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1. Introduction

High energy gamma rays emitted from the Moon are produced in the inelastic collisions of
cosmic-ray nuclei (CRs) with the lunar surface. The gamma-ray emission from the Moon was de-
tected for the first time by the EGRET instrument [1], which operated from 1991 to 2000 onboard
the Compton Gamma Ray Observatory (CGRO). A more precise measurement was recently per-
formed using the data from the Large Area Telescope (LAT) onboard the Fermi satellite during its
first 2 years of operation [2].

In this work we have evaluated the gamma-ray flux from the Moon using the data collected by
the Fermi LAT in its first 6.5 years of operation, from August 2008 to December 2014. We have
also performed a study of the time evolution of the gamma-ray flux from the Moon, finding the
expected correlation with the solar modulation.

Finally, we have developed a full Monte Carlo simulation of the CR interactions with the Moon
surface based on the publicly available FLUKA [5] simulation toolkit, that has been used to infer
the solar modulation potential from the Moon gamma-ray data.

2. Data selection and analysis

The LAT is a pair conversion gamma-ray telescope, designed to be sensitive in the energy
range from 20MeV to more than 300GeV. A detailed description of the instrument is given in
ref. [6]. For this analysis we used a data set corresponding to the first 6.5 years of LAT science
operation, from August 2008 to December 2014. The analysis presented has been performed using
the newest Pass 8 data [7] and selecting P8_SOURCE photon events starting from a minimum
energy of 30MeV.

To study the gamma-ray emission from the Moon we define a signal region, corresponding to
the actual position of the Moon, and a background control region. The background is due to the
diffuse gamma-ray emission, to the gamma-ray sources that the Moon finds along its path in the
sky and to the residual charged CRs erroneously classified as photons.

The signal region is a cone centered on the Moon position, with an energy dependent angular
radius given by:

θ =
√[

θ0(E/E0)−δ
]2 +θ 2

min

where E is the photon energy, E0 = 100MeV, θmin = 1◦, θ0 = 5◦ and δ = 0.8. The energy de-
pendence of the angular radius follows the behavior of the 68% containment radius of the LAT
Point Spread Function (PSF). This choice maximizes the signal to noise ratio. The value of θmin

accounts for the finite dimension of the Moon, that is seen from the Earth as an extended source of
∼ 0.25◦ angular radius. The position of the Moon is obtained from its ephemeris using a software
interfaced to the JPL librariesand taking parallax corrections into account.

The background region is a cone of the same angular radius as the signal region, centered on
a time-offset position of the Moon. Since the Moon rotates around the Earth with a period of ∼ 28
days, we chose a time offset value of 14 days (i.e. at a given time the center of the background
region is in the position that the Moon will take 14 days later).

For our analysis we selected the time intervals where the LAT was operating in its standard
science operation configuration, and was outside the South Atlantic Anomaly (SAA) To avoid
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Figure 1: Left: Significance map as a function of right ascension α and declination δ (the coordinates are
centered on the Moon and the pixels correspond to equal solid angles). Right: Photon count distributions
in the signal (black circles) and background (red circles) regions. The blue symbols represent the net signal
count spectrum, evaluated following the prescriptions of ref. [10].

contamination from the bright limb of the Earth we discarded the data taken during the times when
the angular separation between a cone of angular radius θmax centered on the Moon direction and
the zenith direction exceeded 100◦. We also disregarded data taken during the times when the
Moon was observed with off-axis angles than 66.4◦. To mitigate the systematic uncertainties due
to the bright diffuse gamma-ray emission from the Galactic plane, in our analysis we selected only
the periods where the Moon was at a galactic latitude |b$|> 20◦. Finally, we required a minimum
angular distance of 20◦ between the Moon and the Sun, and we applied a mask of 20◦ angular
radius to any bright celestial source in the 2FGL Fermi LAT source catalog [8]. The same analysis
cuts were applied to select photons from both the signal and background regions.

In the left panel of fig. 1 we show the significance map of the gamma-ray signal from the
Moon, that has been built starting from the counts in the signal and in the background regions,
taking into account the livetime ratio between the two regions, and using the formulae in ref. [9],
As expected, the significance map is peaked in its center, due to the gamma-ray emission from the
Moon.

In the right panel of fig. 1 we show the observed photon count spectra in the signal and back-
ground regions, and the net signal count spectrum. To evaluate the net signal counts in each energy
bin we followed the bayesian procedure of ref. [10], taking into account the live times of the signal
and background regions, and assuming uniform priors for the net signal counts. For each energy bin
we evaluated the posterior probability distribution function (PDF) for the signal counts. The central
values of the net signal spectrum spectrum correspond to the average values of the PDFs, while the
error bars indicate the RMSs. In the energy bins where the signal counts are not significant, only
upper limits at 95% confidence level are shown.

Indicating with ns(Ei) and nb(Ei) the observed counts in the i-th energy bin of the signal and
of the background regions respectively, we define the likelihood function:

L (~φs,~φb|~ns,~nb) = ∏
i

e−µs(Ei) µs(Ei)ns(Ei)

ns(Ei)!
∏

i
e−µb(Ei) µb(Ei)nb(Ei)

nb(Ei)!
(2.1)
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Figure 2: Gamma-ray flux from the Moon as a function of energy. The results of this work (black points)
are compared with those published in ref. [2]. Only statistical error bars are shown. The central values of
each bin represent the mean flux values, while the error bars represent the RMSs of the corresponding PDFs.

where µs(Ei) and µb(Ei) are the expected counts in the i-th energy bin, that depend on the sig-
nal and background gamma-ray fluxes φs(E) and φb(E). In writing eq. 2.1 we use the vector
notation to denote sets of independent quantities defined in the various energy bins (i.e. ~φs =
(φs(E1),φs(E2), . . . ,) etc.). The expected counts depend on the signal and background gamma-ray
fluxes through the following relations:

µs(Ei) = ∑
j

Ps(Ei|E j) [φs(E j)+φb(E j)] A ts ∆E j (2.2)

µb(Ei) = ∑
j

Pb(Ei|E j) φb(E j) A tb ∆E j. (2.3)

In eqs. 2.2 and 2.3 Ps(Ei|E j) and Pb(Ei|E j) are the smearing matrices in the signal and background
regions respectively, i.e. the probabilities that a photon of energy E j is observed with energy Ei, and
are evaluated from a full Monte Carlo simulation of the instrument, that accounts for the pointing
history of the two regions; A is the acceptance of the surface used for the generation of the events
in the Monte Carlo simulation; ts and tb are the live times of the signal and background regions
respectively.

To evaluate the signal and background gamma-ray fluxes we used the software toolkit BAT [11],
that implements a bayesian algorithm based on the Markov Chain Monte Carlo (MCMC) to find
the parameters that maximize the likelihood of a given model. In our case we used BAT to evaluate,
starting from the observed count distributions in the signal and background regions, the posterior
PDFs for both the signal and background gamma-ray fluxes φs(E j) and φb(E j).

The reconstructed gamma-ray fluxes from the Moon are shown in fig. 2 and are compared
with the fluxes published in ref. [2]. The points shown in the plot correspond to the mean values
of the PDFs on the signal fluxes in each bin, while the error bars indicate the RMSs. The function
E2φγ(E) is peaked at about 150MeV and drops rapidly with increasing energy. The results of
this measurement are consistent with those of ref. [2] in the energy range above 150MeV. The
discrepancies in the region below 150MeV are due to the solar modulation effect on CRs. In fact,
the data in ref. [2] were taken from August 2008 to August 2010, at the beginning of Solar Cycle
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Figure 3: Top left: Time evolution of the gamma-ray flux from the Moon above 56 (red) and 100MeV
(green). The shaded areas indicate the average values over the whole data taking period. Top right: Time
evolution of the gamma-ray intensity from the Moon. Bottom left: Time evolution of the average number
of sunspots. The data are taken from [12] and refer to the Brussels International Sunspot Number. Bottom
right: Time evolution of the average heliospheric current sheet tilt angle for two potential field models. The
blue points correspond to the model in ref.[14] (“classic model”), while the red points correspond to the
model in ref. [15] (”radial model”).

24, when the solar activity was at its minimum. On the other hand, the data presented here cover
the time lapse from August 2008 to December 2014, when an increase of the solar activity was
detected.

2.1 Time evolution studies

To study the time evolution of the gamma-ray emission from the Moon, we divided the data set
into smaller samples corresponding to periods of 6 months duration, with the exception of the first
one, corresponding to the 5 months from August 2008 to December 2008, and we analyzed sepa-
rately each of these samples. The top left plot in fig. 3 shows the time evolution of the gamma-ray
flux from the Moon above 56 and 100MeV. The fluxes in the various time intervals are compared
with the average value, calculated over the whole data taking period.

The flux detected by the LAT is related to the intensity of gamma rays emitted from the Moon
by the following equation:

φγ(Eγ) =
πR2

$
d2 Iγ(Eγ) (2.4)
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Figure 4: Left panel: CR proton spectrum obtained from the best fit of the Fermi LAT Moon gamma-
ray data. The result of the fit (continuous black line) is compared with the proton measurements taken by
PAMELA [3] in 2008 (blue points) and 2009 (purple points) and with the AMS-02 [4] data (cyan points).
The plot shows also the LIS (dashed black line) and the Voyager 1 data [21] (grey points). Right panel:
Gamma-ray flux from the Moon as a function of energy. The results shown in fig. 2 are compared with those
of the fit. The dotted line represents the average gamma-ray spectrum obtained from the fit, assuming that
the Moon-LAT distance is equal to its average value during the whole data taking period. The green and
yellow bands represent respectively the 68% and 95% confidence level central intervals, and are obtained
taking into account the variations of the Moon-LAT distance during the data taking period.

where R$ = 1737.1km is the radius of the Moon and d is the LAT-Moon distance. The top right
plot in fig. 3 shows the time evolution of the gamma-ray intensity, evaluated starting from the flux
and assuming for d the average value of the LAT-Moon distance. During the data taking period the
LAT-Moon distance varied in the range from about 3.4× 105 km to 4.1× 105 km, because of the
orbital motions of the Moon (with a period ≈ 28days) and of the LAT (with a period ≈ 1.5hours).
These distance variations were taken into account in evaluating the errors on the intensities shown
in the plot.

In the bottom left plot in fig. 3 it is shown the time evolution of the average number of sunspots
during the period considered for this analysis. The plot was built using the data distributed by the
Space Weather Prediction Center [12]. Finally, the bottom right plot in fig. 3 shows the time
evolution of the average tilt angle of the heliospheric current sheet.

A comparison of all the plots in fig. 3 shows that the gamma-ray emission from the Moon
seems to be anticorrelated to the number of sunspots and to the heliospheric current sheet tilt angle.
This result is expected, since gamma rays are produced in the interactions of primary CRs with the
surface of the Moon, and therefore their flux must be affected by solar modulation.

3. Study of the solar modulation potential

We have developed a Monte Carlo simulation of the interactions of CRs with the surface of
the Moon to evaluate, starting from the lunar gamma-ray data, the local intensity spectrum of CR
protons. We used the FLUKA [5] simulation code to evaluate the yields of gamma rays produced
by CR protons interacting with the Moon surface.
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In our model we describe the Moon as a perfect sphere of radius R$ = 1737.1km, consisting
of a mixture of different oxides (48.0% SiO2, 4.1% FeO, 11.6% CaO, 24.9% Al2O3, 9.9%MgO,
0.7% TiO2 and 0.6% Na2O) with a density ρ = 3.01g/cm3. The choice of this composition is the
result of ana analysis of the lunar gamma-ray emission data in the periods when direct measure-
ments of the primary CR proton spectrum were taken by the PAMELA [3] (2008-09) and AMS [4]
(May 2011-November 2013) experiments. We tested several composition models available in lit-
erature ( [16, 18, 17]) and we noticed that, to reproduce the measured lunar gamma-ray fluxes
starting from the primary CR proton intensity spectra, a lighter composition of the lunar surface
with respect to those models should be assumed. Hence we developed a custom composition model
that differs from the models in refs. [16, 18, 17] because the fractions of light oxides - mainly SiO2

- are slightly higher (and, conversely, the fractions of heavy oxides - mainly FeO - are slightly
lower) [19].

The gamma-ray intensity spectrum from the Moon is related to the intensity spectrum of CR
protons in the solar system by the following relation:

Iγ(Eγ) =
∫

Y (Eγ |Tp)Ip(Tp) dTp (3.1)

where Y (Eγ |Tp) is yield of gamma rays of energy Eγ produced by protons of kinetic energy Tp and
Ip(Tp) is the CR proton intensity spectrum in the Solar System. The latter can be evaluated from
the Local Interstellar Spectrum (LIS) in the framework of the force field approximation as:

I(Tp) = ILIS(Tp +Φ)×
Tp (Tp +2mp)

(Tp +Φ)(Tp +Φ+2mp)
(3.2)

where mp is the proton mass and Φ is the solar modulation potential.
In this analysis we assumed a model of the LIS [20], and we fitted our data leaving the solar

modulation potential as a free parameter. The fit procedure is based on BAT, and is similar to the
one described in section 2. In this case the gamma-ray signal fluxes in the various energy bins are
correlated, and are calculated from the cosmic-ray proton intensity I(Tp), while the parameters to
be fitted are the background photon fluxes ~φb and the solar modulation potential Φ.

The fit procedure results into an average value of the solar modulation potential of (502±
11)MeV during the whole data acquisition period. The left panel of fig. 4 shows the fitted CR
proton intensity spectrum, compared with the results of the direct measurements performed by
PAMELA and by AMS. The CR proton spectrum inferred from this analysis is consistent with the
results from direct measurements and lies in the region between the PAMELA and the AMS data.
The gamma-ray spectrum obtained from the fit is shown in the right panel of fig. 4, where it is
compared with the results from the data analysis discussed in section 2. The central confidence
belts at the levels of 68% and 95% have been evaluated taking into account the variations of the
Moon-LAT distance during the data taking period.

4. Conclusions

We measured the fluxes of gamma rays produced by the interactions of charged CRs impinging
on the Moon surface using a sample of data collected by the Fermi LAT from August 2008 to
December 2014.
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We also developed a full Monte Carlo simulation of the interactions of CR protons with the
Moon using the FLUKA simulation code to evaluate the gamma-ray yields. Using the simulation
we have inferred the local CR proton intensity spectrum from the Moon gamma-ray spectrum in
the framework of the force field approximation.
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