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ABSTRACT

We present a spectroscopic sample of 23 broad-line AGNs (BLAGNs) at 3 < z < 6 selected using
F322W2+F444W NIRCam/WFSS grism spectroscopy of the central 100 arcmin? area of the NEXUS
survey. Among these BLAGNSs, 15 are classified as Little Red Dots (LRDs) based on their rest-frame
UV-optical spectral slopes and compact morphology. The number density of LRDs is ~ 10~° cMpc ™3,
with a hint of declining towards the lower end of the probed redshift range. These BLAGNs and
LRDs span broad Ha luminosities of ~ 10422 — 10437 ergs~!, black hole masses of ~ 103 —10%4 M),
and Eddington ratios of ~ 0.1 — 1 (median value 0.4), though the black hole mass and Eddington
ratio estimates carry large systematic uncertainties. Half of the LRDs show strong Balmer absorption,
suggesting high-density gas surrounding the line-emitting region. We detect extended (hundreds of
parsec) rest-frame UV-optical emission from the host galaxy in the majority of these LRDs, which
contributes significantly or even dominantly to their total UV emission. This host emission largely
accounts for the peculiar UV upturn of the LRD spectral energy distribution. We also measure the
small-scale (< 1cMpc) clustering of these BLAGNs and LRDs by cross-correlating with a photometric
galaxy sample. Extrapolating the power-law two-point correlation function model to large linear scales,
we infer a linear bias of 3.3073 5% and typical halo masses of a few x10'! h=' M, for BLAGNS at the
sample median redshift of z ~ 4.5. However, the inferred linear bias and halo masses of LRDs, while
formally consistent with those for BLAGNs at ~ 1.50, appear too large to be compatible with their
space density, suggesting LRDs may have strong excess clustering on small scales.

Keywords: Active galactic nuclei (16), High-redshift galaxies (734), Supermassive black holes (1663),

Clustering (1908)

1. INTRODUCTION

Recent JWST observations of the high-redshift (e.g.,
z > 3) Universe have revealed a remarkable population
of red compact galaxies with apparently broad Balmer
emission lines with FWHM exceeding ~ 1000 kms™!
(e.g., Labbe et al. 2025; Matthee et al. 2024a; Greene
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et al. 2024; Kocevski et al. 2024; Hainline et al. 2025;
Leung et al. 2024; Wang et al. 2025; Labbe et al. 2024;
Kokorev et al. 2024; Taylor et al. 2024; Zhang et al.
2025b; D’Eugenio et al. 2025; Taylor et al. 2025; Killi
et al. 2024), dubbed “little red dots” (LRDs). The na-
ture of LRDs is not fully understood, but a popular view
is that most of them are accreting supermassive black
holes (SMBHs), given the broad line widths. Albeit with
significant uncertainties of their bolometric luminosity
estimates, LRDs seem to dominate the population of
broad-line AGNs (BLAGNSs) with bolometric luminosi-
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ties of ~ 10%* ~ 10%0 erg s~ (Greene et al. 2024; Zhang
et al. 2025b), and are much more abundant than lumi-
nous quasars in the same redshift range.

In addition to their compact morphology, LRDs are
characterized by a peculiar spectral energy distribution
(SED) shape, with bending rest-frame UV and optical
slopes (Buv and fopy). This SED shape is likely due to
a combination of the following factors: intrinsic prop-
erties of the accreting SMBH, strong dust reddening or
gas-enshrouded black hole accretion in the nucleus re-
gion, star formation in the host galaxy, and scattered
blue AGN continuum (Casey et al. 2024; Greene et al.
2024; Pérez-Gonzalez et al. 2024; Rinaldi et al. 2024; Set-
ton et al. 2024; Chen et al. 2025b; Inayoshi & Maiolino
2025; Li et al. 2025d; Naidu et al. 2025; Volonteri et al.
2025; Wang et al. 2025; Naidu et al. 2025). Their com-
pact sizes generally imply small host galaxies. The black
hole mass estimates of LRDs currently carry large sys-
tematic uncertainties, as they are estimated using broad
Ha single-epoch virial black hole mass estimators based
on more massive, and lower-redshift AGNs (Greene &
Ho 2005; Shen 2013; Bertemes et al. 2025). Nevertheless,
these single-epoch mass estimates suggest LRDs contain
SMBHs with masses of ~ 105 — 10% M and Edding-
ton ratios of ~ 0.1 — 1, which place LRDs significantly
above the local BH mass—stellar mass (Mgy — M.) rela-
tion (Harikane et al. 2023; Pacucci et al. 2023; Maiolino
et al. 2024; Chen et al. 2025b; Li et al. 2025b,c¢; Sun et al.
2025). If these BH masses are reliable, it would imply
LRDs are growing SMBHs that are overmassive relative
to their host galaxy stellar mass, making them good can-
didates to support the heavy seed scenario of SMBH for-
mation at high redshift (Bogdan et al. 2024; Natarajan
et al. 2024). However, it is unclear if LRDs are a repre-
sentative population of growing SMBHs at high redshift,
as flux-limited pencil-beam JWST surveys would prefer-
entially miss lower-luminosity, and hence undermassive
black holes (e.g., Lauer et al. 2007; Li et al. 2025b,a).

Two recent studies (Rusakov et al. 2025; Naidu et al.
2025) further argued, based on the profile of the broad
Balmer lines, that the broadening of the Balmer lines
in LRDs could be significantly complicated by scatter-
ing (either electron scattering (Laor 2006) or Balmer
scattering). This would imply the virial BH masses in
LRDs are severely overestimated by orders of magni-
tude. These arguments are countered in Juodzbalis et al.
(2025) based on the observed line profiles in both Balmer
and Paschen lines in an example LRD. Regardless, the
Balmer line profile in LRDs is often (e.g., > 30%; Lin
et al. 2024) observed to be asymmetric and show absorp-
tion, which would normally imply high gas density in or-
der to produce Balmer absorption (Hall 2007; Inayoshi

& Maiolino 2025; de Graaff et al. 2025). A coherent
interpretation is yet to emerge to explain the peculiar
line profiles of LRDs, compared with normal broad-line
AGNs.

There are also studies that question the AGN nature
of LRDs (Baggen et al. 2024; Kokubo & Harikane 2024;
Bellovary 2025). One argument is the lack of variabil-
ity of LRDs using multi-epoch observations (Kokubo &
Harikane 2024; Tee et al. 2025). However, there are
also reported cases of LRDs either varying in Balmer
line equivalent width (Furtak et al. 2025) or in contin-
uum (Zhang et al. 2024). Currently time-domain obser-
vations of LRDs are still limited in baseline and sam-
ple statistics, preventing a definitive test for the general
LRD population. This variability argument needs to be
revisited with more time-domain data on LRDs (Shen
et al. 2024). Another argument is based on the lack
of X-ray (Yue et al. 2024; Ananna et al. 2024) and ra-
dio detection (Perger et al. 2025). However, given the
unconstrained accretion flow properties and nuclear ob-
scuration of LRDs, it is difficult to use the X-ray argu-
ment to rule out accreting SMBHs for LRDs (Inayoshi
et al. 2024; Madau & Haardt 2024; Lambrides et al.
2024; Maiolino et al. 2025).

If LRDs are accreting SMBHs in nature, they clearly
represent a population of significant interest to many key
questions regarding the seeding scenarios of SMBHs, the
co-evolution of SMBHs and galaxies, and the physics of
accretion in the high-redshift Universe (Bhowmick et al.
2024; Jeon et al. 2025; Inayoshi 2025). In this work, we
contribute to this topic using photometric and spectro-
scopic data from the NEXUS program (Shen et al. 2024).
As a multi-cycle Treasury JWST program, NEXUS is
obtaining cadenced JWST NIRCam imaging and WFSS
spectroscopy over a contiguous ~ 0.1deg? field around
the North Ecliptic Pole (NEXUS-Wide) for three yearly
epochs during 2024-2028. A central ~ 50 arcmin? area
(NEXUS-Deep) will be further revisited by NIRCam
imaging and NIRSpec MSA spectroscopy for 18 epochs
with a cadence of 2 months. The technical details of
NEXUS are described in Shen et al. (2024), and the first
observations in NEXUS-Wide are described in Zhuang
et al. (2024b). Here we use the imaging and NIR-
Cam/WFSS spectroscopy from the Early Data Release
(EDR) of NEXUS to study the LRDs therein. The final
NEXUS-Wide observations will produce a sample size
~ 4 times larger than the present sample.

This paper is organized as follows. Section 2 describes
the selection criteria of the BLAGN and LRD samples.
Section 3 presents the properties of the BLAGNS, in-
cluding the spectral properties of the LRDs, physical
properties of the accreting SMBH, properties of their



potential underlying host galaxy and close environment,
abundance of BLAGNSs, and their clustering properties.
Section 4 discusses the nature of LRDs, including the
origin of their rest-UV emission, and the implications
of their measured abundance and clustering. We adopt
a flat ACDM cosmology with Hy = 70kms~'Mpc!,
Qm = 0.3, and Q) = 0.7, and a Chabrier (2003) ini-
tial mass function (IMF) for stellar population analysis.
Comoving distances are in units of cMpc or h~'cMpc.

2. DATA AND SAMPLES
2.1. NEXUS EDR Data

NEXUS has two area/depth tiers (Wide and Deep),
where NIRCam/WFSS spectroscopy is performed for
the ~ 0.1deg? Wide area and NIRSpec/MSA spec-
troscopy (with PRISM) is performed for the central
~ 50arcmin? area (Shen et al. 2024). In addition to
spectroscopy, NEXUS also obtains NIRCam and MIRI
imaging in different filters depending on the tier. How-
ever, MIRI imaging only covers a fraction of the primary
NEXUS footprint since it is conducted as coordinated
parallel (Shen et al. 2024). While formally there are
three annual epochs for the entire Wide area, the first
Wide epoch is split in two observations (Zhuang et al.
2024b), with the first observation conducted in Septem-
ber 2024 that covers the central ~ 100 arcmin? of the
Wide area.

In this work we use data from the first partial epoch of
the NEXUS-Wide observations (NEXUS EDR, Zhuang
et al. 2024b). These data include six-band NIRCam
imaging (FO90W, F115W, F150W, F200W, F356W,
F444W), and F322W2+F444W WFSS spectroscopy for
the central NEXUS-Wide area. WFSS is generally sen-
sitive to line emitters but not the continuum given the
faint continuum magnitude of high-redshift line emit-
ters. Therefore we only focus on spectroscopic line emit-
ters in this work. Nevertheless, we construct a photo-
metric source catalog in NEXUS using all available pho-
tometry.

2.2. Redshift Determination

NEXUS-Wide NIRCam/WFSS observations utilize a
combination of F322W2 and F444W filters in the long
wavelength channel to cover a broad wavelength range
from ~2.4 to 5 micron with grism spectroscopy. In this
paper, we make use of the coadded 1D spectra of each
source produced by combining 1D spectra optimally ex-
tracted from individual 2D spectra presented in NEXUS
early data release (Zhuang et al. 2024b). We generate
initial line-only spectra by removing background and
continuum using median filters (see Wang et al. 2023,
for details). These initial line-only spectra are fed to
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the package unfold_jwst (Wang et al., in preparation)
for emission line identification and redshift determina-
tion by cross-correlating detected emission lines with a
theoretical emission line template (Lin et al. 2024). Ro-
bust spectroscopic redshifts (zspec) are obtained if (1)
multiple emission lines (> 2) are detected (50) and
matched with the template; or (2) only one emission line
is detected but consistent with the photometric redshift
(thot)'

The photometric redshift zpnoe for NEXUS sources
is derived using EAZY (Brammer et al. 2008) with the
agn_blue_sfhz_13 template set. In addition to the six-
band NIRCam photometry from NEXUS, we also in-
clude Subaru Hyper Suprime-Cam (HSC) photometry
from the HEROES survey (Taylor et al. 2023), which
includes five broad filters grizy and two narrow filters
NB816 and NB921, in the photo-z estimation. Finally,
we obtain 363 spectroscopically confirmed objects at
z > 2.5. The details of the full photometric and spec-
troscopic redshift samples will be presented in a forth-
coming paper.

2.3. Broad-line Emitter Selection

In this work we focus on the population of broad-
line emitters since our primary interest is on accreting
SMBHs. We further assume that these broad-line emit-
ters are of AGN nature (i.e., BLAGNS), though this is
still being debated, in particular for the LRD popula-
tion (Section 1). Following most of the recent works on
LRDs, we define LRDs as a subset of BLAGNs, with
detailed definitions described in Section 2.4. Below we
first describe our procedure of measuring line widths and
initial selection of the BLAGN parent sample.

For each identified line emitter, we fit the emission
lines with a series of Gaussian models. For the spec-
tral fitting, we first re-subtract the local continuum in
small spectral windows around HS+[O111], He, [Sti],
Hel, and Paf in the optimally-extracted coadded 1D
spectrum. In general, we fit a linear function to a
+4000-6000 kms~' spectral region with respect to the
line center to avoid over-subtraction of the broad wing.
For objects contaminated by a strong non-linear contin-
uum from nearby bright sources (<21.5 mag), we use a
smaller spectral region for continuum fitting. We then
use the continuum-free spectra to fit the emission lines
in several line windows (Hg, He, [St1] and PafB) with
Gaussian profiles in logarithmic wavelength space.

For emission line fitting, we adopt both a one-
Gaussian model and a two-Gaussian model to fit broad
Hp, [O111] AN959,5007, Ha, Hel, and Paf with po-
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Figure 1. Composite color (FO90W+F200W+F444W) stamps of broad-line emitters identified in NEXUS field using NIR-
Cam/WFSS spectra in the central 100 arcmin? area. Each stamp has a size of 101 by 101 pixels (3703 by 3”03), with source ID
and redshift labeled at the top-left and bottom-right corners, respectively. A 1-arcsec scalebar is shown at the lower-left corner.

Classified LRDs are labeled in the top-right corner.

tential broad components. We restrict the Full-width-
at-half-maximum (FWHM) in the one-Gaussian model
to be > 187.5kms~! (corresponds to R = 1600) and
< 2000kms~'. In the two-Gaussian model, the FWHM
of the narrow component is constrained to be smaller
than 500kms~! and also smaller than the FWHM of
the broad component, while the upper limit of the broad
component FWHM is set to be 3000kms~'. We con-
strain the narrow components within each line region to
have the same velocity offset and line width. The flux
ratios between [N11] A6548 and [N11] A6584, [O 111 A4959
and [O11] A5007 are fixed to be 1:3. The uncertainty
of our spectral fits is estimated through a Monte Carlo
approach, where 100 mock spectra are generated using
the spectral errors. The semi-amplitude of the 16th and
84th percentiles from fits to the mock spectra are taken
as the measured 1o uncertainty.

Our initial BLAGN candidates are then selected if
they satisfy at least one of the following three criteria:

(1)

(2)

The FWHM in the single-Gaussian fit is greater
than 600 km s—!;

The Bayesian information criterion (BIC = x? +

2
k In(n), where x? = E%, k is the num-

ber of free parameters, and n is the number of data
points) parameter (Liddle 2007) favors the two-
Gaussian model over the one-Gaussian model with
ABIC > 10, and the broad-component FWHM is
at least 100 km s~! broader than that of the nar-
row component and other narrow lines including
[O11]A5007 and [S11]A9532 if present;

The object exhibits photometric spectral shapes
and morphology typical of LRDs but broad Ha
falls out of the WFSS bandpass (only three ob-
jects; described below). This last criterion implic-
itly assumes that LRDs are a subset of BLAGNS,
and by virtue objects selected by criterion (3)
alone are still candidates.
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Figure 2. 2D and 1D NIRCam/WFSS grism spectra of broad-line emitters with background and continuum removed. Spectra
are zoomed in around Ha, except for NX34911, which is centered on Hel. Errorbars indicate the 1o uncertainty of the data.
Gray and black dashed curves represent best-fit narrow and broad components, respectively, while red solid curve represents
the total emission lines (narrow -+ broad). Source ID and the FWHM of the broad component in unit of km s™" are shown in
the upper-left corner. We visually identify Ha absorption features (shaded vertical bands) in six objects: NX5732, NX12300,
NX12349, NX15499, NX21246, and NX23192, but only correct their impact on the fit in three objects (highlighted in green).
The extended blueward emission in NX29853 is masked during the fit. The systemic redshift of NX26913 is based on the peak

of the overall Ha profile.

An initial sample of 90 candidates satisfying any of
these three criteria are selected. We then perform visual
inspection of their NIRCam images and 2D grism spec-
tra to exclude spurious broad-line emitters. The broad
lines in spurious objects are mainly due to kinematic-
morphological broadening along the dispersion direc-
tion, including off-nucleus star-forming clumps and close
companions.

The resulting BLAGN sample consists of 23 objects
at 2.9 < z < 7 (all but one are within 2.9 < z < 5.9).
Figure 1 shows their ~ 3 x 3" composite color stamps
(FO90W+F200W+F444W), and Table 1 summarizes
their properties and selection criteria. Many objects are
selected by more than one criteria. Among this sam-
ple, 17 objects satisfy criterion (1); 17 objects satisfy
criterion (2) and in most cases the broad-line FWHM

is much larger than the narrow-line FWHM: NX29853
has the smallest FWHM difference between the broad
and narrow components of ~ 200 km s~! — this object
is further discussed below as it also has one of the lowest
broad-line FWHMs. Three objects satisfy criterion (3).

Among the 23 BLAGNSs, 19 show broad Ha, and
the two lowest-redshift objects (NX29853 and NX34911)
show broad Hel. The remaining three objects (NX8933,
NX12143, and NX7680) are selected by criterion (3)
only, i.e., they do not have Ha coverage in WFSS (their
Zspec 1S based on [O111]) but show characteristic LRD
features with bending rest-UV-optical SED shapes and
a compact F444W size (see Section 2.4 for details).
Therefore, they are included in the final sample but are
marked as BLAGN/LRD candidates. The Ha or Her



Table 1. Broad-line Emitter Sample

1D R.A. Decl. Zspec MEP444W log Lbroad foroad FWHMyr0aa Line log Mpu Type Selection
deg deg AB mag ergs™! 10" ¥ ergs™! em™? kms™?! Mg

(1) (2) (3) (4) (5) (6) (7) (8) 9) (10) (11) (12)
NX29853 268.525957 65.227706 2.866 23.60 £0.01 42.61 £ 0.07 59.47 + 14.09 659 + 332 Ha 6.49 BLAGN (LRD) 12
NX34911 268.428710 65.203777 2.874 22.23 £0.01 42.33 £+ 0.03 30.65 + 2.36 1064 + 67 Her cee BLAGN 12
NX7607 268.432893  65.147652 3.208 23.79 £ 0.01 42.45 £ 0.12 30.75 + 8.01 946 + 219 Ha 6.73 BLAGN (LRD) 2
NX28630 268.505621 65.233145 3.462 23.40 £0.01 42.90 + 0.05 73.56 + 8.43 1535 + 307 Ha 7.38 BLAGN (LRD) 12
NX7168 268.483161 65.147721 3.568 21.90 £0.00 42.61 + 0.08 34.60 + 6.82 1490 + 406 Ha 7.21 BLAGN 12
NX7434 268.380805 65.146778 3.714  25.00 + 0.03 42.48 £+ 0.07 23.51 + 3.64 1054 + 274 Ha 6.84 BLAGN 12
NX6877 268.442554  65.144320 3.932 24.04 £0.01 42.83 £+ 0.08 45.61 £ 7.78 2808 + 539 Ha 7.88 BLAGN (LRD¥*) 2
NX4833 268.522059 65.135414  3.963 23.53 +0.01 42.81 +0.07 43.04 + 6.44 2947 + 282 Ha 7.92 BLAGN 12
NX21958 268.426066 65.267830 4.044 25.47 £0.03 42.45+0.10 17.95 £4.17 1190 + 285 Ha 6.94 BLAGN (LRD) 1
NX5732 268.541898 65.138808 4.423 23.67 +0.01 43.17 £+ 0.02 75.90 + 4.33 2751 + 256 Ha 8.03 BLAGN (LRD) 12
NX21246 268.511349 65.270607 4.465 22.49 £0.01 43.09 £ 0.05 61.71 + 7.60 2999 + 354 Ha 8.07 BLAGN (LRD) 12
NX15499 268.486881 65.187833 4.513 22.21 +0.01 43.64 4+ 0.02 214.31 £ 7.45 791 £+ 54 Ha 7.13 BLAGN (LRD) 2
NX23770 268.542071 65.260276 4.516 23.83 £0.01 42.74+ 0.05 26.53 + 3.15 1793 + 296 Ha 7.44 BLAGN 12
NX23192 268.522548 65.262645 4.522 23.43 +0.01 43.48 +0.02 147.26 + 5.47 3447 £+ 158 Ha 8.37 BLAGN (LRD) 12
NX26913 268.666877 65.243642 4.595 19.67 £0.01 44.58 £ 0.01 1776.81 + 11.86 3105 4+ 35 Ha 8.80 BLAGN (QSO) 12
NX10835 268.437675 65.167485 4.649 25.08 +0.02 43.03 4+ 0.04 48.87 + 4.93 2250 4 472 Ha 7.78 BLAGN (LRD) 1
NX26545 268.520329 65.246470 4.823 25.33 £0.03 42.61 £+ 0.08 17.10 £ 3.17 1099 + 190 Ha 6.94 BLAGN 12
NX32030 268.639098 65.216381 5.063 25.76 +0.05 42.19 +0.16 5.78 £+ 2.07 652 + 122 Ha 6.28 BLAGN 1
NX12300 268.472995 65.174101 5.066 25.26 £0.02 42.42+0.13 9.81 + 2.55 823 + 314 Ha 6.59 BLAGN (LRD) 12
NX8933 268.615474 65.155855 5.574 23.21 £0.01 cee s cee BLAGN* (LRD¥*) 3
NX12143 268.428338 65.173501 5.864 24.44 £ 0.01 cee cee cee cee cee BLAGN* (LRD¥*) 3
NX12349 268.568556 65.174341 5.871 23.83+0.01 43.13 4+0.03 35.36 + 2.80 1673 + 173 Ha 7.56 BLAGN (LRD) 12
NX7680 268.393574  65.147946  7.006 24.93 £ 0.02 BLAGN* (LRD¥*) 3

NoTE—Column (1): source ID. Columns (2) and (3): J2000 right ascension and declination. Column (4): spectroscopic redshift. Column (5): F444W magnitude.
Column (6-8): luminosity, lux, and FWHM of the broad component(s). FWHM has been corrected for instrumental broadening using the estimate in Greene et al.
(2017). Column (9): name of the broad line. Column (10): BH mass derived from Equation 1. Column (11): source classification with subclass indicated in the
parentheses; tentative classifications are marked with an *. Column (12): BLAGN selection flag among the three criteria described in Sec 2.3. A BLAGN can be
selected by more than one criteria.

line profiles of these BLAGNs (with coverage) are shown
in Fig. 2.

Our selection criterion (1) of single-Gaussian-fit
FWHM > 600 km s~! is more lenient than the of-
ten adopted criterion of > 1000km ~! (e.g., Harikane
et al. 2023; Greene et al. 2024; Matthee et al. 2024a; Lin
et al. 2025a) for BLAGNs. Several works also adopted
a smaller FWHM threshold for selecting BLAGNs. For
instance, Taylor et al. (2024) set a lower limit of 700 km
s~1; Juodzbalis et al. (2025) set a lower limit of 800 km
s71; Maiolino et al. (2024) require the FWHM of the
broad component to be at least two times that of the
narrow component. As a result, these works reported
several BLAGNs with broad component FWHM as low
as 700 km s1.

Since lower-mass BHs tend to exhibit narrower broad
lines, the moderately high spectral resolution of NIR-
Cam/WFSS (R ~ 1600; corresponding to 187 km s~ 1)
makes it possible to identify these lower-mass BHs.
However, confirming their BLAGN nature requires fur-
ther scrutiny. Figure 3 shows other emission lines de-

tected in the WFSS spectra of the three BLAGN can-
didates with broad-component FWHM < 900 km s!.
NX29853 has a broad Hel emission line with a FWHM
similar to that of the He, supporting its BLAGN classi-
fication. [O111] in NX32030 and NX12300 is not resolved
by WFSS and is significantly narrower than the broad
component of Ha after accounting for measurement un-
certainties. A fourth object, NX15499, also has a broad
FWHM < 900 km s~! but lacks coverage of other emis-
sion lines in NIRCam/WFSS. Nonetheless, the promi-
nent absorption in the blue wing of the Ha line strongly
suggests that NX15499 is a genuine broad-line emitter.
Based on these additional arguments, we classify these
objects as BLAGNS.

Among the 23 BLAGNSs (including 3 candidates), 15
are further classified as LRDs as detailed in Section 2.4.
One particular BLAGN (NX26913) is a quasar with a
much higher luminosity than the rest of the sample.
This quasar is excluded from most of our statistical anal-
yses below. For the sake of discussion, we explicitly use
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Figure 3. Additional emission lines detected in NIR-
Cam/WFSS grism spectra of the three BLAGNs with
FWHM< 900 km s~*. Symbols are the same as Figure 2.
The intrinsic line width of [O111] in NX32030 and NX12300
is unknown since it is smaller than instrumental broadening.

the term “LRD” to refer to this subset of BLAGNSs in
our spectroscopic sample.

Figure 2 shows the 2D grism spectra, 1D spectra, and
spectral decomposition of our sample. Basic information
and properties of the broad component of the emission
lines are also compiled in Table 1. For the final emission
line measurements, we use up to three Gaussians to fit
the broad component. Notably, we visually identify Ho
absorption in NX5732, NX12300, NX12349, NX15499,
NX21246, and NX23192, which is commonly found in
LRDs (e.g., Matthee et al. 2024a; Maiolino et al. 2024;
Kocevski et al. 2024; Lin et al. 2024). This amounts to

7

half (6/12) of the LRD sample with Ha coverage. Due
to the limited signal-to-noise ratio of our grism spectra
and complications in the remaining objects, we only at-
tempt to correct the effect of absorption in NX15499,
NX12349, and NX23192, in which we mask the spec-
tral region affected by absorption and use the remaining
part to recover the line profilee. FWHM of the broad
component is calculated by summing up all the associ-
ated Gaussian functions. Note that the line luminosity
and FWHM of NX15499 may be underestimated since
the blue side of the line peak is significantly affected by
absorption and our fitting may be biased without in-
dependent redshift measurement from other lines (e.g.,

[O111]).

2.4. Classification of LRDs

Qualitatively LRDs refer to broad-line AGNs with
compact morphology (typically measured in F444W),
blue/flat rest-UV spectral slopes, and red rest-optical
spectral slopes. The composite color images in Figure 1
show the characteristic appearances of LRDs. In the
literature, more quantitative criteria have been used to
select LRD candidates from photometry, and confirmed
subsequently with spectroscopy for redshift and broad
emission lines.

Early LRD samples were mainly selected using NIR-
Cam colors and size in the F444W filter (color-based
selection; e.g., Greene et al. 2024; Labbe et al. 2025).
The widely-adopted Greene et al. (2024) selection crite-
ria are:

F115W — F150W < 0.8 &
F200W — F277TW > 0.7 &
F200W — F356W > 1.0

for 4 < z < 6, and

F150W — F200W < 0.8 &

F277TW — F356W > 0.7 &

F356W — F444W > 1.0

for z > 6, with a size cut of

fF444W(0’.’4)/fF444W(0'.’2) <17
where fo,, AW (0 a) and fo., AW (02) represent the flux
density within 0/4- and 0”2-diameter aperture.

To account for rest-wavelength coverage shifts of NIR-
Cam filters over a wide redshift range, Kocevski et al.
(2024) modified the above color-based selection method
by utilizing rest-frame optical and UV spectral slopes
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LRDs (NX8933, NX28630, NX21246, NX15499) are further discussed in Section 2.4.

Bopt and Buy (spectral slope-based selection). These
spectral slopes are derived by fitting a linear function

m; = —2.5(8 + 2) log()\;) + const.

to a set of photometric bands blueward and redward
of the Balmer break at 3645A, where m,; is the AB
magnitude measured in the ith filter with an effective
wavelength of \;. They translate the color cuts to con-
straints in the spectral slopes: —2.8 < fuyy < —0.37
and Bopt > 0. The lower limit on Syv reduces the con-
tamination from brown dwarfs and the upper limit on
Buv reduces the contamination from dusty star-forming
galaxies in photometric LRD selection. They also up-
date the compact morphology cut by selecting objects
with half-light radius (rj,) measured before deconvolu-
tion from SExtractor (Bertin & Arnouts 1996) in the
F444W filter within 1.5 times that of the stellar locus.
LRDs selected from the above two methods
are mnot identical. By compiling a large sam-
ple of photometrically-selected and spectroscopically-
confirmed LRDs from the literature, Hainline et al.
(2025) find that a significant fraction of spectral slope-
selected LRDs fall outside the color-based selection box.
While the spectral slope method captures most color-
selected LRDs and the majority of spectroscopically-
confirmed sources, one spectroscopically-confirmed LRD
from the UNCOVER survey (Greene et al. 2024) lies
outside the spectral slope selection box, exhibiting a rel-

atively red UV spectral slope (Byy & 0). Their results
suggest that although the spectral slope-based selection
is effective at reducing contamination in photometric
LRD samples, applying strict cuts on spectral slopes will
not yield a complete sample and may exclude a subsam-
ple of LRDs, particularly those with relatively red UV
slopes.

In this work we adopt the spectral slope-based selec-
tion criteria in Kocevski et al. (2024) to classify photo-
metric LRDs. We apply the strict spectral slope cuts to
the full NEXUS sample to select photometric LRD can-
didates based on zphot, spectral slopes, and F444W size.
These photometric LRDs are for comparison and plot-
ting purposes (e.g., Fig. 4) only, and are not used in our
statistical analyses. We defer a more detailed investiga-
tion on the efficiency and completeness of photometric
LRD selection to a future paper with more NEXUS data.

For LRDs identification in our spectroscopic BLAGN
sample, we adopt soft spectral slope cuts, allowing ob-
jects slightly beyond the cuts to be classified as LRDs, to
account for the incompleteness from strict spectral slope
cuts. In particular given our spectroscopic confirmation,
contamination from stars and dusty star-forming galax-
ies that have Syy outside the canonical Kocevski et al.
(2024) box is not a concern. In practice, however, we
do find that most of our spectroscopic LRDs fall within
the fyv boundaries in the spectral slope-based selection
(Figure 4 right).
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Figure 5. Spectral energy distributions (SEDs) of NEXUS BLAGN sample. Object name and redshift are labeled at the
top-left corner, with LRDs marked in red fonts. Best-fit spectral slopes and their 1o uncertainties are shown at the lower-right
corner and illustrated as blue (red) solid lines for Buv (Bopt). Shaded gray areas represent the LRD selection criteria based on
spectral slopes from Kocevski et al. (2024). Vertical dashed lines represent the locations of [O111] A5007 and Ha. We add 5 mag

to the quasar NX26913 for illustration purposes.

For size measurements, we fit a second-order poly-
nomial function to the locus of bright stars (20 <
Mmpagaaw < 27 mag) to determine the magnitude-
dependent size cut (Figure 4a). We select compact ob-
jects that are less than 1.5 times larger than the size of
stars (Figure 4a).

To measure Byy and Sopt, we use different sets of fil-
ters for different redshift ranges to account for band-
pass shifting. This enables more reliable identification
of LRDs over a wider redshift range than the simple
color-color cut method. Table 2 shows the filter sets
adopted in this work in four redshift bins. We select
sources that are detected with a signal-to-noise ratio
(SNR) greater than 12 in the F444W filter and adopt
an error floor of 0.05 mag for continuum slope measure-
ments. To account for measurement uncertainties, we
allow the spectral slopes to deviate from the defined
boundaries by < 1o to be still classified as an LRD. We
note that ~ 25% of all photometric objects and three
spectroscopic BLAGNs in NEXUS do not have Syy or
Bopt measurements owing to the non-uniform sky cover-
age of different filters in the NEXUS-Wide EDR data.

The formal photometric selection criteria are then:

1. F444WgnRr >12;

2. —2.8 < Byy < —0.37 (blue);

3. Bopt > 0 (red);

4. rp, < 1.5 X 7 gtar in the F444W filter (compact);
9. Zphot > 2.

Figure 4 shows the distribution of our

spectroscopically-confirmed BLAGNs in the r, versus
Mpaaaw Plane and Bopt versus Byy plane. The SEDs of
the BLAGN sample are shown in Figure 5. Directly ap-
plying the above selection criteria to the spectroscopic
BLAGN sample presented in Section 2.3 results in nine
LRDs. We further classify the following six BLAGNSs as
LRDs even though they do not formally satisfy the full
set of photometric criteria:

o NX8933 and NX28630: These two objects do
not formally satisfy the compactness criteria (Fig-
ure 4a) due to the presence of blended close com-
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Table 2. Filters for continuum slope estimate versus redshift

Redshift Buv Bopt

2<2<3.25 FO90OW,F115W F150W,F200W
3.25 < z<4.75 FO090W,F115W,F150W  F200W,F356W
475 <2< 8 F115W,F150W,F200W  F356W,F444W
z>8 F150W,F200W F356W,F444W

panions in the F444W filter (Figure 1). The com-
panions of NX28630 show clumpy morphology in
the F200W filter but exhibit smooth extended
emission in the F444W filter. The compactness
criterion is satisfied after decomposing the LRD
(nucleus+host) and its close neighbors. In addi-
tion, NX28630 has a f[opt = —0.18 &= 0.05, slightly
below the cut of S,p > 0. However, its nucleus,
modeled by a point spread function (PSF) model,
has a Bopt = 1.86 £ 0.10 (see Section 3.2).

e NX12349: This object does not have a formal Syv
measurement due to the lack of F150W coverage.
However, its overall UV slope, as inferred from
the FO90W, F115W, and F200W filters, satisfy the
Buv selection criteria (Figure 5).

e NX6877: This object does not have a formal
Buv measurement due to the lack of FO90W and
F150W coverage. We consider this object as a
candidate LRD given its red optical spectral slope
and compactness.

e NX21246 and NX15499: These objects have
slightly red UV slope with Syy ~ 0. Such ob-
jects, while relatively rare compared to the overall
LRD population, are reported as LRDs from UN-
COVER (Greene et al. 2024) with the presence of
broad Ha. We therefore classify these two objects
as LRDs as well.

Our final selection results in 15 LRDs within our spec-
troscopic BLAGN sample. These LRDs are red in their
rest-optical SEDs, compact (after removing close com-
panions in a few cases), and mostly have blue spec-
tral slopes in rest-UV. To improve sample statistics, we
include the few tentative classifications in our statisti-
cal analyses below. However, excluding these tentative
classifications does not qualitatively change our conclu-
sions.

3. PROPERTIES OF BLAGNS
3.1. Physical properties of the accreting SMBH
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Figure 6. Luminosity of the broad component of Ha
(La, broad) versus redshift. Open black circles, orange down
triangles, blue up triangles, green squares, and red pluses
represent BLAGNs from NEXUS survey, ASPIRE survey
(Lin et al. 2024), EIGER and FRESCO surveys (Matthee
et al. 2024a), CEERS and RUBIES surveys (Taylor et al.
2024), and JADES survey (Juodzbalis et al. 2025), respec-
tively. Filled magenta circles highlight the LRDs in NEXUS
survey. Upper and right panels show the histograms of red-
shift and L, broad, respectively.

Figure 6 compares the redshift and luminosity of
the broad component of Ha (Lpa,broad) of NEXUS
BLAGNs with those from other surveys, including
BLAGNSs selected using NIRCam/WFSS spectroscopy
(WFSS BLAGNs) from EIGER and FRESCO sur-
veys (Matthee et al. 2024a) and from ASPIRE sur-
vey (Lin et al. 2024), BLAGNSs selected using NIRSpec
spectroscopy (NIRSpec BLAGNs) from the CEERS
and RUBIES surveys (Taylor et al. 2024) and the
JADES survey (Juodzbalis et al. 2025). Thanks to the
broader wavelength coverage from the combination of
F322W2 and F444W grisms, the NEXUS BLAGN sam-
ple spans a wider redshift range (3 < z < 6) com-
pared to other WFSS BLAGN samples (4 < z < 5.6).
These WFSS BLAGNs have Lpq, broaa Within 42.2 S
log (LHa, broaa/ergs™!) < 43.7 (excluding the quasar
NX26913), while about half of the NIRSpec BLAGNs
are much fainter with 41.4 < log (Lua, broad/ergs 1) <
42.2.

We adopt the Ha-based virial black hole mass estima-
tor calibrated in Reines & Volonteri (2015) to estimate

umber density
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Figure 7. Bolometric luminosity (Lpo1) versus black hole
mass (Mgnu). Symbols are the same as Figure 6. The gray
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tively. Typical uncertainty of 0.5 dex for Mgy is not shown
here for clarity.

black hole mass (Mpn):

M Lya, br
log ( Mff) — 6,57 +0.47 log (mg)
1
1000kms—1 /’

where Lpa,broad and FWHM represent the luminos-
ity and instrumental broadening-corrected FWHM of
the broad component of Ha, respectively. We correct
instrumental broadening to the line profile using the
wavelength-dependent estimate in Greene et al. (2017).
Note that we do not correct Lyq, broad fOr extinction.
We estimate the bolometric luminosity (Lpo1) using the
calibration, Lbey = 130 X LHaq,broad, from Stern &
Laor (2012). The Eddington ratio (Agqq) is derived
from the ratio between Ly, and Eddington luminosity
Lggq = 1.26 % 1038 (MBH/M@) erg s~

As shown in Figure 7, NEXUS BLAGNSs follow sim-
ilar distributions as those from other JWST surveys in
the Lypo versus Mpy plane. Compared to 3 < z < 6
quasars from the SDSS DR16Q catalog (Wu & Shen
2022), BLAGNs discovered by JWST have systemati-
cally lower Mpy, as expected. The vast majority of

+ 2.06 log (
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the BLAGNs are located between Agqq = 1 and 0.01.
Interestingly, one LRD, NX15499, seems to accrete at
super-Eddington rate (Agaq = 3), albeit with great un-
certainties in the Mpy estimate. Its strong absorption
features bluewards of Ha may originate from high den-
sity gas in the broad-line region and are consistent with
strong outflows seen in highly accreting BHs (Jiang et al.
2019; Matthee et al. 2024a; Inayoshi & Maiolino 2025).
However, other LRDs with absorption features tend to
have moderate Eddington ratio Agqq ~ 0.1 — 0.7 with a
median of 0.14.

3.2. Host galazy and close environment

We study the potential underlying host galaxy of
the BLAGNs with a focus on LRDs by performing
AGN-host image decomposition. We perform simulta-
neous multi-band AGN-host image decomposition using
GALFITM (HauBler et al. 2013) in all six NIRCam filters.
GALFITM is a multi-wavelength version of GALFIT (Peng
et al. 2002, 2010) and takes into account the wavelength-
dependent galaxy structure. We largely follow the pro-
cedures described in previous works utilizing GALFITM
in AGN-host decomposition (e.g., Zhuang & Ho 2022,
2023; Zhuang et al. 2024a). We adopt two sets of models,
one with only one PSF model (PSF-only) to fit mainly
the nucleus and the other one with one PSF model to
fit the nucleus and one Sérsic model to fit the (poten-
tial) host galaxy (PSF+Sérsic). In the latter model set,
we assume that the PSF and Sérsic models have the
same centroid, both effective radius (R.) and Sérsic in-
dex (n) follow a linear wavelength-dependent relation,
ellipticity and position angle are constant across wave-
length, and magnitudes of the Sérsic component and the
PSF component are free to vary. Blended companions
are modeled using a Sérsic model and fitted at the same
time with BLAGNSs. Note that the amplitude of the PSF
model may be overestimated in the PSF+Sérsic model
set due to the degenerate between the nucleus and the
compact unresolved substructure of the host.

Although the F444W filter is dominated by unresolved
emission in most of the objects (see Appendix), we de-
tect significant extended emission in ten LRDs and seven
non-LRD BLAGNSs across bluer filters. Here extended
emission refers to those centered at the location of the
nucleus, rather than from deblended close companions.
Figure 8 shows our image decomposition results in the
F200W for LRDs with detected extended emission. We
can clearly see the residual extended emission after sub-
tracting the PSF-only model in the Data—PSF map.
Their radial surface brightness profiles also show clear
deviations from that of the PSF, suggesting contribution
from extended emission. The additional Sérsic compo-
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Figure 8. AGN-host image decomposition results of LRDs with significant host emission detections. Columns from left to
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nent from PSF+Sérsic model significantly improves the
fits. We find that the underlying resolved emission in
these ten LRDs is extended (0.6 £0.2 kpc) and disk-like
(n = 1) and contributes approximately half of the total
emission in the F200W filter.

Interestingly, most (8/10) of the LRDs with detected
underlying extended emission have companions or show
asymmetric morphology, suggesting they may be under-

going mergers and interactions. Six LRDs (NX29853,
NX7607, NX28630, NX15499, NX8933, NX12143) have
close companions, while NX6877 and NX21246 show
asymmetric morphology. In particular, the compan-
ions in NX8933 and NX12143 have the [O111] doublet
detected in the NIRCam/WFSS spectroscopy, placing
them at the same redshift of the LRDs.
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Figure 8. Continued.

3.3. Abundance

Given the relatively small number of objects, we will
present a crude estimate of number density of BLAGNs
in this paper, and defer a more comprehensive lumi-
nosity function measurement to a future paper with
all BLAGNSs in the complete NEXUS-Wide field (400
arcmin?).  We quantify the “incompleteness” of our
NIRCam/WFSS by calculating the fraction of objects
with He falling outside the wavelength coverage of NIR-
Cam/WFSS spectra. Since the wavelength coverage of
NIRCam/WFSS depends on the location on the detec-
tor, we obtain a rough estimate by averaging over all
sources as a function of redshift, assuming they are ran-
domly distributed across the NEXUS field-of-view. Note
that we only consider whether or not Ha is covered by

NEXUS NIRCam/WFSS and do not take sensitivity and
broad-line detectability into account (see e.g., Matthee
et al. 2024a; Lin et al. 2025a). Moreover, contamination
from bright objects in WFSS along or across the disper-
sion direction may further reduce the number of iden-
tified spectroscopic BLAGNs. Therefore, our estimate
here should be considered a lower limit of the BLAGN
number density.

As shown in Figure 9, the Ha coverage fraction peaks
at z ~ 5 and declines towards both lower and higher
redshifts. At 3 < z < 6, the average Ha coverage
fraction is = 50%. The comoving volume over the 100
arcmin? NEXUS-Wide EDR and in three redshift bins,
3<z<4,4<z<5 andb <z <6, are 3.16x10°
cMpc?, 2.86x10% cMpc?, and 2.56x10° cMpc?, respec-
tively. We estimate the absolute UV magnitude at
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Table 3. Number densities of BLAGNs and LRDs

Redshift Muyy [BLAGN] N [BLAGN] n [BLAGN] Muyy [LRD] N [LRD] n [LRD]
(AB mag) (cMpc™?) (AB mag) (cMpc™2)

1) (2 (3) (4) (5) (6) (7
3<z<4 [-18.0,—19.8,—20.7] 6 (5) 2.65+1.18 x 1075 [~18.0,-19.5,—19.5] 3 (2)  1.06+0.75 x 10
4<z2<5 [-17.6,-19.4,—21.2] 8 (7) 3.61+£1.36 x 10°° [—17.6,—19.4,-20.4] 6 (4)  2.06 =+ 1.03 x 1077
5<2<6 [-18.6,—19.3, —19.5] 5 (5) 2.95+1.32 x 1075 [~18.6,-19.2, —-19.4] 4 (4)  2.36+1.18 x 1077
3<2<6 [-17.6,—19.5,—21.9] 19 (17) 3.15+0.80 x 10~° [—17.6,—19.3,-20.4] 13 (10) 1.85+0.61 x 107

NoTE—Column (1): Redshift range. Column (2): The minimum, median, and maximum values of Myy of BLAGNs. Column (3):
The number of BLAGNSs, with the number of sources with Myy < —18.5 mag shown in parentheses. Column (4): Comoving
number density of sources with Myy < —18.5 mag. The number densities have been corrected for the incompleteness of Ha
coverage in NIRCam/WFSS spectroscopy. The uncertainties of n are Poisson counting errors. Columns (5-7) are the same as
Columns (2-4) but for LRDs.

0.8

0.6

Ha coverage fraction

0.2

0.0

Redshift

Figure 9. The fraction of sources with Ha covered by NIR-
Cam/WFSS F322W2 or F444W grism as a function of red-
shift in the NEXUS field. We only consider objects with
F444Wgsnr > 12. Open black circles represent the median
values in the 3 < 2 < 4,4 < z < 5, and 5 < z < 6 bins,
respectively. Horizontal errorbars indicate the range of the
redshift bins, while vertical errorbars indicate 16th and 84th
percentiles of the histogram values within this redshift bin.

rest-frame 1500A (Myy) using the total flux from the
PSF+Sérsic model in the FO90W filter! after remov-
ing the contribution from close (blended) companions.
NEXUS BLAGNSs span a range of —21 < Myy S —18
mag, except for the quasar NX26913 with Myy = —26.2
mag. NX26913 is excluded from the following number
density estimate.

Table 3 presents the number densities of NEXUS
BLAGNs and LRDs separately, in four redshift bins

1 We use F115W instead for NX4833 and NX6877 as they are not

covered by FO90W in early NEXUS observations.
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Figure 10. The number density as a function of redshift for
BLAGNs and LRDs. The blue and red circles represent the
values of BLAGNs and LRDs in this paper. Green squares,
orange triangles, and purple triangles represent the measure-
ments from JWST LRDs in Kocevski et al. (2024), JWST
BLAGNS in Matthee et al. (2024a), and ground-based LRDs
in Ma et al. (2025), respectively. The JWST BLAGNs/LRDs
samples (including the NEXUS samples) are restricted to
sources with Myy < —18.5, roughly matching the luminos-
ity threshold of ground-based LRDs with absolute magnitude
at rest-frame 5500A7 Mss500 < —20.5. Vertical errorbars in-
dicate 1o uncertainties in number densities and horizontal
errorbars indicate the redshift range of each bin.

3<2<4,4<2<55<2<6,and 3 <z <6).
To facilitate a fair comparison across redshift bins and
with literature measurements, we limit the measurement
of number densities to relatively bright sources with
Myyv < —18.5 mag. Figure 10 compares the number
densities of NEXUS BLAGNs and LRDs with litera-
ture measurements, including BLAGNs (Matthee et al.
2024a) and LRDs (Kocevski et al. 2024) selected from
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Figure 11. The NEXUS EDR area divided into 16 jackknife
regions for clustering analysis. The underlying dots are the
full NEXUS photometric galaxy sample, and the red and blue
points are the spectroscopic LRDs and remaining BLAGNs.

JWST data, and z < 3.7 LRDs selected from ground-
based data (Ma et al. 2025). The ground-based LRD
sample is restricted to objects with absolute magnitude
at rest-frame 5500 A, Mss00 < —20.5 mag. For refer-
ence, our LRDs with the Myy < —18.5 mag cut have
Ms500 < —20.4 mag, roughly matching the luminosity
range of the low-z LRD sample in Ma et al. (2025). At
4 < z < 6, our number densities are consistent with
those of BLAGNs and LRDs discovered by JWST in
other fields. We find a tentative declining LRD num-
ber density towards lower redshift within our sample,
consistent with the global trend by combining with the
samples in Kocevski et al. (2024) and Ma et al. (2025),
albeit with large uncertainties. These results remain
qualitatively the same if we exclude the few candidates
from the sample (see Section 2.3 and Table 1).

3.4. Clustering

Figure 11 shows the spatial distributions of our spec-
troscopic non-LRD BLAGNSs (blue open diamonds) and
LRDs (red filled circles), where the footprint of the sur-
vey is divided into regions with approximately equal
area. As discussed earlier, the selections of these
BLAGNs and LRDs are by no means complete. How-
ever, the sample completeness does not affect the clus-
tering measurements when cross-correlating with a uni-
form photometric galaxy sample, and the measured sig-
nal corresponds to the average signal over the redshift
distribution of the target BLAGN/LRD samples.

15

To measure the clustering of our spectroscopically con-
firmed BLAGN/LRD samples, we rely on the NEXUS
photometric galaxy sample to cross-correlate with the
sparse BLAGN/LRD samples. We restrict the pho-
tometric galaxy sample to 22 < mpgaw < 26 and
3 < Zphot < 6, resulting in a total of 864 galaxies. The
galaxy magnitude cut significantly reduces catastrophic
redshift errors due to the non-detection of faint optical
magnitudes from HSC, though some low-z interlopers
still scatter into the high-z tail of the distribution. The
redshift range of the galaxy sample well overlaps with
those of the BLAGN and LRD samples for meaningful
cross-correlation measurements. In the clustering mea-
surements we exclude the quasar (NX26913) since its
luminosity is much higher than the rest of the BLAGN
sample. We further exclude NX7680 since it lies sig-
nificantly beyond the redshift range of the photometric
galaxy sample. All other BLAGNs/LRDs are included
in the clustering analysis even if their spectroscopic red-
shifts fall slightly below the photo-z range of the cross-
correlation galaxy sample. The BLAGN and LRD clus-
tering samples include 21 and 14 objects, respectively,
with a median redshift of (z) =~ 4.5 for both samples.

We measure the angular cross-correlation function
(CCF) between the BLAGN/LRD sample and the pho-
tometric galaxy sample, and present the results in Fig-
ure 12. For comparison, the auto-correlation function
of the galaxy sample is shown in black open circles in
Figure 12. For the galaxy ACF, we use the Landy-
Szalay estimator (Landy & Szalay 1993). For the cross-
correlation, we use the simple estimator QG/QR — 1,
where QG and QR are the normalized numbers of AGN-
galaxy and AGN-random pairs in each angular sepa-
ration bin. We use the standard jackknife resampling
method to estimate the uncertainties of the ACF and
CCF measurements, using the 16 jackknife samples il-
lustrated in Figure 11. We found that the jackknife er-
rors are substantially larger than Poisson pair counting
errors, and provide more conservative uncertainty esti-
mation for the clustering measurements. Because the co-
variance matrix from the jackknife samples is very noisy
given our sample size, we only use the diagonal elements
in the covariance matrix to constrain our model fits.
We detect significant clustering signals for the BLAGN
and LRD samples over angular scales of 1”7 — 100" that
are well probed by our survey area. Interestingly, the
LRD sample appears to have stronger clustering than
the BLAGN sample (see Table 4 below), albeit with
large uncertainties.

Given the limited survey area from the first partial
epoch of NEXUS, we are unable to measure the large-
scale (i.e., 2 few cMpc) two-point correlation func-
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Figure 12. Angular correlation functions for different sam-
ples, measured over 1 < 0 < 100”. Albeit with large er-
ror bars, the LRD sample appears to have stronger cluster-
ing than the underlying photometric galaxy sample. Best-fit
power-law models are summarized in Table 4.

tion. We therefore assume that the small-scale clus-
tering we measure is a simple power-law extrapola-
tion from the large-scale two-point correlation function,
w(®) = (0/60)~P = Agf0~#, where the angular separa-
tion 6 is in units of radian. We only fit to angular
bins with # < 120" to mitigate edge effects from sur-
vey boundaries. Because the correlation function mea-
surements are noisy given the small sample size, we fix
the best-fit power-law slope to g = 0.8 for all samples.
Table 4 summarizes the clustering measurements for dif-
ferent samples. The small integral constraint (IC) of the
correlation function is neglected in subsequent analyses,
since the scale of interest here is well within the survey
area and the IC term is negligible.

We convert the angular clustering results to the real-
space correlation function using Limber’s equation (Lim-
ber 1953). The derived correlation length occurs at
scales beyond these probed by our clustering sample,
thus extrapolation depends on the choice of the power-
law slope. Our choice of a fixed slope g = 0.8 roughly
matches the measured large-scale clustering of galaxies
at similar redshifts (e.g., He et al. 2018). However, we
caution that the derived correlation length rg still has
large systematic uncertainties due to the limitations of
the current sample (e.g., sample statistics and the lack
of coverage on ~few cMpc scales).

For a power-law ACF model, &(r) = (r/ro)~7, and
assuming the comoving correlation length ry does not

evolve strongly over the surveyed redshift range (e.g.,
Adelberger et al. 2005), we have y = 8+ 1 = 1.8 and

g Bl1/2,(y = 1)/2] [T N2(2) f1 g dz
o= I N()de? @

where B is the beta function, g(z) = ¢/H (z) is the radial
comoving distance, f(z) = (1+2)Da(z) with D4(z) the
angular diameter distance. N(z) is the redshift distribu-
tion of the sample. In practice, the integral in Eqn. (2)
is calculated over the sample redshift range [zmin, Zmax]-
For cross correlations between two samples, Eqn. (2) is
modified as (e.g., Croom & Shanks 1999):

roB[1/2, (v —1)/2] fooo Ni(2)No(2)f1=7g~tdz
[fooo Nl(z)dz] [fooo N2(Z)dz] ( 7)
3
where N;(z) and No(z) are the normalized redshift dis-
tributions of the two samples.

We obtain the real-space correlation lengths for the
ACF and CCF samples and list them in Table 4.
To measure the linear bias of the clustering signal,
we use the integrated correlation function within r =

[5,20] h~tcMpe (e.g., Shen et al. 2007):

Ap =

3 Tmax

520:37

max < Tmin

E(ryridr (4)

where Tmin = 5 h~eMpe and rmax = 20 R~ LcMpe.
For the power-law model £(r) = (r/r¢)~7, Equn. (4)
reduces to

37”’7 3—
€20 = m——5— (Tf’n;l - rmir’]) : 5
ERETE ©)
The linear bias b of the clustering sample is measured
as "
=0 6
En20D(2) ©

where &, 90 is the present-day (z = 0) integrated corre-
lation function of dark matter assuming og = 0.84, and
D(z) is the linear growth factor of density fluctuations
in our adopted cosmology. Finally, the linear bias of the
cross-correlation sample bQQG ~ bgbg, where bg and bg
are the linear bias for the AGN (or LRD) sample and
the galaxy sample, respectively.

Our clustering results imply a linear bias of bgpaan =
3.3073:5% for BLAGNSs and brrp = 11.4472-5% for LRDs
at the sample median redshift of (z) ~ 4.5. Given
the large uncertainties of our clustering measurements,
we defer a more careful comparison with theoretical
predictions to future work. Here, we simply use the
Sheth et al. (2001) fitting formula for the halo linear
bias to roughly infer the typical host dark matter halo



Table 4. Clustering Measurements

Sample 0o (8=0.8) 7o (y=1.8) linear bias
h™'cMpe

1) (4) (5) (6)

gal 0407917 3.04%047 215703

LRDxgal — L77%590  6.9071¢5 490713

BLAGNxgal 0.417039 3.53115% 2.6217°0%

Notes. We caution that the linear bias is derived by
extrapolating the power-law model measured on the
one-halo scales to the much larger linear scales. The
extrapolation may lead to significantly overestimated linear
bias factors.

masses of our sample. We find a typical halo mass of a
fewx 101 h=1 M, for BLAGNS, which is consistent with
recent measurements of JWST BLAGNs at z ~ 4 — 6
(e.g., Arita et al. 2025; Lin et al. 2025b). However, the
implied linear bias for the LRD sample is too large to
be compatible with the high abundance of these objects.
Even at the 1o lower limit of the LRD linear bias, the
inferred halo mass would be ~ 102 h=' M, which are
too rare at z ~ 4 to host a large number of LRDs. We
further discuss this point in Section 4.

As a sanity check, we remove a handful of ques-
tionable LRDs from our clustering sample and repeat
the cross-correlation analysis. Specifically we excluded
NX29853/NX12300 (with broad FWHM< 900 kms™1),
and NX8933/NX12143 (no Ha coverage). However
we kept NX15499 even though its broad FWHM is
< 900kms~1!, because it shows blueward Ho absorption
rarely seen in normal BLAGNs. The results are shown
in Figure 13. We find nearly identical results albeit with
larger uncertainties, compared with our fiducial results.
We also verify that none of our LRDs are in apparent
galaxy cluster environments that would bias the cluster-
ing measurements.

4. DISCUSSION

Our findings with the NEXUS BLAGN/LRD sample
reaffirm many observed properties in previous studies
(Greene et al. 2024; Matthee et al. 2024a; Lin et al.
2025b; Juodzbalis et al. 2025; Lin et al. 2024; Matthee
et al. 2024b; Taylor et al. 2024; Juodzbalis et al. 2024).
In particular, we find that half (6/12) of LRDs show ob-
vious Balmer absorption, which suggests high gas den-
sities surrounding the emitting region. These dense gas
clouds could also attenuate UV emission and produce
the prominent Balmer break featured in LRDs (e.g., In-
ayoshi & Maiolino 2025; Naidu et al. 2025; Ji et al. 2025).
Unfortunately, our WFSS spectral SNR is insufficient to
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Figure 13. Test on our LRD clustering measurements. The
gray points represent the cross-correlation between galaxies
and the subset of 10 high-fidelity LRDs in our sample. The
results are similar to our fiducial clustering measurements
with the full clustering sample of 14 LRDs.

study the Balmer line profile to investigate the origin of
line broadening.

The number density of BLAGNSs remains roughly con-
stant around a few times 1075 cMpc ™! over the redshift
range 3 < z S 6, while the number density of LRDs
tends to decline towards lower redshift as suggested in
previous works (e.g., Kocevski et al. 2024; Ma et al.
2025). The decline of LRD density may be related to
the cosmic evolution of accretion mode and ambient en-
vironment of BHs, with more frequent super-Eddington
accretion triggered by surrounding dense gas at higher
redshift (Inayoshi 2025). Our results suggest that LRDs
seem to dominate the BLAGN populations (~ 70%) at
Ly, = 10*2 erg s—1. However, towards lower luminos-
ity ranges, Taylor et al. (2024) find that their NIRSpec
BLAGNS, which go down to Ly, = 104 erg s~!, have
a diverse range of UV and optical slopes and only ~20%
meet the LRD selection criteria.

4.1. Extended rest-UV emission

The origin of the rest UV emission of LRDs has been
debated (e.g., Greene et al. 2024; Barro et al. 2024;
Pérez-Gonzalez et al. 2024; Rinaldi et al. 2024; Zhang
et al. 2025a; Inayoshi et al. 2025). While the F444W
emission is dominated by the point source, a significant
fraction of LRDs are found to have complicated mor-
phologies at rest-UV wavelengths (e.g., Matthee et al.
2024a; Rinaldi et al. 2024; Chen et al. 2025b; Hain-
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Figure 14. The fractional contribution of the PSF com-
ponent to the total (PSF+Sérsic) flux from the PSF+Sérsic
model set (fpsr) versus redshift (left column) and Lua, broad
(right column). Rows from top to the bottom show the re-
sults in the FO9OW, F115W, F150W, and F200W filters, re-
spectively. Blue and red dots represent BLAGNs and LRDs,
respectively. Filled (open) dots indicate PSF magnitude
brighter (fainter) than the 3o0-depth of the image. The me-
dian value and 16th and 84th percentiles of fpsr for BLAGNs
and LRDs are shown at the upper-right corner of each panel
in the left column.

line et al. 2025). In Section 3.2, we show that nearly
70% of NEXUS LRDs show extended emission in the
F200W filter, suggesting significant contribution from
the underlying host galaxies. Figure 14 shows the frac-
tional contribution of the PSF component to the total
(PSF+Sérsic) flux from the PSF+Sérsic model set in
four SW filters. We find that the extended emission
makes a significant contribution to the total observed
rest-UV emission, with the contribution increasing from
~ 50% in the F200W filter (~3600A at z = 4.5) to
~ 75% in the FO90W filter (~1600A at z = 4.5). The
disk-like structure (n & 1) with sizes of ~600 parsec
and a high fraction (8/10) of asymmetric morphology
or close companions strongly disfavor an AGN accre-
tion disk origin (e.g., scattered AGN continuum, binary

SMBHs, two-component accretion disks; Greene et al.
2024; Zhang et al. 2025a; Inayoshi et al. 2025) for the
UV emission in most LRDs — though such models may
still be viable for a small fraction of LRDs. Although
host galaxy continuum emission from stellar populations
can describe the observed SED of the extended emission,
Chen et al. (2025a) suggest that nebular emission from
ionized gas in the host galaxy can also provide a vi-
able explanation for the extended rest-UV emission in a
handful of LRDs studied therein.

4.2. Host stellar masses of LRDs

Obtaining reliable stellar masses of the host galax-
ies of LRDs is extremely difficult, since the rest-optical
emission is mostly unresolved, making the emission from
the nucleus and the host highly degenerate. Moreover,
young stars can easily outshine the overall stellar pop-
ulations, leading to great uncertainties and systemat-
ics in stellar mass estimates (e.g., Papovich et al. 2001;
Narayanan et al. 2024; Wang et al. 2024). Due to the
lack of deep spectroscopy and the relatively shallow
imaging data in NEXUS-EDR, we provide a crude esti-
mate of stellar masses for the ten LRDs with robustly
detected extended emission in the F200W filter.

We explore a wide range of stellar population param-
eters to obtain a reasonable range of mass-to-light ratio
(M/L) in the F200W filter to bracket the stellar masses
of the LRDs. We use CIGALE (Boquien et al. 2019) to
generate mock galaxy spectra at the redshift of each
LRD. We adopt a delayed-7 star formation history with
stellar age ranging from 30, 50, 100, 300, and 500 Myr
and an e-folding time ranging from 100, 250, 500, 750,
and 1000 Myr; a Bruzual & Charlot (2003) single stellar
population model with a Chabrier (2003) initial mass
function and a stellar metallicity ranging from 0.02x,
0.2x, and 0.4x solar metallicity (Z5); a nebular emis-
sion model with gas metallicity tied to stellar metallicity
and ionization parameter ranging from 10~* and 1073,
All the other parameters are left at their default values.
As we are mainly investigating the effect of different star
formation histories (SFHs) on stellar mass estimates, we
do not further consider the complications from extinc-
tion (such as the amount of extinction and the variation
of extinction curve), which would generally result in un-
derestimate of stellar mass.

Figure 15 shows the SFHs, mock galaxy spectra, and
M/L in the F200W filter in observed-frame of our mock
galaxies. Our mock galaxies span from extremely young
and bursty systems to more mildly star-forming galaxies
with relatively flat or declining SFHs. At fixed stellar
mass, the bursty galaxies outshine their older counter-
parts by up to approximately 3.5 mag at rest-UV wave-
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Figure 15. Star formation history (a), galaxy spectra (b), and mass-to-light ratio (M/L) in the observed F200W filter (c)
of mock galaxies generated using CIGALE. Colors represent different combinations of stellar age and e-folding time 7 in unit of
Myr. Star formation histories are normalized by the integration of star formation rate (SFR) over time. Mock galaxy spectra
are normalized by their current stellar masses. Only a subset of combinations are shown here for clarity in panels (a) and (b).
Since stellar metallicity has much smaller influence on the overall shape of galaxy spectra probed here, we only show galaxy

spectra with stellar metallicity of 0.4 x Zg in panel (b).
selection criterion (—2.8 < Buv < —0.37).
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Figure 16. Stellar mass versus redshift (a) and BH mass versus stellar mass (b) for the LRDs with extended emission detection
in this paper. Blue triangle pairs indicate the stellar mass range of NEXUS LRDs. Red dashed line represent the local Mg — M.
relation for classical bulges and elliptical galaxies from Kormendy & Ho (2013), while black dashed lines from top to bottom
represent Mpu/M,. = 0.1,0.01, and 0.001, respectively. Orange and blue dots represent 4 < z < 7 BLAGNs from JADES
(Maiolino et al. 2024) and CEERS (Harikane et al. 2023), respectively.

length. Regardless of their SFHs, all mock galaxies sat-
isfy the LRD UV selection criterion (—2.8 < fyy <
—0.37), which is essential for ensuring a physically rea-
sonable stellar mass range. The M/L of the observed
F200W filter has a large spread (~1.4 dex) across the
entire redshift range, with small systematic variations
due to the shift of the F200W filter in rest-frame wave-
length.

Applying the derived M/L range to the ten LRDs
with extended rest-UV emission, we find that these ob-
jects span a large range in stellar mass from ~ 107-°

to 10%® M. Combined with Mgy measurements, they
tend to lie systematically above the local relation for
classical bulges and elliptical galaxies (Kormendy & Ho
2013). However, the upper boundary of the stellar mass
estimates significantly relieve the tension in some of the
4 < z < 7 BLAGNs from JADES (Maiolino et al.
2024) and CEERS (Harikane et al. 2023). Notably,
NX7607 and NX5732 have highly overmassive BH with
Mgpn /M, =~ 0.1 even adopting the upper boundary of
stellar mass. Such objects may be real, which could
be the tip of the iceberg owing to the selection bias in
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flux-limited AGN samples (Li et al. 2025b). On the
other hand, the great uncertainty (~ 0.5 dex) in the
single-epoch Mpy estimates may also contribute to the
extreme mass ratio.

Bearing in mind that the stellar mass ranges esti-
mated here are only based on limited combinations of
galaxy parameters and the mass-to-light ratio in a sin-
gle band that probes rest-frame < 4000A at z > 4,
the actual stellar masses of LRDs may still lie outside
these boundaries. Fortunately, these objects are high
priority NIRSpec spectroscopic follow-up targets in the
NEXUS Deep field. The high SNR NIRSpec PRISM
spectroscopy will enable more robust stellar mass esti-
mation with modeling of the stellar and AGN contin-
uum emission. Furthermore, additional epochs in the
NEXUS Wide field (Shen et al. 2024) will provide more
constraints on the extended emission.

As mentioned in Section 3.2, the companions of
NX8933 and NX12143 (denoted as NX8933-P and
NX12143-P) are at the same redshift as the LRDs.
We derive the stellar masses of the companions from
six band NIRCam photometry using CIGALE. We adopt
the same set of modules as those for the mock galax-
ies, but use a denser grid in stellar age, a larger
range of e-folding time by adding two values at 1250
and 1500 Myr, and add a dust attenuation mod-
ule dustatt.modified_starburst with emission-line
E(B-V) of 0.0, 0.01, 0.05, 0.1, 0.2, and 0.3. We find that
both of the companions are relatively massive galaxies
at z ~ 6 with log M, = 9.4 + 0.2 My for NX8933-P
and log M, = 9.7 £ 0.1 M for NX12143-P, which are
~ 0.4 dex higher than the upper boundary of the stellar
masses of the LRDs (log M, = 9.1 M, for NX8933 and
log M, = 9.3 Mg for NX12143). Despite the large un-
certainties in their stellar mass estimates, the low stellar
masses of the two LRDs suggest that they are unlikely
to be the central galaxy in their group environments.

4.3. Enhanced small-scale clustering?

While the current NEXUS sample is still limited in
statistics, we were able to measure the small-scale clus-
tering of BLAGNs and LRDs over 3 < z < 6, albeit
with substantial uncertainties. If we assume the mea-
sured small-scale power-law correlation function can be
extrapolated to large (linear) scales, we infer a typical
host halo mass of a few 10! h=1 M, for BLAGNs. This
result is consistent with recent measurements of JWST
BLAGNS at similar or higher redshifts (e.g., Arita et al.
2025; Matthee et al. 2024b; Lin et al. 2025b).

However, the inferred linear bias and hence host halo
masses (> 102 h=' M, at 10) for the spectroscopic LRD
sample are too large. At face value, the measured strong

LRD clustering is incompatible with the high number
density of LRDs (e.g., Pizzati et al. 2025), given the
rareness of these massive halos at high redshift. One so-
lution is that LRDs are associated with more abundant
satellite halos in these massive central halos. A more
likely interpretation is that the power-law extrapolation
from the one-halo term to larger (linear) scales is prob-
lematic, resulting in overestimated linear bias and host
halo masses. It is possible that LRDs have strong excess
clustering on small scales compared with the power-law
extrapolation from large scales. For instance, Tanaka
et al. (2024) reported cases of candidate dual LRDs on
kpc-scales, which suggests strong excess over the cluster-
ing of BLAGNS that include both LRDs and non-LRDs
(Arita et al. 2025). Future measurements using more
JWST data covering the linear clustering scales are re-
quired to validate these initial clustering measurements
for LRDs.

5. CONCLUSIONS

We report a spectroscopic search for broad Balmer
emitters and little red dots using data from the first set
of NIRCam imaging and 2.4-5 umWFSS spectroscopy
of the NEXUS field. We present a spectroscopic sample
of 23 BLAGNSs, including 15 classified as LRDs, and
one luminous quasar. These BLAGNs span a redshift
range of 3 < z < 6 (with one at z = 7), and have
similar properties to those of previous low-luminosity
AGNs discovered by JWST. The number density of the
BLAGNS remain roughly constant around a few times
1075 cMpc~! over this redshift range, while the number
density of LRDs tend to decline towards the lower end
of our redshift range albeit with large uncertainties.

Our imaging analysis revealed significant host emis-
sion in rest-frame UV and optical of these LRDs. The
morphology of extended host emission on a scale of hun-
dreds of parsecs suggests they are most likely from star
formation instead of scattered AGN light. The extended
host emission contributes significantly or even domi-
nantly to the total rest-UV flux of these LRDs, which
can explain the UV upturn of the peculiar SED shape
of LRDs. The large fraction (50%) of LRDs displaying
Balmer absorption implies large gas column densities,
and is generally consistent with the gas enshrouded BH
scenario to produce the red rest-optical spectral slope
(e.g., Naidu et al. 2025).

Finally, we perform clustering measurements of these
BLAGNs and LRDs, using cross-correlation with a
photometric galaxy sample in the NEXUS field (Sec-
tion 3.4). The clustering analyses suggest that JWST
BLAGNs at 3 < z < 6 reside in dark matter halos
with typical masses of several 10! h='M,. However,



the measured formal LRD linear bias is too large to be
compatible with the abundance of LRDs. It is possi-
ble that LRDs have excess small-scale clustering, and
therefore the extrapolation to larger scales significantly
overestimates the linear bias. A larger LRD clustering
sample that covers a wider survey footprint is required
to fully address this issue.

The current NEXUS WF'SS spectroscopic sample rep-
resents one quarter of the final sample in terms of size
and survey area (Shen et al. 2024). In addition, half of
the current area will be revisited by the NEXUS Deep
tier (NIRSpec MSA spectroscopy and NIRCam imaging)
with a cadence of 2 months over 2025-2028. These future
NEXUS observations will provide light curves for cov-
ered LRDs to investigate their variability properties, as
well as high SNR NIRSpec 0.6-5.3 pm spectra to cover
a broad range of spectral features.

We thank Jenny Greene for useful discussions that
significantly improved the manuscript. Based on ob-
servations with the NASA/ESA/CSA James Webb
Space Telescope obtained from the Barbara A. Mikul-
ski Archive at the Space Telescope Science Institute,
which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA
contract NAS5-03127. Support for Program numbers
JWST-GO-02057, JWST-AR-03038, and JWST-GO-
05105 was provided through a grant from the STScl
under NASA contract NAS5-03127.
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Facilities: JWST (NIRCam)

Software:  Astropy (Astropy Collaboration et al.
2013, 2018), CIGALE (Boquien et al. 2019), GALFITM
(HauBler et al. 2013), Matplotlib (Hunter 2007), Numpy
(Harris et al. 2020), photutils (Bradley et al. 2022),
scipy (Virtanen et al. 2020)

APPENDIX

A. IMAGE DECOMPOSITION RESULTS IN THE F444W FILTER

Figure 17 shows the image decomposition results in the F444W filter. We find that the Sérsic component from the
PSF+Sérsic set is either very weak (2 2 mag fainter than the PSF component) or resembles a PSF model (barely
resolved) in all the LRDs except for NX28630 and NX7680. As demonstrated in Zhuang & Shen (2024), the host and
nucleus contributions in such cases are highly degenerated and the output magnitudes from the decomposition are
not reliable. For NX28630, although its nucleus dominates the total flux, we can clearly see the underlying extended
emission, which likely comes from the clumps seen in the F200W filter (Figure 8). NX7680 also exhibits evidence of
extended emission with F444W size larger than F200W size. We argue that it may be due to the extended [O 111]
emission falling in the bandpass of F444W and resulting in the more extended F444W morphology.
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