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Abstract

We present the robust selection of high-redshift quiescent galaxies (QG) and poststarburst (PSB) galaxies using ultra-deep
NIRCam and MIRI imaging from the JWST Advanced Deep Extragalactic Survey (JADES). At 3< z< 6, MIRI 7.7μm
imaging provides rest-frame J band, which is commonly used to break the degeneracy between old stellar populations
and dust attenuation at lower redshifts. We identify 23 passively evolving galaxies in UVJ color space in a mass-limited
(logMå/Me� 8.5) sample over 8.8 arcmin2. An evaluation of the contribution of the 7.7μm shows that JADES-like
NIRCam coverage (9+ photometric bands) can compensate for lacking the J band at these redshifts; however, more
limited three-band selections perform better with MIRI. Our sample is characterized by rapid quenching timescales
(∼100–600Myr)with formation redshifts zf 9 and includes a potential record-holding massive QG at z 5.33phot 0.17

0.16= -
+

and two QGs with evidence for significant residual dust content (AV∼ 1–2). In addition, we present a large sample of 12
log Må/Me= 8.5–9.5 PSBs, demonstrating that UVJ selection can be extended to low mass. An analysis of the
environment of our sample reveals that the group known as the Cosmic Rose contains a massive QG and a dust-obscured
star-forming galaxy (a so-called Jekyll and Hyde pair) plus three additional QGs within ∼20 kpc. Moreover, the Cosmic
Rose is part of a larger overdensity at z∼ 3.7, which contains 7/12 of our low-mass PSBs. Another four low-mass PSBs
are members of an overdensity at z∼ 3.4; this result strongly indicates low-mass PSBs are preferentially associated with
overdense environments at z> 3.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxies (734); Dwarf galaxies
(416); Galaxy environments (2029); Galaxy quenching (2040)

1. Introduction

A persistent challenge to a complete picture of galaxy evolution
is explaining the cessation of star formation in galaxies. It is one of
the most transformational events in the life cycles of galaxies,
giving rise to galaxy bimodality (e.g., Kauffmann et al. 2003;
Baldry et al. 2004), underpinning the Hubble sequence (Hub-
ble 1926), and creating the distinctly passive populations that
inhabit local galaxy clusters (Butcher & Oemler 1978). Yet, we
lack a comprehensive picture of the astrophysics that halts galaxy

growth (e.g., Man & Belli 2018). Large-scale extragalactic surveys
have demonstrated that a number of physical processes are likely at
play, impacting preferentially both the most massive galaxies and
galaxies in the densest environments (e.g., Peng et al. 2010).
However, the relative importance of these quenching processes
over cosmic time remains mostly unconstrained, in part due to the
difficulty in performing a uniform identification of quiescent
galaxies18 (QGs). Additionally, the environment plays an ever
larger role as the growth of cosmic structure proceeds, which
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18 In this work, we refer to passively evolving galaxies by the terms QG and
PSB galaxy in different contexts for convenience (see Section 4.1); the latter is
typically defined spectroscopically as a young passively evolving galaxy with a
spectrum still dominated by A-type stars. At the redshifts relevant to this study
(z > 3), most massive passively evolving galaxies are likely PSBs (D’Eugenio
et al. 2020).
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creates new challenges as secular quenching and environ-
mental-quenching processes may operate simultaneously.

The remarkable discovery and spectroscopic confirmation of
massive QGs beyond z> 3 (<2 Gyr after the Big Bang) has now
brought us closer to the epoch when QGs first emerged. JWST
spectroscopy has enabled new powerful constraints on the
timescales over which z> 3 QGs form and “quench” (stop
forming stars), indicating that some massive galaxies may have
formed extremely rapidly (formation era z> 9), and quenched
their star formation quickly (growth lifetime <200–700Myr;
Nanayakkara et al. 2022; Carnall et al. 2023a; Glazebrook et al.
2023; de Graaff et al. 2024). These timescales and their stellar
masses are extreme enough to cause tension with the expectation
of typical baryonic growth efficiencies (Labbé et al. 2023; Xiao
et al. 2023). Regardless of this tension, given the short cosmic
timescales (within the first billion years after the Big Bang), these
early quiescent sources represent key opportunities to place
constraints on quenching mechanisms in a more straightforward
way than at later times. Unfortunately, the majority of spectro-
scopic studies to date have targeted candidates selected from
wide-area surveys with relatively limited and shallow photo-
metric coverage. This has limited detailed characterization of
QGs to only the most massive and brightest systems at z< 4–5,
with gravitational lensing paving the way in enabling spectro-
scopic analysis at M M10 log 11< < for small lensed and
eventually unlensed samples at cosmic noon (1.5< z< 3; e.g.,
Newman et al. 2018; D’Eugenio et al. 2020; Akhshik et al. 2023;
Marchesini et al. 2023; Park et al. 2023). As such, little is known
about the evolution and population statistics of old, massive QGs
at cosmic noon, nor younger, more recently quenched
poststarbursts (PSBs; see footnote 18; e.g., Glazebrook et al.
2017; Schreiber et al. 2018a; Antwi-Danso et al. 2023a; Carnall
et al. 2023b; D’Eugenio et al. 2024; Looser et al. 2023; Strait
et al. 2023) at redshifts 3–5. And the lower-mass (log
Må/Me< 10) QG population remains largely unstudied beyond
the low-redshift Universe.

The abundance of QGs across cosmic time and their typical
timescales for quenching are key constraints on the prevalence of
specific quenching mechanisms. In massive galaxies, active
galactic nuclei (AGN) are often invoked in simulations to
reproduce the bimodality of galaxies (e.g., Somerville &
Davé 2015, and references therein), and black hole mass has
been shown to be a strong predictor of quiescence (e.g., Bluck
et al. 2022; Piotrowska et al. 2022; Bluck et al. 2023). How this
proceeds remains unclear, however. Rapid quenching may be
induced by strong AGN feedback and outflows (e.g., Peng et al.
2015; Trussler et al. 2020), or more gradual quenching may
result from moderate AGN feedback that prevents gas inflows
and results in starvation (e.g., Bluck et al. 2022; Piotrowska et al.
2022; Baker et al. 2023a). Similarly, environmental mechanisms
capable of quenching galaxies can proceed rapidly (∼ few
hundred Myr)—i.e., ram pressure stripping (RPS) of cold, dense
gas (Cortese et al. 2021; Boselli et al. 2022)—or more slowly
(>1 Gyr), as in the case of starvation and/or RPS of hot halo gas
(Larson et al. 1980; Balogh et al. 2000). The environment may
also trigger or enhance internal quenching mechanisms through
efficiently cutting off gas inflows or through gravitational
interactions and/or galaxy mergers (see Alberts & Noble 2022,
for a review).

Strong observational constraints on quenching timescales have
been hard-won. Observations of the leftover gas reserves in QGs
(Bezanson et al. 2019; Whitaker et al. 2021b; Belli et al. 2021;

Williams et al. 2021; Suzuki et al. 2022) point to both extremely
rapid and effective destruction of star-forming fuel and to
significant lingering gas reservoirs (French et al. 2015; Rowlands
et al. 2015; Alatalo et al. 2016; Suess et al. 2017; Spilker et al.
2022). The reconstruction of star formation histories (SFHs)
from detailed rest-frame optical spectroscopy has also proven to
provide powerful constraints (Kriek et al. 2016; Glazebrook et al.
2017; Schreiber et al. 2018a; Belli et al. 2019, hereafter B19;
Forrest et al. 2020; Suess et al. 2022a; Tacchella et al. 2022b;
Kriek et al. 2023; Setton et al. 2024). These approaches,
however, are exceedingly costly and yield small samples,
making selection of promising targets and supplemental
statistical studies with photometric data sets extremely important.
With JWST, we are now moving into the high-redshift regime
where the limited age of the Universe may ease the interpretation
of SFHs. An additional intriguing new opportunity is the
possibility of isolating environmental mechanisms through the
study of dwarf (log Må/Me< 9–9.5) galaxies. In the low-
redshift Universe, secular quenching in dwarf galaxies is
expected to occur over long timescales, with <1% of log
Må/Me∼ 8 galaxies expected to quench without environmental
influence (Geha et al. 2012). We are now in a position to test if
this is also the case at higher redshifts with JWST.
In this work, we take advantage of ultra-deep JWST/MIRI

(Wright et al. 2023) imaging in F770W (reaching 28 mag, 5σ)
to supply rest-frame J band at 3< z< 6, breaking the
degeneracy between old stellar populations and reddening
from dust (e.g., Labbé et al. 2005; Williams et al. 2009). We
identify signs of quenching in a mass-limited sample down to
log Må/Me= 8.5, assess the robustness of our Hubble Space
Telescope (HST)+NIRCam+MIRI selection and the need for
the MIRI anchor, and present the properties of QG and PSB
galaxies to high redshift and low mass. This work will provide
guidance for the wider extragalactic surveys focused on
NIRCam, with no or relatively shallow MIRI coverage, such
as CEERS (reaching 25.3–26.5 in F770W over ∼14 arcmin2;
Yang et al. 2023), COSMOS-Web (24–25 AB in F770W over
0.19 deg2; Casey et al. 2023), and PRIMER (25.6 AB in
F770W over 0.066 deg2; PI: J. Dunlop, GO 1837). In Section 2,
we present the data used in this study, and in Section 3, we
present the selection of our mass-limited parent sample and
measurement of its properties. Section 4 describes the selection
of our QG and PSB samples and how this selection would
change given color derived with NIRCam only or with three-
band (observed) color selections proposed in the literature. In
the discussion (Section 5), we examine the completeness and
contamination in our selection (Section 5.1-5.1.2), the nature of
our sample (Section 5.2), the relation between quenching in
low-mass galaxies and environment (Section 5.3), and the
abundance of QGs at high redshift (Section 5.4). Section 6
presents our conclusions. All magnitudes are quoted in the AB
system (Oke & Gunn 1983). We adopt concordance cosmology
(ΩM= 0.3, Ωλ=0.7, H0= 70 km s−1 Mpc−1), and a Kroupa
(2001) initial mass function.

2. Data

The primary data set for this work is NIRCam and MIRI
imaging from the JWST Advanced Deep Extragalactic Survey
(JADES; Eisenstein et al. 2023) in the region where deep MIRI
imaging in a single band, F770W, was obtained in parallel with
deep NIRCam imaging in 2022 October (PID 1180; PI D.
Eisenstein). The MIRI imaging includes four pointings just

2

The Astrophysical Journal, 975:85 (25pp), 2024 November 1 Alberts et al.



south of the Hubble Ultra Deep Field (Beckwith et al. 2006) in
GOODS-S and totals 61–94 ks of exposure time per pointing.
A majority of the MIRI parallel area (∼8.8 arcmin2) is covered
by JADES medium-depth NIRcam imaging in eight filters
(F090W, F115W, F150W, F200W, F277W, F356W, F410M,
F444W), with additional partial coverage (∼4 arcmin2) in
F335M (PID 1210; N. Luetzgendorf). A small region
(∼1.1 arcmin2) is additionally covered by F182M, F210M,
and F444W imaging from the public First Reionization Epoch
Spectroscopic COmpete Survey (FRESCO; Oesch et al. 2023).
We further incorporate HST imaging over the full area at
0.4–0.85 μm (F435W, F606W, F775W, F814W, F850LP) from
the Advanced Camera for Surveys (ACS) from the deep
composite images compiled by the Hubble Legacy Field
(Illingworth et al. 2016; Whitaker et al. 2019). The NIRCam
data reduction and construction of the JADES HST+NIRCam
photometric catalog follow the description in Rieke et al.
(2023).
Data processing for the MIRI parallel closely follows the

procedure presented in Alberts et al. (2024); a full description
of the reduction of the MIRI parallel will be presented in
S. Alberts et al. (2024, in preparation). As this work relies
heavily on the measurement of accurate colors, we adopt HST
and NIRCam photometry extracted from images convolved to
the F444W point-spread function (PSF; FWHM 0 145). Rather
than convolve HST and NIRCam further to the resolution at
F770W (0 26), we rebin and convolve only the F444W image
to the MIRI pixel size (0 06) and PSF19 using ASTROPY
routines convolve_fft and reproject (Astropy Colla-
boration et al. 2022). We then measure the F444W− F770W
color of sources in the JADES NIRCam detection image (Rieke

et al. 2023) in an aperture with diameter d= 0 7 (covering
∼65% encircled energy at F770W) with no aperture corrections
applied. For z> 3 galaxies, we assume that a d= 0 7 aperture
is more than sufficient to encompass the entire galaxy given
their typical sizes (Re 0 25 at z∼ 3–5; Shibuya et al. 2015;
Ormerod et al. 2023). For the remainder of this work, unless
otherwise specified, we use aperture-corrected HST + NIRCam
+ MIRI photometry extracted using a d= 0 5 aperture,
deriving the F770W in this smaller aperture based on the
(d= 0 5 aperture-corrected) total F444W flux and the
convolved F444W− F770W color. By doing this, we preserve
the advantage of the higher NIRCam resolution by adopting an
aperture size appropriate to compact galaxies at high redshift,
although still large enough to measure an integrated color
robust against potential color gradients.
In total, we have 17 bands of deep photometry covering

0.4–7.7 μm for the majority of our area. The five HST/ACS
bands reach 5σ point-source sensitivities of ∼28–29 mag, the
nine JADES NIRCam bands reach 29–30 mag (in a 0 2
aperture Hainline et al. 2024), MIRI F770W reaches
27.6–27.9 mag (0 8 aperture, S. Alberts et al. 2024, in
preparation). Over a smaller area, we additionally have
FRESCO F182M and F210M, reaching depths of 28.2 mag
(0 3 aperture; Oesch et al. 2023).

3. Sample and Properties

For our parent sample, we build a mass-limited (log
Må/Me� 8.5) catalog of 3< z< 6 galaxies within the JADES
MIRI footprint. To do this, we start with an initial sample of
1350 galaxies with a JADES photometric redshift (see Hainline
et al. 2024, for details) measured with EAZY (Brammer et al.
2008) between zphot= 3 and zphot= 6 and with a FF444W flux
density greater than 28.9 mag; this low limit is chosen to ensure
completeness down to our mass limit. We perform a first pass
of spectral energy distribution (SED) fitting (described in the
next section) using JADES HST+NIRCam photometry
(Section 2) to measure and make a cut on stellar mass.

3.1. SED Fitting

As our goal is to identify quenched galaxies, we adopt the
Bayesian SED fitting code BAGPIPES20 (Carnall et al. 2018),
which has been used extensively in modeling QGs (Carnall
et al. 2019b, 2020, 2023a; Hamadouche et al. 2022; Antwi-
Danso et al. 2023b; Hamadouche et al. 2023; Kaushal et al.
2023; Leung et al. 2023). Our fits use the default BAGPIPES
stellar population models, namely, the 2016 update of Bruzual
& Charlot (2003) from Chevallard & Charlot (2016). For the
assumed SFH, we adopt a parametric double power law
(Carnall et al. 2018, 2019a). By separately treating the rising
and falling slopes, a double power-law SFH allows for rapid
and recent quenching (Merlin et al. 2018), which is the
expected dominant mode of quenching at high redshift,
observable in a PSB or young QG phase (e.g., Whitaker
et al. 2012; Wild et al. 2016; Rowlands et al. 2018; B19; Park
et al. 2023).
Dust attenuation is modeled using Noll et al. (2009) and

Salim et al. (2018), which is parameterized as a power-law
deviation from the Calzetti et al. (2000) attenuation law. As our
sample will contain galaxies ranging from quiescent to dusty

Figure 1. Photometric redshift and stellar mass distribution of the final, mass-
selected sample, cut at log Må/Me � 8.5. The main panel shows the properties
(green circles) derived from fitting including the F770W data point. The
histograms show the distributions with (green solid) and without (gray hatched)
the F770W flux density.

19 Due to the presence of the cross-artifact in the F560W and F770W bands
(Gáspár et al. 2021), we adopt an empirical F770W PSF constructed from high
dynamic range imaging of stars taken during JWST commissioning (A. Gaspar
2024, private communication).

20
BAGPIPES uses the MULTINEST nest sampling algorithm (Feroz et al. 2019)

via PYMULTINEST (Buchner et al. 2014).
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and star forming, we allow a large variation in the V-band
attenuation (AV= 0–10). Nebular and continuum emission are
included based on the CLOUDY photoionization code (Ferland
et al. 2013; Byler et al. 2017) with a fixed ionization parameter
(U= 10−3) and a stellar birth cloud lifetime of 10Myr. Stellar
and gas-phase metallicity are assumed to be identical, and the
metallicity parameter is allowed to vary between 0.2 and 2.5
times solar metallicity. The JADES EAZY photometric redshifts
are used as priors, and we impose a 5% error floor on all
photometric bands.

With this setup, we fit our initial, flux-limited sample of
1350 galaxies and use the median of the stellar mass posterior
distributions to define our 3< z< 6 parent sample as mass
limited at log Må/Me� 8.5.21 We identify 304 galaxies above
this mass cut in our 8.8 arcmin2 area; 288 (293) have a signal-
to-noise ratio (SNR)> 5σ (>3σ) detection in F770W.

SED fitting is performed twice on the mass-limited parent
sample: once with HST+NIRCam photometry only and then
again adding in the F770W. Final fits using the HST+NIRCam
+MIRI photometry with 2cn greater than 1σ of their expected
χ2 distribution given their degrees of freedom (number of
bands minus the number of free parameters) are visually
inspected, and seven are rejected: one is a star in GAIA DR2;
Gaia Collaboration et al. 2018, one is a probable star with a
saturated core, and five are improperly deblended substructures
within extended, low-redshift galaxies. We also note double-
peaked posteriors for the metallicity in nine high-mass (log
Må/Me> 9.7) galaxies. As metallicity is not robustly con-
strained by photometry (Tacchella et al. 2022b; Nersesian et al.
2023), we refit all galaxies above this mass with metallicity
fixed to 1/3 Ze, appropriate for log Må/Me∼ 10 galaxies at
z 3 (Cullen et al. 2019; Sanders et al. 2021), and fixed to Ze
(Maiolino & Mannucci 2019). We adopt the fit that resolves the
double-peaked posteriors with the lowest 2cn .

22 The resulting
redshift and stellar mass distributions are shown in Figure 1.
The histograms show the difference in distributions between
the HST+NIRCam and the HST+NIRCam+MIRI fitted
redshifts and masses; they are nearly indistinguishable as the
redshifts and stellar masses with and without the F770W are in
good agreement (see the next section for further discussion). Of
our final 297 sources in our parent sample, 96% are fit with
�13 bands of photometry. The percentages with medium-band
photometry in F182M, F210M, F335M, and F410M are 17%,
16%, 44%, and 100%, respectively.

The BAGPIPES fits provide measurements of basic properties
(redshift, stellar mass, colors, specific star formation rate,
hereafter SSFR, mass-weighted age) as well as higher-order
properties (formation redshift, quenching timescales, see
discussion in Section 5.2.1). As was shown in Suess et al.
(2022b) using mock recovery tests, basic property measure-
ments of PSB galaxies are robust when using both parametric
(delayed-τ models, double power-law models; e.g., Carnall
et al. 2019a) and nonparametric (continuity prior; e.g., Leja
et al. 2019a) SFHs. Specifically, double power-law SFHs in
BAGPIPES were recently shown in Kaushal et al. (2023) to
recover late-time SFHs consistent with the nonparametric

continuity prior used in the PROSPECTOR modeling code
(Johnson et al. 2021) in massive galaxies. Higher order
properties are known to be sensitive to the assumed priors,
particularly in the case of complex intrinsic SFHs (Suess et al.
2022b; Kaushal et al. 2023); for example, a double power-law
SFH cannot capture multiple bursts of star formation, such as
expected from a rejuvenation event (Akhshik et al. 2021;
Woodrum et al. 2022). The accurate measurement of formation
and quenching timescales for QGs using a double power law
with BAGPIPES was tested in Carnall et al. (2018; see also
Carnall et al. 2019a) against simulated galaxies with a range of
SFHs, finding median systematic offsets of 100–200Myr but
significant scatter.

3.2. Measuring Stellar Masses with MIRI

With our parent sample, we now investigate whether the
addition of deep MIRI F770W photometry significantly
changes the inferred stellar masses by providing rest-frame
near-infrared constraints and mitigating uncertainties from,
e.g., dust attenuation or recent star formation. Even with JWST,
the ideal coverage past the peak in stellar emission at 1 μm
(rest-frame) redshifts out of NIRCam at z 3. Recent work
presented by the CEERS team (Papovich et al. 2023) found that
MIRI coverage at F560W and F770W significantly reduced the
stellar masses of high-redshift galaxies with sparse <1 μm
(rest-frame) coverage. Potential drivers of this difference are
young stellar populations, which have been shown to easily
outshine older populations in spatially resolved and integrated
studies (e.g., Baker et al. 2023b; Giménez-Arteaga et al. 2023),
and galaxies where emission lines boost emission in broadband
filters (Arrabal Haro et al. 2023; Endsley et al. 2023; Pérez-
González et al. 2023; Tacchella et al. 2023; but see Desprez
et al. 2024).
In Figure 2, we show the comparison of stellar masses

measured with and without the F770W band (tracing rest-frame
1.9–1.1 μm at z= 3–6). We find a remarkably tight correlation
across our mass range, with a scatter of ∼0.07 dex. This tight,
linear correlation is also seen in the redshifts derived with and
without MIRI, which has a 1σ scatter of 0.14. We note that we
also find good agreement between the BAGPIPES-derived
redshifts and our EAZY redshift priors, with a scatter of 0.19.
This agreement is likely due to the 8–11 bands of deep
NIRCam coverage; the dense coverage including one to four
medium bands with high SNR can accurately establish the
shape of the optical continuum without a strong susceptibility
to emission lines boosting one to two filters (Arrabal Haro et al.
2023; Desprez et al. 2024). This holds even for our most dust-
obscured sources (up to AV∼ 4), in contrast with the stronger
differences (∼0.6 dex) in stellar mass found when selecting
specifically for the so-called HST-dark galaxies at z> 3
(Williams et al. 2023). Similar to this work, weak to no
difference is found for most z∼ 8 galaxies in the JADES MIRI
parallel (J. Helton et al. 2024, in preparation), which are
expected to generally be blue star-forming galaxies (SFGs)
with little dust (e.g., Stanway et al. 2005; Wilkins et al. 2011).

4. Quiescent Galaxy Candidates with Deep MIRI

4.1. Rest-frame UVJ Colors and Specific-SFR Thresholds

The commonly used UVJ color selection for massive QGs
(e.g., Williams et al. 2009; Whitaker et al. 2011; Muzzin et al.
2013; Straatman et al. 2014, 2016) hinges on having a long-

21 The lowest-mass galaxies in our parent sample reach a minimum flux of
35 nJy, 3.5x our initial flux cut and 7x the F444W point-source sensitivity, with
SNR  10. Assuming stellar mass scales with the rest-frame 1 μm, it is likely
our parent sample is fully mass limited. However, full completeness testing is
beyond the scope of this work.
22 The revised fits are all subsolar except in the case of 179465 and 172799,
which have log Må/Me ∼ 11.
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wavelength anchor, typically rest-frame J band, to break the
degeneracy between stellar age and dust reddening. Prior to
JWST, access to this anchor quickly redshifted out of sensitive
ground-based and HST photometry and was either supplied by
the lower resolution, lower sensitivity Spitzer/IRAC bands or
extrapolation from SED fitting. Unfortunately, such sparse
coverage and/or extrapolation is known to greatly increase
contamination from reddened star-forming galaxies at
3< z< 6 (e.g., Antwi-Danso et al. 2023b).

JWST improves selection in multiple ways: denser wave-
length coverage of the rest-frame near-infrared, higher sensitiv-
ity, which can greatly decrease uncertainties when measuring
rest-frame colors (Merlin et al. 2018), and, with MIRI imaging,
interpolation (rather than extrapolation) to rest-frame J band. In
Figure 3, we show the inferred rest-frame U− V and V− J
colors for our mass-limited parent sample, measured from our
SED modeling, in two redshift bins. The median uncertainties in
the colors are σ(U− V )= 0.05(0.04) and σ(V− J)= 0.05(0.06)
at z= 3–4 (z= 4–6). Closed symbols are derived from fits
including F770W, which are tied by dotted lines to open symbols
derived from fits excluding F770W. In most cases, colors derived
with and without F770W are in good agreement; the median
color shifts in U− V are negligible, while the color shifts in
V− J are largely comparable to the measurement uncertainties
for M M8.5 log 9.5 < and are small (median Δ
(V− J)= 0.06) but systematically redder for log Må/Me> 9.5
(Figure 3, right, inset).

Initial QG selection is done using the UVJ selection (purple
lines) from Antwi-Danso et al. (2023b), empirically derived
using pre-JWST observations at 3< z< 4. The purple dashed

line (Figure 3, right) denotes an additional padded region
(Antwi-Danso et al. 2023b); such extensions of UVJ are
commonly used to capture even younger passively evolving
populations as we move to higher redshifts (Schreiber et al.
2018a; Carnall et al. 2020; Marsan et al. 2022). We supplement
this with the selection proposed in Belli et al. 2019 (B19),
which removes the U− V boundary entirely to identify young
PSBs (see also Forrest et al. 2020; Marsan et al. 2022). For ease
of discussion, we will hereafter refer to candidates that are
UVJ-selected as QGs and candidates that are selected via
the B19 line only as PSB galaxies. We note, however, that
these distinctions are for convenience, and most massive
passively evolving galaxies at z> 3 likely fall under classical,
spectroscopy-based definitions of PSB (i.e., spectral features
that indicate A-type stars dominate; D’Eugenio et al. 2020).
At 3< z< 4, we identify five QGs via UVJ-selection. At

4< z< 6, we find an additional two in the main UVJ selection
and three in the padded region. In the B19 PSB region, we find
an additional 17 at 3< z< 4 and one at 4< z< 6. Image
cutouts, SEDs, SSFR posteriors, and SFHs for these sources
can be seen in Figures 4 and A1–A2. Upon inspection,
incorporating the F770W into the SED modeling, and therefore
the color measurements, results in only one minor change in
classification at z> 4. JADES 172811 moves from the edge of
the main UVJ region to the edge of the padded region when
MIRI is added (Figure 3, right). However, visual inspection
reveals that the F770W flux is blended with a close neighbor
(Section 5.3), and so, we adopt the classification and modeling
without the F770W data point. We further inspect the SEDs,
images, and SFHs (Figure A2) of the other two sources
(JADES 5070 and 65559) in the UVJ padded region and find
that their SEDs are not well fit by our model ( 202c ~n ), and
their UV emission and SSFRs (log [SSFR yr–1]−10) are
consistent with some residual star formation. We add them to
our tentative PSB sample. Hereafter, we will indicate “QG” or
“PSB” when using specific galaxy IDs.

4.1.1. Determining Selection Robustness

When selecting QGs, UVJ and other color selections can be
less sensitive to the assumptions that go into SED modeling
than other methods, provided you can measure accurate rest-
frame colors. On the other hand, this selection comes with a
loss of information. For example, it has been shown that UVJ
colors are not correlated with SSFR below log (SSFR
yr−1)∼−10.5 (Leja et al. 2019b); robustly measuring SSFR
requires additional far-UV or mid-IR observations. As we have
such observations, we test the robustness of our candidates by
making a redshift-dependent cut on the measured SSFR

( )
t

SSFR
0.2

, 1
obs

<

where SSFR is measured using the star formation rate (SFR)
averaged over the last 100Myr (SFR100), and tobs is the age of
the Universe at the observed redshift (e.g., Fontana et al. 2009;
Gallazzi et al. 2014; Pacifici et al. 2016; Carnall et al. 2018;
Merlin et al. 2018). Although more model-dependent, this
approach takes full advantage of our extensive photometry,
including coverage of the rest-UV via HST F435W, F606W,
F775W, and F814W.
To label a QG candidate as robust, we require that >97.5%

of its SSFR posterior (referred to as SSFR97.5% hereafter) is

Figure 2. Comparison of the stellar mass measurements down to log Må/
Me = 8.5 with and without the F770W data point. The color bar indicates AV.
The vast majority, save for a few at AV  2, are well fit by a linear relation
(orange line) with a scatter of 0.07 dex.

5

The Astrophysical Journal, 975:85 (25pp), 2024 November 1 Alberts et al.



below this evolving threshold. Four of our QGs (176606,
175039, 16170 at 3< z< 4, and 35453 at 4< z< 6) pass this
threshold. One additional QG (172799) also passes the
threshold; however, its SED and placement in the UVJ diagram
suggest significant dust content (see Section 5.2.3). We label
this candidate as tentative. QG 178211, mentioned in
Section 4.1 as being blended at F770W by a neighbor, meets
the SSFR97.5% threshold only when MIRI is excluded and is
also labeled tentative. Two other QGs (172809 and 170932) are
labeled as tentative as they only clear ∼50%–80% of their
SSFR posteriors below the threshold. These sources and their
measured properties are listed in Table 1.

Of our 16 PSB candidates, six meet a relaxed threshold of
SSFR50%; these six make up our robust PSB candidates and
the remainder our tentative PSB candidates. Their properties
are listed in Table 2. We note that slight adjustments of the B19
line in UVJ space would result in new PSBs being selected and
others being deselected. We revisit this in Section 5.

4.1.2. Candidate Samples Summary

Our robust sample of QGs spans log Må/Me∼ 8.8− 10.6 in
stellar mass. In Figure 4, it is clear that their SEDs and cutouts
have weak to no UV emission, consistent with their low SSFRs
(log [SSFR yr–1] − 11.5). Our highest-redshift candidate,
QG 35453 at z 5.3phot 0.17

0.16= , would be the highest-redshift

massive QG known to date if spectroscopically confirmed.
None of these candidates have been previously identified.
Our four tentative QG candidates are more of a mixed bag

(Figure 4). As stated above, QG 172799 has an unusual SED
suggestive of high dust content (see Section 5.2.3) and is
additionally part of a large, compact structure that includes a
massive, dusty galaxy as well as QG 172809 and PSB 173604.
QG 178211 is also spatially located near this group but at a
higher redshift. This will be explored in Section 5.3. As these
neighbors may have minor to moderate blending at F770W, we
verify that their fits and measured properties with and without
F770W are consistent within the uncertainties, with the
exception of QG 178211 (see Section 4.1). Our last tentative
candidate, QG 170932, has a more typical SED and no
neighbors, and its failure to meet our SSFR97.5 cut is likely due
to our use of SFR averaged over 100Myr rather than a more
instantaneous measure.
Our PSB candidates (Table 2), on the other hand, range from

log Må/Me∼ 8.6–10. They typically have more UV emission
and blue U− V colors. Our robust PSB subsample (Figure A1)
is characterized by low SSFRs (log [SSFR yr–1] −11) and
SFHs that rapidly rise and fall (see Section 5). Our tentative
PSBs have higher SSFRs (−10 log [SSFR yr–1]−9)
consistent with residual or ongoing star formation and more
extended SFHs (Figure A2). In Section 5, we discuss whether
the tentative PSBs should be considered candidates for
quenched galaxies.

Figure 3. The rest-frame UVJ colors of log Må/Me � 8.5 galaxies in the JADES MIRI parallel footprint at z = 3–4 (left) and z = 4–6 (right). The stars, pluses, and
circles indicate QG candidates, PSB candidates, and SFGs, respectively. Closed symbols colored by stellar mass are colors derived from SED modeling including the
F770W data point. Open gray symbols are colors derived from fits excluding F770W. The connecting lines show where sources move in UVJ space when MIRI is
added. The red open star is the close companion source to JADES 172799 (172799b; Section 5.3). The purple solid (dashed) line shows the main (expanded) UVJ
selection region for QGs from Antwi-Danso et al. (2023b). The gray dotted line is the selection from B19, which extends past the standard U − V boundary. The inset
histogram shows that the color shifts are consistent within the measurement uncertainties (gray hatched region) for log Må/Me = 8.5–9.5 (blue), but show a small
systematic shift redward at higher masses (orange).
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Figure 4. Properties of the UVJ-selected quiescent galaxies. Top row for each source: F606W, F090W, F200W, F444W, F770W cutouts, 1 2 on a side. Bottom row
for each source: the SEDs (left), SSFR posterior distributions (middle), and SFHs (right). Robust candidates are highlighted with tan backgrounds.
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Figure 4. (Continued.)
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4.2. Observed-frame Three-band Color Selection with JWST

With our QG and PSB candidates identified, we now look at
(observed-frame) color selection of passively evolving galaxies
with JWST, before returning to our sample’s properties in
Section 5. At z> 3, the rest-frame J-band redshifts to >5 μm;
as such, pre-JWST QG color selection was limited to the
relatively shallow Spitzer/IRAC 5.8 and 8.0 μm filters or to
extrapolation via SED fitting in order to obtain this long-
wavelength anchor. The effects of extrapolation on UVJ color
selection are discussed in detail in Antwi-Danso et al. (2023b),
which found that the omission of rest-frame J-band data at
z> 2 results in up to 1 mag of scatter in the V− J color, as well
as some scatter in U− V due to the rest V band moving past
observed H band. The result is a contamination rate of false
positives equal to the selection of true QGs by z= 3.5.

4.2.1. NIRCam Only

Extrapolation is similarly necessary with an NIRCam-only
UVJ selection at z> 3, although with the distinction that

NIRCam here provides sensitive imaging via four to six filters
longward of the 4000Å break at z= 3–6. This places stronger
constraints on the continuum slope than previous K-band
+IRAC1+IRAC2 combinations used at high redshift, mini-
mizing for example, uncertain slopes due to strong emission
lines. In addition, our sources have photometry in one to four
medium-band filters (F182M, F210M, F335M, F410M);
medium bands (and dense wavelength coverage in general)
have been shown to be beneficial in reducing systematics
through ground-based J, H, and K medium bands at lower
redshifts (Marchesini et al. 2010; Whitaker et al. 2010; Spitler
et al. 2014; Tomczak et al. 2014; Straatman et al. 2016; Esdaile
et al. 2021). In Figure 3, we show that adding the F770W to the
full JADES HST+NIRCam photometry produces relatively
small shifts in the measured rest-frame colors. This results in
our classifications of QGs and PSBs remaining the same with
and without the F770W data point.
This successful extrapolation of the continuum using HST

+NIRCam alone to disentangle old stellar populations from dust-
reddened star formation is likely a function of our robust

Figure 4. (Continued.)
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photometric coverage from UV-near-infrared, allowing for
accurate photometric redshifts and colors. To test this, we look
at the color selection presented in Long et al. (2023), which
combines three NIRCam bands to bracket the 4000Å break
(F150W and F277W) and measure the continuum slope
longward of the break (F277W and F444W). For this test, we
apply a conservative cut on the F150W flux of 28 mag, as
suggested in Long et al. (2023), to the JADES catalog within the
MIRI footprint and measure the (observed) F150W− F277W
and F277W− F444W colors (Figure 5). We note that the typical
SNR (?50) of the JADES NIRCam photometry used in this test
allows us to measure very accurate observed NIRCam colors.
Using the main Long et al. (2023) color selection, 5/5 of our QG
candidates (above the flux limit) plus one PSB candidate (65559)
are selected, plus an additional five sources not in our candidate
list. Two are low-mass galaxies not in our parent sample at z∼ 1.
The remaining three are at z> 3 with log (SSFR yr–1)−9.
This implies a minimum 60% contamination rate of z> 3
interlopers; we have not accounted for contamination due to
photometric scatter that will be present in lower-SNR observa-
tions. The extended Long et al. (2023) color cuts, intended to
capture more of the young PSB population, select an additional
22 galaxies (16 at zphot> 2.5), only three of which are selected
by the B19 line.

4.2.2. NIRCam Plus MIRI

Can reintroducing the long baseline with MIRI reduce the
contamination rate in an observed-frame three-band color
selection? Based on forward modeling of simulated QGs in the
FLARES zoom-in simulation (Lovell et al. 2021; Vijayan et al.
2021), Lovell et al. (2023) developed color selections for z> 5
involving the F770W or F1280W MIRI filters combined with
two NIRCam bands. We apply their F150W− F770W versus
F444W− F770W selection in Figure 5 (right) with the F150W
magnitude cut at 28mag as in the previous section plus a cut on
F770W at 25mag, the depth of the MIRI F770W parallels for
COSMOS-Web (Casey et al. 2023). This selection recovers 4/4

QG candidates above the flux limits and only introduces one
contaminant at zphot> 2.5 (and 21 low-mass contaminants at
zphot< 2.5, which are not in our parent sample). With the caveat
that we are working with a small area and sample, this suggests
that a quenched galaxy selection is more robust given dense
wavelength coverage with NIRCam longward of the 4000Å
break or F444W plus moderate depth MIRI imaging at F770W,
given a rough cut in redshift is possible. We note that Lovell
et al. (2023) found that using F1280W as the longwave anchor
produced a selection with >80% in completeness and purity.

5. Discussion

In this work, we have selected 3< z< 6 QGs using UVJ color
space and PSB galaxies using the B19 selection, with robustness
criteria for quiescence based on a redshift-dependent threshold in
SSFR. This selection takes full advantage of 11–14 bands of
high-SNR (?50) HST+NIRCam photometry plus a long-
wavelength anchor at rest-frame 1–2 μm provided by ultra-deep
MIRI F770W photometry (although as discussed in Sections 4.1,
our sample is the same with and without this anchor). In this
section, we take a closer look at the properties of our sample.
Figure 6 presents our QG and PSB candidates relative to the

main sequence (MS; e.g., Popesso et al. 2023, and references
therein), i.e., ΔMS= log (SFR/SFRMS), where the SFR is the
median posterior of SFR100 provided by BAGPIPES SED fitting,
and SFR MS(z, Må) is the SFR of an MS galaxy at a given
redshift and stellar mass from Popesso et al. (2023), a study
that covers our full mass range. As expected from our
evaluation of their SSFRs (Section 4.1), our QG candidates
fall well below the MS (?1 dex). Gratifyingly, 15/16 PSB
candidates selected in color space—10 of which are labeled
tentative as they do not meet the SSFR50% requirement—also
fall significantly below the MS (by 0.6–1 dex), and only one
is an obvious contaminant on the MS, which we discard. This
supports that extending the UVJ diagonal past the traditional
U− V boundary (B19) can select young PSBs, even at low
stellar mass. The U− V colors of our PSBs extend down to

Table 1
UVJ-selected Quiescent Galaxy Candidates

ID R.A. Decl. z log Må/Me U − V V − J AgeMW zf zq Δtq
a τq

a

(Gyr) (Gyr)

Robust
176606 53.076502 −27.864167 3.36 0.05

0.06
-
+ 10.6 0.04

0.04
-
+ 1.75 0.03

0.03
-
+ 1.11 0.05

0.05
-
+ 0.64 0.27

0.37
-
+ 4.9 1.47

1.47
-
+ 3.8 0.24

0.24
-
+ 0.4 0.3

175039b 53.082581 −27.866812 3.46 0.04
0.05

-
+ 10.3 0.02

0.02
-
+ 1.37 0.01

0.02
-
+ 0.5 0.04

0.04
-
+ 0.51 0.04

0.04
-
+ 4.7 0.16

0.16
-
+ 4.5 0.19

0.19
-
+ 0.1 0.1

16170b 53.083613 −27.887586 3.47 0.08
0.08

-
+ 10.6 0.03

0.03
-
+ 1.48 0.02

0.03
-
+ 0.68 0.06

0.05
-
+ 0.51 0.09

0.41
-
+ 4.8 1.58

1.58
-
+ 4.1 0.24

0.24
-
+ 0.2 0.2

35453 53.057030 −27.874375 5.33 0.17
0.16

-
+ 9.9 0.04

0.03
-
+ 1.26 0.03

0.04
-
+ 0.41 0.07

0.06
-
+ 0.47 0.11

0.15
-
+ 8.6 2.09

2.09
-
+ 6.6 0.95

0.95
-
+ 0.2 0.3

Tentative
172809c,d 53.047848 −27.870220 3.66 0.23

0.20
-
+ 9.4 0.04

0.03
-
+ 1.4 0.06

0.08
-
+ 0.68 0.09

0.08
-
+ 0.84 0.38

0.17
-
+ 6.4 0.99

0.99
-
+ 4.2 0.48

0.48
-
+ 0.6 0.4

172799c,d 53.047509 −27.870503 3.75 0.15
0.11

-
+ 11.1 0.06

0.05
-
+ 2.03 0.05

0.05
-
+ 1.65 0.07

0.07
-
+ 0.63 0.22

0.26
-
+ 5.7 1.33

1.33
-
+ 4.7 0.70

0.70
-
+ 0.3 0.2

172799bc,d 53.047627 −27.870576 3.93 0.11
0.11

-
+ 9.9 0.04

0.05
-
+ 1.77 0.06

0.06
-
+ 1.03 0.10

0.12
-
+ 0.57 0.12

0.25
-
+ 5.9 1.23

1.23
-
+ 5.2 0.59

0.59
-
+ 0.1 0.1

170932 53.062269 −27.875047 4.33 0.09
0.09

-
+ 10.4 0.04

0.05
-
+ 1.4 0.04

0.04
-
+ 0.89 0.06

0.07
-
+ 0.27 0.08

0.41
-
+ 5.3 1.96

1.96
-
+ 4.8 0.28

0.28
-
+ 0.2 0.1

172811e 53.048109 −27.870184 4.53 0.20
0.22

-
+ 8.8 0.04

0.05
-
+ 1.29 0.09

0.09
-
+ 0.36 0.09

0.13
-
+ 0.54 0.16

0.21
-
+ 7.1 1.77

1.77
-
+ 6.0 0.93

0.93
-
+ 0.2 0.2

Notes.
a The quenching timescale,Δtq, is the difference between the time at which a galaxy quenched (tq) and its formation time (tf). τq ≡ Δtq/tq is the normalized quenching
timescale. See Section 5.2.1.
b Member of the z ∼ 3.4 overdensity.
c Members of the Cosmic Rose.
d Member of the z ∼ 3.7 overdensity (see Sections 5.3, Appendix B for further details on the overdensities).
e Measured parameters from fit not including F770W.
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0.5 mag, which is consistent with the colors modeled for rapid
quenching (via a top-hat SFH) of dust-free star-forming
galaxies presented in Merlin et al. (2018). Additionally, we
find that galaxies in the Long et al. (2023) NIRCam color
selection that are not in our sample largely fall within the
scatter of the MS (Figure 6), consistent with our supposition
that they are contaminants (Section 4.2.1).

The remainder of our discussion will go as follows: in the
next section, we dive deeper into the completeness and purity
of our selection. In Section 5.2, we discuss QG and PSB
properties and highlight individual sources; in Section 5.3, we
present evidence of an association between overdense environ-
ments and our sample down to low mass in a confluence of
galaxies known as the Cosmic Rose (Eisenstein et al. 2023) and
other overdensities; and finally, in Section 5.4, we examine the
number density of QGs suggested by our sample.

5.1. UVJ Selection with JADES: Completeness and
Contamination

5.1.1. Completeness

The expected completeness (and contamination) rate of UVJ
selection has varied in the literature when calibrated against
other measures of quiescence. Part of this has been shown to
arise from systematic offsets in the measured rest-frame colors
in different data sets (Kawinwanichakij et al. 2016), and part
arises from potential quiescent populations that have colors
outside of the typical UVJ selection (Schreiber et al. 2018a).

In this work, we have adopted the UVJ selection presented in
Antwi-Danso et al. (2023b). Other common selections (Williams
et al. 2009; Whitaker et al. 2011; Muzzin et al. 2013; Carnall et al.
2018) would recover the same sample within the 1σ color
uncertainties. We have tested this selection after the fact using a

redshift evolving SSFR threshold (Equation (1)), finding that 6/8
(8/8) of our UVJ-selected QG candidates have 97.5% (50%) of
their SSFR posterior distribution below this threshold. We
likewise find no candidates with low SSFR that are not UVJ
or B19-selected, in agreement with some previous studies
(Pacifici et al. 2016; Carnall et al. 2018).
In contrast, Schreiber et al. (2018a)—using a photometric

sample of 24 candidate QGs at 3< z< 4, supplemented with
MOSFIRE H and K spectra for half the sample—found that
40% of candidates with low SSFRs (10x below the MS) were
not found by UVJ color selection, but instead inhabited space
below (labeled “young quiescent,” partially overlapping
the B19 selection) and to the right (labeled “dusty quiescent”)
of the traditional region. We do not find populations redder
than the UVJ or B19 selection through either our SSFR criteria
or comparison to the MS (Figure 6). Carnall et al. (2023a)
likewise found disagreement with the QG selection presented
in Schreiber et al. (2018a) in a subsample covered by CEERS;
our work supports their supposition that JWST data greatly
improve the measurement of colors and SSFRs, particularly in
dusty sources, reconciling the UVJ and SSFR selections.
This agreement was not necessarily expected to hold as we

move into these high redshifts, however. In this regime, galaxies
are more likely to be low metallicity (e.g., Cullen et al. 2019),
and this has been predicted to slow the development of the red
colors necessary for UVJ selection (potentially on timescales
longer than the age of the Universe at the observed redshift;
Tacchella et al. 2018). Quiescent/PSB galaxies observed at z> 3
are also necessarily younger, which motivates the B19 selection
for PSBs and the padded region for UVJ-selection at z> 4
(Antwi-Danso et al. 2023b). Alternative color selections (Antwi-
Danso et al. 2023b; Gould et al. 2023; Kubo et al. 2023) have
also been explored to try to capture this young population. To

Table 2
B19-selected Poststarburst Candidates

ID R.A. Decl. z log Må/Me U − V V − J AgeMW zf zq Δtq
a τq

a ΔMS
(Gyr) (Gyr)

Robust
177522b 53.082093 −27.862845 3.46 0.14

0.19
-
+ 8.9 0.04

0.04
-
+ 0.97 0.04

0.05
-
+ 0.26 0.05

0.06
-
+ 0.25 0.05

0.12
-
+ 4.1 0.24

0.24
-
+ 3.8 0.25

0.25
-
+ 0.2 0.1 < − 2

171534c 53.079921 −27.870211 3.67 0.14
0.11

-
+ 8.9 0.04

0.04
-
+ 0.98 0.03

0.04
-
+ 0.17 0.07

0.07
-
+ 0.28 0.04

0.07
-
+ 4.4 0.23

0.23
-
+ 4.1 0.21

0.21
-
+ 0.1 0.1 < − 2

170254c 53.060745 −27.876153 3.68 0.18
0.11

-
+ 8.6 0.05

0.04
-
+ 0.83 0.09

0.06
-
+ 0.09 0.07

0.11
-
+ 0.2 0.04

0.05
-
+ 4.2 0.17

0.17
-
+ 3.9 0.25

0.25
-
+ 0.1 0.1 < − 2

173604d,c 53.046729 −27.869632 3.92 0.17
0.10

-
+ 8.8 0.03

0.04
-
+ 1.14 0.06

0.07
-
+ 0.22 0.07

0.09
-
+ 0.46 0.10

0.21
-
+ 5.4 0.61

0.61
-
+ 4.8 0.46

0.46
-
+ 0.2 0.1 < − 2

79086 53.044180 −27.842933 4.74 0.24
0.32

-
+ 8.7 0.06

0.08
-
+ 0.87 0.09

0.10
-
+ 0.13 0.11

0.14
-
+ 0.22 0.06

0.14
-
+ 5.8 0.71

0.71
-
+ 5.1 0.54

0.54
-
+ 0.2 0.1 < − 2

Tentative
181568b 53.085809 −27.857762 3.28 0.05

0.05
-
+ 8.7 0.04

0.04
-
+ 0.8 0.02

0.03
-
+ 0.08 0.05

0.05
-
+ 0.19 0.04

0.08
-
+ 3.7 0.15

0.15
-
+ L L L –1.1

172306b 53.049332 −27.872567 3.34 0.15
0.21

-
+ 8.6 0.05

0.04
-
+ 0.91 0.07

0.07
-
+ 0.27 0.10

0.09
-
+ 0.69 0.36

0.30
-
+ 5.0 1.05

1.05
-
+ L L L –1.2

174413b 53.082623 −27.868384 3.55 0.13
0.08

-
+ 9.2 0.03

0.03
-
+ 0.81 0.02

0.03
-
+ 0.21 0.05

0.04
-
+ 0.19 0.03

0.05
-
+ 4.0 0.12

0.12
-
+ L L L –1.0

174444c 53.078690 −27.868339 3.56 0.12
0.10

-
+ 8.6 0.04

0.04
-
+ 0.81 0.02

0.03
-
+ 0.02 0.04

0.05
-
+ 0.22 0.03

0.08
-
+ 4.1 0.16

0.16
-
+ L L L –1.2

174098c 53.075869 −27.868852 3.62 0.07
0.05

-
+ 8.9 0.02

0.03
-
+ 0.73 0.01

0.02
-
+ 0.04 0.02

0.03- -
+ 0.17 0.02

0.02
-
+ 4.1 0.06

0.06
-
+ L L L –1.1

172569c 53.051312 −27.872026 3.62 0.12
0.11

-
+ 9.0 0.05

0.04
-
+ 0.98 0.04

0.03
-
+ 0.24 0.06

0.05
-
+ 0.3 0.07

0.21
-
+ 4.4 0.43

0.43
-
+ L L L –1.4

40882c 53.065272 −27.869663 3.81 0.06
0.08

-
+ 8.8 0.05

0.06
-
+ 0.67 0.14

0.04
-
+ 0.07 0.07

0.10
-
+ 0.23 0.06

0.12
-
+ 4.4 0.38

0.38
-
+ L L L –0.6

5070e 53.092006 −27.903137 4.41 0.07
0.07

-
+ 10.0 0.03

0.04
-
+ 1.17 0.03

0.03
-
+ 0.7 0.07

0.09
-
+ 1.03 0.08

0.06
-
+ 13.2 1.96

1.96
-
+ L L L –1.3

65559e 53.041051 −27.854478 4.57 0.08
0.08

-
+ 9.7 0.02

0.03
-
+ 0.99 0.02

0.02
-
+ 0.34 0.04

0.05
-
+ 0.95 0.07

0.05
-
+ 12.6 1.34

1.34
-
+ L L L –1.4

Notes.
a The quenching timescale,Δtq, is the difference between the time at which a galaxy quenched (tq) and its formation time (tf). τq ≡ Δtq/tq is the normalized quenching
timescale. See Section 5.2.1.
b Member of the z ∼ 3.4 overdensity.
c Member of the z ∼ 3.7 overdensity (see Sections 5.3, Appendix B for further details on the overdensities).
d Members of the Cosmic Rose.
e Sources are poorly fit with our model ( 202c ~n ).
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test whether UVJ-selection is missing young QGs, we consider
one additional color selection, (ugi)s, presented in Antwi-Danso
et al. (2023b). Designed to mitigate the issues arising from
extrapolation to J band through new, synthetic ugi filters, this
color selection is expected to pick out QGs 250Myr before they
enter UVJ space as it is optimized to be able to select bluer
Balmer breaks. However, we find that, while (ugi)s color
selection is very effective at identifying our main QG candidates,
it does not identify any new candidates for young QGs or our
PSB sample. The latter is expected as (ugi)s was designed to

maximize purity and minimize contamination from dusty SFGs,
which makes it less sensitive to the blue PSB colors short of the
break (Antwi-Danso et al. 2023b).
From the above, we conclude that there are no obvious

sources of incompleteness in our UVJ-selected sample. Issues
such as the effects of low metallicity on QG colors remain,
however, and will require spectroscopic studies with JWST to
resolve.

5.1.2. Contamination

Pre-JWST, the UVJ color space for QGs was known to be
contaminated at the ∼10%–30% level (Belli et al. 2017; Fang
et al. 2018; Merlin et al. 2018; Díaz-García et al. 2019; Leja
et al. 2019b); at z∼ 3–4, Schreiber et al. (2018a) found this
contamination to be dominated by dusty galaxies at low
redshifts with poor photometric redshift solutions and strong
line emitters. Now, with JWST, and particularly in this work
with our 11–14 bands of high-SNR medium and broadband
NIRCam+MIRI photometry, we can largely mitigate these
contaminants by providing good sampling on the continuum
longward of the 4000Å break, including rest-frame J band,
accurately measuring photometric redshifts, identifying emis-
sion lines, and breaking the degeneracy between stellar age and
dust attenuation. This was forecasted in Merlin et al. (2018),
which measured the UVJ colors for mock catalogs based on
CANDELS catalogs using the CANDELS photometric filters
and then again with JWST filters. This comparison demon-
strated that the addition of JWST photometry greatly reduced
the scatter from measurement uncertainties, and in addition, it
predicted a much cleaner separation of QGs and SFGs in UVJ
space, with very few galaxies encroaching on the diagonal UVJ
boundary. Given this reduction in scatter from measurement
uncertainties, one might instead expect that intrinsic scatter
such as due to complex SFHs or galaxies caught in a transition
phase could instead crowd the UVJ boundaries. Although our
sample is small, we see evidence for a relatively clean
separation along the diagonal UVJ selection, which is where
the slow-quenching evolutionary tracks presented in B19
would be expected to enter. This supports that rapid quenching

Figure 5. (a) JWST three-band color selection using NIRCam F150W, F277W, F444W from Long et al. (2023) for galaxies with F150W brighter than 28 AB. The
blue dashed lines show the QG selection criteria, with an extension toward bluer F150W − F277W colors to capture more young PSBs. (b) The three-band color
selection using F150W, F444W, F770W from Lovell et al. (2023) with F150W < 28 and F770W < 25 AB. The black dotted line shows their suggested selection. In
both panels, data points are colored by redshift, and the stars and pluses denote the QG and PSB candidates in this study; circles show other galaxies. Given a rough
redshift cut of zphot = 2.5, we find minimum contamination rates of 60% for the Long et al. (2023) selection and 25% for the Lovell et al. (2023) selection.

Figure 6. Our mass-limited parent sample relative to the MS from Popesso
et al. (2023) as a function of redshift. Red stars (orange pluses) are our QG
(PSB) candidates. The red open star is the close companion source to JADES
172799 (172799b; Section 5.3). Solid plus signs indicate our primary PSB
sample, while open symbols are the secondary sample. Only one PSB is a
contaminant on the MS. White circles are galaxies in our parent sample not
selected as QG or PSB. Purple x’s are galaxies selected by the Long et al.
(2023) NIRCam color selection (Section 4.2.1) that are not in our sample.
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is the dominant mode at high redshift in massive galaxies
(Whitaker et al. 2012; Wild et al. 2016; Rowlands et al.
2018; B19), as they are not spending much time in a transition
phase such as the green valley at z> 3. This clean separation
suggests that our main UVJ selection has low to no
contamination. For our PSB sample, this clean separation is
not seen. Nevertheless, we find that our PSB list captures all
galaxies in our parent sample significantly below the MS, with
only one contaminant on the MS. This suggests that this
selection from B19, optimized for lower-redshift, higher-mass
galaxies, is promising for high-redshift, low-mass PSBs.

5.2. Quenched Galaxies at z= 3–6

5.2.1. Quenching Timescales

From the modeled SFHs, we can estimate properties that
broadly describe the life cycles of our QG and PSB samples,
including mass-weighted age, formation time, and quenching
timescales (Tables 1–2). As in Section 3.1, we caution that these
measurements are known to be sensitive to the choice of priors
(Suess et al. 2022b; Kaushal et al. 2023), and we limit our
comparisons below to observational studies with similar prior
assumptions. Our QG and PSB candidates span∼200–800Myr in
mass-weighted age, corresponding to formation redshifts of
zf∼ 4–9.23 We show the formation time of our robust samples
relative to the observed redshift in Figure 7 and compare to the
CEERS sample analyzed using similar SED modeling in
Carnall et al. (2023a). Split by redshift, our QGs at 3< z< 4
have 4.5 zf 6.5, comparable to CEERS. As expected given
downsizing and their low masses (log Må/Me 9.5), the
majority of our robust PSBs observed at 3< z< 4 have slightly
later formation times of 4 zf 5.5.

Unlike the CEERS sample, however, which found that QGs
observed at 4< z< 5 have formation redshifts 9< zf< 12, our
two massive QGs at z> 4 formed later at 5< zf< 9. Carnall
et al. (2023a) noted that finding such high formation redshifts but
no QG observed at z> 5 was unexpected. Later formation times
such as we find here are in line with predictions from the EAGLE
hydrodynamical cosmological simulation (Crain et al. 2015;
Schaye et al. 2015) and FLARES, which predict that QGs (defined
as SSFR< 0.1 Gyr−1) with zf� 10 should be observed at z� 6
(Lovell et al. 2023). Such extreme early formation timescales as
found in Carnall et al. (2023a) may be linked to the extreme
massive galaxy candidates being uncovered by JWST (e.g.,
Glazebrook et al. 2023) and, if confirmed, could place strong
constraints on mechanisms for quenching, such as the onset for
feedback from supermassive black holes, which drives quench-
ing in the EAGLE and FLARES simulations.

To examine the timescales associated with quenching, we
adopt zq as defined in Carnall et al. (2018) as the redshift at
which the current SFR falls to <10% of the time-averaged SFR
across the full SFH and calculate Δtq≡ tq− tf and τq≡Δtq/tq
(Carnall et al. 2018; Tacchella et al. 2022a); the latter accounts
for the difference in dynamical timescales when comparing
across a wide range in redshift. As shown in Tables 1–2, our
QGs quench on relatively rapid quenching timescales
(Δtq∼ 100–600Myr), while our robust PSBs show a narrower
range of 100–200Myr. The quenching timescales for the
tentative PSBs are unconstrained, perhaps due to residual star
formation. The quenching of galaxies is thought to occur

through multiple pathways (e.g., Carnall et al. 2018, 2019a;
Tacchella et al. 2022a; Hamadouche et al. 2023; B19), which,
as demonstrated in Carnall et al. (2018), is reflected in the
distribution of τq. That work found that τq for QGs at z< 4
forms three peaks, which was interpreted as three distinction
modes of quenching: a rapid rise in star formation followed by
rapid quenching (τq∼ 0.1, prominent at z> 2), a more
extended SFH history followed by relatively rapid quenching
(τq∼ 0.4, dominant at z∼ 1–2), and a slow-quenching mode
that appears at z< 1 (τq∼ 0.6). Our QG sample spans the τq
values of the first and second pathways, which can be
visualized in their SFHs in Figure 4. On the other hand, all
of our robust PSBs display a relatively uniform rapid rise in star
formation followed by rapid quenching (Figure A1).

5.2.2. Quenching in Low-mass Galaxies

Using the B19 extension of PSB selection in UVJ space, we
have selected 14 PSBs that live significantly below the MS
(Figure 6), six of which are supported by SED modeling to
have low SSFRs (our robust subsample; Table 2). Although
the B19 selection was developed for intermediate-redshift,
high-mass galaxies, the majority of our PSBs have log
Må/Me∼ 8.5–9, 1–2 orders of magnitude below the B19
sample. This results undoubtedly in part from our smaller
search volume, but nevertheless, it highlights the existence of a
new population of high-redshift, low-mass passively evolving
galaxies now being revealed with JWST (e.g., Looser et al.
2023; Strait et al. 2023; Cutler et al. 2024). As seen in Section 7
and Figure A1, the SFHs of the robust PSB subsample are
consistent with a rapid rise in star formation, followed by rapid
quenching. The mechanism behind quenching in low-mass
galaxies, even at low- and intermediate-redshifts, is still
undergoing intense debate. Our PSBs are too massive to be
candidates for UV-background quenching (Efstathiou 1992),
but lower mass than the threshold for mass-driven secular

Figure 7. The formation time (since the Big Bang) of our QG (red stars) and
primary PSB (orange pluses) candidates as a function of the redshift at which
they are observed. The right y-axis shows the corresponding formation redshift.
The black line shows the age of the Universe at the observed redshift. We
compare to the CEERS sample (gray crosses) from Carnall et al. (2023a) and
the median timescales from the EAGLE and FLARES simulations (tan squares;
Lovell et al. 2023).

23 We exclude 5070 and 65559 from consideration here due to their relatively
poor fits (Section 4.1).

13

The Astrophysical Journal, 975:85 (25pp), 2024 November 1 Alberts et al.



quenching observed at low redshifts (Peng et al. 2010; Geha
et al. 2012). The latter has led low-mass quenched galaxies to
be associated with environmental quenching; however, the
story may be more complicated at high redshift. Temporary
(“mini”) quenching episodes driven by stochastic star forma-
tion and AGN feedback have been invoked (Dome et al. 2024)
to explain two spectroscopically confirmed fast-quenching,
low-mass galaxies at z∼ 5–7 (Looser et al. 2023; Strait et al.
2023). This is plausible as the shallow potential wells of low-
mass galaxies likely make them susceptible to gas loss through
outflows and winds (Bullock & Boylan-Kolchin 2017;
McQuinn et al. 2019; Gelli et al. 2024). Arguments have long
been made that AGN, which can produce stronger feedback
than stellar processes, are uncommon in dwarf galaxies (e.g.,
Trebitsch et al. 2018); however, observational (e.g., Kaviraj
et al. 2019; Davis et al. 2022, and references therein) and
theoretical (e.g., Silk 2017; Koudmani et al. 2021) evidence is
mounting to challenge this view, including at high redshift with
JWST (Harikane et al. 2023; Maiolino et al. 2023). However,
these miniquenching phases may be exceedingly short
(∼20–40Myr; Dome et al. 2024), which would make them
difficult to catch without instantaneous SFR tracers from
spectroscopy. In photometric work such as that here, it is
common to use tracers that probe SFR over the last ∼100Myr.

On the other hand, the shallow potential wells of low-mass
galaxies are also likely susceptible to environmental mechan-
isms such as RPS (Cortese et al. 2021; Boselli et al. 2022) in
filamentary or group-scale overdensities (e.g., Benítez-Llambay
et al. 2013; Bluck et al. 2020; Vulcani et al. 2021; Castignani
et al. 2022) or the enhancement of internal quenching
mechanisms through increased interactions or mergers
(Vijayaraghavan & Ricker 2013; Bahé et al. 2019). The
effectiveness and timescales of these processes have proven
difficult to assess and are thought to range from rapid
(∼100Myr) to slow (>1 Gyr) depending on local conditions
(see Alberts & Noble 2022, for a discussion on environmental-
quenching mechanisms). It is thus still a challenge to identify
mass quenching versus environmental quenching in a given
low-mass galaxy. However, we can make some progress by
looking at the demographics of larger samples; in Section 5.3,
we examine the local environment of our low-mass PSBs.

5.2.3. Dusty Quiescent Galaxies

The response of galaxy colors to increasing stellar age is
known to cause a strong gradient in the region of UVJ space
used to select QGs, with more recently quenched galaxies
moving from the bluer, lower left-hand region to the redder
upper right-hand region of the selection as they age (e.g.,
Whitaker et al. 2012; B19). As argued in Carnall et al. (2020),
we can expect the upper half of the UVJ selection (associated
with ages 1 Gyr in massive galaxies; B19) to depopulate at
z> 3 as not enough time has elapsed to produce these red
colors via an aging population. Alternatively, such colors at
z> 3 could be caused by dust,24 which reddens galaxies along
a similar vector. Two of our QG candidates, 176606 and

172799, occupy this space, and their dusty nature is supported
visually in their SEDs (Figure 4) and by their measured V-band
attenuations of AV= 1 and AV= 2, respectively.
While photometric disentanglement of the age–dust degen-

eracy is notoriously difficult, our photometric sampling
including four and two NIRCam medium bands for 176606
and 172799, respectively, gives us confidence that we have
selected bona fide candidates for dusty QGs suitable for
spectroscopic follow-up. The confirmation of quenched
galaxies with residual dust has interesting implications as the
typical expectation is that the cold interstellar medium (ISM)
has been destroyed, evacuated, or heated in order for galaxies
to halt star formation (e.g., Davé et al. 2012; Lilly et al. 2013).
Infrared stacking of photometric samples has detected
nonnegligible cold (Gobat et al. 2018; Magdis et al. 2021)
and warm (Blánquez-Sesé et al. 2023) dust in quiescent
populations, albeit at lower redshifts. In addition, a handful of
spectroscopically confirmed QGs have direct detections of dust
in the far-infrared (Whitaker et al. 2021b; Morishita et al. 2022;
Lee et al. 2023). These studies seem to contradict the idea of
full destruction of the cold ISM; however, a number of
unknowns still prevent firm conclusions, including whether
dust can be accreted via minor merging (see, e.g., Caliendo
et al. 2021; Woodrum et al. 2022), what dust destruction
mechanisms dominate and on what timescales (e.g., Whitaker
et al. 2021a), and how our assumptions about dust temperatures
in QGs bias our interpretation (e.g., Cochrane et al. 2022).
Spectroscopic confirmation of the nature of the z> 3 dusty QG
candidates presented here would provide valuable constraints
given the early epoch.

5.3. Environmental Quenching of Low-mass Galaxies at High
Redshift: The Cosmic Rose

Beyond its dusty, yet old nature, QG 172799 is the base of
the so-called “Cosmic Rose” (Eisenstein et al. 2023), a visually
striking structure composed of two massive red galaxies: QG
candidate 172799 and a log Må/Me= 11 dusty SFG (JADES
17281325) with SFR∼ 730Me yr−1 and AV∼ 3.5.26 This pair,
reminiscent of the Jekyll and Hyde galaxies observed at similar
redshifts (Glazebrook et al. 2017; Schreiber et al. 2018b;
Kokorev et al. 2023), are surrounded by lower-mass quenched
galaxies with similar photometric redshifts (Tables 1–2). In
Figure 8, we show the F444W, F200W, F090W red, green, and
blue (RGB) image of the Rose, which reveals that 172799 has
similar colors as 172809, which we have identified as a log
Må/Me= 9.4, relatively old (ageMW∼ 0.6 Gyr) QG. Both QG
candidates are fit with zphot∼ 3.7, which would put them at a
physical separation of 11 kpc, significantly less than the
distance from the Milky Way to the Magellanic Clouds
(∼50 kpc; Fitzpatrick et al. 2002). PSB 173604 sits just
northwest of the Rose. The image further reveals a potential
third companion not identified by the JADES catalog
deblending algorithm. Using a smaller aperture (d= 0.″3) to
isolate this companion, we measure its HST+NIRCam
photometry and perform SED fitting. We do not repeat the fit
with F770W as the small separation means this companion is
likely significantly blended with 172799 in the MIRI photo-
metry. The companion, which we dub 172799b, has a

24 Obscured AGN can also cause red optical colors. To rule this out, we
searched the catalog from Lyu et al. (2022) for AGN within our parent sample.
We find that QG 176606 is AGN, but selected in X-ray and not the mid-
infrared. This indicates the AGN is likely not luminous in the optical to mid-
infrared. QG 172799 has no indication of AGN. We do not find any other
indications of AGN among our QG and PSB samples, although the Lyu et al.
(2022) catalog does not cover about a third of our MIRI imaging.

25 Also known as ALESS009.1, spectroscopically confirmed via CO(4–3) at
zspec = 3.694 (Birkin et al. 2021).
26 Due to its size, the properties reported for JADES 172813 were measured
here using a Kron aperture.
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photometric redshift within 1σ of 172799, has a stellar mass of
log Må/Me= 9.9, and meets the criteria for a QG candidate
based on UVJ and SSFR97.5 (Table 1, Figures 3, 4, 6).

The close proximity of these four quenched galaxies strongly
suggests they are related and that their quenching may be
environmentally driven. For massive galaxies, environmental
quenching is notoriously difficult to disentangle from secular
quenching, even in obvious cases of visible signatures such as
ram pressure stripped tails or a morphological disturbance from
major mergers (Alberts & Noble 2022). For low-mass galaxies,
on the other hand, secular quenching mechanisms may act over
long timescales, and quenching of dwarf galaxies is known to
correlate with overdense environments locally (e.g., Peng et al.
2010, 2012; Bluck et al. 2014, 2016) and at z∼ 2 (Ji et al.
2018). As discussed in Section 5.2.2, however, this is an area of
intense debate, particularly at high redshift.

Seven of our low-mass PSBs have redshifts consistent with
z= 3.7 within 2σ. To explore whether this is a coincidence, we
look for a larger structure around the Cosmic Rose following

the procedure in Sandles et al. (2023; see Appendix B for
details). And indeed, we find that there is a ∼6σ overdensity
(Figure 8) that peaks just north of the MIRI parallel (α,
δ= 53.083104, −27.854775) surrounded by secondary ∼4σ
peaks; the Cosmic Rose is located at the edge of a 4.3σ
secondary peak with a ∼11″ (80 kpc) radius. This overdensity
has been previously identified and was recently confirmed
using optical spectroscopy (Shah et al. 2023, and references
therein). Overplotted are the locations of the seven low-mass
PSBs, which all coincide with regions that are overdense at the
3σ–4σ level.
Among our remaining low-mass PSBs, four have redshifts

consistent with z∼ 3.4, so we repeat this large-scale structure
analysis (Appendix B) and find that these four are also
associated with an overdensity at the 3σ–4σ level (see also
Shah et al. 2023, and references therein). This means that, out
of 12 log Må/Me= 8.5–9.5 PSBs, we find that only one (PSB
79086 at z∼ 4.7) is not associated with an overdensity. A
similar association was found for a spectroscopically confirmed

Figure 8. (a) Overdensities of galaxies at 3.55 < z < 3.85 in the JADES NIRCam (black outline) and MIRI parallel (red outline) field of views. Contours increment by
1σ, with the purple contour outlining 4σ peaks. The yellow star indicates the Cosmic Rose. The green pluses show low-mass PSBs with redshifts consistent with
z = 3.7. The inset histogram shows the redshift distribution of galaxies in the overdensity. (b) RGB (F444W, F200W, F090W) image of ∼150 kpc around the Cosmic
Rose. (c) Zoom-in of the Cosmic Rose. Quiescent and PSB (SFG) galaxies in the z ∼ 3.7 overdensity are circled with solid (dotted) lines (†172811 is at z = 4.53; its
proximity to the Rose is a projection effect). QGs and PSBs are labeled.
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low-mass (log Må/Me= 8.97) QG at z= 2.34 in JADES
(Sandles et al. 2023). These preliminary findings are consistent
with a recent result from the CEERS team (Bluck et al. 2024),
which examined quenching as a function of the stellar potential
(stellar mass divided by half-light radius). They found that
stellar potential is the best predictor of quiescence in massive
galaxies, which they attributed to a tight correlation between
stellar potential and black hole mass, making it a tracer of the
integrated effects of AGN feedback (D’Eugenio et al. 2024).
Conversely, they found stellar potential was not a predictor of
quenching in low-mass (log Må/Me= 9–10) galaxies, which
they interpreted as ruling out quenching mechanisms that scale
with stellar mass, indirect support of environmental quenching.
Although we also do not directly demonstrate environmental
quenching in this work, the overwhelming association between
low-mass PSBs and overdense environments in our sample at
z> 3 strongly suggests we focus on establishing or refuting a
causal link with environmental quenching in future follow-up.

5.4. The Abundance of Quiescent Galaxies at 3< z< 6

Understanding the quenching pathways that dominate galaxy
evolution across cosmic time requires tracing the abundances of
QGs from their first emergence to later times. Ground-based and
HST studies have revealed that QGs at z∼ 2–3 are abundant
with relatively old stellar ages (up to 1–2 Gyr; Carnall et al.
2020; B19), implying a substantial population already in place at
earlier epochs. Pre-JWST estimates of the massive QG number
density at 3< z< 4, however, vary by over an order of
magnitude (Valentino et al. 2023), changing dramatically with
the number of filters/wavelength sampling and depth, which
highlights the strong dependence of measured abundances on
selection functions. In particular, deeper, well-sampled surveys
(e.g., space-based or medium-band surveys) tend to identify
larger abundances (although these studies are typically limited to
smaller areas; Straatman et al. 2014, 2015; Tomczak et al. 2014;
Schreiber et al. 2018a; Shahidi et al. 2020) compared to sparsely
sampled ground-based (but wide-area) surveys (Muzzin et al.
2013; Davidzon et al. 2017; Valentino et al. 2020; Weaver et al.
2022). Simulations have similarly discrepant results at early
times (Cecchi et al. 2019; Girelli et al. 2019; Merlin et al. 2019;
Valentino et al. 2023), but this is reflective of the overall poor
empirical constraints informing feedback and evolutionary
models at z> 3 compared to lower redshifts.

In this work, we have the disadvantage of examining a
relatively small area (8.8 arcmin2) but the advantage of
exquisitely deep data over observed 0.4–7.7 μm, allowing us
to identify a robust, complete photometric sample of QGs with
low contamination (Section 5.1). In our two redshift bins, we
find number densities of 10−3.7±0.2

–10−4.0±0.3 Mpc−3 at
3< z< 4 and 10−4.4±0.3

–10−4.7±0.4 Mpc−3 at 4< z< 6 for
our logMå/Me> 9.4 full and robust UVJ-selected QG samples
(Figure 9), in good agreement with the recent results from
CEERS (Carnall et al. 2023b) and a factor of 2–3x higher than
the similarly selected UVJ numbers derived from multiple
JWST fields, most of which are shallower and have more
sparse wavelength coverage (Valentino et al. 2023). This
discrepancy could be due to cosmic variance; Valentino et al.
(2023) found a factor of 2–3x in field-to-field variation in the
number densities in 11 fields ranging from 2–35 arcmin2 in
size. Part of this may be driven by the (often unaccounted for)
presence of overdensities, and indeed, as discussed in
Section 5.3, we have found that the JADES MIRI parallel

contains multiple 3σ–4σ galaxy overdensities (see also Shah
et al. 2023). Nevertheless, we suggest that further investigation
is needed to test whether these results from small but deep
fields indicate that wide, shallow JWST fields are limited in
their ability to constrain QG abundances, given a lack of
wavelength coverage (no HST or MIRI, sparse NIRCam) and
lower significance detections, which increase the uncertainties
on measured parameters such as colors or SSFR.

6. Conclusions

In this work, we evaluate the selection and properties of QG
and PSB galaxies at 3< z< 6 in a mass-limited sample (log
Må/Me� 8.5) using 13–16 bands of HST+NIRCam photo-
metry combined with ultra-deep JADES MIRI F770W
imaging, which constrains the rest-frame J-band anchor
commonly used in the color selection of QGs. SED fitting is
done using a double power-law SFH through the BAGPIPES
fitting code from which we measure rest-frame colors and
galaxy properties. Our main conclusions are as follows:

1. The derivation of photometric redshifts and stellar masses
yields consistent results with and without the inclusion of
the F770W data point (probing rest-frame 1–2 μm) in the
SED fitting (Section 3.2). This is likely the result of the
dense wavelength coverage in JADES (8–11 NIRCam
bands including one to four medium-band filters per
source), which places robust constraints on the continuum
longward of the 4000Å break.

2. The selection of QG and PSB galaxies is done using the
standard UVJ color diagram plus the extended PSB
selection from B19. The robustness of our candidates is

Figure 9. The number density of photometrically selected, massive (log Må/
Me  9.5) quiescent galaxies at z ∼ 3–6 from our robust (purple stars) and full
UVJ-selected (pale blue stars) samples. Points are staggered slightly along the
redshift axis for visual clarity. We compare to the massive (log Må/Me  9.5)
robust and full samples from Carnall et al. (2023a; pentagons) and the UVJ-
selected sample from Valentino et al. (2023; diamonds). We find that the
abundance of quiescent galaxies in the MIRI parallel agrees with the higher
estimates from the deep CEERS survey (Carnall et al. 2023a); however, we
caution that our field contains known overdensities (Section 5.3, Appendix B).
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evaluated using a redshift-evolving SSFR cut that takes
full advantage of our data set. Over our 8.8 arcmin2 area,
we determine a final sample of four (five) robust
(tentative) UVJ-selected QGs (Table 1, Figure 4). This
corresponds to number densities of massive QGs at
3< z< 6 (see Section 5.4) in good agreement with
results from JWST surveys to similar depths (Carnall
et al. 2023b), with the caveat that our 8.8 arcmin2 area
contains known overdensities (Section 5.3, Appendix B).
We additionally identify six (nine) robust (tentative) B19-
selected PSBs. We identify only one MS galaxy
contaminant in our B19 selection.

3. As with the stellar masses, our sample of QG and PSB
candidates is selected equally well with and without the
F770W data point, again pointing to the constraining
power of the JADES data set. For similar surveys, QG-
selection therefore does not require MIRI data at z> 3.
For fields with sparser JWST wavelength coverage, we
test (observed) three-band color selections presented in
the literature (Long et al. 2023; Lovell et al. 2023) and
find that NIRCam three-band (F150W, F277W, F444W)
selection suffers from high (60%) contamination. A
three-band selection that includes relatively shallow
MIRI F770W reduces this contamination rate.

4. Our full QG and PSB galaxies have a range in mass-
weighted ages (∼200–800Myr), corresponding to for-
mation redshifts of zf∼ 4–9. We do not find examples of
extremely early (z= 9–12) formation times (e.g., Carnall
et al. 2023b), despite identifying potentially the highest-
redshift massive QG at zphot; 5.3.

5. The range in quenching timescales for our sample
(τq∼ 100–600Myr) is consistent with rapid quenching
pathways. B19-selected robust PSBs have uniformly
short quenching timescales (100–200Myr).

6. Through the B19 selection, we identify a substantial new
population of low-mass (log Må/Me= 8.5–9.5) PSBs
with SFHs that are characterized by a rapid rise in star
formation followed by rapid quenching (Figures A1–A2)
and/or living significantly below the star-forming MS
(Figure 6). This demonstrates that UVJ-based PSB
selection can be extended to low masses.

7. We characterize the nature of the Cosmic Rose (Figure 8),
a complex of galaxies dominated by a massive, dusty QG
and a massive, dusty SFG at z∼ 3.7—a so-called Jekyll
and Hyde pair. Three lower-mass QGs are within ∼20 kpc
of the complex center, indicating likely efficient environ-
mental quenching within this system.

8. An investigation of an extended area reveals that the
Cosmic Rose is part of a larger overdensity at z∼ 3.7 (see
also Shah et al. 2023) that encompasses fully half of our
low-mass PSBs. The other half (save one) is located in an
overdensity at z∼ 3.4. This provides compelling evi-
dence that quenching of log Må/Me∼ 8.5–9.5 is
associated with overdense environments and potentially
driven by environmental-quenching mechanisms.

The launch of JWST has opened up new opportunities to
trace the evolution of quenching back to the emergence of the
first QGs and down to the low-mass regime for which little is
known beyond the low-redshift Universe. To take full
advantage of this opportunity, we will need both a detailed
spectroscopic analysis and robust selection of statistical
samples from deep JWST surveys.
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Appendix A
Poststarburst Candidate Cutouts and SEDs

In this Appendix, we show image cutouts and SEDs for our
robust (Figure A1) and tentative (Figure A2) poststarburst
candidates selected via the B19 criteria.
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Figure A1. Properties of robust poststarburst galaxies selected via B19. Top rows for each source: F606W, F090W, F200W, F444W, F770W cutouts, 1.″2 on a side.
Bottom rows for each source: the SEDs (left), SSFR posterior distributions (middle), and SFHs (right).

18

The Astrophysical Journal, 975:85 (25pp), 2024 November 1 Alberts et al.



Figure A1. (Continued.)
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Figure A2. Properties of the tentative poststarburst galaxies selected via B19. Top rows for each source: F606W, F090W, F200W, F444W, F770W cutouts, 1.″2 on a
side. Bottom rows for each source: the SEDs (left), SSFR posterior distributions (middle), and SFHs (right).
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Figure A2. (Continued.)
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Figure A2. (Continued.)
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Appendix B
Overdensities at z= 3–4 in JADES GOODS-S

In this section, we outline the identification of the galaxy
overdensities discussed in Section 5.3. For an overdensity
associated with the Cosmic Rose (Figure 8), we searched the
v0.8.1 JADES GOODS-S photometric catalog (Rieke et al.
2023) for relatively bright (<28 mag in F200W, F277W,
F356W, and F444W) galaxies at 3.55< zphot< 3.85 using
PSF-matched Kron photometry and EAZY photometric red-
shifts (Hainline et al. 2024). We choose to not make any cut on
the photometric redshift uncertainty since this would bias
against the QG and/or PSB galaxy candidates identified here.
Following these selections, we are left with a photometric
sample of N= 940 sources.

Following the methodology briefly described in Sandles
et al. (2023), we then utilize a kernel density estimator (KDE)
assuming Gaussian kernels to estimate the underlying density
field of our photometric sample. The assumed bandwidth (or
smoothing scale) is optimized by maximizing the likelihood
cross-validation quantity (Chartab et al. 2020), which provides
an optimal trade-off between undersmoothing and oversmooth-
ing. Our optimized bandwidth is 0.86 cMpc, which roughly
corresponds to 0.′42 at z= 3.7. We note that KDEs are
effective in estimating the underlying density field at locations
that are far from the edges of the footprint; however, they tend
to underestimate densities near edges. To counter this, we
implement a correction factor as described in Taamoli et al.
(2024). The KDE method identifies N= 4 spatially distinct
galaxy overdensities, which have peak significance levels
larger than 4σ, where σ corresponds to the standard deviation
of the density values across the entire JADES GOODS-S field.
One of these identified galaxy overdensities spatially and
kinematically encompasses the Cosmic Rose, containing
N= 16 potential members with a peak significance level of
roughly 4.3σ at 〈z phot〉= 3.759. The maximum separation
between these potential constituent members is 0.79 cMpc, or

roughly 0.′37. The full z∼ 3.7 overdensity identified here is
coincident with a structure (“Sparsh” at 〈z〉= 3.696) indepen-
dently identified using spectroscopic and photometric optical
catalogs and Voronoi tessellation Monte Carlo mapping in
Shah et al. (2023).
We repeat this procedure at 3.25< z< 3.55, finding

Ngal= 814 galaxies. We estimate the underlying density field
using an optimized bandwidth is 0.9 cMpc and find a >4σ peak
at z∼ 3.4 (Figure B1). This overdensity is coincident with
“Smruti” at 〈z〉= 3.466 identified in Shah et al. (2023).
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