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The Fermi Large Area Telescope (LAT) observations of the active Sun provide the largest sample
of detected solar flares with emission greater than 30 MeV to date. These include detections of
impulsive and sustained emission, extending up to 20 hours in the case of the 2012 March 7
X-class flares. Of particular interest is the first detection of >100 MeV gamma-ray emission from
three solar flares whose positions behind the limb were confirmed by the STEREO spacecrafts.
The LAT data provides a new observational channel that, when combined with observations from
across the electromagnetic spectrum, provide a unique opportunity to diagnose the mechanisms
of high-energy emission and particle acceleration in solar flares. We will present an overview of
these observations including the emission of the Sun in its quiescent state and discuss how these

observations provide constrains on different emission mechanisms.
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The gamma-ray Sun Melissa Pesce-Rollins

1. Introduction

During its first nine and a half years in orbit, the Fermi Large Area Telescope (LAT) [1] has
detected >30 MeV gamma-ray emission from more than 40 solar flares, nearly 10 times more than
EGRET [2] on-board the Compton Gamma-Ray Observatory, GRS [3] on-board the Solar Maxi-
mum Mission (SMM) and CORONAS-F [4]. The Fermi detections sample both the impulsive [5]
and the long-duration phases [6] including the longest extended emission ever detected (~20 hours)
from the 2012 March 7 GOES X-class flares [7]. In addition to the impulsive and long-duration
solar flares, the LAT has also provided the first observations of >100 MeV emission from flares
whose footpoints are occulted by the solar limb [8, 9]. The LAT also observes the Sun during its
quiescent phase and detected the two component gamma-ray emission for the first time [10]. In
this talk I will cover some of the highlights of these observations.

2. The quiescent Sun

When the Sun is not flaring, it is a steady, faint source of gamma-rays. This emission consists
of two components: a point-like emission from the solar disk originating from hadronic cosmic ray
cascades in the solar atmosphere and an extended emission from the inverse Compton scattering
of cosmic ray electrons on solar photons in the heliosphere. The point-like emission was first
mentioned by [11] and [12] and the existence of an additional, spatially extended component was
not realized until recently [13, 14]. The quiet Sun was detected for the first time in the EGRET
data [15]. Given that the gamma-ray emission from the quiescent Sun is due to galactic cosmic
rays this emission is also expected to be anti-correlated with the solar cycle because of the change
of the heliospheric flux of the Galactic cosmic rays. Such time variations have been detected in
Fermi-LAT data [16].

Thanks to the increased sensitivity of the LAT with respect to previous gamma-ray space
missions, these two components have been observed with high statistical significance with just the
first 18 months of data [10]. Now that the solar cycle 24 is reaching it end it is possible to perform
studies to observe the modulation of the flux of these two components as a function of time. The
9 year Pass 8 Clean class spectral energy distribution (SED) in the energy range from 80 MeV
to 80 GeV of the solar disk component in different time intervals is shown in figure 1. The flux
variation as a function of the solar cycle can be seen from this figure, where the higher/lower SED
(red/blue points) corresponds to the minimum/maximum solar activity. This same anti-correlation
is also seen for the Inverse Compton component. Further details on this study can be found in
the poster presentations 212 (Time evolution and study of the two emission components from the
Quiescent Sun in 9 years of Fermi-LAT data by Raino et al.) and 121 (The Quiet Sun in Gamma
Rays: Modeling Cosmic-Ray Electrons in the Inner Heliosphere by Orlando et al.) of this 7" Fermi
Symposium.

3. The flaring Sun

Magnetic reconnection is believed to be at the origin of particle acceleration in solar flares and
the last few decades of hard X-ray observations by SMM [17], Yohkoh [18, 19] and RHESSI [20,
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Figure 1: Spectral energy distribution (SED) of the solar disk component in different time intervals. The
time intervals shown correspond to August 4, 2008 - December 31, 2016 (black), August 4, 2008 - December
31, 2011 (red) and January 1, 2012 - December 31, 2016 (blue).

21, 22] have provided support for this model. Gamma-ray emission from solar flares is produced
by interactions of high-energy particles with ambient plasma through three different emission pro-
cesses: bremsstrahlung (in the 10 keV — 100 MeV energy range), nuclear de-excitation (~ 0.5 — 8
MeV energy range) and pion decay (>10 MeV). Prior to the launch of Fermi, the sample of solar
flares with detected emission >100 MeV was rather small and limited to the brightest X-ray flares
(GOES X class). Hour-long gamma-ray emission was observed in a few rare cases and the longest
duration was the eight hour emission from the 1991 June 117 flare [23].
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Figure 2: Number of solar flares with observed emission >25 MeV (left axis) together with the monthly
averaged sunspot numbers (right axis) from 1980 to present. The light red stars represent the behind-the-
limb solar flares detected with emission <100 MeV and the dark stars represent the behind-the-limb solar
flares detected with emission >100 MeV.

Fermi-LAT observations of the Sun have revealed 44 solar flares in the first nine and a half
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years of mission, increasing the overall sample of these high-energy flares by almost a factor of
ten as illustrated in figure 2. More than half of these detections are from moderate GOES X-ray
flares (M class and one C class) and 20 have gamma-ray emission lasting more than 1 hour (with
durations reaching up to almost 20 hours [7]). This result indicates that long-duration emission
is fairly common (contrarily to what was believed before Fermi) and not necessarily related to
bright X-ray flares. The Fermi-LAT detected solar flares distributed over the GOES X-ray class
and the distribution of the duration (in hours) of the Fermi-LAT flares with emission lasting more
than 1 hour are shown in figure 3. All of the long duration flares are associated with fast coronal
mass ejections (CMEs) suggesting a potential relation between the flaring events and these shocks.
Preliminary correlation studies show a correlation of 0.6 between the CME linear speed and the
fluence of the long-duration (emission lasting more than one hour) gamma-ray flares whereas there
is no apparent correlation between the >100 MeV fluence and the GOES peak X-ray flux (see
figure 4). Another interesting aspect of the LAT observations of solar flares is that the emission
centroid (for the brightest LAT flares) is localized on the active region from the flaring activity
originated.
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Figure 3: Fermi-LAT detected solar flares distributed over the GOES X-ray class (left panel) and the dis-
tribution of the duration (in hours) of the Fermi-LAT flares with emission lasting more than 1 hour (right

panel).
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Figure 4: Correlation between the >100 MeV fluence of the Fermi-LAT detected flares versus the GOES
peak X-ray flux (left panel) and the correlation between >100 MeV fluence versus the Coronal Mass Ejection
(CME) linear speed (right panel). A Pearson’s correlation of 0.24 is found for data sample in the left panel
and 0.60 for the sample in the right panel.
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3.1 Behind-The-Limb flares

Three behind-the-limb (BTL) flares with emission up to 100 MeV were observed during solar
cycles 21 and 22 [24, 25, 26]. As mentioned in section 1, thanks to the LAT GeV emission has
been detected by solar flares whose active region was behind the visible solar disk for the first
time. Two of the BTL flares detected by the LAT originate from the eastern limb, the third from
the western limb and their distances from the visible disk range from 10° to 40° [9]. These events
are of particular interest because they provide a unique opportunity to diagnose the mechanisms of
high-energy emission and particle acceleration in solar flares. This is because in the standard flare
model involving magnetic reconnection, the accelerated particles precipitate to the solar surface to
interact in a compact region near the active region from which the flaring activity originated. Fur-
thermore, gamma-ray emission from pion decay processes require densities great than 10'?cm—3.
Therefore these observations of gamma-rays from BTL flares imply that a spatially extended flare
component must exist and that it can subtend a large range of heliolongitudes in order to allow
the accelerated particles to reach and interact in the visible solar disk [27]. Another possibility is
that the acceleration and emission occur in the Corona but this requires larger than usual Coronal
densities. A possible spatial component could be the CME associated with the flare [28], the role
of these shocks in the long-duration gamma-ray flares is supported by the correlation illustrated in
the left panel of figure 4.

3.2 The September 2017 flares

After almost an entire year of a nearly spotless Sun and no flaring activity, the largest flare
(GOES class X9.3) of the solar cycle erupted from active region 2673 on September 6, 2017. This
flare was very bright in gamma-rays and the emission detected by the LAT lasted for almost 15
hours (see the Astronomers Telegram (ATeL) 10720). Only 4 days later on September 10 an X8.2
flare erupted from the same active region and for 12 hours the Sun was the brightest gamma-ray
source in the sky (see ATeL 10721 for further details). This flare was also associated with the
second ground level enhancement (GLE 72) of this solar cycle. In figure 5 are the 12 hour intensity
maps of the gamma-ray sky seen by Fermi-LAT before and during the September 10 solar flare. A
paper on this flare is in preparation.

4. Summary

The Fermi-LAT has increased the number of observed high energy gamma-ray flares by al-
most a factor of ten during its first nine and a half years of mission. From this increased sample
of flares we find that there are essentially three different classes of flares: impulsive, long-duration
and behind-the-limb. The first two classes can be further divided into flares where only the impul-
sive/long duration emission was observed! and flares where both the impulsive and long duration
emission was observed. The differences between these flare types can provide valuable information
on the underlying mechanisms driving these flares.

One possible scenario that emerges from these observations is that the impulsive emission can
be explained in the standard model where magnetic reconnection is responsible for accelerating

'Even if the Sun was in the field of view of the LAT, no impulsive/long-duration emission was detected.
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Figure 5: 12 hour intensity maps of the gamma-ray sky before (top panel) and during (bottom panel) the
September 10, 2017 X8.2 solar flare. The flaring Sun was the brightest source in the sky during this flare.
Long duration gamma-ray emission was detected by the LAT for 12 hours. The Fermi-LAT collaboration
circulated an Astronomers Telegram (ATel 10721) on this flare.

the particles that produce the soft X-rays (emitted from the loop top), hard X-rays (emitted from
the footpoints) and gamma-rays (emitted from the chromosphere near the footpoints). The long
duration gamma-ray emission can originate from particles accelerated at the CME shock front
which in turn precipitate back to the chromosphere to produce gamma-ray emission via pion decay.
As the CME shock front moves away from the Sun, the particles accelerated precipitate further
away from the active region to produce the gamma-rays and some of the particles from the same
population escape from the CME shock front and are detected at Earth as solar energetic particles
(as supported by [29]).

This scenario can also explain the observations of the BTL flares because the impulsive phase,
where generally hard X-rays are emitted at the footpoints, is not detected while soft X-rays from the
looptop and long-duration gamma-ray emission is detected. If the particles producing the gamma-
ray emission are indeed accelerated at the CME shock and precipitate to the visible disk then the
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Fermi-LAT localization of the emission which points back to the visible disk would be in support
of such a scenario.

In summary thanks to the Fermi-LAT observations of the Sun (both during its quiescent and
the flaring state) we now have a better understanding of the acceleration mechanisms at work and
how the Galactic cosmic-rays interact with the solar environment. The first Fermi-LAT solar flare
catalog is in preparation as well as the time evolution and study of the two emission components
from the quiescent Sun over the last 9 nine years.

4.1 Questions asked

Q: What is the highest energy photon detected from a solar flare?

A: The highest energy photons detected was the 4.5 GeV photon coming from the solar flare of
2012 March 7. However we also have detected several hig energy photons from the 2017 September
10 flare. We are doing some cross checks and are working on a publication on this flare.

Q: Have you been able to detect motion in the localization as a function of time for any of the
observed flares?

A: Yes, for the 2012 March 7 flare we performed a study of the the localization position as
a function of time and found that indeed the position appeared move across the solar disk as time
passed. This finding is in support of the emission scenario discussed during the presentation.
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