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Chapter 1
Introduction

How do galaxies form? This is an easy question to ask with a complicated and largely
unknown answer. A century ago we weren’t even sure other galaxies than our own
Milky Way existed. In 1920 Harlow Shapley and Heber Curtis had an influential debate
concerning the nature of spiral nebulae and the size of our Universe. Shapley argued that
our Milky Way was the entire Universe and he believed that nebulae such as Andromeda
were simply part of it. Curtis argued that these nebulae were different galaxies. In 1926,
E. Hubble discovered that these nebulae were indeed outside of the Milky Way (Hubble
1926). This marked a new era in astronomy and changed our view of the Universe.

Although all galaxies obey the same physical laws, they come in many different forms
and shapes. Hubble was the first to classify galaxies based on their morphological ap-
pearance. He distinguished between elliptical and spiral galaxies. The former appear
as smooth, round and featureless systems, while the latter have very bright spiral arms,
consisting of clumps of bright stars and large gas components mixed with dust. Ellip-
ticals are typically constituted by old stars (we call them early-type galaxies), whereas
spiral galaxies are constituted by much younger stars (late-type galaxies). Early-type
galaxies typically are situated in dense environments with many neighboring galaxies,
while late-type galaxies are more prevalent in the outskirts of these dense environments
or are isolated (e.g. Dressler 1980). Galaxies can continuously form their stars in a gentle
pace, can go through a rapid burst of star formation, or form stars at a very low rate.
The masses of galaxies range from a million times the mass of the sun out to almost 100
billion times the mass of our own sun. So indeed there is a wide variety of galaxies.

Observations have demonstrated that our Universe was most actively forming stars
roughly 10 billion years ago (e.g., Hopkins 2004). After this period of active star-
formation, galaxies formed their stars at a lower rate (e.g., Noeske et al. 2007) and
the number of passive (early-type) galaxies rapidly increased (e.g., Faber et al. 2007).
Although studies of the stellar composition and star-formation rates of galaxies provide
fundamental insights into when and at what rate galaxies build up their stellar mass,
they do not necessarily tell you why. To answer that question it is necessary to go one
step deeper and take a closer look at the fuel of star-formation.

A close look at our own Milky Way on a dark night reveals regions such as the Orion
nebula where gas and dust are surrounding bright stars. These young stars were formed
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in these gaseous regions. The gas acts as the fuel for the new stars. To fully digest why
the Universe was more actively forming stars 10 billion years ago than today and why
some galaxies do form stars and others not, it is crucial to look into the gas properties of
galaxies. To address the physical origin of the star-formation history and stellar buildup
of the Universe and to understand the origin of the wide variety of galaxies, one can ask
simple questions about galaxy gas content. How does the gas content of galaxies evolve?
Do galaxies have an initial gas reservoir and does star formation halt when this reservoir
is consumed? Is all the gas in galaxies eligible to form stars? What are the gas conditions
under which galaxies form their stars and do these conditions change? Is the efficiency
of forming stars out of cold gas constant over time and what drives this? Is there a way
for galaxies to loose or gain cold gas and if so when and in which environments?

In this thesis I use a theoretical and semi-empirical approach to study the evolution
of the gas properties of galaxies and address the aforementioned questions. I include new
recipes to follow the individual components of cold gas (atomic and molecular hydrogen),
improve the recipes for star formation out of cold gas and develop new tools to provide
direct predictions for future observations. Furthermore, I present a novel approach to
indirectly infer the cold gas content of galaxies and its different components. I conduct
an in-depth study of the global and local properties of cold gas in galaxies over time and
how they affect the stellar build-up of galaxies. Finally I present a wealth of predictions
for future surveys of the gas content of galaxies out to when the Universe was less than
3 billion years old.

The remainder of this chapter describes the cosmological framework within which the
research presented in this thesis is situated, places it in a broader scientific context and
discusses some of the tools employed.

1.1 Galaxy formation within the ΛCDM paradigm
The well established paradigm for the formation of the Universe states that the Universe
originates from a singular event 13.7 Gyr ago, the Big Bang, when it had an infinite
temperature and density. After this singularity the Universe expanded with a rate that
depends on the state and the density of the matter and energy that constitute the Uni-
verse.

Observations of the Cosmic Microwave background (CMB) – the thermal radiation
assumed to be left over from the Big Bang – with WMAP (Bennett et al. 2003, 2013;
Hinshaw et al. 2013) and PLANCK (Planck Collaboration et al. 2013a,b) have allowed
the scientific community to assess the contribution of various constituents to the mass
density of the Universe. These observations have suggested that only 4.8% of the total
mass density of the Universe is made of ordinary matter out of which stars, planets,
galaxies and everything we see today are made, so called baryonic matter. The rest of
the matter is dominated by non-baryonic, non-interacting, cold matter. This constituent
is known as “dark matter” and makes up 25.4% of the total mass density of the Universe.
Dark matter dominates the fluctuations in the gravitational field, particularly on galactic
scales and above, and determines the potential wells where baryonic matter may condense
and form galaxies. The remaining mass density of the Universe is believed to be in the
form of “dark energy”, proposed to explain the observed accelerated expansion of the
Universe (Riess et al. 1998; Perlmutter et al. 1999).
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The Λ Cold Dark Matter (ΛCDM) model is currently the commonly accepted cosmo-
logical framework to describe the constituents of the Universe, as well as the existence
and structure of the CMB, the expansion of the Universe, the large scale structure of the
Universe, and the observed abundance of light elements (i.e. hydrogen, helium, lithium).
Within the ΛCDM framework the formation and evolution of galaxies takes place in
the gravitational potential wells of dark-matter haloes (Blumenthal et al. 1984). These
haloes originate from small fluctuations in the nearly-uniform primordial density field of
the early Universe. These over-dense regions grow by gravitational instability and form
bound, virialized objects we now know as dark-matter haloes. In this picture structures
form hierarchically, such that small objects form first and merge to form larger struc-
tures. Within these structures, galaxies form when gas cools radiatively and condenses
to form stars inside dark-matter haloes (White & Rees 1978; White & Frenk 1991).

Despite the success of ΛCDM in explaining the growth of structures in our Uni-
verse, the details of the baryonic physics that shape the galaxies as we see them today
is still debated. We have not reached a complete understanding of how gas gets into
galaxies, forms stars, and is reprocessed to the galactic surroundings through radiative,
mechanical, and chemical feedback. Feedback from supernovae (SN), active galactic nu-
clei (AGN), stellar winds, and shock heating of gas in a galaxy’s halo can heat up and
blow cold gas out of galaxies or prevent the cooling of new gas onto a galaxy. These pro-
cesses play an important role in regulating the gaseous budget in galaxies out of which
stars may form. Mergers and secular evolution processes can locally drive a burst of
star formation, deplete galaxies of their gas and play an important role in shaping the
different morphologies observed today in galaxies. The exact physics that control the
buildup of stars in the galaxies that we see today is to large extent a key unknown in
modern day astronomy.

1.1.1 The interstellar medium
Before discussing the formation of stars and the stellar buildup of galaxies, it is good to
take a closer look at the fuel for star formation. So far I have only talked about gas in
global terms. In this Section I give more background on the different phases of the gas
and which of these are important in light of this thesis.

The interstellar medium (ISM) is all the matter that exists in the space between the
stars in a galaxy. The ISM includes gas in ionic, atomic and molecular phase and also
dust. The gas in the ISM exists in a number of different thermal phases, depending on
the local conditions of the gas. Two of these phases, the cold and warm ISM, were first
described using the “two-phase” model (Field et al. 1969). Later work expanded this
with a third, hot ISM, phase (McKee & Ostriker 1977). These phases can be further
divided into five thermal phases of the ISM and are all pressure-confined and stable in
the long term. The emphasis of this thesis lies on the warm neutral medium and the
molecular clouds.

Molecular clouds: These are clouds of gas at temperatures of 10–20 K with high
densities (> 103 cm−3). The clouds are mostly made up by molecular hydrogen (H2)
and make up for less than 1% of the fractional volume of the ISM. Molecular clouds are
gravitationally bound systems. Their dense cores are unstable and the sites of new star
formation.

Cold neutral medium: The cold neutral medium is made up by gas at temperatures
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in the range 50–100 K with densities of ∼ 50 cm−3.
Warm neutral medium: The warm neutral medium has characteristic temperatures

of T ∼ 103–104 K with densities of ∼ 0.5 cm−3. It is located on the boundary between
molecular clouds and ionized regions and is traced through the emission of atomic hy-
drogen (H I).

Warm ionized medium: This phase is constituted by diffuse ionized gas with tem-
peratures of T ∼ 104 K and low densities of ∼ 0.1 cm−3. This medium is primarily
photoionized by young stars in a galaxy, although shocks and collisional ionization also
play an important role.

Hot ionized medium: This phase is made up by hot, low-density gas heated up by
supernovae. It has temperatures of T ∼ 105–106 K and very low densities of the order
10−4–10−2 cm−3.

Despite its low abundance of 1% or less, an important extra component of the ISM is
interstellar dust. Dust grains are mixed in all but the hottest phases of the ISM. They play
an important role in the extinction of light, gas-phase element depletion, and chemistry.
Especially important in light of this thesis is the role it plays in the formation of molecular
hydrogen. The dust grains shield molecular regions from dissociating ultraviolet (UV)
radiation and catalyze the formation of molecules. The role of dust (in this thesis traced
by the cold gas metallicity assuming a constant metal-to-dust ratio) should therefore not
be neglected when studying the molecular phase of cold gas.

Dust also has a strong contribution to the light spectrum of a galaxy. UV emission
absorbed by dust will be reradiated as a black-body spectrum in the far infrared (FIR)
part of the light spectrum. This is often used as a measure of the star-formation activity
of a galaxy. Needless to say, dust plays an important role in the physics of cold gas and
galaxies, despite its small share to the mass of the ISM.

1.1.2 Star formation relations in the local and distant Universe
To properly understand the formation and evolution of galaxies one must get acquainted
with the physics that regulate the formation of stars.

Observations within our own Milky Way have revealed that star-formation (SF) takes
place in dense giant molecular clouds (GMC; Solomon et al. 1987; McKee & Ostriker 2007;
Bolatto et al. 2008). The physics that controls the number of stars formed is still highly
debated, but is a complicated interplay between the self-gravity and turbulence of the
medium, the impinging radiation field and magnetic fields (see McKee & Ostriker 2007,
for a detailed review).

On larger scales, and more of interest to this thesis, Schmidt (1959) was the first to
find a power-law relation between a galaxy’s cold gas surface density (Σgas) and star-
formation rate (SFR) surface density (ΣSFR)

ΣSFR = AΣNgas, (1.1)

where A and N are the normalization and power-law slope of this relation that together
set the star-formation efficiency (SFE). With the availability of the first large multi-
galaxy datasets, this relation was tested in Kennicutt (1998b), who confirmed the power
law relation between the gas surface density and SF surface density. New, high-quality,
spatially-resolved observations of atomic (H I) and molecular (H2) hydrogen have further
improved our knowledge of the star-formation relation on galactic scales. Surveys of H I
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and H2 (traced through carbon monoxide 12CO) such as THINGS (Walter et al. 2008),
HERACLES (Leroy et al. 2009), and BIMA SONG (Helfer et al. 2003) in combination
with surveys of the obscured and un-obscured SF in galaxies obtained with the Spitzer
Space Telescope and the Galaxy Evolution Explorer (GALEX) have allowed the com-
munity to map the spatial distribution of star-formation in galaxies and correlate this
with the distribution of atomic and molecular hydrogen. There is now strong support
for a relation in which SFR surface density correlates linearly with the surface density of
molecular hydrogen (Figure 1.1; Wong & Blitz 2002; Bigiel et al. 2008, 2011), whereas
a relation with cold gas (atomic and molecular hydrogen) or just atomic hydrogen does
not work. High-redshift observations add further support to a linear power-law relation
between SFR and molecular hydrogen surface-density (Bouché et al. 2007; Daddi et al.
2010; Genzel et al. 2010).

The observational efforts that support a correlation between SF and molecular hy-

Figure 1.1: The observed relation between SFR surface density and molecular hydrogen
surface density (adopted from Bigiel et al. 2011). The black circles show the SFR surface
density averaged in bins of surface density of molecular gas for the data presented in
Bigiel et al. (2011) and the black errorbars show the 16 and 84 percentile range of the
distribution. The red circles show the average trend for the literature compilation (grey
points) in the Bigiel et al. work.
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drogen all indicate that SF occurs in regions where the hydrogen atoms in the ISM are
locked up in molecular hydrogen. A proper understanding of the stellar buildup of galax-
ies therefore requires a detailed knowledge of the atomic and molecular hydrogen content
of galaxies over time and stimulates the desire to understand and track the H I and H2
content of galaxies separately in theoretical models.

1.1.3 The stellar build-up of galaxies
Ensembles of galaxies

To put the content of this thesis in a proper evolutionary context, some information
on the stellar build-up of galaxies is necessary. Large surveys with instruments such
as the Sloan telescope, GALEX, the Hubble Telescope, Spitzer and Herschel now allow
observations of the cosmic SFR density (the amount of star-formation per unit volume)
out to redshifts of z ∼ 10 (e.g., Bouwens et al. 2014), less than half a billion years after
the Big Bang. Such surveys have revealed that the SFR density of our Universe gradually
increased up to a redshift of z ∼ 2, after which it rapidly declined (see Figure 1.2; e.g.,
Hopkins & Beacom 2006; Bouwens et al. 2014). This naturally raises the question how
the gas properties of galaxies behave with respect to the cosmic SFR and what physical
processes drive this.

A particular relation that has gotten a lot of attention is the relation between stellar
mass and SFR. Noeske et al. (2007) were the first to show that galaxies with reliable signs
of SF form a distinct “main-sequence” (MS), with a limited range of SFRs at a given
stellar mass and redshift (this relation has a standard deviation of approximately 0.35
dex). This relation has been characterized up to z ∼ 2.5 (e.g. Daddi et al. 2007; Elbaz
et al. 2011; Whitaker et al. 2012) and provides a wonderful constraint on the SF activity
of galaxies as a function of time. The normalization of this relation gradually decreases
with time, indicating a gradual decline of the average SFR of individual star-forming
galaxies. It should be noted that the MS is made up by actively star-forming galaxies,
and that at a given stellar mass and redshift there may be a significant population of
galaxies with SFRs well below the MS. The smooth form of the MS out to at least z = 2.5
may suggest that the same set of physical processes control the SF in galaxies. A gradual
process like gas exhaustion may therefore play an important role in the decline in the
normalization of the MS with time (Noeske et al. 2007). This immediately emphasizes
that a proper knowledge of the gas content in galaxies is of key importance to understand
the origin of the MS and the drivers of star-formation in galaxies.

An interesting question to ask is when galaxies formed most of their stars. One of the
features that has become clear in this light is that the most massive galaxies we observe
today formed their stars early, while less massive objects continued to form stars until
the present. This trend is commonly called “mass assembly downsizing”, and has many
different observational manifestations (e.g. Faber et al. 1992; Cowie et al. 1996; Drory
et al. 2004, 2005; Cimatti et al. 2006; Marchesini et al. 2009) but its physical origin
remains unclear (Fontanot et al. 2009).

So far I have possibly given the impression that galaxies always continue to actively
form stars. This is, however, far from the truth, as we can observe early-type galaxies
that show no signs of active SF. An active field in the study of galaxy formation and
evolution deals with the quenching of galaxies (i.e., the shut-down of star-formation).
From the gas perspective quenching can be described as the time at which there is no
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Figure 1.2: Evolution of the cosmic SFR of the Universe. This figure was produced
based on the compilation of datapoints presented in Behroozi et al. (2013b). Note the
increase in the cosmic SFR up to z ≈ 2 followed by a rapid drop.

gas available that can participate in the formation of stars. This can either be due to a
lack of cold gas, but just as well due to an internal process that prevents the available
cold gas to form stars. Once a galaxy quenches it is thought to move from the blue-cloud
(made up by late-type galaxies) to the red-sequence (made up by early type-galaxies)
(e.g. Faber et al. 2007). Over the last decade a large number of physical processes have
been discussed as for the origin of quenching in galaxies. These include the growth
of a bulge which dynamically stabilizes the available cold gas reservoir and prevents it
from fragmenting and forming stars (Martig et al. 2009); merging events; environmental
(satellite) quenching, halo mass quenching (e.g. Kereš et al. 2005; Dekel & Birnboim
2006), and ’radio-mode’ feedback from active galactic nuclei (e.g., Croton et al. 2006;
Somerville et al. 2008b). A more detailed understanding of the gas-properties of galaxies
prior to and during quenching will provide fundamental insights into the galaxy internal
and/or external physics that control the quenching processes and downsizing.

Stellar build-up of individual galaxies

Although the SF activity of the ensemble of galaxies in the Universe peaks around z ∼ 2,
this does not mean that each individual galaxy should do so as well. Unfortunately, the
long time scales at play prohibit us from observing a single galaxy at different evolutionary
stages. In the last decade, “abundance matching” techniques have been used to infer the
star-formation history (SFH) of galaxies as a function of halo mass and time (e.g., Colín
et al. 1999; Kravtsov & Klypin 1999; Conroy & Wechsler 2009; Behroozi et al. 2010;
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Guo et al. 2010; Moster et al. 2010; Behroozi et al. 2013b; Moster et al. 2013). This
observationally-motivated model matches the observed spatial abundance of galaxies to
the expected spatial abundance of haloes at multiple redshifts (i.e., it assignes the most-
massive galaxy to the most-massive halo at each epoch). By following an individual
halo as a function of time one can reconstruct the SFH of an individual galaxy. This
technique has demonstrated that galaxies are most efficient in forming their stars while
they reside in haloes with masses of Mvir = 1011.5−12.5 M� and that the star-formation
histories of galaxies with varying halo mass at the present epoch are very different. The
most-massive galaxies we see today have formed most their stars before z = 1.5, whereas
a galaxy like our own Milky Way still had rapid star-formation below z = 1. Similar
approaches to infer the evolution of the gas in individual galaxies have the potential to
constrain the physics that control the stellar buildup in galaxies.

1.2 Observing gas in the local and high-redshift Uni-
verse

1.2.1 Atomic and molecular hydrogen
Observational studies of the H I and H2 content of galaxies have made great advances
in recent years. There are now constraints on the gas content available for increasingly
large galaxy samples, especially in our local Universe. All-sky surveys such as the H I
Parkes All-Sky Survey (HIPASS; Meyer et al. 2004) and the Arecibo Legacy Fast ALFA
Survey (ALFALFA; Giovanelli et al. 2005) have allowed a robust determination of the
H I mass function of galaxies down to masses of MHI ∼ 106 M� and the cosmic density
of atomic hydrogen at z = 0.0 (Zwaan et al. 2005; Martin et al. 2010). Surveys such as
the Westerbork H I Survey of Irregular and Spiral Galaxies (WHISP; van der Hulst et al.
2001), the GALEX Arecibo SDSS Survey (GASS; Catinella et al. 2010), The H I Nearby
Galaxy Survey (THINGS; Walter et al. 2008) and LITTLE THINGS (Hunter et al. 2012)
have mapped the H I content and its relation with other galaxy properties for smaller
samples of nearby galaxies. Observation of atomic hydrogen in emission at z > 0.0 have
up until now been restricted to galaxies out to z ∼ 0.2 (Verheijen et al. 2007; Catinella
et al. 2008; Fernández et al. 2013). At higher redshifts information about the H I content
of the Universe is based on absorption-line measurements in the spectra of quasi-stellar
objects. These Dampled Lyman-α absorbers (DLAs) have provided estimates of the H I
density of the Universe out to redshifts z < 4.5 (e.g., Rao et al. 2006; Prochaska & Wolfe
2009; Noterdaeme et al. 2012; Zafar et al. 2013).

The molecular hydrogen content of local galaxies has most commonly been observed
using emission from 12CO (hereafter CO) as a tracer. Kereš et al. (2003) were the first to
present the CO luminosity function of galaxies at z = 0.0, along with an estimate of the
H2 mass function based on the application of a constant conversion factor between CO
luminosity and H2 mass. Obreschkow & Rawlings (2009b) presented an updated esti-
mate of the H2 mass function based on an empirical, and variable, CO-to-H2 conversion
factor. Surveys such as the BIMA Survey of Nearby Galaxies (BIMA SONG; Helfer et al.
2003), the HERA CO-Line Extragalactic Survey (HERACLES; Leroy et al. 2008) and
the CO Legacy Database for GASS (COLD GASS; Saintonge et al. 2011) mapped the
CO-emitting gas in galaxies of the THINGS and GASS surveys, providing constraints on
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the molecular hydrogen surface density and gas-to-star ratio in nearby galaxies.
Observations of the molecular content (through CO) of galaxies at z > 0.0 have

increasingly become available in the last years (e.g., Genzel et al. 2010; Tacconi et al. 2010;
Geach et al. 2011; Riechers et al. 2011; Bauermeister et al. 2013; Bothwell et al. 2013;
Saintonge et al. 2013; Tacconi et al. 2013). Although these observations are usually biased
towards actively star-forming, gas-rich galaxies, they provide important new constraints
for our understanding of SF in galaxies during the peak of cosmic SFR. These observations
suggest that at z > 0.0 the molecular hydrogen content of galaxies was much larger than
in local galaxies and that the tight relationship between H2 and SFR surface density
persists out to at least z ∼ 2. Besides through CO, the gas content of high redshift
galaxies has also been constrained using FIR continuum observations and an assumed
relationship between dust and gas mass (Magdis et al. 2012; Scoville et al. 2014).

Although the above described efforts have led to valuable insights and constraints
on our theories of galaxy formation, our ability to measure H I and CO in emission is
expected to undergo a revolution in the next decade with new and upcoming facilities
such as the Atacama Large Millimeter Array (ALMA; Wootten & Thompson 2009) and
the Square Kilometer Array (SKA; Carilli & Rawlings 2004) and its pathfinders coming
online.

1.2.2 The CO-to-H2 conversion factor

So far I have briefly mentioned that the molecular hydrogen content of galaxies is often
traced through carbon monoxide. Molecular hydrogen lacks a dipole moment and only
emits radiation in warm environments. CO has become a popular proxy for the H2 mass
of the ISM due to its high abundance (CO is the second most abundant molecule in
the Universe with [CO/H2 ]∼ 10−4 for gaseous environments with solar metallicity) and
the low temperatures required for rotational excitation (only 5.5 K to excite the first
rotational level).

Unfortunately the CO-to-H2 conversion factor XCO is not a fixed number but varies
considerably with the physical conditions within the ISM, such as gas metallicity, the UV
radiation field and the column density of the gas (see Bolatto et al. 2013, for an excellent
review). In the last years observations have revealed large variations in XCO as a function
of metallicity for galaxies in our local Universe (e.g. Bolatto et al. 2008; Leroy et al. 2011;
Sandstrom et al. 2013), where low-metallicity galaxies have highest conversion factors.
A compilation of observations spanning a range in galaxy types (from local discs to high-
redshift sub-millimeter galaxies; SMGs) at redshifts z = 0–2 has revealed a decrease in
XCO with increasing surface density (Casey et al. 2014).

The variability of XCO with ISM properties indicates that when comparing model
predictions for the H2 content of galaxies to observations one should always be aware of
the excitation conditions of the molecules in the ISM. Greatest advances can be made
when making model predictions in observable space to allow for a direct comparison with
observations (rather than comparing inferred H2 masses). There have been theoretical
advances to quantify XCO as a function of metallicity (Feldmann et al. 2012) and gas
surface density (Narayanan et al. 2012b), but a proper calculation of XCO requires one
to calculate the excitation conditions of CO and the propagation of an emitted photon
trough the ISM. I discuss this further in Section 1.4 and Chapter 4.
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Figure 1.3: The change in CO SLED (normalized to the CO J= 1− 0 transition) as a
function of temperature and density (adopted from Carilli & Walter 2013). The left panel
shows the effect of changing the molecular hydrogen density of a molecular cloud (with a
fixed temperature of 40 K). The right panel shows the effect of changing the temperature
of a molecular cloud (with a fixed molecular hydrogen density of 103.4 cm−3).

1.2.3 Atomic and molecular lines
Although H I and H2 provide insights into the available gas reservoir and it partaking in
star-formation, they do not probe the physical state under which stars are formed. Sim-
ple properties such as density, temperature, radiation field, and turbulence are among the
main characteristics in play during the formation of stars. For a proper understanding of
the star-formation in galaxies, it is of key importance to probe these properties. Unfor-
tunately it is impossible to actually count the number of atoms per cubed centimeters or
measure the temperature of the ISM of galaxies. A combination of molecular and atomic
lines provide the constraints to infer (some of) the physical conditions under which stars
are formed.

Molecular lines

The excitation of molecular gas in galaxies provides important information regarding
the average physical conditions of star-forming gas. An example of this (taken from
Carilli & Walter 2013) is illustrated in Figure 1.3, where the expected CO spectral light
energy distribution (SLED) of a molecular cloud is shown as a function of density and
temperature. The shape of the CO SLED evolves strongly as a function of temperature
and density. Although there obviously is a degeneracy between temperature and density,
a proper characterization of the CO SLED of a star-forming galaxy has the potential to
reveal the dominant conditions of the molecular gas under which stars are formed.

Observationally the characterization of the CO SLED for large samples of galaxies has
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remained a challenge and is mainly restricted to nearby starburst galaxies, luminous in-
frared galaxies (LIRGS), and ultra-luminous infrared galaxies (ULIRGS) (e.g. Mao et al.
2000; van der Werf et al. 2010; Papadopoulos et al. 2012). Characterization of the CO
SLED at high redshifts has mainly been restricted to SMGs and quasar hosts (e.g. Weiss
et al. 2007; Bothwell et al. 2013). Only a few excitation measurements exist for typically
star-forming galaxies (i.e., galaxies on the main-sequence of star-formation; Dannerbauer
et al. 2009; Aravena et al. 2010) and only up to CO J = 3− 2. It is anticipated that this
number will increase dramatically once ALMA reaches its full capacities.

Besides CO there are more molecular lines that trace the conditions of the star-
forming ISM (examples include CN, 13CO, CN, CS, HCN, HCO+, HNC, NH43, SiO). In
this thesis I pay particularly attention to HCN which traces some of the densest regions
in the molecular ISM (densities of ∼ 106 cm−3 and higher). HCN emission is thought to
be associated with the cores of star-forming GMCs. Gao & Solomon (2004) found a tight
linear correlation between the FIR and HCN luminosity of galaxies, which supports this
scenario.

Atomic lines

Cooling of the gas in galaxies predominantly takes place via atomic fine structure lines
([OI], [CII], [CI]) and the CO rotational lines (e.g., Kaufman et al. 1999; Meijerink &
Spaans 2005). These atomic species are important diagnostics for the cooling properties
of the ISM in high-redshift galaxies and also provide information on the physical status
of the cold gas.

The [CI] fine structure lines trace the surface of photo-dominated regions (PDR:
Hollenbach & Tielens 1999; Kaufman et al. 1999; Meijerink & Spaans 2005). Because
emission from [CI] proceeds through a simple three-level system, the ratio of the two [CI]
fine structure lines enables one to accurately derive the excitation temperature of the
atomic medium.

[CII] has gained a lot of attention in the last decade, as it is commonly considered as a
powerful proxy of the SF in galaxies (e.g., de Looze et al. 2011) and, due to its brightness,
as an effective line to determine spectroscopic redshifts. [CII] acts as a coolant in the
diffuse medium (densities up to a few times 103 cm−3) and can be used as a tracer
of density in combination with the FIR and CO luminosity of a galaxy (e.g. Stacey
et al. 2010). Cooling through [OI] dominates in environments denser than a few times
103 cm−3. The largest survey of [OI] emission in local galaxies to date is presented in
Malhotra et al. (2001).

1.3 Semi-analytic modeling
To fully understand the formation and evolution of galaxies it is necessary to simulate
the evolution of baryons in a cosmological framework. The semi-analytic model (SAM)
approach has become a widely used tool to study galaxy formation and evolution within
the framework of a ΛCDM cosmology, owing to its light computational demands and its
flexibility for exploring the effects of different physical assumptions. Their computational
simplicity allows SAMs to provide predictions of global galaxy properties (such as SFR,
stellar mass, size, metallicity, luminosity and gas content) for large numbers of galaxies.



12 chapter 1: Introduction

The SAM approach follows the merger history of dark matter haloes and the rele-
vant physical processess (such as gas cooling, star formation and feedback) affecting the
baryonic components of galaxies using simple, physically- and/or empirically-motivated
recipes. The evolution of each baryonic component is followed using a set of differen-
tial equations that track the mass of each component as a function of time. The work
by White & Rees (1978) laid the theoretical framework for this type of modeling and
more detailed processes started to be included in the 1990s (Cole 1991; White & Frenk
1991; Kauffmann et al. 1993; Somerville & Primack 1999). The dark-matter-halo merger
histories are either determined based on Monte Carlo realizations of an analytic rep-
resentation of dark-matter-halo formation histories (White & Frenk 1991; Kauffmann
et al. 1993; Cole et al. 1994; Somerville & Kolatt 1999a) or taken directly from numerical
simulations (Kauffmann et al. 1999; Springel et al. 2001, 2005).

A detailed explanation of the baryonic physics included in the SAM employed in this
thesis is given in Chapter 3. Here I give a broad overview of the main ingredients. The
different baryonic components followed in the SAM are stars, cold gas (T < 104 K), hot
gas (T > 104 K), and metals. Gravity causes the hot gas to accrete into a halo and cool
onto a galaxy. This process may be suppressed by a photoionizing background. Once
gas is cooled onto a galaxy, this gas can form stars. The stars in a galaxy produce stellar
winds and massive stars explode as supernovae. These supernovae and winds may heat
up the cold gas and induce stellar-driven galactic outflows. Metals are produced in stars
and during supernova events and enrich the cold gas. The SAM traces the growth of
black holes and feedback from active galactic nuclei (AGN). The AGN feedback blows
cold gas out of the galaxy and suppresses the cooling of hot gas onto the galaxy. The
size of a galaxy is calculated based on the conservation of angular momentum.

SAMs have been successful in reproducing many observed galaxy properties (e.g.
Kauffmann et al. 1993; Cole et al. 1994; Kauffmann et al. 1999; Somerville & Primack
1999; Cole et al. 2000; Somerville et al. 2001). In particular models that include ’radio
mode’ feedback from AGN successfully reproduce at z = 0.0 the luminosity and stellar
mass function of galaxies, colour-magnitude or star formation rate versus stellar mass
diagrams, the size distribution and gas fractions of galaxies and the global star formation
history (e.g. Bower et al. 2006; Croton et al. 2006; Kang et al. 2006; Menci et al. 2006;
Monaco et al. 2007; Somerville et al. 2008b, 2012).

Despite these successes, some puzzles remain. For example, SAMs from different
groups fail to correctly reproduce the observed properties of low-mass galaxies (M∗ =
109−10.5 M�; Fontanot et al. 2009; Guo et al. 2010; Weinmann et al. 2012). These galaxies
form too early in the models and are too passive at later times in the models. SAMs
also have a hard time reproducing the stellar-to-halo mass ratios of galaxies at z > 0.0
(Lu et al. 2013) and have difficulty reproducing the number of rapidly star forming,
extreme starburst galaxies at high redshifts (Somerville et al. 2012; Niemi et al. 2012,
and references therein). However, numerical hydrodynamical simulations suffer from the
same problems and produce very similar results as SAMs (Davé et al. 2010; Weinmann
et al. 2012). This suggest that the limitations in our understanding of processes such
as star-formation and stellar feedback are the root cause of the discussed problems.
Significant advances in our understanding of the physics affecting baryons have to be
made to resolve these issues. It is therefore of key importance to keep improving the
physical recipes that affect the evolution of baryons in galaxies motivated by the latest
advances in theoretical and observational astronomy. Furthermore, it is crucial to enlarge
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the multi-wavelength predictive power of SAMs to unexplored regimes.

1.4 Radiative transfer
In Sections 1.2.3 and 1.2.3 I discussed the use of molecular and atomic emission lines
as tracers of the excitational conditions of the star-forming ISM. In Chapter 4 I present
model predictions for several atomic and molecular lines (CO, HCN, [CI], [CII], [OI])
based on a radiative transfer model. In this Section I discuss the method used (escape
probability method) to calculate the line emission from atoms and molecules.

Calculating the emitted radiation from an atomic or molecular species requires solving
for the number density of atoms or molecules in the level of interesest. It also requires
calculating the probability that a photon at some position in the cloud can escape the
system. The basic assumption in in the radiative transfer calculation 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
multi-level molecule, this can be expressed using the equations of statistical equilibrium
for each bound level i, with population density ni, and energy Ei, as

ni
∑
j

Rij =
∑
j

njRji, (1.2)

where the sums are over all other bound levels j. The rate coefficient Rij gives the rate
at which transitions from level i to j occur. These equations are supplemented by the
constraint that the sum of all populations ni equals the density of the atomic or molecular
species x in all levels,

nx =
∑
j

nj , (1.3)

and together these equations constitute a complete system that can be solved iteratively.
The rate coefficient Rij is expressible in terms of the Einstein Aij and Bij coefficients,

and the collisional excitation (i < j) and de-excitation (i > j) rate coefficients Cij :

Rij =

Aij +Bij〈Jij〉+ Cij , Ei > Ej ,

Bij〈Jij〉+ Cij , Ei < Ej .
(1.4)

The Einstein Aij coefficient gives the rate of an electron decaying radiatively from an
upper state i to a lower state j. The Einstein Bij coefficient gives the rate of an atom
absorbing a photon, which causes an electron to be excited from a lower state j to an
upper state i. The collision rate coefficient Cij sets the coupling between the excitation
of the 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 field at a frequency νij corresponding to a
transition from level i to j and is given by

〈Jij〉 = (1− βij)Sij + βijBij(νij , TBB), (1.5)

where βij is the escape probability of a photon and Sij is the source function. The
background radiation Bij(νij , TBB) is a combination of infrared emission of dust at a
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temperature Td and emission from the CMB. The source function is defined as the ratio
between the emission coefficient and the absorption coefficient. 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 = njAij
niBij − njBji

=
2hν3

ij

c2

[
njgi
nigj

− 1
]−1

, (1.6)

where gi and gj are the statistical weights of level i and j, ni and nj the population
density in the ith and jth level and hνij is the energy difference between the levels i and
j.

As mentioned before, calculating the emitted intensity by a molecular cloud requires
knowledge of the escape probability of the emitted photons. For a sphere, the probability
of a photon emitted in the transition from level i to level j to escape the cloud is given
by

βij = 1− exp(−τij)
τij

, (1.7)

where τij is the optical depth in the line. The optical depth in the line over a distance
running from s1 to s2 is given by

τij = Aijc
3

8πν3
ij

s2∫
s1

ni
∆vd

[
njgi
nigj

− 1
]

ds, (1.8)

where ∆vd is the velocity dispersion of the gas due to local turbulence in the cloud.
The emerging specific intensity of the molecular cloud can now be expressed as

dIzν = 1
4πniAijhνijβ(τij)

(Sij − I locb (νij)
Sij

)
φ(ν)dz, (1.9)

where dIzν has units of erg cm−2 s−1 sr−1 Hz−1, φ(ν) is the Doppler correction to the
photon frequency due to local turbulence inside the cloud and large scale bulk motions,
and I locb (νij) is the local continuum background radiation at the field frequency νij .

With the presented equations I can calculate the emitted radiation from a molec-
ular cloud once the temperature, density, column depth, local velocity dispersion and
the abundance of the species of interest are known. In Chapter 4 I extend the escape
probability formalism to be used on galactic scales and take the absorption of emitted
photons within a galaxy into account.

1.5 This Thesis
The gas content of galaxies at z > 0 is still largely unknown. With the advancements
of the current and newest generation of radio and sub-mm instruments, a new era in
astronomy will start soon in which we will be able to study in detail the gas properties
of large numbers of galaxies at unexplored epochs. In this thesis I develop new tools
to model and indirectly infer the H I and H2 content of galaxies, and I develop a new
tool to calculate the sub-mm emission from galaxies. I use these tools to increase our
understanding of the gas properties of star-forming galaxies and study the observed
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signatures of the excitational conditions of the star-forming gas. The main questions I
address in this thesis are

• How does the H I and H2 content of galaxies evolve over cosmic time?

• How is the SFR of a galaxy related to the H I and H2 content of that galaxy?

• Is the decline in SF activity of galaxies and the drop in the cosmic SFR with time
driven by smaller gas reservoirs, or is less of the available cold gas eligible for star
formation?

• Is the physical state of the star-forming gas during the peak in cosmic SFR of the
Universe similar to or different from the physical state of the cold gas we see in
galaxies in our local Universe?

Besides addressing these main questions, in this thesis I provide a wealth of predictions
for future surveys of the H I and H2 mass and the sub-mm emission of galaxies. The
following chapters all discuss one or more of these questions.

In Chapter 2, adapted from Popping et al. (2012), we present a novel approach to
indirectly estimate the cold gas and molecular hydrogen content of galaxies as a function
of their SFR, size, and stellar mass. This method is based on a molecule-based star-
formation relation in combination with a pressure-based recipe to calculate the molecular
fraction of cold gas. We use this approach to estimate the total cold gas and H2 content
of galaxies for a sample of roughly 57 000 galaxies out to z = 2 from the COSMOS survey.
We discuss the evolution of the cold gas and molecular hydrogen properties of galaxies
to understand the gas properties that control the decline in star-formation activity of
galaxies.

In Chapter 3, adapted from Popping et al. (2014b), we present a new version of the
Santa Cruz semi-analytic model (Somerville & Primack 1999; Somerville et al. 2008b,
2012) including two new recipes to track the H I and H2 content of galaxies: one metallicity-
based and one pressure-based. We furthermore include a new molecule-based star-
formation recipe. We first compare our predictions for the H I and H2 content of local
galaxies with observations. We then present the model predictions for the evolution of
cold gas in galaxies and, using simple analytic equations, make predictions for the CO
J = 1− 0 luminosity of galaxies. We discuss the insights obtained on the cold gas prop-
erties of galaxies and the differences between the pressure- and metallicity-based recipes
for the partitioning of H I and H2.

In Chapter 4, adapted from Popping et al. (2014a), we present a new tool to make
predictions for the sub-mm emission for a statistical set of galaxies. This approach com-
bines the semi-analytic model presented in Chapter 3 with a three-dimensional radiative
transfer code (based on Poelman & Spaans 2006; Pérez-Beaupuits et al. 2011). In this
chapter we present predictions for the sub-mm line emission from CO, HCN, [CI], [CII],
and [OI] for star-forming galaxies. We compare our predictions with the available liter-
ature in the local and high-redshift Universe and focus on the sub-mm signatures of the
varying physical state of star-forming gas at z = 0.0, z = 1.2, and z = 2.0.

In Chapter 5 and 6 we further extend the approach presented in Chapter 2. In Chapter
5 we apply this approach to a sample of ∼20 000 galaxies taken from the CANDELS
survey. The CANDELS survey is much deeper at infrared wavelengths than the COSMOS
survey and allows us to study much fainter objects. We discuss the evolution of H I and
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H2 during the peak in the cosmic SFR and focus on how cold gas properties shape
the relation between stellar mass and SFR. We furthermore discuss the role that the
partitioning of cold gas in atomic and molecular hydrogen plays in the quenching of
galaxies.

In Chapter 6 we present a new semi-empirical modeling approach to make predictions
for the H I and H2 content of galaxies as a function halo mass and time. Our method
combines an abundance matching approach (Behroozi et al. 2013b) with the method
described in Chapters 2 and 5. We infer and discuss gas scaling relations, gas fractions,
and mass functions from z = 0 to z = 3, present the gas properties of galaxies as a
function of their halo mass and discuss the evolution of the gas content of individual
galaxies over cosmic time.

Finally, in Chapter 7, we summarize our most significant results, draw conclusions
and outline future observational and theoretical projects based on the research carried
out in this thesis.



Chapter 2
An indirect measurement of gas
evolution in galaxies at 0.5 < z < 2.0

Abstract
One key piece of information missing from high redshift galaxy surveys is the galaxies’ cold
gas content. We present a new method to indirectly determine cold gas surface densities and
integrated gas masses from galaxy star formation rates and to separate the atomic and molecular
gas components. Our predicted molecular and total gas surface densities and integrated masses
are in very good agreement with direct measurements quoted in the literature for low and high-z
galaxies. We apply this method to predict the gas content for a sample of ∼ 57000 galaxies in
the COSMOS field at 0.5 < z < 2.0, selected to have IAB < 24 mag. This approach allows us to
investigate in detail the redshift evolution of galaxy cold and molecular gas content versus stellar
mass and to provide fitting formulae for galaxy gas fractions. We find a clear trend between
galaxy gas fraction, molecular gas fraction and stellar mass with redshift, suggesting that massive
galaxies consume and/or expel their gas at higher redshift than less massive objects and have
lower fractions of their gas in molecular form. The characteristic stellar mass separating gas-
from stellar-dominated galaxies decreases with time. This indicates that massive galaxies reach
a gas-poor state earlier than less massive objects. These trends can be considered to be another
manifestation of downsizing in star formation activity.

2.1 Introduction
In a pioneering work, Madau et al. (1996) demonstrated that the star formation (SF)
activity of the Universe peaks at a redshift z ∼ 1− 3 and decreases at lower redshifts to
its present day value. In the following years, many studies confirmed the existence of a
peak in the star formation rate (SFR) density around these redshifts, and a clear decline
at z < 1 (e.g., Hopkins 2004; Hopkins & Beacom 2006). This makes the epoch between

Adapted from G. Popping, K.I. Caputi, R.S. Somerville and S.C. Trager, 2012, MNRAS, 425,
2386-2400, including corrected disc sizes.
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z ∼ 2 and z ∼ 0.5, in which massive galaxies stop forming the bulk of their stars and
become passive, a crucial period for galaxy evolution.

One of the features which has become clear in this period of galaxy evolution is that
the most massive objects (giant elliptical galaxies hosted in galaxy groups and clusters)
formed their stars early, while less massive objects continued to form stars until the
present (this trend is commonly called ‘galaxy downsizing’). This behavior has many
different observational manifestations (e.g., Faber et al. 1992; Worthey et al. 1992; Cowie
et al. 1996; Trager et al. 2000; Drory et al. 2004, 2005; Cimatti et al. 2006; Trager et al.
2008), but its physical origin remains unclear (Fontanot et al. 2009).

The star formation rate in galaxies is closely linked to the galaxy gas content. Ob-
servations have shown that SF in the Milky Way takes place in dense, massive and cold
giant molecular clouds (GMC; Solomon et al. 1987; Bolatto et al. 2008; McKee & Ostriker
2007). This makes the SF tightly connected to the molecular and atomic gas available.
Schmidt (1959) found a power-law relation between the surface density of SFR and gas
surface density. This work has become the cornerstone of a wealth of studies relating SFR
surface densities and cold gas and molecular hydrogen surface densities (e.g., Kennicutt
1998b; Bigiel et al. 2008; Schruba et al. 2011). Both the observations of GMCs, and the
power-law relations between SFR and gas densities demonstrate that information about
the gas and its partition into atomic and molecular hydrogen is essential for a proper
understanding of galaxy evolution and the build up of stellar mass.

An essential landmark and significant step forward in the study of galaxy evolution
at higher redshifts has been the development of large samples of distant galaxies with
extensive multi-wavelength information (e.g., GOODS and COSMOS ). These samples
comprise imaging data from X-rays to the infrared, which allow us to derive numerous
physical properties of galaxies, such as stellar masses and star formation rates. However,
one of the key pieces of information missing in these studies is the cold gas content.
Deriving the amount of cold gas present as a function of stellar mass for large represen-
tative samples would allow us to better understand the history of gas consumption and
the overall phenomenon of galaxy downsizing.

Information about the gas content of galaxies also provides important constraints on
theoretical models of galaxy formation. Gas fractions help to break the degeneracies in
different physical mechanisms that are included in these models, namely star formation
and stellar feedback (Caviglia & Somerville, in prep). Moreover, cosmological galaxy
formation models have begun to include recipes that allow a detailed tracking of atomic
and molecular gas with redshift in the context of general galaxy properties (Obreschkow
& Rawlings 2009b; Fu et al. 2010; Gnedin & Kravtsov 2011; Krumholz & Dekel 2012;
Lagos et al. 2011b,a; Kuhlen et al. 2012; Popping et al. 2014b, e.g., gas mass functions,
gas properties as a function of stellar mass;). Observational constraints on atomic and
molecular gas content as a function of galaxy properties and cosmic time are crucial for
developing and calibrating these new models.

Direct observational measurements of the gas content in distant galaxies are currently
available for only a very limited number of galaxies, and are likely biased towards the
most gas-rich objects. Gas is usually detected using CO molecules as a tracer, so no direct
information about the atomic gas content of high redshift galaxies is currently available.
In addition, the conversion from CO to molecular hydrogen mass is notoriously uncertain
and may depend on galaxy properties (Genzel et al. 2010, and references therein). In the
coming decade, it is hoped that new facilities like ALMA (Atacama Large Millimeter
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array), Meerkat and the SKA (Square Kilometer Array) will reveal the gas content in
representative samples of high-redshift galaxies.

In the meantime, we can obtain indirect constraints on gas content by using the ob-
servational estimates of galaxy size and SFR and empirical correlations between SFR
density and gas density. This approach has been used by Erb et al. (2006) and Mannucci
et al. (2009), who obtained estimates of gas masses for high redshift galaxies by inverting
the Schmidt-Kennicutt relation (KS law) described in Kennicutt (1998b), which relates
SFR surface density to the combined atomic and molecular hydrogen surface density.
However, the indirect estimates of gas fraction that they obtain do not agree well with
the direct measurements, as we later show. This could be because the direct estimates
are biased high, or it could be that the “total gas” form of the KS law does not apply. It
has been shown that the KS law breaks down at the lowest gas surface densities (Bigiel
et al. 2008). This breakdown is ascribed to the inability of the cold gas at low surface
densities to collapse gravitationally and form molecular clouds from which stars may
originate. SFR surface density correlates in an almost linear fashion with the molecu-
lar gas surface density without breaking down at lower surface densities (Bigiel et al.
2008, 2011; Schruba et al. 2011). Using an inverted molecular-gas-based SF law therefore
seems more appropriate to probe the cold gas content of high-redshift galaxies. Further-
more, inverting a molecular-gas-based SF law allows for comparison between directly and
indirectly measured molecular gas masses of high-redshift galaxies.

In this paper we present an improved method to derive the gas properties of distant
galaxies from their star formation rate densities. An integral part of our new method is a
prescription to calculate the molecular fraction of cold gas based on the results by Blitz
& Rosolowsky (2006). These authors found that the ratio between the molecular and
atomic hydrogen surface density (RH2 = ΣH2/ΣHI) in discs can be described empirically
as a function of the hydrostatic mid-plane pressure Pm, driven by the stellar and gas
density (see also Wong & Blitz 2002; Blitz & Rosolowsky 2004). This allows us to invert
the much tighter and more physical molecular gas based star formation relation derived
for nearby galaxies by Bigiel et al. (2008), instead of the traditional KS relation.

We apply our method to ∼ 57000 galaxies from the COSMOS survey in the redshift
range of 0.5 ≤ z ≤ 2.0 to study the structure and properties of gas and the galaxy
evolution over this important cosmic epoch. COSMOS was chosen for our study because
it has well established disc sizes based on high resolution (Hubble Space Telescope)
imaging, crucial for our method, imaging running from the X-ray to radio wavelengths
to derive stellar masses and SFR, and spans a wide range of redshift.

The outline of this paper is as follows. In Section 2.2, we present our method to
indirectly measure the molecular and the total cold gas content in galaxies. In Section
2.3, we apply this method to both low- and high-redshift data with known gas properties
and calibrate our results against direct measures of cold and molecular gas. In Section
2.4, we describe the application of the developed method to ∼ 57, 000 galaxies from
the COSMOS survey in the redshift range of 0.5 ≤ z ≤ 2.0, and the resulting gas
properties with respect to other galaxy parameters. We discuss our findings in Section
2.5 and summarize our results in Section 2.6. Throughout the paper we apply a ΛCDM
cosmology with H0 = 70 km s−1 Mpc−1, Ωmatter = 0.28, and ΩΛ = 0.72. We assume a
universal Chabrier stellar initial mass function (IMF: Chabrier 2003) and where necessary
convert all observations used to a Chabrier IMF. All presented cold and molecular gas
surface densities and integrated masses include a correction of 1.36 to account for Helium.
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2.2 Method
2.2.1 Calculating gas surface densities
We infer gas surface densities using a combination of an empirical molecular star for-
mation law (based on Bigiel et al. 2008) and a prescription to calculate the fraction of
molecular hydrogen in cold gas (based on Blitz & Rosolowsky 2006).

A different approach to the calculation of molecular-gas fractions had been proposed
by Krumholz et al. (2008, 2009) and McKee & Krumholz (2010, together known col-
loquially as the KMT model). The authors use a physically-motivated prescription for
the dust shielding and self-shielding of molecular hydrogen to describe the transition
from atomic to molecular hydrogen. Their work provides an analytic expression for the
molecular fraction of cold gas as a function of total cold gas column density and metal-
licity. This analytic approach is an attractive alternative to the method discussed in
Blitz & Rosolowsky (2006) for the calculation of molecular fractions. However, due to
the lack of known cold-gas metallicities for large samples of high redshift galaxies, the
KMT approach is not suitable for our purposes.

We have slightly adapted the star formation law deduced by Bigiel et al. (2008) to
allow for higher star formation efficiencies in high gas surface density regions. This is
based on the results of Daddi et al. (2010) and Genzel et al. (2010), who found the star-
formation at high surface densities to follow the KS - law (power-law slope of 1.4 versus
1.0 for Bigiel et al. (2008)). The resulting equation is given by

ΣSFR = ASF

10M� pc−2

(
1 + Σgas

Σcrit

)NSF

fH2 Σgas (2.1)

where ΣSFR and Σgas are the star formation and cold gas surface densities inM� yr−1 kpc−2

and M� pc−2, respectively, ASF is the normalization of the power law in M� yr−1 kpc−2,
Σcrit a critical surface density above which the star formation follows Kennicutt (1998b),
NSF is an index which sets the efficiency, and fH2 = ΣH2/(ΣHI + ΣH2) is the molecular
gas fraction. Table 2.1 gives a summary of the parameter values and their origin.

Given a star-formation surface density, this equation can be solved for the cold gas
surface density when one knows the molecular fraction of the cold gas. We use a pressure-
regulated recipe to determine the molecular fraction of the cold gas, based on the work
by Blitz & Rosolowsky (2006). They found a power-law relation between the mid-plane
pressure acting on a galaxy disc and the ratio between molecular and atomic hydrogen,
i.e.,

RH2 =
(ΣH2

ΣHI

)
=
(Pm
P0

)α (2.2)

with P0 the external pressure in the interstellar medium where the molecular fraction
is unity. α and kB are the power-law index and the Boltzmann constant, respectively
(see Table 2.1). Pm is the mid-plane pressure acting on the galaxy disc, and is given by
(Elmegreen 1989)

Pm(r) = π

2 GΣgas(r) [Σgas(r) + fσ(r)Σ∗(r)] (2.3)

where G is the gravitational constant, r is the radius from the galaxy centre, and fσ(r)
is the ratio between σgas(r) and σ∗(r), the gas and stellar vertical velocity dispersion,
respectively. We followed the method presented in Fu et al. (2010) to determine fσ as
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a function of radius r, as follows. Observations have shown that σgas is approximately
constant over the disc (e.g. Shostak & van der Kruit 1984; Leroy et al. 2008). The stellar
vertical velocity dispersion σ∗ decreases exponentially and has a scale length twice the
stellar disc scale length r∗ (e.g. Bottema 1993), i.e.

σ∗(r) = σ0
∗ exp (−r/2r∗) (2.4)

where the stellar velocity dispersion in the center of the disc is noted as σ0
∗. The stellar

mass surface density of an exponential disc is given by Σ∗ = Σ0
∗ exp (−r/r∗), which we

can combine with the previous equation to find

fσ(r) = σgas

σ0
∗

√
Σ0
∗

Σ∗(r)
≡ f0

σ

√
Σ0
∗

Σ∗(r)
(2.5)

where f0
σ is the ratio between the gas and stellar vertical velocity dispersion at the centre

of the disc and Σ0
∗ is the stellar mass surface density in the centre of the disc. We can

express f0
σ in terms of the mean value of fσ(r) in the disc by

f̄σ =
∫

2πrΣ∗(r)fσ(r)dr∫
2πrΣ∗(r)dr

(2.6)

Substituting for fσ(r) and integrating we find

f̄σ = 4f0
σ . (2.7)

By combining Equation (2.3) and Equation (2.5) we find

Pm(r) = π

2 GΣgas(r)
[
Σgas(r) + f̄σ

4
√

Σ∗(r)Σ0
∗
]

(2.8)

We now have all the necessary ingredients to calculate RH2 and subsequently the cold
gas molecular fraction [fH2 = RH2/(1 +RH2)].

Putting this together, we have an expression for the star formation law depending on
the cold gas surface density, stellar mass surface density and stellar mass and scale length
of the disc. Given a star formation surface density and stellar surface-density, we can now
indirectly determine the cold gas surface density through iteration. The molecular gas
fraction, and subsequently the molecular gas surface density, can then easily be calculated
from Equation (2.2), using the stellar mass surface density and previously determined
gas surface density as input.

Intrinsically hidden in this method is the CO-to-H2 conversion factor (XCO). This
conversion factor was used to determine 1) the normalization constant ASF for the em-
pirical star formation law based on H2 (Bigiel et al. 2008) and 2) the ratio between
molecular and atomic hydrogen RH2 which was used to determine the normalization and
power-law index for the pressure-based H2 fraction recipe (Leroy et al. 2008). However,
Blitz & Rosolowsky (2006) proposed that changes in the CO-to-H2 conversion factor are
unlikely to substantially alter results for the latter point. Unless stated otherwise, we
adopted a value of XCO = 2.0× 1020 cm−2 (K km s−1)−1.
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Figure 2.1: Comparison between indirect and direct measures of molecular gas surface
densities, taken from the radial profiles of the THINGS galaxies (Leroy et al. 2008) using
our method. All datapoints are coded by galaxy and represent surface densities sampled
along their host galaxy radius. Errorbars represent the propagation of the errors in SFR
and stellar mass as listed in the original literature.

2.2.2 Constructing a galaxy

The method described in the previous subsection allows one to calculate the gas surface
density, given a measured stellar-mass surface density and SFR surface density. However,
for many high-redshift objects only global parameters are available, combined with some
morphological information (e.g., stellar scale length r∗, half light radius r0.5).

In order to calculate the cold and molecular gas content of these galaxies, we distribute
the stellar mass into an exponential disc following Σ∗(r) = Σ0

∗ exp(−r/r∗) where r∗ is
the scale length of the stellar disc and Σ0

∗ is the stellar mass surface density in the centre
of the disc (defined as Σ0

∗ = M∗/(2πr2
∗) where M∗ is the galaxy stellar mass). The star

formation in the galaxy is distributed similarly, with a disc scale length

rgas = χgas r∗, (2.9)

where χgas is a scale radius of the gas disc relative to the stellar disc (see Table 2.1).
Based on the THINGS observed radial profiles, we find that the total gas profile (H I
+H2) is on average reasonably well represented by an exponential function with a scale
length that is proportional to the stellar scale length. A galaxy’s total cold gas budget
can be found by integrating over the inferred gas surface densities. We find the best fit
results for integrated masses (see Section 2.3.2) when we assume that the stellar and star
forming disc is truncated at five times the stellar disc scale length.
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Figure 2.2: Indirect versus direct measures of total cold gas surface densities, taken
from the radial profiles of the THINGS galaxies (Leroy et al. 2008). Left and right panel
using our new method and the traditional KS indirect gas measure method, respectively.
We find better agreement with literature values than the indirect KS method, especially
at low surface densities. Errorbars represent the propagation of the errors in SFR and
stellar mass as listed in the original literature.

2.3 Calibration of the method
In this section we compare indirect measures of gas surface densities and integrated
masses obtained using the method presented in the previous section to direct measures
from the literature. Results were obtained using the parameter values as summarized
in Table 2.1. Note that the purpose of this method is to measure the global cold gas
and molecular content of galaxies, rather than local surface densities. Parameters were
chosen to best achieve this purpose. We discuss the effects of changing the parameters
in Section 2.3.3.

2.3.1 Local galaxy surface densities
Figures 2.1 and 2.2 show total cold gas and molecular gas surface densities obtained
using our method. The indirect measures were computed from the radial profiles of the
star-formation surface densities and stellar mass surface densities, in combination with
the host galaxy total mass and stellar scale length all obtained from Leroy et al. (2008).
These predictions are plotted against literature values for total cold gas and molecular
gas surface densities taken from Leroy et al. (2008)

We find good general agreement between results obtained using our method and liter-
ature values at molecular surface densities ranging from ΣH2 ∼ 1 to ΣH2 ∼ 300M� pc−2

(Figure 2.1). There is a scatter around the one-to-one line of 0.1 to 0.3 dex at the low-
est and more intermediate surface densities, respectively. We overestimate the lowest
molecular surface densities for NGC 6946 and NGC 5194, whereas we under-predict at
high surface densities for these galaxies (also see NGC 3627). The star-formation effi-
ciency (SFE, the ratio of SFR over molecular gas) of these galaxies decreases significantly
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towards smaller radii (at the highest surface densities) compared to the predicted SFE
from the mid-plane pressure on the disc (see Appendix F of Leroy et al. 2008). The low
SFE of these galaxies with respect to theoretical values will result in the observed surplus
of molecular gas as predicted by our method. Opposite behavior is observed for these
galaxies towards larger radii, where the molecular surface density is much lower. In this
case, deviations between observed and theoretical SFE result in a deficit of molecular
hydrogen as computed by our method.

We also find very good agreement between the total gas surface densities computed
using our method and surface densities obtained from the literature (left-hand panel
of Figure 2.2), with smaller scatter especially at the lower gas surface densities. We
predict a deficit of total cold gas compared to literature values at the highest surface
densities. Similar to the molecular gas surface densities, we ascribe this deficit to differ-
ences between theoretically predicted and observed SFE. Overall we find a mean ratio of
Σgas indirect/Σgas observed = 0.94 with a standard deviation of 0.021 for our method.

We plot indirect total cold gas surface densities obtained with the “traditional” KS
law as a function of the literature values in the right-hand panel of Figure 2.2 for com-
parison. Although the scatter around the one-to-one line of the two methods is simi-
lar, there is a clear offset from this line when using the KS law, resulting in a general
deficit of gas over the entire range of total gas surface densities. We find a mean ratio
Σgas indirect/Σgas observed = 0.79 with a standard deviation of 0.019 when using the KS law
for the indirect gas measure. This was expected for the lowest surface densities where the
KS law breaks down (Bigiel et al. 2008), which is also apparent in Figure 2.2. However,
the offset is surprising at the higher gas surface densities at which the KS law is defined
to relate SFR surface densities with the total gas surface density. Putting the observed
gas surface densities in ΣSFR − Σgas space and comparing with the KS law shows that
the data lie slightly below the KS law. Nevertheless, this can not account for the break-
down at low gas surface densities. We therefore find that our method yields the biggest
improvements at the lowest gas surface densities (i.e., the outer parts of galaxy discs).

2.3.2 Galaxy integrated gas masses
We present galaxy integrated H2 and total cold gas masses obtained with our method
versus literature values in Figures 2.3 and 2.4, respectively. We applied our method to
a small sample of both low and high-redshift galaxies, compiled from Leroy et al. (2008,
z = 0), Daddi et al. (2010, z ∼ 1.5), and Tacconi et al. (2010, z ∼ 1.2 and z ∼ 2.2) and
Tacconi et al. (2013). We applied the XCO factors as suggested by the latter two authors
for their galaxy samples [XCO ∼ 2.5 × 1020 and XCO = 2.0 × 1020 cm−2 (K km s−1)−1,
respectively].

We find good agreement between our results and observations over the entire range
of H2 masses and redshifts. There is a slight excess of H2 computed with our method
as compared to the direct measurements (∼ 0.2 dex; Figure 2.3). We find a spread of
∼ 0.25 dex around the mean trend in computed versus literature H2 masses. We neglect
the four local galaxies with a surplus of integrated H2 masses of 1–1.5 dex. All four
are classified as dwarf galaxies and have anomalously high SFE in their central parts
(Leroy et al. 2008). These authors argue for an unaccounted-for reservoir of H2 in these
galaxies, possibly due to variations in the XCO factor for dwarfs with respect to bigger
spiral galaxies (see also Spaans & Norman 1997). We find one clear outlier at higher
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Figure 2.3: Indirect vs. direct measures of galaxy molecular gas masses using our
indirect gas method. Both low- (Leroy et al. 2008) and high- (Daddi et al. 2010; Tacconi
et al. 2010, 2013) redshift galaxies are displayed. Apart from four local dwarf galaxies
(see Sec. 2.3.2), we find good agreement between literature values and our method at all
redshifts and molecular gas masses. Errorbars represent the propagation of the errors
in SFR and stellar mass as listed in the original literature, if available; otherwise no
errorbars are plotted. For some galaxies only upper limits on the direct gas measure
were available; these galaxies are marked with an arrow.

redshift, with an upper limit on its observed H2 mass. It is most likely that this galaxy
also has a high SFE we cannot account for.

Direct observational estimates of atomic hydrogen in emission are not currently avail-
able at high redshift. We are therefore restricted to local galaxies when comparing liter-
ature values to total integrated galaxy gas masses computed with the method presented
in this study. We find good agreement between our results and the observational data,
although with a slight mean deficit (left-hand panel of Figure 2.4). We found a maximum
deviation in literature values and our results of ∼ 0.5 dex. Predicted cold gas masses for
most galaxies are within ∼ 0.3 dex of their literature values. It is worth noting that the
four dwarfs for which we over-predict integrated H2 masses are also included in this figure
and have predicted total gas masses in good agreement with the observations. Although
this seems promising, it means that not only do we find a surplus of H2 compared to
current literature studies, we also find a deficit of atomic hydrogen.

In the right hand panel of Figure 2.4 we present indirect total cold gas measures for
local galaxies obtained by applying the traditional KS law. Similar to the surface density
profiles, the KS law predicts a deficit of total integrated gas mass. The outer parts of the
galaxies (where the gas surface densities are lowest, the KS law breaks down and more
gas is necessary to sustain SF) drive this deficit. Here we clearly see the strength of our
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Figure 2.4: Indirect vs. direct measures of galaxy cold gas masses using our (left panel)
and the traditional KS (right panel) indirect gas method. No neutral gas measurements
are available for the high-redshift galaxies, therefore only low-redshift galaxies are plotted.
Our method finds good agreement with literature values, whereas the inverse KS method
find a deficit of total cold gas mass. For some galaxies only upper limits on the direct
gas measure were available; these galaxies are marked with an arrow.

method over previous indirect gas methods.
These results demonstrate that our method can be used as a useful tool to predict

the cold and molecular gas surface densities, as well as integrated gas masses for low-
and high-redshift galaxies.

2.3.3 Changing parameters
The method presented in this paper has several free parameters, which all individually
affect the outcome of indirect gas measures. In this subsection we explore the spread in
results due to variations in free parameters.

We find that our method is robust against changes in the mean ratio between gas
and stellar vertical velocity dispersion f̄σ. We explore values ranging from 0.1 to 2.0
and find differences in total cold gas surface density measures up to ∼ 0.1 dex with
respect to results obtained using the quoted value for f̄σ in Table (2.1). Differences are
most prominent at the lowest gas surface densities (Σgas ≤ 10M� pc−2). The spread in
integrated total cold gas masses due to changes in f̄σ also reaches only ∼0.1 dex over
the entire mass range probed by our control sample of galaxies. Changing f̄σ does not
significantly affect molecular gas surface densities and integrated masses.

Blitz & Rosolowsky (2006) derived a power-law index α and a normalization constant
P0 slightly different than those we use (α = 0.8 versus 0.92 and P0 = 5.93×10−13 versus
2.35×10−13, respectively). Applying their values to our method results in small changes
of only ∼ 0.1 dex at lower gas surface densities with respect to indirect gas measures
obtained using the parameters as summarized in Table 2.1. Integrated gas masses differ
within ∼ 0.15 dex over the entire mass range probed.

The most significant changes in inferred indirect gas measures are due to variations in
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the normalization of the star formation law ASF. In recent works Bigiel et al. (2008) and
Bigiel et al. (2011) found values for the star formation normalization of ASF = 8.42 ×
10−3M� yr−1 kpc−2 and ASF = 4.6× 10−3M� yr−1 kpc−2, respectively (after conversion
to a Chabrier IMF). We explored a range of parameters around these values and applied
a χ2 test on the derived integrated molecular and atomic gas masses (excluding dwarf
galaxies). This resulted in a best fit value of ASF = 8.4 × 10−3M� yr−1 kpc−2 for the
integrated total cold gas masses, and ASF = 13.5×10−3M� yr−1 kpc−2 for the integrated
molecular gas masses. We found that ASF = 10.9 × 10−3M� yr−1 kpc−2 leads to the
best overall agreement between direct and indirect measures for both the total cold and
molecular gas integrated masses (see Table 2.1).

Adopting other values for ASF (from 1.0 × 10−3 to 9.0 × 10−2M� yr−1 kpc−2) for
the normalization of the star formation law leads to differences of a few tenths of a dex
between literature values and our total cold gas and molecular gas results. For example,
ASF = 4.6× 10−3M� yr−1 kpc−2 (Bigiel et al. 2011) results in total gas surface densities
differing by ∼ 0.2 dex from results obtained using the parameter values presented in
Table 2.1. This is a systematic shift upwards in indirect surface density over the entire
range of surface densities probed. Changes in integrated indirect mass measures are of
the order ∼ 0.15 dex with respect to results obtained using the tabulated parameter
values.

Offsets between molecular gas direct and indirect measures are more prominent,
up to 0.5 dex for the integrated molecular gas masses when we adopt ASF = 4.6 ×
10−3M� yr−1 kpc−2. Adopting ASF with values larger than presented in Table 2.1 re-
sults in a similar systematic shift downwards for predicted surface densities and integrated
masses.

We applied a modified version of the star formation law presented in Bigiel et al.
(2008) to allow for higher SFE in dense regions (motivated by Daddi et al. 2010; Genzel
et al. 2010). Adopting instead the standard SFE has no significant influence on the inte-
grated cold gas and molecular gas predictions of local galaxies. The results for the high
redshift objects are more sensitive to this assumption. We find a shift of approximately
∼ 0.2 dex upwards away from the one-to-one line with respect to results obtained with
the inclusion of an increased SFE at highest gas surface densities.

One of the key assumptions in this method is an exponential distribution of matter
in the galaxy discs. SF occurs in molecular clouds (local clumps in the disc not following
an exponential distribution), which could lead to a local underestimation of the cold
gas surface density. Nevertheless, an exponential disc seems a valid approximation for
star-forming galaxies on the ‘main-sequence’ (Wuyts et al. 2011), and the local clumps
should average out when integrating over the disc. As we will discuss in Section 2.4.1,
part of our COSMOS galaxy sample consists of quiescent galaxies which do not lie on
the ‘main-sequence’. These galaxies’ light profiles are not well-described by exponential
discs, but rather are better described by a Vaucouleurs profile (Wuyts et al. 2011).

We assume that the gas in galactic discs is radially more extended than the stars.
Varying the scale length of gas relative to stars, χgas ≥ 1, results in only subtle changes
in the integrated total cold and molecular gas masses. However, decreasing the gas
scale length to χgas < 1 lowers the inferred integrated cold (molecular) gas masses.
This difference can increase to ∼ 0.25 (0.1) dex when χgas = 0.5 with respect to results
obtained using the parameters presented in Table 2.1.

Both the SFR and stellar mass are a function of the IMF. Changes in inferred total
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Figure 2.5: The completeness of our IAB < 24 mag COSMOS galaxy sample as a
function of stellar mass, in different redshift bins. Although our sample significantly loses
completeness at z>1.25, galaxies with stellar mass between logM∗ = 9.5 and logM∗ =
11.5 [M�] are evenly represented at these high redshifts.

cold gas surface densities are less than 0.1 dex at the lowest gas surface densities when
adopting a Salpeter IMF (Salpeter 1955) rather than the Chabrier IMF used above, and
these changes become negligible at the highest surface densities. The integrated cold gas
mass of the galaxies, as well as molecular gas surface densities and integrated masses do
not change significantly when adopting a Salpeter IMF.

Combining all the concerns discussed above, the expected systematic error for our
method is ∼ 0.4 dex.

2.4 Gas evolution in the COSMOS sample
2.4.1 Sample
In order to determine the cold gas content and atomic and molecular composition of
high-redshift galaxies, we used a galaxy sample taken from the Cosmic Evolution Survey
(COSMOS ; Scoville et al. 2007). The survey was designed to probe the evolution of
galaxies, star formation, active galactic nuclei, and dark matter over the redshift range
z > 0.5 − 6. These data comprise imaging and spectroscopy from X-ray to radio wave-
lengths including HST imaging and cover a two-square degree area on the sky.

We considered a catalogue of ∼ 57000 galaxies with HST I -band magnitude IAB <
24 mag in the redshift range 0.5 < zphot < 2.0 from the COSMOS survey. Photometric
redshifts were obtained from Ilbert et al. (2009). SFRs are based on rest-frame UV
fluxes, corrected using reddening values E(B-V) obtained from Ilbert et al. (2009) for
each individual galaxy. UV fluxes were converted into SFR following Kennicutt (1998a)
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Figure 2.6: Total-cold mass gas as a function of stellar mass for different redshift bins.
The grey shaded area shows the log of the number of galaxies in each gas/stellar mass
bin, with the 50, 16 and 84 percentile curves shown with the red solid and dashed lines.
The central bottom panel shows the 50 percentile curve for the data in each redshift bin.
Bumps at the high-mass end in the highest redshift bins are due to ULIRGS (see Sec.
2.4.2).

for a Chabrier-IMF. We computed stellar masses using a multi-wavelength SED χ2 fitting
to the COSMOS photometry (U to K-band), applying the Bruzual (2007) templates fixed
at the photometric redshifts of the sample objects. We used galaxy half light radii (r50)
taken from Scarlata et al. (2007) and Tasca et al. (2009).

We determined the stellar mass completeness of our IAB < 24 mag COSMOS galaxy
sample by comparing the resulting galaxy stellar mass function with that derived by Ilbert
et al. (2010) at different redshifts. The Ilbert et al. (2010) galaxy stellar mass function
is based on a 3.6 micron flux-limited sample in the COSMOS field, which includes all
the IAB < 24 mag analysed here. We show our completeness percentages versus stellar
mass in Fig. 2.5. From this plot it is clear that our sample is significantly incomplete
(completeness < 50%) for all stellar masses at redshifts z>1.25. Given the IAB < 24 mag
magnitude cut, we expect our z>1.25 sample to be biased towards blue galaxies with
none or little dust obscuration. However, we note that even in the highest redshift bins
(1.25<z<2.0) our sample contains a similar fraction of galaxies between logM∗ = 9.5 and
logM∗ = 11.5 [M�], making it uniformly representative of galaxies with intermediate and
large stellar masses.
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Figure 2.7: H2 mass as a function of stellar mass for different redshift bins. The grey
shaded area shows the log of the number of galaxies in each bin, with the 50, 16 and
84 percentile curves shown with the red solid and dashed lines. The central bottom
panel shows the 50 percentile curve for the data in each redshift bin. Red squares and
pentagons are literature values taken from Tacconi et al. (2010) and Tacconi et al. (2013),
and Daddi et al. (2010), respectively.

2.4.2 Cold gas content

We present the derived total cold gas and molecular gas masses in Figures 2.6 and 2.7.
Grey scales represent the log of the number of galaxies in each bin in theMgas (MH2)–M∗
plane, with 50, 16 and 84 percentiles over-plotted on the figure. Results are presented as a
function of stellar mass in different redshift bins. Cold gas masses range from logMgas ∼
8.5–11M� at z = 0.5–0.75 with a peak around logM∗ ∼ 9.5M� to logMgas ∼ 10.5–
11.5M� at the highest redshifts in our sample peaking at a stellar mass of logM∗ ∼
10.3M�.

We find a large spread in molecular gas masses in the range of logMH2 ∼ 8.0–11.0M�
at the lowest redshifts in our sample and logMH2 ∼ 10.0–11.5M� for the highest-redshift
objects in our sample. The molecular gas masses peak at the same stellar masses as the
integrated total cold gas masses.

Not only do the cold and molecular gas masses of galaxies at fixed stellar mass decrease
with time, the largest gas reservoirs are always found in less- (stellar) massive objects.
This trend suggests that (stellar) massive galaxies consumed their cold gas first, and
only at later stages do less-massive galaxies fully consume their gas reservoir. We have
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Figure 2.8: Total cold gas fraction (atomic plus molecular) as a function of stellar
mass for different redshift bins. The grey shaded area shows the log of the number of
galaxies in each bin, with the 50, 16 and 84 percentile curves shown with the red solid
and dashed lines. The central bottom panel shows the 50 percentile curve for the data
in each redshift bin. The dashed and dotted yellow lines represents the fit and one sigma
scatter of Equation 2.10, respectively.

explored the SFRs of galaxies of our sample galaxies as a function of redshift and found
that for a given stellar mass, higher-redshift objects have higher SFR (i.e., consume their
gas faster) than their low-redshift counterparts.

We have superimposed observational results obtained by Daddi et al. (2010), Tacconi
et al. (2010), and Tacconi et al. (2013) on Figure 2.7. We obtain decent agreement
between molecular gas masses computed with our method and observations extracted
from the literature. Only in the redshift regime z = 1.0–1.25 do we find a deficit of H2
compared with the results of Tacconi et al. (2010).

The population of massive objects in our sample is dominated by galaxies with low
specific SFR (SSFR). The Tacconi et al. (2010) and Tacconi et al. (2013) galaxies on
the other hand are actively forming stars with high SSFR (‘main-sequence’ galaxies).
These galaxies have SSFR much higher than galaxies in the same redshift bin and with
similar stellar masses in our COSMOS sample (> 1.0 dex). This is not surprising, as
these galaxies were selected to provide likely positive detections of cold gas at high
redshift, which is a challenging measurement. This difference in galaxy population (and
consequently SSFR) can account for the surplus of H2 in the Tacconi et al. galaxies
compared to our predictions.∗

∗ Tacconi et al. (2013) developed a formalism to correct gas fractions for this selection effect, which
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Figure 2.9: MH2/(MH2 + M∗) as a function of stellar mass for different redshift bins.
The grey shaded area shows the log of the number of galaxies in each bin, with the 50, 16
and 84 percentile curves shown with the red solid and dashed lines. The central bottom
panel shows the 50 percentile curve for the data in each redshift bin. Red squares and
pentagons are literature values taken from Tacconi et al. (2010) and Tacconi et al. (2013),
and Daddi et al. (2010) respectively. The dashed and dotted yellow lines represents the
fit and scatter (one sigma) of Equation 2.11, respectively.

We find a few massive objects (logM∗ ∼ 11.5–12.0M�) with large total cold and
molecular gas reservoirs (logMgas ∼ 12M�), in disagreement with the declining trend in
cold gas mass in less (stellar) massive objects. These are a handful of objects with SFRs
of up to ∼ 200M�yr−1, which drive the increment of the 50 percentiles in the highest
redshift bins. The objects are ultra luminous infrared galaxies (ULIRGS) with bright 24
µm intensities (∼ 0.5 mJy), and are likely to have an AGN component. There are more
ULIRGS in our sample, but it is the combination of high stellar mass and SFR which
makes these galaxies show up so prominently. If these galaxies indeed have an obscured
AGN component, both the stellar mass and SFR could be overestimated which would be
reflected in the cold and molecular gas content of these objects (Caputi et al. 2006).

2.4.3 Gas fraction
We present the gas fraction (fraction of all the baryonic mass which is in cold gas) of our
galaxy sample as a function of stellar mass for different redshift bins in Figure 2.8. We

leads to better agreement with our inferred gas masses.



34
chapter 2: An indirect measurement of gas evolution in galaxies at

0.5 < z < 2.0

7 8 9 10 11 12

logM∗[M�]

0.0

0.2

0.4

0.6

0.8

1.0

M
g
a
s

M
g
a
s+
M
∗

7 8 9 10 11 12

logM∗[M�]

0.0

0.2

0.4

0.6

0.8

1.0

M
H

2

M
H

2
+
M
∗

Figure 2.10: Total cold gas fraction (left hand panel) and MH2/(MH2 + M∗) (right
hand panel) vs. stellar mass for local galaxies. Cyan and red dots are from Leroy et al.
(2008) and Saintonge et al. (2011), respectively. The yellow dashed and dotted lines
represent the fit and one sigma scatter of Equation 2.10 and 2.11, respectively. These
were designed to match our galaxy sample and local data. Note that the actual scatter
in MH2/(MH2 +M∗) for local galaxies is much less than the value obtained for Equation
2.11.

find a clear trend in gas fraction and stellar mass for all redshift bins, with the highest
gas fractions at low stellar masses. The gas fraction drops towards higher stellar masses
and remains fairly constant around 0.0–0.1. More prominent, however, is the evolution
of this trend with redshift (see the central panel in the third row of Figure 2.8). The
stellar mass at which the gas fraction drops increases with increasing redshift, or, in
other words, the gas fraction of galaxies at a given stellar mass increases with increasing
redshift.

Figure 2.9 shows the fraction of molecular hydrogen H2 with respect to the total
stellar and molecular gas mass (MH2/(MH2 + M∗)) as a function of stellar mass. This
allows for a direct comparison with high-redshift galaxies from the literature. We find a
trend between MH2/(MH2 +M∗) and stellar mass similar to the results of Figure 2.8. It
also shows thatMH2/(MH2 +M∗) at a fixed stellar mass increases with redshift. There is
a large spread in MH2/(MH2 +M∗) at fixed stellar mass, especially in the lower redshift
bins. As in Figure 2.7, we find good agreement between observations in the redshift
range 1.25 < z < 1.75 and our results. We find a deficit in MH2/(MH2 +M∗) compared
to observed objects at lower redshifts (1 < z < 1.25). As explained in the previous
subsection this can be caused by differences in galaxy population. The peak in cold gas
fraction and MH2/(MH2 + M∗) in the two highest redshift bins at high stellar masses
represent the few galaxies with high SSFR which are classified as ULIRGS.

The cold gas fraction in our sampled redshift range can be characterized by a function
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of stellar mass and redshift, i.e.,

Mgas

Mgas +M∗
= 1

exp(logM∗−A)/B +1
, (2.10)

where A = 9.04(1 + z
1.76 )0.24 and B = 0.53(1 +z)−0.91. This fitting formula was designed

to match the 50 percentiles in 50 redshifts bins between 0.5 < z < 1.7 (where we sampled
a large number of galaxies) and local data from Leroy et al. (2008) and Saintonge et al.
(2011), respectively. We included local data with the aim of producing a representation
of galaxy gas fraction valid for both local as distant galaxies. We find an approximately
constant scatter of σ = 0.18. This slightly decreases towards the highest redshifts, but is
likely an underestimate due to the low number of massive objects with large variations in
their gas fractions. Although the function was not designed to match the highest redshift
objects, it does a good job in reproducing their gas fraction. The left-hand panel of Fig.
2.10 shows the distribution of gas fraction with mass for local galaxies. We superimpose
our fitting function and find that it describes the observed data fairly well.

Using the same approach we designed a fitting function to MH2/(MH2 +M∗), which
is given by a similar equation

MH2

MH2 +M∗
= 1

exp(logM∗−A)/B +1
, (2.11)

where A = 6.15(1 + z
0.036 )0.144 and B = 1.47(1 + z)−2.23. This formula is a good quanti-

tative representation of our full sample for local galaxies up to z = 2, and has a scatter
of σ = 0.21 for our high-redshift galaxy sample (much less for the local objects).

2.4.4 H2 fraction
Figure 2.11 shows the H2 fraction of the cold gas (fraction of cold gas which is in a
molecular state, H2/(H2 +HI)) in our galaxy sample as a function of galaxy stellar mass,
divided in different redshift bins. Galaxies have H2 fractions spanning a range from
nearly zero (hardly any H2) to almost one (all the gas is in molecules) at all redshifts.
There is nevertheless a (median) trend for the overall population of the galaxies.

The molecular fraction of the cold gas is relatively constant as a function of stel-
lar mass. The H2 fraction decreases slightly towards the massive end of our sample
(logM∗/M� > 11) at redshifts z ≤ 1.5. Massive galaxies reach low fH2 values before
less massive galaxies do. This trend is connected to the evolution of the gas fraction
discussed in the previous subsection. We find a strong decrease in fH2 as a function of
redshift. At > 1.75 the cold gas of the galaxies in our sample is dominated by molecular
hydrogen, whereas at redshifts 0.5 < z < 1.25 the molecular fraction of the cold gas is
roughly 0.4.

The described trend is reversed compared to the trend observed for local galaxies
(i.e., fH2 decreases with decreasing stellar mass, e.g., Leroy et al. 2008; Saintonge et al.
2011). This disagreement is driven by the quiescent galaxies (with relatively low SFR and
consequently relatively low molecular content) which are dominant towards the massive
end of our galaxy sample. We can decouple the mixture of quiescent and actively star-
forming galaxies by considering galaxies at fixed SSFR. We should then expect to see the
trend in fH2 with stellar mass found in local galaxies, precisely as seen in Figure 2.12.
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Figure 2.11: The fraction of H2 in cold gas as a function of stellar mass for different
redshift bins. The grey shaded area shows the log of the number of galaxies in each bin,
with the 50, 16 and 84 percentile curves shown with the red solid and dashed lines. The
central bottom panel shows the 50 percentile curve for the data in each redshift bin.
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Figure 2.12: The fraction of H2 in cold gas as a function of stellar mass for galaxies in
two different bins of SSFR. All galaxies have redshifts 0.75 < z < 1.0. The grey shaded
area shows the log of the number of galaxies in each bin, with the 50, 16 and 84 percentile
curves shown with the red solid and dashed lines. Left panel: galaxies with SSFR −9 <
log SSFR < −8 [yr−1]. Right panel: galaxies with SSFR −10 < log SSFR < −9 [yr−1].
Note that fH2 decreases with decreasing stellar mass.
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Figure 2.13: The fraction of H2 in cold gas as a function of total gas mass for different
redshift bins. The grey shaded area shows the log of the number of galaxies in each bin,
with the 50, 16 and 84 percentile curves shown with the red solid and dashed lines. The
central bottom panel shows the 50 percentile curve for the data in each redshift bin.

The molecular fraction of the cold gas with respect to the total cold gas in the
galaxies for different redshift bins is presented in Figure 2.13. At z > 1.5 the cold gas
is dominated by molecular hydrogen, independent of cold gas mass. At lower redshifts
there is an increase in the molecular fraction of cold gas with increasing gas mass.

This behavior demonstrates that the apportioning of the cold gas into atomic and
molecular hydrogen is not simply dependent on the cold gas budget available. This is not
surprising as the Blitz & Rosolowsky (2006) formalism is based on mid-plane pressure,
which depends on the cold gas and stellar surface density.

2.4.5 Galaxy gas fractions on the star-forming ‘main sequence’
Our method assumes that all galaxies have an exponential radial distribution of their stel-
lar and gaseous content. However, it is well-known that this assumption is only reasonable
for disc-dominated galaxies. Wuyts et al. (2011) found that there is a strong correlation
between galaxies’ location in the M∗–SFR plane and their light profiles. Galaxies that lie
on or near the star forming ‘main sequence’ tend to be well-described by an exponential
profile, while galaxies that lie well below the main sequence tend to be better described
by a de Vaucouleurs profile. At z < 1.25 approximately 20 percent of our sample falls
in the region of the M∗–SFR plane where the results of Wuyts et al. (2011) suggest that
they may be better described by a de Vaucouleurs profile. At higher redshifts this frac-
tion is only a few percent. Figure 2.14 shows the gas fraction and MH2/(MH2 + M∗) of
the part of our sample that we expect to be disc-dominated, based on applying a cut of
log (SSFR/yr−1) > −10. The results are compared to the fit obtained for the original
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Figure 2.14: Gas fraction (top row) and MH2/(MH2 + M∗) (bottom row) of galaxies
with log (SSFR/yr−1) > −10 as a function of stellar mass for different redshift bins. The
grey shaded area shows the log of the number of galaxies in each bin, with the 50, 16 and
84 percentile curves shown with the red solid and dashed lines. Red squares are direct
gas measurements from Tacconi et al. (2010) and Tacconi et al. (2013). The dashed
and dotted yellow lines represent the fit and scatter (one sigma) to this sub-sample of
galaxies, whereas the dashed cyan line is the fit to our full sample of galaxies (see section
2.4.3). The subsample of ‘main-sequence’ galaxies has higher gas fractions at a given
stellar mass.

sample, also including galaxies below this cutoff in SSFR. We show these results only at
z < 1.25, since as we have noted, at higher redshifts most of our sample galaxies satisfy
this criterion.

The gas fractions of the galaxies that we expect to be well-described by an exponential
profile are higher compared to the gas fractions obtained for our entire sample. This
becomes especially pronounced towards the massive galaxies across the redshift range
shown. MH2/(MH2 + M∗) in this sub-sample is also higher; this is however not as
pronounced as for the total cold gas fractions. Our results are in better agreement with
the direct measurements of MH2/(MH2 + M∗) at z ∼ 1 for this sub-sample, although
they are still somewhat lower. This is unsurprising, as the galaxies with direct gas
measurements tend to have higher SSFR than the average main-sequence galaxies in
COSMOS (see sec. 2.4.2).

Equations 2.10 and 2.11 can still be used to describe this sub-sample of galaxies,
where A = 9.0(1 + z

0.017 )0.03 and B = 1.10(1 + z)−0.97 are to be used for the gas fraction
and A = 6.33(1 + z

0.016 )0.115 and B = 1.71(1 + z)−1.57 for MH2/(MH2 +M∗).
These results again indicate that there is a correlation between the overall gas fraction
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Figure 2.15: Stellar masses of galaxies with fgas between 0.47 and 0.53 as a function of
redshift. Grey scales show the log of the number of galaxies in each bin. Massive galaxies
reach the transition point from a gas to a stellar dominated phase before less massive
objects do.

inferred from our method and the SSFR, such that more gas-rich galaxies tend to have
higher SSFR at a given stellar mass. While unsurprising, this is not an entirely circular
result, as there is quite a large spread in the stellar disc scale radius at fixed stellar mass,
and our method makes use of the gas density inferred from the stellar disc size.

2.4.6 Transition between gas and stellar dominated phase
The transition from a gas-dominated phase to a stellar-dominated phase can be used as a
probe of the evolutionary stage of a galaxy. We plot the stellar masses of galaxies with gas
fractions around ∼ 0.5 (which marks the transition from gas to stellar dominated) as a
function of redshift in Figure 2.15. We find that the typical stellar mass at this transition
point decreases from log [M∗/M�](fgas = 0.5) = 10.5 at z = 2.0 to log [M∗/M�](fgas =
0.5) = 9.5 at z = 0.5. This decrease of an order of magnitude in stellar mass indicates
that massive galaxies reach the transition from a gas- to a stellar-dominated phase well
before less-massive galaxies.

2.5 Discussion
We have shown that one can fairly accurately predict the total cold gas content of star
forming galaxies as a function of their SFR, stellar mass and size. The cold gas can
further be apportioned into atomic and molecular hydrogen. The key ingredient is a
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molecular gas-based star formation law combined with a prescription for the calculation
of cold gas molecular fractions. We assume that the radial distribution of the cold gas has
the form of an exponential, with scale radius proportional to the stellar scale length, and
truncated at five times the stellar disc scale length. We obtain the best results when we
use a modified form of the Bigiel et al. (2008) molecular star formation relation, in which
the SFE is higher in very dense gas. This is especially important for high-redshift galaxies
(see Sec. 2.3.3). This is in agreement with previous studies suggesting an increased SFE
for dense high-redshift objects (Daddi et al. 2010; Genzel et al. 2010). It is outside the
scope of this work to address the physical origin of this change in SFE.

Our method provides significantly better predictions of galaxy gas estimates than
those derived from the traditional KS law, as can be seen from our comparison with
direct galaxy gas measurements extracted from the literature. This is due to the break-
down of the KS law at low surface densities, resulting in an underestimation of the cold
gas necessary to sustain low SFR-rates. This break-down leads to significant changes
when integrating over the outer parts of galactic discs.

Our method is applicable to low- and high-surface-density regions, as well as low- and
high-redshift objects. Furthermore, the empirical success of the method gives support to
our assumption of exponential profiles for the stellar and gaseous discs. Conversely, the
method developed seems to be a good approach to compute SFRs from gas and stellar
masses.

Despite the success of our method, it fails to properly predict the molecular and total
cold gas content of dwarf galaxies. As stated previously, Leroy et al. (2008) argue for an
unaccounted-for reservoir of H2 in these galaxies, possibly due to variations in the XCO

factor for dwarfs with respect to bigger spiral galaxies. It would therefore be worthwhile
to address the XCO conversion factor in dwarfs, in order to better understand the gas
physics driving the partition of cold gas into atomic and molecular hydrogen. This will
be crucial for a proper understanding of star formation at different stellar masses.

It is worthwhile to remember that we assume that the XCO factor and IMF are
universal. An evolving or variable IMF and/or XCO could potentially lead to significant
biases in our estimates. A lower XCO (suggested for starburst galaxies in e.g., Genzel
et al. 2010) would result in smaller H2 reservoirs than predicted by our method. The
IMF enters in converting the observed luminosities to stellar masses, as well as converting
the observational tracers (such as H-α, UV or IR luminosity) to star formation rate. A
top-heavy IMF would result in higher UV, IR or H-α luminosities for a given SFR, or
correspondingly lower SFR estimates for a fixed observed luminosity. This would result
in lower derived gas fractions.

Although the gas masses and molecular fractions presented here are obtained indi-
rectly, our method allows for the first time the quantitative estimation of the cold gas and
molecular gas for a large sample of galaxies at high redshift. This allows us to study the
evolution of gas content in galaxies and track the relation between stellar and gas mass.
High-redshift star-forming objects appear to be more gas-rich than lower redshift objects
with similar stellar masses (Fig. 2.6). We found that objects at z ∼ 2 have a cold gas
reservoir approximately thirty times larger than objects at z ∼ 0.5 (logMgas/M� ∼ 11
versus logMgas/M� ∼ 9.5 at a stellar mass of logM∗/M� = 8.5) and that the largest gas
reservoirs are found in progressively less massive galaxies as a function of time. Molecular
gas reservoirs follow this behavior closely. These results suggest that massive galaxies
consume or expel their gas earlier and at a higher rate than less-massive galaxies.
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The galaxy gas fractions also decrease rapidly with decreasing redshift (Fig. 2.8).
This trend is in good agreement with the few direct high redshift molecular gas measures
available to date (Fig. 2.9). More striking is that massive galaxies reach low gas fractions
(less than ∼ 0.1) much sooner than less-massive objects.

We find a weak trend between stellar mass and the fraction of gas in molecular form
(see Figure 2.11), such that massive galaxies have somewhat lower molecular fractions.
In addition, there is a strong redshift trend in the sense that, at a fixed stellar mass,
galaxies have much higher molecular fractions at earlier times. The apparent weak trend
between stellar mass and the fraction of gas in molecular form is driven by the mixture of
galaxies on the ‘main-sequence’ and passive galaxies. We find that the molecular fraction
of cold gas increases with stellar mass when we decouple this mixture (see Figure 2.12).
This is in agreement with observations of local galaxies (Leroy et al. 2008; Saintonge
et al. 2011).

We find no well defined relationship between the molecular gas fraction and the total
mass of cold gas available (see Figure 2.13). At highest redshifts the molecular fraction
of the cold gas is constant as a function of gas mass, whereas at lower redshifts we find
a strong increase in molecular fraction. An increasing gas reservoir does not necessarily
imply an increasing molecular fraction. However, we do find that the molecular fraction
of a galaxy with fixed cold gas mass decreases with decreasing redshift. Under the
assumption that cold gas is only eligible for star formation in a molecular state, these
results indicate that high-redshift objects with a fixed cold gas content can transform
more cold gas into stars than low redshift objects.

As discussed in Section 2.3.3, 2.4.1 and 2.4.5, our sample is likely to contain some
star-forming galaxies that are not well described by an exponential profile. Our model
is not likely to produce good results for these objects. We made use of the empirical
correlation between light profile and location in the M∗–SFR plane recently presented
by Wuyts et al. (2011) to select galaxies that are most likely to have an exponential
light distribution. These ‘main-sequence galaxies’ have higher gas fractions than our full
sample of objects. However, this increase in gas fraction is driven by the lack of low SSFR
objects in this sub-sample, and is not representative for the overall galaxy population.
Nevertheless, the sub-sample and the derived fits to the gas fractions may be of use to
those interested in the evolution of the gaseous content of ‘main-sequence’ (and likely
disc-dominated) galaxies.

In a hierarchical galaxy formation scenario, galaxy gas fractions represent the compe-
tition between gas inflow, outflow and consumption through SF (Davé et al. 2011). All
the previously discussed processes hint at a similar general behavior of this competition
with respect to host galaxy redshift and stellar mass. Massive galaxies consume or expel
their gas before less-massive galaxies do. At a fixed stellar mass, galaxies consume or
expel more gas than they attract. This is all in agreement with the picture proposed by
Davé et al. (2011), who argue that the cosmic inflow rate of gas diminishes faster than
the consumption rate. Furthermore, we find that the molecular fraction of the cold gas
decreases with both stellar mass and time.

We present the transition from gas to stellar dominated galaxies in Figure 2.15. Galax-
ies that pass this transition point have expelled or consumed most of their gas and are
likely (unless they accrete a fresh supply of gas) to proceed towards a more quiescent
phase of SF. We find that more massive galaxies reach a gas-poor state before less massive
galaxies.
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This trend can be interpreted as a reflection of downsizing in star formation, which
can be defined as the declining mass of star-forming galaxies with decreasing redshift
(Fontanot et al. 2009). Our results suggest that the slowly shrinking gas reservoirs,
combined with lower molecular gas fractions, may drive the downsizing observed in star
formation. It will be interesting to test this picture with future ‘direct’ observations of
gas in galaxies at high redshift.

2.6 Summary and Conclusion
We developed a method to indirectly measure the total cold gas and molecular gas content
of galaxies. We applied this method to a sample of galaxies from the COSMOS survey
covering a redshift range of 0.5 < z < 2.0. Since we obtained galaxy gas masses from
their SFR, our results are effectively another way of representing SF and might seem
redundant with other previous studies in the literature. It is therefore worthwhile to
briefly summarize what we have actually learned from this approach that we could not
have concluded from the SFR alone. Our main results are:

• The gas content of a galaxy can be estimated using a combination of a molecular
SF-law and a prescription to calculate the molecular fraction of cold gas, all under
the assumption of a radial exponential profile for the gas and stars. The best results
are obtained using a density dependent SFE. Conversely, this method can act as
a scaling law relating the SFR surface density to the cold gas surface density of a
galaxy. The method seems to be applicable to a large range of galaxy gas masses
at both low and high redshift.

• The method presented allows us not only to predict the cold gas content but also
to predict the molecular gas content of galaxies, and it is based on observed galaxy
properties. These estimates can help us to interpret direct observations of molecular
gas in galaxies at high redshift relative to the overall galaxy population.

• We find a strong trend between the gas content of a galaxy and its stellar mass
with time. For a given stellar mass, the gas fraction of the galaxy decreases with
decreasing redshift. On average, massive galaxies consume or expel their gas reser-
voir much earlier in the history of the Universe than less massive galaxies. This
trend is not only observed in the cold gas content and gas fraction of the galaxies,
it is also reflected in the molecular fraction of the cold gas, which gets smaller with
time for a given stellar mass. This, in combination with low gas fractions, shows
that the physics which suppress the formation of stars in massive galaxies with
time is at least two-fold: galaxies run out of gas and molecules, but not necessarily
at the same rate.

• The stellar mass at which galaxies become stellar-dominated decreases with time.
This indicates that massive galaxies reach a gas-poor state before less massive
objects.

• These results point towards a common trend: the more massive a galaxy, the
sooner it consumes or expels its gas content. This trend is another manifestation
of downsizing.
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Although still indirect, these results point out that measuring the gas content of
galaxies is useful for developing a broader picture and better quantification of galaxy
evolution. The method and results presented in this work are a first step in this direction
and can help for the design of upcoming surveys. Furthermore, they provide useful
constraints for cosmological galaxy formation models, particularly for the development
of new models which include detailed tracking of multi-phase gas.
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Chapter 3
Evolution of the atomic and molecular
gas content of galaxies

Abstract
We study the evolution of atomic and molecular gas in galaxies in semi-analytic models of
galaxy formation that include new modeling of the partitioning of cold gas in galactic discs into
atomic, molecular, and ionised phases. We adopt two scenarios for the formation of molecules:
one pressure-based and one metallicity-based. We find that both recipes successfully reproduce
the gas fractions and gas-to-stellar mass ratios of H I and H2 in local galaxies, as well as the
H I and H2 disc sizes up to z ≤ 2. We reach good agreement with the locally observed H I and
H2 mass function, although both recipes slightly overpredict the low-mass end of the H I mass
function. Both of our models predict that the high-mass end of the H I mass function remains
nearly constant at redshifts z < 2.0. The metallicity-based recipe yields a higher cosmic density
of cold gas and much lower cosmic H2 fraction over the entire redshift range probed than the
pressure based recipe. These strong differences in H I mass function and cosmic density between
the two recipes are driven by low mass galaxies (log (M∗/M�) ≤ 7) residing in low mass haloes
(log (Mvir/M�) ≤ 10). Both recipes predict that galaxy gas fractions remain high from z ∼ 6−3
and drop rapidly at lower redshift. The galaxy H2 fractions show a similar trend, but drop even
more rapidly. We provide predictions for the CO J = 1 − 0 luminosity of galaxies, which will
be directly comparable with observations with sub-mm and radio instruments.

3.1 Introduction
Attaining an understanding of when, how, and at what rate stars form out of interstellar
gas, and of the mechanisms that regulate this process, is of key importance in building
up a complete picture of galaxy formation and evolution. Observations across a range
of scales have shown that star-formation (SF) is tightly linked to galaxy gas content.
Observations in our Milky Way have shown that star formation takes place in dense

Adapted from G. Popping, R.S. Somerville and S.C. Trager, 2014, MNRAS, 442, 2398-2418
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giant molecular clouds (GMC; e.g., Solomon et al. 1987; McKee & Ostriker 2007; Bolatto
et al. 2008). Early observational work found a correlation between the surface density of
the star formation rate (SFR) and the surface density of the total cold gas in galaxies
(e.g. Schmidt 1959; Kennicutt 1998c), while more recent work has emphasized that there
is a strong correlation between the SFR density and the density of molecular hydrogen
(H2), while the correlation with atomic hydrogen (H I) is weak or absent (Wong & Blitz
2002; Bigiel et al. 2008, 2011; Schruba et al. 2011). This work has stimulated a desire to
understand and track the H I and H2 content of galaxies separately in theoretical models.

Observational studies of the H I and H2 content of nearby galaxies have made great
advances in recent years. The local H I mass function down to masses of log (MHI/M�) =
7, and global H I density ΩHI, has been quantified by blind surveys such as ALFALFA
(Giovanelli et al. 2005; Martin et al. 2010). The H I content and its relationship with other
galaxy properties (such as stellar mass, stellar surface density, colour, and concentration)
have been quantified for a fairly large, homogeneously selected sample of nearby galaxies
by GASS (Galex Arecibo SDSS survey: Catinella et al. 2010, 2012, 2013). The THINGS
(The H I nearby galaxy survey: Walter et al. 2008) and LITTLE THINGS (Hunter et al.
2012) surveys mapped the atomic hydrogen density distribution in small samples of
nearby galaxies.

The molecular hydrogen content of galaxies has most commonly been studied through
emission from 12CO (from here on CO) as a tracer. The CO mass-function of nearby
galaxies was presented by Kereš et al. (2003), along with an estimate of the H2 mass-
function resulting from the application of a constant conversion factor between CO lumi-
nosity and H2 mass. An updated estimate of the H2 mass function from the Kereš et al.
(2003) sample, based on an empirical, and variable, CO-H2 conversion factor, was pre-
sented by Obreschkow & Rawlings (2009b). The BIMA SONG (BIMA survey of nearby
galaxies: Helfer et al. 2003), HERACLES (HERA CO-Line Extragalactic Survey: Leroy
et al. 2009) and COLD GASS (CO legacy database for GASS: Saintonge et al. 2011)
surveys mapped the CO-emitting gas in galaxies of the THINGS and GASS surveys,
constraining the surface densities and gas-to-star ratios of molecular gas.

Observations of atomic hydrogen in emission have up until now been restricted to
galaxies at redshifts of z . 0.2 (Verheijen et al. 2007; Catinella et al. 2008). Damped
Lyman-α absorbers (DLA) have provided estimates of the global atomic gas content of
the Universe (Ωgas) at much higher redshifts (z < 4.5; e.g., Rao et al. 2006; Prochaska
& Wolfe 2009; Noterdaeme et al. 2012), but the exact nature of these systems, and their
connection to galaxies detected in emission, is still unclear, making the interpretation of
these observations somewhat complicated (Berry et al. 2014).

Direct observations of the molecular content of distant galaxies through the CO line
have recently become available for small samples of objects, although these samples are
usually biased towards the most gas-rich, actively star-forming galaxies (e.g. Genzel et al.
2010; Tacconi et al. 2010; Riechers et al. 2011; Bothwell et al. 2013; Tacconi et al. 2013).
Although results are still inconclusive because of the small and potentially biased nature
of the samples, and uncertainties in the H2-CO conversion factor, these studies suggest
that galaxies at high redshift may have been considerably more rich in H2 than nearby
galaxies. Moreover, a tight relationship between H2 surface density and SFR density
seems to persist out to at least z ∼ 2 (Genzel et al. 2010; Daddi et al. 2010).

The gas content of galaxies at high redshift has also been estimated using more
indirect methods, such as by using Far-Infrared (FIR) observations and an assumed
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relationship between dust and H2 mass (Magdis et al. 2012), or by using an empirical
relationship between SFR density and total gas or H2 content along with SF tracers such
as H-α or UV (Erb et al. 2006; Mannucci et al. 2009; Popping et al. 2012).

All of the above efforts have already led to extremely valuable insights and constraints
on galaxy formation models. However, our ability to measure H I and CO in emission, in
unbiased samples of galaxies out to high redshift, is expected to undergo a revolution in
the next decade, with new and upcoming facilities such as the Atacama Large Millimeter
Array (ALMA; Wootten & Thompson 2009) and the Square Kilometer Array (SKA;
Carilli & Rawlings 2004) and its pathfinders the Karoo Array Telescope (MeerKAT;
Booth et al. 2009) and the Australian SKA Pathfinder (ASKAP; Johnston et al. 2008)
coming online.

The observations expected from these facilities present a new and stringent challenge
to theoretical models of galaxy formation. Until recently, most cosmological models and
simulations of galaxy formation did not attempt to ‘partition’ gas into different phases,
and used a total-gas based (H I +H2) Kennicutt-Schmidt (KS) law to model star forma-
tion. However, aided by the insights gained from studies of the relationship between star
formation and gas properties on ∼ kpc scales (e.g. Bigiel et al. 2008; Leroy et al. 2008) in
external galaxies, theorists have also made considerable progress on developing physical
models linking the efficiency of star formation on GMC scales with that on galactic scales.
Several groups have implemented explicit modeling of detailed chemistry and simplified
radiative transfer into galaxy-scale and cosmological numerical hydrodynamic simula-
tions, tracking the multi-phase gas content and implementing H2-based star formation
prescriptions (e.g. Pelupessy et al. 2006; Robertson & Kravtsov 2008; Gnedin & Kravtsov
2011; Christensen et al. 2012; Kuhlen et al. 2012). Gnedin & Kravtsov (2011, hereafter
GK) presented fitting functions for the SFR in their simulations as a function of total
cold gas density (ΣHI + ΣH2), gas phase metallicity, and the intensity of the UV ionizing
background. Krumholz et al. (2009) presented analytic models for the formation of H2
as a function of total gas density and metallicity, supported by numerical simulations
with simplified geometries (Krumholz et al. 2008, 2009), emphasizing the importance of
metallicity as a controlling parameter in H2 formation. A somewhat different view is
presented by Ostriker et al. (2010), who propose that heating of the Interstellar Medium
(ISM) by the stellar UV background plays a key role in regulating star formation. In
their model, the thermal pressure in the diffuse ISM, which is proportional to the UV
heating rate, adjusts until it balances the midplane pressure set by the vertical gravita-
tional potential. This could provide an explanation for the strong empirical correlation
between H2 fraction and disc midplane pressure found by Blitz & Rosolowsky (2006).

These analytic models and fitting formulae can be implemented within semi-analytic
models of galaxy formation. The modern semi-analytic approach applies simple, physi-
cally motivated recipes for physical processes that drive the formation and evolution of
galaxies within the framework of a Λ cold dark matter (ΛCDM) cosmology. These mod-
els can provide predictions of global galaxy properties (such as SFR, size, stellar mass
and luminosity, gas content, metal enrichment) for large numbers of galaxies. Further-
more, they can efficiently explore the parameter space associated with the large number
of “sub-grid” recipes that are used to model processes such as star formation, stellar
feedback, black hole accretion and feedback from Active Galactic Nuclei (AGN). Semi-
analytic models have been successful in reproducing many observed galaxy properties
(e.g., Kauffmann et al. 1993; Cole et al. 1994; Kauffmann et al. 1999; Somerville & Pri-
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mack 1999; Cole et al. 2000; Somerville et al. 2001), in particular recent models that
include ‘radio mode’ AGN feedback (e.g., Bower et al. 2006; Croton et al. 2006; Kang
et al. 2006; Menci et al. 2006; Monaco et al. 2007; Somerville et al. 2008b), although some
puzzles remain. For example, SAMs from several different groups do not correctly re-
produce the observed properties of low-mass galaxies (log (M∗/M�) ∼ 9− 10.5 Fontanot
et al. 2009; Guo et al. 2010; Weinmann et al. 2012). These low-mass galaxies form too
early in the models, and are too passive at late times. On the other hand, SAMs have also
had difficulty reproducing enough very rapidly star forming, extreme starbursts (Ultra-
luminous Infrared Galaxies; ULIRGS) at high redshift (Somerville et al. 2012; Niemi et al.
2012, and references therein). However, numerical hydrodynamic simulations suffer from
the same problems (Weinmann et al. 2012; Davé et al. 2010), and in fact produce very
similar predictions to the SAMs, leading most theorists to conclude that it is likely to be
limitations in our understanding of the sub-grid processes of star formation and stellar
feedback, rather than inaccuracies of the semi-analytic approach, that are the root cause
of the problems.

Several groups have now used semi-analytic models to make predictions for the multi-
phase gas content of galaxies. Obreschkow et al. (2009a) applied an empirical pressure-
based recipe based on the results of Blitz & Rosolowsky (2006, hereafter BR) in post-
processing to compute the H I and H2 content of galaxies in the Millennium simulations
(De Lucia & Blaizot 2007). Power et al. (2010) carried out a similar project based on post-
processing. Fu et al. (2010, 2012) modeled the partitioning of gas into H I and H2 in radial
bins in each galaxy, using both the metallicity-dependent recipes of Krumholz et al. (2009,
hereafter KMT) and the pressure-based recipe of BR, and self-consistently implemented a
H2-based star formation recipe, within the established semi-analytic modeling framework
of Guo et al. (2011). Lagos et al. (2011a,b) also estimated gas partitioning into an atomic
and molecular component, and implemented a H2-based star formation recipe, within
the GALFORM semi-analytic model (Baugh et al. 2005; Bower et al. 2006). Somewhat
simpler models in a similar spirit have also been presented by Dutton et al. (2010) and
Krumholz & Dekel (2012).

In this paper we explore how different models for H2 formation affect the evolution of
the atomic and molecular gas content of galaxies with time. We implement an empirical,
pressure-based recipe (BR) and a recipe based on numerical hydrodynamic simulations,
dependent on metallicity and the local UV radiation field (GK) into the Somerville et al.
(2012) model, thus allowing a link to be made between the stellar and dust emission
and the multi-phase gas content of galaxies. We anticipate that these predictions will be
useful for planning upcoming observations of cold gas in galaxies at high redshift, and
as these observations become available, this will provide insights into the physics that
drives the formation of molecules in galaxies. Furthermore, we aim to give insight to
what improvements need to be incorporated in cosmological galaxy evolution models to
correctly model the gas content of galaxies. In Somerville, Popping & Trager (in prep.;
SPT14) we implement a wider suit of star-formation and H2 recipes including the KMT
recipe. We will present predictions for the observable properties of the stellar (and dust)
emission over a broad range of redshifts, and discuss the sensitivity of these properties
to the adopted SF-recipes.

The structure of the paper is as follows. In Section 3.2 we briefly present the semi-
analytic model and its ingredients, focussing on the new recipes for gas partitioning and
star formation. In Section 3.3 we present our predictions for the scaling relations between
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stellar mass or surface density and H I and H2 content, relationship between H I mass
and radius, and H I and H2 mass functions at z ∼ 0. We further present predictions for
the evolution in the SFR half-light radius vs. stellar mass, H I and H2 mass functions,
global mass density of H I and H2, and H I and H2 fractions vs. stellar mass. We compare
our predictions of H2 fractions and mass functions with observational estimates of these
quantities obtained by applying a CO-H2 conversion factor to the observations; we also
adopt an alternate approach in which we use our knowledge of the physical properties
of our model galaxies to estimate the CO content, and compare directly with the CO
observations. In Section 3.4 we discuss our findings and we summarize those in Section
3.5.

3.2 Model

This section describes the semi-analytic model used in this paper. The model is based
on the models presented in Somerville & Primack (1999), Somerville et al. (2008b),
and Somerville et al. (2012) and we refer the reader to those papers for details. In
this section we provide a brief summary of the model framework and the ingredients
relevant to this paper. Throughout this paper we adopt a flat ΛCDM cosmology with
Ω0 = 0.28, ΩΛ = 0.72, h = H0/(100 km s−1 Mpc−1) = 0.70, σ8 = 0.812 and a cosmic
baryon fraction of fb = 0.1658 (Komatsu et al. 2009). Unless stated otherwise we leave
the free parameters associated with the galaxy-formation model fixed to the values given
in Somerville et al. (2012).

3.2.1 Semi-analytic model framework

The merging histories of dark matter haloes (merger trees) are constructed based on
the Extended Press-Schechter formalism following the method described in Somerville
& Kolatt (1999b) and Somerville et al. (2008b). Each branch in the tree represents a
merger event and is followed back in time to a minimum progenitor mass of Mres, which
we refer to as the mass resolution of our simulations.

Whenever dark matter haloes merge, the central galaxy of the largest progenitor
halo becomes the new central galaxy, whereas all the other galaxies become ‘satellites’.
Satellite galaxies may eventually merge with the central galaxy due to dynamical fric-
tion. Merger timescale are estimated using a variant of the Chandrasekhar formula from
Boylan-Kolchin et al. (2008). Tidal stripping and destruction of the satellites is included
as described in Somerville et al. (2008b).

Before reionisation of the Universe, each halo contains a mass of hot gas equal to the
universal baryon fraction times the virial mass of the halo. After reionisation, the collapse
of gas into low-mass haloes is suppressed by the photoionising background. We model
the fraction of baryons that can collapse into haloes of a given mass after reionisation
using the fitting functions provided by Gnedin (2000) and Kravtsov et al. (2004).

When a dark matter halo collapses or experiences a merger with a larger halo, the
hot gas shock-heats to the virial temperature of the new halo. The radiating gas then
gradually cools and collapses. To calculate the cooling rate of the hot gas we use the
metallicity-dependent radiative cooling curves of Sutherland & Dopita (1993). The rate
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at which gas can cool is given by

ṁcool = 1
2mhot

rcool

rvir

1
tcool

, (3.1)

where mhot is the mass of the hot halo gas, rvir is the virial radius of the dark matter
halo, and rcool is the radius within which all of the gas can cool in a time tcool, which itself
depends on density, metallicity and temperature. This cooling radius limited regime is
associated with “hot flows”. In some cases the cooling radius can be larger than the virial
radius. In this case the cooling rate is limited by the infall rate

ṁcool = 1
2mhot

1
tcool

. (3.2)

This infall limited cooling regime is associated with “cold flows” (Birnboim & Dekel 2003;
Kereš et al. 2005; Dekel & Birnboim 2006).

Although in reality satellite galaxies should continue to accrete some cold gas, we
assume that the cold gas is only accreted by the central galaxy of the halo. When the
gas cools 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 profile, 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 et al. 1998). Assuming that the
halo initially has a density profile described by the Navarro-Frenk-White (NFW; Navarro
et al. 1996) form, the size of the gas disc of a galaxy is given by

rgas = 1√
2
fjλRvirf

−1/2
c fR(λ, c, fd), (3.3)

where fj ≡ (Jd/md)/(Jh/Mvir) is the ratio of the specific angular momentum of the disc
and the halo, c is the NFW concentration of the halo, and fd is the disc mass to the
halo mass ratio. The functions f−1/2

c correct for the difference in energy of the NFW
profile relative to that of a singular isothermal profile, and fR accounts for the adiabatic
contraction (see Mo et al. 1998, for expressions governing fR and fc). Somerville et al.
(2008a) showed that this approach produced good agreement with the evolution of the
size-stellar mass relation for disc-dominated galaxies from z ∼ 2 to the present.

Stars are formed through two modes, a “normal” mode in isolated discs, and a merger-
driven “starburst” mode. We discuss star formation in the “normal” mode in below
Section 3.2.2. The efficiency and timescale of the “starburst” mode is set by the merger
mass ratio and the gas fractions of the merger progenitors, based on the results of hydro-
dynamical simulations of binary galaxies (Robertson et al. 2006; Hopkins et al. 2009a).

When supernovae occur, they deposit some of their energy into the ISM, driving a
large-scale outflow of cold gas from the galaxy. The mass outflow rate is given by

ṁout = εSN

(
V0

Vc

)αrh

ṁ∗ (3.4)

where Vc is the maximum circular velocity of the galaxy (here approximated by Vmax of
the uncontracted dark matter halo), ṁ∗ is the star formation rate, and εSN and αSN are
free parameters (V0 = 200 km/s is an arbitrary normalization constant). Some fraction
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of the ejected gas escapes from the potential of the dark matter halo, whereas some is
deposited in the hot gas reservoir within the halo and can cool again. The fraction of
gas ejected from the disc and halo versus ejected from the disc but retained in the halo
is a function of the halo circular velocity, such that low-mass haloes lose a larger fraction
of gas (see Somerville et al. (2008b) for details). We choose εSN = 1.5 and αSN = 2.2
(similar to previous works) to obtain a good match with the observed z ∼ 0.0 stellar
mass function.

Each generation of stars produces heavy elements that can enhance the metal con-
tent of a galaxy. Here, chemical enrichment is modelled in a simple manner using the
instantaneous recycling approximation. For each parcel of new stars dm∗, we also create
a mass of metals dMZ = y dm∗, which we assume to be instantaneously mixed with the
cold gas in the disc. We assume the yield y to be constant, and treat it as a free parame-
ter. When supernova driven winds eject gas from the disc, a corresponding proportion of
metals is also removed and deposited either in the hot gas or outside the halo, following
the same proportions as the ejected gas.

Mergers can remove angular momentum from the disc stars and build up a spheroid.
The efficiency of disc destruction and build up of spheroids is a function of progenitor
merger mass ratio and gas fractions, parameterised based on the simulations of binary
galaxy systems (Hopkins et al. 2009a). These simulations indicate that more “major”
and more gas-poor mergers are more efficient in removing angular momentum, destroying
discs, and building spheroids. When implemented within the SAM, these recipes correctly
predict the relative fractions of early vs. late type galaxies as a function of stellar mass
(Hopkins et al. 2009b).

The model tracks the growth of supermassive black holes and the energy they release
(Croton et al. 2006; Somerville et al. 2008b). Each top-level DM halo is seeded with a
∼ 100M� black hole, and these black holes are able to grow via two different accretion
modes. The first accretion mode is fueled by cold gas that is driven into the nucleus
of the galaxy by mergers. This mode is radiatively efficient, and the accretion rates are
close to the Eddington limit. The accretion continues until the energy being deposited
into the ISM in the central region of the galaxy is sufficient to significantly offset and halt
accretion via a pressure-drive outflow. Because this accretion mode is associated with
optically bright classical quasars and AGN, it is sometimes referred to as “bright mode”
or “quasar mode” accretion. The second mode of black hole growth, the “radio mode”,
is thought to be associated with powerful jets observed at radio frequencies. Hot halo
gas is assumed to be accreted according to the Bondi-Hoyle approximation (Bondi 1952).
We adjust the efficiency of “radio mode” heating to fit the observed number density of
massive galaxies, and obtain κradio = 3.8 × 10−3). Accretion rates in this mode are
significantly sub-Eddington (10−4 to 10−3 times the Eddington rate), so that most of
the BH’s mass is acquired during “bright mode” accretion. However, the radio jets are
assumed to couple very efficiently with the hot gas, and provide a heating term that can
partially or completely offset cooling during the “hot flow” mode.

3.2.2 Multi-phase Gas Partitioning and Star Formation Recipes
In this section we describe the new ingredients of our model that we use to calculate the
fraction of ionised, atomic, and molecular gas in each galaxy, and how we compute the
SFR based on the molecular gas content.
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At each time step we compute the scale radius of the cold gas disc using the angular
momentum argument described in the previous subsection. We assume that the cold
gas is distributed in an exponential disc with scale radius rgas and a central gas surface
density of mcold/(2π r2

gas), where mcold is the mass of all cold gas in the disc. We assume
that the stellar scale length is defined as rstar = rgas/χgas, with χgas = 1.7 fixed to match
stellar scale lengths at z = 0. We divide the gas disc into radial annuli and compute
the fraction of molecular gas in each annulus as described below. The integrated mass
of H I and H2 in the disc at each time step is calculated using a fifth order Runga-Kutta
integration scheme.

Ionised gas

We assume that the cold gas consists of an ionised, atomic and molecular component.
The ionised component may be due to either an external background or by the radiation
field from stars within the galaxy. We assume that some fraction of the cold gas in the
galaxy, fion,int, is ionised by the stars in the galaxy. The external background field ionises
of a slab of gas on each side of the disc. Following Gnedin (2012), and assuming that all
the gas with a surface density below some critical value ΣHII is ionised, we use

fion = ΣHII

Σ0

[
1 + ln

(
Σ0

ΣHII

)
+ 0.5

(
ln
(

Σ0

ΣHII

))2
]
. (3.5)

Throughout this paper we assume fion,int = 0.2 (as in the Milky Way) and ΣHII =
0.4M�pc−2, supported by the results of Gnedin (2012). Although observations do not
support a sharp transition to ionized gas at this surface density, we found that our model
reproduced the results of the hydro simulations well with this choice of parameters.

Molecular gas: pressure based partitioning

In this work we consider two approaches for calculating the molecular fraction of the
cold neutral gas in a galaxy. The first is based on the empirical pressure-based recipe
presented by Blitz & Rosolowsky (2006, BR). They found a power-law relation between
the disc mid-plane pressure and the ratio between molecular and atomic hydrogen, i.e.,

RH2 =
(ΣH2

ΣHI

)
=
(Pm
P0

)α (3.6)

where ΣH2 and ΣHI are the H2 and H I surface density, P0 and αBR are free parameters
that are obtained from a fit to the observational data, and Pm the mid-plane pressure
acting on the galactic disc. We adopted logP0/kB = 4.23 cm3 K and αBR = 0.8 from
Leroy et al. (2008). The hydrostatic pressure acting on the disc at a radius r is estimated
as (Elmegreen 1989, 1993; Fu et al. 2010)

Pm(r) = π

2 GΣgas(r) [Σgas(r) + fσ(r)Σ∗(r)] (3.7)

where G is the gravitational constant, fσ(r) is the ratio between σgas(r) and σ∗(r),
the gas and stellar vertical velocity dispersion, respectively. The stellar surface density
profile Σ∗(r) is modeled as an exponential with scale radius rstar and central density
Σ∗,0 ≡ m∗/(2πr2

∗). Following Fu et al. (2010), we adopt fσ(r) = 0.1
√

Σ∗,0/Σ∗, based on
empirical scalings for nearby disc galaxies. The fraction of non-ionized gas in a molecular
state at each radial annulus can be calculated as fH2 = RH2/(1 +RH2).
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Molecular gas: metallicity based partitioning

The second approach for computing molecular gas fractions in galaxies is based on the
simulation by Gnedin & Kravtsov (2011, GK), who performed high-resolution “zoom-in”
cosmological simulations with the Adaptive Refinement Tree (ART) code of Kravtsov
(1999), including gravity, hydrodynamics, non-equilibrium chemistry, and 3D on the fly
radiative transfer. Based on their simulations, the authors find a fitting function for the
H2 fraction which effectively parameterizes fH2 as a function of dust-to-gas ratio relative
to the Milky Way, DMW, the UV ionizing background relative to the Milky Way, UMW,
and the neutral gas surface density ΣHI+H2 . The fraction of molecular hydrogen at each
radial annulus is given by

fH2(r) =
[
1 + Σ̃

ΣHI+H2(r)

]−2

(3.8)

where

Σ̃ = 20 M�pc−2 Λ4/7

DMW

1√
1 + UMWD2

MW

Λ = 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)

We take the dust-to-gas ratio to be proportional to the metallicity in solar units DMW =
Z/Z�. The local UV background relative to the MW is set by relating the SFR of the
galaxy in the previous time step to the MW SFR as UMW = SFR

SFRMW
, where we choose

SFRMW = 1.0 M� yr−1 (Murray & Rahman 2010; Robitaille & Whitney 2010).
The GK fitting functions are intended to characterize the formation of molecular

hydrogen on dust grains, the dominant mechanism for forming H2 once gas is enriched
to more than a few hundredths of Solar metallicity. Other channels for the formation
of H2 in primordial gas must be responsible for producing the molecular hydrogen out
of which the first stars were formed. Hydrodynamic simulations containing detailed
chemical networks and analytic calculations have shown that H2 can form through other
channels in dark matter haloes above a critical mass Mcrit ∼ 105M� (e.g., Nakamura &
Umemura 2001; Glover 2013). This gas can then form “Pop III” stars which can enrich
the surrounding ISM to ZIII ∼ 10−3 Z� (Schneider et al. 2002; Greif et al. 2010; Wise
et al. 2012). These processes take place in haloes much smaller than our resolution limit.
We represent them by setting a “floor” to the molecular hydrogen fraction in our haloes,
fH2,floor. In addition, we “pre-enrich” the initial hot gas in haloes, and the gas accreted
onto haloes due to cosmological infall, to a metallicity of Zpre−enrich. We adopt typical
values of fH2,floor = 10−4 and Zpre−enrich = 10−3Z� (Haiman et al. 1996; Bromm &
Larson 2004). We find that our results are not sensitive to the adopted values of these
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parameters within reasonable limits. Note that observations of resolved stars in the MW
halo and local dwarfs have revealed stars with metallicities below Z ∼ 10−3 Z� (Tolstoy
et al. 2009; Starkenburg et al. 2010), precluding much higher values for Zpre−enrich.

Molecular based star formation

Star formation is modeled following empirical relationships from recent observations.
Bigiel et al. (2008) suggest, based on observations of spiral galaxies from the THINGS
survey, that the star-formation rate surface density can be directly related to the surface
density of molecular gas, i.e.

ΣSFR = ASF ΣH2
N (3.9)

with N ' 1. Observations of higher density environments suggest that above some
critical H2 surface density, the slope of the relation described in equation 3.9 steepens.
We therefore adopt a two-part scaling law given by:

ΣSFR = ASF (ΣH2/10M�pc−2)
(

1 + ΣH2

ΣH2,crit

)NSF

(3.10)

We adopt the “two-slope” star formation recipe in all of the models presented in this
work. In addition, we adopt ASF = 5.98 × 10−3M�yr−1kpc−2, ΣH2,crit = 70M� pc−2,
and NSF = 1.0. The value of ASF is taken from the observations of Bigiel et al. (2008),
corrected to our system in which Helium is not included in the gas masses and densities.
The values for ΣH2,crit and NSF = 1.0 are motivated by the observational compilation
presented in Narayanan et al. (2012b).

3.3 Results
In this section we show our predictions for the evolution of the H I and H2 content of
galaxies over a range of redshifts from z = 0.0 to z = 6.0. The simulations were run on
a grid of haloes with virial masses ranging from 5× 108M� to 5× 1014M� with a mass
resolution of 5 × 106M�. We first perform a comparison of our model predictions with
observations of local galaxy properties, in order to validate our models. All presented
gas masses are pure hydrogen masses and do not include a correction for Helium.

3.3.1 Local galaxy properties
In Figure 3.1 we present the ratios of H I and H2 relative to stellar mass, and the ratio
of H2 to H I, as functions of stellar mass and stellar surface density in disc-dominated
galaxies (M∗bulge/M∗total ≤ 0.4). We compare our results to a compilation of observations
presented in Leroy et al. (2008), Saintonge et al. (2011), and Catinella et al. (2013) based
on the THINGS+HERACLES and GASS+COLDGASS surveys and in Boselli et al.
(2014) based on the Herschel reference survey.

Both the pressure-based and metallicity-based recipes show very good agreement
with the observed trends between stellar mass or stellar surface density and H I and H2
fractions. The fraction of H I relative to stars decreases with increasing stellar mass and
surface density, whereas the fraction of H2 relative to stars remains roughly constant.
Consequently, the fraction of cold gas in the form of H2 increases with stellar mass and
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Figure 3.1: Scaling relations for the H I and H2 content of disc-dominated galaxies
(M∗bulge/M∗total ≤ 0.4) as a function of stellar mass and stellar surface density for the
pressure- (solid orange) and metallicity-based (green dashed) H2 formation recipes. Thick
lines show the mean values and dotted lines mark the 2σ deviation. Grey triangles and
dots, blue squares, and red circles are literature values from Leroy et al. (2008), Saintonge
et al. (2011), Catinella et al. (2013), and Boselli et al. (2014), respectively.



56
chapter 3: Evolution of the atomic and molecular gas content of

galaxies

Figure 3.2: The ratio of ionised hydrogen to stellar mass in disc-dominated galaxies
(M∗bulge/M∗total ≤ 0.4) as a function of stellar mass for the pressure- (solid orange) and
metallicity-based (dashed green) H2 formation recipes. Thick lines show the mean, and
dotted lines mark the 2σ deviation.

surface density. The H2-to-H I ratio as a function of stellar mass is on average slightly
too high in our models, although still within the scatter of the observations (particularly
at low stellar masses). Here we focus on the gas fractions of disc-dominated galaxies. A
similar exercise for a “blind” survey of galaxies would yield lower H I-to-stellar mass, H2-
to-stellar mass, and H2-to-H I mass ratios. Spheroidal objects have much lower relative
gas content than disc-dominated galaxies and most of the cold gas is atomic.

We present the ratio of ionised hydrogen to galaxy stellar mass as a function of stellar
mass in Figure 3.2. We find a monotonic decrease in the ratio between ionised hydrogen
and stellar mass, without any significant difference between the two H2 formation recipes.
The ionised hydrogen mass ranges from about a tenth of the stellar mass in large galax-
ies, to about equal to the stellar mass in low mass objects (log (M∗/M�) < 8 − 9), and
up to 10-100 times the stellar mass in very low mass galaxies (log (M∗/M�) < 6 − 7).
These ratios are comparable to the ratio between galaxy H I and stellar mass, indicating
that a significant amount of the cold gas in galaxies may be in an ionised component, as
suggested by recent observations (Tumlinson et al. 2011), but not accounted for in pre-
vious semi-analytic models of galaxy formation. We will further explore the predictions
for ionised hydrogen in galaxies in future work.

Both H2 recipes presented in this work rely on the estimated size of the galaxy disc,
as this sets the surface density of the gas, one of the key parameters in calculating the
H2 content of the gas. It is therefore of great importance to correctly predict the sizes
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Figure 3.3: The ‘H I radius’, defined as the radius at which ΣHI = 1M� pc−2 as a
function of H I mass for the pressure- (orange solid) and metallicity-based (green dashed)
H2 formation recipes. Thick lines show the mean, and dotted lines mark the 2σ devia-
tion. The grey circles/arrows are measurements/lower limits obtained from the profiles
presented in Leroy et al. (2008). The solid grey line is a fit to the data presented in
Verheijen & Sancisi (2001).

of the gas disc in galaxies. Figure 3.3 shows the H I disc size of a galaxy as a function
of its H I mass. Following Verheijen & Sancisi (2001), we define the size of the H I disc
as the radius at which the H I surface density of the gas equals ΣHI = 1M� pc−2. We
calculate the location of ΣHI = 1M� pc−2 in post-processing, assuming an exponential
distribution of the cold gas in the disc. Besides the fit presented in Verheijen & Sancisi
(2001), we also present, where possible, the size of the H I discs of the THINGS sample
of galaxies, which we computed from the radial profiles presented in (Leroy et al. 2008).

There is good agreement between the modeled and observed H I disc sizes, spanning
over three orders of magnitude in H I mass and two orders of magnitude in disc size. The
good agreement between model and data is independent of the H2 formation prescription.
We have shown that our models match the observed H2 fractions for nearby galaxies (Fig.
3.1), and Somerville et al. (2008a) has shown previously that the models also reproduce
the size-stellar mass relation for disc-dominated galaxies from z ∼ 2 to the present.
Although this does not necessarily guarantee a match between the H I disc size and gas
content of a galaxy, the agreement is an encouraging sanity check.

Figure 3.4 shows our predictions for the H I mass-functions at z = 0.0. Both star
formation recipes show decent agreement with the observed H I mass functions at H I
masses of log (MHI/M�) ∼ 10 and higher. The pressure-based recipe slightly underpre-
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Figure 3.4: The predicted H I mass function of galaxies at z = 0.0, assuming a pressure-
(left) and metallicity-based (right) H2 recipe. The top row shows the contribution to the
mass function by galaxies with a lower cutoff in stellar mass. The bottom row shows the
contribution by galaxies hosted by haloes with a cutoff in virial mass. Grey circles and
squares show the observed z = 0 H I mass functions from Zwaan et al. (2005) and Martin
et al. (2010), respectively.

dicts the observed H I mass function in the mass range log (MHI/M�) ∼ 9 − 10, and
slightly overpredicts the observations at lower H I masses. The metallicity-based recipe
overpredicts the observed number of galaxies below log (MHI/M�) ∼ 8.5.

Figure 3.4 shows that the galaxies responsible for the excess of low-H Imass objects are
low-mass galaxies (log (M∗/M�) ≤ 7) residing in low mass haloes (log (Mvir/M�) ≤ 10).
This underlines the importance of sufficiently high mass resolution in simulations that
attempt to predict the properties of galaxies observed in H I.

The predicted H2 mass function at z = 0.0 is presented in Figure 3.5, and compared
with two observational estimates. Both estimates are based on the CO survey of Kereš
et al. (2003). The estimated H2 mass function given by Kereš et al. (2003) was obtained
by applying a fixed conversion factor to convert between CO and H2. Obreschkow &
Rawlings (2009b) estimated a variable H2-CO conversion factor based on the galaxy
properties. Based on recent observations and theoretical work, a variable conversion
factor that depends on galaxy properties (such as metallicity) is probably more reasonable
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Figure 3.5: The predicted H2 mass function of galaxies at z = 0.0, assuming a pressure-
(left) and metallicity-based (right) H2 recipe. The top row shows the contribution to the
mass function by galaxies with a lower cutoff in stellar mass. The bottom row shows
the contribution from galaxies hosted by a halo with a lower cutoff in virial mass. Grey
circles and diamonds are the estimated observed z = 0 H2 mass functions from Kereš
et al. (2003), grey squares are the observational estimates presented by Obreschkow &
Rawlings (2009b) (see text).

(we discuss this further below). The predictions of both recipes are very similar, and
we obtain good agreement with the observational estimates of Kereš et al. (2003), but
significantly overproduce galaxies with large H2 masses relative to the Obreschkow &
Rawlings (2009b) results. It is possible that a process not included in our model, such
as AGN feedback, could destroy or expel H2 in massive galaxies (Saintonge et al. 2012)
and possibly lower the number of H2 massive galaxies.

3.3.2 Evolution of gas in galaxies

In this section we present our predictions for the evolution of the gas content in galaxies
and make predictions for upcoming surveys of gas at high redshifts.
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Figure 3.6: The SFR half-light radii of galaxies as a function of their stellar mass for
different redshift bins, for the pressure-based (orange solid) and metallicity-based (green
dashed) models. Thick lines show the mean of the distribution, and dotted lines mark
the 2σ deviation. Grey circles are observations from Leroy et al. (2008, at z = 0.0),
Förster Schreiber et al. (2009, Hα half light radii), Genzel et al. (2010) and Tacconi et al.
(2013).

Galaxy sizes

Figure 3.6 shows the SFR half-light radius of our modelled galaxies as a function of
their stellar mass (i.e., the radius that encompasses half of the total SFR of the galaxy).
We compare these results with radii presented in the literature for high-redshift galaxies
(Förster Schreiber et al. 2006; Genzel et al. 2010; Tacconi et al. 2013) and, where possible,
the CO half-light radius of the discs of the THINGS galaxies, which we computed from
the radial profiles presented in (Leroy et al. 2008, assuming a fixed conversion between the
H2 and CO radial profiles). Our results are in excellent agreement with the observations
at high-redshift and in the local Universe, indicating that in spite of the simplicity of
our model for computing disc sizes and surface density profiles, we appear to be able to
correctly model the sizes and the location of star formation and the evolution of these
quantities since z = 2. For a fixed stellar mass, the SFR half-light radius increases with
decreasing redshift. Consequently, the molecular gas is more compact in high redshift
galaxies. This behavior is driven by the overall growth of galaxy discs with time, as they
accrete gas with higher angular momentum.
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Figure 3.7: Predicted redshift evolution of the H I mass function, assuming a pressure-
(left) and metallicity-based (right) H2 recipe. Grey circles and squares show the observed
z = 0 mass functions from Zwaan et al. (2005) and Martin et al. (2010), respectively.

H I mass function

Figure 3.7 shows the predicted H I mass function at redshifts between z = 0 and z = 6.
We overplot observations from Zwaan et al. (2005) and Martin et al. (2010) at z = 0.0.
For H I masses (log (MHI/M�) & 8), the figure shows a clear monotonic increase in the
number of galaxies at a given H I mass from z = 6 to z = 2.0. There is very weak
evolution at z . 2, and almost none at all from z ∼ 1–0. The weak evolution in the
number of low H I mass galaxies shows that in our current model framework, the excess of
these objects is already present at redshifts ∼ 2. We find little difference in the predicted
evolution of the H I mass function between the metallicity- and pressure-based recipes.

Although little evolution is seen in the H I mass function since z ∼ 2, this of course
does not mean that galaxies are static, or that H I is not being created or destroyed. It
rather means that there is a kind of self-regulated equilibrium that arises naturally in
these models.

H2 mass function

In Figure 3.8 we show the predicted H2 mass function at redshifts between z = 0 and
z = 6. The left panel contains mass functions obtained using the metallicity-based
recipe, whereas the right pannel shows results obtained using a pressure-based recipe.
These predictions are compared with the observational estimates of the H2 mass function
at z = 0, as shown in Figure 3.5.

Both H2 recipes predict a gentle evolution in the H2 mass function at all H2 masses.
In both recipes, the number of galaxies with large H2 masses increases from z ∼ 6–2,
then declines slightly to z = 0. At lower masses, log (MH2/M�) . 9, both models predict
a slight increase in the number of low-H2 mass galaxies from z ∼ 6–4, then a more or
less monotonic decline from z ∼ 4 to z ∼ 0.
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Figure 3.8: Predicted redshift evolution of the H2 mass function, assuming a pressure-
(left) and metallicity-based (right) H2 recipe. Grey circles are the z = 0 observational
estimates of the H2 mass functions from Kereš et al. (2003), and grey squares are the
estimates from Obreschkow & Rawlings (2009b).

In both recipes, it is more difficult to form H2 in low-surface density gas. In our
models, low-mass haloes host galaxies with a larger fraction of their gas at low surface
density (this is in accord with observational size-mass scaling relations), and therefore
low-mass galaxies are less efficient at forming H2, as we saw in Figure 3.1. In the BR
model, we would say this is because their disc midplane pressure is lower due to their
smaller gravitational potential wells. In the GK model, we would say it is due to the
lower availability of dust grains on which H2 can form. Thus the build-up of large H2-
mass galaxies from z ∼ 6–2 reflects the growth of structure and the formation of massive
dark matter haloes, while the decrease in the number of low-H2 mass galaxies from z ∼ 4
to z ∼ 0 reflects the growth of galaxy discs resulting in lower cold gas surface densities,
combined with low potential wells and/or low availability of dust grains.

Evolution in galaxy gas-fractions

In the following figures we present the gas fraction and relative H2 content of galaxies as
a function of their stellar mass for different redshifts (0 < z < 6). In each case, we plot
the conditional probability P (fgas|mstar), and the reader should keep in mind that the
most massive galaxies will be extremely rare at high redshift, and probably would not
be included in any observed samples.

Figure 3.9 shows the cold gas fraction of the modeled galaxies as a function of stellar
mass, divided into redshift bins. We also included the indirectly derived gas fraction
from Popping et al. (2012). They calculated cold gas and H2 masses in galaxies from the
COSMOS survey by inverting the Bigiel et al. (2008) star-formation law in combination
with the Blitz & Rosolowsky (2006) method to calculate the H2 fraction of cold gas.
Including a recipe to calculate the H2 fraction of cold gas allowed Popping et al. to
indirectly estimate both the molecular and the atomic hydrogen masses of these galaxies.
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Figure 3.9: Galaxy cold gas fraction (fgas ≡ MH2+HI
MH2+HI+M∗

) as a function of stellar mass in
disc-dominated galaxies for different redshift bins for the pressure-based H2 prescription
(left column) and the metallicity-based prescription (right column). The blue shaded
regions show the log of the conditional probability distribution function P (fgas|M∗),
whereas the red solid lines shows the median fit. The black dashed and dotted lines show
the mean and two sigma confidence region from indirect observational estimates of the
gas fraction from Popping et al. (2012, see text for details).

Our models predict that gas fractions decrease only mildly from z ∼ 6–3. At lower
redshifts the gas fractions decrease rapidly, such that galaxies with large stellar masses
run out of gas first. This evolution is similar for both H2 recipes. Only in low mass
galaxies (log (M∗/M�) ≤ 9) do the two applied recipes give different predictions, with
the metallicity-based recipe predicting slightly larger gas fractions. We find that our
model predictions are in good agreement with the indirect estimates of Popping et al.
(2012) for z ≤ 1.0 in the mass range log (M∗/M�) > 10. At higher redshifts we find good
agreement for objects with log (M∗/M�) ≥ 10.5. We overpredict the indirect estimates
from the literature at lower stellar mass, however, we did not take the selection criteria
applied by Popping et al. into account here.

Figure 3.10 shows fH2 ≡ MH2
MH2+M∗

as a function of stellar mass at different redshifts.
We included a compilation of observations presented in Narayanan et al. (2012a, taken
from Genzel et al. (2010); Daddi et al. (2010); Tacconi et al. (2010); Casey et al. (2011);
Bothwell et al. (2013)) and in Tacconi et al. (2013). Besides the H2 masses quoted in
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Figure 3.10: Molecular fraction MH2
MH2+M∗

as a function of stellar mass in disc-dominated
galaxies for different redshift bins for the pressure-based H2 prescription (left column)
and the metallicity-based prescription (right column). Blue shading shows the log of the
conditional probability distribution function P ( MH2

MH2+M∗
|M∗), whereas the red solid line

shows the median fit. Grey circles and red squares are estimates taken from Narayanan
et al. (2012a) using the traditional and newly calculated value for the CO-to-H2 con-
version, respectively. Green diamonds are observations from Tacconi et al. (2013). The
black dashed and dotted lines show the mean and two sigma confidence region of the gas
fractions presented in Popping et al. (2012).

the original literature, Narayanan et al. (2012a) uses a novel approach to calculate the
conversion between CO observation and H2 masses and their resulting gas fractions (see
section 3.3.3 for a detailed description). We included the original values for fH2 as well
as the recalibrated values. Similar to the previous figure, there is no significant difference
between the two studied recipes. The evolution in fH2, however, is much stronger. At
z = 0.0 we find fH2 ∼ 0.1 at all probed stellar masses, whereas at z = 6.0 we find values
of fH2 ∼ 0.8 over a large range of stellar masses. There is large scatter in fH2 at redshifts
z = 3.0 − 0.5 over all probed stellar masses. This scatter is indicative of a transitional
phase during which the relative H2 content of galaxies rapidly drops, however, this does
not necessarily take place at the same time/rate in galaxies with similar stellar mass.

This strong evolutionary trend, compared to the trends seen for the total cold gas
fraction, indicates that the amount of H2 decreases not only due to the availability of less
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Figure 3.11: Molecular fraction MH2
MH2+M∗

as a function of stellar mass for different
redshift bins, assuming a metallicity-based star formation law. We applied the selec-
tion criteria for Popping et al. (2012, COSMOS, IAB <24; left column) and CANDELS
(HAB < 25; right column). Blue shading shows the log of the conditional probability
distribution function P ( MH2

MH2+M∗
|M∗), whereas the red solid line shows the median fit.

The dashed and dotted lines represent the mean and two sigma confidence region of the
gas fractions presented in Popping et al. (2012). Grey circles, red squares, and green
diamonds are as in Figure 3.10.

cold gas, but that the H2 fraction itself also drops (Popping et al. 2012). The rate at which
this happens is independent of adopted recipe in our models. We find good agreement
with the observations and their re-analysis by Narayanan et al. (2012a). Our model does
not strongly favor either choice for the CO-H2 conversion factor. Similar to the total
cold gas fractions, we find that our model predicts a lower relative H2 content of galaxies
than the indirect estimates by Popping et al. (2012) suggest (especially at stellar masses
log (M∗/M�) ≤ 10.5). We again emphasize that so far, we did not take the selection bias
inherent to the observations that went into Popping et al. (2012) analysis into account.
We will now discuss how selection criteria affect our results.

Current samples of high-redshift galaxies are highly sensitive to their selection criteria
and direct observation of the molecular content of the galaxies are usually biased towards
the most gas rich galaxies. To study how this bias might affect the comparison of our
model predictions with observations in the literature, we apply the selection criteria from
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the relevant surveys to our model galaxies assuming a metallicity-based H2 recipe and
show the results in Figure. 3.11. We compare our results to the gas fraction estimates
for galaxies taken from the COSMOS sample with IAB < 24 (Popping et al. 2012). We
also show predictions for a sample with HAB < 25 mag, representative of galaxies in
the CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011) for which reliable
measurements of galaxy size are expected to be able to be obtained.

When we account for the selection effects, we find good agreement with the indirect
H2 fraction estimates from the COSMOS sample. At z > 1.5 our model predicts slightly
lower gas fractions than those suggested by the indirect estimates. The rough agreement
is a very encouraging result for our model, but also emphasizes how important it is to
properly take selection criteria into account when comparing models to observed galaxy
samples. Our results also suggest that repeating the analysis on the deeper, H-band
selected CANDELS sample will greatly expand the range of stellar mass and gas fraction
that can be probed by the indirect method at z > 1.5. We intend to repeat the Popping
et al. (2012) analysis on the CANDELS sample in the near future. These results will
provide an interesting complement to direct measures of high redshift gas fractions that
will become available from ALMA.

Gas density evolution of the Universe

Figure 3.12 shows the predicted global H I, H2, and total cold gas density (including
ionised hydrogen) of the Universe as a function of time (in units of the critical density).
We compare our results to local H I and H2 densities (Kereš et al. 2003; Zwaan et al. 2005;
Obreschkow & Rawlings 2009b; Martin et al. 2010; Braun 2012) and high-z estimates of
the HI density obtained from Damped Lyman-α (DLA) absorption systems (e.g., Péroux
et al. 2005; Rao et al. 2006; Guimarães et al. 2009; Prochaska & Wolfe 2009; Noterdaeme
et al. 2012; Zafar et al. 2013).

We see that the two H2 formation recipes differ significantly in terms of both the total
cold gas content of the Universe and the ratio between H I and H2. The metallicity-based
recipe predicts more cold gas overall at all redshifts, and also more H I. The pressure-
based recipe produces more H2 overall, in spite of the lower amount of total cold gas.
Both models underpredict ΩHI inferred from DLAS at z ≥ 3, the pressure-based model
more dramatically. On the other hand, predictions by the metallicity-based model is in
decent agreement with DLA observations at z < 2.5. Overall the metallicity-based recipe
is better in reproducing the observed values for ΩHI and ΩH2.

The two H2 formation recipes show a very different evolution in the global ratio of H I
to H2 with redshift (see Figure 3.13). The pressure-based recipe predicts a monotonic in-
crease in ΩH2/Ωgas and ΩH2/ΩHI with increasing redshift. The metallicity-based recipe
predicts a very mild increase with increasing redshift up to z > 3.0, then a flattening at
higher redshifts. Especially worthwhile to note is that ΩH2 never exceeds ΩHI for the
metallicity-based recipe, whereas it does by up to a factor of three for the pressure-based
recipe. We will give a detailed discussion about the origin of these differences, and how
they can help to constrain the physics driving the partitioning of hydrogen into atomic
and molecular hydrogen, in Section 3.4.

As a comparison we also show predictions from Obreschkow & Rawlings (2009a) and
Lagos et al. (2011a) in Figure 3.13. Both authors use a pressure-based recipe similar
to ours. Although the predictions differ in detail — unsurprising as many other aspects
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Figure 3.12: The cosmic comoving density, in units of the critical density, of cold gas
(H I + H2 + Hii; top panel), H I (middle) and H2 (bottom) as a function of redshift.
The solid orange line shows the pressure-based and the green dashed line shows the
metallicity-based H2 recipes. Observations of Péroux et al. (2005); Rao et al. (2006);
Guimarães et al. (2009); Prochaska & Wolfe (2009) are overplotted in light gray. Dark
gray observations are by Zafar et al. (2013) and observations from Noterdaeme et al.
(2012) and local galaxies (Kereš et al. 2003; Zwaan et al. 2005; Martin et al. 2010;
Obreschkow & Rawlings 2009b; Braun 2012) are overplotted in black.
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Figure 3.13: The cosmic H2 fraction (top panel) and H2-to-H I ratio (bottom panel)
as a function of redshift for the pressure- (solid orange) and metallicity-based (green
dashed) H2 formation recipes. Pressure- and metallicity-based H2 recipes are marked
with solid orange and green dashed lines, respectively.

of the models differ — we find that our predictions for the pressure-based recipe are
in qualitative agreement with other predictions from the literature, indicating a strong
decline in ΩH2/ΩHI with time. The slope of the decline differs significantly between the
compared models. Only at z > 4.0 do the Lagos et al. models predict an increase in
ΩH2/ΩHI with time. The authors claim this is due to a Monte-Carlo extension of the
merger trees to very low mass haloes dominated by H I, although our halo mass resolution
is actually higher than theirs, so this seems unlikely to account for the difference with
our results. Our predicted evolution in ΩH2/ΩHI for the metallicity-based H2 recipe is
much flatter compared with the predictions from pressure-based recipes.

3.3.3 Predictions in Observation Space
Our model gives predictions for the H2 mass and surface density of galaxies, but these are
difficult to observe directly. Observations typically use the CO luminosity as a tracer for
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the H2 content of a galaxy, assuming a CO-to-H2 conversion factor. A proper prediction
of the CO luminosity of galaxies requires the inclusion of detailed chemistry and radiative
transfer calculations (Lagos et al. 2012; Popping et al. 2014a). In the present work we
use a CO-to-H2 conversion relation to convert our predicted H2 masses to more directly
observable CO luminosities. The advantage of working in “Observation Space” is that the
CO-to-H2 conversion factor is thought to depend on galaxy properties such as internal
density and metallicity, which are predicted by our models. Thus instead of attempting
to convert CO luminosities to H2 masses for the observations, we can instead make use
of our knowledge of our model galaxy properties to make a more physically motivated
galaxy-by-galaxy conversion from H2 to CO.

Recently, Narayanan et al. (2012b) and Feldmann et al. (2012) coupled sub-grid
models of the ISM with cosmological simulations of galaxy formation to calculate the
CO-H2 conversion factor for galaxies with different properties. Using a coupling of an H2-
formation model and radiative-transfer calculations to simulated isolated and starburst
galaxies, Narayanan et al. (2012b) found that the average CO-H2 conversion factor in
galaxies can be represented by

XCO = 1.3× 1021

Z′ × ΣH2
(3.11)

with X in units of cm−2 (K km s−1)−1, ΣH2 is the H2 surface density in units of M�pc−2

and Z′ is the gas metallicity in solar units.
Feldmann et al. (2012) use a coupling of sub-grid ISM models by Glover & Mac Low

(2011) with cosmological simulations by Gnedin & Kravtsov (2011). They find that,
when averaged on kiloparsec scales, the CO-H2 conversion factor is weakly dependent on
column density and radiation field and can be described as a function of metallicity:

log (XCO) = a1 log (Z ′) + a2 (3.12)

with a1 = −0.66 and a2 = 20.5 (see the Feldmann, Gnedin & Kravtsov 2012 results
averaged to 4 kpc).

We estimate the CO luminosities of our model galaxies by applying three differ-
ent assumptions for the CO-H2 conversion factor; a fixed conversion of XCO = 2 ×
1020cm−2 (K km s−1)−1, the approach presented by Narayanan et al. (2012b) and that of
Feldmann et al. (2012). Note that all CO luminosities presented here correspond to the
CO J=1-0 transition.

Figure 3.14 shows the CO luminosity of our model galaxies as a function of stellar mass
at z = 0.0 for the three CO-H2 conversion methods. Overplotted are CO luminosities
observed by Leroy et al. (2008) and Saintonge et al. (2011). These CO luminosities have
been obtained by converting the published H2 masses back to CO luminosities, using
the CO-H2 conversion factor assumed in the respective papers. The Narayanan et al.
(2012b) and Feldmann et al. (2012) methods produce very similar results, and when
applied to our models both provide very good agreement with the observations. Both
clearly produce better agreement with the observations than the fixed CO-H2 conversion
factor. The slope of the relation between CO luminosity and stellar mass varies slightly
between the applied CO-H2 conversion method, however, this is not very well constrained
by the data.

Figure 3.15 shows the CO luminosity function at z = 0.0 obtained using the three
different CO-H2 conversion methods. The Feldmann et al. (2012) method gives the
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Figure 3.14: CO(1-0) luminosity as a function of stellar mass at z = 0 assuming a
pressure-based (top row), and metallicity-based (bottom row) H2 formation recipe. We
applied a fixed CO-H2 conversion factor (left column), and the prescriptions suggested
by Feldmann et al. (2012, center column) and Narayanan et al. (2012b, right column) to
calculate the conversion from H2 masses to CO (1-0) luminosities. Blue shadings show
the conditional probability distribution function P (LCO|M∗) for disc-dominated galaxies,
whereas the red solid line shows the median fit. Red triangles and dots are literature
values from Leroy et al. (2008) and Saintonge et al. (2011), respectively.

best overall agreement with the observed CO luminosity function. The Narayanan
et al. (2012b) approach produces similar predictions, but with a slightly shallower low-
luminosity end slope and more high CO luminosity galaxies. A fixed conversion factor
of XCO = 2 × 1020 cm−2 (K km s−1)−1 overpredicts the observations at all luminosities.
All three methods slightly overpredict the number of high-CO luminosity objects.

Figure 3.16 shows the predicted CO luminosity-functions at redshifts z = 0.0–6 for all
three applied CO-H2 conversion methods. We overplot the z = 0 CO luminosity function
obtained by Kereš et al. (2003) to guide the eye. All three CO-H2 conversion methods
yield qualitatively the same evolutionary trends, but differ more in the details of the
predicted evolution. All models predict a relatively mild flattening of the low-luminosity
end of the CO luminosity function from z ∼ 6–0, with a more rapid evolution on the
bright end. The Feldmann et al. and Narayanan et al. approaches give almost identical
results for the low-luminosity end, and differ more at high luminosities. The Feldmann
et al. approach predicts fewer high-CO luminosity galaxies at high redshift.

We show the evolution with redshift of the relation between stellar mass and CO
luminosity in Figure 3.17 (assuming the Feldmann et al. and Narayanan et al. approach
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Figure 3.15: The CO(1-0) luminosity function at z = 0 for a pressure- based (left panel)
and metallicity-based (right panel) H2 formation model. Different line-styles represent
the conversion methods from H2 to CO (1-0), as detailed on the figure. The grey circles
and diamonds show the observed CO luminosity functions from Kereš et al. (2003).

for the CO-H2 conversion factor). This diagram will, in the near future, be easily filled
with observations of the CO luminosity of galaxies from surveys like GOODS, COSMOS,
CANDELS using ALMA. As a comparison, we plot observational results presented in
Genzel et al. (2010) and Tacconi et al. (2013), colour-coded by redshift. We find that
our model reproduces the observations very well. There is a clear linear relation between
stellar mass and CO luminosity. The slope of this relation does not change with time
and only slightly with CO-H2 conversion method. The normalization of the relation does
change with time, indicating that the relative amount of CO decreases at the same rate in
galaxies spanning a wide range in stellar mass (and type). The Narayanan et al. (2012b)
CO-H2 conversion method predicts a stronger evolution in the CO luminosities with
time, driven by the dependency of the CO-H2 conversion on the H2 surface density. The
high surface densities in high-redshifts galaxies decrease the CO-H2 conversion factor,
increasing the CO luminosity at a given stellar mass. We find only minor differences
between the results obtained assuming a pressure- and metallicity-based recipe.

3.4 Discussion
In this paper we have presented new predictions for the evolution of the multiphase
gas content and CO luminosity of galaxies from z ∼ 6–0. We apply pressure- (Blitz &
Rosolowsky 2006) and metallicity-based (Gnedin & Kravtsov 2010) H2 formation recipes
as two different approaches to calculating the molecular fraction of cold gas. Stars are
formed following a power-law relation between the surface density of molecular gas and
the SFR surface-density (Bigiel et al. 2008). Our goal is to assess the degree to which
observations of the gas content of galaxies at high redshift can constrain the physics of
the transformation of gas from one phase to another, and the conversion of cold dense gas



72
chapter 3: Evolution of the atomic and molecular gas content of

galaxies

Figure 3.16: The CO(1-0) luminosity function as a function of redshift assuming a fixed
CO-H2 conversion factor (top row), the Feldmann et al. (2012) approach (center row)
and the Narayanan et al. (2012b) approach (bottom row) for the conversion between H2
mass and CO (1-0) luminosity. Left and right columns assume a pressure- and metallicity-
based H2 formation model, respectively. The grey circles and diamonds show the z = 0
observed CO luminosity functions from Kereš et al. (2003).



3.4: Discussion 73

Figure 3.17: CO (1-0) luminosity as a function of stellar mass for different redshift
bins using a pressure- (left panel) and metallicity-based (right panel) star formation
law. CO (1-0) luminosities are derived assuming the Feldmann et al. (2012, top row) or
Narayanan et al. (2012b, bottom row) approach for the conversion between H2 and CO
(1-0). Coloured squares represent observations from Genzel et al. (2010, and references
therein) and Tacconi et al. (2013).

into stars. In this section we discuss the results of this modeling effort and discuss our
findings in comparison with previous studies using similar techniques. We will discuss
the agreement and differences between the GK and BR model, draw general conclusions
about the evolution of the gas content in galaxies, provide predictions that can help to
guide future observational efforts, and discuss our results in the context of the physics
driving galaxy formation in general.

We find that both the pressure-based and metallicity-based H2 formation recipes
do well at reproducing the gas fractions and gas-to-stellar-mass ratios of local galaxies
and the trends with stellar mass and internal galaxy density. There are only very small
differences in the scaling relations predicted by the pressure- and metallicity-based recipe
over the entire stellar mass range probed. The predicted sizes of atomic hydrogen discs
are in good agreement with observations at z = 0, and the sizes of the modeled H2
discs are in good agreement with observations in the redshift range z = 0− 2. We note
that these recipes were taken from empirical results calibrated to observations, or from
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numerical simulations, and were not tuned to cause our semi-analytic model to match
these observations. This is an indication that, despite the simplicity of our model for
gas partitioning, SF, and disc internal structure, we reproduce the distribution of gas in
galaxies with reasonable accuracy.

Both the pressure- and metallicity-based recipe do a fairly good job of reproducing
the H I mass function over the whole range probed by observations, with a small excess
of high-H I mass galaxies. Both models predict an excess of low-H I-mass galaxies at
log (MHI/M�) < 8 compared to observations. The galaxies responsible for the excess
at low-H I masses in this model have low stellar masses (log (M∗/M�) ≤ 7) and reside
in low-mass-haloes (log (Mvir/M�) < 9 − 10). This shows that to properly model the
smallest galaxies observed in H I, it is of key importance to resolve haloes down to masses
of log (Mvir/M�) ∼ 8, which frequently has not been possible in previous studies. For
example, Somerville et al. (2008b) presented a predicted H I mass function that was ap-
parently in much better agreement with the observed one, but this was merely an artifact
of the relatively coarse halo mass resolution (1010M�) adopted in their simulations. Both
recipes successfully predict the H2 mass function over the entire mass range probed.

In both models, the number density of H I-massive galaxies shows an increase of about
an order of magnitude from z ∼ 6 to 4, then remains nearly constant to z ∼ 0. This result
indicates that there is a kind of self-regulated equilibrium that arises naturally in these
models. To first order, the constant high-mass end of the H I mass function in our models
is a consequence of the balance between accretion and the transformation of H I into H2.
Observations have shown that H I saturates at surface densities of ΣHI = 6−10M� pc−2

and that higher cold gas densities are dominated by H2 (Blitz & Rosolowsky 2006; Leroy
et al. 2008). In our models, as new gas is accreted, the amount of gas that is above surface
densities where H2 formation is efficient increases, leading to conversion of H I into H2.
The constant high-mass end of the H I mass function is a strong prediction that can be
tested by the VLA up to z ≤ 0.4 (Fernández et al. 2013), and SKA and its pathfinders
ASKAP and MeerKat in the near future. It will not only probe the H2 formation recipes,
but also the physics that drives the accretion, consumption, and heating and/or ejection
of cold gas from galaxies.

The number density of low H2-mass galaxies shows a strikingly different evolution,
decreasing almost monotonically from z ∼ 4 to z ∼ 0. This behavior is qualitatively
very similar in the two H2 formation models. It is intriguing that this behavior — weak
evolution of massive objects, with a decrease in the number of low-mass objects — is
qualitatively similar to the evolution of the observed stellar mass function (Cimatti et al.
2006; Marchesini et al. 2009), sometimes referred to as “mass assembly downsizing”. This
suggests that “mass assembly downsizing” may be linked to the evolution of the molecular
gas content of galaxies and the ability to form stars out of this molecular gas.

We also find only minor differences in the evolution of galaxy gas fractions between
the pressure- and metallicity-based recipes. Gas fractions are quite high (& 0.7) over
a broad range of stellar masses (107 . M∗ . 1012M�) from z ∼ 6–3, then drop fairly
rapidly at lower redshifts. This drop in gas fraction occurs at higher redshift for galaxies
with higher stellar mass — massive galaxies appear to consume or expel their gas earlier
than less massive galaxies. A similar trend holds for the H2 fraction of galaxies, but
the rate at which the H2 fraction drops is even faster than the rate of decline of the
overall cold gas fractions. These trends are a different manifestation of mass assembly
downsizing, and are in qualitative agreement with the observed evolution in galaxy gas
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fractions (Tacconi et al. 2010; Magdis et al. 2012; Narayanan et al. 2012b; Popping et al.
2012; Tacconi et al. 2013; Sargent et al. 2013). Future surveys of the molecular gas
content of galaxies, as well as future efforts to indirectly estimate the gas content of
galaxies, will be able to probe the gas content in galaxies over a much wider range in
galaxy properties and environment, improving the constraints that can be obtained on
models of galaxy formation.

In a picture where galaxy gas fractions represent the competition between gas inflow,
outflow and consumption through star formation (Davé et al. 2011), the decreasing gas
fractions below redshifts of z = 3 indicate that outflows and gas consumption largely
dominate this competition. Galaxies run out of cold gas and of molecular gas, but not
necessarily at the same rate (Popping et al. 2012). Taking into account that galaxies
form their stars out of molecular gas, this means that declining SFRs are not only due
to a decline in the cold gas available, but also due to an even more rapid decline of the
H2 fraction of gas.

The relative H2 content of galaxies with stellar masses below 1010M� predicted by our
models appears to be slightly too low in the redshift regime 1.0 < z < 2.0 compared to
the predictions by Popping et al. (2012). This effect is still present after taking selection
criteria into account. It is probably related to the low-mass galaxy problem in models of
galaxy formation, where galaxies in this mass regime are too passive at these redshifts
with respect to the observations. We find that the low H2 content in these galaxies might
be driving this problem, leading to inefficient star formation. A successful solution to the
low-mass galaxy problem must also produce higher gas fractions in low-mass galaxies at
intermediate redshift.

The predictions of the cosmic-density evolution of H I, H2 and the total cold gas
budget show the largest differences between pressure- and metallicity-based H2 recipes.
The metallicity-based recipe yields a much higher cosmic density of cold gas and the
density peaks at lower redshift. More striking is the difference in the evolution of the
global H2 fraction, ΩH2/Ωgas. The global H2 fraction assuming a metallicity-based H2
formation recipe shows only a mild decrease of a factor of ∼ 2 from z ∼ 6–0, whereas a
pressure-based recipe predicts a strong decrease of a factor ∼ 6 over this redshift range.
Our predicted cosmic density of H I ΩHI is, at face value, in poor agreement with estimates
from observations of DLAs for both H2 prescriptions. However, we have presented ΩHI
for all galaxies without taking into account the selection criteria for DLAs.

It is important to note that here we have computed the global density of gas by
adding up all the gas in galaxies. However, DLAs may not provide an unbiased estimate
of the total H I content of the Universe. Berry et al. (2014) present a detailed analysis
of predicted DLA properties using the same semi-analytic models presented here, and
show that ΩHI derived from DLAs as in the observational estimates shown here can differ
substantially from the “true” underlying ΩHI. They argue that a greater fraction of DLAs
may arise from intergalactic or circumgalactic gas at z & 3, while at lower redshifts, a
large amount of H I may be in galaxies that have column densities too low for them
to be selected as DLAs, leading to very weak evolution in ΩDLA, as observed. Berry
et al. (2014) also found that the GK and BR models with “extended” radial gas profiles -
corresponding to gas discs with higher specific angular momentum, or gas in an alternate
extended configuration - are able to reproduce quite well the column density distribution
of absorbers over the column density range 19 < logNHI < 22.5 in the redshift range
2 < z < 3.5.
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The significant differences between the metallicity- and pressure-based recipes for H2
formation all find their origin in low mass galaxies (log (M∗/M�) < 9) within low mass
haloes (log (Mhalo/M�) < 10). A significant fraction of the cold gas and H I that leads
to the higher cosmic densities of these quantities in the model with the metallicity-based
recipe is within virtually “pristine” haloes that contain less than 106M� of stars (see
also the discussion in Berry et al. 2014). These differences are driven by a lack of metals
at high redshift, necessary for the metallicity-based recipe to form molecular gas. As a
result fewer stars form, less gas is consumed and the cold gas content of galaxies piles
up. Furthermore, the lack of formed stars slows down the production of metals necessary
to form H2. Meanwhile, the high internal densities of high-redshift galaxies are highly
conducive to the formation of molecules through a pressure-based recipe. It is important
to note that both the pressure- and metallicity-based recipes predict a small excess of
low-H I-mass galaxies. None of the various H2 formation recipes that we have explored
are able to remove this excess, suggesting that it may arise from other physical processes.

We present predictions for the CO luminosities of our modelled galaxies using differ-
ent methods to estimate the conversion between CO and H2. Although the general trends
in CO are similar, different approaches to estimating the CO-H2 conversion factor yield
different predictions in detail, especially for lower-H2-mass galaxies. The use of a fixed
conversion factor between CO and H2 in our models overpredicts the observed luminosity
function over a wide range of CO luminosities, although a different value for XCO can
change the normalization of the luminosity function. Using either the Narayanan et al.
(2012b) or Feldmann et al. (2012) CO-H2 conversion prescriptions, which depend on
galaxy properties, we obtain good agreement with the observed H2 luminosity function
below the knee, but overpredict the number of high-H2 mass galaxies by a significant
amount, more so with the Narayanan et al. (2012b) prescription. The predicted evolu-
tion of the CO luminosity function is qualitatively similar to that of the H2 luminosity
function, described above, although the detailed predictions depend somewhat on the
adopted conversion prescription. Future surveys with sub-mm and radio telescopes such
as the ALMA, PdBI, LMT, VLA, ATCA, and SKA, will be able to probe the CO J = 1−0
luminosity function at z ≥ 2.0 and provide valuable constraints for our models.

3.4.1 Comparison with previous work
We now discuss our results with respect to other recent theoretical predictions of the
evolution of atomic and molecular gas in semi-analytic galaxy formation models. We
will attempt to not only point out the differences between the various modeling efforts,
but also the common results that can shed more light on the physics at play in galaxy
formation. We used the fitting functions provided by Gnedin & Kravtsov (2011, GK)
in our metallicity-based recipe for the formation of H2, whereas most previous modeling
efforts have used the analytic model of Krumholz et al. (2009). These two approaches
have been compared and were found to be very similar except at the lowest metallicities
(Krumholz & Gnedin 2011). We will show an explicit comparison of the two approaches in
SPT14, and also find that they produce similar results. The GK fitting functions appear
to be somewhat more robust and produce better agreement with observations, which
is why we adopt them. Another difference in our approach is that we have separated
the recipes for partitioning gas into an atomic and molecular component, and those
for converting molecular gas into stars, while in some previous works both recipes were
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varied, making it more difficult to identify which aspects of the recipes may be causing
differences in the results. In SPT14, we will present a systematic study of the effects of
varying both the gas partitioning and star formation recipes separately. Here, we leave
the star formation recipe fixed and vary only the gas partitioning recipes.

A first attempt to study the atomic and molecular hydrogen content of galaxies was
presented in Obreschkow et al. (2009a) and Obreschkow & Rawlings (2009a). The authors
use the semi-analytic predictions from De Lucia & Blaizot (2007) and calculate the H2 and
H I content of galaxies in post-processing using the Blitz & Rosolowsky (2006) pressure-
based formalism. This model does not include an H2 based star-formation recipe, but
rather assumes a traditional “total gas” based Kennicutt star formation relation, where
stars form above some critical cold gas surface density. Obreschkow et al. (2009a) and
Obreschkow & Rawlings (2009a) find H I and H2 mass functions, H2 disc sizes and an
evolution in universal density of H2 (Fig. 3.13) very similar to our findings when we
assume a pressure based H2 formation recipe, and an H2-based star-formation recipe.

Obreschkow et al. (2009b) estimate the CO luminosity (ranging from CO J=1-0 to
CO J=10-9) of a galaxy from its gas temperature based on the SFR surface density
or AGN bolometric luminosity under local thermodynamic equilibrium (i.e. a single
gas phase). The authors find that the low-luminosity end of the CO J=1-0 luminosity
function is already in place at z = 2, contrary to our predictions. The evolution of the
bright end of the CO J=1-0 luminosity function is in much better agreement with our
results. Obreschkow et al. (2009b) point out that above z > 1 the CMB starts to act
as a bright background reducing the observed CO J=1-0 luminosity. At the same time,
the higher excitation temperatures of the warm CMB in the early universe will ease the
observability of CO emission (Combes et al. 1999; Gnedin et al. 2001), although the
negative effect of the CMB dominates. These are effects we did not include in our model
but which can play a significant role when observing young galaxies in the early universe.
In particular, sources at z > 5 without a strong heating by a starburst or AGN will not
be detectable through low CO transitions.

Lagos et al. (2011a,b) study the evolution of the atomic and molecular gas content
of galaxies using a pressure- and metallicity based H2 recipe in a semi-analytic model
of galaxy formation. Their pressure-based model uses an H2-prescription from Blitz &
Rosolowsky (2006) and a star-formation model from Leroy et al. (2008), very similar to
our pressure-based model. Their metallicity-based model follows the H2 prescription and
star-formation model presented in Krumholz et al. (2009). Although the authors vary
the star-formation relation in their models, the models are not calibrated to necessarily
fit the z = 0 luminosity functions, stellar and gas mass fractions and mass functions.
The authors find that the metallicity-based recipes fail to reproduce the observed H I-
mass functions and select the pressure-based recipes in combination with the Bower
et al. (2006) semi-analytic model as their preferred model. Taking into account that the
Lagos et al. (2011b) models are not calibrated to match local observations, we argue
that a metallicity-based H2 and star-formation recipe should not be considered ruled
out, although we also find (to a much lesser extent) that the metallicity-based H2 recipe
tends to produce too many low-H I mass galaxies at z = 0. The KMT model is known
to break down at the lowest metallicities, due to a failure of the assumption of chemical
equilibrium in the analytic model (Krumholz & Gnedin 2011). This problem yields a
rapid accumulation of large H I reservoirs in poor agreement with observations. We point
out that the metallicity-based recipes require the cold gas in the initial time steps to be
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assigned a non-zero metallicity, otherwise no star formation will ever take place. The
results can also be somewhat sensitive to the treatment of this “seed” metallicity, which
may be provided by Pop III stars.

Using their preferred model, Lagos et al. (2011a) find an evolution in the H I and H2
mass functions, gas fractions and H2 density of the universe very similar to our results.
The authors find a bump in the H I mass function at log (MHI/h−2M�) ∼ 7.5 − 8.0,
similar to (although much larger than) the excess number of low-H I-mass galaxies we
find. They ascribe this excess to a mismatch between the observed and modeled radii
of the galaxy discs. We, however, have shown the sizes of the gas discs in our models
(including the sizes of the H I and H2 components separately) are in good agreement
with observations, so we do not think this is the main cause of the remaining excess of
intermediate H I-mass galaxies in our models, though it may partially explain the better
agreement of our metallicity-based model with observations. Lagos et al. (2011a) finds a
good match between their preferred model and the observed CO luminosity function by
Kereš et al. (2003). To obtain this match the authors need to assume a fixed CO-to-H2
conversion factor of X = 3.5× 10−20cm−2/K km s−1.

Fu et al. (2012) also studied the redshift evolution of atomic and molecular gas in
galaxies, although the emphasis of their work lies more on the evolution of the mass-
metallicity relation. In their work the authors use a variety of star-formation models
(including the Bigiel et al. 2008 recipe) and apply both a metallicity- (based on Krumholz
et al. 2009) and a pressure-based H2 recipe (based on Blitz & Rosolowsky 2006). Their
model is calibrated to the local H I, H2 and stellar mass functions. The authors find that
the evolution of the atomic and molecular gas fraction of galaxies is very similar for both
applied H2 prescriptions, and is more dependent on the star-formation model. Similar to
our findings, their results suggest that ΩH2/ΩHI increases monotonically with increasing
redshift for the pressure-based H2 recipe, whereas it decreases at redshifts z > 3 for the
metallicity-based recipe. The resolution of the models in Fu et al. (2012) is not sufficient
to study the differences in behavior of the low mass end of the H2 and H I mass function
for the pressure- and metallicity based H2 recipes. This makes it difficult to compare our
excess in low-H I-mass galaxies and our constraints on the different H2 formation recipes
with the results of Fu et al. (2012).

Despite the different implementations of the physical recipes, the three discussed mod-
els and ours all agree that a pressure-based recipe for H2 formation predicts a monotonic
increase for ΩH2/ΩHI with redshift (Fig. 3.13, although note the decline in ΩH2/ΩHI for
the Lagos et al. 2011a, model), whereas it flattens out for a metallicity based recipe. We
therefore conclude that the applied H2 recipe is likely to be responsible for these trends.
As discussed extensively in the previous subsection, in the metallicity-based models, the
low metallicities at early times make H2 formation and hence star formation very in-
efficient, in spite of the higher gas densities. Thus star formation, H2 formation, and
enrichment are delayed in these models relative to the pressure-based models.

3.5 Conclusions
We have presented predictions for the evolution of the atomic and molecular hydrogen
content of galaxies from z ∼ 6− 0, based on a semi-analytic model of galaxy formation,
including new modeling of the partitioning of cold gas in galactic discs into atomic, molec-
ular, and ionised phases. We present results for two different H2 formation recipes: one
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a pressure-based recipe motivated by the empirical relation between molecular fraction
and gas midplane-pressure from Blitz & Rosolowsky (2006), and one based on numerical
hydrodynamic simulations in which the molecular fraction is highly dependent on the
cold gas metallicity as well as the local UV background (Gnedin & Kravtsov 2011). We
compared our predictions to local and high-redshift observations and adopted an alter-
nate approach in which we estimate the CO content of galaxies and compare directly
with CO observations. We summarize our main findings below.

• Without any tuning, our models correctly predict the trends between gas fractions
and gas-to-stellar-mass ratios of H I and H2 in local galaxies with mass and internal
density. We furthermore reproduce the H I and H2 disc sizes of local and high
redshift galaxies.

• Both H2 formation recipes reproduce the observed z = 0 H I mass function fairly
well over the whole range probed by observations. Both models predict a small
excess of low-H I-mass galaxies. The high-mass end of the H I mass function remains
remarkably constant at redshifts of z . 2.0 for both H2 formation recipes.

• Both recipes correctly predict the H2 mass function over the entire mass range
probed. The number density of H2-massive galaxies increases from z ∼ 6 to z ∼ 4.0
after which it remains fairly constant, whereas the number density of low-H2 mass
galaxies decreases almost monotonically from z ∼ 4 to z ∼ 0.

• Galaxy gas fractions remain relatively high (& 0.7) from z ∼ 6−3, then drop fairly
rapidly. A similar trend holds for the H2 fraction of galaxies, but the drop occurs
at an even higher rate.

• The metallicity-based recipe yields a much higher cosmic density of cold gas over the
entire redshift range probed. The cosmic H2 fraction as predicted by the metallicity-
based recipe is much lower than the H2 fraction predicted by the pressure-based
recipe.

• The galaxies responsible for the high cosmic gas density and low cosmic H2 fraction
all reside in low-mass haloes (log (Mhalo/M�) < 10), and contain negligible amounts
of stellar material. The build-up of atomic gas in these low-mass haloes is driven
by a lack of metals at high redshift, necessary to form molecular gas, stars, and
produce more metals.

• The conversion of H2 masses to CO luminosities provides valuable direct predictions
for future surveys with ALMA at low redshifts or radio interferometers such as the
VLA at higher redshifts. None of the presented methods for the CO-to-H2 conver-
sion predicts perfect agreement with observations from the literature, although the
physically motivated nature of the Narayanan et al. (2012b) and Feldmann et al.
(2012) approaches are favored over a constant CO-to-H2 conversion factor.

The results presented in this paper can serve as predictions for future surveys of the
atomic and molecular content of galaxies. We look forward to observations from new and
upcoming facilities, that will be able to confront our predictions, further constraining the
physics that drives the formation of molecules and the evolution of gas in galaxies.
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Chapter 4
The nature of the ISM in galaxies
during the star-formation activity
peak of the Universe

Abstract
We combine a semi-analytic model of galaxy formation, tracking atomic and molecular phases
of cold gas, with a three-dimensional radiative-transfer and line tracing code to study the sub-
mm emission from atomic and molecular species (CO, HCN, [C I], [CII], [OI]) in galaxies. We
compare the physics that drives the formation of stars at the epoch of peak star formation (SF) in
the Universe (z = 2.0) with that in local galaxies. We find that normal star-forming galaxies at
high redshift have much higher CO-excitation peaks than their local counterparts and that CO
cooling takes place at higher excitation levels. CO line ratios increase with redshift as a function
of galaxy star-formation rate, but are well correlated with H2 surface density independent of
redshift. We find an increase in the [OI]/[CII] line ratio in typical star-forming galaxies at
z = 1.2 and z = 2.0 with respect to counterparts at z = 0. Our model results suggest that
typical star-forming galaxies at high redshift consist of much denser and warmer star-forming
clouds than their local counterparts. Galaxies belonging to the tail of the SF activity peak
at z = 1.2 are already less dense and cooler than counterparts during the actual peak of SF
activity (z = 2.0). We use our results to discuss how future ALMA surveys can best confront
our predictions and constrain models of galaxy formation.

4.1 Introduction
The star-formation rate density (SFRD) of the Universe peaked at redshifts z ∼ 1 − 3
after which it gradually dropped towards its present-day value (e.g., Hopkins & Beacom

Adapted from G. Popping, J.P. Pérez-Beaupuits, M. Spaans, S.C. Trager and R.S. Somerville, 2014,
MNRAS, 444, 1301-1317
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2006). This epoch marks a crucial period in the history of the Universe, when the bulk
of stars in massive galaxies were likely formed.

The development of large samples of galaxies with extensive multi-wavelength infor-
mation has been the first step in understanding the physical conditions under which these
galaxies formed their stars. These surveys probe fundamental properties such as the stel-
lar mass, star-formation rate (SFR) and sizes of these galaxies (e.g., GOODS, COSMOS
and CANDELS Giavalisco et al. 2004; Scoville et al. 2007; Grogin et al. 2011; Koekemoer
et al. 2011). Information about the gas properties of these objects has largely been un-
available. Direct observations of the gaseous content of typical star-forming galaxies are
only available for a few dozen objects (e.g., Daddi et al. 2010; Genzel et al. 2010; Tacconi
et al. 2010; Geach et al. 2011; Bauermeister et al. 2013; Tacconi et al. 2013). These
observations are usually limited to measures of the gaseous mass of galaxies, and do
not probe the physical state under which the stars are formed: the local radiation field,
temperature, and density of the gas are unknown. Some authors have addressed these
characteristic properties of molecular (Dannerbauer et al. 2009; Danielson et al. 2011)
and atomic gas (Walter et al. 2011), but such studies are limited to the most actively
star-forming or submillimeter galaxies (SMGs), and are not representative of the bulk
galaxy population (Walter et al. 2011). We refer the reader to Carilli & Walter (2013)
for a full overview of observations of the interstellar medium (ISM) in high-z galaxies.

The temperature, density and turbulence of the gas and the local radiation field are
the main characteristics in play during the formation of stars out of molecular clouds,
as they set the free-fall time, pressure and sound speed of the gas. Furthermore, the gas
contains several coolant species, responsible for the dominant cooling of the interstellar
medium. In order to fully understand the physics that drives the bulk of the SF during
the peak in SFRD of the Universe, it is important to probe these gas properties in
typical star-forming galaxies (i.e., responsible for the bulk of SF during the SF peak of
the Universe) and to understand under which conditions stars formed. It is unclear if the
physical state of the gas in these galaxies is similar to local counterparts or if the ISM
physics that drives the SF efficiency is significantly different. A proper comparison of the
density, pressure, temperature and radiation field of the star-forming gas in galaxies at
z ∼ 2.0 with local galaxies can shed light on the conditions under which galaxies formed
their stars during the SF peak of the Universe with respect to the local Universe.

In the near future, millimeter telescopes such as ALMA (Atacama Large Millimeter
Array), PdBI (Plateau du Bureau Interferometer), and LMT (Large Millimeter Tele-
scope) will be able to observe multiple line transitions of tracers of molecular gas and
atomic gas for statistical samples of high-redshift galaxies. These observations will not
only reveal the physics under which star formation took place, but will also provide
theorists with new constraints on the physical state of the star-forming cold gas. It is
therefore important to develop computationally efficient methods to study the sub-mm
line properties of the cold gas in cosmologically representative galaxy samples.

The chemical evolution of molecular species can be obtained by the modeling of Pho-
ton (UV) Dominated Regions (PDR) and X-ray dominated regions (XDR) (e.g. Meijerink
et al. 2006, 2007). Besides UV and X-ray heating of the gas, cosmic rays and shocks can
also add radiative or mechanical energy to the system, heat the gas and play a ma-
jor role in the PDR and XDR chemistry (Loenen et al. 2008). Furthermore, radiative
feedback on molecular clouds can also result in a PDR dominated molecular chemistry.
Large velocity gradient (LVG) radiative transfer codes (e.g., Weiß et al. 2005; Poelman &
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Spaans 2006; van der Tak et al. 2007) provide accurate estimates of line emission along
the energy ladder of molecular and atomic species within PDRs. The LVG formalism
permits the treatment of coupled radiative transfer and molecular excitation as a local
problem. It assumes that the photons emitted from one region do not interact with
molecules in other regions due to Doppler shift. Photons only interact with molecules
in the local region where they were emitted. These methods have proven to be excellent
theoretical tools to reproduce the sub-mm line emission of various chemical species in
molecular clouds, ranging over a large variety of densities and temperatures. They do
not necessarily encompass the large variety of gaseous phases in a galaxy’s ISM, and the
LVG assumption that photons do not interact with molecules in other regions may not
necessarily be true. A proper comparison between theory and observations of galaxies
therefore requires PDR and radiative transfer methods to be embedded within cosmolog-
ical models of galaxy formation and evolution. It furthermore requires one to properly
calculate the interaction of photons (escape probability) throughout all the grid cells
along the line of sight, taking into account the opacities at each velocity (or frequency)
resolution element.

In the last decade large efforts have been made to develop numerical models in a
cosmological context to understand the relation between dense and cold gas properties
and other galaxy properties (e.g., Pelupessy et al. 2006; Narayanan et al. 2008; Robertson
& Kravtsov 2008; Gnedin et al. 2009; Wada et al. 2009; Kuhlen et al. 2012; Christensen
et al. 2012). Only occasionally have these efforts been combined with detailed modeling
of the sub-mm line intensity coming from chemical species such as CO, [CII] and HCN
(Narayanan et al. 2008; Pérez-Beaupuits et al. 2011).

Semi-analytic models provide an alternative approach to the modeling of galaxy for-
mation within the framework of a Λ-cold dark matter cosmology. Simplified but physi-
cally motivated recipes are used to track the cooling of hot gas into galaxies, the radial
size of discs, the formation of stars, the energy input from supernovae (SNe) and active
galactic nuclei (AGN) into the ISM. The latest generation of models explicitly includes
the detailed tracking of the atomic and molecular hydrogen content of galaxies and a
more physically-motivated H2-based star formation recipe (Fu et al. 2010; Lagos et al.
2011a,b; Krumholz & Dekel 2012; Fu et al. 2012; Popping et al. 2014b, Somerville, Pop-
ping & Trager in prep.). These models have proven to be successful in reproducing the
available observational estimates of the overall H I and H2 properties of local and high-
redshift galaxies, such as H I and H2 mass, the size-stellar mass relation of galaxies, H I
and H2 mass function, the sizes of H I discs in the nearby Universe and the observed size
evolution of star-forming discs. Although very useful in shaping our understanding of
galaxy evolution, they do not provide directly observable predictions of detailed proper-
ties of the cold gas in discs such as temperature and density. A first attempt to model
the CO line emission of galaxies over a wide range of galaxy properties was made by
Lagos et al. (2012). The authors did not focus on other sub-mm emission lines.

In this paper we present new predictions of sub-mm line intensities for galaxies se-
lected from a semi-analytic model of galaxy formation. We focus on CO line transitions,
HCN, [CII] 158 µm, [OI] 63 µm, and the carbon fine structure lines (CI(3P1 → 3P0) and
CI(3P2 → 3P1), hereafter CI (1-0) and CI (2-1), respectively). We represent a galaxy by
a three-dimensional distribution of molecular clouds (PDRs) at parsec scale resolution
and then apply radiative transfer and line-tracing calculations to each molecular cloud
to calculate the emitted line radiation of chemical species by the galaxy. (We do not dis-
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Figure 4.1: Flowchart of our three-step model to calculate the sub-mm line intensity
from atomic and molecular species in galaxies. The blue boxes represent the three indi-
vidual parts of the model. The white boxes show the relevant output from each individual
step which also acts as input for the following step.

cuss thermal dust continuum properties that dominate the broad-band sub-mm emission
of galaxies). We use these models to explore the sub-mm line-properties of galaxies at
z = 2.0 and z = 1.2, how they shape the star-formation in galaxies, how these compare
to similar galaxies in the local Universe, and to make qualitative predictions for future
ALMA surveys. We aim to understand, from a theoretical perspective, how the physics
that drives the formation of stars in galaxies during the SF peak of the Universe com-
pares to star formation in local galaxies and how we can test this. We limit our study
to normal star-forming galaxies, representative of average galaxies on the star-forming
“main sequence”, rather than focusing on the more extreme starburst galaxies. Galaxies
at z = 2.0 belong to the population during the peak of SF activity of the Universe.
Galaxies at z = 1.2 belong to the tail-end of the population responsible for the SF that
likely produced the bulk of stars in massive galaxies. Star-forming galaxies at these red-
shifts are very favorable for ALMA observations, since one can observe multiple CO lines,
HCN and (both) carbon fine structure lines at these redshifts with a limited number of
bandpasses. The [CII] and high-J CO lines can be observed towards galaxies at redshift
z = 2.0.

The structure of the paper is as follows. In Section 4.2 we present the theoretical
modeling tools used to obtain our predictions. In Section 4.3 we present our predictions
for the sub-mm line properties of local and high-redshift galaxies and how they correlate
with typical galaxy properties. In Section 4.4 we discuss our findings and we summarize
our work in Section 4.5. Throughout this paper we adopt a flat ΛCDM cosmology with
Ω0 = 0.28, ΩΛ = 0.72, h = H0/(100 km s−1 Mpc−1) = 0.70, σ8 = 0.812 and a cosmic
baryon fraction of fb = 0.1658 (Komatsu et al. 2009).

4.2 Model
Our model to study the sub-mm properties of galaxies consists of three parts. The first
part of the machinery is a semi-analytic galaxy formation model (see Section 4.2.1), which
we use to create a mock sample of galaxies with global properties such as cold gas mass,
H2 fraction, SFR, and size. The second part is made up of a series of routines to create
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3D realizations of the galaxies in the mock sample (see Section 4.2.2), consisting of key
properties such as density distribution, temperature, and velocity field. The final part
of the machinery is a three-dimensional radiative-transfer and line tracing code (β3D;
see Section 4.2.3), which provides integrated luminosities, spectra and frequency maps of
molecular and atomic lines for our mock sample of galaxies. The overall process, including
the output of each step which also acts as input for the following step, is depicted in Figure
4.1. We provide a summary of the important free parameters associated with β3D and
the coupling between the galaxy formation model and β3D in Table 4.1. In the following
sections we discuss the individual elements of the machinery in detail.

4.2.1 Galaxy formation model
The backbone of our galaxy formation model to create mock galaxies is the SAM de-
scribed in Popping et al. (2014b), Somerville et al. (2008b) and Somerville et al. (2012).
The model tracks the hierarchical clustering of dark matter haloes, radiative cooling of
gas, star formation, SN feedback, AGN feedback (in two distinct modes, quasars and ra-
dio jets), galaxy mergers, starbursts, the evolution of stellar populations, and the effects
of dust obscuration. We refer the reader to the above-mentioned papers for a detailed de-
scription of the model and leave the free parameters associated with the galaxy-formation
model fixed at the values discussed in Popping et al. (2014b). In the remaining of this
section we discuss the physical processes in the model relevant to this work.

When gas cools onto 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 profile, 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 et al. 1998).
Assuming that the halo initially has a density profile described by the Navarro-Frenk-
White (NFW; Navarro et al. 1996) form, the size of the gas disc of a galaxy is given
by

Rg = 1√
2
fjλRvirf

−1/2
c fR(λ, c, fd), (4.1)

where λ is the halo spin parameter (at redshift zero the distribution of λ typically has a
mean of ∼ 0.035 with a standard deviation of 0.5), fj ≡ (Jd/md)/(Jh/Mvir) is the ratio
of the specific angular momentum of the disc and the halo, c is the NFW concentration
of the halo, and fd is the disc mass to the halo mass ratio. The parameter f−1/2

c corrects
for the difference in energy of the NFW profile relative to that of a singular isothermal
profile, and fR accounts for the adiabatic contraction (see Mo et al. 1998, for expressions
governing fR and fc). Somerville et al. (2008a) showed that this approach produces good
agreement with the evolution of the size-stellar mass relation for disc-dominated galaxies
from z ∼ 2 to the present. This approach also reproduces the observed sizes of H I discs
in the nearby Universe, the observed sizes of CO discs in local and high-redshift galaxies,
and the spatial extent of the SFR density in nearby and high-redshift galaxies (Popping
et al. 2014b).

We assume that the cold gas consists of an ionized, atomic and molecular component.
The H2 component acts as an important collision partner and may form in dense regions
were the gas is self-shielded against impinging radiation. The cold gas is distributed in
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an exponential disc with radius rgas. We divide the cold gas in radial annuli and compute
the fraction of H2 in each annulus as described below.

We compute the H2 fraction of the cold gas in an annulus based on the simulation by
Gnedin & Kravtsov (2011, GK), who performed high-resolution “zoom-in” cosmological
simulations with the Adaptive Refinement Tree (ART) code of Kravtsov (1999), including
gravity, hydrodynamics, non-equilibrium chemistry, and 3D on-the-fly radiative-transfer.
Based on their simulations, the authors find a fitting function for the H2 fraction which
effectively parameterizes fH2 as a function of dust-to-gas ratio relative to the Milky Way,
DMW, the UV ionizing background relative to the Milky Way, UMW, and the neutral gas
surface density ΣHI+H2 . The fraction of molecular hydrogen is given by

fH2 =
[
1 + Σ̃

ΣHI+H2

]−2

(4.2)

where

Σ̃ = 20 M�pc−2 Λ4/7

DMW

1√
1 + UMWD2

MW
,

Λ = 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).

The local UV background relative to the Milky Way is set by relating the SFR of the
galaxy in the previous time step to the Milky Way SFR as UMW = SFR

SFRMW
, where

we choose SFRMW = 1.0M� yr−1 (Murray & Rahman 2010; Robitaille & Whitney
2010). We take the dust-to-gas ratio to be proportional to the metallicity in solar units
DMW = Z/Z�.

Star formation is modeled based on the empirical relationship found by Bigiel et al.
(2008) between SFR surface density and H2 surface density. Observations of high density
environments in starbursts and high-redshift objects indicate that above some critical
H2 column density, the relationship between SFR surface density and H2 surface density
steepens. To account for this steepening, we introduce a two-part process to form stars,

ΣSFR = ASF ΣH2/(10M�pc−2)
(

1 + ΣH2

ΣH2,crit

)NSF

, (4.3)

with ASF = 4.4× 10−3M�yr−1kpc−2, ΣH2,crit = 100M� pc−2, and NSF = 0.5.
We use the approach presented in Arrigoni et al. (2010) to include detailed metal

enrichment by type Ia and type II SN and long lived stars. The chemical enrichment ex-
tension allows the tracking of stellar and gas abundances of individual chemical elements.
Although this extension was originally developed with the Somerville et al. (2008b) mod-
els as its backbone, we have incorporated this machinery into the newest version of the
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SAMs used in this paper. We refer the reader to Arrigoni et al. (2010) for a detailed
description of the chemical enrichment model.

4.2.2 Coupling the codes

Although SAMs are suitable for modeling the global properties of galaxies, they lack the
spatial information to properly model the contribution of individual molecular clouds to
the emitted sub-mm spectra of galaxies. In this subsection we describe our methodology
for creating a three-dimensional representation at parsec-level resolution of model galaxies
generated using our SAMs. We will discuss the galaxy properties that are needed as input
for the 3D radiative-transfer and line tracing code discussed in Section 4.2.3.

Gas densities

For an exponential disc, the effective central hydrogen gas density seen from any radius
r in the disc is defined as

n0(r) = MH

4πmH R2
gzg(r)

(4.4)

where MH is the total hydrogen mass (atomic plus molecular) of the galaxy, mH the
mass of a single hydrogen atom, Rg the gas scale length of the galaxy and zg(r) the gas
scale height.

The scale height zg(r) of the gaseous disc is calculated assuming vertical equilibrium,
where the gravitational force is balanced by the pressure of the gas P (r) = σ2

gas ρg(r),
where ρg = Σgas(r)/2zg(r), and σgas is the vertical velocity dispersion of the gas in the
disc which we assume to be constant, σgas = 10 km s−1 (Leroy et al. 2008). Following
Popping et al. (2012) we can express the pressure acting on the disc as

Pm(r) = π

2 GΣgas(r)
[
Σgas(r) + f̄σ

4
√

Σ∗(r)Σ0
∗
]
, (4.5)

where f̄σ = 0.4, Σ∗(r) the stellar surface density and Σ0
∗ the central stellar surface density.

We can now solve for zg to find

zg(r) =
σ2

gas

πG
[
Σgas(r) + 0.1

√
Σ∗(r)Σ0

∗
] . (4.6)

The hydrogen density at any point in the galaxy can now be expressed as

nH(r, z) = n0(r) exp
(
− r

Rg

)
exp

(
− |z|
zg(r)

)
. (4.7)

This approach is similar to that presented in Berry et al. (2014), although we do not
assume the ratio between gas scale height and scale length χz to be fixed, but rather
calculated the gas scale height at every point in the disc. We adopt a resolution of 180
pc and integrate the discs out to 4.5 times their scale radii.
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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. We therefore need to recalculate
the H2 abundance in every grid cell. The self-shielding transition of H2 is rather sharp
for an impinging UV-radiation field in a PDR (see equations 36 and 37 of Draine &
Bertoldi 1996). We therefore may assume that the cold gas in grid cells with a visual
extinction of Av > 2.0 mag is fully molecular (i.e., the fractional abundance XH2 = 0.5)
and for Av < 1.0 mag one has the minimal H2 abundance as suggested by the SAMs.
The visual extinction of a grid cell is defined as Av = NH/2 × 1021(mag), where NH is
the hydrogen column density of the grid cell. We ascribe H2 abundances to grid cells
with 1.0 < Av < 2.0 mag by logarithmic interpolation between the abundances set for
visual extinction magnitudes Av = 1.0 mag and Av = 2.0 mag.

Impinging radiation field

The radiation field GUV impinging on a giant molecular cloud (GMC) depends on the
transmission of UV photons from star-forming regions and their propagation through the
diffuse ISM. The exact UV field strength depends on the local conditions in the ISM,
such as optical depth and the ratio of gas and dust in the diffuse ISM and in GMCs. We
scale GUV as a function of the local star-formation rate in each individual grid cell. The
SFR within a grid cell is calculated following Equation 4.3. We can convert the local
SFR to a UV radiation field GUV by relating the SFR surface density within a grid cell
to the UV radiation-field as

GUV
G0

=
(

ΣSFR

Σ0
SFR

)
. (4.8)

We choose Σ0
SFR = 10−3M� yr−1 kpc−2, to assure GUV = G0 = 1.6× 10−3 erg cm−2 s−1

(the Habing Flux) for the solar neighborhood. We also include a uniform local back-
ground radiation field of 1 G0.

Temperature

The temperature within a PDR is set by the balance between heating and cooling pro-
cesses. Cooling of PDRs occurs predominantly through fine-structure lines of abundant
atoms and ions. In the moderately dense ISM (n < ncr ≈ 1 × 104 cm−3), the cooling is
mainly dominated by [CII], whereas the [OI] 63 µm fine-structure line is important in
higher density regions. Tielens (2005) shows that in the high density limit (where [OI]
is the dominant coolant) the energy balance of a steady system can be written as

exp(−y)
y1.17 = 3.4γ

1 + 2.5γ0.73 , (4.9)

where
y = 228K

T
(4.10)

and γ is the ionization parameter defined as G0T
1/2/n with ne = 1.4×10−4n. γ measures

the ionization rate over the recombination rate, the efficiency of the photo-electric effect.
These expressions can be solved iteratively for the temperature T for a given density n
and impinging radiation field GUV .
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In the lower density regime, where [CII] is the dominant coolant, we can solve for the
temperature using a similar set of equations,

exp(−y′)
y′1/2

= 1.7γ
1 + 2.5γ0.73 (4.11)

where
y′ = 92K

T
. (4.12)

Up to this point we have neglected the contribution to the total cooling through
molecules (especially CO). CO acts as a good coolant for cold gas due to its ability
to radiate at relatively low temperatures and densities. However, the cooling rate is
difficult to calculate because lower-J CO lines are optically thick. A photon emitted
by a molecule in the J=1 state is likely to be re-absorbed by another molecule in the
J=0 state. This process effectively only moves the energy around within the molecular
cloud without contributing to the overall net cooling. Molecules in these low states only
contribute to the cooling when they are within approximately one optical depth from
the cloud surface, restricting the cooling only to a small fraction of the cloud volume.
Emission from high-J levels of CO is optically thin and can escape the cloud, however,
the temperatures and densities required to excite these molecules up to high-J levels are
generally high (∼ 105 cm−3 and ∼ 100 K). In the environments typical of normal star
forming galaxies, there are therefore only a few molecules in these high states, which
strongly suppresses cooling from these molecules.

Velocity Field

In addition to the density and temperature of the cold gas, the 3D radiative-transfer
simulation requires the velocity field of the gas as one of its initial conditions for the
line-tracing. Furthermore it allows the creation of frequency or velocity maps of sub-mm
emission when a velocity field of the disc is provided (Pérez-Beaupuits et al. 2011). We
derive the velocity field following the approach presented in Obreschkow et al. (2009a).
We refer the reader to that work for a detailed description of the methodology, but
present the main ingredients of their approach. The circular velocity profile of gas in a
disc comprises three components, the halo, the galaxy disc and the bulge of the galaxy,

V 2
c (x) = V 2

c,halo(x) + V 2
c,disc(x) + V 2

c,bulge(x), (4.13)

where x = r/rvir, and rvir is the virial radius of the halo. Each galaxy is situated in a
dark matter halo with an NFW profile. The concentration parameter of the halo chalo, as
well as its virial radius rvir, are both provided by the galaxy formation model. Assuming
a spherical halo, the circular velocity of the gas contributed by the halo mass is given by

V 2
c,halo(x) = GMvir

rvir
×

ln (1 + chalox)− chalox
1+chalox

x[ln (1 + chalox)− chalo
1+chalo

] , (4.14)

where Mvir is the virial mass of the halo.
Under the assumption that the radial density distribution of a galaxy disc can be

described by an exponential, Obreschkow et al. (2009a) find that the circular velocity of



4.2: Model 91

cold gas due to the disc can be approximated by

V 2
c,disc(x) ≈ GMdisc

rvir
×

cdisc + 4.8cdisc exp[−0.35cdiscx− 3.5/(cdiscx)]
cdiscx+ (cdiscx)−2 + 2(cdisc)−1/2 , (4.15)

where cdisc = rvir/rdisc and Mdisc the sum of the stellar and gaseous component of the
disc.

Following Obreschkow et al. (2009a), we assume that the bulges of all galaxies are
spherical, and that their density profiles can be described by a Plummer potential (Plum-
mer 1911), with a characteristic radius rPlummer ≈ 1.7 rbulge and rbulge ≈ 0.05 rdisc. The
circular velocity profile component due to the bulge is

V 2
c,bulge(x) = GMbulge

rvir
× (cbulgex)2cbulge

[1 + (cbulgex)2]3/2
, (4.16)

where cbulge = rvir/rPlummer and Mbulge is the mass of the bulge.
With an expression for the circular velocity profiles of the halo, disc, and bulge, we

can now calculate the circular velocity of the cold gas at any location in the disc. The
vertical velocity dispersion of the cold gas σgas is responsible for the motions of the gas
perpendicular to the disc. Observations in the local Universe have shown that the vertical
velocity dispersion of the cold gas σgas ≈ 10 km s−1 and is approximately constant over
the disc (e.g. Shostak & van der Kruit 1984; Leroy et al. 2008). We ascribe a vertical
velocity to each grid cell by randomly picking a velocity from a Gaussian distribution
centered around 0 km s−1 with a standard deviation of 10 km s−1. We estimate the local
turbulent velocity dispersion within a GMC following Larson (1981), evaluated for the
physical size of a grid cell in the model.

Abundances

Good estimates of the abundances of the various species are fundamental to properly
model the line contribution from atomic and molecular species. We already discussed
the H2 abundance of the cold gas in detail in Section 4.2.2; however, we also need to take
into account the atoms, molecules and ions of interest to us.

The latest version of our SAMs includes detailed tracking of the abundance of single
elements in the cold gas (Arrigoni et al. 2010). We use this model to calculate the carbon
and oxygen abundance of the ISM.

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 Wolfire et al. (2010) we calculate this fraction as

fCO = fH2×

exp [−4(0.52− 0.045 ln GUV /G0

nH
− 0.097 lnZ ′)/Av], (4.17)

where Z ′ is the metallicity of the cold gas expressed in solar units.
We adopt an HCN abundance of 10−8 with respect to the molecular gas, and scale

the C+ abundance with the abundance of carbon in the cold gas. These choices yield
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good agreement with predictions from Meijerink & Spaans (2005) for the typical range
of densities and radiation fields relevant to our work.

4.2.3 3D radiative-transfer and line tracing code
We use the advanced fully three-dimensional radiative-transfer code β3D (Poelman &
Spaans 2005, 2006) optimized for heavy memory usage by Pérez-Beaupuits et al. (2011).
The optimized version was initially developed to calculate the three-dimensional transfer
of line radiation in 256 x 256 x 128 element data cubes at a spatial resolution of 0.25 pc,
but works as well for different shaped data cubes at different resolutions.

The code requires density, H2 abundance, temperature, impinging radiation field, and
velocity as ambient conditions in each grid cell to calculate the transfer of line radiation
of molecules by use of a non-local escape probability formalism. We refer the reader to
Poelman & Spaans (2005) for a detailed description of the radiative-transfer method.

Level populations of different atomic and molecular species (in this study C+,C,O,
12CO and HCN) are calculated using collision rates available in the LAMDA database
(Schöier et al. 2005). We use H2 as the main collision partner for the radiative transfer
calculations of all the molecules and also include the contribution of helium atoms to
the total collision density for CO and HCN (following Pérez-Beaupuits et al. 2011). We
include the contribution from atomic hydrogen and electrons for the collision rates of
C, O, and C+. The densities of the collisional partners are derived from the galaxy
formation model.

The intensity from molecules is dependent on the distribution of level populations,
which depends on the temperature and the density of the gas (through collisions with
other molecules and atoms as well as a background impinging radiation field). There
are large differences in the collisional densities necessary to excite different energy levels.
For example, the density needed to populate the J = 1 state of CO through collisional
excitation is ∼ 102 − 103 cm−3, whereas it is already ∼ 104 cm−3 for the J = 3 state.
These densities arise in different regions of the GMCs, the former being the diffuse GMC
atmospheres and the latter the dense GMC core. Densities used in the radiative-transfer
calculations in this work were calculated by post-processing the results from the galaxy
formation model, smoothed to a resolution of 180 pc (see Sections 4.2.1 and 4.2.2). At
this resolution, the smoothed density profile of our galaxy never exceeds densities of a few
times 103cm−3, typical for the diffuse outer parts of the GMC, and a sub-grid approach
is necessary to account for radiation from denser environments.

Numerical simulations often describe the structure of the ISM with a lognormal (LN)
probability distribution function (PDF) (e.g., Wada & Norman 1999; Krumholz & McKee
2005; Wada & Norman 2007; Hennebelle & Chabrier 2008, 2009; Price et al. 2011):

f(ρ)dρ = 1√
2πσ

exp
[
− ln (ρ/ρ0)2

2σ2

]
d ln ρ, (4.18)

where ρ0 is the characteristic density and σ the dispersion of the distribution. Numerical
simulations suggest that σ can be expressed in terms of the one-dimensional Mach number
of turbulence M (e.g., Ostriker et al. 2001; Lemaster & Stone 2008; Price et al. 2011):

σ2 ≈ ln (1 + 3M2/4). (4.19)
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The Mach number is calculated as the ratio between the local turbulent velocity (∆vd)
and the sound speed (cs) of the medium. The local turbulent velocity is estimated
following Larson (1981), evaluated for the physical size of a grid cell in the model. The
volume-averaged density of a LN distribution is given by

〈ρ〉V = ρ0e
2σ2

. (4.20)

In our case the volume-averaged density of each grid-cell is also given by Equation 4.7.
We can therefore express the characteristic density ρ0 as

ρ0 = 〈ρ〉V
e2σ2 . (4.21)

We assume that a grid-cell is made up by small molecular clouds drawn from the
LN-PDF. We calculate the contribution of each of the individual molecular clouds within
the sub-grid to the emitted radiation, taking the overlap in optical depth space of the
molecular clouds within the grid-cell into account.

Line intensities are computed using a ray-tracing approach, including the effects of
kinematic structures in the gas and optical depth effects. The emerging specific intensity
is computed using the escape probability formalism presented in Poelman & Spaans
(2005),

dIzν = 1
4πniAijhνijβ(τij)

(Sij − I locb (νij)
Sij

)
φ(ν)dz, (4.22)

where dIzν has units of erg cm−2 s−1 sr−1 Hz−1, ni is the population density in the ith
level, Aij the Einstein A coefficient, hνij is the energy difference between the levels i and
j, β the escape probability of a photon, τij the cumulative optical depth, and φ(ν) the
Doppler correction to the photon frequency due to local turbulence inside the cloud and
large scale bulk motions. Sij is the source function of the corresponding medium, and
I locb (νij) the local continuum background radiation at the field frequency νij . The local
background I locb (νij) is caused by the local dust emission (calculated following Hollenbach
et al. 1991) and is slowly varying with frequency.∗ The code uses a multi-zone radiative-
transfer approach in which the emerging specific intensity is dependent on the different
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 LVG approximation.

4.3 Results
In this section we present the predictions of our model for different atomic and molecular
species. The simulations were run on a grid of haloes with virial masses ranging from
1×109M� to 5×1014M�, with a mass resolution of 1×107M�. Throughout the rest of
the paper, we only consider central galaxies with a bulge-to-total mass ratio of 0.4 and
smaller, and gas fractions of fgas > 0.1. We first discuss the predicted CO line emission
from model galaxies and how line ratios can potentially be used to constrain the gas
physics in play in galaxies. We will continue with similar discussions for HCN, atomic
and ionized carbon, and oxygen, after which we will discuss the cooling properties of the
modeled galaxies.
∗ We note that this is an extension to the model presented in Pérez-Beaupuits et al. (2011).
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Figure 4.2: CO line-luminosity of CO J = 1 − 0 up to CO J = 6 − 5 as a function of
FIR luminosity. Model results are compared to observations taken from Narayanan et al.
(2005), Juneau et al. (2009), Lisenfeld et al. (2011), and Papadopoulos et al. (2012). The
solid lines show the median of the model predictions, whereas the dotted lines represent
the two sigma deviation from the median.

4.3.1 CO

Because of its relatively high abundance (∼ 10−4), the emission of CO is commonly used
as a tracer of the ISM. Indeed, in the last decade surveys have probed the CO emission of
local galaxies with a broad range of properties (e.g., Helfer et al. 2003; Narayanan et al.
2005; Leroy et al. 2008; Lisenfeld et al. 2011; Papadopoulos et al. 2012; Bauermeister et al.
2013), adding a great wealth of information about the molecular content of local galaxies.
In Figure 4.2 we present our predictions for CO line luminosities up to CO J= 6− 5 as
a function of FIR luminosity in local galaxies. Observations were taken from Narayanan
et al. (2005), Juneau et al. (2009), Lisenfeld et al. (2011), and Papadopoulos et al. (2012).
We find that the CO luminosity of galaxies increases monotonically with increasing FIR
luminosity for all CO transitions. We find a good match between model predictions and
observations over a wide range of FIR luminosities for the CO J= 1 − 0 transition, as
well as for the higher CO transitions. This is encouraging, as it implies that we do not
only correctly reproduce the CO J = 1 − 0 emission arising from low temperature and
low density regions (a few times 103 cm−3), but also the CO J = 6 − 5 emission from
much warmer and denser regions (up to 105 cm−3). The CO line luminosity of galaxies
at fixed FIR luminosity decreases with increasing redshift. We find a shallower slope in
the relation between CO line luminosity and FIR luminosity for galaxies at z = 1.2 and
z = 2.0 than for local galaxies.

Figure 4.3 is similar to the previous figure, but shows the emitted CO luminosity as a
function of SFR. Observations were taken from Leroy et al. (2008), Daddi et al. (2010),
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Figure 4.3: CO line luminosity of CO J = 2− 1 (left panel) and CO J = 3− 2 (right
panel) as a function of SFR for modeled galaxies at z = 0.0, z = 1.2, and z = 2.0.
Observations are taken from Leroy et al. (2008), Daddi et al. (2010), Tacconi et al.
(2010), and Tacconi et al. (2013).

Tacconi et al. (2010), and Tacconi et al. (2013). Similar to the previous figure, the CO
luminosity increases monotonically with increasing SFR. We find good agreement with
direct observations, both in the local Universe and at high redshift. Again, we note that
the critical density and excitation energy of CO J = 3 − 2 and CO J = 2 − 1 differ by
approximately a factor of two, demonstrating that our model correctly describes the gas
physics in play over a range of densities and temperatures.

It is clear from the previous figure (and many of the subsequent figures) that at fixed
FIR luminosity modeled galaxies at z = 1.2 and z = 2.0 emit somewhat less radiation
through lines tracing diffuse and low-density environments. We discuss this in Section
4.4. The sparse amount of data for typical SF galaxies at high redshift unfortunately
does not allow us to further constrain our model predictions, both due to a lack of
galaxies with lower SFR and a lack of observations covering a wide enough range of CO
lines. We anticipate that in the near future ALMA and other sub-mm telescopes will
add significantly to the number of high-redshift galaxies with (multiple) observed CO
line-transitions.

The CO Spectral Line Energy Distribution (SLED) of galaxies provides straight-
forward information about the density and temperature of the dominant SF cold gas.
Different densities and temperatures result in a change of peak location in the CO SLED:
high CO excitation is achieved through a combination of high kinetic temperature and
high density. In Figure 4.4 we present the CO SLEDs for our modeled galaxies, com-
pared to observations of CO line ratios by Papadopoulos et al. (2012). The CO SLED
is normalized to the CO J = 1 − 0 emission. On average our predictions at z = 0.0 are
in good agreement with the observations. We do not reproduce the highest excitation
CO SLEDs from the observational sample. Papadopoulos et al. argue that supersonic
turbulence and high cosmic ray energy densities are necessary to power the extraordinary
CO line excitation of these galaxies. We have not included these physical processes in our



96
chapter 4: The nature of the ISM in galaxies during the star-formation

activity peak of the Universe

Figure 4.4: CO spectral line energy distribution (SLED) of our modeled galaxies at
z = 0.0 (left panel), z = 1.2 (middle panel), and z = 2.0 (right panel) separated into
bins of FIR luminosity. The SLED is normalized to the CO J = 1 − 0 line luminosity.
Observations are taken from Papadopoulos et al. (2012). Note the change in CO SLED
shape between galaxies at z = 0.0, z = 1.2, and z = 2.0

model. We find that the more FIR-luminous objects peak at higher CO excitations, cor-
responding to higher kinetic temperatures and densities. This implies that the physical
properties of the ISM in the more FIR-luminous objects differ significantly from the ISM
in less FIR-luminous objects and that the ISM is not just made up by a larger number
of clouds with similar density and temperature.

We see the same trends at high redshifts, where again the FIR-luminous objects have
a higher CO-excitation peak. Furthermore, there is a strong difference in shape when
comparing the z = 0.0, z = 1.2, and z = 2.0 CO SLEDs at fixed FIR luminosity. For
example, galaxies with FIR luminosities 9.5 < log (LFIR/L�) < 10.0 show a peak in their
CO SLED at the third rotational level, whereas the CO SLED peaks at the fourth rota-
tional level for similar galaxies at z = 1.2 and z = 2.0, respectively. Analogously, galaxies
with FIR luminosities 10.5 < log (LFIR/L�) < 11.0 peak at the fourth level in z = 0.0
galaxies, whereas they peak at the fifth level in z = 1.2 and z = 2.0 galaxies, respectively.
There is an even stronger evolution in the CO SLED for the most FIR-luminous galaxies
log (LFIR/L�) > 11. The increment in the excitation peak with redshift is indicative of
higher densities and kinetic temperatures. Furthermore, the relative contribution of high
excitation CO lines is much larger in the high-redshift modeled galaxies. This strongly
favors a scenario in which the ISM in galaxies with fixed FIR luminosities at high redshift
is denser and warmer than in their local counterparts. Galaxies at z = 2.0 consist of
denser and warmer gas than their counterparts at z = 1.2.

For a fixed density and temperature a change in CO abundance can affect the shape
of the CO SLED. The CO SLED of a molecular cloud peaks at higher rotational levels
with increasing CO abundance. To first order the CO abundance of the molecular gas
in our galaxies follows the cold gas metallicity, which at fixed FIR luminosity increases
with time. If the excitation conditions (gas density and temperature) of galaxies at high
redshift would be similar to local galaxies, we would expect the peak in the CO SLED
of high-redshift galaxies to move to lower rotational levels due to lower CO abundances.
This is in sharp contrast with our predictions, emphasizing that the change in CO SLED
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Figure 4.5: CO line ratios as a function of global galaxy properties at z = 0.0, z = 1.2,
and z = 2.0. CO line ratios of interest are CO J = 3 − 2/CO J = 2 − 1 (left column),
CO J = 5− 4/CO J = 2− 1 (middle column), and CO J = 7− 6/CO J = 2− 1 (right
column). CO line ratios are plotted as a function of SFR (top row) and cold gas surface
density (ΣHI+H2;bottom row). Note the offset in line ratios between galaxies at z = 0.0
and higher redshift for the SFR, but the tight correlation in line ratios as a function of
cold gas surface-density.

with redshift is driven by different excitation conditions.
In Figure 4.5 we explore the line ratios of CO transitions as a function of two global

galaxy properties. We compare our predicted line ratios with SFR and H2 surface-density.
We find a strong increase in CO line ratios as a function of SFR. Most notable is that
the increase is more significant when using line ratios tracing larger differences in density
and temperature. Whereas we only observe an increase of approximately 0.5 dex in
the CO(J = 3 − 2)/CO(J = 2 − 1) line ratio, we find an increase of a full dex in the
CO(J = 5− 4)/CO(J = 2− 1) ratio, and two dex in the CO(J = 7− 6)/CO(J = 2− 1)
ratio. This indicates that with increasing SFR the cold gas contains a much larger fraction
of gas clouds with densities of the order ∼ 105 cm−3. Galaxies at z = 1.2 and z = 2.0
have higher CO line ratios than their counterparts with similar SFR at z = 0. This is
most prominent for galaxies with SFR < 10M� yr−1.The difference between the local
and high-redshift galaxies also increases when using line ratios tracing larger differences
in density and temperature.

The evolution in CO line ratios with H2 surface density is similar to that with SFR:
line ratios increase with increasing FIR luminosity, and the differences become more
prominent for line ratios tracing higher densities. The offset in line ratios between high
redshift and local galaxies, on the other hand, is negligible. This suggests that CO line
ratios are indeed reliable tracers of the density of the dominant gas population of a galaxy,
independent of redshift.
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Figure 4.6: The CO-to-H2 conversion factor αCO in galaxies at z = 0.0 as a function
of cold gas metallicity (green solid line). The dotted lines mark the 2σ deviation from
the mean. Observational measures of αCO were taken from Bolatto et al. (2008, red
squares), Leroy et al. (2011, blue diamonds), and Sandstrom et al. (2013, purple circles).
Theoretical predictions were taken from Feldmann et al. (2012, grey solid line) and
Narayanan et al. (2012b) for an H2 surface density of 10 (black solid), 100 (black dashed)
and 1000 (black dash-dotted) M� pc−2.

CO-to-H2 conversion

The most common way to estimate the molecular gas mass of a galaxy is through the
conversion factor between CO J = 1− 0 luminosity and H2 mass,

αCO = MH2

LCO
. (4.23)

Although the CO-to-H2 conversion appears to be constant in our own Milky Way, there is
substantial evidence that this conversion departs from the standard Milky Way value in
low-metallicity and high surface density environments (e.g., Schruba et al. 2011; Genzel
et al. 2012). Indeed, several efforts have been carried out to model αCO as a function
of the metallicity and H2 surface density of galaxies (Feldmann et al. 2012; Narayanan
et al. 2012b). We do not aim to provide yet another scaling relation between αCO and
galaxy properties, merely to complement previous work.

We present αCO of our modeled galaxies as a function of cold gas metallicity in Figure
4.6. The predicted range in αCO is in good agreement with observations of the CO-to-H2
conversion factor (Bolatto et al. 2008; Leroy et al. 2011; Sandstrom et al. 2013). We find
good agreement with the predictions from the models of Narayanan et al. (2012b), but
underpredict αCO compared to the results of Feldmann et al. (2012). Our results suggest
that there is indeed a variation in the conversion between H2 mass and CO luminosity:
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Figure 4.7: The HCN J = 1−0 (left panel) and HCN J = 3−2 (right panel) luminosity
of galaxies as a function of its FIR luminosity for galaxies at z = 0.0, z = 1.2, and z = 2.0.
Observations of local galaxies are taken from Gao & Solomon (2004) and Juneau et al.
(2009).

αCO rapidly decreases with metallicity at Z/Z� < 0.5, driven by low CO abundances.
The variation of αCO with metallicity is roughly flat for more metal-rich galaxies. This
is in agreement with earlier theoretical work (Feldmann et al. 2012; Narayanan et al.
2012b) and observations (Leroy et al. 2011).

4.3.2 HCN
High-density star-forming regions are typically observed through emission from HCN
(e.g., Loenen et al. 2008). It is one of the most abundant high-dipole-moment molecules
that traces gas at densities of the order 105 − 106 cm−3, several orders of magnitudes
larger than the low-excitation CO lines. HCN emission is thought to be associated
with star-forming GMC cores. Gao & Solomon (2004) found a tight linear correlation
between the FIR and HCN luminosity of galaxies, which supports the scenario of HCN
being linked to GMC cores.

We find that the HCN J = 1 − 0 luminosity of galaxies increases monotonically
with FIR luminosity (see Figure 4.7, left panel). Assuming that the dust producing the
FIR radiation is heated primarily by young massive stars, the FIR luminosity should
be proportional to the instantaneous SFR, while the global SFR of a galaxy is linearly
proportional to the mass of dense molecular gas. Our predictions for the HCN J = 1− 0
luminosity of galaxies at z = 0.0 are slightly too low compared to observations. The
HCN J = 1 − 0 luminosity in galaxies at redshift z = 1.2 and z = 2.0 also follows a
monotonically increasing trend with FIR luminosity, although there is a minor offset to
lower HCN luminosities with respect to our predictions for local galaxies. Unfortunately,
the HCN luminosity of high-redshift galaxies are not well constrained by observations.
However, our findings are in good agreement with the upper limits presented in Gao et al.
(2007). HCN J = 3− 2 traces the densest regions of cold gas (n ∼ 107cm−3). Similar to
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Figure 4.8: The HCN J = 1−0 luminosity of galaxies as a function of its CO J = 1−0
luminosity at z = 0.0,z = 1.2, and z = 2.0. Observations are taken from Gao & Solomon
(2004) and Juneau et al. (2009).

HCN J = 1− 0 our model slightly underpredicts the HCN J = 3− 2 luminosity of local
galaxies.

The HCN/CO ratio of a galaxy is typically considered as a measure of the very dense
(few times 105 cm−3 to 106 cm−3) versus less dense (few times 103 to 104 cm−3) gas
content of a galaxy. In Figure 4.8 we plot the HCN J = 1 − 0 luminosity of a galaxy
versus its CO J = 1− 0 luminosity. We underpredict the HCN J = 1− 0 luminosity of
galaxies as a function of their CO J = 1− 0 luminosity compared with observations by
Gao & Solomon (2004) and Juneau et al. (2009) by approximately 0.1 − 0.2 dex. This
suggests that our modeled galaxies at z = 0.0 have a slightly too-low fraction of very
dense cold gas. We find no significant difference between the galaxies at z = 2.0 and
z = 1.2 and our predictions for local galaxies.

4.3.3 Neutral Carbon
Because atomic carbon fine-structure emission proceeds through a simple three-level
system, detection of the two atomic carbon lines [CI] (1-0) and [CI] (2-1) enables one to
derive the excitation temperature and neutral carbon mass of a galaxy independently of
other information. This is a powerful tool to study the properties of the atomic gas in
galaxies and to break some of the degeneracies frequently found in CO studies (Walter
et al. 2011; Carilli & Walter 2013).

We show the relation between FIR luminosity and [CI] (1-0) luminosity in Figure 4.9,
compared with observations taken from Gerin & Phillips (2000). The [CI] (1-0) luminos-
ity increases monotonically with FIR luminosity, in good agreement with observations
over the entire FIR luminosity range probed. Similar to CO and HCN, we find that
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Figure 4.9: [CI] (1-0) luminosity of modeled galaxies as a function of their FIR lumi-
nosity at redshifts z = 0.0, z = 1.2, and z = 2.0. Observations are from Gerin & Phillips
(2000).

high-redshift galaxies have lower [CI] (1-0) luminosities than their local counterparts (at
LFIR > 1010 L�). This is driven by an increased SFE, which effectively allows fewer
carbon atoms to emit radiation (see Section 4.4).

In local thermodynamic equilibrium the excitation temperature of carbon can be
derived via the formula

Tex = 38.8× ln
(

2.11
R

)−1
, (4.24)

where R = LCI(2−1)/LCI(1−0). We present the ratio R and the excitation temperature of
carbon of our modeled galaxies in Figure 4.10. We find an increase in excitation temper-
ature at z = 0.0 for galaxies with FIR luminosities brighter than LFIR > 109 L�. Below
this luminosity galaxies have excitation temperatures of roughly 25 K, after which they
increase to approximately 35 K for the brightest FIR objects. These excitation temper-
atures are in good agreement with temperatures found in local galaxies ranging from
20 K in our Galaxy to 50 K in starburst environments (Stutzki et al. 1997; Fixsen et al.
1999; Bayet et al. 2004). Modeled galaxies at high redshift are on average approximately
10–5 K warmer than their local counterparts, and show a similar increase in their tem-
perature with FIR luminosity. The difference in excitation temperature between galaxies
at z = 1.2 and z = 2.0 is negligible.

The ratio between [CI] (1-0) and CO J = 1 − 0 is often used to demonstrate that
atomic carbon can act as a good tracer of molecular gas in external galaxies (Gerin &
Phillips 2000). We find that this ratio is roughly constant in our modeled galaxies at
z = 0.0 and high redshift with [CI] (1-0)/CO J = 1 − 0 = 0.08. This is in reasonable
agreement with observed ratios in the Milky Way (Fixsen et al. 1999; Ojha et al. 2001;
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Figure 4.10: The ratio between [CI] (2-1) and [CI] (1-0) (left axis) or carbon excitation
temperature (right axis) as a function of FIR luminosity for modeled galaxies at z = 0.0,
z = 1.2, and z = 2.0.

Oka et al. 2005), the local Universe (Israel & Baas 2001, 2002, 2003; Bayet et al. 2004;
Israel et al. 2006) and at high redshift (Weiß et al. 2005; Walter et al. 2011). Indeed, our
models suggest that carbon can act as a good tracer of the molecular mass of a galaxy.

4.3.4 [CII] (158 µm) and [OI] (63 µm) cooling lines
[OI] (63µm) and [CII] (158µm) are the two dominant cooling lines for interstellar gas.
[CII] (158µm) is considered to be a potentially promising indicator of a galaxy’s SFR (e.g.,
de Looze et al. 2011). In Figure 4.11 (left panel) we present the [CII] luminosity of our
galaxies as a function of their FIR luminosity. Observations are taken fromMalhotra et al.
(2001) and de Looze et al. (2011). We note that the authors apply different approaches in
estimating the total FIR luminosity. The Malhotra et al. (2001) FIR estimates only cover
a wavelength range from 40 to 500 µm, whereas our and the de Looze et al. (2011) FIR
luminosities cover a wider wavelength range. We therefore expect the modeled galaxies
to be more FIR luminous compared to the sample presented in Malhotra et al. (2001).
We find decent agreement with the observations over the entire range of FIR luminosities
constrained by observations. The [CII] luminosity of galaxies at z = 1.2 and z = 2.0
has a minor offset towards lower values compared with the predicted luminosity of local
galaxies. This is again driven by a higher SFE in galaxies at high redshift (see Sec. 4.4).

Whereas [CII] (158µm) acts as an important coolant in the diffuse medium, [OI]
(63µm) cooling dominates in denser environments with densities above a few times
103 cm−3. Our model predicts an increase in [OI] (63µm) luminosity with FIR lumi-
nosity (Figure 4.11, right panel). We overpredict the [OI] luminosity of observed local
galaxies, and the predicted slope is steeper than suggested by observations (Malhotra
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Figure 4.11: Luminosity of the atomic cooling lines [CII] (158 µm) and [OI] (63 µm)
as a function of their FIR luminosity, for galaxies at z = 0.0, z = 1.2, and z = 2.0.
Observations at z = 0.0 are from Malhotra et al. (2001) and de Looze et al. (2011).

et al. 2001). The predicted [OI] luminosity in high-redshift galaxies are very similar to
the [OI] luminosities in local galaxies.

These results are encouraging, as they imply that we correctly model and reproduce
the [CII] (158µm) cooling line in local galaxies from more diffuse regions. We look forward
to being able to compare our results with luminosities of statistical sets of typical star
forming galaxies at high redshift. We discuss the contribution from [CII] and [OI] to the
cooling of the cold gas in the next section.

4.3.5 Cooling
In this subsection we discuss the dominant cooling processes acting in the modeled galax-
ies. The net cooling rate and the dominant coolant of a galaxy all depend heavily on the
physical state of the cold gas. The relative contribution of each coolant is therefore yet
another diagnostic to study the properties of the star forming cold gas.

We present the cooling contribution of each individual CO excitation line (CO-to-
FIR luminosity ratio) in the form of SLEDs in Figure 4.12, separated into bins of FIR
luminosity. Our results are compared with observations taken from Narayanan et al.
(2005), Lisenfeld et al. (2011), and Papadopoulos et al. (2012). The more FIR-luminous
a galaxy, the more important the cooling through higher-J CO lines becomes. Cooling
through CO J = 4− 3 and higher is especially dependent on the FIR luminosity. This is
tightly connected to the peaks in excitation level as predicted by our model (see Figure
4.4), where we also saw that more FIR-luminous galaxies peak at higher excitation levels.
These results suggest that in more luminous galaxies most of the cooling takes place in
denser regions, traced by CO J = 5− 4 and higher.

Cooling through CO is approximately as efficient at high redshifts as it is in local
galaxies for the low-FIR brightness galaxies in our sample (LFIR < 1010 L�). Cooling
through CO becomes less efficient with increasing redshift for the more FIR luminous
galaxies in our sample. The dominant cooling occurs through higher CO J-states with
increasing redshift, independent of the FIR brightness of a galaxy. For example, at
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Figure 4.12: CO J = J − (J − 1) to FIR luminosity ratio as a function of J level,
separated in bins of FIR luminosity at redshifts z = 0.0 (left panel) and z = 1.2 (middle
panel) and z = 2.0 (right panel). The CO J = J − (J − 1) to FIR luminosity ratio
represents the cooling of the molecular gas through a CO line. Observations at z = 0.0
are from Narayanan et al. (2005), Lisenfeld et al. (2011), and Papadopoulos et al. (2012).

z = 0.0 the cooling curve for galaxies with a FIR luminosity of 9.0 < log (LFIR/L�) < 9.5
peaks at CO J = 4 − 3, whereas it peaks at CO J = 5 − 4 and J = 6 − 5 in galaxies
at z = 1.2 and z = 2.0, respectively. Dominant CO cooling changes from the J = 6− 5
state at z = 0.0 to the J = 7 − 6 state at z = 2.0 for galaxies with FIR brightnesses
10.0 < log (LFIR/L�) < 10.5. These results suggest that the cooling takes place in denser
regions, in good agreement with the CO SLED presented in Figure 4.4.

We present the cooling rates of carbon, ionized carbon and oxygen in Figure 4.13.
The cooling rate of all of these chemical species is relatively constant with increasing
FIR luminosity, both in low- and in high-redshift galaxies. We find a small decrease in
the cooling rate of [CII] for galaxies brighter than log (LFIR/L�) > 10. This resembles
the [CII]–FIR deficit in galaxies, in which the [CII]/FIR ratio of galaxies goes down with
increasing FIR brightness (see Casey et al. 2014, and references therein for a review);
however, we do not see this trend for galaxies with FIR luminosities fainter than 1010 L�.
At z = 1.2 and z = 2.0 the [CII]–FIR deficit is prominent over the entire range in FIR
luminosities probed. The contribution to the cooling budget from oxygen, carbon and
CO stays constant or even increases in this FIR luminosity range. This suggests that
the ionized carbon column saturates and cooling takes place through other atomic and
molecular species. We see that [CII] and [OI] are the dominant coolants for the neutral
gas, whereas the contribution to the total cooling by neutral carbon is approximately two
orders of magnitude weaker at z = 0. The contribution to the total cooling by atomic
carbon is even more negligible at z = 1.2 and z = 2.0. The negligible cooling from
neutral carbon with respect to [CII] and [OI] is not only supported by our compilation of
observations in the local Universe, but also by observations of SMGs at z > 2.0 (Walter
et al. 2011). CI (2-1) contributes slightly more to the total cooling budget than CI (1-0),
albeit still significantly less than [CII] and [OI].

Adding up all the cooling rates we find that carbon contributes less than one percent
to the total cooling in the modeled galaxies. Cooling through [CII] and [OI] dominates
the total cooling budget up to FIR luminosities of 1010.5 L�. The contribution to the
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Figure 4.13: Ratio of CI(1-0), CI(2-1), [CII] (158 µm), and [OI] (63 µm) luminosity
to FIR luminosity as a function of FIR luminosity at redshifts z = 0.0, z = 1.2, and
z = 2.0. Observations are from Gerin & Phillips (2000), Malhotra et al. (2001), and de
Looze et al. (2011).

total cooling budget by CO increases at higher FIR luminosities, up to roughly 50 percent
in the galaxies with brightest FIR luminosities. This trend is independent of redshift.

Cooling through [CII] is approximately a dex lower in galaxies at z = 1.2 and z = 2.0,
whereas cooling through [OI] decreases with only 0.5 dex. We present the ratio between
[OI] and [CII] cooling in Figure 4.14. This ratio gives clear insight into which coolant
becomes more dominant at the redshifts probed and as a function of FIR luminosity.
We see an increase in [OI]/[CII] with increasing FIR luminosity in galaxies at z = 0.0,
indicative of a more dominant role of cooling through [OI]. The [OI]/[CII] ratio in galaxies
at high redshift is ∼ 0.5 dex higher than in local galaxies, independent of FIR luminosity.
A larger fraction of dense and warm molecular clouds accounts for the more dominant
contribution of [OI] to the cooling.

4.4 Discussion
In this paper we have presented a new set of theoretical models to predict the sub-
mm line emission properties of galaxies. Our approach combines a semi-analytic galaxy
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Figure 4.14: The ratio between the [OI] (63 µm) and [CII] (158 µm) fine-structure
lines as a function of FIR luminosity. This ratio traces the relative contribution to the
cooling from dense ([OI], densities larger than ∼ 104 cm−3) and more diffuse ([CII], lower
densities) regions. Observations are from Malhotra et al. (2001).

formation model that explicitly tracks the amount of gas in an atomic and molecu-
lar phase (Popping et al. 2014b, Somerville, Popping & Trager in prep.) with a fully
three-dimensional radiative-transfer and non-local escape probability line tracing code
(Poelman & Spaans 2006; Pérez-Beaupuits et al. 2011). This approach provides sub-mm
velocity maps, spectra and integrated luminosities of mock galaxies. This model can
provide detailed predictions of ISM properties for statistical samples of galaxies that can
be directly compared with upcoming observations from ALMA, PdBI, LMT. Further-
more, it drastically increases the number of predicted observables to be constrained by
current and future observations. We did not include the effects from AGN and shocks,
which could add extra radiative or mechanical energy to the system, heating up the gas.
These processes do have the ability to enhance the emission from high J-transition lines.
Because we limit ourselves to average galaxies on the star-forming “main sequence”, we
do not expect these processes to be of significant importance for this work.

We use our newly-developed model to study the ISM properties in typical star forming
galaxies at z = 2.0, z = 1.2, and z = 0. We aim to understand, from the model’s
perspective, if the physical state of the gas in typical star forming galaxies during the
peak of the star formation history of the Universe is similar to local counterparts or if
the ISM physics that drives the SF is significantly different.

We find that our approach is capable of reproducing sub-mm line luminosity obser-
vations in both local and high-z galaxies. We correctly predict the emission arising from
CO, [CI], and [CII] at both low and high redshift. These lines trace different regimes,
ranging from diffuse media with densities of the order ∼ 103 − 104 cm−3 to dense cores
with densities of 106 cm−3. Furthermore, they arise in both atomic and molecular regions
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of the ISM. It is encouraging to see that our approach is successful in reproducing these
different states of the ISM in galaxies. Unfortunately, to date, the sub-mm emission from
typical star-forming galaxies at high redshift is not well constrained by observations. We
believe that the predictive power of our model can be valuable for future surveys with
ALMA and other sub-mm telescopes, but we also look forward to use such surveys to
better constrain our models.

We acknowledge that our model does not reach the necessary resolution to self-
consistently model the different phases of the ISM (which is the case for all existing
models of galaxy formation in a cosmological context). We adopt simple assumptions
about the distribution of the ISM structure within a grid cell. Nevertheless, these simple
assumptions tell us something about the structure of the ISM. We find that a lognormal
density distribution for the cold gas within a galaxy is very appropriate to reproduce
observations of the sub-mm emission in local and distant galaxies covering a large range
of densities probed.

Despite the success of our approach we underpredict the HCN luminosity of galaxies
at z = 0 by a factor of three (see Figures 4.7 and 4.8). HCN has critical densities of 106

cm−3 and higher, indicative that there are not sufficient molecular clouds in the model
galaxies that have the core densities required to reproduce the observations. A remedy
would require large gas reservoirs, a higher cold gas surface density, or a larger fraction
of dense cores in the molecular clouds. The first two come with the risk of predicting too
high gas masses, SFRs and molecular fractions: properties that are reproduced correctly
by the current version of the SAM for local and high-redshift observations (Popping et al.
2014b). A larger number of dense cores would be a more subtle solution but requires a
slight revision of the log-normal approach adopted in this work.

Our model does not correctly reproduce the slope and normalization of the observed
relation between [OI] and FIR luminosity. We use the approach presented in Arrigoni
et al. (2010) to estimate the global oxygen abundance of the ISM. This approach does
not include detailed calculations of the abundance of oxygen within molecular clouds. A
more robust modeling of the oxygen abundance within molecular clouds might alleviate
the observed discrepancy of the predicted [OI] emission with observations.

At fixed redshift the CO SLED of FIR-luminous galaxies peaks at higher excitation
levels than in less FIR-luminous galaxies (Figure 4.4). Similarly, CO line ratios increase
as a function of the SFR in galaxies and the cooling through molecular lines occurs in
higher-J CO levels in more FIR bright galaxies. These trends may partially be driven
by a low CO abundance in the galaxies with lowest metallicities. Above FIR luminosi-
ties of 109−9.5 L� the cold gas in galaxies is equally enriched in CO. Furthermore the
[OI]/[CII] cooling-line ratio increases with FIR luminosity. These results indicate that
FIR-luminous galaxies are being built up by warmer and denser molecular clouds than
less-bright galaxies.

We briefly studied the behavior of the CO-to-H2 conversion factor αCO. We find good
agreement with observations of αCO for galaxies over a large range of metallicities. We
predict a steep decline in αCO at the lowest metallicities Z ′ < 0.1 and a flat distribution
of αCO at higher metallicities. These results are consistent with other theoretical results
(Feldmann et al. 2012; Narayanan et al. 2012b) and are mostly driven by the low CO
abundance of low-metallicity gas. The approach presented in this work is still somewhat
over-simplified. A detailed study of αCO should include a proper chemical network,
simultaneously solving for the CO abundance and H2 abundance of cold gas as a function



108
chapter 4: The nature of the ISM in galaxies during the star-formation

activity peak of the Universe

of density, optical depth, impinging radiation field and individual elemental abundances.
This is a computationally expensive exercise, and beyond the scope of this work.

The carbon excitation temperature in galaxies at z = 1.2 and z = 2.0 is warmer
(approximately 10 K) than in galaxies at z = 0. This is suggestive of a warmer atomic
ISM in star forming galaxies at high redshift. Our predicted atomic ISM temperatures
are in good agreement with results from Weiß et al. (2005) and Walter et al. (2011),
who found that the carbon excitation temperature in SMGs at z > 2.0 is around 30 K.
Furthermore, the carbon-to-CO ratio also is constant with redshift, demonstrating that
the carbon and CO J = 1−0 emission arise in roughly the same medium. Neutral carbon
provides only a negligible contribution to the total cooling in a galaxy.

We have compared the sub-mm line properties of modeled galaxies at z = 0.0, z = 1.2,
and z = 2.0 in some detail, with the aim of understanding whether the gas properties
of galaxies at high redshift are different from local counterparts. Within the models,
we find multiple examples of evidence that suggest that SF in galaxies during the SF
activity peak of the Universe takes place in much denser and warmer environments than
SF in similar galaxies at z = 0. Galaxies at high redshift show a peak in their CO
SLED at higher CO J-states (Figure 4.4), have higher CO J = 5 − 4/CO J = 2 − 1
and CO J = 7− 6/CO J = 2− 1 ratios as a function of several global galaxy properties
(Figure 4.5). Furthermore, cooling through the [OI] 63 µm fine structure line becomes
more dominant and molecular cooling occurs through higher J CO levels. All these
results are indicative of a difference in gas density and temperature between typical
star forming galaxies in the local Universe and at high redshift. Rather than being in
a similar physical state as local galaxies, the cold gas in typical star forming galaxies
at high redshift appears to have different physical properties. We find that galaxies at
z = 1.2 have lower excitation temperatures and densities than similar galaxies at z = 2.0.
This indicates that different ISM conditions are already visible right after the actual SF
peak of the Universe (z < 2.0).

The CO line ratios of galaxies remain constant with time when plotted as a function
of H2 surface density. Although the shape of the CO SLED is determined by a number
of quantities such as density, turbulence and temperature, this suggests that we can
describe the CO SLED to first order as a function of only the H2 surface density. One
should keep in mind that within our model the SFR of a galaxy (which will ultimately
set the cold gas temperature) is a function of H2 surface density as well. We therefore
believe our results are also in good agreement with the work by Narayanan & Krumholz
(2014), who found that the CO SLED of a galaxy is well correlated with a galaxy’s SFR
surface density.

Our results provide an explanation for the shorter depletion times observed in galaxies
at high redshift (Genzel et al. 2010). The higher densities will shorten the free-fall time
of the molecular clouds, and thus enhance the rate at which gas may condense and form
stars. This increment in SFE provides an attractive way to increase the SFR density of
the Universe. A denser medium allows less gas-rich galaxies to contribute to the total
SFR more efficiently than less dense objects with similar SFR, but driven by lower density
(and more) gas. This behavior is reflected in our models through the lower luminosities
from low J-states of CO, HCN, [CI] and [CII] in galaxies at z = 1.2 and z = 2.0 compared
to local galaxies. There are effectively fewer atoms and molecules that can add to the
galaxy’s emission for the same net amount of FIR radiation. The available observations
for high-redshift galaxies do not convincingly support such a trend (Tacconi et al. 2010,
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2013). It is currently premature to draw a firm conclusion on this point, given the small
sample size and strong bias towards extreme star formation of the present observations.

Observationally, the difference in ISM properties between local and high-redshift
galaxies is not well constrained. Dannerbauer et al. (2009) suggests that the star-forming
conditions in a typical star forming galaxy are similar to local galaxies. These observa-
tions, however, only go out to CO J = 3 − 2 and do not probe the CO excitation
levels where our models show a clear difference between local and high-redshift galaxies.
Furthermore, their conclusion is based on only two galaxies. We hope that future obser-
vations of (parts of) the CO SLED with ALMA will better constrain the gas properties
of typical star-forming galaxies at high redshifts.

A first attempt at combining semi-analytic models of galaxy formation with radiative-
transfer codes was presented in Lagos et al. (2012). The authors parameterize modeled
galaxies with a single cold gas density, UV radiation field, metallicity and X-ray intensity
and use a library of pre-calculated radiative-transfer models to infer conversion factors
between H2 mass and CO line-intensities. The authors find similar trends with FIR
luminosity for the luminosity from low excitation CO lines as we do. We predict higher
luminosities and a larger contribution to the molecular cooling from high J CO lines
(J = 5 − 4 and up) compared with their results. We ascribe this difference to their
representation of a galaxy with a single non-variable ISM density of 104 cm−3 (although
see their section 5 for a discussion about using different densities). In our approach
galaxies are represented by the summation of multiple molecular clouds with varying
density. This becomes especially relevant for CO lines like J = 5 − 4 and up, as the
critical densities of these lines lie almost an order of magnitude above 104 cm−3, if not
more. Lagos et al. (2012) only study the CO luminosities of their modeled galaxies, and
do not present predictions for emission from other atomic and molecular species. We
have shown that the ability to examine more atomic and molecular species provides a
more detailed picture of the ISM and its different phases.

4.5 Summary
In this paper we developed new models of the sub-mm line emission from atomic and
molecular species for statistical sets of galaxies. We summarize our main findings below:

• We successfully reproduce observed scaling relations for the line luminosities emit-
ted by CO, C, C+, and O for nearby galaxies. These atomic and molecular species
trace a wide range in molecular cloud properties (gas temperatures and densities),
indicating that our model correctly reproduces the multi-phase structure of molec-
ular clouds.

• The peak excitation level of the CO SLED in modeled galaxies increases with FIR
luminosity, as well as with redshift.

• CO line ratios of our modeled galaxies show a clear increasing trend with global SF
tracing properties (SFR, FIR luminosity, cold gas surface density) and with redshift
(SFR, FIR luminosity). Most notable changes in CO line ratios are achieved when
using CO J = 5 − 4/CO J = 2 − 1 and higher. These are lines that ALMA can
potentially observe at z > 1.0. The CO line ratios of galaxies are well correlated
with galaxy H2 surface density independent of redshift.
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• Galaxies at z = 1.2 and z = 2.0 have weaker low-J line luminosities of CO, HCN,
and [CI] than galaxies at z = 0.0 with similar SFR and FIR luminosity.

• The atomic gas properties of galaxies, as traced through neutral carbon, in local
galaxies and galaxies at high redshift are similar, with no notable difference in
carbon excitation temperature.

• The [OI]/[CII] cooling line ratio is higher in galaxies at high redshift than in local
galaxies, suggesting that cooling predominantly takes place in denser regions.

• Our model results indicate that SF in galaxies at high redshift takes place in denser
and warmer environments than in local counterparts. This suggests that SF during
the peak of the SF activity in the Universe is not driven by gas in a similar physical
state as in local galaxies, but by significantly different ISM conditions. Galaxies
belonging to the tail of the SF activity peak of the Universe (z = 1.2) are already less
dense and cooler than counterparts during the actual peak of SF activity (z = 2.0).

Observations with the current and next generation of sub-mm telescopes such as
ALMA, LMT, and PdBI will allow us to test the predictions made in this work for large
samples of galaxies. Not only can these observations be placed in their proper physical
context using models as presented in this work, they will also further constrain models of
galaxy formation and evolution. Most notable results can be obtained by observing line
ratios of CO in high- and low-J states (tracing a critical density difference of at least an
order of magnitude). Not only will observations of tracers of such different gas phases give
insight into the dominant gas distribution, they also provide strong constraints on the
CO SLED from which density and excitation temperatures can be derived. Besides CO
emission, atomic cooling lines [OI] 63 µm and [CII] 158 µm also provide great potential
to study ISM properties in galaxies. We predict a difference in [OI]/[CII] ratios with
redshift, directly related to the density and temperature of the ISM.

Our approach, in combination with future surveys, holds great potential for further
understanding galaxy formation. It allows us to constrain not only the amount of cold
gas in galaxies, but also the actual density and temperature distribution of the gas that
will set the rate of formation of stars and the build-up of stellar discs. Any physical
process that acts on the cold gas content of a galaxy should result in a temperature and
density distribution and line emission along the atomic and/or molecular energy ladder
in close agreement with observations. Comparing sub-mm observations across cosmic
time with our model therefore provides an attractive way to constrain the physics acting
on the cold gas that account for the gas content and SF activity in galaxies during the
peak of SF in the Universe and its turnover at lower redshifts. [CII] luminosities will
be a powerful way of constraining model predicted SFRs in the high-redshift Universe.
Furthermore, when including the spatial and velocity information, we are in the position
to make predictions for observed CO disc sizes and velocities. This offers the unique
possibility to address the topic of disc angular momentum at redshifts above z = 0.
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Chapter 5
The inferred evolution of the cold gas
properties of CANDELS galaxies at
1.0 < z < 3.0

Abstract

We infer the total cold gas and molecular gas mass of approximately 20 000 galaxies covering
four decades in stellar mass at redshifts 1.0 < z < 3.0, taken from the CANDELS survey. Our
inferences are based on the inversion of a star formation law, coupled with a prescription to
separate atomic and molecular gas. We find that: 1) there is an increasing trend between the
inferred cold-gas/H2 mass and the stellar mass of galaxies, already in place at z = 2.5. The
upper envelope of this trend suggests a maximum efficiency of galaxies to obtain cold gas and
form molecular hydrogen. The slopes of these trends are different from the slope of the relation
between star-formation rate and stellar mass; 2) there is no simple one-to-one mapping between
cold gas mass and molecular hydrogen mass, but the molecular fractions of cold gas increase
with increasing stellar mass and look-back time; 3) there is a large population of low-stellar mass
galaxies dominated by atomic gas. These galaxies are very gas rich, but only a minor fraction
of their gas is molecular; 4) massive galaxies consume or expel their cold gas and molecular gas
reservoirs earlier than less massive galaxies, although not necessarily at the same rate; 5) the
inferred star-formation efficiency (SFE) of galaxies increases along the relation between star-
formation rate and stellar mass. The most massive galaxies in our sample have SFEs more than
twice as high as lower-mass galaxies; 6) at fixed stellar mass, the molecular fractions and SFE
of galaxies decrease with increasing scale radius. We conclude that the suppression of SF in
galaxies is a two-fold process driven by the amount of cold gas available and the H2 fraction of
the cold gas.

Based on G. Popping, K. I. Caputi, S. C. Trager, R. S. Somerville, A. M. Koekemoer, A. Dekel,
D. D. Kocevski, H. C. Ferguson, A. Galametz, N. A. Grogin, Y. Go, S. A. Kassin, Y. Lu,
A. van der Wel, and B. J. Weiner, to be submitted to MNRAS.
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5.1 Introduction

Multiple surveys of the star formation (SF) properties of galaxies have revealed a relation
between stellar mass and star formation rate (SFR) for actively star-forming galaxies.
This relation has been characterized up to z ∼ 2.5 (e.g., Noeske et al. 2007; Daddi et al.
2007; Elbaz et al. 2011; Whitaker et al. 2012). It marks the maximum efficiency at
which galaxies typically form stars out of cold gas and is regulated by the amount of gas
available to form stars. Key components of this regulation are the accretion and cooling
of cold gas onto the galaxy and ability to return cold gas to the circumgalactic medium
through outflows or consumption through star formation (e.g., Davé et al. 2011; Lilly
et al. 2013). Once cooled onto a galaxy the slope of the relation between SFR and stellar
mass is set by the amount of cold gas that can participate in the formation of stars. One
could argue that all the gas in a galaxy is available for SF, or that due to an internal
process only a fraction of the cold gas is available for SF. Detailed understanding of the
gas properties of a sample of galaxies covering a wide range in parameter space has the
potential to separate between these two options.

Observations in the local Universe have revealed that SF is closely linked to the
molecular content of cold gas. SF in the Milky Way takes place in dense, massive and
cold giant molecular clouds (Solomon et al. 1987; McKee & Ostriker 2007; Bolatto et al.
2008). Recent works have emphasized that there is a strong correlation between the
SFR density and the density of molecular hydrogen (H2), while the correlation with the
density of atomic hydrogen (H I) is weak or absent (Wong & Blitz 2002; Bigiel et al. 2008,
2011; Schruba et al. 2011). These results have stimulated the idea that not all the cold
gas available is necessarily available for SF. A proper understanding of the evolution of
the atomic and molecular gas content of galaxies is a key ingredient that will shed light
on the physics that regulates the stellar buildup of galaxies.

Current surveys of the cold gas content of galaxies at high redshift only probe the
molecular gas mass and are usually limited to massive galaxies with high SFR (e.g., Daddi
et al. 2010; Tacconi et al. 2010; Geach et al. 2011; Bauermeister et al. 2013; Tacconi et al.
2013; Santini et al. 2013). It is crucial to include the contribution from atomic hydrogen
to thoroughly understand how the total cold gas properties of galaxies regulate the SFR.
Furthermore, for a complete assessment it is necessary to study a galaxy sample that is
not biased to the most actively star-forming objects. It is hoped that facilities such as
ALMA (Atacama Large Millimeter Array; Wootten & Thompson 2009), SKA (Square
Kilometre Array; Carilli & Rawlings 2004), MeerKAT (Karoo Array Telescope; Booth
et al. 2009) and ASKAP (Australian SKA Pathfinder; Johnston et al. 2008) will reveal
the H I and H2 content of representative samples of high-redshift galaxies.

Theorists have made considerable progress developing models that track the H I and
H2 content of galaxies (Obreschkow & Rawlings 2009b; Fu et al. 2010; Krumholz & Dekel
2012; Lagos et al. 2011a; Christensen et al. 2012; Kuhlen et al. 2012; Davé et al. 2013;
Popping et al. 2014b). These models have proven successful reproducing the available
observational estimates of the overall H I and H2 properties of local and high-redshift
galaxies, as well as a variety of sub-mm properties (Popping et al. 2014a). Nevertheless,
observational constraints at high redshift are still very limited and do not probe the
wide range of paramater space covered. Additional information on the gas content of
galaxies will be crucial to break the degeneracies in different physical mechanisms that
are included in models (e.g., SF and stellar feedback).
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In the meantime, we can obtain indirect constraints on the gas content of galaxies
by using the observational estimates of SFR and galaxy sizes, and the empirical relation
between SFR density and gas density. This approach has been used extensively by
inverting the Schmidt-Kennicutt relation (Kennicutt 1998b, hereafter the KS-relation),
which relates the SFR surface density to the combined atomic and molecular hydrogen
surface density (e.g., Erb et al. 2006; Mannucci et al. 2009; Troncoso et al. 2014). Popping
et al. (2012) were the first to use an inverted molecular-gas-based SF law in combination
with a recipe to separate atomic from molecular hydrogen (Blitz & Rosolowsky 2006)
to estimate the total cold gas and molecular gas content of galaxies. This approach
was motivated by observations demonstrating that SFR surface densities correlate in an
almost linear fashion with molecular gas surface density, whereas the KS-relation breaks
down at low ‘total gas’ surface densities (Bigiel et al. 2008). Popping et al. showed that
a molecular-gas-based SF law in combination with a prescription to separate the atomic
and molecular hydrogen content of galaxies indeed leads to better agreement with direct
observations than the KS-relation.

A detailed study of the indirectly measured gas content of galaxies in COSMOS at
0.5 < z < 2.0 revealed a clear trend between galaxy gas fraction, molecular gas fraction
and stellar mass with redshift, suggesting that massive galaxies consume and/or expel
their gas at higher redshift than less-massive objects and have lower fractions of their
gas in molecular form (Popping et al. 2012). Such indirect estimates of the gas content
for large samples are an excellent constraint for theoretical models of galaxy formation
(Popping et al. 2014b; Lu et al. 2013).

In this paper, we apply the method developed in Popping et al. (2012) to a galaxy sam-
ple drawn from the CANDELS survey (Cosmic Assembly Near-infrared Deep Extragalac-
tic Legacy Survey; Grogin et al. 2011; Koekemoer et al. 2011) at redshifts 1.0 < z < 3.0.
We focus on the cold gas and H2 properties of galaxies over cosmic time and how they
regulate SF. The CANDELS survey is much deeper at near-infrared wavelengths than
COSMOS and allows us to study much fainter objects. As such, we can probe the gas
properties of the bulk of star-forming galaxies between z = 1.0 and z = 3.0. This cosmic
epoch marks the peak in star-formation activity of our Universe (Hopkins & Beacom
2006), when the bulk of mass in today’s massive galaxies was formed. CANDELS pro-
vides exquisite quality imaging covering a wide range of wavelengths to derive stellar
masses and SFR, and reliable morphological information at these redshifts.

This paper is organized as follows. In Section 5.2 we summarize our method to
indirectly measure the cold gas and H2 content of galaxies and we present the galaxy
sample selection from CANDELS. In Section 5.3 we present our results, which we discuss
in Section 5.4. We summarize our findings in Section 5.5. Throughout the paper, we
apply a Λcold dark matter (ΛCDM) cosmology with H0 = 70 km s−1 Mpc−1, Ωmatter =
0.28 and ΩΛ = 0.72 (Komatsu et al. 2009). We assume a universal Chabrier stellar
initial mass function (IMF: Chabrier 2003) and where necessary convert observational
quantities used to a Chabrier IMF. All reported cold and molecular gas masses include
a correction of 1.36 to account for helium.

5.2 Model & Data
In this section we describe our method to indirectly estimate the cold gas and H2 content
of galaxies and the observational data to which we apply our method.
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5.2.1 Obtaining indirect gas measures
We infer the cold gas and H2 content of galaxies using a combination of an empirical
molecular SF law (based on Bigiel et al. 2008) and a prescription to calculate the H2
fraction of cold gas (Blitz & Rosolowsky 2006). We invert these equations to obtain the
H I and H2 content of galaxies using only the galaxy stellar mass, SFR, and size. We will
briefly describe the key ingredients of our method and point the reader to Popping et al.
(2012) for a more detailed description.

We assume the galaxy stellar mass to be distributed following a Sersic profile Σ∗(r) ∝
exp[−(r/r∗)1/n], where r∗ is the scale radius of the stellar disc for a Sersic profile and
n the Sersic index of the galaxy. We also assume that the SF in a galaxy is distributed
following the same Sersic profile, with a scale radius

rgas = χgas r∗, (5.1)

where χgas is the scale radius of the gas disc relative to the stellar disc. We take χgas = 1.7
based on a fit to the galaxy disc profiles presented in Leroy et al. (2008). After dividing
the stellar disc and SFR into radial annuli, we compute the amount of H I and H2 in each
annulus as described below and then integrate over the entire disc to obtain the H I and
H2 content of a galaxy.

We use a slightly adapted version of the star formation law deduced by Bigiel et al.
(2008) to allow for higher star formation efficiencies in high gas surface density regions.
This is based on the results of Daddi et al. (2010) and Genzel et al. (2010), who found
the star-formation at high surface densities to follow the KS relation (a power-law slope
of 1.4 versus 1.0 for Bigiel et al. 2008). The resulting equation is given by

ΣSFR = ASF

10M� pc−2

(
1 + Σgas

Σcrit

)NSF

fH2 Σgas (5.2)

where ΣSFR and Σgas are the star formation and cold gas surface densities inM� yr−1 kpc−2

andM� pc−2, respectively; ASF is the normalization of the power law inM� yr−1 kpc−2;
Σcrit is the critical surface density above which the star formation follows Kennicutt
(1998b); NSF is an index which sets the efficiency; and fH2 = ΣH2/(ΣHI + ΣH2) is
the molecular gas fraction. Following Popping et al. (2012) we use NSF = 0.5 and
Σcrit = 100M� pc−1.

Given a star-formation surface density, this equation can be solved for the cold gas
surface density when one knows the molecular fraction of the cold gas. We use a pressure-
regulated recipe to determine the molecular fraction of the cold gas, based on the work
by Blitz & Rosolowsky (2006). They found a power-law relation between the mid-plane
pressure acting on a galaxy disc and the ratio between molecular and atomic hydrogen,
i.e.,

RH2 =
(

ΣH2

ΣHI

)
=
(
Pm
P0

)α
(5.3)

where P0 (3.25×10−13erg cm−3) is the external pressure in the interstellar medium where
the molecular fraction is unity; α (0.8) is the power-law index; and Pm is the mid-plane
pressure acting on the galaxy disc (Elmegreen 1989) and can be described by

Pm(r) = π

2 GΣgas(r) [Σgas(r) + fσ(r)Σ∗(r)] (5.4)
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Figure 5.1: The change in cold gas mass, H2 mass, cold gas fraction (fgas ≡
Mgas/(Mgas + M∗)) and molecular hydrogen fractions (fH2 ≡ MH2/Mgas) when vary-
ing the stellar mass (left column), SFR (middle column) and scale radius (right column)
of a galaxy. For each column the other two of three input galaxy properties of our model
(stellar mass, SFR, and scale radius) are fixed.

where G is the gravitational constant, r is the radius from the galaxy centre, and fσ(r)
is the ratio between σgas(r) and σ∗(r), the gas and stellar vertical velocity dispersion,
respectively. Following Fu et al. (2010), we adopt fσ(r) = 0.1

√
Σ∗,0/Σ∗, where Σ∗,0 ≡

m∗/(2πr2
∗), based on empirical scalings for nearby disc galaxies. We now have all the

necessary ingredients to calculate RH2 and subsequently the cold gas molecular fraction
[fH2 = RH2/(1 +RH2)].

Putting this together, we have an expression for the star formation surface density
in Equation (5.2) depending on the cold gas surface density and stellar mass surface
density. When the SFR surface density and stellar mass surface density are known, this
equation can be solved iteratively for the total cold gas surface density after which one
can determine the H2 fractions of the gas. We now have all the ingredients in place to
indirectly estimate the cold gas content and H2 fraction as a function of their stellar
mass, SFR, and scale radius.

We calibrated our method using direct observations of the H I and/or H2 content of
galaxies in the local- and high-redshift Universe from Leroy et al. (2008), Daddi et al.
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(2010), Tacconi et al. (2010), and Tacconi et al. (2013). Using χ2-minimization, we find
the best agreement between predicted and observed gas masses when adopting a value
of ASF = 9.6× 10−3 yr−1 and when the star-forming discs are truncated at 6.5 times the
stellar scale radius.

A schematic picture of the dependencies of our model is presented in Figure 5.1.
In this figure we explore the effects of changing one of the three input properties of a
galaxy (SFR, size and stellar mass) on the cold gas mass and H2 mass of a galaxy and
the cold gas fraction (fgas) and molecular hydrogen fraction of the cold gas (fH2). We
keep two of the parameters fixed and vary the third. Changing the stellar mass of the
galaxy has a negligible effect on the inferred cold gas and H2 mass. It is only for the
most massive galaxies M∗ ≈ 1011 M� that, due to the increased pressure from stars, the
inferred cold gas mass decreases and fH2 increases. Because the inferred cold gas mass
remains relatively constant, the cold gas fraction fgas rapidly decreases with increasing
SFR. We find a strong increase in cold gas mass, H2 mass, fgas and fH2 with increasing
stellar mass. This is not surprising, as more gas is needed to support the increasing SF.
The increased gas mass enhances the cold gas surface density and pressure acting on the
gas, which leads to an increase in fH2. The inferred gas masses increase as a function of
scale radius. The SFR surface density is low for large discs, which in our model means
that the H2 surface density will also be low (H2 and SFR to first order scale through
ASF ). To assure that the pressure acting on the gas is high enough for a relatively small
amount of H2, the gas mass of the galaxy needs to increase. This results in high gas
fractions and low molecular hydrogen fractions. In the smallest galaxies (scale radius
of a few hundred parsec) the pressure is high enough for the gas to have an increased
efficiency of SF (see Equation 5.2), resulting in lower inferred H2 masses.

5.2.2 Data
We applied our technique to estimate the galaxy gas content to two deep samples of
F160W (H-band) selected galaxies from the CANDELS survey at 1 < z < 3 (Grogin et al.
2011; Koekemoer et al. 2011). One of the samples corresponds to the Great Observatories
Origins Deep Survey South (GOODS-S; Giavalisco et al. 2004), and the other to the
UKIDSS Ultra-Deep Survey (UDS) field (Lawrence et al. 2007). We used the publicly
available CANDELS photometric catalogues compiled by Guo et al. (2013) and Galametz
et al. (2013), and the redshift compilation by Dahlen et al. (2013), with spectroscopic
redshift updates taken from Fadda et al. (2010) and Barro et al. (2013), to select our
galaxies.

As our method requires us to know the scale radius of each galaxy, we extracted from
these catalogues all those sources with good-quality morphological fits in the H band,
as determined by van der Wel et al. (2012, the galaxies with a “good” morphology flag).
We adopted the semi-major axis half light radius as the effective radius of our galaxies
and converted these to the scale length for a Sersic profile with Sersic index n. Since our
model is developed for disc galaxies, we discarded all galaxies with a Sersic index n > 2.5.
By applying these morphology cuts, we kept around 60% of the 1 < z < 3 galaxies in the
GOODS-S and UDS CANDELS catalogues. The distributions of the H-band magnitudes
of the original and final samples at 1 < z < 3 for the two fields separately are compared
in Fig. 5.2. From this Figure, we can see that 1) the GOODS-S sample reaches around
a magnitude deeper than the UDS sample, as the former is based on both the deep and
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Figure 5.2: H-band magnitude distributions of the original (white) and final samples
(after the morphology cut; red) at redshifts 1 < z < 3 for the GOODS-S (top) and UDS
(bottom) fields.

ultra-deep CANDELS data for the GOODS-S field; and 2) the percentage of galaxies
lost because the good-quality morphology cut is not constant with H-band magnitude.
This cut still contains > 50% of the original 1 < z < 3 galaxies for H < 26, but the
sampling becomes progressively more incomplete at fainter magnitudes. The depth of the
GOODS-S sample reflects itself in a relatively higher number of low-stellar mass galaxies.
Nevertheless, our sample is likely to miss extended galaxies with low surface brightness.
This becomes especially important for galaxies with low stellar masses at z > 2. For our
model this means that we are biased against gas-rich, low surface brightness galaxies.

SFRs are based on rest-frame UV fluxes corrected for extinction E(B-V) for each
individual galaxy using the Calzetti et al. (2000) reddening law. UV fluxes were converted
into SFRs following Kennicutt (1998a) for a Chabrier IMF. Where possible we used
infrared (IR) derived SFRs. We derived rest-frame 8µm luminosities from the 24µm
fluxes, and converted the 8µm luminosities into total IR luminosities following Bavouzet
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et al. (2008). IR luminosities were converted into SFRs following Kennicutt (1998a).
We computed stellar masses using a multi-wavelength SED χ2 fitting to the CAN-

DELS photometry (from the U to the 4.5µm band), applying the Bruzual (2007) tem-
plates fixed at the redshifts of the sample objects. We used a single stellar population and
five exponentially-declining star formation histories (with τ = 0.1, 0.5, 1.0, 2.0, and 5.0
Gyr). For each star formation history we considered 24 possible templates, corresponding
to ages between 0.05 and 5.0 Gyr. The Bruzual (2007) templates have a larger contribu-
tion from thermally pulsing asymptotic giant branch (TP-AGB) stars than the Bruzual
& Charlot (2003) templates.

We have excluded galaxies known to contain an active galactic nucleus (AGN) from
our sample, to avoid any bias in the derived star formation rates and stellar masses. To
identify AGN, we used the 4Ms Chandra X-ray catalogue for the GOODS-S field (Xue
et al. 2011), and an infrared power-law spectral energy distribution analysis (Caputi
2013) in the UDS field, as the existing X-ray data is shallow (Ueda et al. 2008). These
AGN constitute only 1–2% of the CANDELS 1 < z < 3 samples. It is possible that other
galaxies containing an AGN remained in our sample, but the AGN is likely weak as it is
not identified in the X-ray data or with the IRAC power-law criterion.

5.2.3 Assumptions
The presented approach is based on several assumptions that may not always hold. In
this subsection we discuss the main assumptions and how they affect our inferred gas
masses. We discuss the main assumptions in this section.

The sizes of our galaxies are estimated based on H band photometry. Across the
z = 1–3 redshift range the H-band photometry spans a restframe morphology from the
B to the I band, affecting the calculated size of the galaxies. As a test we converted
all sizes based on H-band photometry to a common restframe wavelength of 5000 Å
(following van der Wel et al. 2014) and inferred the resulting cold gas and H2 masses.
Inferred gas masses based on the 5000 Å restframe morphology are slightly higher than
based on the H-band morphology. Less than 5% of the galaxy sample is more than 10%
as gas rich when adopting a 5000 Å restframe morphology than H-band morphology.
Only a handful of objects is more than 20% as gas rich.

A key assumption in our method is an exponential distribution of matter and SF
in the galaxy discs. SF takes place in molecular clouds (local clumps in the disc not
following an exponential distribution) which could lead to a local underestimation of
the cold gas surface density. Nevertheless, an exponential distribution of matter in the
discs seems a valid approximation of star-forming galaxies on the main-sequence at our
redshifts of interest (Wuyts et al. 2011). Furthermore, analyses of local galaxies have
revealed an exponential distribution of the cold gas in star-forming galaxies (Leroy et al.
2008; Kravtsov 2013).

Our model assumes a constant scale factor between the gas and stellar disc scale
lengths (χ.gas = 1.7), based on fits to the galaxy disc profiles in Leroy et al. (2008).
Kravtsov (2013) finds a scale factor of χgas = 2.6. Furthermore, the scale factor may
vary as a function of redshift. Varying χgas results in very subtle differences in inferred
cold gas and H2 mass as long as χgas > 1. Decreasing χgas to values less than one leads to
more significant differences in the inferred gas masses. When adopting χgas = 0.5 we find
that the inferred gas and molecular masses are lowered by 0.25 and 0.1 dex, respectively.
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Figure 5.3: Galaxy SFR as a function of stellar mass in different redshift bins. The
blue shaded regions show the log of the conditional probability distribution function
P (SFR|M∗), which represents the probability distribution of SFRs for fixed stellar
masses, and the red solid and dotted lines show the median fit and 2σ deviation. Left
column shows results for the GOODS-S sample, middle column for the UDS sample,
right column for the combined GOODS-S and UDS sample. The magenta line marks the
mean trend of the UV + IR based SFRs presented in Barro et al. (2013) in the GOODS-S
and UDS fields.

A key ingredient in our model is the partitioning of cold gas into a molecular and
atomic component using a pressure-based recipe presented in Blitz & Rosolowsky (2006).
This recipe was calibrated based on observations in local galaxies (Blitz & Rosolowsky
2006; Leroy et al. 2008) and has not yet been constrained at our redshifts of interest.
An increased UV background or lower gas metallicities could suppress the formation
of molecules on dust grains and the ability of the molecular hydrogen to self-shield. To
account for this and support the observed SFRs, our model would require a larger inferred
cold gas mass and lower molecular fractions. This would particularly be of importance
for small high-redshift galaxies with low metallicities.

We assume an adapted version of the SF relation presented in Bigiel et al. (2008) to al-
low for an increased star formation efficiency in high-surface-density environments. When
not accounting for the increased star-formation efficiency (i.e. NSF = 0), the presented
method overpredicts the gas content of galaxies with SFR/(2πr2

∗) ≈ 1 M�yr−1kpc−2

by roughly 10 percent and SFR/(2πr2
∗) ≈ 10 M�yr−1kpc−2 by roughly 75 percent (less

than 1 percent of our sample has a SFR surface density larger than SFR/(2πr2
∗) ≈

10 M�yr−1kpc−2).
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5.3 Results
In this section we present galaxy SFRs and indirect estimates of the total cold gas and
molecular gas content of galaxies in the CANDELS survey. We will focus on the gas
masses, gas fractions, gas properties of galaxies and the evolution of the gas content of
galaxies.

5.3.1 Galaxy SFR
To fully appreciate the predictive power of our model it is crucial to place gas estimates
in proper context. Our cold gas and H2 estimates depend on the SFR of a galaxy to first
order. In Figure 5.3 we present the SFR of our galaxy sample as a function of stellar
mass for different redshift bins. For clarity the relations are shown for the samples taken
from the GOODS south field, the UDS field, and the combination of these fields. We find
an increasing trend in SFR with stellar mass up to redshifts z < 2.5. A similar increase
in SFR is seen at higher redshifts, but this extends over a smaller range in stellar mass
and shows larger scatter. The upper envelope of this trend has been referred to as the
‘main-sequence’ of star-forming galaxies (e.g., Noeske et al. 2007; Elbaz et al. 2011). For
our sample this sequence has an standard deviation of approximately 0.4 dex wide in
SFR. It marks the maximum efficiency at which normal star-forming galaxies typically
form stars out of cold gas. The normalization of the trend between stellar mass and SFR
decreases with time. At fixed stellar mass galaxies in the redshift range 2.5 < z < 3.0
formed an order of magnitude more stars than in the redshift range 1.0 < z < 1.5. At
1.0 < z < 1.5 the increasing trend of SFR with stellar mass has a slope of 0.81.

We compare our SFRs with UV + IR SFRs in the GOODS-S and UDS fields from
Barro et al. (2013, magenta line in Figure 5.3) We find that our mean trends for the
stellar mass – SFR relation are in decent agreement with the Barro et al. results.

There is a large population of galaxies with stellar masses larger than ∼ 1010M�
and relatively low SFRs (log (SFR/(M� yr−1)) < 0.0). These galaxies are less ac-
tively forming stars than counterparts at fixed stellar mass and make up for a group of
quiescently star-forming galaxies. The relative number of these galaxies increases with
decreasing redshift. As time increases, more and more galaxies enter a regime of quies-
cent star-formation during which less gas is available (either due to small reservoirs or
low molecular fractions) to form stars. For these stellar masses our sample is significantly
incomplete (completeness < 50 per cent) below SFRs of log(SFR/M� yr−1) = −0.5 at
z = 2. The SFR limit to observe passively star-forming galaxies increases for galaxies
at higher redshifts. This implies that at redshifts z > 2.0 the contribution by galaxies
with low SFRs to the passively star-forming galaxies may be larger. In the following we
focus on the gas properties of star-forming galaxies and how they may shape the relation
between stellar mass and SFR.

5.3.2 Cold gas and H2 content
We present the derived total cold gas masses of our galaxy sample as a function of stellar
mass in different redshift bins in Figure 5.4. We find that on average the cold gas mass
of a galaxy increases with its stellar mass at all observed redshifts. This trend gets more
pronounced with decreasing redshift. Despite the clear increasing trend, we do find a
significant amount of scatter. Note especially a group of gas-poor galaxies with high
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Figure 5.4: Total cold gas mass of galaxies as a function of their stellar mass in dif-
ferent redshift bins. The blue shaded regions show the log of the conditional probability
distribution function P (Mgas|M∗), and the red solid and dotted lines show the median fit
and 2σ deviation. Left column shows results for the GOODS-S sample, middle column
for the UDS sample, right column for the combined GOODS-S and UDS sample. The
black solid line marks the mean trend between stellar mass and cold gas mass in the
redshift range 1.0 < z < 1.5 and is shown to guide the eye; it has a slope of 0.56. The
purple solid and dotted lines show the inferred gas masses and their 2σ deviation from
Popping et al. (2012).
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Figure 5.5: H2 mass of galaxies as a function of their stellar mass different redshift
bins. The blue shaded regions show the log of the conditional probability distribution
function P (MH2|M∗), and the red solid and dotted lines show the median fit and 2σ
deviation. Columns as described in the caption of Figure 5.4. The black solid line marks
the mean trend between stellar mass and H2 mass in the redshift range 1.0 < z < 1.5 and
is shown to guide the eye; it has a slope of 0.75. Purple pentagons, circles, squares, and
diamonds are literature values from Daddi et al. (2010), Tacconi et al. (2010), Tacconi
et al. (2013), and Saintonge et al. (2013), respectively. The purple solid and dotted lines
show the inferred H2 masses and their 2σ deviation from Popping et al. (2012).
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stellar masses. This group of galaxies seems to have decoupled itself from the general
increasing trend of gas mass with stellar mass, indicating that some physical process has
either removed the cold gas or prohibits the cooling and/or accreting of gas onto the
galaxy. There is a shift in the normalization in the relation between gas- and stellar-
mass with redshift. On average, high-redshift galaxies (especially at z > 2.0) are more
gas-rich than galaxies with similar stellar mass at lower redshifts. At 1.0 < z < 1.5 the
increasing trend of cold gas mass with stellar mass has a slope of 0.56. We have also
included the inferred cold gas masses presented in Popping et al. (2012). The Popping et
al. inferred gas masses are on average higher than the inferred masses presented, due to
the different selection criteria for the COSMOS sample. This comparison also emphasizes
the improved range in stellar mass and SFR probed by the CANDELS survey.

We present the derived H2 masses of our galaxy sample in four redshift bins in Figure
5.5. Similar to the total cold gas mass, we find an increase of H2 mass with stellar mass
and a decrease in H2 with decreasing redshift. We see a group of high-stellar mass and
low-H2-mass objects at z < 2.5 in good agreement with a similar group of galaxies seen
in the relation between cold gas and stellar mass (Fig. 5.4). The relation between H2
mass and stellar mass is well defined and has a clear upper envelope over the entire range
of stellar masses probed, with only minor stochastic appearance of galaxies above the
envelope. The trend between H2 mass and stellar mass is steeper than for the total cold
gas mass. Although the relation between stellar mass and cold and H2 mass is very
similar, there is no simple one-to-one mapping between cold gas mass and H2 mass. At
1.0 < z < 1.5 the increasing trend of H2 mass with stellar mass has a slope of 0.75.

As a comparison we have included direct measures of the H2 mass of galaxies (through
their CO luminosity) from the literature (Tacconi et al. 2010; Saintonge et al. 2013;
Tacconi et al. 2010) in Figure 5.5.∗ We find that the observational measurements for the
H2 content of galaxies fall within the scatter of our inferred H2 masses.

We also compare our results with the inferred H2 masses presented in Popping et al.
(2012). The H2 masses in Popping et al. are higher than the inferred masses in this work
due to different selection criteria for COSMOS and CANDELS.

The relation between stellar mass and cold gas and H2 mass tightly follows the trend
between SF and stellar mass (Figure 5.3), although the slope of the trend is different
(0.82 for SFR versus 0.75 for the H2 mass). The well defined upper envelope of this
relation for non-starburst galaxies is in good agreement with the upper envelope of the
relation between stellar mass and H2 mass. It is important to realize that in our model
the H2 mass is to first order a different representation of the SFR of a galaxy (through
ASF). The total cold gas mass is driven through a more-complex combination of stellar
mass, SFR and disc size, and therefore does not necessarily have a simple relationship
with SFR. This is reflected in the difference in the slope of the relation with stellar mass
between SFR (slope of 0.81) and cold gas mass (slope of 0.56). The inferred cold gas
mass has a much shallower increase with stellar mass that the inferred H2 mass and SFR.

∗ Tacconi et al. (2010) and Tacconi et al. (2013) assume a CO-to-H2 conversion factor of XCO =
2 × 1020cm−2/(K km s−1). Saintonge et al. (2013) calculates the CO-to-H2 conversion factor as a
function of metallicity using the prescription presented in Genzel et al. (2012)
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Figure 5.6: Cold gas fraction of galaxies (fgas ≡ MH2+HI
MH2+HI+M∗

) as a function of stellar
mass and redshift. The blue shaded regions show the log of the conditional probability
distribution function P (fgas|M∗), and the red solid and dotted lines show the median
fit and 2σ deviation. The black solid and dashed lines show the mean fit and one σ
deviation to the predictions of Popping et al. (2014b). Columns as described in the
caption of Figure 5.4.

5.3.3 Gas fractions

In Figure 5.6 we show galaxy gas fractions as a function of stellar mass and redshift.
There is a strong anti-correlation between galaxy stellar mass and gas fraction. At
2.5 < z < 3.0 the cold gas fractions of galaxies with log (M∗/M�) ≤ 9.5 are relatively
high (fgas ≥ 0.75). Cold-gas fractions quickly drop to lower values at higher stellar masses.
Below z = 2.0 the trend between stellar mass and cold gas fractions is roughly linear,
mainly driven by lower cold gas fraction of galaxies with stellar masses below 109.5M�.
At a fixed stellar mass, a galaxy’s cold-gas fraction decreases with time, but galaxies
with high stellar mass run out of their cold-gas reservoir faster than those with lower
stellar masses. We find strongest evolution in galaxy cold-gas fraction in intermediate
mass galaxies (109−10M�).

As a comparison we have included predictions from the semi-analytic model presented
in Popping et al. (2014b). We ran the models in the appropriate redshift bins and applied
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Figure 5.7: Relative molecular content as a function of stellar mass for different redshift
bins. Blue shading shows the log of the conditional probability distribution function
P ( MH2

MH2+M∗
|M∗), and the red solid and dotted lines show the median fit and 2σ deviation.

The black solid and dashed lines show the mean fit and 1 σ deviation to the predictions
of Popping et al. (2014b). Columns as described in the caption of Figure 5.4. Purple
pentagons, circles, squares and diamonds are literature values from Daddi et al. (2010),
Tacconi et al. (2010), Tacconi et al. (2013), and Saintonge et al. (2013), respectively.

a CANDELS selection criteria to the model output (HAB < 27). We only selected central
discs. The model predictions are in good qualitative agreement with our inferred cold
gas fractions, but slightly overpredict the relative cold gas content in massive galaxies
and at redshifts 1.0 < z < 1.5.

We present MH2
MH2+M?

as a function of galaxy mass in Figure 5.7. This quantity is
often used as an observable tracer of the gas content of galaxies. Similar to the total
cold-gas fraction, there is an anti-correlation between H2 and galaxy stellar mass, as well
as redshift. High stellar mass galaxies have on average the lowest relative H2 content,
and MH2

MH2+M?
decreases with redshift at a fixed stellar mass. The trend in MH2

MH2+M?
with

stellar mass is similar to that for total cold-gas fraction. The relation between MH2
MH2+M?

and stellar mass is roughly linear at z < 2.0, well before it is linear for the relation
between stellar mass and cold-gas mass. We acknowledge that an incomplete sampling
of low-stellar-mass galaxies at z > 2.0 can result in an apparent change in the shape of
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the relation between stellar mass and cold-gas fraction and/or MH2
MH2+M?

. We are most
likely to miss low-surface-brightness galaxies with high gas fractions. Nevertheless, the
difference in time at which a linear trend is reached between the relation of cold gas
fraction and MH2

MH2+M?
with stellar mass is not an artifact of poor sampling at low stellar

masses. As we described above when discussing Figures 5.4 and 5.5, this suggests that
there is no straightforward one-to-one mapping between H2 mass and total cold-gas mass.

We compare the results of our model with direct observations (through CO) of
MH2

MH2+M?
in star-forming galaxies from Tacconi et al. (2010), Saintonge et al. (2013),

and Tacconi et al. (2013). Direct observations of MH2
MH2+M?

are in good agreement with
the most stellar-massive and H2-rich galaxies in our sample.† Observations with the next
generation of new and improved sub-mm observatories will dramatically improve the sam-
pling of MH2

MH2+M?
. Model predictions by Popping et al. (2014b) are in good qualitative

agreement with our inferred H2 masses. We find perfect agreement between that model
and this work at redshifts 1.0 < z < 1.5. At higher redshifts the semi-analytic model
slightly underpredicts the relative H2 content for galaxies with stellar masses smaller than
1010M� and overpredicts the H2 content for more massive galaxies. In Figure 5.8 we
present the molecular fraction of the cold gas (fH2 ≡ MH2/Mgas) as a function of stellar
mass for different redshift bins. This is a good measure of the amount of gas available
for SF as a function of time. We find a clear trend of fH2 increasing with stellar mass
at all redshift. The galaxies with the largest fractional H2 reservoirs have the largest
stellar masses. The molecular fraction decreases with decreasing redshift, indicating that
at fixed stellar mass galaxies have relatively less H2 with time. This result clearly shows
that both the cold-gas and H2 reservoirs decrease with time, although not necessarily
at the same rate. The relation between stellar mass and H2 fraction has a large scatter
especially at low stellar masses and lower redshifts. There is no well defined drop in H2
fraction at a characteristic stellar mass and/or time.

5.3.4 Gas properties on the stellar mass SFR diagram
In the following figures we explore the gas properties of galaxies on the stellar mass–SFR
diagram. In Figure 5.9 we show the cold gas fraction of galaxies on the stellar mass–SFR
relation. We find that to first order, galaxy cold-gas fractions are well parametrized by
their stellar mass and SFR. It is good to realize that both the SFR and the stellar mass
of a galaxy are key ingredients in our model that set a galaxy’s cold gas mass and its par-
titioning into atomic and molecular hydrogen. Galaxy gas fractions run perpendicular to
the relation between SFR and stellar mass, increasing towards higher SFR and decreas-
ing with stellar mass. The upper envelope in the stellar mass–SFR diagram is populated
by the most gas-rich objects at a given stellar mass. Although counterintuitive, galaxies
with the highest SFRs do not necessarily have highest gas fractions. The highest gas
fractions are found in galaxies with low stellar masses and high SFRs. Galaxies with
high stellar mass and low SFRs have the lowest gas fractions. At a fixed position in the
stellar mass–SFR diagram galaxy cold gas fractions decrease with time.

† Tacconi et al. (2013) selected galaxies with a stellar masses ≥ 2.5 × 1010 M� and star-formation
rate≥ 30 M�yr−1. This matches the most-actively star-forming galaxies in our sample. (Tacconi
et al. 2013) developed a formalism to correct gas fractions for this selection effect, and found gas
fractions of ∼30% at z = 1 − 1.5 for galaxies with stellar masses ∼ 1011M�, in better agreement
with our inferred gas fractions.
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Figure 5.8: Molecular fraction (fH2 ≡ MH2/Mgas) of the cold gas as a function of stellar
mass for different redshift bins. Blue shading shows the log of the conditional probability
distribution function P (fH2|M∗), and the red solid and dotted lines show the median fit
and 2σ deviation. Columns as described in the caption of Figure 5.4.

We explore the H2 fraction of galaxies in the stellar mass–SFR plane in Figure 5.10.
Molecular-gas fractions increase with increasing SFR. The most-actively star-forming
galaxies have highest molecular-gas fractions, and the least-actively star-forming galaxies
the have lowest fractions. The exception to this trend are high-stellar mass objects
with low SFRs. These galaxies have relatively high molecular-gas fractions for their
SFRs, although significantly lower than actively star-forming galaxies with similar stellar
masses. Molecular fractions can not be parametrized by a simple combination of stellar
mass and SFR as the total cold-gas fractions.

More information can be obtained by comparing Figures 5.9 and 5.10. These figures
clearly show that large cold-gas reservoirs do not necessarily lead to large molecular-gas
reservoirs and active SF. This is especially evident for galaxies with low stellar mass
(log (M∗/M�) ∼ 8) and SFR ∼ 1 M� yr−1 at z < 1.5. These galaxies are dominated
by atomic gas. Despite them being rich in cold gas, only approximately 25 per cent
of their cold gas is molecular and available to form stars. These objects were below the
observation limit of the galaxies in Popping et al. (2012). The deep near-IR photometry of
the CANDELS survey allows us to study these atomic-gas-dominated low-mass galaxies.
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Figure 5.9: Galaxy SFR as a function of stellar mass for different redshift bins. The
colour map gives the cold gas fraction of the galaxies. Columns as described in the
caption of Figure 5.4. Each galaxy is counted only once to create the hexagons.

The most-actively star-forming galaxies (log (M∗/M�) ∼ 11 and SFR ∼ 100 M� yr−1)
at z < 2.5 have relatively small cold gas reservoirs (fgas < 0.5), but most of this cold
gas is molecular. Galaxies with high stellar mass and low SFRs are nearly empty of cold
gas, but the molecular fraction of this gas is approximately 0.5 and can account for some
residual star-formation. The molecular fraction of these galaxies is lower than for actively
star-forming galaxies with similar stellar mass. The physics of the pressure-partitioned
gas together with the low gas fractions prohibits more gas in these galaxies becoming
molecular and then forming stars.

In Figure 5.11 we show the cold gas and molecular fractions of galaxies on the stellar
mass–SFR diagram for a sample of galaxies taken from COSMOS in the redshift interval
0.5 < z < 2.0 (Popping et al. 2012). As shown for the CANDELS galaxy sample,
gas-rich galaxies do not necessarily host the largest molecular reservoirs. Especially at
redshifts 0.5 < z < 1.5, it is very clear that galaxies with high stellar mass and low
SFRs have much lower H2 fractions than more-actively star-forming galaxies, indicative
of an internal process that prevents the formation of molecules. The comparison between
COSMOS and CANDELS confirms the trends we find and at the same time emphasizes
the importance of the larger range in galaxy stellar mass probed by the CANDELS
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Figure 5.10: Galaxy SFR as a function of stellar mass for different redshift bins. The
colour map gives the molecular fraction of the cold gas. Columns as described in the
caption of Figure 5.4.

surveys at z > 1.5.

5.3.5 Gas properties on the stellar mass – size relation
We present the cold-gas and molecular fraction of galaxies on the stellar mass–size relation
in Figures 5.12 and 5.13. Within our model the scale radius of a galaxy controls the
molecular fraction and the total mass of cold gas in that galaxy. At fixed stellar mass
the cold gas fractions of star-forming galaxies increase with scale radius. The molecular
fraction of the cold gas, on the other hand, decreases with increasing size. For fixed scale
radius the cold-gas fraction and molecular fraction of a galaxy decrease with time.

These results suggest that compact star-forming galaxies are more efficient in forming
molecules than extended discs. The largest variations in molecular fractions are found in
low-stellar-mass galaxies (M∗ < 1010M�). For higher stellar masses we find differences
in molecular fraction of approximately 25 per cent. Although less dramatic than for
lower-mass galaxies, such variations are still significant.
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Figure 5.11: Galaxy SFR as a function of stellar mass for galaxies taken from the
COSMOS survey for different redshift bins (Popping et al. 2012). The colour map gives
the cold gas fraction of the galaxies (left column) and the molecular fraction of the cold
gas (right column).
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Figure 5.12: Galaxy scale radius as a function of stellar mass for different redshift
bins. The colour map gives the cold gas fraction. Columns as described in the caption
of Figure 5.4.
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Figure 5.13: Galaxy scale radius as a function of stellar mass for different redshift bins.
The colour map gives the molecular fraction of the cold gas. Columns as described in the
caption of Figure 5.4. At fixed stellar mass more compact galaxies have higher molecular
fractions.
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Figure 5.14: Galaxy SFR as a function of stellar mass for different redshift bins.
The colour map gives the star-formation efficiency (SFE ≡ SFR/Mgas) of the galaxies.
Columns as described in the caption of Figure 5.4.

5.3.6 Star-formation efficiencies

The star-formation efficiency (SFE ≡ SFR/Mgas) is a good measure of how efficiently
galaxies turn cold gas into stars. We show the SFE of galaxies on the stellar mass–SFR
and stellar mass–size diagrams in Figures 5.14 and 5.15.

We find that galaxy SFEs increases with increasing SFR and decrease with time.
The SFE of galaxies that populate the upper envelope in the stellar mass–SFR relation
changes as a function of stellar mass. At high stellar masses, galaxies are more than twice
as efficient in forming stars out of their gas reservoirs than at low stellar masses. This
shows that the position of a galaxy on the stellar mass–SFR plane is being driven by the
amount of cold gas available and by the ability of the gas to form molecules and stars.
The group of passive galaxies at high stellar masses is more than twice as inefficient in
forming stars than their counterparts at the same stellar mass that are actively forming
stars. The SFE of galaxies decreases with time. As time increases, less cold gas in
galaxies is available to form stars.

The SFE of galaxies decreases with increasing scale radius. This is especially clear
for galaxies with low stellar mass, but is also apparent for the most-massive galaxies in
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Figure 5.15: Galaxy scale radius as a function of stellar mass for different redshift bins.
The colour map gives the star-formation efficiency (SFE ≡ SFR/Mgas) of the galaxies.
Columns as described in the caption of Figure 5.4.

our sample. This result is in good agreement with our findings in Figure 5.13. Compact
galaxies have higher molecular fractions and are therefore more efficient in forming stars.

5.3.7 Global evolution of cold gas content of galaxies
The evolution of MH2

MH2+M?
with redshift has been studied in several different CO surveys

(Geach et al. 2011; Tacconi et al. 2010; Daddi et al. 2010; Tacconi et al. 2013; Saintonge
et al. 2013; Bauermeister et al. 2013). These surveys suggest MH2

MH2+M?
increases with

increasing redshift up to z ∼ 2 and flattens or even reverses at higher redshifts (Saintonge
et al. 2013).

We present the evolution in MH2
MH2+M?

for galaxies with different selection criteria in
stellar mass and SFR in Fig. 5.16 (top row). We find an increase in the relative H2 content
of galaxies from z ∼ 0.0 to z ∼ 3.0. Above z = 2.0 the evolution of MH2

MH2+M?
becomes

less steep with time. This observed evolution is similar to the results by Saintonge
et al. (2013). The normalization and the shape of the evolution in MH2

MH2+M?
are not

fixed but depend heavily on the selection criteria. We find best match with the current
direct observations when selecting only galaxies with SFR > 10M� yr−1 for galaxies
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Figure 5.16: Redshift evolution of the relative H2 content MH2
MH2+M∗

(top row), gas frac-
tion (middle row), and molecular hydrogen fraction (bottom row) for galaxies with stellar
masses in the range M∗ > 109M� (left), M∗ > 109M� (right), and SFR larger than 0
(red), 5 (green), 10 (orange), and 30 (blue). Solid lines marks the CANDELS sample
presented in this work, whereas the dotted lines mark the results presented in Popping
et al. (2012). Different markers represent the following datasets: upwards pointing tri-
angles: galaxies from the THINGS survey (Leroy et al. 2008) at z = 0.0, pentagons:
galaxies from the COLD GASS survey (Saintonge et al. 2011) at z = 0.0, squares: galax-
ies from Bauermeister et al. (2013) at z ∼ 0.4, stars: galaxies from Geach et al. (2011)
at z ∼ 0.4, circles: galaxies from the PHIBBS survey (Tacconi et al. 2013) at z ∼ 1.2
and z ∼ 2.2, downwards pointing triangles: galaxies at z ∼ 1.2 and z ∼ 2.2 from Tacconi
et al. (2010), diamonds: galaxies at z ∼ 2.2 from (Saintonge et al. 2013). Errorbars show
the 80 percent confidence interval for each observational sample at the given redshift bin.
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with stellar masses log (M∗ /M�) > 10.0, similar to the selection limits of the observed
samples. However, when changing the selection criteria in stellar mass, we find that not
only the normalization in the evolution of MH2

MH2+M?
increases, the slope of the decline in

MH2
MH2+M?

at z ≤ 2 also becomes much stronger. When loosening the selection criteria
for SFR, the normalization of MH2

MH2+M?
decreases, and the evolution flattens at z > 2.0.

These galaxies with low SFRs are typically not accounted for in direct surveys of the
molecular content of galaxies through either CO or FIR sub-mm continuum studies.

We find similar behavior in the cosmic evolution of fgas and fH2. The drop in these
quantities is more pronounced when looking at galaxies at lower stellar masses and the
normalizations of these relations decrease when including less-actively star-forming galax-
ies. Galaxies with stellar masses M∗ > 1010M� have lower cold gas fractions than less-
massive galaxies (see also Figure 5.6). This is another representation of downsizing, in
which massive galaxies run out of gas and molecular hydrogen before lower-mass galaxies.

The mean molecular fraction fH2 of the cold gas in galaxies remains fairly constant
over the entire redshift range and galaxy selection criteria probed. This is in good
agreement with the results presented in Figure 5.8 in which the mean molecular fractions
as a function of stellar mass decreases by approximately 25 per cent for the lowest mass
galaxies from redshift 3 to 0.

We find good qualitative agreement between the inferred gas masses for the sample
presented in this work and the inferred gas masses presented in Popping et al. (2012).
We do find that our results are systematically below the Popping et al. results. This is
due to the different selection criteria of the CANDELS and COSMOS galaxy sample.

5.4 Discussion
CO observations of actively star-forming galaxies have revealed a linear relation between
H2 mass and stellar mass (e.g. Tacconi et al. 2013). Our results suggest that this relation
was already in place at z = 2.5 and possibly z = 3.0, when the Universe was less than
3 Gyr old. A similar relation is found for the total cold gas mass, although less well
defined. We find an upper envelope in the relation between stellar mass and cold gas in
galaxies more massive than 109M�. This upper envelope marks the maximum efficiency
at which galaxies can attain cold gas, without expelling it and/or consuming it for star
formation. The upper envelope for the relation between H2 mass and stellar mass is
already in place at z < 3.0 over the entire mass range probed. This envelope is not
only set by the maximum efficiency of a galaxy to obtain cold gas, but also by an extra
physical process that determines the maximum efficiency of molecular formation.

In the equilibrium model the gas fraction of a galaxy is set by the competition between
the inflow, outflow, and consumption of cold gas in the galaxy (Davé et al. 2011). The
cosmic SFR peaks at z ∼ 2 (Hopkins & Beacom 2006), and analytic calculations and
cosmological hydrodynamical simulations predict large gas accretion rates onto galaxies
at this epoch (Birnboim & Dekel 2003; Kereš et al. 2005, 2009; Dekel & Birnboim 2006;
Dekel et al. 2009). Our indirect gas measures provide an ideal sample to constrain which
of the aforementioned processes dominate this competition at different cosmic times. We
find that gas fractions decrease most rapidly at z < 1.5, although a minor decrease is
present at all redshifts studied in this sample. These results suggest that the accretion of
gas onto galaxies cannot keep up with the consumption and/or outflow of gas, especially
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at redshifts z < 2.0 (see also Popping et al. 2012). These results are in good qualitative
agreement with predictions from the semi-analytic model presented in Popping et al.
(2014b). Besides the relative gas content, the molecular fraction of the cold gas also
decreases with time, most rapidly at z < 2.0. The characteristic density of the cold gas
decreases (Popping et al. 2014a), allowing less gas to self-shield and become molecular.
This indicates that the physical process that suppresses star-formation with time is at
least two-fold: galaxies run out of gas as well as molecules, but not necessarily at the
same rate (Popping et al. 2012). For the most massive galaxies in our sample this two-
fold process already takes place at z < 3.0, well before the peak in cosmic SFR and before
the accretion of cold gas onto galaxies halts. This is an important constraint for models
of galaxy formation that include H2-based star-formation recipes.

The rapid decrease in cold gas fractions below z < 1.5 is supported by direct obser-
vations of the CO emission in galaxies (Figure 5.16). These observations indicate that
the relative H2 content of galaxies remains flat above redshifts of z ∼ 2.0 and gradually
decreases at lower redshifts. The slope and normalization of this trend is in part set
by the selection criteria. Depending on the selection criteria chosen, the evolution of

MH2
MH2+M?

at redshifts z > 2.0 may be very steep or flat. We find that a more complete
sample of galaxies supports a scenario of a rapid drop in cold gas fractions at z < 2.0.

Our results suggest that massive galaxies consume and expel their cold gas earlier
than low-mass galaxies (see also Popping et al. 2012). This trend can be interpreted
as a reflection of downsizing in SF, which can be defined as the declining mass of star-
forming galaxies with decreasing redshift (Fontanot et al. 2009). This behavior is already
seen at z > 2.0, indicating that downsizing in gas content takes place before the peak
in SFR activity of the Universe. By the time the Universe is most actively forming
stars, galaxies with highest stellar masses have already consumed or lost their cold gas
and likely gone through their most-active phase of star-formation. We do emphasize
that gas fractions and downsizing in gas content are most obvious below z = 2.0. This
coincides with the evolution of SFR at these redshifts (Elbaz et al. 2011; Whitaker et al.
2012). The characteristic mass above which the gas fractions and MH2

MH2+M?
rapidly drop

(M∗ ≈ 109.5−10 M�) suggest that some physical process prevents the buildup of large gas
reservoirs in galaxies with stellar mass above this mass.

We have shown that, when using our model to estimate cold gas masses, the molecular
fraction of the cold gas is very important in setting the relation between stellar mass and
H2 mass as well as SF properties. Despite large total cold gas masses, low molecular
fractions can suppress the formation of stars and result in low SFE. Indeed the SFE
of galaxies on the relation between SFR and stellar mass increases with stellar mass.
However, our model implies that the physical state of the cold gas varies strongly as a
function of stellar mass along the stellar mass–SFR relation.

To understand the origin of the varying molecular fractions and SFE we have to
look at the galaxy properties that enter our model. Within our model the cold-gas and
molecular-gas content of a galaxy is set by a combination of its SFR, stellar mass, and
size. Most important is the combination of SFR and scale radius, which sets the SFR
surface density distribution of the galaxy. Within our model, low SFR surface densities
will result in low H2 surface densities. However, to ensure the pressure of the gaseous disc
is high enough for the cold gas to collapse and form molecules, low H2 surface densities
require relatively large cold-gas surface densities. This argument can also be reversed: an
increase in the scale radius of the gaseous disc lowers the surface density of the cold gas,
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naturally causing less H2 to form and be transformed into stars. This physical process
is demonstrated by the low-stellar-mass galaxies with large discs. These are some of the
galaxies with the highest gas fractions in our sample, but their molecular fractions and
star-formation efficiencies are very low.

An increase in galaxy scale radius also has a significant effect on the SFE of galaxies
with high stellar masses (M∗ > 1010M�). At fixed stellar mass SFE increases with SFR
and small radii have higher SFEs than large discs. The change in SFE cannot account
for differences in SFR of a few orders of magnitude, but it can lower the SFR by a
factor of a few. To first order it is the absolute amount of cold gas that largely controls
whether a stellar-massive galaxy falls on the ’main-sequence’ of star-formation. Indeed,
the strongest evolution in the cosmic SFR density, gas fraction, molecular fraction, and
relation between stellar mass, SFR, cold gas mass and H2 mass of galaxies is found at
z < 2.0, only after the accretion rates of cold gas onto galaxies is thought to slow down
(Birnboim & Dekel 2003; Kereš et al. 2005, 2009; Dekel & Birnboim 2006; Dekel et al.
2009). An extended disc can act as a secondary mechanism to suppress the formation of
molecules and lower a galaxy’s SFE.

We acknowledge that an extended disc and a halt in gas accretion are not the only
mechanisms that can suppress SF. Strong evolution in galaxy growth and lower H2 frac-
tion are also accompanied by an increase in the Sersic index of galaxies (Wuyts et al. 2011;
Bell et al. 2012). Lang et al. (2014) has shown that a significant increase in Sersic index
and bulge growth go hand-in-hand with the quiescent state of a galaxy. A strong bulge
can stabilize the available cold gas reservoir and prevent the gas from fragmenting and
ultimately forming stars (morphological quenching, Martig et al. 2009). Other potential
processes that suppress SF are merging, environmental (satellite) quenching, halo mass
quenching (Birnboim & Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006; Cattaneo
et al. 2006), and ‘radio-mode’ feedback from active galactic nuclei (Croton et al. 2006;
Somerville et al. 2008b). An extended distribution of cold gas is an extra component
that makes cold gas less available for SF.

In reality the formation of molecules does not solely depend on the surface density
of cold gas. Dust grains and metals are the primary catalysts and coolants of H2 for-
mation. Dust grains also shield the molecular hydrogen from H2 dissociation by UV
photons and photo-electric heating. The metallicity of the ISM is therefore an extra
important component that controls the formation of molecules, especially in low-density
environments. In addition to low densities, a low-metallicity environment therefore stim-
ulates the build-up of large atomic gas reservoirs, preventing the cold gas to condense
and form stars (Krumholz & Dekel 2012; Popping et al. 2014b). We have not included
this effect in our model, but it would strengthen the role that low surface densities and
the partitioning of cold gas into H I and H2 plays in the formation of stars. Furthermore,
we have not discussed the destruction of molecular hydrogen by radiation from AGNs.

5.5 Summary & Conclusions
We applied a method to infer the total cold gas and molecular gas content of a deep
sample of galaxies from the CANDELS survey covering a redshift range of 1 < z < 3.
Our main results are as follows:

• There is an increasing trend between the inferred cold gas and H2 mass and the
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stellar mass of galaxies, which is already in place at z = 2.5. The upper envelope
of this relation suggests a maximum efficiency of galaxies to obtain cold gas and
form molecular hydrogen. The slope of these relations is different from the slope
of the relation between SFR and stellar mass

• There is no simple one-to-one mapping between inferred cold gas mass and molecular-
hydrogen mass. Large gas reservoirs do not necessarily lead to large H2 reservoirs.
The molecular fractions of cold gas increase with increasing stellar mass and look-
back time.

• There is a large population of low-stellar-mass galaxies that are dominated by
atomic gas. Only a minor fraction of their total gas content is molecular and can
form stars.

• The inferred SFE of galaxies increases along the relation between SFR and stellar
mass. Although part of the same trend, the most-massive galaxies in our sample
have SFEs more than twice as high as lower-mass galaxies.

• Massive galaxies consume or expel their gas reservoirs earlier than less massive
galaxies. This is true for the total cold-gas mass and molecular mass of these
galaxies, although not necessarily at the same rate. This is a different manifestation
of downsizing in stellar mass, already taking place at redshifts z = 3.0, well before
the peak in cosmic SFR.

• The molecular fraction and SFE of galaxies decrease with increasing scale radius.
The extended distribution of cold gas lowers the gas surface density and prohibits
the formation of molecular gas and the formation of stars out of cold gas.

Our results suggest that the suppression of SF in galaxies is a two-fold process driven
by the amount of cold gas available and the H2 fraction of the cold gas.
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Chapter 6
Evolution of the atomic and molecular
gas content of galaxies in dark matter
haloes

Abstract

We present a semi-empirical model to infer the atomic and molecular hydrogen content of
galaxies as a function of halo mass and time. Our model combines the SFR–halo mass–redshift
relation (constrained by galaxy abundances) with inverted SFR–surface density relations to
infer infer galaxy H I and H2 masses. We present gas scaling relations, gas fractions, and mass
functions from z = 0 to z = 3 and the gas properties of galaxies as a function of their host
halo masses. Implications of our work include: 1) there is a ∼ 0.2 dex decrease in the H I
mass function since z = 1.5, whereas the H2 mass function decreases by > 1 dex over the same
period; 2) galaxy cold gas fractions and H2 fractions decrease with increasing stellar mass and
time. Galaxies with M? > 1010 M� have gas fractions less than 0.5 at z ≤ 1.0, whereas less-
massive galaxies only reach these gas fractions at z = 0. We find the strongest evolution in
relative gas content at z < 1.5; 3) the SFR to gas mass ratio decreases by an order of magnitude
from z = 3.0 to z = 0.0. This is consistent with lower H2 fractions; these lower fractions in
combination with smaller gas reservoirs correspond to decreased present-day galaxy SFRs; 4)
an H2-based star-formation relation can simultaneously fuel the evolution of the cosmic star-
formation and reproduce the weak evolution in the cosmic H I density; 5) galaxies residing in
haloes with masses near 1012 M� are most efficient in obtaining large gas reservoirs and forming
H2. These two effects lie at the origin of the high star-formation efficiencies in haloes with the
same mass.

Based on G. Popping, P.S. Behroozi, and M.S. Peeples, submitted to MNRAS
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6.1 Introduction

Understanding of the gas evolution of galaxies provides fundamental constraints on our
theories for galaxy formation and evolution. The star formation (SF) in a galaxy is
regulated by the amount of cold gas eligible to form stars. Observations have shown
a strong correlation between star-formation rate (SFR) surface density and the density
of molecular hydrogen out to z ∼ 2.0 (Wong & Blitz 2002; Bigiel et al. 2008; Daddi
et al. 2010; Genzel et al. 2010; Bigiel & Blitz 2012). Locally, the correlation with atomic
hydrogen is weak (Bigiel et al. 2008; Leroy et al. 2008). Knowledge of the cold gas content
of galaxies and its partitioning into H I and H2 therefore provides valuable constraints
on the physics that drives the stellar buildup of galaxies.

Abundance matching techniques have shown that haloes with masses near 1012 M�
are most efficient at forming stars and that the star-formation histories for galaxies with
varying z = 0.0 halo mass are very different (e.g., Conroy & Wechsler 2009; Behroozi
et al. 2010; Guo et al. 2010; Moster et al. 2010; Wang & Jing 2010; Behroozi et al. 2013b;
Moster et al. 2013; Reddick et al. 2013). It is crucial to couple the cold gas content of
a galaxy to its halo mass in order to fully understand the physical conditions that drive
the stellar buildup of galaxies and the peak in star-formation efficiency observed near
Mvir = 1012 M�. This can provide great insight into the efficiency of winds, heating, and
cooling processes in galaxies and the coupling to their host halo.

Large surveys of the cold gas content in galaxies have mainly been restricted to our
local Universe. Atomic hydrogen surveys such as ALFALFA (Giovanelli et al. 2005),
THINGS (The HI Nearby Galaxy Survey; Walter et al. 2008), GASS (GALEX Arecibo
SDSS survey; Catinella et al. 2010, 2012, 2013) and molecular hydrogen surveys (typically
through CO emission) such as BIMA SONG (Bima survey of nearby galaxies; Helfer et al.
2003), HERACLES (HERA CO-Line Extragalactic Survey; Leroy et al. 2009), and COLD
GASS (CO legacy database for GASS; Saintonge et al. 2011) have mapped the H I and
H2 content of local galaxies, providing constraints on the gas-to-star ratios and H I and
H2 mass function of galaxies. These surveys have provided important insights into the
connections between stellar mass, star formation rate and gas properties of galaxies, but
do not probe the evolution in galaxy gas properties that drive the stellar buildup of
galaxies.

Observations of atomic hydrogen in emission have been restricted to galaxies at z ≤
0.25 (Verheijen et al. 2007; Catinella et al. 2008). Damped Lyman-α absorbers (DLAs)
have provided an alternative approach to estimate the global gas content of the Universe
up to much higher redshifts (z < 4; e.g., Rao et al. 2006; Prochaska & Wolfe 2009;
Noterdaeme et al. 2012; Zafar et al. 2013), but the nature of DLAs and their connection
to galaxies is still unclear (Berry et al. 2014).

Over the past years a wealth of direct observations of H2 (through CO) in high-redshift
galaxies have become available, although usually biased towards gas-rich, actively star-
forming galaxies (e.g., Daddi et al. 2010; Tacconi et al. 2010; Genzel et al. 2010; Geach
et al. 2011; Riechers et al. 2011; Bauermeister et al. 2013; Tacconi et al. 2013). Although
results from these surveys are still inconclusive because of small and biased samples, these
studies suggest that galaxies at high-redshift may have had larger molecular hydrogen
reservoirs than local counterparts. The above efforts have led to valuable insights and
constraints on galaxy formation models, but still show a very limited picture of the
evolution of cold gas in galaxies. We anticipate that the newest generation of radio and
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sub-mm instruments such as ALMA, SKA and its pathfinders MeerKat and ASKAP will
provide a more complete image of the gas content of high-redshift galaxies.

Indirect estimates of the total gas and/or H2 mass of large samples of galaxies at
high redshift (Erb et al. 2006; Mannucci et al. 2009; Popping et al. 2012, Chapter 5) have
improved the number statistics but still suffer from severe selection criteria. These studies
were not in the position to address the H I and H2 mass function, nor the cosmic density
of cold gas. Furthermore, they lack the capability to probe the connection between a
galaxy’s halo and cold gas content.

In the last decade significant progress has been made on developing models that
track the H I and H2 content of galaxies (Obreschkow et al. 2009a; Fu et al. 2010; Lagos
et al. 2011a; Christensen et al. 2012; Krumholz & Dekel 2012; Kuhlen et al. 2012; Davé
et al. 2013; Popping et al. 2014b). These models have proven to be very successful in
reproducing the available observational constraints on the H I, H2 and sub-mm (Popping
et al. 2014a) properties of galaxies in the local and high-redshift Universe. Despite
this success, theoretical models still have a hard time reproducing stellar-to-halo mass
ratios at z > 0.0 (Lu et al. 2013) and the star-formation history of low-mass galaxies
(Weinmann et al. 2012). Additional information on the gas content of galaxies in haloes
will be crucial to break degeneracies in different physical mechanisms included in models
such as supernovae feedback, metal enrichment, feedback from active galactic nuclei and
shock heating.

In this paper we present a new semi-empirical approach to constrain the H I and H2
content of galaxies as a function of time and halo mass in the redshift range z = 0 − 3.
We couple a sub-halo abundance matching model (SHAM) (Behroozi et al. 2013a,b) with
a model to indirectly estimate the H I and H2 content of a galaxy (Popping et al. 2012).
With our approach we can follow galaxy gas properties as a function of time and halo
mass. It provides an unique opportunity to infer H I and H2 mass functions and cosmic
densities out to z = 3.0. This allows us to gain insights into the processes that shape
the maximum star-formation efficiency in haloes with Mvir ∼ 1012 M� and study the
gas properties of galaxies that drive the peak in cosmic SFR density at z ∼ 2.0 (e.g.
Hopkins & Beacom 2006). We aim to provide constraints for the gas content of galaxies
to be observed with the newest generation of radio and sub-mm instruments and at the
same time provide valuable constraints for galaxy formation models. One of the main
benefits in choosing this approach is that galaxy gas masses are based on star-formation
histories that by construction are representative of real galaxies. The presented approach
is different from semi-analytical models. Instead of having to introduce uncertain recipes
for the formation and evolution of galaxies, we can focus on the galaxy gas content within
a realistic framework. Similar techniques have been used to look at the evolution of the
stellar metallicity (Peeples & Somerville 2013; Muñoz & Peeples 2014).

This paper is organized as follows. In Section 6.2 we present our methodology. In
Section 6.3 we present our results and we discuss them in Section 6.4. We summarize
our findings in Section 6.5. Throughout this paper we assume a flat Λ cold dark matter
(ΛCDM) cosmology with H0 = 70 km s−1 Mpc−1, Ωmatter = 0.27, ΩΛ = 0.73, ns = 0.95,
and σ8 = 0.82. We assume a Chabrier stellar initial mass function (IMF: Chabrier 2003)
in the mass range 0.1 − 100 M� and where necessary convert observational quantities
used to a Chabrier IMF.
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6.2 Methodology
This section describes our methodology to model the gas content of galaxies. We will
first give a short overview of the SHAM used to provide SFRs, stellar masses, and halo
masses. We will then describe our method to estimate the gas masses of galaxies.

6.2.1 Sub-halo abundance matching
We use the abundance modeling approach in (Behroozi et al. 2013b) to provide star-
formation histories (halo mass, stellar mass, and SFR as a function of redshift) that by
construction are representative of real galaxies. It adopts a very flexible parametrization
for the stellar mass–halo mass relationship as a function of redshift, SM(Mvir, z). This
parametrization has six variables to control the normalization and shape of the rela-
tionship (including a characteristic stellar mass, halo mass, faint-end slope, massive-end
cutoff, transition region shape, and scatter); for each variable, three parameters control
the redshift scaling at low (z = 0), mid (z ∼ 1) and high (z > 3) redshift. This re-
sults in a total of eighteen shape parameters. Additional nuisance parameters account
for systematic observational biases in how galaxy luminosities are converted to stellar
masses/star formation rates. A specific choice of SM(Mvir, z) applied to a dark matter
simulation results in an assignment of a galaxy stellar mass to every halo at every red-
shift in the simulation. By counting galaxies at individual redshifts, and by tracing the
growth of galaxies along dark matter halo merger trees, this assignment yields concrete
predictions for observed stellar mass functions, cosmic star formation rates, and specific
star formation rates. Comparing these predictions to observed data (i.e., stellar mass
functions and star formation rates) from z = 0 to z ∼ 8 results in a likelihood for a given
choice of SM(Mvir, z). The posterior distribution for SM(Mvir, z), along with derived
values for the average star formation rate as a function of halo mass and redshift, are
then inferred from observed data using an MCMC approach. The full details of this
method are presented in Behroozi et al. (2013b).

The average SFRs include a contribution from actively star-forming and quenched
galaxies. In this paper we are particularly interested in active galaxies. To estimate the
fraction of quenched galaxies we use the fitting formula by Brammer et al. (2011)

fquenched(M∗, z) =
[( M∗

1010.2+0.5zM�

)−1.3 + 1
]−1

. (6.1)

Beyond z = 3.0 all galaxies are considered to actively form stars (i.e., fquenched = 0).
Under the assumption that the contribution from quenched galaxies to the average SFR
is negligible we can estimate the SFR of actively star-forming galaxies as SFRactive =
SFRaverage / (1 − fquenched). Within our model, ellipticals have no gas content, in con-
tradiction with observed H I masses in local elliptical and spheroidal galaxies (e.g., Serra
et al. 2012).

To reproduce the observed scatter in the relation between stellar mass and SFR we
calculate the gas masses for each halo mass–stellar mass–SFR realization multiple times
with a scatter in SFR of 0.3 dex (e.g., Noeske et al. 2007). Unless noted, errorbars in
the figures mark the one-sigma distribution of the inferred gas masses due to the scatter
in SFR.

Halo mass functions used in this work are taken from the fitting functions in Behroozi
et al. (2013b), which are based on the fits in Tinker et al. (2008). Halo masses are defined
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as spherical overdensities according to the virial overdensity criterion of Bryan & Norman
(1998).

6.2.2 Indirect gas measures
We infer the H I and H2 content of a galaxy following the approach presented in Popping
et al. (2012). This method uses the combination of an empirical molecular-based SF
relation (based on Bigiel et al. 2008) and a pressure-based prescription to calculate the
H2-to-H I surface-density ratio of cold gas (Blitz & Rosolowsky 2006).

We use a slightly adapted version of the molecular-based SFR relation deduced in
Bigiel et al. (2008) to allow for higher star-formation efficiencies in high gas surface
density regions. This is motivated by the results of Daddi et al. (2010) and Genzel et al.
(2010), who found that the SFR surface density relation at high densities has a slope of
1.4 (versus 1.0 in Bigiel et al. 2008). The adopted equation is given by

ΣSFR = ASF

10M� pc−2

(
1 + Σgas

Σcrit

)NSF

fH2 Σgas (6.2)

where ΣSFR and Σgas are the star formation and cold gas surface densities in M� yr−1 kpc−2

and M� pc−2, respectively; ASF is the normalization of the power law in M� yr−1 kpc−2;
Σcrit is the critical surface density above which the star formation follows Kennicutt
(1998b); NSF is an index which sets the efficiency; and fH2 = ΣH2/(ΣHI + ΣH2) is
the molecular gas fraction. Following Popping et al. (2012) we use NSF = 0.5 and
Σcrit = 100 M� pc−1. When not accounting for the increased star-formation efficiency
of high surface density regions (i.e. NSF = 0) the presented method overpredicts the
gas content of galaxies with SFR/(2πr2

?) ≈ 1 M� yr−1 kpc−2 by roughly 10 percent and
SFR/(2πr2

?) ≈ 10 M� yr−1 kpc−2 by roughly 75 percent.
We calculate the molecular fraction of the cold gas using a pressure-regulated recipe to

determine the molecular fraction of the cold gas, based on the work by Blitz & Rosolowsky
(2006). The authors found a power-law relation between the mid-plane pressure acting
on a galaxy disc and the ratio between molecular and atomic hydrogen, i.e.,

RH2 =
(

ΣH2

ΣHI

)
=
(
Pm
P0

)α
(6.3)

where P0 is the external pressure in the interstellar medium where the molecular fraction
is unity and α is the power-law index. We use P0 = 3.25× 10−13erg cm−3 and α = 0.8,
based on the results presented in Leroy et al. (2008). Pm is the mid-plane pressure acting
on the galaxy disc. Following Popping et al. (2012) we describe the mid-plane pressure
by

Pm(r) = π

2 GΣgas(r)
[
Σgas(r) + 0.1

√
Σ?(r)Σ∗,0

]
, (6.4)

where G is the gravitational constant, r is the radius from the galaxy centre, and Σ∗,0 ≡
m?/(2πr2

?), based on empirical scalings for nearby disc galaxies. We now have all the
necessary ingredients to calculate RH2 and subsequently the cold gas molecular fraction
[fH2 = RH2/(1+RH2)]. By combining and inverting Equations 6.2 to 6.4, we numerically
solve for the total cold gas surface density and H2 fraction as a function of SFR and stellar
mass surface density.
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We assume that cold gas and stars are distributed following an exponential profile.∗
We estimate the disc scale length r? as a function of stellar mass and redshift by linearly
interpolating through the fits presented in Table 2 in van der Wel et al. (2014). Stellar
disc sizes increase with stellar mass and time. For galaxies with stellar masses less than
109 M� we estimate the disc scale length based on work by Kravtsov (2013), who relates
disc scale length to the size of its host halo. We compute the H I and H2 surface density
in each radial annulus as described above and integrate over the entire disc to obtain the
global H I and H2 mass of a galaxy. Following Kravtsov (2013) we assume that the scale
length of the gaseous disc is 2.6 times larger than the scale length of the stellar disc.

We calibrated our method using direct observations of the H I and/or H2 content of
galaxies in the the local and high-redshift Universe from Leroy et al. (2008), Daddi et al.
(2010), Tacconi et al. (2010), and Tacconi et al. (2013). Using χ2-minimization, we find
best agreement between inferred and observed gas masses for this sample when adopting
a value of ASF = 9.6 × 10−3 yr−1 for the efficiency of forming stars out of molecular
gas.The adopted value for ASF is within the errors on ASF in Bigiel et al. (2008) and
Bigiel & Blitz (2012).

Popping et al. (2012) showed that this method is very successful reproducing the cold
gas and H2 surface densities of local galaxies and the integrated H I and/or H2 mass of
local and high-redshift galaxies. We refer the reader to the Popping et al. paper for a
more detailed description of this method, including uncertainties in the free parameters.

6.3 Results
In this Section we present our inferred gas masses for galaxies in the local and high-
redshift Universe. We compare our results to observations of local and high-redshift
galaxies in Section 6.3.1. We will next focus on our results for future H I and H2 surveys
of galaxies at z > 0.0 in Section 6.3.2. We will finish by discussing the gas properties of
galaxies as a function of their halo mass in Section 6.3.3.

6.3.1 Gas in local galaxies
We present scaling relations for the total cold gas, H I and H2 content of local star-forming
galaxies compared to observations in Figure ??. Our observational sample ranges from
local dwarf galaxies to the most actively star-forming galaxies in the local Universe
including objects taken from the THINGS survey (Leroy et al. 2008; Walter et al. 2008),
GASS+COLDGASS (Catinella et al. 2010; Saintonge et al. 2011), LITTLE THINGS
survey (Hunter et al. 2012; Zhang et al. 2012), Boselli et al. (2014), and the ALLSMOG
survey (Bothwell et al. 2014).

The cold gas content of galaxies increases monotonically with stellar mass, whereas
the relative cold gas content (Mgas/M?) decreases with stellar mass. We find good
agreement between model and observations for the relative and absolute H I content of
galaxies over the entire mass range probed. The H I mass of galaxies increases with
stellar mass, but the ratio between H I and stellar mass decreases. We find an increasing
trend in H2 mass with stellar mass, in good agreement with observations. The relation
∗ This is slightly different from Popping et al. (2012), where the star formation was assumed to follow

an exponential distribution rather than the cold gas.
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Figure 6.1: The cold gas mass (top left), H I mass (top row center column), H2 mass
(top right), gas-to-stellar mass ratio (bottom left), H I-to-stellar mass ratio (bottom row
center column), and H2-to-stellar mass ratio (bottom right) of galaxies as a function of
stellar mass at z = 0. Shaded regions mark the one sigma distribution of the inferred gas
masses. Literature values are from Leroy et al. (2008), Bothwell et al. (2009), Saintonge
et al. (2011), McGaugh (2012), Zhang et al. (2012), Boselli et al. (2014) and Bothwell
et al. (2014) are shown in grey. Errorbars on the literature values mark the one-sigma
distributions of the observed sample.

between stellar mass and H2 mass is steeper than the relation between stellar mass and
cold gas and H I mass. The inferred H2-to-stellar mass ratio is flat up to stellar masses of
M? ∼ 1010.5 M� and drops afterwards. Direct observations suggest a continuous decline
in the H2-to-stellar mass ratio with stellar mass. Observationally the H2 mass of galaxies
with low stellar masses is not well constrained. This is partially due to small sample
sizes and partially due to uncertainties in the H2 mass as estimated through CO for low-
metallicity objects (Schruba et al. 2011). Nevertheless, a less efficient mode of SF out of
H2 in galaxies with low-stellar masses would yield better agreement with the suggested
decline in the relative molecular content of galaxies.

We compare our local H I and H2 mass functions to observations in Figure 6.2. We
reach decent agreement with the observed H I mass function for galaxies with H I masses
MHI > 109 M�. Below this mass, our model finds a much steeper slope in the H I mass
function than suggested by observations. As shown in figure 6.1, the H I mass of galaxies
with low stellar masses is in good agreement with observations. Any deviation in the
H I mass function at low H I masses is likely related to the actual number of gas bearing
galaxies, rather than erroneous ratios between stellar and gas mass. We will further
discuss this in Section 6.4.

We obtain good agreement between the observed and inferred H2 mass function over
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Figure 6.2: H I (left) and H2 (right) mass function at z = 0.0. Model results are
compared to literature results from Zwaan et al. (2005), and Martin et al. (2010) for H I
and Kereš et al. (2003) and Obreschkow & Rawlings (2009b) for H2. The shaded regions
show the one-sigma posterior distributions.

the entire mass range probed. Only at the knee of the H2 mass function (MH2 ∼ 109.5)
do we slightly underpredict the number density of galaxies compared to observations.

Overall we successfully infer the gas properties of galaxies with stellar masses larger
than 108.5 M�. The SHAM adopted in this work was designed to match the locally
observed stellar mass function and specific star-formation rates of galaxies (Behroozi
et al. 2013b). Our methodology to estimate the H I and H2 masses of local galaxies was
calibrated using a sample partially consisting of local gas rich objects. Although the
combination of these two models does not necessarily guarantee the degree of agreement
found between our model and observations, the good match is an encouraging sanity
check.

6.3.2 Evolution of gas in galaxies
Scaling relations

We present inferred galaxy H2 masses at redshifts z ∼ 0.3, z ∼ 1.2, and z ∼ 2.2 in
Figure 6.3. At these redshifts there are ample observations from the literature available
to compare our model to (Tacconi et al. 2010; Bauermeister et al. 2013; Tacconi et al.
2013). We find an increasing trend in galaxy H2 mass with stellar mass at all redshifts,
in good agreement with observations. The relation between H2 mass and stellar mass
flattens for the most stellar-massive galaxies (M? > 1011 M�), suggestive of an upper
plateau in H2 mass. As for the local gas measures, our methodology was designed to
properly reproduce observed stellar mass functions and SFRs in this redshift range and
our indirect gas measure recipe was calibrated using among others the Tacconi et al.
observations. Nevertheless, it is encouraging that our model simultaneously reproduces
the available gas measures in the local and high-redshift Universe. The relations between
cold gas mass and gas-to-stellar mass ratios of galaxies and stellar mass are constant with
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Figure 6.3: H2 mass as a function of stellar mass at redshifts z = 0.3, z = 1.2, and
z = 2.2. Shaded regions mark the one-sigma distributions of the inferred gas masses.
Model results are compared to observations from Bauermeister et al. (2013) (z = 0.3),
Tacconi et al. (2013) (z = 1.2 and z = 2.2), and the compilation presented in Genzel
et al. (2010) (z = 1.2 and z = 2.2).
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Figure 6.4: Redshift evolution of the cold gas mass (top left), H I mass (top row
center column), H2 mass (top right), gas-to-stellar mass ratio (bottom left), H I-to-stellar
mass ratio (bottom row center column), and H2-to-stellar mass ratio (bottom right) of
star-forming galaxies as a function of stellar mass. Shaded regions mark the one-sigma
distributions of the inferred gas masses. For clarity we only show the one-sigma region
at redshifts z = 0.0 and z = 3.0. The distribution at other redshifts is very similar.

time at z < 0.5. Only at later times does the total cold gas content of galaxies rapidly
decrease.

We show the redshift evolution of the H I and H2 mass and the H I- and H2-to-stellar
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Figure 6.5: Evolution of the H I (left) and H2 (right) mass functions with redshift. The
shaded regions show the one-sigma posterior distributions. For clarity we only show the
one-sigma region at redshifts z = 0.0 and z = 3.0. The distribution at other redshifts is
very similar.

mass ratio of galaxies up to z = 3.0 in Figure 6.4. The shapes of the presented relations
are roughly constant with time. The H I and H2 mass of a galaxy increases and its H I-
to-stellar mass ratio decreases with stellar mass. The H2-to-stellar mass ratio remains
constant below stellar masses of M? ∼ 1010−10.5 M� and decreases for galaxies with
higher stellar masses, independent of redshift.

It is striking to see that as time evolves the normalization of the absolute and relative
H I and H2 contents of galaxies show very different behavior. We find very weak evolution
in the H I content for galaxies with low stellar masses (M? < 109.5 M�). Galaxies with
higher stellar masses show a much stronger evolution in their relative and absolute atomic
gas mass. The H I mass of galaxies increases up to z = 0.5 and stays constant at later
times. Below z = 1.0 the evolution in H I mass is less than a factor of three. We find
very different evolution in the H2 mass of galaxies with time. Galaxies at z = 3.0 have
roughly ten times as much molecular hydrogen than local counterparts, independent of
stellar mass and the strongest evolution in H2 mass is at z < 1. It is good to keep in
mind that Figure 6.4 only includes galaxies that are actively forming stars, and does not
include the growing number of passive galaxies with time. Including these objects would
lower the gas-to-star ratios of the galaxies.

H I and H2 mass function

We show the redshift evolution of the H I and H2 mass functions up to redshift z = 3.0 in
Figure 6.5. At fixed H I mass the number density of objects increases up to z = 0.5 and
decreases at later times. We find weak evolution in the H I mass function over the entire
range of H I masses probed. At low H I masses (MHI < 109.5 M�) the evolution in H I
mass function with time is less than a factor three in number density at fixed H I mass. At
higher masses the number density of objects rapidly increases up to z = 2.0, after which
their is a gradual decrease in the number density at redshift smaller than 0.5. This may
seem in conflict with the weak evolution in the H I content of massive galaxies in Figure
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6.4, but keep in mind that Figure 6.4 does not include the growing number of passive
galaxies with time (i.e., galaxies that contain no gas within our model), whereas the H I
mass function does contain the declining number of galaxies with large H I reservoirs.

The mild evolution in the H I mass function is in good agreement with predictions
from semi-analytic models (e.g., Popping et al. 2014b), but in poorer agreement with
prediction using the hydrodynamical simulations presented in Davé et al. (2013) (we
discuss this in Section 6.4). The steep slope in the low-mass end of the H I mass function
as seen at z = 0.0 is present at all discussed redshifts. We discuss the origin of this steep
slope in Section 6.4.

Our inferred H2 mass function has the highest normalization at redshift z ∼ 2.0.
Most H2 rich galaxies (MH2 ∼ 1011.5−12.0 M�) are also found at this redshift. These two
results (highest number and most massive objects) coincide with the peak of the SFR
density distribution of the Universe. The evolution in the H2 mass function at redshifts
1.0 < z < 3.0 is weak. We find a much stronger evolution in the H2 mass function at
lower redshifts. The rapid decline in number density of galaxies with MH2 > 1010 M�
starts at z = 1.0, whereas the decline in number density of less massive galaxies starts
at z < 0.5. This suggests that galaxies with high H2 masses lose their molecular gas at
earlier times than less molecule rich galaxies.

It is intriguing to see that the evolution in the H I and H2 mass functions do not
go hand-in-hand. The strongest evolution in H2 is observed at z < 1.0, whereas the
H I mass function is relatively constant in this redshift regime. Although the number of
massive total (H I + H2) cold gas reservoirs changes (especially at z < 1.0), this does not
automatically mean that H I and H2 independently follow the same trend.

Galaxy gas fractions

We present the gas fraction and relative H2 content of galaxies as a function of stellar
mass in Figures 6.6 and 6.7. Gas fractions are plotted at redshifts running from z = 0.0
to z = 3.0 and compared with direct observations and predictions based on the semi-
analytic model by Popping et al. (2014b).

The cold gas fraction of a galaxy decreases with increasing stellar mass. At z > 1.0
we find a shallow slope in gas fraction for galaxies with M? < 1010 M� followed by a
rapid drop for galaxies with higher stellar masses. At lower redshifts galaxy gas fractions
monotonically increase with stellar mass. The evolution in the normalization of galaxy
gas fraction with time is weak. Most prominent evolution is found at stellar masses
around 1010 M� and below z = 0.5.

The evolution in MH2
MH2+M?

is much stronger than found for fgas (Figure 6.7). At
z = 3.0, MH2

MH2+M?
reaches values of ∼ 0.75, whereas it is only ∼ 0.1 at z = 0. Although at

z = 0 low-stellar mass galaxies are dominated by their cold gas content, the H2 fraction
of this gas is very low. At z = 3.0, on the other hand, most of the cold gas is molecular.
We find a peak in MH2

MH2+M?
for galaxies with stellar masses near 1010 M� at all redshifts.

There is a minor increase with stellar mass below this characteristic mass, whereas we
find a rapid drop in MH2

MH2+M?
above this characteristic mass. This suggests galaxies are

most efficient in forming H2 and transforming cold gas into stars near M? = 1010 M�.
We will explore which haloes host these galaxies and what light this sheds on the stellar
build-up of galaxies in Section 6.3.3.

We compare our findings for MH2
MH2+M?

to literature values presented in Tacconi et al.
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Figure 6.6: Gas fraction of galaxies (fgas ≡ MHI+MH2
MHI+MH2+M?

) as a function of stellar
mass for different redshift bins. Shaded regions mark the one-sigma distributions of the
inferred gas fractions. Model results at z = 0.0 are compared to literature values from
Leroy et al. (2008), Bothwell et al. (2009), and Saintonge et al. (2011). The black dashed
line represents the semi-analytic model predictions of Popping et al. (2014b).

(2013) and the compilation from Genzel et al. (2010) (obtained through CO). Direct
observations of MH2

MH2+M?
are within the scatter of our inferred H2 masses, although at the

high side compared to our mean trends. We ascribe this to the strongly biased nature
of the observations at these redshifts towards actively star-forming (and therefore H2
rich) galaxies. Nevertheless the rough agreement between observations and our results
for these stellar massive galaxies is very encouraging.

The presented trends provide constraints for theoretical models including a detailed
prescription for galaxy cold gas content. These constraints have the potential to break
degeneracies between different physical recipes included in models. Unlike indirect gas
estimates from large optical surveys (Popping et al. 2012, Chapter 5,), the work presented
here is not biased by selection criteria and represents a complete sample. The Popping
et al. (2014b) semi-analytic model predicts a similar shape in the trend between gas
fractions and MH2

MH2+M?
with stellar mass and with redshift as our semi-empirical model.

The normalization of the trends predicted by semi-analytic models is systematically below
the results presented in this work. The discrepancy is especially obvious in MH2

MH2+M?
in

the redshift regime 1.0 < z < 3.0. This suggests that in semi-analytic models galaxies
have expelled and/or consumed more of their cold gas. A similar dearth of molecular
hydrogen in this redshift regime was found in a comparison between semi-analytic model
predictions and indirect H2 estimates taken from the COSMOS sample (Popping et al.
2012; Lu et al. 2013, White in prep.). This is likely coupled to the low-mass galaxy
problem, where galaxies in theoretical models form their stars and consume their gas too



6.3: Results 155

108 109 1010 1011 1012
0.0

0.25

0.5

0.75

1.0

M
H

2

M
H

2
+
M
∗

SAM

z = 0.0
Leroy 2008
Bothwell 2009
Saintonge 2011

108 109 1010 1011 1012
0.0

0.25

0.5

0.75

1.0
z = 0.5

108 109 1010 1011 1012
0.0

0.25

0.5

0.75

1.0
z = 1.0
Genzel 2010
Tacconi 2013

108 109 1010 1011 1012

M∗/M�

0.0

0.25

0.5

0.75

1.0

M
H

2

M
H

2
+
M
∗

z = 1.5

108 109 1010 1011 1012

M∗/M�

0.0

0.25

0.5

0.75

1.0
z = 2.0

108 109 1010 1011 1012

M∗/M�

0.0

0.25

0.5

0.75

1.0
z = 3.0

Figure 6.7: Relative H2 content galaxies ( MH2
MH2+M?

) as a function of stellar mass for dif-
ferent redshift bins. Shaded regions mark the one-sigma distributions of the inferred gas
fractions. Model results are compared to literature values from Leroy et al. (2008),Both-
well et al. (2009), Genzel et al. (2010), Saintonge et al. (2011), and Tacconi et al. (2013).
The black dashed line represents the semi-analytic model predictions of Popping et al.
(2014b).

early.

Star-formation efficiency

The star-formation efficiency (here defined as SFE ≡ SFR/MHI+H2)† measures the ability
of a galaxy to transform cold gas into stars. We present the SFE of galaxies as a function
of stellar mass and redshift in Figure 6.8. The SFE of galaxies increases with stellar
mass, independent of redshift. Although the relative gas content of galaxies decreases
with stellar mass (Figure 6.6), the ability of the gas to form stars increases. This is
largely set by a decrease in the H I content of galaxies with increasing stellar mass. At
fixed stellar mass, the SFE of galaxies decreases with time, resembling the evolution of
the H2 content of galaxies (Figure 6.4; note, however, that the H2 mass of a galaxy is
largely controlled by its SFR).

There is a plateau in the SFE of galaxies at stellar massesM? > 1010 M�, independent
of redshift. At fixed redshift, star-forming galaxies have reached their maximum SFE
at this characteristic stellar mass. It is at the same characteristic stellar mass that the
relative H2 content of galaxies, MH2

MH2+M?
, rapidly drops. We will explore the importance

and origin of this characteristic stellar mass in Section 6.3.3 and 6.4.

† This is different from a commonly used definition for star-formation efficiency; the fragment of gas
mass converted into stars
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Figure 6.8: Redshift evolution of the star-formation efficiency (SFE ≡ SFR/MHI+H2)
of galaxies as a function of stellar mass. Solid lines mark the mean trends and shaded
colours mark the one-sigma distribution of the inferred gas masses. For clarity we only
show the one-sigma regions at redshifts z = 0.0 and z = 3.0. The distribution at other
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Figure 6.9: The cosmic comoving density, in units of the critical density, of cold gas
(H I + H2; top panel), H I (middle) and H2 (bottom) as a function of redshift. Observa-
tions of Péroux et al. (2005), Rao et al. (2006), Guimarães et al. (2009), Prochaska &
Wolfe (2009), Delhaize et al. (2013) are overplotted in light gray. Dark gray observations
are by Zafar et al. (2013) and observations of local galaxies (Kereš et al. 2003; Zwaan
et al. 2005; Martin et al. 2010; Obreschkow & Rawlings 2009b; Braun 2012) are over-
plotted in black. Grey bars mark the observational constraint on ΩH2 from Walter et al.
(2014). The dotted grey line marks the evolution of the SFR density of the Universe in
M� yr−1 Mpc−3, scaled down by a factor of 50. The shaded regions show the one-sigma
posterior distributions.
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and H2 mass (right panel) as a function of redshift for galaxies in haloes at fixed halo
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Cosmic gas density in galaxies

We present our inferences for the total cold gas (H I + H2), H I, and H2 cosmic density
of the Universe as a function of time in Figure 6.9. We compare our results to local H I
and H2 densities (Kereš et al. 2003; Zwaan et al. 2005; Obreschkow & Rawlings 2009b;
Martin et al. 2010; Braun 2012) and higher redshift estimates of the H2 (Walter et al.
2014) and H I density obtained through stacking (Delhaize et al. 2013) and from DLAs
(e.g., Péroux et al. 2005; Rao et al. 2006; Guimarães et al. 2009; Prochaska & Wolfe
2009; Zafar et al. 2013).

We find a gradual increase in the total cold gas cosmic density with redshifts up to
z ∼ 1.0 followed by a rapid drop at lower redshifts. A similar trend is found for the H I
cosmic density, which peaks at z ∼ 0.5. The evolution in ΩHI is relatively weak in the
redshift regime 0 < z < 2. The H2 cosmic density on the other hand increases gradually
up to z ∼ 1.5 and shows a rapid drop at lower redshifts, closely following the evolution
of the cosmic SFR. The inferred H2 cosmic density of gas in galaxies never exceeds the
H I cosmic density.

Our approach overpredicts the observational estimates of ΩHI at z < 2.0 and under-
predicts ΩHI at redshifts z > 3.0. In the low redshift regime this is due to the high
number of galaxies with low H I masses, in poor agreement with the observed H I mass
function at z = 0. We warn the reader that in this work we only probe the cold gas that is
associated to the galaxy disc, ignoring DLAs that may arise from intergalactic gas in cold
streams or filaments at z > 1.5 − 2 (Berry et al. 2014). We reach good agreement with
the constraint on ΩH2 at redshifts z = 1.5 and z = 2.75 (Walter et al. 2014), supporting
an increase in the cosmic H2 density. The observational constraints are unfortunately
not tight enough to separate between a peak, a flat, or declining evolution in ΩH2 at
z > 2.

6.3.3 Cold gas content of dark matter haloes
In this section we show the gas content of galaxies as a function of their host halo mass.
We warn the reader that we only infer gas masses for star-forming galaxies and do not
account for cold gas in early-type galaxies.
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Figure 6.11: Cold gas-to-stellar mass ratio (left) and H2-to-H I mass ratio (right) of
galaxies as a function of redshift in different halo mass bins. Shaded regions mark the
one-sigma distributions of the inferred gas masses.

We show derived cold gas, H I, and H2 masses as a function of halo mass and redshift
in Figure 6.10. We find very different evolutionary trends for the total cold gas content
of galaxies as a function of their host halo mass. The gas content of galaxies residing
in haloes with Mh = 1014 M� increases up to z = 0.5 after which it rapidly decreases.
Less massive haloes show a weak decrease in their cold gas content with time. The gas
content of galaxies residing in haloes with mass Mh = 1011M�) rapidly decreases with
time until z ∼ 3.0, after which it stays relatively constant.

Much stronger evolution is found for the H I and H2 mass of galaxies. Independent of
halo mass the H I mass increases with time up to z ∼ 0.5 and decreases at lower redshifts.
Most rapid increase in atomic gas mass is found for galaxies residing in haloes with masses
larger than 1012 M�. We find a decrease in the H2 mass of galaxies at all redshifts. For
galaxies residing in haloes with masses Mvir ≥ 1012 M� most rapid decrease is found at
redshifts z < 1.0. The decrease in H2 mass for galaxies residing less massive haloes is
most rapid at z > 2.0 and z < 0.5.

We find minor differences in the absolute amount of cold gas, H I and H2 in haloes
more massive than Mh = 1012 M�. Although in the most massive haloes many more
baryons are potentially available to cool down onto central galaxies, these objects have
only twice as large cold gas reservoirs than other galaxies. The physical processes acting
on the cold gas prevent galaxies to build up gas reservoirs much larger than on average
a few times 1010 solar masses.

In Figure 6.11 we show the relative gas and H2 content of galaxies as a function of
time at fixed halo mass. Galaxies residing in low-mass haloes (1011 M�) are dominated
by their cold gas content. There is only weak evolution in the gas-to-stellar mass ratio
for these galaxies. We find a gradual decrease in relative cold gas content with time for
more massive haloes. We find a minor increase in cold gas content until z = 0.5 followed
by a decline for the most massive haloes probed. Independent of host halo mass the
relative H2 fraction of the cold gas in galaxies decreases rapidly with time. At z > 3.0
nearly all the cold gas in haloes is molecular, whereas at z = 0.0 it is less than 25 percent.
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Figure 6.12: Relative cold gas content (H I + H2; upper left panel), H I content (upper
right panel), H2 content (lower left panel), and combined gas and stellar content (lower
right panel) as a function of halo mass for different redshift bins. Errorbars mark the
one-sigma distributions of the inferred gas masses. The dotted grey line marks the
stellar-to-halo mass ratio (M?/Mvir) of galaxies at z = 0.

The relative H2 fraction is almost constant for haloes with masses of Mh ≥ 1012.0 M�.
Despite the cold gas reservoir being relatively smaller for the highest mass haloes, this
does not affect the ability of the cold gas to form molecules.

We show the ratio of cold gas, H I, H2, and total baryonic content (M?+MHI +MH2)
with halo mass as a function of halo mass at different redshifts in Figure 6.12. These
ratios provide insight into the fraction of baryons stored in cold gas and/or stars and the
relative amount of baryons that may participate in the formation of stars.

There is a peak in the gas-to-halo mass (H I and H2 combined) and in the H2-to-
halo mass ratio around Mvir = 1012 M� at all redshifts. The exact location of this
characteristic halo mass moves towards higher masses with increasing redshift, resembling
the characteristic halo mass at which the stellar-to-halo mass ratio peaks (Behroozi et al.
2013b). Below Mvir = 1012 M� the slope of the H2-to-halo mass ratio is much steeper
than it is for the H I-to-halo mass ratio (and cold gas mass). The drop in gas-to-halo mass
ratio for haloes more massive than 1012 M� is similar for atomic and molecular hydrogen.
The strong peak in the H2-to-halo mass ratio suggests that there is a favorable range
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of halo masses at which galaxies host relatively largest molecular gas reservoirs out of
which new stars may form.

The normalization of the different relations presented in Figure 6.12 changes strongly
with redshift. The relative cold gas content of a halo decreases by by approximately a
factor of three from z = 3.0 to z = 0.0. The relative H I content of a halo grows up
to z = 0.5 and mildly decreases at lower redshift. The relative H2 content of a halo is
highest at z = 3.0 and decreases by more than a full order of magnitude afterwards.

We present the total baryonic content (stars combined with H I and H2) of a halo
in the bottom-right panel of Figure 6.12. At z = 0.0 the ratio between galaxy total
baryonic mass and halo mass peaks at Mvir ≈ 3 × 1011 M�. This peak moves towards
higher masses with increasing redshift. The absolute value in the peak of the baryonic
mass fraction decreases from z = 3.0 to z = 0.0 by poorer than half a dex. Only in low
mass haloes with masses of a few times 1011 solar masses does the baryonic content peak
at z = 0.5, driven by large H I reservoirs. There is no evolution in the baryonic mass
ratio for galaxies residing in haloes more massive than 1013 M�. Galaxies in these haloes
have low gas fractions and are dominated by their stellar content.

Haloes with masses of a few times 1011 solar masses are most efficient stroring their
baryons in stars and cold gas. At z = 3.0 roughly 30 percent of the available baryons are
locked up in stars and cold gas. At z = 0.0 this number decreased to roughly 17 percent.
The ability of haloes to store their baryons in stars and cold gas is poorer at lower and
higher halo masses. These results suggest that the low baryon conversion efficiency of
haloes is driven by the inability of haloes to build large gas reservoirs in galaxy discs.

We present the time evolution of the total cold gas content of galaxies as a function of
their z = 0.0 halo mass in Figure 6.13. For massive haloes (Mvir > 1013 M�) the cold gas
content increases until their host haloes have reached a baryonic mass of approximately
3–4× 1011 M� (which translates to a virial mass of roughly 1012 M�). At lower redshifts
the cold gas content of galaxies decreases gradually. Although the gas content of central
galaxies decreases, the baryonic content of the halo keeps growing. For less massive
haloes the cold gas content increases up to z = 1.0 (Mvir z=0.0 = 1012 M�) or even until
almost present day (Mvir z=0.0 = 1011 M�). A close inspection learns that the baryonic
mass of the host halo at the time that the galaxies have gained largest gas reservoir
increases with more than an order of magnitude with increasing z = 0.0 halo mass
(1.5 × 1010 M� for Mvir z=0.0 = 1011 M� and 5.7 × 1011 M� for Mvir z=0.0 = 1014 M�).
Furthermore the gas content increases more rapidly in galaxies that end up in massive
haloes (Mvir z=0.0 > 1013 M�) than in galaxies that end up in less massive haloes. The
increase in cold gas mass before a galaxy reaches its peak gas mass is steeper than the
decrease afterwards. The peak in the total cold gas content coincides with a flattening
in the stellar buildup. The redshift at which the stellar mass dominates of the gas mass
in a galaxies decreases with decreasing z = 0.0 host halo mass.

6.4 Discussion
We have combined an abundance modeling approach (Behroozi et al. 2013b) with a
method to indirectly estimate galaxy gas masses (Popping et al. 2012) to infer the cold
gas content of galaxies as a function of time and halo mass. It has the unique capacity
to obtain data-driven inferences of the H I and H2 mass of galaxies and couple these to
galaxy host halo mass.
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Figure 6.13: Time evolution of the total cold gas (solid purple), stellar (dashed grey)
and baryonic mass (solid black) for haloes as a function of their z = 0.0 halo mass. The
shaded regions show the one-sigma posterior distributions.

6.4.1 Mild evolution in the H I mass of galaxies

Our results suggest mild evolution in the H I content of galaxies at fixed stellar mass,
whereas the H2 content decreases rapidly. This picture is supported by the evolution of
the H I and H2 mass function. The H2 mass function shows a strong evolution of more
than a dex with time (especially in the redshift range z = 1 − 0), whereas the H I mass
function is fairly constant at z < 2.0. Within our model the H2 content of a galaxy
is to first order controlled by the SFR (through ASF ). The H I content of a galaxy is
controlled by the amount of cold gas available, combined with its partitioning into atoms
and molecules. This partitioning is set by the amount of gas necessary to provide the
pressure to support the formation of H2 out of which stars may form. The relatively weak
evolution in galaxy H I content and the H I mass function is the result of a self-regulated
equilibrium that arises naturally in galaxies. This equilibrium marks the balance between
the available cold gas content and the transformation of H I into H2. Observations have
shown that atomic hydrogen saturates at surface densities of ΣHI = 6− 10 M� pc−2 and
that cold gas at higher densities is dominated by molecular hydrogen (Blitz & Rosolowsky
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2006; Leroy et al. 2008). As the cold gas content and surface density of galaxies decreases
due to gas consumption and disc growth, the amount of cold gas that is locked up in
molecular hydrogen also rapidly decreases. This process may prevent a rapid drop in
the H I reservoir of galaxies but does not imply the weak evolution we find. It is the
rate at which galaxies loose their cold gas (through SF and/or feedback) and their discs
grow that sets the H2 fraction of the cold gas and the weak evolution in galaxy H I
content. This provides an interesting constraint for theoretical models that include the
partitioning of cold gas into H I and H2.

Popping et al. (2014b) found a similar evolution in the normalization and slope of
the H I mass function at z < 2.0. They used various H2 formation recipes in their
semi-analytical model, among which the same as employed in this work. The authors
also overpredict the number density of galaxies with low H I masses (MHI < 109 M�),
although not as dramatically as in Figure 6.2. The authors ascribe the excess of galaxies
with low H I masses to the inefficient conversion of atomic into molecular hydrogen in low
mass haloes (Mvir < 1010 M�). Using a hydrodynamic code, Davé et al. (2013) found
a strong evolution in the slope of the low-mass end of the H I mass function, unlike the
results presented in this work. Davé et al. use the same recipe to separate the atomic
from the molecular gas as employed in this work, although the exact implementation
is different. The authors find that the evolution in the low-mass-end of the H I mass
function directly follows the evolution of the stellar mass function, due to a constant
ratio between the H I and the stellar mass of galaxies.

6.4.2 Galaxy gas fractions
The cold gas fraction of a galaxy is set by the competition between the accretion, heating,
outflow, and the consumption of cold gas in a galaxy (Davé et al. 2011). The evolution-
ary trend of cold gas fractions with time therefore provides a unique insight into the
importance of each of these processes. We find that the cold gas fractions of galaxies
decrease at z < 3 with the most rapid decrease is found at z < 1.5. This suggests that
the accretion of gas onto galaxies cannot cope with the consumption and/or outflow of
gas. Cosmological hydrodynamical simulations predict a decline in their ‘cold mode’ ac-
cretion rates onto galaxies at z < 2.0 (Birnboim & Dekel 2003; Kereš et al. 2005, 2009;
Dekel & Birnboim 2006; Dekel et al. 2009). The decrease in cold gas fraction at z < 1.5
is in good agreement with a lack of accretion of new cold material onto galaxies. This
supports a picture in which below z = 2.0 the infalling gas is sparse enough to be heated
up or blown away by shock heating or feedback from an active galactic nucleus (though
see Oppenheimer et al. 2010).

We have seen that MH2
MH2+M?

evolves much quicker than the cold gas fraction of galaxies.
As we have discussed before, the evolution of the atomic and molecular gas mass of a
galaxy do not necessarily go hand-in-hand. The process that suppresses the formation
of stars is at least two-fold: galaxies have lower cold gas fractions and lower molecular
fractions. This was also found in other efforts to indirectly infer the gas mass of galaxies
(Popping et al. 2012, Chapter 5,). Previous efforts were always based on a biased sample,
whereas our semi-empirical approach is unbiased. This conclusion is supported by the
decline in SFE with time at fixed stellar mass. Not only the available gas reservoirs
decrease, but the ability of the cold gas to form stars also decreases.

We have found that galaxies with the highest stellar masses run out of cold gas
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well before the lowest mass galaxies. This behavior is also prominent in the evolution
of MH2

MH2+M?
with stellar mass and time. Popping et al. (2012) and Popping et al. (in

prep.) found the same trend when looking at the indirectly estimated gas content of
galaxies taken from the COSMOS (Scoville et al. 2007) and CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) surveys. Popping et al. (2012) referred to this trend as
a different manifestation of downsizing in SF, which can be described as the decline in
mass for star-forming galaxies with increasing time (Fontanot et al. 2009). This behavior
is supported by the evolution of the H2 mass function: the number density of galaxies
with high H2 masses decreases at earlier times than the number density of galaxies with
low H2 masses. This suggests that downsizing may be linked to the evolution of the
molecular gas content of galaxies.

Theoretical models predict a similar evolution for fgas and MH2
MH2+M?

, although the
normalization of the gas fraction with time is lower. Models are known to form their
stars too early (especially in galaxies with low stellar mass, Weinmann et al. 2012) and
the low gas fractions may be a reflection of the same physical process that drives the
low-mass galaxy problem (White et al. in prep.). Our results have the potential to act
as a constraint on the physical recipes included in models acting on the cold gas content
of galaxies.

6.4.3 Cosmic densities
We obtain good agreement with the observed values for the cosmic H I density at z ≈ 2–3
and correctly reproduce the observational constraints on the cosmic H2 density at red-
shifts z = 1.5 and z = 2.75. The relatively constant evolution in ΩHI at z < 2.0 is in
sharp contrast with the evolution of the cosmic star-formation rate, whereas the molecu-
lar hydrogen density (by construction) tightly follows the SFR density and decreases by
over an order of magnitude in the same redshift regime. This suggests that in a model
where the SFR of a galaxy is controlled by the available molecular gas, one can simul-
taneously reproduce the peak in cosmic SFR and the weak evolution of the H I density
of the Universe during the same cosmic epoch. A similar conclusions was reached us-
ing theoretical models (Obreschkow & Rawlings 2009a; Bauermeister et al. 2010; Lagos
et al. 2011a; Popping et al. 2014b), but this has not been addressed before through a
data-driven approach as presented in this work.

6.4.4 On the gas properties that drive the peak in the stellar
mass - halo mass ratio

Abundance matching approaches have demonstrated the importance of the galaxy-halo
connection. Haloes near 1012 M� are most efficient turning their baryons into stars
(Behroozi et al. 2013a). This maximum efficiency is supported by the gas content of
galaxies. Haloes with masses near the characteristic mass of 1012 M� have the highest
gas-to-halo mass ratio. Especially the H2-to-halo mass ratio shows a strong peak near
1012 M�, indicating that these haloes have relatively most molecular hydrogen in their
central galaxies to drive the formation of stars. This is not necessarily due to small cold
gas reservoirs. Galaxies residing in lower mass haloes are dominated by their cold gas
content, but have very low molecular fractions. As a result a relatively small amount of
gas is available for the formation of stars. This suggests an interesting physical scenario,
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in which these galaxies are efficient in cooling gas onto their disc, but physics internal to
the galaxies prevents them from forming molecules. That is, stellar winds and supernova
feedback seem to be efficient at disrupting H2 formation, and are not (nor do they need
to be) efficient at suppressing cooling for HI even at z = 0.

We have shown that galaxies residing in haloes larger than 1012 M� cannot build up
gas reservoirs much larger than a few times 1010 M� on average. We also see this in
the time evolution of the gas content in galaxies (Figure 6.13). This is supported by the
decline in cold gas fractions as a function of halo mass seen at all redshifts. Interestingly,
the molecular fraction of the cold gas is roughly constant for haloes with masses larger
than 1012 M�. These results are in good agreement with the drop in cold gas fraction
and MH2

MH2+M?
for galaxies with masses M? > 1010 M�, indicating that they go hand in

hand. They also provide an explanation for the plateau in SFE for galaxies with stellar
masses M? > 1010 M�.

Haloes of masses∼ 1012 M� have stored approximately 20–30 per cent of their baryons
in stars and cold gas. Haloes with lower and higher masses are less efficient in bringing
the baryons down to their central galaxy. This supports the findings that star-forming
and passive galaxies have significant ionized gas reservoirs in their haloes (Tumlinson
et al. 2011; Werk et al. 2014). The sizes of these gas reservoirs are comparable for star-
forming and passive galaxies (Thom et al. 2012). All these results tie in with a picture
in which heating processes (such as supernovae feedback, active galactic nuclei feedback,
and shock heating) prevent the build-up of large amounts of cold gas onto the galaxies.
However, once cooled onto a galaxy the local gas conditions determine the efficiency of
the cold gas to become molecular and form stars.

We note that our present conclusions are based on our assumptions that H2 traces SF
and that the partitioning of cold gas in H I and H2 only depends on the pressures acting
on the gas. We did not discuss all the physical processes that regulate the gas content
of galaxies and the formation of molecules. Processes such as ram-pressure stripping
and the destruction of molecules by AGN feedback also affect the gaseous and molecular
content of galaxies. Furthermore, dust grains and metals play an important role as the
catalysts and coolants for H2 formation. The metallicity of the ISM is therefore an extra
component that controls the formation of molecules. This is especially important in
low-density and low-metallicity environments (Krumholz & Dekel 2012; Popping et al.
2014b) and would further suppress the formation of molecules in the lowest mass haloes.

6.4.5 Excess of galaxies with low H I masses
Our model correctly reproduces the H I and H2 content of local galaxies and the observed
H2 mass function. We obtain good agreement with the observed H I mass function for
H I-rich galaxies (MHI > 109.0 M�), but overpredict the number of galaxies with lower H I
masses. The galaxies responsible for this excess have low stellar masses (M? < 108.5 M�).
To first order the steep slope at the low-mass end of the H I mass function is a result of
the steep evolution in the predicted stellar mass function (Behroozi et al. 2013b), corre-
sponding with an upturn in the observed stellar mass function below 108.5M� (Baldry
et al. 2008). The exact shape of the stellar mass function in this regime is quite uncertain
due to incompleteness of low-surface-brightness galaxies (Baldry et al. 2012). Neverthe-
less, it is highly uncertain whether the poor number statistics of low-surface-brightness
galaxies can fully account for the severe mismatch between observed and inferred H I
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mass function. It is more likely that there are too many gas bearing galaxies with low
stellar masses in our semi-empirical model. The lack of observational constraints on the
SFR of dwarf galaxies in this regime affects the predictions of the abundance matching
approach and the calibration of our indirect gas measurements. The assumption of an
exponential distribution of cold gas may also break down in these galaxies. We expect
that a better understanding of the star-formation properties of local dwarf galaxies will
improve this situation.

6.5 Summary & Conclusions
In this paper we have presented a new semi-empirical approach to infer the H I and H2
content of galaxies as a function of redshift and host halo mass. We summarize our main
results below:

• There is weak evolution in the H I content and H I mass function of galaxies at
redshifts z < 1.5 (less than half a dex in H I mass), whereas the H2 content and mass
function evolve strongly in this redshift range (more than an order of magnitude in
H2 mass at z < 1.5). This behavior is finds its origin in a self-regulated equilibrium
in the H I mass of galaxies controlled by the amount of cold gas available and its
partitioning into an atomic and molecular part.

• The cold gas fraction of galaxies decreases as a function of stellar mass and time.
The relative H2 content of galaxies decreases with stellar mass and redshift as well,
but more rapidly (from 0.75 to almost zero at stellar masses of 1010 M�).

• Massive galaxies consume and/or expel their cold gas content earlier than less
massive galaxies. Galaxies with a stellar mass of 1011 M� are dominated by their
stellar content at z = 3.0, whereas galaxies with a stellar mass of 109 M� still have
a gas fraction of 0.5 at z = 0. We find a rapid decrease in cold gas fractions at
z < 1.5. This supports a picture in which the accretion of new cold material onto
galaxies slows down at these redshifts, possibly due to shock heating or heating
from active galactic nuclei feedback of the sparse infalling gas.

• The SFR to gas mass ratio decreases by more than an order of magnitude from
z = 3 to z = 0. This is driven by the declining trend of molecular fractions with
time, allowing relatively less molecular gas to form stars.

• We confirm that when adopting a H2-based star-formation relation one can fuel
the peak in cosmic SFR at z ∼ 2 and simultaneously reproduce the weak evolution
in ΩHI during the same epoch.

• Galaxies residing in haloes of mass∼ 1012 M� are most efficient in attaining cold gas
and forming molecules. The combination of these two effects explains for the high
star-formation efficiencies of galaxies in haloes in the same mass range. Roughly
30 percent of the baryons is locked up in cold gas and stars in haloes of mass
∼ 1012 M� at z = 3.0 . This number decreases to roughly 17 percent for galaxies
residing in halo with the same mass at z = 0. Galaxies in lower-mass haloes have
significant cold gas reservoirs, but only a minor fraction of their gas is molecular.
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Heating processes prevent the buildup of large gas reservoirs in galaxies residing in
more massive haloes.

The results presented in this paper can act as constraints for future surveys of the
atomic and molecular content of galaxies. We look forward to observations from new and
upcoming radio and sub-mm facilities such as ALMA, SKA and its pathfinders MeerKat
and ASKAP that will confront our results. The inferred gas masses presented do not
depend on unknown recipes for feedback and heating processes, but on galaxy properties
that by construction are representative of real galaxies. Our results therefore provide
excellent constraints for theoretical models. We anticipate that semi-empirical efforts
such as presented here have the potential to break degeneracies between different physical
recipes and allow theorists to better understand and reproduce the stellar build-up of
galaxies.
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Chapter 7
Conclusions and future prospects

7.1 Summary and Conclusions
The newest generation of radio and sub-mm instruments will revolutionize our under-
standing of the gas properties of galaxies. For the first time, we will be able to assess
the gas content of statistical samples of galaxies outside our local Universe. These ob-
servations will be a fundamental datum in our desire to fully understand the physical
properties that control the stellar build-up and evolution of galaxies.

In this thesis I used theoretical and semi-empirical approaches to study the evolution
of the gas properties of galaxies. I included new recipes in a semi-analytic model (SAM)
of galaxy formation to track atomic (H I) and molecular (H2) hydrogen, to improve the
prescriptions for star formation out of cold gas, and to bring predictions to observable
space. I conducted an in-depth study of the global and local properties of cold gas in
galaxies over time and how they affect the stellar build-up of galaxies. Finally, I presented
a wealth of predictions for future surveys of the gas content of galaxies out to when the
Universe was less than 3 billion years old.

Here I summarize and discuss the main results, answer the main questions posed in
Chapter 1, and discuss prospects for future research.

7.1.1 Cold gas in theoretical models
In Chapter 3, we have included new recipes to track the H I and H2 content of galaxies
(a pressure- and a metallicity-based recipe) and a new prescription to form stars out
of H2 in a semi-analytic model of galaxy formation. We have seen that the pressure-
and metallicity-based recipes for the formation of molecular hydrogen yield nearly iden-
tical predictions. They successfully reproduce local H I and H2 scaling relations, mass
functions, and sizes of galaxy discs up to z ≤ 2. Only in low-mass galaxies residing in
low-mass haloes do the predictions by the two recipes differ, and both recipes overpredict
the number density of galaxies with low H I mass in the local Universe. Since none of the
various H2 formation recipes we explored are able to remove this excess, it is suggestive
that the predicted excess may find its origin in other physical processes. Surprisingly,
the massive end of the H I mass function (MHI > 109.5 M�) remains remarkably constant
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below redshifts of z ≈ 1.5–2.0, whereas the H2 mass function evolves strongly during this
period in time.

We predict that the gas fractions of galaxies remain high from z ∼ 6–3 and drop
rapidly at lower redshifts. The rate at which galaxies at z < 3 heat, expel, and consume
their cold gas is higher than the rate at which they accrete and cool new cold gas. The
galaxy H2 fractions show a similar trend, but drop even more rapidly. The predicted
trends between cold-gas fraction and relative H2 content of galaxies with stellar mass
are in good qualitative agreement with inferred gas masses at z > 0.5, although the
normalizations are slightly lower. This is indicative that in our model galaxies have
consumed and lost too much, or accreted too little cold gas for the gas fractions to be in
agreement with inferred gas masses.

We provided a wealth of predictions for the gas scaling relations, H I and H2 mass
functions, and the cosmic density of cold gas in the Universe out to z = 3. These
predictions can act as a theoretical framework and guide for future surveys.

7.1.2 Sub-mm emission of galaxies and signatures of the physical
state of cold gas

In Chapter 4, we presented a new approach to model the sub-mm emission of model
galaxies generated with the SAM discussed in Chapter 3. This approach represents
galaxies as a realistic distribution of diffuse gas and dense molecular clouds and combines
this with a three-dimensional radiative transfer model. It is the only such model to
calculate the emission from CO, as well as the emission arising in the very dense molecular
and diffuse atomic regions through lines such as HCN, [CII], [CI], and [OI] and make
direct predictions for future sub-mm surveys.

The presented tool can be used for multiple purposes. First, with this tool we provided
predictions for the sub-mm emission of galaxies to be observed with instruments such
as ALMA and PdBI. We extend the multi-wavelength predictions from our SAM, which
can further constrain the physical ingredients.

Second, we have the unique opportunity to study the observational signatures of the
physical state of the interstellar medium (ISM). We looked into the sub-mm emission line
properties of star-forming galaxies at redshifts z = 0, z = 1.2, and z = 2, with the aim of
predicting how different these emission line properties are. These redshifts represent our
local Universe and the peak of the peak in star formation activity of our Universe. Our
results indicate that the global temperature and density of the star-forming ISM decrease
with time and increase as a function of far-infrared luminosity. This is in agreement with
the increased H2 fractions of cold gas at high redshift in actively star-forming galaxies
(Chapter 3). Observationally, this is best reflected in an evolving shape of the CO SLED
of galaxies with redshift, differences in CO line ratios and the ratio between the [OI] and
[CII] fine structure lines.

7.1.3 The gas properties of galaxies at redshifts 0.5 < z < 3.0
In Chapter 2 and 5 we applied a new empirical model to infer the cold gas and H2
content of galaxies. This model combines a molecule-based star-formation relation with
a pressure-based prescription to calculate the partitioning of cold gas into atomic and



7.2: Main thesis questions 169

molecular hydrogen. It is the first model to separate the inferred cold gas mass into
different components and apply this to statistical samples of galaxies up to z = 3.

In agreement with the results presented in Chapter 3, we find that galaxy gas fractions
and H2 fractions decrease most rapidly at z < 2. Galaxies with high stellar masses run
out of their cold gas content more rapidly than galaxies with low stellar masses. We
describe this trend as a different manifestation of downsizing in star formation activity.

We find that the gas consumption time of galaxies decreases with increasing stellar
mass and with increasing SFR. More actively star-forming galaxies have more gas than
less actively star-forming galaxies and consume this gas more efficiently (a higher gas
consumption rate). This is driven by higher molecular fractions in these objects. At
fixed stellar mass the H2 fractions decrease and the gas consumption times increase with
increasing disc scale length.

7.1.4 Data-driven model for the evolution of H I and H2 in galax-
ies and dark matter haloes

In Chapter 6 we presented a new data-driven model to develop a phenomenological
picture of the evolution of H I and H2 in galaxies and dark matter haloes. This approach
combines a sub-halo-abundance-modeling approach with the tool presented in Chapters
2 and 5.

In agreement with the previously discussed results, we infer that the H I mass function
shows only minor evolution (∼ 0.2 dex) since z = 1.5, whereas the H2 mass function
decreases by a full dex over the same period. The cold-gas fractions and relative H2
content of galaxies decrease as a function of increasing stellar mass and time. The
strongest evolution in the galaxy gas fractions are at z < 1.5.

We found that galaxies residing in haloes of mass ∼ 1012 M� are most efficient in
attaining cold gas and forming molecules. The combination of these two effects explains
the high star-formation efficiencies of galaxies in haloes in the same mass range. At z = 3
roughly 30 percent of the baryons is locked up in cold gas and stars in haloes of mass
∼ 1012 M�. This number decreases to roughly 17 percent for galaxies residing in halo
with the same mass at z = 0. Galaxies in lower-mass haloes have significant cold gas
reservoirs, but only a minor fraction of their gas is molecular. Heating processes prevent
the build-up of large gas reservoirs in galaxies residing in more massive haloes.

As in Chapter 3, we provide a wealth of predictions for the H I and H2 scaling relations
and mass functions out to z = 3. These predictions act as a theoretical framework
for future surveys with the newest generation of radio and sub-mm instruments. We
furthermore track the evolution of the gas content of galaxies as a function of their z = 0
halo mass.

7.2 Main thesis questions
In Chapter 1, the aims of this thesis were phrased in the form of four questions. Now
that the presented results are all summarized and discussed, it is time to address these
questions.

• How does the H I and H2 content of galaxies evolve over cosmic time?
We have shown that galaxies are strongly dominated by their cold gas content down
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to redshifts of z ≈ 2.5–3 (Chapter 3, 5, and 6). Below this redshift the relative gas
content of galaxies decreases rapidly. Galaxies with high stellar masses run out of
their cold gas content sooner than less massive galaxies. These trends are tightly
coupled to the accretion rate of new cold material onto galaxies. Hydrodynamic
simulations and analytic models have demonstrated that the cosmic accretion rate
of cold gas onto galaxies rapidly decreases at z < 2 (e.g., Kereš et al. 2005; Dekel
et al. 2013).
The cosmic density of cold gas peaks around z ∼ 2 (Chapter 3 and Chapter 6).
The H2 cosmic density shows a stronger peak at the same redshift, whereas the H I
cosmic density remains relatively constant below z = 3.
The H I and H2 contents of galaxies grow rapidly up to redshifts z = 2. The H I
content of galaxies as a function of stellar mass remains relatively constant at later
times (Chapter 3 and 6), whereas the H2 content of galaxies decreases by over
an order of magnitude during the same period. Similarly, the H I mass function
stays remarkably constant during this cosmic epoch as well. The origin of this
constancy in H I mass is a balance between the amount of cold gas in galaxies and
its partitioning in atomic and molecular hydrogen.

• How is the SFR of a galaxy related to the H I and H2 content of that galaxy?
One of the central assumptions in this thesis is that the SFR of a galaxy is directly
related to the available molecular hydrogen. This does not automatically mean
that SFR is directly correlated with the total cold gas mass as well. In this thesis
we have found clear examples of this phenomenon.
In Chapter 3 we showed that in the lowest mass haloes (Mvir < 1010 M�) galaxies
transform little of their atomic hydrogen into molecules (we have also seen this in
Chapter 6). This process is slightly more pronounced when adopting a metallicity
based recipe for the formation of molecules, driven by a lack of metals in the early
Universe.
We further examine this subject in Chapters 5 and 6. There we have shown that
the star-formation efficiency of galaxies (defined as SFE = SFR

Mgas
) increases as a

function of stellar mass and SFR. This increase means that a larger fraction of the
cold gas participates in the formation of new stars in more-actively star-forming
galaxies. This is driven by higher molecular fractions of cold gas. Indeed we have
shown that the molecular fractions of cold gas also increase with stellar mass and
with SFR. The molecular fractions increase with galaxy compactness (i.e., smaller
disc scale length).
The notion that the SFR of a galaxy is regulated by the efficiency of forming
molecular hydrogen is a central assumption in this thesis. However, our results
clearly demonstrate that under some conditions (low gas metallicities, extended
discs) this process is very inefficient, and the SFR and total cold gas mass are not
directly related at all. Galaxies are most efficient in forming molecules in haloes
with masses around 1012 M�.

• Is the decline in SF activity of galaxies and the drop in the cosmic SFR with time
driven by smaller gas reservoirs, or is less of the available cold gas eligible for star
formation?
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The answer to this question is twofold. Galaxies have smaller gas reservoirs and
less of the cold gas is available for star formation. The cosmic density of cold gas
decreases at z < 2 and the H2-to-H I cosmic density ratio decreases as well (Chapter
3). The gas fractions of galaxies rapidly decrease below redshifts of z ≈ 2 and the
relative H2 content of galaxies and the molecular fraction of the cold gas decrease
as well (Chapters 2, 3, 5, and 6).
One should note that these results were obtained under the assumption that star
formation is directly related to molecular hydrogen. Nevertheless, our results
clearly demonstrate that the molecular fraction of cold gas in galaxies is not a
constant number and that the decline in SF activity of galaxies is a two parameter
process: the amount of cold gas and its partitioning into atoms and molecules.
The physics that regulates the former acts on macro scales – the balance between
accretion, exhaustion, heating, and removal of cold gas in galaxies – and the latter
on more local scales – the local physical state of the cold gas that regulate the
ability to form molecules and stars (further explored in Chapter 4).

• Is the physical state of the star-forming gas during the peak in cosmic SFR of the
Universe similar to or different from the physical state of the cold gas we see in
galaxies in our local Universe?
The evolution we predict in the galaxy gas fractions, H2 fractions of cold gas, and in
the SFE of galaxies already suggests that the conditions under which star-formation
takes place in galaxies evolve over cosmic time. A representation of the evolving
star-formation conditions we can actually observe is discussed in Chapter 4. There
we have shown that the sub-mm line emission properties of galaxies also evolve
with time. We predict changes in the CO SLED of galaxies, in their CO line ratios,
the atomic carbon excitation temperature and the ratio between the [CII] and [OI]
cooling lines. All these results act as observable signatures of a star-forming ISM
with lower densities and temperatures in our local Universe than during the peak
in cosmic SFR at z ≈ 2. It is good to realize that these observable signatures are
most apparent when taking the ratio of CO in high and low-J states (for instance
CO J = 7− 6/J = 2− 1). These observations provide the strongest constraints on
the shape of the CO SLED.

Besides answering the main questions, it is again good for the reader to keep in mind
that we provide a wealth of predictions for future surveys of the atomic and molecular
gas mass in galaxies over a wide period in cosmic epoch. These predictions will act
as a theoretical framework for future observations. Furthermore, these observations
will further constrain our theories about the formation and evolution of galaxies and in
particular the partitioning of cold gas and formation of stars.

7.3 Future work
In this thesis we have presented an extended theoretical framework for the evolution of
the atomic and molecular ISM in star-forming galaxies. It is crucial to confront this
framework with new observations, but also to keep improving theoretical models and
find new innovative ways to improve our understanding of the evolution of galaxies. In
this Section we present exciting and new observational and theoretical directions within
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the context of this thesis. Major steps forward to our understanding of gas properties of
galaxies can be achieved at redshifts z = 1–3, during the peak in the cosmic SFR of our
Universe, but also at higher redshifts, when cold gas continuously cooled onto galaxies
and trends such as the stellar mass versus SFR relation took shape (Salmon et al. 2014).

7.3.1 Observations
Large surveys of the H I and H2 content of galaxies at z > 0

We have paid much attention to the H I and H2 mass function and scaling relations. Many
of the predictions presented in this thesis currently cannot be tested. These predictions
need to be compared with actual observations to test their validity. The confrontation
with data will add extra constraints on the physical processes that affect the gaseous
budget of galaxies.

The SKA pathfinder and precursor instruments APERTIF (Verheijen et al. 2008),
MeerKat (Jonas 2009) and ASKAP (Johnston et al. 2008) already have planned dedicated
surveys to map the H I content of galaxies out to z ∼ 0.5–1. These surveys will be in
the position to test the weak evolution in H I mass predicted by our models. The first
blind CO surveys have started to probe the CO and H2 Universe at z ∼ 1.2 and z ∼ 2.2
(Decarli et al. 2014; Walter et al. 2014). The planned continuation of these efforts (at
these and other redshifts) will place fundamental constraints on the shape of the CO
and H2 luminosity, mass and mass function of galaxies over cosmic time. More indirect
methods such as the usage of the FIR SED of galaxies to probe the cold gas content (e.g.,
Magdis et al. 2012; Scoville et al. 2014) have the potential to address the gas properties
of galaxies over cosmic time in an efficient and quick manner.

The synergy of the newest generation of radio and sub-mm instruments will for the
first time reveal the dominant cold gas properties of galaxies at z > 0.

Probing the physical state of cold gas through sub-mm emission

Although the global gas properties of galaxies give good insight into the amount of gas
available for star-formation, they do not probe the conditions under which star formation
takes place. Dedicated surveys of the sub-mm lines emission properties of galaxies have
the potential to provide this insight.

Observations of a series of CO rotational lines can constrain the density and tem-
perature of the molecular gas. Additional constraints on the excitation temperature and
density of the cold gas can be obtained by observing the carbon fine structure lines
and tracers of high density regions. High- and low-J lines of molecules such as CO,
HCN, HNC and HCO+ each trace somewhat different dense regions due to their differ-
ent critical densities and energy levels. The combination of HCN, carbon, and CO is
very beneficial since these species can be observed simultaneously with a limited number
of bandpasses. A dedicated small survey of star-forming galaxies covering a range in
star-formation activity with ALMA and the upgraded PdBI has high potential to shed
light on the conditions under which star formation takes place in the galaxies.

So far we have not made the distinction between resolved and unresolved observations.
Unresolved observations have the potential to collect this information for relatively large
sets of galaxies. The supreme resolution of ALMA provides the unique opportunity
to study not only the conditions of the cold gas, but also to fully resolve how it is
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distributed in galaxies (e.g., clumpy discs, exponential smooth profiles, strong velocity
gradients, local outflows). In its most extended configuration ALMA covers an angular
resolution ranging from ∼ 0.007 arcsec at 675 GHz to 0.037 arcsec at 110 GHz. These
angular resolutions correspond to physical sizes ranging from 57 to 300 pc at z = 1, from
60 to 315 pc at z = 2, and from 55 to 290 pc at z = 3. This excellent resolution is
particularly interesting for comparison with numerical and hydrodynamical models.

Extending empirical relations to higher redshifts

This thesis has made extensive use of empirical relations to estimate SFRs and molecular
fractions of cold gas. The foundation of these relations lies in observations of local galax-
ies, sometimes with additional unresolved information at higher redshifts (Bouché et al.
2007; Daddi et al. 2010; Genzel et al. 2010). These relations can further be constrained in
the distant Universe with resolved observations of star-forming galaxies, providing fun-
damental insights into star-formation properties and gas properties of galaxies. These
observations will confront some of the fundamental assumptions within this thesis and
of our understanding of star-formation in distant galaxies in general.

Needless to say, a thorough knowledge of the conversion between atomic and molecular
gas mass and their tracers (in extreme environments) is necessary to extend the empirical
relations to higher redshifts.

7.3.2 Theory
Exploring the sub-mm emission in galaxies within a cosmological framework

In this thesis we have laid the first steps to develop models that calculate the sub-mm
line radiation emitted by galaxies. Such models are crucial to place future observations
in proper perspective. Nevertheless, there is still room to further explore and develop
these models.

The approach presented in Chapter 4 can further be extended in several directions.
The unique capability of SAMs to quickly explore different physical recipes can be used
to study how different recipes for feedback, star formation and metal treatment affect
the sub-mm emission of galaxies. This provides directly observable predictions of the
influence of changing and improving physical prescriptions, to be constrained by obser-
vations.

We can furthermore complement CO blind surveys by making predictions for the
CO luminosity function over cosmic time and also the emission from other atoms and
molecules, such as HCN and [CII].

A different direction is to use the presented approach to better interpret the existing
observations. For example, the molecular gas mass of galaxies is typically estimated
from the CO J= 1− 0 luminosity (by converting the CO J = 1− 0 line luminosity to H2
mass). Unfortunately, a higher CO J-state is often observed instead. With the presented
approach we can provide fitting functions for the conversion from a high CO J-state to
the CO J = 1 − 0 luminosity as a function of directly observable galaxies properties.
Such fitting functions, or functions to calculate the conversion factors between H2 mass
and CO emission from high J-states, are of invaluable importance to properly interpret
current and future observations.
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Finally, there is also room to improve the line population and radiative transfer
physics in our approach. In its current implementation the abundance of atoms and
molecules are calculated in an ad hoc manner, without paying extensive attention to the
physical conditions within the diffuse and dense ISM. A coupling with PDR chemistry
codes can alleviate this situation and is crucial to better understand and interpret the
ISM in extreme conditions (e.g., very low metallicity, strong impinging radiation field,
X-ray radiation field).

Resolved sub-mm emission in numerical and hydrodynamic models

Where SAMs have the advantage of easily covering a wide range of parameter space and
physical recipes, numerical zoom-simulations have the advantage of providing detailed
predictions of the distribution and velocity of gas in galaxies (Pérez-Beaupuits et al.
2011; Narayanan et al. 2008). A necessary step forward to make predictions for and
interpret resolved sub-mm observations of galaxies is to combine the presented three-
dimensional radiative-transfer and line-tracing code with, for instance, hydrodynamic
galaxy formation models. This will provide the unique opportunity to study the distri-
bution of sub-mm emission in discs, but also to address the local effects of for instance
supernovae and active galactic nuclei feedback on the emitted sub-mm radiation. These
efforts will be extremely valuable to understand observations of dynamically complex
processes such as outflows and mergers and the distribution of different gas components
in discs. They furthermore provide yet an extra approach to calculate fitting functions
for sub-mm line ratios and conversion factors as a function of local galaxy properties. An
additional interesting direction is to include time dependent chemistry for the abundance
calculations in these models and to look into the combination of sub-mm continuum and
sub-mm line-emission as a proxy for the characteristic properties of the ISM.

Extending the semi-empirical approach

One of the main advantages of the coupling between semi-empirical recipes and sub-halo
abundance matching approaches is that galaxy properties can be studied using star-
formation histories that, by construction, are representative of real galaxies. One of the
unique capabilities briefly explored in Chapter 6 is that we can follow the accumulation,
removal and/or consumption of cold gas in individual galaxies as a function of halo mass
and time. This unique capability provides a useful handle on the time and exact rate
at which galaxies acquired and lost their cold gas reservoirs. Empirically determined
relations for the conversion of gas in stars and partitioning of gas in atoms and molecules
lie at the basis of the presented approach. This emphasizes the importance to test
observationally the validity of the previously-determined relations at z > 0.

The semi-empirical approach can extend its predictive power by using fitting functions
for sub-mm line ratios and the conversion between H2 mass and sub-mm emission. These
extensions open up a wealth of predictions for the evolution of the luminosity function of
different sub-mm emission lines over cosmic time based on a realistic galaxy framework.
Such predictions are especially complimentary for deep blind sub-mm surveys.
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Semi-analytic models

Throughout this thesis we have focused on new recipes for the partitioning of cold gas
in atomic and molecular phases and new star-formation recipes. We have not paid
particular attention to the cooling of gas onto galaxies, despite being a fundamental
part of theoretical models of galaxy formation central to a wide range of astrophysical
problems.

An outstanding problem with galaxy formation models is that low mass galaxies in
theoretical models form their stars too early. Recent work has marked preventive feedback
(slowing down the accretion of gas onto galaxies) as a potential solution to the low mass
galaxies problem (e.g., Lu et al. 2014; White et al. 2014). Currently, theoretical models
use the global metallicity of hot halo gas to calculate the cooling rate onto galaxies.
A significant, realistic improvement would be to include individual-element-dependent
cooling functions. State-of-the-art cooling prescriptions are fundamental to next address
the low-mass galaxy problem and to explore different preventive feedback recipes. Other
improvements regarding the gas properties of galaxies involve new recipes for the strip-
ping of gas from infalling galaxies in haloes and supernovae and stellar feedback recipes
based on scaling relations from numerical and hydrodynamical models.

Besides improving physical recipes it is always important to extend the predictive
power of models to new wavelength regimes. With an eye on the future with instruments
such as the James Webb Space Telescope and SPICA, improvements on this front can
be made in the Infrared wavelength regime. A suitable approach would be to couple
semi-analytic models with spectral energy distribution models such as MAGPHYS (da
Cunha et al. 2008) and CIGALE (Noll et al. 2009).

7.4 Concluding remarks
With the advancements of the current and next generation of radio and sub-mm in-
struments a new era in astronomy will start soon, in which the gas properties for large
numbers of galaxies at unexplored epochs will be revealed. We look forward to use
and improve our newly-developed tools, contributing to what likely will be a great step
forward in our understanding of galaxy formation and evolution. We anticipate the dis-
covery of unexpected and unexplored phenomena in galaxies, challenging us to further
seek for the answer to a simple question: How do galaxies form?
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Hoe ontstaat een sterrenstelsel? Het is een simpele vraag met een gecompliceerd en gro-
tendeels onbekend antwoord. Al duizenden jaren bestudeert de mens de sterren aan de
hemel. Tot honderd jaar geleden was men er echter nog niet eens zeker van dat er buiten
onze eigen Melkweg nog andere stelsels bestaan. In april 1920 vond er een invloedrijk
debat plaats, het “Grote Debat”, tussen Harlow Shapley en Heber Curtis. Dit debat
ging over wolkachtige spiraalvormige objecten die aan onze nachtelijke hemel waren te
zien, “nebulae”. Shapley beargumenteerde dat onze eigen Melkweg ons gehele Universum
beslaat en dat de nebulae onderdeel van onze Melkweg zijn. Curtis daarentegen bear-
gumenteerde dat de waargenomen nebulae afzonderlijke sterrenstelsels zijn buiten onze
Melkweg. Zes jaar later, in 1926, bepaalde Edwin Hubble de afstanden tot de nebulae
en ontdekte hij dat ze inderdaad buiten onze eigen Melkweg vallen. Deze ontdekking
markeert een nieuwe periode in de sterrenkunde en heeft het bestaande beeld over ons
heelal op zijn kop gezet.

In de afgelopen honderd jaar heeft het onderzoek naar sterrenstelsel een vlucht ge-
nomen. Waarnemingen hebben laten zien dat sterrenstelsels in vele soorten en maten
voorkomen. Het misschien wel meest simpele onderscheid in verschillende typen ster-
renstelsels kan gemaakt worden op basis van morfologie. Edwin Hubble classificeerde
sterrenstelsels als elliptisch, lensvormig, en spiraalvormig. Daarnaast bestaat er ook nog
een groep stelsels met een onregelmatige morfologie. Deze verschillende typen stelsels
hebben behalve een verschillend uiterlijk ook zeer verschillende fysische eigenschappen.
Elliptische en lensvormige stelsels verschijnen als gladde objecten aan de hemel zonder
uitgesproken kenmerken. Deze stelsels hebben zeer weinig gas en stof en er worden in deze
stelsels nauwelijks nieuwe sterren gevormd. Hun stellaire populatie bestaat voornamelijk
uit oude sterren en ze worden daarom ook wel vroeg-type stelsels genoemd. Spiraalvor-
mige stelsels zijn schijven met heldere spiraalarmen vol met stof, gas, en heldere jonge
sterren. Spiraalstelsels zijn opgebouwd uit een mix van zowel oude als jonge sterren en
in de armen van deze stelsels worden nog steeds nieuwe sterren geboren. Spiraalstelsels
worden daarom, samen met onregelmatige stelsels, ook wel laat-type stelsels genoemd.
In dit proefschrift richt ik me op de evolutie van gas in laat-type stelsels.
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De geschiedenis van stervorming in sterrenstelsels

De classificatie van vroeg- en laat-type sterrenstelsels is een erg praktische. Zij geeft
echter geen direct inzicht in wanneer sterrenstelsels werden gevormd en waarom sommige
stelsels nog wel nieuwe sterren vormen en anderen niet. Een goed begrip van het ontstaan
van sterrenstelsels vraagt dus om meer informatie over de evolutie van sterrenstelsels in
ons Heelal.

Waarnemingen hebben laten zien dat ongeveer 10 miljard jaar geleden ons heelal
het meest actief was in het vormen van nieuwe sterren. Na deze periode van actieve
stervorming nam de snelheid waarmee nieuwe sterren gevormd werden in laat-type stelsels
af en nam de populatie van vroeg-type stelsels toe. Er is tevens een lineaire trend tussen
de stellaire massa en de snelheid waarmee nieuwe sterren gevormd worden in laat-type
stelsels. Het lijkt er daarnaast op dat de zware sterrenstelsels (met een massa van 100
miljard keer de massa van onze zon) hun sterren eerder, maar ook sneller vormden dan
minder zware stelsels. Ook is de indruk ontstaan dat alle stelsels op een gegeven moment
een transitie ondergaan van laat- naar vroeg-type en dat deze transitie heel snel plaats
moet vinden.

Alhoewel al deze kennis over de formatie en evolutie van stelsels ons een goed beeld
heeft gegeven wanneer en met welke snelheid er nieuwe sterren gevormd werden, geeft ze
geen antwoord op de vraag waarom. Om dat te begrijpen is het belangrijk om te kijken
naar de brandstof die nodig is om nieuwe sterren te vormen.

Van gas tot ster

Op een donkere nacht kunnen gebieden zoals de Orion nevel aan onze hemel waargenomen
worden. Dit zijn gebieden waar jonge heldere sterren omgeven zijn door gas en stof.
Het gas is de brandstof waaruit nieuwe sterren gevormd worden. Het is dus ontzettend
belangrijk om de eigenschappen van het gas in sterrenstelsels te bestuderen wanneer men
volledig wil begrijpen hoe sterformatie in sterrenstelsels wordt gereguleerd.

Het was Maarten Schmidt die in 1959 een empirische relatie vond tussen de opper-
vlakte dichtheid van gas en de oppervlakte dichtheid van sterformatie. Maarten Schmidt
maakte in zijn werk geen onderscheid tussen atomair en moleculair gas. Meer recente
waarnemingen hebben echter aangetoond dat de eerder gevonden relatie zeer sterk is
wanneer de stervormingssnelheid wordt gecorreleerd aan de oppervlakte dichtheid van
moleculair gas. In correlatie met atomair gas is deze relatie echter zeer zwak of zelfs
afwezig. Dus om te begrijpen hoe sterrenstelsels ontstaan, moet men niet alleen een
begrip hebben van de hoeveelheid gas in sterrenstelsels, maar ook hoe dit gas verdeeld is
in een atomaire en een moleculaire component.

Met deze kennis in huis kunnen simpele vragen gesteld worden die voor een beter
begrip van de ontstaansgeschiedenis van sterrenstelsels kunnen zorgen. Dit zijn vragen
als: Wat is de evolutie van de hoeveelheid gas in sterrenstelsels? Hebben sterrenstelsels
een gasreservoir dat verbruikt wordt totdat het op is, of wordt dit reservoir aangevuld
met nieuw gas? Is al het gas in sterrenstelsels geschikt om sterren uit te vormen? Onder
welke omstandigheden worden sterren gevormd en veranderen deze omstandigheden ook?
Is de efficiëntie waarmee sterren worden gevormd constant of verandert deze?
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Observationele mogelijkheden van de toekomst
Observationeel gezien heeft de studie van gas in sterrenstelsels zich voornamelijk gericht
op sterrenstelsels in ons nabije Heelal. Enerzijds omdat er nog meer dan genoeg te
begrijpen valt aan de eigenschappen van het gas en de connectie met stervorming in
nabije sterrenstelsels, maar anderzijds ook vanwege technische beperkingen. Studies
naar de eigenschappen van gas in sterrenstelsels buiten ons lokale Heelal zijn beperkt
gebleven tot waarnemingen van de hoeveelheid moleculair gas in een tiental individuele
stelsels en de absorptie van licht door atomair waterstof in nog eens zo veel stelsels.

De nieuwste generatie telescopen, in het bijzonder de ALMA telescoop in Chili en
de (voorlopers van de) nog te bouwen SKA telescoop in Zuid-Afrika en Australië, biedt
nu voor het eerst de mogelijkheid om de hoeveelheid atomair en moleculair gas in grote
hoeveelheden stelsels buiten ons nabije Heelal waar te nemen. De verwachting is dat dit
fundamentele inzichten zal verschaffen in de omzetting van gas in sterren en de evolu-
tie van sterrenstelsels. Om deze inzichten in het juiste perspectief te kunnen plaatsen,
is het cruciaal dat er tegelijkertijd fysische modellen ontwikkeld worden die pogen de
waarnemingen te voorspellen en te verklaren.

Dit proefschrift
In dit proefschrift gebruik ik theoretische modellen om de evolutie van gas in sterrenstel-
sels te bestuderen. De modellen die ik hiervoor gebruik zijn zogenaamde semi-analytische
modellen. Semi-analytische modellen gebruiken simpele theoretisch of observationeel ge-
motiveerde voorschriften om de leidende processen in de vorming van sterrenstelsels te
beschrijven. Hierbij moet gedacht worden aan het koelen van gas, sterformatie, de effec-
ten van supernovae en stelsels die samensmelten.

Ik heb nieuwe voorschriften aan een bestaand semi-analytisch model toegevoegd die
het mogelijk maken om voorspellingen te doen over de hoeveelheid atomair en mole-
culair waterstof in sterrenstelsels. Daarnaast heb ik, gemotiveerd door waarnemingen,
een nieuw voorschrift voor sterformatie toegevoegd die de hoeveelheid nieuw gevormde
sterren relateert aan de dichtheid van moleculair waterstof.

Moleculair waterstof kan normaal gesproken niet direct waargenomen worden in stel-
sels. Een van de gebruikelijke methoden om toch informatie over de hoeveelheid mole-
culair waterstof in het heelal te verkrijgen is door koolstofmonoxide waar te nemen. Dit
molecuul is vaak in dezelfde gebieden te vinden als moleculair waterstof. Behalve dat het
inzicht geeft in de hoeveelheid moleculair waterstof, kan de emissie van koolstofmonoxide
en andere atomen en moleculen ook gebruikt worden om de eigenschappen (dichtheid,
temperatuur) van gas te bepalen. Om directe vergelijkingen met waarnemingen te kun-
nen doen en de eigenschappen van het stervormende gas te bestuderen, heb ik een code
ontwikkeld die het mogelijk maakt om de emissie van koolstofmonoxide, maar ook van
andere atomen en moleculen te berekenen.

Daarnaast heb ik een methode ontwikkeld die het mogelijk maakt om indirect te be-
palen wat de hoeveelheid atomair en moleculair waterstof van een stelsel is, gegeven de
stellaire massa, het formaat, en de stervormingssnelheid van dat stelsel. Ik heb deze me-
thode toegepast op ruim 70 000 stelsels die 6,5 miljard jaar aan kosmische tijd beslaan.
Tevens heb ik deze methode toegepast op een empirisch model dat de stervormingsge-
schiedenis van sterrenstelsels beschrijft.
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Ik heb de ontwikkelde modellen en codes gebruikt om te kijken naar de evolutie van
atomair en moleculair gas in sterrenstelsels en heb deze evolutie gekoppeld aan de reeds
bestaande kennis over de stellaire opbouw van sterrenstelsels.

Evolutie van gas in sterrenstelsels
De verschillende methoden toegepast in dit proefschrift voorspellen allemaal dat de re-
latieve hoeveelheid gas in sterrenstelsels constant was tot ons heelal een leeftijd bereikte
van ruim 2 miljard jaar. Alhoewel er in ons jonge heelal wel sterren gevormd werden,
moet er dus een toevoer van nieuw gas zijn geweest die de relatieve hoeveelheid van gas
constant hield. Hierna nam de hoeveelheid gas in sterrenstelsels gestaag af. Het is ondui-
delijk of er geen nieuw gas werd aangetrokken door de sterrenstelsels. Er werd in ieder
geval minder nieuw koud gas aangetrokken dan dat er verbruikt werd voor stervorming
of dat er op andere wijze verdween.

De evolutie van atomair en moleculair gas in sterrenstelsels is erg verschillend. Om een
voorbeeld te geven, mijn modellen voorspellen dat de hoeveelheid moleculair waterstof
in het Heelal een sterke piek vertoonde toen ons Heelal ruim 3 miljard jaar oud was. De
hoeveelheid atomair waterstof daarentegen is al ruim 10 miljard jaar nagenoeg constant.
Op een soortgelijke wijze voorspellen mijn modellen dat het aantal stelsels met een grote
massa van atomair waterstof (meer dan 10 miljard keer de zonsmassa) nagenoeg constant
is gebleven gedurende de laatste 10 miljard jaar. Het aantal stelsels met een soortgelijke
massa aan moleculair waterstof is in dezelfde periode een factor van tien afgenomen. Dit
zijn voorspellingen die gebaseerd zijn op onze huidige kennis van de fysische processen
die het gas in sterrenstelsels ondergaan. Waarnemingen met de nieuwste generatie van
telescopen zullen deze voorspellingen kunnen toetsen.

Betekent minder gas minder sterren?
Zoals eerder aangegeven werden de meeste sterren gevormd toen ons heelal ruim 3 miljard
jaar oud was en nam de snelheid waarmee nieuwe sterren gevormd werden af. Dit is deels
omdat de hoeveelheid gas in sterrenstelsels af nam. Echter, de modellen in dit proefschrift
tonen ook aan dat een kleinere fractie van het aanwezige gas in een staat verkeerde waarin
het nieuwe sterren kon vormen. De moleculaire fractie van het koude gas (de verhouding
tussen het gas dat moleculair is en al het aanwezige koude gas) in sterrenstelsels neemt
af als een functie van de tijd. Onder de aanname dat nieuwe sterren gevormd worden
uit moleculair gas betekent dit dat er uit dezelfde hoeveelheid koud gas effectief minder
sterren gevormd kunnen worden.

De condities van het stervormende gas
De evolutie die mijn modellen voorspellen in de moleculaire fractie en de efficiëntie van
stervorming geven al aan dat de eigenschappen van het koude gas waar sterren uit vormen
niet altijd constant zijn. Een nog gedetailleerder beeld hiervan kan verkregen worden door
de dichtheid en temperatuur van het gas te bestuderen. Eén van de manieren waarop
dit gedaan kan worden (zowel theoretisch als observationeel) is door naar de emissie
van atomen en moleculen te kijken. De ratio tussen de verschillende emissielijnen van
atomen en moleculen is een goede maatstaf voor de temperatuur en dichtheid van het
gas. Mijn modellen voorspellen dat de verhouding tussen de verschillende emissielijnen



Nederlandse Samenvatting 193

van koolstofmonoxide, de verhouding tussen de twee emissielijnen van atomair koolstof
en de verhouding tussen lijnen van koolstof en oxide allemaal veranderen als functie van
de tijd en als functie van de snelheid waarmee sterren in een stelsel gevormd worden. De
verschillen in lijn-ratio wijzen allemaal op een afname in de temperatuur en dichtheid
van het stervormende gas met de tijd.

De toekomst
Behalve een bijdrage aan ons begrip van gas in sterrenstelsels en de wijze waarop het gas
deelneemt aan de formatie van nieuwe sterren, hebben de resultaten gepresenteerd in dit
proefschrift nog een uiterst praktische toepassing. Mijn modellen bieden een weelde aan
voorspellingen voor toekomstige studies naar de hoeveelheid atomair en moleculair gas in
sterrenstelsels en de emissie van individuele atomen en moleculen. Deze voorspellingen
kunnen als theoretisch kader dienen waarbinnen de waarnemingen uitgevoerd worden. De
waarnemingen kunnen dan weer als randvoorwaarden dienen voor een verbeterd begrip
over het ontstaan en de evolutie van sterrenstelsels. Deze wisselwerking zal uiteindelijke
fundamentele inzichten verschaffen voor het beantwoorden van die simpele vraag: Hoe
ontstaat een sterrenstelsel?
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