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Abstract

Recently, a large number of compact sources at z > 4 with blue UV slopes and extremely red rest-frame optical
slopes have been found in James Webb Space Telescope (JWST) extragalactic surveys. As a subsample of these
sources, commonly called “little red dots” (LRDs), have been spectroscopically observed to host a broad-line
active galactic nucleus (AGN), they have been the focus of multiple recent studies in an attempt to understand the
origin of their UV and optical emission. Here, we assemble a sample of 123 LRDs from the literature along with
spectroscopic and photometric JWST-identified samples of AGNs to compare their colors and spectral slopes. We
find that while obscured AGNs at z < 6 have highly dissimilar colors to LRDs, unobscured AGNs at z < 6 span a
wide range of colors, with only a subsample showing colors similar to LRDs. At z > 6, the majority of the
unobscured AGNs that have been found in these samples are LRDs, but this may be related to the fact that these
sources are at large bolometric luminosities. Because LRDs occupy a unique position in galaxy color space, they
are more straightforward to target, and the large number of broad-line AGNs that do not have LRD colors and
slopes are therefore underrepresented in many spectroscopic surveys because they are more difficult to preselect.
Current LRD selection techniques return a large and disparate population, including many sources having 2–5 μm
colors impacted by emission-line flux boosting in individual filters.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); James Webb Space Telescope (2291)

1. Introduction

The identification of large samples of active galactic nuclei
(AGNs), especially at early cosmic times, has long been an
observational challenge. These sources, which are powered by
accretion onto the central supermassive black holes in their host
galaxies, produce flux at wavelengths that span the full
electromagnetic spectrum. However, methods for their selec-
tion are often biased toward finding sources that are
significantly brighter compared to their host galaxy, or those
that are less obscured by dust and gas (see P. Padovani et al.
2017; R. C. Hickox & D. M. Alexander 2018, for reviews).
Because AGNs, and in particular those with broad hydrogen
emission lines (also called Type I, or unobscured, AGNs), can

provide insight into the growth of supermassive black holes
and the coevolution of these black holes and the galaxies that
host them, finding ways to target and collect large samples is
crucial.
The sensitivity, resolution, and IR wavelength coverage offered

by the instruments on board the James Webb Space Telescope
(JWST) have opened up our view of AGNs in the high-redshift
Universe, extending our understanding of growing supermassive
black holes to z ~ 11. Notably, these sources have luminosities
significantly lower (1044 erg s−1 < Lbol < 1047 erg s−1) than
quasars at z < 7 identified before the launch of JWST, and are
therefore at lower black hole masses (MBH < 108Me) or accretion
rates (<0.5 the Eddington rate; Y. Harikane et al. 2023;
D. D. Kocevski et al. 2023, 2024; V. Kokorev et al. 2023;
R. L. Larson et al. 2023; R. Maiolino et al. 2024a, 2024b;
P. A. Oesch et al. 2023; Y. Ono et al. 2023; J. Scholtz et al. 2023;
H. Übler et al. 2023, 2024; G. Barro et al. 2024; I. Juodžbalis et al.
2024a; J. Matthee et al. 2024; A. J. Taylor et al. 2024). Many of
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these sources were identified as either broad-line or narrow-line
(Type II, or obscured) AGNs from features in their UV or optical
spectra, and have been found in large spectroscopic surveys made
with JWST/NIRSpec or the JWST/NIRCam grism. At z > 5,
common methods for preselecting AGN candidates for follow-up,
such as X-ray luminosity, mid-IR color, or radio emission, are
difficult (see, e.g., J. Lyu et al. 2022; I. Juodžbalis et al. 2024b;
R. Maiolino et al. 2024c; G. Mazzolari et al. 2024, for discussions
of these methods). Therefore, current populations of high-redshift
AGNs found with JWST are likely incomplete.

Among the AGN candidates discovered by JWST at high
redshift, a surprising development has been the discovery of a
large number of ultracompact (<500 pc) sources with blue rest-
frame UV slopes (βUV < −0.37) and extremely red rest-frame
optical slopes (βopt > 0) seen across multiple surveys. One of
the earliest samples of these sources was assembled by
J. Matthee et al. (2024), who identified AGNs with broad Hα
emission lines in galaxies selected from the Emission-line
galaxies and Intergalactic Gas in the Epoch of Reionization (or
EIGER, PID 1243; D. Kashinoet al. 2023) and First
Reionization Epoch Spectroscopic COmplete Survey (or
FRESCO, PID 1895; P. A. Oesch et al. 2023) NIRCam grism
data sets. These authors found that the majority of these broad-
line sources were red and compact, dubbing them “little red
dots” (LRDs). Subsequent observations of photometrically
selected LRDs confirmed the broad-line detections for a large
fraction of these sources using NIRSpec (L. J. Furtak et al.
2024; J. E. Greene et al. 2024; D. D. Kocevski et al. 2024).
These LRDs were found at z ∼ 4–8, and offered an intriguing
look at the growth of supermassive black holes in the first few
billion years of cosmic history.

Spurred by this discovery, multiple authors subsequently
assembled samples of LRDs by searching through JWST/
NIRCam extragalactic data sets, first for compact objects and
then by targeting their rest-frame colors through NIRCam color
cuts (H. B. Akins et al. 2023; I. Labbé et al. 2025; G. Barro
et al. 2024; J. E. Greene et al. 2024; V. Kokorev et al. 2024a;
P. G. Pérez-González et al. 2024) or through more complex
cuts on spectral slope based on fits to the photometry
(D. D. Kocevski et al. 2024), targeting objects with a “V-
shaped” UV-to-optical spectral energy distribution (SED).
These disparate selection methods resulted in a diverse
menagerie of recovered sources which included objects with
red optical continua, but also sources only selected because of
flux from strong optical emission lines. Brown dwarfs with
effective temperatures Teff < 1300 K have also been confused
for LRDs as molecular absorption in their atmospheres can
mimic the blue UV and red optical slopes (D. Langeroodi &
J. Hjorth 2023; A. J. Burgasser et al. 2024; K. N. Hainline et al.
2024a).

Understanding the origin of the UV and optical emission for
LRDs has presented a mystery. In I. Labbé et al. (2023), the
authors fit a sample of LRDs with galaxy models and conclude
that the optical slope may be evidence of these sources hosting
massive (>1010Me) stellar populations, well in excess of what
would be expected at such early times. The presence of an
AGN would help mitigate this issue, but LRD UV and optical
SEDs are quite different from what is typically seen in AGNs at
low redshift (M. Elvis et al. 1994; G. T. Richards et al. 2006;
R. C. Hickox & D. M. Alexander 2018). Multiple theories have
arisen to explain what is being observed: The rest-frame UV
emission could be a combination of galaxy stellar emission and

scattered light from the central AGN, while the optical
emission may be stellar continuum (with a Balmer break
producing an observed spectral jump) or reddened AGN
accretion-disk continuum in combination with hot or warm dust
(H. B. Akins et al. 2023; D. D. Kocevski et al. 2023; I. Labbé
et al. 2025; G. Barro et al. 2024; P. G. Pérez-González et al.
2024). Other authors, such as Z. Li et al. (2024), hypothesize
that LRDs may be dust obscured but in a dusty medium lacking
small-sized grains, which produces a “gray” extinction in the
UV with more significant reddening in the optical. More
recently, K. Inayoshi & R. Maiolino (2024) have suggested
that, in most cases, the Balmer break observed in LRDs does
not have a stellar origin and actually results from absorption
from dense gas in the circumnuclear medium of AGNs, likely
associated with clouds in the AGN broad-line region or its
surroundings.
Confusing the AGN interpretation is that observations of

some LRDs in the mid-IR have shown that the rising optical
slope in these sources flattens toward the rest-frame near-IR
(1–3 μm), in conflict with AGN models (H. B. Akins et al.
2024; P. G. Pérez-González et al. 2024; B. Wang et al. 2024;
C. C. Williams et al. 2024), although there are also cases
showing near- to mid-IR excess typical of AGNs (J. Lyu et al.
2024; I. Juodžbalis et al. 2024b). In addition, the number
counts of these sources are well in excess of the extrapolation
of the quasar luminosity functions as derived from previous
ground-based observations (Y. Matsuoka et al. 2018; M. Niida
et al. 2020; W. He et al. 2024). Finally, the lack of both X-ray
emission and UV-optical variability for LRDs is also difficult
to understand in light of the potential presence of an AGN in
these sources (M. Kokubo & Y. Harikane 2024). A study from
J. F. W. Baggen et al. (2024) suggests that the broad emission
lines seen in LRDs may instead arise from the underlying
kinematics of the hydrogen gas in extremely compact, massive
environments.
Given the focus in the literature on LRDs and the origins of

their emission, it is important to put their selection and colors in
context within the samples of AGNs selected in other ways.
While J. E. Greene et al. (2024) find broad-line AGN fractions
in their LRD sample of >50%, one might wonder about the
inverse: the overall broad-line LRD fraction of the whole
population of AGNs. Do LRDs represent a dominant mode of
AGN accretion at high redshift, or do these sources
differentiate themselves by virtue of ease of discovery? Given
the variety of LRD selection methods, and even definitions of
an LRD, that have appeared in the literature, what conclusions
can be drawn about such a disparate population of sources?
To that end, we have collected a large sample of LRDs and

AGNs with photometry measured using uniform data reduction
across the well-studied JWST Advanced Deep Extragalactic
Survey (JADES; D. J. Eisenstein et al. 2023b)15 and the
Cosmic Evolution Early Release Science (CEERS; S. L. Finke-
lstein et al. 2022) deep fields.16 We combine our sample of
LRDs selected photometrically and from fits to the photometry
with broad- and narrow-line AGNs, as well as SED-derived
AGNs across both fields. We explore the colors, compactness,
UV and optical slopes, and bolometric luminosities for these
sources compared to LRDs and find that the bulk of lower-

15 https://jades-survey.github.io/
16 https://ceers.github.io/
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luminosity AGN activity has not been probed yet by current
surveys.

In this paper, we describe our measured Great Observatories
Origins Deep Survey Southern (GOODS-S), Northern
(GOODS-N), and Extended Groth Strip (EGS) photometry,
and the full set of LRDs, Type I, and Type II AGNs we
assembled in Section 2. We discuss the common methods for
selecting LRDs from the literature, and show where the
assembled sources in our sample live in color and slope space
in Section 3. We discuss the implications for the colors and
spectral slopes of the assembled samples in Section 4. Finally,
we discuss both the selection of LRDs and broad emission lines
in LRDs in Section 5, and conclude in Section 6. We assume a
Planck Collaboration et al. (2020) cosmology, with
H0 = 67.4 km s−1 Mpc−1, ΩM = 0.315, and ΩΛ = 0.685. All
magnitudes are provided using the AB magnitude system
(J. B. Oke 1974; J. B. Oke & J. E. Gunn 1983).

2. Observations and Galaxy Samples

To explore the rest-frame UV and optical colors of LRDs
and active galaxies, we looked at sources selected from the
GOODS-S (R.A.= 53.126 deg, decl.=−27.802 deg) and
GOODS-N (R.A.= 189.229, decl.=+62.238 deg) regions
(M. Giavalisco et al. 2004), along with the EGS (R.
A.= 214.25, decl.=+52.5 deg; J. Rhodes et al. 2000;
M. Davis et al. 2007). Both of these regions have been imaged
in part with JWST/NIRCam as part of the JADES and CEERS
surveys. The depths and filters used in these surveys are ideal
for disentangling the colors of both obscured and unobscured
active galaxies and LRDs. We employ photometry derived by
the JADES team for both the JADES GOODS-S and JADES
GOODS-N, and CEERS EGS NIRCam data to aid in the
comparison in this study.

The JADES data used in this paper include all GOODS-S
and GOODS-N observations taken as of 2024 January, the
details and reduction of which are described in D. J. Eisenstein
et al. (2023b). We use JADES NIRCam observations taken as
part of JWST PIDs 1180 and 1181 (PI: Eisenstein), PIDs 1210
and 1286 (PI: Ferruit), and PID 1287 (PI: Isaak). We also
include NIRCam observations in GOODS-S and GOODS-N
from FRESCO (PID 1895; P. A. Oesch et al. 2023), as well as
the JWST Extragalactic Medium-band Survey (or JEMS;
C. C. Williams et al. 2023) and JADES Origins Field (or
JOF; D. J. Eisenstein et al. 2023a). We also include the deep
NIRCam GOODS-S data from the Next Generation Deep
Extragalactic Exploratory Public (NGDEEP, PID: 2079, PIs:
Finkelstein, Papovich, and Pirzkal) survey. For CEERS EGS,
we use NIRCam data from ERS PID 1345 (PI: Finkelstein). For
this work, we primarily focus on the NIRCam bands that are in
common between JADES and CEERS: the F115W, F150W,
F200W, F277W, F356W, F410M, and F444W filters. Later, we
will discuss how other NIRCam medium-band filters that have
been used to observe subsamples of sources in JADES are
helpful: F162M, F182M, F210M, F250M, F300M, F430M,
F460M, and F480M.

We include Hubble Space Telescope (HST) Advanced
Camera for Surveys (ACS) mosaics from GOODS-S,
GOODS-N, and the EGS to supplement the observations at
shorter wavelengths. We use the HST/ACS mosaics from the
Hubble Legacy Fields v2.0 for GOODS-S and v2.5 for
GOODS-N (G. D. Illingworth et al. 2013; K. E. Whitaker
et al. 2019). We additionally use HST/ACS mosaics that cover

the EGS (A. Koekemoer 2024, private communication). For the
present analysis, we only focus on data taken with the HST/
ACS filters F606W and F814W, as these are the ACS filters
available across both JADES and CEERS that are used in
selecting LRDs.
The data for all four (JADES GOODS-S, JADES GOODS-

N, NGDEEP GOODS-S, and CEERS EGS) fields were
reduced following the methodology described in B. E. Robert-
son et al. (2023), S. Tacchella et al. (2023), and D. J. Eisenstein
et al. (2023b). We primarily employ fluxes derived using 0.2
diameter circular apertures, although for exploring compact-
ness, we also use 0.5 diameter circular apertures. At z= 2,
0.2–0.5 corresponds to 1.7–4.3 kpc, and at z = 12, 0.2–0.5
corresponds to 0.7–1.9 kpc. The 0.2 apertures were chosen to
focus on only the nuclear flux, and not the host galaxies, for
these objects, which is especially important for those at lower
redshifts. We applied aperture corrections to these photometric
data using empirical JWST/NIRCam point-spread functions
(PSFs) assuming point-source morphologies for our sources
(see Z. Ji et al. 2024, for more details). The PSFs used in this
analysis were derived from preflight pointing predictions.
Below, we will discuss the samples of objects from the
literature that we explore, and how we matched their positions
to sources in our own catalog. We make note of sources that
appear in multiple catalogs. Some sources appear in areas with
only partial NIRCam coverage, which does not allow us to
measure the colors, morphologies, or slopes discussed in the
subsequent analysis, so they are removed from our full sample.
The data described here may be obtained from the JADES
MAST archive (M. Rieke et al. 2023) and the CEERS MAST
archive (S. Finkelstein et al. 2023).

2.1. Little Red Dot Catalogs

Our primary samples of LRDs were presented in P. G. Pére-
z-González et al. (2024) for sources in GOODS-S, who used
color selection, and in D. D. Kocevski et al. (2024) in GOODS-
S and the EGS, where the authors found LRDs based on fits to
their photometry. Both methods are described in Section 3. The
P. G. Pérez-González et al. (2024) sample had 31 sources, and
we match these sources in our photometric catalog. In
D. D. Kocevski et al. (2024), the authors presented 341 LRDs
across a number of surveys. We specifically looked at the 120
sources they identified in the JADES and NGDEEP areas in
GOODS-S, and in the CEERS survey area in the EGS. We
cross-matched these sources to our photometric catalog and
recovered 119 sources (the final source, CEERS 19799, is very
near a bright galaxy and does not appear in the catalog we
matched to). There is an overlap of 17 sources between the
P. G. Pérez-González et al. (2024) and D. D. Kocevski et al.
(2024) catalogs in GOODS-S, and we consolidated these
sources as belonging to the former catalog due to the date of
their initial discovery.

2.2. Type I AGNs

To explore how the properties of LRDs relate to AGNs, we
also collected samples of spectroscopically selected Type I
AGNs from the literature across GOODS-S, GOODS-N, and
CEERS. Our primary GOODS-S and GOODS-N sample of
broad-line, Type I AGNs is from R. Maiolino et al. (2024a) and
I. Juodžbalis et al. (2024, in preparation), which were selected
from JWST/NIRSpec observations of JADES targets. Most of
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these AGNs were found as part of the JADES NIRSpec target
selection as outlined in A. J. Bunker et al. (2024) and F.
D’Eugenio et al. (2024). These were selected based on their
photometric redshift from galaxies with normal star-forming or
quiescent colors. However, a small subset were specifically
targeted because they had LRD colors and morphologies, and
we highlight those in subsequent figures. We supplement this
sample with the z= 5.55 broad-line AGN in the system GS-
3073 from the GA-NIFS survey (H. Übler et al. 2023; X. Ji
et al. 2024), for a total of 17 NIRSpec-selected sources in
GOODS-S and 15 sources in GOODS-N. There are four
sources from the P. G. Pérez-González et al. (2024) and
D. D. Kocevski et al. (2024) LRD catalogs that are JADES
NIRSpec Type I AGNs, and we do not double-count them in
the former two catalogs. We indicate spectroscopically
confirmed broad-line sources in subsequent figures using dark
outlines. A subsample of the D. D. Kocevski et al. (2024)
LRDs in CEERS has been observed to have broad Balmer
emission lines, which we will discuss later in Section 4. The
spectroscopy used to find these lines was observed as part of
both the CEERS ERS observations (D. D. Kocevski et al.
2023) and the Red Unknowns: Bright Infrared Extragalactic
Survey (RUBIES; A. de Graaff et al. 2024).

We also include the GOODS-N and GOODS-S broad-line
AGNs found using FRESCO NIRCam grism observations in
J. Matthee et al. (2024). While the authors present eight sources
found across both areas, we only cross-matched to seven, as
one source is on a diffraction spike from a nearby star. The only
J. Matthee et al. (2024) source in GOODS-S is also found in the
JADES NIRSpec Type I sample, so we do not include it here,
again to avoid double-counting, although we highlight it in
figures. We also include 11 broad Hα sources selected from the
Complete NIRCam Grism Redshift Survey (CONGRESS; PID
3577, PI: Egami) observations in GOODS-N from J. Zhang
et al. (2024, in preparation). This paper also includes three
additional broad-line sources identified from the FRESCO
NIRCam grism data that were not found in J. Matthee et al.
(2024), as these sources were either blended with nearby
galaxies, or at lower broad-Hα luminosities. This results in a
total of 14 additional Type I AGNs, which we cross-match to
sources in our photometric catalog. We also include a sample
of 12 Type I AGNs in GOODS-S and GOODS-N at z = 2–4
presented in Y. Sun et al. (2024) with broad near-IR emission
lines (Pa α, Pa β, and He I λ10833) observed with the NIRCam
grism. There is one additional source in their sample at z > 2,
GS-206907, but this also appears in the JADES NIRSpec Type
I sample from I. Juodžbalis et al. (2024, in preparation), so we
do not include it in the Y. Sun et al. (2024) sample. Finally, we
add in the GOODS-N broad-line AGN, GN-72127 (z= 4.13),
described in V. Kokorev et al. (2024b).

For the CEERS area, we include the eight broad-line sources
from Y. Harikane et al. (2023; there are two additional sources
in this study that are found outside of CEERS in a separate
survey). After cross-matching, we only find that five have
NIRCam filter coverage and can be used in our study. We
remove two sources from the D. D. Kocevski et al. (2024)
CEERS sample as they are also found in the Y. Harikane et al.
(2023) sample.

2.3. Type II AGNs and SED-derived AGNs

We also include a sample of Type II candidate AGNs across
GOODS-S described in J. Scholtz et al. (2023) and selected

using JADES NIRSpec data. These sources were identified
using a variety of methods, including exploring the presence of
strong high-ionization emission lines in the spectra for these
sources and comparing observed emission-line ratios to star
formation and AGN models. There are 41 objects in this
sample, all of which had counterparts in our catalog. For
CEERS, we added the sample of Type II AGNs from
G. Mazzolari et al. (2024), who found 52 objects in a similar
manner to what was done in J. Scholtz et al. (2023). We cross-
matched these objects to our catalog and only found 25
sources, and the remaining are outside of the NIRCam footprint
in the region.
Finally, in order to explore a larger range of redshifts and

colors of AGNs with IR coverage, we also include a sample of
AGNs at z > 2 from J. Lyu et al. (2024) in GOODS-S. Here,
the authors use multiband JWST/MIRI data at 5–25 μm from
the Systematic Mid-Infrared Instrument (MIRI) Legacy Extra-
galactic Survey (SMILES; S. Alberts et al. 2024; G. Rieke et al.
2024) and JWST/NIRCam and HST data at shorter wave-
lengths to identify AGNs based on fits to the source optical to
mid-IR SEDs. The 124 sources in this sample have both
spectroscopic and photometric redshifts, and we adopt their
redshifts for the purposes of this study. We cross-matched to
121 sources in our final sample, and removed the five sources
that are also JADES NIRSpec Type I or Type II AGNs.

2.4. Sample Summary

We summarize our final assembled and cross-matched
sample and include the number of objects, as well as the
minimum and the maximum redshifts for each subsample in
Table 1. Additionally, we plot the redshift distribution for the
subsamples in Figure 1, where each bar represents a stack of
the individual samples. Here, we show either photometric or
spectroscopic redshift, although only a subset of the

Table 1
Assembled GOODS-S and CEERS LRD and AGN Sample Properties

Source Field Nobj zmin zmax

Little Red Dots

P. G. Pérez-González et al. (2024) GOODS-S 27 4.1 8.8
D. D. Kocevski et al. (2024) GOODS-S 35 2.9 11.3

CEERS 61 3.4 10.2

Type I AGNs

I. Juodzbalis et al. (2024, in preparation) GOODS-S 16 3.2 6.3
R. Maiolino et al. (2024a) GOODS-N 14 1.7 6.8
H. Übler et al. (2023) GOODS-S 1 5.5
J. Matthee et al. (2024) GOODS-N 6 5.1 7.5
Y. Sun et al. (2024) GOODS-S 4 2.6 3.6

GOODS-N 8 2.0 3.4
V. Kokorev et al. (2024b) GOODS-N 1 4.1
Y. Harikane et al. (2023) CEERS 5 4.5 6.0
J. Zhang et al. (2024, in preparation) GOODS-N 14 3.9 5.5

Type II AGNs

J. Scholtz et al. (2023) GOODS-S 41 0.7 9.4
G. Mazzolari et al. (2024) CEERS 18 2.4 8.9

SED-derived AGNs

J. Lyu et al. (2024) GOODS-S 114 2.0 8.4
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D. D. Kocevski et al. (2024) LRDs and J. Lyu et al. (2024)
AGNs have spectroscopic redshifts. The D. D. Kocevski et al.
(2024) sample spans the widest range (z = 3–12), while the
Type I and Type II samples only extend between z = 2–8, with
a sole JADES Type II AGN at z > 8. The J. Lyu et al. (2024)
SED-derived AGNs are primarily found at z = 2–4 because of
the MIRI depth and coverage in the SMILES survey, but we
include these sources as a color comparison to samples of more
local AGNs. The samples of LRDs we assemble rise at z > 4,
peak at around z = 6–8, and then fall at higher redshifts.
D. D. Kocevski et al. (2024) surmise that the lack of LRDs at
z < 4 is primarily indicative of a lack of red optical sources
with UV excesses at low redshifts, rather than an effect of
galaxies being more extended at lower redshifts. The falloff in
the distribution at z > 8 is likely due to the rest-frame optical
being redshifted out of NIRCam coverage, and to the lower
number density of galaxies at all types at progressively higher
redshifts.

3. LRD Selection Methods

The first samples of photometrically selected LRDs were
chosen using NIRCam colors that probed the rest-frame UV
and rest-frame optical portions of the galaxy's SED at a given
redshift, along with a cut on compactness that targeted
unresolved sources. The LRD color selection in J. E. Greene
et al. (2024) was designed with this in mind, with an additional
cut to remove brown dwarfs following work done by

D. Langeroodi & J. Hjorth (2023), A. J. Burgasser et al.
(2024), and K. N. Hainline et al. (2024a). Brown dwarfs,
especially T and Y dwarfs with Teff < 1300 K, have NIRCam
colors that rise at 3–4 μm similar to LRDs, but often with
extreme blue 1–2 μm colors, which can be selected against.
The J. E. Greene et al. (2024) selection colors are, at

4 < z < 6 (referred to as “red 1”):

- <
- >
- >

F115W F150W 0.8 &
F200W F277W 0.7 &
F200W F356W 1.0,

and, at z > 6 (referred to as “red 2”):

- <
- >
- >

F150W F200W 0.8 &
F277W F356W 0.7 &
F277W F444W 1.0.

We plot these colors for our fully assembled sample in
Figure 2, where the left column plots are using the “red 1”
criteria and are only those objects at 4 < z < 6, and the right
column plots are using the “red 2” criteria with objects at z > 6.
On these plots, we also show with gray contours those objects
in the full JADES+CEERS survey with a signal-to-noise ratio
(SNR) > 5 in each of the four filters in each panel, to
demonstrate the colors of the bulk of the underlying galaxy
population.
Additional criteria were introduced by J. E. Greene et al.

(2024), who required a significantly bright F444W magnitude,
as well as a compactness criterion measured by the ratio of the
F444W fluxes in a larger to a smaller circular aperture. We plot
the compactness criteria as follows.
First, we plot fF444W(0.5)/fF444W(0.2) < 1.7 against the

F277W–F444W color for all of the sources in our assembled
sample in the left panel of Figure 3. We caution that
J. E. Greene et al. (2024) define the compactness criterion as
fF444W(0.4)/fF444W(0.2), but, because of the larger range in
redshifts that we are probing, we are using a larger aperture. In
the right panel of Figure 3, we instead plot the compactness
criterion but where we use the NIRCam F115W filter, which
probes the rest-frame UV for the sources in our assembled
sample. Because the rest-frame UV is fainter in a number of
these sources, we only plot those objects where the SNR in
F115W is >5 in the right panel. In both panels, we plot in
contours those sources with SNR > 5 in both the F277W and
F444W filters in the JADES+CEERS surveys, and include a
dotted gray line to indicate a ratio of 1.0. While LRDs are often
very compact in F444W (for D. D. Kocevski et al. 2024, this is
part of their selection), there is significantly more scatter in
F115W size. Partly this is a result of the LRDs being fainter in
the rest-frame UV, and for the most extreme ratios the LRD
being proximate to a lower-redshift source that contaminated
the 0.4 aperture. The median F115W compactness criterion
value for the P. G. Pérez-González et al. (2024) LRDs in our
assembled sample is 1.24 (with a standard deviation of 0.26)
and for the D. D. Kocevski et al. (2024) LRDs the median is
1.27 (with a standard deviation of 1.94), compared to 1.04 (and
a standard deviation of 0.15) and 1.03 (and a standard deviation
of 0.26) measured using the F444W compactness criterion. The
higher fraction of more extended sources indicates that the rest-
frame UV may be probing galaxy emission. A more thorough
exploration of the rest-frame UV sizes of LRDs will be
undertaken in a separate paper (P. Rinaldi et al. 2024).
The use of color cuts is the most straightforward way to

select LRDs, but given the large spread in redshifts for galaxies

Figure 1. Photometric and spectroscopic redshift stacked histogram for the
assembled AGN and LRD samples. Each bar in the stacked histogram shows
all of the sources that went into that bin, without any overlapping between the
different samples. For the LRD sources, we plot the JADES+NGDEEP
+CEERS LRD photometric and spectroscopic redshifts from D. D. Kocevski
et al. (2024) with purple and the JADES LRDs from P. G. Pérez-González et al.
(2024) with pink. For the broad-line sources, we plot the spectroscopic
redshifts for Type I AGNs in JADES from R. Maiolino et al. (2024a) and
I. Juodžbalis et al. (2024, in preparation) in red, the spectroscopic redshifts for
the broad-line AGNs found using FRESCO in J. Matthee et al. (2024) in
maroon, the spectroscopic redshifts for the broad-line AGNs found in CEERS
in Y. Harikane et al. (2023) in lime green, and the Type I AGNs from Y. Sun
et al. (2024) in slate gray. For obscured sources, we plot the spectroscopic
redshifts for Type II AGNs in JADES from J. Scholtz et al. (2023) in dark blue,
and the photometric and spectroscopic redshifts for SED-derived AGNs at
z > 2 across JADES/SMILES in J. Lyu et al. (2024) in light blue. In these
plots, objects are only counted once, even if they are contained in more than
one sample.
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in JWST/NIRCam samples, alternative methods have been
developed to select for red optical slopes and blue UV slopes.
In D. D. Kocevski et al. (2024), the authors fit a series of
photometric bands in multiple redshift bins to estimate the UV
slope (βUV) and optical slope (βopt) to select for LRDs. At
z = 2–3.25, βUV is estimated from the HST/ACS F606W and
F814W and JWST/NIRCam F115W filters, while βopt is

estimated from the NIRCam F150W, F200W, and F277W
filters. At z = 3.25–4.75, βUV is estimated from the ACS
F814W and NIRCam F115W and F150W filters, while βopt is
estimated from the NIRCam F200W, F277W, and F356W
filters. At z = 4.75–8.0, βUV is estimated from the NIRCam
F115W, F150W, and F200W filters, while βopt is estimated
from the F277W, F356W, and F444W filters. Finally, at z > 8,

Figure 2. Color–color plots with criteria used to select LRDs from J. E. Greene et al. (2024). In the left column, we plot color criteria for galaxies at 4 < z < 6, with
the “red 1” selection limits as dashed lines. Similarly, in the right column, we plot color criteria for galaxies at z > 6, with the “red 2” selection limits. The top row
shows criteria designed to select for red optical colors, while the bottom row has criteria designed to select blue UV colors. As purple circles we plot the JADES
+CEERS LRDs from D. D. Kocevski et al. (2024), and as pink left-pointing triangles the JADES LRDs from P. G. Pérez-González et al. (2024). As red squares we
plot the Type I AGNs in JADES from R. Maiolino et al. (2024a), I. Juodžbalis et al. (2024, in preparation), and H. Übler et al. (2023). Three of these objects were
initially selected for spectroscopic follow-up by virtue of their LRD-like colors, and we highlight those sources with red X's. As maroon stars we plot the broad-line
AGNs from FRESCO/GOODS-N in J. Matthee et al. (2024). In the lime colored downward-pointing triangles we plot the broad-line AGNs from Y. Harikane et al.
(2023). As a gray rightward-pointing triangle we plot the Type I AGN from V. Kokorev et al. (2024b). For ease of viewing, each spectroscopically confirmed broad-
line source is plotted with a black outline. As dark blue X's we plot the JADES Type II AGNs from J. Scholtz et al. (2023), as light blue upward-pointing triangles we
plot the SED-derived AGNs at z > 2 from J. Lyu et al. (2024), and as turquoise diamonds we plot the Type II AGNs from CEERS assembled in G. Mazzolari et al.
(2024). The contours in each plot show the distribution of JADES+CEERS sources with SNR > 5 in each of the filters being used in each panel.
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βUV is estimated from the NIRCam F150W, F200W, and
F277W filters, while βopt is estimated from the F356W and
F444W filters.

We estimated βUV and βopt for our full assembled sample of
galaxies at z > 2 following the method from D. D. Kocevski
et al. (2024), and we plot the results in Figure 4. We note that
while the LRDs are chosen to be bright in the rest-frame
optical, many sources are faint in the rest-frame UV, which
makes accurate estimations of the UV slope more difficult. The
LRD selection method in D. D. Kocevski et al. (2024) allows
for a large range in βUV values as a result.

In D. D. Kocevski et al. (2024), the authors translate the
typical LRD selection color limits into cuts on βUV and βopt:
βopt > 0, βUV < −0.37, and βUV > −2.8. The first cut selects
for the red optical slope typical of LRDs, the second cut selects
for the (relatively) blue UV slope, and the final cut selects
against brown dwarfs. We plot these color selection criteria
with dashed lines in Figure 4. While some of the points from
the JADES+NGDEEP+CEERS D. D. Kocevski et al. (2024)
sample fall outside the selection boxes, this is due to the
different photometry (the reduction methodology, the use of
non-PSF-convolved mosaics, and different-sized apertures)
from what we used in our analysis. Given the dependence of
the measurement of βUV and βopt on redshift, the gray contours
in this figure are chosen from a sample of sources in GOODS-S
and GOODS-N that have spectroscopic redshifts at z > 2, and
trace the bright underlying galaxy population.

As a final comparison of broad-line AGNs, we also include
the LRDs from J. E. Greene et al. (2024), selected from the
Ultra-deep NIRCam and NIRSpec Observations Before the
Epoch of Reionization (UNCOVER; R. Bezanson et al. 2024)
survey. While we do not measure the UV and optical slopes
from our own photometry, we use the values provided in Table
2 of J. E. Greene et al. (2024).

We additionally plot the location of unobscured AGN slopes
in Figure 4 with vectors that show the effects of dust attenuation.
We first plot the UV and optical slopes for the Sloan Digital Sky
Survey (SDSS) Type I quasi-stellar object (QSO) composite
spectrum from D. E. Vanden Berk et al. (2001) with a dark green
vertical hexagon. This composite spectrum was derived from a
median combination of the spectra for 2200 SDSS quasars at
z < 4.8. There is a possibility of contamination in this median
spectrum from the host galaxy of these quasars, and,
additionally, the quasars used in the stack are likely affected
by some dust reddening (G. T. Richards et al. 2003). Therefore,
we also plot with a dark red horizontal hexagon a point
representing the characteristic slope for a “pure accretion (slim)
disk” (β = −2.33) as derived in D. Lynden-Bell (1969).
We plot two lines representing dust attenuation for each of

these models for unobscured quasars. The more horizontal line
represents the average dust extinction derived for the Small
Magellanic Cloud (SMC) in K. D. Gordon et al. (2024). The
more vertical line is the extinction law derived from
observations of AGNs in C. M. Gaskell et al. (2004). This
law, which is relatively flat in the UV potentially due to a lack
of small dust grains near the AGN central region, was invoked
by Z. Li et al. (2024) as a possible origin for the UV and optical
slopes observed for LRDs. We note that the derivation of this
“gray” extinction law may be a result of the inclusion of
higher-redshift quasars to probe the rest-frame UV, as these
sources have less dust extinction (C. J. Willott 2005). For both
laws, we color the points by the value for AV as shown in the
color bar to the right of the figure.

4. Results

4.1. AGNs versus LRDs Spectral Slopes and Extinction Effects

Together, Figures 2, 3, and 4 demonstrate the variety of
colors, sizes, and slopes from which LRDs have been selected

Figure 3. Left: the F444W compactness criterion is the ratio between the flux in a 0.5 diameter circular aperture to one in a 0.2 diameter circular aperture. Here, we
plot the compactness ratio against the F277W–F444W color for the objects with the same points and colors as in Figure 2, and represent the maximum ratio used for
selecting LRDs in J. E. Greene et al. (2024) with a black dashed line. Right: the same as the left panel, but for the NIRCam F115W compactness criterion, which
probes the rest-frame UV, showing a significantly larger scatter in the sizes for the sources. The fluxes we use to calculate the compactness criterion in both panels
were PSF corrected assuming a point source, and in both panels we show a ratio of 1.0 with a gray dotted line.
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from samples of galaxies in the literature. It is not surprising
that the color selection criteria from J. E. Greene et al. (2024)
and V. Kokorev et al. (2024a) do not select for all of the
sources found using the fit UV and optical slope criteria from
D. D. Kocevski et al. (2024), as seen in Figure 2, because of the
impact of redshift on the observed-frame SED. The same
figures highlight that a large fraction of AGNs identified
spectroscopically by JWST (without preselecting by color or
size) do not meet any of the LRD selection criteria. Indeed,
LRDs occupy an extreme color space when compared to the
underlying galaxy population, and also when compared to
other samples of both Type I and Type II AGNs.

We find that both the J. Scholtz et al. (2023) and G. Mazz-
olari et al. (2024) Type II-selected and J. Lyu et al. (2024) mid-
IR-selected AGN populations have colors similar to the
underlying galaxy population, and we observe extended
morphologies for these sources. This is not surprising as, due
to nuclear obscuration, these sources have UV and optical
colors dominated by the host galaxy. While most of the Type II
AGNs are found at z < 6, even for those at z > 6, only two
spectroscopically confirmed Type II AGNs are found with
optical and UV slopes that would be classified as LRDs in
Figure 4. These two sources are located at z ∼ 8.7, and at this
redshift [O III]λλ4959, 5007 + Hβ emission may be boosting
the F444W filter, causing an observed red slope. The lack of
Type II AGNs with redder values of βopt possibly suggests that
the red optical slope observed in LRDs may be associated with

the accretion disk that is otherwise completely obscured in the
Type II sources.
We can see that the underlying spectroscopic-redshift sample

of JADES has a bimodality in Figure 4, where the majority fall
along a sequence toward red UV and optical colors (the top
right of the figure), while a smaller subset move upward to red
optical slopes at a fairly blue UV slope, consistent with LRD
colors. Attenuation with an SMC-like extinction law would
serve to push galaxies to primarily redder UV slopes, with
limited effect on the optical extinction. This direction of
attenuation is in agreement with the lower-redshift J. Lyu et al.
(2024) SED AGNs, the z < 4 broad-line sources from J. Zhang
et al. (2024, in preparation), and the spectroscopic galaxy
sample shown in the contours. The C. M. Gaskell et al. (2004)
extinction curve, as discussed in Z. Li et al. (2024), would
serve to push some of the Type I sources to red βopt values
while keeping the βUV relatively similar, but this would require
3 or more magnitudes of visual extinction for many of the
sources to reach the red optical slopes observed in LRDs.
The samples of Type I AGNs provide a vital point of

comparison. While, as has been shown by numerous authors,
many of the broad-line sources in our assembled sample have
LRD colors, there are many Type I AGNs that exist outside of
the LRD selection criteria. In Figure 2, this could be due to
differences in redshift. As Figure 4 shows rest-frame slopes, it
can be seen that a large number of broad-line sources have
relatively blue optical colors, in agreement with the SDSS QSO

Figure 4. Optical slope (βopt) plotted against UV slope (βUV) for the assembled sample. The slopes were measured using the same JWST/NIRCam filter combinations
and methods as discussed in D. D. Kocevski et al. (2024). We plot the same points as in Figure 2, but we add in the spectroscopically confirmed broad-line
UNCOVER LRDs from J. E. Greene et al. (2024), and the contours correspond to sources with spectroscopic redshifts from both JADES GOODS-S and GOODS-N.
We additionally plot two points representing Type I AGNs: we show the SDSS composite quasar SED from D. E. Vanden Berk et al. (2001) with a green vertical
hexagon, and the D. Lynden-Bell (1969) characteristic slope for a pure accretion disk (β = −2.33) with a dark red horizontal hexagon. For both of these points we
show how extinction would change the colors of these templates, with the more horizontal bar showing SMC-like dust attenuation from K. D. Gordon et al. (2024) and
the more vertical bar showing the gray extinction from C. M. Gaskell et al. (2004). For both lines, the points are colored by AV as shown in the color bar on the right-
hand side of the figure.
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composite from D. E. Vanden Berk et al. (2001) and even
approaching the colors of (unreddened) pure accretion disks
(D. Lynden-Bell 1969). However, they are also broadly in
agreement with typical blue slopes of star-forming galaxies.
These properties indicate that the majority of the Type I AGNs
newly identified by JWST are either normal, blue (accretion
disk dominated), unobscured (or mildly reddened) AGNs, or
weak AGNs whose continuum is dominated by the host galaxy.
The finding that morphologically they are a mixture of
extremely compact and extended sources (Figure 3) supports
that both cases are actually found.

We note that the broad-line “quenched” AGN described in
V. Kokorev et al. (2024b) does not fall into any of the LRD
color or slope selection criteria based on our photometry,
despite the claims by those authors that this source is an LRD.
From the circular photometry we use in this paper, it is near the
edge of the color selection criteria in Figure 2, but the UV slope
is too red, and the optical slope is significantly too blue, to be
selected by the D. D. Kocevski et al. (2024) slope criteria as
shown in Figure 4.

4.2. Optical Spectral Slopes and AGN Luminosity

To explore the origin of these differences in optical slope, we
compared the optical slope to the AGN bolometric luminosities
for the broad-line sources in Figure 5. In this figure, we used
the bolometric luminosities provided by the authors from which
the samples were taken. The bolometric luminosities for the
Type I AGNs from I. Juodžbalis (2024, in preparation),
J. E. Greene et al. (2024), and V. Kokorev et al. (2024b) were
corrected for dust extinction. We include the D. D. Kocevski

et al. (2024) sources in CEERS with broad-line detections from
both D. D. Kocevski et al. (2023) and from RUBIES
observations (A. de Graaff et al. 2024). D. D. Kocevski et al.
(2024) do not provide bolometric luminosities in their study,
but they do provide dust-corrected black hole masses and broad
Hα FWHM values, from which we can derive Hα luminosities
following Equation (1) in A. E. Reines & M. Volonteri (2015).
We then convert these Hα luminosities to bolometric
luminosities by multiplying them by 130, following J. Stern
& A. Laor (2012). We caution that the conversion between
broad-line Hα fluxes and bolometric luminosities was derived
using AGNs at z < 0.055, and these relations may not hold at
high redshift, or for LRDs, which may have different densities,
distributions, and broad-line region morphologies, as well as
intrinsically different SEDs (R. Arcodia et al. 2024; A. Lupi
et al. 2024; R. Maiolino et al. 2024c; F. Pacucci &
R. Narayan 2024).
For the Type I sources from Y. Sun et al. (2024), we used the

bolometric luminosities that they presented derived from SED
fits for these sources as described in J. Lyu et al. (2024). For
one source from their sample, GN-1000721, the authors
estimated the bolometric luminosity instead from the
2–10 keV X-ray flux and converted this to a bolometric
luminosity. For the broad-Hα sources found using NIRCam
grism spectroscopy in J. Matthee et al. (2024) and J. Zhang
et al. (2024, in preparation), the authors do not correct for dust
extinction, hence these values should be considered lower
limits. In this figure, we plot those sources in all samples at
2 < z < 4 with lighter colored points.
We see that the majority (66% including the lower limits,

62% excluding the lower limits from the grism surveys) of the
broad-line LRDs plotted in Figure 5 across multiple samples
have Lbol > 2 × 1044 erg s−1, while 18% of those sources (21%
excluding the lower limits) with βopt < 0 are found at
Lbol < 2 × 1044 erg s−1. There is a hint of a trend at the lowest
luminosities for AGNs to become bluer, which may be a
consequence of the star-forming host galaxy becoming more
dominant in such weak AGNs.
There is significant scatter in this plot, such that there is also

a small sample of luminous broad-line AGNs that do not have
red optical colors consistent with LRDs (19 sources have
Lbol > 2 × 1044 erg s−1 and βopt < 0, 15 if excluding the lower
limits), including one source, a Type I AGN at z= 3.7 with
Lbol > 1046 erg s−1. The majority of these sources are at
2 < z < 4, and represent more traditional AGNs.
It is important to note that the broad-line sources found as

part of blind NIRCam grism surveys, such as the ones in
J. Matthee et al. (2024) or J. Zhang et al. (2024, in preparation),
do not suffer the same target preselection aspects as NIRSpec
surveys, although they are limited to luminous sources. The
bolometric luminosities for these sources should be considered
lower limits as they do not account for any dust reddening to
the line. Nonetheless, while there are limited numbers still, the
majority (71%) of the sources from these combined grism
spectra surveys have βopt > 0. We discuss the possible origin of
this fraction in the next section.

5. Discussion

Taken together, these results demonstrate the broad variety
of AGNs found at z > 2. Figures 2, 4, and 5 show that, while
LRD samples contain a significant fraction of broad-line
sources, they may represent a significantly smaller fraction

Figure 5. Rest-frame optical slope plotted against AGN bolometric luminosity
for the broad-line sources in our assembled samples. The points are the same as
in Figure 4. Bolometric luminosities were estimated from fits to the broad Hα,
or, in a few cases, Hβ emission lines, as described in the text. Those sources
from multiple samples at z < 4 are plotted with lighter colored points. For the
NIRCam grism sources from J. Matthee et al. (2024) and J. Zhang et al. (2024,
in preparation), no correction for dust extinction was made to the Hα-derived
bolometric luminosities, so these represent lower limits, represented by the gray
arrows. We also indicate those Type I sources from I. Juodžbalis (2024, in
preparation) that sit in the FRESCO area with a dark central circle, and if they
are in the FRESCO area and at a redshift of 4.9 < z < 6.6 with a white central
circle. Only one Type I AGN from I. Juodžbalis (2024, in preparation), in
GOODS-S, was also a FRESCO source from J. Matthee et al. (2024), which we
indicate by a square on top of a star.
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of the total number of broad-line AGNs, as suggested by
Y. Harikane et al. (2023), I. Labbé et al. (2025), J. E. Greene
et al. (2024), R. Maiolino et al. (2024a), D. D. Kocevski et al.
(2024), and A. J. Taylor et al. (2024). Here, we will discuss the
discovery of broad emission lines in Type I AGNs in
Section 5.1, explore the variety of SEDs found using LRD
selection techniques in Section 5.2, and estimate the fraction of
LRDs among Type I AGNs in our sample in Section 5.3.

5.1. Finding Type I AGNs in Samples of LRDs

Multiple effects contribute to the observation of broad
Balmer emission lines in LRDs. First, detecting the presence of
a broad emission line is easier for those AGNs with higher
bolometric luminosities, especially with respect to the under-
lying narrow Hα emission and continuum emission from the
host galaxy, and especially at low/intermediate spectral
resolution. However, one of the more important issues with
understanding the full Type I AGN population, and the role of
LRDs, lies in how selecting broad-line AGN candidates for
spectroscopic follow-up is difficult for those galaxies where the
observed colors match those of typical galaxies. LRDs are a far
more straightforward group of sources to select for, and caution
must be taken when making broad claims about these sources
given that they seem to represent a very luminous population.
The majority of the AGNs in these high-redshift galaxies have
not been discovered yet, primarily because of a lack of
observed spectra for these sources. The only Type I AGN with
βopt < 0 at z > 6, the Type I AGN JADES-GN+189.09147
+62.22811 at z= 6.68 (I. Juodžbalis et al. 2024a), is on the
edge of the selection box in Figure 4. Every other broad-line
AGN at z > 6 has colors consistent with an LRD,
demonstrating the current difficulty in selecting broad-line
sources at these high redshifts except through targeting these
rare objects.

One way of mitigating source selection effects is by looking
at the samples derived from NIRCam grism spectroscopy. It is
difficult to say, however, what the intrinsic luminosity range
being probed by the NIRCam grism-derived samples is,
because these source luminosities have not been corrected for
dust extinction. As shown with black and white dots in
Figure 5, a number of the JADES Type I AGNs from I. Juod-
žbalis et al. (2024, in preparation) are found in the FRESCO
survey area in GOODS-S and GOODS-N. The white dots in
the figure indicate which sources within the FRESCO footprint
are also found in the redshift range 4.9 < z < 6.6 where Hα
would be redshifted into the F444W filter. These sources have
dust-corrected Lbol < 4 × 1044 erg s−1, and broad lines were
not detected in the grism spectra, indicating that the FRESCO
spectroscopy was not sensitive to lines in this luminosity range.
The only I. Juodžbalis et al. (2024, in preparation) source that
overlaps with the J. Matthee et al. (2024) sample is JADES-GS
+53.1386-27.79025 (GOODS-S-13971, at z= 5.481), an LRD
where the NIRSpec-derived, dust-corrected value is Lbol = 9.6
× 1044 erg s−1 (the dust-uncorrected value measured in
J. Matthee et al. 2024 is Lbol = 5.5 × 1044 erg s−1).

There may be also a significant bias to the selection of broad-
line AGNs with the NIRCam grism, which is very sensitive to
both the flux of a given emission line to be detected (in other
words, the wide-band brightness assuming a fixed emission-
line equivalent width), as well as the morphology of the source
(see R. Maiolino et al. 2024a, for more discussion). Photo-
metric LRD selection, as described in Section 2, often includes

an upper limit on the F444W magnitude (or a lower limit on the
F444W flux). For FRESCO, the F444W filter was used with
the NIRCam grism, so it is perhaps not surprising that the
sources with broad Hα fluxes were red in that sample. In
addition, the observed NIRCam grism line width is a
convolution of the intrinsic line width, the NIRCam instru-
mental line broadening, and the source morphology. While
there is an observed morphological broadening of grism
spectral lines for extended sources, faint broad Hα emission
has a higher SNR for compact sources.

5.2. LRDs Selection, Spectral Energy Distributions, and the
Impact of Emission Lines

While a subset of LRDs do represent a distinct sample of
Type I AGNs, it is difficult to know exactly whether their large
numbers are indicative of trends in AGN evolution at high
redshift. Currently, there are many definitions of an LRD in the
literature, with multiple selection criteria and techniques.
Importantly, these methods rely on colors or slopes estimated
from the most commonly used NIRCam filters, which are
relatively wide. Strong line emission in these galaxies, most
significantly [O III]λλ4959, 5007 + Hβ and Hα, can help boost
the fluxes, making a galaxy appear significantly redder at
2–5 μm. Multiple studies have attempted to mitigate this by
using NIRCam F410M photometry, where it is available, to
trace the underlying continuum (see D. D. Kocevski et al. 2024,
for a discussion), but this is an imperfect technique, given how
strong lines can boost both F410M and F444W in specific
redshift ranges. Emission lines with high equivalent widths are
quite common at z > 4 and can have a significant impact on the
inferred galaxy properties of red galaxies like LRDs (R. Ends-
ley et al. 2023).
To further explore this, we carefully visually inspected each of

the photometric SEDs for the Type I AGNs and the LRDs in our
assembled samples. As we have shown in Figures 2 and 4, LRD
selection results in samples of objects with a variety of colors and
slopes. While the term “LRD” could merely refer to compact
sources that appear red in the rest-frame optical, there are a number
of ways that an observed SED can feature such a slope. To
demonstrate this, we plot the photometric SEDs for seven sources
from the D. D. Kocevski et al. (2024) and P. G. Pérez-González
et al. (2024) JADES GOODS-S LRD samples in Figure 6. We plot
the observed photometry along with fits to the photometry from the
python implementation of EAZY (G. B. Brammer et al. 2008).17

We use the EAZY templates and fitting procedure outlined in
K. N. Hainline et al. (2024b), and fix the redshifts to the values
provided by either D. D. Kocevski et al. (2024) or P. G. Pére-
z-González et al. (2024).
The majority (65%) of the LRDs in our assembled sample

has a rising optical slope, and the NIRCam photometry,
specifically the medium-band filters found across the JADES
fields, provides evidence of this being largely continuum
driven. Examples of these sources are shown in the top two
SEDs in Figure 6 from the D. D. Kocevski et al. (2024) sample
of LRDs.18 While there is emission-line boosting from Hα in
F410M and F444W for D. D. Kocevski et al. (2024) JADES

17 https://github.com/gbrammer/eazy-py
18 Both of these sources appear in P. G. Pérez-González et al. (2024), the
former as 203749 (zphot = 4.1153) and the latter as 184838 (zphot = 7.1). Based
on our EAZY fits to the SEDs, we consider these redshifts to be less accurate
than the values presented in D. D. Kocevski et al. (2024), which are shown in
Figure 6.
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17876, this source lies in the JADES Origins Field (PID: 3215;
D. J. Eisenstein et al. 2023a), where the shallow red underlying
continuum is observed using data from the medium-band filter
coverage in this survey area.

Line boosting is more of an issue for the third and fourth
SEDs from the top in Figure 6, JADES 79803 from P. G. Pér-
ez-González et al. (2024) and JADES 12068 from D. D. Koce-
vski et al. (2024). At the redshifts of these sources, strong
[O III]λλ4959, 5007 line emission is contributing to the F335M
and F356W fluxes, and Hα is contributing to the F444W
fluxes, such that the true continuum slope is difficult to discern
from the NIRCam wide filters alone. This is clear from
D. D. Kocevski et al. (2024) JADES 12068, where the
NIRCam F410M, F430M, and F480M filters trace a signifi-
cantly bluer optical slope than would be estimated from the
F356W and F444W filters. For those sources in CEERS where
the only medium-band coverage comes from the F410M filter,

this may be a more significant concern, especially for galaxy or
AGN properties derived from SED fitting codes. Sufficient
medium-band coverage around 3–5 μm can isolate line
boosting from prominent emission lines and provide more
robust estimates of the rest-optical slopes. These SEDs and the
fits shown in Figure 6 demonstrate the significant degeneracies
that exist between line and continuum emission, which biases
the selection of LRDs from photometry alone.
At the highest redshifts (z > 8), the rest-frame optical is only

probed by data at λ > 4 μm, which means that any potential
boosting from the [O II]λ3727, 3729, or [O III]λ5007 + Hβ
emission lines will result in a red F277W–F444W color, and
little information can be gleaned about the underlying optical
continuum. This is shown with the fifth and sixth SEDs from
the top in Figure 6, JADES 75654 and 211388 from P. G. Pér-
ez-González et al. (2024). It should be noted that the latter was
detected with JWST/MIRI at 5.6–12.8 μm, indicating a rising
optical slope, but this is not guaranteed when selecting LRDs at
high redshifts with a red F277W–F444W color. The two Type
II AGNs with “red optical slopes” seen in Figure 4 from the
G. Mazzolari et al. (2024) sample are only red by virtue of
strong line emission in F444W. Similar results are seen for a
sample of z > 7 galaxies with F277W–F444W > 1 in
G. Desprez et al. (2024), where JWST/NIRSpec observations
demonstrate that high-equivalent-width [O III]λ5007 + Hβ
emission lines contributed 40%–50% of the observed F444W
flux. MIRI observations and medium-band NIRCam observa-
tions are potentially necessary to provide more robust estimates
of the rest-optical slopes, due to uncertain line contamination in
F444W. Additionally, for sources at these redshifts, accurate
photometric redshift estimates require deep observations at
0.9–1.5 μm to trace the Lyα break. As many of the LRDs are
faint in the rest-frame UV, photometric redshift estimates that
depend on relatively shallower HST short-wavelength coverage
may result in redshifts that are biased high.
At low redshifts, however, LRD selection may be returning

sources that are quite different from what is seen at z > 6, as
shown in the bottom source in Figure 6, JADES 10491 from
D. D. Kocevski et al. (2024). This source has a red UV slope, and
while the SED does rise in the rest-frame optical, it turns over and
is largely consistent with other low-redshift AGN SEDs.
Taken together, this demonstrates a core issue in under-

standing the origin of the UV and optical fluxes in LRDs:
Current selection techniques are too broad, and even in sources
with red optical slopes, flux boosting from emission lines plays
a significant role. In addition, photometric redshift estimation is
difficult for these sources, and in surveys without deep
NIRCam observations at 0.9–1.5 μm, the resulting photometric
redshifts are biased high. It is of fundamental importance that
careful visual inspection of the SEDs of recovered LRDs is
performed so as to specifically target those sources with strong
evidence of a V-shaped continuum, with a flat UV slope and a
red optical slope. It is crucial that these sources are observed
with multiple medium-band filters, given the contributions
from strong emission lines.

5.3. The Fraction of LRDs among Type I AGNs

As discussed, while the fraction of AGNs among LRDs is
argued to be between 20% and 80%, likely depending on the
specific LRD selection criteria (J. E. Greene et al. 2024;
D. D. Kocevski et al. 2024; P. G. Pérez-González et al. 2024),
it is of interest to explore the fraction of LRDs among the

Figure 6. Example NIRCam SEDs for a range of LRDs presented in
D. D. Kocevski et al. (2024) and P. G. Pérez-González et al. (2024), along with
fits to the sources using the python implementation of EAZY (G. B. Brammer
et al. 2008). From top to bottom, we plot the SED for JADES 8103
(zphot = 7.51) and 17876 (zphot = 5.29) from D. D. Kocevski et al. (2024),
which are examples of LRDs with flat, or blue UV colors and a red optical
slope. Below that are P. G. Pérez-González et al. (2024) JADES 79803
(zphot = 5.4) and D. D. Kocevski et al. (2024) JADES 12068 (zphot = 5.92),
where strong optical line emission is boosting the wide filters, and without the
medium-band filters these sources would be fit with a much redder optical
slope. Below that, we plot JADES 75654 (zphot = 8.8) and JADES 211388
(zphot = 8.38) from P. G. Pérez-González et al. (2024), which have flat UV
slopes and only rise at 4 μm, likely because of strong [O III]+Hβ emission.
Finally, we plot D. D. Kocevski et al. (2024) 10491 (zphot = 2.89), a source
with a more traditional optical turnover similar to other low-redshift AGNs.
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population of Type I, broad-line AGNs. The heterogeneous
sample of Type I AGNs collected in this work is certainly
inadequate to fully explore this, especially given that many
Type I AGNs were discovered specifically in spectroscopic
follow-up of LRDs. A potential way forward, although still
imperfect, is to use the statistics from the Type I AGNs
serendipitously identified from the broad spectroscopic survey
of galaxies in JADES (I. Juodzbalis et al. 2024, in preparation).

The selection function of the galaxies targeted in JADES is
complex. However, with the exception of a few rare cases
targeted specifically for their peculiar colors, the majority of the
galaxies targeted in the JADES spectroscopic follow-up are
representative of the galaxy population (with magnitude limits
varying for different tiers), where the priority was generally
given to higher-redshift sources and otherwise the slit
allocation was generally provided by the micro-shutter
assembly constraints.

Excluding three objects that were specifically targeted for
follow-up by virtue of their LRD colors, out of the 27 Type I
AGNs identified by I. Juodzbalis et al. (2024, in preparation) in
JADES (down to a bolometric luminosity of a few times
1043 erg s−1), eight have slopes consistent with an LRD, i.e.,
about 30%. However, as already mentioned, there is a strong
luminosity dependence. Specifically, at bolometric luminosities
below 1.5 × 1044 erg s−1 the fraction is 15%, and no LRDs are
found at Lbol < 1044 erg s−1. As discussed, there is also a
possible redshift dependence, however it is more difficult to
assess due to the lack of statistics at z > 6 (and also the fact that
the JADES team selected fewer galaxies at low redshifts; see
A. J. Bunker et al. 2024; F. D’Eugenio et al. 2024).

The fraction of LRDs is also dependent on the AGN
properties that are considered. For instance, when looking at
the UV luminosity function of Type I AGNs (and of their host
galaxies), which is relevant for their contribution to the
reionization of the Universe (A. Grazian et al. 2024; P. Madau
et al. 2024), the fraction of LRDs is obviously lower owing to
their redder observed colors. Exploring the UV luminosity
function (and more broadly any luminosity function) of Type I
AGNs is beyond the scope of this paper. Here, we only report
that the contribution of LRDs to the UV luminosity function (in
the luminosity range between MUV ∼ −18 and MUV ∼ −20)
has been estimated to be between 3% and 10% (e.g., R. Mai-
olino et al. 2024a; D. D. Kocevski et al. 2024; A. J. Taylor
et al. 2024).

6. Conclusions

To conclude, we have assembled a large sample of LRDs
and AGNs from the literature across the JADES and CEERS
extragalactic data sets. Using a uniform NIRCam photometric
data set, we have explored common color and slope selection
criteria for the sources in the sample to understand the role of
LRDs in the evolution of AGNs. Primarily, we find as follows:

1. Using our independently derived photometric catalogs,
we find consistent colors, slopes, and compactness values
for JADES and CEERS LRDs to those in the literature,
primarily those of D. D. Kocevski et al. (2024). The use
of a rest-frame βUV and βopt for selecting LRDs is a more
robust technique than simple color selection for finding
sources across a range of redshifts.

2. The Type I AGNs span a broad distribution of colors and
slopes, some of them consistent with LRDs, while others

have colors typical of star-forming galaxies or local
(blue) quasars (which have similar colors). We find a
bimodality in the distribution of UV and optical slopes
for both galaxies and AGNs. SMC-like extinction laws
would redden both the UV and the optical slopes of Type
I sources, producing slopes consistent with intermediate-
redshift SED-derived AGNs, as well as some reddened,
low-z quasars. The rest-frame UV in LRDs may be
dominated by host-galaxy light (M. Killi et al. 2024) or
scattered light from the accretion disk (H. B. Akins et al.
2023; D. D. Kocevski et al. 2023; I. Labbé et al. 2025;
G. Barro et al. 2024), although more gray extinction laws,
such as the one derived for AGNs in C. M. Gaskell et al.
(2004), would serve to move sources into LRD selection
regions, as discussed by Z. Li et al. (2024).

3. The Type II AGNs in our sample do not have colors or
slopes consistent with LRDs, but rather they appear to
have colors and slopes similar to the underlying galaxy
population. This is expected given that central obscura-
tion in these sources results in a continuum dominated by
emission from the host galaxy.

4. For Type I sources, we find that LRDs typically have
high bolometric AGN luminosities compared to the non-
LRD Type I AGNs. Because non-LRDs have colors
typical of the underlying galaxy population (while being
consistent with quasar-like colors, which are similar to
those of star-forming galaxies), targeting “normal” (blue)
Type I AGNs with NIRSpec is not as straightforward as
what has been done with LRDs (which have peculiar
colors and slopes).

5. However, NIRCam grism observations can help mitigate
this selection effect somewhat, because of how LRDs are
selected by being bright at long wavelengths and
compact, broad-line sources found in grism data are
more likely to arise from an LRD.

6. From a careful round of visual inspection, we find that
while the majority (65%) of literature LRD sources
have a V-shaped SED, there is significant contamination
from emission-line fluxes to the photometry used to select
these sources, which is more common at higher redshifts
(z > 8). A full understanding of the role that LRDs play
in AGN evolution will require refinements to the
selection processes to mitigate this contamination. Deep
JWST/MIRI observations can be used to extend the
redshift range where LRDs are found.

7. The majority of Type I AGNs, in the intermediate-/low-
luminosity range newly probed by JWST at z > 4, are not
LRDs. We attempt to assess the fraction of LRDs among
the Type I AGNs at high redshift. Taking the JADES
spectroscopic survey as a potentially unbiased reference,
we find that LRDs are about 30% of the Type I AGN
population, with their fraction dropping to less than 15%
at low AGN bolometric luminosities. Obviously, given
their red colors, the contribution of LRDs to the UV
luminosity function is even lower, with previous studies
estimating fractions between 3% and 10%.

LRDs remain a fascinating sample of sources, and the origin
of their UV and optical emission remains a mystery given what
has been observed both spectroscopically and at longer
wavelengths. Understanding whether LRDs are indeed AGNs,
and, if so, how common LRDs are within the context of AGN
evolution will require continued observation of larger samples
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of objects with JWST/NIRSpec, however. We hope that future
JWST cycles will continue to find further samples of high-
redshift AGNs to extend these samples.
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