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*° The solar wind constantly streams particles from the Sun into

space, which pushes and shapes Earth’s magnetosphere

-- the Earth bathes in the Sun’s atmosphere xBHm = E E =1 *E:ﬁ
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An analog simulation was created by Prof. K. C. Hsieh of
the University of Arizona physics department.
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Establishment of the high-temperature corona (Million degrees)
1940: Edlen analyzed spectral lines from the corona and
established that corona emission arises from highly ionized
elements, at temperatures of >=1 MK

(The issue of the corona heating is still an open question after
more than 70 years of study!)
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Figure 1.8: Soft X-ray image of the extended solar corona recorded on 1992 August 26 by 8 \ 3
the Yohkoh Soft X-ray Telescope (SXT). The image was made up from two pointings of the 10 L2 e 3 el i el %O
spacecraft, one to the east and one to the west, to capture the distant corona far above the Sun’s 10 10 10 10

limb (courtesy of Yohkoh Team). Heig ht above photosphere (km)
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Parker’s ingenious idea:

Even though the sun's corona is strongly attracted to the sun by
solar gravity, it is such a good conductor of heat that it is still very
hot at large distances from the sun. Since gravity weakens as
distance from the sun increases, the outer coronal atmosphere
escapes into interstellar space.
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More realistic case

* Polytropic Solar Wind
* Energy Equation
* Effect of Rotation and a Magnetic Field

* Temporal and Spatial structures
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The SOHO instruments have shown, that the fast solar wind from coronal
holes emerges from the network boundaries, in particular from their
intersections
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Origin of Solar Wind from the Coronal Funnel
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Tu et al., (Science, 2005; SW-11, 2005)
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1950 Biermann pointed out that the anti-solar pointing of gaseous
Comet tails is a consequence of the ourward pressure of solar corpuscular

radiation (SCR).
BTERE: SRV RS, EKMEXEIVEH T 58448 B m K FHAH &

1771
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COMET TAILS:
L GERCR I — 2OE R
[OME = always in anti-solar direction

' | No Matter when and where:
low or high solar activity

low or high heliocentric latitude
=>»(1) SCR is an ordinary
everyday phenomenon

(2) Interplanetary space is filled
with SCR all the time.




Confirmation of the supersonic solar wind

1. First detection of high speed 1ons (>100km/s) from the direction
of sun: Luna 2, Luna 3, Venus 3 (Gringauz, 1960)

2. Found intermittent wind of about 300 km/s, 5 ions/cm?: Pioneer
10 (Rossi1, Bonetti, et al., 1961)

3. About six months of uninterrupted data showed the solar wind
with velocities ranging from 320 km/s—770 km/s: Mariner II (Snyder

and Neugebauer, 1962)

4. Parker’s spiral interplanetary magnetic field detected by the
Magnetometer carried on IMP 1 (Ness et al., 1964)
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Plasma Motion Animation - xy-Plane Magnetic Field Lines - xy-Plane
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With fieldline motion

Without fieldline motion

University of Michigan










BRI LA AR R R PR E R+

25 oy
n - . I ] 'T T T
, ol 0.05 |
{em™3) ¢ j 1Rt |
1Sk i S :
— I I
: | . 0.04 i
! I
10F i B |
55{] ‘ 1 {"‘""" |l } % - 0-03 -
B I
E [
Vp 500 i
(knfs) | : Yo Vp
! (km/s)

33



Co-rotating Interaction Regions
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Fundamental structures in the inner corona

plumes
, Jets streamers

r { Open & closed fields
S ., Coronal Hole
(solar wind)
Plumes-interplumes
Jets
% ops Strgar%'uers
N Loops
D Prominences
QThe Sun l (filaments)

prominences

Image credit: Valery Nakariakov
http://tbirdS.astro.warwick.ac.uk/~valery/
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Figure 12. Schematic showing the three components of the solar wind at sunspot minimum. High-speed
wind escapes along the slowly diverging, open field lines in the polar hole interiors. Component I of the slow
wind flows out along the rapidly diverging, open field lines rooted just inside the polar hole boundaries, which
are located near latitude 60° in each solar hemisphere. Component II of the slow wind, which originates from
the closed field zone equatorward of the polar hole boundaries, is confined to the dense equatorial plasma
sheet that extends beyond r ~ 3 Rg.



Intermittent Outflows near the Active Region
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Propagation of Intensity Outflow from AR-edge evolves into intermediate-
Disturbances [Sakao et al., Science, speed solar wind (400km/s). High speed solar wind
2007] comes from equatorial coronal hole (600km/s) [He et

al., A&A, 2010]
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® The magnetic changes in the Sun seen over a complete
solar cycle, 1991-2001

Credit: National Solar Observatory
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FROM SOLAR MINIMUM TO SOLAR MAX:
Solar wind and large-scale coronal morphology

Ulysses First Orbit Ulysses Second Orbit

Average Monthly
and
Sunspot Number
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Electron temperature in the corona
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——Mess 042 AU  —=Wind 1 AU

=—=Mess 0.56 AU —Ulyss 1.4 AU
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2010, 182.04-182.65 MESS 0.56 6.28 (6.25) (604) (218382) —1.58 —3.72 0.534 4+ 0.003
2010, 182.83-183.95 WIND 0.99 3.89 1.96 604 140390 —1.65 —-3.26 0.331 &= 0.002
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2007, 239.12-240.24 WIND 0.99 4.81 2.58 632 242000 —1.69 —345 0.409 £+ 0.002
2007, 241.77-243.29 ULYSS 1.4 2.14 1.25 560 107162 —1.76 —3.58 0.192 £+ 0.001
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STEREO .
(Behind) :
“B” g Relative orbital positions of both STEREO spacecraft for éach year

from June 2007.to June 2015
: (Diagram not to scale)
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Laminar flow
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Turbulent flow

Figure 1.1 Schematic picture of a fluid around a cylinder at different Reynolds
numbers.

—

Tur bulent flow (observed with an electric spark)

[O. Reynolds, 1883]




o T HE A K PH XU 7l 5 A0 A B
o IT X PH XUHY 2 A W 4ss 11E
« T H % hn#As K BH XU A 72 & A




\

AR H Z KR E S E

f—
)
(@)

—
O
N

temperature 7 [K]

S
(N

- ' T T
i photosphere chromosph.?l,{corona — ] 24
L | Mg X (625 A 107
3 Ne VIII (770 A) .
A 22
- O VI(1038 A) | 10
I OIV (790 A) -
- CIV (1548 A) | 10:20
: SiIV (1394 A)
- CII (1037 A)
i Hel(584A) - 1018
L Ly (1215 A) _
F 16
; = 10
I PR | L ! PR T T R S| L l-

100 1000 10000

altitude above T.,,,=1 [km]

particle density N [m™]



AFTELE BRI AER 2T

[l

FeXII 1242 A

AT
Fe X11 1242.0 (1400000 K)

MgX 624.9 A

el W

Mg X 624.9 (1 100 000 K)

OV 629.7 A

ot

‘"..v."“ ;; N,
S A (K~ TG g

OV 629.7 (230000K)

NV 1238.8 A

| cont. 1240 A
Forsyth & Marsch, Space Sci. Rev, 89,7, 1999 SUMER/SOHO 10 August 1996



Log Temperature (K)

_ Photosphere

5, IR A5 42

__Transition Region

Chromosphere

Height above visible limb (Mm)

v
Log Density (cm™3)

p—
-



Coronal heating, what does it mean?
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Small brightenings
at a range of

polar plumes are
observed at “corona
temperatures in open

III

“diffuse”

corona magnetic structure,
radiating at 2 the coronal holes
MK is not

confined to

“bright” loops
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Why?
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o EBERT 2L E) (magnetic activity cycle).
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BB (AC) (B4, 154, FEE, dESIHE)

o B, WK, Wik

o HiFE(body, surface), Alfvén ¥ (GLHRM )

o BT ERE, 3J1FAfvenyk, 3177F% N (Landau fHJE, [EIlEILR)

L FEROULIRI(DC) (1 &I3%% . BV E EEN S = B A)
 Quasistatic current sheet formation in force-free fields
e Dynamic formation driven by flux emergence

e Field-aligned currents (ohmic and anomalous resistivity)

PORTE I RALE] (k3% EEK)

o WILRIBENATE . ROEERIZI

o HHBEEE IREAMEEAER

o HEELRITHIFUL (Bremsstrahlung: radio to X-rays)



