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ABSTRACT

We present a systematic investigation of the evolution of the mass–metallicity relation (MZR) and

fundamental metallicity relation (FMR) using uniform metallicity diagnostics across redshifts z ∼ 0

to z ∼ 3.3. We present new Keck/DEIMOS measurements of the [OII]λλ3726, 3729 emission line

doublet for star-forming galaxies at z ∼ 1.5 with existing measurements of redder rest-optical lines

from the MOSDEF survey. These new observations enable uniform estimation of the gas-phase oxygen

abundance using ratios of the [OII], Hβ, and [OIII] lines for mass-binned samples of star-forming

galaxies in 6 redshift bins, employing strong-line calibrations that account for the distinct interstellar

medium ionization conditions at z < 1 and z > 1. We find that the low-mass power law slope of

the MZR remains constant over this redshift range with a value of γ = 0.28 ± 0.01, implying the

outflow metal loading factor (ζout =
Zout

ZISM

Ṁout

SFR ) scales approximately as ζout ∝ M−0.3
∗ out to at least

z ∼ 3.3. The normalization of the MZR at 1010 M⊙ decreases with increasing redshift at a rate of

d log(O/H)/dz = −0.11 ± 0.01 across the full redshift range. We find that any evolution of the FMR

is smaller than 0.1 dex out to z ∼ 3.3. We compare to cosmological galaxy formation simulations,

and find that IllustrisTNG matches our measured combination of a nearly-invariant MZR slope, rate

of MZR normalization decrease, and constant or very weakly evolving FMR. This work provides the

most detailed view of MZR and FMR evolution from the present day through Cosmic Noon with a

fine time sampling of 1 − 3 Gyr, setting a robust baseline for metallicity evolution studies at z > 4

with JWST.
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1. INTRODUCTION

The interstellar medium (ISM) serves as the cosmic

stage where baryonic processes including star forma-

tion (e.g., Kennicutt & Evans 2012), gas accretion from

the intergalactic/circumgalactic medium (IGM/CGM;

Lacey & Fall 1985; Kereš et al. 2005; Dekel & Birn-

boim 2006), and feedback-driven outflows from super-

novae (SNe; Friedli et al. 1994; Veilleux et al. 2020; Se-

shweta.jain@uky.edu

menov et al. 2021) and active galactic nuclei (AGN; Di

Matteo et al. 2005; Henden et al. 2018) leave their defin-

ing imprints. Rest-frame optical emission lines are pow-

erful diagnostics for probing the chemical and ionization

states of the ISM. Emission-line strengths reflect funda-

mental properties of the ISM, including star-formation

rate (SFR), dust attenuation, gas-phase chemical abun-

dance, gas density, ionization state, and the nature of

the ionizing radiation field (for a review, see Kewley

et al. 2019).

One key tracer of the baryon cycle that can be probed

using strong emission line ratios is the metallicity of the
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ISM, represented by the gas-phase oxygen abundance

(O/H). The gas-phase metallicity is continuously regu-

lated by gas flows into and out of galaxies (Tremonti

et al. 2004; Erb et al. 2006; Tumlinson et al. 2017;

Maiolino & Mannucci 2019), and is governed by param-

eters including the mass and metal loading factors of

outflowing winds, star-formation efficiency, gas inflow

rate, and the enrichment level of accreted gas (Davé

et al. 2011; Lilly et al. 2013). Galaxy populations ex-

hibit a well-established scaling relation between stellar

mass (M∗) and gas-phase metallicity (O/H), known as

the mass-metallicity relation (MZR; e.g., Tremonti et al.

2004; Erb et al. 2006; Lee et al. 2006; Zahid et al. 2011;

Andrews & Martini 2013; Curti et al. 2020). The MZR

has been shown to persist up to at least z ∼ 4, evolv-

ing toward lower metallicities at a given stellar mass

with increasing redshift (e.g., Maiolino et al. 2008; Tron-

coso et al. 2014; Sanders et al. 2015; Onodera et al.

2016; Sanders et al. 2021). Recent observations with the

James Webb Space Telescope (JWST) suggest the MZR

exists up to z ∼ 10 (e.g., Nakajima et al. 2023; Shapley

et al. 2023; Curti et al. 2024). The shape and normaliza-

tion of the MZR evolve with redshift, with the slope at

lower masses determined by how mass and metal loading

factors of outflows scale with stellar mass (e.g., Finlator

& Davé 2008; Peeples & Shankar 2011; Davé et al. 2012;

Lilly et al. 2013; Zahid et al. 2014a; Feldmann 2015).

ISM metallicity is found to have an additional depen-

dence on galaxy SFR, such that metallicity is inversely

correlated with SFR at fixed M∗. This secondary de-

pendence is thought to reflect the baryon cycle, where

recent accretion of low-metallicity gas drives SFR higher

while lowering the ISM metallicity and subsequent con-

sumption of gas and production of new metals increases

metallicity as SFR drops (Davé et al. 2011; Lilly et al.

2013; Torrey et al. 2018). The three-parameter rela-

tion between stellar mass, metallicity, and SFR is com-

monly referred to as the Fundamental Metallicity Rela-

tion (FMR), owing to its invariance with redshift (e.g.,

Ellison et al. 2008; Mannucci et al. 2010; Lara-López

et al. 2010; Andrews & Martini 2013; Torrey et al. 2018).

The FMR does not appear to evolve out to z ∼ 3,

suggesting relatively little redshift evolution in outflow

metal loading factors and gas fractions at fixed M∗ and

SFR (e.g., Cresci et al. 2019; Curti et al. 2020; Sanders

et al. 2021). The study of how gas-phase metallicity

scales with both M∗ and SFR across a range of redshifts

can provide crucial constraints on the baryon cycle at

different epochs, offering insight into the processes driv-

ing galaxy growth and evolution of the galaxy popula-

tion.

Existing samples of galaxies with spectroscopic metal-

licity measurements number in the hundred thousands

at z < 1 (Curti et al. 2017) and thousands at z > 1

(Steidel et al. 2014; Kriek et al. 2015; Zahid et al. 2014b;

Nakajima et al. 2023), yet significant challenges persist

that have prevented a robust evolutionary analysis of the

MZR and FMR. A major issue is the lack of uniformity

in the line ratios used to infer metallicities for samples

at different redshifts. This problem is primarily due to

the difficulty of accessing the full suite of bright rest-

optical lines ([OII]λλ3726,3729, Hβ, [OIII]λλ4959,5007,

Hα, [NII]λ6585) with ground-based spectrographs as

emitted optical wavelengths shift into the observed near-

infrared (NIR) with increasing redshift. This redshifting

makes it challenging to apply consistent metallicity esti-

mators across all redshifts. All of the rest-optical strong

lines from [OII] to [NII] can be accessed with optical

spectrographs at z = 0 − 0.5 and with NIR spectro-

graphs at z = 2.0 − 2.6 where they fall in windows of

high atmospheric transmission. However, at z ∼ 0.5−2,

the full rest-optical range can only be probed with com-

bined optical and NIR observations. In addition, Hα

and [NII] are inaccessible from the ground at z ≳ 3

where they redshift beyond the K band, though JWST

has now made it possible to access the full rest-optical

range at z > 2.7. As a result, previous studies often re-

lied on a mix of metallicity indicators to include samples

at multiple redshifts, potentially introducing substantial

systematic biases (e.g., Maiolino et al. 2008; Zahid et al.

2011; Troncoso et al. 2014). Alternatively, some studies

only included a few samples for which the same set of

emission lines were available leading to sparse redshift

sampling (e.g., Sanders et al. 2021).

An additional concern for evolutionary studies is the

choice of strong-line calibrations employed. It is now

widely recognized that star-forming galaxies at z ≳ 1 ex-

hibit distinct ISM ionization conditions relative to galax-

ies and HII regions at z = 0 (e.g., Steidel et al. 2014;

Shapley et al. 2015; Steidel et al. 2016; Sanders et al.

2016; Kashino et al. 2017; Strom et al. 2017; Strom et al.

2018; Shapley et al. 2019; Sanders et al. 2020; Topping

et al. 2020; Cullen et al. 2021; Garg et al. 2022). Among

other effects, these evolving ionization conditions lead

to an evolution in the translation between rest-optical

emission-line ratios and O/H. Consequently, commonly

applied metallicity calibrations based on z ∼ 0 datasets

are unlikely to yield accurate metallicity measurements

at z > 1, leading to systematic biases in high-z metal-

licity measurements. To obtain a robust view of MZR

and FMR evolution, it is important to use strong-line

calibrations matched to the ionization conditions at the

redshift of each sample, such that a different calibra-
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tion set must be employed for low- and high-redshift

galaxies. Alternatively, one can perform photoioniza-

tion modeling of the full suite of rest-optical line ratios

to determine gas-phase abundance (e.g., Strom et al.

2018), though degeneracies between metallicity and ion-

ization state are common when modeling the strong lines

only. Empirical strong-line calibrations appropriate for

the more extreme ionization conditions present at high

redshifts have been constructed using low-redshift galax-

ies that are analogs of z ∼ 2 galaxies in their emission-

line properties (Bian et al. 2018; Nakajima et al. 2020;

Pérez-Montero et al. 2021; Scholte et al. 2025). JWST

spectroscopy of high-redshift sources is starting to pro-

vide a large number of detections of faint temperature-

sensitive auroral emission lines (e.g., [OIII]λ4363) re-

quired to derive direct-method O/H, promising robust

calibrations constructed in-situ at high redshift in the

near future (Nakajima et al. 2023; Chakraborty et al.

2024; Sanders et al. 2024; Langeroodi & Hjorth 2024;

Scholte et al. 2025; Cataldi et al. 2025).

In this work, we perform a uniform MZR and FMR

evolution analysis spanning z ∼ 0− 4 that employs the

same set of emission lines to infer metallicity at all red-

shifts and utilizes a different set of calibrations at z < 1

and z > 1 to account for evolving ISM ionization con-

ditions. We present new Keck/DEIMOS observations

covering [OII]λλ3726,3729 of ∼ 120 star-forming galax-

ies at z = 1.3 − 1.7 that have existing measurements

of Hβ, [OIII], Hα, and [NII] from the MOSDEF survey

(Kriek et al. 2015), completing full coverage of the rest-

optical strong lines for this z ∼ 1.5 sample. We draw

from published galaxy surveys with optical spectroscopy

at z < 1 and NIR spectroscopy at z > 2 to assemble a

combined sample spanning z = 0 to z ∼ 3.3 in 6 red-

shift bins providing 1 − 3 Gyr time sampling over the

past 12 Gyr of cosmic history, across a uniform mass

range log(M∗/M⊙) ∼ 9.0 − 11.0. We utilize this com-

bined sample to obtain the most detailed picture to-date

of MZR and FMR evolution out to z ∼ 4, analyzed in a

manner that minimizes systematic metallicity biases.

The layout of the paper is as follows. We describe

the observations, measurements, samples, and derived

galaxy properties in Section 2. Section 3 describes the

methodology and calibrations adopted to infer metal-

licities. We report the resulting MZR and FMR and

their evolution with redshift in Section 4. We discuss

the implications of these results in Section 5. Finally,

in Section 6 we summarize our results and conclusions.

Throughout the work, we assume a flat ΛCDM cos-

mology with H0 = 70.0 km s−1 Mpc−1, ΩΛ = 0.7, and

Ωm = 0.3. Magnitudes are on the AB system (Oke &

Gunn 1983) and rest-frame wavelengths are given in air

for emission lines. Unless otherwise stated, all uncer-

tainty ranges are 68% confidence intervals (1σ) and the

term metallicity refers to the gas-phase oxygen abun-

dance. The line ratios analyzed in this work are defined

as follows:

O3 ≡ [O III] λ5007

Hβ
,

O2 ≡ [O II] λλ3726, 3729

Hβ
,

O32 ≡ [O III] λ5007

[O II] λλ3726, 3729
,

R23 ≡ [O III] λλ4959, 5007 + [O II] λλ3726, 3729

Hβ
,

N2 ≡ [N II] λ6585

Hα
,

O3N2 ≡
(
[O III] λ5007

Hβ

)/(
[N II] λ6585

Hα

)
.

2. DATA AND MEASUREMENTS

2.1. The MOSDEF survey

In this paper, we examine the rest-optical spectra

of galaxies at z ∼ 1.5 using data from the Multi-

Object Spectrometer Far Infrared Exploration (MOS-

FIRE; McLean et al. 2012) Deep Evolution Field (MOS-

DEF) survey (Kriek et al. 2015). The MOSDEF survey

acquired rest-optical spectra for ∼ 1500 galaxies in three

redshift bins (1.37 ≤ z ≤ 1.70, 2.09 ≤ z ≤ 2.61, and

2.95 ≤ z ≤ 3.80) determined by the redshift ranges

in which strong rest-optical emission lines fall in the

NIR atmospheric transmission windows. See Kriek et al.

(2015) for a detailed description of the MOSDEF sur-

vey design and data reduction. We focus on sources in

the 1.37 ≤ z ≤ 1.70 range. This study incorporates an-

cillary imaging and photometric datasets available for

the MOSDEF targets, including data from the CAN-

DELS (Grogin et al. 2011; Koekemoer et al. 2011) and

3D-HST (Skelton et al. 2014; Momcheva et al. 2016)

surveys. The MOSFIRE spectra were analyzed to de-

termine the redshifts and measure fluxes of all covered

rest-optical emission lines. For z ∼ 1.5 targets, the most

prominent of these lines are Hβ and [OIII]λλ4959, 5007

in the J band; and Hα and [NII]λ6585 in the H band.

The bluer rest-optical [OII]λλ3726, 3729 lines are only

accessible with MOSFIRE at 1.61 < z < 1.70 in the Y

band, and fall blueward of MOSFIRE’s wavelength cov-

erage at z < 1.61. Consequently, out of ∼ 300 MOSDEF

targets at 1.37 ≤ z ≤ 1.70, only 55 star-forming galax-

ies have [OII] coverage, 24 of which display detections

at S/N≥ 3.

2.2. DEIMOS Spectroscopy
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To obtain [OII]λλ3726,3729 measurements for MOS-

DEF galaxies at z = 1.37 − 1.61, where the lines fall

outside MOSFIRE’s coverage, we obtained 0.5 nights of

DEep Imaging Multi-Object Spectrograph (DEIMOS;

Faber et al. 2003) observations in the AEGIS field.

These new observations, described below, increased the

number of MOSDEF z ∼ 1.5 targets with [OII] coverage

from 55 to 138 star-forming galaxies.

2.2.1. Mask Design and Observations

Three DEIMOS slitmasks were observed in the AEGIS

field on 1 June 2021. Observations were conducted un-

der clear photometric conditions, with a typical me-

dian seeing of 0.55 arcseconds. Total integration times

were 45 min for one mask and 54 min for each of the

other two masks. The total integration time for each

mask comprised three equal-length individual exposures.

The 1200G grating was used with the OG550 cutoff

filter and a central wavelength of 8800 Å, providing

approximate wavelength coverage of 7500-10000 Å at

a spectral resolution of R ∼ 6000. Targets were as-

signed to DEIMOS slitmasks by giving the highest prior-

ity to spectroscopically-confirmed MOSDEF sources at

1.37 ≤ z ≤ 1.70, and filling remaining space with z ≥ 2

MOSDEF sources for which DEIMOS covers the rest-

ultraviolet and galaxies from the 3D-HST catalog with

either photometric or grism redshifts at z = 1.10− 1.70.

In addition to science targets, each mask had one slit

placed on a star of magnitude R = 16.5 − 17.0 that

was used for telluric correction and final flux calibra-

tion. Slit widths were 1′′ and the position angle of each

slit was either matched to the photometric major axis,

or else at an angle as close to the photometric major

axis as possible within the constraints for mask milling.

Due to the large field of view of DEIMOS, the majority

of the 163 z ∼ 1.5 MOSDEF sources in AEGIS span-

ning 7 MOSFIRE pointings can be covered with just

3 DEIMOS pointings. In total, DEIMOS spectra were

obtained for 100 z ∼ 1.5 MOSDEF primary targets, 93

z > 2 MOSDEF filler targets, and 176 z = 1.10 − 1.70

3D-HST filler targets.

2.2.2. Data Reduction

The DEIMOS spectroscopic data were reduced us-

ing the publicly available software package PypeIt

(Prochaska et al. 2020) version 1.15.0. The reduc-

tion process followed the standard steps described in

the PypeIt DEIMOS documentation for bias subtrac-

tion, flat-fielding, wavelength calibration, sky subtrac-

tion, and coaddition of individual exposures to produce

reduced 2D spectra. A custom Python routine was used

to perform optimal extractions (Horne 1986), generat-

ing 1D science and error spectra for each target. The

extracted spectra were then flux-calibrated using a sensi-

tivity function derived from the observation of the spec-

troscopic standard star Feige 34 on the same night as

the science observations. The science spectra on each

mask were also corrected for telluric absorption by ap-

plying the best-fitting telluric model derived from the

spectrum of the slit star on that mask.

2.2.3. Final Flux Calibration and Slit-loss Correction

To achieve the final flux calibration, the spectra for

all objects on a given mask were scaled using a normal-

ization factor derived by comparing the slit star spec-

trum to their corresponding 3D-HST photometric spec-

tral energy distribution (SED), effectively compensat-

ing for the slit losses of a point source. The spectra

were then corrected for flux losses outside of the slit

aperture following the procedure described in Reddy

et al. (2015) and Kriek et al. (2015). We used the

F160W imaging and segmentation map from 3D-HST

(Skelton et al. 2014) to identify the pixels associated

with the target galaxy and mask out those belonging

to nearby sources. We then replaced the masked-out

pixels by Gaussian random noise, determined from the

average and standard deviation of the background pixel

values. Next, we used a Gaussian kernel with FWHM =√
FWHM2

seeing − FWHM2
F160W to smooth the postage

stamp, where FWHMseeing represents the seeing, deter-

mined from the spatial profile of the slit star measured

from the 2D spectrum, and FWHMF160W refers to the

FWHM of the F160W point spread function. We fitted

the smoothed image with a 2D elliptical Gaussian, and

calculated the fraction of total source light falling within

the slit by integrating the fitted elliptical Gaussian over

the slit boundaries. Finally, we scaled each galaxy spec-

trum by the ratio of the fraction of in-slit light for the

slit star relative to that of the galaxy. The scaling fac-

tor accounts for the excess slit loss of extended galaxy

targets relative to a point source. This approach en-

sures that the slitloss corrections are performed in a con-

sistent manner to what was done for the near-infrared

MOSFIRE spectra from MOSDEF (Reddy et al. 2015).

Examples of detected [OII] doublets from the DEIMOS

spectroscopy are shown in Figure 1.

2.3. Galaxy properties and emission-line measurements

The method for estimating stellar masses is described

in Kriek et al. (2015) and Sanders et al. (2021). Briefly,

broadband photometry was drawn from the 3D-HST

survey catalogs (Brammer et al. 2012; Skelton et al.

2014). Nebular emission line contributions were first

subtracted from the photometry in filters covering the

rest-frame optical (Sanders et al. 2021). Stellar masses
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Figure 1. Example DEIMOS 2D (top) and 1D (bottom) science spectra of three star-forming galaxies, focusing on the
[OII]λλ3726, 3729 emission-line doublet. Strong sky lines are masked out in the 1D spectra. The best fit is overlaid in blue,
with the gray-shaded regions displaying the error spectrum.

were then determined using the SED fitting code FAST

(Kriek et al. 2009), employing flexible stellar popula-

tion synthesis models (Conroy et al. 2009). The fitting

procedure adopted a Calzetti et al. (2000) dust attenua-

tion curve, solar stellar metallicities, the Chabrier (2003)

initial mass function (IMF), and assumed a ‘delayed-τ ’

star-formation history (SFR(t) ∝ t × e−t/τ ). Although

a Small Magellanic Cloud (SMC) extinction law (Gor-

don et al. 2003) and subsolar metallicity (Z∗ = 0.0031)

are suggested to be more appropriate for high-redshift

galaxies (Reddy et al. 2015, 2018; Shivaei et al. 2020),

galaxies at z ∼ 1.5 typically exhibit metallicities of 12

+ log(O/H) > 8.5. In this higher-metallicity regime,

the average attenuation curve tends to have a shallower

slope (Shivaei et al. 2020), more closely resembling the

Calzetti et al. (2000) starburst law than the steeper

SMC-like curve, thereby justifying our choice.

The fluxes for all emission lines, except

[OII]λλ3726, 3729 when covered by DEIMOS, were

directly obtained from the MOSDEF survey cata-

logs1(Reddy et al. 2015; Kriek et al. 2015). For

sources for which [OII] was instead covered by DEIMOS,

[OII]λλ3726, 3729 fluxes were determined by simultane-

ously fitting a linear continuum and a double Gaussian

profile (see Figure 1), with uncertainties estimated by

perturbing the science spectrum according to the error

spectrum 1000 times and refitting the line in each iter-

1 https://mosdef.astro.berkeley.edu/for-scientists/data-releases/

ation. The flux uncertainties were then defined as the

68th-percentile width of the resulting distribution.

Emission line fluxes were corrected for dust atten-

uation assuming the Cardelli et al. (1989) extinction

curve. When both Hα and Hβ were detected at S/N≥3,

E(B−V )gas was derived from the Hα/Hβ ratio assuming

an intrinsic ratio of 2.86. If Hβ had S/N<3, E(B−V )gas
was estimated from the best-fit stellar population pa-

rameters using equation 1 in Sanders et al. (2021). In the

z ∼ 1.5 stacking sample, upon which the main results of

this analysis are based, 73/112 galaxies have S/N≥3 for

both Hα and Hβ, while the remaining 39 objects have

S/N< 3 for Hβ. All emission-line ratios were calculated

using dust-corrected fluxes. SFR was derived from the

dust-corrected Hα luminosity using the calibration de-

fined by Hao et al. (2011) converted to a Chabrier (2003)

IMF. While galaxies selected to have individual detec-

tions of certain lines (e.g., requiring [OII] detections at

high M∗; see Section 2.4 and Table 1) tend to lie above

the main sequence in some mass ranges, the stacking

sample – which requires S/N≥3 for Hα only – remains

representative of the main-sequence star-forming galaxy

population at z ∼ 1.5, as shown in the right panel of

Figure 2.

2.4. Sample selection

https://mosdef.astro.berkeley.edu/for-scientists/data-releases/
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Figure 2. Left : Redshift distribution of galaxies in our z ∼ 1.5 sample. The colored histograms display the subsamples of
galaxies with detections of all lines required for the stated line ratios, described in Table 1. Middle: Stellar mass distribution.
Right : SFR-M∗ distribution of the z ∼ 1.5 samples. The dashed line represents the star-forming main sequence from Speagle
et al. (2014). The colored triangles, circles, and squares represent the individual galaxies. The values from inferred stacked
spectra in stellar mass bins are represented by black diamonds. The error bar in the lower right corner display the median
uncertainties of all the individual galaxies.

We selected 359 galaxies within the redshift range

1.30 ≤ z ≤ 1.702 from the MOSDEF survey. We re-

jected galaxies identified as AGN based on X-ray or rest-

frame infrared properties, or having [NII]λ6585/Hα >

0.5 (Coil et al. 2015; Azadi et al. 2017; Leung et al.

2019). We also excluded galaxies with stellar masses be-

low log(M∗/M⊙) = 9.0 where MOSDEF is significantly

incomplete. These cuts resulted in a total sample of

z ∼ 1.5 MOSDEF star-forming galaxies numbering 295

with a median stellar mass of log(M∗/M⊙) = 9.91 and

zmedian = 1.53. We used this sample of star-forming

galaxies to define several sub-samples with different

emission-line detection requirements: one for produc-

ing composite spectra in bins of stellar mass, and others

consisting of individual galaxies based on lines neces-

sary for metallicity estimates from different line ratios

(see Section 3 for metallicity estimation). We summa-

rize the sub-samples in Table 1. We first required Hα

S/N≥3, resulting in a sample of 259 galaxies referred to

as the parent sample. The additional requirement for

wavelength coverage of [OII], Hβ, [OIII], and [NII] re-

duced the sample to a total of 112 galaxies. The median

stellar mass and SFR of these 112 galaxies is compara-

ble to that of the full MOSDEF z ∼ 1.5 sample. We

also selected samples of individual galaxies with ≥ 3σ

detections of sets of lines required for different metal-

licity indicators: 55 galaxies with detections of [OII],

2 While MOSDEF targeted galaxies with zspec or zphot in the range
1.37 ≤ z ≤ 1.70, a small number of galaxies with measured zspec
between 1.30 and 1.37 were included in the sample due to slight
discrepancies between the measured zspec and estimated zphot.

Hβ, [OIII], and Hα to derive the O3, O32, and R23

ratios; 147 galaxies with detections of Hα and [NII] to

derive N2; and 81 galaxies with detections of Hβ, [OIII],

Hα, and [NII] to derive O3N2. All of these sub-samples

have median stellar masses within ≈0.2 dex of the par-

ent MOSDEF star-forming galaxy sample and median

SFRs consistent with the star-forming main sequence at

this redshift (see Table 1). The redshift and stellar mass

distributions of the described galaxy samples are shown

in the left and middle panels of Figure 2, while the re-

lation between SFR and M∗ is presented in the right

panel.

2.5. Composite spectra

Constructing composite spectra enables us to include

information from galaxies for which weak lines of in-

terest (e.g., Hβ, [NII]) were not individually detected.

We adopted the stacking method described in Sanders

et al. (2021) to generate composite spectra in bins of

stellar mass for the stacking sample of 112 galaxies with

Hα S/N≥3 and spectral coverage of [OII], Hβ, [OIII],

and [NII]. The stacking sample was divided into 5 mass

bins, the first four of which at log(M∗/M⊙) < 10.5 have

an equal number per bin (22 galaxies), while the final

high-mass bin (24 galaxies) at log(M∗/M⊙) > 10.5 cov-

ers a region where MOSDEF may not be complete (see

the discussion in Kriek et al. 2015; Sanders et al. 2021).

Briefly, individual spectra were dust corrected, shifted to

rest-frame luminosity density, normalized by Hα lumi-
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Table 1. Characteristics of the z ∼ 1.5 star-forming galaxy samples.

Sample type Wavelength Coverage Detected Lines (≥ 3σ) Ngal log(M∗/M⊙)med log(SFR/M⊙yr−1)med

(1) (2) (3) (4) (5) (6)

Parent Sample All MOSDEF (1.3 ≤ z ≤ 1.7) Hα 259 9.92 1.09

Stacking sample [OII], Hβ, [OIII], Hα, [NII] Hα 112 9.99 1.12

O3+O32+R23 sample [OII], Hβ, [OIII], Hα [OII], Hβ, [OIII], Hα 55 9.83 1.38

N2 sample Hα, [NII] Hα, [NII] 147 10.17 1.45

O3N2 sample Hβ, [OIII], Hα, [NII] Hβ, [OIII], Hα, [NII] 81 10.02 1.50

Table 2. Properties of the mass-binned composite spectra for the z ∼ 1.5 stacking sample.

log
(

M∗
M⊙

)
med

Ngal log
(

SFR
M⊙/yr

)
med

log(O3) log(O2) log(O32) log(R23) log(N2) log(O3N2) log
(
O
H

)O-based
log

(
O
H

)O3N2
log

(
O
H

)N2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

9.32+0.05
−0.09 22 0.67+0.13

−0.04 0.56+0.06
−0.06 0.41+0.12

−0.02 0.14+0.02
−0.11 0.86+0.07

−0.04 -1.10+0.12
−0.06 1.66+0.09

−0.15 8.37+0.03
−0.03 8.38+0.05

−0.05 8.40+0.05
−0.05

9.66+0.08
−0.03 22 0.87+0.14

−0.05 0.41+0.09
−0.03 0.45+0.06

−0.09 -0.05+0.13
−0.04 0.79+0.06

−0.04 -0.96+0.06
−0.09 1.37+0.16

−0.07 8.50+0.03
−0.03 8.50+0.05

−0.05 8.47+0.03
−0.04

9.96+0.06
−0.03 22 1.09+0.11

−0.10 0.35+0.03
−0.09 0.55+0.06

−0.08 -0.21+0.06
−0.10 0.82+0.04

−0.07 -0.78+0.07
−0.05 1.12+0.05

−0.12 8.54+0.03
−0.03 8.59+0.03

−0.03 8.56+0.03
−0.03

10.29+0.04
−0.05 22 1.28+0.13

−0.07 0.09+0.08
−0.07 0.49+0.08

−0.10 -0.40+0.12
−0.08 0.68+0.07

−0.07 -0.61+0.04
−0.06 0.71+0.12

−0.10 8.69+0.03
−0.03 8.76+0.04

−0.04 8.64+0.02
−0.02

10.75+0.10
−0.07 24 1.58+0.12

−0.07 0.09+0.11
−0.17 0.49+0.31

−0.13 -0.40+0.09
−0.29 0.66+0.25

−0.09 -0.50+0.03
−0.04 0.59+0.13

−0.17 8.70+0.06
−0.07 8.80+0.06

−0.05 8.70+0.02
−0.02

nosity, resampled onto a uniform wavelength grid, and

median-combined. Stacked line luminosities were mea-

sured from Gaussian profile fitting, and uncertainties on

line luminosities and line ratios were estimated using

a bootstrap Monte Carlo approach, following Sanders

et al. (2021). Figure 3 shows the five resulting compos-

ite spectra, focusing on the [OII]λλ3726, 3729 emission

lines.

It of note that the [OII] coverage could come from ei-

ther DEIMOS or MOSFIRE observations, depending on

the redshift of the target. Since the DEIMOS spectra

have approximately twice the spectral resolution of the

MOSFIRE spectra, DEIMOS spectra were smoothed

with a Gaussian kernel and resampled during stacking

to match the resolution and sampling of MOSFIRE Y

band spectra. To ensure that subsets with [OII] coverage

from DEIMOS and MOSFIRE could be combined with-

out introducing bias, we compared composite line ratios

as a function of M∗ measured from stacked subsamples

with [OII] coverage exclusively from either DEIMOS or

MOSFIRE. As shown in Appendix A, we found consis-

tent results from stacks of the two non-overlapping sub-

sets, confirming that sources with [OII] coverage drawn

from DEIMOS and MOSFIRE can be combined during

stacking.

2.6. Literature spectroscopic samples

We utilized published galaxy survey datasets to probe

the low-redshift regime at z < 1, and higher redshifts at

z = 2− 4, complementing the z ∼ 1.5 sample described

above. Specifically, we searched the literature for sam-

ples of representative star-forming galaxies with pub-

lished composite spectra or binned sample averages with

coverage of at least the [OII], Hβ, and [OIII] lines, also

utilizing Hα and [NII] coverage when available. Stellar

masses and SFRs for all samples drawn from the lit-

erature were renormalized to a Chabrier (2003) IMF.

Each literature sample was also limited to masses at log

M∗/M⊙ > 9.0 for consistency with the mass range cov-

ered by the high-redshift (z > 1) samples. The final

combination of 6 redshift bins at z = 0.08, 0.3, 0.8, 1.5,

2.3, and 3.3 probe respective lookback times of 1 Gyr,

3.4 Gyr, 6.8 Gyr, 9.2 Gyr, 10.6 Gyr, and 11.6 Gyr, pro-

viding a time sampling of 1 − 3 Gyr over the past 85%

of cosmic history. The properties of the mass-binned

literature samples are reported in Appendix B and Ta-

ble B1.

2.6.1. SDSS – z ∼ 0.08

We utilized composite spectra at z ∼ 0.08 for

∼ 200, 000 galaxies from Sloan Digital Sky Survey

(SDSS; York et al. 2000), as constructed by Andrews &

Martini (2013). These stacks are binned in 0.1 dex bins

in M∗ and 0.25 dex bins in SFR. To obtain a mass-binned

average that avoids potential biases from the inclusion

of extreme starburst galaxies, we first select bins lying
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Figure 3. Stacked composite spectra in bins of stellar mass with flux normalized by Hα, focused on the wavelength range close
to [O II]λλ3726, 3729. The gray-shaded region displays the composite error spectrum.

within ±0.75 dex of the star-forming main sequence at

z ∼ 0. We exclude any bins containing fewer than 100

galaxies. For the remaining stacks, we compute sam-

ple averaged line ratios for each stellar mass interval

by averaging the dust-corrected line ratios of the SFR
bins at that M∗ weighted by the number of galaxies in

each bin. The composite SFR at each M∗ was computed

using the same weighted average method. Zahid et al.

(2011) and Lewis et al. (2024) noted that the MPA-JHU

stellar masses for SDSS (Kauffmann et al. 2003; Salim

et al. 2007) are biased by +0.2 dex relative to the stellar

masses used for LEGA-C, DEEP2, and MOSDEF, due

to differences in the SED fitting techniques employed.

Accordingly, we shift the SDSS stellar masses down by

0.2 dex to ensure consistency with the masses estimated

for the higher-redshift samples.

2.6.2. SHELS – z ∼ 0.3

We use composite spectra of 2131 star-forming galax-

ies at z = 0.2 − 0.38 from the Smithsonian Hectospec

Lensing Survey (SHELS) presented in Geller et al.

(2014). These authors derived stellar masses using the

Le Phare software package (Ilbert et al. 2006) applied

to SDSS five-band photometry, and constructed stacked

spectra of star-forming galaxies in 10 bins of M∗. We

adopt the median stellar mass in each bin, and measure

line fluxes of [OII], Hβ, [OIII], Hα, and [NII] from the

published composite spectra by fitting Gaussian profiles

to the emission lines, including a 2-component fit for Hα

and Hβ to account for stellar absorption. SFRs were not

reported for this sample, and could not be measured di-

rectly from the stacked spectra since their flux density

is normalized. To recover physical flux units, we first

fit the relation between R-band magnitude and stellar

mass for individual SHELS star-forming galaxies. Using

the R-band filter transmission curve from the Deep Lens

Survey, we generated mock photometry by passing the

stacked spectra through this response function. We then

scaled each stack to match the expected photometric R-

band flux at the median stellar mass of the bin, thereby

placing the stacks onto an absolute flux-calibrated scale.

After applying dust correction, we derived SFRs from

the dust-corrected Hα luminosity for each stack.
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2.6.3. DEEP2 and LEGA-C surveys – z ∼ 0.8

We use the line ratios, stellar masses, and SFRs pre-

sented in Zahid et al. (2011) for composite spectra in

bins of M∗ of ∼1350 star-forming galaxies at z ∼ 0.8

from the Deep Extragalactic Evolutionary Probe 2 sur-

vey (DEEP2; Newman et al. 2013). This DEEP2 sample

spans a mass range of log M∗/M⊙ ∼ 9.0− 10.5.

To supplement the DEEP2 sample at higher stel-

lar masses, we use the dust-corrected line ratios, M∗,

and SFR measurements for 145 star-forming galaxies at

z ∼ 0.8 spanning log M∗/M⊙ ∼ 10.0− 11.0 presented in

Lewis et al. (2024), drawn from the Large Early Galaxy

Astrophysics Census (LEGA-C; van der Wel et al. 2021)

survey. The sample is then binned in stellar mass, and

average values of SFR and emission line ratios are com-

puted within each bin. Following Lewis et al. (2024),

based on their similarity in mean redshift and in line

ratios in the region of overlapping stellar mass, we com-

bine the DEEP2 and LEGA-C survey composites into a

single z ∼ 0.8 sample for the remainder of the analysis.

Both DEEP2 and LEGA-C spectra cover [OII], Hβ, and

[OIII] at this redshift, but do not cover Hα and [NII],

which are redshifted into the NIR.

2.6.4. MOSDEF survey – z ∼ 2.3 and z ∼ 3.3

We adopt published stellar masses, SFRs, and dust-

corrected line ratios for composite spectra of 280 star-

forming galaxies at z = 2.1 − 2.6 and 115 star-forming

galaxies at z = 3.0 − 3.8 from the MOSDEF survey

(Sanders et al. 2021). These samples span log M∗/M⊙ ∼
9.0 − 11.0, but are potentially incomplete at masses

above log M∗/M⊙ = 10.5 (Kriek et al. 2015; Sanders

et al. 2021).

2.7. Combined z = 0− 4 sample properties

Figure 4 presents the SFR-M∗ distribution of the com-

posites across all 6 redshift bins included in this study.

Best-fit relations to these data are overlaid as solid lines

of the same colors, with shaded regions represent the 1σ

uncertainty. The dotted lines represent the star-forming

main sequence parametrization from the Sargent et al.

(2014) evaluated at the mean redshift of each sample.

We find agreement with the Sargent et al. (2014) relation

within 0.2 dex in SFR at fixed M∗ for the vast majority

of the composites across the full redshift range. The ex-

ceptions are the lowest-mass z ∼ 3.3 bin, as well as the

z ∼ 0.3 bins below 1010 M⊙, which fall higher than the

Sargent et al. (2014) relation. This offset may indicate

that the z ∼ 0.3 sample is biased below 1010 M⊙, though

this scenario seems unlikely since SHELS maintains high

completeness below this mass (Geller et al. 2014). An-

other possibility is that our approach to calibrate the

9.00 9.25 9.50 9.75 10.00 10.25 10.50 10.75 11.00
log (M /M )

0.5

0.0

0.5

1.0

1.5
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/M
 y

r
1 )
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z 0.8

This work z 1.5
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z 3.3

Speagle+14
Sargent+14

Figure 4. SFR-M∗ relations defined by the mass-binned
samples across all 6 redshift bins included in this study.
Solid colored lines indicate the best-fit relations at each red-
shift with shaded regions representing the 1σ uncertainties
on the fits, showing similar slopes but an increase in SFR
at fixed mass with increasing redshift. Dotted lines show
the star-forming main sequence parameterization of Sargent
et al. (2014), evaluated at the median redshift of each sample.
Dashed lines represent the main sequence of Speagle et al.
(2014), evaluated at the median redshifts of the z = 0.8−3.3
samples.

z ∼ 0.3 stacks to an absolute flux scale (Sec. 2.6.2) has

overestimated the correction at low mass. It is thus

possible that we have overestimated the SFRs of the

lowest-mass z ∼ 0.3 bins by up to 0.3 dex.

We also compare the z = 0.8 − 3.3 samples to the

main sequence parameterization of Speagle et al. (2014)

(dashed lines).3 We find that our four highest-redshift

samples agree with the Speagle et al. (2014) relation

within ∼ 0.2 dex in SFR at fixed M∗, except for the

lowest-mass z ∼ 3.3 bin. We conclude that all 6 of

our mass-binned samples are representative of the typ-

ical main-sequence star-formation galaxy population at

each redshift across the majority of the mass range log

M∗/M⊙ = 9.0− 11.0.

3. METALLICITY DERIVATIONS

3 Speagle et al. (2014) excluded samples at z ≲ 0.3 from their
analysis. Thus, their fit to the redshift-dependent star-forming
main sequence may not be reliable if applied at the redshifts of
our z ∼ 0.08 and z ∼ 0.3 samples. See also the discussion in
Leslie et al. (2018).
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We estimated metallicities using dust-corrected ratios

of the rest-optical lines [OII], Hβ, [OIII], Hα, and [NII].

This set of emission lines provides a number of line ra-

tios from which gas-phase metallicities can be inferred

using strong-line calibrations. The lines [OII], Hβ, and

[OIII] are covered in all 6 redshift bins in this study, such

that we can use ratios of these lines uniformly across the

redshift range z = 0 − 4. We estimate gas-phase oxy-

gen abundance following a method similar to the one

described in Sanders et al. (2021). We use the com-

bination of the O3, O32, and R23 line ratios to infer

our fiducial set of metallicities, which we refer to as “O-

based.” These line ratios have the advantage of only

involving lines of O and H to determine O/H, avoiding

the dependence of [NII]-based indicators on N/O. To

account for evolving ISM ionization conditions, we use

a different set of strong-line calibrations for low- and

high-redshift samples. For the z < 1 galaxy samples,

we adopted the metallicity calibrations from Curti et al.

(2017) and Curti et al. (2020), based on direct-method

oxygen abundances measured from stacked SDSS spec-

tra. For z > 1 galaxy samples, we used the high-

redshift analog calibrations from Bian et al. (2018),

which are based on direct-method metallicities of ex-

treme local galaxies that reflect the ISM physical condi-

tions of z ∼ 2 galaxies. Specifically, these analogs share

similar emission line properties with high redshift galax-

ies, particularly occupying similar positions in the [NII]-

BPT diagram (e.g., Steidel et al. 2014; Sanders et al.

2016). It is worth noting that the Bian et al. (2018)

relations are calibrated within the metallicity range of

7.8 < 12+log (O/H) < 8.4. Consequently, application at

12 + log (O/H) > 8.4 requires extrapolation. Although

this introduces some uncertainty, Sanders et al. (2021)

found this method to be a better match for high-z galax-

ies compared to applying z ∼ 0 calibrations to z > 1

samples. In particular, applying the Curti et al. (2020)

calibration to high-z galaxies typically results in oxy-

gen abundances that are, on average, underestimated

by ∼ 0.1 dex compared to the Bian et al. (2018) analog

calibration.

We calculated metallicities via a χ2 minimization us-

ing:

χ2 =
∑
i

(Robs,i −Rcal,i(x))
2

(σ2
obs,i + σ2

cal,i)
(1)

where the summation over i represents the set of line

ratios (O3, O32, and R23 for O-based metallicities),

Robs,i is the logarithm of the ith observed line ratio,

Rcal,i is the logarithmic ith line ratio of the calibration

at x = 12 + log(O/H), σobs,i is the uncertainty in the

ith observed line ratio, and σcal,i is the intrinsic scat-

ter in the ith line ratio at fixed O/H of the calibration.

The best-fit metallicity corresponds to the value that

minimizes the expression above. When deriving metal-

licities for mass-binned composites, σcal,i is divided by√
N where N is the number of galaxies in the bin. We

adopted σcal,i for the Bian et al. (2018) calibrations from

Sanders et al. (2021). We determined the uncertain-

ties in the metallicity estimates by employing a Monte

Carlo approach, perturbing the observed line ratios by

randomly adding Gaussian noise based on their uncer-

tainties and repeating the fit 300 times to generate a

distribution of O/H values. The final 1σ uncertainties

were taken to be half of the 16th-to-84th percentile width

of this distribution. Table 2 summarizes the obtained

galaxy properties, emission line ratio fluxes and inferred

metallicities.

The N2 and O3N2 line ratios are also available for 4

of the redshift bins, at z ∼ 0.08, 0.3, 1.5, and 2.3. While

we view these [NII]-based line ratios as potentially less

reliable due to their additional sensitivity to N/O, they

are nonetheless very commonly employed metallicity in-

dicators at both low and high redshifts. Accordingly,

we also infer metallicities from either N2 or O3N2 for

comparison. As above, we use the Curti et al. (2020)

calibrations at z < 1. At z > 1, we use the high-redshift

analog N2 and O3N2 calibrations of Bian et al. (2018)

as renormalized by Sanders et al. (2023) to better match

the O-based metallicities at z ∼ 2.

The formal uncertainties on metallicities in many of

the low-redshift bins are very small (≪ 0.01 dex) due

to the larger number of galaxies in these samples, es-

pecially for the SDSS composites. As a consequence

of inverse-variance weighting, the low-redshift samples

would dominate over those at higher redshift when fit-

ting a redshift-dependent functional form to the mass-

metallicity relation. Furthermore, systematic uncertain-

ties on composite line ratios and metallicities are far

larger than such small formal errors. As a result, we

set a metallicity error floor of 0.01 dex for all sam-

ples throughout the analysis,4 adopting this value for

the error on 12+log(O/H) if the formal uncertainty was

smaller.

4. RESULTS

4.1. Emission line ratios versus stellar mass

We first explore the empirical evolution of rest-optical

emission-line ratios at fixed stellar mass over z = 0− 4.

Figure 5 shows O32, O3, R23, and O2 as a function of

M∗ for all 6 redshift bins, as well as O3N2 and N2 for the

4 bins in which [NII] is covered. At fixed redshift, we find

4 Our results do not significantly change if we vary this metallicity
error floor between 0.01 and 0.04 dex.
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that O32, O3, R23, and O3N2 decrease with increas-

ing M∗, while N2 increases. These trends suggest that

metallicity increases and ionization parameter decreases

with increasing M∗ at each redshift. O2 transitions from

an anticorrelation with M∗ at z < 1 to a positive correla-

tion at z > 2. O2 is double-valued as a function of O/H,

with a turnover metallicity of 12+log(O/H) ≈ 8.5, sug-

gesting that the majority of the z < 1 sample has metal-

licities higher than this value while the z > 2 samples

lie largely at lower metallicities. The low-mass flatten-

ing in O3 and R23 at z > 2 can similarly be ascribed to

the double-valued nature of these line ratios with O/H,

with respective turnover points of 12+log(O/H) ≈ 8.0

and 8.2. At z < 1, the line ratios flatten at high mass,

reflecting the well-known high-mass asymptotic behav-

ior of the mass-metallicity relation. For O3N2 and N2,

we also compare to the z ∼ 1.5 stacked spectra from

Topping et al. (2021) based on a larger MOSDEF sam-

ple of ∼250 galaxies, which shows good agreement with

the trends in our smaller z ∼ 1.5 sample due to the

requirement of [OII] coverage.

At fixed stellar mass, O32, O3, R23, and O3N2 dis-

play a nearly ubiquitous increase with redshift, while

N2 decreases with increasing redshift at fixed stellar

mass. These empirical trends suggest that metallicity

decreases and the degree of nebular ionization increases

with increasing redshift at fixed M∗, as found by ear-

lier studies with fewer redshift bins (e.g., Kashino et al.

2017; Sanders et al. 2021). O2 in contrast increases with

increasing redshift at log(M∗/M⊙) > 10.0 while decreas-

ing with increasing redshift below that mass, which is,

again, due to the double-valued nature of this ratio as

a function of O/H. The rate of line ratio evolution is

slower at the high-mass end, with O32, O3, R23, O3N2,

and N2 displaying little evolution at log(M∗/M⊙) > 10.5

until z > 1, suggesting metallicity evolution at fixed M∗
is faster at low masses and slower at high masses. The

highest-mass bins (log(M∗/M⊙) > 10.2) in the z ∼ 0.3

dataset display slight deviations from these trends for

O32 and R23 that may have been introduced due to in-

accurate stellar absorption correction or potential com-

posite AGN contamination at such high masses. Specifi-

cally, at high masses, the O32 values at z ∼ 0.3 are lower

than expected – falling below the z ∼ 0 sequence – when

they are predicted to lie between the z ∼ 0 and z ∼ 0.8

datasets. Likewise, the high-mass z ∼ 0.3 R23 values are

higher than those observed at z ∼ 0.8, again deviating

from the expected redshift progression. Overall, all of

these rest-optical line ratios qualitatively suggest that

O/H is positively correlated with M∗ at each redshift

and decreases with increasing redshift at fixed M∗, and

that a high-mass flattening of O/H is present at z < 1,

asymptoting to approximately the same metallicity at

these redshifts.

4.2. The mass-metallicity relation

In Figure 6, we show the mass-metallicity relation for

individual galaxies and stacked spectra for our sample

at z ∼ 1.5 incorporating new [OII] measurements, with

metallicities derived using O-based ratios (left); O3N2

(middle); and N2 (right) as described in Sec. 3. The

Spearman correlation coefficients for the set of individ-

ual galaxies across the three cases are 0.74, 0.69, and

0.57, with p-values ≪ 10−10, demonstrating a highly

significant correlation between M∗ and O/H at z ∼ 1.5,

regardless of which line ratio is used to determine O/H.

Metallicities derived from the mass-binned composite

spectra reflect the average trends observed in the in-

dividual z ∼ 1.5 galaxies. For all three cases, the lower

four mass bins display a trend that can be represented

as a power-law increase of O/H with M∗. The highest-

mass bin shows tentative evidence of flattening, though

this behavior is inconclusive due to the uncertainties.

Figure 7 compares the metallicity estimates derived

using the three strong-line diagnostics (O-based, rep-

resented by blue; O3N2, represented by magenta; and

N2, represented by yellow) for the composite spectra in

all 6 redshift bins, excluding O3N2 and N2 at z ∼ 0.8

and z ∼ 3.3 where [NII] measurements are not available.

This comparison enables a direct assessment of how the

choice of metallicity indicator affects the shape of the de-

rived MZR. Specifically, this figure illustrates how the

slope and normalization of the MZR differ depending on

which line ratios are used to calculate the metallicities.

We find that O/H estimates from all three line diagnos-

tics are generally consistent with one another, displaying

offsets of < 0.05 dex in most cases. However, system-

atic variation is present at high masses (≥ 1010.3M⊙),

with estimates from O3N2 and N2 resulting in higher

asymptotic O/H than for the O-based case.

To quantify differences in slope and normalization, we

fit the MZR for each redshift and line ratio combination

using equation 2 in Curti et al. (2020) given by:

MZR(M∗) = Z0 − γ/β × log(1 + [M∗/M0]
−β), (2)

where Z0 is the high-mass asymptotic metallicity, γ is

the low-mass power-law slope, and β controls the sharp-

ness of the turnover that occurs at mass M0. The fits

were performed using an inverse-variance weighted non-

linear least squares minimization via the curve fit rou-

tine in SciPy. Above z ∼ 0.3, β and M0 are not

well constrained by the data, which do not reach high

enough masses to resolve a full flattening. Instead, we fix

β = 1.2, the z ∼ 0 value found by Curti et al. (2020) that
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also fits our local SDSS sample well. For each strong-

line diagnostic, Z0 at each redshift is fixed to the value

obtained by fitting the MZR at z = 0.08, corresponding

to Z0 of 8.76, 8.77, and 8.78 for O-based, O3N2, and

N2 metallicities, respectively. The low-mass slope γ and

turnover mass M0 thus remain free parameters for each

fit. The best-fit coefficients are given in Tables 3, 4 and

5. The dashed lines and shaded regions of correspond-

ing colors in Figure 7 represent the best-fit relations and

their 1σ uncertainty bounds.

Table 3. Best-fit MZRs to Composite Spectra with
O-based metallicities from the O3, O32, and R23
line ratios.

Using Power-law eq. 3

Sample γ Z10

z ∼ 1.5 0.31 ± 0.04 8.58 ± 0.02

z ∼ 2.3 0.28 ± 0.02 8.47 ± 0.01

z ∼ 3.3 0.27 ± 0.04 8.38 ± 0.02

Using eq. 2 with fixed β = 1.2 and Z0 = 8.76

Sample γ log
(

M0
M⊙

)
z ∼ 0.08 0.24 ± 0.03 9.75 ± 0.09

z ∼ 0.3 0.24 ± 0.03 10.13 ± 0.08

z ∼ 0.8 0.25 ± 0.01 10.37 ± 0.04

z ∼ 1.5 0.36 ± 0.09 10.39 ± 0.22

z ∼ 2.3 0.28 ± 0.02 11.05 ± 0.11

z ∼ 3.3 0.28 ± 0.04 11.32 ± 0.22

Redshift evolution using eq. 4 with fixed β = 1.2

Sample Z0 γ

All 8.76 ± 0.01 0.28 ± 0.01

m0 m1

9.55 ± 0.05 2.75 ± 0.08

Since the highest-mass bin in each sample at z ≥ 1.5

may be significantly incomplete and potentially biased,

we also fit the high-redshift samples (z = 1.5 − 3.3)

using a power law form excluding the highest-mass bin,

following the method used by Sanders et al. (2021):

12 + log(O/H) = γ ×m10 + Z10, (3)

where γ is the slope, m10 = log(M∗/10
10M⊙) and Z10

is the metallicity at 1010 M⊙. The best-fit power-law

parameters are given in Tables 3, 4 and 5. The solid lines

and corresponding shaded regions in Figure 7 represent

the best-fit power-law relations and 1σ uncertainties for

the three z ≥ 1.5 samples.

Table 4. Best-fit MZRs to Composite Spectra with
metallicities based on the O3N2 line ratio.

Using Power-law eq. 3

Sample γ Z10

z ∼ 1.5 0.38 ± 0.06 8.63 ± 0.02

z ∼ 2.3 0.34 ± 0.03 8.51 ± 0.01

Using eq. 2 with fixed β = 1.2 and Z0 = 8.77

Sample γ log
(

M0
M⊙

)
z ∼ 0.08 0.28 ± 0.04 9.65 ± 0.09

z ∼ 0.3 0.29 ± 0.04 9.95 ± 0.09

z ∼ 1.5 0.52 ± 0.20 10.06 ± 0.27

z ∼ 2.3 0.38 ± 0.05 10.62 ± 0.13

Redshift evolution using eq. 4 with fixed β = 1.2

Sample Z0 γ

All 8.77 ± 0.01 0.40 ± 0.04

m0 m1

9.40 ± 0.08 2.19 ± 0.11

Table 5. Best-fit MZRs to Composite Spectra with
metallicities based on the N2 line ratio.

Using Power-law eq. 3

Sample γ Z10

z ∼ 1.5 0.26 ± 0.05 8.57 ± 0.02

z ∼ 2.3 0.27 ± 0.03 8.51 ± 0.01

Using eq. 2 with fixed β = 1.2 and Z0 = 8.78

Sample γ log
(

M0
M⊙

)
z ∼ 0.08 0.19 ± 0.02 10.07 ± 0.08

z ∼ 0.3 0.27 ± 0.04 9.95 ± 0.09

z ∼ 1.5 0.25 ± 0.05 10.83 ± 0.19

z ∼ 2.3 0.26 ± 0.03 11.03 ± 0.16

Redshift evolution using eq. 4 with fixed β = 1.2

Sample Z0 γ

All 8.78 ± 0.01 0.25 ± 0.01

m0 m1

9.72 ± 0.06 2.63 ± 0.08

Overall, the slopes of the fits for O/H estimates from

all three line diagnostics are generally consistent with

each other at fixed redshift, despite slight variations in

steepness. The fit from O3N2 favors a slightly steeper

slope relative to MZRs derived from O-based ratios,

while N2 exhibits a shallower slope relative to the others.

Nearly all cases are consistent with a low-mass slope of

γ ≈ 0.25 − 0.35 regardless of redshift, metallicity indi-



14

8.50

8.55

8.60

8.65

8.70

8.75
z = 0.08

8.5

8.6

8.7

8.8 z = 0.3

8.4

8.5

8.6

8.7
z = 0.8

9.0 9.5 10.0 10.5 11.0
8.0

8.2

8.4

8.6

8.8

9.0

9.2 z = 1.5

9.0 9.5 10.0 10.5 11.0
8.0

8.2

8.4

8.6

8.8

9.0 z = 2.3

9.0 9.5 10.0 10.5 11.0
8.0

8.2

8.4

8.6

8.8 z = 3.3

12
 +

 lo
g(

O
/H

)

log (M /M )

z 0.08
z 0.3
z 0.8

This work z 1.5
z 2.3
z 3.3

O-based fit with turnover
O3N2 fit with turnover
N2 fit with turnover

O-based Power-law fit
O3N2 Power-law fit
N2 Power-law fit

Figure 7. Mass-metallicity relations for the 6 redshift bins based on mass-binned composites, color-coded by the line ratio(s)
used to derive metallicity. Blue, magenta, and yellow represent metallicities based on the O-based, O3N2, and N2 line ratio
diagnostics, respectively. Dashed lines display the best-fit MZR functional form that includes high-mass flattening (eq. 2). Solid
lines represent the best-fit simple power-law for the z = 1.5− 3.3 samples (eq. 3). For both cases, the shaded regions denote the
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cator used, or functional form (power law vs. including

high-mass flattening). The best-fit turnover masses are

consistent between the O-based and O3N2 cases, but

slightly higher when fit to the N2 metallicities.
We thus find that the slope and normalization of the

MZR, and its redshift evolution, are not strongly sensi-

tive to the choice of metallicity indicator when using ap-

propriate redshift-dependent strong-line calibrations. It

is also of note that the turnover mass, M0, uniformly in-

creases with increasing redshift. This fact, alongside the

similarity in slope measured independently at each red-

shift, suggests that the evolving MZR could be well-fit

with a functional form that adopts a constant slope at all

redshifts and a redshift-dependent turnover mass. This

evolution in M0 is effectively equivalent to a redshift-

dependent normalization in the power-law framework

— that is, an increase in redshift corresponds to a de-

crease in normalization when the MZR is modeled as a

single-slope power law. A similar conclusion was reached

by Zahid et al. (2014a), in which the evolving MZR at

z = 0 − 1.5 was fit by a functional form with a red-

shift invariant low-mass slope and a turnover mass that

increased with increasing redshift.

Leveraging the information gained from fitting each

redshift bin separately, we now address the redshift evo-

lution of the MZR combining the samples at all 6 red-

shifts. The left panel of Figure 8 presents the evolving

MZR based on metallicities derived using the O-based

line ratios uniformly across all 6 redshift bins spanning

z ∼ 0 − 4. The right panels display MZR evolution us-

ing metallicities based on the O3N2 (top) and N2 (bot-

tom) ratios for the 4 redshift bins where [NII] was cov-

ered. As discussed in Sec. 3, the left panel is our fidu-

cial case as it uses only lines of O and H to infer O/H,

while the right panels have an additional sensitivity to

the N abundance. We fit the redshift evolution of the

MZR with the parameterization proposed by Sanders

et al. (2023) which assumes a redshift-invariant low-

mass slope and high-mass asymptotic metallicity, but

a redshift-dependent turnover mass:

MZR(M∗, z) = Z0 − γ/β× log(1+ [M∗/M0(z)]
−β), (4)
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with parameters as in equation 2, except that the

turnover mass is redshift dependent with the parame-

terization log(M0(z)/M⊙) = m0 +m1(1+ z). We adopt

a fixed β = 1.2, and leave all other parameters free

while fitting the combined data from all redshift bins.

The best-fit parameters for the O-based, O3N2, and N2

cases are given in Tables 3, 4, and 5, respectively. Solid

lines in Figure 8 display the best-fit redshift-dependent

relation evaluated at the redshift of each sample with

matching colors.

It can be seen from Figure 8 that the assumption of

a non-evolving low-mass slope and asymptotic metallic-

ity, in combination with a turnover mass that increases

with increasing redshift, provides a good match to the

observational constraints for nearly every mass bin at

each redshift. The most significant outliers are the

second-highest mass bin at z ∼ 1.5 when using O-based

metallicities, and the two highest mass bins for O3N2

at z ∼ 1.5. The latter may indicate that the Bian et al.

(2018) analog calibrations that are specifically tuned to

match z ∼ 2.3 galaxies provide less self-consistent results

at z ∼ 1.5. The offset of the second-highest O-based

z ∼ 1.5 bin may be driven by sample variance, as there

are only 22 galaxies in that bin. It is ultimately desirable

to have a strong-line calibration set that is a continuous

function of redshift, or of other properties related to ISM
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ionization conditions, but such an advance awaits future

work and data sets. The samples at z < 1 show a clear

preference for a non-evolving asymptotic metallicity, but

the z > 1 data sets lack the statistics and completeness

at high masses to further test this conclusion, requiring

wider-area near-IR spectroscopic surveys.

4.3. The fundamental metallicity relation

We now turn to the relation among metallicity (O/H),

M∗, and SFR—the FMR, considered “fundamental” due

to its proposed invariance with redshift. Figure 9 plots

O/H as a function of M∗, color-coded by SFR for all of

the redshift bins and with O/H derived using the three

different metallicity indicators. The solid colored lines

in the background denote the best-fit z ∼ 0 FMR taken

from Curti et al. (2020), displaying lines of constant SFR

color-coded in the same way as the composite spectra in

our sample. In this plot, a non-evolving FMR would

manifest as matching colors at fixed M∗ and O/H be-

tween the z ∼ 0 lines and composites at different red-

shifts. We note that the Curti et al. (2020) SDSS sam-

ple extends only up to log(SFR) ∼ 1.2, such that higher

SFRs are not represented in these z ∼ 0 curves and

comparisons of the local FMR to high-redshift data sets

with higher SFRs requires extrapolation. The compos-

ites at each redshift generally show good agreement in

O/H with the z ∼ 0 fits at matched M∗ and SFR, though

there are some visible deviations. The high-mass z ∼ 1.5

bins in O3N2 once again display a significant disagree-

ment. However, no other mass bins at any redshift are

obviously offset by such a large amount from the Curti

et al. (2020) FMR. This good visual agreement suggests

little FMR evolution out to z ∼ 4, in agreement with

previous studies (Mannucci et al. 2010; Lara-López et al.

2010; Cresci et al. 2019; Curti et al. 2020; Sanders et al.

2021).

To investigate the question of FMR evolution of the

mean star-forming population in further detail, we plot

the metallicity residuals from the predictions of a pa-

rameterized z ∼ 0 FMR as a function of redshift. We

compare to two parameterizations of the z ∼ 0 FMR in

Figure 10. In the top row, the FMR parameterization

is taken from equation 10 of Sanders et al. (2021). In

the bottom row, we use the FMR defined in equation 5

of Curti et al. (2020). The figure is color-coded by M∗.

The vertical axis shows the offset in O/H for each com-

posite bin relative to the FMR parameterization eval-

uated at matched M∗ and SFR. We evaluate residuals

separately for each of the three metallicity indicators.

The mean of the residuals and root-mean-square (RMS)

scatter values relative to the two FMR parameterization

are summarized in Table 6. Our purpose is to evalu-

ate whether commonly-used parameterized FMR forms

from the literature can describe gas-phase metallicities

over a wide range of redshifts. To this end, we adopt the

parameterizations from these two past studies without

alteration despite slight differences in methodologies. As

a result, the z ∼ 0.08 stacks used in this work do not

agree exactly with the predictions of these z ∼ 0 FMR

functions. We note that the metallicity derivation tech-

niques in Sanders et al. (2021) more closely match the

methods used in this work.

Table 6. Mean and RMS of log(O/H) residuals
from the Sanders et al. (2021) and Curti et al.
(2020) FMR paramterizations, for different line di-
agnostics and redshifts (see Figure 10).

Sanders et al. (2021) FMR

Diagnostic Redshift Mean residual RMS Scatter

O32 0.08 −0.022 0.038

0.3 −0.020 0.038

0.8 −0.010 0.028

1.5 −0.024 0.036

2.3 −0.053 0.057

3.3 −0.046 0.058

O3N2 0.08 −0.012 0.032

0.3 −0.001 0.029

1.5 0.023 0.048

2.3 −0.013 0.038

N2 0.08 −0.022 0.035

0.3 0.014 0.033

1.5 −0.030 0.034

2.3 −0.006 0.029

Curti et al. (2020) FMR

Diagnostic Redshift Mean residual RMS Scatter

O32 0.08 0.052 0.057

0.3 0.044 0.048

0.8 0.041 0.044

1.5 0.011 0.042

2.3 −0.047 0.057

3.3 −0.074 0.092

O3N2 0.08 0.062 0.066

0.3 0.063 0.065

1.5 0.058 0.089

2.3 −0.006 0.061

N2 0.08 0.052 0.055

0.3 0.078 0.079

1.5 0.005 0.021

2.3 0.001 0.033

The mass-binned composites generally display close

agreement with the Sanders et al. (2021) FMR, with

most stacks and the mean offset at all 6 redshifts lying

within 0.05 dex in O/H across all redshifts and regard-
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less of which line ratio is used. The offset from the Curti

et al. (2020) FMR is slightly larger, but still typically

∆ log(O/H) ≲ 0.1 dex. There are systematic trends be-

tween the O/H residuals and M∗ present for stacks at

z ∼ 0.08, 0.3, and 0.8, which likely stem from differ-

ences in the metallicity calibrations and methodologies

used to derive the z ∼ 0 FMR in these past studies rel-

ative to our methods. However, all panels in Figure 10

collectively suggest that there is no strong FMR evolu-

tion (i.e., ∆ log(O/H) < 0.1) between z ∼ 0 and z ∼ 4,

regardless of which FMR parameterization is assumed

or which of these three metallicity indicators is used.

This analysis confirms that FMR non-evolution holds

over the z = 0.3 − 1.5 range that was not explored in

previous studies.

5. DISCUSSION

5.1. Evolution of the MZR

In the previous section, we uniformly derived the MZR

for mass-binned averages of representative star-forming

galaxy samples spanning z = 0 − 3.8 in 6 redshift bins,

probing metallicity evolution over the past 12 Gyr with

1− 3 Gyr time sampling (Figure 8). For the first time,

we derived metallicities from the same set of line ra-

tios for all 6 redshift bins (namely, O3, O32, and R23;

“O-based”) using strong-line calibrations that reflect the

evolution of typical ISM ionization conditions from low

(z < 1) to high (z > 1) redshifts. For comparison, we

also inferred metallicities from either O3N2 or N2 for

the 4 redshift bins in which [NII] measurements were

available. This homogeneous methodology is designed

to minimize the systematics of metallicity comparison

across redshift to more robustly characterize metallicity

evolution out to z ∼ 4 with finer time sampling than

past studies.

We identify three main results from our MZR evolu-

tion analysis: (1) the lack of significant MZR slope evo-

lution out to z ∼ 4, when using the same line diagnostics

to estimate metallicity at all redshifts; (2) the evolution

toward lower O/H at fixed M∗ at a rate that is constant

with redshift as d log(O/H)/dz ≈ −0.1 at masses below

the turnover mass; and (3) the lack of evidence for any

redshift evolution of the high-mass asymptotic metallic-

ity of the MZR, when it is parametrized in a form with

an asymptotic metallicity.

Our results provide strong evidence for little to no evo-

lution in the low-mass slope of the MZR over z ∼ 0− 4

at masses down to 109M⊙, based on both fits to indi-

vidual redshift samples (Fig. 7) and the joint fit to all

redshift bins (Fig. 8). In the right panel of Figure 11,

we plot the best-fit low-mass slope (γ) as a function of

redshift from fits to the individual redshift bins using

the fiducial O-based metallicities. It can be seen that

the best-fit slopes at all redshifts are ≈ 1σ consistent

with each other and with the slope from the joint fit to

all redshift bins, γ = 0.28± 0.01 (black line). The same

result generally holds for the fits based on O3N2 or N2

metallicities with slightly steeper (γ = 0.40 ± 0.04) or

shallower (γ = 0.25±0.01) slopes, respectively. Regard-

less of the metallicity indicator adopted, the low-mass

MZR appears to maintain a constant mass-dependence

of approximately O/H ∝ M0.3
∗ from z = 0 up to at least

z ∼ 3.3. This is similar to the slope found in some stud-

ies (e.g. Curti et al. 2020; Yates et al. 2020; Sanders et al.

2021; Cullen et al. 2021; Stanton et al. 2024), but shal-

lower than the steep slopes of γ ≈ 0.5−0.7 found by oth-

ers (e.g. Tremonti et al. 2004; Erb et al. 2006; Mannucci

et al. 2010; Peeples & Shankar 2011; Andrews & Mar-

tini 2013; Zahid et al. 2014b,a, 2017). Analyses using

modern empirical Te-based calibrations, as we do here,

tend to find a slope consistent with our result, while

a steeper slope and higher normalization are common

when using photoionization-model based calibrations

(e.g. Tremonti et al. 2004; Kewley & Ellison 2008; Man-

nucci et al. 2010). The steep slope found by Andrews

& Martini (2013), based on direct-method metallicities

measured from stacked SDSS spectra in bins of M∗,

may be driven by systematic biases toward lower-than-

average metallicities at low stellar masses (< 109 M⊙).

These biases likely stem from their emission-line selected

sample, which favors extreme, high-sSFR systems, and

from their choice to normalize stacks by the rest-optical

continuum. This normalization scheme gives greater

weight to high equivalent-width objects in the composite

spectra–sources that tend to have lower O/H and more

extreme ISM conditions.

In analytic gas-regulator or equilibrium chemical evo-

lution models (see e.g., Finlator & Davé 2008; Peeples &

Shankar 2011; Davé et al. 2012; Lilly et al. 2013; Zahid

et al. 2014a; Feldmann 2015), the low-mass slope of the

MZR is generally set by the inverse of the mass-scaling of

either the gas fraction (fgas = Mgas/M∗) or the outflow

metal loading factor (ζout = Zout

ZISM

Ṁout

SFR ), depending on

which factor is larger. If the metallicity of the outflows

(Zout) is equal to the ISM metallicity (ZISM), then the

metal loading factor simplifies to the more common mass

loading factor ηout = Ṁout

SFR . The apparently redshift-

invariant MZR slope of γ = 0.28 ± 0.01 suggests that

the same physical process acts to govern this slope over

z ∼ 0−4, and that the mass-scaling of this process does

not significantly change over that time. If this process is

taken to be metal-loaded outflows, then our constraints

imply ζout ∝ M−0.3
∗ . At z ∼ 0, observations have shown

that the gas fractions are low enough that metal removal
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Figure 11. Left: Redshift evolution of O/H at 1010 M⊙ based on fits to the individual redshift bins using O-based metallicities
(Fig. 7 and Tab. 3). The black line shows a best-fit linear function with d log(O/H)/dz = −0.11 ± 0.01. Solid colored lines
show predictions from cosmological galaxy formation simulations (EAGLE, Illustris, IllustrisTNG, and SIMBA; Garcia et al.
2025), while dashed colored lines represent the same simulation results renormalized to match the observations at z = 1.5.
Right: Redshift evolution of the low-mass slope of the MZR from O-based metallicities. Black points show the values from the
functional form including high-mass flattening (eq. 2), while the purple points display results from the power-law fit for the
highest three redshift bins (eq. 3). The observational constraints are consistent within ≈ 1σ with a single slope that does not
vary out to z ∼ 3.3, found to be γ = 0.28 ± 0.01 in the joint fit to all 6 redshift bins (black line; Tab. 3). Solid colored lines
show low-mass MZR slopes measured from the same simulations as in the left panel.

via outflows dominates in setting the MZR slope (e.g.,

Tremonti et al. 2004; Peeples & Shankar 2011; Andrews

& Martini 2013), in agreement with direct measure-

ments of outflow loading (Chisholm et al. 2017, 2018).

The non-evolving MZR slope implies outflows maintain

status as the dominant mechanism governing the MZR

at all redshifts out to at least z ∼ 3.3. We also note

that our best fit slope of γ ≈ 0.3 agrees with the ex-

pectation from simple momentum-driven wind models

(e.g. Dekel & Silk 1986; Murray et al. 2005; Peeples &

Shankar 2011), whereas energy-driven winds predict a

slope twice as steep.

As discussed in Sanders et al. (2021), due to the steep

rise in fgas at fixed M∗ with increasing redshift (e.g.

Tacconi et al. 2020), if outflow loading does not also

significantly increase with redshift then a point may be

reached at z > 4 where gas fraction begins to dom-

inate instead, potentially leading to a change in the

MZR slope at early times. Observations by JWST are

now probing metallicities in this early-Universe regime.

Early results at z ∼ 4− 10 have measured slopes consis-

tent to slightly shallower than what we find here at z =

0−4: γ = 0.17±0.03 (Curti et al. 2024), γ = 0.25±0.03

(Nakajima et al. 2023), and γ = 0.27±0.02 (Sarkar et al.

2025). However, these higher-redshift samples still lack

both comparable size and a robust evaluation of repre-

sentativeness relative to the z < 4 samples employed

here, and employ much broader redshift bins. As the

JWST spectroscopic archive grows, future analyses will

be able to extend the uniform approach adopted here to

higher redshifts, with this work providing a new bench-

mark for metallicity evolution from the present day up

through Cosmic Noon.

We show the redshift evolution of metallicity at a fixed

mass of 1010 M⊙ in the left panel of Figure 11, using O-

based metallicities. The observational constraints are

well-described by a relation that linearly decreases with

increasing redshift as d log(O/H)/dz = −0.11 ± 0.01

(black line), with every redshift bin within 1σ of this

best-fit line. We thus find a rate of evolution toward

lower metallicity at fixed mass that is invariant with red-

shift over z = 0−3.3. While redshift offers a convenient

observational axis, it is ultimately lookback time that re-

flects the physical timescale over which galaxies evolve.

Recasting the metallicity evolution in terms of lookback

time can provide a more physically meaningful perspec-

tive on galaxy chemical enrichment timescales. The lin-

ear decrease in log(O/H) as a function of redshift implies

that the rate of enrichment is not uniform with time, but

instead proceeded much more rapidly at early times. For

instance, at fixed M∗, the average change in metallicity

as a function of time would be roughly 0.01 dex Gyr−1
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between z = 0 and z = 1, 0.03 dex Gyr−1 between z = 1

and z = 2, and 0.08 dex Gyr−1 between z = 2 and

z = 3. This accelerated evolution at early times is qual-

itatively consistent with the elevated SFRs observed at

fixed M∗ in the early universe, as traced by the evolving

star-forming main sequence (e.g., Whitaker et al. 2014;

Speagle et al. 2014; Popesso et al. 2023; Clarke et al.

2024). Higher SFRs imply more rapid metal production,

though this enrichment must be balanced against metal

dilution from gas accretion and metal removal from out-

flows. Thus, the faster metallicity evolution at high red-

shifts inferred from the MZR is likely driven by the in-

terplay between vigorous star formation and gas flows

at high redshift.

In our evolving MZR functional form (eq. 4), the nor-

malization evolution is parameterized in the redshift-

dependent turnover mass above which the MZR flattens

(M0), which scales as approximately M0 ∝ (1 + z)2.5.

Part of this evolution can be attributed to increasing gas

fractions with redshift as fgas ∝ (1 + z)1.5 out to z ∼ 3

(e.g., Scoville et al. 2017; Tacconi et al. 2020). Higher

gas fractions at earlier times lead to lower metallicities,

contributing to the redshift evolution in MZR normaliza-

tion. Sanders et al. (2021) found a similar rate of nor-

malization decrease with increasing redshift as in this

work, though with just three redshift bins. These au-

thors applied gas-regulator models to show that evolving

fgas at fixed M∗ only accounted for roughly half of the

evolution between z = 0 and z ∼ 3, and attributed the

remainder to an increase in ζout with increasing redshift

such that outflows remain the dominant contributor gov-

erning the low-mass slope. Early JWST results suggest

that metallicity evolution at fixed M∗ slows down at

z > 4, potentially due to a declining rate of increase in

fgas as redshift increases (Curti et al. 2024; Nakajima

et al. 2023; Sarkar et al. 2025). However, a more com-

plete understanding of the drivers of MZR normalization

evolution requires a proper treatment of higher-order ef-

fects that are typically neglected such as inflowing met-

als, outflow recycling, departures from equilibrium, and

transitions to bursty star-formation modes at high red-

shift and low mass (e.g., Marszewski et al. 2025). Our

new results provide tight constraints to confront with

theory.

5.2. Comparison with simulations

Observational constraints on MZR evolution provide

a valuable benchmark for theoretical predictions from

galaxy formation simulations. The colored lines in Fig-

ure 11 display trends of star-forming galaxies in four

simulations: IllustrisTNG (Pillepich et al. 2018; Torrey

et al. 2019), Illustris (Vogelsberger et al. 2014; Genel

et al. 2014), SIMBA (Davé et al. 2019), and EAGLE

(Crain et al. 2015; Schaye et al. 2015). We used the

median gas-phase oxygen abundance as a function of

stellar mass extracted from these simulations and pre-

sented in Garcia et al. (2025), limited to masses above

109 M⊙. With these values taken from simulations, we

fit the low-mass slope (γ) and metallicity at 1010 M⊙
using the same methods applied to the observational

samples. These four simulations significantly diverge in

their predictions of MZR slope and normalization due

to differences in their implementations of feedback, star

formation, stellar yields, and other baryonic processes

(for a detailed discussion, see Garcia et al. 2024, 2025).

The dashed lines in the left panel of Figure 11 show the

redshift evolution of the O/H at 1010 M⊙ from the sim-

ulations renormalized to match the observational data

at z = 1.5, allowing us to compare the relative metal-

licity evolution at fixed mass. While all 4 simulations

differ in absolute normalization by ≳ 0.1 dex from the

observations and one another, their relative metallicity

evolution is much more similar and broadly captures our

constraints on MZR evolution out to z ∼ 3.3. Illus-

trisTNG and Illustris provide the closest match to our

observational constraints. SIMBA and EAGLE all pre-

dict a steeper metallicity evolution from z = 0−1.5 than

we find, while their rate of evolution declines at z > 1.5

to better match our constraints, though SIMBA predicts

that MZR normalization stops evolving above z ∼ 2.5

in disagreement with our results. In SIMBA, the direc-

tion of MZR evolution reverses at z ≳ 4, in conflict with

JWST results at higher redshifts (Nakajima et al. 2023;

Shapley et al. 2023; Curti et al. 2024). In IllustrisTNG,

Torrey et al. (2019) found that the downward evolu-

tion of MZR normalization was primarily driven by the

significant increase in gas fraction at fixed mass with

increasing redshift leading to greater dilution of ISM
metals, and that this effect dominates over any changes

in metal retention efficiency at fixed mass.

The right panel of Figure 11 compares the redshift

evolution of the low-mass MZR slope in the simula-

tions to the observational constraints. IllustrisTNG and

SIMBA both display MZR slopes that do not strongly

evolve, in qualitative agreement with our findings. In

contrast, slopes in EAGLE strongly increase with red-

shift while those in Illustris decrease with redshift until

z ∼ 3. IllustrisTNG is the closest quantitative match

to the observational constraints, with γTNG ≈ 0.2− 0.3

over z = 0−4. In contrast, SIMBA shows steeper slopes

(γSIMBA ≈ 0.4) than we find across most of this redshift

range. Thus, while all four simulations broadly agree

on the relative evolution of MZR normalization within

∼ 0.1 dex, they exhibit stark differences in the slope evo-
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lution. Accordingly, the low-mass slope is a more pow-

erful diagnostic than MZR normalization to distinguish

between the predictions from this set of simulations. A

non-evolving MZR slope of γ ≈ 0.35 is also seen in the

FIRE simulations (Ma et al. 2016; Marszewski et al.

2024), in good agreement with our constraints. Extend-

ing this work to higher redshifts by applying our uni-

form analysis framework to representative samples at

z > 4 as they emerge from JWST observations will fur-

ther test such simulations, which vary widely in their

MZR predictions at z ∼ 4−10 (e.g., Langan et al. 2020;

Ucci et al. 2023). In particular, determining whether the

MZR slope evolves can reveal if the scaling of outflow

loading factors with mass changes at high redshift, while

normalization shifts can probe changes in gas fractions

and metal retention. Investigations of the underlying

physical drivers of differences in gas fractions and metal

retention efficiencies among simulations could provide

further insight.

5.3. Evolution of the FMR

Early studies of the FMR at high redshifts indicated

that the mean relation among stellar mass, SFR, and

metallicity did not display much evolution over z = 0−2,

but its behavior beyond z > 2 was debated. For in-

stance, while Mannucci et al. (2010) reported no signif-

icant evolution out to z ∼ 2.3 but a −0.5 dex offset in

O/H at z ∼ 3.5, Lara-López et al. (2010) found no evolu-

tion up to z ∼ 3.5. (see also Troncoso et al. 2014; Cullen

et al. 2014). Large offsets (≳ 0.2 dex) of z ∼ 3 samples

from the z ∼ 0 FMR has largely disappeared in more

recent works (e.g., Sanders et al. 2018, 2021; Cresci et al.

2019; Curti et al. 2020; Korhonen Cuestas et al. 2025),

where the previously seen deviation is now understood

to have arisen from biases in early NIR spectroscopic

samples and a failure to account for evolving ISM ion-

ization conditions when converting strong-line ratios to

metallicity (e.g., Sanders et al. 2021). Similar to these

recent studies, we find that the mass-binned sample av-

erages agree with the FMR observed at z ∼ 0 to better

than 0.1 dex out to z ∼ 3.3 (Fig. 10 and Tab. 6) regard-

less of the metallicity indicator used or the FMR param-

eterization adopted. The agreement with the Sanders

et al. (2021) z ∼ 0 FMR is particularly good, with nearly

every mass bin at all redshifts offset by ≤ 0.05 dex, likely

stemming from the similarity of our metallicity estima-

tion techniques. Early work at higher redshifts with

JWST has indicated potential evolution away from the

FMR at z > 4, but with contrasting results about the

degree to which samples deviate from the z ∼ 0 FMR

and at what redshift such evolution begins (e.g., Curti

et al. 2024; Langeroodi & Hjorth 2023; Nakajima et al.

2023).

A non-evolving FMR with relatively small scatter has

been interpreted to indicate that galaxies oscillate about

an equilibrium point at which gas accretion rates are

roughly equal to the sum of SFRs and gas outflow rates

such that the gas fraction does not change sharply with

time, and that departures from equilibrium are rela-

tively small and quickly dampened (e.g., Mannucci et al.

2010; Lilly et al. 2013; Davé et al. 2012; Torrey et al.

2018, 2019). For this interpretation to hold true, in

addition to a non-evolution of the mean SFR-M∗-O/H

relation, an anti-correlation between O/H and SFR at

fixed M∗ must hold independently at each redshift with

similar strength to that at z ∼ 0. The mass-binned data

employed in this study cannot be used to directly mea-

sure the strength of this secondary dependence. Sanders

et al. (2018) found that a sample of 260 star-forming

galaxies at z ∼ 2.3 from the MOSDEF survey indeed

displayed an internal SFR-O/H anti-correlation at fixed

mass with a similar slope to what is seen locally. How-

ever, Korhonen Cuestas et al. (2025) recently analyzed

a similarly-sized sample at z ∼ 2.3 from the KBSS-

MOSFIRE survey and did not find consistency with the

z ∼ 0 FMR expectations internally, despite this sam-

ple also showing no offset from the z ∼ 0 relation on

average. These authors interpreted this result as an in-

dication that most galaxies are not near equilibrium at

this redshift. These findings also raise interesting ques-

tions, such as whether the FMR can truly persist out to

high redshift, and if so, how can this be reconciled with

models in which galaxies experience highly bursty star

formation histories. Rapid fluctuations in SFR make it

difficult for metallicity to remain tightly anti-correlated

with SFR at fixed mass, thereby disrupting the coher-

ence of the FMR. Whether a tight FMR persists at early

epochs could thus place strong constraints on the al-

lowed timescales of SFR variability and gas processing

in galaxy formation models. However, further work is

needed to gain a clear picture of the true extent of FMR

non-evolution and its physical implications.

An anti-correlation between SFR and metallicity at

fixed mass is a nearly universal feature of analytic and

numerical galaxy formation models at all redshifts (e.g.,

Lilly et al. 2013; De Rossi et al. 2017; Davé et al. 2019;

Torrey et al. 2019; Ucci et al. 2023). The observational

constraints presented here cannot accommodate more

than ≈ 0.1 dex in evolutionary offset from the z ∼ 0

FMR out to z ∼ 3.3 at masses > 109 M⊙. An invariant

or very weakly evolving FMR is present in the Illus-

trisTNG and Illustris simulations, but does not occur

in EAGLE or SIMBA that already display deviations of



22

> 0.3 dex in O/H at fixed M∗ and SFR by z = 3 (Gar-

cia et al. 2024, 2025). The degree of FMR evolution

provides further evidence that the IllustrisTNG model

performs best in reproducing our results.

5.4. Areas of future improvement

Throughout our analysis, we have attempted to mit-

igate systematic biases on the comparison of metallici-

ties across redshift by using a uniform set of line ratios

for all redshift and mass bins, and adopting different

strong-line calibration sets at z < 1 and z > 1 to re-

flect evolving ISM ionization conditions. However, there

remain areas that could be further homogenized to in-

crease the fidelity of future metallicity evolution stud-

ies. While we have shifted all masses and SFRs onto a

consistent Chabrier (2003) IMF scale, the techniques to

estimate these properties vary among the samples. We

have taken the stellar masses as reported from the liter-

ature sources, except for the case of SDSS at z ∼ 0.08

where we shifted the masses down by 0.2 dex following

the advice of Zahid et al. (2011) and Lewis et al. (2024).

A more uniform approach modeling the available pho-

tometry for each sample with the same techniques could

further eliminate systematic biases between masses at

each redshift, including attempts to understand how the

more limited wavelength range sampled at some red-

shifts might impact the outcome. Likewise, SFRs have

also been adopted from the literature sources and could

benefit from a uniform derivation for FMR analyses.

Finally, while the use of the Curti et al. (2020) calibra-

tions at z < 1 and the Bian et al. (2018) analog calibra-

tions at z > 1 likely reduces systematic effects compar-

ing metallicities of high- and low-redshift samples, this

approach remains an indirect way of accounting for the

ISM conditions present at high redshift. The Bian et al.

(2018) analog calibrations were selected to match a sam-

ple of z ∼ 2 star-forming galaxies in the [OIII]/Hβ vs.

[NII]/Hα line ratio diagram, but many unanswered ques-

tions remain about how closely the properties in that

sample match actual high-redshift sources. An obvious

improvement would be to simply use strong-line calibra-

tions that are constructed based on actual high-redshift

samples. The number of galaxies with temperature-

sensitive auroral emission line detections from JWST is

starting to become large enough for robust strong-line

calibrations to be assessed in situ in the early universe

(e.g., Nakajima et al. 2023; Sanders et al. 2024; Scholte

et al. 2025; Chakraborty et al. 2024; Cataldi et al. 2025),

but these samples still notably lack metal-rich galaxies

(12+log(O/H) > 8.4) in a range necessary for appli-

cation to moderately massive galaxies at z ∼ 1.5 − 3.

Ultimately, a calibration that accounts for evolving ISM

conditions as a continuous function of redshift is desir-

able, in lieu of changing calibrations above and below a

single threshold redshift. As the number of high-redshift

galaxies with direct-method metallicities expands, these

results can be reassessed with updated high-redshift cal-

ibrations.

6. SUMMARY AND CONCLUSIONS

We performed a uniform analysis of the evolution of

the mass-metallicity relation (MZR) and fundamental

metallicity relation (FMR) using samples in 6 redshift

bins spanning z = 0−3.3 and log(M∗/M⊙) = 9.0−11.0,

achieving the finest time sampling (1 − 3 Gyr) to-date

over a 12 Gyr baseline. Metallicities in all 6 samples

were derived from the same combination of the [OII],

Hβ, and [OIII] rest-optical emission lines that allow use

of the O3, O32, and R23 ratios, enabled at z ∼ 1.5

by new DEIMOS spectroscopy covering [OII] presented

here. We also derived metallicities from the commonly

employed, but nitrogen-sensitive, O3N2 and N2 line ra-

tios for comparison. The impact of evolving ISM ioniza-

tion conditions on the translation between strong-line

ratio and O/H was accounted for by adopting a differ-

ent set of calibrations for samples at z < 1 (Curti et al.

2020) and z > 1 (Bian et al. 2018), both based on empir-

ical Te measurements. We summarize the main results

of the paper as follows:

• At fixed redshift, rest-optical emission-line ratios

uniformly show trends as a function of stellar mass

indicating the existence of a positive correlation

between O/H and M∗ in each redshift bin (Fig. 5).

At fixed mass, we find monotonic evolution in line

ratios indicating decreasing metallicity with in-

creasing redshift. Samples at z < 1 display flatten-

ing in the line ratios at high masses (≳ 1010 M⊙).

• When the same metallicity indicator is employed

with redshift-appropriate calibrations, we find

strong evidence that the low-mass power law slope

of the MZR does not evolve from z ∼ 0 to z ∼ 3.3

(Figs. 7, 8, and 11; Tabs. 3−5). We find that,

at low masses, metallicity scales approximately as

O/H ∝ M0.3
∗ , with only slight variations in steep-

ness when employing different metallicity indica-

tors. The non-evolution of this slope suggests that

the same physical mechanism, namely metal re-

moval via enriched outflows, controls the shape

of the MZR and operates in moderately massive

galaxies over the past 12 Gyr of cosmic time. Ac-

cordingly, the outflow metal loading factor is im-

plied to scale as ζout ∝ M−0.3
∗ without significant

evolution out to at least z ∼ 3.3. A joint fit to
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all redshift bins with a redshift-invariant low-mass

slope of γ = 0.28± 0.01 can simultaneously match

observations in 6 redshift bins (Fig. 8; eq. 4).

• We find that the normalization of the MZR at a

fixed mass of 1010 M⊙ evolves downward with in-

creasing redshift at a rate that is constant with

redshift as d log(O/H)/dz = −0.11±0.01 (Fig. 11).

Accordingly, at fixed stellar mass, enrichment pro-

ceeded much more rapidly as a function of time

at high redshifts than at z ∼ 0, reflecting higher

SFRs and metal production rates at fixed M∗.

• We find no evidence that the high-mass asymp-

totic metallicity evolves with redshift. The sam-

ples at z ∼ 0.08, 0.3, and 0.8 are well-sampled

through the turnover and clearly converge in

metallicity at high masses (∼ 1010.5 M⊙). At

z ≥ 1.5, both sample size and possible incomplete-

ness at high masses prevent any robust constraints

on MZR flattening.

• The comparison of the measured metallicities in all

6 redshift bins to the best-fit z ∼ 0 FMR relations

from Sanders et al. (2021) and Curti et al. (2020)

reveals minimal FMR evolution out to z ∼ 3.3

(Figs. 9 and 10). The median offset in each red-

shift bin is ∆ log(O/H) ≤ 0.1 dex. This weak or

absent FMR evolution suggests the possibility that

galaxies remain near an equilibrium state up to

z ∼ 3.3, but future work is required to confirm

whether SFR−O/H anti-correlations at fixed mass

exist internal to each redshift bin as expected in

such a scenario.

• We compare our observational constraints on MZR

and FMR evolution with four different cosmologi-

cal simulations of galaxy formation (IllustrisTNG,

Illustris, SIMBA, and EAGLE), and find that Il-

lustrisTNG is the only one of these that simultane-

ously matches the non-evolving MZR slope, MZR

normalization decrease, and weak or absent FMR

evolution.

This work provides the most continuous, detailed, and

uniform view of metallicity evolution over z = 0 − 4

achieved to-date, setting a new benchmark for the MZR

and FMR spanning from the present day through Cos-

mic Noon and defining the baseline for the exploration

of metallicity evolution at higher redshifts with JWST.

APPENDIX

A. CONSISTENCY BETWEEN MOSFIRE AND

DEIMOS [OII] MEASUREMENTS

To test the consistency between spectra from

DEIMOS and MOSFIRE covering [OII], we compared

O32 ratios measured from mass-binned composites con-

structed for two subsamples, one containing galaxies

with [OII] observations from DEIMOS and the other

with [OII] measurements from MOSFIRE. Figure A1

compares the composite spectra of these subsamples to

the fiducial composites based on the combined sample

that is used in our analysis. The MOSFIRE-[OII] stacks

(yellow crosses) include 42 galaxies divided into three

mass bins. The DEIMOS-[OII] (red triangles) sample

consists of 86 galaxies, stacked into four mass bins. Be-

cause DEIMOS spectra have roughly twice the spec-

tral resolution of MOSFIRE, they were smoothed and

resampled to match the MOSFIRE Y band resolution

before stacking. Thus, the DEIMOS stacks shown are

based on these smoothed spectra. The fiducial MOS-

FIRE+DEIMOS stacks used in our analysis are shown

as blue squares. The relations between O32 and M∗
displayed by the two subsets are fully consistent with

one another within the uncertainties, confirming that

no significant biases are introduced by combining the

DEIMOS and MOSFIRE [OII] spectra when producing

our fiducial z ∼ 1.5 composites, and indicating that the

flux calibration is accurate to within the statistical un-

certainty.

B. PROPERTIES OF THE MASS-BINNED

LITERATURE SAMPLES

Table B1 summarizes the properties of mass-binned

composites for the five literature samples included in this

analysis. The columns list the median stellar mass, SFR,

rest-optical emission-line ratios, and the corresponding

gas-phase metallicities inferred from each metallicity in-

dicator (indicated by superscripts).
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Figure A1. O32 as a function of M∗ for mass-binned com-
posite spectra of the z ∼ 1.5 star-forming galaxy sample.
Separate stacks were made including galaxies for which [OII]
was covered with MOSFIRE (yellow crosses) and DEIMOS
(red triangles). The blue squares show our fiducial z ∼
1.5 stacks in which [OII] spectra from both DEIMOS and
MOSFIRE are included. The close agreement between the
DEIMOS and MOSFIRE subsets demonstrates that the flux
calibration is accurate to within the statistical uncertainty
and that combining spectra from the two instruments does
not introduce significant bias.

Table B1. Properties of the mass-binned literature samples

log

(
M∗
M⊙

)
med

log

(
SFR

M⊙/yr

)
med

log(O3) log(O2) log(O32) log(R23) log(N2) log(O3N2) 12 + log
(
O
H

)O-based
12 + log

(
O
H

)O3N2
12 + log

(
O
H

)N2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

z ∼ 0.08

9.03
+0.05
−0.05

-0.35
+0.25
−0.25

0.09
+0.01
−0.01

0.56
+0.01
−0.01

-0.47
+0.01
−0.01

0.73
+0.01
−0.01

-0.68
+0.01
−0.01

0.77
+0.01
−0.01

8.58
+0.01
−0.01

8.58
+0.01
−0.01

8.58
+0.01
−0.01

9.12
+0.05
−0.05

-0.26
+0.25
−0.25

0.05
+0.01
−0.01

0.56
+0.01
−0.01

-0.51
+0.01
−0.01

0.71
+0.01
−0.01

-0.65
+0.01
−0.01

0.70
+0.01
−0.01

8.59
+0.01
−0.01

8.60
+0.01
−0.01

8.60
+0.01
−0.01

9.23
+0.05
−0.05

-0.21
+0.25
−0.25

-0.02
+0.01
−0.01

0.54
+0.04
−0.05

-0.55
+0.01
−0.01

0.68
+0.01
−0.01

-0.62
+0.01
−0.01

0.60
+0.01
−0.01

8.62
+0.01
−0.01

8.62
+0.01
−0.01

8.61
+0.01
−0.01

9.33
+0.05
−0.05

-0.14
+0.25
−0.25

-0.09
+0.01
−0.01

0.52
+0.01
−0.01

-0.60
+0.01
−0.01

0.64
+0.01
−0.01

-0.58
+0.01
−0.01

0.50
+0.01
−0.01

8.64
+0.01
−0.01

8.64
+0.01
−0.01

8.63
+0.01
−0.01

9.43
+0.05
−0.05

-0.08
+0.25
−0.25

-0.15
+0.01
−0.01

0.50
+0.01
−0.01

-0.64
+0.01
−0.01

0.61
+0.01
−0.01

-0.55
+0.01
−0.01

0.41
+0.01
−0.01

8.65
+0.01
−0.01

8.66
+0.01
−0.01

8.65
+0.01
−0.01

9.53
+0.05
−0.05

-0.04
+0.25
−0.25

-0.21
+0.01
−0.01

0.47
+0.01
−0.01

-0.68
+0.01
−0.01

0.58
+0.01
−0.01

-0.52
+0.01
−0.01

0.32
+0.01
−0.01

8.67
+0.01
−0.01

8.68
+0.01
−0.01

8.67
+0.01
−0.01

9.63
+0.05
−0.05

0.04
+0.25
−0.25

-0.24
+0.01
−0.01

0.45
+0.01
−0.01

-0.69
+0.01
−0.01

0.56
+0.01
−0.01

-0.51
+0.01
−0.01

0.27
+0.01
−0.01

8.68
+0.01
−0.01

8.69
+0.01
−0.01

8.68
+0.01
−0.01

9.73
+0.05
−0.05

0.09
+0.25
−0.25

-0.30
+0.01
−0.01

0.43
+0.01
−0.01

-0.72
+0.01
−0.01

0.52
+0.01
−0.01

-0.49
+0.01
−0.01

0.19
+0.01
−0.01

8.70
+0.01
−0.01

8.71
+0.01
−0.01

8.69
+0.01
−0.01

9.83
+0.05
−0.05

0.15
+0.25
−0.25

-0.35
+0.01
−0.01

0.40
+0.01
−0.01

-0.75
+0.01
−0.01

0.49
+0.01
−0.01

-0.46
+0.01
−0.01

0.11
+0.01
−0.01

8.71
+0.01
−0.01

8.73
+0.01
−0.01

8.71
+0.01
−0.01

9.93
+0.05
−0.05

0.22
+0.25
−0.25

-0.39
+0.01
−0.01

0.37
+0.01
−0.01

-0.76
+0.01
−0.01

0.46
+0.01
−0.01

-0.45
+0.01
−0.01

0.05
+0.01
−0.01

8.73
+0.01
−0.01

8.74
+0.01
−0.01

8.72
+0.01
−0.01

10.03
+0.05
−0.05

0.37
+0.25
−0.25

-0.43
+0.01
−0.01

0.34
+0.01
−0.01

-0.77
+0.01
−0.01

0.43
+0.01
−0.01

-0.44
+0.01
−0.01

0.01
+0.01
−0.01

8.74
+0.01
−0.01

8.75
+0.01
−0.01

8.73
+0.01
−0.01

10.13
+0.05
−0.05

0.43
+0.25
−0.25

-0.45
+0.01
−0.01

0.32
+0.01
−0.01

-0.78
+0.01
−0.01

0.41
+0.01
−0.01

-0.43
+0.01
−0.01

-0.03
+0.01
−0.01

8.74
+0.01
−0.01

8.75
+0.01
−0.01

8.73
+0.01
−0.01

10.23
+0.05
−0.05

0.57
+0.25
−0.25

-0.47
+0.01
−0.01

0.32
+0.01
−0.01

-0.78
+0.01
−0.01

0.40
+0.01
−0.01

-0.42
+0.01
−0.01

-0.05
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.74
+0.01
−0.01

10.33
+0.05
−0.05

0.53
+0.25
−0.25

-0.47
+0.01
−0.01

0.30
+0.01
−0.01

-0.77
+0.01
−0.01

0.39
+0.01
−0.01

-0.41
+0.01
−0.01

-0.06
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.75
+0.01
−0.01

10.43
+0.05
−0.05

0.60
+0.25
−0.25

-0.47
+0.01
−0.01

0.29
+0.01
−0.01

-0.77
+0.01
−0.01

0.38
+0.01
−0.01

-0.40
+0.01
−0.01

-0.07
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.76
+0.01
−0.01

10.53
+0.05
−0.05

0.74
+0.25
−0.25

-0.48
+0.01
−0.01

0.29
+0.01
−0.01

-0.77
+0.01
−0.01

0.38
+0.01
−0.01

-0.40
+0.01
−0.01

-0.08
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.76
+0.01
−0.01

10.63
+0.05
−0.05

0.83
+0.25
−0.25

-0.47
+0.01
−0.01

0.29
+0.01
−0.01

-0.76
+0.01
−0.01

0.38
+0.01
−0.01

-0.39
+0.01
−0.01

-0.08
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.77
+0.01
−0.01

10.73
+0.05
−0.05

0.91
+0.25
−0.25

-0.45
+0.01
−0.01

0.29
+0.01
−0.01

-0.74
+0.01
−0.01

0.38
+0.01
−0.01

-0.38
+0.01
−0.01

-0.07
+0.01
−0.01

8.75
+0.01
−0.01

8.76
+0.01
−0.01

8.77
+0.01
−0.01

z ∼ 0.3

9.19
+0.04
−0.05

0.10
+0.04
−0.05

0.23
+0.01
−0.01

0.57
+0.01
−0.01

-0.33
+0.01
−0.01

0.78
+0.01
−0.01

-0.72
+0.01
−0.01

0.95
+0.01
−0.01

8.53
+0.01
−0.01

8.54
+0.01
−0.01

8.56
+0.01
−0.01

9.39
+0.04
−0.05

0.27
+0.04
−0.05

0.09
+0.01
−0.01

0.54
+0.01
−0.01

-0.45
+0.01
−0.01

0.71
+0.01
−0.01

-0.61
+0.01
−0.01

0.70
+0.01
−0.01

8.58
+0.01
−0.01

8.60
+0.01
−0.01

8.62
+0.01
−0.01

9.54
+0.04
−0.05

0.30
+0.04
−0.05

0.00
+0.01
−0.01

0.56
+0.01
−0.01

-0.56
+0.01
−0.01

0.69
+0.01
−0.01

-0.56
+0.01
−0.01

0.56
+0.01
−0.01

8.61
+0.01
−0.01

8.63
+0.01
−0.01

8.64
+0.01
−0.01

9.69
+0.04
−0.05

0.35
+0.04
−0.05

-0.07
+0.01
−0.01

0.53
+0.01
−0.01

-0.59
+0.01
−0.01

0.65
+0.01
−0.01

-0.53
+0.01
−0.01

0.47
+0.01
−0.01

8.63
+0.01
−0.01

8.65
+0.01
−0.01

8.66
+0.01
−0.01

Table B1 continued
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Table B1 (continued)

log

(
M∗
M⊙

)
med

log

(
SFR

M⊙/yr

)
med

log(O3) log(O2) log(O32) log(R23) log(N2) log(O3N2) 12 + log
(
O
H

)O-based
12 + log

(
O
H

)O3N2
12 + log

(
O
H

)N2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

9.80
+0.04
−0.05

0.42
+0.04
−0.05

-0.16
+0.01
−0.01

0.52
+0.01
−0.01

-0.68
+0.01
−0.01

0.63
+0.01
−0.01

-0.48
+0.01
−0.01

0.32
+0.01
−0.01

8.66
+0.01
−0.01

8.68
+0.01
−0.01

8.69
+0.01
−0.01

9.94
+0.04
−0.05

0.55
+0.04
−0.05

-0.17
+0.01
−0.01

0.51
+0.01
−0.01

-0.68
+0.01
−0.01

0.61
+0.01
−0.01

-0.49
+0.01
−0.01

0.32
+0.01
−0.01

8.67
+0.01
−0.01

8.68
+0.01
−0.01

8.69
+0.01
−0.01

10.06
+0.04
−0.05

0.59
+0.04
−0.05

-0.29
+0.01
−0.01

0.48
+0.01
−0.01

-0.76
+0.01
−0.01

0.57
+0.01
−0.01

-0.44
+0.01
−0.01

0.15
+0.01
−0.01

8.70
+0.01
−0.01

8.72
+0.01
−0.01

8.72
+0.01
−0.01

10.21
+0.04
−0.05

0.69
+0.04
−0.05

-0.39
+0.01
−0.01

0.45
+0.01
−0.01

-0.84
+0.01
−0.01

0.53
+0.01
−0.01

-0.41
+0.01
−0.01

0.02
+0.01
−0.01

8.72
+0.01
−0.01

8.74
+0.01
−0.01

8.75
+0.01
−0.01

10.40
+0.04
−0.05

0.83
+0.04
−0.05

-0.37
+0.01
−0.01

0.48
+0.01
−0.01

-0.85
+0.01
−0.01

0.55
+0.01
−0.01

-0.40
+0.01
−0.01

0.03
+0.01
−0.01

8.72
+0.01
−0.01

8.74
+0.01
−0.01

8.75
+0.01
−0.01

10.67
+0.04
−0.05

0.88
+0.04
−0.05

-0.47
+0.02
−0.02

0.42
+0.01
−0.01

-0.90
+0.01
−0.01

0.49
+0.02
−0.02

-0.36
+0.01
−0.01

-0.11
+0.02
−0.02

8.74
+0.01
−0.01

8.77
+0.01
−0.01

8.80
+0.01
−0.01

z ∼ 0.8

9.19
+0.04
−0.05

0.37
+0.04
−0.05

0.40
+0.04
−0.05

0.50
+0.04
−0.05

-0.10
+0.04
−0.05

0.81
+0.04
−0.05

- - 8.46
+0.01
−0.01

- -

9.29
+0.04
−0.05

0.39
+0.04
−0.05

0.30
+0.04
−0.05

0.53
+0.04
−0.05

-0.23
+0.04
−0.05

0.78
+0.04
−0.05

- - 8.50
+0.01
−0.01

- -

9.37
+0.04
−0.05

0.43
+0.04
−0.05

0.28
+0.04
−0.05

0.51
+0.04
−0.05

-0.23
+0.04
−0.05

0.76
+0.04
−0.05

- - 8.51
+0.01
−0.01

- -

9.44
+0.04
−0.05

0.49
+0.04
−0.05

0.23
+0.04
−0.05

0.55
+0.04
−0.05

-0.32
+0.04
−0.05

0.76
+0.04
−0.05

- - 8.54
+0.01
−0.01

- -

9.51
+0.04
−0.05

0.54
+0.04
−0.05

0.24
+0.04
−0.05

0.57
+0.04
−0.05

-0.32
+0.04
−0.05

0.78
+0.04
−0.05

- - 8.53
+0.01
−0.01

- -

9.60
+0.04
−0.05

0.60
+0.04
−0.05

0.19
+0.04
−0.05

0.53
+0.04
−0.05

-0.34
+0.04
−0.05

0.74
+0.04
−0.05

- - 8.55
+0.01
−0.01

- -

9.70
+0.04
−0.05

0.60
+0.04
−0.05

0.11
+0.04
−0.05

0.52
+0.04
−0.05

-0.41
+0.04
−0.05

0.70
+0.04
−0.05

- - 8.57
+0.01
−0.01

- -

9.79
+0.04
−0.05

0.72
+0.04
−0.05

0.03
+0.04
−0.05

0.53
+0.04
−0.05

-0.50
+0.04
−0.05

0.68
+0.04
−0.05

- - 8.61
+0.01
−0.01

- -

9.87
+0.04
−0.05

0.77
+0.04
−0.05

-0.02
+0.04
−0.05

0.48
+0.04
−0.05

-0.50
+0.04
−0.05

0.63
+0.04
−0.05

- - 8.62
+0.01
−0.01

- -

9.99
+0.04
−0.05

0.82
+0.04
−0.05

-0.09
+0.04
−0.05

0.45
+0.04
−0.05

-0.54
+0.04
−0.05

0.59
+0.04
−0.05

- - 8.64
+0.01
−0.01

- -

10.12
+0.04
−0.05

0.92
+0.04
−0.05

-0.12
+0.04
−0.05

0.47
+0.04
−0.05

-0.59
+0.04
−0.05

0.60
+0.04
−0.05

- - 8.65
+0.01
−0.01

- -

10.29
+0.04
−0.05

0.98
+0.04
−0.05

-0.20
+0.04
−0.05

0.42
+0.04
−0.05

-0.62
+0.04
−0.05

0.54
+0.04
−0.05

- - 8.67
+0.01
−0.01

- -

10.56
+0.04
−0.05

1.29
+0.04
−0.05

-0.35
+0.04
−0.05

0.33
+0.04
−0.05

-0.67
+0.04
−0.05

0.44
+0.04
−0.05

- - 8.70
+0.01
−0.01

- -

10.04
+0.04
−0.05

0.95
+0.04
−0.05

-0.16
+0.04
−0.05

0.41
+0.04
−0.05

-0.58
+0.04
−0.05

0.54
+0.04
−0.05

- - 8.66
+0.01
−0.01

- -

10.22
+0.04
−0.05

1.07
+0.04
−0.05

-0.29
+0.04
−0.05

0.38
+0.04
−0.05

-0.68
+0.04
−0.05

0.49
+0.04
−0.05

- - 8.70
+0.01
−0.01

- -

10.38
+0.04
−0.05

1.23
+0.04
−0.05

-0.32
+0.04
−0.05

0.35
+0.04
−0.05

-0.68
+0.04
−0.05

0.46
+0.04
−0.05

- - 8.70
+0.01
−0.01

- -

10.54
+0.04
−0.05

1.30
+0.04
−0.05

-0.40
+0.04
−0.05

0.28
+0.04
−0.05

-0.68
+0.04
−0.05

0.39
+0.04
−0.05

- - 8.73
+0.01
−0.01

- -

10.69
+0.04
−0.05

1.34
+0.04
−0.05

-0.43
+0.04
−0.05

0.30
+0.04
−0.05

-0.73
+0.04
−0.05

0.40
+0.04
−0.05

- - 8.73
+0.01
−0.01

- -

10.82
+0.04
−0.05

1.37
+0.04
−0.05

-0.46
+0.04
−0.05

0.23
+0.04
−0.05

-0.68
+0.04
−0.05

0.33
+0.04
−0.05

- - 8.74
+0.01
−0.01

- -

z ∼ 2.3

9.33
+0.01
−0.05

1.00
+0.13
−0.01

0.68
+0.01
−0.04

0.47
+0.05
−0.03

0.21
+0.01
−0.08

0.97
+0.01
−0.03

-1.22
+0.08
−0.05

1.90
+0.05
−0.12

8.27
+0.02
−0.02

8.29
+0.04
−0.03

8.34
+0.04
−0.03

9.62
+0.03
−0.01

1.06
+0.11
−0.05

0.56
+0.04
−0.01

0.51
+0.05
−0.03

0.05
+0.04
−0.04

0.91
+0.04
−0.02

-1.11
+0.07
−0.06

1.67
+0.08
−0.08

8.39
+0.02
−0.01

8.38
+0.03
−0.03

8.40
+0.03
−0.03

9.89
+0.02
−0.02

1.30
+0.11
−0.03

0.53
+0.03
−0.04

0.63
+0.03
−0.04

-0.11
+0.04
−0.04

0.95
+0.02
−0.03

-0.93
+0.04
−0.05

1.46
+0.06
−0.07

8.42
+0.02
−0.02

8.46
+0.03
−0.03

8.49
+0.02
−0.02

10.23
+0.02
−0.02

1.65
+0.05
−0.07

0.39
+0.03
−0.02

0.64
+0.01
−0.05

-0.25
+0.05
−0.02

0.88
+0.02
−0.04

-0.74
+0.04
−0.03

1.13
+0.04
−0.05

8.53
+0.01
−0.01

8.59
+0.02
−0.02

8.58
+0.02
−0.02

10.64
+0.03
−0.06

1.87
+0.09
−0.10

0.26
+0.07
−0.06

0.62
+0.10
−0.06

-0.36
+0.10
−0.11

0.82
+0.07
−0.04

-0.63
+0.08
−0.01

0.89
+0.06
−0.13

8.59
+0.03
−0.03

8.68
+0.04
−0.04

8.63
+0.02
−0.02

z ∼ 3.3

9.23
+0.02
−0.09

1.27
+0.14
−0.06

0.74
+0.05
−0.04

0.29
+0.11
−0.04

0.45
+0.06
−0.10

0.97
+0.04
−0.02

- - 8.16
+0.04
−0.03

- -

9.53
+0.02
−0.05

1.24
+0.16
−0.02

0.69
+0.06
−0.02

0.44
+0.08
−0.05

0.25
+0.06
−0.05

0.97
+0.06
−0.03

- - 8.27
+0.03
−0.02

- -

9.82
+0.05
−0.03

1.57
+0.15
−0.08

0.65
+0.03
−0.07

0.50
+0.07
−0.05

0.15
+0.03
−0.09

0.96
+0.03
−0.05

- - 8.32
+0.03
−0.03

- -

10.21
+0.04
−0.05

1.75
+0.09
−0.10

0.53
+0.07
−0.03

0.65
+0.05
−0.07

-0.13
+0.09
−0.03

0.95
+0.05
−0.05

- - 8.45
+0.02
−0.02

- -

10.60
+0.13
−0.01

2.26
+0.21
−0.28

0.35
+0.20
−0.14

0.62
+0.30
−0.16

-0.27
+0.13
−0.17

0.87
+0.25
−0.11
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