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Local Photochemistry and Energetics Photochemistry

Production by Absorption of EUV Radiation

Photoionization Rate:

Pi (s) =

∫

dλ
∑

n

σion
n (λ)Nn(s)I (s, λ)

Attenuation of EUV Flux
(Lambert’s Law):

dI

ds
= −

∑

n

σabs
n (λ)Nn(s)I (s, λ)
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Local Photochemistry and Energetics Photochemistry

Production by Auroral Particle Deposition
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Local Photochemistry and Energetics Photochemistry

Basic Ionospheric Photochemistry

Photoionization:

O+ hν(> 13.6 eV) → O
+ + e∗

Radiative Recombination (SLOW):

O
+ + e → O+ hν(13.6 eV)

Atom-Ion Interchange:

O
+ +N2 → NO

+ +N

O
+ +O2 → O

+
2 +O

Dissociative Recombination:

NO
+ + e → N+O

O
+
2 + e → O+O

Airglow:

O
(

1
D
)

→ O
(

3
P
)

+ hν(630.0 nm)

O
(

1
S
)

→ O
(

1
D
)

+ hν(557.7 nm)
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Local Photochemistry and Energetics Photochemistry

Neutral and Ion Composition
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Local Photochemistry and Energetics Energetics

Energy Transfer Through Collisions

Elastic collisions: Mass ratio matters.

Inelastic Collisions: (e.g.)

Molecular Nitrogen Vibrational States: N2 + e → N2(vib) + e

Atomic Oxygen Electronic Fine Structure: O
(

3
P
)

+ e → O
(

3
P
∗)+ e

Quenching: (e.g.)
O
(

1
D
)

+N2 → O
(

3
P
)

+N2

N
(

2
D
)

+ e → N
(

4
S
)

+ e∗
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Local Photochemistry and Energetics Energetics

Diagram of Ionospheric Energetics
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Local Photochemistry and Energetics Energetics

Typical Temperature Profiles at the Magnetic Equator
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Transport Thermal Plasma Transport

Importance of the Magnetic Field

Dynamic Pressure: mnu2

Thermal Pressure: nkBT = mn

(

√

kBT
m

)2

Magnetic Pressure: B2

2µ0
= mn 1

2

(

B√
µ0mn

)2

Typical Numbers for the ionosphere:

u ≈ 100 m/s Midlatitude Ionosphere

u ≈ 20 km/s H+ Outflow in Polar Wind

T ≈ 2000K →
√

kBT

m
=

{

1 km/s for O+

4 km/s for H+

B ≈ 3× 10−5
T, n ≈ 1011 m

−3 → B√
µ0mn

≈ 500 km/s

Transport parallel and perpendicular to B are fundamentally
different.
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Transport Thermal Plasma Transport

Magnetic Structure of the Ionosphere and Magnetosphere
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Transport Thermal Plasma Transport

Perpendicular Particle Motions

Uniform B Field

B = Bz ẑ

Electrons

Ions

Crossed Uniform E and B

V
D

B

E

vD = E×B
B2

Note E+ E×B
B2 × B = 0 as long as E · B = 0
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Transport Thermal Plasma Transport

Moments of the Boltzmann Equation

Boltzmann Equation:

∂f

∂t
+ v · ∂f

∂x
+
[ e

m
(E+ v × B) + g

]

· ∂f
∂v

=
δf

δt

∣

∣

∣

∣

collisions

Continuity Equation: Apply
∫

dv to Boltzmann Equation

∂n

∂t
+

∂

∂x
· (nu) = δn

δt

Momentum Equation: Apply
∫

mvdv to Boltzmann Equation

∂

∂t
(mnu) +

∂

∂x
· (mnuu+ P) = ne (E+ u× B) + nmg+

δM

δt

Energy Equation: Apply
∫

1
2
mv2dv to Boltzmann Equation

∂ǫ

∂t
+

∂

∂x
· [u · (ǫI+ P) + q] = neu · E+ nmu · g +

δE

δt
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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 → pI q → 0

Energy equation reduces to the adiabatic gas law D
Dt

(

p
nγ

)

= 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 = −κ · ∇T
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Transport Thermal Plasma Transport

Thermal Conduction

In the F-region κ = κ‖b̂b̂ → q = −κ‖∇‖T b̂

For a fully ionized plasma κ‖ = 7.7 × 105T
5/2
e eVcm−2s−1K−1

Parallel Temperature Equation:

∂T

∂t
+ u‖∇‖T +

2

3
T∇‖ · u− 2

3

1

nkB
∇‖ · κ‖∇‖T =

2

3

1

nkB
(Q − L)
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Transport Thermal Plasma Transport

Ambipolar Electric Fields and Ambipolar Diffusion

Steady state parallel electron momentum equation:

✭✭✭✭✭✭✭✭✭✭✭✭✭✭✭
me

[

∂

∂t
(neue) +∇‖ ·

(

neu
2
e

)

]

= −∇‖pe − neeE‖ −→ E‖ = − 1

ene
∇‖pe

Substitute into parallel ion momentum equation:

mi

[

∂

∂t
(niui) +∇‖ ·

(

niu
2
i

)

]

= −∇‖pi −
ni

ne
∇‖pe −minig‖

−mini
∑

j

νij (ui − uj)+

+

+

+

+

-

-

-

-

-

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: kBTe ∼ 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‖,
∂B
∂s , and

Coulomb collisions and assuming isotropic elastic collisions.

µ
∂Φ

∂s
= q +

∑

n

{

− [σan(E) + σen(E)]NnΦ+
σen(E)

2
Nn

∫ 1

−1

Φ(s, E , µ′) dµ′
}

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 Ionospheric Electrodynamics

Electrostatic Limit of Maxwell’s Equations:

∇× B = µ0J+
✚
✚
✚✚❃

0
1

c2
∂E

∂t
−→ ∇ · J = 0

∇× E = −
✓
✓
✓✼
0

∂B

∂t
−→ E = −∇Φ

Ohm’s Law for the ionosphere:

J = σ · E+ J0

Putting everything together yields a boundary value problem:

∇ · σ · ∇Φ = ∇ · J0
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Electrodynamics Dynamo Theory

Effects of Collisions: Ohm’s Law for the Ionosphere

Steady-state momentum equation for each
species (zero neutral wind case):

0 = nαqα (E+ uα × B)− ναnmαnαuα

Resulting Ohm’s Law:

J =
∑

α

nαqαuα −→ J =





σP −σH 0
σH σP 0
0 0 σ0



 · E

Conductivity Profiles
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Electrodynamics Dynamo Theory

Other Kinds of Current

Substitute F for qαE in steady state momentum equation.

Wind drag: F = ναnmαun −→ J = σ · (un × B)

Gravity: F = mαg −→ J = Γ · g

Pressure Gradients (Diamagnetic Currents):
F = − 1

nα
∇pα −→ J = D · ∇

∑

α pα

Complete Dynamo Equation:

∇ · σ · ∇Φ = ∇ ·
(

σ · (un × B) + Γ · g+D · ∇
∑

α

pα

)
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Electrodynamics Dynamo Theory

Influences of Atmospheric Tides (Immel et al. 2006)
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Electrodynamics Dynamo Theory

Closure of Field Aligned Currents in a Slab Ionosphere

3D potential equation with magnetospheric currents:

∇ · σ · ∇Φ = ∇ · Jiono +∇ · Jmag

Integrate over altitude, assume equipotential field lines:

∇⊥ · Σ · ∇⊥Φ =

∫

∇ · Jiono dz +
∫

∇ · Jmag dz Kiono ≡
∫

Jiono dz

Expand the divergence:

∇ · Jmag = ∇⊥ · Jmag
⊥ +

∂Jmag

‖
∂z

Above ionosphere, Jmag
⊥ = 0

∫

∇ · Jmag dz = J
mag

‖

2D slab ionosphere potential equation:

∇⊥ · Σ · ∇⊥Φ = ∇⊥ ·Kiono + J
mag

‖
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Electrodynamics Dynamo Theory

Conjugacy and Mapping

In low latitudes current out of
northern hemisphere (N) equals
current into southern hemisphere
(S)

JN‖ = −JS‖

Assuming equipotential field
lines:

∇⊥ · ΣN · ∇⊥Φ−∇ · KNiono

= −∇⊥ · ΣS · ∇⊥Φ+∇ · KSiono

∇⊥ ·
(

ΣN +ΣS
)

· ∇⊥Φ

= ∇ ·
(

KNiono +KSiono
)

Otsuka et al. (2004)
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Electrodynamics High Latitude Electrodynamics

Current Systems in the Ionosphere and Magnetosphere
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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

Input is FAC, J‖
Responses is electric fields, E

Dissipation related to
conductance, Σ

Heating is Joule heating:

J · E′ =
(

σ · E′) · E′

= σP |E+ un × B|2

Mechanical View

Input is magnetic stress,
1
µ0

(∇× B)×B

Responses is plasma drift, ui

Dissipation related to friction,
νin (ui − un)

Heating is frictional heating:

QJ = nimiνin |ui − un|2

Appendix A of Thayer and Semeter, 2004, JASTP proves:

σP |E+ un × B|2 = nimiνin |ui − un|2
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Electrodynamics High Latitude Electrodynamics

Convection During Bz South (Dungey Cycle)
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Electrodynamics High Latitude Electrodynamics

Plasma Redistribution by Convection

Zhang et al., 2013, Science
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