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The Large Area Telescope (LAT) onboard the Fermi Gamma-gace Telescope (Fermi) is a
pair-conversion detector operating at energies from 20 M@W¥300 GeV. Its main operating

mode is the all-sky survey. Since the beginning of the misgiie Fermi-LAT has observed the
high-energy gamma-ray emission from the sources in the sgkiem: the Sun, the Moon, and
the Earth. This emission is induced by Galactic cosmic rdy)(idteractions with their surface.

Additionally, an extended emission around the sun is prediy CR electrons via inverse Comp-
ton scattering of solar photons. In this paper we report tireeat 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 togdugima-ray
emission. The brightness of this emission is changing over the solar cycl® diae change of
the Galactic CR flux opposite to the variations of the solar activity. Such CRzagdlemission 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 Clei nu
(mainly protons) with the surface layers. The main processes involvetharproduction and
decay of neutral pions and kaons by ions, bremsstrahlung by elea@noh€ompton scattering of
the secondary photons. The first calculation of the lunar gamma-ray emissi® done by[]1];
more recent detailed calculatiorj} [2] were done using the Geant4 fraf8jogiving an integral
flux F(E > 100 MeV) =5 x 107 cm2 s ! for a period of lower solar activity. It was shown
that the spectrum of gamma-rays from the Moon is steep with an effectioéf amound 3-4 GeV
(600 MeV for the inner part of the lunar disk) and exhibits a narrow plenay line at 67.5 MeV.
The spectrum of the lunar gamma-rays emission is soft. Due to the kinematios oblttsion,
the secondary particle cascade from cosmic ray particles hitting the lufacswat small zenith
angles develops deep into the rock making it difficult for gamma-rays to et Therefore the
lunar gamma-ray emission is produced by a small fraction of splash albeiiidgsain the surface
layer of the moon rock. High energy gamma-rays can be produced byicoay particles hitting
the Moon surface with a more tangential trajectory; thus only a very thin limbldrantribute to
the high energy emission.

The quiet gamma-ray emission from the Sun has been first proposed By Hudson [[4]
and is expected to have two different components. The first one (disksiem)iss generated from
hadronic CR interactions with the gaseous solar atmospfere [5]. Theadhtiegrabove 100 MeV
was predicted to bE (> 100 MeV) ~ (0.22— 0.65) x 10~/ photons cm? s~* for their “nominal”
model, depending on the solar activity. The second component of theesnission is due to the
IC scattering of CR electrons with solar photons in the heliosphere anddfee to be extended
in a large region around the Syp [6, 7]. For a moderately high — moderateliel@! of the solar
modulation, as decribed by][6] the integral IC flux at a distance from thre [Bsition <6° is
predicted to bd (> 100 MeV) ~ (2.0 —4.3) x 10~ photons cm? s~1, correspondingly. Orlando
and Strong|[8] calculated a flux(>100 MeV) = 2.18 x 10~' cm~2 s~ at distance from the Sun
<10°, at the maximum of solar activity.

The gamma-ray telescope EGRET on the Compton Gamma-Ray ObservatdrD{Caper-
ated from 1991 to 2000 and detected the gamma-ray emission from the [ErtitnglMoon [1P[I8]
and the Sun]8].

Early analysis of EGRET observations of the Moon yielded the integral dfux(E> 100
MeV) = (4.74+0.7) x 107 cm 2 s~ 1 [[[T]. A later reanalysis confirmed the detection and yielded
a flux F(E> 100 MeV) =(5.55+0.65) x 10~' cm2 s~! averaged over the entire mission dura-
tion [B].

Although a similar interaction of CR occurs on the Sun, EGRET has not wixbéine quiet
Sun emission and reported only an upper limit @ 2 10~/ photons cm? s~ above 100 MeV
at 95% confidence leve[ JIL0]. More recent reanalysis of the EGH8Taking into account both
components of the solar gamma-ray emission, disk and IC, yielded & (tt>x00 MeV) = (1.8+
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1.1) x 107 cm~2 s~ for the disk andF (> 100 MeV) = (3.84+2.1) x 10" cm~2 s~ for the IC
component for elongation anglesl(°.

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

We report report here the updated observations of the solar and ganama-ray emission,
previously presented JL3[ T4 [1L5], and a summary of the Sun detebgidrermi [16].

2. Data Sdlection

The data sample used includes the scientific data collected since AugusB4to2Bebruary
2010. We use for this analysis the "Diffuse” clgsg [17], correspantdithe events with the highest
probability candidates as photons.

As the Moon and the Sun are moving source, we developed a code intorgerform the
analysis of the data in a source-centred system: the events were mappectetestial coordinate
system centred on source instantaneous position. Coordinates weretedraping JPL ephemeris
libraries! taking into account parallax corrections. In order to have a better sétysiti the solar
and lunar emission, other sources of background has been reditbetievfollowing selections:

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

e the Sun ar the Moon should be at least 3dder or above the galactic plane in order to
reduce the diffuse components and avoid the brightest sources onltdiGplane;

e the angular separation between the Moon and Sun should be more tham 2@der to
remove the Moon emission component from the Sun sample and viceversa;

e we remove also time intervals corresponding to the Moon or Sun passing withino2n 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 ardjabectic emission in
the source centered frame. Moreover to evaluate the background ieldtive coordinate frame,
we consider a trailing source (fake source) following the same path oétisource 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 frorpdsigion of the Sun
and the Moon. Event density from the fake source is superimposedashadiline and show the
background in our analysis.

Llink:http://iau-comm4.jpl.nasa.gov/access2ephs.html
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Figure 1. The event density vs. the angular distance from the centthheoSolar (left) and Lunar (right)
position for photons of energy above 100 MeV. The solid Imeeferred 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, mainlgt basethe max-
imum likelihood analysis. The Fermi standard method for the spectral evaiwatohcomputation
of the source flux is thétlike ? tool, consisting in a binned or un-binned likelihood analysis of
LAT data [17]. A preliminary analysis is performed by fitting the fake sowtat in order to obtain
a model for the background events. Then we fit the source sample bygatié proper functional
form for the source spectrum to the fitted background model. The anédydtee lunar data yields
the a best fit with a logParabola:

dN/dE = No(E /Ep) % +P109(E/Eb) (3.1)

whereNg = (79.9410.3) x 10°°, a = 1.72+0.09, 8 = 0.49+0.03,E, = 529+ 3.1 MeV.

As the result of the fit we obtain a flux as FEE100 MeV ) =(1.21+0.02+0.20) x 1076 ph
cm?2s 1, Figure[B shows the Moon spectra obtained v@ttike tool.

The Sun centered LAT data has been analyzed using the backgrountamdéscribed above
with fixed papameters, a point-like disk component modeled with a power lagtrapeand an
extended diffuse component calculated into nested rings. In this wayefizeadion of the two
different emission components from the Sun is obtained with a model indepemettod. Figurf3
show the Sun spectra: the disk and IC diffuse components are repegacately. The spectral
energy distribution (SED) from the disk emission is well fitted by a single ptavewith a spectral
index of 211+ 0.73, reported as a dashed line in left plot in fig{ire3.

The fit for the Sun gives as a result value of the flux above 100 MeM.68+ 0.21+ 0.90) x
10~7 ph cn2 s~ for the disk component, and 66.77+0.67+0.55) x 10~ ph cnm? s~ for the
diffuse IC component (in a region of 2@adius).

4. Conclusions

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

2Available fromFermi Science Support Center (FSSC), http://fermi.gsfc.nasa.gov/ssc
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Figure 2: Moon Spectrum reconstructed from the first 18 months of essiens by Fermi (points). The
dashed line is best fit.
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Figure3: The Sun Spectral Energy Distribution (SED) reconstructechfthe first 18 months of osservations
by Fermi (points): the disk component (left) and the IC dificcomponent (right) are separately reported.

and spectra, in comparison with the previous observations and the thabestiduation. Fermi
observations of the Sun and Moon emission can be used to obtain informiadionGR interactions
with the bodies in the Solar System and about the variation of CR flux oveuthent solar cycle.
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