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Gamma-ray emission from the Sun

‘Esssermi
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« The Sun is a steady, faint source of gamma-rays (produced by the interactions of CR with the solar
atmosphere and with the solar radiation field)

— (Poster Orlando & Strong);

« High-energy emission (up to GeV) from solar flares has been observed by EGRET
— (e.g. Kanbach+93, Ryan(00)

eAcceleration at the flare site:
Energy release probably by magnetic field
g accelerated reconnection;
Particles are trapped by magnetic field lines and
Interact with the solar atmosphere, producing
oY gamma-rays;
| 3 accelerated accelerated :
¥ Ayl / Some of the particles have access to an open
Products of acceleraied field line and escape into interplanetary space;

A energy l
particle interactions

release

electrons: X- and ¥-ray bremsstrahlung

»
accelerated ions: excited nuclei —» Y-ray line radiation

escape 1o space eAcceleration at the CME shock:

neutrons —’{ 2.223 MaV capture line

racoactive nuckl -» 6% - T, Solar Energetic Particles (SEP) measured at
e e bemesEnS. the Earth over longer time scales.

..... . chromosphere

Nicola Omodei — Stanford/KIPAC

Wednesday, April 3, 13



-

Impulsive vs Long Duration flares >100 MeV
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Ackermann et al. 2012, ApJ...745..144A

June 12, 2010: Gamma-Ray temporally associated with

impulsive

hard X-ray emission. Particles accelerated up to ~ 300 MeV in few

seconds;

Hard X-ray pile up in ACD causes suppression of the standard LAT

event rate (on-ground classification of gamma-rays)

Signal recovered in LAT Low Energy Events (looser selection cut)

Sustained gamma-ray emission not observed

6 Impulsive solar flares to date
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March7/8 2011: Sustained emission associated to one impulsive episode
in X-rays;

Accompanied by modest SEP, but very fast (~2000 km/s) CME;
Continuous interaction of particles with the Sun for hours after the
impulsive flare;

~13 long lasting emission (high significance)
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Let’s focus on impulsive events:

“sermi SOL2010-06-12T00:57
/ﬁ Sp.’u‘r‘* Tf‘le‘-'.i‘or-ﬂ
511 keV e*e
—~ P EET T e - Joint GBM and LAT analysis provides
3 10‘2\ : useful information about the
- Nuclear lines . .
o oal N LAT 1 underlying accelerated particle
E | » Mev"M distributions:
e 10%+ Q T+ Pion decay .
s | BN e, — Electron Bremsstrahlung dominates
S 10° M NS WO at <1 MeV energies
3 R . .
L 4o : # ~ Not a simple power law: hardening
g §;2*,*”@*_%%MM.',Wﬁ@ " followed by a roll-off (at 2.4 MeV);
1 : not compatible with transport
> ‘0'2\ | : effects alone;
2 ; o ]
‘o 10%+ *-.,'_'ﬁw',',\'t/. . — Protons/ions: gamma-ray spectral
§ ) M features as a proxy for the
10%} + . :
5 SN accelerated ion spectrum
° ‘ e,
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Ackermann et al. 2012, ApJ...745..144A
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~ The longest lasting gamma-ray emission:
o March 7, 2012

March 6, 2012 « A very bright Solar Flare was detected on March 7,
exceeding:

« 1000 times the flux of the steady Sun;
100 times the flux of Vela;
50 times the Crab flare;

* High energy emission (>100 MeV, up to 4 GeV) lasts
for ~20 hours

« Softening of the spectrum with time

Galactic Plane

March 7, 2012
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The “impulsive” phase: the first orbit

SOL2012-03-07

107 \ :
. — X-ray (3-25 keV) « protons (30-50 MeV)
* 1073 — x-ray (1.5-12 keV) protons (50-100 MeV)
£ . protons (>100 MeV)
Z 10"
>
o
x 107
n
& s PRELIMINARY
O . . » :
107 — ; '
1.4} — BGOn (1-10 MeV)
€12 Nal, (10-25 keV)
210 Nal, (100-300 keV)
E 0.8
% 0.6
=04 Orbital Sunrise /
O 0.2 =~
0.0} e
- LLE analysis
i o o Flux (>100 MeV) — O
' . —
£ e « Proton index l —— +
> 10° —
5 Sun in the LAT field of view —
>
S Hardening of the spectrum

10*

Lsr! Mev ']

-
(<)
o
GOES average proton flux

[em * s

3.8

00:05:00 00:15:00 00:25:00 00:35:00 00:45:00 00:55:00 01:05:00 01:15:00 01:25:00

2012-03-07, UT

Particle trapping time ~ Energy of the protons
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A Long Lasting emission
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0 — e ——
 Impulsive & Time extended emission spectra compatible with pion decay spectrum=> information on the

underlying accelerated proton distribution

e Softening of the gamma-ray spectrum on long time scales, correlated at later time with the softening of
the proton spectrum Nicola Omodei — Stanford/KIPAC !
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c Localization
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Wed 07 Mar 2007 00:45:3.000
©: Ra,Dec: 347.17 -5.50 LB ,P: 3224 -7.2-22.8

« Events corrected for the “fish-
eye-effect”

— (Ackermann et al. 2012, ApJS)

 68% CL error circle with
systematic error added in
quadrature

* Location of the gamma-ray
emission ~ consistent with the
location of the Active Region
11429

Locations computed during multiple orbits
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s, 1o The big picture

Gamma ray
i S;‘).’u’t‘* Tf‘le-'.a‘or.-e
Trap and precipitation of HE particles Continuous acceleration at the Sun Return of protons accelerated by CME-
produced during the impulsive phase can be explained by stochastic driven shock (15t order Fermi)
via magnetic reconnection acceleration mechanism (Murphy et al. 1987, Cliver et al. 1993)

(e.g., Kanbach et al. 1993) (e.g. Petrosian and Liu 2004)

Plasmoid
X-p()"“ Basaaris ol Turbulence acceberation
» region, Coronal X -ray
Conduction site emission
Front < Znergy
. witflows
Reconnection Jet
Slow Shock

Fast Shock

Looptop source

“blob"”

"hump”

Escaping particles

corona

chromosphere

' Yokoyama & Shibata 2001

Thick—target footpoints

' ' Cliver+1993 '

The observed duration of ~20 hours Stochastic acceleration provides the CME acceleration can easily accelerate
requires very low coronal density correct scenario for SHORT 10 GeV protons within few seconds,
In coulomb collision, the trap acceleration time scales, but LONG Gamma-ray emission cannot occur at
efficiency increases with energy => trapping of particles the acceleration site (density is too low)
gradual hardening of the spectrum; However we expect accelerated Protons must travel back to the Sun
electrons as well ! along the current sheath (~100 solar
Might be ok for the impulsive phase Might be ok for the impulsive phase radii)
(~3 hours) (~3 hours) Could explain the long lasting emission
[ — T—— [ — T—— R — T——
9
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A~ Summary
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e Fermi LAT has detected >100 MeV gamma-rays a0 ———— 20y Averaged Snpot MImPers
from solar flares, including the most energetic PN ' *"“:g"’“g?}‘gf’f-&“ﬂ :
gamma-rays and the longest-duration emission; : | ¢33 = 4
g 1op s
2 ‘TRY X %; %4
— Long Lasting emission flare and Impulsive flare 3,;311"»,;; — m"eﬁ:éﬁ-{w ‘:m =

DATE

events detected:

1

— Joint LAT-GBM observations unveil the properties
of the accelerated particles, such as spectrum and
time scales of the accelerated particles;

T

SUNSPOT NUMBER
_8

1850 1860 1870 1m 1890 1900 1910 1920 1930 1940 1950
DATE

— Thanks to the LAT's improved angular resolution,

we can now localize time-extended gamma-ray 8.l )
emission to the site of the X-ray flare for the first | i iﬁ p:
time; - ,wi,%wm whi 'g]

1950196019701990199020w201020&203020402050

— As the solar cycle progresses toward the maximum
of Cycle 24 (mid-2013), the number of extreme
energetic flares will increase;
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