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A B S T R A C T 

We present determinations of the gas-phase and stellar metallicities of a sample of 65 star-forming galaxies at z � 3 . 5 using 

rest-frame far -ultra violet (FUV) spectroscopy from the VANDELS surv e y in combination with follow-up rest-frame optical 
spectroscopy from VLT /KMOS and Keck/MOSFIRE. We infer gas-phase oxygen abundances ( Z g ; tracing O/H) via strong optical 
nebular lines and stellar iron abundances ( Z � ; tracing Fe/H) from full spectral fitting to the FUV continuum. Our sample spans the 
stellar mass range 8 . 5 < log ( M � / M �) < 10 . 5 and shows clear evidence for both a stellar and gas-phase mass-metallicity relation 

(MZR). We find that our O and Fe abundance estimates both exhibit a similar mass-dependence, such that Fe / H ∝ M 
0 . 30 ±0 . 11 
� 

and O / H ∝ M 
0 . 32 ±0 . 09 
� . At fixed M � we find that, relative to their solar values, O abundances are systematically larger than Fe 

abundances (i.e. α-enhancement). We estimate an average enhancement of (O / Fe) = 2 . 65 ± 0 . 16 × (O / Fe) � which appears to 

be independent of M � . We employ analytic chemical evolution models to place a constraint on the strength of galactic-level 
outflows via the mass-outflow factor ( η). We show that outflow efficiencies that scale as η ∝ M 

−0 . 32 
� can simultaneously explain 

the functional form of of the stellar and gas-phase MZR, as well as the degree of α-enhancement at fixed Fe/H. Our results add 

further evidence to support a picture in which α-enhanced abundance ratios are ubiquitous in high-redshift star-forming galaxies, 
as expected for young systems whose interstellar medium is primarily enriched by core-collapse supernovae. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: high redshift. 
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 INTRODUCTION  

he secular processes that go v ern the growth of galaxies are dictated
y an o v erarching cosmic baryon c ycle, which encompasses the infall
f gas into galaxies, its collapse into and processing by stars, and
ts release via outflo ws dri ven by stellar and active galactic nuclei
AGN) feedback. The metal enrichment of gas and stars in galaxies
s intrinsically linked to each of these processes, and therefore the
ombination of galaxy metallicities with measurements of galaxy
roperties, such as stellar mass, provides a powerful tool for studying
he evolution and growth of galaxies (Maiolino & Mannucci 2019 ;
 ́eroux & Howk 2020 ). 
The gas-phase abundance of oxygen relative to hydrogen (O/H) is

he most common proxy for galaxy metallicity because oxygen dom-
 E-mail: t.stanton@ed.ac.uk 
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nates the elemental mass distribution and can be readily constrained
rom rest-frame optical spectra (K e wley, Nicholls & Sutherland
019 ). At high redshifts, oxygen abundances are usually inferred
rom nebular emission line ratios that have been calibrated against
irect T e method abundances (e.g. Maiolino & Mannucci 2019 ).
here are a variety of these calibrations, each of which is sensitive

o different metallicity regimes and subject to their own systematic
ncertainties (e.g. Curti et al. 2017 ; Bian, K e wley & Dopita 2018 ;
24 ). Even in the local Universe these systematics are large [up to 0.7
ex in log(O/H); e.g. K e wley & Ellison 2008 ; Arellano-C ́ordova &
odr ́ıguez 2020 ], and the situation is compounded at high redshift
here significant samples of direct abundances (needed to derive

obust empirical calibrations) are only now becoming available with
WST observations (e.g. S24 ). 

Ho we ver, relati ve abundances deri ved from a given calibration at
 given redshift are presumed to be reliable (K e wley et al. 2019 )
nd, across the literature, gas-phase metallicities ( Z g ) have been
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0002-0827-9769
http://orcid.org/0000-0002-3736-476X
http://orcid.org/0000-0002-2644-3518
http://orcid.org/0000-0003-0629-8074
http://orcid.org/0000-0001-5758-1000
http://orcid.org/0000-0003-1641-6185
http://orcid.org/0000-0002-1482-5818
http://orcid.org/0000-0002-7622-0208
http://orcid.org/0000-0001-6763-5551
http://orcid.org/0000-0003-4368-3326
http://orcid.org/0000-0003-4792-9119
http://orcid.org/0000-0002-6867-1244
http://orcid.org/0000-0001-8426-1141
mailto:t.stanton@ed.ac.uk
https://creativecommons.org/licenses/by/4.0/


Stellar and gas-phase metallicities at z � 3 . 5 3103 

m  

e  

o  

(
h
e  

m
t  

e  

2  

M
t  

g

i  

p
c  

e  

t
t
d
O
(  

s  

q
t  

h  

(  

C  

s  

P

w
n
y  

2  

r
o
c
p
(
K
p
s
t
p  

a
s
K

t
p
b  

o
u
h

 

r  

I
e
B  

e  

t  

s  

i
c  

h
r

g
o  

f
e  

(  

2
c  

2

a
a  

V
y
r
e
l  

c
G  

2
 

w  

2
w  

c  

s
b
F  

2  

a
n  

s  

o  

d  

(  

a  

d
d  

s
c

 

o  

t

d  

w  

z  

f  

d
e

a  

c  

1  

=  

�

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3102/7712488 by U
C

LA C
ollege Library user on 22 Septem

ber 2024
easured from the local Universe out to redshifts z ∼ 10 (e.g. Curti
t al. 2023 ). At all redshifts, a tight correlation between gas-phase
xygen abundance and galaxy stellar mass ( M � ) has been confirmed
i.e. the mass–metallicity relationship, MZR) such that galaxies at 
igher masses exhibit higher gas-phase metallicities (e.g. Tremonti 
t al. 2004 ; Andrews & Martini 2013 ; Curti et al. 2020 ). Furthermore,
ultiple studies have shown that the MZR evolves with redshift, such 

hat at fixed stellar mass galaxies at higher redshifts are less oxygen
nriched (e.g. Savaglio et al. 2005 ; Cullen et al. 2014 ; Troncoso et al.
014 ; Sanders et al. 2021 ; Li et al. 2023 ). While the existence of the
ZR is robustly established, fully characterizing and understanding 

he shape and evolution of the MZR with cosmic time remains a key
oal in observational astrophysics. 
An alternative tracer of the metal content of high-redshift galax- 

es is the abundance of iron (Fe/H), which can be derived from
hotospheric line blanketing in the rest-frame far -ultra violet (FUV) 
ontinuum (e.g. Leitherer et al. 2010 ; Steidel et al. 2016 ; Cullen
t al. 2019 ). The rest-frame FUV traces young, massive, O- and B-
ype stars, and FUV-based stellar metallicities reflect the Fe/H of 
he interstellar medium (ISM) from which they formed, permitting a 
irect comparison between the Fe/H of these stars and the gas-phase 
/H derived the rest-frame optical nebular spectra. Steidel et al. 

 2016 ) introduced a no v el method for deriving stellar Fe/H from full
pectra fitting to rest-frame FUV spectra, and this method has subse-
uently been developed to robustly determine stellar metallicities up 
o z � 3 . 5 (e.g. Cullen et al. 2019 ). A number of independent studies
ave now confirmed the existence of the stellar MZR at z � 2 − 3 . 5
e.g. Cullen et al. 2019 ; Calabr ̀o et al. 2021 ; Kashino et al. 2022 ;
hartab et al. 2024 ) with a shape similar to the local relation, but

howing an evolution to lower metallicity (e.g. Gallazzi et al. 2005 ;
anter et al. 2008 ; Zahid et al. 2017 ). 
Combining rest-frame FUV and rest-frame optical spectroscopy 

ith the aforementioned methodologies, it is possible to simulta- 
eously determine both O/H and Fe/H in star-forming galaxies, 
ielding an estimate of the O/Fe abundance ratio (e.g. Steidel et al.
016 ; Topping et al. 2020a , b ; Cullen et al. 2021 ). The O/Fe
atio is sensitive to star-formation time-scales due to the fact that 
xygen (and α-elements in general) are produced primarily by core- 
ollapse supernovae (CCSNe) over short time-scales, whereas Fe 
eak elements are released by both CCSNe and Type-Ia supernovae 
SNIa) probing longer time-scales (e.g. Maoz & Mannucci 2012 ; 
obayashi, Karakas & Lugaro 2020 ). Determining O/Fe therefore 
rovides insight on the relative contributions of CCSNe and SNIa, 
uch that galaxies exhibiting super-solar O/Fe ratios (often referred 
o more generally as α-enhancement) display chemical enrichment 
atterns dominated by the yields of CCSNe. As such, a number of
uthors have highlighted a connection between O/Fe ratios and the 
pecific star-formation rate of galaxies (e.g. Matthee & Schaye 2018 ; 
ashino et al. 2022 ; Chru ́sli ́nska et al. 2024 ). 
Additionally, chemical evolution models predict that the elemen- 

al abundance ratios are sensitive to various macroscopic galaxy 
rocesses, such as outflow and star-formation efficiencies (e.g. Wein- 
er g, Andrews & Freudenbur g 2017 ). As a result, the combination
f absolute (e.g. Fe/H) and relative (e.g. O/Fe) abundances can be 
sed to explore variations in outflow properties and star-formation 
istories across the galaxy population. 
Moreo v er, as discussed in Topping et al. ( 2020a ), an Fe deficit

elative to O also offers a natural explanation for the evolution in
SM conditions at high redshift, as indicated, for example, by the 
volution in classic line ratio diagnostic diagrams (e.g. the [N II] 
PT, Steidel et al. 2014 ; Shapley et al. 2019 ; the [S II] BPT, Shapley
t al. 2019 ; [Ne III] emission-line diagrams, Jeong et al. 2020 ; and
he [O I] BPT, Clarke et al. 2023 ). For α-enhanced galaxies, the
tellar ionizing spectrum at fixed O abundance is harder, as lower
ron abundance leads to less metal-line blanketing in the ionizing 
ontinuum at < 912 Å. Accurate nebular modelling of galaxies at
igh redshift therefore requires robust estimates of the typical O/Fe 
atio as a function of galaxy properties. 

The number of studies exploring O/Fe ratios in high redshift 
alaxies ( z � 2 − 4 ) has continued to grow since the pioneering work 
f Steidel et al. ( 2016 ). To date, all works find ubiquitous evidence
or α-enhanced abundance ratios in the range � 2 − 5 × (O / Fe) �
ither via estimates of O and Fe abundances for the same sources
e.g. Topping et al. 2020a , b ; Cullen et al. 2021 ; Chartab et al.
024 ) or indirect approaches (such as photoionization modeling or 
omparison of different sources; Sanders et al. 2020 ; Strom et al.
022 ; Kashino et al. 2022 ). 
These direct galaxy estimates of α-enhancement are in good 

greement with the signal measured in high-redshift Damped Ly α
bosrption line systems (e.g. Cooke et al. 2011 ; De Cia et al. 2016 ;
elichko et al. 2024 ). These results corroborate expectations that 
oung star-forming galaxies at high redshift are α-enhanced and 
eflect the dominance of CCSNe in star-forming galaxies at these 
pochs (Maiolino & Mannucci 2019 ). Interestingly, the estimated 
evel of α-enhancement at these redshifts has been shown to be
onsistent with stellar archaeological measurements of 10 − 12 
yr old stellar populations in the Milky Way (MW; Cullen et al.
021 ). 
Ho we ver, despite this progress, the number of individual galaxies

ith O/Fe estimates is still relatively small (e.g. Topping et al.
020a , b ), and explorations of the variation of α-enhancement 
ith global galaxy properties have been limited. In this work, we

ompile a sample of 65 star-forming galaxies at 3 . 0 < z < 3 . 8 with
imultaneous deep rest-frame optical spectroscopy [from VLT /K- 
and Multi-Object Spectrograph (KMOS) and Keck/MOSFIRE] and 
UV spectroscopy (from the VANDELS surv e y; McLure et al.
018 ; Pentericci et al. 2018 ; Garilli et al. 2021 ) to determine O
nd Fe abundances for both individual and composite spectra. Our 
e w analysis follo ws on from Cullen et al. ( 2021 ) who used a
ample of 33 galaxies at z � 3 . 5 to determine an average degree
f α-enhancement of (O / Fe) � 2 . 5 × (O / Fe) �. In this paper, we
ouble the sample size and expand on the analysis in Cullen et al.
 2021 ) by improving constraints on the gas-phase and stellar MZR
t z = 3 . 5, as well as the variation of O/Fe with stellar mass. We also
emonstrate how our combination of absolute and relative abundance 
eterminations enables us to place no v el constraints on the mass
caling of large-scale galactic outflows via comparison with analytic 
hemical evolution models. 

The structure of this paper is as follows. In Section 2 , we discuss
ur sample selection and the primary spectroscopic data sets used in
his work. 

Section 3 describes the methodologies that we have employed to 
etermine the abundances of O and Fe from the spectra. In Section 4
e present our determinations of the gas-phase and stellar MZRs at
 � 3 . 5, along with our inferred measurements of the O/Fe ratios
or our sample. We then present constraints on the stellar mass
ependence of galactic-scale outflows using analytical chemical 
volution models. Our conclusions are summarized in Section 6 . 

Throughout this work, metallicities are quoted relative to a solar 
bundance value taken from Asplund et al. ( 2009 ), which has a bulk
omposition by mass of Z ∗ = 0 . 0142 and relates the widely-used
2 + log(O/H) scale to the Z g scale via the expression 12 + log(O / H)
 log( Z g ) + 8.69. We assume the following cosmology: �M = 0 . 3,
� = 0 . 7, and H 0 = 70 kms −1 Mpc −1 . 
MNRAS 532, 3102–3119 (2024) 



3104 T. M. Stanton et al. 

M

2

O  

i  

f  

s  

r  

s  

o  

K  

d  

h  

P  

t  

p  

o

2

S  

s  

p  

g  

2  

C  

e  

1  

a  

p  

8  

V  

0  

a  

a
 

s  

Å  

p  

a  

C  

o  

i  

d

2

F  

I  

f  

K  

t
b  

a  

e  

a  

i  

w  

V  

t  

t  

K

2

T  

I  

t  

o

2

T  

V  

r  

H  

a  

fl  

P  

o  

w  

n  

o  

p  

z  

r  

t  

n  

r  

m  

S  

w  

w

2

K  

(  

o  

u  

a  

d  

w  

2  

c  

r  

o  

g  

r  

s  

p
 

w  

e  

o  

o  

o  

o  

o  

o  

c  

i  

c  

i  

g

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3102/7712488 by U
C

LA C
ollege Library user on 22 Septem

ber 2024
 DATA  AND  SAMPLE  PROPERTIES  

ur analysis is based on Keck/MOSFIRE and VL T /KMOS near -
nfrared (near-IR) spectroscopic follow-up of galaxies selected
rom the VANDELS surv e y (McLure et al. 2018 ). The VANDELS
pectroscop y (tak en with the VLT /VIMOS spectrograph) provides
est-frame FUV spectra for each galaxy while the near-IR
pectroscopy traces the rest-frame optical. For � 50 per cent
f our final galaxy sample we obtained near-IR follow-up with
eck/MOSFIRE and these observations have been previously
escribed in detail in Cullen et al. ( 2021 ). The new data presented
ere consist of 40 h of VLT /KMOS observations (ID:108.21Z5.001;
I: Cullen) obtained between October 2021 and February 2023. In

he following, we describe each of these data sets in turn, with a
articular focus on the selection and reduction of the new KMOS
bservations used in this paper. 

.1 The VANDELS sample 

tar-forming galaxies at z � 3 . 5, observed as part of the VANDELS
urv e y, form the basis of our analysis. VANDELS was an ESO/ VLT
ublic spectroscopic surv e y conducted with the VIMOS spectro-
raph (McLure et al. 2018 ; Pentericci et al. 2018 ; Garilli et al.
021 ). VANDELS targets were selected from regions centred on the
ANDELS CDFS and UDS fields (Grogin et al. 2011 ; Koekemoer
t al. 2011 ) in three categories: (i) massive passive galaxies at
 . 0 ≤ z ≤ 2 . 5, (ii) bright star-forming galaxies at 2 . 4 ≤ z ≤ 5 . 5
nd (iii) fainter star-forming galaxies at 3 . 0 ≤ z ≤ 7 . 0, with the
rimary focus being star-forming galaxies at z > 2 . 4 (comprising
5 per cent of all targets). All observations were obtained using the
IMOS medium resolution grism co v ering the wav elength range
 . 48 μm < λobs < 1 . 0 μm at a median resolution of R = 580 (with 1
rcsec slits) and a dispersion of 2.5 Å per pixel. The median seeing
cross all observations was 0.7 arcsec. 

In our redshift range of interest (3 . 0 < z < 3 . 8) the VANDELS
pectra co v er the rest-frame wavelength range 1000 Å < λ < 2000
. The depth of the VANDELS observations (median 40 h integration
er galaxy) enables stellar Fe/H to be derived for both individual
nd composite spectra of galaxies (e.g. Cullen et al. 2019 , 2021 ;
alabr ̀o et al. 2021 ) as we describe in Section 3.2 . Full descriptions
f the VANDELS surv e y design and target selection can be found
n McLure et al. ( 2018 ), and observations and data reduction are
escribed Pentericci et al. ( 2018 ) and Garilli et al. ( 2021 ). 

.2 MOSFIRE obser v ations 

or 33 galaxies in our final sample, we obtained rest-frame near-
R spectroscopic follow-up with the Multi-Object Spectrometer
or Infrared Exploration (MOSFIRE; McLean et al. 2012 ) on the
eck I telescope. We observed the VANDELS-selected targets in

he redshift range 3 . 0 < z < 3 . 8 with the Keck/MOSFIRE H and K 

ands in order to target the [O II] λλ3726 , 3729, [Ne III] λ3870, H β,
nd [O III] λ5007 nebular emission lines necessary to derive O/H
stimates in the ionized gas. Observations were conducted using
 slit width of 0.7 arcsec, yielding a spectral resolution of 3650
n H and 3600 in K . The median seeing across all observations
as 0.5 arcsec. Despite the narrower MOSFIRE slits compared to
IMOS, the impro v ed seeing for the MOSFIRE observations means

hat both observations probe comparable intrinsic regions in our
arget galaxies. Full details of the selection and properties of the
eck/MOSFIRE sample are given in Cullen et al. ( 2021 ). 
NRAS 532, 3102–3119 (2024) 
.3 KMOS obser v ations 

he new observations presented here consist of additional near-
R follow-up of VANDELS targets at 3 . 0 < z < 3 . 8 obtained with
he KMOS on the VLT . Below we describe the sample selection,
bservations, and data reduction for this sample. 

.3.1 Sample selection 

he initial targets for VLT /KMOS observations were drawn from the
ANDELS DR3 catalogue and selected to have: (i) a redshift in the

ange 3 . 0 ≤ z ≤ 3 . 8 (so that the [O II] λλ3726 , 3729, [Ne III] λ3870,
 β, and [O III] λλ4959 , 5007 optical nebular emission lines were

ccessible to the KMOS H K grating) and (ii) a redshift quality
ag z flag ≥ 2 [e.g. a redshift flag 2, 3, 4, 9, or 14, as defined in
entericci et al. ( 2018 ), corresponding to a ≥ 70 per cent probability
f the redshift being correct]. From this sample, the highest priority
as given to targets according to following criteria: (i) a signal-to-
oise ratio (SNR) per resolution element in the VANDELS spectrum
f ≥ 3 (to maximize the number of targets for which it would be
ossible to measure individual Fe/H); (ii) a redshift quality flag of
 flag = 3 or 4 (corresponding to a ≥ 95 per cent probability of the
edshift being correct; Pentericci et al. 2018 ); (iii) a redshift such
hat the [O II] λλ3726 , 3729, H β, and [O III] λλ4959 , 5007 optical
ebular emission lines were predicted to fall on relatively sky-free
egions of the KMOS H K grating, and (iv) an estimated stellar
ass of ≥ 10 9 M � (to ensure optimal SNR of the optical lines; see
ection 2.5.2 for details on the stellar mass estimates). These criteria
ere imposed to maximize the number of individual galaxies for
hich Fe/H and O/H could be estimated. 

.3.2 Observations and data reduction 

MOS is a near-IR spectrograph consisting of 24 integral field units
IFUs) operating simultaneously within a 7.2 arcmin circular field-
f-view (FoV). Each IFU has a 2.8 arcsec × 2.8 arcsec FoV and a
niform spatial sampling of 0.2 arcsec × 0.2 arcsec. The 24 IFUs
re fed into three separate detectors with eight IFUs assigned per
etector. Across our multiple observing runs (see Table 1 ) one IFU
as continuously out of commission meaning that we only observed
3 sources per pointing. We observed in the KMOS H K-band
o v ering the wav elength range 1 . 48 μm − 2 . 44 μm with a spectral
esolution of R = 1985 at band centre. A total of two pointings were
bserved, with 20 IFUs per pointing assigned to VANDELS-selected
alaxies (described abo v e) and three IFUs per pointing assigned to
eference stars (one reference star per detector). These reference
tars were used to correct for small detector-dependent shifts in the
osition of targets between exposures (as described below). 
For all objects we adopted an object-sky-object nodding strategy

ith 300s per exposure (or observing block, OB) and dithered the
 xposures for sk y sampling and subtraction. The resulting maximum
n-source integration time per object was 10 h. Across the full
bserving run, various IFUs periodically malfunctioned and were
ut of commission on a given night, resulting in a nonuniform
bserving time across all objects in the sample. We also remo v ed
bservations taken during poor seeing conditions ( > 0 . 8 arcsec) or
bjects for which the shifts between OBs could not be accurately
alibrated using the reference star. In practice, 94 per cent of the OBs
n pointing 1 were usable. Ho we ver, due to significant disruption
aused by out-of-commission pickoff arms, only 40 per cent of OBs
n pointing 2 were used. Details of our VLT /KMOS observations are
iven in Table 1 . 
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Table 1. Summary of the VLT /KMOS observations. 

Pointing Dates observed RA Dec N gal Exposure time Median full width at half-maximum seeing 
(J2000) (J2000) (min) (arcsec) 

p1 Oct −Dec 2021 03:32:54.9 -27:44:42.2 20 566.6 0.56 
p2 Dec 2021 −Feb 2022/Sept 2022 −Feb 2023 03:32:47.2 -27:54:45.7 20 266.6 0.57 
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We reduced the raw data to produce three-dimensional science and 
rror spectra using the ESOREX-KMOS pipeline (v 4.0.4) described 
n Davies et al. ( 2013 ). For a given IFU, the pipeline extracts the
aw image and performs dark and flatfield corrections, illumination 
orrections, and wavelength calibrations. The pipeline then combines 
ll the reduced images corresponding to the given IFU to form a
nal datacube. To further impro v e the quality of the data reduction,
e implemented two routines in addition to the standard pipeline 

outines. First, each OB was combined using a custom algorithm 

hat accounts for small shifts in the positions of targets between each
xposure. These small shifts (on average � 3 pixels for the usable
Bs) are detector-dependent and were calculated using the position 
f the bright references stars in each pointing. Second, to derive 
 more accurate estimate of the sky background, we masked the 
ositions of the nebular emission lines in the datacubes (following 
tott et al. 2016 ) and subtracted the combined median sky cube from
ll of our final datacubes. The generation of the final datacubes was
un in two passes: first without sky subtraction to produce initial 
atacubes from which accurate KMOS spectroscopic redshifts could 
e measured, and then with sky subtraction using the measured 
edshifts. Finally, the data cubes were reconstructed on a spatial 
cale of 0.1 arcsec × 0.1 arcsec. 

For the analysis in this paper, we focus on galaxy-integrated 
MOS spectra. To generate the galaxy-integrated one-dimensional 

pectra, we summed the flux within 1 arcsec diameter apertures 
entred on the peak of the [O III] λ5007 emission. An aperture size
f 1 arcsec was found to be a good compromise between sampling as
uch of the galaxy as possible while also maximizing the signal-to-

oise in the extracted spectra (see also Hayden-Pawson et al. 2022 ).
It is worth noting that the chosen aperture size should not introduce

trong biases in the derived metallicities since galaxies at z > 3 are
xpected to have flat metallicity gradients (e.g. Curti et al. 2020 ;
enturi et al. 2024 ). Crucially, a 1 arcsec aperture size matches the
ANDELS aperture size, ensuring that we are probing the same 

egions of our galaxies in the rest-frame optical as in the rest-frame
UV. An example of a slice through one datacube at the position of

he [O III] λ5007 line with the associated extraction aperture is shown
n Fig. 1 . We also show the resulting 1D spectra in the region of the
O II] λλ3726 , 3729, [Ne III] λ3870, H β, and [O III] λλ4959 , 5007
mission lines. 

We e v aluated the accuracy of the flux calibration of the final
D spectra by comparing the integrated flux of the reference stars
o photometry from the 3D-HST catalogues (Skelton et al. 2014 ; 

omche v a et al. 2016 ) in matched apertures. We found good
greement with offsets of < 10 per cent averaged across the six
eference stars. 

.4 Final galaxy sample 

he final VLT /KMOS sample analysed in this paper consists of 32 / 40
f the targeted galaxies co v ering the redshift range 3 . 0 < z < 3 . 7.
e excluded 7 / 40 galaxies that lacked a clear ( > 3 σ ) emission

ine detection required for accurately determining a redshift. An 
dditional galaxy was excluded due to lacking spectral coverage 
f the [O II] λλ3726 , 3729 feature required for our abundance de-
erminations. All galaxy spectra were visually inspected to exclude 
bvious AGN. We found no galaxies that exhibited extremely broad 
mission features or high ionization emission features. We also ruled 
ut the presence of significant AGN ionization based on their mid-
R spectral energy distribution (SED) shapes and X-ray properties 
McLure et al. 2018 ). An example galaxy from the sample (KVS-
08) is shown in Fig. 1 , and the general properties of the KMOS
ample are summarized in Table 2 . 

In addition to the new VLT /KMOS sample, we also include the
3 galaxies from the Keck/MOSFIRE sample described in Cullen 
t al. ( 2021 ). As described belo w, the methodology for deri ving
ey physical parameters (e.g. stellar mass, O/H, Fe/H) is the same
etween the two samples and therefore, unless explicitly stated, we 
ake estimates of these parameters directly from Cullen et al. ( 2021 ;
ee their table 2). 

Combined, our full sample consists of 65 galaxies in the redshift
ange 2 . 95 < z < 3 . 80 (median z = 3 . 5). Each galaxy has both rest-
rame optical and rest-frame FUV spectra, from which we infer O/H
nd Fe/H, respectively (see Section 3 ). In the instance of being unable
o infer either quantity for a given galaxy, the known spectroscopic
edshift permits inclusion into the generation of composite spectra 
see Section 2.6 ). All galaxies are selected from the VANDELS
pectroscopic surv e y. As described in a number of previous studies,
he star-forming galaxies in the VANDELS surv e y are consistent
ith typical ‘main-sequence’ galaxies (e.g. McLure et al. 2018 ; 
ullen et al. 2021 ; Garilli et al. 2021 ) and we hav e v erified that

his is also case for the combined sample presented here. Our final
ample can therefore be considered representative of normal star- 
orming galaxies at z � 3 . 5 within the mass range of our sample (see
ection 2.5 ). 

.5 Measurements and deri v ed quantities 

n the following, we describe our measurements of global galaxy 
roperties (e.g. stellar mass, star-formation rate (SFR)) and emission 
ine fluxes for the galaxies in our VLT /KMOS sample. The method-
logy adopted here closely follows the methodology described in 
ullen et al. ( 2021 ) for the Keck/MOSFIRE observations. 

.5.1 Rest-frame optical emission line fluxes and redshifts 

est-frame emission line fluxes were measured by fitting Gaussian 
rofiles to the 1D science spectra extracted from the final datacubes.
or each individual line in a given galaxy spectrum, we isolated

he expected position of the feature using the systemic redshift, 
ithin which we applied a Bayesian model fitting algorithm to fit
 Gaussian profile characterized by an amplitude, width, and line 
entroid. All of the fitted line profiles were visually inspected, and
he best-fitting fluxes, full width at half-maximums, and centroids 
ere determined by taking the median of the resulting posterior 
istributions, with uncertainty bounds taken as the 16 th and 84 th 

ercentiles. The [O II] λλ3726 , 3729 emission line doublet was
lended at the resolution of our observations, and so for these lines
MNRAS 532, 3102–3119 (2024) 
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Figure 1. An example galaxy from our VANDELS plus VLT /KMOS sample. The left-hand panels shows a 2D slice through the KMOS datacube centred on 
the wavelength of the [O III] λ5007 emission line for the galaxy KVS-208 ( z = 3 . 188; Table 2 ). The dashed circle represents the 1 arcsecond diameter aperture 
used to extract the galaxy integrated spectra selected to match to the extraction for the VANDELS spectra. The top two panels in the upper right-hand side show 

two regions from the extracted KMOS spectrum centred on the [O II] λλ3726 , 3729, [Ne III] λ3870, H β, and [O III] λλ4959 , 5007 emission lines used to derived 
gas-phase O/H (see Section 3.1 ). The black line shows the extracted spectrum and the red line shows the best-fitting model assuming Gaussian line profiles 
and a flat continuum (see Section 2.5 for details of the emission-line fitting). The lower right-hand panel shows the rest-frame FUV VANDELS spectrum for 
this object. The VANDELS spectrum is shown in black and the associated error spectrum in grey. The positions of nebular FUV emission lines are marked by 
vertical dashed lines. The best fitting Starburst99 stellar population model from which we estimate the stellar Fe/H is shown in red (see Section 3.2 for details 
of the FUV continuum fitting). 
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wo Gaussian profiles of equal widths were fitted simultaneously. An
xample fit to the galaxy KVS-208 is shown in Fig. 1 . Within our 1
rcsec apertures, our data exhibit a median 2 σ line flux sensitivity of
 2 × 10 −18 erg s −1 cm 

−2 Å−1 . 
For one galaxy in our sample (KVS-248), the observed emission

ines exhibited broad wings, and thus were better described by
tting a combination of a broad and narrow Gaussian profiles
entred at the same wa velength, b ut with differing velocity widths.
he FUV VANDELS spectrum of this galaxy contained no high

onization emission lines indicating AGN activity, and as such
he broad features are attributable to outflows, and the narrow
eatures to the nebular emission of the galaxy. For this galaxy,
e used only the narrow nebular feature flux measurements in our

nalysis. 

.5.2 Stellar masses and star-formation rates 

o estimate stellar masses and star-formation rates, we utilized
he multiwavelength photometry from the VANDELS photometric
atalogues (McLure et al. 2018 ). At the typical redshift of the
LT /KMOS sample ( z � 3 . 5), the emission line fluxes of the

O II] λλ3726 , 3729, H β and [O III] λλ4959 , 5007 features will con-
aminate the broadband photometry in the H - and K- bands (Cullen
t al. 2021 ). As the VANDELS photometry was derived using 2
rcsec diameter apertures, we first scaled our 1 arcsec KMOS line
uxes using the average ratio of 2:1 arcsec flux derived from the
eference star data. 1 As discussed in the following, we find that
NRAS 532, 3102–3119 (2024) 

 We note that galaxies are not point sources and will exhibit different scaling 
actors when using variable aperture sizes. To verify our chosen approach, 
e measured [O III] line fluxes from our galaxies in 1 and 2 arcsec apertures. 
eassuringly, we find an equi v alent average scaling factor from this approach. 

2

e
fi
f
t
l

his average correction yields excellent consistency between SED-
erived SFRs and SFRs estimated from the dust-corrected H β line
ux. For each galaxy, we constructed a model emission-line spectrum
ased on our line fits, which were then integrated over the appropriate
lter profiles. The VANDELS photometry was then adjusted by
ubtracting these resulting integrated fluxes. In the H -band, the
orrections ranged from −0 . 23 < 	H / mag < 0 . 0 with a median
orrection of 	H = −0 . 06 mag , while corrections in the K-band
anged from −1 . 63 < 	K/ mag < 0 . 0 with a median correction
f 	K = −0 . 21 mag . These corrections are consistent with the
mission line corrections found for the Keck/MOSFIRE sample
escribed in Cullen et al. ( 2021 ) who report median corrections
f 	H = −0 . 07 mag and 	K = −0 . 35 mag . 
The emission line-corrected photometry was modelled using

 0:sc 〉 FAST+ + 〈 /0:sc 〉 (Schreiber et al. 2018 ), a modified SED
tting code based on the original FAST software (Kriek et al. 2009 ).
ollowing Cullen et al. ( 2021 ), we used the Conroy, Gunn & White
 2009 ) flexible stellar population synthesis models, assuming solar
etallicities, 2 a Chabrier ( 2003 ) initial mass function (IMF), constant

tar-formation histories and the Calzetti et al. ( 2000 ) dust attenuation
urve. These SED-fitting parameters were chosen to ensure full
onsistency between this work and Cullen et al. ( 2021 ), as well
s with the stellar -to-neb ular dust correction calibration derived
y Sanders et al. ( 2021 ; see Section 2.5.3 below). The final fits
ielded an estimate of galaxy stellar mass ( M � ), star-formation rate
SFR SED ) and a model of the underlying stellar continuum. Using
 While we will show in our subsequent analysis (Section 4 ) that our galaxies 
xhibit O abundances of 0 . 2 − 0 . 7 Z � and Fe abundances of 0 . 1 − 0 . 3 Z �, 
tting the broadband photometry with solar metallicity models is required 
or consistency with the Sanders et al. ( 2021 ) E(B-V) neb calibration [Sec- 
ion 2.5.3 ; equation ( 1 )] which we use to dust correct our nebular emission 
ine flues in the absence of a direct Balmer decrement measurements. 

https://github.com/cschreib/fastpp
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Table 2. Redshift, mass, gas-phase, and stellar metallicity measurements for 
the KMOS sample utilizing the B18 calibration scheme and the S99 stellar 
population models. 

Name ID z spec log ( M � /M �) log ( Z g /Z �) log ( Z � /Z �) 

KVS-006 002584 3.367 9 .84 – −0 . 30 + 0 . 07 
−0 . 05 

KVS-009 237255 3.472 9 .60 – –

KVS-014 001280 3.082 9 .68 – –

KVS-055 105702 3.085 10 .26 −0 . 06 + 0 . 05 
−0 . 06 −0 . 67 + 0 . 06 

−0 . 06 

KVS-067 235637 3.082 8 .97 −0 . 18 + 0 . 07 
−0 . 08 –

KVS-070 027049 3.250 9 .04 – –

KVS-075 012786 3.348 9 .36 −0 . 31 + 0 . 08 
−0 . 08 –

KVS-082 230755 3.185 8 .90 −0 . 23 + 0 . 08 
−0 . 08 –

KVS-085 101998 3.193 9 .83 −0 . 32 + 0 . 07 
−0 . 09 −0 . 93 + 0 . 09 

−0 . 07 

KVS-087 005891 3.081 9 .35 – −0 . 64 + 0 . 06 
−0 . 06 

KVS-093 016368 3.423 9 .34 – –

KVS-100 003496 3.031 9 .35 −0 . 47 + 0 . 08 
−0 . 08 –

KVS-101 027379 3.591 9 .54 – –

KVS-131 014729 3.607 10 .03 −0 . 46 + 0 . 08 
−0 . 09 –

KVS-141 002312 3.470 9 .63 −0 . 31 + 0 . 09 
−0 . 09 –

KVS-150 103010 3.462 9 .57 −0 . 39 + 0 . 08 
−0 . 09 –

KVS-156 019593 3.426 9 .58 – −0 . 71 + 0 . 08 
−0 . 08 

KVS-202 130840 3.182 10 .26 −0 . 01 + 0 . 05 
−0 . 06 –

KVS-204 132586 3.472 9 .17 −0 . 42 + 0 . 09 
−0 . 10 −0 . 61 + 0 . 06 

−0 . 06 

KVS-208 228618 3.188 9 .51 −0 . 37 + 0 . 07 
−0 . 08 −0 . 98 + 0 . 03 

−0 . 03 

KVS-215 207213 3.386 9 .20 – –

KVS-220 232419 3.424 10 .44 – –

KVS-227 017345 3.611 9 .10 −0 . 43 + 0 . 07 
−0 . 08 −1 . 06 + 0 . 04 

−0 . 04 

KVS-248 231194 3.078 9 .53 −0 . 25 + 0 . 06 
−0 . 06 −0 . 61 + 0 . 07 

−0 . 06 

KVS-266 208053 3.089 8 .97 – –

KVS-298 106745 3.465 9 .46 −0 . 41 + 0 . 08 
−0 . 09 –

KVS-312 101861 3.239 9 .53 −0 . 41 + 0 . 08 
−0 . 08 −0 . 83 + 0 . 04 

−0 . 03 

KVS-340 232407 3.411 9 .27 −0 . 42 + 0 . 07 
−0 . 08 –

KVS-361 018915 3.605 9 .98 −0 . 31 + 0 . 08 
−0 . 09 –

KVS-391 131717 3.071 9 .68 −0 . 23 + 0 . 06 
−0 . 06 −0 . 94 + 0 . 04 

−0 . 05 

KVS-414 004151 3.651 9 .11 −0 . 52 + 0 . 12 
−0 . 13 –

KVS-423 234108 3.341 9 .55 −0 . 50 + 0 . 07 
−0 . 08 –

For each galaxy, we also provide the corresponding VANDELS ID. 
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he best-fitting stellar continuum models we corrected our measured 
 β flux values for the effect of underlying stellar absorption. This

orrection resulted in a median increase of 2.8 per cent to our H β

ux measurements. 

.5.3 Dust-correcting nebular emission line fluxes 

ccurate measurements of the gas-phase oxygen abundance require 
orrecting the observed line fluxes for nebular dust attenuation. Con- 
entionally, these corrections are made directly using measurements 
f the Balmer decrement (H α/H β). Ho we ver, our observ ations
acked spectral co v erage of the H α feature. As an alternative, we used
he calibration between stellar reddening ( E(B-V) stellar ), SFR SED , 
edshift and nebular reddening ( E(B-V) neb ) derived by Sanders et al. 
 2021 ), 

(B-V) neb = E(B-V) stellar − 0 . 604 

+ 0 . 538 × [ log ( SFR SED ) − 0 . 20 × ( z − 2 . 3)] . (1) 
his calibration was derived from observations of galaxies at z � 2 . 3
sing measurements of E(B-V) neb from the Balmer decrement 
nd E(B-V) stellar from SED fitting (using the same SED fitting 
ssumptions described abo v e). The resulting calibration provides 
n unbiased estimate of E(B-V) neb with an intrinsic scatter of 0.23 
agnitudes. In 2/32 galaxies, both H γ and H β were detected 

llowing E(B-V) neb to be measured from the H γ /H β ratio. The 
easured E(B-V) neb are consistent with the E(B-V) neb derived 

rom equation ( 1 ). Based on the estimated E(B-V) neb values from
quation ( 1 ) we corrected our observed emission line fluxes assuming
 Cardelli, Clayton & Mathis ( 1989 ) extinction curve. 3 

The self-consistency of our nebular and stellar dust corrections 
as verified by deriving star formation rates from the dust-corrected 
 β line fluxes and comparing to SFR SED . We converted the 
ust-corrected H β fluxes (scaled to 2 arcsec diameter apertures) 
nto estimates of the intrinsic H α line flux assuming a ratio of
 α/H β = 2.86, and derived star formation rates using the Hao

t al. ( 2011 ) H α-SFR conversion modified for a Chabrier ( 2003 )
MF. The H β-derived SFRs are compared with SFR SED in Fig. 2
nd show excellent agreement. The average offset between the two 
stimates is 0 . 06 ± 0 . 09 dex, where the error in the offset is derived
rom the median absolute deviation ( σ = 1 . 4826 × MAD ). 

Reassuringly, the SFRs derived from SED fitting and from 

 βe xhibit e xcellent consistenc y, highlighting the self-consistenc y
f our stellar and nebular dust correction. Fig. 2 also demonstrates
hat the VLT /KMOS and Keck/MOSFIRE samples exhibit an indis- 
inguishable trend, indicating that our analysis is consistent with that 
f Cullen et al. ( 2021 ). 
The final redshift, stellar mass, and star-formation rate distribu- 

ions of the complete sample are shown in Fig. 3 . 

.6 Composite spectra 

f the 32 galaxies in the VLT /KMOS sample, we were able to
etermine individual gas-phase metallicities for 21 / 32 and stellar 
etallicities for 11 / 32, with 8 / 32 galaxies having determinations of

oth. (see Table 2 and Section 3 below). In order to fully leverage the
ntire sample, we therefore employed spectral stacking techniques. 
n Section 4 , we present the results of splitting the sample into two
ins split at the median mass of 10 9 . 53 M �. To stack the spectra,
e converted each spectrum into luminosity density units using 

ts spectroscopic redshift and correct for nebular dust attenuation 
sing its E(B-V) neb and the Cardelli et al. ( 1989 ) extinction law.
ach spectrum was normalized using its [O III] λ5007 luminosity to
revent biasing the composites in fa v our of the brightest objects, and
hen re-sampled onto a common rest-frame wavelength grid with a 
pectral sampling of 1 Å per pixel. The final stacked spectrum was
enerated by applying a 3 σ clipping and taking the median value at
ach wavelength, and the associated error spectrum was calculated 
ia bootstrap resampling. 
For the Keck/MOSFIRE galaxies, we adopt the sample selection 

nd stack sizes described in Cullen et al. ( 2021 ). As described in
ullen et al. ( 2021 ), 5 / 33 galaxies were remo v ed from the stacking

ample due to the lack of spectral co v erage of the H β line, and
wo stacks were generated from the remaining 28 galaxies split at
he median mass of 10 9 . 4 M �. The stacks were generated using an
dentical methodology to the VLT /KMOS composites. 
MNRAS 532, 3102–3119 (2024) 



3108 T. M. Stanton et al. 

M

Figure 2. A comparison between the star-formation ratess derived using the 
emission-line corrected photometry and those derived from dust-corrected 
H β line fluxes using the Hao et al. ( 2011 ) SFR conversion. The dotted black 
line represents the 1:1 relation. Galaxies from our VLT /KMOS sample (green 
circles) are in good agreement with the trend seen for the Keck/MOSFIRE 

sample presented in Cullen et al. ( 2021 ; blue triangles). Overall, we see 
excellent agreement between our SFR SED and SFR H β estimates. We find an 
average offset between our SED derived SFRs and our H β derived SFRs of 
0 . 06 ± 0 . 09 dex from the 1:1 line indicating that our stellar and nebular dust 
correction are fully self-consistent. 
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As the emission features in the composite spectra were not
ecessarily well described by Gaussian profiles, we measured the
ntegrated line fluxes via direct integration after subtracting any
ocal continuum. To infer uncertainties on line fluxes, we perturbed
he composite spectrum by its associated error spectrum 500 times
NRAS 532, 3102–3119 (2024) 

igure 3. Plots showing, from left to right, the redshift, stellar mass, and star-fo
blue) samples. The combined sample has an average redshift of z � 3 . 5, an a
og(SFR / M �yr −1 ) = 1 . 4 ± 0 . 5. In all three panels, it can be seen that the distrib
onsistent with the entire VANDELS DR4 3 . 0 < z < 3 . 8 star-forming sample sh
han the median SFR of the VANDELS sample ( log(SFR / M �yr −1 ) = 1 . 2 ± 0 . 4). 
ANDELS star-forming galaxies and therefore representative of normal, main-sequ
nd re-measured the line flux es. F or each line, the resulting flux and
ncertainty were taken as the median and 68th percentile width of the
esulting distribution of measurements. To correct for stellar absorp-
ion in the H β line, we multiplied the measured H β line fluxes by
he median correction factor for the individual galaxies ( � ×1 . 028).
he properties of the composites are summarized in Table 3 . 
For the generation of the VANDELS stacks we followed a

imilar procedure except that in this case we normalized each
ndividual spectrum by the median flux within the wavelength
indow 1420 ≤ λrest ≤ 1480. We also do not explicitly correct

or dust attenuation when constructing the VANDELS stacks as
he attenuation is accounted for in the stellar metallicity fitting

ethodology described in Section 3.2 . Each individual spectrum
as resampled onto a common rest-frame wavelength grid between
200 and 2000 Å with a spectral sampling of 1 Å. The final stacked
pectrum was generated by applying a 3 σ clipping and taking the
edian value at each wavelength, and the associated error spectrum
as calculated via bootstrap resampling. 

 DETERMINING  GAS-PHASE  AND  STELLAR  

ETALLICITIES  

he primary focus of this study is the determination of the gas-
hase metallicities ( Z g , tracing O/H) and stellar metallicities ( Z � ,
racing Fe/H) as a function of galaxy stellar mass for our sample.
or the remainder of the paper we will primarily use the notation Z g 

nd Z � when referring to the respective metallicity estimates. In the
ollowing section, we describe in detail how each of these properties
as measured from the spectroscopic data. 

.1 Determination of gas-phase metallicity 

e estimated Z g using ratios of the strong nebular emission lines
easured from the rest-frame optical spectra, employing a variety of

mpirical strong-line calibrations. As discussed abo v e, our H - and
-band spectroscopic observations co v er the [O II] λλ3726 , 3729,
rmation rate distributions for the VLT /KMOS (green) and Keck/MOSFIRE 

verage stellar mass of log ( M � / M �) = 9 . 5 ± 0 . 5 and an average SFR of 
utions for both samples are comparable. Moreo v er, these distributions are 
own in black, though the median SFR of our sample is marginally higher 
The comparison highlights the fact that our sample is consistent with typical 
ence, star-forming galaxies at z � 3 . 5 (McLure et al. 2018 ). 
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ollege Library user on 22 Septem

ber 2024



Stellar and gas-phase metallicities at z � 3 . 5 3109 

Table 3. Properties of the low- M � and high- M � composite spectra from the VLT /KMOS sample, utilizing the B18 calibrations and S99 SPS models. 

Stack Mass Range Median log ( M � /M �) log([O III] /H β) log([O III] /[O II] ) log(([O III] + [O II] )/H β) log ( Z g /Z �) log ( Z � /Z �) 

Low- M � 8.9 − 9.53 9.23 0 . 78 ± 0 . 15 0 . 54 ± 0 . 09 1 . 02 ± 0 . 15 −0 . 46 ± 0 . 05 −0 . 95 ± 0 . 05 

High- M � 9.53 − 10.44 9.68 0 . 57 ± 0 . 09 0 . 36 ± 0 . 07 0 . 85 ± 0 . 08 −0 . 32 ± 0 . 04 −0 . 77 ± 0 . 08 

We hav e e xcluded [Ne III] /[O II] due to neither composite yielding a significant detection of [Ne III] λ3870. The same information for the low- and high- M � 

composite spectra from the Keck/MOSFIRE sample are given in table 1 of Cullen et al. ( 2021 ). 
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Ne III] λ3870, H β and [O III] λλ4959 , 5007 emission lines, which
ermit the use of the following line ratio diagnostics: 

(i) O32 = [O III] λλ4959 , 5007/[O II] λλ3726 , 3729 
(ii) O3 = [O III] λ5007/H β

(iii) O2 = [O II] λλ3726 , 3729/H β

(iv) R23 = ([O III] λλ4959 , 5007 + [O II] λλ3726 , 3729)/H β

(v) Ne3O2 = [Ne III] λ3870/[O II] λλ3726 , 3729 

To estimate Z g from these ratios, we follow the methodology 
escribed in Cullen et al. ( 2021 ) and use the empirical calibrations of
ian et al. ( 2018 ; hereafter B18 ) as our primary calibration set.
hese calibrations are based on local analogues of high-redshift 
alaxies. We have additionally implemented the calibrations of Curti 
t al. ( 2020 ; hereafter C20 ) to which we added the new Ne3O2
ine ratio calibration from Curti et al. ( 2023 ), derived from galaxies
rom SDSS. Finally, we also implemented the calibration scheme 
f Sanders et al. ( 2024 ; hereafter S24 ), which are derived from
arly JWST measurements of auroral lines to determine direct O/H 

easurements of galaxies from 2 ≤ z ≤ 9. As Cullen et al. ( 2021 )
nly report B18 -based oxygen abundances for the Keck/MOSFIRE 

ample, we have calculated O/H for the Keck/MOSFIRE sample 
sing these additional calibration schemes. The oxygen abundances 
orresponding to these alternative calibration schemes are reported 
n Table A1 . 

F or a giv en calibration scheme, we calculated the following χ2 

quation: 

2 ( x) = 

∑ 

i 

( R obs ,i − R cal ,i ( x)) 2 (
σ 2 

obs ,i + σ 2 
cal ,i 

) , (2) 

here the sum o v er i represents the abo v e set line ratios,
 = 12 + log ( O/H ) , 4 R obs ,i is the logarithm of the ith line ratio, R cal ,i 

redicted value of R obs ,i at x, and σcal ,i and σobs ,i are the uncertainties 
n the calibration and measured line ratio respectively. We converted 
quation ( 2 ) into a likelihood function ( ∝ e −χ2 / 2 ) which was then
aximized o v er x using the Bayesian nested sampling package 

YNESTY (Speagle 2020 ) assuming a uniform prior across the range 
 . 7 ≤ 12 + log ( O / H ) ≤ 9 . 0 ( � 0 . 01 − 2 Z �). The final metallicity
 as tak en to be the median of the resulting metallicity posterior
istribution, with the 1 σ uncertainty derived from the 68th percentile 
idth of the posterior probability distribution. The resulting best- 
tting 12 + log ( O / H ) was converted to a gas-phase metallicity using
2 + log ( O/H ) = log ( Z g / Z �) + 8 . 69. 
We note that our assumed prior extends beyond the for- 
al range of the B18 , C20 , and S24 calibrations, which

re 7 . 8 ≤ 12 + log ( O/H ) ≤ 8 . 4 , 7 . 6 ≤ 12 + log ( O/H ) ≤ 8 . 9 , and 
 . 4 ≤ 12 + log ( O/H ) ≤ 8 . 3 , respectiv ely. These e xtrapolations were 
ecessary because for some objects, the observed line ratios fell 
 x = 12 + log ( O/H ) − 8 . 0 for the S24 calibration. 

5

a
i

utside of the range of the calibrations. For the B18 and C20 calibra-
ions, the number of such cases were low. For the B18 calibration,
/41 individual galaxies fell into the extrapolated metallicity range; 
o we ver, all of the composites estimates fell within the original range.
or C20 calibration, all of the individual galaxies and composite fell
ithin the defined metallicity range. The S24 calibrations yielded 

he largest number of best-fit metallicities beyond the formal range 
17/41), ho we ver all of the composites were consistent with the
riginal range within � 2 σ . 
Because our main results are based primarily on the composite 

pectra, these extrapolations do not affect our main conclusions. 
F or a giv en object, not all emission lines were significantly

etected ( > 3 σ ). We determined that the minimum requirement
or a robust metallicity estimate was significant detections of the 
O III] λ5007 and [O II] λλ3726 , 3729 features, since the O 32 ratio is
eeded to break the de generac y of the double-valued O 3 calibration.
e 3 O 2 is also a monotonic ratio and thus could be used alone to infer
etallicity (Shapley et al. 2017 ), but due to the weaker line strength

f [Ne III] λ3870 we found that there were no instances in which this
as the only available line ratio. 
For our VLT /KMOS sample, 11 / 32 galaxies were fit using all

ine ratios, 9 / 32 galaxies were fit using all excluding Ne3O2 ,
nd 1 / 32 galaxies were fit using only O 32 ; 11 / 32 galaxies do not
ave individual metallicity determinations due to the lack of a 
ignificant estimate of the O 32 ratio. For both the low- and high-
 � composite spectra, we found that all lines except for [Ne III]
ere significantly detected. Consequently, the composite spectra did 
ot have accurate estimates of Ne3O2 , and were fit using all other
vailable ratios. The resulting gas-phase metallicity measurements 
or the individual and composite spectra can be found in Tables 2
nd 3 , respectively. Incorporating the estimates from the Cullen et al.
 2021 ) Keck/MOSFIRE sample adds an additional 21 individual 
alaxies and 2 composite spectra with Z g estimates. In total therefore
ur sample contains 42 galaxies with individual Z g estimates and four
 g estimates from composite spectra binned by stellar mass. 

.2 Determination of stellar metallicity 

e estimated Z � from the VANDELS rest-frame FUV spectra 
ollowing the methodology described in Cullen et al. ( 2019 , 2021 ).

ithin the wavelength range λ = 1221 − 2000 Å, SPS models were
t to the full spectrum, masking out regions defined by Steidel et al.
 2016 ) as containing nebular emission and ISM emission/absorption 
eatures. 

As our fiducial model for the FUV spectral fitting we use the
tarburst99 (S99; Leitherer et al. 1999 , 2010 ). We assumed constant
tar-formation o v er time-scales of 100 Myr, 5 and generated models
MNRAS 532, 3102–3119 (2024) 

 We note that this choice of star-formation time-scale is somewhat arbitrary 
s the FUV SEDs reach an equilibrium after a few ×10 7 yr (see the discussion 
n Topping et al. 2020b ). 
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Figure 4. The gas-phase metallicities (red, tracing O/H) and stellar metallic- 
ities (blue, tracing Fe/H) for the VLT /KMOS (circles) and Keck/MOSFIRE 

galaxies (triangles; Cullen et al. 2021 ) as a function of stellar mass. The 
individual galaxy determinations are shown by unfilled data points whilst the 
composite determinations are shown by the filled and outlined data points. 
The best fitting gas-phase and stellar MZRs (MZR g and MZR � ) are shown by 
red and blue solid lines, respectively. 1 σ uncertainties on each relationship are 
shown by shaded regions in their respectiv e colours. F or comparison, we plot 
literature relations at similar redshifts: the black dashed lines shows the MZR g 

from Sanders et al. ( 2021 ) and the black dot–dashed line shows the MZR � 

from Cullen et al. ( 2019 ). The solar metallicity value (i.e. log ( Z � / Z �) = 0 . 0) 
is marked by the horizontal grey dashed line. 
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dopting the weaker-wind Gene v a tracks with single-star evolution
nd no stellar rotation. Five models were generated with metallicities
f Z � = (0 . 001 , 0 . 002 , 0 . 008 , 0 . 014 , 0 . 040), which were then con-
olved to match the dispersion of the VANDELS spectra (2.5 Å) and
esampled onto a grid of 1 Å per pixel. In order to properly populate
he Z � parameter space, we constructed models of intermediate

etallicities by interpolating between models of known metallicity.
o constrain the o v erall continuum shape of the observed spectra,
e additionally fit for dust attenuation using the FUV attenuation

urve parametrization of Salim, Boquien & Lee ( 2018 ; following
oll et al. 2009 ), which utilizes three parameters A V , δ and B that

haracterize the normalization, slope and UV bump strength of the
ust attenuation curve respectively. Full details of the model fitting
nd examples are given in Cullen et al. ( 2019 , 2021 ). 

In addition to our fiducial model we also constructed S99 models
ncluding the effect of stellar rotation in order to assess the level
f systematic uncertainty arising from SPS model choices. The iron
bundances corresponding to the models including stellar rotation
an be found in Table A1 . We chose not to employ the Binary
opulation and Stellar Synthesis (BPASS) models (v2.2.1 Stanway &
ldridge 2018 ), though Cullen et al. ( 2019 ) explored the effect of
ubstituting the S99 models for BPASS, finding that iron abundances
ere reduced by ∼ 0 . 1 dex. Although the newer subset of BPASS
odels (Byrne et al. 2022 ) include α enhancement, it is not accounted

or in the spectra of O/B type stars (Chartab et al. 2024 ). For our
urposes of fitting the FUV, these newer models are essentially
nchanged from BPASS v2.2.1. 
We used the PYTHON package DYNESTY to fit the spectral models

nd dust attenuation profile to the FUV spectra. We used a log-
ikelihood function of the form, 

ln ( L ) = K − 1 

2 

∑ 

i 

[
( f i − f ( θ ) i ) 2 

σ 2 
i 

]
= K − 1 

2 
χ2 , (3) 

here K is a constant, f is the observed flux, f ( θ ) is the model flux
iven a set of parameters θ , and σ is the error on the observed flux. We
um the likelihood o v er all of the pixels in the spectra corresponding
o the stellar continuum, using ‘mask 1’ from Steidel et al. ( 2016 ) to
 xclude wav elength pix els contaminated by ISM absorption and/or
ebular emission lines. For each parameter, the final value was taken
s the 50th percentile of the posterior probability distribution, and
he 1 σ uncertainties were taken as the 68 percentile width. Based on
he results of Topping et al. ( 2020b ), we do not report Z � estimates
or individual spectra with a SNR of < 5 . 6 per resolution element
hich, as well as being poorly constrained, are also likely to return
iased Z � estimates. 
From the VLT /KMOS sample, 11 / 32 galaxies yielded robust

ndividual estimates of Z � , as well as both of the low- and high- M � 

omposite spectra. The results of the individual and composite fitting
or the VLT /KMOS galaxies can be found in Tables 2 and 3 , respec-
iv ely. F or consistenc y, we also re-fit the individual and composite
alaxy spectra from the Cullen et al. ( 2021 ) Keck/MOSFIRE sample,
ielding a further six individual Z � estimates. In total therefore our
ample contains 17 galaxies within individual Z � estimates and four
 � estimates from composite spectra binned by stellar mass. 

 THE  STELLAR  AND  GAS-PHASE  MZRS  

he aim of this work is to constrain the mass-metallicity scaling
elations for O/H (tracing the gas phase, Z g ) and Fe/H (tracing
assive stars, Z � ) of our sample, and to investigate the typical O/Fe

atio at z � 3 . 5. In this section, we summarize our findings regarding
oth gas-phase and stellar MZRs (shown in Fig. 4 ) and draw
NRAS 532, 3102–3119 (2024) 
omparisons with relations from the literature (Fig. 5 ). Subsequently,
or galaxies with simultaneous determinations of both O/H and Fe/H,
e e v aluate O/Fe in order to ascertain the degree of α-enhancement
resent in our sample, as well as evidence for any dependence on
tellar mass (Fig. 6 ). 

.1 The gas-phase MZR 

n Fig 4 , we show the gas-phase MZR (hereafter MZR g ) for our full
ample assuming our fiducial strong line calibration scheme ( B18 ). It
an be seen that for both individual galaxies and composite spectra,
e find a clear trend between Z g and M � , such that gas-phase O/H

ncreases with increasing stellar mass. Fitting a linear relation in
og-log space to the composite data yields a relationship of the form, 

log ( Z g / Z �) = (0 . 32 ± 0 . 09) m 10 − (0 . 23 ± 0 . 05) , (4) 

here m 10 = log ( M � / 10 10 M �). This relation is in excellent agree-
ent with the z � 3 . 3 MZR g of Sanders et al. ( 2021 ) and Cullen

t al. ( 2021 ), which infer a slope and normalization of 0 . 29 ± 0 . 02
nd −0 . 28 ± 0 . 03, respectively (also using the calibration of B18 ). 

As can be seen from Fig. 5 , the slope of the z = 3 . 5 relation is
onsistent with the low mass slope (below M � � 10 10 M �) of the
 ∼ 0 relations of Sanders et al. ( 2021 ) and Andrews & Martini
 2013 ; the latter based on a direct T e -based determination). This
omparison implies an approximately constant offset of � 0 . 3 dex
n log ( Z g ) (i.e. a factor 2 in O/H) between z = 0 and z = 3 . 5 in
he stellar mass range M � = 10 8 . 5 − 10 10 . 5 M �. At z = 3 . 5, we find
hat the oxygen abundance across this stellar mass range varies from
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Figure 5. A comparison between the gas-phase (left-hand panel) and stellar (right-hand panel) MZRps of this work and other literature relations at z = 0 and 
z � 2 − 3. Our fiducial relations (from Fig. 4 ) are plotted as solid black lines in each panel. In the left-hand panel we show the MZR g determined from our 
sample using the C20 and S24 calibrations as the black dot–dashed and black dashed lines, respectively. Various other literature relations are shown at z = 3 . 5 
and z = 0, as indicated in the legend (see text for discussion). Despite systematic differences, the gas-phase O abundances at z = 3 . 5 typically fall within the 
range � 20 − 70 per cent solar across the stellar-mass range of our sample, a factor � 2 × lower than local galaxies of the same stellar mass. In the right-hand 
panel, we show our fiducial MZR � along with the relation derived using S99 models including stellar rotation (black dashed line). We show various other 
literature relations at z � 2 − 3 and z = 0, as indicated in the legend. Again, despite some differences, the high-redshift stellar Fe abundances typically fall 
within the range � 5 − 30 per cent solar, in this case a factor � 4 − 5 × lower than local galaxies of the same stellar mass. 

Figure 6. The O/Fe enhancement in our full z � 3 . 5 star-forming galaxy sample. In all panels, galaxies from our VLT /KMOS sample are shown as green 
circles, and galaxies from our Keck/MOSFIRE sample are shown as blue triangles. The filled data points represent v alues deri ved from composite spectra, and 
the unfilled data points show individual galaxy determinations. The left-hand panel shows the Z g / Z � (tracing O) versus Z � / Z � (tracing Fe) relation for our 
sample. The three black lines denote constant ratios from 1 × to 5 × the solar O/Fe value (see legend). Our sample lies consistently abo v e the 1:1 line, consistent 
with an average enhancement of 〈 O / Fe 〉 = 2 . 65 ± 0 . 16 (O / Fe) �, as shown by the solid black line (with the grey shaded region highlighting the 68 per cent 
confidence interval). The centre panel shows the [O/Fe] versus M � relation for our sample. We find that [O/Fe] is not strongly stellar mass-dependent in the range 
10 9 < M � / M � < 10 10 . In the right-hand panels we show the position of our sample in the [O/Fe] versus [Fe/H] diagram (see text for definitions) compared 
to the model evolutionary sequence for the MW taken from Kobayashi et al. ( 2020 ; dot–dashed line). The galaxies in our sample o v erlap with the knee of the 
Kobayashi et al. ( 2020 ) relation, indicating similarities between our high-redshift systems and the expected chemical evolution of MW-like galaxies. 

0  

m  

a  

s  

t
o  

t
 

o  

l
o  

h  

t
fi  

C
f  

c  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3102/7712488 by U
C

LA C
ollege Library user on 22 Septem

ber 2024
 . 2 − 0 . 7 Z �, with an average value of � 0 . 4 Z � at the median stellar
ass of our sample ( M � � 10 9 . 5 M �). At z = 0, the typical O/H

t the same stellar mass is � 0 . 8 Z �. Interestingly, these relations
uggest that star-forming galaxies within the first � 15 per cent of
he Universe’s history already contain roughly half the amount of 
xygen present in the ISM of local z = 0 star-forming galaxies with
he same stellar mass. 

In Fig. 5 we also show how the form of the MZR g for
ur z = 3 . 5 sample changes depending on the choice of strong-
ine calibration. For the S24 calibration, we measure a slope 
f 0 . 29 ± 0 . 13 consistent with our fiducial model, but offset to
igher metallicities with a normalization of −0 . 16 ± 0 . 07. For
he C20 calibrations, we measure a similar normalization to our 
ducial model ( −0 . 30 ± 0 . 03) but a shallower slope of 0 . 19 ± 0 . 07.
learly, subtle strong-line systematics are present, which we discuss 

urther belo w. Ne vertheless, the range of metallicities is fairly
onsistent, with O/H � 40 − 50 per cent solar of the solar value at
 � � 10 9 . 5 M �. 
MNRAS 532, 3102–3119 (2024) 
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We note that below M � � 10 9 M �, we currently lack data, and
he extrapolation of MZR g given by equation ( 4 ) is naturally highly
ncertain in this stellar mass regime. Indeed, recent JWST studies,
sing similar strong-line approaches, find evidence for a flattening of
he MZR g slope at M � � 10 9 M � (e.g. He et al. 2023 ; Li et al. 2023 ).
or the purposes of this work we restrict ourselves to the simple

inear form of the MZR g (in log-log space), noting that our results
re most robust in the stellar mass range M � � 10 9 − 10 10 M �. 

.2 The stellar MZR 

n Fig 4 , we also show the stellar MZR (hereafter MZR � ) for our full
ample assuming our fiducial S99 model. Despite fewer individual
 � constraints, both the individual galaxies and the composites again

ho w clear e vidence for a stellar MZR. Fitting to the composite data
ields a relationship of the form, 

log ( Z � / Z �) = (0 . 30 ± 0 . 11) m 10 − (0 . 68 ± 0 . 07) , (5) 

here m 10 = log ( M � / 10 10 M �). This relation is in excellent agree-
ent with the results presented Cullen et al. ( 2019 ), who mea-

ured a slope and normalization of 0 . 27 ± 0 . 06 and −0 . 68 ± 0 . 04,
espectively, based on fitting composite spectra generated from a
uch larger VANDELS sample ( � 700 individual galaxies) using
99 models (see also Cullen et al. 2021 ). Across the stellar mass
ange of our sample, we find that stellar Fe abundances vary from
 . 08 − 0 . 3 Z �, with a mean value of � 0 . 15 Z � at M � � 10 9 . 5 M �. 
From Fig. 5 it can again be seen that for M � � 10 10 M � the MZR � 

lope at z = 3 . 5 is consistent with the local Universe determination
ahid et al. ( 2017 ). Other local estimates (not shown) yield similar

esults (e.g. Gallazzi et al. 2005 ). As with the gas-phase relation,
e see an offset in the normalization of the MZR � , such that the
alaxy distribution evolves towards higher metallicity at fixed mass
t later times. Ho we ver, the e volution of stellar Fe abundances is
ore pronounced than gas-phase O abundances, increasing by � 0 . 6

ex (i.e. a factor of 4) between z = 3 . 5 and z = 0 (cf. a factor 2
or O/H). The reason for this is naturally explained by the fact that
alaxies at z = 3 . 5 are typically α-enhanced (i.e. Fe-deficient), as
e discuss in the following. 
We compare our results to other estimates of MZR � at z > 2 in

ig. 5 . We find good agreement between the slope of our relation at
 � � 10 10 M � and the relations of Kashino et al. ( 2022 ) at z � 2 . 2

slope = 0 . 32 ± 0 . 03) and Chartab et al. ( 2024 ) at z � 2 . 5 (slope
 0 . 32 ± 0 . 02). 6 Both Kashino et al. ( 2022 ) and Chartab et al. ( 2024 )

se a methodology similar to ours (i.e. full spectra fitting to rest-
rame FUV spectra) but use the BPASS SPS models and analyse
wo independent data sets: zCOSMOS (Lilly et al. 2007 ) and LATIS
Newman et al. 2020 ) respectively. We also find good agreement
ith the 2 < z < 5 relation of Calabr ̀o et al. ( 2021 ), who estimate

tellar metallicities using a subset rest-frame UV absorption features
or a sample of VANDELS galaxies. The consistency in the resulting

ZR � shape regardless of the stellar model choice and methodology
s therefore reassuring. The normalization of both z � 2 . 5 relations
s lower by � 0 . 12 dex compared to our fiducial relation, but this
an be reconciled by the fact that fitting with BPASS models is
nown to return a lower Z � by roughly 0.1 dex (e.g. Cullen et al.
019 ). We note that fitting with the S99 models including stellar
otation also yields lower estimates of Z � and reduces the difference
ith the BPASS estimates (Fig. 5 ). Nevertheless, across a variety of
NRAS 532, 3102–3119 (2024) 

 We note that Chartab et al. ( 2024 ) do not provide a linear fit to their data, so 
his value represents our own fit to their published data. 

z  

c  

K  

o  
odelling assumptions and data sets, a consistent pictures emerges
f galaxies at z � 2 − 3, with M � � 10 9 − 10 10 M � having stellar
e abundances of � 5 to 20 per cent of the solar value. Crucially, the
stimates all fall below the MZR g at the same redshift. 

.3 Enhanced O/Fe abundance ratios 

 comparison the MZR g and MZR � relations in Fig. 4 shows
hat the gas-phase relation (tracing O/H) is offset by � + 0 . 4 dex
ompared to the stellar relation (tracing Fe/H) across the full stellar
ass range. This offset represents direct evidence of enhanced O/Fe

atios (relative to the solar value) in star-forming galaxies at z = 3 . 5.
hroughout the discussion below (and the remainder of the paper),
e adopt the following definitions: 

Fe / H] = log(Fe / H) − log(Fe / H) �, (6) 

i.e. the Fe abundance relative to the solar value) and, 

O / Fe] = [O / H] − [Fe / H] , (7) 

i.e. the O/Fe ratio relative to the solar value). In the context of
his work, log ( Z � / Z �) is an estimate of [Fe/H] and log ( Z g /Z � ) is an
stimate of [O/Fe]. A value of [O / Fe] > 0 represents an enhancement
f O/Fe relative to the solar value (i.e. α-enhancement). 
We find that the low- and high-mass composites from the

L T /KMOS sample ha ve highly consistent [O/Fe] ratios of
 . 49 ± 0 . 07 and 0 . 45 ± 0 . 09 respectiv ely. F or the Keck/MOSFIRE
tacks of Cullen et al. ( 2021 ), we measure [O/Fe] values of
 . 35 ± 0 . 09 for the low-mass composite and 0 . 41 ± 0 . 09 for high-
ass composite. Each of these values is statistically significant at the
 4 σ level and also consistent with the inverse variance-weighted
ean value 0 . 5 ± 0 . 03 of the 12/65 individual galaxies with robust
/H and Fe/H abundances in our sample. In the left-hand panel of
ig. 6 we show a linear fit to our composites in the Z � - Z g plane, from
hich we derive a typical value of O / Fe = 2 . 65 ± 0 . 16 × ( O / Fe ) �

i.e. [O / Fe] = 0 . 42 ± 0 . 03). Our new constraint is in excellent
greement with the value of O / Fe = 2 . 57 ± 0 . 38 × ( O / Fe ) � derived
rom the Keck/MOSFIRE sample in Cullen et al. ( 2021 ), and reduces
he uncertainty on the degree of enhancement by a factor of ∼ 2.
verall, we find that our sample is ubiquitously α-enhanced. 
The consistent slopes of the MZR g and MZR � suggest no stellar-
ass dependence, which we show explicitly in the middle panel

f Fig 6 . In the stellar mass range M � = 10 9 − 10 10 M � we see no
vidence for a deviation from the full-sample average. At face value,
his result suggests that the same physical processes are responsible
or setting the shape of the low mass slope of the stellar and gas-phase

ZRs (namely large scale galactic outflows; e.g. Cullen et al. 2019 ,
anders et al. 2021 ), and that the typical star-formation histories
re similar for galaxies with M � = 10 9 M � and M � = 10 10 M �. We
iscuss the physical interpretation of our results in more detail
n Section 5 . It is worth noting, ho we ver, that this conclusion is
alibration-dependent. Applying the strong-line calibration of C20
ields a shallower MZR g (Fig. 5 ) such that lower-mass galaxies are
ore α-enhanced. In Fig. A1 and Appendix A we explore the extent

o which the choice of strong-line calibration affects the derived
alue of O/Fe. Crucially, whilst the degree of α-enhancement varies
cross the tested calibration schemes and SPS models, all cases yield
O/Fe] ratios enhanced by a factor of � 2 . 5. 

In the right-hand panel of Fig. 6 we show the location of our
 = 3 . 5 star-forming galaxies in the [O/Fe] versus [Fe/H] plane
ompared to the one-zone Galactic Chemical Evolution model of
obayashi et al. ( 2020 ). The Kobayashi et al. ( 2020 ) model is based
n an assumed MW-like star formation history (SFH) and is shown
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o match a variety of stellar archaeological data in the MW. For
ur fiducial strong-line calibration and SPS model assumptions, our 
ata provide a good match to the predicted evolution of MW-like 
 alaxies. The z = 3 . 5 g alaxies fall close to the ‘knee’ in the relation
t [Fe / H] � −1 . 0 (i.e. the point at which Fe enrichment from SN Ia
nitiates the transition to lower O/Fe). The consistency between our 
igh-redshift systems and the trend of MW stars represented by the 
obayashi et al. ( 2020 ) is encouraging. 
Our results are generally in good agreement with other works 

n the literature that have estimated O/Fe at z > 2 (e.g. Steidel
t al. 2016 ; Cullen et al. 2019 ; Topping et al. 2020a ; Kashino
t al. 2022 ; Strom et al. 2022 ; Chartab et al. 2024 ). Of the studies
hown in Fig. 5 , Kashino et al. ( 2022 ) and Strom et al. ( 2022 ) es-
imate O / Fe = 2 . 12 ± 0 . 54 × ( O / Fe ) � and O / Fe � 2 . 2 × ( O / Fe ) �
espectively; Chartab et al. ( 2024 ) measure an average enhancement 
f O / Fe � 3 . 7 ± 0 . 4 × ( O / Fe ) �. Steidel et al. ( 2016 ) and Topping 
t al. ( 2020a ) report larger values of up to 5 − 7 × ( O / Fe ) � but
rucially all studies agree that star-forming galaxies at z > 2 are
ommonly α-enhanced (generally, studies utilizing the BPASS SPS 

odels suggest lower [Fe/H] and hence larger [O/Fe]; Cullen et al. 
021 ). Combined, the results of all these studies suggest a picture
n which the ISM of star-forming galaxies at z > 2 is dominated by
CSNe enrichment. 

 CONSTRAINING  THE  MASS-DEPENDENCE  

F  GALAXY  OUTFLOWS  

revious studies have demonstrated how the power-law slope of 
he MZR (both stellar and gas-phase) below log ( M � ) � 10 . 5 can
e used to constrain the mass-dependence of galaxy-scale outflows 
e.g. Cullen et al. 2019 ; Sanders et al. 2021 ; Chartab et al. 2024 ). The
trength of galaxy-scale outflows is also predicted to affect the degree 
f α-enhancement in the ISM (e.g. Weinberg et al. 2017 , hereafter
17 ). In this section, we employ a chemical evolution model to

imultaneously interpret the scaling of O and Fe abundances with 
tellar mass as well as the typical O/Fe ratios in our sample. 

.1 An analytical chemical evolution model 

e employ the analytical one-zone chemical evolution model of W17 
hich incorporates a realistic delay time distribution (DTD) for Type- 

a SNe, allowing the evolution of iron-peak elements to be tracked 
eparately to α-elements. The models assume a constant (i.e. time- 
ndependent) star-formation efficiency ( SFE; SFE = Ṁ � /M gas ) in 
ccordance with the ‘linear Schmidt law’ and mass outflow rates are 
ssumed to scale with the star-formation rate, with the scaling factor 
escribed by the mass-loading factor ( η = Ṁ out / Ṁ � ). Therefore, the 
ccretion and loss of gas (i.e. the baryon cycle) as a function of
ime is defined by the SFH, the star formation efficiency (which we
haracterize by the gas depletion time-scale t dep = 1 / SFE ), and the
ass loading factor η. We adopt a linearly rising SFH to best match

he predicted SFH of star-forming galaxies (e.g. Reddy et al. 2012 ;
iesla, Elbaz & Fensch 2017 ), and use the t dep - M � scaling relation
f Tacconi et al. ( 2018 ) to set the star formation efficiency. 
Unless otherwise stated, we adopt the fiducial model parameters 

rom W17 . The Type-Ia DTD is exponentially declining with a 
inimum delay time of 0.15 Gyr and an e -folding time-scale of

.5 Gyr. We assume a Kroupa ( 2001 ) IMF, and the CCSNe yields of
hieffi & Limongi ( 2004 ) and Limongi & Chieffi ( 2006 ) in which
 . 5 M � of O and 0 . 12 M � of Fe are returned to the ISM for every
00 M � of star formation. The corresponding return of Fe from Type- 
a SNe is 0.17 M �. The model assumes that gas accretion from the
GM is pristine, that outflowing gas is of equal metallicity to the
etallicity of the star-forming ISM, and that enriched material from 

CSNe are instantaneously returned and mixed into the star-forming 
SM. The resulting time evolution of the abundances of O and Fe is
iven by equations 55 − 58 in W17 . 
Our aim is to explore whether, using this model, we can find a

imple scaling between η and M � that can simultaneously explain 
oth the stellar and gas-phase MZRs and the O/Fe ratios of our
ample. Both theory and observations support a scenario in which 
ower-mass galaxies exhibit higher η values compared to higher- 

ass g alaxies (i.e. g as is more efficiently ejected in lower mass
alaxies; Hayward & Hopkins 2017 ; Llerena et al. 2023 ). Ejection
s also more likely to occur at velocities greater than their respective
scape velocities, because momentum sources such as supernovae 
re more ef fecti ve in lo wer mass galaxies (Chisholm et al. 2017 ). We
mploy the simple scaling η = α( M � / 10 10 M �) β suggested by the 
IRE simulations (Muratov et al. 2015 ). This simple parametrization 
as been shown to ef fecti vely reproduce the power-law slope of the
ZR (e.g. Cullen et al. 2019 ). 
We also found that it was necessary to increase the CCSNe oxygen

ields to match the data. The default W17 yields result in a maximum
f [O / Fe] � 0 . 4 which falls below a number of our estimates (as well
s other [O/Fe] estimates at high-redshift; e.g. Steidel et al. 2016 ;
hartab et al. 2024 ). Evidence from stellar data suggests that [O / Fe]
an reach values up to � 0 . 6 (e.g. APOGEE DR17 abundances;
bdurro’uf et al. 2022 ). Alternative stellar yield estimates are also

onsistent with a [O / Fe] � 0 . 6 plateau (e.g. Nomoto et al. 2006 ;
obayashi et al. 2006 , 2020 ). Rather than fixing our yields using an
lternative prescription, we include a free parameter in our model 
hich scales the W17 CCSNe O yield, denoted f O CC . We note

hat the need to scale the oxygen yields is in part a consequence
f the underlying simplifying assumptions of the model, namely 
he assumption that inflowing gas is pristine and that outflows are
ot more enriched than the ISM. For example, including enriched 
nflo ws from pre vious cycles of star formation would increase the
egree of α-enhancement, as the composition of the reaccreted gas 
n the inflows would reflect an earlier ISM enriched primarily by
CSNe. These enriched inflows might mitigate the need to enhance 

he CCSNe O yields. Ho we ver, it is unlikely that the effect of these
ssumptions will change the mass scaling of the outflows, which is
riven primarily by the mass scaling of the individual abundances. 

.2 Constraints on the η- M � relation 

 or a giv en composite galaxy and set of model parameters ( α, β, and
 O CC ), we use our model to predict both the O and Fe abundances
t the average redshift (i.e. time) and M � . We sampled the entire
arameter space and derive the best-fitting values of the parameters 
ith DYNESTY , employing a Gaussian likelihood (equation 3 ). We

ssumed a flat prior on each parameter: 0 < α < 12; −1 . 4 < β <

 . 4 and 0 . 5 < f O CC < 4. The best-fitting parameters are shown in the
ight-hand panel of Fig. 7 . 

The consistency between the best-fitting model and data is high- 
ighted in the left-hand and centre panels of Fig. 7 . In the left-hand
anel, we have converted the model into M � − O / H and M � − Fe / H
elations at the median redshift of the sample ( z = 3 . 5). It can be seen
hat both the slope and normalization of both relations are reproduced
ell. Similarly, our model predicts minimal differences from the 
easured [O/Fe] across all of our individual galaxies and composites. 
e show this comparison in the centre panel as a function of

tellar mass, again highlighting the excellent agreement. Overall, 
e find that this relatively simple chemical evolution model, which 
MNRAS 532, 3102–3119 (2024) 
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M

Figure 7. The results of chemical evolution model fitting to the O and Fe abundances in our sample, showing our constraints on the stellar-mass scaling of 
galaxy-scale outflows. Our principal result is that our data are well described by a model (following the framework of W17 ) in which the mass-loading parameter 
η ( = Ṁ out / Ṁ � ) scales with stellar mass as η ∝ M 

β
� where β= −0 . 32 ± 0 . 12. In the left-hand and centre panels, we show a comparison between the best-fitting 

model and our data. In each panel the VLT /KMOS galaxies are shown as circular data points, and Keck/MOSFIRE galaxies as triangular data points. Composite 
galaxies are shown as large filled points with error bars, while individual galaxies are small open points. The median uncertainty for all individual galaxies is 
indicated in each panel. In the left-hand panel, we show our data and the resulting gas-phase and stellar MZRs at z � 3 . 5 for our best-fitting model as the red and 
blue solid lines, respectively. The resulting relations are in excellent agreement with the data. In the centre panel, we show the difference between our measured 
[O/Fe] and the predicted [O/Fe] from our model as a function of galaxy stellar mass. Our best fitting model accurately predicts the [O/Fe]-enhancement of our 
sample and supports the stellar mass independence of α-enhancement. The right-hand panel shows a corner plot giving the posterior probability distributions 
for the three parameters in our chemical evolution model fitting. 
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Figure 8. The resulting tracks in the [O/Fe] versus [Fe/H] plane derived 
from our chemical evolution model fitting to the O and Fe abundances 
in our sample. VLT /KMOS galaxies are shown as circular data points and 
Keck/MOSFIRE galaxies as triangular points. Composite galaxies are shown 
as large filled points with error bars while individual galaxies are smaller open 
points, with their average errors given by the error bar in the bottom left of 
the plot. Galaxies are colour-coded according to their stellar mass, shown by 
the inset colourbar on the right. The coloured lines show the mass-dependent 
chemical evolution tracks for our best-fitting model parameters. These tracks 
are also temporal sequences, meaning that it is possible to trace the chemical 
abundances of each element as a function of time from the onset of star 
formation. In general, all data points fall close to the track corresponding to 
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undamentally assumes (i) linearly rising star formation histories,
ii) the Tacconi et al. ( 2018 ) t dep − M � relation, and (iii) a power-law
nticorrelation between η and M � , does a remarkably good job of
eproducing the O- and Fe-abundance scaling relations and the flat
O/Fe] ratios of our sample. 

In Fig. 8 we show the predicted time evolution of O and Fe
bundances as a function of stellar mass for the best-fitting model,
here some of the fundamental physical trends are apparent. First,
alaxies with lower M � have lower [Fe/H]; in the context of our
odelling, this is due to more efficient removal of enriched content

t lower M � (i.e. larger η), and higher gas fractions diluting the ISM
t lower M � (Tacconi et al. 2018 ). Secondly, [O/Fe] is approximately
onstant at all [Fe/H], which is a consequence of the shallow t dep - M � 

elation and implies similar star formation time-scales for galaxies in
he stellar mass range 10 9 − 10 10 M �. We find a best-fitting oxygen
ield enhancement of f O CC = 2 . 00 + 0 . 33 

−0 . 27 , which results in an [O/Fe]
lateau of [O / Fe] = 0 . 73 ± 0 . 06. This v alue is some what higher than
he [O / Fe] � 0 . 6 plateau of the Kobayashi et al. ( 2020 ) models, but is
roadly consistent within the uncertainties and probably acceptable
iven the significant uncertainties in supernova yields (e.g. Romano
t al. 2010 ). 

In Fig. 9 we show our best-fitting relation between η and M � in
omparison to predictions from various cosmological simulations
nd the recent constraint of Chartab et al. ( 2024 ). The Chartab et al.
 2024 ) constraint was derived by applying the W17 modelling frame-
ork to their Fe / H − M � relation derived from the LATIS survey.

n the mass regime to which we are sensitive ( M � � 10 10 . 3 M �),
he shape of the relations are in excellent agreement. Chartab
t al. ( 2024 ) find η ∝ M 

−0 . 35 ±0 . 01 
� compared to our constraint of

∝ M 
−0 . 32 ±0 . 12 
� . Unfortunately, our data do not probe the mass

egime in which Chartab et al. ( 2024 ) find evidence for an upturn in η
hich they attribute to AGN-driven winds (at M � � 10 10 . 5 M �). We
nd systematically larger values of η at fixed M � by 0 . 1 − 0 . 2 dex
ut note that the absolute normalization of the relation is strongly
NRAS 532, 3102–3119 (2024) 
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Figure 9. The mass loading factor ( η) versus stellar mass ( M � ) relation 
derived from fitting to the O and Fe abundances in our sample within the 
chemical evolution modelling framework of Weinberg et al. ( 2017 , hereafter 
W17 ; black line). The dashed black line shows the extrapolation of our fitted 
relation outside the mass regime of our sample. The green curve shows the 
best-fit relation from Chartab et al. ( 2024 ), derived by fitting to their stellar 
MZR relation at z � 2 . 5 (also using the W17 analytic models). We also show 

the η − M � relations derived from the FIRE (Muratov et al. 2015 ; dashed 
purple), EAGLE (Muratov et al. 2015 ; dot–dashed blue) and TNG50 (Nelson 
et al. 2019 ; dot-dashed blue) cosmological simulations. The orange diamond 
data points show the mass loading factors and stellar masses of four local 
star-forming galaxies taken from Chisholm et al. ( 2017 ). The Chisholm et al. 
( 2017 ) estimates for η were derived using ionized FUV absorption lines, and 
we find that the absolute values need to be scaled by a factor of � 10 to 
match our relation (see text for discussion). In general, both the observational 
data and the simulation predictions show a consistent η − M � scaling, with 
−0 . 4 � β� −0 . 3 (where η ∝ M 

β
� ). Differences in the o v erall normalization 

are relatively minor considering the various systematic uncertainties involved 
(e.g. yields, abundance estimates, the radius at which η is defined in simulation 
analyses). 
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ependent on the measured O and Fe abundances and subject to 
arger systematic uncertainties. The mass dependence of η derived 
ere is also consistent with other similar models in the literature; for
xample, Cullen et al. ( 2019 ) and Sanders et al. ( 2021 ), which find
� −0 . 4 and β = −0 . 35 ± 0 . 01, respectively. 
In Fig. 9 we also show data from Chisholm et al. ( 2017 ) who

stimated η for a sample of local star-forming galaxies via ionized 
UV ISM absorption lines. Chisholm et al. ( 2017 ) find a mass scaling
f η ∝ M 

−0 . 4 
� but with a normalization lower by a factor of � 10 .

n Fig. 9 we have scaled their η estimates by this factor to compare
ith our relation and highlight the consistent mass dependence. The 
iscrepancy in normalization is not surprising, since the Chisholm 

t al. ( 2017 ) relation traces only the ionized gas phase. Multiple
tudies have found that the ionized phase accounts for only a small
raction of the total outflowing gas, which is probably dominated 
y the molecular phase (e.g. Fluetsch et al. 2021 ; Roberts-Borsani
020 ; Concas et al. 2022 ; Llerena et al. 2023 ; Weldon et al. 2024 ).
caling η derived from the ionized gas by a factor ∼ 10 − 100 to
stimate the total mass loading factor is not out of the question. 

We compare with the predictions of the TNG50 (Nelson et al. 
019 ), EAGLE (Mitchell et al. 2020 ) and FIRE (Muratov et al.
015 ) cosmological simulations in Fig. 9 . Generally, the agreement
s encouraging. In particular, the mass scaling derived from the simu-
ations is in good agreement with our deri v ation for M � � 10 10 . 5 M �.
bo v e this mass threshold, simulations that include AGN feedback

TNG-50, EAGLE) predict an upturn on η; ho we ver, our data are
ot sensitive to this mass regime. Differences in normalization are 
vident (e.g. compared to the FIRE predictions) but we note that
he normalization derived from simulations is dependent on the 
adius at which η is defined. Coupled with the yield and abundance 
ncertainties that affect our derived relation, we do not consider 
hese discrepancies significant. Crucially, the form of the η − M � 

elationship derived from a relatively simple chemical evolution 
odel fit to O and Fe abundances of galaxies at high redshift is fully

onsistent with the predictions of more detailed physical simulations. 

 CONCLUSIONS  

n this work be have performed an analysis of 65 star-forming
alaxies at z = 3 . 5 with ground-based near-IR spectra tracing rest-
rame optical emission lines and ground-based optical spectra trac- 
ng the rest-frame FUV continuum. For both individual galaxies 
nd composite spectra, we have derived estimates of the oxygen 
bundances from the [O III] λλ4959 , 5007, [O II] λλ3726 , 3729 and
 β nebular emission lines and iron abundances from full spectral 
tting to the rest-frame FUV continuum. Combining our abundance 
eterminations with stellar masses inferred from photometric SED 

tting, we have derived scaling relations for both oxygen and iron
bundances with stellar mass. For the galaxies and composite spectra 
ith both oxygen and iron ab undance estimates, we ha ve determined

he O/Fe ratio and investigated its dependence on stellar mass. 
inally, we have utilized one-zone chemical evolution models to 

nterpret our results in terms of star-formation time-scales and the 
ass-dependence of large-scale outflows. The main results of our 

tudy can be summarized as follows: 

(i) Combining dust-corrected strong emission line ratios from our 
est-frame optical spectra with the strong-line calibration scheme 
f B18 , we derive gas-phase metallicities ( Z g , a proxy of O/H)
or our individual galaxies and composites. Comparing the Z g 

easurements of our sample with their stellar masses, we observe a
lear gas-phase mass-metallicity (MZR g ) relationship (Fig. 4 ). Our 
elationship exhibits a slope of d(log Z g )/d(log M � ) = 0 . 32 ± 0 . 09,
ith Z g increasing from � 0 . 2 Z � at M � = 10 8 . 5 M � to � 0 . 7 Z � at
 � = 10 10 . 5 M �. 
(ii) From fitting to the rest-frame FUV continuum spectra we 

erive stellar metallicities ( Z � , a proxy for Fe/H) and observe a clear
tellar mass-metallicity (MZR � ) relationship in our data (Fig. 4 ).
he slope of the MZR � is consistent with the slope of the MZR g ,
ut exhibits a constant offset to lower Z � across the fitting range of
tellar mass. Across the same range of mass ( M � = 10 8 . 5 −10 . 5 M �),
e observe that Z � increases from � 0 . 08 Z � to � 0 . 5 Z �. 
(iii) For the galaxies and composites for which we have determi- 

ations of both Z � and Z g we calculate the O/Fe ratio. We find that
ur sample displays super-solar O/Fe ratios (i.e. α-enhancement; 
ig. 6 ) and find no evidence for a dependence on stellar mass

n the range M � = 10 9 − 10 10 M �. Fitting to our data yields an
verage enhancement of (O / Fe) = 2 . 65 ± 0 . 16 × (O / Fe) �. Our 
ew estimates add further support to a picture in which star-forming
alaxies at z > 2 are ubiquitously α-enhanced. 

(iv) Using the one-zone analytical chemical evolution models of 
17 we fit for the relative O and Fe abundances of our sample in

he stellar mass range M � = 10 9 − 10 10 M �. We find that a model in
MNRAS 532, 3102–3119 (2024) 
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hich the gas depletion scales with stellar mass following Tacconi
t al. ( 2018 ), and the mass-loading of stellar winds scales as η ∝
 
−0 . 32 ±0 . 12 
� pro vides an e xcellent description of our data. In this
odelling framework, it is an increasing efficiency of stellar winds

t lower stellar mass that is driving the gas-phase and stellar MZRs.
he enhanced O/Fe ratios are a product of delayed Fe enrichment

rom Typa-Ia supernovae. Interestingly, this η − M � scaling is in
ood agreement with the predictions of hydrodynamical simulations
e.g. Muratov et al. 2015 ; Nelson et al. 2019 ; see Fig. 9 ). 

The sample sizes with both Z � and Z g determinations remain
mall, and while we have addressed some of the systematics
nvolved in our determinations, complete high-redshift strong-line
alibration schemes and stellar population models remain active
reas of research and development. Future surveys, such as AURORA
PI: Shapley, Sanders; GO1914) and EXCELS (PI: Carnall, Cullen;
O3543) will supply additional data and aid the assessment of these

ystematic effects, with which we will be able to further assess the
egree of α-enhancement in high-redshift star-forming galaxies. 

CKNOWLEDGEMENTS  

MS, FC, KZA-C, and DS acknowledge support from a UKRI
rontier Research Guarantee Grant (PI :Cullen; grant reference:
P/X021025/1). RJM, RB, LB, JSD, CTD, MLH, FYL, and DJM
cknowledge the support of the Science and Technology Facilities
ouncil. JSD also thanks the Royal Society for their support through
 Royal Society Research Professorship. ACC thanks the Leverhulme
rust for their support via the Leverhulme Early Career Fellowship
cheme. 

This research utilized ASTROPY , a community-developed core
YTHON package for Astronomy (Astropy Collaboration 2022 ),
UMPY (Harris et al. 2020 ), SCIPY (Virtanen et al. 2020 ), MATPLOTLIB

Hunter 2007 ), DYNESTY (Speagle 2020 ) and NASA’s Astrophysics
ata System Bibliographic Services. 
For the purpose of open access, the author has applied a Creative

ommons Attribution (CC BY) licence to any Author Accepted
anuscript version arising from this submission. 

ATA  AVAILABILITY  

he VANDELS spectroscopic data utilized in this work is publicly
vailable, and can be accessed through the ESO Science Portal . All
ther data will be shared by the corresponding author upon reasonable
equest. 

EFERENCES  

bdurro’uf et al., 2022, ApJS , 259, 35 
ndrews B. H. , Martini P., 2013, ApJ , 765, 140 
rellano-C ́ordova K. Z. , Rodr ́ıguez M., 2020, MNRAS , 497, 672 
splund M. , Grevesse N., Sauval A. J., Scott P., 2009, ARA&A , 47, 481 
stropy Collaboration , 2022, ApJ , 935, 167 
ian F. , K e wley L. J., Dopita M. A., 2018, ApJ , 859, 175 (B18) 
yrne C. M. , Stanway E. R., Eldridge J. J., McSwiney L., Townsend O. T.,

2022, MNRAS , 512, 5329 
alabr ̀o A. et al., 2021, A&A , 646, A39 
alzetti D. , Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-

Bergmann T., 2000, ApJ , 533, 682 
ardelli J. A. , Clayton G. C., Mathis J. S., 1989, ApJ , 345, 245 
habrier G. , 2003, PASP , 115, 763 
hartab N. , Newman A. B., Rudie G. C., Blanc G. A., Kelson D. D., 2024,

ApJ ,960,73 
NRAS 532, 3102–3119 (2024) 
hieffi A. , Limongi M., 2004, ApJ , 608, 405 
hisholm J. , Tremonti C. A., Leitherer C., Chen Y., 2017, MNRAS , 469,

4831 
hru ́sli ́nska M. , Pakmor R., Matthee J., Matsuno T., 2024, A&A , 686, A186
iesla L. , Elbaz D., Fensch J., 2017, A&A , 608, A41 
larke L. et al., 2023, ApJ , 957, 81 
oncas A. et al., 2022, MNRAS , 513, 2535 
onroy C. , Gunn J. E., White M., 2009, ApJ , 699, 486 
ooke R. , Pettini M., Steidel C. C., Rudie G. C., Nissen P. E., 2011, MNRAS ,

417, 1534 
ullen F. , Cirasuolo M., McLure R. J., Dunlop J. S., Bowler R. A. A., 2014,

MNRAS , 440, 2300 
ullen F. et al., 2019, MNRAS , 487, 2038 
ullen F. et al., 2021, MNRAS , 505, 903 
urti M. , Cresci G., Mannucci F., Marconi A., Maiolino R., Esposito S.,

2017, MNRAS , 465, 1384 
urti M. , Mannucci F., Cresci G., Maiolino R., 2020, MNRAS , 491, 944

(C20) 
urti M. et al., 2023, MNRAS , 518, 425 
avies R. I. et al., 2013, A&A , 558, A56 
e Cia A. , Ledoux C., Mattsson L., Petitjean P., Srianand R., Gavignaud I.,

Jenkins E. B., 2016, A&A , 596, A97 
luetsch A. et al., 2021, MNRAS , 505, 5753 
allazzi A. , Charlot S., Brinchmann J., White S. D. M., Tremonti C. A., 2005,

MNRAS , 362, 41 
arilli B. et al., 2021, A&A , 647, A150 
rogin N. A. et al., 2011, ApJS , 197, 35 
ao C.-N. , Kennicutt R. C., Johnson B. D., Calzetti D., Dale D. A., Moustakas

J., 2011, ApJ , 741, 124 
arris C. R. et al., 2020, Nature , 585, 357 
ayden-P a wson C. et al., 2022, MNRAS , 512, 2867 
ayward C. C. , Hopkins P. F., 2017, MNRAS , 465, 1682 
e X. et al., 2023, ApJL , 960, L13 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 

eong M.-S. et al., 2020, ApJ , 902, L16 
ashino D. et al., 2022, ApJ , 925, 82 
 e wley L. J. , Ellison S. L., 2008, ApJ , 681, 1183 
 e wley L. J. , Nicholls D. C., Sutherland R. S., 2019, ARA&A , 57, 511 
obayashi C. , Umeda H., Nomoto K., Tominaga N., Ohkubo T., 2006, ApJ ,

653, 1145 
obayashi C. , Karakas A. I., Lugaro M., 2020, ApJ , 900, 179 
oekemoer A. M. et al., 2011, ApJS , 197, 36 
riek M. , van Dokkum P. G., Labb ́e I., Franx M., Illingworth G. D.,

Marchesini D., Quadri R. F., 2009, ApJ , 700, 221 
roupa P. , 2001, MNRAS , 322, 231 
eitherer C. et al., 1999, ApJS , 123, 3 
eitherer C. , Ortiz Ot ́alvaro P. A., Bresolin F., Kudritzki R.-P., Lo Faro B.,

Pauldrach A. W. A., Pettini M., Rix S. A., 2010, ApJS , 189, 309 
i M. et al., 2023, ApJ , 955, L18 
illy S. J. et al., 2007, ApJS , 172, 70 
imongi M. , Chieffi A., 2006, ApJ , 647, 483 
lerena M. et al., 2023, A&A , 676, A53 
cLean I. S. et al., 2012, in McLean I. S., Ramsay S. K., Takami H., eds, Proc.

SPIE Conf. Ser. Vol. 8446, Ground-based and Airborne Instrumentation
for Astronomy IV. SPIE, Bellingham. p. 84460J 

cLure R. J. et al., 2018, MNRAS , 479, 25 
aiolino R. , Mannucci F., 2019, A&AR , 27, 3 
aoz D. , Mannucci F., 2012, PASA , 29, 447 
atthee J. , Schaye J., 2018, MNRAS , 479, L34 
itchell P. D. , Schaye J., Bower R. G., Crain R. A., 2020, MNRAS , 494,

3971 
omche v a I. G. et al., 2016, ApJS , 225, 27 
uratov A. L. , Kere ̌s D., Faucher-Gigu ̀ere C.-A., Hopkins P. F., Quataert E.,

Murray N., 2015, MNRAS , 454, 2691 
elson D. et al., 2019, MNRAS , 490, 3234 
ewman A. B. et al., 2020, ApJ , 891, 147 
oll S. , Burgarella D., Giovannoli E., Buat V., Marcillac D., Mu ̃ noz-Mateos

J. C., 2009, A&A , 507, 1793 

http://archive.eso.org/scienceportal/home
http://dx.doi.org/10.3847/1538-4365/ac4414
http://dx.doi.org/10.1088/0004-637X/765/2/140
http://dx.doi.org/10.1093/mnras/staa1759
http://dx.doi.org/10.1146/annurev.astro.46.060407.145222
http://dx.doi.org/10.3847/1538-4357/ac7c74
http://dx.doi.org/10.3847/1538-4357/aabd74
http://dx.doi.org/10.1093/mnras/stac807
http://dx.doi.org/10.1051/0004-6361/202039244
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.48550/arXiv.2310.12200
http://dx.doi.org/10.1086/392523
http://dx.doi.org/10.1093/mnras/stx1164
http://dx.doi.org/10.48550/arXiv.2308.00023
http://dx.doi.org/10.1051/0004-6361/201731036
http://dx.doi.org/10.3847/1538-4357/acfedb
http://dx.doi.org/10.1093/mnras/stac1026
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1111/j.1365-2966.2011.19365.x
http://dx.doi.org/10.1093/mnras/stu443
http://dx.doi.org/10.1093/mnras/stz1402
http://dx.doi.org/10.1093/mnras/stab1340
http://dx.doi.org/10.1093/mnras/stw2766
http://dx.doi.org/10.1093/mnras/stz2910
http://dx.doi.org/10.1093/mnras/stac2737
http://dx.doi.org/10.1051/0004-6361/201322282
http://dx.doi.org/10.1051/0004-6361/201527895
http://dx.doi.org/10.1093/mnras/stab1666
http://dx.doi.org/10.1111/j.1365-2966.2005.09321.x
http://dx.doi.org/10.1051/0004-6361/202040059
http://dx.doi.org/10.1088/0067-0049/197/2/35
http://dx.doi.org/10.1088/0004-637X/741/2/124
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1093/mnras/stac584
http://dx.doi.org/10.1093/mnras/stw2888
http://dx.doi.org/10.48550/arXiv.2312.01932
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.3847/2041-8213/abba7a
http://dx.doi.org/10.3847/1538-4357/ac399e
http://dx.doi.org/10.1086/587500
http://dx.doi.org/10.1146/annurev-astro-081817-051832
http://dx.doi.org/10.1086/508914
http://dx.doi.org/10.3847/1538-4357/abae65
http://dx.doi.org/10.1088/0067-0049/197/2/36
http://dx.doi.org/10.1088/0004-637X/700/1/221
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1086/313233
http://dx.doi.org/10.1088/0067-0049/189/2/309
http://dx.doi.org/10.3847/2041-8213/acf470
http://dx.doi.org/10.1086/516589
http://dx.doi.org/10.1086/505164
http://dx.doi.org/10.1051/0004-6361/202346232
http://dx.doi.org/10.1093/mnras/sty1213
http://dx.doi.org/10.1007/s00159-018-0112-2
http://dx.doi.org/10.1071/AS11052
http://dx.doi.org/10.1093/mnrasl/sly093
http://dx.doi.org/10.1093/mnras/staa938
http://dx.doi.org/10.3847/0067-0049/225/2/27
http://dx.doi.org/10.1093/mnras/stv2126
http://dx.doi.org/10.1093/mnras/stz2306
http://dx.doi.org/10.3847/1538-4357/ab75ee
http://dx.doi.org/10.1051/0004-6361/200912497


Stellar and gas-phase metallicities at z � 3 . 5 3117 

N  

P
P
P
R  

R
R
R
S
S
S
S  

S
S
S
S
S
S
S
S
S  

S
S
T
T  

T  

T
T
V  

V
V
W
W

Z  

A
I

T  

a
c  

s
o
c
w  

w
u
o  

(
i
c  

T
 

r
o  

d  

t
t  

t
w
p
〈  

t
m
t

 

S
h  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3102/7712488 by U
C

LA 
omoto K. , Tominaga N., Umeda H., Kobayashi C., Maeda K., 2006,
Nucl. Phys. A , 777, 424 

anter B. , Jimenez R., Heavens A. F., Charlot S., 2008, MNRAS , 391, 1117 
entericci L. et al., 2018, A&A , 616, A174 
 ́eroux C. , Howk J. C., 2020, ARA&A , 58, 363 
eddy N. A. , Pettini M., Steidel C. C., Shapley A. E., Erb D. K., Law D. R.,

2012, ApJ , 754, 25 
eddy N. A. et al., 2020, ApJ , 902, 123 
oberts-Borsani G. W. , 2020, MNRAS , 494, 4266 
omano D. , Karakas A. I., Tosi M., Matteucci F., 2010, A&A , 522, A32 
alim S. , Boquien M., Lee J. C., 2018, ApJ , 859, 11 
anders R. L. et al., 2020, MNRAS , 491, 1427 
anders R. L. et al., 2021, ApJ , 914, 19 
anders R. L. , Shapley A. E., Topping M. W., Reddy N. A., Brammer G. B.,

2024, ApJ , 962, 24 (S24) 
avaglio S. et al., 2005, ApJ , 635, 260 
chreiber C. et al., 2018, A&A , 618, A85 
hapley A. E. et al., 2017, ApJ , 846, L30 
hapley A. E. et al., 2019, ApJ , 881, L35 
kelton R. E. et al., 2014, ApJS , 214, 24 
peagle J. S. , 2020, MNRAS , 493, 3132 
tanway E. R. , Eldridge J. J., 2018, MNRAS , 479, 75 
teidel C. C. et al., 2014, ApJ , 795, 165 
teidel C. C. , Strom A. L., Pettini M., Rudie G. C., Reddy N. A., Trainor R.

F., 2016, ApJ , 826, 159 
tott J. P. et al., 2016, MNRAS , 457, 1888 
trom A. L. , Rudie G. C., Steidel C. C., Trainor R. F., 2022, ApJ , 925, 116 
acconi L. J. et al., 2018, ApJ , 853, 179 
opping M. W. , Shapley A. E., Reddy N. A., Sanders R. L., Coil A. L., Kriek

M., Mobasher B., Siana B., 2020a, MNRAS , 495, 4430 
opping M. W. , Shapley A. E., Reddy N. A., Sanders R. L., Coil A. L., Kriek

M., Mobasher B., Siana B., 2020b, MNRAS , 499, 1652 
remonti C. A. et al., 2004, ApJ , 613, 898 
roncoso P. et al., 2014, A&A , 563, A58 
elichko A. , De Cia A., Konstantopoulou C., Ledoux C., Krogager J.-K.,

Ramburuth-Hurt T., 2024, A&A , 685, A103 
enturi G. et al., 2024, preprint ( arXiv:2403.03977 ) 
irtanen P. et al., 2020, Nature Methods , 17, 261 
einberg D. H. , Andrews B. H., Freudenburg J., 2017, ApJ , 837, 183 
eldon A. et al., 2024, MNRAS, 531, 4560 
ahid H. J. , Kudritzki R.-P., Conroy C., Andrews B., Ho I. T., 2017, ApJ ,
847, 18 

PPENDIX  A:  SYSTEMATIC  UNCERTAINTIES  

N  DETERMINING  GALAXY  ABUNDANCES  

he primary results of this work utilized the B18 calibration scheme
nd S99 non-rotating models (v00). Here, we show how different 
hoices can affect the primary result of this work. In Fig. A1 we
how versions of our main results for the following combinations 
f strong-line calibration and stellar population model: (i) the C20 
alibrations [derived from local SDSS star-forming galaxies, to 
hich we have added the Curti et al. ( 2023 ) Ne3O2 ratio calibration]
ith the Starbust99-v00 models; (ii) the S24 calibration (defined 
sing auroral line measurements from early JWST measurements 
f galaxies at 2 ≤ z ≤ 9) with the Starbust99-v00 models and,
iii) our fiducial B18 calibration and Starburst99-v40 (i.e. rotat- 
ng) models. The abundances corresponding to these systematic 
hoices for the individual and composite samples can be found in
able A1 . 
We find that slope of the stellar MZR is the same for both the

otating and non-rotating models, but that the stellar Fe abundances 
f the rotating models are � 0 . 1 de x lower. F or the O abundances
erived from strong line calibrations, we find that all three calibra-
ions yield a consistent median value of dlog ( Z g / Z �) � 0 . 4 but that 
he slope and scatter of the MZR g are clearly affected. We find that
he C20 calibrations yield the smallest scatter and shallowest slope 
ith d(log Z g ) /dM � = 0 . 16 ± 0 . 07 . Ultimately, all combinations 
redict ubiquitous α-enhancement with average values int he range 
 O / Fe 〉 � 2 − 3 × (O / Fe) �. Ho we ver, the shallo w slope gi ven by
he C20 calibrations implies a decrease in O / Fe at higher stellar 

asses, which would have important consequences for interpreting 
he outflow strengths and star-formation time-scales. 

In the near future JWST programs such as AURORA (PI: Shapley,
anders; GO1914) and EXCELS (PI: Carnall, Cullen; GO3543) will 
elp to resolve this issue by combining direct T e -based O/H and
tellar Fe/H estimates for samples of galaxies at z > 2. 
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Figure A1. Comparison of the effects of different strong-line calibration scheme and stellar population model choices on the on the key results of this work. 
The first row corresponds to the C20 calibration scheme, and the second corresponds to the S24 calibration scheme. The third row uses the B18 calibrations, but 
substitutes the no-rotation S99 models for the v40-rotation S99 models. The left column emulates Fig. 4 , and the central and right columns emulate the left-hand 
and right-hand panels of Fig. 6 , respectively. The C20 calibration finds a shallower MZ g R and hence a lower degree of alpha enhancement, whilst the S24 
calibrations yield a much steeper MZ g R and hence a high degree of enhancement. Switching to rotational stellar population models reduces the normalization of 
the stellar MZR, increasing the degree of alpha enhancement. All three configurations maintain the o v erlap of our high-z systems with the knee of the Kobayashi 
et al. ( 2020 ) relation. 
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Table A1. Gas-phase and stellar metallicity measurements for the composite and individual KMOS sample, utilizing 
the S24 and C20 calibration schemes and the S99 v40 rotational models. 

Name S24 log ( Z g / Z �) C20 log ( Z g / Z �) v40 log ( Z � / Z �) 

KVS-006 – – −0 . 85 + 0 . 01 
−0 . 01 

KVS-009 – – –

KVS-014 – – –

KVS-055 0 . 05 + 0 . 09 
−0 . 09 −0 . 24 + 0 . 03 

−0 . 03 −0 . 96 + 0 . 05 
−0 . 05 

KVS-067 −0 . 09 + 0 . 11 
−0 . 13 −0 . 29 + 0 . 04 

−0 . 04 –

KVS-070 – – –

KVS-075 −0 . 20 + 0 . 13 
−0 . 14 −0 . 37 + 0 . 05 

−0 . 05 –

KVS-082 −0 . 14 + 0 . 11 
−0 . 12 −0 . 31 + 0 . 04 

−0 . 05 –

KVS-085 −0 . 27 + 0 . 11 
−0 . 12 −0 . 40 + 0 . 05 

−0 . 05 −0 . 99 + 0 . 05 
−0 . 05 

KVS-087 – – −0 . 80 + 0 . 04 
−0 . 03 

KVS-093 – – –

KVS-100 −0 . 43 + 0 . 13 
−0 . 15 −0 . 50 + 0 . 05 

−0 . 04 –

KVS-101 – – –

KVS-131 −0 . 39 + 0 . 12 
−0 . 11 −0 . 45 + 0 . 04 

−0 . 05 –

KVS-141 −0 . 16 + 0 . 12 
−0 . 15 −0 . 41 + 0 . 06 

−0 . 07 –

KVS-150 −0 . 35 + 0 . 11 
−0 . 12 −0 . 39 + 0 . 04 

−0 . 04 –

KVS-156 – – −0 . 79 + 0 . 06 
−0 . 05 

KVS-202 0 . 24 + 0 . 04 
−0 . 06 −0 . 19 + 0 . 03 

−0 . 03 −0 . 77 + 0 . 03 
−0 . 03 

KVS-204 −0 . 40 + 0 . 11 
−0 . 12 −0 . 42 + 0 . 04 

−0 . 04 −0 . 72 + 0 . 04 
−0 . 05 

KVS-208 −0 . 32 + 0 . 10 
−0 . 11 −0 . 42 + 0 . 03 

−0 . 03 −1 . 01 + 0 . 03 
−0 . 03 

KVS-215 – – –

KVS-220 – – –

KVS-227 −0 . 40 + 0 . 11 
−0 . 12 −0 . 46 + 0 . 04 

−0 . 04 −1 . 10 + 0 . 03 
−0 . 03 

KVS-248 −0 . 18 + 0 . 09 
−0 . 09 −0 . 34 + 0 . 03 

−0 . 03 −0 . 79 + 0 . 06 
−0 . 05 

KVS-266 – – –

KVS-298 −0 . 31 + 0 . 12 
−0 . 14 −0 . 47 + 0 . 04 

−0 . 04 –

KVS-312 −0 . 42 + 0 . 10 
−0 . 09 −0 . 41 + 0 . 03 

−0 . 03 −0 . 89 + 0 . 03 
−0 . 03 

KVS-340 −0 . 38 + 0 . 10 
−0 . 12 −0 . 44 + 0 . 04 

−0 . 04 –

KVS-361 −0 . 23 + 0 . 11 
−0 . 14 −0 . 37 + 0 . 04 

−0 . 04 –

KVS-391 −0 . 16 + 0 . 08 
−0 . 09 −0 . 33 + 0 . 03 

−0 . 03 −1 . 03 + 0 . 04 
−0 . 04 

KVS-414 −0 . 50 + 0 . 25 
−0 . 26 −1 . 22 + 0 . 71 

−0 . 52 –

KVS-423 −0 . 45 + 0 . 11 
−0 . 11 −0 . 49 + 0 . 04 

−0 . 04 –

KMOS composites 

Low- M � −0 . 41 + 0 . 08 
−0 . 08 −0 . 46 + 0 . 04 

−0 . 04 −1 . 06 + 0 . 05 
−0 . 05 

High- M � −0 . 28 + 0 . 06 
−0 . 06 −0 . 37 + 0 . 03 

−0 . 03 −0 . 95 + 0 . 06 
−0 . 05 
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