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ABSTRACT
One of the most surprising results of early James Webb Space Telescope (JWST) observations is

the discovery of an abundance of red, compact, broad-line objects dubbed “little red dots” (LRDs) at
z > 4. Their spatial density (∼ 10−4–10−5 cMpc−3) is 100 times more abundant than UV-selected
quasars at those redshift if one extrapolates the quasar luminosity function (QLF) down to the LRD
regime. However, whether LRDs dominate black hole accretion at quasar-like luminosities (Lbol ≳
1045−46 erg s−1) remains unanswered, as probing the bright end of the LRD luminosity function requires
a much larger area than those able to be surveyed by JWST. In this work, we present our search for the
brightest LRDs (K < 23.7) at 4.5 < z < 4.9 using wide-area multiwavelength imaging surveys from
the near-UV to the infrared bands. With over 15 square degrees of sky coverage, we only identify one
single LRD candidate at zphot ≈ 4.6, which translates into a spatial density of n(M5100 < −23.5) ≈
10−8 cMpc−3—this is nearly 10 times less abundant than the UV-selected quasars at similar optical
luminosity. When combined with the LRD sample identified by JWST at the same redshift range, we
find a sharp cutoff in the optical luminosity function at λL5100 ≈ 2.5 × 1044 erg s−1, while the QLF
turnover occurs at ≳ 20 times higher luminosity. We therefore confirm the exclusively low-luminosity
nature of LRDs, ruling out that LRDs are the counter parts of quasars. Furthermore, we speculate
that, if the shape of the luminosity function holds up, it points to LRDs being powered by low-mass
black holes with a narrow range of Eddington-level accretion rates.

Keywords: Active galactic nuclei (16), Black holes (162), Galaxy formation (595), High-redshift galaxies
(734)

1. INTRODUCTION

The James Webb Space Telescope (JWST) has iden-
tified a population of low-luminosity active galactic nu-
cleus (AGN) candidates dubbed “little red dots” (LRDs;

Corresponding author: Yilun Ma (yilun@princeton.edu)

J. Matthee et al. 2024) across 2 < z < 9. They are com-
pact sources (re ≲ 100 pc) characterized by a V-shaped
spectral energy distribution (SED), where a faint blue
ultraviolet (UV) continuum is followed by a steeply ris-
ing red optical continuum (D. D. Kocevski et al. 2023;
H. B. Akins et al. 2024; V. Kokorev et al. 2024; I. Labbe
et al. 2025) commonly exhibiting broad Balmer emis-
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sion lines (e.g., J. E. Greene et al. 2024; I. Juodžbalis
et al. 2024; R. E. Hviding et al. 2025). More impor-
tantly, LRDs’ spectral slope change (i.e., the turnover
point of the V-shaped SED) consistently occurs at rest-
frame 3645 Å, the Balmer limit, which requires highly
fine-tuned galaxy+AGN hybrid models to reproduce
(D. J. Setton et al. 2024). A subset of LRDs exhibit
a Balmer break so strong that it is rather challenging,
if not unphysical, to be explained by stellar populations
alone (L. J. Furtak et al. 2024; I. Labbe et al. 2024; Y.
Ma et al. 2025a; A. de Graaff et al. 2025; R. P. Naidu
et al. 2025; B. Wang et al. 2025). This motivates mod-
els where the Balmer break is produced by absorption
from dense n = 2 hydrogen near the massive black hole
in LRDs (e.g., K. Inayoshi & R. Maiolino 2025; X. Ji
et al. 2025a). The kinematically offset Balmer absorp-
tion that is commonly seen in LRDs may already hint
the existence of such high-density gas (X. Lin et al. 2024;
J. Matthee et al. 2024). Beyond the UV-optical, most
LRDs show no sign of strong X-ray emission from AGN
corona (T. T. Ananna et al. 2024; M. Yue et al. 2024) or
infrared emission from the warm torus or galactic dust
in the host galaxy (G. C. K. Leung et al. 2024; C. C.
Williams et al. 2024; C. M. Casey et al. 2025; D. J. Set-
ton et al. 2025; M. Xiao et al. 2025), suggesting that the
redness may be intrinsic to the photosphere of a super-
Eddington accretion flow (K. Inayoshi et al. 2024; D.
Kido et al. 2025; H. Liu et al. 2025) as opposed to dust-
reddening (e.g., Z. Li et al. 2025). So far, no model has
been able to consistently explain the full SED.

Solving the puzzle of the SED shape of LRDs is crucial
because their abundance at high redshift suggests a com-
mon phase of black hole accretion in the early universe.
They are approximately 100 times more abundant than
UV-selected quasars at z > 4 (V. Kokorev et al. 2024;
D. D. Kocevski et al. 2025). However, a significant drop
in LRD number density by nearly a factor of 50 occurs at
2 ≲ z ≲ 4, and LRDs become ∼ 10 times less abundant
than quasars at cosmic noon (D. D. Kocevski et al. 2025;
Y. Ma et al. 2025b; M.-Y. Zhuang et al. 2025). Although
extremely rare, LRDs analogs have been identified in the
local universe at z ∼ 0.1 as well (X. Ji et al. 2025b; X.
Lin et al. 2025). This suggests that the required condi-
tions for LRDs—for instance, high gas density (e.g., K.
Inayoshi 2025)—are more common, but not unique, to
the high-redshift universe.

Yet, while the faint end of the LRD luminosity func-
tion is well characterized and dominates the number
density estimation, the shape of the LRD luminosity
function at the bright end remains poorly constrained.
With one photometrically selected LRD candidate in
their most luminous bin (M1450 = −22) within 0.18 deg2

of JWST blank fields, V. Kokorev et al. (2024) tenta-
tively claim a cutoff at M1450 ≈ −20.6mag in the UV
luminosity function (UVLF) of LRDs at 4.5 < z < 6.5

beyond which the number density drops below that of
quasars. However, the authors cannot confidently con-
clude the cutoff to be physical due to the small survey
volume. A wide-area search is thus necessary to robustly
determine the shape of the luminosity function on the
bright end. Only then can we infer the properties of the
central black holes and the accretion physics powering
LRDs and compare them to typical blue quasars.

In this paper, we present our search for the most lu-
minous LRDs using wide-area, multi-wavelength imag-
ing surveys within 15.3 square degrees of sky to con-
strain the bright end of the LRD luminosity function at
4.5 < z < 4.9. We introduce the photometric surveys in
Section 2 and the selection process in Section 3. We then
present the luminosity function in Section 4 and dis-
cuss its implication to the nature of LRDs in Section 5.
We assume a cosmology with H0 = 70 km s−1 Mpc−1,
Ωm,0 = 0.3, and ΩΛ,0 = 0.7. All magnitudes are pre-
sented in AB magnitude (J. B. Oke & J. E. Gunn 1983).

2. MULTIWAVELENGTH IMAGING SURVEYS

In order to search for the most luminous LRDs, which
are likely intrinsically rare, a wide-area search is re-
quired. We conduct our search within 15.3-deg2 in the
four Deep and UltraDeep fields (D/UD fields) of the
Hyper Suprime-Cam Subaru Strategic Program (HSC-
SSP; H. Aihara et al. 2018). These fields contain a
wealth of multi-wavelength imaging data from the ob-
served near-UV to the infrared wavelengths, providing
sufficient wavelength coverage to select the characteristic
V-shaped SED of high-redshift LRDs. Particularly, the
deep HSC-grizy imaging in the optical-NIR (i3σ ≈ 27.4

and y3σ ≈ 25.8; H. Aihara et al. 2022) enables the detec-
tion of (and thus the selection using) the UV continuum
of luminous LRDs at mUV ≲ 26 at z ∼ 5; see the left
panel of Figure 1).

In addition to HSC, there is also u/u∗-band imaging
by the CFHT Large Area U -band Survey (CLAUDS;
M. Sawicki et al. 2019) in the D/UD fields. The NIR
wavelengths are covered by JHK/Ks imaging of vari-
ous ground-based surveys including the Ultra Deep Sur-
vey with the VISTA Telescope (UltraVISTA; H. J. Mc-
Cracken et al. 2012), the VISTA Deep Extragalactic Ob-
servations Survey (VIDEO; M. J. Jarvis et al. 2013), the
Deep eXtragalactic Survey and the Ultra-Deep Survey
of the UKIRT Infrared Deep Sky Survey (UKIDSS/DXS
and UKIDSS/UDS; A. Lawrence et al. 2007), the Deep
UKIRT Near-infrared Steward Survey (DUNES2; H. Ai-
hara et al. 2022, Egami et al., in prep.), and the DeepCos
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survey (PI: Y.-T. Lin; H. Aihara et al. 2022). Further-
more, infrared imaging data in the 3.5 and 4.5µm is
supplemented by the master mosaics produced by M.
Lacy et al. (2021) and the Spitzer Coverage of the HSC-
Deep with IRAC for Z-studies (SHIRAZ; M. Annunzi-
atella et al. 2023) by combining new and archival Spitzer
observations. H. Aihara et al. (2022) outline these multi-
wavelength surveys in detail; M. Lacy et al. (2021)
and M. Annunziatella et al. (2023) also describe all the
archival data invoked to produce the master IRAC mo-
saics that we utilize for our study.

These multi-wavelength imaging data are then com-
bined to construct the so-called “u-to-IRAC" photomet-
ric catalog. From the u/u∗-band to the K/Ks-band,
the catalog is defined following a modified HSC pipeline
to account for non-HSC data (J. Bosch et al. 2018,
2019; G. Desprez et al. 2023). We identify peaks in
all bands simultaneously, and the detection band of a
given source is assigned to be the first band in the order
of irzygJHK/Ks that shows a > 7σ peak. We then
perform forced photometry at the source position across
all the ground-based bands with the same settings de-
scribed in H. Aihara et al. (2022). For the Spitzer/IRAC
data, photometry is carried out using a de-blending al-
gorithm. Source segmentation maps are constructed us-
ing the K/Ks-band, J-band, and z-band imaging data—
redder bands have higher priority—and used as priors to
build models with IRAC resolutions. The nearby and/or
blended sources are then subtracted and photometry is
carried out using a D = 3 ′′ aperture. This de-blending
procedure is described in detail in D. Marchesini et al.
(2009). We subsequently correct the aperture fluxes to
total fluxes using a median growth curve based on point
sources identified in each field’s mosaic.

Lastly, for this work specifically, we remove objects
that only have peaks detected in less than three bands
and objects that are blended with bright stars. These
sources are not involved in estimating the total survey
area.

3. SAMPLE SELECTION

3.1. LRD Selection

The selections for LRDs, either using photometric col-
ors (e.g., H. B. Akins et al. 2024; I. Labbe et al. 2025;
Y. Ma et al. 2025b; R. E. Hviding et al. 2025) or us-
ing photometric slopes (D. D. Kocevski et al. 2025), are
all designed to target their characteristic V-shaped UV-
optical SEDs. We invoke the following criteria for our
selection of LRDs:

1. the object must be detected with a signal-to-noise
ratio (SNR) greater than 3 from r to [4.5];

2. the object must be a drop-out (SNR < 3) in g-
band;

3. K/Ks < 23.7;

4. i− y < 0.8;

5. K/Ks − [3.6] > 1.3;

6. the object must be consistent with a point source
(represented by extendedness=0 as defined in the
HSC pipeline; see J. Bosch et al. 2018) in i-, J-,
H-, K/Ks-bands.

The drop-out criterion ensures that we target the red-
shift range of interest. The K/Ks-band magnitude cut
is set to be the shallowest K/Ks-band 3σ depth for blind
point source detection among the HSC-D/UD fields, tar-
geting the brightest objects only. As shown in the left
panel of Figure 1, the magnitude cut also makes the
brightness of the other three selection bands lie above
their respective depths (i3σ = 27.4, y3σ = 25.8, and
[3.6]3σ = 24.1)11. The i − y color targets the blue UV
continuum of the LRDs, while the K/Ks − [3.6] color
targets the red optical continuum. In the right panel
of Figure 1, we show that the synthetic colors of many
spectroscopically selected JWST LRDs also reside in the
selection box. We give a detailed discussion on the se-
lection completeness in Section 3.3.

Leveraging the high spatial resolution of space-based
observations, LRD studies with JWST often quantify
compactness using photometry or morphology within
the innermost 1–2 kpc of the sources in the rest-frame
optical bands (e.g., R. E. Hviding et al. 2025; D. D. Ko-
cevski et al. 2025; I. Labbe et al. 2025). It is worth not-
ing that extended morphology in the rest-frame UV has
been uncovered in a fraction of JWST LRDs, suggesting
potential host or gas nebular emission (e.g., P. Rinaldi
et al. 2024; C.-H. Chen et al. 2025b; A. Torralba et al.
2025). Our compactness requirement is not as stringent
as that imposed by JWST studies due to the nature of
seeing-limited observations (0.′′66 in i-band corresponds
to ∼ 4 kpc at z = 4.7; H. Aihara et al. 2022) from the
ground—we discuss this in the case-by-case situation in
the following paragraph.

Using the aforementioned six criteria, we only identify
two potential LRD candidates from the u-to-IRAC par-
ent sample within the entire survey area. A breakdown
of number of objects included by each selection criterion
can be found in Appendix A. We now attempt to visually

11 Like the K-band, these depths are also the shallowest 3σ blind
point source detection limits in each band over the full survey
volume.
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Figure 1. Left: The spectra of JWST LRDs from D. J. Setton et al. (2024) and R. E. Hviding et al. (2025) are shifted to
z = 4.9, matched to the K/Ks-band 3σ limit (23.7mag), and stacked together. Synthetic photometry of the stack (circles)
and of each individual LRD in the stack (violins) both demonstrate that, after applying the K/Ks cut, the photometry of all
selection bands would lie above their respective survey depth limits (horizontal lines), suggesting our search for the luminous
LRDs is plausibly volume-complete. Right: The synthetic photometric colors of 38 spectroscopically selected LRDs from D. J.
Setton et al. (2024) and R. E. Hviding et al. (2025) are shown as pink circles in the LRD selection box. The colors are computed
by shifting the 38 LRD spectra to 4.5 < z < 4.9 with a ∆z = 0.1 increment. The one LRD candidate (ECOSMOS-LumLRD-z5)
that we identify this work is shown as the star. The full parent u-to-IRAC catalog is shown in the background.

inspect higher-resolution imaging data of the two can-
didates. One of the two candidates (RA= 09:59:39.12,
Dec=+02:06:01.48) is within the imaging footprints of
the COSMOS-Web survey (C. M. Casey et al. 2023) and
Public Release Imaging for Extragalactic Research sur-
vey (PRIMER; GO #1837; PI: J. Dunlop). The can-
didate clearly displays an extended disk in the NIR-
Cam/F444W image. It is true that recent work by P.
Rinaldi et al. (2025) identifies an extended galaxy with
an LRD-like nucleus. Although such objects may hint
at the evolutionary path of LRDs, they do not resem-
ble typical LRDs selected by JWST (e.g., H. B. Akins
et al. 2024; V. Kokorev et al. 2024; D. D. Kocevski et al.
2025) that we use to combine our sample with (see Sec-
tion 4.2). Thus, we exclude this JWST-extended source,
and only one single object remains.

Lastly, brown dwarfs, which also appears as point
sources at JWST-resolution, could serve as contamina-
tion when selecting LRDs at z ≳ 4 using photometric
colors of JWST (A. J. Burgasser et al. 2024; J. E. Greene
et al. 2024; I. Labbe et al. 2025), but this is not the case
for us. It is because the i− y colors of brown dwarfs are
much redder than the NIRCam colors used to select the

blue rest-frame UV of LRDs (e.g., F115−F200W), as the
former broadly traces the Wien tail and the red wing of
the resonant K i absorption of brown dwarf SEDs. Thus,
we conclude that the remaining LRD candidates is ex-
tragalactic in nature. This luminous LRD candidate,
ECOSMOS-LumLRD-z5, is the only source we identify
among nearly two million sources over the 15.3-square-
degree survey field.

3.2. ECOSMOS-LumLRD-z5

ECOSMOS-LumLRD-z5 is the only LRD candidate
brighter than K/Ks = 23.7 that we identified in our
search. Its position in the color-color space is shown
in the right panel of Figure 1. We show its multi-
wavelength SED in Figure 2 and Table 1. We esti-
mate the photometric redshift of ECOSMOS-LumLRD-
z5 with EAZY (G. B. Brammer et al. 2008) and ob-
tained zphot = 4.65+0.18

−0.04. The p(zphot) distribution is
shown in Figure 2, and we point the readers to Ap-
pendix B for the details of the EAZY configuration we use.
With some handle on the source redshift, we note that
ECOSMOS-LumLRD-z5 is nearly ∼ 1mag more lumi-
nous than UNCOVER-45924, the most luminous LRD
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Figure 2. The photometric SED of ECOSMOS-LumL-
RD-z5 is shown against the NIRSpec/PRISM spectrum of
UNCOVER-45924 (I. Labbe et al. 2024), the most luminous
JWST LRD to date. The HST/ACS/WFC F814W image
cutout and the p(z) distribution output by EAZY are shown
in the insets.

Table 1. Source Properties of ECOS-
MOS-LumLRD-z5

Quantity Unit Measurements

RA deg 149.8664

Dec deg +1.7497

zphot — 4.65+0.18
−0.04

CFHT/MegaCam–u mag > 29.00

CFHT/MegaCam–u∗ mag > 28.93

Subaru/HSC–g mag > 29.09

Subaru/HSC–r mag 27.78± 0.15

Subaru/HSC–i mag 25.80± 0.03

Subaru/HSC–z mag 25.41± 0.03

Subaru/HSC–y mag 25.23± 0.05

VISTA/VIRCAM–J mag 25.03± 0.02

VISTA/VIRCAM–H mag 25.45± 0.02

VISTA/VIRCAM–Ks mag 23.48± 0.01

Spitzer/IRAC [3.6] mag 21.61± 0.02

Spitzer/IRAC [4.5] mag 21.50± 0.03

discovered and spectroscopically confirmed by JWST to
date (I. Labbe et al. 2024).

ECOSMOS-LumLRD-z5 has no JWST imaging avail-
able but is within the Hubble Space Telescope (HST)
footprints of the Cosmic Evolution Survey (COSMOS;
A. M. Koekemoer et al. 2007; N. Scoville et al. 2007; R.
Massey et al. 2010). The ACS/F814W imaging cutout
of ECOSMOS-LumLRD-z5 is also shown in Figure 2.
We provide the details of the morphological analysis in
Appendix C and conclude that ECOSMOS-LumLRD-z5
is consistent with a point source in the rest-frame UV.
We thus estimate a size upper limit of r < 310 pc for
ECOSMOS-LumLRD-z5, similarly compact to JWST-
selected LRDs (e.g., H. B. Akins et al. 2024).

3.3. Selection Completeness

We examine the completeness of our selection with a
set of spectroscopically confirmed LRDs at 3.9 < z <

7.0 from D. J. Setton et al. (2024) and R. E. Hvid-
ing et al. (2025) with spectra publicly available on the
Dawn JWST Archive12. Five RUBIES objects (EGS-
53254, EGS-37124, UDS-29813, UDS-149298, and UDS-
807469) are within the redshift range but removed be-
cause of their incomplete wavelength coverage by NIR-
Spec/PRISM. We exclude another three RUBIES ob-
jects (EGS-42232, UDS-36171, UDS-830237) as we de-
termine their rest-frame UV to be too faint for accurate
synthetic photometry after our visual inspection. The
remaining 38 objects are referred to as “templates" in
the following discussion.

We first shift the template spectra to z = 4.9, the
upper bound of our redshift range of interest. We com-
pute the synthetic photometry of each object in i, y,
K, and [3.6] bands. After matching all templates to
K = 23.7mag among the entire 15.3-deg2 search area,
we stack all templates and measure the four-band syn-
thetic photometry on the stack. In the left panel of
Figure 1, we show that once the K-band cut is made,
the brightness of the stack and of each individual tem-
plate in the other three bands are all above their respec-
tive depths. This heuristically suggests that our search
of the brightest LRDs is plausibly volume-complete for
the typical objects.

To investigate the completeness in details, we cre-
ate mock observations using the template spectra. For
each template, we randomly draw redshift from z ∈
[4.5, 4.9] and monochromatic luminosity at rest 5100Å
from M5100 ∈ [−23.5,−24.5] with 500 realizations—the
latter is the luminosity bin we are interested in (see
Section 4.2). We shift the template spectra to the ob-
served frame according to the redshift and luminosity
and compute synthetic photometry of the mock objects

12 https://dawn-cph.github.io/dja/index.html

https://dawn-cph.github.io/dja/index.html
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from i-band to and IRAC/[3.6]. Finally, the synthetic
photometry msyn in each band is perturbed according
to an uncertainty randomly drawn from the error dis-
tribution derived from sources within msyn ± 0.5 in the
parent u-to-IRAC catalogs. We repeat the above pro-
cedure on all 38 LRD template spectra and feed all
(38×500 = 19, 000) mock LRD photometries into the se-
lection pipeline (SNR cut, magnitude cut, and V-shape),
recovering only 11,467 mock sources. Thus, we esti-
mate the selection completeness to be Csel = 0.60 for
our ground-based search. This is slightly higher than
the 50% completeness estimated by R. E. Hviding et al.
(2025) for the JWST color-color selection of V. Kokorev
et al. (2024). This difference is likely due to the fact that
our search is not as limited by the UV faintness as the
JWST selection does because the K-band, which traces
the rest-frame optical, is the shallowest.

4. NUMBER DENSITY ESTIMATION

4.1. Survey Volume

First of all, we comment on the redshift range, 4.5 <

z < 4.9, that we restrict ourselves to when estimating
the number density. In fact, our i−y vs. K−[3.6] criteria
is not entirely insensitive to LRDs at 3.8 < z < 4.5

and 4.9 < z < 5.2. Our choice of 4.5 < z < 4.9 is
to enable a fair comparison with color-selected JWST
samples (which adopt a redshift lower bound of z = 4.5;
V. Kokorev et al. 2024) and to ensure that the i-band
flux is unaffected by the IGM absorption (including the
damped wing of Lyα absorption).

As a result, the volume of interest should in principle
be larger than the comoving volume between z = 4.5

and z = 4.9 within the survey area. Yet, we think that
estimating the volume using the full 3.8 < z < 5.2 range
would only result in an order-unity effect to our subse-
quent number density estimation, as the comoving vol-
ume only increases by a factor of ∼ 3.5. Moreover, since
the number density of LRDs rapidly drops by a factor
of ∼ 3–5 at 3.8 < z < 4.5 (K. Inayoshi 2025; Y. Ma
et al. 2025b; T. S. Tanaka et al. 2025) and our selection
completeness drops to ∼ 20% at 4.9 < z < 5.2, any
unidentified sources at those higher and lower redshifts
are all consistent with ∼Poisson(1) once the order-unity
volume increase is accounted for. Lastly, photometric se-
lections are subject to contamination, which could lower
the true number density, achieving similar order-unity
effect as an increased survey volume.

4.2. Optical Luminosity Function

Following Y. Ma et al. (2025b), we also choose to com-
pute the optical luminosity function, parametrized by
the absolute magnitude at rest-frame 5100 Å (M5100),

Table 2. The optical luminosity function of LRDs at
4.5 < z < 4.9

Sample M5100 log Φ

[mag] [cMpc−3mag−1]

This Work −25 < −7.53

−24 −7.57+0.52
−0.76

−23 −5.85+0.30
−0.76

−22 −5.01+0.15
−0.24

V. Kokorev et al. (2024) −21 −4.49+0.14
−0.11

−20 −4.31+0.20
−0.19

−19 −4.72+0.19
−0.23

Note—The magnitude bins all have a width of
±0.5mag, and the upper limit for the highest lumi-
nosity bin is given as the 1σ value.

Table 3. Best-Fit Model Parameters for the op-
tical luminosity function of LRDs at 4.5 < z < 4.9

Parameter Units Value

Schechter Function
Φ∗ 10−5 cMpc−3 3.95+5.45

−2.05

M∗ mag −21.9+0.9
−0.3

α — −1.30+0.87
−0.42

Double Power Law
Φ∗ 10−5 cMpc−3 0.83+4.33

−0.63

M∗ mag −22.8+1.2
−1.0

α — −1.74+0.86
−0.37

β — −6.13+1.80
−19.93

Note—M∗
5100 = −21.9mag and −22.8mag can

be converted into λL5100 = 1.5 × 1044 erg s−1

and 3.4× 1044 erg s−1, respectively.

instead of the UV luminosity function (UVLF). While
the origin of LRDs’ UV continuum remains unclear as
only a fraction of objects shows extended morphology
(P. Rinaldi et al. 2024; C.-H. Chen et al. 2025a,b; A.
Torralba et al. 2025), the origin of the optical continuum
appears to be converging towards a consensus. In mod-
els where a gas cocoon surrounds the accreting black
hole and produces the red optical continuum (e.g., H.
Liu et al. 2025; R. P. Naidu et al. 2025; V. Rusakov et al.
2025), the optical luminosity likely provides a more sen-
sible tracer of the central engine’s accretion power (J.
E. Greene et al., submitted) with minimal host emission



No Luminous LRDs 7

43 44 45 46
log L5100 [ergs 1]

2624222018
M5100 [mag]

10 10

10 9

10 8

10 7

10 6

10 5

10 4

 [c
M

pc
3

m
ag

1 ] LRD

UVQSO

fbolLEdd(107 M )

This Work
Kokorev+24

Figure 3. Left: The optical luminosity function of LRDs
at 4.5 < z < 4.9 is shown in red. The solid diamonds are
the measurements done in this work. The upper limit is
the 1σ value. The empty circles are measurements from
LRD candidates identified by V. Kokorev et al. (2024) at
4.5 < z < 4.9 with JWST. The best-fit Schechter model is
shown in the red with the 68% confidence interval shaded.
The light and dark blue curves are the LFs for UV-selected
quasars at 4.7 < z < 5.5 measured by G. Kulkarni et al.
(2019) and at z ∼ 5 by M. Niida et al. (2020). The dashed
lines are the extrapolated quasar LFs down to the faint ends.
The arrow marks the optical luminosity of a 107 M⊙-black
hole with Lbol/LEdd = 1, assuming Lbol/λL5100 = 5.4 for
the LRDs (J. E. Greene et al., submitted). In contrast, the
bolometric correction for the quasars is Lbol/λL5100 = 10.3
(G. T. Richards et al. 2006).

like the UV. This makes the optical luminosity function
particularly advantageous over the UVLF.

Given the identification of a single LRD candidate, we
compute the number density of LRDs within a luminos-
ity bin ∆M with

Φ(M)∆M =
1

Vmax × Csel
, (1)

where Csel is the selection completeness discussed in Sec-
tion 3.3, and Vmax is the maximum comoving volume
that a source with a given luminosity can be detected
in a magnitude-limited survey (M. Schmidt 1968). The
luminosity function is computed with 1000 Monte Carlo
realizations. Within each realization, the photometry
is drawn based on its uncertainty and redshift from the
P (z) distribution to compute M5100 by interpolating the
photometric SED and to estimate Vmax. Then, we com-

bine the Monte Carlo uncertainties of the number den-
sity with the Poisson uncertainties (N. Gehrels 1986).

In our specific case, we take the smallest of the Vmax

estimator in all four bands used for color selection as the
effective volume—this is similar to the approach by V.
Kokorev et al. (2024). We find that Vmax is just equal
to the comoving volume between z = 4.5 and z = 4.9

within the 15.3-deg2 search area—this is not surpris-
ing as our search for luminous LRDs is likely volume-
complete within this redshift range. We therefore obtain
the number density within −24.5 < M5100 < −23.5 to
be 10−7.57 cMpc−3. Again, as mentioned in Section 4.1,
using the full 3.8 < z < 5.2 range over which our se-
lection is sensitive would only increase the volume by a
factor of ∼ 3, further suppressing number density at the
bright end of the LF. We also add one more luminosity
bin at −25.5 < M5100 < −24.5 and compute the 1σ and
3σ Poisson upper limits of < 10−7.53 cMpc−3 mag−1 and
< 10−7.07 cMpc−3 mag−1, respectively.

Although our ground-based search grants a large area
for the rare and luminous LRDs, it is not deep enough
for the fainter ones (K/Ks ≳ 24). Therefore, we invoke
the LRD sample in blank deep JWST/NIRCam fields
presented in V. Kokorev et al. (2024). This particular
sample is chosen because the authors employ photomet-
ric colors very similar to ours for sample selection, which
ensures consistency when bridging our sample with the
JWST one. Using the photometric-slope-selected sam-
ple of D. D. Kocevski et al. (2025) would likely not sig-
nificantly affect our conclusion given the similarity in
both works’ number density estimations of less lumi-
nous LRDs. Utilizing the photo-z from V. Kokorev et al.
(2024), we calculate the M5100 of the JWST LRDs whose
redshift is consistent with the redshift range of interest
within 1σ in a similar fashion. This fills in the faint end
of the optical LF of LRDs at 4.5 < z < 4.9. We present
the optical luminosity function constructed from both
samples in Table 2.

Similar to V. Kokorev et al. (2024), we model the lu-
minosity function in the form of a Schechter function (P.
Schechter 1976),

Φ(M)dM = (0.4 ln 10)× Φ∗ × 100.4(α+1)(M∗−M)

× exp
[
−100.4(M

∗−M)
]
dM , (2)

where M is the absolute magnitude, M∗ is the charac-
teristic absolute magnitude determining the position of
the exponential drop-off at the bright end, α controls
the power-law slope at the faint end, and Φ∗ is a nor-
malization. Again, the uncertainties are propagated in
a Monte Carlo fashion with 1000 realizations. We show
the best-fit model and its parameters in Figure 3 and
Table 3, respectively.
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To compare the LRDs with other accreting black
holes, we convert the UVLFs of UV-selected quasars
(UVQSOs) at comparable redshift into optical LFs as
well. The optical LFs of the UVQSOs are approximated
by estimating M5100 −M1450 = −0.26mag from an em-
pirical z = 4.7 quasar template derived by M. J. Temple
et al. (2021) and shifting the UVLF by this constant
offset. In Figure 3, it is clear that LRDs quickly disap-
pear above M5100 ≲ −22.5, while the UVQSOs display
a luminous tail in their luminosity functions extending
to at least two or three magnitudes brighter than the
luminosity cutoff of the LRDs. At M5100 ≲ −24, the
UVQSOs are more abundant than LRDs by at least
1 dex. Although LRDs seem to dominate the black hole
number density at z ∼ 4.5, UVQSOs still dominate the
most luminous episodes of black hole accretion. Further-
more, the stark difference between the LF shapes of the
LRDs and the UVQSOs may suggest that LRDs do not
represent the simple obscured counterparts of luminous
quasars.

Finally, we make sure the steep cutoff in the LRD
luminosity function that we claim is not due to the ex-
ponential term in the Schechter function. As a sanity
check, we also model the measured number densities
with a double power law (B. J. Boyle et al. 1988),

Φ(M)dM =
Φ∗dM

100.4(α+1)(M−M∗) + 100.4(β+1)(M−M∗)
,

(3)
where α and β are the faint- and bright-end slopes,
respectively—this parameterization is commonly used
to describe quasar luminosity functions (QLFs). The
best-fit parameters of the double power law are also
listed in Table 3. We measure a bright-end slope of β =

−6.13+1.80
−19.93 for the LRDs. In comparison, the bright

and faint end slopes for the UVQSOs are βQSO ∼ −4.5

and αQSO ≳ −2 (G. Kulkarni et al. 2019; M. Niida
et al. 2020), respectively. Since both QLF slopes are
shallower than those of the LRDs that we measure, we
therefore conclude the steep luminosity cutoff for the
LRDs is likely physical.

5. WHAT TYPES OF BLACK HOLES ARE THEY?

Despite using a UVLF, V. Kokorev et al. (2024) al-
ready speculate about the lack of luminous LRDs in
their search across four JWST blank fields. Nonetheless,
they caution that this finding may be subject to the lim-
ited survey area—0.18 square degrees, compared to the
15.3 square degrees covered in our search—and may not
reflect a physical deficit. With our significantly larger
area, we robustly establish that the number density of
LRDs declines sharply beyond M5100 ≲ −22.5mag. As
mentioned in previous sections, selection incomplete-

ness or expanding the redshift range used to compute
the volume could not affect the conclusion on order-of-
magnitude level. Rather than using a UVLF, we focus
on the optical luminosity as a more physically motivated
tracer of intrinsic properties of the central engine. Given
this, we now turn to the question of why LRDs exhibit
such a steep luminosity cutoff at relatively modest lu-
minosities compared to UV-selected quasars, which are
similarly powered by accretion onto massive black holes.

In the simplest terms, the luminosity of an accreting
black hole scales with the product of the Eddington ratio
(λEdd ≡ L/LEdd) and the black hole mass, i.e., L ∝
λEddMBH. We therefore center our discussion—and the
accompanying heuristic illustrations (see Figure 4)—on
these two physical quantities.

Seemingly, the most straightforward hypothesis for
such a steep luminosity cutoff is that LRDs are uniquely
a low-MBH phenomenon when compared to the quasars.
This is particularly true given that LRDs may have
large λEdd values. Super-Eddington accretion has been
commonly invoked to explain the X-ray weakness (e.g.,
E. Lambrides et al. 2024; F. Pacucci & R. Narayan
2024) and the abundance of LRDs at z ≳ 4 (e.g.,
J. E. Greene et al. 2024; A. Trinca et al. 2024). Us-
ing bolometric corrections measured from LRDs, fbol =
λL5100/Lbol = 0.18 (J. E. Greene et al., submitted),
we estimate the bright-end cutoff of the LRDs roughly
matches the optical luminosity of a ∼ 107 M⊙ black hole
with Lbol = LEdd. This is ∼ 50–100 times less massive
than the typical black hole masses inferred from UV-
selected quasars at comparable redshifts (W. He et al.
2024). Such a faint luminosity cutoff in LRDs relative
to quasars may thus be interpreted as a cutoff in the
underlying black hole mass as well.

Additionally, the bright end of the LRD luminos-
ity function is steeper than that of the quasars. This
could result from a narrower Eddington ratio distribu-
tion for LRDs (e.g., well clustered at Lbol/LEdd ≈ 1)
relative to quasars (0.1 ≲ Lbol/LEdd ≲ 1; W. He et al.
2024, W. Li et al. 2024). Such a “narrower" Eddington
ratio distribution would make low-mass accretors less
likely to be scattered into the high-luminosity tail of
the whole population. In fact, less scatter in the Ed-
dington ratio distribution may be a natural outcome
for super-Eddington accretion. Theoretical works sug-
gest Lbol ∼ O(1 − 10) × LEdd even when the accre-
tion rate exceeds the Eddington value, potentially due
to significant photon trapping at sufficiently high accre-
tion rate (M. A. Abramowicz et al. 1988; K.-y. Watarai
et al. 2000; Y.-F. Jiang et al. 2014; A. Sądowski et al.
2015; K. Inayoshi et al. 2020). Moreover, if we assume
Lbol ∼ LEdd is required to power an LRD and that the
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Figure 4. A schematic cartoon showing how different combinations of black hole mass functions and Eddington ratio distri-
butions of the LRDs (red) and quasars (blue) affects the shape of the luminosity functions. The first row is our fiducial model,
where LRDs represent a population of low-mass black holes with high Eddington ratio and small scatter in the Eddington ratio
distribution. For the quasars, the quasar luminosity function is extrapolated below an observed limit and marked with the
dashed curve. This figure is entirely demonstrative and should mostly be taken qualitatively.

accretion is fuel-limited, then an upper bound on MBH

ensues. Put another way, a high Eddington ratio is more
likely to occur when black hole masses are low.

Motivated by those arguments, we heuristically test
the effect of an MBH cutoff and a narrow λEdd distribu-
tion centered close to unity on the shape of the luminos-
ity function of the LRDs using the semi-empirical frame-
work outlined by M. Volonteri et al. (2017). Briefly, we
assign a black hole with MBH in every galaxy accord-
ing to the MBH–M⋆ relation (J. E. Greene et al. 2020)
with scatter σlogMBH

= 0.5 (for both LRDs and the
quasars) after sampling the galaxies from a synthetic
stellar mass function at z = 5 (see P. Dayal & S. K. Giri
2024 for details of the stellar mass function). Assum-
ing a duty cycle of 0.1 and an obscured fraction of 90%,
we sample from a log-normal Eddington ratio distribu-
tion centered at ⟨log λEdd⟩ with a dispersion σlog λEdd

to
assign luminosity to each black hole, which can then be
used to estimate an LF. In this heuristic exercise, we de-
fine LRDs as systems with MBH < 107 M⊙ (motivated
by our measured cutoff luminosity; see Figure 3) with
⟨log λEdd⟩ = log 0.8 and σlog λEdd

= 0.25, while quasars
as those with MBH > 107 M⊙ with ⟨log λEdd⟩ = log 0.1,

σlog λEdd
= 0.50, and M5100 < −23.5mag (similar to the

the fainter limit in observed QLFs (see Figure 3). We
refrain from a full exploration of the parameter space
in this work, as the duty cycle, obscured fraction, black
hole occupation fraction, the black hole mass of LRDs,
and scaling relations at z = 5 are not constrained in
reality. Thus, we stress that our tests here are purely
heuristic and should only taken qualitatively. We show
the result of this heuristic test in the upper row of Fig-
ure 4. Indeed, qualitatively, we are able to reproduce
the steep drop of LRD LF at a fainter luminosity than
that of quasars with this toy model.

We also show two more tests in Figure 4 to further
understand physical drivers behind the observed LF fea-
tures. Firstly, if we only apply the 107 M⊙ mass cutoff
for the LRDs while assuming the same underlying Ed-
dington ratio distributions for both LRDs and quasars,
LRDs only trace the faint end of a seemingly shared LF
between the two populations (shown in the middle row
of Figure 4) without an elevated number density as ob-
served (H. B. Akins et al. 2024; V. Kokorev et al. 2024;
D. D. Kocevski et al. 2025). This is expected, as less
massive black holes are less luminous at a given Edding-
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ton ratio, so the mass cutoff would only truncate the full
black hole luminosity function into two regimes. Yet, we
could go one step further and assume the Eddington ra-
tio distributions of the LRDs and quasars have the same
scatter but the one for LRD is shifted to higher values.
No sharp LF cutoff is reproduced for the LRDs although
their number density is boosted higher than that of the
quasars (shown in the bottom row of Figure 4). In this
case, elevated Eddington ratios result in less massive
objects being scattered into higher-luminosity bins and
consequentially boosts LRD number densities at all lu-
minosities. As a result, it seems that the sharp LF cutoff
necessitates less scatter in the Eddington ratio distribu-
tion, which is a natural result if LRDs are indeed super-
Eddington accretors as we discussed previously.

Therefore, from our heuristic models, we tentatively
conclude that LRDs have lower black hole masses (hence
the existence of a cutoff), higher Eddington ratios
(hence the higher number density at low luminosity),
and smaller scatter in the Eddington ratio distribution
(hence the steepness of the cutoff) than those of the
quasars. Nonetheless, future work constraining all the
relevant scaling relations and AGN duty cycles would be
required to quantitatively model all these observed LF
shapes.

In summary, although the one luminous LRD candi-
date that we identify would require spectroscopic follow-
up to confirm its broad-line nature, by finding only a
single luminous candidate in ∼ 100× larger survey vol-
ume relative to JWST searches robustly confirms the
previously suspected luminosity cutoff in the LRD lumi-
nosity function. We suspect that LRDs, unlike quasars,
must be predominantly near/super-Eddington accretion
onto low-mass black holes in order to produce such a
LF cutoff at fainter luminosity than quasars do. Find-
ing even brighter LRDs than our current search may
further constrain the shape of the LRD luminosity func-
tion as well as more easily detecting the weak 200–300K
dust emission (if any). However, the area required for
such a search may only be possible when combining
data from near-infrared missions such as Roman, Euclid,
SPHEREx, and the Spitzer archive with ground-based
optical surveys such as LSST.
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A. DETAILED BREAKDOWN OF THE GROUND-BASED LRD SELECTION

In this appendix, we provide a detailed breakdown of the number of objects satisfying the selection criteria outlined
in Section 3.1. The original u-to-IRAC catalog includes a total of 20,485,012 sources. We now apply the quality cuts
and LRD selection criteria in sequential orders:

0. after applying the quality cuts, 10,503,279 sources remain;

1. after applying the SNR cuts, 1,913,487 sources remain;

2. after applying the g-band drop-out cut, 20,668 sources remain;

3. after applying the K/Ks-band magnitude cut, 15,664 sources remain;

4. after applying the i− y cut, 1,782 sources remain;

5. after applying the K − [3.6] cut, 41 sources remain;

6. after applying the extendedness=0 cut, 2 sources remain;

7. after visual inspection of HST/JWST imaging data for compactness in higher spatial resolution, only one single
source—ECOSMOS-LumLRD-z5—remains.

B. PHOTOMETRIC REDSHIFT ESTIMATION OF ECOSMOS-LumLRD-z5
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Figure B1. The observed/model photometry of ECOSMOS-LumLRD-z5 (circles/squares) is shown on top of the best-fit EAZY
model (light blue curve with shades). The sub-components of the best-fit model are shown with smaller line widths. Among all
sub-components, UNCOVER-45924, a JWST-selected LRD, is the most dominant component of all and is shown with thicker
line width.

For the photo-z estimation, following Y. Ma et al. (2025b), we add the best-fit models of UNCOVER-45924 (I. Labbe
et al. 2024) and RUBIES-BLAGN-1 (B. Wang et al. 2025) into the tweak_fsps_QSF_12_v3 template suite to include
the high-EW Hα emission line and the red optical colors not characterized by the default suite. We use a flat redshift
prior between z = 0 and z = 8 and yield zphot = 4.65+0.18

−0.04. The posterior distribution of the redshift is already shown
in the inset of Figure 2 and fall almost all within the redshift range that we are interested in.
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We also show the best-fit EAZY model and its sub-components in Figure B1. It is worth noting that in the best-fit
EAZY model shown in Figure B1, the spectrum of UNCOVER-45924 is the most dominant template for its Hα emission
line and its redness. Although interpreting the physicality of EAZY models should be done with extreme caution,
this feature likely alludes to the fact that the true SED shape of ECOSMOS-LumLRD-z5 is rather similar to that of
spectroscopically confirmed LRDs.

C. COMPACT MORPHOLOGY OF ECOSMOS-LumLRD-z5

1kpc

ACS/WFC F814W

Data

1kpc

PSF Data PSF

1kpc

PSF+Sérsic Data (PSF+Sérsic)

Figure C1. The HST ACS/WFC F814W image cutout of ECOSMOS-LumLRD-z5, the PSF and the PSF+Sérsic composite
models, as well as their residuals are shown. The cutout and the corresponding point spreading function used in this work are
available at https://grizli-cutout.herokuapp.com/.

ECOSMOS-LumLRD-z5 is within the COSMOS footprints (A. M. Koekemoer et al. 2007; N. Scoville et al. 2007) and
has ACS/WFC-F814W imaging available from the HST—this filter roughly traces the rest-frame 1490 Å emission. We
show the image cutout in Figure C1. We use pysersic (I. Pasha & T. B. Miller 2023) to characterize the morphology
of the source. The pixel scale of the cutout is 0.′′05/pix, and the point spread function (PSF) is measured to be 0.′′10 in
full-width-at-half-maximum (FWHM) near the source position. By visual inspection, ECOSMOS-LumLRD-z5 spans
roughly three pixels and is consistent with being PSF-dominated. We therefore only fit a point source model onto the
F814W image and obtained a residual consistent with the background. As a sanity check, we also add a J. L. Sérsic
(1963) profile into the model and obtain re ≈ 0.′′025, which is fully within the pixel scale and the PSF. Therefore, we
conclude that ECOSMOS-LumLRD-z5 is indeed a compact source with a conservative size upper limit of re < 310 pc

set by the PSF FWHM—this is size is very similar to the LRDs selected with JWST (H. B. Akins et al. 2024; V.
Kokorev et al. 2024; C.-H. Chen et al. 2025b). Both models and their corresponding residuals are also shown in
Figure C1.
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