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Maxwell’'s Equations

vV.E=" vxE-_2B
€0 ot
OE
V-B=0 V xB=—="— + 1l
X c28t+uo
Ipc
J=0
ot +V

@ Solutions where p. = 0 and J = 0 are a completely solved problem

@ Solutions where p. and J are known a priori are a completely solved
problem

@ In media (like geospace plasmas) J depends on the fields E and B

@ A generalized Ohm's law (GOL) relating J to E and B is needed to
close the system of equations
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Vlasov - Maxwell Equations

Ofe _ Ofe
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1 OE
VxB= 88 + pod

@ f(x,v,t) are 7-dimensional particle distribution functions
° % denotes collisional terms

@ Completely impractical to use in most situations
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Constructing Approximate Theories of Electrodynamics

Theories of geospace electrodynamics differ depending on:
@ Inclusion of displacement current %
@ Only important for radio-waves and high-frequency phenomena
@ Inclusion of inductive fields %—?
@ Electrostatic approximation common in ionosphere
@ Approximations of particle motion (simplifications of the GOL)

@ Fluid vs kinetic
o Guiding center approximation
@ Adiabatic assumptions
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Areas of Geospace Electrodynamics

@ lonospheric Electrostatics

© Inner Magnetospheric Kinetic Electrodynamics
© Magnetohydrodynamics

e Solar Wind-Magnetosphere-lonosphere Coupling

© The Polar Wind and Auroral Acceleration Region
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Electrostatics

Electrostatic Approximation

0
VxB:,qu—i—ﬂl/%/ —V-J=0 (Recall: V-V xB=0)
0
VXE:—% — E=-V® (Recall: VxV®$ =0)

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

V.g-VOo=V-Jg
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Electrostatics

Motion of Particles in Uniform Fields: F = g (E + v x B)

Uniform B Field Crossed Uniform E and B
Electrons <gE
B/‘\A/“\
_ j XD
vp = E><2B
Note E—|—E§ZB xB=0aslongasE-B =
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Electrostatics

Effects of Collisions: Ohm's Law for the lonosphere

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

T T T

0 = nago (E+ uy X B) — vgnmgnaug,

Altitude, km

Resulting Ohm's Law:

op —O0OH 0

J= § NaqaUq »J = OH op 0 -E : Conductivity, mho/m
[ 0 0 g0
E
B

_Q‘ >>v —x

Qe >>v
_Q\ - V\ﬂ

Qe - Ven
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Electrostatics

Other Kinds of Current: Complete Dynamo Equation

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

F:—%Vpa—>J:D-VZapa

n,

Complete Dynamo Equation:
Vio-VO=V- (a-(unx B)—|—l'-g+D-VZpa>
e
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Electrostatics

Slab Models of F- and E-region Dynamos

F-region E-region
A N g=0
Oz %=0 Ezsz =
Y AR IzTTTrrorreooa I N VTV =TT
B L_.g gto |E f!"E V= ExB/B? B Exdy  g#0 loilEx r"BEZ =G E+qE,
------------------- s R T
G'p=0 =
b g0 Jz=- O4Ex+05Ez=0

A vertical electric field forms to
J=o0p(E+u,xB) oppose the vertical Hall current.

oyE, = opE, — E, = Z_—”EX

J=0—E=—-u,xB . Op
The Hall current from this new E,
_ExB adds to the existing Pedersen current
VD = B2 from E,
—u, xBxB
=5 Jy=onE; +0opEs

= Uup = [(UH/UP)2+1] opE, = ocE;,
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Electrostatics

Closure of Field Aligned Currents in a Slab lonosphere

3D potential equation with magnetospheric currents:
V.o -Vo=V.Jomwy. ms

Integrate over altitude, assume equipotential field lines:
Vl-Z-Vld):/V-Jionodz—i-/V'Jmagdz KionOE/Jionodz

Expand the divergence:

mag

. Jmag _ . Jmag [

Above ionosphere, J** =0
/V “Jag dz = Jﬁnag
2D slab ionosphere potential equation:

VJ_ .y . VJ_(D — VJ_ . Kiono + JlIlnag
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Electrostatics

Conjugacy and Mapping

In low latitudes current out of (8) sata
northern hemisphere (N) equals ¥
. . Fo
current into southern hemisphere .3
2 3 on of
(S) dam i 8, . WDa;\Jvm
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N S ( ) Long, (deg} Lo
— b) Darwin
Ji = Bigdy ! i Gedmagnetic

equator

Assuming equipotential field
lines:
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S Si =88
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Vi-(ZV+2°) V.o ol i
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Otsuka et al. (2004)
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Electrostatics

Equatorial Fountain Effect
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Sami2.avi
Media File (video/avi)


Electrostatics

Influences of Atmospheric Tides (Immel et al. 2006)

Brightness, Rayleighs

Geospace Electrodynamics
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Inner Mag

Magnetic Mirror Force and Bounce Motion
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Inner Mag

Gradient-Curvature Drift

Gradient Drift Curvature Drift

2
VyB = VL VB x B

- 2gB3
@ Both drifts are energy dependent
@ Both drifts move ions CW and electrons CCW
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Inner Mag

Adiabatic Invariants

Type of Periodic Motion

Adiabatic Invariant

Gyromotion
Bounce Motion
Drift Motion

T = $Bounce M| 5
d=¢ .. gA-ds

rift

Average over periodic motion to reduce the dimensionality of the problem

Velocity-like coordinates:

Energy | 1 | gyrophase
‘ ‘ Avg. over gyromotion

Position coordinates:

L-shell ‘ pos. along field line ‘

MLT

| Avg. over bounce motion
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Inner Mag

Breaking the Adiabatic Invariants: Wave Environment

THE UNIVERSITY OF IOWA/AFGL

CRRES SFR/SA_ dbv/m/viz_-166.0 IS 55 .0

MAGNETOSONIC

Electron

> Cyclotron

1 by Harmonics

ENHANCED
EMIC WAVES
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ELECTRONS

0100 SEP.04,1990 (80-247 21:50:00)
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mAT 41g
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RING CURRENT DRIFTS

Cumulative effect of wave particle interactions modeled as phase-space
diffusion coefficients

Images courtesy the U. of lowa EMFISIS Team
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Inner Mag

Ring Current

Collective behavior in the
inner magnetosphere

@ @ @ Gradient-curvature drifts
result in currents

@ Currents affect fields via
_ 1
J= %V x B
o Fields affect particle
gradient-curvature drifts

lectrons
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Inner Mag

Region 2 Field-Aligned Currents, Coupling to lonosphere

V - J =0 still applies
J :Vl-/JEingds
This current closes in both ionospheres
(Jy=VL TNV 6 -V, KN
(® X (1-QJ=V, %V, 60—V, Kdr
J|| :Vl-(ZNJrZS) -V, .o
~-V, - (KNiono + KSiono)
Solve boundary-value problem for ¢ to get

E-fields in ionosphere and
inner-magnetosphere.
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2-Fluid Equations

Describe ions and electrons as separate fluids:

L + V- [neue] =0

% (meneue) + V- [Mmeneue + pel] = —en. (E+ u. x B) + R
0 (1 » 3 1 ) 5 Reo!!
- | mMeNel,e = Pe © | mMeNelsUe ~Pele | = —MeNe e'E_
at<2mnu—&—2p)—|—v [2mnuu—|—2pu} Meneeu { o

17}

an; —|—V~[n,-u,-] =0

% (m,-n,-u,-) +V- [m,-n,-u,- + p,'|] = en; (E 4+ u; X B) + ngoll
8 (1 , 3 1 ) 5 _ Rgo!

31’ <2mlnlui + 2P:) +V |:2mlnlui u; + 2P:U::| = mjn;eu; |:E+ en;
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Plasma as A Single Fluid

Define single fluid quantities: Make a few approximations
p = Min; + Mene Quasineutrality: ne = n;
u= Minii + MefeUe Mass Ratio: — <1

min; + Megne mi
P = Ppi+ pe P min
J = enju; — enqu, — u XU

—J~en(u—u)
With these definitions and approximations the 2-fluid equations can be
rearranged into the Extended MHD equations
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Extended MHD

0

9 e All % terms
Fri + V- [pu] =0 retained in
P derivation
o™ +V-[puutpl] =1 =B @ This set of
0 p p _ 2 o3 equations can be
ot (W) +Vv [um} o §p used for initial
o value problems
—B +V xE =0
ot

1
9 ~c*VxB =——1
ot €0

1
ZJ+V- [Ju TITY P | ipel]
ot en Me

e2n

1
:—[E—i—uxB——JxB—ue;J}
me en
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Limiting Cases of the GOL

Melej

J

1 1
=E+uxB+ —Vp.——JxB—-—

en en e’n
°

@ Ambipolar Field: negligible in cold plasma

@ Hall Term: negligible on length scales > A\; =, / 62";% in collisionless
plasma

® Resistive Term: negligible in collisionless plasma
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|ldeal MHD

Assumptions:
o E+uxB=0

eJ=1VvxB
o
Equations:
0
EP —I—V-[pu] =0
2u + V- [puu + I]—i(VxB)xB
52" puu +pl] =
0 P p 2 —2/3
g () + 7 o] =50
%B —Vx[uxB] =0
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MHD

Magnetic Tension, Magnetic Pressure, and Alfvén Waves

V x
(V4 B) xB V X B
VxB)xB
B B
Shear Alfvén Waves Compressional Alfvén Waves
vp= 2B (Magnetosonic Waves)
Viop

vm = /vZ+ V3
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MHD

Flux Tubes and the Frozen-in Condition

© © \® ®

In electrostatic fields In inductive fields
1
u= o5 (~VoxB) Vx(uxB)#0
Vx(uxB)=0 The magnetic field changes to

The flux tubes expand and contract preserve the enclosed flux
to always enclose the same flux
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Magnetic Reconnection

lon DifFusLn Region

e [O 1 1
- {,‘—HV {JquuJ—JJiPE}} —E+uxB-—JxB
ecn | Ot en Me en
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MHD

Force/Stress Balance and the Ring Current

0

0 0 (:) e
%+W:—Vp+pg+JxB ) O
1 1
JLZ_EVPXB"i‘?ngB

@ MHD diamagnetic currents are a poor approximation of the ring
current because using a single MHD pressure misses the energy and
pitch-angle dependences of the gradient-curvature drift.
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MHD

Recovering the lonospheric Limit

GOL with neutral collisions and neutral winds:
1 e e
0=E+uxB-—JxB- mT (Ve,'—l—lje,,—l—ﬂl/,'n) J+en(ven — vin) (U —up)
en e’n m;
Steady state momentum equation:
0=JxB+pg—Vp—vp(u—u,)
1
u=uy+ [ xB+pg—Vp]
Substitute for u in GOL
1
0=E+u,x B+V—[J x B+ pg—Vp] x B
in
1
——JxB- % (Ve;—kue,,—f—ﬁl/m)J
en e’n m;
(Ven - Vin)

Vm

J=0-[E4u,xB]+D -Vp+T-g

+en [J x B+ pg — Vp]
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MHD

Transient MHD Behavior

of the lonosphere

n, (log m™)

apex alt. (km)
IS o
& & 2
3 &8 8
ya

Eugene Dao -
Ph.D. Dissertation
Cornell, 2013

< -b a b
parallel (slice)

(a) Simulation setup for a bubble at the equator.

c d e f

Electric field mapping along Bo

Magnetic field along Bo
mV/m

nT
1
0.2
0.1

0

J
] b a e
_e-d—C e
0 e parallel (slice) 0 -f-e
(b) Ez1 for a bubble at the equator.

parallel (slice)
(¢) B:1 for a bubble at the equator.
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SWMI Coupling

Convection with IMF B, South (Dungey Cycle)
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SWMI Coupling
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SWMI Coupling

Current Systems

R (O Force Balance:
R1 current
1
.& )L =-5VpxB
— V-J=0:

R2 current JII — /V . JJ_ ds

Jy =

y
R. H. Varney (SRI) Geospace Electrodynamics June 20, 2016 34 /45



SWMI Coupling

Energy Transport and Poynting's Theorem

Poynting's Theorem:

0 |elEP | |BJ?
ot 2 210

ExB
W.[L}: _J.E
1o ~——

Energy Flux

Joule Heating

Energy Density
lonospheric Joule Heating: Use E field in the neutral wind frame

J.E=(0-E)-FE

=op |E+u, x B]?

= nimivin |uj — up)?

See Appendix A of Thayer and Semeter, 2004, JASTP.
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SWMI Coupling

Alfvén Wave Transmission Lines

Electrostatic: Electromagnetic: Reflected Alfvén wave forms
such that
Edow Eaown+ Eop_ 1.
E @ 6Biaown — 0Bup  Zp
@ 5I?:OW“ Reflection coefficient:
oB =L Eup a—Xp
) Eiown  Za+Zp
Bup This simple transmission line
Xp Yp model assumes
E 1 £ 1 @ lonosphere is thin slab
rosg = Y MOE = HovA = . @ Alfvén speed above

ionosphere is constant
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SWMI Coupling

Effects of Conductance Distributions (Lotko et al. 2014)

Uniform Causal - empirical Hall depletion

12 MLT 12MLT 12 MLT
1123 kv -0.1kV 1202 kv —8.2kV 116.2kv

7

o
[ £
g E
s ¢
o ©
S 1 06 18 06 18 <
8 ; E
5 §
= =
O £

~56.1kV o 56.2kV —66.2 kV o 580 kV —61.0kV

Equatorial magnetosphere
Velocity, 100 km/s
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20 10 0 -0 =20
YiquoR
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Polar Wind

The Magnetosphere-lonosphere “Gap” Region

@ Magnetosphere
models operate
outside of
2—-3Rg

@ lonosphere-
thermosphere
models operate
up to ~600 km
altitude (1.1 Rg)

@ Electrostatic
fields assumed to
map along field
lines in between
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Polar Wind

Ambipolar Electric Fields

1 1
E+uxB——JxB=—-——Vp,
en en

A 4

1
By =—2;Vipe
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Classical Polar Wind

GEH = Mo+§8
HT
@
my+&

mo+§&

@ In steady state ambipolar field
balances gravity for major ion
species (O™)

R. H. Varney (SRI)
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Polar Wind

MAGNE TOSPHERE

o —
e /" PPUASMASPHERE
/ \\ \ /’7\\

/ ] - PLASMAPAUSE

/ ‘ N ~—

| \

\\ N
s FIELD

LINES

ey

@ Light minor ions (H' and He™)
feel same field
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Polar Wind

Photoelectron Escape and Zero Current

Heavy
lon
Outflow

Light
lon
Outflow

Photoelectron Escape

Polar
Drizzle

Reflected
Photoelectrons

270

180

90~

Pitch Angle (deg)

—90|

(c)
x

R. H. Varney (SRI)

Energy (eV)

Geospace Electrodynamics

A See Wilson et
Thermal al_' (1997)'
Electron Kltamura et
Inflow/
ot al. (2012,
2013), and
Varney et al.
(2014).
 Z
8.5
7.0"2
6._77%91
5.54
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Polar Wind

The Knight Relation and Mono-energetic Aurora

How can field lines carry  “Ambipolar Term” with anisotropy
upwards FAC?

2 —enE =V P,
F—_"1yB " .
{B :v-[p||bb+pl (l—bb]
= Vpy+ (1-Bb) -V (p1 — py)
vxB|lvxB . 1
/ —(pL—py) (l —2bb) - SVB

. . ~ 1
—enb-E=b-Vp+(pL—p)) b-5VB

Fields required to overcome the mirror-force
term can produce > 1 kV potential drops!

F=—-¢cE
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Polar Wind

Energetic lon Outflow

How do heavy ions escape gravity?
o Parallel electric fields

@ Transverse acceleration
combined with mirror force
lifting

100

“Ton donic
(Bouhram et al. 2004)

Nightside

Al Awroral Bulh Upflow _ Auroral Oval
VWD Upwebling Tons !

50

©
3 0
;:
5 -5.5
"1 Akebono/LEP |
Image courtesy of the ePOP team r=25 RE -8.5
-100
-100 -50 0 50 100
Vi (km s™)

R. H. Varney (SRI) Geospace Electrodynamics June 20, 2016 43 / 45



lon Outflow as a Multistep Process

Observed at FAST

Inferred

r=0.721 lon Outflow &855

a

> Electron Precipitation

r=0.634
Poynting Flux k

r=0.743

r= 0.88\ ELF/VLF Waves

(Heating)

/

lon Scale Height
Increase

v 7

Joule Dissipation

4

lon Upwelling

\

%.741

(Magnetosheath)

Electron Scale Height
Increase — Ambipolar Field

Causal —— > Possibly Causal

R. H. Varney (SRI)

N

Electron Heating/lonization

—— > Correlated

Geospace Electrodynamics

Polar Wind

Strangeway et al.

(2005)
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Some Open Research Areas

Particle

Acceleratjon
lon Outflow Effegts
. on Magnetotail

ollis

Réconpe

Ihductive atF-Inner Mag.

Coupling Interactions
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