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Abstract

Substantial populations of massive quiescent galaxies at z > 3 challenge our understanding of rapid galaxy growth
and quenching over short timescales. In order to piece together this evolutionary puzzle, more statistical samples of
these objects are required. Established techniques for identifying massive quiescent galaxies are increasingly
inefficient and unconstrained at z > 3. As a result, studies report that as much as 70% of quiescent galaxies at z >3
may be missed from existing surveys. In this work, we propose a new empirical color selection technique designed to
select massive quiescent galaxies at 3 <z < 6 using JWST NIRCam imaging data. We use empirically constrained
galaxy spectral energy distribution (SED) templates to define a region in the F277W — F444W versus
F150W — F277W color plane that captures quiescent galaxies at z > 3. We apply these color selection criteria to
the Cosmic Evolution Early Release Science (CEERS) Survey and use SED fitting on sources in the region to identify
44 candidate 7 > 3 quiescent galaxies. Over half of these sources are newly discovered and, on average, exhibit
specific star formation rates of poststarburst galaxies. Most of these sources would not be discovered using canonical
UVJ diagrams. We derive volume density estimates of n~ 1-4 x 107> Mpc > at 3 <z <35, finding excellent
agreement with existing reports on similar populations in the CEERS field. Thanks to NIRCam’s wavelength
coverage and sensitivity, this technique provides an efficient tool to search for large samples of these rare galaxies.
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1. Introduction

One of the most puzzling discoveries in galaxy evolution of
the decade is that substantial populations of massive galaxies
(M > 10" M..) ceased forming stars as early as two billion
years after the Big Bang (z > 3; Toft et al. 2014; Glazebrook
et al. 2017; Merlin et al. 2019; Shahidi et al. 2020; Valentino
et al. 2020; Forrest et al. 2020; Carnall et al. 2023). Many of the
best available cosmological models struggle to produce
adequate populations—if any at all—of massive quiescent
galaxies at z > 3 (Steinhardt et al. 2016; Schreiber et al. 2018;
Cecchi et al. 2019, see also EAGLE in Merlin et al. 2019;
FLARES in Lovell et al. 2023), highlighting our incomplete
understanding of the physics required to quench these
behemoths over the short periods of time available in the early
cosmos. Recent discoveries of surprisingly massive star-
forming galaxies at z > 6 apply even further pressure on our
understanding of cosmology and galaxy quenching physics
(Boylan-Kolchin 2023; Lovell et al. 2023; Robertson et al.
2023) as these galaxies must form and quench in <1 Gyr to
match observations at later times. Therefore, identifying and
characterizing large samples of early massive quiescent
galaxies is fundamental to testing our theories on the
construction of the first massive galaxies.

In order to understand the formation of massive quiescent
galaxies in the z >3 cosmos, we must first securely identify
statistical samples of these extreme objects. Quiescent galaxies
at z>3 are exceedingly rare (n~ 10 "-10"° Mpc °; Girelli
et al. 2019; Santini et al. 2019; Shahidi et al. 2020; Valentino
et al. 2020; Carnall et al. 2023; Long et al. 2023), making their
identification a strenuous process. Over the last two decades,
identification techniques for quiescent galaxies were estab-
lished primarily through rest-frame color—color diagrams. The
majority of color selection techniques for these objects use a
galaxy’s rest-frame J-band magnitude to distinguish between
dust-reddened star-forming galaxies and quiescent galaxies (see
e.g., the UVJ diagram; Labbé et al. 2005; Williams et al. 2009;
Brammer et al. 2011; Belli et al. 2019). However, at z > 3 the
rest-frame J-band redshifts to wavelengths > 5 pm, falling into
a spectral window that typically has no direct observational
constraints (and if there are constraints through, e.g., Spitzer
IRAC data, it is often too shallow to reliably detect these
galaxies). In these cases, studies instead interpolate the rest-
frame J-band magnitude from an unconstrained portion of the
galaxy’s spectral energy distribution (SED), and are therefore
model dependent. The MIRI instrument on JWST, with
imaging coverage between A= 6-25 pm, could aid in rest-
frame J-band measurements at z > 3, however it has a much
smaller on-sky footprint for the majority of JWST Cycle 1
legacy surveys currently underway (e.g., only a single band of
MIRI imaging is scheduled to cover ~35% of the widest Cycle
1 JWST survey, COSMOS-Web; Casey et al. 2023). Given the
rarity of z > 3 quiescent galaxies, such a lack of coverage is a
severe challenge for methods that employ rest-frame J-band
magnitudes in high-z quiescent galaxy searches.

Another major problem with current color selection methods
is that they are tuned to the z <2 Universe, where there is a
strong color bimodality in the quiescent versus star-forming
galaxy populations (Labbé et al. 2005; Williams et al. 2009;

Brammer et al. 2011). At z > 3, this bimodality is significantly
less distinct (Whitaker et al. 2011; Muzzin et al. 2013;
Straatman et al. 2016) as many quiescent galaxies at high-z
exhibit young ages (<500 Myr), making them appear bluer
than typical quiescent galaxies at z <3 (Forrest et al. 2020;
D’Eugenio et al. 2020a; Stevans et al. 2021; Pérez-Gonzélez
et al. 2023). This is likely because not enough time has passed
to allow for their stellar populations to fully age and redden to
match the colors of quiescent galaxies at z <2 (Merlin et al.
2018; Lovell et al. 2023). Depending on the method, this can
result in catastrophic losses of sample completeness, whereas
much as ~70% of quiescent galaxies at these epochs could be
entirely missed (Deshmukh et al. 2018; Merlin et al. 2018;
Valentino et al. 2020; Lovell et al. 2023). Furthermore, the rest-
frame colors of galaxies with heavily dust-reddened stellar
spectra can masquerade as quiescent galaxy colors in the z > 1
cosmos (Hwang et al. 2021; Deshmukh et al. 2018; Martis et al.
2019) and, depending on the epoch, dust-obscured galaxies
may have similar population densities (Toft et al. 2014;
Simpson et al. 2014; Long et al. 2023). These degeneracies
yield significant rates (10%—40%) of false positives in the hunt
for quiescent galaxies at high-z.

This work aims to provide an efficient way to identify z >3
quiescent galaxy candidates using only JWST NIRCam
photometry. With its unprecedented combination of sensitivity,
resolution, and field of view, JWST will discover and
characterize more z >3 quiescent galaxies than ever before
(and has already demonstrated that promise; e.g., Carnall et al.
2023; Valentino et al. 2023). In order to take advantage of this
new observational era, new techniques must be developed to
efficiently select quiescent galaxies at z >3 using the most
widely available and constraining JWST photometry—i.e.,
NIRCam imaging. In this paper, we propose an empirical color
selection technique for the efficient identification of massive
quiescent galaxy candidates at 3 < z < 5. This method uses the
F277W — F444W versus F150W — F277W color plane (i.e.,
three bands of photometry: F150W, F277W, and F444W) to
identify the candidate parent population for which we run SED
modeling to pull out the most likely quiescent galaxy
candidates. Importantly, this method yields more young,
poststarburst-like quiescent galaxy candidates than all UVJ-
based techniques. In addition to its strength in candidate
selection, this method is also efficient in that it filters out >99%
of sources, thereby immensely reducing the resources typically
dedicated to sifting through catalogs for these rare objects.
Furthermore, due to the chosen filters that define this color
space, this method is applicable to the majority of ongoing and
upcoming JWST wide and/or deep surveys, including
COSMOS-Web (Casey et al. 2023), Cosmic Evolution Early
Release Science (CEERS; Finkelstein et al. 2017; Bagley et al.
2023), JADES (Bunker et al. 2020), PANORAMIC (Williams
et al. 2021), and PRIMER (Dunlop et al. 2021).

In Section 2, we describe the observed data used to derive and
test the F277W — F444W versus F150W — F277W color space. In
Section 3, we present the selection “wedge” and the physical
motivation behind the selection criteria. Finally, in Section 4, we
present preliminary results from applying the color selection
technique to CEERS survey data. Throughout this work, we adopt
a Planck cosmology, where Hy=67.7 km s~' Mpc™' and
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Q= 0.692 (Planck Collaboration et al. 2016); where relevant, we
adopt a Chabrier initial mass function (IMF; Chabrier 2003), and all
quoted colors/magnitudes are in the AB system.

2. Spectral Energy Distribution Templates

It is difficult, and perhaps currently impossible, to identify a
ground-truth reference sample that encapsulates all the
diversity in colors of z >3 quiescent galaxies. For example,
analogous lower redshift samples—even those with evidence
for recent starburst activity—are still dominated by a stellar
population that is =1 Gyr old (see, e.g., Wu et al. 2018;
D’Eugenio et al. 2020b), which means their colors will be
inherently redder than the young (<500 Myr) sources we seek
to identify at z>3. Additionally, samples at z>3 are
predominantly identified using their rest-frame UVJ colors—
which are known to be incomplete in capturing this rare
population at these epochs. Still, probing the color space of the
empirically constrained, spectroscopically confirmed SEDs of
our target population (and potential contaminants) remains the
best option, with mock SEDs coming second best. Ultimately,
future samples of diverse and spectroscopically confirmed
sources will aid in the refinement of this and many other
selection techniques.

To determine the locus of 3 <z <5 quiescent galaxies, as
well as potential contaminant populations, we collate JWST
NIRCam colors from a variety of empirically constrained
SEDs. The primary set of galaxy SEDs used in this analysis are
shown in Figure 1. For the purposes of this work, JWST
NIRCam colors are interpolated from these SEDs. Future, more
expanded tests on the robustness of this selection technique
will benefit from results derived from Cycle 1 and Cycle 2
JWST observations.

2.1. z > 3 Quiescent Galaxies

For known z=3-5 quiescent galaxies, we use the SEDs
derived in Valentino et al. (2020) for three spectroscopically
confirmed z~4 quiescent galaxies, two of which have
poststarburst-like SEDs. This is critical to this work since
poststarburst galaxies, with young stellar ages and therefore
bluer colors, are often excluded in quiescent galaxy studies at
z >3 as the majority do not fall into the UVJ quiescent region
at high z (Merlin et al. 2018; Carnall et al. 2020; Stevans et al.
2021; Lovell et al. 2023). All three SEDs were modeled with
>10 photometric measurements covering A = 0.4-10 pm,
ensuring a well-constrained rest-frame UV-to-near-infrared
SED that traces the shape and strength of the Balmer 4000 A
break, as well as any UV emission from young stellar
populations. We redshift these SEDs from z=3-6 to chart
their evolution through our proposed color space.

We also include 124 “robust” quiescent galaxy candidates at
3 < z< 5 identified in Gould et al. (2023). These candidates
were selected first based on their SED-derived photo-z values
and stellar masses using photometry from the COSMOS2020
catalog (Weaver et al. 2022), which then were further required
to have a >95% probability of belonging to a quiescent
“group” as defined by a Gaussian mixture model trained on
2 <z<3 galaxies. The model was trained over several
combinations of rest-frame near-ultraviolet (NUV), U, V, and
J colors and is more complete in selecting poststarburst
galaxies and has less contamination from dusty interlopers

Long et al.

when compared to the classic UVJ method from Williams
et al. (2009).

Finally, we also generate mock quiescent galaxy SED
models generated via the BEAGLE tool (Chevallard & Charlot
2016) using the Bruzual & Charlot (2003) templates; these
mock SEDs are at solar metallicity, with one model
representing an older (1 Gyr) stellar population and the other
representing a younger (500 Gyr) stellar population, both
generated using a delayed-7 star formation history (SFH) where
7= 100 and 60 Myr, respectively. We also apply varying levels
of attenuation (Ay=0-2) to examine the effects of dust on
quiescent galaxy colors.

2.2. Dusty Star-forming Galaxies

To model the NIRCam colors of DSFGs (see Casey et al.
2014), we use the SEDs of ALESS submillimeter galaxies32
from da Cunha et al. (2015). Specifically, we use ALESS SEDs
averaged according to varying levels of V-band dust attenuation
(Ay) to visualize how DSFG NIRCam colors change as a
function of attenuation. This is important because the dust-
reddened stellar continuum of DSFGs can mimic the red colors
of ancient stellar populations in quiescent galaxies and
contaminate the quiescent region of UVJ diagrams (Martis
et al. 2019). ALESS SEDs were modeled using a rich set of
ultraviolet to radio photometry and have a median redshift of
7z=2.740.1. We use the SED templates corresponding to
Ay <1 (blue, little attenuation), Ay >3 (red, significant
attenuation), and the overall average SED with Ay~ 2. We
redshift these SED templates from z=1 to 6 to model their
color evolution (shown in purple in Figure 1).

3. Quiescent Galaxy Selection at z >3

Our ultimate goal is to select both aged and young
quiescent galaxies at z >3 from an informed, contextualized,
and manageable parent sample. By using the observed-frame
colors of empirically constrained SEDs described in the
previous section, we are able to understand that the majority
of objects in this color space are likely high-z quiescent
galaxies, z <3 DSFGs, and/or emission line galaxies in a
discrete redshift range (also further described in Section 4.4).
This knowledge provides distinct constraints on the SED
modeling space that can and will be probed for sources in this
color space, and also provides a clear path forward for follow-
up observations on ruling out contaminants. In the following
paragraphs, we describe the details of how we defined this
color space, and then in the section after, we combine this
with SED fitting to identify candidate z2>3 quiescent
galaxies.

In the canonical rest-frame UVJ diagram, the U — V plane
spans the Balmer/D,, (4000 A) break prominent in galaxies
whose light is dominated by aged stellar populations, while the
V —J component involves a near-infrared detection to break
degeneracies between quiescent galaxies and galaxies with
spectra reddened by heavy dust obscuration (i.e., DSFGs).
However, at z > 3, the rest-frame J-band is redshifted out of
NIRCam’s spectral window for galaxies at these epochs, and
into wavelengths observable by MIRI. Unfortunately, MIRI,
with its smaller field of view, will not fully cover the NIRCam
imaging for many of the early JWST legacy surveys currently

32 hitp: //astronomy.swinburne.edu.au/~ecunha/ecunha/SED_Templates.html
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Figure 1. Left: F277W — F444W vs. FI50W — F277W colors for empirically constrained galaxy SED templates (top) and mock young and old quiescent galaxy
SEDs generated by BEAGLE (bottom), described in Section 2. The black line marks the “short” wedge boundaries, while the dashed line marks the “long” wedge
extension. The former is less complete but also has fewer contaminants, while the latter captures most quiescent galaxies at 3 < z < 6 but with higher rates of
contamination. In the top panel, we show dusty, star-forming galaxy (DSFG) SEDs redshifted from z = 1 to 6 in purple (da Cunha et al. 2015, also shown in the top
right panel), quiescent galaxies at z ~ 4 redshifted from z = 3 to 6 in red (Valentino et al. 2020, also shown in the bottom right panel), and emission line galaxy SEDs
redshifted from z = 3 to 20 in blue (Larson et al. 2023). Right: the top panel shows observed-frame galaxy SEDs redshifted to z = 3, 4, and 6. As an example JWST
survey that is ideal for this search, we overlay the So photometric limits of various wide-band surveys that cover the COSMOS-Web field (Casey et al. 2023). Purple,
orange, and brown lines are the redshifted SEDs of z ~ 2-3 ALESS submillimeter galaxies from da Cunha et al. (2015), progressing from low V-band attenuation
(A, < 1), to average (A, ~ 2), to highly attenuated (A, > 3), respectively. The bottom panel shows the SEDs of spectroscopically confirmed z ~ 4 quiescent galaxies
from Valentino et al. (2020), redshifted to z = 3, 4, and 6. The brown SED corresponds to SXDS-10017, a more evolved quiescent galaxy at zgpec = 3.767, and the
orange SED corresponds to SXDS-27434, a poststarburst galaxy at zepec = 4.013. The third quiescent galaxy (COS-466654) is not shown for simplicity, though is
included in the SED tracks in the top left color space.

underway (e.g., only the MIRI F770W filter will image ~35% (Bunker et al. 2020), PANORAMIC (Williams et al. 2021), and

of the widest Cycle 1 JWST survey, COSMOS-Web; Casey
et al. 2023). This is critical because quiescent galaxies at z >3
are exceedingly rare according to pre-JWST number density
estimates (n ~ 107°-10~° Mpcf3; Toft et al. 2014; Valentino
et al. 2020; Nanayakkara et al. 2024). Wide-field surveys with
deep, multiband coverage are critical to detecting statistically
significant samples of these objects and/or confirming the
newer (higher) JWST-derived number density estimates that
were calculated over smaller area surveys (n~ 10"*-107°
Mpcf3; Carnall et al. 2023; Valentino et al. 2023). Thus, to
optimize efficiency and applicability across wide-field surveys,
we design this selection technique to use NIRCam filters that
are available among the majority of recent and upcoming
JWST surveys including COSMOS-Web (Casey et al. 2023),
CEERS (Finkelstein et al. 2017; Bagley et al. 2023), JADES

PRIMER (Dunlop et al. 2021). i

Our first goal is to isolate the Balmer/D,, (4000 A)obreak at
3 <z<5. At these epochs, the Balmer/D, (4000 A) break
redshifts to Agpserved = 1.6-2.4 um. We wish to define a set of
filters that brackets the Balmer break, instead of directly detects
it. In other words, the NIRCam F200W band, with a filter
throughput that spans A=1.7-2.2 um, will not directly
measure the Balmer break but instead exhibit significant
variance depending on the redshift of the quiescent galaxy. The
F200W band is therefore not a reliable tracer at 3 <z <5.
Instead, for all quiescent galaxies at 3 <z <5, the Balmer
break sits nicely between the FI50W and F277W filters
(Figure 1). This is also advantageous because the majority of
major Cycle 1 JWST surveys have F150W and F277W
imaging.
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Figure 2. F277W — F444W vs. F150W — F277W colors for 2.5 < z < 5 quiescent galaxy candidates detected in CEERS using the proposed color selection method
(including zpne = 2.5 and logo(sSFR /yr) < —10). Interlopers in this color space are further described in Section 4.4 and shown in the Appendix, Figure A2. Left: the
final sample of 44 candidate galaxies colored by their specific star formation rate (sSFR). Middle: the same sample colored by photometric redshift. Right: all CEERS
objects in the F277W — F444W vs. F150W — F277W color space and SNR > 3 in all three NIRCam bands (gray contours). Green triangles mark quiescent galaxy
candidates from Carnall et al. (2023), where the most “robust” candidates (as defined therein by their sSFR posteriors) are outlined in black. Purple points mark red
objects identified by Pérez-Gonzilez et al. (2023), with the quiescent galaxy candidates (also defined by sSFR limits) outlined in black squares. Galaxies with
SCUBA-2 and NOEMA detections (i.e., dust obscured) are outlined in red (Zavala et al. 2023). For reference, we also include the ultrahigh-z sample of objects

characterized in Finkelstein et al. (2023) in pink.

To distinguish between dust-reddened star-forming galaxies
and quiescent galaxies, we introduce a third NIRCam band:
F444W. As shown in Figure 1, increasing dust attenuation
results in redder F277W — F444W colors, whereas dust-free
star-forming galaxies and quiescent galaxies have relatively flat
spectral slopes between these two bands.

In total, we use three NIRCam bands to define this color
space: F150W, F277W, and F444W. Using the SED templates
described in the previous section, we tested a variety of
“wedges” in this color space and identified several regions of
critical thresholds that have varying degrees of completeness
and contamination. In this paper, we share the two versions
with the least amount of contamination, while the most
complete (but highly contaminated) wedge is listed in the
Appendix. In all cases, we require that objects be detected with
a signal-to-noise ratio (SNR) threshold >3 in all three NIRCam
bands. In order to be considered a quiescent galaxy candidate at
3 < z < 6, the most conservative color threshold (aka the “short
wedge”) requires that objects have NIRCam colors that meet
the following criteria (all in the AB magnitude system):

A. (F150W — F277W) < 1.5 4+ 6.25
X (F277TW — F444W)
and
B. (F150W — F277W) > 1.5 — 0.5 x (F277W — F444W)

and
C. (F150W — F277W) > 2.8 x (F277TW — F444W).

ey

The short wedge is represented by solid black lines in
Figures 1 and 2. The short wedge has the most minimal
contamination by dust-obscured galaxy SED templates but,
depending on the BEAGLE models or the empirically
constrained SEDs, this wedge likely misses poststarburst
quiescent galaxy SEDs at z <4 as their slightly bluer colors
push them south of the short wedge’s bounds.

To better capture poststarburst galaxies at z<4, we
introduce a wedge that pushes slightly bluer in both color

spaces. This “long wedge” requires that Criterion B of the short
wedge is changed to:

(F150W — F277W) > 1.15 — 0.5 x (F277W — F444W).
©))

The long wedge is represented by the additional region of
black dashed lines in Figures 1 and 2. According to the SED
templates and BEAGLE models, the long wedge is potentially
more complete in the z >3 quiescent galaxy population, but
also likely has higher contamination by dusty galaxies and star-
forming galaxies.

It is important to note that, based on the SEDs and BEAGLE
models in Figure 1, if there exists substantial populations of
dusty quiescent and/or poststarburst galaxies at z >3, the
proposed color space may only capture a subset of them. These
sources—which thus far have only been speculative due to
tentative photometrically derived constraints—would represent
a potential “missing link” between z > 3 DSFG and quiescent
galaxy populations (e.g., Rodighiero et al. 2023), and are
therefore a potentially interesting and important population.
These sources would be more likely captured in our proposed
“red selection wedge” shared in the Appendix, though future
observations are needed to confirm their existence.

4. Applied to CEERS
4.1. CEERS Data

In Figure 2, we show our color selection method applied to
CEERS NIRCam catalogs, including all ten 2022 June and
December pointings. The imaging data and reduction are
described in detail in Bagley et al. (2023). The photometry is
performed in two image mode using SOURCE EXTRACTOR
(Bertin & Arnouts 1996) on a (weighted sum) combined
F277W and F356W image. Details of the photometry
extraction procedure are similar to the method presented in
Finkelstein et al. (2023), with a few updates. Specifically,
Hubble Space Telescope (HST)/Advanced Camera for Surveys
(ACS) F606W and F814W mosaics from CANDELS
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(Koekemoer et al. 2011; Grogin et al. 2011; Faber 2011), as
well as JWST/NIRCam F115W, F150W, and F200W data
were convolved to match the point-spread function (PSF) of
NIRCam F277W imaging. For images with larger PSFs than
the F277W imaging (HST/WFC3 F105W, F125W, F140W,
and F160W data from CANDELS, as well as NIRCam F356W,
F410M, and F444W), we derive a correction factor by
convolving the F277W image to the larger PSF, then
measuring the flux ratio in the original versus convolved
image. This correction factor is applied to fluxes measured in
the images with larger PSFs to account for any missing flux in
the aperture defined by the F277W image (under the
assumption that the morphology does not change significantly).

Object fluxes were corrected twice more to capture any
potential flux missed on larger scales: once by the ratio between
the flux measured in small Kron apertures to the default larger
MAG_AUTO Kron aperture, and then an additional ~5%-20%
correction to account for missing flux from the wings of the
PSF (as determined by source injection simulations).

The final photometric catalog used in this paper includes the
full CEERS suite of imaging data: NIRCam F115W, F150W,
F200W, F277W, F356W, F410M, and F444W filters, as well
as existing CANDELS HST/ACS and WFC3 data in the
F606W, F814W, F105W, F125W, F140W, and F160W bands.
Photometric redshifts were also calculated for the entire catalog
using the method presented in Finkelstein et al. (2023).

After filtering for sources with SNR >3 in the FI150W,
F277W, and F444W bands, we are left with ~50,000 objects in
the CEERS pointings covering ~97 arcmin®. In the short
wedge we retrieve a total of 82 objects, while in the long wedge
we retrieve 236 objects (82 of which are the same objects in the
short wedge). These selected objects represent ~0.2% and
0.5% of the SNR > 3 catalog, respectively, further highlighting
the significant reduction in sample size and increase in
efficiency when filtering and analyzing large catalogs for
high-z quiescent galaxies.

4.2. Spectral Energy Distribution Fitting

For all sources within our defined wedge, we use the
CIGALE (Burgarella et al. 2005; Noll et al. 2009; Boquien
et al. 2019) to generate galaxy SEDs and photometric redshifts.
We assume a Chabrier (2003) IMF, Bruzual & Charlot (2003)
stellar population synthesis models, and the Calzetti et al.
(2000) dust attenuation law. The V-band attenuation was
allowed to vary between 0 and 5 mag, and gas and stellar
metallicities were fixed to solar (Z. = 0.02). We include the
option for nebular emission with an ionization parameter
between log,oU =[—2, —3], and allow the redshift to vary
uniformly between 0.8 and 20 in steps of 6z =0.1. We assume
a delayed SFH (delayed-7). For the main stellar population, we
fit over a wide range of e-folding times (10-5000 Myr). We
also allow an optional late burst of star formation, with an e-
folding time varying between 10 and 300 Myr and a potential
fraction of stellar mass created by the late burst to vary between
0% and 50%.

4.3. Quiescent Galaxies in CEERS

4.3.1. Selection and Characteristics

When using only photometry to identify high-z quiescent
galaxies, issues with sample completeness and contamination
are perhaps mitigated best by defining thresholds in galaxy
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sSFR (=SFR/M,). The majority of star-forming galaxies lie on
a well-established SFR-M, relationship (e.g., Noeske et al.
2007; Speagle et al. 2014), with quiescent galaxies falling
1-2 dex below this plane (e.g., Straatman et al. 2014; Pacifici
et al. 2016). Working with an sSFR threshold is likely more
advantageous at z > 3 as this method provides more flexibility
in capturing galaxies that are either in the process of quenching
(“green valley” objects), or recently quenched objects with
leftover UV emission from the last generation of young stars
(“poststarbursts”).

We select high-z quiescent galaxy candidates as objects with
Zphot = 2.5 and log;o(sSFR/yr) < —10, and present these
candidates in Table 1. In the short wedge, this yields a total
of 30 candidates, while the long wedge adds another 15
candidates, making a total of 45 high-z quiescent galaxy
candidates. As mentioned later in Section 4.4, we remove a
single source that is coincident within 1” of a submillimeter
source and is therefore likely a heavily obscured interloper. The
remaining 44 sources span z = 2.6-5.3 with a median redshift
of z~3.5. They are relatively massive with a median stellar
mass of M, ~3x 10" M., and quiescent with a median
log1o(sSFR/yr) &~ —11.2. We also note that all but one of our
candidates have >3c¢ detections at mg;sow < 28, while the
CEERS survey reaches 50 depths of mpg;sow ~ 29 (Bagley
et al. 2023); therefore, this color selection method can be safely
and successfully applied to shallower JWST surveys (e.g.,
COSMOS-Web with 50 depths up to mpgsow = 28; Casey
et al. 2023).

As shown in Figure 2, nearly all (14/15) of the CEERS
quiescent galaxy candidates presented in Carnall et al. (2023)
are recovered in our analysis (both by nature of their loci on the
color diagram, but then again by our SED-fitting procedure).
Out of the 25 quiescent galaxy candidates in Pérez-Gonzélez
et al. (2023), 22 meet the SNR thresholds, and only 18/22 fall
in the long wedge. Our SED results recover 11 of the 18
candidates as quiescent galaxies z > 2.5. We find that three
galaxies designated as star-forming in Pérez-Gonzilez et al.
(2023) are also recovered as quiescent in this work, though our
analysis prefers lower redshift solutions for two of these objects
(6z ~ 1) than those presented in Pérez-Gonzdlez et al. (2023),
which is likely driving the discrepant star-forming properties.
The remaining quiescent candidates in Pérez-Gonzilez et al.
(2023) are fit as coeval star-forming (or even bursting) galaxies
in our SED-fitting process with log;o(sSFR/yr) ~ -9 to —8
and Ay~ 2-4. For the majority of objects that overlap as
quiescent galaxy candidates in Carnall et al. (2023) and/or
Pérez-Gonzalez et al. (2023), our analysis produces photo-
metric redshifts within Az~ 0.5.

We also compare against the 24 CEERS quiescent galaxy
candidates from (Valentino et al. 2023) and find that 19 of
these candidates fall into the long wedge space. The five
sources that fall outside the wedge have lower stellar masses
than those within the wedge (with <log,, M, > = 9.45 M, and
10.74 Mg, respectively) and were reported to show features
signifying more recent quenching. Of the objects that fall into
the wedge, we recover 14 quiescent galaxy candidates at z = 3.
The remaining five objects are fit as coeval starburst-like
galaxies with log;o(sSFR/yr)=-9 to —8 and Ay~ 2-3,
further highlighting the difficulty in dividing these two galaxy
populations with photometry alone.

Perhaps more notable than the recovery of previously
identified high-z quiescent galaxy candidates is the discovery
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Table 1
Final Sample of 44 Quiescent Galaxy Candidates at 2.5 < z < 6 in CEERS

R.A. Decl. mysow Redshift log oM, /M) log;o(sSFR/yr) Other References® Other Selection Methods®
215.01238622 53.01419481 27.50 +0.18 420 +£0.19 9.19 £0.03 —10.6 \'% AD
214.85898311 52.89504924 25.54 +0.04 4.20 £ 0.03 10.0 £ 0.02 —12.0 AD
214.93142047 52.93742617 25.91 + 0.06 491 +£0.24 9.77 £0.03 —10.1 C

214.91938331 52.92730122 27.03 + 0.08 4.68 +0.18 9.31 £0.02 —9.98

214.75157628 52.82993207 25.24 +0.02 4.00 + 0.02 10.2 £ 0.02 —11.2

214.82580314 52.88008725 24.19 + 0.02 3.59 +£0.01 10.2 £ 0.05 —10.6
214.82613200 52.88003104 28.43 +0.16 3.78 £ 0.37 8.79 + 0.04 —-10.4 AD, UV/J®
214.85799854 52.87626021 25.55+0.12 3.87 £0.13 9.84 £0.02 —10.6 AD
214.85621998 52.86111432 25.62 + 0.04 3.61 +£0.04 9.88 +£0.02 —10.1
214.70744282 52.75260243 24.25 +0.02 3.10 £ 0.02 10.4 £ 0.02 —-12.0 AD
214.78830547 52.80054129 25.42 +0.03 3.89 +£0.02 9.89 +0.02 —11.1

214.75193946 52.74879797 26.43 + 0.05 432 +0.11 9.43 £ 0.02 —10.7
214.90955075 52.87502532 25.18 +0.02 3.30 £ 0.02 9.99 +0.02 —12.0 AD
214.89561652 52.85649304 22.93 +0.01 3.19 £ 0.02 10.8 £0.02 —12.0 C,V AD
215.10403091 52.96502357 27.40 +0.13 3.29 +£0.18 8.91 + 0.04 —11.3 AD
214.95787657 52.98030101 25.13 +£0.02 3.53 £0.15 10.4 £ 0.04 —11.4 PG, C AD, G, uvyY
214.98181750 52.99123408 24.29 + 0.01 3.38 £0.10 10.7 £0.03 —11.1 PG, C, V AD, G, UvJ"8
215.03905173 53.00277846 26.49 + 0.07 4.00 £+ 0.56 10.5 £ 0.07 —10.7 PG, C, V AD, G, uvyV-Bw
214.90484984 52.93535040 24.69 + 0.02 3.28 +£0.09 10.4 £0.03 —12.7 PG, C, V AD
214.86604381 52.88408282 24.86 + 0.02 3.73 £0.18 10.7 £ 0.04 —11.1 PG, C, V AD, G, UVJ"BW
214.87871537 52.88783356 26.87 +0.15 3.60 +£0.23 9.43 £ 0.06 —9.92 \'% AD, UVJ?
214.87909817 52.88805928 25.40 + 0.03 3.40 £ 0.10 10.2 £ 0.04 —12.0 PG, C, V AD
214.76062446 52.84531499 23.11 +£0.01 3.30+£0.14 11.2 £0.03 —11.1 C,V AD, G, UVJY
214.83685708 52.87344970 24.61 + 0.02 3.28 £0.10 10.4 £ 0.04 —11.4 PG, C, V AD
214.76722738 52.81771171 24.94 + 0.03 3.53+0.18 10.5 £ 0.04 —114 PG, AD, G, UVJY
214.85057925 52.86601995 25.68 + 0.04 2.69 £+ 1.07 10.6 £0.19 —11.0 PG, C G, uvJ¥Y
214.80816482 52.83221612 27.82 +0.13 471 £0.22 10.2 £0.04 —11.1 PG, C, V AD, G, UVJV-B:W
214.76280726 52.85128125 26.61 + 0.07 3.12 +0.36 10.0 £ 0.05 —11.4 PG AD, G, UVJ"-BW
214.85390175 52.86135518 25.26 + 0.04 3.86 +£0.29 11.3 £0.06 —11.5 PG, C AD
214.79996984 52.82209160 25.83 +0.03 2.70 £ 0.30 10.1 £ 0.06 —11.6 PG AD, G, UVJV-BW
214.75817573 52.78721770 25.64 + 0.04 2.99 +£0.13 10.2 £ 0.06 —10.2 AD, G, UVJY
214.97856151 52.92153875 24.89 + 0.03 2.61 £0.14 10.4 £0.03 —12.0 AD, G, UVJ"-BW
214.94173278 52.88455850 26.15 + 0.05 3.06 +0.39 10.3 £+ 0.06 —11.3 AD, G, UVJV-&W
214.82773594 52.82376795 24.22 +0.02 2.85+0.19 10.5 £0.05 —10.7 PG, V AD, G, UVJY
215.06584489 52.93295198 24.45 + 0.03 3.48 £0.14 10.6 £ 0.05 —12.1 AD
215.11517784 52.96071251 24.03 + 0.02 275+ 0.15 10.6 + 0.03 —11.0 AD, G, UvJ"-BW
215.02644074 52.89377290 24.90 + 0.03 2.77 £0.16 10.5 £0.04 —12.6 AD, G, UVJV-BW
215.04445349 52.89882060 27.74 + 0.24 5.27+£0.28 9.38 £0.08 —9.84 AD, UV/J®
214.98925860 52.84716447 25.22 +£0.02 3.19 £0.17 10.4 £ 0.04 —11.6 AD, G, UVJY
214.89491218 52.81715613 25.82 +0.04 3.53+£047 10.6 £ 0.05 —11.2 AD, G, UVJY
214.93252224 52.83243848 26.61 +0.17 3.52+0.34 9.58 £ 0.06 —11.1 AD
214.97116080 52.85489138 25.53 +0.03 3.66 £ 0.14 10.4 £ 0.04 —11.1 AD, G, UVJ"B
214.89703386 52.79221821 25.34 +0.03 3.35+0.33 10.4 £0.08 —-9.93 AD
214.77381122 52.74001063 25.11 +0.05 3.62 £ 0.51 10.5 £ 0.09 —10.0 AD

Notes.

4 PG corresponds to sources captured in Pérez-Gonzilez et al. (2023), C corresponds to sources listed in Carnall et al. (2023), and V corresponds to sources listed in
Valentino et al. (2023).
® AD corresponds to sources captured by the (ugi), color selection technique presented in Antwi-Danso et al. (2023), and G is for sources captured by the combination color
and probabilistic selection technique from Gould et al. (2023). UVJ is for sources captured by a specific UVJ selection wedge, where V corresponds to the padded wedge
presented in Valentino et al. (2023), B is for the modified wedge presented in Belli et al. (2019), and W is for the original wedge presented in Williams et al. (2009).

of many new ones. When we reduce our candidate pool to
objects discovered in the same CEERS pointings as those
presented in Pérez-Gonzalez et al. (2023), Carnall et al. (2023),
and Valentino et al. (2023)—specifically pointings 1, 2, 3, and
6—we identify an additional 13—14 new z > 3 quiescent galaxy
candidates. This is a near doubling of the candidate population
in these pointings, however the majority of these new
candidates are clustered in two pointings, yielding source
densities 2—4 x higher than in the other pointings. This may be
evidence of a nascent galaxy protocluster—which is possible at

these epochs (Tanaka et al. 2023). Indeed, there is spectro-
scopic evidence of such a structure in the CEERS field
(Jin et al. 2024), but only one of our sources is a known
member thus far and additional follow-up spectroscopic
observations are required to confirm whether the remaining
new objects belong to such a structure.

The average sSFR for the newly discovered population is
logo(SSFR /yr) = —10.4 + 0.4, but for the previously discov-
ered population it is log;o(sSFR/yr)=—11.1+0.4. These
population characteristics suggest that this color selection
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Figure 3. Number density evolution derived using the sample of quiescent
galaxies identified in this work (purple squares, also listed in Table 2). The
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technique is successful in capturing young, poststarburst
quiescent galaxies as well as more evolved galaxies with little
to no young stellar populations. Such a population yield is
critical as most quiescent galaxies at these epochs are expected
to be poststarbursts (with log;o(sSFR/yr)=—10 to —11;
D’Eugenio et al. 2020a). However, when using the age—color
trend defined in Belli et al. (2019) and explored in Park et al.
(2023; see Figure 4), we find that only ~20% (N =9) of our
sample qualifies as “rapidly quenched” with colors indicative
of median stellar ages < 300 Myr (the upper limit of 800 Myr
in Belli et al. 2019 only increases the sample to N = 10). These
sources are not statistically distinct from the larger sample in
terms of sSFR, stellar mass, or redshift. This may indicate that
a large fraction of our sample may have already passively
evolved for several hundred megayears prior to observation,
and/or may not have had such an extreme degree of
starburstiness or rapid quenching as the zg,ec ~ 1-2 samples
examined in the aforementioned studies.

More details on the properties of the quiescent galaxy
candidate sample in this work and across other public JWST
Cycle 1 surveys will be presented in a forthcoming paper
(A. S. Long et al. 2024, in preparation).

4.3.2. Number Densities

In Figure 3, we derive number densities across redshift
ranges of z=1[2.5, 3), [3, 4), and [4, 5). To derive conservative
uncertainties on these estimates, we ran 10> Monte Carlo
simulations that sampled each object’s redshift from a uniform
prior defined by their photo-z estimate plus/minus their
respective 1o uncertainties. We calculate the number density
in each redshift bin for each realization, and then report the
median number densities for this work. Uncertainties were
derived from the inner 68% confidence interval of the Markov
Chain Monte Carlo—computed values plus Poisson noise.
These estimates are presented in Table 2.

We compare our number density estimates to other literature
studies that uses JWST data in their selection of massive
quiescent galaxies, namely, Carnall et al. (2023) and Valentino
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Figure 4. Rest-frame UVJ color—color diagram of the 44 candidate quiescent
galaxies at z > 3. Marker colors correspond to sSFRs. Circles represent the
sources selected via the Gaussian mixture model presented in Gould et al.
(2023), while squares represent sources that are not. Pink outlines mark the
young, rapidly quenched sources according to Belli et al. (2019) and Park et al.
(2023). The solid black line marks the z > 1 quiescent region from Williams
et al. (2009); the dashed marks the “padded” region from Valentino et al.
(2023); and the dotted line marks the poststarburst extension from Belli
et al. (2019).

Table 2
Number Density of Quiescent Galaxies Identified in this Work
Redshift Range Number n/Mpe 3
25<z<3 7 3457288 x 1073
3<z<4 29 9.041282 x 1075
4<z<5 8 2457468 x 107

et al. (2023). When calculated over the entire CEERS field, our
estimates are in excellent agreement with those derived in
Carnall et al. (2023) and Valentino et al. (2023; specifically the
CEERS-only result therein), despite different selection
techniques over similar fields/data sets. However, when
calculated over the same four pointings in Carnall et al.
(2023) and Valentino et al. (2023; i.e., Fields 1, 2, 3, and 6), we
find our number density estimates at z > 3 are roughly 1.5-2x
(~0.2-0.3 dex) higher, though within the 1o uncertainties. This
is due to the additional discovered sources that may belong to a
potential z~ 3—4 overdensity of quiescent galaxies in the
CEERS field (see, e.g., Jin et al. 2024). Therefore, the
population densities derived via our proposed color selection
technique (the long wedge, specifically), when combined with
SED fitting, appear generally consistent with other high-z
quiescent galaxy selection techniques. In a forthcoming paper,
we will explore how these number densities vary as a function
of sSFR, stellar mass, and more with a larger sample of
quiescent galaxy candidates selected using this method.

4.3.3. Are They Captured with Other Selection Techniques?

In addition to an sSFR threshold, the majority of quiescent
galaxy selection techniques use rest-frame color—color dia-
grams to distinguish these sources from star-forming galaxies.
We applied these techniques to our sample and find that none
capture all of our candidate sources (see Table 1 and Figure 4).
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The classic z > 1 UVJ diagram, first shown in Williams et al.
(2009), has the lowest successful selection rate, with only
~30% (N = 14) of our candidates being classified as quiescent.
Modified versions of the UVJ diagram, including those
modified to better detect young, poststarburst-like sources
(e.g., Belli et al. 2019) or loosened to allow for more color
uncertainty (Valentino et al. 2023), perform slightly better by
capturing roughly 35%-45% of our candidates (N = 15 and 20,
respectively). As seen in Valentino et al. (2023), the novel
method presented in Gould et al. (2023), which utilizes an
additional NUV color and assigns a quiescent probability based
on Gaussian mixture models in the NUV — U versus V —J color
space, performs similarly to the padded UVJ diagram in
Valentino et al. (2023). Finally, we applied the synthetic (ugi);
method presented in Antwi-Danso et al. (2023) and find the
highest rate of selection at ~85% (N = 37).

Only seven objects in total are not selected by at least one of
these other techniques, which may indicate that our proposed
method may be more successful in identifying z 2 3 quiescent
galaxy candidates. However, it is entirely possible that these
objects (and several others) are moderately dusty sources that
are not sufficiently IR luminous to be captured by existing IR/
submillimeter surveys (see next section for more details). Thus,
until follow-up observations can confirm the nature of our
candidate sources, we will not know the true contamination rate
of this sample, which means that one or more of these other
color selection techniques may in all actuality have complete
overlap with ours. Future investigations with perhaps larger
samples and more multiwavelength coverage will be critical for
assessing the efficacy of this and the aforementioned selection
techniques.

4.4. Contaminants

In the long (short) wedge, there are 191 (52) objects that do
not meet the criteria for quiescent galaxy candidates at z > 2.5.
We describe in this section some of the properties of these
contaminant galaxies, and show in the Appendix some of their
SED-derived properties. At a high level, there is unfortunately
no clear threshold in flux /magnitude across the HST and JWST
bands that easily separates the contaminants from the high-z
quiescent galaxy candidates. Future spectroscopically con-
firmed samples will certainly help identify any potential
additional thresholds that could be applied to further reduce
the contaminant population.

The majority (=80%) of the contaminant objects are fit as
emission line/starburst-like galaxies at z < 6. Redshifted
nebular emission lines (such as Ha and H{) can contribute
significant flux to wide bandpasses, thereby making a galaxy
appear redder than it truly is (Labbé et al. 2013; Smit et al.
2016; Schreiber et al. 2018; Antwi-Danso et al. 2023;
McKinney et al. 2023). For visual demonstration of
contamination in the color space, we redshift SED templates
of galaxies with strong emission lines from z=1 to 20 using
the latest set of templates from the photo-z fitting code EAZY
(Brammer et al. 2008; derived from the Flexible Stellar
Population Synthesis code in Conroy & Gunn 2010). We
include an additional set of SED templates (Larson et al. 2023,
set 3.5)* developed to model strong emission line emitters and
ultrablue galaxies at high z. We show these interpolated colors
in Figure 1. We find that emission line galaxies enter the long

3 https:/ /ceers.github.io/LarsonSEDTemplates
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wedge color space at 7z~ 4-5 and z ~ 14. The latter ultrahigh
redshift population can be removed using a magnitude
threshold in the F115W band: nearly all (25/26) of the z > 8
candidate galaxies presented in Finkelstein et al. (2023) have
mg;sw < 28 (AB mag), while all but one of our candidate
quiescent galaxies have mg;;sw > 28 (AB mag).

We performed a similar analysis to assess for potential
contamination from active galactic nuclei (AGN). We evolved
AGN SED templates using SEDs from the SWIRE Template
Library** from z = 1 to 10. For Type 1 (unobscured) AGN, we
used the QSOI1 template that combines rest-frame optical to
mid-infrared spectra for a sample of spectroscopically
confirmed quasars (Hatziminaoglou et al. 2005). For Type 2
(obscured) AGN, we use the IRAS19254-7245 South SED
which is a template with a combined starburst and Seyfert 2
AGN component. We find that the Type 1 (unobscured) AGN
do not enter the quiescent region of our proposed color space as
they are too blue. Type 2 (obscured) AGN occupy a similar
color space as DSFGs, which is unsurprising as Type 2 AGN
tend to live in dust-obscured systems. Thus, AGN as an
individual population are unlikely a primary contaminant in
this color space, but instead may represent a contaminant
subpopulation.

As shown in the Appendix, Figure A2 and predicted in
Figure 1, heavily dust-obscured galaxies (with Ay > 1) lie
primarily outside of the wedge due to their redder
F277W — F444W colors. This is also illustrated by the colors
of the 14 submillimeter sources identified via SCUBA-2
observations in the field (seen in our Figure 2; Zavala et al.
2017, 2018, 2022). Still, some contamination is expected since
dust-reddened spectra can mimic the red colors of aged stellar
populations. In the long (short) wedge, there are roughly
40 (22) objects with significant attenuation (Ay > 1) such that
their potentially dust-reddened spectra pushes these objects into
this color space. Nearly all (Z90%) of these dusty objects are
predicted to sit at z<3, though a handful have photo-z
solutions at z ~4-5. Only one of the 14 DSFGs identified in
Zavala et al. (2023) is captured in our wedge, demonstrating
that the majority of potential dust-obscured contaminants may
have low IR luminosities (Lig < 10'? L). This same object is
deemed a quiescent galaxy by our SED photo-z fitting
procedure, but we remove it from the final reported sample.
Unfortunately, a more explicit quantification of this dust-
obscured contamination rate requires additional data (e.g., the
Atacama Large Millimeter/submillimeter Array (ALMA) or
JWST) to fully confirm the nature of both the contaminants and
the candidates.

Finally, we also find two galaxies with photo-z solutions at
z~ 11 within the wedge. Both of these objects have marginal
or no detections blueward of the F1S0W band. One is also
detected in Pérez-Gonzdlez et al. (2023) as a quiescent galaxy
candidate at z ~ 4. Based on the discussion of redshifted SED
templates, star-forming galaxies only enter this color space in
specific redshift windows of z~3-5 and z2 14 due to
emission lines for the former and significant Lyman breaks
for the latter. This includes heavily dust-reddened spectra.
Furthermore, the photo-z uncertainties on these objects are
large (Az~?2). Thus, we urge the reader to interpret the
validity of these two contaminants with caution.

34 http: //www.iasf-milano.inaf.it/ ~polletta/templates /swire_templates.html
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5. Applied to Simulations

We apply the proposed color selection technique to a variety
of cosmological simulations with mock JWST photometry, as
shown in Figure 5. Our results can be used to compare the
ability of various hydrodynamical simulations and semianalytic
models to create sources that would be captured by our
empirically derived selection approach. Specifically, we apply
this color selection criteria to the Deep Realistic Extragalactic
Model (DREaM) semianalytic model (Drakos et al. 2022),
Santa Cruz semianalytic model (SAM; Somerville et al. 2015;
Yung et al. 2019; Somerville et al. 2021; Yung et al. 2022), the
JAdes extraGalactic Ultradeep Artificial Realizations phenom-
enological model (JAGUAR; Williams et al. 2018), and the
EAGLE and FLARES hydrodynamical simulations (Vijayan et al.
2021; Lovell et al. 2021, 2023). We refer the readers to the
references for details on these models and their assumptions.

Note that we apply the same definitions and requirements for
high-z quiescent galaxy candidacy: objects must sit at z > 2.5
and exhibit sSFRs of log;o(sSFR /yr) < —10.

In general, z >3 quiescent galaxy populations across the
simulations are well captured by the long wedge. The empirical
and semianalytic models (DREaM, JAGUAR, and Santa Cruz
SAM) have simulated galaxy spectra that are fairly red due to
perhaps their dust prescriptions or to the fact that they assign
the SEDs of heavily evolved galaxies to their quiescent samples
(e.g., Somerville et al. 2021); this is likely why the majority of
high-z quiescent galaxies in these simulations fall neatly into
the wedge space. Future work on how well this wedge captures
young, poststarburst (i.e., bluer) quiescent galaxies will be
needed. In the EAGLE and FLARES simulations, the main
population missed by the wedge is z~ 3 quiescent objects,
which is in line with the BEAGLE model predictions (whether
poststarburst or strongly evolved). Considering that the
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dominant contaminant population in all of these simulations
is heavily dust-obscured galaxies (with Ay = 1), and that each
simulation has a unique prescription for dust production,
attenuation, and/or extinction, it is clear that a better
understanding of the prevalence of dust in both star-forming
and quiescent galaxies is necessary. Such an analysis is beyond
the scope of this paper and saved for future work.

6. Discussion and Summary

As mentioned in Section 3, our proposed color selection
technique is not entirely distinct conceptually from several of
the new rest-frame color selection techniques proposed in the
literature. For example, when redshifted to 3 <z <5 the rest-
frame synthetic (ugi), filters explored in Antwi-Danso et al.
(2023) constrain generally similar parts of the spectrum as the
NIRCam F150W, F277W, and F444W bands proposed in this
work (see also, e.g., Liu et al. 2018), which is likely why this
technique yields the highest overlap with our candidate
sources. The NUV—U versus V- J color diagram presented
in Gould et al. (2023) is also similar at these redshifts, however
the rest-frame J band at z > 3 presents a data challenge where
MIRI observations are required to truly constrain this part of
the spectrum. MIRI, with its smaller field of view and limited
sensitivities, will not fully cover the NIRCam imaging for
several of the early JWST legacy surveys currently underway.
This is critical as quiescent galaxies at z >3 are exceedingly
rare (n~1074—107 Mpc*3; Girelli et al. 2019; Santini et al.
2019; Shahidi et al. 2020; Valentino et al. 2020; Carnall et al.
2023; Long et al. 2023), meaning that wide-field surveys with
uniform multiband coverage are necessary to detect statistically
significant samples of these objects. Lovell et al. (2023) also
proposed observed-frame color selection diagnostics with
JWST, however, both require MIRI photometry and are
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therefore currently limited to smaller data sets with these
specific bands.

The strength of our proposed technique lies in its empirical
nature, enabled by the filters on JWST’s NIRCam instrument
alone. With this technique, the initial labor in identifying these
objects is significantly reduced: one does not need to generate
photometric redshifts and/or SED catalogs for tens of
thousands of objects as a prior step in the search for quiescent
galaxies at 3 < z < 5. Instead, it is clear from Figure 2 that red
objects (whether quiescent or dust obscured) occupy a specific
region in the F277W — F444W versus F150W — F277W color
space, and that this can be exploited to identify a much
smaller pool of candidates to pull from (i.e., <1% of all
detected objects). Moreover, the candidate pool has known
properties (i.e., dusty and/or quiescent), which provide distinct
constraints on both SED fitting, and also follow-up observa-
tions for ruling out contaminants. This will undoubtedly
increase our efficiency in discovering quiescent galaxies at
high z.

Furthermore, this technique also shows potential for capturing
more young, massive galaxies in the throes of quenching—i.e.,
poststarbursts—than most previously established techniques.
Quiescent galaxies in the first 2 Gyr often have small, but
significant amounts of UV light from their recent starburst
episode (e.g., D’Eugenio et al. 2020a; Marsan et al. 2022). These
slightly bluer colors are likely why many z>3 quiescent
galaxies can be missed in searches that use classic z<2
quiescent galaxy selection techniques, as most are tuned to find
red galaxies with no young stellar populations. As shown in
Section 4, the average sSFR of newly discovered quiescent
galaxy candidates in this work is roughly 5x (0.7 dex) lower
than those that were also identified using canonical UVJ
diagrams Williams et al. (2009), Carnall et al. (2023), and
Valentino et al. (2023), as well as those captured by a UVJ color
space modified to select younger, bluer candidates (Belli et al.
2019).% Therefore, this color plane demonstrates potential as a
more complete selection method as it captures both mature and
recently quenched massive galaxies at z > 3. However, larger
samples are needed to explore and quantify its completeness at
a statistical level.

Additionally, these results enable comparison between
different cosmological simulations, each with their own physics
prescriptions and initial assumptions. We find all simulations
tested (DREaM, JAGUAR, FLARES + EAGLE, and Santa
Cruz SAM) are able to produce some sources at z > 3 that are
captured in the short and/or long wedges (Figure 5). However,
the diversity in quiescent galaxy colors is broad across the
simulations, and the nuances between initial assumptions and
dust prescriptions in each simulation requires further work to
understand how and why the differences in colors are so stark.

We use empirically constrained galaxy SEDs to derive an
observed-frame color selection technique for massive quiescent
galaxies at 3 <z <35 using JWST NIRCam imaging. Our
F277W — F444W versus F150W — F277W color selection
method is similar in concept to well-known color selection
techniques in the literature (e.g., UVJ) but is more efficient and
advantageous as it relies first on observed-frame colors to
identify a candidate pool, over which then SED fitting can be
performed, and also captures more young poststarburst galaxies

35 However, as shown in Section 4.3.3, the majority of our sample is captured
by the synthetic color space offered in Antwi-Danso et al. (2023), with no
obvious biases toward younger or older populations.
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than techniques tuned to the low-redshift Universe. We
demonstrate the efficacy of this method by applying this
technique to JWST imaging in the CEERS field: we identify 44
quiescent galaxy candidates at 2.5 < z < 6. We recover nearly
all quiescent galaxies at this epoch previously identified in the
literature, and also discover 26 new candidates, the majority of
which are likely poststarbursts. Similar to other color selection
techniques, this technique also suffers from contamination from
dust-obscured sources, though the quantification of this false-
positive rate requires additional data (e.g., ALMA or JWST) to
fully confirm the nature of both the contaminants and the
candidates. Future, more refined versions of this technique will
be developed upon the availability of additional wide-field
observations with multiwavelength data (e.g., COSMOS-Web;
Casey et al. 2023).
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Appendix

In addition to the two wedges presented in this work, we also
explored a wider wedge. This “red selection wedge” was
explored as an option to capture potentially dust-reddened
quiescent galaxies (see, e.g., the BEAGLE models presented in
Figure 5). The red selection wedge has the same SNR
requirements and uses the same three bands as the other

36 http: //www.astropy.org
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wedges, but instead requires that galaxies meet the following
criteria:

Red — A. (FI5S0OW — F277W) < 1.5 4+ 6.25
x (F277W — F444W)
and
Red — B. (FI5S0W — F277W) > 1.15 — 0.5
x (F277TW — F444W)
and
Red — C. (F150W — F277W) > —0.6 + 2
x (F277TW — F444W). (A1)
The red selection wedge has the same Criterion A as the first
two wedges presented in this work, the same Criterion B as the
long wedge, and a new Criterion C which reaches redder into
the F277W — F444W color space. The expansion of this wedge
space is represented by the red dashed lines in Figures A1-A3.
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Only seven additional z >3 quiescent galaxy candidates
were recovered in this red wedge space, while the number of
contaminants ballooned to an additional ~500 sources,
demonstrating the diminishing returns in widening the wedge
to capture more red sources. As expected based on the
empirically constrained SEDs in Figure 1 of the main text, the
majority of these contaminants are fit as moderately to heavily
obscured (Ay 2 2) star-forming galaxies at intermediate red-
shifts (z ~ 1-4). See Figure A2.

We also show this wide red wedge applied to simulations in
Figure A3. The Santa Cruz SAM appears to model a significant
population of red objects in this wider red wedge space that
looks similar to the observations shown in Figure A1, but none
are quiescent galaxies at z>3. However, the EAGLE and
FLARES simulations predict a population of quiescent galaxies
at z =13, 4, and 6 that would be best captured by the red wedge.
Future discoveries, if any, of massive z > 5 quiescent galaxies
will be useful in testing these color predictions.
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