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A B S T R A C T 

Here, we present calculations on the energy delivered (and heating) by realistic cosmic rays (CRs) field at a typical molecular 
clump. The current model describes, with unprecedented spatial resolution, the energy delivery by a realistic CR field in molecular 
clumps. The calculations were performed employing the Geant4 code (considering full cascade physical processes and hadron 

physics) considering the cosmic ray field taken from the Voyager spacecraft measurements in the interstellar medium. The results 
showed that the total energy deposition rate, considering light particles (protons, electrons and alphas), medium-mass ions and 

heavy-ions, ranges from 400 MeV/g/s in the outer layer (at 10 

5 AU) to roughly 100 MeV/g/s in the inner layer of the model 
(below 0.1 AU). The main energy deposition rate is due to the incoming protons. Incoming alphas represent 15–20 per cent of 
the energy deposition. In the deep core of the cloud, the fraction of energy delivered by medium-mass ions, electrons, and heavy 

ions are 5 per cent, 2.5 per cent, and 1 per cent, respectively. The heating induced by cosmic rays seems to affect mostly the 
re gions abo v e ∼500 AU. Considering a balanced heat model with warm dust grains (T ∼16–18 K), we observ e a small bump 

in temperature at 2000–5000 AU. We suggest this temperature enhancement by CRs might have some affect on the molecular 
formation or cometary formation in pristine Oort cloud region inside the Solar System. 

Key words: (ISM:) cosmic rays – astroparticle physics – nuclear reactions, nucleosynthesis, abundances – astrochemistry, ISM: 
clouds, Oort Cloud. 

1

F
g
a  

a
1  

t  

S  

(  

B  

i
t
w  

h  

i
2  

c
 

e
a
r
t  

a  

r

�

i  

d  

f
h
t  

e  

(
P  

T  

m
t  

s
i  

o
r  

p
r

m  

d  

w
o

2

©
P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/1735/6823711 by guest on 14 M
arch 2025
 I N T RO D U C T I O N  

ollowing Williams et al. ( 2000 ) molecular clumps (MClumps) are 
aseous-rich regions in the interstellar medium (ISM) with typically 
 parsec size and with typical masses of between 10 and 10 3 M �. The
verage values for density and temperatures of MClumps are around 
0 3 H 2 /cm 

3 and 10 K, respectively (Bodenheimer ( 2011 ) and its
ypical density profile ranges with r −1.5 (e.g. Kaufman et al. 1998 ).
uch regions represent one of the initial steps of a star formation
individual or in clusters) (e.g. Bonnell et al. 1997 , Seale et al. 2012 ;
ergin & Tafalla 2007 ). These clouds are constantly being exposed to

ncoming energetic particles [e.g cosmic rays (CRs), UV and X-rays] 
hat flow through ISM. The interaction of such energetic particles 
ith matter inside the clouds induce chemical changes as well as gas
eating and the study of these phenomena helps to put constraints
n the astrochemical models of such objects (e.g. Pazianotto et al. 
021 , and references therein). For a detailed re vie w on MClumps and
louds, see also Rigby et al. ( 2019 ) and Roman-Duval et al. ( 2010 ). 

The study of energy delivery by CRs in a typical MC, the precursor
volutionary MClumps, considering full cascade physical processes 
nd hadron physics employing GEANT4 code have been performed 
ecently by Pazianotto et al. 2021 (considering only light ions in 
he CR inventory), Pilling et al. 2021 (considering both light ions
nd heavy-mass ions), and Pilling et al. 2022 (considering the most
ealistic CR flux with light ions, medium-mass, and heavy-mass 
 E-mail: mtp@ita.br (MTP); sergiopilling@yahoo.com.br (SP) 
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ons). The authors observed that in MCs the incoming protons are the
ominant source in the energy deposition and heating of the cloud,
ollowed by alphas and electrons, with the medium-mass-ion and 
eavy-ion groups each contributing roughly 8 per cent. Additionally, 
he model presented by Pilling et al. ( 2022 ) shows a temperature
nhancement of up to 10 per cent in the external layers of the cloud
reaching 22.5 K) with respect to the previous calculations from 

azianotto et al. ( 2021 ), where only light particles were considered.
he authors conclude that in the MC model, neither heavy nor
edium-mass ions contribute to the temperature enhancement in 

he deep core of the cloud. The current work aims to apply a
imilar methodology to determine energy delivery and the heating 
nduced by CRs in a typical molecular clump, a more compact
bject than the object studied previously. The unprecedented model 
esolution described here (detailed at distances < 100 AU) helps to
ut constraints in the physicochemical parameters of star forming 
egions and might also help to better understand our solar system. 

Section 2 presents the computational methodology employed. The 
ain results are given in Section 3 with emphasis on the energy

eposition rate and heating by cosmic rays in the different layers
ithin the molecular clump. A comparison with the previous models 
f MC is also provided. Main conclusions are listed in Section 4 . 

 M E T H O D O L O G Y  

n order to model the geometry and composition of the molecular
lump, and also the ionizing particle transport through the object, we
ave employed the computational toolkit Geant4. v10.5 (Agostinelli 
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Figure 1. Number density (panel a) and visual extinction profile (panel b) as function of the distance from center of the spherical molecular clump modeled in 
this work. 
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t al. 2003 ; Allison et al. 2006 ). The geometry considered is a
pherical molecular clump with the following parameters in the
odel: diameter D ∼0.8 pc ( ∼1.6E5 AU); radius R ∼0.4 pc ( ∼0.8E5
U); mass M ∼30 M �; average particle number density n ∼2200
m 

−3 (mainly constituted by H atoms representing the gaseous H 2 

olecules and 1 per cent of C atoms representing the solid fraction of
he cloud in terms of interstellar grains) and density law distribution
uled by r −1.5 ; number of concentric spherical layer (with constant
umber density each), N = 30. Fig. 1 presents the number density and
isual extinction profile, as function of the distance from center, of
he molecular clump modeled in this work. Table A1 (see Appendix)
resents the physical parameters (size, mass, density, number density,
nd average visual extinction) of each spherical layer considered in
he model. 

In this work, we have taken into account the primary cosmic
adiation composed of proton, alpha, carbon, and iron. For all these
omponents, we have used the realistic spectra data from Voyager I
pacecraft measured at the ISM (Cummings, et al. 2016 ). 
The employed cosmic radiation source considers a spherical

eometry with radius r ∼0.4 pc ( ∼0.8E5 AU) that is large enough to
o v er all the MClump. The source particle is uniformly distributed
n the outer sphere represented by blue dots in Fig. 2 . We have used
he particle emission pointed to inside the volume with different solid
ngles using the methodology presented by Pazianotto et al. ( 2021 ).
he simulation of different solid angles emission can provide an
stimation of the energy deposition by cosmic radiation in different
ayers with sufficient statistics. Considering Fig. 2 , a simulation
as performed varying the theta angle using the following angles:
0 o , 30 o , 10 o , 5 o , 1 o , 0.1 o , and 0.01 o . The smaller the emission
ngle, the better the statistic to estimate the energy deposited in
nner layers. Indeed, the solid angle needed should be much bigger
han the layer size in order to consider the secondary particle
ransport properly, as discussed by Pazianotto et al. ( 2021 ). The
maller the solid angle emission, the more internal layers can be
nalyzed. Simulations with smaller theta angles spend more time to
e concluded, because the primary particle is focused into regions
ith higher densities, providing more interactions and computational

ime. 
NRAS 518, 1735–1743 (2023) 
 RESULTS  A N D  DI SCUSSI ON  

.1 Energy deposition rate delivered by cosmic rays 

ig. 3 presents the deposited energy rate by the different components
f the cascade shower during the collisions of cosmic rays with the
imulated molecular clump considering the realistic CR flux. Panels
-c presents the calculation results for the light CR sources (protons,
lphas, and electrons), panel d present the calculation results for the
ron source, a typical constituent of the heavy-ion group, and panel
 present the results for the carbon source, a typical constituent of
he medium-mass group. Details about the calculations for the heavy
ons group and medium-mass group can be obtained at Pilling et al.
 2021 ) and Pilling et al. ( 2022 ), respectively. The relative error was
elow 5 per cent. 
Panel a presents the energy deposition considering the proton

ource. We can observe an increased energy deposition as a function
f distance to the center of MClump for proton and electron
articles. For other particle components, one can note an opposite
ehavior, a higher energy deposition in the center region of the
loud. Moreo v er, the main particles to energy deposition in all the
loud are proton, electron and positron, respectively. The evolution
f energy deposition rate for the cascade particles in the alpha
ource (panel b) shows that neutrons virtually not contribute to
uter layers. For electron source (panel c) energy deposition rate for
ositrons increases toward the center with for the cascade protons
s virtually zero in the center re gions. F or the iron source (painel d)
e observe that in the core region the energy deposition rate for this
article is virtually zero, whereas the cascade electrons are dominant.
he energy deposition rates due to cascade muons, pions, and
eutrons are virtually negligible at the other layers of the molecular
lump cloud. In the deep core, the energy delivered by positrons,
euterons, and tritions are not negligible. The energy deposition
ates by photons are virtually constant along the layers of the
odels. 
Fig. 4 presents the total deposited energy rate in the modeled
Clump for each primary source considered in this work [e.g.

ight particles (protons, electrons, and alpha), medium-mass ions
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Simulations of cosmic rays in molecular clump 1737 

Figure 2. Schematic representation of the source particle distributed on the outer sphere, the solid angle emission and part of the layers considered. 
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nd heavy-ions]. Panels a and b presents the deposited energy rate in
nits of MeV/g/s and in percentage, respectively, Panel c shows an 
mplification of panel b for v alues belo w 30 per cent. The summed
eposited energy (all input of energy from CRs) ranges from 400 
eV/g/s in the outer layer (at 10 5 AU) to roughly 100 MeV/g/s at

he inner core (below 0.1 AU). 
As observed in previous models (e.g. Pilling et al. 2022 ) the main

nergy deposition rate comes from the primary source of protons. 
n the current work, this corresponds to an energy deposition rate of
50 MeV/g/s at the outer layer and around 80 MeV/g/s in the inner
ayer of the model (or around 60 per cent of energy input in the outer
ayers and 75 per cent in the deep core of the cloud). The alpha source
epresents 15–20 per cent of the energy deposition. In the deep core
f the cloud, the fraction of energy delivered by medium-mass ions,
lectrons, and heavy ions are 5 per cent, 2.5 per cent, and 1 per cent,
espectively. In the current model, the maximum energy deposition 
ate by the heavy ions occurs in the regions between 200 and 300
A. For alpha particles, the maximum occurs at 0.3 and 0.4 AU. As
 summary, protons and the medium-mass ions have the maximum 

eposition rate at the centre region of the molecular clump. Finally, 
ig. 4 also shows that at 1 AU the energy deposition rate of heavy
ons is virtually the same as the medium-mass ions, and curiously,
rom 6 × 10 2 to 2 × 10 4 AU, alpha and electron sources present
oughly the same energy deposition rate. 

For comparison purposes, the normalized deposited energy rate 
n the modeled MClump for each primary source at 1 AU is
hown in Fig. 5 . We notice that the largest gradient of energy
eposited rate in the models is observed in the case of irons
and as a consequence for the heavy ions group). The sec-
nd largest gradient of energy deposited rate was observed for 
lectrons. 

The stepped features in the plots presented in Figs 3 - 5 indicated
verage values in the layers. However, in some positions along 
he cloud additional features (bumps, valleys, or large steps) are 
bserved in the plots of deposited energy rate, suggesting tentative 
or explanation: i) A physical effect: in the case of iron bump feature
at ∼ 200 AU), it could be explained due to the decrease mean energy
f the primary irons as the beam cross the cloud, including the center
egion; then, part of the iron source with less energy could deposit
reat part of energy when reach about 200 AU. In the case of the
lectrons, large steps feature (below 10 AU) a non-linear absorption 
f electrons in the inner shells might introduce such behavior. In the
MNRAS 518, 1735–1743 (2023) 
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Figure 3. Total deposited energy rate by the different components of the cascade shower during collisions of (a–c) light sources (protons, alphas, and electrons), 
(d) iron source (a typical constituent of the heavy-ion group), and (e) carbon source (a typical constituent of the medium-mass group) in the simulated MC 

considering the CR flux data from Voyager spacecraft measured at the ISM. The relative error was below 5 per cent See details in the text. 
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ase of neutrons (see Fig. 3 ), the observed discontinuity might arise
ue to its very small half-life ( ∼10 min) compared with distances
oward the cloud. This decay might also introduce some fluctuations
n the electrons abundances within the cloud. ii) A numerical effect:
NRAS 518, 1735–1743 (2023) 
he small number of interactions due to low density of the models
ight introduce such fluctuations in the average values considering

he different layers. Future investigations will help to clarify this
ssue. 
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Simulations of cosmic rays in molecular clump 1739 

Figure 3. Continued. 
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.2 Cloud temperature estimation 

t has been suggested that the incoming radiation, mainly the pen- 
trating CRs from the Galactic and extragalactic medium, plays an 
mportant role in the heating balance in MCs which has temperatures 
from observations) roughly 7–15 K (e.g. Pan & Padoan 2009 ; Dobbs
t al. 2014 ). In case of MClumps, the typical temperature (excitation
emperature) can be little higher, ranging from 5 to 25 K as described
y Rigby et al. ( 2019 ). 
As pointed out by Goldsmith ( 2001 ), the temperature profile of
Cs should be described by thermal equilibrium condition and 

espect the balance heat equation in which the incoming energy 
omes from cosmic rays and stellar radiation and outcome energy is
ainly ruled by thermal emission. Pilling et al. ( 2022 ), employing the

alance heat methodology described by Goldsmith ( 2001 ), calculated 
he typical temperature profile of a MC in the presence of a realistic
ncoming CR field (containing both light particles, medium-mass 
ons, and heavy ions). Here we, once more, use this balance heat
ethodology to describe the heating induced by cosmic rays in a 
ore compact object, a molecular clump with radius around 10 5 

U. 
Fig. 6 presents the average gas temperature (or cloud temperature 

rofile) of each layer of the modeled MClump exposed to CRs
nd considering the balance heat equation described by Goldsmith 
 2001 ). Here, we consider different dust temperatures in the cal-
ulation, ranging from 6 to 50 K. Panel a shows the x -axis in
istance from the center of the molecular clump, in units of AU,
nd panel b the visual extinction (Av) in units of magnitude. For
omparison purposes, a ruler with some dimensions inside the solar 
ystem is presented at the bottom of the figure. We observe that in
ll models below around 200 AU the cloud seems not to be heated
y the cosmic rays. The model also points out that below 200 AU
he gas temperature is very well coupled with dust temperature. 
ll models suggest that outer part of the molecular clumps has

emperature around 15 K. For models with dust temperatures below 

0 K we observe that cosmic rays can increase gas temperature in
he outer parts of the cloud reaching a value around 14 K. Moreo v er,
e observe that for models with dust temperatures ranging from 

6 K to 20 K, the cosmic rays, despite not being ef fecti ve to heat
xternal part of the cloud, produce a slight enhancement (a bump)
n the cloud temperature around 3000 AU. In the Solar system this
istance lies inside the Oort cloud and might suggest that such CR-
nduced small heating could have some influence in the cometary 
ormation. This issue should be investigated with detail in future 
anuscript. 
Kalv ̃ ans ( 2016 ) and ( 2018 ) has studied the heating of grains

nside interstellar clouds due to collisions with CRs by employing 
MNRAS 518, 1735–1743 (2023) 
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Figure 4. Total deposited energy rate in the modeled MClump for each primary source. Panels a and b present the deposited energy rate in units of MeV/g/s 
and in percentage, respectively, Panel c shows an amplification of panel b for values below 30 per cent. 
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 parameterized cosmic ray energy distribution and the energy-loss
unction from the SRIM code (see P ado vani et al. 2009 and Ziegler et
l. 2010 ). The author presented their results in terms of frequency in
hich grains may achieve a given temperature enhancement during
NRAS 518, 1735–1743 (2023) 
he cloud lifetime and reinforce the importance of CR-induced low-
emperature grain heating in interstellar ices. It is worth noting that
rain heating by cosmic rays might be characterized by at least two
istinct scenarios within the grain: i) the ion track region where local

art/stac3063_f4.eps


Simulations of cosmic rays in molecular clump 1741 

Figure 5. Normalized deposited energy rate in the modeled MClump for each primary source at 1 AU. 

Figure 6. Average gas temperature of each layer of the modeled MClump exposed to CRs and considering the balance heat [Equation (2)]. Each curve was 
calculated employing different dust temperatures from 6 to 50 K. Panel (a) shows temperature as a function of distance from the center in AU. Panel (b) shows 
the temperature as a function of the average visual extinction. In both panels, the horizontal gray region indicates the typical temperature range of molecular 
clumps. The numbers of the layers in the model are indicated by the black labels. 
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emperature can be extremely high for very short period of time 
 ∼10 −11 s) just after the impact of CR and ii) whole grain region
here the temperature might reach hundreds of kelvins due to the 
eat transfer from the ion track to the entire grain, which happens
t larger timescale (10 −9 s) and is highly dependent of collision 
requency and heat capacity of the grain (e.g. Leger et al. 1985 ;

ainitz et al. 2016 ). The balance heat considered in the current
odel indicates that in the obscured part of the cloud the grain

emperature is virtually not affected by cosmic rays, which plays 
 significant role at visual extinction around 2–10 mag (roughly 
t distances from 2000 to 30 000 AU from the center of the
lump). 
.3 Comparison between molecular clump and molecular cloud 

odels 

ig. 7 presents a comparison between the results obtained in current
odel of energy delivered in the molecular clump cloud (MClump 
odel) and the previous model considering a typical MC model with
ass ∼ 5400 M �, radius ∼ 4.8 pc; density law ∼ r −1.2 ; 13 spherical

ayers; average number density ∼3 × 10 2 cm 

−3 ; composition of 
 + C atoms, and dust/gas mass ratio = 1/100 (Pilling et al.
022 ). Panel a presents the total energy deposition rate by cosmic
ays on the models, considering both light particles, medium-mass 
nd heavy mass particles (employing realistic cosmic ray flux from 
MNRAS 518, 1735–1743 (2023) 
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Figure 7. Comparison between the current MClump model and previous MC model (Pilling et al. 2022 ). Panel a presents the total energy deposition rate by 
cosmic rays on the modeled objects (considering both light particles, medium-mass and heavy mass particles). Panel b presents the average gas temperature 
obtained by balance heat equation considering different dust temperatures. Solar system scale is present in the bottom part of the figures for comparison purposes. 
See details in the text. 
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umming et al. 2016 ). In this panel we notice that the current model
escribes, with unprecedented spatial resolution, the energy delivery
y a realistic cosmic radiation field in molecular clumps (mainly
n the inner part of the cloud). Panel b presents the average gas
emperature obtained by balance heat equation (Goldsmith 2001 )
onsidering different dust temperatures. 

In this figure, we can notice that both models present similarities
n energy deposition rates from 10 2 to 10 5 AU. Ho we ver, the
uter part of the MC model (at 10 6 AU) presents a larger energy
eposition rate (10 per cent higher) than the outer part of the
Clump model (at 10 5 AU). This difference is also expressed

n terms of gas heating, indicating that the outer layers of MCs
ould have temperatures higher than the outer layer of molecular
lump (typically 14 K). Curiously, excluding the other layers, in
ll models considering dust temperatures below 10 K (in both MC
odel and MC model) we observe a bump in the gas temperature

round 2000 AU and 8000 AU. In the case of warmer dust grains
T ∼16–18 K) for the MClump model, this bump seems to occur in
 slightly small distance to the centre. Comparing these distances
ith solar System scale, this indicates roughly the distance of Oort

loud comets. Therefore, such small heating induced by cosmic rays
n the molecular clouds might have some effect on the chemistry
s well as in the gas pressure of matter located in the Oort cloud
egions. 

 C O N C L U S I O N S  

n this manuscript, we present the results of theoretical calculations
n the energy delivered (and heating) by realistic cosmic radiation
elds at molecular clumps. The calculations were performed em-
loying the Geant4 code (considering full cascade physical processes
nd hadron physics) and the energy distribution of cosmic rays were
aken from the Voyager spacecraft measurements in the interstellar

edium. The main conclusion were listed below: 

i) The total energy deposition rate considering light particles
protons, electrons, and alpha), medium-mass ions and heavy-ions
anges from 400 MeV/g/s in the at outer layer (at 10 5 AU) to
oughly 100 MeV/g/s in the inner layer of the model (below
.1 AU). 
NRAS 518, 1735–1743 (2023) 
ii) The energy deposition rates due to cascade muons, pions, and
eutrons are virtually negligible at the other layers of the molecular
lump cloud. In the deep core, the energy delivered by positrons,
euterons, and tritions are not negligible. The energy deposition
ates by cascade photons are virtually constant along the layers of
he models. 

iii) The main energy deposition rate comes from the primary
ource of protons ( ∼ 60 per cent in the outer layers and 75 per cent in
he deep core of the cloud). This corresponds to an energy deposition
ate of 250 MeV/g/s at the outer layer and around 100 MeV/g/s in
he inner layer of the model. Alpha source represent 15–20 per cent
f the energy deposition. In the deep core of the cloud the fraction
f energy delivered by medium-mass ions, electrons and heavy ions
re, 5 per cent, 2.5 per cent, 1 per cent, respectively. 

iv) The largest gradient of the energy deposition rate along the
loud was observed for the iron sources (and consequently the heavy
ons). The second-largest gradient was observed for the electron
ource. 

v) Considering the balance heat equation, the heating induced
y cosmic rays seems to affect mostly the regions above ∼500
U. In the case of very low dust temperatures (T ∼ 6 K) the

emperature enhancement may reach 15 K (almost three times
igher). Considering warm dust grains in the model (T ∼ 16–18 K)
e observe a small bump in temperature at 2000–5000 AU (Av ∼
0–8 Mag) reaching values ∼10 per cent higher. The gas temperature
n the outer layers of all molecular clump models is around 14 K. 

The current model describes, with unprecedented spatial resolu-
ion, the energy delivery by realistic cosmic rays field in molecular
lump clouds. We expect the results to put important constraints on
he physicochemical parameters and allow a better characterization
f such objects in future astrophysical models. 
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able A1. Physical parameters of each spherical layer considered in the model. 

ayers 
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(km) External Average Mass 
radius (AU) radius (km) (Msum) 

 (outer) 1.24E + 13 8.33E + 04 1.01E + 13 1.52E + 01 
 7.78E + 12 5.20E + 04 6.32E + 12 7.49E + 00 
 4.86E + 12 3.25E + 04 3.95E + 12 3.70E + 00 
 3.04E + 12 2.03E + 04 2.47E + 12 1.83E + 00 
 1.90E + 12 1.27E + 04 1.54E + 12 9.04E-01 
 1.18E + 12 7.94E + 03 9.65E + 11 4.47E-01 
 7.42E + 11 4.96E + 03 6.03E + 11 2.21E-01 
 4.64E + 11 3.10E + 03 3.77E + 11 1.09E-01 
 2.90E + 11 1.93E + 03 2.35E + 11 5.39E-02 
0 1.81E + 11 1.21E + 03 1.47E + 11 2.66E-02 
1 1.13E + 11 7.576E + 02 9.20E + 10 1.32E-02 
2 7.08E + 10 4.73E + 02 5.75E + 10 6.50E-03 
3 4.42E + 10 2.95E + 02 3.59E + 10 3.21E-03 
4 2.76E + 10 1.85E + 02 2.24E + 10 1.59E-03 
5 1.72E + 10 1.15E + 02 1.40E + 10 7.84E-04 
6 1.08E + 10 7.22E + 01 8.78E + 09 3.87E-04 
7 6.75E + 09 4.51E + 01 5.48E + 09 1.91E-04 
8 4.22E + 09 2.82E + 01 3.43E + 09 9.46E-05 
9 2.63E + 09 1.76E + 01 2.14E + 09 4.67E-05 
0 1.64E + 09 1.10E + 01 1.34E + 09 2.31E-05 
1 1.03E + 09 6.89E + 00 8.37E + 08 1.14E-05 
2 6.44E + 08 4.30E + 00 5.23E + 08 5.64E-06 
3 4.02E + 08 2.69E + 00 3.27E + 08 2.78E-06 
4 2.51E + 08 1.68E + 00 2.04E + 08 1.38E-06 
5 1.57E + 08 1.05E + 00 1.27E + 08 6.80E-07 
6 9.83E + 07 6.57E-01 7.98E + 07 3.36E-07 
7 6.14E + 07 4.10E-01 4.99E + 07 1.66E-07 
8 3.84E + 07 2.56E-01 3.12E + 07 8.20E-08 
9 2.40E + 07 1.60E-01 1.95E + 07 4.05E-08 
0 (inner) 1.50E + 07 1.0E-01 7.50E + 06 5.49E-08 
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able A1 presents the physical parameters (size, mass, density, 
umber density, and average visual extinction) of each spherical 
ayer considered in the model. 
MNRAS 518, 1735–1743 (2023) 

Mass Density n gas n dust Av 
(g) (g/cm 

3 ) (H2/cm 

3 ) (C/cm 

3 ) (mag) 

3.02E + 34 4.92E-21 1.48E + 03 2.47E + 00 0.77 
1.49E + 34 9.96E-21 3.00E + 03 5.01E + 00 0.97 
7.36E + 33 2.01E-20 6.08E + 03 1.01E + 01 1.23 
3.64E + 33 4.08E-20 1.23E + 04 2.05E + 01 1.56 
1.80E + 33 8.25E-20 2.49E + 04 4.15E + 01 1.97 
8.88E + 32 1.67E-19 5.04E + 04 8.40E + 01 2.49 
4.39E + 32 3.38E-19 1.02E + 05 1.70E + 02 3.15 
2.17E + 32 6.84E-19 2.06E + 05 3.44E + 02 3.99 
1.07E + 32 1.38E-18 4.18E + 05 6.96E + 02 5.04 
5.29E + 31 2.80E-18 8.45E + 05 1.41E + 03 6.38 
2.62E + 31 5.67E-18 1,71E + 06 2.85E + 03 8.07 
1.29E + 31 1.14E-17 3.46E + 06 5.77E + 03 10.21 
6.39E + 30 2.32E-17 7.01E + 06 1.17E + 04 12.91 
3.16E + 30 4.70E-17 1.42E + 07 2.36E + 04 16.36 
1.56E + 30 9.52E-17 2.87E + 07 4.78E + 04 20.68 
7.70E + 29 1.92E-16 5.81E + 07 9.68E + 04 26.16 
3.81E + 29 3.899E-16 1.18E + 08 1.96E + 05 33.10 
1.88E + 29 7.89E-16 2.38E + 08 3.97E + 05 41.84 
9.29E + 28 1.59E-15 4.82E + 08 8.02E + 05 52.98 
4.59E + 28 3.23E-15 9.74E + 08 1.62E + 06 66.89 
2.27E + 28 6.54E-15 1.97E + 09 3.29E + 06 84.68 
1.12E + 28 1.32E-14 3.99E + 09 6.65E + 06 107.1 
5.54E + 27 2.68E-14 8.08E + 09 1.35E + 07 135.6 
2.74E + 27 5.42E-14 1.64E + 10 2.73E + 07 171.4 
1.35E + 27 1.09E-13 3.31E + 10 5.52E + 07 216.7 
6.68E + 26 2.22E-13 6.70E + 10 1.12E + 08 274.2 
3.30E + 26 4.49E-13 1.36E + 11 2.26E + 08 347.0 
1.63E + 26 9.09E-13 2.74E + 11 4.57E + 08 439.1 
8.06E + 25 1.84E-12 5.55E + 11 9.25E + 08 554;5 
1.09E + 26 7.72E-12 2.33E + 12 3.88E + 09 ∼3490 
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