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s, Pl Gamma-ray emission from the Sun

Cdr" ma-ray

/’ Space Telescope

* The sun is a steady, faint source of gamma-rays (produced by F
the interactions of CR with the solar atmosphere and with the
solar radiation field);

Light curve (E>50 MeV)

of 1991 June 11 flare

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

* In the past decades, only two long-lived (hours long)
gamma-ray emissions were observed by EGRET (e.g.
Kanbach et al., 1993, Ryan et al. 2000)

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

 EGRET was saturated during the brightest emission

Y
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Rate (>50 MeV)

FLARE

©  Kanbach et al. 1993

7 hours

| 1)

* No precise localization available ‘
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Fermi-LAT KEY FEATURES Large AreaTelescope (LAT)
20 MeV - >300 GeV

uge field of view
(LAT: 20% of the sky at any
iNstant)
Good energy resolution —
(<15% >100 MeV) =
Good Point Spread Function S

(~1" at 1 GeV) .
Large effective area 30 minutes
_every 3 hours

average seen

(>1 GeV is ~8000 cm? on axis) P
GBM: whole unocculted sky at any i L ([ — \ =
Huge energy range, including 4 S S S S S
largely unexplored band 10 GeV -
100 GeV. Total of >7 energy
decades!
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Gamma-ray Burst Monitor (GBM) Launched in 2008, continuously
Nal and BGO Detectors monitors the sky

8 keV - 40 MeV
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Fermi Highlights and Discoveries

’ - . GRBs
S v — Blazars
o Radio Galaxies .
" Starburst Galaxies LMC & SMC] 8

Globular Clusters

Nova

' Fermi Bubbles

' SNRs & PW

y-ray Binaries

T

Pulsars: isolated, binaries, & MSPs-

' Sun: flares & CR interactions &<

Terrestrial y-ray
Flashes

Unidentified Sources
(577/1873)




Solar Flares in gamma-rays prior to Fermi

Behind-the-limb flares SMM-GRS
GRANAT-PHEBUS

GAMMA-1
B CGRO-EGRET
BN SONG-CORONAS
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Over the past 30 years limited sampling of solar flares with E>25 MeV
All of which were classified as GOES X class flares

Extended >100 MeV emission for ~8 hours detected by EGRET

3 behind-the-limb flares with E<100 MeV




Solar Flares in gamma-rays with Fermi

Behind-the-limb flares
SMM-GRS

GRANAT-PHEBUS

' GAMMA-1
CGRO-EGRET
SONG-CORONAS Wk
Fermi-LAT |

* >100 MeV

o
o
Monthly average Sunspot number
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Fermi-LAT has detected more than 40 Solar flares in first 9 years of mission
More than half are GOES M class
Extended >100 MeV emission for more than 20 hours
Including 3 behind-the-limb flares with >100 MeV emission
Fermi-GBM: more than 1000 detections
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s, ermd Catalog of Fermi-LAT Solar Flares

Gamma-ray

/ Space Teleampe

110307841 - Angle of the GRB with the local zenith

SunMonitor

@a—Ray Solar Flar@

Impulsive Long Duration B.T.L

Candidates

pipeline

Only* Only*

GOES CME .
temporal analysis © - I V V V J ' B
spectral analysis v g—----o___. % 8 W _ __R ¥ W 2§ W - By studying the differences between
S “ these flare types we can gain valuable
RHESSI oatinl noalveis 3 Both information on the underlying

; s y* ' mechanisms driving these gamma-ray
$. . flares
? »

. | * Even if the Sun was in the field of view of the LAT, no impulsive/long duration

emission was detected.

m
5 10 @ Zenth ot
Catalog o Ouolrov
e Sun

 Impulsive: we see gamma-rays

 Detailed likelihood analysis: in the time window of the X-ray
* in each time window we independently model the background (galactic, flares
isotropic (extragalactic + unresolved CR) + background sources, quiet Sun; _
« Model the source: power law vs Power law with exponential cut off * Long Duration: we see gamma
 Pion decay template fitting rays, after the X-ray flare

« Compute the localization of the gamma-ray emission, optimize the
localization in the analysis.
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Impulsive & Delayed emission detected by Fermi LAT
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@, erMmi Impulsive events not necessarily correlated with HXR!

e LAT Low Energy (LLE) extends the LAT energy range down to 30 MeV
— Large effective are <1 GeV o030

— Larger field of view 3 — cors 10804 |
\«
— Good for temporal and spectral studies £
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— Clear temporal correlation :
— Not clear correlation
between X-ray and gamma-rays
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s, YL SOL 2017-09-10 shows multiple components

Gamma-ray

J‘ Space Tele scope
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* Prompt component (correlated with HXR)
 Delayed component during the impulsive phase
* Long lasting component
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@ rmi LONG gamma-ray emission often associated with fast CME & SEP

Gamma-ray
Space Telescope
March 2012 2017/09/10
10~ 6.3 = GOES 0.5-4.04 | 107 — GOES °-5'4~°: r
—_ —— GOES 1.0-8.0 A o — GOES1.0-8.0
T 10 X e 10 [ X
£ ‘ o
) ~ 105
£ 10-5; M & 10 M
g E’ 10°° ' C
= 107° e R € X v
- T _
- 10 7 B
Y- 107 IN v J B | y
_ 1 W 2% N 108 , T e =
19021 T - ¥ e 10 Protons SEP 1
LR Sy o ] rotons < L — L | —— GOES >10MeV
10% /,/'**’ RM e GOES > 10MeV 107 i GOES > 50MeV
1074 R e o L e a ) | GOES > 50MeV 10} e —— GOES > 100MeV
s ——— 1 — GOES >100MeV —— GOES 350-420 MeV
10*; Ny v~ GOES 350-420 MeV 10° —— GOES 420-510 MeV
/ — GOES 420-510 MeV —— GOES 510-700 MeV
10° s 10}
107! 1077 T A AR A A AU AN L0 g BT e 3 b P n et T
10°¢ 1073 TR I MR Y N ey AW W"“W*MM*"ﬁmwnwn.«-hfyww 31‘_\%-.-3 '..;p.‘a'h'u-.';'f('.'-"-.a'
10~ 104 : ; : : ; ; : : : :
e Fermi LAT
i
Protons SEP 102 e - 4 Flux > 100 MeV
e Stereo 35-40 MeV e ' . S
o Stereo 40-60 MeV ' o ¥ 95% Upper Limit
—— Stereo 60-100 MeV Y 1074 ot
£ | -
) e
X 10731
10sf T T
Q O o O o N o o o o
O PR L Y N COROE U N
. Fermi LAT 09“\ 09\\ Q‘)\‘\ 09\\ QQ\'\ 09\‘\ 09\\’ 09\‘\ 09\‘\ 09\\
AN AW AN A A1 AN AW A1 AN A
10-3 oo ¢ Flux > 100 MeV 10 20 10 10 20 10 20 10 10 20
ey L
' .
w
~
i 1044 o
S ;
x 1073 - T.
z -
- ¢ L ’
10-%
o 0 0 N o
oo® ©° o®o° ©® o®o°
Q! o Q2 40 A
20 0 L0 L0 20
20> 2 2 e 2

Solar Energetic Particles (SEP), Solar Modulation and Space Radiation: New Opportunities in the AMS-02 Era #3 Nicola Omodei — Stanford/KIPAC 11



“Prompt” LAT emission

* Prompt LAT emission is
correlated with a flare-
associated nonthermal
signature (e.g., >100 keV
bremsstrahlung)

» Suggestive that the flare
itself is accelerating ions
to hundreds of MeV

* “Impulsive-phase” LAT
emission is not
necessarily prompt!

Prompt & Delayed

HXR
LAT

prompt

not prompt

not prompt

“Delayed” LAT emission

* Delayed LAT emission is not prompt and peaks after
flare-associated nonthermal signatures

* Suggestive of a non-flare origin (e.g., the CME)
* There can be multiple delayed components

HXR
LAT

two delayed components

Credit: A. Shih

Solar Energetic Particles (SEP), Solar Modulation and Space Radiation: New Opportunities in the AMS-02 Era #3 Nicola Omodei — Stanford/KIPAC
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CAg— The longest lasting gamma-ray emission: March 7, 2012
SC)J""_FJ ray
v - pace | elescope

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;
L, * 50 times the Crab flare;
Galactic.Plane * High energy emission (>100 MeV, up to 4 GeV) lasts for ~20 hours
« Softening of the spectrum with time

Wed 07 Mar 2012 00:30:0.000

Wed 07 Mar 2012 00:30:0.000
@: Ra,Dec: 347.737 -5.261 L B P:328.3-7.2-23.0 @ Ra,Dec: 347.737 -5.261 LU.BU.P: 328.3-7.2-23.0

1000

March 7, 2012 1000

500 500

.......

Y [arcsec]
o
Y [arcsec]
o

-500 -500

B Time intearated B Time resolved

1000  -500 0 500 1000 1000  -500 0 500 1000
LAT 1 day all sky data >100 MeV X [arcsec] X [arcsec]
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s, L Behind-the-limb flares

* Fermi-LAT is providing detections of >100MeV emission from footpoint occulted flares;
— Pesce Rollins et al. 2015, Ackermann et al., 2017

e Gamma-ray emission up to 100 MeV has been detected before from behind-the-limb flares:
—1.e. Vestrand & Forrest 1993, Barat et al. 1994, Vilmer et al. 1999,...

Behind the lImb
—  solar flare

Occulted disc

L Solarlimb

| to Earth

A

Solar Energetic Particles (SEP), Solar Modulation and Space Radiation: New Opportunities in the AMS-02 Era #3 Nicola Omodei — Stanford/KIPAC 14
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Gamma-ray

/' Space Telescope

(a) STEREO-B 195 A, 07:20:51

Behind-the-limb flares

48

SDO/AIA 171 A 07:55 STA/EUVI 1956 A 07:55:46
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%250 / RHESSI 25-50 keV
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f t > MeV 1 T ' SPR time T jeieie®e, ’ >

w | LAT : . r >190 el o104 AT ) SER  >100 MeV @ LAl T >100Mev

10 : . . -+ Upper limit 5}— ! 3 Upper limit T 107} o -+ Upper limit
5 : g0 SAA | PP B
— N 2 X X -~ : _ _— 4 , * . .
= 107}y . Fermi-LAT night < 10°¢ - : viadl B Fermi-LAT night

— ' i ' ] . S e *
2 . v —e— > = .2 N 3 . ' 7 * -
N - -l - a o o . i L A A 1 2 2 i A L (VI 'l 2 A i i i

e 10 07:03:00 07:13:00 07:23:00 07:33:00 07:43:00 07:53:00 08:03:00 = 1)9:00:00 07:15:00 07:30:00 07:45:00 08:00:00 08:15:00 08:30:00 08:45:00 09:00:00 e 10:55:00 11:10:00 11:25:00 11:40:00 11:55:00 12:10:00 12:25:00 12:40:00 12:55:00

Time Oct 11, 2013 (UT) Time Jan 6, 2014 (UT)

* 20" behind the western limb:
e SEP particles with E>=700 MeV
detected:

Time Sep 1, 2014 (UT)

* 10" behind the eastern limb;
* RHESSI| emission consistent with loop top;

* 43" behind the eastern limb;
* Bright LAT emission lasting ~2 hr;

Pesce Rollins et al. 2015, Ackermann et al., 2017
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15



Assoclation with fast CME

SDO 193 A, 11:15:55

LAT Centroid
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- speed ~ 1900 km s

. >100 MeV
¢ Upper limit

Fermi-LAT night
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Time Sep 1, 2014 (UT)
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SOL 2017-09-10 localization
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e Exclude the intervals when the sun is more off-axis
We cannot exclude that the source moved

— Correction for the fish-eye effect critical _ ) _ S
behind the limb -> Spatially extended emission?
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Particle Acceleration & gamma-ray emission in Solar Flares

 a) Prompt emission: temporally correlated with the HXR
emission
Solar corona _

— proton injection at the flare site, precipitation, b)
emission consistent with the foot-points o /a) Photosphere

— Occulted in behind the limb flares |
* b) Emission at the loop top
— acceleration at the loop top, trapping

— visible in behind the limb (if loop is large enough)
(see Vahe Petrosian talk)

 c) Acceleration at the CME shock
— Acceleration at the shock front (~2 solar radii) oYy
— Trapping and precipitation along large field lines . .
— Explain BTL flares (as in Cliver et al., 1993)
— Correlation with SEP Omodei et al. 2015 (arXiv:1502.03895)

CME

e/

Visible disk

Solar Energetic Particles (SEP), Solar Modulation and Space Radiation: New Opportunities in the AMS-02 Era #3 Nicola Omodei — Stanford/KIPAC 18


https://arxiv.org/abs/1502.03895

V

ke o
s\ ermil
Cd'" 3-ray

/ S;-,.n-le %vf,u
 Total of 45 solar flares detected with High Significance

e 3 behind-the-limb flares
— First detections with emission >100 MeV

* 16 impulsive flares
e 27 long duration flares

— 15 with emission lasting > 1 hour
 Almost half of the total sample consists of GOES M-class flares

Fermi-LAT Solar Flares of Cycle 24

Solar Energetic Particles (SEP), Solar Modulation and Space Radiation: New Opportunities in the AMS-02 Era #3

Nicola Omodei — Stanford/KIPAC
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Distribution of solar flares with their X-ray class o
Distribution of CME speeds for Solar Cycle 24
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s, ey Correlations Studies
o/ svwTacion
PRELIMINARY E:m™ PRELIMINARY [:mer-
i 10° ® A
< T g : . $ * ¢ : of *
: f * {'# : 1‘ { +
A4
| 1 a
* N
10 ‘ §o ° 4
e Compared the fluence of the LAT e Compared the fluence of the LAT detected
detected solar flares with the peak solar flares with emission lasting more than
GOES X-ray flux 1 hour with the LASCO CME linear speed
— Pearson correlation of 0.27 found — Pearson correlation of 0.60 found
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Under the assumption that
particles producing gamma-
rays at the Sun are
correlated with SEP:

— Gamma-ray spectrum fitted
provides indirect
measurement of the proton
spectrum (and rigidity)

— Injected at the source

Can be compared with the
measurement by AMS

— Spectrum at Earth

— Case for studying
propagation effects, re-
acceleration and diffusion
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o Summary and Conclusions

* Fermi-LAT is providing valuable observations to understand particle acceleration, transport and

gamma-ray emission in Solar Flares;
e Comprehensive study of high-energy solar flares ongoing: toward the first LAT catalog of high-

energy solar flares covering Cycle 24

— Distinct phase observed (prompt vs delayed);

— Prompt emission observed during on-disc flares suggests acceleration at the flare site

— Correlation with CME stronger than correlation with impulsive flux: acceleration at the CME
shock for long duration flares?

 Behind the limb flares: acceleration site likely to be the CME shock, as suggested by Cliver et al.

(1993), Pesce-Rollins et al. (2015), and Plotnikov et al. (2017)

 Synergy with AMS in studying SEP
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s, oL Particle acceleration and gamma-ray emission in solar flares
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Turbulence acceleration site;
Thin~-target coronal emission

(Loop=top emission)

Thick-target footpoints

Continuous acceleration at flare
reconnection region via Stochastic
acceleration (Petrosian & Liu 2004);

Accelerated particle spectra become
softer as turbulence weakens;

Can explain the spectral evolution seen;
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In both these
scenarios the high-
energy gamma-ray
emission Is spatially
close to the active

region that
produced the X-ray
flare
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