0x; Op

On using the results (¢;) = (c;/c) = pb; and (¢;&;) = (1 — u?)/2(8;; — bib;) +
w?b;b; of before, we find

aU; ¢ of i pei\ of
([—a, Ufax,}(caﬁ(?‘?)@»

LY U f af
_(_81 _Ufax,-)( whig +- c b’au)’

ci of i pe ) of
(e (e + (2 -8) 5))

i 1—u?
zaﬂ[c(T"(&j bb)+,u2bb)af

and

0x; 0
+ [Mb,»bj —M(l_z“z (8 — bib;) + u>bib; )] gﬁ]
Finally, the Lorentz force terms yield
.Qe,jk< i€ >bkcz;j; 0;
—Qeijk <CC >bkugj; 0,
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because (c;c;/c?) = Oforalli # j and &;;x = Oifand only if i # j # k. The
final term,

af
Ip

a
= QSijkbibjbkM£ =0,

2 Eijk < >b bk
because &;;x = Oifand only if i # j # k and ), Zj Z/- &ijk = 0.
On using the above gyrophase-averaged results and collecting terms, we obtain
the reduced gyrophase-averaged transport equation

af af 1—3u? v, 1—u?
v i i) o —%  bibj o — V-
8t+(U +c'ub)8x,-+|: 5 bbjaxj > U
/,Lbl 8U, 8U 8f l—pLz
=t b V.- V.-
p (Bl +Ujax] cac+ ) c¢V-b+uv-U
AU 2b; (U af of
—3ubib; — — +U - ). 5.4
L rr (5 + ’3%)}3# <8r > G4

The transport equation (5.4) is also known as the “focussed transport equation”
and this non-relativistic form, derived by Isenberg (1997), differs from the earlier
relativistically correct form derived by Skilling (1971) in that it contains the
convective derivative of U since Skilling assumed that U < c.

le Roux and Webb (2012) present a particularly nice discussion of the meaning
of the terms in the focussed transport equation (5.4). As discussed above, Eq. (5.4)
is in the solar wind flow frame, which is noninertial. Since the plasma flow is
non-uniform and non-stationary, scattered particles undergo velocity or momentum
changes as measured in the flow frame due to pseudoforces associated with the non-
uniform non-stationary nature of the flow. Recall from Chap. 2 that the gradient of
the flow velocity can be expressed as the sum of the flow divergence, the flow shear,
and the flow rotation, i.e.,

aU; 1 9U; - 1(3Ul- au; 20U, ) (BU 8U)

i =3 T3l T 3 ) Talas T
19U;
233 81/ +Gz]+wz/,

where 0;; and w;; denote the shear and rotation tensors of the flow respectively. On
expressing the flow gradient terms in the focussed transport equation (5.4) by the
general representation above, the method of characteristics shows that

1 /dc 19U; —3u? ,ub dU;
"<E> =35 ;! by oy + ) -
1 BU, 11— 3,&2 ,U,b,' dUl
=———+———-bibjo;; — —— 5.5
3 0x; + 2 i% c dt (5-5)
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where d U; /dt is the convective derivative, and we recognize that the rotation tensor

is antisymmetric (w;; = —wj;), so that the sum b;b;w;; = 0. Thus, flow rotation
does not contribute to changes in particle speed. Similarly, we find that
8/1, 1-— /,Lz ab, Zbl dUl
— )= — —3ubibjo;j — ———|, 5.6
<az> 2 | Coy, MO0 d (56)

and flow rotation does not contribute to changes in particle pitch-angle either.
Expressions (5.5) and (5.6) describe the gyrophase averaged rate of change of the
particle velocity ¢ and pitch-angle p. If particle velocity or momentum is measured
in a nonuniform nonstationary plasma (noninertial) flow frame, the magnitude of
the particle velocity or momentum will be modified if the flow diverges (V - U),
experiences shear (o), or rotation (w;; ), or accelerates (d U; /dt), while the particle
pitch angle varies in response to flow shear, rotation, or acceleration. It is interesting
to note (recall the telegrapher equation discussion, Chap.2) that the shear and
rotation tensor terms in Eq. (5.5) are multiplied by the term —(3u? — 1)/2, which
is the second-order Legendre polynomial P,(u), whereas the divergence of the
flow, V - U is multiplied by the zeroth-order Legendre polynomial Py = 1, and
the acceleration term d U; /dt by the first-order Legendre polynomial P;(u) = u.
For distributions f that are close to isotropic, this ordering of the terms associated
with the Legendre polynomials gives the order of the importance in terms of energy
change with respect to a physical process.

The flow divergence term V - U in Eq.(5.5) is nothing more than the well
known adiabatic momentum change term in the standard cosmic ray transport
equation that will be discussed below. Evidently, the divergence of the flow has
no effect on the particle pitch angle. Physically, the effect of the divergence of a
collisionless flow on energetic particles is consistent with the notion that particles
are coupled to the flow through their interaction (scattering) with electromagnetic
fields embedded in a highly conductive flow, but when the electromagnetic fields
are neglected the divergence of the flow still affects the particle momentum simply
because momentum is measured in the frame of a nonuniform plasma flow. As we
discuss in more detail below, the rapid (negative) divergence of a flow across a shock
wave leads to a convergence of the flow and the compression of electromagnetic
fields embedded in the flow. As shown explicitly in the formulation of the focused
transport equation, particles respond to the compression of electromagnetic fields
embedded in the flow, and experience adiabatic compression. Notice that all of the
effects due to a nonuniform nonstationary flow frame vanish if particle momentum is
measured in an inertial frame, but if one is interested in what happens to the random
component of the particle velocity at a shock, for example, noninertial effects must
be taken into account.

Most investigations are currently restricted to the 1D version of the focussed
transport equation. If one assumes for example a constant radial flow, such as the
solar wind, with U = UT and a large-scale radial magnetic field pointing away from
the Sun, b = t, then Eq. (5.4) simplifies to
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Exercises

1. By collecting all the terms associated with the gyrophase-averaging of (5.2),
derive the general form of the gyrophase-averaged transport equation (5.4).

2. By assuming a constant radial flow velocity for the solar wind and a radial
interplanetary magnetic field, derive the 1D focussed transport equation (5.7).

3. Assume that the one spatial dimensional gyrotropic distribution function can be
expressed as

flriep) = f-(reo)H(=p) + f1(r.c)H(p),
where H(x) denotes the Heaviside step function and fi refer to anti-

sunward (fy)/sunward (f_) hemispherical distributions. By substituting
f = f-H(—p) + f+ H(w) in the 1D focussed transport equation

af S 1p? o Ug_fz_((_z)f),
n

- —|— U+p
( Vor T e
and integrating over u separately from —1 to 0 and then from O to 1, show that

0f+ ( df+ 22U cof+r ¢
-— U:i:)—————— - f)=Fr - f-

o T\UE) % T 3% TR P =TI
where I' = v(u = 0) gives the rate of scattering across i = 0. Note that the
form of the scattering term is of diffusion in pitch-angle, and this is discussed
below. The term v is the scattering frequency.

5.1.2 The Diffusive Transport Equation

The solution of the general gyrophase-averaged transport equation is a formidable
task for almost any physically interesting system so considerable effort has been
invested in trying to simplify (5.4) by means of several additional assumptions. Let
us assume that the scattering operator can be represented by a diffusion operator in

pitch-angle,
d aof
= — 1—p?) = .
> o (v( M)au)’ 69

where v is a characteristic scattering frequency. The scattering term is discussed
further in more general terms in the following subsections.

8f
(5
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The dependence of the gyrophase-averaged particle distribution function f on
the pitch-angle y = cos 0 with u € [—1, 1] suggests a natural expansion in terms of
Legendre polynomials. The orthogonality properties of the complete set of Legendre

polynomials allow us to rewrite the focussed transport equation (5.4)

as an infinite

set of partial differential equations in terms of the polynomial coefficients of the
expansion. To ensure tractability, one typically truncates the infinite set at a low
order, which is a form of closure. Accordingly, we expand the gyrophase-averaged

particle distribution function f as

o0
1
f(x,t,c,n) = Z 5(2n+1)P,,(u)f,,(x, t,c), where f,(x,t,¢) = /
n=0 -
The orthogonality condition is given by
1
0 m+#n
Pp(u) Py(p)dp = § :
f—l 1 M=n

and some useful recurrence relations that will be used below are

(n+ D Pupr(p) = 2n + DuPy(p) —nPy—i(1);

d nn+1)
(1 - Mz)d_Pn(M) = I’an_l(,bL) - nMPiz(M) S [Pn—l(ﬂ)
" 2n +1
d d
d_Pn+1(/'L) —u——Pu(pn) = (n + 1) Py(p);
W du
d d
:u“d_Pn(l’L) - _Pn—l(/'L) = I’an(/L);
w du

d
m [Prt1(p) = Pr—i()] = 2n + 1) P, ().
W

1

1 S Py ()dp.

= Pypi(w)];

We systematically project and expand each of the terms in (5.4) from left to right

using the Legendre polynomial P,, (1) and the expansion for f.
The first (time-derivative) term becomes

1 o0 1
LI Z%(Zn n 1)/ Py Py lr — U
—1

ot ), "ot ot

n=0

ot ’

after using the orthogonality relation. Similarly, the second (convective) term

becomes

af 1 ! fy fm
U—:U -2 1 P,P,du— =U,—.
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The third term in (5.4) is a little more interesting in that we need to use the first of
the recurrence relations. Thus,

m+1 m af
i_: b P d b m —Pm— ——dpu.
¢ / ’ p=e / [2 1 1} o M

On expanding [, we find

! af U m+1 af U m af
b; P,——du = cb; ——P,1—d b; —— P, 1—d
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00
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+Cbi i / m Pm 1P fd .

=0 2 —1 2m + 1 8x1

The first term on the right-hand side contributes only when n = m 4+ 1 and the
second term only when n = m — 1, so yielding

2 3 1 2 0f,

cb/ WPy —fd,u— ch; mtSm Jon1
2 2m+12m+3 0x;

2m —1 2 0fm—

s m m ) fin—1

2 2m+12m—1 0dx;

m+1 dfinq m - 0fm—1
CDj cD; .
2m +1 ox; 2m+ 1 dx;

The third term can therefore be expressed as

af Cb 8fm+1 8fm—l
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The fourth term in the focused transport equation (5.4) is
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The first term can be rewritten immediately as

bbaU1af 3U; 10,
Ok 29¢ - U %, 2 0
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We need to use the first of the recurrence relations to infer

2p - (0t D +2) [(n+1)2 n’ } P,
" @n4+1)(2n +3) 2n+3  2n—1]2n+1
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On using this identity for the second term above, we obtain
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The first integral contributes only when n = m — 2, the second when n = m and
the last when n = m + 2, so yielding

au; 3 af
—chib; —L P, —d
¢ / a-xl [l s 8 K

_ ;3 (m —1)m 0fin_2 (m +1)? m?
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On assembling the various terms, we obtain for the fourth term of the focused
transport equation,
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The fifth term of (5.4) can be expanded as

20U U A U (m—Dm 3fue

2 Ox; dc - 20x; dc  20x; @m+ 1)2m—1) dc
coU; ((m+1)? m? 1 dfn
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2 E)xl 2m+3)2m+ 1) dc

On using the results of expressing the third term in terms of a Legendre polynomial
expansion, we have for the sixth term in (5.4)

DU; 9f =~ DU b 3fm+1 0fm—1
b, : L 1 .
Do Dt2m+1|:( +1) T

The computation of the seventh term in the focused transport equation is also
straightforward. We can immediately express

¢ db; 2af ¢ b = 2n+ 1 /1 , 0P,
——(1- =Y T f | du Pa(1— )2
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Use of the second recursion relation above yields

c 0b; c b X 2n+ 1 ! nn+1
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so that, since the first summand contributes only for n = m + 1 and the second for
n=m-—1,
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Consider now the eighth term in (5.4). We have
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The second of the recursion relations yields

apP, nn+1)
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The first term contributes only for n = m + 2, the second for n = m, and the third
for n = m — 2, from which we obtain
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we can express term eight as
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We can utilize these results to express term nine in (5.4) as
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The results from evaluating the seventh term yield
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Finally, let us consider the specific form of the diffusion term in pitch-angle p,
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Since v is independent of w, we find

: d Zaf X n+1n
/1P @[ 2 i| X(:) _fn/; (Pn 1— uPy)du.

On using the following relation,
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together with the definition
0
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We therefore have the result that
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and since the integral only contributes for n = m, we have
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This completes the evaluation of each of the terms in (5.4).

By gathering the results above together, the complete transformed focused
transport equation (5.4) can now be expressed as an infinite set of partial differential
equations in the coefficients f, of the Legendre polynomials,
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The infinite set of partial differential equations (5.9) is equivalent to the focused
transport equation (5.4) and therefore as challenging to solve. At each order of
the expansion, i.e., the pde for a Legendre coefficient of particular order, it is
clearly seen that the equation possesses coefficients of a higher order. This is
another expression of the closure problem. Closure is typically affected by simply
truncating the Legendre polynomial expansion at a finite number of coefficients.
This procedure is somewhat arbitrary and one formally needs to establish that the
truncation remains sufficiently close to the full solution. This is typically very
difficult in practice, and so is rarely done. An example of the subtleties that can
arise was discussed in Chap. 2, Sect. 2.8, where an even or an odd truncation of
the Legendre polynomial expansion of a simplified Boltzmann equation yielded
fundamentally different solutions, with the even truncation capturing the non-
propagating characteristic solution and the odd truncation missing that particular
mode.

Let us consider the simplest reduction of the set of equations (5.9) by truncating
the infinite set of equations at some arbitrary order with the hope that this does not
introduce any unphysical character into the reduced model. Typically, truncations
are made at the lowest order possible. For the f approximation (i.e. assume f, =
0V n > 2), we have, on setting m = 0,

8f0 afo ¢ aU; dfy afi afi ob; b; DU;

En Ua—x,‘zax,.ac“bxﬁ—mb—c‘ T2

(5.10)
and on setting m = 1 and neglecting all terms with indices having i > 2, we find
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On rearranging the above expression, we obtain

af1 afi 2 oU; afi 2 aU; afy  10U; 3 U,

—— 4+ U= —=chjbj—L——+ -c——"—+-——f1 — =bib; —=

ot + 0x; SC T 9x; dc 5Cax,~ ac 5 0x; Y 57 dx; Y
b; d DU; b; 9

— _yp— DO DUbi o (5.11)

3 0x; Dt 3 dc’

where the fy Legendre coefficients are expressed as source terms in the evaluation
of the next order Legendre coefficients fi. To solve Eq. (5.11) for f; in terms
of the lower order Legendre coefficient f), we make the further assumption that
the zeroth-order coefficient f; is almost isotropic, implying that f; < fy. The
next assumption that we impose is that v = ¢~ ! is large, i.e., rapid scattering
of the charged particles (which is consistent with the assumption that the particle
distribution is nearly isotropic), so that the term vf; ~ O(fy). Subject to these
assumptions, Eq. (5.11) can then be solved, yielding

cb; 3fy ~ DU, b; dfy
N —— = 5.12
A N VRN 612
Suppose first that the background flow possesses no large-scale accelerations or
gradients, i.e., Du; /Dt = 0, so that f] can be expressed as a diffusion term,

_cthi f

fl: 3 ax,-'

(5.13)

For the case that DU; /Dt = 0, use of (5.13) in (5.10) yields
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where we introduced the diffusion coefficient

c*t

K= —.
3

The diffusion term b; kb is a tensor comprising an isotropic part and an anisotropic

part,

k11 00 0 K12 K13 K11 K12 K13
K= 0kn 0O |+ |«xki2 O k23 | = | k12 k22 k23 |,
0 0 «ks3 K13 ko3 0 K13 K23 K33
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where the elements of the tensor are simply «;; = bk, k; ; = bibjk fori # j and
kij = K ;. Use of the diffusion tensor K allows us to express the convective-diffusive
or advective-diffusive transport equation as

afo
En

9
+U. Vfo——V U= f°

=V-(KVf). (5.14)
Subject to the assumptions imposed in deriving Eq. (5.14), this is the standard
form of the transport equation for non-relativistic charged particles experiencing
scattering in a turbulent magnetized medium. The physical content of the transport
equation (5.14) is interesting when considered term-by-term. The second term
shows that the scattered particles that comprise the distribution fy essentially co-
move with the background flow in which the “scatterers” are embedded. The third
term is an energy change term in response to the divergence of the background flow.
This is seen by considering

W gy _go W _lg 2%

1
it 3 dc a3 E‘O’

where £ = In c. The characteristics for this equation are given by

ﬁ(_ ldc) ——lV-U;

dt cdt 3
% = const
dt v

which yields

t
0~ ) =3 [ V-Udr,
3J4
from some initial time 7 to a time #. If U is stationary, then the change in particle
velocity is given by
Inc(t) —Inc(ty) _ —lV U
t—1 3
According as V - U is convergent (< 0) or divergent (> 0), particles will gain or
lose speed c in the flow. For example, if the particle distribution function upstream
of a region of a 1D decelerating flow (dU/dx < 0) is a power law f ~ ¢4, then
the spectrum behind the decelerating flow will be shifted uniformly to the “right” in
which each speed In ¢ increased by an amount proportional to the velocity gradient.
Consequently, the energy of the particle distribution function will increase.
The diffusion term contains much of the physics of the magnetic field structure
as well as the scattering properties of the small scale fluctuating field. As a
consequence, the term K contains much more than simply diffusion. The isotropic
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part of the tensor K describes particle diffusion along (parallel) and perpendicular
to the magnetic field. The anisotropic terms are generally thought to describe the
collective drift of particles due to gradients and curvature in the magnetic field B
and magnitude |B|. However, in a sense shown below, the particle response to the
large-scale magnetic field geometry and gradients is present in all the elements of
the tensor K. This can be seen by expressing

fy b, dfo bi . f
i T 1 = ba (ba +ax,KbJax,

2
Py b 0o b i

= kb dx; dx * Pox; ox; ax;  x /gj'

(5.15)

The first term of (5.15) describes the isotropic and the anisotropic diffusive
propagation of charged particles. The coefficients of dfy/dx; in the second and third
terms of (5.15) are evidently velocity terms that are associated with variations in b;,
i.e., these are drift terms associated either with gradients in B, |B|, or large-scale
curvature of B. Note that

%:V b_V. B __B-V|B|’
0x; |B| |B|2

is non-zero only if |B| varies spatially. This term is therefore related to the variation
in pitch-angle that a single particle experiences as it propagates along a magnetic
field that is converging or diverging. Consequently, the term V - b = L~! defines
the so-called focusing length L, and the collective effect of focusing is therefore
embedded in the “diffusion” term of the transport equation (5.14). The terms
0b;/0x; when i # j include the large-scale curvature in B since

db; 1 dB; B, d[B|
8)(,' h |B| 8)(,' |B|2 8x,~ '

The terms 0b; /0x; also describe gradients in the components of B.

If we now include the DU;/Dt convective derivative that was neglected in
the solution of first-order correction f, i.e., (5.12), the transport equation for fo
becomes

afo U'af() aU; cafo_ d (czrb‘b'afo) d (Cfbb DU; 8f0)

o ' 'dxi dx;3dc  ax \ 3 ax; 3777 Drodc

3)(7,‘

Use of the definition k = ¢?7/3 and the diffusion tensor K allows us to express the
transport equation in the presence of large-scale flow gradients and accelerations as

cife | o (K%%%) —V.KVSf). (5.16)
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The convective transport equation (5.14) and its extensions to relativistic charged
particles is one of the most intensively studied equations in space physics and
astrophysics as it is the basis for almost all work on energetic charged particle
transport, ranging from galactic cosmic rays to solar energetic particles.

5.2 Transport Equation for Relativistic Charged Particles

5.2.1 Derivation of the Focussed Transport Equation

Consider now the extension of the previous two sections to include relativistic
charged particles propagating in a non-relativistic background plasma flow with
infinite conductivity.! It is assumed from the outset that the charged particles expe-
rience resonant scattering due to turbulent fluctuations in the background magnetic
field. The fluctuations have typically been assumed to be magnetohydrodynamic
waves, typically Alfvén waves, which tends to ensure that the scattered particles are
trapped by the waves and stream with them. The waves define a frame of reference,
the “wave frame,” which propagates through the inertial or observer’s (rest) frame
and this is the frame in which the scattering is executed. In general, the wave frame
is non-inertial, since, if we assume that the waves propagate at the local Alfvén
speed V4 and they experience convection at the background plasma flow velocity
U, the wave frame velocity, V4 + U may vary with space and time. This frame as
expressed here also assumes that all the waves propagate uniformly in one direction
which may not be appropriate. To avoid these complications, we shall assume that
the background plasma flow speed sufficiently exceeds the Alfvén speed that we can
neglect V4. This is certainly true in the solar wind where V4 ~ 50 km/s compared
to the solar wind radial flow speed of 350700 km/s.
The collisionless Vlasov equation that is valid for both relativistic and non-
relativistic particles may be written as
d _of af | dp; of
ar P = e e
where f(x,p,?) is the distribution function in the rest frame and dp/dt is the force
on the charged relativistic particle. In the wave frame, scattering of the particles does
not change the momentum or energy of the particles, so we need to transform (5.17)
into the wave frame. The transformations that we need are listed in the footnote.?

0, (5.17)

! As noted earlier, the transport equation was derived by Skilling (1971). His treatment is very brief
and the development given here is guided by an excellent set of notes developed originally by Dr’s
G.M. Webb and J.A. le Roux, to whom I am indebted for sharing them with me.

2We summarize the various Lorentz transformations that are needed in the derivation of the
focussed transport equation. A four-vector has three spatial components and one time component,
(x0, X1, X2,X3) = (x9,x%) = x%, where small Roman superscripts denote spatial coordinates
of the four-vector and Greek superscripts denote all four components. The length of a four-
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We need to derive
d
Wf(x/vp/a ') =0,

where the distribution function and the variables correspond to the wave frame. Nev-
ertheless, we will observe the cosmic rays in the rest or observer’s frame, and this
will therefore introduce a set of mixed coordinates as was done above. Exploiting
the Lorentz invariance of the distribution function, f(x,p.7) = f(x,p’.t’), we
have

vector is x%x* = x} 4+ x7 + x} — x2 = x“x% — xZ, and is invariant between coordinate
systems. The contraction of any two four-vectors is invariant between coordinate systems. The
Lorentz transformation matrix (see Jackson 1975, Sect. 11.7) enables one to transform one tensor
to another. When the Lorentz matrix operates on a four-vector, it yields

xy =y (xo—BxY;

, b b 1
x =x“+ﬂ“(ﬁﬂ—§<y—1)—yxo);y=F_UW; B =/,

where the transformation of the four vector is between reference frames in which the primed
variable has velocity U“ relative to the non-primed variable. ¢ denotes the speed of light. The
corresponding inverse Lorentz matrix can of course be used. Typical four vectors are time-space
(ct,x*) = x%, and the energy and momentum of a particle (E/c, p*) = (mc, p*) = ymy(c, V"),
where my is the rest mass of the particle. Since m is constant, y(c,v*) is a four-vector. Defining
the proper time of a particle t of a particle as dt/dt = y allows the four-velocity to be expressed
as dx®/dt. The various transformations that we need are as follows:

U) , (XU)
s =yli-— )
c

v-U

p=p’+m’U[ = (V—1)+y];
v-U , v-U
(1— o )VV =V+U[7()’—1)—V:|§

/. /.
(1+V U)yv:v’—i—U[v U(y—l)—i—y];

c? c?

X/

t=y<t’+

c2

, E-U
E =V(E+U><B)+(1—V)7U;

B-U
U.
2

1
B’=y(B—cf2UXE) +(1=y)
Note that if |U| /¢ < 1,
y = (=0 =14 U/2e),

so that y =~ 1 is valid to the first order in U /c.



206 5 Charged Particle Transport in a Collisionless Magnetized Plasma

dr

=0.
dt’

d

— f(x,p,t

T fxp.1)
The Lorentz transformation for time between the observer and wave frames yields
to first-order in |U|/c

x-U

~ 4!
t>~t + 2

Consequently, we have

dt ".U .U\ d
:(1+v2):>(1+v )—f(x,p,t):O.
c dt

dt’ c?

We now need to introduce a transformation so that the particle momentum is
measured in the wave frame. This requires that the various partial derivatives in
the Vlasov equation are transformed from the observer’s frame to the wave frame
ie., (x,p,t) = (x,p’, ). This requires the use of the inverse Lorentz transformation
for particle momentum (Footnote), which to first order in |U|/c yields y ~ 1 and

p/ — p _mlU,

where m’ = y'mo and y' = 1/+4/1 —v'?/c? for the relativistic particle in the
observer’s frame. Considering the time derivative yields

d a dp, 9 0 0
S= o D = g S (')

ot 9t ot dp,  at ot

3 9 U d

= m .
dp; ot ot dp!
The spatial derivative transforms as

d a3 ;9 d LU, 3
= = m — .
dx; ap;

ax;  Ox; B_xiap_’j T dx;

Finally, instead of the inverse transform, we use p’ = p — mU to obtain

3 9p; 9 d ( v)) 9 d dm 3
Lo (g —mUy) o =6y — U O
i i opi apy  Yap, T apiap)

Introducing the basis vector for spherical coordinates allows us to express

om . 0m
o = €pin
api ! ap

and since

—-1/2 —1/2 1/2
m=ymy = my l—v—2 =mo|1— p2 =m=|(1+ p2 ,
c? m2c? mic?
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we have
dm _ _p_
dp  mc?
We then obtain
d 0 vU; 0

W e
On retaining only terms of O(U/c), we obtain
v .U\ of v .U\ [of ou; of
1 =1 oL
(+cz)8t (+c2)(az marap;)

AT 3]
2 ) ot at dp!

12

Consider now the convective term, (1 +v- U/cz) v;df/0x;. To the first order in
U/c, using the Lorentz transformation for the velocity, and y >~ 1 gives
vV +U
V= ———.
1+Vv-U/c?

This then yields
v-U vi +U; af aU; of af
1 i o2 = (W U)) =—
( + c? ) 1+v-U/c? (f)xi " dx; p]; (v + )Bx,-
aU; of
—m' (V. + U;) —L .
) S

Consider now the momentum change term (1 +v. U/Cz) (dp:/dt)af/op;. We
assume that the momentum change is due to electromagnetic fields only. Thus, we
have the Lorentz force

dp;
d_pt = q (Ei + &ijxv; Bi) .

where g is the particle charge, B the external magnetic field, E the electric field, and
&ijk 1s the Levi-Civita tensor. The first order Lorentz transformation for E is simply

E~E+UxB<+=E~E —-UxB,
which yields

dp; ,
d_pz =q (E] +&jx(vj = Uj)By).
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To address the transformation of the velocity, the Lorentz transformation yields y ~
1 and

at O(U/v), from which we find

dp; , v-U ,
I =q|E +|1- e EijijBk ,
so that

v .U\ dp; of v -U\ _,df
1 —_— = 1 E—
(+ Cz)dtf?pi q(+ 62) "opi

v.U v-U af
1 1= —— ) erjt; Be .
co(107) (1= )iy

The Lorentz transformation for time and its inverse yield

dt’_ 1 v-U\ dt l_i_v’-U
ar 7 2 ) oar 7 c2 )’

from which we obtain
) v-U v-U)
y (1 - Cz ) (1 + C2 ) B 1’

v-U v-U
(1_ . )(1+ S )=1
in the limit U/c < 1. We may therefore derive

v .U dp,' 8f v .U , ’ V,'U/‘ af
14+ —— ) =L 1 El + eV B | [ 68 — —=L .
( e )dr op; q[( e ) e N ar=ay

Now consider the Lorentz transformation of the magnetic field. To first order, we
have

or

1
B =B- —2U x E,
c
but since E = —U x B, B’ = B + U x (U x B)/c?, this implies that

B’ =B,
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at this order. This, together with

dp]
d—tl =q (El/ + 8,-jkv/]-B,’c) .

allows us to write
dpl 8f \4 -U ’ ,'Uj af dp{ Vl‘Uj 3f
1 E |8 —— + L6 — —.
( + c? ) dt op; —1 ( ¢z ) op} + dr 'Y ¢z ) dp}

Consider the term ge;;xv'; By (v;U; / c2)of/ dp’;. The first order velocity transforma-
tion yields

vV +U
14V U/eY
so that
/ /Vin 8f _ q ’ /V,‘+Ui 8f
qgijijBkTW = l_i_v/—.U/cZé‘ijkv/Bkl—ZUj@
N q 1 af
= Trv v B,y
q 1 of
=—— = (VxB)-vVU; = =0,
1+v-U/c?c ap’.

J

after neglecting the U;U;/c* term in the second line. The term q(V/
U/c?)Elv; (U; /cz)af/ap} is O ((U/c)z) and so is neglected. We therefore obtain

dpi 3f ‘U _,  dp;|of
1 E’ LI
() T =l E Ty

where

dpl

o = (Bl + e B).

On combining the results above, we obtain the Vlasov equation in mixed coordi-
nates,

af / \4 ,9f
.V A
( )a +(V+U)-Vf +gq  Eigy
—\|m —_ —_— _— = 5 .
ar  ax; ) T Piax; T ar | o)
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with f(x, p, t). However, since the coordinates (X, p’, f) are in the mixed coordinate
system, we need to introduce the transformation f(x,p,?) +— f’(x,p’,t). Recall
that

fx,p.t)d’xd’p = f'(x,p/,t)d*}'d>p,
and that d3x = yd>3x’. Consider the transformation of the volume element in
momentum space. On using p = p’ + m'U, dm’/dp = p/(m’c?), and dp/dp; =
pi/p, we have
d3p = dpxdpydpz

p/ p/ p/
_ / ’ / / / /
_ rar g p,/ U P; Uy pQUZ
- dpxdpydpz (1 + ’1,:/62) <] + m/CZ 1 + mxcz

/. U U2
= dpldp)dp)! (1 + p7) 4o (—)

m’ c2

v-U
~ rgr g
~ dp,dp,dp, (1 + 2 ) .
Thus, we have the transformation

S, p' 1)

TSR VY

which to first order in U/c, y ~ 1 yields

', p' 1)

Trv-ojey =~/ P

fxp,1) =

On setting f(x,p,t) = f”(x,p’,t) in (5.18), we have the final form of the
transformed equation,

V/-U 8f” V/-U af//
1 -~ / v /
(+ 62)8t+(V+U) R
U U U ar a
_ [ B U, — r__t F_/ A 0. 519
|:m(31 + jaxj)+pfax_,]3pl(+apl{(zf) (5.19)
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Fig. 5.1 The coordinates for
a particle gyrating about a
mean magnetic field B
oriented along the z-axis. The
particle momentum is given
by the vector p, the
pitch-angle by 6, and the
gyrophase by ¢. The
directional vector

b=B/|B| =e

€3

€

€

In deriving (5.19), we used
d (dp; 0 8v’j
a—pl{ (E) = a—pl/ (qsijkv_’/ Bé) = qsl‘jka—pl{B];

d
_ N YN A YA
= qe,jkBkepi o (epjv)

/
. . I I . /
= qEijk€ ey, o B,

/ / I
4q€pi (E’Jkepj By) m'y’?

= mz/’z €, - (e:U X B’) =0.

Just as we did in the derivation of the focussed transport equation for non-
relativistic particles, we shall assume that the particle distribution function is nearly
gyrotropic, making f(x,v,t) ~ f(x,v,u,t) where the particle pitch angle is
i = cos 6 as before. For the sake of notational convenience, we henceforth drop
the “prime” on the variables and distribution function. The averaging procedure
proceeds in much the same way as before. For completeness, we provide some of
the details in the derivation although using a slightly more general notation. The
local geometry of a charged particle gyrating about the mean magnetic field B is
illustrated in Fig. 5.1. The coordinates (x1, X3, x3) refer to a magnetic field system
and e3 = b = B/|B|. Since the magnetic field is not assumed to be uniform, the
unit vectors (e, e, e3 = b) are functions of x. As before, i = cos =e, -b.

Recall that the momentum can be expressed in spherical coordinates as

af af 1af 1 af

ap e”% +e9;£ e¢psin9ﬁ
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where
p = p (sin 6 cos ¢e; + sin 0 sin pe, + cos 6b) ;

0
e, = i = sin 0 cos ¢e; + sin O sin e, + cos Ob;

10
ey = -~ _ cos 6 cos ¢e; + cos 8 sin ¢pe; — sin Ob;
p 00
e L dp in ¢e; + cos ge
= — = —sin cos ¢e;.
¢ psinf d¢p ! z

As before, we require the following integrals,

1 2w
(ep) = E/o e,d¢ = cos Ob;
1 2 1. ) 5
(epe,) = 7 epepd¢ = 5 sin” 6 [I—bb] + cos™ 6bb,
0

after using (cos? ¢) = (sin®¢) = 1/2.
Consider the time derivative

af _of N du df
a ot dr du
af 9

=§+5(e,,-b)

i _of
ou ot

after using b; 0b; /0t = 0 as before. Evidently, (df/dt) = df/dt. Now,

me2| ot 2w )y me? | ot e”?@
u 1 (7 of U ob;, 1 (7 of
=t __ c——d S e A e, —d
mc? 2w Jo P ot o+ mc? ot 2w J, Pi€pi o ¢

vuaf 1 (¥ Ui db; of 1 [*
= p— f—/o epid¢+ p——j—f—/(; ep,-epjdq&

mc? 3t 2 mc? 3t du 2w
P af  pUidb; of [1 ., ,
= WUzsz‘FﬁW@ ESII’I Q(Sij—bibj)—i—cos ebibj

w(Ub)%—i— 1v(1 —pu?) (U 8b)%
a2 c

c \c ¢ o)
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On considering the convective term,

or _or o
ax;  Ox; Pl 3 x; a,u

we derive the gyrophase averaged expression

i\ 3f f | paf b; of p db; of
Ui — ) )= U,'— _—— i [Jl_ ,
<( " ) 3xi> ox;  mox; (epi + 9x;i 3H«< i)+ m 9% 8;L(8p epj)
_ af 1 ab; df
= (Ui +vub;) B_x, 3 v(l — )ax, S
On expressing
of _ opof Lo du df
dpi  opidp  Api dp
af af
= ep,'% + E(epjbj)@
0 0 N\ 9
zepi_f+bj— & _f
ap api o
of b, ap\ 9
= ep,»—f + - (81'/' — P_j_P) f
p p p pi ) o
af af
:epl ap /(81] ePier)ﬁv
we may consider
dU ai dU; 8f< Y dU; bfguaf dU; b, 3f( )
dt 8]7, —m PT a €pi m-—— a1 ij 3M m— i » 8 epj
= dUiy 0\ dUi, Of
= ey R T
We can similarly evaluate
aU; 8f 1 ) aU; 1 ) 8f
LE T (1= p?)m—+ z(Bu* — 1)b;b;
< P, 8pi> p[z( o 20w =D i|3p
oU; aU; 3f
1—pu? b '
+ 5 ( )[ —3b;b; 8)@} Ko

Finally,
W ¢ of b ]
—(P B)- i  (PxB): [epg + (;—,uep) @] =0,

since (p xB)-b =0and (pxB)-e, =0.



214 5 Charged Particle Transport in a Collisionless Magnetized Plasma

On combining the results above, we obtain the focussed transport equation or,
equivalently, the Boltzmann equation for a gyrotropic particle distribution,

14 EUPN Y G vy - — v (U Y vy
2 c\ec o

c ¢ dt

dU f um (dU

-(1— PV U+ - (3u — 1)bb : VU} ?ai (%) . (5.20)

The righthand term is the scattering term, due charged particles scattering in pitch-
angle due to the stochastically fluctuating magnetic field. Certainly for parallel
propagation, the scattering fluctuations are typically assumed to be Alfvén waves.
The scattering of charged particles conserves particle energy in the wave frame. In
the transformation from the observer’s frame (the rest frame) to the wave frame,
the macroscopic electric fields are transformed away by the background velocity
U because the plasma is infinitely conductive. Electric fields associated with the
waves disappear in a frame moving with the waves. In the absence of electric
fields, charged particles can only experience scattering in pitch angle. Energy is
not, however, conserved in the observer’s frame.

On assuming that dU/dt = 0 and neglecting terms O(U/c), we recover the
usual form of the focussed transport equation,

1—3u2 1
%+(U+wb)-w+[ M(bb:VU)——(l—uz)V-U}p%
at 2 ap

2
+1 [V b+ uV - U= 3ubb : VU] - af (‘;—J:) . (5.21)

The focussed transport equation (5.21) can be reduced to the convective-diffusive
equation if the distribution function f(x, p, u,t) ~ f(x, p,t) i.e., if the scattering
experienced by the particle is sufficiently strong that the distribution is nearly

isotropic. The analysis of Sect.2 carries over directly with “c” being replaced by
“p”, and the general convective-diffusive transport equation is given by
a 0
Vo ivvr-Pyu¥ _vkvy. (5.22)
ot 3 ap

This is the standard form of the transport equation for relativistic charged particles
experiencing scattering in a non-relativistic turbulent plasma.
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Exercises

1. Derive the following averaging relations:

1 2w
(e,) = E/o e,d¢ = cos Ob;
1 2 1 )
(epe,) = E/o e e,dd = 5 sin® 6 [I — bb] + cos® 6bb.

2. Complete the derivation of

2

piy 9f 1
(U 2) 32 ) = -t vy 97 4 5001 = 0 b

i

3. Show that
(ep/b ) = p( ij —€pi€pj)-

4. Complete the derivation of

ou; of 1 20U 1 E of
< P > p[z(l M)ax,» + 56w = Dbib; o i|3p
IU; BU,} af

+ - (1— 2)[——319,-;;,W 9
J

5.3 The Magnetic Correlation Tensor

As will be discussed in detail below, the magnetic correlation tensor plays a central
role in determining the transport properties of particles experiencing pitch-angle
scattering by turbulent magnetic field fluctuations. A very detailed discussion of
different forms of the magnetic correlation tensor has been presented by Shalchi
(2009).> The general form of the two-point, two-time magnetic correlation tensor
has the form

Rij(r,1,7,,10) = (8B;(r,1),8B; (X', 19)).

where r’ denotes a different spatial location and (-) an ensemble average. It is
convenient to consider the correlation tensor using a Fourier representation

3See also Tautz and Lerche (2011).
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§Bi(r,t) = / 8B;(k, t)e’*"d>k,
from which we find
Rij(r, 1,7, 10) = / d’k / A3k (8B;(k, 1)5B; (K, 19)) ' *rHK' T, (5.23)

As is typically assumed, we suppose that the magnetic turbulence is homogeneous,
so that the correlation function depends only on the separation |r — 1’| between two
points. Then we can express (§B; (k, 1), 8B; (K, 1)) as (§B; (k,1),5B; (K, 1)) §(k +
k'), which allows us to integrate (5.23) as

R = / d*k (8Bi (k, 1), 8B (—k, 10)) e’ ™).
From the definition of the Fourier transform, §B; (—k) = (SB/’f (k) where * denotes
the complex conjugate. This allows us to introduce the usual definition of the
correlation tensor,

Py (k. 1,10) = (8B; (k. 8B (k. 10))

and the correlation tensor Pj;(k,?,%) is expressed in wave number space. The
correlation tensor (5.23) then reduces to

Rij(r,t,v' 1)) = /dSkPij(k,t,l‘o)eik-(r—r’).

On setting ) = 0 and r’ = 0, we have
Pij(k,t) = (8B; (k,1)$B; (k, 0)),
with

Rij(r,1) = /d3kP,-j(k,t)e“"r. (5.24)

Although we restrict ourselves to stationary turbulence, we note that the inclusion of
temporal effects in the correlation tensor is typically accomplished by assuming that
the correlation tensor has a separable form in the spatial and temporal components,

Pijk,t) = Pk 0)I"(k,1),

where I'(k,?) is a dynamical correlation function and P;;(k,0) = P;;(k) is the
magnetostatic correlation tensor.



5.3 The Magnetic Correlation Tensor 217

For completeness, we first consider isotropic turbulence. The general form of an
isotropic rank-2 tensor is*

Pij(k) = A(k)8;; + B(k)kik; + C(k) Zsijkkk~
3

Recall that &;;; is the Levi-Civita or unit alternating tensor and has values &;;; = 0
ifany of i, j, and k are repeated, €;jx = 41 or —1 when i, j, and k are all different
and in cyclic or acyclic order respectively.

Since V- 6B = 0,

> ki8B; (k) =0,
which yields
> (ki8Bik;8BY) = kik; Py = 0.
i,j i,j

If we substitute the general form P;; of an isotropic rank-2 tensor, it therefore
follows immediately that for magnetic turbulence

0= A(k) > kik;8;j + B(k) > _kk; + C(k) > eijikik ki
i.j ij ij.k

= A(k)k* + B(k)k*,

and hence that

A(k)

Bk) = ——5-.

The general form of the magnetic isotropic tensor is therefore

kik;
Py = a0 (8, = S ) + €00 Ve
k

Since

P (k) = (SB,-SB;‘) = (8B6B;)* = (6B;6B)* = P;(k),

4Batchelor (1953)
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we have

* * kkl *
P} = A*(k) (3,»,- - #) +C*(k) Y ejiki
k

Kk \
— A*() (&,- - k—;) —Ct )Y ek
k

kik;
= Pij(k) = A(k) (55_/ - k—zj) + C(k) Zsijkkk,
X

after using €;;x = —e&;jx. We therefore have A(k) = A*(k), i.e., A(k) is real, and
C(k) = —C*(k), implying that C (k) is imaginary. Quite generally, we can express

C(k) = iA(k)%,

to obtain
kik; . ki
Pi; (k) = A(k) [5,, - +iok) Xk:&jk7} , (5.25)

where A(k) and o(k) are real, and o(k) is known as the magnetic helicity.
Appropriate models for A(k) and o (k) must be given.

Let us reconsider now the correlation tensor in the presence of magnetic
turbulence that is axisymmetric with respect to a preferred direction; typically the
z-axis along which the uniform mean magnetic field is assumed to be oriented. In
this case, it can be shown (not done here, see Matthaeus and Smith (1981)) that the
isotropic form of the correlation tensor also holds for axisymmetric turbulence,

kik; . k
Pii(k) = A(ky. k1) [5,,- — k—; +io(ky, k1) Zs,-jkf} .
k

In most applications to cosmic ray or energetic particle transport, the magnetic
helicity term is neglected, as is the parallel component of the turbulent magnetic
field 8 B;. In this case, the correlation tensor reduces to
kik;
Pii(k) = A(ky, k1) [5,-_,- — k—;} , (5.26)
wherei, j = x,yand P;; =0 = P,;.
To complete the correlation tensor for use in a transport equation describing par-

ticle scattering in a turbulent magnetic field, we need to specify both the geometry
of the magnetic turbulence and the spectrum of the magnetic field fluctuations. This



5.3 The Magnetic Correlation Tensor 219

will allow us to model the function A(ky, k). Three possible geometries, besides
the isotropic case discussed already, are possible in the interplanetary (and possibly
interstellar) environment. The first is the slab model, which is a one-dimensional
model in that the turbulent magnetic field depends only on the z-coordinate

(SBinab (I') — SBinab(Z),
allowing us to express the function

Aslab(k” kJ_) _ gslab(k )S(kl)

For the slab model, the wave vectors are parallel to the mean magnetic field, i.e.,
k || Bo.

Alternatively, we can consider a 2D or perpendicular turbulence model in which
the turbulent field is a function of the perpendicular coordinates (x, y) only, i.e.,

§B2P (r) = 8B (x. y).

so that

In this case, the wave vectors are orthogonal to the mean magnetic field, k L By,
and therefore lie in a 2D plane perpendicular to the mean field.

Finally, one can construct a two-component model that corresponds to a superpo-
sition of the slab and 2D models. This model is quasi-3D and

8B (r) = 8B (x,y) + 8B (2).
Because we have
(8B} (8B (x.)) =
the correlation tensor has the form
P (k) = P (k) + P3P (k).

In addition to the underlying geometry of the assumed interplanetary or inter-
stellar turbulence, we need to specify the wave number dependence of A(k), kL),
i.e., the wave number spectrum. For the slab model, this requires that we prescribe
1% (k) and similarly g2? (k) for the 2D model. A typical spectrum observed in
the solar wind has three distinct regions: (i) an energy containing range at small
wave numbers (i.e., large scales), and is typically of the form k~!. The energy
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Fig. 5.2 Schematic of the A
wave number spectrum Spect‘r al
observed typically in the solar density
wind, illustrating the energy
containing range, the inertial

k—1

k-5/3

range, and the dissipation Energ.y. | L
range. The bendover scale containing ; Dissipation
£~ " and the dissipation scale range | Inertial range N\ "ange

kg are identified

E;le b2 p) = energy range of the spectrum, depending on whether the turbulence
is of the slab or 2D kind. (ii) At larger wave number scales, energy in turbulent
fluctuations is transferred locally from larger to smaller scales in a self-similar
manner. This part of the spectrum is called the inertial range and typically has the
form k~>/3, which is the Kolmogorov form of the spectrum.’ For the inertial range,
we introduce a dissipation wave number kg 45/2p and defined the spectrum by
g”“”/ZD(ES_,}lb/ZD < ksiab2p < kasiabj2p) = inertial range of the spectrum. (iii)
Finally, for large wave numbers or small scales, the turbulence loses energy through
dissipation, and so this part of the spectrum is called the dissipation range, and is
much steeper than the rest of the spectrum, typically k3. The dissipation range may
be defined as g”“”/ 2D (ka.s1ap 2D = ksiap s2p) = dissipation range of the spectrum
(see Fig. 5.2 for a schematic illustration and Fig. 5.3 for several examples observed
in the solar wind).

In most studies of energetic particle transport, the dissipation range plays very
little role and is therefore neglected typically. The energy and inertial ranges are
however critical in determining particle transport properties and a useful analytic
form of the wave number spectrum for magnetic (and other) fluctuations is

g k)~ (1+ k,-zﬁiz)_v, i = slab or 2D.

range is defined by a bendover or turnover scale such that g¥'**/2P (k. 2D =

This form of the spectrum contains both the energy range (modeled as a constant)
and an inertial range with slope k2" defined by a bendover scale ¢;.

An important quantity used to characterize turbulence and closely related to the
bendover scale is the correlation length, defined by the following integral,

Lo (8B2) = /Ooo Rj; (r,0)dr;.

The correlation length represents the characteristic length scale for the spatial
decorrelation of turbulence. Hence, £, ;; SBJZ is simply the area under the correlation
function R;;. Clearly, the correlation length depends intimately on the nature of the
turbulence and wave number spectrum through the correlation function.

5Kolmogorov (1941).
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Fig. 5.3 Example of spectra upstream and downstream of a perpendicular interplanetary shock
wave (Zank et al. 2006)

Consider now the correlation function for slab turbulence, assuming that
I'(r,t) = 1, i.e., magnetostatic turbulence. Turbulent magnetic fluctuations vary
only along the direction of the mean magnetic field z, so

R} = (3B (2)8B} (0)),
assuming z(0) = 0 because of homogeneous turbulence. On using the form of the

axisymmetric magnetic correlation tensor, and the results from the geometric form
of A(k” s kJ_), we find
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Py = & (5 - )

k2
8
— vlab(kl) ( J.) 1] lfl,] =x,y,

and P;; = 0 = P;. If we assume the general form of the turbulence spectrum
above, we can express g*/? as

(v)

&1 ky) = S o (8B2) (14 K32 ) (5.27)

where the normalization constant has to be determined. Thus, using cylindrical
coordinates k, = kj cos0, k, = k) sin, k, = k| to express the wave vector,
we find

(8B245) = (8B2) + (8B2) = Rex(0) + Ry, (0) = / A’k [Pox () + Py (k)]

—2/2”/ / flab(k) )kJ_dekJ_dk”

= 8x / g (k) d k.
0
On using (5.27), we find

C ') =4 “ree ) dk
v slab A [|*slab Il

o0
= 2/ 721 — 1)V,
0

after using the change of variables t = kﬁﬁ?l - This integral is the beta function

(related to the gamma function I"(x)) defined by B(x, y) = fooo V(10 tdt,
1

x>0,y >0,and B(x,y) = I'(x)I"(y)/I"(x+y). Thus, setting x = %,y =v—3
yields
1 r'(v)

CO) = mTw-1/2)

since I'(1/2) = /7.

The slab correlation function can now be calculated using (5.24)
R (2) = (8B, (2)5B*(0)) = / A3k P cos(ky2)
oo
= 47r/ g1 (ky) cos(kyz)d k|
0

=2C(v) (8B}, / (1 + x?)™" cos(ax)dx,
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where x = k{54 and a = z/{45. The last integral is of a standard tabulated form

00 1/2—v
/0 (1 + x?) 7" cos(ax)dx = I:/(f) (2) K,—1/2(a),

where Kg(z) is the modified Bessel function of imaginary argument. The perpen-
dicular correlation function R} = R, + R, can therefore be expressed as

1/2—v
Rslub — 2((SBszlab> 2651(1’7 / K “12
L rov-1/2)\ : '

) . (5.28)

gslab

Shalchi provides two useful asymptotic forms® for the slab correlation function in
the limits z < €45 and z > L4, respectively

1 250\ "
KV—1/2(Z < Eslab) ~ EF(U — 1/2) ( ;lab) ’

= R(z < Lyw) = (B2,,) ifv>1/2;

7l B
K120z > Lyap) ~ ,/%e o/stap

20 1—v
= R < lawp) = % (533,4,,)( ;fab) o=/ btab

The bendover scale £y, is the characteristic length scale for the spatial decorre-
lation of the turbulence for the exponentially decaying correlation function in the
limit z > £g4p.

The slab correlation length can also be computed, and this illustrates the
relationship between £, ;.5 and the bendover scale length £y;,;. Recall from the
definition of £. g4p

00
ec,slab (8352],117) = /(; Rﬁab(z)dz
[ele) 00 )
= 27‘[/ dk||gSlab(k||)/ dZelk”Z
—00 —00

= (27)? /_ dkyg*' (k)8 (ky)

= (27)*g"“"(0) = 2 C(V)ly1ap (B2 1) -

6Useful limits of these and many other related functions are tabulated in Abramowitz and Stegun
(1974). For this case, A. Shalchi used the formulae (9.6.9) and (9.7.2).



224 5 Charged Particle Transport in a Collisionless Magnetized Plasma

since [ dze'*1* = 27§(ky). Thus the slab correlation length and the bendover scale
are related via

Ec,slab = Z”C(V)Eslabv

which if we assume a Kolmogorov power law for the inertial range, v = 5/6, we
have C(5/6) = 0.1188 and hence £ 555 = 0.75€514p-

The 2D magnetostatic correlation function is a little more laborious to compute.
Since §B;(r) = 6B;(x, y), the 2D correlation tensor is given by

RP (x.y) = (8B;(x.y)8B;(0,0)),

or
Rec(x,y) = /d-’?kpxx(k)eikr _ /d3kPxx(k)eikxx+ikyy’
and we have
PP = U0 Y (5~ 55 ifi =y,

or =0 ifiorj =z

For the wave spectrum, we assume the same normalized form as for the slab case
except that we introduce the 2D counterparts £, and (§B3,),

-V

gl (k1) =

) o (5B30) (1 + KL35)

On introducing cylindrical coordinates for the wave vector and position

ky =kicos¥, ky,=kisiny;

x=rcos®, y=rsind,

we find
m S(k k?
R?D(x,y) = / / / 2P (k) ( ”)< L cos -1/) Tk dwdk, dky
00 2
:/ ko_gzD(kJ_)/ dlI/sinzlI/exp[ikLr(coschoslI/—Fsind)sinlI/)]
0 0

00 2
= / ko_gzD(kJ_)/ dW sin® Wexp[ik | r cos(® — ¥)].
0 0
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A standard simplification of these integrals makes use of a series expansion in terms
of Bessel functions,

00
txsma_ Z Jn(x)elna eixcosoz: Z Jn(x)ein(()l—|—:r/2)7

n=—0oo n=—0o0

which allows us to obtain

2
R (x,y) = / dkyg®P (k1) Z Jn (kJ_r) AW sin® We " oin(@+7/2)

n=—oo

The corresponding expression for R, is given by

RZD(x y) = / dkg*P (k1) Z Jn (klr)/ dW cos® We ¥ i n(@F7/2)

n=—0o0

meaning that

R (x.y) = / dk1g®” (k1) Z Ju(kLr) / dWwe=in¥ pin(@+m/2)

n=—0oo

Since

2 )

/ dwer ™ =278,
0
the 2D perpendicular correlation function reduces to
o0
R () =2 [ dkoig?® (es) ok,
0
which can be further expressed as (using as before x =k ¢,p anda = r/{,p)
o0
RP(r) = 4C(v) (8B3)) / (1 + x>V Jy(ax)dx. (5.29)
0

As before, it is instructive to consider the limits @ = 0 and a — oo. The former
limit yields (Jy(0) = 1)

/ oo(1 +x%)Vdx = (4C(v))~' = R (r = 0) = (§B3,).
0
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The latter limit yields (f;~ Jo(y)dy = 1)

o0 (] 2\ 7V
[Taser @i = ¢ [T (142) ao
0 0 a

a

[

1 o0 1
—/.mw@=—;
a Jo

a

¢
= R’ (r > lp) = 4C(v) (8B3)) %

Note that the spatial decorrelation length for the turbulence is determined by the 2D
bendover scale £,p. Notice too that although the same forms of the wave number
spectrum were used for both the slab and 2D cases, the correlation functions are
nonetheless different, with the 2D correlation function decaying more slowly with
increasing distance compared to the slab case (which falls off exponentially).

As before, we can relate the 2D correlation length £, ,p to the bendover scale
£,p. In this case, we need to introduce a minimum wave number, X,,;, = €2p/Lop,
to avoid a divergent integral,

1 o0
torp = —— [ Ri(d
2D (5322D)/0 1(r)dr

oo

= 4C(v) dx(1 4 x?)™" /OO drJy (Zx_r)

Xmin 0 2D

= 4C(v)tap /"" d_x(l +x%)7

Xmin

1 d 00
~ 4C(v)lap (/ TX +/ xz"ldx)
Xmin 1

1 L
~ 4C(v)lap (— +1n ﬂ) .
2v

The wave spectrum used here is normalized correctly only if L,p > £;,p, and in
the limit of an infinitely large box, L,p — o0, the correlation length is infinite.

5.4 Quasi-linear Transport Theory of Charged Particle
Transport: Derivation of the Scattering Tensor

We have so far prescribed a very simple diffusion in pitch-angle expression to
describe the scattering of particles by in situ magnetic fluctuations. In this and the
next section, we derive expressions that describe the scattering of energetic particles
in low-frequency magnetic turbulence.
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Since we consider particles that can have high energies, we begin with the
momentum form of the Vlasov or collisionless Boltzmann equation

i PXB).%_

+ 2 vrag(E+ 22 =0, (5.30)
ot m m ap

for particles of mass m and charge g. Following le Roux et al. (2004)” we use a
quasi-linear approach to derive a Fokker-Planck kinetic transport equation for the
diffusion of charged particles experiencing scattering in pitch-angle and momentum
space due to the presence of Alfvénic/slab and quasi-2D turbulence in the solar
wind. Quasi-linear theory proceeds essentially by assuming that charged particle
gyro-orbits are only weakly perturbed by electromagnetic fluctuations. Typically,
there are three ways to proceed. One can proceed from the formalism discussed
in the derivation of the Fokker-Planck equation from the Chapman-Kolmogorov
equation, assuming a Markovian process, and evaluate the diffusion coefficients
directly. A second approach, which we follow here, is to directly expand Eq. (5.30)
to determine the diffusion coefficients. A third approach is to work directly from
the Newton-Lorentz equations for particle motion in a fluctuating electromagnetic
field and directly compute momentum and spatial diffusion coefficients from the
Taylor-Green-Kubo (TGK) forms,®

D) = /0 di (i)

D) = /0 4t (v (), (1)),

where p is the cosine of the particle pitch angle and v is the particle velocity.

Several assumptions are made explicitly to ensure the validity of the quasi-
linear approximation. The first is that the electromagnetic fluctuations are of small
amplitude. This ensures that particles follow approximately undisturbed helical
orbits on a particle correlation time 7”7, which is the characteristic time for a
particle to gyrate on an undisturbed trajectory before being disturbed by incoherent
or random fluctuations. This obviously means that the particle correlation time is
much less than the characteristic time scale for particle pitch-angle scattering 7,
ie., © < 7. The time scale over which particle orbits are significantly distorted
by pitch-angle scattering is therefore much longer than the particle correlation time
scale on which a coherent helical orbit is maintained.

In Eq.(5.30), we may expand the electromagnetic fields, E and B, the flow
velocity u, and the distribution f into mean and fluctuating parts using a mean field
decomposition, i.e., a field or scalar Q is may be decomposed as Q@ = Q¢ + 6Q

7See also le Roux and Webb (2007).
8See Shalchi (2009) for a general discussion of this approach.
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such that the ensemble average (Q) = Qg and (§Q) = 0. It does not necessarily
follow that §Q < Q, although in quasi-linear theory, this assumption is made to
eliminate second-order and higher correlations. Hence,

E = E, + JE,
B =B, + 4B,

SE) = 0;
SB) = 0;
u=uy+déu, (fu)=0;
f=rfo+df. (8f)=0.

The fields are assumed to vary smoothly on the large scale L, and randomly varying
fluctuations occur on the smaller correlation length scale £, <« L. The power
spectrum of fluctuations ranges from scales on the order of the correlation length to
smaller than the particle gyroradius r,. In the analysis here, we assume an infinitely
extended wave number power spectrum for simplicity, rather than include the details
of the dissipation range part of the spectrum. The total electric field, in the MHD
approximation, is

—_

E=—-uxB,

where u and B are measured in the observer’s frame. Applying the small amplitude
assumption to the mean field decomposition of the electric field E yields

Ey = —uyxBy, and J6E = —uy x 5B — du x By,

after neglecting quadratically small terms (Su < uy, and 6B < By). We will neglect
the induced turbulent electric field SE (although see le Roux et al. for the case where
this term is retained). We will make the assumption that the particle distribution is
co-moving with the background plasma frame, so that the mean motional electric
field term is zero, Eq = 0.

The mean field decomposition above is substituted into the collisionless Boltz-
mann equation (5.30). The ensemble averaged form of this equation is then
subtracted from the full, unaveraged transport equation (5.30), yielding a transport
equation for the rapidly fluctuating variable §f. This equation contains the differ-
ences of second-order terms and their corresponding ensemble averages. Since we
assume from the outset that §f < fp, 6B < By, the quadratic terms are small and
can be neglected (Exercise). The linearized equation for the correction §f is

ad ) )
Dsr+ R ovsr ). 0L = X

.1

where 2 = ¢By/m is the particle gyrofrequency. The corresponding mean-field
equation for the distribution function fj is given by

0 a
ﬁ+2.vf0+(pxg)._0=_q<
m p

(5.32)

p x38B d5f
ot '

m ap
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where the right-hand nonlinear term describes the perturbing effect of the fluctuating
magnetic field on the scattered particle distribution. As we illustrate below, this term
introduces a diffusion coefficient in pitch-angle space. The closure of (5.32) can be
affected by solving the quasi-linear equation (5.31) for §f, and then evaluating the
ensemble-averaged term in (5.32).

Consider a homogeneous, infinitely extended plasma system with Cartesian
coordinates (x, y, z) with the z-axis aligned with the mean magnetic field By = Byz.
Since the turbulence is comprised of slab turbulence with wave vectors along
the mean magnetic field and 2D turbulence with fluctuations and wave vectors
transverse to By, we have

§B(x.y.2) = 8By (x,y)X + 8By (x. y)y + 8B+ ()X + 8B, (2)¥.

where the 2D component §By/, (x, y) describes the magnetic field fluctuations that
convect with the background flow. The second set of terms 6B/, (z) comprises the
slab or Alfvénic component. For notational convenience, we express magnetic field
variations as 6B/, and this includes both the slab and 2D components.

The Cartesian form of the momentum coordinates p = (px, p,, p;) in the
mean-field aligned co-moving coordinate system (p, is along the mean-field
direction) can be expressed in terms of spherical coordinates, so that p =
p(sin 6 cos ¢, sin 0 sin ¢, cos 0), where p is the particle momentum magnitude, 6
the particle pitch-angle, and ¢ the particle phase angle. Consider the right-hand side
of (5.31),

(px0B) -V, fo = p(8B;sinfsing — 8B, cos 8, 6B, cos — 3B, sin6 cos ¢,
8B, sinfl cos¢p — 8B, sinfsing) -V, fy

0 a
= @B 4 (px 5B), 0 4 (px5). L
0px Py ap.
On using the results,
a 0 10 i 0
P = sm@cos¢—p + cos@cosq&—@ — ;:;:SQ %;
ad d 1 d cos¢ 0
— =sinf 0 —= — 5.33
o = sin s1n¢ o + cos O sin¢ 290 T peind 9 (5.33)
a 0 10
— =cosf— —sinf——,
o = cos o sin FET)

we find that

4 |£2] . af;
- (P x 6B - foo) =—7F (SB,C sing — 8B, cos¢>) 8_90’
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and the coefficient of dfy/dp is identically zero. In deriving this result, we have
invoked the further assumption that the ensemble averaged distribution function
is gyrotropic i.e., is independent of the particle phase angle ¢. Thus, effects such
as diffusion perpendicular to the mean magnetic field and gradient and curvature
drifts are neglected in this description of particle transport. This is equivalent
to assuming that the particle gyroradius r, < £, the correlation length of
the turbulent fluctuations. Equivalently, this requires that the particle gyroperiod
T, =071«

The evolution equation for §f is a first-order quasi-linear equation and therefore
can be solved using the method of characteristics. Accordingly, we have the
following set of seven ordinary differential equations to solve,

d

E(Sf = (SB sing — B, cos¢ (5.34)
dr p

— == 5.35
dt m ( )
dp

— = 2. 5.36
7 p X (5.36)

For particles located initially at ry = r(fy) = (X9, Yo, 20) With momentum p, and
phase angle ¢y, we can solve the above odes to obtain

P(t') = do—R2(t' —10);  x(t') = xo —r¢ (sinp(t') —singhy) ;
y(") = yo +re (cos@(t’) —cosgo):  z(t") = zo + veos O(t" — 1);

8f(r.p.t) = /l (—% (8By sing’ — 8By cos ') = Ay ) dt’ + 8f (ro, pos 1),

(5.37)

where r, = vsin 0/£2 is the particle gyroradius, and ¢’ = ¢ (¢'), B; (r(¢'),¢’), and
fo = fo(r(t)),p(t'),t"). The particles evidently follow undisturbed helical orbits
along By since p and 6 are unchanged during the interaction period, this being
less than the characteristic time scale for particles to interact with small-amplitude
turbulence, viz. 7. Consequently, 77 must be restricted so that ¢’ — #, remains
sufficiently small that §f < fo.

The above expressions can be rewritten in terms of the time difference Ar =
t —t’, where ¢ denotes the observation time and ¢’ is the time during which the
particle executes a helical trajectory. Hence, At € [t — fy, 0] so this substitution
implies that we follow the particle trajectory backward in time. Rewriting the
solution for §f yields

8f(r.p,t) = At_to (—— (8By sing — 8B, cos ) fo) d(At) + §f(ro, pos to),



5.4 Quasi-linear Transport Theory of Charged Particle Transport... 231

where ¢ = ¢ (t — At), 8B; (r(t — At), t — At), and fo = fo(r(t — At), p(t — At),t —
At). The expressions for the undisturbed particle orbits are now independent of the
initial values, and are given by

P(t—At) =p(1)+2(At); x(E—At)=x(t)—rg (sing(t—At)—sing(t));
y(t — At) = y(t) + ry (cosp(r — At) —cos¢(t)); z(t — Ar)
= z(t) + —vcos 0(At).

Note that £ — tp > 1 and thus |r — ro| > £.. If A denotes the parallel mean free
path for the spatial diffusion of particles, then the assumption of small amplitude
turbulence implies that £, < A. The overall ordering of scales is therefore r, <
le <A K L.

Having obtained the solution §f, we can evaluate the ensemble-averaged colli-
sion term on the right-hand-side of (5.32). Introducing

¥ = —cos¢péB), +sin¢dB,; ¥, = sin¢dB, + cos pBy,

we have

i<px8B-i8f> |Q|<( cos $3B, + sin @3B.) 5 f>
m ap

|ﬁ|<C°S (sin $8B, + cos $p5B,) ¢f>
= 20 s 4 210 ai (87 )
)
= (g v+ 220 )
g oy 1)
:@Le%( né (5f)) + |§|cosgaa;(f%>

after using 0¥, /d¢ = —W,. Since fy is independent of gyrophase, we neglect the
last term. Thus, in spherical coordinates, we have the relation

<px8B 88f>
p

m
1 0
sinf 96

(@ sin ((8Bx(r,t) sing(t) — 6B, (r,1) cos¢(t)) Sf))
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On substituting for §f and using the relations,

cos(t) = cos (¢p(t — At) — 2(At))

= cos p(t — At) cos(2At) + sin¢gp(t — At) sin(2At);
sing(t) = sin (¢ (t — At) — 2(At))

= sin¢g(t — At) cos(§2At) — cos p(t — At) sin(§2At).

we obtain a diffusion equation in particle pitch angle,
B 96 1 0 0
_q<PX ._f>: , _(D%ﬁ), (5.38)

where the diffusion coefficient Dyy is given by

2\2 00
Dyo(r,1) = (7) sin@/ (Ryyc2 — (Rey — Ryx)es + R”sz)
B 0
X cos(§2At)d(At)

2\* . o0 ) 2 .
+ B sin 6 (Ryycs—l—nyc —Ryys —Rxxcs) sin(2Ar)d (At).
0 0

Here, ¢ = cos¢(t — At) = cos(¢p(t) + 2At) and s = sing(t — At) =
sin (¢(t) + 2At), and R;; is the two-point, two-time correlation function for the
magnetic fluctuations along the unperturbed particle orbit, i.e.,

Rij (Ar(At), At) = (8B;: (0)6B; (Ar(At), At)).
We then have
Rij (r,x(t — At),1,1 — At) = (8B;(r,1),8B; (x(t — At),t — At)),

where the components of r(t — At) are determined above.

Observe that in deriving the diffusion form of the particle transport equation,
we moved the pitch-angle derivative of the distribution function f from under the
integral in the expression for §f. There is an important implication embedded in
the time scales associated with the ordering of particle scattering and diffusion,
7 < 7,,. This ordering implies that R;; — 0 on a much shorter time scale than
the time scale on which the particle orbit deviates from an undisturbed trajectory,
implying that the integrand contributes only over the time 7/ rather than 7, to the
time integration. Since the gyrotropic-independent distribution function f; varies on
a time scale comparable to the pitch-angle diffusion time 7,,, derivatives of f; can be
taken out from under the integral. The second implication is that we can then extend
the integral describing pitch-angle diffusion to co (f) — —oo in the expression

for 61).
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The turbulence responsible for scattering the particles has been assumed to be
axisymmetric about the mean magnetic field By = ByZ. The axisymmetry condition
for the correlation matrix R(dr) under an arbitrary rotation ¢’ about By = ByZ is
expressed by

R(Sr) = OR(O7 6r)07,

where both the left- and right-hand sides are independent of ¢’, and O is the rotation
matrix

cos¢’ sing’ 0
O = —sing’ cos¢’ 0 |,
0 0 1

and O7 is the transpose. Hence, the elements of the left and right matrices

Rxx ny sz
R@r) = | Ry, R,, R,, | =OR(O”ér)0”
sz Rz_v Rzz

Rix®+Ryysc+Rycsc+Ryys? —RisScHRy?—Rycs?>+Ryys¢ Rec+Rys
= —Rxxsc—nysz+Ryxcz+Ryysc Rxxsz—nysc+Ryxsc—i—Ryyc2 —Rs+R,.c
R c+R;s —R.s+R;c R,

(5.39)

are independent of ¢’. Inspection of the axisymmetric matrix conditions show that
the integrands of the diffusion coefficient Dyy are therefore independent of ¢’.
Consequently, using ¢’ = ¢(t — At), we have

8x = x(t — At) — x(2)
=rg[sing(t) —sing(t — At)]
= rg [sing(t — At)(cos(2At) — 1) — cos p(t — At) sin(§2At)]
= —rgsin(2At),
etc. if we set ¢ (t — At) = 0. This therefore yields
or = [—rg sin(§2At), rg(1 — cos(§2At)), —v cos Q(At)] ,
from which we find
(076r) = —ry[cos(t — At) sin QA1 + sing(t — Ar)(1 — cos QA)];
T
(0 Sr)y

rg[—sing(t — At)sin 2At + cos p(t — At)(1 —cos 2A1)];

(OTSr)y = —vycos 0At,
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which corresponds to the unperturbed helical trajectories derived by substituting the
trigonometric expansions for cos ¢ (¢) etc. as done above. Thus, for axisymmetric
turbulence, the R;; terms in the pitch-angle diffusion coefficient are independent of
¢(t — At), so we may without loss of generality set ¢ (¢ — At) = 7/2, significantly
simplifying the expression for the diffusion coefficient,

2 poo
Dy = sin 6 (Bﬁ) / (cos(RA1)R . — sin(RANR, | d(Ar).  (5.40)
0 0

The integral (5.40), divided by B2, is essentially the particle decorrelation time. In
addition, setting ¢ (t — At) = 7/2 allows the arguments of the two-point, two-time
correlation functions to be expressed as

x(t = At) = x(t) + rglcos(2A1) — 1], y(t — At) = y(t) — ry sin(2At1);
z2(t — At) = z(t) — vcos(0Ar).

By introducing a mean magnetic field By = ByZ into Eq. (5.32), and using ;t =
cos 6, the cosine of the particle pitch-angle, we obtain the simplest 1D form of the
collisionless transport equation as

/o o 0 /o
Sy w2 (p, 7). 5.41
at M dz  du ( . B,u) 4D

where the Fokker-Planck diffusion coefficient in pitch-angle space is given by

2 poo
Dy = (1—p?) (3%) /O (cos(2At) R — sin(RA1)Ry,) d(At).  (5.42)

For slab turbulence, the pitch-angle scattering diffusion coefficient can be further
simplified since R, = 0, yielding the standard expression

2 poo
Dy = (1—p? (%) /0 RSP cos(2 At)d (At). (5.43)

Using the results of the previous section, we may evaluate D, for slab turbulence.
Recall that

for = / AP (R)e'
2m  poo  poO , Sk .
=/ / / g”ab(ku)%e’krku]@dkldk”
0 0 —00 1
— 47T/ gslab(k”)eik”zdk”
0

oo .
— A7 / gSlab(k”)elk”/wdk”,
0
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where we used z = —vcos 0¢. On replacing At by ¢ in (5.43), we have

2 2 2 *® *© slab —i(kypuv—2)t
D[L/L =4n(l —pn) E /(; /0 g (k||)€ I dk”dl‘

B

2\ . 2
— 47_[2(1 _ ,LLZ) (E) gslab (k” — _) .
Iy

Thus, for slab turbulence, energetic charged particles diffuse in pitch angle due to
their scattering with waves that satisfy the resonance condition uvk) = £2.

2\ [
=47 (1 — ) (—)/O g1 (kS (kv — 2)dk;

Exercises

1. Rewrite the Vlasov equation (5.30) using a mean field expansion for the
electromagnetic variables, assuming that the particle distribution function is
co-moving with the plasma (thus ensuring that E) = 0), and neglecting the
fluctuating electric field term. Hence derive (5.31) and (5.32).

2. Derive the relations (5.33) and hence show that
2
B

—% (px38B-V, fy) = (8B sing — 8By cos ) %.

5.5 Diffusion Perpendicular to the Mean Magnetic Field:
The Nonlinear Guiding Center Theory

To determine the transport of energetic particles perpendicular to a mean magnetic
field is not possible within a gyrophase averaged formulation of the Fokker-Planck
equation. Instead, we can compute directly the perpendicular spatial diffusion
coefficient x| from the Fokker-Planck coefficients. Recall that the mean square
displacement is given by

((Ax)%) = ((x (1) = x(0))%),

for an averaging operator {...). Several forms of diffusion can be described if we
suppose that the following temporal scaling holds for the spatial variance

((Ax)z) ~1°.

The following regimes are typically identified:

1. 0 < 0 < 1: subdiffusion;
2. 0 = 1: regular Markovian diffusion;
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3. 1 < o < 2: superdiffusion, and
4. o0 = 2: free streaming or ballistic particle motion.

There have been suggestions that energetic particles can be subdiffusive, and at
early times in an impulsive solar energetic particle event, particles are typically
free streaming. Over long time scales, however, particle motion is more typically
diffusive.

The diffusion coefficient is defined as

2
Kex = lim ((Ax) )

t—00 2t

)

where we assume that x is normal to the mean magnetic field. To estimate the spatial
variance, we appeal to the Taylor-Green-Kubo (TGK) formalism. In general, the
variance is given by

((Ax)*) (1) = <(/0t vx(t)d‘l:)2>
-/ ' | e (o ©)
/ dr / dE(r(Dve(6)) / dr f dE (e (D (6)).

On assuming temporal homogeneity, i.e., that the velocity correlation depends only
on the time difference, then we choose

(e (@ (§)) = (vx(r = §)vx(0))
for the first integral, and
(v (@)vx(§)) = (vx(E — ) (0))

for the second, to obtain

(Ax)) (1) = /0 d [0 CdE((r - B (0) + /0 d / dE(ve(E — T, (0))

= /Otdrfordé(vx(é)vx(O)) +[0tdr/01_rd5(vx($)vx(0)),

after using the transformations t — & — £ and £ — 7 — £ in the respective integrals.
These integrals can be simplified using partial integration and applying Leibnitz’
rule to obtain
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(Ax2) (1) = © / CdE EmO)| / Aot (s (D) (0))
0 0 0

e / dElvEv0) + / et (v — e (0))

r [0 e, ©va(0)) — /0 e (2 (0)

+ fot dtt(vi(t — T)v(0))

/I dt(t — 1) {(ve(7)v,(0)) + /t dtt{vi(t — 7)v,(0))
0 0

=2 /O dt(t = 1) (s () (0)).

The running diffusion coefficient d, (¢) is defined as

1d
dxx(t) = EE ((Ax)z) (2)

1d

=14y [O (t — 1) (v () (0))

= fot dt (v, (t)vc(0)).

The limit d,, (t — oo) defines diffusive particle transport, therefore

or = /0 " 4t (@m 0)),

which is the Kubo formula for the diffusion coefficient.

A detailed discussion of guiding center motion of energetic charged particles
can be found in many plasma text books and so is not repeated here. Instead, if we
assume that background magnetic field is varying slowly, that for any of the slab,
2D, or composite turbulence models discussed above, the guiding center velocity
(assuming B = Byz + 6B) is given by

3B ,
va(t) ~ Vz(l)?;; V8~ v (1) =2,

Note that the assumption of slab, 2D, or composite turbulence models implies that
8B, = 0. Particle motion is thus a superposition of the particle gyromotion and
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the stochastic motion of the particle’s guiding center, which follows the random
motion of magnetic field lines. The gyromotion can be neglected when computing
a diffusion coefficient.

The first systematic derivation of the perpendicular diffusion coefficient was
proposed by Matthaeus et al. (2003) and is called the nonlinear guiding center
(NLGC) theory. Improvements and extensions to the original model have been
made’ but the original development is very instructive in its simplicity. To ensure
agreement with numerical simulations of particles experiencing scattering in low
frequency turbulence, we introduce a parameter a (typically taken to be 1/3) that
allows for slight deviations from purely guiding center motion, and take

OB,
By’

V& =av,

This is reasonable since the magnetic field can occasionally experience variation
on scales that are not necessarily slowly varying. The TGK expression for the
perpendicular diffusion coefficient is

= 8 g
e = [ drvionio)
az 0o i}
= 3—3/0 dt (v.(t)8B,(t)v-(0)6BY(0)) .

The fourth-order correlation introduces a closure problem. This is frequently
resolved by the assumption that the fourth-order correlation can be replaced by
the product of second-order correlations (motivated by the example of Gaussian
statistics), which yields

2 o)

= 5 [ dt{=(0v0) (3B()SBY(0)).
o J0

Kxx

Since the particle velocity along the field is mediated by pitch-angle scattering, we
may suppose that particle distribution becomes approximately isotropic on diffusion
time scales and that there is a decorrelation time scale associated with the parallel
velocity. The decorrelation time will be related to the parallel mean free path, so
we can use an exponential model to describe the two-point velocity correlation
function,

V2
(v:(0)v:(0)) = ge‘”””.

9Well summarized by Shalchi (2009)
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The magnetic correlation function Ry, (t) = (6B, (t)6B} (0)) can be expressed as a
Fourier transform

SB((x,1) = / d*k6B,(k,t)e’*™ = R, (t) = f d*k (8B (1)8B} (0)e'™™4¥),

under the assumption of homogeneous turbulence.

At this point, it is still unclear how to further decompose the ensemble averaged
integrand in the magnetic correlation function. Corrsin (1959) suggested that at
long diffusion times, the probability distribution of particle displacements and the
probability distribution of the Eulerian velocity field would become statistically
independent of each other — this is Corrsin’s independence hypothesis. At large
values of the diffusion time, the independence hypothesis asserts that the joint
average in Ry, can be expressed as the product of two separate averages, i.e.,

(SBX(I)SB:(O)eik'AX> — (5BX(I)SB;:(O)) (eik-Ax)'

Applying Corrsin’s independence hypothesis then yields
Ri(t) = / d*k Py, (k1) (e™4%),

requiring only that we estimate the characteristic function (e . The simplest
approximation is to assume a Gaussian distribution of the particles, so that

ik~Ax)

(e™2%) = exp [ ((Ax)*)k; — %((Ay)z)ki - %((Az)z)kf} .

1
2
Since we are considering time scales that correspond to large values of the diffusion

time, we can approximate the parallel and perpendicular transport as diffusion, so
that ((Ax)z) = 2tk for example, yielding

(e™4%) = exp [—Kxxkil - Kyyk;l - Kzzkzzt] .

Subject to these six assumptions, we obtain a nonlinear integral equation for the
perpendicular diffusion coefficient

2 oo
Ky = % / d3k/ dtP.,(k, 1) exp [—vt//\” - Kxxkil‘ — Kyykit — Kzzkzzt] .
0 0

On expressing the correlation tensor P, (K, t) as the product of a stationary tensor
P, (k) and a dynamical correlation tensor I"(k, t), i.e., Py (k,t) = I'(k,t) P, (k),
and assuming the exponential form,

Ik, t) =e 70"
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allows the time integral to be solved

= [d3k Prx (5.44)
w 3B} VA + keck? + lcyyk; + k.k2 + y(k) '

The nonlinear integral equation (5.44) is the central result of the NLGC theory,
describing the diffusion of energetic particles perpendicular to the mean magnetic
field where 6B, = 0. The particle transport results from a combination of pitch-
angle scattering along the magnetic field while the underlying magnetic field is
experiencing random diffusive motion. The superposition of parallel transport and
random magnetic field transport of the particle guiding center leads to a nonlinear
diffusion of particle normal to the large-scale magnetic field. As indicated, more
sophisticated treatments of the NLGC theory have been developed since. The
nonlinear integral equation (5.44) can be solved approximately and analytically for
the slab, 2D, and composite turbulence models in the magnetostatic limit.'"

5.6 Hydrodynamic Description of Energetic Particles

In deriving the cosmic ray transport equation, we have assumed that the underlying
energetic particle distribution function is isotropic to zeroth order. We further
assumed that the energetic particle number density and momentum is sufficiently
small that the background flow in which the “scattering centers” (Alfvén waves or
MHD turbulence) are convected is not altered by the energetic particle population,
nor is the convection electric field. Energetic particles therefore behave essentially
as massless particles that may possess a significant internal energy, which will be
expressed through an isotropic or scalar pressure, say P., and energy density E.,
and an energy flux F...!! In this case, the general system of MHD equations will be
modified by the inclusion of the cosmic rays, through

9

B—’Z £V () = 0; (5.45)
G

oW

ST Vs=0. (5.47)

10Zank et al. (2004) and Shalchi et al. (2004).
11 Webb (1983) and Zank (1988).
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where
G = nu;
ITij = (Pg + Pc)d;j + nuju; — Tij;
1 1
n 2
WeE +E+ " L
I R R P
1 mnu?
S=—-ExB+|E;+ P, + utFe
m
P
E, = —5%_.
Vg_l

The terms G, IT, T;;, W, and S denote respectively the momentum density, the
momentum flux, the Maxwell stress tensor, the total energy density, and the total
energy flux. The physical quantities n, u, P,, E,, and y, are the (background)
plasma number density, bulk flow velocity, thermal gas pressure, thermal gas
energy density, and adiabatic index of the background plasma (typically = 5/3)
respectively. As usual, the electric field, magnetic field, and magnetic permeability
are denoted respectively by E, B, and p. The energetic particle or cosmic ray energy
density, pressure, and energy flux are given by E., P., and F.. To close the system
of equations (5.44)—(5.47), we appeal to the transport equation derived above (and
neglecting drifts)

of Py O
- VFf-2V.ul=V.-k«-V
g VS =Yg =V V),
and use the following moments,
4 e’}
pP. = TN v f(p.x,t)dp; (5.48)
0
o0
E. = 471/ P*T(p) f(p.x.1)dp. (5.49)
0

where T'(p) is the particle kinetic energy. By taking the energy moment of the
transport equation, we obtain a “hydrodynamic” equation for the transport of cosmic
rays,

JIE,
at
F.=uw(E. + P.)—k-VE,,

+V.F,—u-VP, = 0;
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where

_ Jo P’T(p)k(x.p)-V fdp
Jo° PPT(p)V fdp
is an effective mean diffusion coefficient. The internal energy density is related to

the energetic particle pressure through an adiabatic exponent y, (that is 4/3 for
relativistic particles and 5/3 for non-relativistic particles) by the closure relation

k(x)

P. = (y. — 1)E,.

To complete the system of equations, the electromagnetic equations must satisfy
Maxwell’s equations,

B 1
—=-VxE, V:-B=0, J=-VxB, (5.50)
at m
where J is the current density. For a highly conducting MHD fluid, the electric field
is given by Ohm’s law,

E = —uxB.

Although a little laborious, the elimination of the cosmic ray terms in the total
energy equation (5.47) and using Poynting’s theorem to eliminate the electromag-
netic terms yields the simpler adiabatic equation for the thermal gas pressure,

(% ~|—u-V) Py = —y, P,V -u, (5.51)
which can be used whenever the background flow is smooth (i.e., in the absence of
shock waves or other discontinuities in the flow).

The so-called “two-fluid” system of equations incorporating cosmic rays has
been used to investigate the structure of shocks in the presence of an energetic
particle population, including the evolution of shocks associated with supernova
remnants. These equations provide a relatively tractable approach to the inclusion
of nonlinearities and their modification by cosmic rays. To illustrate the effect that
cosmic rays or other energetic particles can have on the background plasma, we will
consider briefly the propagation of linear and nonlinear waves in an astrophysical
plasma mediated by cosmic rays.

Suppose that wave propagation is 1D and is represented by a wave vector k =
kx in the Cartesian coordinates (x, y,z) and that d/dy = d/dz = 0. By writing
u = (uy,uy,u;) and B = (By, B, B;), equations (5.44)—(5.47) reduce to

ap 0 _

E‘Fa(ﬁ)ux)—o’

du ad 1 0
t=——(P;+ P.)— —— (B*+ B?);

P 8x(‘5+ ) 2,u8x<y+ Z)
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du, _B,3B,  du, B, dB,

=22 p—F =2 B, =const;
P dt W 0x P dt W ox cons
0B, d
5 = o B —uBy);
0B, bl
Y. = a(”sz —uxB;);
dP, N ouy o:
dr ey T
dP, du,  0*P.

ar T Velepy TR =0

where k is taken to be spatially constant and

4
dt

9. ., 9
o " ax

is the Lagrangian time derivative along the flow. Note that the induction equations
ensure that the magnetic field is frozen into the fluid flow u. Evidently, the cosmic
rays introduce a characteristic length scale into the problem, L = «/u, which we
shall exploit shortly. By linearizing about the uniform equilibrium state u = 0, p =
po, P¢ = Pyo, Peo, B = (B, Byo, By) and seeking solutions o< exp [i (wt — kx)],
with V, = w/k the wave phase speed, we can derive the dispersion relation
(Exercise)

(ﬁ_wﬂﬁ—wu$4ﬁ+ﬁm%mﬂﬁ+émﬁ

+ﬁyﬁ@—mﬁﬁ&§]=o, (5.52)
where
B? , P
Vi=—". Vi=Vycosg, ay, = Yelg0
2740 Po
Ye Peo
azy = #v ay = agy + ag.

Here, V4 and V, are the Alfvén speeds, ¢ the angle between the magnetic field and
the wave vector K, and ag, a.o, and a4 are the sound speeds of the thermal gas, the
cosmic ray gas, and the mixture respectively. Obviously, since the Alfvén wave is
incompressible, cosmic rays do not effect their propagation characteristics and we
have from (5.52),

V, =+V,.
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By contrast, the fifth-order dispersion relation within the square brackets of (5.52)
contains the spatial dispersion coefficient . By setting k = 0 in (5.52), we see that
the reduced dispersion relation possesses exactly the same biquadratic form as that
of MHD, viz.,

Vi- (3 +a)Vi+aivi=o,

together with a non-propagating mode V), = 0, and hence the fast and slow
magnetosonic modes,

1
V:i=V} = 3 [Vj +al+ \/(Vj + a2)? — 4a2V? ]

However, the critical difference between these wave modes and those derived
in the usual MHD theory is the presence of the mixed sound speed a. =
vV (V¢ Pgo + ve Peo)/ po indicating that the cosmic rays couple to the background
plasma and alter the phase speed for these wave modes. If we instead consider the
long wavelength limit kk /V, < 1, we find that the long wavelength magnetosonic
modes satisfy (Exercise)

V, = Vi +ikkB + O ((kk)?),
where
a2 (V3 -v2)

2|3 +a)vd —2a2v2]

Short wavelength modes propagate at the usual magnetosonic speeds defined by the
thermal plasma but are nonetheless damped by cosmic rays (Exercise).

Following our general theme of weak shock structure, we may consider the
nonlinear propagation of either long wavelength or short wavelength modes in the
two-fluid cosmic ray model as a simplification of the full shock structure problem.
We use the method of multiple scales, which is closely related to the reductive
perturbation method utilized already although a little more systematic. To this end,
we exploit the length scale L introduced by the spatial diffusion coefficient « i.e.,
L ~ k/V, for a characteristic speed V/,. We introduce a time scale 7" such that the
relationship

V,T

M

L
and the following normalizations,
x=Lx, t=Tri, B = B/Bo, _g_c = Pg,C/PgO.(?Ov
p=p/po, w=Vyu
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This allows us to rewrite the 1D system of equations in the non-dimensional form,

ap 0

v a ) =0;

o T ax )

du, Gz dP, a,oP. V29 [,
Pt Ye 0x Y. Ox 28x(y+ Z)’
du, _, B, 0B du -, B, 0B

. = Vz_x_y; _Z — 2_X_Z’ B\’ — t.’
P dt A ox P dt A dx x = cons
JaB 0
B_ty = g (uyBx - uxBy) ;
JaB ad
a_l‘z = a (MZBX — Msz);
dP, Ouy
— P,— =0;
ar ey
dP. Y P duy 0> P, 0
cLe—m——V =
dr Ty 0x?

For convenience,the bars are omitted over the various quantities with the exception
of the sound speeds and Alfvén speed,

C_lgO,cO = agO,cO/V s I7a = VA/V ,
and the long wavelength parameter is defined as
v=x/(V,L).

The dependent variables are expanded as an asymptotic series in a small parameter
¢ by using the fast and slow variables

E=x—t, tT=c¢t,

together with the expansions

p=l4ep' 4, uxzsu)lc—k---, uzzgu;_;_..., Bz=B?+SBz1+‘”»
Py=1+eP;+---, Pe=1+eP/+---,
where it is convenient to assume u, = 0 and B, = 0. The derivatives are

calculated as
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The lowest order system of equations is given by

o' oul
—E + o =0;

=2 1 —
duy _ Qo Py  Aqo e | p2podB:,

BE oy, 9F oy 08 AT 9E

_a_uzl — _jBx%;
& &
BBZl _ 8uzl OE)M}C
98 YoE T caE”
L a
—¥ Ve & ’
8PC1 814)1‘ _o
g Ve T

To integrate this system of equations, we assume that the plasma is in a uniform
state upstream, so that to O(e) we obtain

pl =y

5 ,

a
1 _ %20 p1 | %0 p1l | 72p0pl.
u, = _)/g Pg + —y‘c P+ VABZBZ,
1 =2 p0 pl.
u, =-=ViB/B,;

B! = —B.u! + Blu;

77X
1 _ 1. 1 _ 1
P, = yqu P =vy.u,,

so that we have the eigenvector solutions

V2B, B’
11 1 pl pl pl 1 ADPx D,
(p Uy uy, B Py, PC> =u, (1, 1,—1—_)62,)@,,)/6),

provided that the relation
viBY

1—V?

X

_ =2 —2
1 =day)t+ag —
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holds. This is of course nothing more than the normalized form of the dispersion
relation for magnetosonic waves with the cosmic ray pressure and thermal gas
pressure contributing i.e., the long wavelength limit of the dispersion relation

— @+ VYV, +ayvi =0.
The slow time dependence is determined from the O(&?) set of equations,
3,0 ou? . du! 2! 3u

2 T T o M

K N ag 0P; N a2, 0P} N 172308312 _ ol VB | oul
0y, OF Ye 0F A7 9t dt  (1—=V2)2 " 0¢’
a_ug + [72 8BZ2 = _—I;;%BXBZO %
€ AT B 1-V2 ot
—aBZz—Ba—ug—i—BO%— B du! x5 le_ dul
€ T g ¢ 0g 1—V2dr 1-V2 3’
o2 OP; du! ,Ou!
—Vg oE oE =VYe 7 e +Vg()’g x 3%‘
ou? n P> du, el | Oul Kazu;
Ye OF OE =Y 97 Ve(YVe + Duy 85 —Ye g2

The above nonlinear system can reduced quite easily to a single nonlinear evolution
equation by eliminating all second-order variables in favor of u> and then using the
dispersion relation repeatedly (Exercise). Doing so yields the Burgers’ equation for
the nonlinear evolution of the fast mode magnetosonic mode in the presence of an
energetic particle population, now presented in a non-normalized form,

du! | Oul 5 9%ul
oqu, — = ,
ar M Te DE2

(5.53)

where
[ + a2y + e + Dl | (V2 = VD) + 3073V - a2V2 J
2 [(ag + VY2 - 2agVX2]

o =

K“?o(sz —-V2)

A= .
2[(@ + vhvi—2a217]

As discussed previously, the Burgers’ equation can be used to describe weak shocks,
and the role of cosmic rays or energetic particles in providing the shock dissipation
is revealed through the second-order term in (5.53).

For shocks parallel to the ambient magnetic field V, = V, and the dispersion
relation reduces to
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(V2= VDV —a?) =0,

Hence for the sound wave, V), = Za4 and the coefficients of Burgers’ equa-
tion (5.53) reduce to

. (yg + 1)a§0 + (Vc + 1)“30 P Kafo
0(” - zag ’ ” - zai °

For perpendicular shocks, V, = 0, so the coefficients of Burgers’ equation (5.53)
become

_ (yg + Dagy + (ve + Dagy + 3V} e Ka?,
22 +V3) C T @ vy

ol

The preceding analysis was restricted to waves with wavelengths that are greatly
in excess of the diffusive length scale. We can consider short wavelength modes
for which the parameter v > 1. These short wavelength modes are in fact of
considerable interest in the context of the stability of astrophysical shocks mediated
by cosmic rays since they can destabilize the foreshock.!> Following the analysis
presented above allows for the investigation of linear and nonlinear short wavelength
modes in a homogenous flow. We now suppose that

Such a scaling leads again to the integrated O(¢) system of equations above, except
that P! = 0, and the normalized dispersion relation reduces to

72 p02
1_6_12 _ VABZ
=dy — =

1—V;

The O(g?) system of equations is obtained similarly, except that now

P2 _ ¥e

C

& ik

The nonlinear equation of evolution for short wavelength fluctuations is then
given by

Ouy 1 Oy 1
W + au, 85 = —Mnu,, (554)

where

]ZDrury and Falle (1986), Zank and McKenzie (1987), and Zank et al. (1990).
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Y (ye + l)af,o(sz —-VH+ 3(Vij2 — aéOVf)'
2[ (@2 + VDV —2a% V7] ’
azo(Vy=V2)

2 [@y+ VDV —2a3,v2]

M:

Unlike Burgers’ equation, the nonlinear equation (5.54) does not have a dissipative
term to balance the wave steepening, but it does contain a damping term p that is
inversely proportional to the diffusion coefficient « and proportional to the cosmic
ray pressure. Thus, cosmic rays do not mediate the propagation speed of waves that
have wavelengths shorter than the diffusive length scale, but they do act to damp
these modes. Short wavelength modes therefore damp as they steepen, which can
be seen from the general solution to (5.54),

ul =M f(E —ault),

for arbitrary initial data f(x,t = 0).

Exercises

1. Derive the dispersion relation (5.52) for linear wave modes in a cosmic ray
mediated plasma.

2. By considering the long wavelength limit of the dispersion relation (5.52), show
that the fast and slow magnetosonic modes are damped by cosmic rays since the
waves propagate approximately according to

V, = Vs +ikkB + O ((kk)?).

Show that in the opposite limit, short wavelength modes decouple from the
cosmic rays in that they propagate at the thermal magnetosonic speed, but are
nonetheless damped by cosmic rays since

"
V=V +i
P .f~,5+12Kk

where V7, is the fast/slow magnetosonic speed for the thermal plasma (i.e., the
dispersion relation contains only the thermal pressure Py with no contribution
from P.y), and

_ afo(Vﬁ ~V7)
(a0 + VDV, —2a5,V2

n

3. Derive Burgers’ equation (5.53) from the O(g?) expansion of the magnetized
two-fluid equations.
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5.7 Application 1: Diffusive Shock Acceleration

It is quite straightforward to see that a particle gains energy by interacting once with
a shock, most easily seen for a superluminal shock perpendicular to the magnetic
field. In this case, we can suppose that a particle conserves its first adiabatic moment,

2 2
Pl _ P,
B, B,

where the subscripts 1,2 denote upstream and downstream of the shock. At a
perpendicular shock, the jump in magnetic field B,/B; is equal to the shock
compression ratio, showing that the perpendicular momentum of an energetic
particle can be increased by a factor of 2 or less. This is not a particularly large
energy gain, and the effect is of course annulled by the expansion of the downstream
medium to the original density. Since the process is purely kinematic and reversible,
the energetic particle spectrum is essentially the preacceleration spectrum shifted
in energy. The situation is quite different when diffusive effects are included
since the number of times that a particle interacts with a shock then becomes a
random variable and some particles, by interacting many times with the shock,
achieve very high energies. The stochastic character of particles interacting with the
shock diffusively corresponds to an increase in entropy for the energetic particle
distribution (as it does for the thermal background plasma), with the result that
the accelerated particle spectrum is relatively independent of the details of the
preacceleration spectrum. We discuss the macroscopic approach to the diffusive
acceleration of energetic particles at a shock based on the transport equation that
we have derived above. This approach was pioneered by Krymsky (1977), Axford
et al. (1977), and Blandford and Ostriker (1978), and is well reviewed by Drury
(1983) and Forman and Webb (1985).

The shock is taken to be an infinite plane separating a uniform upstream and
downstream state, and we choose a frame in which the shock front is stationary.
We shall suppose that all quantities depend only on the x spatial coordinate (a 1D
problem) and that the flow velocity is steady, given by

o x<0
M(X)_ 75 )C>07

where u; and u, are the upstream and downstream constant velocities. To determine
the boundary conditions that the energetic particle distribution must satisfy at the
shock, we require first that the particle number density must be conserved across
the shock i.e., particles are neither created nor lost at the shock, so that

[f1= flof =o. (5.55)
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where x = 0— and x = 04 denote locations infinitesimally close to the shock on
the upstream and downstream side respectively. The second condition (the transport
equation governing particle transport is second-order) that we require is that the
normal component of the particle current is continuous if there is no source at the
surface, and changes by an amount equal to the particle injection rate at the surface.
To determine the current, observe that the transport equation

af Py O _
E_Fu-Vf—EV'u%—v'(K'Vf)v

can be expressed as

f paf 14 f
Lavi|w.vr_ £ PuvZ fu.vr=0
T [ S =390 T3 Ve, TV
f 1L ofp
—+V-S+——|=u-Vf|=0, 5.56
= o TV SH G| 5V (5.56)
where
a
S vy PV,
3dp
is the energetic particle streaming in space and J, = (p/3)u - Vf is the

streaming in momentum space. Equation (5.56) expresses the transport equation
in fully conservative form in phase space, averaged over ¢ and with the distribution
function close to isotropy. Because cosmic rays are highly mobile (v >> u), the
omnidirectional density f cannot change abruptly, hence the normal component of
the net streaming S must be the same on both sides of any surface of discontinuity.
On assuming a steady state and integrating across a sharp discontinuity, we obtain
the second boundary condition that energetic particles must satisfy across a shock,

T _ow

. (5.57)
0— 47 p?

_satr=2® [, raf ..
[S]=S no_—47sz & |:K Vf+38puj| n

Here, n is the shock normal, and Q(p) is the particle injection rate at the shock.
This form of the boundary conditions includes the effects of shock drift acceleration.
Note that the transport equation and the derived boundary conditions are appropriate
to relativistic particles i.e., only in the limit that the velocity W (where W is the
speed of the scattering frame or the observer’s frame relative to the frame in which
the electric field vanishes) is much less than the particle velocity v (W < v), as
well as particle drift (through the antisymmetric part of the spatial diffusion tensor
k). That the boundary conditions apply in the limit that W/v < 1 implies that the
boundary conditions (5.55) and (5.57) are valid only for particles of speed v >
uy sec 0g,, where 6p, is the angle between the upstream magnetic field and the
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Fig. 5.4 General form of the
solution (5.58) illustrating the
spatial exponential growth of
the distribution function

upstream of the shock and the
constant ambient value far U, U,

upstream — —

shock normal. Furthermore, the transport equation was derived in the limit of near
isotropy in the scattering frame, meaning that the particle distribution upstream and
downstream of the shock must remain close to isotropy. These conclusions can be
weakened slightly for the non-relativisitic form of the transport equation derived
above, but isotropy remains a critical assumption. This latter condition is not always
met at shocks where energetic particle distributions are often observed to be highly
anisotropic.

Consider the 1D transport equation with a constant upstream and downstream
velocity and solve the transport equation on either side of the shock, imposing
continuity of f(x, p) as x — £oo. The transport equation becomes

A d (o dE
Yy T ax WP )T

where i = 1,2 (upstream, downstream) and x(x, p) is the diffusion coefficient
parallel to the shock normal. The general solution is

fi(ep) = Ai(p) +B,»<p)exp/0' s

eb(x) _ eb(ioo)
filx.p) = f(&00.p) + [£0. p) = f (00, Pl T—zs—

where b(x) = fox (u/x)dx. If b(do00) are unbounded, the spatial dependence is
then given by

ds x < 0;

Fx.p) = f(=00. p) + [£(0. p) — f(—00. p)]exp [
0 K(S, p)
= f(0,p) x>0 (5.58)

The general solution (5.58) is illustrated in Fig.5.4. The general solution f(x, p)
has a possible constant background of upstream particles f(—oo, p) plus an
accelerated population that increases toward the shock on a diffusive scale length
k(x, p)/u; but remains constant downstream.
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The momentum spectrum of the energetic particle population is determined by
the streaming boundary condition (5.57) at the shock,

Q(p)
4 p?’

p df (0, p) p df (0, p)
_uz_— + Ml_—

3 dp 3 dp +ui [f(0, p) — f(=o00, p)] =

where we have used the result u; [f(0, p) — f(—o0, p)] = kdf/dx and have
allowed for the injection of Q(p) particles at the shock per unit momentum per
cm? s at the shock. This then yields the ordinary differential equation in momentum

Q(p)]
dgp? |’

d 3u
pd—f(O, p)+ !
14

fO.p) =

Uy —uz Uy —us

[ulf(—oo, »+

illustrating that the source of the energetic particles is the background particle
population f(—oo, p) convected through the shock and locally injected particles.
Which particle population is more important depends on the relative flux and the
characteristic energies. On solving the equation for the particle spectrum, we obtain
the central result of diffusive shock acceleration theory,

fO.p) =

P
[y [ulf(—oo, )+ (5.59)

Pinj

Q(p’)} dp'
Uy — Uy 47 p/2 p/ ’
where ¢ = 3r/(r — 1) and r = uy/u, is the shock compression ratio. Here, p;,;
is the injection momentum. The upper limit on particle momentum is particularly
important if time-dependent particle acceleration is considered, such as at inter-
planetary shock waves where the shock propagation time and evolution need to
be considered carefully since this places constraints on the time available for a
particle to experience acceleration.'? Time dependent diffusive shock acceleration is
discussed below. The spectrum of particles at energies well above the source energy
is therefore a power law o p~9. The characteristic compression ratio for a strong
shock is r = 4 for a gas with adiabatic index y, = 5/3, implying that ¢ = 4, which
is very close to the index of 4.3 inferred for the source of galactic cosmic rays. For
weak shocks, the power law is steeper, indicating fewer high energy particles.

A very important point to note is that the spectral slope of the accelerated particle
spectrum is independent of the details of the scattering process i.e., the diffusion
coefficient, depending only the kinematics of the flow. The reason a power law
results is because the momentum gained by the particle on each shock interaction is
proportional to the momentum it already has and to the probability of its escaping
from the acceleration region. This is very nicely discussed by Bell (1978) from a
microscopic perspective.

In (5.59), the accelerated particle spectrum p~7 is formed from the spectrum of
sources at lower momenta p’ < p. If no source of particles is present for momenta
above some p,, then f(0, p) o< p~ for all p > p,. If the spectrum of the source

13Zank et al. (2000).
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is steeper than p~9, then at large p, the accelerated spectrum will still approach
the p~? power law, but if the source is flatter (harder) than p~¢, the reaccelerated
spectrum at high energies will have the same slope as the source i.e., the new
spectrum will not reflect the characteristics of the last acceleration. In general then,
a shock with ¢ = 3r/(r — 1) will produce a power law spectrum with p~7 if the
source spectrum is mono-energetic or has a spectral slope steeper than ¢, but if the
source is harder such that ¢’ < ¢, the spectrum tends to p~4 at large energies
(Exercise).

The basic time scale associated with diffusive shock acceleration is of the
order of «/u’?. The importance of the acceleration time scale has to do with
the maximum energy to which a particle can be accelerated by a shock wave.
Observationally, galactic cosmic rays possess a source spectrum that is a power
law ~p~*3 over many decades up until about 10'* eV/nucleon, at which point the
spectrum begins to steepen (the knee). The maximum energy to which a galactic
cosmic ray can be accelerated is related presumably to either the time available
to accelerate the particle (the lifetime of shock wave responsible for particle
acceleration) or to the size of the acceleration region (both of which are possibly
related). Similarly, energetic particles accelerated in solar energetic particle (SEP)
events have a maximum energy. To estimate the maximum energy, whether at a
supernova drive shock wave or at an interplanetary shock requires that we know the
particle acceleration time scale, and that this then be related to, for example, the
characteristic time scale associated with the shock wave.!* To make the estimate for
the time scale of diffusive shock acceleration more precise, we consider a steady
planar shock at which a steady mono-energetic source of particles at the shock is
turned on at ¢ = 0. We then seek time dependent solutions of the cosmic ray
transport equation across a discontinuous shock with (¢ = 0, x, p) = 0 and source
Q68(p — po) at the shock, located at x = 0. On introducing the Laplace transform

o0
g(s,x.p) = / e f(t.x. pydt,
0

the transport equation upstream (i = 1) and downstream (i = 2) of the shock
becomes

N dg . d’g
s Ui—— =Ki—5—,
g dx dx?

assuming for simplicity that k is independent of x. The solutions that satisfy the
boundary condition

g—>0 as x— +oo are g xexp(Bix),

147Zank et al. (2000).
15 Axford (1981).



5.7 Application 1: Diffusive Shock Acceleration 255

where

U; : 4\ /?
i=— 1= 1+ —= )
8 %[ ()(+M%)}

The boundary conditions at the shock are given by

0 a
=0 |egh + Bt | = =nso = o

where the square brackets denote as usual a jump in the enclosed quantity. On
writing go(s, p) = g(s, 0, p) for the Laplace transform of the spectrum at the shock,
we find that

s dg

3 pdp

On letting A; = /1 + 4k;s/u? — 1, we can rewrite this as

m ot dgo
3 pdp

1
kiB1go — k2B280 + = E”S(p_PO)-

1 1
5(1411‘11 + uzAz) go + uigo + = ;nS(p—po),

which has the solution

3n V4 -4 73 M1A1 + M2A2 dp/
g, p)=———|—) exp|—| ;————|-
s(ur —u2) \ po p 2 ur—uy p

By formally inverting the transform, the time-dependent spectrum of accelerated
particles at the shock is given by

I ,
Jo(2,0, p) = i go(s, p)e'ds.
Tl J—ioco
To obtain the asymptotic behavior at large times, we consider the contribution of the
simple pole at s = 0, which gives the steady spectrum,

3n p\ ! 3r
Jo(00,0, p) = fo(oo, p) = (—) . P=po q= ;
uy — up Po r—1

in agreement with the steady-state result. Obviously,

3
Jo(t. po) = ulfnuz = fo(o0, po).
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At a general time ¢ > 0 and momentum p > py, we can express the spectrum
formally as

folt. p) = foloo. p) /0 o()dr',

where
1 100
d() = — exp [ts — h(s)] ds,
271 J_iso
and
3 fPu A Ay d
h(s)=—/ mA ¥ ind 20P
2 Po uy — up P

The function ¢ (¢, pg, p) is the probability distribution function for the time taken to
accelerate a particle from momentum py to p. In fact, since

[000 ¢ (t) exp(—ts)dt = exp[—h(s)],

and /4 (0) = 0, we have that

/Oooqb(t)dt =1,

indicating that the distribution is properly normalized. Hence, exp[—A(s)] can be
thought of as the moment generating function for ¢(¢). Recall that to obtain the
mean we can differentiate 4(s) with respect to s and then set s = 0 to obtain an
expression for the mean acceleration time

o0 9
{t) /thﬁ(t)dt:%h(o)

3 n d
/ (ﬂ n Q) @ (5.60)
Uy —u Jp, \Ui uJ p

Thus, the important conclusion is that the time scale for the acceleration of particles
of momentum p at a shock not mediated by cosmic rays is simply

face(p) = —> (ﬂ+ﬂ). (5.61)

up —uz \up Uz
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Exercises

1. Suppose that an upstream energetic particle distribution proportional to p~¢ is
convected into a shock with compression ratio r from upstream. In the absence
of particle injection at the shock itself, calculate the reaccelerated downstream
energetic particle spectrum, and explain what happens ifa < g = 3r/(r — 1) or
a>q.

2. Suppose that a shock of compression ratio r accelerates n cm™ particles injected
as a monoenergetic source §(p — po) at the shock, so producing a downstream
energetic particle spectrum o< p~?. Now suppose the shock propagates out
of the system and the compressed gas relaxes back to the ambient state. Let
another shock propagate into the system and suppose that this shock reaccelerates
the decompressed accelerated power law spectrum that was accelerated earlier.
Assume no additional injection of particles into the diffusive shock acceleration
process. Compute the energetic particle distribution reaccelerated at the second
shock. Again, suppose that the second shock disappears out of the system and the
energetic particle decompresses again. Derive the energetic particle spectrum if a
third shock reaccelerates the previously accelerated spectrum of particles. What
can you infer about the effect of multiple accelerations and decompressions of a
spectrum of energetic particles by multiple shock waves?

5.8 Application 2: The Modulation of Cosmic Rays
by the Solar Wind

The fundamental concepts underlying the modulation of galactic cosmic rays by
the solar wind can be developed on the basis of a simplified form of the cosmic
ray transport equation. The solar wind flows supersonically and nearly radially
outward from the sun and carries the heliospheric magnetic field. The large-scale
magnetic field follows the Parker spiral. On smaller scales, as discussed, the solar
wind convects magnetic irregularities — magnetic turbulence — that are responsible
for scattering galactic cosmic rays. The charged particles gyrate about the mean
magnetic field but experience pitch-angle scattering due to the magnetic turbulence,
meaning that the cosmic ray transport equation is a suitable description of particle
transport for galactic cosmic rays attempting to enter the heliosphere. That cosmic
rays experience scattering in the outwardly flowing solar wind means that they
experience considerable difficulty in reaching the inner heliosphere. Consequently,
the intensity of cosmic rays in the inner heliosphere will be much lower than in the
outer heliosphere.

To ensure a tractable description, consider the cosmic ray transport equation in
the absence of a large-scale magnetic field and adopt a 1D spherically symmetric
geometry. For a constant radial solar wind speed u, the steady-state spherically
symmetric 1D cosmic ray transport equation becomes
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f plactwof 19 (, of
“or T3 or p  r2or “rrar )

where k,, denotes the radial diffusion coefficient and f = f(z,r, p). This form
of the transport equation does not have a simple analytic equation and is typically
solved numerically for appropriate solar wind conditions. The transport equation
can be rewritten as

of  3(r’u) ad af
2,7 = — 2 —_
’ “or + ar = ar ke ar )’

where the Compton-Getting factor C has been introduced,

p13f

3fdp
The Compton-Getting coefficient has been extensively studied, although not initially
in the context of an expression in the cosmic ray transport equation. For galactic
cosmic rays, C is a slowly varying function of r and p, and it may be approximated
as C = 1 in the energy regime appropriate to cosmic ray modulation. Subject to
this approximation, the transport equation reduces to

[ )

The equation in the inner brackets is simply

af _ u

dr Ky

e

which has the solution

Ry u
10.p) = s pres |~ [ .
r rr
where f(o0, p) is the isotropic galactic cosmic ray distribution function beyond the
heliosphere and Ry is the radius of the modulation region — this is sometimes called
the cosmic ray modulation boundary but it has little physical motivation within
this formulation. The modulation of galactic cosmic rays within the heliosphere
is therefore controlled by the modulation parameter

Ro
u
Per = / Mg,
r Krr

which is a function of the solar wind properties through the solar wind radial speed
u, and hence of the 11-year solar cycle. Consequently, the cosmic ray intensity
exhibits a solar cycle variation.
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Chapter 6
The Transport of Low Frequency Turbulence

The transport of particles experiencing collisions with either other particles or with
magnetic turbulence has been considered in the previous chapters. It is possible
to utilize related techniques to investigate the transport of fields as well. Not
surprisingly, the question of identifying appropriate closures becomes especially
acute when considering the transport of fluctuating fields, and this is an enormous
area of past and current research and we cannot begin to provide even the most
cursory overview.! Instead, we shall focus on the transport of magnetized turbulence
in an inhomogeneous flow such as a solar or stellar wind and utilize some quite
simple closure approximations.

From almost the earliest times of spacecraft observation of the solar wind, there
was strong evidence suggesting that fluctuations in the interplanetary medium could
be interpreted in terms of a low frequency magnetohydrodynamic description. Fur-
thermore, in a classic paper, Coleman (1968) found that spacecraft frame temporal
fluctuations of the solar wind plasma velocity admitted power law spectral distri-
butions, which in view of the super-Alfénic character of the mean interplanetary
outflow from the Sun and the Taylor “frozen-in flow” condition, implies a power law
distribution in wave number space very reminiscent of the Kolmogorov description
of hydrodynamic turbulence. By contrast, related observations by Coleman (1968)
and Belcher and Davis (1971) showed that velocity and magnetic field fluctuations
are often highly correlated, suggesting the presence of low-frequency MHD waves
propagating outward in the solar wind.

The above two sets of observations have more-or-less defined the two competing
and conflicting interpretations of fluctuations in the solar wind. On the one hand,
the existence of Kolmogorov-like spectra in solar wind magnetic field observations
has been interpreted in terms of the in situ generation of a turbulent cascade by

1Very useful overviews can be found in e.g., McComb (1990), Frisch (1995), and Chassaing et al.
(2002).
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dynamical processes® suggesting that the solar wind is an evolving turbulent flow,
driven by the injection of turbulent energy by processes such as stream shear,
shock waves, pick-up of particles, etc. In marked contrast to this tangled, highly
nonlinear picture of fluctuations in the interplanetary medium, the observations of
Belcher and Davis suggested instead a picture corresponding to superimposed, non-
interacting MHD waves, primarily Alfvénic, that are probably remnants of coronal
processes.

The Alfvén mode description was for a long time the most widely accepted
perspective until further sophisticated and detailed observations were presented
which could be interpreted only on the basis of a turbulent solar wind. It was
found for example that on average the frequency of occurrence of Alfvénic periods
is greatest in the inner heliosphere, after which it decreases substantially with
increasing heliocentric distance. By ~2 AU, as many “inwardly” as “outwardly”
propagating fluctuations are observed. This is interpreted as a consequence of the in
situ generation of turbulence by stream shear-driving and the dynamical evolution
and coupling of fluctuations. Other dynamically changing quantities include the
decrease of the “Alfvén ratio,” the ratio of kinetic to magnetic energy in fluctu-
ations, with increasing heliocentric distance, the tendency of the “cross helicity”
to approach zero, indicating that the energy in inward and outward propagating
modes approaches equality. Another critical observation is the non-adiabatic radial
temperature of the solar wind, and this has long been interpreted as evidence for
heating by turbulent dissipation or possibly shock waves. This led to growing
consensus that the solar wind was an excellent example of a turbulent magnetofluid.
However, the major advantage of the linear wave description was the development
of an extremely tractable and simple theory describing the radial evolution of solar
wind fluctuations. This was based on small amplitude or linear wave propagation in
aslowly varying inhomogeneous background, for which a JIWKB (Jeffreys-Wentzel-
Kramers-Brillioun) expansion approach could be used, and is thus generally called
the WKB theory. Despite the inability of WKB theory for linear Alfvén waves to
explain observed turbulence properties of the interplanetary medium, it nonetheless
proved remarkably accurate in describing the evolution of fluctuating magnetic
power with increasing heliocentric distance, at least within about 8 AU. The
apparent agreement between WKB theory and the observed heliocentric evolution of
magnetic power provides perhaps the most striking argument in its favor. However,
the lack of equipartition between magnetic and kinetic energy fluctuations and the
observation that fluctuations become progressively less Alfvénic with increasing
heliocentric distance casts doubt on the relevance of the WKB description. A
resolution to these fundamental contradictions, at least for the outer heliosphere, was
presented by Zank et al. (1996) and more modern models now extend this approach
to all regions of the heliosphere.

2Matthaeus and Goldstein (1982).
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6.1 Basic Description of Low-Frequency Turbulence

The development of turbulence models has been based largely on hydrodynamics
in the incompressible regime. Here we very briefly review standard ideas about
hydrodynamic turbulence based on the Kolmogorov theory, and apply this to
magnetohydrodynamic turbulence.

Hydrodynamic turbulence proceeds primarily on the basis of the continuity and
the Navier-Stokes form of the momentum equation in the limit of incompressibility.
This reduces the governing equations to

V.u=0; 6.1)
9 P
M u-Vu=-V (—) Vi, (6.2)
ot 0

In the incompressible formulation of hydrodynamics, the pressure P behaves as a
passive scalar that is determined from the Poisson equation that results from taking
the divergence of the momentum equation (6.2). Despite their apparent simplicity,
the quadratic nonlinearity of the incompressible equations (6.1) and (6.2) admit no
known general solution. The advection term introduces nonlinearity into the system,
which can correspond to wave steepening and energy transfer e.g., suppose u
sinkx. Then, u-Vu ~ sinkxk cos kx = k sin 2k x. Thus, the wave number doubles.
An eddy with vorticity @ = V X u is enhanced by advection, and this is termed as
vortex stretching.

We have seen that the Reynolds number Re is the magnitude of the advection to
dissipation term,

_ju-vu| UL UL

Re

~ wVZu| T wU/L2 v

where U and L denote the characteristic speed and length scale of the flow. The
transition from laminar to turbulent flow corresponds to the transition from low
Reynolds number flow to high Reynolds number flow.

Because of the quadratic nonlinearity, two modes can interact with one another
to excite another. The mode-mode coupling leading to the excitation of a high
frequency or larger wave number mode can proceed successively in the sense of
a cascade. This concept of energy transfer from large to short scales is analogous to
the physical picture introduced by Richardson in which large-scale eddies separate
into smaller eddies, and so on into ever smaller eddies. Since energy migrates or
cascades from larger scales to smaller scales, there does not exist a characteristic
size for the eddies since all scales exist simultaneously. Such a cascade description
can only be valid if there is a well separated region in which energy is deposited
into the system. There also has to be well separated region in which nonlinearity
and dissipation are comparable. In this regime, the nonlinear coupling and the
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dissipation proceed at the same rate, or dissipation begins to dominate, and leads
to the conversion of kinetic energy to thermal energy.

In his classic analysis,> Kolmogorov separated the spectral range of turbulence
into three spatial regimes, these being the injection or energy range, the inertial
range, and the dissipation range, as illustrated in Fig. 5.2.

The smallest wave number regime (largest scales) is the injection or energy
range, and corresponds to the regime in which turbulent energy is deposited. In
the solar wind, this can be at frequencies as low as the 27 day solar rotation period,
it can be due to the turbulence generated by shear and instabilities at the boundary
regions of fast and slow streams, to the fluctuations excited by the creation of pickup
ions, and sundry other instabilities. The energy range is the energetically dominant
part of the fluctuation spectrum.

At the smallest scales, corresponding to wave numbers greater than some
characteristic dissipation wave number k, the dissipative process due to the fluid
viscosity dominates and fluctuation energy is converted to thermal energy. This
regime is called the dissipation range. The spectral energy experiences a sharp
decrease and steepening of the spectrum in the dissipation range.

Kolmogorov’s key insight was to recognize that the inertial range that lies
between the energy-containing and dissipation ranges results from the balancing
of energy input into the inertial range and energy loss into the dissipation range. Let
us examine this idea more closely in the context of hydrodynamics and MHD.

For hydrodynamics, we may consider the incompressible momentum equa-
tion (6.2), and for the energy-containing and inertial range, we can neglect the
viscosity. We also neglect the thermal pressure. We therefore have

du

— =—u-Vu=NL,

at
where NL denotes the nonlinear term. Let the energy-containing eddies possess a
characteristic velocity (#?)'/? and length £. The characteristic decay time due to
nonlinear spectral transfer is then

<u2>1/2
L

Tnl ~

For the kinetic energy in the fluctuations,

19, ,
__ = _u-(u-vV
28tu) u- (u-Vu),

we may approximate the triple correlation time by (u?)'/?(u?)/{, which yields

d

2\3/2
@40 ~_<”)
't

— ’

14

3Kolmogorov (1941a,b).



6.1 Basic Description of Low-Frequency Turbulence 265

where the constant 2 has been absorbed into £. This is the well-known Kolmogorov
estimate for the turbulent decay of energy-containing eddies.

The analogous form of the “decay” or non-linear spectral time is rather more
subtle and complicated for a magnetized gas in the presence of a mean magnetic
field and inhomogeneous large-scale background flow. The identification and
relationship of the various characteristic non-linear spectral and fluctuation time
scales has been addressed for incompressible MHD by many authors.* Recall that
for incompressible MHD, the introduction of the variables

7% = U+ B/ \/4np,

(using the exact quantities now and not the fluctuating part) allows the fully 3D
incompressible MHD equations to be expressed exactly as

0Z* 1 B?
— 4+Z2T.VvZEF=—V(|P+—, (6.3)
at 0 8

after adding and subtracting the momentum and Faraday’s equation respectively.
Assume that the dissipation of magnetized fluctuations or turbulence is local and in
approximate local statistical (quasi-)equilibrium on sufficiently small scales and that
the system is locally homogeneous. By separating Z* into a mean and fluctuating
part, Zt = th + z*, we have locally

0z* F oyt Fy,+
7+Z0 -Vz©= = —2"Vz™—. (6.4)

On neglecting the convection term in (6.4) above, we obtain

£<Z+2> = —2<z+ . (z_ . Vz+))

_ <Z+2> (Z_Z)I/Z (6.5)

S

[

by analogy with the von Karman-Howarth-Batchelor one-point closure for hydro-
dynamics (after absorbing the factor of 2). The non-linear spectral transfer term
therefore couples the decay of the energy in the forward modes to those in the
backward propagating modes via a characteristic scale length associated with the

z* modes. Similarly, in the absence of convection or zero-order propagation effects,

\1/2
9 -2 a
5 ) = )%

4See the review by Zhou et al. (2004).
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Consequently, the non-linear term due to spectral transfer in the absence of
propagation effects is

2\1/2
NLy = —zi@, (6.6)

with a characteristic “eddy turn-over” time

=2 1/2
T}% ~ % 6.7)

The length scale A* will correspond essentially to the correlation length of the
energy in the forward and backward propagating Elsésser variables.

The modeling of the non-linear term is further complicated by the inclusion of
propagation effects.’ There are several subtleties with propagation effects that are
not easily addressed. Alfvén wave propagation introduces an Alfvénic time scale

(6.8)

The time scale (6.8) yields the well-known Iroshnikov-Kraichnan spectrum for
the energy density of the forward and backward propagating Elsédsser fluctuations
whereas the non-linear time scale implies a Kolmogorov spectrum for the energy in
the zt and z~ modes. This is seen as follows.

Use of the non-linear and Alfvén time scales 7= and t$ yields the Kol-

mogorov and Iroshnikov-Kraichnan energy density spectra for <z+2> and <z‘2)

directly.® Recall that by making the Kolmogorov assumption that the energy flux =
dissipation rate = &(k), one has for a hydrodynamical system that & ~ 1> /£, where
u is a characteristic velocity fluctuation and ¢ a characteristic length scale. If we
introduce a characteristic triple correlation time 73, we may write & ~ t3u*/(>.
Since uj ~ (kEk)l/ 2 where E is the energy per unit wavelength, we may express

e(k) ~ i E}(k)k*. (6.9)
By adopting the dimensional scaling (6.9), and identifying the relevant triple

correlation time 73, we can recover either the Kolmogorov or Iroshnikov-Kraichnan
forms of the energy spectrum provided ¢ = constant. For example, if we assume that

STroshnikov (1963) and Kraichnan (1965).

5An excellent and much more extensive discussion can be found in Appendix A of Zhou et al.
(2004)



6.2 Mean Field Description of MHD Fluctuations 267

the non-linear time scale describes 13, i.e., 75 ! = kuy, then we obtain immediately
the Kolmogorov spectrum for the inertial range

Ey ~ 2k, (6.10)
whereas taking 75 ' = kV,, yields the Iroshnikov-Kraichnan spectrum
Ex ~ (eVa0) /2 k™32, (6.11)

It is possible to use a more complicated form of the triple correlation time scale
-1 -1 - . .
(r;t) = (‘L’:t) + (rjf) " to obtain a spectrum E ki that yields features of both

nl
the Kolmogorov and Iroshnikov-Kraichnan scalings in different regimes.

A generalization’ of (6.9) is
e (k) = o5 (E; (k) (E (k) k*. (6.12)
Use of the non-linear time scale above for ‘C3:|: yields the Kolmogorov spectrum
EE = (e£/(T)"2) k5, (6.13)
together with the ratio,
Ef/E; = (e7/67). (6.14)
Unlike the scaling used above, use of the Alfvén time scale yields instead
EFE; =VapeThk™,  EFEC = Vae k™. (6.15)
The individual spectra then satisfy E,:r ~ k™+ and E,” ~ k- provided my +
m—_ = —3. However, there is no expectation that the Iroshnikov-Kraichnan —3/2

spectrum will emerge for either the forward or backward energy spectra, and there
is no estimate for the ratio of spectral energies £ ,;" JE.

6.2 Mean Field Description of MHD Fluctuations

Let us now consider the transport of fluctuations in an expanding magnetized flow.
To a leading order, low-frequency approximation, the solar wind may be described
adequately on the basis of the MHD equations. A mean field decomposition of

"Dobrowonly et al. (1980a,b)
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the MHD equations in the presence of an inhomogeneous large-scale flow will be
utilized.® The compressible MHD equations are

dp

— +V-pu=0:

8t+ pu

ou 1 B? 1

v -Vu=—-V|P+—)+-—(B-V)B;
8t+u " p ( +4n)+4np( )
0B

E—i—u-VB:(B-V)u—(V-u)B,

and of course V - B = 0 and we have used J = (c¢/47)V x B. Observe that we can
identify PT = P+ %: as the total pressure, where P is the thermal plasma pressure.
The solar wind, as indeed most flows, varies relatively smoothly on large scales
associated with the local heliocentric radial coordinate R. Fluctuations typically
possess correlation scales that are much smaller than R. Most of the turbulence
“activity” occurs on scales that are smaller than a characteristic correlation length
scale and hence significantly less than heliocentric length scales R. The MHD
turbulence activity that we wish to explore is therefore well separated in length scale
from the large-scale solar wind inhomogeneity, which is essentially reproducible
and can be described in terms of mean field variables. By contrast, the small-scale
fluctuating fields behave as random variables and so require a statistical description.
Accordingly, we decompose the fields according to

u=U+w;, B=Bo+b; p=py+38p; P' =P/ +5p",

where the existence of an appropriate averaging operator is assumed such that
(u) = U, (B) = By, (p) = po, and (PT) = PJ. The mean fields correspond to the
large-scale inhomogeneity. Because of the inhomogeneous background, we need to
regard the spatial coordinate X as comprising both a slowly varying part R and a
local rapidly varying coordinate x.” Formally, the averaging operator (- - - ) averages
over X at a fixed R, and hence no fast variations remain after averaging i.e.,

9 FRx) = 0,
8x,~

for each component x; and any function F. Similarly, we also require that the
average of any quantity vanish whenever that quantity may be written as a derivative
with respect to the fast coordinate i.e.,

8This approach for solar wind fluctuations was developed in a series of papers by Ye Zhou, W.H.
Matthaeus, C.-Y. Tu, and E. Marsch (Zhou and Matthaeus 1990, 1999; Matthaeus et al. 1994,
Marsch and Tu 1989; Tu and Marsch 1990).

°For a very detailed discussion of a two-scale separation applied to the inhomogeneous MHD
equations, see Hunana and Zank (2010).
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F\ _,
8)(,' s

for any F and each x;. This ensures that a quantity such as

oF
(VF) = R
can be regarded as a slowly varying spatial gradient of the locally averaged value of
the function F'.
A common assumption adopted in turbulence modeling is to assume that small
scale fluctuations are incompressible, so that the mean density py varies slowly and
8p = 0. The fluctuating velocity field becomes solenoidal i.e.,

V.-u=0.

The validity of the incompressible description in both hydrodynamics and MHD
has been examined only recently'® and is quite subtle, particularly for MHD. In
essence, all high frequency fluctuations must vanish if the compressible equations
are to converge properly to an incompressible description.

The fast scale averaged equations are easily derived from the momentum and
induction equations, yielding

ou
— 4+U-VU .Vu) —
5 + + (u- Vu) T

B
%+U-VB0+(u-Vb)—[BO-VU—i—(b-Vu)]

By VBy + (b-Vb)] = —VP/;

=—[(V-U)By+ ((V-uwb)].

Recall that the fluctuating velocity field is denoted by u. The fast-scale equations
describing the fluctuating fields are obtained by subtracting the above equations
from the original momentum and induction equations. The turbulent velocity and
magnetic fields are governed by

9 1 1
M O U.-Vu+u-VU= ——[By-Vb+b-VBy] = ——VspT + N*
ot 4 po 0o
(6.16)
ab
5 +U-Vb+u-VBy—By-Vu—b-VU=—(V-U)b
—(V-u)By + N?; (6.17)

10Zank and Matthaeus (1991, 1993).
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where
1
N‘=—[u-Vu—(u-Vu)]+ ——[b-Vb—(b-Vb)]; (6.18)
47'[/)()
N’ = —[u-Vb—(u-Vb) +[b-Vu—(b-Vu)]. (6.19)

The equations for the mean field and fluctuating density are given by

d

g + V- (poU + (5pu)) = 0;

dsp

— +V (6pU + pou + Spu — (5pu)) = 0.

The assumption of incompressibility then yields the constraint
V- (pou) = 0. (6.20)

Since the small-scale field is assumed to be incompressible, we have

where the divergence is with respect to the fast-scale variable x. On slow scales,
V -u # 0 since this would violate the constraint (6.20). The small scale divergence
can be neglected in the transport equation for b, i.e., on the right-hand-side of (6.17).

The spatial derivatives in the equations for the dynamical small-scale variables u
and b, (6.16) and (6.17), contain both slow and fast scale variation. We assume that
the variables are functions of both the R and x, e.g.,

f=71"Rx.0)+ef'Rx. 1)+ f2RX, 1)+,
and introduce the multiple scales

X ad 1 0
]_{:X7 :—:}Vl = — -
X £ 8R,< + 88)(?,‘

where ¢ is a small parameter. Let Vg = d/dR and V, = 0/0x. The Equations (6.16)
and (6.17) can be combined as a single equation with the introduction of the Elsdsser
variables

b
NZET

The second term is the fluctuating magnetic field expressed in Alfvén speed units.
The Elsidsser variables can be interpreted as forward (the positive) and backward

f=u+
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(the negative) propagating modes. The large-scale magnetic field can be expressed
similarly in terms of the Alfvén velocity

By
VP
The Elsdsser variables are very convenient in studying incompressible MHD

turbulence since V - z+ = 0 (although this is not in general true for compressible
turbulence). In the present context of fast- and slow time variation, V, - zE¥ = 0 but

V,=

1 b
V~zi:VR'u:F5m'VRlnpo7é0,

where we have used V - b = 0. The slowly varying inhomogeneous background
therefore ensures that, despite the assumed incompressibility of the small-scale fluc-
tuations, the Elsdsser variables are not solenoidal. Before combining the dynamical
equations, we note the following relations,

U
o
1 1 U
U-v = V. —:
Jarpo  N/Ampo 2
1
=V-Vy,

By-V
NZE TN

where we assumed that the background density py was steady. On using the results
above, Eqs. (6.16) and (6.17) can be combined in terms of the Elsésser variables as
(Exercise)

dz+ 2zt — 72T VB
—— +(UFVy -Vzt + == V. (U2+V F.lvu+
o +UFVy) -Vz& + 3 u/ 1) +z |: \/Fpo}

=NL,+S*

which is equivalent to

I UEV,) Va4V UVt T [vus VB
— . Z — . Z Z .
ot 4 2 A NZETD
1
- 31V: (U/2 + VA)} = NLi + S%, 6.21)

where I is the identity matrix. NL 4 are nonlinear terms that we shall later model
as dissipation terms, and

1

—— Nt
v 4mpo

NLy =N+
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Note that in (6.21), the total pressure gradient Vp” has been neglected. This is
due in part to the assumption of small scale incompressibility. In an incompressible
hydrodynamic or MHD fluid, the pressure is a constraint, determined by the solution
to the divergence of the incompressible momentum equation (a Poisson equation),
and is determined by a combination of the fluid velocity and magnetic pressure.
Thus, correlations that include the pressure will be of the third-order and similar
therefore to the terms contained in NL 4. Since we will model correlations of the
nonlinear terms on the right-hand-side of (6.21), we do not include the total pressure
explicitly.

Exercises

1. Complete the derivation of the transport equation for the Elsisser variables z*,
Eq. (6.21).

6.3 The Transport Equation for the Magnetic Energy Density

We will follow the original derivation given in Zank et al. (1996). although this has
been extended recently by Breech et al. (2008) and Zank et al. (2012). Although we
will not use all the following notation, these are quantities that appear typically in
the analysis of turbulence in the solar wind, both observationally and theoretically.
These quantities correspond to taking moments of the Elsdsser variables in much
the same way that we took moments of the particle distribution functions. There is
a corresponding closure problem since the nonlinear terms introduce higher order
moments in each derivation of a moment equation.
Introduce the following important moments of the Elsdsser variables:

(zt -zt +(z7-27)

Er = 5 = (u?) + (b*/4mpy); (6.22)
gt g g

I >2 @20 by Jamm): (6.23)

Ep = (2" -27) = (u®) — (b*/47py), (6.24)

where the first is twice the fotal energy in the fluctuations (the sum of kinetic
and magnetic energy), the second is the cross helicity, the difference in energy
between the forward and backward propagating modes, and the energy difference
i.e., the difference between twice the fluctuation kinetic energy and magnetic energy
(measured in Alfvén speed units) densities, sometimes called the residual energy.
These are all useful and measurable quantities describing turbulence in the solar
wind. By combining the moments, (6.22)-(6.24), we also have the following useful
relations,



6.3 The Transport Equation for the Magnetic Energy Density 273

rqg = (u2> = ET + ED N
(b2/Ampy)  Er—Ep’
(z*%) = Er + Ec; (%) = Er — Ec;
EC ED
He = —; Hp = —;
c Er D Er
Er + Ep Er—Ep
W) =220 () = 2

Here r4 denotes the Alfvén ratio, and H¢ and Hp are the normalized cross-helicity
and energy difference or residual energy respectively.

A very general set of transport equations can be derived from (6.21) in terms of

the above moments together with correlation length equations. The physical content
is sometimes difficult to extract, so we make the following assumptions that are
quite reasonable beyond some 1-2 AU in the solar wind.

1.

The Alfvén ratio is assumed to be constant i.e., the ratio of kinetic to magnetic
energy in fluctuations is constant. This is quite well supported observationally in
the solar wind for suitably large heliocentric distances from the Sun.

. The cross-helicity is assumed to be zero i.e., the energy in inward and outward

propagating modes is equal.

. We introduce a structural similarity hypothesis that essentially imposes specific

symmetries on the turbulence in the sense that non-diagonal correlations can be
expressed as a linear function of the trace of the corresponding correlation tensor
i.e., we approximate the product z;’zi = az" - 7€ where a is a scalar constant and
n and & can be + or —. This assumption amounts to a closure assumption since it
relates certain unknown moments to the smaller subset (6.22)—(6.24). Unlike the
other assumptions above, it does not appear possible to weaken this assumption

in the more general theory of Zank et al. (2012).

. One further assumption is needed, this related to the ratio of the velocity and

magnetic field fluctuation correlation lengths, but we defer further discussion
until the appropriate section.

In the transport equation for the Elsisser variables z*, we express

1
J4rp

An evolution equation for E7 can be constructed (by taking the dot product of

1.1
(z7-VB)=z7 -V, + EVA—ﬁ -Vp.
I

the evolution equation for z* with z* i.e., z* - 92% /0t etc. and then adding the two
equations — Exercise) which yields

IE 1
a_zT +U-VEr + 5V -UEr =V, VEc +V-VaEc + (@ -VU) -2*)

+ (T -VU)-z7)+{((z”-VVy)-zt) — (" - VVy)-z27)
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+ 52 (Va9 @) = (Va2 (@ V)] = 5V - UE
= (2" -NLy)+(z -NL_)+ (zt-St)+(z"-S7), (6.25)

where turbulence source terms S+ have been introduced.

To deal with the mixed terms, we invoke the structural similarity hypothesis and

approximate zj’z; = az™ -z~ for some constant a. Notice that

- b; b;
53—z

V4mpo J4mpo

so if the fluctuations are purely Alfvénic, the coefficients introduced by the mixed
terms vanish identically.
By considering specific terms, the structural similarity hypothesis implies

(z”-VU)-zt + (z*-VU)-2~ =2az" 2"V -U+2az -2 5%
(z-VVy) -zt — (@t -VV,) .-z~ =0;
[(Va-2") (2" -Vp)) = ((Va-2) (z"- Vp))] = 0,

where SY = >, ... 0U;/dx; is the sum of shear velocity gradient terms. This
then yields the total energy density transport equation in the form

OE 1
7#L+U.VET+EV-UET—VA.VE;+V.VAEC
1
+(M—§)vmmD+m$ED
= (" -NLy)+(z -NL_)+ (zt-ST) +(z"-S7). (6.26)

The nonlinear dissipation terms are evaluated separately below. The first three terms
describe the WKB-like transport terms that arise in linear wave theory, and exhibit
a form that resembles a thermal pressure equation with adiabatic index 1/2. The
remaining terms describe the mixing of the forward and backward Elsdsser modes
due to large scale inhomogeneity of the background plasma flow associated with
expansion/compression, and shear terms. As expressed in the transport equation, this
coupling is through the cross-helicity energy density E¢ and the energy difference
Ep terms.

To simplify this equation further, as discussed above, we assume that the cross-
helicity E¢c = 0, and that the Alfvén ratio is constant. Hence, using the relations

2
(M)+Q=&m+m

Er = () + (b /4p0) = (b/47p0) (W
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E 2y — (b%/4x ry—1 rg—1
=_D:(M2) (2/ po) _ra=l g, =
Er  (u?) + (b*/47mpo)  ra+1 ra+1

Hp T,

reduces the transport equation (6.26) to

JE 1 1
a_zb +U-VEy + 5V - UE, + (2a - E) V-UHpE) +2aS"HpE}

=(z" - NLy)+(z -NL)+(z"-ST)+(z"-S7). (6.27)

Neglect of the right-hand-side of (6.26) and the mixing term proportional to Hp
yields the WKB equation
daE, 1
— +U-VE, + -V.UE, =0,
or + b+ > b
for the magnetic energy density in linear magnetic fluctuations (h%/4mp,) in the
solar wind.

Exercises

1. Complete the derivation of the transport equation for Er, Eq.(6.25) and hence
derive the final form of the transport equation (6.26).

2. Solve the steady-state WKB equation for the energy density of magnetic field
fluctuations

L L U.VE, + 1 v.UE, =0
in a steady spherically symmetric steady flow for which U = Upt, Uy = const.,
po = poo(Ro/ r)2 where pgo is the density at a heliocentric distance Ry, and

hence show that b?/b2 = (Ro/r)>.

6.4 Modeling the Dissipation Terms

Consider now the nonlinear terms that describe dissipation on the right-hand-side of
the transport equation (6.26) or (6.27). We adopt a simple one-point closure model
for energy decay similar to those used in hydrodynamics. The analysis here is a little
more general than that given in Zank et al. 1996. As discussed above, assume that
the non-linear decay terms are exponential in form with an appropriate non-linear

spectral cascade time rnj? 1.€.,

z
NL:t X —.

nl



276 6 The Transport of Low Frequency Turbulence

The constant of proportionality is of order unity but we do not worry about this for
the present. Since the spectral cascade is mediated by energy in oppositely directed
modes, we assume that

I Gl

and AT is a characteristic length scale consistent with the one-point closure, and
will correspond essentially to a correlation length for the energy in the forward and
backward propagating Elsésser variables.

From the evolution equation for the total energy Er,

Dissipation term = —(zt - NL,) — (z~ - NL_)

I
=7 |—)L—_|Z+|
=—(E%—E(2;)1/2|:( T‘;+C) +( T A_C) .

If we assume that E¢ = 0 again, the dissipation term reduces to the simpler form

L 321 1 E;
Dissipation term = —E e + = = 7 (6.28)

To close the turbulence model, the dynamical behavior of A needs to be
determined. We proceed by analogy with Batchelor (1953) and introduce three
correlation lengths through the covariances

= (| = 17 P) A€ = 2B

LY = /(zJr .z + 7V -27)dr = EpAP,



6.4 Modeling the Dissipation Terms 277

Note that the prime denotes the spatially lagged Elsédsser variable in the coordinate
r, which unfortunately introduces a particular direction since the translation is
along one particular Cartesian direction. By using, for example, z* - 9z%'/dt +
2z - 92" /0t = 9 (2T -27) /3¢ etc., we can construct transport equations for LT
and L. Not surprisingly, we have to introduce yet another form of the structural
similarity hypothesis, this time assuming that we can approximate

A X AR g =ext 17,
and, again for simplicity, we assume that d = e = a. This yields the covariance
transport equation for L7 as

aLT
TJFU-VLT—VA-VLCJrv-(U/z)LTJrV-VALC

1
+2(a—Z)V.ULD+2a5;;LD:0.

Since L = Ec A€ and E¢ = 0, the covariance equation for LT reduces to

T

aL 1 1
- +U-VLT + EV-ULT +2(a—Z)V-ULD +2aLPS*=0. (6.29)

Zank et al. (1996) argued that the velocity and magnetic field fluctuations possess
equal areas under their respective correlation functions, from which we can infer
that A” = 0. This is a somewhat severe restriction but it maintains some tractability
in the turbulence model. By using A? = 0 and recalling that LT = E;AT =
(ra + 1)E,AT and identifying A7 with 21 yields (Exercise)

N 1 E/? s
Z4U-VA+ 248" —(2a— =) |Hsh = 22— - == 6.30
o T +[ @ox ( “ 2)} d 2 2E, (6:30)

With the exception of identifying the source terms, this completes the derivation of
the turbulence transport model. Under the assumptions listed above, the transport of
the energy density in magnetic field fluctuations E} is governed by the Eqgs. (6.27)
and (6.30). These equations describe the convection of magnetic energy and its
evolution in an inhomogeneous flow, while experiencing the dissipation of magnetic
energy into the plasma, as well as driving by sources.

Zank et al. (1996) considered three possible sources of turbulence in the solar
wind; driving by stream-stream interactions, interplanetary shock waves, or in the
outer heliosphere by ionization of interstellar neutrals. They solved the steady-state
spherically symmetric form of the transport equations (6.27) and (6.30),

oE U U E
ULt —Ey—T—Ey=—-2+5;
ar r r A
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o COMBINED VOYAGER 1,2 1-HOUR AND PIONEER 11 DATA
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Fig. 6.1 Semilog plot of b2/b} for the combined Voyager 1 and 2 and Pioneer 11 data set
(normalized to 1 AU) and four theoretical models as a function of heliocentric distance. The solid
curve corresponds to a WKB solution, the dotted curve to a WKB solution with pickup ion driving,
the dashed curve to turbulence dissipative solution with driving by stream interactions, and the
dashed-dotted curve to a turbulence dissipative solution with driving by stream interactions and
pickup ions. The triangles and diamonds denote Voyager 1 and 2 1-h data respectively and the
squares identify the Pioneer 15 min data. A moderate driving parameter of I —0.2 was used (Zank
et al. 1996)

A U EV? s
U=+T—A=-"2 "},
ar + r 2 2E,

where 0 < I' < 1 expresses the mixing and is treated parametrically. Solutions of
these equations were obtained numerically and compared to observations. Illustrated
in Fig. 6.1 are four theoretical models. The solid line depicts the well-known WKB
solution, the dotted line corresponds to a WKB solution with pickup ion driving,
the dashed line illustrates the dissipative turbulence solution with stream-driving
only, and finally, the dashed-dotted line depicts the dissipative turbulence model
with driving by both streams and pickup ions. It is apparent that there is little to
choose between the four solutions at heliocentric distances within some 6—10 AU.
All appear to describe the overplotted data adequately. From ~7 AU outward,
the undriven WKB model and the stream-driving-only model underestimate the
observed power in magnetic field fluctuations, and the pickup ion driven WKB
model is clearly inappropriate. The choice of reasonable parameters yields a
dissipative, stream- and pickup ion driven model that is in good agreement with
observations from 1 to 40 AU. Other authors have applied this model successfully to
distances as large as 80 AU and in different latitudinal regions of the heliosphere.'!

See e.g., Smith et al. (2001).
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Exercises

1. Complete the derivation of the correlation length equation (6.30).
2. Integrate the steady-state spherically symmetric form of the transport equa-
tions (6.27) and (6.30),

oE, U U E,
U— + Eb —I'— Eb ——
or A
Ua/x + I U/\ El/z

or T2

analytically if E,(r = Ry) = Ep and A(r = Ry) = A,. Hence show that
asymptotically, in the limit of no mixing I" = 0 (which is appropriate for either
2D or slab turbulence), one obtains the estimates

b2/b% ~ (Ro/r)*°,  AJAo ~ (r/Ro)"/*.

This model corresponds to Kolmogorov/von Karman turbulence in an expanding
medium. Show that in the opposite limit of strong turbulence (I" = 1), the
solutions reduce asymptotically to

bz/bg ~ (Ro/1)*, A/Ay ~ constant.
This solution describes Taylor turbulence in a non-expansive medium.

3. Determine the general solution to the stream-driven steady-state spherically
symmetric form of the transport equations (6.27) and (6.30),

9E, U U E
Ua—r” —Ey—I—Ejy = —7”+csh Ep;
A U E\? U
Ug +T—h= Zh Oy =,
ar +r 2 Sh2r

analytically if E,(r = Ry) = Epo and A(r = Ry) = Ao. Hence find asymptotic
solutions for weak and strong mixing.
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collisions (cont.)
proton-proton, 155
relaxation time operator, 91, 92, 162
Rosenbluth potentials, 140, 141, 147
shell distribution, 143, 147
streaming scattering frequency, 148
transition matrix, 75
velocity diffusion frequency, 147
conservation
angular momentum, 80
charge, 88, 167
collision operator, 126, 142
energy, 76, 80, 82, 84, 89, 90, 124, 170
entropy, 127,171
frozen-in flux theorem, 171
hydrodynamics, 90
magnetic flux, 171
magnetohydrodynamics, 124, 169, 171
mass, 84, 88, 124, 167
MHD shocks, 175
momentum, 76, 82, 84, 88, 124, 169
Rankine-Hugoniot, 104, 175
weak solutions, 102, 104, 171
contact discontinuity, 88, 105
correlation tensor, 232
correlation tensor
axisymmetric, 233
dynamical, 216, 239
Fourier transform, 215
isotropic, 218
magnetic, 215
magnetostatic, 216
slab, 221
stationary, 239
two-component, 219
two-D, 224
wave number space, 216
Corrsin’s independence hypothesis, 239
Coulomb logarithm, 139
covariance, 27, 36, 41, 64-66, 69, 276, 277
covariance
decay, 66
joint, 65, 66, 69
cross-spectral density, 66

D

Debye radius, 139

differential form, 102

diffusion
ballistic or free streaming, 235
Kubo form, 237
Markovian, 235
perpendicular, 240

Index

regular, 235

running coefficient, 237
subdiffusion, 235
superdiffusion, 235

distribution function, 15, 19, 21,47, 62, 71-73,

127,142,228

distribution function

anisotropic, 118

binomial, 48

bispherical, 2

continuous, 16, 19

cosmic rays, 250, 253, 256-258

delta function, 142

discrete, 15, 19

electron, 149, 152, 153, 156, 159

energetic particles, 150, 152, 186, 204, 250,
252,253,256,257

Gaussian, 53,61, 239

Gaussian, normal, 57

gyrophase averaged, 111, 186, 187,192,
193,211,214,230

gyrotropic, 144

hemispherical, 192

invariance of phase space volume, 72

Iroshnikov-Kraichnan, 267

isotropic, 111, 146, 152, 191, 201, 214, 238,
240,251,252

Kolmogorov, 261, 267

Lorentz, 68, 69

Lorentz invariance, 72, 205

Maxwell-Boltzmann, 57, 60, 82, 86, 87, 93,
134, 143, 145, 147, 162, 163, 165,
166

mixed coordinates, 187

moments, 23,29-31, 64, 65, 84,91, 92, 94,
121-124, 127, 130, 241, 272,273

multiple species, 135

multiple variables, 22

normal, 53

Poisson, 51

polynomial expansion, 158

power law, 202, 253,267

shell, 2

turbulent fluctuations, 261

velocity, 111,121

velocity shifted, 123

wave number, 261

Dreicer field, 149

Elsisser variables, 270-272, 274
ensemble average, 63-65, 215, 228-231,
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ergodic, 63
Euler equations, 90, 93, 94, 98, 104
expectation, 23, 24, 27-30, 37, 38, 40, 43, 62,
65,87,97, 133, 139, 140, 146
expectation
conditional, 38, 40

F
field lines, 173
flux surface, 173

G
galactic cosmic rays
Compton-Getting, 258
knee, 254
modulation, 257
spectrum, 253,254
Gibbs ensemble, 62
gyrofrequency, 155
gyroradius, 155
gyroviscosity, 164

H
H-theorem, 82, 85, 86
heat flux
vector, 89, 94, 97
heat flux tensor, 125, 165
heat flux vector, 96, 123, 125, 161-163
heat flux vector
diamagnetic, 160, 165
electron, 159, 160
perpendicular, 161
proton, 159
heliosphere, 1
homogeneous
random function, 66
turbulence, 216-218, 221, 239, 265, 276

I
integral form, 102
internal energy, 89, 90, 104, 106
internal energy
cosmic rays, 240
energetic particles, 240, 242

K
kurtosis, 33
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L

Larmor radius, 155
Liouville’s theorem, 63, 129
Lorentz force, 126, 189, 207
Lorentz transformations, 204

M

magnetic helicity, 174

magnetic surface, 173

Maxwell’s equations, 168

mean value, 25, 30,49, 51, 54, 123

mode, 31

moment generating function, 28-30, 36, 37,
43,45,49,51,256

most probable value, 31

multiple scales method, 92, 108, 244, 270

N

Navier-Stokes equations, 90, 92,97, 106-108,
263

noise, 68

P
pickup ions, 1
plasma beta, 181
power spectral density, 66
Prandtl number, 107, 109
pressure
Chapman-Enskog expansion, 96
cosmic rays, 242
energetic particles, 242
evolution, 170
isotropic, 94, 124, 163
MHD, 168
scalar, 94, 124, 163
tensor, 88, 90, 123, 162
trace, 90
probability density function, 15, 16, 62, 127
probability density function
conditional, 37, 38, 40, 43, 131
joint, 23,27, 34, 36,40, 42, 43, 60, 65, 66,
75,239
joint conditional, 40
marginal, 35-37, 40, 42, 43, 45, 46, 75
probability set function, 7, 8, 10, 12, 13, 15, 16,
19,21, 22,33
probability set function
conditional, 33
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R
random variable, 11-13, 15
random variable

continuous, 11, 19

discrete, 11, 19

multiple variables, 16, 22
rate-of-strain tensor, 90, 96, 157, 160
reductive perturbation method, 244
Reynolds number, 107,263
rotation tensor, 190
runaway electrons, 149

S
sample space, 7, 8, 10, 11, 13, 33
scalar potential, 174
scattering
Alfvén waves, 186,204,214
BGK scattering operator, 91
collisional, 144
collisional , 134
collisionless scattering operator, 186
cosmic rays, 256,257
Coulomb scattering cross section, 81
differential cross section, 76, 81
diffusion, 227
diffusive shock acceleration, 253
electron-proton, 144
hard sphere, 76, 78
impact parameter, 78
low frequency turbulence, 185
Markov process, 127
non-resonant, 185
parallel scattering, 147,214
pitch angle, 111, 127, 152, 214, 227, 232,
238
pitch angle diffusion operator, 192
plasma fluctuations, 185
quasi-linear, 226
resonant, 185, 204, 235
Rutherford scattering cross section, 81
scattering cross section, 76
scattering frame, 186, 204
scattering tensor, 226
slab turbulence, 234
time scales, 129
turbulence, 202, 215, 218
wave frame, 204
shear tensor, 190
shock waves, 88, 105
shock waves
Alfvénic shock, 180
breaking time, 101
Burgers’ equation, 109

Index

characteristics, 105
co-planarity, 175
cosmic ray mediated shocks, 244
diffusive shock acceleration, 250, 252-254
dissipation, 109, 110, 247
energetic particle mediated shocks, 244
entropy, 177
fast mode, 180, 182
gas dynamic Hugoniot, 105
gas dynamics, 104
Hugoniot equation, 105
intermediate shock, 182
inviscid Burgers’ equation, 104
jump conditions, 103, 104
MHD jump conditions, 175
MHD Rankine-Hugoniot conditions, 175
MHD shock waves, 175
multiple shocks, 257
Navier-Stokes equations, 106
parallel, 180
perpendicular, 180
quasi-parallel, 180
quasi-perpendicular, 180
Rankine-Hugoniot conditions, 103, 104
shock adiabatic, 178, 179
shock normal, 178
shock polar relation, 179, 180, 184
slow mode, 180, 182
switch-off shock, 182
switch-on shock, 182
turbulence, 262, 277
weak shocks, 98, 108, 179, 180, 244
Sirovich method, 115
skewness, 32
slip line, 105
Smoluchowsky equation, 131
solar energetic particles, 236, 254
sound speed
acoustic, 108, 109
acoustic Mach number, 182
Alfvén, 180, 182
fast, 180, 182,244,247
intermediate, 180, 182
magnetosonic, 169, 179
slow, 180, 182, 244, 247
acoustic, 91
spectrum
bendover scale, 220, 226
co-spectrum, 66, 69
correlation length, 220, 226
cosmic rays, 250,253, 254
decorrelation length, 226
discrete, 117
dissipation range, 220, 264
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energetic particles, 250, 253-255, 257

energy range, 220, 264

frequency, 67

inertial range, 220, 264, 267

Troshnikov-Kraichnan, 266, 267

Kolmogorov, 220, 264, 266, 267

magnetic fluctuations, 220

minimum wave number, 226

power density, 67, 68

quadrature, 66, 69

slab turbulence, 220, 222

turbulence, 218

two-D turbulence, 220, 224

wave number, 67,219, 220
spherical coordinates, 77, 144, 187, 206, 211,

229,231

stochastic in dependence, 42
stochastic independence, 43—46, 48, 75
stress tensor

hydrodynamics, 88

Maxwell, 241

T
transport
collisional, 135
collisional coefficients, 135
collisional plasma, 155
collisionless plasma, 185
collisions, 155
cosmic ray diffusion tensor, 202
diamagnetic flows, 161
diffusion coefficients, 133, 134, 147, 201,
227,234
Elsisser variables, 271
energy, 125, 161
focusing length, 203
heat, 164
MHD turbulence, 261, 267
momentum, 160, 161
parallel diffusion, 230-232
perpendicular B, 161
perpendicular diffusion, 235, 240
pitch angle diffusion, 192, 198
spatial diffusion, 227, 235
spatial diffusion tensor, 202, 203
Taylor-Green-Kubo diffusion coefficient,
236,237
transport equation
advective-diffusive equation, 192,202, 203,
214
Boltzmann, 71,76, 111
Chapman-Kolmogorov, 227
collisional plasma, 155
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collisionless plasma, 185, 234

conservation form for MHD, 171

convective-diffusive equation, 202, 214

convective-diffusive transport equation,
214

correlation lengths, 277

cosmic ray, 191, 240, 252, 257

cosmic ray modulation, 257

cosmic ray transport equation, 214

current, 167

diffusion, 110

diffusive shock acceleration, 252, 254

dissipation, 275

energetic particle, 191

energetic particles, 240, 252

energy conservation, 170

entropy, 171

focussed transport, 186, 190, 191, 193, 200,
204,214

Fokker-Planck, 111,227,234, 235

gyrophase averaged, 186, 190, 193, 200,

204,211,214
Hall term, 168
heat, 165

Legendre polynomial expansion, 193,200
magnetic energy density, 272, 277
magnetic field lines, 173

magnetic flux, 171

magnetic helicity, 174
magnetohydrodynamics, 166

mass conservation, 169

mean field, 228

MHD, 166, 168, 171

MHD turbulence, 261, 267,271,273
MHD, ideal, 168, 171

momentum, 166

momentum conservation, 169
non-relativisitic, 190

non-relativistic, 190

non-relativistic particles, 186, 190, 191
Nonlinear Guiding Center - NLGC, 240
number density, 166

Ohm’s law, 167

quasi-linear, 226, 227

relativistic particles, 204, 214
telegrapher, 110, 112, 113

total energy density, 274

turbulence, 261

two-fluid, 158, 166,242, 244

Vlasov equation, 204

WKB, 274,275

turbulence

Alfvén ratio, 273
Alfvénic time scale, 266
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turbulence (cont.)

axisymmetric, 218, 234
correlation length, 220, 276
cross helicity, 273
decorrelation, 220

eddy turn-over time , 266
energy difference, 273
fluid, 64

Gaussian, 61
homogeneous, 216, 217
incompressible MHD, 269
inhomogeneous flow, 261
isotropic, 217
Kolmogorov, 220, 263
magnetic, 185,217

mean field decomposition, 267

MHD, 185

moments, 272

one-point closure, 265, 275
perpendicular, 185,219
residual energy, 273

slab, 185, 219,221,234
sources, 262, 277

spectrum, 220

stationary, 216

structural similarity hypothesis, 273
total energy density, 273, 274
transport, 261, 274

triple correlation time, 266
two-component model, 219, 229
two-D, 185,219, 224

‘WKB models, 262

\'%
variance, 25, 26,49, 51, 54, 64, 235, 236
variance
conditional, 38
vector potential, 173
viscosity tensor, 124, 160, 162, 164

w
weak solution, 101, 102, 104, 171
white noise, 68
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