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A B S T R A C T 

Individual stars in the Milky Way (MW) and its satellites have been shown to trace galaxy stellar mass dependent sequences 
in the α-abundance ([ α/Fe]) versus metallicity ([Fe/H]) plane. Testing the universality of such sequences has been elusive 
as deep absorption-line spectra required for [ α/Fe] and [Fe/H] measurements beyond the local group are mostly limited 
to integrated light from nearby, relatively high-mass, early-type galaxies. However, analogous to [ α/Fe] versus [Fe/H] for 
stars, we now have log(O/Ar) versus 12 + log(Ar/H) for the integrated nebular light of star-forming galaxies (SFGs). From 

Sloan-Digital Sky Survey observations of ∼3000 SFGs out to z ∼ 0 . 3 , where we directly determined O & Ar abundances, we 
obtain for the first time the distribution of an ensemble of SFGs in the log(O/Ar) versus 12 + log(Ar/H) plane. We show 

that higher ( < M∗> ∼ 2 . 6 × 109 M�) and lower mass ( < M∗> ∼ 1 . 7 × 107 M�) SFGs clearly trace distinct mass dependent 
sequences in this plane. Such sequences are consistent with expectations from galaxy chemical evolution models of SFGs 
that are driven primarily by the interplay of core-collapse and Type Ia supernovae. 

Key words: galaxies: abundances – supernovae: general – galaxies: formation – galaxies: evolution –Galaxy: evolutio. 
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 INTRODUCTION  

he locus traced by Milky Way (MW) stars in the α-abundance 
[ α/Fe]) versus metallicity ([Fe/H]) diagram has, for a long time,
nformed our understanding of galaxy chemical enrichment (B. 
. Tinsley 1979 ). Stars formed from interstellar medium (ISM) 
nly enriched by core-collapse supernovae (CCSNe) exhibit the 
ighest [ α/Fe] values (e.g. B. E. J. Pagel 1997 ; C. Kobayashi, A.
. Karakas & M. Lugaro 2020 ). Subsequent generations of stars
ormed from ISM after Type Ia supernovae (SNe Ia) explosions, 
hat released more Fe into the ISM than previously, showcase a 
ecreasing trend in the [ α/Fe] versus [Fe/H] diagram (e.g. F. Mat-
eucci & L. Greggio 1986 ; B. Edvardsson et al. 1993 ; K. Fuhrmann
998 ). 
Such a trend, with a plateau in [ α/Fe] at low [Fe/H] followed
y a linearly decreasing trend in [ α/Fe] with increasing [Fe/H],
s characteristic of a self-regulated (see also Section 2.4 ) chem- 
cal enrichment scenario that may be described with a galaxy 
hemical enrichment (GCE) model having enrichment from star- 
ormation balancing gas inflow/outflows (e.g. C. Kobayashi et al. 
020 ). In such a scenario, the star-formation efficiency of a galaxy
 E-mail: s.bhattacharya3@herts.ac.uk 
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tellar population, characterized by it mass and star-formation 
istory, sets the locus of its stars in the [ α/Fe] versus [Fe/H]
iagram. 
MW thick disc and bulge stars exhibit higher [ α/Fe] at given

Fe/H] than thin disc stars (e.g. T. Bensby, S. Feltzing & M. S.
ey 2014 ; M. R. Hayden et al. 2015 ). This is a consequence of 
he former having relatively higher star-formation efficiency at 
arly times compared to the latter. Stars in the Magellanic clouds
nd other dwarf MW satellite galaxies, having even lower star- 
ormation efficiencies than the MW thin disc, showcase even 
ower [ α/Fe] values at given [Fe/H] (L. Pompéia et al. 2008 ; E.
olstoy, V. Hill & M. Tosi 2009 ; E. N. Kirby et al. 2011 ). The dwarf 
alaxy stars thus trace decreasing loci in the [ α/Fe] versus [Fe/H]
lane, nearly-parallel to that of the MW regions, but at lower
nd lower [ α/Fe] with decreasing galaxy mass (see fig. 6 in C.
obayashi & P. Taylor 2023 ). 
Beyond the local group, [ α/Fe] and [Fe/H] determination from 

eep absorption-line spectra of faint individual stars are limited 
ith current instrumentation. However, such measurements be- 
ome possible from integrated stellar spectra of early-type galax- 
es (ETGs; e.g. S. C. Trager et al. 2000 ; D. Thomas et al. 2005 ;
. Iodice et al. 2019 ). When the [ α/Fe] and [Fe/H] are mea-
ured for an individual ETG, a median estimate of these prop-
rties is obtained for its entire stellar population. Using velocity 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and
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Table 1. Sample sizes of SDSS SFGs out to z ∼0.3 selected from the MPA- 
JHU SDSS catalogue and described in this work (see Section 2.1 ). 

Sample No. of SFGs 

All SDSS SFGs 280 902 
SFGs with direct abundances 3306 
Higher mass ( M∗ > 9 M�) SFGs with direct abundances 1256 
Lower mass ( M∗ < 8 M�) SFGs with direct abundances 719 
SFGs with direct abundances following the empirical MZR 2370 
Higher mass ( M∗ > 9 M�) MZR sub-sample 879 
Lower mass ( M∗ < 8 M�) MZR sub-sample 503 

D
S  

A  

m  

o  

a  

p  

c

2
S

2

W
3
4  

a  

s  

e  

p  

w  

l  

(  

0  

h  

b  

o  

o  

t  

s  

b  

z  

T  

w  

F

2

A  

[  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/1/stag860/8672581 by guest on 22 M
ay 2026
ispersion ( σ ) as a proxy for galaxy mass, A. Sybilska et al. ( 2018 )
how that at fixed [Fe/H], ETGs with lower σ show lower [Mg/Fe]
in lieu of [ α/Fe]) values. [ α/Fe] and [Fe/H] determination from
ntegrated absorption-line spectra confines analysis of chemical
nrichment sequences to nearest relatively higher mass ETGs
> 109 M�; A. Sybilska et al. 2018 ). H. J. Zahid et al. ( 2017 ) utilized
tellar population synthesis models fitted to stacked spectra of 
tar-forming galaxies (SFGs) to determine their [Fe/H] but such a
echnique is not possible for fainter individual SFGs. To overcome
bservational limitations and test the effect of mass dependence
n the chemical enrichment of a large population of individual
alaxies, we require determination of equivalent quantities to
 α/Fe] and [Fe/H] but for SFGs, that constitute the vast majority
f galaxies in the universe. 
M. Arnaboldi et al. ( 2022 ) showed that the log(O/Ar) versus
2 + log(Ar/H) plane for emission nebulae 1 is analogous to the
 α/Fe] versus [Fe/H] plane for stars. C. Kobayashi et al. ( 2023 )
howed that with well-constrained GCE models, the log(O/Ar)
ersus 12 + log(Ar/H) plane can be connected to the [ α/Fe]–
Fe/H] plane. Like Fe, SNe Ia preferentially produce more Ar than
ight α-elements like O, whereas CCSNe produce near-constant
og(O/Ar), see C. Kobayashi et al. ( 2020 ). 
Through detection of the temperature sensitive [O iii ] λ 4363Å
uroral line, determination of O & Ar abundances has been car-
ied out for SFGs out to z ∼7.7 (e.g. Y. I. Izotov et al. 2006 ; K.
. Arellano-Córdova et al. 2024 ; T. M. Stanton et al. 2024 ; S.
hattacharya et al. 2025 ; S. Bhattacharya & C. Kobayashi 2026 ).
tilization of the log(O/Ar) versus 12 + log(Ar/H) plane for
FGs, and subsequent interpretation of galaxy chemical enrich-
ent at high-redshifts ( z ∼1.3–7.7), was first demonstrated in S.
hattacharya et al. ( 2025 ). 
The emission-line spectrum of each SFG reflects its constituent
 ii regions and thus its determined O & Ar abundances are asso-
iated with the ISM ionized by its youngest stars. The abundances
hus reflect the cumulative chemical enrichment of an SFG by
ts previous generations of stars. Individual SFGs that underwent
ifferent star-formation histories will have ISM with different
tates of chemical enrichment, thus occupying different posi-
ions in the log(O/Ar) versus 12 + log(Ar/H) plane. An ensemble
f SFGs, if governed by the same chemical enrichment mecha-
isms, should trace out any underlying trend in the log(O/Ar)
ersus 12 + log(Ar/H) plane. Analogous to stars within a galaxy
hat showcase any imprints of its governing chemical enrichment
echanisms and star-formation efficiency in the [ α/Fe] versus
Fe/H] plane, individual SFGs may also showcase such imprints
n their ensemble in the log(O/Ar) versus 12 + log(Ar/H) plane.
y determining the positions in this plane of individual SFGs
overing a range of stellar masses, we can examine whether
tellar mass dependence of galaxy chemical enrichment mech-
nisms, as observed in the Local Group from the stars in the
W and its dwarf satellites, is also prevalent in ensembles of 
FGs. 
In this work, we present the chemical enrichment sequences

raced by SFGs of different stellar masses out to z ∼ 0 . 3 from Sloan
NRAS 549, 1–10 (2026)

 Planetary nebulae (S. Bhattacharya et al. 2019a , b , 2021 , 2022 , 2023 ) and 
 ii regions (C. Esteban et al. 2020 ) having direct O & Ar abundances 
urveyed in the disc of M31. We found high and low α stellar populations 
n the M31 thick and thin disc respectively, with the latter formed follow- 
ng gas infall ∼2–4 Gyr ago (M. Arnaboldi et al. 2022 ; C. Kobayashi et al. 
023 ). 
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igital Sky Survey (SDSS) spectroscopy. The sample selection of 
FGs from catalogue data and direct determination of their O &
r abundances, as well as further pruning of the sample from the
ass–metallicity relation, is presented in Section 2 . The positions
f these galaxies in the log(O/Ar) versus 12 + log(Ar/H) plane
nd the sequences traced by SFGs of different stellar masses is
resented in Section 3 . The implications are discussed and con-
luding remarks are made in Section 4 . 

 ABUNDANCE  DETERMINATION  AND  

AMPLE  SELECTION  

.1 SDSS catalogue data 

e utilize the tabulated emission-line fluxes ([O ii ] λλ

7 263 729Å, H δ, H γ , [O iii ] λ 4363Å, H β, [O iii ] λλ

9 595 007Å, H α, [S ii ] λλ 67 176 731Å & [Ar iii ] λ 7136Å)
nd derived properties (redshift: z ; total stellar mass: M∗; fibre
pecific star-formation rate: sSFRFIB ; SUBCLASS; J. Brinchmann
t al. 2004 ) of galaxies from the SDSS DR8 (H. Aihara et al. 2011 )
resented in the MPA-JHU SDSS catalogue . The spectra have a
avelength coverage of 3800–9200Å. As the red-most emission-
ine of interest required for O & Ar abundance determination
[Ar iii ] λ 7136Å) was only tabulated for galaxies out to z =
.2853, we have limited our sample to this redshift. Only galaxies
aving reliable redshift determinations (Z_warning = 0) have
een considered. To restrict our analysis to only SFGs, we limit
ur sample to galaxies having SUBCLASS = ‘STARBURST’
r ‘STARFORMING’. To enable the subsequent analysis, only
hose SFGs having derived stellar mass ( M∗) and specific
tar-formation rate (sSFRFIB 2 ) values in the catalogue have
een considered in the sample. This sample of SFGs out to
 ∼0.3 thereby consists of 280 902 galaxies and is noted in
able 1 . Their log( M∗) versus log(sSFRFIB ) distribution as
ell as log( M∗) and log(sSFRFIB ) histograms are shown in
ig. 1 . 

.2 Abundance determination 

mongst these SFGs, only 3716 had both the required faint
O iii ] λ 4363Å & [Ar iii ] λ 7136Å emission lines observed (other
ines were either brighter or not essential). For these 3716 SFGs,
e then compute their O & Ar abundances using NEAT (Nebular
mpirical Analysis Tool; R. Wesson, D. J. Stock & P. Scicluna
012 ), which applies an empirical scheme to calculate the extinc-
ion and elemental abundances. 
 We discuss the need and impact of utilizing sSFRFIB instead of sSFRTOT 
or this work in Appendix A . 

https://www.sdss4.org/dr17/spectro/galaxy_mpajhu
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Figure 1. (Top) Distribution of logarithm of total stellar mass ver- 
sus log(sSFRFIB ) of all SFGs out to z ∼0.3 from the MPA-JHU SDSS 
catalogue (see also Section 2.1 ) and the 3306 SFGs with direct O & 

Ar abundances determined (see also Section 2.2 ). (Middle) Histogram 

of logarithm of total stellar mass of all SFGs and those with direct 
O & Ar abundances. Note that number of galaxies are shown in log 
scale. (Bottom) Same as middle but for log(sSFRFIB ) of the same SFG 
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For each SFG, NEAT calculates the intrinsic balmer decrement, 
(H β), using the flux-weighted ratios of H α/H β, H γ /H β and
 δ/H β (whichever pairs are observed) and the extinction law 

f J. A. Cardelli, G. C. Clayton & J. S. Mathis ( 1989 ), first as-
uming a nebular temperature ( Te ) of 10000 K and an electron
ensity ( ne ) of 1000 cm−3 , and then recalculating c(H β) at the
easured Te and ne , using an iterative process from the relevant 
iagnostic lines (see R. Wesson et al. 2012 , section 3.3). NEAT
tilizes the temperature-sensitive [O iii ] λ 4363Å line, and the 
ensity-sensitive [O ii ] λλ 37 263 729Å and [S ii ] λλ 67 176 731Å
oublets to obtain Te and ne , respectively. For SFGs where we 
o not observe the required doublets to determine ne , 1000 cm−3 

ontinues to be assumed as it is expected to have negligible
mpact on the determined abundances (e.g. G. J. Ferland et al.
013 ). 
NEAT assumes the same Te and ne for all elemental abundance 
eterminations. There are established relations for Te (O iii ) ver- 
us Te (O ii ) which allow for distinct assumptions of low and
edium ionization zone temperatures but these are calibrated 
n metal-rich H ii regions (e.g. L. S. Pilyugin et al. 2009 ). There
s more scatter in Te (O iii ) versus Te (O ii ) at lower metallicities
i.e. at higher Te; e.g. see the compiled low-z lit. values in fig 7 in
. Cataldi et al. 2025 ). The standard deviation around the 1:1 line
n Te (OIII) versus Te (O ii ) is at most 1200 K (highest scatter we
ound in the literature, albeit for H ii regions in NGC 2403 by N.
. J. Rogers et al. 2021 ), which results in an error in O abundance
f ∼0.1 dex from considering the O ++ temperature for the O +
onic abundance. As this error is small, we use the same Te (O iii )
hroughout the nebula. Furthermore, Ar3+ resides in the same 
edium ionisation zone as O2+ so the Ar abundance remains 
eliable. 
Direct O & Ar ionic abundances are determined from the mea-
ured fluxes of the O ([O ii ] λλ 37 263 729Å, [O iii ] λλ 4363, 4959,
007Å) and Ar ([Ar iii ] λ 7136) lines, respectively. Ionization 
orrection factors (ICF) for O is negligible when lines pertaining 
o both O2+ (i.e, [O iii ] λλ 5007, 4959, 4363Å) and O+ ([O ii ]
λ 3727, 3729Å) are observed. Elemental Ar abundances are ob- 
ained from the Ar2+ ionic abundances utilizing the ICF scheme 
y A. Amayo, G. Delgado-Inglada & G. Stasińska ( 2021 ) that
as been found to be suitable for such determinations for H ii
egions and SFGs (C. Esteban et al. 2025 , see also K. Z. Arellano-
órdova et al. 2024 and appendix C in S. Bhattacharya et al.
025 ). 
Amongst these 3716 SFGs with O & Ar abundances deter- 
ined, we obtain a small number of sources that have c(H β) = 0
r Te > 35000 K or ne > 10000 cm−3 . Our abundance determina-
ion procedure is not applicable to such sources (R. Wesson et al.
012 ) which are thus excluded. Our sample of SDSS SFGs out to
 ∼0.3 with determined O & Ar abundances thus consists of 3306
alaxies, noted in Table 1 . 

.3 Selection completeness effects 

he log( M∗) distribution of our sample of SFGs with direct
bundances determined is also shown in Fig. 1 (middle). For 
elatively lower mass SFGs ( M∗ < 108 M�), a nearly constant 
raction have abundances determined with increasing log( M∗). 
owever as we move to more massive SFGs, a decreasing 
raction of galaxies have determined abundances, with none 
t M∗ > 1011 M�. Another prominent selection effect can be 
een in Fig. 1 (bottom) from the log(sSFRFIB ) distribution. A 

igh fraction of galaxies have their O & Ar abundances deter-
ined when log(sSFRFIB ) values are high; but with decreasing 
og(sSFRFIB ) values, the fractions of SFGs which have direct 
bundances determined decreases significantly with none such 
FG at log(sSFRFIB ) < −10 . 75 yr−1 . The combined effect of the
tellar mass and sSFR selection is clear in the log( M∗) versus
og(sSFRFIB ) distribution (Fig. 1 [top]), showing that our sam- 
le of SDSS SFGs with determined O & Ar abundances consists
ostly of lower mass SFGs (almost all M∗ ≤ 1010 M�) that are un-
ergoing a strong burst of star-formation [almost all log(sSFRFIB ) 
 −10 yr−1 ]. 
MNRAS 549, 1–10 (2026)
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M

Figure 2. (Left) Fraction of SFGs with direct O & Ar abundances determined in different sSFRFIB bins, separately for relatively higher and lower mass 
SFGs. (Right) The mean O abundances of SFGs in different sSFRFIB bins, separately for relatively higher and lower mass ones. 
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Fig. 2 [left] shows the fraction 3 of SFGs with direct O & Ar
bundances determined as a function of log(sSFRFIB ), separately
or higher ( M∗ > 109 M�) and lower mass ( M∗ < 108 M�) SFGs.
he sample sizes are noted in Table 1 . The bins of log(sSFRFIB )
re 0.25 dex wide, except the first and last bins which are wider
o accommodate the remaining burstiest and least bursty SFGs
espectively in our direct abundance sample. In either case,
80 per cent of SDSS SFGs with log(sSFRFIB ) > −8 yr−1 have
irect abundances determined. As we move to decreasing values
f log(sSFRFIB ) in Fig. 2 [left], smaller fractions of SFGs have
irect abundances determined. The lowest sSFR bin shown has
nly 0.03 per cent and 3 per cent of higher and lower mass SFGs
espectively with direct abundances determined. 
Thus the SFGs in the SDSS sample that are undergoing the
trongest bursts, i.e. forming the highest fraction of their stellar
ass in the present star-forming episode (hence having high-
st sSFR), have the brightest emission lines, including the faint
O iii ] λ 4363Å line that enables direct abundance determination
or 80 per cent of such SFGs. Meanwhile, for SFGs having de-
reasing sSFR (i.e. forming a smaller fraction of their stellar mass
n the present star-forming episode), their emission lines become
ncreasingly fainter such that the faint [O iii ] λ 4363 Å line that
nables direct abundance determination is not detected for a large
raction of SFGs. For decreasing sSFR bins, we illustrate the de-
reasing star-formation in the SFGs at any given stellar mass by
omparing with the objective star-forming main-sequence from
. Renzini & Y.-j. Peng ( 2015 ) in Appendix B . 
Fig. 2 (left) shows that the fraction of higher mass SFGs with
irectly determined abundances is smaller and decreases more
apidly than that of lower mass SFGs. To characterize such ob-
ervational selection effect, we first consider the mass–metallicity
elation (MZR) of galaxies (discussed further in Section 2.4 ),
hereby galaxies on average show increasing O abundances with
ncreasing mass (e.g. B. E. J. Pagel & M. G. Edmunds 1981 ;
. A. Tremonti et al. 2004 ; M. Curti et al. 2020 ). We further
onsider that the flux of the [O iii ] λ 4363Å line (for the same
NRAS 549, 1–10 (2026)

 Given the small number of SFGs with direct abundances in our sample 
or each log(sSFRFIB ) bin, we compute the fraction and uncertainty (95 
er cent confidence interval) using the binomial proportion confidence- 
nterval obtained with the Wilson score interval method (E. B. Wil- 
on 1927 ). 

4

l
(
w
w

O iii ] λ 5007Å line flux) is inversely correlated with metallicity,
nd hence the [O iii ] λ 4363Å line is detected with higher S/N in
elatively metal-poor galaxies (M. Curti et al. 2020 ). 
Fig. 2 (right) shows that the mean oxygen abundance of 
igher mass SFGs with directly determined abundances is clearly
igher than that of lower mass ones for the highest sSFR bins
as expected from the MZR). However, as we move to lower
og(sSFRFIB ) bins, the mean oxygen abundances of both the
igher and lower mass SFG samples reduce. A possible explana-
ion is that when SFGs are forming a smaller fraction of their stel-
ar mass, i.e. when they have lower sSFR with generally weaker
mission lines, the faint [O iii ] λ 4363Å line (that enables direct
bundance determination) remains detected only in the most
etal-poor SFGs. 
To consider the selection completeness effects further, we ex-
lore the MZR in the same sSFR bins in the subsequent section. 

.4 Empirical selection on the mass–metallicity relation 

MZR) 

n ‘self-regulated’ galaxies, i.e. a system with gas infall balanced
y star formation, the gas phase metallicity approaches the net
ucleosynthesis yields (see the analytic equation in B. M. Tins-
ey 1980 ), and the difference in the net yields between galaxies
f different masses leads to the MZR (see also hydrodynamical
imulations in C. Kobayashi, V. Springel & S. D. M. White 2007 ).
n contrast, an extreme gas-infall event or an extremely rapid star
urst, will populate galaxies below or above the MZR, 4 respec-
ively (e.g. J. Köppen & G. Hensler 2005 ). 
Fig. 3 shows the log( M∗) versus 12 + log(O/H) for the abun-
ance sample SFGs. The top-left panel corresponds to the highest
og(sSFRFIB ) bin, i.e. log(sSFRFIB ) > −8 yr−1 where∼80 per cent
f SDSS SFGs have direct abundances determined. Within the
DSS survey, such SFGs are forming the largest fraction of their
tellar mass in the present star-forming episode (otherwise the
 Secondary dependence of the MZR on star-formation rate (or equiva- 
ently for sSFR) has been characterized as the fundamental MZR–FMR 
F. Mannucci et al. 2010 ; M. Curti et al. 2020 ). An extreme gas-infall event 
ould produce SFGs with much lower metallicities than the variation 
ithin FMR. 
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Figure 3. log( M∗) versus 12 + log(O/H), shown for SFGs with direct determination of O & Ar abundances, separated in bins of log(sSFRFIB ). Error in 
the determined 12 + log(O/H) is marked. The dashed black line is the empirical best fit for log( M∗) versus 12 + log(O/H) for the highest log(sSFRFIB ) 
bin. The SFGs in each panel are coloured by their perpendicular distance from this empirical best-fitting MZR, 	MZR . The dashed grey lines mark the 
zone where 12 + log(O/H) is within 0.25 dex of this line at any given log( M∗). 
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SFR would not be as high), and are thus expected to be self-
egulated with the chemical enrichment from past generations 
f stars imprinted on the measured ISM abundances. These SFGs 
how a clear linear relationship between galaxy stellar mass and 
 abundance. We characterize this with the best-fitting line: 12 + 

og(O / H) = 0 . 116 × log(M∗) + 7 . 06 , that reflects the median O
bundance as a function of galaxy mass. ∼90 per cent of SFGs
n this bin lie within 0.25 dex of this best-fitting line. We utilize
his empirical best-fitting MZR as a guide to characterize the 
FGs in the lower sSFR bins, where our abundance sample is less
omplete. 
We computed the perpendicular distance from this empirical 
est-fitting MZR, 	MZR , for each SFG with direct abundances 
etermined in our sample. The SFGs in each panel are coloured 
y their 	MZR in Fig. 3 . For the highest log(sSFRFIB ) bins, since
 high fraction of their stellar mass is formed in the present
urst of star-formation, most SFGs are self-regulated and thus 
ie on the empirical MZR having low 	MZR . With decreasing 
og(sSFRFIB ), SFGs form lower and lower fractions of their stel- 
ar mass in the present burst of star-formation, and we increas-
ngly find SFGs that are offset from the empirical MZR (thus
ot self-regulated systems), typically with lower O abundance, 
aving larger 	MZR values. Given the preferential detection of 
he [O iii ] λ 4363Å line for relatively metal-poor galaxies and 
he increasing incompleteness of the abundance sample as we 
ove towards lower log(sSFRFIB ) bins, such metal-poor galaxies 
ecome increasingly numerous. These metal-poor SFGs possibly 
ave the most recent burst of star-formation (that gives rise to the
bserved emission lines) induced by metal-poorer gas infall (e.g. 
. Köppen & G. Hensler 2005 ), hence not consistently enriched by
he previous generations of stars. 
We can utilize the empirical best-fitting MZR to select SFGs 

hat follow the MZR for all log(sSFRFIB ) bins and thus select SFGs
hat are self-regulated, consistent with the chemical enrichment 
f their previous generations of stars. We thus construct a sub-
ample considering only those SFGs that have 	MZR ≤ 0 . 25 . This
esults in a MZR selected sample of 2370 SFGs over the entire
ange of log(sSFRFIB ) values, i.e. SFGs within the grey dashed 
ines in every panel of Fig. 3 . To distinctly study the impact of 
alaxy mass on the O/Ar versus Ar plane (discussed in Section 3 ),
e further separate the MZR selected sample into higher (≥9 M�)
nd lower mass (≤8 M�) sub-samples. The sample sizes are noted
n Table 1 . The higher and lower mass samples have mean total
tellar mass ( ±1 σ ) of < log( M∗/ M�) > = 9 . 41 ± 0 . 29 and 7 . 23 ±
 . 61 , respectively. 

 CHEMICAL  ENRICHMENT  SEQUENCES  OF  

TAR-FORMING  GALAXIES  

.1 The log(O/Ar) versus 12 + log(Ar/H) plane of SFGs 

ig. 4 shows the distribution of the abundance sample SFGs 
n the log(O/Ar) versus 12 + log(Ar/H) plane, colored by their
og( M∗), separated in bins of log(sSFRFIB ). The log(sSFRFIB ) bin 
ize has been chosen to ensure a wide range of Ar abundances
at least 1 dex) are spanned by SFGs in each bin, while allow-
ng the maximum number of bins to check for any potential
rend with log(sSFRFIB ). The panel corresponding to the highest 
og(sSFRFIB ) bin in Fig. 4 shows the distribution for the most
omplete (∼80 per cent) sample of SFGs. Here, we can clearly
ee that at fixed Ar abundance, higher mass galaxies exhibit 
igher log(O/Ar) values. Additionally, separate trends are seen 
or lower and higher mass galaxies with declining log(O/Ar) val- 
es with increasing Ar abundances. Subsequent panels in Fig. 4 
ith decreasing log(sSFRFIB ) are increasingly affected by incom- 
lete sample selection (see discussion in Section 2.3 ), and the
ass separation in the log(O/Ar) versus 12 + log(Ar/H) plane is
ncreasingly blurred. 
In Fig. 5 , we show the same SFGs in each panel but now
oloured by their 	MZR . For the SFGs with the lowest 	MZR 
alues, there is a clear trend of decreasing log(O/Ar) val- 
es with increasing Ar abundances which is visible in all 
MNRAS 549, 1–10 (2026)
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M

Figure 4. Distribution of SFGs in the abundance sample (see Section 2.3 ) in the log(O/Ar) versus 12 + log(Ar/H) plane, coloured by their log( M∗), 
separated in bins of log(sSFRFIB ). Error bars are shown in grey. 

Figure 5. Same as Fig. 4 but now the SFGs in each panel are coloured by their 	MZR , i.e. the perpendicular distance from the empirical best-fitting MZR 
shown in Fig. 3 (see Section 3.1 for details). 
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ifferent log(sSFRFIB ) bins. SFGs with larger 	MZR values start
ppearing in the lower log(sSFRFIB ) bins. SFGs that were off-
et from the empirical MZR line (Fig. 3 ) and exhibited low O
bundances for their given masses, also exhibited low log(O/Ar)
nd low Ar abundance values, and blurred the mass depen-
ent trends in log(O/Ar) versus 12 + log(Ar/H) for the lower
og(sSFRFIB ) bins. The SFGs with 	MZR > 0 . 25 are then removed
nd only the MZR selected sample is kept. The removed SFGs and
he connection between the MZR-selection and the log(O/Ar)
ersus 12 + log(Ar/H) plane is discussed further in the next
ection. 
Fig. 6 shows the distribution of the higher and lower mass
ZR sample SFGs in the log(O/Ar) versus 12 + log(Ar/H) plane,
eparated in bins of log(sSFRFIB ). The highest log(sSFRFIB ) bin
NRAS 549, 1–10 (2026)
till shows the clear separation of higher and lower mass SFGs
n the log(O/Ar) versus 12 + log(Ar/H) plane. However, this
ass separation is now clearly visible in all panels of Fig. 6 .
emoval of the 	MZR > 0 . 25 SFGs allowed us to see the clear
ass separation in the log(O/Ar) versus 12 + log(Ar/H) plane,
egardless of log(sSFRFIB ). The separation in log(sSFRFIB ) bins
llows us to gauge the impact of sample selection (see discussion
n Section 2.3 ) when sampling only those SFGs with direct abun-
ances determined. Considering only those SFGs that follow the
ZR and are thus self-regulated (i.e. whose chemical evolution
f previous generations of stars are imprinted on the ISM probed
ith direct abundance in the present star-forming episode), we
nd that regardless of their log(sSFRFIB ) value, distinct sequences
or higher and lower mass SFGs are seen in Fig. 6 . 
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Figure 6. Same as Fig. 4 but now only showing the SFGs in the higher and lower mass MZR selected sub-samples (see Section 2.4 ). The standard 
deviations of the running mean of log(O/Ar) as a function of 12 + log(Ar/H) over the entire range of log(sSFRFIB ) is computed separately for both mass 
samples and shown with the shaded regions (see Section 3.2 for details). 

Figure 7. Distribution of SFGs in the higher and lower mass MZR 
selected subsamples in the log(O/Ar) versus 12 + log(Ar/H) plane. 
The running mean log(O/Ar) as a function of 12 + log(Ar/H) is 
shown separately for higher and lower mass subsamples, with stan- 
dard deviations shaded. Self-regulated GCE model for the MW so- 
lar neighbourhood and the self-regulated phase of our M31 disc 
model are marked. The solar value (C. Kobayashi et al. 2020 ) is also 
marked. 
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5 We note that the sequences in the log(O/Ar) versus 12 + log(Ar/H) plane 
do not arise from any possible systematic errors in the ICF. See appendix 
C in S. Bhattacharya et al. ( 2025 ). 
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.2 Sequences in the log(O/Ar) versus 12 + log(Ar/H) 
lane of SFGs 

ig. 7 shows all the SFGs in the higher and lower mass MZR
elected samples over all log(sSFRFIB ) bins. We can see that at 
ny given Ar abundance, higher mass SFGs clearly exhibit higher 
og(O/Ar) than lower mass SFGs. We compute a running mean 
and standard deviation), separately for higher and lower mass 
FGs, for the log(O/Ar) values as a function of Ar abundance. 
ig. 7 thus shows the distinct sequences traced by higher and
ower mass SFGs in the log(O/Ar) versus 12 + log(Ar/H) plane. 5 
These median sequences are marked in Fig. 6 . As the observed

rend for the SFGs in the highest log(sSFRFIB ) bin is nearly iden-
ical to that seen in Fig. 4 prior to MZR selection, the consis-
ency of the median trends with the clear trend seen for the
FGs in this bin confirms that the sequences are a consequence
f mass-dependent chemical enrichment mechanisms and not 
imply a selection effect due to MZR selection. The median se-
uences marked in Fig. 6 show that even if the higher and lower
ass SFGs are separated by log(sSFRFIB ), the individual SFGs 
re consistent with the same mass dependent trends across all 
og(sSFRFIB ) bins. 
Fig. 7 also shows the self-regulated GCE models for the MW
olar neighbourhood (C. Kobayashi et al. 2020 ) and the self-
egulated phase (older than 4.5 Gyr, prior to the secondary gas
nfall; see C. Kobayashi et al. 2023 ) for our M31 disc model.
hese are shown to illustrate the governing chemical enrichment 
equence for galaxies having higher stellar mass than those in our
DSS sample. We can see the effect of galaxy mass on the chemi-
al enrichment sequence in the log(O/Ar) versus 12 + log(Ar/H) 
lane. The model for the highest mass galaxy, M31 ( M∗, disc+bulge =
–1.5 ×1011 M�; A. Tamm et al. 2012 ; see also S. Bhattacharya
025 for a review of themass determination history of M31), con- 
trained from O & Ar abundances of > 4 . 5 Gyr old M31 disc plan-
tary nebulae, shows the highest log(O/Ar) at any 12 + log(Ar/H)
alue. This is followed closely by the MW ( M∗, disc+bar+bulge = 

 . 08 ± 1 . 14 × 1010 M�; T. C. Licquia & J. A. Newman 2015 )
hose solar neighbourhood GCE model, constrained by Fe and 
-element abundances from stars, traces a lower log(O/Ar) value 
t 12 + log(Ar/H) > 5 . 7 . The higher mass SDSS galaxies with
MNRAS 549, 1–10 (2026)
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 M∗> ∼ 2 . 6 × 109 M� trace a lower log(O/Ar) sequence, while
he lower mass SDSS galaxies with < M∗> ∼ 1 . 7 × 107 M� trace
n even lower log(O/Ar) sequence. 
The mass-dependent SFG sequences are blurred (Fig. 4 ) when
onsidering galaxies that are offset from the empirical MZR for
he less bursty SFGs (Fig. 3 ) where our abundance sample is less
omplete. It is likely that such SFGs have experienced outflow
f enriched gas (e.g. L. Zee, J. J. Salzer & M. P. Haynes 1998 ) or
nflow of metal-poor gas (e.g. J. Köppen & G. Hensler 2005 )
rior to star-formation, and are hence not self-regulated. We have
hown for M31 (albeit using planetary nebulae; M. Arnaboldi
t al. 2022 ; C. Kobayashi et al. 2023 ) that metal-poor gas infall
an dilute the ISM leading to planetary nebulae with lower Ar
nd lower O/Ar values than the general trend (before subsequent
xtended star-formation brings the ISM back to the general self-
egulated trend). It is thus the same ISM dilution that offsets the
ocation of a SFG in the MZR plane, that also offsets its location
rom the general trend in the log(O/Ar) versus 12 + log(Ar/H)
lane. We note that a very small number of SFGs lie above the
ZR in Fig. 3 and appear to have higher log(O/Ar) than the gen-
ral trend in Fig. 5 . These may have had metal-rich gas infall. We
xclude them in this work although their numbers are so small
hat their exclusion has negligible impact on the results. The
nsemble of SFGs that follow the empirical MZR (as described
n Section 2.4 ) likely have self-regulated chemical enrichment,
herein enrichment from star formation balances any poten-
ial gas infall, and traces mass-dependent loci in Fig. 7 in the
og(O/Ar) versus 12 + log(Ar/H) place. 

 DISCUSSION  AND  CONCLUSION  

n this work, we use the log(O/Ar) versus 12 + log(Ar/H) plane
or SFGs, analogous to the [ α/Fe] versus [Fe/H] plane for stars,
o infer the mechanisms that govern galaxy chemical enrich-
ent out to z ∼0.3. We obtain O & Ar abundances for a sam-
le of 3306 SFGs from the SDSS (see Section 2.2 ). We then
elect those galaxies that empirically follow the MZR traced
y the burstiest SFGs in our sample (and are thus forming
he highest fraction of their stellar mass in the observed star-
orming episode in a self-regulated manner), where we are most
omplete in obtaining abundances (see Sections 2.3 and 2.4 ).
e further restrict ourselves to higher ( < M∗> ∼ 2 . 6 × 109 M�)
nd lower mass ( < M∗> ∼ 1 . 7 × 107 M�) samples, respectively.
he SFGs with different mass bins clearly trace out distinct se-
uences in the log(O/Ar) versus 12 + log(Ar/H) plane, both
n different sSFR bins (Fig. 6 ) and when considered altogether
Fig. 7 ). 
This is the first instance of such chemical enrichment se-
uences being presented in an ensemble of SFGs, here out to
 ∼0.3. When considering self-regulated SFGs, we find no depen-
ence on the chemical enrichment sequences on sSFR, while
ncovering their dependence on stellar mass. The results are
ualitatively consistent with the mass dependence of chemical
nrichment sequences observed for the stars in the MW and its
atellite galaxies (L. Pompéia et al. 2008 ; E. Tolstoy et al. 2009 ; E.
. Kirby et al. 2011 ; T. Bensby et al. 2014 ; C. Kobayashi & P. Taylor
023 ), as well as the σ dependence of such sequences observed
or nearby relatively massive ETGs (A. Sybilska et al. 2018 ), and
lso absorption lines width (used as proxy for dynamical mass)
ependence of such sequences observed for Damped Lyman- α
bsorbers (A. Velichko et al. 2024 ). Additionally, the results are
NRAS 549, 1–10 (2026)
ualitatively consistent with the mass dependence of [ α/Fe] and
Fe/H] values (determined from stellar population model-fitting)
f old self-regulated ETGs at z ∼0.05–0.06 (D. Thomas et al.
010 ). 
The observed mass-dependent chemical enrichment
equences in the log(O/Ar) versus 12 + log(Ar/H) plane for
FGs are further qualitatively consistent with expectations from
osmological chemodynamical simulations by F. Vincenzo,
. Kobayashi & P. Taylor ( 2018 ), and thereby allow for an
nterpretation of the observed results. Higher mass galaxies,
hat are more efficient at star-formation, produce more massive
tars relatively rapidly, that in-turn rapidly produce more
CSNe which enrich the ISM to higher metallicities, here
2 + log(Ar/H), keeping relatively constant α-abundances,
ere log(O/Ar). Then SNe Ia start erupting and subsequent
enerations of stars are formed from ISM with decreasing
-abundances as metallicity, here 12 + log(Ar/H), is further
ncreased. Lower mass galaxies, that are less efficient at star-
ormation, produce massive stars relatively slowly, that in-
urn limits the enrichment of the ISM with CCSNe to lower
etallicities allowing SNe Ia to start erupting when the ISM
as lower metallicity and thus the decrease in α-abundances
ets-in at these lower metallicities. Such a mass-dependent
hemical enrichment mechanism had previously been invoked
o explain the observed lower [ α/Fe] at given [Fe/H] for the
equences traces by stars in the Magellanic clouds and other
warf MW satellite galaxies when compared with sequences
raced by stars in the more massive MW. We thus find that
ifferences in star-formation efficiency in galaxies leads to
ifferences in supernova enrichment, deciphered either from
bundances of stars within a galaxy (as illustrated in Fig. 7 for
he MW & M31) or from an ensemble of SFGs as shown in
his work. This results in mass-dependent chemical enrichment
equences for SFGs in the log(O/Ar) versus 12 + log(Ar/H)
lane. 
Given the direct O & Ar abundances determined for 11 SFGs
t z ∼1.3–7.7 observed with JWST /NIRSPEC and Keck/MOSFIRE
S. Bhattacharya et al. 2025 ), MW-like self-regulated chemical
nrichment sequences and their underlying CCSNe and SNe Ia
nterplay dominated mechanisms, shown here to be prevalent
n ensembles of SFGs out to z ∼0.3, may be in place as early as
 ∼1.3–4 (see also fig. 4 [left] in S. Bhattacharya et al. 2025 , also
howing the higher and lower mass sequences shown in Fig. 7 ).
he same mechanisms may be at play at even higher redshift
alaxies ( z ∼3.3–7.7) but in conjunction with intermittent star-
ormation, although additional non-standard sources of chemical
nrichment may also have influence at such redshifts (S. Bhat-
acharya et al. 2025 ). 
While the SDSS survey is limited to relatively metal-poor

significantly sub-solar; see Fig. 7 ) and relatively bursty and
ower mass SFGs for such an analysis, upcoming large ground-
ased spectroscopic surveys (e.g. the Prime Focus Spectrograph
alaxy evolution survey at Subaru; J. Greene et al. 2022 ) should
ake it possible to build-up a large sample of SFGs, cover-
ng a wider parameter space of metallicity, mass and sSFR,
ith direct determinations of O & Ar abundances from auroral
ine-flux measurements. The log(O/Ar) versus 12 + log(Ar/H)
lane thus offers a new diagnostic window for constrain-
ng galaxy chemical enrichment mechanisms for a wide ar-
ay of SFGs with diverse properties, covering a wide range of 
edshifts. 
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rellano-Córdova K. Z. et al., 2024, ApJ , 968, 98 
rnaboldi M. et al., 2022, A&A , 666, A109 
ensby T. , Feltzing S., Oey M. S., 2014, A&A , 562, A71 
hattacharya S. , 2025, in Bonifacio P., Cioni M.-R., Hammer F., 
Pawloswki M. S., Taibi S., eds, Proc. IAU Symp. 379, Dynamical
Masses of Local Group Galaxies. Cambridge University Press, Cam- 
bridge, p. 92 

hattacharya S. , Kobayashi C., 2026, MNRAS , 548, stag545 
hattacharya S. , Arnaboldi M., Hartke J., Gerhard O., Comte V., Mc- 
Connachie A., Caldwell N., 2019a, A&A , 624, A132 

hattacharya S. et al., 2019b, A&A , 631, A56 
hattacharya S. , Arnaboldi M., Gerhard O., McConnachie A., Caldwell 
N., Hartke J., Freeman K. C., 2021, A&A , 647, A130 

hattacharya S. et al., 2022, MNRAS , 517, 2343 
hattacharya S. , ArnaboldiM., Hammer F., YangY., GerhardO., Caldwell 
N., Freeman K. C., 2023, MNRAS , 522, 6010 

hattacharya S. , Arnaboldi M., Gerhard O., Kobayashi C., Saha K., 2025,
ApJ , 983, L30 

rinchmann J. , Charlot S., White S. D. M., Tremonti C., Kauffmann G.,
Heckman T., Brinkmann J., 2004, MNRAS , 351, 1151 

ardelli J. A. , Clayton G. C., Mathis J. S., 1989, ApJ , 345, 245 
ataldi E. et al., 2025, preprint ( arXiv:2504.03839 ) 
urti M. , Mannucci F., Cresci G., Maiolino R., 2020, MNRAS , 491, 944 
dvardsson B. , Andersen J., Gustafsson B., Lambert D. L., Nissen P. E.,
Tomkin J., 1993, A&A, 275, 101 

steban C. , Bresolin F., García-Rojas J., Toribio San Cipriano L., 2020,
MNRAS , 491, 2137 

steban C. et al., 2025, A&A , 697, A61 
erland G. J. et al., 2013, RMxAA , 49, 137 
uhrmann K. , 1998, A&A, 338, 161 
reene J. , Bezanson R., Ouchi M., Silverman J., the PFS Galaxy Evolution
Working Group , 2022, preprint ( arXiv:2206.14908 ) 

ayden M. R. et al., 2015, ApJ , 808, 132 
odice E. et al., 2019, A&A , 627, A136 
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PPENDIX  A:  IMPACT  OF  UTILIZING  FIBER  

ERSUS  TOTAL  SPECIFIC  STAR  FORMATION  

ATE  

epending on the observed size of a galaxy, the 3 arcsec diameter 
DSS fiber placed at the centre of each galaxy may not cover
ts entire luminous body. Given the chemical inhomogeneity of 
FGs (e.g. R. Maiolino & F. Mannucci 2019 ), the O & Ar abun-
ances would only reflect the stellar population properties of 
he region spanned by the SDSS fiber in such a scenario. We
hus utilize the determined sSFRFIB value (available as part of 
he MPA-JHU catalogue; computed from both SFR and stellar 
ass estimated within the fiber diameter) for our analysis rather 
han the sSFRTOT value that is averaged over the entire galaxy. 
urthermore, as shown in Fig. A1 , only a small number of very
ow-z SFGs with direct O & Ar abundances have large difference
etween log(sSFRFIB ) and log(sSFRTOT ), up to−1 . 7 [yr−1 ], with a 
ast majority of these SFGs having a difference < 0 . 3 [yr−1 ]. This
ifference is lower for our sample of SFGs with direct abundances
han for the full sample of SFGs surveyed by SDSS (Fig. A1 ), a
otential consequence of our selection of lower mass SFGs. 
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M

Figure A1. The difference between log(sSFRTOT ) from log(sSFRFIB ) as 
a function of redshift for all SFGs out to z ∼0.3 from the MPA-JHU SDSS 
catalogue (grey) and those with direct O & Ar abundances determined 
(cyan). 
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For our analysis, we can conservatively consider only those
FGs that have log(sSFRTOT )–log(sSFRFIB ) between−0 . 3 and 0.3
yr−1 ]. Such a selection will result in 2480 SFGs from our sam-
le of 3306 SFGs with direct abundances determined, excluding
rimarily lower mass low log(sSFRFIB ) SFGs. We found that even
ith such a conservative selection that excludes ∼25 per cent of 
ur sample, the mass dependent trends in the O/Ar versus Ar
bundance plane are clearly seen for all sSFR bins (as in Fig. 6 )
NRAS 549, 1–10 (2026)

igure B1. Stellar massversus total SFR for all SFGs out to z ∼0.3 from the M
 & Ar abundances (cyan), separated in bins of log(sSFRFIB ). The dashed blue
enzini & Y.-j. Peng ( 2015 ). 
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ut with fewer SFGs (especially lower mass ones) present in the
ower sSFR bins. Thus, the analysis and results of this work
emain valid even if sSFRTOT is used instead of sSFRFIB , or if 
nly SFGs with low log(sSFRTOT )–log(sSFRFIB ) are conservatively
elected. 

PPENDIX  B:  STAR-FORMING  MAIN  

EQUENCE  

he star-forming main sequence (SFMS) of galaxies refers to
he tight correlation between stellar mass and log(SFRTOT ) ob-
erved for SFGs (e.g. K. G. Noeske et al. 2007 ; P. Popesso et al.
019 ). As the exact correlation depends on the selection of SFGs
hat may vary for different surveys, A. Renzini & Y.-j. Peng
 2015 ) computed an objective equation to define the SFMS from
DSS DR7 SFGs to faciliate comparison between different sur-
ey results. Fig. B1 shows the distribution of all SFGs out to
 ∼0.3 from the MPA-JHU SDSS catalogue, as well as the SFGs
ith direct O & Ar abundances in the different log(sSFRFIB )
ins utilized in this work, along with the objective SFMS from
. Renzini & Y.-j. Peng ( 2015 ). Its clear that for the highest
og(sSFRFIB ) bin, SFGs are more strongly star-forming than the
bjective SFMS at any given mass. As we go to lower and
ower log(sSFRFIB ) bins, the SFGs distribute closer and closer
o the objective SFMS. For all log(sSFRFIB ) bins, the distribu-
ion of SFGs with direct O & Ar abundances in the log( M∗)
ersus log(SFRTOT ) plane are consistent with that of the full 
ample. 
PA-JHU SDSS catalogue (grey) and those with direct determination of 
 line marks the objective definition of the main sequence of SFGs by A. 
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