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Plasma regions in the magnetosphere

. Overview of the plasma regions in the Earth’s magnetosphere
. Magnetopause — magnetic shielding and pressure balance
. Plasma sheet and magnetotail



Interplanetary space

Solar wind:
Plasma= electrons and ions

Frozen-in concept: No collision: magnetic field is'frozen” in the plasma
Interplanetary medium
Earth’s magnetosphere
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Solar wind and plasma regions

Bow shock

Solar wind

Typical magnitudes

»
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/— Nightsice

' magnetopause

/
/

current

Flow speed Flow direction Particle number Average thermal Intensity of B,
density energy
300-800 km/sec Nearly parallel to 3-20 cm-3 kTe <100 eV 1-30 nT
the Earth Sun line kTp <50 eV
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Typical magnitudes

Flow speed Flow direction Particle Average Intensity of mp= 1.67 1027 kg
number density | thermal energy | B | 21
me=9.1 103! kg

— -23
300-800 km/sec | Nearly parallel 3-20 cm-3 kTe <100 eV 1-30 nT k=1.38 10 J/ K

to the Earth Sun kTp <50 eV Mo= 4mt 107 H/m
line

IMF

Kinetic energy, thermal energy and magnetic energy

L 3 1
ESW = ENmpV SW ETp ENkTp = RESW
B> 1 3 |
E — = E Ee _Nk]-; =_ESW

5 0 50
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Modeled solar wind speed assuming isotherm gas (Parker 1958)
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/— Nightside
/ magnetopause
Bow shock current

| Plasme sheet boundary
~ layercurrent

Solar wind

Pressure balance between solar wind and magnetosphere
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solarwind

T

E=0

magnetasphere

<
<

A

Magnetic shielding
Magnetopause current — Eastward (compression)

\ 4

B#0
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Magnetic force
F=qvxB

Gyro radius

d 2
me = m =qvB
dt r

my
qB

=



Magnetopause and pressure balance  : sreanoceme

B, B °
(P, + =) =(p, +=)
2u, 2,
It comes from:
m dv =
dt
For ions and electrons
dav.
m;n, A gn.(E+v,xB)-Vp,
dt
dv
mene : =qen€(E+ve><B)_Vpe
dt
Add and notice 9=49: =9, J= ng(vi _Ve) P, =mn, +m.mn,
pmﬂ=JXB—Vp n=ni=ne

dt



Magnetopause and pressure balance  : sreanoceme
—

Equilibrium: dv
—=0=JxB-V
P 7 p
Ampere J = VxhB
Ly
Combine (VXB)XB — Vp
Uy
Vector identity and assume straight homogenous B
Bz
Vip+-—)=0
2u,
And we get the pressure balance
2 2
B B
IMF m
(P + )= (P, +5)



Magnetopause and pressure balance  : sreancene

B, B °
(P + =) =(D,, + )
2u, 2u,
B °
pSW =
2u,
Reflecting particles at the magnetopause:
solarwind ragnetosphere
);
p,, =2Nm v’ ) i
«
<pA
B=0 B£0




Magnetopause and pressure balance, cont - smeamocmne

ﬂOM Dipole magnetic field,

B. = M is Earth’s dipole moment
d 3
4 -7

solarwind ragretsphere
Bc O ®Bc
Bp 3 () Bp

B =2B,
Bd () &) Bd

B=0=Bc+Bd-Bp Brn=Bc+Bp+Bd



Magnetopause and pressure balance, cont - ereamocene

2
Bm
p =
T 2u M=8 1022 A m?.
0 . . _
Typical solar wind parameters:
N=10 10® m-3
) m,=1.67 10" kg
2Nm V2 _ (2Bd) _ 2 (MOM )2 v=400 103 m/s
p 2 4 3
JUr
Ho Ho r=51600 km = 8.1 Re
If one use p=Nmpv2, one gets 9.1 Re
2
M
N Uy

167r2Nmpv2



Magnetopause, empirical determination
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Fixed o (=0.5) and variable r,
. Ty= 8.000 R

T fo= 9.000 R :
E ~ T T 1. =10.000 Re 3
Shue etal., 1937 mg ........ 2 11.000 o ]

_T1,=12.000 Re

Representation

2

y=r “
O(1+cosﬁ)

ol

Sun

0 -

-40 -30 20 -10 0 10 20 .
X (Re) '
WMigwre 1. Graphical representation of equation (1).
0{=05 9=0 2 =r0, 8%180 r —= 0 " The radial distance r varies with r¢ and a. The top
pemel shows fixed a (= 0.5) and variable ro. The bottom
panel shows fixed ryp (= 10 R.) and variable a. Note

that R = /Y + Z45 = /Yism + Zégy, Which is
independent of GSE a%ffcsﬁ/ coordinates.




Magnetopause, empirical determination sreawcenme
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o= 0.612 r,=10.161 Re

2
1 +cosé

r =1 (




Magnetopause, empirical determination

. (Re)

10

02 it e e e i i

15 -10 5 10 15

-5 0
Bz (nT)

Figure 8. The variation of 7o and o with B,. This
relation is for D, = 1.915 nPa. The diamond symbols
represent the best-fit values of 79 and a. The error
bar shows the probable error of the best-fit value. The
solid lines show the fits. The number indicated above or
below each error bar shows the number of data points
for each bin. -
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1 ( : )"

1 +cosé

~
[

1

(11.4+0.013B) psw &, forB. =0

1

r,=(11.4+0.14B.) psw ¢, forB. <0

5

a =(0.58—0.010B.)(1+0.010p)



Magnetopause, empirical determination  : sreeawcene
—

1

r=(114+0.14B.)p ¢, forB. <0

2
D.., = Nmpv

Same solar wind parameters:
N=10 10® m-3
m,=1.67 10 kg
v=400 103 m/s
Compared with 8.1 Re
B,=0nT r=9.8 Re Or3.1Re
B,=-5nT r,=9.2 Re



Plasma sheet and magnetotail % BIRKELAND CENTRE
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/— Nightside
/ magnetopause
Bow shock o current

Plasma sheet with weak field and dense plasma , ,
Lobe with low plasma density and stronger field (Do, + B, )=(p, + B, )
Stretched magnetotail with current sheet sh 2u, ! 2u,
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Currents in the magnetosphere and ionosphere

. Magnetopause currents

. Ring current

. Tail currents

. lonospheric currents: Pedersen and Hall

. Field aligned currents, Birkeland region 1 and 2

20



Magnetopause current

solarwind ragnetasphere

I

< v
<pA

E=0 E#0

Magnetic shielding
Magnetopause current — Eastward current
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Magnetic force
F=qvxB

Gyro radius

d 2
me = m— =qvB
dt r

my
qB

=




Particle motion in the magnetosphere . BIRKELAND CENTRE
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how do particles enter the inner magnetosphere

9@)6 ® @

@99 ® | 6

Dungey cyclé



Particle motion, cont e

To describe drift paths:
General drift of particles in E and B

El;B ];3 (1 + COS a)BxVB a=pitch angle v fe/p
q

Vg =

General drift velocity in E and inhomogenous B



Magnetic drift &\ BRKELAND caTRE

vV, = ——BxVEB General drift velocity in inhomogenous B

yo
B large ‘\ r =\small, B large

Voo

—

I / /
/B small r = large, B small

r=mv/qB F=qv x B

Electrons and protons drift OPPOSITE direction
Only higher energies



Drift paths and injection to ring current - e camne
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E' =FE+vxB=0
E = —vx B When plasma moves with B,

E=-vxB an E-field in stationary system
UNIFORM CONVECTION COROTATION TOTAL
ELECTRIC FIELD ELECTRIC FIELD ELECTRIC FIELD
06LT 0ELT 06LT
/1_
Z 3 E
pa
/
L
[ ,
1L (4l | a1 12LT] P LT
: _ i
\
N\
~
N [ [ L
/ BT 5 0 16R, 1BLT
Magnetopause
vV, = General drift velocity in E and B
d



Gradient drift and Ring current

Trajectory of
trapped particle

K
v, = BxVB
3
qB
A P
/l |\ \small B large
6B / /
<—'
\\ L/ —/arge B small
r=mv/qB F=qv x B

Energetic particles:
lons to the west (dusk) and electrons to the east (dawn)
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/~ Nightside
/ ot




Ring current

Energetic ions
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/— Nightside
/ magnetopause
Bow shock O cumrent

| Plasmasheetboundary
. leyercument .

Tail current is consistent with the stretched configuration of the mangetotail
They close with the magnetopause currents



Polar ionospheric currents £ ke AN coNTee
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convection electrojets substorm
o~ o N TS ’
O o ~ d ~
O %

\

: \.

l

\ /

ex plosive electrojets

Hall currents — east-west, below 130 km
Pedersen currents — north- south, above 130 km



Birkeland currents (Field-aligned currents) - ememocame
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Field aligned currents are essential for the magnetosphere-ionosphere coupling



Birkeland currents (Field-aligned currents) - ameamncome
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Recovery Expansion (severe)

. Current into ionosphere

Current away from ionosphere

Fig. 15. Schematic diagram illustrating substorm-associated changes superimposed upon the basic distribution of field-
aligned currents.

Field aligned currents are the magnetosphere-ionosphere coupling
North-south Pedersen currents will close these currents in the ionosphere



Birkeland currents (Field-aligned currents) - ameamncome
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Birkeland region 1 current connects to the magnetpause currents
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The Energy flow the Earth’s magnetosphere/ionosphere,
. Available energy in the solar wind
. Reconnection, the solar wind dynamo and the epsilon parameter

33



Repetition: Plasma and currents in the system . sreamcenre

/— Nightside

//masreopause eSolar wind
eMagnetopause (boundary

and current)

o e ePlasma sheet and

Plasma sheet boundary )

e magnetotail

Bow shock

eMagnetopause currents
eRing current

eTail currents
e|lonospheric currents:
Pedersen and Hall

eField aligned currents,
Birkeland region 1 and 2




The source of energy:How much energy is available ¢ e

U, = %,0\/3/1

Kinetic energy is usually orders of magnitude
Larger than

Magnetic energy

Thermal energy

Remember: almost efficient shielding — only 1% into system



Entry of energy $5 smmeLann curn
—
Dungey Cycle — reconnection, day and night

99@ 0




Solar wind dynamo — magnetic flux
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On dayside: plasma on field lines is accelerated:
magnetic to kinetic energy
On nightside — tail: Plasma on field lines is de-accelerated
kinetic to magnetic energy — and stretched tail
induces a tail current
Reconnection : magnetic and kinetic energy into the closed system



Current on ma gnetopause i (GGG CoTRe
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Out of the plane

IMF B, > 0 O= E=-vxB dv IxB B
. X &Y p_ =JX X
IMF B, <0 ® = 0jy = LB dt
Z Into the plane
A 1 2 3 Only perpendicular
component
dv
X Bx 00—
dt
J = >
B

E e J < () Aisodynamo
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/— Nightside
/ magnetopause
Bow shock current

| Plasma sheet boundary
~ layercurrent

Solar wind

E and J opposite on the nightside magnetopause



Solar wind energy transfer function - o cenee
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EPSILON-parameter, Perrault and Akasofu 1978, derived from Poynting
Flux:

| 1
Poynting flux S =—FExB £ = deA =szF(6’)12
Hy 0

Clock angle [6.]

A Bz

0=a tan(B% ) \
z 270 l/ ;90

180

7 2 4({6.\2 l, (=7Re) and F(O) is determined empirically
¢ =10 vB sin | — |[5 Needs to be improved
2



Two main system processes to deposit stored energyprrea cene
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0943:42 UT IMAGE FUV

Substorms — aurora and
increase of Aurolar Electrojet
index — typical hour(s) 0043:56 UT Polar VIS

Geomagnetic storm —increase Dst
of ring current and Dst index |
Typical days

21-25 April 2001

L L L L
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
21 April 2001 22 April 2001 23 April 2001 24 April 2001 25 April 2001



The three main energy sinks o SihiE e
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Injection and increase of RING CURRENTS

PRECIPITATING particles into the upper
atmosphere

JOULE HEATING — Pedersen currents
(along E-field, a load)
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The energy sinks in the system

. Ring current increase (UR) — Dst index
. Joule heating of the ionosphere (UJ) — AE index
. Particle precipitation (UA) — AL index

43



1. Energy sink: Rlng Current and Dst % BIRKELAND CENTRE
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Dst is the average of magnetic dB
at 4 stations located close to magnetic equator

.y JE-FYXF=F") 5
B(l")= Of ( - )_"(3 )d3r
4t (r -1'")



Magnetic index: Dst, magnetic storm
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21 -25 April 2001

50 ! ' -
o e = e e e e e ) e o e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e
NT _ [ ................ R .......... S
B 1n ¢ ] R Y R P PP P L P TP PR TPPD —
- 150 1 s 1 1 1 " ]
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
21 April 2001 22 April 2001 23 April 2001 24 April 2001 25 April 2001

Loss of ring current, recovery




Ring Current energy increase estimates
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1
J =—VxB

Dst is the average of magnetic dB
at 4 stations located close to magnetic equator

* *

First Energy sink: 4 ( dDst Dst

RING CURRENT energy increase Up =4x10 . +
t T

Pressure corrected Dst™ = Dst — AH(p)



Ring Current energy increase estimates
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dK [ 5 Change of energy in ring current
dt R 1
K . .
V= . BxVB Drift for one particle
qb
; N o K dDst C U Dst)
= VIV X = Const - -
Total dt R T
* b
dDst Dst
AB =D, x 1 xKy, Up - 4x10° +
dt T

Pressure corrected Dst* = Dst — AH(p)
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— Nightside
/ magnetopause
Bow shock : current

5 -':w_":}
s
e

 Plasma
manﬂe

Plasma sheet boundary
. layercurrent

Solar wind

[

Convection
Charge exchange
3. Wave-particle interaction



2. Energy sink: Joule heating
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convection electrojets
~ ’_*"\\
o° =
O
Jp
\“\~~
o]e)

substorm
| \ //"—'-'\\
- N
\
\ r 4

ex plosive electrojets

Pedersen currents — north- south, above 130 km in same direction as electric field

Ui=J E



Auroral Electrojet (AE) index

“'@ FOR SPACE SCIENCE

convection electrojets substorm

\ -~
2 ~

0/’ o
o
°, ~ \\
\
: : ]
I
\ /
‘o ey
O\ ‘\M O//
~
~00 w

explosive electrojets

——

Westaward Current

South North




2. energy sink: Joule heating (Uj) using AE ind&gs

/ / 3 Westaward Current [T T AT
HEERAEEANS

R e South North

AE is an index for westward and eastward currents in the auroral oval.
Many studies have established relations between Uj and AE.

JOULE HEATING rate (]] — JE

Both hemispheres — solstice: UJ = 0544F +1.8



3. energy sink: Particle precipitation
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3. energy sink: Particle precipitation £ e e
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Stations for AE, AU, AL

0943:42 UT IMAGE FUV

0943:56 UT Polar VIS

U, =44JAL - 76

53
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Energy budget

. Short intervals

. Forl2 years

. New energy coupling function
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The energy transfer rates - summarize £ BRKELAND CENTRE
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Solar wind - magnetosphere - ionosphere system:

3
USW = / PV A
1) Available SOLAR WIND kinetic energy 2
0
2) The energy transfer function (e-parameter) : £ = 107 VBZ sin4 (—C)[g
2

The three main energy sinks:
%k *

3) RING CURRENT energy increase 4 dDst Dst
Up =4x10 +

dt T

4) Global AURORAL PRECIPITATION
both hemispheres _
( pheres) U, = 44JAL - 76

5) JOULE HEATING rate

(both hemispheres at solstice)
UJ = 0.544F + 1.8
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Energy input/output for July 24, 1997

- BIRKELAND CENTRE

'@ FOR SPACE SCIENCE

g.0x1o* J\f% solar wind kinetic rgy
g.ox1o

I I T T
Available WU gyt

T I T
1.61e+18 [J]

T T I T
Wie): 2.42e+15 [J]

W(Ug): 7.35e+14 [J]

e

W(U,): 2.60e+15 [J]

450
3300—
150

0

WU 1,53Ie+|15 i:J]

i) H—L‘-'—--_._._._,_._.__.—"""'

0900:00

1200:00 1500:00

Time [UT]

1600:00

2100:00




Energy sinks - distribution
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Substorms and geomagnetic storms

. Typically - The ionospheric energy sinks dominate:
U;: 55%

U,: 30%
Ug: 15%

. The coupling efficiency: 0.3-0.9% of the total available solar wind kinetic
energy is deposited to the Ml system

Upc+U;+U 4

Eff

US W

57
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W(n)= [le(®)-U, (1)lds

1998 2000 2002 2004 2006 2008 2010
Date [UT]

12 year of data, red is epsilon
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Improved energy coupling function £ BRKELAND CENTRE

40 = = .
e
0 1 9‘98 20‘00 2062 2064 2(;06 20‘08 2010
H Date [UT]
2
vB . 4 167 2
=—M  sin"| £ R;

o A {2 )5x102|B[ +1

Tenfjord and @stgaard, 2013 - JGR
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Plasma regions and currents in the Earth’s magnetosphere

. Overview of the plasma regions in the Earth’s magnetosphere
. Magnetopause — magnetic shielding and pressure balance

. Plasma sheet and magnetotail

Overview of currents in the magnetosphere and ionosphere

. Magnetopause currents

. Ring current

. Tail currents

. lonospheric currents: Pedersen and Hall

. Field aligned currents, Birkeland region 1 and 2

The Energy system of the Earth’s magnetosphere/ionosphere,

. Available energy in the solar wind

. Reconnection, the solar wind dynamo and the epsilon parameter
The energy sinks in the system

. Ring current increase (UR) — Dst index

. Joule heating of the ionosphere (UJ) — AE index

. Particle precipitation (UA) — AL index

Energy budget

. Short intervals

. Forl2 years

. New energy coupling function
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Asymmetries between hemispheres i (IEREAD iR
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0943:42 UT

IMAGE FUV
A T
. \/ép\[}\/\\/:ra;;:tory of M\L/)\
/ trapped particle
Mirror point

Polar VIS

Substorm onsets have asymmetric location



Asymmetries substorm location
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24.0 Northern Hemisphere A)
23.51
July 02, 2001 — |
_ 2 23.0]
North - IMAGE/ FUV WIC South - Polar/ VIS Earth >
0421:07 UT 0421:24 UT F ‘ R:0.98
; ) 2251 p:0.13%
s #55: 4671 X o' 0-03
22.0 . . .
= 24.0 Southern Hemisphere B)
: : R:0.96 |
23.5 p:0.19%
2
] 5 yag $ 1 :0.04
p s . >
-20.0 | L 4 b
0100:00 0200:00 0300:00 04[%9[]00 0500:00 0600:00 0700:00
gl R Y 22.5

Shifted to X=-10 Re

#55:1930
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IMF - ey
Penetrate ‘ '
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Complete asymmetric aurora

23 July 2009 | www.natureaslapacific.com THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

nature

DOUBLE
XPOSURE

iews from space show polar
asymmetry of Earth's aurora

RAGAMUFFIN EARTH
Ecologists getreal

VENTURE CAPITAL
It's not all bad news

VIROLOGY
Do chimps get AIDS?

NATUREJOBS
Nanomedicine

9 I//’J'.JZS'D

63

| 300
83095 I"

“'@ FOR SPACE SCIENCE

Three candidates for asymmetric
Aurora/currents

IMFB,>0 ©O= E=-vxB
SOLAR WIND DYNAMO IMF B <0 ® = dj, = 5

CONDUCTIVITY
At < 0

region 1 north

dawn [------------f--noON - e dusk

region 1 south



Transient Luminous Events - TLE ;i BIRKELAND CENTRE
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Red Sprite , &

Mesosphere
lonosphere

Electron
Density

Altitude (km)

Blue Jet

Stratosphere
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1 2 3
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Flashes 981678 a "’" o i
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(Created : 02/10/98)

Red sprites

e QOccurence rate of lightening: Blue Jets

45 per sec * Elves
FORMOSAT:7.6 TLEs pr dag

ASIM: 8 TLE pr dag
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Terrestrial Gamma Flashes - TGF

TGF trigger 2370
T
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