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Aurorain Antiguity

e Fires

 Bad Omen (Julius
Ceasar, Attila ...)

e Dancing Animals or
Dragons

e Swords of Heaven
 Red Spear Shafts
e Cracks in the Sky




Historical Recording of Aurorae




Auroral Spiral







Auroral Arc from Space Shuittle




Aurorafrom DE-1




Auroraover Fells Glacier




Outline

o Steady State Magnetosphere
— Magnetospheric Current Systems
— Plasma Populations
— Magnetospheric Boundaries

 Dynamic Magnetosphere
— Storms and Substorms
— lonospheric Outflows
— Aurora/Auroral Acceleration



Overview of Magnetospheric
Currents



Magnetometer M easurements.
External Current Systems Dlscovered
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Magnetospheric Currents

SOLAR WiND- INDUCED ELECTRIC EIJHFIEH'I_'E\
FLOWING 1N THE MAGNETOSPHERE

---
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P » Ring Current
sesail « Tail Current

e Birkeland Current

 lonospheric Current

Q§  Boundary Current




Overview of Magnetospheric
Plasma Popul ations



Magnetospheric Populations

e Solar Wind: n~10cm, V~400km/s, T~10eV



Magnetospheric Plasma
Populations

» Innaer Boundary '
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Magnetospheric Plasma
Populations

Geostationary
Orbit
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 Boundary Layer: n~0.1-1c V~200km/s



Magnetospheric Plasma
Populations

Geostationary
Orbit
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Low-Latituda S
Boundary Layer i

o e . Plasma Sheet Boundary Layer

) Plasmasphera —————and Ring Current

e Tail Lobes: n~0.1cm T~5-50keV



Magnetospheric Plasma

Geostationary
Orbit

Populations
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Magnetospheric Plasma

Populations
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Plasma Popul ations:
Radiation Belts (1958)

o Explorer IV

e Van Allen

e Nn~1cms,

e T~1keV-100MeV




Plasma Parameters

V ,~200km/s at Magnetopause

At High Latitude V, /c~1 in Topside
lonosphere

V ,~1000km/s in Plasmasphere near Earth
Solar WindpB>>1; Ram Pressure Dominates
iIn Magnetosheatpd ~1-10,p,~50km

In Plasma Sheet p>m/m, ,

pP.~50km at lonosphere <<m/m



Physical Understanding of
Magnetospheric Currents



Magnetospheric Currents

SOLAR WiND- INDUCED ELECTRIC EIJHFIEH'I_'E\
FLOWING 1N THE MAGNETOSPHERE

---

.
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P » Ring Current
sesail « Tail Current

e Birkeland Current

 lonospheric Current

Q§  Boundary Current




Chapman Ferraro Model

N

)

(@)

Solar Particles
Planetary Dipole Field
Image Dipole (B=0)

Compression of
Planetary Field

Cusps (Q)
Boundary Current



Chapman-Ferraro Current
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Current Results from
Particle Motion

Charge Separation

12 = pipe
Neutralizing
lonospheric Electrons

L=p; (PsyV*=B42)
Right Answer
L=10,



Adlabatl |nvariants
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Ring Current

Energy
W( ,U, J | X) Eﬂi:;:g Center
Curvature/Gradient

Drift/Current
Vo = BxUW Particle M
d
GCD qu

Magnetization Current
Change in Magnetic During Storms

Field
AB  2Wiiies AB=100nT O W.__, ~10".

— part

—~

B, 3 W,



Ring Current

Energy
W( ,U, J | X) im:;r;g Center
Curvature/Gradient

Drift/Current
Vo = BxUW Particle M
d
GCD qu

Magnetization Current

Change in Magnetic
Field B 2W, 100 Early Atomic Bombs!

articles

P~

B, 3 W,



Cross Tall Current

Tail Serves as a Reservoir
of Energy

Magnetic Pressure >>
Particle Pressure in Lobes

Particle Pressure In
Plasma Sheet >> Magnetic
Pressure

10° A/S5R¢in Tall

Flux Added to Tall
Increases Lobe Pressure
and Intensifies Current in
Current Sheet



Birkeland (Field Aligned)
Currents

 lijima and Potemra

 Region 1: Connect to
Boundary Layers

e Region 2: Plasma
Sheet Pressure
Gradient

e Due to Geodesic
Bx[P Curvature of B




lonospheric Currents J=0E

= i
I ]+)
Conductivity , mho/ m

HDE

O, In direction of E due
mostly to ion neutral
collisions

0y In direction of Exb The
EXB drift is impeded for ions
leading to current

o, Q.

JH |/in
0,along b is large due to hig
electron mobility

(ve-n we-1 ~200-280km)




Physical Understanding of
Magnetospheric Plasma
Populations



Magnetospheric Plasma
Populations

» Innaer Boundary '
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Convection Model

* |lonospheric Flows Ma
to Magnetospheric
Convection

e Dungey (1961)
Reconnection

e Antisunward Flow In
Polar Cap

e Return Flow at Lower
_atitudes

e Electric Field (VxB)




Electric Fields and
Magnetospheric Convection

(d)

3 o

Birkeland Current
Electric Field
onospheric Current
Plasma Velocity

Potential Drop =
Transport of Mag Flux




Flux Transfer and Polar Cap
Convection

Radar Measure of Plasma Velocity In
lonosphere (=300 m/s)

¢~ 50kV across Polar Cap

At taill V,,~400km/s, B~5nT, R,~50km

¢~ 600kV across tall

About 1/10 of Solar Wind Flux Reconnects



Plasma Convection

e Convection (Dawn-Dusk Electric Field)
e Corotation (Earth’s Field Exerts a Torgue)
 Gradient/Curvature Drift
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Convection Model

* |lonospheric Flows Ma
to Magnetospheric
Convection

e Dungey (1961)
Reconnection

e Antisunward Flow In
Polar Cap

e Return Flow at Lower
_atitudes

e Electric Field (VxB)




Convection and Corotation

LINIFORM CONVEC TN
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Origin of Plasmasphere

e Cold Particles

wEBORg
EO

* 1 >r1,Convected to
Magnetopause

e 1 <1, Trapped

* Bulge is Observed

e Plasmasphere Shrinks
when Magnetosphere
Active

2 _
Iy =

Noon feet i

Equatorial Plane



Plasmasphere

Observed

~ Magnetopausa

Plasmasphere s
Lo Innier Boundary
.- Bool Plasma Sheet <

To Sun 4—1—

Dusk

During Quiel Times

—

ﬁ'laamna:-’qu:e
= |rrar Boundany
/ﬂ of Plasma Sheet
Magnelopause Plasma
\"‘---..,_TH
Dusk

During Substorms

— LI
Inriar Boundany
of Plasma Shesl

1
r Plasrma Mot at
i Start of Substorm
Plana Expansion
Sheaat



Alfven Layers

/’ : A fvéin LEI.'p'E.‘;:

Alfveén Layer —— |j/4
\@/E; IFEL: ::tlcli_m @\ nz?:’t:rﬁcles — Eim BO
N * *THIE, &
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* Hot Particles
 More Energetic Particles drift to MP

* |Increased Convection can Inject Energetic
Particles where they can be Trapped

« Electron Edge Closer at Dawn, lons at Dusk



l—Magnampausa

Plasmasphene Y
L+ or o inner Boundary .,
. <2 1ol Plagma Sheet <

To Sun 4—{—

Inner Edge of
Plasma Sheet i
Electrons

TN AP
Flasmasphiede

= |mner Boundany
j o Plasma Sheet

Plasrma
Shes

g™

Dusk

Magnelopause

During Substorms

RITITERT
InFer Boundary
of Plasma Sheal
]
4 Plasrma Mabon at
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" Plasma Expansion
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Radiation Belts (1958)

 |[nner Radiation Belt
lonosphere --2 R

10 MeV Protons
Origin: Cosmic Rays
e Quter Radiation belt

between 3-4 R
100keV electrons

Van Allen Origin: Geomagnetic
Explorer IV Storms




The Magnetospheric Boundary:
Bow Shock, Magnetosheath, and
M agnetopause



Magnetosheath/M agnetopause

Lo
>£’"’~\ e Bow Shock \A:VSN
XNy » Collisionless (Heating due

Ay to Wave Particle

Interaction)

e Foreshock Due to
Reflection/Plasma Waves

 Magnetosheath
(Anisotropy, SubAlfvenic
Flow, high[3)

« Magnetopause (Current
Layer, Transition to

Lower 3) ——Mirror Waves




T

e T e Magnetopause
40 \ B .
NERATR Crossing

(N orthward IMF

Mirror Modes In
Sheath

« Depletion Layer

 Low Latitude
Boundary Layer

e |ncrease of B,
Decrease of Density
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Flux Transfer Events
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Flux Transfer Events

—— Mognetosphers
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Bipolar B,
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Storms and Substorms



Magnetospheric Dynamics

Storms (1-5 days) (Dst) * Substorms (AU,AL)

— Associated with Intense ~ — Associated with Earth’s
Solar Disturbances Response to Local
— Initial Phase (increase of B) Conditions |
. Compression — Growth Phase (30 min)
e 0-25 hours « Storage of Solar Wind Ene
— Main Phase (decrease of B) — Expansion Phase (20 min)
« Growth of Ring Current « Sudden Release of Magnetic
. 1day Energy

e Current Disruption
— Recovery Phase (gradual P

Increase of B)
* Dipolarize
* many days

— Recovery Phase (hours)

« Return of Magnetosphere to
Original Condition



Magnetospheric Dynamics

Storms (1-5 days) (Dst)

— Associated with Intense
Solar Disturbances _
— Initial Phase (increase of b ="
« Compression i il
e 0-25 hours o
— Main Phase (decrease of B)
e Growth of Ring Current
e 1 day
— Recovery Phase (gradual
Increase of B)
* Dipolarize
* many days



M aqnetospherl c Dynamics

w\\ e Substorms (AU,AL)
@1}.. | — Associated with Earth’s

3 \j} Response to Local

== Conditions

— Growth Phase (30 min)
« Storage of Solar Wind Ene

— Expansion Phase (20 min)

e Sudden Release of Magnetic
Energy

e Current Disruption

— Recovery Phase (hours)

« Return of Magnetosphere to
Original Condition




Outstanding Substorm Issue

Il
“=\ * Location of Substorm
1 @‘ﬂ\ | Onset

 Model 1: Near Earth (9R
Due to Instability
Associated with Current
Disruption

e Model 2: Far Tail Due to
Reconnection



Magnetospheric Dynamics

e Substorms (AU,AL)

— Associated with Earth’s
Response to Local
Conditions

— Growth Phase (30 min)
« Storage of Solar Wind Ene

— Expansion Phase (20 min)

e Sudden Release of Magnetic
Energy

e Current Disruption

— Recovery Phase (hours)

« Return of Magnetosphere to
Original Condition




lonospheric Outflows



lon Conics

e During Storms 50 percent

of Energetic Plasma Sheet
ons are Oxygen from the
onosphere

 Heavy lon Outflows
Observed Along Auroral
Field Lines

e e S * Velocity Distribution
sio' 1 ado’ 167 oaip i Conical Shaped

e Broadband EMIC Waves




lon Conics
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v, (km/s)

300

100

lon Conics

a=10"

107 ax10
0" Distribution (km™ s
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The Aurora
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Auroral Colors and Altltude

OXYGEN ATOM

2D EXCITED EETIME = M SEC
STATE (447 £EV)

Pt = ot

157 EXCITED
STATE (194 £V)

e At 200 km collision rate Is
low > Red Aurora

 Blood Red Aurora Occurs
when Electron Beam
Energy < 500eV

GROUND STATE
(MMM ENERGY)




Auroral Colors and Altitude

e At 200 km collision rate Is
low > Red Aurora

 Blood Red Aurora Occurs
when Electron Beam
Energy < 500eV




Auroral Colors and Altitude

OXYGEN ATOM

2HD EXCITED LIFETiME = 0.4 SEC
STATE (447 £EV)

157 EXCITED
STATE (L96 £V)

JOSEC | !

RED 1 e At 100-150 km collision
rate too large so emission

GROUND STATE __ S

Gramirrom Enepsy == from metastable state

guenched >> Green 5577
 Electrons about 10 keV




Auroral Colors and Altitude

 Below 100 km Ncan
dominate O emission, SO
red emission seen at lower
edge of arc




Diffuse (Continuous) Aurora

e Diffuse Aurora from DE-1
and from the Ground

e Widespread in Latitude,
Connects to Plasma Sheet

e Results From Wave
Particle Scattering of
Electrons and lons into
Loss Cone (< 3 degrees)




Auroral Acceleration



Acceleration
Mechanisms

Auroral

Observations

— Electron Energy 10keV
— Parallel Electric Fields

Acceleration ~1-2R

Mechanisms

Double Layers
Generator Model

Kinetic/Inertial Alfven
Waves

Reconnection

R EE T

FAST ORBIT 1843

m () Diverging shocks : i

- . - B

E; o W 10 Hz

WE _ L
H Converging shocks by
2000

z 10000 i o lon cycloon wives — .

E (1] 4 kHz
- 1000 + band
-}

e

‘n§§§E$E

L

Wl

&
ontharv

Minutes from 18087-02-07/20:48:30



Auroral
Acceeration
M eChanl gIMNS . | I}.f""

oL A ,;,' "'.+1
(T "’"‘a*‘f TR
. -H,f" w ﬁw"d' i L'
. N %, FERFE Fi
Observations | S
! I . l.!jl'r' I'1I . J i J _|Ii" . |
— Electron Energy 10keV W -“'“w J ,~’U"J """-_.,.'v.f Vo e / ‘HI'IMf Ifw,uﬁ I"'Ii_,uﬂf y !
— Parallel Electric Fields o Y B
_ bl m_.-.-"""“"‘-"-—'r'- 'm,__ N (T el A,
— Acceleration ~1-2R L ™ | I |
OOM4:3Z00 ECE | EEAD 1215 223 2ges AW meis . a3
Mechanisms ERSIL THE
— Double Layers ol
= ] : o] B
— Generator Model Po3 oo = El,mhl;ﬂj.“\
— Kinetic/Inertial Alfven - . ) % o | |
Waves s F | [ -tooms I e
: E = o~ _Eg\ 0l
— Reconnection Tl all s
o0 02 04 06 08 10 Eperp [m\/m)

Time {ms)



Auroral
Acceleration
Mechanisms

e QObservations
— Electron Energy 10keV
— Parallel Electric Fields
— Acceleration ~1-2R

e Mechanisms
— Double Layers
— Generator Model

— Kinetic/Inertial Alfven
Waves

— Reconnection

Marth



Aurora
Acceeration
M echanisms

e QObservations Q
— Electron Energy 10keV
— Parallel Electric Fields
— Acceleration ~1-2R pE Y NN B
 Mechanisms o s
— Double Layers J——
— Generator Model e f’”ﬁ_:’\x\
— Kinetic/lnertial Alfven P —— f f/ 4
Waves - i L

— Reconnection




Auroral (s

Acceleration R
M echanisms

 Observations 51 | - —
— Electron Energy 10keV 2

L
-]
E

5. lonosphere

— Parallel Electric Fields
— Acceleration ~1-2R

e Mechanisms

— Double Layers

— Generator Model

— Kinetic/Inertial Alfven w? = k3?2 %4_ %"'E%Z[f%
Waves A [ ‘|'i . B

— Reconnection

* Kinetic Regime



Auroral 1|
Acceleration -
Mechanisms -
Observations _E“‘ | —1

— Electron Energy 10keV - et
— Parallel Electric Fields

— Acceleration ~1-2R

Mechanisms  Inertial Regime

— Double Layers

— Generator Model k2\/ 2

— Kinetic/Inertial Alfven
Waves

— Reconnection

A

- [1+ k*c? /wi]



Auroral
Acceleration
Mechanisms

Observations

— Electron Energy 10keV
— Parallel Electric Fields
— Acceleration ~1-2R

Mechanisms
— Double Layers
— Generator Model

— Kinetic/Inertial Alfven
Waves

— Reconnection




e O

Auroral “

I N. Tonosphere

Acceleration [\ | /\=
Mechanisms .
bservations . . —1
Electron Energy 10keV S Tonosphere

e M

Parallel Electric Fields
Acceleration ~1-2R

echanisms
Double Layers
Generator Model

Kinetic/Inertial Alfven
Waves

Reconnection

]




Auroral
Acceleration
Mechanisms
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Outstanding Problems

What is the Onset Mechanism For Substorms?

How are Auroral Electrons Accelerated? Why are
Auroral Arcs so thin (100m)?

How Is Mass, Momentum and Energy Transferred
from Solar Wind to Magnetosphere across the
Magnetopause?

Magnetosphere-lonosphere Coupling



Sunlit Aurora




