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ABSTRACT
In this paper, we stack neutral atomic hydrogen (H I) spectra for 9720 star-forming galaxies
along the mass–metallicity relation. The sample is selected according to stellar mass (109 ≤
M�/M� ≤ 1011) and redshift (0.02 ≤ z ≤ 0.05) from the overlap of the Sloan Digital Sky Survey
and Arecibo Legacy Fast ALFA survey. We confirm and quantify the strong anticorrelation
between H I mass and gas-phase metallicity at fixed stellar mass. Furthermore, we show for
the first time that the relationship between gas content and metallicity is consistent between
different metallicity estimators, contrary to the weaker trends found with star formation which
are known to depend on the observational techniques used to derive oxygen abundances and
star formation rates. When interpreted in the context of theoretical work, this result supports
a scenario where galaxies exist in an evolving equilibrium between gas, metallicity and star
formation. The fact that deviations from this equilibrium are most strongly correlated with
gas mass suggests that the scatter in the mass–metallicity relation is primarily driven by
fluctuations in gas accretion.

Key words: ISM: lines and bands – galaxies: abundances – galaxies: evolution – galaxies:
formation – galaxies: ISM – radio lines: galaxies.

1 IN T RO D U C T I O N

Theoretical work has long predicted that galaxy growth is to a
large extent regulated by the balance of gas accretion against star
formation and the subsequent dilution or enrichment of metals (e.g.
Tinsley & Larson 1978; Köppen & Edmunds 1999). In recent years,
with the addition of outflows – the ejection of gas and metals from
the interstellar medium (ISM) via energetic or momentum-driven
winds – to this picture, we have begun to see the emergence
of a framework for galaxy evolution where galaxies exist in a
slowly evolving equilibrium between gas inflow, galaxy-scale
outflows and star formation (Finlator & Davé 2008; Oppen-
heimer & Davé 2008; Oppenheimer et al. 2010; Davé, Finlator &
Oppenheimer 2011, 2012; Lilly et al. 2013; Christensen et al. 2016).

Observationally, the most common probe of this equilibrium
is the relationship between stellar mass and gas-phase metallicity
known as the mass–metallicity relation (MZR; Lequeux et al. 1979;
Garnett 2002; Tremonti et al. 2004; Kewley & Ellison 2008;
Zahid, Kewley & Bresolin 2011). The general sense of the MZR
is that metallicity, as traced by O/H, increases linearly with stel-
lar mass up to M�/M� ∼ 1010.5, after which the gradient flattens.
There have been a number of mechanisms invoked to explain the
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observed slope and normalization of the MZR, including: (i) out-
flows driving enriched gas from galaxies with greater efficiency at
low stellar masses, where the shallow depth of the potential well
means that material is easily ejected (e.g. Tremonti et al. 2004,
hereafter T04); (ii) mass-dependent interplay between chemical en-
richment and dilution, primarily driven by the correlation between
outflow strength and stellar mass (e.g. Finlator & Davé 2008); (iii)
increased metallicity of (recycled) accreted gas at higher stellar
masses (e.g. Brook et al. 2014; Ma et al. 2016), (iv) the redshift
evolution of an empirical stellar mass limit, above which the abun-
dance of metals begins to saturate (e.g. Zahid et al. 2013); and (v)
an effect of cosmic downsizing, where star formation and therefore
chemical enrichment occurs preferentially in high mass galaxies at
early times (e.g. Maiolino et al. 2008; Zahid et al. 2011).

Although the MZR can be considered a tight scaling relation
(σ ∼ 0.05–0.2 dex), its scatter is generally found to be at least
a factor of two larger than the uncertainties present in the metal-
licity estimates (T04, Zahid et al. 2012). Even more importantly,
this dispersion is strongly correlated with other galaxy proper-
ties (Cooper et al. 2008; Peeples, Pogge & Stanek 2009; Davé,
Finlator & Oppenheimer 2011). These two statements are the moti-
vation for a significant amount of theoretical and observational effort
to understand the physical drivers of scatter in the MZR. The most
commonly explored secondary dependence is the (anti)correlation
between metallicity and current star formation rate (SFR) at fixed
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stellar mass, first observed in Sloan Digital Sky Survey (SDSS;
York et al. 2000) galaxies by Ellison et al. (2008) and since estab-
lished, to varying extent, using a range of samples and methods at
different redshifts (Hunt et al. 2012; Lara-López et al. 2013b; Stott
et al. 2013; Cullen et al. 2014; Nakajima & Ouchi 2014; Maier
et al. 2014; de los Reyes et al. 2015; Salim et al. 2015). Since
physical explanations for the origin of the MZR generally invoke
a balance between enriched outflows and pristine or recycled gas
inflow as an explanation for the mean relation, deviations from this
equilibrium (e.g. due to star formation) can be used as a probe of
these mechanisms (Lara-López et al. 2010; Mannucci et al. 2010,
herafter M10).

Despite such studies, open questions remain as to the extent and
physical nature of the metallicity-star formation rate dependence
(Z-SFR). Early results by M10 seemed to show an invariance of the
mass–metallicity–SFR (M�–Z–SFR) relation with redshift, result-
ing in those authors dubbing it the ‘fundamental metallicity rela-
tion’ or FMR. However, more recent work suggests that, although
the qualitative sense of the FMR persists beyond the local Universe,
the normalization and strength of the trend evolve with redshift
(Brown, Martini & Andrews 2016; Ma et al. 2017). A dependence
of the Z–SFR relationship on stellar mass was proposed by Yates,
Kauffmann & Guo (2012), who find that star forming, low-mass
galaxies (M�/M� ≤ 1010.2) are indeed metal-poor, however, above
this threshold they see a reversal where systems with higher SFR
are found to have higher metallicities. This inversion of the M�–Z–
SFR relation as function of mass is driven by the authors’ choice of
the T04 metallicity estimates. Further investigation of this result by
Salim et al. (2014) suggests that it is the high signal-to-noise cuts
on multiple emission lines that drive the correlation between T04
metallicities and SFR at higher stellar masses. Sánchez et al. (2013)
go so far as to suggest that the Z–SFR relationship is driven by the
presence of observational biases in SDSS data (i.e. fibre aperture
effect), although several works have for the most part ruled out this
conclusion by performing their own detailed analysis of the SDSS
MZR, showing that the relationship between metallicity and star
formation persists even when these uncertainties are accounted for
(Andrews & Martini 2013; Salim et al. 2014; Telford et al. 2016).

In addition to the M�–Z–SFR relationship, it is reasonable to
expect that there also exists an observable connection between
the metallicity and gas content. Indeed, theoretical work generally
supports this notion as a natural consequence of the equilibrium
between inflows, outflows and gas processing (Dutton, van den
Bosch & Dekel 2010; Davé, Finlator & Oppenheimer 2011, 2012;
Lagos et al. 2016). Despite its theoretical importance, the intrinsic
faintness of atomic gas (H I) emission, poor statistics and selection
biases have historically made accounting for the effect of gas on the
MZR much more difficult than that of star formation and only re-
cently have studies begun to produce observational evidence for the
MZR dependence on gas. Hughes et al. (2013) use H I observations
of ∼250 objects to show that the H I mass of metal-rich systems is
typically lower than their metal-poor counterparts, attributing this
to the increased efficiency of the star formation process in more
massive galaxies. Using an increased sample of ∼4000 H I selected
galaxies, the work by Bothwell et al. (2013) shows an anticorrelation
between gas mass and metallicity at fixed stellar mass, using this to
argue that the H I–MZR relationship is more fundamental than the
observed dependence on star formation. Lara-López et al. (2013a)
also find that galaxies with high gas fractions are metal-poor com-
pared to their gas-poor counterparts. Lastly, recent investigations by
Bothwell et al. (2016a,b) highlight the importance of H2 as a regu-
lator of the M�–Z–SFR relationship due to the correlation between

H2 and SFR surface densities known as the Kennicutt–Schmidt law
(Schmidt 1959; Kennicutt 1998b).

Based upon the work outlined above, it appears that an observable
physical connection between the stellar mass of a galaxy, its gas-
phase metallicity, gas content and current SFR exists. However, the
exact character of this relationship remains elusive and establishing
the importance of H I content in comparison with star formation
in this picture has so far not been possible. The strength of the
MZR dependences upon gas and SFR, and subsequently the extent
which these can be attributed to physical processes rather than
observational techniques also remain unclear.

If we are to properly interpret theoretical predictions and develop
a comprehensive understanding of chemical enrichment and star
formation, we require in-depth studies using statistical samples for
which star formation and H I information is available. We may
then establish the relative importance of atomic gas content and
star formation in regulating the chemical evolution of galaxies. In
this paper, we stack atomic gas spectra of ∼10 000 star-forming
galaxies in order to investigate the robustness of H I mass, global
and fibre SFR in determining the scatter in the MZR using two
independent abundance calibrations. In doing so, this is the first
work to demonstrate the reliability and dominance of gas content in
comparison to SFR in setting the metal content of galaxies at fixed
stellar mass, irrespective of the metallicity estimator.

This paper is organized as follows. Section 2 describes our sample
and the quantities used in this work along with a brief description
of the H I stacking technique. In Section 3, we examine the sec-
ondary drivers of the MZR, quantifying its dependence on gas and
star formation for a variety of SFR and metallicity indicators. The
relative strengths of MZR dependences are compared in Section 4.
Section 5 outlines our conclusions and discusses them in the context
of previous work. For clarity and succinctness, the potential biases
that may be present in our work and how, if possible, we account
for them are considered in the Appendix.

2 T H E S A M P L E A N D H I STAC KI NG

2.1 Sample description

We use a volume-limited (0.02 ≤ z ≤ 0.05), stellar mass-selected
(M�/M� ≥ 109) parent sample (see Brown et al. 2015). Briefly,
this contains 30 368 galaxies with accompanying H I spectra that are
extracted using SDSS DR7 (Abazajian et al. 2009) coordinates from
the Arecibo Legacy Fast ALFA (ALFALFA; Giovanelli et al. 2005)
survey.

For the subset used in this work, galaxies must be classified as
star forming according to the Kauffmann et al. (2003) cut on the
Baldwin, Phillips & Terlevich (1981) diagram. Stellar masses and
optical spectral line measurements are obtained by cross-matching
with the publicly available Max Planck Institute for Astrophysics-
Johns Hopkins University reduction of SDSS DR7 spectra1

(Brinchmann et al. 2004). The emission line fitting methodology
used by the MPA-JHU group is described in T04. We correct all
strong emission lines for reddening using the Balmer decrement
method assuming the extinction curve of Cardelli, Clayton & Mathis
(1989).

We require that each galaxy has two valid estimates of gas-phase
metallicity as measured by the abundance of oxygen with respect
to hydrogen, log (O/H) + 12. For the first, we follow the selection

1 http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/raw_data.html
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criteria outlined by M10, which in turn are based upon the average
of the R23 and N2 methods recommended by Maiolino et al. (2008).
Secondly, we select the median log (O/H) + 12 estimates that are
provided by T04 for star-forming galaxies in the MPA-JHU cata-
logue. The T04 method differs significantly from other metallicity
estimates in that it uses Bayesian analysis of theoretical model fits
to the continuum-subtracted spectra rather than strong line ratios
calibrated to metallicity. A full description of this methodology is
given in T04.

Our justification for choosing the M10 calibration is that it has
previously been used to show a significant dependence of the MZR
upon SFR and H I content (M10; Bothwell et al. 2013; Salim
et al. 2014). It is an important check of our analysis that we are
able to qualitatively reproduce the M�–Z–SFR and, in the case of
Bothwell et al. (2013), M�–Z–H I relationships found in these works.
Similarly, the T04 estimate is a commonly used diagnostic of the
SFR dependence of the MZR within the literature, however, the re-
sults are often in apparent conflict with those that use the M10 cal-
ibration (Yates et al. 2012; Lara-López et al. 2013b). Furthermore,
the Bayesian spectral energy distribution (SED) fitting approach
used in the estimation of T04 metallicity is completely distinct
from the methodologies used to calculate M10 (and other strong
line ratio) metallicities. These two calibrations therefore character-
ize the uncertain nature of the MZR and its secondary dependences,
allowing for an effective comparison and estimation of bias in the
context of previous work.

To ensure that the SDSS 3 arcsec fibre covers a significant frac-
tion of each galaxy in their sample, M10 implement a redshift cut
(0.07 < z < 0.3) that does not overlap in redshift with our sam-
ple. Although we cannot apply this cut for the main analysis, in
consideration of the potential biases we are able to reproduce the
M10 MZR using the full SDSS DR7 (without the accompanying H I

data) and applying their redshift cuts. We provide a discussion of
aperture effects in the Appendix.

For each galaxy, we require that two SFR estimates are avail-
able. The first of these is the total SFR and is extracted from the
GALEX-SDSS-WISE Legacy Catalog (GSWLC; Salim et al. 2016,
hereafter S16), a data base of stellar masses, SFRs and dust attenu-
ation properties for ∼700 000 SDSS DR10 galaxies out to z ∼ 0.3
(Ahn et al. 2014). These properties are derived using Bayesian SED
fitting to optical and ultraviolet (UV) fluxes. The second indicator is
the SFR contained within the 3 arcsec fibre and is calculated directly
from the H α line flux, where S/N(H α) > 3, following equation (2)
in Kennicutt (1998a, hereafter K98).

Lastly, we also only select galaxies with stellar masses in the
range 109 ≤ M�/M� ≤ 1011. This mass cut removes further eight
galaxies while reducing the range of stellar masses in our most
massive bin by 0.4 dex. The final sample consists of 9720 star-
forming galaxies with: (i) H I spectra, (ii) M10 and T04 estimates
of gas-phase abundance and (iii) S16 global and K98 fibre SFR
indicators.

2.2 H I spectral stacking

Sensitivity limitations of H I-blind surveys such as ALFALFA mean
that obtaining statistical samples of galaxies spanning the entire gas-
poor to gas-rich regime remains impossible using only detections.
H I spectral stacking analysis is commonly used to overcome this
issue by co-adding 21 cm spectra selected from H I-blind surveys
according to optical position and redshift, irrespective of whether
they are detections or not. In recent years, this technique has been
employed to successfully quantify the gas content of galaxies in the

local Universe as a function of galaxy properties and environment
(Fabello et al. 2011; Geréb et al. 2013; Brown et al. 2015, 2017). In
Brown et al. (2015) and Brown et al. (2017), the authors weight the
21 cm spectra in each stack by the stellar mass of their corresponding
galaxy, yielding an average gas fraction. It is important to note that
in this work we do not weight by stellar mass, instead we bin the
MZR along both axes and compute the average H I mass of each 2D
bin by stacking the H I spectra of galaxies within the bin.

One of the caveats of stacking is that individual H I masses are not
available and therefore their distribution is not known. Thus, uncer-
tainties on the average H I masses used in this work are estimated
using a modified delete-a-group jackknife technique (Kott 2001).
Briefly, for each H I mass in this work our routine computes a fur-
ther five stacked H I masses while iteratively discarding, without
repetition, a random 20 per cent of the galaxies that went into the
original stack. The error is then the standard deviation of these five
jackknifed estimates. The removal of a random 20 per cent of galax-
ies allows a reasonable number of jackknifed measurements while
maintaining sufficient statistics in each bin so that the stacked sig-
nal is detected. As with any other jackknife method, this provides
a robust statistical measure of the reliability of the stacked average
gas content, however, it is not indicative of the distribution of gas
content. A full description of the stacking technique and jackknifed
errors used in this work is provided in Section 3 of Brown et al.
(2015).

3 H I A N D S TA R F O R M AT I O N A S
R E G U L ATO R S O F T H E MA S S – M E TA L L I C I T Y
R E L AT I O N

In this section, we look to identify the strongest driver of scatter in
the MZR. To do so, this work quantifies average H I mass and SFR
as a function of both M10 and T04 metallicity calibrations, at fixed
stellar mass.

In Fig. 1, the black points in the background of each panel show
the M10 (top row) and T04 (bottom row) MZRs for our sample.
Their respective best fits, are denoted by the white dashed lines. For
both MZRs, we recover the steep correlation between stellar mass
and metallicity for galaxies with stellar mass below ∼1010.5 M�.
Above this stellar mass, the gradient flattens until the correlation
with mass disappears. As outlined in the introduction to this paper,
this result has been noted by many observational and theoretical
studies using a variety of samples and measurements of metallicity
(e.g. T04; De Lucia, Kauffmann & White 2004; de Rossi, Tissera &
Scannapieco 2007; Kewley & Ellison 2008; Ellison et al. 2008;
Finlator & Davé 2008; M10).

We adopt 2D binning approach that is chosen to fully sample
the dispersion in the MZR while still having sufficient galaxies to
stack and detect H I, so that we may select sub-samples for stacking.
This involves dividing the sample first into five bins of stellar mass
(limits are given in the Fig. 1 caption) and then again according to
the metallicity percentiles (6.7 per cent, 30.9 per cent, 69.1 per cent,
93.3 per cent) corresponding to ±0.5σ , ±1.5σ and >1.5σ . In this
way, we are able to compute the average H I mass and SFR of galaxy
populations in each bin at fixed stellar mass. As the MZR changes
depending on the metallicity calibration used, this method allows
us to bin in a consistent manner using the M10 (a, b, c) and T04 (d,
e, f) calibrations. The bins are illustrated by the boxes in each plot.
Across each MZR, the metallicity percentiles correspond to range in
bin size of 0.04–0.7 dex with a median size of 0.1 dex. The number
of galaxies per bin ranges from N = 30 to N = 1059, with a median
of N = 186. The width of the stellar mass bins increases as function
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Figure 1. The M10 (top row) and T04 (bottom row) MZRs for galaxies in our sample. The 2D bins in the stellar mass–metallicity plane are shown by the
boxes. Panels (a) and (d), respectively, show the M10 and T04 MZRs colour-coded according to the average H I mass in each bin. In (b) and (e), the M10
and T04 relations are coloured by average S16 total SFR while in (c) and (f) the colouring displays the average K98 fibre SFRs along each MZR. H I mass is
measured in solar masses while estimates of SFR are quoted in M� yr−1. The bin edges along the x-axis are log M�/M� = 9, 9.3, 9.6, 10, 10.4, 11. For each
stellar mass bin, we also divide log (O/H) + 12 into bins that are ±0.5σ , ±1.5σ and >1.5σ from the median MZR. The corresponding colour bar for each
column is given in the top panel. The white dotted lines are the best-fitting polynomials to the M10 and T04 relations.

of mass in order to properly sample the mass-dependent slope of the
MZRs while also maintaining enough galaxies in each bin to obtain
a detection when stacking. We stress that the highest mass bin is
heavily affected by small number statistics, particularly below the
MZR. Thus, although we show the results for this range of stellar
masses, caution must be used when interpreting any differences in
trends with respect to the lower mass bins. Note that for consistency
with the stacked H I averages, we calculate the linear average of SFR
in a bin and then take the logarithm.

In order to quantify star formation on a physical scale that is com-
parable to the H I measurement, we use the GSWLC global SFRs
from S16 that are derived via optical and UV SED fitting. This
technique is known to provide a robust indication of global star
formation properties (Brinchmann et al. 2004; Salim et al. 2007;
da Cunha et al. 2008; S16) and, as such, has been used extensively
within the field. In addition to global SFRs, we also want to measure
the star formation over the same spatial scale as the metallicity is
estimated (i.e. the star formation within the fibre aperture). There-
fore, in parallel to the S16 SFRs explained above, we follow M10
and use the H α fibre SFRs calculated using the K98 prescription.

The left column of Fig. 1(a, d) shows the MZRs coloured ac-
cording to the average H I mass of galaxies within each 2D bin. For
both the M10 (a) and T04 (d) calibrations, there is a strong anti-
correlation of H I mass with metallicity at fixed stellar mass, where
galaxies below the MZR have, on average, up to ∼0.6 dex less H I

mass than their high metallicity counterparts.
In the middle panels, boxes along the M10 (b) and T04

(e) relations are coloured according to their mean S16 SFR
(SFRoptical+UV,S16). In the low-mass bins (M�/M� < 1010), the top

panel demonstrates an anticorrelation between metallicity and total
SFR at fixed stellar mass, where galaxies with higher SFRs have
lower metallicities and vice versa. The trend appears reversed for
the more massive galaxies, here star formers appear to be metal-rich
and gas-poor. We see for the T04-MZR in panel (e), the low-mass
bins have a very weak correlation between metallicity and S16 total
SFR, while the massive galaxies have a positive correlation.

On the right (c, f), we quantify the average K98 SFR in each
box (SFRH α,K98). In panel (c), the average fibre SFR echoes the
anticorrelation with M10 metallicity exhibited by the total SFRs.
However, in panel (f), when we look at the correlation between the
average fibre SFR and T04 metallicities at fixed stellar mass we find
a strong positive trend where galaxies that are star forming are also
metal-rich. The relationship between metallicity and fibre SFRs is
therefore contradictory for the two different abundance calibrations.

Fig. 2 quantifies the three-way dependence between the stellar
mass, metallicity and H I (or star formation) that are seen in the
colour schemes of Fig. 1 using a different projection. By plotting
the average H I mass, total SFR and fibre SFR, in the same bins as
before, as function of the mean metallicity in each bin we show the
Z–MH I and Z–SFR relationships at fixed stellar mass for both MZRs.
As shown above, H I and metallicity are anticorrelated in each mass
bin using both abundance calibrations while the Z–SFR relation de-
pends on the metallicity estimator. However, using Figs 1 and 2 for
a direct comparison of (i) each parameter’s influence on metallicity
(comparing horizontally) and (ii) the sensitivity of different abun-
dance calibrations to each parameter (comparing vertically) is not a
straightforward task as the MZRs and y-axis are changing between
panels.
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Figure 2. H I mass (left column), S16 total SFR (middle column) and K98 fibre SFR (right column) as a function of log (O/H) + 12 for the M10 (top row)
and T04 (bottom row) metallicity calibrations. H I mass is in units of M� and SFRs are given in M� yr−1. Y-axis values are the average quantity in each bin
of metallicity at fixed stellar mass and are identical to those used to colour the corresponding panels of Fig. 1. Stellar mass bins are given in the legend. Errors
on average log MH I are calculated using the Jackknife routine (see Section 2.2), while the standard error on the mean is used for both SFR estimates.

4 ID E N T I F Y I N G T H E PR I M A RY D R I V E R O F
SCATTER IN THE MZR

To investigate observed tensions and compare the relative strength
of the MZR dependence upon H I mass and SFR we use Figs 3
and 4. First, this allows us to quantify the balance between gas, star
formation and metallicity as a function of stellar mass (Fig. 3) and,
secondly, compare the influence of H I mass, total SFR and fibre
SFR in driving galaxies away from the equilibrium along the MZR
(Fig. 4).

In Fig. 3, the top row shows the M10-MZR while the bottom row
uses the T04 metallicities. This time each box is coloured by the
difference of a given parameter (MH I, SFRoptical+UV,S16, SFRH α,K98)
from the value of that quantity on the MZR at fixed stellar mass.
This relative quantity, �X, is therefore defined as

�X = 〈X〉 − XMZR, (1)

where 〈X〉 is the mean value of H I mass (left column), S16 total SFR
(middle) or K98 fibre SFR (right) in that bin. XM$Z$R is the average
value of the X quantity within ±0.5σ of the MZR in the same stellar
mass bin. By definition, the value of �X along the MZR is zero and,
therefore, one can visualize these relative quantities as the offset in
that property from the equilibrium population at fixed stellar mass.
In other words, positive �X values are greater than and negative
values less than the typical value of X on the MZR.

Since we are interested in the relative importance of H I mass and
star formation in regulating the position of galaxies on the MZR,
we suggest that �X is a more natural parameter for answering this
question than the absolute value. The colour-coding across Fig. 3 is
in dex, enabling direct comparison between all the panels.

At the same time, in Fig. 4, we quantify the influence of �X on the
mean distance from the MZR by plotting the offset in H I mass (�log
MH I) and SFR (�log SFRoptical+UV,S16, �log SFRH α,K98) against the
metallicity offset (�Zgas) for the M10 (top row) and T04 (bottom
row) calibrations. Similarly, to the other quantities, the offset in
metallicity, �Zgas, is defined as:

�Zgas = 〈log(O/H) + 12〉 − [log(O/H) + 12]MZR, (2)

where 〈log (O/H) + 12〉 is the mean metallicity in a given box
and [log (O/H) + 12]MZR is the mean metallicity within ±0.5σ of
the MZR at fixed stellar mass. Thus, �Zgas is the average vertical
scatter above (positive) or below (negative) the MZR. The values
of �X for each point are the same as those used to colour code the
corresponding panels in Fig. 3. Coloured lines show the �X–�Zgas

relations in each stellar mass bin given in the legend. The relevant
metallicity calibration is given in the bottom left corner of each
panel.

Fig. 3 a shows the offset in H I mass (�log MH I = 〈log MH I〉 −
log MH I,MZR) in each bin across the M10-MZR. We see that galaxies
that lie above the M10 relation are offset to lower gas masses than is
typical for a galaxy on the M10-MZR at that mass. Correspondingly,
objects that are below the M10-MZR are offset to higher H I mass.
Quantitatively, Fig. 4 shows galaxies above the M10-MZR (positive
�Zgas) have up to ∼0.6 dex less H I (negative �log MH I) than their
counterparts below the relation (negative �Zgas). Importantly, this
anticorrelation is almost entirely independent of stellar mass. The
exception to this is at low metallicities in the highest mass bin,
however, the large scatter and small number statistics in this bin
mean that average H I masses measured for this regime might not
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Figure 3. The M10 (top row) and T04 MZRs (bottom row). Each bin is coloured according to �X, where �X = X − XMZR (see equation 1) and, for each
column, X is denoted in the top panel. The colour-coding is in dex and can be compared directly between panels. Black points, white dashed lines and 2D bin
limits are identical to Fig. 1.

Figure 4. �X versus �Zgas for the M10 (top) and T04 (bottom) metallicity calibrations. Following the same pattern as Figs 1–3, X = log MH I in left-hand
column, log SFRoptical+UV,S16 in the middle column and log SFRH α,K98 in the right-hand column. The stellar mass bins are identical to those figures and
provided in the legend. For the left column, the dashed line shows the inverse one-to-one relation and error bars shown are DAGJK. In the middle and right
columns, we use the standard error on the mean.
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be reliable. The dynamic range in metallicity is smaller at higher
stellar masses but the slope remains remarkably consistent between
bins. Having said this, there is a hint that the �log MH I–�Zgas

relationship is slightly non-linear, with the dependence of the M10
calibration on H I appearing steeper above the MZR than below
when compared to the inverse one-to-one dashed line.

Fig. 3b presents the variations in total SFR across the same re-
lation and, in the low-mass bins (M�/M� ≤ 1010), the relationship
between M10 metallicity and SFRoptical+UV,S16 agrees with the H I.
Objects that are gas-poor and metal-rich are also, on average, more
quiescent systems by ∼0.2 dex. However, it is only in the low-mass
regime that the anticorrelation of metallicity on total SFR holds
true. At higher stellar mass, this trend reverses so that, on average,
the more quiescent now lie ∼0.2 dex below the M10-MZR. Panel
(b) in Fig. 4 shows the relationship between relative total SFRs and
MZR offset to be mass-dependent. The three lowest mass bins have
an anticorrelation between total SFR and M10 metallicities while
the highest two mass bins exhibit a correlation.

The anticorrelation between average fibre SFR and M10 metal-
licity is again present in the lower stellar mass bins, however relative
differences in fibre SFR between star forming and quiescent popu-
lations are smaller (∼0.3 dex) than the dynamic range in H I mass
(a, ∼0.6 dex) and total SFR (b, ∼0.4 dex). Fig. 4c shows that the
M10 metallicity trend for fibre SFRs differs above and below the
MZR. Where �Zgas is negative, we see an anticorrelation between
star formation and metallicity, while above M10-MZR the relation
is either flat (low masses) or weakly correlated (high masses). On
the surface, the observed behaviour of the relationship between
M10 metallicities and H α SFRs at high masses is in contradiction
to the anticorrelation found by M10 in this regime. However, we
note the large error bars on the K98 SFRs above the M10-MZR at
higher stellar masses. In addition, it is at these masses that the role
of aperture effects in driving trends between metallicity and SFR is
likely to be most apparent (see the Appendix). We therefore caution
against reading too much into the tension between our result and
that of M10.

The bottom row of Fig. 3 shows the T04-MZR. In panel (d),
the trend between T04 metallicities and H I content is found to be
remarkably similar to the equivalent plot using M10 metallicities
(a). Fig. 4d shows that the anticorrelation between relative H I mass
and T04-MZR is mass-independent and also remains non-linear,
being steeper above the T04-MZR than below. H I-rich galaxies that
are metal-poor again have ∼0.6 dex more H I than gas-poor object,
on average. In the low-mass bins (M�/M� ≤ 1010) of Fig. 3e, we
see a lack of dynamic range in total SFR across the T04-MZR (∼0.2
dex) compared the M10-MZR (∼0.4 dex, Fig. 3b). At higher masses
(M�/M� > 1010), there is an increase in S16 SFR as function T04
metallicity at fixed stellar mass.

Fig. 4e shows the lack of trend between �Zgas and total SFR
for the low-mass bins of the T04-MZR where the relationship
is flat. A positive correlation between the two parameters is
present at higher stellar masses. When examining the scatter in
the T04-MZR using the fibre SFRs (3f) the picture changes dra-
matically from what is seen with the total SFRs and with M10-
MZR. We find that, where in panel (3c) there is a weak nega-
tive correlation between metallicity and SFR, there is now a posi-
tive correlation that persists independently of stellar mass. Fig. 4f
quantifies the positive correlations between T04 metallicities and
relative fibre SFR seen in Fig. 3f. Interestingly, this relation is lin-
ear over the whole �Zgas range and largely independent of stellar
mass. This result appears inconsistent with the picture that is painted
by the other metallicity–SFR relationships where there is an anti-

correlation between star formation and metallicity at low stellar
masses.

To summarize, comparing the variation of colour across all six
panels in Fig. 3 naturally leads to the conclusion that the M�–Z–
SFR relationship is heavily dependent upon the combination of SFR
indicator and metallicity calibration used as well as the stellar mass
bin. On the other hand, the M�–Z–H I relation is stronger, relatively
stable across M10 and T04 calibrations and independent of stellar
mass. The quantification of this result in Fig. 4 suggests that the
H I content is a more reliable and physically motivated parameter
than SFR for setting the metallicity at fixed stellar mass. In the next
section, we discuss this result and explore possible interpretations.

5 D I S C U S S I O N A N D C O N C L U S I O N S

In this paper, we applied H I spectral stacking to a sample of 9720
galaxies with available metallicity, star formation and H I informa-
tion in order to determine whether gas content or star formation is the
more physically motivated driver of scatter in the mass–metallicity
relation.

The key conclusions can be summarized as follows.

(i) We confirm that there is an anticorrelation between the atomic
gas content and gas-phase metallicity of galaxies at fixed stellar
mass as previously found by Hughes et al. (2013), Bothwell et al.
(2013) and Lara-López et al. (2013a).

(ii) The relationship between metallicity and gas content is con-
sistent across the M10 and T04 MZRs as well as being largely
independent of stellar mass. On the other hand, the dependence of
metallicity on SFR is heavily reliant upon the choice of abundance
calibration and star formation indicators used, and dependent upon
the stellar mass of the system.

(iii) Departures from the mean MZR are more strongly correlated
with H I mass than either total or fibre SFR for both M10 and T04
abundance calibrations.

The analysis in Section 3 confirms that, at fixed stellar mass,
increases in gas-phase metallicity above the equilibrium MZR are
correlated with decreases in H I mass and, vice versa, deviations
below the MZR depend on increased gas content. Furthermore, we
show the anticorrelation between gas and metals is significantly
stronger than the dependence of metallicity on either total or fibre
SFR. The observed M�–Z–H I relationship also remains remarkably
stable when using the M10 and T04 abundance calibrations while
the character of the M�–Z–SFR relation changes depending on the
metallicity and SFR indicators used. Discrepancies in the relation-
ship between star formation and metals for the M10 and T04 cali-
brations have been reported by other studies (e.g. Yates et al. 2012;
Salim et al. 2014), however, this is the first work to demonstrate the
reliability of gas content in setting the gas-phase oxygen abundance
using both calibrations. Following this, we suggest that it is gas
content, not star formation, that should be considered the de facto
third parameter of the MZR.

The anticorrelation between metallicity and H I content at fixed
stellar mass found in our results can be explained by invoking
changes in the rate at which gas is accreted. A rise in gas supply
naturally leads to an increase in gas mass which, in turn, dilutes
the metal abundance and boosts star formation. This is the situation
we observe below the MZR where we find galaxies to be more
gas-rich and star forming. In the opposite scenario, a slowdown
in infall rate means that processed gas is not replenished while
ongoing star formation is simultaneously enriching the ISM. This
acts to drive galaxies above the MZR where, in the observations,
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we find them to be relatively gas-poor and quiescent. The fact
that the M�–Z–H I relationship also appears to be insensitive to
stellar mass, suggests that this process drives departures from the
MZR effectively across the stellar mass range of our sample. The
reduction in log (O/H) + 12 scatter as a function of stellar mass is
consistent with a scenario where massive, gas-poor galaxies return
to equilibrium faster (Lagos et al. 2016). While we do not rule out
the influence of outflows in the dispersion of the MZR, we note that
it is difficult for this mechanism to produce the observed metallicity
dependence on H I content. Outflows acting to decrease metallicity
would also eject gas from the disc, making the observed trend of
metal-poor galaxies being the most gas rich unlikely. Thus, a more
physically motivated picture is one where fluctuations in the rate of
gas accretion are the primary driver of scatter in the MZR at fixed
stellar mass. The outflow rate, on the other hand, is strongly coupled
to stellar mass of a galaxy and therefore it is possible this dictates
the general form of the equilibrium MZR relation.

This scenario is supported by a number of theoretical efforts,
all of which are able to qualitatively reproduce our observed de-
pendence of metallicity upon gas and star formation. Davé et al.
(2012) and Lilly et al. (2013) used equilibrium models to connect
inflow, outflow and star formation to galaxy metallicities. In both
models, the deviations from the equilibrium at fixed stellar mass
are primarily governed by the rate of gas accretion while the MZR
shape is governed by outflows. The analytic frameworks of Dayal,
Ferrara & Dunlop (2013) and Forbes et al. (2014) do not explicitly
assume equilibrium yet their models also attribute the scatter in the
MZR to fluctuations in accretion. It should be noted that, in this
case, the word ‘accretion’ does not distinguish between the mecha-
nisms of gas inflow along large-scale cosmic filaments (e.g. Kereš
et al. 2005; Dekel et al. 2009) and gas that is condensing on to the
disc via the galactic fountain (e.g. Shapiro & Field 1976; Joung &
Mac Low 2006).

Lagos et al. (2016) used the Evolution and Assembly of GaLaxies
and their Environments (EAGLE) suite of cosmological hydrody-
namical simulations (Schaye, Crain & Bower 2015) to investigate
the metallicity of galaxies along the M�–SFR–gas fraction plane.
The use of EAGLE means that Lagos et al. (2016) also relax the re-
quirement for equilibrium as well as relying on fewer assumptions
about the processing of gas than analytic models. Using princi-
pal component analysis they determined that galaxy metallicity is
most strongly correlated with gas fraction and suggest that galaxies
self-regulate along this plane.

Lastly, we explore the non-linear nature of the �H I–�Zgas rela-
tionship shown in Figs 4(a) and (b). This result is intriguing because,
if taken at face value, it suggests that regulation of metal content by
H I mass is more effective below the MZR than above. The general
sense of this statement is that the increase of gas supply above the
equilibrium rate is more efficient at diluting metal content than a
corresponding slowdown is at increasing metal concentration. The
detailed modelling required to properly interpret such a result is con-
siderably beyond the scope of this paper and will likely be the focus
of future work. Here, we simply note that the expected time frame
on which the ISM reacts to changes in the infall rate qualitatively
supports this picture. Below the mean MZR, an increase in gas sup-
ply would cause a decrease in metallicity and boost in star formation
on a time-scale that is of order a dynamical time (∼100 Myr; Mo,
Mao & White 1998; Davé, Oppenheimer & Finlator 2011). Above
the MZR, the slowdown of inflow, consumption (or expulsion) of
gas reservoirs and ongoing chemical enrichment can only occur on
a time-scale that is equivalent to MH I/SFR, known as the depletion
time (∼1–10 Gyr; Daddi et al. 2008). Naively, this scenario would

be expected to produce a skewed distribution of metallicities about
the mean MZR and, indeed, this is what we find in observations,
where there is a tail in the log (O/H) + 12 distribution off to lower
values at fixed stellar mass.

An alternative possibility is that the change in �H I–�Zgas slope
is due to the increasing contribution of H2 to the total gas mass
as function of metallicity. It is straightforward to show that a cor-
rection of the gradient above the MZR to match the gradient be-
low requires an increase in H2 mass equivalent to ∼40 per cent
of the H I mass. This scenario seems plausible given the role of
metallicity in the conversion of atomic to molecular hydrogen
(McKee & Krumholz 2010), however, the fact that such a large
increase in the H2 mass at fixed stellar mass does not appear to
be typical for star-forming galaxies (e.g. Saintonge et al. 2016) is
a significant caveat. For this reason, we find this explanation un-
likely although further observations are required in order to test it
fully.

To summarize, we quantify H I mass, global and fibre SFR for
∼10 000 galaxies in 2D bins across the MZR, improving statistics
beyond what has previously been possible. In doing so, we show
that the observed relationship between H I content and metallicity is
more reliable and stronger than the relationship between metallicity
and SFR. In other words, gas content rather than SFR should be
considered the third parameter of the MZR. We suggest that these
results can be understood within the context of a model in which
galaxies tend to grow in an equilibrium between gas content, metal-
licity and star formation where the scatter in the mass–metallicity
relation is primarily driven by the fluctuations in the rate of gas sup-
ply. The results presented provide new and important observational
constraints for theoretical models of galaxy evolution.
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Davé R., Finlator K., Oppenheimer B. D., 2012, MNRAS, 421, 98
Dayal P., Ferrara A., Dunlop J. S., 2013, MNRAS, 430, 2891
de los Reyes M. A. et al., 2015, AJ, 149, 79
De Lucia G., Kauffmann G., White S. D. M., 2004, MNRAS, 349, 1101
de Rossi M. E., Tissera P. B., Scannapieco C., 2007, MNRAS, 374, 323
Dekel A. et al., 2009, Nature, 457, 451
Dutton A. A., van den Bosch F. C., Dekel A., 2010, MNRAS, 405, 1690
Ellison S. L., Patton D. R., Simard L., McConnachie A. W., 2008, ApJ, 672,

L107
Fabello S., Catinella B., Giovanelli R., Kauffmann G., Haynes M. P.,

Heckman T. M., Schiminovich D., 2011, MNRAS, 411, 993
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Kereš D., Katz N., Weinberg D. H., Davé R., 2005, MNRAS, 363, 2
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APPENDI X: A D I SCUSSI ON OF POTENTIAL
BI ASES

A1 Aperture effects

We now consider the role that the 3 arcsec aperture of the SDSS
fibre plays in driving the secondary dependences of the MZR seen
in Section 3. It is well known that systematic gradients in the metal-
licity as a function of radius are present in most massive late-type
galaxies with metallicities typically found to be higher in the centre
than at the outskirts (Zaritsky, Kennicutt & Huchra 1994). To avoid
sampling only the central regions and therefore the abundance mea-
surement being biased high, most studies using fibre spectroscopy
tend to either set a lower redshift bound on their samples so that
the fibre corresponds to a reasonable physical size (e.g. M10; Salim
et al. 2014; Telford et al. 2016), or use a slightly more sophisticated
cut to select galaxies for which the covering fraction of the SDSS
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Figure A1. The same as Fig. 1 using the sample of 5014 galaxies that have a star formation covering fraction (cfSFR, the ratio of fibre-to-total SFR) ≥20 per cent.

fibre is large (Ellison et al. 2008; Kewley & Ellison 2008). Pre-
vious work has found that a flux-covering fraction (cfflux, ratio of
fibre-to-total flux) of 20 per cent is suitable for recovering fibre de-
rived abundances that agree well with estimates of global metallicity
for galaxies with M�/M� < 1010 (Kewley, Jansen & Geller 2005;
Kewley & Ellison 2008). In their paper, Kewley & Ellison (2008)
conclude that a covering fraction of >20 per cent may be required
to avoid metallicity gradients in galaxies of M�/M� > 1010. The
3 arcsec diameter of the SDSS fibre corresponds to between 1 and
3 kpc across the redshift range of our sample and is therefore typi-
cally smaller than the average galaxy size (the sample’s mean radius
is ∼3 kpc).

Unfortunately, the requirement of H I data and large statistics for
this work means that such a cut is not an option for our analysis.
Instead, we choose to check our results by ensuring they are not
driven by SFR covering fraction. To do so, we repeat the analysis
in Fig. A1 using a reduced sample of 5014 galaxies for which the
ratio of fibre-to-total SFR (cfSFR) is more than 20 per cent. We use
an SFR ratio instead of a flux ratio for this criterion because only
∼30 per cent of the sample has a cfflux over 20 per cent. Neverthe-
less, this cut is the same proxy used by Bothwell et al. (2013) and
follows the same trends as the more conservative covering fraction
estimates. In Fig. A1 we plot the M10 and T04 relations for the
∼5000 galaxies for which cfSFR ≥20 per cent. Encouragingly, each
of the relationships between metallicity and H I (or SFR) remains
consistent with what we find in Section 3. We use this cut for all
our galaxies in order to ensure we achieve an H I detection in the
high-mass regime, increasing the cfSFR cut higher than 20 per cent
would make this impossible.

While we cannot rule out that our results are in some part de-
pendent on biases introduced by metallicity gradients and the fibre
aperture, particularly at larger masses (M� ≥1010 M�), the fact that
the trend persists after this cut suggests that the main conclusions

of this paper are not likely to be driven by the aperture effects. This
conclusion is supported in more detailed analysis of systematics
within the MZR trends (Andrews & Martini 2013; Salim et al. 2014;
Telford et al. 2016).

A2 Choice of metallicity and star formation rate indicators

Given the significant practical and theoretical challenges present
in the measurement of metallicities, determining the ‘best’ cali-
bration is not a trivial task. As such, the different calibrations and
their respective advantages remain a subject of much interest within
the field. An in-depth discussion on this topic is well beyond the
scope of this paper and we therefore refer readers interested in a
more thorough discourse to works of Kewley & Ellison (2008),
Andrews & Martini (2013) and Salim et al. (2014), and the ref-
erences contained therein. For this work, our objective is simply
to ensure that key results are not driven to a significant extent by
our choice(s) of metallicity calibration and it is for this reason that
we select two calibrations that ‘bracket’ the range of disagreement
found in the literature.

We choose the Kewley & Dopita (2002, hereafter KD02) metal-
licity calibration as a sanity check for our results. Successfully
reproducing the mean MZR found in that work. However, the strict
signal-to-noise emission line cuts in the KD02 method mean that
there are only ∼5000 galaxies with valid KD02 metallicities. Unfor-
tunately, these statistics are not sufficient for recovering the stacked
H I mass across the scatter of the MZR. We note that for it is very
difficult to imagine a scenario where either the choice of abundance
calibration and/or aperture effects can result in a trend between gas
and metallicity that is both strong and stable. Observations search-
ing for the dependence of the MZR on star formation have so far
yielded vastly different results (e.g. M10; Yates et al. 2012; Sánchez
et al. 2013). Considering this uncertainty, it is important to recognize
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that this is not the case for studies of the M�–Z–MH I relationship.
Using significantly different samples, each group investigating this
dependence has found a qualitatively similar picture – gas content
is anticorrelated with metallicity (Bothwell et al. 2013; Hughes
et al. 2013; Lara-López et al. 2013a).

To check that the choice of S16 SFRs is not driving some of the
trends we find, we repeat the analysis in Figs 1–4 using the global
SFRs from the MPA-JHU catalogue (Brinchmann et al. 2004). Since
the dependence of the MZR on the S16 SFRs is very similar to the
trend with the MPA-JHU SFRs, we do not present the comparison

figures in this paper. The similarity between the MZRs dependence
on the two total SFR indicators is not surprising given the strong
correlation between these two estimates for star-forming galaxies
(see Salim et al. 2016).
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