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1 INTRODUCTION

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 star formation rate
(SFR)-halo mass—redshift relation (constrained by galaxy abundances) with inverted SFR—
surface density relations to infer galaxy H1 and H, masses. We present gas scaling relations,
gas fractions, and mass functions from z = 0 to 3 and the gas properties of galaxies as a
function of their host halo masses. Predictions of our work include: (1) there is an ~0.2 dex
decrease in the H 1 mass of galaxies as a function of their stellar mass since z = 1.5, whereas the
H, mass of galaxies decreases by >1 dex over the same period; (2) galaxy cold gas fractions
and H, fractions decrease with increasing stellar mass and time. Galaxies with M, > 10'° Mg
are dominated by their stellar content at z < 1, whereas less-massive galaxies only reach these
gas fractions at z = 0. We find the strongest evolution in relative gas content at 7 < 1.5;
(3) the SFR to gas mass ratio decreases by an order of magnitude from z = 3 to 0. This is
accompanied by lower H, fractions; these lower fractions in combination with smaller gas
reservoirs correspond to decreased present-day galaxy SFRs; (4) an Hj-based star formation
relation can simultaneously fuel the evolution of the cosmic star formation and reproduce
the observed weak evolution in the cosmic H1 density; (5) galaxies residing in haloes with
masses near 10'? Mg are most efficient at obtaining large gas reservoirs and forming H, at
all redshifts. These two effects lie at the origin of the high star formation efficiencies in haloes
with the same mass.

Key words: ISM: atoms—-ISM: molecules — galaxies: evolution—galaxies: formation—
galaxies: ISM.

Abundance matching techniques and empirical models have
shown that haloes with masses near 102 Mg are most efficient

Understanding of the gas evolution of galaxies provides fundamen-
tal 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 (Wong & Blitz 2002;
Bigiel et al. 2008; Daddi et al. 2010; Genzel et al. 2010; Bigiel &
Blitz 2012). Locally, the correlation of SFR surface density with
atomic hydrogen is weak (Bigiel et al. 2008; Leroy et al. 2008).
These results suggest that before forming stars, cool gas that ac-
cretes on to a galaxy must go through an atomic and molecular
phase. Knowledge of the cold gas content of galaxies and its par-
titioning into H1 and H, therefore provides valuable constraints on
the physics that control this baryonic cycle.

* E-mail: gpopping @eso.org

© 2015 The Authors

at forming stars and that the SF histories for galaxies with varying
z = 0 halo mass are very different (e.g. Yang, Mo & van den Bosch
2003; Conroy & Wechsler 2009; Behroozi, Conroy & Wechsler
2010; Guo et al. 2010; Moster et al. 2010; Wang & Jing 2010; Yang
et al. 2012; Behroozi, Wechsler & Conroy 2013b; Moster, Naab
& White 2013; Reddick et al. 2013; Lu et al. 2014a,c). The halo
mass dictates the gas supply on to a galaxy. It is therefore crucial
to couple the cold gas content of a galaxy to the halo framework,
in order to fully understand the physics that translates the supply of
cold gas into the stellar build-up of galaxies and constrain processes
such as winds, heating, and cooling.

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 hydro-
gen surveys (typically through CO emission) such as BIMA SONG
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(Bima survey of nearby galaxies; Helfer et al. 2003), HERACLES
(HERA CO-Line Extragalactic Survey; Leroy et al. 2009), and
COLD GASS (CO legacy data base for GASS; Saintonge et al.
2011) have mapped the H1and H, content of local galaxies, provid-
ing constraints on the gas-to-star ratios and H1and H, mass function
of galaxies. These surveys have provided important insights into the
connections between stellar mass, SFR and, gas properties of galax-
ies, but do not probe the evolution in galaxy gas properties that drive
the stellar build-up of galaxies.

Observations of atomic gas in emission in galaxies have been
restricted to z < 0.25 (Verheijen et al. 2007; Catinella et al. 2008;
Catinella & Cortese 2015). As a pilot for CHILES (Cosmos H1
Legacy Survey), Ferndndez et al. (2013) observed H1in emission in
33 galaxies in the redshift interval 0 < z < 0.19. Damped Lyman-«
absorbers (DLAs) have provided an alternative approach to esti-
mate the global gas content in galaxies up to much higher redshifts
(z < 4; e.g. Rao, Turnshek & Nestor 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 H; (through
CO) in high-redshift galaxies have become available, although usu-
ally 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 inconclu-
sive 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 galax-
ies. We anticipate that the newest generation of radio and sub-mm
instruments such as Atacama Large Millimeter Array (ALMA),
Square Kilometre Array (SKA) and its pathfinders MeerKat and
Australian Square Kilometre Array Pathfinder (ASKAP) will im-
prove the number statistics and revolutionize our understanding of
the gas properties of galaxies over cosmic time.

Indirect estimates of the total gas and/or H, mass of large samples
of galaxies at high redshift (Erb et al. 2006; Mannucci et al. 2009;
Popping et al. 2012, Popping et al. in preparation) have improved
the number statistics but still suffer from severe selection criteria.
These studies were not in the position to address the H1and H, 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 devel-
oping models that track the H1 and H, content of galaxies (e.g.
Obreschkow et al. 2009; Dutton, van den Bosch & Dekel 2010; Fu
et al. 2010; Lagos et al. 2011; Christensen et al. 2012; Krumholz
& Dekel 2012; Kuhlen et al. 2012; Davé et al. 2013; Popping,
Somerville & Trager 2014a; Rafieferantsoa et al. 2014; Thompson
et al. 2014). These models have proven to be very successful in
reproducing the available observational constraints on the Hi, Hj,
and sub-mm (Popping et al. 2014b) 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 (Lu et al. 2014b) and the SF history of low-mass galaxies
(Weinmann et al. 2012; Somerville & Davé 2014). Additional in-
formation 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 (AGN), and shock heating.

MNRAS 449, 477-493 (2015)

In this paper, we present a new semi-empirical approach to con-
strain the H1 and H, 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, Wechsler & Con-
roy 2013a; Behroozi, Wechsler & Conroy 2013b) with a model to
indirectly estimate the H1 and H, content of a galaxy (Popping
et al. 2012). With our approach, we can follow galaxy gas prop-
erties as a function of time and halo mass. It provides a unique
opportunity to infer galaxy H1 and H, masses, mass functions, and
cosmic densities out to z = 3. This allows us to gain insights into
the processes that shape the maximum star formation efficiency
(SFE) in haloes with M., ~ 10'> M and study the gas properties
of galaxies that drive the peak in cosmic SFR density at z ~ 2 (e.g.
Hopkins & Beacom 2006; Madau & Dickinson 2014). 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 SF histories that by construction are
representative of real galaxies. The presented approach is in stark
contrast to 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. Simi-
lar techniques have been used to look at the evolution of the stellar
metallicity and galaxy age (Peeples & Somerville 2013; Muiioz &
Peeples 2015) and the in- and outflow of gas in galaxies (Lu, Mo &
Lu 2014d). Because our approach is based on realistic SF histories,
the inferred gas properties provide very useful predictions for future
observations.

This paper is organized as follows. In Section 2, we present
our methodology. In Section 3, we present our results and we dis-
cuss them in Section 4. We summarize our findings in Section 5.
Throughout this paper, we assume a flat A cold dark matter cosmol-
ogy with Hy = 70kms ™!, Quaer = 0.27, Q5 = 0.73, n, = 0.95,
and og = 0.82 (Behroozi, Wechsler & Conroy 2013b). We assume
a Chabrier stellar initial mass function (IMF; Chabrier 2003) in
the mass range 0.1—100 M) and where necessary convert observa-
tional quantities used to a Chabrier IMF. All presented gas masses
are pure hydrogen masses. Unless noted different, presented gas
masses do not include a correction for helium.

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 in Section 2.1.
We will then describe our method to estimate the gas masses of
galaxies in Section 2.2. We present a schematic overview of this
model and its main individual ingredients in Fig. 1. The individual
steps depicted in Fig. 1 are described below.

2.1 Sub-halo abundance matching

We use the abundance modelling approach in Behroozi, Wechsler &
Conroy (2013b) to provide SF histories (halo mass, stellar mass, and
SFR as a function of redshift) that by construction are representative
of real galaxies. The abundance modelling approach adopts a very
flexible parametrization for the stellar mass—halo mass relationship
as a function of redshift, M,(M,;, z). This parametrization has six
variables to control the normalization and shape of the relationship
(a characteristic stellar mass, halo mass, faint-end slope, massive-
end cut-off, transition region shape, and scatter); for each variable,
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and redshift (z).

1. Pick a halo from the simulation,
which will have a halo mass (HM)

SFR to halo using relations in
Behroozi et al. (2013).

2. Assign a galaxy stellar mass and

2 +

HM HM .0

SFR
N

by 2.6, to assign gas disc size.

3. Use size-stellar mass relation
in van der Wel et al. (2014), scaled

\

SM

4. Assuming that the gas+stars
are distributed exponentially,
choose a total cold gas mass.

5. The mass gives a midplane pressure, setting the
HI/H, fraction (Blitz & Rosolowsky 2006). The H,
density implies an SFR (Bigiel et al. 2008).

-

6. Compare implied SFR with

Behroozi et al. (2013); keep iterating
gas masses until the two SFRs match. v

I
SFR

/A

Figure 1. A flowchart of the methodology used to estimate the H1 and H, masses of galaxies based on realistic SF histories.

three parameters control the redshift scaling at low (z = 0), mid
(z ~ 1), and high (z > 3) redshift. This results in a total of 18 shape
parameters. Additional nuisance parameters account for systematic
observational biases in how galaxy luminosities are converted to
stellar masses/SFRs. A specific choice of M, (M, z) applied to a
dark matter simulation results in an assignment of a galaxy stellar
mass to every halo at every redshift in the simulation. By count-
ing 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
SFRs, and specific SFRs. Comparing these predictions to observed
data (i.e. stellar mass functions and SFRs) from z = 0 to z ~ 8 re-
sults in a likelihood for a given choice of M, (M,;, z). The posterior
distribution for M, (M., z), along with derived values for the aver-
age SFR as a function of halo mass and redshift, are then inferred
from observed data using an Markov Chain Monte Carlo (MCMC)
approach. The full details of this method are presented in Behroozi,
Wechsler & Conroy (2013b).

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

M, -13 -1
Squenched(M., 2) = [(m) + 1} . (D
Beyond z = 3, all galaxies are considered to actively form

stars (i.e. fquenchea = 0). Under the assumption that the contri-
bution from quenched galaxies to the average SFR is negligi-
ble, we can estimate the SFR of actively star-forming galaxies as
SFRctive = SFRyyerage / (1 — fuenchea). Combined with the evolu-
tion of the SFR—stellar mass relation, this quenched fraction evolu-

tion accurately reproduces the distribution of ages of local galaxies
(Muiioz & Peeples 2015).

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). We assume a scatter in the stellar
masses at fixed halo mass of &£ = 0.218-0.023(a — 1) dex, where a
is the cosmological scale factor. On top of that, we assume that the
observational uncertainty around the stellar masses is lognormal,
with a redshift-dependent standard deviation o(z) = o9 + 0.z,
where o = 0.07 and o, = 0.061 (Behroozi, Wechsler & Conroy
2013b).

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

2.2 Indirect gas measures

We infer the H1 and H, content of a galaxy based on the approach
presented in Popping et al. (2012). This method uses the combina-
tion of an empirical molecular-based SF relation (based on Bigiel
etal. 2008) and a pressure-based prescription to calculate the H,-to-
H 1 surface density ratio of cold gas (Blitz & Rosolowsky 2006). We
pick a gas mass and solve for the SFR using the set of equations de-
scribed below. We then iterate through gas masses till convergence
with the SFR picked from Behroozi, Wechsler & Conroy (2013b)
is reached.

We use a slightly adapted version of the molecular-based SFR
relation deduced in Bigiel et al. (2008) to allow for higher SFEs in
high gas surface density regions. This is motivated by the results of

MNRAS 449, 477-493 (2015)
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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 in Bigiel et al. 2008). The adopted equation is given by

ASF 2:gas Nse .
Tor = —— (1 = - Soass 2
SFR 10 M@ pc‘z ( Zcril fH_ ga ( )

where Xgrr and X, are the SF and cold gas surface densities in
M@ yr~! kpe™? and Mg, pe~2, respectively; Agg is the normaliza-
tion of the power law in M yr~! kpc’z; Y e 18 the critical sur-
face density above which the SF follows Kennicutt (1998); Nsg is
an index which sets the efficiency; and fu, = Zn,/(Zn, + Zu,)
is the local molecular gas fraction. Following Popping et al.
(2012), we use Ngg = 0.5 and X5 = 100Mg pc~'. When not
accounting for the increased SFE of high surface density regions
(i.e. Nsg = 0), we infer 10 percent more gas in galaxies with
SFR/Q2mt?) ~ 1 Mg yr™! kpc * and roughly 75 per cent more gas
in galaxies with SFR/(27tr?) &~ 10Mg yr~! kpcfz.

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.

_(Zm) _ (P ‘
RH2_<EH[>_<P0) ' ®)

where Py is the external pressure in the interstellar medium where
the molecular fraction is unity and « is the power-law index. We
use Py = 3.25 x 1073 ergem™ and o = 0.8, based on the results
presented in Leroy et al. (2008). P, is the mid-plane pressure acting
on the galaxy disc. Following Popping et al. (2012), we describe
the mid-plane pressure by

Po(r) = % G Tas(r) [Bgas(r) + 0.1/ Z,(r)E, o] , “

where G is the gravitational constant, r is the radius from the
galaxy centre, and ¥, g = M, /(27tr?), based on empirical scalings
for nearby disc galaxies. We now have all the necessary ingredients
to calculate Ry, and subsequently the cold gas molecular fraction
Lfit, = Rut, /(1 + Rur))1.

We assume that cold gas and stars are distributed following an
exponential profile.! We estimate the disc scalelength r, as a func-
tion 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 10° M, we estimate the disc scalelength based
on work by Kravtsov (2013), who relates the scalelength of a disc
to the size of its host halo. The typical uncertainty given by van der
Wel et al. (2014) is 0.2 dex. Following Kravtsov (2013), we assume
that the scalelength of the gaseous disc is 2.6 times larger than the
scalelength of the stellar disc. Varying x, results in negligible
differences in inferred cold gas and H, mass as long as x g > 1.
Decreasing x g to values less than one leads to more significant
differences in the inferred gas masses. When adopting x 4.5 = 0.5,
we find that the inferred gas and molecular masses are lowered by
0.25 and 0.1 dex, respectively. Observations of the sizes of the CO
discs of galaxies at z ~ 1.2 and ~2.2 (supposedly tracing the molec-
ular hydrogen) do not support a scalelength ratio of y g < 1.0 (e.g.

! This is slightly different from Popping et al. (2012), where the SF was
assumed to follow an exponential distribution rather than the cold gas.

MNRAS 449, 477-493 (2015)

Tacconi et al. 2010, 2013). Resolved observations of CO discs with
ALMA will be able to better address the scalelength ratio between
the stellar and molecular disc of galaxies at high redshifts.

The assumption of an exponential disc morphology may not be
physical for galaxies at z = 0 with stellar masses below ~10° Mg
(Kelvin et al. 2014). At higher redshifts, it is unclear at which
stellar mass the assumption of disc structure may break down. As
a consequence, assuming that the distribution of gas in irregular
galaxies is clumpy, the inferred H 1 content of galaxies in this mass
regime may be too high. The inferred H 1 disc mass for satellites may
also be overestimated if these galaxies undergo significant stripping.

We calibrated our method using direct observations of the H1
and/or H, content of galaxies in 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 x>-minimization, we find best
agreement between inferred and observed gas masses for this sample
when adopting a value of Asr = 9.6 x 107 M yr~! kpe ™ for the
efficiency of forming stars out of molecular gas. We integrate the
disc out to a hydrogen column density of Ny = 10'® cm~? (the cold
gas at these column densities is atomic). The adopted value for Agg
is within the errors on Agp in Bigiel et al. (2008) and Bigiel & Blitz
(2012). The cut in hydrogen column density at Ny = 10'8 cm™
affects the inferred H1 masses by a few per cent in galaxies with
global SFR surface density (defined as SFR/[27tr2]) less than 10~#
with respect to the approach adopted in Popping et al. (2012).

Popping etal. (2012) showed that this method is very successful in
reproducing the cold gas and H, surface densities of local galaxies
and the integrated H1 and/or H, 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. The typical systematic uncertainty for the
inferred gas masses (based on uncertainties in x g, the SFE, and
the parameters that control the partitioning of cold gas in an atomic
and molecular component) is 0.25 dex.

2.3 Distribution of inferred gas masses for fixed halo mass

This work is based on several relations with different underlying
distributions and uncertainties. To develop a feeling of the effect
that these underlying distributions have on the inferred gas masses,
we show the histograms of the distributions of inferred H1 and H,
masses for fixed halo masses at z = 0.0 in Fig. 2. We find that
the distribution in H1 and H, masses is typically lognormal. The
distribution in H1has a width of ~0.45 dex, independent of host halo
mass. The H, distribution has a width of ~0.45 and ~0.6 dex for
galaxies residing in haloes with masses of 10''~!% and 10"*~'* M),
respectively.

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 3.1.
We present predictions for future H1 and H, surveys of galaxies
at z > 0 in Section 3.2. We finish by discussing the gas properties
of galaxies as a function of their halo mass in Section 3.3. In all
figures, the solid line and the shaded regions mark the mean and
one standard deviation of the posterior distributions. The posterior
distributions are obtained by inferring the gas masses based on
a thousand different realizations for the stellar mass—halo mass
relation. For each realization, we infer the gas masses multiple
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Figure 2. Histograms of the distribution in the inferred H1 (left) and H, (right) masses for fixed halo masses at z = 0.0.

times, to fully cover the uncertainties and distributions in SFR,
stellar, mass, size, and our methodology to infer gas masses.

3.1 Gas in local galaxies

We present scaling relations for the total cold gas, Hi, and H,
content of local star-forming galaxies compared to observations in
Fig. 3. Our observational sample ranges from local dwarf galaxies
to the most actively star-forming galaxies in the local Universe

1011 L 4

1010

10°

108

Mgas/Mg

107

= z=0.0

106 ; I7 I8 ‘9 I1(] ‘11 I12
1 10 10 10° 10 10 10
M.,/ Mg

102~ T

101 L

§ |
e Mil JVL;}

10°%¢

10—1 L

Mgas/M*

1072} 3

ey T T T TR T TR
10 10 10 107 10 10 10

M../Mg

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), McGaugh (2012), Boselli et al.
(2014), and the ALLSMOG survey (Bothwell et al. 2014).
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We find good agreement between model and observations for
the relative and absolute H 1 content of galaxies over the entire mass
range probed. The H1 mass of galaxies increases with stellar mass,
but the ratio between Hr1 and stellar mass decreases. We find an
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Figure 3. The cold gas mass (top left), H1 mass (top row centre column), H, mass (top right), gas-to-stellar mass ratio (bottom left), H1-to-stellar mass ratio
(bottom row centre column), and H-to-stellar mass ratio (bottom right) of galaxies as a function of stellar mass at z = 0. Shaded regions mark the 1o of the
posterior distribution of the inferred gas masses. Literature values are from Leroy et al. (2008), Bothwell, Kennicutt & Lee (2009), Saintonge et al. (2011),
McGaugh (2012), Zhang et al. (2012), Boselli et al. (2014) and Bothwell et al. (2014) are shown in grey. Error bars on the literature values mark the lo

distributions of the observed sample.
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Figure 4. H1 (left) and Hy (right) mass function at z = 0. Model results are compared to literature results from Zwaan et al. (2005), and Martin et al. (2010)
for H1 and Keres, Yun & Young (2003) and Obreschkow & Rawlings (2009) for H,. The shaded regions show the 1o posterior distributions.

increasing trend in H, mass with stellar mass, in good agreement
with observations. The relation between stellar mass and H, mass is
steeper than the relation between stellar mass and cold gas and H1
mass. The inferred H,-to-stellar mass ratio is flat up to stellar masses
of M, ~ 10'%5 M and drops afterwards. Observations suggest a
continuous decline in the H,-to-stellar mass ratio with stellar mass;
however, the H, mass of galaxies with low stellar masses is not well
constrained (M, < 10® M). This is partially due to small sample
sizes and partially due to uncertainties in the H, mass as estimated
through CO for low-metallicity objects (Schruba et al. 2011).

We compare our inferred local H1 and H, mass functions to ob-
servations in Fig. 4. We reach decent agreement with the observed
H1mass function for galaxies with H1 masses My, > 10° Mg . Be-
low this mass, our model finds a much steeper slope in the H1 mass
function than suggested by observations. The galaxies responsible
for this excess have low stellar masses (M, < 1087 M@). We will
further discuss this in Section 4.5.

‘We obtain good agreement between the observed and inferred H,
mass function over the entire mass range probed. Only at the knee
of the H, mass function (M, ~ 10°7) 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 10%° M. The SHAM adopted in this
work was designed to match the locally observed stellar mass func-
tion and specific SFRs of galaxies (Behroozi, Wechsler & Conroy
2013b). Our methodology to estimate the H1 and H, masses of lo-
cal galaxies was calibrated using a sample partially consisting of
local gas-rich objects. Although the combination of these two mod-

els does not necessarily guarantee the degree of agreement found
between our model and observations, the good match is an encour-
aging sanity check.

3.2 Evolution of gas in galaxies
3.2.1 Scaling relations

We present inferred galaxy H, masses at redshifts z ~ 0.3, ~1.2, and
~2.2 in Fig. 5. At these redshifts, there are ample observations from
the literature available to compare our model to Tacconi et al. (2010),
Bauermeister et al. (2013) and Tacconi et al. (2013). We find an
increasing trend in galaxy H, mass with stellar mass at all redshifts,
in good agreement with observations. The relation between H,
mass and stellar mass flattens for the most stellar-massive galaxies
(M, > 10" M), suggestive of an upper plateau in H, 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.

We show the redshift evolution of the cold gas, H1, and H, mass
and the cold gas-, H1- and H,-to-stellar mass ratio of galaxies up to
z = 3 in Fig. 6. The shapes of the presented relations are roughly
constant with time. The cold gas, Hi, and H, mass of a galaxy
increase and its gas-to-stellar mass and Hi-to-stellar mass ratios
decrease with stellar mass. The H,-to-stellar mass ratio remains
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Figure 5. H> mass as a function of stellar mass at redshifts z = 0.3, 1.2, and 2.2. Shaded regions mark the 1o 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. Redshift evolution of the cold gas mass (top left), H1 mass (top row centre column), H, mass (top right), gas-to-stellar mass ratio (bottom left),
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the 1o posterior distributions of the inferred gas masses. For clarity, we only show the 1o region at redshifts z = 0 and 3. The distribution at other redshifts is

very similar.

constant below stellar masses of M, ~ 10'°~'%3 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 H1 and H, contents of galaxies show very
different behaviour. We find very weak evolution in the H1 content
for galaxies with low stellar masses (M, < 10°° M@). Galaxies
with higher stellar masses show a much stronger evolution in their
relative and absolute atomic gas mass. The H1 mass of galaxies
increases up to z = 0.5 and stays constant at later times. Below
z =1, the evolution in H 1 mass is less than a factor of 3. We find very
different evolution in the H, mass of galaxies with time. Galaxies
at z = 3 have roughly 10 times as much molecular hydrogen than
local counterparts, independent of stellar mass and the strongest
evolution in H, massisatz < 1.

The relations between cold gas mass and gas-to-stellar mass ratios
of galaxies and stellar mass are constant with time at z < 0.5. Only
at later times does the total cold gas content of galaxies rapidly
decrease.

3.2.2 H1and H, mass function

We show the redshift evolution of the H1 and H, mass functions up
to redshift z = 3 in Fig. 7. At fixed H1 mass, the number density of
objects increases up to z = 0.5 and decreases at later times. At low
H1 masses (My, < 107 M@), the evolution in H1 mass function
with time is less than a factor 3 in number density at fixed H1 mass.
At higher masses, the number density of objects rapidly increases
up to z = 2, after which the evolution is weak. Only at z < 0.5 does
the number density of galaxies with highest H1 masses drop by an
order of magnitude. The evolution in the H1 mass function is in
good agreement with predictions from semi-analytic models (e.g.
Popping et al. 2014a), but in poorer agreement with prediction using
the hydrodynamical simulations presented in Davé et al. (2013, we

discuss this in Section 4). The steep slope in the low-mass end of
the H1 mass function as seen at z = 0 is present at all discussed
redshifts. We discuss the origin of this steep slope in Section 4.5.

Our inferred H, mass function has the highest normalization at
redshift z ~ 2. Largest H, reservoirs (M, ~ 101512 Mg) 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 H, mass function
at redshifts 1 < z < 3 is weak. We find a much stronger evolution in
the H, mass function at lower redshifts. The rapid decline in number
density of galaxies with My, > 10'° M starts at z = 1, whereas
the decline in number density of less-massive galaxies starts at
z < 0.5. This suggests that galaxies with high H, masses lose their
molecular gas at earlier times than less molecule-rich galaxies.

It is intriguing to see that the evolution in the Hr1 and H, mass
functions do not go hand-in-hand. The strongest evolution in H, is
observed at z < 1, where the cosmic SFR density is plummeting,
whereas the H1mass function is much more constant in this redshift
regime. Although the number of massive total (H1 + H,) cold gas
reservoirs changes (especially at z < 1), this does not automatically
mean that H1 and H, independently follow the same trend.

3.2.3 Galaxy gas fractions

We present the gas fraction and relative H, content of galaxies as
a function of stellar mass in Figs 8 and 9. Gas fractions are plotted
at redshifts running from z = 0 to 3 and compared with direct
observations and predictions based on the semi-analytic models
by Obreschkow et al. (2009), Lagos et al. (2011), and Popping
et al. (2014a). The inferred gas masses can act as constraints for
theoretical models and prescriptions that describe the baryonic cycle
of matter within galaxies.
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dashed, dotted, and dash—dotted lines represents the semi-analytic model predictions from Popping et al. (2014a), Lagos et al. (2011), and Obreschkow et al.

(2009).

The cold gas fraction of a galaxy decreases with increasing stel-
lar mass. At z > 1, we find a shallow slope in gas fraction for
galaxies with M, < 10'° M followed by a rapid drop for galaxies
with higher stellar masses. At lower redshifts, galaxy gas frac-
tions 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 10'* M and
below z = 0.5.

The evolution in % is much stronger than found for fy,, (Fig. 9).
At z = 3, M reaches values of ~2, whereas it less than 0.1 at

M,
z = 0. Although at z = 0 low stellar mass galaxies are dominated

by their cold gas content, the H, fraction of this gas is very low.
At z = 3, on the other hand, most of the cold gas is molecular. We
find a peak in M“’ for galaxies with stellar masses near 10'° Mg
at all redshifts. There is a minor increase with stellar mass be-

MNRAS 449, 477-493 (2015)

low this characteristic mass, whereas we find a rapid drop in %
above this characteristic mass. This suggests galaxies are most ef-
ficient in forming H, and transforming cold gas into stars near
M, = 10" M@ . We will explore which haloes host these galax-
ies and what light this sheds on the stellar build-up of galaxies in
Section 3.3.

We compare our findings for to literature values presented
in Tacconi et al. (2013) and the compllatlon from Genzel et al.
(2010, obtained through CO). Direct observations of ”’ are within
the scatter of our inferred H, 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 H, rich) galaxies. Nevertheless, the rough
agreement between observations and our results for these stellar-
massive galaxies is very encouraging.

MH')
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Figure 9. Relative H, content galaxies (MM—"?) as a function of stellar mass for different redshift bins. Shaded regions mark the 1o posterior distributions of
the inferred gas fractions. Model results are compared to literature values from Leroy et al. (2008), Bothwell et al. (2009), Genzel et al. (2010), Saintonge et al.
(2011), and Tacconi et al. (2013). The grey dashed, dotted, and dash—dotted lines represents the semi-analytic model predictions from Popping et al. (2014a),

Lagos et al. (2011), and Obreschkow et al. (2009).

The presented trends provide constraints for theoretical mod-
els 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, Popping
et al. in preparation), the work presented here is not biased by selec-
tion criteria and represents a complete sample. Semi-analytic model
predicts a similar shape in the trend between gas fractions and %
with stellar mass and with redshift as our semi-empirical model.
The normalization of the trends at M, > 10" Mg predicted by
semi-analytic models at z > 0.5 is systematically below the results
presented in this work. The discrepancy is especially obvious in the
gas fractions in the redshift regime 1 < z < 2.5. 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 H, estimates taken from the
COSMOS sample (Lu et al. 2014b; Popping, Somerville & Trager
2014a; White, Somerville & Ferguson 2014). This is likely cou-
pled to the low-mass galaxy problem, where galaxies in theoretical
models form their stars and consume their gas too early.

3.2.4 Cosmic gas density in galaxies

We present our inferences for the total cold gas (H1 + H;), Hi,
and H, cosmic density of the Universe as a function of time in
Fig. 10. We compare our results to local H1 and H, densities (Kere§
et al. 2003; Zwaan et al. 2005; Obreschkow & Rawlings 2009;
Martin et al. 2010; Braun 2012) and higher redshift estimates of the
H, (Walter et al. 2014) and H1 density obtained through stacking
(Delhaize et al. 2013) and from DLAs (e.g. Péroux et al. 2005; Rao

et al. 2006; Guimaraes 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 followed by a rapid drop at lower redshifts.
A similar trend is found for the H1 cosmic density, which peaks
at z ~ 0.5. The evolution in Qy;, is relatively weak in the redshift
regime 0 < z < 2. The H, 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
H, cosmic density of gas in galaxies never exceeds the H1 cosmic
density.

We reach good agreement with the constraints on Qyy; at redshifts
z = 1.5 and 2.75 (Walter et al. 2014), supporting an increase in the
cosmic H, density. The observational constraints are unfortunately
not tight enough to separate between a peak, a flat, or declining
evolution in Qyy; at z > 2. Our approach overpredicts the observa-
tional estimates of Qy, at z < 2 and underpredicts Qy, at redshifts
z > 3. In the low-redshift regime, this is due to the high number of
galaxies with low H1 masses, in poor agreement with the observed
H1 mass function at z = 0. We warn the reader that in this work
we only probe the cold gas that is associated with the galaxy disc
(down to a hydrogen column density of Ny = 10'® cm™2), ignoring
DLAs that may arise from intergalactic gas in cold streams or fila-
ments at z > 1.5-2 (Berry et al. 2014). As a comparison, we include
inferred cosmic densities when only taking gas above the DLA col-
umn density into account (i.e. Ny > 2 x 10?° cm~2). The resulting
cosmic densities for cold gas and H1 decrease by a factor of ~4,
whereas this selection does not affect the H, cosmic density. Our
predictions for the H1 cosmic densities are now in good agreement
with observations out to z & 2, but at higher redshifts our inferred
cosmic H1 densities are lower than the observed densities.
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3.2.5 Star formation efficiency

The SFE (here defined as SFE = SFR /My, y») 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 Fig. 11. The
SFE of galaxies increases with stellar mass, independent of redshift.
Although the relative gas content of galaxies decreases with stellar
mass (Fig. 8), the ability of the gas to form stars increases. This
is largely set by a decrease in the H1 content of galaxies with
increasing stellar mass. At fixed stellar mass, the SFE of galaxies
decreases with time, resembling the evolution of the H, content of
galaxies (Fig. 6; note, however, that in our model the H, mass of a
galaxy is largely controlled by its SFR).

2 This is different from a commonly used definition for SFE; the fragment
of gas mass converted into stars.
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There is a plateau in the SFE of galaxies at stellar masses M, >
10" 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 H, content of galaxies, %, rapidly drops. We find a similar
constancy in the SFE of galaxies' as a function of their redshift in
different bins of halo mass (Fig. 12). At fixed redshift, the SFE
of star-forming galaxies is constant as a function of halo mass
for galaxies residing in haloes more massive than 10'2 Mg . The
SFE of galaxies decreases with time for a fixed host halo mass. The
constancy of SFE at fixed redshift is in agreement with the plateau in
SFE we found for galaxies with stellar masses larger than 10'° Mg.

3.3 Cold gas content of dark matter haloes

In this section, we present 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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We show derived cold gas, H1, and H, masses as a function of
halo mass and redshift in Fig. 13. We find that the evolution of the
total cold gas content of galaxies is very different as a function of
their host halo mass. The gas content of galaxies residing in haloes
with My = 10" My 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 M, = 10" M) rapidly decreases with time until z ~ 3,
after which it stays relatively constant.

Much stronger evolution is found for the H1 and H, mass of
galaxies. Independent of halo mass, the H1 mass increases with
time up to z ~ 0.5 and decreases at lower redshifts. The most
rapid increase in atomic gas mass is found for galaxies residing
in haloes with masses larger than 10'> M. We find a decrease in
the H, mass of galaxies at all redshifts. For galaxies residing in
haloes with masses My; > 10'2 M), most rapid decrease is found
at redshifts z < 1. For galaxies residing in less-massive haloes, the
decrease in H, mass is most rapid at z > 2 and z < 0.5.

We find minor differences in the absolute amount of cold gas, H1,
and H, in haloes more massive than M), = 10'> M. Although in
the most-massive haloes many more baryons are potentially avail-
able to cool down on to their central galaxy, these objects have only
twice as large cold gas reservoirs than other galaxies. The physi-
cal processes acting on the cold gas prevent galaxies to build up
gas reservoirs much larger than on average a few times 10'* solar
masses.

102

10tk

/

100¢

7

Mgas/M*

M2/ My

m— M, = 11 M,
L |
10 —_— M, = 120,
— M, = 13M,
My = 14 M,
_2 L s N L N
107% 05 1 2 3 4 5678

redshift

In Fig. 14, we show the relative gas and H, content of galaxies as
a function of time at fixed halo mass. Galaxies residing in low-mass
haloes (10'' 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
H, fraction of the cold gas in galaxies decreases rapidly with time.
At z > 3, nearly all the cold gas in haloes is molecular, whereas at
z = 0 it is less than 25 per cent. The relative H, fraction is almost
constant for haloes with masses of M, > 102 Mg, . 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, H1, H,, and total baryonic content
in the disc (M, + My, + Myp; including a 1.36 contribution for
helium) with halo mass as a function of halo mass at different
redshifts in Fig. 15. These ratios provide insight into the fraction of
baryons stored in cold gas and/or stars in the disc of central galaxies
and the relative amount of baryons in haloes that may participate in
the formation of stars.

There is a peak in the gas-to-halo mass (H1and H, combined) and
in the H,-to-halo mass ratio around My;; = 10'> My atall 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,
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Figure 14. Cold gas-to-stellar mass ratio (left) and Hp-to-H 1 mass ratio (right) of galaxies as a function of redshift in different halo mass bins. Shaded regions

mark the 1o posterior distributions of the inferred gas masses.
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Figure 15. Relative cold gas content (H1 + Hp; upper-left panel), H1 content (upper-right panel), H, content (lower-left panel), and combined gas and stellar
content including Helium (lower-right panel) as a function of halo mass for different redshift bins. Error bars mark the 1o posterior distributions of the inferred
gas masses. The dotted grey line marks the stellar-to-halo mass ratio (M, /M,;;) of galaxies at z = 0.

Wechsler & Conroy 2013b). Below M,;, = 10" Mg, the slope of
the H,-to-halo mass ratio is much steeper than it is for the Hi-to-
halo mass ratio (and cold gas mass). The drop in gas-to-halo mass
ratio for haloes more massive than 10'2 Mg is similar for atomic
and molecular hydrogen. The strong peak in the H,-to-halo mass
ratio suggests that there is a favourable range 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 Fig. 15
changes strongly with redshift. The relative cold gas content of a
halo decreases by approximately a factor of 3 from z = 3 to 0.
The relative H1 content of a halo grows up to z = 0.5 and mildly
decreases at lower redshift. The relative H, content of a halo is
highest at z = 3 and decreases by more than a full order of magnitude
afterwards.

We present the total baryonic content (stars combined with H1
and H,) in the central galaxy of a halo in the bottom-right panel
of Fig. 15. At z = 0, the ratio between the total baryonic mass in
the galaxy and the halo mass peaks at M;; ~ 3 x 10" M. This
peak moves towards higher masses with increasing redshift. The
absolute value in the peak of the fraction of baryons of a halo
that are stored in the galaxy decreases from z = 3 to O by less
than half a dex. Only in low-mass haloes with masses of a few
times 10'' solar masses and less does the baryonic content of a
halo stored in the central galaxy peak at z = 0.5, driven by large
H1 reservoirs. There is no evolution in the baryonic mass ratio for
galaxies residing in haloes more massive than 10'* M. Galaxies in
these haloes have low gas fractions and are dominated by their stellar
content.

MNRAS 449, 477-493 (2015)

Haloes with masses of a few times 10'! solar masses are most
efficient in storing their baryons in stars and cold gas within the
central galaxy. At z = 3, roughly 30 per cent of the available baryons
are locked up in stars and cold gas in the central galaxy. Atz = 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 and
Hi1 and H, mass of galaxies as a function of their z = 0 halo
mass in Fig. 16. For massive haloes (M > 10'* M), the cold gas
content increases until the haloes have reached a baryonic mass of
approximately 3—4 x 10'' M (which translates to a virial mass
of roughly 10> 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
(Myiy =9 = 10'2 M@) or even until almost present day (My;; .—o =
10" Mg).

A close inspection reveals that the baryonic mass of the host
halo at the time that the galaxies have gained largest gas reser-
voir increases with more than an order of magnitude with in-
creasing z = 0 halo mass (1.5 x 10'* M@ for My =9 = 10" M
and 5.7 x 10" M, for M,;; .—o = 10'* My). Furthermore, the gas
content increases more rapidly in galaxies that end up in massive
haloes (Myir .—o > 10> 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.
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Figure 16. Time evolution of the total cold gas (solid purple), H1 (dashed blue), H, (dash—dotted green), stellar (dashed grey), and mass of baryons in the halo
(solid black) for haloes as a function of their z = 0 halo mass for the median mass accretion history. The shaded regions show the 1o posterior distributions.

The peak in the total cold gas content coincides with a flattening in
the stellar build-up of star-forming galaxies. The redshift at which
the stellar mass dominates of the gas mass in a galaxies decreases
with decreasing z = 0 host halo mass.

We clearly see that the evolution in the H1 and H, content of
galaxies changes with z = 0 host halo mass as well. The cold gas is
always dominated by atomic hydrogen in galaxies residing in haloes
with My; .—o < 10> M. The dominance of H1 decreases as a
function of z = 0 host halo mass. For galaxies residing more massive
z = 0 haloes, the cold gas is first mostly molecular and only at
later times does the atomic hydrogen dominate. The transition from
an atomic to a molecular-dominated interstellar medium occurs at
z ~ 1-1.5, after the peak in cold gas content of galaxies. Fig. 16
also shows that the evolution in H1 mass at z < 1.5 of galaxies is
very minor, whereas the H, mass decreases by at least an order of
magnitude. Independent of halo mass, the fraction of baryons not
stored in the central galaxy increases rapidly once the host halo
reached a mass of ~10'2 M.

4 DISCUSSION

We have combined an abundance modelling approach (Behroozi,
Wechsler & Conroy 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 H1 and H, mass of
galaxies and couple these to galaxy host halo mass.

4.1 Mild evolution in the H1 mass of galaxies

Our results suggest mild evolution in the H1 content of galaxies at
fixed stellar mass, whereas the H, content decreases rapidly. This
picture is supported by the evolution of the H 1 and H, mass function.
The H, mass function shows a strong evolution of more than a dex
with time (especially in the redshift range z = 1-0), whereas the H1

mass function is fairly constant at 7 < 2 (although note the drop in
the normalization of the H1 mass function at z < 0.5 for galaxies
with H1 masses larger than 10'° M). Furthermore, we find very
minor evolution in the H1 mass of galaxies at z < 1.5 as a function
of their z = 0 host halo mass. Within our model, the H, content
of a galaxy is, to first order, controlled by the SFR (equation 2).
The H1 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 H, out of which stars may
form. The relatively weak evolution in galaxy H1 content and the
H1 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 H1
into H,. Observations have shown that atomic hydrogen saturates
at surface densities of Ty, = 6—10Mg pc~> and that cold gas
at higher densities is dominated by molecular hydrogen (Blitz &
Rosolowsky 2006; Leroy et al. 2008). As the cold gas content and
surface density of galaxies decrease 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 H1 reservoir of galaxies but does not imply the weak
evolution we find. It is the rate at which galaxies lose their cold gas
(through SF and/or feedback) and their discs grow that sets the H,
fraction of the cold gas and the weak evolution in galaxy H 1 content.
This provides an interesting constraint for theoretical models that
include the partitioning of cold gas into H1 and H,.

Popping et al. (2014a) found a similar evolution in the normal-
ization and slope of the H1 mass function at z < 2. They used var-
ious H, formation recipes in their semi-analytical model, among
which the same as employed in this work. Popping et al. also
overpredict the number density of galaxies with low H1 masses
(My, < 10° M), although not as dramatically as in Fig. 4 and as-
cribe the excess of galaxies with low H1 masses to the inefficient
conversion of atomic into molecular hydrogen in low-mass haloes
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(My;r < 10'°M(). Other semi-analytic approaches reached similar
conclusions (Obreschkow et al. 2009; Lagos et al. 2011; Fu et al.
2012). Using a hydrodynamic code, Davé et al. (2013) found a
strong evolution in the slope of the low-mass end of the H1 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
we us here. The authors find that the evolution in the low-mass end
of the H1mass function directly follows the evolution of the stellar
mass function, due to a constant ratio between the H1 and the stellar
mass of galaxies.

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
by SF (Tinsley 1980; Davé, Finlator & Oppenheimer 2011). The
evolutionary 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 found at z < 1.5. This suggests that the
accretion of gas on to galaxies cannot cope with the consumption
and/or outflow of gas. Cosmological hydrodynamical simulations
predict a decline in their ‘cold mode’ accretion rates on to galaxies
at z < 2 (Birnboim & Dekel 2003; Keres 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 on to galaxies. This supports a picture in which
below z = 2 the infalling gas is sparse enough to be heated up or
blown away by shock heating or feedback from an AGN (though
see Oppenheimer et al. 2010).

We have seen that MM—'? evolves much more quickly than the
combined H1+H, fraction of galaxies. 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, Popping et al. in
preparation). 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 well before the lowest mass galaxies. This behaviour
is also prominent in the evolution of % with stellar mass and time.
Popping et al. (2012) and Popping et al. (in preparation) 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 manifes-
tation 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 behaviour is supported by the evolution of the H,
mass function: the number density of galaxies with high H, masses
decreases at earlier times than the number density of galaxies with
low H; 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 f,s and MM—*?,
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
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fractions may be a reflection of the same physical process that drives
the low-mass galaxy problem (White et al. 2014). 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. White et al.
(2014) present the ‘parking-lot’ picture as a potential solution to the
low-mass galaxy problem. In this picture, when a halo accretes a
smaller halo, the reservoir of ejected gas from the minor progenitor
is added to the reservoir of the ejected gas of the new resulting halo
(rather than adding it to the hot gas reservoir as was previously done
in semi-analytic models). The model then adopts various scaling
relations for the time after which the gas parked in this reservoir of
ejected gas can accrete into the halo and cool on to the galaxy. This
gas cools down and participates in the formation of stars at a later
time when adopting the ‘parking-lot’ picture than in the previous
versions of the semi-analytic model. White et al. (2014) showed
that this process increases the predicted gas fractions of galaxies at
our redshifts of interest, in better agreement with our inferred gas
fractions.

4.3 Cosmic densities

We obtain good agreement with the observed values for the cosmic
H1 density at z &~ 2-3 and correctly reproduce the observational
constraints on the cosmic H, density at redshifts z = 1.5 and 2.75.
The relatively constant evolution in 2y, at z < 2 is in sharp con-
trast with the evolution of the cosmic SFR, whereas the molecular
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 simultaneously
reproduce the peak in cosmic SFR and the weak evolution of the
H1 density of the Universe during the same cosmic epoch. A simi-
lar conclusion was reached using theoretical models (Obreschkow
et al. 2009; Bauermeister, Blitz & Ma 2010; Lagos et al. 2011; Pop-
ping et al. 2014a), but this has not been addressed before through a
data-driven approach as presented in this work.

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 10'> My are most effi-
cient 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 10'> M, have
the highest gas-to-halo mass ratio. The H,-to-halo mass ratio shows
an especially strong peak near 10'> M. This is not necessarily due
to small cold gas reservoirs at other halo masses. 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 sug-
gests an interesting physical scenario, in which these galaxies are
efficient at cooling gas on to their disc, but physics internal to the
galaxies prevents them from forming molecules. That is, low den-
sities, stellar winds and supernova feedback seem to be efficient
at disrupting H, formation, and are not (nor do they need to be)
efficient at suppressing cooling for Hl even at z = 0.

We have shown that galaxies residing in haloes larger than
10" M cannot build up gas reservoirs much larger than a few
times 10'° M. We also see this in the time evolution of the gas
content in galaxies (Fig. 16). This is supported by the decline in cold
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gas fractions as a function of halo mass seen at all redshifts. Interest-
ingly, the cold gas molecular fraction is roughly constant for haloes
with masses larger than 10'> M) as is the SFE of the galaxies. This
constancy in H, fraction is supported by the drop in cold gas frac-
tion and I‘:A”“ for galaxies with masses M, > 10'° M. This upper
limit in cold gas molecular fraction provides an explanation for the
plateau in SFE for galaxies with stellar masses M, > 10" M.

Haloes of masses ~10'? Mg have stored approximately 20—
30 per cent of their baryons in stars and cold gas in the central
galaxy. 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 ion-
ized gas reservoirs in their haloes (Tumlinson et al. 2011; Bordoloi
et al. 2014; Werk et al. 2014). The masses of these cold gas reser-
voirs are comparable for star-forming and passive galaxies (Thom
etal. 2012). All of these results tie in with a picture in which heating
processes (such as supernovae feedback, AGN feedback, and shock
heating) prevent the build-up of large amounts of cold gas on to the
galaxies. Especially, once a host halo reaches a mass of ~10'> M),
the number of baryons not stored in the central galaxy grows rapidly
(Fig. 16). However, once cooled on to a galaxy the local gas condi-
tions determine the efficiency of the cold gas to become molecular
and form stars.

We note that our present conclusions are based on our assump-
tions that H, traces SF and that the partitioning of cold gas in H1and
H, only depends on the pressure acting on the gas. 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 H, formation. This is especially impor-
tant in low-density and low-metallicity environments (Krumholz &
Dekel 2012; Popping et al. 2014a) and would further suppress the
formation of molecules in the lowest mass haloes.

4.5 Excess of galaxies with low H 1 masses

Our model correctly reproduces the H1 and H, content of local
galaxies and the observed H, mass function. We obtain good agree-
ment with the observed H1 mass function for Hi-rich galaxies
(My, > 10°° M), but overpredict the number of galaxies with
lower H1 masses. The galaxies responsible for this excess have low
stellar masses (M, < 1083 M@). To first order, the steep slope at
the low-mass end of the H1 mass function is a result of the steep
slope in the predicted stellar mass function (Behroozi, Wechsler &
Conroy 2013b), corresponding with an upturn in the observed stel-
lar mass function below 10%°> M, (Baldry, Glazebrook & Driver
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).

Nevertheless, it is highly uncertain whether the poor number
statistics of low-surface-brightness galaxies can fully account for
the severe mismatch between the observed and inferred H1 mass
function. For galaxies with low stellar masses, the observed ratio
between the H1 and stellar mass of galaxies has a steep faint-end
slope (McGaugh 2012; Zhang et al. 2012). The stellar mass func-
tion has a negative slope with stellar mass in the same mass regime
(Baldry et al. 2008, 2012). It is then hard to reconcile that the ob-
served H1mass function is relatively flat at H1 masses of 105 M
(Zwaan et al. 2005; Martin et al. 2010). We can only explain for this
if the Hi-to-stellar mass ratio for galaxies with low stellar masses
is not as well behaved as suggested by current surveys and we are
missing a significant population of H1 poor galaxies at low stellar
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masses (for example dwarf spheroidal galaxies). Given the steep
slope we find in the H, mass function at M, < 108 Mg, it is not
unlikely that these H1 poor galaxies are also diluted from H,.

We note that our assumption for exponential discs may not be ap-
propriate for galaxies with H1 masses smaller than 10° Mg . Kelvin
et al. (2014) showed that below stellar masses of 10° Mg, the stellar
mass function is mostly made up by irregular galaxies. The different
distribution of gas in these galaxies compared to our assumption of
exponential discs can have a significant effect on the inferred H1
masses. Furthermore, the stellar and gas sizes of these low-mass
galaxies are observationally not well constrained. A better under-
standing of the mass and distribution of H1 for a large sample of
galaxies with low stellar masses can improve the situation and re-
solve the discrepancy between the observed and inferred H1 mass
function at z = 0.

5 SUMMARY AND CONCLUSIONS

In this paper, we have presented a new semi-empirical approach to
infer the H1 and H, content of galaxies as a function of redshift
and host halo mass. All data results in this paper are available for
download online.> We summarize our main results below.

(i) There is weak evolution in the H1 content and H 1 mass func-
tion of galaxies at redshifts z < 1.5 (less than half a dex in H1
mass), whereas the H, content and mass function evolve strongly in
this redshift range (more than an order of magnitude in H, mass at
z < 1.5). This behaviour originates in a self-regulated equilibrium
in the H1 mass of galaxies controlled by the amount of cold gas
available and its partitioning into an atomic and molecular part.

(i1) The cold gas fraction of galaxies decreases as a function of
stellar mass and time. The relative H, content of galaxies decreases
with stellar mass and redshift as well, but more rapidly (from 0.75
to almost zero at stellar masses of 10'° M).

(iii) Massive galaxies consume and/or expel their cold gas con-
tent earlier than less-massive galaxies. Galaxies with a stellar mass
of 10" M are dominated by their stellar content at z = 3, whereas
galaxies with a stellar mass of 10° Mg still have a gas fraction of
50 percent 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 on to galaxies slows down at these redshifts, possibly
due to shock heating or heating from AGN feedback of the sparse
infalling gas.

(iv) The SFR-to-gas mass ratio, i.e. the SFE, decreases by more
than an order of magnitude from z = 3 to 3. This is driven by the
declining trend of molecular fractions with time, allowing relatively
less gas to form stars.

(v) We confirm that when adopting a H,-based SF relation one
can fuel the peak in cosmic SFR at z ~ 2 and simultaneously
reproduce the weak evolution in Qy, during the same epoch.

(vi) Galaxies residing in haloes of mass ~10'> M are most
efficient in attaining cold gas and forming molecules. The combi-
nation of these two effects explains for the high SFEs of galaxies
in haloes in the same mass range. In haloes of mass ~10"? Mg,
roughly 30 percent of the baryons is locked up in cold gas and
stars within the central galaxy at z = 3. This number decreases to
roughly 17 per cent for galaxies residing in haloes 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.

3 http://www.eso.org/gpopping/Gergo_Poppings_Homepage/Data.html
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Heating processes prevent the build-up of large gas reservoirs in
galaxies residing in more-massive haloes.

These results serve as predictions 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.
We anticipate that semi-empirical efforts such as presented here
have the potential to break degeneracies between different physical
recipes, allowing for a better understanding of the fueling and stellar
build-up of galaxies.
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APPENDIX A: GAS EVOLUTION FOR
INDIVIDUAL GALAXIES

We presented the evolution of the cold gas content of galaxies
as a function of their z = 0 host halo mass in Fig. 16. The pre-
sented results are based on median accretion histories, smooth-
ing over the accretion and SF histories of individual galaxies. We
present the evolution of cold gas content for individual mass accre-
tion histories in Fig. Al. The trends of cold gas, H1, and H, with
time are similar to the trends showed in Fig. 16 but with a wider
spread.
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Figure A1. Time evolution of the total cold gas (solid purple), H1 (dashed blue), H, (dash—dotted green), stellar (dashed grey), and baryonic mass of the halo
(solid black) for haloes as a function of their z = 0 halo mass for individual mass accretion histories (rather than the median). The shaded regions show the 1o

posterior distributions.
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