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Abstract

Galactic and extragalactic cosmic rays fully illuminate and trigger several physical and physicochemical changes in
molecular clouds (MCs), including gas and grain heating, molecular destruction and formation, and molecular and
atomic desorption (sputtering) from dust/ices to gas phase. Besides the major component in cosmic ray inventory
(in flux) being electrons, protons, and alphas, particles with larger atomic numbers have a higher rate of energy
delivery (due to richer cosmic ray showers) than the lighter particles, and this may add extra energy input into
MCs. To understand this issue, we perform complementary calculations to the previous work on MCs, now adding
the heavy ions (12� Z� 29) in the cosmic ray incoming inventory. Once more, the calculations were performed
employing the Monte Carlo toolkit GEANT4 code (considering nuclear and hadron physics). We observe that most
projectiles in the heavy ion group have lower deposited energies (roughly 10 times less) than iron with the
exception of magnesium (Z= 12) and silicon (Z= 14) which are about double. Cobalt presents the lowest
deposited energies with respect to iron (only 0.5%). The total energy deposition in the current model was only
roughly 10% higher (outer layers) and virtually the same at the center of the cloud when compared with the
previous model (with only protons + alphas + electrons sources). The results show that energy deposition by
heavy ions is small compared with the values from light particles, and also suggest a very low temperature
enhancement due to heavy ions within the MC, being the protons the dominant agent in the energy delivery and
also in the cloud’s heating.

Unified Astronomy Thesaurus concepts: Cosmic rays (329)

1. Introduction

In a molecular cloud (MC), one of the denser and colder
regions of the interstellar medium (ISM), the presence of
galactic and extragalactic cosmic rays (CRs) plays an important
role in the molecular processing as well as in physical chemical
processes (e.g., Goldsmith & Langer 1978; Galli & Pado-
vani 2015). The penetrating CR within such media allow,
besides molecular destruction and formation, induced gas and
grain heating and molecular desorption (sputtering and thermal
desorption) from dust/ices to the gas phase (e.g., Dal-
garno 2006; Padovani et al. 2009; Pilling et al. 2011).

The interactions between CRs with space environments such
as MCs and protoplanetary disks by employing Monte Carlo
simulations have been performed in the literature by several
groups (e.g., Wood et al. 2004; Herbst & Cuppen 2005;
Boettcher et al. 2013; Vaupre 2015; Cui et al. 2016; Kataoka &
Sato 2017; Vandenbroucke & Wood 2018; Pazianotto et al.
2021 and references therein). Over the years, these works have
been clarifying the effect, mostly of the lighter particles in the
energy processing of such interstellar environments. For
example, Pazianotto et al. (2021) have shown that the abundant
light particles of the cosmic ray inventory (electrons, protons,
and alphas) deposited around 260–360MeV g−1 s−1 in the
major part of an MC (radii >100 from the center of the cloud),
the proton being the dominant source. Among the results, the
authors also observed that secondary electrons are the second-
most important component for energy deposition in almost all
layers of the MC and can deliver an energy rate of ∼130MeV
g−1 s−1 in the outer region of the MC. The effects of lighter CR
in the temperature of the cloud have shown the existence of a
small enhancement at the distance of 1–2× 104 au from the

center, and also a rapid temperature decrease (roughly 7 K)
between the outer layer and the second-most outer layer, and
that at a distance of 5× 104 au (Av> 10) the gas temperature
of MC is below 15 K.
Curiously, despite several experimental studies employing

heavy ions (particles with atomic numbers between
12� Z� 29; see also Pilling et al. 2011) being performed
(e.g., Seperuelo Duarte et al. 2009; Pilling et al. 2010a, 2010b;
Bergantini et al. 2014), the effects of such particles in cold
astrophysical regions are poorly investigated computationally.
Usually, the experimental studies, which employ ion accel-
erator facilities, pointed out that heavy ions besides their lower
flux, compared with the lighter particles, should not be
neglected (e.g., Andrade et al. 2013, Portugal et al. 2014).
For example, as discussed by Pilling et al. (2011), at lower
projectile energies (∼100MeV u−1), particles within the heavy
ions group have similar electronic and nuclear stopping power
and induce similar effects during collision with matter.
As shown by the measurements performed by Voyager

outside the solar system (Cummings et al. 2016), as well as
several measurements made in Earth orbit (e.g., Aguilar et al.
2015, 2020, 2021), the cosmic rays also have heavier
components. The advances of particle physics experiments in
space make it possible to study primordial particles created at
the beginning of the universe. They are among the objectives of
these experiments, to perform accurate measurements on the
energy properties of the constituents of CR, as the spectra and
the deposited energy, for example. The experimental efforts,
combined with the theoretical models, can help to understand
the origin and propagation features of CR.
In an attempt to understand the amount of energy delivered

by heavy ions into MC, we perform a new set of calculations
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applying the same methodology described by Pazianotto et al.
(2021) but now considering the presence of heavy ions. This
work computes for the first time the simultaneous energy
deliverer by light (electrons, protons, and alphas) and heavy
ions considering nuclear cascade reactions (hadron and nuclear
physics) and CR shower processes within the MC. To quantify
the effects of the heavy ions group in the molecular cloud, we
first investigate the similarities and the differences in the energy
deposition and integrated flux during a comparison between the
Fe ions with other members of the heavy ions group. The Fe
spectrum of cosmic rays, as for the other particles within the
heavy ion group, has been well characterized by the Voyager I
measurements (Cummings et al. 2016) and also at the
International Space Station, whose observations were reported
by Aguilar et al. (2021).

A brief description of the methodology employed in this
work is given in Section 2 and the results and discussion in
Section 3 with comparisons to the previous work (same
calculations but without heavy ions). Section 4 lists the main
conclusions of this manuscript.

2. Methodology

In this work we have used the Monte Carlo toolkit Geant4
(Agostinelli et al. 2003; Allison et al. 2006) to perform
simulations of the iron nucleus transport throughout the MC.
The geometry and composition of the MC and also the
incidence and analysis methodology can be found in Pazianotto
et al. (2021). The parameterization to simulate the hadronic
interactions was performed with QGSP_INCLXX_HP refer-
ence physics list. This physics list is the same employed in the
previous simulations about the effects of cosmic ray protons,
alphas, and electrons on MC, carried out by Pazianotto et al.
(2021). Once more, the simulation was performed considering
the spherical molecular cloud with 5400 solar masses with a
radius around 1×106 au, with a density higher in the center,
and divided into 13 concentric shells with parameters and
energy deposition in each shell described by its average
quantities within the shell. The other parameters considered for
the simulated object are the density profile law of 1/r1.2 and
average number density of 2× 102 cm−3 containing mostly H

atoms (with also C atoms as a minor component to represent
dust grains) and with the canonical dust to gas ratio of 1/100
(more details in Pazianotto et al. 2021).
In the current manuscript we expand the previous simulation

to include the effects of the heavy ions group. The employed
cosmic ray fluxes were taken from the measurements of
Voyager I in the ISM published by Cummings et al. (2016).
We observe that for energies below ∼1× 104 MeV the
integrated flux of cosmic rays is dominated by lighter particles.
For energies above ∼105 MeV the integrated flux of all nuclei
components is comparable. For comparison purposes, the
primary fluence rates (integrated from ∼ 10−1 to 106 MeV) that
we have obtained for the simulations are 1.26 protons cm−2 s−1

sr−1, 0.09 alphas cm−2 s−1 sr−1, 1.19 electrons cm−2 s−1 sr−1,
and 1.81× 10−4 irons cm−2 s−1 sr−1. All simulations were
performed in order to obtain the uncertainty below 10%.

3. Results and Discussion

As discussed previously, to quantify the effects of the heavy
ion group in the molecular cloud, we first investigate the
similarities and differences in the deposited energy rate and in
the integrated flux between the Fe ions and the other members
of the heavy ions group. The results of these simulations are
presented in Figure 1. For the calculation of the energy
deposition ratio (presented in blue), we consider the effect up to
the 9th inner layer within the cloud (which corresponds to more
than 99.99% of cloud volume and mass). We observe in this
figure that, within the heavy ions group only atoms with Z
equal to 12 and 14 present values of deposited energy ratio
similar (half) to the iron. The other components presented
values much lower when compared with iron. Similar behavior
was also observed in the case of integrated flux (presented in
black). Within the group, the most different values with respect
to iron were found for cobalt (Z= 27) and Phosphorus
(Z= 15). These individual differences were taken into
consideration in the calculation of the total energy delivered
by the heavy ion group.
A comparison showing the total energy deposition by Fe

ions, protons, electrons, and alpha particles considering all with
the same integrated flux (e.g., 1.26 particles cm−2 s−1 sr−1) was

Figure 1. Comparison between deposited energy rate and the integrated flux of the ions within the heavy ions group with respect to the iron. Simulations were
performed considering more than 99.99% of the molecular cloud’s volume and mass (up to the 9th innermost layer). The integrated flux was taken from Cummings
et al. (2016).
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also performed. The results indicated that in this specific
situation (with the same flux), Fe ions were by far the most
important species (∼100 times more than alphas and ∼500
times more than protons) in energy delivery. This comparison
also shows that alpha particles deposit five times more energy
than protons and that electrons are the less important particles
in the energy deposition.

The simulation result with the energy deposition rate for the
considered CRs within the molecular cloud in each layer is
presented in Figure 2. Figure 2(a) presents the energy deposited
rate, in units of MeV g−1 s−1, for the primary sources of
protons, alphas, electrons, and iron as well as the heavy iron
group considered as a whole (considering the energy and flux
distribution shown in Figure 2). The solid black line shows
summed values obtained in the current simulation (electrons +
protons + alphas + heavy ions sources). The dashed line
shows the summed values from our previous publication
(electrons + protons + alphas; Pazianotto et al. 2021). The
energy deposition rate for the Fe source is given by the light
yellow curve, and for the heavy ions group by the bold yellow
curve. We observe that the current simulation, considering
heavy ions in the cosmic ray components, induces an

enhancement of about 2% (inner layer) to 10% (outer layers).
This points out that the major components in the energy
delivered inside MCs are indeed protons (major), alphas, and
electrons.
Figure 2(b) shows the energy deposition rate in percentage

for the current simulation (electrons + protons + alphas +
heavy ions group). Here we clearly observe that protons
correspond to roughly 60% of the energy delivered by cosmic
rays into the molecular cloud. The alphas and electrons are
responsible for about 18 % of energy depostion rate each, for
distances larger than 100 au from the center of the cloud. In
general, the heavy ions contribute to energy deposition rate
below 10%. In the very deep core (>100 au) protons are still
the dominant component being responsible for about 63% of
the incoming energy, followed by alphas (with roughly 30%).
In the central part, the energy deposition due to heavy ions,
despite its low value, is higher than the electrons, the less
important component there.
Considering that energy deposition rate in the current model

is only about 2% (inner layer) to 10% (outer layers) higher than
the value calculated in the previous simulation without
considering the heavy ion group (Pazianotto et al. 2021), we

Figure 2. Energy deposition rate for each primary source (and also considering heavy ions group) in the MCs. Panel a shows the units of MeV g−1 s−1. Dashed lines
show the summed values considered only (electrons + protons + alphas) from the previous simulation (Pazianotto et al. 2021). Panel b presents the energy deposition
rate in percentage (protons + alphas + electrons + heavy ions sources). See details in the text.
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suggest that the temperature enhancement within the cloud due
to cosmic rays is mainly ruled by protons (major) + alphas +
electrons, and not by the heavy ion component of CR
inventory. The temperature profile of the MC considering the
heavy ions group (12� Z� 29) and also the medium-mass
ions group (3� Z� 11), as well the description of the energy
delivered by each particle produced during the nuclear cascade,
will be the subject of future manuscripts.

4. Conclusion

In this work we perform a new set of calculations on the
effects of cosmic ray energy input on MC, now adding the
influence of heavy ions (12� Z� 29). The simulations of the
energy released by CR-induced particles in a typical MC with
5400 Me (containing major H with a low amount of C atoms to
simulate the dust component), size of ∼4.8 pc, density lay of
r−1.2, and an average number density around 300 cm−3. The
simulations were carried out employing the Monte Carlo code
GEANT4 which takes into account nuclear physics and
cascade particle processes. This work computes, for the first
time, the simultaneous energy delivery by lighter (electrons,
protons, and alphas) and heavier particles considering nuclear
cascade reactions (hadron and nuclear physics) and CR shower
processes within the MC.

From the investigation of the individual effects of different
ions within the heavy ion group, we observe that most ions
within this group have lower deposited energies (roughly 10
times less) than iron with the exception of magnesium (Z= 12)
and silicon (Z= 14) which were about double. Cobalt presents
the lowest deposited energies with respect to iron (only 0.5%).
The total energy deposition by heavy ions in the current model
was only roughly 10% higher (outer layers) and virtually the
same at the center of the cloud when compared with the
previous model with only the protons + alphas + electrons
sources (Pazianotto et al. 2021). This suggests a very low
temperature enhancement due to heavy ions within the MC,
protons being the dominant agent in the energy delivery and
also in the cloud’s heating. This issue will be investigated in
detail in further research.

We hope the current calculation helps to clarify the profile of
the energy deposition due to the different particles (lighter and
heavier) of CR inventory, as well as put better constraints on
the radio observations and chemical networks models of MCs.
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