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ABSTRACT

We determine the cosmic abundance of molecular hydrogen (H) in the local Universe from the
xCOLD GASS survey. To constrain the H, mass function at low masses and correct for the effect
of the lower stellar mass limit of 10° My in the xCOLD GASS survey, we use an empirical approach
based on an observed scaling relation between star formation rate and gas mass. We also censtrain
the Hr and Hi+H; mass functions using the xGASS survey, and compare them to thé H1 mass
function from the ALFALFA survey. We find the cosmic abundance of molecular gastinjthe local
Universe to be Qp, = (5.34 + 0.47) x 1075h~!. Molecular gas accounts for 19.6 + 3,99 of'the total
abundance of cold gas, Qu+n, = (4.66 + 0.70) x 10~ h;& Galaxies with stellar masses in/excess of
10° M, account for 89% of the molecular gas in the local Universe, while in comparison such galaxies
only contain 73% of the cold atomic gas as traced by the Hi 21lcm line. The xCOLD GASS CO,
molecular gas and cold gas mass functions and Qp, measurements provide, constraints for models
of galaxy evolution and help to anchor blind molecular gas surveys attempting to determine the

abundance of molecular gas at high redshifts.

Key words: galaxies: luminosity function, + galaxies: ISM — ISM: molecules — cos-
mology: cosmological parameters

1 INTRODUCTION

Cold, dense molecular gas is the fuel for star formation in
galaxies. The total molecular gas content of a galaxy and
its surface density are the main drivers of its star formation
and thus evolution (Kennicutt 1998). The interplaysbetween
gas inflows and outflows, star formation and .galaxy evo-
lution is one of the remaining open issues in astrophysics.
Large surveys in the optical, ultraviolet and infrared have
clearly established that the overall star fetmation rate (SFR)
of the Universe was significantly higher i the past (e.g.
Lilly et al. 1996; Schiminovich et al. 2005;/Le Floc’h et al.
2005; Madau & Dickinson 2014). The star formation rate
per unit volume was at its highest 810 Gyr ago, and has
since declined by an order,of magnitude to the present
day. Extensive work issnow going into studying the onset
of star formation in the\Universe, and tracking the evolu-
tion of the cosmic/starformation budget during the first 3
Gyr (e.g. Reddy & Steidel 2009; Bouwens et al. 2012, 2015;
Coe et al. 2013; Ellis’et al. 2013; Finkelstein et al. 2013,
2015; Schenker et al. 2013; Oesch et al. 2013).
Givenythat=star formation depends on the availability
of cold jgas, ‘& natural explanation for this observed vari-
ation‘of SFR density with time is that it tracks changes
in the amount of cold gas in galaxies that can partici-
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pate in the star formation process. An alternative expla-
nation would be that the gas contents of galaxies remain
roughly unchanged over time, but that the star forma-
tion efficiency varies strongly. Observations of molecular gas
in galaxies from the local Universe to z ~ 3 support the
first picture; the cold gas contents of galaxies was signifi-
cantly higher at the peak of cosmic star formation history
(Daddi et al. 2010; Tacconi et al. 2010, 2013; Genzel et al.
2015; Schinnerer et al. 2016; Scoville et al. 2016, 2017;
Tacconi et al. 2018; Freundlich et al. 2019; Aravena et al.
2019) and traces the redshift evolution of the star formation
rate, modulo a weak evolution of star formation efficiency
(Saintonge et al. 2013). These results are also reproduced by
simple analytical “equilibrium” models where the SFR is reg-
ulated by the mass of the gas reservoir, which is depleted by
outflows and replenished by inflowing gas (White & Frenk
1991; Bouché et al. 2010; Davé et al. 2011, 2012; Dekel et al.
2013; Lilly et al. 2013).

The implication is that understanding the cosmic star
formation history relies on understanding how the cold gas
reservoirs of galaxies evolve, both in terms of their total
mass, and in the balance between the different phases (cold,
warm and hot). In this study, we focus our attention on the
cold atomic and molecular gas phases, given their direct link
with star formation. In particular, we use the state-of-the
art molecular gas survey, xCOLD GASS (Saintonge et al.
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2017), to accurately calculate the mass function and cosmic
abundance of molecular hydrogen.

In the local Universe, the interstellar medium of galax-
ies is dominated by the cold atomic phase; the atomic-to-
molecular mass ratio (My;/My,) is on average a factor of
~ 3 — 4 in massive galaxies and increases to ~ 10 in lower
mass galaxies (My= 10°Mg) (Catinella et al. 2018). Despite
this dominance of the atomic phase, it is nonetheless crucial
to accurately determine Qp,: (1) Star formation is triggered
in cold, dense molecular clouds and therefore Qy, tells us
about the abundance of star-forming gas, unlike Qy; which
traces large extended reservoirs of atomic gas that are one
step removed from the star formation process. For exam-
ple, galaxies with HI excesses are found to have very low
star formation rates (Geréb et al. 2018). (2) There are indi-
cations that the Qp,/Qp; ratio may be changing with red-
shift, with Qp, rising quickly with redshift (Decarli et al.
2016, 2019; Riechers et al. 2019) whilst Qyy; rises more grad-
ually (Zafar et al. 2013; Rhee et al. 2018). This picture is
also supported by simulations and semi-analytic models
(SAMs) (Obreschkow & Rawlings 2009b; Power et al. 2010;
Lagos et al. 2011; Popping et al. 2015), making the calibra-
tion of the local value critical to anchor other studies.

The cosmic abundance of cold atomic gas, Qp;, and
the Hi mass function (HIMF) have been measured lo-
cally with high accuracy through large blind surveys (e.g.
Rosenberg & Schneider 2002; Zwaan et al. 2005), sometimes
exploring the specific environments of groups and clusters
(Kilborn et al. 2009; Kovac et al. 2009). The state-of-the art
Hr1 mass function has been produced by the ALFALFA sur-
vey; with a final catalog of ~ 31500 Hi-detected galaxies
with z < 0.06 (Haynes et al. 2018), it has the combination
of depth and surface area that allows for the accurate de-
termination of both the low-mass and high-mass ends of the
HIMF (Martin et al. 2010; Jones et al. 2018).

A large flux-limited blind survey such as ALFALFA is
ideal to build a robust and representative gas mass function
The unavailability of a dataset with all these characteristics
probing the molecular gas contents of galaxies explains why
there have been comparatively fewer measurements ofythe
Hj mass function (H2MF) and Qp,. The molecular, gas mass
of galaxies is most commonly measured from the luminosity
of emission lines of the CO molecule, assuming=a specific
function for the conversion to total moléculargas mass (the
so-called CO-to-H, conversion function, acp). Consequently,
the Hy mass function is most often derived from targeted
surveys for CO.

For example, Keres et al. (2003) (hereafter K-+03) used
the FCRAO (Five College \Radio Astronomy Observatory)
Extragalactic CO survey (300 observations including 236 CO
detections) (Young et al."1995) to construct a CO luminos-
ity function (COLF), and calculate the value of Qp, often
used as the reference for the local Universe. From the full
FCRAO sample, K+03 selected galaxies with Sgg > 5.24Jy
for inclusion,in their COLF. This relatively high flux cut-
off reducedythe sample down to 200 galaxies, with a bias
towards infrared-bright and/or nearby galaxies. The conse-
quenceiof this is an over-representation of starbursting and
merging galaxies in the sample, while in fact these rare ob-
jects/contribute < 15% of the star formation budget of the
Universe (Rodighiero et al. 2011; Sargent et al. 2012).

To circumvent such selection biases in the determination

Table 1. Details of the high and low mass xCOLD GASS samples.
In total 532 galaxies were observed for the xCOLD GASS survey.

Catalogue Low Mass High Mass
Stellar Mass 90<M,<10.0 10.0<M,<11.5
Redshift 0.01 <z <0.02 0.025 < z < 0.05
Total galaxies 166 366

CO Detections 117 216

CO Non-Detections 49 150

of the H2MF, a solution is to use a blind, flux-limited sam-
ple. With facilities such as NOEMA, ALMA and the JVLA,
relatively small (but deep) fields can be blindly searched
for CO emission, making this a viable option only for high
redshift studies (e.g. Walter et al. 2014, 2016; Pavesi et al.
2018; Decarli et al. 2019). Measuring the H2MF shrough a
flux-limited survey is also possible if one choeses'to infer
the molecular gas mass of galaxies through their far in-
frared dust emission rather than CO efnission lines (e.g.
Berta et al. 2013; Vallini et al. 2016).

In this paper, we make use of a/volume-limited CO sur-
vey, xCOLD GASS (Saintonge et-al."2017), to accurately de-
termine the mass function and cosmic abundance of molec-
ular gas at z ~ 0. The idea“of using/a local volume-limited
survey to determine the H2MF\has previously been explored
by Andreani et al. (2018), for the case of the Herschel Ref-
erence Survey. The methodywe adopt here takes advantage
on the strengthscof the’xCOLD GASS sample selection and
observing strategys First, the sample is stellar-mass selected,
and therefore.representative of the entire galaxy population
with M.> 109M@. ‘With over 500 galaxies, it also has the re-
quired”statistics to robustly determine the H2MF above the
survey’s completeness limit. With Hp masses derived from
CO(1-0)yit provides an independent measure from the dust-
based studies, where inferred gas masses are sensitive to the
dust” emissivity, the dust-to-gas abundance ratio and con-
tamination along the line of sight.

Throughout this work we assume a cosmology with Hy =
70kms~! Mpc~!, Q,, =0.3, Q; =0 and Qp = 0.7.

2 DATA AND METHODS
2.1 Sample and Measurements

xCOLD GASS is a CO(1-0) survey undertaken with the
TIRAM-30m telescope, targeting 532 mass-selected SDSS
galaxies with M, > 10° Mg . Details about the survey, obser-
vations and data products are in Saintonge et al. (2011) and
Saintonge et al. (2017), with basic properties of the sample
summarised in Table 1.

The survey meets key requirements for building a
mass/luminosity function. First, the xCOLD GASS sample
is large and homogeneous, as all the measurements were car-
ried out with the same instrument and a precise observing
strategy; all galaxies were observed until the CO(1-0) line
was detected, or until a sensitivity to a gas fraction My, /M.
of ~ 2% was reached (Saintonge et al. 2011). This means
that even for non-detections, we are able to place stringent
upper limits on the molecular gas mass which can be in-
cluded in our derivation of the H2MF.

Second, the sample is representative of the z ~ 0 galaxy
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Figure 1. Linear trend between SFR and My, for xCOLD GASS,
with detections as blue circles and non-detections as red circles.
The black line is the line of best fit, and the shading represents
the uncertainty around this fit.

population with stellar masses larger than 10°Mg. The 532
galaxies were selected randomly out of the larger parent sam-
ple of all SDSS galaxies in the mass and redshift range of the
survey (see Tab. 1). Therefore unlike in the case of K403,
our sample is not biased towards particularly gas-rich and
star-forming galaxies. While the xCOLD GASS observations
are still targeted, unlike in an ideal scenario of a very deep,
flux-limited blind survey, the sample selection and observing
strategy allow us to probe a large range of My, /M, values
and correct for incompleteness issues. In addition, when se-
lecting the sample, we only required it to have a flat dis‘
tribution in stellar mass, allowing us to study, with’similar
statistics the galaxy population over more than\twoyorders
of magnitude in M,. This has the advantage ‘ofrallowing us
to constrain the high mass end of the H2MF with better
statistics, and we can account for the‘resulting selection bias
using the stellar mass function of the SBSS parent sample.
Further details on the surveyddesign are can be found in
(Saintonge et al. 2011).

For each of the 532 xCOLD. GASS galaxies we calculate
a total molecular gas mass, My, For the 333 galaxies where
the CO(1-0) line was detected with S/N > 3, we calculate
My, via the CO line\luminosity, LéO(l—O) and the CO-to-Hp
conversion furt¢tionyof Accurso et al. (2017),

log aee(+0:165 dex) = 14.752 — 1.623[12 + log(O/H)]
+0.0621og AMS), (1)

where 12 + log(O/H) is the metallicity calculated us-
ing _the prescription outlined in Pettini & Pagel (2004),
and A(MS) is the offset from the main sequence. The er-
ror on the predicted value of acp is +0.165dex. The non-
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detections are treated in three different ways. They are as-
signed (1) My,= 0, which is the most conservative choice,
(2) the My, value corresponding to the 5o upper limit,
the most optimistic option, and (3) the My, value expected
for the galaxy given its SFR. The third option is moti-
vated by the very well known close relation between molec-
ular gas and star formation, which we parameterise here
using the xCOLD GASS sample as shown in Fig. 1. We
fit the relation between log;y My, and log;y SFR as a first
order polynomial, with Gaussian intrinsic scatter around
this line with standard deviation A in the logy My, direc-
tion. This is accomplished using the Markov Chain Monte
Carlo (MCMC) affine-invariant ensemble sampler emcee
(Goodman & Weare 2010; Foreman-Mackey et al. 2013).
Unless otherwise stated, throughout this work emcee”iSyrun
using 100 walkers and 1000 steps. The chain for all the pa-
rameters is inspected to check for convergence, a burn-in-of
500 steps is discarded and the final 100 stepsére used»Once
the chain has converged, the best-fit relation is:

log1o My, = (0.85 +0.03)log;y SFR 4 (8.92 #0.02), (2)

with an intrinsic scatter of A =10.26 + 0.02. In the case
of upper limits, the probability distribution function was in-
tegrated from —oco to the value of the upper limit (see the
Appendix of Sawicki (2012) who use the same method). We
also use this relationncombined with individual metallicity-
dependent conversion factors (acgp) to calculate the expected
LéO(l—O) for each'galaxy for case (3). Using the detections,
we have verified that this relation holds for galaxies with
low My,, SFR.and gas fractions. We note that for 87% of
non-detections the estimated Hy mass calculated using equa-
tion 2, results in a My, /M, gas fraction of < 2%, in agree-
ment with the observing strategy outlined in Saintonge et al.
(2011))

2.2 Building the Mass Function

Since xCOLD GASS is not a flux-limited survey, nor a purely
volume-limited sample, we must use an appropriate method
to build any luminosity or mass function. First, we assign
to each xCOLD GASS galaxy a weight to correct for the
flat stellar mass distribution of the sample (see Sec.2.2 and
Fig. 3 in Saintonge et al. 2017). Taking these weights into
account, and treating non-detections in one of the three ways
outlined in Section 2.1, the measured values of My, or My;
are binned and counted to produce a mass “histogram” that
is representative of the entire galaxy population with M,>
10°Mo.

To then turn this histogram into a mass function (with
the correct units of Mpc_3 dex_l), we compute the effec-
tive volume of the survey using the stellar mass function of
Baldry et al. (2012). The stellar mass function is integrated
over the mass range of xCOLD GASS (i.e. M.> 109M@), giv-
ing a total inverse volume for galaxies in this range. Finally,
to get the total effective volume probed by xCOLD GASS,
the total number of galaxies in the survey (532) is divided
by this integral. Normalising the mass “histogram” by this
effective volume produces a well calibrated mass function.

The uncertainty on each point of the luminosity or mass
function is calculated using bootstrapping with replacement.
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Figure 2. The xCOLD GASS CO luminosity function (COLF, left) and H, mass function (H2MF, right).<The®CO(1-0) non-detections
are treated in three different ways: they are set to zero (blue hexagons), they are set to the 50~ upper limit (red ‘triangles), or an estimated
value of L,co(lfo) and My, based on the empirical relation shown in Fig. 1 (green circles). The latterds considered our best and default
version. The Hy mass for each galaxy was calculated from the xCOLD GASS L, measurements using the conversion factor (aco) in
Equation 1 from Accurso et al. (2017). The solid coloured lines and shaded regions show the best, fit"Sehechter function and associated
1o error respectively, for each case. For comparison the O+09 H; Schechter functions using both constant and variable conversion
factors are shown (solid black and dashed black lines respectively). A COLF empirically derivedsfrom the infrared LF is shown (black
dash-dotted line) (Vallini et al. 2016), as well as Hy mass functions predicted from a semisempirical model P+15 (black dotted line) and
from a semi-analytic model (Lagos et al. 2018a) (black densely dash-dotted line). The stellar mass and integration completeness limits

are shown as vertical dot-dashed and dotted lines, respectively.

For a given sample of N galaxies, we resample N times, al-
lowing for repetitions in the new sample. We also resam-
ple each selected galaxy using its measurement error to in-
clude the effect of observational errors. Each time we re-
sample the original sample with replacement we also calct=
late the number density of galaxies in each mass bin”and
record these values. This procedure is repeated 10003 times
and we use the 1o standard deviation of the resamples,in
each mass bin as the error. Once the mass function is built
and errors are determined, the best-fitting Schechter” func-
tion (Schechter 1976) parameters are inférred using emcee.
The median of the posterior from the converged-emcee chain
is taken as the best fit for each parameter, and the 1o er-
ror is calculated from the 16th and 84th pércentiles. We use
the median rather than the mean as.the mean can be out-
side of the 1o confidence intervaliif there is large skewness
(Hogg & Foreman-Mackey 2018).- It should be noted that
the median of the posterior probability density function for
each parameter, if taken together as a ‘best-fit’ result (My,,
¢*, @), does not<mecessarily result in a best-fit. This is be-
cause the median for each parameter is a marginalisation of
the posterior probability density function in one dimension.
In cases/where there is curvature in the parameter space, as
is true"withiySchechter function fits, taking the medians for
each parameter collectively can result in a fit that falls in
a low-probability region of the posterior probability density
function (see Hogg & Foreman-Mackey (2018) for a more
detailed discussion).

For each luminosity/mass function we build, we deter-

mine'two completeness limits, which are the consequence of
the xCOED GASS sample selection and observing strategy.
First, there is a “stellar mass completeness” limit, because
xCOLD GASS only targeted galaxies with M, > 10°Mo.
Given the positive correlation between M, and My, (and
Léo)7 this completeness limit is set at the highest value of
My, found in xCOLD GASS for galaxies near the stellar
mass cutoff of > 10° M. Galaxies with lower stellar masses,
which are not present in the xCOLD GASS sample, con-
tribute insignificantly to the luminosity /mass function above
that limit. Secondly, the “integration completeness” limit
marks the value of My, (and L.;) above which all the galax-
ies are guaranteed to have a 50 detection of the CO(1-0) line,
based on the observing strategy of the survey. This is set to
My, = 0.02M,. for M= 101 Mg, the mass of the most massive
galaxies in the xCOLD GASS sample.

3 RESULTS

3.1 The CO(1-0) Luminosity Function and
Molecular Gas Mass Function at 7 ~ 0

The CO luminosity function from xCOLD GASS, computed
using the method described above, is presented in Fig. 2 (left
panel). The three different treatments of the non-detections
are used, and the two completeness limits are represented as
vertical lines. Above the integration completeness limit, the
three versions of the COLF are in agreement, as expected.
Below this limit, they begin to clearly diverge. The effect
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of the stellar mass selection can be clearly seen in the in-
completeness below the mass completeness limit. The “blue”
COLF, which has the non-detections all set to L(/?O(I—O): 0,
represents a lower limit on the luminosity function, while
the “red” version is a slight overestimation since it puts all
the non-detections at their 50~ upper limits. We adopt as
our best COLF the “green” version from Fig. 2, where we

use empirical predictions of L(,ZO(I—O) for the non-detections.

The best-fitting! Schechter function above the mass com-
pleteness limit is determined with emcee and has parame-
ters: logj L{.o/Kkms™! pc? = 9.29%013 o = —1.25%0-10 and

-0.12° -0.10
¢*/107Mpc™> = 1.26*0-42.

For comparison, Fig. 2 shows the COLF from the
FCRAO survey derived from the H2MF presented in
Obreschkow & Rawlings (2009a) (hereafter O+09) which
uses the same sample as K403, as well as a COLF derived
from the infrared luminosity function (Vallini et al. 2016).
These COLF's only appear to agree for the highest luminosi-
ties. The xCOLD GASS result suggests a much lower abun-
dance of intermediate luminosity objects (7.5 <logjg L( <
9) yet a steeper faint end slope compared to the results from
0O+09 and Vallini et al. (2016).

Similarly, the Hy mass function from xCOLD GASS is
shown in Fig. 2 (right-hand panel). If we were using a con-
stant value of acq for all galaxies, then the COLF and H2MF
would be identical in shape; in particular they would have
the same Schechter slope and normalisation parameters «
and ¢ respectively. Indeed, in Figure 2, we can see that the
mass function using a constant conversion factor from O+09
has the same shape as the COLF from O+09. However, we
must take into account that galaxies with sub-solar metal-
licities are under-luminous in CO, which we accomplish by
using the variable acp prescription of Accurso et al. (2017)
to convert from L(,:O(l—O) to My,. We also compare our mass
function to a H2MF derived using a semi-analytic model
(Lagos et al. 2018a) and one derived using a semi-empirical
method from Popping et al. (2015) (hereafter P+15) which
combines a sub-halo abundance matching model with a
model to indirectly estimate the Hi and H, masses. ofteach
galaxy. The z = 0 mass function data for this moedel is avail-
able for download?. The P+15 mass function does not agree
with our results or the O+09 results around.,both. the knee
and the high-mass end. However, this serves to illustrate the
range of Hy mass functions in the literature,

Using this method and again using the “green” mass
function where non-detections are estimated, the best-fitting
Schechter function above the mass completeness limit is de-
termined with emcee and has parameters: logig My, /Me =
9.59%0-11, @ = —1.18*)-14 and 6" /10> Mpc ™ = 2.34*)-72.

Comparing our best-fitting Schechter function to the
mass function determined using a constant conversion fac-
tor from O+09.which uses the FCRAO sample (Young et al.
1995), we s¢e that the high-mass end tails off sooner, de-
spite the’ fact the two bright-ends of the COLFs were
in good agreement. This is because the variable conver-

! The converged chains for this and all other in-
ferred Schechter function parameters can be found at
https://github.com/tomjf/Omega_H2_chains.

2 http://www.mpia.de/homes/popping/data/gas_sham.data.tar.gz
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Figure 3. The H1 mass function (red)/and Hi + H; mass func-
tion (blue) for the overlapping xGASS and xCOLD GASS sam-
ple. All detections and non=detections are shown as filled circles,
while detections onlytare shown as triangles. The HI mass func-
tion derived by Zwaan et al” (2005) and the ALFALFA HIMF
(Jones et al. 2018)sare shown for comparison.

sion faeter preseription decreases with increasing metallic-
ity, giving \(aco < 4.36Mg(Kkms™)~1) for galaxies with
12+ log(O/H) 2 8.6 (Accurso et al. 2017), which are typ-
ically .more massive due to the mass-metallicity relation.
Conversely, all galaxies in O4-09 were given a much higher
conversion factor of (aco = 6.5Mg (K km s~1)™1).

3.2 The Total Cold Gas (HI + H;) Mass Function

Having both Hi and H; mass measurements the xCOLD
GASS galaxies allows us to determine the mass function
of cold gas (Hr + Hjp) in the local Universe. Additionally,
by building an Hi mass function from the xCOLD GASS
sample and comparing it to the HIMF from the ALFALFA
survey (Jones et al. 2018), we can validate our methodology
(as presented in Section 2.2).

The Hi data are retrieved from the xGASS catalog
(Catinella et al. 2018), which contains Arecibo HI obser-
vations for 1179 SDSS-selected galaxies in the mass range
9.0 <logyy M«/Mgp < 11.5. Of these galaxies, 477 are also in
the xCOLD GASS sample. This is the sub-sample of xCOLD
GASS that we use in this section to derive the total H1 +
H, mass function.

In Figure 3 we show both the HIMF and total H1 + Hj
mass functions derived from xCOLD GASS. In both cases,
we give the mass functions for two different treatments of
the non-detections: (1) setting them to zero for the HIMF
and excluding galaxies where at least one of the HI or Hp
measurements is a non-detection for the H1 + H, mass func-
tion, or (2) assigning them the gas mass equivalent to the 50
upper limit. The completeness limits arising from the stel-
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lar mass cutoff and the depth of the observations are shown
as before. We fit both mass functions above the stellar mass
completion limit with a Schechter function using emcee. The
best-fit parameters are summarized in Table 2.

The agreement between the xCOLD GASS and AL-
FALFA HIMF of Jones et al. (2018) above our completeness
limit is excellent, despite our HIMF being built from a far
smaller sample that is mass-limited rather than flux-limited.
This further confirms that our methodology for building
mass functions from a volume-limited sample (Sec. 2.2) is
valid, and that our H2MF is accurate in both shape and
normalisation. Additionally, it indicates that it is possible
to use the ALFALFA HI estimate for Qy; to calculate the
total QpyiH, cold gas abundance in the local Universe, since
it is compatible with the xCOLD GASS survey above the
integration completion limit.

3.3 The Abundance of Cold Gas at z ~0

The mass functions shown in Fig. 3 make it very clear that
most of the cold gas in the nearby Universe is in atomic
rather than molecular form; we quantify this here by calcu-
lating the overall abundance of gas in the different phases.
First, in Fig. 4, we look at the distribution of py,, which is
the product of ¢(Mp,) and My,. The uncertainties and best
fit relations from Fig. 2 are translated over. The total value
of py, (and thus Qp,, after dividing by the critical density)
can be found by integrating the area underneath the curve
in Fig. 4. For our best treatment of the non-detections, us-
ing the empirical scaling relation in Equation 2 to predict
the true Hp masses of non-detections, we find a value of
Qp, = (5.34 £ 0.47) x 1075471 (the values for the other two
cases are given in Table 2). For comparison, summing thé
bin values derived from xCOLD GASS, which are affeeted
by mass incompleteness, results in a value for Qy, which is
approximately 95% of the value quoted above.

In Figure 5, we compare our new value of Qyy” with a
range of results for the literature. Our results are within the
(large) uncertainties of the early FCRAO, work+(©09), but
lower by a factor of up to 2. This difference.comes down to an
overestimation in the previous study‘ef the mumber density
of galaxies with My, < 10°M, and different’assumptions for
the CO-to-H, conversion factor.

Similarly, we calculate the abundance of HI from our
mass function in Fig. 3, and,find Qp; = 3.51t?'4l x 1074,
For the ALFALFAA survey, 2018 find
O =(3.9+0.120.6) x 107 when correcting for Hi
self-absorption, «where the first and second quoted
errors are the random and systematic errors respec-
tively. Wheén Hi, self-absorption is not accounted for
Qbi—uncof. = (3.5 £0.1 £0.5) x 107 (Jones et al.  2018).
Our resulthalbeit with significantly larger uncertainties, is
consistent with this value as well as with the HIPASS result
(Zwaamet al. 2005). Given the higher precision and accu-
racy of the ALFALFA result, we adopt the Jones et al. 2018
value' of Qpy; and combine with our determination of Qy, to
arrive at our best estimate of the total cold gas abundance
in the local Universe: Qupyp, = (4.66 +0.70) x 1074 1o}

Jones et al.

107 L T
Rad P
- 2 N
e t’ N\,
= - N
[ < .. (RN
" L A ST s
5] 7 T \ A
= L G \
el A . \\
| o ey
8. 10° e %,
_— 3 7 L ",
= %
< Vo
= \
= 3
\
o \
— \
6 —— O + 09 Constant Xco ‘|‘
QL 10° 4 -== 0O+ 09 Variable Xco \
T I P Lagos + 18 \
N (R I PYPRS P+15 Y
- 1 | - xCOLD GASS log M, completeness limit \
+ xCOLD GASS integration completeness limit ‘|
\
@ xCOLD GASS detections only H
A  xCOLD GASS detections and non — detections \
@ xCOLD GASS detections and estimates H
104 T t T T T :
7.5 8.0 8.5 9.0 9.5 10.0 10.5

log;p Muz [Mo)

Figure 4. The distribution“of ppy, with My, for the xCOLD
GASS sample. Blue hexagons represent the xCOLD GASS sam-
ple of CO(1-0) detections ‘enly, red triangles represent xCOLD
GASS data with bothadetections and non-detections, and green
circles use the xCOLD GASS detections and estimated masses
for the non-detections. The solid coloured lines and shaded re-
gions show the best fit,Schechter function and associated 1o error
respectively, for each case. The shading around the lines repre-
sents thegerror on the fit. For comparison the O+09 Schechter
functions with constant and variable conversion factors are also
showni(solid black and dashed black lines respectively) as well
as ayresults derived from a a semi-analytical model (Lagos et al.
(2018b), black, densely dash-dotted line) and a semi-empirical
model (P+15, black dotted line).

3.4 The balance between atomic and molecular
gas

The results above show that overall the molecular-to-atomic
gas ratio in the local Universe is 19.6%+3.9%. An analysis of
the xCOLD GASS data has shown how My, /My is a func-
tion of stellar mass, with the most massive galaxies (10''Mg)
having on average a ~ 30% molecular-to-atomic ratio, with
the value dropping to ~ 10% for galaxies with stellar masses
of 10°My (Catinella et al. 2018). To add to this picture, we
show in Figure 6 the cumulative distribution of the fractional
abundance of both Hi and H,, normalised by the total cos-
mic abundance of each gas phase (using our best estimate
from xCOLD GASS for Qy, and the ALFALFA value for
Q). The galaxy population with M,> 10°Mg accounts for
~ 89% of the molecular gas in the local Universe, but only
~ 73% of the atomic gas as traced by HI. The two lines

3 This value for Q4+, is determined using only data above the
mass completeness limit for the combined GASS and xCOLD
GASS surveys and thus has large uncertainties. Instead we rec-
ommend using Qpih, = (4.66 £ 0.70) x 1074 h7_01 which is the sum
of our best estimate for Qu, and Qp; from Jones et al. (2018).
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Table 2. All Schechter function and density parameter results.

Qu, n the local Unwerse 7

Schechter Function = Knee Units Knee Value Normalization ¢*/107>Mpc™3 Slope a Density Parameter

L{, (DET) logjo Li,o/Kkms™tpc?  9.18%0-12 1.73+0-31 -Lo77 - -

L{, (EST) logjo Lt.o/Kkms™ pc?  9.29%0-14 1.26%0-3 -1.2570-16 -

L{q (ALL) logjg Lpo/Kkms ™ pc? 926012 1374043 -1.27:00 -

My, (DET) log;o My, /Mo 9.49*0-10 3.0970-14 -0.93*012  Qu, = (4.76 £ 0.43) x 10k~
My, (EST) log g M, /Mo 9.59*0-10 2.3440-2 -1.18*1 Qu, =(5.34£0.47) X 10K~}
My, (ALL) logjo Mu, /Mo 9.6470-12 1.99*0-2 ~1.30%0-10 Qu, = (5.82+0.49) x 107°h~!
My, log;y My /Mo 9.8670-12 5.53*1-30 ~1.18%03%  Quy =3.51734 % 107
Myin, log}o Mup+H, /Mo 9.89%0-14 6.60"1-58 -1.03%0-%  Qupn, =4.1173:39 x 1074 3

The labels DET, ALL and EST correspond to mass or luminosity functions built using the three different treatments of non-detections;

respectively cases (1), (2) and (3) outlined in Section 2.1.

14 1

12 1

10 1

Quo [logshgl}

T T T T T T
DET EST ALL P+15 O+09 O+09

(Variable Xco) (Constant Xco)

Figure 5. Comparison of Qy, calculated in this werkiand previ-
ous estimates from the literature. The coloured violin plots’show
the probability density of Qp, derived from thesthe. best-fitting
Schechter functions. The vertical black lines\encompass the 16th
to the 84th percentiles, whilst the white dot shows the position of
the 50th percentile. The estimates usingidetections, estimated
masses and detections and non-detections are shown as blue,
green and red respectively. Thréejestimates from the literature
are shown. Two are derived in O+409,using both a constant and
variable conversion factor whererthe third is from P+15 and is
derived using semi-analytic models:

showing the cumulative distribution of the fractional abun-
dance of both gas¢phases show different behaviour, with the
Hr curvedgrowing/constantly whilst the Hy curve is much
steepersthan the HI curve for M,> 10'°Mg before becoming
shallewer than the HI curve at lower masses. This highlights
howy,the ISM of low mass galaxies is atomic gas-dominated.
Indeed, ‘while galaxies with M.> 101°M4 account for ~ 64%
of all' the molecular gas at z ~ 0, we need to push down to
M.~ 10°3 Mg to reach the same level of completeness for the
abundance of atomic gas.

1.0

—— H2, xCOLD GASS
—— HI, xGASS

0.8 1

0.6 1

0.4 1

Qux (M > M,)/Qnx

0.2 4

00 T T T T T T T
9.00 9.25 9.50 9.75 10.00 10.25 10.50 10.75 11.00

log M, [Mg]

Figure 6. The cumulative fraction of Qu, and Qp; coming from
galaxies above a given stellar mass. The blue line shows the result
for Qp, derived from the xCOLD GASS survey and the red line
shows the trend for Qp; using the xGASS survey. The lo error,
derived by propagating the bootstrap errors for each mass func-
tion at each step in stellar mass, is shown by the shaded regions.

The balance between atomic and molecular gas not only
varies with stellar mass but may also vary with redshift. Be-
yond z = 0 there is growing observational evidence from both
CO observations (Decarli et al. 2016, 2019; Riechers et al.
2019) and dust-mass tracers (Scoville et al. 2017) that Qp,
evolves with redshift. Rising to ~ 6.5 times the present day
value at z # 1 — 2 and then either flattening or declining
at higher redshifts, mirroring the star-formation history of
the Universe. Meanwhile observational evidence (Zafar et al.
2013; Rhee et al. 2018) and simulations (Davé et al. 2017)
suggest a more gradual evolution of Qg; with redshift. There-
fore, there is a picture building that at late times Qp, /Qp;
declines, which is also supported by SAMs (Lagos et al.
2011). Molecular gas is depleted faster than it is being re-
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plenished by Hi reservoirs, which could then explain the sud-
den downturn in SFR since z ~ 2. Our determinations for
Qp, and Qy,/Qp; in this paper can help to provide an an-
chor at z = 0 for future studies into the evolution of Qy, and
Qn, /.

4 SUMMARY

We present new determinations of the cosmic abundance
of molecular gas (Qp,) and cold gas (Qur+n2) using the
xCOLD GASS survey. The homogeneity, depth of the ob-
servations and the stellar-mass selected representative sam-
ple from the xCOLD GASS survey allow us to determine
the Hy mass function well below the knee, more accurately
than before. In addition we account for the fact that galax-
ies with sub-solar metallicities are under-luminous in CO
by applying a metallicity-dependent conversion factor. Non-
detections were treated in three different ways, set to zero,
estimated based upon their SFR using a scaling relation be-
tween SFR and observed gas mass or set at their 50 up-
per limits. Best-fitting Schechter functions parameters were
then inferred using emcee, these parameters are then used
to calculate the density parameters for Hy and cold gas. Us-
ing this method our best estimate for the cosmic abundance
of Hy is Qp, = (5.34 +0.47) x 10°A~!. For cold gas we find
QHi+H, = (4.66 £ 0.70) x 1074 h7_01 Therefore, we find the ra-
tio of molecular-to-atomic gas as Qo /Qu; = 19.6% =+ 3.9%.
Our results provide more stringent constraints on the
functional form of the Hy mass function at z = 0. This is
important for cosmological simulations and SAMs which al-
ready accurately reproduce the galaxy stellar mass function
and its redshift evolution (see Somerville & Davé 2015, for
a review). However, to do so they must incorporate heuris-
tic models for feedback, which are not well understood and
can vary considerably between simulations. As molecular
gas studies push to higher redshifts, increasingly, simulas
tions and SAMs must also predict the gas content of galax-
ies, which is the fuel of star formation thought te’drive
galaxy evolution (Davé et al. 2017; Popping et al. 2019), We
can therefore begin to disseminate between the, different
heuristic models for feedback, which would net be _possi-
ble by comparing to the observed galaxy .stellar.mass func-

tion alone. Our best-fitting result: logMpy, /Mg = 9.59J_r8'}(1)7

@ = -1.18*0-11 and ¢*/1073Mpc™ £,2.34*%-7% for the H,
mass function and our inferred parameters for the COLF
can be used as comparison against predictions made by sim-
ulations and SAMs. And this z ='0.result can be used along-
side Qy, determinations derived using Hy mass functions at
higher redshifts from @O obgervations (Decarli et al. 2019)
or using infrared luminosity as a proxy (Vallini et al. 2016).
Furthermore, we/ave also provided constraints on the total
cold gas mass-function)

In addition, our'results provide determinations of Qp,
and Qu,/Qmy at 7z = 0, giving more precise observational
anchors, fortblind ALMA and NOEMA studies investigating
the“evolution of Hy at higher redshifts and how this com-
pares to the evolution of Hi and SFR. We have also shown
the cumulative fractional abundance of atomic and molec-
ular.gas, normalised by their respective total cosmic abun-
dances. The two curves of growth for each gas phase show
different behaviour, showing that high-mass galaxies tend to

be dominated by molecular gas whereas low mass galaxies
tend to be dominated by HI.
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