Fermi LAT
Observations
of Solar Flares

', i Alice Allafort (Stanford/SLEAC)

Nicola-Omodei(Stanford), Vahé
Petrosian-(Stantord),

on-pehalf-of the Fermi-LAT collaboration

e

- -
-"

9doosaa, ao‘gﬂs A;J-EI.IIU,IED o8 IHI.I 9

Ackermann et al., submitted to ApJ
ArXiv:1304.3749



http://arxiv.org/abs/1304.3749
http://arxiv.org/abs/1304.3749

@jz@% Solar Flares at High-energy

x Observations of solar flares iny.

rays since the 70s (SMM,
EGRET, ...) for bright Xray. flares

| Products of accelerated
|  particle interactions

x Fvidences for nuclear lines
(~1-10 MeV), and continuum:(up- - -
-tO "IOOMeV): ,\ .... Bremsstrahlung

Narrow Nuclear

- - - Broad Nuclear

x |n the Impulsive phase

n-decay

® Sustained emission . \

100K

RHESSI observations of 2005 Jan. 20 flare (Share et al., 2005)
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KIC  Sustained high-energy y-ray emission

L X 2

» | st of flares with sustained 1991 June 14 X12.0 flare:

emission
monotonous decay. for 8 hours

TABLEI above 50'\/'6\/

Year Day Duration (s) 1) (min) r2 (min)

3 1200 1.15x0.14 1.7+ 3.0
24 900 3.23+0.07 >10

16 600 3.34 £0.30

6 1500 2.66 +0.27

1982
1984
1988
1989
1989
1990
1950
1991
1991
1991
1991
1991
1991

1800

500 0.35 +0.02

600

10000 7 =038

1000

900
11 30000 94 *13 220 £ 50 9,12,13
15 5000 126 £ 3.0 180 £ 100 7,8,12
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| Chupp (1990); 2Dunphy and Chupp (1994); * Vestrand and Forrest (1993); ¢ Debrunner
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el &= 5 ¥
et al. (1994c); ?Schneid et al. (1996); '"Murphy et al. (1997); !'Ryan et al. (1994a);
12Rank et al. (1996); 13Kanbach et al. (1993)

Rate (>50 MeV)

Ryan et al. 2000

Unclear T e i L R nS h
Y rays are produced VST, o June/1y/1991

EGRET observation of 1991 June 11 flare (Kanbach et al., 1993)
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Fermi Gamma-ray
Space Telescope
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Wide Field of View
High sensitivity above 100MeV

Observes the entire sky every 2 oroits:

x Sun in the FoV about 30min-every:3
hours [data publicl.

GBM also triggers
on solar flares

Intense Xray. flux: pile-up in the ACD = y-ray suppression.

x Recover the signal with looser selection technigue: LAT
Low Energy events (LLE)

LLE events
now available
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y rays from the quiet Sun

x Cosmic-ray interactions with the sun:

® Hadronic showers
in the solar &
atmosphere
(Seckel 91,Thampson 97) \
x [nverse Compton
of electrons ana
solar radiation field

(Moskalenko et al. 2006, Orlando &
Strong 2007, 2008)

x Fermi LAT detection and
separation of both
COMPONENTS  (abdo et al. 2011)
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® Principle:

x Fach passage of the
Sun in the LAT FoV
: LAT Sun Monitor output example: y-ray flux
yleldS ad Mmeasufre concident with the Sun position

x Also check for-all
GBM solar flares for
LLE data.

x High confidence detection
of 19 flares in 4 years of
mission

Ackermann et al. 2013
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L X 2

» [For each flare: flux

and duration

x Different types of
emission:

Impulsive
® Sustained

x Delayed

TABLE 1

SOLAR FLARES DETECTED BY Fermi LAT FrOM 2008 AUGUST 1O 2012 AUGUST.

Date (UT)

2010-06-12 00:55

2011-03-07 20:15
23:26

2011-03-08 ()2:1

2011-09-06 22:
2()11 -089-06 22: P

2012-03-05 04:1%
05:2
072

2012-03-07 00:46

2012-03-07 03::
07:07
10:18
13:2¢
9:51

2012-03-10 21:05
2012-05-17 02:

2012-06-03 17:52:3:

174
2012-06-14 14:«
2012-07-06 23:1¢
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GOES X-ray
Class, Start-End

M2.0, 00:30-01:02
19:43-20:58

C2.7,9:42 ‘)'JU
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L X 2

TABLE 1

SOLAR FLARES DETECTED BY Fermi LAT FrOM 2008 AUGUST 1O 2012 AUGUST.

Date (UT) Duration GOES X-ray CME? TS
min. ass| Start-End | Speed, km s

3010-06-12 00:55 ~1 “- 0:30_01:02 156
2011-03-07 20:15 25 M3.7,119:43-20:58 2125
23:26 36
2011-03-08 02:38 35
05:4¢ 35
3011-06-02 09:43 35 ]9:42 9:50 976
2011-06-07 07:47 % 06:16-06:59 1255
011-08-04 04:50 34 3:41-04:04 1315
2011-08-09 08:01 ~ 1 X().g, )T:48-08:08 1610

| No't a” ﬂare are 2011-09-06 22:17 ~ 1 X2.1, p2:12-22:24 575
2011-09-06 22:13 35

TO11-00-07 23:30 zlsz 73
. 2011-00-24 0935 ~1 19:21-00; m
brlght Xray ﬂares. T012-01-23 04:07 B \ 'f 38047
05:25 3¢
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2012-01-27 19:45 7-18:56 0
. Allf i o
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13:29 120
19:51 : 5
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08:28
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17:40
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L 2 2

L X 2

Date (UT)

»x 4 ndividual flares
DUbliShed in 3 2010-06-12 ()U 20
papers: ot 0s0s B2

U.'-)Z".
2011-06-02 09:4:
2011-06-07 07:4

% First impulsive R
flare: 2012 June 201006 213
10 '

» First two sustainec S

flares: 2011 March TOTOT 00:48
7 and June 7 2012-03-07 8;[’))(_;

10:18
l'i "]

® [he brightest and
longest recorded

so far: 2012 March
.

Ackermann et al. 2013

Duration
min.

TABLE 1

GOES X-ray
Class, Start-End

M2.0, 00:30-01:02
M3.7. 19:43-20:58

C2.7,9:42-9:50
M2.5, 06:16-06:59
M9Y.3, 03:41-04:04

, 07T:48-08:08

X1.1, 02:30-04:43

0.4, 00: 4
X1.3, 01:05-01:23

\1.! .i 17 18 17:57

SOLAR FLARES DETECTED BY Fermi LAT rrOM 2008 AUGUST TO

CME? TS
Speed, km s™*
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Flux (>100 MeV)

x10

2012 AUGUST.

x o
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(=)
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(1.9% 0. n
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(1.0+0.3)
(0.520.1)
(0.940.1)
(0.840.2)

(113.1£2.0)
(71.941.6)
(30.141.5)
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G Y rays in the impulsive phase

2010 June 12 flare
x GOES M2 class

Detected by the Fermi LAT and GBM

® Hard Xray and y
rays lasted for~ 50s

x | [ E analysis

» | ocalization
consistent with the
Sun

#
i o"“f'l.i'm’m,,.o.u’ R N

Number of Acd Hits

LAT LLE Events
LAT Transient Events (>100 MeV) =

—“ AN NWW S

LAT Rate (Hz)
otiovioionoMm
|

‘.4.‘, 4}“ l, - M}TNW

x NO evidence of oz wseo: °°5%°.29(3$52%?34,69:2?°°°

Ackermann et al. 2012

sustained emission

Alice Allafort (Stanford/SLAC) April 19, 2013 - Stanford Solar group meeting 12




@jz\wﬁ@ 2010 June 12 spectral analysis

Sl1kevVee
i 2.2 MeV neutron

® Electron bremsstrahlung
dominates < 1MeV
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GKpc Timing y rays and HXR

» High-energy Y rays are [
delayed by a few seconds: s
» ~3 sec atonsetand ~10 &gé: g
' E g:&§+ fy i .'f+i}*;v.,"*,ﬁ
sec at the peak time. & 3Lt

x Similar ‘double peak’
structure

x |ndicate a builld-up process
for >100MeV electrons or
Drotons
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2011 March 7 flare
x GOES M3.7 class

[10'6 photons em” s ]

® |mpulsive phase not
visible

X
=
S

—f_|
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©]

S
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o]
8

(o]
o

Count rate [s

x No detection of HXR

' AR 1164

above 300 keV
x SEPS

Flux [W m”]

2011-03-07 18:00

Ackermann et al. 2013

AR 1165
AR 1165

2011-03-08 00:00

B LAT (E>100 MeV)

R
Quiet-Sun flux level

—— RHESSI (25-50 keV)

—— GOES X-ray (0.1-0.8 nm)

AR 1165
AR 1171

A
—— GOES Proton (E>30 MeV)
—— GOES Proton (E>50 MeV)
—— GOES Proton (E>100 MeV)

2011-03-08 06:00 2011-03-08 12:00

Alice Allafort (Stanford/SLAC) April 19, 2013 - Stanford Solar group meeting

15



@%@V@ Localization of the y rays

68 and 95% error circles

SOL2011-03-07T20:12
©: Ra,Dec: 347.031 -5.557 L ,B ,P:119.4-7.2 -22.8

x [Ime integrated
localization

» Consistent with the flare
site

o
)
%)
O
o
8,
>

» Exclude contribution of B
other flares at other sites . S

1000 -500 500
X [arcsec]

Ackermann et al. 2013
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@jz@ﬁi@ LAT spectrum

» Detection

o, % decay

x Consistent with pion : i
decay template with e
proton index 4.5

(based on Murphy et al. 1987)

=
o
©

E? dN/dE [erg cm™2 s7!]

=

Q
iy
o

x Electron bremsstranliung A
possible with a cutoft 2

Energy [MeV]

" spectral
evolution

Ackermann et al. 2013
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@xgc  Emission DroOCESSES

x [otal energy In y rays is 200 times less than in: FXR (20-300keV)

x | eptonic scenario is unlikely::

x  Brem. requires >100MeV. electrons whose lifetime 1s ~10s
[low B fields - large loop]

x |nverse Compton requires GeV- electrons

x High energy. electrons would-loose most of their energy in sulb-mm,
far IR via synchrotron

x Hadronic scenario:
x [N good agreement with data

® requires modest number of accelerated protons
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@@% Possible acceleration mechanism

= |nitial acceleration and trapping WY
model challenged by long sustained ey
emission

= Continuous acceleration seems
more plausible

x CME shock accelerates SEPS

=> Accelerated particles transport , ,
: , , | stochastic acceleration by
back to Sun surface [emission site]  turbuience, < rucnsu s

(e.g. Murphy et al. 1987, Cliver et al. 1993)

Cliver et al. 1993
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More to come...

L 2 2

L X 2

» The brightest of all: 2012 Impulsive phases detected by
March 7 flare the Fermi LAT and GBM

x GOES X5.4 and X1.3 class
flares

x |mpulsive phase AND the

longest sustained emission of
20 hours

March 6, 2012

E
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e

~00:05 ____o00:20 - 0105
2012-03-07, UT

Figure 3: PRELIMINARY: Composite light curves for 2012 March 7 flare, covering the first ~80 minutes. Top panel:

Soft X-rays (red: 1.5-12 keV, | 3-25 keV) from the GOES 15 satellite

March 7, 2012

axis are the first derivatives of
ivs fluxes (magenta: 1.5-12 keV, green: 3-4 "), These curves approximate acoelerated electron impulsive
ert 1968 . Middle panel: Hare

Omodei et al, Fermi Symp. proc. 2012

APQOD: 1 day all sky data
100 times brighter than Vela
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@@Wzﬁ@ A new era in high-energy study of solar flares

x Fermi LAT reveals new temporal and spectral
oroperties of the highest energy particles.

® High-energy Y rays emission is-rather.common - even
for modest Xray flares: 19 flares so far.

® | ong sustained y-ray emission put real constraints on
acceleration and emission scenarios. g

x CME connection
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