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ABSTRACT

The advent of new sub-millimetre (sub-mm) observational facilities has stimulated the desire

to model the sub-mm line emission of galaxies within cosmological galaxy formation models.

This is typically done by applying sub-resolution recipes to describe the properties of the

unresolved interstellar medium (ISM). While there is freedom in how one implements sub-

resolution recipes, the impact of various choices has yet to be systematically explored. We

combine a semi-analytic model of galaxy formation with chemical equilibrium networks and

numerical radiative transfer models and explore how different choices for the sub-resolution

modelling affect the predicted CO, [C I], and [C II] emission of galaxies. A key component

for a successful model includes a molecular cloud mass–size relation and scaling for the

ultraviolet and cosmic ray radiation field that depend on local ISM properties. Our most

successful model adopts a Plummer radial density profile for gas within molecular clouds.

Different assumptions for the clumping of gas within molecular clouds and changes in the

molecular cloud mass distribution function hardly affect the CO, [C I], and [C II] luminosities

of galaxies. At fixed star formation rate, the [C II]–SFR ratio of galaxies scales inversely with

the pressure acting on molecular clouds, increasing the molecular clouds density and hence

decreasing the importance of [C II] line cooling. We find that it is essential that a wide range

of sub-mm emission lines arising in vastly different phases of the ISM are used as model

constraints in order to limit the freedom in sub-grid choices.

Key words: ISM: atoms – ISM: lines and bands – ISM: molecules – Galaxy: formation –

galaxies: evolution – galaxies: ISM.

1 IN T RO D U C T I O N

Sub-millimetre (sub-mm) astronomy has grown significantly over

the last decade with the advent of new and improved instruments

such as the Atacama Large (sub-)Millimeter Array, the NOrthern

Extended Millimeter Array, and the Large Millimeter Telescope.

This field is expected to grow even further once new instruments

⋆ E-mail: popping@mpia.de

†MPIA Fellow.

such as the Cerro Chajnantor Atacama Telescope (CCAT)-prime

and the currently discussed new instruments such as the next-

generation Very Large Array and the Atacama Large-Aperture

Submm/mm Telescope (AtLAST) come online. The quick rise in

sub-mm collecting area and sensitivity has enabled the efficient col-

lection of sub-mm emission-line information for large numbers of

galaxies over cosmic time (see reviews by Carilli & Walter 2013;

Casey, Narayanan & Cooray 2014).

At the same time, the available and expected observations from

the newest generation of sub-mm facilities present a new and strin-
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gent challenge to theoretical models of galaxy formation. In par-

ticular, the rapidly growing number of CO (e.g. Daddi et al. 2010;

Aravena et al. 2014; Tacconi et al. 2013; Walter et al. 2016; Decarli

et al. 2016; Papovich et al. 2016; Tacconi et al. 2018), [C I] (e.g.

Bothwell et al. 2017; Popping et al. 2017b), and [C II] (e.g. Bris-

bin et al. 2015; Capak et al. 2015; Schaerer et al. 2015; Knudsen

et al. 2016; Inoue et al. 2016) detections at z > 0 place a strong

constraint on the interstellar medium (ISM) phase structure within

galaxy formation models (see for a recent review Carilli & Wal-

ter 2013, and compilations presented in for example Olsen et al.

2017; Tacconi et al. 2018). As a result, there has been signifi-

cant interest within the galaxy formation community in modelling

physics of these line emission processes within galaxy formation

simulations.

The main challenges when predicting the sub-mm line emis-

sion from galaxy formation models is the large dynamic range

of physical scales that have to be addressed. A successful model

simultaneously needs to address galaxy baryonic physics acting

on Mpc (or even larger cosmological scales), kpc, and pc scales

for the distribution of matter within galaxies and the physics act-

ing upon this matter, and atomic physics on sub-pc scales within

molecular clouds. Combining these scales within one model is

not computationally feasible, which has made theorists resort to

‘sub-resolution approaches’ (also called ‘sub-grid’). Developing

these sub-grid approaches is not always straightforward and is usu-

ally based on either high-resolution idealized simulations or ob-

servations. In this paper, we do not discuss the sub-grid recipes

invoked to describe physical processes acting on the baryons in

galaxies [e.g. star formation (SF), stellar, and active galactic nuclei

(AGNs) feedback, Somerville & Davé 2015. Instead we focus on

the key sub-grid choices that are relevant in the context of mod-

elling sub-mm line emission from galaxies in post-processing. This

includes assumptions for the distribution and density profiles of

molecular clouds, the radiation field, and the treatment of ionized

gas.

Over the last decade multiple groups have focused on the mod-

elling of sub-mm emission lines such as CO, [C I], and [C II] from

galaxies, either based on semi-analytic galaxy formation models

(Lagos et al. 2012; Popping et al. 2014b, 2016; Lagache, Cousin &

Chatzikos 2018), hydrodynamic models (Nagamine, Wolfe & Hern-

quist 2006; Narayanan et al. 2008; Narayanan et al. 2011, 2012;

Narayanan & Krumholz 2014; Olsen et al. 2015a,b; Vallini et al.

2015; Olsen et al. 2017; Katz et al. 2017; Pallottini et al. 2017;

Vallini et al. 2018), or analytic models (Narayanan & Krumholz

2017; Muñoz & Furlanetto 2013; Muñoz & Oh 2016). All these

groups used a (cosmological) galaxy formation model as a starting

point and combined this with machinery to model the sub-mm line

emission of galaxies in post-processing. This machinery usually

includes the coupling to a spectral synthesis code such as CLOUDY

(Ferland et al. 2017) or a photodissociation region (PDR) code such

as DESPOTIC (Krumholz 2013, 2014). An additional essential part of

this machinery is the previously discussed sub-grid choices for the

structure of the ISM. Sub-resolution choices ranging from imposed

floor or fixed densities to varying density profiles (e.g. logotropic,

Plummer, power-law and constant) to varying molecular cloud mass

functions to diverse clumping factors have all been assumed within

the literature (e.g. Lagos et al. 2012; Narayanan et al. 2012; Pop-

ping, Somerville & Trager 2014a; Popping et al. 2016; Olsen et al.

2017; Vallini et al. 2018).

Despite the wide range in assumptions that have been made for

the sub-grid modelling, all these groups have successfully repro-

duced the sub-mm line emission of galaxies compared to obser-

vational constraints. This demonstrates that there is still a lot of

freedom in the choices one can make for the sub-grid physics.

These efforts have typically only focused on the emission from

one molecule or atom (e.g. only CO or only [C II] emission, al-

though see Olsen et al. 2017; Pallottini et al. 2017). That said the

emission from different atomic or molecular species can arise from

drastically different ISM physical conditions. For example, 12CO

(hereafter, CO) typically is associated with molecular H2 gas, while

atomic [CI] can come from both molecular and neutral gas. Even

more extreme is [CII] emission (emitted by singly ionized car-

bon, C+), which can reside cospatially with molecular, neutral, or

ionized hydrogen. A model that successfully reproduces the [C II]

emission of galaxies therefore does not necessarily reproduce the

emission from a molecular ISM tracer such as CO or HCN as well.

Successfully reproducing the emission from multiple atoms and

molecules simultaneously is therefore more challenging and has

the potential to narrow down the freedom in designing the sub-grid

approaches.

A systematic study of the typical choices made in sub-resolution

modelling and their effect on the observed sub-mm line properties

is thus important. In this paper, we explore how different sub-grid

choices to represent the ISM in galaxies affect the resulting CO,

[C I], and [C II] emission of galaxies, while keeping the underlying

galaxy formation model fixed (other works have also assessed the

impact of some of their sub-resolution prescriptions, e.g. Olsen et al.

2017; Vallini et al. 2018). As a starting point, we use a semi-analytic

model (SAM) of galaxy formation. We explore various sub-grid ap-

proaches to describe the distribution of diffuse and dense gas within

the ISM of galaxies, especially focusing on the mass distribution

function of molecular clouds, the density distribution profile within

molecular clouds, clumping within molecular clouds, the ultravio-

let (UV) and cosmic ray (CR) field impinging on molecular clouds,

and the treatment of ionized gas. We combine chemical equilibrium

networks and numerical radiative transfer models with sub-grid

models to develop a picture of how the emission of CO, [C I], and

[C II] changes within galaxies. We aim to explore if the freedom

in sub-grid assumptions can be limited when using a combination

of multiple sub-mm emission lines as model constraints and try

converge to a fiducial model that best reproduces the CO, [C I],

and [C II] emission of galaxies simultaneously. We do not aim to

derive the characteristics (e.g. density profile) of giant molecular

clouds in galaxies. We rather aim to find an operational prescription

for the sub-mm emission of galaxies. Our conclusions about which

model agrees best with observations are of course sensitive to the

predicted ‘underlying’ properties from our particular SAM. While

these conclusions may be fairly sensitive to the specifics of the

galaxy formation model, the conclusions regarding how the details

of the sub-grid modelling impacts the sub-mm line observables are

robust.

This paper is structured as followed. In Section 2, we de-

scribe the model followed by a brief description of how dif-

ferent sub-grid choices affect the carbon chemistry in molec-

ular clouds (Section 3). In Section 4, we describe the main

results, while we discuss these in Section 5. We summarize

our main results and conclusions in Section 6. Throughout this

paper, we adopt a flat � cold dark matter cosmology with

�0 = 0.28, �� = 0.72, h = H0/(100 km s−1 Mpc−1) = 0.7, σ 8 =

0.812, and a cosmic baryon fraction of fb = 0.1658 (Ko-

matsu et al. 2009) and a Charbier (Chabrier 2003) initial mass

function.

MNRAS 482, 4906–4932 (2019)
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4908 G. Popping et al.

2 M O D E L S

2.1 Galaxy formation model

We use the ‘Santa Cruz’ semi-analytic galaxy formation model

(Somerville & Primack 1999; Somerville, Primack & Faber 2001)

as the underlying galaxy formation model in this paper. Significant

updates to this model are described in Somerville et al. (2008,

2012), Porter et al. (2014), Popping et al. (2014a, from here on

PST14), and Somerville, Popping & Trager (2015, from here on

SPT15). The model tracks the hierarchical clustering of dark matter

haloes, shock heating, and radiative cooling of gas, SN feedback,

SF, AGN feedback (by quasars and radio jets), metal enrichment of

the ISM and intracluster medium, mergers of galaxies, starbursts,

the evolution of stellar populations, the growth of stellar and gaseous

discs, and dust obscuration, as well as the abundance of ionized,

atomic and molecular hydrogen, and a molecular hydrogen-based

SF recipe. In this section we briefly summarize recipes that are

important components of the model with regards to the modelling

of sub-mm emission lines (recipes to track the ionized, atomic, and

molecular hydrogen abundance and the molecule-based SF recipe).

We point the reader to Somerville et al. (2008, 2012), PST14, and

SPT15 for a more detailed description of the model.

The cold gas component of a galaxy within the SAM consists

of an ionized, atomic, and molecular component (as outlined in

PST14 and SPT15). The ionized component may be ionized either

by an external background or by the radiation field from stars within

the galaxy (a fixed fraction fion, int). The external background field

ionizes a slab of gas on each side of the disc. Assuming that all the

gas with a surface density below some critical value �H II is ionized

by the external background, we write (Gnedin 2012)

fion =
�H II

�0

[

1 + ln

(

�0

�H II

)

+ 0.5

(

ln

(

�0

�H II

))2
]

. (1)

Supported by the results of Gnedin (2012), we assume throughout

this paper fion, int = 0.2 (as in the Milky Way, MW) and �H II =

0.4 M⊙ pc−2.

The H2 fraction of the cold gas is computed based on the work by

Gnedin & Kravtsov (2011). The authors performed high-resolution

‘zoom-in’ cosmological simulations including gravity, hydrody-

namics, non-equilibrium chemistry, and simplified 3D on-the-fly

radiative transfer. They find that the H2 fraction of the cold gas can

be described by a simple fitting formula as a function of the dust-to-

gas ratio relative to solar, DMW, the ionizing background radiation

field, UMW, and the surface density of the cold gas, �HI + H2. The

described the molecular hydrogen fraction as

fH2
=

[

1 +
�̃

�HI+H2

]−2

(2)

where

�̃ = 20 M⊙pc−2 �4/7

DMW

1
√

1 + UMWD2
MW

,

� = ln(1 + gD
3/7
MW(UMW/15)4/7),

g =
1 + αs + s2

1 + s
,

s =
0.04

D∗ + DMW

,

α = 5
UMW/2

1 + (UMW/2)2
,

D∗ = 1.5 × 10−3 ln(1 + (3UMW)1.7).

In this work, we assume that the dust-to-gas ratio is proportional

to the metallicity of the gas in solar units DMW = Zgas/Z⊙. We

assume that the local UV background scales with the star forma-

tion rate (SFR) relative to the MW value, UMW = SFR/SFRMW,

where we choose SFRMW = 1.0 M⊙ yr−1 (Murray & Rahman 2010;

Robitaille & Whitney 2010). Popping, Somerville & Galametz

(2017a) included the tracking of dust in the Santa Cruz galaxy

formation model. In a future paper, we will make our models self-

consistent by instead using the modelled dust abundance rather than

gas-phase metallicity to estimate the molecular hydrogen fraction.

The SF recipe in the Santa Cruz SAM is based on an empirical

relationship between the surface density of molecular hydrogen and

the surface density of SF (Bigiel et al. 2008; Genzel et al. 2010;

Bigiel & Blitz 2012), accounting for an increased SF efficiency in

environments with high molecular hydrogen surface densities (see

PST14 and SPT15 for details Sharon et al. 2013; Hodge et al. 2015).

To following expression is used to model SF

�SFR = ASF �H2
/(10 M⊙pc−2)

(

1 +
�H2

�H2,crit

)NSF

, (3)

where �H2
is the surface density of molecular hydrogen and

with ASF = 5.98 × 10−3 M⊙yr−1kpc−2, �H2,crit = 70 M⊙ pc−2,

and NSF = 1.

For this work, we construct the merging histories (or merger

trees) of dark matter haloes based on the extended Press–Schechter

(EPS) formalism following the method described in Somerville &

Kolatt (1999), with improvements described in S08. We prefer EPS

merger trees in this work because they allow us to achieve high-mass

resolution, useful to explore differences in the sub-grid approaches

for low-mass galaxies (nearly identical results are obtained for our

SAM when run on merger trees extracted from N-body simula-

tions and on EPS merger trees; Lu et al. 2014; Porter et al. 2014).

Haloes are resolved down to a minimum progenitor mass Mres of

Mres = 1010 M⊙ for all root haloes, where Mres is the mass of the

root halo and represents the halo mass at the output redshift. A

minimum resolution of Mres = 0.01Mroot is imposed (see appendix

A of Somerville et al. 2015 for more details on this minimum mass

resolution). The simulations were run on a grid of haloes with root

halo masses ranging from 5 × 108 to 5 × 1014 M⊙ at each redshift

of interest, with 100 random realizations at each halo mass. We have

kept the galaxy formation parameters fixed to the values presented

in PST14 and SPT15.

2.2 Sub-mm emission-line modelling

We use DESPOTIC (Krumholz 2014) to model the chemistry and

sub-mm line emission of individual molecular clouds. This work

builds upon the framework described in Narayanan & Krumholz

(2017). We model molecular clouds as radially stratified spheres,

where each sphere is chemically and thermally independent from

one another. Each cloud contains 25 zones, sufficient to produce

converged results for the emergent [C II], [C I], and CO luminosities.

We describe the adopted density distribution within the clouds in

the following section.

We compute the chemical state of each zone using a reduced

carbon–oxygen chemical network (Nelson & Langer 1999), in

combination with a non-equilibrium hydrogen chemical network

(Glover & Mac Low 2007; Glover & Clark 2012). The chemical

reaction and their respective rate coefficients are summarized in

table 2 of Narayanan & Krumholz (2017), and full details on the

network are provided in Glover & Clark (2012). DESPOTIC requires

the strength of the unshielded interstellar radiation field (GUV) and

MNRAS 482, 4906–4932 (2019)
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The art of modelling CO, [C I], and [C II] 4909

the CR primary ionization rate ξCR to iterate over the chemical net-

work. The DESPOTIC implementation of the Glover & Clark (2012)

network includes the effects of dust-shielding on the rates of all pho-

tochemical reactions. We describe how GUV and ξCR are calculated

in the following section.

DESPOTIC iteratively solves for the gas and dust temperature and

the carbon chemistry within each zone of the molecular clouds. It

does this by considering the aforementioned chemical networks and

a number of heating and cooling channels. The principal heating

processes are heating by the grain photoelectric effect, heating of

the dust by the interstellar radiation field, and CR heating of the

gas. The cooling is dominated by line cooling, as well as cooling of

the dust by thermal emission. Our model also includes cooling by

atomic hydrogen excited by electrons via the Lyman α and Lyman β

lines and the two-photon continuum, using interpolated collisional

excitation rate coefficients (Osterbrock & Ferland 2006). Finally,

there is collisional exchange of energy between dust and gas which

becomes particularly relevant at relatively high densities (n � 104

cm−3). A full description of these processes is given in Krumholz

(2014).

DESPOTIC solves for the statistical equilibrium within the level

population of each atomic or molecular species. This is done using

the escape probability approximation for the radiative transfer prob-

lem. DESPOTIC accounts for density variations within a zone due to

turbulence, by including a Mach number-dependent clumping factor

which represents the ratio between the mass- and volume-weighted

density of the gas. It furthermore accounts for the cosmic microwave

background (CMB) as a heating source as well as a background

against which emission lines are observed (see for an extensive dis-

cussion on the importance of the CMB on sub-mm line emission

for example da Cunha et al. 2013; Vallini et al. 2015; Olsen et al.

2017; Lagache et al. 2018). We refer the reader to Krumholz (2014)

and Narayanan & Krumholz (2017) for a more detailed description

of the DESPOTIC model and the adopted chemical networks. We use

the Einstein collisional rate coefficient from the Leiden Atomic and

Molecular Database (Schöier et al. 2005) for our calculations.

2.3 Sub-grid physics: coupling the Santa Cruz SAM to

DESPOTIC

In this subsection, we describe the different assumptions we make

to couple the Santa Cruz SAM to DESPOTIC. We divide the ISM

in three phases, ionized, atomic, and molecular, as described in

Section 2.1. The density distribution of the ISM in each modelled

galaxy follows an exponential profile. We divide the gas into radial

annuli and compute the fraction of molecular, atomic, and ionized

gas as described above. For each annulus, we calculate the sub-mm

line emission arising from the ionized, atomic, and molecular phase.

The integrated sub-mm line emission from a galaxy is calculated by

adding the contribution from each individual annulus. Our sub-grid

approaches mostly focus on the molecular phase, but we will briefly

address the atomic and ionized phases of the ISM towards the end

of this section. A schematic overview of the coupling between the

SAM and DESPOTIC is depicted in Fig. 1.

We want to emphasize that the sub-resolution models mark an

operational prescription to bridge the gap in resolution between

galaxy formation models (a SAM in this work) and the small-

scale cloud physics. One could think of alternative prescriptions for

the sub-resolution physics than presented in this work. Although

interesting, exploring all possible options for each component of

the sub-resolution model is a heroic effort too large for a single

paper. We rather wish to limit ourselves to a number of well-defined

variations in the sub-resolution prescriptions to demonstrate that the

resulting sub-mm line emission predicted by models can be highly

sensitive to even seemingly minor changes in the sub-resolution

physics.

2.3.1 Molecular cloud distribution function

The molecular gas within an annulus is made up by a number of

individual molecular clouds, the masses MMC of which are assumed

to follow a power-law spectrum of the form:

dN

dM
∝ M−β , (4)

where we assume β = 1.8 based on locally observed cloud dis-

tribution functions (Solomon et al. 1987; Blitz et al. 2007; Fukui

et al. 2008; Gratier et al. 2012; Hughes et al. 2013; Faesi, Lada &

Forbrich 2018). We will vary this slope in Section 4.4. We choose

a lower and upper mass limit of 104 and 107 M⊙, respectively. For

every molecular cloud, we calculate the total mass of H2 within

it using DESPOTIC (the outer regions of a molecular cloud will be

ionized/atomic). We randomly draw molecular clouds from the dis-

tribution function till the mass of H2 within these clouds equals the

molecular gas mass as dictated by equation (2).

2.3.2 Molecular cloud size

The sizes of molecular clouds RMC are derived by applying the virial

theorem. RMC depends on the molecular cloud mass and external

pressure Pext acting on the molecular cloud (Field, Blackman &

Keto 2011; Hughes et al. 2013; Faesi et al. 2018), such that

RMC

pc
=

(

Pext/kB

104 cm−3K

)−1/4(
MMC

290 M⊙

)1/2

, (5)

where kB is the Boltzmann constant.

The external pressure at every radius of the galaxy is calculated

as a function of the disc mid-plane pressure Pm. We calculate Pm

following the approach described in PST14 and SPT15

Pm(r) =
π

2
G �gas(r)

[

�gas(r) + fσ (r)�∗(r)
]

(6)

where G is the gravitational constant, fσ (r) is the ratio between

σ gas(r) and σ ∗(r), the gas and stellar vertical velocity dispersion,

respectively. The stellar surface density profile �∗(r) is modelled

as an exponential with scale radius rstar and central density �∗,0 ≡

m∗/(2πr2
∗ ), where m∗ is the stellar mass of a galaxy. Following Fu

et al. (2012), we adopt fσ (r) = 0.1
√

�∗,0/�∗.

The external pressure Pext is defined as Pext = Pm/(1 + α0 + β0),

where α0 = 0.4 and β0 = 0.25 account for cosmic and magnetic

pressure contributions (Elmegreen 1989; Swinbank et al. 2011).

The pressure dependence is important, as it partially controls the

density of the molecular clouds. In this paper, we will explore how

the pressure dependence on the size of molecular clouds affects the

sub-mm line luminosity of galaxies.

2.3.3 Density distribution functions within molecular clouds

We adopt four different approaches to model the density profile of

gas within molecular clouds, a power-law density profile, a Plummer

profile, a logotropic density profile, and a fixed average density. All

these four profiles have been adopted in earlier works by different

groups and we aim to explore the variation in the predicted sub-mm

line luminosities between these density profiles. We describe the

MNRAS 482, 4906–4932 (2019)
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4910 G. Popping et al.

Figure 1. A schematic representation of the model presented in this work. Galaxies are represented by an exponential distribution of gas. An annulus of gas

within a galaxy consists of ionized, atomic, and molecular gas. The molecular gas is made up by a number of molecular clouds sampled following a molecular

cloud mass distribution function. Their sizes are set as a function of the molecular cloud mass and the external pressure acting on the molecular clouds. The

individual molecular clouds are made up by radially stratified spheres illuminated by a far-UV (FUV) radiation field and CRs. The molecular clouds are not

necessarily assumed to have a fixed average density, but can have a radial density profile. The initial abundance of carbon and oxygen in the ISM is set by the

output of the SAM. Within every cloud, the model achieves chemical, thermal, and statistical equilibrium.

different profiles below and an example of each profile is given

in Fig. 2. It becomes clear that the four different profiles can lead

to significant differences in the minimum and maximum densities

achieved within a molecular cloud and the radius out to which

high-density gas (here loosely defined as densities larger than 1000

cm−3) is present. For all profiles we take nH(R > RMC) = 0 cm−3.

It can be expected that in reality individual giant molecular clouds

follow a more complex hierarchical density structure. The four

adopted profiles thus mark an operational definition for the density

distribution within molecular clouds, (note that on top of this we

account for turbulence driven variations in the densities as explained

in Section 2.2). They should therefore be thought of as physically

inspired, but not literal density distributions.

Power-law profile: the molecular clouds are modelled as a power-

law sphere where the density is given by

nH(R) = n0

(

RMC

R

)−α

, (7)

where α is set to α = 2 (Walker, Adams & Lada 1990).

Plummer profile: the Plummer profile assures a finite central

density and was suggested by Whitworth & Ward-Thompson (2001)

to fit the observed density profiles of pre-stellar cores and class 0

protostars. This profile was also adopted by Olsen et al. (2015a).

The radial density profile is described as:

nH(R) =
3MMC

4πR3
p

(

1 +
R2

R2
p

)−5/2

, (8)

where Rp is the Plummer radius, which is set to Rp = 0.1RMC

following Olsen et al. (2015a).

Logotropic profile: the radial density profiles of the molecular

clouds are assumed to follow a truncated logotropic profile (Olsen

et al. 2017),

nH(R) = nH,ext

RMC

R
, (9)

where the external density nH, ext is two-thirds of the average density

within RMC.

Fixed average density: the molecular clouds have a uniform den-

sity (i.e. a flat density profile) derived from their mass MMC and size

RMC.
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The art of modelling CO, [C I], and [C II] 4911

Figure 2. A representation of the four different density distribution func-

tions within molecular clouds adopted in this paper. These were obtained

assuming a molecular cloud with a mass of 105 M⊙ and an external pres-

sure acting upon this molecular cloud of Pext/kB = 104 cm−3K. One can

clearly see the differences in minimum and maximum densities achieved

in the inner and outer regions of the molecular cloud between the different

profiles.

2.3.4 Impinging UV radiation field and cosmic ray strength

We scale the strength of the UV radiation field GUV directly with

the local SFR surface density �SFR:

GUV = GUV,MW ×
�SFR

�SFR,MW

, (10)

where GUV and GMW, UV are expressed in Habing units and

GMW,UV = 9.6 × 10−4 erg cm−2 s = 0.6 Habing (Seon et al. 2011)

and �SFR,MW = 0.001 M⊙ (Bonatto & Bica 2011). The CR field

ξCR is also scaled as a function of the local SFR surface density

such that

ξCR = 0.1 ξCR,MW ×
�SFR

�SFR,MW

, (11)

where ξCR,MW = 10−16s−1 following Narayanan & Krumholz

(2017).

2.3.5 Elemental abundances

The elemental abundance of carbon [C/H] and oxygen [O/H] are

scaled as a function of the gas phase metallicity of the cold gas

Zc as predicted by the SAM, such that [C/H] =Zc × 2 × 104 and

[O/H] =Zc × 4 × 104 (Draine 2011).

2.3.6 Contribution from the atomic diffuse ISM

Besides the molecular ISM, the atomic diffuse ISM may also con-

tribute to the [C II] emission of galaxies. To include the contribution

from this ISM phase we model the atomic diffuse ISM as one-zone

clouds. These clouds are illuminated by a UV radiation field and CR

field strength scaled by the integrated SFR of the galaxy normal-

ized by an SFR of 1 M⊙ yr−1 (GUV = GUV,MW × SFR and ξCR =

0.1 ξCR,MW × SFR). These one-zone clouds have a column density

of NH = 10 × 1020 cm−2 and a hydrogen density of nH = 10 cm−3

(Elmegreen & Elmegreen 1987; McKee, Parravano & Hollenbach

Figure 3. The [C II] (top left), [C I] (top right), and CO (bottom left)

abundance and gas temperature (bottom right) profiles of a molecular

cloud for different molecular cloud density profiles. The molecular cloud

has a fixed mass of 105 M⊙, an external pressure acting upon it of

Pext/kB = 104 cm−3 K, a UV radiation field shining on it of one G0, and a

solar metallicity. The different density profiles lead to very different radial

profiles for the CO, [C I], and [C II] abundance and temperature of the gas.

2015). The [C II], [C I], and CO line-emission contribution by the

atomic diffuse gas is added to the contribution by the molecular gas.

3 C A R B O N C H E M I S T RY

Before presenting the CO, [C I], and [C II] luminosity of galaxies

when varying between different sub-grid recipes, we first explore

how these choices affect the carbon chemistry (similar exercises

have been performed before in e.g. Wolfire, Hollenbach & McKee

2010; Bisbas, Papadopoulos & Viti 2015; Bisbas et al. 2017).

In Fig. 3, we show the CO, [C I], and [C II] abundance profile of a

molecular cloud, as well as its temperature profile, when varying the

density profile within the molecular cloud. For all these scenarios

we assume a molecular cloud with a fixed mass of 105 M⊙, an exter-

nal pressure acting upon of Pext/kB = 104 cm−3 K, a UV radiation

field of 1 G0, and a solar metallicity (at z = 0). We find that the

different density profiles result in very different CO, [C I], and [C II]

abundance and temperature profiles. The Plummer density profile

results in the largest mass fraction of CO, whereas adopting the

fixed average density profile results in hardly any CO. The radius at

which the [C I] abundance dominates varies significantly between

the different density profiles. The gas temperature distribution is

also very different between the different profiles. The gas temper-

ature is highest at the edge of the molecular clouds when adopting

the Plummer profile, but quickly drops to temperatures of ∼10 K.1

For the other profiles, we find a temperature of ∼30 K over a large

fraction of the molecular cloud with a drop in temperature further

inwards of the molecular clouds. Overall we find that the Plummer

profile predicts much higher CO abundances and lower gas temper-

atures. The reason for this is that the Plummer profile has a long

1We note that the CMB sets a floor for the temperature of the molecular

clouds which is above 10 K already at z = 2.7.
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4912 G. Popping et al.

Figure 4. The [C II] (top left), [C I] (top right), and CO (bottom left) abun-

dance and gas temperature (bottom right) profiles of a molecular cloud while

varying the external pressure acting upon the molecular cloud. The molecular

cloud has a fixed mass of 105 M⊙ distributed following a Plummer density

profile, a UV radiation field shining on it of one G0, and a solar metallicity.

As the external pressure increases, the CO abundances increases, whereas

the [C II] abundance decreases. The gas temperatures within the molecular

cloud also decrease with increasing external pressure.

tail towards larger radii with relatively high densities (a few 1000

cm−3, see Fig. 2). This tail constitutes a large mass fraction and

contributes significantly to the overall CO abundance and allows

for efficient cooling of the gas.

In Fig. 4, we show the CO, [C I], and [C II] abundances of a

molecular cloud when changing the external pressure acting upon

the molecular cloud (molecular cloud properties are otherwise sim-

ilar as in Fig. 3, assuming a Plummer density profile). As the pres-

sure acting upon the molecular cloud increases, the density of the

molecular cloud increases as well. As a result, a higher fraction of

the carbon is locked up in CO, whereas the [C II] abundance rapidly

decreases. The increased density furthermore leads to a decrease in

the gas temperature as a function of external pressure.

In Fig. 5, we show the CO, [C I], and [C II] abundances of a molec-

ular cloud when changing the UV radiation field (molecular cloud

properties are otherwise similar as in Fig. 3, assuming a Plummer

density profile). An increase in the UV radiation field results in a

more effective dissociation of the CO molecules (e.g. Hollenbach,

Takahashi & Tielens 1991; Wolfire et al. 2010), which lowers the

CO abundance. Furthermore, the [C II] abundance increases and the

gas temperature increases.

Our results are in agreement with the findings by Wolfire et al.

(2010) and Bisbas et al. (2015). For example, these authors also

find that when the UV and/or CR field increases, the CO is more

centrally concentrated within a molecular cloud.

4 C O , [C I ] , AND [C I I ] LUMINOSITIES

O F G A L A X I E S

In this section, we present our predictions for the CO, [C I], and

[C II] emission of galaxies, while varying the sub-grid components

of our model. We restrict our analysis to central star forming galax-

Figure 5. The [C II] (top left), [C I] (top right), and CO (bottom left) abun-

dance and gas temperature (bottom right) profiles of a molecular cloud for

different strengths of impinging UV radiation field. The molecular cloud

has a fixed mass of 105 M⊙ distributed following a Plummer density profile,

an external pressure acting upon it of Pext/kB = 104 cm−3 K, and a solar

metallicity. As the strength of the UV radiation field increases, the [C II]

abundance and gas temperature become higher, whereas the [C I] and CO

abundances are lower. Especially the temperature reacts very strongly on

the strength of the UV radiation field, particularly in the regime where [C II]

dominates.

ies, selected using the criterion sSFR > 1/(3tH(z)), where sSFR is

the galaxy specific star formation rate and tH(z) the Hubble time

at the galaxy’s redshift. This approach selects galaxies in a simi-

lar manner to commonly used observational methods for selecting

star-forming galaxies, such as colour–colour cuts (e.g. Lang et al.

2014). We present the 14th, 50th, and 86thpercentile of the different

model variants in every figure. The 50thpercentile corresponds to

the median, the 14thpercentile corresponds to the line below which

14 per cent of the galaxies are located, whereas the corresponds to

the line below which 86 per cent of the galaxies are located. We typ-

ically only show the 14th and 86th for one model variant to increase

the clarity of the figures. The scatter is always similar between the

different model variants.

Throughout the rest of the paper, we will present our model pre-

dictions in four different plots, focusing on the [C II], [C I], and

CO emission of galaxies. [C II] comparisons between model pre-

dictions and observations are performed using data presented in

Brauher et al. (2008), de Looze et al. (2011), Cormier et al. (2015),

and Dı́az-Santos et al. (2017) at z = 0, Zanella et al. (2018) at

z = 2, and a compilation of observations at z ∼ 6 (Capak et al.

2015; Knudsen et al. 2016; Willott et al. 2015; Decarli et al. 2017;

González-López et al. 2014; Kanekar et al. 2013; Pentericci et al.

2016; Bradač et al. 2017; Schaerer et al. 2015; Maiolino et al. 2015;

Ota et al. 2014; Inoue et al. 2016; Knudsen et al. 2017; Carniani

et al. 2017). The comparison for [C I] is performed using z = 0 ob-

servations by Gerin & Phillips (2000). CO comparisons are carried

out using data presented in Leroy et al. (2008), Papadopoulos et al.

(2012), Greve et al. (2014), Kamenetzky et al. (2015), Liu et al.

(2015), Cicone et al. (2017), and Saintonge et al. (2017) for z = 0,

and Tacconi et al. (2010) and Tacconi et al. (2013) for z = 1 and

2. Infrared (IR) luminosities from the literature were converted into

MNRAS 482, 4906–4932 (2019)
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The art of modelling CO, [C I], and [C II] 4913

Figure 6. The [C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6, assuming different radial density profiles for the gas within molecular

clouds. Model predictions are compared to observational constraints (Brauher, Dale & Helou 2008; de Looze et al. 2011; Cormier et al. 2015; Dı́az-Santos

et al. 2017; Capak et al. 2015; Knudsen et al. 2016; Willott et al. 2015; Decarli et al. 2017; González-López et al. 2014; Kanekar et al. 2013; Pentericci et al.

2016; Bradač et al. 2017; Schaerer et al. 2015; Maiolino et al. 2015; Ota et al. 2014; Inoue et al. 2016; Knudsen et al. 2017; Carniani et al. 2017; Zanella et al.

2018). In this particular plot, the Plummer model represents our fiducial model. Changing the density profile of molecular clouds can lead to variations up to

∼0.5 dex in the predicted [C II] luminosity of actively star-forming galaxies.

SFRs following the IR–SFR relation in Kennicutt & Evans (2012,

comes from Murphy et al. 2011).

In some cases, the differences between the predictions by differ-

ent sub-grid model variants are very minimal and are shown in the

appendix rather than the main body of this paper.

4.1 Varying density profiles

In Fig. 6, we present model predictions for the [C II] luminosity of

galaxies as a function of their SFR at z = 0, 2, and 6. We show

this for the four molecular cloud density profiles discussed in this

work. We find that three of the four density profiles (Powerlaw, Lo-

gotropic, and Average) predict almost identical [C II] luminosities

for galaxies at all redshifts considered. The Plummer density pro-

file predicts [C II] luminosities that are approximately 0.5 dex lower

than the other profiles, independent of redshift. The luminosities

predicted by the Powerlaw, Logotropic, and Average density pro-

files are too high compared to the observations at z = 0 and 2 at z =

6 (except for a handful galaxies with an SFR of 10–100 M⊙ yr−1

and [C II] luminosity brighter than 1010 L⊙ from Capak et al. 2015,

note however that Faisst et al. (2017) suggest that the estimated

SFRs of the Capak et al. sources are too low.). Overall, the model

adopting the Plummer profile does best at reproducing the [C II]

luminosity of galaxies from z = 0 to 6. The fainter [C II] lumi-

nosities predicted by the Plummer profile are driven by lower [C II]

abundances throughout most of the molecular cloud compared to

the other density profiles (see Fig. 3).

In Fig. 7, we show the predicted CO J=1–0, 2–1, 3–2, 4–3, and

5–4 luminosities of galaxies at z = 0 as a function of their SFR.

Here again, the Plummer profile predicts luminosities significantly

lower than the other three density profiles, up to almost an order

of magnitude towards the most actively star-forming galaxies for

all CO rotational transitions. The Logotropic and Average profiles

predict CO luminosities that are a bit brighter than the Powerlaw

profile. The Plummer profile predicts CO luminosities brighter than

the other profiles for galaxies with an SFR less than 1 M⊙ yr−1.

Overall the Plummer profile best reproduces the CO J=1–0 through

5–4 luminosity of local galaxies over a large range in SFR. We find

similar differences between the four density profiles when looking

at the CO luminosities of z = 1 and 2 galaxies as a function of

their SFR (Fig. 8). The Plummer density profile reproduces the

CO luminosities of z = 1 and 2 galaxies best, whereas the other

profiles predict CO luminosities ∼0.3 dex higher. The brighter CO

emission predicted by the Plummer profile in galaxies with an SFR

less than 1 M⊙ yr−1 is caused by the broad wing of the Plummer

profile. This is clear in Fig. 2, where we see that for a cloud with a

mass of 105 M⊙ the Plummer profile predicts the highest densities

from 1 to 5 pc. In Fig. 3, we then see that this indeed causes a

higher CO abundance for a large fraction of the molecular clouds.

This contribution makes a big difference in galaxies with low SFRs,

which in the SAM are galaxies with lower gas surface densities and

hence lower average volume densities.

We present the [C I] 1–0 luminosity of galaxies at z = 0 as

a function of their SFR in Fig. 9. There is only little difference

between the Powerlaw, Logotropic, and Average model variants.

The Plummer profile predicts [C I] 1–0 luminosities that are almost

an order of magnitude fainter than the other model variants. Best

agreement with the observations is found for the Plummer profile

model variants.

4.2 No pressure acting on molecular clouds

In this subsection, we explore the importance of the pressure depen-

dence of the molecular cloud size for the sub-mm line luminosity

of galaxies. In Fig. 10, we show the [C II] luminosity of galaxies

as a function of their SFR where we assume the external pressure

is a constant Pext/kB = 104 cm−3 K (the MW value for the exter-

nal pressure). We find that the [C II] luminosities predicted when

adopting the various density profiles are all brighter than the ob-

servational constraints. The clear difference between observations

and model predictions increases towards higher redshifts. At z = 0,

the predictions by the Average, Logotropic, and Powerlaw profile

are relatively similar. The Plummer profile predicts fainter [C II]

luminosities. The difference between the various profiles increases

towards higher redshifts. Especially at z = 6, the model adopting the

Average density profile predicts [C II] luminosities that are signifi-

MNRAS 482, 4906–4932 (2019)
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4914 G. Popping et al.

Figure 7. The CO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 assuming different radial density profiles for the gas within

molecular clouds. Model predictions are compared to observational constraints taken from Leroy et al. (2008), Papadopoulos et al. (2012), Cicone et al. (2017),

Saintonge et al. (2017), Greve et al. (2014), Kamenetzky et al. (2015), and Liu et al. (2015). In this particular plot, the Plummer model represents our fiducial

model. Changing the density profile of molecular clouds can lead to variations up to ∼0.5 dex in the predicted CO luminosity of galaxies.

Figure 8. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR assuming different radial density profiles for the gas within molecular

clouds. Model predictions are compared to observational constraints taken from Tacconi et al. (2010), and Tacconi et al. (2013). In this particular plot, the

Plummer model represents our fiducial model. Changing the density profile of molecular clouds can lead to variations up to ∼0.5 dex in the predicted CO

luminosity of galaxies. The Powerlaw, Logotropic, and Average density profiles predict CO luminosities that are too bright in z = 1 and 2 galaxies.

MNRAS 482, 4906–4932 (2019)
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The art of modelling CO, [C I], and [C II] 4915

Figure 9. The [CI] 1–0 luminosity of galaxies at z = 0 as a function of their

SFR assuming different radial density profiles for the gas within molecular

clouds. Model predictions are compared to observational constraints taken

from Gerin & Phillips (2000). In this particular plot, the Plummer model

represents our fiducial model. Changing the density profile of molecular

clouds can lead to variations up to 1 dex in the predicted [C I] luminosity of

galaxies.

cantly brighter than the other three variants. The physical cause of

the bright [C II] luminosities is twofold. First, the molecular clouds

do not become smaller and denser in high-pressure environments,

resulting in a larger ionized mass fraction of the cloud. Second,

because the clouds are less dense, the mass of molecular hydrogen

within the individual clouds is lower. The model therefore needs to

sample more clouds from the cloud distribution function in order to

equal the molecular hydrogen mass of the galaxy as calculated in

equation (2). This increases the amount of [C II] emission originat-

ing from molecular clouds. At z = 6, this even leads to unphysical

situations for the model variant adopting the Average density profile.

The total gas mass locked up in molecular clouds that is necessary

to equal the molecular hydrogen mass dictated by equation (2) is

larger than the total gas mass of the galaxy as predicted by the

SAM.

For completeness, we present the predicted CO J=1–0 through

5–4 luminosity for z = 0 galaxies when assuming a constant

Pext/kB = 104 cm−3 K in Fig. 11. We find clear differences be-

tween the four different molecular cloud density profiles. The

Powerlaw and Plummer density profiles are the only two that

are still in agreement with the observations. The other two pro-

files predict CO luminosities that are much fainter. Especially,

the Average profile predicts CO luminosities that are incompati-

bly low compared to observations. This difference increases for

higher rotational CO transitions, indicating that the excitation con-

ditions are different (with a fixed pressure the clouds are less

dense and hence the low densities have a stronger effect on the

high-J CO lines). We present the CO luminosity of higher red-

shift galaxies as a function of their SFR when assuming a constant

Pext/kB = 104 cm−3 K in Fig. 12. Similar to the CO luminosity of

z = 0 galaxies we find that the Powerlaw and Plummer models still

reproduce the observations. When adopting the other profiles the

CO luminosities decrease, especially for the Average density pro-

file. The difference becomes more dramatic for higher CO rotational

transitions.

For three out of the four (Powerlaw, Logotropic, and Average)

adopted density profiles the predicted CO luminosities decreased

when fixing the external pressure to an MW value (most notably for

the Logotropic and Average profile). This is driven by a decrease

in the density of molecular clouds in high-pressure environment,

changing the excitation conditions of CO as well. The Plummer

profile variant is the only one for which the CO luminosities slightly

increase when adopting a fixed MW external pressure. The reason

for this is that the Plummer profile has a long tail towards larger radii

with relatively high densities (a few 1000 cm−3, see Fig. 2). This

tail constitutes a large mass fraction and contributes significantly to

the overall CO abundance within molecular clouds, and hence the

CO luminosity (Fig. 3). As the pressure increases, the fraction of

the mass in this tail decreases.

In Fig. 13, we present the [C I] luminosity of galaxies when

assuming Pext/kB = 104 cm−3 K. We find that the [C I] luminosities

predicted by the Powerlaw, Logotropic, and Average density profiles

are almost identical. We furthermore find that the most actively star-

forming galaxies have a [C I] 1–0 luminosity slightly brighter than

the model variants where the external pressure is not set to the MW

value.

Summarizing, we find that the increased external pressure in FIR

bright galaxies leads to fainter predicted [C II] and [C I] luminosities.

It leads to brighter CO luminosities for the Powerlaw, Logotropic,

and Average density profiles, and fainter CO luminosities for the

Plummer profile. Overall we find that a model assuming a Plummer

density profile where the size of molecular clouds depends on the

external pressure acting on the molecular clouds reproduces best

the available constraints for [C II], [C I], and CO at low and high

redshifts. In the remaining of the paper, we will use the Plummer-

Pressure dependent model as our fiducial model to explore other

sub-grid variations.

4.3 Turbulent compression of gas

Turbulence can cause a non-uniformity of the gas resulting in dense

clumps within the ISM. The clumping factor represents the factor

by which the mass-weighted mean density exceeds the volume-

weighed mean density and is often approximated as a function of

the Mach number of the gas (the ratio between the velocity disper-

sion and sound speed). This has been studied extensively in simu-

lations of turbulent clouds (e.g. Ostriker, Stone & Gammie 2001;

Federrath, Klessen & Schmidt 2008). In DESPOTIC, this is accounted

for by an enhancement in the rates of all collisional processes (see

for details Krumholz 2014). We show the effects of not includ-

ing this turbulence-dependent clumping factor (i.e. clumping factor

equals 1) in Appendix B. The [C II] luminosities of galaxies at z =

0 predicted by the model that does not include turbulent compres-

sion of gas are ∼0.3 dex fainter than the luminosities predicted

by our fiducial model variant that does include turbulent compres-

sion of gas. At higher redshifts, the difference is minimal. The CO

emission predicted by the model variant that does not account for

turbulent compression of gas are ∼0.1 dex fainter for CO J=3–

2 and higher rotational transition in galaxies with SFRs less than

1 M⊙ yr−1.

We note that the Plummer profile already guarantees a large

range of densities within a molecular cloud, even without invoking

a turbulence driven clumping factor. For the clumping to make a

significant difference, the mass-weighted variance in density due to

clumping must be larger than the variance implied by the Plummer

density profile itself.
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4916 G. Popping et al.

Figure 10. The [C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6 for different radial density profiles for the gas within molecular clouds

and assuming a fixed external pressure acting on the molecular clouds of Pext/kB = 104 cm−3 K. This figure is similar to Fig. 6, aside from the fact that here

we impose a constant external pressure on clouds. When imposing a constant external pressure on the cloud the predicted [C II] luminosities increase.

Figure 11. The CO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 assuming different radial density profiles for the gas within

molecular clouds and a fixed external pressure acting on the molecular clouds of Pext/kB = 104 cm−3 K. This figure is similar to Fig. 7. When imposing a

constant external pressure on the cloud the predicted CO luminosities decrease. This decrease is most dramatic and in strong tension with the observations for

the Logotropic and Average density profiles. The CO luminosities predicted by the Plummer model variant are a little bit brighter.

4.4 Molecular cloud mass distribution function

Our model assumes a slope for the molecular cloud mass distribution

function of β = 1.8. In Appendix C, we examine the effects of

changing this slope to β = 1.5 and 2.0, the range typically found

for resolved nearby (Blitz et al. 2007; Fukui et al. 2008; Gratier

et al. 2012; Hughes et al. 2013; Faesi et al. 2018). We find that

the difference between the slope adopted in our fiducial model of

β = 1.8 and 1.5, and β = 2.0 is negligible (Olsen et al. 2017).
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The art of modelling CO, [C I], and [C II] 4917

Figure 12. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR assuming different radial density profiles for the gas within

molecular clouds and a fixed external pressure acting on the molecular clouds of Pext/kB = 104 cm−3 K. This figure is similar to Fig. 8. When imposing a

constant external pressure on the cloud the predicted CO luminosities decrease. This decrease is most dramatic and in strong tension with the observations for

the Logotropic and Average density profiles. The CO luminosities predicted by the Plummer model variant are a little bit brighter.

Figure 13. The [CI] 1–0 luminosity of galaxies at z = 0 as a function

of their SFR assuming different radial density profiles for the gas within

molecular clouds a fixed external pressure acting on the molecular clouds

of Pext/kB = 104 cm−3 K. This figure is similar to Fig. 9. When imposing

a constant external pressure on the cloud the [C I] luminosities predicted by

the various density profiles are almost identical.

4.5 UV radiation field and CRs

The UV radiation field and CR field strength acting on molecular

clouds is important for the chemistry. We scale the CR and UV radi-

ation field with the local SFR surface density. A different approach

seen in the literature scales the CR and UV radiation field with the

integrated SFR of galaxies (normalizing the SFR to 1 M⊙ yr−1, e.g.

Narayanan & Krumholz 2017). Fig. 14 shows our predictions for

the [C II] luminosity of galaxies for our fiducial model where the

UV radiation field is normalized to the SFR surface density and

a model where the UV radiation field is normalized to the inte-

grated SFR of galaxies. At z = 0 and 2, the fiducial model predicts

[C II] luminosities that are slightly fainter in galaxies with an SFR

less than ∼40 M⊙ yr−1. The fiducial model predicts fainter [C II]

luminosities for more actively star-forming galaxies, due to a quick

rise in [C II] luminosity as a function of SFR for the model variant

based on the galaxy integrated SFR. At z = 6, it becomes clear that

a model variant with a UV and CR field based on the integrated

SFR of galaxies predicts a steeper slope for the [C II]–SFR relation.

We find that the model based on the integrated SFR of galaxies

reaches poorer agreement with the z = 0 observations than our

fiducial model, especially for the galaxies with the brightest FIR

luminosities. This said, the prediction for the [C I] and CO lumi-

nosities of galaxies between our fiducial model and the model with

CR and UV radiation field based on the integrated SFR are nearly

identical (see Figs D1–D3 in Appendix D).

To explain why the [C II] luminosity varies as a function of the

UV and CR recipe, whereas the CO and [C I] luminosity do not,

we focus in more detail on the chemistry within molecular clouds.

We showed in Fig. 5 that as the strength of the radiation field in-

creases, a larger fraction of total carbon mass is ionized and the

fraction of carbon mass that is locked up in CO decreases. Based

on this alone, one would expect that the [C II] luminosity arising

from a molecular cloud increases, whereas the CO and [C I] lumi-

nosities decrease. The bottom right panel of Fig. 5 shows that the

temperature distribution within a molecular cloud changes dramat-

ically as the strength of the impinging radiation field increases. A

fainter CO or [C I] luminosity due to lower abundances is (partially)

compensated by an increase in the temperature and the optical thick-

ness of the cloud. For [C II] on the other hand, the combination of

a higher gas temperature and a larger [C II] abundance results in

even brighter luminosities. This enhancement in gas temperature

is very significant in the regimes where most of the carbon is ion-

ized (i.e. where the [C II] abundance is significantly larger than the

[C I] and CO abundances). We see this in Fig. A1, where we show

the cumulative [C II], [C I], and CO J=1–0 luminosity profile of a

molecular cloud with a changing impinging radiation field (ana-

logue to Fig. 5). Indeed, the [C II] emission increases further into

the cloud with increasing UV radiation. We find that the total [C I]

and CO J=1–0 luminosity stay constant for G0 = 1 and 10 (and

G0 = 100 for CO J=1–0). The final luminosity is reached further

within the cloud as the UV radiation increases (due to changes in the

abundance).
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4918 G. Popping et al.

Figure 14. The [C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6 for a model variant where the UV radiation field and CR strength

are scaled as a function of the local SFR surface density (Fiducial) and as a function of the global galaxy SFR (UVSFR). This figure is similar to Fig. 6 aside

from the varying relationship between the UV field and the SFR imposed in this figure. It is clear that a relationship that ties the UV field to the global SFR

of galaxies underpredicts the [CII] luminosity at z = 0 for galaxies with an SFR less than 40 M yr−1 and at high-redshift z = 6. It furthermore predicts [C II]

luminosities for z = 0 galaxies with SFRs higher than 40 M yr−1 that are too bright. Tying the UV flux to �SFR results in predictions in good agreement with

the observational constraints.

Our prediction that the CO and [C I] luminosity of galaxies stay

roughly the same is in part because of a balance between abun-

dance and gas temperature, but undoubtedly also by pure chance.

A different sub-grid approach that results in a significantly weaker

or stronger UV and CR radiation field does have the potential to

predict CO and [C I] luminosities different from our fiducial model.

The reason that a change in radiation field recipe is more notable

in the [C II] luminosities of galaxies is that the increase/decrease in

gas temperature goes hand-in-hand with an increase/decrease of the

[C II] abundance.

4.6 Modelling the contribution from diffuse gas

So far we have focused on the sub-grid choices for the molecular

gas in galaxies. The diffuse ISM can also contribute to the [C II]

emission of galaxies, especially in low-mass and low-SFR galaxies

where the diffuse warm ISM constitutes a significant mass fraction

of the ISM. Within our fiducial model, the atomic gas is modelled

as a one-zone cloud with a mass density of 10 cm−3. In Fig. 15,

we show the predicted [C II] luminosity of galaxies for our fiducial

model and a model variant where we assume the density of the

atomic gas to be 1 and 0.1 cm−3, as well as model variants where

we vary the column density of the one-zone clouds from 1019 to

1021 cm−2.

We find that lower densities for the atomic hydrogen results in

fainter [C II] emission for galaxies with low SFRs at z = 0. We find

no significant difference between the different model variants at

z = 2 and 6. This redshift dependence is driven by lower molecular

hydrogen fractions in low-mass galaxies at z = 0 compared to higher

redshifts (e.g. Popping et al. 2014a; Popping, Behroozi & Peeples

2015). No differences are found for the [C I] and CO emission of

galaxies between the different model variants (see Appendix E). We

find identical results between our fiducial model and a variant with

a column density of 1019 cm−2 for the diffuse atomic gas. When

adopting a column density of 1021 cm−2, the model predicts fainter

[C II] emission in galaxies with SFRs below 1 M⊙ yr−1 at z = 0.

At higher redshifts, the predicted [C II] emission is identical to our

fiducial model. As for changing the density of the gas, we find no

significant different in the CO and [C I] emission of galaxies when

adopting a different column density. This indicates that indeed the

emission from atomic carbon and CO traces the molecular phase of

the ISM. We do acknowledge that our sub-grid model for the atomic

and ionized gas is very simplistic, and a more realistic model would

account for density variations within the diffuse ISM (e.g. Vallini

et al. 2015; Olsen et al. 2015b, 2017).

5 D ISCUSSION

In this paper, we presented a cosmological model that predicts the

[C II], [C I], and CO emission of galaxies. Such models heavily rely

on sometimes uncertain sub-grid choices to describe the ISM. In

this work, we explored the effects of changing the sub-grid recipes

on the [C II], [C I], and CO emission of galaxies. We discuss the

conclusions that can be drawn from our efforts.

5.1 Multiple emission lines as constraints for sub-grid methods

Throughout this paper, we have compared the predictions by the

different model variants to observations of [C II], [C I] 1–0, and

multiple CO rotational transitions. As mentioned before, these dif-

ferent sub-mm emission lines originate in very different phases of

the ISM, ranging from diffuse ionized gas to the dense cores of

molecular clouds. We have seen that some model variants can for

instance successfully reproduce the [C II] emission of galaxies, but

fail to simultaneously reproduce the CO emission of galaxies or the

other way around (where a model assuming a fixed average density

for molecular clouds and no pressure dependence on the size of

molecular clouds most drastically fails to reproduce the CO lumi-

nosities of galaxies). It is only because multiple constraints are used

that we can rule out these sub-grid model variants. This immediately

brings us to the critical result of this paper: only by using a wide

range of sub-mm emission lines arising in different phases of the

ISM as constraints can the degeneracy between different sub-grid

approaches be broken.

There are additional ways to constrain the degeneracy between

different sub-grid approaches. Good examples of these are spatially

MNRAS 482, 4906–4932 (2019)
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The art of modelling CO, [C I], and [C II] 4919

Figure 15. The [C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6 for our fiducial model variant, variants where the densities of the diffuse

ISM are 1 cm−3 (IonizednH1) and 0.1 cm−3 (IonizednH0.1), and variants where the column density are 1019 (IonizedNH19) and 1021 cm−2 (IonizedNH21),

respectively. This figure is similar to Fig. 6. An increase in the density of the atomic diffuse ISM results in brighter [C II] emission for FIR-faint galaxies at z =

0, but does not affect the [C II] luminosities of z = 2 and 6 galaxies.

resolved observations of individual molecular cloud complexes (e.g.

Leroy et al. 2017; Faesi et al. 2018; Sun et al. 2018) and high-

resolution simulations of molecular cloud structures. A clear census

of the respective contribution by the diffuse and molecular ISM to

the [C II] emission can be obtained through the [N II]-to-[C II] ratio

(Pineda, Langer & Goldsmith 2014; Decarli et al. 2014; Cormier

et al. 2015). These are invaluable additional avenues to constrain

the sub-grid methods typically adopted for works as presented in

this paper.

5.2 Molecular cloud mass–size relation: the dominant

sub-grid component

In our fiducial model, the size of a molecular cloud is set by a

combination of the mass of the molecular cloud and the external

pressure acting on this cloud. A higher external pressure results

in a smaller size and therefore higher overall density within the

molecular cloud. We found that this pressure dependence is essen-

tial to simultaneously reproduce the [C II], [C I], and CO emission of

galaxies over a large redshift range (see Section 4.2). We explored

this for different radial density profiles for the gas within molecular

clouds and found this statement to be true for all of the adopted

density profiles. Of the four adopted profiles, the model variant

adopting a Plummer density distribution within molecular clouds is

the only one that can simultaneously reproduce the [C II], [C I], and

CO observational constraints. We will use this model variant (Plum-

mer density profile in combination with a pressure dependence on

the size of molecular clouds) in forthcoming papers to explore the

sub-mm line properties of galaxies in more detail.

It is intriguing to realize that the simple recipe we adopted for the

size of molecular clouds in combination with a Plummer density

profile can reproduce the emission of sub-mm lines arising in differ-

ent phases of the ISM over a large redshift range. We can also phrase

this differently: a key requirement for successfully reproducing the

sub-mm line emission of galaxies is a molecular cloud mass–size

relation that varies based on the local environment of the molecular

cloud (Field et al. 2011; Faesi et al. 2018; Sun et al. 2018).

Besides the importance of the external pressure acting on molec-

ular clouds and the radial density dependence of gas within molec-

ular clouds we have also explored the importance of turbulent

gas within molecular clouds, the assumed molecular cloud mass

distribution function, and different approaches to model the UV

radiation field (and CR field strength) acting on the molecular

clouds. A weaker/stronger radiation field changes the ionization

depth within the molecular cloud. In particular, we find that a model

that scales the impinging radiation field based on the local environ-

ment properties (in our case the local SFR surface density) rather

than global properties better reproduces the available constraints

on the [C II] emission of galaxies. We do note that we have not

explored ‘extreme’ scenarios where we increase or decrease the

CR and UV radiation field strength by orders of magnitude. Such

large differences have the potential to also significantly change the

atomic carbon and CO abundance of gas within molecular clouds

and therefore the resulting [C I] and CO emission lines.

5.3 Our fiducial model

In this paper, we converged to a fiducial model that best reproduces

the [C II], [C I], and CO properties of modelled galaxies within the

framework of the underlying SAM. The key ingredients of this

fiducial model include:

(i) The density distribution of gas within molecular clouds fol-

lows a Plummer profile, such that:

nH(R) =
3MMC

4πR3
p

(

1 +
R2

R2
p

)−5/2

, (12)

where Rp is the Plummer radius, which is set to Rp = 0.1RMC. We

account for additional clumping due to turbulence-driven compres-

sion of the gas (see Sections 2.2 and 4.3).

(ii) The size of a molecular cloud depends on the molecular cloud

mass, as well as the external pressure acting on the molecular cloud,

such that:

RMC

pc
=

(

Pext/kB

104 cm−3K

)−1/4(
MMC

290 M⊙

)1/2

, (13)

where kB is the Boltzmann constant.

(iii) The strength of the impinging UV radiation field scales as a

function of the SFR surface density, such that:

GUV = GUV,MW ×
�SFR

�SFR,MW

. (14)
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4920 G. Popping et al.

The strength of the CR radiation field also scales as a function of

the SFR surface density (see equation 11).

(iv) The diffuse atomic gas contributes to the [C II] emission of a

galaxy and is represented by one-zone clouds with a column density

of NH = 10 × 1020 cm−2 and a hydrogen density of nH = 10 cm−3.

5.4 Decreasing ratios between [C II] and SFR: [C II]–FIR

deficit

Observations have suggested that the [C II]–FIR ratio of galaxies de-

creases with increasing FIR luminosity, such that the FIR-brightest

galaxies (LFIR > 1012 L⊙) have a [C II]–FIR ratio 10 per cent lower

than galaxies with fainter FIR luminosities (commonly known

as the [C II]–FIR deficit; Malhotra et al. 1997, 2001; Luhman

et al. 1998, 2003; Beirão et al. 2010; Graciá-Carpio et al. 2011;

Dı́az-Santos et al. 2013; Croxall et al. 2012; Farrah et al. 2013).

If we convert FIR luminosity into an SFR following Murphy et al.

(2011), the same effect can be expected for the [C II]–SFR ratio. An

additional interesting feature of the [C II]–SFR ratio, is that many

z ∼ 6 galaxies have a [C II]–SFR ratio much lower than one would

expect from local [C II]–SFR relations (e.g. Ota et al. 2014; Inoue

et al. 2016; Knudsen et al. 2016).

We already noted in Section 4.2 that the [C II] luminosity of

actively star-forming galaxies is lower for our fiducial model than a

model that assumes a fixed pressure acting of molecular clouds of

Pext/kB = 104 cm−3 K (compare Figs 6 and 10). In Fig. 16, we show

again the [C II] luminosity of galaxies as a function of their SFR

predicted by our fiducial model. In this case, we include a colour

coding that marks the mass-weighted external pressure acting on

molecular clouds within each galaxy. We find a clear trend, where

at fixed SFR the [C II]–SFR ratio decreases with increasing external

pressure. This is especially clear at z = 2 and 6, where the predicted

[C II] luminosities at fixed SFR can differ as much as two orders of

magnitudes.

A decrease in the [C II]–SFR ratio as a function of the external

pressure is a natural result of our adopted molecular cloud mass–

size relation, which also depends on the pressure acting on the

molecular clouds. As the pressure increases, the clouds become

smaller and the density increases as well. Because of the higher

density a smaller mass fraction of the carbon is ionized, decreasing

the [C II] luminosity of the galaxies.

This result can (at least partially) explain the observed [C II]

deficit of local FIR-bright galaxies (e.g. Dı́az-Santos et al. 2013)

and the large number of non-detection of [C II] in z ∼ 6 galaxies

(e.g. Inoue et al. 2016). Increased densities in local mergers and

high densities in high-z galaxies (in our framework driven by a

high pressure environment) will naturally result in the [C II] deficit

and can explain the non-detections. We will explore this in more

detail in a forthcoming paper, also focusing on variations in the C+

abundance and gas and dust temperatures along the [C II] deficit.

5.5 A comparison to other works in the literature

5.5.1 Earlier work by Popping et al.

Popping et al. (2014a, 2016) also presented predictions for the CO,

[C I], and [C II] luminosities of galaxies based on the Santa Cruz

SAM. For clarity, we briefly discuss the differences between those

works and the work presented here, both in terms of methodology

and model predictions.

Popping et al. (2014a, 2016) created a 3D realization of every

modelled galaxy, assuming an exponential distribution of gas in

the radial direction, as well as perpendicular to the galaxy disc.

These works employed simple analytic approaches to calculate the

abundance of CO, atomic carbon, and C+ and the temperature of the

gas within every grid cell of the 3D realization. These (together with

the density inferred from the exponential distribution) were then

used as input for the radiative transfer calculations. It was assumed

that a grid cell is made up by small molecular clouds all with a

size of the Jeans length that belongs to the typical temperature and

density of the grid cell. Individual molecular clouds were described

by a one-zone cloud with a fixed density, accounting for turbulent

compression of the gas.

The biggest differences in methodology compared to Popping

et al. (2014a, 2016) are (1) the work presented in this paper only

assumes an exponential distribution in the radial direction and does

not have to make any assumption on the scale length of a galaxy disc

in the z-direction, (2) the molecular mass within a galaxy is made up

by sampling from a molecular cloud mass distribution function, (3)

individual molecular clouds are not treated as one-zone models, but

are allowed to have varying density profiles, (4) we use DESPOTIC to

solve for the carbon chemistry and gas and dust temperatures rather

than adopting simplified analytical solutions. Especially points 2–4

put the work presented in this paper on a more physics-motivated

footing compared to Popping et al. (2014a, 2016).

In terms of model predictions, the biggest difference is that Pop-

ping et al. (2014a, 2016) were not able to reproduce the CO, [C I],

and [C II] emission of galaxies over a wide range of redshifts simul-

taneously. Our fiducial model does reproduce these simultaneously,

marking the biggest improvement in model success.

5.5.2 Other cosmological models for the sub-mm line emission of

galaxies

Lagos et al. (2012) presented predictions for the CO luminosity of

galaxies based on a SAM. The authors parametrize galaxies with

a single molecular cloud with a fixed density (a flat radial density

profile), UV radiation field, metallicity, and X-ray intensity. They

then use a library of radiative-transfer models to assign a CO line

intensity to a modelled galaxy. The biggest difference between their

approach and work presented here is that we describe individual

galaxies by a wide range of molecular cloud with varying intrinsic

properties (density, radiation field, and radius). This better captures

the different conditions present in the ISM within a galaxy.

Lagache et al. (2018) used a SAM as the framework to make pre-

dictions for the [C II] emission of galaxies. The authors use CLOUDY

to calculate the [C II] emission of molecular clouds. Lagache et al.

(2018) also define a single PDR for each galaxy in their SAM,

characterized by a mean hydrogen density (with a flat density pro-

file), gas metallicity, and interstellar radiation field. The authors find

[C II] luminosities for galaxies at z > 4 similar to our findings, but

have not explored other emission lines and lower redshift ranges.

Besides SAMs, a number of authors have made predictions for

sub-mm emission lines based on zoom (high spatial resolution) hy-

drodynamic simulations (e.g. Narayanan et al. 2008, 2012; Olsen

et al. 2015a,b; Vallini et al. 2016; Olsen et al. 2017; Pallottini et al.

2017; Vallini et al. 2018). Narayanan & Krumholz (2014) also used

DESPOTIC to calculate the CO emission from molecular clouds.

The authors adopt a flat radial density profile within molecular

clouds and adopt a lower limit in the surface density of molecular

clouds. This lower limit automatically ensures a large enough hy-

drogen/dust column to shield the CO. The authors find that as the

SFR surface density of galaxies increases, the CO excitation also
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The art of modelling CO, [C I], and [C II] 4921

Figure 16. The [C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and at z = 6 for our fiducial model, colour coded by the mass-weighted

external pressure within galaxies acting on the molecular clouds. Note the clear decrease in [C II] luminosity at fixed SFR as a function of increasing pressure.

changes (higher-J CO lines are more excited). We have not specifi-

cally tested this result in our paper, but it is in line with our findings

that a high pressure (due to higher gas surface densities which also

cause higher SFR surface densities) increases the volume density

of the ISM and allows for higher excitation of the high-J CO lines.

Vallini et al. (2018) post-process a zoom-cosmological simulation

of one main-sequence galaxy at z = 6 (spatial resolution of 30 pc) to

provide predictions for the CO line emission of this galaxy. Despite

the high spatial resolution of this simulation, the authors still need

to apply a sub-resolution model for the molecular cloud properties.

Vallini et al. (2018) populate a sub-resolution element by individual

molecular clouds with densities drawn from a lognormal density

distribution with a power-law tail due to self-gravity. The width of

the lognormal distribution is set by the Mach number of the gas.

The CO radiative transfer is then solved using CLOUDY. The authors

find that a high gas surface density (200 M⊙ pc−2), combined with

a high Mach number and warm kinetic temperature of the gas lead

to a peak in the CO spectral line energy distribution (SLED) at

CO J=7–6. We have not shown predictions for the CO SLED of

galaxies up to this excitation level, but the finding of an increased

CO excitation with high gas surface densities and temperatures is

in agreement with our general findings. The authors provide very

detailed predictions for one object, an approach complementary to

the semi-analytic effort focusing on large ensembles of galaxies.

Vallini et al. (2015) present predictions for the [C II] luminosity

of z = 6 galaxies as a function of IR luminosity, in agreement with

the observed constraints. The authors find that the [C II] luminosity

of galaxies at a fixed FIR luminosity decreases as a function of

metallicity. On top of this, we argue that changes in the ISM con-

ditions (in our work a denser medium due to an increased external

pressure upon molecular clouds) can naturally cause a change in the

SFR–[C II] ratio of galaxies. Pallottini et al. (2017) use the approach

developed in Vallini et al. (2015) to make predictions for the [C II]

emission of a high-resolution zoom simulation of one galaxy at

z = 6. They find that the [C II] luminosity of this single galaxy is in

agreement with the upper limits for the [C II] luminosity of galaxies

based on observations and in the same range as the [C II] luminosity

predictions of z = 6 galaxies presented in this work.

Olsen et al. (2015a) also post-process a hydro-zoom simulation

to calculate the CO emission of three main-sequence galaxies at

z = 2. The authors sample molecular clouds from a cloud-mass

distribution function, similar to our approach. The authors then as-

sign a size following a mass–size relation and also adopt a Plummer

profile for the radial density distribution of molecular clouds. Olsen

et al. (2015a) find CO luminosities in agreement with observations

and similar to our findings. Like Vallini et al., the Olsen et al. work

focuses on the resolved properties of individual galaxies which is

a complementary approach to our efforts focusing on large groups

of galaxies. Olsen et al. (2015b) additionally make predictions for

the [C II] emission of z = 2 galaxies based on CLOUDY calculations.

The authors predict [C II] luminosities similar to our predictions.

Olsen et al. (2017) present predictions for the [C II] emission of z =

6 modelled galaxies. Changes with respect to Olsen et al. (2015b)

include updated CLOUDY calculations and the assumption of a lo-

gotropic density profile for the gas within molecular clouds. The

authors predict [C II] luminosities for ∼ 30 galaxies. The predicted

[C II] luminosity all fall well below expectations based on locally

derived relations between SFR and [C II] luminosity, as well as the

predictions by our model.

5.6 Caveats

5.6.1 The diffuse ISM

In this work, we have implemented a very simplistic model for the

sub-mm line emission arising in the diffuse ISM, consisting of a

one-zone model with a fixed column depth. We demonstrated that

different assumptions for the density of this diffuse gas can affect the

[C II] emission of galaxies, especially when the ISM is dominated

by this diffuse phase (rather than ISM dominated by molecular gas,

see Section 4.6). This immediately demonstrates the necessity of a

more realistic representation of the diffuse ISM, at least accounting

for a range in densities (see for example Olsen et al. 2017).

5.6.2 Unresolved galaxies

One of the intrinsic limitations of the semi-analytic method is the

inability to spatially resolve galaxies. We therefore have to assume

a profile for matter within galaxies, in this paper the commonly

adopted exponential profile. In reality, the ISM of galaxies does not

necessarily have to follow an exponential profile, especially in low-

mass galaxies or at very high redshifts. Within our formalism a more

concentrated distribution of gas would immediately increase the H2

fraction of the gas within galaxies as well as the pressure acting

MNRAS 482, 4906–4932 (2019)
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on molecular clouds and therefore the density within them. This

naturally changes the carbon chemistry and excitation conditions.

We do want to emphasize that the choice for an exponential dis-

tribution of matter does not guarantee proper agreement between

model predictions and observations. We furthermore wish to em-

phasize that a different distribution of matter within galaxies will

also not change the differences we found between different sub-

grid model variants. It is furthermore important to remember that

models that do resolve the internal structure of galaxies (up to some

extent) will have to rely on the same sub-grid methods as discussed

in this work. Furthermore, many of these models do not reproduce

galaxy internal structures (sizes and surface brightness distribution,

see Somerville & Davé 2015, for a discussion).

5.6.3 X-rays and mechanical heating

We did not include X-rays as an additional heating source. The

heating of X-rays on top of UV radiation and CRs can change

the chemistry and excitation conditions of gas. Studies of the CO

spectral line energy distribution in nearby active galaxies have in-

deed revealed strong excitation of high CO rotational transitions

(CO J=9–8, van der Werf et al. 2010; Meijerink et al. 2013). Since

we are only focusing on CO transitions up to CO J=5–4, it is not

expected that X-ray heating strongly affects the luminosity of the

sub-mm emission lines discussed in this work (Spaans & Meijerink

2008). An additional source of heating not discussed in this work is

mechanical heating through shocks (Loenen et al. 2008; Meijerink

et al. 2013; Rosenberg et al. 2014b,a).

6 C O N C L U S I O N S

In this paper, we presented a new cosmological galaxy formation

model that predicts the [C II], [C I], and CO emission of galaxies. We

combined an SAM of galaxy formation with chemical equilibrium

networks and numerical radiative transfer models. In this paper, we

specifically explored how different choices for the sub-grid compo-

nents affect the predicted [C II], [C I], and CO emission-line strength

of galaxies. Our main conclusions are as follows:

(i) It is essential that a wide range of sub-mm emission lines

arising in vastly different phases of the ISM are used as model

constraints in order to limit the freedom in sub-grid approaches.

(ii) Small changes in the sub-resolution prescription for the ISM

can lead to significant changes in the predicted CO, [C I], and [C II]

luminosities of galaxies.

(iii) The key requisite for a model that simultaneously reproduces

the strength of multiple emission lines from galaxies in the local

and high-redshift Universe is a molecular cloud mass–size relation

that varies based on the local environment of the molecular clouds

(in our framework as a function of the external pressure acting on

molecular clouds).

(iv) A model that scales the impinging UV radiation field and

CR field strength as a function of the local SF properties better

reproduces the observational constraints for [C II] than a model

based on the integrated SFR of galaxies. Changes for the [C I] and

CO luminosity of galaxies are minimal.

(v) Not including clumping within molecular clouds and chang-

ing the slope for the cloud mass distribution function hardly affect

the predicted [C II], [C I], and CO luminosities for our fiducial model

setup.

(vi) A successful model for the [C II] emission of galaxies must

include a realistic density distribution for the diffuse ISM.

(vii) A pressure dependence on the size of molecular clouds

automatically causes a [C II] deficit in high-pressure environments.

Our fiducial model successfully reproduces the [C II], [C I], and

CO emission of galaxies as a function of their SFR over cosmic time

within the context of the current cosmological model predictions.

This fiducial model includes a molecular cloud mass–size relation

that additionally depends on the external pressure acting on a molec-

ular cloud. It furthermore assumes a Plummer density profile within

molecular clouds, and scales the UV and CR radiation fields as a

function of the local SFR surface density. It assumes a molecular

cloud mass distribution function with a slope of β = −1.8 and

accounts for turbulence-driven clumping within molecular clouds.

Lastly, it assumes a density for the diffuse atomic gas of 10 cm−3.

This fiducial model can be used as a starting point for any group that

wishes to model the sub-mm line emission from molecular clouds in

galaxy formation simulations using a similar approach as presented

in this work. Including these kind of approaches in models will

increase the constraining power of sub-mm instruments for galaxy

formation models and increase the informative role these models

can play for future observations.

The prescriptions presented in this work do not represent a finite

list of options. One could think of other approaches with an increas-

ing level of complexity. When exploring other options, one should

always take into account that minor changes in the sub-resolution

physics can lead to large changes in the resulting emission from

galaxies. These can best be constrained when focusing on as many

emission lines simultaneously as possible.

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

GP thanks Karen Olsen for providing a [C II] data compilation

and for organizing the ‘Walking the line 2018’ conference which

stimulated the creation of this work. GP thanks Anita Zanella for

providing the [C II] luminosities of z ∼ 2 galaxies prior to publi-

cation. The authors thank Romeel Davé, Gordon Stacey, and Chris
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A P P E N D I X A : TH E L U M I N O S I T Y P RO F I L E O F A M O L E C U L A R C L O U D

In this appendix, we show the [C II], [C I], and CO J=1–0 luminosity profile of a molecular cloud as a function of the impinging radiation

field. This is further discussed in Section 4.5.

Figure A1. The cumulative [C II] (left), [C I] (centre), and CO J=1–0 (right) luminosity profile of a molecular cloud for different strengths of the impinging

UV radiation field. The molecular cloud has a fixed mass of 105 M⊙ distributed following a Plummer density profile, an external pressure acting upon it of

Pext/kB = 104 cm−3 K, and a solar metallicity. As the strength of the UV radiation field increases, the [C II] luminosity increases, whereas for instance the total

CO J=1–0 luminosity stays constant. The final CO J=1–0 luminosity is reached further within the cloud as the UV radiation field increases.

APP ENDIX B: C LUMPING

In this appendix, we show the predicted [C II], [C I], and CO luminosities of galaxies for a model variant in which clumping by turbulent gas

motions is not taken into account and our fiducial model where this clumping is taken into account.

Figure B1. The[C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6 for a model variant with (Fiducial) and without (NoClumping)

turbulence dependent clumping. This figure is similar to Fig. 6. Clumping has a minimal effect on the predicted [C II] luminosities of galaxies.
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4926 G. Popping et al.

Figure B2. TheCO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 for a model variant with (Fiducial) and without (NoClumping)

turbulence dependent clumping. This figure is similar to Fig. 7. The effect of clumping becomes more important for higher rotational CO transitions, however,

this effect is small.

Figure B3. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR for a model variant with (Fiducial) and without (NoClumping)

turbulence dependent clumping. This figure is similar to Fig. 8.
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Figure B4. The [CI] 1–0 luminosity of galaxies at z = 0 as a function of their SFR for a model variant with (Fiducial) and without (NoClumping)

turbulence-dependent clumping. This figure is similar to Fig. 9. Clumping has a minimal effect on the predicted [C I] luminosities of galaxies.

APP ENDIX C : MOLECULAR CLOUD MAS S D I STRI BUTI ON FUNCTI ON

In this appendix, we show the predicted [C II], [C I], and CO luminosities of galaxies for model variants where we change the slope β of the

molecular cloud mass distribution function from β = −1.5 to −2.0.

Figure C1. The[C II] luminosity of galaxies as a function of their SFR at z = 0, 2, and 6 for a model variant with a slope β of the cloud mass distribution

function of β = 1.8 (Fiducial), β = 1.5 (slope1.5), and β = 2.0 (slope2.0). This figure is similar to Fig. 6. Different choices for the slope of the molecular

cloud mass distribution function do not affect the predicted [C II] luminosity of galaxies.
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4928 G. Popping et al.

Figure C2. The CO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 for a model variant with a slope β of the cloud mass distribution

function of β = 1.8 (Fiducial), β = 1.5 (slope1.5), and β = 2.0 (slope2.0). This figure is similar to Fig. 7. Different choices for the slope of the molecular

cloud mass distribution function do not affect the predicted CO luminosity of galaxies.

Figure C3. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR for a model variant with a slope β of the cloud mass distribution

function of β = 1.8 (Fiducial), β = 1.5 (slope1.5), and β = 2.0 (slope2.0). This figure is similar to Fig. 8. Different choices for the slope of the molecular

cloud mass distribution function do not affect the predicted CO luminosity of galaxies.
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Figure C4. The [CI] 1–0 luminosity of galaxies at z = 0 as a function of their SFR for a model variant with a slope β of the cloud mass distribution function

of β = 1.8 (Fiducial), β = 1.5 (slope1.5), and β = 2.0 (slope2.0). This figure is similar to Fig. 9. Different choices for the slope of the molecular cloud mass

distribution function to not affect the predicted [C I] luminosity of galaxies.

A P P E N D I X D : U V R A D I AT I O N FI E L D A N D C R S

In this appendix, we show the predicted [C I], and CO luminosities of galaxies for our fiducial model where the strength of the UV and CR

field scale with the local surface density and a model variant where they scale with the integrated SFR of a galaxy.

Figure D1. TheCO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 for a model variant where the UV radiation field and CR strength

are scaled as a function of the local SFR surface density (Fiducial) and as a function of the global galaxy SFR (UVSFR). This figure is similar to Fig. 7. The

CO luminosities predicted by the two different model variants to scale the UV and CR field are very similar.
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4930 G. Popping et al.

Figure D2. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR for a model variant where the UV radiation field and CR strength

are scaled as a function of the local SFR surface density (Fiducial) and as a function of the global galaxy SFR (UVSFR). This figure is similar to Fig. 8. The

CO luminosities predicted by the two different model variants to scale the UV and CR field are very similar.

Figure D3. The [CI] 1–0 luminosity of galaxies at z = 0 as a function of their SFR for a model variant where the UV radiation field and CR strength are

scaled as a function of the local SFR surface density (Fiducial) and as a function of the global galaxy SFR (UVSFR). This figure is similar to Fig. 9. The [C I]

luminosities predicted by the two different model variants to scale the UV and CR field are very similar.
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APP ENDIX E: MODELLING THE CONTRI BU TI ON FRO M D I FFUSE GAS

In this appendix, we show the predicted [C I] and CO luminosities of galaxies for model variants where we change the density of the diffuse

atomic ISM from 0.1 to 10 cm−3.

Figure E1. The CO J=1–0 to 5–4 luminosity of galaxies as a function of their SFR at z = 0 for our fiducial model variant, variants where the densities

of the diffuse ISM are 1 cm−3 (IonizednH1) and 0.1 cm−3 (IonizednH0.1), and variants where the column density are 1019 (IonizedNH19) and 1021 cm−2

(IonizedNH21), respectively. This figure is similar to Fig. 7. The choice for density of the diffuse atomic ISM has no effect on the predicted CO luminosities

of galaxies.
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Figure E2. The CO J=3–2 luminosity of galaxies at z = 1 and 2 as a function of their SFR for our fiducial model variant, variants where the densities

of the diffuse ISM are 1 cm−3 (IonizednH1) and 0.1 cm−3 (IonizednH0.1), and variants where the column density are 1019 (IonizedNH19) and 1021 cm−2

(IonizedNH21), respectively. This figure is similar to Fig. 8. The choice for density of the diffuse atomic ISM has no effect on the predicted CO luminosities

of galaxies.

Figure E3. The [CI] 1–0 luminosity of galaxies at z = 0 as a function of their SFR for our fiducial model variant, variants where the densities of the diffuse

ISM are 1 cm−3 (IonizednH1) and 0.1 cm−3 (IonizednH0.1), and variants where the column density are 1019 (IonizedNH19) and 1021 cm−2 (IonizedNH21),

respectively. This figure is similar to Fig. 9. The choice for density of the diffuse atomic ISM has no effect on the predicted [C I] luminosities of galaxies.
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