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First of all, blind surveys allow us to detect new classes of objects
previously missed in targeted surveys due to for example stellar
masses and SFRs not ful�lling the selection criteria. More relevant
to this work, blind surveys are ideal to assess the number densities
of different classes of galaxies. With this in mind, blind surveys
with radio and sub-mm instruments are perfectly suited to observe
the luminosity function of the sub-mm continuum of galaxies down
to faint luminosities and high redshifts. Furthermore, due to the
high spectral resolution, we are entering an exciting new era where
we can observe the luminosity function of sub-mm emission lines
such as different CO rotational transitions and [CII]. In this paper,
we make predictions for future efforts focusing on the luminosity
function of different CO transitions and [CII] based on a semi-
analytic model of galaxy formation coupled to a radiative transfer
code.

Because of its high abundance (� 10Š4 in Milky Way-type galax-
ies) CO is a bright tracer of the molecular interstellar medium (ISM)
in galaxies. A survey focusing on CO can therefore effectively trace
and provide constraints on the reservoir of gas potentially available
for SF (Walter et al.2014). Due to its brightness, [CII] is one of the
�rst emission lines that can be picked up with sub-mm instruments,
which makes it a valuable line to �nd new objects through blind
surveys, or assign spectroscopic redshifts (see for a review Carilli
& Walter 2013). In local galaxies, [CII] emission correlates with SF
(de Looze et al.2011; Herrera-Camus et al.2015), which makes it
an extra worthwhile emission line to go after.

Constraints on the gas content of galaxies are crucial for theoret-
ical models of galaxy formation. This information is necessary to
break the degeneracies between different physical mechanisms in-
cluded in theoretical models such as metal enrichment and feedback
processes. At the same time, models have the potential to provide a
theoretical context for sub-mm emission line deep �elds, as this is
still an unexplored �eld.

Recently, theoretical models of galaxy formation started to in-
clude recipes to model the sub-mm line emission from galaxies (e.g.
Narayanan et al.2008; Obreschkow et al.2009; Pérez-Beaupuits,
Wada & Spaans2011; Feldmann, Gnedin & Kravtsov2012;
Lagos et al.2012; Popping et al.2014b; Olsen et al.2015a,b).
Semi-analytic models in particular are a powerful tool to make
predictions for CO and [CII] luminosity functions. Within the semi-
analytic framework, simpli�ed but physically motivated recipes are
used to track physical processes such as the cooling of hot gas into
galaxies, SF, the energy input from supernovae and active galactic
nuclei into the ISM, the sizes of galaxy discs, and the enrichment
of the ISM by supernovae ejecta and stellar winds (see Somerville
& Davé 2015, for a recent review). The low computational cost of
semi-analytic models makes them a powerful tool to model large
volumes on the sky and provide robust predictions for deep �eld
studies.

In this work, we use an updated version of the model presented in
Popping et al. (2014b, hereafterP14), where we coupled a radiative
transfer model to the Popping, Somerville & Trager (2014a, here-
afterPST14) semi-analytical model. ThePST14model has proven
to be successful in reproducing observations of the H I and H2 con-
tent of galaxies in the local and high-redshift Universe, such as
stellar mass–gas mass relations, the local H I and H2 mass func-
tions, and the sizes of the gas discs of galaxies. TheP14 model
successfully reproduces the CO, [CII], and atomic carbon lumi-
nosity of local and high-redshift galaxies. Updates to the approach
presented inP14concern the coupling between the semi-analytic
model and the radiative transfer code, as well as the sub-grid treat-

ment of molecular cloud structures. We will present these updates
in Section 2.

This paper is structured as follows. In Section 2, we present the
theoretical model to make predictions for the CO and [CII] emission
of galaxies. We compare model predictions for the scaling relation
between sub-mm lines emission and far-infrared (FIR) luminosity
and SFR with observations of local and high-redshift galaxies in
Section 3. We present our predictions for the CO and [CII] lumi-
nosity functions out toz = 6 in Section 4. We discuss our �ndings
in Section 5 and summarize our work in Section 6. Throughout this
paper, we adopt a �at� cold dark matter (� CDM) cosmology with
� 0 = 0.28,� � = 0.72, h = H0/ (100 km sŠ1 MpcŠ1) = 0.7, � 8 =
0.812, and a cosmic baryon fraction offb = 0.1658 (Komatsu et al.
2009).

2 MODEL DESCRIPTION

2.1 Galaxy formation model

The galaxy formation model used to create a mock sample of
galaxies within a� CDM cosmology was originally presented in
Somerville & Primack (1999) and Somerville, Primack & Faber
(2001). Signi�cant updates to this model are described in Somerville
et al. (2008), Somerville et al. (2012), Porter et al. (2014), PST14,
and Somerville, Popping & Trager (2015, hereafterSPT15). The
model tracks the hierarchical clustering of dark matter haloes, shock
heating and radiative cooling of gas, SN feedback, SF, active galac-
tic nucleus feedback (by quasars and radio jets), metal enrichment
of the interstellar and intracluster medium, mergers of galaxies,
starbursts, the evolution of stellar populations, and dust obscu-
ration. ThePST14and SPT15models include new recipes that
track the abundance of ionized, atomic, and molecular hydrogen,
and a molecule-based SF recipe. Here, we brie�y summarize the
recipes employed to track the molecular hydrogen abundance and
the molecule-based SF recipe, as these set the molecular hydro-
gen abundance and UV radiation �eld in Section 2.2. We point the
reader to Somerville et al. (2008), Somerville et al. (2012), PST14,
andSPT15for a more detailed description of the model.

To compute the H2 fraction of the cold gas, we use an approach
based on the work by Gnedin & Kravtsov (2011). The authors per-
formed high-resolution ‘zoom-in’ cosmological simulations with
the Adaptive Re�nement Tree (ART) code (Kravtsov1999), includ-
ing gravity, hydrodynamics, non-equilibrium chemistry, and sim-
pli�ed 3D on-the-�y radiative transfer (Gnedin & Kravtsov2011).
The authors �nd a simple �tting formula for the H2 fraction of cold
gas based on the dust-to-gas ratio relative to solar,DMW, the ioniz-
ing background radiation �eld,UMW, and the surface density of the
cold gas,� H I+ H2. The fraction of molecular hydrogen is given by

f H2 =
�
1 +

˜�
� H I+ H2

�Š2

, (1)

where

˜� = 20 M� pcŠ2 � 4/ 7

DMW

1
�

1 + UMWD 2
MW

,

� = ln(1 + gD3/ 7
MW(UMW/ 15)4/ 7),

g =
1 + �s + s2

1 + s
,

s =
0.04

D� + DMW
,
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� = 5
UMW/ 2

1 + (UMW/ 2)2
,

D� = 1.5 × 10Š3 ln(1 + (3UMW)1.7).

We assume that the dust-to-gas ratio is proportional to the metallicity
of the gas in solar unitsDMW = Zgas/ Z� . We assume that the local
UV background scales with the SFR relative to the Milky Way value,
UMW = SFR/ SFRMW, where we choose SFRMW = 1.0 M� yrŠ1

(Murray & Rahman2010; Robitaille & Whitney2010). Following
Gnedin & Kravtsov (2011), we taken� = 25cmŠ3.

We considered other recipes for the partitioning of H I and H2 in
PST14andSPT15. We found that metallicity-based recipes that do
not include a dependence on the UV background predict less ef�-
cient formation of H2, less SF, and less metal enrichment at early
times in low-mass haloes (Mh < 1010.5 M� ). PST14also consid-
ered a pressure-based recipe (Blitz & Rosolowsky2006), but found
that the pressure-based version of the model is less successful in
reproducing the H I density of our Universe atz > 0.

The SF in the semi-analytic model (SAM) is modelled 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). Observations of high-density en-
vironments (especially in starbursts and high-redshift objects) have
indicated that above some critical surface density, the relation be-
tween molecular hydrogen surface density and SFR surface density
steepens (Sharon et al.2013; Hodge et al.2015). To account for this
steepening, we use the following expression to model SF:

� SFR = ASF� H2/ (10 M� pcŠ2)
�

1 +
� H2

� H2,crit

�NSF

, (2)

where� H2 is the surface density of molecular hydrogen and with
ASF = 5.98 × 10Š3 M� yrŠ1 kpcŠ2, � H2,crit = 70 M� pcŠ2, and
NSF = 1.

The sizes of the galaxy discs are important as they set the surface
densities for our H2 partitioning recipe and SF relation, but will
also control the volume density of the gas when calculating the line
emission from atoms and molecules. When gas cools on to a galaxy,
we assume it initially collapses to form a rotationally supported disc.
The scale radius of the disc is computed based on the initial angular
momentum of the gas and the halo pro�le, assuming that angular
momentum is conserved and that the self-gravity of the collapsing
baryons causes contraction of the matter in the inner part of the halo
(Blumenthal et al.1986; Flores et al.1993; Mo, Mao & White1998).
This approach has shown to successfully reproduce the evolution
of the size–stellar mass relation of disc-dominated galaxies from
z � 2 toz = 0.PST14successfully reproduced the sizes of H I discs
in the local Universe and the observed sizes of CO discs in local
and high-redshift galaxies using this approach.

We use the approach presented in Arrigoni et al. (2010) to track
the carbon abundance of the ISM. Arrigoni et al. (2010) extended
the Somerville et al. semi-analytic model to include the detailed
metal enrichment by Type Ia and Type II supernovae and long-lived
stars. With this extension our model tracks the abundances of 19
individual elements.

FIR luminosities are calculated using the approach presented in
Somerville et al. (2012). Emission is absorbed by two components.
One is diffuse dust in the disc and the other is associated with
the birth clouds surrounding young star-forming regions. It is then
assumed that all the energy emitted by stars that is absorbed by dust
is re-radiated in the infrared.

Figure 1. The distribution of the density-weighted average gas density
(top left), UV radiation �eld (top right), gas temperature (bottom left), and
dust temperature (bottom right) for central star-forming galaxies at redshifts
z = 0, 2, 4, and 6.

2.2 Creating a 3D realization of the ISM

SAMs are a very powerful tool to model the global properties
of galaxies (such as cold gas mass, SFR, stellar mass, and size).
However, they lack detailed information on the spatial distribution
of baryons within a galaxy. In this subsection, we describe the
recipes used to create a 3D realization at parsec-level resolution of
the mock sample of galaxies created by the SAM.

2.2.1 Gas density

Under the assumption that cold gas (H I + H2) follows an exponential
distribution in the radial and vertical direction, the hydrogen density
at any point in the galaxy at radiusr and heightz is described as

nH(r, z) = n0(r ) exp
�

Š
r

Rg

�
exp

�
Š

|z|
zg(r )

�
, (3)

wheren0(r) is the central hydrogen density at any radiusr, Rg the
gas scalelength of the galaxy andzg(r) the gas scaleheight.

The central hydrogen densityn0(r) is given by

n0(r ) =
MH

4�mH R2
gzg(r )

, (4)

whereMH is the total hydrogen mass (atomic plus molecular) of the
galaxy andmH the mass of a single hydrogen atom.

We assume that the gaseous disc is in vertical equilibrium, where
the gravitational force is balanced by the pressure of the gas. Fol-
lowing Popping et al. (2012) andP14, we can then expresszg(r)
as

zg(r ) =
� 2

gas

� G
�
� gas(r ) + 0.1

�
� � (r )� 0

�

� , (5)

where� � (r ) is the stellar surface density, and� 0
� the central stellar

surface density de�ned asM�
2�r 2

�
, with M� andr� the stellar mass and

scalelength of the stellar disc, respectively. When constructing the
gas density pro�le of the galaxy, we adopt a resolution of 200 pc
and integrate the disc out to eight times its scale radius. We plot
a distribution of the density-weighted average gas density of the
modelled galaxies in Fig.1. A more detailed description of the plot
will be given in Section 3.
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2.2.2 H2 abundance

The local H2 abundance of cold gas is dependent on the local cold
gas (column) density, whereas SAMs only provide the global H2

abundance. The local H2 abundance is one of the key ingredients
when calculating the level populations of our atoms and molecules
of interest. We therefore calculate the local H2 abundance in every
grid cell again following the results by Gnedin & Kravtsov (2011).
This time the local H2 abundance is a function of gas volume den-
sity rather than surface density, together with the previously de�ned
dust-to-gas ratio relative to solarDMW, and the ionizing background
radiation �eld UMW (see Section 2.1). The local fraction of molec-
ular hydrogen is now given by

f H2 =
1

1 + exp (Š4x Š 3x3)
, (6)

where

x = � 3/ 7 ln
�

DMW
nH

�n �

�
,

� = ln (1 + gD3/ 7
MW(UMW/ 15)4/ 7),

g =
1 + �s + s2

1 + s
,

s =
0.04

D� + DMW
,

� = 5
UMW/ 2

1 + (UMW/ 2)2
,

D� = 1.5 × 10Š3 ln(1 + (3UMW)1.7).

Following Gnedin & Kravtsov (2011), we taken� = 25 cmŠ3.
We normalize the sum of the local H2 masses to the global H2 mass
to assure that the global H2 mass is conserved.

2.2.3 Radiation �eld

We derive the FUV (6–13.6 eV) �eld strength,GUV, by relating the
SFR density to the FUV-radiation �eld as

GUV

G0
=

� SFR

� 0
SFR

, (7)

where � SFR is the density of SF in M� yrŠ1 kpcŠ3, � 0
SFR is the

average SFR density in the MW, andG0 = 1.6 × 10Š3 erg cmŠ2 sŠ1

(the Habing Flux). We scale the density of SF as a function of the
molecular hydrogen density in every grid cell with� SFR = � 1.5

H2 ,
normalizing it such that the total integrated SFR equals the SFR
as predicted by our SAM. We take� 0

SFR = 0.0024 M� yrŠ1 kpcŠ3

(Olsen et al.2015a), which corresponds to the SFR density in the
central 10 kpc of our MW. The distribution of the density-weighted
average UV radiation �eld in the modelled galaxies is shown in
Fig. 1.

2.2.4 Abundances

The CO abundance of the cold gas is calculated as the amount of
carbon locked up in CO. The fraction of the carbon mass locked up
in CO has an explicit dependence on metallicity. Following Wol�re,
Hollenbach & McKee (2010), we calculate this fraction as

f CO = f H2e
Š4

	
0.52Š0.045 ln

GUV / (1.7G0)
nH

Š0.097 ln
Zgas
Z�



/A V

, (8)

whereAV = nHRgrid(Zgas/ Z� )/ 1.87× 1021 mag, withRgrid the size
of a grid cell in cm.

The remaining carbon is either ionized or atomic. We assume
that the atomic and ionized carbon are equally distributed at
AV = 1 mag. AtAV = 0 mag, all the carbon is ionized, whereas
at AV = 10 mag, only 10 per cent of the carbon is ionized. These
numbers reach good agreement with predictions from Meijerink &
Spaans (2005) for the typical range of densities and radiation �elds
relevant to our work. We perform logarithmic interpolation between
these points to calculate the abundance of atomic and ionized carbon
at anyAV.

2.2.5 Temperature

We calculate the temperature of the gas and dust using theDESPOTIC

package (Krumholz2014). Unless stated otherwise, the physical
parameters match the defaults inDESPOTIC.

The temperature of the cold gas and dust is set by a balance of
heating and cooling processes. Heating terms that are included are
cosmic ray heating, photoelectric heating, gravitational heating, and
the exchange of energy between dust and gas. The primary cooling
mechanism for the gas is line radiation. We take the cooling through
CO, atomic carbon [C], and ionized carbon C+ into account. We
refer the reader to Krumholz (2014) for a detailed explanation of the
different heating and cooling terms. We set the temperature of the
cosmic microwave background (CMB) at the redshift of the galaxy
as a lower limit on the gas and dust temperature. We note that
the adopted approach for calculating temperature is a signi�cant
improvement with respect toP14, where a simpli�ed model was
assumed only including the cooling through oxygen and ionized
carbon. The addition of CO cooling in the densest environments
allows for lower temperatures, which additionally suppresses the
amount of CO emission. We plot a distribution of the density-
weighted average gas and dust temperatures of the galaxies in Fig.1.

2.2.6 Velocity �eld and turbulence

To trace the absorption of photons along the line-of-sight informa-
tion about the velocity �eld of the galaxy is necessary. We derive
the velocity �eld following the approach presented inP14, where
the radial velocity pro�le of a galaxy is constructed based on a
component from the bulge, disc, and halo, respectively. We assume
a vertical velocity dispersion� gas of 10 km sŠ1 (Leroy et al.2008).
The local non-thermal turbulent velocity dispersion is derived as
the standard deviation of the velocities in the nearest neighbouring
cells in all directions.

2.3 Radiative-transfer and line tracing

We use an updated version of the advanced fully 3D radiative-
transfer code	 3D (Poelman & Spaans2005, 2006), optimized for
heavy memory usage by Pérez-Beaupuits et al. (2011). To calculate
the level populations of the molecule or atom of interest,	 3D takes
the escape probability of photons out of a molecular cloud along
six directions into account. The optimized version was initially
developed to calculate the 3D transfer of line radiation in 256×
256× 128 element data cubes at a spatial resolution of 0.25 pc.P14
optimized this code to calculate the line properties of galaxy-sized
objects with much lower spatial resolution.

Calculating the emitted radiation from an atomic or molecu-
lar species requires solving for the number density of atoms or
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molecules in the level of interest. It also requires calculating the
probability that a photon at some position in the cloud can escape
the system. The basic assumption in the radiative transfer calcu-
lation is that the levels of the atomic or molecular species are in
statistical equilibrium. This implies that the rate of transitions out
of each level is balanced by the rate of transitions into that level. For
a multilevel molecule, this can be expressed using the equations of
statistical equilibrium for each bound leveli, with population den-
sity ni , and energyEi, as

ni

�

j

Rij =
�

j

nj Rj i , (9)

where the sums are over all other bound levelsj. Rij gives the rate
at which transitions from leveli to j occur. These equations are
supplemented by the constraint that the sum of all populationsni

equals the density of the atomic or molecular speciesx in all levels,

nx =
�

j

nj , (10)

and together these equations constitute a complete system that can
be solved iteratively.

The ratesRij are expressible in terms of the EinsteinAij andBij

coef�cients, and the collisional excitation (i < j) and de-excitation
(i > j) ratesCij :

Rij =

�


�

Aij + Bij � Jij 	 + Cij , E i > E j ,

Bij � Jij 	 + Cij , E i < E j .
(11)

The EinsteinAij coef�cient gives the rate of an electron decaying
radiatively from an upper statei to a lower statej. The EinsteinBij

rate gives the rate of an atom or molecule absorbing a photon, which
causes an electron to be excited from a lower statej to an upper state
i. The collision rateCij sets the coupling between the excitation of
the atom or molecule and the kinetic energy of the gas and depends
(for each collisional partner such as atomic and molecular hydrogen
and helium) on the kinetic temperature of the gas.�Jij 	 is the mean
integrated radiation �eld over 4� sr at a frequency
 ij corresponding
to a transition from leveli to j and is given by

�Jij 	 = (1 Š 	 ij )Sij + 	 ij Bij (
 ij ), (12)

where	 ij is the escape probability of a photon andSij is the source
function. The background radiationBij (
 ij ) comes from the infrared
emission of dust at a temperatureTd and the temperature of the
CMB TCMB at the redshift of interest. The background radiation
�eld is given by

Bij (
 ij ) = B(
 ij , T = TCMB) + � d(
 ij )B(
 ij , Td), (13)

where� d(
 ij ) = � 100µm(100µm/� ). We adopt a value of� 100µm/� =
0.001 (Hollenbach, Takahashi & Tielens1991).

The source function is de�ned as the ratio between the emission
coef�cient and the absorption coef�cient. It is a measure of how
photons in a light beam are absorbed and replaced by new emitted
photons by the system it passes through and is given by

Sij =
nj Aij

ni Bij Š nj Bj i
=

2h
 3
ij

c2

�
nj gi

ni gj
Š 1

�Š1

, (14)

wheregi andgj are the statistical weights of leveli and j, ni and
nj the population density in theith andjth level,h
 ij is the energy
difference between the levelsi andj, andc the speed of light.

As mentioned above, calculating the emitted intensity by a molec-
ular cloud requires knowledge of the escape probability of the

emitted photons. For a sphere, the probability of a photon emit-
ted in the transition from leveli to level j to escape the cloud is
given by

	 ij =
1 Š exp(Š� ij )

� ij
, (15)

where� ij is the optical depth in the line. The optical depth in the
line over a distance running froms1 to s2 is given by

� ij =
Aij c3

8�
 3
ij

s2�

s1

ni

v d

�
nj gi

ni gj
Š 1

�
ds, (16)

wherev d is the velocity dispersion of the gas due to local turbu-
lence in the cloud.

The emerging speci�c intensity from a single molecular cloud
can now be expressed as

dI z

 =

1
4�

ni Aij h
 ij 	 (� ij )
	 Sij Š Bij (
 ij )

Sij



� (
 )dz, (17)

where dI z

 has units of erg cmŠ2 sŠ1 srŠ1 HzŠ1, � (
 ) is the pro�le

function, which is the Doppler correction to the photon frequency
due to local turbulence inside the cloud and large-scale bulk mo-
tions, andBij (
 ij ) is the local continuum background radiation at the
frequency
 ij .

The sizes of individual molecular clouds in galaxies are often
much smaller than the 200 pc resolution of our grid. To account
for this we assume 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.

To include the effects of clumping in a molecular cloud, we mul-
tiply the collisional ratesCij with a clumping factorfcl (Krumholz
2014), the factor by which the mass-weighted mean density ex-
ceeds the volume-weighted mean density. In a supersonic turbulent
medium this factor can be approximated by

f cl =
�

1 + 0.75v 2
d/c 2

s, (18)

wherecs is the sound speed of the medium (e.g. Ostriker, Stone &
Gammie2001; Federrath, Klessen & Schmidt2008; Lemaster &
Stone2008; Price, Federrath & Brunt2011).

We assign the individual molecular clouds a relative velocity with
respect to each other drawn from a Gaussian distribution centred
around 0 km sŠ1, with the velocity dispersion determined for that
grid cell as the standard deviation. We calculate the contribution
of each of these individual molecular clouds within the sub-grid to
the emitted radiation and take the overlap in optical depth space
of the molecular clouds into account. This is a fundamental update
to the sub-grid treatment of the radiative transfer approach with
respect toP14, where the individual molecular clouds had the same
relative velocity. We expect the optical depth within a grid cell to be
smaller than inP14, effectively allowing more emission to escape
from dense regions.

The line intensity escaping the galaxy is computed using a ray-
tracing approach, including the effects of kinematic structures in
the gas and optical depth effects along the line of sight towards
the observer. The emerging speci�c intensity is dependent on the
escape probabilities within a grid cell as well as connecting adjacent
grid points along the line of sight. This makes our approach more
physical compared to the purely local nature of the Large Velocity
Gradient approximation (e.g. Weiß, Walter & Scoville2005).

Level populations for12CO and C+ are calculated using rate co-
ef�cients available in the Leiden Atomic and Molecular Database
(Scḧoier et al. 2005). We use H2 and helium as the main
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Figure 2. CO line-luminosity of CO J= 1–0 up to CO J= 9–8 as a function of FIR luminosity at redshiftsz = 0,z = 1, andz = 2. Model results are compared
to observations taken from Narayanan et al. (2005), Juneau et al. (2009), Lisenfeld et al. (2011), Papadopoulos et al. (2012), Greve et al. (2014), Liu et al.
(2015), Rosenberg et al. (2015), and Kamenetzky et al. (2015). The thick lines show the median of the model predictions, whereas the dotted lines represent
the 2� deviation from the median.

collision partners for the radiative transfer calculations for CO. The
collisional partners for ionized carbon are H2, H I, and an electron
abundance that scales with the C+ abundance. The densities of the
collisional partners are derived from the galaxy formation model
described in Section 2.1.

3 CO AND [C I I ] SCALING RELATIONS

In this section, we present our model predictions for the CO and
[C II] line luminosities of galaxies as a function of SFR and IR
luminosity. Very similar predictions were shown inP14. In this
work, we have signi�cantly updated the recipes for the cooling of
gas and the sub-grid treatment of the radiative transfer approach.
We therefore believe it is good to reassure ourselves that our model
reaches good agreement with observations. Furthermore, in this
work, we extend the comparison between model and observations
out to CO J= 9–8.

The simulations were run on a grid of haloes with viral masses
ranging from 109 up to 5× 1014 M� , with a resolution down to
107 M� . From these simulations, we selected all central galax-
ies with a molecular hydrogen gas mass more massive than the
mass resolution of our simulations. In this section, we restricted our

analysis to central star-forming galaxies, selected using the criterion
sSFR> 1/ (3tH(z)), where sSFR is the galaxy speci�c star forma-
tion rate andtH(z) the Hubble time at the galaxy’s redshift. This
approach selects similar galaxies to commonly used observational
methods for selecting star-forming galaxies (e.g. Lang et al.2014).

Before presenting actual scaling relations, we show normalized
distribution functions of the density-weighted average gas density,
UV radiation �eld, gas temperature and dust temperature in the
modelled central star-forming galaxies in Fig.1. This should give
the reader a sense of the evolving ISM in the modelled galaxies.
We �nd that the density and radiation �eld of the ISM in galaxies
decrease with cosmic time. Similarly, the average temperatures of
dust and gas also decrease with cosmic time. The contribution of the
CMB to the temperature of the dust is visible in the lower limit of
dust temperatures atz = 4 andz = 6. We note that these properties
are density-weighted averages and can vary between the grid cells
within a galaxy.

3.1 CO

In Fig. 2, we show the predicted CO J= 1–0 out to CO J= 9–8
line luminosity of galaxies at redshiftsz = 0, 1, and 2 as a function
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