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ABSTRACT

We present a comprehensive study of Little Red Dots (LRDs) at 2.3 < z < 7.4 using NIRCam

photometry and NIRSpec MSA/PRISM spectra from the ongoing NEXUS program. Photometric

selection combining several commonly adopted methods yields a high completeness (∼ 85%) of LRD

selection over this redshift range and for a flux limit of F444W< 26. The overall purity is ∼ 60%,

with contamination from emission-line galaxies and normal active galactic nuclei (AGNs), as well as

dwarf stars. Most (≳ 90%) of the spectroscopically confirmed LRDs have robust broad-line detection.

Our spectroscopic sample of 36 LRDs displays the full range of spectral diversity of LRDs. It includes

objects with extreme Balmer breaks similar to the LRD “Cliff”, as well as objects with moderately

reddened rest-optical continua that can be fit with low-temperature blackbody components in the recent

BH* model framework. The broad Hα emission is correlated with the continuum 5100Å emission,

suggesting common origins for these emission components; the narrow [O iii] emission, however, is

poorly correlated with the optical continuum. We do not find evidence of redshift evolution of these

spectral properties. The space density of LRDs declines toward z ≈ 2, opposite to the trend for

normal AGNs, although low-luminosity LRDs at z ∼ 2–4 may be more abundant than currently

probed by ground-based searches. The clustering of LRDs suggest that they live in dark matter halos

of several ×1011 h−1M⊙ albeit with large uncertainties. Overall these results are consistent with recent

observations of LRDs and the emerging picture of accreting SMBHs enshrouded in dense gas envelopes

as the origin of LRDs.
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1. INTRODUCTION

The James Webb Space Telescope (JWST) has re-

vealed a remarkable variety of active galactic nuclei

(AGNs), reshaping our view of the early Universe (e.g.,

Y. Harikane et al. 2023; J. Yang et al. 2023; R. Maiolino

et al. 2024; L. J. Furtak et al. 2024; D. Jiang et al. 2025;

S. Fu et al. 2025; Q. Fei et al. 2026). Among its par-

ticularly intriguing discoveries is a population of com-

pact, red sources with unusual spectral energy distri-
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butions (SEDs). These objects exhibit a characteristic

“V-shape” SED, with blue continua in the rest-frame

ultraviolet (UV) and markedly red colors in the rest-

frame optical. Their compact morphologies and red rest-

optical colors have led to the name “Little Red Dots”

(LRDs; e.g., I. Labbé et al. 2023; L. J. Furtak et al. 2023;

G. Barro et al. 2024; J. Matthee et al. 2024). LRDs ap-

pear to be common over a wide redshift range, from

z ∼ 4 to z ∼ 9 (e.g., J. E. Greene et al. 2024; G. Barro

et al. 2024; V. Kokorev et al. 2024a; D. D. Kocevski

et al. 2025).

Spectroscopic follow-up of photometrically selected

LRDs has further revealed that ≳ 70% show broad

Balmer emission lines (e.g., Y. Harikane et al. 2023; J. E.
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Greene et al. 2024; M. Killi et al. 2024; J. Matthee et al.

2024; B. Wang et al. 2025; R. E. Hviding et al. 2025; M.-

Y. Zhuang et al. 2026a). However, LRDs differ from typ-

ical broad-line AGNs in several important ways. They

generally lack strong broad high-ionization lines in the

rest-frame UV, are weak or undetected in X-rays (e.g.,

T. T. Ananna et al. 2024; M. Kokubo & Y. Harikane

2025; R. Maiolino et al. 2025; M. Yue et al. 2024), show

no detectable radio emission (e.g., M. A. Latif et al.

2025; A. J. Gloudemans et al. 2025; G. Mazzolari et al.

2026), and are weak or undetected in the far-infrared,

implying little hot-dust emission (e.g., C. C. Williams

et al. 2024; D. J. Setton et al. 2025; G. C. K. Leung

et al. 2025; M. Xiao et al. 2025). In addition, multi-

epoch observations have found little or no variability in

many LRDs (e.g., Z. Zhang et al. 2025a; M. Kokubo &

Y. Harikane 2025; Z. Stone et al. 2025; W. L. Tee et al.

2025; Z. Liu et al. 2026).

Despite these rapid observational advances, the phys-

ical nature of LRDs remains uncertain. One interpreta-

tion is that LRDs are dominated by stellar emission from

very compact, massive galaxies. In this picture, their red

rest-frame optical colors arise from strong Balmer breaks

and/or dusty star formation, implying stellar masses of

≳ 1010 M⊙ in systems with very small effective radii and

extraordinarily high stellar mass densities (e.g., I. Labbé

et al. 2023; J. F. W. Baggen et al. 2023; C. A. Guia et al.

2024). JWST/MIRI observations of several LRDs have

revealed relatively flat rest-frame mid-infrared SEDs, in

some cases suggestive of a 1.6 µm stellar bump rather

than hot-dust emission from an AGN. This has been in-

terpreted as additional support for a stellar-dominated

origin (e.g., P. G. Pérez-González et al. 2024; C. C.

Williams et al. 2024; B. Wang et al. 2025). This scenario

is also consistent with the general X-ray weakness of the

population and with the frequent detection of Balmer

breaks in LRD spectra (e.g., V. Kokorev et al. 2024b;

B. Wang et al. 2024, 2025).

An alternative explanation is that LRDs are powered

by reddened accreting SMBHs. In this framework, their

compact morphologies and broad Balmer lines are natu-

rally explained. For example, J. E. Greene et al. (2024)

modeled the SEDs of LRDs with a scattered AGN com-

ponent dominating the rest-frame UV and a heavily red-

dened AGN component contributing in the rest-frame

optical. Z. Li et al. (2025) showed that the flat mid-

infrared continua of LRDs may arise naturally from ex-

tended dust and gas distributions in the AGN torus, al-

though it remains unclear whether this explanation ap-

plies universally. Meanwhile, the observed X-ray weak-

ness of LRDs does not necessarily argue against AGN,

as it may reflect super-Eddington accretion and associ-

ated radiative effects (e.g., P. Madau & F. Haardt 2024;

K. Inayoshi et al. 2025).

Recent work has shown that both dusty-galaxy and

conventional AGN models are likely incomplete, as they

have difficulty explaining the Balmer-break strengths of

the most extreme LRDs discovered to date, such as

MoM-BH*-1 (R. P. Naidu et al. 2025) and the Cliff

(A. de Graaff et al. 2025a). A new class of models

has therefore been proposed in which extremely dense

gas enshrouds the SMBH (K. Inayoshi & R. Maiolino

2025). Such models can account for the extreme Balmer

breaks and Balmer absorption features frequently seen

in LRDs, but rarely observed in normal low-redshift

AGNs (K. Inayoshi et al. 2025; X. Ji et al. 2025; M.-

Y. Zhuang et al. 2026a).

This scenario is further developed in the BH* model

(R. P. Naidu et al. 2025; A. de Graaff et al. 2025a),

in which turbulent gas forms a dust-free, stellar-

atmosphere-like cocoon around an accreting SMBH. Ac-

cretion onto the black hole provides the primary en-

ergy source, while the surrounding gaseous cocoon re-

processes the emergent radiation into a blackbody-like

optical SED (A. de Graaff et al. 2025b; W. Q. Sun et al.

2026). In addition, radiative-transfer effects, such as

electron scattering and resonant scattering in a dense

medium, may contribute to the observed broadening of

the Balmer lines (R. P. Naidu et al. 2025; V. Rusakov

et al. 2026; S.-J. Chang et al. 2026). Such dense gas

may also explain the Fe ii emission observed in some

LRDs (R. Tripodi et al. 2025; A. Torralba et al. 2026;

W. Q. Sun et al. 2026). Recent variability measurements

of two gravitationally lensed LRDs further support the

presence of distinct SMBHs embedded within stellar-

atmosphere-like envelopes (Z. Zhang et al. 2025b).

Regardless of their physical origin, deep multi-band

photometry provides an efficient route to identifying

large samples of LRD candidates. Existing JWST

searches at z > 3 typically exploit the distinctive com-

bination of compact morphology and red near-infrared

colors, or equivalently the “V-shape” SED produced

by blue rest-UV continua together with red rest-optical

emission (e.g., V. Kokorev et al. 2024a; H. B. Akins

et al. 2025). When reliable photometric redshifts are

available, the selection can also be performed using con-

tinuum slopes measured separately in the rest-UV and

rest-optical regimes (D. D. Kocevski et al. 2025).

However, different photometric methods are designed

to capture different aspects of the LRD population, and

their completeness and purity can vary strongly with

redshift, survey depth, filter coverage, and intrinsic SED

shape. A spectroscopically confirmed LRD sample is

therefore essential for quantifying selection biases, iden-
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tifying contaminants, and recovering LRDs missed by

broadband color cuts. For example, R. E. Hviding et al.

(2025) compared their spectroscopically identified LRD

sample in the RUBIES survey with published photomet-

ric searches and found that existing photometric selec-

tions have high accuracy but recover only ∼ 35–62% of

the RUBIES spectroscopic LRDs at z > 3.1.

A well-characterized spectroscopic sample is critical

for measuring the LRD luminosity function and space

density, and for constructing a purer sample to investi-

gate their physical nature. The NEXUS survey provides

a unique opportunity to build such a sample. As a multi-

cycle JWST Treasury program, NEXUS is obtaining ca-

denced NIRCam imaging and WFSS spectroscopy over

a contiguous ∼ 0.1 deg2 field around the North Eclip-

tic Pole, referred to as NEXUS-Wide, in three yearly

epochs during 2024–2028 (Y. Shen et al. 2024). Its cen-

tral∼ 50 arcmin2 region, NEXUS-Deep, will be revisited

with NIRCam imaging and NIRSpec/MSA spectroscopy

for 18 epochs at a cadence of approximately two months

(M.-Y. Zhuang et al. 2026b). In this work, we use the

NEXUS data to construct a photometric LRD sample

by combining several commonly used selection methods.

We then identify a spectroscopic LRD sample to quan-

tify the completeness and purity of these selections. We

aim to characterize the spectral and physical properties

of the confirmed LRDs and interpret their diversity in

the context of the BH* scenario.

The layout of this paper is as follows. In Section 2,

we describe the NEXUS data, the photometric selection

methods, the spectroscopic identification of LRDs, and

the resulting completeness and purity of the photomet-

ric selections. In Section 3, we present the properties of

the LRDs, including their spectral properties, the phys-

ical properties of the accreting SMBHs and their poten-

tial underlying host galaxies, their abundance, and their

clustering properties. In Section 4, we present compos-

ite LRD spectra for different SED subclasses and in-

terpret their spectral diversity within the recent BH*

model framework. We summarize our results in Sec-

tion 5. Throughout this paper, magnitudes are given in

the AB system. We adopt a Λ-dominated flat cosmology

with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2. DATA AND SAMPLES

2.1. NEXUS Data

NEXUS is a JWST Multi-Cycle (Cycles 3–5) GO

Treasury imaging and spectroscopic survey around the

North Ecliptic Pole during 2024–2028. It consists of

two overlapping tiers in area and depth: a Wide tier

covering ∼ 0.1 deg2 (∼ 400 arcmin2) and a Deep tier

covering the central ∼ 50 arcmin2 (Y. Shen et al. 2024).

The Wide tier obtains NIRCam/WFSS 2.4–5µm grism

spectroscopy over three annual epochs, together with

NIRCam imaging in the broad bands F090W, F115W,

F150W, F200W, F356W, and F444W. The Deep tier

carries out high-multiplexing NIRSpec/MSA PRISM

spectroscopy over multiple epochs, accompanied by re-

peated NIRCam imaging. In both tiers, additional par-

allel imaging with MIRI and extra NIRCam filters is also

obtained, although the MIRI observations cover only a

fraction of the primary NEXUS footprint because they

are carried out in coordinated parallel mode (Y. Shen

et al. 2024).

In this work, we use the NIRCam imaging data from

Wide epoch 1, Deep epochs 1–5, and Wide epoch 2, in-

cluding the six broad bands F090W, F115W, F150W,

F200W, F356W, and F444W, as well as the medium-

band filters F210M and F360M where available. Coad-

ded photometry from all existing images is used to con-

struct our sample. The Wide epoch 2 images are es-

sential for covering the dither gaps in short-wavelength

filters from Wide epoch 1 images alone.

Our spectroscopic analysis is based on the NIR-

Spec/MSA data from the Deep tier epochs 1–6, in

which photometrically selected sources are targeted with

PRISM observations at R ∼ 100–300 over 0.6–5.3µm.

Each Deep epoch consists of four NIRSpec/MSA point-

ings, designed to accommodate approximately 800–900

MSA targets with different observing priorities assigned

according to source brightness and photometry-based

science categories (M.-Y. Zhuang et al. 2026b). For

example, all photometric LRD candidates from M.-Y.

Zhuang et al. (2026a) are assigned Class 1, one of the

highest-priority target classes. In addition, Class 4 com-

prises all targets with F444W < 26 mag. Although these

targets have lower priority, they are expected by survey

design to achieve nearly complete spectroscopic cover-

age after completion of the NEXUS program (Y. Shen

et al. 2024; M.-Y. Zhuang et al. 2026b). The observa-

tions adopt the NRSIRS2RAPID readout pattern with 43

groups, 1 integration, and a two-shutter slitlet nodding

for each pointing, corresponding to an effective exposure

time of 21.4 minutes per target. More technical details

on survey design, observing schedule and data reduction

are presented in Y. Shen et al. (2024) and M.-Y. Zhuang

et al. (2026b).

In total, the parent photometric catalog contains more

than 180,000 objects over the full NEXUS-Wide foot-

print. The Deep-tier spectroscopic data used in this

work include 5305 MSA spectra from epochs 1–6. These

data will be released as part of NEXUS Data Release 1

(DR1; M.-Y. Zhuang et al., in preparation), and the
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DR1 LRD sample refers to the sample presented in this

work.

2.2. Photometric Selection of LRD Candidates

Since LRDs remain a phenomenological class without

a universally accepted physical definition, we adopt in

this work an observational definition that is commonly

used in the literature for photometric LRDs. In gen-

eral, LRDs are characterized by being compact and ex-

tremely red in the rest-optical, indicative of a dominant,

unresolved red central component. In addition, many

typical LRDs exhibit blue rest-UV continua, produc-

ing the characteristic “V-shaped” SED. Accordingly, the

first two selection methods described in Sections 2.2.1

and 2.2.2 are designed to identify such compact sources

with V-shaped SEDs across rest-frame UV-optical. In

some cases, however, the UV upturn is weak or poorly

constrained. Therefore, in the third method described

in Section 2.2.3, we relax the rest-frame UV requirement

and instead focus on selecting extremely red, compact

objects.

We apply a combination of the three methods to

select photometric LRD candidates over the currently

available NEXUS-Wide imaging footprint, which cov-

ers approximately 382 arcmin2. The subset of this

sample falling within the central Deep tier is used for

NIRSpec/MSA spectroscopic validation and will be dis-

cussed in Section 2.3.

2.2.1. Color selection for V-shaped SED

Photometric LRD candidates can be selected using the

color selection method developed in previous studies to

identify the V-shaped SED (J. E. Greene et al. 2024;

V. Kokorev et al. 2024a; I. Labbe et al. 2025). This se-

lection is designed to isolate compact objects with blue

rest-UV continua and red rest-optical colors, which to-

gether produce the characteristic V-shape spectral en-

ergy distribution.

Because NEXUS does not include F277W imaging, we

estimate the F277W flux by fitting an LRD template,

calibrated from the LRDs at 4 < z < 9 of V. Kokorev

et al. (2024a), to the F200W and F356W photometry. In

addition, we take advantage of the additional medium-

band coverage in NEXUS: F210M is used as a substitute

for F200W if the latter is not available, and F360M as

a substitute for F356W when F356W is unavailable.

We require candidates to be significantly detected

in F444W, with SNRF444W > 14 and F444W < 27.7

mag, where SNRF444W is the signal-to-noise ratio in the

F444W band. For the z < 6 regime, we select sources

with relatively blue rest-UV colors and red rest-optical

colors using 
F115W − F150W < 0.8,

F200W − F277W > 0.7,

F200W − F356W > 1.0.

(1)

For the z > 6 regime, the selection shifts to longer

wavelengths, and candidates are required to satisfy
F277W − F356W > 0.6,

F277W − F444W > 0.7,

F150W − F200W < 0.8.

(2)

When applying the color criteria, we require each source

to be detected at > 3σ in at least one band of each color

term. For non-detections, we adopt the 2σ upper limit,

but only when the brighter band in the corresponding

color is detected at > 3σ. In Figure 1, the color selection

criteria for the z < 6 regime are illustrated in the middle

column, whereas those for the z > 6 regime are shown

in the right column. These criteria select sources with

red rest-optical colors and blue rest-UV continua.

In addition to these color criteria, sources are required

to be spatially unresolved in F444W. Following V. Koko-

rev et al. (2024a), we quantify compactness using the

aperture flux ratio fF444W(0.′′4)/fF444W(0.′′2) < 1.7,

where fF444W(0.′′4) and fF444W(0.′′2) are the fluxes mea-

sured within 0.′′4 and 0.′′2 apertures, respectively. Fi-

nally, LRD candidates are required to satisfy the brown

dwarf rejection criterion F115W − F200W > −0.5, as

shown in the bottom left panel of Figure 1.

2.2.2. Slope selection for V-shaped SED

D. D. Kocevski et al. (2025) identified LRD candi-

dates with V-shaped SEDs using a photometric slope-

based selection method, which was adopted in our ear-

lier NEXUS LRD paper based on NIRCam/WFSS spec-

troscopy (M.-Y. Zhuang et al. 2026a). This method has

the following photometric selection criteria:
SNRF444W > 12,

−2.8 < βUV < −0.37,

βopt > 0,

rh,F444W < 1.5× rh,star,

(3)

where we define the continuum slope β through fλ ∝ λβ .

βUV and βopt are measured from multi-band photom-

etry in the rest-frame UV and optical, respectively.

The requirement on βUV selects sources with blue rest-

frame UV continua, while the condition on βopt selects

sources with red rest-frame optical continua. The quan-

tity rh,F444W denotes the half-light radius in the F444W

band, and rh,star represents the stellar half-light radius
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Figure 1. Color selection of LRD candidates exhibiting V-shaped SEDs, detailed in Section 2.2.1. The upper panel in
the leftmost column shows the compactness criterion, defined as fF444W(0.4′′)/fF444W(0.2′′). The lower panel in the leftmost
column illustrates the brown dwarf rejection cut, which is shown to be effective in Section 2.3 and Figure 6. The middle and
rightmost columns present the color selections for the low-redshift (z < 6) and high-redshift (z > 6) samples, respectively, using
red rest-frame optical and blue rest-frame UV colors to isolate sources with V-shaped SEDs. Gray points represent the full
source population. Blue points denote photometrically selected LRD candidates, while blue points with black outlines indicate
those with MSA spectroscopy. Red points with black outlines mark spectroscopically confirmed LRDs. Red crosses indicate
spectroscopic LRDs missed by the photometric selection but visually recovered, primarily due to emission-line contamination
in F200W and host-galaxy contamination affecting the compactness measurement. Green triangles denote the NEXUS brown
dwarf sample (A. J. Burgasser et al., in preparation), shown as potential contaminants. The shaded pink regions indicate the
adopted selection boundaries.

used to define the compactness criterion. Specifically,

we fit a second-order polynomial to the stellar locus to

derive a magnitude-dependent size threshold. We then

select compact sources with sizes smaller than 1.5 times

the stellar size at a given magnitude, as illustrated in

Figure 2.

To estimate βUV and βopt, we use the photometric

redshifts, (zphot) derived using EAZY (G. B. Brammer

et al. 2008) with the agn blue sfhz 13 template set. In

addition to the NIRCam photometry from NEXUS, we

include Subaru Hyper Suprime-Cam (HSC) photometry

from the HEROES survey (A. J. Taylor et al. 2023), con-

sisting of five broad bands (grizy) and two narrow bands

(NB816 and NB921), in the photo-z estimation. De-

pending on the source photometric redshift, we choose

the appropriate filter sets for continuum-slope measure-

ments, accounting for bandpass shifting with redshift.

In principle, this method should allow the identification

of LRDs across a broader redshift range (z ∼ 2−11) than

simple color–color selection. The adopted filter sets in

four photometric-redshift bins are listed in Table 1.

2.2.3. Color selection for very red SEDs

H. B. Akins et al. (2025) selected compact sources

in F444W, but did not impose a blue rest-frame UV

criterion. Instead, they focused on the reddest objects

by requiring
SNRF444W > 12,

SNRF277W > 3,

F277W − F444W > 1.5,

0.5 < fF444W(0.′′2)/fF444W(0.′′5) < 0.7,

(4)

where fF444W(0.′′2)/fF444W(0.′′5) denotes the compact-

ness measured from the ratio of fluxes within the 0.′′2 and

0.′′5 apertures. Note that we have followed the same defi-

nitions of source compactness for each selection method
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Figure 2. Slope selection of LRD candidates exhibiting V-shaped SEDs, detailed in Section 2.2.2. Left: half-light radius
in F444W, rh,F444W versus F444W magnitude for the bright sample (SNRF444W > 12). The dashed and solid pink curves
show the stellar half-light radius and 1.5 times that value, respectively; the shaded region marks the compact-source selection.
Right: βOPT versus βUV for the same sample. The shaded region indicates the adopted V-shaped SED selection, defined by
−2.8 < βUV < −0.37 and βOPT > 0. The symbol coding is the same as in Figure 1.

Table 1. Filter sets for continuum slope estimation

Photometric Redshift Rest-UV Slope (βUV) Rest-optical Slope (βopt)

2 ≤ z < 3.25 F090W, F115W F150W, F200W (F210M)

3.25 ≤ z < 4.75 F090W, F115W, F150W F200W (F210M), F356W (F360M)

4.75 ≤ z < 8 F115W, F150W, F200W (F210M) F356W (F360M), F444W

z ≥ 8 F150W, F200W (F210M) F356W (F360M), F444W

Note—Bands in parentheses are used as substitutes when the corresponding primary bands are
not detected or not covered by the data: F210M replaces F200W, and F360M replaces F356W.
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Figure 3. Color selection of LRD candidates exhibiting very red SEDs, detailed in Section 2.2.3. Left: F277W−F444W
color versus fF444W(0.′′2)/fF444W(0.′′5). The shaded region and dashed lines indicate the adopted selection criteria, requiring
0.5 < fF444W(0.′′2)/fF444W(0.′′5) < 0.7 and F277W−F444W > 1.5. Right: F277W−F444W color versus F444W magnitude. The
symbol coding is the same as in Figure 1.
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in previous studies. Although these compactness defi-

nitions are not identical, the impact is minimal on the

final selection of LRDs.

Figure 3 shows the implementation of this selection

using NEXUS photometry: the left panel presents the

color–compactness plane used to identify compact red

sources, while the right panel shows the corresponding

F277W − F444W color as a function of F444W magni-

tude. Compared with other photometric selection meth-

ods, the F277W − F444W > 1.5 criterion targets ex-

tremely red sources and therefore preferentially selects

objects at z ≳ 5. Although emission lines from extreme

emission-line galaxies can artificially boost the F444W

flux and mimic red colors, the stringent red-color cut

adopted here helps to largely mitigate this contamina-

tion. On the other hand, because this method focuses

only on the reddest part of the population and does not

require a UV upturn, it may still include some dusty

compact high-redshift objects that are not typical LRDs.

2.3. Spectroscopic LRDs from MSA

We identify 463 photometric LRD candidates using

the three selection methods described above. We then

perform spectroscopic inspection for a subset of this

sample with NIRSpec MSA observations in the NEXUS

Deep field. As shown in Figure 4, the main panel

presents a zoomed-in view of the Deep field covered

by the MSA observations, with the observed sources

marked by gray dots, while the inset shows the full

NEXUS-Wide field. Among the 463 photometric can-

didates, 57 have MSA spectra from the first 6 NEXUS-

Deep epochs.

To more robustly characterize the V-shaped continua

of LRDs, we measure spectral slopes directly from the

PRISM spectra. We fix the continuum break wavelength

at the Balmer limit and fit the spectra on either side

with independent power laws of the form fλ = aλβ
rest

using nonlinear least-squares optimization. By default,

the rest-UV fitting window spans 1200 Å to the Balmer

limit, while the rest-optical window extends from the

Balmer limit to 7000 Å. Strong emission lines are masked

during the fitting. For a few sources whose continuum

breaks are not located near the Balmer limit, we manu-

ally adjust the fitting setup.

We adopt a commonly used definition of spectroscopic

LRDs, requiring a V-shaped continuum together with

compact morphology (e.g., R. E. Hviding et al. 2025).

We first select compact objects at z > 2 that satisfy

at least one of the three compactness criteria used in

Section 2.2. We then further require βUV < −0.37

and βopt > 0. After careful visual inspection, we ex-

clude four objects (satisfying these spectral slope crite-
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Figure 4. Spatial distribution of the LRD population in
the NEXUS Deep field. Small gray points show the positions
of all NIRSpec MSA targets from the multi-epoch deep spec-
troscopic observations. Photometric LRD candidates are
shown in blue, with objects lacking valid spectra plotted as
small blue points and those with valid spectroscopic coverage
shown as larger blue circles with black outlines. Spectroscop-
ically identified LRDs in our sample are overplotted in red:
photometrically selected LRDs are shown as filled red circles
with black outlines, while photometrically unselected LRDs
are marked by red crosses. Previously identified NEXUS
EDR LRDs are shown as open black diamonds. The main
panel zooms in on the central spectroscopically covered re-
gion, and the inset shows the broader field.

ria) with F444W > 26 mag whose low continuum SNR

makes their nature difficult to constrain. In addition,

we manually recover three objects that lie close to the

color-selection boundary. As shown in Figure 5, this
procedure yields a spectroscopic LRD sample of 36 ob-

jects.

This criterion follows a similar logic to the photo-

metric selection, while spectroscopy allows us to distin-

guish intrinsic continuum shapes from those impacted

by strong emission lines falling into broad photometric

bandpasses. Based on a qualitative visual classification,

we define the canonical LRDs as “V-shaped LRDs.” In

cases where the rest-optical continuum turns over to-

ward longer wavelengths past the peak, forming a dis-

tinct “laid-down S” shape, we classify them as “S-shape

LRDs”. These two subclasses constitute the most se-

cure LRD population, exhibiting the clearest spectral

signatures of the LRD phenomenon.

We also consider a more tentative class of LRD can-

didates, referred to as “L-shape LRDs”, which show a

weaker or absent Balmer break but still exhibit a red
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Figure 5. Spectral-slope selection of spectroscopic LRDs
exhibiting V-shaped continua. Grey points represent the
z > 2 compact sources, while red circles mark the spectro-
scopic LRDs. The shaded pink region indicates the adopted
V-shaped continuum selection, defined by βUV < −0.37 and
βopt > 0.

rest-optical continuum compared to typical blue AGNs.

These objects likely lie near the boundary of the pho-

tometric selection criteria, and similar cases have been

reported in the literature as LRDs (e.g., MoM 149501

and RUBIES-UDS 167741; R. E. Hviding et al. 2025;

A. de Graaff et al. 2025b). To minimize contamination

from reddened AGN, we further require that L-shape

LRDs lack the strong UV emission lines commonly seen

in classical AGN. Our spectroscopic sample is therefore

dominated by S-shape and V-shape LRDs, while retain-

ing L-shape systems to capture the diversity of spectral

properties and enable a more comprehensive exploration

of the LRD population.

Figure 6 shows the breakdown of the photometri-

cally selected LRD candidates after spectroscopic in-

spection. Each pie chart illustrates the fractions of

spectroscopically confirmed LRDs, emission-line galax-

ies (ELG)/AGN, and dwarf stars among the candidates

that have MSA spectra. Overall, the dominant source of

contamination comes from strong emission-line objects.

We do not distinguish between ELGs and AGNs here,

as such a separation is often ambiguous at high redshift

and at the faint end in PRISM spectra. Strong emission

lines in these objects significantly boost the broadband

fluxes, thereby producing red rest-optical colors, while

their intrinsic rest-UV continuum may remain blue. Al-

though these photometric selection methods are already

designed to mitigate this effect, they cannot completely

eliminate such contamination. The ELG/AGN contami-

LRD
54.4%
(n=31)

ELG/AGN
38.6%
(n=22)

Dwarf
7.0%
(n=4)

Combination

LRD
70.3%
(n=26)
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(n=11)

V-color
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(n=15)
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3.8%
(n=1)

V-slope

LRD
45.0%
(n=9)ELG/AGN

40.0%
(n=8)

Dwarf
15.0%
(n=3)

Red-color

Figure 6. Breakdown of source types of the photomet-
rically selected LRD samples after spectroscopic inspection.
Each pie chart shows the fractions of spectroscopically con-
firmed LRDs, ELGs/AGNs, and dwarf stars among the pho-
tometric LRD candidates.

nation fraction is highest in the V-slope selected sample,

as shown in the lower left pie chart of Figure 6. This

is likely because the V-slope method relies on robust

photometric redshifts. For sources with actual redshifts

near the boundaries of the redshift bin, the filter set

adopted for slope estimation may be inadequate, lead-

ing to misidentified LRD candidates. We emphasize that

this is not an inherent problem with the selection tech-

nique itself, but programs with less reliable photometric

redshifts might see a higher contamination rate and/or

lower completeness of LRD selection using the V-slope

method.

Another important contaminant is brown dwarfs. The

upper right pie chart shows that the V-color selected

sample has no dwarf contamination, consistent with

the brown dwarf rejection criterion included in that

selection. Specifically, we apply a simple color cut,

F115W− F200W > −0.5, and its performance suggests

that this criterion is effective, at least for the NEXUS

sample. In contrast, the red-color method shows the

highest fraction of brown dwarf contamination, likely

because we do not impose any constraint on the rest-

UV spectral shape. H. B. Akins et al. (2025) applied a

grid-fitting procedure using dwarf templates to remove

this contamination and reported a dwarf contamination

rate of roughly 24%, broadly consistent with our result.

The spectroscopic sample of 36 LRDs includes five

objects that are missed by our photometric selection,

as shown in Figure 7. Three of them, ID-92199 (z =

2.887, photo-z = 3.37), ID-109064 (z = 3.218, photo-
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z = 3.39), and ID-31215 (z = 3.223, photo-z = 3.40),

are missed because Hβ+[O iii] contamination boosts the

F200W flux, preventing the V-shaped continuum from

being correctly identified by the V-color method. For

the V-slope method, all three sources have photomet-

ric redshifts greater than 3.25, for which F200W and

F356W are used to measure the optical slope (see Ta-

ble 1). The line-boosted F200W flux therefore causes

these sources to fail the V-slope selection. ID-101522

(z = 3.471) is missed because of both emission-line con-

tamination and host-galaxy emission affecting the com-

pactness measurement. Its compact core is identified

as an LRD through more careful image decomposition

(M.-Y. Zhuang et al. 2026a). ID-90510 (z = 4.513,

photo-z = 5.75) lies slightly outside the V-color selec-

tion boundaries, and its incorrect photometric redshift

causes it to fail the V-slope selection.

2.4. Completeness and purity

In total, our final catalog contains 36 spectroscopi-

cally confirmed LRDs based on the MSA data, 31 of

which are recovered by our photometric selection. Their

rest-frame spectral gallery in order of increasing red-

shift is shown in Figure 7. The corresponding photo-

metric selection method(s) and SED-shape subclass for

each source are listed in Table 2. The overall complete-

ness of our combined photometric selection, based on all

three methods, is approximately 31/36 ∼ 86%. We note

that two NEXUS EDR LRDs from M.-Y. Zhuang et al.

(2026a), indicated by black diamonds in Figure 4, do

not yet have MSA observations and are thus excluded

from the present estimates of completeness and purity.

The 31 spectroscopic LRDs among the 57 photometric

LRDs with MSA spectra, highlighted as filled red circles

in Figure 4, indicate that the overall purity of our photo-

metric selection is 31/57 ∼ 54%. Restricting the sample

to sources with F444W < 26 mag, for which the spectro-

scopic coverage is more complete (M.-Y. Zhuang et al.

2026b), yields a slightly higher purity of 29/48 ∼ 60%.

Figure 8 shows the distribution of the LRD sample

in the F444W magnitude–redshift plane (left) and the

performance of each photometric selection method. In

the left panel, the 36 spectroscopically confirmed LRDs,

marked by red square outlines, span a broad range in

both redshift and F444W magnitude. Also shown are

the 56 photometrically selected LRD candidates (four

spectroscopically confirmed brown dwarfs are at z =

0) with MSA spectroscopic observations, with different

symbols and colors for the V-color, V-slope, and Red-

color selection, respectively.

The right panels of Figure 8 show the completeness

and purity of each photometric LRD selection in dif-

ferent redshift bins. These quantities are computed

only using sources with F444W < 26 mag, for which

the NEXUS Deep-tier observations provide more com-

plete spectroscopic coverage by design (Y. Shen et al.

2024; M.-Y. Zhuang et al. 2026b). The V-color, V-slope,

and red-color selections exhibit different redshift depen-

dences. At z ∼ 3, as discussed in Section 2.3, emission-

line contamination in F200W significantly degrades the

performance of all three photometric selection methods.

In addition, the number density of LRDs at z < 3 likely

declines rapidly relative to that at higher redshifts, so

the small sample size makes the estimation in this bin

less statistically robust.

In the 3 < z < 5 bin, both the V-color and V-slope

methods achieve high purity, exceeding 80%, although

only the V-color method also maintains high complete-

ness (> 60%). The lack of F277W coverage and the

strict photometric-redshift requirement likely contribute

to the low completeness of the V-slope selection. At

z > 5, the Red-color method performs efficiently, at

least for the NEXUS data. Compared with the V-color

criterion of F277W−F444W > 0.7, the red-color method

imposes a redder threshold of F277W − F444W > 1.5,

which largely mitigates contamination from emission-

line galaxies and yields a higher purity even without

requiring a UV upturn. For the subsample at z > 6.5,

however, we have only three spectroscopically confirmed

LRDs. The reduced performance in this regime likely

arises from both the depth limit of the NEXUS data and

the interpolation of F277W photometry. This interpola-

tion is expected to be most biased in this redshift range

because the Balmer break moves into F277W, where the

true flux should lie near the SED minimum rather than

near the midpoint between F200W and F444W fluxes.

As mentioned in Section 2.1, MSA targets in differ-

ent classes have different observing priorities and there-

fore different spectroscopic completeness in the current

six epochs. We therefore perform a more careful pu-

rity analysis that accounts for the MSA target priorities.

Specifically, we estimate the purity separately for differ-

ent target classes and derive a weighted purity using the

fraction of photometric candidates in each class within

the MSA footprint. This yields a purity estimate similar

to our fiducial result, mainly because the overall spec-

troscopic completeness of LRD targets is already high.

For photometric LRD targets with F444W < 26 mag,

the overall spectroscopic completeness already reached

73%.

We compare our estimates with those of R. E. Hviding

et al. (2025), who used a spectroscopic LRD sample from

RUBIES to assess the accuracy and completeness of sim-

ilar photometric selection methods to those adopted in
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Figure 8. Left: spectroscopic and photometric LRD samples in the F444W magnitude–redshift plane. The sample includes 36
spectroscopically confirmed LRDs, marked by red square outlines, and 57 photometrically selected LRD candidates with MSA
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Section 2.2. Their analysis was based on cross-matching

the photometric LRD catalogs of V. Kokorev et al.

(2024c) and D. D. Kocevski et al. (2024) with the RU-

BIES spectroscopic sample. In contrast, our photomet-

ric selection and spectroscopic follow-up are both based

on the same NEXUS parent catalog. This difference

in sample construction may partly contribute to the

slightly higher completeness found in this work, but our

result is broadly consistent with that of R. E. Hvid-

ing et al. (2025). For the purity estimate, the com-

parison is more sensitive to the adopted definitions of

confirmation and contaminants. In this work, we count

all spectroscopically uncertain photometric candidates

as contaminants (which remained in the denominator),

whereas R. E. Hviding et al. (2025) removed uncertain

cases from their purity calculation (both in numerator

and denominator). This difference naturally leads to a

lower inferred purity in our analysis compared to the

value of ∼ 90% reported by R. E. Hviding et al. (2025).

If uncertain cases are retained in the denominator, the

corresponding purity fraction in R. E. Hviding et al.

(2025) is also around 60%, consistent with our estimate.

In summary, over the full redshift range, the combined

selection reaches a completeness of nearly 85% and a

purity of about 60%, indicating that combining multiple

photometric methods can yield a relatively complete and

robust LRD sample. In particular, in the 3 ≤ z < 5 bin,

the combined selection performs especially well, achiev-

ing both completeness and purity above 80%. Although

the Red-color method is not designed to select sources

at z < 5, it plays an important role at z > 5 in the

combined photometric selection.

3. RESULTS

3.1. Spectral Properties of NEXUS MSA LRDs

In the following analysis, we focus on the 36 spec-

troscopically confirmed LRDs with MSA spectra. We

first characterize their spectral properties using simple

spectroscopic fitting. For each source, we fit the Hα

and Hβ+[O iii] regions separately in the rest frame as

shown in Figure 9. Within each fitting window, the local

continuum is modeled as a power law and fitted simul-

taneously with the emission-line components.

For the Hα region, we fit the spectrum over a rest-

frame window of 6350–6750 Å. We adopt a single-

Gaussian model, in which Hα is represented by one

Gaussian component with a free centroid, amplitude,

and FWHM. The lower bound on the line width is

set by the instrumental resolution, while the upper

bound is taken to be the larger of 2500 km s−1 and

1.5× FWHMinst.



12 Pan et al.

T
a
b
le

2
.
S
p
ec
tr
o
sc
o
p
ic

L
R
D

S
a
m
p
le

Q
D
R

ID
R
.A

.
D
e
c
l.

z
s
p
e
c

m
F
4
4
4
W

F
W

H
M

lo
g
L

H
α
,b

r
o
a
d

M
U
V

S
h
a
p
e

S
e
le
c
ti
o
n

T
B
B

B
a
lm

e
r
b
re
a
k

f
B
B

d
e
g

d
e
g

A
B

m
a
g

k
m

s−
1

e
rg

s−
1

A
B

m
a
g

K

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

9
3
9
8
6

2
6
8
.4
8
6
8
7
9

6
5
.1
8
7
8
3
6

2
.3
4
6

2
2
.1
4

··
·

4
2
.4
3

−
1
9
.9
1
±

0
.0
4

S
-s
h
a
p
e

1
2
5
1
0
±

1
0

0
.5
4
±

0
.0
4

0
.1
8
±

0
.0
1

1
5
4
6
1
2

2
6
8
.5
4
2
8
9
9

6
5
.2
4
6
3
4
9

2
.4
2
7

2
6
.0
5

··
·

4
1
.4
4

−
1
7
.4
9
±

0
.5
1

S
-s
h
a
p
e

1
2
9
1
0
±

1
8
0

3
.9
7
±

3
.7
4

0
.3
4
±

0
.1
0

1
0
2
6
4
3

2
6
8
.5
2
5
9
4
1

6
5
.2
2
7
7
0
8

2
.8
6
6

2
3
.5
3

··
·

4
2
.7
6

−
1
8
.6
5
±

0
.3
9

S
-s
h
a
p
e

2
4
0
1
0
±

4
0

1
.7
9
±

0
.3
0

0
.5
7
±

0
.0
2

9
2
1
9
9

2
6
8
.4
4
0
1
4
9

6
5
.1
9
7
5
4
0

2
.8
7
7

2
4
.5
4

8
6
6
±

4
1
2

4
2
.2
0

−
1
8
.7
3
±

0
.1
8

L
-s
h
a
p
e

0
2
5
0
0
±

3
0

0
.7
4
±

0
.2
4

0
.1
0
±

0
.0
1

1
0
9
0
6
4

2
6
8
.2
9
1
7
4
3

6
5
.1
9
2
6
5
4

3
.2
1
8

2
4
.7
2

6
7
3
±

3
4
6

4
2
.2
0

−
1
8
.5
4
±

0
.2
8

S
-s
h
a
p
e

0
2
9
7
0
±

1
3
0

0
.9
2
±

0
.2
0

0
.2
2
±

0
.0
4

3
1
2
1
5

2
6
8
.4
3
2
8
8
8

6
5
.1
4
7
6
5
3

3
.2
1
8

2
3
.7
6

2
2
9
0
±

1
1
2

4
2
.6
0

−
1
8
.0
8
±

0
.6
3

S
-s
h
a
p
e

0
3
2
1
0
±

5
0

1
.0
8
±

0
.4
1

0
.5
6
±

0
.0
4

1
0
1
5
2
2

2
6
8
.5
0
5
6
3
1

6
5
.2
3
3
1
4
2

3
.4
7
2

2
3
.3
4

2
0
2
0
±

7
8

4
2
.7
1

−
1
8
.5
1
±

0
.2
8

S
-s
h
a
p
e

0
2
9
3
0
±

4
0

1
.1
4
±

0
.2
1

0
.5
0
±

0
.0
3

9
0
3
7
1

2
6
8
.4
8
4
8
4
1

6
5
.2
0
7
2
0
6

3
.5
7
1

2
3
.7
3

1
0
8
2
±

1
1
2

4
2
.6
5

−
1
7
.7
8
±

0
.5
6

S
-s
h
a
p
e

1
,2

4
3
7
0
±

3
0

3
.1
4
±

0
.6
8

0
.9
4
±

0
.0
1

9
4
3
6
6

2
6
8
.5
0
2
0
2
7

6
5
.1
8
6
0
1
4

3
.6
6
1

2
5
.7
5

1
9
6
2
±

1
8
5

4
2
.1
4

−
1
8
.4
5
±

0
.3
7

S
-s
h
a
p
e

1
4
2
2
0
±

2
7
0

1
.6
5
±

1
.5
4

0
.6
0
±

0
.0
8

1
5
0
4
8
7

2
6
8
.5
3
2
5
1
6

6
5
.2
6
7
7
0
1

3
.6
7
3

2
4
.4
3

1
2
9
3
±

1
0
6

4
2
.5
5

−
1
8
.8
7
±

0
.1
6

S
-s
h
a
p
e

1
3
7
9
0
±

5
0

0
.9
3
±

0
.2
3

0
.6
5
±

0
.0
2

8
6
3
6
3

2
6
8
.3
9
2
3
6
3

6
5
.2
4
3
3
8
2

3
.8
2
9

2
4
.0
9

1
6
6
6
±

8
5

4
2
.6
0

−
1
7
.9
8
±

0
.3
2

S
-s
h
a
p
e

1
4
4
3
0
±

4
0

2
.3
3
±

0
.6
3

0
.9
2
±

0
.0
1

9
3
2
0
6

2
6
8
.4
3
2
9
1
9

6
5
.1
9
1
9
1
6

3
.8
6
6

2
5
.2
3

1
6
2
8
±

2
1
4

4
1
.8
3

−
1
7
.5
1
±

0
.5
3

S
-s
h
a
p
e

1
4
3
5
0
±

8
0

8
.6
5
±

8
.4
6

0
.9
8
±

0
.0
2

1
5
3
2
4
4

2
6
8
.3
9
4
5
8
9

6
5
.2
5
4
1
8
0

3
.8
8
2

2
4
.6
9

1
0
2
8
±

1
3
4

4
2
.6
0

−
1
9
.2
5
±

0
.1
5

S
-s
h
a
p
e

1
3
1
6
0
±

1
4
0

1
.0
4
±

0
.2
2

0
.4
1
±

0
.0
6

4
5
5
3
0

2
6
8
.4
4
6
2
1
3

6
5
.1
3
4
2
4
2

3
.9
5
0

2
4
.8
6

1
4
0
4
±

2
4
8

4
2
.2
6

−
1
8
.2
0
±

0
.4
5

S
-s
h
a
p
e

2
4
4
3
0
±

1
0
0

2
.1
2
±

0
.9
1

1
.0
0
±

0
.0
0

3
0
6
0
8

2
6
8
.4
1
6
0
1
1

6
5
.1
5
2
8
5
7

3
.9
7
2

2
5
.2
4

1
1
3
0
±

2
9
1

4
1
.9
7

−
1
6
.6
1
±

1
.5
6

S
-s
h
a
p
e

1
4
1
3
0
±

1
9
0

2
.0
3
±

2
.6
8

0
.8
7
±

0
.0
8

1
1
2
9
9
8

2
6
8
.3
1
6
2
1
4

6
5
.1
6
9
4
7
2

3
.9
7
6

2
5
.0
9

1
4
5
0
±

1
7
7

4
2
.1
2

−
1
7
.6
6
±

0
.6
1

S
-s
h
a
p
e

1
2
7
9
0
±

1
6
0

0
.9
3
±

0
.2
9

0
.3
8
±

0
.0
9

1
5
0
4
4
7

2
6
8
.4
2
6
0
5
7

6
5
.2
6
7
8
2
5

4
.0
4
7

2
5
.4
1

1
4
7
4
±

4
6

4
2
.6
1

−
1
9
.0
6
±

0
.1
3

S
-s
h
a
p
e

1
4
4
3
0
±

2
0
0

1
.4
2
±

0
.3
0

0
.4
5
±

0
.0
6

8
9
4
4
3

2
6
8
.4
0
4
0
2
7

6
5
.2
1
2
1
1
1

4
.0
5
1

2
4
.4
4

1
7
0
6
±

9
5

4
2
.6
1

−
1
8
.7
1
±

0
.3
2

S
-s
h
a
p
e

2
3
9
8
0
±

2
1
0

1
.1
4
±

0
.4
4

0
.7
0
±

0
.1
1

9
8
2
4
9

2
6
8
.4
4
1
0
2
7

6
5
.1
6
7
6
2
8

4
.3
9
7

2
5
.0
7

1
4
5
3
±

1
6
3

4
2
.2
2

−
1
9
.1
6
±

0
.2
5

S
-s
h
a
p
e

1
4
4
8
0
±

1
5
0

2
.7
9
±

1
.3
1

0
.7
3
±

0
.0
3

4
4
9
2
7

2
6
8
.5
4
1
8
9
2

6
5
.1
3
8
8
0
7

4
.4
2
7

2
3
.6
1

2
5
9
5
±

0
4
3
.2
0

−
1
8
.6
9
±

0
.2
5

V
-s
h
a
p
e

1
2
9
7
0
±

4
0

1
.6
0
±

0
.4
6

0
.7
4
±

0
.0
4

9
0
5
1
0

2
6
8
.4
4
5
1
1
8

6
5
.2
0
6
4
9
5

4
.5
1
3

2
5
.9
9

4
5
8
±

2
6
3

4
2
.1
3

−
1
8
.4
0
±

0
.3
1

L
-s
h
a
p
e

0
3
2
9
0
±

3
1
0

2
.4
7
±

2
.1
9

0
.3
5
±

0
.0
8

1
5
1
4
4
9

2
6
8
.5
2
2
5
4
2

6
5
.2
6
2
6
4
4

4
.5
2
4

2
3
.3
4

2
6
2
3
±

0
4
3
.5
1

−
1
9
.2
9
±

0
.2
0

S
-s
h
a
p
e

1
4
7
0
0
±

4
0

3
.4
0
±

0
.5
2

0
.8
1
±

0
.0
4

8
0
1
0
9

2
6
8
.5
8
8
8
5
3

6
5
.1
7
3
8
8
8

4
.6
5
2

2
6
.4
7

··
·

4
1
.6
4

−
1
8
.5
5
±

0
.4
3

S
-s
h
a
p
e

1
4
0
2
0
±

5
9
0

2
.2
6
±

3
.3
3

0
.3
0
±

0
.2
0

9
8
2
7
0

2
6
8
.4
3
7
6
7
3

6
5
.1
6
7
4
8
7

4
.6
5
5

2
5
.0
0

2
6
5
5
±

2
1

4
2
.8
9

−
1
8
.3
8
±

0
.4
2

S
-s
h
a
p
e

1
4
2
1
0
±

1
8
0

2
.1
0
±

0
.8
2

0
.7
8
±

0
.0
9

8
6
4
8
7

2
6
8
.3
8
1
8
4
1

6
5
.2
4
2
6
6
6

5
.0
0
6

2
5
.7
0

1
1
8
0
±

1
8
5

4
2
.1
6

−
1
7
.8
6
±

0
.5
6

V
-s
h
a
p
e

1
3
4
3
0
±

2
7
0

1
.2
5
±

0
.3
7

0
.7
1
±

0
.1
2

9
6
8
5
4

2
6
8
.4
7
2
9
9
7

6
5
.1
7
4
1
0
2

5
.0
7
3

2
5
.2
3

1
0
5
5
±

2
4
9

4
2
.2
8

−
1
8
.3
7
±

0
.8
0

L
-s
h
a
p
e

1
,2

3
1
2
0
±

6
0
0

1
.8
9
±

0
.7
8

0
.2
6
±

0
.0
9

8
6
5
5
8

2
6
8
.4
0
8
4
3
9

6
5
.2
4
2
1
9
5

5
.1
0
0

2
3
.4
7

2
7
5
5
±

0
4
3
.3
2

−
1
9
.8
7
±

0
.1
0

S
-s
h
a
p
e

1
,2
,3

4
6
4
0
±

5
0

2
.4
3
±

0
.3
2

0
.8
6
±

0
.0
2

9
1
2
9
8

2
6
8
.3
7
9
5
7
2

6
5
.2
0
2
3
3
3

5
.1
6
9

2
5
.8
4

9
8
2
±

2
0
6

4
1
.9
3

−
1
7
.8
4
±

0
.7
1

V
-s
h
a
p
e

3
3
3
5
0
±

2
9
0

0
.6
1
±

1
.4
2

0
.7
1
±

0
.1
4

1
1
0
5
1
5

2
6
8
.3
0
5
9
7
2

6
5
.1
8
3
1
7
0

5
.1
7
0

2
4
.5
3

2
0
1
1
±

9
2

4
2
.6
8

−
1
8
.5
4
±

0
.3
8

S
-s
h
a
p
e

1
,2
,3

4
6
6
0
±

1
2
0

1
.3
4
±

0
.5
5

0
.8
0
±

0
.0
5

1
1
7
4
9
1

2
6
8
.3
0
3
8
6
6

6
5
.2
2
8
1
1
1

5
.2
6
4

2
5
.0
9

1
9
7
8
±

1
7
7

4
2
.3
1

−
1
8
.3
8
±

0
.4
9

S
-s
h
a
p
e

2
,3

4
3
9
0
±

1
2
0

5
.9
1
±

4
.1
6

0
.9
9
±

0
.0
6

9
6
9
7
7

2
6
8
.4
2
8
3
3
5

6
5
.1
7
3
5
0
3

5
.8
7
1

2
4
.3
6

2
4
3
0
±

1
1
7

4
2
.8
7

−
1
9
.1
5
±

0
.3
5

V
-s
h
a
p
e

1
,3

2
6
9
0
±

1
5
0

2
.4
5
±

1
.5
1

0
.6
1
±

0
.0
5

9
6
7
8
4

2
6
8
.5
6
8
5
5
5

6
5
.1
7
4
3
4
1

5
.8
7
3

2
3
.7
7

2
7
4
5
±

6
4

4
3
.1
6

−
1
8
.8
9
±

0
.2
6

S
-s
h
a
p
e

1
,2
,3

4
3
3
0
±

6
0

3
.7
0
±

0
.7
4

0
.8
3
±

0
.0
2

9
3
2
2
8

2
6
8
.3
6
1
9
0
6

6
5
.1
9
1
8
9
3

6
.5
7
3

2
5
.5
3

1
2
6
4
±

1
2
3

4
2
.4
8

−
1
9
.6
8
±

0
.1
8

V
-s
h
a
p
e

1
,3

3
3
4
0
±

4
0
0

1
.5
9
±

0
.7
0

0
.7
0
±

0
.0
6

8
7
5
7
2

2
6
8
.4
9
7
3
0
5

6
5
.2
2
1
0
6
8

6
.7
0
0

2
5
.5
0

1
8
0
9
±

1
4
1

4
2
.7
7

−
1
9
.2
0
±

0
.2
4

L
-s
h
a
p
e

1
4
5
5
0
±

9
1
0

1
.0
3
±

0
.4
0

0
.6
5
±

0
.1
6

9
6
9
7
2

2
6
8
.4
1
3
4
4
1

6
5
.1
7
3
5
5
1

7
.2
8
1

2
5
.8
7

1
7
7
2
±

6
1
1

··
·

−
1
8
.0
9
±

0
.7
9

V
-s
h
a
p
e

1
,3

2
9
0
0
±

3
4
0

0
.6
5
±

1
.2
6

0
.8
5
±

0
.0
6

9
2
8
7
9

2
6
8
.4
5
3
4
0
2

6
5
.1
9
4
0
3
6

7
.4
0
3

2
5
.9
4

2
7
9
9
±

4
8
9

··
·

−
2
0
.0
8
±

0
.1
5

L
-s
h
a
p
e

1
,2
,3

3
1
4
0
±

4
0
0

1
.2
5
±

0
.8
0

0
.4
9
±

0
.0
9

N
o
t
e
—

C
o
lu
m
n

(1
):

Q
D
R

ID
.
C
o
lu
m
n
s
(2

)
a
n
d

(3
):

J
2
0
0
0

ri
g
h
t
a
sc
e
n
si
o
n

a
n
d

d
e
c
li
n
a
ti
o
n
.

C
o
lu
m
n

(4
):

sp
e
c
tr
o
sc
o
p
ic

re
d
sh

if
t.

C
o
lu
m
n

(5
):

F
4
4
4
W

m
a
g
n
it
u
d
e
.
C
o
lu
m
n
(6

):
F
W

H
M

c
o
rr
e
c
te
d
fo
r
in
st
ru

m
e
n
ta

l
b
ro

a
d
e
n
in
g
u
si
n
g
th

e
e
st
im

a
te

fr
o
m

A
.
d
e
G
ra

a
ff

e
t
a
l.

(2
0
2
4
).

F
o
r
so

u
rc
e
s
a
t

z
<

7
,
w
e
li
st

th
e
b
ro

a
d
H
α

F
W

H
M

;
fo
r
so

u
rc
e
s
a
t
z
≥

7
,
w
e
li
st

th
e
b
ro

a
d
H
β

F
W

H
M

.
C
o
lu
m
n
(7

):
b
ro

a
d
H
α

lu
m
in
o
si
ty
.
C
o
lu
m
n
(8

):
a
b
so

lu
te

U
V

m
a
g
n
it
u
d
e
,
M

U
V
.
C
o
lu
m
n

(9
):

sh
a
p
e
su

b
c
la
ss
,
i.
e
.,

S
-s
h
a
p
e
,
V
-s
h
a
p
e
,
o
r
L
-s
h
a
p
e
.
C
o
lu
m
n

(1
0
):

se
le
c
ti
o
n

fl
a
g
a
m
o
n
g
th

e
th

re
e
p
h
o
to

m
e
tr
ic

m
e
th

o
d
s
d
e
sc
ri
b
e
d

in
S
e
c
ti
o
n

2
,
w
h
e
re

1
=
V
-c
o
lo
r,

2
=
V
-s
lo
p
e
,
a
n
d

3
=
R
e
d
-c
o
lo
r.

O
b
je
c
ts

n
o
t
re
c
o
v
e
re
d

b
y

a
n
y

p
h
o
to

m
e
tr
ic

m
e
th

o
d

a
re

m
a
rk

e
d

a
s
0
.
C
o
lu
m
n

(1
1
):

b
e
st
-fi

t
b
la
ck

b
o
d
y

te
m
p
e
ra

tu
re

fr
o
m

th
e
to
y

d
e
c
o
m
p
o
si
ti
o
n

m
o
d
e
l.

C
o
lu
m
n

(1
2
):

B
a
lm

e
r-
b
re
a
k

st
re
n
g
th

m
e
a
su

re
d

fr
o
m

th
e

sp
e
c
tr
u
m
.
C
o
lu
m
n

(1
3
):

b
la
ck

b
o
d
y
fr
a
c
ti
o
n

fr
o
m

th
e
to
y
d
e
c
o
m
p
o
si
ti
o
n

m
o
d
e
l.



NEXUS: MSA LRDs 13

We also experimented with a double-Gaussian model.

However, given the low resolution of the PRISM spec-

tra (R ∼ 100–300), it is difficult to robustly decompose

narrow and broad components. Only a few sources show

clear evidence for an additional component. The limited

resolution also prevents us from reliably modeling de-

tailed line-profile features, such as absorption features or

extended exponential wings, which have been discussed

extensively in the recent literature (e.g., X. Lin et al.

2026a; A. Torralba et al. 2026; J. Matthee et al. 2026).

We therefore note that the single-Gaussian approxima-

tion may overestimate the luminosity of the broad com-

ponent and slightly underestimate its line width. Nev-

ertheless, as shown in Figure 9, the single-Gaussian as-

sumption provides a good description of the observed

Hα profiles, and the resulting systematic uncertainty

does not significantly affect the following analysis.

For the Hβ+[O iii] region, we fit the spectrum over a

rest-frame window of 4650–5200 Å. In this complex, Hβ

is modeled with a single Gaussian whose width is al-

lowed to vary freely, while [O III]λλ4959, 5007 are each

modeled with a single Gaussian whose FWHM is fixed

to the instrumental resolution. All components in the

Hβ+[O iii] complex are required to share the same ve-

locity offset, and the [O III] λ4959 : λ5007 flux ratio

is fixed to 1:3. The instrumental broadening is esti-

mated using the wavelength-dependent PRISM spectral

resolution curve from A. de Graaff et al. (2024), which

provides a better representation of the point-source res-

olution than the nominal JDox curve (JDo 2016).

Figure 9 presents the spectroscopic fitting results. Be-

cause the PRISM spectral resolution improves toward

redder wavelengths, Hα is generally better resolved and

can be modeled more reliably than the Hβ+[O iii] com-

plex. As discussed above, the low resolution may pro-

duce artificial broad wings, which can drive the fit to-

ward an extremely broad but weak additional compo-

nent. We therefore adopt the simpler model with fewer

degrees of freedom. Overall, the single-Gaussian model

provides an adequate description of the line profiles and

is sufficient to identify the broad-line nature of most

LRDs.

In Table 2, we list the best-fit FWHM measurements,

which are used to define our broad-line LRD sample.

Among the full sample of 36 spectroscopic LRDs, 30

LRDs have resolved Hα emission lines, while three LRDs

at z < 2.87 have both Hα and Hβ unresolved in the

PRISM spectra, as shown in Figure 9. In addition, ID-

80109, with F444W = 26.47 mag, is too faint for robust

line-profile modeling and is therefore also best fit as un-

resolved. For the remaining LRDs at z < 7, we use the

best-fit Hα measurements for further analysis. For the

two LRDs at z > 7 without Hα coverage, we use Hβ

instead. We adopt a broad-line threshold of 600 km s−1,

following M.-Y. Zhuang et al. (2026c). 31 well-modeled

LRDs satisfy this broad-line criterion. Even if we adopt

a stricter threshold of 1000 km s−1 for broad line FWHM

(e.g., Y. Harikane et al. 2023; J. E. Greene et al. 2024;

J. Matthee et al. 2024; X. Lin et al. 2026a), about 90%

of the sample would be retained, further supporting the

observation that most spectroscopically confirmed LRDs

exhibit broad emission lines(R. E. Hviding et al. 2025).

Therefore, we simply adopt the 600 km s−1 threshold

and use the subsample of 31 broad-line LRDs for the

analysis of SMBH properties in Section 3.2.

3.2. Physical Properties of the SMBH

We measure the total Hα luminosity of the LRD sam-

ple from the best-fit models. To estimate the broad Hα

luminosity, we adopt a median broad-to-total Hα ratio

of 60% (A. J. Taylor et al. 2025). We therefore con-

vert the total Hα luminosity to broad Hα luminosity

(LHα,broad) using this factor, and include an additional

systematic uncertainty of 0.2 dex.

In the left panel of Figure 10, we compare the red-

shift and LHα,broad of the NEXUS LRD sample with

sources from other surveys, including broad-line AGNs

(BLAGNs)/LRDs selected with NIRCam/WFSS spec-

troscopy from the NEXUS EDR (M.-Y. Zhuang et al.

2026a) and ASPIRE surveys (X. Lin et al. 2024), as well

as BLAGNs selected with NIRSpec spectroscopy from

the CEERS and RUBIES surveys (A. J. Taylor et al.

2025). The NEXUS LRD sample in this work spans a

wider redshift range (2.3 < z < 7.5) than any individual

comparison sample. Its broad Hα luminosities also cover

a wide range, from ∼ 1042 to 1043.5, erg s−1. In particu-

lar, this work reaches at least 0.5 mag deeper than the

NEXUS EDR LRD sample based on NIRCam/WFSS

spectra, enabling a deeper and more complete estimate

of the LRD abundance at 3 < z < 5, as discussed in

Section 3.3.

We show the rest-frame total Hα equivalent width

(EW) versus FWHM distributions in the right panel

of Figure 10. The instrumental correction is based on

the wavelength-dependent resolution estimate from A.

de Graaff et al. (2024). Compared to quasars at z < 0.6

from the SDSS DR16Q catalog (Q. Wu & Y. Shen 2022),

our high-redshift LRDs show a similar FWHM distribu-

tion but are systematically shifted toward higher EWs,

suggesting that they may have a different physical origin

from typical AGNs. We further discuss possible scenar-

ios in Section 4.2.

Recent studies have suggested that the bolometric lu-

minosities of LRDs may be nearly an order of magni-
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Figure 9. Hβ+[Oiii]λλ4959,5007 and Hα spectral fits for the spectroscopic LRD sample. In each panel, the black curve
shows the continuum-subtracted rest-frame spectrum, the gray curve shows the 1σ uncertainty, and the red curve shows the
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region, the fitted Hβ and [O iii] components are shown in blue and green, respectively. The measured FWHM values of Hβ and
Hα are labeled in each panel and have been corrected for instrumental broadening using the estimate from A. de Graaff et al.
(2024). A value of zero indicates that the line is unresolved at the prism resolution.



NEXUS: MSA LRDs 15

tude lower than those inferred using standard prescrip-

tions for type-1 AGNs (e.g., J. E. Greene et al. 2026;

H. Umeda et al. 2026). Even among normal AGNs,

different samples with different physical properties can

yield different average bolometric correction factors (J.

Stern & A. Laor 2012; Y. Shen et al. 2011; Q. Wu &

Y. Shen 2022). It is currently unclear whether or not

these relations calibrated for low-redshift type-1 AGNs

are applicable to high-redshift BLAGNs or LRDs, or

which relation would be the most representative. We

thus do not report bolometric luminosities as fiducial

measurements in this work. Nevertheless, for qualita-

tive number-density comparisons with previous studies

in Section 3.3, we convert the literature bolometric lu-

minosity to equivalent broad-Hα luminosity using the

empirical relation Lbol = 130× LHα,broad from J. Stern

& A. Laor (2012), as adopted in other LRD studies.

The standard single-epoch virial formulae for black

hole mass estimates are calibrated using local type-1

AGNs and may not be directly applicable to LRDs,

whose continuum and broad-line emission mechanisms

may differ substantially from those of typical unobscured

AGNs. In particular, recent models suggest that dense

ionized gas surrounding the black hole can broaden the

observed Balmer-line profiles through electron scatter-

ing, causing virial BH masses inferred from the observed

FWHMs to be overestimated by ∼ 1–2 dex (e.g., V.

Rusakov et al. 2026). Therefore, we choose not to re-

port black hole masses estimated from traditional single-

epoch virial relations. Nevertheless, as a sanity check,

we have tested such measurements using the Hα-based

relation from A. E. Reines et al. (2013) and the Hβ-

based relation from M. Vestergaard & B. M. Peterson

(2006). The resulting estimates place our LRDs in a

similar region of the LHα,broad–MBH plane as BLAGNs

and LRDs reported in NEXUS EDR and other JWST

surveys. We defer a more detailed exploration of bolo-

metric luminosity and blcak hole mass estimates to fu-

ture work.

Obtaining reliable stellar masses for the host galaxies

of LRDs is also extremely challenging. In most cases,

the rest-frame optical emission is only marginally re-

solved, making the nuclear and host-galaxy components

highly degenerate. In addition, the current imaging

depth is insufficient to enable robust image decompo-

sition for the majority of the sample. For these rea-

sons, we provide only rough stellar-mass estimates in

this work. We first estimate MUV from the median flux

density around 1500 Å. For sources whose spectra do not

cover this wavelength range, we instead use the F090W

photometry as a proxy to estimate MUV.

We assume that the UV emission is entirely dominated

by the host galaxy and estimate stellar masses using the

M∗–MUV relation from M. Song et al. (2016). These

estimates should therefore be regarded as highly uncer-

tain. Under this assumption, most LRDs have inferred

stellar masses of ∼ 106–108,M⊙ and lie ∼ 1–2 dex above

the local MBH–M∗ relation for classical bulges and el-

liptical galaxies (J. Kormendy & L. C. Ho 2013). This

offset may further suggest that traditional single-epoch

black hole mass scalings are not directly applicable to

LRDs (e.g., V. Rusakov et al. 2026).

3.3. Abundance and Luminosity function

We use Hierarchical Equal Area isoLatitude Pixeliza-

tion (HEALPix; K. M. Górski et al. 2005; A. Zonca et al.

2019) to more accurately estimate the effective area of

the current MSA footprint. We adopt an appropriate

base resolution for the interior regions and refine the

resolution near the footprint boundaries, yielding an ef-

fective area of about 66 arcmin2. As mentioned in Sec-

tions 2.1 and 2.4, the overall spectroscopic completeness

for sources with F444W < 26 mag is about 73%. To

account for spectroscopic incompleteness more carefully,

we estimate the completeness separately for targets with

different MSA priorities, which ranges from 95% to 61%.

Taking the spectroscopic incompleteness into consid-

eration, we estimate the binned broad-Hα luminosity

function, Φ, of the NEXUS MSA LRD sample as a func-

tion of logLHα,broad over 2.3 < z < 6.7, using the 34

LRDs with available Hα measurements. The results are

listed in Table 3. The statistical uncertainties are as-

sumed to follow Poisson counting statistics, with small-

number corrections estimated using Equation (7) of N.

Gehrels (1986). This estimate is expected to be rela-

tively robust over most of the luminosity and redshift

range considered here. However, the faintest luminosity

bin and the highest-redshift bin should be regarded as

approximate lower limits, since our correction only ac-

counts for spectroscopic incompleteness associated with

MSA target priorities and does not include other sources

of incompleteness that may have the largest impact at

the faintest and highest-redshift ends.

The left panel of Figure 11 shows our estimate of the

binned broad Hα luminosity function, with red stars de-

noting the NEXUS DR1 measurements. At the bright

end, logLHα,broad > 42.5, the inferred number densi-

ties are broadly consistent with literature results, sug-

gesting that the completeness assumption is reasonably

adequate in this luminosity range. In contrast, at the

faintest end, logLHα,broad < 42, the inferred number

density is significantly lower, indicating that a more

careful incompleteness analysis is required. For ex-
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Figure 10. Left: Broad Hα luminosity as a function of redshift for the LRDs in this work (filled red stars), compared with
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Table 3. Broad Hα Luminosity Function at 2.3 < z < 6.7

logLHα,broad logLHα,broad Range N Φ

(erg s−1) (erg s−1) (10−6 Mpc−3 dex−1)

41.700 41.40 < logL < 42.00 5 14.43+9.74
−6.22

42.250 42.00 < logL < 42.50 12 38.09+14.46
−10.83

42.750 42.50 < logL < 43.00 13 35.15+12.69
−9.61

43.250 43.00 < logL < 43.50 3 8.52+8.26
−4.62

43.750 43.50 < logL < 44.00 1 2.40+5.48
−1.98

Note—The number densities have been corrected for the spectroscopic
incompleteness of the current six epochs of MSA observations. Un-
certainties are corrected Poisson errors following N. Gehrels (1986).

ample, future work should quantify how spectroscopic

depth, including a practical limit of ∼ 26 mag, affects

the identification of faint LRDs as a function of redshift

and logLHα,broad.

We also note that, at logLHα,broad < 42.5, the number

densities inferred from the NEXUS EDR LRDs are lower

than the estimates from this work using MSA spectra,

and other literature estimates. This discrepancy likely

reflects the shallower depth and lower completeness of

the NEXUS EDR WFSS LRD sample in this luminosity

range. As pointed out in M.-Y. Zhuang et al. (2026a),

their density estimate does not account for sensitivity

limits or the detectability of broad emission lines. We

visually inspect the WFSS spectra of the DR1 LRD sam-

ple and confirm that some objects show only a single

emission line, or even no clear line, within the wave-

length coverage. This makes it difficult to establish their

AGN nature or obtain secure redshifts. In addition, con-

tamination from bright sources in the WFSS data may

further reduce the number of identifiable LRDs. The

EDR estimate should therefore be regarded as a lower

limit on the LRD number density.

To compare the LRD luminosity function with those

of normal quasars/AGNs, we convert the quasar bolo-

metric luminosity functions from X. Shen et al. (2020)

to broad Hα luminosity functions using the same bolo-

metric correction adopted in this work. We find that,

at logLHα,broad < 43, the number density of LRDs at

z ∼ 4.5 is about 0.5 dex higher than the extrapolation

of the quasar luminosity function. This result is con-

sistent with previous studies (J. E. Greene et al. 2024;

J. Matthee et al. 2024; X. Lin et al. 2026a), and fur-

ther supports the prevalence of a population of faint

broad-line AGNs and LRDs at high redshift that are

missed by previous Type 1 quasar/AGN surveys around

these redshifts. This overabundance of LRDs over nor-

mal AGNs is more prominent at even higher redshifts

Table 4. Accumulated Comoving Number Density
at logLHα,broad > 42

Redshift Redshift Range N n (10−6 Mpc−3)

2.80 2.3 < z < 3.3 5 25.20+17.01
−10.86

3.80 3.3 < z < 4.3 10 57.02+24.30
−17.70

4.80 4.3 < z < 5.3 10 69.43+29.59
−21.55

6.00 5.3 < z < 6.7 4 22.68+17.89
−10.82

(Fig. 11) given the opposite evolutionary trends of LRD

and AGN number densities towards higher redshift.

Table 4 and the right panel of Figure 11 show the

accumulated comoving number density, ρ, as a func-

tion of redshift. We compute the LRD number den-

sities in several redshift bins after correcting for spec-

troscopic incompleteness, and compare our results with

literature measurements for AGN and LRD samples. We

attempt to homogenize the literature measurements to

the same logLHα,broad or MUV threshold whenever pos-

sible. For the NEXUS EDR LRD sample from M.-Y.

Zhuang et al. (2026a), we estimate the abundance using

a cut of logLHα,broad > 42. For the LRDs from H. B.

Akins et al. (2024), we adopt a cut of logLHα,broad > 43,

corresponding to their reported value at logLbol > 45.

For the LRDs from V. Kokorev et al. (2024a) and P.

Rinaldi et al. (2026), we use a common threshold of

MUV < −17.5. We also show the theoretical prediction

from F. Pacucci & A. Loeb (2025) for MUV < −18.5.

Finally, we include the z < 4 estimates from Y. Ma

et al. (2025), using a threshold of MUV < −18.5,

which is approximately comparable to their reported

cut of M5500 < −20.5. The only spectroscopically

confirmed LRD in their sample has logLHα,broad =

43.25. Although there is no strong correlation between

logLHα,broad and MUV, for the purpose of comparison

we approximately treat logLHα,broad = 43 as corre-

sponding to MUV = −18.5, and logLHα,broad = 42 as

corresponding to MUV = −17.5. We emphasize that

this is only an illustrative approximation, since differ-

ent studies may have different photometric and spectro-

scopic depths, as well as different methods for deriving

MUV and logLHα,broad.

Our measurements are broadly consistent with other

JWST-based estimates at thresholds roughly compara-

ble to logLHα,broad > 42, although they are systemati-

cally higher than the EDR estimate by about 0.5 dex.

As shown in the left panel, while the nominal luminosity

limit of the EDR LRD sample is also logLHα,broad = 42,

the more realistic limit for high completeness is likely

closer to logLHα,broad = 43. Under this brighter cut,
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the EDR estimates are more consistent with those from

F. Pacucci & A. Loeb (2025) and Y. Ma et al. (2025).

We also estimate the abundance of our sample using a

brighter cut of logLHα,broad > 43. Even though our

sample does not contain LRDs with logLHα,broad > 43

at z < 4 due to the small volume probed by NEXUS, the

measurement at z ∼ 5 shown by the purple star remains

consistent with the literature results. This suggests that

the apparent discrepancy between the estimates from Y.

Ma et al. (2025) and our measurements can be largely

alleviated once the different luminosity limits are taken

into account.

Overall, our estimates of the LRD abundance are rea-

sonable and provide the first spectroscopic constraint

on the LRD abundance down to logLHα,broad > 42 at

2.5 < z < 5 with high completeness. We also plot the ac-

cumulative AGN number density for Lbol > 1044 erg s−1

using the extrapolated luminosity function from X. Shen

et al. (2020) in the right panel of Figure 11. Our mea-

surements indicate that the number density of high-

redshift LRDs is significantly higher than that of normal

AGNs by about 0.5–1 dex, consistent with previous find-

ings (e.g., X. Lin et al. 2026a). Meanwhile, the abun-

dance of LRDs appears to decrease toward lower red-

shift. Future wide-area studies with the Roman Space

Telescope, targeting AGNs and LRDs at cosmic noon,

will be essential for further studying the evolution of

the AGN and LRD populations toward lower redshifts

and the faint end.

3.4. Spatial Clustering

Figure 4 shows the spatial distribution of our spec-

troscopically confirmed LRDs (red filled circles) within

the central NEXUS footprint. To quantify the cluster-

ing properties of this sparse spectroscopic LRD sam-

ple, we cross-correlate it with the much larger NEXUS

photometric galaxy sample. Cross-correlation with a

photometric sample also has the added advantage that

the spectroscopic sample does not have to be homo-

geneously selected from the survey footprint. We re-

strict the photometric galaxy sample to sources with

22 < mF444W < 26 and 2.3 < zphot < 6.7, yielding

2166 galaxies in total. The redshift range is chosen to

match that used for the abundance measurements in

Section 3.3, ensuring consistency. For the LRD sample,

we apply the same redshift cut to enable a meaningful

cross-correlation measurement, leaving 34 objects in the

final sample.

We measure the angular cross-correlation function

(CCF) between the LRD sample and the photometric

galaxy sample, and present the results in Figure 12. For

comparison, we also show the auto-correlation functions
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Figure 12. Angular correlation functions for different sam-
ples, measured over 1 ≲ θ ≲ 100′′. The best-fit power-law
models are shown as dashed lines and summarized in Table 5.
Uncertainties are estimated using 9 jackknife resampling re-
gions.

(ACF) of the galaxy sample and the LRD sample as

black open circles and blue triangles, respectively – al-

though we caution on the ACF of the spectroscopic LRD

sample, since it may suffer from selection incompleteness

that could create artificial spatial structures in the ACF.

For the ACF, we use the Landy–Szalay estimator (S. D.

Landy & A. S. Szalay 1993). For the cross-correlation,

we adopt the simple estimator QG/QR-1, where QG

and QR are the normalized numbers of LRD–galaxy and

LRD–random pairs in each angular separation bin. The

uncertainties of both the ACF and CCF measurements

are estimated using standard jackknife resampling.

Following M.-Y. Zhuang et al. (2026a), we model the

measured small-scale clustering as a power-law extrap-

olation of the large-scale two-point correlation function,

ω(θ) = (θ/θ0)
−β = A0θ

−β , where θ is the angular sep-

aration in units of radians. To reduce edge effects from

the survey boundaries, we fit only the angular bins with

θ < 100′′. Given the large uncertainties due to the small

sample size, we fix the power-law slope to β = 1 for

all samples, following Y. Shen et al. (2007). We have

also tested β = 0.8, as adopted by M.-Y. Zhuang et al.

(2026a), and confirmed that this choice does not affect

our conclusions. Assuming a real-space correlation func-

tion of the form ξ(r) = (r/r0)
−γ with γ ≡ β+1 = 2, we

derive the real-space correlation length r0 and the lin-

ear bias b for both the ACF and CCF samples. Further

details of the assumptions and calculations are provided

in M.-Y. Zhuang et al. (2026a).
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Table 5. Clustering Measurements

Sample θ0 (β = 1) r0 (γ = 2) linear bias

h−1cMpc

Galaxy×Galaxy 0.75+0.10
−0.10 2.69+0.18

−0.19 1.39+0.09
−0.10

LRD×LRD 23.85+10.25
−10.25 12.89+2.52

−3.16 8.20+1.60
−2.01

LRD×Galaxy 1.56+0.42
−0.42 5.37+0.68

−0.79 3.09+0.39
−0.45

Table 5 summarizes the clustering measurements for

the different samples. We detect a significant clustering

signal for the LRD sample over angular scales of 1′′–

100′′, which are well probed by our survey area, although

the strength of the CCF is somewhat weaker than that

reported by M.-Y. Zhuang et al. (2026a). The linear

bias inferred from the direct LRD ACF measurement is

bLRD = 8.20+1.6
−2.01, consistent with the value of bLRD =

6.87+2.54
−2.18 obtained by assuming b2LRD×gal ∼ bLRDbgal,

where bLRD and bgal are the linear biases of the LRD

and galaxy samples, respectively. Our measurement is

lower than the value of b = 10.15+4.82
−4.54 reported by M.-Y.

Zhuang et al. (2026a), but remains consistent within 1σ.

The linear bias value in this work roughly corresponds

to typical halo masses of a few ×1011 h−1M⊙, which is

broadly consistent with recent clustering measurements

of JWST BLAGNs at z ∼ 4 − 6 (e.g., J. Arita et al.

2025; X. Lin et al. 2026b). Improved sample statistics

of LRDs from future NEXUS data will refine these clus-

tering measurements.

4. DISCUSSION

4.1. Composite LRD Spectra

As discussed in Section 2.3 and summarized in Ta-

ble 2, we visually divide our spectroscopic LRD sample

into three subclasses based on their spectral shapes: S-

shape, V-shape, and L-shape. To further illustrate the

spectral diversity of LRDs and examine the differences

among these subclasses, we construct stacked spectra

for each group and compare their composite spectra in

Figure 13. Our SED-shape definition strongly depends

on the rest-wavelength coverage by the MSA spectra,

hence source redshift. So interpreting these shapes with

physical origins is somewhat difficult. In the following

discussion, we fit the SEDs with simple models, while

keeping in mind the effects of the limited wavelength

coverage when interpreting the results.

We normalize the spectra by the flux density at 4000 Å

and resample them onto a common rest-frame wave-

length grid using SpectRes (A. C. Carnall 2017). The

top panel of Figure 13 shows the stack of the S-shape

LRDs, together with two subsamples divided at z = 4.

The S-shape subclass represents the most typical LRD

spectral energy distribution, characterized by a clear UV

upturn, a strong Balmer break, and a continuum that

gradually declines toward the rest-frame infrared, pro-

ducing the characteristic laid-down S-shape. The mid-

dle panel shows the V-shape LRD stack, which also ex-

hibits a significant UV upturn, but the Balmer breaks

are somewhat less pronounced than those of the S-shape

LRDs on average. V-shape LRDs may be truncated S-

shape LRDs, due to incomplete rest-frame wavelength

coverage at these high redshifts. Therefore, the shape

classifications used here primarily reflect observational

differences in the available spectra, rather than distinct

physical origins.

For both the S-shape and V-shape LRDs, we fit a

simple blackbody model to the continuum redward of

the Balmer break after masking the major emission-line

regions, following the BH* interpretation (R. P. Naidu

et al. 2025; A. de Graaff et al. 2025b). The median

temperature of the S-shape LRDs is around 4500K, ap-

parently higher than that of the V-shape LRDs. How-

ever, this difference is driven by the phenomenological

classification rather than by an intrinsic physical differ-

ence. To illustrate this point, we divide the S-shape

LRDs into two redshift bins. The two redshift sub-

samples broadly preserve the same overall S-shape, pro-

viding a useful sanity check on our visual classification.

Nevertheless, they show different rest-optical slopes and

therefore different median blackbody temperatures: the

z < 4 S-shape LRDs have lower fitted temperatures,

while the z > 4 S-shape LRDs have higher fitted tem-

peratures. This apparent redshift evolution in average

effective temperature is artificial: a low-temperature S-

shape LRD at high redshift would be classified as a

V-shape LRD by definition, because the truncation at

rest-IR wavelength would prevent us from observing the
redder rest-frame continuum to classify it as an S-shape.

In other words, high-temperature LRDs are more likely

to be classified as S-shape, removing such objects from

the V-shape class. Consequently, as shown in the mid-

dle panel, the median fitted temperature of the V-shape

LRDs is indeed low.

In summary, we do not interpret the difference be-

tween the S-shape and V-shape composites as evidence

for any intrinsic difference or redshift evolution in the ef-

fective temperature distribution. A more detailed anal-

ysis of the distributions of temperature, redshift, and

SED shape is presented in Section 4.2 and in Figure 14.

Finally, the L-shape LRDs do not show an obvious

Balmer break and therefore represent a more tentative

subclass of LRDs. Nevertheless, we note that similar

sources have been reported in the literature as LRDs
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(e.g., R. E. Hviding et al. 2025; A. de Graaff et al.

2025b), and such objects likely lie near the bound-

aries of current photometric selection criteria. These

L-shape LRDs can be easily confused with some ELGs

and BLAGNs, so we compare the L-shape LRD stack

with stacks of possible contaminants in NEXUS to high-

light the differences. As shown in the bottom panel

of Figure 13, all of these objects exhibit blue UV con-

tinua, while BLAGNs generally show stronger UV emis-

sion lines, such as Mg ii and C iv, than the L-shape

LRDs and ELGs. In addition, ELGs show a stronger

Balmer break than the L-shape LRDs. In the rest-

optical region, the L-shape continuum is redder than

those of ELGs and BLAGNs. Continuum emission from

a host galaxy may contribute to the rest-optical SED

of L-shape LRDs, but the compact morphology of these

LRDs limits this possibility, and the weak UV emission

lines of L-shape LRDs distinguish them from normal

AGNs. Nevertheless, for very faint objects, such as ID-

92879 with mF444W = 25.94, distinguishing these differ-

ent scenarios could be challenging. Overall, we retain

the L-shape subclass in our analysis. Because there are

only five L-shape LRDs, they do not affect the main

conclusions of this work.

4.2. BH* model decomposition

In this subsection, we perform a simple spectral de-

composition that additionally includes the host-galaxy

contribution in the rest-frame UV, within the BH*

framework (e.g., R. P. Naidu et al. 2025; W. Q. Sun

et al. 2026), in order to further characterize the spectral

diversity of the sample.

For the host galaxy emission, we construct six ELG

templates by stacking NEXUS ELGs at z > 2 in six bins

of UV color, defined by F115W − F150W. These ELG

templates are used as possible host-galaxy components

for the LRDs. In the fitting procedure, we test each ELG

template in combination with a blackbody component

and select the combination that provides the best fit.

The fit is performed in the rest frame after masking the

major emission-line regions. We define the BH* fraction

as the fraction of blackbody flux at 5500 Å continuum.

Figure 14 shows the best-fit decomposition for each

LRD. Given the simplicity of the toy model, its perfor-

mance is encouraging, as it successfully reproduces much

of the observed spectral diversity of the sample. For the

most typical S-shape LRDs, such as ID=90371, 86363,

ID=151449, and ID=117491, the blackbody fraction is

close to unity, indicating that these sources are nearly

naked BH* systems, similar to literature examples such

as MoM-BH*-1 (R. P. Naidu et al. 2025) and the Cliff

(A. de Graaff et al. 2025a).

For some lower-redshift S-shape LRDs, such as

ID=93986, the apparent break occurs at wavelengths

longer than the Balmer break. This behavior can be ex-

plained by a combination of stronger host-galaxy emis-

sion and a weaker, lower-temperature blackbody compo-

nent. As the sources become fainter and the BH* frac-

tion decreases further, the spectra can resemble those

of the L-shape LRDs, such as ID=92199 and ID=96854.

In these objects, the blackbody temperature is not well

constrained, whereas the large host-galaxy contribution

appears to be more robust.

In the left panel of Figure 15, we show the distribu-

tion of blackbody temperature and BH* fraction, where

the latter is quantified by the blackbody flux fraction

at 5500 Å, for different spectral subclasses and redshift

ranges. This distribution provides a more direct illus-

tration than Figure 13 for explaining the apparent red-

shift and temperature differences between S-shape and

V-shape LRDs. Light-colored symbols represent low-

redshift LRDs, while dark-colored symbols represent

high-redshift LRDs. At low redshift, the sample con-

tains only S-shape and L-shape LRDs, shown in pink

and yellow, respectively, and their fitted temperatures

span a broad range from ∼ 2500 to 5000K. There are

no V-shape LRDs in this redshift range, because the

available wavelength coverage is sufficient to reveal the

full S-shape continuum. At z > 4, high-temperature

LRDs can still be classified as S-shape objects, shown

as red points, whereas low-temperature LRDs can only

be classified as either V-shape objects, shown in blue, or

L-shape objects, shown in gold, depending on the rela-

tive host-galaxy contribution.

To further test for possible redshift evolution, we

also show the median results for LRDs at z < 4 and

z > 4, shown in light green and dark green, respec-

tively. Within the uncertainties, we find no significant

difference in fitted temperature between the two red-

shift bins. The fitted BH* fraction differs by about

15%, but this difference is most likely driven by ob-

servational and measurement biases. For example, at

higher redshift, LRDs with stronger host-galaxy contri-

butions may be harder to select and to constrain be-

cause of the more limited rest-frame wavelength cover-

age. Therefore, apart from the abundance evolution dis-

cussed above, we do not find clear evidence for redshift

evolution in the fitted continuum properties of LRDs.

In the right panel of Figure 15, we show the

same distribution, but color-coded by the Balmer-break

strength. The Balmer-break strength is measured from

the PRISM spectra as the ratio of the mean fν values

in the rest-frame wavelength intervals [0.362, 0.372]µm

and [0.400, 0.410]µm, following the definition commonly
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Figure 14. The host-galaxy plus blackbody continuum decomposition for each LRD, shown in the same format as Figure 7.
The red curve shows the best-fit total model, while the blue and orange curves show the host-galaxy and blackbody components,
respectively. Light gray shaded regions mark the emission-line windows excluded from the continuum fitting. The text in each
panel lists the best-fit blackbody temperature and the blackbody flux fraction at 5500 Å.
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Figure 16. Left: Rest-frame total Hα equivalent width versus Balmer decrement, LHα/LHβ . Gray contours show the
counts-density distribution of SDSS DR16 quasars at z < 0.6, red stars show the NEXUS LRDs, and the purple star marks
the LRD median. The black dashed line indicates the Case B value of 2.86. Right: Spearman rank correlation matrix for
LRD emission-line and continuum properties, restricted to sources with MUV < −17.5. Rows correspond to line luminosities,
equivalent widths, Balmer-break strength, and Balmer decrement, while columns correspond to log fBB,5500, logL5100, logLHα,
and logLUV. The color scale indicates the Spearman coefficient ρ.
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adopted in the literature (e.g., A. de Graaff et al. 2025b).

For a few special cases, we slightly enlarge the measure-

ment windows to ensure a more robust estimate. The

Balmer-break strength can be regarded as a proxy for

the overall continuum shape of LRDs. As shown in Fig-

ure 15, it correlates well with both the fitted BH* frac-

tion and blackbody temperature: LRDs with stronger

Balmer breaks tend to have higher fitted blackbody tem-

peratures and larger BH* fractions, corresponding to

weaker host-galaxy contributions.

In addition, we estimate the blackbody luminosities

from the best-fit temperatures. We find that the in-

ferred blackbody luminosities are systematically lower

than the bolometric luminosities, with a median offset

of 0.8 dex. This is similar to the 0.9 dex offset reported

by A. de Graaff et al. (2025b), and supports the argu-

ment discussed in Section 3.2 that applying traditional

bolometric corrections calibrated for normal AGNs may

overestimate the bolometric luminosities of LRDs (J. E.

Greene et al. 2026; H. Umeda et al. 2026).

We also present additional evidence for the BH* sce-

nario in Figure 16. In the left panel, we compare the ex-

ceptionally large total Hα equivalent widths and Balmer

decrements of the LRDs with a compilation of SDSS

quasars at z ≃ 0–0.6 (Q. Wu & Y. Shen 2022). The me-

dian value of the LRD sample, shown as the purple star,

lies in the outskirt of the local quasar distribution, sug-

gesting that the mechanisms powering the Balmer lines

in LRDs may differ from those in typical quasars/AGNs.

In the right panel of Figure 16, we show a corre-

lation matrix for different LRD properties, providing

additional clues for the BH* scenario. The strongest

correlation is between the Hα luminosity and the con-

tinuum luminosity, logL5100, both estimated from the

MSA spectra. In contrast, there is little correlation

between EWHα and logL5100. This suggests that the

Hα emission and the rest-frame optical continuum emis-

sion are likely linked to the same energy source, iden-

tified here as the BH* component. We also measure

the rest-frame EW[O III]λ5007 from the best-fit spectral

models described in Section 3.1. We find a strong anti-

correlation between EW[O III]λ5007 and the BH* frac-

tion. At the same time, L[OIII] is nearly independent of

logL5100, suggesting that the [O iii] emission primarily

originates from the host-galaxy component rather than

from the SMBH itself (A. de Graaff et al. 2025b; Y.

Pang et al. 2026). This supports the decomposition of

the LRD spectra into a host-galaxy component and a

BH* component.

The third strongest correlation is between the Balmer-

break strength and the BH* fraction, as already illus-

trated in the right panel of Figure 15. In addition, the

Balmer decrement shows a moderate correlation with

the BH* fraction (S.-J. Chang et al. 2026). Finally, we

note that LUV is moderately correlated with both Hα

luminosity and Hα equivalent width. This trend may

be caused by two effects. First, it may partly reflect

selection bias: because most LRDs are selected through

their V-shaped SEDs, sources near the detection limit

are preferentially identified when they have comparable

rest-UV and rest-optical fluxes. Second, in our simpli-

fied decomposition, we assume that most of the rest-UV

emission originates from the host galaxy and model the

BH* component as a blackbody. However, as suggested

by W. Q. Sun et al. (2026), the BH* component may

also contribute to the rest-UV emission.

Furthermore, we find an anti-correlation between stel-

lar mass and BH* fraction. While this trend may be a

trivial outcome from our spectral decomposition, i.e.,

larger BH* fraction corresponds to weaker host emis-

sion, it provides a cross-check on our mass estimates

and spectral decomposition.

Overall, our toy decomposition model provides a sim-

ple but useful phenomenological description of the con-

tinuum diversity of LRDs within the BH* framework,

in which the observed spectra can be interpreted as a

combination of a blackbody-like BH* continuum and

a host-galaxy component. Nevertheless, we have not

tested, proven, or ruled out other possible scenarios. A

more comprehensive investigation of the physical nature

of LRDs is left as important future work.

4.3. Non-detection for stellar absorption signals

Within the BH* framework, the red optical contin-

uum may arise from a dense blackbody atmosphere en-

shrouding the black hole, which could in principle pro-

duce absorption features similar to those seen in cool

stellar atmospheres. This possibility has recently been

examined by B. Wang et al. (2026), who reported a

prominent rest-frame ∼ 1.4µm water absorption fea-

ture in two z ∼ 2 LRDs among the coolest objects in

their sample, with T ≲ 3000K. X. Lin et al. (2026c) also

detected extremely strong absorption lines in the local

LRD “The Egg”, which may indicate the presence of a

cool, metal-enriched gas envelope.

We first examine whether stellar absorption features

such as Mg I b, Na ID, and TiO can be identified in the

LRD spectra. Although some broad continuum simi-

larities are present, we do not detect these absorption

features convincingly. This search is complicated by the

presence of emission lines, as well as by the relatively low

spectral resolution and large uncertainties of the spec-

tra.
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Figure 17. Search for possible water absorption in LRD
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ted with a two-component dwarf model based on PHOENIX
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tral shape similar to the expected water absorption feature,
introducing a degeneracy that makes a robust detection chal-
lenging.

We then search for possible H2O absorption in the

LRD spectra. In the current NEXUS LRD sample, the

only source that simultaneously satisfies the wavelength-
coverage requirement and has sufficient SNR for this test

is our lowest-redshift LRD, ID 93986, at z = 2.346. Fol-

lowing B. Wang et al. (2026), we construct a grid of

dwarf templates from the PHOENIX stellar atmosphere

models (F. Allard et al. 2012), spanning effective tem-

perature 2000 < T < 5500K in steps of 100K, metallic-

ity −4.0 < [M/H] < 0.5 in steps of 0.5 dex, and surface

gravity 0 < log g < 5.5 in steps of 0.5 dex. We model the

LRD spectrum as a non-negative linear combination of

two dwarf components, with both components allowed

to vary freely within this template grid.

The best fit is shown in Figure 17. A two-dwarf model

with temperatures of T = 3100K and T = 3600K can

reproduce the observed spectrum well. Based on the fit-

ting results, we note that the tentative trough around

∼ 1.4µm is explained by a relatively warm dwarf with

high surface gravity, which produces a spectral shape

similar to the expected water absorption feature. This

introduces a degeneracy between a warm, high-log g

dwarf and a cooler dwarf (T < 3000K) with genuine

water absorption. Because metallicity and surface grav-

ity can strongly modify the spectral shape at fixed tem-

perature, the current spectral quality and wavelength

coverage do not provide evidence for a detectable water

absorption feature.

Although we do not detect clear stellar-atmosphere-

like absorption features in the NEXUS sample, this non-

detection does not rule out the BH* scenario. Host-

galaxy dilution, the limited spectral resolution and

depth of the current data, and incomplete wavelength

coverage can all weaken or obscure such features. The

fact that a two-dwarf-component model can reproduce

the observed spectrum may be qualitatively consistent

with the possibility of multiple temperature layers in

the BH* scenario. Future JWST observations optimized

to target these absorption bands with higher SNR and

more suitable wavelength coverage are essential for test-

ing this aspect of the BH* model.

5. SUMMARY

In this work, we present a photometric and spec-

troscopic census of LRDs at 2.3 < z < 7.5 using

JWST/NIRCam imaging and NIRSpec/MSA PRISM

spectroscopy from the ongoing NEXUS program. We

apply three complementary photometric selection meth-

ods: V-shape color selection, V-shape slope selection,

and Red-color selection. Together, these selections iden-

tify 463 photometric LRD candidates over the current

NEXUS-Wide imaging footprint. From NIRSpec/MSA

spectroscopy in the central Deep tier, we identify 36

spectroscopically confirmed LRDs. The combined pho-

tometric selection reaches a completeness of ∼ 85%

based on the spectroscopically confirmed sample, while

the purity is ∼ 60% for candidates with F444W < 26

mag. The main contaminants are strong emission-line

galaxies and AGNs, as well as dwarf stars, while gen-

uine LRDs not recovered by the photometric selections

are mostly missed because of emission-line contamina-

tion in the broadband photometry. These results show

that combining multiple photometric methods can yield

a high-completeness LRD sample with quantifiable con-

tamination.

We characterize the spectral properties of the spec-

troscopic LRD sample by modeling the Hβ+[O iii] and

Hα regions in the PRISM spectra. Most LRDs, 31 out

of 36, show resolved broad Balmer emission lines with

FWHM > 600 km s−1, and 90% of these broad-line

sources have FWHM > 1000 km s−1. We estimate their
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host-galaxy stellar masses and discuss the large uncer-

tainties associated with deriving black hole masses and

bolometric luminosities from scaling relations calibrated

for typical AGNs. We also provide the first constraint

on the LRD abundance based on spectroscopic samples

down to logLHα,broad > 42 at 2.5 < z < 5 in a regime

where the spectroscopic completeness is well character-

ized. Our results suggest that low-luminosity LRDs at

z ∼ 2–3 have a higher space density than currently

inferred from ground-based searches targeting brighter

systems. Furthermore, we present an exploratory clus-

tering measurement of these spectroscopic LRDs. Al-

though the uncertainty remains large, the inferred lin-

ear bias of ∼ 6 suggests that LRDs reside in dark matter

halos of several ×1011 h−1M⊙.

The 36 spectroscopically confirmed LRDs include S-

shape, V-shape, and more tentative L-shape sources, il-

lustrating the broad spectral diversity of the population.

They span a wide range of Balmer-break strengths, ap-

parent break wavelengths, and emission-line properties.

We find no clear redshift evolution in these main spectral

properties over the redshift range probed by our sam-

ple. This diversity can be broadly explained by a red,

blackbody-like rest-optical component combined with a

mostly blue host-galaxy component, consistent with the

BH* interpretation in which an accreting SMBH is en-

shrouded by dense gas. We also explore correlations

among different spectral properties as empirical tests of

this scenario. For example, the broad Hα luminosity cor-

relates with the rest-optical continuum luminosity, while

the narrow [O iii] emission shows a much weaker connec-

tion to the rest-optical continuum but a much stronger

correlation with the inferred host-galaxy fraction.

Future NEXUS observations will improve these con-

straints. Additional NIRSpec/MSA spectroscopy in the

Deep tier and NIRCam/WFSS spectroscopy in the Wide

tier will increase the spectroscopic LRD sample size

and improve measurements of completeness, luminosity

functions, and clustering. The full NEXUS dataset will

therefore provide a more complete and comprehensive

view of the demographics, environments, and physical

origin of LRDs.
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