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ABSTRACT

We report ultra-deep, medium-resolution spectroscopic observations for four quiescent galaxies with logo(M,/Mg) > 11 at
3 < z < 5. These data were obtained with JWST NIRSpec as part of the Early eXtragalactic Continuum and Emission Line
Science (EXCELS) survey, which we introduce in this work. The first two galaxies are newly selected from PRIMER UDS
imaging, both at z = 4.62 and separated by 860 pkpc on the sky, within a larger structure for which we confirm several other
members. Both formed at z >~ 8§ — 10. These systems could plausibly merge by the present day to produce a local massive
elliptical galaxy. The other two ultra-massive quiescent galaxies are previously known at z = 3.99 and 3.19, with the latter
(ZF-UDS-7329) having been the subject of debate as potentially too old and too massive to be accommodated by the A-CDM
halo-mass function. Both exhibit high stellar metallicities, and for ZF-UDS-7329 we are able to measure the o« —enhancement,
obtaining [Mg/Fe] = 0.42%019. We finally evaluate whether these four galaxies are consistent with the A-CDM halo-mass
function using an extreme value statistics approach. We find that the z = 4.62 objects and the z = 3.19 object are unlikely within
our area under the assumption of standard stellar fractions ( f, ~ 0.1 — 0.2). However, these objects roughly align with the most
massive galaxies expected under the assumption of 100 per cent conversion of baryons to stars (f,=1). Our results suggest
extreme galaxy formation physics during the first billion years, but no conflict with A-CDM cosmology.

Key words: galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies: statistics — galaxies: stellar content.

1 INTRODUCTION

Since the launch of JWST, much attention has focused on the earliest
stages of massive galaxy formation. In particular, many studies have
reported candidate massive galaxies at high redshift that were too
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faint and/or too red to have been detected (or at least to have their
redshifts measured) with previous instrumentation (e.g. Barrufet et al.
2023; Labbé et al. 2023; Xiao et al. 2023; Gottumukkala et al. 2024,
Weibel et al. 2024). This has led to much discussion as to whether
such objects are in fact too early, too massive, and too numerous to be
accommodated within our current understanding of galaxy formation
physics, or even within the A-CDM cosmological framework (e.g.
Boylan-Kolchin 2023; Chworowsky et al. 2024; Harvey et al.
2024).
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Another surprising finding from early JWST data has been the
discovery that quenching in massive galaxies is far more common
during the first two billion years (z > 3) than previously suspected.
This gives rise to higher-than-expected number densities for massive
quiescent galaxies at 3 < z < 5 (e.g. Alberts et al. 2023; Carnall et al.
2023b; Valentino et al. 2023; Long et al. 2024), with galaxy formation
models already being updated in light of these results (e.g. Lagos et al.
2024). This approach of studying rare and extreme high-redshift
massive galaxies has a long history of providing key constraints
on contemporary models for galaxy formation and cosmology (e.g.
Dunlop et al. 1996; Cimatti et al. 2004; Fontana et al. 2009). There is
also interest in the extent to which the earliest massive galaxies go on
to form the most massive galaxies in the cores of local galaxy clusters
(e.g. see Hartley et al. 2023; Remus & Kimmig 2023; Rennehan
2024).

Aside from the obvious significant interest in how quenching can
occur so early and so rapidly in so many galaxies, another interesting
opportunity afforded by early quiescent galaxies is to trace back
their star-formation histories (SFHs) to constrain when they first
began forming stars. The recovery of SFHs is more tractable for
quiescent galaxies than their star-forming counterparts, as quiescent
galaxy spectra are far less affected by the outshining of older
stellar populations by young stars. This kind of analysis is now
greatly aided by the capability of JWST NIRSpec (Jakobsen et al.
2022) to provide high signal-to-noise ratio (SNR) medium-resolution
continuum spectroscopy for faint, red galaxies for the first time (e.g.
Barrufet et al. 2024; Nanayakkara et al. 2024; Park et al. 2024;
Setton et al. 2024; Slob et al. 2024), enabling the age-metallicity-
dust degeneracy to be broken (e.g. Conroy 2013).

In Carnall et al. (2023c), we have reported the spectroscopic
confirmation of the first massive quiescent galaxy significantly
beyond z =4, GS-9209 at z = 4.658, from JWST NIRSpec Cycle
1 data. We show via full spectral fitting that this galaxy formed its
stellar mass of log;o(M,/Mg) = 10.58 £ 0.02 over a >~ 200 Myr
period from 2~ 600-800 Myr after the Big Bang, before quenching
at Zquench = 65J_r8§

We also uncover several indicators of active galactic nucleus
(AGN) activity in this galaxy, most notably extremely broad Hoa
emission. Based on this broad line, we infer a central black hole mass
of M, ~ 0.5 — 1.0 x 10° Mg, which places GS-9209 approximately
a factor of 5 above the local relation between galaxy stellar mass
and black hole mass. This result is consistent with previous work
tracing the evolution of this relationship from the local Universe
towards cosmic noon (McLure et al. 2006), local analogues (e.g.
Ferré-Mateu et al. 2015), and also with recent predictions from the
SIMBA-C cosmological simulation (Szpila et al. 2024).

For its central black hole to have become so massive, this
galaxy must have experienced substantial AGN activity, suggesting
quasar-mode AGN feedback as a likely mechanism responsible for
quenching its star formation (e.g. Maiolino et al. 2012; Hartley et al.
2023; Kimmig et al. 2023; Belli et al. 2024). However, as high-
SNR medium-resolution spectroscopy is only available for a single
massive quiescent galaxy at these redshifts so far, it is not possible to
determine how typical these properties are of the broader population.

One thing that does appear to be typical of the z > 3 massive
quiescent galaxy population is extremely small physical sizes (e.g.
Ito et al. 2024; Ji et al. 2024; Wright et al. 2024). This represents an
extension of the well-known trend at z < 3 towards smaller sizes for
quiescent galaxies with increasing redshift (e.g. Daddi et al. 2005;
Trujillo et al. 2006; McLure et al. 2013; van der Wel et al. 2014;
Mowla et al. 2019; Hamadouche et al. 2022), and is also consistent
with the finding that the youngest quiescent galaxies at cosmic noon
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are the smallest (e.g. Whitaker et al. 2012; Almaini et al. 2017). The
most extreme example known is again GS-9209, with an effective
radius, r, >~ 200 pc and a stellar mass surface density within r,
of 1ogo(Zefr /Mo kpc™2) = 11.15 £ 0.08. It seems likely that these
extremely small sizes must be related to the ability of these galaxies
to form their large stellar masses in such a short space of time (e.g.
Dekel et al. 2023), as well as the subsequent shutting down of star
formation.

Recently, Glazebrook et al. (2024) have reported a quiescent
galaxy, ZF-UDS-7329 at z ~ 3.2, for which they derive a stellar
mass of logjo(M,/Mg) = 11.26709%. They further report that the
bulk of this mass formed at z 2~ 11, approximately 400 Myr after the
Big Bang. The authors claim that, given the area of imaging data
from which this galaxy was selected, the presence of such a large
stellar mass within a single dark matter halo at z >~ 11 would be
strongly in tension with A-CDM cosmology (see also Glazebrook
et al. 2017; Antwi-Danso et al. 2023; de Graaff et al. 2024; Urbano
Stawinski et al. 2024).

There are several potential means of resolving this tension, in
particular, (a) an exotic, top-heavy stellar initial mass function (IMF),
meaning that the stellar mass is in fact lower; (b) very high average
stellar metallicity, meaning the stellar population is in fact younger;
or (c) this galaxy having formed via hierarchical mergers between
galaxies that each individually formed in separate halos around z ~
11. Glazebrook et al. (2024) argue that all three of these scenarios are
unlikely, and suggest that revisions may be necessary to our current
understanding of dark matter and hence structure formation in the
early Universe.

It seems clear that two key questions must now be answered. First,
what causes so many massive galaxies to experience a rapid shutting
down of star-formation activity at these early epochs? Secondly,
does the number density of massive (and potentially already old)
quiescent galaxies at z > 3 require revisions to current models of
galaxy formation physics, or even A-CDM cosmology?

Answering these questions is one of the key motivations for the
JWST Early eXtragalactic Continuum and Emission Line Science
(EXCELS) NIRSpec Cycle 2 survey (Programme ID: 3543; PI:
Carnall; Co-PI: Cullen). This programme was designed as a direct
follow up to both the JWST Public Release IMaging for Extragalactic
Research (PRIMER) Cycle 1 programme, as well as our Cycle 1
NIRSpec observations of GS-9209.

The primary aim of EXCELS is to expand high-SNR, medium-
resolution continuum spectroscopy to a representative sample of
massive quiescent galaxies at 3 < z < 5. Because these objects are
relatively rare, we are also able to dedicate substantial space on
the NIRSpec Micro-Shutter Array (MSA; Ferruit et al. 2022) to
observing a variety of other key target classes, in particular high-
redshift star-forming galaxies, as well as quiescent galaxies at the
cosmic noon epoch (1 < z < 3).

In this work, we introduce the EXCELS survey and present the first
scientific results. We focus on the most massive quiescent galaxies at
3 < z < 5, in particular the four such objects in EXCELS that have
log1o(M./Mg) > 11. Objects in this mass range are often known
as ultra-massive galaxies (e.g. Forrest et al. 2020). We focus on
these most-massive objects in particular as these are the most likely
to present a problem for galaxy formation models and/or A-CDM,
allowing us to critically examine the debate in the literature on this
topic to date.

This sample of four objects includes a pair of galaxies at z = 4.62
physically separated by 860 pkpc, an extreme post-starburst galaxy
(PSB) at z = 3.99, and the z = 3.19 object ZF-UDS-7329 discussed
by Glazebrook et al. (2024). We infer the physical properties of
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these galaxies via full spectral fitting, in particular their SFHs, and
consider whether or not these are consistent with the A-CDM halo-
mass function using the extreme value statistics (EVS) framework of
Lovell et al. (2023).

In Section 2, we provide a high-level overview of the EXCELS
survey design and observing strategy. In Section 3 we provide
a detailed description of the EXCELS target-selection and mask-
design procedures, including the selection of high-redshift massive
quiescent galaxies from the JWST PRIMER imaging survey. Our
data reduction and fitting methodologies are described in Section 4.
We then present our results in Section 5, discuss these results in
Section 6, and present our conclusions in Section 7.

All magnitudes are quoted in the AB system. For cosmolog-
ical calculations, we adopt 2, = 0.3, Q5 =0.7, and Hy = 70
km s~! Mpc~!. We assume a Kroupa (2001) initial mass function,
and assume the Solar abundances of Asplund et al. (2009), such that
Zo = 0.0142.

2 EXCELS OBSERVING STRATEGY

EXCELS fundamentally consists of four NIRSpec MSA pointings
within the PRIMER Ultra-Deep Survey (UDS) field. Each of these is
observed with three medium-resolution grating/filter combinations:
G140M/F100LP, G235M/F170LP, and G395M/F290LP, providing
continuous wavelength coverage from 1 to 5 um at spectral resolving
power, R = A/AX =~ 1000.

Separate MSA configurations are specified for each of the three
gratings within each pointing. This strategy maximizes the number
of objects for which we can observe the key rest-frame near-UV
to optical wavelength range of interest (A = 3600-7000 A). For
example, a z ~ 1 quiescent galaxy can occupy the same space on
the MSA when observing with G140M that is occupied by a z > 3.5
star-forming galaxy when observing with G235M and G395M.

Observations were conducted using a 3-point nodding pattern
within 3-shutter MSA slitlets. Additional shutters were opened
manually where possible to extend these slitlets, and additional sky
slitlets were opened in unused areas of the MSA to provide the option
of performing a master background subtraction. The total integration
times for each grating within each pointing are 14706 s (>~ 4 h) in
G140M and G395M, and 19958 s (=~ 5.5 h) in G235M, using the
NRSIRS?2 readout pattern.

3 EXCELS SAMPLE SELECTION

The EXCELS sample selection process is relatively involved, draw-
ing together several different subsamples of target objects, with
different prioritization weighting schemes for each of the three
gratings.

At its most basic level, the EXCELS sample is drawn from
two photometric catalogues. First, the VANDELS survey UDS-HST
selection catalogue (McLure et al. 2018), which is heavily based on
the CANDELS UDS catalogue of Galametz et al. (2013). Secondly,
anew catalogue based on the JWST Cycle 1 PRIMER UDS imaging
(Dunlop et al. 2021; McLeod et al., in preparation). The four key
target classes within these catalogues that the EXCELS survey is
built around are:

(i) PRIMER massive quiescent galaxies at2 <z <5

(ii)) VANDELS massive quiescent galaxies at 1 <z < 2.5
(iii) VANDELS star-forming galaxies at 2.4 <z <7

(iv) PRIMER star-forming galaxies at z > 5.

Ultra-massive quiescent galaxies at3 < z <5 327

We describe these two catalogues in more detail in Sections 3.1 and
3.2, as well as the processes by which the four EXCELS target galaxy
samples were selected from them. We then describe the process
by which these samples were placed onto the NIRSpec MSA in
Section 3.3.

3.1 VANDELS UDS-HST catalogue and selection

VANDELS (McLure et al. 2018; Pentericci et al. 2018; Garilli
et al. 2021) is a large European Southern Observatory (ESO) public
spectroscopic survey on the Very Large Telescope (VLT) Visible
Multi-Object Spectrograph (VIMOS; Le Fevre et al. 2003). The
survey focused on the high-redshift Universe, with the vast majority
(>~ 97 per cent) of targets being drawn from the following three
categories:

(i) Bright star-forming galaxies at2.4 <z < 5.5
(ii) Lyman break galaxies at 3 <z <7
(iii) Massive quiescent galaxies at 1 < z < 2.5.

The survey targeted both the UDS and GOODS-South fields, build-
ing upon the legacy HST imaging in these fields from CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011). The parent photometric
sample was drawn from four photometric catalogues, described in
full detail in McLure et al. (2018).

For EXCELS, we consider only the VANDELS UDS-HST cat-
alogue, based on the Galametz et al. (2013) UDS CANDELS
catalogue. We include all objects photometrically selected as poten-
tial VANDELS spectroscopic targets in the above three categories.
However, we give priority to those that were eventually observed as
part of VANDELS (see Section 3.3). The full definitions of these
three samples are given in McLure et al. (2018); we here provide a
brief summary.

3.1.1 VANDELS star-forming galaxies at2.4 <z <7

The sample of VANDELS star-forming galaxies we include in
EXCELS is a combination of the VANDELS bright star-forming and
Lyman break galaxy (LBG) samples, which we treat equally in our
prioritization scheme. These VANDELS star-forming samples were
selected first by the two photometric redshift criteria given above. In
the UDS-HST region targeted by EXCELS, the photometric redshifts
used for all object classes were those produced by the CANDELS
team by taking the median of results obtained with a variety of
different photometric redshift codes (Dahlen et al. 2013).

The bright star-forming sample was then selected by i—band
magnitude, requiring i < 25, in order to ensure high SNR in the
VANDELS VIMOS spectra. The LBG sample comprises fainter star-
forming galaxies: in the UDS-HST region, LBGs at3 < z < 5.5 were
required to have 25 < H <27 and i < 27.5. In a slight variation,
LBGs at 5.5 < z <7 were instead required to have 25 < H <27
and 7z’ < 26.5, due to the impact of intergalactic medium (IGM)
attenuation on the i-band photometry for these objects.

3.1.2 VANDELS massive quiescent galaxies at 1 < 7 <2.5

The VANDELS quiescent sample at 1 < z < 2.5 was selected first
by CANDELS photometric redshift, then by requiring H < 22.5
and i < 25. This H-band magnitude limit roughly corresponds to
a stellar-mass limit of log;o(M./Mg) = 10 at z < 1.5 where the
majority of the sample is located. As with the star-forming sample,
the i—band limit again guarantees high SNR in the VANDELS
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VIMOS spectra. Quiescent objects were then selected by rest-frame
UV colour, using the z > 1 criteria of Williams et al. (2009).

3.2 PRIMER UDS catalogue and selection

PRIMER (Dunlop et al. 2021) is a large public JWST
NIRCam+MIRI Cycle 1 treasury imaging programme. The survey
targets the UDS and COSMOS fields, providing contiguous NIRCam
coverage totalling ~ 400 arcmin® across both fields. Much of this
area overlaps with existing HST imaging. The NIRCam imaging
spans a wavelength range from 1 to 5 pm in eight photometric
bands: FO90OW, F115W, F150W, F200W, F277W, F356W, F410M,
and F444W. PRIMER also provides MIRI imaging in the F770W
and F1800W bands over approximately half of the NIRCam area.

To select galaxies for EXCELS, a PRIMER UDS NIRCam cata-
logue was produced. The imaging was reduced using the PRIMER
Enhanced NIRCam Image Processing Library (PENCIL; Magee
et al., in preparation) v0.6, a custom version of the JWST pipeline
(v1.10.2). We made use of the CRDS_.CTX = jwst_1118.pmap
version of the JWST calibration files. We also produced custom
mosaics in the HST ACS F435W, F606W, and F814W bands using
data from CANDELS (Grogin et al. 2011; Koekemoer et al. 2011).
All bands were point spread function (PSF) homogenized to the
F444W band using kernels based on stacking bright stars in the field.

A catalogue was then produced using the SOURCE EXTRACTOR
software (Bertin & Arnouts 1996) in dual image mode, using F356W
as the selection band. The long-wavelength F356W band was chosen
in order to select objects as much as possible by stellar mass, rather
than ongoing star formation, which dominates at shorter wavelengths.
The F444W band was not used as it is substantially shallower. Fluxes
were extracted in small, 0.35 arcsec-diameter apertures optimized
for the extremely compact high-redshift galaxies we intended to
select. We then scaled these up to total fluxes using the F356W
FLUX_AUTO values measured by SOURCE EXTRACTOR. We included
an error floor in each band for each object at 5 per cent of the observed
flux, to account for potential flux calibration systematic uncertainties
(e.g. Brammer, van Dokkum & Coppi 2008).

The final catalogue covers an area of =~ 160 arcmin” and
is restricted to those 42905 objects with coverage in all 11
HST+NIRCam photometric bands. Following the selection of the
final four massive quiescent galaxies at 3 < z < 5 that are the focus
of this work, additional MIRI F770W photometry was also extracted
for the galaxy pair at z = 4.62. The other two galaxies lie outside
the MIRI footprint. This photometry was initially measured in 0.5
arcsec diameter apertures and then aperture corrected using a kernel
that matched the F444W and F770W PSFs.

2

3.2.1 PRIMER massive quiescent galaxies at2 <z <5

To select high-redshift massive quiescent galaxies from our com-
bined 11-band HST ACS+JWST NIRCam catalogue, we follow a
probabilistic selection method almost identical to that presented in
Carnall et al. (2020, 2023b). This method has recently been validated
via a series of different spectroscopic follow-up campaigns (Carnall
et al. 2023c; Barrufet et al. 2024; de Graaff et al. 2024).

We begin by fitting all galaxies in the catalogue with F356W
< 25 using the BAGPIPES code (Carnall et al. 2018, 2019a). This
limit was chosen to ensure sufficient SNR in the EXCELS spectra to
extract stellar ages and metallicities via full spectral fitting (typically
assumed to be 2 30 per resolution element at R >~ 1000; e.g. Pacifici
etal. 2012).

MNRAS 534, 325-348 (2024)

We employ the same model configuration as used in the above
papers. Briefly, this consists of the 2016 updated version of the
Bruzual & Charlot (2003) stellar population models using the MILES
stellar spectral library (Sénchez-Blazquez et al. 2006; Falcén-
Barroso et al. 2011) and a double-power-law SFH model (e.g. Carnall
et al. 2019b). The effects of this choice are discussed in Section 6.5
and Appendix B. Emission lines are included using the CLOUDY
photoionization code (Ferland et al. 2017) with an approach based
on that of Byler et al. (2017). Dust attenuation is included using
the variable-slope model of Salim, Boquien & Lee (2018), which
is based on the Calzetti et al. (2000) curve. IGM attenuation is
included using the model of Inoue et al. (2014). The model posterior
is sampled using the MULTINEST (Feroz et al. 2019) code, accessed
via the PYMULTINEST package interface (Buchner et al. 2014).

To select quiescent objects, we apply a specific star-formation rate
(sSFR) criterion, requiring sSFR < 0.2/ty(z), where #(z) is the age
of the Universe as a function of observed redshift. This criterion
has been widely applied in the literature (e.g. Gallazzi et al. 2014;
Pacifici et al. 2016), and has been shown to be virtually equivalent
to a rest-frame UVJ colour cut (e.g. Carnall et al. 2018; Fang et al.
2018; Carnall et al. 2020).

In a slight refinement of our previous work, we select quiescent
galaxies based on the 2D joint posterior distribution of redshift and
sSFR, rather than imposing separate criteria on the 1D posteriors for
each of these parameters. For each sample in the posterior for each
object, we calculate whether the sSFR is below the threshold quoted
above. We then require that 50 per cent of posterior samples are both
above z = 2 and below our sSFR threshold.

We then further define a robust subsample of these galaxies by
requiring that 95 per cent of the joint posterior samples are both at
z > 1.75 and below the sSFR threshold. We use z > 1.75 rather than
z > 2 when selecting our robust subsample to make sure that objects
at z >~ 2 with redshift posteriors that extend slightly below z = 2 are
not excluded.

We finally visually inspect the whole sample in order to exclude
any imaging artefacts and contaminants. This process results in a
sample of 127 candidates (78 robust), of which 100 (65 robust) are
at 2 < z < 3, afurther 21 (10 robust) are at 3 < z < 4, and the final
6 (3 robust) are at 4 < z < 5. We do not identify any candidates at
z > 5, though we do not impose any upper limit on redshift for our
sample.

In Fig. 1 we show spectral energy distributions (SEDs) for the
four most massive candidates at z > 3 identified by this process. We
present a detailed analysis of the EXCELS spectra for these galaxies
in Section 5.

3.2.2 PRIMER star-forming galaxies at z > 5

To select our high-redshift star-forming sample we begin with the
same PRIMER UDS catalogue described in Section 3.2.1, and follow
a procedure very similar to those laid out in Donnan et al. (2023)
and McLeod et al. (2024). We here provide a brief summary. The
initial sample consists of all galaxies with zpeq > 5, where Zpeq is
the median photometric redshift from five runs with different public
codes and configurations. Two of these runs used the LEPHARE code
(Arnouts et al. 1999; Ilbert et al. 2006) with the Bruzual & Charlot
(2003) and PEGASE.2 (Fioc & Rocca-Volmerange 1999) templates.
Two further runs were conducted with EAZY (Brammer et al. 2008)
using the PCA and PEGASE.2 templates. A final run was conducted
using the photometric redshift code described in McLure etal. (2011).
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Figure 1. Spectral energy distributions (SEDs) for the four most massive z > 3 quiescent galaxy candidates selected from our PRIMER catalogue by the process
described in Section 3.2.1. These are the only four candidates at z > 3 that have inferred stellar masses, logjo(M./Mg) > 11. Photometric data are shown with
blue points and our posterior-median fitted models with red lines. All four were observed spectroscopically as part of EXCELS, and their spectra are shown
in Fig. 3. The top two are our newly confirmed z = 4.62 galaxies. The bottom two were previously selected by Schreiber et al. (2018) and spectroscopically
confirmed by Nanayakkara et al. (2024). The top two objects also have PRIMER MIRI coverage, and we include the F770W fluxes, which are consistent with

our fitted models.

These galaxies are then re-analysed using an updated version of the
code described in McLure et al. (2011). The updates are designed to
reproduce the extreme emission-line fluxes observed in high-redshift
star-forming galaxies. This re-analysis is performed to improve the
photometric-redshift accuracy of high equivalent width (EW) line
emitters, with a particular focus on objects where strong line emission
contaminates the F410M band (e.g. [O 111] 5008 Aat6.7 <z <7.6).
Objects of this nature can return erroneous photometric redshifts if
the high EW line emission is not properly accounted for.

Following this re-analysis, all candidates with robust photometric
redshifts in the range 5 < z < 8 are regarded as potential spectro-
scopic targets, where robust means Ax? > 4 between the primary
redshift solution and any alternative solutions at lower redshift.
Finally, all candidates are visually inspected to remove any remaining
artefacts or contaminants.

We supplement the sample at z > 8 using an alternative PRIMER
UDS catalogue described in Donnan et al. (2024). The full sample
selection process is described in that work, we here provide a brief
summary. This catalogue uses smaller, 0.3-arcsec diameter apertures,
and uses the F150W, F200W, and F277W filters as detection images.
This configuration is better optimized to the selection of galaxies at
z > 8. We begin by selecting objects with a non-detection above a
20 threshold in the HST/ACS filters as well as the JWST/NIRCam
FO90W filter, as these are all bluewards of the Lyman break at z > 8.

We then require detections of flux redwards of the Lyman break,
at a > 8o level in the first filter and a > 50 level in the next
filter. The photometry of the candidates was then fitted using the

EAZY code (Brammer et al. 2008) with the PEGASE (Fioc & Rocca-
Volmerange 1999) set of templates. We then require a best-fitting
photometric redshift of z > 8 and a Ax? > 4 between the best-
fitting high-redshift and next-most-probable lower redshift solutions.
All candidates are finally visually inspected to remove artefacts and
contaminants.

3.3 Pointing locations and MSA configuration

The source prioritization scheme used to define our MSA configu-
rations includes 10 separate priority classes within our four target
samples (described at the start of Section 3), with each class being
assigned half the weight of the class above it. We split both PRIMER
samples into different priority classes depending on redshift. We split
both VANDELS selection catalogue samples based on redshift and
whether the galaxy was actually observed as part of VANDELS. The
VANDELS star-forming sample was then further split based on the
spectroscopic redshift quality flag, zflag, assigned by the VANDELS
team (using the scheme of Le Fevre et al. 2005; see Pentericci et al.
2018). Our 10 priority classes are:

(i) PRIMER quiescent (z > 4)

(i) PRIMER quiescent (3.5 < z < 4)

(iii) PRIMER quiescent (3 < z < 3.5)

(iv) VANDELS obs star-forming (z > 3 and 2 < zflag < 9)
(v) VANDELS obs quiescent (1 < z < 1.3)

(vi) PRIMER quiescent (2 < z < 3)
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(vii) PRIMER star-forming (z > 6.7)

(viii) VANDELS selection quiescent (all except class v)
(ix) PRIMER star-forming (5 < z < 6.7)

(x) VANDELS selection star-forming (all except class iv)

Where there is overlap between these samples (e.g. a z = 5.25
star-forming galaxy appearing in both the VANDELS and PRIMER
samples), objects were prioritized based on the highest priority
category in which they appear.

We selected the locations of our four EXCELS MSA pointings
via a three-step process. First, rough locations were chosen by eye
from a plot of the PRIMER UDS field, showing the locations of
the highest priority targets. We then employed the EMPT software
(Bonaventura et al. 2023) to perform a search over a relatively
wide area (30arcsec x 30arcsec) for the best pointing locations.
We finally loaded our catalogue into the Astronomer’s Proposal
Tool (APT) software and used the MSA Planning Tool (MPT) to
perform a much finer search (a 1 arcsec x 1 arcsec grid with points at
0.01 arcsec intervals) centred on the EMPT best pointing coordinates.
Using this process, we found that it was usually possible to match,
or even slightly better, the EMPT solution in MPT.

The first two of the above steps were performed once for each
pointing, including all 10 of the above priority classes. The third step
in APT was, however, performed separately for all three gratings
within each pointing, including only the subset of the above priority
classes that we wished to observe in that grating. This strategy ensures
that we observe as many high-priority targets as possible in the
relevant gratings, whilst retaining the spatial overlap required to
observe individual objects in multiple gratings where necessary.

This scheme was arrived at after extensive simulation, with the
aim of maximizing the number of scientifically interesting targets
whilst retaining a broad spread between our different target classes.
In general, we prioritize higher redshift galaxies over lower redshift
ones within our four target classes. The split in redshift for the
VANDELS quiescent sample prioritizes objects at 1 < z < 1.3, as
the mass-completeness limit is lowest (logo(M,/Mg) = 10.3, see
Carnall et al. 2019a) at the low end of the VANDELS redshift range,
providing a representative sample over a large dynamic range in mass.
We prioritize galaxies from the VANDELS selection catalogue that
have VANDELS spectra to ensure the largest possible samples for
joint analyses. We prioritize VANDELS star-forming galaxies with
2 < zflag < 9 as these have the highest SNRs in their VANDELS
spectra.

Not all of our 10 priority classes are included when designing
the MSA configurations for all three gratings. This is because only
1 — 2 gratings are required to cover the key rest-frame near-UV to
optical wavelength range of interest (3600~7000 A) for an individual
galaxy. For the G140M grating, all priority classes except class ix
are included, with galaxies of class iv only included if they have
VANDELS spectroscopic redshifts, zgpe. < 3.6. Priority class vii was
included in our G140M mask design in order to provide coverage of
the Lyman—« line for these highest redshift candidates, whereas for
galaxies of classix at 5 < z < 6.7 we expect that Lyman—a will not
fall within the G140M wavelength range. For the G235M grating,
priority classes i-iv, vi, ix, and x are included. For the G395M grating,
priority classes i-iv, vii, ix, and x are included, with galaxies of class
iv only included if they have zgpec > 3.4.

We finally include a separate filler list for each grating from the
PRIMER catalogue, below our 10 priority classes. For G140M,
we include objects with F356W < 26 and photometric redshifts
0.5 < Zphot < 2.5 (using the median photometric redshifts described
in Section 3.2.2). For G235M, we include objects with F356W < 26
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and 1.5 < Zppee < 5. For G395M, we include objects with F356W
< 28 and zppe > 3.5, whilst giving higher priority to objects with
F356W < 26. These redshift intervals were chosen to target bright
rest-frame optical emission lines for filler targets.

4 METHODS

4.1 Data reduction

We reduce the EXCELS spectra for use in this paper as follows.
We begin by downloading the raw level 1 ‘uncal’ products from
the Mikulski Archive for Space Telescopes (MAST). We process
these files using v1.12.5 of the JWST data reduction pipeline,'
and make use of the CRDS_CTX = jwst_1183.pmap version of
the JWST Calibration Reference Data System (CRDS) files. We
run the level 1 pipeline using the default configuration, except for
turning on the advanced snowball rejection option (by setting the
expand_large_events flag to True).

We run the level 2 pipeline using the default configuration options,
except for turning off the sky subtraction step. We then manually
flag and mask any remaining artefacts in the separate 2D calibrated
spectra for each of our three exposures taken at different nod
positions. We then perform the sky subtraction step on the masked
2D spectra for each exposure using custom code. This step produces
the inputs required for the level 3 pipeline, which we then run using
the default configuration options to produce final combined 2D flux
calibrated spectra.

We then perform our own custom 1D optimal extraction of the 2D
spectra (Horne 1986). We set the extraction centroid by calculating
the flux-weighted mean position of the object, considering only the
region that falls within the central NIRSpec MSA slitlet in the
PRIMER F356W imaging. We make use of the MSAEXP code? to
plot the spatial extent of the slitlets on top of the PRIMER imaging.
We calculate the optimal extraction weights by performing Gaussian
fits to our wavelength-collapsed 2D spectra, allowing the centroid
measured from the PRIMER imaging to deviate by up to 2 pixels in
either direction (though the typical adjustment is much smaller than
this).

This is all of the data processing necessary to begin our spec-
troscopic redshift measurement process, which is described in Sec-
tion 4.2. For the four ultra-massive quiescent galaxies discussed in
Section 5, we then apply the final processing steps below to facilitate
our full spectral fitting analysis, which is described in Section 4.3.1.

We combine our three separate gratings by first calculating the
mean flux in the overlapping wavelength regions, then scaling
the G140M and G395M spectra to the G235M normalization. We
degrade the resolution of the higher resolution (shorter wavelength)
grating for each of the two overlap regions to that of the lower
resolution (longer wavelength) grating using SPECTRES (Carnall
2017). We then combine the data in the overlap regions by averaging
pixel values between the two gratings.

At this stage we do not perform any modification to account for
slit losses or imperfect spectrophotometric calibration (the JWST
absolute flux calibration process applied in the pipeline, which
includes a point-source slit-loss calculation, is described in Gordon
et al. 2022). Instead we fit for these effects by introducing nuisance
parameters into our full-spectral-fitting analysis, as described in
Section 4.3.1.

Uhttps://github.com/spacetelescope/jwst
Zhttps://github.com/gbrammer/msaexp
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Table 1. Spectroscopic redshifts for the EXCELS galaxies, measured as
described in Section 4.2. Redshift quality flags have been assigned following
the scheme set out in Le Fevre et al. (2005). The full table is available as
supplementary online material.

ID RA/deg DEC/deg Zspec Quality flag
34495 34.289463 —5.269810 3.797 4
35221 34.301028 —5.268660 1.742 4
37445 34.278294 —5.264346 2.447 4
39063 34.290443 —5.262081 3.703 4
39138 34.276844 —5.259679 1.737 4

4.2 Spectroscopic redshift and stellar mass measurements from
EXCELS

We measure spectroscopic redshifts from the EXCELS data manu-
ally, using the PANDORA software for data visualization (Garilli et al.
2010). Two sets of separate measurements were made by different
team members, and the results reconciled, with quality flags assigned
following the framework described in Le Fevre et al. (2005) and
Pentericci et al. (2018). A high-quality redshift flag of 3, 4, or 9 could
be assigned for 341 of the 401 objects observed, with 309 objects
assigned a flag 4 redshift, corresponding to = 99 per cent confidence.
A list of the derived redshifts for the 349 EXCELS objects with a
spectroscopic redshift of any quality are given in Table 1.

Following spectroscopic redshift measurement, we re-run the
photometric fitting process described in Section 3.2.1 for all 341
objects with high-quality redshift measurements, whilst fixing their
redshifts to the spectroscopic values. The stellar mass versus redshift
distribution for the EXCELS sample derived in this way is shown in
Fig. 2.

4.3 Spectrophotometric fitting

4.3.1 Bagpipes fitting

For our 4 EXCELS ultra-massive quiescent galaxies at3 < z < S we
perform full spectral fitting on our spectroscopic data, in combination
with the available HST+JWST photometry, again using the BAGPIPES
code. The model configuration includes all the same components
described in Section 3.2.1 for fitting our photometric catalogue,
with some additions that are necessary due to the inclusion of
spectroscopic data. A full list of fitted model parameters and their
associated priors is given in Table 2.

We first restrict our spectroscopic data to rest-frame wavelengths
3540-7350 A for the purpose of full spectral fitting. This is the
wavelength range spanned by the MILES library in the Bruzual
& Charlot (2003) models, with the models available outside this
range being of lower spectral resolution. This wavelength range
contains all of the key age-sensitive features necessary to constrain
the SFH.

We include a multiplicative high-order Chebyshev polynomial
in our model for our spectroscopic data, to account for both slit
losses and any imperfections in spectrophotometric calibration (e.g.
Cappellari 2017). This polynomial is optimized analytically at each
step in the posterior sampling process (e.g. Johnson et al. 2021). We
include one polynomial order per 100 A of rest-frame wavelength
coverage. This is often taken as a rule of thumb, as it allows
reasonable flexibility to calibrate the spectroscopic data to the
available photometry without allowing the polynomial to reproduce
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individual emission and absorption features in galaxy spectra (e.g.
Conroy & van Dokkum 2012; Conroy, Graves & van Dokkum 2014).

This results in a 38th order polynomial for these data. However
we have also experimented with higher (76th) and lower (10th, 19th)
orders, as well as a low (2nd) order polynomial with full Bayesian
optimization of each coefficient (as used in our previous work; e.g.
Carnall et al. 2023c) to verify that this choice does not significantly
affect our results. As we have access to high-SNR PRIMER NIRCam
photometry across our full spectroscopic wavelength range (see
Fig. 1), the calibration polynomial is very well constrained. We
typically make only minor relative modifications to the calibration
of the spectra as a function of wavelength, typically at the £5 per
cent level. We observe that, following the application of our fitted
polynomial, the integrated fluxes across the relevant wavelength
ranges in our spectra are well-matched with the corresponding
photometry.

We also include a Gaussian convolution of our model spectrum to
account for the effects of velocity dispersion in our target galaxies.
We assign this a width, o, which we allow to vary between 50 and 500
km s~! with a logarithmic prior. We finally include a multiplicative
factor on the error spectrum for our spectroscopic data to account
for potentially underestimated uncertainties (e.g. see Maseda et al.
2023),% which we allow to vary from a = 1 — 10 with a logarithmic
prior.

As discussed in Section 5, there is substantial evidence that the
small quantities of residual line emission in our quiescent galaxy
spectra do not come from ongoing star formation (primarily high
[N1]/Hee ratios). BAGPIPES can only model line emission from
ongoing star formation, so we opt to mask the wavelengths of the
[O11] 3727 A line and [N 11]-He complex from our fits. We do not
observe [O111] 4959,5007 A emission in any of our spectra, and so
we do not mask the wavelengths of these lines. We do however also
mask the Na15890 /f\, 5896 A absorption feature, as this is known to
have a strong interstellar medium (ISM) component, which is also
not accounted for by BAGPIPES.

Whilst we do still include the BAGPIPES nebular component in our
fits for consistency, the lack of ongoing star formation in our high-
redshift quiescent galaxies and the masking of our spectra discussed
above mean that the nebular model makes a negligible contribution
to the model spectra. We hence do not allow the free parameters
of the nebular model to vary in our final run, opting to fix them
to representative values for simplicity. The ionization parameter is
fixed to log o(U) = —3, and the nebular metallicity is constrained to
mirror the same value as the stellar metallicity.

We additionally tested fitting these spectra whilst including the
AGN component introduced in Carnall et al. (2023a), which was nec-
essary to obtain a good fit to the spectrum of the z = 4.658 massive
quiescent galaxy, GS-9209, reported in that work. However, none of
our new high-redshift quiescent galaxies require this component to
obtain a good fit, with the sampler returning the highest probabilities
when the normalization of the AGN component is negligibly small.
We therefore remove this component from our final analysis.

To sample the posterior for our joint spectroscopic + photo-
metric fits, we employed the NAUTILUS code (Lange 2023), now
implemented within BAGPIPES, which we find to be substantially
more efficient than MULTINEST for this problem, whilst producing
indistinguishable results.

3see also https://github.com/spacetelescope/jwst/issues/7362

MNRAS 534, 325-348 (2024)

202 19900 #0 U0 188NB Aq 229G/ L/SZE/L/7EG/RIOIE/SEIUW/WOD dNO"OILUSPEDE//:SARY WO} PAPEOJUMOC


https://github.com/spacetelescope/jwst/issues/7362

332 A.C. Carnall et al.

G395M
G235M | —
o1
G140M | I I | | | ot
° . Star-forming e
iR T
. : ’ 4 ST F..O.*I ¢
) %
= 1] -,,.,h.t& o‘, ﬂ¥, # ]
* ° #, ® *.’ ° +’ +.
% 9 0% "I:¢ §+ .tna 8o® t ;* *t ; ?
= R T ¢ .
2 LR L IR U é ob?l 09 ¢ ¢
= ’ 88 &4 R
= ¢ . ° :.# ) o +, # +
8r .j. é A o _
)
[ 1 2 3 1 5 6 7 s 9

EXCELS Spectroscopic Redshift

Figure 2. Stellar mass versus redshift distribution for the 341 out of 401 EXCELS galaxies that could be assigned secure (flag 3, 4, or 9) spectroscopic redshifts
(see Section 4.2). Stellar masses were measured by repeating the photometric fitting analysis described in Section 3.2.1 with redshifts fixed to the values derived
from the EXCELS spectra. The EXCELS sample has been split into quiescent galaxies (red squares), star-forming galaxies (blue large circles), and filler galaxies
(green small circles). The selection of these subsamples is described in Section 3. The bars at the top show the redshift ranges over which key spectral features
are visible in the three medium-resolution gratings used. A full list of EXCELS galaxy IDs, coordinates, spectroscopic redshifts, and their associated quality

flags is given in Table 1.

Table 2. The 11 free parameters of the BAGPIPES model we fit to our spectroscopic+photometric data for our four ultra-massive quiescent galaxies, along with
their associated prior distributions. The model is described in Section 4.3.1 and the fits to the data are shown in Fig. 3. The upper limit on 7, #ybs, is the age of
the Universe as a function of redshift. Logarithmic priors are all applied in base ten.

Component Parameter Symbol/Unit Range Prior Hyperparameters
General Redshift z (zspec — 0.05, zgpec + 0.05) Gaussian M= Zspec o =0.01

Stellar velocity dispersion o/kms~! (50, 500) Logarithmic - -

SFH Total stellar mass formed M, | Mg (1, 10‘3) Logarithmic - -

Stellar metallicity Zy | Zo (0.00355, 3.55) Logarithmic - -

Double-power-law falling slope o (0.1, 1000) Logarithmic - -

Double-power-law rising slope B (0.1, 1000) Logarithmic - -

Double-power-law turnover time /Gyr (0.1, tops) Uniform - -

Dust V —band attenuation Ay/mag 0, 4) Uniform - -
Deviation from Calzetti slope ) (—0.3,0.3) Gaussian nw=0 o =0.1

Strength of 2175 A bump B 0,5) Uniform - -

Noise White noise scaling a (0.1, 10) logarithmic  — -

4.3.2 ALF fitting

As will be discussed in Section 5.3, for one of our galaxies, ZF-
UDS-7329, we measure an age of > 1 Gyr by the process described
in Section 4.3.1. This places it in the regime for which individual
elemental abundances can be measured with the absorption line fitter
(ALF; Conroy & van Dokkum 2012; Conroy et al. 2018) code. We
hence run ALF for this object only, in order to supplement the stellar
metallicities returned by BAGPIPES assuming a fixed, scaled-Solar
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abundance pattern (see Section 5.1.2). The key aim of this analysis
is to constrain the level of @« —enhancement in this galaxy.

The ALF code makes use of the MILES (Sénchez-Blazquez et al.
2006) and extended IRTF (Villaume et al. 2017) stellar spectral
libraries, as well as the MIST isochrones (Choi et al. 2016). We
run ALF in ‘simple’ mode, which includes 13 free parameters. These
are redshift, stellar age (a single-burst SFH model is assumed),
total stellar metallicity Z,, stellar velocity dispersion, and separate
abundances for nine elements including Mg and Fe.
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We fit the same rest-frame wavelength intervals described in
Conroy et al. (2014), from 0.40-0.64 um and from 0.80-0.88 pm,
additionally masking the potentially ISM contaminated NaT feature,
as discussed in Section 4.3.1. We place an upper limit on the age of
the galaxy at 2 Gyr, which is approximately the age of the Universe
at the spectroscopic redshift of z = 3.2 we measure for this galaxy.

4.4 Size measurement

To measure the physical sizes of our ultra-massive quiescent galaxies,
we make use of the PETROFIT code (Geda et al. 2022), which, in
combination with ASTROPY (Astropy Collaboration 2022), can be
used to model to the observed light distributions of galaxies using
Sérsic profiles. We fit these models to the data using the MULTINEST
algorithm.

We fit the light distributions of these galaxies in the PRIMER
NIRCam F277W-band data. This is equivalent to rest-frame A =~
50006000 A, just above the Balmer break, and was chosen in order
to maximize the SNR with which these objects are detected (they are
much fainter bluewards of the Balmer break), whilst retaining the
highest possible spatial resolution.

We convolve our Sérsic models with an empirical PSF, determined
by stacking bright stars in the field. We fit a 100 x 100 pixel
cutout image for each galaxy at the 0.03 arcsec pixel scale of our
mosaic images, whilst manually masking any nearby galaxies. We
fit for eight free parameters: the effective radius r,, Sérsic index, n,
normalization, ellipticity, e, position angle, x and y centroids of the
Sérsic profile, as well as the position angle of the PSF. For Sérsic
index we allow values from 0.5 — 10 with a uniform prior.

As discussed in Section 5.1.3, we have also repeated our analysis
on the PRIMER F356W-band imaging, obtaining similar results. We
have also repeated this analysis using the GALFIT code (Peng et al.
2010), obtaining results consistent to within 10 per cent.

5 RESULTS

The JWST EXCELS data set provides a wide range of opportunities
for studying the formation and evolution of galaxies from cosmic
noon back to the first billion years. Having presented both our
selection process and the basic demographic properties of the sample
in Sections 3 and 4 (see Table 1 and Fig. 2), we will move on to
exploit this data set, beginning in this work and continuing in a series
of upcoming papers (e.g. Cullen et al., in preparation).

In this section, we present the first set of headline results from
EXCELS: the physical properties of the four quiescent galaxies we
have observed at 3 < z < 5 for which we derive stellar masses of
logio(M,/Mg) > 11 (see Fig. 2). The SEDs of these galaxies from
our PRIMER photometric catalogue (see Section 3.2) are shown in
Fig. 1, and their EXCELS spectra are shown in Fig. 3.

We consider this subsample in particular as these galaxies are the
most likely to present a problem (by being too early and too massive)
for current galaxy formation models and/or A-CDM cosmology.
We focus on this issue in this paper, before moving on to a more
comprehensive analysis of the whole EXCELS z > 3 quiescent
sample in a follow-up paper.

The EXCELS IDs of these four objects in Table 1 are 117560,
109760, 50789, and 55410. However, the latter two galaxies have
been discussed extensively in several recent papers (Schreiber et al.
2018; Glazebrook et al. 2024; Nanayakkara et al. 2024), and so, to
avoid confusion, for the remainder of this paper we adopt the naming
conventions used in these works: ZF-UDS-6496 and ZF-UDS-7329,
respectively.
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We summarize the key physical parameters we infer for these
4 galaxies in Table 3. We discuss these inferred properties in this
section, before moving on in Section 6 to discuss whether the SFHs
we infer for these most-massive objects place them in tension with
the A-CDM halo-mass function.

5.1 A pair of massive quiescent galaxies at z = 4.62

The spectra of the two highest redshift massive quiescent galaxies
observed as part of EXCELS are shown in the top two panels of Fig. 1.
PRIMER-EXCELS-117560 (top panel) was selected as a robust
candidate (> 95 per cent chance of being at z > 2 and quiescent) by
the process described in Section 3.2.1. This galaxy was also selected
as a non-robust candidate (50-95 per cent chance of being at z > 2
and quiescent) in our earlier pre-/WST work (Carnall et al. 2020)
based on the Galametz et al. (2013) catalogue, as well as having
been selected independently by Merlin et al. (2019).

PRIMER-EXCELS-109760 (second panel) was selected as a non-
robust candidate (with 86 per cent probability of being at z > 2 and
quiescent) based on the PRIMER NIRCam data, having previously
been classified as star-forming (< 50 per cent chance) in our earlier
pre-JWST analysis.

Both of the spectra for these objects exhibit a forest of extremely
deep Balmer absorption features. This is consistent with the spectra
of A-type stars, and typical of post-starburst galaxies that have
shut down star formation within the past few hundred Myr (e.g.
D’Eugenio et al. 2020; Wild et al. 2020; Werle et al. 2022; Wu et al.
2023; Leung et al. 2024). As expected based upon this, the SFRs we
derive from our full-spectral-fitting analysis (see Table 3) place these
galaxies well below the sSFR < 0.2/f(z) threshold we use to define
quiescence (see Section 3.2.1).

Interestingly, despite a general lack of line emission, both spectra
do exhibit weak [N1]—Ha complexes, with PRIMER-EXCELS-
117560 also exhibiting trace amounts of [O11] 3727 A emission
(see Fig. 3). For both galaxies, [N1I] 6548,6583 A is significantly
stronger than Ho. Line emission excited via irradiation of gas by
young massive stars is associated with [N I]/He ratios significantly
less than 1. Higher [N1J/Ho ratios are typically associated with
alternative excitation mechanisms such as AGN and shocks (e.g.
Kewley et al. 2006), or post-Asymptotic Giant Branch stars (post-
AGB; e.g. Binette et al. 1994; Belfiore et al. 2016).

This is similar to the signature observed in GS-9209 (Carnall
et al. 2023a), though neither of these new objects exhibits the same
broad Ho emission component as GS-9209, a clear indication of
the presence of an AGN. Similarly elevated [N 11]/Ho ratios are also
common in the spectra of massive quiescent galaxies at the cosmic
noon epoch (e.g. Belli et al. 2017; Newman et al. 2018a).

It is also interesting to note that PRIMER-EXCELS-109760
exhibits extremely deep NaI 5890 A, 5896 A (Na D) absorption,
evidence for cool gas in the interstellar medium (e.g. Belli et al. 2024).
Interestingly, this is also the galaxy in our sample with the highest
continuum dust attenuation (as measured by Ay ; see Table 3), which
is known to be correlated with the Na D feature (e.g. Roberts-Borsani
& Saintonge 2019). There is however no clear evidence that this
feature is blueshifted, which would indicate the gas is outflowing, as
has been observed in young quiescent galaxies at lower redshift (e.g.
Maltby et al. 2019) and recently at z = 4 (Wu 2024). Unfortunately,
the Mg 11 2800 A ISM absorption feature falls in the NIRSpec chip
gap for this object. In future work, we will investigate in detail the
line emission and ISM absorption features in the EXCELS quiescent
spectra, to assess any potential evidence for ongoing AGN activity.

MNRAS 534, 325-348 (2024)
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Figure 3. JWST EXCELS NIRSpec observations of our four ultra-massive quiescent galaxies at 3 < z < 5: zoom in on the rest-frame 3540-7350 A region
included in our BAGPIPES full-spectral-fitting analysis (see Section 4.3.1). The spectroscopic data are shown in blue, with PRIMER NIRCam photometry shown
as red points. The posterior-median fitted BAGPIPES models are shown with black lines. The vertical blue shaded regions were masked from the fits. The spectra
and our full-spectral-fitting results are described in Section 5.
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Table 3. Derived parameters for our four EXCELS ultra-massive quiescent galaxies from the BAGPIPES full-spectral-fitting analysis described in Section 4.3.1,
as well as the morphological analysis described in Section 4.4. The definitions of the parameters in our full-spectral-fitting analysis are given in Table 2. We also
include the results we derived for GS-9209 in Carnall et al. (2023c). Parameters derived from our BAGPIPES full spectral fitting analysis are defined in Table 2.

Morphological parameters were measured from F277W-band imaging.

Object ID PRIMER-EXCELS—117560 PRIMER-EXCELS—109760 ~ ZF-UDS—6496 ZF-UDS-7329 GS-9209
Redshift 4.6194 % 0.0003 4.6227 £ 0.0003 3.9884 £0.0003  3.1943£0.0003  4.6582 £ 0.0002
logi0(M./Mg) 11.00 £ 0.02 11.01 £ 0.03 11.01 £0.02 11.14 £0.03 10.58 £0.02
SFR/Mg, yr~! Otg,oom 0f8‘004 01“8'00000' 0.6403 Otg,oooom
log10(Z+/Z) 0.3575:%8 —0.4110:%¢ 0.3210:94 0.3575:07 —0.9610:0
torm/Gyr 0.65 £ 0.05 0.51 £0.05 1.01 £0.03 0.41+0.13 0.76 £ 0.03
Zform 7.8+0.5 9.440.7 5.6+0.1 11.2%31 6.9£0.2
Zquench 7.1£0.8 6.74+0.9 54402 6.3715 6.5702
Ay 0.38 £ 0.06 0.84 £0.09 0.49 £0.05 0.23 £0.07 0.02 £0.02
a 1.61 £0.03 1.57 £0.04 1.57 +£0.04 1.55+£0.04 1.71 £0.03
o /kms™! 360 £ 20 140 £ 10 370 £ 10 250 £20 250 £ 20
relpc 610+ 10 310+ 10 730 + 10 910 + 10 220 +20
n 47+0.1 51£02 3.7+£02 25+0.1 23£0.3
e 0.63 +0.01 0.32£0.01 0.50 +0.01 0.77 £ 0.01 0.58 £ 0.01
logio(Zefr / Mo kpe™2) 10.63 £ 0.03 11.23 £0.04 10.49 £ 0.03 10.42 +£0.04 11.1£0.1
log10(Mayn,eit / Mo) 10.86 = 0.05 9.71£0.07 10.71 +0.02 10.94 £ 0.07 10.3£0.1

It is also interesting to note from Table 3 that we obtain consistent
values for our spectroscopic errorbar expansion parameter, a >~ 1.6,
for all four of our galaxies. This is in good agreement with the
correction factor derived by others (e.g. Maseda et al. 2023).

We finally note that PRIMER MIRI photometry is available for
both of these galaxies, and we show the F770W fluxes (measured as
described in Section 3.2) in Fig. 1, along with our HST4+NIRCam
photometry and the posterior median models fitted to these data in
Section 4.2. The MIRI photometry (which probes rest-frame A ~
1.4 um for these galaxies) can be seen to be in good agreement with
the predictions of our fitted models.

5.1.1 Star-formation histories

In addition to our spectroscopic data, in Fig. 3 we also show our
posterior median BAGPIPES models, which were fitted to our data
by the process described in Section 4.3.1. We report the precise
redshifts and stellar masses that we obtain via our full-spectral-fitting
methodology in Table 3. Both z = 4.62 galaxies have almost identical
stellar masses of logo(M,/Mg) =~ 11. The SFHs we recover via our
full-spectral-fitting methodology are shown in Fig. 4. We also show
the SFH derived for GS-9209 in Carnall et al. (2023c¢). It can be seen
that both of our new z = 4.62 galaxies are older than GS-9209 (as
well as being substantially more massive), with both also exhibiting
more-extended SFHs.

We define the time of formation, f¢y,, as the time after the
Big Bang at which the 50th percentile of the stellar mass in each
galaxy formed. For these two galaxies atlog;o(M,/Mg) =~ 11, this is
equivalent to the time at which they reached logo(M,/Mg) =~ 10.7.
Using this definition, for PRIMER-EXCELS-117560 we measure
torm = 0.65 X 0.05Gyr, equivalent to a formation redshift of
Ztorm = 7.8 % 0.5. For PRIMER-EXCELS-109760, we measure an
earlier tror, = 0.51 £ 0.05 Gyr, equivalent to a formation redshift
of Zform = 9.4 £ 0.7.

We also define the time of quenching, #quench, as the time after the
Big Bang at which the galaxy first satisfied the sSFR < 0.2/ty4(z)
criterion set out in Section 3.2.1. For PRIMER-EXCELS-117560 we
measure fquench = 0.74 £ 0.10 Gyr, equivalent to a quenching
redshift of zguensn = 7.1 £ 0.8. As can be seen from Fig. 4,
for PRIMER-EXCELS-109760 we measure a slightly later time of

quenching, fquencn = 0.80 & 0.13 Gyr, equivalent to a quenching
redshift of zZguench = 6.7 £ 0.9.

It should be noted that the simple parametric double-power-law
prior we use to model the SFHs of these galaxies does not contain any
physical information about the likelihood of extremely early galaxy
formation (see Section 6.5). As can be seen in Fig. 4, the spectrum
of PRIMER-EXCELS-109760 is consistent with significant star
formation having taken place very early, at z 2> 12. It is however
critical to note that this is not required to explain the data. Little to
no star formation before z = 11 can also be seen to be consistent with
the data at the 1o level. This will be discussed further in Section 6.

5.1.2 Stellar metallicities

Meaningfully measuring the stellar metallicities of high-redshift
quiescent galaxies is very challenging. This is because such objects
contain relatively young stellar populations (typically < 1Gyr),
which exhibit only weak metal absorption features compared with
older stellar populations. Another significant issue is that these
galaxies are expected to be highly o—enhanced (e.g. Kriek et al.
2016; Carnall et al. 2022; Beverage et al. 2024b). However, well
established, thoroughly tested, empirical « —enhanced stellar popu-
lation models are not currently available for ages below 1 Gyr.

In the absence of such models, we have used the 2016 updated
version of the Bruzual & Charlot (2003) models, which assume
scaled-Solar abundances (i.e. all elemental abundances are multi-
plied by the same factor with respect to their Solar abundance).
In this work, we report the scaled-Solar abundances returned by
BAGPIPES using the Bruzual & Charlot (2003) models, whilst cau-
tioning that their interpretation is less than fully clear given the
expected o —enhancement of our target galaxies. In future work, we
will explore extending our analysis to include recently published
a—enhanced stellar-population models (e.g. Knowles et al. 2021;
Byrne et al. 2022; Knowles et al. 2023).

For PRIMER-EXCELS-117560, our full-spectral-fitting analysis
returns a stellar metallicity of logjo(Z./Zo) = 0.35700%. In marked
contrast to this, we recover a significantly lower stellar metallicity
for PRIMER-EXCELS-109760 of log(Z,/Ze) = —0.417335. This
slightly puzzling result appears to be qualitatively well supported
by a simple visual inspection of the two spectra in Fig. 3. Both
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Figure 4. Star-formation histories for our four ultra-massive quiescent galaxies at 3 < z < 5 from full spectral fitting. To the left the SFR as a function of
time is shown, whereas to the right the total mass in stars as a function of time is shown. Results for GS-9209 (Carnall et al. 2023c) at z = 4.658, which
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log10(M+/Mg) < 9 are within the 1o contour at z = 12. The right panel therefore indicates we have virtually no constraint on the stellar mass of this galaxy

before z >~ 10.

spectra exhibit the extremely deep Balmer absorption lines asso-
ciated with ~ 500 Myr old stellar populations, however PRIMER-
EXCELS-117560 exhibits a much stronger 4000 A break (D,4000 =
1.29 £0.01 for PRIMER-EXCELS-117569, whereas D, 4000 =
1.21 +£0.02 for PRIMER-EXCELS-109760). Whilst the 4000 A
break is often used as an age indicator, it also has a well-known
secondary dependence on stellar metallicity (e.g. Beverage et al.
2021). The Mg triplet feature at 5170 A is also far more pronounced
in the spectrum of PRIMER-EXCELS-117560. Regardless of the
precision of these measurements in the absence of o—enhanced
models, it seems clear that these two galaxies exhibit very different
stellar metallicities.

Our result for PRIMER-EXCELS-117560 is broadly consistent
with the stellar metallicities reported by Beverage et al. (2024b) for
Heavy Metal survey (Kriek et al. 2024) massive quiescent galaxies
at z ~ 1.4 and z ~~ 2.1, and we also obtain very similar results for
ZF-UDS-6496 and ZF-UDS-7329. The metallicity for PRIMER-
EXCELS-109760 is much lower, though much more consistent with
the low metallicity we measured for GS-9209 in Carnall et al.
(2023c¢).

Whilst unexpected, this result is not without precedent, given that
ultra-massive quiescent galaxies at z >~ 2 have also been reported to
exhibit a broad spread in stellar metallicity (e.g. Kriek et al. 2016;
Jafariyazani et al. 2020). This result hints at significantly different
evolutionary pathways for our two galaxies, despite their sharing
several of the same basic properties (e.g. stellar mass) and having
formed in relatively close proximity (see Section 5.1.5). A potential
explanation would be that PRIMER-EXCELS-109760 and GS-9209
are the product of recent mergers, meaning their stars formed in
shallower potential wells, hence losing more of their metals to more-
efficient outflows of enriched gas.

MNRAS 534, 325-348 (2024)

5.1.3 Physical sizes

We show PRIMER F277W cutout images for our two z = 4.62
massive quiescent galaxies in Fig. 5. We measure effective radii,
r., and Sérsic indices, n, following the process described in Sec-
tion 4.4. For PRIMER-EXCELS-117560, we obtain r, = 610 + 10
pc and n = 4.7 £0.1. For PRIMER-EXCELS-109760, we obtain
re =330 £ 10 pc and n = 5.2 £ 0.2. These statistical uncertainties
are extremely small, as is common for galaxy size measurements (e.g.
Ji et al. 2024). To gain some estimate of the systematic uncertainty,
we apply the same fitting process to the F356W band, obtaining
results consistent to within ~ 10 per cent.

These measurements place these galaxies significantly below the
average size-mass relations for lower redshift quiescent galaxies
of the same stellar mass (e.g. ~ 2.5 kpc at z >~ 1.1, or >~ 4 kpc
at z ~ 0.7, Hamadouche et al. 2022). Our results are however
broadly consistent with the >~ 250-800 pc sizes measured for other
photometrically selected z > 4 quiescent galaxies by Ito et al. (2024),
Jietal. (2024), and Wright et al. (2024).

Interestingly, the size of PRIMER-EXCELS-109760 is most
similar to GS-9209, and both of these galaxies are smaller by at
least a factor of 2 than the other three galaxies we analyse in this
work. It is possible that this difference could be in some way linked
with the apparently substantially lower stellar metallicities of these
systems, however our small sample can provide no evidence for this.

We calculate the stellar mass surface density within r, for these
galaxies, obtaining values of log1o(Zes / Mg kpe™2) = 10.63 £ 0.03
and 11.23 £ 0.04 for PRIMER-EXCELS-117560 and 109 760, re-
spectively. This places these objects amongst the most dense stellar
systems in the Universe, and consistent with the inner regions of local
elliptical galaxies (e.g. Hopkins et al. 2010). PRIMER-EXCELS-
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Figure 5. PRIMER F277W cutout images (4 arcsec x 4 arcsec) for our four ultra-massive quiescent galaxies. The positions of the open NIRSpec MSA shutters
in the EXCELS G235M observations are shown in red. The positions shown are for the first of three nod positions. Objects were shifted to the top and then
bottom shutters for equal thirds of the total exposure time. All four objects are extremely compact (r, < 1 kpc). PRIMER-EXCELS-117560 and ZF-UDS-7329
appear significantly elongated, whereas the other two objects appear almost round.

109760 appears to be particularly extreme, with a stellar mass surface
density = 0.5 dex in excess of the other galaxies in our sample, and
even exceeding GS-9209, by ~ 0.1 dex.

5.1.4 Velocity dispersions

As can be seen from our observed spectra shown in Fig. 3, PRIMER-
EXCELS-117560 has a significantly higher velocity dispersion
than PRIMER-EXCELS-109760. After correction for instrumental
dispersion (averaging o ~ 128 km s~') and the intrinsic dispersion
of our stellar models (o0 ~ 70 km s~'), we obtain a stellar velocity
dispersion, o, = 360 & 20 km s~! for PRIMER-EXCELS-117560.
For PRIMER-EXCELS-109760, we measure o, = 140 £+ 10 km s~!
after correction for the above effects. It should be noted however
that this is approaching the velocity resolution of NIRSpec for our
chosen instrument mode. For comparison, in Carnall et al. (2023c)
we measured o, = 250 £ 20 km s~! for GS-9209.

The positions of our NIRSpec MSA slitlets with respect to our
target galaxies are shown in Fig. 5. It can be seen that, whilst
PRIMER-EXCELS-117560 is well centred, in the case of PRIMER-
EXCELS-109760 the slitlet is offset to the side of the galaxy.
This complicates the interpretation of the relatively low o, value
we measure for this galaxy. NIRSpec integral-field unit (IFU)
observations, as have recently been approved for both GS-9209 and
ZF-UDS-7329, would be of great value in clarifying this situation.

For PRIMER-EXCELS-117560, where the slit is well centred,
the result we obtain is in good agreement with previous results for
similar objects at z >~ 3 (Forrest et al. 2022), as well as consistent
with local analogues (e.g. D’Ago et al. 2023; Spiniello et al.
2024). We combine our o, measurement with our effective radius
and Sérsic index measurements from Section 5.1.3 to estimate the
dynamical mass (e.g. see equation 4 of Maltby et al. 2019), obtaining
logio(Mayn/Mg) = 10.86 & 0.05.

This approach assumes that the velocity dispersions we measure
are representative of the central velocity dispersions in these galaxies,
and also assumes that light and mass trace each other well. This
approach also neglects the possibility of rotation in these objects.
The higher resolution IFU data discussed above should open up the
possibility of more-sophisticated dynamical analyses (e.g. van der
Wel et al. 2022).

The stellar mass we infer within 7, is log;o(M./Mg) = 10.70 £
0.02, meaning that our dynamical mass is fairly consistent with our

measured stellar mass at the ~ 20 level. This suggests both that
our stellar-mass measurement is reasonable (i.e. not higher than the
dynamical mass), and that the central region of the galaxy is stellar
dominated.

For PRIMER-EXCELS-109760, our size and velocity dis-
persion measurements suggest a dynamical mass within r, of
logi10(Mgyn/Mp) = 9.71 £ 0.07, substantially smaller than our mea-
sured stellar mass. One possible explanation for this, aside from the
caveats listed above, would be that this is a disc galaxy observed
face-on. This is consistent with our low measured ellipticity for this
galaxy, e = 0.32 £ 0.01, the smallest value of the galaxies in our
sample.

5.1.5 Physical proximity and companion objects

Given the redshifts we measure for these two galaxies from our full-
spectral-fitting analysis, we calculate that they have a velocity offset
of 170 & 20 km s~!. Given their redshift and separation on the sky, we
calculate a physical separation of 860 pkpc perpendicular to our line
of sight. We have also serendipitously observed, as part of EXCELS,
four other nearby star-forming galaxies (within >~ 1 pMpc) at almost
exactly the same redshift. The positions and redshifts of these objects
are given in Table 1, where they have IDs 109269, 109360, 112 152,
and 117855. In addition, we also identify a further star-forming
galaxy in close proximity that was not targeted by EXCELS, but
which has a VANDELS spectroscopic redshift of z = 4.627. The
spatial distribution of spectroscopically confirmed z = 4.62 objects
within 2~ 1 pMpc of our two massive quiescent galaxies is shown in
Fig. 6.

Furthermore, the only z > 4 PRIMER UDS quiescent candidate
identified in Section 3.2.1 that was not observed as part of EXCELS
is also < 1 pMpc from PRIMER-EXCELS-117560. This object has
an ID of 106450 in the PRIMER UDS catalogue described in
Section 3.2, with a photometric redshift of z =4.74 £0.15 and a
stellar mass of log;o(M./Mg) = 10.12 + 0.04. We assign it a 68
per cent probability of being quiescent. Given that only six such
quiescent candidates at z > 4 were identified across the whole of
PRIMER UDS (including the three shown in Fig. 6), we speculate
that this quiescent candidate is also likely to be associated with the
Zz = 4.62 structure.

Whilst it is very challenging to identify structures using only
photometric redshifts, due to the large intrinsic uncertainties, we do
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Figure 6. A section of PRIMER F356W imaging, showing spectroscopically confirmed galaxies in the structure we report at z >~ 4.62. Red hexagons show
our massive quiescent galaxies. Four further EXCELS star-forming galaxies are shown with blue circles, including close (< 100 kpc) companions for each of
the quiescent galaxies. A single VANDELS star-forming galaxy at this redshift is also shown with a yellow diamond. The white arrow shows a proper distance
of 1 Mpc at z = 4.62. We finally show, with a green square, a z = 4.74 & 0.15 quiescent galaxy candidate, photometrically selected from PRIMER by the same
process used to select our two spectroscopically confirmed massive quiescent galaxies (see Section 3.2.1). As there are only six such z > 4 quiescent candidates
across the whole of PRIMER UDS, including the three shown here, we speculate that this galaxy is also likely to be associated with the z = 4.62 structure.

observe a peak in the photometric redshift histogram for our PRIMER
UDS catalogue at z >~ 4.4 — 4.8. This suggests that a significant
number of further galaxies are likely to also be associated with
this structure, in addition to the seven spectroscopically confirmed
members.

The five star-forming galaxies in the structure have stellar masses
in the range logo(M../Mg) =~ 9.0-9.8, approximately 1 — 5 per cent
of the masses of the quiescent galaxies. Two of these low-mass
star-forming galaxies are each close companions of the massive
quiescent galaxies (117855 is 94 pkpc from 117560 and 109 360
is 33 pkpc from 109760). This suggests that the growth of massive
quiescent galaxies via minor mergers, well known at lower redshift
(e.g. McLure et al. 2013; Hamadouche et al. 2022; Suess et al. 2023),
is already beginning to act on these galaxies by z = 4.62.

Assuming that our z = 4.62 quiescent galaxies are moving towards
each other at a conservative fiducial relative velocity of >~ 100 km
s~! perpendicular to our line of sight, the time-scale for crossing this
distance is < 10 Gyr. It therefore seems plausible that these objects
willinteract by z = 0, potentially undergoing a major-merger event to
become one of the most massive galaxies in the present-day Universe.

In the local Universe, a large majority of the most massive
quiescent galaxies (logjo(M,/Mg) 2 11.5) are slow rotators (e.g.
Emsellem et al. 2007, 2011), whereas lower mass quiescent galaxies
are predominantly fast rotating. This has been explained as a
consequence of the most massive galaxies forming via major mergers
between predominantly gas-poor galaxies (Khochfar & Burkert
2003; Khochfar et al. 2011), whereas fast rotators experienced
fewer major mergers and accreted a lower fraction of their mass.
More-recent work supports this picture, with ultra-massive quiescent
galaxies at z >~ 2 — 3 having been found to be fast rotating (e.g. Toft
et al. 2017; Newman et al. 2018b; D’Eugenio et al. 2023).

MNRAS 534, 325-348 (2024)

Assuming our two z = 4.62 quiescent galaxies have not yet been
involved in major mergers, and are therefore fast rotators, a future
major merger between them at some point between cosmic noon and
the present day, resulting in a slow-rotating galaxy, would be fully
consistent with this picture.

5.2 ZF-UDS-6496: an extreme PSB at z = 3.99

The third panel in Fig. 3 shows ZF-UDS-6496 (PRIMER-EXCELS-
50789), which was selected from our PRIMER catalogue in Sec-
tion 3.2.1 with a 99.98 per cent chance of being at z > 2 and
quiescent. This galaxy met virtually all of the criteria to be included
in our pre-JWST analysis in Carnall et al. (2020), however it was
removed due to our reduced chi-squared cut (this galaxy was also
noted to be fitted with a relatively high chi-squared value by Schreiber
et al. 2018).

This galaxy was first spectroscopically observed with
Keck/MOSFIRE by Schreiber et al. (2018), who reported a non-
detection, from which they inferred a lack of strong emission
lines suggesting this galaxy was in fact quiescent. Spectroscopic
confirmation was eventually provided by Nanayakkara et al. (2024)
using the JWST NIRSpec prism.

In our medium-resolution data, this galaxy exhibits a very extreme
PSB spectral shape, with deep and broad Balmer absorption lines. A
summary of the physical properties we infer for this galaxy is given
in Table 3. We again infer a mass of log;o(M,/Mg) > 11 for this
galaxy, as well as a very similar, relatively high stellar metallicity to
PRIMER-EXCELS-117560 of log o(Z./Zs) = 0.3270%04.

The SFH we infer for this galaxy is shown in Fig. 4. It can be seen
that ZF-UDS-6496 is by far the youngest galaxy in our sample,
having formed in an extremely intense, brief starburst event at

202 19900 #0 U0 188NB Aq 229G/ L/SZE/L/7EG/RIOIE/SEIUW/WOD dNO"OILUSPEDE//:SARY WO} PAPEOJUMOC



z = 5.5. This is slightly younger than the zgm = 6.1 reported for this
object by Nanayakkara et al. (2024) based on their prism spectrum.
We infer a peak SFR during this starburst event of >~ 1000 Mg
yr~!, similar to the result obtained by D’Eugenio et al. (2021), and
comparable with the most extreme submillimetre galaxies at these
redshifts (e.g. Michatowski et al. 2017).

In the PRIMER F277W cutout image shown in Fig. 5, this object
appears fairly rounded and is well centred within our NIRSpec MSA
slitlet. It also appears to have a very close, faint companion object,
though unfortunately this is outside of our MSA slitlet. From this
F277W image, we measure an effective radius for ZF-UDS-6496
of r, =730 £ 10 pc. The corrected stellar velocity dispersion we
infer from our full spectral fitting is o, = 370 & 10 km s~!, and we
combine these measurements to infer a dynamical mass within r,
of logio(Mayn/Mg) = 11.07 & 0.04. This can be compared with our
inferred stellar mass within r, of log;o(M,/Mg) = 10.71 £ 0.02,
suggesting that, for this galaxy >~ 40-50 per cent of the mass within
r, is in the form of stars.

5.3 ZF-UDS-7329: a fossilized galaxy at z = 3.19

The final galaxy in our sample, shown in the bottom panel of
Fig. 3, is ZF-UDS-7329 (PRIMER-EXCELS-55410). This object
was selected from our PRIMER catalogue with a 99.94 per cent
chance of being z > 2 and quiescent, having been selected as a non-
robust candidate in our earlier, pre-JWST analysis. We summarize
the physical properties we derive for this galaxy from EXCELS and
PRIMER in Table 3.

This galaxy was also observed with Keck/MOSFIRE by Schreiber
et al. (2018), with continuum flux detected but no clear features
from which to measure a spectroscopic redshift. Spectroscopic con-
firmation was reported by Nanayakkara et al. (2024) from NIRSpec
prism data, with this galaxy then being analysed in more detail by
Glazebrook et al. (2024), as discussed in Section 1.

As can be seen from Figs 1 and 3, this galaxy has a significantly
redder spectral shape than the other three objects in our sample.
This is largely due to its significantly older stellar population, as this
object is at a much lower redshift whilst still having formed very
early on in cosmic history.

We derive a stellar mass of log;o(M./Mg) = 11.14 +0.03 for
this object, slightly lower than (but consistent with) the value of
log1o(M./Mg) = 11.26J_r8:[1)2 reported by Glazebrook et al. (2024).
The SFH we derive for this galaxy from full spectral fitting of our
EXCELS data is shown in Fig. 4. We derive a formation redshift of
Zform = 11.23:} for this galaxy, which again is consistent with the
value of Zgorm = 10.4f§:2 reported by Glazebrook et al. (2024).

We do however find that, whilst this galaxy formed the bulk of its
stellar mass very early, it also had a much more extended formation
epoch than the other three galaxies in our sample, continuing to form
stars through most of the first billion years of cosmic history, before
quenching at Zguench = 6.3713 (however see Section 6.5 for potential
caveats to this).

We also derive a stellar metallicity, log;o(Z./Ze) = 0.351’8:8;,
very similar to the values we derive for PRIMER-EXCELS-117560
and ZF-UDS-6496. Because this galaxy is so old, we are also
able to fit its observed spectrum with the ALF code to constrain
individual elemental abundances, in particular the « —enhancement
(see Section 4.3.2). Using ALF, we measure [Fe/H] = —0. 10t8;}3 and
[Mg/Fe] = 0.42%0-}5. These abundances are commonly converted
to a total metallicity assuming log;o(Z./Z¢) = [Z/H] = [Fe/H] +
0.94 x[Mg/Fe] (e.g. Thomas, Maraston & Bender 2003; Kriek et al.
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2019). Following this, we obtain log o(Z./Zo) = 0.307( 1% with ALF,
in good agreement with the result we have obtained with BAGPIPES.

Our measured o—enhancement is consistent with the
a—enhancements inferred for the most massive quiescent galaxies at
z >~ 2. For example, Kriek et al. (2016) find [Mg/Fe] = 0.31 £ 0.12
and Jafariyazani et al. (2020) find [Mg/Fe] = 0.51 £ 0.05. We further
discuss the results of our ALF fitting for this object in Appendix A.

As well as being the most-massive galaxy in our sample, it is
also the largest, with r, = 910 £ 10 pc. It can also be seen from
Fig. 5 that this object is significantly elongated, which could suggest
a disc-like morphology. We derive a stellar velocity dispersion of
0, = 2504+ 20km s~! for this galaxy, which we combine with
our 7, and n measurements to derive a dynamical mass within r,
of logio(Mgyn/Mg) = 10.94 £0.07. The stellar mass we measure
within r, is log;o(M,/Mg) = 10.84 = 0.03, suggesting that, as with
PRIMER-EXCELS-117560, the inner region of this galaxy is stellar
dominated.

Overall, our analysis of the higher resolution EXCELS spectro-
scopic data broadly supports the physical properties derived for this
galaxy by Nanayakkara et al. (2024) and Glazebrook et al. (2024)
using lower resolution NIRSpec prism data. We now move on in
Section 6 to consider their claim that the SFH of this galaxy is
inconsistent with the A-CDM halo-mass function.

6 DISCUSSION

The A-CDM cosmological model places an upper limit on the
number density of massive galaxies as a function of cosmic time.
This is because the number density of sufficiently massive halos
must be high enough to accommodate the massive galaxies that exist
at a certain redshift (e.g. Behroozi & Silk 2018; Wechsler & Tinker
2018). Whilst this basic concept is fairly straightforward, in practice
making a robust comparison between galaxy stellar masses and the
likely masses of available dark matter halos in a certain volume is
very challenging, due to the effects of cosmic variance, stochastic
sampling of the halo-mass and galaxy-stellar-mass functions, and the
limited volumes of observational surveys and simulations.

A common approach taken by observers is to consider a galaxy
(or a grouping of galaxies) with a (typically large) observed stellar
mass, as well as the number density for galaxies of this kind implied
by the survey volume from which it was selected. Such comparisons
often take this number density and convert it into a value of the halo
mass for the galaxy, M}, using single fixed parametrization of the
halo-mass function.

The halo mass can then be multiplied by the cosmic baryon fraction
(f» = 0.16), and then a further factor, the stellar fraction, f, (often
also denoted as ¢€), describing the fraction of the available baryons
that have been converted into stars. This gives an implied stellar mass
for the galaxy, or, if assuming f. = 1, an upper limit on the stellar
mass allowed by A-CDM. This corresponds to the case in which all
baryons available to the galaxy have been converted into stars. If the
observed galaxy stellar mass is larger than this limit, the galaxy comes
under suspicion as being in tension with A-CDM (often referred to
as the ‘impossibly early galaxy problem’, e.g. Steinhardt et al. 2016).

It should be noted that these limits are insensitive to the stellar
initial mass function (IMF), as they simply assume a certain fraction
of baryons have been converted to stars, whilst remaining agnostic
about the mass distribution of the stars that are formed. The
observational measurements of galaxy stellar masses against which
these limits are compared are however highly sensitive to the assumed
IMF, with the Salpeter (1955) IMF returning stellar masses a factor
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of ~ 1.7 higher than the more typically assumed Kroupa (2001) or
Chabrier (2003) IMFs. We use the Kroupa (2001) IMF throughout
this paper.

The next step in sophistication is to measure the SFH of an
observed galaxy to constrain its stellar mass at earlier times, and
compare these results against the higher redshift halo-mass function
(e.g. Glazebrook et al. 2017, 2024; de Graaft et al. 2024). This can
be more constraining, as the halo-mass function evolves rapidly with
redshift at early times. This is particularly interesting for quiescent
galaxies, which typically formed their stellar masses a long time
before they are observed, and for which SFHs can be much more
reliably inferred than for star-forming objects.

6.1 The extreme value statistics approach

These kinds of comparisons however do not account for several
of the subtleties listed above. In an effort to construct a more-
robust comparison, we here adopt the extreme value statistics (EVS,
e.g. Harrison & Coles 2011) approach introduced by Lovell et al.
(2023). The EVS approach has several advantages over the approach
described above: it mitigates the problem of characterizing a precise
selection function for population studies, provides a full probability
distribution with upper and lower limits, and can more easily
accommodate uncertainties in the baryon and stellar fractions.

In simple terms, this approach takes an analytical description of
the halo-mass function and mathematically transforms this into an
exact probability density function (PDF) for the mass of the most-
massive halo in some given volume. In this paper, we employ the
Behroozi, Wechsler & Conroy (2013) halo-mass function, computed
via the HMF package (Murray, Power & Robotham 2013).

Crucially, at high redshift the halo-mass function rapidly increases
with time. This means that over a typical observational survey area,
the most-massive halo is almost guaranteed to be at the low-redshift
end of any specified light cone (see Section 2.1 and appendix A of
Lovell et al. 2023). For example, if one wishes to find the most-
massive halo at z > 4 in the PRIMER UDS area, it is only necessary
to integrate over a small redshiftinterval (e.g. Az = 0.2) abovez = 4,
and the resulting PDF will be almost indistinguishable from the result
that would be obtained by integrating all the way from z =4 to
infinity. This allows the expected mass of the most-massive halo (as
well as e.g. 1o lower and upper limits) to be calculated in relatively
narrow redshift bins, then plotted as a function of redshift (e.g. see
fig. 2 of Lovell et al. 2023).

This probability distribution for the mass of the most-massive
halo can be converted into a probability distribution for the stellar
mass of the most-massive galaxy by first multiplying by the baryon
fraction, then by some assumed form for the distribution of galaxy
stellar fractions. We consider two models for the stellar fraction
distribution. First, the fiducial model adopted in Lovell et al. (2023).
This is a truncated lognormal across the interval 0 < f, < 1, which
takes the form

fe=In(N(u, o), (1

where N denotes the normal distribution, for which parameters of
uw=e2=0.135 and 0 =1 are assumed, based upon a variety
of theoretical and observational constraints. The second model we
consider is the maximal case, in which all of the available baryons
are converted straight into stars, such that f, = 1 in all cases. Here,
we are effectively just multiplying the PDF for the highest mass halo
by the assumed global baryon fraction of 16 per cent.

MNRAS 534, 325-348 (2024)

We perform these calculations using the EVSTATS package* pro-
vided by Lovell et al. (2023). We assume the survey area of
160 arcmin® covered by our PRIMER UDS catalogue (see Sec-
tion 3.2.1). We compute the EVS PDF for both of our two models
for f, in Az = 0.2 bins from z = 4 to 12.

6.2 Too much, too young, too fast?

We show our EVS PDFs for the most-massive galaxy expected in
our survey volume as a function of redshift in Fig. 7. The left-hand
column shows the fiducial model for f, from Lovell et al. (2023) (see
equation 1), whereas the right-hand column shows the maximum
model, in which f, = 1 for all galaxies. We show lo, 20, and 30
contours of the EVS PDF, and denote the median with a dashed black
line.

The SFHs we measure for PRIMER-EXCELS-107560, PRIMER-
EXCELS-109760, and ZF-UDS-7329 are shown in the top, middle,
and bottom rows of the figure respectively, with 1o and 2o confi-
dence intervals shaded. The posterior medians are shown with solid
lines. The SFH we measure for ZF-UDS-6496 can be fairly easily
accommodated by either of the EVS models shown at all redshifts,
and hence we do not show it in this figure.

As with Fig. 4, before a certain point we can place virtually no
lower limit on the historical stellar masses of these galaxies (broadly
speaking, where the 20 lower contours for the SFHs reach the bottom
of each panel). For PRIMER-EXCELS-117560 this is around z ~
7 — 8, for PRIMER-EXCELS-109760 this is around z >~ 9, and for
ZF-UDS-7329 this is around z ~ 9 — 10. Clearly there can be no
conflict with the A-CDM halo-mass function at or before this point,
as our observational data for these galaxies are consistent with very
low stellar masses.

The period from z >~ 7 —9, around the time these galaxies
quenched their star formation, is however more interesting. It is
instructive to focus on the lower contours (i.e. the 20 lower limits),
which broadly show the latest formation for these galaxies that is
consistent with their observed spectra. This is under the assumption
of our double-power-law SFH model, which contains no information
on the likelihood of extremely early galaxy formation, and simply
attempts to bracket the range of SFHs that are consistent with the
data (see Section 6.5 for further discussion of this point).

It can be seen that, in the left-hand panels, the 20" lower limits on
our three SFHs cross the 20 upper contours for the EVS PDF, and,
in the case of PRIMER-EXCELS-109760 and ZF-UDS-7329, even
approach the 3o upper contour. This suggests that these galaxies are
unlikely in our survey volume under the assumption of the Lovell
et al. (2023) fiducial model for galaxy stellar fractions (equation 1).

In the right-hand panels however, it can be seen that the 2o
lower contours on our galaxy SFHs are much more consistent with
the EVS PDF (at the >~ 1o level). This suggests that, whilst high
stellar fractions (approaching f, = 1) are required to explain these
galaxies around z =~ 8, none of them were strongly in tension with the
underlying A-CDM halo-mass function at any point in their history.

6.3 Potential systematic uncertainties

‘We here consider several potential sources of systematic uncertainty
that could affect the comparison presented in the previous section.
We discuss the specific issue of SFH modelling in Section 6.5 and
Appendix B.

“https://github.com/christopherlovell/evstats
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Figure 7. A comparison of the SFHs we derive for our three oldest ultra-massive quiescent galaxies with predictions for the most-massive galaxy expected in
the PRIMER UDS area as a function of redshift from Lovell et al. (2023). The extreme value statistics approach used to generate these predictions is discussed
in Section 6.1. To the left, we show the fiducial model presented in Lovell et al. (2023), which assumes a truncated lognormal distribution of stellar fractions
(see equation 1). To the right we show our maximum model, which assumes a stellar fraction, f, = 1 for all galaxies. The SFHs for all three galaxies are in
significant tension with the left-hand model, but can be accommodated by the right-hand model to within a < 20 confidence level. This suggests high stellar
fractions for these galaxies.
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In this analysis, we have considered each of these galaxies
separately as the most massive in our survey area at a given redshift.
However, it is possible that, for example, ZF-UDS-7329 was the
most-massive galaxy at all redshifts, with the other two objects
relegated to second and third-most massive. However, given the
steepness of the halo-mass function at the high-mass end, and the
relatively large volume of our survey, this effect is unlikely to bring
any of these galaxies into serious tension with the A-CDM halo-mass
function.

Conversely, we have also neglected the potential effects of mergers
on these galaxies, which could mean that not all of the stellar mass
currently in these galaxies was located within the same halo at
higher redshift. It seems unlikely however that all of these galaxies
could have undergone major mergers during the relatively short time
interval available.

A more top-heavy IMF than the Kroupa (2001) model we
have assumed would reduce our implied stellar masses and hence
reduce the stellar fractions necessary to accommodate our galaxies.
However, the presumed descendants of galaxies such as these in
the local Universe actually have more bottom-heavy IMFs than we
have assumed in this work (e.g. Conroy & van Dokkum 2012;
Maksymowicz-Maciata et al. 2024), which would act to increase
the degree of tension. Further discussion of this point can be found
in van Dokkum & Conroy (2024).

Finally, the impact of cosmic variance on EVS predictions was
recently evaluated by Kragh Jespersen et al. (2024), who demonstrate
a wide variation in the predictions of this framework for small
volumes. For the relatively large volume probed here however the
effect is small, and moves the EVS PDF in the direction of increased
tension with measured masses.

6.4 The Glazebrook et al. (2024) halo-mass model

The conclusion we present in Section 6.2, that the SFH of ZF-UDS-
7329 is broadly consistent with the A-CDM halo-mass function
(albeit requiring a very high star-formation efficiency), is the opposite
of what was concluded by Glazebrook et al. (2024), despite our
finding of a very similar SFH for this object (see Section 5.3). In this
section we attempt to explain these different conclusions.

In Glazebrook et al. (2024), the authors take their z = 3.2 stellar
mass for ZF-UDS-7329 and correct for mass-loss back into the ISM
via supernovae (commonly referred to as the return fraction). They
therefore adopt 10g;o(Miormed/Mp) = 11.4 as the total mass of stars
formed by this galaxy by the time we observe it at z = 3.2. Note that
this effect is naturally included in our approach in Section 6.2: this
is the reason our stellar masses begin to fall at later times in Fig. 7.

Having computed this total stellar mass formed, they divide
through by f, = 0.16, and then further divide through by f,, for
which they investigate two values: 0.3 and 1. This produces implied
halo masses of log;o(Mp/Mg) = 12.7 and 12.2 respectively for this
galaxy at z = 3.2. They then compute the number density of halos
with these fixed masses, both at z = 3.2 and also as a function of
redshift back to earlier times, using the Behroozi et al. (2013) halo-
mass function. The results of this calculation are shown in their
fig. 3.

Crucially, when calculating the expected number density for their
ZF-UDS-7329 host halo at higher redshifts, Glazebrook et al. (2024)
keep the host halo mass fixed to the values of logo(My/Mg) = 12.7
and 12.2 they calculate at z = 3.2. It could however be argued that the
halo would be expected to grow roughly in step with the galaxy, and
would therefore be less massive (and hence more abundant) at higher
redshift. For example, by definition, at the formation redshift of the
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galaxy at z >~ 11, the stellar mass is half of its ‘final’ value when the
galaxy is observed at z = 3.2. A reasonable assumption therefore
might be to also halve the required halo mass when calculating halo
number densities at z >~ 11, rather than employing the z = 3.2 value.

We take a slightly more sophisticated alternative approach by
scaling the required halo mass down from the z = 3.2 value in step
with the stellar mass we infer for the galaxy as a function of time,
taking into account the full stellar mass posterior distributions shown
in Figs 4 and 7. We assume a z = 3.2 halo mass of log;o(My/Mg) =
12.2 for consistency with Glazebrook et al. (2024).

The results of this calculation are shown in Fig. 8 (this figure is
based on fig. 3 from Glazebrook et al. 2024). We first show, with black
dashed and solid lines, our own calculation of the model proposed
by Glazebrook et al. (2024), which assumes fixed halo masses of
logio(Mn/Mg) = 12.7 and 12.2 respectively at all redshifts. In green,
we show the posterior median, 1o and 2o confidence intervals for
our model, which begins with logo(My/Mg) = 12.2 at z = 3.2 and
scales this down in line with the SFH we derive for ZF-UDS-7329
from our EXCELS spectroscopic data. It can be seen that the 2o upper
limit on the number density of the host halo (which is analogous to
the 20 lower contour on stellar mass shown in Fig. 7) is consistent
with the number density inferred for ZF-UDS-7329 by Glazebrook
et al. (2024) at all redshifts. As with Fig. 7, there is essentially no
constraint before z >~ 9 — 10, because we have virtually no constraint
on the stellar mass of the galaxy before this time.

In the end, this comparison is essentially an alternative statement
of the one we have developed in Section 6.2, and we draw the same
conclusion. The 20 lower (i.e. later) limit on the SFH we measure
for ZF-UDS-7329 is broadly consistent with this galaxy forming
within the most-massive halo available in our survey volume, under
the assumption of both the A-CDM halo-mass function, and a stellar
fraction approaching 100 per cent (f, = 1). This conclusion also
applies equally to our two new z = 4.62 quiescent galaxies.

6.5 The effects of different SFH models

In our analysis so far, we have assumed a double-power-law SFH
model throughout. It is however well known that the SFHs measured
for galaxies depend fairly strongly on the assumed form of the SFH
model (e.g. Leja et al. 2019a; Carnall et al. 2019b), though this effect
is less pronounced when fitting high-SNR continuum spectroscopy
rather than just photometric data (e.g. Wild et al. 2020).

We have also focused almost exclusively on the lowest masses
allowed by our fitted models as a function of time (e.g. the 2o
lower limits discussed extensively in Section 6.2). There are two key
reasons for this. First, it seems clear that it would only be prudent
to reject the null hypothesis of the A-CDM halo-mass function on
the basis of evidence at much more than a < 20 confidence level.
Secondly, almost all SFH models currently in wide usage in the
literature were designed with a deliberate bias towards obtaining the
oldest possible ages for galaxies, typically with a strong focus on the
z < 2.5 Universe.

This choice was made to combat a bias towards very young stellar
ages that was discovered to arise when using the earliest generations
of simple SFH models, such as instantaneous burst or exponentially
declining SFHs (e.g. Wuyts et al. 2011). Such models typically return
broadly the youngest ages that are consistent with observed data.

The deliberate bias towards older ages in newer models is par-
ticularly true of the current generation of ‘non-parametric’ SFHs
(Leja et al. 2019a; Leja, Tacchella & Conroy 2019b). Another
example is the double-power-law model used in this work, which was
designed in Carnall et al. (2018) to accurately reproduce the SFHs
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Figure 8. Number densities for the host halo of ZF-UDS-7329 under the assumption of different models for halo mass as a function of redshift (this figure is
based on fig. 3 of Glazebrook et al. 2024). The black solid and dashed lines are the models presented in Glazebrook et al. (2024), assuming fixed halo masses
of log10(M;,/Mg) = 12.2 and 12.7 respectively at all redshifts. Our model, shown in green, evolves the halo mass down in step with the stellar mass of the
galaxy, using the full SFH posterior distributions obtained via full spectral fitting of our EXCELS data (shown in Figs 4 and 7). The grey horizontal line is the
number density for ZF-UDS-7329 estimated by Glazebrook et al. (2024). Our model for the halo number density is consistent with the observed number density

to within 20 at all redshifts.

of quiescent galaxies at 0.5 < z < 2.5 in the MUFASA simulation
(Davé, Thompson & Hopkins 2016). Whilst these choices are well
motivated within the z < 2.5 domain for which they were designed,
these models have not been extensively tested at, or recalibrated for,
the high redshifts at which they are now commonly applied when
dealing with JWST data.

In Glazebrook et al. (2024), the authors also fit their prism
spectrum for ZF-UDS-7329 using the continuity non-parametric SFH
model of Leja et al. (2019a), obtaining, as would be expected, an even
older age than they obtain with their fiducial dual exponential SFH
model, or we obtain with our double-power-law model.

This however is a rare case in which we are actually most interested
in the youngest age for a galaxy that is consistent with the observed
data, rather than the oldest. For this reason, in Appendix B, we repeat
our analysis in Section 6.2 with instantaneous burst SFH models,
which are well known to produce something broadly equivalent
to a lower limit on the age (as well as the stellar mass) of an
observed galaxy, sometimes called the simple stellar population
(SSP) equivalent age (e.g. see Section 4.2 of Conroy 2013). We
demonstrate that this change has no effect on the conclusions we
present.

More generally, it is concerning that the posterior median SFHs
derived for 2 of our ultra-massive quiescent galaxies using our
double-power-law model are strongly inconsistent with the A-CDM
halo-mass function at z 2> 8 (PRIMER-EXCELS-109760 and ZF-
UDS-7329; see the two lower right panels of Fig. 7), even if the
posterior distributions are consistent to within < 20. This result
motivates further thought about whether SFH models that have been
developed for the lower redshift Universe (such as the parametric

double-power-law and non-parametric continuity models) can be
safely applied to massive galaxies at 7 > 3.

7 CONCLUSION

In this paper we present the JWST EXCELS survey, a 72-h Cycle
2 programme targeting quiescent and star-forming galaxies from
cosmic noon back to the first billion years for A = 1 — Sum medium-
resolution NIRSpec spectroscopy. In Section 3 we present the
process by which the 401 EXCELS targets were selected (largely
using photometry from the PRIMER Cycle 1 NIRCam programme)
and prioritized for space on the NIRSpec MSA. We present a
spectroscopic redshift catalogue for EXCELS galaxies in Table 1,
and show their stellar mass versus redshift distribution in Fig. 2.
Headline science results from EXCELS will be published in a
series of forthcoming papers (e.g. Cullen et al., in preparation). We
begin in this work by analysing the spectra of the four ultra-massive
(log10(M./Mg) > 11) quiescent galaxies at 3 < z < 5 observed as
part of EXCELS. We focus on these objects in particular to address
recent debate in the literature about whether the oldest and most
massive galaxies at these redshifts are incompatible with current
galaxy formation models, and/or the A-CDM halo-mass function.
This sample of four objects, shown in Fig. 3, includes: a pair
of galaxies at z = 4.62 (PRIMER-EXCELS-117560 and 109760),
physically separated by 860 pkpc within a larger structure for
which we spectroscopically confirm an additional four members;
an extreme PSB galaxy (ZF-UDS-6496) at z = 3.99 that formed
in an intense burst at z >~ 5.5; and a relic galaxy at z = 3.19 (ZF-
UDS-7329) that formed the bulk of its stellar mass at z >~ 11. We
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summarize the physical properties we infer for these galaxies in
Table 3, and show their SFHs in Fig. 4.

We find a broad range of formation redshifts for these galaxies,
from z >~ 5.5 — 11, as well as extremely compact sizes from r, =~
300-900 pc. We measure typically high (roughly double Solar) stellar
metallicities, though PRIMER-EXCELS-109760 appears to exhibit
a much lower metallicity, in common with the object GS-9209 we
reported in Carnall et al. (2023c). These two galaxies are also by far
the most compact. We are also able to measure the « —enhancement
for ZF-UDS-7329, obtaining [Mg/Fe] = 0.427)1%. For three objects
we are able to measure reliable dynamical masses, which suggest
high stellar fractions of >~ 40-90 per cent in the central regions of
these galaxies.

We then consider these galaxies in the context of the A-CDM
halo-mass function, using the extreme value statistics approach of
Lovell et al. (2023) to calculate expected stellar masses for the most-
massive galaxy in the PRIMER UDS field as a function of redshift.
We assume two different models for the fraction of the available
baryons converted into stars (the stellar fraction, f.): the fiducial
model of Lovell et al. (2023) (equation 1), which is based on lower
redshift constraints, and a maximum model, which assumes f, = 1
for all galaxies.

We present the results of this analysis in Section 6.2 and Fig. 7.
We conclude that three of our galaxies are unlikely within the area
they were selected under the assumption of standard lower redshift
stellar fractions, but that they can be accommodated by the A-CDM
halo-mass function under the assumption of high stellar fractions,
approaching f, = 1.

This is in contrast to the conclusion recently presented for ZF-
UDS-7329 (one of our sample) by Glazebrook et al. (2024). The
SFH we derive for this galaxy is in good agreement with their result,
however they conclude that this is in tension with the A-CDM halo-
mass function.

In Section 6.4 we compare our model with theirs, which assumes
that the halo mass is fixed to its z = 3.2 value at all earlier times. In
Fig. 8 we show that, by reducing the required halo mass at earlier
times in step with the SFH we derive for this galaxy (e.g. when
the stellar mass was half its z = 3.2 value the halo mass was also
halved), the number density of the required halo is consistent with
the observed number density for ZF-UDS-7329 to within 20 at all
redshifts.

We therefore find no evidence for an ‘impossibly early galaxy
problem’. However, three of our galaxies are at the very edge of what
can be accommodated (though, as discussed in Section 6.3, several
key systematics have the potential to increase or reduce this tension).
In this context, our results imply very extreme baryonic physics
within the first billion years of cosmic history, unlike anything seen
at lower redshift. Trying to understand these objects in more detail
must now be a high priority for developing our understanding of
early galaxy formation. A key component of this process will be the
search for plausible star-forming progenitor objects around the epoch
of formation and quenching for our oldest galaxiesatz >~ 8 — 12 (e.g.
Wang et al. 2024).
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APPENDIX A: FURTHER DETAILS OF ALF
SPECTRAL FITTING OF ZF-UDS-7329

We have performed full spectral fitting of our NIRSpec data for
ZF-UDS-7329 using the ALF code as described in Section 4.3.2.
The key elemental abundance results derived via this approach are
presented in Section 5.3; we here present further results from this
fitting approach. We show our best-fitting ALF model along with our
spectroscopic data in Fig. Al.

In addition to the iron and magnesium abundances reported in Sec-
tion 5.3, our ALF fitting returns an age of l.9f8j§ Gyr, corresponding
10 tiorm = 0.1t8;? Gyr. This is broadly consistent with our BAGPIPES
result of tgom = 0.41 £ 0.13 to within lo.

The o abundance measured from our ALF fitting can be converted
into an implied formation time-scale using the relationship proposed
by Thomas et al. (2005). We obtain an implied formation time-
scale of ng% Myr. This 1o upper limit is broadly consistent
with the formation time-scale we derive from our BAGPIPES full
spectral fitting (e.g. see Fig. 4). The median result is extremely short
compared with our BAGPIPES fitting, and arguably also with respect
to plausible physical time-scales for the formation of such a massive
galaxy.

A similar result was also recently obtained by Beverage et al.
(2024a), who find that the formation time-scales implied by their ALF-
derived a-enhancement values are significantly shorter than the SFHs
they derive from PROSPECTOR full spectral fitting. This is further
explored in Marcelina Gountanis et al. (2024).
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Figure Al. Full spectral fitting of our EXCELS spectroscopic data for ZF-UDS-7329 with the ALF code. Our NIRSpec data are shown in blue (as in Fig. 3),
whereas our best-fitting ALF model is shown in black. Fitting was only conducted over the spectral ranges from 0.40 — 0.64 pum and 0.80 — 0.88 pm following
Conroy et al. (2014). The shaded blue vertical regions are those that were excluded from our BAGPIPES fitting, and are also excluded from our ALF fitting where
they fall within the above wavelength ranges. Our fitting methodology is described in full in Section 5.3. The parameters of our fitted model are reported in

Section 5.3 and Appendix A.
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Figure A2. Alternative version of Fig. 7. A comparison of the SFHs we derive for our three oldest ultra-massive quiescent galaxies using an instantaneous
burst SFH model with predictions for the most-massive galaxy expected in the PRIMER UDS area as a function of redshift from Lovell et al. (2023). The
extreme-value-statistics approach used to generate these predictions is discussed in Section 6.1. To the left, we show the fiducial model presented in Lovell
et al. (2023), which assumes a truncated lognormal distribution of stellar fractions (see equation 1). To the right we show our maximum model, which assumes
a stellar fraction, f, = 1 for all galaxies. The use of this alternative SFH model to fit our data can be seen to make no changes to the conclusions we draw in

Section 6 based upon Fig. 7.
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APPENDIX B: INSTANTANEOUS BURST SFHS

As discussed in Section 6.5, the results we present are potentially
sensitive to the SFH model assumed. Testing alternative SFH models
that are designed to give older ages (such as the continuity non-
parametric model of Leja et al. 2019a) would be of no consequence
here, as we have already demonstrated that the younger ages
produced by our double-power-law SFH model are consistent with
our data. Our conclusion on the need for high stellar fractions could
however be overturned if another suitable SFH model could be found
that returned significantly younger ages for these galaxies.

To test this, we re-run our full-spectral-fitting analysis, described
in Section 4.3.1, using an instantaneous burst SFH model in place
of our double-power-law model. As discussed in Section 6.5, this
burst model is known to produce lower limits on the ages of galaxies
(SSP-equivalent ages).

The SFHs we obtain from this alternative round of fitting are shown
in Fig. A2, which is an alternative version of Fig. 7. It can be seen that
the assumption of this alternative SFH model does not substantially
change the results reported in Section 6. The instantaneous burst
SFHs are still inconsistent with the fiducial model of Lovell et al.
(2023) shown in the left-hand panels, whilst the 20 lower limits

Table B1. Stellar masses, formation times and redshifts for our four ultra-
massive quiescent galaxies under the assumption of an instantaneous burst
SFH model. This model gives a lower limit on the masses and ages of these
objects.

ID logi0(M«/Mo)  torm/Gyr Zform

PRIMER-EXCELS—117560  11.00£0.02 0.64 £0.06 7.8+0.5
PRIMER-EXCELS—109760  11.01£0.03 0.55+0.11  8.87}%
ZF-UDS—6496 11.01 £0.03 1.02+0.04 55+0.1

—+0.04 +0.24 +5.2
ZF-UDS—7329 1112509 049102 9.6%32

are still broadly consistent with the maximum model (f, = 1 for all
galaxies) shown in the right-hand panels.

We also report, in Table B1, the stellar masses, formation times,
and redshifts for our four galaxies under the assumption of our
instantaneous burst SFH model. This provides an approximate lower
limit on the stellar masses and the ages of these galaxies. The masses
are almost indistinguishable from the values reported in Table 3,
whereas the ages are slightly younger as expected.
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