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ABSTRACT

There has been much recent work dedicated to exploring secondary correlations in

INTRODUCTION

the mass-metallicity relation, with significant dependence on both the star formation
rate and H1 content being demonstrated. Previously, a paucity of molecular gas data
(combined with sample selection bias) hampered the investigation of any such relation
with molecular gas content. In this work, we assemble a sample of 221 galaxies from a
variety of surveys in the redshift range 0 < z < 2, to explore the connection between
molecular gas content and metallicity.

We find that the integrated Schmidt-Kennicutt law forms a single (i.e., non-
bimodal) sequence across ~ 5 decades in SFR and M(Hs), when adopting any
metallicity-dependent CO/Hy conversion factor. Moreover, the normalization of the
S-K relation, (i.e. the star formation efficiency), does not show any significant depen-
dence on metallicity, in contrast with previous claims. We explore the effect of gas mass
on the mass-metallicity relation, finding that the offset from the relation is negatively
correlated against both molecular and total gas mass. We then employ a principle com-
ponent analysis technique to explore secondary dependences in the mass-metallicity
relation, finding that the secondary dependence with gas mass is significantly stronger
than with star formation rate, and as such the underlying ‘Fundamental Metallicity
Relation’ is between stellar mass, metallicity, and gas mass. In particular, the metal-
licity dependence on SFR is simply a byproduct of the dependence on the molecular
gas content, via the Schmidt-Kennicutt relation.

Key words: galaxies: evolution — galaxies: formation — galaxies: abundances — galax-
ies: statistics

In recent years, the well-known scaling relations be-
tween stellar mass and metallicity (the ‘mass-metallicity

Much of the quest to understand the processes driving
galaxy evolution has concentrated on understanding the so-
called ‘scaling relations’, distinctive correlations existing be-
tween large-scale physical parameters of galaxies. These scal-
ing relations allow insight into the mechanisms underlying
galaxy formation by providing simple, quantitative tests for
models — both analytical and numerical — to match. Indeed,
the ability (or otherwise) of a model to reproduce a variety
of observed scaling relations has become a critical metric by
which a model’s success is judged.
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relation’), and stellar mass and star formation rate (the
‘main sequence’ of galaxy evolution) have been extended
into a three-dimensional relation, known as the Fundamen-
tal Metallicity Relation (FMR; Mannucci et al.|2010} |Lara-|
|Lopez et al.||2010). Galaxies up to at least z ~ 2.5 lie on
the surface defined by the FMR, on which (a) more mas-
sive galaxies have higher metallicities, and (b) at a given
stellar mass, galaxies with higher star formation rates have
systematically lower metallicities.

The existence of the FMR has provided an excellent
target for models to reproduce, with a variety of models
successfully reproducing the general form of the relation,
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including analytical models (Davé et al.[[2012} [Dayal et al.
2012), semi-analytical models (Yates & Kauffmann|2014)),
and SPH/radiative transfer models (Obreja et al.[2014). As
noted by [Bothwell et al.[(2013)), these models have primarily
explained the correlation between stellar mass, metallicity,
and star formation rate in terms of the global behaviour of
gas, which can dilute the metallicity of the ISM via pristine
inflows, trigger metallicity-enriching bursts of star forma-
tion, and remove metals from the ISM in the form of galactic
winds.

Based on this, Bothwell et al.| (2013) conducted a study
of 4253 local galaxies, finding that the mass-metallicity re-
lation also exhibited a significant secondary dependence on
mass of atomic hydrogen (HI), to the extent that the ‘HI-
FMR’ was potentially more fundamental than the correla-
tion with SFR (in terms of the scatter around the respective
relations). As with the SFR-FMR before, this has proved a
fertile area for models, with several authors concluding that
it is indeed the gas content of galaxies that fundamentally
underlies and drives the mass-metallicity relation (Magrini
et al.|[2012} |Zahid et al.|[2014}; |Ascasibar et al.||2014} Lara-
Lopez & Hopkins||2014; [Ho et al.[2015)).

One potential surprise, however, was the lack of a clear
dependence with molecular gas. While Bothwell et al.| (2013])
found a close and tight relationship between stellar mass,
metallicity, and H1 mass, any such relation with Hy mass
remained elusive. As discussed by Bothwell et al.| (2013)),
this was potentially due to two factors: (1) sample selec-
tion bias, resulting in a small number of galaxies covering
insufficient parameter space, and (2) the fact that measur-
ing Ho mass requires a ‘conversion factor’ (to convert from
its observable tracer, '2CO), which is itself a function of
metallicity. This lack of connection between molecular gas
mass and the mass-metallicity relation was particularly sur-
prising, because the physical processes thought to be driv-
ing the HI-FMR (including star formation-triggering inflows,
and metal rich outflows) are intimately connected with the
molecular gas component of the ISM. Furthermore, it has
long been established that molecular gas and star formation
are tightly correlated across a wide range of galaxy types, via
the Kennicutt-Schmidt relation (Schmidt||1959; [Kennicutt
1998)); given this relation, a Ho-FMR should be expected on
the basis of the existence of the SFR-FMR alone. As such,
Bothwell et al.| (2013]) concluded that while a Ho-FMR was
likely to exist, quantifying its existence was beyond the scope
of their data.

In this work, we assemble a large sample of galaxies,
from dwarf galaxies in the local Universe to extreme star-
bursts at z ~ 2, to explore the connection between the
molecular gas content of galaxies, and their gas-phase metal-
licity. First, we examine the effect of metallicity on well-
known molecular gas scaling relations, by examining the
Kennicutt-Schmidt relation with gas masses derived using
a metallicity-dependent CO/Hz conversion factor. Secondly,
we reverse our approach, examining the effect of molec-
ular gas mass on metallicity scaling relations, by search-
ing for a ‘He-FMR’ effect, whereby galaxies show offsets
from the mass-metallicity relation which correlate with
molecular (and total) gas mass. Finally, we adopt a non-
parametric statistical approach, and use a principle com-
ponent analysis technique to examine correlations in stellar
mass/metallicity /gas mass parameter space, demonstrating

that (a) the most significant ‘secondary correlation’ in the
mass-metallicity relation is indeed with gas content, and (b)
there is very little correlation between metallicity and star
formation efficiency.

Throughout this work we use a [Kroupa| (2001) IMF,
and a cosmology following the latest Planck results, with
Ho = (67.840.9) km/s/Mpc and Q,, = 0.3084+0.012 (Planck
Collaboration et al.[2015).

2 SAMPLE SELECTION

In this work we will be characterising the scaling rela-
tions between a variety of parameters: stellar mass, metal-
licity, star formation rate, and gas content (both atomic and
molecular). We have selected our samples based on the si-
multaneous availability of all of these parameters. Stellar
masses, star formation rates, atomic gas masses, and metal-
licities (typically measured via optical strong line diagnos-
tics) are comparably easily measured, and are widely avail-
able in the literature. Molecular gas masses (measured using
observations of 2CO) are less widely available, and it is the
availability of this latter parameter that typically represents
the limiting factor in our sample selection.

In the local Universe, we use three recent surveys for
molecular gas which fulfil these criteria excellently: COLD
GASS (Saintonge et al.|2011)), the Herschel Reference Survey
(Boselli et al.|2014]), and ALLSMOG (Bothwell et al. 2014a).
Both COLD GASS and ALLSMOG are selected from the
SDSS spectroscopic survey, and as such have available op-
tical spectra for deriving metallicities. Optical spectroscopy
for the Herschel Reference Survey (HRS) is available from
Boselli et al.|(2013)). In order to gather better statistics at the
low-mass, low-metallicity end of the distribution, we also use
galaxies from the volume-limited Local Volume Legacy sur-
vey, which (being a complete volume-limited sample within
11 Mpc) contains galaxies of lower mass than appear in other
samples.

We also wish to extend our study beyond the local Uni-
verse: in order to compare the samples discussed above to
those at higher redshifts, we gather samples of both ‘normal’
star forming galaxies (selected using optical colour cuts, and
lying on or around the main sequence) and luminous sub-
millimetre galaxies, SMGs (selected via their sum-mm flux,
and having extreme star formation rates significantly above
the star-forming ‘main sequence’). These high-z galaxies
typically lie around z ~ 2.

Below, we briefly describe these various samples. A his-
togram of stellar masses for galaxies used in this work (sepa-
rated by sample) is shown in Fig. [I} Our combined samples
provide a mass coverage of approximately three orders of
magnitude, from 8.5 < logMx/Mg < 11.5. In total, our
combined sample consists of 221 galaxies from 0 < z < 2.

2.1 Local Universe surveys
2.1.1 ALLSMOG

ALLSMOG, the Apex Low-redshift Legacy Survey for
MOlecular Gas, is an APEX large programme designed to
survey molecular gas in local galaxies with stellar masses

© 2014 RAS, MNRAS 000, ?7-77?
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Figure 1. Histogram of the stellar masses of galaxies in the sam-
ples used in this work. Only galaxies that obey the selection crite-
ria detailed in @are shown. The main panel shows the combined
stellar mass histogram, while the smaller inset panels show his-
tograms of the stellar mass for each separate sample.

8.5 < log(M./Mg) < 10.0. The survey covers the local Uni-
verse, 0.010 < z < 0.025 (= 40 < D/Mpc g 110), excluding
the very nearby Universe to ensure that the 27 APEX beam
recovers the total CO flux.

Upon completion, the ALLSMOG survey will have CO
measurements (both detections and upper limits) for ~ 100
low mass (< 1010M®) galaxies. In this work, we use the
‘halfway’ data release presented by Bothwell et al.| (2014)
which consists of 42 galaxies. Data observations and reduc-
tion were undertaken as described in that work. Being drawn
from the SDSS spectroscopic survey, all ALLSMOG galaxies
have available optical spectra. One of the aims motivating
the ALLSMOG survey was to study the connection between
metallicity and molecular gas content, and so all ALLSMOG
galaxies have the complete suite of optical line fluxes nec-
essary for deriving metallicities (see for an explana-
tion of the metallicity derivation). All ALLSMOG galaxies
are selected from the SDSS spectroscopic survey, and have
their stellar masses and star formation rates readily avail-
able. Both stellar masses and star formation rates, corrected
for aperture effects caused by the fibre, are provided by the
MPA-JHU grou;ﬂ Star formation rates are derived using
optical line fitting, as described in|Brinchmann et al.| (2004).
Stellar masses are likewise measured using the fitting tech-
nique described by [Kauffmann et al.| (2003]).

The ALLSMOG galaxies used in this analysis have a

L http://www.mpa-garching.mpg.de/SDSS/DR7/
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metallicity range [8.52 < 12 + log(O/H) < 9.17], a SFR
range [0.04 < SFR/Mq yr~' < 12.0], and lie between stellar
masses [8.5 < log M../Mg < 10.0].

All ALLSMOG galaxies published in the first data re-
lease are used in this analysis: a total of 42 galaxies.

2.1.2 COLD GASS

The COLD GASS survey is a large IRAM program, designed
to survey molecular gas in massive z ~ 0 galaxies, with
log(M./Mg) > 10. The survey covers the redshift range
0.025 < z < 0.05 (= 110 £ D/Mpc < 220), and is selected
at random from the parent GASS sample (Catinella et al.
2010). The COLD GASS sample is discussed in detail by
Saintonge et al.| (2011)).

As with the ALLSMOG sample, COLD GASS is drawn
from the SDSS spectroscopic survey and has associated
available spectra, which supply both stellar masses and star
formation rates (as detailed in the ALLSMOG description
above). We remove AGN (which contaminate the optical line
fluxes, making the resultant metallically estimates inaccu-
rate) from the COLD GASS sample using the BPT cut given
by [Kauffmann et al.| (2003]). The COLD GASS galaxies used
here have a metallicity range [8.87 < 12+1log(O/H) < 9.29],
a SFR range [0.04 < SFR/Mq yr~' < 27], and lie between
stellar masses [10.0 < logM.. /Mg < 11.5].

After discarding AGN, and galaxies with discrepancies
between their R23 and [N11]/Ha metallicities (see be-
low), we are left with 115 COLD GASS galaxies.

2.1.3 Herschel Reference Survey

The Herschel Reference Survey (HRS) is a Herschel guaran-
teed time key project, designed to study a complete, volume
limited sample of galaxies at distances 15 < D/Mpc < 25.
Within these limits the survey is highly complete. A full
survey description is given by Boselli et al.| (2010]).

Lying closer than 25 Mpc, the HRS galaxies are too
nearby to be effectively probed by a fibre survey such as
SDSS (the 3” SDSS fibre would cover only a tiny fraction of
the galaxy disc). However, ancillary parameters — including
both stellar masses and optical spectra — are available from
other sources. Stellar masses for the HRS are presented by
Cortese et al| (2012), and were derived using i-band lumi-
nosities. Star formation rates for the HRS galaxies can be
calculated from a combination of UV and IR fluxes (UV
fluxes presented by |Cortese et al.|[2012] and IR fluxes, pre-
sented by |[Bendo et al.|[2012)). Briefly, we define the FUV at-
tenuation via the IRX’ parameter, IRX= log(Lir /Lruv,obs):

A(FUV) = —0.028X "% 4+ 0.392X % + 1.094X + 0.546, (1)

where X is ‘TRX’ (Burgarella et al.|2005)). SFRs are then
calculated from the attenuation-corrected FUV luminosity:

log SFR = 10g LFUV,corr - 9687 (2)

which is a SFR prescription derived for use with the
GALEX bands by [Iglesias-Paramo et al.| (2006). FUV, corr
is the FUV luminosity, corrected for the effects of UV at-
tenuation. We have reduced their original UV luminosity to
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SEFR conversion factor by a factor of 1.5, in order to convert
from their [Salpeter| (1955) IMF to the |[Kroupa) (2001) IMF
used to calculate SDSS parameters (see[Salim et al.|2007| for
details).

Optical spectra for the HRS, presented by [Boselli et al.
(2013)), were taken by the 1.9m telescope at Observatoire de
Haute Provence, and cover the spectral range 3600-6900A,
allowing metallicities to be derived identically as for the
SDSS samples described above. Again, we use a BPT cut
to remove AGN from the sample, and do not use galax-
ies with discrepant R23 and [N11]/Ha metallicities (as de-
scribed by below). The HRS galaxies used here have
a metallicity range [8.57 < 12 + log(O/H) < 9.05], a SFR
range [0.70 < SFR/M¢ yr~' < 16.5], and lie between stellar
masses [8.9 < log M. /Mg < 10.4].

After these cuts, we are left with 24 HRS galaxies.

2.1.4 Local Volume Legacy survey

In addition to the three dedicated CO surveys discussed
above, we also include galaxies from the volume-limited Lo-
cal Volume Legacy (LVL) survey. LVL is a IRAC and MIPS
Legacy survey of a volume-limited sample of 258 galaxies,
designed to be statistically complete within 11 Mpc. The
LVL survey was designed to work in synergy with ancil-
lary datasets, including the UV and Ha survey 11HUGS (11
Mpc Ha and UV Galaxy Survey). The combined dataset is
volume-limited out to 11 Mpc (excluding the ‘zone of avoid-
ance, defined by the Galactic plane |b| < 20°), with a mag-
nitude limit B < 15.

Stellar masses for the LVL sample have been estimated
by |Bothwell et al.| (2009), by combining photometry with a
colour-dependent mass to light ratio, taken from the mod-
els of Bell & de Jong (2001). Gas data, both atomic and
molecular, were compiled from a range of literature sources
by Bothwell et al.| (2009)). Star formation rates for the LVL
sample were derived by |Lee et al.| (2009), by combining UV
and IR fluxes as per the method outlined above.

The final required data product, optical metallicity
data, is compiled and presented by Marble et al.| (2010). Re-
quiring both molecular gas data and an optical metallicity
measurement serves to eliminate much of the LVL sample: in
total, 23 galaxies from LVL have the full complement of re-
quired data. (One of these galaxies, however — UGC05364 —
has its metallicity estimated using observations of planetary
nebulae — a unique method, not shared by any other galaxy
used in this analysis. We therefore discard UGC05364 from
the sample.) The LVL galaxies in our combined sample have
a metallicity range [8.01 < 12 + log(O/H) < 9.31], a SFR
range [0.04 < SFR/Mq yr~' < 5.2], and lie between stellar
masses (8.4 < log M./Mg < 11.5].

The LVL sample used in this analysis consists of 22
galaxies.

2.2 Galaxies at high redshift
2.2.1 Main sequence star-forming galaxies

Our sample of high-z ‘main sequence’ star forming galax-
ies is taken from the PHIBBS survey for molecular gas in
1 < z < 3 ‘main sequence’ galaxies (Tacconi et al.||2013)).
These ‘main sequence’ galaxies are selected via the ‘BX/BM’

optical colour-selection criteria (which approximately selects
‘normal’ star forming galaxies at high-z; details of this se-
lection criteria are given in |Steidel et al.|2004).

Galaxies in the PHIBBS survey lie at two distinct
epochs: z ~ 1.2 and z ~ 2.2. The lower redshift galaxies are
unsuitable for inclusion in this work, as their optical spectra
(provided by the DEEP2 survey) do not cover any suitable
metallicity-tracing line ratios. The galaxies in the higher red-
shift bin, however, have been observed with VLT /SINFONI
(Newman et al.[[2012)), and have publicly-available near-IR
spectroscopy covering the Ha and [NII] lines, which we use
to derive gas-phase metallicities (as described in be-
low).

Stellar masses, molecular gas data, and star formation
rates for these galaxies have been taken from Tacconi et al.
(2013). To briefly summarise, stellar masses have been de-
rived from UV-to-IR population synthesis modelling, and
star formation rates were calculated using a combination of
UV, optical continuum, He, and 24pm continuum fluxes.
Molecular gas data for this sample were obtained using the
IRAM Plateau de Bure Interferometer. Due to the red-
shift of the sample, the sources here are observed in the
12C0(3—2) line — for the purposes of calculating gas masses,
we have converted down to equivalent **CO(1 — 0) lumi-
nosities by assuming a ‘Milky Way’-like CO excitation, ap-
propriate for these normal star-forming galaxies. The high-
z ‘main sequence’ galaxies in our sample have a metallic-
ity range [8.61 < 12 + log(O/H) < 9.05], a SFR range
[30 < SFR/Mg yr~ ' < 245], and lie between stellar masses
[9.8 < log M./Mg < 11.4].

Our final sample of high-z main sequence galaxies con-
sists of 9 objects.

2.2.2  Sub-mm galazies (SMGs)

We also include a sample of galaxies selected at sub-mm
wavelengths (typically Sgso 2 5mJy), known as sub-mm
galaxies (SMGs). SMGs are high-redshift dusty galaxies
with extreme SFRs ( z 1000 M yr~"). The source of the
high SFRs exhibited by SMGs remains a matter of debate,
but it is likely that the population contains both major
mergers and extreme, ‘maximum starburst’ disks. Either
way, it is clear that SMGs represent an extreme population
lying far above the star-forming ‘main sequence’ at their
redshifts. The inclusion of SMGs in our combined sample
will extend the dynamic range of our analysis, in terms of
both parameter space and the range of ISM environments
sampled.

Our sample of SMGs lie at z ~ 2, and are taken from
the sample presented by |[Chapman et al. (2005). Metal-
licities were derived from Keck/NIRSPEC near-IR spec-
troscopy (Swinbank et al.|[2004), which covers both the Ha
and [N1I] emission lines (again, see below for details
of the metallicity derivation). Stellar masses for these SMGs
were derived from full population synthesis modelling by
Hainline et al.| (2011)), and star formation rates were cal-
culated using IR fluxes (derived from the far IR-radio cor-
relation) by |Bothwell et al.| (2013). Molecular gas masses
were taken from the CO survey by |[Bothwell et al.| (2013).
As with the high-z main sequence galaxies above, molecu-
lar gas masses are based on mid-J 2CO measurements —
either 12CO(4 — 3) or '2CO(3 — 2). We have adjusted these
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down to the equivalent **CO(1 — 0) luminosities using the
SMG CO excitation derived by |[Bothwell et al.| (2013). One
SMG (SMMJ030227.73+000653.3) has an unusually high
[N11]/He ratio; as noted by |[Swinbank et al.| (2004)), this is
likely indicative of contamination by AGN activity. As such,
we exclude it from our analysis.

The SMGs in our analysis have a metallicity range
[8.74 < 12 + log(O/H) < 9.09], a SFR range [390 <
SFR/M@yr~" < 2890], and lie between stellar masses
[10.3 < log M. /Mg < 11.2].

Excluding SMMJ030227.734+000653.3, our final SMG
sample consists of 9 galaxies.

2.3 Deriving physical parameters
2.8.1 Derwing metallicities

For all galaxies in this work (with the exception of some
galaxies in the LVL sample: see below), we derive gas-phase
metallicities using optical strong-line fluxes. Where possible,
we take optical line fluxes from SDSS (this is applicable for
the ALLSMOG and COLD GASS samples). To recap the
various sources of the non-SDSS spectroscopy, HRS galaxies
have long-slit integrated spectroscopy presented by |Boselli
et al.| (2013), high-z ‘main sequence’ galaxies have near-IR
spectra presented by Newman et al, (2012]), and the SMGs
have near-IR spectra presented by [Swinbank et al.| (2004).
Details of the LVL metallicity measurements are discussed
at the end of this subsection.

For ease of comparison, we follow Mannucci et al.| (2010)
in estimating metallicity based on two independent diag-
nostics: (1) the N[i]/Ha ratio, and (2) the R23 parame-
ter, = ([OI1])3727 + [OII1]4958,5007)/H 3. We then use the
abundance calibrations of Maiolino et al.| (2008]) to calculate
two separate metallicity measurements, one for each diag-
nostic. We take as our final metallicity value the mean of
these two metallicity measurements, discarding any galaxies
for which the methods give answers discrepant by > 0.2 dex:
such galaxies are likely to have inaccuracies in one or both
metallicity diagnostics, and as such are unreliable.

For the galaxies at high-redshift (both main-sequence
and SMGs), the full suite of optical strong lines is not avail-
able for each source. Instead, we estimate their metallicities
based on the N11]/Ha ratio, again using the abundance cal-
ibrations provided by [Maiolino et al.| (2008]).

As mentioned in above, galaxies in the LVL sam-
ple have metallicities compiled from the literature by Marble
et al.| (2010]). As noted by those authors, the metallicity data
for many of these galaxies has been amassed over a number
of years from a large number of disparate observations. As
such it is challenging to put all the LVL metallicities into a
common calibration framework. Indeed, |[Marble et al.| (2010))
do not attempt to do so, simply noting that the non-uniform
calibrations add an additional uncertainty across the sample
of ~ 0.2 dex. We follow this approach, and do not attempt to
standardise the LVL metallicity measurements. Instead, we
apply an additional 0.2 dex of uncertainty to all LVL metal-
licity measurements when fitting to the data. We stress that
none of our conclusions are dependent on the inclusion of
LVL — repeating our analysis without the LVL sample does
not significantly change our results.
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Figure 2. The integrated Schmidt-Kennicutt relation for the
galaxies in our sample. We have calculated molecular gas masses
using the (metallicity-dependent) CO/Hy conversion factor from
Wolfire et al. (2010). Dotted diagonal lines represent constant star
formation efficiencies, in steps of 1 dex (the extreme values, 0.01
Gyr~! and 10 Gyr~!, are labelled). The thick dashed line shows
a fit to the combined sample: the slope of this fit is consistent
with linearity, at 1.02 4 0.08.

2.8.2 Deriving Ho masses

Molecular hydrogen masses can be calculated from the CO
luminosity, L¢g, by assuming a CO/Hz conversion factor
acoO:

M(Hg) = O‘COL/CO(I—O) (3)

There has been a vast amount of work over the last
few decades dedicated to empirically measuring, and theo-
retically modelling, aco (Bolatto et al.|2013| gives a recent
review). While a number of physical factors can cause aco
to vary, it is likely that the dominant factor is metallicity,
with aco increasing rapidly as metallicity decreases. In this
work, we will present results by adopting a CO/Hs conver-
sion factor that varies with metallicity. Several metallicity-
dependent CO/H2 conversion factor prescriptions are given
in a recent review by [Bolatto et al.| (2013). In particular,
we will explore results derived using four recent metallicity-
dependent conversion factors, derived by [Wolfire et al.
(2010), |Glover & Mac Low| (2011)), [Narayanan et al.| (2012,
and [Feldmann et al.| (2012).

3 RESULTS: SCALING RELATIONS

3.1 Star formation efficiency and the
Schmidt-Kennicutt relation

Figure [2] shows the ‘integrated’ Kennicutt-Schmidt (KS) re-
lation for the galaxies in this work. We have shown, as di-
agonal lines, tracks of constant ‘star formation efficiency’
(defined here as SFR/M(Hz) ). Here (and elsewhere un-
less otherwise specified), we have calculated molecular gas
masses using the metallicity-dependent aco factor derived
by Wolfire et al. (2010).

Our various samples cover different regions in parameter
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Figure 3. The mass-metallicity relation for the galaxies in our
sample. The grey shaded areas are taken from Tremonti et al.
(2004), and show the area that contains 64% (light shaded area)
and 90% (dark shaded area) of all SDSS galaxies. We have ad-
justed the metallicity scaling for the Maiolino et al. (2008) calibra-
tion used in this work. We have calculated molecular gas masses
using the (metallicity-dependent) CO/Hy conversion factor from
Wolfire et al. (2010). The dashed line is the mass-metallicity fit
to the sample of galaxies used in this work. Galaxies at high-z,
which have greater uncertainty on their metallicity estimates, are
shown with error bars. Open symbols show galaxies not detected
in 12C0O, at the position of the 30 upper limits on their gas mass.

space, with a spread of approximately ~ 5 orders of magni-
tude in both molecular gas mass and SFR. It can be seen
that the star formation efficiency is fairly constant across
the combined sample, with the main locus of the distribu-
tion lying between 0.1 — 1 Gyr~*.

Most interestingly, deriving molecular gas masses us-
ing a metallicity-dependent CO/Hjz conversion factor results
in the galaxies in our combined sample forming a single,
smooth relation in log M(Hz)—log SFR space, with all galax-
ies in our sample (from low mass, low metallicity LVL dwarfs
to massive, ultra-luminous SMGs at z ~ 2) forming a single,
continuous sequence with a slope consistent with linearity.
The dashed line in Fig. [2| shows a power-law fit to the com-
bined sample, which — using a [Wolfire et al.| (2010) CO/H;
conversion factor — has a slope of 1.02 4+ 0.08. Using any of
the other conversion factors used in this work also produces
a slope consistent with unity: using [Feldmann et al.| (2012))
results in a slope of 1.01 £ 0.07, Narayanan et al.| (2012) re-
sults in a slope of 1.08 +0.10 and |Glover & Mac Low| (2011))
gives a slope of 0.96 4 0.06.

Traditionally, when not using individually estimated
CO/H; conversion factors, galaxies have been assigned with
either a constant ‘Milky Way-like’ factor, or a ‘ULIRG-like’
factor, depending broadly on their star formation mode (sec-
ular and merger-driven, respectively). The use of a dichoto-
mous CO/H, conversion factor has previously resulted in
a ‘dual-slope’ KS relation, with merging galaxies (includ-
ing ULIRGs and SMGs) lying above the locus of ‘normal’,
star-forming field galaxies. This approach suffers from an
obvious weakness, however, as it is unclear to what extent
the bimodal KS relation results directly from the use of a
bimodal conversion factor for calculating gas masses (see

Narayanan et al.|[2012 for discussion). Narayanan et al.[2012
demonstrate that when using their own CO/Hy conversion
factor, which is a continually-varying function of metallicity,
all galaxies (including low-z disks, high-z disks and merg-
ers) form a continuous sequence in log M(Hz) — log SFR
space, with no evidence for bimodality. Here (Fig. we
confirm this result for a range of metallicity-dependent
CO/H; conversion factors: using conversion factors derived
by Narayanan et al., (2012), Feldman et al., (2012) Wolfire
et al., (2010), and Glover and Mac Low (2011), we find an
integrated Kennicutt-Schmidt relation forming a single, lin-
ear sequence over ~ 5 decades in SFR and molecular gas
mass, with no hint of bimodality.

We note that there have been some recent studies
purporting to find metallicity dependence in the Schmidt-
Kennicutt relation, expressed via a metallicity-dependent
change in star formation efficiency (Dib et al.|2011} |Shi et al.
2014). However, the correlation between SFE and stellar
mass (Saintonge et al.|[2011; |Bothwell et al.|[2014), together
with the mass-metallicity relation, can introduce an artifi-
cial correlation between SFE and metallicity. We will show
in §4) (and discuss in that when these correlations are
disentangled there is no evidence for any significant intrinsic
dependence between SFE and metallicity.

3.2 Molecular gas and the mass-metallicity
relation

We turn now to an examination of the effect of molecular gas
on the scatter in the mass-metallicity relation . As discussed
in the introduction, significant relationships have been dis-
covered between the mass-metallicity relation and both SFR
(the ‘FMR’; Mannucci et al.|2010} [Lara-Lopez et al.|[2010])
and Hi1 (Bothwell et al.|[2013]). Any relationship with molec-
ular gas has thus far proved elusive, due to a likely combina-
tion of small available sample sizes, and potential degeneracy
between metallicity and molecular gas masses (derived us-
ing a conversion factor which is itself strongly dependent on
metallicity). The combined sample assembled in this work
represents a uniquely ideal dataset for examining any po-
tential trends between metallicity and molecular gas mass,
due to its dynamic range in both parameters.

Figure [3| shows the mass-metallicity relation for galax-
ies in our combined sample. The original samples are dif-
ferentiated with different symbols (shown in the inset key).
The combined sample broadly follows the established z ~ 0
mass-metallicity relation (the dark and light shaded regions
in the background show the 1o and 20 distributions in the
mass-metallicity relation, as measured for SDSS galaxies by
Tremonti et al.|2004, adjusted for the metallicity calibrations
used in this work). As expected, higher-z galaxies generally
fall below the z ~ 0 mass-metallicity relation (we discuss this
below). Most individual samples follow the mass-metallicity
relation reasonably closely: several ALLSMOG galaxies, not
detected in CO emission lie above the relation, while some
LVL galaxies lie 0.2-0.5 dex below the relation.

The symbol colour-coding in Fig. [3]shows the molecular
gas mass, as derived using the Wolfire et al. (2010) CO/Ha
conversion factor. A molecular gas ‘FMR’ effect would be
apparent if galaxies at a constant stellar mass have an in-
verse relation between molecular gas mass and metallicity.
Such a relation is difficult to discern by eye, due to both
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Figure 4. The offset from the z = 0 mass-metallicity relation, plotting against molecular hydrogen mass, for four CO/Hz conversion
factors. Each conversion factor is a function of gas-phase metallicity; the adopted metallicity-dependent conversion factor is shown inset.
In each plot, a linear fit is over-plotted. It can be seen that there is an inverse correlation between mass-metallicity offset and Ho mass (so
galaxies with lower than average molecular gas masses lie systematically above the mass-metallicity relation), which persists independent

of the choice of CO/Hg conversion factor.

the uncertainty-driven scatter, and the the strong relation
between molecular gas mass and stellar mass. To make any
potential trends clearer, we examine the relation between
molecular gas mass and the offset from the mass-metallicity
relation (which we calculate by performing a quadratic fit to
the mass-metallicity relation defined by our combined sam-
ple). The quadratic fit used for calculating offsets is shown
as a dashed line in Fig. [3| The fit is in good agreement with
the fit found for a far larger SDSS sample by [Tremonti et al]
, but is shifted slightly towards higher metallicities at
stellar masses log M. > 10101\/[@ .

Figure [4] shows the offset from the mass-metallicity re-
lation, plotted against molecular gas mass. We have plot-
ted results separately for each of the four different CO/H,
conversion factors discussed in the introduction. For legibil-
ity, we have only plotted error bars for the high-z galaxies,
which have their metallicities measured using the [NII]/Ha
calibrator alone and as a result are more uncertain (due to
the greater flux errors on the more distant objects, as well
as the uncertainty due to the availability of just a single
calibrator).

We find that in all cases (each of the four metallicity-
dependent conversion factors) there is a shallow, but clear,
inverse dependence between molecular gas mass and the off-
set from the mass-metallicity relation. Fitting linear func-
tions to each of the relations, we find slopes for each of
the conversion factors as follows: [Wolfire et al| (2010) =
—0.088+0.021; |Glover & Mac Low| (2011)) = —0.078 +0.019;

[Narayanan et al| (2012) = —0.098 £+ 0.020; and
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(2012) = = —0.081 £ 0.018;. There is therefore clear

evidence for a molecular gas ‘FMR’ effect, whereby galaxies
at a fixed stellar mass show an inverse dependence between
their metallicity and their molecular gas mass.

Figure [5] shows the offset from the mass-metallicity re-
lation, plotted against total (i.e., Ho+HI) gas mass. Again,
we have plotted results separately for each of our four differ-
ent CO/Hz conversion factors. For our high-z galaxies, we
have assumed that their ISM is entirely molecular (i.e., their
total gas mass is equivalent to their molecular gas mass). As
for the molecular gas above, we find that for each of four
metallicity-dependent conversion factors there is a shallow
inverse dependence between total gas mass and the offset
from the mass-metallicity relation. Given the dependence
with molecular gas demonstrated above, and the depen-
dence with atomic gas presented by Bothwell et al. (2013),
a dependence with total gas mass is of course unsurpris-
ing. Fitting linear functions to each of the relations, we find
slopes for each of the conversion factors as follows: [Wolfire
et al| (2010) = —0.076 £+ 0.022; |Glover & Mac Low]| (2011)
= —0.071£0.016; Narayanan et al.| (2012) = —0.083+£0.018;
and [Feldmann et al| (2012) = = —0.077 £ 0.017. There is
therefore also evidence for a total gas ‘FMR’ effect, whereby
galaxies at a fixed stellar mass show an inverse dependence
between their metallicity and their total (i.e., Ho+HI) gas
mass.
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8.2.1 Comparison to an analytical model

In Fig. |§| we have compared the lower right panel of Fig.
to the prediction from the analytical ‘gas regulator’ model
of Peng & Maiolino (2014). We have binned the model data
(~ 5 x 10° model galaxies) in stellar mass bins of width
0.5 dex, and colour-coded both the model tracks and the
observational data by stellar mass.

The model makes two main predictions. Firstly, the

model predicts that within a stellar mass bin, the offset from
the mass-metallicity relation does increase (in the negative
direction, i.e., below the mass-metallicity relation) with in-
creasing total gas mass. This is broadly the same trend as we
have found for our observational data above. However, the
model also demonstrates that the dependency of the mass-
metallicity offset is far steeper within any individual stellar
mass bin than it would be for the sample as a whole (due
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to the strong correlation between stellar mass and total gas
mass). However, such a separation in stellar mass is not im-
mediately clear in the observational data — there seems to
be sufficient scatter in the gas mass-stellar mass correlation
that any potentially clear trends are obscured. The model
does demonstrate why, when considering the the sample as a
whole, we only see a shallow dependence between metallicity
offset and gas mass.

The second prediction of the model is the existence of a
‘quenching sequence’, populated by galaxies which are ele-
vated above the mass-metallicity relation. Within the frame-
work of the model, the only mechanism able to elevate galax-
ies significantly above the mass-metallicity relation is ‘stran-
gulation’ — the cessation of gas infall — which leads firstly to
the build up of metals due to star formation (with a lack of
metal-poor inflowing gas acting to dilute the ISM), and ulti-
mately to the shutting down of star formation (‘quenching’)
El Being an emission line-selected sample, none of our sample
galaxies are currently fully quenched. The model predicts,
however, that the ~ 7 galaxies elevated above our relation
are essentially analogues of ‘green valley’ galaxies, identified
via their metallicity and gas mass, which have recently un-
dergone strangulation and are in the processes of becoming
quenched and dead.

It is important to investigate whether the model is doing
a good job of explaining the scatter in the data. Randomness
in the model is introduced by allowing the gas inflow rate
to vary by a factor of two — this introduces scatter in both
metallicity and gas content. If it can be seen that the scatter
in the observed data is greater than that contained in the
model (allowing for observational uncertainties), it is likely
that real gas inflow rates vary by a factor of > 2. We compare
the model to the data as follows. For each observed galaxy,
we identify all model galaxies with the same stellar mass
and metallicity (within bins of 0.05 dex). We then compare
the total gas mass of the real galaxy to the mean gas mass of
the (mass & metallicity matched) model galaxies. We find a
mean discrepancy between the model and observed gas mass
of 0.49 dex. This must be compared, though, to the variance
in gas mass contained within the model itself. Within each
0.05 dex bin of stellar mass and metallicity, the standard
deviation of model gas masses is 0.41 dex. That is, the mean
discrepancy between the analytical model and the data is
only slightly more than the variance contained within the
model itself. Allowing for typical observational uncertainties
on the gas mass the model provides a good match to the
data, suggesting that the assumptions of the model (i.e., that
gas inflow rate varies by up to a factor of 2) are sufficient to
explain the observed scatter.

4 RESULTS: PRINCIPLE COMPONENT
ANALYSIS

The analysis contained within the previous sections suffers
from two potential weaknesses. Firstly, as previously dis-
cussed, the correlation between gas mass and stellar mass

2 Recently, Peng et al. (2015) have shown that the comparison
of stellar metallicities between passive and star forming galaxies
strongly support strangulation as the main quenching mechanism
for galaxies with mass < 1011M®.
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serves to erode any clear trends between mass-metallicity
offset and gas mass; other than showing that the analyti-
cal model is capable of reproducing the observed data, it
is challenging to quantify any trends. Secondly, the tech-
nique suffered from being parametric — that is, dependent on
the assumption that some distribution exists between stellar
mass and metallicity, and paramerising data points in terms
of their offset from a quadratic fit to that relation. In our
case, the specific results obtained depend strongly on the
form of the fit to the mass-metallicity relation. Ideally, we
would like to frame the analysis in terms of a non-parametric
fitting technique, which simply examines the correlations in
the data without presupposing any specific relationship be-
tween them. One such technique is Principle Component
Analysis (PCA).

Principle Component Analysis (PCA) is a linear trans-
formation technique, by which a set of physical variables
are converted into a set of orthogonal, linearly uncorrelated
components (called ‘Principle Components’) defined by a
set of eigenvectors. The conversion is chosen so to ensure
that the maximum possible variance in the data is contained
within the first component, and each subsequent component
contains as much variance as possible (with the constraint
that each component is orientated orthogonally to every
preceding component). In practice, PCA performs a coor-
dinate transformation revealing the optimum ‘projection’ of
a dataset, and revealing which parameters are responsible
for the variance in the sample. PCA is particularly useful
for revealing any possible ‘dimensionality reduction’ — for
example, revealing that a distribution forms a 2D ‘plane’
in 3D parameter space (as [Hunt et al.[2012 found for stel-
lar mass, SFR and metallicity). It is worth noting that by
the nature of PCA, it can only describe datasets in terms
of linear relationships between parameters — more complex
distributions of data cannot be described in terms of a set of
orthogonal eigenvectors. PCA was used by both |[Lara-Lépez
et al.|(2010) and |[Hunt et al.| (2012) to examine the secondary
dependence of SFR on the mass-metallicity relation .

Here, we perform PCA on our data, examining the stel-
lar mass, metallicity, and a third parameter of interest. In
turn, we will examine the molecular gas mass, the total gas
mass, the star formation rate, and the star formation effi-
ciency. We first normalise each parameter to the mean value
for our combined sample:

log (M,)P°* = log (M.) — 10.13
12 + log(O/H)* = 12 4 log(O/H) — 8.95
log (SFE)P“* = log (SFE) + 8.68
log (SFR)"°* = log(SFR) — 0.39
log (M) = log (Mpuz) — 9.07

10g (Mgas)"* = log (Mgas) — 9.71

We have accounted for uncertainty by adopting a
Monte-Carlo approach, performing 10° PCA iterations for
each combination of parameters. For each iteration, each
galaxy has the value of its physical parameters randomly
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perturbed by an amount following the respective error on
each parameter. At the end of the 10° iterations, we take
the mean and standard deviation of the resulting Eigen-
vector distribution to be our final Eigenvector values (and
uncertainties thereon). In order to ensure we are not unduly
influenced by outliers, we also perform sample bootstrap-
ping during the Monte-Carlo: for each iteration, we ran-
domly sample (with replacement) our complete sample of
galaxies, generating in each case a sample size equal to our
original dataset.

The results are discussed below. Fig.[7]shows the results
of performing PCA on the parameters stellar mass, metallic-
ity, and molecular gas mass. Appendix Figures and
[A3] show the results when using total gas mass, star forma-
tion rate, and star formation efficiency (respectively) as the
third parameter. Table[I]lists the values of the Eigenvectors
of the components in each instance.

In each of the four cases, the PCA results do indeed
suggest that the galaxy form a 2D plane in the parameter
space, with just ~ 1.5% — 3% of the total variation occurring
in the third principle component. As noted by Hunt et al.
(2012), with very little of the sample variance contained
within the third principle component, it is a useful tool
for examining the optimal relationship between the three
parameters of interest. In each of our cases, the third pa-

rameter is highly dominated by metallicity, with only minor
contributions from the other parameters. We can therefore
‘solve’ for metallicity, by setting the third principle compo-
nent equal to zero (which is valid at the ~ 1.5% — 3% level),
allowing us to examine the effect of each parameter (stellar
mass, molecular gas mass, total gas mass, SFR, and SFE)
on metallicity.

Molecular gas mass:

The PCA results for molecular gas are shown in Fig.
~ 80% of the variance is contained within the first compo-
nent, and ~ 97% of the variance is contained within the first
two. The first component is defined mainly in terms of stel-
lar mass and molecular gas mass (molecular gas mass being
the dominant contributor), with a small contribution from
metallicity. The second component is similarly defined, with
the contribution from metallicity being a little greater. The
third component, which accounts for just 2.8% of the sample
variation, is dominated by metallicity (telling us that that
metallicity has the minority contribution to the total sample
variance).

We now set the third principle component to zero. Here,
the third principle component is defined as
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PC3 = 0.295 (M.)"* — 0.072 (Mg2)"*
—0.952 12 + log(O/H)°A (1)

Setting this to zero implies that:

12 + log(O/H) = 0.31(log M..) — 0.08(log M) + 6.53 (5)

That is, the metallicity is primarily determined by the
stellar mass (i.e., the mass-metallicity relation), with a sec-
ondary dependence on the molecular gas mass. This sec-
ondary dependence on molecular gas mass is approximately
22% times as strong as the primary dependence on stellar
mass.

Total gas mass:

The PCA results for total gas mass are shown in Fig.
~ 73% of the variance is contained within the first com-
ponent, and ~ 98% of the variance is contained within the
first two. The first component is defined mainly in terms of
stellar mass and total gas mass, with a small contribution
from metallicity. And again, the second component is simi-
larly defined, with the contribution from metallicity being a
little greater. The third component, which here accounts for
just 2.5% of the sample variation, is dominated by metallic-
ity.

Again, we set the third principle component to zero.
Here, the third principle component is defined as

PC3 = 0.261 (M.)"9* = 0.038 (Mgas)"*
—0.964 12 + log(O/H)P°A  (6)

Setting this to zero implies that:

12 4+ log(O/H) = 0.27(log M) — 0.04(log Mgas) + 6.60 (7)

That is, the metallicity is primarily determined by the
stellar mass, with a secondary dependence on the total gas
mass. This secondary dependence on total gas mass is ap-
proximately 13% times as strong as the primary dependence
on stellar mass. This shows that the metallicity dependence
with the molecular gas content (discussed in the previous
sub-section) is stronger than with the total gas content.

Star formation rate:

The PCA results for SFR are shown in Fig. ~ 73%
of the variance is contained within the first component, and
~ 97% of the variance is contained within the first two.
The first component is defined mainly in terms of stellar
mass and SFR, with a small contribution from metallicity.
And again, the second component is similarly defined, with
the contribution from metallicity being a little greater. The
third component, which here accounts for just 2.8% of the
sample variation, is dominated by metallicity. These results
are consistent with the work done by [Hunt et al. (2012),
who used PCA to examine correlations between stellar mass,
SFR and metallicity for a sample of metal-poor starbursts.

Setting the third principle component to zero. Here, the
third principle component is defined as
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PC3 = 0.265 (M.)"“* — 0.045 (SFR)"°*
—0.963 12 + log(O/H)"°*  (8)

Setting this to zero implies that:

12 +log(O/H) = 0.28 (log M) —0.05(log SFR) + 6.14 (9)

That is, the metallicity is primarily determined by the
stellar mass, with a secondary dependence on the SFR. This
secondary dependence on SFR is approximately 16% times
as strong as the primary dependence on stellar mass. As
before, this dependence on the SFR is weaker than the de-
pendence on the molecular gas content.

Star formation efficiency:

The PCA results for SFE are shown in Fig. ~ 66%
of the variance is contained within the first component, and
~ 97% of the variance is contained within the first two. The
first component is defined mainly in terms of stellar mass
and SFE, with a slightly smaller contribution from metal-
licity. The second component is similarly defined, with the
contribution from metallicity being a somewhat less. The
third component, which here accounts for 3.0% of the sam-
ple variation, is dominated by metallicity, with only a very
minor contribution from SFE.

Again, we set the third principle component to zero.
Here, the third principle component is defined as

PC3 = 0.233 (M..)"* — 0.007 (SFE)"*
—0.972 12 + log(O/H)"°*  (10)

Setting this to zero implies that:

12 +log(O/H) = 0.24(log M..) — 0.008(log SFE) + 6.45
(1)
That is, the metallicity is primarily determined by the
stellar mass, with negligible secondary dependence on the
SFE: the secondary dependence on SFE is approximately 3%
times as strong as the primary dependence on stellar mass.
This clearly indicates that there is no correlation between
SFE and metallicity, once the dependence on stellar mass
is taken into account. This will be discussed further in the
next section.

5 DISCUSSION

5.1 The effect of a changing CO/H; conversion
factor

Thus far, all principle component analysis results have been
calculated using the metallicity-dependent CO/Hz conver-
sion factor presented by |Wolfire et al.| (2010). It is, however,
important to investigate the extent to which these results
are robust to a range of conversion factor prescriptions.
We perform the same PCA steps for three further metal-
licity dependent CO/Hz conversion factors: |Glover & Mac
Low| (2011)), [Feldmann et al.| (2012), and |Narayanan et al.
(2012)). In the interest of saving space, we do not repeat
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Component M. M(Hz2) 12+4log(O/H)

PC1 +0.578 £0.040 —0.807£0.032 +0.118 +0.023
PC 2 —0.760 £0.033 —0.585+0.043 —0.280+£ 0.031
PC 3 +0.295£0.027 —0.072+£0.021 —0.952 4+ 0.008
Component M. M(gas) 12+4log(O/H)

PC1 +0.441 £0.081 —0.893 £0.041 +0.085 4+ 0.023
PC 2 —0.858 +£0.045 —0.448 £0.083 —0.249 £ 0.022
PC 3 +0.261 £0.024 —0.037 +£0.015 —0.964 £ 0.007
Component M. SFR 12+4log(O/H)

PC1 +0.513£0.056 —0.852+0.036 +0.100 & 0.027
PC 3 —0.816 £0.036  —0.521 £0.059 —0.249 £ 0.021
PC 3 +0.265 £ 0.021 —0.0454+0.014 —0.962 £ 0.005
Component M. SFE 12+log(O/H)

PC1 +0.904 £0.042 —-0.368 £0.114 +0.214 +0.023
PC 2 —0.357+0.113  —0.929 £0.044 —0.092 £ 0.032
PC 3 +0.233 £0.025 —0.007 £0.004 —0.972 £ 0.006

Table 1. Eigenvectors of the three principle components, for each
of our parameter sets (stellar mass, metallicity, and a third pa-
rameter of interest — respectively, molecular gas mass, total gas
mass, SFR, and SFE. Errors have been obtained via a Monte
Carlo bootstrapping method, as described in the text.

the above discussion for each case. Nevertheless, each con-
version factor produces highly similar behaviour: examining
each secondary-dependence in turn (molecular gas mass, to-
tal gas mass, SFR, and SFE), we find that the distribution
of data does form a 2D plane in 3D parameter space, with
between 2% — 5% of the sample variation being contained
within the first two principle components.

We focus on the differences produced by the final step in
the analysis — that by setting the third principle component
to zero, the metallicity can be defined in terms of the stellar
mass, with a secondary modifying term coming from one of
the parameters listed above (in the original formulation of
the FMR by [Mannucci et al][2010] and [Lara-Lépez et all
SFR was used for this third parameter).

As above, we parameterise the strength of the effect of
the third parameter (either M(Hz), M(gas), SFR, or SFE) on
the metallicity by setting the third principle component to
zero, and finding the resultant expression for the metallicity:

12 + log(O/H) = log (M) — plog(X), (12)

where X is, in turn, M(H2), M(gas), SFR, or SFE. Fig.
[B shows the values of p we find for each parameter. All val-
ues of u are < 1, implying that in all cases the dominant
driver of metallicity variations is the stellar mass. For each
of the four CO/Hz conversion factors, we find that gas con-
tent is the most influential ‘secondary parameter’. For three
out of four of the conversion factor prescriptions (Wolfire
et al][2010] [Glover & Mac Low|[2011] and [Narayanan et al|
@D, it is the molecular gas that has the most influence on
metallicity (after stellar mass). For the remaining conver-
sion factor prescription —|Feldmann et al|(2012) — it is the

total gas content that is the strongest secondary parameter
(though it is comparable to the effect of molecular gas within
the uncertainties on u, which are typically +0.05). But, in-
dependent of the choice of conversion factor, we find that
the strongest ‘FMR’ effect is to be found with gas content.

The strength of SFR as a secondary parameter is some-
what less than gas content, with usrr ~ 0.17 (small varia-
tions in psrr shown in Fig. |E| are due to randomness intro-
duced by the bootstrapping technique). We note that this
value is significantly smaller than the value of x found by
[Mannucci et al.|(2010)): they express metallicity as a function
of stellar mass and SFR:

12 + log(O/H) = log (M.) — 0.321og(SFR) (13)

We therefore find the size of the effect of SFR on metal-
licity to be approximately 50% of that found by
(2010)). This discrepancy is far larger than can be ac-

counted for by sample uncertainty; our bootstrapping anal-
ysis estimates a combined uncertainty on the influence of
SFR of ~ 30% (usrr = 0.17 £ 0.05).

One potential resolution to the conflict lies in the
method used to calculate the SFRs. [Mannucci et al/ (2010)
took their sample from SDSS, using the SFRs and strong line
fluxes as provided by the SDSS spectroscopic fibre. SDSS
calculates its pipeline SFRs by fitting to optical strong lines
(with the Ha having the most influence). As such (a) previ-
ously, SFRs and metallicities were calculated from matched-
aperture observations, and (b) the same optical strong lines
were used to calculate both SFRs and metallicities, which
could introduce a co-dependency. Both of these effects could
result in the correlation between SFR and metallicity being
artificially tightened. It has been shown that when calculat-
ing SFRs by adopting integrated SFRs, corrected for fibre-
aperture effects, the SFR-FMR effect weakens considerably
(Bothwell et al|[2013; Zahid et al.|[2014]).

In this work, we have used both galaxies with SDSS-
SFRs (galaxies taken from the ALLSMOG and COLD GASS
surveys), and galaxies with SFRs calculated with other
methods (we used a combination of IR and UV fluxes for
the HRS and LVL samples, the z ~ 2 disks have SFRs de-
rived from fitting to a combination of UV, optical contin-
uum, Hey, and 24pm continuum fluxes, and the z ~ 2 SMGs
have SFRs derived using IR fluxes, via the far IR-radio cor-
relation). These disparate methods, while all being effective
probes of the total star formation rate, will clearly not intro-
duce the same co-dependency as taking all values from the
same SDSS spectra. This weaken any correlations between
SFR and metallicity which were previously spuriously en-
hanced.

5.2 The connection between metallicity and star
formation efficiency

In all cases, by far the weakest ‘FMR’ effect is found with
the star formation efficiency. Across all CO/H2 conversion
factors, the SFE and metallicity are only very weakly con-
nected. In other words, the Schmidt-Kennicutt relation does
not depend on metallicity. To date, the relationship between
metallicity and star formation efficiency has been challeng-
ing to examine, due to the strong correlation between metal-
licity and stellar mass. The molecular gas consumption time
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Figure 8. The strength of the influence on the mass-metallicity
relation of molecular gas mass (green line), total gas mass (blue
line), SFR (red line), and SFE (black line). The strength of the
influence is quantified as pu — see Eq. 12. Results for four recent
metallicity-dependent CO/Hz conversion factors are shown. In
each case, the strongest effect is found to be with gas content
(either molecular or total). The smallest influence on the mass-
metallicity relation is found with star formation efficiency.

(T2 = 1/SFE) is observed to vary with stellar mass (Sain-
tonge et al.|2011; Bothwell et al.|2014)), a phenomenon which
Saintonge et al.| (2011)) attribute to the presence of increas-
ingly ‘bursty’ star formation histories towards lower halo
masses. It is due to the strong co-variance between metal-
licity and stellar mass that a technique like Principle Com-
ponent Analysis is required, in order to break the mass-
metallicity degeneracy and isolate the effects of individual
parameters. Simply plotting metallicity against star forma-
tion efficiency for our sample would result in a good, yet
spurious, correlation.

At first glance, a lack of correlation between metallicity
and star formation efficiency appears somewhat surprising:
metal lines act as an efficient cooling mechanism for the ISM,
and given a lack of metals the ISM cannot effectively cool,
fragment into molecular clouds, and form stars. This was the
conclusion drawn by |Shi et al.| (2014]), who found extremely
low star formation efficiencies in two local metal-poor dwarf
galaxies (these low SFEs result from a large reservoir of CO-
dark molecular gas, which [Shi et al.||2014| trace using dust
emission). However, the low metallicity regime in which the
Shi et al| (2014) study was carried out may differ signifi-
cantly from the ISM conditions within the galaxies analysed
in this work, and it is unclear if the results are applica-
ble; many models predicting reduced SFE due to inefficient
cooling in low metallicity environments (i.e., [ Krumholz et al.
2009) deal with galaxies at such low metallicities that the
ISM is entirely atomic.

There are few explorations of the connection between
SFE and metallicity in the molecular regime. |[Dib et al.
(2011)) present a semi-analytic model of protocluster clumps
which predicts an increase in star formation efficiency as
metallicity decreases, primarily due to the weaker stellar
winds at low metallicity (which results in a less thorough
evacuation of gas in low-metallicity star-forming clumps).
Observationally, IDib et al.| (2011) find a trend supporting
this, which is, however, based on just three galaxies (the
SMC, M33, and NGC6822). To date, therefore, there has
been no clear observational consensus as to the effect of

© 2014 RAS, MNRAS 000, 7?7-77

Molecular gas and metallicity 13

metallicity on star formation efficiency, with previous stud-
ies having very small sample sizes (2-3 galaxies) and reach-
ing conflicting results. The results presented in this work,
which find a negligible connection between star formation
efficiency and metallicity, represent the first investigation of
this issue with a significant sample size.

There are also many physical effects potentially govern-
ing the effect of metallicity on star formation efficiency (gas
cooling and stellar wind efficiency being just two), and no
clear theoretical consensus on which effects will dominate.
Phenomenologically, the weakness of the connection between
SFE and metallicity follows simply from the fact that metal-
licity varies with molecular gas content and SFR in similar
ways; a secondary dependence in the mass-metallicity rela-
tion is observed with both molecular gas and SFR (though
molecular gas has the stronger effect). As this dependence is
in the same direction for each parameter — at a given stellar
mass, galaxies with either increased SFR or increased M(Hz)
have lower metallicity — when considering the ratio of these
two quantities (the SFE), the effect nearly cancels out. As a
result, SFE and metallicity are only very weakly connected
in the samples considered in this work. Physically, it may
be that a combination of metallicity-dependent processes
(e.g. weak stellar winds, inefficient gas cooling) conspire to
leave no connection between SFE and metallicity. Such a
conclusion, however, would require theoretical investigation
beyond the scope of this work.

6 CONCLUSIONS

In this work, we have presented an analysis of the connec-
tion between the gas content (both molecular and total) and
metallicity of galaxies in samples from 0 < z < 2. We have
explored the effect of various metallicity-dependent CO/Hs
conversion factors on the Schmidt-Kennicutt relation. Con-
versely, we have also investigated the effect of gas content
on the mass-metallicity relation, the most commonly used
metallicity scaling relation. Finally, we use Principle Com-
ponent Analysis to statistically analyse these parameters
within a non-parametric framework. Our main conclusions
are as follows:

e We find that a metallicity-dependent conversion factor
removes any traces of a ‘bimodality’ in the integrated
Kennicutt-Schmidt law, with all galaxies (from low-mass
z ~ 0 galaxies to z ~ 2 dusty starbursts) following a
smooth, linear relation with a slope of 1.02 + 0.08, consis-
tent with unity.

e We demonstrate the existence of a systematic ‘Fun-
damental Metallicity Relation’ effect between molecular
gas mass, stellar mass, and metallicity, by which at a fixed
stellar mass, galaxies with higher Hy mass lie systematically
below the mass-metallicity relation.

e We use Principle Component Analysis to explore the
correlations between stellar mass, metallicity, and a third
parameter (respectively, molecular gas content, total gas
content, SFR, and SFE) in a non-parametric way. We find
strong evidence for secondary dependences with both gas
content and SFR, with the effect of gas content being
stronger independent of the choice of CO/Hz conversion
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factor. We conclude that gas content is the driver of
the ‘Fundamental Metallicity Relation’, with the (more
commonly used) SFR-FMR being simply a consequence
due to the Schmidt-Kennicutt relation.

e We find a very negligible connection between gas-
phase metallicity and star formation efficiency; that is, the
Schmidt-Kennicutt relation has no dependence on metallic-
ity. This result stands in opposition to some recent findings,
which were conducted with far smaller sample sizes than
used in this work.
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Figure A1l. Three projections of the 3-space defined by the principle components derived in @ The inset legends above the plots give
the definitions of the principle components, in terms of stellar mass (Msx), total gas mass (Mgas), and metallicity (Z).
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Figure A2. Three projections of the 3-space defined by the principle components derived in @ The inset legends above the plots give
the definitions of the principle components, in terms of stellar mass (Mx), star formation rate (SFR), and metallicity (Z).

© 2014 RAS, MNRAS 000, 7?-77



18 M. S. Bothwell et al.
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Figure A3. Three projections of the 3-space defined by the principle components derived in @ The inset legends above the plots give
the definitions of the principle components, in terms of stellar mass (Mx), star formation efficiency (SFE), and metallicity (Z). Metallicity
has a weaker effect on the distribution, which can be mainly defined in terms of Mx* and SFE.
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