National Aeronautics and Space Administration

A

_.’.ﬁ@
o
=
B
=
Q)
—
Q)
<
OO
- Haols
K oy
D
g.
0
75
A
®
g
)

A~

@5, erml

Gar"ma ray

/" Space Telescope

o
1R
sn @

ge

Shedding new light on the Sun
with the Fermi LAT

Nicola Omodei,
Melissa Pesce-Rollins,
Vahe' Petrosian,

Eric Grove,
Francesco Longo
for the Fermi/LAT collaboration

Fifth international Fermi Symposium - Nagoya University



'

a
ESermit

Gamma ray
/, Space Telescope
e 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);

 High-energy emission (up to GeV) has been observed in solar flares:

* In the past decades, only two long-lived (hours long) gamma-ray emissions were
observed by EGRET (e.g. Kanbach+93, Ryan00)

e It was unclear where, when, how the high-energy (HE) particles responsible for gamma-
ray emission are accelerated

Gamma-ray emission from the Sun

Light curve (E>50 MeV)
of 1991 June 11 flare
Year Month Day Duration(s) 7 (min) 77 (min) Ref. K ]
1982 6 3 1200 1154014 117430 1,2 - T
1984 4 24 900 3.3+£007 210 2 : i Kanbach et al. 1993
1988 12 16 600 3.34 +£0.30 2 197 3 : .i—
1989 3 6 1500 2.66 +0.27 2 . R
1989 9 29 >600 3 >
1990 4 15 1800 5 <
1990 5 24 500 0.35 +0.02 2242 4,5,6 . )
1991 3 26 600 7,8 0 ~
1991 6 4 10000 7 408 27+7 9,10 N
191 6 6 1000 9 o 1OF
1991 6 9 900 9,11 - i
191 6 11 30000 94 +13  220£50  9,12,13 = i :
191 6 15 5000 12.6 + 3.0 180 £100  7,8,12 | g 7 hours
I Chupp (1990); 2Dunphy and Chupp (1994); 3 Vestrand and Forrest (1993); *Debrunner [ : - -
et al. (1997); > Trottet (1994); ® Debrunner et al. (1998); 7 Akimov et al. (1991); 8 Akimov :
et al. (1994c); ?Schneid et al. (1996); °Murphy et al. (1997); !Ryan et al. (1994a); 1 A (I S TR VR U (R M TS ST W
I2Rank et al. (1996); !3Kanbach et al. (1993) 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00
Ryan 2000

U.T: of Juie/11/1991

Nicola Omodei — Stanford/KIPAC
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b m; Gamma-ray emission from the Sun

Gar"ma ray

/ Space Telescope

 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);

 High-energy emission (up to GeV) has been observed in solar flares:

* In the past decades, only two long-lived (hours long) gamma-ray emissions were
observed by EGRET (e.g. Kanbach+93, Ryan00)

e It was unclear where, when, how the high-energy (HE) particles responsible for gamma-
ray emission are accelerated

e Complex flare build up (magnetic filed structures,

« % F [snock loops and Active Region);
St g accelerated * Magnetic fields reconnect releasing energy which
Lo NG accelerate particles;
vV X * Particles are trapped by magnetic field lines and
\ acosidrated interact with the solar atmosphere, producing
'@ ions? faccelerated
¥ Ay gamma-rays,
1A/ energy .
Y greinse Products of accelerated * Some of the particles have access to the open
locrons: X-and ray bremsstahing filed line and escape into interplanetary space;
accelerated ons: excited nuclel -» #ray line radiaton * They can also be accelerated by the CME shock;

escape to space
2.223 MeV capture line
radioactive nuclei — e* — Y514

neutrons —){

n — Y (decay, e* bremsstrahlung, Ysq1)

3
Nicola Omodei — Stanford/KIPAC



@s.ermi IMpulsive & Sustained flares with Fermi LAT
/ Space Telescope
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THE ASTROPHYSICAL JOURNAL, 787:15 (13pp), 2014 May 20 ACKERMANN ET AL.
Table 1
Solar Flares Detected by the Fermi LAT from 2008 August to 2012 August ¢ Xt reme an d M Od e rate
Date GOES X-Ray Type  Duration  CME Speed® Fermi Time Window TS Flux® Energy Flux® flares detected
Class, Start-End* (hr) (kms™") Start®, Duration (minutes)
2010 Jun 12 M2.0, 00:30-01:02 I 486 00:55, 0.8 LLE*® ® I: Impuls“,e emlSSIO“
2011 Mar 7 M3.7, 19:43-20:58 1/S 10.7 2125 20:15, 25 230 19403 6.7+ 1.0
S 23:26, 36 520 35403 1.9+ 1.1 i
2011 Mar 8 S 02:38, 35 450 35403 1164+ 1.1 e |/S: we cannot
05:49, 35 200 19403 54407 disti ish bet
2011 Jun 2 C2.7,9:42-9:50 /s 0.8 976 09:43, 45 35 0.4+02 14405 IStin g uis etween
2011 Jun 7 M2.5, 06:16-06:59 S 22 1255 07:34, 53 570 3.6+03 11409 impu Isive and
2011 Aug 4 M9.3, 03:41-04:04 S 1.9 1315 04:59, 34 390 25403 79408 i
2011 Aug 9 X6.9, 07:48-08:08 I 1610 08:01,3.3 LLE® . . Sustained.
2011 Sep 6 X2.1,22:12-22:24 I 0.6 575 22:17,0.2 LLE® . .
/s 22:13,35 : : e S:We don’t see the
2011 Sep 7 X1.8,22:32-22:44 S 2.1 792 23:36, 63 350 1.0+ 0.1 35+04 . ISi . .
2011 Sep 24 X1.9, 09:21-09:48 I 1936 09:34,0.8 LLE® IMpuisive emission
2012 Jan 23 M8.7, 03:38-04:34 /s 5.7 1953 04:07, 51 180 0.8 0.1 27404
S 05:25, 69 650 2.140.2 6.6+05 because the Sun was
S 07:26, 16 69 37409 9.6+22 .
: 9 26408 70813 not in the FoV, but we
2012 Jan 27 X1.7, 17:37-18:56 D 4.0 1930 19:45, 11 78 32408 9.6+22 H
S 21:13, 24 47 1.0+ 03 2.8+ 0.8 detect sustained
2012 Mar 5 X1.1,02:30-04:43 /s 53 1602 04:12, 49 69 0.5+0.1 1.5+03 emission
S 05:26, 71 250 0.9+ 0.1 25403
S 07:23, 28 39 0.8+02 24407
. n | |
2012 Mar 7 X5.4, 00:02-00:40 S 20.2 2684 00:46, 31 22000 f f D: Del ayed : The sun
X1.3, 01:05-01:23 1/s 1785 00:46, 60 LLE® . . . . .
03:56, 32 16000 1131420  400.5+66 was in the field of view
07:07, 32 8900 719+16 2326449 .
10:18, 32 1900 30.1+ 1.5 91.9+43 at the time Of the
13:29, 32 120 894 1.9 299 459 i . i i
19:51, 25 50 04+0.1 17405 |mpu|s|ve emission, but
2012 Mar 9 M6.3, 03:22-04:18 D 57 844 05:17, 34 51 0.6+02 20+05
S 06:52, 35 100 0.9+ 0.2 28406 we dO nOt deteCt a ny
S 08:28, 34 159 14402 43407 . .
2012Mar 10 MB8.4, 17:15-18:30 D 43 1379 21:05, 30 43 0.4+0.1 1.0403 emission.
2012May 17 MS5.1, 01:25-02:14 1/s 1.2 1582 02:18, 22 45 1.0+ 0.3 34409 . .
01203 M3, 48T 02 05 17:52,06 e * All associated with fast
1/S 17:40, 23 300 32404 10.6+12 CME
2012 Jul 6 X1.1,23:15-23:49 1/S 0.9 892 23:19, 52 930 3.540.2 10.4 4 0.7

Ackermann, M. et al. 2014, ApJ, 787, 15 Nicola Omodei — Stanford/KIPAC
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THE ASTROPHYSICAL JOURNAL, 787:15 (13pp), 2014 May 20 ACKERMANN ET AL.
Table 1
Solar Flares Detected by the Fermi LAT from 2008 August to 2012 August ¢ Xt reme an d M Od e rate
Date GOES X-Ray Type  Duration  CME Speed® Fermi Time Window TS Flux® Energy Flux® flares detected
Class, Start-End? gty (hr) (kms™") Start®, Duration (minutes)
2010 Jun 12 M2.0, 00:30-01:02. 486 00:55, 0.8 LLE® P I: Impuls“,e emission
2011 Mar 7 M3.7, 19:43-20:58 10.7 2125 20:15, 25 230 19403 6.7+ 1.0
S 23:26, 36 520 35403 1.9+ 1.1 i
2011 Mar 8 S 02:38, 35 450 35403 1164 1.1 e |/S: we cannot
05:49, 35 200 19403 5407 disti ish bet
2011 Jun 2 C2.7,9:42-9:50 1/S 0.8 976 09:43, 45 35 04402 14405 IStin 9 uis etween
2011 Jun 7 M2.5, 06:16-06:59 S 2.2 1255 07:34, 53 570 3.6+ 0.3 11409 impu Isive and
2011 Aug 4 MO.3, 03:41-04:04 oS 1.9 1315 04:59, 34 390 25403 79408 i
2011 Aug 9 X6.9, 07:48-08:08K | 1610 08:01, 33 LLE® Sustained.
2011 Sep 6 X2.1,22:12-22:24 Sphicd® 06 575 22:17,0.2 LLE® . .
1/s 22:13, 35 " f e S:We don’t see the
2011 Sep 7 X1.8,22:32-22:44 g 2.1 792 23:36, 63 350 1.0+ 0.1 35+04 . ISi . .
2011 Sep 24 X1.9, 09:21-09:48% 1936 09:34,0.8 LLE® IMpuisive emission
2012 Jan 23 M8.7, 03:38-04:34 5.7 1953 04:07, 51 180 0.8 0.1 27404
S 05:25, 69 650 21402 6.6+05 because the Sun was
S 07:26, 16 69 37409 9.6+22 .
s % 26505 70%13 not in the FoV, but we
2012 Jan 27 X1.7, 17:37-18:56 D 4.0 1930 19:45, 11 78 32408 9.6+22 H
S 21:13, 24 47 1.0+ 0.3 2.8+ 0.8 detect sustained
2012 Mar 5 X1.1,02:30-04:43 1/S 53 1602 04:12, 49 69 0.5+0.1 1.5+03 emission
S 05:26, 71 250 0.9+ 0.1 25403
S 07:23, 28 39 0.8+02 24407
— ® " n
2012 Mar 7 X5.4, 00:02-00:40 it TP 20.2 2684 00:46, 31 22000 f f D: Delayed : The sun
X1.3, 01:05-01:23F 1785 00:46, 60 LLE? o o . . .
03:56, 32 16000 1131420  400.5+66 was in the field of view
07:07, 32 8900 719+ 1.6  2326+49 .
10:18, 32 1900 30.1+ 1.5 91.9 443 at the time Of the
13:29, 32 120 894 1.9 299 459 i . i i
19:51, 25 50 0.440.1 17405 |mpu|s|ve emission, but
2012 Mar 9 M6.3, 03:22-04:18 D 5.7 844 05:17, 34 51 0.6+02 20405
S 06:52, 35 100 0.9+ 0.2 28406 we dO nOt deteCt a ny
S 08:28, 34 159 14402 43407 . .
2012Mar 10 MB8.4, 17:15-18:30 D 43 1379 21:05, 30 43 0.4+0.1 1.0+03 emission.
2012May 17 MS5.1, 01:25-02:14 ¥ 1.2 1582 02:18, 22 45 1.0+ 0.3 34409 . .
02ins M3, 17as 15k 02 05 17:52,06 e * All associated with fast
17:40, 23 300 32404 10.6 + 1.2
2012 Jul 6 X1.1,23:15-23:49 1/S 0.9 892 23:19, 52 930 3.540.2 10.4 4 0.7 CME

Ackermann, M. et al. 2014, ApJ, 787, 15 Nicola Omodei — Stanford/KIPAC
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THE ASTROPHYSICAL JOURNAL, 787:15 (13pp), 2014 May 20 ACKERMANN ET AL.
Table 1
Solar lares Detected by the Fermi LAT from 2008 August t0 2012 August e Xtreme and Moderate
Date GOES X-Ray Duration CME Speed* Fermi Time Window TS® Flux® Energy Flux® f| ares d ete cted
Class, Start-End® gt TPy (h) (kms™") Start®, Duration (minutes)
2010 Jun 12 M2.0, ,;"--v;.;n;..;_'w; 486 00:55, 0.8 LLE® S I: Impuls“,e emission
2011 Mar 7 M3.7,19:43-20:58 MM 107 2125 20:15, 25 230 19403 6.7+ 1.0
F s % 23:26, 36 520 35403 1.9+ 1.1 i
2011 Mar 8 s % 02:38, 35 50 35803 16411  |/S: we cannot
2011 Jun 2 C279:429:50 % 1S f 038 976 09:43, 45 35 0.4+02 14405 Istin g uis etween
2011 Jun 7 M2.5, 06:16-06:59 | L. S F 22 1255 07:34, 53 570 36403 11409 | m p u |S ive an d
2011 Aug 4 M9.3,03:41-04:04 mesamsly 19 1315 04:59, 34 390 25403 7.9+ 08 i
2011 Aug 9 X6.9,07:48-08:08 oo 1610 08:01,3.3 LLE® Sustained.
2011 Sep 6 X2.1,22:12-22:24409 R 06 575 22:17,0.2 LLE ve bes
q § 4 - y
22:13, 35 ,. :  S: We don’t see the
2011 Sep 7 X1.8,22:32-22:44 JRONNE 2.] 792 23:36, 63 350 1.0+ 0.1 35+04 . Isi . .
2011 Sep 24 X19,0021-0048 1 & ... 1936 09:34, 0.8 LLE® IMpuUisive emission
2012 Jan 23 M8.7,03:38-04:3¢ VI 57 1953 04:07, 51 180 0.8 +0.1 27404
f s 05:25, 69 650 21402 6.6+05 because the Sun was
s 9 07:26, 16 69 37409 9.6+22 .
f s 1 ® 26205 10413 not in the FoV, but we
2012 Jan 27 X1.7, 17:37-18:58 D § 40 1930 19:45, 11 78 32408 9.6+22 i
s 4 21:13, 24 47 1.0+03 2.8+ 0.8 detect sustained
2012Mar5  X11,02:30-04:4% IS # 53 1602 04:12, 49 69 0.5+0.1 15403 emission
LS 05:26, 71 250 0.9+ 0.1 25403
Y 07:23, 28 39 0.8+02 24407
T— . [ ] [ ]
2012 Mar 7 X5.4, 00:02-00:40 HFFoS™ome 202 2684 00:46, 31 22000 f f D: Delayed : The sun
X1.3,01:05-012% 1/ % 1785 00:46, 60 LLE® - . . . .
N 4 03:56, 32 16000 1131420  400.5+66 was in the field of view
¢ 07:07, 32 8900 719+16 2326449 .
2 10:18, 32 1900 30.1 £ 1.5 91.9+43 at the tlme Of the
; ] 13:29, 32 120 89419 299459 i . . i
/| : 19:51, 25 50 0.4+ 0.1 17405 |mpu|s|ve emission, but
2012 Mar 9 M63,03:2204:1% D ¥ 57 844 05:17, 34 51 0.6+02 20+05
% S , 06:52, 35 100 0.9+0.2 28406 we d on Ot d&te Ct a ny
ks 4 08:28, 34 159 14402 4307 . i
2012Mar 10 M84, 17:15-18:30 S 43 1379 21:05, 30 43 0.440.1 1.0+03 emission.
2012May 17 MS5.1,01:25-02:14 M . 12 1582 02:18, 22 45 1.0+ 0.3 34409 . .
23 M3, as sk, oL B 02 05 17:52,06 e * All associated with fast
: : 17:40, 23 300 32404 10.6 + 1.2
2012 Jul 6 X1.1,23:15-23:498 T 09 892 23:19, 52 930 3.540.2 10.4 4 0.7 CME

Ackermann, M. et al. 2074%RpJ, 787, 15 Nicola Omodei — Stanford/KIPAC
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THE ASTROPHYSICAL JOURNAL, 787:15 (13pp), 2014 May 20

ACKERMANN ET AL.

Solar flares detected by the LAT >100 MeV

Table 1
Solar Flares Detected by the Fermi LAT from 2008 August to 2012 August
Date GOES X-Ray Type Duration CME Spee ‘ Fermi Time Window TSP Flux® Energy Flux®
Class, Start-End® 4 e, () | Start®, Duration (minutes)
2010Jun 12 M20,00:30-01:0 I § 00:55, 0.8 LLE®
2011 Mar 7 M3.7, 19:43-20:58 PO 10.7 20:15, 25 230 19403 67410
P s 3 23:26, 36 520 35403 119+ 1.1
2011 Mar 8 g s % 02:38, 35 450 35403 11.64 1.1
: ) 05:49, 35 200 194 0.3 54407
2011 Jun 2 C279:42-9:50 % I/S @& 08 09:43, 45 35 04402 14405
2011 Jun 7 M25,06:1606:59% S F 22 07:34, 53 570 36403 11409
2011 Aug 4 M9.3,03:41-04:04 Jmssmsiy 1.9 04:59, 34 390 25403 79408
2011 Aug 9 X6.9,07:48-08:088 _ ol B 08:01,3.3 LLE®
2011 Sep 6 X2.1,22:12-22:249°% s 0.6 22:17,0.2 LLE® ee
X F 4 22:13,35 f f
2011 Sep 7 X1.8,22:32-22:44 AOOSNER 2] 23:36, 63 350 1.0+0.1 3.5+ 04
2011 Sep 24 X1.9, 09:21-09:48 1 09:34, 0.8 LLE®
2012 Jan 23 M8.7,03:38-04:34  DUEMAE 57 04:07, 51 180 0.8 +0.1 27404
F s X 05:25, 69 650 21402 6.6 + 0.5
P s W 07:26, 16 69 37409 9.6 +22
 § s ¥ 08:47, 35 97 2.6+0.5 70+ 13
2012 Jan 27 X1.7, 17:37-18:5¢ D § 40 19:45, 11 78 32408 9.6 +22
s 21:13,24 47 1.0+ 0.3 28408
2012 Mar 5 X1.1,02:30-04:43% I/S & 53 04:12, 49 69 0.5+ 0.1 1.54+03
kS 05:26, 71 250 0.9 4 0.1 25403
Ry 07:23,28 39 0.8+ 0.2 24407
2012 Mar 7 X5.4, 00:02-00:40 @M¥5" 20.2 00:46, 31 22000 f f
X1.3,01:05-01:2 /s 9 00:46, 60 LLE® o veo
% F 03:56, 32 16000  113.1£2.0 400.5 + 6.6
07:07, 32 8900 719+ 1.6 232.6 + 4.9
y ; 10:18, 32 1900 30.1 £ 1.5 91.9 443
' (3 13:29, 32 120 894 1.9 29.9 459
. i 19:51, 25 50 0.4 0.1 17405
2012 Mar 9 M6.3, 03:22-04: 18 D ¥ 57 05:17, 34 51 0.6+ 0.2 20405
b S 06:52, 35 100 09402 28406
5 S 08:28, 34 159 14402 43407
2012Mar 10 M8.4, 17:15-18:30 ¥ 43 21:05, 30 43 0.4 40.1 10403
2012May 17 M5.1, 01:25-02:14 @1/ S% 1.2 02:18, 22 45 1.0+ 0.3 34409
2012 Jun 3 M3.3, 17:48-17:5 E 02 17:52,0.6 LLE® e ass
17:40, 23 300 32404 10.6 + 1.2
2012 Jul 6 X1.1,23:15-23:49 0.9 23:19, 52 930 35402 10.4 + 0.7

Nicola Omodei — Stanford/KIPAC

Xtreme and Moderate
flares detected

 |: impulsive emission

 1/S: we cannot
distinguish between
impulsive and
Sustained.

e S:We don’t see the
iImpulsive emission
because the Sun was
not in the FoV, but we
detect sustained
emission

e D: Delayed: The sun
was in the field of view
at the time of the
impulsive emission, but
we do not detect any
emission.

 All associated with fast
CME



/ Let’s focus on impulsive events:
“ssermi SOL2010-06-12T00:57

o so Tk

s 511-@22262_2-Mevvﬁeht-ﬂ;ﬁ~ sk Data analysis of the j9int GBM and LAT

e 10 | | 1 data provides useful information about

ool <12 M?‘:‘fl | the underlying accelerated particle

g ool 2.4 | N distributions: |

g ! —ee — Electron Bremsstrahlung dominates

- PEE 4. S 4,“%TQ$- at <1 MeV energies

& 107k i 5 —s Not a simple powerlaw: hardening
gt 4 followed by a roll-off (at 2.4 MeV);
3 33 = not compatible with transport

> 107 effects alone;

f:, 10* — Protons/ions: gamma-ray spectral

5§ features as a proxy of the

g " accelerated ion spectrum

f; 10°

u_’:f 10710 | Component Energy of !Energy of the Derived accelerated ion

sk MR " T ] gamma-ray ions spectrum
E _§ ﬁﬁ’r*hﬂﬁ‘ﬁﬁﬂﬁ# ﬁWM&Wh RHJ’ T ++++++$++ o i Neutron Capture | 2.2 MeV 10-50 MeV 3.2 (10-50 MeV)
g P T I J || Nuclear lines 5-20 MeV 50-20 MeV 4.3 (50 -300 MeV)
Energy (keV) Pions >300 MeV >280 MeV 4.5 (>300 MeV)

Ackermann et al. 2012, ApJ...745..144A

See the R. Desiante tallke on Impulsive flare ot Parralel 13A on Tku.rsdaj (GRB & SF)
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~ The longest lasting gamma-ray emission:
Toaml March 7, 2012

Gamma ray
Space Telesce pe

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

1000 times the flux of the steady

Sun;
AL « 100 times the flux of Vela;
Galactic Plane | « 50 times the Crab flare;

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

« Softening of the spectrum with time

March 7, 2012 TABLE 4
HiGH ENERGY EVENTS
Arrival Time Energy Distance 0 Event Class Conversion  PSFg.o,
2012/03/07 UT  GeV (deg) (deg) (deg)
0:49 2.8 0.2 49 SOURCE FRONT 0.3
1:18 4 0.6 66 ULTRACLEAN BACK 0.5
2:35 2.9 0.6 62 SOURCE BACK 0.6
4:12 2.9 0.5 36 ULTRACLEAN BACK 0.6
7:30 4.5 0.8 44 ULTRACLEAN FRONT 0.2

2 PSFggy, corresponds to the 68% containment radius calculated from the PSF of the instrument
for an energy and direction equal to the energy and direction of the event.

LAT 1 day all sky data >100 MeV

Nicola Omodei — Stanford/KIPAC
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107 r , hat
; Sl 5 i ~ Protons (30-50 MeV) X
— 10 = ey AS-12.keY) Protons (50-100 MeV) [10% &
| Protons (>100 MeV) g oo
€ 10 10° 8 L
= N — emney, |, B9
o 107 R e 1107 &
;< y—r : i C
-6 /-W 0= 2 £
¢ 10 o B8
8 a7 104
1077 . WWWM 10
- "u'.. 10- O
10° = r : : % %
6| » * >100 MeV flux, LLE
Ll \-, ———— ; © © 100 MeV flux, Likelihood
n e e »«» Proton index, LLE 2
) .7 w"_"u*—' o B @ @ Proton index, Likelihood 0
£ 107} , ae *T——_ ¢ ¢ Proton index, GOES HR, 3 >
e N Sae S iaaaai
2 10 c
X o 2
E g 3 f 4
G-
S & i 3 =
g 10 +
A R e T35
10°1° | . 1 1 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

2012-03-07, UT

The longest lasting gamma-ray emission:
March 7, 2012

 Impulsive emission correlated with X-ray flux;
e Sustained Gamma-ray flux better correlated with SEP rather than X-ray
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« Events corrected for the “fish-eye-effect”
* 95% CL error circle with systematic error added in quadrature

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

 Time resolved localization shows consistency with the AR at earlier times,
becoming less constrain at later times

Nicola Omodei — Stanford/KIPAC



Behind-the-Limb flares

e SOL131011: M1.5 GOES class flare
erupted at 7:01:00 UT

EUV and HXR data reveal that the
active region is ~11° behind the visible
Solar limb at the time of the flare;

Other behind the limb flares have been
detected, stay tuned!

“T"and from’ Earth=+

'SUN ‘ I
Visible Solar disk :

/
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07:15
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] SOL131011

« HXR footpoints were occulted during
RHESSI coverage and part of LAT
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'
s, ermi WWhere does the gamma-ray emission come from?

Gar"ma ray

/ Space Telescope

Fri 11 Oct 2013 07:15:0.000
©: Ra,Dec: 196.555-7.041 L ,B ,P:6.36.126.3
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Footpoints not visible at the time of the gamma-ray detection
High density region required for gamma-ray production
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Solar Spaghetti

Composite AIA SDO Ao WA
image with magnetic AR T
field model overlaid " |

“0 mr

DO /N 24 20100901 082410
SDO/NA~ 335 20700901 033617

Magnetic field lines connect different regions
across the solar surface

13



/ ~Understanding particle acceleration and
S>ermi gamma-ray emission at the Sun

* Particles accelerated during the
iImpulsive phase interact with the
solar surface (right below the
photosphere) producing gamma-rays
(pion production most likely)

 Part of the accelerated particles can
escape and eventually can be re-
accelerated by the CME shock (This
also explains the correlation with
SEP)

 Continuously accelerated particles
can travel along magnetic field lines,

and interact with the dense solar
surface in front of the solar limb.

e Alternatively, CME re-accelerated

particles can travel back to the Sun
along magnetic field lines and interact
with dense region, explaining the long
lasting emission.

e
o

accelerated

Products of accelerated
particle interactions

electrons: X- and Y-ray bremsstrahlung

ions: excited nuclei — Y-ray line radiation
N { escape to space
Neutrons =7 2.223 MeV capture line

radioactive nuclei — e* — Y54

T — Y (decay, e* bremsstrahlung, Ys¢1)
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