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ABSTRACT

Understanding how cosmic rays (CRs) propagate within the giant molecular clouds (GMCs) is critical for studying the dynamics and
chemical processes inside the clouds. The flux of low-energy CRs inside the dense cores of GMCs strongly affects the heating and
ionization of the gases and further influences the star-forming process. We analytically calculated the CR distribution inside GMCs
assuming different diffusion coefficients, and estimated the corresponding nuclear de-excitation line emission and the ionization rate
resulting from the interaction between the penetrating CRs and gases. We find that future MeV observations can be used as a unique
probe to measure the low-energy CR density in situ and test different CR propagation scenario inside GMCs.
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1. Introduction

Giant molecular clouds (GMCs) are made of cold molecular
gases. Stars are believed to be formed in the dense cores of
GMCs. On the one hand, the star formation processes are the
ultimate energy source that accelerates cosmic rays (CRs), either
through stellar winds or via supernova remnants and compact
objects at later stages of stellar evolution. On the other hand, the
CRs also play an important role in regulating the star formation
process by governing the heating and ionization processes in the
star-forming regions (Dalgarno 2006), affecting the dynamical
evolution of gas and initiating several crucial chemical reac-
tions (Papadopoulos 2010). The initial mass function can also
be affected by the CR density (Papadopoulos 2010). In addition,
CRs are also likely responsible for the ionization of H, molecules
observed in the diffuse clouds in the central molecular zone
(Dogiel et al. 2013). Furthermore, CRs are believed to perme-
ate GMCs and produce 7y rays through the inelastic scattering of
CRs with nuclei in the gas. Thus, GMCs are also regarded as CR
barometers (Aharonian 2001). Therefore, the interplay between
star formation in GMCs and CRs is regarded as one of the most
important physical processes in astrophysics.

However, the propagation of CRs inside GMCs is far from
understood. The magnetic turbulence that scatters the CRs is
believed to be damped out in the dense neutral gas environ-
ment in GMCs (Cesarsky & Volk 1978); as such, the propagation
inside these dense regions should be described as free streaming
or advection. The faster transport leads to an effective diffusion
coefficient that is larger than those in the interstellar medium
(ISM; Cesarsky & Volk 1978; Morlino & Gabici 2015). In this
case, CRs should penetrate freely into the dense core of GMCs.
However, recent studies based on Fermi Large Area Telescope
(Fermi-LAT) GeV observations of nearby GMCs show that CRs
with energy lower than 10 GeV cannot penetrate the dense cores
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(Yang et al. 2023). Such a shielding of low-energy CRs (LECRs)
can be explained by the slow diffusion of CRs inside GMCs. In
quasi-linear theory, slower diffusion requires stronger magnetic
turbulence, which can occur if the energy density of the mag-
netic field is a fixed fraction of that of the kinematic motion,
which is further tied to the potential energy if the system is viri-
alized. (Veltchev et al. 2016; Li & Burkert 2017, 2018). Another
possibility is the magnetic turbulence induced by CR stream-
ing instability, resulting in slower diffusion inside dense clouds
(Skilling & Strong 1976; Dogiel et al. 2018). Consequently, the
diffusion property would also determine the CR distribution
inside GMCs, which would have important implications for star
processes and affect the resulting emissions of these objects.
The predominance of free-streaming or self-generated tur-
bulence over each other in the transport of CRs inside GMCs
is highly relevant to the conditions and phases of GMCs and
the surrounding ISM, which are very different in the cores of
GMC:s and their diffuse envelopes (Ivlev et al. 2018). One cru-
cial ingredient affecting the above processes is the generation
of magnetic fields in GMCs, which is likely driven by turbulent
motions (Istomin & Kiselev 2013). Moreover, a partial and weak
ionization in GMC:s has significant effects on the development of
magnetohydrodynamic (MHD) waves and the cascade of MHD
turbulence, such as via ion-neutral damping, and consequently
on the transport of CRs (Xu et al. 2016). In addition, depending
on the configuration of magnetic fields, the CR flux inside GMCs
can be reduced due to magnetic mirroring if it dominates over
the magnetic focusing (Silsbee et al. 2018; Owen et al. 2021).
All these processes and their interplay can have important influ-
ences on the transport of CRs inside GMCs. However, it is very
complicated to take all these processes into account, and we will
not address these aspects in the present article. Instead, moti-
vated by the recent y-ray observations of nearby GMCs such as
the Taurus and Perseus clouds (Yang et al. 2023) and Orion B
(Zeng et al. 2024), which show a depletion of LECRs, we
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used the simple diffusion process to describe the transport of
CRs inside GMCs and calculated the resulting MeV nuclear de-
excitation y-ray line emission. The nuclear y-ray line emission
by itself is not sensitive to the aforementioned processes and thus
is a robust and powerful probe of the distribution of CRs within
GMCs, independent of the ionization rate measurements, which
are entangled with the environment of GMCs.

In this study we analytically calculated the CR distribu-
tions inside GMCs assuming different diffusion coefficients. In
addition to the y-ray emission from n’-decay processes in the
inelastic scattering of CRs with ambient gas, which is discussed
in Yang et al. (2023), we calculated the MeV de-excitation
line emission (Ramaty et al. 1979) and ionization rate of CRs,
which are mainly induced by LECRs with energies below the
energy threshold (~280 MeV) of the n°-decay processes that are
generated by proton-proton (p-p) inelastic collisions.

This paper is organized as follows. In Sect. 2 we describe the
methods used for the simulation of CR penetration in the GMCs
and show the resulting CR spectra under different assump-
tions. In Sect. 3 we then calculate the corresponding nuclear
de-excitation line emission, continuum ‘y-ray emission, and the
6.4 keV Fe K line emission produced by the interaction of intru-
sion CRs with the molecular gases. We discuss the results in
Sect. 4.

2. CR distribution within the molecular clouds

The transportation of CRs inside molecular clouds can be
described phenomenologically as a diffusion process with
energy losses taken into account (Gabici et al. 2007). The energy
losses are especially important to LECRs with energies <1 GeV,
though they only have minor influences on the higher-energy
CRs. The advection and adiabatic loss can be safely ignored
considering the turbulent bulk velocity is quite low in molecu-
lar clouds (~10 km/s). Therefore, the transport equation of CRs
inside molecular clouds is

N _ V- (DVN) - i(bN) =0, (1
ot ap

where N(r, p, 1) = 4np f(x, p, 1) (f is the isotropic distribution
function of CRs) is the number density per momentum of CRs,
D(r, p) is the (isotropic) spatial diffusion coefficient, b(r, p) =
—dp/dt is the momentum loss rate, and Q(r, p, t) is the source
function of CRs. Generally, the gas density of molecular clouds
is inhomogeneous, so the diffusion and energy losses are space-
dependent.

The dominant energy loss process for CR nuclei is ion-
ization interaction with the ambient gases (Schlickeiser 2002),
and above the kinetic energy threshold Eyy = 0.2787 GeV,
the inelastic nuclear p-p collision becomes significant. The life-
time of protons due to the inelastic p-p collision is 7, =
1/(kngascBopp), Where the parameterized inelastic cross section,
Opp, 18 taken from Kafexhiu et al. (2014), the inelasticity k = 0.45
(Aharonian & Atoyan 1996), ng, is the gas density, and 8 = v/c
is the velocity of CRs in units of the speed of light, c. The energy
loss resulting from the Coulomb collision with the ambient gases
is very small compared with the above two processes for the typi-
cal parameter regime of molecular clouds (Padovani et al. 2009).

For the sake of simplicity, we considered the clouds to be
spherically symmetric. The gas density profile of the molecular
cloud as a function of radius, r, takes the following parameteri-
zation (Gabici et al. 2007):

o
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Fig. 1. Gas density radial profile of a 20 pc GMC with a dense core of
radius R, = 0.5 pc and profile index « = 2.

where R. is the radius of the dense core, ny is the gas density at
the center of the cloud, and « is the profile index. Figure 1 shows
the gas density radial profile of a 20 pc GMC whose dense core
radius R, = 0.5 pc and profile index @ = 2. The magnetic field
profile is related to the gas density as (Crutcher 2012; Padovani
et al. 2018)
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The spatial diffusion coefficient is parameterized as
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As the boundary condition for Eq. (1), we assumed that the
CR spectra at the boundary of the cloud are the local interstellar
spectra (LIS). The parameterized best-fit LIS model for protons
up to 100 GeV obtained by Vos & Potgieter (2015) according to
recent experiment data, including from Voyager 1 and 2, Payload
for Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA), and Alpha Magnetic Spectrometer (AMS-02), is

ELI12
Jus(Ey) =270 ﬁkz (
where FEy is the kinetic energy of CR protons (in GeV). The flux
spectrum as a function of kinetic energy is j(Ex) = %TN (p)-

The setting of this boundary condition is justified for the
nearby GMC:s since the recent Fermi-LAT observations demon-
strate that the spatial distribution of CRs in the Galaxy is
homogeneous within a few parsecs of the Sun and the spec-
tra are close to the CRs directly measured by AMS-02 and
Voyager 1 and 2 (Yang et al. 2014; Neronov et al. 2017;
Aharonian et al. 2020). Due to their proximity, it should be much
easier for future MeV +y-ray telescopes to detect the nuclear de-
excitation line emission generated by the LECRs in the nearby
GMCs.

Eq. (1) has no analytical solution except when the gas dis-
tribution inside the cloud is uniform, and hence the numerical
solution is needed. As a limiting case, however, we first give
the analytical solution, which is also beneficial for verifying the
numerical scheme adopted.

Ek + 0.67
1.67

-3.93
) m2s s MeV!, 5)
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Given that both the spatial diffusion and momentum loss are
space-independent, the solution of Eq. (1) is

N(r, p, 1) = No(p)

6
+fffdr/dp/dtr G(r, P, t V/, pr’ [/)S(I”, p/’ l"), ( )

where the effective source term

Ab(p)No(p)]

ap )

S(r, p. 1) =Q(r, p, 1) +

and Green’s function G(r, p, t; ¥, p’, t’) satisfies

a_G_la(z B—G)—@=5(V—r, p_p/ [—l’) (8)

ot ror ar ap
and is subject to the boundary condition G(R, p, t; ¥/, p’, ') =

0, with R the dimension of the cloud. Expanding into Fourier
series, we have

G(r,p, t; ¥, p', 1)

_ 11 < ;2 sin(mzr’ [R) sin(mnr/R)
~ b(p) 27R ; {47" r r )
m2 2
exp [— = A p')] 0(A(p, p" ot -1 —7(p, p’))},

where 6(x) is the Heaviside step function, and we have intro-

duced (Syrovatskii 1959)
' dp ” D(p)

T(,’)=f ,/l(,’)=f—d.

PPI= ) by TP, b !

To numerically solve Eq. (1), we adopted the operator split-
ting method, used the implicit upwind scheme for the momentum
loss term, and used the Crank-Nicolson scheme for the diffusion
term (Press et al. 1992; Hanasz et al. 2021). As a verification of
the numerical schemes, Fig. 2 shows a comparison of the numer-
ical solutions (solid lines) with the analytical solutions (open
circles) assuming that the cloud is homogeneous with a constant
gas density ny = 500 cm™ — which amounts to a gas H mass
of My = meanV ~4x10° M, (solar mass) and is typical of
GMCs — and there are no CR sources inside it. The numerical
and analytical solutions match very well.

In the present study, we mainly considered the cases in which
the clouds are “passive”, that is to say, there are no CR sources
inside them and they are only illuminated by incoming CRs from
the outside ISM. Cases in which the clouds are “active” (i.e.,
there are CR sources embedded in GMCs) should be addressed
separately. Due to the possible self-confinement of CRs around
their sources, such as supernova remnants (Jacobs et al. 2022),
the CRs can be more intense inside active GMCs than in the local
ISM (Baghmanyan et al. 2020).

For the transport of CRs inside GMCs, the diffusion coef-
ficient and the mass of GMCs are the two particularly crucial
parameters. For the latter, we considered the two cases with gas
masses of My = 10° My and My = 10° My, respectively. The
diffusion coefficient of CRs in the ISM is about 10?® cm?/s
at 1 GeV based on investigations of CR propagation in the
Galaxy (Strong et al. 2007). However, recent y-ray observations
of nearby molecular clouds demonstrate that the transport of
CRs inside them is much slower than in the ISM (Yang et al.
2023). Therefore, we used two different diffusion coefficients,
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Fig. 2. Numerical solutions (solid lines) and the analytical solutions
according to Eq. (6) (open circles). The time step Ar = 20 years for
numerical solutions in this case. Here, we have assumed that the molec-
ular cloud is passive (i.e., there are no CR sources inside it) and
homogeneous (@ = 0) with a constant gas density of ng = 500 cm™
(ng = 1000 cm™ due to x° = 1). We have also assumed that the
abundance of gas helium is 0.0925 relative to the gas H density, i.e.,
nye = 0.0925ny. The dimension of the cloud R = 20 pc. The spatial dif-
fusion coefficient Dy = 1.63 x 10?° cm?/s, and the exponent 6 = 1/3.

Dy = 4 x 10%° cm?/s and Dy = 4 x 10?8 cm?/s, for each GMC
mass under consideration. The diffusion exponent, 9, is poorly
constrained by the current CR data due to a lack of detailed
knowledge about the interstellar turbulence (Silver & Orlando
2024). By taking three different values of the exponent (i.e., 6 =
0.3, 0.5, and 0.7), we checked the effects of different 6 on the CR
transport for each pair of Dy and My.

In addition, we assumed that the dimension (radius) of the
GMCs is R = 20 pc, which is typical of the Galactic GMCs
according to observational statistics (Miville-Deschénes et al.
2017), and that the radius of dense cores is R. = 0.5 pc, which is
consistent with observations (Draine 2011). As for the gas den-
sity radial profile, we assumed that the profile index is @ = 2.
While the profile is flat in the center (see Fig. 1), consistent with
observations (Bergin & Tafalla 2007), it is proportional to r~2
at large radii, r, which results from the scale-free gravitational
collapse (Li 2018).

Figure 3 shows the CR fluxes at different radii for Dy =
4 % 10%° cm?/s (top panel) and Dy = 4 x 10% cm?/s (bottom
panel) within a GMC with a mass of My = 10° M. In both
cases, the intensities of CRs below 100 MeV are attenuated sig-
nificantly, and such an attenuation is expected to have profound
effects on the MeV nuclear de-excitation line emission. Addi-
tionally, for the case with a slower diffusion (top panel), the
intensities of CRs below 10 GeV are also attenuated appreciably
in the deepest interior of the GMC. Similarly, Fig. 4 shows the
CR fluxes at different radii for Dy = 4 x 10 cm?/s (top panel)
and Dy = 4 x 10?® cm?/s (bottom panel) within a GMC with a
mass of My = 10° My, For the slower diffusion (top panel), the
intensities of CRs are attenuated very significantly even up to
1000 GeV, showing that CRs can just barely penetrate the dense
core of such a massive GMC. In contrast, for the case with a
faster diffusion (bottom panel), the CR intensities are only atten-
uated significantly below about 100 MeV. In addition, as shown
in Figs. 3 and 4, an increase in the ¢ value, which will cause
a further decrease in the diffusion coefficient, D(p), of LECRs
with p < 1 GeVc™!, consequently lowers their fluxes, especially
at small radii of the massive clouds (My = 10° My). Thus, the
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Fig. 3. CR fluxes in a GMC with a gas H mass of My = 103 M,,. Top
panel: CR fluxes at different radii penetrating into a GMC with a dimen-
sion of 20 pc, assuming there are no sources inside it, for three different
diffusion exponents: 6 = 0.5 (solid lines), 0.3 (dashed lines), and 0.7
(dotted lines). The spatial diffusion coefficient Dy = 4 x 10% cm?/s.
The gas density profile index a = 2, and the core radius R, = 0.5 pc. A
fraction of the gas helium, whose abundance relative to H is ng./ny =
0.0925, is also included. Bottom panel: same as the top panel, but the
spatial diffusion coefficient Dy = 4 x 10%® cm?/s.

fluxes of the MeV de-excitation line emission that is mainly pro-
duced by the interaction among the LECR nuclei and the gases
will also decrease due to the increase in the § value. However,
the change in LECR fluxes due to the shift in ¢ (from 0.3 to 0.7)
is less than one order of magnitude, not as significant as that due
to the variation in Dy (from 4 x 10?8 cm?/s to 4 x 10?6 cm?/s),
which is multiple orders of magnitude. Therefore, we focus on
the influence of Dy and My in the following calculations and
use a fiducial 6 = 0.5, corresponding to an Iroshnikov-Kraichnan
MHD turbulence spectrum, for the sake of simplicity.

3. MeV nuclear de-excitation line emission and
other observables

With the CR spectral and spatial distribution calculated above,
we first estimated the possible MeV nuclear de-excitation line
emission resulting from the nuclear interaction between the CR
nuclei and the molecular gases, applying the method devel-
oped by Ramaty et al. (1979) and Murphy et al. (2009). We
used numerical simulation results provided by the TALYS code
(Koning et al. 2008; Koning et al. 2014) when the line cross sec-
tions adopted from the laboratory measurements of Murphy et al.
(2009) and Benhabiles-Mezhoud et al. (2013) were inadequate.
As a general assumption, we chose the local values measured by
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Fig. 4. Same as Fig. 3, but the gas H mass My = 10° M.

Voyager (see Cummings et al. 2016, their Table 3) for the ele-
mental composition of the injected CRs and the recommended
present-day solar abundances (see Lodders 2010, their Table 6)
for the molecular cloud. For simplicity, we only considered two
processes during the calculation: (i) the CR protons and « par-
ticles excite heavier elements of the ambient gas, and (ii) the
hydrogen and helium of the ambient gas collide with the heavy
nuclei of CRs, in which only abundant elements, such as C, N,
0O, Ne, Mg, Si, S, Ar, Ca, and Fe, are taken into account.

In addition to the nuclear de-excitation line emission, the
interaction between the penetrating CR nuclei and gases in the
clouds will also inevitably generate nonthermal X-rays, such as
the Fe Ka line at 6.4 keV, via the collisional ionization of Fe, and
continuum n°-decay vy rays via inelastic p-p collisions. Therefore,
we also calculated the corresponding 6.4 keV Fe Ka line emis-
sion using cross sections given by Tatischeff et al. (2012) and
nY-decay 7 rays by applying parameterized production cross sec-
tions from Kafexhiu et al. (2014). The differential fluxes of the
nuclear de-excitation line emission and the 7°-decay y-ray emis-
sion from CRs interacting with the cloud for different diffusion
coefficients and total masses are shown in Fig. 5. The integrated
fluxes of major narrow lines at 4.44 MeV and 6.13 MeV, which
are mainly emitted via the de-excitation of '>C and '°0, and the
6.4-keV Fe Ka line emission are presented in Table 1. If we only
consider the intrusion of CRs from the local ISM, the fluxes of
the corresponding y-ray emissions induced by the interactions
of penetrating CRs and the clouds are proportional to the total
masses of the clouds. Slower diffusion will yield lower fluxes for
the same cloud, especially when the cloud is much more mas-
sive. In addition, we investigated the 2D distribution of these
line emissions and illustrate the integrated flux of strong narrow
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line emission at 4.44 MeV as a function of angular distance, 6, in
Fig. 6. Here we assume the GMC is located about 200 pc away
from Earth. Thus, the angular radius of a GMC with a radius of
20 pc is about 6 degrees. We can see that slower diffusion and
denser gases, which cause the LECRs to lose more energy as
they penetrate the cloud, consequently flatten the profile of the
surface intensity of the 4.44-MeV line emission. However, the
impact of cloud densities on the intensity profile can be ignored
if the diffusion coefficient of CRs is large enough.

Moreover, the intrusive CRs will ionize the neutral gases in
the clouds, and the CR ionization rate inside the GMC is strongly
affected by the fluxes of LECRs. Given the distribution of CRs
calculated in Sect. 2, we calculated the CR ionization rate of
molecular hydrogen by applying the formulae from Indriolo et al.
(2009). As shown in Fig. 7, if the diffusion coefficient, Dy, of the
CRs within the cloud is the same as in the ISM, which is usually
assumed to be 4 x 10?® cm?/s, the variation in CR ionization

Table 1. Total line fluxes obtained under different mass and diffusion
coefficient assumptions.

My Dy Fluxes (10~° phcm=2s71)
M,)  (cm?/s) 64keV 444MeV  6.13 MeV
28
1.0e+6 4% 10 14.0 3.14 2.31
4 x 10% 4.94 0.98 0.75
28
10645 4% 10 1.70 0.43 0.30
4 x 10% 1.10 0.23 0.17
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Fig. 7. CR ionization rates at different distances from the center of the
hypothetical GMCs. The diffusion coefficient of the CRs is Dy = 4 X
102 cm?/s (solid lines) or Dy = 4 X 10%% cm?/s (dashed lines), and the
mass of the molecular cloud is 1 x 10° M, (black lines) or 1 x 10° M,
(gray lines).

rates between the interior and the outer layers of the cloud is
not very large: the CR ionization rate within the dense core is
about half that of the outer layers. However, if the diffusion of
CRs within the cloud is much slower, Dy = 4 x 10?°, the CR
ionization rate is about one magnitude lower at the center of a
less massive cloud (My = 1 x 10° M) compared to that at the
outer boundary (r = 20pc), and for more massive and denser
clouds (My = 1 x 10° M), the CR ionization rate can decrease
by up to three orders of magnitude (from 3 x 10~'7s~! at the
boundary to 1072%s~! at the center). To summarize, our results
show that the closer to the center of the cloud, the lower the CR
ionization rate, and they are consistent with previous theoretical
calculations that predict the decrease in the CR ionization rate for
increasing column density, N(H;) (e.g., Padovani et al. 2009).

4. Discussion

Recent analyses of GeV y-ray emissions from Fermi-LAT data,
particularly in regions like the Taurus and Perseus molecular
clouds, have revealed a potential slow diffusion of CRs within
these clouds (Yang et al. 2023). This slow diffusion, along with
the effective shielding of LECRs below 10 GeV from dense
molecular clumps, has significant implications for the star forma-
tion process within these clumps. LECRs, particularly those with
energies below 100 MeV, play a crucial role in gas ionization
and heating, which are essential for regulating star formation.
However, current observations of GeV-continuum 7y rays cannot
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provide information about CRs in this critical energy range. The
6.4-keV line emissions have been detected from X-ray observa-
tions toward clouds, such as observations of a small region of
p Ophiuchi, the star-forming region of the Taurus cloud, and
Sgr B, located in the Galactic Center region (e.g., Imanishi et al.
2001; Gudel et al. 2007; Koyama et al. 2007). However, the ori-
gin of the detected X-ray point sources in the clouds is more
likely related to stellar activities; for example, the class I source
(YLW 16A) in p Ophiuchi is associated with a young stellar
object. Meanwhile, the origin of the diffuse Fe Ka line emis-
sions is more complex since X-ray photons and CR electrons
can also induce such line emission. In particular, for the 6.4
keV line emissions detected from the clouds very close to the
Galactic Center, their flux, ~(107=107%) phcm=2 57!, is higher
than what we estimated from the penetrating LECR nuclei in
passive clouds, and their origin is still debatable (e.g., Tatischeff
etal. 2012; Dogiel et al. 2014). Similarly, the constraints from the
ionization rate on the properties of CRs in the clouds are also
limited. This makes MeV nuclear de-excitation line emissions
particularly valuable, as they can directly probe LECR nuclei
and provide unique insights into their effects on the ISM.

In this context, we investigated the 2D distribution of MeV
line emissions from ideal GMC:s relatively close to Earth. Specif-
ically, we calculated the surface intensity of prominent narrow
lines as a function of angular distance by integrating the line
flux along the line of sight. For a GMC located 200 pc from
Earth with a radius of 20 pc, the angular distance from the
cloud’s edge to its core is approximately 6 degrees. Using the
4.44 MeV line emission as an example, our findings indicate
that in a massive cloud (with a hydrogen mass of 10° M), the
surface intensity of the emission line appears flattened due to
the slow diffusion of CRs. This flattening suggests a strong
shielding of LECRs within the cloud. As shown in Fig. 6, the
intensity of the 4.44 MeV line emission at the cloud’s cen-
ter is almost the same as that in its outer envelope (within
10 to 20 pc of the center). However, in less massive or less
compact clouds, this flattening effect is less pronounced, and
the center intensity of the 4.44 MeV line remains significantly
higher than at the cloud’s edge due to faster CR penetration or
weaker shielding effects. These results assume that no local CR
sources are present within the GMCs. However, if CR acceler-
ation occurs within the clouds — such as through star-forming
processes — the distribution of CRs, and consequently the MeV
line emission, will be different. Previous work has shown that
CR distribution and MeV line emissions around a hypotheti-
cal accelerator that continuously injects particles into a uniform
medium can be significantly enhanced in regions with slower CR
diffusion and denser environments compared to passive clouds
(Liu et al. 2021).

In recent years, several MeV detector projects, for exam-
ple All-sky Medium-Energy Gamma-ray Observatory eXplorer
(AMEGO-X; Fleischhack & Amego X Team 2022) and Comp-
ton Spectrometer and Imager (COSI; Tomsick et al. 2023),
have been proposed or are in development, meaning detailed
studies of LECR-induced MeV line emissions will be more fea-
sible in the near future. The MeV line sensitivities of these
new-generation instruments are on the level of 107 phcm=2 57!
(30 detection in 10°s), which is about one magnitude bet-
ter than current operating detectors, such as the SPectrometer
on board INTErnational Gamma-Ray Astrophysics Laboratory
(INTEGRAL; Winkler et al. 2003), whose line sensitivities are
on the level of 1073 phem™2s~!. According to our estimation,
MeV line emissions from passive GMCs, with fluxes on the
order of or below 1078 phecm™2 s~! (assuming the cloud is 200 pc
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away), will be challenging to detect even with next-generation
MeV telescopes despite their improved sensitivity. Thus, for
future MeV observations, these MeV line emissions from clouds
are more likely to be detected from stacking analyses of multiple
nearby GMCs rather than research of a specific cloud. Moreover,
regions that contain massive gases and strong star-forming activ-
ities, such as the central molecular zone in our Galaxy, are also
promising targets for investigating the properties of LECRs via
MeV line emissions (Liu & Yang 2024).

Nonetheless, the MeV de-excitation lines can provide in situ
measurements of LECRs in dense clumps, offering a crucial
tool for understanding the initial conditions of the star forma-
tion process. If LECR accelerators, such as young protostars
(Padovani et al. 2015), are embedded within the clouds, the
corresponding ionization rates and MeV line fluxes could be
higher than in passive clouds. As a result, nuclear de-excitation
line emissions are more likely to be detected from GMCs with
ongoing star-forming activities, providing direct insights into the
role of LECRs in these critical processes and improving our
understanding of the early stages of star formation.

Data availability

To calculate emissivities of the de-excitation y-ray line lines,
we used the code TALYS (version 1.96, Koning et al. 2008),
which can be downloaded from https://tendl.web.psi.
ch/tendl_2019/talys.html. For a better match with the
experiment data, we modified the deformation files of 14N, 20Ne,
and 28Si using the results of Benhabiles-Mezhoud et al. (2011).
We also used the production cross sections of the specific lines
listed in the compilation of Murphy et al. (2009).
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