Last lecture (5)

e Solar wind

- magnetic structure
 lonosphere

- Iindex of refraction
- reflection of radio waves

- particle drift motion in magnetized plasma

Today’s lecture (6)

» Electrical conductivity in ionosphere
« Magnetosphere, introduction
« Magnetospheric size (standoff distance)

« Particle motion in the magnetosphere



o

FKTHE

ﬁ; VETENSKAP
.,# OCH KONST W%

s

EF2240 Space Physics 2013

Today

Activity Date Time Room Subject Litterature
L1 28/8 15-17 Q21 Course description, Introduction, The | CGF Ch1.1,1.2,
Sun1 1.4,5, (p 110-113),
6.3
L2 29/8 13-15 Q2 The Sun 2, Plasma physics 1 CGFCh13,5(p
114-121)
L3 4/9 10-12 E2 Solar wind, The ionosphere and CGF Ch6.1,2,3.1-
atmosphere 1, Plasma physics 2 3.2,3.5, LLChlll,
Extra material
T1 6/9 8-10 021 Mini-group work 1
L4 6/9 15-17 Q2 The ionosphere 2, Plasma physics 3 CGF Ch 3.4, 3.7,
3.8
T2 10/9 15-17 021 Mini-group work 2
L5 11/9 10-12 E3 The Earth’s magnetosphere 1, Plasma | CGF 4-1-4.3, LL
physics 4 Chli Il IV.A
T3 17/9 8-10 Q21 Mini-group work 3
L6 18/9 13-15 Q33 The Earth’s magnetosphere 2, Other CGF Ch 4.6-4.9,
magnetospheres LL ChV.
L7 19/9 13-15 Q2 Aurora, Measurement methods in CGFCh45,10,LL
space plasmas and data analysis 1 Ch VI, Extra
material
T4 24/9 8-10 Q2 Mini-group work 4
L8 24/9 15-17 V3 Space weather and geomagnetic storms | CGF Ch 4.4, LL Ch
IV.B-C, VII.LA-C
T5 2/10 8-10 Q31 Mini-group work 5
L9 2/10 13-15 Q2 Alfvén waves, Interstellar and CGF Ch 7-9, Extra
intergalactic plasma, Cosmic radiation | material
T6 8/10 15-17 Q21
L10 9/10 10-12 Q2 Guest Lecture by Swedish astronaut
Christer Fuglesang
Written 16/10 14-19 L21,
examination L22,
L31




EF22445 Space Physics i
7.5 ECTS credits, P2

shocks and boundaries in space

solar wind interaction with magnetized and unmagnetized bodies
reconnection

sources of magnetospheric plasma

magnetospheric and ionospheric convection

auroral physics

storms and substorms

global oscillations of the magnetosphere



Courses at the Alfvén Laboratory

EF2260 SPACE ENVIRONMENT AND
SPACECRAFT ENGINEERING, 6 ECTS credits, period 2

« environments spacecraft may encounter in various orbits around the Earth, and the
constraints this places on spacecraft design

* basic operation principles underlying the thermal control system and the power
systems in spacecraft

* measurements principles in space

Projects:

« Design power supply for
spacecraft

« Study of radiation effects
on electronics

Radiation environment in near-
earth space

The Astrid-2 satellite
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Mini-groupwork 2

a)

a)SUﬂ r a)sun r
; > Uy, =_—2—

sw tany

- =2n/T =2.9-10% s (T = 25 days at equator)
r=1A.U.
tan y = [B,/B,| = 3.6/2.6 (from figure)  (y =41°)

With these figures | get u, = 313 km/s

EF2240 Space Physics 2013


http://www.google.co.uk/imgres?imgurl=http://humbabe.arc.nasa.gov/MarsDustWorkshop/NASA_Logo.gif&imgrefurl=http://humbabe.arc.nasa.gov/MarsDustWorkshop/DustHome.html&h=857&w=1005&sz=44&tbnid=m0YhM3vHjtBOYM:&tbnh=127&tbnw=149&prev=/images?q=nasa+logo&hl=en&usg=__0kPVdOvODWC3RSZO6MPmj4_eV48=&ei=jkWpSuv_Cs7S-QavzsjXBg&sa=X&oi=image_result&resnum=1&ct=image

e Mini-groupwork 2

.§ KTH %

VETENSKAP %

'%:\fé‘?'

GMMI (140 IP Data) IMF, Ploama, Indices, Energetic Proken Flux  HRO=Definitive Sminute

14U P By, GEE
L
[
Gk - o
é
(- I

14U IP By, G5E
o
Lo
j
Nasadaehandanebendeial

14U P Bz, GEE
T
()
o -
i
I %

Ity
1
@ e wo b -

nioe

Protan densl

SE

1.2><10gl
e
-ty
g.0x 10‘W

010t

ternperature

08:00:00 1050000 110000 120000 1 3:00:00 14:00:00
Q8 Jun 19 09 10 08 Jun 17 Qa Jun 19 08 Jun 17 Qg Jun 10 Q4 Jun 19

TIME RANGE=2003,/6/10 (1561) ta 2009,/5,/10 {161}
1 duHo King, N P I hv|H

rovidsr,
( F‘ rul Sya NAS%\ GSFC d CDAW b when data,
Generoted by CDAWeb on Thu Sep 10 14 4340 2009

| = vt \i

EF2240 Space Physics 2013

b)

The magnetic Reynolds number is calculated by using typical plasma
flow velocities v, and typical length scales of magnetic field variations I,

Use solar wind velocity obtained in a) for typical flow velocity. To
obtain l;, multiply the time t it takes the magnetic field structure
(indicated in the figure), to pass over the satellite and use I, = vt. | get I.
=2.8-10° m.

Using a temperature of 5-10* K, we can evaluate the conductivity,

remembering that the temperature should be given in eV. We get the
conversion from

WzngT

which gives the result that 1 eV corresponds to a temperature of 7729 K.
We thenget T =6.5 eV, and

o=3.1-10"S/m
Putting in the numbers I get

So the solar wind magnetic field is frozen into the plasma to a very good
approximation.
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Energy - temperature
3

Average energy of molecule/atom: E = — kBT —

_2E
3K

1eV=16-101%9)=

_2E 2:16-10")
3Ks  3.1.38.10% >
K

T

T =7729K

EF2240 Space Physics 2013



But beware!

In plasma physics, usually:




Does the plasma follow the magnetic field
(a) or the other way around (b)?

Depends on relative
b energy density (pressure)

field lines

Py = nk,T

plasma

BZ
E 2 14,

PR

®) Ps

Ps

(a)

P <<1 p>>1

EF2240 Space Physics 2013



Mini-groupwork 2

c)

CHNI (180 P Data) IMF, Ploarna, Indicea, Energstic Proten Flux  HRO>Definitive Sminute

N f p=nm =6.1.10"1.67-10°" = 1.02:10™

ﬂg w Then the kinetic energy density is (v = 313 km/s):
T M MW 212 =5.0-10% Jm®

. % :

iw W The magnetic energy density is (using values of figure)
o e mea

= =(2.6° + 3.6” + 1.7%)(10°)* /20 = 9-10 ™ Jm’®
e 214y 2Hy
The ratio between the kinetic and magnetic energy densities is
approximately 50, thus the plasma motion determines the magnetic
field configuration, and not the other way around.

EF2240 Space Physics 2013
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Measurements "E”+F1” + "F27
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lonospheric layers

Layer D E F4 Fs
Altitude (km) 60-85 85-140 140-200 200 -ca 1500
Nighttime electron <10% 2 -10° — 2 -5-10°
density (cm™)
Davti 3 5 5 _ 2.108

aytime electron 10 1-2-10 2 -5-10 05 -2-10
density (cm'3 )
lon species NO" O, NO" O, | NO" 0, 0" O" He" H*
Cause of Lyman, o Lyman Uv uv
ionization (1215 A) (1025 A)

+ cosmic radiation X-rays

EF2240 Space Physics 2012
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Index of refraction for
electromagnetic waves in a plasma

(corrected)
(1) VxE=-L 1) = W(WE):-VX@
ot ot
_ oE oB oj 1 0%E
(2) VXB—/qu"':uogoE 2 — VXE:'UO@t_FCZ e
(3) J=-en\v, 2
" Vx(VxE):+,uog(eneve)—izg
oV ot ¢’ ot
(4) m,—=-eE
ot —>
Assume all quantities vary V(V-E)=VE =+ gen ov, 10°E
sinusoidally, with frequency o, e.g.: Tt ot c? oot?

. i(k-r—at)
E=E,

—>
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Index of refraction for
electromagnetic waves in a plasma

(corrected)
2 21,2 2 2 2
k(ik-E) ~K°E = o (-ic0)en,V, ~— (~ieo)' E o _CK _@e o
Does not represent E.M. wave Vph 0 w @
(4) =
kZE:—yOene§+i2a)2E
m, c
—>
2 2 2 2
ne -1 ne
k2 =—c? e 4 = HE™ | 7 = 11— w, 1 fp
m, >>£Q€O m, _\l _0)2 = \j _f >
w° =c°k? + a)i
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\X’here does the | " n:viph:\//l_T
total reflection n;’nl
take place? n
e
Large gradient when R
f~1, Mo

Higher frequencies — higher f . (n,)

EF2240 Space Physics 2012



Pulse

-

Transmitter Receiver

lonosonde

F Layer

E Layer

The pulse will be reflected
where

f=f,

The altitude will be
determined by

2h =ct

Where t is the time between
when the pulse is sent out
and the registered again.

EF2240 Space Physics 2012
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Reflection of radio waves

F2-layer during night:

n,=510"m> =
f,. =10"Hz =10 MHz
= HF/short wave

Ground wave

EF2240 Space Physics 2012
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Consider a charged particle in a magnetic
field.

y

oO— X
B=Bz

\/e

Assume an electric field in the x-z plane:

E=(E,0,E,)
m;l—\t/:q(VxB+E) —

Drift motion

-

vV
m—=qv B+gE
dt ’ '
dv,
iMm—=-qv,B
dt
dv, .
m :qEZ Constant acceleration along z
O dt
—>
(dzvx — qB dVy = %:—COZV
Jdt®  modt 7 dt .
dv,  gBdv dv 9°B
y _ _ X X — _ 2 _ 2" E
| dt? mdt  Cdt 8 m
—>

EF2240 Space Physics 2013



Drift motion

r

vV =V eia)gt+5X
(d?v qB dvy dvy 2 L
2x = :a)g —:_C‘)ng < E _
< dt m dt dt V = ——X vy ela)gt+5y
dZVy:_quVX:_a) dVX:_a)2 _qZ_BE = 3 1
| dt? m dt ¢ dt Y m® _
Average over a gyro period:
* X
- . __E__EB _(ExB)
drift,y ~— — o
o rit,y B Bz 82
dv,
i
J £ In general:
2
d (VVJFEXJ - v ExB gExB FxB
— 2 X e — = =
k dt2 = C()g (Vy + j drift BZ qBZ qBZ

EF2240 Space Physics 2013
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D rl ft Pasitive particles Negative particles

= © B =B
Homogeneous A i / \
magnetic field [ (
No disturbing force : 4 '
* B B

F X B Homogeneous

magnetic field
Homogeneous

U,. ——— ge
drift 2 electric field
q B F=qE

Homogeneous
magnstic field
Gravitation

F=mg

Inhomogeneous
magnetic field

F=-ugrad B

EF2240 Space Physics 2013



Suppose you apply an electric
field E in the direction showed in
the figure, and that one electron
and one ion (charge —e and e) is
present. What will the resulting
current be?

y
= I | =eu. —eu,
Yellow I:—eEf(

. 1
X

I —eEy
Green B

EF2240 Space Physics 2013

FxB

U=
qB’

Positive particles

Negative particles

=B © B
- »
Homogeneous A4 /
magnetic field { [
No disturbing force
. B + B
Homegeneous f"/’ R T TR
magnetic field Y * ’\ A i A .
Homegeneous 1 y ol
electric field A\ ‘ A‘ A_ ‘ ,* Y ‘I’ + Y Y ‘\."} ,:J i
,‘:;Jiﬁ;; 2l ' N
F=qE - -
Drift Drift
' B = B
Homogeneous TR o % T‘\fﬁ\m\.
magnetic field SN R I A A A T O T
Gravitation gkkn\*{#+*7?" ‘\'Y*u‘)‘l
_ S NN
F =mg s =il
Drift Drift
“ B =B
STTTRRITI TR
Inhomogeneous R O A A S S T
magnetic field i 4A+ )YYYY VYYY| All}
F= -u grad B gradB ui‘ffi-if,:; g Sl
Drift Drift




| =eu. —eu,

FxB eExB . EB . E
ui: > — > :_X_ZZ_X_
gB eB B B

_FxB_—eExB_ . EB . E

u —
° gB*  —eB’ B° B

| =eu, —eu, =e(u; —u,)=0

EF2240 Space Physics 2013
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Gyro motion

EF2240 Space Physics 2013



ExB-drift

E ®OB without collisions With collisions

)

EF2240 Space Physics 2013



Electric conductivity in a
maghnetized plasma

|, = parallel current
I, = Pedersen current
Hall current

EF2240 Space Physics 2013



2

Kristian Birkeland Edwin Hall Peder Oluf Pedersen
1867-1917 1855-1938 1874-1941

Norwegian American Danish engineer
scientist physicist and physicist

EF2240 Space Physics 2009



Current density

The current density j is a vector field with dimension [i] = Am~.

Boundary line

The total current | through the surface S is

| =[j-ds
S

EF2240 Space Physics 2013



Electric conductivity in a
maghnetized plasma Il

1 N 1
Op =0, 2 2 O 2 2
1+ oy, 1+t
o =0 a)geTe — O a)giz-i
H — “e 2 2 [ 2 2
1+ w7, 1+,
(7// :O'e +O'i
o, =e’nr, /m, o, =e’nz,/m
l, =o,E,
I, =0.E, BxE,

} or 1, =0:E +oy,

I, =o,E,

EF2240 Space Physics 2013



Electric conductivity in a
maghnetized plasma Il

l=0c-E
( o, o, 0 A
6=|—0, Op 0
E.
\ 0 0 Oy )
May be formulated as a tensor equation = ~ =

conductivity tensor

EF2240 Space Physics 2013
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£ wol lonospheric
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Consequence:
Birkeland currents

Region of low conductivity

When the conductivity out in the magnetosphere is low, it is easier for
the current to close through the ionosphere via currents parallel to the
geomagnetic field. Such currents are called Birkeland currents.

EF2240 Space Physics 2013



Exemple: Electric field 700 km above the aurora.
E=E X+ Ey)?

E, —1Vvm™ Nigh.tside, solar
maximum.

E =1pVm™

Io=1],=0.01 tAm=2
ey : } Yellow

j// = jz =40 “Am-Z

jp=, = 10.0 pAM?2
- Red
j//: jz =4.0 MAm_Z J
T L [

. Blue

=i, =40 mAm= |

EF2240 Space Physics 2013
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Parallel conductivity ©, (S/m)

o, ~1-10°Sm™

o, R 40Sm™

jo=1],=0.E, =1-10° Am* =0.0luAm™
j,=j,=0,E,=40-10° Am® =40pAm™

Yellow



How do we define
“the magnetosphere”?

The region in space where the magnetic
field is dominated by the geomagnetic field.

EF2240 Space Physics 2013
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Geomagnetic field

Approximated by a
dipole close to Earth.

Re |3
B = Bp(TE) cosé

B, R
B, =—2(—£)’sing
0 2(r)

3
2ReB ~
d= \
7 Ho AN
’ \
/ \
magnetic dipole moment

Magnetic field at the
“north pole”

EF2240 Space Physics 2013



Geomagnetic field

Alternative formulation of dipole field

B = Bp(&)3 cosd B, =ﬂLai3cosH

r 27 I

B, R . ali1l

B, =—2(—£)’sing B =ﬂL-—-—sin9
2 ( r) o o 2 18

3
azZﬂREBp
7 Ky

/
/

magnetic dipole moment

EF2240 Space Physics 2013



Geomagnetic field

* Angle between dipole axis
and spin axis: ~ 11°

Centre of Southern
auroral zone

* The geographic north pole
IS @ magnetic south pole,
and vice versa.

* Bequator =31 HT1

entre of Northem
uroral zone

Bpole = 62 HT

EF2240 Space Physics 2013



Geomagnetic field

Modified by solar wind into tail-like configuration

_Zasw Re e
20 —
1 ——“___,_-—-’//:—/--“ /"' [ e
=00 — e
4fﬁééﬁ/f,ffff—
78 N 1 " —T
N =
Xl\(aswl\\lll,l MRMEI7/‘ | | [ M| -\ |
15 AN Z8
N~ \_\
NS
A S
20
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Stand-off distance from pressure balance

solar wind magnetosphere
- dense plasma with
B ot conductivy i s
- weak magnetic field - large magnetic field
Dynamic pressure: Magnetic pressure:
2 B*
Pa = PswVsw Pe =

2 1y

EF2240 Space Physics 2013



Meissner effect in
super-conductors

The Meissner Effect

EF2240 Space Physics 2013



F
A dt A At A AtA
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Magnetopause “stand-off distance”

2

Dynamic pressure: Py = PswVew
. i
Magnetic pressure: p; = —2B
. 244,
Solar wind Magnetosphere ] ; ,uoa 1
Dipole field strength B= —
(in equatorial plane): am T
wa l i
2 /07 =
Hya e —1/6
r= (ﬁj (zﬂopswvéw)

a=8x1022 Am?,  v=500 km/s,  pg=10"x1.7x10%7 kg/m?:

r=7R, (1R, = 6378 km)

EF2240 Space Physics 2013



Standoff distance

v=500 km/s,  pg,,=107x1.7x10%7 kg/m3: r=7R,
1/3
r Hya ( 2 )—1/6
r=|——1 2 PswVsw
4

How will the standoff distance change if the magnetosphere is
hit by a coronal mass ejection (CME)? (o = 10p,,, V = 1000 km/s)

r=18R, Yellow r=58R,
Green r=3.8R, ~ Red r=9.8R,

EF2240 Space Physics 2013



Standoff distance

La 1/3 , U5 (pa 1/3 B
r= (Lj (Zﬂolopsw (ZV)SW ) - (Lj (zﬂopswvsw ) 40

4016.7=0.54 -7=3.8

Green r=3.8R,

EF2240 Space Physics 2013



Particle motion in magnetic field

. gyro radius
} pzm%
Gyro center qB

gyro frequency

Direction of motion a)g -
Positive ’ -
particle !
“" Direction of current
, | _Direction of motion m ag n etl C m O m ent
Negative ~..
particle ’

- =Y Direction of current L= A= q ngE p2 = mVJ—Z/ZB



Adiabatic invariant

DEFINITION:

An adiabatic invariant is a property of a physical system
which stays constant when changes are made slowly.

By ’slowly’ in the context of charged particle motion in
magnetic fields, we mean much slower than the

gyroperiod.

2
'First adiabatic invariant’ of mVL
particle drift: H =
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L ast Minute!

* What was the most important thing of today’s lecture? Why?

« What was the most unclear or difficult thing of today’s lecture,
and why?

 Other comments
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