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Abstract

The James Webb Space Telescope (JWST) is revolutionizing our knowledge of z > 5 galaxies and their actively
accreting black holes. Using the JWST Cycle 1 Treasury program Ultradeep NIRSpec and NIRCam Observations
before the Epoch of Reionization (UNCOVER) in the lensing field A2744, we report the identification of a sample
of little red dots at 3 < zppo < 7 that likely contain highly reddened accreting supermasswe black holes. Using a
NIRCam-only selection to F444W < 27.7 mag, we ﬁnd 26 sources over the ~435 arcmin? field that are blue in
F115W — F200W ~ 0 (or Buy ~-2.0 for fox A”), red in F200W — F444W = 1—4 (Bopt ~ +2.0), and are
dominated by a point-source-like central component. Of the 20 sources with deep Atacama Large Millimeter/
submillimeter Array (ALMA) 1.2 mm coverage, none are detected individually or in a stack. For the majority of
the sample, spectral energy distribution fits to the JWST+ALMA observations prefer models with hot dust rather
than obscured star formation to reproduce the red NIRCam colors and ALMA 1.2 mm nondetections. While
compact dusty star formation cannot be ruled out, the combination of extremely small sizes ((r.) = 50 pc after
correction for magnification), red rest-frame optical slopes, and hot dust can be explained by reddened broad-line
active galactic nuclei (AGNs). Our targets have faint M 450 ~ —14 to —18 mag but inferred bolometric luminosities
of Ly, = 10%-10* ergs -1 reflecting their obscured nature. If the candidates are confirmed as AGNs with
upcoming UNCOVER spectroscopy, then we have found an abundant population of reddened luminous AGNs that
are at least ten times more numerous than UV-luminous AGNs at the same intrinsic bolometric luminosity.
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Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Galaxies (573)

1. Introduction

Accreting supermassive black holes (BHs) can be extremely
luminous beacons of galaxy formation in the early Universe, and
over the past 20 years we have been able to detect rare and
massive (~10° M_.) accreting BHs up to z~7.5 (ie., UV-
luminous quasars; Mortlock et al. 2011; Bafiados et al. 2018; Fan
et al. 2019, 2023; Wang et al. 2021; Harikane et al. 2022). These
rare objects require very wide-area red imaging to find, and have
number densities many orders of magnitude lower than typical
supermassive BH populations today. Making such monsters from
scratch at such early times is a long-standing challenge that has
intrigued astronomers for decades (see reviews by Greene et al.
2020; Inayoshi et al. 2020). If we could constrain the luminosity
function of high-redshift accreting BHs down to low luminosity,
that would provide crucial new constraints on when supermassive
BHs form and grow (e.g., Ricarte & Natarajan 2018; Dayal et al.
2019; Haiman et al. 2019; Natarajan 2021; Volonteri et al. 2021;
Haidar et al. 2022; Matsuoka et al. 2022; Zhang et al. 2023).

The faint-end slope of the quasar luminosity function at
72,6 has important implications for the cosmic sources of
reionization (e.g., Glikman et al. 2011; Madau & Haardt 2015;
Matsuoka et al. 2018; Giallongo et al. 2019; Dayal et al. 2020),
for the number density of low-mass black holes (e.g., Matsuoka
et al. 2018; Onoue et al. 2019; Shen et al. 2019), and for scaling
relations between black holes and their host galaxies (e.g.,
Piana et al. 2021; Ding et al. 2023). Deep optical surveys like
the Hyper Suprime-Cam Survey have made progress quantify-
ing the luminosity function down to luminosities of
Mi450~ —22 mag or Lgy ~ 10* erg s hatz>5 (Akiyama
et al. 2018; Matsuoka et al. 2018, 2022). X-ray surveys reach a
bit further, to bolometric luminosities of Ly, ~ 10 erg s lat
7~ 6 (e.g., Nanni et al. 2017; Vito et al. 2019; Shen et al. 2020;
Wang et al. 2021; Wolf et al. 2023). Thus current limits reach
the Eddington limit for Mgy ~ 10° M., but are not deep
enough to probe expected AGNs from most dropout galaxies at
these redshifts (Volonteri & Reines 2016).

In addition to selection via blue color (e.g., Richards et al.
2002), AGNs can be selected in many complementary ways.
X-rays are less sensitive to obscuration than the UV, and have
provided the most complete census of AGNs to date at all
redshifts (e.g., Ueda et al. 2014; Aird et al. 2018; Giallongo et al.
2019; Vito et al. 2019). Mid-infrared selection, likewise, should
select sources independent of viewing angle, and has been
extremely fruitful in recent years thanks to the combination of
Spitzer and Wide-field Infrared Survey Explorer (e.g., Stern et al.
2005; Goulding et al. 2014; Assef et al. 2018; Zou et al. 2022;
Ishikawa et al. 2023). At the very luminous and rare end are the
hot dust-obscured galaxies (HotDOGS; Dey et al. 2008; Tsai et al.
2015; Wu et al. 2018) and extremely red quasars (Ross et al.
2015; Zakamska et al. 2016; Hamann et al. 2017). Finally, there
are a class of reddened broad-line objects that are challenging to
select photometrically (e.g., Croom et al. 2001), but have been
identified as an important subpopulation particularly at the
luminous end (e.g., Glikman et al. 2012; Banerji et al. 2015).
For a nice review, see Hickox & Alexander (2018).

In the era of JWST+NIRCAM, we have an amazing new
resource for selecting active galaxies. Because of the combination
of resolution and sensitivity in the near-infrared bands, we can
select high-redshift compact sources that are UV-faint but

emerging in the rest-frame optical as possible AGN candidates
(although there were hints from the Hubble Space Telescope
(HST) and Atacama Large Millimeter/submillimeter Array
(ALMA): Morishita et al. 2020; Fujimoto et al. 2022;
Endsley et al. 2023). NIRCam imaging has already revealed a
number of intriguing photometric prospects for low-luminosity
accreting BHs (e.g., Endsley et al. 2023; Furtak et al. 2023a;
Larson et al. 2023; Ono et al. 2023; Onoue et al. 2023).

Stunning spectroscopic confirmation of the AGN nature of
these sources is now also becoming available (Harikane et al.
2023; Kocevski et al. 2023; Oesch et al. 2023; Ubler et al. 2023;
Barro et al. 2024). Onoue et al. (2023) identified a pointlike source
as a likely z=5.2 AGN from early Cosmic Evolution Early
Release Science (CEERS) Survey data, which was subsequently
found to be a M ~ 107 M., black hole radiating at ~10% of its
Eddington luminosity at z>35 from NIRSpec follow-up
(Kocevski et al. 2023). Even more intriguing is the source
CEERS 3210. Like CEERS 1670, it has a very compact
morphology. However, the spectral energy distribution (SED)
changes from blue in NIRCam short-wavelength (SW) filters,
with F115W — F200W ~ 0, to red in NIRCam long-wavelength
(LW) filters, with F277W — F444W ~ 2.0. The object is so red
that the rise resembles a Balmer break at z > 7 (Labbé€ et al. 2023).
NIRSpec observations also revealed the source to be a broad-line
AGN at z=15.6 (Kocevski et al. 2023). Harikane et al. (2023) and
Barro et al. (2024) present an even larger sample of compact red
sources in CEERS, although not all show concrete evidence for
broad Hey, and the nature of these is not always clear. Finally,
Matthee et al. (2024) have identified a sample of “Little Red Dots”
with broad Ho in JWST grism data (Oesch et al. 2023).

The central goal of this paper is to photometrically identify
more compact red sources with JWST/NIRCam imaging, and
then use spectral synthesis models to examine the source of the
red continuum and UV excess, be it dusty star formation or
reddened light from an AGN (Figure 1). We will propose that
the red rest-frame optical continuum likely arises from a
reddened broad-line AGN, while the flat blue continuum comes
from either an additional scattered component or some star
formation in the host galaxy. Objects like this have been seen
very locally (e.g., Mrk 231; Veilleux et al. 2016) and at a range
of redshifts z <3 (e.g., Assef et al. 2020; Pan et al. 2021;
Noboriguchi et al. 2022; Glikman et al. 2023), but it is hard to
construct complete samples of reddened broad-line AGNss (e.g.,
Glikman et al. 2012). We should note that there are many
possible origins for the UV light, including star formation in
the host galaxy or emission from an outflow (Veilleux et al.
2016), but what matters most for our discussion is the origin of
the red rest-frame optical continuum.

If we could systematically identify this low-luminosity
population from deep NIRCam imaging, it would provide
critical new insight into an important population of partially
obscured AGNs that may constitute a significant fraction of
high-redshift AGNs. We present a preliminary sample of 26
candidates in the ~45 arcmin® A2744 field. Thanks to the large
lensing area afforded by A2744, the observations can reach
several magnitudes deeper than in blank fields.

Throughout, we assume a concordance cosmology with
Hy=70 km s~ Mpc™, Q,=0.7, and ), =0.3 (Hinshaw
et al. 2013).
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Figure 1. Schematic model (right) and photometric fit (left) for compact red sources like CEERS 3210. The model consists of a reddened, but not completely
obscured, broad-line AGN template (red) representing a direct view of the accretion disk and broad-line region, a small contribution from the same AGN template
without reddening (blue) that we posit represents scattered light, and thirdly an unreddened narrow-line region with emission-line strengths coupled to the broad Ha of
the red component following typical correlations for broad-line AGNs (Stern & Laor 2012a, 2012b). This fit not only provides a decent fit to the photometry, but
predicts both broad- and narrow-line strengths very similar to those observed with NIRSpec.

2. Search for Red Compact Sources

The UNCOVER data are very well suited to a search for
more compact red sources. We have nearly complete
wavelength coverage from 1-4 ym to uniform depth, along
with deep ALMA data to constrain the presence of cold dust
(Fujimoto et al. 2024).

2.1. The UNCOVER Survey

Our search is performed using the JWST Cycle 1 Treasury
program Ultradeep NIRSpec and NIRCam Observations before
the Epoch of Reionization (UNCOVER. Bezanson et al. 2024).
UNCOVER imaging was completed in 2022 November,
comprisin§ ultradeep  (29-30 AB mag) imaging over
45 arcmin” in the galaxy cluster A2744. This well-studied
Frontier Field cluster (Lotz et al. 2017) at z = 0.308 has one of
the largest high-magnification areas of known clusters, and thus
made an excellent target for deep (4—6 hr per filter) imaging
across seven NIRCam filters (F115W, F150W, F200W,
F277W, F356W, F410M, F444W). The nominal depth of
~30 mag can reach sources as faint as 31.5 mag with the help
of magnification. Photometric catalogs (Weaver et al. 2024)
including existing HST data have been made available to the
public, and the lens model is also publicly available (Furtak
et al. 2023b). The initial selection of objects is based on the
UNCOVER Data Release DR1 images and catalogs (2023).*”

Fujimoto et al. (2024) present deep ALMA 1.2mm
continuum imaging in A2744. A wider, deeper 1.2 mm map
of the full NIRCam UNCOVER area was newly obtained in
Cycle 9 (#2022.1.00073.S; S. Fujimoto 2024, in preparation),
reaching continuum rms sensitivity of 33 pJy in the deepest
areas. Prior-based photometry is extracted for all sources by
measuring the ALMA flux in the natural resolution map (beam
~ 077-078) at the NIRCam positions.

In late 2023 July, deep (2.7-19 hr) spectroscopic follow-up
with the NIRSpec/PRISM constitutes the second phase of

33 This paper is based on images and catalogs in Data Release 1 available
at the UNCOVER website (https://jwst-uncover.github.io/DR1.html) and
Zenodo (doi:10.5281/zenodo.8199803).

UNCOVER, but there are already many exciting things to find
within the imaging (e.g., Atek et al. 2023; Furtak et al. 2023).

2.2. Color and Morphology Selection

Inspired by the compact red broad-line AGNs in CEERS, we
devise a color+morphology search through the UNCOVER
catalog for systems with both a moderate blue continuum and a
rising red continuum, with the continuum break occurring
between F150W and F356W for the typical source in our
sample. This break will move into F444W for z x 8, limiting
the redshift range of the sample. The spirit of the selection is to
find objects with a red continuum slope in the rest-frame optical
that also shows significant emission in the rest-UV. The color
selection requires red colors in adjacent pairs of NIRCam bands
to avoid selecting SEDs have blue continua throughout but
with one band simply boosted by strong emission lines. We do
not use photometric redshift or stellar population models, to
avoid being limited by the models or templates used.

The initial Parent sample is selected with the following color
selection. Starting with sources that are well detected in the F444W
band, with signal-to-noise ratio S/N(444) > 14 and myyy < 27.7
mag, we select sources that are (red! | red2 ) & compact, where

redl = (115 — 150 < 0.8)
(200 — 277 > 0.7)
(200 — 356 > 1.0)

or
red2 = (150 — 200 < 0.8)
(277 — 356 > 0.7)
(277 — 444 > 1.0)
and

compact = fy, (074)/f,,,(072) < 1.7.

We find that extended dusty galaxies and inclined spirals
over a wide range of redshift are contaminants when applying
the color cuts alone. While such galaxies are certainly
interesting (e.g., Barrufet et al. 2023; Nelson et al. 2023), we
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Figure 2. Color—color (left) and color—compactness (right) selections. These panels show all the sources selected with the “red2” color and compactness criteria (red
circles), which are specifically designed to select z > 6 AGN similar to those found in Furtak et al. (2023a) and Kocevski et al. (2023). Sources selected to be PSF-
dominated are highlighted with black dots. In grayscale, we show the entire UNCOVER catalog, with numbers of objects indicated by the color bar. The compact red

sources are clear outliers in color—color—compactness space.

explicitly incorporate a compactness criterion, such that
extended dusty galaxies are excluded and compact sources
remain. The compactness criterion selects sources with a flux
ratio up to 30% higher than objects on the stellar locus. The
precise limit does not matter and is mostly to reduce the sample
size, as we will fit 2D models to the Parent sample in
Section 2.4 to search for sources that are likely dominated by a
point source. An example of the color-compactness selection is
shown in Figure 2 and the F444W magnitude and photometric
redshift distribution is shown in Figure 3.

The UNCOVER survey is located in a gravitational lensing
field, with a high density of bright galaxies with extended
wings. This can cause the photometric aperture in the
UNCOVER DRI catalog to pick up light from nearby
foreground sources and bias both the colors and the total
magnitudes (the latter are based on a Kron-like autoscaling
aperture). This is particularly an issue for sources with the
highest magnification (see, e.g., Furtak et al. 2023). To reduce
the impact of contamination, we extract point-spread function
(PSF) photometry by fitting 10-20 nearby isolated, bright,
unsaturated stars to each source, fitting the position and flux in
the F444W image, and then rescaling the flux in the other
filters. This PSF photometry produces excellent agreement with
the aperture photometry for isolated sources, with the benefit of
strongly reduced contamination, especially in the bluer
NIRCam SW filters, for sources with bright neighbors. For
sources with additional complex extended structure the PSF
photometry is also more reflective of the nuclear component. It
is clear from these initial fits that many sources are
indistinguishable from a PSF (see, e.g., Figure 14 in
Appendix B).

From the initial color and compactness criteria, we select the
Parent sample of 40 AGN candidates out of a catalog of 50,000
(see Table 1). Next we will fit the sources with a point-source
model to explore whether there is any evidence for extended
light (Section 2.4), and then examine the SEDs in detail
(Section 3.1). The number of targets at each step is summarized
in Table 1. The basic sample properties are summarized in
Table 2.

2.3. Complementary Red Extended Sample

If we select all galaxies that satisfy (redl | red2) but have
compact > 1.7, we have a sample of 16 galaxies. These
galaxies span a wide range of redshift, 2 < z < 6, and appear
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Figure 3. The F444W magnitude and photometric redshift distributions of our
sample, colored by the log of the magnification. Most objects in the sample
have magnification ~1.5, but there are three strongly lensed systems, one of
which (Furtak et al. 2023) has three images and so appears three times in this
figure. We show the Parent sample, selected as (red1|red2) & compact, as well
as the “Main” sample. The Main sample were selected to be point-source-
dominated, as described in Section 2.4.

Table 1
Sample Selection
Sample Cuts Number
Parent (red1|red2) & compact 40
Main Dominated by PSF in 2D fit 26
SED AGN-dominated at F444W in SED fits 17

Note. A simple flow chart of our selection. In the first step, we apply the
combined color and compactness cut (Section 2.2) to select the Parent sample.
Then we fit all sources in two dimensions and keep only those well fit by a
point source, which form the Main sample (Section 2.4). Finally, we generate
an SED sample from those galaxies (Section 3.3).

typically powered by dusty star formation taking place in an
extended region, and they are nearly all detected in ALMA.
Below, in Section 3.1, we will contrast their far-infrared-to-
millimeter SEDs with those of the compact red sources as one
additional argument that we are likely identifying sources with
hotter dust than expected from dusty star formation.
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Table 2
Sample Properties
D R.A. Decl. Zphot I Main SED F444W 277 — 356 277 — 444 T, F444W g F444Wpsr
(1) () 3) €] 5) (6) @) ®) ) (10) (11) (12) (13)
571 3.592423 —30.432824 5.50 1.69 1 1 27.13 0.92 1.37 37 28.12 27.57
1967 3.619200 —30.423270 6.01 1.63 1 0 24.67 1.15 2.01 3 26.03 25.27
2476 3.610205 —30.421001 4.56 1.92 1 0 24.46 0.36 0.32 9 24.72 25.41
2940 3.575989 —30.419030 4.47 1.81 1 1 27.02 0.98 1.31 32 27.79 27.75
3016 3.598798 —30.418733 4.54 2.66 0 0 25.78 0.62 0.35 21 26.22 26.58
5957 3.556703 —30.408192 3.52 1.57 1 1 24.72 0.48 0.78 3 23.58 24.63
6151 3.567758 —30.407272 4.45 1.86 1 0 26.89 0.29 0.40 51 27.83 27.60
6430 3.550837 —30.406598 4.98 1.54 1 1 24.43 0.44 1.07 9 26.63 24.54
8296(a) 3.579829 —30.401569 6.80 6.94 1 1 24.60 1.80 2.63 3 25.44 26.07
8602 3.612511 —30.400595 6.51 1.86 0 0 25.54 0.77 1.05 62 25.88 27.04
8798 3.620605 —30.399950 6.44 1.58 1 1 25.06 1.32 2.35 33 2591 25.72
9992(a) 3.583536 —30.396676 6.79 8.55 1 1 25.06 0.71 1.40 22 26.42 25.40
10148 3.545794 —30.395724 4.96 1.69 1 1 25.18 0.84 1.63 6 26.79 25.53
10712(a) 3.597201 —30.394328 6.77 4.12 1 1 26.36 1.27 2.01 26 26.98 26.97
13556 3.640410 —30.386436 5.17 1.32 1 1 26.24 0.73 1.97 26 27.17 26.81
15798 3.535308 —30.381010 6.44 2.54 1 0 27.43 1.05 1.02 25 27.74 29.14
16561 3.567022 —30.379719 6.34 3.56 1 1 26.39 0.78 1.50 37 27.21 27.09
20080 3.569595 —30.373224 5.52 2.71 1 1 26.81 1.26 1.93 26 28.31 27.11
21860 3.537529 —30.370169 5.46 39.96 1 1 27.29 0.93 1.23 4 28.32 27.68
23778 3.546420 —30.366245 7.02 4.05 1 1 27.09 0.87 2.00 20 27.67 28.05
28343 3.530008 —30.358013 495 1.87 1 1 24.36 0.89 1.18 3 25.08 26.05
29466 3.513891 —30.356024 7.22 1.54 1 1 25.74 1.37 341 2 26.38 26.41
30782 3.533997 —30.353311 6.74 1.75 1 1 25.79 0.89 1.33 54 26.81 26.54
31142 3.498841 —30.352945 4.81 1.00 1 0 23.12 0.86 0.68 2 24.22 24.45
31298 3.472870 —30.352132 4.82 1.00 1 0 24.12 0.62 1.35 3 24.48 25.98
34061 3.506421 —30.345969 6.64 1.38 0 0 24.99 1.14 1.72 42 25.39 26.34
35771 3.525296 —30.342213 4.30 1.44 1 0 25.47 1.13 1.56 28 26.48 25.98
35819 3.473941 —30.342061 4.59 1.00 1 0 26.98 0.56 0.50 12 29.18 27.08
35927 3.510632 —30.341969 4.66 1.36 0 0 24.28 0.58 0.66 26 24.76 25.43
36867 3.465764 —30.339833 478 1.00 0 0 26.33 0.43 0.11 29 26.46 28.01
37108 3.569464 —30.339305 3.01 1.53 1 0 26.82 0.27 0.34 4 28.73 27.02
39955 3.475879 —30.332051 3.64 1.00 0 0 26.36 0.20 1.13 28 26.74 27.65
46991 3.466191 —30.315301 4.79 1.00 0 0 26.20 0.58 0.78 26 26.34 27.84
49555 3.470405 —30.302487 3.40 1.00 0 0 26.48 0.28 0.19 400 26.90 28.49
49567 3.472454 —30.302163 3.05 1.00 0 0 27.18 0.08 0.01 200 27.30 29.62

Note. Table of objects that satisfy (red1|red2) and compact. (a) are the three images of the lensed compact red object presented in Furtak et al. (2023). Column (1):
UNCOVER ID. Column (2): R.A. Column (3): decl. Column (4): photometric redshift 7, from the AGN-only best-fit. Column (5): magnification (x). Column (6):
flag for galaxies falling in the Main sample, consistent with being point sources (Section 2.4). Column (7): flag for galaxies in the SED sample, with F444W emission
dominated by AGN light (Section 3.1). Column (8): F444W mag. Column (9): F277W — F356W color (mag). Column (10): F277W — F444W color (mag). Column
(11): r, (milliarcseconds) from the single-component Sérsic fit. Column (12): F444W magnitude from the Sérsic part of the two-component PSF+Sérsic fit. Column
(13): F444W magnitude of the PSF component of the PSF+Sérsic fit. The Main sample are selected to have F444Wg,.; > FA444Wpgp.

2.4. Joint PSF+Sérsic Fits

To refine the compactness criteria, we perform a series of
two-dimensional fits to the light profile of each galaxy in
F444W using Galfit (Peng et al. 2002, 2010). The main
purpose is to determine whether a source is unresolved, or
alternatively dominated by a point-source component, taking
into account variations in the PSF with position and magnitude.
We choose to model the sizes in the F444W filter. While the
resolution is higher in NIRCam SW, the sources have much
higher S/N in F444W owing to the very red colors. In addition,
the size at the longest wavelength is less affected by dust and
thus closer to the true distribution of luminosity or stellar mass.
Bright, isolated, unsaturated stars are used as PSF models, as it
is known that the simulated PSFs from WebbPSF (Perrin et al.
2014) are too narrow compared to empirical PSFs (e.g., Ding
et al. 2023; Weaver et al. 2024). Stars are selected based on a
cut in flux ratio between D =072 and D = 0”4 apertures and
an inspection of SEDs to retain sources with stellar SEDs.

There are 10-20 nearby stars with suitable PSF for each source.
Before fitting, a local background is subtracted at scales of
40 pixels (1”6) by growing all segmentation maps by 2 pixels
and subtracting the median of the background pixels.

We start with single-component Sérsic fits. We fit each
galaxy using one of the nearby stars as a PSF model.
Uncertainties are determined by taking the best-fit model,
placing it in the residual map of another randomly drawn
source in the sample, and refitting the source with a randomly
drawn nearby PSF star. Examples of the fitting results are
shown in Figure 4. This process is repeated 200 times using
unique combinations of PSFs and residuals, reflecting both
systematic and random uncertainties. To determine whether the
sources are consistent with point sources, the same process was
performed on stars. For each source a random nearby star was
drawn, scaled to the same S/N, placed in the residual map, and
then modeled with a single Sérsic model using another nearby
star as the PSF. This process was repeated 200 times as well,
using different combinations of stars, PSFs, and residual maps.
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Figure 4. Examples of Sérsic profile fits to the F444W image. From left to right: NIRCam SW color image (based on F115W, F150W, F200W), NIRCam LW color
image (F277W, F356W, F444W), F444W image, GALFIT best-fit model, residual, and a star scaled to the same flux placed in the residual map. The top row shows an
unresolved source modeled with a single Sérsic component that is indistinguishable from a star, the middle row shows a source that is better modeled by a two-
component PSF+-Sérsic model, but is dominated by the PSF component. The bottom row shows an extended source without evidence for a bright point source. Such

extended sources are removed from the sample.

We then examine the median and upper 90% size of the fits as a
function of their F444W magnitude and S/N (Figure 5). Any
source that is smaller than the 90% percentile of the stellar fits
is considered consistent with a PSF and therefore unresolved.
This is the case for 17 out of the original 40 sources.

Some, however, show more complex morphology with
extended structure in addition to a bright pointlike source, as
might be expected for an AGN embedded in a host galaxy. We
then perform a two-component PSF+Sérsic fit. From the two-
component fits, we identify an additional nine sources that are
dominated by a PSF component, where more than half the light
comes from the point-source component. This leaves a total of
26 sources that the two-dimensional fits deem to be point-
source-dominated. Of the 40 in the Parent sample, 26 targets
are PSF-dominated based on our joint PSF+Sérsic fits—the
“Main” sample. See Figure 6 for images that demonstrate the
compact nature of these red sources.

We can translate our two-dimensional fits into size limits for
the sample. At the magnitude limit F444W = 27.5 AB of our
sample, we can measure sizes to a bit under one pixel
(Figure 5), or R, < 0”703 at 90% confidence. At the bright end
sizes can be measured to better than R, ~0”01. At the median
distance of the objects, redshift z ~ 5, these limits correspond to
~140 pc and ~40 pc respectively, where a simple correction by
,ufl/ % is applied to correct for lensing. The median size of the
sample is (r,) = 54735 pc, with the uncertainties derived from
bootstrap resampling. We note that the majority of the sample
are only moderately lensed—24/26 have pu <3 and are far
away from caustics with low shear and modest relative
uncertainties on the magnification (Figure 3). In the two cases
of highly magnified sources (ID = 8296 and 21860), the size
limits are considerably tighter (Furtak et al. 2023) but more

detailed modeling taking into account the uncertainties of the
lens model and shear is required.

It is tempting to assume that these small sizes point to an
AGN origin for the emission. However, very compact star-
forming galaxies are known to exist at lower redshift (e.g.,
Geach et al. 2018) and we do not have strong constraints on the
mass—size relation for massive star-forming galaxies at
4 <z<7. Some very compact massive galaxies have been
found in early JWST data (e.g., Carnall et al. 2023; Morishita
& Stiavelli 2023; Robertson et al. 2023; Williams et al. 2023),
and extremely small sizes (R,)~ 150 pc are reported for
candidate massive galaxies at 7 <z <9 (Baggen et al. 2023).
Apart from a strong triply lensed system with size limits
<30 pc (Furtak et al. 2023; also in this sample, with ID = 8296,
9992, 10712), the morphologies alone cannot distinguish
between stellar and accretion origins for the bulk of the
sources. In the following section, we will present SED fits, and
further isolate the “SED” sample of 17 objects that are likely to
be AGN-dominated based on SED modeling.

3. Spectral Energy Distributions and Number Densities of
the Compact Red Sources

In this section, we model the spectral properties of the new
sample of compact red sources. We fit the seven NIRCam
UNCOVER bands, along with HST photometry and ALMA
1.2 mm data where available. By selection, the sources have
blue continua in the NIRCam SW or rest-frame UV, typically
Buv =~ —2, and rising red slopes in NIRCam LW filters
corresponding to the rest-frame optical, with Bop ~ 2
and f, Mo (e.g., Figure 1). There is a clear inflection or
break between F150W and F356W depending both on the
intrinsic Ay and on the redshift. Such composite SEDs can be
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Figure 5. The effective radii R, of the sample (green circles), compared to the
effective radii measured on stars scaled to the same S/N, to determine whether
a source is resolved or consistent with being dominated by a point source. The
best-fit R, of stars are shown by dark gray symbols with the 90% upper
envelope based on bootstrap resampling shown in light gray. Sources are
considered point-source-dominated if R, falls below the 90% envelope for stars
(solid circles) or if a two-component PSF+Sérsic fit indicates most of the light
is in a point source (open circles).

challenging to model with any single galaxy or AGN model.
Because of their composite color components, we model the
SEDs as composites as well, either with multiple galaxy
components (young, dusty star-forming, and evolved stellar
populations) or with AGN components included.

It is useful to examine one example in a bit more detail (and
see also discussion in Barro et al. 2024). Furtak et al. (2023a)
presented a highly magnified compact red source with three
images in the UNCOVER field. Because of the high
magnification, this source has a particularly stringent limit on

Labbe et al.

its size of r, ~ 35 pc, making stellar origins for the emission
seem even less likely than for the typical source in our sample.
Furtak et al. present three possible galaxy models to fit the
SED. Prospector—3 (Wang et al. 2023) prefers to fit the red
color with a massive evolved galaxy and strong Balmer break
but cannot simultaneously fit the UV emission. EAZY
(Brammer et al. 2008) is well suited to handle different
components with different reddening, but still is unable to
satisfactorily fit the strong red upturn. Modeling software that
includes optical/UV AGN emission also struggles to find
multicomponent solutions: Furtak et al. present fits from both
CIGALE (Boquien et al. 2019) and Beagle+AGN (Chevallard
& Charlot 2016; Vidal-Garcia et al. 2024). The latter only
includes narrow emission lines from an AGN and thus attempts
to reproduce the red NIRCam LW colors by extreme narrow
emission lines to boost the fluxes in the broadband filters. This
seems unlikely to arise from a 35 pc radius, and the need to
boost the NIRCam filters by a factor x10 leads to extreme
equivalent widths >10000 A. In the context of the compact red
sources in CEERS that have broad Ha in their spectra at much
smaller equivalent widths (~400 A), the continuum is arguably
AGN-dominated, with the steep red continuum due to a
reddened broad-line AGN continuum. The UV component
might arise from scattered light (e.g., Assef et al. 2020;
Glikman et al. 2023), patchy transmission, or star formation.
That possibility is shown in the AGN-only fits in Figure 6.

We have thus performed custom fitting to handle our need
for multiple components, each of which may have different
reddening and AGN contributions. We will describe the
general properties of the fits in this section, but refer to
Appendix A for more details.

3.1. Composite Model Fits

In the AGN-only fits we model the SED with a two-
component AGN model. Each AGN component is composed
of the Vanden Berk et al. (2001) AGN template in the optical/
UV combined with the template from Glikman et al. (2006)
extending to the rest-frame near-infrared. In addition to the
unreddened AGN, we also include a reddened version of the
same template, with reddening ranging from Ay=0.5-5
applied using the Calzetti (2001) reddening law. The reddened
component is the primary component in terms of luminosity
and must be heavily extincted to fit the red slope. The blue
component is unreddened but weak, and we interpret this as
scattered AGN light at a few percent of the luminosity of the
reddened component. This component is generally well fit by
an unreddened AGN template, as expected for electron
scattering, but we highlight some outliers at the end of this
section. In some cases we may well be seeing star formation
from the host; we note that in a small number of objects, the
rest-UV emission does appear slightly extended (Figure 6).

When our fits include the ALMA 1.2 mm point, we model
the mid-to-far-infrared emission with the CLUMPY torus
models (Nenkova et al. 2008a, 2008b). Details are in
Appendix A (see also Conroy et al. 2009; Leja et al. 2018),
but note that we fix the clump properties that determine the
shape of the torus model and we fix the inclination to 40°, such
that we only incorporate mid-to-far-infrared emission and not
rest-frame UV /optical emission from the accretion disk. Also
key is that we scale the infrared emission to the obscured
optical luminosity, thus enforcing energy balance. More
detailed constraints on the torus parameters would require



THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01

stellar population only

AGN only

ID=2940 z=4.41 u=1.8
FSPS log(M 7 CSF Av=0
FSPS log(M)=9.2 CSF Avg3

=
v

=
2

107t

flux density pJy

flux density pjy

ID=2940
5DSS Type-1 AGN Av=0 0.5%
SDSS Type-1 AGN Av=3

flux density pjy

10-3 i . FTE—

observed [um]

flux density pjy

observed [um]

1014 ID=6430 z=4.98 =15
FSPS log(M)=6.5 CSF Av=
FSPS log(M)=10.5 CSf Av3

ID=6430

observed [um]

§ 10° § 10°
z 2z
@ ]
g 107! g 107!
° °
x x
2 =
1072 1072
1073 - 1073 - —
1 2 3 4 5 6 1 2 3 4 5 6
observed [um] observed [um]
1011 ID=8296 z=6.80 y=6.9 101 | ID=8296
FSPS log(M)=6.9 CSF Av=0 SDS5 Type-1 AGN Av=0 0.5%
FSPS log(M)=10.9 CSF AvH3 SDSS Type-1 AGN Av=3
§ 10° g 10°
2z z
@ ]
g 107! 3 107!
° ° B
x x
2 =
-2 -2
10 d 10
1wl L 1wellll
2 1 2 3 4 6
observed [um] observed [um]
1014 ID=8798 z=6.49 u=1.6 10! { ID=8798
FSPS log(M)=7.4 CSF Av=0 SDSS Type-1 AGN Av=0 0.5%
FSPS log(M)=10.6 CSF AvE3 SDSS Type-1 AGN Av=3
g 10° g 10°
> >
= L4
@ ]
g10t S 101 .
° °
3 3 :
1072 1072
|
1073+¢T . 1073+‘ |
1 2 3 4 5 6 1 2 3 4 5 6
observed [um] observed [um]
1014 ID=9992 z=6.80 u=8.6 10! { ID=9992
FSPS log(M)=6.5 CSF Av=0 SDSS Type-1 AGN Av=0 0.5%
FSPS log{M)=10.7 CSF Ave3 SDSS Type-1 AGN Av=3
3 10° Ur 3 10°
z 2z
£ g
g 101 € 101
° L=
x x
X . X
1072 1072
pt 1
103001 1031 !
6 1 2 3 4 5 6
observed [um] observed [um]
10! | ID=29466 z2=7.22 y=1.5 10! 4 ID=29466
FSPS log(M)=6.7 CSF Av=0 SDSS Type-1 AGN Av=0 0.5%
FSPS log(M)=11.2 CSF Av=3 SDSS Type-1 AGN Av=3
§ 10° g 10°
2 o
z G L]
S 107! S 101
° °
E] k] 9 .
= =
1072 1072
1073

1 2 3 4 5 6
observed [um]

Labbe et al.

Figure 6. Color image stamps and SED fits to the SED sample of compact red sources (see details in Section 3.3). The color coding is based on the NIRCam imaging
in F115W (blue), F150W (green), and F200W (red) in the left column and F277W, F356W, and F444W in the right column. The images convey how compact the
sources are, and that there is both a prominent red and a prominent blue component to the SED. The SED fits are in all cases composite. In the third columns, we show
the galaxy-only fits, while in the fourth column are displayed AGN-only fits. The data points are shown in filled black, while the model photometry is indicated by
open circles. The total model is in black, while reddened and unreddened components are in blue and red respectively. The green component is an additional blue
power law that is required to fit the SEDs of six of the SED-selected targets. Details of the fitting are discussed in Section 3.1.
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Table 3
SED Fits
ID SaLma €ALMA Jfacn My garr ALMA My, noaLmA log (Lyor) Miss0 Yion X;alﬂnoALMA X;HALMA SED
@D ) 3) (C)] 5) (6) M ) ) (10) (11) (12)
571 0.48 4.02 3.61 9.0 £0.1 10.1 £0.2 444 —-17.6 11.6 28.8 98.0 1
1967 0.00 10.9 + 0.1 10.9 + 0.1 45.3 —18.3 12.0 17.4 10.7 0
2476 —4.31 478 0.86 10.0 £ 0.1 10.0 £ 0.1 45.1 —19.5 24.8 49.5 47.8 0
2940 —3.55 3.94 6.72 9.0£0.1 9.5+0.3 43.8 —16.4 5.7 26.3 324 1
5957 —-0.97 4.21 42.56 104 £ 0.1 10.6 + 0.1 45.0 —-17.5 38.8 37.5 68.7 1
6151 0.39 3.93 0.00 8.7+0.1 9.1 £0.1 43.8 —16.7 50.1 84.8 90.6 0
6430 —4.35 6.83 2.90 10.1 £ 0.1 10.5+0.2 455 —18.1 7.9 51.1 237.4 1
8296 0.26 3.92 5.99 8.8 +0.1 11.0 +0.1 46.2 —16.5 12.2 36.8 375.8 1
8798 1.89 4.33 14.02 9.6 £0.1 10.5 + 0.1 455 —18.0 23.6 6.2 264.6 1
9992 0.50 3.90 5.32 89 +0.1 10.9 + 0.1 45.9 —16.5 38.7 54.7 305.3 1
10148 5.15 4.23 12.38 9.8 £0.1 10.5 £ 0.1 453 -16.9 15.7 65.5 333.1 1
10712 2.24 3.34 11.93 9.1 £0.1 10.6 £ 0.2 45.7 —16.0 20.7 48.4 2717.5 1
13556 —-3.94 4.38 5.66 9.0£0.1 9.4 +0.3 45.2 —16.9 15.0 16.1 111.6 1
15798 145 4.22 0.00 8.0+0.2 84+0.2 43.8 —16.8 33.7 64.2 0
16561 -3.76 4.18 2.25 89+0.1 9.7+0.3 447 —16.4 17.5 27.5 71.2 1
20080 —3.06 3.40 13.23 9.24+0.1 102 £0.2 44.2 —16.9 22.9 37.6 197.8 1
21860 1.93 421 2.19 7.5+0.1 85+0.2 42.9 —14.5 64.4 59.9 119.3 1
23778 —1.27 4.20 4.89 9.0+0.1 9.6 +0.3 45.3 —18.0 29.7 446.6 673.2 1
28343 0.72 4.21 7.37 9.8 +£0.1 9.74+0.2 44.9 —18.7 7.7 57.4 456.4 1
29466 25.31 114 £0.1 114 £0.1 46.2 —18.2 61.9 340.1 1
30782 2.11 3.98 4.84 9.4 +0.1 10.4 +0.1 453 —-17.9 6.6 13.1 149.7 1
31142 0.00 10.2 £ 0.1 10.1 £0.1 45.6 —19.7 66.6 12.3 0
31298 0.00 11.0+0.2 10.9 +0.2 459 —18.7 93.1 120.0 0
35771 0.00 10.1+0.2 10.0 +0.3 44.6 —-17.2 19.3 11.7 0
35819 0.00 89+0.1 89 +0.1 44.0 —17.0 15.9 10.4 0
37108 2.86 3.96 0.00 9.1 £0.1 9.0+ 0.0 43.1 —16.2 . 10.6 18.6 0

Note. Column (1): galaxy ID. Column (2): ALMA 1.2 mm flux based on forced photometry (units of 10 Jy). Column (3): ALMA flux errors (10 pJy). Column (4):
AGN fraction from the combined fit at F444W. Column (5): stellar masses from galaxy-only fits including ALMA (M). Column (6): stellar masses from galaxy-only
fits excluding ALMA (M.,). Column (7): bolometric luminosity (erg s~ 1) inferred from AGN-only fits, magnification-corrected and assuming that Ly, = 10L5;0o.
Column (8): M 450 (mag) magnification-corrected. Column (9): x? of the best-fit AGN-only model including ALMA. Column (10): x* for the best-fit galaxy-only
model, without ALMA. Column (11): x? for the best-fit galaxy-only model including ALMA. In cases with strong ALMA constraints, x? is dramatically larger due to
the inclusion of the ALMA upper limit. Column (12): flag for galaxies in the SED-selected sample.

longer-wavelength data. In addition, because we are using fixed
empirical AGN templates, we do allow for small differences in
the emission-line strengths, applying a Gaussian prior with a
width of 0.3 dex. The goodness of fit for the AGN-only models
is included in Table 3. Finally, in a minority of cases (six of the
26), the UV continuum is steeper than the AGN or star-forming
galaxy template, and in these cases we additionally include a
UV power-law component. Thus, we are fitting a total of eight
free parameters including the redshift. The details of the fitting
routine are described in Appendix A.

The galaxy-only fits are performed in the same spirit, but
rather than AGN templates we include star-forming templates
with a range of Ay=0-5 (Calzetti 2001) and a quiescent
galaxy component. When we jointly model the ALMA data, we
utilize the dust emission models as implemented in FSPS (see
description in Leja et al. 2017). As with the infrared emission
from the AGN, we fix the parameters that set the shape of the
dust emission SED since we have minimal long-wavelength
constraints. We also enforce energy balance between the
reddened UV /optical continuum and the dust emission.

The photometric redshift is a free parameter in our AGN-
only fits. We find decent agreement between our z,no and the
catalog value derived from EAZY (Brammer et al. 2008), with
a median (6z/(1+z)) =0.04 and scatter oz/(1 +z) ~0.15.
There is a minority of cases where the AGN-only fits return a
redshift 6z~ 1-2 lower than EAZY, due to a degeneracy

between a featureless red slope (in the case of a reddened
AGN) and a strong Balmer/4000 A break (CEERS 3210 is one
example; Kocevski et al. 2023; Labbé et al. 2023), particularly
when the optical constraints are weak. When we have deep
optical photometry from HST, it can be possible to rule out the
higher-z solution through the presence of a Lyman break.
Overall, the different fits yield reasonable agreement on their
photometric redshifts.

In Figure 6 (third column) we show example galaxy-only
fits. To model the SEDs typically requires an unreddened (blue)
star-forming galaxy template and a star-forming but heavily
dust-obscured component. In a small number of cases, there are
sources that can be fit by a combination of an evolved
population with a strong break and a star-forming component.
Indeed, there is at least one spectroscopic example of a galaxy—
AGN composite with a strong break and a broad Ha line
(Carnall et al. 2023), but ion general our modeling does not find
strong evidence of 4000 A breaks, although in principle dust-
reddened galaxies with strong breaks could also fit the
observed SEDs (see also Chworowsky et al. 2023; Kocevski
et al. 2023; Barro et al. 2024). Rather, the very red continuum
slope is better fit by dusty star formation.

When we exclude the ALMA photometry, we are generally
able to fit the SEDs with either composite galaxy or
composite AGN models (Figure 7 left, Table 3). Figure 7
(left) illustrates that the galaxy-only fits without ALMA
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Figure 7. Three examples of SED fits to the NIRCam+ALMA SEDs. The observed photometry is shown as black dots and the 1o errors are shown, including for the
ALMA nondetections. Three types of models are fit: (a) galaxy-only, without using the ALMA constraints (light blue), (b) galaxy-only, with ALMA (blue), (c) AGN-
only with hot dust (red), including ALMA. The left panel shows the HST+JWST SED, while the middle panel shows the same fits including the IR-to-millimeter. The
galaxy-only model is composed of three elements: (1) dust-free star-forming component, (2) obscured star-forming component, and (3) quiescent component, each
with an independent age. Without ALMA the model fits for flexible stellar populations can reproduce the JWST SED well, preferring highly reddened star formation.
These fits overshoot the ALMA measurements by orders of magnitude in these cases. When including ALMA, the stellar-only models lead to poor fits. ALMA limits
the amount of dusty star formation, leaving only the old stellar population to reproduce the NIRCam colors. The AGN-only fits also require large amounts of dust, but
the hot dust component of the AGN is fully consistent with the faint ALMA fluxes. The middle source is the brightest of the triply lensed sources presented in Furtak
et al. (2023a). Note the extremely blue UV slope of 23778 (5 ~ —4.0), bluer than expected for normal stellar population models or AGNs.

constraints nearly always prefer to fit the red end of the
spectrum with dusty star formation, which can have a very
similar slope to a reddened AGN continuum. The difference
in x* between the AGN-only and galaxy-only fits is not
significant in general. Barro et al. (2024) also could not
clearly distinguish between dusty star formation and
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reddened AGN activity from their comprehensive spectral
synthesis modeling of the compact red sources in CEERS.
However, as we will show next, the predicted ALMA 1.2 mm
fluxes for our adopted dusty star-forming models are ruled

out by the ALMA data,
forming galaxies.

for dust templates of typical star-
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Figure 8. Composite rest-frame SED of the 20/26 candidate AGNs with ALMA coverage (right) vs. extended sources selected with the same color criterion but
without requiring compactness (left). The extended sources are dusty star-forming galaxies at comparable redshifts. Red points indicate the individual HST+JWST
photometry, shifted to the rest frame using the photometric redshift. The red model shows the best-fit FSPS-based templates from Eazy where the IR SED is the
predicted cool dust emission from star formation using the Draine & Li (2007) dust emission model. The blue points are ALMA 1.2 mm measurements with 20 upper
limits indicated as downward triangles. The large blue points are the stacked ALMA fluxes. Vertical lines denote 1o uncertainties. The dusty star-forming (SF) sample
has ALMA fluxes consistent with expectations for dust emission from star formation. In contrast, the compact candidate AGN sample has similar NIRCam colors, but
is undetected in ALMA, with average fluxes 230 times lower than expected for dust-obscured star formation.

3.2. ALMA Constraints

We now perform SED fits including the ALMA photometry.
The majority of the objects in the PSF-selected sample (20/26)
have constraints from ALMA (see Table 3). The 1.2 mm
measurement falls fairly close to the peak dust temperature for a
dusty starburst at z~ 5. Even with substantial uncertainty on the
dust peak temperature due to star formation, the ALMA point is
constraining. Fitting to NIRCam only, the best-fit galaxy-only
SED fits prefer a dusty star-forming component that overpredicts
the ALMA 1.2 mm 20 upper limits by a factor of a few to >100.
Inclusion of the ALMA data leads to a significantly worse fit:
ALMA limits the amount of dusty star formation, and a quiescent
stellar population struggles to reproduce the red NIRCam colors.
X~ for the galaxy fit including the ALMA data is significantly
worse than for the galaxy-only fit excluding ALMA in all SED-
selected objects, ranging from Ay’ =6-340. Dust-reddened
AGNSs can also produce red NIRCam rest-frame optical colors,
but are characterized by much hotter dust, peaking at an observed
wavelength of 100 um (rest wavelength 20 um, e.g., Kirkpatrick
et al. 2012) and at least two orders of magnitude fainter at ALMA
1.2 mm than a dusty starburst with the same rest-optical spectrum
(Figure 7).

In Figure 8 (right), we show the individual and stacked SEDs
for the PSF-selected sample. The UV /optical SEDs are well
described by the dusty star-forming template from the template fits
from Eazy. The ALMA points (no detections, shown are 20
upper limits) fall below the predicted ALMA flux by a factor of a
few to >10 per object, with the stacked 84% upper flux limit
>30x lower. In contrast, we also consider the ALMA measure-
ments of the complementary star-forming sample from
Section 2.3. These galaxies obey the same color cuts as the
compact red sources but the sizes are extended rather than
compact. We see that the NIRCam SEDs for both sources are very
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similar (by selection). However, the dusty star-forming galaxies
are detected in ALMA in nearly all cases. Thus, the ALMA
nondetections suggest that the compact red sources are not typical
dusty star-forming galaxies, despite the galaxy-only fits being well
fit with dusty star formation in the rest-frame UV-optical.

We should mention the following caveats to our current dust
templates. We fit with a fixed dust temperature distribution,
corresponding to the default settings of FSPS 7,~20 K (e.g.,
Béthermin et al. 2015; Jin et al. 2019). Compact star-forming
galaxies at high redshift may have higher dust temperatures
(e.g., Béthermin et al. 2020; Sommovigo et al. 2022;
Mauerhofer & Dayal 2023). At these redshifts, the temperature
of the cosmic microwave background (CMB) is also
approaching these typical dust temperatures, and it thus
provides an additional source of heating (da Cunha et al.
2015; Jin et al. 2019). As a test we reran the analysis with a
dust temperature of 7, ~ 40 K, finding no significant changes
in the results (see Appendix A for more details). Unfortunately,
we do not have enough long-wavelength information to
perform more detailed dust modeling at present.

3.3. Best-fit Models and the SED-selected Sample

The SED modeling including ALMA upper limits prefers the
AGN explanation because we do not detect the dust peak
expected from cold dust in typical dusty star-forming galaxies. As
a final test, we ask the fit to decide between AGN and galaxy
templates, including star-forming (reddenend and unreddened),
quiescent galaxies, and reddened and unreddened AGN templates.
While the components are degenerate, these fits allow us to
investigate in which cases the continuum can be fit with some
combination of galaxy models without invoking any AGN. In
general, the sources that have ALMA constraints cannot be fit
without a dominant AGN component in the red.
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Figure 9. A highly magnified compact red source. If the photometric redshift of
z= 5.5 is confirmed, this source has an implied bolometric luminosity of
Lot < 10** erg s™'. This low luminosity could correspond to a very low black
hole mass. As above, the photometric data are shown as black dots and the
vertical lines are the 10 uncertainties, the complete model is shown in black,
and the model photometry is shown as open circles. The dominant
subcomponents for this fit are a blue galaxy component dominating the UV
light and a heavily reddened AGN component dominating the rest-frame
optical light. The ALMA limit severely limits the contribution from dusty star
formation.

Based on these galaxy+AGN fits, we define the “SED”
sample as the objects that have AGN-dominated fits at F444W.
Specifically, in 17 sources, the AGN component comprises
more than twice the flux of the galaxy component within the fit
to the F444W band. In all but one case, the SED-selected
targets are also the sources with ALMA constraints.

From the reddened AGN component, we derive an implied
bolometric luminosity from the dereddened 5100 A luminosity,
assuming that Ly, = 10Ls oo (e.g., Richards et al. 2006; Shen
et al. 2020). While imperfect, this model-dependent value
represents our best guess for the intrinsic luminosity of the
AGN in the context of our preferred AGN model. The inferred
bolometric luminosities for the compact red sources range from
Lio ~ 10 to 10% erg s~ ! (Table 3).

3.4. Noteworthy Objects

There are a couple types of compact red sources worth
calling out specifically.

Besides the Furtak object, we identify a strongly lensed
source with ;1=40 and a photometric redshift of z=35.5
(Figure 9). We do not identify additional images for this object,
as it lies just outside the multiply imaged region. Notably,
however, the object lies in a highly sheared region. The
tangential magnification for it is much higher than the radial
one. Given that it appears to be a point source, this level of
magnification could further tighten the constraints on its size
once the redshift is secure. Also, if confirmed spectro-
scopically, this source would have an implied bolometric
luminosity of Lyo < 10* ergs™', making it one of the least-
luminous AGNs known at z > 4. It would also be a strong
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candidate for a black hole with a mass My < 10° M... Black
holes in this mass range are challenging to find locally, and
only a handful of candidates exist at z > 0.3 (e.g., Schramm
et al. 2013; Mezcua 2017, 2019; Halevi et al. 2019; Greene
et al. 2020).

We also identify a handful of compact red sources that have
extremely blue UV continuum slopes, with Gyy ~ —4 where
Hx M. An example of this subset of objects is shown in Figure 7
(right; but see other sources with a green component in Figure 6).
No quasar composite spectra have been observed to be this blue
(e.g., Vanden Berk et al. 2001; Bonning et al. 2007; Davis et al.
2007; Ivashchenko et al. 2014; Temple et al. 2021; Saccheo et al.
2023), with typical ap = —0.5 where f, o< v, corresponding
to Bop=—15 where f, Mo, These sources are thus
simultaneously remarkably red and remarkably blue. Only spectra
will be able to confirm our estimated photometric redshifts and
(hopefully) determine the nature of these objects.

It is possible that the blue continuum reflects a scattered light
component. Electron scattering would not change the color of
the AGN spectrum, but dust scattering could, depending on the
composition and geometry of the dust (e.g., Kishimoto et al.
2001; Draine 2003; Zakamska et al. 2005). Some indirect
evidence exists for dust scattering in more luminous obscured
AGNs (Kishimoto et al. 2001; Alexandroff et al. 2018). In
terms of starlight, in theory very young and low-metallicity
stars may be able to get to fyy = —4 (e.g., Schaerer 2003), but
in practice the observed slopes of UV-selected galaxies have
been closer to Syy ~ —2 (e.g., Bouwens et al. 2014).

3.5. Number Densities

It is notoriously challenging to calculate effective volumes
involving strong lensing (e.g., Zitrin et al. 2015; Bouwens et al.
2017; Atek et al. 2018; Ishigaki et al. 2018). Here, we adopt the
lens model from Furtak et al. (2023b) and the approach outlined in
Atek et al. (2018). For each source, given the unlensed absolute
magnitude, we calculate the effective volume of the survey by
integrating over the area across the map with strong enough
magnification to ensure we could detect that source. We do not
account for varying incompleteness as a function of magnitude or
photometric redshift, since the uncertainties about the intrinsic
SEDs of these sources makes that modeling tricky. We do note
that the sources are relatively bright (>140) in F444W, which
mitigates the magnitude incompleteness, and their compactness
makes us less sensitive to surface brightness incompleteness. We
do quantify systematic uncertainties in selection by comparing the
number per bin for the Main sample of 26 objects and the SED-
selected sample of 17 objects.

More specifically, our error bars include the following
components: (1) uncertainties from counting errors calculated
using Gehrels (1986); (2) uncertainties from sample selection
encapsulated by the difference in number between the Main
and SED-selected samples. When the SED-selected sample has
no objects in a bin, we plot the 3¢ upper limit on zero sources
as the upper error bar in that bin. (3) For the three bins with
strongly lensed sources, we conservatively recalculate the
volume in that bin with the lensed source removed.

We do not try to capture other systematic uncertainties
associated with the lens modeling. In the Hubble Frontier
Fields with the HST-based lens models, there were multiple
lens models, which afforded some kind of estimate of the
impact of different decisions on lens model uncertainties. We
do not yet have that suite of lens models based on the JWST
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Figure 10. Left: UV luminosity function for compact red sources with 3 < z < 5, as compared with other samples from the literature. Luminosities of compact red
sources have been corrected for magnification using the lensing model of Furtak et al. (2023b). The point below M 450 = —15 is from the single lensed source shown in
Figure 9, and due to the strong lensing, the volume is quite uncertain. The UV AGN data are taken from Akiyama et al. (2018, gray crosses), the X-ray-selected objects
are presented in Giallongo et al. (2019, dark gray circles), and the galaxies are from Bouwens et al. (2015). Harikane et al. (2022) present the broad-line AGNs from
CEERS (thick gray boxes). We see that the number densities of the compact red sources are comparable to what is seen from X-ray selection, and from broad-line
selection as well. Right: same as the left plot, but for lensing-corrected compact red sources in the range 5 < z < 7. The UV AGN luminosity function is presented by

Matsuoka et al. (2018); all other sources are as at left.

A2744 data. We note that 22/26 sources have fairly modest
magnifications p = 1-4, and lensing errors are not expected to
impact the derived luminosity functions.

We present number densities in the rest-UV with M5,
which is the standard for blue quasars (Figure 10). The UV
luminosities are low compared with those of UV-selected
samples, and we find much higher number densities than a
naive extrapolation of the bright end from the Sloan Digital
Sky Survey (SDSS; e.g., McGreer et al. 2013; Finkelstein &
Bagley 2022; Fan et al. 2023) and at lower luminosity from the
Hyper Suprime-Cam sample (Akiyama et al. 2018; Matsuoka
et al. 2018, 2023). Interestingly, Laporte et al. (2017),
Morishita et al. (2020), and Fujimoto et al. (2022) also find
hints that the number density of UV-faint AGNs could be much
higher at low UV luminosity. Our number densities fall below
the galaxy luminosity function (here from Bouwens et al.
2015), and are consistent with the number densities from
broad-line AGNs that have been spectroscopically identified in
CEERS (Harikane et al. 2023; Barro et al. 2024). If we
deredden the UV luminosities, they would extend to
M 450 ~ —23 mag. They would overlap with the faint end of
the AGN UV luminosity function (e.g., Akiyama et al. 2018;
Matsuoka et al. 2018, 2023). At ~107>Mpc > mag ', the
compact red sources presented here would be more than ten
times more numerous than known UV-selected faint quasars.

It is hard to compare with the X-ray number counts, since
they differ from survey to survey (e.g., Aird et al. 2015; Vito
et al. 2018; Giallongo et al. 2019). Our numbers are nominally
consistent with, but on the high side of, these X-ray studies. It
is worth saying that we may not be probing the same objects,
since the existing X-ray counts require HST cross-matches to
enable photometric redshifts.

4. Nature of Compact Red Sources

We have presented a sample of 26 point-source dominated
sources that are red in the rest-frame optical but have a UV
component. From the HST+NIRCam/JWST+ALMA
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photometry alone, there are three primary interpretations of
these sources. First, they could be red due to a strong Balmer /
4000 A break, and we could be seeing the cores of massive
galaxies today (e.g., Baggen et al. 2023; Labbé et al. 2023). In
some cases, the compact red sources have NIRCam LW colors
that are too red to be fit with a 4000 A break. Instead, galaxy-
only templates tend to prefer a second solution with the red
continuum arising from dusty star formation. These models
tend to overpredict the ALMA upper limits by factors of 10 or
more. The easiest way to have consistency with the data is to
posit quite hot dust (=100 K). Since the sources are very
compact, it seems possible in principle that they have
abnormally hot dust powered by star formation. The UV
component could still be a weak UV-emitting AGN, and the
red component dominated by dusty star formation (e.g.,
Kocevski et al. 2023).

We have argued for a third possibility, based on the compact
morphology and SED properties. We suggest that these sources
are possibly dominated by reddened broad-line AGNs with
3 <z< 7. Rest-UV continuum could arise either from some
star formation or through percent-level scattering of the
unabsorbed AGN continuum. In the following two subsections,
we explore more quantitatively the implications should the
compact red sources be dominated by dusty star formation or
AGN emission respectively.

4.1. Dusty Star Formation Interpretation

If the galaxies do not contain AGNs but the observed SED is
the result of dust-obscured star formation, the implications for
the formation of massive galaxies could be significant. Few of
these systems are bright enough to have been included in
previous HST-based surveys, or did not appear massive due to
the shallow nature of the Spitzer/IRAC photometry (e.g.,
Labbé et al. 2023). From our galaxy-only fits, several sources
have inferred stellar masses of >10'°—107'! Mg (Table 3).
Their number densities are of the order of ~10™4=107> Mpc73,
implying a substantial population that was overlooked at rest-
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UV /optical wavelengths before the advent of JWST, and
echoing the results inferred from infrared/submillimeter
studies (Williams et al. 2019; Casey et al. 2021; Zavala et al.
2021; Algera et al. 2023; Fujimoto et al. 2024) and HST-dark
galaxies (Wang et al. 2019; Barrufet et al. 2023). Recent JWST
NIRCam/MIRI observations report the identification of point-
source-like candidate massive galaxies of >10'" Mg at z~8
(Akins et al. 2023), one of which may be detected at 2 mm,
indicating the presence of a dusty starburst (Akins et al. 2023).
If these galaxies are all massive, extremely compact, and at
high redshift, a straightforward interpretation would be that we
are witnessing the formation of the dense compact inner
regions of the most massive ellipticals today (Baggen et al.
2023).

We note that the lack of a stacked ALMA 1.2 mm detection
is unexpected if the reddest NIRCam wavelengths reflect
typical dusty star-forming galaxies at these redshifts. Our
complementary sample of dusty star-forming galaxies at
7 =2-6, selected with the same color selection as the compact
red sources, have ALMA fluxes that are consistent with cool
dust at T~ 20-40 K (see Figure 8). Our sources are quite
compact, and a relationship of increasing dust temperature with
decreasing size has been found for submillimeter galaxies
(Hodge et al. 2016), which would imply a higher 7,; ~ 60 K for
our sources. Dust temperatures based on Herschel+ALMA
observations of z ~ 5-6 dropout-selected galaxies are found to
be T,=40-60K (Béthermin et al. 2020; Sommovigo et al.
2022; Mauerhofer & Dayal 2023), and even higher 7, ~ 90K
has been suggested at z ~7-8 (Laporte et al. 2017; Behrens
et al. 2018; Bakx et al. 2020). Known examples of star-forming
galaxies with even hotter dust are rare. NGC 1377 shows hot
nuclear dust emission (7,; > 180 K), but is likely powered by a
buried AGN (Aalto et al. 2020). Luminous IR sources with hot
dust at high redshift (HotDOGS) also typically harbor powerful
AGNSs (Assef et al. 2018). Our observations do not preclude the
existence of compact starbursts with high dust temperatures,
although if they dominate our measured number densities then
such systems are underrepresented in submillimeter /millimeter
surveys of obscured star formation in the early Universe (e.g.,
Zavala et al. 2021; Fujimoto et al. 2024).

4.2. AGN Interpretation

Pre-JWST, it was common to characterize AGNs at z > 5
using the UV Iluminosity function, that being the only
luminosity that we could measure. Our sources are very faint
in the UV. After correction for magnification they are fainter in
the UV than even the lowest-luminosity AGN discovered via
deep X-ray data (Figure 11 (left); Giallongo et al. 2019).
However, in our model the compact red sources are reddened,
with Ay ~ 2—-6. Thus, the UV luminosity does not represent the
intrinsic luminosity of the accretion disk, as in unreddened
AGNSs. Instead, the inferred bolometric luminosities derived
from the dereddened rest-frame optical flux may be more
illustrative of the true AGN luminosity.

What we find is that our targets span a wide range of
bolometric luminosity, ranging from the Eddington limit for
~10° M., black holes to ~10® M, black holes. While we
cannot infer black hole masses from the photometry, if we
assume standard Eddington ratio distributions for these sources,
typically ~10% of the Eddington limit (e.g., Aird et al. 2018),
then the typical source has Mgy ~ 10"-10° M, similar to what
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was inferred spectroscopically by Kocevski et al. (2023) and
Harikane et al. (2023).

It it useful to compare our targets with known populations of
reddened broad-line AGNs at lower redshift (e.g., Glikman
et al. 2011, 2012; Banerji et al. 2015; Hamann et al. 2017;
Assef et al. 2018). Banerji et al. (2015) find that the reddened
broad-line objects at z~ 2.5 have higher number density than
UV-bright quasars at the very highest luminosities
Lo > 10%7 erg s~ !, but then their number begins to flatten at
lower L. In contrast we are finding that our sources could
outnumber their unreddened counterparts by a factor of ten
or more.

We can also compare with X-ray searches at high redshift. In
the UNCOVER field specifically, the emission from the hot gas
in the cluster also complicates the analysis in X-rays (Bogdan
et al. 2024) and will require more specialized analysis.
However, the Little Red Dots presented in Matthee et al.
(2024) are quite X-ray-faint; we would likely need to reach ten
times deeper in X-rays to find this population.

Given the very stringent limits on size measured for these
sources, it is likely that the ratio of black hole to galaxy mass
will be quite high for these targets. However, we prefer to defer
a discussion of this topic to the time when we spectroscopically
confirm the nature of the sources.

5. Discussion and Summary

Thanks to its remarkable red sensitivity, depth, and spatial
resolution, JWST has unveiled an unexpected population of
very red and compact sources with photometric redshifts z > 3
(Akins et al. 2023; Endsley et al. 2023; Furtak et al. 2023a;
Labbé et al. 2023). In a handful of cases, these compact red
sources have been spectroscopically revealed to contain
moderate-luminosity, heavily reddened AGNs (Ubler et al.
2023; Harikane et al. 2023; Kocevski et al. 2023; Oesch et al.
2023). Thus motivated, we searched systematically for such
sources within the JWST Treasury Survey UNCOVER
(Bezanson et al. 2024).

We found a sample of 26 sources with red colors (F277 —
F444 >1 or F200 — F356 > 1). Their light profiles are PSF-
dominated, leading to typical lensing-corrected size limits of
<100 pc at the presumed redshift range of 3 < zpho < 8, and a
median size of ~50 pc. These sizes alone do not preclude the
presence of massive, very compact, dusty star-forming
galaxies. However, fits to the broadband SEDs including
ALMA can rule out typical dusty star formation with cool/
warm dust in more than half the cases (Fujimoto et al. 2024;
S. Fujimoto et al. 2024, in preparation).

In summary, we argue that a natural explanation for the bulk
of the compact red sources would be that they are powered by
heavily reddened AGNs. In that case, they have comparable
number densities to X-ray-selected samples from the deepest
X-ray data (Vito et al. 2018; Giallongo et al. 2019) and they
have implied bolometric luminosities spanning 10**ergs™'
< Lpo < 10%° erg s~'. We find heavily reddened broad-line
AGNs at all redshifts, from the local Mrk 231 (Veilleux et al.
2016) and Mrk 1239 (e.g., Pan et al. 2021) to reddened AGNs
at cosmic noon (Glikman et al. 2012; Banerji et al. 2015;
Hamann et al. 2017; Noboriguchi et al. 2019, 2022). However,
at z<3, highly reddened broad-line AGNs with a UV
component are rare. For instance, Noboriguchi et al. (2019)
estimate that 1% of the HotDOGs that they select from the
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Figure 11. Left: UV luminosities of the compact red sources (Main sample, red circles; SED-selected subsample identified with black dots) compared with various
comparison samples from the literature, including SDSS DR7 (Shen 2013), and the high-redshift and luminous tail of SDSS quasars (McGreer et al. 2013), the lower-
luminosity quasars from the Hyper Suprime-Cam survey (Akiyama et al. 2018; Matsuoka et al. 2018), and the deep X-ray sample from GOODS-North (Giallongo
et al. 2019). The UV luminosities for the compact red sources are corrected for lensing using the model from Furtak et al. (2023), and only the high-quality sample
have the black circles around them. The compact red sources lie at the very faint end of these samples when compared in the rest-frame UV at A = 1450 A Right:
bolometric luminosity distribution of the same comparison samples, showing that the compact red sources span the full range of observed quasar bolometric
luminosities at these redshifts; luminosities are also corrected for magnification using the Furtak et al. (2023) model. We show the luminosity corresponding to a black

hole at Mgy = 10° and 10® M, when accreting at the Eddington limit.

Hyper Suprime-Cam Survey (Akiyama et al. 2018) have a UV
excess.

5.1. Exciting Prospects for Selecting AGNs with JWST

High-redshift quasars (z > 5) have historically been selected
via their blue continuum and Ly« break (e.g., Fan et al. 2023).
The final SDSS quasar search over 11,000 deg” uncovered a
sample of 52 AGNs at z > 6. These luminous quasars at high
redshift are very rare. Lower-luminosity sources have been
found using the deepest existing X-ray data, where near-
infrared data are also required to determine galaxy counterparts
and photometric redshifts for the X-ray sources. These lower-
luminosity sources typically have higher number densities, but
require very deep Chandra data (e.g., Aird et al. 2015; Vito
et al. 2018; Giallongo et al. 2019) along with deep near-
infrared data to determine photometric redshifts.

Even just limiting attention to our high-quality sample, we
find a substantial number of probable AGNs with z > 5 in the
~45 arcmin® field. Identifying these targets requires the
combination of moderately deep JWST data (2—4 hr per filter)
and HST data. It is clear that if these sources are confirmed,
then there is a new and efficient way to identify AGNs over a
wide range of intrinsic luminosity through JWST/NIRCam
imaging.

5.2. Are Most High-z AGNs UV- and X-Ray-faint?

Deep X-ray searches combined with JWST redshifts are
finding new and very exciting sources even out to z= 10
(Bogdan et al. 2024). However, the number densities of UV-
and X-ray-selected AGNs are rather low compared to the
number densities of galaxies with z > 5. For instance, taking
local relations between black hole mass and galaxy mass, and
reasonable assumptions for Eddington ratio distributions,
Volonteri & Reines (2016) predict a higher number density
of AGNs than has been found with UV or X-ray searches.
Volonteri & Reines (2016) invoke a lower ratio of black hole to
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galaxy mass for the bulk of the population. On the other hand,
luminous quasars at these epochs appear to have higher ratios
of black hole mass to galaxy mass (see review in Fan et al.
2023).

It is possible that UV-luminous quasars are a highly biased
population in which the black holes have outgrown their
galaxies, while the bulk of the black hole population at these
redshifts are undermassive (e.g., Zhang et al. 2023). Another
possibility is that a large fraction of the AGNs at these epochs
are too red and obscured to be detected in the rest-frame UV by
standard techniques, and too X-ray-weak to be discovered in
X-rays. So far, neither the lensed object of Furtak et al. (2023a)
nor the objects of Kocevski et al. (2023) are detected in X-rays.
Many models predict that the fraction of accretion that is
obscured will grow with redshift (e.g., Ni et al. 2020). So far,
the empirical verdict on evolution of the obscuration fraction
with redshift and luminosity has been a bit murky (e.g., Aird
et al. 2015; Georgakakis et al. 2015; Vito et al. 2018; Giallongo
et al. 2019). If we are discovering relatively obscured,
moderate-luminosity AGNs at high number density, our picture
of the evolution in obscuration with redshift also may evolve.

Along similar lines, Harikane et al. (2023) use rest-frame
optical spectroscopy to find that moderate-luminosity AGNs
account for ~10% of the galaxy population at z > 5. Of these,
20% of the broad-line AGNs are in very red sources. This
fraction is hard to interpret at the moment given the
complicated selection function for spectra. A recent spectro-
scopic search using JWST NIRCam grism data revealed a
substantial number of broad-line AGNs in highly obscured
compact objects at z=5-6 (Matthee et al. 2024). Certainly,
early JWST results suggest a higher number density of actively
accreting black holes than was appreciated before.

UNCOVER is a spectroscopic experiment. While the pre-
imaging is in hand, the NIRSpec component are taken in 2023
July. We hope to obtain spectroscopic identifications some of
these targets at that time, to determine their nature as revealed
by low-resolution spectroscopy in the UNCOVER region.
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Additional NIRCam grism spectroscopy and medium-band
imaging of the UNCOVER field are scheduled in cycle 2,
shedding additional light on the nature of these objects.
Anything we find will be interesting in terms of understanding
the nature of these targets.
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Appendix A
SED Fitting

To perform SED fitting with multiple components, e.g.,
stellar populations with potentially different reddening or AGN
contribution, custom fitting is needed.

For the AGNs we use an empirical base model based on
composite optical spectra from 2200 SDSS quasar spectra
from Vanden Berk et al. (2001) and 27 quasar spectra
observed with the Infrared Telescope Facility in the near-
infrared by Glikman et al. (2006). This template is then
reddened by Ay = 0.5 to 5 using a Calzetti (2001) attenuation
law. When our fits include the ALMA 1.2 mm point, we
model the mid-to-far-infrared emission with the CLUMPY
torus models (Nenkova et al. 2008a, 2008b). These models
are implemented within the Flexible Stellar Population
Synthesis (FSPS) code (Conroy et al. 2009; Conroy &
Gunn 2010), with the torus thickness, number of clumps, and
power-law density of the clump distribution held constant at
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default values. The optical depth of a given clump is fixed at
Tagn = 10. The orientation of the torus is also fixed at 40°,
which means that virtually no emission from the AGN
accretion disk is transmitted, and there is no AGN emission
in the optical from this component of the model. More
thorough discussion can be found in Leja et al. (2018). We tie
the UV /optical disk component to the mid-to-far-infrared
component by scaling the torus model by the luminosity of
the obscured component, thus ensuring energy balance. In
some cases we wish to model both the blue rest-UV and red
rest-optical wavelengths of the sources by AGNs, where the
blue light could be scattered light. In that case we use two
components, one dust-free and one reddened, each with a
logarithmic prior in luminosity from 13 < Ly < 48. Addi-
tional freedom is allowed in the broad lines and narrow lines,
where the equivalent widths are modified by a small factor
with a Gaussian prior with a dispersion of 0.3 dex.

For the stellar populations we use three independent
components based on FSPS: a dust-free star-forming comp-
onent, a dust-obscured star-forming component, and an old
quiescent component. The star-forming components assume
constant star formation history (SFH) and include nebular
emission lines. The quiescent component is modeled as an
exponentially declining SFH with 7= 10 Myr. The stellar
population model assumes a Chabrier (2003) initial mass
function and 0.2Z; metallicity. The ages of all three
components may vary independently, in logarithmic steps,
from 10 Myr to a maximum age corresponding to a formation
redshift of z=12. The attenuation of the dusty component
assumes a Calzetti (2001) attenuation law, with A, = 0.5 to
5.5 and a uniform prior. The masses of each component are
drawn from a uniform prior in the range
6 < log(M/Mg) < 12. When modeling the ALMA data, we
use dust emission models as implemented in FSPS (see
description in Leja et al. 2017). These are based on Draine &
Li (2007) dust models, which are parameterized with three
parameters. As we cannot constrain the shape of the dust
emission spectrum, the default settings for FSPS are adopted.
The minimum starlight intensity is fixed to Uy, = 1.0, the
relative fraction of the dust exposed to the minimum starlight
is fixed to v=0.01, and the mass fraction of polycyclic
aromatic hydrocarbons is gpay = 3.5. Together these three
parameters establish the shape of the dust emission spectrum.
The default settings correspond to an effective dust temper-
ature of 7'~ 20 K. We also ran the analysis with an elevated
effective dust temperature, to account for dusty star formation
with intrinsically higher temperatures or to take into account
the effect of the elevated CMB. While there is no simple
mapping from the parameterization of dust emission in FSPS
to a typical modified blackbody at a single temperature, we
increase Uy, = 20.0, finding it approximately corresponds to
a dust peak emission of 7~ 40 K. The results do not change
significantly with a higher dust temperature.

The model fitting is done by constructing composite models,
drawing priors for each parameter, and evaluating the Bayesian
evidence using the nested sampling algorithm nestle in
Python. From the models, predicted photometry is generated
using sedpy, the log-likelihood is calculated by comparing to the
HST, JWST, and ALMA observations, and credible intervals on
the parameters are calculated from the posterior samples.


https://github.com/kbarbary/nestle
https://github.com/kbarbary/nestle
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Appendix B
Sample

This section presents images and SEDs of the full sample.
Image stamps are presented in Figure 12 (gold sample,
selected both on compact size and SED) and Figure 13 (silver
sample, selected on compact size alone). The images
presented are all available HST and JWST filters, and the
ALMA 1.2 mm band. The color stamps are based on the
NIRCam imaging in F115W (blue), F150W (green), and
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F200W (red) in the left column and F277W, F356W, and
F444W in the right column. Figure 14 shows examples of
several sources that are indistinguishable from stars. By
contrast, Figure 15 shows a selection of sources at the same
redshift that are extended. These sources also tend to be well
detected in ALMA 1.2mm observations. Finally, SED fitting
results are shown in Figure 16 (gold sample, selected on
compact size and SED) and Figure 17 (compact size alone).
Symbols are as in Figure 7.
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THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01

Labbe et al.

F435W F606W F814W FO90W F115W F150W F200W F277W F356W F410M Fa44W 1.2mm

6837 5
' Y L :
% 1 o - Yy y Ry
1 [2 I 1 1 1 ¥ o " B
[9165 ; 3 b )
: ! - b y
i) - BB g . »
- 4 . . - . -
% .
“I H( i 1 { ‘, . ’
= | ¢ > v

1

’ :
4
-

.

4

- - e
.
.

. B

Figure 15. Image stamps of examples of extended dusty galaxies.

% L  :

20



THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01 Labbe et al.

1o [ 1D=s71 w 3556 > 1D=13556 £=52
) (AGN
stans 27,5 logM=0.0 Av=2 8|y = i 1 e | -
a5y stars 25 5 logM <80 Ave2dfy <1
AGN 2455 Lbol 48 4 Av-3 1 AGH 257 Lbok=45 3 Av-5 0l ¢ =8 -
2 ine z
R 1001 G Eig
3 z
f i i
: ds Ju Eus
o) stars cnly (/o ALMA] stars only (/o ALMA} o
—
— e e [Ths
{
1 T 3 31 & & i W T EEE L i W W W [t W W
oserved fum] otserved [pun] otnerved [jn] chserved [um] alserve [jon|
1] 102040 v 1016561 1D-16501 283
1 1 " w joien. stars AGN
stan 108 g 59 Av-36 ({144 | 1w stars 2275 logt =89 Av-28 =790
] AMe=a3 Lbohaas mvza ks 2 AGH 36,3 Lbod=44 7 Aw=30 1} -17.5| L
= sw = s
3 H T | T
f i i i
E &
[ o 2
0
3 H H Fu \
ot t
' 10
w e
e e
W \ g
T T 3 1 % i3 o W 1w w 10 i H 3 — W W W "
observed [um] observed [jun] observed | observed [jim | observed fumi]

1D=s957 w 1020080
" werfin | 1 0 ; ur
10 ] star £+4.7 toghte-104 Av=B1 {7 705 stars £=7.3 loght<02 Ave22,13 i
AGN £33 Lbol-as ] Arp .0 # <368 e AGN 255 Lot 2 w2 y? 1%
: z e
| fo i f i
i w0t 0t
. Sw i i '
0 o
s, et 0
w? o
. " 0
1 2 a L W ot w [ u w e W ] 2 ] 5 w o w 1wt W uw [
cbserved fum] observed [un] obmerved [} observed [jimi] ohserved [jm] abserved ]
1D-6430 | 10-6430 250 " 21800 7.
w I W s rAGH 1L B N w iip| [Pt
stan o6 S logM10.1 A g2 47 f2343 w stars £-75 loght ) W
AGH £ 0 Lbol=45 8 fiv= AGH 25 5 b
3w Furt H _sw S ; st
i B z 3 g i
;o i . £ W £, e
i w 3w H
& H 2 &y
e s
s it
wrd 1S L e
| 0’
e W
1 2 3 T w w w w 1 2 3 1 5 ur 1ot W0 '
cbserved [um] abserved [ obmerved L] chserved [j]
10 1D-8208 1 1ip{ D=8 e
stars £=7.4 logM-8.8 Av-29 37 | e o stars 1=75 logh=0.0 Av=28 1 = wt
10| AGH 268 Lboi 462 Av=57 \* o AGH 7.0 Lbol-45.3 Avad.
= ) - st =t
1 - Twe 5 Fur
" '
o fo- § i I.
= -t L o
H H
] i | 2 E-
e . e '
i W we
[ 11 | -
1w W (3 33 1 & o i ] W W
observed [u] obsorved ] chserved [ym] bserved [
1
10 1p-aros w 08798 2-6.4 100 { 10-28343 f 1D=28343 250

: 1 Jont stans 1AGN o WP jon stars AGN
stars £=7.0 g9 Ae=21 v} stars 6.0 ogM =98 Av=23 \*

Jop] AGH 26 0 Lbol=d85 Avs27 | NECER T S o
5 2w o st
2 2 1
; 1r® -
e | o fur i
= -t
I i I 5"
1 = & wt
Wi
wr s ws
o A
I w i
1 T HE ] W T 3 i v i W
observed [ym] sbserved ] observed [um] obsarved [
S w 1D-25468 w 0 1026466 272
" ; ot stan <AGN
stars 775 logMl=6.9 Av=31 y* ' ] 3o =75 bogh =114 Av=s8 F il
1] AGH 26 6 Lbol-45.9 Av-57 1" | o MY A 272 Lot 462 vt 4 i W
3 H 5 3 3
Fl [T 1 £ e E
fo . £ Fu
- L £ S S
s 0t
1o .
1wt
W 04
s + t I r ! : 0 I !
1 I i3 W W ur W | T 5 % 3§ ¢ W W W
cbrved ] obered ] cbsersd L] ctnareed ] Y

1

1D=10148 1 10+10148 250 iD=30782
o i jornt stars. 1AGN
stars £=6.3 logh=0.8 A=

T oy 1-7.1 bogM 0.4 Av-1.8 1!
01 AGN 25,0 Lbol-45.3 v, 3

AGN 26,7 Lbod <453 Av-

Hus density 11y
=

iy
25 == = 8

fax demsity jfy

e ity indy
T 55 5 & =5
e deosity 1y

1w
0
[

= §

T 3 1 6 ¢ G W W W T
atmarved [ym] obsarved ] observed [in]

0

7 3 1 & i W W
baerved [l observed [jm]

1D-10712 10210712 268

joint stars +AGN

. 5
stars =75 logM=0.1 Av=23 1"
AGH 2-6 8 Lbol 487 Aves 1 7

s density oy
5885587553
M density sedyy

IR i3 wooow W W W
oberved [ym] obsarved [jin] obrerved ]

Figure 16. PSF + SED fits of SED-selected sample.

21



THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01

w

[

W

e demsity ity

stars only (/o ALMA)
stars only

AGN only

stars cnly (/o ALMA]
only
— AGN oaly

2 3
obsecved [um]

" w 1 1w
observed ]

1D=1967 2=6.0
joimt stars AGH

observed fun]

s

2 3
observed ]

i 0 W W
observed [n]

w oW
observed ]

ID=6151

stars 157 logh=0.7 Av
AGN 2-4.4 Lhol-43.8

-

ID=6151 #-4.4
oint stars +AGN

1w [ 10 10
observed [jun]

w 0t i3 0 ' [t 0 i
abserved [un] abserved [um]
1] 1D=15788 2-6.4
Joint atars +AGN
wE
l Fu
Eawe
R
-
(U
s

observed ]

b

G W e w
observed ]

P density .ty

" 1w "w
observed ]

Figure 17. SEDs of the rest of the Main sample.

22

Labbe et al.

1D-31298
stars £=5 1 logh!
AGN =48 Lol=46 0 Av=R7 * {1931

>

1D=31298 £=43
Joint stars +AGN

1 2 1 o w 1 w0t
bmerved [jim] abserved [un]
1035771 w
it el D EMETD T A B
stars 2249 logM=10.1 Av= w
1PY AGN 743 Lholdd 6 Ay 6 | ot

>

w w 1P w
abserved (]

e [ w
observed ]

1w w w w
abserved [jum]

1D=35610 24 6
jpint stars +AGN

[T
stars =57 logh=9.0 Av-
AGN 245 Liol-440.

N

S
EJl:}"
£
Io*
i [
cbserved [jim]

1 0 " o
observed [jun




THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01

ORCID iDs

Ivo Labbe @ https: //orcid.org/0000-0002-2057-5376

Jenny E. Greene @ https: //orcid.org/0000-0002-5612-3427
Rachel Bezanson @ https: //orcid.org/0000-0001-5063-8254
Seiji Fujimoto © https: //orcid.org/0000-0001-7201-5066
Lukas J. Furtak ® https: //orcid.org/0000-0001-6278-032X
Andy D. Goulding @ https: //orcid.org /0000-0003-4700-663X
Jorryt Matthee ® https: //orcid.org/0000-0003-2871-127X
Rohan P. Naidu @ https: //orcid.org/0000-0003-3997-5705
Pascal A. Oesch © https: //orcid.org/0000-0001-5851-6649
Hakim Atek © https: //orcid.org/0000-0002-7570-0824
Gabriel Brammer @ https: //orcid.org,/0000-0003-2680-005X
Dan Coe @ https: //orcid.org/0000-0001-7410-7669

Sam E. Cutler ® https: //orcid.org/0000-0002-7031-2865
Pratika Dayal ® https: //orcid.org,/0000-0001-8460-1564
Robert Feldmann ® https: //orcid.org/0000-0002-1109-1919
Marijn Franx © https: //orcid.org/0000-0002-8871-3026

Karl Glazebrook @ https: //orcid.org/0000-0002-3254-9044
Joel Leja @ hittps: //orcid.org /0000-0001-6755-1315

Michael Maseda @ https: //orcid.org/0000-0003-0695-4414
Danilo Marchesini @ https: //orcid.org/0000-0001-9002-3502
Themiya Nanayakkara © https: //orcid.org /0000-0003-

2804-0648
Erica J. Nelson @ https: //orcid.org/0000-0002-7524-374X
Richard Pan © https: //orcid.org/0000-0002-9651-5716

Casey Papovich @ https: //orcid.org/0000-0001-7503-8482
Sedona H. Price ® https: //orcid.org/0000-0002-0108-4176
Katherine A. Suess @ https: //orcid.org/0000-0002-1714-1905
Bingjie Wang (FE7Ki&) © https: J/orcid.org/0000-0001-
9269-5046

John R. Weaver © https: //orcid.org/0000-0003-1614-196X
Katherine E. Whitaker © https: //orcid.org/0000-0001-

7160-3632

Christina C. Williams @ https: //orcid.org/0000-0003-
2919-7495

Adi Zitrin ® https: j/orcid.org/0000-0002-0350-4488

References

Aalto, S., Falstad, N., Muller, S., et al. 2020, A&A, 640, A104

Aird, J., Coil, A. L., Georgakakis, A., et al. 2015, MNRAS, 451, 1892

Aird, J., Coil, A. L., & Georgakakis, A. 2018, MNRAS, 474, 1225

Akins, H. B., Casey, C. M., Allen, N., et al. 2023, ApJ, 956, 61

Akiyama, M., He, W., Ikeda, H., et al. 2018, PASJ, 70, S34

Alexandroff, R. M., Zakamska, N. L., Barth, A. J., et al. 2018, MNRAS,
479, 4936

Algera, H. S. B., Inami, H., Oesch, P. A, et al. 2023, MNRAS, 518, 6142

Assef, R. J., Brightman, M., Walton, D. J., et al. 2020, ApJ, 897, 112

Assef, R. J., Stern, D., Noirot, G., et al. 2018, ApJS, 234, 23

Atek, H., Chemerynska, I., Wang, B., et al. 2023, MNRAS, 524, 5486

Atek, H., Richard, J., Kneib, J.-P., & Schaerer, D. 2018, MNRAS, 479, 5184

Baggen, J. F. W., van Dokkum, P., Labbe, L., et al. 2023, ApJL, 955, L12

Bakx, T. J. L. C., Tamura, Y., Hashimoto, T., et al. 2020, MNRAS, 493, 4294

Banados, E., Venemans, B. P., Mazzucchelli, C., et al. 2018, Natur, 553, 473

Banerji, M., Alaghband-Zadeh, S., Hewett, P. C., & McMahon, R. G. 2015,
MNRAS, 447, 3368

Barro, G., Perez-Gonzalez, P. G., Kocevski, D. D., et al. 2024, ApJ, 963, 128

Barrufet, L., Oesch, P. A., Weibel, A., et al. 2023, MNRAS, 522, 449

Behrens, C., Pallottini, A., Ferrara, A., Gallerani, S., & Vallini, L. 2018,
MNRAS, 477, 552

Béthermin, M., Daddi, E., Magdis, G., et al. 2015, A&A, 573, A113

Béthermin, M., Fudamoto, Y., Ginolfi, M., et al. 2020, A&A, 643, A2

Bezanson, R., Labbe, 1., Whitaker, K. E., et al. 2024, ApJ, 974, 92

Bogdan, A., Goulding, A., Natarajan, P., et al. 2024, NatAs, 8, 126

Bonning, E. W., Cheng, L., Shields, G. A., Salviander, S., & Gebhardt, K.
2007, ApJ, 659, 211

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

23

Labbe et al.

Bouwens, R. J., Illingworth, G. D., Oesch, P. A, et al. 2014, ApJ, 793, 115

Bouwens, R. J., llingworth, G. D., Oesch, P. A., et al. 2015, ApJ, 811, 140

Bouwens, R. J., Oesch, P. A., lllingworth, G. D., Ellis, R. S., & Stefanon, M.
2017, ApJ, 843, 129

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 686, 1503

Calzetti, D. 2001, PASP, 113, 1449

Carnall, A. C., McLure, R. J., Dunlop, J. S., et al. 2023, Natur, 619, 716

Casey, C. M., Zavala, J. A., Manning, S. M., et al. 2021, ApJ, 923, 215

Chabrier, G. 2003, PASP, 115, 763

Chevallard, J., & Charlot, S. 2016, MNRAS, 462, 1415

Chworowsky, K., Finkelstein, S. L., Spilker, J. S., et al. 2023, ApJ, 951, 49

Conroy, C., & Gunn, J. E. 2010, ApJ, 712, 833

Conroy, C., Gunn, J. E., & White, M. 2009, ApJ, 699, 486

Croom, S. M., Warren, S. J., & Glazebrook, K. 2001, MNRAS, 328, 150

da Cunha, E., Walter, F., Smail, I. R., et al. 2015, ApJ, 806, 110

Davis, S. W., Woo, J.-H., & Blaes, O. M. 2007, ApJ, 668, 682

Dayal, P., Rossi, E. M., Shiralilou, B., et al. 2019, MNRAS, 486, 2336

Dayal, P., Volonteri, M., Choudhury, T. R., et al. 2020, MNRAS, 495, 3065

Dey, A., Soifer, B. T., Desai, V., et al. 2008, ApJ, 677, 943

Ding, X., Onoue, M., Silverman, J. D., et al. 2023, Natur, 621, 51

Draine, B. T. 2003, ApJ, 598, 1017

Draine, B. T., & Li, A. 2007, ApJ, 657, 810

Endsley, R., Stark, D. P., Lyu, J,, et al. 2023, MNRAS, 520, 4609

Endsley, R., Stark, D. P., Whitler, L., et al. 2023, MNRAS, 524, 2312

Fan, X., Banados, E., & Simcoe, R. A. 2023, ARA&A, 61, 373

Fan, X., Wang, F., Yang, J., et al. 2019, ApJL, 870, L11

Finkelstein, S. L., & Bagley, M. B. 2022, ApJ, 938, 25

Fujimoto, S., Brammer, G. B., Watson, D., et al. 2022, Natur, 604, 261

Fujimoto, S., Kohno, K., Ouchi, M., et al. 2024, ApJS, 275, 36

Furtak, L. J., Shuntov, M., Atek, H., et al. 2023, MNRAS, 519, 3064

Furtak, L. J., Zitrin, A., Plat, A., et al. 2023a, ApJ, 952, 142

Furtak, L. J., Zitrin, A., Weaver, J. R., et al. 2023b, MNRAS, 523, 4568

Geach, J. E., Tremonti, C., Diamond-Stanic, A. M., et al. 2018, ApJL, 864, L1

Gehrels, N. 1986, ApJ, 303, 336

Georgakakis, A., Aird, J., Buchner, J., et al. 2015, MNRAS, 453, 1946

Giallongo, E., Grazian, A., Fiore, F., et al. 2019, ApJ, 884, 19

Glikman, E., Djorgovski, S. G., Stern, D., et al. 2011, ApJL, 728, L26

Glikman, E., Helfand, D. J., & White, R. L. 2006, ApJ, 640, 579

Glikman, E., Rusu, C. E., Chen, G. C. F,, et al. 2023, ApJ, 943, 25

Glikman, E., Urrutia, T., Lacy, M., et al. 2012, ApJ, 757, 51

Goulding, A. D., Forman, W. R., Hickox, R. C., et al. 2014, ApJ, 783, 40

Greene, J. E., Strader, J., & Ho, L. C. 2020, ARA&A, 58, 257

Haidar, H., Habouzit, M., Volonteri, M., et al. 2022, MNRAS, 514, 4912

Haiman, Z., Brandt, W. N., Vikhlinin, A., et al. 2019, BAAS, 51, 557

Halevi, G., Goulding, A., Greene, J., et al. 2019, ApJL, 885, L3

Hamann, F., Zakamska, N. L., Ross, N., et al. 2017, MNRAS, 464, 3431

Harikane, Y., Ono, Y., Ouchi, M., et al. 2022, ApJS, 259, 20

Harikane, Y., Zhang, Y., Nakajima, K., et al. 2023, ApJ, 959, 39

Hickox, R. C., & Alexander, D. M. 2018, ARA&A, 56, 625

Hinshaw, G., Larson, D., Komatsu, E., et al. 2013, ApJS, 208, 19

Hodge, J. A., Swinbank, A. M., Simpson, J. M., et al. 2016, ApJ, 833, 103

Inayoshi, K., Visbal, E., & Haiman, Z. 2020, ARA&A, 58, 27

Ishigaki, M., Kawamata, R., Ouchi, M., et al. 2018, ApJ, 854, 73

Ishikawa, Y., Wang, B., Zakamska, N. L., et al. 2023, MNRAS, 522, 350

Ivashchenko, G., Sergijenko, O., & Torbaniuk, O. 2014, MNRAS, 437, 3343

Jin, S., Daddi, E., Magdis, G. E., et al. 2019, ApJ, 887, 144

Johnson, B. D. 2021, bd-j/sedpy: sedpy v0.2.0, Zenodo, doi:10.5281/
zenodo.4582723

Kirkpatrick, A., Pope, A., Alexander, D. M., et al. 2012, ApJ, 759, 139

Kishimoto, M., Antonucci, R., Cimatti, A., et al. 2001, ApJ, 547, 667

Kocevski, D. D., Onoue, M., Inayoshi, K., et al. 2023, ApJL, 954, L4

Labbé, 1., van Dokkum, P., Nelson, E., et al. 2023, Natur, 616, 266

Laporte, N., Nakajima, K., Ellis, R. S., et al. 2017, ApJ, 851, 40

Larson, R. L., Finkelstein, S. L., Kocevski, D. D., et al. 2023, ApJL, 953, L.29

Leja, J., Johnson, B. D., Conroy, C., van Dokkum, P. G., & Byler, N. 2017,
Apl, 837, 170

Leja, J., Johnson, B. D., Conroy, C., & van Dokkum, P. 2018, ApJ, 854, 62

Lotz, J. M., Koekemoer, A., Coe, D., et al. 2017, ApJ, 837, 97

Madau, P., & Haardt, F. 2015, ApJL, 813, L8

Matsuoka, Y., Iwasawa, K., Onoue, M., et al. 2022, ApJS, 259, 18

Matsuoka, Y., Onoue, M., Iwasawa, K., et al. 2023, ApJL, 949, L.42

Matsuoka, Y., Strauss, M. A., Kashikawa, N., et al. 2018, ApJ, 869, 150

Matthee, J., Naidu, R. P., Brammer, G., et al. 2024, ApJ, 963, 129

Mauerhofer, V., & Dayal, P. 2023, MNRAS, 526, 2196

McGreer, L. D., Jiang, L., Fan, X., et al. 2013, ApJ, 768, 105

Mezcua, M. 2017, IIMPD, 26, 1730021


https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-2057-5376
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0002-5612-3427
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-5063-8254
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-7201-5066
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0001-6278-032X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-4700-663X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-2871-127X
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0003-3997-5705
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0001-5851-6649
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0002-7570-0824
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0003-2680-005X
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0001-7410-7669
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0002-7031-2865
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0001-8460-1564
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-1109-1919
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-8871-3026
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0002-3254-9044
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0001-6755-1315
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0003-0695-4414
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0001-9002-3502
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0003-2804-0648
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-7524-374X
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0002-9651-5716
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0001-7503-8482
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-0108-4176
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0002-1714-1905
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0001-9269-5046
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0003-1614-196X
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0001-7160-3632
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0003-2919-7495
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://orcid.org/0000-0002-0350-4488
https://doi.org/10.1051/0004-6361/202038282
https://ui.adsabs.harvard.edu/abs/2020A&A...640A.104A/abstract
https://doi.org/10.1093/mnras/stv1062
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.1892A/abstract
https://doi.org/10.1093/mnras/stx2700
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.1225A/abstract
https://doi.org/10.3847/1538-4357/acef21
https://ui.adsabs.harvard.edu/abs/2023ApJ...956...61A/abstract
https://doi.org/10.1093/pasj/psx091
https://ui.adsabs.harvard.edu/abs/2018PASJ...70S..34A/abstract
https://doi.org/10.1093/mnras/sty1685
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4936A/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4936A/abstract
https://doi.org/10.1093/mnras/stac3195
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.6142A/abstract
https://doi.org/10.3847/1538-4357/ab9814
https://ui.adsabs.harvard.edu/abs/2020ApJ...897..112A/abstract
https://doi.org/10.3847/1538-4365/aaa00a
https://ui.adsabs.harvard.edu/abs/2018ApJS..234...23A/abstract
https://doi.org/10.1093/mnras/stad1998
https://ui.adsabs.harvard.edu/abs/2023MNRAS.524.5486A/abstract
https://doi.org/10.1093/mnras/sty1820
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.5184A/abstract
https://doi.org/10.3847/2041-8213/acf5ef
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L..12B/abstract
https://doi.org/10.1093/mnras/staa509
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.4294B/abstract
https://doi.org/10.1038/nature25180
https://ui.adsabs.harvard.edu/abs/2018Natur.553..473B/abstract
https://doi.org/10.1093/mnras/stu2649
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.3368B/abstract
https://doi.org/10.3847/1538-4357/ad167e
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..128B/abstract
https://doi.org/10.1093/mnras/stad947
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522..449B/abstract
https://doi.org/10.1093/mnras/sty552
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477..552B/abstract
https://doi.org/10.1051/0004-6361/201425031
https://ui.adsabs.harvard.edu/abs/2015A&A...573A.113B/abstract
https://doi.org/10.1051/0004-6361/202037649
https://ui.adsabs.harvard.edu/abs/2020A&A...643A...2B/abstract
https://doi.org/10.3847/1538-4357/ad66cf
https://ui.adsabs.harvard.edu/abs/2024ApJ...974...92B/abstract
https://doi.org/10.1038/s41550-023-02111-9
https://ui.adsabs.harvard.edu/abs/2024NatAs...8..126B/abstract
https://doi.org/10.1086/510712
https://ui.adsabs.harvard.edu/abs/2007ApJ...659..211B/abstract
https://doi.org/10.1051/0004-6361/201834156
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.103B/abstract
https://doi.org/10.1088/0004-637X/793/2/115
https://ui.adsabs.harvard.edu/abs/2014ApJ...793..115B/abstract
https://doi.org/10.1088/0004-637X/811/2/140
https://ui.adsabs.harvard.edu/abs/2015ApJ...811..140B/abstract
https://doi.org/10.3847/1538-4357/aa70a4
https://ui.adsabs.harvard.edu/abs/2017ApJ...843..129B/abstract
https://doi.org/10.1086/591786
https://ui.adsabs.harvard.edu/abs/2008ApJ...686.1503B/abstract
https://doi.org/10.1086/324269
https://ui.adsabs.harvard.edu/abs/2001PASP..113.1449C/abstract
https://doi.org/10.1038/s41586-023-06158-6
https://ui.adsabs.harvard.edu/abs/2023Natur.619..716C/abstract
https://doi.org/10.3847/1538-4357/ac2eb4
https://ui.adsabs.harvard.edu/abs/2021ApJ...923..215C/abstract
https://doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C/abstract
https://doi.org/10.1093/mnras/stw1756
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462.1415C/abstract
https://doi.org/10.3847/1538-4357/acd1e3
https://ui.adsabs.harvard.edu/abs/2023ApJ...951...49C/abstract
https://doi.org/10.1088/0004-637X/712/2/833
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..833C/abstract
https://doi.org/10.1088/0004-637X/699/1/486
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..486C/abstract
https://doi.org/10.1046/j.1365-8711.2001.04846.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.328..150C/abstract
https://doi.org/10.1088/0004-637X/806/1/110
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..110D/abstract
https://doi.org/10.1086/521393
https://ui.adsabs.harvard.edu/abs/2007ApJ...668..682D/abstract
https://doi.org/10.1093/mnras/stz897
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.2336D/abstract
https://doi.org/10.1093/mnras/staa1138
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3065D/abstract
https://doi.org/10.1086/529516
https://ui.adsabs.harvard.edu/abs/2008ApJ...677..943D/abstract
https://doi.org/10.1038/s41586-023-06345-5
https://ui.adsabs.harvard.edu/abs/2023Natur.621...51D/abstract
https://doi.org/10.1086/379118
https://ui.adsabs.harvard.edu/abs/2003ApJ...598.1017D/abstract
https://doi.org/10.1086/511055
https://ui.adsabs.harvard.edu/abs/2007ApJ...657..810D/abstract
https://doi.org/10.1093/mnras/stad266
https://ui.adsabs.harvard.edu/abs/2023MNRAS.520.4609E/abstract
https://doi.org/10.1093/mnras/stad1919
https://ui.adsabs.harvard.edu/abs/2023MNRAS.524.2312E/abstract
https://doi.org/10.1146/annurev-astro-052920-102455
https://ui.adsabs.harvard.edu/abs/2023ARA&A..61..373F/abstract
https://doi.org/10.3847/2041-8213/aaeffe
https://ui.adsabs.harvard.edu/abs/2019ApJ...870L..11F/abstract
https://doi.org/10.3847/1538-4357/ac89eb
https://ui.adsabs.harvard.edu/abs/2022ApJ...938...25F/abstract
https://doi.org/10.1038/s41586-022-04454-1
https://ui.adsabs.harvard.edu/abs/2022Natur.604..261F/abstract
https://doi.org/10.3847/1538-4365/ad5ae2
https://ui.adsabs.harvard.edu/abs/2024ApJS..275...36F/abstract
https://doi.org/10.1093/mnras/stac3717
https://ui.adsabs.harvard.edu/abs/2023MNRAS.519.3064F/abstract
https://doi.org/10.3847/1538-4357/acdc9d
https://ui.adsabs.harvard.edu/abs/2023ApJ...952..142F/abstract
https://doi.org/10.1093/mnras/stad1627
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.4568F/abstract
https://doi.org/10.3847/2041-8213/aad8b6
https://ui.adsabs.harvard.edu/abs/2018ApJ...864L...1G/abstract
https://doi.org/10.1086/164079
https://ui.adsabs.harvard.edu/abs/1986ApJ...303..336G/abstract
https://doi.org/10.1093/mnras/stv1703
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.1946G/abstract
https://doi.org/10.3847/1538-4357/ab39e1
https://ui.adsabs.harvard.edu/abs/2019ApJ...884...19G/abstract
https://doi.org/10.1088/2041-8205/728/2/L26
https://ui.adsabs.harvard.edu/abs/2011ApJ...728L..26G/abstract
https://doi.org/10.1086/500098
https://ui.adsabs.harvard.edu/abs/2006ApJ...640..579G/abstract
https://doi.org/10.3847/1538-4357/aca093
https://ui.adsabs.harvard.edu/abs/2023ApJ...943...25G/abstract
https://doi.org/10.1088/0004-637X/757/1/51
https://ui.adsabs.harvard.edu/abs/2012ApJ...757...51G/abstract
https://doi.org/10.1088/0004-637X/783/1/40
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...40G/abstract
https://doi.org/10.1146/annurev-astro-032620-021835
https://ui.adsabs.harvard.edu/abs/2020ARA&A..58..257G/abstract
https://doi.org/10.1093/mnras/stac1659
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4912H/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c.557H/abstract
https://doi.org/10.3847/2041-8213/ab4b4f
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L...3H/abstract
https://doi.org/10.1093/mnras/stw2387
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3431H/abstract
https://doi.org/10.3847/1538-4365/ac3dfc
https://ui.adsabs.harvard.edu/abs/2022ApJS..259...20H/abstract
https://doi.org/10.3847/1538-4357/ad029e
https://ui.adsabs.harvard.edu/abs/2023ApJ...959...39H/abstract
https://doi.org/10.1146/annurev-astro-081817-051803
https://ui.adsabs.harvard.edu/abs/2018ARA&A..56..625H/abstract
https://doi.org/10.1088/0067-0049/208/2/19
https://ui.adsabs.harvard.edu/abs/2013ApJS..208...19H/abstract
https://doi.org/10.3847/1538-4357/833/1/103
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..103H/abstract
https://doi.org/10.1146/annurev-astro-120419-014455
https://ui.adsabs.harvard.edu/abs/2020ARA&A..58...27I/abstract
https://doi.org/10.3847/1538-4357/aaa544
https://ui.adsabs.harvard.edu/abs/2018ApJ...854...73I/abstract
https://doi.org/10.1093/mnras/stad1035
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522..350I/abstract
https://doi.org/10.1093/mnras/stt2137
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.3343I/abstract
https://doi.org/10.3847/1538-4357/ab55d6
https://ui.adsabs.harvard.edu/abs/2019ApJ...887..144J/abstract
https://doi.org/10.5281/zenodo.4582723
https://doi.org/10.5281/zenodo.4582723
https://doi.org/10.1088/0004-637X/759/2/139
https://ui.adsabs.harvard.edu/abs/2012ApJ...759..139K/abstract
https://doi.org/10.1086/318403
https://ui.adsabs.harvard.edu/abs/2001ApJ...547..667K/abstract
https://doi.org/10.3847/2041-8213/ace5a0
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L...4K/abstract
https://doi.org/10.1038/s41586-023-05786-2
https://ui.adsabs.harvard.edu/abs/2023Natur.616..266L/abstract
https://doi.org/10.3847/1538-4357/aa96a8
https://ui.adsabs.harvard.edu/abs/2017ApJ...851...40L/abstract
https://doi.org/10.3847/2041-8213/ace619
https://ui.adsabs.harvard.edu/abs/2023ApJ...953L..29L/abstract
https://doi.org/10.3847/1538-4357/aa5ffe
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..170L/abstract
https://doi.org/10.3847/1538-4357/aaa8db
https://ui.adsabs.harvard.edu/abs/2018ApJ...854...62L/abstract
https://doi.org/10.3847/1538-4357/837/1/97
https://ui.adsabs.harvard.edu/abs/2017ApJ...837...97L/abstract
https://doi.org/10.1088/2041-8205/813/1/L8
https://ui.adsabs.harvard.edu/abs/2015ApJ...813L...8M/abstract
https://doi.org/10.3847/1538-4365/ac3d31
https://ui.adsabs.harvard.edu/abs/2022ApJS..259...18M/abstract
https://doi.org/10.3847/2041-8213/acd69f
https://ui.adsabs.harvard.edu/abs/2023ApJ...949L..42M/abstract
https://doi.org/10.3847/1538-4357/aaee7a
https://ui.adsabs.harvard.edu/abs/2018ApJ...869..150M/abstract
https://doi.org/10.3847/1538-4357/ad2345
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..129M/abstract
https://doi.org/10.1093/mnras/stad2734
https://ui.adsabs.harvard.edu/abs/2023MNRAS.526.2196M/abstract
https://doi.org/10.1088/0004-637X/768/2/105
https://ui.adsabs.harvard.edu/abs/2013ApJ...768..105M/abstract
https://doi.org/10.1142/S021827181730021X
https://ui.adsabs.harvard.edu/abs/2017IJMPD..2630021M/abstract

THE ASTROPHYSICAL JOURNAL, 978:92 (24pp), 2025 January 01

Mezcua, M. 2019, NatAs, 3, 6

Morishita, T., & Stiavelli, M. 2023, ApJL, 946, L35

Morishita, T., Stiavelli, M., Trenti, M., et al. 2020, ApJ, 904, 50

Mortlock, D. J., Warren, S. J., Venemans, B. P., et al. 2011, Natur, 474, 616

Nanni, R., Vignali, C., Gilli, R., Moretti, A., & Brandt, W. N. 2017, A&A,
603, A128

Natarajan, P. 2021, MNRAS, 501, 1413

Nelson, E. J., Suess, K. A., Bezanson, R., et al. 2023, ApJL, 948, L18

Nenkova, M., Sirocky, M. M., Ivezic, Z., & Elitzur, M. 2008a, ApJ, 685, 147

Nenkova, M., Sirocky, M. M., Nikutta, R., Ivezi¢, Z, & Elitzur, M. 2008b,
Apl, 685, 160

Ni, Y., Di Matteo, T., Gilli, R., et al. 2020, MNRAS, 495, 2135

Noboriguchi, A., Nagao, T., Toba, Y., et al. 2019, ApJ, 876, 132

Noboriguchi, A., Nagao, T., Toba, Y., et al. 2022, ApJ, 941, 195

Oesch, P. A., Brammer, G., Naidu, R. P., et al. 2023, MNRAS, 525, 2864

Ono, Y., Harikane, Y., Ouchi, M., et al. 2023, ApJ, 951, 72

Onoue, M., Inayoshi, K., Ding, X., et al. 2023, ApJL, 942, L17

Onoue, M., Kashikawa, N., Matsuoka, Y., et al. 2019, ApJ, 880, 77

Pan, X., Zhou, H., Yang, C., et al. 2021, ApJ, 912, 118

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.--W. 2010, AJ, 139, 2097

Perrin, M. D., Sivaramakrishnan, A., Lajoie, C.-P., et al. 2014, Proc. SPIE,
9143, 91433X

Piana, O., Dayal, P., Volonteri, M., & Choudhury, T. R. 2021, MNRAS,
500, 2146

Ricarte, A., & Natarajan, P. 2018, MNRAS, 481, 3278

Richards, G. T., Fan, X., Newberg, H. J., et al. 2002, AJ, 123, 2945

Richards, G. T., Strauss, M. A., Fan, X., et al. 2006, AJ, 131, 2766

Robertson, B. E., Tacchella, S., Johnson, B. D., et al. 2023, NatAs, 7, 611

Ross, N. P., Hamann, F., Zakamska, N. L., et al. 2015, MNRAS, 453, 3932

Saccheo, L., Bongiorno, A., Piconcelli, E., et al. 2023, A&A, 671, A34

Schaerer, D. 2003, A&A, 397, 527

Schramm, M., Silverman, J. D., Greene, J. E., et al. 2013, ApJ, 773, 150

Shen, X., Hopkins, P. F., Faucher-Giguere, C.-A., et al. 2020, MNRAS,
495, 3252

24

Labbe et al.

Shen, Y. 2013, BASI, 41, 61

Shen, Y., Wu, J., Jiang, L., et al. 2019, ApJ, 873, 35

Sommovigo, L., Ferrara, A., Carniani, S., et al. 2022, MNRAS, 517, 5930

Stern, D., Eisenhardt, P., Gorjian, V., et al. 2005, ApJ, 631, 163

Stern, J., & Laor, A. 2012a, MNRAS, 423, 600

Stern, J., & Laor, A. 2012b, MNRAS, 426, 2703

Temple, M. J., Hewett, P. C., & Banerji, M. 2021, MNRAS, 508, 737

Tsai, C.-W., Eisenhardt, P. R. M., Wu, J., et al. 2015, ApJ, 805, 90

Ubler, H., Maiolino, R., Curtis-Lake, E., et al. 2023, A&A, 677, A145

Ueda, Y., Akiyama, M., Hasinger, G., Miyaji, T., & Watson, M. G. 2014, ApJ,
786, 104

Vanden Berk, D. E., Richards, G. T., Bauer, A., et al. 2001, AJ, 122, 549

Veilleux, S., Meléndez, M., Tripp, T. M., Hamann, F., & Rupke, D. S. N. 2016,
AplJ, 825, 42

Vidal-Garcia, A., Plat, A., Curtis-Lake, E., et al. 2024, MNRAS, 527,
7217

Vito, F., Brandt, W. N., Bauer, F. E., et al. 2019, A&A, 630, A118

Vito, F., Brandt, W. N., Yang, G., et al. 2018, MNRAS, 473, 2378

Volonteri, M., Habouzit, M., & Colpi, M. 2021, NatRP, 3, 732

Volonteri, M., & Reines, A. E. 2016, ApJL, 820, L6

Wang, B., Leja, J., Bezanson, R., et al. 2023, ApJL, 944, L58

Wang, F., Fan, X., Yang, J., et al. 2021, ApJ, 908, 53

Wang, T., Schreiber, C., Elbaz, D., et al. 2019, Natur, 572, 211

Weaver, J. R., Cutler, S. E., Pan, R., et al. 2024, ApIJS, 270, 7

Williams, C. C., Labbe, 1., Spilker, J., et al. 2019, ApJ, 884, 154

Williams, H., Kelly, P. L., Chen, W., et al. 2023, Sci, 380, 416

Wolf, J., Nandra, K., Salvato, M., et al. 2023, A&A, 669, A127

Wu, J., Jun, H. D., Assef, R. J., et al. 2018, ApJ, 852, 96

Zakamska, N. L., Hamann, F., Paris, 1., et al. 2016, MNRAS, 459, 3144

Zakamska, N. L., Schmidt, G. D., Smith, P. S., et al. 2005, AJ, 129,
1212

Zavala, J. A., Casey, C. M., Manning, S. M., et al. 2021, ApJ, 909, 165

Zhang, H., Behroozi, P., Volonteri, M., et al. 2023, MNRAS, 523, L69

Zitrin, A., Fabris, A., Merten, J., et al. 2015, ApJ, 801, 44

Zou, F., Brandt, W. N., Chen, C.-T., et al. 2022, ApJS, 262, 15


https://doi.org/10.1038/s41550-018-0662-2
https://ui.adsabs.harvard.edu/abs/2019NatAs...3....6M/abstract
https://doi.org/10.3847/2041-8213/acbf50
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..35M/abstract
https://doi.org/10.3847/1538-4357/abba83
https://ui.adsabs.harvard.edu/abs/2020ApJ...904...50M/abstract
https://doi.org/10.1038/nature10159
https://ui.adsabs.harvard.edu/abs/2011Natur.474..616M/abstract
https://doi.org/10.1051/0004-6361/201730484
https://ui.adsabs.harvard.edu/abs/2017A&A...603A.128N/abstract
https://ui.adsabs.harvard.edu/abs/2017A&A...603A.128N/abstract
https://doi.org/10.1093/mnras/staa3724
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.1413N/abstract
https://doi.org/10.3847/2041-8213/acc1e1
https://ui.adsabs.harvard.edu/abs/2023ApJ...948L..18N/abstract
https://doi.org/10.1086/590482
https://ui.adsabs.harvard.edu/abs/2008ApJ...685..147N/abstract
https://doi.org/10.1086/590483
https://ui.adsabs.harvard.edu/abs/2008ApJ...685..160N/abstract
https://doi.org/10.1093/mnras/staa1313
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.2135N/abstract
https://doi.org/10.3847/1538-4357/ab1754
https://ui.adsabs.harvard.edu/abs/2019ApJ...876..132N/abstract
https://doi.org/10.3847/1538-4357/aca403
https://ui.adsabs.harvard.edu/abs/2022ApJ...941..195N/abstract
https://doi.org/10.1093/mnras/stad2411
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.2864O/abstract
https://doi.org/10.3847/1538-4357/acd44a
https://ui.adsabs.harvard.edu/abs/2023ApJ...951...72O/abstract
https://doi.org/10.3847/2041-8213/aca9d3
https://ui.adsabs.harvard.edu/abs/2023ApJ...942L..17O/abstract
https://doi.org/10.3847/1538-4357/ab29e9
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...77O/abstract
https://doi.org/10.3847/1538-4357/abf148
https://ui.adsabs.harvard.edu/abs/2021ApJ...912..118P/abstract
https://doi.org/10.1086/340952
https://ui.adsabs.harvard.edu/abs/2002AJ....124..266P/abstract
https://doi.org/10.1088/0004-6256/139/6/2097
https://ui.adsabs.harvard.edu/abs/2010AJ....139.2097P/abstract
https://doi.org/10.1117/12.2056689
https://ui.adsabs.harvard.edu/abs/2014SPIE.9143E..3XP/abstract
https://ui.adsabs.harvard.edu/abs/2014SPIE.9143E..3XP/abstract
https://doi.org/10.1093/mnras/staa3363
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.2146P/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.2146P/abstract
https://doi.org/10.1093/mnras/sty2448
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.3278R/abstract
https://doi.org/10.1086/340187
https://ui.adsabs.harvard.edu/abs/2002AJ....123.2945R/abstract
https://doi.org/10.1086/503559
https://ui.adsabs.harvard.edu/abs/2006AJ....131.2766R/abstract
https://doi.org/10.1038/s41550-023-01921-1
https://ui.adsabs.harvard.edu/abs/2023NatAs...7..611R/abstract
https://doi.org/10.1093/mnras/stv1710
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.3932R/abstract
https://doi.org/10.1051/0004-6361/202244296
https://ui.adsabs.harvard.edu/abs/2023A&A...671A..34S/abstract
https://doi.org/10.1051/0004-6361:20021525
https://ui.adsabs.harvard.edu/abs/2003A&A...397..527S/abstract
https://doi.org/10.1088/0004-637X/773/2/150
https://ui.adsabs.harvard.edu/abs/2013ApJ...773..150S/abstract
https://doi.org/10.1093/mnras/staa1381
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3252S/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3252S/abstract
https://ui.adsabs.harvard.edu/abs/2013BASI...41...61S/abstract
https://doi.org/10.3847/1538-4357/ab03d9
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...35S/abstract
https://doi.org/10.1093/mnras/stac2997
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517.5930S/abstract
https://doi.org/10.1086/432523
https://ui.adsabs.harvard.edu/abs/2005ApJ...631..163S/abstract
https://doi.org/10.1111/j.1365-2966.2012.20901.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423..600S/abstract
https://doi.org/10.1111/j.1365-2966.2012.21772.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.2703S/abstract
https://doi.org/10.1093/mnras/stab2586
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508..737T/abstract
https://doi.org/10.1088/0004-637X/805/2/90
https://ui.adsabs.harvard.edu/abs/2015ApJ...805...90T/abstract
https://doi.org/10.1051/0004-6361/202346137
https://ui.adsabs.harvard.edu/abs/2023A&A...677A.145U/abstract
https://doi.org/10.1088/0004-637X/786/2/104
https://ui.adsabs.harvard.edu/abs/2014ApJ...786..104U/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...786..104U/abstract
https://doi.org/10.1086/321167
https://ui.adsabs.harvard.edu/abs/2001AJ....122..549V/abstract
https://doi.org/10.3847/0004-637X/825/1/42
https://ui.adsabs.harvard.edu/abs/2016ApJ...825...42V/abstract
https://doi.org/10.1093/mnras/stad3252
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.7217V/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.7217V/abstract
https://doi.org/10.1051/0004-6361/201936217
https://ui.adsabs.harvard.edu/abs/2019A&A...630A.118V/abstract
https://doi.org/10.1093/mnras/stx2486
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.2378V/abstract
https://doi.org/10.1038/s42254-021-00364-9
https://ui.adsabs.harvard.edu/abs/2021NatRP...3..732V/abstract
https://doi.org/10.3847/2041-8205/820/1/L6
https://ui.adsabs.harvard.edu/abs/2016ApJ...820L...6V/abstract
https://doi.org/10.3847/2041-8213/acba99
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..58W/abstract
https://doi.org/10.3847/1538-4357/abcc5e
https://ui.adsabs.harvard.edu/abs/2021ApJ...908...53W/abstract
https://doi.org/10.1038/s41586-019-1452-4
https://ui.adsabs.harvard.edu/abs/2019Natur.572..211W/abstract
https://doi.org/10.3847/1538-4365/ad07e0
https://ui.adsabs.harvard.edu/abs/2024ApJS..270....7W/abstract
https://doi.org/10.3847/1538-4357/ab44aa
https://ui.adsabs.harvard.edu/abs/2019ApJ...884..154W/abstract
https://doi.org/10.1126/science.adf5307
https://ui.adsabs.harvard.edu/abs/2023Sci...380..416W/abstract
https://doi.org/10.1051/0004-6361/202244688
https://ui.adsabs.harvard.edu/abs/2023A&A...669A.127W/abstract
https://doi.org/10.3847/1538-4357/aa9ff3
https://ui.adsabs.harvard.edu/abs/2018ApJ...852...96W/abstract
https://doi.org/10.1093/mnras/stw718
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.3144Z/abstract
https://doi.org/10.1086/427543
https://ui.adsabs.harvard.edu/abs/2005AJ....129.1212Z/abstract
https://ui.adsabs.harvard.edu/abs/2005AJ....129.1212Z/abstract
https://doi.org/10.3847/1538-4357/abdb27
https://ui.adsabs.harvard.edu/abs/2021ApJ...909..165Z/abstract
https://doi.org/10.1093/mnrasl/slad060
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523L..69Z/abstract
https://doi.org/10.1088/0004-637X/801/1/44
https://ui.adsabs.harvard.edu/abs/2015ApJ...801...44Z/abstract
https://doi.org/10.3847/1538-4365/ac7bdf
https://ui.adsabs.harvard.edu/abs/2022ApJS..262...15Z/abstract

	1. Introduction
	2. Search for Red Compact Sources
	2.1. The UNCOVER Survey
	2.2. Color and Morphology Selection
	2.3. Complementary Red Extended Sample
	2.4. Joint PSF+Sérsic Fits

	3. Spectral Energy Distributions and Number Densities of the Compact Red Sources
	3.1. Composite Model Fits
	3.2. ALMA Constraints
	3.3. Best-fit Models and the SED-selected Sample
	3.4. Noteworthy Objects
	3.5. Number Densities

	4. Nature of Compact Red Sources
	4.1. Dusty Star Formation Interpretation
	4.2. AGN Interpretation

	5. Discussion and Summary
	5.1. Exciting Prospects for Selecting AGNs with JWST
	5.2. Are Most High-z AGNs UV- and X-Ray-faint?

	Appendix ASED Fitting
	Appendix BSample
	References



