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A B S T R A C T 

The gas-phase metallicity of galaxies encodes important information about galaxy evolution processes, in particular star 
formation, feedback, outflows, and gas accretion, the relative importance of which can be extracted from systematic trends 
in the scatter of the mass–metallicity relation (MZR). Here, we use a sample of low-redshift (0.02 < z < 0.055) galaxies 
from SDSS to investigate the nature of the scatter around the MZR, the observables and physical processes causing it, and its 
dependence on galaxy mass. We use cold gas masses inferred from optical emission lines using the technique of Scholte & 

Saintonge ( 2023 ) to confirm that at fixed stellar mass, metallicity and gas mass are anticorrelated, but only for galaxies up to 

M ∗ = 10 

10.5 M �. In that mass regime, we find a link between the offset of a galaxy from the MZR and halo mass, using the 
amplitude of the two-point correlation function as a proxy for halo mass; at fixed stellar mass, the most g as-poor g alaxies reside 
in the most massive haloes. This observation is consistent with changes in gas accretion rates onto galaxies as a function of halo 

mass, with environmental effects acting on satellite galaxies also contributing. At higher stellar masses, the scatter of the MZR 

does no longer correlate with gas or halo mass. Instead, there is some indication of a link with AGN activity, as expected from 

models and simulations that metallicity is set by the interplay between gas in- and outflows, star formation, and AGN feedback, 
shaping the MZR and its scatter. 

K ey words: galaxies: e volution – galaxies: star formation – galaxies: ISM. 
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 I N T RO D U C T I O N  

he gas-phase metallicity of a galaxy is directly linked to the metal
ield of the star formation process and the cycling of gas in and out of
he interstellar medium. The metallicity can for example be reduced 
y accretion of metal-poor gas or the ejection of preferentially metal- 
nriched gas. Given this fundamental connection with all aspects 
f the baryon c ycle, man y of which are challenging to observe
irectly, the gas-phase metallicity is a powerful tool to constrain 
alaxy formation and feedback models (e.g. Tinsley 1980 ; Edmunds 
990 ; Dav ́e, Finlator & Oppenheimer 2012 ; Ma et al. 2016 ). 
The mass–metallicity relation (MZR) is the scaling between 

he stellar mass of galaxies and their gas-phase metallicity (e.g. 
equeux et al. 1979 ; Tremonti et al. 2004 , see also Fig. 1 , left).
he MZR has been characterized up to z ∼ 3 (e.g. Erb et al.
006 ; Mannucci et al. 2009 ; Zahid et al. 2013 ; Sanders et al.
021 ), and o v er 5 orders of magnitude in stellar mass at z ∼ 0
e.g. Lee et al. 2006 ; Berg et al. 2012 ; Andrews & Martini 2013 ;
immy et al. 2015 ; James et al. 2017 ). The shape of the MZR is
etermined by the relative balance between metal production, loss, 
nd dilution, as a function of galaxy mass and redshift. The shape
s characterized by a flattening abo v e a mass of M ∗∼10 10–10.5 M �,
ith the value of the threshold dependent on metallicity cal- 
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bration and redshift (K e wley & Ellison 2008 ; Zahid et al.
013 ). 
Various models have been invoked to explain the shape of the
ZR. Early investigations considered closed-box chemical evolution 
odels (Searle & Sargent 1972 ), or variations thereof that allow for

nflow of metal-poor gas and outflow of metal-rich gas (e.g. Larson
972 , 1974 ). Several studies identify outflows specifically as the
ain mechanism shaping the MZR: as galaxies get more massive, 

he deeper potential wells and/or less efficient outflows mean that 
alaxies retain a higher fraction of the metals produced (Dekel &
ilk 1986 ; Dalcanton 2007 ; Dav ́e, Finlator & Oppenheimer 2011 ;
hisholm, Tremonti & Leitherer 2018 ). Equilibrium models, based 
n the regulation of star formation by gas inflows and outflows,
pecifically propose that the gas-phase metallicity is determined by 
he instantaneous properties of the galaxies, in particular their metal 
roduction and cold ISM mass (Finlator & Dav ́e 2008 ; Lilly et al.
013 ). In the model of Forbes et al. ( 2014 ), it is the recent gas
ccretion history that sets the present-day gas-phase metallicity of a 
alaxy. Therefore, while the shape of the MZR encodes information 
bout metal production and feedback processes, its scatter should be 
elated to the natural g alaxy-to-g alaxy variations at fixed stellar mass
n formation/accretion histories and present-day gas contents. 

This expectation from theory has now been verified, in the form of
n observed anticorrelation between cold gas mass (both atomic and 
olecular) and offset from the MZR: at fixed stellar mass, the most
 as-rich g alaxies are the most metal-poor (and vice-versa) (Bothwell
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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M

Figure 1. Relation between mean gas mass and stellar mass (right panels) for star-forming galaxies binned by offset from the MZR (as defined in the left-hand 
panels). The results are shown for two sets of measurements: the optically derived gas masses from Scholte & Saintonge ( 2023 ) (see Section 2.3 for details on 
this data set).and the results obtained by Brown et al. ( 2018 ) from stacking of ALF ALF A HI spectra. 
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t al. 2013 ; Hughes et al. 2013 ; Lara-Lopez et al. 2013 ; Jimmy et al.
015 ; Bothwell et al. 2016 ; Brown et al. 2018 ; Chen, Wang & Kong
022 ; Scholte & Saintonge 2023 ). The same result is also reco v ered
n numerical simulations (e.g. Torrey et al. 2019 ; De Lucia et al.
020 ; van Loon, Mitchell & Schaye 2021 ), where it arises from the
elf-regulation of the star formation activity via gas accretion and
eedback. This important three-way relation between stellar mass,
as mass, and metallicity also gives rise to the observed correlation
etween MZR scatter and star formation rate (e.g. Ellison et al. 2008 ;
ara-L ́opez et al. 2010 ; Mannucci et al. 2010 ), via the link between
as contents and star formation activity. This relation is commonly
eferred to as the ‘fundamental metallicity relation’ (FMR), although
oth observations and simulations now show that gas mass, rather
han SFR, is the more fundamental observable linked to the scatter of
he MZR (e.g. Bothwell et al. 2013 ; Brown et al. 2018 ; Torrey et al.
019 ; Scholte & Saintonge 2023 , see ho we ver Baker et al. 2023 for
he respective roles of SFR and gas mass as the third parameter in
he resolved MZR). 

The aim of this paper is to go one step further and seek obser-
 ational e vidence for the physical drivers of the relation between
ZR scatter and gas mass. The most common interpretation invokes

ariations in gas accretion: at fixed stellar mass, galaxies which
ave recently accreted a significant amount of (metal-poor) gas
ill have both lower metallicities and higher gas masses. Con-
ersely, galaxies where gas accretion has been inefficient would
ave depleted gas reservoirs and higher metallicites. Multiple studies
e.g. Yates, Kauffmann & Guo 2012 ; De Rossi et al. 2017 ; Torrey
t al. 2019 ; Trayford & Schaye 2019 ; van Loon, Mitchell &
chaye 2021 ) have found through simulations that gas accretion
oes explain most of the scatter at lower stellar mass, but that
t M ∗� 10 10.5 M �, AGN feedback may be a more important
actor. 

This is the scenario we are testing in this study. In particular,
e use information about the characteristic halo mass of different
alaxy sub-samples (using the amplitude of the two-point correlation
unction as a proxy), since simulations show that accretion rates
nto galaxies depend on their large scale environment, including
actors such as the mass of their dark matter halo, whether they are
he central or a satellite galaxy in this halo, and on the position
f the system with respect to the cosmic web (Kere ̌s et al. 2005 ;
ekel & Birnboim 2006 ; van de Voort et al. 2011 ). Some studies
ave so f ar look ed at the impact of large scale structure on the
NRAS 527, 11043–11052 (2024) 
as-phase metallicites. Donnan, Tojeiro & Kraljic ( 2022 ) considered
pecifically the influence of the position of a galaxy with respect to the
osmic web on its gas-phase metallicity, finding that galaxies closest
o nodes of the cosmic web are more metal-enriched. Similarly,
ut with a much smaller sample of galaxies in a specific cosmic
lament at z ∼ 0.5, Darvish et al. ( 2015 ) report higher metallicities
or galaxies closest to the filament. Other authors have reported an
ncrease in metallicity with the local density of galaxies (Mouhcine,
aldry & Bamford 2007 ; Petropoulou, V ́ılchez & Iglesias-P ́aramo
012 ; Peng & Maiolino 2014 ). The challenge is in the interpretation
f these results, in particular disentangling the relative contributions
f the intrinsic and environmental factors, a process that can be eased
y drawing upon the results of numerical simulations and models
e.g. Peng & Maiolino 2014 ; Genel 2016 ). 

In this work, we provide new insights into the joint relation
etween stellar mass, gas mass, and metallicity, and the role that
as accretion and halo mass have in shaping it. This is achieved
y using a large sample of galaxies with both metallicites and cold
as masses derived from their SDSS optical spectra. The sample
election and physical parameter deri v ations are explained in Section
 . The sizeable sample allows us to use galaxy clustering as a proxy
or halo mass; these methods are presented in Section 2.5 , with the
esults presented and discussed in Section 3 . Unless stated otherwise,
hysical quantities measured and used in this work assume a � CDM
osmology with �m = 0.3 and H 0 = 70 km s −1 Mpc −1 , and a Chabrier
MF. 

 SAMPLE  A N D  MEASUREMENTS  

.1 SDSS sample selection and data products 

he sample is selected from SDSS Data Relesase 8 (Aihara et al.
011 ), using emission line fluxes, stellar masses, and star formation
ates from the MPA–JHU catalogue (Kauffmann et al. 2003a ;
rinchmann et al. 2004 ; Tremonti et al. 2004 ). From the Main
alaxy Sample (MGS; Strauss et al. 2002 ) of SDSS, we select
alaxies with 0.02 < z < 0.055 and M ∗ > 10 9 M �. At z = 0.055,
he SDSS spectroscopic sample is complete for galaxies with M ∗ >

0 9.4 M �. We have tested that the results are consistent between the
wo M ∗ thresholds for the sample selection, and adopt M ∗ > 10 9 M �
ince the resulting increase in sample size reduces the uncertainties
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n the correlation function, especially at small separations (see 
ection 2.5 ). 
As we will be measuring correlation functions, we further restrict 

he sample to the contiguous sky area delineated by 130 ◦ < αJ2000 <

40 ◦ and 0 ◦ < δJ2000 < 60 ◦. 
Finally, as we wish to study gas-phase metallicity, we remo v e

uiescent galaxies from the sample by rejecting galaxies located 
ore than 0.5 dex below the main-sequence, using the definition of
aintonge & Catinella ( 2022 ). In order to measure robust metallici-

ies, we require galaxies to have an H α line flux measured with S/N
 15. Such a high threshold ensures the reliable detection of the four

trong lines required to calculate robust metallicities (see Section 
.2 ), without introducing metallicity-dependent biases, as would be 
he case if instead we used the approach of requiring a specific S/N
evel in each of the four strong lines (Cid Fernandes et al. 2010 ;
uneau et al. 2014 ). Given our selection based on distance from the
ain sequence, the requirement of having S/N > 15 in the H α line

nly rejects 3 per cent of the galaxies, and therefore does not bias the
ample. 

After applying these selection cuts, the sample consists of 36 000 
alaxies. 

Based on their position in the [N II ]–BPT diagram (Baldwin, 
hillips & Terlevich 1981 ), we identify star forming galaxies using

he Kauffmann et al. ( 2003b ) criterion. This ‘SF sample’ includes
1 000 galaxies and is used in the analysis in Sections 3.1 and 3.2 . 
To study the possible impact of AGN activity on the scatter 

f the MZR, in Section 3.3 we use as our ‘LINER sample’ the
600 galaxies abo v e the Kauffmann et al. ( 2003b ) line in the BPT
iagram, e xcluding only Se yfert g alaxies (identified as those g alaxies
ith log ([N II ]/H α) > −0.22 and log ([O III ]/H β) > 0.48; Ho,
ilippenko & Sargent 1997 ) due to the complications in calculating 

heir metallicities via strong emission lines – see Section 2.2 for more 
n this. 

.2 Gas-phase metallicities 

he observed behaviour of the mass–metallicity relation, in terms of 
ts exact shape, normalization, scatter, and redshift evolution, can be 
ensitive to the method employed to calculate the metallicity (e.g. 
 e wley & Ellison 2008 ; Yates, Kauffmann & Guo 2012 ; Curti et al.
020 ). The main results of this study make use of the metallicity
alibration of Pettini & Pagel ( 2004 , hearafter PP04): 

2 + log ( O / H ) = 8 . 73 − 0 . 32 × log 

(
[ OIII ] λ5007 / H β

[ NII ] λ6584 / H α

)
(1) 

To test the robustness of the results against metallicity measure- 
ent techniques, we also calculate metallicities using the empirical 

alibration of Denicol ́o, Terlevich & Terlevich ( 2002 ) which, unlike
quation ( 1 ), only makes use of the [N II ]/H α ratio. We also derive
etallicities from CLOUDY photoionization modelling using the 

mplementation of Scholte & Saintonge ( 2023 ). All results presented 
n this paper, while using the PP04 calibration, have been verified 
o be robust when using the other calibrations. Note that, while 
here is relatively good agreement between PP04 and D02 (with 
ifferences in 12 + log (O/H) of ∼0.1 dex; K e wley & Ellison 2008 ),
ther metallicity calibrations can have larger discrepancies ( ∼0.4–
.7 dex; e.g. K e wley & Ellison 2008 ; Teimoorinia et al. 2021 ). With
arger samples of galaxies with robust metallicity measurements from 

emperature-sensitive indicators, as are now becoming available from 

he DESI surv e y for e xample (Zou et al. 2023 ), we will in the future
e able to validate the results in this study with yet more varied
etallicity indicators. 
Caution must be used when estimating gas-phase metallicites in 
ituations where line emission is mostly triggered by shocks or 
GN activity rather than star formation. As strong line methods 

or determining metallicity are calibrated using H II re gions, the y
ay not result in a reliable metallicity when the target is not a star

orming region. Sanders et al. ( 2017 ) studied the bias introduced by
ontamination of emission lines by regions of diffuse interstellar gas 
DIG) and flux weighting effects. In the strong-line relations, biases 
p to 	 O 3 = + 0.3 dex were found between spectra of mock galaxies
nd H II regions. 

Kumari et al. ( 2019 ) used H II –DIG region pairs to study the
ias that diffuse gas introduces in the calibration of strong line
etallicities. Based on these, they then proposed the following 

orrection term to be subtracted from the metallicities of data points
eyond the Kauffmann line (Kauffmann et al. 2003b ) on the [N II ]–
PT diagram 

 log ( Z) O3 N2 = −0 . 127 × O3 –0 . 033 , (2) 

hich we have done for our LINER sample. As this correction has
ot been validated in the regime of Seyfert galaxies, these objects
ave been excluded from our sample. This method has previously 
een used successfully by Kumari et al. ( 2021 ) to include LINER-
lassified galaxies in a study of the FMR. We note ho we ver that there
s not a clear consensus on the optimal way to calculate metallicties
n LINERs (see e.g. Oliveira et al. 2022 , in contrast to Kumari et al.
019 ), therefore the results obtained in this study for the LINER
ample (see Section 3.3 ) should be considered as encouraging, but
equiring confirmation in the future through alternative metallicity 
easurements, for example using stellar continuum rather than 

mission lines (e.g. Thorne et al. 2022 ) or detailed photoionization
odelling (e.g. Vidal-Garc ́ıa et al. 2022 ). 

.3 Gas masses 

espite significant progress in the past decade, cold atomic and 
olecular gas masses from direct H I and/or CO observations are to

his day not available for very large and complete samples such as
hose that can be assembled from optical samples like SDSS (see
e vie w by Saintonge & Catinella 2022 ). Here, we therefore make use
f an additional SDSS data set that includes molecular gas masses
M H 2 ) derived using optical emission lines and photoionization 
odelling (Scholte & Saintonge 2023 ). The uncertainly on individual 

old gas mass measurements obtained through optical emission 
ines at ∼0.25 dex is large compared to other more direct methods,
o we ver, the sample size for which gas mass measurements can
e derived with this technique is orders of magnitude larger. The
rinciple is that the optical lines encode information about the dust
ontents of the galaxies, which can be turned into a gas mass estimate
Brinchmann et al. 2013 ; Concas & Popesso 2019 ; Yesuf & Ho
019 ; Piotrowska et al. 2020 ). We refer the reader to Scholte &
aintonge ( 2023 ) for details of the method, but in short, the gas
asses are derived from the attenuation of the Hydrogen Balmer 

ines, in combination with metallicity estimates to constrain the dust- 
o-gas ratio. Calibration is done against the xCOLD GASS galaxies 
ith CO-based M H 2 measurements (Saintonge et al. 2017 ). To allow

or comparison with the results of Brown et al. ( 2018 ) in Fig. 1 and
ection 3.1 , we infer M HI values from these M H 2 estimates using the
elation between M H 2 /M HI and M ∗ from Catinella et al. ( 2018 ). It
hould be noted that the data set used in Fig. 1 and Section 3.1 is
lightly different from the data set mentioned previously and used 
hroughout the rest of the work. The Scholte & Saintonge ( 2023 )
ata set does not include cuts in αJ2000 and δJ2000 , but does come with
MNRAS 527, 11043–11052 (2024) 
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 redshift cut of 0.027 < z < 0.055 (compared to 0.020 < z < 0.055
sed in the rest of this study), explaining the very small differences
n the MZRs shown in Figs 1 and 2 . 

.4 AGN properties 

o study the possible effect of AGN feedback on the scatter of the
ZR (Section 3.3 ), we calculate for our LINER sample the quantity 

E = log 

(
L [OIII] 

σ 4 

)
, (3) 

hich serves as proxy for the Eddington ratio, and therefore the
ate of accretion onto the supermassive black hole. Note that, this
quation is only applicable to the inner few kpc of a galaxy. As
he SDSS’ fibers only co v ers the innermost 3 kpc for the highest
edshift galaxies in our sample, we may use it here. To account for
he resolution limit of the SDSS, a velocity dispersion cut of σ >

0 km s −1 was applied. Following Wild et al. ( 2007 ) and Graves,
aber & Schia v on ( 2009 ), the [O III ] luminosity was corrected for
ust extinction using the Balmer decrement, and the SDSS fiber
tellar velocity dispersion was corrected for aperture effects as 

= σfib (8 r fib /r ◦) 0 . 04 (4) 

here r ◦ = R deV 
√ 

a/b deV is the circularized galaxy radius in arcsec-
nds, and R deV and a / b deV are the radius and axis ratio of the r -band
e Vaucouleurs model. For the SDSS spectra, r fib = 1.5 arcsec. 

.5 Clustering amplitude; a proxy for halo mass 

s introduced abo v e and discussed in more detail in Section 3 , an
im of this study is to link the gas-phase metallicity to the gas
ontents of galaxies, and specifically with the rate of gas accretion
nto the system. We cannot directly measure gas accretion rates with
he data a vailable, b ut simulation shows that it correlates strongly
ith halo mass (e.g. van de Voort et al. 2011 ). There are on the
ther hand multiple methods to infer the dark matter halo masses
f galaxies, each with its set of advantages and disadvantages:
bundance matching (Conroy, Wechsler & Kravtsov 2006 ; Behroozi,
onroy & Wechsler 2010 ), dynamical mass calculations, weak

ensing (Kaiser, Squires & Broadhurst 1995 ; Mandelbaum et al.
006 ; van Uitert et al. 2016 ), and most recently even machine learning
Calderon & Berlind 2019 ). In this study, we use the clustering
mplitude of different sub-populations, as measured through the
wo-point correlation function. Since higher mass haloes are more
trongly clustered than lower mass halos (Sheth & Tormen 1999 ),
t fixed stellar mass, the relative clustering amplitude of different
alaxy sub-samples tells us which characteristically reside in the
ost/least massive halos. In Section 3.2 , we also validate our results

y considering the abundance matching-derived halo masses and
entral/satellite classifications from SDSS group catalogues (Yang
t al. 2007 ; Lim et al. 2017 ). 

Correlation functions are computed in CORRFUNC (Sinha & Gar-
ison 2020 ), which uses the Landy & Szalay ( 1993 ) estimator 

( r p , π ) = 

D D − 2 D R + R R 

RR 

(5) 

or the redshift-space correlation function. DD, DR, and RR are
he pair counts of data–data, data–random and random–random.
he random catalogue was generated to have a random uniform
istribution in RA and sin(Dec.), with redshift values assigned based
n the distribution in the real catalog. 
NRAS 527, 11043–11052 (2024) 
These are then converted within CORRFUNC into the projected
orrelation function 

 p ( r p ) = 2 
∫ ∞ 

0 
ξ ( r p , π )d π = 2 

∑ 

i 

ξ ( r p , πi ) 	πi (6) 

o minimize the effects of redshift space distortion. Here r p and π i 

re separations perpendicular and parallel to the line of sight. The
pper limit of the summation was set to πmax = 20 h −1 Mpc in steps
f 	π = 2 h −1 Mpc. 
The uncertainty on the projected correlation function is estimated

y bootstrapping, selecting 80 per cent of the data at random in
ach of the N b draws. The error on the mean of the bootstrapped

istribution was then calculated as 
√ 

N b / ( N b − 1) × σ 2 
w p 

, where
2 
w p 

is the variance of the projected correlation function across the
ootstrap repetitions. 
To compare the strength of the clustering across different galaxy

ub-samples, we calculate the relative bias, b rel ( r p ), by comparing
he correlation function of a specific sub-sample, w sub ( r p ), with the
orrelation function of the entire sample, w all ( r p ): 

 rel ( r p ) = 

√ 

w sub ( r p ) 

w all ( r p ) 
. (7) 

ollowing Berti et al. ( 2021 ), we calculate the relative bias on a
one-halo’ scale of 0.1 h −1 Mpc < r p < 1 h −1 Mpc and a ‘two-halo’
cale of 1 h −1 Mpc < r p < 10 h −1 Mpc. The calculations are made
sing the default cosmology in Corrfunc which has �m = 0.302.
y selecting these scales, we can analyse separately effects relating

o the relation between satellites and their central galaxies (one-halo
cales), and those connected to the clustering of galaxies pairs in
ifferent haloes (two-halo scales). 
The relative bias is calculated for each bootstrap resampling.
e adopt the mean o v er these repetitions as our measured b rel 

nd calculate the error on this value to be 
√ 

N b / ( N b − 1) × σ 2 
b rel 

,

here again N b is the number of bootstrap repetitions, and σ 2 
b rel 

is the
ariance of the relative bias across the N b repetitions. 

 RESULTS  

.1 Gas mass and the scatter of the mass–metallicity relation: 
bser v ations and expectations 

he mass of the cold ISM of typically star-forming galaxies, both
tomic and molecular, has been observed to correlate with the scatter
f the MZR; at fixed stellar mass, the more gas-rich a galaxy, the
ower its metallicity (Bothwell et al. 2013 , 2016 ; Brown et al.
018 ). Analytic models and simulations suggest that this correlation
etween metallicity and gas mass emerges from the self-regulation of
he star formation activity and gas contents of galaxies via accretion
f typically metal-poor gas, and outflows of metal-enriched gas
Dav ́e, Finlator & Oppenheimer 2012 ; Lilly et al. 2013 ; Torrey et al.
019 ; De Lucia et al. 2020 ; van Loon, Mitchell & Schaye 2021 ).
he scatter of the MZR therefore contains important information
bout many components of the baryon cycle; in this study we aim to
o one step further and identify which specific processes are most
esponsible for driving the scatter of the MZR via the gas mass
ependence. 

In Fig. 1 , we show the median atomic gas mass as a function
f stellar mass, in five different ranges of offset from the mass–
etallicity relation, 	 Z. The first important observation is that

he results obtained here with optically derived gas masses (see
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ection 2.3 ), are qualitatively consistent with the measurements 
f Brown et al. ( 2018 ) from stacking of H I spectra from the
LF ALF A surv e y (Haynes et al. 2018 ). In both sets of results, we
bserve an anticorrelation between gas mass and metallicity at fixed 
 ∗, a trend that is strongest at the lowest stellar masses probed

 ∼10 9 M �), gradually weakening as M ∗ increases. The weakening 
f the anticorrelation between gas mass and metallicity o v er the
tellar mass range 10 9 –10 10.5 M � is also seen in the GAEA semi-
nalytic model (De Lucia et al. 2020 ). We have checked that the
eakening of the anticorrelation in our observations presented in 
ig. 1 is not due to the reduced dynamic range in absolute values
f metallicity for a given 	 Z at high M ∗. The results are unchanged
fter repeating the analysis using 	 Z bins of fixed width instead of
xed quantiles. We therefore show the version of the figure with the
xed quantiles binning; this is consistent with the Brown et al. ( 2018 ) 
ethodology. 
Beyond ∼10 10.5 M �, the dependence of M HI on 	 Z disappears,

ith even indications of a reversal of the trend, with the most metal-
oor galaxies at fixed mass now being the most gas-poor. The reversal
n the role of gas mass in driving the scatter of the MZR abo v e
0 10.5 M � is seen in the EAGLE simulations (van Loon, Mitchell &
chaye 2021 ), where it can be attributed to AGN feedback (De Rossi
t al. 2017 ). The ef fect is also reminiscent of the re versal in the role
f SFR on the MZR scatter seen by Yates, Kauffmann & Guo ( 2012 )
nd Yates & Kauffmann ( 2014 ) in both observations (SDSS) and
emi-analytic models (L-Galaxies). 

The main aim of this study is to look for the physical drivers behind
he gas mass-metallicity relation. The results shown in Fig. 1 not only
onfirm the existence of this relation, but also strongly suggest that 
e may be looking for different mechanisms at low- and high-stellar 
asses. It is instructive to look at the results of simulations to guide

s in this search. 

.1.1 Low-/intermediate-mass galaxies 

n the low- to intermediate-mass regime (i.e. up to M ∗ ∼ 10 10.5 M �),
here is broad consensus that the scatter in the MZR and its
ependence on gas mass are due to fluctuations in accretion rates. 
sing the IllustrisTNG simulation suite, Torrey et al. ( 2019 ) find

hat galaxies alternate between being enrichment- and accretion- 
ominated: periods of increased accretion causing high-gas mass 
nd low metallicities are followed by periods of more active star
ormation that both increase metallicity and decrease gas contents. 
n this regard, the simulations fully support the simple principles of
as-centric analytic models, where galaxies naturally restore their 
quilibrium gas mass and metallicity after perturbations to their gas 
eserv oirs (Da v ́e, Finlator & Oppenheimer 2012 ; Lilly et al. 2013 ;
orbes et al. 2014 ). In the EAGLE simulations, van Loon, Mitchell &
chaye ( 2021 ) also find that in this M ∗ range most of the scatter of

he MZR comes from systematic variations in gas accretion rates. It
s ho we ver important to note that these results typically only hold
or galaxies whose evolution is dominated by steady gas accretion 
nd secular processes, and not for those held out of equilibrium for
n extended period of time by processes such as major mergers and
GN feedback. 
In order to know where to look for an observational signature of

hese gas accretion rate variations, it is necessary to consider their 
rigins and time-scales. Generally speaking, the variability in low- 
etallicity gas accretion rates onto the central star-forming regions 

an have causes that are either external (accretion of gas onto the
alaxy from the large-scale environment) or internal (displacement 
f gas from extended low density H I envelopes to the denser star-
orming disc). In either case, the timescales are expected to be long,
n the order of several Gyr, at least at the present time. For example,
he time-scale expected for the natural up-and-down changes in gas 

ass and star formation activity under the equilibrium model are 
ong, at 0.4 t H ∼ 5 Gyr (Lilly et al. 2013 ; Tacchella et al. 2016 ).
imilarly the time-scale to transport gas radially from the outer disc

o the central region of a galaxy is set by the dynamical friction
ime-scale, which approaches the Hubble time at z = 0 (Tacconi,
enzel & Sternberg 2020 ), with simulations suggesting a time-scale 
f ∼5 Gyr to transport gas radially by 10 kpc (Okalidis et al. 2021 ).
here is also evidence from simulations that MZR offset, and the
ystematic variations in gas accretion rate, are long-lived (time-scales 
f several Gyr), although we note that Torrey et al. ( 2019 ) report
horter timescale variations (on the order of ∼1 Gyr) in the gas mass,
FR and metallicity of low mass galaxies. 
Our aim here is to look for evidence of this scenario, and investigate

hether any changes in gas supply are due to internal or external
actors. On the one hand, we expect galaxies in overdense regions
f the cosmic web to have less access to fresh gas supply, and
herefore to display higher metallicities. This is seen for example 
y Donnan, Tojeiro & Kraljic ( 2022 ) as an increased metallicity
n galaxies closest to nodes in the cosmic web, and in a range
f studies that look for the impact of environment on metallicity,
hich is particularly strong for satellite galaxies (see summary in 

.g. Maiolino & Mannucci 2019 ). On the other hand, if the link
etween gas mass and metallicity is caused either by feedback or
y internal gas displacement (rather than external accretion), then at 
xed stellar mass, we might not expect a strong link between gas,
etallicity, and halo properties/environment. 
To shed light on the possible roles of internal and external factors,

e perform a test in Section 3.2 , using two different methods: first we
se the clustering amplitude measured from the two-point correlation 
unction as a proxy for the typical halo mass of different galaxy sub-
amples, and secondly, by using the central/satellite classification 
nd halo masses from the group catalogue of Lim et al. ( 2017 ). 

.1.2 High-mass galaxies 

n the high mass regime (M ∗ > 10 10.5 M �), both EAGLE and
llustrisTNG simulations find that the scatter of the MZR is no
onger driven by systematic variations in gas inflow rate, but instead
ominated by the impact of AGN feedback. There should be no
trong correlation between clustering and MZR offset, if this is the
ase. 

.2 The role of gas accretion: clustering analysis 

e use the ‘SF sample’ to calculate the correlation function and
ompare the clustering amplitude of different galaxy sub-samples 
s a function of their offset from the MZR. Based on the observed
ependence of MZR scatter on gas mass (see Fig. 1 ) and expectations
rom simulations, we calculate the correlation function o v er two
ifferent stellar mass intervals. To ensure enough statistics in the 
igh-M ∗ sample, we consider the mass ranges 10 9 –10 10 M � and
0 10 –10 11 M �. We hav e v erified that changing the transition point
etween the two subsamples to 10 10.5 M � does not affect the results
ther than increasing the uncertainty in the high-M ∗ sample. In each
tellar mass interval, the galaxies are divided in equally populated 
ubsamples based on the offset from the MZR (see Fig. 2 and Table 1 ;
 bins for the low-M ∗ subsample, 4 for the high-M ∗ subsample). 
MNRAS 527, 11043–11052 (2024) 
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M

Figure 2. Left: Mass–metallicity relation for the ‘SF sample’, showing the binning adopted as a function of 	 Z, o v er two different stellar mass ranges. Centre 
and right : projected correlation functions for each 	 Z subsample, for stellar mass ranges of 9 < log ( M ∗) < 10 M � and 10 < log ( M ∗) < 11 M �, respectively. 
The dashed lines represent the correlation function calculated for the full sample within the two stellar mass ranges, with respect to which the relative biases 
from Table 1 were calculated. 

Table 1. SF sample binned by offset from the MZR, for samples in low- and high-stellar mass. Given are the metallicity offset, number of galaxies in the bin 
and the minimum, mean and maximum metallicity of the bin. Relative biases are given on the one-halo and two-halo scale, as well as for a centrals-only data set. 

SF sample 	 Z N N cen 12 + log (O/H) Bias 
min mean max one-halo two-halo centrals 

9 < log ( M ∗/ M �) < 10 0 .14 3931 2946 8.53 8.74 9.32 1.61(0.10) 1.28(0.03) 1.17(0.06) 
0 .07 3944 2947 8.48 8.66 8.81 1.03(0.09) 1.03(0.04) 0.98(0.06) 
0 .02 3931 2946 8.44 8.62 8.77 0.98(0.15) 0.97(0.04) 0.95(0.07) 

− 0 .02 3941 2954 8.40 8.59 8.74 1.04(0.15) 0.95(0.04) 0.99(0.07) 
− 0 .06 3941 2957 8.37 8.54 8.71 0.90(0.11) 0.93(0.04) 1.00(0.07) 
− 0 .15 3941 2954 8.20 8.46 8.67 0.83(0.09) 0.89(0.04) 0.85(0.08) 

10 < log ( M ∗/ M �) < 11 0 .06 1828 1404 8.79 8.83 9.12 1.03(0.07) 1.02(0.12) 
0 .02 1852 1427 8.75 8.78 8.83 1.00(0.07) 0.92(0.12) 

− 0 .02 1839 1421 8.70 8.75 8.80 1.02(0.07) 1.11(0.13) 
− 0 .07 1862 1440 8.25 8.68 8.77 0.93(0.07) 0.94(0.13) 
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The correlation function for the low- and high-M ∗ subsamples are
hown in the middle and right panels of Fig. 2 , respectively. The
orrelation functions show that for the low-M ∗ subsample, galaxies
n the two highest metallicity bins cluster more strongly. This is
onfirmed by the relative bias for both the one- and two-halo terms.
onversely, the most metal-poor galaxies are less clustered than the
verage population, especially on two-halo term scales (Table 1 ). 

For the high-M ∗ subsample, the correlation functions of the
ifferent metallicity sub-samples are more similar. The two-halo
elative bias values for the four metallicity bins are consistent with
he o v erall population, within uncertainties (Table 1 ). If interpreting
lustering amplitude as a proxy for the mass of the main halo (Sheth &
ormen 1999 ), then the conclusion is that the scatter in the MZR at
igh M ∗ is not connected to a physical process that depends strongly
n halo mass. 
An important consideration is that the galaxy sample used so far in-

ludes both central and satellite galaxies. This somewhat complicates
he interpretation of the clustering results, because the evolutionary
athways of central and satellite galaxies are different, resulting
n different galaxy–halo connections (Watson & Conroy 2013 ). It
as also been shown that satellite galaxies have on average higher
etallicities than centrals of the same mass (Pasquali, Gallazzi & van

en Bosch 2012 ; Peng & Maiolino 2014 ; De Rossi et al. 2015 ). We
herefore need to see whether the difference in clustering observed
n Fig. 2 can be explained by variations in the fraction of satellite
NRAS 527, 11043–11052 (2024) 
alaxies. To perform this test, we use the SDSS group catalogue of
im et al. ( 2017 ), which itself is based on the method of Yang et al.
 2007 ). For each galaxy in our ‘SF sample’, the group catalogue
rovides an estimate of the dark matter halo mass, M h , and an
ndication of whether the galaxy is the most massive in its halo
in which case it is labeled as the central), or else a satellite. 

First, we look in Fig. 3 at the cumulative distribution of halo
asses from the Lim et al. ( 2017 ) group catalogue for galaxies as a

unction of 	 Z. The results are fully consistent with those obtained
ndependently through the clustering analysis in Fig. 2 : at fixed stellar

ass, galaxies with the higher/lowest metallicities reside on average
n more/less massive haloes. 

Secondly, in Fig. 4 , we show the fraction of satellite galaxies
n each 	 Z subsample. At low-stellar masses (M ∗ < 10 10 M �),
he satellite fraction is significantly enhanced for the most metal-
ich subsamples, while at higher stellar masses there is no strong
ependency of satellite fraction of 	 Z. This result is perfectly
onsistent with the expectations from equilibrium galaxy models:
av ́e, Finlator & Oppenheimer ( 2012 ) make the argument that

atellite galaxies are expected to have lower gas content and higher
etallicities than centrals at fixed mass, because gas accreted onto

he system goes preferentially to the centres of the haloes, bypassing
he satellites. 

To check whether the results of Fig. 2 are entirely caused by
hese variations in the satellite fraction, we calculate the correlation
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Figure 3. Cumulative distribution of dark matter halo masses (from the Lim 

et al. ( 2017 ) group catalogue) for the low-M ∗ (solid lines) and high-M ∗
(dotted lines) subsamples. In each case, the distribution is given for different 
bins of offset from the MZR, 	 Z. 

Figure 4. The satellite galaxy fraction as a function of stellar mass, for 
different sub-samples defined by their offset from the median MZR. The 
satellite/central galaxy classification is obtained from the Lim et al. ( 2017 ) 
SDSS group catalogue. 
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Figure 5. Relative bias on one- and two- halo scales for different 	 Z sub- 
samples as compared to the entire ‘SF sample’. The results for the low mass 
subsample (10 9 –10 10 M �) are shown with filled circles and solid lines, the 
high mass subsample (10 10 –10 11 M �) with open circles and dotted lines. 

Figure 6. The Eddington ratio for galaxies binned by their offset from the 
median MZR, as a function of stellar mass. The high-/low-metallicity galaxies 
are defined as those that fall abo v e/below one standard deviation from the 
mean MZR at fixed setellar mass. 
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unction for central galaxies only, and report the two-halo relative 
ias values in Table 1 and Fig. 5 . The amplitude of the bias is reduced,
ut there is still a statistically meaningful result for the highest and
owest 	 Z bins. 

In summary, as shown in Fig. 5 , we find that at fixed stellar
ass, galaxies with the highest metallicities are significantly more 

lustered than average. This effect is partly caused by a significantly 
igher fraction of satellite galaxies amongst these metal-rich and 
 as-poor g alaxies where environment-specific processes such as 
tripping and strangulation are at play, but the result still holds
hen considering only central g alaxies. Conversely, g alaxies with 

he lowest metallicities at fixed stellar mass are the least clustered. 
or galaxies within the 1 σ scatter of the MZR, there is a mild trend
etween metallicity and clustering amplitude for low-mass galaxies 
M ∗ < 10 10.0–10.5 M �), especially on one-halo scales. 
For high-mass galaxies (M ∗ > 10 10 M �), there is no correlation
etween 	 Z and clustering. In the next section, we investigate what
ight instead be responsible for the scatter of the MZR at high
asses. 

.3 AGN influence 

he L-Galaxies, IllustrisTNG, and EAGLE simulations (Yates, 
auffmann & Guo 2012 ; Yates & Kauffmann 2014 ; De Rossi et al.
017 ; Torrey et al. 2019 ; van Loon, Mitchell & Schaye 2021 ) predict
hat there is a link between the MZR scatter of high stellar mass
alaxies ( M ∗ > 10 10.5 M �) and AGN feedback. In Section 3.2 , we
sed the projected correlation function to show that there is very
ittle correlation between halo mass (and therefore gas accretion, 
ollowing the line of arguments presented abo v e) and the scatter
f the MZR in massive galaxies. To test whether a relation can be
ound instead with AGN activity, we show in Fig. 6 our proxy for
he Eddington ratio, L [O III ] / σ 4 , as a function of M ∗ for the different
 Z bins. We consider the ‘LINER sample’ here, which, same as the
F sample from the previous section, does not include galaxies that
re more than 0.5 dex below the main sequence. 
MNRAS 527, 11043–11052 (2024) 
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We see a strong correlation at high M ∗ between AGN activity
nd 	 Z: galaxies with the most actively accreting black holes have
he lowest metallicity. Under the assumption that AGN with the
ighest accretion rates also have stronger feedback, there is then
ome consistency between the simulation predictions and the results
hown in Fig. 6 . De Rossi et al. ( 2017 ) interpret the low metallicities
f the galaxies with the most active black holes as the result of
jection of preferentially metal-enriched gas. Yates & Kauffmann
 2014 ) provide an explanation for the low metallicities of massive
alaxies with large black holes that relates to a slow dilution of the
SM, but that mechanism is less likely to be important in our sample
s we have excluded galaxies with low SSFRs where this process
ominates. 
We also see in Fig. 6 an intriguing effect: the galaxies with the

ighest metallicities at fixed mass also have ele v ated AGN accretion
ates (although to a lesser extent), compared to the bulk of the
alaxies located within 1 σ of the MZR. A possible interpretation is
hat we are seeing the impact of the different time-scales regulating
GN activity, star formation and ISM enrichment interacting in an

ntricate way, but a more thorough analysis would require in depth
omparisons with simulations and a larger observational sample to
ontrol for additional parameters and bin more finely as a function
f MZR offset. 

 SUMMARY  O F  OBSERVATIONS  A N D  

ISCUSSION  

e have used a sample of ∼36 000 main-sequence galaxies from
DSS DR8 to study the mass–metallicity relation in the local
niverse (0.02 < z < 0.055), and especially the nature of its scatter.
he specific aim of this work was to look for the possible physical
rivers of this connection between the scatter of the MZR and gas
ass. Our main findings are as follows: 

(i) The scatter of the mass–metallicity relation correlates with
as mass below log M ∗ ∼ 10 10.5 M �; at fixed stellar mass the most
 as-rich g alaxies are also the most metal-poor, as already found by
revious works (e.g. Bothwell et al. 2013 ; Hughes et al. 2013 ). This
ink between gas and metallicity is strongest at the lowest stellar

asses probed in this work (M ∗ = 10 9 M �) and vanishes at M ∗ ∼
0 10.5 M �, in agreement with simulations (De Lucia et al. 2020 ) and
esults obtained from stacking of H I spectra (Brown et al. 2018 ). The
o v elty here is that our results were obtained from cold gas masses
nferred from optical emission lines. While such indirect measures
f gas mass have significant uncertainty for individual galaxies, they
re robust for statistical studies such as this (see also e.g. Piotrowska
t al. 2020 ; Scholte & Saintonge 2023 ). 

(ii) Given the change in both the shape and scatter of the MZR
t M ∗ = 10 10.5 M �, we investigate separately low- and high-mass
alaxies. At low stellar masses, we find that the most metal-rich
alaxies are found on average in more massive dark matter haloes
and vice versa), as inferred both by the clustering amplitude in the
wo-point correlation function and using the halo masses from the
im et al. ( 2017 ) group catalogue. This seems to be in contradiction

o the simulations ran by De Lucia et al. ( 2020 ). Looking separately
t centrals and satellites shows a contribution of both environmental
ffects on satellites and the halo mass itself. Since the accretion rate
f gas onto galaxies is dependent on halo mass, our results support
he picture emerging from simulations and analytic models, which
nd that the scatter of the MZR and its dependence on gas mass are

inked to fluctuations in accretion rates. 
NRAS 527, 11043–11052 (2024) 
(iii) At higher stellar masses, our observations support the predic-
ion from various simulations such as the IllustrisTNG and EAGLE
imulations (De Rossi et al. 2017 ; Torrey et al. 2019 ; van Loon,
itchell & Schaye 2021 ) that it is no longer gas accretion that drives

he scatter of the MZR, but rather AGN feedback. In our sample
f LINERs, we indeed find a correlation between the Eddington
atio and MZR offset, with galaxies with the most active black holes
aving the lowest metallicities. Howev er, the rev erse was not shown
o be the case for galaxies with the highest metallicities. While we
pplied a correction to the metallicity measurements to extend their
ange of applicability into the regime of LINERs, this result should
e revisited in the future with alternative metallicity calibrations that
re even more robust to the presence of AGN activity. 

There is abundant evidence that gas mass is the observable that
ost closely correlates with the scatter of the MZR, at least at

ow stellar masses (M ∗ < 10 10.5 M �) and in comparison to other
arameters such as SFR. This has been observed in the nearby
niverse using H I - and CO-derived gas masses (e.g. Bothwell et al.
013 ; Hughes et al. 2013 ; Bothwell et al. 2016 ; Brown et al. 2018 ),
nd now in this work using optically derived cold gas masses (see
lso Scholte & Saintonge 2023 ). Differences in gas accretion rate
re most often invoked to explain this observation, with high (low)
as accretion rate resulting in high (low) gas fraction and decreased
increased) gas-phase metallicity, since the inflowing gas is assumed
o be more metal-poor than the ISM. This scenario is supported by
imulations and analytic models, but as of yet very little observational
vidence has been provided for it, given the considerable challenge
f directly measuring gas accretion rates onto galaxies. 
In this study, we showed that at fixed stellar mass, galaxies with

he highest (lowest) metallicities are found in dark matter haloes
hat are more (less) massive than av erage. Abo v e a threshold mass
f M h ∼ 10 12 M �, simulations show that the rate of gas accretion
nto galaxies (as opposed as into the halo) decreases, the more
assive the halo is (van de Voort et al. 2011 ). Under this premise,

ur observation that the most metal-rich galaxies are found in more
assive dark matter haloes fully supports the idea that these galaxies

ave lower accretion rates, leaving them with both lower gas masses
nd higher metallicities, as observed. Recently, Donnan, Tojeiro &
raljic ( 2022 ) tackled a similar question and report that galaxies

losest to nodes in the cosmic web tend to have higher metallicities
han average, due to the reduction in low-metallicity gas accretion.
hey find that their result persists even after controlling for halo mass.
he combination of this work and that of Donnan, Tojeiro & Kraljic
 2022 ) therefore suggests that both halo mass itself, and the location
f the halo with respect to the cosmic web have an influence on the
vailability of fresh gas, and therefore on the gas-phase metallicity
n the ISM. 

When interpreting our results (in particular the correlation between
ffset from the MZR and halo mass), we have chosen to draw a
ink between halo mass and gas accretion rate. There are ho we ver
ther physical processes or galaxy properties that correlate with
alo mass. For example, at fixed stellar mass, there are systematic
ariations in halo mass as a function of galaxy morphology and
olour (Mandelbaum et al. 2006 ; van Uitert et al. 2011 ; Taylor et al.
020 ), as a result of differences in formation histories, gas accretion,
nd internal secular processes. With larger and more complete
pectroscopic samples, such as those now produced by DESI and
oon by surv e ys such as 4MOST-WAVES, it will be possible to
epeat the kind of analysis performed here while controlling for some
f these additional properties, in order to disentangle the relative
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mpact of external (gas accretion from the cosmic web) and internal 
rocesses (radial flows, disc instabilities). 
This study was focused on the local Uni verse, but e ven more

owerful conclusions will be drawn in the future from tracking 
hanges in the relative roles of environment, gas accretion, and 
eedback in setting the MZR and its scatter as a function of redshift.
here is already evidence that the relation between metallicity and 
nvironment disappears or e ven re verses at z � 2 (Kacprzak et al.
015 ; Chartab et al. 2021 ). Tracking systematic changes in the
ature of the scatter of the MZR with both mass and redshift will
e made easier with the next generation of spectroscopic surv e ys.
dditionally, with JWST allowing us to measure robust metallicities 

t significantly higher redshifts and in lower mass galaxies than 
reviously possible (e.g. Curti et al. 2022 ; Li et al. 2022 ; Sanders et al.
022 ), it will be interesting to push the study of the scatter of the MZR
nd its dependence on both gas mass and halo mass/environment to 
hese large lookback times where galaxies are expected to be out of
quilibrium. 
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