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

Dana Longcope
Montana State University

Review & Activities
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Activity 17 (p. 32): The fact that concentrations of atomic nitrogen are not shown in
Fig. 2.5 should make you wonder given that molecular nitrogen is the most common
species in the troposphere. Why is atomic nitrogen rare in the upper atmosphere?
Hint: compare the molecular binding energies of nitrogen, oxygen, and water.
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Activity 9 (p. 21): Compute scale heights H, in the Earth's atmosphere for molecular
nitrogen (the dominant component) at a range of temperatures, and compare these with
the value H for the atomic hydrogen-dominated gas in the solar photosphere, and for
the CO,-rich atmospheres of Venus and Mars. Use the data in Tables 2.1 and 2.3.
Consider how the value of Hp/RO contributes to the appearance of the Sun as having a

well-defined surface. Also, consider why neutral, atomic hydrogen dominates in the solar
photosphere
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mg
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T= 1450K9Hp:43 km 4
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How fuzzy is the solar limb

H, =180 km
o e—r/H L——
95% drop over
Ar=3H, =520 km
= 0.0007 R,
= (0.7 arcsecs

Resolving power:
Human eye (good): ~60 arcsec
Telescope on Earth: ~1 arcsec
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H.,, 2 H.,=180km

either:

m_, < Hydrogen
(coronium?)
or

| T, > T.=6000K |

white light:

no scattering

from H

=» too hot for atoms!

Peter Longcope, Madras, OR

2017-10-26 MSU 10 x 10



Activity 19 (p. 33): You can think of the optical depth as the mean number of absorbers
within the cross-section along a photon's path from infinity to height h. The probability of
suffering zero absorptions, and thus making it to h, is exp(-t). The intensity at h is then an
integral from infinity over the expected number of absorptions along the way. Combine
that with Eq. (2.18) to derive Egs. (2.19) and (2.20).

show: T = oan(h) H, (1) : (2.19)
cos(x)
use: q = oal(h)n(h)mn, (2.18)
»(h
to derive: q(h) = I exp [—Ua‘n(h) Hy 2)] nican(h).
cos(x)
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@ O Compute number N of absorbers
(cross section 0,) the line passes

w through

same answer as:

[T a Compute number N of centers
O_ _________ ° O included in a cylinder w/ cross
e T section O,
local # density of centers
Answer on average: (N) = / o, n(s)|ds = T
. - N
Poisson: the probability of Py = e
including exactly N centers ‘ N'!

survival <& N=0 absorptions
This occurs with probability p,=e™
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Fate of a photon

w/ absorption x-section o Ophcallpath t(x) =avg. #

P \ absorbers in
—fGn(f)dé ] cylinder w/

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

X-section ©
1 - t=1 =9 1 absorber:
d¢ = -dz sec(y) ~(h) = /Uan(z) dz mean-free path
1 COS Y
. [ . ph
/X< _ 0\ /n(z) g — p(_)
() COSX cosx gm
o d
p P _
H, () - = g9p(h) = gmn(h)
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Fate of a photon

w/ absorption x-section o Ophca'lpath T(x) =avg. #

, \ absorbers in

—fGn(f)dé cylinder w/
X-section O

¢ t=1 =» 1 absorber:
mean-free path

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

d{ = -dz sec(y)
~uH T(Z)= f on(z')sec(y)dz'

n(z) = nye
/X< —(mo SeC(X)f /4

n(z)

No T(Z) — O-nOH SCC(X) e—z/H — e—(Z—Zfl)/H

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

Prob. of survival: [P(z)=¢"" = exp[ - e'(z‘zﬂ)/H]
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Prob. of surviving to h: P(h) = e~ T(h)

o0

T(h) = /Oan(s) ds

h

Energy flux @ h: I(h) = I e ™™
oc # surviving photons >0

g(h) = oan(h)n I(h) = ogn(h)nlce ™™

Hy(h)
cos(x)

T = o.n(h)

Hy(h)
cos(x)

q(h) = I exp [—aan(h) ] nioan(h).
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Radiation intensity & heating

H,(h
q(h) = Is exp [—aan(h) p 2>] nican(h).
cos(x)
_ o exp [_()/(zzl)/Hp B (2—:1)] " Chapman
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Common Physics

o0

optical depth 7(h) = /Uan(Z)

= oan(h)

Planetary atmospheres:

e “Th) = probability of photon
surviving to height z = h after
originating at z = oo

T = 1 identifies average point of death

Stellar atmospheres:
e "™ = probability of photon
surviving to z = oo after
originating at heightz=nh
T = 1 identifies average point of birth
(among photons reaching o< )
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Activity 18 (p. 33): Optical depth is an integral over absorption along a line of sight, and
thus as useful for incoming as for outgoing radiation. Explain why the layers
contributing most to the light from the solar photosphere are geometrically higher as
you look away from disk center. What can you infer about the stratification of the solar
atmosphere from the fact that the Sun (emitting close to black-body radiation over
much of the optical spectrum) is brightest near disk center, darkening towards the

limb?
dark =» cold
Limb darkening ,
tells us that
temperature

decreases with
height in the solar
atmosphere

cos(y) small
bright = hot

cos(y) large Hp (h.)

cos(x)’

21
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Temperature

Shocks oo

' 1.83%e+004
1.717e+004
1.596e+004
1.475e+004
1.354e+004
1.233e+004

F 1.112e+004
W 9.908e+003
8.697e+003
' 7.486e+003
- 6.275e+003
5.064e+003
Supersonic (u,/c, ,>1) flow 3.853e+003

2.642e+003
encounters obstacle: 1.431e+003

1. shock slows flow (u, < u,) 2.200e+002
) (K]

2. shock heats fluid ( ¢, , > ¢, ;)

— flow kinetic energy is partly

converted to thermal energy

=> Makes flow subsonic (u,/c,

,<1) so it can go around obstacle
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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~

20—

[ £

o =sint(1/M_)

Weak shock
far down
stream

25



Activity 65 (p. 134): Use Egs. (5.2) and (5.8-5.12) to show that in the case of a strong
shock (in which the thermal energy of the solar wind upstream of the bow shock can
be ignored) the temperature just downwind of the bow shock is given by (3mp/
32k)v,,,2 for a wind speed of v, and that the density contrast across the shock is a
factor of 4 (show that is true anywhere along the shock).

{pv-&,} =0, (52)
pot + Bl
v +p+ S (5.8)
BB
{pV”UL — i’n‘l} — (59)
2
{(Gor+ v H)u-v B =0 o)
{B,}=0 (5.11)

{VLXB“—I-V”XB_]_}:O. (5.12)



Activity 65 (p. 134): Use Egs. (5.2) and (5.8-5.12) to show that in the case of a strong
shock (in which the thermal energy of the solar wind upstream of the bow shock can

be ignored) the temperature just downwind of the bow shock is given by (3mp/
32k)v,,,2 for a wind speed of v, and that the density contrast across the shock is a
factor of 4 (show that is true anywhere along the shock).

B> 1

) B
pUy T+ p g = () (5_8)

ks
Psw ’USQ,W +% = P2 ’Ug T P2 = P2 /Ug T —pQ T2

T, — Myp | Psw W2 — /Ug _ My [1,02' ngy _ 3m,, 2
2 kb p2 SW 2 kb 4 SW 1 6 SW 32 kb SW



Use this to estimate the angle from the upwind direction out to which the flow
remains supersonic just inside the shock front (remembering that the transverse
component of the velocity is unaffected by the shock).

ko T2
— Usw, |
Tnp \
C $,2 M - 1z IUSQ\\' 1 = O Uy 1
% 3(my,/2) 16 " ‘
: 4 1
2 2 2 2
remains - Usw | = Uy | > ECs2 = 4 U1 = 7 Usw,L
supersonic: ) H 4
_ Usw, || 1 o
tan( Oy, ) > — O > 27

Usw, | 2



3%k, 5V

. 708
To8e
(3=

EXels] “quwuh:sph!re baundary

Spreiter
et al. 1966

Velacity, ¥
Temperoture, T




Activity 66 (p. 135): What is the expression for the temperature of the gas at the
stagnation point on the magnetopause assuming that the flow continues adiabatically

after the shock (i.e., that it conserves the sum of bulk kinetic and thermal energies)?
What is the value for v, = 800 km/s.

— _—_— = - — T — t- '
2'0 + 2 21} + 2 (m,/2) cons
1 k k
= =2 4 52Ty = 0 4+ 52T,
32 m, mp
K 1 3 1
SR of a2 2.2 _ 1,2
5 mp 32 USW + 5 32 USW QUSW
1 1
T, = LM, _ B

30



Shock partially therm-
alizes flow KE of SW:
Nose point (normal)

3m,
30k, 5V

Stagnation point

s = Ek—bvsw = ETN
u_ =800 km/s
> T, =7.2 MK
-> T, =7.8 MK
* pressure
Spreiter 4 5
et al. 1966 Py =5 Pl




Wind @ Magnetized Planets
Earth, Jupiter, Saturn,

Bow Shock
!.n' _),, . "’1?‘_%29‘“?3“5“
* Planetary B - /__J;: O & &
prevents SW from = /}U/« | -
. L o Magnetotail -
reaching /10 __;”-,;- —
Solar ] ' - T
ionosphere " TP R ';i f_“_i"_'%i_bbﬁv_ﬂ-a_:f_-@
e SW deflected by \ % __ | o
_ R
magnetosphere T
7 . ” » \’\ = &——%:EL}E__
* “squishy” obstacle —>
Magnetosheath

Hughes (cf. vol. | fig. 10.1) |



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

33



(Epp) /3
(87 Psw Vsw2)

o =( 45 )”6 B’
"o\32x) \pu

steady slow wind: p_, = 1023 g/cm?, u_, = 400 km/s

Bmp = 176 (5.22)

1/6

R, Earth: B.=0.3G

R = 0.875(0.09/1.6x108)Y6R, =11.7R,

mp

steady fast wind: p_, =103 g/cm3,u_, = 800 km/s

R = 0.875(0.09/6.4x108)Y6R, =9.3R,

mp

34



Acitivity 68 (p. 135): With the fastest recorded solar-wind gusts at v, = 2500 km/s,

what is the required plasma density to push the magnetopause to within
geosynchronous orbit according to Eq. (5.22)?

1/3

(87rpswvsw2)1/6
. 45 \"S B 1/6R 45 B2 (R, 6
" 327 pool/tozo ® Poo = 327 u:2>c Rmp

geosynchronous orbit (P=24h vs.1.5h @ R,)
Res = (24/1.5)%3 R, = 6.3 R,

u., = 2500 km/s from statement

P, = 0.45(0.09/6.2x10%)(6.3)°
= 10> g/cm® = m_ x6 cm?
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Other planets... same story

150 -200
1/6

-100

)1/6

how do u_, & p., @ Jupiter compare to @ Earth

100 -150 -200 100
R, (

-50
X (Ry)

0
B,~15B4;~5G

50

100

2
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2

poo U,

|

45
327
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Other planets... same story
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Activity 74 (p. 145): Many so-called 'hot Jupiters' have been found among the
exoplanet population: giant planets that orbit very close to their parent stars.
What would the estimated magnetopause distance R, be if Jupiter were orbiting
the present-day Sun at 0.05AU?

-200 o pr P AP 1 -2 —— ! !
00 - Noon-Midnight meridian view = 00 View from above :
f e
T N
ot : ™
Z O N
= =
=) ] i
= i
S A A
N AL
= ey 1IN
= = Y
100 50 0 -50 -100 -150 -200 100 50 0 -50 -100 -150 -200

X (R)) X (R))



Activity 74 (p. 145): Many so-called 'hot Jupiters' have been found among the
exoplanet population: giant planets that orbit very close to their parent stars.
What would the estimated magnetopause distance R, be if Jupiter were orbiting
the present-day Sun at 0.05AU?

45 1/6 82 1/6
ol
327 O U,

J

Bj“15B;~5G; p."~ (20)°p. o~ 4x10% g/cm3

u_~400km/s=4x 10’ cm/s

R. = 0.875(25/6.4x106)Y6R, =11 R,

mp



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

Reconnection with SW field

(consider southward IMF)

* Creates “open” flux N R A :
connected to poles @N I, '

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

* Steady state only WM : AGNETOPAUSE
reconnection in tail SEPARATRIC _ BOWSHOCK
“closes” flux at rate @, =-® :> - Mj_

* Requires long & strong N

neutral sheet in 1x [ =% O

magnetotail =S, T~
:{> \\.ﬁxx o

\
\
\

KX XXX KXXX XXX X XXX

Xx
XXXXxxxxxxxxxxxxxxx

vol. | fig. 10.3 —= 40

SEPARATRIX (X-LINE)



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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MAGNETIC FIELD MAGNETIC FIELD

gh-density
rapid flow

: —
/ ,1‘ \\\'\

PLASMA TORUS

Jan. 28, 2004

~ \ T —— 3
VOI . ~ u Jan. 26, 2004
(] (] (] — — o
\9

Jan. 24, 2004




NEPTUNE

R

PLASMASHEET

PLASMASHEET
e

TRITON

—_— -

vol. | fig. 13.10
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closed/open boundary maps down to
“auroral ova

|II

— Magneto

R

Radiation Belts




opause
M ag net pT B
------------------ .. I
B rI el == B hilobe ‘i
~===----Plasma_ "~ ~---Mantle t=@ = R P
‘-."'__-a-._ t_ s E
3 “~=~-.._KLine ..
wrSheetsesEm = T
e —t—1
> —--=100 U ——
e L South Lobe__

Pms” Psy,~ 10 erg/cm?

®, =@, = 7(Rysind )ZB ~7R26* B ~10""Mx
t~ T pc ) pc np @ pcnp

mag. pressure 1
In tail:

(Dl‘ = ERZ‘ZBZ‘ t
2 8T

B’ =

1 ® 1 (R,

27° R* 27\ R

t

Pressure balance
@ m-pause:

Rl‘

_ 2]_[ -1/4
R (2m)

® psw

1/2

20 ~25

1/4 — pc

B,~10% G~

10 nT

pC
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Other auroral ovals

Jupiter Aurora HST « 5TIS

NASA and J. Clarke (University

46



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

47



Example of how the motions meet

Slide upper boundary slab
< >
Ev F
/%%//%/ | VEREglt| |
O O O
OO, ©OOro J -1 ‘ep J

M-sphere: MHD
A

f L el e T ]

l ionoslphere l l pnosphere l
Ltmo phere a'tmospherJ
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Example of how the motions meet

Slide upper boundary slab
< >
—)
meeeeeel)eessssss E V N
N p —
| ®|V|®
GL—;QW—DG
Rl ® [® )
o) gicld [0
g J
| B Bl
ionosthere ipnosphere
atmosphere atmosphere
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Example of how the motions meet

slab

Slide upper boundary

RQ B O® O® |
> . 4 _w
®0 808 OF
4
d e pd dg
(a8
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slab

Slide upper boundary

Example of how the motions meet

l 2
—— <4

ROV O® O® 4

= » | —w

260 og © N

R3 ® e A |4
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slab

Slide upper boundary

Example of how the motions meet

l 2
—— <4

ROV O® O® 4

= » | —w

260 og © N

R3 ® e A |4
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slab

Slide upper boundary

Example of how the motions meet

l 2
—— <4

ROV O® O® 4

= » | —w

260 og © N

R3 ® e A |4
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Example of how the motions meet

Slide upper boundary slab
< >
F
V|®
L0
|© )
1O
L&
ols| |
*E=]J/0
"—>

54



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
——E=J/o

MHD Field line moti eates
current in ionosphere’—accompanied by E

55
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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 56



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
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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




