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ABSTRACT

The existence of a population of quiescent galaxies in the early Universe has been extensively confirmed
observationally. We conduct a systematic search for log(M../My) > 9.5 quiescent galaxies at z > 3 in six extra-
galactic deep fields observed with NIRCam, with the goal of extracting their physical and statistical features in
a uniform and self-consistent manner, thus creating a robust baseline to compare with theoretical predictions.
We exploit the ASTRODEEP-JWST photometric catalogs to single out robust candidates, including sources
quenched only a few tens of Myr before the observation. We apply a SED-fitting procedure which explores
three functional forms of star formation history and the y? probabilities of the solutions, with additional checks
to minimise the contamination from interlopers, tuning our selection criteria against available spectroscopic
data from the DAWN archive and simulated catalogs. We select 633 candidates, which we rank by a reliability
parameter based on the probabilities of the quiescent and alternative star-forming solutions, with 291 candi-
dates tagged as “gold”. According to the best-fit models, 79% of the massive (log(M./My) > 10.5) quiescent
galaxies at 3 < z < 5 stopped forming stars at least 150 Myr before the time of observation, while 89% of low
mass sources (9.5 < log(M./My) < 10.5) have been quenched for less than 150 Myr. The abundance of low
mass old quiescent systems does not increase significantly with time from z = 5 to 3, which we interpret as an
indication that the quenching must be temporary in this mass regime: only massive galaxies appear to be per-
manently quenched, while low mass objects seem to be experiencing a short episode of quenching followed by
re-juvenation (“breathing”), consistent with a “downsizing” scenario of galaxy formation; rather than inferring
it from the archaeological analysis of local galaxies, we can now witness it while it is happening. Interestingly,
we also find an abrupt drop in the density of massive quiescent candidates at z > 5. We derive estimates for the
number density of early passive galaxies up to z = 10, including corrections for completeness and contamina-
tion, and compare it against the predictions of various models: while the global number density of quenched
galaxies can be reproduced by recent numerical simulations, tensions with data remain in the modeling of the
observed bimodality of time passed since quenching as a function of mass.

Subject headings: galaxies:high-redshift — galaxies:evolution — galaxies:photometry

1. INTRODUCTION

It is now established that a population of massive, passively
evolving galaxies exists at very early epochs (z > 3, roughly
the first two Gyr of cosmic time). In the past decade, a number
of pioneering studies based on photometric data from Hubble
observations coupled with Spitzer and ground based surveys
have been published (e.g. Labbé et al. 2005; Mobasher et al.
2005; Fontana et al. 2009; Muzzin et al. 2013; Straatman et al.

fCorresponding author: emiliano.merlin @inaf.it

2014; Merlin et al. 2018, M 18 hereafter), finding robust can-
didates up to z ~ 3, for a typical number density of n ~ 107>
Mpc’3 at 3 < z < 4 (Merlin et al. 2019a, M19 hereafter).
Most of the candidates have been subsequently confirmed to
be quiescent using sub-mm and radio data to exclude dust
emission linked to obscured ongoing star-formation (e.g. San-
tini et al. 2019), or spectroscopy (e.g. Glazebrook et al. 2017;
Schreiber et al. 2018a; Forrest et al. 2020b,a). These pas-
sively evolving objects are now known to dominate the mas-
sive end (M., > 10'! M) of the galaxy stellar mass function
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up to z =~ 4 (Santini et al. 2021, 2022). These searches for
high-redshift intrinsically red objects were limited by the ob-
servational characteristics of the surveys: the Hubble data are
deep and high-resolution but restricted to wavelengths below
~ 1.6 ym, only supplemented by lower-resolution shallower
data at longer wavelengths (IRAC fluxes from Spitzer, and
ground-based K band). The situation dramatically changed
for the better with the advent of JWST, with improved reso-
lution and depth compared to previous studies, and extending
to longer infrared wavelengths, including those covered by
Spitzer, allowing for exquisite measurements of the optical
and near-infrared rest-frame at very early epochs. In the first
three years of observations, many works have been published
presenting selections of quiescent candidates based on NIR-
Cam photometric data (e.g. Carnall et al. 2023; Valentino et al.
2023; Pérez-Gonzdlez et al. 2023; Long et al. 2024; Russell
et al. 2024; de la Vega et al. 2025; Baker et al. 2025b). Spec-
troscopic follow-ups with NIRSpec and NIRISS have con-
firmed the existence of quiescent sources up to z ~7 (Looser
et al. 2024; Weibel et al. 2025; Jin et al. 2024; de Graaff et al.
2025b; Baker et al. 2025a). It is still being debated when and
how these objects assembled their stellar mass, quenched their
star-formation (SF) activity, and which feedback mechanisms
can cause such early quenching events (see e.g. Carnall et al.
2018; Park et al. 2024; Xie et al. 2024; Kurinchi-Vendhan
et al. 2024; De Lucia et al. 2024; Kimmig et al. 2025). More-
over, it remains to be assessed how common these objects are.
While each single galaxy with a high stellar mass or star for-
mation efficiency (as inferred from the reconstruction of its
stellar mass assembly history) at very high redshift has the po-
tential to challenge the cosmological framework (Glazebrook
et al. 2024; Carnall et al. 2024; Pérez-Gonzalez et al. 2025),
it is also crucial to investigate the statistical properties of the
quiescent population as a whole.

Studying the stellar population of local systems, it has been
inferred for many years that galaxies form in a “downsiz-
ing” trend, with massive objects forming earlier and in shorter
timescales than low-mass systems, and quenching their SF
activity at early times (Matteucci 1994; Cowie et al. 1996;
Thomas et al. 2005; Bundy et al. 2006; Cimatti, Daddi &
Renzini 2006). This appears to be at odds with a naive inter-
pretation of the ACDM cosmological scenario, which seems
to predict that large galaxies assemble their mass by forming
stars across the whole Hubble time (e.g. Kauffmann, White &
Guiderdoni 1993; Bower et al. 2006), and possibly quenching
only after their merging history ceases, the galaxy gas reser-
voir is exhausted, and no cold gas from the cosmic web is
inflowing and collapsing in the galactic potential well. How-
ever, hydrodynamical cosmological simulations have proven
capable of broadly reproducing the observed “downsizing”
trend by fine-tuning the modeling of feedback from stars and
active galactic nuclei (AGN), although a relevant degree of
tension with the observations remained (e.g. Merlin et al.
2019a; Gould et al. 2023; Weller et al. 2025). Recent devel-
opments in theoretical models seem to further mitigate these
tensions (see Sect. 4.4.1).

In this work we take advantage of the ASTRODEEP-JWST
photometric catalogs (Merlin et al. 2024, M24 hereafter) to
search for quiescent galaxies with stellar mass M, > 10%° M,
(in the following we will define IM, = log(M./My), so the
threshold can be concisely written as IM,, > 9.5) at z > 3,
by means of a spectral energy distribution (SED) fitting tech-
nique which builds upon the one used in M18 and M19. The

goal is to infer the physical properties of the candidates, in
particular the duration of their SF activity and the epochs of
quenching, and to compare the observational results to the
theoretical predictions, exploiting the high quality of the pho-
tometric data and complementing it with available spectro-
scopic information from NIRSpec.

It is important to specify what we mean with the term “qui-
escent”, as various definitions have been used in the litera-
ture. Generally speaking, a galaxy can be dubbed as quies-
cent if at the moment of observation it is forming a negligible
amount of stars with respect to the total stellar mass it has
already assembled. From the point of view of the modeling,
here we require that the instantaneous specific star-formation
rate (SSFR) of its best-fit model from the SED-fitting process
is lower than 1071” yr=! (ISSFR < —10 for short). Note that
different criteria have been proposed in the literature. For ex-
ample, a common choice in recent studies is SSFR < 0.2/ty(z)
(where t;/(z) is the age of the Universe at the redshift of obser-
vation, see e.g. Carnall et al. 2023; Russell et al. 2024; Baker
et al. 2025b); this is close to our criterion at z ~ 3, but becomes
less stringent at higher redshifts (see also Sect. C for further
discussion on this). Noticeably, we will not make any pre-
selection based on colors, relying only on the properties of the
best-fit model from the SED-fitting runs; so, our sample will
be a census of quiescent sources regardless of the amount of
time passed since their quenching, potentially including ob-
jects that have stopped forming stars for as little as 10 Myr.
We will further distinguish between two sub-populations: (i)
recently quenched galaxies, which we dub “post-starburst”
(PS) and we heuristically define as objects that have been qui-
escent for less than 150 Myr at the moment of observation
(concisely, dt, < 150 Myr; this threshold was chosen after
analysing the trends of the full sample, see Sect. 4.1); and (ii)
“red and dead” (RD) galaxies, for which dt, > 150 Myr.!

The paper is organised as follows. In Sect. 2 we sum-
marise the main features of the adopted dataset. In Sect. 3 we
discuss the techniques adopted for the selection of quiescent
candidates, with additional details given in the Appendix, and
Sect. 4 presents the results of the selection. Finally, in Sect. 5
we discuss the results and add some concluding remarks. We
adopt a flat ACDM concordance model (Hy = 70.0 km s~!
Mpc~!, Q; = 0.30) and AB magnitudes (Oke & Gunn 1983).

2. DATASET

The ASTRODEEP-JWST catalogs collect photometric
fluxes in 16 HST+JWST bands, for ~500, 000 sources over ~
0.2 sq.deg., in six public extragalactic deep fields: the A2744
field including JWST observations from GLASS-JWST (ERS
1324, PI. Treu, Treu et al. 2022), UNCOVER (GO 2561, P.I.
Labbé, Bezanson et al. 2024), DDT 2756 (P.I. Chen), and GO
3990 (P.I. Morishita, Morishita et al. 2025); CEERS (ERS
1345, PI. Finkelstein, data release v0.51 Finkelstein et al.
2025) on the EGS field; the JADES-GS (data release v2.0) and
JADES-GN (v1.0) fields on the GOODS-South and GOODS-
North footprints, respectively (GTO 1180 and GTO 1210, P.I.
Eisenstein, Eisenstein et al. 2023) including FRESCO data
(GO 1895, PI. Oesch, Oesch et al. 2023); the first-epoch
imaging of the NGDEEP field (Co-PIs Finkelstein, Papovich,
Pirzkal, Bagley et al. 2024); and the PRIMER (GO-1837,

' We did not make this distinction in M18 and M19, where we used the
term “red and dead” to define any source with ISSFR < —11, regardless of its
dty. Also, it is worth pointing out that historically the term “post-starburst”
has been used with different meanings.
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PI. Dunlop) observations of the UDS and COSMOS fields
in CANDELS (Grogin et al. 2011; Koekemoer et al. 2011).
More than 200 thousand sources in the catalogs have spectro-
scopic or photometric redshift above 3.

The 50 depths of the images in 0.2” diameter apertures
range from AB = 28 in PRIMER-UDS to AB =~ 30.5 in
NGDEEP and JADES-GS, depending on the considered NIR-
Cam bands. The detection was performed on weighted stacks
of the 3.56 and 4.44 ym NIRCam images, and aperture pho-
tometry was measured using a-pHoT (Merlin et al. 2019b) on
PSF-matched images. See M24 for full information. Four
photometric redshift estimates were provided, obtained with
the two codes zpHot (Fontana et al. 2000) and EAzY (Bram-
mer, van Dokkum & Coppi 2008) using various template sets.
It is worth pointing out that in M24 for EAzY we included the
“z_best” rather than the “z_chi2” estimate, while the zpHOT
estimate is the one corresponding to the y*> minimum.

3. METHODS

We significantly updated the methods used in M18 and
M19, given the profound differences between the CANDELS
and the M24 datasets (redder detection band, higher resolu-
tion of the rest-frame infrared data, increased depths), as de-
scribed in the following subsections.

3.1. Selection technique

In short, we performed SED-fitting on the M24 photome-
try using the proprietary software zpHot (Fontana et al. 2000)
with a custom library of galaxy SED models, described in Ap-
pendix A. We then explored the distribution of the solutions in
the y? probability space, and ranked the sources on the basis
of the reliability of the redshift estimate, and the existence and
probability of a quiescent best-fit and alternative SF solutions.
In the following we describe the procedure in full detail.

3.1.1. Fiducial redshift and SED-fitting

We started by assigning a fiducial redshift zp., to each
source. For the objects with a robust spectroscopic measure-
ment, We Set Zpesr = Zspec- In M24, we provided 16,666
spectroscopic redshifts with high quality flags in the origi-
nal works, 3388 of which are at z > 3. For the present work
we updated the z > 3 list adding the new robust (GRADE=3)
redshifts available in the DAWN JWST Archive” at the date
of this work (July 2025), resulting in a total of 6592 (~ 85%
of which are from JWST; see e.g. Napolitano et al. 2025, for
an empirical assessment of the robustness of the DJA spec-
7’s). The spectroscopic sample extends down to AB ~ 30 in
F444W, but our mass threshold limit practically limits the use-
ful spectra to AB ~26. For the remaining sources, we started
by considering the four photometric redshift estimates pro-
vided in M24. As done there, we first computed the median
Zmea Of three out of the four estimates, excluding the EAzY
estimates with Larson et al. (2023) ‘Lya’ templates to avoid
over-weighting the results from runs with similar templates.
Then, we evaluated the consistency of the three values: where
ZPHOT was consistent with at least one of the EAzY estimates,
ie. |Zzphot = ZEAZY! = 0.1 X Zea, WE S€t Zpesr = Zzphor; Where
this was not the case, but the two EAzY estimates were con-
sistent, we set Zpesy = ZEAcy.v1.3- Finally, if no combination of
estimates had [Az| < 0.1 X z,,.4, We considered the photomet-
ric redshift as unreliable, and we excluded the source from

2 https://dawn-cph.github.io/dja/

further analysis. We finally dubbed as “z-robust” the sources
having all three M24 photo-z estimates consistent with one
another.

We then proceeded to SED-fit all the sources at zp.s; > 3
with zpHoOT, using a library of ~ 10 million SED models, with
three analytical star formation history (SFH) functions (top-
hat, exponentially declining and delayed exponentially de-
clining). The details of the library are given in Appendix A.
To be conservative, for each object we discarded any solutions
with IM,. > 12, formation redshift higher than 30 (correspond-
ing to an age of the Universe of ~ 100 Myr), or a SFR peak
higher than 10* M,/yr, unless no other solution was available;
we point out that this threshold on SFR was chosen consid-
ering the highest values estimated for high-redshift starburst
(see e.g. Ma et al. 2016), but might be too strict considering
some known low-redshift extreme sub-mm starburst with esti-
mated SFRs reaching ~ 3 x 10* My /yr (see Rowan-Robinson
et al. 2018). Finally, for the non “z-robust” sources we per-
formed an alternative fit at the second most probable z of the
PDF(z) functions, and kept as best-fit the solution with the
minimum y? value (note that this might imply that the best
solution with the current library is at a different redshift with
respect to all the photo-z solutions in M24).

3.1.2. Selection of quiescent candidates

Observationally, the presence of evolved stellar populations
can be probed by the presence of significant Balmer (at rest-

frame wavelength 3645 /\’%) and/or 4000 A breaks in the SED
of the galaxy. However, in recently quenched galaxies these
breaks can be less pronounced (see also Sect. 3.2). Neverthe-
less, to consider a source as an eligible quiescent candidate we
required that photometric data be available for the bands sam-
pling the breaks at the redshifted wavelength, and for at least 4
NIRCam bands in general. We did not consider candidates at
z > 12, where the breaks are redshifted redward of the F444W
filter. It is also worth mentioning that at z > 10.5 the spectral
continuum redward of the break is detectable only in F444W
(and, at z > 9.5, in F410M if the band is in the dataset); there-
fore, at these redshifts only one or two photometric points
are available for faint sources having the rest-frame optical
continuum below the detection limiting magnitude, making
their fit inevitably less reliable. We also excluded objects with
signal-to-noise ratio (SNR) lower than 3 in F444W, or flagged
as spurious, in M24. From the resulting sample, we manually
removed some additional spurious detections after visual in-
spection; in particular, a relevant number of them were found
in the PRIMER-COSMOS field at z > 8 (typically hot pix-
els). We also required that the candidates have a physical
half-light radius in the detection band smaller than 5 physi-
cal kpc; for this we used the SExTrACTOR (Bertin & Arnouts
1996) FLUX_RADIUS from the detection band as given in M24,
and computed the corresponding physical length with the
astropy.cosmology.angular_diameter_distance rou-
tine. Finally, we required that they are not in the brown dwarfs
lists from Hainline et al. (2024) and Holwerda et al. (2024),
and we applied the criterion by Langeroodi & Hjorth (2023) to
exclude additional brown dwarfs interlopers, F200W-F150W
< 0.2; as a side note, we also considered the equivalent of the
BzK selection diagram to single out stars (Daddi et al. 2004),
using F435W, FO90W and F200W, but after visual inspection
most of the selected objects looked extended, so we decided
not to apply this criterion.

After all these checks, we considered the best-fit solutions
at Zp.5r and pre-selected the possible candidates as those hav-
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ing (i) ISSFR < -10, (ii) IM.. > 9.5, (iii) dt; > 10 Myr, and
(iv) a reduced-y? probability® of the best solution, pj,s;, larger
than 30%. The resulting candidates were then ranked defining
a reliability parameter r = pj.ss — psr, Where pgp is the prob-
ability of the best alternative SF solution (or zero if no one
exists), and we selected those with r > 0.1, implying that for
DPbes: = 0.3 (the minimum allowed value) pgr must be lower
than 0.2. This yielded a final list of 633 quiescent candidates,
of which 164 fitted as RD (i.e. with d#; > 150 Myr), and the
remaining 459 as PS; 34 candidates have zj.5; > 5.

Finally, we further selected a list of “gold” candidates re-
quiring » > 0.4 (which reduced the sample to 360 sources)
plus the following additional safety qualities: the “z-robust”
tag (i.e., spectroscopic or unambiguous photometric redshift),
good data for at least 6 (rather than just 4) NIRCam bands,
no evident flaw at visual inspection, and not being classified
as a “Little Red Dot” (LRDs, Furtak et al. 2023; Labbé et al.
2023) in published lists (see the discussion on this point in
Sect. 3.1.3). These additional criteria reduced the list to 291
objects; of these, 95 were fitted as RDs, and 197 as PS. In the
following we will also dub as “silver” selection the sample of
341 candidates excluded from the “gold” selection. We point
out that the threshold values for the selections were chosen
after extensive testing with simulated data and cross-checking
against spectroscopic data, to obtain a good trade-off between
completeness (i.e. the number of selected sources out of all
the real quiescent galaxies) and contamination (i.e. the num-
ber of star-forming galaxies included in our selections out of
the total number of selected galaxies): see Appendix B for a
discussion.

3.1.3. Discussion and known limitations

As anticipated, the selection criteria based on the proba-
bility of alternative SF solutions adopted in this work and
described above are different from that adopted in M18 and
M19, where we simply required psr < 5%. This can be
understood considering that in those works the SED-fitting
library only included top-hat SFH models: this implied that
any SF but non-starburst object would be poorly fitted, so a
hard cut on pgF was required to safely eliminate any possible
SF interlopers. In contrast, to better characterise the physical
properties of the galaxies, in this work we allowed for various
SFHs, including many models with moderate SF activity: so
a quiescent best-fit model is already robust enough to make a
candidate reasonably reliable, because it has been preferred to
any credible SF solutions.

However, there are various possible sources of ambiguity.
The SED models are certainly not fully adequate to describe
these early galactic populations, for example because of the
lack of population III stellar templates (although they might
have already disappeared at z < 12) and of AGN templates.
We also adopt the standard Salpeter (1959) initial mass func-
tion (IMF), which might be a sub-optimal choice for early,
massive systems (see the discussion in Sect. 5. Further-
more, degeneracies of physical properties (age, extinction and
metallicity in particular) are known to exist and are difficult to
disentangle (e.g. see Sect. 4.5.3). Also, while we tried to take
into account possible errors on the redshift estimates, e.g. ex-

3 The probability of a model with a given reduced-y> and v degrees
of freedom is defined as p(x?,v) = c f)( o; PDF(x?,v), where ¢ is a nor-
malisation factor to ensure p = 1 for y> = 0, and PDF(y%,v) =
xR 122y 2)).

cluding from the “gold” selection sources with more than one
peak in the PDF(z), we might still have included lower red-
shift interlopers with wrong but consistent photometric red-
shift estimates from the three codes.

We decided not to exclude from our selection objects iden-
tified as LRDs in published lists, since the true nature of this
class of sources is still being discussed. The origin of their
uprising optical rest-frame emission is unclear and the pres-
ence of a substantial evolved stellar population has not yet
been excluded (see Pérez-Gonzilez et al. 2024; Baggen et al.
2024; Williams et al. 2024; Setton et al. 2025), although it
would lead to extremely high core stellar densities in most
cases (Guia, Pacucci & Kocevski 2024). However, we de-
cided to exclude them from the “gold” sample. We used the
lists presented in Kocevski et al. (2025), Kokorev et al. (2024),
and Pérez-Gonzilez et al. (2024), supplemented with a sample
based on the more exhaustive photometric selection of Barro
et al. (2024, priv. comm.), which recovers additional sources.
Eighteen candidates in our selection are matched, 9 of which
at Zpner > 9. With the exception of PRIMER-COSMOS
ID104822, a low reliability candidate at zy,.. = 8.29 (but
its photometric SED also presents features typical of LRDs),
they are the only candidates we find at z > 7.29, i.e. the red-
shift of Rubies-QG7 (PRIMER-UDS 117643 in M24), one
of the two current farthest spectroscopically confirmed quies-
cent galaxy (Weibel et al. 2025, W25); the latter is also our
“gold” farthest selected object (see Sect. 4.5). Interestingly,
this galaxy would also be classified as a LRD with the color
selection applied by Barro et al. (2024); however, the possi-
bility of it actually being a LRD was already discussed and
ruled out in W25, so we leave this galaxy out of the list of
LRDs. Conversely, JADES-GS ID27908 at zpj,,; = 10.62 is
only classified as LRD in Pérez-Gonzilez et al. (2024), but in
the absence of a more in-depth analysis we leave it in the list.

We also did not exclude from the total selection the sources
identified as AGN in the lists discussed in M24, Sect. 5, given
that many known quiescent sources have spectral features in-
dicating the presence of nuclear activity (see Sect. 3.2). A
cross-match with existing catalogs (Luo et al. 2017; Nandra
et al. 2015; Kocevski et al. 2018, 2023; Taylor et al. 2025) re-
vealed that 18 candidates are classified as X-ray emitters (9 in
JADES-GS, 5 in PRIMER-UDS and 4 in CEERS), of which
ten are in our “gold” selection, and six more (three of which
as “gold”) as broad line emitters.

Finally, we point out that the Ha and [OIII] emission lines
at z ~ 3.8 fall in the gaps between the F277W and F356W
filters, and F200W and F277W filters, respectively. This un-
fortunate coincidence can bias the SED-fitting procedure for
objects at that specific redshift.

3.2. Comparison with spectroscopic data

To assess the reliability of our selection, we compiled a
list of 30 spectroscopically confirmed quiescent galaxies at
z > 3 that have a coordinate match with M24, including those
from Schreiber et al. (2018a); Barrufet et al. (2024); Car-
nall et al. (2024); D’Eugenio et al. (2024); Jin et al. (2024);
Nanayakkara et al. (2024); Setton et al. (2024); Weibel et al.
(2025); de Graaff et al. (2025b), and Baker et al. (2025a).
We then checked whether they were included in our sam-
ple; the results are shown in Tab. 3, where we also list the
acronyms of the references used in the rest of the paper.
Twenty-three galaxies are in our “gold” selection, including
the aforementioned PS from W25 (PRIMER-UDS 117643 in
M24 at zgp.. = 7.29), and two more are “silver” candidates.
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FiG. 1.— Values of the D4000 and DBalmer spectral indexes for theoretical
models and the quiescent candidates from this work with available spectro-
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The candidates are depicted with different symbols depending on their best-
fit properties: squares for RDs, diamonds for PSs; larger symbols for the
“gold” selection. Known quiescent sources from literature are marked with a
black circle. The dashed and dotted lines are used to select the outliers with
respect to the locus of the models, for visual inspection (see Sect. 3.2 for
details).

Of the five that we did not select, one (JADES-GN ID41598,
ID25529 in B25), has only F444W data in our mosaics, so
it was detected in M24 but it was not included in the current
analysis. The other three were best-fitted with a SF model,
although quiescent solutions exist with non-negligible proba-
bilities. However, they were discussed in the original works
as potentially not quiescent: in particular, IDs CEERS 56717
and PRIMER-COSMOS 86447 (EGS-26047 and ZF-COS-
20133 in S18, respectively) were also consistent with star-
forming models (the former from the strong emission lines,
the latter was best fitted as recently rejuvenated), and CEERS
ID79531 (EGS-34322 in S18) was actually best fitted by N24
as a mildly star-forming source (ISSFR~9.22). Finally, the
remaining missed source (PRIMER-UDS 26918) was best-
fitted with a quiescent model in our runs, but was not selected
because of a secondary SF solution with sufficiently high pgF,
albeit with ISSFR =~ —9.87, which is close to our quiescence
threshold of —10. Given these considerations, we can con-
clude that on this spectroscopic sample we reach a complete-
ness of 79’:%2% (23 out of 29, uncertainties computed follow-

ing Gehrels 1986) for the “gold” selection and of 86f}‘7‘% for
the total selection, being conservative about the quiescent na-
ture of the ambiguous sources discussed above; or, of 88f}%%

(23 out of 26) and 96j‘1‘9% for the “gold” and total selections
respectively, if we exclude them. As a side note, we point out
that we did not include in the list the PS at z,.. = 7.29 singled
out by Looser et al. (2024), because its stellar mass is below
our lower cut (see Sect. 4.5).

We then performed a counter-check browsing the DJA for
the spectra of our candidates (including those already in the
list described above) to look at their main spectral features.
Using a 0.3” matching length and searching for prism data,
at the time of this work we found 162 matches with our
sample, 108 of which are in the “gold” selection. Note that
some objects have already been included in published lists
(Schreiber et al. 2018a; Schmidt et al. 2021; Naidu et al.
2022; Arrabal Haro et al. 2023; Labbé et al. 2023; Bunker
et al. 2024; Carnall et al. 2024; Kokorev et al. 2024; Maseda

et al. 2024; Naidu et al. 2024; Simmonds et al. 2024; Williams
et al. 2024). A thorough spectro-photometric analysis of
the candidates would be beyond the scope of this work; we
opted for a simple test instead, which we describe in the
following. A standard approach would be to check for the
presence and strength of spectral emission lines associated
with SF activity, e.g. Ha and [OIII]. For example, the star
formation rate of SF galaxies is typically estimated from the
luminosity of the Ha line, as SFR(Ha)=7.9x10"*L(Ha)
(Kennicutt 1998). However, it is established that also
nuclear activity can power these emission lines, with the
accretion disk emitting UV radiation which heats up the
surrounding gas (e.g. Ho 2008): therefore, this test alone
is not sufficient to disentangle SF from quiescent galaxies.
The same holds true for other lines classically associated
with active SF activity like [OII], which have been shown
to be produced also by AGN, fast shock waves, post-AGB
stars, and cooling flows (e.g. Yan et al. 2006; Lemaux et al.
2010; Takahashi et al. 2025). As already mentioned, another
useful indicator to check for the presence of a substantial
evolved stellar population is the presence of breaks in the

spectral continuum at 3645 A (Balmer break, DBalmer here-
after), defined as <J,[3400,3600]>/<f,[4050,4250]>,

and at 4000 A rest-frame (D4000), defined as
<f,[3750,3950]>/<£,[4050,4250]> (see e.g. Binggeli
et al. 2019): they are created by massive O, B and A type
stars moving away from the main sequence. However, this
criterion is also ambiguous since the expected values of the
breaks overlap significantly for recently quenched galaxies
and reddened SF galaxies (see below). Furthermore, it is
established that the Balmer break can also be created by
extremely dense gas in the broad-line region of an AGN (e.g.
de Graaff et al. 2025a; Inayoshi & Maiolino 2025).

All things considered, we decided to check how many
sources in the spectroscopic subsample might be SF inter-
lopers because thegl have both small values of the breaks and
SSFR(Ha) > 107!Y yr~! (we used the photometric best fit stel-
lar mass estimate to compute the SSFR). We checked the val-
ues of the breaks by means of a simple diagnostic diagram
shown in Fig. 1. We analysed the values of the two breaks
for ~ 500 quiescent and ~ 1000 SF models built using Gutkin,
Charlot & Bruzual (2016) stellar models (which include emis-
sion lines), color-coded by df, (we consider a model to be SF
when it has dt; < 10 Myr), and the values computed from the
observed spectra of the candidates, shown with different sym-
bols depending on their df, and on the He SF indicator. For
reference, we also show the positions of the quiescent galaxies
from the full known spectroscopic sample described above. It
can be seen that no candidate lies in the region of the SF mod-
els, and most of them lie on the locus of the quiescent models.
Note that PS models (10 < dt, < 100 Myr, green to blue dots)
can have D4000 and DBalmer values as low as 0.8 and 0.6,
respectively: therefore, as one might expect, young PS can-
didates are the most ambiguous cases, because their breaks
are small and emission lines can be present due to the many
reasons discussed above (in fact, = 72% of the full spectro-
scopic subsample should be discarded a SF considering only
the criterion SSFR(He) > 107'°, and ~ 33% at IM, > 10.5).
From the full sample, 156 sources have spectroscopic data in
the wavelength range of the breaks. We empirically defined as
“outliers” the sources having DBalmer < 3.67 x D4000 — 4.0
or DBalmer > 4.2xD4000—-2.4 (the dashed lines in the figure;
note that one confirmed quiescent lies in the outlier region),
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and the ones below the dotted line, which are close to the locus
of the SF models. There are 33 outliers, and visually checking
them we found that 18 can be considered quiescent, while 15
have spectral features that cannot exclude SF activity. Based
on this exercise, we can estimate a contamination of 10 + 3%
(15/156) at the bright end of the full sample. It is worth notic-
ing that considering only the high-mass tail (IM,. > 10.5) we
have 54 matches, 41 of which are in the “gold” selection; 52
have data at the wavelength range of the breaks, nine of them
are outliers (four of which also lack L(Ha) information), and
only two must be rejected as a quiescent candidate at visual
inspection, implying a 4 +3% contamination level for massive
sources.

We also checked the consistency of our sample with pre-
viously published photometric selections (M19, Carnall et al.
2023; Valentino et al. 2023; Russell et al. 2024; de la Vega
et al. 2025; Baker et al. 2025b). We discuss the results in
Appendix C.

3.3. Completeness and contamination of simulated data

Although the checks on spectroscopic data reinforce con-
fidence in our selection procedure, they can only provide an
approximate assessment of the accuracy of our selection tech-
nique. Reassuringly, they are in reasonable agreement with
the estimates obtained with an extended set of simulated data
which we created to quantitatively estimate the completeness
and contamination of our sample. The detailed procedure and
results are described in Appendix B. In short, we created an
extensive set of mock catalogs reproducing the observed sta-
tistical properties of the high-redshift galactic populations; we
used the best-fits of real data as the input starting point, and
added random perturbations both on their physical parame-
ters and to the photometric values; then, we proceeded to fit
the mock catalogs with the same procedure used on real data,
and compared the fitted values to the input ones, estimating
the completeness and contamination in bins of physical pa-
rameters. We found that the “gold” selection criteria provide
completeness factors of ~70% at z < 6 and SNR > 100, and
the contamination factors typically stay below 5%. On the
other hand, the total selection reaches 90% completeness at
SNR > 100 and z < 6, and stays above 50% for SNR > 50
at all redshifts; the contamination is typically very low but
grows to ~20% for SNR < 50, with some peaks at ~ 50% at
z ~6 and SNR < 20. While we are aware of the limits of this
approach (we discuss them in the Appendix), we think it pro-
vides a reasonable proxy for the accuracy we can obtain on
real data; therefore, we used these estimates corrected values
to compute the number densities discussed in Sect. 4.4.

4. RESULTS AND ANALYSIS

The full list of quiescent candidates, along with the physi-
cal properties of their best-fit model and additional informa-
tion, is available on the ASTRODEEP website*. Of the 633
candidates, 535 (85%) are best fitted with top-hat SFH mod-
els implying very rapid quenching times, 97 with exponen-
tially declining SFH models, and one with a delayed exponen-
tially declining SFH model. Concerning the distribution of the
(gold) candidates in the fields, 46 (20) are in ABELL2744, 95
(53) in CEERS, 61 (28) in JADES-GN, 99 (53) in JADES-
GS, 4 (1) in NGDEEP, 129 (44) in PRIMER-COSMOS, and
199 (92) in PRIMER-UDS. Considering the areas of the sur-

4 http://www.astrodeep.eu/quiescents_merlin25

veys (see M24), these numbers imply a reasonably homoge-
neous surface density of quiescent candidates of = 0.9 + 0.2
(0.4+0.1) arcmin 2, with the exception of NGDEEP for which
itis ~0.4 + 0.3 arcmin~2 (0.1 £ 0.1).

4.1. Downsizing: a tale of two populations

Figure 2 shows the best-fit stellar mass of the candidates
as a function of their redshift (and the corresponding age of
the Universe). The dots are colour-coded by dt,, i.e. the

time since when the SSFR of the model dropped below 10~1°
yr~!, and sized proportionally to the reliability parameter r;
other symbols are explained in the caption of the Figure. A
clear bimodality is immediately evident: at 3 < z < 5, mas-
sive sources (IM. > 10.5) are predominantly RDs (df, >
150Myr), while lower mass objects are mainly PSs. This is
shown even more explicitly in Fig. 3 were we plot the num-
ber counts in bins of dt, for the two mass regimes, obtaining
two distinct peaks, particularly evident in the “gold” sample
(we checked that the fraction of sources with a wrong fit, and
in particular of RDs erroneously fitted as PSs, is not relevant;
see Appendix B.1). This implies that, at any moment in time
since z =5, the most massive objects have formed their stellar
mass in a remote and intense burst of SF activity, while lower
mass systems have only recently stopped forming stars. In
principle, one could expect the low mass PSs found at z = 5
to be the progenitors of low mass RDs at lower redshifts, but
this would require that they stay quenched, making the num-
ber of low mass RDs candidates increase going towards z ~ 3.
However, looking at Fig. 2, it seems that this is not the case
(see also the subsections 4.2 and 4.4.2). We might be missing
low mass RDs because of our selection technique, but the re-
sults of the runs on simulated data that we used to assess the
completeness of our sample seem to rule out this hypothesis
(see Sect. 3.3, and Appendix B).

A possible explanation of the observed bimodality is that
the low mass PSs are the progenitors of massive RDs, i.e. they
will move upward and leftward in the plot after the observa-
tion. However, massive RDs are more compact than most low
mass PSs, as shown in Fig. 4, where we plot the the half light
radius versus the best-fit mass of the candidates (in physical
kpc, as inferred from the SExTrAcTOR pixel values given in
M24 and the angular diameter distance of the source’. To
remain quiescent while increasing their mass by an order of
magnitude, low mass PSs should undergo major dry merger
events while becoming more compact; but collisionless sys-
tems such as gas-poor galaxies do not increase their concen-
tration in dry mergers (e.g. Nipoti, Treu & Bolton 2009), so
we can exclude this scenario (although PS galaxies may still
retain gas reservoirs or further accrete gas thus undergoing
wet mergers and some degree of compaction induced by gas
dissipation, see e.g. Hopkins et al. 2009; Lapi et al. 2018).
Incidentally, we do not find clear evidence for a correlation
between the time since quenching df, and the size of the can-
didates, as predicted by some models (e.g. Lapi et al. 2018).

3> We warn that considering the SExtracTor flags as reported in M24, 38%
of the candidates are flagged as isolated (flag=0), 25% have been deblended
(flag=1), and 36% are deblended and have close neighbors likely affecting
aperture photometry (flag=3); however, in principle having a close neighbor
should increase the estimate. Furthermore, since the values are measured on
the detection F356W+F444W stack they might actually correspond to differ-
ent physical radii depending on the redshift of the source, as different rest-
frame wavelengths are sampled; however, this is true for both the RD and the
PS candidates, so it does not impact our conclusions.
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Fic. 3.— Distribution in time passed since quenching dt, of the high (IM,. >
10.5, magenta) and low mass (9.5 < IM, < 10.5, green) quiescent candidates
at 3 < z < 5. The shaded histograms correspond to the “gold” selection (the
grey area being the superposition of the red and blue histograms), the lines to
the full sample.

We also point out that one source is fitted as very massive and
compact: it is PRIMER-UDS ID98234, which we discuss in
Sect. 4.5.3.

A third hypothesis is that these PS candidates will become
the low mass components of minor dry mergers with massive
galaxies. To investigate this scenario, the clustering proper-
ties of these objects should be investigated, which is beyond
the scope of this work; however, the candidates are scattered
across the field of view (FoV) of the fields, making it unlikely
that they belong to clustered systems.
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Fic. 4— Half light radius vs stellar mass relation of the candidates. Symbols
are as in Fig. 2. Note that radii in M24 were estimated on the detection
image, a F356W+F444W stack, so they sample different physical emissions
at different redshifts. The two very massive and very compact source close
to the bottom right corner PRIMER-UDS 1D98234, most likely a peculiar
AGN, and “Capotauro” (Gandolfi et al. 2025), barely visible because of its
low reliability; see Sect. 4.5.3.

The remaining, most credible hypothesis is that these low-
mass PSs are only temporarily quenched, and will form new
stars in their future. If this is the case, we can conclude that
while massive RDs have formed in a burst of SF activity in a
compact region where high density gas collapsed, PSs must
have started assembling their mass in larger regions of lower



8 Merlin et al.

[ ALL
101 1 ISSFR<-10
1 IM>10.5
107 [ dit,>10Myr
2] H r>0.1
g Final total sel.
@] 102,
@)
101_
1004 |
3 4 5 6 7 8 9 10
Redshift

FiG. 5.— Number of candidates as a function of redshift adding increasingly
stringent selection criteria, from the initial full catalog to the final selection
(see Sect. 4.1.1).

density, and at the moment of observation they are experi-
encing a so-called “breathing” phase, in which bursts of SF
alternate with short-lived quenched periods. This is expected
to naturally happen in low mass galaxies (e.g. Stinson et al.
2007; Merlin et al. 2012), and can be interpreted as a direct
evidence of the so-called “downsizing” scenario, witnessed
at its onset rather than inferred from archaeological studies
of stellar populations in local galaxies. It is certainly worth
pointing out that the mass threshold for this bimodality is
at IM,. ~ 10.5, which is the characteristic mass dividing the
red and blue sequence as found and discussed long ago by
e.g. Kauffmann et al. (2003), Gallazzi et al. (2005), Shankar
et al. (2006), Dekel & Birnboim (2006), and more recently by
Haines et al. (2017) up to z = 1; or the mass of maximum effi-
ciency in the conversion of gas into stars (e.g. Silk & Mamon
2012).

4.1.1. No Red and Dead galaxies at 7 > 5

Another interesting outcome evident in Fig. 2 is the abrupt
drop in the abundance of robust candidates at z > 5. Of
the 34 candidates at z > 5, 13 are fitted as RDs, but 12
of these are classified as LRDs in one of the lists cited in
Sect. 3.1.3, and ten of them are at z > 10; the other two are
PRIMER-COSMOS 1D33783 at z,4,; = 6.0 and PRIMER-
UDS ID51964 at z,5,, = 6.38, both fitted as IM,, > 10.5 RDs.
We then have only two more massive candidates at z > 5: the
spectroscopic PS from W25 at z,,,. = 7.287 (which we fit
with IM, = 10.6), and “Capotauro” (CEERS ID17577), the
source presented in Gandolfi et al. (2025). See also Sect. 4.5;
note that both “Capotauro” and PRIMER-COSMOS ID33783
are barely visible in Fig. 2 because of their low reliability val-
ues. In Fig. 5 we show the number counts as a function of
redshift of sources selected with increasingly stringent crite-
ria, starting from the whole M24 updated list (red line), which
does not show a similar drop. The number of galaxies with a
quiescent best-fit decreases by an order of magnitude from
z =3 to 7 (green line). The trend for massive sources is even
stronger up to 5.5 (blue line), and then their counts oscillate
between peaks and lows at higher redshifts, most likely in-
dicating spurious selections (note that their counts are of the
order of the tens in the most populated bins). The require-
ment for a minimum dt, of 10 Myr roughly halves those at
5.5 < z < 7 (black line), but the additional criterion on the
reliability factor r has the strongest effect: most of the z > 4.5
massive candidates have credible alternative SF solutions and

are therefore excluded from our sample (black bars; the final
selection, shown in magenta, further excludes some sources,
especially at high redshift, because of additional checks and
criteria). Since it is impossible to discern when an alternative
solution is actually the correct one, it remains unclear whether
the drop is real or the result of a selection effect. However, we
checked the completeness obtained with our selection proce-
dure on a simulated dataset, and we did not find a significant
decrease at z > 5 (see Appendix B). This seems to favour the
conclusion that the drop is real, but the issue requires further
verification; currently, there are few other studies that collect
data for z > 5 quiescent candidates (see Appendix C), and the
current lack of spectroscopically confirmed quiescent sources
at z > 5 with the only exception of the PS from W25 further
strengthens the conclusion (see Tab. 3). It might be worth
pointing out that also the number density of the full galaxy
population at IM,. > 10.5 seems to drop by one order of mag-
nitude from z = 4 to 5 (e.g. Weibel et al. 2024, their Fig. 6).
As a final remark, we recall that the stellar masses at z > 4
might be overestimated up to ~ 0.4dex without the inclusion
of far-infrared (MIRI) data (Papovich et al. 2023).

4.2. Mass assembly history

Figure 6 illustrates the stellar mass assembly history of the
“gold” candidates, dividing them into four sub-classes for
clarity of visualisation. Each line represents a single galaxy,
showing its mass growth in time (or redshift) according to the
best fit model; of course this is a simplified and qualitative
visualisation of the true histories, as it neglects the possibility
of major mergers and the details of the real SFH, which we
cannot know. However, given the short timescales, it is rea-
sonable to assume that a monolithic-like mass assembly is a
good approximation, perhaps via numerous early mergers of
small substructures (see e.g. Merlin et al. 2012). The mean-
ing of the symbols is explained in the caption. The upper left
panel collects the 48 “quick” gold RD candidates: accord-
ing to the best fit, these objects formed their stellar mass in a
rapid burst of activity which lasted less than 300 Myr (note
that this should not be confused with the df, value, which
is the time passed since quenching, and for these sources is
greater than 150 Myr). Noticeably, many high mass sources
fall into this category, implying very high SFR peaks. The
upper right panel collects 47 “slow” RDs, with SFHs longer
than 500 Myr. The bottom left panel collects the PSs with
a “quick” mass assembly: they are almost all of the PS can-
didates. In fact, only 8 PSs have “slow” SFHs (bottom right
panel). This plot emphasizes the conclusions of the previous
subsection, since it can be seen even more clearly that there
are very few low mass RDs at 3 < z < 5, while from the
abundance of PSs one could expect to find many approaching
z = 3, if the older ones stayed quenched for long times. How-
ever, the plot also highlights a further interesting point: in
principle, one would expect to have a comparable number of
“quick” and “slow” PSs, if the episodic bursts of SF were hap-
pening stochastically in the SFH of a galaxy. Instead, almost
all of the PS candidates are very young, implying they have
assembled their mass very quickly and recently. This might
be caused by a bias of the SED-fitting technique, which might
spuriously favour short SFH solutions; or, it might be a real
feature, implying that after the first, short episode of quench-
ing in which we are observing them, these sources will resume
forming stars more steadily, without other relevant quenching
episodes at least up to z = 3.

Based on their best-fit taken at face value, nine “gold” can-
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Fig. 6.— Stellar mass assembly history of the “gold” candidates according to their best fit model. Top panels: RDs (candidates quiescent since more than 150
Myr); bottom panels: PSs (candidates quiescent since less than 150 Myr); left panels: quick mass assembly (SFH shorter than 300 Myr); right panels: slow mass
assembly (SFH shorter than 300 Myr). For each candidate, the red dots show the epoch of quenching, and the black empty symbols the epoch of observation
(squares are candidates with spectroscopic redshift, diamonds are those with photometric redshifts); the two are connected by a black dotted line. The size of the
symbols is a proxy for the SFR peak value (as computed from its best-fit SFH function, stellar mass, and age), and the transparency of the symbols is a qualitative
proxy for the reliability parameter r (more opaque being more reliable). Finally, the blue lines give an indicative depiction of the stellar mass assembly history
as a function of time (bottom axis) and corresponding redshift (top axis), with the transparency of the line again being a proxy for the SFR peak value. The gray
and black lines show the limits imposed by the ACDM cosmology: the thin grey line is the maximum halo mass expected in the survey volume at each redshift,
as computed using the Corossus Python module (Diemer 2018); the solid black line is the maximum galaxy mass assuming 100% star-formation efficiency, i.e.
Mgar = foaryonMpato With' foaryon = 0.158, and the dashed black line is the observed maximum galaxy mass with 20% star formation efficiency. The IDs of the
potential “Universe breakers” are reported in the Figure close to their quiescence marker.

didates (plus 14 in the “silver” sample) would have assembled
their stellar mass too early with respect to the limits imposed
by the ACDM framework. They are all fitted as “quick”, mas-
sive RDs, with zero or very low extinction. They are high-
lighted with their ID in the Figure; they lay above the black
solid line, which shows the maximum stellar mass allowed
as a function of redshift, obtained using the Corossus pack-
age (Diemer 2018) to compute the maximum halo mass (thin
grey line), and assuming a baryon fraction of 0.158 and 100%
star formation efficiency (the black dashed line corresponds to
20% efficiency). These sources would be “Universe breakers”
(see Xiao et al. 2024, their Fig. 1), so their fit has to be taken
with particular caution. Again, they can actually be the result
of early dry mergers, so that their stars actually belonged to
smaller halos when the SF activity ceased; furthermore, their
photometric masses might be overestimated (e.g. Papovich
et al. 2023; Berger et al. 2025), as well as their ages (see Ap-
pendix B.2, also given the sharp drop in the number of candi-
dates at z =5 discussed in the previous subsection). However,
some of these objects have already been discussed in the lit-
erature. In particular, two of them (PRIMER-UDS IDs 95085
and 102452 in M24) are also presented as potential “Universe
breakers” in Carnall et al. (2024), as EXCELS 109760 and
117560, although we respectively infer formation redshifts of
26 and 17, and quenching redshifts of 17 and 9.2, while they
were fitted with lower values in the original work (while stel-
lar masses and metallicities are reasonably consistent). On the
other hand, we fit the well known ZF-UDS-7329 galaxy from
Glazebrook et al. (2024, PRIMER-UDS ID46683 in M24) as
a high-metallicity (Z/Z = 2.5), massive (IM, = 11.3) galaxy,
which is consistent with their fit, but we infer a formation
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FiG. 7.— Position of the quiescent candidates in the UV J diagram according
to their best fit model. Symbols are the same as in Fig. 2, and small points
are all the sources at zp.5; > 3 with a quiescent best-fit.

redshift of 7.3 rather than ~ 11, and a quenching redshift
of 4.25 rather than 6.3 (see also Turner et al. 2025). Since
the estimates in the cited works have been obtained from fits
of spectro-photometric data with non-parametric SFHs, they
should probably be considered more reliable.

4.3. Colors, metallicity and extinction

In Fig. 7 we show the candidates on the UVJ diagram
(Labbé et al. 2005; Wuyts et al. 2007), with the same symbols
as in Fig. 2. Many (and almost all the PSs) fall outside of the
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Fic. 8.— Extinction E(B—-V), time since quenching dt, and metalliticy Z/Z,
of the quiescent candidates. Symbols are as in Fig. 2, with the different color
coding referring to metallicity; the crosses mark the sources that have best fit
rest-frame colors U — V < 2and V — J < 1.5. A random small offset on the
E(B — V) value has been applied for legibility.

standard quiescent area in the plot, as already pointed out by
M18. Indeed, recent color selections have adopted less strin-
gent criteria, e.g. the dotted line is the one adopted by Baker
et al. (2025b). A few of our young PS candidates actually fall
even blue-ward of this threshold. The gap in the distribution
at U —V =0.8, V- J =0 is due to the existence of SF solu-
tions for the potential candidates with best-fit colors falling in
the region. Note that not all the sources in M24 falling within
the UV J quiescent region end up being selected as quiescent
with our criteria, again because of the existence of reliable SF
alternative solutions. It is worth reminding that the position
on the UVJ diagram is given by the rest-frame colors of the
best-fit model, which are not necessarily an accurate proxy for
the intrinsic colors of the real galaxy.

Finally, Fig. 8 shows the best-fit E(B—V) values of the can-
didates as a function of their dt,; here the dots are color-coded
as a function of the stellar metallicity. Many candidates are fit-
ted as chemically enriched galaxies. Local quiescent galaxies
are known to be more metal rich than SF galaxies, reaching
super-solar values at the high mass end (e.g. Peng, Maiolino
& Cochrane 2015), and in principle the same physical mecha-
nisms that cause this trend exist at high redshift as well; while
this might be surprising, cases of high metallicity quiescent
objects at high redshift have already been reported in the lit-
erature (e.g. Nanayakkara et al. 2024). Wang et al. (2020) sug-
gested that stellar mergers could be responsible for such early
chemical enrichment. Furthermore, a few candidates appear
to have high extinctions, with E(B—V) > 0.4, even after more
than 100 Myr from their quenching. While this might also
seem far-fetched, checking the SED-fitting output we found
that most of these objects do not have reliable alternative so-
lutions. Five of these sources are spectroscopically confirmed
quiescents; the most striking case is ABELL2744 ID13197,
characterised by Setton et al. (2024) as a two-component qui-
escent galaxy with an old (=1 Gyr) and dusty (A,=1.5) bulge.
For these reasons, we cannot rule out the possibility of old
and dusty galaxies; they are few, and we keep them in our
selection.

4.4. Number density of quiescent sources

We estimated the comoving number density of the quies-
cent candidates considering two mass thresholds, IM.. > 9.5
and IM, > 10.5, in the four redshift bins 3 < z < 4,
4 <z7z<55<z<7 and7 < z < 10. We excluded the
ABELL2744 field from this computation, since it is affected
by lensing magnification by the foreground galaxy cluster.
Figure 9 shows the results, and we list the relevant values in
Tab. 1. We plot the values obtained for the “gold” and the
total (“gold” plus “silver”) selections. The raw values (black
triangular ticks) were obtained simply by dividing the number
of candidates in each redshift bin by its comoving cosmolog-
ical volume, normalised to the total observed area. The cor-
responding estimates corrected for contamination and com-
pleteness (black triangles) were obtained using coefficients
estimated with the simulations described in Appendix B. We
point out that while in principle the corrected “gold” and to-
tal estimates should be close, in reality the additional crite-
ria imposed on the “gold” selection (i.e. “z-robust”, six valid
NIRCam bands, no flaw at visual inspection) cause some dif-
ferences in the corrected number densities, the “gold” selec-
tion resulting in lower values. It is also worth stressing that
the points for the 7 < z < 10 redshift bin are obtained with
just seven candidates: one “gold” candidates (the confirmed
PS from W25), one low reliability candidate at <= 8.26, and
five“silver” sources, all identified as LRDs, at 9 < z < 10
(ee Sect. 4.5). Finally, we point out that removing the LRDs
even from the “silver” selection the number densities at 7 > 5
would be significantly lower: in Fig. 9 we show the relevant
points for z > 5 and IM,. > 9.5 (blue symbols), because for all
the other cases the difference is negligible.

In Fig. 9 we also show various estimates published in re-
cent years (colored symbols), including: those from Schreiber
et al. (2018a) and M19 from the pre-JWST era; the one by
Gould et al. (2023) who used COSMOS2020 data (Weaver
et al. 2022), with a lower mass cut at IM,=10.6; and the re-
cent samples described in Appendix C, with the acronyms ex-
plained in the caption. C23 and R24 points are obtained by
adapting the values reported in their work to our selection cri-
teria (however, in C23 all candidates are fitted as RD, i.e. have
dt, > 100 Myr). Publicly available data from V23, dIV25 and
B25 do not provide all the necessary information, so we just
plot the values given in their papers at face value (note that
V23 also cuts at IM,,=10.6).

Our raw estimates are broadly in agreement with the other
JWST-based ones at 3 < z < 5, but tend to be higher be-
cause of the inclusion of many low mass, recently quenched
candidates, which we are able to single out by exploring the
SED-fitting solutions rather than selecting on colors. They
are also significantly higher than the corresponding values
from HST-based works due to the increased accuracy and
sensitivity of the JWST observations: in particular, the total
(“gold”) raw number density estimates for IM,. > 9.5, in units
of 107 cMpc3, respectively increase from 2.9 to 17.8 (9.1)
at3 <z <4, and from 0.4 to 7.6 (3.5) at 4 < z < 5, compared
to those from the “lines” selection in M19 (we remind that
now emission lines are always included in the SED-fitting li-
brary). We point out that at IM,, > 10.5 our estimates lay
between those by C23, which were from the CEERS field,
and those from other studies. At z > 5, instead, our values
are lower than those from other studies, most likely because
of the stringent selection criteria we applied; indeed, when
correction terms for completeness and contamination are in-
cluded, the estimates are consistent with other studies at least
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IM, > 9.5 cases. The number densities predicted by theoretical models are shown with solid lines. For TNG100 and EaGLE we also show the prediction from
four mock lightcones obtained with Forecast: the dotted lines are the median values and the shaded regions the 1o confidence levels.

TABLE 1
NUMBER DENSITIES OF QUIESCENT CANDIDATES. NUMBER DENSITIES ARE IN LOGo Mpc ™3 (COMOVING). VALUES ARE GIVEN FOR THE “GOLD’’ AND TOTAL SAMPLES, BOTH RAW AND
CORRECTED FOR COMPLETENESS AND CONTAMINATION, AND FOR TWO LOWER MASS THRESHOLDS, LM, > 9.5 AND LM,. > 10.5. THE NUMBERS IN PARENTHESES ARE THE ACTUAL
NUMBER OF RD (df; > 150 MyRr) anp PS (dt; < 150 MyR) cANDIDATES. UNCERTAINTIES ARE COMPUTED FOLLOWING GEHRELS (1986).

Redshift “Gold” raw / corrected (#gp, #ps) Total raw / corrected (#gp, #ps )
M, > 10.5

3<z<4 452009 (56, 8) / —4.3710% —4.30%00% (82, 22) / -4.2170%

4<z<5 =513 13, 1)/ -5.015010 —-4.98011 (17, 3) / —4.932010

5<z<7 —(0,0)/— -6.213031 (2,0)/ -6.157031

7<z<10 —6.57203% (0, 1)/ —6.09103% -6.277031 (1, 1) / -5.8970%
M. > 9.5

3<z<4  —4.0470% (72, 120) ) -3.7770% 3757003 (115, 260) / —3.6270:03

4<z<5  —4459% (19, 49) / —4.0975% —4.12*9% (28, 115) / =3.95*0%3

5<z<7  —591%0% (0,4)/-5.437)14 -5.337013 (3, 12) / =5.1120%

7<z<10 —6.57203% (0, 1)/ —6.09103% -5.8770% (3,2) / -5.687015

in the full IM,. > 9.5 sample. However, the drop of IM,. > 10.5
candidates at z = 5 discussed in Sect. 4.1.1 is clearly visible.

4.4.1. Comparison with models

In Fig. 9 we also plot the number densities of quiescent
galaxies from some hydrodynamical cosmological simula-
tions (colored lines). For EacLe (Schaye et al. 2015) and
TNG100 Pillepich et al. (2018) we computed the values from
the publicly available output snapshots, adopting the same cri-
teria used for the observed data (ISSFR < -10, dt, > 10
Myr, IM. > 9.5 and 10.5). The SFH of each galaxy was
obtained from the formation times (age of the Universe at
birth) and initial masses of the individual stellar particles in
the snapshots, including only those within 2R,, and we con-
sidered the SFR averaged on intervals of 10 Myr. We also
show the values from four mock light-cones created with the
code Forecast (Fortuni et al. 2023); the differences between
the values from the snapshots and the light-cones can be ex-
plained by considering the details of the procedure, which we
skip here. The data for the StvBa (Davé et al. 2019) and Mac-
NETICUM PAaTHFINDER (Kimmig et al. 2025) models were kindly
provided by the authors of the simulations. For SivBa we used

the same data as in M 19, except that now we plot the selection
with ISSFR < —10 instead of —11.

As already known and discussed in M 19, most models fail
to reproduce the number densities of quiescent objects at
z > 4 (while typically overestimating them at z < 3). Ea-
GLE is in broad agreement with the lower published estimates
at 4 < z < 5 for IM,. > 9.5, but fails at producing massive
quenched objects at z > 4. In contrast, MAGNETICUM seems in
good agreement with the observations at z < 5, and within
some reasonable offset at 5 < z < 7 for IM, > 9.5, but
falls short of the observed values at z > 7, and at z > 6 for
IM. > 10.5. However, as already pointed out the observed
raw numbers at these redshifts are very small, so the compar-
ison is less significant here (and again, the stellar masses esti-
mated in the SED-fitting procedure might be overestimated).
Taken at face value, this result alone would seem to imply
that there is no intrinsic tension with the prediction of ACDM
cosmology, provided tailored recipes are included in the sim-
ulations, in particular concerning the feedback mechanisms
and the size of the simulated cosmological box. However, the
details of the quenched galaxies reveal that the agreement is
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actually not satisfying yet, as shown in the next subsection.

4.4.2. Number densities of RD and PS, high and low mass
candidates

As discussed at the beginning of this Section, the observed
raw number of low mass (9.5 < IM, < 10.5) RD candidates
does not increase significantly from z = 5 to 3, implying
that the PS candidates are most likely experiencing a phase of
“breathing”, i.e. a temporary quenching before re-juvenation.
We now make this even cleared in Fig. 10, where we plot the
number densities (both raw and corrected for completeness
and contamination) of our RD and PS candidates divided into
the two mass regimes, showing how the values of low mass
RDs always stays well below that of low mass PSs, while in
principle one could expect to see them grow substantially.

We also plot the trends for the EacLe, TNG100, and Mag-
NETICUM simulations. For the first two, the data is publicly
available, so we can apply the exact selection criteria used
for the observations (we plot both the trends straightforwardly
from the boxes, and those obtained with the Forecast light-
cones); for the latter, the data was kindly provided by the re-
search team. The difference between the three simulations is
evident, especially in the low mass regime. At 1M, > 10.5,
only MaGNETICUM reproduces the existence of RDs at z > 4.5,
also yielding the correct densities of RDs and PSs at lower
redshifts; EAGLE is also reasonably close, but falls short at
z > 4, while TNG100 largely overestimates the abundance
of PSs at z < 4.5. However, at 9.5 < IM, < 10.5 the situ-
ation is even more complicated: TNG cannot reproduce the
density of PSs at z > 3.5 and of RDs at z > 4, while EaGLE
is consistent with the density of PSs at all epochs but has too
many RDs at 3 < z < 4; finally, the trends in MAGNETICUM are
inverted with respect to the observations, with too many RDs
and too few PSs, possibly hinting at an excessive efficiency
of AGN feedback from low mass super-massive black holes.
These comparisons suggest that even when the global trends
can be reproduced, comparing in more details the properties
of the simulated and observed galaxies still yields non negli-
gible tensions.

4.5. Interesting candidates

In this Section we discuss some interesting sources: ro-
bust candidates not included in previous selections, objects
at z > 5, and very massive galaxies (according to their best-
fit). Some of them (snapshots, best-fit SEDs and parameters,
PDF(z), and observed spectrum when available) are shown as
examples in Appendix D.

4.5.1. “Gold” high reliability 7 < 5 candidates

Twenty sources not already included in the spectroscopic
sample of Tab. 3 are “gold” with reliability parameter » > 0.8;
they all are at 3 < z < 5. Eight examples are shown in
Figs. 17 (RDs) and 18 (PSs). Their best-fit SEDs clearly show
the typical features of quiescent sources, with a pronounced
Balmer/4000 break and a declining UV rest-frame emission.
Noticeably, strong Ha and [OIII] emission lines are evident
in some cases where the observed spectrum is available; as
already mentioned, they can be powered by nuclear activity
or gas heated by shocks. Interestingly, 22 out of the 23 known
spectroscopic quiescents in Tab. 3 included in our “gold” se-
lection have 0.4 < r < 0.55, in all cases because of the ppe
value (no one has SF alternative solutions).

4.5.2. Candidates at z > 5

As mentioned, we have a total of 34 candidates at z > 5.
Seven are “gold”, although with reliability values 0.42 < r <
0.53; five of them have spectroscopic redshifts. Of the re-
maining 27 “silver” candidates, 25 have photometric redshift,
and only three do not have alternative SF solutions.

The current record-holders as the farthest spectroscopi-
cally confirmed quiescent objects are the aforementioned
PRIMERS-UDS ID117643 (W25) and JADES-GS 1D47234
Looser et al. (2024), both at zp.. ~7.29. In our SED-fitting
runs, the latter is best fitted as young (dz,=20 Myr) PS of mass

M, = 4.6 x 108M,, (in agreement with the value 4 — 6 x 103
from the original work), which is lower than our minimum
threshold mass of 10° M, and it is therefore not included in
our selection. W25 is in our “gold” sample, best fit as a mas-
sive (IM,=10.6), mildly obscured (E(B — V)=0.3) galaxy with
solar metallicity (Z/Z, = 1); it is formed at z = 7.97, with
a TH SF burst of 10 Myr followed by 70 Myr of quiescence,
implying an extreme peak SFR of ~ 4000 Mg/yr (the authors
fitit at a lower IM,, = 10.2, A, = 0.25, t99 = 70 Myr). We no-
tice that the spectrum available from the DJA archive appears
contaminated at A,,; < 2 pum (it comes from the CAPERS
survey while the original work is from the RUBIES survey).

JADES-GS ID57595, at 75 = 6.1, is the only other “gold”
candidate at z > 6; it is best-fitted as a IM, = 9.70 PS
(dtg = 110 Myr) formed at z ~ 7. Unfortunately, despite
having reliability » = 0.45 it provides a good example of a
wrong fit: the emission lines biased the photometry in the red
bands, and in particular the OII line spuriously enhanced the
estimated DBalmer, resulting in a quiescent fit (although a
break is present, but smaller than the one estimated with the
photometric SED-fitting).

We have two more RD candidates at z > 6 with r > 0.4:
PRIMER-UDS ID51964, at z,;,, = 6.38 with no lower red-
shift solutions, is best fitted as a massive (IM,. 10.95) galaxy
with super-solar metallicity, formed at z ~ 9.5 in a burst
of 30 Myr followed by 320 Myr of quiescence; JADES-GS
ID27908, with photometric solutions only at z > 10, is best-
fitted as a IM,. = 9.77 galaxy at z,,,, = 10.6, formed at z =25
in a quick 10 Myr SF burst followed by 290 Myr of quies-
cence. Both fail the “gold” selection because they are iden-
tified as LRDs: the first in the new sample based on Barro
et al. (2024), the second in the list by Pérez-Gonzilez et al.
(2024). Indeed, these two objects appear as compact, almost
point-like sources; and although their faintness make the HST
photometry prone to large errors making it difficult to prop-
erly constrain the fit, an uprising in the rest-frame UV fluxes
which is not reproduced by our models can be seen. As men-
tioned, we leave them both in our “silver” selection, because
the real nature of these type of sources is still being debated
(see cited references). We then have nine more LRDs in the
“silver” selection at z,4,, > 9 (five are from Kocevski et al.
2025, where they have slightly lower redshift estimates, but
three are above 9 anyway, one is at 8.32 at one at 6.01); they
all have r < 0.2 except for one having r = 0.234 and the
mentioned JADES-GS 1D27908, which has r = 0.45.

Finally, we have only two candidates at z > 8 not already
classified as LRDs. PRIMER-COSMOS ID104822 is a “sil-
ver”, but very low reliability (r = 0.11) compact source at
Zspec = 8.29, fitted as a IM, = 9.7 formed at z = 11.2 and
quenched since 170 Myr; it looks faint and compact, and de-
spite not being in any of the considered lists, its photometric
SED (poorly reproduced by our best-fit model) shows the up-
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rise in the optical rest-frame typical of LRDs. The other can-
didate is the very peculiar “Capotauro” (Gandolfi et al. 2025,
CEERS ID17577 in M24), a faint, compact F356W drop-
out. As discussed in their paper, it might be a distant cold
brown dwarf or an orphan planet, with alternative solutions as
a z ~ 30 Lyman-break galaxy, or as a z = 9.8 quiescent, very
massive (IM, = 11.6) galaxy: the latter is the only accept-
able solution with our library of models and the z,,, estimate
from M24 (where the maximum allowed redshift was 20). It
is fitted with E(B-V)=1 and Z = 2.5Z,, formed at z =~ 20
with a short (100 Myr) burst of SF (an alternative quiescent
solution with IM,, = 10.6 and E(B-V)=0.4 would require a
formation redshift of 70). Admittedly, the quiescent galaxy
solution is far-fetched, especially considering that the best-fit
with our library fails the upper-limit in F356W. Nevertheless,
it does enter our “silver” selection with a reliability value of
0.16, so we leave it in our sample, despite its extreme nature;
a spectroscopic follow-up is needed to fully disentangle its
mysteries.

The snapshots, best-fit SEDs and PDF(z) of some of the
objects discussed in this subsection are shown in Fig. 19.

4.5.3. Ultra-massive candidates

Four candidates have best fit masses IM,. > 11.5. One is the
already mentioned “Capotauro”. The other three have spec-
troscopic redshifts. Two are in our “gold” selection: ID98234
in PRIMER-UDS at z,,. = 4.56 is point-like and the best-fit
is certainly sub-optimal, despite having no reliable alternative
solutions (it is indeed one of the outliers in Fig. 1 discussed in
Sect. 3.2, and its observed SED suggests it to be an AGN with
strong Ha and MglII broad emissions, and a peculiar extinc-
tion); while ID73230 in CEERS at z,,. = 3.64 looks like an
evolved spiral. The same holds for the last one, ID117344
in PRIMER-UDS, a “silver” candidate with z,p.. = 4.06.
Both are best-fitted as RDs, but their morphology suggests
that their real nature might be that of reddened SF sources
with old bulges. However, ID177344 only has low probabil-
ity SF alternative solutions, while ID73230 has none. The
snapshots, best-fit SEDs and PDF(z) of the four objects are
shown in Fig. 20. It is worth mentioning that many ultra-
massive (IM, > 11.7) photometric candidates at intermediate
redshift (3 < z < 4), including some in the quiescent wedge

of the UVJ diagram, have been shown to actually be lower
mass, z < 3 interlopers, suggesting difficulties for photomet-
ric redshift programs in fitting similarly red SEDs (Forrest
et al. 2024); however, our ultra-massive candidates all have
spectroscopic redshifts.

5. SUMMARY AND DISCUSSION

We have searched for quiescent galaxies at z > 3 exploit-
ing the publicly available photometric catalog ASTRODEEP-
JWST presented in Merlin et al. (2024). Using a compre-
hensive library of galaxy SED models with the SED-fitting
code zpnor and exploring the y? probabilities of all fits to
exclude objects with alternative reliable SF solutions, we se-
lect 633 candidates, among which 291 are tagged as “gold”,
having a high reliability value and a robust redshift determi-
nation (see Sect. 3.1.2); of these, 164 (95 “gold”) are best-
fitted as red and dead (RD) sources quenched for more than
150 Myr (dt; > 150 Myr), while the rest are best-fitted as re-
cently quenched post-starbursts (PS, dt, < 150 Myr). Since
the detection is essentially complete down to ABx 28, we
can be confident that we did not lose faint potential candi-
dates. We assess the completeness and the contamination of
our sample by checking the spectra publicly available from
the DAWN JWST Archive, both compiling a list of known
quiescent sources and checking the spectra of our candidates
having available spectroscopic data, and by means of simu-
lated datasets, which show that with the total (“gold”) selec-
tion we reach ~ 70% (90%) completeness while staying be-
low ~ 5% (15%) contamination at F444W SNR > 50 and
z < 6. We used these estimates to compute corrective terms
which we used to evaluate number densities. In the following
we summarise our main findings.

e We found a strong bimodality in the mass distribution
of the candidates at 3 < z < 5, with 79% of massive
galaxies (IM,. > 10.5) being RDs, and 89% of low mass
systems (9.5 <IM, < 10.5) being PSs. Massive RDs
are also typically more compact than the low mass PSs.
The number density of low mass RDs does not increase
significantly from z = 5 to 3, implying that most of the
PSs do not evolve passively, and are most likely experi-
encing a temporary phase of quenching before starting
again to form stars (“breathing”), consistently with the
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“downsizing” scenario of galaxy formation; we are now
able to probe it while it is happening, rather then infer-
ring it from the stellar populations of local galaxies.

e Our raw estimates for the number densities of quies-
cent galaxies at IM, > 9.5 are in broad agreement
with those from other recent studies, but tend to be
higher, especially considering the corrected values; this
is most likely because of the inclusion of many young
PSs. We compared our values against theoretical pre-
dictions, also considering the distinction between RDs
and PSs and two mass regimes; we confirm the rele-
vant tensions for most of the models against the ob-
servations, although the MaGNETICUM simulation yields
values in agreement with our estimates for global num-
ber densities. However, considering the number densi-
ties of RDs and PSs and of high and low mass popula-
tions separately, we find that the agreement is still sub-
optimal in most of the considered cases, suggesting that
the recipes for feedback implemented in the simulations
are not yet able to fully capture the complex physics at
play in these systems, and to correctly reproduce their
real quenching mechanisms.

e We find an abrupt drop of RD candidates at z > 5,
which does not seem to be caused by our selection cri-
teria, and might be consistent with the lack of spectro-
scopically confirmed quiescents at z > 5 and an ob-
served drop of the full galaxy population z ~ 4.5.

e A few of the candidates are best-fitted with extreme
SFHs, implying peaks in the SFR of more than 10°
Mo/yr, a SF efficiency consistent with 100%, and very
early mass assembly, in tension with the timescales al-
lowed in the ACDM cosmology (Fig. 6). While the
SED-fitting procedure cannot take into account their
possible merging history, given their compactness it
seems unlikely that they formed as the result of multiple
mergers of smaller quiescent sub-units, which would
result in more relaxed structures. Some of them are
indeed already known as possible “Universe breakers”
(see Glazebrook et al. 2024; Carnall et al. 2024), while
others are only in tension with ACDM predictions in
our fit, and have more recent formation times in other
works. We warn that our stellar masses and ages might
be overestimated.

e Even excluding these extreme objects, many of the can-
didates are best-fitted as systems forming most of their
mass in a burst of SF activity in the first Gyr of the cos-
mic history, and most (85%) are best fitted with a top-
hat SFH, implying a quick and abrupt quenching. In-
terestingly, Barrufet et al. (2025) found that the number
density of massive SF galaxies at z > 6 is sufficient to
yield the observed number densities of quiescent galax-
iesat3 <z< 5.

While it is not impossible to form this many early, rapidly
quenched massive systems within the ACDM scenario, it is
also worth pointing out how these number densities seem to
naturally agree with the qualitative predictions of structure
formation in Modified Newtonian Dynamics (MOND), where
the collapse of virialized baryonic over-densities of galactic
mass (IM, = 11) is expected to happen at z = 10 (see Mc-
Gaugh et al. 2024), in a monolithic-like structure formation

(see also Yan, Jetabkova & Kroupa 2021; Eappen et al. 2022).
This would imply a rapid onset of strong SF activity, and con-
sequently massive feedback from supernovae and young stars
(winds and UV radiation). Among others, Merlin et al. (2012)
have shown how this feedback from intense bursts of SF can
be sufficient to heat and expel the gas reservoir from mas-
sive potential wells on a timescale of a few Myr. However,
in ~ 33% of our massive RD candidates with available spec-
troscopic data we find strong emission lines (Ha, [OIII]) that
can be associated with significant nuclear activity, implying
that AGN feedback might be the main factor responsible for
the inferred extremely rapid quenching (see e.g. Pacucci &
Loeb 2024). The halo quenching mechanism triggered by hot
gas virial shocks in massive haloes (Dekel & Birnboim 2006)
seems also consistent with our results, at least for galaxies
with IM,. > 10.5 (corresponding to a typical dark matter halo
mass of 10'> M, assuming a 0.2 efficiency of star formation),
whilst the quenched galaxies we observe below this mass may
be temporarily quenched by stellar feedback or other baryonic
processes (see also Cattaneo et al. 2008; Fu et al. 2024).

The compact, massive RDs might be the progenitors of so
called “relics” galaxies found in the local Universe (Trujillo
et al. 2009, 2014; Ferré-Mateu et al. 2017; Spiniello et al.
2024; Hartmann et al. 2025), which are a small fraction of the
early-type population. As mentioned in Sect. 3.1.3, the clas-
sic Salpeter (1959) IMF that we adopted in this study might
not be adequate to model early galaxies. While recent results
suggest that a top-heavy IMF would be more appropriate for
SF massive sources (e.g. Guo et al. 2024; Hutter et al. 2025),
Maksymowicz-Maciata et al. (2024) found a strong correla-
tion between the “degree of relicness” (i.e., the age of the
oldest stellar population) and the IMF, with quiescent older
systems favouring a bottom-heavy IMF. Roughly speaking, a
top-heavy IMF would increase early enrichment and reduce
the observed mass-to-light ratio, while a bottom-heavy IMF
would increase the estimated stellar masses, making many of
our candidates even more “extreme”; perhaps a time-varying
IMF, i.e. an initial top-heavy phase followed by more bottom-
heavy evolution, could produce partially compensating ef-
fects. The compact quiescent sources might also be the bulges
of future M31-like disks, if they accrete gas from the cosmic
web (e.g. Nipoti 2025).

The main issue that remains to be assessed is the real nature
of the PS candidates, which are many and difficult to pinpoint
given the fact that their photometric properties are similar to
those of SF populations of similar age but different extinction
or metallicity. However, in principle this would not affect our
conclusions about the “downsizing” trend: the possibility that
a fraction of the low mass PS candidates are actually obscured
star-forming galaxies would just remove them from our sam-
ple, but the number of low mass RDs would still be too small
to make the transition from PS to RD in the IM,. < 10.5 regime
a preferential evolutionary path. Analysis of available far-
infrared MIRI data, and spectroscopic follow-ups especially
for the dubious and the interesting candidates, are needed to
fully assess their properties and to draw conclusions on the
topics, and spectro-photometric analysis of the candidates is
needed to disentangle the ambiguous nature of some of them
and confirm the inferred physical properties.
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APPENDIX
A. SED-FITTING LIBRARY

The SED-fitting runs with zpHoT wWere performed using a li-
brary of galaxy models created with the parameters listed in
Table 2. We used Bruzual & Charlot (2003) stellar libraries
and included emission lines as described in Castellano et al.
(2014) and Schaerer & de Barros (2009), with Calzetti et al.
(2000) extinction law, Salpeter (1955) IMF and Fan et al.
(2006) IGM absorption. We included three SFH functions:
namely, top-hat (TH in short, with constant SFR before the
epoch of quenching and SFR=0 after it), exponentially declin-
ing (r, with SFRece™"/7), and delayed exponentially declining
(d-t, with SFRocr2e /7). We only included models with mean-
ingful configurations (e.g., the age must be lower than the age
of the Universe at the considered redshift, etc.). We also re-
moved redundant models (for example, at early ages expo-
nentially declining SFHs with large values of 7 are essentially
equivalent to top-hat SFHs). Figure 11 shows the SFHs of the
models in the library, with each line representing a model with
a given value of the parameter 7 in the functional form of the
SFH. We included five metallicities, with values ranging from
2% to 250% Z (see Sect. 4.3), and we allowed for E(B — V)
values from O to 1, with a step of 0.1.

B. SIMULATIONS

To assess the completeness and the contamination degrees
of our procedure we used simulated data, for which the
ground truth values are known. Because the detection com-
pleteness, using the estimate in M24 for the reference limit-
ing magnitude, is ~ 100%, we can focus only on the selection
technique. A straightforward idea would be to use the out-
put of cosmological simulations as ground truth. However,
the number of quiescent sources in the simulations providing
publicly available data is too small, so we proceeded in a dif-
ferent way.

We started by creating a library of theoretical models with
zpHOT, which we want to divide into roughly equally popu-
lated bins of physical parameters. Using a random grid of
models would not have allowed us to assign meaningful cor-
rective terms for completeness and contamination in each bin,
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TABLE 2
PARAMETERS OF THE SED-FITTING LIBRARY.

Parameter Values

Redshift From 3 to 12, dz=0.025
TH [Gyr] 0.01, 0.02, 0.03, 0.04, 0.05,
0.1,0.2,0.3,04,0.5,
0.6,0.7,0.8, 0. 9, 1.0,
1.1,1.2,1.3,14,1.5
2.0,3.0
0.01,0.1,0.3, 0.6, 1.0,
1.5,2.0,2.5, 3.0, 4.0,
5.0,7.0,9.0, 11.0, 13.0,
15.0, 20.0, 30.0
0.1,0.2,0.3,0.4, 0.5,
0.6,0.7,0.8,0.9, 1.0

0.03, 0.04, 0.05, 0.06, 0.08,
0.1, 0.125, 0.15, 0.2, 0.25,
0.3,0.35,0.4, 0.45,0.5,
0.55, 0.6, 0.65, 0.7, 0.75,
0.8, 0.85, 0.9, 0.95, 1.0,
1.05, 1.1, 1.15, 1.2, 1.25,

s

7 7 [Gyr]

d-7 [Gyr]

Age [Gyr]

1.3,1.35,1.4,1.45,1.5,

1.6,1.7,18,1.9,2.0
Metallicity [Zo] 0.02,0.2,04, 1,25
EMB-V) 0.0,0.1,0.2,0.3,0.4, 0.5

0.6,0.7,0.8,0.9, 1.0

because models corresponding to rare (or non-existent) ob-
jects would be given the same weight as models correspond-
ing to common, ubiquitous objects, thus biasing the results;
rather, we needed a plausible imitation of the real Universe.
We therefore took the best-fits of the SED-fitting process on
M?24 real data as a starting point. To cope with the fact
that there are too few quiescent galaxies to obtain meaningful
statistics for all bins (especially at high redshifts), we created
four replicas of each galaxy at 3 < z < 4, adding integers to
its nominal redshift value z to obtain new values at z + i with
i =1,2,3,4. For each replica we then modified with random
perturbations the best-fit physical properties — namely, stellar
mass, redshift and extinction (we did not perturb the metal-
licity value, as only five discrete values are included in the
library) for three times, and we re-created the corresponding
k-corrected synthetic observed magnitudes. In this procedure
we neglected the physical evolution of the galactic popula-
tions with redshift. Finally, we assigned to each source the
original error budgets in all bands, and perturbed the fluxes
consistently for three times, thus creating three “noisy” repli-
cas of the very same model (we neglected the fact that, in
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reality, the error budget of an object is estimated from the
pixels of the RMS map, so as the source is redshifted and
it becomes fainter, its area becomes smaller, and its error
should consistently decrease). Thus, each source in the orig-
inal 3 < z < 4 catalog was replicated 45 times (five redshift
bins X three physical perturbations X three noisy replicas), to-
talling ~ 130, 000 simulated objects, of which ~ 34, 000 were
quiescent with 10°° < M, < 10'2.

We then proceeded to fit again this mock catalog, and to
select quiescent candidates with the procedure described in
Sect. 3. We used the sklearn.cluster.KMeans method
to create 80 bins of simulated sources with roughly the same
number of objects in the z, SNR, and M, space, and computed
the values of contamination and completeness for each bin,
for the two selection modes (total and “gold”, corresponding
to different » values). It is important to stress that while we
considered z and SNR to be known a priori, we used the fit-
ted values of M, rather than the input values, since in the real
world we do not know the ground truth values. The complete-
ness factor fi,,,(SNR, z, M., selection) was defined as the
fraction of true RD (PS) simulated sources in a given bin that
also were fitted and selected as RDs (PSs). Conversely, the
contamination factor f.,,;(SNR, z, M,, selection) was defined
as the number of true non-RDs (non-PSs) objects in a given
bin, divided by the total number of objects selected as RDs
(PSs) in the bin. After testing different threshold values for
the reliability parameter r (and considering the results from
the test on the spectroscopic sample described in Sect. 3.2),
we found a good balance between completeness and contam-
ination with » = 0.1 for the total selection and » = 0.4 for

the “gold” selection. Finally we created a grid of corrective
factors feorr = (1 = feons)/ feomp, Which were used for the com-
putation of the number densities (Sect. 4.4) assigning each
selected candidate to the relevant [SNR,z,M,,dt,] bin, and
counting it with a value f,,,, rather than 1. Figures 13 and
14 shows the results of this exercise, which we already sum-
marised in Sect. 3.3: each panel shows the values of com-
pleteness, contamination and corrective term for a specified
category of sources, and for the “gold” and total selections.
While in some cases the values of the correction factor f,,,
are very large (up to ~300), only a few real galaxies are as-
signed such values, with most of the sources having values
between 0.5 and 10 (this is shown in Fig. 15). We checked
that even imposing some reasonable limits on the values of
the correction factor, e.g. 0.5 < f.,,r < 5, the overall results
for the real number densities discussed in Sect. 4.4 do not
change significantly.

As a cautionary remark, we point out that the corrective
terms should be considered as approximate for at least two
reasons: first, the same libraries and codes were used to both
produce the simulated dataset and to fit it (and they do not
include templates for AGNs, LRDs or other peculiar sources);
second, we did not consider any possible uncertainty in the
redshift estimate.

B.1. Contamination of the low mass PS sample

In Sect. 4.1 we argued that high mass candidates are mostly
RD and low mass candidates are mostly PS. It is important
to quantify the degree of possible contamination between the
two samples. The top panel of Fig. 16 shows the fitted vs. in-
put dt, values of the simulated quiescent sources with F444W
SNR > 50 (but cutting at SNR > 10 makes little difference),
color-coded by the difference between the fitted and the in-
put mass (in logarithmic values). It can be seen that most
of the simulated sources lie along the diagonal (green dots),
i.e. they are correctly fitted. Considering the “gold” selection
criteria, we find that only 2% (all values are approximated)
of the simulated sources selected as low mass (IM, < 10.5)
PSs are actually RDs, while 84% are true PSs, and the rest
are SF. Conversely, 1% of true low mass PS are selected as
RDs, and 29% are selected as PSs (so the completeness is low
in this mass regime). Finally, 5% of true low mass RDs are
selected as low mass PSs, and 39% as RDs. So we can con-
clude that the selection technique provides remarkably pure
samples; almost none of the selected low mass PSs are ac-
tually RDs, and a larger fraction of true low mass RDs than
of true low mass PSs is correctly selected, strenghtening the
conclusions of Sect. 4.1.
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FiG. 13.— Completeness, contamination, and correction term computed on simulated data (left: RDs, right: PSs), as described in Sect. B, for the “gold”
selection criteria. Each sub-panel shows the results in the SNR vs z plane for a given subset of dt, and M, parameters, as indicated in the panel titles.
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FiG. 14.— Same as Fig. 13, for the total selection criteria.

B.2. Accuracy of age estimates

In Sect. 4.2 we discussed the mass assembly history of our
“gold” candidates inferred from the parameters of their SED-
fitting best solution, finding extreme values of formation red-
shift and quenching for some massive sources. However, we
warned that the estimate of the age can often be less accu-
rate than that of other parameters such as stellar mass and dz,,
because of well known degeneracies with metallicity and ex-
tinction. The middle panel of Fig. 16 shows the fitted vs. in-
put age values of the simulated quiescent sources with F444W
SNR > 50 and IM,. > 10.5, color coded by the difference be-
tween the fitted and the input E(B — V) values, and with the
sizes of the dots as a proxy fot the duration of the SF burst
(which is the difference of age and dt,). It can be seen that
while for the majority of sources the age is reasonably well
recovered (the dots close to the diagonal, mostly green in-
dicating a good estimate of the extinction), a non-negligible
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fraction is fitted as older than it actually is, and with under-
estimated extinction values (the dots on the upper left part of
the diagram, mostly blue-ish indicating an under-estimation
of the extinction, to compensate in the physical color of the
galaxies for the over-estimation of the age). Quantitatively,
31% (approximate values) of the simulated quiescent sources
with IM,. > 10.5 and F444W SNR > 50 have their ages over-
estimated by up to 100 Myr, 9% by up to 500 Myr, and 1%
by up to 1 Gyr (conversely, for the underestimation these val-
ues are 16%, 3%, and 0.5% respectively). Considering all
the simulated sources fitted with IM, > 10.5, Zguencr > 8 and
E(B - V) < 0.1 (as the potential “Universe breakers” dis-
cussed in Sect. 4.2), 40% actually have lower input zgyench,
with higher extinction. This emphasizes that the results must
be taken with caution.

As a complementary information, we point out that the stel-
lar masses are estimated with good precision, as shown in the
bottom panel of Fig. 16. While this is a well-established
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FiG. 15.— Distribution of the values of the correction terms assigned to the
real objects in our selections.

feature of the SED-fitting technique, it must be remembered
again that this is a simplified test in which the SEDs of the
simulated sources are created using the same models used to
fit them. Furthermore, the caveat discussed in Sect. 4.1 about
the possible overestimation of the stellar mass estimates re-
mains valid, because the main cause of the issue is the absence
of far-infrared data.

C. COMPARISON WITH OTHER SELECTIONS

We checked the consistency of our sample with previously
published selections. Table 3 lists the spectroscopically con-
firmed quiescent sources discussed in Sect. 3.2.

We also checked photometric selections from the literature.
First, we compared our sample with the one in our previous
work on CANDELS data. As already mentioned, in M19 we
used two SED-fitting libraries including only TH SFH mod-
els; using the one without emission lines we selected 102 can-
didates across the five CANDELS fields, 40 of which were
also selected using the one including emission lines. In this
work, all our models include emission lines, so a fair compari-
son can only be made with the M19 “lines” selection. Match-
ing the coordinates of the detected sources with a radius of
0.3”, the M24 catalog has 104,282 sources in common with
the CANDELS catalogs (because the observed areas do not
perfectly overlap, and the detection was performed at very
different wavelengths). Also, in some cases the redshift es-
timate changed, bringing some sources above (below) z = 3
while they were below (above) in M19. With these premises,
we find that 27 M19 “lines” candidates are matched in M24.
Of these, 20 (74%) are in our “gold” selection (and none in
the “silver” selection). Of the remaining 7 missing ones, two
have z < 3 in M24, one has only F444W data in JWST ob-
servations and is therefore excluded, three have a SF best-fit,
and one fails the selection because a high-probability SF so-
lution exists. On the other hand, 233 “gold” candidates have
a coordinate match in the CANDELS catalogs, and only 20
of them were selected in M19 “lines” (27 in the “no-lines”
selection). This demonstrates how the JWST data allows for
finding many more robust candidates than was possible with
HST and Spitzer data.

Santini et al. (2021) used ALMA data to confirm the quies-
cent nature of 25 M 19 candidates, of which 18 are matched in
M24. Of these, ten are in our “gold” selection and two more
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Fic. 16.— Fitted vs true values of the simulated quiescent sources with
F444W SNR > 50 and IM. > 9.5: from top to bottom: df,, age and
stellar mass. Dots are color-coded by IM, fi-IM, jnpur (top), E(B — V)i -
E(B~V)inpur (middle), and dty, fi - dty inpu (bottom); their size is a proxy for
IM. inpur (top), duration of the SF burst (middle), and dty inpur (bottom). The
black line in each panel is the 1:1 relation.
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TABLE 3
LIST OF SPECTROSCOPICALLY CONFIRMED QUIESCENT GALAXIES AT Z > 3 FROM THE LITERATURE HAVING A MATCH IN THE M24 CATALOG, AND CORRESPONDING RESULT IN THE
SELECTION PROCEDURE OF THIS WORK. THE REFERENCES ARE SCHREIBER ET AL. (20184, S18), BARRUFET ET AL. (2024, B24),CARNALL ET AL. (2024, C24), D’EucENio
ET AL. (2024, D24), JIN ET AL. (2024, J24), Luo ET AL. (2017, L17) NANDRA ET AL. (2015, N15), NANAYAKKARA ET AL. (2024, N24), SETTON ET AL. (2024, S24), DE
GRAAFF ET AL. (20258, DG25) WEIBEL ET AL. (2025, W25), BAKER ET AL. (20254, B254).

Field and ID in M24 RA DEC Reference Redshift Selection Comment

ABELL2744 13197 3.5628 -30.3909 S24 3.97 Gold

CEERS 45474 214.8956 52.8566  N24 3.25 Gold X-ray emitter in N15

CEERS 47665 214.8712 52.8451 124 3.442 Gold X-ray emitter in N15

CEERS 56717 2149051 52.8916  SI18 3.234 - Ambiguous characterisation in S18
CEERS 58873 2147606 52.8453  S18 3.219 Gold

CEERS 66244 214.8661 52.8843 N24 3.434 Gold

CEERS 79522 2149155 529491  dG25 4.896 Gold

CEERS 79531 214.8132 52.8590 N24 3.227 - Best fitted as mildly SF in N24
JADES-GN 7115 189.2657 62.1684 B25a 4.13 Gold

JADES-GN 23100 189.2754 62.2141 B25a 4.39 Gold

JADES-GN 41598 189.0258 62.2605 B25a 3.12 - Bad photometric data in M24
JADES-GS 30294 53.0787 -27.8396 B24 347 Silver

JADES-GS 36729 53.1082 -27.8251 C24 4.658 Gold Broad-line AGN in C24
JADES-GS 40643 53.1653 -27.8141 D24 3.063 Gold X-ray AGN in L17

JADES-GS 63546 53.1969 -27.7605 D24 3.611 Gold

JADES-GS 12902 53.0623 -27.8751 B25a 4.22 Gold

JADES-GS 35300 53.0819 -27.8288 B25a 4.37 Gold

PRIMER-COSMOS 86447 150.1217  2.3746 S18 3.481 - Best fitted as re-juvenated in S18
PRIMER-COSMOS 88150 150.0615 2.3787 S18 3.7153 Gold “Jekyll” (Schreiber et al. 2018b)
PRIMER-COSMOS 95163  150.0873  2.3960 S18 3.782 Gold

PRIMER-UDS 26918 34.2895 -5.2698 N24 3.813 -

PRIMER-UDS 31415 34.2904 -5.2621 N24 3.703 Gold

PRIMER-UDS 42790 34.3404 -5.2413 N24 3.976 Gold

PRIMER-UDS 46683 34.2559 -5.2338 N24 3.207 Gold Discussed in Glazebrook et al. (2024)
PRIMER-UDS 47709 34.2589 -5.2323 N24 3.208 Gold

PRIMER-UDS 50567 34.2938 -5.2269 N24 3.55 Silver

PRIMER-UDS 89448 344851 -5.1578 N24 3.529 Gold

PRIMER-UDS 95085 34.3651 -5.1488 C24 4.6227 Gold

PRIMER-UDS 102452 34.3996 -5.1363 C24 4.6194 Gold

PRIMER-UDS 117643 34.4296 -5.1123 W25 7.287 Gold Current redshift record-holder

are in the “silver” selection. Of the remaining ones, one has
z < 3 in M24; the other five, which are all in the GOODS-
South field, failed the selection criteria (three are best fitted as
SF and two have alternative SF solutions).

Considering more recent, JWST-based selections, Carnall
et al. (2023, C23 hereafter) identified 15 quiescent candidates
in the first patch of the CEERS data (which covered an area
of = 30 sq.arcmin), 11 of which were dubbed as “robust”.
Thirteen of their total sample are in our “gold” selection (no
one is in the “silver” selection). The two missing matches are
1ID66258 (ID52124 in C23, not“‘robust’”) which is best fitted as
a SF galaxy in our selection, and ID73449 (ID17318 in C23,
“robust”), which is identified as a probable brown dwarf star
in Holwerda et al. (2024, with ID31016).

Valentino et al. (2023, V23) compiled a list of quiescent
candidates from eleven JWST fields with publicly available
observations collected during the first three months of oper-
ations; they used various types of rest-frame color selection.
Their UV J “strict” sample included 21 candidates in CEERS
and PRIMER-UDS at z > 3 (their estimate), all of which have
amatch in M24; 11 of them (52%) are in our “gold” selection,
and three more in the “silver” selection (for a total of 67%).
Of the other seven, one is best fitted with IM, < 9.5 and is
therefore excluded, three are best fitted as SF, and three fail
the probabilistic selection.

Pérez-Gonzélez et al. (2023) selected 34 quiescent candi-
dates in CEERS (with SED-fitting and UVJ), 19 of which
were estimated at z > 3 and IM, > 9.5. Of these, ten are in
our “gold” selection and two more in the “silver” sample. Of
the 7 missing, two are in the list of brown dwarfs by Holwerda
et al. (2024), one has bad photometry in some bands in M24,
one has zp.; < 3 in our estimates, and the remaining three

are best fitted as SF (but they have slightly different redshifts
with respect to those in their work, two of them being now
spectroscopic).

More recently, various studies searched for high-redshift
quiescent galaxies using the SSFR < 0.2/ty(z) yr! criterion
(see Sect. 1). Russell et al. (2024, R24) published a list of
61 candidates in CEERS and JADES-GS fields (plus 28 in
the NEP field). Of these, 46 meet our mass selection criteria,
but only eleven are in our “gold” selection, and three more in
the “silver” sample. Also, of their 12 candidates at z > 5 in
CEERS only three have IM,, > 10.5 (in their fit); noticeably,
all three have z,4,, < 3 in M24, and were therefore excluded
from our selection. de la Vega et al. (2025, dIV25) used the
SSER criterion after a machine-learning pre-selection and sin-
gled out 44 candidates in the two JADES fields: 14 are in
our “gold” selection and 4 more are in our ‘“silver” selection.
Finally, Baker et al. (2025b, B25b) published a list of 744
quiescent candidates at 2 < z < 5 in CEERS, JADES and
PRIMER fields, cutting on the SSFR after pre-selecting with
the UV J diagram. Of these, 597 have a match with M24 ob-
jects (the remaining ones are detected outside the M24 FoV),
and using our zp., values we ended up with 170 sources at
z > 3, of which 98 are in common with our quiescent selec-
tions (basically, most of the massive RDs; their selection does
not include what we defined as PSs). Of the remaining 72 co-
ordinate matches, 42 are excluded from our selection because
of a SF best-fit, and 30 because of alternative high-probability
star-forming solutions. It might be tempting to assume that
the difference in the SSFR criterion plays a relevant role in
explaining these differences, the one adopted by these authors
being more relaxed at z > 3 than the hard cut at SSFR=10"1°
yr~! that we adopted. However, we checked a posteriori that
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our additional criteria, presented in Sect. 3.1.2, actually made
the details of the SSFR threshold choice substantially irrel-
evant for our selection, as most of our quiescent candidates
are best-fitted as objects having experienced an abrupt, total
quenching, making their SFR consistent with zero at the mo-
ment of observation, while many candidates included in other
selections are excluded from ours because of the existence of
reliable SF solutions with SSFR> 0.2/, (z).

These checks show that most of the massive and long-time
quiescent sources tend to be more robustly identified and se-
lected (although it is worth pointing out that, for example,
the dIV25 and R24 selections only have 3 candidates in com-
mon in the JADES-GS field), while low mass and recently
quenched galaxies are more elusive. Although our selection
criteria are quite demanding and we are reasonably confident
in the results (see also Appendix B), they are by no means
intended to be definitive.

D. EXAMPLES OF INTERESTING CANDIDATES

In Figs. 17 to 20 we show the multi-band imaging snap-
shots, the photometric data (plus spectroscopic data, when
present), and the best fit model and PDF(z), of some inter-
esting candidates among those discussed in Sect. 4.5. They
are chosen as examples among the “gold” sources with relia-
bility » > 0.8 and not already discussed in the literature (to the
best of our knowledge), the candidates at z > 5 with r > 0.4,
and those having IM,. > 11.5 in the best-fit model. In the pan-
els, the blue lines are the best-fit quiescent model, the empty
blue circles are the modeled photometry, and the red squares
are the observed photometry; when present, the orange lines
are the observed spectra as downloaded from the DJA archive,
scaled in magnitude to best match the model spectra.

This paper was built using the Open Journal of Astrophysics
KTEX template. The OJA is a journal which provides fast and
easy peer review for new papers in the astro-ph section of
the arXiv, making the reviewing process simpler for authors
and referees alike. Learn more at http://astro.theoj.org.
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Fic. 17.— Examples of RD (dt,; > 150 Myr) “gold” candidates with high reliability (r > 0.8), discussed in Sect. 4.5: observed photometry, observed spectrum
when available, and best fit model (left); PDF(z) and physical parameters from the fit (mid); and multiband snapshots (right).
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Fic. 18.— Examples of PS (dt; < 150 Myr) “gold” candidates with high reliability (» > 0.8), discussed in Sect. 4.5: observed photometry, observed spectrum
when available, and best fit model (left); PDF(z) and physical parameters from the fit (mid); and multiband snapshots (right).
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Fic. 19.— Examples of candidates at z > 5, discussed in Sect. 4.5: observed photometry, observed spectrum when available, and best fit model (left); PDF(z)

and physical parameters from the fit (mid); and multiband snapshots (right).
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Fic. 20.— Very massive quiescent candidates (IM, > 11.5): observed photometry, observed spectrum when available, and best fit model (left); PDF(z) and
physical parameters from the fit (mid); and multiband snapshots (right).



	ABSTRACT
	Introduction
	Dataset
	Methods
	Selection technique
	Fiducial redshift and SED-fitting
	Selection of quiescent candidates
	Discussion and known limitations

	Comparison with spectroscopic data
	Completeness and contamination of simulated data

	Results and analysis
	Downsizing: a tale of two populations
	No Red and Dead galaxies at z>5

	Mass assembly history
	Colors, metallicity and extinction
	Number density of quiescent sources
	Comparison with models
	Number densities of RD and PS, high and low mass candidates

	Interesting candidates
	``Gold'' high reliability z<5 candidates
	Candidates at z>5
	Ultra-massive candidates


	Summary and discussion
	SED-fitting library
	Simulations
	Contamination of the low mass PS sample
	Accuracy of age estimates

	Comparison with other selections
	Examples of interesting candidates

