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Travel around the close environment of our star

These solar cl-ose-'ups reveal a star
that is more than just a big ball of gas.

Jouney to the stars movie
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Lecture Plan

I. Photosphere, chromosphere and transition region
- Sunspots
- Eruptive phenomena

II. Courona and solar/stellar wind
- Coronal mass ejection
- Soland and stellar wind
- Interaction between the host star stellar wind and surounding planets

III. Heliosphere in a galactic context
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Solar atmosphere structure (l)

A Model Solar Atmosphere
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Recall:
Ro =7 x 10°km
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Solar atmosphere structure (l1)
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Figure 1.22: Plasma // in the solar atmosphere for two assumed field strengths, 100 G and 2500

G. In the mner corona (R £ (.21 ), magnetic pressure generally dominates static gas pressure.

As with all plots of physical quantities agamnst height. a broad spatial and temporal average is

implied (Gary, 2001).

Table 1.1: The plasma-J parameter in the solar atmosphere.

> Parameter Photosphere  Cool corona  Hot corona  Outer corona

10 dyne/cm= = 1 Pascal Electron density n, (em ) 2% 10/ Tx 100 1x10 Ix 107
- R} 3 (0 "

10° dyne/cm? = 1 mbar G  adel Ty e lom
1 atm = 1013 mbar Magnetic field B (G) 500 10 10 0.1
Plasma-/$ parameter 14 0.07 0.2 7
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Chromospheric magnetic phenomenom

2006-Nov-20
12:04:30

G—Band, 15 July 2002, Swedish 1—m solar teiescope 0Q0:00:00
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Coronal loops emergence (TRACE satellite )

Apr 21 2002 00:11:19
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Classification of magnefic active region (Mt. Wilson)

a:A dominant spot, often linked to a Exemple de tache -y-6
range of opposite magnetic polarity = 78

B: A pair of dominant spots of

-
e ot

opposite polarity (bipolar)

5 AR

y: Complex group of spots with

irregular polarity distribution
0: Umbra of opposite polarity in a

single penumbra

Mixing of above types... for more

complex active regions (see image)
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The Sun in X-ray (Hinode satellite )

IT: 2007—01—08 18:19:08UT
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Lecture Plan

I. Photosphere, chromosphere and transition region
- Sunspots
- Eruptive phenomena

II. Courona and solar/stellar wind
- Coronal mass ejection
- Solar and stellar wind
- Interaction between the host star stellar wind and surounding planets

III. Heliosphere in a galactic context
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Solar eruptions ('flares’): April 1st 2017

AlA 193
10° K
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Solar eruptions ('flares’) en H et CaH (Big Bear + Hinode)
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High correlation between

Eruptions vs active region class complexity and flars intensity
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Classification of eruptions
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Ha classification Radio | Soft X-ray class
flux at
Importance | Area Area 5000 Importance | Peak flux
Class (Sq. Deg.) |10 solar disk :\r/:Hz class in 1-8 A w/m?
s.f.u.
S 2.0 200 5 A 108 to 107
1 2.0-5.1 200-500 30 B 107 to 106
2 5.2-12.4 500-1200 300 C 106 to 105
3 12.5-24.7 | 1200-2400 3000 |M 105 to 104
4 >24.7 >2400 3000 | Xa >104
1 s.fu. =10%jansky =102 W m? Hz! \

Eruptions les plus intenses




Eruptions during solar cycle

GOES Xray Flux (5 minute data) Begin: 2003 Nov 3 0000 UTC
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Fig. 5 Solar cycle variation of eruptive phenomena (flares and CMEs): a daily CME rate for the general population (width 230°) in red and the
number of soft X-ray flares with size 2C1.0 in blue, b fast and wide CMEs (spead 2 900 km/s; width Z 60°) in red and major (M- and X-class) soft
X-ray flares in blue, and ¢ scatter plots between the sunspot number (SSN, V2.0) and the daily CME rate (general population) for cycle 23 (red)
and 24 (blue). In (a) and (b), SSN is shown in gray background. The CME and flare rates are averaged over the Carrington rotation (CR) periods.
The flare rates are multiplied by 0.5 to fit the scale. Updated from Gopalswamy et al. (2020a); Gopalswamy et al. (2020b)
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ruptions during solar cycle

2020
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Fig. 7 a Solar cycle variation of the annual number of ICMEs (magnetic clouds—MCs and non-cloud ejecta—EJs) observed near Earth as
compiled in http//www.stl.caltech.edu/ACE/ASC/DATA/level3/icmetable2htrn. The total number of ICMEs in cycles 23 (307) and 24 (208) are
noted on the plot. b Annual number of EJs and MCs shown separately. The number of Els and MCs is noted on the plot
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Solar eruption stafistics: loi auto-similaire!
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Flare energy E [erg]

[Aschwanden+, 2014]

N(Eth) ~ Egp™




Radiation Mecanisms

EET A S EEEEEEEEE - photon
Bound-Bound
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Mécanismes d'accélération de particules

Table VI. Overview of Particle Acceleration Mechansims i Solar Flares

Acceleration Mechanisms

Electromagnetic £elds

DC Electric Field Acceleration:

— Sub-Dreicer £elds. runaway acceleration !
— Super-Dreicer £elds’
— Current sheet (X-point) <:ollapse3
— Magnetic island (O-point) coalescence®

— (£lamentary current sheet: X- and O-points)
~ Double layers

— Betatron acceleration (magnetic pumping)6

E<Ep
£>%Ep
L=~y fiow X B

Leom = —licog) X B

E=-VV
Vx £= —~(1/c)(dB/dr)

Stochastic Acceleration:

Gyroresonant wave-particle mteractions (weak turbulence) with:

— whistler (R-) and L-waves’

— O- and X-waves®
— Alfvenic waves (transit time damping)9

— magnetoacoustic waves!?

— Langmuir waves'!

. P
— Lower hybrid waves!?

kB
kLB
kB
k1B
k| B
kLB

Shock Acceleration:
First-order Fermu acceleration. Shock-drift acceleration
— Fast shocks in reconnection out=ow '

13

~ Mirror-trap in reconnection outsow !>
17

16

— Diffustve-shock acceleration
Second-order Fermi acceleration
~ Strong turbulence scattering18
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Figure 1.25: The solar irradiance spectrum from gamma-rays to radio waves. The spectrum is
shifted by 12 orders of magnitude in the vertical axis at A = | mm to accommodate for the large

dynamic range in spectral irradiance (after Zombeck. 1990 and Foukal, 1990).
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Emissions of thermal and non-thermal electrons (ions)
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Figure 94. Composite photon spectrum of a large “are, extending from soft X-rays (1-10
keV), hard X-rays (10 keV-1 MeV). to gamma rays (1 MeV-10 GeV). mostly produced by
thermal. nonthermal (energetic), or high-energetic electrons. Gamma-ray line emission and
parts of the gamma-ray continuum is produced by interactions of protons, neutrons, ions, and
pion decay.

A.S Brun — FDEPS— Structure et Evolution de Etoiles



1on

truct

Ines recons

Magnetic field |




Multiwavelength observation of an eruption/flare

Soft X-rays
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Lecture Plan

I. Photosphere, chromosphere and transition region
- Sunspots
- Eruptive phenomena

II. Courona and solar/stellar wind
- Coronal mass ejection
- Solar and stellar wind
- Interaction between the host star stellar wind and surounding planets

III. Heliosphere in a galactic context
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Coronal mass ejection (1)

18 Aug 1980: White Light

10:04 11:43

11:54

12:08 12:15

13:34

Source: High Altitude Observatory/Solar Maximum Mission Archives
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Coronal mass ejection + flares

Oct 252003 00:12:11

SoHO-EIT & LASCO
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Some numbers about CMES

The energy of medium to large
eruptive flares is generally distributed
roughly equally between radiated
energy (flare) and the kinetic energy of
the ejected plasma (CME), for a total
energy of around 4 x 10% J

The only sufficient source of eneegy is
the magnetic energy

They can reach up to 4 x 10'% kg

They are accelerated to approximately
2 solar radii, then propagate through

the interplanetary medium at speeds
ranging from 20 to 2000 km/s

2000/02/27 Q7:42
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Magnetic Reconnexion(2D)

First model for solar flares proposed by
Parker-Sweet in the 1960s (resistive current
layer). Problem: the characteristic time is too
long!

2
i = (TnTA%/N 107 s

XRRRRPRK R

Petschek then proposed a rapid reconnection
mechanism in 1964, based on “increased”
ohmic dissipation near the reconnection
point. Problem: What mechanism is behind
this high dissipation?

Several solutions exist to achieve such dissipation:
- Shock waves that convert magnetic energy very efficiently
- Non-collisional effects (due to small-scale ionic or electronic effects)
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Reconnexion in solar courona
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Interacting magnetic loops
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Standard model for eruptions and CMEs

after reconnexion

N . Reconnectin
a plasmoid is ejected o

Magnetic Field Line

New Reconnected
Magnetic Field Lines

Large Coronal
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Magnetic Field Lines
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... towards more realistic models

15 tévrier 2011, Jin (LMSAL) & Torok (Predictive Sciences Inc.)
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Magnetic clouds propagation (artist view)
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Exemple of 10th September 2017

2017-09-04T00:00 r=1.01 AU

Ecliptic plane lon = 180°

R=3.0AU

Normalized Solar Wind Number Density

RZN (cm”) D o= MF line
0 10 20 30 40 50 60 il

ENLIL-lowres + a6b1 GONGd-WSAdt+Cone - CCMC
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Jouney to the stars movie
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CME and (tiny!) planet Earth

University of Michigan
Manchester et. al.
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These ejections do not propagate in a void medium (next Lecture)

SOLAR WIND!
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Jouney to the stars movie




Lecture Plan

I. Photosphere, chromosphere and transition region
- Sunspots
- Eruptive phenomena

II. Courona and solar/stellar wind
- Coronal mass ejection

III. Heliosphere in a galactic context
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Corona and solar wind

1997/04/07
15:52
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Heliosphere structuration and magnetic field

30,000 km 100,000 km

f)iﬁerential Large loop Magnetic Heliospheric
otation reconnection expansion dynamic interactions
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Extrapolation ‘Potential Field Source Surface (PFSS)’

Cas Potentiel sans courant Cas MHD général
a prss e wHD .\
Mininum
Heliospheric
neutral current sheet (HCS)
Maximum

Field geometry and HCS more complex at maximum
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Magnetic field and HCS

E = 0.0 y (27—doy synodic reference frame) (p — 0.00

A.S. Brun— FDEPS— Structure et Evolution de Etoiles Cou rtesy of Dr. M. Derosa



Lecture Plan

I. Photosphere, chromosphere and transition region
- Sunspots
- Eruptive phenomena

II. Courona and solar/stellar wind
- Coronal mass ejection

ITI. Heliosphere in a galactic context
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Heliosphere as a whole
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Spirale de Parker et
Couche de Courant Neutre Héliosphérique




Voyager 1 probe crossed the heliopause

Jouney to the stars movie



Reluhve motion of the Sun in space

OFTICAL RESONANCE OF
NEUTRALS (H, He)
| ——— - — ———]
0O
(orization o
3 ity Distance (light years)
5 AU.
\ —_\

e EASAY
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Where is the Sun located in the Milky Way?
L

Stars in the local gl TR I :
solar neighborhood T - Jue
move randomly A é 2
relative to one another. . . % )4
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Motions of the Soleil in the Milky Way

The Sun orbits the Milky Way in about 230 Myr and possesses an oscillatory motion

Going above and below the galactic plane with a period of 30 Myr.

A.S. Brun— FDEPS— Structure et Evolution de Etoiles



Orbital plane of the Sun’s orbit with respect to that of the Galaxy

GALACTIC NORTH
. EAST OF SOLAR SYSTEM
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PLANE OF THE MILKY WAY

 THE SOLAR SYSTEM PLANE IS TILTED ALMOST 90 ° WITH RESPECT TO THE GALACTIC PLANE
Milky Way Image Credit: NASA. Diagram ©2007 i)y Nasif Nahle. .

A.S. Brun— FDEPS— Structure et Evolution de Etoiles



LL Orionis
Visible (Hubble)
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Next Lecture:
solar/s

snetochronology
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