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A B S T R A C T 

Determining the atomic and molecular content of the interstellar medium (ISM) is of fundamental importance to understand 

the star-formation process. Although there exist various three-dimensional hydro-chemical codes modelling the ISM, they are 
computationally e xpensiv e and inefficient for studies o v er a large parameter space. Building on our earlier approach, we present 
PDFCHEM , a no v el algorithm that models the cold ISM at moderate and large scales using functions connecting the quantities 
of the local ( A V, eff ) and the observed ( A V, obs ) visual extinctions, and the local number density, n H 

, with probability density 

functions (PDF) of A V, obs on cloud scales typically tens-to-hundreds of pc as an input. For any given A V, obs -PDF, the algorithm 

instantly computes the a verage ab undances of the most important species (H I , H 2 , C II , C I , CO, OH, OH 

+ , H 2 O 

+ , CH, HCO 

+ ) 
and performs radiative transfer calculations to estimate the average emission of the most commonly observed lines ([C II] 158 μm, 
both [C I ] fine-structure lines and the first five rotational transitions of 12 CO). We examine two A V, obs -PDFs corresponding to a 
non-star-forming and a star-forming ISM region, under a variety of environmental parameters combinations. These co v er far- 
ultraviolet intensities in the range of χ / χ0 = 10 

−1 − 10 

3 , cosmic ray ionization rates in the range of ζCR 

= 10 

−17 − 10 

−13 s −1 and 

metallicities in the range of Z = 0 . 1 − 2 Z �. PDFCHEM is fast, easy to use, reproduces the PDR quantities of the hydrodynamical 
models, and can be used directly with observed data of the cold ISM. 

Key words: (ISM:) photodissociation region (PDR) – radiative transfer – methods: numerical. 
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 I N T RO D U C T I O N  

tar-formation occurs predominantly in the cold ( T gas � 30 K) and
ense ( n H � 10 4 cm 

−3 ) H 2 -rich gas of the interstellar medium (ISM).
o understand its evolution throughout cosmic time, knowledge of 

he molecular mass content of the ISM in galaxies is needed (see
acconi et al. 2020 , for a re vie w). One of the key issues towards

his is to determine the distribution of species in large-scale objects, 
panning from many parsec to galactic scales, since this can reveal 
he state of the ISM as well as its potential fraction that leads to
tar-formation. In addition, there is evidence that the so-called ‘star 
ormation rate’ (SFR), depends on the environmental parameters 
ontrolling the distribution of species and the o v erall thermal balance
f the ISM gas. The SFR is a fundamental parameter describing the
yclic process of global star formation and it is observed to vary
cross cosmic time (see Madau & Dickinson 2014 , for a re vie w). It
eaks at a redshift of z ∼ 2.5 marking the galaxy assembly epoch,
hen the H 2 mass density also peaks (Genzel et al. 2010 ; Garratt

t al. 2021 ). It is also known to be different within our Galaxy when
omparing, for instance, the Galactic Centre with the outermost parts 
see Kennicutt & Evans 2012 , for a review). The higher the SFR,
 E-mail: tbisbas@zhejianglab.com 
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he more energetic the ISM is considered to be. F or e xample, the
nattenuated intensity of the far -ultra violet (FUV) radiation field, χ ,
s frequently assumed to increase with SFR (Bialy 2020 ) and the cos-
ic ray ionization rate, ζ CR , is also suggested to increase in a similar

ashion (e.g. Papadopoulos 2010 ; Gaches, Offner & Bisbas 2019 ). 
Advanced three-dimensional (magneto-)hydrodynamical codes 

oupled with chemical networks are becoming a powerful way 
o simulate the dynamics and chemistry of the ISM mimicking 
he environmental conditions observed in low- and high-redshift 
alaxies. The inclusion of ISM chemistry in such codes allows to
tudy the atomic-to-molecular transition as well as the different 
hases of the carbon cycle, defining the so-called photodissociation 
egions (‘PDRs’; Tielens & Hollenbach 1985 ; Hollenbach & Tielens 
999 ; R ̈ollig et al. 2007 ; Wolfire, Vallini & Che v ance 2022 ). It also
llows the construction of synthetic observations (see Haworth et al. 
018 , for a re vie w) providing the means to directly compare the
imulated clouds with real data. 

A frequently adopted time-dependent chemical network that 
llows on-the-fly calculations of abundances of the most important 
pecies was implemented by Glo v er et al. ( 2010 ) who significantly
mpro v ed earlier attempts of Nelson & Langer ( 1997 ; 1999 ).
ollowing a similar approach, the KROME package (Grassi et al. 
014 ) was developed offering the possibility to study the chemical
volution on a cosmological scale including early universe. A 
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rowing number of projects are focusing on simulating the evolution
f the multiphase ISM at kpc scales using time-dependent chemistry.
he ‘SILCC’ project (Walch et al. 2015 ; Girichidis et al. 2016a ;
eifried et al. 2017 , 2020a ) models small but vertically elongated
egions of a galactic disk focusing on studies related to the cycling
rocess of star-formation under different environmental conditions.
ydro-chemical simulations of dwarf galaxies have been performed
y Hu et al. ( 2016 ; 2017 ) to study the formation of molecular gas
n the low-metallicity ISM. Richings & Schaye ( 2016 ) modelled
solated galaxies of 10 9 M � in total mass at a resolution of
50 M � per particle and examined the emission of C II and CO
n non-equilibrium (time-dependent) chemistry and with varying
etallicity and ultraviolet radiation intensities. The ‘Cloud Factory’

roject (Smith et al. 2020 ) performs high-resolution galaxy-scale
imulations and models the ISM in a typical spiral galaxy at a mass
esolution of 0 . 25 M � resolving the dynamics and fragmentation
f such scales. Recently, Hu, Sternberg & van Dishoeck ( 2021 )
xamined the effect on the ISM of varying the metallicity in a kpc
alactic region at 0.2 pc resolution with vertical extension such as
n the SILCC project, most notably how the atomic-to-molecular
ransition as well as the carbon-cycle abundances are affected. 

To reduce the amount of computations needed when solving the
hemistry on-the-fly, alternative approaches have been attempted.
hese include a large grid of pre-calculated astrochemical simula-

ions which are then tabulated and used during each hydrodynamical
imestep. Although this approach may limit the ability to study
roperly the chemistry in turbulent regions where the gas mixing
ime-scale is comparable to the chemical time needed to reach
hemical equilibrium (Xie et al. 1995 ), it may well be used to estimate
he average abundances and diagnostics in the large-scale ISM. Such
 methodology has been adopted in the works of Wu et al. ( 2017 ) and
i et al. ( 2018b ) using PYPDR and CLOUDY (Ferland et al. 2017 ) pre-
alculated grids to study cloud-cloud collisions and whole galactic-
isk ISM, respectively . Recently , Ploeckinger & Schaye ( 2020 )
erformed a great number of PDR calculations (also using CLOUDY )
hich have been tabulated in publicly available datacubes for usage

n hydrodynamical simulations for ISM studies from local to high-
edshifts. Such a methodology has been also used in steady-state
alculations of large and high-resolution three-dimensional clouds
n pc-scales (e.g. Bisbas et al. 2017b ). 
Other approaches for estimating the abundances of species as well

s the emission of atomic and molecular lines at a post-processed
tage have been also considered. In this way, Offner et al. ( 2013 )
odelled the distribution of abundances of turbulent star-forming

louds using the 3D-PDR code (Bisbas et al. 2012 ). In a follow-up
ork and combining these results with RADMC-3D (Dullemond et al.
012 ), Offner et al. ( 2014 ) studied the ability of the [C I ] 3 P 1 →
 P 0 fine-structure line to trace H 2 gas as an alternative to 12 CO J =
 − 0. Similarly – albeit on a much larger scale – Gong et al. ( 2018 ;
020 ) examined the behavior of the CO-to-H 2 conversion factor
nder different ISM environmental conditions, by post-processing
IGRESS simulations (Kim & Ostriker 2017 ) and using the Gong
t al. ( 2017 ) simplified network for calculating the hydrogen and
arbon chemistry . Recently , Bisbas et al. ( 2021 , hereafter B21)
ost-processed two distributions of 14 3 pc 3 in volume, which are
ub-structures taken from the Wu et al. ( 2017 ) MHD simulations.
sing 3D-PDR they studied the PDR diagnostics co v ering both the
istribution of chemical abundances as well as the line emission of the
ost important coolants under ten different ISM environmental con-

itions. These conditions were co v ering FUV intensities in the range
f χ / χ0 = 1 − 10 3 , cosmic-ray ionization rates in the range of ζCR =
0 −17 − 10 −14 s −1 and metallicities in the range of Z = 0 . 1 − 2 Z �.
NRAS 519, 729–753 (2023) 
On the contrary, the observational archive is constantly enriched
ith ionic, atomic and multi- J transitions of molecular lines, from

ocal clouds to galaxies in the distant Universe (e.g. Beuther et al.
014 ; Mashian et al. 2015 ; Herrera-Camus et al. 2018 ; Bigiel et al.
020 ; Henr ́ıquez-Brocal et al. 2022 ). If we are to compare the ability
nd efficiency of the aforementioned numerical approaches to model
he multiphase ISM under various environmental conditions, with
he wealth of observational datacubes taken from Herschel , SOFIA,
LMA, JVLA, and other space and ground-based telescopes, we will
bserve a disproportional enrichment of the latter. This is because
he high computational demand of simulations does not al w ays
llow the study of a large range of various 3D density distributions
mbedded in different ISM conditions to model a particular object.
s a natural consequence, limitations are adopted in which i) the

omplexity of the density distribution is reduced to one-dimensional
niform-density slab representatives, ii) the chemistry is treated
ith minimal heating and cooling processes, and iii) the radiative

ransfer calculations are simplified, lacking of chemistry. Such
imitations may lead to degenerate solutions in determining the ISM
nvironmental conditions from observations, all the more since the
on-linear nature of chemistry combined with the great number of
ree parameters defining such an environment (i.e. intensity of FUV
adiation, cosmic-ray ionization rate, metallicity, shock heating,
-ray intensity etc.) frames a higher-dimensional problem requiring

n in-depth exploration. 
The structure of the ISM is observed to be very complex and far

rom uniform. Revealing its 3D structure is a difficult-to-impossible
ask. Instead, it is often represented by a characteristic distribution of
isual extinctions, the so-called A V -PDF. The quantity A V represents
he visual extinction which correlates with the total H-nucleus
olumn density, N H , with a conversion factor that depends on the
ssumed grain size distribution (e.g. Weingartner & Draine 2001 ;
achford et al. 2009 ). In this work, the relation A V = N H · 6 . 3 ×
0 −22 mag is used (R ̈ollig et al. 2007 ). Such distributions of A V 

ave been studied in local systems (e.g. Goodman et al. 2009 ;
ainulainen et al. 2009 ; Froebrich & Rowles 2010 ; Abreu-Vicente

t al. 2015 ; Schneider et al. 2016 ; Ma et al. 2022 ), but are difficult to
etermine in the e xtragalactic conte xt due to resolution limitations
see, ho we ver Leroy et al. 2016 ; Sawada, Koda & Hasegawa 2018 ,
or such attempts). They provide an opportunity to use them to mimic
he complexity of the ISM structure and calculate their atomic and
olecular mass content with much simpler PDR models. 
All the abo v e hav e moti v ated our earlier ef forts discussed in

isbas et al. ( 2019 , hereafter Paper I) in which a new, fast method for
alculating the atomic and molecular content of cold ISM regions has
een presented. Contrary to the standard way of using (non-)uniform
ensity distributions as inputs, the new method considers user-
pecified entire column-density probability distributions ( A V -PDFs)
o parametrize the ISM at large scales, linking them with a grid
f pre-calculated one-dimensional PDR calculations of uniform-
ensity distributions under different ISM environmental parameters.
ere, we continue the abo v e efforts by exploring in more detail the

onnection of A V -PDFs with the PDR models and by performing
adiative transfer to calculate the emission of cooling lines from
hese distributions. In particular, we present PDFCHEM , 1 a new
ast numerical method that is able to compute the PDR chemistry
f large-scale inhomogeneous ISM regions using probability
istributions of physical parameters as an input within seconds. 

https://github.com/tbisbas/PDFchem
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Figure 1. Schematic representation illustrating the differences between the 
ef fecti ve (left) and the observed (right) visual extinctions in a hypothetical 
cloud. In the left case, the ef fecti ve A V is calculated as the average visual 
extinction of all A V, i that a cell (red dot) locally has (see equation 1 ) and along 
which the FUV radiation attenuates. This A V, eff determines its PDR chemistry. 
In the right case, the A V, obs is the visual extinction that a hypothetical observer 
measures as placed in the right hand side of the cloud. 
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As will be discussed in detail later, PDFCHEM should be treated 
s an attempt to o v ercome the high computational cost needed by
etailed three-dimensional hydrochemical simulations. As such, it 
hould be considered as a machinery to understand the trends in 
stimating the atomic and molecular gas content of large-scale ISM 

egions and to constrain the ISM environmental parameters which 
ay be used for further in-depth investigations. The results presented 

ere may vary if different initial conditions in the PDR calculations 
re used or if PDR simulations using other astrochemical codes 
re applied, e.g. the KOSMA - τ code (St ̈orzer, Stutzki & Sternberg
996 ; R ̈ollig & Ossenkopf-Okada 2022 ), the MEUDON code (Le
etit et al. 2006 ), the CLOUDY code (Ferland et al. 1998 ) and others.
he latter can be further understood given the very non-linear nature 
f PDR chemistry that occurs (see e.g. the code comparison and 
enchmarking of R ̈ollig et al. 2007 ). Limitations and approximations 
n the present approach include assumptions regarding the structure 
f the FUV radiation field, the neglect of a diffuse component of
adiation, as well as the assumption that the cosmic-ray ionization 
nd the metallicity are everywhere constant for the given A V -PDF. 
ection 3.8 is dedicated to stress the importance of the abo v e issues,
aving the way for the development of future PDFCHEM versions. 
This paper is organized as follows. Section 2 defines the ‘ef fecti ve’

nd ‘observed’ visual extinctions used in this work. Section 3 
escribes how the PDFCHEM algorithm operates using the afore- 
entioned ef fecti v e and observ ed A V , compares to previous works

nd full hydro models and discusses the limitations of the method. 
ection 4 is a preamble to application results and describes the 
xygen and carbon chemistry as well as the line ratios used in our
pplication results. Section 5 presents results for two hypothetical 
 V -PDFs considered corresponding to a non-star-forming and a 
tar -forming ISM distrib ution. In Section 6 we discuss the use of
DFCHEM in high-redshift galaxies. We conclude in Section 7 . 

 EFFECTIVE  A N D  OBSERV ED  VISUAL  

X T I N C T I O N S  

onsider a 3D cloud consisting of a number of computational cells. 
ach cell has a total H-nucleus number density of n H . From each cell

here are N � directions emanating uniformly and distributed o v er 
he 4 π celestial sphere, along which the local column density (and 
ence the visual extinction) is calculated. Throughout this work, we 
istinguish between two different A V quantities: the ‘effective’ (or 
shielding’ or ‘local’ or ‘3D’) visual extinction denoted as A V, eff , and
he ‘observed’ (or ‘2D’) visual extinction denoted ad A V, obs . 

The A V, eff represents the local visual extinction of a computational 
lement consisting of the density distribution (see the left schematic 
f Fig. 1 ). Under the assumption that the diffuse FUV component
s negligible and that the radiation is al w ays perpendicular to the
urface, it is given by the expression (Glover et al. 2010 ; Offner
t al. 2013 ): 

 V , eff = − 1 

γ
ln 

( 

1 

N � 

N � ∑ 

i= 1 

e −γA V ,i 

) 

, (1) 

here γ = 2.5 is the dust attenuation factor (Bergin et al. 2004 ; van
ishoeck, Jonkheid & van Hemert 2006 ), and A V, i is the visual ex-

inction along each different direction on the celestial sphere centered 
n the computational element. In the 3D-PDR code (see Section 3.2 ),
hese directions are controlled by the HEALPIX package (G ́orski et al.
005 ) in the � level of refinement. The above value of γ refers to the
ust shielding on CO; ho we ver, our results will not be affected if a
ifferent γ factor for H 2 or C is adopted (e.g. a γ = 3.02 as in R ̈ollig
t al. 2007 ). Along each of the aforementioned A V, i visual extinctions,
he FUV radiation field is attenuated as well as the self-shielding of
 2 and CO molecules is computed (see Bisbas et al. 2012 , for details).
onsequently, the PDR chemistry of the given computational cell 
iving its abundances of species, gas, and dust temperatures as well as
evel populations of coolants and their corresponding local emissiv- 
ties, are all connected with this average, ef fecti ve, visual extinction.

On the contrary, the A V, obs represents the visual extinction along 
he line-of-sight of an external observer (see the right schematic 
epresentation of Fig. 1 ). This is the actual column density that the
 arious observ ations refer to via extinction mapping out of which the
orresponding probability distributions ( A V -PDFs) are constructed. 
hile the line emission is a result of the local PDR chemistry as

escribed abo v e, the optical depth seen by the observer is connected
ith this, ‘observed’ visual extinction. 
Hence, a connection between A V, obs and A V, eff is needed to convert

he observed column densities to the corresponding ef fecti ve ones and
hus connect them with the local PDR chemistry. In particular, both
forementioned A V quantities are connected with the total H-nucleus 
umber density. The ‘ A V, eff − n H relation’ connects the A V, eff with
he local n H (see Section 3.3 ). The ‘ A V, obs − 〈 n H 〉 relation’ connects
he A V, obs with the average, mass-weighted number density 〈 n H 〉
long the line of sight (see Section 3.4 ). In addition, the two A V 

uantities are mutually connected via the ‘ 〈 A V, eff 〉 − A V, obs relation’
here 〈 A V, eff 〉 is, like before, the average mass-weighted ef fecti ve
isual extinction (see Section 3.5 ). For simplicity, in this work it is
ssumed that the total H-nucleus number density, 〈 n H 〉 ≡ n H and
hat the ef fecti v e visual e xtinction, 〈 A V, eff 〉 ≡ A V, eff . It is noted here
hat the latter two assumptions do not imply a uniform density slab.
nstead, these assumptions connect the A V, eff with the local n H as if
he spread around the mean is negligible, i.e. a one-to-one correlation.
lthough the scatter can be large especially for low densities, it is

hese mean values that our approach adopts. As described below, this
orrelation leads to a one-dimensional variable density distribution 
see Appendix A ) co v ering densities in the range of n H = 10 −1 −
0 6 cm 

−3 . Such a one-dimensional distribution was also constructed 
y Hu et al. ( 2021 ) which reproduced the PDR abundances of their
D hydrodynamical models. 

 T H E  PDFCHEM A L G O R I T H M  

.1 Ov er view of the method 

he PDFCHEM algorithm follows the methodology described in 
aper I in which a set of pre-run PDR thermochemical calculations is
sed to compute the average abundances of species on cloud scales
MNRAS 519, 729–753 (2023) 
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Table 1. Initial gas-phase abundance of species used for the grid 
of PDR simulations. The gas-to-dust ratio is assumed to be 100. 

Element Abundance Reference 

H 4.00 × 10 −1 –
H 2 3.00 × 10 −1 –
He 1.00 × 10 −1 –
C 

+ 1.40 × 10 −4 Cardelli et al. ( 1996 ) 
O 2.80 × 10 −4 Cartledge et al. ( 2004 ) 
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panning tens-to-hundreds of pc. This methodology is extended
ere to compute the average antenna temperatures and to provide
stimates for the most commonly used line ratios by solving the
adiative transfer equation accordingly. The equation: 

 sp = 

∑ q 

i= 1 N i ( sp ) × PDF ( A V ,i ) 	A V ,i ∑ q 

i= 1 N i ( H , tot ) × PDF ( A V ,i ) 	A V ,i 
(2) 

as introduced in Paper I to calculate the average column-integrated
ractional abundance, f sp , of a species (‘sp’). In the abo v e, q represents
he resolution in which the A V −PDF relation is divided to and N i 

s the column density multiplied by the frequency PDF( A V, i ) 	 A V, i .
n practice, the required resolution is such that the PDF can be
ampled with a few thousand clouds at different A V, obs . Using the
bo v e equation, estimates of the average gas temperature are also
onsidered in this work. 

Contrary to the use of several uniform-density slabs in Paper I, the
DR database in this work is constructed using a single slab with a
ensity distribution as described below. This distribution is interact-
ng with a large set of ISM environmental parameter combinations
Section 3.2 ) building the database of pre-run PDR simulations. The
ensity distribution (hereafter ‘variable density slab’) is constructed
rom the empirical A V, eff − n H relation (Section 3.3 and Appendix A ).

ith the abo v e in mind, the following steps take place. 

(i) The user inputs an A V, obs −PDF distribution representing the
bserved/simulated object. 
(ii) For each of the given A V, obs values, PDFCHEM finds the most

robable n H number density (Section 3.4 ). 
(iii) The abo v e n H corresponds to an ef fecti ve position, r , in the

ensity distribution of the variable slab and thus to an A V, eff . In
urn, the column densities of species and the antenna temperatures
f emission lines (radiative transfer) are calculated from the edge of
he slab until the ef fecti ve location r . 

(iv) Steps (ii) and (iii) are repeated for e very A V, obs , follo wed by
pplication of equation ( 2 ) to estimate the final weighted-average
DR quantities (abundances of species, line emission, and gas

emperatures). 

The abo v e steps are performed for all different combinations of
SM environmental parameters considered (Section 3.2 ). Here, a
ajor assumption is that the o v erall ISM structure, as presented by

he A V, obs -PDF distribution, is not affected by different parameters
see also Section 3.8 ). Eventually, contour-maps are constructed
howing the response of the abo v e PDR quantities under the
SM combinations. In this work, these contour-maps examine the
tomic-to-molecular transition, the abundances of the carbon cycle
nd other important species, the average gas temperature and the
ost frequently used cooling line ratios for all possible pairs of

osmic-ray ionization rate and FUV intensity considered at constant
etallicity, Z . 

.2 Photodissociation region chemistry 

e use the publicly available code 3D-PDR 

2 (Bisbas et al. 2012 ) which
reats the astrochemistry of PDRs by balancing various heating and
ooling processes as a function of column density. Once the code
eaches equilibrium in which the total heating and total cooling are
qual to within a user-defined tolerance parameter, it outputs the
as and dust temperature profile, the abundances of species, the level
opulations of the coolants as well as the various heating and cooling
NRAS 519, 729–753 (2023) 

 https:// uclchem.github.io/ 3dpdr.html 

i  

n  

c  
unctions versus the column depth. We adopt the modifications
nd updates presented in Paper I which include the suprathermal
ormation of CO via CH 

+ (Federman et al. 1996 ; Visser et al. 2009 ).
In this CO formation path, as Alfv ́enic waves enter the cloud and

issipate as a function of depth, they cause non-thermal motions
etween ions and neutrals. This effect allows the reaction C 

+ + H 2 

 CH 

+ + H to o v ercome its energy barrier and thus form CH 

+ 

hich in turn reacts with O enhancing the CO abundance (Federman
t al. 1996 ; Visser et al. 2009 ). The abo v e reaction increases the CO
bundance at low columns of H 2 and is in better agreement with
bservations (Rachford et al. 2002 ; Sheffer et al. 2008 ). We assume
hat the abo v e route of CO formation occurs until A V = 0 . 7 mag
rom which point onward it ceases to be important. Recently, Hu
t al. ( 2021 ) found that time-dependency of H 2 formation plays
n equally important and independent role with the suprathermal
ormation route of CO which can also explain the aforementioned
bservations. Interestingly, Sun & Du ( 2022 ) found that in one-
imensional PDR simulations of collapsing clouds that have purely
tomic hydrogen as initial chemical composition, the H + O → OH
eaction is accelerated and CO may form through the OH channel
Bisbas et al. 2017a ). This also increases CO abundances at low
olumn densities where H 2 is not the dominant hydrogen phase.
hese reactions are included in our network. 
As in Paper I, a chemical network of 33 species and 330 reactions

s used which is a subset of the UMIST2012 (McElroy et al. 2013 )
etwork. Unless stated otherwise in the tests performed below,
able 1 shows the initial gas-phase elemental abundances of species
sed here, assuming a gas-to-dust ratio of 100. The column density
f dust grains is taken to scale linearly with the metallicity, Z (e.g.
eroy et al. 2011 ; Herrera-Camus et al. 2012 ; Feldmann et al. 2012 ,

or v alues do wn to Z = 0 . 1 Z �), thus the visual extinction, A V , also
cales linearly with Z . 

A variety of different combinations of ISM environmental param-
ters between the incident FUV radiation field, χ / χ0 (normalized to
he spectral shape of Draine 1978 ), the cosmic ray ionization rate,
CR and the metallicity, Z , is used in this work. In particular, we
onsider 40 different FUV intensities in the range of χ / χ0 = 10 −1 

10 3 logarithmically spaced. The FUV intensity is attenuated as
 function of depth along the line of sight (Bisbas et al. 2012 ).
e also consider 40 different cosmic-ray ionization rates in the

ange of ζCR = 10 −17 − 10 −13 s −1 per H 2 logarithmically spaced.
his parameter is kept constant throughout the cloud (c.f. Gaches
t al. 2019 ). These combinations of χ and ζ CR make a grid of 1600
imulations for a constant metallicity. We also consider four different
etallicities ( Z / Z � = 0.1, 0.5, 1, 2), thus making a total of 6400 PDR

imulations. All these simulations use a single density distribution
the variable density slab) resulting from the A V, eff − n H relation
hich co v ers a density range between n H = 10 −1 − 10 6 cm 

−3 . It
s further assumed that the slope of the variable density slab does
ot change as a function of metallicity (c.f. Hu et al. 2021 ). The
onstruction of this slab is discussed below and in Appendix A .

https://uclchem.github.io/3dpdr.html


Determining the PDR properties of the ISM using PDFCHEM 733 

T
t

3

I  

n  

e  

o  

2  

e

A

 

l
c  

c
i  

l
d  

N
 

o
w  

v
w
a
e
t
A

3

W
d
d  

s
A
d
d

〈

w
 

B
o
o
c

A

a
U  

b  

w
A
−

3

Figure 2. Top panel: The A V, eff − n H relation for the ‘Dense’ (blue solid line) 
and ‘Diffuse’ (orange solid line) clouds presented in B21. Results from the 
studies of Glo v er et al. ( 2010 ), Van Loo et al. ( 2013 ), Safranek-Shrader et al. 
( 2017 ), Seifried et al. ( 2017 ), Hu et al. ( 2021 ) are also plotted for comparison. 
The A V, eff best-fit in solid black line corresponds to equation ( 3 ). Middle 
panel: The A V, obs − 〈 n H 〉 relation as calculated for the B21 clouds. The black 
solid line corresponds to equation ( 5 ). Bottom panel: The 〈 A V, eff 〉 − A V, obs 

relation calculated for these clouds in black solid line. The red, green, and 
purple coloured lines correspond to the mean values of three molecular clouds 
simulated in Clark & Glo v er ( 2014 ). The dotted line in this panel corresponds 
to the 1–1 relation ( y = x ) to guide the eye. In all panels the shaded regions 
correspond to 1 σ deviation in the B21 simulations. 
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he described set of PDR calculations constitutes the pre-run 
hermochemical database of the algorithm 

3 . 

.3 The A V, eff − n H 

relation and the variable density slab 

n Paper I, a relation between the A V, eff and the local number density,
 H , was presented which gives the most probable value of the
f fecti v e visual e xtinction for a giv en n H . It results from a collection
f four different simulations (from pc to kpc scales, Glo v er et al.
010 ; Van Loo et al. 2013 ; Safranek-Shrader et al. 2017 ; Seifried
t al. 2017 ; Hu et al. 2021 ). The best-fit equation describing it is 

 V , eff ( n H ) = 0 . 05 exp 

{ 

1 . 6 

(
n H 

[ cm 

−3 ] 

)0 . 12 
} 

[ mag ] . (3) 

The upper panel of Fig. 2 shows equation ( 3 ) in black solid
ine, along with the results from the aforementioned simulations for 
omparison. In addition, the A V, eff − n H relation for the two 3D MHD
louds studied in B21 and post-processed with 3D-PDR , are plotted 
n blue (the ‘Dense’ cloud) and in orange (the ‘Diffuse’ cloud) solid
ines, whereas the corresponding shaded region is the 1 σ standard 
eviation in the B21 models. These two relations are calculated using
 � = 12 HEALPIX rays (G ́orski et al. 2005 ) (see equation ( 1 )). 
Following the A V, eff − n H relation described in equation ( 3 ), the

ne-dimensional variable density distribution is constructed which 
ill be used to compute the grid of astrochemical simulations for the
arious ISM parameters (see Appendix A ). Contrary to the standard 
ay of building a grid of uniform density one-dimensional slabs 

nd calculating the astrochemical properties under different ISM 

nvironmental parameters (e.g. as described in Paper I), throughout 
he present work the variable density distribution resulting from the 
 V, eff − n H relation – and only this – will be used. 

.4 The A V, obs − 〈n H 

〉 relation 

hile A V, eff is the local visual extinction in the three-dimensional 
ensity distribution, the projected (observed) visual extinction is 
erived from the column density of the gas that is along the line-of-
ight of the observer. We connect this observed visual extinction, 
 V, obs , with the projected number density which is the average 
ensity along the line-of-sight. The latter is calculated from the 3D 

istributions following the mass-weighted relation 

 n H 〉 = 

∫ 
n H m cell dr ∫ 
m cell dr 

, (4) 

here m cell is the mass of the computational grid cell. 
The middle panel of Fig. 2 shows the A V, obs − 〈 n H 〉 correlation.

oth modeled clouds of B21 are in excellent agreement with each 
ther albeit that the ‘Dense’ cloud contains densities up to two 
rders of magnitude higher than the ‘Diffuse’ cloud. The resultant 
orrelation is parametrized with the relation 

 V , obs = 0 . 06 

( 〈 n H 〉 
[ cm 

−3 ] 

)0 . 69 

[mag] , (5) 

nd is illustrated in black solid line in the aforementioned panel. 
nlike with the A V, eff − n H relation, the A V, obs − 〈 n H 〉 one appears to
e a simple power-law, at least to the extent explored in the present
ork. Following the method for the variable density profile using the 
 V, eff − n H relation, the corresponding one derived from the A V, obs 

〈 n H 〉 is also obtained (see Appendix A ). 
MNRAS 519, 729–753 (2023) 

 PDR data base used: 10.5281/zenodo.7310833 
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.5 The 〈A V, eff 〉 − A V, obs relation 

onsidering the previous A V, eff − n H and A V, obs − 〈 n H 〉 relationships,
he 〈 A V, eff 〉 − A V, obs can be readily extracted. In particular, the
ombination of equations ( 3 ) and ( 5 ) results in: 

 A V , eff 〉 = 0 . 05 exp 

{ 

2 . 6 

(
A V , obs 

[ mag ] 

)0 . 17 
} 

. (6) 

t is interesting, ho we v er, to e xplore how the latter relation compares
ith results from hydrodynamical simulations. Such an 〈 A V, eff 〉 −
 V, obs relationship was discussed in Clark & Glo v er ( 2014 ) while
tudying the star formation rate of three different molecular clouds. 4 

he results of those calculations are illustrated with red, green, and
urple coloured lines in the bottom panel of Fig. 2 , which co v er
 range of A V , obs ∼10 −2 −50 mag . The black solid line represents
quation ( 6 ). 

To correlate the A V, eff and A V, obs from the 3D hydrodynamical
louds of B21, we account for the mass-weighted A V, eff calculated
s 

 A V , eff 〉 = 

∫ 
A V , eff m cell dr ∫ 

m cell dr 
. (7) 

s with the previous cases, the resulting correlation is illustrated
n blue and orange solid lines in the bottom panel of Fig. 2 . While
oth ‘Dense’ and ‘Diffuse’ clouds are more massive and compact
rom those modeled by Clark & Glo v er ( 2014 ), the y co v er a range
f A V , obs ∼10 0 −8 × 10 2 mag . As can be seen in the bottom panel
f Fig. 2 , equation ( 6 ) is in agreement with both suites of Clark &
lo v er ( 2014 ) and B21 hydrodynamical clouds. 
In classical PDR studies, it is frequently assumed that A V, eff ≡

 V, obs . This case is plotted with dotted lines in the bottom panel of
ig. 2 . As can be seen, for A V , obs > 1 mag , the A V, obs is larger than
 V, eff and the difference becomes substantial, thus a connection of

he two visual extinctions, such as equation ( 6 ), must be adopted for
 proper explanation of the observed clouds. 

.6 Line emission 

o calculate the emission of each cooling line as seen by the observer
or a given transition i → j , the equation of radiative transfer 

dI ν

dz 
= −ανI ν + ανS ν, (8) 

ust be solved along the line-of-sight of the observer ( z-axis). The
ine emission is calculated using the level populations outputted by
D-PDR , after thermal balance has been reached. In a given A V, obs 

PDF, this equation is solved for all A V, obs , following the relations
iscussed in Sections 3.3 –3.5 . In the abo v e equation, 

ν = 

c 2 n i A ij 

8 πν2 
0 

(
n j g i 

n i g j 
− 1 

)
φν, (9) 

s the absorption coefficient and 

 ν = 

2 hν3 
0 

c 2 

n i g j 

n j g i − n i g j 
, (10) 

s the source function at frequency ν. In the abo v e, A ij is the Einstein
 coefficient, n i and n j are the level populations, g i and g j the

orresponding statistical weights and φν is the line profile. During the
NRAS 519, 729–753 (2023) 

 We denote as ‘cloud-1’ the ‘n100 m1250’, as ‘cloud-2’ the ‘n26 m10000’, 
nd as ‘cloud-3’ the ‘n264 m10000’ simulations of Clark & Glo v er ( 2014 ). 

t  

c  

t  

o

hermal balance iterations, 3D-PDR calculates the level populations
f the cooling lines adopting the Large Velocity Gradient (LVG;
obolev 1960 ) escape probability approach in which the thermal

ine width is much smaller than the line width due to the significant
ine-of-sight velocity change in each direction. Then a photon at
requency ν ij escapes from the modelled cloud without interacting
ith its surrounding ISM gas with a probability: 

ij = 

1 − e −τij 

τij 

, (11) 

here τ ij is the optical depth for the corresponding frequency. 
The line profile, φν , for a non-moving gas along the line-of-sight

f the observer is given by the expression: 

ν = 

1 √ 

2 πσ 2 
ν

, (12) 

here σ ν is the dispersion (which is one half of the Doppler width)
efined as 

ν = 

νij 

c 

√ 

k B T gas 

m mol 
+ 

v 2 turb 

2 
. (13) 

n the abo v e, T gas is the local gas temperature, m mol is the molecular
eight of the emitting coolant, and v turb is the root-mean-square
elocity dispersion due to microturbulence, which will be treated as
 constant (and taken to be v turb = 1 km s −1 unless otherwise stated)
n the present work. 

The radiative transfer equation ( 8 ) is then numerically solved
ollowing the methodology of Bisbas et al. ( 2017b ) (see also B21
or an update to include treatment of dust opacity which is also
sed here). Once solved, the intensity I ν is converted to the antenna
emperature using the relation 

 A = 

c 2 I ν

2 k B ν2 
ij 

[K] , (14) 

nd by multiplying the abo v e quantity with the linewidth, the velocity
ntegrated emission, W [K km s −1 ], is obtained. Note that the radiative
ransfer scheme presented abo v e and used in PDFCHEM has been
enchmarked against RADEX (van der Tak et al. 2007 ) with the results
resented in Appendix B . 
To calculate the average antenna temperature from a given distri-

ution of A V, obs , we apply a modified version of equation ( 2 ) in the
orm 

 ( T A ) = 

∑ q 

i= 1 T A ,i × PDF ( A V ,i ) 	A V ,i ∑ q 

i= 1 PDF ( A V ,i ) 	A V ,i 
. (15) 

imilarly, the average values of optical depths (discussed in Appen-
ices D and E ) are calculated. 

.7 Comparison with the B21 hydromodels 

o benchmark and validate PDFCHEM in using the one-dimensional
ariable density slab discussed abo v e instead of a large grid of
niform density slabs, we compare it with the results of B21 who
tudied two different 3D MHD distributions of the same size (14 pc )
nd post-processed with 3D-PDR . 

Fig. 3 shows the A V, obs -PDFs of the two MHD clouds. Both
unctions peak at ∼4 mag ( mode of the PDF; see Paper I); ho we ver,
he ‘Dense’ PDF has a larger width than the PDF of the ‘Diffuse’
loud and therefore higher values of A V, obs are considered. Using
hese two probability functions, we shall estimate the average values
f the abundances of species and ratios of emission lines. 
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Figure 3. The A V, obs -PDF relations for the ‘Diffuse’ (orange line) and the 
‘Dense’ (blue line) clouds of the 3D MHD simulation by B21. 
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Figure 4. Comparison between a 3D MHD simulation with PDR post- 
processing (shaded regions representing 1 σ standard deviation) and a PDR 

calculation using the variable density slab (solid lines). The 3D results 
are taken from B21 (‘Diffuse’ cloud) for ISM conditions corresponding to 
ζCR = 10 −16 s −1 , χ / χ0 = 10 and Z = 1 Z �. The top panel compares the 
abundances of C II (blue), C I (orange), and CO (green) as a function of the 
local number density, n H . The gre y re gion shows the H I -to-H 2 transition in 
the 3D simulation and it corresponds to the condition | x (HI) − 2 x (H 2 ) | < 

10 −3 , whereas the black solid line is the aforementioned transition in the 
one-dimensional simulation. The middle panel shows the gas-temperature as 
a function of n H . The bottom panel shows the level population number density 
of C II , C I, and CO in the ground level. The agreement is seen to be very good. 
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We compare the results for the abundances under different ISM 

nvironmental parameters as well as for the radiative transfer 
alculations, using PDFCHEM . Following the chemistry adopted in 
21, we switch off the suprathermal formation of CO via CH 

+ 

or this comparison. We also consider a miroturbulent velocity of 
 turb = 2 km s −1 . 

Fig. 4 shows a comparison between the ‘Diffuse’ cloud of B21
shaded regions representing 1 σ standard deviation around the mean) 
nd results obtained using the variable density slab (solid lines). The 
SM environmental conditions considered are ζCR = 10 −16 s −1 , χ / χ0 

 10 FUV intensity and Z = 1 Z � metallicity, which correspond to
he fiducial ISM parameters of B21. The grey region corresponds 
o the H I -to-H 2 region which satisfies the abundance difference 
ondition of | x (HI) − 2 x (H 2 ) | < 10 −3 . Solid lines correspond to
he results of the one-dimensional simulation. We compare the 
bundances of C II , C I , and CO, the gas temperature and the level
opulation number density of the aforementioned species for the 
round level as a function of the total number density, n H . The latter
wo quantities are particularly important for the radiative transfer 
alculations. As can be seen, in all cases the variable density slab
eproduces very well the computationally expensive 3D models. 
fter experimenting, this agreement is true for all ISM environmental 
arameters explored in B21 ( ζCR = 10 −17 − 10 −14 s −1 , χ / χ0 =
 − 10 3 and Z = 0 . 1 − 2 Z �). 
Fig. 5 shows the comparison between the abundances of H I , H 2 

top row) and the carbon cycle (bottom row) as calculated from the
D MHD simulations of B21 versus those calculated using PDFCHEM 

nd after applying it to the entire A V, obs -PDFs of the two clouds. For
he ‘Diffuse’ cloud comparison (left column), we use the cosmic ray 
onization rate as the free parameter while keeping the FUV intensity 
xed at χ / χ0 = 10 and at solar metallicity. For the ‘Dense’ cloud
right column) we use the metallicity as the free parameter while 
eeping the cosmic ray ionization rate fixed at ζCR = 10 −16 s −1 and
sing the aforementioned FUV intensity. As can be seen, we obtain 
ood agreement between PDFCHEM and the 3D MHD simulations. 
n particular, the ‘Diffuse’ cloud remains al w ays molecular and C II -
ominated for any ζCR = 10 −17 − 10 −14 s −1 . The ‘Dense’ cloud also
emains molecular but CO-dominated for any value of Z = 0 . 1 −
 Z �. 
It is interesting also to explore the comparison how PDFCHEM 

ompares with the 3D MHD of B21 runs for the radiative transfer
alculations. Fig. 6 shows CO spectral line energy distributions 
SLEDs) for the ‘Diffuse’ cloud (top row) normalized to the J = 1 − 0
MNRAS 519, 729–753 (2023) 
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M

Figure 5. Comparison with B21 MHD simulations. Left column shows 
the ‘Diffuse cloud’ comparison with the cosmic ray ionization rate as the 
free parameter. Right column shows the ‘Dense cloud’ comparison with the 
metallicity as the free parameter. Top row shows the atomic-to-molecular 
transition and bottom row the carbon cycle. Solid lines show the results using 
PDFCHEM and dashed lines those of B21. As can be seen, the results are in a 
broad agreement. 
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5 Throughout this work, the isotropic radiation field is treated as a radial field 
without taking into account the contribution from the diffuse component due 
to scattering. 
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ransition and the atomic carbon line ratio ([C I ](1 − 0)/[C I ](2 − 1))
or the ‘Dense’ cloud (bottom row). From left-to-right, we consider
CR , the FUV intensity and the metallicity as the free parameter,
espectively. In terms of the trends, we find excellent agreement in
ll cases and for both clouds. The PDFCHEM and the 3D simulation
nly differ for higher J -transitions and for enhanced ζ CR values. Such
ifferences may appear in extreme environments due to the sensitive
ependence of the high- J CO emission on the local gas temperature
nd density. 

Finally, it is interesting to compare the computational cost between
he two approaches. We find that, on top of an already e xpensiv e

HD simulation, the demanding 3D density distributions require
ore than three orders of magnitude longer time to iterate o v er

hermal balance and reach equilibrium, than the corresponding one-
imensional variable density distribution of Appendix A . The small
rrors between the two approaches and the very high difference in
omputational time, makes PDFCHEM an attractive new alternative
o the complicated 3D simulations for a quick exploration of how
he different ISM environmental parameters may affect the PDR
roperties of given column density distributions. By assuming
ifferent PDF cases, it is also possible to skip the e xpensiv e
ydrodynamical calculations and understand the behaviour of the
tomic and molecular mass content under any combination of ISM
nvironmental parameters. 

.8 Limitations and applicability of PDFCHEM 

n order for PDFCHEM to be applicable for the input column density
istribution, the assumption that the ISM environmental parameters
re symmetrical compared to the size of the modelled system must be
NRAS 519, 729–753 (2023) 
beyed. This means that all environmental parameters shall either be
reated in a radial manner (e.g. an isotropic FUV radiation field 5 ) or
ssumed to be constant everywhere in the distribution (e.g. cosmic
ay energy densities, metallicity). 

Contributions to the diffuse FUV radiation field can arise from
cattering of photons due to dust grains which can affect the
enetration of FUV along a column (e.g. Flannery, Roberge &
ybicki 1980 ; Le Petit et al. 2006 ; R ̈ollig et al. 2013 ). In particular,
oicoechea & Le Bourlot ( 2007 ) showed that the PDR properties
ay change even more if a dust growth model along a column is

ssumed. Ho we ver, earlier work by van Dishoeck & Dalgarno ( 1984 )
howed that the photodissociation lifetime of OH varies by a factor
f � 2 for A V � 1 mag between a forward scattering model and an
sotropic one. For both C I and CO, it is expected that the effect would
e smaller since H 2 self-shielding dominates o v er dust shielding.
lthough photon scattering is an important FUV component for a
ore accurate PDR treatment, the presented results are not expected

o significantly change. 
The diffuse component of radiation field can also arise from

nternal sources located mainly in the high density medium. For
nstance, feedback from massive stars such as H II -regions (e.g. Hu
t al. 2017 ; Olivier et al. 2021 ) and supernova (SN) explosions (e.g.
alch et al. 2015 ; Hopkins et al. 2018 ), can significantly affect the

istribution of the FUV radiation field and thus alter its isotropic
ssumption. SNe can further release large amounts of charged
articles in the ISM changing its density distribution (Girichidis
t al. 2016b ) and increasing significantly ζ CR . The latter is supported
y observations suggesting an approximately 10 per cent conversion
f the SN explosion energy to cosmic ray energy (Morlino & Caprioli
012 ; Helder et al. 2013 ). On-going star-formation and in particular
luster formation can also increase locally the FUV radiation field
see re vie ws by Krumholz, McK ee & Bland-Hawthorn 2019 ; Rosen
t al. 2020 ). The cosmic ray ionization rate may also change and
argely vary in case protostellar objects are present (Gaches et al.
019 ). While such effects can co-exist in A V, obs −PDFs of kpc-scale
tructures, it is assumed that their contribution to the global ISM
nvironmental parameters is small. To take such local variations into
ccount, one can in principle also adopt an FUV-PDF or a ζ CR -PDF
see also Paper I). 

Furthermore, a constant ζ CR with depth into the density distri-
ution has been considered everywhere in this work. However, the
ow-energy component of cosmic rays, which is responsible for the
gnition of chemical reactions at high column densities, do attenuate
s a result of Coulomb interactions and ionizations (P ado vani, Galli
 Glassgold 2009 ; P ado vani et al. 2018 ). A treatment of cosmic

ay attenuation as a function of depth should be accounted for
sing a more realistic approach. It is noted, ho we ver, that recent
D simulations of Milky Way clouds by Gaches, Bisbas & Bialy
 2022 ) indicate that the constant ζ CR assumption may introduce only
mall relative errors to the global results for PDR tracers as opposed
o a cosmic ray attenuated model. Similarly, a constant metallicity
s well as a constant dust-to-gas ratio (which is linearly related to Z )
as been considered in this work. In general, this assumption holds
ell for regions with extents up to kpc-scales, although metallicity
radients showing a decrease of Z as a function of the galactocentric
adius have been observed (e.g. Wolfire et al. 2003 ). 
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Figure 6. Comparison with the radiative transfer results of the 3D MHD models of B21. Top ro w sho ws the CO SLEDs for the ‘Diffuse’ cloud, normalized to 
the J = 1 − 0 transition. Bottom row shows the emission ratio for the atomic carbon lines ([C I ](1 − 0)/[C I ](2 − 1)). Columns from left to right show the results 
for each different free parameter considered (cosmic-ray ionization rate, FUV intensity, metallicity). Solid lines show results using PDFCHEM and dashed lines 
the B21 results. As can be seen, we achieve very good agreement with the 3D results which dramatically decreases the computational cost in examining PDRs 
of complex structures. 
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The chemistry in all PDR simulations has been evolved up to 
 chemical time of 10 Myr , at which point 3D-PDR assumes that
quilibrium has been reached (Bisbas et al. 2012 ). This is a reasonable
ime duration for the species we examine (see Holdship & Viti 2022 ,
or a discussion). Ho we v er, time dependenc y plays an important
ole in the H 2 formation particularly at low metallicities, as shown 
n hydrodynamical simulations by Hu et al. ( 2021 ). The steady-
tate assumption we adopt in this work may o v erestimate the H 2 

bundance at low metallicities and in column-density distributions 
orresponding to a diffuse ISM region. 

In addition, we have assumed that the A V, eff − n H relation – and 
hus the distribution of the variable density slab – remain the same 
nder all ISM environmental parameters explored and that the spread 
n A V, eff values for a constant n H is negligible. The hydrodynamical 
odels of Hu et al. ( 2021 ) show that the ef fecti ve column density may

ave a slightly different dependence on n H for different metallicities. 
his in turn will impact the PDR chemistry and thus the final results.
hus for a more accurate modelling, a function relating the input 
 V, eff − n H dependence with the various combinations of ISM 

nvironmental parameters need to be taken into account (see also 
loeckinger & Schaye 2020 ). 
Finally, X-rays and shocks have not been considered in our PDR

alculations. X-rays can affect the chemistry at high column densities 
hrough the production of secondary electrons (similarly to the way 
osmic rays do) which have kinetic energies high enough to cause 
onizations of molecules and atoms (Maloney, Hollenbach & Tielens 
996 ; Meijerink & Spaans 2005 ; Meijerink, Spaans & Israel 2007 ;
ackey et al. 2019 ). Shocks can also provide copious amounts of

nergy in the gas, which can in turn acti v ate reactions with high
nergy barriers (Meijerink et al. 2011 ; James et al. 2020 ) such as
he production of OH through the reaction of O and H 2 . Shocks are
resent in cloud–cloud collisions, in protostellar outflows, but also 
n galactic scale outflo ws. Ho we ver, each of the aforementioned free
arameters adds more complexity in the presented algorithm and 
ramatically increases the total number of PDR simulations needed 
or this treatment. Shocks do not dominate the ISM emission on large
cales, except in case of mergers and AGN outflows (e.g. Meijerink
t al. 2013 ; Bellocchi et al. 2020 ). Further developments of our
lgorithm may relax these constraints and allow to explore the trends
s a function of these additional ISM parameters. 

 CHEMI STRY  RESULTS:  B  AC K G R  O U N D  

efore proceeding with presenting the results of our applications 
n the next Section (Section 5 ), it is sensible to provide a short
ntroduction to the chemical abundances and the line ratios that will
e explored. In particular, for each of the A V, obs -PDFs considered,
he response of the atomic-to-molecular transition, the abundances of 
he carbon cycle (discussed in section 2 of Paper I), the abundances
f OH, OH 

+ , H 2 O 

+ , CH, HCO 

+ , and the average (density-weighted)
as temperature will be studied under different combinations of ISM 

nvironmental parameters. By performing radiative transfer, the re- 
ponse of the most frequently used line ratios of the carbon cycle will
e also studied. These include the atomic carbon line ratio ([C I ](2-
)/[C I ](1-0)), the first five rotational transitions of CO normalized to
O(1-0), and the line ratios of [C I ](2-1)/CO(7-6), [C I ](1-0)/CO(4-3),

C I ](1-0)/CO(1-0), [C II ]/[C I ](1-0) and [C II ]/CO(1-0). 
MNRAS 519, 729–753 (2023) 

art/stac3487_f6.eps


738 T. G. Bisbas et al. 

M

4

T  

w  

d
(  

o  

ζ  

T  

i  

b  

2  

d  

2
 

O  

i  

l  

r  

f
r  

B  

f  

H  

t  

c  

ζ  

H  

s  

i  

G
 

d  

t  

n  

C  

w  

t  

d  

H  

(  

I  

(  

i
 

t  

f  

l  

v  

e  

d  

f  

r  

e  

S

4

L  

g  

t  

[  

t
 

q  

c  

e  

V  

e  

2  

t  

M  

l  

t  

t
 

C  

r  

c  

3  

s  

t  

d  

m  

h  

g  

t  

B
 

t  

2  

d  

s  

v  

d  

r  

2  

C  

c  

u  

q  

2
 

[  

s  

(  

1  

M  

h  

a  

w  

s  

c  

r  

r
w

5

O  

T  

s  

I  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/729/6852952 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
.1 Oxygen and carbon chemistry 

he molecule of OH can be formed through the reaction of O
ith H 2 or through the reaction of H 2 O 

+ with H 2 followed by
issociative recombination with electrons of the produced H 3 O 

+ 

Bialy & Sternberg 2015 ). It can be also formed via the destruction
f H 2 O molecule with He + or H 

+ as reactants, both sensitive to the
CR rate (Meijerink et al. 2011 ; Bisbas, Papadopoulos & Viti 2015 ).
he latter routes are fa v oured in low-temperature regions. OH is an

mportant molecule for the study of the ISM, as in regions permeated
y high ζ CR values it can lead to the formation of CO (Bisbas et al.
017b ). Its line emission has been also suggested to trace the ‘CO-
ark’ (van Dishoeck 1992 ) molecular gas (Allen, Hogg & Engelke
015 ; Li et al. 2018a ; Tang et al. 2021 ). 
Cosmic rays initiate the production of H 

+ 

3 which in turn reacts with
 forming OH 

+ . This formation route of OH 

+ via proton transfer
s mostly met in molecular regions where the gas temperature is
ow and the abundance of H 2 is high enough. In addition, cosmic
ays reacting with H followed by the reaction with O enable the
ormation of O 

+ . H abstraction of the latter via its reaction with H 2 

esults in OH 

+ (Hollenbach et al. 2012 ; Bialy & Sternberg 2015 ;
ialy et al. 2019 ). At low column densities, OH 

+ may also be
ormed via photoionization of OH, as well as through the reaction
 

+ + OH → OH 

+ + H (Meijerink et al. 2011 ). The abundance and thus
he line emission of OH 

+ is known to be very sensitive to the value of
osmic-ray ionization rate and it is thus frequently used to constrain
CR (Hollenbach et al. 2012 ; Indriolo et al. 2015 ). The chemistry of
 2 O 

+ follows tightly that of OH and OH 

+ species. H 2 O 

+ depends
ensitively on the ζ CR value and it is also used as a tracer to constrain
t (Hollenbach et al. 2012 ; Indriolo et al. 2015 ; Gerin, Neufeld &
oicoechea 2016 ; Neufeld & Wolfire 2017 ). 
The CH molecule has different formation routes depending on the

ensity of the gas (Black & Dalgarno 1973 ). At low gas densities and
hus low visual extinctions, CH is formed via dissociative recombi-
ation of CH 

+ 

2 , with the latter produced by radiative association of
 

+ + H 2 (e.g. Gredel, van Dishoeck & Black 1993 ). CH 

+ 

2 then reacts
ith H 2 to produce CH 

+ 

3 . Both CH 

+ 

2 and CH 

+ 

3 products can lead to
he formation of CH via dissociative recombination. At higher gas
ensities and thus higher visual extinctions the reaction of CH 2 with
 produces CH and H 2 . The observational work of Sheffer et al.

 2008 ) indicates that CH traces the H 2 that exists in the diffuse ISM.
n the first extragalactic observational study of CH, Rangwala et al.
 2014 ) have used the CH/CO ratio to infer to the presence of X-rays
n NGC 1068, and it is therefore an interesting molecule to study. 

The HCO 

+ ion forms through the reaction of H 

+ 

3 with CO. For
his reaction to occur, the gas needs to be UV shielded -so for CO to
orm- and cosmic rays must be present to ignite the formation paths
eading to H 

+ 

3 . On the contrary, the destruction of HCO 

+ occurs
ia reactions with H 2 O and OH, as well as with recombination with
lectrons leading to the formation of CO. HCO 

+ is considered to be a
ense gas tracer (e.g. Knudsen et al. 2007 ; Zhang et al. 2014 ). It is also
requently used in tandem with HCN due to the small difference in
est frequencies of their line emission, to infer to the star-formation
fficiency, the dense gas properties or the X-ray contribution (e.g.
himajiri et al. 2017 ; Galametz et al. 2020 ; Wolfire et al. 2022 ). 

.2 Line ratios 

ine ratios are frequently used as a diagnostic to infer the molecular
as content and to constrain the ISM environmental parameters. In
his work, we focus on the most commonly used ratios between
NRAS 519, 729–753 (2023) 
C II ] 158 μm, the two [C I ] fine-structure lines and the first five CO
ransitions. 

The atomic carbon line ratio ([C I ](2-1)/[C I ](1-0), with rest fre-
uencies of 809.34 and 492.16 GHz, respectively) is considered to
onstrain the average gas temperature (Stutzki et al. 1997 ; Schneider
t al. 2003 ; Weiß et al. 2003 ; Papadopoulos, Thi & Viti 2004 ;
alentino et al. 2020 ) and it appears to be generally sub-thermally
xcited in the extragalactic context (Papadopoulos, Dunne & Maddox
022 ). It has been used also to construct a distribution function of
hermal pressures of ISM gas that best represents the Cold Neutral

edium of our Galaxy (Jenkins & Tripp 2011 ). The atomic carbon
ine ratio is of particular interest for the upcoming CCAT-prime
elescope as its available frequency range will fa v or observations of
his line ratio especially in our Galaxy. 

The very small ( ∼2.7 GHz) frequency difference of [C I ](2-1) and
O(7-6) allows to obtain these two lines simultaneously, thus their

atio is frequently explored, all the more since ALMA is able to
apture it at high-redshift. In a similar fashion [C I ](1-0) and CO(4-
) can be observed simultaneously with ALMA for high-redshift
ystems and thus their ratio is also frequently used as a diagnostic of
he molecular gas. [C I ](1-0) and CO(1-0) are major coolants of the
ense star-forming gas. CO(1-0) is known to trace the total molecular
ass (see Bolatto, Wolfire & Leroy 2013a , for a re vie w), whereas

igher- J transitions are useful diagnostics for the warmer molecular
as. [C I ](1-0) is also found to be an excellent alternative H 2 -gas
racer (Papadopoulos et al. 2004 ; Offner et al. 2014 ; Lo et al. 2014 ;
isbas et al. 2015 and B21). 
The spectral line energy distribution of CO is a key diagnostic for

he o v erall ISM properties (P apadopoulos et al. 2010 ; Mashian et al.
015 ; Rosenberg et al. 2015 ; Valentino et al. 2020 ), including its
ynamical state (Narayanan & Krumholz 2014 ). Heating processes,
uch as cosmic rays, X-rays, and turbulence can provide strong
olumetric heating and thus increase the gas temperature at column
ensities where the FUV radiation may be severely attenuated. This
esults in ele v ated SLEDs (Bradford et al. 2003 ; Papadopoulos et al.
012 ; Pensabene et al. 2021 ; Esposito et al. 2022 ), thus making
O ratios of mid- J /(1-0) and abo v e of particular importance. When
ombined with the total FIR emission, CO SLEDs can further be
sed to constrain the contribution of photoelectric heating and thus
uantify the abo v e volumetric heating processes (Harrington et al.
021 ). In this paper, we examine CO SLEDs up to J = 5 − 4. 
Finally, it is interesting to explore the [C II ]/CO(1-0) and the

C II ]/[C I ](1-0) line ratios. In regards to the first one, earlier ob-
ervations by Stacey et al. ( 1991 ; 2010 ), Hailey-Dunsheath et al.
 2010 ) have found that the [C II ]/CO(1-0) ratio is approximately
 − 4 × 10 3 times higher in starburst than in quiescent galaxies.
ore recent work by Accurso et al. ( 2017b ), Madden et al. ( 2020 )

ave used that line ratio to infer the CO-dark gas and thus provide
 higher estimate of the molecular mass content in galaxies. As
e will see below, both [C II ]/CO(1-0) and [C II ]/[C I ](1-0) ratios

how a similar behaviour for the ISM environmental parameters
onsidered in this work, with [C II ]/[C I ](1-0) having a stronger cor-
elation with the FUV intensity than with the cosmic-ray ionization
ate (see also Pensabene et al. 2021 , for the corresponding ratio 
ith [C I ](2-1)). 

 APPLI CATI ONS  

ur approach is applied to two different sets of A V, obs distributions.
hese PDFs are illustrated in Fig. 7 . The first one (blue colour) corre-
ponds to a quiescent ‘non-star-forming’ column density distribution.
t has a simple log-normal (LN) shape peaking at A V , obs = 1 . 4 mag
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Figure 7. The two A V, obs -PDFs considered here. The left one (blue solid line) 
represents a quiescent, non-star-forming distribution. It has a log-normal (LN) 
distribution with A V , obs = 1 . 4 mag and σ = 0.42. The right one (green lines) 
represents a star-forming distribution. It has a log-normal distribution with 
A V , obs = 7 . 0 mag and σ = 0.32. For A V , obs > 14 mag it has a power-law tail 
(PL) with slope s = −2.29. 
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ith σ = 0.42. The second one (green colour) corresponds to a ‘star-
orming’ column density distribution. It contains both an LN shape 
eaking at A V , obs = 7 . 0 mag with σ = 0.32, as well as a power-law
ail (PL; green dashed line) with slope s = −2.29 for A V � 14 mag
nd up to ∼500 mag . In a recent study analysing 120 Milky Way
louds, Ma et al. ( 2022 ) identified that ∼72 per cent of their sample
re LN distributions and ∼18 per cent LN + PL distributions, while 
he rest ∼10 per cent has an unclear shape. Such PDFs as the 
forementioned ones have been frequently observed locally (see 
pilker, Kainulainen & Orkisz 2021 , for a such a collection in the
ilk y Way). F or e xample, the selected A V, obs -PDF of the non-star-

orming region is reminiscent to Lupus-V (Kainulainen et al. 2009 ) 
nd the one of the star-forming PDF to Cygnus-X (Schneider et al.
016 ). In the extragalactic context, PAWS 

6 observations (Hughes 
t al. 2013 ) of the CO J = 1 − 0 line in the inner ∼ 11 × 7 kpc region
f M51 found 7 a lognormal distribution with A V , obs ∼ 3 . 25 mag and 
= 0.44. This extragalactic A V, obs -PDF lies in-between the above 

non-star-forming’ and ‘star-forming’ distributions. 

.1 Non-star-forming ISM distribution 

.1.1 Abundances, gas temperatures, and line ratios 

ig. 8 shows the results for the non-star-forming ISM distribution 
or the case of Z = 1 Z � in metallicity. The x -axis of all panels plots
he log 10 ζ CR value, the y -axis the log 10 χ / χ0 strength of the FUV
ntensity and all contours are in the log 10 space. 

Panel (a) plots the H I /2H 2 abundance ratio and the red solid line
orresponds to the H I -to-H 2 transition at which the former ratio is
qual to one. The distribution is molecular for any ζ CR and χ / χ0 

air that lies underneath the red solid line. As can be seen, this
 Plateau de Bure Arcsecond Whirlpool Surv e y. 
 Hughes et al. ( 2013 ) convert the CO observations to a � H2 using the standard 
 CO = 2 × 10 20 cm 

−2 K 

−1 km 

−1 s conversion factor and a 1.36 helium 

ontribution. We convert � H2 to an A V, obs using the 6 . 3 × 10 −22 mag cm 

2 

onstant and the aforementioned helium contribution. 

t  

f  

t  

m

F  

t  
 V, obs -PDF remains molecular for a range of cosmic-rays co v ering up
o moderate ionization rates ( ζCR � 10 −15 s −1 ) and FUV intensities
 χ / χ0 � 10). For all other combinations of ζ CR and χ / χ0 the gas
ecomes atomic. It is interesting to note that when ζCR > 10 −15 s −1 ,
 2 is destroyed at approximately equal amounts due to the reactions
ith H 2 O 

+ and OH 

+ (produced by cosmic rays) as well as by the
irect reaction with cosmic rays producing H 

+ 

2 . The aforementioned 
eactions dominate even in the absence of FUV radiation and thus
he medium at such ζ CR is al w ays atomic. The red solid line is
 v erplotted in all panels of Fig. 8 to guide the eye as to when the
edium becomes molecular. 
Panels (b-d) show the abundances of the carbon cycle (C II , C I ,

nd CO, respectiv ely). F or this distribution, the contours of C II and
 I appear to be approximately horizontal under all ζ CR values, indi-
ating that they depend primarily on the intensity of FUV radiation.
imilarly the abundance of CO, although lower than the abundances 
f C II and C I at all times, show a dependence on the FUV radiation in
onditions appropriate for the existence of molecular gas (underneath 
he red solid line). In the atomic part, the abundance of CO is – as
xpected – very low but does show a dependence on ζ CR as we will
iscuss in more detail in the star-forming ISM case (Section 5.2 ). 
Panel (e) shows the density-weighted gas temperature. In the 
olecular region it varies from 20 � T gas � 100 K whereas other-
ise it can reach values as high as ∼10 3 K for χ / χ0 > 10 2 . The

verage gas temperature, here, depends primarily on the strength of 
he FUV radiation rather than on the value of ζ CR . 

Panel (f) illustrates the abundance of OH. For conditions fa v ouring
he existence of molecular gas, the abundance of OH is 10 −8 − 10 −6 

epending on the ζ CR -FUV intensity combination. In particular, 
H peaks for χ / χ0 � 1 and for 10 −16 � ζCR � 10 −15 s −1 . Here,
H forms mainly through dissociative recombination of H 3 O 

+ . In
anels (g) and (h), the abundances of OH 

+ and H 2 O 

+ are illustrated.
heir response in varying ζ CR and χ / χ0 is very similar. Under 
olecular conditions, they both increase only as a function of ζ CR .
heir peak is found to occur for atomic conditions and in particular

or χ / χ0 ∼ 30 and ζCR ∼3 × 10 −15 s −1 . For these values, OH 

+ forms
ia the reaction of H 2 with O 

+ , and H 2 O 

+ forms via the reaction of
 2 with OH 

+ . 
Panel (i) shows contours for the CH ab undance. The ab undance of

his species increases for low ζ CR and/or χ / χ0 peaking for molecular 
onditions and with both cosmic rays and FUV intensities minimized. 
nder these conditions CH is found to be the result both of CH 2 

eacting with H and through dissociative recombination of CH 

+ 

3 . In
anel (j), the abundance of HCO 

+ is plotted. The dependence of
his species on ζ CR and χ / χ0 is reminiscent to the CO abundance 
escribed abo v e. HCO 

+ peaks for moderate v alues of ζ CR and lo w
UV intensities and is formed via CO 

+ reacting with H 2 . 
The bottom two ro ws sho w the results for the line ratios. In

articular in panel (k), the atomic carbon line ratio ([C I ](2-1)/[C I ](1-
)) is plotted. Under all combinations of ζ CR and χ / χ0 explored, 
his line ratio depends strongly on the FUV intensity and is nearly
ndependent of the cosmic ray ionization rate. It can thus be used
s a tracer for the value of χ / χ0 for a column density distribution
imilar to the non-star-forming case. It appears that when the two
nvironmental parameters explored are maximized, the antenna 
emperature of [C I ](2-1) becomes stronger than [C I ](1-0). Ho we ver,
or such extreme conditions the gas is heavily atomic with the carbon
o be mainly in the ionized phase; thus the emission of both [C I ] lines
ay not be detectable. 
In panels (l-o), a two-dimensional CO SLED is illustrated. 

ocusing on the ratios for molecular conditions, it can be seen
hat all ( J → J − 1)/(1 − 0) ratios obtain their highest value for
MNRAS 519, 729–753 (2023) 
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M

Figure 8. Results for the non-star-forming distribution at Z = 1 Z �. In all panels, x -axis is the cosmic ray ionization rate in the range of ζCR = 10 −17 − 10 −13 s −1 , 
and y -axis is the FUV intensity in the range of χ / χ0 = 10 −1 − 10 3 . All axes and contours shown are in common logarithmic space (log 10 ). Top row from 

left-to-right: the H I -to-H 2 transition where the condition H I = 2H 2 is marked in red solid line. This line is o v erplotted in all panels. The gas is molecular for ζCR 

and χ / χ0 pairs smaller than those corresponding to the red line, while it is atomic otherwise. The abundances of C II , C I and CO are shown in panels (b-d). 
Panel (e) shows the response of the average (density-weighted) gas temperature. The second row (left-to-right) shows the abundances of OH, OH 

+ , H 2 O 

+ , CH, 
and HCO 

+ . The last two rows show brightness temperature ratios of various emission lines. Whenever shown, the white solid line marks the condition when 
the brightness temperatures of the two lines in the ratio are equal. Panel (k) shows the line ratio of [C I ](2-1)/[C I ](1-0). The rest of panels in this row illustrate 
a two-dimensional SLED normalized to CO J = 1 − 0, for J = 2 − 1 to 5 − 4. Bottom row from left-to-right: ratios of [C I ](2-1)/CO(7-6), [C I ](1-0)/CO(4-3), 
[C I ](1-0)/CO(1-0), [C II ]/[C I ](1-0) and [C II ]/CO(1-0). 
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ow FUV intensities ( χ / χ0 � 1) and moderate-to-low cosmic ray
onization rates (10 −16 � ζCR � 10 −15 s −1 ). For these conditions and
he particular A V, obs -PDF, the CO abundance obtains its highest value,
hile the average gas temperature is ∼30 K, leading to an ele v ated

ntenna temperature of the mid- J lines when compared to the rest of
SM conditions. This trend can be better seen and understood in the
tar-forming A V, obs -PDF case which is explained in more detail in
NRAS 519, 729–753 (2023) 

ection 5.2.1 . 6  
Finally, in the fourth row, five of the most frequently used ratios
re shown. As before, the focus here will be for the conditions
eading to molecular gas. Panel (p) shows the [C I ](2-1)/CO(7-6)
atio which indicates a much brighter [C I ](2-1) antenna temperature
han CO(7-6). This ratio is ∼6 × 10 4 for low ζ CR but decreases
o ∼4 × 10 3 for ζCR ∼10 −15 s −1 , since cosmic rays can ele v ate
he gas temperature at high column densities increasing the CO(7-
) line emission. Similarly, the [C I ](1-0)/CO(4-3) ratio shown in

art/stac3487_f8.eps
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anel (q), also indicates a ∼10 2 − 10 3 times brighter [C I ](1-0)
ntenna temperature. Such high ratios are estimated because high- J 
O are brightly emitted only from the high-end of A V, obs -PDF and
re thus o v erall v ery weak. 

The [C I ](1-0)/CO(1-0) ratio shown in panel (r) is of particular
nterest. The white solid line marks the case when the antenna tem-
eratures of these two emission lines are the same. The dependence of 
his ratio on the ζ CR and χ / χ0 parameters is reminiscent to that of the
O abundance. In particular, it is found that the antenna temperature 
f CO(1-0) is brighter than that of [C I ](1-0) for generally low FUV
ntensities and for ζCR ∼2 × 10 −15 s −1 , which surpasses the H I -to-H 2 

ransition as can be seen (see Appendix C ). The [C II ]/[C I ](1-0) ratio
llustrated in panel (s) shows that this non-star-forming distribution is 
n general bright in [C I ](1-0) and becomes brighter in [C II ] when χ / χ0 

ncreases. This increase in [C II ] is expected, since the FUV radiation
onizes carbon to form C II and also increases the gas temperature.
inally, the [C II ]/CO(1-0) ratio pattern shown in panel (t) is also
eminiscent to the one of CO abundance. As with the [C II ]/[C I ](1-0)
atio, the [C II ] antenna temperature is higher than the CO(1-0) one
s χ / χ0 increases. Interestingly, all three ratios explored between 
O(1-0), [C I ](1-0) and [C II ], have their ratio equal to 1 for χ / χ0 ∼
 regardless to the ζ CR value. 
Appendix D discusses the behaviour of the optical depths of [C II ],

C I ](1-0) and CO(1-0) for the non-star -forming ISM distrib ution.
igures F1–F3 of the supplementary Appendix F appearing online, 
how the corresponding results of abundances and line ratios for Z
 0.1, 0.5 and 2 . 0 Z �, respectively. 

.1.2 Carbon phases at different metallicities 

ig. 9 shows which carbon phase dominates for all the ISM
nvironmental parameters considered in this work. The top row 

hows the response of the abundances of C II (red), C I (green), and
O (blue) while the bottom row shows their corresponding antenna 

emperatures ([C II ] 158 μm, [C I ](1-0), CO(1-0), respectively). In all
anels, the black line shows the H I -to-H 2 transition. Each column
orresponds to different metallicities, from Z = 0 . 1 Z � to 2 Z � (left-
o-right). 

In regards to the abundances (top row of Fig. 9 ), for Z = 0 . 1 Z � the
as is purely atomic under all ISM conditions as shown in panel (a).
arbon is mainly found in C II form, since its abundance dominates

or all ζ CR -FUV intensity combinations. The non-star-forming dis- 
ribution appears to become molecular only for Z > 0 . 5 Z � (panel b)
nd for a combination of very low amounts of FUV radiation ( χ / χ0 

 1) and low ζ CR ( � 10 −16 s −1 ). As metallicity increases to solar and
uper-solar values (panels c-d), the distribution remains molecular for 
ombinations of higher χ / χ0 and ζ CR . This is because FUV radiation 
s more strongly attenuated due to the increased dust shielding 
llowing H 2 molecules to form more efficiently at lower column 
ensities. For all metallicity cases, the distribution never becomes 
O-dominated but rather C I -dominated and only for low χ / χ0 and
CR . Otherwise it is al w ays C II -dominated. 
The maps of carbon cycle abundances are not al w ays reflected in

he corresponding line emission maps as can be seen in the bottom
ow of Fig. 9 . For Z = 0 . 1 Z � (panel e) it is found that for χ / χ0 

 0.3 and ζCR � 2 × 10 −16 s −1 , the distribution, although atomic,
an be bright in CO(1-0) and also [C I ](1-0). In particular, as can be
een also for Z = 0.5 and 1 Z � (panels f-g), the atomic gas can be
ndeed bright in the aforementioned lines. There are two reasons that 
xplain this feature: i) the A V, obs -PDF contains high column densities
nd although they have small probability, they can be bright in CO(1-
) and [C I ](1-0) and ii) the suprathermal formation route of CO via
H 

+ considered in these runs can increase the abundance of CO at
ow visual extinctions and thus the corresponding level populations, 
uilding a bright CO(1-0) antenna temperature at low A V . The latter
ffect is further discussed in Appendix C . 

It is further found that the molecular distribution can be [C I ](1-0)
s well as [C II ] 158 μm bright (panels g-h). In general, it will become
C II ] bright as the FUV intensity increases -and, in this A V, obs -PDF
ase- only when metallicities Z � 1 Z �. In addition, as the χ / χ0 

ncreases, the CO(1-0) brightness temperature will be followed by 
C I ](1-0) and then to [C II ] 158 μm, although for moderate ζ CR values
he [C I ](1-0) brightness temperature never dominates (the gas is
ither CO(1-0) or [C II ] bright). For low χ / χ0 and as ζ CR increases,
he aforementioned transition sequence of CO(1-0) to [C I ](1-0) to
C II ] is also repeated due to the CO destruction. 

In Fig. G1 (panels a,c) of the supplementary Appendix G appearing
nline, it is shown how the abo v e results for Z = 1 Z � would differ
f a lower A V / N H factor was adopted. 

.2 Star-forming ISM distribution 

.2.1 Abundances, gas temperatures, and line ratios 

ollowing the description of Fig. 8 for the non-star-forming case, 
ig. 10 shows the results for the star -forming ISM distrib ution
t Z = 1 Z �. Here, both the LN and power-law (PL) components
ave been considered. As can be seen in panel (a), this dis-
ribution remains largely molecular for all combinations of ζ CR 

nd FUV intensities e xplored, e xcept for very high cosmic rays
.e. ζCR � 5 × 10 −14 s −1 . 

The carbon cycle illustrated in panels (b-d), has an interesting 
ehaviour depending on the ζ CR -FUV intensity combination. The 
 II abundance increases both when the FUV intensity increases as
 result of atomic carbon photoionization and when the cosmic ray
onization rate increases as a result of the destruction of CO by
e + , peaking for high values of ζ CR and/or χ / χ0 . For χ / χ0 > 10,

he abundance of C I decreases and depends almost entirely on the
 alue of FUV intensity. Ho we ver, for χ / χ0 < 10, it increases and
eaks for moderate cosmic rays e.g. 10 −16 < ζCR < 3 × 10 −15 s −1 ,
s a result of the cosmic ray induced destruction of CO (Bisbas
t al. 2015 , 2017b ). In this effect cosmic rays create a surplus of
e + which reacts very ef fecti vely with CO creating C II . In moderate
CR , C II recombines quickly creating large amounts of C I ; hence the
 I abundance peak seen in the corresponding panel. At high ζ CR ,

his recombination is not so ef fecti ve and thus carbon remains in the
orm of C II . The aforementioned sequence is also reflected in the CO
bundance panel which shows a strong dependence on ζ CR rather 
han on χ / χ0 . During all the abo v e carbon cycle phase changes, the
as remains al w ays molecular. 

The average, density-weighted gas temperature illustrated in 
anel (e), shows a dependence on both ζ CR and χ / χ0 . Like in
he non-star-forming distribution, the gas temperature is found to 
e in the range of 10 � T gas � 60 K. For a constant ζ CR , the gas
emperature increases as a result of the increase of photoelectric 
eating. For a constant χ / χ0 , the gas temperature increases as result
f the increase of cosmic ray, chemical and H 2 formation heating
echanisms (Bisbas et al. 2017b ). The particular chemical heating 

s a result of contributions by photoelectrons, turbulence dissipation, 
xothermic reactions due to HCO 

+ , H 

+ 

3 and H 3 O 

+ recombination
s well as ion-neutral reactions between H 

+ 

2 and He + . 
Panel (f) shows the response of OH abundance. For low ζ CR (i.e.
 10 −16 s −1 ) and high FUV intensities ( χ / χ0 > 10), the abundance
MNRAS 519, 729–753 (2023) 
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Figure 9. Maps showing which carbon phase dominates for all combinations of the ISM environmental parameters considered. The x -axis is the cosmic ray 
ionization rate and the y -axis is the FUV intensity. These maps are calculated for the non-star-forming A V, obs -PDF. The top row shows which carbon phase 
dominates in terms of the abundance while the bottom ro w sho ws the same but in terms of the brightness temperature. The solid black line shows the H I -to-H 2 

transition, below which the distribution is molecular, otherwise it becomes atomic. Red colour is for C II and the [C II ] 158 μm line, green colour for the C I 

abundance and the [C I ](1-0) 609 μm line, and blue colour for the CO abundance and the CO(1-0) line. Each column corresponds to different metallicity ( Z 
= 0.1, 0.5, 1 and 2 Z �, from left-to-right). As can be seen, the fact that a particular carbon phase dominates in terms of the abundance, does not al w ays mean 
that it will also have the brightest emission, since gas temperature and optical depth effects need to be accounted for. 
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8 Note on the instabilities of panel (q) for ζCR ∼ 10 −15 − 10 −14 s −1 : numer- 
ical instabilities arise from the non-linear nature of the ordinary differential 
equations that are solved to achieve equilibrium in PDRs. Early work of 
Le Bourlot et al. ( 1993 ) demonstrated the existence of bi-stability in such 
solutions in dark molecular gas. Subsequent papers (e.g. Viti et al. 2001 ; 
Roueff & Le Bourlot 2020 ; Dufour & Charnley 2021 ) have also addressed 
and examined further bi-stability, especially in the oxygen chemistry. The 
instabilities seen in panel (q) (and elsewhere) is the result of the abo v e. 
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f OH is reduced, whereas for all other cases and especially for
igh ζ CR or when χ / χ0 is very low, it is increased, as a result of
he H 3 O 

+ dissociative recombination. Furthermore, as can be seen,
he abundance of OH strongly depends on ζ CR particularly when
CR � 10 −15 s −1 . Similarly, both OH 

+ and H 2 O 

+ species (panels g,h)
epend strongly on cosmic-rays and weakly on χ / χ0 . The abundance
f the latter two ions is high for a combination of high ζ CR and high
/ χ0 . On the contrary, the abundance of CH, as seen in panel (i),
eaks for low FUV intensities ( χ / χ0 < 1) and for ζCR � 10 −16 s −1 

s a result of the CH 2 + H reaction and CH 

+ 

3 recombination. It is
educed when χ / χ0 and/or ζ CR increase. In panel (j), the abundance
f HCO 

+ is illustrated which shows a strong dependence on the value
f ζ CR while having a negligible dependence on the value of FUV
ntensity. 

The [C I ](2-1)/[C I ](1-0) line ratio illustrated in panel (k), indicates
hat in systems with column density distributions reminiscent to the
tar-forming ISM modelled here, it may be used to constrain the value
f ζ CR . As can be seen, this line ratio depends on ζ CR particularly
hen ζCR � 10 −15 s −1 , a value that may be met in starburst galaxies

nd systems with high star-formation rates (Bisbas et al. 2021 ). For
osmic rays with ζCR � 10 −15 s −1 , this ratio depends almost entirely
n χ / χ0 and thus can be used to constrain the FUV intensity. 
The two-dimensional CO SLED shown in panels (l-o), indicate

hat the ( J → J − 1)/(1 − 0) CO ratio shows a strong dependence on
osmic-rays for ζCR � 10 −15 s −1 . As described abo v e, this is due to
he fact that high cosmic ray energy densities heat up the gas at high
olumn densities, thus making mid- J and high- J CO transitions very
right (see Section 4.2 ). Note that the particular CO(2-1)/CO(1-0) is
 1 for ζCR � 10 −14 s −1 . Such a case is also observed in the CO(3-

)/CO(1-0) ratio for even higher ζ CR , at which point however the
istribution may become more atomic-dominated. 
NRAS 519, 729–753 (2023) 
In the bottom row, the [C I ](2-1)/CO(7-6) ratio is illustrated in
anel (p). As with the non-star -forming ISM distrib ution (Sec-
ion 5.1.1 ), [C I ](2-1) is brighter than CO(7-6). In particular [C I ](2-
) is ∼500 − 1000 times brighter for χ / χ0 � 50 and ζCR �
 × 10 −16 s −1 whereas it is just a few tens brighter otherwise. The
C I ](1-0)/CO(4-3) ratio shown in panel (q), 8 peaks for moderate
CR ( ∼ 10 −15 s −1 ) for low FUV intensities with [C I ](1-0) to be
30 times brighter than CO(4-3). Both aforementioned line ratios

how a stronger correlation with ζ CR than with χ / χ0 . 
Finally, in panels (r-t), the [C I ](1-0)/CO(1-0), [C II ]/[C I ](1-0) and

C II ]/CO(1-0) are sho wn, respecti vely. The first ratio shows a stronger
orrelation with ζ CR than the other two which are more sensitive
n the FUV intensity. The antenna temperature of [C I ](1-0) is ap-
roximately equal to the CO(1-0) for 3 × 10 −17 � ζCR � 10 −15 s −1 

epending on χ / χ0 ; the lower the FUV intensity, the higher the
osmic ray ionization rate needs to be to satisfy the equality of the
C I ](1-0) and CO(1-0) antenna temperatures. For smaller ζ CR , CO(1-
) becomes brighter. Evidently, in systems containing high column
ensities and high cosmic ray energy densities, [C I ](1-0) can be
 −6 times brighter than CO(1-0) as indicated in the middle panel. In
egards to the [C II ]/[C I ](1-0) ratio, it appears to be more sensitive to
he χ / χ0 value than the ζ CR one. For χ / χ0 � 20, this star-forming

art/stac3487_f9.eps
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Figure 10. As in Fig. 8 but for the A V, obs -PDF of the star-forming ISM at solar metallicity, including both LN and PL components. 
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SM distribution is brighter in [C I ](1-0) than [C II ]. Similarly, as can
e seen in the last panel, CO(1-0) is brighter than [C II ] for any
ombination satisfying χ / χ0 � 10 and ζCR � 2 × 10 −15 s −1 . In all
ther cases, the molecular gas may be primarily [C II ]-bright. 
Appendix E discusses the behaviour of the optical depths for the 

tar -forming ISM distrib ution. Figures F4–F6 of the supplementary 
ppendix F appearing online, show the corresponding results for Z 

 0.1, 0.5 and 2 . 0 Z �, respectively. 

.2.2 Carbon phases at different metallicities 

ig. 11 shows which carbon phase dominates for all ISM environ- 
ental parameters explored. The coloured results along with the 

lack solid line of the H I -to-H 2 transition correspond to the case
here the power-law tail is included (LN + PL). The white solid line
orresponds to the results where only the log-normal component is 
ncluded (see Section 5.2.3 for the latter). 

In regards to the abundances (top row), the H I -to-H 2 transition
hanges with metallicity (see also Section 5.1.2 ); ho we ver, this star-
orming distribution remains molecular even at very low (0 . 1 Z �)
etallicities (panel a). Here, carbon is mostly found in the form of
 I in the molecular phase and C II otherwise. For Z = 0 . 5 Z � (panel b)

he molecular phase is mostly C I dominated for χ / χ0 � 1 (except
or a negligible intensity of FUV radiation and for very low ζ CR in
hich it is CO-dominated) but transitions to C II for ζCR � 10 −14 s −1 .
or χ / χ0 � 1 it is already C II -dominated. At Z = 1 Z � (panel c), the
 I -dominated phase holds for χ / χ0 � 10 but for ζCR � 10 −16 s −1 ,

he majority of carbon is found in CO form. Interestingly, for ζCR �
0 −17 s −1 , the carbon phase may switch from CO directly to C II
MNRAS 519, 729–753 (2023) 
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Figure 11. As in Fig. 9 for the star-forming ISM. The coloured results and the black solid line of the H I -to-H 2 transition are for the LN + PL case. The white 
solid line corresponds to the results for the LN only case. For the carbon cycle abundances and emission, there are no appreciable differences between the 
LN + PL and LN cases. 
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s χ / χ0 increases, without a C I -dominated phase (see also ‘Case-
’ of Paper I). Finally, when Z = 2 Z � (panel d), the star-forming
istribution is found to remain molecular under all ISM conditions
onsidered. The CO-dominated phase can exist for much higher
UV intensities, but it al w ays transitions to C I and then to C II as ζ CR 

ncreases to � 1 − 3 × 10 −16 s −1 due to the cosmic-ray induced CO
estruction effect. Notably, the C I -dominated phase exists for a wide
ange of FUV intensities and metallicities but al w ays transitions to
 II when ζCR � 10 −14 s −1 . 
In regards to the brightness temperatures of the carbon cycle

pecies (bottom row), for Z = 0 . 1 Z � (panel e) the molecular phase
s in general bright in [C I ](1-0). For very low FUV intensities it is
he antenna temperature of CO(1-0) that dominates depending on
CR , even though it is rich in C I abundance as seen in the top left
anel. Interestingly, for χ / χ0 � 1 the distribution remains [C I ](1-0)
right even for ζ CR values for which the gas is in atomic form. At
 = 0 . 5 Z � (panel f), the molecular phase is bright in [C I ](1-0) for
/ χ0 � 5, except when χ / χ0 � 1 and ζCR � 3 × 10 −15 s −1 in which
ase it is bright in CO(1-0). F or an y stronger FUV intensity, the
olecular gas is mainly [C II ]-bright. As with the Z = 0 . 1 Z � case,

he medium is almost nowhere rich in CO abundance, although its
ine emission in the J = 1 − 0 transition can be strong. 

At Z = 1 Z � (panel g), the gas is [C II ]-bright for χ / χ0 � 20,
egardless to the ζ CR value, since the gas is rich in C II abundance
ue to photodissociation of CO. For lower FUV intensities, the gas
s CO(1-0) bright for ζCR � 10 −16 s −1 on average. Note that for
CR ∼10 −17 s −1 , the gas transitions from CO(1-0)-bright to [C II ]-
right, as well, directly when the FUV intensity exceeds approx-
mately 20 χ0 . As ζ CR increases and for this low FUV intensity
egime, this ISM distribution remains [C I ](1-0) even for very high
osmic-rays. Finally, for Z = 2 Z � (panel h), the gas is in practice
ither CO(1-0)-bright (for ζCR � 3 × 10 −16 s −1 ) or [C I ](1-0)-bright
therwise. It may become [C II ] only for very extreme ISM envi-
onmental parameters. Note that for the latter two metallicity cases,
NRAS 519, 729–753 (2023) 
he abundances (top third and fourth panels) and the line emission
bottom third and fourth panels) patterns agree well with each
ther. 

.2.3 Contribution of the power-law tail to the photodissociation 
 egion r esults 

s can be seen from Fig. 11 , the power–law tail increases the
ontribution of the high column density material to the total one
nd, as such, it increases the total molecular gas mass content. This
an be seen from the combination of the ISM conditions that are
equired for the H I -to-H 2 transition to occur; in the LN case (white
olid line) it occurs for somehow lower ζ CR and lower χ / χ0 when
ompared to the LN + PL case (black solid line). Overall, we find that
he PL tail retains molecular conditions for twice the FUV intensity
nd twice the cosmic ray ionization rate than the LN-only case. 

We find that both the abundances and the line emissions of the
arbon cycle remain in general very similar for the two cases.
o we ver, the PL tail slightly increases the CO abundance for higher
/ χ0 (not plotted; see also Paper I). 
In Fig. G1 (panels b,d) of the supplementary Appendix G appear-

ng online, it is shown how the abo v e results for Z = 1 Z � would
iffer if a lower A V / N H factor was adopted. 

 DI SCUSSI ON  

DFCHEM provides a fast calculation of key abundances and emission
ine ratios that are most commonly used, for large-scale (tens-to-
undreds of pc) inhomogeneous clouds characterized by an A V, obs -
DF. As described earlier, while many such distrib utions ha ve been
btained for regions in the Milky Way, the limited resolution for
xtragalactic systems does not allow to determine such PDFs at
igh-redshift e.g. in the crucial z ∼ 2 − 3 range for the cosmic star-
ormation theory (Madau & Dickinson 2014 ). In terms of spatial
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esolution, the ISM at z ∼ 2 − 3 is observed at a sub-kpc resolution
see Hodge & da Cunha 2020 , for a re vie w with ALMA), unless
ravitational lensing effects occur which may reveal scales of ∼
00 − 200 pc (e.g. Rybak et al. 2020 ; Solimano et al. 2021 ). It would
e therefore interesting to use PDFCHEM and input educated guesses 
f A V, obs distributions to explore the trends we may expect when 
tudying extragalactic objects, particularly high-redshift galaxies. 

Currently, such aforementioned educated guesses can arise from 

ydrodynamical models. For instance, simulations of the turbulent, 
tar -forming ISM ha v e e xplored the dev elopment of column density
DFs (e.g. Klessen, Heitsch & Mac Low 2000 ; Federrath & Klessen
013 ; Burkhart & Mocz 2019 ). Particular attention has been paid
n the transition of LN to power–law component, with the models 
uggesting that the power–law tail is a product of free-fall collapse 
orming filaments and dense clumps (Kritsuk, Norman & Wagner 
011 ; Girichidis et al. 2014 ), including contribution from magnetic 
elds (Auddy, Basu & K udoh 2018 ). Ov erall, the majority of litera-

ure focuses on the description of A V, obs -PDFs resulting from GMC-
cale models. Having shown in this work that such PDFs are valuable
ools for a quick examination of the atomic/molecular content and 
heir corresponding line emissions, we encourage the modelling 
ommunity to enrich the current literature with more results and 
nalyses on A V, obs -PDFs especially from galaxy-sized simulations. 

.1 Tracing molecular gas under different conditions 

s discussed previously, the lower panels of Figs 9 and 11 illustrate
ow the dominant carbon phase emitter – under molecular conditions 
changes as a function of the ISM environmental parameters. The 

arbon cycle transitions are found to be more strongly correlated with 
he ISM conditions, than the H I -to-H 2 transition is. Consequently, the
SM parameters affect the methodology of tracing the H 2 gas as well
s the corresponding conversion factors. 

In this work, we introduce the quantity X ∗ ≡ 〈 N(H 2 ) 〉 / 〈 T ∗〉 rep-
esenting the ratio of the PDF-averaged H 2 column density and the 
DF-averaged antenna temperature of the emitter. This ratio has 
nits of [cm 

−2 K 

−1 ] and it differs from the standard ‘ X -factor’ by the
inewidth. X is used here to illustrate the expected behaviour of the
ommonly used conversion factors (e.g. the CO- or the CI-to-H 2 )
nder the different ISM conditions. The reader should be aware that 
he presented results are further prone to the choice of the inputted
olumn density PDF and they should, thus, only be considered to 
emonstrate qualitatively (rather than quantitatively) the trends of X - 
actors. Fig. 12 shows a collective map of how X changes as a func-
ion of the ISM environmental parameter explored. The star-forming 
 V, obs -PDF was adopted for these calculations, to best represent a 
ense molecular region. The top row of Fig. 12 shows the X [CII] 

atio, while the middle and bottom rows the X [CI](1 −0) and X CO(1 −0) ,
espectively. Each column corresponds to different metallicity. 

The use of [C II ] as an H 2 tracer is frequently adopted for high- z
alaxies (e.g. Zanella et al. 2018 ; Madden et al. 2020 ; Vizgan et al.
022 ), thanks to ALMA’s ability to observe this line in the very
istant Universe. Using [C II ] for such estimations is, ho we ver, not
traight-forward since significant fraction of the total [C II ] luminosity
an originate from the non-molecular ISM, such as H II regions and
he warm neutral medium (e.g. Accurso et al. 2017a ; Bisbas et al.
022 ). For the [C II ] emission to correlate with N (H 2 ) for high columns
f H 2 , a heating mechanism is needed capable of exciting this line –
uch as cosmic-rays (see B21)– given its high excitation temperature 
f hν/k ∼ 91 . 2 K. Panels (a)-(d) indicate a decreasing trend of X [CII] 

ith increasing χ / χ0 and ζ CR . For metallicities of � 0 . 5 Z � it can
ary up to two orders of magnitude depending on the combination 
f the ISM conditions. For high metallicities (e.g. Z ∼ 2 Z �), [C II ]
hows a strong correlation for ζCR � 10 −15 s −1 . Such conditions are
et in starburst galaxies in the high- z Universe as well as the Galactic
enter (Giveon et al. 2002 ; Clark et al. 2013 ). 
The debate between [C I ](1-0) and CO(1-0) as ‘best of H 2 gas

racers’ is of great interest (e.g. Papadopoulos et al. 2004 ; Bolatto
t al. 2013a ; Offner et al. 2014 and B21). From the [C I ](1-0) results
hown in panels (e)-(h), it is found that its corresponding ratio with
(H 2 ) remains approximately constant under molecular conditions 

or Z = 0 . 1 Z �. For similar ζ CR and χ / χ0 pairs (e.g. ζCR � 10 −15 s −1 

nd χ / χ0 < 5) in all other metallicity cases, X [CI](1 −0) also remains
o within the same range, thus making it to weakly depend on Z . For
 � 0 . 5 Z � and as ζ CR increases, the latter ratio slightly decreases
hile for higher χ / χ0 , it slightly increases. 
Panels (i)-(l) illustrate the dependency of X CO(1 −0) on the ISM 

arameters. There is a stronger correlation with metallicity in 
greement with observations (e.g. Genzel et al. 2012 ; Shi et al. 2015 ,
016 ; Amor ́ın et al. 2016 ; Schruba et al. 2017 ). In the Z = 0.1 and
 . 5 Z � cases, X CO(1 −0) has a minimum for ζCR ∼ 10 −15 s −1 and low
/ χ0 . For higher metallicities (panels k, l), it depends predominantly
n the value of ζ CR . In particular, X CO(1 −0) can vary up to one order
f magnitude as ζ CR increases. On the contrary, panels (f)-(h) show 

hat for high ζ CR , X [CI](1 −0) is approximately constant making it 
n e xcellent alternativ e tracer in such environments (Bisbas et al.
015 , 2017b ). Overall, the pattern of the dominant carbon emitter
llustrated in the bottom row of Fig. 11 is reflected in the X ∗ ratios of
ig. 12 ; the ratio of the dominant emitter minimizes when its antenna

emperature peaks. 

.2 The HCO 

+ /CO abundance ratio as a cosmic ray tracer 

he abundance ratio of HCO 

+ /CO has been used in the past to infer
he cosmic ray ionization rate (Wootten, Snell & Glassgold 1979 ;
aselli et al. 1998 ; Vaupr ́e et al. 2014 ; Luo et al. 2022 ). In particular,
le v ated HCO 

+ /CO abundance ratios have been connected with
ncreased cosmic ray ionization rates. Gaches et al. ( 2019 ) obtain
igh HCO 

+ /CO abundance ratios for models with high ζ CR values 
nd without embedded sources at high column densities (their HNI 
odel), which can change the local chemistry and thus affect that

atio. 
Fig. 13 shows HCO 

+ /CO abundance ratio maps for both A V, obs -
DF cases considered and how these compare with observations. 
anels (a)-(c) illustrate the HCO 

+ /CO ratio for the star-forming 
 V, obs -PDF for Z = 1 . 0 Z � (panels a, b) and for Z = 2 . 0 Z �

panel c). Panel (d) shows the non-star-forming PDF for Z = 1 . 0 Z �.
n all cases, the observed data are marked in blue shadow. As can be
een, the star-forming PDFs show a strong dependence of HCO 

+ /CO
atio with ζ CR . Ho we ver, it is found that under molecular conditions
nd for the non-star-forming PDF, it depends more strongly on the
alue of χ / χ0 rather the ζ CR one. 

Panel (a) highlights the observed HCO 

+ /CO abundance ratio in 
he supernova remnant W49B obtained by Zhou et al. ( 2022 ) who
eported a ratio in the range of log 10 (HCO 

+ /CO) = −3.52 to −2.70.
hey attributed it to the presence of high ζ CR and suggested that

t can well be more than two orders of magnitude higher than the
verage Galactic one. Indeed, this ratio fits for high ζ CR in our models
ndicating a ζCR � 3 × 10 −15 s −1 . While Zhou et al. ( 2022 ) do not
eport on the column density distribution, the selected A V, obs -PDF 

sed here is to represent a dense clump. 
Panel (b) shows the observations of Young et al. ( 2021 ) for the

ucleus of NGC 7465 which is a low-redshift early-type galaxy 
Cappellari et al. 2011 ). This panel has the same PDF and metallicity
MNRAS 519, 729–753 (2023) 
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M

Figure 12. Logarithmic grid maps showing ratios of the PDF-averaged H 2 column density to the PDF-averaged antenna temperature of each tracer (units 
of cm 

−2 K 

−1 ). Each column corresponds to a different metallicity (left-to-right: Z = 0.1, 0.5, 1.0, 2 . 0 Z �) and each row to a different tracer (top-to-bottom: 
[C I ] 158 μm, [C I ](1-0), CO J = 1 − 0). The star-forming A V, obs -PDF has been used in all cases. The colour bar shows the logarithm of the X -factor. 
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s panel (a). The observed metallicity of this system is approximately
olar. Young et al. ( 2021 ) calculated the 12 CO and HCO 

+ column
ensities for two representative temperatures (20 and 90 K) in the
ptically thin limit. These lead to a range of HCO 

+ /CO ratio of
og 10 HCO 

+ /CO = −3.75 to −3.73, for which PDFCHEM finds a
CR ∼ 3 − 4 × 10 −15 s −1 . These ele v ated ζ CR v alues are reasonable
o expect in an ISM region located in the center of galaxies such as
GC 7465. 
Panel (c) shows the observed ratio for the central part in the

GC 253 galaxy (Krieger et al. 2020 ). This central part contains
ev eral re gions of proto-super star clusters and they are thus best
epresented with the star-forming A V, obs -PDF. NGC 253 is known
o be a starburst galaxy of high star-forming activity (Bolatto et al.
013b ) and of super-solar metallicity (e.g. Z ∼ 2 . 19 Z � Galliano,
wek & Chanial 2008 ). The shadowed region in panel (c) represents

he mean and the 1 σ standard deviation of the Krieger et al. ( 2020 )
eported values. These lead to a high ζ CR of approximately 10 −14 s −1 .
nterestignly, such high values of cosmic-ray ionization rate have
een independently reported (e.g. Holdship et al. 2021 ), confirming
he PDFCHEM findings. 

Finally, in panel (d) the resultant calculations for a region repre-
enting the diffuse ISM of Milky Way are shown. Here, the non-
tar-forming A V, obs -PDF has been used for a better comparison. The
bserved values were taken by Godard, Falgarone & Pineau des
or ̂ ets ( 2014 ) and are shown in the aforementioned panel. Under
olecular conditions, the reported ratio reveals an FUV intensity in
NRAS 519, 729–753 (2023) 
he range of χ / χ0 ∼ 1 − 5, which matches with the average FUV
ntensity of Milky Way away from the Galactic Centre. Under atomic
onditions (which reveal a much higher pair of χ / χ0 and ζ CR ), both
ines are expected to be very weak and thus non-observable. 

.3 Line ratios as FUV and ζ CR diagnostics 

any lines in the carbon cycle ([C II ], both [C I ] and high- J CO
ransitions) have been observed at a redshift of ∼2 −3 and beyond
see rele v ant works in the re vie ws of Hodge & da Cunha 2020 ;

olfire et al. 2022 ), their combinations of which can constrain
he ISM environmental parameters using PDFCHEM , thus offering
 deeper understanding on the conditions leading to star-formation.

hile such observations have revealed the cosmic history of star-
ormation, the y hav e yet to quantify the connection between the
SM environmental parameters and the SFR. The latter quantity is
enerally traced with the [C II ] emission at high redshifts, since the
C II ]-SFR relation has been e xtensiv ely e xplored with observations
e.g. Stacey et al. 1991 , 2010 ; Boselli et al. 2002 ; De Looze et al.
011 ; Herrera-Camus et al. 2015 ) and simulations (e.g. Olsen et al.
015 ; Lupi & Bovino 2020 ; Bisbas et al. 2022 ). It is reasonable to
xpect that high SFRs imply high ζ CR and possibly also high χ / χ0 

ntensities, since both should be enhanced due to the expected higher
ate of supernova explosions. In general, high SFRs are found in
ergers, starbursts, ULIRGs, and submillimeter galaxies (e.g. Smail,

vison & Blain 1997 ; Hughes et al. 1998 ; Daddi et al. 2010 , 2015 ). 

art/stac3487_f12.eps
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Figure 13. The HCO 

+ /CO abundance ratio. The blue-shadowed regions 
represent observations (see Section 6.2 for details). Panels (a)-(c) show this 
ratio for the star-forming A V, obs -PDF. Panels (a) and (b) are for Z = 1 . 0 Z �
while panel (c) for Z = 2 . 0 Z �. In these cases, the HCO 

+ /CO abundance 
ratio depends almost entirely from the ζCR value. Panel (d) shows the ratio 
for the non-star-forming A V, obs -PDF for Z = 1 . 0 Z �. In this case and under 
molecular conditions, the abundance ratio does not depend strongly on ζCR 

but rather on the χ / χ0 value. 
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The [C II ]/[C I ](1-0) ratio explored in this work, shows that it may
ell be used to diagnose FUV intensities since its dependence 
n ζ CR is weak (for � 10 −14 s −1 ) regardless to the choice of A V -
DF (see also Bothwell et al. 2017 , for an analysis with uniform
ensity slabs). This remains valid even for different metallicities as 
an be seen in panel (s) of figs F1–F5. Interestingly, for Z = 2 Z �
panel F6s) the abo v e ratio shows a stronger dependence on ζ CR for
CR � 10 −15 s −1 . Bothwell et al. ( 2017 ) report a [C II ]/[C I ](1-0) ratio
n the (logarithmic) range of ∼0.9 − 1.6 for 10 high-redshift ( z ∼ 4)
usty star-forming galaxies and they further perform PDR modelling 
ssuming an average A V , obs ∼ 7 mag . This matches with our star-
orming PDF and from panel (s) of Fig. 10 it is found that the abo v e
atio predicts an FUV intensity of log 10 χ / χ0 > 2.5. Interestingly, 
hese high intensities calculated with PDFCHEM are matching those 
stimated by Bothwell et al. ( 2017 ). 

Due to the weak dependence on CRs, the [C II ]/[C I ](2-1) line ratio
as been considered as a tracer for the presence of X-rays in the ISM.
his ratio is illustrated in Fig. 14 , which shows a strong dependence
n the FUV intensity, like the [C II ]/[C I ](1-0) explored above. Earlier
odels of Meijerink et al. ( 2007 ) showed that this ratio depends

trongly on the intensity of X-ray flux; it is increasing with increasing
-ray fluxes. This led Venemans et al. ( 2017 ) who studied the ISM
f a very distant ( z ∼ 7.1) quasar J1120 + 0641 to conclude that
he aforementioned (lower limit) ratio of log 10 ([CII] / [CI](2 − 1)) = 

 . 94 originates from existing PDRs that are a result of the FUV
adiation from hot stars, rather than hard X-rays from the accreting 
entral black hole. This observed ratio is marked with blue line in
ig. 14 . PDFCHEM predicts an log χ / χ0 ∼ 0.5 − 2 depending on

he PDF distribution (for Z = 1 . 0 Z �). In addition, Pensabene et al.
 2021 ) used the [C II ]/[C I ](2-1) ratios of log 10 ([CII] / [CI](2 − 1)) ∼
 . 11 − 1 . 72 to identify PDRs in the galaxies PJ231-20 ( z = 6.23)
nd PJ308-21 ( z = 6.59) which are two quasar host galaxies. The
range shadowed region of Fig. 14 marks these observations and as
ith the last finding, they may correspond to high FUV intensities

or high- A V, obs PDF distributions. 
Boogaard et al. ( 2020 ) studied the CO(2-1)/CO(1-0) and CO(3-

)/CO(1-0) ratios in a sample of 22 star-forming galaxies in 0.46 < z 

 3.60 as part of the ASPECS 

9 surv e y. The y found a CO(2-1)/CO(1-
) ratio of ∼0.75 for z < 2 and a CO(3-2)/CO(1-0) ratio of ∼0.77 for
 ≥ 2, arguing that the higher excitation of the latter ratio is a result of
he � SFR increase with redshift. Interestingly, the CO(2-1)/CO(1-0) 
atio fits our results for the star-forming A V, obs -PDF for a ζ CR of a
ew ×10 −15 s −1 (panel 10 l), regardless to the FUV intensity, whereas
or the CO(3-2)/CO(1-0) ratio we find a ζ CR of a few ×10 −14 s −1 

panel 10 m). The higher ζ CR reflects the global picture in which
e expect to find higher cosmic ray energy densities in star-forming
alaxies, particularly at z ∼ 2 − 3. 

The pattern of CO(5-4)/CO(1-0) ratio illustrated in the panel ( 10
), shows that high- J CO lines depend very weakly on the FUV
ntensity and thus can be used to constrain heating processes that
perate at high column densities, other than stellar photons. In this
egard, a combination of CO SLEDs with dust continuum spectral 
nergy distributions (e.g. Harrington et al. 2021 ) can reveal these
eating processes as to whether or not they are photon-dominated, 
y estimating the so-called Y -factor ( Y = � PE / � tot , the ratio of
hotoelectric heating to the total cooling, see Papadopoulos et al. 
014 ). The advent of ALMA has made possible to observe high- J CO
ines in the distant Universe which points to the existence of warm and
ense medium. For instance, the J = 10 − 9 transition requires a gas
emperature of T gas � 300 K to be excited and has a critical density of
 crit ∼ 10 6 cm 

−3 . In addition, the NOEMA detection of very high- J
O lines ( J = 17 −16) in very distant ( z > 6) galaxies (Gallerani
t al. 2014 ) makes it possible to investigate the ISM and constrain its
arameters even in the early universe. In these galaxies, it is not only
osmic-rays that may cause an ele v ated SLED. X-rays (e.g. Vallini
t al. 2018 , 2019 ; Pensabene et al. 2021 ), shock heating (e.g. Li et al.
020 ; Riechers et al. 2021 ) and/or turbulence (Harrington et al. 2021 )
an also play a significant role. Exploring high- J transitions with the
resented version of PDFCHEM can help the investigation of these 
MNRAS 519, 729–753 (2023) 
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eating processes, primarily by disentangling the contribution due to
UV photons. Future versions of PDFCHEM will be able to provide
 further constrain on the heating processes. 

In general, for applications of PDFCHEM in high-redshift galaxies
n which the A V, obs -PDFs remain largely unknown, we recommend
he use of distributions corresponding to a diffuse or a dense medium
ccording to local observations (e.g. Spilker et al. 2021 ; Ma et al.
022 ) or inspired from simulations (e.g. see recent works of Veltchev
t al. 2019 ; Seifried et al. 2020b ; Olsen et al. 2021 ; Appel et al. 2022 ).
hese can make possible to obtain an insight of the PDR trends and to
rovide a probable range of environmental parameters which, using
dditional forward modelling, may identify the ISM conditions. 

 C O N C L U S I O N S  

n this paper, we present the PDFCHEM algorithm, which continues
he approach of Paper I in determining the atomic and molecular

ass content of the ISM using probability distributions of physical
arameters. For the purposes of PDR simulations, we consider a vari-
ble density distribution resulting from the A V, eff − n H relationship
hich replaces the grid of uniform density slabs used in Paper I.
e have performed radiative transfer calculations to determine

atios between emissions of the most commonly used lines of the
arbon cycle. The grid of PDR simulations consists of 6400 one-
imensional runs co v ering a wide range of cosmic ray ionization
ates, FUV intensities and metallicities. We applied PDFCHEM to
wo hypothetical A V, obs -PDFs representing a non-star-forming and
 star-forming ISM distributions. Our results can be summarized as
ollows: 

(i) The demanding inhomogeneous PDR calculations in advanced
D hydrodynamical simulations can be reproduced by a simple one-
imensional density distribution (the ‘variable density slab’) and
hich results from the empirical A V, eff − n H relation of equation ( 3 ).
e distinguish between the ef fecti ve (local) and the observed visual

 xtinctions, A V, eff and A V, obs respectiv ely, and we show that for a
etter interpretation of the observed PDR data, a conversion relation
etween these two quantities must be considered (equation 6 ). 

(ii) The non-star-forming distribution remains molecular for a
ombination of low FUV intensities and low ζ CR . In the extreme
ase of Z = 0 . 1 Z � it is al w ays atomic, whereas in the case of
 = 2 Z � is remains molecular for higher combinations of χ / χ0 

nd ζ CR . Its molecular phase is almost al w ays C II -dominated in
erms of the abundance, and it is [C II ]-bright for χ / χ0 > 1. For lower
UV intensities it is either CO(1-0) or [C I ](1-0) bright depending on
CR . This distribution remains in general optically thin in [C II ] and
C I ](1-0), but can become quickly CO(1-0) optically thick. 

(iii) The star-forming distribution remains molecular for almost
ny combination of χ / χ0 –ζ CR explored, except when Z = 0 . 1 Z �
or which it is atomic for χ / χ0 > 5 and ζCR > 10 −15 s −1 . In terms
f the abundance, the molecular phase is dominated either by C II ,
 I or CO depending on the ISM conditions. Similarly, it can be
ither [C II ], [C I ](1-0) or CO(1-0) bright when it comes to line
mission. In general, the power-law tail does not significantly affect
he results of the log-normal component, but we do observe a change
n the conditions leading to the H I -to-H 2 transition. This distribution
emains in principle optically thin in [C II ]. It is also optically thin
n [C I ](1-0) for sub-solar metallicities only. As with the non-star-
orming distribution, it is almost al w ays optically thick in CO(1-0). 

(iv) We find that the CO-to-H 2 conversion factor depends more
trongly on the ISM environmental parameters than the CI-to-H 2 

oes. The latter is found to depend weakly on metallicity and remains
NRAS 519, 729–753 (2023) 
pproximately constant for ζCR � 10 −15 s −1 , making it a powerful
lternative tracer to CO in such environments. As an H 2 tracer, [C II ]
s found to remain remarkably independent of metallicity. It decreases
hen both the FUV intensity and metallicity increase and for high

osmic-ray energy densities, it depends almost entirely on ζ CR . 
(v) We identify the HCO 

+ /CO abundance ratio as a tool to con-
train the ζ CR value. Contrary to the non-star-forming distribution,
e find that for the star-forming A V, obs -PDF, it remains largely

ndependent of the value of the FUV intensity. We also identify
he [C II ]/[C I ](1-0) and [C II ]/[C I ](2-1) line ratios as useful tools to
onstrain the FUV intensity, as they both depend weakly on the ζ CR 

alue. 

The significant advantage of PDFCHEM o v er 3D-hydro + radiativ e
ransfer codes to solve for the PDR properties in a negligible
omputational time, allows the exploration of various combinations
f PDFs, and to understand the ISM properties of large-scale systems
ncluding local clouds and high-redshift galaxies. 

C K N OW L E D G E M E N T S  

he authors thank the anonymous referee for useful comments
hich impro v ed the clarity of this work. The authors thank Pierre
 ̈urnbenger for improving the quality of Figs 9 and 11 and
ei Tanaka for the discussions. TGB acknowledges support from
eutsche Forschungsgemeinschaft (DFG) grant No. 424563772.
vD is supported by the European Research Council (ERC) under the
uropean Union’s Horizon 2020 research and innovation program

grant agreement No. 101019751 MOLDISK). CYH acknowledges
upport from the DFG via German-Israel Project Cooperation grant
TE1869/2-1 GE625/17-1. 

ATA  AVAI LABI LI TY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

breu-Vicente J., Kainulainen J., Stutz A., Henning T., Beuther H., 2015,
A&A , 581, A74 

ccurso G., Saintonge A., Bisbas T. G., Viti S., 2017a, MNRAS , 464, 3315 
ccurso G. et al., 2017b, MNRAS , 470, 4750 
llen R. J., Hogg D. E., Engelke P. D., 2015, AJ , 149, 123 
mor ́ın R., Mu ̃ noz-Tu ̃ n ́on C., Aguerri J. A. L., Planesas P., 2016, A&A , 588,

A23 
ppel S. M., Burkhart B., Semenov V. A., Federrath C., Rosen A. L., 2022,

ApJ , 927, 75 
uddy S., Basu S., Kudoh T., 2018, MNRAS , 474, 400 
ellocchi E. et al., 2020, A&A , 642, A166 
ergin E. A., Hartmann L. W., Raymond J. C., Ballesteros-Paredes J., 2004,

ApJ , 612, 921 
euther H. et al., 2014, A&A , 571, A53 
ialy S., 2020, ApJ , 903, 62 
ialy S., Sternberg A., 2015, MNRAS , 450, 4424 
ialy S., Neufeld D., Wolfire M., Sternberg A., Burkhart B., 2019, ApJ , 885,

109 
igiel F. et al., 2020, ApJ , 903, 30 
isbas T. G., Bell T. A., Viti S., Yates J., Barlow M. J., 2012, MNRAS , 427,

2100 
isbas T. G., Papadopoulos P. P., Viti S., 2015, ApJ , 803, 37 
isbas T. G., Tanaka K. E. I., Tan J. C., Wu B., Nakamura F., 2017b, ApJ ,

850, 23 

http://dx.doi.org/10.1051/0004-6361/201424959
http://dx.doi.org/10.1093/mnras/stw2580
http://dx.doi.org/10.1093/mnras/stx1556
http://dx.doi.org/10.1088/0004-6256/149/4/123
http://dx.doi.org/10.1051/0004-6361/201526397
http://dx.doi.org/10.3847/1538-4357/ac4be3
http://dx.doi.org/10.1093/mnras/stx2740
http://dx.doi.org/10.1051/0004-6361/202037782
http://dx.doi.org/10.1086/422578
http://dx.doi.org/10.1051/0004-6361/201424757
http://dx.doi.org/10.3847/1538-4357/abb804
http://dx.doi.org/10.1093/mnras/stv851
http://dx.doi.org/10.3847/1538-4357/ab487b
http://dx.doi.org/10.3847/1538-4357/abb677
http://dx.doi.org/10.1111/j.1365-2966.2012.22077.x
http://dx.doi.org/10.1088/0004-637X/803/1/37
http://dx.doi.org/10.3847/1538-4357/aa94c5


Determining the PDR properties of the ISM using PDFCHEM 749 

B  

B  

B
B
B
B
B
B
B
B
B  

B
C
C
C  

C
C
C  

D
D
D  

D
D
D  

E  

F  

F
F
F  

F
F
F
G
G
G
G
G
G
G
G
G
G  

G
G
G  

G  

G
G
G
G
G
G
G  

G  

G
H  

H
H  

H
H
H
H
H
H
H
H
H
H  

H
H  

H  

H
H
H
I
J
J
K
K
K
K
K  

K
K
K
L  

L
L
L
L
L
L
L
L
L
M
M  

M
M
M
M
M  

M
M
M  

M
M  

N
N

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/729/6852952 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
isbas T. G., van Dishoeck E. F., Papadopoulos P. P., Sz ̋ucs L., Bialy S.,
Zhang Z.-Y., 2017a, ApJ , 839, 90 

isbas T. G., Schruba A., van Dishoeck E. F., 2019, MNRAS , 485, 3097
(Paper I) 

isbas T. G., Tan J. C., Tanaka K. E. I., 2021, MNRAS , 502, 2701 (B21) 
isbas T. G. et al., 2022, ApJ , 934, 115 
lack J. H., Dalgarno A., 1973, ApL, 15, 79 
olatto A. D., Wolfire M., Leroy A. K., 2013a, ARA&A , 51, 207 
olatto A. D. et al., 2013b, Nature , 499, 450 
oogaard L. A. et al., 2020, ApJ , 902, 109 
oselli A., Gavazzi G., Lequeux J., Pierini D., 2002, A&A , 385, 454 
othwell M. S. et al., 2017, MNRAS , 466, 2825 
radford C. M., Nikola T., Stacey G. J., Bolatto A. D., Jackson J. M., Savage

M. L., Davidson J. A., Higdon S. J., 2003, ApJ , 586, 891 
urkhart B., Mocz P., 2019, ApJ , 879, 129 
appellari M. et al., 2011, MNRAS , 413, 813 
ardelli J. A., Meyer D. M., Jura M., Savage B. D., 1996, ApJ , 467, 334 
artledge S. I. B., Lauroesch J. T., Meyer D. M., Sofia U. J., 2004, ApJ , 613,

1037 
aselli P., Walmsley C. M., Terzie v a R., Herbst E., 1998, ApJ , 499, 234 
lark P. C., Glo v er S. C. O., 2014, MNRAS , 444, 2396 
lark P. C., Glo v er S. C. O., Ragan S. E., Shetty R., Klessen R. S., 2013,

ApJL , 768, L34 
addi E. et al., 2010, ApJ , 713, 686 
addi E. et al., 2015, A&A , 577, A46 
e Looze I., Baes M., Bendo G. J., Cortese L., Fritz J., 2011, MNRAS , 416,

2712 
raine B. T., 1978, ApJS , 36, 595 
ufour G., Charnley S. B., 2021, ApJ , 909, 171 
ullemond C. P., Juhasz A., Pohl A., Sereshti F., Shetty R., Peters T.,

Commercon B., Flock M., 2012, Astrophysics Source Code Library, 
record ascl:1202.015 

sposito F., Vallini L., Pozzi F., Casasola V., Mingozzi M., Vignali C.,
Gruppioni C., Salvestrini F., 2022, MNRAS , 512, 686 

ederman S. R., Rawlings J. M. C., Taylor S. D., Williams D. A., 1996,
MNRAS , 279, L41 

ederrath C., Klessen R. S., 2013, ApJ , 763, 51 
eldmann R., Gnedin N. Y., Kravtsov A. V., 2012, ApJ , 747, 124 
erland G. J., Korista K. T., Verner D. A., Ferguson J. W., Kingdon J. B.,

Verner E. M., 1998, PASP , 110, 761 
erland G. J. et al., 2017, RMxAA, 53, 385 
lannery B. P., Roberge W., Rybicki G. B., 1980, ApJ , 236, 598 
roebrich D., Rowles J., 2010, MNRAS , 406, 1350 
aches B. A. L., Offner S. S. R., Bisbas T. G., 2019, ApJ , 878, 105 
aches B. A. L., Bisbas T. G., Bialy S., 2022, A&A , 658, A151 
alametz M. et al., 2020, A&A , 643, A63 
allerani S., Ferrara A., Neri R., Maiolino R., 2014, MNRAS , 445, 2848 
alliano F., Dwek E., Chanial P., 2008, ApJ , 672, 214 
arratt T. K. et al., 2021, ApJ , 912, 62 
enzel R. et al., 2010, MNRAS , 407, 2091 
enzel R. et al., 2012, ApJ , 746, 69 
erin M., Neufeld D. A., Goicoechea J. R., 2016, ARA&A , 54, 181 
irichidis P., Konstandin L., Whitworth A. P., Klessen R. S., 2014, ApJ , 781,

91 
irichidis P. et al., 2016b, ApJL , 816, L19 
irichidis P. et al., 2016a, MNRAS , 456, 3432 
iveon U., Sternberg A., Lutz D., Feuchtgruber H., Pauldrach A. W. A., 2002,

ApJ , 566, 880 
lo v er S. C. O., Federrath C., Mac Low M.-M., Klessen R. S., 2010, MNRAS ,

404, 2 
odard B., Falgarone E., Pineau des For ̂ ets G., 2014, A&A , 570, A27 
oicoechea J. R., Le Bourlot J., 2007, A&A , 467, 1 
ong M., Ostriker E. C., Wolfire M. G., 2017, ApJ , 843, 38 
ong M., Ostriker E. C., Kim C.-G., 2018, ApJ , 858, 16 
ong M., Ostriker E. C., Kim C.-G., Kim J.-G., 2020, ApJ , 903, 142 
oodman A. A., Pineda J. E., Schnee S. L., 2009, ApJ , 692, 91 
 ́orski K. M., Hivon E., Banday A. J., Wandelt B. D., Hansen F. K., Reinecke

M., Bartelmann M., 2005, ApJ , 622, 759 
rassi T., Bovino S., Schleicher D. R. G., Prieto J., Seifried D., Simoncini
E., Gianturco F. A., 2014, MNRAS , 439, 2386 

redel R., van Dishoeck E. F., Black J. H., 1993, A&A, 269, 477 
ailey-Dunsheath S., Nikola T., Stacey G. J., Oberst T. E., P arshle y S. C.,

Benford D. J., Staguhn J. G., Tucker C. E., 2010, ApJL , 714, L162 
arrington K. C. et al., 2021, ApJ , 908, 95 
aworth T. J., Glover S. C. O., Koepferl C. M., Bisbas T. G., Dale J. E., 2018,

New Astron. Rev. , 82, 1 
elder E. A. et al., 2013, ApJ , 764, 11 
enr ́ıquez-Brocal K. et al., 2022, A&A , 657, L15 
errera-Camus R. et al., 2012, ApJ , 752, 112 
errera-Camus R. et al., 2015, ApJ , 800, 1 
errera-Camus R. et al., 2018, ApJ , 861, 94 
odge J. A., da Cunha E., 2020, RSOS , 7, 200556 
oldship J., Viti S., 2022, A&A , 658, A103 
oldship J. et al., 2021, A&A , 654, A55 
ollenbach D. J., Tielens A. G. G. M., 1999, RvMP , 71, 173 
ollenbach D., Kaufman M. J., Neufeld D., Wolfire M., Goicoechea J. R.,

2012, ApJ , 754, 105 
opkins P. F. et al., 2018, MNRAS , 480, 800 
u C.-Y., Naab T., Walch S., Glo v er S. C. O., Clark P. C., 2016, MNRAS ,

458, 3528 
u C.-Y., Naab T., Glo v er S. C. O., Walch S., Clark P. C., 2017, MNRAS ,

471, 2151 
u C.-Y., Sternberg A., van Dishoeck E. F., 2021, ApJ , 920, 44 
ughes A. et al., 2013, ApJ , 779, 44 
ughes D. H. et al., 1998, Natur , 394, 241 

ndriolo N. et al., 2015, ApJ , 800, 40 
ames T. A., Viti S., Holdship J., Jim ́enez-Serra I., 2020, A&A , 634, A17 
enkins E. B., Tripp T. M., 2011, ApJ , 734, 65 
ainulainen J., Beuther H., Henning T., Plume R., 2009, A&A , 508, L35 
ennicutt R. C., Evans N. J., 2012, ARA&A , 50, 531 
im C.-G., Ostriker E. C., 2017, ApJ , 846, 133 
lessen R. S., Heitsch F., Mac Low M.-M., 2000, ApJ , 535, 887 
nudsen K. K., Walter F., Weiss A., Bolatto A., Riechers D. A., Menten K.,

2007, ApJ , 666, 156 
rieger N. et al., 2020, ApJ , 897, 176 
ritsuk A. G., Norman M. L., Wagner R., 2011, ApJL , 727, L20 
rumholz M. R., McKee C. F., Bland-Hawthorn J., 2019, ARA&A , 57, 227 
e Bourlot J., Pineau des Forets G., Roueff E., Schilke P., 1993, ApJL , 416,

L87 
e Petit F., Nehm ́e C., Le Bourlot J., Roueff E., 2006, ApJS , 164, 506 
eroy A. K. et al., 2011, ApJ , 737, 12 
eroy A. K. et al., 2016, ApJ , 831, 16 
i D. et al., 2018a, ApJS , 235, 1 
i Q., Tan J. C., Christie D., Bisbas T. G., Wu B., 2018b, PASJ , 70, S56 
i J. et al., 2020, ApJ , 889, 162 
o N. et al., 2014, ApJL , 797, L17 
uo G. et al. 2022, preprint ( arXiv:2211.13380 ) 
upi A., Bovino S., 2020, MNRAS , 492, 2818 
a Y. et al., 2022, ApJS , 262, 16 
ackey J., Walch S., Seifried D., Glo v er S. C. O., W ̈unsch R., Aharonian F.,

2019, MNRAS , 486, 1094 
adau P., Dickinson M., 2014, ARA&A , 52, 415 
adden S. C. et al., 2020, A&A , 643, A141 
aloney P. R., Hollenbach D. J., Tielens A. G. G. M., 1996, ApJ , 466, 561 
ashian N. et al., 2015, ApJ , 802, 81 
cElroy D., Walsh C., Markwick A. J., Cordiner M. A., Smith K., Millar T.

J., 2013, A&A , 550, A36 
eijerink R., Spaans M., 2005, A&A , 436, 397 
eijerink R., Spaans M., Israel F. P., 2007, A&A , 461, 793 
eijerink R., Spaans M., Loenen A. F., van der Werf P . P ., 2011, A&A , 525,

A119 
eijerink R. et al., 2013, ApJL , 762, L16 
orlino G., Caprioli D., 2012, AIP Conf. Proc. Vol. 1505, High Energy

Gamma-Ray Astronomy. Am. Inst. Phys., New York, p. 241 
arayanan D., Krumholz M. R., 2014, MNRAS , 442, 1411 
elson R. P., Langer W. D., 1997, ApJ , 482, 796 
MNRAS 519, 729–753 (2023) 

http://dx.doi.org/10.3847/1538-4357/aa696d
http://dx.doi.org/10.1093/mnras/stz405
http://dx.doi.org/10.1093/mnras/stab121
http://dx.doi.org/10.3847/1538-4357/ac7960
http://dx.doi.org/10.1146/annurev-astro-082812-140944
http://dx.doi.org/10.1038/nature12351
http://dx.doi.org/10.3847/1538-4357/abb82f
http://dx.doi.org/10.1051/0004-6361:20020156
http://dx.doi.org/10.1093/mnras/stw3270
http://dx.doi.org/10.1086/367854
http://dx.doi.org/10.3847/1538-4357/ab25ed
http://dx.doi.org/10.1111/j.1365-2966.2010.18174.x
http://dx.doi.org/10.1086/177608
http://dx.doi.org/10.1086/423270
http://dx.doi.org/10.1086/305624
http://dx.doi.org/10.1093/mnras/stu1589
http://dx.doi.org/10.1088/2041-8205/768/2/L34
http://dx.doi.org/10.1088/0004-637X/713/1/686
http://dx.doi.org/10.1051/0004-6361/201425043
http://dx.doi.org/10.1111/j.1365-2966.2011.19223.x
http://dx.doi.org/10.1086/190513
http://dx.doi.org/10.3847/1538-4357/abe1c6
http://dx.doi.org/10.1093/mnras/stac313
http://dx.doi.org/10.1093/mnras/279.3.L41
http://dx.doi.org/10.1088/0004-637X/763/1/51
http://dx.doi.org/10.1088/0004-637X/747/2/124
http://dx.doi.org/10.1086/316190
http://dx.doi.org/10.1086/157778
http://dx.doi.org/10.1111/j.1365-2966.2010.16769.x
http://dx.doi.org/10.3847/1538-4357/ab20c7
http://dx.doi.org/10.1051/0004-6361/202142411
http://dx.doi.org/10.1051/0004-6361/202038641
http://dx.doi.org/10.1093/mnras/stu2031
http://dx.doi.org/10.1086/523621
http://dx.doi.org/10.3847/1538-4357/abec81
http://dx.doi.org/10.1111/j.1365-2966.2010.16969.x
http://dx.doi.org/10.1088/0004-637X/746/1/69
http://dx.doi.org/10.1146/annurev-astro-081915-023409
http://dx.doi.org/10.1088/0004-637X/781/2/91
http://dx.doi.org/10.3847/2041-8205/816/2/L19
http://dx.doi.org/10.1093/mnras/stv2742
http://dx.doi.org/10.1086/338125
http://dx.doi.org/10.1111/j.1365-2966.2009.15718.x
http://dx.doi.org/10.1051/0004-6361/201423526
http://dx.doi.org/10.1051/0004-6361:20066119
http://dx.doi.org/10.3847/1538-4357/aa7561
http://dx.doi.org/10.3847/1538-4357/aab9af
http://dx.doi.org/10.3847/1538-4357/abbdab
http://dx.doi.org/10.1088/0004-637X/692/1/91
http://dx.doi.org/10.1086/427976
http://dx.doi.org/10.1093/mnras/stu114
http://dx.doi.org/10.1088/2041-8205/714/1/L162
http://dx.doi.org/10.3847/1538-4357/abcc01
http://dx.doi.org/10.1016/j.newar.2018.06.001
http://dx.doi.org/10.1088/0004-637X/764/1/11
http://dx.doi.org/10.1051/0004-6361/202141870
http://dx.doi.org/10.1088/0004-637X/752/2/112
http://dx.doi.org/10.1088/0004-637X/800/1/1
http://dx.doi.org/10.3847/1538-4357/aac0f6
http://dx.doi.org/10.1098/rsos.200556
http://dx.doi.org/10.1051/0004-6361/202142398
http://dx.doi.org/10.1051/0004-6361/202141233
http://dx.doi.org/10.1103/RevModPhys.71.173
http://dx.doi.org/10.1088/0004-637X/754/2/105
http://dx.doi.org/10.1093/mnras/sty1690
http://dx.doi.org/10.1093/mnras/stw544
http://dx.doi.org/10.1093/mnras/stx1773
http://dx.doi.org/10.3847/1538-4357/ac0dbd
http://dx.doi.org/10.1088/0004-637X/779/1/44
http://dx.doi.org/10.1038/28328
http://dx.doi.org/10.1088/0004-637X/800/1/40
http://dx.doi.org/10.1051/0004-6361/201936536
http://dx.doi.org/10.1088/0004-637X/734/1/65
http://dx.doi.org/10.1051/0004-6361/200913605
http://dx.doi.org/10.1146/annurev-astro-081811-125610
http://dx.doi.org/10.3847/1538-4357/aa8599
http://dx.doi.org/10.1086/308891
http://dx.doi.org/10.1086/519761
http://dx.doi.org/10.3847/1538-4357/ab9c23
http://dx.doi.org/10.1088/2041-8205/727/1/L20
http://dx.doi.org/10.1146/annurev-astro-091918-104430
http://dx.doi.org/10.1086/187077
http://dx.doi.org/10.1086/503252
http://dx.doi.org/10.1088/0004-637X/737/1/12
http://dx.doi.org/10.3847/0004-637X/831/1/16
http://dx.doi.org/10.3847/1538-4365/aaa762
http://dx.doi.org/10.1093/pasj/psx136
http://dx.doi.org/10.3847/1538-4357/ab65fa
http://dx.doi.org/10.1088/2041-8205/797/2/L17
https://arxiv.org/abs/2211.13380
http://dx.doi.org/10.1093/mnras/staa048
http://dx.doi.org/10.3847/1538-4365/ac7797
http://dx.doi.org/10.1093/mnras/stz902
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1051/0004-6361/202038860
http://dx.doi.org/10.1086/177532
http://dx.doi.org/10.1088/0004-637X/802/2/81
http://dx.doi.org/10.1051/0004-6361/201220465
http://dx.doi.org/10.1051/0004-6361:20042398
http://dx.doi.org/10.1051/0004-6361:20066130
http://dx.doi.org/10.1051/0004-6361/201015136
http://dx.doi.org/10.1088/2041-8205/762/2/L16
http://dx.doi.org/10.1093/mnras/stu834
http://dx.doi.org/10.1086/304167


750 T. G. Bisbas et al. 

M

N
N
O
O
O  

O  

O
P
P
P
P
P  

P  

P
P
P
P
R
R
R  

R
R
R
R
R
R  

R
R
R  

S
S
S  

S
S
S
S  

S  

S  

S  

S  

S
S
S
S  

S
S
S  

S  

S
S
S
T

T
T
V
V  

V  

v  

v  

 

v
v
V
V  

V  

V
V
V  

V
W
W
W
W  

W
W
W  

X
Y  

Z
Z  

Z

S

S

F  

F  

F  

F  

F  

F  

F  

i
1

P  

o  

A  

c

A
V

T  

w  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/729/6852952 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
elson R. P., Langer W. D., 1999, ApJ , 524, 923 
eufeld D. A., Wolfire M. G., 2017, ApJ , 845, 163 
ffner S. S. R., Bisbas T. G., Viti S., Bell T. A., 2013, ApJ , 770, 49 
ffner S. S. R., Bisbas T. G., Bell T. A., Viti S., 2014, MNRAS , 440, L81 
livier G. M., Lopez L. A., Rosen A. L., Nayak O., Reiter M., Krumholz M.

R., Bolatto A. D., 2021, ApJ , 908, 68 
lsen K. P., Greve T. R., Narayanan D., Thompson R., Toft S., Brinch C.,

2015, ApJ , 814, 76 
lsen K. P. et al., 2021, ApJ , 922, 88 
 ado vani M., Galli D., Glassgold A. E., 2009, A&A , 501, 619 
 ado vani M., Ivlev A. V., Galli D., Caselli P., 2018, A&A , 614, A111 
apadopoulos P. P., 2010, ApJ , 720, 226 
apadopoulos P. P., Thi W.-F., Viti S., 2004, MNRAS , 351, 147 
apadopoulos P . P ., van der Werf P ., Isaak K., Xilouris E. M., 2010, ApJ , 715,

775 
apadopoulos P. P., van der Werf P. P., Xilouris E. M., Isaak K. G., Gao Y.,

M ̈uhle S., 2012, MNRAS , 426, 2601 
apadopoulos P. P. et al., 2014, ApJ , 788, 153 
apadopoulos P., Dunne L., Maddox S., 2022, MNRAS , 510, 725 
ensabene A. et al., 2021, A&A , 652, A66 
loeckinger S., Schaye J., 2020, MNRAS , 497, 4857 
achford B. L. et al., 2002, ApJ , 577, 221 
achford B. L. et al., 2009, ApJS , 180, 125 
angwala N., Maloney P. R., Glenn J., Wilson C. D., Kamenetzky J., Schirm

M. R. P., Spinoglio L., Pereira Santaella M., 2014, ApJ , 788, 147 
ichings A. J., Schaye J., 2016, MNRAS , 458, 270 
iechers D. A., Cooray A., P ́erez-Fournon I., Neri R., 2021, ApJ , 913, 141 
 ̈ollig M., Ossenkopf-Okada V., 2022, A&A , 664, A67 
 ̈ollig M., Szczerba R., Ossenkopf V., Gl ̈uck C., 2013, A&A , 549, A85 
 ̈ollig M. et al., 2007, A&A , 467, 187 
osen A. L., Offner S. S. R., Sada v oy S. I., Bhandare A., V ́azquez-Semadeni

E., Ginsburg A., 2020, Space Sci. Rev. , 216, 62 
osenberg M. J. F. et al., 2015, ApJ , 801, 72 
oueff E., Le Bourlot J., 2020, A&A , 643, A121 
ybak M., Hodge J. A., Vegetti S., van der Werf P., Andreani P., Graziani L.,

McKean J. P., 2020, MNRAS , 494, 5542 
afranek-Shrader C. et al., 2017, MNRAS , 465, 885 
awada T., Koda J., Hasegawa T., 2018, ApJ , 867, 166 
chneider N., Simon R., Kramer C., Kraemer K., Stutzki J., Mookerjea B.,

2003, A&A , 406, 915 
chneider N. et al., 2016, A&A , 587, A74 
chruba A. et al., 2017, ApJ , 835, 278 
eifried D. et al., 2017, MNRAS , 472, 4797 
eifried D., Haid S., Walch S., Borchert E. M. A., Bisbas T. G., 2020a,

MNRAS , 492, 1465 
eifried D., Walch S., Weis M., Reissl S., Soler J. D., Klessen R. S., Joshi P.

R., 2020b, MNRAS , 497, 4196 
heffer Y., Rogers M., Federman S. R., Abel N. P., Gredel R., Lambert D. L.,

Shaw G., 2008, ApJ , 687, 1075 
hi Y., Wang J., Zhang Z.-Y., Gao Y., Armus L., Helou G., Gu Q., Stierwalt

S., 2015, ApJL , 804, L11 
hi Y., Wang J., Zhang Z.-Y., Gao Y., Hao C.-N., Xia X.-Y., Gu Q., 2016,

NatCo , 7, 13789 
himajiri Y. et al., 2017, A&A , 604, A74 
mail I., Ivison R. J., Blain A. W., 1997, ApJL , 490, L5 
mith R. J. et al., 2020, MNRAS , 492, 1594 
obolev V. V., 1960, Moving Envelopes of Stars . Harvard Univ. Press,

Cambridge 
olimano M. et al., 2021, A&A , 655, A42 
pilker A., Kainulainen J., Orkisz J., 2021, A&A , 653, A63 
tacey G. J., Geis N., Genzel R., Lugten J. B., Poglitsch A., Sternberg A.,

Townes C. H., 1991, ApJ , 373, 423 
tace y G. J., Haile y-Dunsheath S., Ferkinhoff C., Nikola T., P arshle y S. C.,

Benford D. J., Staguhn J. G., Fiolet N., 2010, ApJ , 724, 957 
t ̈orzer H., Stutzki J., Sternberg A., 1996, A&A, 310, 592 
tutzki J. et al., 1997, ApJL , 477, L33 
un J., Du F., 2022, Res. Astron. Astrophys. , 22, 065022 
acconi L. J., Genzel R., Sternberg A., 2020, ARA&A , 58, 157 
NRAS 519, 729–753 (2023) 
ang N. et al., 2021, ApJS , 252, 1 
ielens A. G. G. M., Hollenbach D., 1985, ApJ , 291, 722 
alentino F. et al., 2020, ApJ , 890, 24 
allini L., Pallottini A., Ferrara A., Gallerani S., Sobacchi E., Behrens C.,

2018, MNRAS , 473, 271 
allini L., Tielens A. G. G. M., Pallottini A., Gallerani S., Gruppioni C.,

Carniani S., Pozzi F., Talia M., 2019, MNRAS , 490, 4502 
an der Tak F. F. S., Black J. H., Sch ̈oier F. L., Jansen D. J., van Dishoeck E.

F., 2007, A&A , 468, 627 
an Dishoeck E. F., 1992, in Singh P. D., ed., Proc. IAU Symp. 150, As-

trochemistry of Cosmic Phenomena. Kluwer Academic Publishers, Dor-
drecht, p. 143 

an Dishoeck E. F., Dalgarno A., 1984, ApJ , 277, 576 
an Dishoeck E. F., Jonkheid B., van Hemert M. C., 2006, FaDi , 133, 231 
an Loo S., Butler M. J., Tan J. C., 2013, ApJ , 764, 36 
aupr ́e S., Hily-Blant P., Ceccarelli C., Dubus G., Gabici S., Montmerle T.,

2014, A&A , 568, A50 
eltchev T. V., Girichidis P., Donkov S., Schneider N., Stanchev O.,

Marinkova L., Seifried D.,Klessen R. S., 2019, MNRAS , 489, 788 
enemans B. P. et al., 2017, ApJ , 837, 146 
isser R., van Dishoeck E. F., Black J. H., 2009, A&A , 503, 323 
iti S., Roueff E., Hartquist T. W., Pineau des For ̂ ets G., Williams D. A.,

2001, A&A , 370, 557 
izgan D. et al., 2022, ApJ , 929, 92 
alch S. et al., 2015, MNRAS , 454, 238 
eingartner J. C., Draine B. T., 2001, ApJ , 548, 296 
eiß A., Henkel C., Downes D., Walter F., 2003, A&A , 409, L41 
olfire M. G., McKee C. F., Hollenbach D., Tielens A. G. G. M., 2003, ApJ ,

587, 278 
olfire M. G., Vallini L., Che v ance M., 2022, ARA&A , 60, 247 
ootten A., Snell R., Glassgold A. E., 1979, ApJ , 234, 876 
u B., Tan J. C., Nakamura F., Van Loo S., Christie D., Collins D., 2017,

ApJ , 835, 137 
ie T., Allen M., Langer W. D., 1995, ApJ , 440, 674 
oung L. M., Meier D. S., Bureau M., Crocker A., Davis T. A., Topal S.,

2021, ApJ , 909, 98 
anella A. Cibinel A. et al., 2018, MNRAS , 481, 1976 
hang Z.-Y ., Gao Y ., Henkel C., Zhao Y., Wang J., Menten K. M., G ̈usten R.,

2014, ApJL , 784, L31 
hou P. et al., 2022, ApJ , 931, 144 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

igure F1. As in Fig. 8 of the main manuscript but for Z = 0 . 1 Z �.
igure F2. As in Fig. 8 of the main manuscript but for Z = 0 . 5 Z �.
igure F3. As in Fig. 8 of the main manuscript but for Z = 2 . 0 Z �.
igure F4. As in Fig. 10 of the main manuscript but for Z = 0 . 1 Z �.
igure F5. As in Fig. 10 of the main manuscript but for Z = 0 . 5 Z �.
igure F6. As in Fig. 10 of the main manuscript but for Z = 2 . 0 Z �.
igure G1. Carbon phases and HI -to-H 2 transitions as discussed

n Figs 9 and 11 of the main manuscript but for A V /N H = 5 . 3 ×
0 −22 mag cm 

2 . 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors.
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDI X  A :  C O N S T RU C T I O N  O F  T H E  

A RI ABLE  DENSITY  SLAB  

o construct the variable density distribution described in Section 3.3 ,
e consider a minimum density of n min = 0 . 1 cm 

−3 and a maximum
ensity of n max = 10 6 cm 

−3 . The resolution is taken to be 30 points

http://dx.doi.org/10.1086/307823
http://dx.doi.org/10.3847/1538-4357/aa6d68
http://dx.doi.org/10.1088/0004-637X/770/1/49
http://dx.doi.org/10.1093/mnrasl/slu013
http://dx.doi.org/10.3847/1538-4357/abd24a
http://dx.doi.org/10.1088/0004-637X/814/1/76
http://dx.doi.org/10.3847/1538-4357/ac20d4
http://dx.doi.org/10.1051/0004-6361/200911794
http://dx.doi.org/10.1051/0004-6361/201732202
http://dx.doi.org/10.1088/0004-637X/720/1/226
http://dx.doi.org/10.1111/j.1365-2966.2004.07762.x
http://dx.doi.org/10.1088/0004-637X/715/2/775
http://dx.doi.org/10.1111/j.1365-2966.2012.21001.x
http://dx.doi.org/ 10.1088/0004-637X/788/2/153
http://dx.doi.org/10.1093/mnras/stab3194
http://dx.doi.org/10.1051/0004-6361/202039696
http://dx.doi.org/10.1093/mnras/staa2172
http://dx.doi.org/10.1086/342146
http://dx.doi.org/10.1088/0067-0049/180/1/125
http://dx.doi.org/10.1088/0004-637X/788/2/147
http://dx.doi.org/10.1093/mnras/stw327
http://dx.doi.org/10.3847/1538-4357/abf6d7
http://dx.doi.org/10.1051/0004-6361/202141854
http://dx.doi.org/10.1051/0004-6361/201118190
http://dx.doi.org/10.1051/0004-6361:20065918
http://dx.doi.org/10.1007/s11214-020-00688-5
http://dx.doi.org/10.1088/0004-637X/801/2/72
http://dx.doi.org/10.1051/0004-6361/202039085
http://dx.doi.org/10.1093/mnras/staa879
http://dx.doi.org/10.1093/mnras/stw2647
http://dx.doi.org/10.3847/1538-4357/aae395
http://dx.doi.org/10.1051/0004-6361:20030726
http://dx.doi.org/10.1051/0004-6361/201527144
http://dx.doi.org/10.3847/1538-4357/835/2/278
http://dx.doi.org/10.1093/mnras/stx2343
http://dx.doi.org/10.1093/mnras/stz3563
http://dx.doi.org/10.1093/mnras/staa2231
http://dx.doi.org/10.1086/591484
http://dx.doi.org/10.1088/2041-8205/804/1/L11
http://dx.doi.org/10.1038/ncomms13789
http://dx.doi.org/10.1051/0004-6361/201730633
http://dx.doi.org/10.1086/311017
http://dx.doi.org/10.1093/mnras/stz3328
http://dx.doi.org/10.4159/harvard.9780674864658
http://dx.doi.org/10.1051/0004-6361/202141835
http://dx.doi.org/10.1051/0004-6361/202040021
http://dx.doi.org/10.1086/170062
http://dx.doi.org/10.1088/0004-637X/724/2/957
http://dx.doi.org/10.1086/310514
http://dx.doi.org/10.1088/1674-4527/ac6b91
http://dx.doi.org/10.1146/annurev-astro-082812-141034
http://dx.doi.org/10.3847/1538-4365/abca94
http://dx.doi.org/10.1086/163111
http://dx.doi.org/10.3847/1538-4357/ab6603
http://dx.doi.org/10.1093/mnras/stx2376
http://dx.doi.org/10.1093/mnras/stz2837
http://dx.doi.org/10.1051/0004-6361:20066820
http://dx.doi.org/10.1086/161729
http://dx.doi.org/10.1039/b517564j
http://dx.doi.org/10.1088/0004-637X/764/1/36
http://dx.doi.org/10.1051/0004-6361/201424036
http://dx.doi.org/10.1093/mnras/stz2151
http://dx.doi.org/10.3847/1538-4357/aa62ac
http://dx.doi.org/10.1051/0004-6361/200912129
http://dx.doi.org/10.1051/0004-6361:20010246
http://dx.doi.org/10.3847/1538-4357/ac5cba
http://dx.doi.org/10.1093/mnras/stv1975
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1051/0004-6361:20031337
http://dx.doi.org/10.1086/368016
http://dx.doi.org/10.1146/annurev-astro-052920-010254
http://dx.doi.org/10.1086/157569
http://dx.doi.org/10.3847/1538-4357/835/2/137
http://dx.doi.org/10.1086/175305
http://dx.doi.org/10.3847/1538-4357/abe126
http://dx.doi.org/10.1093/mnras/sty2394
http://dx.doi.org/10.1088/2041-8205/784/2/L31
http://dx.doi.org/10.3847/1538-4357/ac63b5
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac3487#supplementary-data


Determining the PDR properties of the ISM using PDFCHEM 751 

Figure A1. Density profile of the variable density slab resulting from the 
A V, eff − n H relation. The position ( x -axis) describes the ef fecti ve location 
of each n H in the three-dimensional space and does not represent the size 
of the cloud. The shadowed region has A V , eff < 0 . 3 mag and it is atomic for 
av erage (Milk y Way) ISM environmental conditions. 
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Figure B1. Antenna temperatures versus column density for CO (1-0), 
[C I ] (1-0), [C II ] 158 μm, [O I ] 63 μm. Solid lines are the results of the 
Section 3.6 radiative-transfer scheme used in PDFCHEM , and dashed-thick 
dotted line are RADEX results. There is an excellent agreement between the 
two algorithms. 
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ogarithmic spaced per n dex, thus a total of 210 points. The difference
etween two consecutive densities corresponds to a 	 x displacement 
atisfying the relation 

x( n i ) = 

0 . 05 
(
e 1 . 6 n 

0 . 12 
i − e 1 . 6 n 

0 . 12 
i−1 

)
A V , 0 n i 

, i ≥ 1 . (A1) 

n the abo v e, A V , 0 = 6 . 3 × 10 −22 mag cm 

2 and n i is in units of cm 

−3 ,
hus 	 x is in units of cm. The special case of i = 0 defines the edge of
he cloud in which 	 x ( n 0 ) = 0 for n 0 ≡ n min . Thus, the ef fecti ve length
f the cloud is L = 

∑ 

i 	x( n i ) � 178 . 56 pc . This length represents
he ef fecti ve location of each n H in the three-dimensional space and
hall not be considered as the size of the cloud. Fig. A1 shows the
esultant density profile in black solid line. Note that the slope of
he function becomes very steep for L � 175 pc corresponding to 
 H � 10 2 cm 

−3 . 

PPENDIX  B:  C O M PA R I S O N  WITH  R A D E X  

e perform a benchmarking test to compare our radiative transfer 
lgorithm presented in Section 3.6 and used in PDFCHEM , with the
idely used RADEX algorithm 

10 (van der Tak et al. 2007 ). For this
est we perform a 3D-PDR calculation of an one-dimensional uniform 

ensity cloud with n H = 10 3 cm 

−3 H-nucleus number density and 
 constant temperature of T gas = 40 K everywhere in the cloud
isothermal). The cloud has an A V = 10 2 mag visual extinction. In
he PDR calculations, we neglect the FUV radiation field by setting 
/ χ0 = 0 and we adopt a microturbulent velocity of v turb = 1 km s −1 .
he latter corresponds to a RADEX linewidth equal to 

inewidth = 2 
√ 

2 ln (2) 

√ 

k B T gas 

m mol 
+ 

v 2 turb 

2 
� 1 . 7 km s −1 , (B1) 

here k B is Boltzmann’s constant and m mol is the molecular mass of

ach coolant. 

0 https:// home.strw.leidenuniv.nl/ ∼moldata/radex.html 

w
 

b  
We solve the radiative transfer equation and obtain the radia- 
ion temperatures, T r , of [C II ] 158 μm, [C I ] (1-0), CO (1-0), and
O I ] 63 μm. Fig. B1 shows the comparison between the radiative
ransfer scheme (‘ PDFCHEM ’) and RADEX . As can be seen the results
btained by both codes are in broad agreement. Similar behaviour is
bserved also with the rest of cooling lines we consider. 

PPENDI X  C :  EFFECT  O F  T H E  

U P R ATH E R M A L  SWITCH  

s described in Section 3.2 , the PDR calculations used for the
bo v e results include the switch of CO formation path via CH 

+ .
t is interesting to explore the effect it has compared to the classical
DR approach (e.g. R ̈ollig et al. 2007 ) which excludes it. For this,
e have re-run the grid of models for Z = 1 Z � and have applied our
ethod to the non star-forming A V, obs −PDF case. We compare the
 I -to-H 2 transition and explore the pairs of ( ζ CR , χ / χ0 ) that make

he antenna temperature of CO J = 1 − 0 the dominant one amongst
ll carbon phases. 

Fig. C1 shows this comparison when the suprathermal switch is 
nabled (‘SUP ON’; black lines and gray region) and disabled (‘SUP
FF’; red lines and region). Once the suprathermal switch is disabled, 

he H I -to-H 2 is found to occur for higher pairs of χ / χ0 and ζ CR , which
eans that the transition occurs at higher depths into the cloud. This

s due to the destruction of H 2 by C 

+ in addition to photodissociation
see also Appendix A of Paper I). The grey shadowed region, showing 
he range in which T A (CO 1-0) dominates, is much more extended
n the ‘ON’ case than in the ‘OFF’ case, the latter marked in red
hadow. In particular it is found that T A CO(1-0) dominates in the
OFF’ case only for a very small range of ISM parameters with
CR � 2 × 10 −16 s −1 and χ / χ0 � 0.3 as opposed in the ‘ON’ case
here ζCR � 2 × 10 −15 s −1 and, in general, χ / χ0 � 1. 
As a result, the suprathermal formation of CO via CH 

+ can affect
oth the H I -to-H 2 transition but most importantly it can make an ISM
MNRAS 519, 729–753 (2023) 
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M

Figure C1. The H I -to-H 2 transition and the antenna temperature of CO J = 

1 − 0 at solar metallicity for the non-star-forming ISM distribution, when the 
suprathermal switch is enabled (‘SUP ON’, black lines) and disabled (‘SUP 
OFF’, red lines). The H I -to-H 2 transition (solid lines) occurs at higher visual 
extinctions due to the destruction of H 2 by C 

+ . The shaded regions indicate 
when the antenna temperature of CO J = 1 − 0 dominates o v er that of other 
species in the carbon cycle (grey coloured for ‘SUP ON’, red coloured for 
‘SUP OFF’). 
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Figure D1. Optical depths of [C II ] 158 μm (left column), [C I ](1-0) (middle 
column) and CO(1-0) (right column) for Z = 0.1, 0.5, 1.0, and 2 . 0 Z � (top- 
to-bottom), for the non-star-forming distribution. The red solid line marks the 
H I -to-H 2 transition. The white dashed and the white solid lines correspond to 
τ = 0.5, i.e. when optical depth effects start to become important, and τ = 1, 
i.e. when the line has become optically thick, respectively. 
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istribution to be bright in CO(1-0) for a much wider range of ISM
nvironmental parameters. 

PPENDIX  D :  O P T I C A L  D E P T H S  F O R  T H E  

ON-STAR-FORMING  DISTRIBU TION  

ig. D1 shows optical depth ( τ ) maps of the [C II ] 158 μm, [C I ](1-0)
nd CO(1-0) for all ISM environmental parameters. As with Fig. 8 ,
he red solid line represent the H I -to-H 2 transition. We also mark with
hite dotted lines the condition at which τ = 0.5 and with white solid

ines the τ = 1 condition. These conditions show when optical depth
ffects start to be important and when the line has become optically
hick, respectively. 

As discussed in Section 5.1.2 , for Z = 0 . 1 Z � the distribution is
argely atomic and [C II ] 158 μm bright, thus [C I ](1-0) and CO(1-
) are expected to be quite faint. Nevertheless, it is found that all
forementioned lines are very optically thin under all combinations
f ζ CR and χ / χ0 (panels a-c). For Z = 0 . 5 Z �, the molecular phase of
he distribution is also optically thin in [C II ] and [C I ](1-0) (panels d-
), but becomes optically thick in the CO(1-0) line as ζ CR approaches
10 −16 s −1 (panel f). 
For Z = 1 Z �, it is found that both [C II ] and [C I ](1-0) remain

ptically thin (panels g-h) with the latter to have τ � 0.5 for only
 combination of very low ζ CR and χ / χ0 . On the contrary, CO(1-
) (panel i) becomes optically thick for χ / χ0 � 0.5 when ζCR �
0 −16 s −1 . Notably, for moderate cosmic-rays ( ζCR ∼ 7 × 10 −16 s −1 )
t remains optically thick for FUV intensities up to χ / χ0 � 1. 

For Z = 2 Z �, τCII � 0.5 for χ / χ0 � 5 regardless of the ζ CR 

arameter for molecular conditions (panel j). We, therefore, find that
his line may experience optical depth effects especially at higher
UV intensities. The [C I ](1-0) line becomes optically thick, with τCI 

1 for χ / χ0 < 0.5 and for ζCR � 10 −16 s −1 (panel k). Interestingly,
NRAS 519, 729–753 (2023) 
O(1-0) is optically thick for conditions similar to those for the
C I ](1-0) (panel l). Looking at the response of τCO for Z = 0.5
nd 1 . 0 Z � (panels f & i), one would expect to find a distribution
hat would be much more optically thick in CO(1-0) for Z = 2 . 0 Z �.
o we ver, because higher metallicity implies higher visual extinction,

he suprathermal switch plays a minor role here and ceases to be
mportant at lower A V than in the abo v e cases. Consequently, CO
oes not form as quickly at low A V as for Z � 1 Z � and given
hat the non-star-forming ISM is a low column density distribution,
educes the optical depth of CO(1-0). It is further noted that should the
 = 0 . 1 − 1 Z � models not include the suprathermal CO formation
ath, it would result in optically thin CO(1-0). 

PPENDI X  E:  O P T I C A L  D E P T H S  F O R  T H E  

TAR-FORMI NG  DI STRI BU TI ON  

ig. E1 shows the optical depths of the basic carbon cycle emission
ines. For Z = 0 . 1 Z �, both [C II ] and [C I ](1-0) remain optically thin
panels a,b), whereas CO(1-0) has τCO ∼ 0.5 for molecular conditions
nd for χ / χ0 � 1 (panel c). For Z = 0 . 5 Z �, [C II ] remains optically
hin (panel d) but [C I ](1-0) experiences optical depth effects for
ow FUV intensities and low ζ CR values (panel e). On the other
and, CO(1-0) (panel f) becomes quickly optically thick for ζCR �
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Figure E1. As in Fig. D1 for the star-forming ISM. 
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0 −15 s −1 and, interestingly, τCO depends primarily on the value of 
he cosmic-ray ionization rate. 

For Z = 1 Z �, [C II ] experiences optical depth effects for ζCR �
 × 10 −15 s −1 and χ / χ0 � 20, as well as for ζCR � 8 × 10 −15 s −1 

egardless of the FUV intensity (panel g). For moderate ζ CR and 
or χ / χ0 � 10, [C I ](1-0) becomes optically thick (panel h). As in
he Z = 0 . 5 Z � case, CO(1-0) becomes optically thick for ζCR � 8 ×
0 −15 s −1 (panel i). Finally, for Z = 2 Z �, [C II ] is optically thick
or ζCR � 10 −14 s −1 , and both [C I ](1-0) and CO(1-0) (panels k,l) are
lso very optically thick for almost all combinations of ζ CR –FUV 

ntensities. 
As a result, for such an A V, obs -PDF, CO(1-0) is optically thick

or almost all conditions explored while [C I ](1-0) and [C II ] become
ptically thick for metallicities of Z � 1 . 0 Z �. 
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