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ABSTRACT

We present a rest-frame UV-optical (λ = 2500−6400 Å) stacked spectrum representative of mas-

sive quiescent galaxies at 1.0 < z < 1.3 with log(M∗/M�) > 10.8. The stack is constructed using

VANDELS survey data, combined with new KMOS observations. We apply two independent full-

spectral-fitting approaches, measuring a total metallicity, [Z/H]=−0.13 ± 0.08 with Bagpipes, and

[Z/H]=0.04± 0.14 with Alf, a fall of ∼ 0.2− 0.3 dex compared with the local Universe. We also mea-

sure an iron abundance, [Fe/H] =−0.18± 0.08, a fall of ∼ 0.15 dex compared with the local Universe.

We measure the alpha enhancement via the magnesium abundance, obtaining [Mg/Fe]=0.23±0.12,

consistent with similar-mass galaxies in the local Universe, indicating no evolution in the average al-

pha enhancement of log(M∗/M�) ∼ 11 quiescent galaxies over the last ∼ 8 Gyr. This suggests the

very high alpha enhancements recently reported for several bright z ∼ 1− 2 quiescent galaxies are due

to their extreme masses, log(M∗/M�) & 11.5, in accordance with the well-known downsizing trend,

rather than being typical of the z & 1 population. The metallicity evolution we observe with redshift

(falling [Z/H], [Fe/H], constant [Mg/Fe]) is consistent with recent studies. We recover a mean stellar

age of 2.5+0.6
−0.4 Gyr, corresponding to a formation redshift, zform = 2.4+0.6

−0.3. Recent studies have obtained

varying average formation redshifts for z & 1 massive quiescent galaxies, and, as these studies report

consistent metallicities, we identify different star-formation-history models as the most likely cause.

Larger spectroscopic samples from upcoming ground-based instruments will provide precise constraints

on ages and metallicities at z & 1. Combining these with precise z > 2 quiescent-galaxy stellar-mass

functions from James Webb Space Telescope will provide an independent test of formation redshifts

derived from spectral fitting.

1. INTRODUCTION

In the local, present-day Universe, the massive galaxy

population (log10(M∗ / M�) & 10.5) is dominated by

quiescent galaxies, which have shut down (quenched)

Corresponding author: Adam C. Carnall

adamc@roe.ac.uk

their star-formation activity (e.g. McLeod et al. 2021).

The formation and quenching processes leading to the

rise of this dominant population, across at least the last

12 Gyr since the first known quiescent galaxies at red-

shift, z ' 4, are therefore of central importance to our

understanding of galaxy evolution.

Studying the massive quiescent galaxy population

in the local Universe presents several key challenges.
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Firstly, as the rate of change in stellar population spec-

tra is roughly logarithmic with age (e.g. Ocvirk et al.

2006), constraints on ages via spectral fitting become

steadily less precise for older stellar populations. This

means that formation redshifts for local quiescent galax-

ies, with stellar population ages & 10 Gyr, are highly

uncertain. In addition, massive galaxies gradually ac-

crete new stellar populations via merger events, which

have the potential to change their physical sizes, as well

as the average ages and metallicities of their stellar pop-

ulations. This obscures the signatures of the dominant

physical processes that acted on these galaxies during

their main epoch of formation.

To understand the rise of massive quiescent galaxies, it

is therefore necessary to conduct detailed observational

studies across the whole history of the Universe, from

the first 1−2 Gyr to the present day. By measuring how

the distributions of key physical parameters evolve as a

function of redshift, it should be possible to disentan-

gle the degenerate effects of different processes acting

at different times, providing strong constraints on the

key physical ingredients required to produce the local

massive galaxy population.

As a practical first step towards achieving this goal,

much attention is currently focused on measuring the

number densities of quiescent galaxies, as well as the

distributions of their physical sizes, mean stellar ages

and metallicities, as a function of stellar mass and red-

shift. Armed with this information across a large frac-

tion of cosmic history, we may then aspire to build a

self-consistent model for the assembly of the quiescent

population, including the physical processes that influ-

ence massive galaxies during their main epoch of forma-

tion and quenching, the subsequent growth of individ-

ual quiescent galaxies through merger events, and the

growth of the quiescent population as a whole via new

galaxies quenching their star-formation activity.

The largest single factor currently limiting progress

in measuring the evolution of these four key proper-

ties (number density, size, stellar age and metallicity)

across cosmic time is the availability of high-quality ob-

servational data for faint, red, massive quiescent galaxies

in the high-redshift Universe. The best-constrained pa-

rameters for the quiescent population currently are num-

ber densities and physical sizes. These are now widely

studied out to z ∼ 3, as they can be reliably constrained

via high-quality photometric data (e.g. McLure et al.

2013; van der Wel et al. 2014; Straatman et al. 2014,

2016; Cecchi et al. 2019; Mowla et al. 2019a,b; Suess

et al. 2019a,b; Girelli et al. 2019; Merlin et al. 2019;

Sherman et al. 2020; Carnall et al. 2020; Marsan et al.

2020; Santini et al. 2021; Hamadouche et al. 2022).

Stellar ages (more generally star-formation histories;

SFHs) have also been studied using photometric data

(e.g. Pacifici et al. 2016; Carnall et al. 2018). However,

the age-metallicity-dust degeneracy in galaxy spectral

shapes results in relatively weak constraints, meaning

the applied priors significantly impact the results ob-

tained (Carnall et al. 2019a; Leja et al. 2019a). Recently,

the increasing availability of medium to high signal-to-

noise ratio (SNR) spectroscopic data for quiescent galax-

ies at intermediate redshifts (e.g. van der Wel et al.

2016; McLure et al. 2018 - hereafter M18), combined

with sophisticated full-spectral-fitting approaches, have

produced the first strong constraints on the SFHs of rep-

resentative samples out to z & 1 (e.g. Wu et al. 2018a,b;

Belli et al. 2019; Carnall et al. 2019b; Estrada-Carpenter

et al. 2019, 2020; Wild et al. 2020; Tacchella et al. 2021).

However, systematic differences still exist in the re-

sults of these studies, likely due to a combination of

different assumed SFH models, and the fact that stellar

metallicities (which are strongly degenerate with ages)

are relatively weakly constrained by intermediate-SNR

data, meaning the applied priors still play a significant

role.

Measuring the stellar metallicities of quiescent galax-

ies represents another step-change in observational diffi-

culty, with strong constraints (∼ 0.1 dex) only available

at continuum SNR & 10−15 Å−1 in the rest-frame opti-

cal (e.g. Gallazzi et al. 2005; Pacifici et al. 2012). This is

compounded at z & 1 by the key features being shifted

into the near-IR, where stronger atmospheric absorp-

tion and emission make continuum observations from

the ground far more challenging.

Despite these challenges, stellar metallicity measure-

ments are highly valuable, as they are strongly con-

straining on galaxy-formation models, being intimately

linked to the physics of star formation and gas recy-

cling (e.g. Maiolino & Mannucci 2019). Whilst sub-

stantial progress has been made out to z ∼ 3 with the

brighter, bluer continua of star-forming galaxies (e.g.

Steidel et al. 2016; Cullen et al. 2019, 2021), to date,

studies of quiescent-galaxy stellar metallicities at z > 1

are rare, and often restricted to either individual bright

objects, or low-resolution grism spectra (e.g. Whitaker

et al. 2013; Onodera et al. 2015; Lonoce et al. 2015;

Kriek et al. 2016).

Whilst the upcoming James Webb Space Telescope

(JWST) will produce exceptionally high-quality data

for limited numbers of objects at z > 1, truly statis-

tical studies are still several years away, awaiting the

advent of the next generation of ground-based multi-

object spectrographs (e.g. Cirasuolo et al. 2020).
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In this work, we present the first determination of the

stellar metallicities of a mass-selected sample of quies-

cent galaxies at z > 1. We combine rest-frame near-

UV data from the VANDELS survey (M18; Pentericci

et al. 2018; Garilli et al. 2021) with new rest-frame

optical KMOS Y J−band spectroscopy, to produce

a stacked spectrum covering rest-frame 2500−6400 Å

for UVJ-selected galaxies at 1.0 < z < 1.3 with

log10(M∗/M�) > 10.8. We fit our stack using both

Bagpipes (Carnall et al. 2018) and Alf (Conroy & van

Dokkum 2012; Conroy et al. 2018), obtaining consistent

ages and metallicities.

At 1.0 < z < 1.3, the VANDELS spectra span rest-

frame wavelengths, λ ∼ 2500−4500 Å. This means they

include the Balmer/4000 Å break region critical for pre-

cise age determination. However, generally, they do

not include the key Fe and Mg absorption features at

4500−5500 Å most commonly used to measure stellar

metallicities in the local Universe (e.g. Gallazzi et al.

2005).

Stellar metallicity was fitted as a free parameter in

the VANDELS full-spectral-fitting analysis of Carnall

et al. (2019b). However, due to the lack of these key Fe

and Mg features, combined with the fact that empiri-

cal stellar-population models, generally still accepted as

more accurate than those based on theoretical spectra

(e.g. Coelho et al. 2020), are only available at & 3500 Å,

we chose not to report our derived stellar metallicities

in that work. Instead, we obtained further observations

with KMOS to gain access to these key rest-frame op-

tical features, to ensure reliable results, and to facili-

tate direct comparisons with previous studies in the lo-

cal Universe.

The structure of this paper is as follows. In Sections 2

and 3, we introduce our VANDELS and KMOS spectro-

scopic datasets respectively. In Section 4, we describe

the selection of our mass-complete sample, as well as

the process of constructing and fitting our representa-

tive stacked spectrum with Bagpipes and Alf. Our

results are presented in Section 5, and discussed in Sec-

tion 6. We present our conclusions in Section 7. All

magnitudes are quoted in the AB system. For cosmo-

logical calculations, we adopt ΩM = 0.3, ΩΛ = 0.7 and

H0 = 70 km s−1 Mpc−1. All times, t, are measured for-

wards from the beginning of the Universe. We assume

a Kroupa (2001) initial mass function. We also assume

the Solar abundances of Asplund et al. (2009), such that

Z� = 0.0142.

2. VANDELS DATA AND SAMPLE SELECTION

VANDELS (M18; Pentericci et al. 2018; Garilli et al.

2021) is a large ESO public spectroscopic survey of the

high-redshift Universe, using the VIsible Multi Object

Spectrograph (VIMOS) instrument on the Very Large

Telescope (VLT). The primary aim of VANDELS is to

detect continuum emission at high SNR for high-redshift

galaxies, moving beyond redshift acquisition to study

galaxy physical properties within the first 6 billion years

prior to z = 1.

2.1. The parent photometric sample

The parent photometric sample for this study con-

sists of 812 massive quiescent galaxies, selected by M18

as potential targets for the VANDELS survey. These

objects were selected from four photometric catalogues:

the CANDELS GOODS South and UDS catalogues of

Guo et al. (2013) and Galametz et al. (2013), and two

further ground-based photometric catalogues, purpose-

built for VANDELS. These cover the regions immedi-

ately surrounding the CANDELS footprints. This ap-

proach was necessary as the VIMOS spectrograph field

of view covers a larger area than the CANDELS HST

imaging.

The parent sample was selected from these four pho-

tometric catalogues by the following process (described

in full detail in section 4 of M18). Objects were first

required to meet the following apparent magnitude and

photometric redshift, zphot, criteria

• H ≤ 22.5

• i ≤ 25

• 1.0 ≤ zphot ≤ 2.5.

For the CANDELS catalogues, the photometric red-

shifts used were those published by the CANDELS team

(Dahlen et al. 2013). For the ground-based catalogues,

photometric redshifts were generated through a similar

process by the VANDELS team, taking the median of

results obtained using a variety of public codes. The H-

band magnitude cut limits the sample to objects with

log10(M∗/M�) & 10. The i-band cut was implemented

to make sure the faintest objects would be detected

in the VANDELS spectra, and is not relevant to this

study, which is focused on a brighter, mass-selected sub-

sample.

To select only quiescent galaxies, the following, per-

missive, rest-frame UVJ magnitude selection criteria

were then applied:

• U − V > 0.88(V − J) + 0.49

• V − J < 1.6

• U − V > 1.2
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From the 812 galaxies selected, 64 per cent have zphot <

1.3, with the sample being mass complete down to

log10(M∗/M�) = 10.3 at 1.0 < z < 1.3 (Carnall et al.

2019b). These 812 objects are referred to as the parent

sample throughout the rest of this work.

2.2. VANDELS spectroscopic observations

From the parent sample described in the previous sub-

section, objects were assigned to slits at random to be

observed as part of VANDELS. Spectra were obtained

for 281 massive quiescent galaxies, roughly one third of

the parent sample. These represent roughly 13 per cent

of the VANDELS survey, which includes ∼ 2000 objects

in total. The remaining 87 per cent is composed of star-

forming galaxies at z > 2.4. Objects were observed for

20, 40 or 80 hours, depending on their i-band magni-

tudes, with a mean integration of ∼ 45 hours.

The VANDELS spectroscopic data (described in full

in Pentericci et al. 2018) covers observed-frame wave-

lengths from 4800−10300 Å, with spectral resolving

power, R = λ/∆λ ∼ 600. The VANDELS data have

high SNR for these redshifts. The spectra of quiescent

galaxies within the mass-complete section of the parent

sample discussed in Section 2.1 (those with 1.0 < z < 1.3

and log10(M∗/M�) > 10.3) have a median continuum

SNR ∼ 11 Å−1 at 7500 Å.

Spectroscopic redshifts were measured by the VAN-

DELS team using the pandora.ez software (Garilli et al.

2010). Spectra were assigned redshift quality flags fol-

lowing Le Fèvre et al. (2013), with all but 12 of the

281 observed massive quiescent galaxies assigned quality

flags 3 or 4, corresponding to 95 and 100 per cent prob-

abilities of correct identification respectively (in fact,

Garilli et al. 2021 demonstrate ∼ 99 per cent reliabil-

ity for the VANDELS flag 3 and 4 redshifts combined).

The 12 spectra with lower quality flags, as well as one

low-redshift interloper, were excluded from this work,

leaving 268 spectra. Three objects with spectroscopic

redshifts in the range 0.96 < z < 1.0 were retained. All

VANDELS spectroscopic data used in this work comes

from the final public data release, DR4, described in

Garilli et al. (2021).

3. KMOS DATA AND SAMPLE SELECTION

We observed four KMOS pointings during ESO P104,

from October 2019− January 2020, under programme

ID 0104.B−0885(A). Two pointings targeted each of the

two VANDELS fields (UDS and GOODS South). Ob-

servations were in the Y J−band, providing wavelength

coverage from ∼ 1 − 1.35µm at R ∼ 3600. During the

period in which our data were taken, 23 KMOS arms

were functional, meaning we obtained spectra for a total

of 92 objects. Each pointing was observed for 8 hours

on source, with 300-second exposures, and an ABAB

nodding pattern between object and sky positions. The

mean seeing for our observations was 0.6′′.

3.1. KMOS sample selection

Targets for our KMOS observations were drawn al-

most exclusively from the parent sample of 812 objects

described in Section 2.1. To maximise the utility of our

Y J−band observations, objects were prioritised by their

J−band magnitude. Objects were assigned to KMOS

IFUs using the KMOS ArM Allocator (KARMA) tool,

with priority classes being defined as follows

1. Parent sample with J < 21.5

2. Parent sample with J > 21.5

3. Post-starburst galaxies from Wilkinson et al.

(2021).

The priority 3 targets, obtained via private communica-

tion, are unrelated to this study, and were added only

as fillers to make sure all IFUs were assigned. The po-

sitions of the four KMOS pointings were optimised to

target the maximum possible number of priority class 1

objects, as well as to maximise the overlap with VAN-

DELS spectroscopy. In total, we allocated IFUs to 62

objects with priority 1, 29 objects with priority 2, and

1 object with priority 3.

From the parent sample of 812 objects, a total of 273

have J < 21.5, meaning objects of priority class 1 were

∼ 4 times more likely to be observed than those of pri-

ority class 2. From the 91 parent sample objects ob-

served with KMOS, 51 objects were also observed by

VANDELS, as described in Section 2.

3.2. KMOS data reduction

Our KMOS data were reduced using a combination of

the standard Esorex pipeline recipes and custom code,

optimised for these data. The KMOS pipeline v4.0.0 was

used to produce flux-calibrated, sky-subtracted cubes

for each individual pair of 300 second (object, sky) ex-

posures. All our targets with J . 22 (approximately 75

out of 92 objects, including all those used in this paper)

are clearly detected in each single-exposure, wavelength-

collapsed cube.

Upon inspection of the wavelength-collapsed cubes,

1−2 spaxel (0.2−0.4′′) shifts in object centroids were

noted with respect to the WCS coordinates of each ob-

ject. New centroid positions were therefore measured

for each frame by selecting the brightest pixel within

a 1′′−diameter circular aperture centred on the WCS
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position. These new centroids were verified by manual

inspection of each cube.

Also noted were substantial sky-line residuals still

present in the data cubes, along with varying systematic

shifts in pixel values away from zero across the whole

wavelength axis. To address these issues, we implement

a further, custom, sky-subtraction step. We first mask

all pixels within a 1′′−diameter circular aperture cen-

tred on the new object centroid pixel, as well as all pix-

els bordering the edge of the detector. We then subtract

the median of the remaining pixels from the cube slice

at each wavelength. This approach is only possible in

this specific instance, as all our targets, being z > 1 qui-

escent galaxies, are extremely compact, with effective

radii, re << 1′′ (e.g. McLure et al. 2013; van der Wel

et al. 2014).

Exposures were then aligned according to their up-

dated centroid positions and median stacked, with un-

certainties calculated via the robust median absolute

deviation (MAD) indicator. Finally, 1D spectra were

extracted within 1′′−diameter circular apertures, using

the Horne (1986) optimal extraction algorithm.

Both the custom re-centroiding and additional sky-

subtraction steps are critical to recovering the expected

Fe, Mg and Na absorption features in the spectra of in-

dividual objects. Using the default, pipeline-combined

cubes only produces visible continuum features in the

spectrum of our brightest target, with J = 19.6. How-

ever, with these additional steps, the strongest features

(Mg i 5170 Å, and Na i 5895 Å) are visible in almost all

spectra for objects with J < 21.5.

3.3. KMOS redshift measurement

As described above, 51 out of 91 objects from the

parent sample observed with KMOS already have se-

cure spectroscopic redshifts from VANDELS. For the

remaining 40 objects, we followed the same process as

described in Section 2.2, using Pandora.ez, to measure

redshifts. In Table 1, we report 25 new spectroscopic

redshifts, zKMOS, measured from our KMOS data, along

with their associated quality flags. The remaining 15

objects are all significantly fainter (J > 21.8), meaning

that no reliable redshifts could be measured.

4. STACKING ANALYSIS

The KMOS spectra we obtained for objects with

J < 21.5 have a median SNR ∼ 4 Å−1 at 12000 Å (∼ 14

per resolution element at R = 1000). This is unfortu-

nately not sufficient to constrain the stellar metallicities

of individual objects. In this section, we therefore de-

fine a mass-complete sample, for which we can construct

a representative stacked spectrum from the VANDELS

1.0 1.1 1.2 1.3

zbest

19.5

20.0

20.5

21.0

21.5

22.0

J
A

B

McLure et al. (2018)

log10(M∗/M�) > 10.8

VANDELS spectrum

KMOS spectrum

KMOS+VANDELS

Figure 1. The distribution of the sample in J−band mag-
nitude versus redshift. Circles denote the parent sample
from M18 (see Section 2.1). Objects included in our mass-
complete photometric sample, selected as described in Sec-
tion 4.1, are marked with squares. The colours denote
the availability of spectroscopic data from VANDELS and
KMOS for each object. The dashed horizontal line is the
threshold for inclusion as a priority 1 target in our KMOS
observations (see Section 3.1). Objects below were assigned
priority 2.

+ KMOS data described in Sections 2 and 3. We fit

these data to constrain the average stellar metallicities

of massive quiescent galaxies at 1.0 < z < 1.3.

4.1. Sample selection

We begin by re-fitting the photometric data described

in Section 2.1 for the 812 objects in the M18 parent sam-

ple with Bagpipes. We use the best available redshifts,

zbest, defined by the following ranking:

1. VANDELS DR4 redshift if flag 3 or 4; else

2. KMOS redshift (Table 1) if flag 3 or 4; else

3. Other spectroscopic redshift (see M18); else

4. Photometric redshift, described in Section 2.1.

For consistency with other published work, we assume a

Calzetti et al. (2000) dust attenuation curve and Solar

metallicity. We fit for five free parameters: V−band at-

tenuation (AV ), total stellar mass formed, and the three

shape parameters of a double-power-law SFH model

(e.g. Carnall et al. 2018). The priors assumed for these

five parameters are the same as shown in Table 2, which

provides the full list of parameters and priors we use for
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Figure 2. The stacked rest-frame UV-optical spectrum for quiescent galaxies at 1.0 < z < 1.3 with log10(M∗/M�) > 10.8.
The stacked spectrum is shown in blue in the top panel, with the error spectrum shown in green. The SNR per Å and number
of objects contributing to the stack are shown in the middle and lower panels respectively. Key age and metallicity sensitive
features are marked in black. The red line overlaid on the spectrum shows the posterior median model fitted to the stack with
Bagpipes, as described in Section 4.3. This includes a calibration polynomial, which makes corrections of ∼ 5 per cent. We
derive a stellar metallicity of [Z/H] = −0.13 ± 0.08 and a formation redshift of zform = 2.4+0.6

−0.3. The gray vertical bands show
regions masked from fitting (see Section 4).

our more-sophisticated fits to our stacked spectrum plus

photometry in Section 4.3.

Bagpipes uses the 2016 updated version of the

Bruzual & Charlot (2003) stellar population models1,

using the MILES stellar spectral library (Falcón-Barroso

et al. 2011) and updated stellar evolutionary tracks of

Bressan et al. (2012) and Marigo et al. (2013).

From these fits, we obtain stellar masses, M∗, and

rest-frame UVJ magnitudes. We now define a mass-

complete sample for which we can construct a represen-

tative stacked spectrum from our combined VANDELS

+ KMOS spectroscopic datasets. We begin by imposing

zbest < 1.3, leaving 512 objects. We then follow up on

the permissive UVJ criteria of M18 (see Section 2.1) by

requiring (U − V ) > 0.88× (V − J) + 0.69. This is the

diagonal UVJ cut proposed by Williams et al. (2009)

for quiescent galaxy selection at z < 0.5. We use this

criterion for our z & 1 sample, as it has been shown

by Carnall et al. (2018, 2019b) to consistently select ob-

jects with sSFR < 0.2 t−1
H across a wide redshift range

1 https://www.bruzual.org/∼gbruzual/bc03/Updated version
2016

(where tH is the age of the Universe as a function of

redshift). This is a widely used criterion for separating

star-forming and quiescent galaxies (e.g. Pacifici et al.

2016). This further reduces the sample to 409 objects.

As our KMOS observations targeted a more-limited,

brighter sub-sample than VANDELS, the selection cri-

teria detailed in Section 3.1 are the most important

for defining our mass-completeness limit. We define

this limit as the lowest stellar mass for which 90 per

cent of more massive galaxies have J < 21.5, which is

the criterion for inclusion as a priority 1 target in our

KMOS observations. This lowest mass is approximately

log10(M∗/M�) = 10.8, and we therefore adopt this as

our mass-completeness limit. Imposing this stellar-mass

criterion returns 176 objects, with a median stellar mass

of log10(M∗/M�) = 11.05. VANDELS spectroscopy is

available for 77 of these, whereas KMOS spectroscopy is

available for 37 objects. A total of 23 objects have both

VANDELS and KMOS spectra. In both cases, objects

with spectroscopic data represent a random draw from

our 176-object mass-complete sample. All VANDELS

and KMOS objects have secure (flag 3 or 4) spectro-

scopic redshifts.

https://www.bruzual.org/~gbruzual/bc03/Updated_version_2016
https://www.bruzual.org/~gbruzual/bc03/Updated_version_2016
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Table 1. Spectroscopic redshifts measured from our KMOS
data (see Section 3.3). From the 91 parent sample objects
observed with KMOS, 51 already have robust VANDELS
spectroscopic redshifts. The 25 objects in this table are those
of the remaining 40 for which redshifts could be measured.
The remaining 15 objects are all fainter than J = 21.8.

ID RA DEC J zKMOS Flag

CDFS-017418 53.15497 −27.76891 19.86 1.0956 4

UDS-196414 34.48731 −5.09687 20.23 1.0921 4

UDS-205452 34.50079 −5.05545 20.59 1.0945 4

UDS-190420 34.51167 −5.12379 20.60 1.0945 3

UDS-200825 34.52746 −5.07677 20.74 1.0369 3

UDS-201280 34.51318 −5.07575 20.78 1.4140 2

CDFS-004529 53.08042 −27.87204 20.78 1.0967 3

UDS-196179 34.50759 −5.09889 20.91 1.2710 3

CDFS-016336 53.22897 −27.77253 20.95 1.0386 3

CDFS-020067 53.15878 −27.74239 20.97 1.2210 3

CDFS-022694 53.14845 −27.71946 20.99 1.2221 3

CDFS-003952 53.07276 −27.87632 21.03 1.1014 4

CDFS-004376 53.07153 −27.87246 21.05 1.0976 3

UDS-197616 34.43864 −5.09219 21.07 1.6523 4

UDS-015126 34.31596 −5.19366 21.09 1.3611 2

UDS-207822 34.48340 −5.04458 21.18 1.0334 3

UDS-024934 34.52885 −5.12719 21.22 1.0954 3

UDS-009642 34.33053 −5.22374 21.26 1.0735 3

UDS-013785 34.32431 −5.20136 21.27 1.0915 4

UDS-013519 34.33534 −5.20168 21.40 1.5321 3

UDS-192952 34.48285 −5.11423 21.43 1.3295 3

UDS-020224 34.34611 −5.16692 21.44 1.0830 2

UDS-005970 34.31475 −5.24326 21.45 1.7127 2

UDS-010643 34.38065 −5.21789 21.46 1.2624 3

CDFS-014839 53.16516 −27.78587 21.53 1.3175 2

Fig. 1 shows the distribution of galaxies in J−band

magnitude versus zbest. The M18 parent sample

is shown with gray circles, whereas objects in our

mass-complete sample are highlighted with open black

squares. The availability of VANDELS and KMOS spec-

troscopic data is indicated by different coloured fills of

these open black squares, as indicated in the figure.

To summarise, our mass-complete sample is selected

from the M18 parent sample, introduced in Section 2.1,

as follows

• 1.0 < zbest < 1.3

• log10(M∗/M�) > 10.8

• (U − V ) > 0.88× (V − J) + 0.69

with M∗ and UVJ magnitudes determined by Bagpipes

fitting.

4.2. Stacking procedure

We stack the 77 VANDELS and 37 KMOS spectra for

our mass-complete sample to produce a single represen-

tative stacked spectrum for massive quiescent galaxies

at 1.0 < z < 1.3 with log10(M∗/M�) > 10.8. The indi-

vidual VANDELS and KMOS spectra were first shifted

to the rest-frame, then flux-normalised, using rest-frame

wavelengths, λ = 2500−4750 Å for VANDELS spectra

and λ = 5000−6000 Å for KMOS spectra.

The spectra were then resampled to a common wave-

length grid using SpectRes (Carnall 2017). The VAN-

DELS and KMOS spectra were then median stacked sep-

arately to produce two stacks, with uncertainties calcu-

lated via the MAD estimator. Pixels with strong sky

line contamination were masked prior to stacking. The

two stacked spectra were then multiplied by the me-

dian of the normalisation factors applied to their input

spectra. The two stacks, which do not overlap in wave-

length, were then combined, and finally binned down to

5 Å sampling.

The stack covers rest-frame wavelengths from

2500−6400 Å, with the transition from VANDELS to

KMOS data at ' 4750 Å. Fewer than 10 objects have

wavelength coverage between 4700−4800 Å, and we

therefore mask this region from the stack. We do not at-

tempt to match the flux normalisations of the two stacks

at this stage. Instead, during the fitting procedure de-

scribed in Section 4.3, we fit a spectrophotometric cal-

ibration polynomial to both sections of the stack sepa-

rately, allowing their relative normalisations to be fitted.

The combined stacked spectrum is shown in blue in

the top panel of Fig. 2. The error spectrum is shown

in green in the same panel. The SNR per Å and the

number of objects contributing to the stack are shown

in the lower two panels. The wavelengths of key age and
metallicity sensitive absorption features are labelled in

black.

We also generate stacked photometry for our mass-

complete sample, by taking the posterior median model

fitted to each of the 176 objects in Section 4.1, shifting

this to the median redshift of our sample (z = 1.15),

then calculating fluxes through a series of UV-IR fil-

ters. We use UBV Riz, HST F606W, F814W, F125W

and F160W, the HAWKI K−band, and Spitzer−IRAC

Channels 1 and 2. We then produce stacked photometry

following the same normalisation and median stacking

process as detailed above for the spectroscopic data.

4.3. BAGPIPES fitting of the stacked spectrum and

photometry

To constrain the average stellar metallicity of our

mass-complete sample, we fit our stacked spectrum and
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photometry with Bagpipes2 (Carnall et al. 2018). We

apply the fitting methodology developed in Carnall et al.

(2019b), described in full detail in section 4 of that work.

We here provide a brief summary of the method, includ-

ing a description of the minor changes that have been

made to the fitted model for this work. A full list of

the 19 free parameters of our model, along with their

associated priors, is given in Table 2.

We fit a double-power-law SFH, this time allowing

stellar metallicity to vary with a logarithmic prior from

0.01−2.5 Z�. Dust attenuation is modelled using the

form of Salim et al. (2018), which parameterises dust

curve shape with a power-law deviation, δ, from the

Calzetti et al. (2000) model. Emission lines are included

in the fit, using a method based on that of Byler et al.

(2017) with the Cloudy photoionization code (Ferland

et al. 2017). The lifetime assumed for the stellar birth

clouds giving rise to nebular emission is 10 Myr, and AV

is doubled for emission from stars younger than this, as

well as nebular line and continuum emission.

Two separate second-order multiplicative Chebyshev

polynomials are fitted to the VANDELS and KMOS por-

tions of the stacked spectrum to model any imperfec-

tions in spectrophotometric calibration. We model the

covariance matrix for our spectroscopic data as follows.

The diagonal terms are given by the square of the green

error spectrum plotted in Fig. 2, multiplied by a factor,

a2, to allow for potential underestimation of uncertain-

ties. We fit a with a logarithmic prior from 0.1−10. The

off-diagonal terms are modelled with a Gaussian process,

using an exponential-squared kernel.

The stacked spectrum is shifted to the median red-

shift of our sample (z = 1.15) for fitting, and redshift is

allowed to vary within a narrow range about this value.

A Gaussian prior is applied, with a standard deviation

of 0.001, and a maximum deviation of 0.005.

When performing full spectral fitting on spectroscopic

observations of galaxies, it is critical to model broaden-

ing of spectral features as a result of stellar velocity dis-

persion within the galaxy, as well as instrumental broad-

ening due to the finite spectral resolution of the optical

system. In Bagpipes, these effects are treated as a nui-

sance parameter, and jointly modelled by convolving the

spectral model with a Gaussian kernel in velocity space,

with the standard deviation allowed to vary.

Because the VANDELS and KMOS spectra have

different spectral resolution, it was initially unclear

whether it would be appropriate to fit the whole stack

using a single Gaussian kernel, or whether separate ker-

2 https://bagpipes.readthedocs.io

nels for both sections of the stack would be more appro-

priate. To investigate this, we performed separate fits to

the two sections of the stack, obtaining consistent values

for the standard deviation. We therefore proceeded with

our final fit using a single Gaussian kernel, permitting

the standard deviation to vary from 100−500 km s−1

with a logarithmic prior. The resulting values are not

used in our analysis, and we make no attempt to correct

these values for instrumental effects to obtain the true

stellar velocity dispersion.

We exclude rest-frame wavelengths < 3550 Å from the

fit, as the MILES library does not provide coverage bluer

than this, with the Bruzual & Charlot (2003) models

instead employing a combination of theoretical stellar

spectral libraries. We mask the [O ii] line at 3727 Å, as

it is currently unclear whether [O ii] emission in quies-

cent galaxies originates from star-forming regions, which

is the only source of line emission in our Bagpipes

model. Finally, we also mask the Na D absorption fea-

ture at 5895 Å, as this has a potential strong interstellar

medium component (however, see Conroy et al. 2014).

To sample the posterior distribution for a model, Bag-

pipes uses the MultiNest nested sampling algorithm

(Skilling 2006; Feroz & Hobson 2008; Feroz et al. 2009,

2019), via the PyMultiNest interface (Buchner et al.

2014). For fitting our stacked data, MultiNest was

run with 1000 live points, requiring ∼ 500 CPU hours.

4.4. ALF fitting of the stacked spectrum

In addition to fitting our stacked data with Bagpipes,

we also carried out an independent analysis with the

Alf code3 (Conroy & van Dokkum 2012; Conroy et al.

2018). This decision was made, firstly to provide a cross-

check on our results via a more established method, and

secondly as the Bruzual & Charlot (2003) models as-

sume scaled-Solar abundances. By contrast, Alf allows

individual element abundances to vary separately, al-

lowing us to constrain the level of alpha enhancement

in our target population, a valuable indicator of their

formation timescales (e.g. Thomas et al. 2003).

The Alf code is designed for fitting optical to near-IR

continuum spectroscopy for old (& 1 Gyr) stellar popu-

lations. Originally designed for constraining the initial

mass function, recent applications have focused on stel-

lar metallicities, with the code having been developed

to fit individual abundances for up to 19 elements.

The code also makes use of the MILES stellar spectral

library, and includes empirical stellar population mod-

els spanning 0.37−2.4µm. We therefore fit our stacked

3 https://www.github.com/cconroy20/alf

https://bagpipes.readthedocs.io
https://www.github.com/cconroy20/alf
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Table 2. Parameters and priors for the Bagpipes model we fit to our stacked spectrum and photometry. The model is described
in Section 4.3, and is adapted from the model presented in section 4 of Carnall et al. (2019a). The first 10 parameters describe
our physical model, whereas the final 9 describe our systematic uncertainties model. For Gaussian priors, µ is the mean and σ
the standard deviation. Logarithmic priors are uniform in log base ten of the parameter.

Component Parameter Symbol / Unit Range Prior Hyperparameters

Global Redshift z (1.145, 1.155) Gaussian µ = 1.15 σ = 0.001

Velocity dispersion/instrumental broadening σvel / km s−1 (100, 500) logarithmic

SFH Stellar mass formed M∗ / M� (1, 1013) logarithmic

Metallicity Z / Z� (0.01, 2.5) logarithmic

Falling slope α (0.1, 1000) logarithmic

Rising slope β (0.1, 1000) logarithmic

Peak time τ / Gyr (0.1, tH) uniform

Dust V−band attenuation AV / mag (0, 4) uniform

Deviation from Calzetti et al. (2000) slope δ (−0.3, 0.3) Gaussian µ = 0 σ = 0.1

Strength of 2175 Å bump B (0, 5) uniform

Calibration VANDELS zero order PV 0 (0.5, 1.5) Gaussian µ = 1 σ = 0.25

VANDELS first order PV 1 (−0.5, 0.5) Gaussian µ = 0 σ = 0.25

VANDELS second order PV 2 (−0.5, 0.5) Gaussian µ = 0 σ = 0.25

KMOS zero order PK0 (0.5, 1.5) Gaussian µ = 1 σ = 0.25

KMOS first order PK1 (−0.5, 0.5) Gaussian µ = 0 σ = 0.25

KMOS second order PK2 (−0.5, 0.5) Gaussian µ = 0 σ = 0.25

Noise White noise scaling a (0.1, 10) logarithmic

Correlated noise amplitude b / fmax (0.0001, 1) logarithmic

Correlation length l / ∆λ (0.01, 1) logarithmic

spectrum across a wavelength range similar to that de-

scribed in Section 4.3, this time also omitting rest-frame

wavelengths from 3550−3700 Å. We investigate the po-

tential impact of this difference by re-running our Bag-

pipes fit whilst also excluding this wavelength range,

and find this has no effect on our results.

Alf continuum normalises input spectra using a high-

order polynomial, with one order per 100 Å of rest-frame

spectral coverage, prior to fitting. The code does not

currently include the capability to fit photometric data,

so our stacked photometry was not used in this analysis.

The code uses the MCMC sampler Emcee (Foreman-

Mackey et al. 2013). We run Alf in simple mode, which

includes 13 free parameters: redshift, velocity disper-

sion, stellar age (a single burst SFH is assumed), total

stellar metallicity, [Z/H], and abundances for 9 individ-

ual elements, including Fe and Mg. As an additional

check, we have also fitted our data using full mode in

Alf, which results in near-identical metallicity values.

5. RESULTS

The posterior median model fitted to our stacked spec-

trum with Bagpipes is shown in red in the top panel

of Fig. 2. We measure a stellar metallicity of [Z/H] =

−0.13 ± 0.08. We also measure a mean stellar age of

2.5+0.6
−0.4 Gyr, which, at z = 1.15, corresponds to a mean

formation time, tform = 2.7+0.4
−0.6 Gyr after the Big Bang,

or a formation redshift of zform = 2.4+0.6
−0.3. We mea-

sure a dust curve slope consistent with Calzetti et al.

(2000), and an AV = 0.48 ± 0.08 magnitudes. This is

in good agreement with Belli et al. (2019) and Carnall

et al. (2019b) (but see appendix B of van der Wel et al.

2021).

With Alf, we obtain element abundances

[Fe/H] = −0.18± 0.08 and [Mg/H] = 0.07± 0.09. The

enhancement of Mg relative to Fe can be used

as a proxy for alpha enhancement, and we obtain

[Mg/Fe] = 0.23± 0.12. We convert from Fe and Mg

abundances to total metallicity using [Z/H] = [Fe/H] +

0.94[Mg/Fe] (e.g. Thomas et al. 2003), for consistency

with other recent work (e.g. Kriek et al. 2019). This

yields a total metallicity of [Z/H] = 0.04 ± 0.14. Our

Bagpipes and Alf measurements of [Z/H] are there-

fore in broad agreement, with the Alf posterior median

value 0.17 dex higher than from Bagpipes (formally the

two posterior distributions are in tension with ∼ 1.1σ

confidence). The Alf fitted spectrum is virtually indis-

tinguishable from the Bagpipes fitted spectrum shown

in Fig. 2, and is therefore not shown. Our stellar metal-

licity results are summarised in Fig. 3, and compared

to results from the literature in Section 6.1.
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Figure 3. Top: stellar metallicity measurements for massive quiescent galaxies at z & 1, compared with the local Universe.
Our results, which are broadly consistent with previous work at similar redshifts, suggest that [Z/H] was ∼ 0.2 − 0.3 dex lower
at z & 1 compared with the present day. Lower left: Fe abundances for the subset of studies, including ours, that use Alf. We
find [Fe/H] ∼ 0.15 dex lower than the local Universe. Lower right: alpha enhancement, traced by [Mg/Fe]. We find ∼ 0.2 dex
enhancement, suggesting no evolution across the last ∼ 8 Gyr since z & 1. The dashed horizontal lines show the Solar value.

The stellar population ages are also in broad agree-

ment, with Alf returning an age of 2.4± 0.3 Gyr. The

fact Alf returns a ∼ 1σ higher metallicity and a slightly

lower age than Bagpipes is consistent with our expec-

tations, based on the different SFH models used by the

two codes. When run in simple mode, Alf uses a single

burst SFH, a simplifying assumption known to result in

lower ages and higher metallicities, closer to the light-

weighted values (e.g. Conroy 2013). These issues will

be further discussed in Section 6.

6. DISCUSSION

6.1. Stellar Metallicities

6.1.1. Comparisons with other results at z & 1

Whilst this work presents the first measurement of the

average stellar metallicity of a mass-selected sample of

massive quiescent galaxies at z > 1, several other studies

have analysed individual bright objects, or magnitude-

selected samples, at similar redshifts. In Fig. 3, we

compare our results for [Z/H], [Fe/H] and [Mg/Fe] with
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other recent work at 1.0 < z . 1.5, as well as results

from the local Universe, which will be discussed in Sec-

tion 6.1.2.

Kriek et al. (2019) report stellar metallicities for three

massive quiescent galaxies at z ∼ 1.4 via full spectral

fitting of Keck-LRIS and MOSFIRE spectroscopy, also

with the Alf code. These results are shown in Fig. 3

with orange squares, and are in good agreement with

the measurements we derive from our stacked spectrum.

Their most massive object is more Mg-enhanced, leading

to a higher total metallicity, consistent with the positive

correlation between mass and metallicity observed in the

local Universe.

Lonoce et al. (2015, 2020) also report stellar metallic-

ities for two galaxies at z ∼ 1.4 via full spectral fitting,

which are shown in the top-left panel of Fig. 3 with

red triangles. These results are also consistent with our

findings, though it should be noted that Lonoce et al.

(2020) obtain strongly contrasting results via an alterna-

tive, spectral-index-fitting analysis: [Z/H] ∼ −0.7 and

+0.6 for their lower and higher-mass galaxies, respec-

tively.

Onodera et al. (2015) report a stellar metallicity

of [Z/H] = 0.24+0.20
−0.14 via spectral index fitting, for

a stacked spectrum constructed from a magnitude-

selected sample (K < 21.5) of 24 quiescent galaxies

at 1.2 . z . 2.0. This is considerably higher than

our result at 1.0 < z < 1.3, however, their relatively

large reported uncertainties mean the two results are

not strongly in tension. It should also be noted that the

average mass of galaxies in the sample of Onodera et al.

(2015) is 0.35 dex higher than our sample.

Finally, we show, with gray error bars, the stellar

metallicities we obtained for 53 individual massive quies-

cent galaxies in Carnall et al. (2019b), via Bagpipes full

spectral fitting of intermediate-SNR (∼ 10 Å−1) VAN-

DELS rest-frame near-UV spectroscopy. The Carnall

et al. (2019b) results are in very good agreement with

the new analysis we present in this work, which dif-

fers from our previous work in three key respects: the

use of stacking, the inclusion of additional rest-frame

optical KMOS data, and the exclusion of wavelengths,

λ < 3550 Å, which were fitted with theoretical stellar

templates in Carnall et al. (2019b). Our new result val-

idates the metallicities measured by our previous analy-

sis, and hence the ages/SFHs that were the main result

of that work.

The individual-object results of Carnall et al. (2019b)

shown in Fig. 3 do not suggest a strong stellar mass-

metallicity relation at z & 1 above log(M∗/M�) = 10.5,

and are consistent with a flat relationship. However, a

relatively weak mass-metallicity relation, as seen in the

local Universe, is by no means ruled out. We have in-

vestigated the possibility of splitting the mass-complete

sample in this work into two mass bins to further probe

the mass-metallicity relation at z & 1, however our

KMOS dataset does not provide sufficient SNR to ob-

tain meaningful constraints when splitting our sample

into two or more bins.

We conclude that our new results are generally consis-

tent with previous work at z & 1. In particular, multi-

ple full spectral fitting analyses agree on average stellar

metallicities, [Z/H] ∼ −0.1 for massive quiescent galax-

ies with log10(M∗/M�) ∼ 11 at z & 1. Our measure-

ment of [Fe/H] ∼ −0.2 is in good agreement with Kriek

et al. (2019), as is our measurement of ∼ 0.2 dex of Mg

enhancement over Fe. Kriek et al. (2016, 2019) show

that this level of alpha enhancement suggests formation

timescales of 0.2−1.0 Gyr, again in good agreement with

the SFHs reported by Carnall et al. (2019b).

6.1.2. Comparisons with the Local Universe

In the top-left panel of Fig. 3, we also show three

determinations of the stellar mass-metallicity relation

in the local Universe (z . 0.1). These three sets of

results are all in reasonable agreement, however there

are key differences in methodology and sample selection

that should be considered when making comparisons.

All three studies use data from the Sloan Digital Sky

Survey (SDSS; York et al. 2000).

Gallazzi et al. (2005) and Panter et al. (2008) report

mean stellar metallicity as a function of stellar mass for

all galaxies, including both star-forming and quiescent

objects. However, the dominance of quiescent galaxies

at high masses in the local Universe means these re-

sults are still reasonably comparable with the z & 1

results shown. In addition, Gallazzi et al. (2005) re-

port r−band light-weighted metallicities, rather than

the mass-weighted quantities reported by the other stud-

ies. This may explain the higher metallicities they re-

port, as their results are weighted more heavily towards

younger stars.

It should also be noted however that even among stud-

ies reporting mass-weighted quantities, the SFH model

adopted has the potential to influence the stellar metal-

licities obtained (e.g. Carnall et al. 2019a; Leja et al.

2019a). This is of particular note for Conroy et al.

(2014), who adopt a simplified two-burst SFH model

that would be expected to return metallicities closer to

the light-weighted values. This may explain the slightly

higher metallicities found by Conroy et al. (2014) with

respect to Panter et al. (2008).

The results of Conroy et al. (2014) are the most com-

parable with our results at z & 1, both in terms of
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methodology and sample selection. They select quies-

cent galaxies by requiring no Hα or [O ii] emission, and

require that objects lie on the Fundamental Plane, us-

ing the central slice defined by Graves et al. (2010). At

log(M∗/M�) ∼ 11, they report [Z/H] = 0.21. Our re-

sult therefore implies, at fixed stellar mass, ∼ 0.2 − 0.3

dex evolution in the average [Z/H] for massive quies-

cent galaxies across the ∼ 8 Gyr from z ∼ 1.15 to the

present. From the lower-right panel of Fig. 3, it can

be seen that, surprisingly, this 0.2-0.3 dex evolution in

[Z/H] is not accompanied by any change in alpha (Mg)

enhancement, with [Mg/Fe] remaining at ∼ 0.2.

Alpha elements are primarily produced by core-

collapse supernovae (CCSNe), which are the end-point

in the evolution of massive stars. Enrichment with al-

pha elements therefore rapidly follows the onset of star

formation, within a few Myr. By contrast, Fe-peak el-

ements are produced by both CCSNe and Type Ia su-

pernovae (SNIa), which occur on much longer (∼ Gyr)

timescales. This means that both Fe abundance and

alpha enhancement in stars are linked to the formation

timescale of the galaxy, with lower Fe, more highly alpha

enhanced stellar populations expected in galaxies that

formed on short timescales (e.g. Weinberg et al. 2017;

Kobayashi et al. 2020).

As the number density of massive quiescent galaxies

steadily rises over cosmic time, those that exist at z & 1

are expected to be a biased sub-sample of the local quies-

cent galaxy population: the earliest and fastest formed.

This is often referred to as progenitor bias. We would

therefore expect to see, on average, both lower Fe abun-

dance and greater alpha enhancement for z & 1 quies-

cent galaxies, compared with the local population.

Beverage et al. (2021) have recently reported simi-

lar evolution of the quiescent galaxy population from

the local Universe to z ∼ 0.7: falling [Z/H] and [Fe/H],

but constant [Mg/Fe] with increasing redshift (see also

Choi et al. 2014; Leethochawalit et al. 2019). They sug-

gest the expected increase in [Mg/Fe] might begin to

become apparent at higher redshifts, pointing to several

individual-object studies that find very high [Mg/Fe] for

individual ultra-massive galaxies at z ∼ 2 (Kriek et al.

2016; Jafariyazani et al. 2020).

Our results demonstrate the expected increase in

[Mg/Fe] is still not apparent at z & 1 for typical

log(M∗/M�) ∼ 11 quiescent galaxies. This is in agree-

ment with Kriek et al. (2019) at z ∼ 1.4 (bottom-right

panel of Fig. 3), who report higher alpha enhancement

than the local Universe for only a single, extremely mas-

sive galaxy with log(M∗/M�) ∼ 11.7. Our results sug-

gest the very high [Mg/Fe] values (implying ultra-short,

∼ 100 Myr, formation timescales) recently reported by

Kriek et al. (2016, 2019) and Jafariyazani et al. (2020)

for ultra-massive galaxies at z ∼ 1− 2 are more closely

associated with their exceptionally high masses, in ac-

cordance with the well-known downsizing trend, rather

than their high redshifts.

The expected change in [Mg/Fe] across the ∼ 0.15 dex

interval between our [Fe/H] result and those of Conroy

et al. (2014) can be estimated from fig. 12 of Kobayashi

et al. (2020) to be ∼ 0.1 dex. This is of the same or-

der of magnitude as the uncertainty we measure on our

[Mg/Fe] value. This means that, whilst we do not ob-

serve any change in [Mg/Fe] between the local Universe

and our results at z & 1, the level of [Mg/Fe] evolu-

tion predicted by Kobayashi et al. (2020) is not strongly

excluded by our measurement.

A detailed understanding of these issues will require

a dataset of similar quality to SDSS at z & 1. Several

planned surveys with upcoming instruments, such as the

Multi-Object Optical and Near-infrared Spectrograph

(MOONS) GTO survey MOONRISE (Cirasuolo et al.

2020; Maiolino et al. 2020), will provide much larger

numbers of high-SNR spectra at z & 1. This will allow

individual metallicity determinations for large numbers

of bright targets, and high-SNR stacking experiments

to be performed with fine resolution in stellar mass and

other key parameters, such as physical size.

6.2. Stellar Ages

As discussed in Section 6.1.1, the stellar metallicity

we derive for our stacked spectrum is in good agreement

with those we obtained for individual galaxies in Carnall

et al. (2019b). In that work, we derived the following

relationship between formation time, tform (which we de-

fine as the time corresponding to the mean stellar age),

and stellar mass for quiescent galaxies at z & 1:(
tform

Gyr

)
= 2.56+0.12

−0.10 − 1.48+0.34
−0.39 log10

(
M∗

1011M�

)
.

(1)

At the median stellar mass of log10(M∗/M�) = 11.05

for the mass-complete sample from which we construct

our stack, this relationship predicts a formation time of

2.5±0.1 Gyr after the Big Bang. We derive consistent

results from both the Bagpipes and Alf analyses of our

stack: tform = 2.7+0.4
−0.6 Gyr and 2.4±0.3 Gyr respectively.

Several other recent studies have reported ages for

massive quiescent galaxies at z & 1 using similar

methodologies (Belli et al. 2019; Estrada-Carpenter

et al. 2020; Tacchella et al. 2021). These results are

summarised in fig. 10 of Tacchella et al. (2021), demon-

strating that the formation times they derive for their

z ∼ 0.8 sample are earlier on average than those we de-
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rive at z & 1. This is the opposite to the effect that

would be expected due to progenitor bias.

Due to the strong age-metallicity degeneracy in galaxy

spectral shapes, discrepant metallicities is an obvious

potential cause for the unexpected differences in de-

rived ages between these studies. However, as can be

seen from fig. 19 of Tacchella et al. (2021), the average

metallicity they derive is just below Solar4, as would

be expected considering the comparison between local

Universe and z & 1 metallicities shown in the top panel

of Fig. 3. The metallicities we derive in this work and

Carnall et al. (2019b) are therefore fully consistent with

Tacchella et al. (2021), and are ruled out as the cause of

the differences in derived ages.

The remaining likely cause for these differences lies

in the SFH models used by the respective studies. In

this work and Carnall et al. (2019b), we have used

the double-power-law SFH model introduced by Carnall

et al. (2018). This is a parametric model, and similar

to the models used by Belli et al. (2019), who report re-

sults consistent with Carnall et al. (2019b). By contrast,

Tacchella et al. (2021) use the non-parametric, continu-

ity SFH prior introduced by Leja et al. (2019a), which

is known to return older stellar populations than more

traditional parametric models (Leja et al. 2019b). In-

terestingly, Estrada-Carpenter et al. (2020) also use the

non-parametric continuity prior, finding results consis-

tent with Tacchella et al. (2021).

It seems likely, therefore, that the underlying cause for

the discrepant results in the recent literature for the for-

mation redshifts of massive quiescent galaxies at z & 1

is the use of different SFH models, rather than conflict-

ing derived metallicities. These SFH models constitute

a set of prior beliefs about when and how galaxies form,

introducing an unavoidable subjectivity into results ob-

tained in the absence of strongly constraining data (e.g.

Ocvirk et al. 2006; Carnall et al. 2019a; Johnson et al.

2021).

To evaluate the success of these subjective prior

choices, one should perform cross-validation checks, test-

ing whether results obtained via spectral fitting are con-

sistent with other, better established results in the lit-

erature (e.g. Wuyts et al. 2011; Carnall et al. 2019a).

In this case, we would wish to use the SFHs derived for

z & 1 massive quiescent galaxies to predict the stellar-

mass function for quiescent galaxies at z ∼ 2 − 4, then

to compare these predictions with direct observations of

z > 2 mass functions and/or number densities.

4 The average metallicity derived for the UVJ-quiescent sample in
Tacchella et al. (2021) is [Z/H] = −0.13± 0.02 (private commu-
nication).

To perform this challenging experiment, we are cur-

rently missing two vital components. Firstly, the num-

ber of massive quiescent galaxies at z & 1 with high-

SNR rest-frame UV-optical spectroscopy is currently no

more than a few hundred. This, in combination with the

significant uncertainties on individual recovered SFHs,

leads to huge statistical uncertainties in predicted mass

functions at z > 2. To make useful predictions, vastly

larger samples will be required, numbering tens to hun-

dreds of thousands of galaxies. A number of upcoming

surveys, such as MOONRISE (Maiolino et al. 2020), will

provide the necessary datasets over the next ∼ 5 years.

The second missing component is a precise determi-

nation of the observed stellar-mass function for mas-

sive quiescent galaxies at z > 2, with current studies

suffering from considerable uncertainties in sample se-

lection (e.g. Schreiber et al. 2018; Carnall et al. 2020).

Large imaging surveys with JWST (e.g. PRIMER; Dun-

lop et al. 2021) will provide the extremely deep, high-

resolution infra-red imaging necessary to select mass-

complete samples of quiescent galaxies with confidence

out to the highest redshifts, resulting in precise con-

straints on quiescent galaxy stellar-mass functions at

z > 2.

Once these datasets are in place, it should be possible

to clearly distinguish between the parametric and non-

parametric SFH models that currently return substan-

tially different formation redshifts for massive quiescent

galaxies at z & 1.

7. CONCLUSION

In this work, we have combined data from the VAN-

DELS survey with new KMOS observations to construct

a representative stacked spectrum for quiescent galaxies

at 1.0 < z < 1.3 with log10(M∗ / M�) > 10.8, covering

rest-frame wavelengths, λ = 2500−6400 Å. The stacked

spectrum is shown in Fig. 2. We also report 25 new

spectroscopic redshifts (Table 1) from our KMOS data.

We fit our stacked spectrum with Bagpipes, obtain-

ing a stellar metallicity, [Z/H] = −0.13 ± 0.08. We

also obtain a formation time, tform = 2.7+0.4
−0.6 Gyr af-

ter the Big Bang, corresponding to a formation redshift

of zform = 2.4+0.6
−0.3. Both of these results are consistent

with the results we presented in Carnall et al. (2019b),

which were obtained by fitting only VANDELS data,

and working with individual spectra rather than stack-

ing. We also fit our stacked spectrum with the Alf

code, obtaining a consistent result for [Z/H], as well as

an iron abundance, [Fe/H] = −0.18 ± 0.08, and alpha

enhancement, [Mg/Fe] = 0.23± 0.12 (see Fig. 3).

By comparing our results at z & 1 with results from

the local Universe (z . 0.1), we demonstrate that the
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average [Z/H] for log10(M∗ / M�) ∼ 11 quiescent galax-

ies has risen by ∼ 0.3 dex across the ∼ 8 Gyr since z & 1,

whereas [Fe/H] has risen by ∼ 0.15 dex. However, the

alpha enhancement, [Mg/Fe], we measure is the same as

found by Conroy et al. (2014) in the local Universe, im-

plying no evolution at fixed stellar mass across at least

the last ∼ 8 Gyr.

Given that z & 1 massive quiescent galaxies are a bi-

ased sub-sample of the local quiescent population (those

that formed fastest and earliest), we would expect them

to have lower [Fe/H], as observed, but we would also

expect greater alpha enhancement. Our finding of no

redshift evolution in [Mg/Fe] at log10(M∗ / M�) ∼ 11

from z & 1 to the present is in agreement with the re-

sults of Kriek et al. (2019) at z ∼ 1.4 and Beverage et al.

(2021) at z ∼ 0.7.

This result suggests that the highly alpha enhanced,

ultra-massive (log10(M∗ / M�) & 11.5) galaxies recently

reported at z ∼ 1− 2 by some authors (e.g. Kriek et al.

2016, 2019; Leethochawalit et al. 2019) are highly alpha

enhanced due to their extreme masses, in accordance

with the well-known downsizing trend, rather than being

typical of the z & 1 quiescent population.

The model of Kobayashi et al. (2020) predicts a rel-

atively modest change in [Mg/Fe] of ∼ 0.1 dex across

the ∼ 0.15 dex [Fe/H] interval separating our results

from the local-Universe measurements of Conroy et al.

(2014). This level of [Mg/Fe] evolution is not strongly

ruled out by our measurement, meaning that stronger

constraints from higher-quality data at z & 1 will be

necessary to confidently determine whether the level of

[Mg/Fe] evolution observed between the local Universe

and z & 1 is in agreement with theoretical predictions.

Recently, Tacchella et al. (2021) have highlighted dif-

ferences in the average formation redshifts measured

for z & 1 massive quiescent galaxies by several recent

studies. In particular, they, in agreement with Estrada-

Carpenter et al. (2020), find earlier formation than Belli

et al. (2019) and Carnall et al. (2019b). Given the latter

two studies are at higher redshifts, this is the opposite

to the effect that would be expected due to progenitor

bias.

We demonstrate that the metallicities recovered by

Tacchella et al. (2021) at z ∼ 0.8 are consistent with

the results of this work and Carnall et al. (2019b). This

means discrepancies in recovered metallicities are ruled

out as the cause of the differences in recovered ages.

We therefore conclude that the differences in forma-

tion redshifts obtained by different authors are likely

due to the use of different star-formation-history mod-

els, with Estrada-Carpenter et al. (2020) and Tacchella

et al. (2021) using the Leja et al. (2019a) continuity

non-parametric SFH model, and Belli et al. (2019) and

Carnall et al. (2019b) using more-traditional parametric

models.

To determine which of these models more accurately

represents the SFHs of z & 1 massive quiescent galaxies,

we will require much larger statistical samples at z & 1

with high-SNR rest-frame UV-optical spectroscopy, as

will be provided by upcoming instruments such as

MOONS (Cirasuolo et al. 2020). This will allow us to

make firm predictions for z > 2 quiescent-galaxy stellar-

mass functions via spectral fitting with different SFH

models, which can be compared with the precise z > 2

stellar-mass functions that will be provided by data from

the upcoming James Webb Space Telescope.
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