Q: Why does the Sun have a
Corona? A Wind?

Dana Longcope
Montana State University

With liberal “borrowing” from Hansteen,
Schrijver, Gosling, Jokipii, Giacalone, Lean, ...



The corona — a dramatic view

July 2, 2019 — Cerro Tololo Inter-American Observatory, Chile
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Coronal (EUV) imaging — the basics:

* what you see is all the same T

* bright = dense plasma— n.?

* heating can® make plasma dense & thus bright
* heating is evidently magnetic

*if magnetic field lines are closed — magnetic bottle



B large enough
to restrict
plasma motion:
only along field
lines

Od picture:
balance between
heat & radiation
@ fixed pressure

Radiative losses
per volume:
Vol. I: Eq. (8.6)
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Below the TR — hairy details

Vernazza et al. 1981
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Heating is Magnetic

Pevtsov et al. 2003

Magneric flux, Mx




Field
varies —
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Corona produces EUV & X-ray

4 Na O O 0, O, H,0 & CO,
107 [ W Y, Vs IR
0 spectral irradiance o
e Z
D 10 ~
E
=
=
S
& 10° -
=
<
a —d spectral : —
- 10 o :'I:i‘:;ar..f&tiq B
v anobili X
10—4 L1 1111||1l Lt araaad 'Vl Lol : ; l'}ll
1 2 3 3
10 10 10 10 10
2| WAVELENGTH (nrm)

T°0T ‘814 “IIl "|oA

11



Irradionce (W/m’/nm)

Irradiance (W/m’/nm)

Chamberlin et al. 2009
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Smoothed 10.7 cm Flux - 67.

Corona produces p-waves

Sunspot Number (Observed) and Fitted from F10.7 Flux
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B large enough
to restrict
plasma motion:
only along field
lines

Wind: from
open flux

specific enthalpy
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/ Bernoulli’s law: % = const.

Energy loss = %vz + w() +\P(S)]] = O = fixed & given

mass loss fixed & unknown

Simple case: Isothermal ... ¥ —1

w(0) o Llpy‘1 — ¢2In(p) + const.

éoutflow

1

e[%"z -c; ln(v)} ¢ In[A(s)]+P(s) = const.

A(s) =+ g(s) = const.

fv) 1
’heat in=Q
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CS
tube:
cone)w/[vertical axis
A(s) ~ s2 S=r
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tube: 2(s) = —cS2 In[A(s)] + W(s)

horizontallhozzle
Y(s) = const. :
— ;

g(s) = _Cs2 In[A(s)] —> ——> 5 throat
ﬁ .
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A
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tube: 2(s) = —CS2 In[A(s)] + W(s)

horizontallhozzle
Y(s) = const. :
—_ : —_—

g(s) = —cs2 In[A(s)] Wo —™ ——> | —> > Wit
-W
: >
S
A sz(:::cTw?n Slows down
v PP 8 in flaring exit

constriction

Inflow = mass loss rate

setby CS_ ..................
back-pressure :

exit /—\ subsonic flow

W

19



tube: 2(s) = —CS2 In[A(s)] + W(s)

horizontallnozzle
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=» Mass loss rate is set const. fixed by need to become transonic when
by heating rate* external back-pressure is insufficient — i.e.
vacuum around sun

_Q
FX
=» density everywhere 25 )
is set by mass loss rate =%
M 2.0 !
p(r,) =
A(r,)c,
=» density @ base is 1-5: :2007
set by heating rate*... 1 <
> I — 150_E~<
. 1.0 E .
... and it will be lower \
than density on closed e
loops w/ same heating o5l -
(Why?) i =50
0.0 K = Lo | L L Lo Lo L %O

* ... and geometry of flux tube A(s)



B large enough
to restrict
plasma motion:
only along field
lines

Different coronae
from different
magnetic topology:
open vs. closed
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Why are some field lines open & others closed?

Magnetic field dominates:
nothing capable of countering its force so...

(VxB)xB =0
—|VxB=0aB| (ie.IB)

simplest version: o =0 (by fiat)

= VxB=0 = [ B=-Vy ] potential field

(cf. electrostatics)

V-B=0 = V’x=0 harmonic potential

(cf. electrostatics in vacuum)

24



B

-Vy & V’yx=0

potential field outside
sphere r=R,
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B

—VX & V2X=O potential field outside

sphere r=R,

Field: purely radial @ r=R, (by fiat)
dy o
B,B)=0 = |Z2%|_g
’ d0 Jg
— X(Rs,e,gp) =0 Dirichlet

g R l+1 . ‘
X(I’,Q,(p) - EAﬁm (_s) - (_) Y, m(@,gﬁ)
l.m r I?S
\_

B (R, ,0,p) = _ﬁ_x Observed (Neumann)

r=R,
* Observe B,(0,0)
A R\ o\ d@ photosph(;reh .
B.(R,,0,p) = Ly 41) = + g( 0) Y, (0,9) e decompose w/ spherica
E’E'" K, [ R, R, harmonics

* coeffs. > A, 26



MDI Synoitic Chart for Carrington Rotal
sxt CR CMP Dete

(6 (|)) measured” over
: entire sphere
% * accumulate strips over
27-day rotation

Sine Latitude
Latitude

180
Carrington Longitude

Plot Made 27—Jan—2009
Central Merfdlan — Une—of-Sight From Jeynoptk /camet/mM /1811 /aynep MLEC.181 1.00ts; Plot Range= 100




X(T',H,(p) = EAEm
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PFSS model
) (potential field

- -

open .
fieldlines

Solar wind flows from
open field crossing r=R
... the “source’ of the wind

>

the “source surface’

source surface)
Separatrix dividing
open from closed

| 1
I ]
----- t---\.---—. coronal hole -------——_-L..

coronal hole

0 180 360

B,(0,0) measured” over entire sphere
e accumulate strips over 27-day rotation
* hope that not much changes

e fill in poles (somehow)

» decompose w/ spherical harmonics

e coeffs. = A,
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Assumptions of the PFSS

* No currents in coronal field (simplest equilibrium)
VxB=0 R <r<R,

* Field becomes open (radial) @ fixed radius r=R,

* Not much change during 27-day accumulation

LB R e e e e e e o o o o
S e - e =» Model distinguishin
2 Source Surface Radius: 2.50 .

[ Cen ]
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=>» Field actually open will be
source of solar wind, less
dense & dark in EUX & SXR
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Source Surface Field
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W30 - Source 3urface Field Q, #1, 2, 5, 10, 20 MicroTesla
1I27126125124122122121120116118T17116115114112112111110T e T gl 7T el 5T 4T 21211 120120125127]
~ JUL 1986 n
W 3 N ATd Y N LY NN Y A N RYd ATd LY LYd NN R AYd ATd N
—&0N 60T
—20MN
| om—

w3

O - Fhotospheric Magnetic Field

JUL 1996

AV Y . T4

27126125124122122121120116118117116115114112112111110T e 1817 Te 1 5141732

Neqgative Open
Field Line
Footpaints

Closed
Field Lines

0, +100, 200, 500, 1000,

VAN AR

194

\_/\/\)"

Positive Open
Field Line
Footpoints

NS
e

203
-603 L .
— ? %0 GP QP 1?0 1?0 1?0 2%0 2?0 2?0 3?0 3%0 3?0 -

1911 31



Hellosphere
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W30 - Source Surface Field 0, 1, 2, 5, 10, 20 MicroTesla
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W30 - Source 3urface Field 0, #1, 2, 5, 10, 20 MicroTesla
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Effect of a warped” HCS

Interaction
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SOLAR WIND
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Origins of
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« Sun
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The Heliosphere's Interstellar  Science May 10, 2012

Interaction: No Bow Shock Result
D. J. McComas,"?* D. Alexashov,®? M. Bzowski,* H. Fahr,® J. Heerikhuisen,® V.
Izmodenov,® M. A. Lee,” E. Mobius,”® N. Pogorelov,® N. A. Schwadron,” G. P. fro m

Zank®
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Summary

Corona: because there is heating —reaches high T
because radiation cannot balance heating so
conduction is needed

More heat =2 higher density

Wind: because there is heating — advective energy
flux balances heating

Creates heliosphere



