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The Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope (Fermi) is a
pair-conversion detector operating at energies from 20 MeVto >300 GeV. Its main operating
mode is the all-sky survey. Since the beginning of the mission the Fermi-LAT has observed the
high-energy gamma-ray emission from the sources in the solar system: the Sun, the Moon, and
the Earth. This emission is induced by Galactic cosmic ray (CR) interactions with their surface.
Additionally, an extended emission around the sun is produced by CR electrons via inverse Comp-
ton scattering of solar photons. In this paper we report the current status of observations of the
solar system sources.
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Solar Gamma-Ray Emission

1. Introduction

CR interactions with the surface of the solar system bodies give raise to theirgamma-ray
emission. The brightness of this emission is changing over the solar cycle dueto the change of
the Galactic CR flux opposite to the variations of the solar activity. Such CR-induced emission has
been observed from the Sun, the Moon, and the Earth.

The gamma-ray emission from the Moon is due to the interactions of Galactic CR nuclei
(mainly protons) with the surface layers. The main processes involved arethe production and
decay of neutral pions and kaons by ions, bremsstrahlung by electronsand Compton scattering of
the secondary photons. The first calculation of the lunar gamma-ray emission was done by [1];
more recent detailed calculations [2] were done using the Geant4 framework [3], giving an integral
flux F(E > 100 MeV) = 5 × 10−7 cm−2 s−1 for a period of lower solar activity. It was shown
that the spectrum of gamma-rays from the Moon is steep with an effective cutoff around 3-4 GeV
(600 MeV for the inner part of the lunar disk) and exhibits a narrow pion-decay line at 67.5 MeV.
The spectrum of the lunar gamma-rays emission is soft. Due to the kinematics of the collision,
the secondary particle cascade from cosmic ray particles hitting the lunar surface at small zenith
angles develops deep into the rock making it difficult for gamma-rays to get out. Therefore the
lunar gamma-ray emission is produced by a small fraction of splash albedo particles in the surface
layer of the moon rock. High energy gamma-rays can be produced by cosmic ray particles hitting
the Moon surface with a more tangential trajectory; thus only a very thin limb should contribute to
the high energy emission.

The quiet gamma-ray emission from the Sun has been first proposed by H.S. Hudson [4]
and is expected to have two different components. The first one (disk emission) is generated from
hadronic CR interactions with the gaseous solar atmosphere [5]. The integral flux above 100 MeV
was predicted to beF(> 100 MeV) ∼ (0.22−0.65)×10−7 photons cm−2 s−1 for their “nominal"
model, depending on the solar activity. The second component of the solaremission is due to the
IC scattering of CR electrons with solar photons in the heliosphere and is predicted to be extended
in a large region around the Sun [6, 7]. For a moderately high – moderately low level of the solar
modulation, as decribed by [6] the integral IC flux at a distance from the Sun position≤6◦ is
predicted to beF(> 100 MeV) ∼ (2.0−4.3)×10−7 photons cm−2 s−1, correspondingly. Orlando
and Strong [8] calculated a fluxF(≥100 MeV) = 2.18×10−7 cm−2 s−1 at distance from the Sun
≤10◦, at the maximum of solar activity.

The gamma-ray telescope EGRET on the Compton Gamma-Ray Observatory (CGRO), oper-
ated from 1991 to 2000 and detected the gamma-ray emission from the Earth [11], the Moon [10, 8]
and the Sun [8].

Early analysis of EGRET observations of the Moon yielded the integral fluxof F(E> 100
MeV) = (4.7±0.7)×10−7 cm−2 s−1 [10]. A later reanalysis confirmed the detection and yielded
a flux F(E> 100 MeV) =(5.55±0.65)×10−7 cm−2 s−1 averaged over the entire mission dura-
tion [8].

Although a similar interaction of CR occurs on the Sun, EGRET has not observed the quiet
Sun emission and reported only an upper limit of 2.0×10−7 photons cm−2 s−1 above 100 MeV
at 95% confidence level [10]. More recent reanalysis of the EGRET [8] taking into account both
components of the solar gamma-ray emission, disk and IC, yielded a fluxF(> 100 MeV) = (1.8±
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1.1)×10−7 cm−2 s−1 for the disk andF(> 100 MeV) = (3.8±2.1)×10−7 cm−2 s−1 for the IC
component for elongation angles≤10◦.

The Fermi/LAT has observed also the Earth during the commissioning phase and with a ded-
icated Earth limb observation in September 2008 [11]. A similar emission mechanismshould be
detected from any other solid object in the solar system. Therefore asteroids and small planets with-
out atmosphere should emit gamma-rays produced from pion-decays coming from the hadronic
interactions by cosmic-rays hitting the surface of these bodies [12].

We report report here the updated observations of the solar and lunargamma-ray emission,
previously presented [13] [14] [15], and a summary of the Sun detectionby Fermi [16].

2. Data Selection

The data sample used includes the scientific data collected since August 4, 2008 to February
2010. We use for this analysis the "Diffuse" class [17], corresponding to the events with the highest
probability candidates as photons.

As the Moon and the Sun are moving source, we developed a code in orderto perform the
analysis of the data in a source-centred system: the events were mapped onto a celestial coordinate
system centred on source instantaneous position. Coordinates were computed using JPL ephemeris
libraries1 taking into account parallax corrections. In order to have a better sensitivity to the solar
and lunar emission, other sources of background has been reduced with the following selections:

• Zenith angle< 105◦ in order to exclude photons from the Earth’s limb;

• the Sun ar the Moon should be at least 30◦ under or above the galactic plane in order to
reduce the diffuse components and avoid the brightest sources on the Galactic plane;

• the angular separation between the Moon and Sun should be more than 20◦, in order to
remove the Moon emission component from the Sun sample and viceversa;

• we remove also time intervals corresponding to the Moon or Sun passing within 20◦ from a
brigth source;

During the whole period the Sun was at minimum of its activity.

3. Analysis method and results

In our analysis, the main sources of background are the galactic and extragalactic emission in
the source centered frame. Moreover to evaluate the background in this relative coordinate frame,
we consider a trailing source (fake source) following the same path of the real source in the sky but
displaced at least of 30◦. We evaluate in this way the background in the relative coordinates and
comparing the two data sets.

In figure 3 we report the event density vs. the angular distance from theposition of the Sun
and the Moon. Event density from the fake source is superimposed as a dashed line and show the
background in our analysis.

1link:http://iau-comm4.jpl.nasa.gov/access2ephs.html
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Figure 1: The event density vs. the angular distance from the center ofthe Solar (left) and Lunar (right)
position for photons of energy above 100 MeV. The solid line is referred to the emission from the source and
the dotted line from the fake source.

Different methods can be used to compute the flux from a source, mainly based on a the max-
imum likelihood analysis. The Fermi standard method for the spectral evaluation and computation
of the source flux is theGtlike 2 tool, consisting in a binned or un-binned likelihood analysis of
LAT data [17]. A preliminary analysis is performed by fitting the fake sourcedata in order to obtain
a model for the background events. Then we fit the source sample by adding the proper functional
form for the source spectrum to the fitted background model. The analysisfor the lunar data yields
the a best fit with a logParabola:

dN/dE = N0(E/Eb)
α+β log(E/Eb), (3.1)

whereN0 = (79.9±10.3)×10−9, α = 1.72±0.09,β = 0.49±0.03,Eb = 52.9±3.1 MeV.
As the result of the fit we obtain a flux as F(E> 100 MeV ) =(1.21±0.02±0.20)×10−6 ph

cm−2 s−1. Figure 3 shows the Moon spectra obtained withGtlike tool.
The Sun centered LAT data has been analyzed using the background model as described above

with fixed papameters, a point-like disk component modeled with a power law spectrum and an
extended diffuse component calculated into nested rings. In this way, the separation of the two
different emission components from the Sun is obtained with a model independent metod. Figure 3
show the Sun spectra: the disk and IC diffuse components are reported separately. The spectral
energy distribution (SED) from the disk emission is well fitted by a single powerlaw with a spectral
index of 2.11±0.73, reported as a dashed line in left plot in figure3.

The fit for the Sun gives as a result value of the flux above 100 MeV of(4.63±0.21±0.90)×
10−7 ph cm−2 s−1 for the disk component, and of(6.77±0.67±0.55)×10−7 ph cm−2 s−1 for the
diffuse IC component (in a region of 20◦ radius).

4. Conclusions

In this paper we demostrate the observing capabilities of Fermi-LAT by presenting detection
of the Sun and Moon over the first 18-months of the Mission. We also report the integral fluxes

2Available fromFermiScience Support Center (FSSC), http://fermi.gsfc.nasa.gov/ssc
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Figure 2: Moon Spectrum reconstructed from the first 18 months of osservations by Fermi (points). The
dashed line is best fit.

Figure 3: The Sun Spectral Energy Distribution (SED) reconstructed from the first 18 months of osservations
by Fermi (points): the disk component (left) and the IC diffuse component (right) are separately reported.

and spectra, in comparison with the previous observations and the theoretical evaluation. Fermi
observations of the Sun and Moon emission can be used to obtain information about CR interactions
with the bodies in the Solar System and about the variation of CR flux over the current solar cycle.
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