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UV ~1600A; high-photosphere,low chromosphere

2010/08/01 23UT

2010/08/01 23UT




_EUV [31A; corona,

2010/08/01 23UT

_EUV_ 171A;corona

e

2010/08/01 23UT




LEUV | 93A; corona .
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EUV 21 IA; corona
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Coronal hole?field reaches far
into the heliosphere, stretched
out by the solar wind; holes at
low-to-mid latitude persist for
months, over the poles for

¥ |
‘ , . much of the eycle ; K3 \
: _ N.Bqay/Euv bright
' ' “points”: over, small
\’" ' emerged bipolesiand
" ¥ N ,\ over chance encounters

’ -

of opposite polarities
i

Active region: had at least
one sunspot at some point
in its evolution

Quiet Sun = not
active region, ..

- >
Ephemeral region:
never had spot or

pore in its evolution
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EUV 335A; corona
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Basic structure of the nearest star

® Radiative core - 0 to 0.7 of the radius (Rs)

® Inside 0.2 Rs hydrogen burns to helium
Energy is transported by radiation
Contains 98 % of the solar mass

Convective zone - 0.71Rs to the solar surface
° Energy is transported largely by mass motion
° Contains 2% of the solar mass and 64% of the solar volume

° Virtually all energy leaves the Sun from the surface - Photosphere

Karel Schrijver Heliophysics Summer School 2012




“Sun-like” stars - from the perspective of activity

+ Density (kg/m3)

A O \\ Neutflnos
Gl Co@@g\
Z

JSUPCRGIANTS \
4 Belelgause \ i &
. ) y

Antares.

All rotating stars with convective
envelopes exhibit atmospheric
magnetic activity.

Lifetime Barnard's Star®
10" yrs

Proxima Centé

of 6x10®
£/ Y7 (eg. Cantelo et al. 08, Maeder et al. 08)
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Stellar evolution and luminosity/radiance

Hertzsprung-Russell diagram luminosity-age diagram

Luminosity
Luminosity

Karel Schrijver Heliophysics Summer School 2012




Domains in the solar atmosphere

Domain: “Definition” “Conceptually”

Photosphere Opetically thick to thin Scattering-free l.o.s.in continuum

Ch romosphere Optically thick in strong lines only 10-20 kKelvin

Transition Region ! Transition in ionization and plasma B

Corona Optically thin X-ray to IR > IMK

Heliosphere : Beyond “Alfvén” point

N.B. From photosphere to geospace: 5 g/cm?
Earth atmosphere: 1,000 g/cm?
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Domains in the solar atmosphere

Domain: Energy balance Plasma/field

High plasma B except in strong field;
) S0k : gh p P g s
Photosphere Hot upflows, radiative cooling frozen in field; single-fluid MHD

Non-radiative EM heating, some :
Chromosphere acoustic heating; radiative cooling Plasma B wide range around but

mostly above unity; multi-fluid MHD

Transition Region Conductive heating from above;
radiative cooling Low plasma [3; MHD approximation

Corona? Non-radiative EM heating, cooled by

conduction and radiation Low plasma B; MHD approximation

Heliospher: i
Slosphete Outflow of plasma, cooling by Plasma B ranges around unity

expansion, heated by waves

a: The closed-field domain is often in near-hydrostatic balance.
N.B.The open-field corona is cooled mostly by conduction and expansion

b: Mostly in near-hydrostatic stratification, except in strong downflows which can be supersonic.
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Comparison
of
properties

Our intuition (based on
where we can live [green
box] is of little use thinking
about the solar atmosphere
[yellow, blue, red boxes]

T TTT

[IYI!IW
0G 1kG

From Vol. |

geéosyrchibnous orbit!
08 - 1.7\mG

log(#)= o1 |

wind ot 3 solor, rod

[ wind ot 20 solor rod:
[ 20 - 50 mG
iog(8)= 3. to -2/

wing ot 200 sdlar radii (EBlth orbit)
0,01 -0.3 mG
log(g)= -2. 1 3.

wind ot 1000 solor rogs (Jupiter odit)
4 001 mo |
og(8)= -1
Y=ol 1M
110 microG
og(8)= 0. to 2

log(#)=

log(#)=

Ultra-high vecupm

1

—

Photosphere
16 - 3G
“1.to 7

Eorth ionosphere
03- 056

1

mammel range

B Y
Eorth roposphere Eortn
03076 0.3
log(d)= 8. 10 10. | iag(

Ll LT

Yl‘wTYl'IYY'__

Gose of soior ¢7
b-0.1 WG

@
ase Eorth montle

to 6

-

. 3
density (g/cm?)

/

Plasma Beta Model

T

Solar Wind
Acceleration Region

T T T T

R

1
1
1
1
]
1
1
1
1
1

T

Corona

SXT Limb Dot

Height (Mm)
T

SRR

T

Chromosphere

Photosphere

i
i
i
i
i
i
i
i
i

T T

i
|

MR ETTT BT R TTTT BT |

T T T TTTTg

Lol

plasma—g: average and 90% range

,,,,,,,,,,,,,,,,,,,,, <>

PEETRETTT BT

107 107 107

5 10
Beto (16mnKT/B“)
[ ]

(Gary, )

Rough estimate for medium-sized active region
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Table 4.1. The hierarchy of magnetic concentrations.®
Magnetic Faculae,
Sunspot with Penumbra Pore Knot Network Filigree
Property Large Small (micropore) Clusters Grain
& (10"¥Mx=10'" Wb) 3 x 10* 500 250 - 25 ~ 10 <20 ~05
R (Mm) 28 4 - . i )
Ry(Mm) 11.5 2.0 1.8-0.7 ~ 0.5 - ~ 0.1
B (in G = 107%T) 2,900 £ 400 2,400 £200 2,200 £200 =~ 1,500 — 2,000 - ~ 1500
Overall contrast
in continuum dark - bright
AV
Cohesion single, compact structure cluster of
Behavior modulated
in time remain sharp while shrinking during decay ? - by granulation
Occurrence exclusively in active regions both inside and outside
active regions
% @ 1s the magnetic flux, R is the radius of a sunspot, Ry is the radius of a sunspot umbra or of a smaller magnetic
concentration, and B is the magnetic field strength at its center.




Earth to scale

2012-May-01
00:00:04
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The dynamic magnetic carpet
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The dynamic magnetic carpet
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Spectrum of emerging bipolar regions

e Bipolar regions form a
continuum from large active
regions to small ephemeral
regions, and perhaps even
smaller “intranetwork field”:

e Regions with less flux

® Increased spread in latitude
and orientation;

® Less cycle dependence,
perhaps slight

anticorrelation ER | AR

106 . TR o
100 10! 102 108
Flux (10" Mx)

Karei Schrijver Heliophysics Summer School 2012 06/10/10

The dynamic magnetic field

“Carrington map” Obs. magnetogram

/01 00:04:00 GOES A44 H, = 110 F, =
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Data taken at Swedish Solar Telescope, La Palma, Spain
Courtesy Luc Rouppe van der Voort (University of Oslo)
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CRISP @ Swedish 1—m Solar Telescope  15—Jun—2008
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aia.Imsal.com

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) H>0.0% B>0.1% B>1.0%
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Simulations of activity

Simulated “Sun” from
40°N, “co-rotating”:

Kar<! Schrijver Heliophysics Summer School 2012

Small-scale field essentially constant

3—month running mear

The 2008-2009 sunspot minimum has
historical precedents, but is unrivaled in
the era of modern instrumentation.

2009/03/01

4

'Ev‘errpresent mixed bolarity
(event during Maunder Minimum?)

Karel Schrijver . Heliophysics Summer School 2012

06/10/10




All magnetic elements contribute to
total solar irradiance (TSI)

—— TSI solar minimum 2008/2009 —
Steinhilber et al. (2009)
——— Schrijver et al. (2011) B
Shapiro et al. (2011)

L |

|
1800 2000

I 1

| | |
1200 1400 1600

Feulner: http://adsabs.harvard.edu/abs/201 | GeoRL..3816706F
Karel Schrijver

Heliophysics Summer School 20

Magnetic activity
Magnetized chromosphere and corona form an <I¥1> (Gauss)

B 107! 1 10
IntegratEd SYStem (Eflzr./TRzSOEL‘(?;‘,/IIL’I.; M(‘hr,/TRz50Mmr,/lwl.)

T

* power-laws; over 100,000x in flux density at
Rontgen wavelengths.

Basal “background” heating:

* adequate wave power, acoustic tunneling, magnetic
carpet, magneto-acoustic couplings, ...?

Coronal activity
F, lerg cm-2s-1)

prcturyg

volluy

¥ e ‘ 4
_aTauK5 Il -
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“Flux-flux relationships”

o At moderate spatial and temporal resolution, radiative losses from any
thermal domain in a cool-star atmosphere scale with the (unsigned)
magnetic flux density underneath:

o F=a<|B]>

e Coronal flux density depends nearly linearly on magnetic field,
chromospheric flux density close to a square root.

Karel Schrijver Heliophysics Summer School 2012

Rotation and age: evolution and mass loss

M/M®= 1.2 1.6 0.9 0.8

| | | |
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L L] LT
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| IIIlIIII

o
<O

vsing [km s7']

t %
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Evolution and angular momentum

A5 FOF5G0 KO K5
2.0 3 ; 1.0
0.019 2610.037 (0.046
0.870 |z y 3

0.898 (2.
0.959
0.965 |2.52

[ X=0.6985 7=0.0197

Luminosity
o

>
. 0,8

4.00 3.90 3.80 370 3.60
0g(T,,) [K]

10.0

Moment of inertia

Kare Schrijver Heliophysics Summer School 2012

» . . - ’
.




Bolving sth &

T Tauri accretion

Disk accretion

Disk clearing, planet formation

Volume Ill chapter 3
Sun begins main-sequence phase

Appr. end of dynamo saturation
~1000x present-day coronal activity

~100x present-day coronal activity

~10x present-day coronal activity

Red giant Sun
Volume Ill chapter 2

Eaith

Moon formation

of lat heavy bombardment
est rocl s rvwln% on pr senF day Earth form
est cyanobacterial microfossi

In|t|al atm%gherlc o
Transvaal chert micro 0551 3

Multicellular life d veIoP .
Photosynthetic habitable zone beyond Earth orbit

Sun expands to Earth orbit
Volume IlIchapter 4




- Thesolar atmosphere 11

X

ind eruptions

Magnetic “free” energy in coronal field

e Significantly non-potential : ~10-30% of the regions on the surface.

e ARs with significantly” non-potential coronae are ~3x more likely to produces CMX
flares that on average are ~3x more energetic.

* based on a subjective comparison of images and field extrapolations.

Kard! Schrijver Heliophysics Summer School 2012 06/10/10




Mapping “free” energy

Table 6.1. Characteristic coronal energy densities.

Energy Type Formula  Value (J/m®) Parameter Values

Magnetic B?/2u 40 B = 100 gauss

Thermal nkT 0.01 n=10"m=3 T =108 K
Bulk kinetic ~ mpnv?/2  107° n=10Y% m=3 v=1km/s
Gravitational mypngh 0.04 n=10%m==3 h =10 m




Magnetic instability

; current sheet
forms

critical point

1

X-ray loops

Filament / Plasmoid
Ejections

Magnetic Neutral Line

Ho flare ribbons




Appearance of flares

impulsive

“Neupert effect”: soft X-rays behave as
“capacitor” for hard X-rays

hard X-rays

Goes X-rays: ~'2—1% of flare radiative
energy

microwaves

(X)(E)UV: ~30% of flare radiative energy

intensity

Visible light: bulk of radiative energy, but
against bright photosphere

Rough equipartition between “radiant”
and bulk kinetic energy, with substantial
spread.

Power law for flare class

® Cause of power-law behavior:“self-similarity”,
“self-organized criticality”, intrinsic coronal or
intrinsic to dynamo!?

1980-1982
N =7045

Slope =-1.732+ 0.008

FLARE FREQUENCY (per cts s™ per day)

al P 1 et sl
107 10°
PEAK RATE (cts s™)




Energy & SEP fluences

T T
Fluence estimates
from case studies:

X6 X2

X5

ops Erl (K2V)-1.17

EPERREEWELE
Satellite obs.'

OB

f(>E..) (per hemisphere per year)
f(>Fluence) (per hemisphere per year)

N Stellar
maximum

| |
10 10® 10*° 10%® 10* 10%® 10%® 10° 10® 10" 10" 10"
E,. (erg) Fluence (cm?, above 10 MeV)

AIA tricolor [RGB]=[211,193,171] 2012-01-27 18;11:01

® | eft: intensities Red/Green/Blue: ~2, |.5, | million degrees
® Right:"running ratios”, showing relative intensity changes
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Coupled events
SDO/AIA 304A

2011-0ct-01 [P
07:10:10 [ / .
ATA 304n N

Coupled events
SDOJAIA 304A




Coupled event
OIAIA 21 1/193/17 1A -
1* " .

Time: 2010-10-21 T12‘UD:DS.3122, 2t
aja_20101021T120004_211-193=171=

channel=211, 193, 171, source=AlA,AlA AlS]

2010/08/01
Coupled events

S 20100801_000
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mixing past and future information

Experimenting with the




Térok et al. (201 1)

2010/08/01
Coupled events
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2010/08/01: Sun to heliosphere

“Long-range magnetic couplings between solar flares and coronal mass ejections observed by SDO and
STEREQO?”, Schrijver, C. ).;Title, A. M., Journal of Geophysical Research,Volume |16, Issue A4, CitelD A04108
(2011), 10.1029/2010JA01 6224, http://adsabs.harvard.edu/abs/201 1 JGRA..1 1604108S

“A Model for Magnetically Coupled Sympathetic Eruptions”, T.Toeroek et al., The Astrophysical Journal Letters,
Volume 739, Issue 2, article id. L63 (201 I), 10.1088/2041-8205/739/2/L63, http://adsabs.harvard.edu/abs/

2011Ap)...739L..63T

“Three-dimensional Reconstruction of an Erupting Filament with Solar Dynamics Observatory and STEREO
Observations”,T. Li et al., The Astrophysical Journal,Volume 739, Issue |, article id. 43 (201 1),
10.1088/0004-637X/739/1/43, http://adsabs.harvard.edu/abs/201 | Ap)...739...43L

“An Analysis of the Origin and Propagation of the Multiple Coronal Mass Ejections of 2010 August 1”, R.A.
Harrison et al.,, The Astrophysical Journal,Volume 750, Issue |, article id. 45 (2012), 10.1088/0004-637X/
750/1/45, http://adsabs.harvard.edu/abs/2012Ap]...750...45H

“Characteristics of Kinematics of a Coronal Mass Ejection during the 2010 August | CME-CME Interaction
Event”, M. Temmer et al., The Astrophysical Journal,Volume 749, Issue I, article id. 57 (2012), 10.1088/0004-637X/
749/1/57, http://adsabs.harvard.edu/abs/2012Ap)...749..57T

“Interactions between Coronal Mass Ejections Viewed in Coordinated Imaging and in situ Observations”,Y.D. Liu
et al., The Astrophysical Journal Letters,Volume 746, Issue 2, article id. L15 (2012), 10.1088/204 1-8205/746/2/
L15, http://adsabs.harvard.edu/abs/2012Ap)...746L..15L

“The 2010 August | Type Il Burst:A CME-CME Interaction and its Radio and White-light Manifestations”, J.C.
Martinez Oliveros et al., The Astrophysical Journal,Volume 748, Issue 1, article id. 66 (2012), 10.1088/0004-637X/
748/1/66, http://adsabs.harvard.edu/abs/2012Ap)...748...66M

“Global three-dimensional simulation of the interplanetary evolution of the observed geoeffective coronal mass
ejection during the epoch 1-4 August 2010”, C.-C.Wau et al,, Journal of Geophysical Research,Volume 116, Issue
Al2,CitelD AI12103, 10.1029/201 IJA0 16947, http://adsabs.harvard.edu/abs/201 | JGRA..11612103W
“Multi-point shock and flux rope analysis of multiple interplanetary coronal mass ejections around 2010 August
| in the inner heliosphere”, C. Mostl et al., subm. to the Astrophysical Journal.

[In preparation], D. Odstrcil et al. on hydrodynamic modeling of CMEs.
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