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Theoretical studies of ionospheric structure and dynamics regeiknowledge of the
underlying thermal structure of the ionosphere since it a ects tb chemical reaction
rates, recombination rates, and pressure gradients. Measuremts of ionospheric
temperatures have been made for decades with a variety of grodiand space-based
techniques. This thesis is motivated in particular by the recent imprements in
the temperature measurements made by the Jicamarca Radio Obsdory (JRO)
using the incoherent scatter radar (ISR) technique. Modern iospheric models all
have widely di erent treatments of ionospheric energetics, and ne can produce
satisfactory quantitative agreement with the JRO measurementsven in quiet con-
ditions. This thesis explores the energy balance calculations in the wlg used,
open source SAMI2 model in detail, and shows that it is the oversimptiation
of the treatment of nonlocal heating by photoelectrons in partidar which is pre-
venting this model from predicting JRO measurements. This thesisrgsents an
extended version of the SAMI2 model, called SAMI2-PE, which includea newly
developed photoelectron transport model. The model uses niteolume methods
which guarantee conservation of particles and energy, incorptga the magnetic
eld geometry and magnetic mirroring e ects, and can be extendetb any spatial,
energy, and pitch-angle resolution. The new model shows promisiagreement

with the JRO measurements.
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CHAPTER 1
INTRODUCTION

The goal of aeronomy is to observationally and theoretically speciffie structure
and composition of the Earth's upper atmosphere and ionospher&his area of
basic research is a prerequisite for studies of space weather asdimpact on so-
ciety. A component aeronomy is the study of ionospheric energetjd.e. the ways
energy is produced, transported, and transformed in the iondsgric plasma. This
thesis was inspired to revisit this old problem by recently improved msarements
of plasma temperatures in the ionosphere and inner plasmaspherada at the
Jicamarca Radio Observatory, an equatorial incoherent scatteadar [Hysell et al,
2008, 2009]. These measurements cover theregion ionosphere, the topside iono-
sphere, and inner plasmasphere up to1500 km altitude. Our objective is to create
a theoretical model which can reproduce these Jicamarca temptire measure-
ments both in a quantitative and qualitative sense. Such a model cdre used to
gain insight as to which physical processes in uence the measuresiiperatures in
di erent regimes, why the measured temperatures display day-tday variability,
and what we could potentially learn about the larger ionosphere-thmosphere-

plasmasphere system from these observations.

In this thesis we have not created an entire ionospheric model froseratch.
Our development has been based on the widely used open source $AModel
[Huba et al, 2000a]. Ch. 3 reviews the physics and numerics in this model, with
a particular emphasis on the energy balance calculations, and comgm SAMI2
results with Jicamarca data. We argue that the phenomenologicateatment of
photoelectron transport in particular is the most signi cant aspetof SAMI2 which

is preventing it from satisfactorily reproducing Jicamarca data. SMI2 is not the



only model which su ers from this limitation; as Sec. 2.3 explains, fewxisting

ionospheric models have physical treatments of photoelectrons.

The remainder of this thesis is devoted to the description and use ah ex-
tended version of SAMI2 which includes a physical treatment of plaelectrons
called SAMI2-PE. Ch. 4 explains the physics added in SAMI2-PE and dees all
the pertinent equations. Numerous authors have derived variatis of the photo-
electron transport equations before, and the equations used pyevious authors
are either equivalent to, or limiting cases of, the equations used in 8#¥2-PE (see
Sec. 2.4). Nonetheless we chose to go through all the derivation€im 4 in order to
discuss every approximation involved. These approximations deteine the limits
of applicability of the nal equations. Ch. 4 also shows many of the iermediate

steps needed in the derivations which do not appear in journal artés.

Ch. 5 describes the specic numerical algorithms used in SAMI2-PE he
energy reapportionment calculations are performed using an algbm which is
equivalent to that originally described by Swartz [1985], but implemented in a
di erent way. In particular, our implementation allows for ionizing collisons to
be treated in a single step instead of having to loop over all possiblecsedary
energies (see Sec. 5.2). The steady state transport solver désa in Sec. 5.1 is
an original algorithm developed for SAMI2-PE. It uses nite volume igas to guar-
antee conservation of particles and energy. A variation of this algthm which
uses ux limiters to eliminate some numerical pitch-angle di usion is desibed
in Sec. 5.1.1, although the tests shown in Sec. 6.3.1 suggest thatstdnigher or-
der corrections are unnecessary in the region of interest in thiseis (i.e. the

low-latitude ionosphere at altitudes up to 1500 km).



Ch. 6 discusses example SAMI2-PE results in detail and compareith to
Jicamarca data. Example runs with a variety of di erent inputs are ompared to
elucidate the e ects of various physical drivers. These tests sygst possible sources
of the day-to-day variability observed in high-altitude electron terperature mea-
surements from Jicamarca. The thermospheric winds in particulare shown to
have important e ects on the electron densities and temperatuseat high altitudes
(600-1500 km). Despite the small neutral densities at these altides, the motions
of the neutral thermosphere are still coupled to the high-altitudglasma through
larger system processes. Finally, Ch. 7 contains concluding remarttiscussing

what this thesis has accomplished and gives recommendations faufe work.



CHAPTER 2
BACKGROUND

This thesis builds on an old eld, and thus a substantial amount of b&ground
information must be reviewed. First, Sec. 2.1 gives a brief introduon to inco-
herent scatter radar and showcases the measurements whichtivaied this thesis.
Sec. 2.2 provides history and a top level overview of the theory ofnmspheric
energetics. Then Sec. 2.3 describes how many existing ionospheradets treat
ionospheric energetics. Like SAMI2, most modern ionospheric mésldo not have
a physical treatment of photoelectrons with the notable exceptis of FLIP and
SUPIM. Finally, Sec. 2.4 gives a history of photoelectron transporhodeling. The
various di erent forms of the photoelectron transport equationsolved by other
models are shown to be either equivalent to, or limiting cases of, theguation

solved in SAMI2-PE.

2.1 lonospheric temperature measurements using incoher-

ent scatter radar

Gordon [1958] was the rst to theorize that Thompson scatter from elecons in the
ionosphere could be detected with a su ciently large radar. He belied that the
scattered waves from the individual electrons would add with rando phases and
hence be a type of incoherent scattering. Under this assumptione Doppler width
of the received signal would be determined by the electron thermsphbeed. Shortly
after the publication of this original theory, Bowles[1958] made the rst detection
of Thompson scatter from ionospheric electrons and showed titae Doppler width

was much narrower than expected based on the electron thermsdeeds. This



observations prompted numerous theorists to derive expresssofor the spectrum
of electron density uctuations in a warm plasma [e.gDougherty and Farley 1960;
Farley et al., 1961;Dougherty and Farley 1963;Farley, 1966;Swartz and Farley
1979;Fejer, 1960a, b, 1961 Salpeter, 1960, 1961 Hagfors, 1961;Rosenbluth and
Rostoker, 1962; Woodman, 1967]. These theories used very di erent reasonings,
yet all derived equivalent expressions. Sec. 2.1.1 presents a quiekivhtion of the
basic theory based on the approach &wartz and Farley[1979] and gives additional
references for more advanced treatments. For radar wavelémg much longer than
the electron Debye length collective e ects are important and thepgctral width is
related to the ion thermal speed, even though the scatter comiem the electrons.
Hence the phenomenon is not strictly a form of incoherent scattag, but the name

incoherent scatter radar (ISR) has stuck.

The ISR data presented in this thesis all come from the Jicamarca Bia Ob-
servatory (JRO), which is located outside of Lima, Peru on the magtic equator.
This observatory opened in 1962 and recently celebrated 50 yeaifsoperations.
Despite its age, the quality of Jicamarca ISR data has improved thughout its
history as a result of upgrades to the hardware, re nements toSR theory, ad-
vances in signal processing techniques, and more sophisticatedeise methods.
Sec. 2.1.2 reviews the major components of an ISR experiment with amphasis
on the methods used at Jicamarca today. Sec. 2.1.3 then showsregkes of some

of the recent Jicamarca observations which motivated this thesis.

2.1.1 Basic theory of incoherent scattering

Linear media with stochastic index of refraction uctuations scatér electromag-

netic waves. The radar re ectivity (i.e. the radar scattering cros section per unit



volume) in the radian Doppler frequency interval between and! + d! above
the transmitted frequency! ¢ is related to the power spectral density of index of
refraction uctuations, hjn(k;!)j?, by [e.g.Booker, 1956;Tatarski, 1961;Hocking,
1985]

4

(lo+!)dl = 3: - sin® hjn(k; ! )j%d, (2.1)

where is the angle between the wavevectors of the incident and the scart&d
waves, andk is the Bragg scattering wavenumber. For a monostatic radar =
andk =4 = g, where g is the radar wavelength. Inthe ionosphere for frequencies
which are much greater than the electron gyrofrequency the indeof refraction

squared is

n=1 >* (2.2)

(2.3)

where the plasma frequency is a function of the electron density,

|2 = eZNe'
be oMe

(2.4)

Hence the radar re ectivity for a monostatic radar can be rewriten as a function
of the power spectral density of electron density uctuationshjne(k;! )j?, [e.g.

Hocking, 1985]

|
(Lot 1)l = dhine(ki )i 5 (2.5)
where
4
e=4rg=4_1%mic4 10 28 2 (2.6)
e

is the Thompson scattering cross section of a single electron [elgckson 1999].

(Note this formula di ers from that in Jackson[1999] by a factor of 32 because it



is a radar scattering cross section instead of an extinction croscgon. The extra
factor of 3=2 is the directivity of a Herztian dipole antenna in the backscattered
direction). When unstable plasma waves and/or plasma turbulencerea present
hjne(k;! )j?% can be a signi cant fraction ofN?2 and large amounts of backscattered
power can be received from the ionosphere. This is called cohereoattering
in the ionospheric community [e.gWoodman and La Hoz 1976]. In a stable
plasma hjne(k;! )j% will never be exactly zero, however, because the electrons
themselves are points in space. In the simple case where the elewrare randomly
distributed throughout the scattering volume with a uniform distribution in space
and a distribution f(v) in line of sight velocities, hjne(k;! )j2i = 2TNef'\(!=k).
Inserting this into Eq. 2.5 and integrating over all Doppler shifts give a total

R
re ectivity of = ("o+ !')d! = ¢Ng, which is what Gordon [1958] expected.

For radar wavelengths longer than the electron Debye length thdeetrons
cannot be assumed to be uniformly distributed in space because oflective ef-
fects. In this casehjne(k;! )j%i must be determined using statistical mechanics
and plasma kinetic theory. In this endeavor the Generalized NyquisEtheorem
(a.k.a. the Fluctuation-Dissipation Theorem), is a useful tool fronstatistical me-
chanics Callen and Welton 1951]. Consider a linear system in which the Laplace
transform of the response function (s) is related to the Laplace transform of a

generalized forcing functiorV (s) through an an admittance functionY (s) i.e.
1(s) = Y(S)V(9): (2.7)

When in thermodynamic equilibrium at temperature T and not driven by any
forces random thermal motions will cause this system to emit a stoastic response

with power spectral density Callen and Welton 1951].

hjl (s)j2i = 2ks T<f Y(5)g (2.8)



This response can be thought of as originating from a stochastiad¢e with power

spectral density

o 2KsT
hiV (s)j?i = jY(E;)j2<f Y (s)g: (2.9)

The original development of ISR theory byDougherty and Farley[1960] applied
the Generalized Nyquist Theorem by deriving a single admittance fohé¢ entire
plasma. Swartz and Farley[1979] generalized this approach to plasmas which
were not in perfect thermodynamic equilibrium (e.g.Te 6 T;). In the Swartz and
Farley [1979] method an admittance relating the velocity uctuations to tle forces
applied is de ned for each plasma species. Let the electron density e + n. and
the electron ux be NcUe + ncUe + Neue Where Ne and U, are the background
electron density and electron velocity ande and ue are small perturbations which
are proportional to expf(k r !t )]. The electron admittance,Ye(k;! ) is de ned

such that
NeUe = YeF; (2.10)

whereF is any force applied to the electron gas. Analogous quantities are mied
for the ions. In a warm plasma the electron and ion ux uctuations ae driven
both by stochastic forces which capture the e ects of random #rmal motions,F,

and F;, and by the self consistent electric eld in the plasma, i.e.

NeUe = Yo (Fe €E) (2.11)

Neui = Y (Fi + eE); (2.12)

where a quasineutral background is assumedll{ = N;). The electric eld obeys

Gauss' Law

ik E= 2(n ny: (2.13)
0



Finally, the density uctuations can be related to the velocity uctuations through

the linearized continuity equations

i"n ¢+ ik (NeUe+ Neug) =0 (2.14)

i'n ; +ik (niUi + NeUi) =0: (215)

This system of ve equations can be solved for the electron densityctuations

_ KYe[Yi=li i o=€]Fe+[Yi=!i]Fi

e e Yi=li+ Ye=le i o=€ ) (2.16)

where for notational convenience the Doppler shifted frequensiare de ned as

= k Ue (217)

=1 k U (218)

The stochastic force$-. and F; are uncorrelated and have power spectral densities
related to the admittances and temperatures of the electron andn respectively

through the Generalized Nyquist Theorem. Squaring and averagiiigy]. 2.16 gives

i 0=€j2Te<f Yog=! 2 + jYo=! o2Ti<f Yig=! 2.

. 1 Vi2i = 2jYi:!i
hine(k: 1)1 = 2k NEIER ==t

(2.19)

A more elegant expression results by de ning normalized admittanseor each

species
k2T
=NT (2.20)
and dimensionless susceptibilities
ly
= = (2.21)
k2 2
where the Debye lengths are [e.dgellan, 2006]
s
_ oksT |
TV (2.22)



The spectrum of electron density uctuations can then be writteras

l+ j2 2 :f :l + i i2 2,: . :l
H o 128 - 2 J IJ De eg e J ej Di Ig 1
hjne(k; ! )j“1 = 2k“Ne i+ .+ 2 (2.23)

The generalization of this formula to an arbitrary number of ion spees is Bwartz

and Farley, 1979]

. . . P N

. 5. 1+ ji% Be=f eO=le+ ] o® Ziit §=f 197!
1 ViZ = 912 j p j “INe Dj .

hine(k; ! )j“1 = 2k“Ng T+ or

(2.24)

where the sums ovej refer to sums over all ion species.

The susceptibilities themselves are determined by solving the lineariiz€lasov-
Poisson system of equations [seRellan, 2006; Ichimaru, 2004]. For a simple
collisionless, unmagnetized, Maxwellian plasma species the susceptipilg [e.qg.

Bellan, 2006]

(k;1)= 1+ Z( )] (2.25)

k2

where the normalized frequency de ned as

!rm.
2k kgT '’

(2.26)
and Z( ) is the plasma dispersion functionHried and Conte, 1961].

The dispersion relation for electrostatic waves in a plasma is [eBgllan, 2006;

Ichimaru, 2004]

1+ o+ [ =0: (2.27)

Thus the denominator of Eq. 2.24 goes to 0 ak(! ) values which correspond to
electrostatic normal modes. The denominator will never go preciggo 0O for real

I values, however, since all electrostatic waves experience somel kahdamping.

10



The ISR spectrum has several peaks where the Doppler shifts bétpeaks match
the phase velocities of electrostatic waves and the widths of thegks are related
to the damping rates of those electrostatic waves. In the caseaf unmagnetized
plasma there is a broad peak near the ion acoustic resonance, knoag the ion
line, and a narrow peak at the Langmuir wave resonance, known dsetplasma
line. Most of the power is in the ion line. Fig. 2.1 shows examples of ion line
spectra for an O plasma for di erent values of Te=T;. The two peaks correspond
to the phase velocities of ion acoustic waves traveling towards anday from the
radar. The locations of these peaks gives a measureTpfand the area under the
curve is related toN,. If the plasma is moving along the radar's line of sight the
entire spectrum will be Doppler shifted. The widths of the peaks amelated to the
Landau damping rate of the ion acoustic waves and are thus relateal Te=T,. Thus
ion line spectra contain unambiguous information about electron dsities, both
electron and ion temperatures, and line of sight plasma velocities. &t multiple
ions are present composition information can also be determined ifettmasses of
the ions are su ciently di erent. Fig. 2.2 compares ion line spectra fo plasmas
containing both O" and H". A pure H* plasma has a spectrum which is four times
wider than an O plasma. The spectra for mixtures are not simple superpositions
of the single ion spectra, but nonetheless both narrow and wide spral features

are present so the H fraction can be determined.

Eq. 2.24 applies to any stable plasmé&Sjvartz and Farley 1979], but for dif-
ferent types of background conditions the susceptibilities will chge. Expressions
for magnetized plasmas have been derived [ekarley et al., 1961; Fejer, 1961,
Hagfors, 1961; Salpeter, 1961] (see also section 4.4 tthimaru [2004] for an ex-
cellent discussion of electrostatic waves in magnetized plasmas)r Bspect angles

away from perpendicular toB the ISR spectrum will have three lines: an ion line

11
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Figure 2.1: Normalized incoherent scatter spectra for various dirent tem-
perature ratios, Te=T;. The vertical axis is in arbitrary units and
the horizontal axis is the ion normalized frequency. The plasma is
assumed to be unmagnetized, pureQat rest, andk pe = 0:2.

which is similar to the ion line from the unmagnetized case, a plasma line ish
moves between the Langmuir wave and upper hybrid wave resonaras the aspect
angle moves closer to perpendicular tB, and a gyro line near the electrostatic
electron cyclotron wave resonance. Perpendicular ® the ion line collapses into
a narrow spike at low frequenciesWoodman and Hagfors 1969; Kudeki et al.,
1999]. Collisions with neutrals have been incorporated into the thgoiin a va-
riety of di erent ways [Dougherty and Farley 1963; Tanenbaum 1968; Hagfors
and Brockelman 1971]. All of these theories predict that the spectrum will con-

verge to a narrow Lorentzian shape aD-region altitudes, but that ion-neutral
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Figure 2.2: Normalized incoherent scatter spectra for various mixtes of O
and H". The vertical axis is in arbitrary units and the horizontal
axis is the normalized frequency for O. The temperatures of all
three species are assumed to be equal and all other parameters
are the same as in Fig. 2.1

collisions have a minor e ect atF-region altitudes and above. The presence of
suprathermal electrons can greatly enhance the power in the phaa lines, but has
a negligible e ect on the ion line spectraPerkins and Salpeter 1965;Yngvesson
and Perkins, 1968]. Recently, substantial e orts have been spent to incorpate
magnetoionic e ects and Coulomb collisions between the charged s@s into ISR
theory because these e ects have detectable e ects on specwbtained looking
nearly perpendicular toB [Sulzer and Gonzalez1999;Aponte et al, 2001;Wood-
man, 2004;Kudeki and Milla, 2006;Milla and Kudeki, 2006;Kudeki and Milla,

2011;Milla and Kudeki, 2011]. The Coulomb collision problem was solved analyt-
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ically by Woodman [2004] for the case wher&., = T;, but no analytic solution is
known for the more general case. The approaches&ilzer and Gonzale1999]
for small magnetic aspect angles anililla and Kudeki [2011] for aspect angles
going all the way to perpendicular toB required running computer simulations of
test particles traveling through plasmas and interpolating the tablated results.
The incorporation of Coulomb collision e ects has corrected a histimal problem

with T.=T, measurements made at Jicamarca rst noted b¥ingree [1990].

2.1.2 Experimental considerations

Usually ISR signals are su ciently broadband that they constitute awerspread tar-
gets and thus conventional pulse-to-pulse radar analysis metteodannot be used.
Notable exceptions are the ISR spectra perpendicular ® [Woodman and Hag-
fors, 1969;Kudeki et al, 1999] and in the highly collisionalD-region [for recent
examples se€hau and Kudekj 2006a;Raizada et al, 2008;Nicolls et al,, 2010].
The spectra of overspread targets are di cult to measure becae real radars trans-
mit pulses of nite length and receive signals in a limited band. Les(t) be the
transmitted waveform in baseband andh(t) be the impulse response of the receiver.

The baseband voltage received at sample tintg is (in arbitrary units)

Z
y(ts) =  dtdPre® s(t  2r=c) Ng(r:t r=c)h (ts t)+ n(ts): (2.28)

where n(ts) is white Gaussian noise with poweN, Ng(r;t) is the deviation of
the electron density from the background density at a given locatioand time, and
the asterisk denotes complex conjugatiorsell et al, 2008]. These voltages will
be zero mean Gaussian random variables, and thus all the informatits contained

in their second moments. The lag product between voltages recelvat times tg;

14



andtg is

W(tSZ)y (tsl)i :I\Zl (tsz tsl)"’ (2.29)

dt, dt,d®raProe® " h Ne(r + r%ty) N (r + rety)i

s(t, 2r=c)h (ts, ty)s (t1 2r=c)h(ts; ti);

where it is assumed thatr®is a displacement from the center of the scattering
volume which is small compared to the correlation length in the plasmé&iysell
et al., 2008]. With the de nition = t, t; this expression can be written in a

form which is similar to a convolution Hysell et al, 2008]
z
bty (tsa)i = N (ts2  ta)+  dd® (K s1)Wigu, (51); (2.30)

where the plasma autocorrelation function is
Z

(k; :r) dBroh Ne(r + r8t+ ) Ng(r;t)i (2.31)
Z
= zi hine(k;!)j%i€" d; (2.32)
and the radar ambiguity function is Lehtinen, 1986;Lehtinen et al, 1996;Nygen,

1996]
Z

Wtsz;tsl( 7 r ) = dt S(t + 2r:c)h (tSZ t )S (t 2r:c)h(t51 t) (233)
The ambiguity function is like an instrument response function chaxerizing a

particular radar experiment.

The ambiguity function is entirely determined by the design of a radaexperi-
ment. If a radar experiment can be constructed such that the dniguity function
is nearly a delta function then each lag product corresponds to thasma auto-
correlation function at a single range and lag time. A classic radar egpment

which nearly accomplishes this, and has been used extensively at teaca, is the
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Figure 2.3: Range-Time diagram for a double pulse experiment ( gueur-
tesy of D. T. Farley).

double pulse experimentHarley, 1969b;Pingree, 1990]. The transmitted pulse is

a pair of pulses each of lengtii spaced atime T apart, i.e.
s() = u(®)u(T t)+ut Hu(T t+ ); (2.34)

whereu(t) is the unit step function. The receiver uses a Iter matched to a sijle

response, i.e.
h(t) = u(®)u(T 1t): (2.35)

The ambiguity function is localized between lags of T and + T and a span
of ranges which is onlycT wide. Fig. 2.3 illustrates this experiment with a range-
time diagram. The shaded regions indicate volumes which are respibies for the
scattering sampled at timedg andts+ . Only returns from the same altitude will
be correlated, thus only the darkly shaded volumes contribute tde averaged lag
product. The lightly shaded regions do not contribute to the expéed values of
the lag product, but they will contribute to the mean. This extra \self-clutter” can
be completely eliminated in the double pulse experiment by using two éwgonal

polarizations for the two pulsesHfarley, 1969b].

The double pulse experiment only gives information about the autooelation
function at a single lag. One must cycle through many di erent pulsepscings,

, to construct the entire autocorrelation function Farley, 1969b]. Thus double

16



pulse experiments take a long time to build up su cient statistics. Mary other ISR
experiments have been designed with highly localized ambiguity funati® which
can build up statistics faster than the double pulse including multi-pukss Farley,
1972;Nygen, 1996], random codesSulzer, 1986], and alternating coded ghtinen
and Haggstrem, 1987;Lehtinen et al, 1997;Hysell, 2000].

The experiments described above are designed such that the plasautocorre-
lation function at individual ranges can be constructed. Once this i@ccomplished
these autocorrelation functions can be t one at a time for the plasa parameters
at each range. An alternative is to t for the plasma parameters asll ranges and
include the radar ambiguity function in the inverse problemlehtinen, 1986;Holt
et al.,, 1992;Lehtinen et al, 1996;Hysell et al, 2008]. In principle, this type of \full
pro le analysis" can be used with any type of radar experiment, ngust those with
carefully contrived pulsing schemes. Fitting for the parameters atll altitudes also
allows for the inclusion of extra regularization which encourages sbans which

are smoothly varying in altitude Hysell et al, 2008].

Radars typically record voltages in arbitrarily sized analog-to-digitaconverter
counts. The received powers must be calibrated by comparing to armdependent
measurement of electron density. Faraday rotation measurentsrare the method
of choice for calibration at JicamarcaHarley, 1969a;Pingree, 1990]. Di erent po-
larizations travel at slightly di erent phase velocities in magnetized [asmas. Thus
when the radar transmits and receives on two di erent orthogorgolarizations,
the phase di erence between the two channels gives a measuretradrthe absolute

electron density integrated from the radar to the scattering volone and back.

17



2.1.3 Recent Jicamarca observations

The Jicamarca antenna is a phased array which can be con guredgoint in di er-

ent directions by changing lengths of waveguides. Incoherent #ea experiments
are divided into perpendicular experiments, where the beam is poidteexactly
perpendicular to B, and oblique experiments, where the beam is pointed a few
degrees away from perpendicular. The perpendicular experimemian be used to
make highly accurate plasma drift measurements (1 m/s or betterpbut cannot

be used to derive plasma temperatures or compositiod/podman and Hagfors
1969;Kudeki et al, 1999]. The oblique experiments can be used to derive plasma
temperatures and composition, but cannot be used for drift measements. As
this thesis is concerned with temperature measurements, all thecdmarca data

shown will be from oblique experiments.

Fig. 2.4 shows data from an oblique experiment on April 19, 1999. Tleaperi-
ment was a standard double pulse experiment with calibration by Faday rotation
[Pingree, 1990]. The tted parameters shown are electron density, elecin temper-
ature and ion temperature. No tting for composition was attemped. The double
pulse mode produces reliable temperature measurements throaghthe F -region,
but in the topside where the densities (and thus signal strengthslecrease ts are

di cult to obtain.

One method for gaining topside data in an oblique experiment is to inteave
long pulses coded with alternating codes with the double pulsedyjsell, 2000].
Fig. 2.5 shows data from such an experiment performed on Decemlde 2002.
The data below 450 km come from the double pulses and the data abats0 km
come from the alternating coded pulses. The long pulses are unugsabelow 450

km because of ground clutter. The alternating coded data can bdted for H*
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April 19, 1989
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Figure 2.4: Fitted parameters from an oblique experiment on April 19999
using double pulses. White regions indicate missing data.

fractions or T.=T;, but not both. The double pulse data is always tted forT.=T;
but never for H" fraction. In Fig. 2.5 the alternating code data is t for Te=T;
in the morning, assuming the H fraction is zero, and t for H* fraction during
the rest of the day assumingT.=T; = 1. On this particular day an unphysical

discontinuity is apparent in the T; data when the tting for T.=T; is disabled.

An even better method for extending oblique experiments into theopside is
the mode described byHysell et al.[2008], which shall henceforth be referred to as
the full pro le mode. Uncoded long pulses are interleaved with doubfaulses. The
long pulse data is unusable below 450 km due to ground clutter, but ae 450
km it is t with a full pro le algorithm. The long pulse has excellent sensitvity,

but has an ambiguity function which extends over a wide span of raag. A full
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December 4, 2002
Electron Density Double Pulse + Alternating Code Electron Temperature
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Figure 2.5: Fitted parameters from an oblique experiment on Decemb4,
2002. Data above 450 km use alternating codes while data below
450 km use double pulses. White regions indicate missing data.

pro le analysis is necessary to properly cope with such an ambiguityriction.
Six additional regularization conditions are added to the cost funin minimized
in the inverse problem. The rst three minimize the magnitudes of thesecond
derivatives of the electron temperatures, ion temperatures, drH* fractions with
altitude. Two others ensureT, > T; and the H" and He" fractions added together
do not exceed 1. The nal regularization condition minimizes the Hefraction since
it is expected to be small and it is the most di cult parameter to t for , and thus
the most sensitive to noise. The full pro le mode is the only oblique expiment at
Jicamarca which can be t for He fraction. Fig. 2.6 shows data from an oblique
experiment on March 25, 2009 which uses this mode. The increasemsitivity

of the long pulse combined and the extra smoothness conditions inggd by the
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March 25, 2009
Electron Density Double Pulse + Full Profile Electron Temperature
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Figure 2.6: Fitted parameters from an oblique experiment on March52
2009. Data above 450 km use uncoded long pulses t with a
full pro le algorithm while data below 450 km use double pulses.
White regions indicate missing data.

additional regularization produce much cleaner temperature maagments at high
altitudes. It is worth noting that the electron densities in Fig. 2.5 aremuch higher
than those in Fig. 2.6 since 2002 was near solar max, whereas 2008 wathe
deepest solar minimum since the dawn of the space age. Thus the fuith le mode
can produce cleaner data at altitudes extending up to 1500 km even with weaker
signals. The low solar activity in 2009 is also why the transition from Oto H* is

so low.

Ch. 6 shows additional examples of full prole data from Jicamarca.The
topside temperatures exhibit large amounts of day-to-day varidity. The primary

purpose of this thesis is to compare these new topside temperatuneasurements
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with current theories and to explore possible sources of this varisity. This task

demands an in depth reexamination of ionospheric energetics.

2.2 History and overview of ionospheric energetics

Schunk and Nagy1978] provide a detailed review of the early history of ionospheric
energetics.Maris and Hulburt [1928] were the rst to suggest that the upper atmo-
sphere should be hot ( 1000 K) as a result of the absorption of ionizing radiation.
Early estimates of upper atmospheric temperatures from the digpearance of me-
teor trails indicated temperatures of only 300-350 KLindemann and Dobson
1923], but estimates based on the absorption of radio waves indiedtmuch higher
temperatures Martyn and Pulley, 1936;Appleton, 1937]. The conclusion of a hot
upper atmosphere was ultimately correct, even though the logicersin these early

radio wave experiments was awedgchunk and Nagy1978].

The availability of V-2 rockets shortly after World War 1l made it possble to
attempt in situ measurements of upper atmospheric parameters. The feasibilitly o
ying a Langmuir probe on a rocket was rst demonstrated byReifman and Dow
[1949], but technical issues rendered the data from this rockethé many subse-
guent attempts, uselessgchunk and Nagy 1978]. Boggess et al[1959] made the
rst successfulin situ electron temperatures measurements on a rocket launched in
1958. These measurements, and numerous other successfgitu measurements
made shortly afterwards, indicated that the electron temperates exceeded the
ion and neutral temperatures $chunk and Nagy 1978]. This controversial result
was con rmed in the 1960s after the advent of incoherent scatteadar [seeEvans,

1969;Farley, 1991, for reviews of the early days of ISR]. ISR observations of-e
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hanced plasma lines further con rmed the presence of supratineal electrons in

the ionosphere Yngvesson and Perkins1968;Evans and Gastman1970].

Prior to the 1960s the dominant opinion was that all of the componés of the
upper atmosphere should be in thermodynamic equilibrium, i.eTe = T; = T,
[Schunk and Nagy1978]. In a largely ignored paperDrukarev [1946] suggested
that the plasma and the neutrals should have di erent temperatugs and derived
an expression for the temperature di erence based on the avgephotoelectron
energies. A few others began to speculate about the possibility ofaek of ther-
modynamic equilibrium in the 1950s [e.gMitra, 1952;Rawer, 1957]. In the early
1960s,Hanson and Johnsor{1961],Hanson[1963], andDalgarno et al.[1963] cal-
culated T, T;, and T, theoretically in a local approximation where the heating
rates balanced the cooling rates. This studies corroborated thgperimental pic-
ture which was beginning to emerge at the same time; the electromiperatures

substantially exceed the ion temperatures, especially in the lowEr-region.

Conceptually Fig. 2.7 summarizes the modern picture of the importampath-
ways through which energy ows in the low latitude ionosphere (c.f. .2 in
Schunk and Nagy[1978] and Fig. 9.1 inSchunk and Nagy{2009]). Chapter 9 of
Schunk and Nagy2009] gives a basic introduction to these various processes. The
primary source of input energy is solar extreme ultraviolet (EUV) adh soft X-ray
radiation. When these photons ionize the neutral atmospheric sgies nearly all
of the excess energy is given to the ejected photoelectron. Téagshotoelectrons
lose their energy through a variety of di erent types of collisions. @llisions with
thermal electrons will e ciently heat the ambient electron gas. Elasc collisions
with ions and neutrals, however, will not transfer appreciable amaots of energy

due to the extreme mass dierence. The ion and neutral gases dneated by
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Figure 2.7: Conceptual diagram of major pathways of energy ow ithe low
latitude ionosphere.

collisions with the ambient electron gas. Electron-ion collisions do notansfer en-
ergy e ciently due to the disparate mass ratios, but electron-newal collisions can
transfer energy well through inelastic collision processes. The iomdaneutral gases
are strongly coupled to each other since they have similar massefio®electrons
with su ciently high energies can produce secondary electrons tbugh impact
ionization of neutrals. These secondary electrons are usually sattrermal and
thus behave like a part of the photoelectron spectrum. InelastioBlisions between
suprathermal electrons and neutrals can also generated excitedutral species.
Excited neutrals can also be produced as a result of direct photaavption or cer-
tain chemical reactions. The excited neutrals can relax by emittinghmtons in the
visible spectrum, thus producing airglow. They can also relax throtigcollisional
guenching whereby the excess energy ends up as heat in the naugras. A few

excited species can also be quenched by collisions with electrons. Aipantant
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example is NE¢D) which undergoes the reactionRichards, 1986]
N(’D)+ e! N(*S)+e+2:4eV: (2.36)

This process will promote thermal electrons back up into the supttaermal popu-

lation (see Sec. 4.2.5 for further details).

Variations of Fig. 2.7 have been understood for a long time, but theethils of
the individual pathways are complicated. Substantial e orts wereexerted in the
1960s to comparen situ temperatures measurements, ISR temperatures measure-
ments, and theoretical temperatures estimates to each othéeFhe in situ measure-
ments systematically exceeded the ISR measurements; this e egas ultimately
attributed to surface impurity e ects associated with Langmuir pobes Schunk
and Nagy, 1978]. The theoretical models in use at the time all produced signif-
icantly di erent results because of the use of di erent cross saons and cooling
rates. For example,Dalgarno and Degge$1968] showed that the addition of elec-
tron cooling by the excitations of the ne structures of atomic oxgen signi cantly
lowered electron temperatures in the loweF -region and brought the theoretical

values into closer agreement with measurements from Millstone Hill.

Fig. 2.7 also ignores transport. Geisler and Bowhill [1965a, b] andda Rosa
[1966] were the rst to add thermal conduction along the eld lines @ their the-
oretical calculations. Thermal conduction is important for explainig how the
electrons temperatures in the uppef -region become elevated at mid-latitudes
[Geisler and Bowhill 1965a]. Thermal conduction down from the plasmasphere
is also crucial to explaining raised electron temperatures at night amid-latitudes
[Geisler and Bowhill 1965b]. Nisbet [1968] created the rst detailed theoretical
description of photoelectron transport. It was shown that som@hotoelectrons

could escape from the ionosphere completely and travel all the way conjugate
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ionosphere. This provided an explanation for temperatures enhe@ments some-
times observed before dawn by ISRE€prison, 1966;Carru et al., 1967;Evans and
Gastman, 1970]. After Nisbet [1968] many other theoretical descriptions of pho-
toelectron transport were created. Sec. 2.4 reviews the evolutiof photoelectron

transport models fromNisbet [1968] to the present in detail.

The rst examinations of electron and ion temperature measuremts obtained
from the Jicamarca ISR were performed bilanson and Coherj1968] andvicClure
[1969]. McClure [1969] concluded that altitudinal and time of day variations in
the Jicamarca electron and ion temperature measurements beeme200 and 500
km were consistent with local theories like those developed bianson[1963] and
Dalgarno et al.[1963]. During the dayT.=T; > 1 at altitudes below 300-320 km
and an isothermal region wher@=T; 1 and the temperatures are constant with
altitude appears between 300-500 knMcClure, 1969]. The use of local theories
at altitudes as high as 500 km is only possible at Jicamarca because togizontal
magnetic eld lines inhibit vertical photoelectron transport and vetical thermal
di usion [ Hanson and Cohen1968;McClure, 1969]. Above 500 km bothl, and
T, begin to rapidly increase with altitude and this feature cannot reprduced with
a local theory McClure, 1969]. Bailey et al. [1975] created a steady state energy
equation solver which used th&wartz et al.[1975] photoelectron transport model
to derive nonlocal heating rates. The calculations performed lBailey et al. [1975]
for many eld lines at a single time during the middle of the day (when a stady
state assumption is appropriate for the energy equation) con red that the rapid
temperature increase above 500 km routinely observed at Jicaroarwas indeed

due to nonlocal heating from photoelectrons.
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2.3 Treatments of energy balance in modern ionospheric

models

Many modern ionospheric models make major simpli cations of proces involving
photoelectrons because of the computational complexity of ptaelectron transport
routines. Two notable exceptions are FLIPRichards and Torr, 1996] and SUPIM
[Bailey and Balan 1996], which both use the same photoelectron transport model
(see Sec. 2.4.5). Photoelectrons are coupled to the ion continuityuations through
the secondary production rates and to the electron energy edioa through the
electron heating rates. The latter connection can be completelym®ved by using
an empirical temperature model instead of solving an energy eqiat. For exam-
ple, PBMOD [Retterer, 2005] uses the model d@race and Theis[1981] and IPM
[Schunk 2002] uses the model ofitheridge [1998] to set the temperatures. The
original CTIP model [Millward et al., 1996] had an energy equation solver, but this
has been abandoned in the descendant models CTIRiller-Rowell et al, 2002],
GIP and IDEA [Fuller-Rowell et al, 2008], in favor of the empiricalTitheridge
[1998] model.

Many models, including SAMI2, ignore secondary production entirelyA sim-
ple way to include secondaries is to multiply the primary photoproduan rates by
(1+ pe=n), where the secondary to primary production ratiospe=p, are computed
using a detailed photoelectron transport model and tabulated asfanction of pho-
ton wavelength and possibly optical depth [e.dRichards and Torr, 1988;Solomon
and Qian, 2005]. This formulation assumes secondary electrons are creaby
photoelectrons produced locally. At low altitudes these ratios areparoximately
constant, but at high altitude photoelectron transport e ects become important.

The p.=p values can vary by as much as a factor of 2 above 250 km depending o

27



ionospheric conditions and the presence or absence of conjugdéetrons Richards
and Torr, 1988]. TheSolomon and Qian[2005] method, which is now a standard
part of TIE-GCM [ Roble, 1996], uses a singlp.=p value for each ion species and
each wavelength computed at an optical depth of unity and ignoreal variation

with optical depth and/or altitude.

Electron heating rates can also be treated in a similar local empiricaghion.
The TIGCM [Roble et al, 1987, 1988], its descendants TIE-GCM and TIME-
GCM [Roble 1996], and GTIM [Ridley et al, 2006] assume the electron heating
rate equals the total local photoproduction rate times a photoetéron heating
e ciency factor which is a function of the local electron and neutrbdensities. The
concept of a photoelectron heating e ciency factor was originally imoduced by
Hanson [1963] and its altitude dependence was rst investigated using Jicawrca
temperature data by Hanson and Cohen[1968]. Swartz and Nisbet[1972] and
more recently Smithtro and Solomon[2008] provide empirical expressions for the
e ciency factor based on detailed photoelectron calculations. GAI [Smithtro
and Sojkg 2005] uses a similar local approximation for the heating rates, but
instead of using an empirical e ciency factor it calculates the heatig rates at low
altitudes using a local equilibrium photoelectron modeRichards and Torr, 1983]

and ignores electron heating at high altitudes.

None of the above approaches can incorporate the e ects of phbelectron trans-
port along the eld lines. The electron heating model used in the origal CTIP
[Millward et al., 1996], as well as the original SAMI2Huba et al, 2000a] and its
descendant SAMI3Huba et al, 2009] attempts to account for photoelectron trans-

port empirically. The Swartz and Nisbef{1972] e ciency factor is used below 300

28



km, and the heating rate above 300 km is set to

7.
. Ne()B( . 300N .
Qphe( )= < O (\) Qphe( 300N ) EXP qu Ne( ()d 0 (2.37)
Ne ("300n) B (“300n) 7
Ne(1)B(") . \ <0 <0
N N e ex Cqe Ne( H)d ;
Ne( 3005) B( 3005) Qph ( 3005) P ! "300s ( (5

where B is the magnetic eld strength, and 3oy and "3q0s are the points where
the eld line crosses 300 km in the northern and southern hemisplesr respec-
tively and the integrals are taken along the eld line. The attenuationfactor, Ce,
is a parameter which must be set a priori. The notion that electron la¢ing rates
decayed exponentially with the eld line integrated electron density as rst pro-
posed byNisbet [1968]. Using a modi ed di usion photoelectron transport model
and electron density pro les measured from Arecibd\isbet [1968] estimated val-
uesCqe ranging from 695 10 4 to 9:58 10 * cm? (see Table 2 of that paper).
Ch. 3 of this thesis shows that changes to the free paramete&l,,, have a large
e ect on the electron temperatures produced by SAMI2 at low latitdes and no
one value produces satisfying agreement with Jicamarca data fdf Bcal times

and altitudes.

2.4 History of theory and modeling of photoelectron trans-

port

The problem of photoelectron transport and the closely related pblem of ener-
getic particle precipitation at high latitudes are two of the oldest in a@nomy.

These problems are both special cases of electrons traveling tigh materials, a
problem which has been studied in laboratory settings since the lat®30s [see

Spencer, 1955, for a review]. A major application for this early research wabar-
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acterizing the harmful e ects of radiation on biological tissues $pencer 1955].
As will be shown below, the photoelectron transport equation is ape of radiative
transfer equation. Similar equations appear in studies of the scatting of neutrons
in nuclear reactors and the scattering of light in stellar and planetgratmospheres
[e.g.Chandrasekhar 1950]. Photoelectron models can be broadly classi ed by con-
sidering the treatment of the total electron distribution function the treatment of

transport, and the treatment of collisions.

A rigorous approach to a plasma containing suprathermal electrens to di-
rectly solve the nonlinear Boltzmann-Fokker-Planck equation (i.e. kinetic equa-
tion which uses a the Boltzmann collision integral for electron-neut collisions
and a Fokker-Planck operator for electron-electron collisions)rfthe total electron
population [e.g.Ashihara and Takayanagj 1974;Jasperse 1976, 1977]. The com-
putational complexity of this method makes it only practical when tansport can
be neglected. The more common approach is to divide the total elsmt distribu-
tion function into a thermal portion, which is presumed to be Maxwellia, and a
suprathermal portion which is presumed to have a much smaller tdtdensity (see
Krinberg [1973],Hoegy[1984], and Ch. 4 of this thesis for a more detailed discussion
of this division). As is shown in Sec. 4.3, under these assumptions thenlinear
terms in the Boltzmann-Fokker-Planck equation for the suprath@nal portion of
the distribution function can be neglected, resulting in a tractable liear equa-
tion. Every other model mentioned in this thesis, including SAMI2-PEdivides
the electron distribution function. With this division one can derive a snpli ed
form of the Boltzmann-Fokker-Planck equation for the suprathenal populations

[e.g.Mantas, 1975;Strickland et al, 1976]. Ch. 4 derives the form of the simpli ed
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Boltzmann-Fokker-Planck equation used in SAMI2-PE:

=B +rr ZLEI+ DES ¢ I

(2.38)
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; d°CIE 9
where is the photoelectron ux, " is a spatial coordinate along the magnetic eld
line, is the cosine of the pitch angleE is the kinetic energy of a photoelectron,

B = %E?, L(E) is the energy loss rate due to Coulomb collision®) (E) is the

5
pitch angle diusion rate due to Coulomb collisions, ) is the total inelastic
(elastic) cross section for collisions with neutrals, ang 8 the total photoelectron
production rate, including cascade production from higher energi@nd secondary

production (see Ch. 4 for details).

Treatments of transport in suprathermal electron transport nedels can be di-
vided into ve broad classes: local approximations, renormalizatioaf laboratory
data, Monte Carlo techniques, transport techniques for the micand high-Ilatitude
ionosphere, and transport techniques for coupled ionospheragmasphere models.

SAMI2-PE belongs in the fth class.

2.4.1 Local approximations

In the local approximation the transport of photoelectrons alonghe magnetic
eld lines is completely neglected. This assumption is justi ed if the distnhce a
photoelectron travels away from the point where it is created befe thermaliz-
ing is small compared to the length scales of the plasma and neutransities.

This approximation is better for lower energy electrons and for lowealtitudes
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where photoelectron-neutral collisions are frequent. A typicaluideline is that lo-
cal approximations can be used below 250 km [e.g.Swartz et al, 1975]. If the
photoelectron undergo so many collisions that transport can be glected they will
also be isotropically distributed, meaning the kinetic equations becara function

of only speed, or equivalently energyAshihara and Takayanagi 1974].

Despite the apparent simplicity of the local approximation, codes vith use it
can di er substantially depending on their treatments of collisions ath the distri-
bution function. Jasperse[1976, 1977] modeled collisions as continuous energy loss
processes and iteratively solved nonlinear equations for the entieéectron distri-
bution function. Ashihara and Takayanagi[1974] further allowed for discrete loss
processes associated with inelastic collisions. The most common &ggh is to di-
vide the distribution function, use a linearized collision operator, bustill allow for
discrete energy loss processes [gartz, 1985, and references thereinRichards
and Torr [1983] introduced the concept of average energy losses to cosrsidly
simplify computations involving discrete loss processes. For calcutats involving
energy deposited by auroral secondary electrorRees[1989] says continuous loss
approximations can be used if the primary electrons have energidsseveral hun-
dreds of eV and the secondaries have energies less than 100 eY¢bllisions must
be treated as discrete loss processes if the primaries and secdedaare not well
separated in energy. Sec. 4.3 derives an appropriate linearized ciolfisoperator.
The production term ¢ in Eg. 2.38 not only contains direct photoproduction, but
also secondary production from ionizing collisions and cascade protion from
higher energies. If superelastic collisions which cause photoelestrdo gain en-
ergy are ignored then the secondary production and cascade gwetion at a given
energy level can be calculated if the ux at all higher energies is knawThus the

steady state equation can be solved one energy bin at a time workitdgwnwards in
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energy. When using a discrete energy grid care must be taken tanserve energy
when considering discrete energy losseSwartz [1985] introduced an algorithm
which will conserve energy perfectly on any energy grid (see Se for details).
This algorithm permits the use of non-uniformly spaced energy gridsvhich can
greatly decrease the number of bins needed to adequately covegigen energy

range.

2.4.2 Renormalization of laboratory data

For auroral calculations a common approach is to use empirical egssions derived
from laboratory data instead of trying to compute the energeticlectron distribu-
tions from rst principles [see Rees 1989, Sec. 3.3]. These type of calculations
are only reasonable for high energy electronisummerzheim and Lilensten 1994],
and thus have never been applied to photoelectron&nan [1957] and laterBarrett
and Hays[1976] performed experiments where monoenergetic beams ofteles
with energies in the keV range were red into chambers lled with air ompure N,
gas. The resulting 391.4 nm emissions were recorded as a proxy f@ ionization
rates. Photons at this wavelength result from the following sequee of interactions

[Rees 1989]

N+e ! N;(B?)+ e +e (2.39)

N;(B? ;v°=0) ! Nj(X? ;v®=0)+ h (3914 nm): (2.40)

This particular optical emission is used in laboratory experiments baase its in-
tensity is nearly independent of the primary electron energy, andhuis it is a reliable

measurement of the nitrogen ionization rate [seRarrett and Hays, 1976, and ref-

erences therein]. The proportionality constant relating the optidaemissions to
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the energy deposition rate can be determined via conservation ofeegy (i.e. the
integrated energy deposition rate must equal the power in the in@dt electron
beam). An empirical expression for the energy deposition rate in e 3s ! is

[Rees 1989]

s(z2 (2
R(Ep) R(Ep)

(z;Ep) = 10 °FE, (2.41)

whereF is the incident electron ux in cm ?s 1, E; is the energy of the electron
beam in keV, is the mass density of the gas in g cm, s(z) is the scattering
depth in g cm 2 and R(E,) is the e ective range in g cm 2. The scattering depth

is related to the mass density by
yA 1
s(z) = (2) dz; (2.42)

z

and for energies in the range:@ keV < E , < 50 keV the e ective range is approx-

imately [Rees 1989]
R(Ep)=4:30 10 "+5:36 10 °E;®" gcm % (2.43)

The empirical function de nes the distribution of the energy in space. It is

normalized such that Gnan, 1957]

z
C S geR=1; (2.44)
1

and must be determined from experiment for di erent energies. FdkeV elec-
trons most of the energy deposition is in the form of secondary mhaction, so the
production rates are approximately Rees 1989]

(z;Ep).

on

A(z; Ep) = (2.45)

where oy is the average energy lost during an ionization in eV (37 eV for N,

and 33 eV for ) [Rees 1989].
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2.4.3 Monte Carlo techniques

Monte Carlo photoelectron models divide the total photoelectron gpulation and
use Monte Carlo techniques to compute the distribution function ahe suprather-
mal portion. Random number generators are used to create a galm population
of suprathermal electrons. The motions of these electrons ateh computed using
the equations of motion and randomly generated de ections to metl collisions.
The suprathermal electron distribution function as a function of psition, energy,

and pitch-angle is then generated by creating histograms of thersple population.

The rst Monte Carlo code for photoelectron transport was crei@d by Ci-
cerone and Bowhill[1970, 1971]. AdditionallyBerger et al.[1970, 1974] created
a Monte Carlo code for auroral electrons andPorter and Green [1975] created
a Monte Carlo code for low energy auroral protons. Since then nenous other
Monte Carlo codes have been created for photoelectrons, awloglectrons, auro-
ral protons, and auroral atomic hydrogen@nda et al, 1992;Kozelov and lvanoy
1992, 1994 Kozelov, 1993; Synnes et al. 1998; Solomon 1993, 2001]. Solomon
[2001] also presented a hybrid model which uses Monte Carlo techreq for au-
roral protons and atomic hydrogen, but a two-stream transpértechnique for the

resulting secondary electrons.

A great advantage of Monte Carlo codes is that the binning into disete energy
and pitch angle bins is done after the transport calculations for ela®lectron have
been performed when the histograms are formed. The individual elens can
take on any energy and pitch angle, experience angular de ection$ any size,
and lose energy through inelastic collisions in discrete steps of anyesizThus
collisions in Monte Carlo codes can be described with very few approsdtions.

However, Monte Carlo codes need integrable, analytic t functionfor quantities
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like scattering phase angles and secondary energy distributior®[omon 2001].
The disadvantage of Monte Carlo codes is that a large number of paftes are
needed to generate su cient statistics in the histograms, meaninthese codes can
be very computationally expensive. For this reason Monte Carlo texiques are
often considered \brute force" methods which are used to validatother methods

[Solomon 2001].

2.4.4 Transport techniques for the mid- and high-latitude

ionosphere

In the mid- and high-latitude ionosphere the magnetic eld lines are ggoximately
straight, meaning B = 0. At ionospheric heights the pitch-angle di usion due to
Coulomb collisions can be neglected compared to elastic collisions withutnals.
Furthermore, when working on a discrete energy grid the continus loss of en-
ergy to the thermal electrons can be treated like a discrete lossomess having an
e ective cross section of y, (see Ch. 5 for details). These approximations result
in a simpler photoelectron transport equation which is in the form of aadiative

transfer equation:
@ _
@ 9

The methods ofChandrasekhar{1950] developed for other radiative transfer prob-

X X 141

thNe ( an T en)Nn + enNné d ( ;E; % (2-46)
1

n n

lems can be used to make this integro-di erential equation tractdb. This equation

must be solved one energy bin at a time, in descending order, and arerlyy reap-

portionment scheme like theSwartz [1985] algorithm must be used account for the

cascade and secondary production.
A commonly used radiative transfer idea is the nite ordinate appraxnation
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[Chandrasekhar 1950]. The integral can be replaced with a sum using a quadrature

rule
Z

1 X
) ( 9%° & () (2.47)
K

where the ordinates  are a discrete set of size?and the g, are an associated set of
weights. The weights must satisfyP « O = 2. Chandrasekhar[1950] recommends
using Gauss-Legendre quadrature rules since these will be the trascurate for
polynomial functions. The nite ordinate approximation transforms Eq. 2.46 into
a set of 2 coupled ODEs where the 2 functions being di erentiated are the ux
evaluated at each of the ordinates. The nite ordinate approximabn has been
applied to photoelectrons byStolarski [1972] andStamnes[1977] and to auroral

electrons byStamnes[1980] andLummerzheim et al.[1989].

An even simpler idea is the two-stream approximation, which was rsapplied
to photoelectrons byBanks and Nagy[1970] andNagy and Bankg1970] and later
to auroral electrons byBanks et al.[1974]. Let the upwards and downward uxes

be de ned by integrating over the upper and lower hemispheres, i.e.
"B = (SE )d (2.48)
;B= (E )d: (2.49)

Eq. 2.46 can then be written as a coupled pair of ordinary di erentiaequations

(ODEs)
-+d * + + X + X 1 +
hi T =9 th Ne ( an t en)Nn + enNné +
n n
(2.50)
. d X X 1 .,
h i T:/q th Ne (ant en)Np + enNné + ,
n n
(2.51)
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where the upwards and downwards productions are de ned as

Zl
a4 (5B = aC; E; )d (2.52)
Z°,
q (;B= 1t‘)(‘;E; )d; (2.53)
and the mean pitch angles are
R1 N
: (5E )d
hit= R 2,
ST Y (2.54)
0 < e
hi = Rg ("E' )d : (2.55)
., (HE )d

This coupled pair of rst order ODEs requires two boundary conditias. For
photoelectrons in the ionosphere a simple choice is to set = 0 at the lowest
altitudes and = 0 at the top of the atmosphere Banks and Nagy 1970]. In
general * will not be 0 at the top boundary because photoelectrons can epea
the ionosphere; this escape ux is determined as part of the solutido the two-
stream equations Banks and Nagy 1970]. For auroral calculations at the top
of the atmosphere must be known a priorianks et al, 1974]. Even if the auroral
calculations are being conducted in darkness (i.e. without photopaaction) there
will still be a non-zero escape ux because some fraction of the inert auroral

electrons will backscatter out of the atmosphereBanks et al, 1974].

In the two-stream approximation the complete pitch-angle distribtion is not
computed, so these mean pitch angles must be speci ed a priori. Iergeralh i*
and h i will not necessarily be equal and will be functions of position and emggst
Banks and Nagy{1970], and most other two stream codes, simply assuime* and
h i are equal and constant. For isotropic distributionsh i = 0:5. The original
work by Banks and Nagy{1970] used 0.375. The choice bbfi = 1=IO 3 0:577 will
make the two-stream equations identical to a nite ordinate appmimation using

n = 1 and Gauss-Legendre quadrature, however the meanings oktlwo sets of
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equations are subtly di erent. When using the nite ordinate apprximation the
functions are the uxes evaluated at speci ¢ pitch-angles whersan the two-stream
approximation the functions are the integrals of the uxes over sgci ¢ ranges of
pitch angles. Despite being the location of the ordinate for a 2-poiraussian
guadrature rule, an e ectiveh i of 0.577 is usually considered to be too large to
be the average pitch angle(icerone et al, 1973]. Lack of knowledge oh i is a
substantial source of uncertainty in two-stream models. Varying i in the Banks
and Nagy[1970] code between 0.375 and 0.577 results in changes in the coexgbut

uxes of as much as 50%Cicerone et al, 1973].

The above version of the two stream equation assumes isotropidlismns, how-
ever these equations are easily generalized to the case of anigmtraollisions by

introducing backscatter probabilities, ¢, [Banks and Nagy 1970;Stamnes 1981].

S+ d " + + X + X
h | d\ = /q thNe ( an + (1 en) en)Nn + enNn en
n n
(2.56)
. d X X .
h | ? = /q thNe ( an + (1 en) en)Nn + enNn en l
n n
(2.57)

Stamnes[1981] has compared auroral calculations using these two-streauua-
tions with h i = 0:5 and using the multi-stream nite ordinate approach ofStamnes
[1980]. The two-stream results provide reasonable agreement witie multi-stream
results as long as the backscatter probabilities are computed appriately; the dis-
agreements between the two models were most pronounced at ibwest altitudes

(largest collision depths) $tamnes 1981].

Analysis of the average pitch angles produced by Monte Carlo codg®ws the

h i usually will vary with position, especially at the highest altitudes. Paricles
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which are traveling nearly parallel toB will make fewer collisions on their journey
up the eld line and thus have a greater probability of escaping. As aesult the

mean pitch angle cosine of the upwards uxh i*, will be noticeably closer to 1
at high altitudes than at intermediate or low altitudes [Cicerone et al, 1973]. For
example, the e ective h i produced by the Cicerone and Bowhill [1971] Monte
Carlo code at 500 km under the conditions tested byC|cerone et al, 1973] is 0.7.
This e ect is one of the primary reasons that theCicerone and Bowhill [1971]
Monte Carlo code produces di erent results from th&anks and Nagy[1970] two-

stream code under identical conditionsGicerone et al, 1973].

The modied diusion approach [Nisbet, 1968; Swartz and Nisbet 1973] is
an alternative to the two-stream equations which partially resolvethis issue by
explicitly incorporating the notion of an escape ux. Let the densityof energetic

electrons be de ned as

Ne d; (2.58)

and the total production rate be

qg 2 qd: (2.59)

1

Integrating Eq. 2.46 over all pitch angles produces

@ X
2 —=q th NevnE an NnvnE: (2-60)

n

The term on the left hand side is the net change in the photoelectrodensity
caused by transport e ects. The modi ed di usion approach genetes a tractable
equation by making an assumption about the form of this term instehof making
assumptions about the form of itself. This term is assumed to be tB sum of an

escape term and a di usion term. It can be written as

Z 1
_ @ .
2 . @\— F + 1d @\( md)u (261)

40



where F is the rate at which photoelectrons are lost due to escape, angq is a
modi ed di usion ux. The escape term can be expressed in terms adn escape
probability, hPgi, as

" #

X
F=Hei q+vne enNp (2.62)

n

For isotropically produced photoelectrons the position dependepscape probabil-
ity is
VA 1

Peiz L exp — d: (2.63)
2

where is the collision depth associated with that position$wartz and Nisbet
1973]. Neglecting collisions with ambient electrons, assuming an expofial neu-
tral atmosphere with scale heighH, for neutral speciem, and assuming the eld
line is straight with dip angle| the collision depth is Bwartz and Nisbet 1973]

1 X
sinl’ NoHn[ an + enl: (2.64)

n

The di usion component is derived by assuming that portion of the pbtoelec-
tron population behaves like an isotropic distribution of particles di tsing in an

ordinary gas. The modi ed di usion ux is assumed to be Nisbet, 1968]

1 @
md = 2 \ @B‘; (2.65)
where the mean free path iswartz and Nisbet 1973]
(o )
= No[ an* enl : (2.66)

n

This equation assumes the mean free path is shorter than charagstic scale

lengths of the photoelectron densityNisbet, 1968], i.e.

1 1@

S i e (2.67)

41



Using these various assumptions transforms Eq. 2.60 into a singlemsd order

ODE [Swartz and Nisbet 1973, note Eqg. 3 has sign error]

)

X

0=qit hPeil+v 2 @8 0 T N [P o] (268)
@ @ )

This second order ODE needs two boundary conditions. Obvioush: should go

to O at the lowest altitudes. Originally it was assumed that the divergece of the

di usive ux should go to 0 at the top boundary [Nisbet, 1968], i.e.

@ es
@ O

However, all photoelectrons which cross the top boundary arecaping by de ni-

=0: (2.69)

tion. Thus the diusive ux itself, 4, should be O at the top boundary. This
in turn implies % = 0 at the top boundary. Applying this boundary condition
instead noticeably decreases the high altitude uxes produced by¢ modied
di usion method [seeCicerone et al, 1973, Fig. 12]. Codes to solve this second
order ODE and to solve the coupled pair of rst order ODEs which mak up the
two-stream equations are of comparable complexity. Nonetheletise high altitude
uxes produced by the modi ed di usion method can exceed thoserpduced by a
two-stream method by as much as a factor of 2 depending on howetboundary
conditions are set for the modi ed di usion method, and on what i is chosen for
the two-stream method Cicerone et al, 1973]. This discrepancy can be greatly
reduced by setting the di usive ux in the modied di usion method equal to O
at the top, and by using higherh i values than the value 0.375 originally used

by Banks and Nagy[1970]. TheCicerone and Bowhill[1971] Monte Carlo code

produces results which are in between the other two modeGigerone et al, 1973].

Of the approaches discussed above the two-stream method hasdme the most
popular. Since Banks and Nagy 1970], many other authors have written their

own two-stream codes for a variety of applications using di erentreergy grids,
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collisions cross sections, backscatter coe cients, and computahal methods. The
GLOW code [Solomon et al, 1988;Solomon and Abreuy 1989;Bailey et al., 2002]
predicts airglow emissions using a sophisticated photochemistry neddand two-
stream photoelectron transport equations. GLOW can be operad for ordinary
photoelectrons as well as auroral electrons; the only change dee for auroral
conditions is a speci cation of the downwards ux at the top bounday. Link
[1992] created two-stream and multi-stream codes which use a med created
by Feautrier [1964] for radiative transfer problems to improve the computaticai
speed and accuracy on coarse spatial grids. As part of a procezlfor inferring
energetic electron spectra produced during HF heating experintsrirom arti cially
produced airglow,Gustavsson and Eliassof2008] have created a two-stream model
which includes an acceleration term to model the e ects of HF waves energetic
electrons. This model uses an iterative solution method to cope withe fact
that electrons will go both upwards and downwards in energyysell et al.[2012]
have written a dierent airglow inversion algorithm which incorporates results
from SAMI2-PE. The photoelectron transport model inside of FLP [Richards and
Torr , 1996] is commonly called a two-stream model, although it containsveeal
enhancements beyond th&anks and Nagy[1970] formulation which allow it to
treat spatially varying magnetic elds. For this reason this code is d@issed in

more detail in the following subsection.

The numerical accuracy of the nite ordinate method for generatadiative
transfer problems has been studied b$tamnes and Conklin[1984], and this led
to the creation of a general purpose nite ordinate code called DEERT [Stamnes
et al., 1988]. Lummerzheim et al.[1989],Rees and Lummerzheinj1989], andLum-
merzheim and Lilensten1994] describe a multi-stream auroral electron transport

model based on DISORT. Despite being one of the oldest photoelect transport
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theories, the modi ed di usion approach is no longer in widespread as

2.4.5 Transport techniques for coupled ionosphere-plasma sphere

models

When using a two-stream or modi ed di usion model, setting =0o0or =0
at the top of the atmosphere ignores conjugate electrons. Iesuwith escape uxes
and boundary conditions at the top of the eld line can be completely \@ided
if the computational domain is extended through the plasmasphemown to the
bottom of the conjugate ionosphere. However, when consideriag entire eld
line the variation of the magnetic eld strength must be included. Thechanging
magnetic eld will alter the ux in two ways. First, the photoelectrons will change
their pitch angles as they travel to preserve theirsl adiabatic invariants. The nal
term on the left hand side of Eq. 2.38 causes this e ect. This term idten called
the magnetic mirror force term because it can also lead to trapping particles in
magnetic mirrors. Second, the ux will decrease as the magneticleeweakens (i.e.
as the ux tube cross sectional area increases). The rst termnothe right hand
side of Eq. 2.38 causes this e ect. This term can be combined with thest term
on the left hand side of Eq. 2.38 to create an alternate form of thehptoelectron

transport equation written in terms of =B, which is independent of changes in
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ux tube area.

@ @1 °? _4G, @
@ n @
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Swartz et al.[1975] created one of the rst photoelectron transport models
which could include conjugate e ects. The modi ed di usion equatios are solved
in both hemispheres, but the boundary conditions at the top of eadonosphere are
set by energy degraded versions of the escape uxes from th@jogate ionosphere.
Lejeune[1979] created a semi-analytic two-stream code which could usewkarge
altitude step by assuming parameters varied exponentially with altitde within
each altitude cell. This code could be con gured as a two hemispheraede like the
Swartz et al.[1975] code by treating the plasmasphere in between as one vergéar
altitude step. Yet another approach to the coupled ionospherdgsmasphere prob-
lem was introduced byMantas et al.[1978], who solved multi-stream photoelectron
transport equations in both ionosphere and in the plasmasphere irtween simul-
taneously with carefully selected boundary conditions between tlibree domains.
The ionospheric portions followed the development dflantas [1975], whereas the
plasmaspheric portion ignored collisions with neutrals, accountedrfthe changes
in the ux tube volume, and incorporated the changes in the pitch agles due to
the mirror force through a transformed distance coordinate. Rih angle changes
due to collisions were ignored in the plasmasphere, thus preventingygparticles
from becoming trapped in magnetic mirrors. Nonetheless, photoeteons would

still become quasi-trapped in the plasmasphere in this model by elasbackscat-
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tering from the two ionospheres.Mantas et al.[1978] point out that uxes at the
top of an ionosphere are the rate of exchange between the ionus@ and plas-
masphere, not \escape uxes." The photoelectron ux in the plasmsphere which
determines the plasmaspheric heating is not simply the sum of the &gpe uxes"

from the two hemispheres.

All of the photoelectron transport models discussed so far haveedn used for
calculations in a pre-speci ed background ionosphere and atmosgh. One of
the rst studies which coupled photoelectron calculations to uid egations in
a time dependent model wahazanov et al.[1984], who created a single eld
line coupled ionosphere-plasmasphere model to study plasmasphee lling after
geomagnetic storms. The electron heating in the ionosphere and gi@asphere
in this model was computed using an simple embedded photoelectraartsport
model based on the approach d?olyakov et al.[1979]. LikeMantas et al.[1978],
Polyakov et al.[1979] couples a plasmaspheric photoelectron transport code Wt
ionospheric photoelectron transport codes on either side. Thelwion methods
used byPolyakov et al[1979] are signi cantly di erent from those discussed above,
however, but this article appears to have been largely ignored in thi#est because
it was written in Russian. In the ionospherePolyakov et al.[1979] write the ux
as an in nite series

X
(B )= n(B)Pa(); (2.71)

n=0
whereP,( ) is a Legendre polynomial of degree. This series is truncated after 2

or 4 terms and substituted into an equation which is equivalent to ER.38 (i.e. it
includes the mirror force and pitch-angle di usion) to derive couple@quations for
the coe cients ('; E). Like the two-stream approximation or the nite ordinate
approximation, this procedure leads to a system of 2 or 4 coupled lareODEs

which can be solved for each energfPolyakov et al.[1979] treat the plasmasphere
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like a leaking magnetic mirror trap using the same kinds of methods whiare
classically used to describe the radiation belts [e.qRoederer, 1970]. Collisions
with neutrals are ignored, and the photoelectron transport equi@n is averaged
over all positions between the re ection points of the mirror trap.This results in a
di erential equation for the bounce-averaged distribution fundbn in terms of the
equatorial pitch angles of the particles which must be solved for daenergy. The
loss cone is coupled to the ionospheres on either side through baanydconditions.
This type of bounce-averaged formalism is still used today in model$ the ring

current and inner magnetosphere [sdeok et al, 2001, and references therein].

Two well known time dependent coupled ionosphere-plasmasphereodn
els which include photoelectron transport are the Field Line Interhmispheric
Plasma (FLIP) model [Richards and Torr, 1996] and the She eld University
Plasmasphere-lonosphere Model (SUPIMBhiley and Balan 1996], which both
use the same photoelectron transport code. This code is basedaitwo-stream
approximation to Eqg. 2.70 Young et al, 1980; Torr et al., 1990; Richards and
Torr , 1990]. Using the same de nition of the up and down uxes as abovéje

coupled pair of ODEs solved are

+ + +
i o5 o=a wNe (2.72)
X + X
] ( an + (1 en) en)Nn F + ) enNn en B
h s = =é‘E wNe = (2.73)
X X "
] ( an + (1 en) en)Nn F + ] enNn en F

Pitch-angle diusion due to Coulomb collisions is ignored. The e ects othe
magnetic mirror force are incorporated into these equations in amdahoc man-

ner [Richards and Torr, 1990]. At low altitudesh i is xed at 0.577, but above
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a certain altitude h i varies with the magnetic eld strength the same way the
pitch-angle cosine of a single collisionless electron would in the guidingtee ap-
proximation. Furthermore, trapping of photoelectrons is includediy specifying
photoelectron trapping fractions a priori which determine the amant re ected

from a nominal height of 1000 kmRichards and Torr, 1990].

The FLIP two-stream code has shown reasonable agreement witheasure-
ments of photoelectrons escaping from the high latitude ionospleemade by the
FAST spacecraft Peterson et al, 2008;Richards and Peterson 2008]. FLIP can
adequately reproduce daytimé- -region electron temperatures measurements from
the Millstone Hill Observatory, however these comparisons are ceiitated by the
lack of knowledge of the heat ux from the plasmaspher&[chards and Khazanoy
1997;Buonsanto et al, 1997]. SUPIM can qualitatively reproduce features of the
F-region electron temperatures measured by the Hintori satelliteBélan et al,
1997] and the MU radar Qtsuka et al, 1998]. Quantitatively, the plasmaspheric
electron temperatures from SUPIM are as much as a factor of 2asmall com-
pared to measurements from EXOS D (1000-8000 km), but theyrcde brought
up to near agreement if the photoelectron trapping factor is raiseand an extra

high altitude heat source is addedHalan et al., 1996a, b].

Predicting the heating rates in the plasmasphere requires a multirsam model
which can include magnetic mirror force e ects in a rigorous way. Thplasma-
sphere model presented byhazanov et al.[1993] and later extended down to
ionospheric heights byKhazanov et al.[1994] is such a model. These models write
the photoelectron transport equation in yet another equivalentdrm by making a

variable transformation from to [Khazanov et al, 1979]
S

Sy, B
o5 ) ] 1 B(‘)(l 2); (2.74)
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whereBj is the magnetic eld strength at the apex of the eld line. This variable
is the pitch angle cosine a photoelectron will have when it crosses teguatorial
plane. Like the F' adiabatic invariant itself,  is a constant of motion for a
collisionless electron. This attribute makes ¢ a useful variable to use numerically
in the collisionless or nearly collisionless regimes. The discrete equasiam terms
of o will keep trapped patrticles trapped between the same bounce pa@riorever
in the collisionless limit. However, the use of ; substantially complicates the
construction of the pitch angle grid and the boundary conditions in ich angle
space. The collision operators also need to be transformed as wkhazanov et al.
[1994] sidesteps this di culty by treating all collision processes as ntinuous loss
processes and small angle collision processes. Under these agsomspall collisions
operators, not just the Coulomb collision operator, can be writtes di erential

operators of the form

@ @, 2@
@E[L(E)]+ D(E)@ (1 )@ : (2.75)

These di erential operators are much more straightforward toransform than the

collision integrals themselves.

All of the aforementioned photoelectron transport models only osider steady
state solutions. Gefan and Khazanov[1990] have argued that time dependent
solutions are necessary during certain conditions when the phole&tron popula-
tion is changing rapidly, such as plasmaspheric re lling events afteregmagnetic
storms. This argument motivated the extension of theKhazanov et al.[1994]
model to a time-dependent photoelectron transport model whictvas coupled to
high moment uid equations Khazanov and Liemohn 1995;Liemohn and Khaz-
anov, 1995]. This model has since been expanded to include parallel eiectlds
[Liemohn et al, 1997], injections of plasma sheet electroris{azanov et al, 2000],

the drifts of photoelectrons around the planet into the nightside lasmasphere
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[Khazanov et al, 1996], and photoelectrons produced by starlight in the nightside
plasmasphere Khazanov and Liemohn 2002]. All of these models use the same
approximate treatment of collisions aKhazanov et al.[1994], and are primarily

concerned with L-shells greater than L=2 (i.e. apex altitudes abow@371 km).
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CHAPTER 3
ENERGY BALANCE IN THE SAMI2 MODEL

The models presented in this thesis are based on the SAMI2 moddlpa et al,
2000a] because it is a widely used open source model which includesinentia
and is thus capable of capturing a number of unique phenomena in thepside
and plasmasphereHuba et al, 2000b, c;Krall et al., 2008]. SAMI2 simulates a
single magnetic longitude using a two-dimensional dipolar grid. This grichakes
comparisons with a zenith pointing equatorial radar like Jicamarca sdightforward;
the radar's line of sight maps to a vertical line passing through the nter of
grid. This chapter will review the physics and numerical techniques ¢tuded in
the standard SAMI2 and discuss simulation results in the low-latitud@nosphere
with a particular emphasis on the modeled temperatures. To facilitatsensitivity
studies a steady state version of the temperature solver in SAMI&s been written.
This allows the energy balance calculations to be repeatedly perfathfor a single
set of conditions in order to isolate the e ects of individual physicabrocesses. We
will show that heating due to photoelectrons is the single most impanht process
in the equatorial topside and the simplistic treatment of this term in 8MI2 is the

most serious issue preventing SAMI2 from accurately reproducidgamarca data.

3.1 Fluid equations used in SAMI2

Fluid descriptions of plasmas can be derived from kinetic descriptio$ plasmas
by taking moments of the kinetic equations [se&chunk and Nagy 2009, Chs. 3

and 5 for a detailed development]. The basic kinetic description of plas species

51



is the Boltzmann equation [e.gBellan, 2006;Schunk and Nagy2009];
@f @f q q e _f

v —«/—+ g+ —E+—v B

@’ @ m - m @ t

where the distribution function f is the expected number of particles of species

(3.1)

in a unit hypervolume of the six-dimensional position-velocity phaseace (;Vv),
g and m are the charge and mass of the specias, E and B are the gravita-
tional, electric and magnetic eld strengths, andfT is the rate of change of the
distribution function due to the combined e ects all types of interations between
multiple particles including collisions, chemical reactions, and photoigations.
The zeroth, rst, and second moments of the Boltzmann equatiogive the equa-

tions of continuity, momentum, and energy respectively [e.gSchunk and Nagy

2009]:
@N N
@+r (Nu)—T (3.2)
N m %t+u ru +r P Nqg(E+u B) ng:MT
(3.3)
@ 3 3 5 . _E
@ 2P *U T P P w)rroar crus e G
The above equations are expressed in terms of the momertunk and Nagy
2009]
z
Density: N f dv (3.5)
1 z
Mean Velocity: u N vf dv (3.6)
Z
Scalar Pressurep r% jv. uj’f dv (3.7)
Z
Pressure TensorP m (v. u)(v u)f dv (3.8)
Stress Tensor: P ZpI (3.9)
Heat Flow Vector: g m7 v u (v u)f dv: (3.10)
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The terms on the right hand sides of the uid equations are de ned irterms of

moments of the collision term $chunk and Nagy2009]

z
NT 1E—dv (3.11)
MT m va dv (3.12)
Z
E m . .2 f ]
- 7 jv. uj Tdv. (3.13)

As presented, Eqgs. 3.2, 3.3, and 3.4 cannot be used directly beeatie terms
on the right hand sides cannot be evaluated without knowing the disbution func-
tion, and because the heat ow vector and stress tensor are nkimown. Moment
equations for the heat ow vector and stress tensor will involve ewn higher mo-
ments of the distribution function, so the set of uid equations carbe extended
inde nitely. The easiest solution is to assume collision dominance suchat the

distribution function is a drifting local Maxwellian [Schunk and Nagy2009]

" #
3=2 . .2
et = . m m jv_u (r;1)j
f (r;v;t)= N (r;t) 2KaT (D) exp KT (r:0) (3.14)
Inthiscaseq =0, =0,p = N kgT , and the terms on the right hand side
can be evaluated,;
N X
- = P R N (3.15)
X
MT = N m (u u) (3.16)
E _ X m . .2
= Q N e kg~ (T T)+m ju uj (3.17)

where P is the production rate (e.g. due to photoproduction or chemical ee-
tions), R is the recombination rate for chemical reactions involving species
is the momentum transfer collision frequency for collisions betweenand , ~

is the energy transfer collision frequency for collisions betweenand , and Q
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is an external heating rate. The two di erent types of collision fregencies can be

written as

16 m 1:1)

= —N — ' A
3 m+m (3.18)
16 m 1;1)
~ =—=N — ; 3.19

3 m+m ( )
where % is the Chapman-Cowling collision integral Chapman and Cowling
1970], and and are dimensionless velocity dependent correction factors

which depend on the type of collision and are unity for Maxwell molecutmllisions
[seeSchunk and Nagy 2009, Ch. 4]. Huba et al.[2000a] list all of the chemical
reactions considered in SAMI2 and give empirical expressions foetreaction rates,

momentum transfer collision frequencies, and energy transfeidl@on frequencies.

Assuming a local Maxwellian forces the heat ow vectors to be 0. Hewer,
heat ow in the ionosphere is expected to be important since energy absorbed
nonuniformly by the upper atmosphere. A way to proceed is to reita the heat
ow vector but perform a perturbation analysis whereq is presumed to be small.
In this case the heat ow vectors can be approximately expressedterms of lower
moments of the distribution function [see€Schunk and Nagy2009, section 5.12]. In
a strongly magnetized plasma only the parallel component of the fteaw vector
will be signi cant. For electron and ion gases the parallel componenbf the heat

ow vectors are approximately Bchunk and Nagy2009;Rees 1989]

Qek = ef kTe eJk (3.20)

Qik = il kTi; (3.21)

where . and ; are the electron and ion thermal conductivities, . is the ther-
moelectric coe cient, Jy is the component of the current density parallel to the

magnetic eld, and r  denotes the derivative along a magnetic eld line. In the
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low latitude ionosphere there are no strong eld aligned currents see will ignore
the thermoelectric term. Simple approximations for the thermal aoductivities are

[Banks, 1966;Huba et al, 2000a;Schunk and Nagy2009]

. 5=2
e " 1+3Té72 11(())641';'22Nq=ne evem 'K - (3.22)
i = 124 i)“NTiSZZ evem K 1 (3.23)
where,

Ng = n(0)g(O) + n(N2)a(N2) + n(O2)q(Oz) (3.24)

q0)=1:1 10 ¥(1+5:7 10 *Ty) (3.25)

q(N2) =2:82 10 Y"T}72(1 1:21 10 “Ty) (3.26)

q0)=2:2 10 ¥(1+3:6 10 T (3.27)

N = n(O")+2n(He")+4n(H™"); (3.28)

and all densities and temperatures are expressed in chand Kelvin, respectively.

Several additional assumptions are made in SAMI2 to simplify the uicqua-

P
tions. First the quasineutrality condition, Ne =, Nj, is used instead of solving
the electron continuity equation. Second the electron momentungeation is sim-

pli ed by noting that me=m; 1 and me=m, 1,
O=r1 pe Nee(E+ue B): (3.29)

The parallel component of this equation can be solved for the pardli@mbipolar

electric eld,

1
E, = : )
K Neer kPe (3.30)

This can then be substituted into the parallel component of the moentum equa-
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tions for each ion,

@ N;
ijj @H;'*'(UJ r )Ujk = T KR N—‘er kPe + ijjgk (3.31)
X X
in Uk Unk ik Uk Ukk -
n k6 j

SAMI2 simpli es the perpendicular components of the electron andmomomen-
tum equations by assuming thee B drifts dominate the perpendicular motion
such that ue; = uj» = E B=B2 SAMI2 never solves for the perpendicular
electric eld and instead uses the empirical model @&cherliess and Fejef1999] to
specify it. A more complete approach, which is used in SAMB{iba et al, 2008],
is to retain the gravitational and diamagnetic drift terms and solve dr the self

consistent electric eld which must form such thatr J =0 [e.g. Kelley, 2009].

Finally, the energy equations are expressed in a di erent form in SAIZ. Using
the equation of statep = N kg T , the source free continuity equation@N=@+
rr- (Nu)=0,and q ¢ = r «T , Eg. 3.4 can be rearranged as an equation

for the temperature evolution Schunk and Nagy2009];

@T :
nkB @t lgl} sz} [_{ rLT} |2n kBu rT} PkBT{zr_”}'

5

Physically the ve terms on the right hand side represent local heatg (1), lo-
cal cooling (2), heat ow by thermal di usion (3), heat advection @), and heat-
ing/cooling by contraction/expansion (5). SAMI2 solves energy emtions of this
form for both the electrons and ions, although in the electron engy equationug is
taken to be 0 such that terms 4 and 5 can be neglectdadiba et al, 2000a]. Strictly
speakingue, should be determined fromJ,, but J, is nhot known in SAMI2 because
there is no self consistent electrodynamic solver. Nonethelessceten tempera-
ture advection and heating due to expansion and contraction shioube negligible

compared to the other terms.
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One of the heating terms in the electron energy equation represethe heating
from photoelectrons. SAMI2 uses a simple phenomenological modélthe pho-
toelectron heating Millward et al., 1996;Huba et al, 2000a]. Below 300 km the
heating is assumed to be entirely local. Here the photoelectron hewf rate is

modeled as

Qphe = I:)photo; (3.32)

where Pyhoto IS the photoproduction rate and the e ciency factor, , is given by

the empirical expression$wartz and Nisbet 1972]

—exp 1275+ 6:94x + 1:66x> + 0:08034° + 0:001996* eV  (3.33)

Ne

X =1In
N02 + NN2 +O:1No

(3.34)

Above 300 km the nonlocal heating is at some point on a given eld line is

modeled as
7 .
. N.C)B( . 300N . .
Qune() = e BL) o Cam)exp  Cee  N(YdO  (3.35)
Ne ("300n) B (“300n) 7"
Ne()B() . ‘ 0410
S S ex C N a”® ;
Ne( 3005) B( 3005) Qphe( 3008) p % 300 e( C)

where “300n and “3p0s are the points where the eld line crosses 300 km in the
northern and southern hemispheres respectively and the inte¢gare taken along
the eld line. The constant Cye can be adjusted. Unless otherwise speci ed all of
the examples presented below usg,. =8 10 ' cm?. The e ect of varying this

parameter is discussed in Sec. 3.4.3.

3.2 Numerical Methods in SAMI2

Each time step in SAMI2 performs four tasksHuba et al, 2000a]. First the neu-

tral atmospheric parameters are updated by calling NRLMSISE-Oicone et al,
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2002] for the densities and temperatures and HWM9Bi¢din et al, 1991] for the
winds. The uid equations are then solved using a time splitting procede. In the
second step the parallel components of the ion momentum equatspmon continu-
ity equations, electron temperature equation, and ion temperata equations are
solved in that order. Photoproduction, chemical production and ks, and heating
and cooling are all included in this parallel transport portion. Third teE B
drifts are computed from the model ofScherliess and Fejel{1999] and the state
variables are updated with an explicit scheme for the perpendicularansport.
Finally the Courant conditions are evaluated and the step size for ¢hnext time
step is chosen. The nonlinear ion inertia term is treated explicitly so ¢hCourant
condition is set by the maximum ion velocity; the use of implicit methodsofr the
parallel equations mean that the ion sound speeds have no e ect thre time step

size Huba et al, 2000a].

The position coordinates in SAMI2 are represented in an orthogondipole co-
ordinate system, €y; ps; q) [Huba et al, 2000a]. In terms of a spherical coordinate
system centered on the o set and tilted magnetic dipole of the Ednt (re; e; o),

and the radius of the Earth,Rg, these coordinates are de ned as

RE

O = = COS ¢ (3.36)
e
re 1
= —— 3.37
Pd Re Sin2 . ( )
i= e (3.38)

where a line of constanpy and 4 is a magnetic eld line [seeHuba et al, 2000a, for
a more detailed description of this coordinate system]. Following SARIlwe will
also de ne a coordinates = Rg @y which has units of length and increases along

a magnetic eld line. This coordinate is related to the distance travetealong a
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magnetic eld line, *, by

3
o= 13008 92 b (3.:39)
e

This dimensionless curvilinear factor is directly proportional to the magnetic

eld strength [Huba et al, 2000a].

The original version of SAMI2 described byHuba et al.[2000a] used a La-
grangian grid where each eld line moved with th& B drift; however, subsequent
revisions of the model have all been Eulerian. This entire thesis usbs Eulerian
version of SAMI2. In the Eulerian version the perpendicular transpt step ad-
vects the densities and temperatures in the perpendicular directiausing a simple
explicit donor cell upwinded method. The Eulerian SAMI2 grid is compesl of a
set of eld lines which are all at the same magnetic longitude,y. Each eld line
contains the same number of points along the eld line and extends wa to the
same altitude (typically 85 km). This results in a slightly non-orthogoal grid; the
normals to the cell faces between two grid cells on two di erent eld lias do not
exactly point in the direction of increasingpy. Thus, perpendicular advection step
includes a small amount of advection along the eld line in addition to adaction

from one eld line to the other.

3.3 A new steady state temperature model

Throughout most of the day the time derivative terms in the tempeature equations
are much smaller than all of the other terms. The typical thermalesponse times of
the ionospheric plasma have been studied in detail Byoble and Hastingd1977].
Below 300 km the response times are less than 30 s, meaning that #teady

state assumption is always valid. Between 300 and 600 km the tematirres
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normally reach steady state within 200-1000 s. Above 600 km the @l®n and
ion temperatures can display di ering response times which vary depding on the
densities, but are at most 2500 s. Thus the steady state assungpt is valid in the
topside when the heating is not varying signi cantly on time scales lesean 2500
s, which is true during most of the day except at sunrise and sunsetVhen the
time derivative terms are negligible the temperature equations beoe a boundary
value problem in space. The nal equations which we solve for each igpecies
and electrons are

2 1
0= + + - — T i rT (3.40)
12T T pn ke e—

2
+F—{Z 2Ty F—{—} r,sTro uo+ﬁTr{;u|}:,
5b

where @ and C are the local heating and cooling rates divided by=2N kg. For
boundary conditions the temperatures at the two ends of eachlaline and along
the entire bottom eld line are set equal to the neutral temperatves. Along the
top eld line the di erence between the top eld line and line immediately kelow
is assumed to be 0. The details of the numerical techniques used tdve this

eguation are contained in Appendix A.

The model requires a number of other parameters to be speci edihe densities
and temperatures of all neutral species are speci ed by the NRLSISE-00 model
[Hedin, 1991;Picone et al, 2002], the neutral winds are speci ed by the HWM93
[Hedin et al, 1991], theE B drifts are speci ed by the model ofScherliess and
Fejer [1999], and the ion densities and parallel velocities must be xed eithéy
some other ionospheric model, such as SAMI2 or IR, or using datAs a reference
case we have run SAMI2 for 48 hours starting on May 8, 2008 with ttiothe daily

and average F10.7 ux set to 70 and an Ap of 4. These conditions cespond to
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Figure 3.1: A vertical cut through the electron and ion density proles above
the magnetic equator at 14 LT for the reference case. Only three
of the seven ion species used in SAMI2 are plotted. The electron
density is higher than the O density at low altitudes because
the densities of the four additional ions (N, N3, NO* and O3)
become signi cant at these low altitudes.

deep solar minimum. Running the model for two full days and ignorindghe rst 24
hours ensures that all transient behavior has ceased. Fig. 3.1 wisca cut through
the density pro les at the magnetic equator at 14 LT on the seconday for this

reference case.
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3.3.1 Results of Reference Case

Fig. 3.2 shows vertical proles of the computed temperatures at41LT above
Jicamarca for all four species for the reference case. Each plobows the pro le
from SAMI2 and the solution obtained by the two-dimensional steadstate model.
The agreement between the model and SAMI2 is excellent at low altde, but the
steady state model predicts higher temperatures than SAMI2 irhe 300-1000 km
range. The discrepancy is most noticeable around 700 km becausethis case,
those eld lines connect to the equatorial arcs. As will be discussaudetail later,
the nonlocal heating from the equatorial arcs has a large e ect othe topside
temperatures. The densities in the arcs are never in a steady satbut rather
form throughout the afternoon. At any given time during the aftenoon, the
instantaneous nonlocal heating rate is higher than the average mocal heating
rate over a typical response time of the temperatures. Thus treteady state solver
consistently overestimates the temperature when nonlocal héaj is important.
Above 1000 km the steady state temperatures can be either higha lower than

the SAMI2 temperatures.

To demonstrate the relative importance of the various physical pcesses, the
magnitudes of each term in Eq. 3.40 are plotted in Fig. 3.3 as a functiof altitude.
The terms are all multiplied by 3=2N kg and expressed in units of eVcn?s 1.
Clearly at low altitudes local heating and cooling dominate all other presses.
At these altitudes the temperatures can be obtained by simply solwgnalgebraic
equations. At higher altitudes thermal di usion (term 3), nonlocalphotoelectron
heating (term 1), local cooling (term 2), and perpendicular adveitn (term 4a) are
all important processes. Expansion and contraction (terms 5a drbb) are always

insigni cant, and parallel advection (term 4b) is small because palel di usion
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Figure 3.2: Vertical pro les of temperatures produced by SAMI2 rrd the
steady state model for the reference case at 14 LT. These pes
represent a cut through the full solution at the magnetic equator

acts to smooth out parallel gradients much more e ciently.

Fig. 3.4 demonstrates the validity of the steady state model for v@us times
of day. The solid line is the electron temperatures produced by SARIduring the
second 24 hours of the 48 hour reference case at 1011 km ovemtlagnetic equator,
and the diamonds are electron temperatures from the correspgbng runs of the
steady state model. During most of the day the steady state solah is only slightly
above the true solution. The discrepancies are worst just afteursrise, when the
temperatures are changing rapidly and a steady state solution is thexpected to
be appropriate, and just before sunset, during the prerevetsanhancement. The
steady state solutions are the most accurate during the early afhoon. During
the night the steady state solutions are simply equal to the neuttdemperature
because there is no photoelectron heating. The true nighttime tgraratures are

higher than the neutral temperatures due to heat which persisfsom the daytime.
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Figure 3.3: A vertical cut of the magnitudes of the electron heatirigooling
rates at the nal model solution. The numbers in the legend
identify the terms in Eq. 3.40 corresponding to each curve. The
curve labeled \cooling" is the sum of all local cooling processes
due to electron-ion and electron-neutral collisions.

This residual heat lasts all the way until sunrise on the following day.

3.4 Sensitivity Studies

The steady state model provides an expedient way to repeatedlyeglict temper-
atures at a single time for a variety of di erent physical conditions.We have used
the model to conduct a series of numerical experiments which tabe sensitivities

of the topside equatorial temperatures to a variety of physicalrpcesses. We have
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Figure 3.4: Electron temperatures produced by SAMI2 and the sidy state
model for various times of day. During much of the day the
steady state solution is still approximately correct.

focused on the temperatures at 14 LT because at this time of dalge steady state

model is most accurate.

3.4.1 E ects of Electric Fields

Hysell et al.[2009] have shown that the topside temperatures are extremeklnsi-
tive to variations in the electric eld. To fully illustrate the response we have run
SAMI2 for three full days for the reference case discussed abpbut after local

noon on the third day we double the electric eld. Fig. 3.5 illustrates tk response
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Figure 3.5: Electron temperatures in Kelvin for selected times durinthe
afternoon of the second and third day of the SAMI2 run. The rst
day is omitted because it potentially contains transients. The
second day corresponds to the reference case. On the third day
after local noon the electric eld is doubled. The temperatures
on the third day are consistently lower than those on the second.

of the electron temperature and Fig. 3.6 illustrates the correspdimg response of
the electron density. During the afternoon the electric elds areastward, meaning
that the plasma drifts upwards. Lifting the plasma results in a redugon of the

electron temperature and the formation of equatorial arcs via #hfountain e ect.

Electric elds a ect the topside temperatures through both dire¢ and indi-
rect means. The direct e ects stem from terms in the temperat@ equation
which explicitly depend onu,, namely the perpendicular advection and expan-
sion/contraction terms. Flux tubes always expand as they are lifteto higher
altitude, meaning thatr u- is positive. Furthermore, in the topsider T points
upwards, sou, r T is also positive. Thus both perpendicular advection and

expansion will cool the topside.
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Figure 3.6: Electron densities corresponding to the electron tempéures in
Fig. 3.5. Clearly the increased electric elds on the third day
moves the equatorial arcs to higher latitudes.

The redistribution of plasma by the electric elds results in many moreompli-
cated indirect e ects. Increasing the vertical drift raises the O to H* transition
height. Changing the ion composition changes the local cooling rateBurther-
more, the topside heating is strongly coupled to the o -equatoridF -region both

through eld aligned thermal di usion and nonlocal heating from phdoelectrons.

To determine the relative importance of all of these e ects we havain our
steady state model for a number of di erent cases. We have geated electron and
ion density pro les by running SAMI2 for the reference case andifohe reference
case with the electric eld multiplied by 1.5. Fig. 3.7 shows the result ohte model

when run at 14 LT using:

1. The standard densities and no other modi cations,

2. The standard densities and the perpendicular advection termsuttiplied by
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1.5,
3. The standard densities and the expansion terms multiplied by 1.5,

4. The standard electron densities with the ion densities adjustedch that the

ion fractions match those from the modi ed SAMI2 run,

5. The standard densities but photoelectron heating rates comfaa using the

modi ed electron densities,

6. The modi ed densities but photoelectron heating rates computkeusing the

standard electron densities,

7. The modi ed densities with self consistent photoelectron heatingates and

both perpendicular advection and expansion multiplied by 1.5.

The rst and last cases have consistently higher temperatures d&n their corre-
sponding SAMI2 results due to discrepancies between the steadwts and the
true solutions discussed earlier, not due to any other physical presses. The other
cases are all designed to isolate the di erent processes which alterad by the
electric elds. Fig. 3.7 clearly demonstrates that changes to the nfocal photo-
electron heating have the largest individual e ect. The strong degndence of the
nonlocal photoelectron heating on the electron density at 300 km isimediately
apparent from Eq. 4.82. All of the other terms provide smaller butamparable
amounts of cooling individually throughout the topside. The exceptiois perpen-
dicular advection which cools most of the lower altitudes but heats ¢ghvery highest

altitudes simulated.
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Figure 3.7: Steady state electron temperature proles over the agnetic
equator with the electric eld scaled by 1.5. The curve labeled
\Standard" is the reference case and the curve labeled \All" is
the solution with all the e ects of the increased electric eld in-
cluded. The other curves are solutions when only one term is
adjusted for the increased electric elds at a time as explained in
the text.

3.4.2 E ects of Meridional Neutral Winds

The e ects of meridional neutral winds on the topside temperatws can be under-
stood in a similar fashion to the e ects of electric elds. Neutral wing directly
change the temperature equation by changing the parallel advemt and expan-
sion/compression terms, but these terms are usually small comparto the other
physical processes. However, the meridional winds can also redistte plasma

and thus also have strong indirect e ects on the topside tempenates just like
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Figure 3.8: Electron temperatures in Kelvin for selected times durinthe
afternoon of the second and third day of the SAMI2 run. The
second day corresponds to the reference case. On the third day
after local noon the neutral winds are doubled. The temperatuse
on the third day are consistently higher than those on the second.

electric elds.

We have performed another three-day run of SAMI2 where the meional
winds are doubled after noon on the nal day. Fig. 3.8 and Fig. 3.9 illusiate the
evolution of the electron temperature and electron density resgtévely. The winds
produced by the HWM93 in the upper thermosphere have a strongwwhward
component. These winds create an asymmetry between the equadl arcs. The
northern arc is raised in altitude and depleted while the southern ars lowered
in altitude and enhanced. The total amount of plasma in both arcs iscaually
decreased for increasing winds because as the southern arc is resvén altitude

recombination becomes more important.

The steady state model can be used once again to isolate the relatimportance
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Figure 3.9: Electron densities corresponding to the electron tempéures in
Fig. 3.8. The increased winds on the third day exaggerate the
asymmetry between the two equatorial arcs and decrease the to
tal integrated plasma density along any given eld line.

of the pathways through which meridional winds a ect temperatues. lon and
electron densities and ion parallel velocities were generated by rumgp SAMI2
both with normal winds and with winds scaled by 2. Fig. 3.10 shows ruraf the

model at 14 LT using:

1. Standard densities and velocities,

2. Standard densities and velocities with photoelectron heating reé computed

using the modi ed electron densities,

3. Standard velocities and modi ed densities with photoelectron héag rates

computed using the standard electron densities.
4. Standard densities but modi ed ion and neutral velocities,

5. Modi ed densities, velocities, and photoelectron heating rates.
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The direct e ect of changing the parallel advection by changing theelocities pro-
duces a slight cooling of the topside. However, the total e ect of ameasing the
winds is a substantial heating of the topside. Once again the reamgement of
the plasma along the ux tubes has a substantial indirect e ect on e temper-
ature. Exactly like the electric eld case the largest e ect comes ém changing
the nonlocal photoelectron heating. Increasing the meridional wds causes the
total integrated density along the ux tube to decrease becaugbe wind depletes
the upwind portion of the eld line, and forces the downwind portion 6the eld
line downwards where recombination is stronger. This means that ¢hintegral
in Eq. 4.82 is larger. Physically this integral models the attenuation ahe non-
local heating as the electrons travel further along the eld lines. @usting the
densities, and thus the parallel thermal di usion, without changingphotoelectron

heating also appreciably increases the topside temperatures.

In all of the examples presented thus far the adiabatic compressiexpansion
has always been insigni cant compared to other processes. Thesects have been
shown to create signi cant ion heating, however, in SAMI3 simulatios of equa-
torial spread-F where the ow velocities are much fasteiHuba et al, 2009]. The
occasional satellite observations of troughs and enhancementsan temperature
at night have also been attributed to adiabatic compression/expaion Bailey and
Heelis, 1980; Venkatraman and Heelis 1999a, b]. These structures are thought
to be associated with strong trans-equatorial neutral winds. Teénions are con-
strained to move along the magnetic eld lines as they are pushed bjd wind,
so the ions in the downwind hemisphere are compressed by the cogiey mag-
netic eld and the ions in the upwind hemisphere expand due to the divging
magnetic eld. Thus a strong meridional wind should expand and codhe ions

the upwind hemisphere, creating a trough, and compress and hdae ions the
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Figure 3.10: Steady state electron temperature pro les over theagnetic
equator with the winds scaled by 2. The curve labeled \Stan-
dard" is the reference case and the curve labeled \All" is the
solution with all the e ects of the increased winds included. The
other curves are solutions when only one term is adjusted for
the increased winds at a time as explained in the text.

downwind hemisphere, creating an enhancement.

We have attempted to reproduce these e ects using SAMI2. Thedr panels
in the upper left of Fig. 3.11 show the O temperature at 1 local time for four
di erent SAMI2 runs. The top left and center left panels are for tle same date
and conditions as the reference case, which correspond to solanimum. The
top center and center panels are for the year 2002 and an F10.718&0, which
are solar maximum conditions, with all other parameters unchangeduring solar

maximum the O'-H* transition height is much higher, meaning that a larger
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proportion of the topside is composed of Q Satellite observations have shown
that ion temperature troughs are much more pronounced duringpr maximum
for this reason Venkatraman and Heelis 1999b]. The top left and top center panels
use the HWM93 model to generate the neutral winds. The HWM93 wiis for both
the solar minimum and solar maximum conditions are plotted in the bottm two
panels. In both cases the winds in the topside are southwards atetlequator,
but eventually change sign in the southern hemisphere. The centeft and center
panels assume a constant, uniform neutral wind of 100 m/s southavd. This is the
simplest way to create a strong trans-equatorial ow. Both of tk simulations with
the HWM93 winds show very little latitudinal dependence of the O temperatures.
The simulation at solar maximum using the strong uniform winds, howev, shows
a pronounced temperature maximum in the downwind hemisphere aghha trough
slightly upwind of the magnetic equator. Similar yet much less pronowed features
are visible in the simulation at solar minimum using the uniform winds. Thesfour
simulations thus corroborate the main conclusions dBailey and Heelis[1980];
troughs and enhancements in ion temperature are possible at nighstrong trans-
equatorial ows exist and are much more pronounced during solararimum when

larger amounts of O are present in the topside.

To prove that these troughs and enhancements are indeed thesué# of the
neutral wind and not a remnant of structures created by asymntiéc heating during
the daytime we have run the steady state model using the uniformimd for the solar
maximum conditions at 1 local time. The steady state model was runsing the
densities and ion velocities produced by the SAMI2 run with the sameiditions.
The center right panel of Fig. 3.11 shows steady state *Otemperatures. The
SAMI2 temperatures (center panel) and the steady state tempagures (center

right panel) do not match because the steady state model cannatcount for heat
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which persists from the daytime. Normally the steady state modelets the ion
temperatures almost exactly equal to the neutral temperatugeat night since since
there are no signi cant heat sources. For reference the MSISutel temperatures
used for all of the solar max runs are plotted in the top right panelfdrig. 3.11.
In this case, however, the steady state ion temperatures show anhancement in
the downwind hemisphere and a temperature minimum at high altitudeand in
the upwind hemisphere which are not present in the neutral tempa&tures. This
proves that the compression and expansion driven by the wind aretmg as a

direct source of ion heating and cooling.

3.4.3 E ects of the Nonlocal Heating Parameter

The nonlocal heating model used in our model relies on an unknownraseter,
Cqe- Fig. 3.12 shows several runs of the model for a variety of di erewalues
of the parameter for the reference case. Clearly the temperads below 300 km
are una ected because this parameter only appears in the moddlthe nonlocal
photoelectron heating above 300 km. Above 300 km all of the prodehave the
same qualitative shape, but the absolute temperatures increasechatically with

increasingCqe. Thus none of the model results presented above should be retgat
as strictly reliable predictions of the absolute temperatures and dict comparisons
to data or other models will almost certainly be inaccurate. Nonetlhess, the
qualitative shapes of the pro les and the changes to the pro les aged by changing

physical conditions predicted by this model are still meaningful.
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Figure 3.11: Summary plots illustrating the e ects of neutral winds anight

on ion temperature. All of the plots correspond to 1 local time.
The plots are (a) oxygen ion temperatures from a SAMI2 run
at solar minimum using HWM93 winds (top left), (b) oxygen
ion temperatures from a SAMI2 run at solar maximum using
HWMO93 winds (top center), (c) oxygen ion temperatures from
a SAMI2 run at solar minimum using a constant, uniform 100
m/s southward wind (center left), (d) oxygen ion temperatures
from a SAMI2 run at solar maximum using a constant, uniform
100 m/s southward wind (center), (e) HWM93 winds for solar
minimum conditions (bottom left), (f) HWM93 winds for solar
maximum conditions (bottom center), (g) MSIS neutral tem-
peratures for solar maximum conditions (top right), and (h)
oxygen ion temperatures from the steady state model using the
same parameters as the center panel (center right).
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Figure 3.12: Steady state electron temperature pro les over theagnetic
equator for various values of the nonlocal heating attenuation
parameter,Cqe. The value of 8 10 ** cm? is the standard value
used in all of the other plots.

3.5 Comparison of SAMI2 to Jicamarca data

March 25, 2009 was an exceptionally quiet day on which Jicamarca ranfull
pro le mode. This day is used as the reference case for SAMI2-PE $ec. 6.1.
This section displays some results from the standard SAMI2 for theame day
for comparison. Three simulations were performed using three drent values
of the nonlocal heating parameterCg.. Figs. 3.13 and 3.14 show the electron
densities and temperatures respectively from these three simutats along with

the Jicamarca measurements. The electron densities in the thrdensglations are
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all similar to each other and agree well with the measurements. The erences
in the densities are most pronounced in the topside, where the simiitens with
higher Cqe have slightly higher topside plasma densities. When the temperatse
are higher the pressure gradients along the eld lines can hold mor&agma up at
high altitudes. The band of strong radar returns around 150 km inhte electron
density data is not actually a layer of large electron density, but rdtter the result
of coherent scatter from 150 km echoes [s€hau and Kudekj 2006b, for a review
of this phenomenon]. Thus the absence of this layer in the simulatioissnot cause

for concern.

The electron temperatures, however, dier substantially from tk data and
from one simulation to the next. Below 300 km the electron temperates from the
three simulations are identical becaus€,e has no e ect on these altitudes. These
low altitude electron temperatures agree reasonably well with theath. In the
topside, however, changin@,e can change the temperatures by over 1000 K. The
discrepancies with the data in the topside are worst at sunrise wieethe simulations
overestimate the temperatures by 1000-2000 K. In the afteron the simulations
produce more reasonable temperature values, but the shapeshsd temperature
pro les with increasing altitude is wrong, as illustrated in Fig. 3.15. IfCye is tuned
such that the temperatures matches the data at some referenaltitude, then
the simulation will underestimate the temperatures below that refence altitude
and overestimate the temperatures above that reference altda. These errors are

500-1000 K which is 25-50% of the measured values. Thus even indlffternoon
there is no one value ofC, which can generate satisfactory agreement with the
data. This weakness of SAMI2 is the motivation for reexamining thehysics of

photoelectron heating in more detail and creating SAMI2-PE.
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Figure 3.13: RTI plots of electron densities on March 25, 2009 measd by
Jicamarca (top) and modeled by SAMI2 (bottom 3 plots). Each
vertical strip in these RTI plots is a cut through the equatorial
plane of the 2-D simulations. The values used fdCc in the
various SAMI2 simulations are indicated on the right hand side.
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Figure 3.14: RTI plots of measured and modeled electron temperaés on
March 25, 2009 in the same format as Fig. 3.13.
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Electron Temperature Profiles at 15 LT
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Figure 3.15: Measured and modeled electron temperature pro leb@ve the
magnetic equator at 15 LT on March 25, 2009. The black dots
with errorbars are the Jicamarca measurements. The solid lines
are SAMI2 simulations using di erent values 0fCqe.

80



CHAPTER 4
PHYSICS OF PHOTOELECTRONS

In the development of Ch. 3 photoelectron heating was treated as external heat
source. This chapter seeks a physical description of this heat smeiby considering
the photoelectrons as a portion of the total electron populationMost ionospheric
electrons are at energies of 0.2 eV, but the newly produced photoelectrons have
typical energies of 10-100 eV. These photoelectrons will be a tingrpof the total
electron density, but their relative importance will increase for higgr moments of
the electron distribution function. A crucial assumption used in Ch3 to close the
system of uid equations was that the heat ow vector, a third monent, was small
and could be expressed in terms of lower moments of the distributidanction.
Photoelectrons will make a signi cant contribution to the heat ow vector, and
thus this assumption is not valid. A practical way to proceed is to assne the
total electron distribution function can be divided into thermal andsuprathermal
portions, fo = fy + fe, where the thermal portion has large low moments but
negligible high moments and the suprathermal portion has negligible lawoments
but signi cant high moments. Numerous authors have made this divisn by calling
all electrons below a threshold energy \thermal" and all electrongave that energy
\suprathermal" [in particular see Krinberg [1973] andHoegy [1984] for detailed
discussions of this division]. A photoelectron-thermal electron hidag rate can
only be de ned once the total electron population is divided, and thsi the value

of the heating rate depends on the way the division is performeHdegy, 1984].

An alternative to the Hoegy [1984] method of de ning a xed energy above
which all electrons are deemed to be photoelectrons is to look at thedative sizes

of the moments of the two parts of the distribution function. We asume that
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all moments offy above the third are negligible such that the uid equations
are a sensible description of the thermal population. Furthermorare assume
the zeroth, rst, and second moments of ,. are negligible such thatNe Ny,

NeUe Ngpuy, andPe  Py,. With these assumptions the total electron continuity
and momentum equations are una ected by the photoelectrons.hE total electron

energy equation can be written as

@

3 5
@t épe tUe ' ZPe + épe(r Ue)+ I (O + Ope) * el Ue (4.1)

2

= Qh + Qphe Qphe I—pe I—th;

where Q;, is the rate at which the total electron population gains energy from
photoionizations,L e is the rate at which the photoelectron population loses energy,
and Ly, is the rate at which the thermal electron population loses energy. he
energy loss term can be separated into two terms because the tetacion and
electron-neutral collision terms are linear infe. The term Qune Which is both
added and subtracted from the right hand side is the rate at whichhe thermal
electron population gains energy from the photoelectron populatio This equation

can be separated into two equations,

@ 3 5
@t épe T Ue T épe + épe(r Ug)+ T Qm+ e:lUe= Qpre L

(4.2)
I dpe=Qn  Qpre Lype
(4.3)
where the rst equation is a version of Eq. 3.4 for the thermal elexins only. If the
third moment of fy, is assumed to be small this equation can be closed by assum-
ing the thermal electron heat ow vector, gy, is related to the thermal electron
temperature via Qpmk = il kTt [Schunk and Nagy 2009]. When discussing

collisions with thermal electrons in Sec. 4.3.2 we will approximate the ¢ihmal
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distribution as Maxwellian, although if we assumed a perfect Maxwelliathermal
distribution when deriving the thermal electron energy equation alhe physics of
thermal di usion would be lost since Maxwellians have third moments d [Schunk
and Nagy, 2009]. Eg. 4.3 is not useful because an equation for the phototlac
heat ow vector would involve even higher moments of,.. The only way to pro-
ceed is to use a kinetic equation to solve fdy, directly instead of ever taking its
moments. Oncef e is known Qune can be calculated directly from a moment of

the photoelectron-electron collision term (see Sec. 4.3.3).

The practice of dividing the distribution function may not seem to hae helped
since it still necessitates solving a kinetic equation. However, apgrmations can
be made which make the kinetic equation fof ,c substantially easier to solve
than the Boltzmann equation for the entire electron gas. In partigar, the guid-
ing center approximation can be applied to photoelectrons to rededhe number
of phase space variables (see Sec. 4.1) and the nonlinear collisiomserepre-
senting photoelectron-photoelectron interactions can be negled relative to the
linear collision terms representing photoelectron-electron, phatectron-ion, and

photoelectron-neutral interactions (see Sec. 4.3).

4.1 Photoelectron transport equation in the guiding-cente r
approximation

Numerous authors have derived simpli ed kinetic equations for photlectron using

a variety of di erent approaches [sedValt et al. [1967],Mantas [1975], Strickland

et al. [1976],Khazanov et al.[1994],Schunk and Nagy[2009] Sec. 9.4, and refer-

ences therein for examples]. This section presents a complete deron which, like
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Khazanov et al.[1994], uses the Boltzmann equation in an arbitrary phase space

as the starting point.

A general form of a kinetic equation is [e.gKrall and Trivelpiece, 1973;Ichi-

maru, 2004]

= q+ fT; (44)

S

wheref (X)dX is the number of particles betweerX and X + dX in phase space
and g is the rate at which particles are produced in that phase space elameThe
term fT is the rate at which particles enter minus the rate at which particles bve
that phase space element due to collisions. The total time derivativen the left
hand side is taken along the path a single particle would take in the abse of
interactions with other particles. The production functionqis discussed in Sec. 4.2
and the collision terme is discussed in Sec. 4.3. The remainder of this section is
devoted to the left hand side of this equation, which represents éhtransport of

photoelectrons.

The units of these quantities depend on the phase space variable®sen. A
common phase space is a set of three position coordinatesand three velocity co-
ordinates,v. Expanding the total derivative with the chain rule then substituting
the equations of motion of a single electron neglecting gravity yieldee familiar

form [e.g.Bellan, 2006]:

f

of @?t ere e of q+fT -
e _ .

oV @ oE+v B) o=ar (4.6)

lonospheric problems are naturally described in a phase space whielects an

o set and tilted dipole magnetic eld. The velocity coordinates can bexpressed in

84



spherical coordinates relative to the magnetic eld,\(; ;' ), wherev is the speed
of the electron, =cos is the cosine of the pitch angle, i.e. the angle between
andB, and' is an azimuth angle around the magnetic eld. The speed coordinate
can be replaced by kinetic energyE = mv2=2. Using these coordinates instead
of the velocity coordinates, the orthogonal dipolar coordinategs = Re 04; pa; d)
instead of the position coordinates, and applying the chain rule to Ed.4 yields

a kinetic equation for the photoelectron distribution function.

@, QT @p@ L @« @

@t @@s @@p @t@g
L@@ ed e@_
"o@ e e@ 1t

(4.7)

The distribution function in the above equation is de ned as the numer of pho-
toelectrons per unit volume per unit energy per unit solid angle and baunits
of cm 3eV !ster . The relationship between this distribution function and the
distribution function in Eq. 4.6 by can be determined by insisting that loth will

integrate to the total electron density, i.e.
YA 1 Z 1 Z 1 YA 2
Ne = dvf = de d d fr (4.8)

1 0 1 0

Switching to spherical coordinates in velocity space in the rst inte@l,

Z, z z, z, 72, Z,
Ne = vidv  sind df = de d d f7 (4.9)
0 0 0 0 1 0
then using the de nitons =cos ,d =sin d , E= mv?=2, and dE = mvdv
yields
Z 1 yA 1 Z 2 Z 1 Z 1 yA 2
Ne = vidv  d df = mvdv d d fr (4.10)
0 1 0 0 1 0

This equality holds when

12E12

Msip B3 )= STv)= 2 S 1 v (4.11)
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The new production function,q, and collision operator,+, are de ned in an anal-

ogous manner.

The terms in Eq. 4.7 involving time derivatives of a coordinate (e.g%? must
be determined from the equations of motions of an undisturbed pto®lectron.
If the electric and magnetic elds are changing slowly in time comparetb a
gyroperiod and slowly in space compared to the distance the parti¢tavels during
one gyroperiod then the guiding center approximation applies and ¢hequations
of motions simplify substantially [seeBellan, 2006, Ch. 3]. The gyroperiod of an
ionospheric electron is In «=(eB) = 1:43 10 ®s usingB = 0:25 10 * T for
the magnetic equator. In the ionosphere the electric elds changm time scales
of minutes and hours and the magnetic eld is dominated by the georgaetic
eld which changes on time scales of years. The velocity of a 100 eVo#den is
5:93 1 m=s, so the distance this electron would travel in a gyroperiod is merely
8.48 m; the spatial variation of the electric and magnetic elds in the wosphere
will be on scales of 10s or 100s of km. Thus the guiding center appnoation
is easily justi ed for photoelectrons in the ionosphere. When usinghé guiding
center approximation the distribution function can be assumed todindependent

v @ —

of ', i.e. G =0, thus eliminating one phase space variable entirely.

The remaining ve equations of motion needed in Eq. 4.7 are easily olmad
from the drift equations [Bellan, 2006]. The motion of a photoelectron in thes

direction is given by

@s_ ds _ 2E,
or aVcos = S (4.12)

In the guiding center approximation the rst adiabatic invariant [e.g.Bellan, 2006],

m3 _ (1 3E
M g =g (4.13)
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iS constant, i.e.

_dvm _ @M, @ @M
°" @ T @ies’ @@ (@49
Di erentiating Eqg. 4.13, substituting Eq. 4.12, and rearranging yield a second

equation of motion,

r_
2 2
@_ , %1 _?es

@t m 2B @s

(4.15)

For a dipole magnetic eld the variation of the magnetic eld strength obeys

[Schunk and Nagy2009]

b @B_

1
B @s B

+
QI?»: 19cose 15cos . B (4.16)
@ re

(1+3cog )32

The terms % and % are related to the drifts of the photoelectrons perpendic-
ular to B. All of these drifts motions are negligibly small compared to the palial
velocity of a photoelectron, so both of these terms are e ectivey. For example,
consider a 30 eV photoelectron traveling on a eld line whose apex alide is
1000 km. The path length from 300 km altitude in one hemisphere to @Gkm
altitude in the other along this eld line is approximately 6500 km. The paallel
velocity of this photoelectron is %93  10° m=spE =3:25 10° m=s. If the
photoelectron is traveling parallel toB (i.e. = 1) the trip from one hemisphere
to the other takes 2 s. This photoelectron will experience three es of drifts 1)
E B drift, 2) curvature drift, and 3) r B drift. The E B drift experienced
by a particle is independent of the velocity. A typical verticalE B drift in the
equatorial ionosphere is 25 m/s, meaning the example photoelectravould only

move a total of 50 m during its 2 s journey. The grid cells in the modelilvbe

several km wide so this is insigni cant.
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The curvature drift velocity of an electron is [e.gBellan, 2006]

|
1 mvR
Veurvature = @ R ;

(4.17)

whereR is the instantaneous radius of curvature of the eld line andR is a unit
vector pointing from the center of curvature to the point on the eld line. In the
equatorial plane of the EarthR points upwards andB points north so R B
points east. In the worst case where = 1 the magnitude of this velocity will

be Veuvawre = 2E=(eBR). Dipole magnetic eld lines are circles with diameters
equal to Rg plus the apex altitude, so for a eld line with an apex altitude of
1000 km,R = (Rg + 1000)=2 = 36855 km. The magnetic eld strength in the
equatorial plane isB = BoRZ=r®> whereB, = 0:25 10 # T. Thus at 1000 km

B = 0:1614 10 4. Using these numbers a 30 eV electron would experience a

curvature drift of only 1 m/s.

Finally, the r B drift experienced by an electron is [e.gBellan, 2006]

mv3

2eB3r B B: (4.18)

Vig =

In the equatorial planer B points down sor B B points east, just like the
curvature drift. Furthermore, in the equatorial planer B = @B=@* 3B-=r.

The worst case for this drift is when = 0, in which case the magnitude of
the drift is v, g = 3E=(eBr), which is 0.76 m/s for the example photoelectron

considered above.

The nal term needed in Eqg. 4.7 is@=@;t which is the work done on the
photoelectrons by electric elds;@=@t ev E = ewEk. The perpendicular
electric elds do no work because the perpendicular velocities of tgaiding centers
are dominated by theE B drift, which is perpendicular toE, . Parallel ambipolar

electric elds exist in the equatorial ionosphere due to electron pseure gradients,
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but they are too small to have an appreciable impact on photoeledns. The
ambipolar electric eld forms to balance ion gravity §chunk and Nagy2009]. The
steady state ion and electron momentum equations, neglecting tharce of gravity

on electrons but not on ions, are

0 = ek Nir pi  mjgcosl (4.19)
e

0= ek ir Pe; (4.20)
Ne

where | is the magnetic dip angle. In the simple case whefe = T, such that

Pe = pi these equations reduce to

mig
E,= — |: 4.21
K % cos ( )

At 300 km altitude on a eld line whose apex altitude is 1000 km cds= 0:2288
and g = 8:94 n=s°. In an O* plasma the ambipolar electric eld at this point
would be 171 10 ° V=cm. If this eld were constant along the entire half of the
eld line a photoelectron would lose 0.56 eV over the 3250 km journesofn 300
km to the apex at 1000 km. This is an overestimate because as theofiielectron
goes up the eld lineg, cosl and the meanm; all decrease. Below it is shown that
Coulomb collisions with ambient electrons can be modeled as a retardifmce
whose typical magnitude is 10 eV=cm, which is larger than that caused by the

ambipolar electric elds.

At higher latitudes the amount of energy lost by a photoelectron ai travels
up the eld line can be signi cant. In this case one must account for faere this
extra energy goes. By Newton's third law, the electric eld which retrds the
photoelectron motion must be simultaneously accelerating the resf the plasma.
This accelerating force can be viewed as an augmentation to the apdiar electric

eld created by the suprathermal electrons. The energy lost byhe photoelectrons

89



is thus equal to the mechanical work done by this additional eld onhe plasma.
Suprathermal electron transport including parallel electric elds hs been studied
in the contexts of the aurora Min et al., 1993], plasmaspheric re lling lLiemohn
et al., 1997] and ion out ows in the polar wind Tam et al., 1995;Khazanov et al,
1997, 1998Tam et al., 1998]. This thesis, however, is primarily concerned with

the low latitude ionosphere and will ignore these e ects.

Inserting the two equations of motion, Egs. 4.15 and 4.12, into Eq.#4and

neglecting all the other terms yields the simpli ed kinetic equation
r_ r

@ @ 2260 ) @_
@'® mes m 2 B i (4.22)

Conventionally this equation is written in terms of photoelectron wes rather

than the distribution function itself. The uxes are de ned as
r_

2E
ﬁﬁ (4.23)
If a unit area element is oriented with its normal in the ;' direction, then is
the number of electrons crossing this area element at normal incide per unit
energy per second per unit solid angle. Fluxes de ned this way haveits of
cm 2s eV lster . Using these uxes, switching spatial coordinates frons to
the true distance traveled along a eld line,”, and rearranging terms transforms

the simpli ed kinetic equation, Eq. 4.22, into the form of a conservabn law with

net source terms:
r

ﬁ@‘)+Q B_@)l 2

2E@t @ @ 2

1
= B + g+ -——: 4.24
a9+ 3 (4.24)

The new term which appears on the right hand side,B , increases the photo-
electron ux as the eld lines grow closer together. The new collisionetm %T is

identical to Tf~ This alternate notation is used, however, to emphasize that this
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term is the rate at which the photoelectron ux changes per unit dignce traveled.

The units of the collision term are the units of divided by length.

4.2 Production of suprathermal electrons

The primary source of suprathermal electrons in the ionospherephotoionization
by solar EUV and soft X-rays [see&chunk and Nagy2009, Ch. 9 for an overview].
The determination of the production rate of photoelectrons redtes three steps:
speci cation of the EUV spectrum outside of the atmosphere (Sed.2.1), calcu-
lation of the EUV spectrum at a given point inside the atmosphere ($e4.2.2),
and calculation of the energy dependent production rate of phadtectrons from
the EUV spectrum (Sec. 4.2.3). Suprathermal electrons can alse produced by
energetic electron impact, which is discussed below as part of the alission of
inelastic collisions (Sec. 4.3.1). A third source of suprathermal elemts is the
guenching of metastable excited neutral species (Sec. 4.2.5). Alrde of these

terms are summed to produce the production functiorg, in Eq. 4.24.

4.2.1 The solar EUV spectrum

We specify the EUV spectrum outside of the atmospheré&,; ( ), using a version
of the empirical HEUVAC model Richards et al, 2006]. HEUVAC is based on the
measured F74113 solar reference spectrum with scaling factoppleed based on
the F10.7 solar radio ux index. We have adapted the standard HEUAC model

such that we can specify both wavelength bins and individual lines. Wese one

hundred and ve 1 nm wide bins from 1.8 nm to 105.0 nm and eighteen indiual
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Bright Solar Lines
Wavelength (nm) | Energy (eV) | lon(s)

25.630 48.4 Si X -Hell
28.415 43.6 Fe XV

30.331 40.9 Si Xl

30.378 40.8 He Il

33.541 37.0 Fe XVI
36.807 33.7 Mg IX

46.522 26.7 Ne VIII
55.437 22.4 o VI

58.433 21.2 He |

60.976 20.3 Mg X

62.973 19.7 oV

70.336 17.6 O 1l

76.515 16.2 N IV

77.041 16.1 Ne VIII
78.771 15.7 oIV

79.015 15.7 oIV

97.702 12.7 C
102.572 12.1 H I (Lyman- )

Table 4.1: Wavelengths of important lines in the solar EUV spectrum ah
their associated ions.

lines. These lines correspond to exceptionally bright lines in the solgoestrum
associated with speci c ionic transitions. The line wavelengths and &ir associated
ions are tabulated in Table 4.1. Each of these lines is regarded as acspldine in

HEUVAC and given its own scaling factors.

The modeled solar ux on our wavelength grid is plotted in Fig. 4.1 for aariety
of di erent F10.7 values. The shape of the spectrum is complicatecubremains
relatively constant with solar activity. By far the brightest line is the He Il line at
30.4 nm (40.8 eV). Also of note is the abrupt order of magnitude drogt below 17
nm (above 73 eV). Later we will show that these two features of ¢hsolar spectrum

have obvious signatures in the photoelectron spectra.
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Solar Spectra
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Figure 4.1: HEUVAC solar spectra at the resolution used in SAMI2-PHor
a variety of di erent F10.7.

4.2.2 Transport and absorption of solar EUV in the atmo-

sphere

The scattering of solar EUV is negligible compared to its absorption, @aning
the ux inside the atmosphere can be modeled with the simple Beer-irdbert law

[Schunk and Nagy2009]

X
% = PON@F () (4.25)

n
where 2°S( ) is the absorption cross section associated with neutral speciest
wavelength and is a spatial coordinate which increases along the line from the

point of interest towards the sun. The attenuated EUV ux inside e atmosphere
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is computed as
X 21 #
F()=F.()exp () No(@d (4.26)

n 0

Numerically evaluating the integral in the exponential term is compuationally
expensive and requires a 3-D speci cation of the neutral densitygles. A simple
approximation is to assume a plane strati ed atmosphere (i.e. a at &rth with

no horizontal gradients). In this cased = dzsec , where s the solar zenith

angle, and
YA 1 Z 1
Nn(z)d Nn(z) sec dz: (4.27)

0 Z9
If it is further assumed that the neutral scale height,H, is constant such that
Nn(z) = Np(zo)exp( (z zo)=H) then this integral can be expressed in closed

form;
yA 1
Nn(z)sec dz  N,(z)H sec: (4.28)

20
A better approximation is to still assume that the neutral densitiesonly depend
on altitude and the scale height is constant, but to use a sphericalgmet. In this

approximation
Z 1
Nn(2)d Nn(zo)H (20)Ch(zg; ); (4.29)

0

where Chgo; ) is the Chapman grazing incidence functionhapman 1931].
SAMI2 uses this approximation and computes the Chapman grazingcidence

function numerically using the algorithm ofSmith and Smith[1972].

In SAMI2 only considers photoabsorption from O, @ and N,. The photoab-
sorption cross sections for these species have been tabulatechigh resolution
by Fennelly and Torr [1992]. For SAMI2-PE we construct photoabsorption cross

sections for each bin in our solar spectrum from ux weighted avegas of the high
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resolution cross sections frorrennelly and Torr [1992] over the wavelength bins.
Fig. B.1 presents an example of these cross sections when a ref@espectrum

with F10.7=80 is used to do the ux weighted averages.

Although small, the scattering of solar EUV is not precisely 0, meaningome
solar EUV can scatter around the planet into the nightside. At nightSAMI2
computes the intensity of scattered radiation at 102.6 (Lyman), 58.4 (He 1), and
30.4 nm (He Il) using a model developed b$trobel et al.[1974]. Unfortunately
the daytime and nighttime EUV uxes produced by the original code inSAMI2
do not smoothly connect to each other; the daytime routine wherhe sun is just
above the horizon produces much lower results than the nighttimeutine when
the sun is just below the horizon. In the present work we have rdged this issue by
adding an extra contribution to the daytime results equal to the nigttime results
evaluated with the sun at the critical solar zenith angle. This extra @ntribution
is negligible throughout most of the day, but guarantees continuitat sunrise and
sunset. In practice the electron heating and secondary prodimh produced by
photoelectrons arising from photoionization at night are negligibly sall and can

be ignored to expedite the calculations.

4.2.3 Photoionization processes

For a given EUV spectrum inside the atmosphere, the number of ptoelectrons
with energy E produced per unit volume per steradian per second by a single

photoionization process of neutral speciesis

h=( ") ACINa(OIF( p) (4.30)
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where [( ;) is the photoionization cross section for speciesat wavelength , for
the procesgp and ( ;' ) is a function with units of ster * which de nes the pitch
angle distribution of the newly produced photoelectrons (see Set2.4). For an
isotropic distribution ( ;' )=1=(4 ). The energy of the resultant photoelectron

is related to the wavelength , by

g= NC T, (4.31)
p

where h is Planck's constant,c is the speed of light, andT, is the appropriate
photoionization threshold for the process in question. In generéhere will be
multiple photoionization processes for each neutral species. Wensiler all of the
processes for O, @ and N, tabulated in Conway [1988]. For wavelengths shorter
than 2.3 nm we use the cross sections fro@onway [1988] directly. For longer
wavelengths we use the higher resolution cross sections fréennelly and Torr
[1992]. Fennelly and Torr [1992] do not enumerate partial cross sections for all
of the various processes for Oand N,, so we construct these cross sections by
weighting the Fennelly and Torr [1992] cross sections by branching ratios inferred
from Conway [1988]. We also consider photoionization of He and N in the model,
but do not bother to consider all of the di erent branching ratios br these minor
species. All ionizations of these species are considered to havesholds equal to
the ionization thresholds of these species, 24.6 and 14.4 eV respebt The N
cross sections used come froRennelly and Torr [1992] and the He cross sections
come fromKirby et al. [1979]. The high resolution cross sections for all of these
processes are adapted to the moderate resolution wavelengtidgrsed for the solar
spectrum by computing ux weighted averages over each bin, jusike absorption
cross sections in Fig. B.1. Figs. B.2, B.3, B.4, B.5, and B.6 plot the ux avaged
partial photoionization cross sections for all of the photoionizatio processes of

O, O,, N, considered using the solar spectrum at F10.7=80 for the averages
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Furthermore, Fig. B.7 plots the ux weighted total ionization crosssections which
are used to compute the ion production rates. For the molecular spies non-
dissociating ionizations (e.g. @+ h ! O + e ) are separated from dissociating

ionizations (e.g. Q+h | O"+0+ e).

The electrons in atoms like O and N are arranged in two energy shellshigh
are called the K-shell and L-shell in X-ray notation. Most of the impdant pho-
toionization processes involve the ejection of L-shell (valence) @®ns. However,
soft X-rays can be su ciently energetic to remove K-shell electmos. The K-shell
binding energies are 400 eV for N and 537.1 eV for O. Atoms with a misgin
K-shell electron are extremely unstable; a L-shell electron will quily transition
into the K-vacancy. The K-shell is at a much lower potential than tle L-shell, so
this transition must involve an extra release of energy. The atom aldl release this
energy by emitting an X-ray, but it is far more probable for the atonto eject a sec-
ond L-shell electron with the necessary amount of kinetic energyhis is known
as the Auger e ect and the second ejected electron is known as Anger elec-
tron. Speci cally the process described would be labeled as a K-LL ger process.
Moddeman et al.[1971] review K-LL Auger processes and present detailed mea-
surements of the Auger spectra of several gases, including &hd O,. The Auger
spectra typically consist of a single \normal" line and several weakesatellite"
lines. The \normal" lines correspond to cases when the orbitals of athe other
electrons in the atom are not disturbed when the K-vacancy is forea. The nu-
merous \satellite" lines correspond to cases where the formatiof the K-vacancy
is accompanied by the excitation of other electrons. The \normal"rad \satellite"
lines span a relatively small range of energies $0 eV), and thus for aeronomical
calculations it is su cient to assume that all Auger electrons are prduced at the

energy of the \normal” line (362 eV for N and 500 eV for O)Winningham et al.,
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1989]. Winningham et al, 1989] have shown that the inclusion of these Auger
electrons, particularly those at 362 eV produced from ionization ™,, is essential
to accurately capturing the high energy ¥ 60 eV) portion of the photoelectron

spectrum.

4.2.4 Angular distribution of newly produced photoelec-

trons

Photoelectrons are not produced isotropically, but rather are egted with an an-
gular probability distribution which is peaked in the direction of the eletic eld

of the incident electromagnetic wave and is zero in both the directisrparallel to
wavevector and parallel to the magnetic eld of the wave. In the norelativistic

limit this probability distribution is
3 .5
(# )= g sin #cog ; (4.32)

where # is the angle between the wavevector and the photoelectron velgcand
is the angle between the electric eld and the photoelectron velocitjHeitler,
1954]. For randomly polarized light the dependence ondisappears. This can be

written as

3
( ;' )= 8—(1 cog cog
2Cc0s sin cos sin cos
sin> cog' sir? ); (4.33)

where is the angle between the magnetic eld and, which is a vector pointing
from the point of interest towards the sun, is the angle between the photoelectron

velocity vector and the magnetic eld, and is the angle between the photoelectron
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velocity vector and " B. Fast gyromotions will randomize the photoelectron

distribution in ' |, so

Z
[a— 1 2 ! ]
( )_2 ( ’ )d

0

1+cog + 1 3cod 2 (4.34)

16
which is equivalent to the result derived byMariani [1964]. In terms of the solar
zenith angle, , the solar azimuth angle, , the magnetic dip angle,l, and the

magnetic declination angleD,

cos =sin sin cosl sinD +sin cos cosl cosD

cos sinl: (4.35)

4.2.5 Quenching of excited species such as N(?D)

The excited species ND) has a radiative lifetime of close to one day, so it is
primarily de-excited by inelastic collisions with other neutral speciesna electrons
[Richards, 1986]. When a thermal electron collides with ND) it gains 2.4 eV
and is thus promoted into the photoelectron population. The avege energy of
the promoted electrons is thukg Te + 2:4 eV. For simplicity we neglect the width
of the thermal distribution and assume all the promoted electronappear at this

average energy. With this assumption the production rate due tougnching is
1
gfuench = 4—k1NN(zD)Ne (E ksTe 2:4eV) (4.36)

wherek; is the reaction rate for NéD)+e ! N(*S) + e + 2:4 eV [Richards, 1986].
The factor of 1=(4 ) is for an isotropic pitch-angle distribution. Typically this
extra heat source has the largest e ect in the lowdF -region ( 240 km) [Richards,

1986].
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Chemical Reactions Involving N{D)
Reaction Rate (cnPs 1)
0:44
N} +O! NO*+N(°D)| ;=1:4 1010 3%

Tn
0:39

N + el 2N(D) ,=2:1 107 3

Te

NO* + e! O+N(2D) 3=3:4 107
N(D)+ e! N(*S)+e |k =65 102 T *°
N(2D)+0O ! N(*S)+0 |k,=6:0 10 %
N(®D)+0,! NO+O |k3=6:0 107

0:85

Table 4.2: Chemical reactions involving NfD) and their reaction rates
[Aponte et al, 1999].

SAMI2 does not solve for the density of ND), but this density is easy to
estimate if N®D) is assumed to be in local equilibrium. The reactions which
create and destroy N{D) and their reaction rates are tabulated in Table 4.2. In
terms of these rates the steady state density of RID) is [Aponte et al, 1999]

iNy: No +2 2NyrNe+  2Nno+Ne
kiNe + koNo + k3Ng,

Nnezp) = (4.37)
The density of N@D) is indirectly coupled to the densities of many other species
through all the chemical processes that can produce NGand N; [seeHuba et al,
2000a, for a complete list of the reactions in SAMI2]. The density oentral NO is
particularly important since NO patrticipates in several charge exe@nge reactions
which produce NO. The NRLMSISE-00 model does not predict the density of
neutral NO so SAMI2 estimates it using the empirical modeMitra , 1968;Bailey

and Balan, 1996]

700

n

Nno = 0:4exp No,+5 10 'No cm 3 (4.38)

In reality the neutral NO density in the lower thermosphere is highly &riable and

has been the subject of several modeling studies [8zth et al., 2003;Bailey et al.,
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2002, and references therein]. ThBlitra [1968] empirical model was originally
created usingD-region data, so its applicability to the lowerF -region is suspect.
A more recent model for the NO density has been developed liharsh et al. [2004]
which ts empirical orthogonal functions to the Student Nitric Oxide Explorer
(SNOE) satellite measurements. Unfortunately, the SNOE measements only
cover the altitude region from 97.5 km to 150 km, so this model cannpredict

the NO density in the lowerF -region.

4.3 Photoelectron collision processes

The rate of change of the distribution function of species due to collisions with
species in the conventional (;v) phase space is given by the well known Boltz-

mann collision integral [e.g.Schunk and Nagy2009]

Z
% = thOd dT st(gst; ;T )gst(fs(vs)ft(vt) fS(Vg)ft(VtO)); (4'39)

where g = jv2 vJ is the relative velocity before the collision and
«(Qst; ;T )d dT is the partial cross section for the collision process in question.
In general this cross section is a function of the relative velocityhé scattering
angle, , and the change in energy caused by the collisiom, The velocitiesv?
and v? are before the collision and/s and v, are after the collision (note that
Schunk and Nagy2009] use the opposite convention for the primed and unprimed
velocities). In general the Boltzmann collision integral is a complicadenonlin-
ear operator, but for collisions involving photoelectrons in the ionpbere several

simplifying limits apply.
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Figure 4.2: Scattering geometry for a binary collision.
4.3.1 Collisions with Neutrals

Mantas [1975] presents a compact derivation of the photoelectron-neait colli-
sion term. In this section we will show that this result can also be obiaed by

manipulating the Boltzmann collision integral.

For the collision geometry illustrated in Fig. 4.2, in the frame of referee where

v{ =0, conservation of momentum requires that

m
MgV = MyVix + MgVsCOS | Ve = Hs(vg Vs COS ) (4.40)
t

. ms .
0= My + MeVssin 1 vy = Hsvs sin : (4.41)
t

In the case of electron-neutral collisiongng=m 1, so both components of,

will be negligibly small.

Furthermore, photoelectrons move so much faster than the nieals that both
the mean and random thermal velocities of the neutrals can be igmat. In this

approximation the neutral distribution function can be written as adelta function

fo(v) = N; (vD): (4.42)

Inserting this into the Boltzmann collision integral and taking the integral overv?
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yields

Z Z

% = Nvdg(v) d dT (v ;T)+ Ny d dT (v ;T v (ve):

(4.43)
In the second term the distribution function cannot be taken out bthe integral
because the velocity after the collision depends on both the scattey angle and
the change in energy caused by the collision. The rst term in this expssion is
the rate at which electrons scatter out of a phase space elemeand the second
term is the rate at which electrons scatter into the a phase spacéement from
all other possible phase space elements. Using the de nitions ¥?=mf and
%fT and changing the coordinates froms and to energy and pitch angle,

this operator can be rewritten as

1 1Z 1 Z 1
~— = N{(3E )= dE®  d % 4(E%E % )+ (4.44)
vt 2 ¢ 1
1Z 1 Z 1
Ni5 dE°  d % (E%E; % )( S E% 9, (4.45)
E 1

where E° and °are the energy and pitch-angle cosine before the collision akd
and are the energy and pitch-angle cosine after the collision. The loweounds
of the integrals overE® will be E instead of 0 in the case where collisions cannot
increase the energy of a photoelectron (i.&€° E ). For the special case of elastic

collisions the partial cross sections will be of the form
(ESE S )= oE %) (E°E); (4.46)

meaning that for elastic collisions the collision operator simpli es to
141
= Ne(5E )5 dPe(B 5 ) (4.47)

1
Vv
Z, !

t

N d°«(E %)(SE 9 (4.48)

1

NI =
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In general there are a multiples di erent neutral species, and muftle di erent
types of collision processes associated with each species. The fetten-neutral
collision operator is a sum over all processes and species Mdntas, 1975;Strick-

land et al, 1976],

1 X .
VT = (an+ en)Nn( = ) (4-49)
n n
X 1Zl 0 Q N
+ Nné d " en(E 5 )( ;E ()
1
Xn 121 Zl
N dEY dPL(ESE S )(GE Y
n;p E 1

We have adopted the notation 2. (E%E; © ) for the partial cross section for in-
elastic collisions which move photoelectrons fronk® 9 to (E; ) through inelastic
processp with neutral speciesn. The partial elastic cross section, ¢n(E; ¢ ), is
de ned in an analogous manner. The total cross sections aE;( ) are the sums
over all processes of the integrals of the partial cross sectiongioall energies and
pitch angles, €% %, to which a photoelectron could go, i.e.

X 12 e £

5, dE® d P (E;E®; % (4.50)
1

Z,

d O (E ; %9 (4.51)
1

an(E; )

e

en(E; )

NI =

In this study we will follow Stolarski [1972] andSwartz [1976] and only consider
the simple case of isotropic scattering from collisions. In this caseetipartial cross

sections are independent of®and , so the collision operator simpli es to

1 X .
VT = ( an T en)Nn ( ; E; ;t) (4-52)
n n
X 1Z 1
+ enNn > d °C ;E %t)
1
Xn Z 1 1Z 1
+ \ dE° P (E%E)=  d °( ;E% %)
. E 2
np
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Stamnes[1980] has investigated the use of anisotropic elastic and inelastidlisons
for calculations involving auroral electrons, but the expressionsed in that study
are only valid whenE > 1 keV. Exact forms of the phase function for lower

energies are not known, but should be very nearly isotropic.

The nal term in Eq. 4.52 represents the cascade production of ptoelectrons
with energy E from other energies. The cascade production can be computecten
all the uxes at higher energies are known. Thus the photoelectnotransport
equations can be solved one energy at a time, working downwards mergy. The
energy redistribution algorithm for computing the cascade prodtion is described
in Sec. 5.2, and while solving the photoelectron transport equationt a given
energy this term is combined with all of the other production terms irg. The
guantity called ¢ in Ch. 2 is the sum of what has been called throughout this

chapter with this nal cascade production term.

Throughout this thesis the subscriptx appearing on the letter will be used
for inelastic collisions which excite but do not ionize the neutral, will be used for
ionizing collisions, anda will be used for either variety. For ionizing collisions the
nal term in Eq. 4.52 only accounts for the degraded primaries. Theecondary

production at energyE; is included as part ofg, and can be written as
X Z 1 1 Z 1
*(B)= No dE°Q(ESE® T, E);  d°(GES S0 (459

n;p Tp 1

whereT, is the ionization threshold for proces$.

For all of the elastic and inelastic collisions with neutrals, only atomic ggen,
molecular oxygen, and molecular nitrogen are considered. The ennat expres-

sions, tables of parameters, and plots of the cross sections alteraAppendix C
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4.3.2 Photoelectron collisions with the ambient plasma

Coulomb collisions between electrons and between electrons and iareslong range
interactions which nearly always result in small angle changes. Inatk of using
the Boltzmann collision integral, which assumes binary interactions,dilomb col-
lisions are traditionally described using a Fokker-Planck collision opeoa which
models the net e ects of a large number of small angle collisions. Thppendix
of Khazanov et al.[1994] presents a brief derivation of an approximate form of the
Fokker-Planck operator for photoelectrons. This section reptsathat derivation

and shows many of the detailed intermediate steps.

For ordinary Coulomb collisions in a warm plasma the rate of change ofié
distribution function of speciesT as a result of all eld particlesF is [seeBellan,
2006, Ch. 13 for a complete derivation]

X

T2 R () (4.54)

F=ie

where the Fokker-Planck operator is

F(fT;fF):ieAfln o fT@ +Z_2L

f @gF
4 2mz @ @ T

e
@@ Qa

(4.55)

and the Rosenbluth potentials,ne and g-, are linear functions off ¢ [Rosenbluth

et al.,, 1957];
Z
he(v)= 1+ 0T Fe(v) gyo (4.56)
;2 Me v vi
g (V)= jv  vife(v)avt (4.57)

The dependencies of the Rosenbluth potentials on the distributiorfainctions
means that in general Fokker-Planck equations are nonlinear. Hewver, the fact

that the Rosenbluth potentials are linear in the distribution functiors means that
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if the total electron distribution function is the sum of a thermal digribution and
a photoelectron distribution, fe = fy, + fpe, then the total electron collision term

can be neatly separated into a thermal electron term and a photieetron term;

E = &4. fpe (4 58)
t t t '
f
Tth =F (fin;fn) + F (fin;fi)+ F (fn:fpe) (4.59)
f
= F (fpeifin) + F (fpefi) + F (fpeifpe): (4.60)

t

The rst two terms in % are linear inf,e whereas the nal term is nonlinear.
However, if the total photoelectron density is much less than theotal thermal
electron density this nal term will be small compared to the rst term and may
be neglected. Iffy, and f; are furthermore assumed to be Maxwellians theﬁ;’—e
can be expressed as a linear function bf. which depends on the electron and ion

densities and temperatures.

When the distribution function of the eld particles is isotropic then the cor-
responding Rosenbluth potentials will only depend on the scalar spkef the par-
ticles, v. In this case the Fokker-Planck operator can be simpli ed to

22
4 sm3
e*ln

F (frife) = h2 () (4.61)

®e

0
w,ew oW :

V2 Y] V2

fr
+ g@@ fr )

NI =

where primes denote di erentiation with respect to the scalav. This can then be

rearranged using tensor identities

212 0
4e4lc;]mTF (frife) = @@ fr hE(v)+ gFV(z\I) % (4.62)
10 @ v
+ é@@ ngg({V)?
L1, W @ gV
— — = f5
2@ v @ v
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Transforming to spherical coordinates and assuming azimuthal reynetry (i.e.
@k = 0) yields

22
4 sms

1
etln V2

F (frife) = @@ VR (v)+ (V) (4.63)

1
+ Wg@ v rgv)

L1gv 1 @ - @f

2 v sn @ sin 6: (4.64)

The physical signi cances of these three terms are now apparefthe rst term is
a dynamical friction which slows down the photoelectrons, the sembis a di usion

term in the speed (or energy) coordinate, and the nal term is pite-angle di usion.

For Maxwellian distributions the Rosenbluth potentials can be appramated

as [seeBellan, 2006, Ch. 13 assignment 2]

mt Ng

3Vv2
O (v) v+ WF Ne; (4.66)

whereNE is the density of the eld particles andVg = P kg Te =mg is their thermal

speed. Substituting these expressions yields

4 (z)m-zl— . _ Ne @ mT 3V2
et ln F (nyfF)_ ? @VfT Mg 2\/2 (467)
3V2 @ f_T
2 @Y v
2
+1' } % _i_@sin @
2 v v3 sin @ @

This can be simpli ed further by noting that me=m 1 and both V. and V,
are much smaller than typical photoelectron speeds (i.eVg=v  1). Separat-

ing the thermal electron and ion terms and dropping the subscrippe from the
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photoelectron distribution function gives

_ Neetln 1@f 1 1 @ . @f
=72 vev avsn @ " @ (4.68)
_Neth 1 1 @ ef

————sin —:
4 2m2 2v3sin @ @

f

t e
f
- (4.69)
t i

The dynamical friction caused by the ions is a factor ah.=m; smaller than that
caused by the electrons and thus can be neglected. However, masjneutrality
Ne = N; so both the ions and electrons create the same amount of pitch #ng
di usion. Combining these two terms, using the de nitions%T = %fT and =
v2=mf and transforming fromv and to Eand yields a simple combined collision

term for interactions between photoelectrons and the ambient @ana

1 _ Ne€tln @ +1@1 » @

Vi . 82 @ E ®Pe @ (4.70)

This is the expression used b¥hazanov et al.[1994]. It is of the generic form

@

-9 @
T T glk®lr pBg «

vt et+i

@
= ; 4.71
)@ (4.71)
whereL (E) is the energy loss rate andD (E) is the pitch-angle di usion rate.

The above derivation assumes the only type of interaction betwedhe pho-
toelectrons and the plasma are classical Coulomb collisions. Verytfaarticles,
however, can also produce plasma waves via Cherenkov emissiom, #fuese e ects
can be incorporated into more sophisticated forms of the Fokk&tanck equation
[Perkins, 1965;ltikawa and Aono, 1966]. Furthermore, for electrons with energies
above 14 eV the classical distance of closest approach during a Bmb collision
can be shorter than the deBroglie wavelength of the electrons, areng that addi-
tional quantum mechanical corrections must be appliedsghunk and Hays1971].
Fortunately a simple empirical expression exists for the energy loper distance

traveled which covers both the quantum and non-quantum regimgSwartz et al,
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1971];

337 10 N2  E kgT. “Pev
[O:04 E 05%gTe cm’

L(E) = (4.72)

where N is the electron density in cm?, E is expressed in eV, is the thermal
electron temperature in K, andkg = 8:618 10 ®eV=K is Boltzmann's constant.
Fig. 4.3 compares this expression to the classical result for an etect density of
10° cm 2 and a variety of di erent temperatures. The largest di erences g at
energies very near tkg Te. However, at these low energies the assumption that
E kg Te nolonger applies so these expressions EqE) cease to be meaningful. A
more important di erence is that the Swartz et al.[1971] expression decays slightly
more slowly thanE !, meaning the loss rates are higher than the classical result

at the highest energies.

No compact empirical expression for the diusion rateD (E), exists which
accounts for all of the physics contained in Eq. 4.72, so we will simplysei the

classical result.

e*ln N, N
D(E)= ———%= 1.3 10 ¥BeVecm?® In —=: 4.73
(E) 16 3E2 2E2 (4.73)

where the Coulomb logarithm is [e.gBellan, 2006]

" i "
_ 4 0 mV2 OkB Te

In =1In 7 5 N (4.74)

=15:75+In[E(eV)]+In[ p(cm)]: (4.75)

In the topside, where pitch-angle diusion matters most, typical énsities and
temperatures are 1®cm 3 and 2000 K respectively. These correspond to Debye
lengths of p 1 cm. Using this Debye length, photoelectron energies ranging
from 10 to 500 eV correspond to Coulomb logarithms ranging from 18 22. For

simplicity the Coulomb logarithm is xed at 20 in the model and its variation with
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Photoelectron Energy Loss Rates
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10° Swartz et al. (1971) [1600 K]|-
Swartz et al. (1971) [2400 K]
— Swartz et al. (1971) [3200 K]|]
5§
S 10”7 .
L
w
g
10° .
9
10 — : : :
10" 10° 10" 10° 10°

Energy (eV)

Figure 4.3: Comparison of the classical energy loss rate with tBgvartz et al.
[1971] empirical expression for an electron density of*16m 3.

energy, density, and temperature is ignored. The sensitivity of éhresults to the

exact choice of the Coulomb logarithm is discussed in Sec. 6.3.

4.3.3 Ambient electron heating rates

The nal term in Eg. 4.59 is the e ect of photoelectrons on the themal electrons.
Taking the second moment of this term gives a concrete de nition dhe thermal

electron heating rate,

1
Qphe SMVEF (fin; fpe) dv: (4.76)
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The energy gained by the thermal electron distribution from electm-photoelectron
interactions must equal the energy lost by the photoelectron disbution through
photoelectron-electron collisions, so an equivalent expression floe electron heat-

ing rate is
z 1

Inserting Eq. 4.71 into Eq. 4.77 gives a more useful expression fbetelectron

heating rate.
z 2 YA 1 Z 1 1
Qphe = d' d dE E v : (4.78)

0 1 0 v e

The integral over the pitch angle di usion portion of %T . IS zero because

yA 1
@ ,» @
d — 1 — =0: 4.79
‘e @ (*.79)
The integral over the energy loss portion of%T . can be written as
Z, @
= dEE—= L(E) ; 4.80
Qphe o @E ( ) ( )
where
yA 2 yA 1
d' d : (4.81)
0 1

Using integration by parts and insisting that limg;; E = 0 yields the familiar

formula [e.g.Schunk and Nagy2009]
YA 1
Qphe = L(E) dE (4.82)

0
The problem with Eq. 4.82 is the previously presented expressions fqE) are
only valid in the limit where E kg Te, and thus the integral cannot be extended all
the way to E = 0. Hoegy[1984] has discussed this problem in detail. The proposed

solution is to arbitrarily select an energyE; and assume below this energy = 0.
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Furthermore, assume any photoelectron which goes below this sme instantly
becomes a thermal electron. With these assumptions the expiiessfor the heating

rate is
VA E Z 1 @
Qphe = Eq(E) dE E= L(E) dE; (4.83)
0 E @&
where q is the production rate of photoelectrons at energ¥ integrated over all
solid angles, including cascade production associated with inelastidlismns. In

the notation of the previous sections
Z, Z, ( X Z, Z, )
— ' 0 Q. 1 Of ~. 0 .
o(E) = d d aB+ N, dE°R(ESE; dO(SET D
0 1 . E 2 1
n;p

(4.84)
where q is the sum of direct photoproduction, secondary production, angro-
duction due to quenching. The rst term in Eq. 4.83 is energy transfed to the
thermal electron population by photoelectrons which instantly themalize after

either being produced or cascading belo®. The second term is analogous to

EqQ. 4.80. Integration by parts of this term yields
Z g Z,
Qphe = Eq(E)dE+ EL(E) ( &) + L(E) dE (4.85)
0 E
The new \surface term” which appears after integration by partsepresents energy
which is transfered to the thermal electrons by photoelectronshich cascade below

E due to Coulomb collisions and instantly thermalize.

Clearly E needs to be selected such thdk kg Te so that L(E) is well
de ned. Schunk and Nagy{1978] andHoegy [1984] assumé should be near the
energy where the total distribution deviates detectably from a Mawellian, which
is around 2 eV. We, however, will chose to sd to much lower value because if
E is too large then systematic overestimation oQ,ne can result. For example,

consider a population of 1.8 eV electrons. E were 2 eV then this population
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would instantly transfer 100% of its energy to the thermal populadbn. However,
1.8 eV is above the threshold for vibrational excitation of N (1.5 eV), meaning
that some fraction of the energy in this 1.8 eV population should be opg towards
exciting N, molecules an not towards heating the ambient electrons. This type
of error can be completely avoided if; is set to an energy which is below the
lowest inelastic collision threshold. In fact, if transport e ects arenegligible the
computed Qpne Will be independent of the chosei; for any E which is lower than
the lowest inelastic collision threshold. Consider two energiés and E, such that
E, > E;. Onthe interval [E1; E>] assumel (E) is de ned and nonzero, all inelastic
cross sections are zero, and transport is negligible. On the intehthe transport

equation integrated over all solid angles reduces to

0=qg+ @@? L(E) : (4.86)

Note the pitch angle di usion and elastic collision terms integrate to 0The solu-

tion to this equation on the interval is
Z

Ei2
(8= {2 (E)+ [y AE) o (4.87)
Eq. 4.85 evaluated atg; is
Zg, Z,
Qphe = Eq(E) dE+ EsL(E1) ( Ba) + L(E) ( E)dE (4.88)
Z.. il Z,
= EQ(E) dE+ Bl (Ba) ( Ba) + - L(E) ( E)dE+ y L(E) ( E) dE:

(4.89)
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Inserting the solution, Eq. 4.87, into the third term yields

yA E2 Z E2 yA E2 yA Ei2
L(E) ( E)dE = L(E>) ( E»)dE + dE q(E% de® (4.90)
E1 E1 E

E2
=(B2 Eu)l(E2) ( B2)+ ! A(E)(E® E 1) dE® (4.91)

Z'g,
= (B2 Ewl(E2) ( B2+ Eq(E) dE (4.92)

E1

+ B L(E2) ( B2) L(E1) ( EB1) ;

where the nal step involves resubstituting the di erential equaton, Eq. 4.86.

Substituting this expression into Eq. 4.89 and collecting terms yields
Z B2 YA 1
Qphe = Eq(E) dE+ Bl (EB2) ( B2) + L(E) ( B) dE; (4.93)
0 B2

which is Eg. 4.85 evaluated aE.,.

The ideal choice fork; is thus any energy which is below the lowest inelastic
collision threshold yet still high enough fors; kg Te. Unfortunately this is not
always possible since the threshold for vibrational excitation of {s 0.25 eV, which
corresponds tole = 2900K . SAMI2-PE compromises by setting the e ectiver; to
be %kB T rounded up to the next highest energy cell boundary. Any theotieal
description of ionospheric electrons which attempts to divide the tal electron
population into thermal and suprathermal portions will inevitably beforced into
some kind of compromise like this which creates uncertainties in the dnman's
land" where E > kg T, but E 6 kg T.. Applications where the exact shape of the
distribution function in this energy range are important should useuily kinetic
models instead of dividing the distribution function. Vlasov et al.[2004] discuss
one such model for the application of predicting red line airglow duringF heating

experiments.
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CHAPTER 5
NUMERICAL METHODS FOR PHOTOELECTRON TRANSPORT
CALCULATIONS

The photoelectron transport equation, Eq. 4.24, only involves thdirection paral-
lel to the magnetic eld, so all of the new routines for SAMI2-PE appar inside
the parallel transport portion of SAMI2. The photoelectron trarsport calculations
are done after the photoproduction calculations are performedibbefore the mo-
mentum, continuity and energy equations are solved. Thus wherezvthe state
variablesN, and T, appear in the photoelectron transport routine the values being
used are those from the previous time step. The photoelectroratisport routine
takes the photoelectron production rates as an input and prodas thermal electron
heating rates and secondary production rates. The secondamoguction rates are
added to the photoionization rates and the chemical production tes to form the
total production rate which is passed to the parallel continuity egation solvers.
The thermal electron heating rates are passed to the parallel eflex temperature

equation solver.

Numerical methods for photoelectron transport calculations mtipreserve two
key attributes of the continuous equations presented in Ch. 4. t, the photo-
electron ux must be non-negative everywhere. Second, enengwyst be conserved
throughout the entire system. Sec. 5.1 presents a numerical saie for solving
the photoelectron transport equation based on nite volume meittds which both
guarantees non-negativity and conservation of number of partes. Conservation
of number of particles guarantees conservation of energy foladations done at a
single energy. By assumption photoelectrons only go downwards imeegy so the

photoelectron transport equation can be solved one energy at ime, starting at
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the highest and working downwards. Sec. 5.2 describes an algoritfoncomputing
the production rates at each energy based the uxes at all highenergies which is
based on the algorithm ofSwartz [1985]. This algorithm adjusts the inelastic col-
lision cross sections and direct production rates in such a way thatergy will be
conserved on a discrete, non-uniformly spaced energy grid. FinalBec. 5.3 gives
a discrete expression for the ambient electron heating rates bynsming all the en-
ergy lost by the photoelectrons to the thermal electrons. The selting expression

is a discrete analogue of Eq. 4.85.

5.1 Photoelectron transport as a conservation law: Finite

volume methods

The photoelectron transport equation, Eq. 4.24, is a conservatidaw of the form

1@, @ @._ @ .
vatt @F+@G—@H+S, (5.1)

where the ux terms are

F = ; (5.2)
G= B=5—; (5.3)
H = L(E) ; (5.4)
and the net source terms are
S= B + D(E)@@ (1 2)% +Ch()+ q (5.5)

Conservation laws are naturally treated with nite volume methods l[eVeque

2002]. We associate a ° rectangular cell with each point in’ space. In
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terms of the grid points ins constructed by SAMI2,

ZEutZ g5 sy s g

(sitsj 1)=2 bS(S) 2bs(si) ’

(5.6)

where the approximation is valid becausé, varies slowly over a cell. Our dis-

cretized equation takes the form

1@ 1
sk = Fis=ie Fio1=jk
V@t” i i+1=2;j i 1=2;j

1
+ — Gi;j;k +1=2 Gi;j;k 1=2
k

Hij+1=2x  Hij 1=2x + Sijk; (5.7)

where the subscripts de ne the discrete photoelectron uxes annet sources in
terms of the continuous functions as
1 ZZ ZEj+ g =2 Z\i‘*‘ =2 Z kKt k=2

S d dE d d (E;t);
i koo § §=2 =2 ko k=2

S de d dS(C;E; ;t):
i koo § g=2 =2 ko k=2

(5.9)

The term F; 1 is the total ux entering the cell around ('i; ) through the
face adjacent to the cell around( 1; ) and Fi.1 -k is the ux leaving the cell
around (i; «) through the face adjacent to the cell around(+1. ,). The uxes in

-space,Gijx 12 and Gjjx +1=, and in energy spacet;; .12k and H; 104, are
de ned in analogous manners. The only way to construct these ufunctions from
linear combinations of the photoelectron uxes while retaining the atservation
properties of the original PDE is the donor cell upwinded (DCU) metbd, which is

a special case of Godunov's methotdgVeque 2002]. This scheme is only rst order
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accurate, but all higher order linear schemes cannot be total vation diminishing

(TVD) as stated by Godunov's theorem [eVeque 2002].

Photoelectrons are assumed to only go downwards in energy, savirgled dif-

ferencing of the rst term in Eq. 4.71 results in

1

+1

%L(a £=2) ijx (5.11)

The term H;; 1« is atype of loss from binj and the term +H;; 11 - is a type

Hij +122k = L(E+ B=2) ij+x (5.10)

Hij 10k =

of cascade production into binj from the bin above. It is intuitive to de ne an

e ective cross section for interations with thermal electrons as

thiij = NieiE]L(E; 5 =2); (5.12)

such that Hi;j 1=2k =  th;ijj Ne ik -

In “-space the upwind direction is entirely determined by the sign of so

8
ki 1k k>0
Fi =25k = 5 (5.13)
CK ik k<O
8
2 K ik k>0
Firi=jk = 3 . (5.14)

kK i+1jk k<0

In -space the upwind direction is entirely determined by the sign of B,
which depends on the hemisphere. We choose to number the diserpitch-angle

cosines such that ; is closestto 1 and , is closest to +1, whereng, is the total
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number of streams considered. Using this convention

8
E B ! 2k L ik 1 Bi < 0 (South)

Gijk 122 = 5 . (5.15)
. Bi L 5 ik B > 0 (North)
8
5 B; ! 5 ‘ isiik Bi<O (SOUth)

Gi;j;k +1=2 = . (516)
3 g

Bi—="* ijk+ Bi> 0 (North)

By de nition j j 1 sothe uxesin -space through cell faces located at= 1

must be zero, i.e.

Gij 1 122 = Gijn y+12 = 0: (5.17)

The net source termS;jx and the H;; 1, terms can be reorganized into two
pieces. The rst piece is a production term which is independent of ¢ ux at
the current energy, g« . This term is the sum of the photoproduction, cascade
production, Hi; +1 -2, Secondary production, and production due to the quenching
of N(°D) (see Sec. 5.2 for details). The other term can be written as a linea
combination of the discrete photoelectron uxes at the current rergy.

Tijk = «Bi ik g Ne i
X
(anj * enj)Nn ik
1nX X

+ - en;j Np g ij
2 n

+D(B) &( ijk 17 ik gk +1): (5.18)

The total inelastic cross section needs to be changed to a modi edtal cross
section, 4, for reasons which are discussed in Sec. 5.2. The locations of the
centers of the cells in and the weightsg = are chosen such that the

second to last term in the above equation approximates the elastigllision integral
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in the second to last term in Eq. 4.52 according to an optimal quadrate rule.
This approximation transforms Eq. 4.24 from an integro-di erenti& equation to
a system of coupled di erential equations. The same approximatios commonly
used in the radiative transfer literature where it is known as the nie ordinate
approximation [Chandrasekhar 1950]. If the photoelectron ux as a function of
is approximately a polynomial then the most accurate quadratureute available is
Gauss-Legendre quadrature [e.dRress et al, 2007]. The number of « is always
chosen to be an even number so that none of thg are 0. Electrons whose pitch-
angle cosines are exactly O travel in a circular orbit around the eld lim without

ever being transported along the eld line.

The nal term in Eq. 5.18 is a discrete approximation of the second tm in
Eq. 4.71 which describes the pitch-angle diusion. A ux-di erencingmethod

yields the following approximation [e.gLeVeque 2002]

8
% be ik + b ik k=1
2
k % a ik 1 (ak + b«) i;j;k + b( ik +1 ké6land k6 Nt (5'19)
©oQk ik 10 S ik K= ng
where
1§
=t -7 5.20
. O ( « Kk 1) ( )
b= —ka iz (5.21)
Ok ( k+1 k)

The time derivative term in Eq. 5.1 is always negligible, so the discrete @y

tions, Egs. 5.7 - 5.21, can be written in steady state as a linear syste For
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notational convenience de ne a linear operatoM ;;x such that
M ik~ I:i+1 =2;j;k I:i 1=2;j;k + Gi;j;k +1=2 Gi;j;k 1=2 Ti;j;k
=Gk - (5.22)

On a grid containing n, points along a eld line and ng; pitch anglesM will be
an n,ng  Nn,ng matrix where all of the nonzero values are located withimg;
entries above or below the main diagonal. The system is solved using BB/
from LAPACK [ Anderson et al, 1992], which performs LU decomposition and
backsubstitution in a way which is e cient for banded matrices [e.gPress et al,
2007]. The asymptotic complexity of this algorithm isO(n,n2) for matrices like

M.

The boundary conditions for Eq. 5.22 are set as follows. At the higéieenergy
bin the cascade production, secondary production, artdl; .1 -.x are all set to zero.
There is no need for a boundary condition at the low end of the engrgrid since
photoelectrons only move down in energy. Below 120 km transportassumed to
be negligible, so the= ux terms through this lower boundary are set to 0. The
photoelectron distribution for lower altitudes could be computed bysolving the

local equilibrium equation

X
0= thii;j Ne itj;k ( anj T en;j)Nn itj;k
n
1 X X )
*t3 enNn g i +D(B) +* Gjx: (5.23)
n

However, both the heating rates and the cascade production ondepend on the
integral of the ux over the pitch-angle distribution. The latter statement is only
true because isotropic collisions are assumed. Integrating Eq. 5@&r all pitch

angles and solving for the total ux yields the simple equation
P

X .
tot L= k BBk : 5.24
" K gk ik th Ne + n anj Nn ( )
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Note that the elastic collision and pitch-angle di usion terms disappaacompletely
after integrating over the pitch-angle distribution. To save comptation time, at
energies below 2 eV transport is assumed to be negligible and this loagilibrium
equation is solved instead for every position. These local calculatgare continued
down to an energy of 32kg Te. Any photoelectrons which cascade below this point

are assumed to instantly join the thermal population.

The coordinate is only de ned between 1 and 1, meaning that no photoelec-
trons can ever be allowed to cross the= 1 cell boundaries. The nite di erence
rules given by Egs. 5.15, 5.16, 5.17, and 5.19 satisfy this condition.dinit in these

nite di erence rules are the four boundary conditions

2
1 5 =0 (5.25)
=1
1 2 % =0: (5.26)
=1

These boundary conditions are satis ed as long asand its derivative with respect

to are niteat = 1.

5.1.1 Numerical pitch-angle di usion and higher order cor-

rections to the mirror force term

Finite di erencing the mirror force term using Egs. 5.15 and 5.16 lead® an
extra source of numerical pitch-angle diusion. Numerical di usioncan cause
particles which should stay in the loss cones and travel all the way tbe conjugate
hemisphere to leak into the mirror traps and become stuck in the plassphere.
This potentially leads to systematic overestimation of the heating tas in the

plasmasphere.
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The approximate value of this numerical di usion can be estimated bgewriting

the nite di erence approximation in terms of a second order Taylorexpansion:

@ 1 2 B 1 2 1 ﬁ 1
B @ : 5 3 2 k 5 k 1 " (5.27)
B L E 1 i, @ ;O
« 2 2 @, 2 @,
The pitch-angle di usion due to Coulomb collisions is
@ 2 @ 2 @ @
D(E)—=— 1 — =D(E 1 —-— 2 = . 5.28
( )@ @ (E) @? @ (5.28)

Comparing the second order terms in both expression gives an esitms of the

numerical pitch-angle di usion:

D numerical B 7: (5.29)

The term B is given by Eq. 4.16; for a colatitude of 60on a magnetic eld line
having an apex radius of 1.1 (apex height of 955 km)B =2 10 ®cm .
For eight pitch-angle bins a typical value of the numerical diusion is tus
25 10 Y cm 1. The pitch-angle diusion due to Coulomb collisions of a 10
eV electron in a 168 cm 3 plasmais 13 10 ° cm !, which is an order of magni-
tude larger than the numerical di usion. The pitch-angle di usion due to Coulomb
collisions scales abl.=E?, whereas the numerical di usion is only a weak function
of position through B . Thus for lower electron densities or higher energies the
pitch-angle di usion due to Coulomb collisions can be comparable to oner than
the numerical di usion. Nonetheless, the numerical di usion is smaltethan that
due to Coulomb collisions over the majority of the domain considered)eaning

that it is not a signi cant source of error.

Khazanov et al[1979] andKhazanov et al[1993] created a numerical treatment

of the mirror force term which creates no numerical di usion whatsever. They
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rewrite the equation in terms of the pitch-angle cosines the electrs would have

if they traveled to the equatorial plane without making any collisions,
S
. Bo
; — 1 —
o) T B()

where By is the magnetic eld strength at the apex of the eld line. We chose

2 (5.30)

not to make this transformation because it greatly complicates thmtegrals over
pitch angles which appear in the collision operator. The model &hazanov et al.
[1994] uses the transformation to o, but treats all collisions as continuous loss
processes using operators of the same form as Eq. 4.71, and #wsds the need
to transform collision integrals. In this work we are focused on the nosphere,
where the collision integrals dominate the photoelectron transpogquation. In
the plasmasphere and inner magnetosphere, however, largetangpllisions with
neutrals can be neglected and the electron density, and thus thégh-angle di u-
sion due to Coulomb collisions, is lower. Thus the transformation tog is helpful

for studies of those regions.

Another way to reduce the numerical di usion is to stay in -space and add
higher order correction terms to the uxes in -space (Egs. 5.15 and 5.16). This
method cannot completely remove numerical di usion, but it can suttantially re-
duce it. One possible second order accurate scheme is to use cedtéi erences
instead of upwind di erences to approximate the mirror force termUnfortunately,
by Godunov's theorem, no linear scheme which is higher than rst oedl accurate
can be total variation diminishing (TVD) [e.g. LeVeque 2002]. Thus a scheme
using centered di erences could potentially produce spurious oscilzns. In prac-
tice these oscillations can sometimes cause the computed uxes te hegative

numbers, which is unphysical.

A way to generate a higher order accurate scheme which still preges positivity
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is to employ ux limiters. Standard references describing the use afx limiters are
usually written for time dependent equations [e.gTrac and Pen, 2003;LeVeque
2002], however these formulas are easily adapted to steady statdvers. Consider

a 1-D advection equation with production and a linear loss term

1@n @n_ _
V@t+ Ox q Ln; (5.31)

wheren is some quantity (e.g. density),v is an advection velocity,x is a spatial
coordinate andt is a time coordinate. Ifg, L, and the initial n are positive
everywhere thenn will remain positive everywhere for all time. Assumev is
positive, consider a uniformly spaced grid with cell widths x, and let Nij be
the total density in cell i at time j. The second order accurate time advance

equation using ux limiters is [c.f. LeVeque 2002, Eq. 6.40]

. G .
NN N NG

v t X (5-32)
; j j j j ")

51— (u) = () =d LN
where (r) is the ux limiter function, and r/ ,_ are the ratios of successive
gradients. Forv > 0 these are

e OND N

. N NI

J - I i 1.

== NN (5.34)

Eg. 5.32 becomes the Lax-Wendro scheme if(r) = 1 [LeVeque 2002]. If the
ux limiters are chosen appropriately the scheme will be TVD and the @sitivity

property will be preserved.

Supposev!1l and t!1l insuchawaythatv t! 0(.e. t! O faster

thanv!1 ). The Courant numberv t= x will goto O for nite x. The rst
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term in Eq. 5.32 will not necessarily go to innity asv t! 0 becauseN!™* N/

also goesto 0O ast! 0. By de nition

NN eN
Iltr!n0 : at (5.35)
If this derivative is nite then
1N 1@N
H I I — ; | D .
T I vet Y (5:30)

In these limits Eq. 5.32 reduces to a steady state equation whereetkources are

balanced by transport terms;

N/ )’(\” 1+% (r;’+1:2)NiJ+1 xNiJ (" lzz)NiJ )'(\IIJ RTINS
(5.37)
Note that if (r) =1 this equation reduces to
N N
s q LINJ; (5.38)

which is a centered di erence approximation of the steady state derential equa-
tion. Eq. 5.32 is guaranteed to conserve number of particles andvieanon-negative
solutions for all Courant numbers less than 1. Eq. 5.37 is a limiting casé€Eq. 5.32,

and thus it retains these important properties.

For the case of the mirror force term in the photoelectron transpt equation

the advection speed is not a constant and can have both signs. thermore, the
-grid in SAMI2-PE is nonuniform. LeVeque[2002] describes how to write time
dependent nite volume schemes with ux limiters for both of these gneral cases.

Steady state expressions can be generated from these schdogaaking limits like

in the example given above. The nal expressions for the uxes in-space in the
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southern hemisphere ( B; < 0) are

1 2
Gijk 1=2 = Bi# k1 (5.39)
Ok 1 1 F 1 i
Bim (Fijx  1=2) 2 : bk T - ik 1
1 ¢
Gijk +1=2= B 5 ik (5.40)
|gk + Okt ij;k +1=2 2 irj;k +1 2 iij;
and in the northern hemisphere ( B; < 0) are
1 ¢
Gijxk 1=2= Bj 5 lik (5.41)
Ok 1 2 1 E
+ B G* O 1 (Fijx  1=2) 5 K ik Tl ik 1
1 %
Gijk12= B ik (5.42)
Ok+1 1 E+ 1 2
+ B iigk n +gk+1 (Fijik +1=2) 5 ! ik +1 > X ik

The appropriate ratios of successive gradients in the southernrhisphere are

— ik 2
ri;j;k 1=2 = ———— (543)
bk 1
— ipk 1,
lijk +1=2 = — (5.44)
Bk
and in the northern hemisphere are
— ik
bk 1
— ik +1
lijk +1=2= — (5.46)
ik
where
S U U S
_ i; HH
ik — 2 = . (5-47)
k+1 k

LeVeque [2002] reviews the properties which the ux limiter function, (r),

must have for the scheme to be TVD. The most conservative choitethe minmod
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limiter
minmod (') = minmod(1;r); (5.48)
the most aggressive choice is the superbee limiter
superbee() = max[0; min(1; 2r); min(2;r)]; (5.49)

and all other TVD limiters lie between these bounddeVeque 2002]. A commonly

used intermediate limiter is the van Leer limiter yan Leer, 1974]

F+rg,

van Leer () = 1+jrj (5.50)
Each of these limiters has the propertied ¢Veque 2002]

0)=0 (5.51)
1)=1 (5.52)

1 ().
PR (5.53)

The boundary conditions

Gi;J: 112~ Gi;j;n w+1=2 =0; (5.54)

still apply when using higher order corrections. However, the highaer correction
formulas involve uxes which are more than one cell away from the iatface in
guestion. Thus these two boundary conditions are not su cient. Tie high order
correction formulas can be derived by imagining that the continuouginction is
being reconstructed from the discrete data using linear segmeimseach cell where
the slope in each cell depends on the value in that cell, the downwindIcand the
two upwind cells. A simple x near the boundaries is to assume that thelopes

are 0 in the lowest and highest cells (i.e. use a zero order reconstiat instead of
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a rst order reconstruction when adjacent to a boundary). Thischange will cause
the high order correction to disappear from one of the uxes. Inhe southern
hemisphere the altered term is

1 3
2

Gij1n== B i 10 (5.55)

and in the northern hemisphere the altered term is
1 2
Gijng 122= B iTHSt i st - (5.56)
The introduction of ux limiter functions makes the G;jx 1-, terms nonlinear
in . The resulting nonlinear system of equations can be solved iteratiye On
the rst iteration the higher order correction terms are omitted. On each subse-
quent iteration, the rijx 1-, terms are evaluated using the from the previous
iteration. The matrix which is inverted in each iteration contains exta terms
involving  (rijx 1=2) which depend on the solution from the previous iteration.
This matrix will have the same size and sparsity as the matrix did wherhe higher
order corrections are omitted. This iterative algorithm convergesguickly; tests
suggest that in practice four iterations are usually su cient. Howeer, since the
matrix inversions are the slowest part of the program the need todtate four times
increases the computation time by nearly a factor of four. By defi¢t these high
order corrections are omitted from SAMI2-PE because of this adidnal compu-
tational expense. Sec. 6.3.1 compares simulations with and withounet high order
corrections. In the region of interest for this thesis (i.e. below 18km at low lati-
tudes) the high order corrections only have a small e ect on the oguted heating

rates and temperatures.
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5.2 Energy degradation and reapportionment

The standard energy grid in SAMI2-PE uses 0.25 eV bins up to 10 eV Y bins
from 10 to 60 eV, 10 eV bins from 60 to 100 eV, 50 eV bins from 100 t60eV,
and 100 eV bins from 450 to 650 eV. Special care must be taken whveorking
on a discrete, nonuniform energy grid to conserve energy. SAMPE adopts an

algorithm originally developed bySwartz [1985] to accomplish this.

The total discrete production function is a combination of photopsduction,
production due to quenching, cascade production due to excitatiaollisions, pro-
duction due to degraded primaries from ionizing collisions, secondgoyoduction

from ionizing collisions, and cascade production from Coulomb collisigns.

_ ph quench X dp ec Coulomb .
Gmk = Gmk T Gmk T 0fm;k t Qmk T qs;m;k t Gmik ' (5.57)

In the notation of the previous section

Coulomb — - .
q;m;k - Hi;m +1=2,k — thiim +1 Ne im+1k- (5-58)

All of the others types of discrete production need to be treatedpecially on a

discrete grid.

The total photoproduction rate is a combination of many di erent ghotoion-
ization processesp, resulting from many di erent photon wavelengths, , i.e.

phot X X phot;p;
q;m;k = q;m;k’ ’ (5'59)
p

The wavelength bins are su ciently narrow that it is reasonable to asume that
each wavelength bin only produces photoelectrons in a single enetgy via a
particular photoionization process. LetE be the midpoint of the closest bin the

grid to the true photoelectron energyE” = hc=  T,. The discrete production
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rate in the bin around E,, is computed as
phot;p; EP <
Gmk =2 ( k)E ROINGCOF() m: (5.60)

In this context F( ) is the solar ux. The nal , is a Kronecker delta function
andn is the index of whichever neutral species procgssonizes. If the extra factor
of % were neglected then energy would be created or destroyed bymding from
EP to E, [Swartz, 1985]. The extra factor of 2 is included because the discrete
production rate, g.m , has already been integrated over all . Note that since

() is quadratic in ,
Z, X
d ()= o&( «; (5.61)
L k
is precisely correct for a Gauss-Legendre quadrature rule, sangsanisotropic
photoproduction with a coarse grid does not result in particles being arti cially
created or destroyed. Just like the discrete photoproduction t@s, the discrete
production rate due to quenching of NiD) includes an extra factor to compensate
for the energy mismatch between nearest bin center and the trueean energy of

the newly promoted electrons

quench — }kB Te +2:4

ik > E klNN(ZD) Ne: (562)

The second portion of theSwartz [1985] algorithm involves adjusting the inelas-
tic collision cross sections. Inelastic collisions which excite neutral faoules will
cause a photoelectron to lose a discrete amount of energy equalkite excitation
threshold. Thus special care must be taken when adapting the casle production
integral in EqQ. 4.52 to a discrete energy grid. When considering isofic collisions,

it is convenient to de ne an average discrete ux,
1 X
05 G ik (5.63)
k
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For a uniformly spaced energy grid the cascade production into bm from bin j

due to excitation proces with threshold T, is written as

P = A2 (BINA(i) s (5.64)

wheren is the index of whichever neutral species is involved in procgsand &, is
the closest energy cell midpoint td§  T,. The total cascade production into bin
m is the sum of contributions from all higher energy bins and from all picesses,
i.e.
X j)(ax
Gk = ik - (5.65)
p j=m+l

Inevitably E, will not equal § T,, so to prevent energy from being created or

destroyed by roundingg T, to E;,, the method ofSwartz [1985] uses an adjusted

Cross section,

T ZEJ’ Tp+

Men = dE P (E;E); 5.66
cE . (E:E) (5.66)

where is any small positive number. This adjustment causes collisions for igh

E E m >T, to be less frequent in order to compensate for the energy beingtlos

by rounding down and vice versa.

For nonuniformly spaced grids the width, E, of the bin centered atg can
be wider than the bins aroundf  T,. In this case the the method of $wartz,
1985] spreads the cascade production over a group of energyshimose total width
equals E. The widths of the energy bins are all integer multiples of 0.25 eV so
this is always possible. The highest bin in this group is chosen such thiatontains

the energyg T, + E=2. The production into bin of the group is

P =~ (BINa(i) i5: (5.67)
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The weighted adjusted cross sections are given by

E
~>F<)n = —E]Af()n: (5-68)

In this case theE, used in Eqg. 5.66 to compute the e ective cross section is the
weighted average of middle energies of all the bins in the group, i.e.

X

En = EE: (5.69)

1
B
lonizing collisions cause a discrete loss in energy equal to the ionizattbresh-
old, Ty, plus a variable loss in energy equal to the energy of the secondaBy
convention the less energetic of the two electrons involved in an ioimg collision
is called the secondary electron and the more energetic electron atlexd the de-
graded primary. To conserve energy the energy of the degradedmary, E,, and
the energy of the secondanks, must satisfyE,+ E;= E  T,. Thus the maximum
possible secondary energy which could conserve energy while stilingesmaller
than B, is (E Tp)=2. Let sPil, denote the index of the energy bin containing this
maximum secondary energy for ionizing collisions of procegseginning in bin
j. For every energy bin indexs between 1 ands}?,, the degraded primaries are
tracked by performing a cascade production calculation in exactlyhé same way
as it is for an excitation collision usingT + E; as the new e ective threshold. The
adjusted cross sections for eachis

Z -
e T+ BT B TeEst B2 T,+ E
= e = h(EE T Eg E
m

dE ! (§;E)

n

" E Em g 1e. &= E E
(5.70)

Again the production is spread over a group of bins spanning the whitof §.
The cascade production in bin of this group due to degraded primaries from

ionizing collisions of procesp coming from binj and producing secondaries in bin
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Sis
TS = ~PFENG () (5.71)

where the weighted corrected cross section is de ned as

E ..
B = (5.72)

The total production into bin  due to degraded primaries from ionizing collisions
of processp coming from binj is

3
ax

dp:pii — dp;p;jss .
q;F;)kPJ - q;F;)kaSl (5.73)
s=1
It is convenient to de ne a total weighted adjusted cross sectiofor degraded
primaries,

il
ax

- i (5.74)

s=1

such that
P = P NG (5.75)

The total discrete production due to degraded primaries is given lsumming over

all processes and energies,
dp X e do;p;j
q = (o ROt (5.76)
p j= +1
The secondary production rate in bins is computed such that there is one

secondary for every degraded primary. The secondary prodigt rate in bin s

associated with ionizing collisions of procegsfrom bin j is

;;ck;p;j = APISNLCY) i (5.77)
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Again the total discrete secondary production rate is obtained bgumming over

all processes and energies, i.e.

X D
S5 = (5.78)
P j=s+l
lonizing collisions also create ions which must be tracked. Let the aptr P be
1 if processp transforms neutrals of specier to ions of species and 0 otherwise.
The contribution from energy § and process to the production rate of ion is

o

Pi;sec;p:j =P gkqs;;%;ck:p:j; (5.79)
s=1 Kk

It is convenient to de ne a secondary production cross section

i
ir;];j /\ir;];j;s ; (5.80)

s=1
such that

PPl =2 B BING(Y) (5.81)

The total production rate which is ultimately passed to the continuiy equation

solvers is the sum over all processes and energies, i.e.
pSec = p Secipi (5.82)
; . :
To conserve the number of particles the total number lost from agen bin must
equal the total number which cascade into all the other bins. Thisan be enforced

numerically by de ning the modi ed total inelastic cross section in Eq.5.18 in

terms of the modi ed partial cross sections, Egs. 5.66 and 5.70, as

anj = xnj toing s (5.83)
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where

X .
Xn;j AEHJ (5-84)
p
X X
in;j Ai[r){J' (5-85)
p S

Throughout the SAMI2-PE code six di erent types of adjusted in&astic cross
sections are used: &, ~PJ APESPT and i, . All of these cross sections
can be computed once at the beginning of the program after theergy grid has
been de ned. These cross sections are stored in lookup tables chNMecsigex,

wcsigion , wcsigsec, sigionp , sigex, and sigion respectively.

5.3 Ambient electron heating rates

Based on Eq. 5.12, at each step down through the energy grid emeldeaves bin
(;k) at a rate of i Ne ik E=2 eVcem 3s Ister ! and enters bin {  1;k)
at a rate of i Ne ik § 1=2 eVem 3s Ister . The total amount of energy

transfered to the thermal population through this process is thai

e X 3c 1
(B Ej 1) tij Ne O ijx evem °s = (5.86)
i =imin k
The energy indeX max is the index of the highest energy bin the grid, wheregs,i
is the lowest energy bin whose lower boundary is greater tharZkg Te. This sum

is a discrete approximation of the integral in the third term Eq. 4.85.

All electrons which are produced in bins beloy,,, are assumed to instantly

transfer their energy to the thermal population. The total heaing rate can thus
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be written as
. g 1 X Iex X
Qphe('i) = E Gk * (E Ej 1) tij Ne O ijx: (5.87)
j=1 k j = min k
The new rst term in this expression is a discrete approximation of ta rst two
terms in Eq. 4.85 added together. Note that by conventioq; includes the cas-
cade production from the bin above due to Coulomb collisions (i.eH;;j +1-2x =
tij +1 Ne ik ). Thus the rst term in Eqg. 5.87 includes a term which is equiv-

P
alentto 5., 1 thijwn Ne G ijan :k,» Which is a discrete approximation of the

\surface term" in Eq. 4.85.
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CHAPTER 6
SAMI2-PE MODEL RESULTS

This chapter presents examples of results from numerous runs3AMI2-PE and
compares them to other models and real Jicamarca data. While tleesesults
frequently show promising similarity to Jicamarca data, they certaily do not
reproduce the data perfectly. The model contains many unceitdies about the
cross sections, reaction rates, collision frequencies and otheangport coe cients
as well as many simplifying assumptions (e.g. isotropic collisions), all which
could introduce systematic biases between the data and the mod€&lurthermore,
SAMI2-PE requires a priori speci cations of the neutral atmospéric parameters,
electric elds, and solar uxes. The empirical models used for thegerameters
contain signi cant amounts of uncertainty as well. Despite all thesaeaknesses of
the model, the results presented here are still useful becauseyprovide insight
into the workings of the low latitude ionosphere system. The discues in this
chapter focuses on which physical processes are most importanvarious regions
under various conditions and how quantities change in response dieait kinds of
forcing rather than dwelling on why the data and the model do not ntah. It
is shown that photoelectron transport is a crucial part of how theéhermosphere,

ionosphere, and plasmasphere work together as a system.

6.1 Example results

We will demonstrate the performance of the model by studying a gjite day in
detail. All of the example simulation results shown in this section corspond

to March 25, 2009, which was chosen as a reference day becausamhrca ran a
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long pulse/Faraday experiment which achieved excellent data coage on this day.
This day was also exceptionally quiet; the daily and 81 day averag&dLO.7 solar
radio uxes were 68.2 and 69.2 Wn?Hz ! respectively, and the Ap geomagnetic
index was only 40 nT. Each simulation is for the magnetic longitude passing over
Jicamarca ( 11:95; 76:87 geographic), uses 151 points along a eld line, uses 90
eld lines extending to a maximum altitude of 1650 km at the magnetic agator,
and begins at local midnight on the previous day (i.e. 5 UT on March 2£2009).
The rst 24 hours of the simulation are ignored because they potgally contain

transient behavior created by the assumed initial conditions.

The reference case uses eight pitch-angle bins, the modeboherliess and Fejer
[1999] for the electric elds, the HWM93 model for the neutral wind [Hedin et al,
1991], and the NRLMSISE-00 model for the neutral densities an@rperatures
[Picone et al, 2002]. Fig. 6.1 summarizes the state of this simulation at 5:48
LT, which is during sunrise. The top eight panels show the photoeleon uxes
in all eight streams for the energy bin between 20 and 21 eV. The bain four
panels plot the total photoproduction rate, the electron heatingate, the electron
temperature, and the electron density. At sunrise the heating tas peak rst
between 300 and 400 km. The photoelectron uxes at high altitudesre lower
for lower absolute values of , i.e. particles at higher pitch angles. This is both
because higher pitch-angle particles take a longer time to travel alg a eld line,
and thus make more collisions, and because the hyperbolic term in ttransport
equation which enforces the conservation of the rst adiabatic imriants moves
ux from higher pitch angles to lower pitch angles as the eld lines speal apart.
High pitch angles and high altitudes correspond to the section of pbaspace where
the trapped orbits exist. The only ways for particles to be on a trgped orbit are if

they are produced locally or scattered from a low pitch angle to hightph angle by
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Figure 6.1: Summary of the reference simulation at 5:48 LT, during stise.
The top eight panels depict the photoelectron uxes in the 20-21
eV bin. The top four panels are for photoelectrons traveling to
the north (positive ) and the middle four panels are for photo-
electrons traveling to the south (negative ). The bottom four
panels plot the total photoproduction rates, the electron heatig
rates, the electron temperatures, and the electron densitieshé
horizontal axis of each plot shows the geographic latitude; Jica-
marca is located at 11:95 latitude. The dotted curves in each
panel show the positions of a few magnetic eld lines.

a collision. Both collisions and photoionizations are relatively infrequemt high

altitudes due to the relatively lower neutral densities.

Fig. 6.2 summarizes the state of the same simulation at 15:15 LT usinbet
same format as Fig. 6.1. The photoelectron uxes are in general lewthan at
dawn because both the electron density and the neutral densitiage higher in the
afternoon. This is especially true for the eld lines connected to thequatorial arcs.

In the afternoon the fountain e ect creates regions of high elewin density in the
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Figure 6.2: Summary of the reference simulation at 15:15 LT in the sam
format as Fig. 6.1. The most notable features of this snapshot
are the \shadows" of the equatorial arcs in the uxes.

F-regions 15 north and south of the magnetic equator known as the equatorial
arcs. The photoelectron uxes display pronounced local minima in ehafternoon
located on the same eld lines as the equatorial arcs and the fornmiam and evolu-
tion of these minima parallels the formation and evolution of the equatial arcs
themselves. These minima can be thought of as \shadows" of theuedporial arcs.
The shadows appear in the conjugate ionosphere from their coolling equatorial
arcs and are more pronounced for higher pitch angle particles whitdke a longer

time to travel through an equatorial arc.
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6.1.1 Photoelectron spectral shapes

The above plots have only shown uxes for the 20-21 eV bin. As an illmation
of the shape of the photoelectron ux spectra the total uxes fathe magnetic
equator as a function of energy and altitude are plotted in Fig. 6.3 fahe reference
simulation at the same local time as Fig. 6.2. The total uxes plotted & de ned
in terms of the discrete uxes as
1 X
totij = —E, )

such that they have the same units as the continuous uxes, , inégrated over all

Ok ijik (6.1)

solid angles. At altitudes below 200 km transport e ects are negligible, so the
structure of the photoelectron spectrum is entirely determinedybthe structure
of the production and loss functions. The increased ux between02and 30 eV
exists because the exceptionally bright 30.4 nm (41 eV) line in the solgpectrum
primarily produces photoelectrons in this energy range. The depieh between 1.5
and 3 eV is the result of vibrational excitation of N, and the edge appearing at 2.5
eV comes from the quenching of ND). At high altitudes very few photoelectrons
are produced locally. The high altitude spectra are smooth functisnof energy
because the photoelectrons make many di erent types of collisiobefore reaching
these altitudes. Unlike the low altitude spectra which generally have @éneasing
uxes with decreasing energy since photoelectrons constantly s@downwards in
energy, the high altitude spectra have maxima between 15 and 20.€khe lower
energy photoelectrons have much more di culty escaping to high atudes. The
uxes at medium and low energies also show local minima as a functionattitude
around 800 km which is a direct consequence of the equatorial asss discussed

above.
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Figure 6.3: Top: Total photoelectron ux spectra as a function ofenergy
and altitude above the magnetic equator at 15:15 LT for the
reference simulation. The edges of each pixel are placed at the
locations of the upper and lower boundaries of each energy bin
in the discrete grid. Bottom: Total photoelectron ux spectra at
a few representative altitudes.
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6.1.2 Pitch-angle distributions

When discussing the pitch-angle distributions it is intuitive to look at aerage
pitch-angle cosines for the northwards and southwards travelingortions of the
photoelectron population. The discrete analogues of Eqgs. 2.54 a2®5 are

Nst -,
K= Nt =241 kOk ik

hif = P52 - (6.2)
K= ng =2+1 Ok irj;k
KO ik
. = ik .
h b = Pknlstzz = (6.3)
k=1 Ok i;j:k

These quantities must be speci ed a priori in a two-stream code. Fa&xample,
the FLIP two-stream code assumeh i is 0.577 at low altitudes and only changes
as a result of the magnetic mirror force. In a multi-stream model likSAMI2-PE
the mean pitch-angle cosines can be computed self-consistentlyudng transport

e ects. For a perfectly isotropic distribution the average pitch-agle cosines are 0.5.
Higher numbers indicate the photoelectrons are more likely to be gragating close
to parallel to B. Fig. 6.4 plots the average pitch-angle cosines for three di erent
energies. In general, the mean pitch-angle cosines of the two atres are not equal
and are functions of both position and energy. As expected, at loatitudes the
distributions are almost perfectly isotropic as a result of frequentollisions. In
the plasmasphere the average pitch-angle cosines become closer because the
magnetic mirror force decreases the pitch-angle cosine as the metgc eld lines
spread apart and because photoelectrons with higher pitch-anglesines can more
easily escape into the topside. The higher pitch-angle cosine partglandergo
fewer collisions per distance traveled along the eld line. This transpbe ect is
more important at lower energies than higher energies, thus theexage pitch-angle
cosines in the topside are closer to 1 for lower energy particles. Ttrisnsport e ect
causes the average pitch-angle cosine to become closer to 1 tha@ would expect

from the e ect of the magnetic mirror force alone. Furthermoresmall regions
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Figure 6.4: Average pitch-angle cosines for the northwards trdireg (h i*,
top row) and southwards traveling 6 i , bottom row) streams
for three di erent energy bins. This plot corresponds to the ref-
erence simulation at 15:15 LT.

where the average pitch-angle cosines are less than 0.5 form in tdewnwind" F -
regions (i.e. the northernF -region for the northward propagating photoelectrons)
as a result of an additional transport e ect. Photoelectrons frm the conjugate
hemisphere with pitch-angle cosines closer to 1 will penetrate deeplean those
with lower pitch-angle cosines. The lower pitch-angle cosine photodi®ns pile

up at the top of the F-region without being able to penetrate to lower altitudes.
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6.1.3 Comparison to Jicamarca Data

The upper two panels of Fig. 6.5 show the electron densities and teemptures
over Jicamarca produced by the full pro le procedure on March 22009 Hysell
et al., 2008]. The lower two panels of Fig. 6.5 show modeled electron densitie
and temperatures above the magnetic equator as a function of &dime for the
reference case. Both the data and the model agree on a numbé&features. The
topside temperatures rise very quickly at dawn to 3500 K when the neutral and
electron densities are lowest, decrease during the middle of the deg/the electron
density increases and the neutral atmosphere expands, thenrease slightly again

in the late afternoon as the neutral atmosphere begins to retrac

The modeled electron temperatures in the hot 250 km region are hghthan
the data. This remains true even when the quenching of Rp) is disabled. The
electron density in the model below the F peak is lower than that in thdata, which
potentially explains why the electron temperatures at these altitugls are too high.
In this altitude regime the cooling rates are either too low, the recdomation
rates are too high, or extra production terms which have been regted, such as
the ionization of NO by Lyman- , are signi cant. Furthermore, uncertainties in
the solar soft X-ray spectrum will substantially impact this region [e.gSolomon
et al., 2001]. All of the photochemistry at these altitudes in SAMI2 need® be

reexamined in the future.
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Figure 6.5: Top panels: Electron densities and temperatures derivigom full
pro le analysis of Jicamarca data. White areas indicate missing
data. The layer around 150 km is not a layer of enhanced electron
density but rather coherent scatter from 150 km echoes. Botto
panels: SAMI2-PE electron densities and temperatures at the
magnetic equator plotted as Range-Time-Intensity (RTI) plots
like radar data from the reference simulation.

6.2 Importance of N(?D)

The quenching of N¢D) is a dominant heat source for the thermal electrons in
the lower F -region [Richards, 1986]. Fig. 6.6 shows temperature pro les both with
and without quenching enabled and the electron temperature maxim at 250 km
changes by over 50%. The heating from RID) scales with the density of NO,
which itself depends on the density of neutral NO. The blue curve ini¢: 6.6 shows
the e ect of dividing the neutral NO density in the model in half when gienching

is enabled. The electron temperatures in the hot 250 km region arighly sensitive

148



Electron Temperature at 15:15 LT

1600 | —— w/o Quenching 7
—50% NO

1400/L——100% NO |

1200 7

E 1000} .
<
()
©

2 800} _
<

600+ .

400+ 7

200+ .

-~ | |
1000 2000 3000

T (<)

Figure 6.6: Electron temperature proles at 15:15 LT over the maggtic
equator with quenching disabled (black), quenching enabled with
the neutral NO density reduced by 50% (blue), and quenching
enabled using the full neutral NO density (red). The red curve
is the reference simulation.

to this quantity.

Including quenching also has an e ect on the topside temperaturesen though
there is no appreciable N{D) density at high altitudes. In general equatorial top-
side temperatures will decrease slightly when the o -equatori& -region tempera-

tures are increased due to an important feedback mechanism beem the densities
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and temperatures, which is illustrated in Fig. 6.7. The left panels shothe elec-
tron density, heating rate, and temperature for a simulation withat quenching.
The center panels show the same quantities for the reference diation (with
guenching), and the right panels show the change between the twRed regions
are ones where the values from the simulation with quenching are larg When
guenching is enabled the temperature in the o -equatoridf -regions are increased,
which creates a pressure gradient pointing up the eld line and raisése height
of the F-layer. The electron densities throughout the topside increase &t the
F-layer is raised. This causes photoelectrons to lose more energyhe thermal
electrons on their way up into the topside, and thus the equatoridabpside heating
rates decrease slightly. The combined e ect of having more plasmartity in the

topside and slightly lower heating rates is decreased topside tematmes.

6.3 Sensitivity to model parameters

The model is constructed with many degrees of freedom in how thaeegy and
pitch-angle grids are chosen. To test the sensitivity of the results these choices
we have initialized the model with conditions from various times in the ference
simulation and solved the photoelectron transport problem for a siyte time step
using a wide variety of grids. The reference simulation was considigrwithin 5%

of extremely high energy resolution simulations. Fig. 6.8 shows a fewaeples of
these one step tests performed at 15:15 LT. The top left panelashs the change
relative to a 64-stream in simulations using fewer pitch-angle bins. €htop right

and bottom left panels show the changes produced by construajithe energy grids
in di erent ways. The top right panel changes the width of the enegy bins below

10 eV. The bottom left panel changes the location of the transitiofrom 0.25 eV
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Figure 6.7: Comparisons of simulations with and without the quenchingf
N(?D). The left panels show, from top to bottom, the electron
densities, electron heating rates, and electron temperature®in
a simulation without quenching at 15:15 LT. The middle panels
are these same quantities from the reference simulation, which
includes quenching. The right panels show the changes. For the
densities and heating rates the changes plotted are the ratios
of the densities/heating rates with quenching to those without
guenching. The temperature changes plotted are the tempera-
tures with quenching minus the temperatures without quenching.
In each of these three plots white represents no change. Noteth
highly asymmetric colorbars used for the change in heating rates
and temperatures.
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Figure 6.8: Fractional changes in the heating rates from one stepsts for
the reference case at 15:15 LT. See the text for descriptions of
each of these tests. Each plot only shows the equatorial plane.

bins to 1 eV bins. Finally, the bottom right panel shows the e ect of kanging the

amount of pitch-angle di usion by altering the Coulomb logarithm.

6.3.1 Pitch-angle resolution, pitch-angle di usion, and t he

treatment of the magnetic mirror force

The model results are potentially much more sensitive to changes imetpitch-angle
resolution than Fig. 6.8 indicates if less pitch-di usion is assumed. Fi§.9 shows
a polar plot of the pitch-angle distributions from one step tests at8 LT using 64
pitch-angle bins for the energy bin from 20 to 21 eV at 1534 km at theagnetic
equator. Each of these tests was performed with identical initialoaditions but
using di erent amounts of pitch-angle di usion. These pitch-angle tstributions

are primarily determined by the transport properties of the photelectrons and
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the magnetic eld geometry, not by the pitch-angle distribution assmed for the
photoproduction. When no pitch-angle di usion whatsoever is usethe pitch-
angle distributions have narrow spikes near Gand 180, which are the result of
the magnetic mirror force pushing photoelectrons towards = 1 as the eld
lines spread apart. Lower pitch-angle resolution simulations cannog¢solve these
spikes, and thus the heating rates produced by 4- and 8-streammalations with
no pitch-angle di usion can systematically overestimate the topsideeating rates
by 20% and 10% respectively compared to 64-stream simulations. i§tproblem
is resolved by including some pitch-angle di usion. Even a small amounf pitch-
angle di usion can remove the spike from the pitch-angle distributioss When the
Coulomb logarithm in Eq. 4.73 is set to 10 the biases in 4- and 8-streammalations
relative to 64-stream simulations are reduced to 3% and less than I@spectively.
For values of the Coulomb logarithm larger than 10 these biases aatly increase
instead of decreasing further. For 8-stream simulations the biaseelative to 64
streams are 3% and 4% for Coulomb logarithms of 20 and 30 respestyv In-
creasing pitch-angle di usion not only removes the spikes near @nd 180, but
also increases the number of photoelectrons near 9@here magnetic mirroring is

important.

The examples in Fig. 6.9 are all generated without using the higher @d
corrections described in Sec. 5.1.1. The e ects of these higher eraorrections
can be tested using further one step tests. Fig. 6.10 shows resulienerated by
initializing simulation with results from the reference case at 18 LT, tén taking
a single step using 64-streams using di erent types of high orderroections. The
plot labeled \DCU" using the simple donor cell upwinded method (i.e. noigher
order corrections). All the other plots use higher order correicins with di erent

ux limiters, and are arranged in order of decreasing di usivity. These plots show
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Pitch Angle Distrubtions (64 Streams, 20.5 eV, 1534 km)
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Figure 6.9: Pitch-angle distributions from single step tests using 64rsams
for various di erent amounts of pitch-angle di usion. Each test
was initialized with conditions at 18 LT from the reference sim-
ulation. Each plot is for the 20 to 21 eV bin, at the magnetic
equator, and at 1534 km. These plots are on a linear scale and
each dashed semicircle represents a change of dfx 2s 1. The
angles 0 and 180 correspond to photoelectrons traveling parallel
to B northwards and southwards respectively.

the photoelectron uxes for the energy bin centered at 375 eV as function of
pitch-angle cosine and the dipole coordinategy, along the magnetic eld line
whose apex altitude is 1147 km. The colors are on a linear scale whicls ti@en
engineered to highlight the subtle di erences between these plotsThe circular
region in the center of each of these plots corresponds to the ged region. As
expected, the amount of ux in the trapped region noticeably deemases for the
less di usive numerical scheme. Fig. 6.11 shows these same resudts g@olar plot
of the pitch angle distributions at the magnetic equator. The schees using the
higher order corrections slightly decrease the uxes near 98nd increase the uxes

in the parallel directions.

The e ects of higher order corrections on lower energy electroase somewhat
more complicated to interpret. Figs. 6.12 and 6.13 show the same infation as

Figs. 6.10 and 6.13 for the energy bin centered at 20.5 eV. In the aopdots the
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Figure 6.10: Photoelectron uxes at 375 eV as a function of pitchrale co-
sine, , and the dipole coordinate,q, along the eld line with
an apex altitude of 1147 km. The left plot uses no higher order
corrections, and the other plots use the minmod, van Leer, and
superbee ux limiters respectively. In each case the model was
initialized using the reference case at 18 LT and uses 64 streams.

Pitch Angle Distrubtions (64 Streams, 375.0 eV, 1147 km)
s 0 s

—— Superbee|

—van Leer
Minmod
——DCuU

Figure 6.11: Polar plot of the pitch-angle distributions at 375 eV at 147 km
above the magnetic equator. The four curves correspond to sut
through the gy = 0 planes of the four plots in Fig. 6.10.
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Figure 6.12: Photoelectron uxes at 20.5 eV in the same format as Fi§.10
for the same four simulations.
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uxes in the trapped regions appear to increase slightly when the Higr order
corrections are applied instead of decrease. However, the higbeder corrections
are still increasing the uxes in the parallel directions, meaning thain a relative
sense the uxes in the trapped regions are going down. When the hé&y order
corrections are applied the total amount of ux reaching high altitules increases
because when the mean pitch-angle cosine is closer to 1 the phottiebas have
an easier time escaping to high altitudes. Transport e ects are nomportant at
375 eV because the escape probabilities for such high energy pkt#otrons are

very high no matter what the pitch angles are.

It is not obvious whether the heating rates in the plasmasphere ghid increase
or decrease in the plasmasphere when the higher order correctierms are used.
Decreasing the trapped uxes should decrease the plasmasphérnating rates,
however increasing the escape probabilities of the lower energy &tats by mov-
ing the mean pitch angle cosines closer to 1 should increase the plaspheric
heating rates. In the low latitude ionosphere at altitudes below 1500m both of
these e ects appear to be small, meaning the higher order corrggts are unim-
portant in practice. Fig. 6.14 shows RTI plots of the electron tempatures for a

simulation without higher order corrections and a simulation using theuperbee

156
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105° 9? 75°

—— Superbee|

——van Leer
Minmod

—DCU

Figure 6.13: Polar plot of the pitch-angle distributions at 20.5 eV at 147
km above the magnetic equator for the same four simulations
as in Fig. 6.11.

ux limiter. Each of these simulations was performed for the referee day, but
with quenching of N¢D) turned o and using 16-streams. To save time, the pho-
toelectron transport solutions were only computed once every 6@ime step, and
were assumed to be constant for the time steps in between. Sed. discusses this
method for accelerating the code in more detail. It produces smalirers in the
middle of the day, but introduces signi cant biases around sunrisend sunset. The
bottom panel of Fig. 6.14 shows the arithmetic di erence betweerhé tempera-
tures in these two simulations. The di erences are almost O at low altidles, as
expected. At high altitudes the plasmaspheric temperatures dease by 20-30 K
when higher order corrections are added, which is al% change. The decrease is
somewhat larger immediately after sunrise. The additional compuian expense
of an iterative solver is substantial, so given the small sizes of thentperature

di erences adding the higher order corrections is not worthwhile.
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Figure 6.14: RTI plots of electron temperatures produced by a stdard 16-
stream simulation (top), a 16-stream simulations using higher
order corrections with the superbee ux limiter (middle), and
the arithmetic di erence between the two (bottom).

6.4 Sensitivity to drivers

The modeled topside temperatures are also sensitive to changesha tmany empir-
ical models used as inputs to SAMI2-PE. Fig. 6.15 compares the meiesi electron
temperatures to the SAMI2-PE results above the magnetic equatfor several runs
with adjusted drivers. The left panel shows the temperatures dt005 km as a func-
tion of local time and the right panel shows the temperatures at 185 LT as a
function of altitude. The blue curves correspond to the refereaccase. The green
curves show the e ect of replacing HWM93 with the more recent HWBI7 model
of the neutral winds Drob et al, 2008]. The HWMO7 winds result in less electron
density in the topside and corresponding higher temperatures,pesially at dawn.
The NRLMSISE-00 model does not accurately re ect just how lowhie neutral

densities become during solar minima, especially during the unusuallyigusolar
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minimum during late 2008 and early 2009Hmmert et al, 2010; Solomon et al,
2010, 2011]. The cyan curves show the e ect of adjusting the NRISISE-00 model
to use an exospheric temperature which is 14 K lower, 12% lower atenoxygen
density at the lower boundary of the thermosphere, and 3% loweredsity of all
other species at the lower boundary of the thermosphere, as@seunended byEm-
mert et al. [2010] from analysis of satellite drag measurements. These adjoshts
also result in less electron density and higher electron temperatsrim the topside.
The magenta curves show the e ect of decreasing the verticalifis predicted by
the model ofScherliess and Fejef[1999] by 25%, which also results in less topside
electron density and higher topside electron temperatures, espaly in the after-
noon when the equatorial arcs are fully formed. In this case the iaction in the
temperature pro le around 800 km from the shadowing e ect of tk equatorial arcs
disappears because now the neutrals are controlling photoelectrescape. Finally,
the red curves in Fig. 6.15 show the e ect of using HWMO7 winds, thedausted
NRLMSISE-00 neutral densities and temperatures, and the reded electric elds
simultaneously. All of these simulations produce nearly identical teperatures be-
low 400 km, where everything is local, but the topside temperaturesry by over
30%. Uncertainties in the winds, electric elds, and neutral densitgeare thus the

dominant source of error in the model in the topside.

Also shown in Fig. 6.15 are temperatures from a simulation using the oén-
pirical electron heating model for two di erent values of the free grameter, Cge,
(dashed lines) and the temperatures from the empirical plasmasgie tempera-
ture model of Titheridge [1998] (dash-dotted line). During the day the Titheridge
temperatures have reasonable values and the correct slope witltrgasing alti-
tude, but they do not capture the local time dependence corrdgt The local

time dependence in this model was constructed using a simple harnwaxpan-

159



sion which made no attempt to capture the large temperature incases at dawn
at the equator [Titheridge, 1998]. The simulations using the old electron heating
model can capture the qualitative shape of the temperatures witlocal time, but
are quantitatively much further from the data than the Titheridge model. These
temperatures are consistently much too high at dawn and too low imé afternoon
for most values ofCq.. These temperatures also increase with increasing altitude

too quickly.

The mechanisms by which changes in the neutral winds, electric eldand
neutral densities a ect the equatorial topside electron tempetares can be more
throughly understood by looking at changes in the o -equatoriaF -regions. The
following subsections explore the connections between the topselectron temper-
atures and neutral winds, electric elds, and neutral densities @ahtemperatures

respectively in more detail.

6.4.1 Neutral winds

Fig. 6.16 compares the reference case to a run with the HWM93 winahsiltiplied
by two at 15 LT. The left column shows the electron density, electrothermal
energy density, and electron temperatures from the referencase. The electron

thermal energy density is de ned as

W, = ngNeTe: (6.4)

The center column of Fig. 6.16 shows the same quantities for the rumth the
winds doubled, and the right column shows the amount of change beten the two
runs. In March at the longitude of Jicamarca the meridional compant of the

HWMO93 winds is predominantly southward. Thus increasing the windsatises the
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Figure 6.15:
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Comparison of temperatures from many di erent simutens to
the Jicamarca data. The left panel shows temperatures at 1005
km as a function of local time and the right panel shows temper-
atures at 15:15 LT as a function of altitude. The solid curves are
all SAMI2-PE runs. The solid blue curve is the reference sim-
ulation. The green curve replaces HWM93 with HWMO7, the
cyan curve makes modi cations to the NRLMSISE-00 model
as described in the text, and the magenta curve uses electric
elds which have been reduced by 25%. The red curve uses all
three of these modi cations simultaneously. The dashed curves
are SAMI2-PE runs with the photoelectron model disabled and
the old empirical heating model from SAMI2 used instead with
two di erent values of the free parameter,Cqe. Finally, the red
dashed-dotted curve is theTitheridge [1998] empirical plasma-
spheric temperature model.

F -region ionosphere in the southern hemisphere to be pushed dowms. At lower
altitudes neutral molecular species are more prevalent. These trali molecular
species charge exchange with atomic ions to produce molecular iomsich recom-
bine faster than the atomic ions via dissociative recombination progses. Thus
decreasing the altitude of theF -region also results in a decrease in the electron

densities. This e ect is most obvious on the eld lines containing the egtorial
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arcs. The increased winds will raise th€& -region in the northern hemisphere and
slow the recombination rate in the north, however the increased aembination in
the south outweighs the decreased recombination in the north. €held line inte-
grated electron densities decrease as a result of the increaseddwinThe electron
densities in the topside will also decrease with the increased windsIsticat these

high altitudes remain in di usive equilibrium with the o -equatorial F-regions.

The a ect of the increased neutral winds on the topside electroremperatures
are more complicated because there are multiple e ects involved. dll of the heat
ows into and out of the topside remained constant then one wouldxpect the
temperatures to increase as the electron densities decreasechghat the electron
thermal energy densities remained constant. However, the clg@s to the electron
density pro les a ect both the transport of photoelectrons up iro the topside and
the thermal di usion back down to the F-regions. Fig. 6.17 compares the total
photoelectron uxes at 20 eV, the electron heating rates, and ghthermal di usion
rates for the same two simulations as Fig. 6.16. The decreased alactdensities
make it easier for photoelectrons to reach the topside, especially the eld lines

connected to the equatorial arcs.

The increased photoelectron uxes do not necessarily imply increskselectron
heating rates, however, since the electron heating rates are gbly proportional
to the product between electron density and photoelectron ux.At 1200 the
increase in the photoelectron uxes in small, but the decrease in tlietal plasmas-
pheric electron densities is substantial, resulting in decreased efect heating rates
at these altitudes. The decreased plasmaspheric density meansrthare fewer ther-
mal electrons around to \catch" energy from photoelectrons akey travel through

the plasmasphere from one hemisphere to the other. On the eld lim&onnected
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Figure 6.16: Comparisons of the reference simulation to a simulatiosing
the HWM93 winds times two at 15 LT. In each plot the vertical
axis is altitude and the horizontal axis is latitude. The dotted
lines show the positions of a few magnetic eld lines. The left
column corresponds to the reference simulation, the middle col-
umn corresponds to the simulation with the winds doubled, and
the right column shows the change between the two. The left
and middle columns use the color scales on the left hand side.
The right column uses the color scales on the right hand side.
In the right column red colors means the values in the middle
column are higher than those in the left column. The top row
shows electron densities on a log scale and expresses the change
as a ratio. The middle row shows the electron thermal energy
densities on a log scale and also expresses the change as a ratio.
The bottom row shows the electron temperatures on a linear
scale and expresses the change as an arithmetic di erence.
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to the equatorial arcs, however, the increase in the photoeleotr uxes outweighs
the decreases in the plasma densities, resulting in increased heatiatgs on these

eld lines.

The temperatures in the topside are primarily determined by the bafece be-
tween the heating rates and the thermal di usion rates back dowthe eld lines.
When the heating rates increase, the magnitude of the thermal dision rates must
also increase. In the bottom panels of Fig. 6.17 these thermal diias rates are
plotted on a log scale. The values are only plotted above 300 km andowhere
the sign of the di usion rates corresponds to a cooling process. dthermal dif-
fusion rates can be increased by increasing the temperatures ahds the thermal
di usivities (recall ¢/ TeS:z) or by increasing the temperature gradients. In the
simulation with increased winds both e ects happen; the topside elieon temper-
atures increase which both raises thermal di usivity in the topsiderad exaggerates
the temperature gradient between thd--regions and the topside. Increased tem-
peratures do not necessarily mean increased thermal energy slBes, however.
The increased thermal di usion down the eld lines actually trumps tte increased
heating rates throughout most of the topside, resulting in decread electron ther-
mal energy densities in the topside. It is not a contradiction to sayhe thermal
energy densities decrease while the temperatures increase bseaemperature is
a measure of the energy per electron and the electron density iscatkecreasing in

this case.

Fig. 6.18 compares the reference case to a run performed with tH&VMO7
neutral wind model Drob et al, 2008] at 15 LT. The top panels show the pro-
jection of the neutral wind vector onto the direction ofB for the two models,

with negative numbers indicating southward ows. The HWM93 winds e uni-
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Figure 6.17: Comparisons of additional parameters from the reérce simu-
lation and the simulation using the HWM93 winds times 2 in
a similar format to Fig. 6.16. The top column shows the total
ux at 20 eV, the middle column shows the electron heating
rates, and the bottom column shows the electron thermal dif-
fusion rates. All quantities in the left and middle columns are
plotted on log scales and the changes in the right column are all
expressed as ratios. For the thermal di usion rates the values
are only plotted for altitudes above 300 km and when the sign
of the thermal di usion rate corresponds to a cooling process.
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formly southward, but the HWMO7 winds change sign at high altitudesuch that
they diverge away from the magnetic equator. The as a result the-regions in
both the southern and northern hemisphere are pushed to loweltimmdes where
they recombine faster. The result is a substantial decrease in tle&ectron density
along all of the ux tubes. The plasmaspheric densities must decrsa when the
F -region densities decrease to maintain di usion equilibrium. Like in thease of
doubling the HWM93 winds presented above, this decrease in topsidensities is

accompanied by a substantial increase in the topside temperatsre

6.4.2 Electric elds

Changes to the electric elds have similar e ects to changes to the endional
winds. Fig. 6.19 compares the reference case to a run with the B drifts reduced
by 25% in the same format as Fig. 6.16. The equatorial arcs are fagdchin the
afternoon via the well known fountain e ect [e.g.Schunk and Nagy2009;Kelley,
2009]; the verticalE B drifts point upwards in the afternoon, lifting the equatorial
plasma to higher altitudes. The plasma then slides down the eld lines drpiles
up in the equatorial arcs just above and below the magnetic equatorhe densities
in the equatorial topside are determined by a balance between thetihiy of the
equatorial F -region plasma and di usion down into the o -equatorial F -regions.
When the E B drifts are reduced the topside electron densities decrease and
the equatorial arcs which form are less dense and closer to the metic equator.
Just like the cases presented above, the decrease in topside pkstansities are
accompanied by increased electron temperatures but decreasectron thermal
energy densities. Like the cases presented above, this result ¢ understood

as an interplay between changes in the photoelectron transporh@ the thermal
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Figure 6.18: Comparison of the reference simulation to a simulationing
HWMO7 winds at 15 LT in a similar format to Fig. 6.16. The
middle and bottom rows show the electron densities and elec-
tron temperatures in an identical format to the top and bottom
rows of Fig. 6.16. The top row shows the projection of the hor-
izontal winds onto the direction of B, with positive numbers
corresponding to northward ows.

di usion.

6.4.3 Neutral densities and temperatures

The changes to the neutral densities will also have e ects on the eteon den-

sities and temperatures. Lower neutral densities will lower the phaproduction
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Figure 6.19: Comparison of the reference simulation and a simulatiorhare
the E B drifts are multiplied by 0.75 at 15 LT. The format is

identical to that of Fig. 6.16.

rates thus lowering the electron densities, lower the electron andhi@ooling rates
through collisions, slightly change thermal di usivities, and decre&sthe photo-
electron collision frequencies causing photoelectron to travel foer. Fig. 6.20
compares the reference case to a run with the NRLMSISE-00 ngltdensities
uniformly decreased by 20%. The decrease in the electron densitiesulting from
the decreased photoproduction rates appears to be the most iofpant e ect. Even

though photoproduction is negligible at high altitudes, the topside dwesities also
decrease when the photoproduction rates decrease to maintainudive equilib-

rium. Like in the cases above of increased winds and decreased dlecelds,
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Figure 6.20: Comparison of the reference simulation and a simulatiorhare
the neutral densities are multiplied by 0.8 at 15 LT. The format
is identical to that of Fig. 6.16.

this decrease in electron density is accompanied by an increase in tectron

temperatures but a decrease in the electron thermal energy c#res.

Changes to the neutral exospheric temperature are somewhabra interesting
than changes to the neutral densities. Changes to the neutragrhperatures alter
the density pro les because the neutral atmosphere must be in tgostatic equi-
librium. Decreasing the exospheric temperature decreases theiinal scale height,
resulting in decreases in the neutral densities which become largathwncreasing

altitude. Fig. 6.21 illustrates the e ects of decreasing the exosphe temperatures
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by 100 K. At low altitudes the decreased neutral temperatures salt in decreased
plasma temperatures because the electron-neutral cooling texrare proportional
to Te T,. Furthermore, the decreased temperatures alter the chemicadaction
rates such that the amount of N¢D) is decreased, which is a large heat source in
the lower F-region. At high altitudes the decreased neutral temperaturesesult
in slightly increased plasma temperatures, however. When the teeyatures de-
crease the high altitude neutral densities decrease. As in the cggesented above,
reduced neutral densities leads to reduced topside plasma densitend higher

topside plasma temperatures.

Fig. 6.22 compares the reference simulation to the simulation usingettad-
justments to NRLMSISE-00 suggested bfmmert et al. [2010]. The adjustments
both reduce the neutral densities at the bottom of the thermodyere and reduce the
exospheric temperature. The reduction in exospheric temperatidecreases the
neutral scale height, meaning the percent change in the neutratisity increases
with increasing altitude, reaching a nearly 50% reduction at 1500 kmNonethe-
less, the most pronounced e ects on the electron densities appé&athe F -regions,
where photoproduction is important. The decreases in the plasmamsity in the
topside appear to maintain di usive equilibrium with the decreasedF -regions,
not because of a large decrease in the photoproduction at thedatades. Like
all of the other examples presented above, these decreasedside densities are

accompanied by increased electron temperatures.
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Figure 6.21: Comparison of the reference simulation and a simulatiorhare
the exospheric temperature is reduced by 100 K at 15 LT. The
format is similar to that of Fig. 6.16, except the top panel shows
the neutral atomic oxygen densities.

6.5 Day-to-day Variability

All the results presented so far have been for a single day. The tpanel of Fig. 6.23
shows electron temperature measurements from six consecutilays of full pro le

data from Jicamarca, which is one of the longest continuous expeents run since
the introduction of the full pro le mode. These days are July 8-132008, which
were also geomagnetically quiet and in extremely low solar minimum conidis
(F10.7=67.7, Ap=3.0). The middle panel shows electron temperatas from a

SAMI2-PE run covering the same time period and the bottom panellqts the
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Figure 6.22: Comparison of the reference simulation and a simulatiors-u
ing the modi cations to NRLMSISE-00 recommended byEm-
mert et al. [2010] (see text). The format is identical to that of
Fig. 6.21.

data and model results at a single altitude on the same plot. The modaroduces
nearly identical results from one day to the next, but the data she a large degree
of day-to-day variability. The daytime topside electron temperatves routinely
dier by 500 K or more from one day to the next. Figs. 6.24 and 6.25 s
the corresponding data and model results for the electron derisé and electron
thermal energy densities. These parameters also exhibit a subgtal amount of

day-to-day variability which is not captured by the model.

For expediency, the SAMI2-PE run presented here was perfortchevith only 4
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Figure 6.23: Measured and modeled electron temperatures for Judyl3,
2008. The top panel shows the measured electron tempera-
tures as a function of local time and altitude. The middle panel
shows the modeled temperatures in the same format. The bot-
tom panel plots the measured and modeled temperatures at an
altitude of 1370 km. The measurements are plotted as black
dots with 1 standard deviation error bars and the model results
are plotted as a solid blue line.

pitch angle bins and the low resolution 45 bin energy grid. As discussalove, this
resolution results in some systematic bias in the model. This bias is batmaller
than the di erence between the model and the data and smaller timathe day-to-
day di erences in the data. Thus, these low resolution runs are stilhstructive to

study despite their inaccuracies. Also, the run was performed withuenching of
N(?D) disabled since with the current neutral NO model and nitrogen ionhemistry
enabling this term produces unreasonable overestimations of theniperatures in

the F;-region.
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Figure 6.24: Measured and modeled electron densities for July 8-2808.
These plots are formatted the same way as in Fig. 6.23 except
the top and middle panels are in a logarithmic scale.

Even with heating due to quenching disabled the electron temperats and
thermal energy densities are consistently higher than the data all altitudes and
most local times during the day. An easy solution to this is to tune dowthe solar
ux. Fig. 6.26 shows the e ect of multiplying the solar uxes by 0.66 at240 km.
These data are taken from ultra low solar minimum conditions where &éF10.7
index is lower than any of the days used to construct the empiricatalings used in
the EUVAC and HEUVAC models [Richards et al, 1994, 2006]. Thus it is plausible
the HEUVAC would be overestimating the solar ux during this period. However,
since the F10.7 index is steady throughout the entire week it is unlikelpat the
solar EUV ux is varying substantially. Thus this tuning of the solar uxes xes

some of the systematic bias between the data and the model, buthcat explain
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Figure 6.25: Measured and modeled electron thermal energy derestfor
July 8-13, 2008. These plots are formatted the same way as in
Fig. 6.24.

the day-to-day variability.

The best candidates for sources of variability are variations in the B drift
and variations in the neutral winds. Variations in the neutral densies and temper-
atures could also play a role, but Sec. 6.4.3 showed that relatively largariations
in the neutral densities and temperatures (i.e. 20% density and 160 can only
produce temperature changes of 100-200 K. Realistically variat®im the neutral
densities and temperatures cannot be large enough to explain theserved changes

of 500 K or more from day-to-day.

The Jicamarca data presented were collected with the antenna in afblique

pointing position, meaning no direct measurements of the drifts a@vailable from
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Figure 6.26: Comparison of two simulations at 240 km. The panels shtwe
electron densities, the electron thermal energy densities, and
electron temperatures respectively at 240 km altitude above the
magnetic equator. The black dots are the Jicamarca measure-
ments. The blue \reference" curve is from the same simulations
presented in Figs. 6.23, 6.24 and 6.25. The red curve is the
simulation with the solar uxes multiplied by 0.66.

the incoherent scatter radar itself. However, the vertical drit can be estimated
from magnetometer data. The JRO sta maintain several magnetoeters in South
America, including one at Jicamarca on the magnetic equator, and enn Piura,
which is a few degrees away from the magnetic equator. During theyl the
di erence in the horizontal components measured by these two maetometers,
called H, is primarily related to the current owing in the equatorial electrojet,
which is in turn related to the zonal electric eld which are responsibldor the
vertical E B drifts. A neutral network is used to estimate the vertical drifts

associated with H measurements made at Jicamarcé&hderson et al, 2004]. The
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bottom panel of Fig. 6.27 shows these estimates along with tBeherliess and Fejer
[1999] model values for the week of July 8-13, 2008. A SAMI2-PE silation was
performed for this week with the solar uxes multiplied by 0.66 and usm vertical
drifts which were interpolated from these data. At night when the H estimates
are not available theScherliess and Feje1999] model is used instead. The top
three panels of Fig. 6.27 compare the results from this simulation tbé simulation
where the solar uxes were multiplied by 0.66 but theScherliess and Feje1999]
model was used at all times (i.e. the simulation used for Fig. 6.26). Agpected
from the discussion in Sec. 6.4.2, days were the electric eld was higligan the
Scherliess and Fejel{1999] model have lower temperatures and vice versa. This
explains some, but not all, of the observed variability. For the last 4 ays the
drifts inferred from H are very similar to the Scherliess and Feje[1999] model,

so little di erence is observed between the two models.

Unfortunately no simple proxy for the meridional winds over Jicamama is
available for July 8-13, 2008. Richards [1991] created a method for estimating
the meridional winds from the height ofF-peak determined by a mid-latitude
ionosonde. In principle this method could be employed in the future g o -
equatorial ionosondes on the same magnetic longitude as Jicamaréachain of
ionosondes near Jicamarca's longitude are currently being deployesl part of the
Low Latitude Sensor Network (LISN), however none of these, eapt the ionosonde
at Jicamarca itself, were in place in 2008. Fig. 6.28 shows results framvariety of
SAMI2-PE simulations using di erent sets of winds. Like Fig. 6.27, e&csimula-
tion multiplies the solar uxes by 0.66 and use&€ B drifts interpolated from the

H measurements during the day. The winds used in each simulation aaked
versions of the HWM93 and HWMO07 models. When the scaling factor iggative

the direction of the winds are reversed. The simulation with no winds lvatsoever
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Figure 6.27: Comparisons of simulations using measured and modeted B

drifts. The bottom panel shows verticalE B drifts inferred
from H measurements along with those from th&cherliess
and Fejer [1999] model. The top three panels show the electron
densities, thermal energy densities, and temperatures at 1370
km. The black dots with errorbars are the Jicamarca measure-
ments. The blue curve corresponds to the same simulation as
the red curve in Fig. 6.26. The red curve is for a simulation
which uses the H measurements in addition to reducing the
solar uxes.

matches the data for the electron thermal energy densities bestall. The two most

drastic simulations are those using HWMO07 and HWMO7 with the sign revsed.

The HWM93 and HWMO7 winds in July are similar to those in March presesetd

in the top panels of Fig. 6.18. The HWM93 winds point predominantly sdb-

ward, while the HWMO7 winds switch sign in the northern hemisphere gsulting

in winds which diverge away from the magnetic equator. Thus in the sifation

where the sign of HWMO?7 is reversed the winds are converging on timagnetic
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Figure 6.28: Comparisons of simulations using many di erent neutrakind
pro les at 1370 km in the same format as Fig. 6.26. In each
simulation the uxes are reduced and the H measurements
are used. Thus the magenta curve labeled \HWM93" is the
same simulation as the red curve in Fig. 6.27.

equator the winds push plasma up into the plasmasphere from botleimispheres.
The switch from diverging winds to converging winds increases the ptaaspheric
electron densities by a factor of 3 and lowers the electron temparees by nearly
500 K. Thus changes to the meridional winds can have dramatic etscon the

densities and temperatures in the plasmasphere.

In general the temperatures in Fig. 6.28 are consistently higherdh the data.
None of the runs can reproduce the cold temperatures observexa the rst day.
This probably indicates that SAMI2-PE systematically overestimats the plasma-
spheric temperatures. The section on future work in Ch. 7 will disss possible

reasons for this problem in more detail.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

This thesis revisited the old problems of photoelectron transportral ionospheric
energetics to interpret recently improved plasma temperature rasurements made
at the Jicamarca Radio Observatory. These e orts have produdean extended
version of the 2-D SAMI2 ionospheric model, called SAMI2-PE, which dludes
photoelectron transport. The new electron heating model is a sigrant improve-
ment over the semi-empirical model used in SAMI2. The electron tgraratures
above theF -peak from the modi ed model qualitatively reproduce the shape of
the measurements as functions of time and altitude and quantitately agree with
the measurements, even during the rapid temperature increasedawn. For the
reference day (March 25, 2009) the modeled and measured tenaperes in the
topside are within  30% or less during the entire day. In the topside the modeled
temperatures can change by 30% or more when the background winds or electric
elds are changed. Sec. 7.3 discusses additional sources of uatdy and bias

which may still be present in the model.

The photoelectron transport model created for SAMI2-PE is yeanother addi-
tion to the long history of suprathermal electron transport modéng. Sec. 7.1
reviews the similarities and di erences between SAMI2-PE and otheexisting
suprathermal electron transport models. This section also spdates on the future
evolution of photoelectron transport modeling. The greatest adwtage of SAMI2-
PE is the ability to run 24 hour or longer simulations on a 2-D grid and prduce
plots that look like Jicamarca data. The numerous simulations prestd in Ch. 6

with slightly di ering inputs have illuminated ways the thermosphere, imosphere,
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and plasmasphere work together as a system at low-latitudes. Sé@ summarizes
these lessons. Unfortunately, the computational complexity ohe model currently
prohibits transitioning to 3-D. Sec. 7.4 gives several recommendais for ways to
simplify the computations and accelerate the code. SAMI2-PE waseated with
the low-latitude topside ionosphere speci cally in mind, however it hasany other
potential applications. Extending the model to auroral latitudes wuld be straight-
forward. The energy grid would need to be extended to higher egés, provisions
for anisotropic scattering would need to be included, and the bouady conditions
at the top of the eld line would need to be changed properly. Given tn de-
tailed studies of electron aurora which have already been perfordhie.g.Solomon
1993;Lummerzheim and Lilensten 1994], however, there is little motivation to do
this. SAMI2-PE can also be used to predict the e ects of suprathmal electrons

produced during ionospheric modi cation experiments.

7.1 Relationship of SAMI2-PE to other suprathermal elec-

tron transport models

This thesis comes 44 years aftdMisbet [1968] published one of the earliest photo-
electron transport models. Sec. 2.4 shows that the equations smvby previous
photoelectron transport models are either equivalent to, or appkimations of, the
equations solved in SAMI2-PE. One physical e ect which is neglected SAMI2-
PE but included in several other existing suprathermal electron &amsport models
is the e ect of parallel electric elds. The discussion in Ch. 4 justi eshe omission

of parallel electric elds in the low-latitude ionosphere.

Most of the past photoelectron transport models were made to germ the
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calculations once in a speci ed background atmosphere instead dfing the cal-
culations self consistently for every time step and eld line inside an i@spheric
model like SAMI2-PE. Currently ionospheric models with embedded ploelectron
solvers are relatively rare, but given the increasing computer ponend the impor-
tance of photoelectron calculations, some kind of photoelectroranhsport routine
will likely be a standard element of most ionospheric models in the futer Hope-
fully the synthesis of the literature on photoelectrons presenteid this thesis will
be pedagogically useful to future students wishing to work with futre ionospheric

models which contain photoelectron transport routines.

Time dependent single eld line ionosphere-plasmasphere models witnkeed-
ded photoelectron transport routines began to appear in the miti980s with the
development of FLIP [Young et al, 1980;Richards and Torr, 1983; Torr et al.,
1990; Richards and Torr, 1990, 1996] and the model dfhazanov et al.[1984].
SUPIM [Bailey and Balan 1996] then used the same two-stream photoelectron
model as FLIP in a 2-D model ionosphere-plasmasphere model. Mostently, the
lonosphere-Plasmasphere-Electrodynamics (IPE) modélgruyama et al, 2011]
has become the rst 3-D global ionosphere-plasmasphere modelcontain an em-
bedded photoelectron transport routine. IPE is a 3-D Lagrangiageneralization
of the FLIP model. At each time step IPE runs the FLIP model, includimg its
two-stream photoelectron transport routine, on every eld linethen solves for the
electrostatic potential with a 2-D potential solver, and nally advects each eld
line according to the resultinge B drifts. In principle the photoelectron routine
from SAMI2-PE could be inserted directly into SAMI3 to produce anther global,
electrodynamic model with an embedded photoelectron transposblver, but the
strategies for accelerating the code discussed in Sec. 7.4 needet@kplored more

fully before this is practical. The photoelectron solver is SAMI2-PE islower than

182



that from FLIP because it includes more physics. FLIP uses a twdaream model
and uses the average energy loss approximation introduced Richards and Torr
[1983] for inelastic collisions, whereas SAMI2-PE uses a multi-streanodel and
considers 39 di erent types of inelastic collisions using th8wartz [1985] energy
degradation algorithm for each type. The use of multiple streams inapticular
introduces a substantial computational penalty because the nmrat inversion in
Eg. 5.22 isO(n2n,), and thus an eight-stream model is 16 times slower than a
two-stream model. In the topside ionosphere, however, the eatcomplexity of
a multi-stream model is worthwhile because anisotropic pitch angle thibutions
will form due to transport e ects and the mirror force. The FLIP two-stream
model assumes the mean pitch-angle cosines change in the plasimaspthe same
way the pitch-angle cosine of a single collisionless electron would in a robiag
magnetic eld, but Fig. 6.4 illustrates that the pitch-angle distributions are more

complicated than that because of transport e ects.

Like SAMI2-PE, the model ofKhazanov et al.[1994] is a multi-stream model
which includes the mirror force, but unlike SAMI2-PE this model trets all colli-

sions as continuous processes with operators of the form

. g[L(E)]+ D(E)@@ @

v 2)% : (7.1)
NonethelessKhazanov et al.[1994] use a di erent numerical treatment of the mir-
ror force. SAMI2-PE uses a xed pitch-angle grid at all positions wére the bin
centers and widths are chosen such that the integrals over the gitangle distri-
butions follow Gauss-Legendre quadrature rules. This \ nite ordiate approxima-
tion" is believed to be optimal for radiative transfer problems [e.gcChandrasekhar
1950;Stamnes et al. 1988]. When the collision operators are approximated in the

form of Eq. 7.1, however, there is no advantage to using a Gaussifg grid. Khaz-

anov et al.[1994] instead construct their pitch-angle grid to eliminate numerit¢a
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di usion. The equations are transformed from the true pitch-ang cosine, , to
the pitch-angle cosine the photoelectrons will have when the reatffie magnetic

equator, i.e.

Ly, B
o) D

which is an invariant quantity along the phase-space trajectory ad collisionless

@ 3 (7.2)

photoelectron. The grid in ¢ is then constructed such that di erent numbers
of points are used at di erent positions. This variable transformabn completely
eliminates numerical pitch-angle diusion. The numerical methods in AMVI2-
PE, however, contain some numerical pitch-angle di usion and thusan cause
particles to become anomalously trapped. At the altitudes of intege in this study
(below 1500 km), real pitch-angle di usion due to collisions is always preseand
signi cant, meaning some numerical di usion is not a serious problenSec. 5.1.1
introduced a higher-order scheme which partially removes the nunal di usion,
but the tests in Sec. 6.3.1 demonstrate that this higher-order seime only changes
the results by 1-2% at altitudes below 1500 km. The model dfhazanov et al.
[1994] was designed with much higher altitudes in mind where collisionsedess

frequent and thus numerical di usion would be a more serious issue.

The optimal treatment of the pitch-angle grid for coupled ionosplre-
plasmasphere models is probably a hybrid approach which switchesvieen dif-
ferent kinds of grids in di erent regions. Relying on the higher-ordetransport
scheme to extend SAMI2-PE to much higher altitudes in the plasmaipre is not
an e cient option since the iteration required for the higher-orderscheme slows
down the computations. A Gauss-point grid is not expected to be hpful at high
altitudes in the plasmasphere since the collision operator for Coulongwllisions
does not contain any integrals over the pitch-angle distribution. A mre practical

solution is to use a Gauss-point grid up to 1000 or 1500 km, then switch to using
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a grid like that of Khazanov et al.[1994] at higher altitudes. This hybrid grid
would have all the bene ts of the nite ordinate approximation at altitudes where
large-angle elastic collisions with neutrals are important while simultaoesly elim-
inating numerical pitch-angle di usion at high altitudes in the plasmaspere where

the plasma is nearly collisionless.

7.2 Lessons learned about the low-latitude thermosphere-

lonosphere-plasmasphere system

The numerous simulations performed throughout this thesis give igts into the
ways the thermosphere, ionosphere, and plasmasphere worketbgr as a system.
The tests performed in Ch. 3 suggested that the topside plasmantperatures
would respond to changes in the neutral winds and electric elds, exw though the
neutral winds have no direct connection to the nearly collisionlessgside plasma.
Neutral winds and electric elds will rearrange the distributions of kctron density
in the o -equatorial F-regions, especially on the eld lines connected to the equa-
torial arcs. The o -equatorial F-regions are in turn connected to the equatorial
topside ionosphere through material di usion, thermal di usion, ad photoelec-
tron transport e ects, all of which are impacted by changes in thelectron density
distributions. Although the phenomenological photoelectron trasport model in
the original SAMI2 is not su cient to reproduce Jicamarca data, the tests with
SAMI2-PE in Ch. 6 show that the conclusions about the e ects of néral winds
and electric elds from Ch. 3 are qualitatively correct. At low-latitudes the thermo-
sphere, ionosphere, and plasmasphere form a simple system whiatiagrammed

in Fig. 7.1.
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Figure 7.1: A simple diagram of the low-latitude thermosphere-ionokpre-
plasmasphere system.

This simple and intuitive picture provides an easy explanation for howhar-
acteristics of the neutral thermosphere manifest themselves ihd plasmasphere
even though the neutral densities are negligible at plasmasphericialtes. For
example, Pedatella et al.[2011] has shown that COSMIC total electron content
(TEC) measurements both above and below 800 km exhibit wave 4 iaions in
longitude, which is a well known feature of the non-migrating tides. fe system
diagram in Fig. 7.1 not only provides a possible explanation for how wadesigna-
tures could appear in the high altitude TEC measurements, but alsauggests that

similar longitudinal variations in the temperatures should also be prest.

The sensitivity of Jicamarca temperature measurements to thewspheric
winds suggests the tantalizing possibility of one day estimating windy lassimilat-
ing Jicamarca data into a model like SAMI2-PE. This task potentially swers from

observability problems which would need to be resolved. Obviously tleatire prob-
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lem is symmetric about the magnetic equator (e.g. a constant nostfard wind and
a constant southward wind have the same e ects on the equatoriplasmasphere),
so either the wind directions would need to be known a priori, or o -aatorial data
(e.g. from ionosondes or GPS receivers) would need to be incorpgeda Further-
more, the e ects of electric elds and neutral winds are impossibleotdi erentiate
when looking at the magnetic equator, thus direct measurement efectric elds
would be needed. Currently the electric elds can be estimated fromagnetometer
data. Planned future upgrades to Jicamarca's phased array will prit electronic
beam steering. A mode which alternates between perpendicular anblique beam
positions would allow for simultaneous measurements of temperagsrandE B
drifts. Finally, uncertainties and systematic biases in the model wddi need to be

carefully studied and characterized to do an error analysis of theedved winds.

7.3 Remaining sources of uncertainty and bias

While the agreements between SAMI2-PE and Jicamarca data are eomising im-
provement over the original SAMI2, a few types of discrepanciepear frequently
which might indicate systematic biases remaining in SAMI2-PE. Firstlythe mod-
eled topside temperatures are frequently higher than the measunents, indicating
the uxes in the plasmasphere are too high. One possibility is anomakumag-
netic mirror trapping due to numerical pitch-angle di usions, but the tests with
and without the higher-order corrections performed in Sec. 6.3.Qggests that this
e ect is relatively minor. Another possibility is an overestimation of the quasi-
trapped plasmaspheric uxes caused by an improper treatment efastic collisions
with neutrals. As explained by Mantas et al.[1978], elastic backscattering from

the neutral thermospheres on either end of the eld line can caugpdotoelectrons
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to become quasi-trapped in the plasmasphere. The elastic crosstisas used in
SAMI2-PE are empirical ts to old data, and other models (e.g. GLOW use
di erent sets of cross sections. If the elastic cross sections @o® high then too
many photoelectrons will be quasi-trapped. Furthermore, SAMIPE only con-
siders isotropic scattering whereas the proper phase functioms £lastic collisions
are somewhat peaked in the forward direction. Thus the backs¢ating of photo-
electrons is likely being somewhat overestimated, leading to excesssj-trapped

photoelectrons in the plasmasphere.

Another problematic region for SAMI2-PE is the lowerF -region ( 240 km).
Standard SAMI2 simulations, which use the empiricaBwartz and Nisbet[1972]
heating e ciency model at these altitudes, and SAMI2-PE simulatios with the
quenching of NED) disabled appear to produce reasonable agreement with Ji-
camarca data. However, simulations with quenching enabled ovdremte these
temperatures by as much as 50%, suggesting the model is prodgciar too much
N(?D). Aponte et al.[1999] performed detailed studies of Jicamarca temperature
measurements in theF -region and concluded that quenching of ND) was a sig-
ni cant heat source in the lowerF -region. However,Aponte et al.[1999] had no
measurements of the densities of the minor ions;Nand NO* available, both of
which are crucial to determining the concentration of N{D). These ion concen-
trations had to be estimated from the major ion concentrations ursg a chemistry
model. Both the chemistry models used bpponte et al.[1999] and in SAMI2 will
produce NO through charge exchange with neutral NO, and thus are sensitive
to assumed background neutral NO pro le. Sec. 6.2 illustrates thahe tempera-
tures in the lowerF -region produced by SAMI2-PE with quenching enabled can be
changed signi cantly by changing the neutral NO pro les. A bettermodel of the

neutral NO density at 240 km is needed, along with a thorough reexamination
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of the chemistry in SAMI2-PE at these altitudes.

7.4 Accelerating the computations

The reference simulation presented in Ch. 6 took a single processmughly 18.5 h,
whereas the original SAMI2 can run the same conditions in 28 min. Thempu-
tation time is also dependent on the resolution chosen. A simulationiag only 45
energy bins and 4 pitch angles can run in 4.5 h and the temperaturesed from

the high resolution simulations by only 5%. Given these relatively long oguta-
tion times for a 2-D model, a few other strategies for simplifying theomputations

should be considered before attempting to put photoelectrons miSAMI3.

Firstly, performing photoelectron heating calculations at night is a waste of
time. SAMI2-PE can calculate the photoelectron spectra at nightssociated with
the scattered radiation in the nighttime ionization model used in SAM, but the
associated heating rates are negligible compared to the electrogutral cooling
rates. For the reference case switching o the photoelectronansport solver for
all times when no point on the eld line was in sunlight decreased the cgmtation

time from 18.5 h to 12.5 h.

A simple and e ective way to speed up the code during the day is to nperform
the photoelectron calculations at every single time step. lonospie models such
as FLIP and TIE-GCM typically use time steps of 2-5 min. SAMI2, howeer,
includes the nonlinear ion inertia term in the ion momentum equations ah nite
di erences this term explicitly. Thus the Courant conditions in SAMI2 are set by
the ion velocities. Typically the model uses 10 s time steps throughaunost of the

day, but these become as short as 1-2 s during sunrise. Figs. 7.8 &8 illustrate
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the e ects of performing the photoelectron calculations once ayen time steps
for n of 10, 20, 40, and 60. A zero-order hold on the electron heatingesa is used
for the intermediate time steps. In each of these simulations phattectron e ects
are ignored at night, so the rst time step on which photoelectronalculations are
performed each day is the one immediately after sunrise. The conation times
for 48 hour simulations are 2 h 12 min, 1 h 38 min, 1 h 20 min, and 1 h 15 mor f
n of 10, 20, 40 and 60, respectively. Thus skipping everyfL.@ime step results in
a factor of 6 speed up of the entire program, and there are diminishing returns
for skipping more steps. When photoelectron calculations are pemnfined for every
time step they dominate the computation time, but they become a satler fraction
of the total computation time as the number of steps skipped is ineased. During
the middle of the day, even when skipping 60 steps, the modeled teenatures only
change by 10 K or less. Signi cant errors appear at sunrise and set, however.
During sunrise the electron heating rates are rising rapidly, so usiryzero-order
hold results in systematic underestimation of the temperatures.ir8ilarly, during
sunset the heating rates are decreasing rapidly so a zero-ordeidhresults in
systematic overestimation of the temperatures. These problenecan be avoided
by not skipping time steps near sunrise and sunset. The red curvesFigs. 7.2
and 7.3 come from a simulation where photoelectron calculations arendged at
night, done for every time step from sunrise to 9 LT, done for evwe60" time step
from 9 to 17.5 LT, done for every time step from 17.5 LT to sunset. His 48 hour
simulation took 7 h 31 min, most of which was spent on the sunrises olmet two

days.

In addition to skipping time steps, the code could be accelerated ther by
changing how the photoelectron calculations are performed. Cently collisions

with neutrals are included at all positions, but at very high altitudes hey should
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Figure 7.2: Left panel: Model electron temperatures at 1370 km asfunc-
tion of local time for the second 24 hours of 48 hour simulations.
Each simulation is for the reference case considered in Ch. 6,
but ignores photoelectron calculations at night and skips di er-
ent numbers of time steps (see text). Right panel: Dierences
between the modeled electron temperatures computed with and
without skipping time steps.

be negligible compared to collisions with the ambient electrons. Ignognnelastic
collisions at high altitudes would allow the code to skip the energy reapgionment
calculations in those cells; however, this is not expected to produaesubstantial
speed up because the reapportionment calculations are relativelstf and the un-
even spacing of the grid points causes there to be fewer cells at hagjhtudes.
The slowest part of the algorithm is the matrix inversion needed forhe trans-
port calculations. Ignoring elastic collisions at high altitudes would nomake the
matrix smaller, but it would make it sparser. The di erential operata describ-

ing the pitch-angle di usion caused by Coulomb collisions only couples jadent
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Comparision of Electron Temperatures at 244 km Difference of Electron Temperatures at 244 km
2600 T T T T T T T 100

24001

22001

2000

-50
1800+

3
=, 16001 -100 -
,_

DT, (K)

1400
-150 -

1200+
-200 -

1000

—— Skip 10
250 | Skip 20
Skip 40
—— Skip 60
— Skip 60 (9-17.5)
L L _300 T T T
3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Local Time Local Time

800

600

Figure 7.3: Same as Fig. 7.2 but for 244 km altitude.

pitch-angle bins, whereas the integral in the elastic collision term cples every
pitch-angle bin to every other. The matrix could further be made bibh smaller
and sparser by allowing the pitch-angle resolution to change with altile. Fig. 6.4
suggests that the pitch-angle distributions below 400 km are always isotropic be-
cause of frequent elastic collisions. If the pitch-angle distributionsre known to
be isotropic, then multi-stream computations are a waste of timehe two-stream
equations withh i = 0:5 are exact in the special case of isotropic distributions.
Thus the portion of the grid with the highest spatial resolution couldoe using a

lower pitch-angle resolution.
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7.4.1 Empirical heating rate calculations

An alternative to accelerating the photoelectron transport moden SAMI2-PE to
the point where it can be practically incorporated into 3-D models is tanstead
use SAMI2-PE to create better empirical models. The photoelectn population
is coupled to the uid equations governing the rest of the plasma tbugh the
secondary production and electron heating terms. Secondaryopluction is most
important at low altitudes where it is easily treated in a local empirical dshion
by tabulating secondary to primary production ratios for each waslength [e.g.
Solomon and Qian 2005]. Thus all that is needed is a new empirical heating rate

model.

The electron heating rate in Eq. 4.85 is dominated by the nal term
YA 1 Z 1
Qphe = deEL(E) d (E ) (7.3)
E 1
which is a particular moment of the photoelectron distribution funcion. Consider

the time dependent photoelectron transport equation written in e form
r

@ 2 @ @ 1 °

2E @ @ , @
m q+@[|—(E)]+ D(E)@ 1 @
( an + en)Nn( ‘1El )
Xn 1Z 1
+ eeNn=  d°(GE 9
n 2 1
X Z 1 1Z 1 )
+ N, de° B (E%E)= d °( SE% 9
n;p £ 2

R R
and apply the operation Elt dEL (E) 11d to the entire equation. The result is a
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PDE governing the evolution of the electron heating rate of the fan

@ @ FQpu X
@Qr:[e + @ Bp © =P N eQpre n nNnQphe (7.5)
where
zZ," — z,
Fot EE® d (7.6)
Qphe EY m 1
Z 1 E Z 1
p E EL@E)  dg (7.7)
& 7 m 1 7
1“1 L(E) 1!
E—p— d (7.8)
Qphe E Ne 2Em
1 21 T 2
dE ==L(E) d f 7.9
" o — (E) 1 an | (7.9)
X Z1 Z,

dE’ B,(ESE);  d O( GED 9

E 1

P
Note that the mirror force, pitch-angle di usion, and elastic collisionterms drop
out after integrating over all pitch angles and that it has been assoed that E is
small. The production term P is simply a moment of the photoelectron produc-
tion distribution, and thus straightforward to compute. It is proportional to the
photoproduction rate. The other terms cannot be computed withut knowing
itself. However, sinceQpne is a linear transformation of , the terms F, , and
n are constants with respect to (i.e. scaling by a constant factor at all ener-
gies and pitch-angles would leave these numbers unchanged). If myéalibrary of
SAMI2-PE runs were generated for many di erent conditions empical expressions
for these \constants" could be determined. With these constastknown, solving
Eq. 7.5 in steady state is as easy as solving the parallel componenbaot of the

uid equations.

Eq. 7.5 reduces to other empirical forms in various limits. The time demdent

term will probably always be negligible. At low altitudes transport e eds, and
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thus F, will be negligible and the equation reduces to

- B .
Quhe = : : 7.10
T N e+, aNp (7.10)

i.e. the electron heating rate is directly proportional to the photoinization rate,
just as Swartz and Nisbe{1972] assumed. At very high altitudes direct production,
and thus P can be neglected, and the neutral densities become negligible conega
to the electron densities. Eq. 7.5 then reduces to a simple transpequation of
the form

B _@\ F Qphe

@ B = N erhe: (7.11)

If it is furthermore assumed thatB, F, and are constants along the eld line

the solution to this equation is of the form

7.
Qphe = Qphe(\O) exp Cge \ Ne(\()d\o , (7.12)

0

whereCye = =F .
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APPENDIX A
NUMERICAL METHODS FOR THE STEADY STATE
TEMPERATURE MODEL

The steady state temperature model uses the same two-dimemsbnon-uniformly
spaced grid in dipole coordinates as used by SAMI2-0.98upa et al, 2000a]. The
steady state temperature equations, Eq. 3.40, for electrons; HHe", and O" are
discretized around the point (;j ) as follows. The rst coordinate, i, denotes the
direction along B, and the second denotes the perpendicular direction. Terms 1
and 2 only need to be evaluated at the pointifj ), but they will in general involve
the temperatures of all four species at that point and they are hiidy nonlinear.
Term 5a only depends orT; linearly. The divergence ol is computed from the
E B drift at the magnetic equator, us?, and curvilinear factors which are specic
to the dipole geometry. In terms of the spherical coordinate sy@n centered on

the eccentric dipole and the dipole coordinates,

C U = 6ust sin® o(1+sin? ).
, =
" paRe (1+3cog )?

(A1)

Terms 3, 4b, and 5b only involve the temperatures of speciesat (i  1;j),
(i;j),and (i+1;j). Term 3 is discretized using a similar nite di erencing scheme
as in SAMI2.

i+1=2 Tis1 i1=2 i T1
Si dS Si dS 1

r« rgl tﬁ (A.2)

where the subscripts andj indices have been omitted for simplicityds, is change
in the s coordinate between the pointsi(j ) and (i 1;j), s;is half of the change

in the s coordinate between pointsi(+1;j)and (i 1;j), and

i+1=2 = %( i1t i) (A.3)
i 122 = %( it o) (A.4)
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The dependence on; 1, i, and ;; means that term 3 depends nonlinearly on
Ti 1, Ty,andTj 4.
Terms 4b and 5b can be combined and rewritten as two di erent term
2
u gr T +§Trk u g
1
=rk(ukT) —Trkuk (A5)

3

The second of these terms is nite di erenced as

11 1
3 s ébsi(uiﬂ Ui 1)
P B (1.6)

The rst of these terms is approximated using an upwind scheme.

A B C
rg (U kT ) —STI 1+ —STI + —S'Ti+1; (A7)
i i i

where the coe cients A, B, and C depend on the signs of the parallel velocities.

First the e ective velocities at the left and right sides of the cell arale ned.

Ur = % byiUki + Bsi+1 Uki+1 (A.8)
u = % bsi aUki 1+ B (A.9)
If uu Oandu O
A= u (A.10)
B=u (A.11)
C=0; (A.12)
ifu Oandu O
A=0 (A.13)
B= u (A.14)
C=u; (A.15)
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ifu Oandu O

A=0 (A.16)
B=u wu (A.17)
C=0; (A.18)
and nallyif uu Oandu- O
A= u (A.19)
B=0 (A.20)
C=u (A.21)
Both of these terms are linear inT; 1, T; and T, 4.

Only term 4a couples adjacent eld lines, but it is completely linear. It is
discretized as

aTiy 1+ DTy + cTiy a; (A.22)

where the coe cients a, b, and c are also computed using an upwind scheme, and
thus depend on the signs afi, . These coe cients are identical for all four species

since theE B drift is the same for all species. Ifti,;; Oandu,ij+1 O

Ai-j
a= =~ U9 i A.23
Vi;j 210 ( )
Aij a1
b= =2 U,y A.24
Vi;j ?i0 +1 ( )
c=0:;: (A.25)
if U2 0 and U2 +1 0
a=0 (A.26)
A A
b= DL Ny, A.27
Vi;j u?l,j 1 Vi;j u?lj ( )
c=0; (A.28)
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if U2 0 and U2 +1 0

Ai-j
= —Usj; A.2
a Vi;j U?l,] ( 9)
b=0 (A.30)
Aij +1
= — i 41 A.31
C Vi;j u?l,] 1 ( )
and nally if u,;; Oandu,ij+; O
a=0 (A.32)
Ai-j
= —Usj; A.
b Vi;j U2 i; ( 33)
A +
c= \I/J ! U2iij +1 - (A34)

In each caseV;; is the volume of the cell at ;j ) and A;; is the area of the face of

the cell at (i;j ) whose normal is perpendicular td.

The discretized temperature equations are nonlinear, and thus stube solved
iteratively. Let E ;; be the the evaluation of the discretized temperature equation
for species around the point (i; j ) for the current guess of the temperature pro les.
Clearly the problem is solved wherk ;;; =0 forall i, j, and . This problem can
be solved with Newton's method by iteratively solving

@ E:i;j
K @Tk;‘

T = Ejj (A.35)

for the changes to the guess of the temperaturesl , subject to the boundary
conditions. Contributions to the partial derivatives of E which come from the
linear terms are trivial to compute, and contributions from the nofinear terms
are approximated using forward di erences. Clearly this problem cabe cast as a

matrix equation of the form Ax = b where theA matrix is very sparse.

Initially all of the temperatures are set equal to the neutral tempratures.

Then Eq. A.35 is solved with the perpendicular advection terms (termMa), and
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the condition that the derivative at the top be 0 omitted. This corresponds to
solving a one-dimensional problem along each eld line. In this case theatrix

is band diagonal with no non-zero entries more than 4 elements awhpm the

main diagonal. Such systems are simple to solve by Gaussian eliminatiolidwed
by backsubstitution [e.g.Press et al, 2007]. The iteration continues until the rms
change in the temperatures from the latest step is less than 1 K. &lsolution to this
one-dimensional problem is then used as the initial guess for a mommplicated

two-dimensional solver.

Directly inverting the matrix with the perpendicular advection termsincluded
is numerically unstable due to rounding errors. This di culty is overcane using
Tikhonov regularization. Instead of solvingAx = b we attempt to minimize jjAx
bji2+ jj x jj3, where the matrix = | is an extra condition which encourages the
solution vector to be small. Thex which minimizes this quantity is the solution

to
ATA+ 2 x=ATb: (A.36)

This is again a band diagonal system which can be solved using the sdeahnique
as before. After some trial and error, a regularization parametef =10 ° was
chosen. Again the problem is iterated until the rms change in the tgperatures is

less than 1 K.
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APPENDIX B
PHOTOABSORPTION AND PHOTOIONIZATION CROSS
SECTIONS

The gures below show the various photoabsorption and photoiorazion cross
sections used in SAMI2-PE. The data sources for the various csosections are
indicated in the caption. The methods used to integrate these cr®sections onto
the wavelength grid used in SAMI2-PE and to combine partial and tatl cross
sections from multiple sources self consistently are described insse4.2.2 and

4.2.3.
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Absorption Cross Sections
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Figure B.1: Photoabsorption cross sectiong¢nnelly and Torr, 1992].

O Partial Photoionization Cross Sections
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Figure B.2: Partial photoionization cross sections for atomic oxyge The
legend refers to the state of the resultant O ion (seeConway
[1988]).
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O2 Non-dissociating Partial Photoionization Cross Sections
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Figure B.3: Partial photoionization cross sections for non-dissotiiag reac-
tions with molecular oxygen. The legend refers to the state of
the resultant O; ion (seeConway [1988]).

O2 Dissociating Partial Photoionization Cross Sections
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Figure B.4: Partial photoionization cross sections for dissociatingactions
with molecular oxygen. The legend refers to the state of the
resultant O* ion (seeConway [1988]).
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N2 Non-dissociating Partial Photoionization Cross Sections
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Figure B.5: Partial photoionization cross sections for non-dissotiiag reac-
tions with molecular nitrogen. The legend refers to the state of
the resultant N; ion (seeConway [1988]).
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Figure B.6: Partial photoionization cross sections for dissociatingactions
with molecular nitrogen. The legend refers to the state of the
resultant N* ion (seeConway [1988]).
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Total lonization Cross Sections
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Figure B.7: Total photoionization cross sections. Helium cross sexts come
from Kirby et al. [1979]; all others come fronfrennelly and Torr
[1992].
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APPENDIX C
PHOTOELECTRON-NEUTRAL COLLISION CROSS SECTIONS

The elastic cross sections used are the same as those in the FLRiClards and

Torr , 1996] source code. In chthey are.

8
E 53 10 16EO:146
60 = 5 (C.1)
"53 1011 Ol °F 06
8
3. 160:301
50 10 “°E
€0z = 2 64:3 (C2)
-88:53 10 ¥ 1 %1 “E 065
h [
21 1015+1:5 10 Bexp E22 2
eNy — 3 (C.3)

. 01 643 — (65.
853 101 % E 065
where the top expression of each pair is f& < 10 eV and the bottom expression

is for E> 10 eV. These cross sections are plotted in Fig. C.1.

The partial cross sections for inelastic collisions which excite but dmhionize
the neutral are all modeled with analytic expressions of the form

o DA T T 0 2 1.
REB= 251 o 5 (B T E)omfev (C.4)

whereq = 6:51 10 ** eV?cn?, T is the threshold energy for the excitation in
eV, andA, , ,and are dimensionless constants which are chosen such that the
analytic expression matches experimental data while still transitiong smoothly
from the cuto at threshold to the appropriate high energy limit given by the Born-
Bethe approximation [Green and Stolarskj 1972]. All of the excitations considered
and the parameters used are summarized in Table C.1. The corresdimg total
cross sections are simply given by the term in front of the-function in Eq. C.4,

and are plotted in Figs. C.2, C.3, and C.4.
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u Elastic Cross Sections
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Figure C.1: Empirical elastic cross sections used.

The partial cross sections for ionizing collisions are modeled with a sinmila

analytic form;

8
quA T P w w i 1 E0% T
D & 1 =5 =5 cmeV T W< E=E2
pEtp)= Y = F 2 (c5)
2 .
~ 0cnfeV ! otherwise

where @ is the same constant as beford, is the ionization threshold in eV,W =
E° E is the total amount of energy lost by the primary electron in eV, and
A, P, , ,and are dimensionless constant8pnks and Kockarts 1973]. To
conserve energyVv = E° E = T + E; whereE; is the energy of the secondary. An
ionizing collision begins with one free electron and ends with two. By ogention
the more energetic of these two electrons is labeled as the degrhgeimary and

the less energetic is labeled as the secondary. Thhs must lie between 0 and
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" Atomic Oxygen Excitations
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Figure C.2: Total inelastic cross sections for collisions involving excitans
of atomic oxygen. These curves are computed using Eq. C.4 and
parameters from Table C.1.

" Molecular Oxygen Excitations
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Figure C.3: Total inelastic cross sections for collisions involving excitans
of molecular oxygen. These curves are computed using Eqg. C.4
and parameters from Table C.1.
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Electron Impact Excitation Collision Parameters
Gas State T(eV) A
O 'D 1.96 001 1.0 20 1.0
) 4.17 0.0042 1.0 1.0 05
) 9.53 0.0465 0.75 3.0 1)0
°S 9.15 0.023 20 10 10
( I=1;, s=0) 14.2 0.367 0.75 3.0 1.0
( s=1) 14.7 0.694 2.0 10 1.0
( 1=0; s=0) 13.5 0.043 0.75 1.0 2.0
O, P vib: 025 957 10° 20 10 1.0
al g 0.98 0.0005 3.0 1.0 3P
bt 1.64 0.0005 3.0 1.0 3p
A3+ 4.5 0.021 0.9 1.0 3.
B3 . 8.4 0.23 0.75 2.0 1.0
P.9 eV allowed 9.9 0.08 0.75 3.0 1i0
Rydberg 13.5 277 075 3.0 10
N> i vib: 1.4 15 10 16.0 9.0 1.0
A3+ 6.14 0.226 3.0 1.0 1.0
B3 7.30 0.178 3.0 1.0 3.0
Cc? 11.03 028 3.0 1.0 3.0
at 9.10 0136 1.0 10 1.0
bt 12.85 0.67 0.75 3.0 1.
1+ 14.0 0.33 0.75 3.0 1.0
Rydberg 13.75 266 0.75 3.0 1,0

Table C.1: Parameters used with Eq. C.4 to compute cross sections éxci-
tation collisions. The G, vibrational and N, vibrational terms are
taken from Swartz [1972]. The rest of these parameters appear
in Banks and Kockarts[1973].

(E° T)=2. All of the types of ionizing collisions considered and the paramesaused
are summarized in Table C.2. The corresponding total cross sectsoare obtained

by integrating the partial cross sections over all possible secomganergies:
Z ET

in (E) = P (E; E® dE® (C.6)
(E T)=2
(E+T)=2

P (E; E°Y dw®

T

X E+T
wATPE ( 1" y E k2
k=0
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“ Molecular Nitrogen Excitations
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Figure C.4: Total inelastic cross sections for collisions involving excitans
of molecular nitrogen. These curves are computed using Eq. C.4
and parameters from Table C.1.

whereW®= E E % and the nal equation applies only for integer . These total

cross sections are plotted in Figs. C.5, C.6, and C.7.
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Electron Impact lonization Parameters

Gas Finallon State T(eV) A P
@) o* “S 136 0.290 0.85 1.0 0.3 1(2
D 169 0360 085 1.0 03 1.2
2p 185 0.190 0.85 1.0 0.3 1.2
0, O; X2 4 121 0.058 0.80 2.0 1.0 11
at | 16.1 0.150 0.80 2.0 1.0 11
A? 169 0.150 0.80 2.0 1.0 11
b* 4 18.2 0.130 0.80 2.0 1.0 11
B 23.0 0.064 0.80 20 1.0 11
o* 4S8 18.0 0.400 0.93 3.0 1.0 11
o* 2D 220 0250 093 3.0 1.0 11
N, N3 X? 4+ 1558 0.370 0.80 3.0 1.0 1p
A? 16.73 0.160 0.83 1.0 1.0 12
B2 ,+ 18.75 0.073 0.83 20 10 1p
C? 4 22.0 0.056 0.83 20 1.0 12
D2 .+ 23.6 0.060 083 20 1.0 1.p
N* 25.0 0.380 096 20 1.0 1,2

Table C.2: Parameters used with Eq. C.5 to compute ionization Crosecs
tions. All of these parameters are taken frorBanks and Kockarts

[1973].
Atomic Oxygen lonizations
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Figure C.5: Total inelastic cross sections for collisions involving impaain-
ization of atomic oxygen. These curves are computed using
Eq. C.6 and parameters from Table C.2.
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Molecular Oxygen lonizations
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Figure C.6: Total inelastic cross sections for collisions involving impaain-

-14

ization of molecular oxygen. These curves are computed using
Eq. C.6 and parameters from Table C.2.
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Figure C.7: Total inelastic cross sections for collisions involving impaain-

ization of molecular nitrogen. These curves are computed using
Eq. C.6 and parameters from Table C.2.
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