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H-alpha flares

Flare ribbon
Temporary emission within dark Fraunhofer line

In spectroheliograms, flares appear as brightening
of parts of the solar disk

Area > 10° km? for large flares
Area < 3x10% km? for subflares

H-alpha flare area has been used as the basis for
optical flare importance

Area at flare peak measured as number of square
degrees (1 heliographic degree =2 © R/360 =
12500 km with R = solar radius = 696000 km)

Also measured as millionths of hemisphere (msh):
106 2 = R? or ~3x10% km?

A scale of 0-4 1s used with additional suffix for
brightness (faint, normal, brilliant)

4b 1is the highest importance; SF is the lowest

7 Aug 1972

Filament
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H-alpha Flares: Classification

Flare Area msh faint | normal | brilliant
(Square degree)

<100 (2.06) Sf Sn Sb
100-250 (2.06-5.15) | 1f 1n 1b
250-600 (5.15-12.4) | 2f 2n 2b
600-1200 (12.4-24.7) | 3f 3n 3b
>1200 (>24.7) 4f 4n 4b

msh = millionths of solar hemisphere
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Soft X-ray Flares

Global photon output in the 1-8 A band
Originally C. M, X used to indicate
GOES 10 X-Rays: the flare size (X2.5 = 2.5x10-3 wm-2)

1E-3 '
B, A added for weaker flares

Flares larger than X10 simply state the
multiplier, e.g. X28

M \
M‘J \ \ Importance Peak flux
C class in 1-8 A w/m?2

ﬁ A 108 to 107
B
B 107 to 10
W for T, EM/\_\\
A C 106 to 105
M 105 to 104
€9l , . | .
00:00  02:00  04:00 060 | X >10
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Pre-eruption
Sheared loops parallel

Yohkoh/SXT To the filament

Post-eruption
Arcade orthogonal
A To filament position
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Very weak flare

movie
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Filament eruption movie

1997/10/06 00:15
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Biggest Soft X-ray Flare of cycle 23
(saturated)

Flux | 1 1 i 1 1 1 S| l 1 XI 1 Fl:. 1 1 1
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Period of high flare activity

COES Xray Flux {5 minute data) Begin: 2005 Jan 14 0000 UTC
L1 e L S S S
- : Importance Peak flux
10_35 = = g < < class in 1-8 A w/m?
- - - B R
L\ ”*\ 21T A 108 to 107
= = ] k =b.
- — [ I |
NPT 1AV 172 B 107 to 106
- Je & &
W\ SO\ Sk
Inaing wE L |C 106 to 105
| | ' | 3
Y L B2 |M 10-5 to 104
Uk = = =
108 X >104
oF . Q
10 P T S U R S o
Jan 14 dan 15 Jan 1& Jan 17
Universal Tims
Updoted 2005 Jan 16 23:56:04 UTC NOAA/SEC Baulder, CO USA

X-class: 1, M-class: 9; C-class: many
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A Flare in Soft X-rays & Microwaves
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Lee & Gary, 2000
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E-W [arc sec]
radio: gyrosynchrotron emission from 100s of keV electrons
o = eB/mc gyro frequency; 10-100 harmonics
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H-alpha and Radio Flares

Flare Area msh faint | normal | brilliant | radio flux at 5 GHz
(Square degree) (sfu)

<100 (2.06) Sf Sn Sb <5

100-250 (2.06-5.15) | 1f 1n 1b 30-1300

250-600 (5.15-12.4) | 2f 2n 2b 1300-23000
600-1200 (12.4-24.7) | 3f 3n 3b 23000 - 30000
>1200 (>24.7) 4f 4n 4b >30000

msh = millionths of solar hemisphere

Imp = log S — 0.5; S radio flux in sfu (10-22 Wm-2)
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NoRH 17GHz 2004-11-10 01:50:03 NoRH 17GHz 2004-11-10 02:00:03 NoRH 17GHz 2004-11-10 02:20:03

NoRH 17GHz 2004-11-10 02:30:03 NoRH 17GHz 2004-11-10 02:40:03 NoRH 17GHz 2004-11-10 02:50:03
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Somewhat similar to soft X-rays

Additional wave-like feature due to CME

2004/1171001:13
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Flare Ribbons (TRACE)
and Hard X-Rays (Yohkoh)

HXT M2 GtI1D:ET:DOI UT on TIRACE 195t gt 102717

300 7 i
280 - : -
260 - :

N | L
O 240 -
o : :
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1 Overlie - -
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160 -
~100 -50 0 50 100

X (arcsecs)
Fletcher & Hudson, Solar Physics, 2001
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RHESSI Imaging Spectroscopy

Caspi & Lin, 2005
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Up-flowing particles cause
Type lll radio bursts

Acceleration site
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T T T

TypeX Typel Flare Continuum

| A generic Flare
\ g

(R S

500} VW s 2 .
“\ - Thermal (gradual profile)
‘H L L] L]
/_\__mg and nonthermal (impulsive profile)
~' ~1oHz Components are observed in most flares
s B p

//\ The top part is a radio dynamic spectrum
Ha Showing

EUV Mmzi
1040304 Type lll, V bursts due to electron beams from

/—/\ the flare site

e Type Il busts: due to shocks from the
X -ray

i _Jl\.‘ Ml associated CME

A . Type IV bursts (aka flare continuum) due to
electrons trapped in post-flare loops
Brotons-” /
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A Type |l Radio Burst

Type I (electron beams) v~ 0.3 ¢ gfqt = df/dr.dr/dt =(v/2) f n”"(dn/dr)
Type II (shocks) v ~ 500 km/s V = 2L (dInf/dt)

1/2
(

f ~n" (plasma frequency)

- ;:_#E,----:I ......... - | e S
_ 1 df/dt ~0.1 MHz/s

= -'.i.:-.

Dynamic Spectrum




Images of a type |l Burst

« Imaged by the Clark Lake
73.8 MHz Radioheliograph in the 1980s

Brightness temperature
contours

« Lower frequency burst occurs
farther from the Sun (also later
in time, hence the drift)

HiRAS (24-25p0MHz R+L) 2002/05/21

FREQUENCY{MHz)
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Type lls with & w/o type llIs
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Low Frequency type |V

From tall Post eruption arcades

2002 04 17
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Moving type IV burst
(Related to CMESs)

Culgoora 80MHz Radioheliograph
1 March 1969 Moving Type IV "Westward-Ho"

2317 UT . . 2345 UT

0040 UT
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Composite Spectrum
from a Large Flare: electrons and ions
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Particle Acceleration in flares =

Yohkoh

corona
e.p,3He, ¢. C, N, O, ..

chromosphere

reaction
“wproducts

002218-2228 keV  70-100 keV
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Flare-accelerated electrons and &

jons
« Electrons
- X-ray and gamma-ray continuum
* lons

- excited nuclei > gamma-ray line radiation (1-8 MeV)
- Radioactive nuclei - positron + gamma

- Pions - electrons, positrons, neutrinos, gamma

- neutrons

- - Escape to space (direct detection by neutron
telecopes)

- - Capture on H to produce 2.223 MeV line
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Example: Nuclear De-Excitation
leading to 4.4 MeV gamma ray line

Accelerated
Proton Carbon

Nucleus

Scattered
Proton

& °
Excited

Carbon
Nucleus

4.438 MeV
Gamma-ray
Photon

'-_.h‘- .l
- i f
f ot -\‘H"’

&

De-Excited
Carbon
Nucleus
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Direct neutrons:
Watanabe et al. 2005

neutrons

MNeutrons are “detectable” either directly or indirectly
Directly detected at Earth

"=

orbit -

b Earth

MNeutron monitors
on Earth

I'.l]I'1.'||'I'1I1l'l|'1'I'll"lf]f'l."l'l"l['f'll'l'

| IS B RUR N O SPON AN BN N RTRVON S N AN B0 R AYRUArE A

GLEs
) N opalswamy et al. 2005 Indirectly detected via

=l neutron fjl':iﬂ}" protons

o,

Interplanetary
space

n decays -‘
into p

MNeutrons

lare site

Indirectly detected via y-ray resulting from
capture on photospheric H:n+H =D + 7,

S Ryan
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Confined vs. Eruptive Flares -

« Confined: generally a single loop

* Eruptive:

- associated with erupting prominence
- CME

- type |l radio burst

- two - ribbon flares

- Post-eruption arcade

* Impulsive and gradual flares

2006 Dec 12 IIA KKL N. Gopalswamy



Polarity inversion line

Flux rope (CME)

Holman
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Eruptive flares
and radio bursts

flux rope

Current
sheet

Hot Plasma

Photosphere

Post-Eruption Arcade
2006 Dec 12 IIA KKL

Particles injected both upwards and
downwards.

Upward particles trapped in the CME
produce moving type IV bursts.

Those trapped in the flare loops produce
“stationary” type IV bursts

The reconnection takes place at the
current sheet heating the plasma. The hot
plasma is trapped in the CME structure.

Higher temperature results in higher
charge states, which get frozen near the
Sun because the ions do not interact in
the IP medium.

The prominence material is rarely seen at

1 AU because it typically has a smaller
volume. Martens and Kuin

N. Gopalswamy



The "Standard” Model for Eruptive Flares ™

Reconnecting
Magnetic Field Line

New Reconnected
Magnetic Field Lines

Large Coronal
_~" Loop
Inflowing
Magnetic Field

Hot Flare
Loop

New Reconnected
Magnetic Field Lines
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Interacting Loops

alaciron acceleration site

hard X-rays high-energy
Hee
s

P L e T e e e

Hanaoka, Publications of the
Astronomical Society of
Japan, 1999
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Solar Energetic Particles (SEPSs)

* From flares or CMESs

* lons inferred from X-ray and gamma-ray
observations indicate flare origin

* Interplanetary data indicate CMEs

* Some mixed events, especially in western
events

 CME shock accelerates particles from
previous flares and/or concomitant flare?
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Solar Energetic Particles

- Solar Energetic Particles (SEPs) are ions and electrons that are
accelerated to energies from 1 MeV to over 1GeV

* They can be accelerated in a Flare or by a CME Shock (Reames, 1997) and
can be divided into two classes:

Impulsive Gradual
Source Flares CMEs
Particles Electron Rich = Proton Rich
3He/4He ~1 ~0.0005
Fe/O ~1 ~0.1
H/He ~1 ~100
Duration Hours Days
Longitude Cone <30 Deg ~180
X-Rays Impulsive Gradual

Events/Year ~1000 ~10



SEPs in the IP Medium
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Some Outstanding Issues

* How are the energetic particles “seen” in microwaves related to
those “seen” in hard X-rays?

* How can electron and ion produced sources be in different
locations?

 What is the exciter of white light flares?

* Relationship of impulsive SEPs and particles producing flare X-ray
and gamma-ray emission.

 What is the relative amount of energy injected directly into plasma
heating vs. particle acceleration?

« What is the relative amount of energy injected into electrons vs.
ions?

« What is the relative amount of energy injected directly into cooler
plasma vs. “hot” plasma?

 What is the total magnetic energy released in each flare?
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