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ABSTRACT

()] We present our search for little red dots (LRDs) in the *J1030 field’, a region of the sky around the z ~ 6.3 quasar SDSS J1030+0524, observed
by the JWST EIGER program. Over 154 point-like sources selected in a JWST-based photometric catalog, we find five broad line emitters (with
FWHM 2 1000 kms™") that are red (F200W — F356W > 0) and are undetected in the X-rays. We use these sources to derive the bolometric
luminosity function (LF) of LRDs at z = 2.4 and z = 4.5. At z = 2.4, the space density of LRDs is only a factor of ~ 2 lower than that of all
pre-JWST active galactic nuclei (AGNs) with bolometric luminosity Ly, = 3 x 10% erg s™'. At z = 4.5, our estimate is consistent with those
derived for LRDs based on larger areas of the sky. A similar behaviour is observed in the black hole mass function. More importantly, we study
= the number density of LRDs from cosmic dawn to cosmic noon. We find that there is no significant evolution in the abundance of LRDs with
Lot 2 3% 10% erg s™! at z > 2. We speculate that the drop at z < 4 seen by other studies is due to their sampling of only the bright-end of the
LRDs LFE. At cosmic noon, the abundance of LRDs is n = 3.4’:;2 x 107 Mpc~3, which is a factor of ~ 350 larger than recent model predictions
and is comparable with that of X-ray selected AGNs with similar bolometric luminosity. Our result may imply that, if LRDs are the early, rapid
stages of supermassive black hole growth, as suggested by some models, then the formation of black hole seeds can be efficient down to epochs as
recent as cosmic noon. Alternatively, LRDs may simply be a high-accretion phase in already mature black holes.
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1. Introduction

One of the most intriguing results of the James Webb Space
Telescope (JWST) has been the discovery of a previously un-
known population of extragalactic objects called "little red dots"

Of)_ (LRDs; Matthee et al. 2024). These sources are mostly unre-
solved in JWST/NIRCam images, have red near-infrared (NIR)
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colors, and show a ’v-shaped’ UV-optical spectral energy distri-
bution (SED), with the inflection around the Balmer break wave-
length (3645 A). When looking at their spectra, most LRDs (up
to ~ 60% according to Greene et al. 2024, or even more, see
Hviding et al. 2025) show broad emission lines with full-width

>< at half-maximum (FWHM) of 1000 — 2000 kms~!. This fact

@

suggests that LRDs can be powered by active galactic nuclei
(AGNs) with black hole masses Mgy ~ 107 — 10% Mo,
However, some of their properties are at odds with those
of classical AGNs. For example, a significant fraction (up to
10 — 20% in JWST-discovered broad line AGNs; BLAGNSs Lin
et al. 2024) shows prominent blueshifted/redshifted absorptions
in Balmer lines (e.g., Matthee et al. 2024; Maiolino et al. 2024;
Lin et al. 2024; Kocevski et al. 2025), which are extremely rare
in low-redshift AGNs (~ 0.1% incidence; Inayoshi & Maiolino
2025). LRDs seem to have lower hot dust emission, typical of
the obscuring torus, than normal AGNs, although most of them
do show near-IR and mid-IR excess emission, both individually
and in stacks (Delvecchio et al. 2025; Brazzini et al. 2026; Ji

* e-mail: federica.loiaconol@inaf.it

et al. 2026; Lin et al. 2026; Pérez-Gonzalez et al. 2026). Com-
pared to local supermassive black holes, the black holes in LRDs
tend to be overmassive with respect to their host galaxies (e.g.,
Harikane et al. 2023; Ubler et al. 2023; Maiolino et al. 2024;
Juodzbalis et al. 2024b; Jones et al. 2025; Juodzbalis et al. 2025).
More intriguingly, LRDs do not produce either significant X-
ray (Ananna et al. 2024; Mazzolari et al. 2025; Yue et al. 2024,
Maiolino et al. 2025) or radio emissions (Mazzolari et al. 2024).

To explain the observed, and in some way exotic, proper-
ties of LRDs, Inayoshi & Maiolino (2025) propose a scenario
in which the Balmer absorption and the strong Balmer break are
both produced by the absorption from extremely dense gas along
the line of sight (with hydrogen density ny; 2 10° cm™3). Absorp-
tion from dense, dust-poor clouds in the broad line region (BLR)
might also explain the X-ray weakness in LRDs, provided that
the covering factor is significantly larger than in classical AGNs
(Maiolino et al. 2025). Another scenario proposed to interpret
the X-ray weakness invokes super-Eddington accretion onto the
black hole (Madau & Haardt 2024; Pacucci & Narayan 2024;
King 2025; Madau 2025). Based on detailed analysis of individ-
ual LRDs rest-frame optical spectra, some studies interpret their
observational features as a result of a "black hole star" (Begel-
man et al. 2008), i.e, a supermassive black hole surrounded by
a turbulent, highly dense, and dust-free atmosphere (de Graaff
et al. 2025; Naidu et al. 2025).

Some of the scenarios described above put into question the
presence of highly massive black holes at the center of LRDs.

Article number, page 1 of 19


https://orcid.org/0000-0002-8858-6784
https://orcid.org/0000-0001-8121-6177
https://orcid.org/0000-0002-9087-2835
https://orcid.org/0000-0002-5059-6848
https://orcid.org/0000-0002-6175-0871
https://orcid.org/0000-0003-1564-3802
https://orcid.org/0000-0003-3451-9970
https://orcid.org/0000-0002-9948-0897
https://orcid.org/0000-0002-2662-8803
https://orcid.org/0000-0001-8706-2252
https://orcid.org/0000-0002-4923-3281
https://orcid.org/0009-0003-7423-8660
https://orcid.org/0000-0001-9094-0984
https://orcid.org/0000-0002-4985-3819
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0009-0005-7383-6655
https://orcid.org/0000-0002-5222-5717
https://orcid.org/0000-0003-2196-3298
https://orcid.org/0000-0001-9680-7092
https://orcid.org/0009-0008-3970-4765
https://orcid.org/0000-0002-8177-6905
https://orcid.org/0000-0003-3096-9966
https://orcid.org/0000-0002-5057-135X
https://orcid.org/0000-0002-8853-9611
https://orcid.org/0000-0003-0680-9305
https://orcid.org/0000-0002-2318-301X
https://orcid.org/0000-0001-8600-7008
https://arxiv.org/abs/2606.30253v1

A&A proofs: manuscript no. main

For example, some studies suggest that the exponential profiles
observed in the Broad lines of a fraction of LRDs (less than 50%
according to Scholtz et al. 2026) may not be the effect of virial
gas motions around the black hole but could be instead produced
by resonant Balmer or electron scattering, implying that black
hole masses estimated through standard calibrations may be bi-
ased high, up to a factor of ~ 100x (Naidu et al. 2025; Rusakov
et al. 2025). However, other works illustrate that exponential pro-
files can simply arise from virial motions in a stratified BLR
(Madau et al. 2026; Scholtz et al. 2026), and that black hole
masses seem consistent with those derived from the single epoch
virial estimators (Juodzbalis et al. 2026). In addition, rather than
being explained by absorption from dense gas around the black
hole, Labbe et al. (2024) suggested that the strong Balmer break
may be produced by evolved stellar populations. Other scenar-
ios finally explain the spectral properties of LRDs as the sum of
UV radiation from very young stars and optical emission from
a short-lived supermassive star (with a mass M > 10* My). In
this framework, LRDs would be globular clusters in formation,
rather than accreting supermassive black holes, and the broad
line profiles would be produced by winds from the supermas-
sive stars at their center (Chisholm et al. 2026). These examples
show how, three years after their discovery, the nature of LRDs
remains hazy and necessitates further investigation.

Besides, LRDs are only a part of a vaster population of X-
ray silent, broad-line AGNs discovered by JWST. According to
some studies, only a small fraction (10—30%) of these sources is
represented by LRDs (Hainline et al. 2025; Brazzini et al. 2026;
Taylor et al. 2025; Geris et al. 2026). The remaining sources lack
the ’v-shaped’ SED, have blue optical continuum (optical slope
Bopt < 0), and they are referred to as little blue dots (LBDs). Ac-
cording to recent models, LRDs may represent the dust-reddened
version, viewed at high-inclination angles of LBDs (Madau &
Maiolino 2026). However, the fraction of LRDs found by other
studies can be as high as 60 — 80% (Hviding et al. 2025; Zhuang
et al. 2025), suggesting that selection effects may play a major
role in determining the relative abundance of sub-populations of
JWST-discovered BLAGNS.

Regarding their demographics, several studies attempted to
estimate the abundance of LRDs and compare it with that of
other AGN populations. At z ~ 5 — 7, LRDs are 1 dex more
abundant than X-ray and UV selected AGNs with similar UV
absolute magnitude Myy (Kocevski et al. 2025). A similar re-
sult was found by Kokorev et al. (2024), who reported an abun-
dance of LRDs a factor of ~ 100x larger than that of UV-selected
quasars at 6.5 < z < 8.5 and with —22 < Myy < —17. Concern-
ing the number density of LRDs as a function of time, Kocevski
et al. (2025) find that their redshift distribution sharply declines
at z < 4.5. The drop in the number density of LRDs at those red-
shifts was confirmed by Ma et al. (2025) using ground-based
photometric data. On the other hand, Loiacono et al. (2025),
based on a small sample of spectroscopically confirmed LRDs,
find that their abundance at cosmic noon is only a factor of ~ 2—-3
lower than that of UV-selected quasars with comparable bolo-
metric luminosities, meaning that this new population is still rel-
evant at 7 ~ 2—3. Similarly, Euclid Collaboration: Bisigello et al.
(2025) find no drop in the abundance of LRDs between z ~ 4 and
z ~ 1.5, and a decrease only at lower redshifts. This reconciles
with recent studies that find a very low number density of LRDs
in the local universe n ~ (1.6—5)x 1072 Mpc~3 (Park et al. 2026;
Lin et al. 2026). The contradictory results reported at z < 4 mean
that the demographics of LRDs needs to be further addressed at
cosmic noon, which is a crucial epoch in the history of galaxies
and their active nuclei (Madau & Dickinson 2014).
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In this work we derive the bolometric luminosity function
of LRDs at z ~ 2.4 and z ~ 4.5. Our sample consists of five
compact, red in NIRCam colors, and X-ray silent BLAGNS in
the "J1030 field’, a region of the sky around the z ~ 6.3 quasar
SDSS J1030+0524 (hereafter, J1030). This area is covered by
several multi-wavelength data, including deep radio (D’ Amato
et al. 2022) and X-ray (Nanni et al. 2020) observations. At opti-
cal and near-infrared wavelengths, it was imaged by LBT/LBC,
CFHT/WIRCam, and Spitzer, with both IRAC (Annunziatella
et al. 2018) and MIPS, while in the millimeter domain, the field
was covered by AzTEC (Zeballos et al. 2018). The central 1’ x 1’
region was observed with HST/ACS, HST/WCF3, VLT/MUSE,
and ALMA (Stiavelli et al. 2005; D’ Amato et al. 2020; Mignoli
et al. 2020). The field is also part of the MUSYC survey (Ga-
wiser et al. 2006). Finally, the J1030 field is one of the targeted
regions by the EIGER (Emission-line galaxies and Intergalac-
tic Gas in the Epoch of Reionization; Kashino et al. 2023) pro-
gram, which observed it with JWST/NIRCam, both in imaging
and slitless spectroscopy. We discovered the sources analyzed in
this work in this JWST dataset, and we use them to derive the
number density of LRDs at cosmic noon.

This work is organized as follows. In Sect. 2 we detail the
data reduction and in Sect. 3 present the sample selection. We
analyze the spectra in Sect. 4 and present the main results in
Sect. 5. Finally, we discuss our findings in Sect. 6 and summarize
this work in Sect. 7.

In this paper we adopt a ACDM cosmology with Q, = 0.7,
Qy = 0.3 and an Hubble constant Hy = 70 km s~! Mpc~'. The
reported errors correspond to the statistical uncertainty of 68%
(10), if not specified differently.

2. Data reduction
2.1. The J1030 field seen by EIGER

We used the archival data of the 1243 GTO program EIGER (PI:
S. J. Lilly). Briefly, this program targets the fields of six 5.9 <
z < 7 quasars (JO100+2802, J0148+0600, J1030+0524, J159-
02, J1120+0641, and J1148+5251) with NIRCam imaging (in
the F115W, F200W, and F356W filters) and wide-field slitless
spectroscopy (WFSS; F356W filter and R grism); see Kashino
et al. (2023) and Eilers et al. (2024) for further details. In our
analysis, we focused on the J/030 field. The images and spectra
were acquired in two periods, between May 30 and June 2, 2023,
and on May 25, 2024. The field was observed in five telescope
visits (visit-1 to visit-5), covering four sky regions that include
the quasar, and which are combined into a mosaic.

The NIRCam images form a mosaic of ~ 6.8’ X 3.6" around
the quasar. The exposure time varies across the field and reaches
in the central part the value of ~17.5 ks, ~25.8 ks, and ~7.3 ks for
the F115W, F200W, and F356W filters, respectively (Figure 1).

The WESS data of the J1030 field cover an area ~ 17 arcmin?
at 3.1 um and ~ 25 arcmin? at 3.95 um (see Kashino et al. 2023).
The observed spectral range is 3.1 — 4.0 um, and the resolving
power R = 1/AAis ~ 1500 at the central wavelength. The total
obseerving time for the WFSS data is ~ 36.9 ks, which also cor-
responds to the maximum exposure reached in the central region
of the field.

2.2. F115W, F200W, and F356W mosaics

We reduced the imaging data with the 1.14.0 version
(jwst_1293.pmap) of the JWST pipeline (Bushouse et al.
2025). The reduction consists of three stages. We processed the
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Fig. 1. Exposure maps of the F115W, F200W, F356W imaging mosaics (size ~ 6.8’ X 3.6") of the /1030 field. The central tiles reach the maximum
exposure time, which is 17500 s (F115W), 25800 s (F200W), and 7300 s (F356W).

raw data ("uncal” files) through the Stagel and Stage2 of the
pipeline. At the end of Stage2, we subtracted the correlated read-
out noise (1/f noise) from the calibrated exposures ("cal” files)
using the Imageloverf code', developed by Chris Willott. We
subtracted the noise per row, per amplifier, and also per column,
as the images were also affected by vertical striping. We then
computed the 2D background in each exposure, calculating the
o-clipped median over 200 px x 200 px boxes (for the F115W
and F200W filters, 400 px x 400 px for the F356W one), after
masking out the sources in the field. We thus subtracted the 2D
background model from each exposure.

Before running Stage3, we subtracted the scattered light (i.e.,
"wisps") from the background-subtracted exposures. This well-
known spurious signal affects the A3, A4, B3, and B4 short-
wavelength detectors at fixed pixel positions. We subtracted it
using the templates made available by STScI”. This procedure
effectively removed the wisps from the exposures of all visits
but visit-4 for the F115W and F200W filters, and visit-3 (A3
and A4 detectors only) for the F200W filter. The exposures from
these visits were further processed by modeling the residual wisp
emission with a 2D fit after masking out the signal from sources
in the field. The 2D model was hence subtracted from each expo-
sure individually. This procedure efficiently removed wisps from
the final F115W and F200W mosaics except for faint resid-
uals in limited areas. In addition, we also found wisps in the
long wavelength detectors (A5 and B5) for visit-3 and visit-4.
STScl wisp templates are not available for these detectors. To
remove them, we computed the median over the A5 and BS5 ex-
posures (separately) of all visits and subtracted it from each ex-
posure of visit-3 and visit-4. Subtracting the median effectively
removed wisps from all exposures of visit-3. For visit-4 it was
necessary to make a further subtraction, considering the median
over the exposures of visit-3 and visit-4 only after masking out
the sources in the field. This removed the wisps from the final
F356W mosaic effectively, except for limited areas where low
residuals are present.

We then processed the corrected exposures in the Stage3 of
the pipeline. First of all, using the Tweakreg step, we registered
the F356W tiles on the multiband K s-selected catalog of J1030

! https://github.com/chriswillott/jwst
2 https://stsci.app.box.com/s/
1bymvf1llkrqbdn9rnkluzgk30e8o2bne

(Mazzolari et al. 2026), which was previously astrometrized on
Gaia stars, and created the final mosaic. We selected a pixel scale
of 0.03”, i.e., half the native pixel size for the F356W mosaic, to
match the native pixel scale of the F115W and F200W images,
and have pixels with the same size in the three mosaics. We re-
moved the artifacts due to cosmic rays and detector issues, which
we identified by tuning SExtractor (Bertin & Arnouts 1996) for
detecting hot pixels. Then, for the F115W and F200W tiles,
we created a mosaic for each visit, registering it on the F356W
one. We applied an offset in R.A and Dec to each F115W and
F200W visit and detector to account for systematic shifts in
source positions with the F356W filter. The final mosaics were
obtained with Swarp (Bertin et al. 2002), using the "WHT" ex-
tensions of NIRCam tiles as weight images, to account for the
non-homogeneous coverage of the field.

The composite F115W + F200W + F356W mosaic of the
J1030 field is shown in Fig. 2.

2.3. WFSS data

We processed the raw exposures through the Stagel of the
pipeline and we applied the World Coordinate System using the
assign_wcs step in Stage2. The products ("rate" files) were re-
duced with the routine’ developed by Fengwu Sun (see Sun et al.
2023). We applied to all exposures the imaging flat-field based
on in-flight data, since there is no grism flat-field at the moment.

To remove the background, one possibility consists of sub-
tracting a template (for each detector) built as the median over all
flat-fielded exposures. However, we could not apply this method,
as the data of visit-3 and -4 are contaminated by "ghosts" (i.e.,
artifacts possibly due to scattered light) in both A5 and B5 mod-
ules that strongly affect the median templates. This procedure
results indeed in an oversubtraction of the background for the
exposures that are not affected by ghosts. We thus removed the
background by subtracting the median value from each column
of the flat-fielded exposures, after masking out the spectral traces
and the ghosts. We note that, while effective in subtracting the
background for all visits, this procedure is not aimed at removing
the ghosts, which hence continue to affect some spectral traces
in visit-3 and -4. We did not subtract the 1/ f noise, which results

3 https://github.com/fengwusun/nircam_grism/
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Fig. 2. The JWST/NIRCam F115W + F200W + F356W mosaic of the J1030 field. It covers a sky area of ~ 6.8" X 3.6’. We also show the MUSE,
HST/ACS, and HST/WFC3 footprints (yellow and cyan, respectively). The red circles show the positions of the 18 point-like sources with color
F200W — F356W > 0, excluding the X-ray AGNs (see Sect. 3.2 and Fig. 3). These sources are listed in Table 1.

in stripes along the readout direction, as the readout direction for
grism R is the same of the dispersion one.

For each 2D spectrum, we created a continuum-subtracted
version that highlights line emission by applying a median filter
along the dispersion direction.

Finally, we registered the astrometry of the grism exposures
on the short-wavelength direct images (i.e., F115W and F200W)
that were obtained at the same time. This operation relies on the
internal alignment between the short and long-wavelength aper-
tures and is necessary to account for small astrometric offsets
that, however, may strongly impact the quality of the extracted
spectra.

To optimally extract the one-dimensional (1D) spectra of the
BLAGNS analyzed in this work, we used the coordinates (Tab. 1)
from the JWST-derived photometric catalog. Since it was neces-
sary to preserve the continuum flux of the objects selected for a
detailed spectral analysis, the extraction was performed on the
original 2D spectra, without applying any median filter along
the dispersion axis. If no contaminating sources fell within the
7-pixel (0.44 arcsec) extraction window in the undispersed di-
rection, the 1D spectrum was extracted by simply performing a
weighted sum perpendicular to the dispersion axis. Conversely,
when the spectrum of a contaminating object fell within the ex-
traction window, a dedicated decontamination procedure was
performed to secure the highest possible accuracy. We utilized
the rows of the contaminant that did not overlap with the target
spectrum to precisely model the contaminant’s continuum shape.
This modeled profile was then scaled and subtracted to yield a
clean, 1D spectrum of the main target. Once the decontaminated
spectra of the sample BLAGNs were obtained, we compared the
synthetic magnitude derived from the spectrum with the F356W
band photometric magnitude from the catalog to perform the
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spectro-photometric calibration. Thanks to the accuracy of the
decontamination process and the choice of the extraction aper-
ture size that fit the point-like nature of the targets, the required
photometric correction was always below 15%.

3. Sample selection
3.1. JWST catalog of the J1030 field

We constructed the JWST photometric catalog for the
J1030 field. To compute the photometry, we used SExtrac-
tor (Bertin & Arnouts 1996) with the parameter settings DE-
TECT_MINAREA = 12 and DETECT_THRESH = 2.5. These
relatively conservative detection settings were adopted because
the main purpose of the catalog is the extraction of slitless spec-
tra. We performed the analysis in dual-image mode, using the
F356W band as the detection image, since the WFSS data were
obtained in this band. Fluxes in the F115W and F200W filters
were measured in circular apertures of various radii, and us-
ing a final reference diameter of 0.18"”. Due to the small dif-
ferences between the point-spread functions (PSFs) in the three
filters (FWHM =0.040", 0.066”, 0.116"” from the bluest filter
to the reddest one), the F115W and F200W images were not
convolved to match the PSF of the detection image. Instead, we
applied point-source aperture corrections to evaluate robust pho-
tometric colors. We estimated and adopted aperture corrections
of 0.60, 0.28, and 0.28 for the F356W, F200W, and F115W fil-
ters, respectively. We used this approach because, while tests
performed on both the original and PSF-degraded ancillary im-
ages yielded no systematic differences in the photometric colors,
utilizing the two bluest filters without degrading their PSF of-
fered several advantages. Specifically, it allowed us to exploit
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higher signal-to-noise ratio pixels at the location of the detected
sources, enhanced the detection capability for faint counterparts,
and significantly reduced the number of sources contaminated
by neighboring objects.

The final photometric catalog comprises 11,838 sources. Be-
cause the J1030 field was not homogeneously covered by the
NIRCam observations, we estimated the 30~ limiting magnitude
per pixel for each available band using the noise maps gener-
ated during the reduction process. For the forced photometry
performed in the F200W and F115W images at the positions
of objects detected in the F356W band, the measured aperture
magnitudes were compared with the corresponding detection
limits. Whenever a source magnitude was fainter than the cor-
responding 30 limit, the latter was adopted as an upper-limit
value. Following this procedure, 87 objects in F200W (< 1%)
and 506 objects in F115W (4%) were classified as flux upper
limits among the sources detected in F356W. Due to dithering,
the mosaic exhibits non-uniform exposure coverage, leading to
spatial variations in the photometric limiting magnitude. Never-
theless, across more than 80% of the image area, the data reach
a 5o-limiting magnitude of F356W = 28.5. Finally, to perform a
robust morphological classification of the objects in the catalog,
we adopted a two-step process aimed at maximizing the quality
of the JWST imaging. The first technique relies on the ratio of
an object’s total flux to the flux measured within a fixed aperture
of D=0.18". This method efficiently selects point-like sources
down to a flux level at which the distribution of faint, compact
galaxies overlaps with that of stellar sources. We performed this
analysis in both the detection band (F356W) and the ancillary
F200W band, the latter providing the dual advantage of being
deeper for blue objects and offering a higher spatial resolution.
We did not extend this analysis to the F1/5W image because
the PSF is significantly undersampled in this filter. Lastly, the
list of candidate point-like sources selected through this method
was analyzed using the IRAF task psfineasure, which estimates
the spatial extent of the targets by calculating the enclosed flux
with increasing aperture radius. For the final classification, we
consistently adopted the band in which each target exhibited the
highest signal-to-noise ratio (S/N). This two-step morphological
analysis yielded a robust list of 154 objects classified as point-
like down to a magnitude of F356W~28.

3.2. Color-color and color-magnitude diagrams

We plot the F200W—-F356W color vs the F115W—-F200W color
of the 154 point-like sources in the field (Fig. 3, left panel). We
fill in green the symbols corresponding to sources with at least
one emission line in the WFSS spectrum extracted at the source
position. We also show the color (F200W — F356W) - mag-
nitude (F356W) diagram, which highlights the F356W magni-
tudes of the objects (Fig. 3, right panel). In Fig. 3 (left), the point-
like sources are distributed across two distinct regions, charac-
terized by F200W — F356W colors roughly below and above
0, respectively. The former population corresponds to "blue"
sources, which likely represent stars (forming the “star locus”).
To interpret the nature of the second group ("red" sources; 21
in total), we show the color-color track of some LRDs from
the literature ("Rosetta stone", Juodzbalis et al. 2024a; stack-
ing of LRDs, Delvecchio et al. 2025; "BiRD", Loiacono et al.
2025; "The Egg" or "The Lord", Lin et al. 2026; Ji et al. 2026)
computed from their SED as a function of redshift. We can see
that the tracks overlap with most of the point-like sources with
F200W — F356W > 0, suggesting that at least part of them are
likely LRDs at various redshifts.

Two of the authors (FL, MM) independently analyzed the
WESS spectra of all the point-like sources shown in Fig. 3, us-
ing both the original and decontaminated 1D and 2D spectra. For
the red sources with more than one line in the grism spectrum,
we unambiguously attributed a redshift (see Tab. 1). Based on
Her1 and Pay, we found four emitters at 2.3 < z < 2.5, while,
based on the [Om] 114959,5007 and Hg lines, we identified
three emitters at 5.7 < z < 6.4. For the sources with one line
only, when possible, we used the tracks and the inflection in
the spectral energy distribution (see Fig. A.1 in the appendix)
to infer the most reasonable nature of the line. In this way, we
found three possible Ha emitters at z ~ 4.4 — 4.5. The nature of
the remaining red, point-like sources remains ambiguous. The
lack of prominent emission lines, combined with the faintness
of the sources themselves and their non-detection in non-JWST
photometric bands (both from HST and ground-based facilities),
also precludes a search for the potential Balmer break. Conse-
quently, this prevents both the determination of their redshifts
and the characterization of their intrinsic nature (e.g., whether or
not they harbor an AGN).

In addition, we found four sources (circles marked with a
cross in Fig. 3) that are known X-ray AGNs in the Marchesi
et al. (2021) catalog of Chandra J1030 identifications*. These
objects have —0.3 < F200W — F356W < 0.5, and are therefore
located between the stellar locus and the cloud of red sources.
Also, they are at the bright end of the F356W magnitude distri-
bution (Fig. 3, right). The three X-ray AGNs with bluer colors
(XID 10, 21, 30 in Marchesi et al. 2021) are standard, broad line
AGNSs with spectroscopic redshifts in the range of z = 1.2 — 6.3
(XID 21 is the z = 6.3 J1030+0524 quasar itself). The fourth X-
ray source (i.e., the one with the reddest F200W — F356W color)
is a narrow line AGN at Zgpee = 2.4 (XID 31).

We also identified an i-band dropout (5.4 < z < 6.6) just
outside the LRD tracks. This source, ID 5247, was discovered
by Kim et al. (2009) through HST/ACS imaging (see Object A8
in their Table), and the narrow line in the WFSS data is likely
[Om] A5007 at z = 5.61, with the [Om] 44959 and HS lines
possibly too faint to be detected.

Finally, we found five single-line emitters in the star locus.
For these sources, we carefully examined the SED and the spec-
tral trace to exclude the possibility that the line is associated
with a contaminant object. Due to the detection of a single line
only and the inconclusive photometric information, the nature of
these sources remains unclear.

The 18 point-like sources with F200W — F356W > 0 (after
removing the X-ray AGNs) are listed in Table 1.

3.3. X-ray silent, compact, broad line emitters
We select our sample based on these criteria:
(1) point-like morphology in the F'356W and F200W images.
(ii) presence of broad lines (i.e., witha FWHM > 1000 kms™").
(iii) lack of X-ray emission.
The resulting sample is made up of five sources that are likely
BLAGNSs. We found evidence for a broad Her 10830 A line in

three out of four line emitters at z ~ 2.4. They are ID 1017, ID
3646, and 'BiRD’ (see Loiacono et al. 2025 for the latter source).

4 see also http://j1030-field.oas.inaf.it/xray_redshift_
J1030.html
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Fig. 3. Color-color (left) and color-magnitude (right) diagrams of point-like sources in the J1030 field. The line emitters are shown with filled
green circles. There are four X-ray "classical" AGNs, which are marked with a cross. Red sources are located in the F200W — F356W > 0 plane.
On the other hand, stars are located at F200W — F356W < 0 ("stars locus") of the color-color plot. We show the redshift tracks for some LRDs
("The Egg", Lin et al. 2026; "BiRD", Loiacono et al. 2025; "Rosetta stone", Juodzbalis et al. 2024a; stacked sample from Delvecchio et al. 2025)
from zpin = 1 t0 Zmax = 8 at steps of Az = 1, except for BiRD, for which z,;, = 2. For the local LRD, The Egg, we also show the z = 0.1 value.
These tracks likely identify LRDs at various redshifts in the two diagrams, although some exceptions are present (see Sect. 3.2). We labeled the
broad line, X-ray silent AGNs studied in this work with their names (see Sect. 3.3).

The fourth emitting source at z ~ 2.4 (ID 6351 in Table 1) does
not show a significant broad emission. However, its spectrum is
affected by a strong contamination, which makes the fit results
inconclusive.

According to their measured UV and optical slopes (Byy and
Bopi» Where f; o %), and following standard conventions (e.g.
Brazzini et al. 2026) BiRD is an LRD, while ID 3646 is an LBD.
Based on its mildly V-shaped SED (B,,c ~ 0), ID 1017 is at
the border between LRDs and LBDs. The UV and optical spec-
tral slopes were computed by fitting simple power-laws to the
available JWST and ground-based photometric datapoints blue-
ward and red-ward of the redshifted Balmer break wavelength,
respectively (see Mazzolari et al. 2026 for a description of the
available multi-band photometry). The measured slopes are re-
ported in Table 4 and shown in Fig. 6.

The last two selected broad line emitters are found in two out
of three Ha emitting sources at z ~ 4.5 (ID 8511 and ID 9008).
The third Ha emitter shows a FWHM ~ 700 kms~' which is
below our adopted threshold of 1000 kms™' (see also Matthee
et al. 2024). We classified both ID 8511 and ID 9008 as LRDs
based on their UV and optical slopes (see Sect. 6.1).

The [O m]+ HB emitters in Table 1 do not show evidence for
broad components. However, this could be due to the low signal-
to-noise ratio (S/N) of the HB emission, and analysis of deeper
data would be necessary to assess the nature of these objects.

We report in the following section the analysis of ID 1017
and ID 3646, as BiRD was extensively studied by Loiacono et al.
(2025). We also study the two broad Ha emitters at z ~ 4.5 (both
classified as LRDs based on their UV and optical slopes, see
Tab. 4).

Article number, page 6 of 19

4. Analysis
4.1. Spectral line fitting of X-ray silent BLAGNs at z ~ 2.4

We fit the He1 emission using both a narrow and a broad Gaus-
sian component. We assessed the significance of the He1 broad
component using the Bayesian Information Criterion (BIC), de-
fined as

BIC = }* +kInN )]

where y? is the Chi-square, k is the number of fitted parameters,
and N is the number of fitted data points. We estimated ABIC =
BICy — BICy.p, which is the difference between the BIC that
we obtained using a narrow component only (BICy) and both a
narrow and a broad component (BICy.p). According to Liddle
(2007), a ABIC = 5 means a ’strong’ improvement of the model.
The evidence in favor of the model with the lowest BIC becomes
"decisive’ if ABIC = 10. We obtain ABIC = 11 and ABIC =
5620 for ID 1017 and ID 3646, respectively, which ensures the
reliability of the He 1 broad component in both sources.

We used the Python package emcee (Foreman-Mackey et al.
2013) based on a Markov chain Monte Carlo (MCMC) method
to perform the line fit. In addition to the He1 line, we fit the con-
tinuum emission with a linear function. We used uniform priors
for all the fitted parameters, with the FWHM of the narrow and
broad components being lower than 1000 and 10000 kms™!, re-
spectively. We then fit the Pay emission (and the underlying con-
tinuum) separately using a narrow and a broad Gaussian compo-
nent. In this case, we fixed the FWHM of the two components
to the He 1 values because of the low S'/N of the Pay line.

We estimated the "best" values as the median of 10000 real-
izations and the errors as the 16th and 84th percentiles. Table 2
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Table 1. The 18 point-like sources with F200W — F356W > 0 in the color-color diagram (Fig. 3, left), excluding the X-ray detected AGNs. These
sources include confirmed LRDs (BiRD, ID 8511, ID 9008), a confirmed LBD (ID 3646), and an object with intermediate properties (ID 1017),
which all have broad lines (IDs in boldface). In addition, there are six line emitters for which there is no evidence for a broad line. The nature of
the remaining seven red sources is unclear due to the lack of a spectroscopic identification and a well-characterized SED. The sources are sorted
according to their increasing F356W magnitude and are also indicated in Fig. 2.

ID R.A. Dec Line(s) Zspec F115W F200W F356W
(J2000) (J2000) [AB mag] [AB mag] [AB mag]

974 (BiRD) 157.57507 5.37915 Her, Pay, [O1] 233 2541 +£0.02 2249+0.01 22.37+0.03
1017 157.58558 5.40887 Her, Pay 250 26.82+0.03 25.19+0.01 24.03+0.03
3646 157.60693 5.42235 Her, Pay, Pad, [Sm] 241 24.67+0.02 24.89+0.01 24.14+0.03
1575 157.58518 5.39816 _ _ 28.73 +£0.06 26.10+0.01 24.64 +0.03
9008 157.63721 5.42677 Ha 450 27.80+0.04 27.33+0.02 24.90=+0.03
8511 157.63166  5.41995 Ha 450 293+0.2 28.08+0.05 2529+0.03
2495 157.58051 5.36899 _ _ 27.52 +£0.04 2627 +£0.01 25.38+0.03
8827 157.64115  5.44069 [Om], HB 64 2653+0.02 2669+0.02 2540+0.03
990 157.60228 5.45633 _ _ 2792 +0.04 26.90+0.02 25.63+0.03
4879 157.60447 5.39907 [Om], HB 595 2749+0.03 27.36+0.02 25.67=+0.03
3348 157.60895 5.43500 Ha 439 2837+0.06 28.38+0.05 26.25+0.03
3557 157.59061 5.38026 _ _ 29.6+04 289+ 0.1 26.46 +0.03
5697 157.62438 5.44310 _ _ 28.82 +0.06 28.17+0.03 26.58 +0.03
6419 157.62694 5.43941 [Om], HB 5.7 27.88+0.03 27.81+0.02 26.74+0.03
1472 157.60510 5.45610 _ _ 28.68 +0.08 28.44 +0.06 26.75+0.03
6351 157.63181 5.45420 Her, Pay 2.52 28.43+0.05 28.03+0.04 26.83+0.03
8589 157.64073  5.44417 _ _ 29.3+0.3 29.5+02 27.05+0.03
5247@ 157.60412  5.39300 [Om] 5,61 27.14+0.02 27.39+0.01 27.11+0.03

Notes. @ This is object A8 in the sample of HST/ACS i-band dropouts in Kim et al. (2009) (see their Table 3)

shows the quantities that we derived from the line fit of ID 1017
and ID 3646. The global model is shown in Fig. 4.

We corrected the FWHM of the narrow components for the
instrumental broadening, by subtracting in quadrature the instru-
ment FWHM, which is for the R grism FWH My ~ 83 km s
at the line wavelengths. For the broad components, this correc-
tion is irrelevant.

Based on the He1 narrow component, we estimate the red-
shift of ID 3646 and ID 1017 to be z = 2.41004 + 0.00008 and
z = 2.499 + 0.001, respectively. For ID 1017, the velocity shifts
Av with respect to the narrow He1 (see Tab. 2) are dominated by
large errors for both narrow Pay and broad He1 and Pay, due to
the low S/N of the spectrum. The FWHM of the broad lines is
~ 1100 kms™" and ~ 1200 kms~! for ID 1017 (with a much
larger uncertainty) and ID 3646, respectively.

We also note that the Her fitted model of ID 3646 shows a
residual near the line center (Fig. 4). This residual can be mod-
eled by adding a further narrow component with FWHM < 300
kms~!, possibly due to star formation in the host galaxy. How-
ever, we do not include this component in the final fit as it does
not affect any of the fitted quantities significantly.

4.2. Spectral line fitting of the X-ray silent BLAGNs at z ~ 4.5

We fit the spectrum of ID 8511 and ID 9008 with a linear con-
tinuum and one or two Gaussian components to account for the
Ha emission. We used the same priors and number of realiza-
tions of the z ~ 2.4 objects. For ID 8511, we found a signif-
icant broad component (ABIC = 9) with an FWHM ~ 1700
kms~!. No velocity shift Av is found between the broad and nar-

Table 2. X-ray silent and compact BLAGNs at z ~ 2.4: quantities de-
rived from the line fit of ID 1017 and ID 3646

\ D 1017 |
Line Flux Av FWHM
(107%ergs~' cm™)  (kms™')  (kms7!)
He 1 (narrow) Sﬁ _ 599;{02
Pay (narrow) 1.2%}2 —974*1057  599(x)
He1 (broad) 373 628*21%0  1073+42
Pay (broad) 13133 9777399 1073(x)

\ 1D 3646 |
He1 (narrow) 29.5f}:g _ 336f%g
Pay (narrow) 3.9*03 —498*5%  336(%)

He1 (broad) 185714 —245%8 12378
Pay (broad) 3.7 —763*88  1237()

Notes. The errors are computed from the 16th and 84th percentiles of
the fitted parameters in the MCMC fit. The velocity shift Av is esti-
mated with respect to the He 1 narrow component. Here (x) means that
the quantity was fixed to the He1 value.

row Ha line. In case of ID 9008, the solution with only one com-
ponent (BIC = 167) is favored over that with two components
(BIC = 177). The FWHM of the Ha line is ~ 1100 kms™'in
this case. We estimated a redshift z = 4.4972 + 0.0005 for ID
8511, derived from the narrow Ha component, and a redshift
z = 4.4987 £ 0.0004 for ID 9008. We report the quantities esti-
mated from the fit in Table 3 while we show the fitted model in
Fig. 4.
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Fig. 4. Line fit of the X-ray silent BLAGNs at z ~ 2.4 (ID 1017 and ID 3646) and at z ~ 4.5 (ID 8511 and ID 9008). We fit the He1 and Pay
emission in ID 1017 and ID 3646 using both a narrow (solid lines) and a broad (dotted lines) Gaussian component. For ID 3646, we also show a
zoomed panel to highlight the Pay broad component. We fit the Ha emission of ID 8511 with both a narrow (solid line) and a broad (dotted line)
component. We fit the Ha emission of ID 9008 with a broad component only. We fit a linear continuum to all sources. For each fit, we also show

the residuals in the bottom panel.

Table 3. X-ray silent and compact BLAGNs at z ~ 4.5: quantities de-
rived from the line fit of ID 8511 and ID 9008

| D 8511 |
Tine Flux Av  FWHM
(107% ergs~'em™)  (kms™') (kms™!)
He (narrow) 2.1f8:§ 223tgg
Ha (broad) IOf{ 81 iZEi 1668322
‘ 1D 9008 |
Ha (narrow) _ - -
Ha (broad) 17.749% 1067*3)

Notes. The errors are computed from the 16th and 84th percentiles of
the fitted parameters in the MCMC fit. The velocity shift Av is estimated
with respect to the He narrow component.

5. Results
5.1. Bolometric luminosity, X-ray and radio properties

We derive the bolometric luminosity from the broad Ha emis-
sion of the sources. For ID 1017 and ID 3646, i.e., the sources
where this line is not covered by our data, we inferred the Ha
luminosity from the measured broad Pay line assuming Case B
recombination. We note that Case B may not apply in the high-
density regime of BLR (Ili¢ et al. 2012). However, we verified
that this scenario is valid for the Rosetta Stone, a z ~ 2.26 LRD
where both Pay and Ha lines were observed (JuodZzbalis et al.
2024a; see Loiacono et al. 2025 for more details). Assuming a
flux ratio ~ 31.7 between Ha and Pay (Osterbrock 1989), we es-
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timate an intrinsic He luminosity of L(Ha) = 2f?_7 x 10%? erg s7!
and L(Ha) = ng x 10* erg s~! for ID 1017 and ID 3646, re-
spectively. On the other hand, the He luminosity was directly
derived from the observed broad line for the z ~ 4.5 sources.
We find L(He) = 2.1f8§ x 10* erg s™! (ID 8511) and L(Ha) =
3.6*03 x 10* erg s (ID 9008). The line luminosities, together
with other physical quantities, are summarized in Table 4.

We note that while the inferred Ha luminosity for ID 1017
and ID 3646 takes into account dust extinction, with the caveat
that it assumes the same attenuation of the Rosetta Stone (see
Loiacono et al. 2025 for further details), the observed Ha in
the z ~ 4.5 sources is not extinction corrected. This implies a
possible underestimate of both bolometric luminosity and black
hole mass of ID 8511 and ID 9008. We discuss the implications
of dust extinction correction to the number density of LRDs at
z~4.51n Sect. 6.2.

We then converted the Ha luminosity to the bolometric one
using the relation of Stern & Laor (2012)

x2.4
Lyo = 13O+2_4 LHa,broad

@)
The bolometric luminosities span the 2.8 — 7 x 10* erg s~!
range (see Table 4 for the individual values).

By selection, none of the sources in our sample of BLAGNs
is detected in the X-ray 500 ks Chandra image of the J1030
field (Nanni et al. 2020; Marchesi et al. 2021). Therefore, we de-
rive 30~ upper limits to the X-ray luminosity adopting the same
method used by Loiacono et al. (2025) (see their Sect. 5.1). For
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each source, we extracted background counts from annuli with
inner radii 1.5”,2.0” and 2.5”, for the 0.5-7 keV (full band, FB),
0.5-2 keV (soft, SB), 2-7 keV (hard, HB) band, respectively,
and outer radii of 10" for all X-ray bands, and then computed
the binomial no-source probability (Weisskopf et al. 2007; Vito
et al. 2019; Nanni et al. 2020). We then converted the counts into
limits to the source count rates after correcting for the assumed
aperture and for the small loss of effective area at the source’s
position. By assuming no intrinsic absorption and a standard
power-law spectrum with a photon index of I' = 1.9 (e.g., Peca
et al. 2021; Signorini et al. 2023), we obtained for each source
30 upper limits to the flux in the FB, SB, and HB, respectively.
The soft band flux returns the most stringent constraint to the
2-10 keV rest-frame luminosity Ly_j¢ kev rest- We report the val-
ues of Ly_jg kevrest in Table 4. The X-ray bolometric correction
Lio1/Lr-10 kev rest 18 in the range ~ 10 — 130 (while for BiRD it is
> 400). These values are up to a factor of ~ 4 (~ 200 for BiRD
) larger than the average expected value for standard AGNs (see
Fig.5). This can be due either to strong obscuration or an intrinsi-
cally weak X-ray emission (Maiolino et al. 2025; Comastri et al.
2026).

We also stacked the X-ray images at the source’s location
separately for the z ~ 2.4 and z ~ 4.5 samples. In this way we
obtain more stringent upper limits to their median X-ray lumi-
nosity, which is Ly_jp gevrest < 3.0 X 10%? erg s atz ~ 24
and Ly 10 kevirest < 1.5 x 10% erg s7! at z ~ 4.5. Assuming
the median bolometric luminosity of the sources at z ~ 2.5 and
z ~ 4.5, we find lower limits to the X-ray bolometric correction
of Lpot/La—10 kevyrest > 234 and Lioi/La-10 kevirest > 25, respec-
tively. While the limit for the z = 4.5 stack does not provide
stringent information about the obscuration level, if the three
objects at z = 2.4 were standard AGN, it would take a column
density of Ny ~ 10%* cm™2, i.e. Compton thick or close to it, to
bring the bolometric correction of their stacked emission at least
a factor of 10 above the average value expected by Duras et al.
(2020) for normal quasars.

None of the BLAGNS is detected in the radio image of the
J1030 field (D’ Amato et al. 2022), which reaches an rms of
2.5 pJy at 1.4 GHz. Such non-detections imply upper limits in
radio luminosity (1.4 GHz rest frame) of ~ 3.4 x 10% erg s™! at
z=24and ~ 1.3 x 10" erg s7! at z = 4.5. Based on the typ-
ical emission level of radio-quiet AGN, these limits are not as
stringent as the X-ray ones. Deeper radio observations are thus
needed to verify if these sources are in fact radio weak or even
silent, as shown by Mazzolari et al. (2024) for JWST-discovered
BLAGN:S.

5.2. Black hole masses

We estimate the black hole mass using the relation of Reines
& Volonteri (2015), which is based on the Ha luminosity and
FWHM

L(Ha)

10*2erg s~!

M,
10g( Nf”) =6.60 +0.47 10g(

©

)+ 2‘0610g(w)

1000 km s~!
(3)
This relation has been used to estimate the black hole mass
in several BLAGNSs discovered with JWST (e.g., Matthee et al.
2024; Lin et al. 2024; Maiolino et al. 2024) and has a 0.5 dex
scatter. Adopting a different calibration, i.e., Greene & Ho
(2005), lowers the black hole masses by a factor of ~ 2. These
virial relations have been found to be adequate for LRDs, based
on the direct measurement in Juodzbalis et al. (2026).
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Fig. 5. X-ray bolometric correction Lyo/L-10 kev.rest VS bolometric lu-
minosity Lyo. Lower limits to Lioi/La-10 kev rest fOr the BLAGNS in our
sample are shown with empty triangles. We also show the lower lim-
its corresponding to the stacked samples at z ~ 2.4 and z ~ 4.5. The
lower limits for the X-ray silent, BLAGNs at z > 4 of Maiolino et al.
(2024) are shown with indian red triangles. For comparison, we show
broad line quasars at various redshifts (slate blue filled circles; Lusso
et al. 2020) and the relation found by Duras et al. (2020) for “classical”
BLAGNSs with its dispersion (cyan area). The BLAGNS in our sample
are undetected in the X-ray, with a bolometric correction up to a fac-
tor of ~ 8 (for BiRD > 100) times larger than the expected value for
standard AGNs.

As done in Loiacono et al. (2025), for ID 1017 and ID 3646,
we inferred the FWH M (Ha) from FWH M (Pay), assuming a ra-
tio ~ 1.57 between the line widths. We estimated this ratio from
the Rosetta Stone (Juodzbalis et al. 2024a). We note that Wang
et al. (2025) found a lower ratio (FWHM(Ha)/FWHM(Pay) ~
1.43) in another well-studied LRD at cosmic noon (RUBIES-
BLAGN-1). We account for this difference when calculating the
errors on the black hole mass. Using Eq. 3 we estimate a black
hole mass Mgy = 1.7°0% x 10’M, and Mgy = 3.579% x 10’M,,
for ID 1017 and ID 3646, respectively. On the other hand, if
we derive the black hole mass using the relation of Landt et al.
(2013) (which has, however, one dex scatter), which is based on
the broad Pay emission and underlying continuum luminosity,
we find Mgy ~ 1.2x10"M,, for ID 1017 and Mgy ~ 1.2x10"Mg
for ID 3646. The black hole masses are well consistent within 1o
or 20 for ID 1017 and ID 3646, respectively. In the rest of the
work, we consider the Ha-based black hole mass as the fiducial
one to easily compare with other works that adopt the Reines &
Volonteri (2015) calibration.

Finally, we directly estimate the black hole mass of ID 8511
and ID 9008 from their He broad emission as Mgy = 1.6*0% x

10’M, and Mgy = 8.37}3 X 10°M (see Table 4).
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Table 4. Some physical and spectral quantities of the BLAGNs at z ~ 2.4 (ID 1017, ID 3646, and BiRD) and z ~ 4.5 (ID 8511 and ID 9008). We
note that for the z ~ 2.4 sources, the He luminosity was inferred from the Pay one (see Sect. 5.1). We also show the BiRD values estimated by
Loiacono et al. (2025).

Source L(He) Lol Ly Mgn Buv Bopt
(102 ergs™")  (10** ergs™") (102 ergs™) (107 Mg)

D 1017 273 37 <70 17708 101022 0.000.17
ID 3646 53 7+4 <53 35108 0624042 —1.79+0.20
BiRD 267 3373 <7.0° 24710 087017 2.71%0.19
ID 8511 2.1703 2.810% <28 L6408 0.00+038  246+0.13
ID9008  3.6%2 47492 <14 0.837010  _122+0.10 1.88+0.08

Notes. The errors are computed from the 16th and 84th percentiles of the fitted parameters in the MCMC fit. *This value corrects an inaccuracy in

the estimate reported by Loiacono et al. (2025) and is a factor of ~ 2 higher than the value given there.

5.3. Bolometric luminosity function of LRDs at z = 2.4 and
z=45

Table 5. Bolometric luminosity function of LRDs atz ~ 2.4 and z ~ 4.5.
We also report the number of sources per luminosity bin.

In Sect. 3.3 we mention that our sources consist of three LRDs, \ z~24 |
one LBD, and one intermediate object (see also Sect. 6.1). How- log(Lpot/erg s™)  ®(Lpot) (10~ dex™ Mpe™)  Noources
ever, we do not split our sample into sub-populations, and we 44.75 45533 2
use all the X-ray silent, red, and compact BLAGNS to derive 45.25 22452 1
the bolometric luminosity function (LF) of LRDs. We adopt this \ z~45 |
choice to compare with the results of other studies, which also log(Lyor/erg s™)  ®(Lyo)) (107dex™ Mpc™)  Nyources
derived the LF of LRDs without dividing their objects into sub- 445 3743 2

samples of LRDs and LBDs (e.g., Matthee et al. 2024; Tay-
lor et al. 2025; Ma et al. 2025; Rinaldi et al. 2026; Kokorev
et al. 2024). We compute the space density in two redshift bins
(z = 2.4 and z = 4.5) using the 1/V,x method (Schmidt 1968).
The number density ®(L) of objects with L luminosity is

Notes. The errors correspond to the 10~ uncertainties of Gehrels (1986).

Table 6. Black hole mass function of LRDs at 7 ~ 2.4 and z ~ 4.5. We
also report the number of sources per mass bin.

\ z~24 |
(D(L) 1 Z Wi (4) log(MBH/MO) (D(MBH) (loisdexil MPC%) Nmurces
T AlogL 44 Vi 7.5 2359 2
! 8.5 11728 1
where Alog L is the width of the luminosity bin, w;(> 1) are \ z~45 |
weights that account for possible incompleteness, and Vi is log(Mp/Mo) ~ @(Mp) (10 dex™" Mpe™)  Nources
the maximum volume in which the i-th object would have been 7 3755 2

detected, i.e.,

'Zmax,i dV
Vowi=fa [ G )
. z

where dV,/dz is the comoving volume element and fq, is the
fraction of the solid angle of the sky covered by the observations.

We computed the 1o-errors on ®(L) following the approxi-
mations of Gehrels (1986). We use z,,;, = 1.7 and z,,,, = 2.7 for
the z ~ 2.4 LRDs, while we adopt z,,;, = 3.7 and z,4x = 5.1 for
the z ~ 4.5 objects. At redshift lower (higher) than z,,,;, (Zuax),
the He1 and Pay (He, for the z ~ 4.5 sample) lines fall outside
the spectral range covered by the F356W and grism R.

Although some incompleteness may arise from the difficulty
of detecting broad-line components (see, e.g., Sect. 4.1), we con-
servatively assume w; = 1 for all of our targets.

The solid angle covered by the EIGER data is Qjo30 =
25 arcminutes?, which corresponds to fo = 1.8 X 107, We use
two 0.5 dex bins, centered at log(Lyoi/erg s7h) = (44.75,45.25),
for the z ~ 2.4 sample, populated by 2 and 1 sources, re-
spectively, while we adopt one single 0.5 dex bin centered at
log(Lpoi/erg s™') = 44.5 for the z ~ 4.5 sources.

The ®(Lyo ) values in the two redshift bins are reported in
Table 5.

We note that the space density of LRDs at z ~ 4.5 could be
biased to higher values because of a possible clustering of the z ~
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Notes. The errors correspond to the 10~ uncertainties of Gehrels (1986).

4.5 BLAGNS in our sample, as their redshift separation is Az =
0.0015 only (see Sect. 3.3). Nevertheless, our estimate is well
consistent with the findings of other works at similar redshift
and luminosity (see Sect. 6.2).

6. Discussion
6.1. Little red dots and little blue dots

As shown in Fig.6, our selection criteria - i) point-like source;
ii) presence of broad emission lines; iii) absence of X-ray de-
tection (see Sect. 3.2) - have returned three LRDs, one LBD,
and one object (ID 1017) at the border between the two classes.
We note that ID 8511 has Syy > —0.37 (i.e., the upper bound-
ary of Kocevski et al. (2025) to define LRDs). This slope cut
minimizes the contamination from dusty systems (Brazzini et al.
2026; Geris et al. 2026). As our sample is not affected by these
contaminants, we relaxed this criterion and included ID 8511 in
our sample.

It is now interesting to compare the prevalence of LRDs in
our sample with what is found in other JWST BLAGN sam-
ples, as the fractions of LRDs reported in different works scat-
ter significantly. For example, taking the reported numbers at
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face value, some works indicate that LRDs may constitute only
a minority, ~ 30%, of the whole new population of BLAGNs
discovered by JWST (Taylor et al. 2025; Brazzini et al. 2026),
whereas other works find they are instead the vast majority (up
to ~ 60 — 80% of the population; Hviding et al. 2025; Zhuang
et al. 2025, and, albeit with large uncertainties, even this work,
where they are ~ 60 — 80%). What are the reasons for the re-
ported differences, and, in turn, what is the true incidence of
LRDs among JWST BLAGNs? As already noted in different
works (Hainline et al. 2025; Taylor et al. 2025; Zhuang et al.
2025), the fraction of LRDs increases towards larger Ha lumi-
nosities. On average, JWST BLAGN samples selected through
NIRSpec spectroscopy reach lower luminosities (e.g. ~ 4 x 10*!
erg s~! at z = 4; Taylor et al. 2025) than those selected through
NIRCam/WFSS (~ 2x 10%? erg s™!; Matthee et al. 2024; Zhuang
et al. 2025, this work), and is therefore reasonable to expect
lower fractions in NIRSpec-selected samples. In addition, we
verified that a stronger effect is related to the velocity threshold
adopted to define a broad line. For example, when increasing the
line FWHM threshold from 700 to 1000 and 1500 kms™!, the
LRD fraction in the sample of Taylor et al. (2025) progressively
increases from 34 + 6% to 39 + 7% and 50 + 8%. Also, it is
worth noting that Taylor et al. (2025) only apply a compactness
criterion to define LRDs, but not LBDs. As shown by Hviding
et al. (2025), whereas the vast majority (~ 90%) of LRDs are
compact, only ~ 60% of LBDs are compact. When summing
compact and non-compact LBDs to compact LRDs, the fraction
of LRDs with FWHM > 1500 kms~! in Hviding et al. (2025)
turns out to be 59 + 6%, very similar to the 50 + 8% in the Tay-
lor et al. (2025) sample. In the WFSS sample by Matthee et al.
(2024), the LRD fraction goes from 55 + 11% to 59 + 12% when
cutting at FWHM > 1000 and 1500 kms™!, respectively, which
is consistent with the results above.

To summarize, the LRD fraction increases towards higher
line luminosities and width. The dependence on line width may
be related to geometric effects consistent with recent modeling
(Madau 2025), suggesting that JWST BLAGNSs are powered by
Super Eddington flows and feature a highly asymmetric geom-
etry. In these models, a geometrically thick accretion flow pro-
ducing strongly anisotropic radiation is surrounded by a copla-
nar, equatorially concentrated BLR and, on larger scales, by a
flattened dusty cloud distribution, both sharing a similar, mod-
est (~ 10 — 20%) covering factor. In this scenario, LRDs would
be the edge-on analogs of face-on LBDs, and hence would be
preferentially selected at large line widths. Instead, it would be
difficult to reconcile the prevalence of LRDs at large Ha lumi-
nosities if the covering factor is low. In fact, in (edge-on) LRDs
the Ha luminosity would be more suppressed by dust than in
(face-on) LBDs, and only a large dust covering factor would be
able to reproduce the observed LRDs dominance, e.g. ~70% for
L(Ha) > 10% erg s~ in the samples of Taylor et al. (2025) and
Matthee et al. (2024). This argument could suggest that LRDs
are intrinsically more abundant than LBDs at a given bolometric
(line) luminosity, and that the smaller fraction of LRDs observed
at low luminosities is primarily the result of selection effects, as
extinction in edge-on systems can suppress faint emission lines
below the detection threshold.

6.2. Bolometric luminosity function of LRDs and other AGN
populations

We show the bolometric LF of LRDs at z ~ 2.5 and z ~ 4.5 (see
Sect. 5.3) in Fig. 7.

LRDs
BiRD
o o
Oss511
2t S o
o
° o 9008
o o
5 0 s A1017
< 6 LBDs
o Co 0
o
)
ol O3646
o
BLAGNSs J1030; this work
& BLAGNSs; Matthee et al. (2024)
=2 0

BUV

Fig. 6. UV slope Byv vs optical slope B for the X-ray silent BLAGNs
in the J1030 field (circles). The red half-plane with S, > 0 encloses
the little red dots (LRDs), while little blue dots (LBDs) have S < 0
(blue half-plane). BiRD, ID 8511, and ID 9008 are clearly LRDs. On the
other hand, ID 3646 has slopes consistent with LBDs. ID 1017 shows
intermediate features between the two populations. We also show the
sample of JWST-discovered BLAGNs of Matthee et al. (2024), who
used selection criteria very similar to ours.

First, we compare the abundance of LRDs with that of UV-
selected quasars (Kulkarni et al. 2019; see also Niida et al.
2020) and the whole AGN population based on pre-JWST stud-
ies (Shen et al. 2020). The luminosity function of Kulkarni et al.
(2019) was computed at rest-frame 1450 A absolute magnitude
and considers unobscured AGNSs up to z ~ 7.5. We convert their
UV to bolometric luminosity adopting the bolometric correction
of Lypo1/Liaso = 4.0 from Richards et al. (2006), consistent with
Runnoe et al. (2012). Shen et al. (2020) considered AGN sam-
ples selected from the IR to the X-rays and, based on SED fit-
ting, derived bolometric and extinction corrections for all AGNs
in their samples. Because of the adopted selection, their bolo-
metric LFs likely include both unobscured and obscured AGNs
(i.e., what was considered as the "whole" AGN population be-
fore JWST) up to z ~ 7. In Fig. 7 we show for both works
the Ly, range for which the LF was directly measured based on
the observed samples (shaded area) or only extrapolated based
on higher luminosity data (dotted lines). The shaded areas were
conservatively computed by considering all the possible combi-
nations of the 1o errors of the best-fit parameters of Shen et al.
(2020) and Kulkarni et al. (2019).

At z ~ 2.4, we see that the abundance of LRDs is only a
factor of ~ 2 — 2.4 lower than that of all AGNs with comparable
bolometric luminosity (Fig. 7, left panel). Their number density
is fully consistent with the inferred abundance of UV-selected
quasars with Ly, ~ 10% erg s~!'. This means that the abundance
of LRDs is still significant at cosmic noon, being comparable
with that of quasars with similar bolometric luminosity.

At z ~ 4.5, the number density of LRDs is consistent within
the errors with that of all pre-JWST AGNs of Shen et al. (2020)
(Fig. 7, right panel).
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We then compare the number density of LRDs with that esti-
mated for the same population from other studies at similar red-
shifts, namely Loiacono et al. (2025) and Ma et al. (2025) (at
z ~ 2.4), Kokorev et al. (2024) and Matthee et al. (2024) (at
7z ~ 4.5). We note that Matthee et al. (2024) compute the number
density of LRDs at 4.2 < z < 5.5 as a function of the Ha lu-
minosity. We converted their He luminosities to the bolometric
ones adopting Eq. 2, as done for the objects in this work (see
Sect. 5.1). On the other hand, Ma et al. (2025) derived the abun-
dance of LRDs at 1.7 < z < 2.7 as a function of the absolute
magnitude at 5500 A (Mss0p) using ground-based observations.
We caution the reader that the absolute magnitude of Ma et al.
(2025) is not corrected for dust attenuation. Therefore, to com-
pare with our work, we de-estinguished the 5500 A magnitude
by assuming an attenuation Ay = 1.6. This is the average value
of the sample of Kokorev et al. (2024) estimated with SED fitting
and assuming an AGN template. We then converted the 5500 A
de-extincted luminosities to bolometric ones using a bolometric
correction of ~ 10 from Richards et al. (2006). We note that at
1.7 < z < 2.7 the luminosity function of Ma et al. (2025) is com-
plete up to Mssoo = —21 and thus we exclude their first three bins
from the comparison (see their Table 1). The resulting bolomet-
ric luminosities are log(Lpoi/erg s~') 2 45.75 (Fig. 7, left).

Compared to Loiacono et al. (2025), we are sampling LRDs
at z ~ 2.4 with lower bolometric luminosity, finding a decline
of the space density between log(Lypoi/erg s™!) = 45.25 and
log(Lpoi/erg s™1) = 45.75.

From Fig. 7 (left) it is clear that Ma et al. (2025) are sampling
the bright-end of the LF. Interestingly, at log(Lyo/erg s™') =
45.75, i.e., the luminosity bin for which both the JWST- and
ground-based estimates are available, the space densities from
Loiacono et al. (2025) and Ma et al. (2025) are perfectly in agree-
ment.

At z ~ 4.5, our estimate is nicely in agreement with the
points from Matthee et al. (2024) and Kokorev et al. (2024)
at similar luminosity and redshift (Fig. 7, right). Matthee et al.
(2024) selected LRDs from EIGER (excluding the J1030 field,
which had not yet been observed at that time) and FRESCO
(Oesch et al. 2023) programs based on their broad line emis-
sion over an area of ~ 230 arcmin?, i.e., a factor X ~ 8.5 larger
than our field. We thus expect to sample only the more abundant
low-luminosity end of their LF because of the smaller area of
our field.

6.3. Active black hole mass function

We study the space density of LRDs as a function of the black
hole mass. We note that the active black hole mass functions
(BHMFs) are, in general, difficult to derive due to selection bi-
ases (Matthee et al. 2024; Taylor et al. 2025). Therefore, we con-
sider our measurement as tentative.

At z ~ 2.4, the black hole masses of ID 1017, ID 3646,
and BiRD span between ~ 1.6 X 107 — 2.4 x 108 M, and thus
we split the sources over two mass bins of 1 dex centered at
log(Mpu /M) = (7.5, 8.5), populated with two and one sources,
respectively. We divide the space density determined in Sect. 5.3
by a factor of 2 to take into account the 1 dex bin size. On
the other hand, at z ~ 4.5, we use a 0.5 dex bin centered at
log(Mpy/Mg) = 7. The BHMFs are reported in Table 6 and
shown in Fig. 8.

We note that the lowest mass bin at z ~ 2.4 and the mass
bin at z ~ 4.5 possibly suffer from incompleteness because of
the FWHM threshold that we adopt to define a broad line emit-
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ter (see Sect. 3.3). Indeed, we are possibly missing sources with
Mgy ~ 107 Mg and Mgy ~ 107 My, depending on the redshift
bin, but with FWHM < 1000 kms~!.

Compared to quasars, at z ~ 2.4 the abundance of LRDs
(plum pentagons in Fig. 8, left) is consistent with the number
density of BLQSOs inferred by Shen & Kelly (2012).

Atz ~ 4.5 LRDs with Mgy ~ 107 M, (red pentagon, Fig. 8,
right) are significantly more abundant than quasars, according to
the predicted values by Shen & Kelly (2012). We note however
that Shen & Kelly (2012) sample black holes with Mgy > 6% 108
M, which makes the extrapolated abundance at Mgy ~ 10" Mo,
very uncertain. We also compare our estimate with the best-fit
BHMF of He et al. (2024) (corrected for incompleteness), which
includes measurements from BLAGNs with black hole masses
down to Mgy ~ 3% 107 My, at slightly lower redshift (3.50 < z <
4.25), based on SDSS and the Subaru Hyper-Supreme Cam data.
Compared to He et al. (2024), our estimate of the BHMF samples
lower black hole masses and appears a factor of ~ 1.8x larger
than a possible extrapolation of their best-fit at lower masses (yet
consistent within the 10 uncertainties).

We compare our estimates with the BHMFs of LRDs from
other studies at z ~ 2.5 (Loiacono et al. 2025) and z ~ 4.5
(Matthee et al. 2024; Taylor et al. 2025). We do not apply any
scaling factor to their mass bins, as these works use the calibra-
tion of Reines & Volonteri (2015) to derive black hole masses.
‘We note that, as for our measurement at z ~ 4.5, neither Matthee
et al. (2024) nor Taylor et al. (2025) apply the extinction correc-
tion to the Ha luminosity.

At z ~ 2.5, our BHMF in the largest mass bin is fully con-
sistent with the value of Loiacono et al. (2025), which samples
black hole masses that are larger on average. However, we note
that the two estimates are not independent as BiRD is included
in the BHMF of Loiacono et al. (2025) as well.

At z ~ 4.5, our estimate is nicely consistent with the low-
est mass bin of Matthee et al. (2024), which also suffers from
incompleteness (empty diamond in Fig. 8, right). On the other
hand, the values of Taylor et al. (2025) at 6 X 10° — 2 x 107 Mg
are a factor of ~ 3 — 7 larger than our point. This is likely be-
cause Taylor et al. (2025) do not apply any FWHM cut to the Ha
emitters in their sample, which mitigates incompleteness effects.
Besides, as discussed in Sect. 6.1, at low FWHM, the selection
of Taylor et al. (2025) is more sensitive to LBDs than LRDs,
compared to our sample. When considering LRDs only, as for
our z ~ 4.5 bin, their points are only a factor of ~ 2 larger than
our estimate.

6.4. Evolution of the number density of LRDs down to cosmic
noon

We integrate the LFs determined in Sect. 5.3 to derive the num-
ber density of LRDs with Ly, 2 3 x 10* erg s™! (i.e., the min-
imum luminosity covered by our bins). We consider the z ~ 2.4
points only, as at z ~ 4.5 we have only one luminosity bin. How-
ever, the latter is consistent with other estimates at similar red-
shifts (Matthee et al. 2024). When summing our measurements
down to that luminosity limit, the number density of LRDs is
n =3.4%39x 107> Mpc™. A similar value is obtained when fit-
ting a Schechter function to all LF data points at z ~ 2.4 shown
in Fig. 7 (left), including those in the highest luminosity bins
from Ma et al. (2025), and then integrating it down to the same
Lo limit.

To compare our estimate with the abundance of LRDs at
higher redshifts, we integrate the bolometric LFs from Matthee
et al. (2024) and Kokorev et al. (2024) over the same integra-
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Fig. 7. Bolometric LF of LRDs at z ~ 2.4 and z ~ 4.5. Left panel: we show with orchid pentagons the abundance of LRDs estimated from the J1030
field. The estimate from Loiacono et al. (2025) is shown with a purple pentagon. The LF from Ma et al. (2025) is shown with filled circles and
includes their complete bins after converting the de-extinguished Mssp0 magnitude to bolometric luminosity (see the text for the details). We also
show the bolometric LF derived at similar redshifts for the entire AGN population (steel blue; Shen et al. 2020) and for UV-selected, unobscured
AGNs (pale turquoise; Kulkarni et al. 2019). The shaded areas correspond to the 16th and 84th percentiles of the bolometric LFs. The dotted lines
enclose the bolometric luminosity range for which the abundance of AGNs was extrapolated from data at larger Ly,. Right panel: the red pentagon
shows the space density of LRDs based on the J1030 field. We also show the estimate of Kokorev et al. (2024) and Matthee et al. (2024) derived at
similar redshifts (the upper limits from Kokorev et al. 2024 are shown with inverted triangles). The LFs of quasars and UV-bright AGNs are also
shown.
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Fig. 8. Active black hole mass function (BHMF) of LRDs at z ~ 2.4 and z ~ 4.5. Left panel: we show with orchid pentagons the abundance of
LRDs estimated from the J/030 field. The estimate from Loiacono et al. (2025) is shown with a purple pentagon. We also show the predicted
active BHMF from broad line quasars at similar redshift (dark cyan; Shen & Kelly 2012) The shaded areas correspond to the 16th and 84th
percentiles. The dotted lines enclose the black hole mass range for which the abundance of broad line quasars was inferred from data with larger
Mgy. Right panel: the red pentagon shows the space density of LRDs at Mgy = 107 Mg, based on the J1030 field. We also show the predicted active
BHMF from broad line quasars at a similar redshift (dark cyan; Shen & Kelly 2012). In addition, we show the best-fit from He et al. (2024) to
low-luminosity quasars, corrected for incompleteness. Finally, we show the active BHMF of LRDs at higher redshifts from Matthee et al. (2024)
(dark red diamonds) and Taylor et al. (2025) (coral hexagons). We show with empty symbols the points from Matthee et al. (2024) and Taylor
et al. (2025) affected by incompleteness.

tion limits (i.e., excluding the first bolometric luminosity bin of
Kokorev et al. 2024). We note that Matthee et al. (2024) selected
their sample based on the broad (FWHM > 1000 kms™!) Ha
emission (see also Sect. 6.2). The resulting sources have a com-
pact morphology, show red F200W — F356W colors, and are
undetected in the X-ray. In addition, based on their UV and op-

tical slopes, the sample of Matthee et al. (2024) includes both
LRDs and LBDs (see Fig. 6). Therefore, their selection is consis-
tent with ours. Kokorev et al. (2024) instead selected their LRDs
candidates photometrically, based on their red colors and com-
pactness. Thus, the missing information about the presence of
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Fig. 9. Abundance of LRDs with Ly, 2 3 x 10* erg s™! as a function of redshift. We compare our estimate at 7 ~ 2.4 (orchid pentagon) with
the number density of LRDs from Matthee et al. (2024) and Kokorev et al. (2024) over the same integration limits. We show the abundance of
classical pre-JWST AGNs (Shen et al. 2020) and X-ray selected AGNs (Peca et al. 2023) integrated over the same bolometric luminosity range.
At cosmic noon, the abundance of LRDs is a factor of ~ 350 higher than the predictions by Inayoshi (2025). The shaded areas correspond to the

1o errors.

broad lines and X-ray emission makes the comparison between
our and their estimate of the number density uncertain.

In Fig. 9 we show the abundance of LRDs with Ly, = 3 X
10* erg s~! as a function of redshift. According to our estimate,
the number density of LRDs does not significantly evolve from
z~Tdowntoz~24.

Using photometrically selected LRDs, Ma et al. (2025) find
at 1.7 < z < 2.7 an abundance of LRDs as low as n ~ (2.1 +
1.1)x 10°° Mpc‘3. Howeyver, as we discuss in Sect. 6.2, Ma et al.
(2025) are sampling the bright-end (Lpo; 2 6.5 x 10% erg s™!) of
the bolometric LF (Fig. 7, left). This explains why their inte-
grated LF gives a number density a factor of ~ 10 lower than our
estimate.

The number density we derive at z ~ 2.4 is consistent with
the value found by Rinaldi et al. (2026) at similar redshifts using
photometrically selected LRDs. However, Rinaldi et al. (2026)
consider absolute UV luminosities in their integration (down to
Myv = —18.5). We thus caution the reader that our comparison
is only qualitative because of the uncertainty in the conversion of
UV magnitudes into AGN bolometric luminosity in LRDs (this
is why we refrain to show the Rinaldi et al. 2026 data-points in
Fig. 9), as the nature of the UV emission in these objects is still
debated. For example, the detection of an extended UV compo-
nent in a fraction of LRDs (Rinaldi et al. 2025) leaves room for
a significant contribution from stellar or scattered nuclear emis-
sion, preventing in any case a careful assessment of the intrinsic
AGN power.

A possible caveat to discuss about the LRD number den-
sity at z ~ 5 is that the bolometric luminosities for the sam-
ple of Matthee et al. (2024) ware not corrected for dust extinc-
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tion (see also Sect. 5.3). This means that the number density
that we computed from Matthee et al. (2024)’s LF could re-
fer to objects with higher intrinsic bolometric luminosity than
the z ~ 2.4 ones. Therefore, we attempt to estimate how ap-
plying an extinction correction would impact their estimate of
the LRDs number density at z ~ 5. Assuming a Small Magel-
lanic Cloud extinction law® (Prevot et al. 1984) and an attenu-
ation of Ay = 1.6 from Kokorev et al. (2024), we estimate the
observed bolometric luminosity that would correspond to an in-
trinsic Lo = 3 X 10* erg s~!. We thus derive the corresponding
values of the LF by fitting the Matthee et al. (2024) points with
a power-law. The resulting number density is a factor of ~ 4.6
higher than the current estimate. This would imply a decline in
the number density of LRDs between cosmic dawn and cosmic
noon by a factor of ~ 5 at most, which would not affect our con-
clusions significantly.

We also compare our estimate with the model by Inayoshi
(2025), which was tailored to reproduce the redshift distribution
of the Kocevski et al. (2025) LRD sample (i.e. 341 photometri-
cally selected objects in the redshift range z ~ 2—11). This model
describes well the abundance of LRDs at z ~ 4 — 7 and predicts
that the number density of LRDs drops at z < 4 (red shaded area
in Fig. 9). We note that the model considers LRDs with abso-
lute UV magnitude —22 < Myy [mag] < —16 (but the trend
also persists considering the objects with Myy < —18 mag only)
rather than bolometric luminosity. Thus, also in this case, we
can only do a qualitative comparison. The abundance of LRDs

> We note that similar results are obtained using different extinction
laws.
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we measure at z = 2.4 is a factor of ~ 350 larger than the model
predictions.

According to the Inayoshi (2025) model, LRDs may repre-
sent the early, rapid stages of growth of black hole (heavy) seeds
with mass Mgy ~ 10* — 10° M,,. The formation of black hole
seeds is expected to be suppressed at z < 5, as metals diffuse in
the interstellar medium, producing fragmentation and cooling of
clouds, which prevent them from directly collapsing into black
holes (Bellovary et al. 2011). Our findings may suggest that the
formation of black hole seeds can still be efficient at epochs as
recent as cosmic noon. Alternatively, our result may simply hint
that LRDs, rather than being the very first accretion episodes of
growing seeds, are more likely a high-accretion phase in already
mature black holes. Additional studies will be necessary to dis-
criminate between the two scenarios.

6.5. LRDs and other AGN populations at cosmic noon

We compare the abundance of LRDs at cosmic noon with that of
AGNs based on multi-wavelength (bolometric) selection (light
blue area in Fig. 9; Shen et al. 2020) or X-ray selection (gray
shaded area; Peca et al. 2023). We obtained the curves by inte-
grating the AGN LFs at various redshifts for the same integra-
tion limit of LRDs (Lypo 2 3 X 10* erg s!) and considering the
1o errors. For the X-ray LF by Peca et al. (2023), we converted
from 2 — 10 keV to bolometric luminosities using the relation of
Duras et al. (2020). The difference between the AGN space den-
sity derived using the bolometric LF of Shen et al. (2020) and
the X-ray LF of Peca et al. (2023) is about a factor of 2 — 3 going
from z = 0 to z = 4. This is broadly consistent with the expecta-
tions of synthesis models of the cosmic X-ray background (Gilli
et al. 2007; Ananna et al. 2019) suggesting that the abundance
of heavily obscured, Compton-thick AGNs (Ny > 10** cm™2)
that are largely missed by X-ray surveys, is comparable to that
of less obscured AGNs whose abundance is instead recorded in
the X-ray luminosity functions.

At z ~ 2.4 the abundance of LRDs with Ly, = 3 X
10% erg s7! is a factor ~ 3.6 lower than that of all AGNs. On
the other hand, the number density of LRDs is within the errors
of X-ray selected AGNs with comparable bolometric luminosity.

It is possible that LRDs are part of the population of
Compton-thick AGNs, whose contribution to the total AGN cen-
sus is still poorly understood. For example, if the large equivalent
widths that are measured in the broad He lines of LRDs are due
to a large covering factor of the clouds in the BLR (significantly
larger than in standard AGN), then the same clouds would be suf-
ficiently dense to produce Compton-thick absorption (Maiolino
et al. 2025).

However, absorption by Compton-thick gas perhaps is not
the only reason for the lack of X-ray emission in LRDs, which
might be instead intrinsically X-ray weak (Tortosa et al. 2026).
Several LRDs have line widths < 2000 kms~! and can thus be
classified as narrow-line Seyfert 1 galaxies, which are known to
accrete at high rates and to have very steep X-ray spectra (Iwa-
sawa et al. 2024). Such steep spectra, would indeed imply low
rates of X-ray photons at rest-frame energies above a few keV,
i.e. the ones sampled in high-z LRDs, explaining in turn why
these objects may have escaped X-ray detection (Maiolino et al.
2025).

Recently, Sneppen et al. (2026) proposed a scenario in which
both obscuration by thick gas (Ng ~ 10% cm™2) and high ac-
cretion rates are needed simultaneously to explain the observed
X-ray weakness of LRDs. From the picture portrayed above, it
is thus difficult to quantify to what extent LRDs contribute to

the population of Compton-thick AGNs, with the latter possibly
having a substantial role in the accretion history of supermassive
black holes (Peca et al. 2023).

6.6. The fate of LRDs in the local universe

According to some studies, the number density of LRDs in the
local universe becomes as low as n ~ (1.6—5)x 10~ Mpc ™3 (Lin
et al. 2026; Park et al. 2026). This implies a drop by a factor of
~ 10* compared to our estimate at cosmic noon.

A fair comparison between our measurement and those in
the local universe is not obvious due to the different sample se-
lections. Lin et al. (2026) selected their sample from the SDSS
DR17 spectroscopic database based on their v-shape’ (i.e., they
include LRDs only). They removed sources with strong [N ]
and Mgm emission, as possible type-I AGN contaminants, and
required an [O m] equivalent width above 10A to reduce the con-
tamination from galaxies. The objects are compact on a scale of
1.8”, and their final sample includes three objects at z ~ 1 se-
lected as the most representative LRDs. Only one out of the three
sources is undetected in X-ray, while one has a 20~ detection, and
the third one was not observed in the X-ray. Park et al. (2026)
considered a sample of eight LRDs at 0.2 < z < 0.5 that were
selected from the DESI DR1 spectroscopic catalog. The sample
includes both LRDs and LBDs and only two out of eight sources
have an He FWHM > 1000 kms™! (i.e., our width cut). The
sources are compact on a scale of 1” and their X-ray properties
are not considered in the selection.

More importantly, the samples of Lin et al. (2026) and Park
et al. (2026) are incomplete. As noted by Lin et al. (2026), the
SDSS LRDs were disadvantaged in being selected for spectro-
scopic follow-ups due to their compact morphology. In addition,
the adopted cut in [Om] equivalent width may prevent some
LRDs from being selected and that are similar to high-redshift
LRDs reported in the literature (e.g., Ji et al. 2025; Naidu et al.
2025; de Graaff et al. 2025). According to Park et al. (2026), it
is very difficult to quantify the incompleteness of their sample,
as their LRDs span a variety of selections and show up to the
faintest magnitudes in the DESI catalog.

As discussed in Lin et al. (2026) and Park et al. (2026), the
measurements in the local universe should be regarded as lower
limits to the number density of LRDs. Future studies, based on
blind spectroscopic samples of LRDs at z ~ 0, will be crucial to
improve these estimates.

If the number density of LRDs is confirmed to decline
sharply from cosmic noon to the present epoch, this may still
be interpreted in the model framework proposed by Inayoshi
(2025). Indeed, assuming that LRDs represent the first one or
two super-Eddington accretion episodes of newly-born black
hole seeds, high accretion rates may become unsustainable once
the black hole has grown considerably in mass and the gas sup-
ply from its host has decreased, possibly because of both the pro-
gressive consumption of the gas reservoir and AGN feedback.
Therefore, objects that were shining as LRDs at cosmic noon
would be observed as normal AGNs in the local universe.

7. Summary and conclusions

In this work, we report the quest for LRDs in the J1030 field
using NIRCam data (both imaging and spectroscopy) of the
EIGER program. The main results of our study are summarized
below:
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— We discovered five point-like, broad-line emitters,
undetected in X-rays. The sources have red color
(F200W — F356W > 0) and are radio silent. Three of
them are located at z ~ 2.4 (BiRD; Loiacono et al. 2025,
ID 1017, and ID 3646) and were identified based on their
He1 and Pay emission. The remaining two (ID 8511 and ID
9008) are Ha emitters at z ~ 4.5. The FWHM of the broad
lines is in the range ~ 1100 — 1700 km s~!, depending on the
source, classifying them as BLAGNS.

— Based on the broad Ha line, we estimate the black hole
masses of the sources. For the z ~ 2.4 emitters, the
extinction-corrected Ha luminosity was inferred from the
Pay luminosity, assuming case B recombination (see also
Loiacono et al. 2025). We find black hole masses in the range
of 107 — 108 M. The Har luminosities were also converted to
the bolometric ones, which are Lyg ~ (3 —33)x 10* ergs .

— We derived upper limits to the X-ray luminos-
ity of the sources, which are in the range of
Lx < (1.4 — 7.0) x 10* erg s™!. The stacked, me-
dian X-ray luminosities at z ~ 2.4 and z ~ 4.5 are
Lx <3.0x10% ergs™! and Lx < 1.5 x 10*3 erg s™!, respec-
tively. These values correspond to X-ray bolometric correc-
tions Lpot/Lo-10 kevirest > 234 and Lpoi/Lo—10 kevirest > 25,
which are a factor ~ 14 and ~ 2 larger than the classical
AGN median value.

— According to their optical and UV slopes, the BLAGNs can
be split into three LRDs (BiRD, ID 8511, ID 9008), one
LBD (ID 3646), and one intermediate object (ID 1017).
As noted in other works, the prevalence of LRDs in our,
admittedly small, sample could be due to the increasing
fraction of LRDs towards higher Ho luminosities, such as
those sampled by our observations.

— Without splitting the sample into sub-populations, we
derived the bolometric LFs of LRDs at z ~ 2.4 and z ~ 4.5.
At cosmic noon, the space density of LRDs is a factor
of ~ 2 — 2.4 lower than that of all classical AGNs with
comparable bolometric luminosity (Shen et al. 2020), and
consistent with the extrapolated abundance of UV-selected
quasars (Kulkarni et al. 2019). At z ~ 4.5, the space density
of LRDs is fully consistent with that estimated by other
works for the same population (Matthee et al. 2024; Kokorev
et al. 2024), and with that of pre-JWST AGNs (Shen et al.
2020).

— We derive the abundance of LRDs as a function of the black
hole mass. At z ~ 2.4, our estimate is consistent with that of
BLQSOs inferred by Shen & Kelly (2012). At z ~ 4.5 our
point is consistent with the result of Matthee et al. (2024),
although both estimates possibly suffer from incompleteness
due to the FWHM cut considered in both selections.

— Finally, we estimate the number density of LRDs at cosmic
noon. The abundance of LRDs with Ly, > 3x 10* erg s7! at
z~24isn =343 %107 Mpc™. This implies that there
is no significant evolution in the number density of LRDs
with equal bolometric luminosity from z ~ 7 to z ~ 2.4.
At cosmic noon, the number density of LRDs is a factor
of ~ 350 larger than model predictions (Inayoshi 2025).
We also speculate that the ~ 10x higher density we find at
Z ~ 2.4 compared to studies based on ground-based data (Ma
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et al. 2025) arises because those studies are likely sampling
only the bright end of the LRD luminosity function.

— At cosmic noon, LRDs are a factor of ~ 3.6 less abundant
than classical AGNs (Shen et al. 2020), whereas their num-
ber density equals that of X-ray (Compton-thin) selected
AGNs with the same bolometric luminosities. While it is
tempting to conclude that LRDs may be part of the miss-
ing population of Compton-thick AGNs, yet, because of the
uncertainties in the interpretation of their X-ray weakness, it
is difficult to quantify to what extent.

Our results may imply that, if LRDs represent the early, rapid
stages of growth of black holes (Inayoshi 2025), the formation
of (heavy) black hole seeds can be efficient even at epochs as
recent as cosmic noon. Alternatively, our result may suggest that
LRDs are likely a high-accretion phase of already mature black
holes rather than the very initial accreting episodes of black hole
seeds. Further studies will be necessary to distinguish between
these two scenarios.
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Appendix A: SEDs of the X-ray silent BLAGNs

We report the SEDs and the NIRCam composite images
(F115W + F200W + F356W) of the compact, X-ray silent
BLAGNSs studied in this work. The SED and cutouts of BiRD
are shown in Loiacono et al. (2025). The photometry includes
ground-based measurements, JWST, and, when available, HST
data-points (F775W, F850LP, and F160W). The 30 upper lim-
its are also shown. For the ground-based data points of ID 3646,
we used aperture-corrected magnitudes to derive the correspond-
ing flux densities. This approach was necessary because con-
tamination from a stellar spike makes the total magnitudes in
the Y, J, and K bands reported in the J1030 catalog (Mazzolari
et al. 2026) unreliable. Since the source is point-like, aperture-
corrected magnitudes are perfectly suited to derive the total
fluxes of the target.
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Fig. A.1. NIRCam 1.2”x 1.2” cutout and SED of ID 1017, ID 3646, ID 8511 and ID 9008. The cutouts were obtained adding the F115W +
F200W + F356W images. The red diamonds enclose the JWST flux densities. The inverted triangles correspond to the 30~ upper limits.
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