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Local Photochemistry and Energetics Photochemistry

Production by Absorption of EUV Radiation

Photoionization Rate: 400§
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Local Photochemistry and Energetics Photochemistry

Production by Auroral Particle Deposition
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Local Photochemistry and Energetics Photochemistry

Basic lonospheric Photochemistry

Photoionization: Radiative Recombination (SLOW):

O+ hv(>13.6eV) = OF 4 €* Ot +e— O+ hy(13.6 eV)
Atom-lon Interchange:

Ot +Ny, - NOT +N
Ot +02 =05 +0
Dissociative Recombination:

NOt+e—+N+0O
Of +e—>0+0

Airglow:
O (D) = O (*P) + hv(630.0 nm)
O (*S) = O ('D) + hv(557.7 nm)
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Local Photochemistry and Energetics Photochemistry

Neutral and lon Composition
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Local Photochemistry and Energetics Energetics

Energy Transfer Through Collisions

Elastic collisions: Mass ratio matters.

-0 0 o
— 0 ®

Inelastic Collisions: (e.g.)

Molecular Nitrogen Vibrational States: Ny + e — Ny(vib) + e
Atomic Oxygen Electronic Fine Structure: O (3P) +e—0 (3P*) +e

Quenching: (e.g.)
O ('D) + Ny — O (°P) + Ny

N (*D) +e — N (S) + ¢*
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Local Photochemistry and Energetics Energetics

Diagram of lonospheric Energetics
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Local Photochemistry and Energetics Energetics

Typical Temperature Profiles at the Magnetic Equator

Equatorial Temperature Profiles Under Solar Minimum Conditions
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Transport ~ Thermal Plasma Transport

Importance of the Magnetic Field

Dynamic Pressure: mnu?

2
Thermal Pressure: nkg T = mn (, /%)

M ic P . B 1 B \?
agnetic Pressure: 20— mn3 (W)
Typical Numbers for the ionosphere:

u ~ 100 m/s Midlatitude lonosphere
u =~ 20 km/s HT Outflow in Polar Wind

1k for O+
T ~ 2000K — | *ET _ m/s  for O
m 4 km/s for HT

B
B~3x10>T, n~10" m™3 —
v/ Homn

~ 500 km/s

Transport parallel and perpendicular to B are fundamentally
different.

R. H. Varney (SRI)

Intro to lonosphere June 16, 2019 10 / 31



Transport Thermal Plasma Transport

Magnetic Structure of the lonosphere and Magnetosphere
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Transport Thermal Plasma Transport

Perpendicular Particle Motions

Uniform B Field Crossed Uniform E and B
Electrons éE
B/\/\/‘\

ExB

Vp = B2
NoteE—l—EXBxB—OasIongas -B=0
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Transport ~ Thermal Plasma Transport

Moments of the Boltzmann Equation

Boltzmann Equation:

of of

v of  of
ot dx

[ (E—i—va)—l—g} v 3t

collisions

Continuity Equation: Apply | dv to Boltzmann Equation

On Dy 0
ot T ox T 5t
Momentum Equation: Apply [ mvdv to Boltzmann Equation
M
%(mnu)—l—%‘(mnuu—i—P) = ne (E+ u x B)+nmg+55—t

Energy Equation: Apply f %mvzdv to Boltzmann Equation

86 0E
u-(el+P = neu - E+ nmu -
5t T ag U (d+P)+dl = + g+ 5,
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Transport ~ Thermal Plasma Transport

Closing the System of Transport Equations

@ Easiest way: Assume an isotropic Maxwellian distribution —
5-moment approximation

P — pl q—0

Energy equation reduces to the adiabatic gas law 5 (£) =0

@ Hard way: Assume more complicated distributions (e.g. Maxwellians
times truncated series expansions). The 8-, 10-, 13-, 16-, and
20-moment equations are derived this way.

@ Middle Ground: Assume higher moments are small and derive steady
state limits of high-moment transport equations

q=—-k-VT
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Transport ~ Thermal Plasma Transport

Thermal Conduction

In the F-region xk = /4,”66 —q= —HHVH TB

5/2

For a fully ionized plasma x| =7.7 x 1 10°T¢’° eVem 257 1K!

Parallel Temperature Eq uation:

oT 2 21
a +U||V||T+3TV|| 3nk5v” /*i”V”T—g%(Q—L)

Equatorial vs. Mid-latitude Temperature Profiles
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Transport Thermal Plasma Transport

Ambipolar Electric Fields and Ambipolar Diffusion

Steady state parallel electron momentum equation:

0 1
Me | 5. (n I (netz) | = =Vype = neeEj — Ej = ———=Vpe
e

Substitute into parallel ion momentum equation:

\ 4

E
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Transport ~ Thermal Plasma Transport

Equatorial Fountain Effect
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Transport ~ Thermal Plasma Transport

Influence of Meridional Winds
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Transport Suprathermal Particle Transport

Energetic Electron Transport

Populations of electrons in the ionosphere:
@ Thermal: kgT, ~ 0.2 eV
@ Photoelectrons: mostly < 60 eV, peak energy flux at ~ 20 eV
@ Soft Precipitation (e.g. cusp, polar rain): 100 — 1000 eV
@ Auroral Precipitation: > 1 keV
Simplified kinetic equations derived by
@ Assuming suprathermal density < thermal density
@ Ignoring perpendicular transport
@ Assuming gyrotropy (azimuthal symmetry about B)
@ Assuming steady state (me — 0)
Simplest possible form is derived by additionally neglecting E, %—’f, and
Coulomb collisions and assuming isotropic elastic collisions.

% g+ Z{ un®) + 7N M0 + 25N, [ 0,240 '}

This has the same mathematical form of as a radiative transfer equation.
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Transport Suprathermal Particle Transport

Pre-dawn Effect: A Signature of Photoelectron Transport
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Electrodynamics Dynamo Theory

Fundamentals of lonospheric Electrodynamics

Electrostatic Limit of Maxwell’s Equations:

0

1
VXB:MOJ+Z/88_I§/ —V-J=0

0

VXE:—% — E=-Vo

Ohm's Law for the ionosphere:
J=0-E+ Jg
Putting everything together yields a boundary value problem:

V.g-VO=V-Jg
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Electrodynamics Dynamo Theory

Effects of Collisions: Ohm's Law for the lonosphere

Steady-state momentum equation for each Conductivity Profiles
species (zero neutral wind case): 1o — .

0 = naqa (E+ uy X B) — vgnmgnaug,

Resulting Ohm’s Law:

cp —oy O

J= E No,qaUq »J=|on op 0 -E " Conductivity, mho/m
@ 0 0 g0
E
B
_Q‘ >V —k
Qe Y
Q\ ~ v\ﬂ
Qe - Ven
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Electrodynamics Dynamo Theory

Other Kinds of Current

Substitute F for g,E in steady state momentum equation.
@ Wind drag: F =vyp,muu, — J =0 - (u, x B)
® Gravity: F=m,g —J=T-g

F=—2LVp,—J=D-VY,pa

n,

Complete Dynamo Equation:
V.o-Vb=V. (a‘(u,,x B)—H"g—l—D‘VZpa)
e

R. H. Varney (SRI) Intro to lonosphere June 16, 2019 23 /31



Electrodynamics Dynamo Theory

Influences of Atmospheric Tides (Immel et al. 2006)

Brightness, Rayleighs
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Electrodynamics Dynamo Theory

Closure of Field Aligned Currents in a Slab lonosphere

3D potential equation with magnetospheric currents:
V.o Vo=V Jore vy, me
Integrate over altitude, assume equipotential field lines:
vl-z-vm:/V-JiOHOder/v-Jmagdz Kionoz/Jiomdz
Expand the divergence:
6Jma,g

. Jmag _ .peag ||

Above ionosphere, J7* =0

/ V - Jipag dz = I8
2D slab ionosphere potential equation:
VL-Z-VL¢:VL-Ki°“°+Jﬁna‘g
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Electrodynamics

Conjugacy and Mapping
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Electrodynamics High Latitude Electrodynamics

Current Systems in the lonosphere and Magnetosphere

@hﬁqwa == Currﬁ,a}z.
R1 current

R2 current
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Electrodynamics High Latitude Electrodynamics

High Latitude Convection Patterns
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Electrodynamics High Latitude Electrodynamics

Mechanical vs. Electrical Points of View

Electrical View Mechanical View
@ Input is FAC, J @ Input is magnetic stress,
@ Responses is electric fields, E i (VxB)xB
o Dissipation related to @ Responses is plasma drift, u;
conductance, @ Dissipation related to friction,
@ Heating is Joule heating: Vin (Ui — up)

@ Heating is frictional heating:
J.E=(c-E)-F

= op |E+u, x B? Q) = nimivin |u; — u,|?
Appendix A of Thayer and Semeter, 2004, JASTP proves:

op|E+u, x B\z = nimivin |u; — u,,\z
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Electrodynamics High Latitude Electrodynamics

Convection During B, South (Dungey Cycle)
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Electrodynamics High Latitude Electrodynamics

Plasma Redistribution by Convection

Zhang et al., 2013, Science
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