Q: Why do the Earth & planets have
ionospheres? magnetospheres?

w/ liberal “borrowing” from Fuller-Rowel,
Solomon, Sojka, Lean, Vasylinunas,
Bagenal, Luhman



Heliophysics chain

Q: Why do the Earth & planets have ionospheres?
A: Because of the Sun’s corona (its EUV & X-rays)

Q: Why does the Sun have a corona?
A: Because of its magnetic field (and its heating)

Q: Why does the Sun have a magnetic field?
A: Because of its dynamo



Earth’s neutral atmosphere
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vol. Il fig. 13.3
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Fate of a photon |
optical path t(x) =avg. #

w/ absorption x-section o .
/ P l A absorbers in

]
—fGn(f)dé cylinder w/
X-section O

1 t=1 =» 1 absorber:
mean-free path

Prob. of survival: P(x)=-exp

d¢ = -dz sec(y)
e T(Z)= f on(z')sec(y)dz'

n(z) =nye
/X< = ano sec()()f —Hdy!

n(z)

o 7(z) = on,Hsec(y) e " =&

height of t=1: z_, = Hln[GnOH sec()()]

Prob. of survival: [P(z)=¢"" = exp[ - e'(z‘zﬂ)/H]
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Radiation intensity & heating
Energy flux: I(z)=1_P(z)=1_ exp[ - e‘(Z‘Z“)/H]

deposition:
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Rate of photo-ionization (per volume)
= Electron production rate:

q(z)=0,,nz) F(z)=0,,n(z) F P(2)}

1OIl

H

Electron destruction by recombination
with +'ve ions @ rate

- <
N exp[ — e M ——}

2 . .
L=oann =aoan, Assuming neutrality

Production balances n ()= q(2)
destruction: g=L a(z)




Production shut off
— recombination removes electrons
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Altitude (km)
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Why do different species
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lonospheric plasma

* jons/e form plasma — conducting fluid

* Neutrals: separate fluid

e Continual creation/destruction couples fluids
— created drag force” between them

A plasma with electron density n, (cm™) screens
out E fields w/ f < its plasma - e ot e
frequency 7\ m

Q: what is the lowest freq. solar radio emission

we can observe from the ground?

e
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increasing
coronal
flux

vol. Ill 14.4

Pressure Coordinate ()

10° 10° 10* 10f
Ll =
4t 0+ %,5=0.0 1350
N, -300
2 -al‘_'_'ﬂ-_.__b__:_ o "1 1250
of O TS 7 00
—— -II‘IFP-FH‘A] i el | 1 5O
2 ____,_.d"_"d’ | _..-"A'. s, T
4l ,{/ , 1120
()
e I li 1100
4 D"\.\' S=-0.5
- - 4250
2 h_'“‘-:_:_"'“h__rjo‘ \I..l
E.:"::';:\_H ".I.. 4200 g
ar -l g
o
) ° Jis0 ®
-2 - 02 | f-' . ;i_‘
L {120 =
-4} /x ’ B
k {,.-"l L
'6 I ll'f_ __,_:"J-' ' -1 m
. T
4+ . a1
e ) "% 200
o~ -NO '
\-{:} e /'I I
N
oF I 150
.,--""F--F |l | !
'2 = ! I
L o/ /- 1120
-4 r,f" (
L I
.- ) 100
10° 10° 10° 10°

Mumber Density (cm™)

Pressure Coordinate (£)

10° 10* 10° 10° 107
._\" 1 1-._[ T
4 "\_\H - O"\.\I S: 1 45 0 0
2t .."I \ 350
e + A .
of J=fNot £
= "a_\ 'H-\._}.‘ -F_,a"Pf —\lzm
2t T )™ 1150
o r——"" ,fj ’{.: J {120
Oﬂﬂl".' .,l' ;
6+ o {100
L W Eaas 3 e i -
4+ Nl':“\\ 0;\\ S=2 700
\ .
al \ \ ,;500
-H."'\-\__ | I' ,’300 g
- ""-___ i/ - =
Gn_ %‘%—"-—___NO+ / 200 é
— B -~ =1
2 S0 ]
- ! .,r =
A /7 20
0; ‘l'-.,' .,ll '
61 w {100
al N\\ o\, S=3 11000
ol N \.‘ 4700
= NO* | 4500
ol N A {200
" ____d—'-‘l—f:-'r, ) ﬁe
ar f l,a":,f" 4120
oA [
6+ M_J}) | 4100
10° 10 10° 108 10°

Number Density (cm™)



Other planets... other atmospheres
Why is Earth’s

300

N
|
o

200

Altitude (km)

150
100

50

Solomon thermosphere so hot?
: Tk ] |<I T i ket A I Fremyeney i ) KA | I) Y :‘:
= : | Earth _5
E- Mars | =
‘E_ }Venus _%
= :
E 3 Venus Earth
— < A N, 77%
3 P
o co, 0.03%
E- LS 0, 21%
E e P H,0  0.01% 1%
L ool TS~y o | loglog) -27.1 -25.3
0 200 400 600 800 1000 1200

Temperature (K)

Mars
3%
95%

-23.4



Principal lonization Processes CO; °
on Venus & Mars @ °
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Say | discover an exoplanet — Dana-|

It is a Jupiter-size gas giant orbiting fairly close
(1 AU) to its star: a B-type star

(M=10M,, T,=20,000K, L=10%L,)

Q: Is it likely that Dana-l has an ionosphere?

Q: What if the host star were a much cooler
M-type star?



Venus or Mars

No dynamo —no B
lonosphere =»
conducting bdry
SW-w/ B —can’t
penetrate
Supersonic flow
deflected by
obstacle

Bow shock forms

Spreiter & Stahara 1980

Bow shock

Nonmagneti.
v=2=0
{5 - o

Ionosphere
boun ary

Streamline



Simple picture of bow shock

* lIgnore pressure from SW B
* SW:u../C ) Peo Mo, > 1
* Standing shock ~ sphere radius= R
* Post-shock flow
e v.ubsonic—-M K1
=>» ~incompressible w/ u (R) =0

u=VyxVo
4 2
Y(r,0)=C r_R )sinze Lighthill 1957
R* r?
* Up,=Up./4 ,U,= U,
2 5 2
u, , =2(:1is 1_R5 L, M =_CI} (4+
cosf R R 4 sinf R




Numerical solution oo n
from Spreiter et al. 1966

30~

o =sint(1/M_)

Weak shock
far down
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Shock partially therm-
alizes flow KE of SW:
Nose point (normal)

1 2
T, =2 2 M
8 k,
Stagnation point
16 2 Lmu
15" 5 k&,
u_ =400 km/s
= T, =3.6 MK

> T, =3.8 MK
pressure

4 5

=—0 U
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Spreiter
et al. 1966
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Wind @ Magnetized Planets
Earth, Jupiter, Saturn,

Bow Shock
!.n' _),, . "’1?‘_%29‘“?3“5“
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Shock & sheath: similar to before
* Stagnation point (SP) @ r=R,,
* Plasma pressure: D, =£pooufo

2 1 1 ay
ST\ R,, 00
* |gnore inner plasma — balance

o ( 45 )1/6 Bé
"o\32x) \pu

Chapman-Ferraro Distance

1/6

R




Intuition break

R

mp

|

Ral
327

|

BZ
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2
poouoo

1/6
) R, ~12R,

P., = 102 g/cm
u., =400 km/s

* At what distance do geostationary satellites orbit?

* |s the moon inside or outside the magnetopause?

* What happens to R, during fast SW: u,, = 800 km/s



Similar picture from high-powered codes
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vol. | fig. 13.6

X (Ry)
P ™ 0.04 0, o

X (Ry)
o~ 2G;

o
oV
L
=)
- O
. o
o
V . '
r - C
T o
O — !
. 1 m
; —F o
-+ 5= g gvel
D“ e a
Mw..‘ = w ‘w\i; !
M S = S p
(0p) m ol m O
L SRS SO L - O
—
° o o o o o o
” el
- ...| ~— ~—
(Vg ~
t o
F I 4 LAl L . . T ) A % s ¥ B
Q v A N ] N
F i O AR A NN A WHR W { 1
f ST S 4 - .~ S, O S W VA ]
] N S A— ] [ i W T
[ 4 4 .4 R, uil ~ N h W - ]
kg B~ . " W W T 4 ]
n F A 4 A i BN S W WA ] (=)
T A P O A P, N Y W W . ) A S | S
Bl i A W 8 Il W Vi 'l Tl 1 O {p]
: 1 N W W W | D
¥ 7 7 2o D W W, W W 1 i} ) 2 ~—
L F SENF J | B . . A W ¥ rJ 1
a ) 47 7 A . I W W aim
T } 7 | S G~ W T . 7
¢ ) T T 77NN h - - I
E— 1 4 F 4 \ V\ //‘/:r ——ﬁ 11 (@)
1 ] LS
O Ut AW HHHHE 12
| - v 7 AW VA ¥ f |
| . 7N\ ] 17
T %'% 1 F i A\ f 3 L4 ]
L T WA W A F AR W W 8 B 1%
L 1 w—,ﬂ L W 1 \ 1 | h-h_nuu —
E SA BB A8 B 1 H T '
r WL W VI W W WL W0 INS NN RN FE] W o
A WA W RN vz i 17
TORCAENR G kL INSF IR I N FITE (|53 SRR EEEN n
AL YA RO R L DI B 1717, 7
R VI WA W VRUIITI 27 A 7T 77 '
e S - - ¢ IO T
h e 3 = 7
e e T A (@]
O 4 o
O
o
o =)

B,~ 15 B

=» Jupiter’s magnetopause:

Rips ~ 50 R;=3.5x 10" cm



But not all of Earth’s field stays
confined to m-sphere

Reconnection with SW field

(consider southward IMF)

* Creates “open” flux . . Al .
connected to poles @m g

* SW sweeps flux — | B3 .
downstream — into
magnetotail = | b

* Steady state only WM RY AGNETOPAUSE

reconnection in tail SEPARATRIX ~ 2O SHOCK
“« ” n - /’/ —
closes” flux at rate @, =-P /2 o

n

o :> /I/ X X

* Requires long & strong R
neutral sheet in Ly [ =22 O
magnetotail j\:\/’{(

Xx
XXXXxxxxxxxxxxxxxxx

vol. I fig. 10.3° —
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But not all of Earth’s field stays

confined to m-sphere

yd Hughes (cf. vol. | fig. 6.3)
| h@gﬂetopause

When balance occurs, tail...
e ... hassome length
L. 2> R,
* ... has some open flux
O

t

neutral sheet in
magnetotail
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closed/open boundary maps down to
“auroral ova
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Other auroral ovals

Jupiter Aurora HST « 5TIS

NASA and J. Clarke (University




Convection: magnetosphere meets

ionosphere

field lines are frozen to M-spheric plasma.
motion sweeps filed lines back

—> BUT: atmosphere

- | VAL & solid crust are
N DN — insulators — field
= | C '”\‘) < lines are
imaginary there
NS anan
E— X

MAGNETOPAUSE

Objection: field lines are also frozen into
liquid core — ends cannot be moved



Example of how the motions meet

Slide upper boundary slab
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Example of how the motions meet

Slide upper boundary slab
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Example of how the motions meet
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Example of how the motions meet

Slide upper boundary slab




Example of how the motions meet

Slide upper boundary slab




slab

Slide upper boundary

Example of how the motions meet
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Example of how the motions meet

Slide upper boundary slab
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Example of how the motions meet

(V)
| O
Slic Field-aligned currents < slab > 3
in MHD region 2
R (V)]
® -
eft| |
® ) .
©) 1/0)
L® -
>
[Holal | 3
Helt
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MHD Field line moti eates
current in ionosphere’—accompanied by E

slab of tailward flux



Convection: magnhetosphere meets
ionosphere

Hughes

’ 2 3 4
Magnetosheath

MHD motions drag
footpoints across polar caps
and back around to day side Pt | e |

————
e
-
=

Integrate™ E across polar cap:

Really an EMF — but called
“cross polar cap potential”

flow

* use MKS here



g

Field-aligned
: currents in MHD
[E-dl=¢, =d,

region

A
Convection
flow
vol. | fig. 10.5
(e = 50 kV

recycle in ®,in~ 5 hours

=5 x 1012 Mx/s



Summary

lonospheres created by EUV & X-rays from
Sun’s TR and corona

Diminish during night — lower during solar
minimum

SW deflected by ionospheres of
unmagnetized planets (Venus & Mars)
SW deflected by magnetospheres

Magnetotail created by reconnection with
solar wind magnetic field




