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Abstract

We present the stellar metallicities and multielement abundances (C, Mg, Si, Ca, Ti, Cr, and Fe) of 15 massive (log
M/M, = 10.2-11.2) quiescent galaxies at z = 1-3, derived from ultradeep JWST-SUSPENSE spectra. Compared
to quiescent galaxies at z ~ 0, these galaxies exhibit a deficiency of 0.26 + 0.04 dex in [C/H], 0.16 + 0.03 dex in
[Fe/H], and 0.07 + 0.04 dex in [Mg/H], implying rapid formation and quenching before significant enrichment
from asymptotic giant branch stars and Type Ia supernovae. Additionally, we find that galaxies forming at higher
redshift consistently show higher [Mg/Fe] and lower [Fe/H] and [Mg/H], regardless of their observed redshift.
The evolution in [Fe/H] and [C/H] is therefore primarily driven by lower-redshift samples naturally including
galaxies with longer star formation timescales. In contrast, the lower [Mg/H] likely reflects earlier-forming
galaxies expelling larger gas reservoirs during their quenching phase. Consequently, the mass—metallicity relation,
primarily reflecting [Mg/H], is somewhat lower at z = 1-3 compared to the lower-redshift relation. Finally, we
compare our results to standard stellar population modeling approaches employing solar abundance patterns and
nonparametric star formation histories (using PROSPECTOR). Our simple stellar population (SSP)-equivalent ages
agree with the mass-weighted ages from PROSPECTOR, while the metallicities disagree significantly. Nonetheless,
the metallicities better reflect [Fe/H] than total [Z/H]. We also find that the star formation timescales inferred from
elemental abundances are significantly shorter than those from PROSPECTOR, and we discuss the resulting
implications for the early formation of massive galaxies.

Unified Astronomy Thesaurus concepts: Galaxy quenching (2040); Galaxy formation (595); Metallicity (1031);

s

Chemical abundances (224)

1. Introduction

The chemical makeup of a galaxy is intimately linked to its
past star formation, the amount of gas and stars it accretes, and
the gas that is expelled through outflows. Consequently, the
metal content of galaxies reflects fundamental physical
processes that influence their evolution, such as star formation
efficiency, feedback from massive stars and active galactic
nuclei (AGN), and previous merger events. By characterizing
how the metallicities of galaxies evolve across redshifts, we can
Original cor?tent from this Wor.k may be us-ed under the terms
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obtain direct insights into the processes shaping galaxy growth
throughout cosmic time.

In the nearby Universe, galaxies display a tight correlation
between their stellar mass and metallicity, known as the mass—
metallicity relation (MZR; e.g., J. Lequeux et al. 1979;
C. A. Tremonti et al. 2004; A. Gallazzi et al. 2005; E. N. Kirby
et al. 2013). For star-forming galaxies, the gas-phase MZR has
been routinely studied out to z~ 3 mostly using strong-line
indicators (e.g., R. Maiolino et al. 2008; H. J. Zahid et al. 2013;
R. L. Sanders et al. 2020, 2021; C. Papovich et al. 2022;
A. E. Shapley et al. 2023) and has recently been confirmed up
to z ~ 8 with the advent of JWST (D. Langeroodi et al. 2023;
K. Nakajima et al. 2023; M. Curti et al. 2024). Quiescent
galaxies, however, lack the strong emission lines needed for
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gas-phase measurements, so we instead rely on faint absorption
lines originating from stellar atmospheres. At higher redshifts,
measuring stellar metallicity becomes increasingly challenging
as key absorption features shift to near-infrared (NIR)
wavelengths, where ground-based spectroscopic observations
are severely hindered by skylines. As a result, the MZR of
quiescent galaxies has only been systematically studied up to
z~0.7, showing little evolution since z~0 (J. Choi et al.
2014; A. Gallazzi et al. 2014; T. M. Barone et al. 2022;
A. G. Beverage et al. 2023).

Beyond z ~ 1, the picture is much less clear. Currently, there
is only a handful of stellar metallicity measurements of quiescent
galaxies at z=1-2.2 based on absorption lines, mostly relying
on methods such as spectral stacking (M. Onodera et al. 2015;
A. C. Camall et al. 2022), observations of rare lensed massive
galaxies (M. Jafariyazani et al. 2020; A. W. S. Man et al. 2021;
M. Akhshik et al. 2023; Z. Zhuang et al. 2023; M. Jafariyazani
et al. 2024), low-resolution spectroscopy (T. Morishita et al.
2018; V. Estrada-Carpenter et al. 2019; M. Akhshik et al. 2023),
or utilizing extreme integration times on the most efficient
ground-based telescopes (M. Kriek et al. 2016, 2019;
A. G. Beverage et al. 2024; M. Kriek et al. 2024). Despite the
small samples at these redshifts, there is a growing consensus
that massive quiescent galaxies at z 2> 1 exhibit significantly
lower [Fe/H] compared to their present-day counterparts (e.g.,
M. Kriek et al. 2019; Z. Zhuang et al. 2023; A. G. Beverage
et al. 2024). There are, however, a couple of conflicting findings,
with two studies reporting exceptionally high metallicities
comparable to the most metal-rich galaxies at z~ 0 (I. Lonoce
et al. 2015; M. Jafariyazani et al. 2020). These contrasting results
may not be surprising, given that the uncertainties in individual
measurements remain high, and the methods vary significantly
between studies (e.g., I. Lonoce et al. 2015; M. Onodera et al.
2015; M. Kriek et al. 2016; V. Estrada-Carpenter et al. 2019;
P. Saracco et al. 2023).

Understanding the metallicities of distant quiescent galaxies
is crucial, as they hold significant implications for the
enrichment, star formation timescales, quenching, and assem-
bly of galaxies across cosmic time. Specifically, the multi-
element abundance patterns provide direct insight into the star
formation histories (SFHs) of galaxies. Such insight is largely
owed to the diverse enrichment timescales of the elements. «
elements (e.g., O and Mg) are instantaneously released by core-
collapse supernovae (CC SNe). C and N are released
approximately equally by CC SNe and by the winds of low-
mass asymptotic giant branch (AGB) stars, which only
contribute after a characteristic delay time of ~250 Myr (e.g.,
S. Cristallo et al. 2011, 2015; R. Maiolino & F. Mannucci
2019; J. W. Johnson et al. 2023). Fe-peak elements are
enriched by both CC SNe and the explosions of intermediate-
mass stars (Type Ia SNe (SNe Ia)), which occur only after a
longer delay (of ~1 Gyr; D. Maoz et al. 2010).

To fully exploit chemical compositions for understanding the
formation histories of massive galaxies, we need a larger
sample of massive quiescent galaxies at 7 2> 1 with deep spectra
covering multiple absorption features. Such observations are
now finally possible with JWST. To that end, we have
conducted the JWST-SUSPENSE program, an ultradeep rest-
frame optical spectroscopic NIRSpec/ microshutter assembly
(MSA) survey of 20 massive quiescent galaxies at z=1-3
(M. Slob et al. 2024).

Beverage et al.

In this paper, we present the metallicities and multielement
abundances of distant quiescent galaxies at z= 1-3 from the
JWST-SUSPENSE survey. In Section 2 we describe the
observations and elemental abundance analysis, in Section 3
we present the abundance results, in Section 4 we present the
MZR at z=1-3, and in Section 5 we discuss the implications
of the results on star formation timescales, the assembly of
massive galaxies, and star formation quenching. In Section 5
we also compare the full-spectrum modeling results to those
from PROSPECTOR and discuss the implications of this
comparison on the early formation of massive galaxies. In
Section 6, we present a summary. Throughout this paper, we
assume a P. Kroupa (2001) initial mass function (IMF), solar
abundances from M. Asplund et al. (2009), and a flat Lambda
cold dark matter (ACDM) cosmology with Q,=0.3 and
Hy=70 km s ' Mpcfl.

2. Observations and Analysis

All galaxies in this study are drawn from the JWST-
SUSPENSE Program (ID: 2110) which obtained ultradeep
(16.4 hr) NIRSpec/MSA/G140M-F100LP observations of a
sample of 20 massive quiescent galaxies at z=1-3 (M. Slob
et al. 2024). The spectroscopic observations were reduced
using a modified version of the JWST Science Calibration
Pipeline (H. Bushouse et al. 2023) v1.12.5, and version 1183 of
the Calibration Reference Data System (see M. Slob et al.
2024, for details). Primary targets were initially identified using
the UltraVISTA K-band selected Data Release 3 (DR3) catalog
(A. Muzzin et al. 2013a) and selected to be quiescent using the
UVJ criterion from A. Muzzin et al. (2013b). The targets
represent the general population of quiescent galaxies at
z=1-3, encompassing the full quiescent range in UVJ space
at these redshifts, and are all confirmed to have quiescent stellar
populations (see M. Slob et al. 2024).

The observations cover wavelengths from 0.97 to 1.84 um,
corresponding to a typical rest-frame range of approximately
3700 to 7000 A. Most objects have coverage of the Mgb line,
several prominent Fe features, and multiple Balmer lines. The
stellar masses and star formation rates (SFRs) were derived by
M. Slob et al. (2024) by fitting the spectra and photometry
simultaneously with PROSPECTOR (J. Leja et al. 2019a;
B. D. Johnson et al. 2021) assuming a G. Chabrier (2003)
IMF. They consider two nonparametric SFH models: a fixed-
bin model (J. Leja et al. 2019a) and a poststarburst model
(K. A. Suess et al. 2022a). For more details on target selection,
observing strategy, data reduction, redshift determination, and
stellar population properties we refer to M. Slob et al. (2024).

We measure the individual elemental abundances and stellar
population ages using the custom full-spectrum fitting code
alfa (A. Beverage 2024)'° based on the alf fitting code
presented in C. Conroy et al. (2018). The C. Conroy et al.
(2018) models were developed to measure the elemental
abundance patterns of old (=1 Gyr) stellar populations. They
combine metallicity-dependent MIST isochrones (J. Choi et al.
2016), empirical MILES and IRTF spectral libraries
(P. Sanchez-Blazquez et al. 2006; A. Villaume et al. 2017),
and synthetic metallicity- and age-dependent elemental
response spectra for 19 elements.

The models assume a single burst of star formation a simple
stellar population (SSP) and a P. Kroupa (2001) IMF. We fit for

19 https: //github.com/alizabeverage /alfalpha
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a total of 20 free parameters: velocity offset, velocity
dispersion, single SSP-equivalent stellar population age,
isochrone metallicity, 10 individual elemental abundances
(Fe, C, N, Mg, Na, Si, Ca, Ti, and Cr), Balmer emission line
flux, the emission line velocity and broadening, a shift in the
effective temperature of the fiducial isochrones (T.¢), and an
instrumental jitter term to account for under-/overestimation of
the uncertainties. The abundance ratios of the other nine
elements are fixed to solar ([X/Fe] = 0) following the results of
the mock-recovery test presented in A. G. Beverage et al.
(2023). We use the dynesty dynamic nested sampling
package (J. S. Speagle 2020) to sample the posterior
distributions of the 20 parameters.

Before fitting, we smooth the models to the instrumental
resolution of the observations. We derive the instrumental
resolution as a function of wavelength in the raw spectral
frames using msafit (A. de Graaff et al. 2024). We provide
msafit with the morphology of each galaxy, its position and
angle with respect to the MSA slit, and a spectrum filled with
equally spaced delta functions that simulate idealized emission
lines. The software then simulates a 2D spectrum for each
object. We process these 2D spectra using the JWST NIRSpec
reduction pipeline in the same manner as the actual data.
Finally, we measure the spectral resolution by analyzing the
broadening of the simulated emission lines. We find that the
wavelength dependence of the instrumental resolution is
consistent with the online prelaunch estimates from JDox, but
typically a factor of 1.3 better, corresponding to a resolution of
R ~ 1300. For each galaxy, we derive this factor and assume
the corrected JDox curve when fitting. See M. Slob et al.
(2024) for more details on this procedure.

During the fitting procedure, the spectral continuum is
removed from the observations by fitting an n =7 Chebyshev
polynomial to the ratio of the data to the model. We note that
the results are robust to decisions regarding the order of the
polynomial. Where available, we fit the wavelength regions
38004800 A, 4800-5800 A, 5800-6400 A, and 8000-8600 A
(each with their own normalized continuum). We mask the
NaD absorption feature, the [OIII] lines where present, and
the Ha +[NI] complex. We also exclude wavelengths
6400-8000 A due to the dominant TiO absorption in the
spectrum, as these broad features are typically overfitted by the
continuum polynomial.

After fitting all 20 galaxies, we visually inspect the best-fit
model, the normalizing polynomial, and the corresponding
corner plots. We remove five galaxies; two because they have
low signal-to-noise ratio (S/N; <15 per rest-frame A; IDs:
130183 and 130934), one because it is lacking wavelength
coverage of key absorption features (130208), and two because
of strong emission lines likely associated with AGN (130647
and 128452). We also refit 127941, masking the H{3 region,
which was poorly fit due to spectral contamination. Object
127108 is also refit, masking the region >5500 A due to the
lack of clear features. Finally, for each object, we inspect the
posteriors of all 10 fitted elements and determine which elements
can be constrained by requiring their posterior to be Gaussian
and not run against the prior limits (—0.5 and 0.5 dex). Figure 1
shows the quiescent SUSPENSE spectra at z=1-3 and
corresponding best-fit alfa models. We present the stellar
population properties and elemental abundances [X/H] in
Table 1. The elements flagged as “poorly constrained” during
the visual inspection are omitted from Table 1. We also omit the
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abundances of 129966 because the best-fit age is below the
lowest age in the stellar population models (1 Gyr). Tables of the
elemental abundance ratios [X/Fe] and [X/Mg] are provided in
the Appendix.

3. The Multielemental Abundances of Distant Quiescent
Galaxies

In this section, we present the multielement abundances of
the massive quiescent galaxies at z = 1-3 from the JWST-
SUSPENSE program. For each SUSPENSE galaxy, we only
consider the elements that have well-behaved normal posterior
distributions. Among the 10 fitted elements, C, Mg, and Fe
have the most galaxies with well-constrained measurements,
likely due to their prominent absorption features, such as CH
(G4300), Mgb, Fe \5270, Fe A\5335, and Fe \5406.

In Figure 2, we present the formation time (o), [Fe/H],
[Mg/H], [Fe/Mg], and [C/Mg] as a function of line-of-sight
velocity dispersion (circles). Here, we adopt Mg as the
reference element instead of Fe (i.e., [X/Mg]) because it is
mostly produced by CC SNe and thus a simpler tracer of
chemical enrichment (see, e.g., D. H. Weinberg et al. 2019).
The formation time is calculated using the stellar ages from
Table 1, corrected for the age of the Universe at the observed
redshift. The points are colored by their spectroscopic redshifts.
We also include the results of stacked quiescent galaxies at
7~ 0 from the Sloan Digital Sky Survey (SDSS; red squares)
and z~0.7 from LEGA-C (pink triangles; A. G. Beverage
et al. 2023). The stacked SDSS spectra and corresponding
elemental abundance results were first presented in C. Conroy
et al. (2014) and later refit by A. G. Beverage et al. (2023) to
reflect updates in the stellar population models (see C. Conroy
et al. 2018). We note that the SDSS fiber and the LEGA-C and
SUSPENSE slits all cover similar physical radii (3—4 kpc).
However, since galaxies were smaller in the past, the
SUSPENSE and LEGA-C slits cover 1-1.2 R,, while SDSS
covers only 0.4-0.8 R,.

In Figure 2, we also include all available elemental
abundance measurements in the literature at z = 1-3. We only
include measurements that use the same full-spectrum fitting
method, and thus are comparable to the SUSPENSE results.
We do not include grism or prism results because they rely
heavily on the shape of the continuum and are therefore highly
susceptible to fitting degeneracies. We also exclude abun-
dances derived from Lick indices because, at these redshifts,
the individual absorption features are faint and easily
contaminated by NIR skylines. We color all points by their
spectroscopic redshifts.

In each panel of Figure 2, we present the results from a linear
structural regression fit applied to all available points within the
redshift range z=1-3. The linear model assumes intrinsic
scatter around the best-fit line, which is described by a third
parameter alongside the slope and intercept. Using a Bayesian
approach, we determine the best-fit line and its associated
shaded confidence intervals by sampling the posterior distribu-
tions with Markov Chain Monte Carlo (MCMC). We fit two
relations to the formation times, one at z < 1.7 (light blue) and
another at z > 1.7 (dark blue). During the fitting process, we set
a lower limit of 0.1 dex on the uncertainties of the elemental
abundance, to prevent single high S/N measurements from
dominating the fit and to account for possible systematic
uncertainties.
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Figure 1. JWST-SUSPENSE spectra of quiescent galaxies at z = 1-3 (black) and corresponding 1o uncertainties (gray). The best-fit stellar population models are
shown in red. The wavelength array has been corrected for redshift and is shown in the rest frame. The spectra have been median binned by 3 pixels (8 A in the rest

frame).

In the top left panel of Figure 2, we find that the formation
redshifts of the SUSPENSE galaxies range from zgomm, = 1.5 to
9. No clear trends are observed between ¢ and formation time

at z 2 1. However, there is a clear trend with observed redshift,
where typical galaxies at z > 1 formed earlier than those at
lower redshifts, as expected. This redshift trend is also evident
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Figure 2. The formation time (frorm), [Fe/H], [Mg/H], [Fe/Mg], and [C/Mg] as a function of velocity dispersion for the z = 1-3 JWST-SUSPENSE quiescent galaxy
sample (circles) and for other various measurements at similar redshifts from the literature. Each point is colored by its spectroscopic redshift. To guide the eye, we
include the best-fit relations and corresponding confidence intervals in each panel, fit to the z = 1-3 data point. In the #,,, panel, we instead present two relations, one
for z < 1.5 and the other for z > 1.5. For comparison, we also include the abundances of stacks of quiescent galaxies at z ~ 0 from SDSS (C. Conroy et al. 2014;
A. G. Beverage et al. 2023) and at z ~ 0.7 from LEGA-C (A. G. Beverage et al. 2023). At constant o, the SUSPENSE galaxies form earlier and are more deficient in
Fe and C than the z < 0.7 galaxies.

Table 1
JWST-SUSPENSE Stellar Population Parameters
D Zpec  log M* o Age [Fe/H] [Mg/H] [C/H] [Ca/H] [Ti/H] [Cr/H] [Si/H]
M.)  (kms)  (Gyp

127345 1.168 10.7 166"} 26°9%  —0.17+0% 0.15+919 —0.03+3% 0.14+5% —0.19312  —0.10*%12
130040 1.170 112 259+18 20503 —0.1850% 0237913 0.07+12 —0.045011 0384013 0.04*17 —0.074943
127154 1.205 10.7 206111 22102 0.17:008 0.557919 0.30:39] - 0.4750:1¢ 0.06:013 0.397019
129982 1.249 112 260" 13 42413 —0.10%919 0.24+014 —0.05+318 0.04+512 0.06+92! 0.19151¢ -
127108 1.335 102 177417 34798 055501 —024%012 077131 —0.615018 —0.95401%  —0.237018
129197 1.474 10.5 14572 21503
129149 1.579 11.0 29012 19102 —0.1275% 0.017919 —0.195097  0.23%043 0.06+518 —0.0191¢
128041 1.760 10.7 2408 L6507 —0.1710% 0.2779% —0.18731  —0.1280%¢ 0171312 —0277313 —0217012
127700 2,013 109 23635 32802 —0.15%019 —024501%  —0.1851! - -
129133 2.139 11.1 223*19 14503 —0.241019 0275019 —0.035013 0.185:%¢ —021505 —0.00291$
129133 2.139 11.1 225+19 12500 —0175% 0.3379%8 0.0179% 0.22+9:9¢ —0.14%913 0.07-014
127941 2.141 10.8 197439 20104 —0437017  —03310%2  —0.48793 0.18+049 0.07792} 0.015918
128036 2.196 10.9 22079 LI 026700 0067013 —027°01 0157003 —045T018 0257018
128913 2285 10.9 187438 23103 o o
130725 2.692 11.1 248+%2 11593 —0.35793) —0.09+312
129966°  2.923 10.9 207+ 0.6731
Notes.

 Presented in M. Slob et al. (2024).
® Removed from analysis because younger than the stellar population model grid (<1 Gyr).
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within the z > 1 sample, with the best-fit relation for z > 1.7
being lower than that for z < 1.7. A similar trend has been
shown by A. G. Beverage et al. (2023) and will be discussed in
detail in Section 5.2.

In the next panel, we show that quiescent galaxies at z = 1-3
have [Fe/H] ranging from —0.6 to 0.3, with typical values of
—0.22. We find a trend between o and [Fe/H], with a
statistically significant slope (20 certainty). The normalization
of these measurements are 0.16 = 0.03 dex lower than what is
found at z~ 0 and z~ 0.7. A 1D Kolmogorov—Smirnov (K-S)
test comparing the Fe abundances of galaxies at z~ 0 and z ~ 2
yields significant p-values (<0.01), allowing us to reject the
null hypothesis and conclude that the Fe abundances of these
two populations are drawn from different distributions. Thus,
we confirm earlier results that quiescent galaxies at z ~ 2 are Fe
deficient (M. Kriek et al. 2016; T. Morishita et al. 2018;
M. Kriek et al. 2019; Z. Zhuang et al. 2023; A. G. Beverage
et al. 2024; M. Jafariyazani et al. 2024). In the next panel, we
find that [Mg/H] varies from —0.3 to 0.6, with a typical value
of [Mg/H] = 0.15. The slope of the c—[Mg/H] relation agrees
with the results at z~ 0 and z~ 0.7 and the normalization is
only slightly lower (0.07 £ 0.04 dex).

In the bottom left panel of Figure 2 we find [Fe/Mg] ranging
from —0.50 to —0.10, with a typical value of —0.35. The best-
fit o—[Fe/Mg] relation has a negative slope, in agreement with
lower-redshift results, however, the relation is offset to lower
[Fe/Mg] by 0.10 + 0.04 dex. A 1D K-S test of [Fe/Mg] show
that the z~ 0 and z ~ 2 abundances are drawn from different
distributions, with a mildly significant p-value (<0.05). This
low [Fe/Mg] is consistent with the other results at similar
redshifts in this figure (M. Kriek et al. 2016; M. Jafariyazani
et al. 2020; A. G. Beverage et al. 2024; M. Jafariyazani et al.

2024).

In the bottom right panel, we show [C/Mg]. We highlight
that these are the first measurements of C abundances for a
sample of distant quiescent galaxies and that only one other
[C/Mg] measurement at these redshifts is available in the
literature (M. Jafariyazani et al. 2020). We find [C/Mg] ranges
from —0.55 to —0.05, with a typical value of —0.3, in good
agreement with M. Jafariyazani et al. (2020). The best-fit trend
with o is still highly uncertain given that there are only 10 C
measurements at this redshift but it is clear that the SUSPENSE
galaxies have ~0.2 dex lower [C/Mg] than the z~0 and
z~0.7 samples (30 certainty). Given that the average [Mg/H]
is similar (to within 0.07 dex) across the redshift samples, the
low [C/Mg] and [Fe/Mg] are caused by deficiencies in C
and Fe.

Next, we present the elemental abundance patterns of the
SUSPENSE galaxies in Figure 3. We show the average
absolute abundances [X/H] (top panel), the abundance ratios
with respect to Fe [X/Fe] (middle panel), and the abundance
ratios with respect to Mg [X/Mg] (bottom panel). We only
include elements for which we have at least five constrained
individual measurements, namely C, Mg, Si, Ca, Ti, and Cr,
and Fe. The small blue squares represent the individual
abundances from SUSPENSE, while the large squares
depict the mean of these measurements. The black error bars
are calculated by perturbing the abundance of each data
point based on the uncertainty and then determining the
standard deviation of the resulting mean abundance values.
Figure 3 also includes the abundance patterns of z~ 0 (red
circles) and z~ 0.7 quiescent galaxies (pink triangles) from

Beverage et al.

A. G. Beverage et al. (2023). These z~0 [z~ 0.7] results
represent the average of thousands [hundreds] of quiescent
galaxies from the same velocity dispersion range as the
SUSPENSE galaxies (200-300 km sfl).

Consistent with the findings of Figure 2, massive quiescent
galaxies at all three redshift intervals have nonsolar abundance
patterns, being deficient with respect to Mg. These trends are
further evident when examining the individual elements in
greater detail. In the top panel of Figure 3, we find that distant
quiescent galaxies in SUSPENSE have significantly lower
[C/H] and [Fe/H] (>30 certainty) and slightly lower [Mg/H]
(1.50) than the z < 1 galaxies. Specifically, [C/H], [Fe/H], and
[Mg/H] are lower by 0.25, 0.16, and 0.07 dex, respectively,
than at z ~ 0. Therefore, the [Mg/Fe] enhancement observed in
the central panel is primarily driven by a deficiency in Fe.
Moving on to the other elements, we find that Ca has a similar
behavior as Mg, with a mostly constant [Ca/H] across the three
redshift regimes, but with enhanced [Ca/Fe] and [Ca/Mg] at
higher redshift. Ti is unique because the absolute abundance
[Ti/H] and abundance ratios [Ti/Fe] and [Ti/Mg] increase
with increasing redshift. We highlight that high Ti abundances
present a long-standing problem in chemical evolution
modeling (e.g., C. Kobayashi et al. 2020). [Cr/H] on the other
hand behaves more like Fe and C, with [Cr/H] being lower at
z=1-3. This result is unsurprising given that Cr is typically
considered an Fe-peak element. Si shows no significant
evolution in [X/H], [X/Fel], or [X/Mg]. Thus, Si behaves
more similarly to Mg and Ca. However, the abundance
uncertainties on Ti, Si, and Cr are quite large. We note that
these abundance results are roughly consistent with the only
other existing abundance pattern at z 2 0.7, observed in a
lensed quiescent galaxy by M. Jafariyazani et al. (2020). In
Section 5.1, we explore the implications of these abundance
patterns in the context of chemical enrichment histories.

Finally, in Figure 4, we show [Fe/H], [Mg/H], and [Mg/Fe]
as a function of formation time, as in Z. Zhuang et al. (2023). In
addition to the SUSPENSE sample (blue circles, colored by
spectroscopic redshift), we include individual results from
massive quiescent galaxies in the SDSS survey from Z. Zhuang
et al. (2023, red circles) and LEGA-C from A. G. Beverage
et al. (2023, pink triangles). In each panel of Figure 4, we
remove the first-order dependence on stellar mass by subtract-
ing the SDSS M, —abundance relations from Z. Zhuang et al.
(2023) from all galaxies and then scaling them to the value of
the M ,—abundance relations at M, = 10"! M. We utilize the
Pearson correlation coefficient to assess the degree of
correlation between the parameters in Figure 4. We include
all points in Figure 4 (at all redshifts) when computing the
degree of correlation. The resulting Pearson coefficients and
corresponding p-values are listed in the top left of each panel.
Correlations with p-values of p<0.01 are considered
significant.

At fixed stellar mass, the formation time and [Fe/H] have a
significant positive correlation (r =0.59), with galaxies form-
ing at earlier times having lower Fe enrichment. [Mg/H] shows
a moderate positive correlation (r=0.30), with galaxies
forming earlier having slightly lower Mg enrichment. Finally,
there is a negative correlation (r= —0.40) between [Mg/Fe]
and formation time, indicating galaxies that form earlier have
slightly higher [Mg/Fe]. These correlations are primarily
driven by the large quantity and dynamic range in fg, of
z~ 0 abundance measurements and thus agree with the results



THE ASTROPHYSICAL JOURNAL, 979:249 (15pp), 2025 February 1

Beverage et al.

0.6

0.4

0.2

[X/H]

0.0

-0.2

-0.4

NS N RN N R |

0.6

0.4

0.2

IIIIIIIIIIII

0.0

[X/Fel

a
=]
== 1<z<3, SUSPENSE (This Work)
O-A- z~0.7, LEGA-C (Beverage+23)
—$— z~0, SDSS (Beverage+23)

-0.2

IIIIIIIII

-0.4

s g

C Mg Si

0.6

0.4

0.2

0.0

[X/Mg]

-0.2

o
i
—IIIIIIIIIIIIIIIIIIIII_ _IIIIIIIIIIIlIIIIIIIIII_ [

w
=
o

Atomic Number

Figure 3. The abundance patterns of the z = 1-3 quiescent galaxies (blue squares). We show the absolute abundances, [X/H], in the top panel, followed by the
abundance ratios [X/Fe] (middle) and [X/Mg] (bottom), with the solar values marked with a dashed black line. The thick solid blue line with square markers shows
the median abundance pattern of the z = 1-3 quiescent galaxies. For comparison, we include the average abundance patterns of z ~ 0 (red solid line with circle
markers) and z ~ 0.7 (pink solid line with triangle markers) galaxies with the same velocity dispersions (175-275 km s~ '). The z = 1-3 galaxies are significantly

deficient in [C/H] and [Fe/H] compared to lower-redshift samples.

presented in Z. Zhuang et al. (2023). Therefore, it is striking
that the correlations found at lower redshifts are mostly
consistent with the z~ 2 data, in the sense that the oldest
galaxies at z~ 0 have similar abundance patterns as those at
z~2. In Section 5.2, we discuss the implications of these
results on the assembly of massive galaxies.

4. The Stellar Mass—Metallicity Relation at z ~ 2

In this section, we present the stellar MZR of quiescent
galaxies at z=1-3. In Figure 5, we show the stellar
metallicities log(Z/Z:) of the JWST-SUSPENSE quiescent
galaxies as a function of their stellar mass (circles). We
compute these metallicities following the calibration
log (Z/Z.)= [Fe/H] 4+ 0.94[Mg/Fe] from D. Thomas et al.
(2003). As in Figure 2, we include all existing measurements of
stellar metallicities derived from full-spectrum fitting at
z=1-3 derived using the same full-spectrum fitting method
and underlying models. For comparison, we also include the

z~0 MZR and corresponding 1o scatter from A. Gallazzi
et al. (2005, black line and gray shaded region). Additionally,
we show individual measurements for a subsample of these
SDSS galaxies from Z. Zhuang et al. (2023, gray hexagons).
The A. Gallazzi et al. (2005) relation was measured using a
different method than Z. Zhuang et al. (2023), with different
stellar population models, and assuming a different solar
abundance pattern. Therefore, we calibrate the A. Gallazzi
et al. (2005) MZR to match the normalization of the
Z. Zhuang et al. (2023) measurements by applying a shift of
+0.16 dex.

We fit an MZR to all available z = 1-3 measurements using
the same structural linear regression applied to the abundances
in Figure 2, where we assume that the points have an intrinsic
scatter around the best-fit line. Again, we set the lower limit on
the error of the metallicity to 0.1 dex so that high S/N
measurements do not dominate the fit. Uncertainties on all
stellar mass estimates are assumed to be 0.1 dex, to properly
account for systematic uncertainties involved in the stellar
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Figure 4. [Fe/H], [Mg/H], and [Mg/Fe] as a function of galaxy formation time for massive quiescent galaxies at z = 0-3. Data points for the redshift range z = 1-3
are color coded based on their spectroscopic redshift, and their shapes follow the same legend as Figure 2. The red circles [pink triangles] represent individual
quiescent galaxies from SDSS [LEGA-C] (A. G. Beverage et al. 2023; Z. Zhuang et al. 2023). Typical uncertainties for the SDSS and LEGA-C points are shown in the

bottom right of each panel. We remove the first-order dependence on stellar mass by adjusting all measurements to reflect the abundances at M, =

=10"" M, (refer to

the text for details). We calculate the Pearson correlation coefficients, including all galaxies at all redshifts, and list the corresponding correlations (r) and p- -values in
the top left corner of each panel. Regardless of observed redshift, galaxies that form earlier have lower [Fe/H], slightly lower [Mg/H], and higher [Mg/Fe], consistent

with more rapid formation and efficient quenching at earlier times.
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Figure 5. Stellar metallicity as a function of stellar mass for quiescent galaxies
at z = 1-3 in the JWST-SUSPENSE program (circles) and from various other
studies (following the same legend as Figure 2). All points are colored by their
spectroscopic redshifts. The blue line shows the best-fit stellar MZR at z = 1-3,
measured from all available measurements at z = 1-3. We include the stellar
MZR at z ~ 0.7 from A. G. Beverage et al. (2023, black dashed line) and z ~ 0
from A. Gallazzi et al. (2005, black line and gray shaded region). We also show
individual values from the SDSS sample presented in Z. Zhuang et al. (2023,
gray hexagons). Galaxies z = 1-3 on average have —0.17 £ 0.09 dex lower
metallicities than those at z ~ 0 and z ~ 0.7.

population modeling (see M. Kriek et al. 2016, for motivation
of mass uncertainties). The best-fit parameters and corresp-
onding uncertainties are estimated using MCMC. We use the
same fitting method to redetermine the MZR at z ~ O (red line)
and z~0.7 (pink line) for the Z. Zhuang et al. (2023) and
A. G. Beverage et al. (2023) samples, respectively. We
emphasize again that the individual metallicity measurements
at z~0 and z~ 0.7 were made using the same full-spectrum
modeling method as the z = 1-3 sample.

The best-fit stellar MZRs at each redshift interval correspond
to the following relations:

z=1-3:
+0.17 My 10.05
log (Z/Zo) == 0.1970.12 log 1()”—M + 0.1370.11,
©
z~0.7:
+0.04 My 10.02
log(Z/Zz) = 0.08" 504 log o a1 + 0217505
z~0:
+£0.02 My £0.02
log(Z/Zs) = 0.27Z5; log o M + 0.30Z03-

The slope of the MZR at z = 1-3 is consistent with that at
7~ 0, within the uncertainties. The normalization, though,
appears to have increased by 0.17 £ 0.09 since z ~ 2. We note
that the sample at z=1-3 is still small, and the metallicity
measurements have significant statistical uncertainties. Conse-
quently, the evidence for evolution remains below the 20 level.
Thus, larger samples and deeper observations are needed to
confirm this potential evolution with more certainty.

An evolving MZR, if confirmed, is not surpn'sing given that
the total metal content of a galaxy is primarily in « elements
(70%*° by mass) and that we find slightly lower Mg in
Figure 3. Even though distant quiescent galaxies are Fe
deficient, Fe-peak elements only contribute 10% by mass to the
total metallicity. Therefore, the observed offset in the MZR to
lower Z/Z, could be explained by these galaxies having lower
Mg abundances.

Other studies based on Lick indices instead point to a
redshift-invariant MZR, with galaxies at z ~ 2 having super-
solar Z, (I. Lonoce et al. 2015; M. Onodera et al. 2015).
However, these conclusions are based on individual measure-
ments or a single stacked spectrum, and therefore they carry

20 Calculated using the M. Asplund et al. (2009) solar abundances and taking
« elements to include N, O, Mg, Na, Ne, S, Si, Ti, and Ca.
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large uncertainties. Similarly, V. Estrada-Carpenter et al.
(2019) report a redshift-invariant MZR, with stellar metalli-
cities derived from low-resolution spectroscopy. In Section 5.4,
we compare these methods and demonstrate that metallicities
derived from spectrophotometric fitting primarily reflect
[Fe/H]. Given the Fe deficiencies found in this work, it is
notable that V. Estrada-Carpenter et al. (2019) find no
evolution in the MZR.

5. Discussion and Implications
5.1. Star Formation Timescales

In this work, we present the first abundance pattern study
(including Fe, C, Mg, Si, Ca, and Ti) based on a sample of
z>1 quiescent galaxies. M. Jafariyazani et al. (2020) had
previously measured an abundance pattern at z ~ 2, but only
for a single lensed system, whereas A. G. Beverage et al.
(2024) measured only the Mg and Fe abundances of a larger
sample of quiescent galaxies at z~ 1.4 and z~2.1. In this
section, we discuss the implication of multielement abundance
results on the SFHs of distant quiescent galaxies.

A key observation from Figure 3 was that massive quiescent
galaxies at z = 1-3 are deficient in Fe and C, whereas Mg, Si,
Ca, and Ti have higher abundances. When considering the full
interstellar medium (ISM) enrichment over a stellar popula-
tion’s lifetime, Fe is forged approximately equally in CC SNe
and SNe Ia, whereas C is enriched approximately equally by
CC SNe and low-mass AGB stars. The other elements, Mg, Si,
Ca, and Ti, are all primarily « elements, produced in CC SNe.
These processes enrich over a diverse set of timescales;
exploding massive stars (CC SNe) eject o elements almost
instantaneously after the commencement of star formation,
swiftly incorporating them into subsequent stellar generations.
Alternatively, low- to intermediate-mass stars enrich the
ISM on a delayed timescale due to their longer lifespans.
One mechanism is via SNe Ia, which typically eject
Fe-peak elements (e.g., Cr and Fe) only after a time delay of
~0.5-1 Gyr. The other mechanism is via AGB stars, which
have even shorter delay times than SNe Ia, enriching primarily
C (and N) as early as 50 Myr but with a typical delay of
~250 Myr (e.g., S. Cristallo et al. 2011, 2015; R. Maiolino &
F. Mannucci 2019; J. W. Johnson et al. 2023). Thus, galaxies
that stop forming stars before significant AGB and SN Ia
contributions have very low Fe-peak and C+ N stellar
abundances, but still high @ abundances.

Considering the different enrichment timescales, our low C
and Fe abundance results imply that the SUSPENSE galaxies
formed most of their stellar mass before significant AGB and
SN TIa enrichment, corresponding to a timescale of <0.2 Gyr.
Such an extreme star formation timescale would translate to an
SFR of >500 M. yr ', putting these galaxies among the
most vigorous star-forming galaxies in the Universe (e.g.,
D. A. Riechers et al. 2013; R. Decarli et al. 2017; B. Gullberg
et al. 2019; C.-L. Liao et al. 2024).

This interpretation assumes that the observed deficiencies in
C and Fe are solely driven by shorter star formation timescales
in higher-redshift galaxies. However, variations in the IMF
may also play a significant role in shaping the relative
elemental abundances. For instance, a top-heavy IMF would
increase the relative number of CC SNe to SNe Ia, increasing
the Mg producers over the Fe producers. This would elevate
[Mg/Fe] without requiring extremely short star formation
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timescales (e.g., F. Matteucci 1994; D. Thomas et al. 1999).
Furthermore, a top-heavy IMF could alter the IMF-averaged
CC SN yields, introducing even more variation. A top-heavy
IMF is indeed plausible in these extreme galaxies, potentially
due to unique environmental conditions or the effect of an
integrated galaxy-wide IMF (e.g., F. Fontanot et al. 2017).
However, the extent of this impact—particularly on elements
that are produced by multiple enrichment pathways—remains
unclear. Detailed chemical evolution modeling is necessary to
disentangle the respective roles of the IMF and star formation
timescales in producing these unusual abundance patterns.

Such detailed chemical evolution models would also provide
more precise estimates of star formation timescales, a task we
leave for a future work. However, we note that the inferred
extreme star formation timescales conflict with the results from
spectrophotometric fitting using the nonparametric SFHs of the
SUSPENSE galaxies M. Slob et al. (2024). In Sections 5.4 and
5.5 we discuss the implications of these differences.

5.2. The Assembly of Massive Galaxies over Cosmic Time

Our elemental abundance patterns imply that galaxies at
z~ 2 on average formed earlier (Section 3) and over shorter
timescales (Section 5.1) compared to galaxies with similar
velocity dispersions at z~ 0 and z ~ 0.7. The most straightfor-
ward explanation for this observed increase is that galaxies in
the quiescent sample at z=1-3 are among the earliest
quenchers in the z~ 0 population; galaxies that form over
longer timescales quench and join the quiescent galaxy
population at later times. Thus, by z=0, the SUSPENSE
sample represents only the extreme tail of the 7, distribution.
This explanation is akin to the “progenitor bias” scenario (i.e.,
P. G. van Dokkum & M. Franx 2001) used, for example, to
explain the size growth of quiescent galaxies over time (e.g.,
S. Khochfar & J. Silk 2006; P. G. van Dokkum et al. 2010;
C. M. Carollo et al. 2013; B. M. Poggianti et al. 2013).

This progenitor bias scenario is reinforced by Figure 4,
where we find a negative correlation between formation time
and [Mg/Fe], irrespective of the observed redshift of the
galaxies. Thus, the evolution in C and Fe is mostly due to the
lower-redshift samples naturally including galaxies with earlier
formation times and shorter star formation timescales.

A closer look at Figure 4, however, reveals that progenitor
bias alone may not be able to explain the observations. If the
7~ 2 galaxies passively evolve over the past 10 billion years,
without merging or experiencing late-time star formation, then
the trends with formation time at z ~ 0 and z ~ 2 should exactly
overlap at the earliest epochs. Instead, we find very few SDSS
galaxies at these early formation times and we find that the
z~2 samples exhibit slightly lower [Fe/H] and [Mg/H], and
higher [Mg/Fe] than the lower-redshift samples. This offset
was first identified by Z. Zhuang et al. (2023) using a small
sample of objects at z=1-3, and later confirmed by
A. G. Beverage et al. (2024) with a larger sample.

One way to explain the lack of chemically extreme galaxies
at z~0 1is late-time star formation episodes. If the star
formation material is preenriched with SN Ia products by
previous epochs of star formation, then the newly formed stars
would be younger, more metal rich, and more «/Fe enhanced,
pushing them along the abundance trends of Figure 4 toward
younger ages (later formation times). Major mergers between
galaxies with different SFHs would also shift galaxies upward
along the formation time sequence. In contrast, minor mergers
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tend to decrease not only [Fe/H] but also [Mg/H] levels.
However, due to aperture effects, interpreting the impact of
minor mergers is more complicated because they are
preferentially accreted onto the outskirts of galaxies. Therefore,
minor mergers likely have minimal influence on the observed
abundance patterns. Larger sample sizes at z 2 1 and z ~ 0 with
careful consideration of stellar mass completeness are required
to clarify the relative importance of progenitor bias, mergers,
and late-time star formation.

5.3. Galaxy Quenching

A key finding from Figure 4 is galaxies that form at earlier
epochs have lower [Mg/H]. Unlike the correlation with
[Fe/H], this result cannot be explained using star formation
timescales, because [Mg/H] instead reflects instantaneous
enrichment by CC SNe.

One possible explanation for galaxies with earlier formation
times having slightly lower [Mg/H] is that they expel larger
gas reservoirs during the quenching phase. A. G. Beverage
et al. (2021) proposed this model to explain a similar trend in
the LEGA-C sample. They used a leaky box model with
exponentially declining inflow rates and SN-driven outflows,
with analytical solutions from E. Spitoni et al. (2017). In their
models, galaxies with smooth SFHs that quench via slow gas
depletion end up with high stellar [Mg/H] by z = 0, regardless
of their SFH.

The implementation of rapid gas expulsion after two e-
folding times (akin to AGN-driven feedback), successfully
keeps the stellar [Mg/H] low. In these models, galaxies that
quenched at higher SFR and thus expel larger gas reservoirs
have lower [Mg/H] and earlier formation times. Thus, the
observed correlation between [Mg/H] and f,;, may indicate
more efficient gas expulsion at higher redshift. These more
efficient outflows in combination with progenitor bias, in turn,
can explain the increase in [Mg/H] and the MZR over
cosmic time.

This result, in combination with the extreme SFRs inferred
from the C and Fe deficiencies, is consistent with quasar-driven
quenching resulting from rapid gas inflows. Indeed, evidence
of ejective AGN outflows has been found in galaxies that
rapidly quenched after z ~ 2, indicated by pronounced blue-
shifted NaID and other ISM absorption lines (e.g.,
D. T. Maltby et al. 2019; M. Kubo et al. 2022; S. Belli et al.
2023; F. D’Eugenio et al. 2023; R. L. Davies et al. 2024;
M. Park et al. 2024). Future chemical evolution modeling will
help determine the mass-loading factors and star formation
timescales required to reproduce the trends with #y,.

5.4. Stellar Population Synthesis Fitting

In this section, we compare measurements derived in this
work with those obtained using a more standard stellar
population modeling approach, which employs solar abun-
dance patterns and nonparametric SFHs. M. Slob et al. (2024)
present stellar population parameters for the SUSPENSE
galaxies using the PROSPECTOR code (J. Leja et al. 2019a;
B. D. Johnson et al. 2021). PROSPECTOR utilizes the the
Flexible Stellar Population Synthesis (C. Conroy et al. 2009;
C. Conroy & J. E. Gunn 2010) library, the MILES spectral
library, and the MIST isochrones, assuming a G. Chabrier
(2003) IMF. The fitting process incorporates both JWST
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spectroscopy and UltraVISTA DR3 photometry. For more
details, see M. Slob et al. (2024).

There are a few key differences between this standard
modeling approach and the method used in this work. First, in
PROSPECTOR and similar codes, such as BAGPIPES
(A. C. Carnall et al. 2018), CIGALE (D. Burgarella et al.
2005), and MAGPHYS (E. da Cunha et al. 2008), the SFH is a
free parameter. Second, they assume a solar-scaled abundance
pattern (and sometimes Z = Z,). Another key difference is that
PROSPECTOR, when fitting both the photometry and spectra,
heavily relies on the galaxy continuum shape and consequently
does not put emphasis on reproducing the individual absorption
features. In contrast, our full-spectrum modeling assumes a
variable abundance pattern, a single burst of star formation, and
relies solely on the stellar absorption features.

Before comparing the results from these codes, it is important
to highlight that differences in the SFH assumptions lead to the
derived quantities being either light-weighted values in PRO-
SPECTOR or SSP-equivalent values in alfa. Thus, it is crucial
to assess how these assumptions may impact the inferred
properties. Recent work by N. M. Gountanis et al. (2024) tested
the SSP assumption by generating composite spectra using a
superposition of SSPs with evolving ages, metallicities, and
abundance ratios [Mg/Fe], informed by a delayed-r SFH and
chemical evolution models. They then fit these composite
spectra using alfq, assuming a single SSP. The results showed
excellent agreement between the SSP-equivalent parameters and
the true light-weighted averages, with discrepancies within 0.05
dex for ages, metallicities, and [Mg/Fe] (see their Figure 13).
This test indicates that using an SSP-equivalent approach in
alfoa does not introduce significant biases, allowing for a valid
comparison between the codes.

In Figure 6, we compare our best-fit ages and metallicities to
those from PROSPECTOR. The points are colored by their
spectroscopic redshift, and the dashed black lines represent the
one-to-one line. The left panel shows stellar ages, where
PROSPECTOR provides mass-weighted estimates and our full-
spectrum fitting gives SSP-equivalent ages. Despite different
assumptions in SFH (extended nonparametric versus single
age), the two sets of stellar ages agree remarkably well. This
result may not be surprising, as all of the galaxies in our sample
have been quiescent for at least =1 Gyr. At these older ages,
these stellar populations are less susceptible to the outshining
problem, wherein the youngest stars with low M/L dominate
the continuum.

Next, we examine stellar metallicities in the middle panel of
Figure 6, comparing log(Z/Z.). As a reminder, the total
metallicities from this work were computed using a combination
of the best-fit [Mg/Fe] and [Fe/H]. We find poor agreement
between our total metallicities and those from PROSPECTOR,
with significant scatter (standard deviation =0.32 dex) and a
systematic offset of 0.41 dex toward lower values in the
PROSPECTOR measurements. When we compare the PROSPEC-
TOR metallicities instead to [Fe/H], the systematic offset
disappears. However, the large scatter around the one-to-one
line remains. Additionally, the uncertainties on the PROSPECTOR
measurements are significantly underestimated.

The reason the PROSPECTOR log (Z/Z) aligns better with
[Fe/H] rather than the total stellar metallicity is that Mg has
less impact on the spectral shape compared to Fe (e.g., J. Choi
et al. 2019; J. Leja et al. 2019b). As discussed in Section 4,
despite Fe’s significant contribution to the absorption features
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Figure 6. Comparison between PROSPECTOR and al f o measurements of the ages (left), metallicities (middle), and [Fe/H] (right) of the massive quiescent galaxies at
z = 1-3 from JWST-SUSPENSE. The dashed black line shows the one-to-one relation. The data points are colored by their spectroscopic redshifts. The metallicities
from this work are calculated using the D. Thomas et al. (2003) conversion to [Z/H] from [Fe/H] and [Mg/Fe]. The standard deviation of the points and mean offset

are listed in each panel.

in galaxies, it contributes only a small fraction to the total metal
content. This effect is even more pronounced in light of the Fe
deficiencies found for the z = 1-3 sample.

The significant disagreement between the metallicities
derived from PROSPECTOR and those presented here is
surprising, especially given that both methods use nearly
identical stellar population models (MIST isochrones and
MILES stellar libraries). However, three key differences
remain: PROSPECTOR incorporates photometry (capturing
continuum shape), allows for an extended SFH, and uses a
solar-scaled abundance pattern. To investigate the source of the
discrepancy, we conducted the following tests. First, running
PROSPECTOR on the continuum-normalized spectrum (exclud-
ing photometry) still showed a significant discrepancy with the
results presented here, indicating the continuum shape is not
the main cause. Second, constraining PROSPECTOR to an SSP
to match alfa’s SFH did not resolve the disagreement either.
Finally, additionally forcing alfa to adopt a solar-scaled
abundance pattern improved the metallicity agreement, though
significant scatter remained. This final test was the only case
where the metallicities from PROSPECTOR and alfa showed
significant correlation according to the Pearson correlation test
(p-value = 0.08). These results suggest that while multiple
factors contribute, fitting nonsolar populations with solar-
scaled abundance patterns significantly impacts the metallicity
estimates.

This impact of assuming a solar-scaled abundance pattern
when fitting a-enhanced galaxies is further demonstrated by
the performance of PROSPECTOR’s best-fit models, as shown in
M. Slob et al. (2024). PROSPECTOR often struggles to
reproduce key spectral features, particularly those associated
with Mg, Si, and C, underscoring that solar-scaled models fail
to capture the nonsolar abundances present in these galaxies.
This finding is corroborated by the reduced x* values from
fitting the spectra with solar-scaled abundance patterns with
alfa: solar-scaled fits result in a typical reduced y* of 1.3,
while allowing for nonsolar abundances improves the fitto 1.1.

Therefore, caution is needed when interpreting or assuming
metallicities derived from codes using a solar abundance
pattern. Such measurements often carry underestimated
uncertainty, fail to trace the true metallicity, and, on average,
are more likely to reflect the Fe abundance, which is a biased
indicator of total metallicity.
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Finally, we compare the best-fit SFHs from PROSPECTOR to
those inferred from the elemental abundances. The typical star
formation timescales from PROSPECTOR, which we define as
(tsa — tg),>" is 1.2 Gyr, a factor of 6 longer than that predicted
by the C and Fe deficiencies and chemical evolution arguments
(~200 Myr). It is perhaps not surprising that the SFHs derived
from PROSPECTOR tend to be longer. At these stellar ages
(1-4 Gyr), the time resolution of the stellar population
synthesis models is only ~1 Gyr (S. Zibetti et al. 2024), since
the spectra of older stellar populations are less sensitive to
changes in age. In contrast, the spectra of young quiescent
galaxies are significantly more sensitive to age, and age
resolution can be as low as ~20 Myr (K. A. Suess et al. 2022b).
This lower resolution in older stellar populations motivates
future work that integrates stellar population modeling with
priors informed by chemical evolution, which could help reveal
the shorter star formation timescales we infer from chemical
evolution arguments. These shorter timescales provide crucial
insights into the buildup of massive galaxies, as discussed in
the next section.

5.5. The Early Formation of Massive Galaxies

The short star formation timescales inferred from the
abundance patterns may have broader implications for the
formation of massive galaxies in the early Universe. Recently,
JWST identified a population of quiescent and extremely
massive galaxies at z2>3 (J. Antwi-Danso et al. 2023;
A. C. Carmnall et al. 2024; A. de Graaff et al. 2024;
K. Glazebrook et al. 2024; S. M. U. Stawinski et al. 2024).
The SFHs of these galaxies, derived using PROSPECTOR and
similar fitting codes, indicate that they begin to accumulate their
stellar mass at very early epochs (z 2 10). It has been suggested
that this early stellar mass growth may be in conflict with the
predictions of ACDM, even when assuming a maximum (100%)
baryon-to-star conversion efficiency, highlighting the “impos-
sibly early galaxy problem” (e.g., C. Steinhardt et al. 2016).

One way to explain this tension is that the SFHs derived
from standard modeling techniques are biased toward more
extended SFHs. Most of the nonparametric SFHs were
intentionally designed to include an early buildup of stellar

2! Where t, corresponds to the age of the Universe at which x percent of the
stellar mass has been formed.
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mass, to solve inconsistencies with lower-redshift galaxy
evolution studies (A. C. Carnall et al. 2019, 2024; J. Leja
et al. 2019a, 2019c). Therefore, these models may not apply to
the z 2 2 galaxy population. A. C. Carnall et al. (2024) fitted an
instantaneous burst of star formation to three massive quiescent
galaxies at z 2> 3. In this test, the best-fit stellar ages were
consistent with the original fits; however, the initial buildup of
stellar mass was delayed. These results show that these early
massive galaxies could be explained within the ACDM
framework by simply shortening the assumed SFHs.

Our elemental abundance results indeed show that standard
stellar population modeling codes overestimate the duration of
the star-forming phase. Thus, assuming that quiescent galaxies
at z > 3 will have similarly short star formation timescales, the
early mass buildup in these massive galaxies may be less
problematic than found by earlier studies. As elemental
abundance studies will be prohibitively difficult at z > 3, our
elemental abundance pattern may help set more informative
priors on the SFHs in stellar population modeling codes.

6. Summary

In this paper, we present the stellar metallicities and
multielement abundances (C, Mg, Si, Ca, Ti, Cr, and Fe) of
15 massive quiescent galaxies at z=1-3 from the JWST-
SUSPENSE program. The ultradeep (16 hr) NIRSpec/MSA
spectra were modeled using the custom full-spectrum fitting
code alfa, a Python implementation of alf (C. Conroy et al.
2018), which has been made publicly available.

Compared to the z~ 0 and z~ 0.7 populations of massive
quiescent galaxies, those at z=1-3 have —0.26 +0.04 dex
lower [C/H], —0.16+0.03 dex lower [Fe/H], and
—0.07 £ 0.04 dex lower [Mg/H]. There is also evidence that
the quiescent MZR at z = 1-3 is lower by 0.17 £ 0.09 dex, but
the uncertainties are large and the sample size is small. The C
and Fe deficiencies indicate that distant quiescent galaxies form
over shorter star formation timescales than today’s quiescent
galaxy population, quenching before significant enrichment by
AGB stars and SNe Ia. Such rapid star formation timescales
(~0.2 Gyr) correspond to extreme SFRs of ~500 M., yr ' at
7~ 2-10, putting these galaxies among the most vigorous star-
forming galaxies in the Universe. In the future, chemical
evolution modeling will offer more precise constraints on the
star formation timescale, while also providing insights into the
role of a top-heavy IMF in shaping this timescale.

We also find correlations between galaxy formation time and
[Fe/H], [Mg/H], and [Mg/Fe], such that galaxies that form at
earlier times have abundances consistent with shorter star
formation timescales (i.e., higher [Mg/Fe] and lower [Fe/H]).
These trends had previously been found within the z ~ 0 and
z~0.7 populations (A. G. Beverage et al. 2023; Z. Zhuang
et al. 2023); however, using the z = 1-3 results, we show that
the same trends extend to higher redshift and earlier formation
times. This result suggests that the observed evolution in [C/H]
and [Fe/H] over cosmic time is driven by lower-redshift
samples naturally including galaxies that formed over longer
timescales. In other words, the z=1-3 quiescent galaxies
represent the extreme tail of today’s massive quiescent galaxy
population. Interestingly, the z ~ 0 sample lacks the chemically
extreme galaxies at z = 1-3, indicating mergers and/or late-
time star formation likely contribute to the evolution in the
elemental abundances. Larger sample sizes and careful
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consideration of completeness are required to clarify this
picture.

Additionally, we confirm the marginal correlation between
[Mg/H] and formation time suggested by previous results with
smaller sample sizes and larger measurement uncertainties
(Z. Zhuang et al. 2023; A. G. Beverage et al. 2024). Given that
Mg is a tracer of instantaneous metal enrichment and not the
star formation timescale, this marginal trend may imply that
galaxies that form at earlier times expel larger gas reservoirs
during the quenching phase, as suggested previously by
A. G. Beverage et al. (2021). Combined with the extreme
SFRs inferred from the C and Fe deficiencies, this interpreta-
tion is consistent with quenching by AGN-driven outflows. In
the future, we will use chemical evolution modeling to measure
the mass-loading factors and star formation timescales required
to reproduce the trends with fy,.

Next, we compare our stellar ages and metallicities to results
from the spectrophotometric modeling code PROSPECTOR,
which assumes a solar-scaled elemental abundance pattern and
a nonparametric SFH. The stellar ages agree remarkably well,
but the stellar metallicities disagree significantly. Furthermore,
the PROSPECTOR metallicities carry vastly underestimated
uncertainties. However, despite the large scatter, the PROSPEC-
TOR metallicities are in better agreement with [Fe/H], and not
the total metal content [Z/H]. We attribute this result to solar-
scaled models being more sensitive to [Fe/H] because of the
strong impact of Fe on the stellar spectrum. Thus, although Fe
only contributes approximately 10% by mass to the total metal
content of quiescent galaxies, its abundance significantly
impacts the optical stellar spectrum. In light of the observed
Fe deficiencies and underestimated measurement uncertainties,
we therefore emphasize caution when interpreting or assuming
metallicities from modeling codes that adopt solar abundance
patterns.

Finally, we find that the star formation timescales indicated
by the extreme elemental abundance patterns of distant
quiescent galaxies are significantly shorter than those predicted
by standard spectrophotometric modeling codes. This discre-
pancy confirms that the SFHs from these codes may be overly
biased toward extended and early stellar mass buildup when
applied to distant quiescent galaxies (e.g., A. C. Carnall et al.
2019; J. Leja et al. 2019a, 2019c). Addressing this bias could
help mitigate the possible tension with ACDM for quiescent
galaxies at z>3 (see also A. C. Carnall et al. 2024). As
elemental abundance measurements become prohibitively
challenging at z >3, these findings demonstrate how our
elemental abundance patterns can provide more informative
priors on the SFHs in stellar population modeling codes.

In this paper, we demonstrate the power of JWST for
studying the multielement abundances of distant quiescent
galaxies. In the future, we will combine this expanding
multielement data set at z2> 1 with chemical evolution
modeling, to uncover a more detailed picture of the SFHs,
quenching, and assembly of massive quiescent galaxies over
cosmic time.
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Appendix
Tables of Elemental Abundance Ratios

In this appendix, we present tables of the abundance ratios
[X/Mg] (Table 2) and [X/Fe] (Table 3) of the SUSPENSE
galaxies. The uncertainties are derived from the MCMC chains,
which account for potential non-Gaussianity in the posterior
distributions of the absolute abundances, [X/H].

Table 2
Elemental Abundance Ratios with Mg as the Reference Element

D [Fe/Mg] [C/Mg] [Ca/Mg] [Ti/Mg] [Cr/Mg] [Si/Mg]
127345 —0.3273%% —0.17+5311 —0.001348 —0.337913 —0.247313
130040 —0.405512 —0.16%91¢ —0.261012 0.15718 —0.19%416 —0.297418
127154 —0.38753%8 —0.261 911 —0.08"31¢ —0.497914 —0.17%314
129982 —0.347%12 —0.297318 —0.214348 —0.18539 —0.047518
127108 —0.327313 —0.547018 —0.367931 - —0.707518 0.017033
129197
129149
128041 —0.445007 —0.45+399 —0.395007 —0.117512 —0.54504 —0.49%014
127700
129133 —0.5150%8 —0.29+319 —0.08+0:08 —0.475012 —0.275018
129133 —0.5070:98 —0.32755 —0.11+9% —0.477914 —0.267013
127941 —0.124318 —0.16%933 0.51791$ 0.39939 0.3240%
128036 —0.3270:13 —0.337013 0.09%312 —0.51%43 —03170%
128913 -
130725
129966

Table 3

Elemental Abundance Ratios with Fe as the Reference Element

ID [Mg/Fe] [C/Fe] [Ca/Fe] [Ti/Fe] [Cr/Fe] [Si/Fe]
127345 0.325% 0.157519 0.3210% —0.017512 0.08+313
130040 0.40+51 0244013 0.14+3:19 0.551939 0217918 0.115043
127154 0.381008 0.13199 0.31%014 —0.101913 0.22+012
129982 0.347313 0.05%18 0.13%12 0.16792) 0.297918
127108 0.32+013 —0.22+914 —0.05%979 —0.40%313 0.32+042
129197 -
129149 0.13549 —0.0750:58 0.35504§ 0.1851¢ 0.123318
128041 0.4475%7 —0.0179%8 0.059%¢ 0.34+0:12 —0.10%31 —0.05+312
127700 —0.08+012 —0.02%913
129133 0.51500 0225318 0.42+098 0.04+313 0.247037
129133 0.507938 0.18%3% 0.3910.58 0.03+3:14 0.24731¢
127941 0.12+518 —0.047017 0.62+:12 0517918 0.4403}
128036 0.327012 —0.01%91] 0.4119% —~0.19%019 0.01937
128913
130725 0267330
129966 .
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