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Abstract

All known small solar system bodies have diameters between a few meters and a few thousands of kilometers.
Based on the collisional evolution of solar system bodies, a larger number of asteroids with diameters down to
~2 m is thought to exist. As all solar system bodies, small bodies can be passive sources of high-energy gamma-
rays, produced by the interaction of energetic cosmic rays impinging on their surfaces. Since the majority of known
asteroids are in orbits between Mars and Jupiter (in a region known as the Main Belt), we expect them to produce a
diffuse emission close to the ecliptic plane. In this work, we have studied the gamma-ray emission coming from the
ecliptic using the data collected by the Large Area Telescope (LAT) onboard the Fermi satellite. We have fit the
results with simulations of the gamma-ray intensity at the source level (calculated with the software FLUKA) to
constrain the small solar system bodies population. Finally, we have proposed a model describing the distribution
of asteroid sizes and we have used the LAT data to constrain the gamma-ray emission expected from this model

and, in turn, on the model itself.

Unified Astronomy Thesaurus concepts: Asteroids (72); Gamma-rays (637); Cosmic rays (329)

1. Introduction

The small solar system bodies (SSSBs) include asteroids,
comets, small planetary satellites, and all the other objects in
the solar system that are not planets, dwarf planets, or natural
satellites. These bodies can be mainly divided into three
families: the Main Belt, including all small bodies lying
between the orbits of Mars and Jupiter; the Trojans, which
share an orbit with a larger planet or moon; and the Kuiper
Belt, made of trans-Neptunian objects. Asteroids are classified
based on their color, albedo, and spectral types (Lodders &
Fegley 1998). About 75% of known asteroids belong to the
C-type class. These asteroids are extremely dark, since their
composition includes carbon in addition to rocks and minerals.
The second most abundant taxonomic species are S-type
asteroids, which represent 17% of the whole asteroid popula-
tion. These asteroids are moderately bright and consist mainly
of iron and magnesium silicates. Finally, most of the remaining
asteroids belong to the M-type class and are rich in metals
(mainly iron and nickel).

All known asteroids have diameters >2m (assuming a
spherical shape) and the majority are distributed along the
ecliptic plane. As for all other objects in the solar system, these
bodies can be passive sources of gamma-rays, produced by
inelastic interactions of cosmic rays impinging on them. The
result is the production of a diffuse gamma-ray emission along
the ecliptic plane which, if observed, could provide a way to
further investigate the asteroid properties and, in particular, to
study the distribution of their sizes.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

In the present work, we have studied the gamma-ray flux from
the ecliptic plane using the data collected by the Fermi Large
Area Telescope (LAT) from 2008 August to 2020 December and
we have used these results to constrain the gamma-ray emission
from SSSBs. In addition, we have used the FLUKA code to
predict the gamma-ray emission resulting from CRs interacting
with different types of asteroids. We have then used the analysis
results to constrain the total number of asteroids with given
properties. Finally, we have fit the LAT data with a diffuse flux
model of the SSSBs, obtained by folding the gamma-ray intensity
calculated with FLUKA with a population distribution function
obtained by extending a model proposed by Davis et al. (2002) to
diameters down to ~20cm. We have used the fit results to
constrain the parameters of the diffuse flux and, in turn, the
abovementioned population model.

The idea of probing asteroid populations using gamma-ray
observations was already considered by Moskalenko et al.
(2008) and Moskalenko & Porter (2009), who also calculated
the expected gamma-ray fluxes from asteroids under some
simplifying assumptions. In the present work, we propose a
model that extends the previous ones, by including a
description of the spatial morphology of the gamma-ray
emission from asteroids.

2. Small Solar System Bodies

The asteroid mass and size distributions are thought to result
from collisions during their evolution and accretion. Collisions
between asteroids give rise to a cascade of fragments, shifting
masses toward smaller sizes, while slow accretion leads to the
asteroid growth (Dohnanyi 1969). Under these assumptions,
the size distribution can be described with a power-law model:

—=ar° (1)
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where asteroids are modeled as spheres of radius r and the
power-law index is o ~2.7.

Assuming that all the asteroids are homogeneous bodies with
the same density p and a spherical shape, their mass
distribution (m = ?ﬁ) is also described by a power-law
equation:

a—1
dN _ dN dr ﬂ(ﬂ) Y )
am dr dm 30 3

a—1

. +2 47 3
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The parameter a can be calculated from the total mass M of
the whole asteroid population. In fact, assuming that asteroid
masses are distributed in the range from myq to m,, the total
mass is given by:
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where ry and r; are, respectively, the radii of asteroids with
mass mg and m;.

The total mass of the asteroids in the Main Belt (semimajor
axis ~2.7 au) and of Jovian Trojans (semimajor axis ~5.2 au)
is estimated to be of about 10~ *~10°M,,, where M., is the
mass of the Earth, while the total mass of the asteroids in the
Kuiper Belt beyond Neptune (semimajor axis ~40-50 au) is
estimated to be about 10™*M,;, (Pitjeva & Pitjev 2018).”

The NASA Jet Propulsion Laboratory (JPL) database
catalog (Jet Propulsion Laboratory 2022) provides the orbital
parameters of almost 10° small bodies along with their
diameters. The Trojan population is numerically 10%-25% of
the Main Belt population at sizes <100km and the smallest
diameter reported in the catalog is about 10~ km. In Figure 1,
the differential distribution of the radii of SSSBs found in the
JPL database is shown. In Davis et al. (2002), several estimates
of the Main Belt asteroid size distribution down to smaller
diameters are presented.

The model in Durda et al. (1998) is a fit to the distribution
determined by Jedicke & Metcalfe (1998), where the authors
used the Spacewatch data to estimate the size distribution of
SSSBs in the Main Belt. The estimate of the cumulative size
distribution of asteroids (i.e., number of asteroids N(d > D)
with diameter d greater than a certain value D) is given and
N(d>10"?km)~10'". In this work, we extend the model
down to diameters of ~20cm, extrapolating it with a log-
parabola function. In particular, we assume the diameters to be
distributed according to the JPL catalog for values above
2.5km, and to follow the extrapolated model of Durda et al.
(1998) for diameters in the range 20 cm-2.5 km. The resulting
model is shown in Figure 1 as a differential size distribution. In
the same figure, we also show the distributions obtained

3 The total asteroid mass is of the same order of magnitude as the mass of

Moon, which is ~1072M..
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Figure 1. SSSB size distribution. The distribution extracted from the JPL

database is indicated with black circles, while the points of our model are

indicated with black crosses. The colored bands show the power-law models

(Equation (1)) for different values of «, assuming that the total mass of

asteroids is 5 x 107* M, and assuming an asteroid density of 1 g cm™>. The

2]

black line shows the differential size distribution with oo = 2.7.

assuming a power-law model as in Equation (1) for different
values of the parameter «, with a total mass of the asteroids
M=5x10"*Ms, ro=1x10"* km, r; =470 km (Ceres’
radius), and assuming an asteroid density of 1gcm™ 3. In
Figure 1, the differential distribution of the radii of the bodies
in the JPL catalog is also shown. The JPL catalog includes only
observed objects; therefore the size distribution is under-
estimated for smaller radii as these objects are difficult to
detect.

As explained in the following sections, the analysis of
gamma-rays detected by the LAT provides a way to set
constraints on the population and size distribution of asteroids.

3. Asteroids Gamma-Ray Emission

As mentioned in the previous section, asteroids should
produce a diffuse gamma-ray emission along the ecliptic plane
due to interactions of charged cosmic rays with their surfaces.
Hereafter, we will assume the asteroids to be spherical. The
gamma-ray flux produced by N(r, d) asteroids of radius r at
distance d from the Earth (in units of photons GeV 'lem™2 s_l)
is given by the following equation (Ackermann et al. 2016;

Mazziotta et al. 2020):
2
r
¢’)/(E’)’, d, r) = W?IW(E",H r)N(ra d)a (5)

where E, is the gamma-ray energy and I, is the differential
intensity of gamma-rays at the production site.
3.1. Gamma-Ray Intensity at Production
The gamma-ray intensity at production for an asteroid of
radius 7, in units of photons GeV ' cm ™ 2sr ' s, is given by:

L(Ey, 1) = Z f Y,(E,|Ey, r)I;(Ex)dE (6)

where I;(E}) is the intensity of the ith species of cosmic rays
impinging on the asteroid surface (mostly protons, electrons,
and He nuclei) and Y(E,|E, r) is the yield of gamma-rays
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produced by the interaction of the ith cosmic-ray species with
kinetic energy E; with the body surface of radius r.

We have calculated the yield Y(E.,|E}, r) using the FLUKA
code (Ferrari et al. 2005; Bohlen et al. 2014; Battistoni et al.
2015). FLUKA is a general purpose Monte Carlo code for the
simulation of hadronic and electromagnetic interactions, used
in many applications. It can simulate with high accuracy the
interactions and propagation in matter of about 60 different
species of particles, including photons and electrons from
1keV to thousands of teraelectronvolts, neutrinos, muons of
any energy, hadrons, and the corresponding antiparticles of
energies up to 20 TeV or up to 10PeV when it is interfaced
with the DPMJET code (Roesler et al. 2001), neutrons down to
thermal energies, and heavy ions.

Hadronic interactions in FLUKA below a few gigaelectron-
volts are based on resonance production and decay of particles,
while for higher energies, the Dual Parton Model is used,
implying a treatment in terms of quark chain formation and
hadronization. The interactions are simulated in the framework
of the PreEquilibrium Approach to NUclear Thermalization
model (PEANUT; Fasso et al. 2000; Battistoni et al. 2006),
including the Gribov-Glauber multi-collision mechanism
followed by the pre-equilibrium stage and eventually equili-
brium processes (evaporation, fission, Fermi break-up, and
gamma de-excitation). We refer the reader to Mazziotta et al.
(2016) and references therein for a more extended description
on the interaction models that FLUKA employs for these
interactions in different energy ranges. Full information on the
different models used by the code and its related publications
and references can be found in the FLUKA webpage.”

The FLUKA code already has been used to model the
gamma-ray emission from the Moon (Ackermann et al. 2016)
and the Sun(Mazziotta et al. 2020), providing excellent
agreement with data.

In our simulation setup, each SSSB is defined as a spherical
body with radius ranging from 10cm to 100 km. We have
simulated different kinds of bodies, with different compositions
and densities.

We first defined three homogeneous bodies to investigate
possible dependence on the simulated material and density:

1. Ice: H,O with density of 0.92 gcm X

2. Silica: SiO, with density of 2.00 gcm™ -

3. Carbon: C with density of 2.00 gcm .

For ice, we assumed the same density as on the Earth. For
silica and carbon bodies, we chose the same density, in order to
better investigate possible effects specifically due to the
element.

Second, we defined two species that are representative of the
most abundant asteroids:

3

1. C-type asteroids, with a density of 2.23 gcm™
3

2. S-type asteroids, with a density of 3.80 gcm™ .

We assumed that the C-type and S-type composition is the
same as the one of carbonaceous and ordinary chondrites,
respectively, with the elemental abundances taken from tables
16.10 and 16.11 of Lodders & Fegley (1998).

To evaluate the yields of secondary particles from the
SSSBs, we have simulated several samples of protons,
electrons, and “He nuclei with different kinetic energies,

4 http://www.fluka.org/
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impinging on the asteroids with an isotropic and uniform
distribution. The primary kinetic energy values are taken on a
grid of 81 equally spaced values in a logarithmic scale, from
100MeVn " up to 10TeVn "

The differential yield of secondary particles produced b}/ the
ith species of cosmic-ray primaries (here i =p, e, and “He),
Y(E,|E, 1), is calculated by counting the secondary particles
which escape from the asteroid. The yield in units of GeV ' is
defined as:

Ni(E,| Ey, 1)

Y(E|E, 1) =
(’7| ) ]V,(Ek)AEA/

(N

where N;(E;) is the number of primaries of the ith species
generated with kinetic energy E; (E; is expressed in units of
GeV for primary electrons and protons and of GeV/n for
primary nuclei) and N{(E.| Ey, r) is the number of photons with
energies between E, and E. + AE, produced by the primaries
of the type i with kinetic energy E; and escaping from the
asteroid.

The intensities I;(E;) at the asteroid position can be
calculated starting from the local interstellar spectra (LIS)
taking into account the propagation of CRs in the solar system,
which is affected by solar activity. The activity of the Sun
modulates the CR spectra with an 11 yr cycle and its effect
depends on the position of the asteroid in the solar system. In
this work, we assume two limiting classes of CR spectra: the
first one is given by the LIS, i.e., the spectra that are not
affected by solar modulation, while the second are those
measured at the Earth, where the solar modulation effect is
larger than that at the positions of all asteroids, since their orbits
are external to the Earth. In this way, we are bracketing the
asteroid emission between these two limiting cases, since
asteroids are distributed at distances of 50 au and beyond (see
Figure 7). We have taken the CR LIS from De La Torre Luque
et al. (2021a, 2021b, 2022). The CR spectra at the Earth have
been precisely measured by the AMS-02 instrument. In
particular, we have taken the proton spectrum from Aguilar
et al. (2015a), the helium spectrum from Aguilar et al.
(2015b, 2017), and the electron+positron spectrum from
Aguilar et al. (2014). For the electron+positron spectrum at
high energies we have also used the measurements by the
Fermi-LAT (Abdollahi et al. 2017) and DAMPE (Ambrosi
et al. 2017) (see also Mazziotta et al. 2020).5

In addition, we expect a time-dependent gamma-ray signal
due to the 11 yr solar cycle, which modulates the cosmic-ray
intensities. In particular, this modulation is observed in the
Moon gamma-ray flux, with variations over one Solar cycle in
the range £+ 15% of the average emission (Ackermann et al.
2016; De Gaetano et al. 2021).

Figure 2 shows the gamma-ray intensities (Equation (6))
evaluated for the different classes of asteroids simulated in this
work.® Most lines in the spectra are due to photons emitted in
nuclear de-excitation processes. The line at 511 keV is due to
annihilations of positrons produced in the electromagnetic
showers. The line at 2.2 MeV, which is visible in the ice
bodies, is due to neutron capture by hydrogen nuclei, with the
production of a deuterium nucleus and the emission of a

5 We did not simulate electrons and positrons separately, but only primary

electrons assuming a spectrum equal to the overall electron-positron one.
6 Asan example, in Appendix we report detailed plots of gamma-ray yields
and intensities for the different particle species interacting with Silica asteroids.
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Figure 2. Gamma-ray intensities (multiplied by the energy squared) from ice, silica, carbon, C-type and S-type asteroids. The spectra have been evaluated assuming
different radii, from 10 cm to 10 km. The calculations have been performed in the two limiting cases, using the CR LIS spectra (continuous lines) and the CR spectra
measured at Earth (dashed lines). The gray points show the intensity of the Moon measured by the Fermi-LAT (Ackermann et al. 2016).

gamma-ray. Other classes of asteroids exhibit characteristic
lines related to their composition. We remark that these features
can be of particular interest for in situ studies of asteroid
composition. The gamma-ray intensities from the different
classes of asteroids are also compared with the gamma-ray
intensity from the Moon measured by the Fermi-
LAT (Ackermann et al. 2016). We see that the intensity of
gamma-rays emitted from silica bodies of large sizes is close to
the intensity of gamma-rays emitted from the Moon.

Figure 3 shows the integral of the intensity above 0.1 GeV as
a function of the asteroid radius for the different classes of
asteroids. It can be noticed that the intensity at the production

site drops for radii smaller than 1 m, since the asteroid size
becomes comparable or smaller than the typical interaction
length in the simulated materials, which are of the order of tens
of centimeters. From Figures 2 and 3, we see that, for » > 10 m,
the shapes of the spectra (and consequently the integral of the
intensity above 0.1 GeV) do not depend on the asteroid radius
and are similar to the shape of the gamma-ray intensity from
the Moon (Ackermann et al. 2016). This is because the
secondary gamma-rays produced by cosmic rays impinging
on the asteroids can escape only from external layers, since the
cosmic-ray nuclei can penetrate down to depths of a few tens of
grams per centimeter squared (corresponding to the hadronic
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Figure 3. Gamma-ray intensity above 0.1 GeV as a function of the body radius

using the CR LIS spectra (continuous lines) and the CR spectra measured at

Earth (dashed lines). The colored lines indicate the different compositions. The

gray point shows the Moon data measured by the Fermi-LAT (Ackermann
et al. 2016).

interaction length for protons and He nuclei), while the gamma-
ray absorption length (corresponding to the radiation length) is
shorter. When the asteroid size is larger than both of these
characteristic lengths, the gamma-ray production becomes
independent of the size.

3.2. Gamma-Ray Flux at the Earth

Figure 4 shows the gamma-ray fluxes at the Earth from
asteroids of different classes and different radii at a distance of
2.7 au from our planet, evaluated using Equation (5) with N
(r,d)y=1.

The gamma-ray flux produced by asteroids of radius r > ry
(cumulative flux) at a given distance d is given by:

nogr? dN
6, (Ey dy 1> ro) = f T (Ey. = dr. 8)

ro

where r; ~ 500 km is the largest radius of observed asteroids.

Figure 5 shows the cumulative gamma-ray fluxes at the
Earth calculated with a population of SSSBs shown in Figure 1
at a distance of 2.7 au, for different values of r; in the range
from 10 cm to 10° km.

As discussed above, the gamma-ray emission at the site of
production is almost independent of size for asteroid radii
larger than a few tens of meters. Assuming that the gamma-ray
intensity I, does not depend on the asteroid radius r, the
gamma-ray flux at the Earth for a power-law size distribution of
the asteroids at a given distance d can be expressed as:

¢, =7l frl 2 ar~%dr
v v o d2

3—a _ 3-a
leiu for a = 3
— d2 3 -« (9)
a r
ml,— log — fora =3
d2 ro

where ry and r; are the minimum and maximum asteroid radii
and the parameter a can be calculated from Equation (4).
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Figure 4. Gamma-ray fluxes at the Earth (multiplied by the energy squared)

from single spherical bodies of different radii and types at the distance of 2.7 au
from the Earth.

Following Ackermann et al. 2016, the gamma-ray flux from
the Moon can be expressed as:

R
o =l — (10)
D¢
where I, is the intensity of lunar gamma-rays, while R¢ and D¢
indicate the lunar radius and the Earth-Moon distance,
respectively.
From the results shown in Figures 2 and 3, assuming that the
gamma-ray intensity from asteroids is the same as from the
Moon ’, from Equations (9) and 10 it follows that:

]DZ 3—a_ 33—«
a—— X —" fora =3
10) RE d 3—a
ol R : (D
( a——5 % log™  for a =3
qudz gro

We remark that Equation (11) differs from Equation (6) in
Moskalenko et al. (2008), where it was assumed that the emission
from small bodies scales with the radius of the body. In this work,
we calculate the gamma-ray flux from each body as in
Equation (5). For radii larger than ~10m, the intensity at
production becomes independent of the radius, as discussed
above, and the flux at the Earth scales with the square of the
radius. As a consequence, assuming a population of asteroids with
radii between ro=1x10"*km and r, =470km, following
Equation (11), our model predicts an asteroid flux from two to
six orders of magnitudes lower than the flux calculated in
Equation (6) in Moskalenko et al. (2008), depending on the index
« of the power law describing the asteroid size distribution.

3.3. Spatial Map of Small Bodies

Since the orbits of the asteroids lie in an extended region of
the sky, to build a template describing their gamma-ray
emission, we have first divided the sky into equal solid angle
pixels and then we have added together the contributions from
individual pixels.

7 We note that the CR intensities are not the same at the asteroid and Moon

positions, and therefore the gamma-ray intensities are slightly different (see
discussion in Section 3).
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Figure 5. Cumulative gamma-ray fluxes (multiplied by Ef,) at the Earth for the SSSB population model described in Section 2 and shown in Figure 1. Top left panel:
ice bodies; top right panel: carbon bodies; middle-left panel: silica bodies; middle-right panel: C-type bodies; bottom panel: S-type bodies. The colored lines

correspond to different values of the minimum asteroid radius 7.

The differential gamma-ray flux from the SSSBs of radius r
in a sky pixel at the ecliptic coordinates (A, (3), covering a solid
angle AS) is given by:

N, B, r, d) mr?

i€lo.s. i

L(Ey, ) (12)

where the summation is extended to all the bodies lying along
the line of sight (l.0.s.) in the direction (A, §). In Equation (12)

we have indicated with N(A, 8, r, d;) the number of asteroids
along the line of sight at distance d; from the Earth, with
radius r.

We can then define the fraction of bodies at distance d;
within the cone pointing toward the direction (), (3) as:

N\, B, 7, dy)

w\, B, r, d) = e
tot

13)
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where N(r) is the total number of bodies of radius r in the
sky. With this definition, Equation (12) can be rewritten as
follows:

6, (Ey. 1 N, B)
1

i€lo.s. l

1~ y(Ey, 1) Niot (7). (14)

If we assume that all SSSBs are equally distributed in the
sky, w is independent of r. Therefore, Equation (14) can be
rewritten as:

d)/y(E’)’? r’ A’ ﬂ)
w(h B,d) . (15)

= 7Tr21,Y(E,\/, V)Ntol(r) AQd2
i€lo.s. !

The r.h.s. of Equation (15) can then be viewed as the product
of two factors: a spectral factor, given by the intensity at
production for an asteroid of radius r, weighted by a factor mr”
and by the number of asteroids with radius r; and a spatial
factor, containing the fraction of bodies at given spatial
coordinates, divided by the solid angle A2, weighted with the
inverse of their squared distance from the Earth and summed
along the l.o.s. If the spatial factor and I.(E,, r) are known or
estimated, by fitting the LAT data with the model in
Equation (15), it is possible to set constraints on the distribution
Nioi(r). To build a spatial map of the asteroid emission, we start
by estimating the spatial factors for different directions (A, ().
An asteroid orbit is characterized by four parameters:

1. the orbit major semiaxis /;

2. the inclination angle i of the orbit with respect to the
ecliptic plane;

3. the longitude (2 of the ascending node (i.e., one of the
two intersection points between the asteroid orbit and the
ecliptic plane), measured with respect to the direction of
the First Point of Aries;

4. the argument of periapsis w, i.e., the angle between the
ascending node direction and the major semiaxis.

The asteroid position on its orbit is identified by the angle v
that its direction forms with respect to the major semiaxis,
called “true-anomaly” angle. A graphical representation of an
asteroid orbit is shown in Figure 6.

Figure 7 shows the distributions of the orbital parameters of
the SSSBs found in the JPL catalog. We verified that such
parameters are not correlated with each other. To build a spatial
map of the asteroid population, we sampled 107 times the
orbital parameters, assuming circular orbits, and extracting the
true-anomaly angles from a uniform distribution between 0°
and 360°. For each set of parameters [, i, €2, w, and v, the
corresponding asteroid position can be evaluated in a right-
handed reference frame centered on the Sun with the x-axis
directed from the Sun to the First Point of Aries, and the z-axis
perpendicular to the ecliptic plane. In this frame, the position of
the asteroid is given by:

x4 = I[cosQcos(w + v) — sinQcosisin(w + v)]
Y = IlsinQcos(w + v) — coscosisin(w + )] . (16)
za = Isinisin(w + v)
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Figure 6. Graphical representation of the orbit of an asteroid (Wikipedia 2022).

From Equation (16), the ecliptic coordinates of the asteroid
can be evaluated:

Aecd = arctan
XA

- a7

[x3+yi+23

Bect = arcsin

By following the prescriptions in Duffett-Smith & Zwart
(2011), the ecliptic coordinates of each body can be converted
into celestial and galactic coordinates.

If the Sun-Earth direction forms an angle ¢ with respect to
the x-axis, the Earth coordinates (in au units) are given by
xg = cos&, yp = sin, zg=0. For each simulated asteroid
position, we extracted the angle ¢ describing the position of the
Earth from a uniform distribution between 0° and 360°. The
asteroid distance from the Earth is therefore given
by d = (s — xe) + Oy — ) + Ga — )

The asteroid spatial map is built using a HEALPix®
pixelization of the sky with N4, =32. This means that the
sky is divided into 12 x ]\,slde = 12288 pixels, each one with
solid angle AQ=1.02x 10 3sr. Each pixel is assigned a
weight given by the spatial factor in Equation (15):

1 Z w(A, B, d) (18)

A,
W( 6) AQ i€lo.s. di2

where A and 3 are the coordinates at the center of the given
pixel, N(\, 3, d;) is the number of objects with distance d; from
the Earth whose coordinates are contained in that pixel, and N
is the total number of simulated asteroids.

The asteroid spatial maps are shown in Figure 8. The top
panel shows the asteroid distribution in ecliptic coordinates.
The middle panel shows the average asteroid distance from the
Earth as a function of the asteroid position. We see that the

8 http:/ /healpix.sourceforge.net
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Figure 7. Distributions of the orbital parameters of the SSSBs in the JPL catalog. Top left: major semiaxis; top right: inclination; bottom left: argument of periapsis;

bottom right: ascending node longitude.

asteroid distribution is peaked toward the direction of the Sun
(which is at the center of the map). This projection effect results
from the asteroids along the Earth—Sun direction being, on
average, farther from the Earth than those along the opposite
direction. Finally, the bottom panel shows the spatial template
of Equation (18) in celestial coordinates.

4. LAT Data Analysis

The LAT is a gamma-ray pair-conversion telescope,
designed to detect photons in the energy range from
20 MeV up to more than 300 GeV. It consists of a 4 x4
array of 16 identical towers, each one composed of a tracker
(TKR) and a calorimeter (CAL) module. Incident gamma-
rays are converted into e'e” pairs, whose energies and
directions are measured by the CAL and the TKR, thus
providing information on the photon energy and direction.
The TKR contains 36 alternating layers of silicon strip
detectors interleaved with tungsten converter foils, for a total
on-axis thickness of 1.5 radiation lengths. The CAL consists
of 96 CslI (T1) crystals, hodoscopically arranged in eight
layers, for a total on-axis thickness of 8.6 radiation lengths.
The towers are surrounded by a segmented anticoincidence
detector (ACD), made of plastic scintillators, working as a
veto for charged cosmic rays. Detailed descriptions of the
instrument can be found in Atwood et al. (2009), Abdo et al.
(2009), and Ackermann et al. (2012).

The data sample used for the present analysis has been extracted
from the Pass 8 P305 data set (Atwood et al. 2013), selecting

ULTRACLEANVETO event class (front and back) photons,9
with energies between 56 MeV and 1.78 TeV, collected in the
period from August 2008 (MET =239557418) to 2020
December (MET = 631153850).'" The energy interval has
been divided into logarithmic bins, with eight bins per decade.
The analysis has been performed in six different Regions of
Interest (Rols) along the ecliptic plane, of 40° width in
equatorial latitude and longitude, thus selecting the parts of the
sky where the asteroid signal is expected to be maximal. A
minimum separation of ~17° from the Galactic Equator was
required, in order to avoid the strong contamination from the
diffuse interstellar gamma-ray emission in the Milky Way. The
resulting Rols are centered at the ecliptic longitudes 0°, 40°,
140°, 180°, 220°, and 320°, and at the ecliptic latitude 0° (see
Figure 9). In the following, we will designate these regions as
Rol 0, Rol 40, Rol 140, Rol 180, Rol 220, and Rol 320.

We selected the time intervals when the LAT was
operating in its standard science operation configuration
and was outside the South Atlantic Anomaly (SAA). To limit
contamination from the Earth limb, we discarded time
intervals when the LAT z-axis was at an angle >70° with

° This is the event class with the smallest fraction of residuals (misclassified)

cosmic rays and is recommended for studies of diffuse emission (see https://
fermi.gsfc.nasa.gov).

10 The Mission Elapsed Time, or MET, is the number of seconds since the
reference time of 2001 January 1, at 0™0™:0° in the Coordinated universal Time
(UTC) system, corresponding to a Modified Julian Date (MJD) of 51910 in the
UTC system (see https://fermi.gsfc.nasa.gov/ssc/data/analysis /documentation /
Cicerone/Cicerone_Data/Time_in_ScienceTools.html)


https://fermi.gsfc.nasa.gov
https://fermi.gsfc.nasa.gov
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/Time_in_ScienceTools.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/Time_in_ScienceTools.html
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Figure 8. Spatial maps of asteroids obtained from the simulation. Top panel:
number of SSSBs per HEALPix pixel in ecliptic coordinates. Middle panel:
average asteroid distance from the Earth as a function of its position in the sky.
Bottom panel: spatial template of the asteroids (Equation (18)) in equatorial
coordinates, built using a HEALPix pixelization of the sky with Ng4. = 32
(Mollweide projection). The dashed yellow line represents the galactic plane.

respect to the zenith direction. This tight zenith cut has been
implemented to take into account the broad instrument point-
spread function (PSF) below 100 MeV. When selecting the
good time intervals for the data analysis, we also required a
minimum angular separation of 35° (45°) between the Moon
(Sun) direction and the center of each Rol, to avoid

De Gaetano et al.
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Figure 9. Spatial map in J2000 R.A. and decl. of all events detected by the
LAT in 2008 August with energy between 56 MeV and 1 TeV and zenith angle
>90° (Mollweide projection). The boundaries of the six analysis Rols are also
indicated by the black continuous lines.

contamination from lunar (solar) gamma-rays.'' Due to the
cut on the angular separation from the Sun, each Rol is
excluded from coverage for a few months of the year.

The analysis was performed using the fermitools
(version 2.0.8) 2 and fermipy (version 1.0.1) (Wood et al.
2018) packages. For each of the six Rols, the analysis was
performed separately in each month of each year of the selected
data sample. In fact, a possible diffuse signal from the asteroids
should be time dependent, since the relative motion of Earth
and asteroids implies variations of the spatial map template of
Equation (18), due to changes in the relative distances and in
the subtended solid angles. In addition, solar modulation could
yield variations observable on yearly/monthly timescales
(Ackermann et al. 2016; De Gaetano et al. 2021).

We have implemented a fitting procedure based on a Poisson
maximum likelihood approach. The gamma-ray emission from
each Rol is modeled including the standard diffuse background
templates developed by the Fermi-LAT collaboration, i.e., the
Galactic Interstellar Emission model gll_iem v07.fits
and the isotropic model.'® The point-like and extended sources
in each Rol are taken from the fourth catalog of LAT sources
4FGL (Abdollahi et al. 2020). The normalization parameters of
the diffuse models and of all the sources within 25° from the
center of the Rol and detected with TS >25 were fitted. An
additional source was added to describe the asteroid emission,
as discussed in Section 3. As previously explained, we used the
map in Equation (18) and shown in Figure 8 as a spatial
template. To minimize the assumptions on the spectral shape, a
power law with spectral index 2 was used '*:

dN, EY’
— = Ny~| — 19
dE O’V(Eo) (1%
with Ey = 100 MeV. Here N , is the differential flux at E = E,

in units of MeV ' cm 25! and is the only free parameter in
this model.

1 We did not implement any cut on the positions of major planets since the
LAT has not yet detected emission from any of them.

12 hitps: / /fermi.gsfc.nasa.gov /ssc/data /analysis /software/
'3 hitps: //fermi.gsfc.nasa.gov /ssc/data/access/lat/BackgroundModels.html

14 We assume a positive index for the power-law model since we define it
as dN/dE x E~°.


https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Figure 10. Summary of the fit results. Top left panel: distribution of the values of the normalization constant of the Galactic diffuse background. Top right panel:
distribution of the values of the normalization constant of the isotropic background. Bottom left panel: distribution of the ULs at 95% CL on the asteroid gamma-ray
flux. Bottom right panel: comparison between the distributions of the ULs at 95% CL in the six Rols. A total of 741 fits have been performed, corresponding to about

124 fits for each Rol.

For each fit, we computed the Test Statistic (TS) for the
spatial template representing the diffuse emission due to
asteroids, defined as

TS = -2 (11’1 ‘Cmax,O —In Lmax,l) (20)

where L0 is the maximum likelihood value for a model
without the source of interest (the “null hypothesis”) and £ ax 1
is the maximum likelihood value for a model with the
additional source (‘“‘alternative hypothesis”), which, in this
case, is represented by the asteroids. The TS is usually used to
estimate the significance of the source. In particular, in the case
of a model with one additional degree of freedom with respect
to the null hypothesis, the significance is equal to ~/TS.
Figure 10 shows a summary of the fit results obtained in the
analysis of the different Rols in the different time intervals. The
top panels of Figure 10 show the values of the normalization
constants of the Galactic interstellar and of the isotropic diffuse
components obtained from the fits. In all fits, the TS turned out
to be ~0, i.e., the asteroid source was not significantly detected
for any Rol and time interval. Hence, in each fit, we derived the
upper limit (UL) on the asteroid flux above 56 MeV at 95%
confidence level (CL). These limits are shown in the bottom
panels of Figure 10. We see that the distributions of the ULs on
the asteroid flux obtained in the various Rols exhibit similar
shapes and are peaked around 2 x 107> MeV ' cm ?s™". The

10

normalization constants are close to 1, with the normalization
of the Galactic component slightly lower than 1 and that of the
isotropic component slightly exceeding 1. The two normal-
ization constants also appear to be anticorrelated.

5. Combined Likelihood Analysis

As previously discussed, the analysis was performed for
separate Rols and time intervals over a set of energy bins. In
each energy bin, we evaluated the likelihood profile for the
gamma-ray flux from asteroids using fermipy.'> Figure 11
shows an example of these likelihood profiles for Rol 0 in 2008
August; in the figure the values of Aln £ = In L, — In L are
shown as a function of the spectral energy distribution (SED) in
the various energy bins from 56 MeV to 1.78 TeV. The
likelihood values as a function of the SED are computed by
varying the parameter Ny in Equation (19) and keeping the
spectral index fixed to the reference value of 2 in each
energy bin.

All the likelihood profiles evaluated in the different Rols,
time intervals, and individual energy bins have been combined
to evaluate constraints on a possible source population with any
given spectral shape f(E), with free normalization C. Starting
from the log-likelihood values In £; in the ith energy bin and

15 https: / /fermipy.readthedocs.io/en/latest/advanced /sed.html
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ULs at 95% confidence level on the SED.

sth Rol/time bin as a function of the gamma-ray flux Cf(E), it
is possible to calculate the log-likelihood value In £;(C) for this
spectral model in each Rol/time bin. The total log likelihood
for the model is given by:

In£(C) = 33 In £I(C).

s

21

As a starting point, we find the value C,,, of the
normalization constant yielding the maximum likelihood.
Then, we evaluate the TS of the model as —2 [InL(C =
0) — In £(Cpax)], where In L(C = 0) is the log-likelihood
value for C =0, corresponding to the null hypothesis. The UL
at 95% CL on the normalization factor is the value of C for
which In £(C) = In L(Cpax) — 2.71/2.

This approach is more powerful than the analysis of
individual Rols in restricted time intervals in the search of a
possible tiny gamma-ray signal from a population of identical
sources. Figure 12 shows the ULs at 95% CL on the power-law
fluxes with spectral index 2 obtained by combining the data for
individual Rols in all time intervals and the data for all Rols in
all time intervals, compared with the limits obtained in the
analyses of individual Rols in individual time intervals. We see
that the ULs obtained by combining all the time intervals in an
individual Rol are a factor of 10 stronger than those obtained in
the analysis of the same Rol in an individual time interval. A
further improvement of almost a factor of 10 is obtained
combining the data from all Rols and all time intervals.

5.1. Population Model-independent Analysis: Constraints on
Nyoi(T)

We have implemented the analysis procedure illustrated
above using for the asteroid source the spectral intensity shape
model f(E) = L(E, r) (see Equation (15)) with fixed values of
the asteroid radius. This approach allows for setting constraints
on Ny(r) for each value of the radius r. We calculated the
upper limit on N, (r) assuming that all asteroids have the same
radius and the same composition.

We find that the signal from the asteroids is not significant
and we evaluate the constraints on the normalization constant

11
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Figure 12. Summary of the ULs at 95% CL on the asteroid flux above
56 MeV. The limits obtained from the analysis of individual Rols in individual
one-month time intervals are compared with those obtained from the analysis
of individual Rols combining all time interval (filled circles, continuous line)
and with those obtained from the combined analysis of all Rols and all time
intervals (dashed line).

C. The UL at 95% CL on the gamma-ray flux, expressed as
C_‘IW(E, r) can be converted into an upper limit on Ny (7),
hereafter indicated as Nyp(r), from Equation (15) integrated
over the whole sky:

¢y uL(E, 1) = CL(E, r) = Brr?L,(E, r)NuL(r)
C
Brr?

=>NuL(r) = (22)

where B is the integral over the entire sky of the asteroid
distribution in Equation (18) and shown in the bottom panel of
Figure 8.

In Figure 13, we show the TS and the ULs at 95% CL on the
total number of asteroids obtained in the hypothesis that all
bodies in the population have the same radius r, assuming for
I(E, r) the spectra produced by cosmic rays following either
the LIS or the spectrum at Earth detected by the AMS-02
experiment interacting with silica, C-type, or S-type bodies.
The dependence of the TS and of the ULSs on r is determined by
the shape of the function I(E, r). For r>10m, the TS is
almost constant, since the gamma-ray intensity becomes
independent of the asteroid radius and Nyp(7) scales as r2.
This also explains the slight increase in the ULs for » ~ 10 m.
For smaller radii, the spectral shape of the gamma-ray intensity
is harder, and it is more disfavored by the data, resulting in a
TS closer to zero. The constraints obtained with the different
classes of asteroids are similar for radii below 10 m and above
100 m. Since the TS does not exceed the value of ~10, the
asteroid source is not significantly detected for any value of r
tested in the present work. In the right panel of Figure 13, we
also show the number of SSSBs in the JPL catalog and the one
predicted by our model (see Section 2). The distribution is
calculated using a logarithmic binning in radius with 16 bins
per decade. We remark that the UL obtained with this
procedure cannot be directly compared with the assumed size
distribution, since each upper limit is derived in the hypothesis
that all bodies have the same radius r.
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Figure 13. Left panel: TS for the asteroid component as a function of the asteroid radius obtained from the model-independent analysis. The values have been
calculated for silica, C-type, and S-type asteroids, assuming that gamma-rays are produced by cosmic rays following either the LIS (solid lines) or the spectrum at
Earth (dashed lines). Right panel: ULs at 95% CL on the total number of asteroids of radius r as a function of the asteroid radius, obtained from the model-independent
analysis. The red line represents our population model, which is the extrapolated Durda et al. (1998) model, while the black dots represent the data in the JPL catalog.
The data and model distributions are binned in radius r with a logarithmic binning of 16 bins per decade.
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Figure 14. Left panel: TS for the asteroid component as a function of the minimum asteroid radius obtained from the model-dependent analysis. The values have been
calculated for silica, C-type, and S-type asteroids, assuming that gamma-rays are produced by cosmic rays following either the LIS (solid lines) or the spectrum at
Earth (dashed lines). Right panel: ULs at 95% CL on the asteroids population as a function of the asteroid radius obtained from the model-dependent analysis. The red
line represents our population model, which is the extrapolated Durda et al. (1998) model, while the black dots represent the data in the JPL catalog. The data and
model distributions are binned in radius r with a logarithmic binning of 16 bins per decade.

5.2. Model-dependent Analysis: Constraints on N (r 2 Fin)

We also applied the combined likelihood analysis technique
to set a constraint on the asteroids population model proposed
in Section 2 as an extrapolation of the model of Durda et al.
1998 for r < 1.25km and following the JPL catalog distribu-
tion for r > 1.25 km.

The cumulative flux of asteroids can be evaluated from
Equation (15) by summing over all the radii from r;, up to
22 300 km:

T
¢, (E) =B Y wr’L(E, r)Not(r). (23)

F'="Imin

For a given value of r,;,, the function f(E) is then given by
Equation (23). The ULs on the normalization factor C are then
converted into ULs on the cumulative population model.

The left panel of Figure 14 shows the TS of the model as a
function of the minimum radius r;, for silica, C-type, and
S-type asteroids, evaluated assuming either the LIS or the
spectra of cosmic rays at Earth measured by AMS-02. The TS
is approximately null for r,;, < 1073 km, while it increases for

12

larger values of r,,;,, due to the change of shape of the gamma-
ray intensity at the production. Compared with the results in the
previous section, the increase is smoother, since, for each value
Of Fmin, f(E) is obtained from a folding of all the energy spectra
of asteroids with r > ry,. At some point the TS reaches a
limiting value ~10, still not significant. As already stated in the
previous section, this behavior is due to the fact that, for large
radii, the spectral shape becomes independent of the aster-
oid size.

In the right panel of Figure 14, the ULs at 95% CL for the
integral population of asteroids with r > ry;, are shown. The
limits are above the model in the whole range of r,,;, and the
ratio between the UL and the population predicted by the
model increases with 7, from 107 for rpi, = ro = 10 cm to
~10° for rinin = r¢ ~ 300 km.

5.3. Comparison between Asteroids and Moon Flux

We repeated the combined likelihood analysis using for the
spectral model f(E) the Moon gamma-ray flux measured by the
LAT in its first seven years of operation (Ackermann et al.
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Figure 15. Ratio between the asteroid flux and the Moon flux calculated with Equation (8), as a function of the asteroid size distribution power-law index «, for
different values of the asteroid total mass. All asteroids have been assumed to lie at a distance d = 2.7 au from the Earth. The gamma-ray intensity at production is
obtained by simulating the interaction of CRs with silica bodies. The plot in the left panel is obtained using the CR spectra measured at Earth, while the plot in the right
panel is obtained using the CR LIS. The continuous black lines indicate the results obtained assuming for the total asteroid mass the value 5 x 10™*My,. The dashed

lines correspond to the measured UL at 95% CL.

2016). The UL at 95% CL on the asteroid flux ¢, is 0.39 times
the Moon flux.

We have evaluated the ratio between the asteroid flux and
the Moon flux ¢/ @dmoon using Equation (8) under the following
assumptions: (i) the asteroids are all located at a distance
d = 2.7 au from the Earth; (ii) the asteroids are all composed
of silica with a density of 2gcm 3;(iii) the asteroid size
distribution follows a power law with index «, according to
Equation (1). The integration limits were fixed to the values
ro = 1 x 10~*km and r; = 470 km. Figure 15 shows the ratio
@/ dmoon as a function of the power-law index « for different
values of the total asteroid mass. In the left panel, the gamma-
ray flux from asteroids is evaluated using the CR spectra
measured at Earth, while in the right panel, it is evaluated using
the CR LIS. The dotted line represents the value obtained from
the combined analysis performed using the average Moon flux
as spectral model. At 95% CL, all values of « and asteroid total
masses above this threshold can be ruled out.

In Figure 16, the same ratio is shown as calculated in
Equation (11), i.e., assuming the gamma-ray intensity from
asteroids at production to be equal to the gamma-ray intensity
from the Moon at production. When using Equation (11), the
ratio ¢/ dmoon is independent of energy, and depends only on
geometrical parameters.

6. Conclusions

In this work, we have used the LAT Pass 8 ULTRA-
CLEANVETO data collected from August 2008 to December
2020 to study the gamma-rays from the ecliptic plane with
energies in the range 56 MeV-1 TeV, aiming to constrain the
gamma-ray emission from SSSBs. Such bodies are mostly
located around the ecliptic plane and are expected to act as
passive sources of gamma-rays due to the interactions of
cosmic rays with their surfaces. This method provides a unique
way to constrain the population of all small bodies with
diameters <2 m, on which no data are available in the JPL
catalog of SSSBs (Jet Propulsion Laboratory 2022).

In addition, this analysis allows for testing different models
of the population of asteroids. In particular, we have used the
analysis results to constrain a size distribution model (in the
hypothesis that asteroids are spherical) that we have built by
extrapolating the (Durda et al. 1998) model for diameters down
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Figure 16. Ratio between the asteroids flux and the Moon flux calculated with
Equation (9) as a function of the asteroid size distribution power-law index a,
for different values of the asteroid total mass.

to ~20cm and using the JPL catalog for diameters larger
than 2.5 km.

The analysis was performed in six different Rols at a
distance >17° from the Galactic plane to avoid the bright
contamination of the latter. Separate analyses were performed
for individual Rols in each year and each month of the selected
sample. This choice was motivated to search, in case of a
source detection, for a signal modulated by solar activity over
12 yr of data, and by the changes of the distance between the
Earth and the asteroids as the Earth orbits the Sun.

The gamma-ray emission from each Rol was modeled
including the standard diffuse background templates developed
by the Fermi-LAT collaboration and the point-like and
extended sources from the 4FGL catalog. An additional source
describing the asteroids’ diffuse emission was implemented. Its
morphology was built by sampling 10 times the asteroids
orbital parameters from the JPL SSSBs catalog, while its
spectral emission was modeled as a power law of index 2. The
analysis was performed with free normalizations of the most
significant sources in each Rol and the prefactor N, of the
asteroids power-law energy spectrum. For each fit, we
computed the TS of the source and we found that the asteroids
source was not detected.

As a second step, we computed the SED of the asteroids in
each Rol time bin in which the data sample was divided, and
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we implemented a combined likelihood analysis to constrain
the asteroid population. We assumed the asteroids’ flux to be
given by the model in Equation (15), i.e., by the convolution of
the asteroids spatial map and their intensity at production level,
weighted by the number N(r) of asteroids with radius r and the
factor 772, The intensity at the production site was computed
with the Fluka code by simulating the interactions of charged
cosmic rays with bodies of different radius. As for the CR
spectra, we adopted both a spectrum near the Earth, measured
by the AMS-02 experiment, and the LIS spectrum, taken from
De La Torre Luque et al. (2021a, 2021b, 2022), and we
assumed different asteroid composition models. We tested both
homogeneous compositions and more realistic ones represent-
ing the most abundant species of asteroids. The TS of the
possible asteroid source is <10 for any model considered,
which corresponds to a significance of approximately 3o,
insufficient for claiming a detection. We used the model of
Equation (15) to convert the ULs on the flux into ULs on
Nioi(r), assuming that all asteroids have the same radius and
composition. We found that the population ULs at 95% CL
vary between 4.0 x 10" for r~10"*km and 1.4 x 10° for
r 2~ 300 km with the LIS spectrum, and between 5.2 X 10" for
r~10"*km and 2.0 x 10° for r~300km) with the Earth
spectrum.

Then, we used the combined likelihood analysis to constrain
the cumulative population of asteroids in our model, assuming
the asteroids flux given by Equation (23). Again, we computed
the TS of this model and we found again 10.5, which is still not
significant. The ULs at 95% CL on the cumulative population
of asteroids are about 100 times larger than the predictions of
the model for r~ 10~* km.

We remark here that the simulation code can be customized
to model any asteroid composition and density. Nonetheless,
the present LAT data analysis showed that the constraints on
the asteroid population do not significantly change when using
different asteroid composition models, mainly due to the
current LAT sensitivity for this gamma-ray extended source.

Finally, we repeated the combined likelihood analysis by
assuming the asteroids’ flux to be given by the average Moon
flux measured by the LAT in its first seven years of operation.
In the hypothesis that the asteroids size distribution is described
by a power law of index «, the UL of the flux provides a
threshold to the values that the asteroids mass and « can
assume (see Equations (4), (9), and (11)). This comparison is
motivated by the fact that the gamma-ray emission of
individual asteroids is expected to be similar to that of the
Moon, once the proper differences in terms of composition,
density, and size are taken into account. We found an upper
limit at 95% CL of 0.39 for the ratio between the asteroids and
the Moon fluxes. Assuming that all asteroids are composed of
silica with a density of 2 gcm > and are at a distance from the
Earth of 2.7 au, this constrains the asteroids mass and « to
assume all values below the dashed line in Figures 15 and 16.
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Appendix
Yield and Intensity at Production

Figures 17 and 18 show the gamma-ray yields calculated
with FLUKA, produced in the interactions of cosmic-ray
protons, helium nuclei, and electrons with silica bodies of
different radii, from 10cm to 10km. The yields have been
calculated on a grid of primary energies from 100 MeV n™" up
to 10TeVn ' with a spacing of 16 bins per decade and of
gamma-ray energies from 0.1 MeV up to 100 MeV with a
spacing of 32 bins per decade and from 100 MeV up to 10 TeV
with a spacing of 8 bins per decade.

The bottom panels of the figures show the corresponding
gamma-ray intensities at production sites, evaluated by folding
the gamma-ray yields with the spectra of the cosmic-ray
species interacting with the asteroids. The contributions to the
gamma-ray intensities from individual cosmic-ray species are
also shown. We have performed this calculation assuming for
different CR species the energy spectra measured at Earth or
the Local Interstellar Spectra (LIS). The latter have been taken
from De La Torre Luque et al. (2021a, 2021b, 2022), while for
the spectra at Earth we used the AMS02 measurements (see the
text for more details). We see that the average energy of
gamma-rays produced by each cosmic-ray species decreases as
the asteroid radius increases. This feature becomes relevant for
radii >1 m; correspondingly, the gamma-ray intensities at
production from each species become softer. Finally, the error
bars (shown only for the total intensities) represent the statistic
uncertainties due to the finite number of CR events used in the
simulation to evaluate the yields.
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Figure 17. Yields of gamma-rays produced by the interactions of protons, “He, and electrons with a silica body. The bottom plots show the gamma-ray intensities at
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