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Abstract

Comets are small bodies thought to contain the most pristine material in the solar system. However, since their
formation ~4.5 Gy ago, they have been altered by different processes. While not exposed to much electromagnetic
radiation, they experience intense particle radiation. Galactic cosmic rays and solar energetic particles have a broad
spectrum of energies and interact with the cometary surface and subsurface; they are the main source of space
weathering for a comet in the Kuiper Belt or in the Oort Cloud, and also affect the ice prior to the comet
agglomeration. While low-energy particles interact only with the cometary surface, the most energetic ones deposit
a significant amount of energy down to tens of meters. This interaction can modify the isotopic ratios in cometary
ices and create secondary compounds through radiolysis, such as O, and H,O, (Paper II). In this paper, we model
the energy deposition of energetic particles as a function of depth using a Geant4 application modified to account
for the isotope creation process. We quantify the energy deposited in cometary nucleus by galactic cosmic rays and
solar energetic particles. The consequences of the energy deposition on the isotopic and chemical composition of
cometary ices and their implication on the interpretation of cometary observations, notably of 67P/Churyumov
Gerasimenko by the ESA Rosetta spacecraft, will be discussed in Paper II.

Unified Astronomy Thesaurus concepts: Comets (280); Galactic cosmic rays (567); Cosmic rays (329); Solar
energetic particles (1491); Pre-biotic astrochemistry (2079)
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1. Introduction

Comets formed in the early stage of the solar system
and, today, reside in two main reservoirs, the Kuiper Belt
(KB) scattered disk (355au) and the Oort Cloud (OC;
2000-200,000 au). Orbital perturbations (for instance, a
collision or the gravitational force exerted by Jupiter) bring
some comets closer to the Sun. If close enough to the Sun, their
nuclei are heated by sunlight and cometary ice sublimates into
space, while refractory grains are set free. It is during this stage
that spacecraft can sample in situ cometary material as the
ESA/Rosetta probe did from 2014 August to 2016 September
around comet 67P Churyumov/Gerasimenko (referred to as
67P in the following). 67P is a KB comet that has been
gravitationally displaced into the inner solar system by a close
encounter with Jupiter in 1959 (Maquet 2015). It is now
orbiting with a semimajor axis of 3.46 au (Carusi et al. 1985).
The comet is estimated to lose from a few up to tens of meters
of surface material during each orbit (Bertaux 2015; Keller

tens of meters beneath the primordial surface of the comet.
ROSINA observations provided evidence that this comet is
formed from pristine material that has not been significantly
altered after its formation in the first Myr of the solar nebula
stage. The high abundance of super-volatiles like CO and CO,
(Le Roy et al. 2015), the detection of argon (Balsiger et al.
2015), of molecular nitrogen (Rubin et al. 2015), of molecular
oxygen (Bieler et al. 2015), of a high D/H in HDO/H,0 and
D,O/HDO and HDS/H,S (Altwegg et al. 2015, 2017), and of
hydrogen halides (De Keyser et al. 2017; Dhooghe et al. 2017),
coupled with the low density, high porosity, and homogeneity
of the nucleus (Pitzold et al. 2016) and the absence of
signatures of aqueous alteration (see Capaccioni et al. 2015;
Davidsson et al. 2016; Quirico et al. 2016; Bardyn et al. 2017)
all indicate that comet 67P formed at low temperature and did
not experience any substantial global-scale heating after its
formation. This suggests that 67P is representative of the solar
nebula material from which the solar system had formed. This

3 et al. 2015). It should thus have lost several tens of meters on has strong implications not only for how the measurements
= average since insertion in its current orbit, with locally higher made in cometary environments can be used to constrain the
Q@ erosion rates, depending on the position on the surface of the protosolar environment but also for the contribution of comets
= nucleus (Groussin et al. 2015). The loss may actually be higher to Earth’s composition. For instance, the measurement of the
< since the comet was already outgassing when it reached the D/H isotopic ratio in 67P (Altwegg et al. 2015) suggests that
P Jupiter region during its pre-1959 orbit (Matonti et al. 2019). comets cannot be considered as the main source of water on
e Consequently, the neutral gas measured in situ in the coma Earth. The discovery of significant amounts of O, in comets
3 of comet 67P by the ROSINA experiment (and also MIRO, (Bieler et al. 2015) was not predicted by astrochemical models
]

VIRITS, and Alice) on board Rosetta likely originated several

and challenges our understanding of the chemistry of molecular
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clouds and of the protosolar nebula. However, the Jupiter-
family comets (JFCs; which include 67P) are a diverse groups.
Indeed, even if Giotto measurements indicate that comet
1P/Halley contains similar amounts of O, (Rubin et al. 2015),
different D/H ratios (lower than observed for 67P and
compatible with the D/H ratio in the Earth’s oceans) have
been measured for other JFC comets like Hartley 2 (Balsiger
et al. 2015) and 46P/Wirtanen (Lis et al. 2019). The causes for
this diversity may be already present at the formation of these
comets or may result from a different evolution after their
formation.

Indeed, there is evidence that some processes alter cometary
material after their formation (e.g., Stern 2003; Guilbert-
Lepoutre et al. 2015 and references therein) without inducing a
significant large-scale heating of the nucleus. The main
reservoirs of comets, the KB and OC, are sufficiently far from
the Sun so that comets receive little heat. In addition, their
small size (a few tens of kilometers or less) prevents comets
from transforming by internal (radiogenic) heating (Mousis
et al. 2017). However, the thermal environment of comets may
have varied under the effect of passing stars and of supernova
explosions in the vicinity of the solar system. Stern & Shull
(1988) consider it very likely that OC comets have been heated
at least once by a luminous O star passing in the vicinity
(<5 pe) of the solar system. This can raise the temperature of
the OC from 5-6 K to ~16 K during a period of the order of
~3 x 10*yr. For KB comets the estimated temperature
increase is lower (~1K) as their equilibrium temperature is
higher (30-60 K) due to their location at a shorter heliocentric
distance. OC comets may also have experienced several, short-
term (~0.1 yr) temperature increases of a few tens of Kelvin
due to nearby supernovae (Stern & Shull 1988). Due to the
short duration of supernovae explosions, this type of heating
would mostly affect the first meter below the surface of a
cometary nucleus while the heat from a passing O star can
penetrate down to a few tens of meters owing to its longer
duration. Heating by passing stars and supernovae in the OC
regions may have removed some part of the most volatile
elements from their surface/subsurface.

While OC comets may have experienced collisions during
their ejection from the inner young solar system to the OC
(Stern & Weissman 2001), the OC is essentially a collisionless
environment (Stern 1988) due to its low density and to the low
orbital velocity in this region (see Stern 2003 and references
therein). It is thus likely that OC comets have not been
significantly altered by collisions. KB comets may have
experienced more frequent collisions after they formed (e.g.,
Duncan et al. 2004) as both the density and orbital velocities
are higher in this region, which should result in a higher
collision rate than in the OC. The collisional history of KB
comets is still debated. Several scenarios have been proposed to
explain the formation of bilobate-shaped comets like 67P.
Davidsson et al. (2016) argue that Rosetta observations of
comet 67P are in better agreement with a comet formation by
agglomeration of primordial rubble-piles that remained in the
protosolar nebulae after trans-Neptunian object formation. This
process should be slow enough, between ~2.2 and 7.7 Myr
after the incorporation of Ca—AL-rich inclusions from the
protosolar nebula in 67P, in order to avoid thermal heating by
short-lived radionuclides (Mousis et al. 2017). Observations by
the OSIRIS camera on board Rosetta evidenced that 67P
consists of two different objects that have formed a contact
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binary (Massironi et al. 2015). Bilobate comets are relatively
common, and Davidsson et al. (2016) suggested that the final
stage of comet formation results in merging between lobes and
that comets are unlikely to experience destructive collisions.
Other authors come to the opposite conclusion: Morbidelli &
Rickman (2015) and Rickman et al. (2015) estimated the
probability that 67P survived collisions to 10~ if formed early
in the protosolar nebula. Jutzi & Benz (2017) suggest that
bilobate comets like 67P may have formed due to subcatas-
trophic collisions occurring later, which would not lead to an
alteration of the nucleus in agreement with 67P properties.
According to Jutzi et al. (2017) comets may have experienced
several shape-changing collisions and the current shape of
comet 67P would thus result from the last major shape-forming
impact that most probably occurred within the last Gyr. Finally,
Schwartz et al. (2018) suggest that catastrophic collisions may
have occurred and that the geological features of comets are not
primordial.

Comets also interact with the interstellar medium (ISM) after
their formation via two competing processes: accretion of ISM
material and erosion caused by the impact of high-velocity ISM
grains. According to simulations, the latter could be dominant
for OC comets and could lead to a significant erosion of the
cometary surface in the range of several meters (Mumma et al.
1993). However, erosion by ISM grains is a complex process
depending for instance on the ISM grain composition and
three-dimensional structure, and such erosion estimates are thus
highly speculative (Belyaev & Rafikov 2010).

One of the major candidates for altering cometary material
are cosmic rays. Indeed, comets are constantly bombarded by
galactic cosmic rays (GCRs). The bulk of the cosmic rays,
including protons below 1 GeV, are able to penetrate into the
surface layers of the comet (Johnson 1991). However, higher-
energy cosmic rays penetrate deeper. In addition, comets are
bombarded by stellar particles at lower energies such as
gamma-ray bursts (Johnson 1991).

The major goal of this paper is to quantify the energy
deposited by cosmic rays and solar energetic particles (SEPs) in
comets. In Section 2, we describe the CometCosmic model,
based on Geant4, that is at the core of this study. We also
describe the modeled composition of the comet and the the
GCR spectra used. In Section 3, the energy deposition in the
comet by each source of particles is discussed for both KB and
OC comets. We discuss the effect of the early solar system
irradiation on the energy deposited in comets and the effect of
the high-Z cosmic rays in Section 4. In a companion paper
(Maggiolo et al. 2020, hereafter Paper II), we will discuss the
effects of energy deposition by GCRs on the composition and
structure of cometary nuclei, and how this can change our
interpretation of space mission data.

2. Model and Simulations

The simulation of the cosmic-ray impact on comets was
performed using CometCosmic, a new model based on the
GEometry ANd Tracking (Geant4; Agostinelli et al. 2003)
library. For the present calculations, we used version 4.9.6. This
library allows us to compute the transport of energetic particles
—including the electromagnetic cascade, neutron creation and
capture, and isotopic changes—in a given medium. Based on the
recommendation for the library usage and on our previous
experience with Geant4 simulation (Gronoff et al. 2009; Sheel
et al. 2012; Gronoff et al. 2015, 2016), we used the physics list
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QGSP_BIC_HP because it is the best suited to analyze the
fragmentation of atomic nuclei and therefore to study the
formation of isotopes. In addition, we modified the neutron
model to be able to count the atomic nuclei created, allowing to
fully evaluating the variation of the isotopic ratio due to cosmic
rays (Pavlov et al. 2014). We simulated a 5 km radius spherical
comet, with density 0.5378 following the estimate for 67P
(Patzold et al. 2019), composed of water ice (of isotopic
composition %0 and 1H) and SiO, with a dust (refractory
material)/water ratio of 4 in mass (ie., 5 H,O for 6 SiO,;
Rotundi et al. 2015). This ratio has been further studied and is
still debated; it has been estimated from higher than six (Fulle
et al. 2016) to lower than one (Liuter et al. 2018). For the study
of the >N variation (Paper II), we assume an initial N mixing
ratio of 1073 (Iro et al. 2003); N is not included in the cosmic-
ray simulation to reduce the required amount of processor time.
No complex surface material is assumed in this model; the
refractory material (dust) is taken to be exclusively SiO,, and the
comet is considered as homogeneous, i.e., its porosity is
homogeneous. (In actual comets, the heterogeneity leads to
locations being more or less eroded, and leads to locations more
pristine than others, which increases the chance of seeing GCR-
weathering effects in observations.)

For our simulations, the GCRs have been separated into
different groups with a dedicated mass and charge to accelerate
the computation (Velinov & Mateev 2008): proton, alpha, M
group (Z =7, A =14 in our simulations, for a group that
contains mainly carbon and oxygen nuclei), H group (Z = 12,
A = 24, mainly silicon nuclei), and VH (Z = 26, A = 56,
mainly iron nuclei). Please note that the energy is in GeV, and
not in GeV /nucleon, to highlight the importance of the mass,
and to be consistent with the other figures. We performed the
Geant4 simulations for each of these groups between 1 keV and
1 TeV, using two grids with exponentially distributed energies.
The lower energies extend, i.e., 1 keV-1 GeV allowed us to
show the influence of the solar wind—and interstellar particles
—on the first few centimeters of the comet, as well as the
effects of the SEPs. For that, 100 energies were selected on an
exponentially increasing grid, and the products were computed
on a 1 cm depth resolution grid. The higher energies, 1 GeV—
1 TeV, were optimized to the computation of the actual GCR
and SEP influence; 50 energy bins were computed with a I m
depth resolution comet. The 1 TeV upper limit was determined
empirically: above that energy, the increase in dose deposition
is negligible in the comet, and while it can impact the lower
depth (below 80 m) its overall effect on the comet lifetime (see
Paper II) is negligible. For all these energies and particle
groups, eight angles were taken to account for the spherical
geometry of the comet. The number of particle shots in the
Monte Carlo simulation was optimized to have less than a 5%
uncertainty on the deposited dose at the peak, computed
statistically. The error bars presented in the different figures
have been computed using statistical analysis and appropriately
weighted (Gronoff 2009; Gronoff et al. 2009).

Figure 1 shows the results of the simulation of energy
deposition per unit volume in the comet due to a proton flux (or
fluence) irradiation of a given energy as a function of the depth
inside the comet. This is an average profile since the depth
depends upon the impact angle; our simulations involve
integrating the isotropic flux over eight angles for better
depth accuracy, which is crucial in the spherical geometry
(Gronoff et al. 2011; Norman et al. 2014; Gronoff et al. 2015).
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Figure 1. Deposition of energy by protons of different initial energy as a
function of the depth and incident fluence in the comet nucleus. The more
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few initial proton energies are shown here, but the whole simulation considers a
larger set of energies and more nuclei. The deposition is in dose per fluence,
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Figure 2. Peak energy deposition depth as a function of the energy of the
primary particle computed by CometCosmic. Discontinuities are due to the
resolution of the model, set at 1 cm depth below 1 GeV and 1 m above.

The figure shows that energy deposition per unit volume peaks
at a depth of 5m for 300 GeV protons. Figure 2 shows the
dependence of the peak production depth as a function of
energy and precipitating particle type. This shows that, while
particles with energy lower than 1 GeV have a peak energy
deposition depth below 1m, particles with higher energies
penetrate deeper into the comet and deposit their energy in the
first few tens of meters inside the nucleus. From 1 to 100 GeV,
while the incident energy varies by two orders of magnitude the
peak energy deposition varies only a little (a few meters).

We used two cosmic-ray flux models in our study, as shown
in Figure 3. The first one, the most realistic for 67P, considers
the flux of cosmic rays in the KB region. The second one takes
into account the local interstellar spectra (LIS) to simulate the
GCR flux in the OC region.
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Cosmic Ray fluxes in the Kuiper Belt
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Cosmic Ray fluxes in the Oort Cloud / LIS
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Figure 3. Galactic cosmic-ray flux in the Kuiper Belt and in the Oort Cloud (local interstellar spectrum) as modeled by the Badhwar—O’Neill model. The solar
modulation in the Kuiper Belt leads, as expected, to a large decrease of the flux at low energy.

For computing these fluxes, we used the modified Badhwar
& O’Neill (1992) model (hereafter B-O) H-BON10 (Mertens
et al. 2013). While other modifications of B-O exist (e.g.,
Matthii et al. 2013; O’Neill et al. 2014), this is the only version
of the B-O model that allows the radial distance to be specified
as an input parameter. It also allows the solar modulation
parameter to be parameterized by real-time, high-latitude
neutron monitor data. The solar modulation parameter for the
H-BON10 model is shown in Mertens et al. (2013) over a 50 yr
period. For the calculations at 40au, we used a solar
modulation of 1000 MV so it reflects the average solar
modulation. For the LIS, we used a 0 MV modulation; the
distance having no impact in that case. The H-BON10 model
gives the fluxes for all the ion; the different ions fluxes were
added as a function of their charge to give the different group
fluxes. M corresponds to ions from Z = 3 to Z = 10; H to from
Z =11 to Z=20; and VH to Z > 20. Our comparison for
planetary atmospheres between planetocosmics and HZETRN
(Gronoff et al. 2011, 2015) shows that this approximation is
valid for our kind of study.

The difference in irradiation between a KB comet and an OC
comet mainly results from the shielding by the heliospheric
magnetic field. As a result, the flux of particles below ~1 GeV
is attenuated in the KB region. The main assumption for this
model is that the GCR flux has not significantly changed over
4.5 Gyr, and that the comet stayed in a region where the solar
modulation of the GCR was stable (Poluianov et al. 2018). This
very strong hypothesis will be discussed in Section 3.3. The
anomalous cosmic-ray flux (Giacalone et al. 2012; Sim-
nett 2017) is also of interest for comet irradiation studies, their
fluxes can be found in Cummings & Stone (2007); however,
when compared to the B-O model fluxes, they are of lower
intensities and are therefore not included in our calculations.
The model does not take into account the irradiation by
gamma-ray bursts and solar photons as these particles/events
have negligible effects below the first meter inside cometary
nuclei according to our preliminary calculation using
CometCosmic.

A second source of high-energy particles are the SEP events.
While they are rare, their influence over the solar age has varied

Solar Energetic Particle events

= Sept 89
Soft Event
= Spenvis

1014,

1012,

1010 -

Flux [m=2(GeV/n) !sr~1s7!]

10* b
107° 104 107 1072 107! 10° 10!
Energy [GeV]

Figure 4. Solar energetic particle event fluxes modeled in our calculations.
These fluxes, which correspond to reconstructions of historical events,
highlight different intensities and hardness (high-energy tails) encountered in
the different spectra. The soft event is based on the work of Smart et al. (2006),
who tried to reconstruct a Carrington event. The validity of this spectra as a
Carrington reconstruction has later been rejected, as discussed in Wolff et al.
(2012) and Kovaltsov et al. (2014), and is used here as an example of an
intense spectra with fewer particles above 100 MeV. The “SPENVIS” event is
the worst event of 1989 October as modeled by the European Space Agency’s
Space Environment Information System website SPENVIS''; the 1989
September event is based on the work of Sheel et al. (2012).

a lot (Airapetian et al. 2016; Fu et al. 2019). In this paper, we
study the impact that an SEP would have on a comet. Several
SEPs flux models have been implemented in our model, taken
from Norman et al. (2014) and Gronoff et al. (2015) and are
shown in Figure 4. These SEP event flux profiles were
computed for a location at 1au, which is far from the
conditions encountered by the comet. If one considers a
distance of 50 au, the reduction in flux is of the order of 2500,
based on an R decrease (which is an approximation since
magnetic fields can affect the dispersion with distance;
Rodriguez-Gasén et al. 2014). These SEP fluxes are

1 https: //www.spenvis.oma.be/
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Dose deposited in comet by Kuiper-GCR over 4.5 Gyr [eV.cm ™3]
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Figure 5. Dose deposited per second in the comet per cubic centimeter for the 67P
conditions (in the Kuiper Belt), as a function of the incident GCR nuclei groups.

comparable to those the comet must have suffered during the
early phase of the solar system (Airapetian et al. 2016);
therefore, we use them for the present calculation.

3. Energy Deposition in the Comet

There are many effects of dose deposition. For example, one
can expect a 35 eV dose deposition to lead to ionization, provided
that the particle depositing energy is at an energy above this
threshold, which is the case in the present study. Ionization and
dissociation/excitation of molecular species initiate chemical
reactions for the creation of molecular species not initially present
in the comet. Several works on ice ionization (Johnson 1991;
Paper II and references therein) have shown the chemical effects
of dose deposition. One can expect a dose rate as small as
100 eV cm *s™! to create species in nonnegligible quantities if
sustained over billions of years as shown in Paper II.

3.1. Galactic Cosmic Rays

Figure 5 presents the dose deposited in the comet per cubic
centimeter per second for the conditions encountered in KB.
Figure 6 represents the dose deposited in the case of an OC
comet. In both cases, the energetic protons are responsible for
energy deposition up to 10%eVem s~ in the first centi-
meters. The difference between these two cases lies only in the
first meter below the surface where for OC conditions more
energy is deposited as, contrary to the KB region, the shielding
of low-energy GCRs by the heliospheric magnetic field is
negligible. This effect is demonstrated in Figure 7. In the
following, we will therefore only show figures for the KB
conditions. The effect of the refractory material /water ratio has
an impact on the manner the energy will be dissipated in the
comet: which kind of ionization and which kind of isotopes
will be created. This ratio will therefore mainly change the
effects modeled in Paper II. The porosity of the comet will
change the depth at which the energy deposition will happen:
the depth could be changed into a column density as a first
approximation to evaluate the effects of porosity, but the small
size of the comet implies that spherical effects are quickly
important if the porosity is changed by factors greater than 2.
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Figure 7. Dose deposited in the comet per cubic centimeter per second for the
67P conditions, as a function of the SEP event shown in Figure 4. (This
corresponds to a Kuiper Belt comet subjected to a super-Carrington event or a
comet in the inner solar system subject to current SEP events.) The GCR doses

are displayed to show how they become the dominant ionization source, in all
conditions, deeper than ~8 m.

The cumulative impact after 4.5 Gyr can be seen at the top of
the Figures 5 and 6 (top x-axis). The dose computed is
integrated over 4.5 Gyr by assuming that the cosmic-ray flux in
Figure 1 does not vary in time. Therefore, a deposition dose
rate of 10® eV cm > s~ ' corresponds to the energy deposition
of ~10% eV cm > This assumption will be discussed in more
depth in Section 3.3. As expected, the protons groduce most of
the dose, with a deposition of the order of 10 SeVem ™ (i.e.,
1.6 MJ cm %) in the first meter below the surface.

3.2. Effects of High-Z

The alpha and high-Z cosmic rays (oxygen nuclei, carbon
nuclei, and higher-mass nuclei such as Fe) are a minority of the
cosmic rays; however, their mass compensates their rarity
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(Gronoff et al. 2011), and the dissociation of nuclei can account
for the creation of more isotopes (G. Gronoff et al. 2020, in
preparation). As seen in Figures 5 and 6, the dose deposition
in the comet by the alpha and high-Z particles is small in
comparison with proton deposition. These particles are,
however, of interest for studying the deposition of heavy ions
and the variation of isotopic ratio due to the different nuclear
reactions (spallations, neutron capture) over the 4.5 Gyr
lifetime of the comet.

3.3. Additional Radiation Sources in the Early Solar System

The question of the stability of the GCR spectra in time is a
major unknown for studying space weather effects during eons.
The amount of cosmic rays hitting the comet varied in time,
notably because of the early Sun’s activity but also because of
supernovae in the vicinity of the solar system. We used the
modern spectra as an average for our study for the following
reasons:

(1) The early solar system is believed to have been exposed
to more charged particle irradiation, as shows by
meteoritic “°Al anomalies (Feigelson & Montmerle 1999;
Koop et al. 2018). The major particle flux possible comes
from the superflare associated coronal mass ejections that
drive high fluence SEP events (also referred as solar
cosmic rays in this context), with fluence on the order of
10* protons (Airapetian et al. 2019; Fu et al. 2019).
Indeed, simulations shows that nearby supernovae could
not explain the production of 25A1 observed in the
meteorites (Portegies Zwart et al. 2018). The energies of
such solar cosmic rays would be below 1GeV (Air-
apetian et al. 2016; Fu et al. 2019, and references therein),
and therefore would be of negligible influence in the
deeper layers of the comet. They affect only on the first
meter below the surface.

(2) Considering explosion of different supernovae in the
vicinity of the early solar system (Torres et al. 2012), it is
difficult to estimate the corresponding total particle
fluence. Most of the energy from such an event would
be transported by particles below 1 MeV, and therefore
would impact the first centimeter of the comet. Higher-
energy particles would impact the comet like GCRs but
for a relatively small period of time. In any case, the first
meter of a comet may be the first part of the comet to
erode as it enters the inner solar system provided that it
has not been eroded by high-velocity ISM grains earlier
on. If the first layers were subject to particles from
supernovae explosions, the change in isotopic ratio of
non-diffusing species would mimic the GCR effects
(because of similar spectra in the 1-100 GeV range),
while if it were Sun related, the change would be skewed
toward the first meter. The main advantage of doing such
a study in a comet, with respect to an asteroid, is that a
pristine comet would have been less affected by later
solar events, and would have suffered fewer collisions.

3.4. Solar Wind and Low-energy Interstellar Charged Particles

The solar wind is a continuous flow of ions and electrons,
mostly containing H" ions (96% on average), alpha particles
(4% on average), and a minor fraction of highly charged heavy
ions (Wurz 2005). Typical solar wind ion energy is of the order
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of 1keV, and thus they deposit most of their energy in the first
centimeter below the nucleus surface (see Figure 2).

The average properties of the solar wind at heliocentric
distance between 25 and 39 au have been estimated by Bagenal
et al. (2015) using data from Voyager 2 (the measurements
were made between 1988 and 1992). They obtain a median
value of 0.0058 cm* for the density and of 429 km s~ for the
velocity. Considering that these values are representative of
solar wind conditions in the KB, we can estimate the solar wind
flux reaching KB comets to be of the order of 2.4 X
10"eVem 25! (for the solar wind exclusively composed of
protons). If we assume that all the solar wind energy is
deposited in the first centimeter below the nucleus surface, the
energy deposited per second in the nucleus of KB comets by
the solar wind is approximately 2.4 x 10’ eVem >s™'. Over
the period of 4.5 Gy this corresponds to the total dose of
34 x 10** eV em .

For OC comets, we use the solar wind properties from
Bagenal et al. (2015) and consider that the solar wind
propagates at constant velocity and that the density decreases
with the square of the distance to the Sun. If the solar wind
energy is deposited in the first centimeter below the surface it
corresponds to a deposited energy of 68eVem *s™! (9.2 x
10" eV em ™ over 4.5Gy) at the inner edge of the OC (at
20,000 au) and of 26 eV cem 2! (3.7 x 10" eV em 2 over
4.5 Gy) at the outer edge of the OC (at 100,000 au). Outside the
heliosphere, the low-energy interstellar charged particle will
also impact the comet. Such particles may interact with OC
comets only as KB comets are located inside the heliosphere.
Measurements by the Voyager probes show shown that the
particle count rate drops outside of the heliopause except for
energetic cosmic rays (and references therein Krimigis et al.
2019). Considering the uncertainties on the spectrum of these
particles, we do not compute the total energy deposited.
However, the particle pressure in the heliosheath is dominated
by protons with typical energies comprised between 0.03 and
4 MeV (Krimigis et al. 2019 and references therein). Owing to
the low flux and low energy of interstellar plasma, it is possible
to affirm that the deposition by the observed flux is negligible
compared to the deposition by the GCRs.

3.5. Solar Energetic Particle Events

We simulated the energy deposited during an SEP event. We
considered a super-Carrington SEP event at the location of the
KB, which is what would be observed in the early solar system
(Airapetian et al. 2016; Fu et al. 2019). As seen in Figure 7 our
simulation shows that the energy deposition via SEP events
from the young Sun is mainly in the first meter. During such
events, the deposition rate is higher than the GCR one in the
first 8 m. In the first centimeters below the surface the
deposition rate of SEP events is several orders of magnitude
higher than the one of GCR. At a depth of 1 m the deposition
rate is approximately two orders of magnitude higher for a
super-Carrington SEP event, impacting the comet located in the
KB, than for GCRs. For present-day SEP events, the dose rate
should be reduced by a factor of 10*; this is a dose comparable
to the GCR one during the event in the first centimeters below
the surface and approximately two orders of magnitude lower
at a depth of 1 m.

SEP events with a significant amount of particles above
500 MeV are relatively rare now, of the order of two per year.
They last for a couple days at most (Kiihl et al. 2017) but may
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have been more frequent in the early solar system (Airapetian
et al. 2019; Saxena et al. 2019). The total dose they deposit in
cometary nuclei is therefore only significant in the first
centimeters below the surface. Deeper into the nucleus, the
total energy deposited by SEP events over the lifetime of
comets is well below the total energy deposited by GCRs.

4. Conclusion

Most of the ionizing energy coming from the Sun—EUV-
XUV (X-ray and ultraviolet), electrons, solar wind fluxes—is
deposited in the first meter of a comet (Johnson 1991; Johnson
& Quickenden 1997). Its contribution to the energy deposition
in the first centimeters below the surface is significant. In the
KB region the energy deposited by the solar wind in the first
centimeter below the surface can be of the same order of
magnitude as the energy deposited by GCRs. The irradiation
fluxes via solar EUV-XUV, gamma-ray bursts, supernovae,
and energetic particles emitted by the Sun at its early stage is
much more difficult to constrain as we do not have a precise
knowledge of their fluence and/or occurrence frequency. These
events deposit most of their energy in the first meter below the
cometary surface; the energy deposition at greater depth is
dominated by GCRs. The outer surface of the comet below
which such particles deposit most of their energy interacts with
the ISM during the lifetime of the comet and it is not clear if
this interaction will result in the accretion of ISM material or in
the erosion of the nucleus surface. In addition, the first meter of
a cometary nucleus is quickly removed upon a comet’s first
close approach to the Sun. We present here the calculations for
the dose deposited deeper inside the cometary nucleus, below
the first meter. The particles that have a potential to penetrate
deeper in the comet are the SEPs and the GCRs. The GCRs
deposit energy in nonnegligible amounts in the first 70 m below
the surface. This can change our view of the dynamically
young comets, doing their first orbits in the inner solar system
and for which the coma is formed from those outer layers that
have received a substantial dose of energy. In addition, the
knowledge of the dose deposited over time may help under-
stand the evolution of the KB objects observed by missions
such as New Horizons. The effects of the energy deposition
result in changes in isotopic composition and cometary
chemistry, as described in Paper II.
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