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ABSTRACT

We present spectral measurements for 17 Little Red Dots (LRDs) and 14 blue broad-line active
galactic nuclei (AGNs) at 2 < z < 6 using multi-epoch JWST NIRSpec MSA spectra from the NEXUS
program, sampling rest-frame timescales of ~ 1 — 3 months. Overall, the LRD population shows signif-
icantly enhanced Balmer decrement compared with both blue JWST AGNs at similar redshifts and 56
low-redshift broad-line AGNs matched in Ha luminosity. The rest-optical continua of LRDs show little
ensemble variability (rms < 3%), and the total Ha emission also shows weaker ensemble variability
compared with low-redshift AGNs matched in Ha luminosity and rest-frame timescales. Based on the
flux uncertainties, we constrain the intrinsic Ha rms variability to be < 4% for the LRD population
over these timescales. Combining our results with recent broad-line variability measurements of LRDs
over yearly to decade timescales reveals a low-level white-noise pattern across all timescales, in stark
contrast to the variability amplitude (~ 6% over monthly timescales) and red-noise pattern observed
in normal AGNs. These results add to the growing observational studies that suggest population-wise,
LRDs have weak variability both in optical continuum and broad-line emission. Furthermore, the dis-
tinct white-noise broad-line variability pattern suggests different production mechanisms of broad-line
emission in LRDs as opposed to normal AGNs, and/or different properties of the driving ionizing flux
from the central engine.
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1. INTRODUCTION

A key observational characteristic of active galactic
nuclei (AGNs) is multi-wavelength and multi-timescale
variability. Studies of low-redshift AGNs suggest that
rest-frame UV /optical continuum variability traces the
variability of a central accretion disk surrounding the
supermassive black hole (SMBH). Continuum emission
from the accretion disk in the UV /optical will reverber-
ate to the broad emission lines in the broad-line region
(BLR; R. D. Blandford & C. F. McKee 1982; B. M.
Peterson 2001). Joint analyses of variability from both
the continuum and the response of broad emission lines
thus probe the inner regions of AGNs near the SMBH,
providing estimates of AGN properties such as the BLR
size and SMBH mass (e.g., B. M. Peterson 2001).
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Over the past two decades, studies of photometric and
spectroscopic variability of AGNs have mostly been lim-
ited to the z < 2 Universe. Characteristic timescales
and amplitudes of variability have been obtained by
fitting multi-band continuum light curves to continu-
ous auto-regressive moving average (CARMA) models,
which have been shown to describe AGN UV /optical
variability well (B. C. Kelly et al. 2014). Such metrics of
variability have also been shown to correlate with AGN
properties, including Mppy, Eddington ratio Agqq, and
luminosity (e.g., B. C. Kelly et al. 2009; C. L. MacLeod
et al. 2010; C. J. Burke et al. 2021; W. Yu et al. 2025).
Hence, variability presents a unique way to probe prop-
erties of AGNs.

A major focus of recent JWST observations has been
high-redshift broad-line AGNs (L. J. Furtak et al. 2023;
R. Maiolino et al. 2024; H. Ubler et al. 2023; A. C. Car-
nall et al. 2023; J. E. Greene et al. 2024; Y. Harikane
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et al. 2023; D. D. Kocevski et al. 2023; V. Kokorev
et al. 2023; R. L. Larson et al. 2023; G. Barro et al.
2024; J. Matthee et al. 2024), as most are identified
via broad Ha emission, shifted into the near-infrared
at z 2 2. Meanwhile, the variability of low-luminosity
AGNs at high redshifts (e.g., z = 2) is relatively un-
explored. Large multi-epoch spectro-photometric rever-
beration mapping (RM) surveys have recently allowed
for estimates of rest-UV photometric and spectroscopic
variability in a number of sources out to z ~ 3, prob-
ing rest-frame timescales < years (e.g., Y. Shen et al.
2015, 2019). Correlated photometric and spectroscopic
variability in low-z AGNs have allowed for Mgy mea-
surements (uncertainty ~0.3 dex; Y. Shen et al. 2024),
and tight correlations between AGN parameters (e.g.,
broad-line region radius and luminosity; M. C. Bentz
et al. 2013). However, the evolution of these relations
towards high-z is unknown, and may depend on physical
properties of the system (P. Du et al. 2016).

JWST has revealed an exciting new population of
high-redshift (z 2 4) broad-line objects dubbed Little
Red Dots (LRDs; J. Matthee et al. 2024). LRDs are
compact, red (in rest-optical) sources displaying steep
Balmer breaks and unique V-shaped spectral energy dis-
tributions (SEDs), appearing red in the rest-frame op-
tical and blue in the rest-frame UV (L. J. Furtak et al.
2024; G. Barro et al. 2024; S. Fujimoto et al. 2024; J. E.
Greene et al. 2024; H. B. Akins et al. 2025; D. D. Ko-
cevski et al. 2025; A. J. Taylor et al. 2025a; 1. Labbé
et al. 2023; V. Kokorev et al. 2024; J. Matthee et al.
2024; 1. Labbe et al. 2025). Their compactness and the
presence of both broad emission lines and Balmer breaks
stronger than normal stellar populations can produce
(B. Wang et al. 2024; H. B. Akins et al. 2025; K. In-
ayoshi & K. Ichikawa 2024; A. de Graaff et al. 2025; Y.
Ma et al. 2025) suggest that LRDs harbor SMBHs and
display significant AGN emission. Empirical measure-
ments of LRD luminosity functions find that LRDs are
more common than normal AGNs in the early Universe
(e.g., z 2 4), constituting ~a few percent of the galaxy
population at z &~ 5, up to 100 times that of UV-selected
SMBHSs (G. Barro et al. 2024; V. Kokorev et al. 2024; I.
Labbe et al. 2025; J. E. Greene et al. 2024; J. Matthee
et al. 2024; M.-Y. Zhuang et al. 2025; Y. Harikane et al.
2023; D. D. Kocevski et al. 2025; Z. Pan et al. 2026).
Such a high frequency at early times have brought LRDs
to the forefront of SMBH growth and seeding at high-z.

However, LRDs contain many puzzling features
counter to the AGN narrative. Firstly, LRDs have little-
to-no observed X-ray emission, even using stacked ob-
servations (T. T. Ananna et al. 2024; M. Yue et al. 2024;
R. Maiolino et al. 2025). Additionally, although they ex-

hibit red optical colors, many LRDs display little warm
(C. C. Williams et al. 2024; D. J. Setton et al. 2025; B.
Wang et al. 2025) and cold (D. J. Setton et al. 2025;
M. Xiao et al. 2025; C. M. Casey et al. 2025; I. Labbe
et al. 2025) dust emission, although recent results show
significant mid-infrared emission in some LRDs (X. Lin
et al. 2026; X. Ji et al. 2026; I. Delvecchio et al. 2025;
M. Brazzini et al. 2026). Interestingly, LRDs display
little-to-no photometric variability on rest-frame time-
scales < months (X. Ji et al. 2025; W. Wang et al. 2024;
I. Labbe et al. 2024, 2025; L. J. Furtak et al. 2025; Z.
Zhang et al. 2025a; Z. Stone et al. 2025). In fact, Z.
Zhang et al. (2025a) found that out of a sample of 300
LRDs, only eight potentially have significant variabil-
ity, granting a rate of ~ 3% at best. Many LRDs also
display Balmer absorption ~hundreds of km s~! offset
from the emission line center (R. Maiolino et al. 2024; V.
Kokorev et al. 2025; I. Juodzbalis et al. 2024; D. D. Ko-
cevski et al. 2025; R. Maiolino et al. 2025; M.-Y. Zhuang
et al. 2025; Y. Harikane et al. 2023; D. D. Kocevski et al.
2023; J. Matthee et al. 2024; J. Matthee et al. 2026), a
rare occurrence for low-z BLAGNS (e.g., J. B. Hutchings
et al. 2002; J. Wang & D. W. Xu 2015).

The combination of strong Balmer breaks, Balmer ab-
sorption, a lack of dust, and a scarcity of X-ray de-
tections suggest a dense gas atmosphere encasing the
SMBH. Several models have been invoked to explain
the observed properties of LRDs utilizing regions of
dense gas — these models are likely not mutually exclu-
sive: super-Eddington AGNs (K. Inayoshi et al. 2025; E.
Lambrides et al. 2024; P. Madau & F. Haardt 2024; F.
Pacucci & R. Narayan 2024; A. Trinca et al. 2024; H. Liu
et al. 2025; D. Kido et al. 2025; J. Scholtz et al. 2026; P.
Madau & R. Maiolino 2026; P. Madau et al. 2026; J.-R.
Liu et al. 2026), quasi-stars / direct-collapse black holes
(F. Pacucci et al. 2026; M. C. Begelman & J. Dexter
2026), enshrouded “cocooned” SMBHs (e.g., A. Snep-
pen et al. 2026), and “black hole stars” (BH*s; R. P.
Naidu et al. 2025). While the dense gas explains the
optical continuum, the blue UV continuum may be pro-
duced by host-galaxy emission (C.-H. Chen et al. 2025;
M.-Y. Zhuang et al. 2025; X. Lin et al. 2026; R. P. Naidu
et al. 2025; P. Rinaldi et al. 2025).

Each of these above models has a separate prescription
for the lack of observed continuum variability: super-
Eddington accretion typically displays low intrinsic op-
tical continuum variability (K.-X. Lu et al. 2019; A. Se-
cunda et al. 2025), quasi-stars experience pulsations sim-
ilar to Cepheids on decades-long timescales in the rest-
frame (M. Cantiello et al. 2025; F. Pacucci et al. 2026),
the photosphere of the dense gas envelope surrounding
the BH* experience little variability (A. Sneppen et al.



2026). If LRDs are powered by a normal AGN, both low-
z variability relations and physically-based models sug-
gest significant variability will be observed with a multi-
year baseline, especially for low-mass systems (A. Se-
cunda et al. 2025; S. Zhou et al. 2025). Super-Eddington
hydrodynamical simulations suggest even lower variabil-
ity, hampering prospects of a significant detection (A.
Secunda et al. 2025). Additionally, observed LRD vari-
ability may be dampened by the host galaxy, depending
on the fraction of continuum emission originating from
the AGN (C. J. Burke et al. 2023). Reproducing the ob-
served low LRD continuum variability with typical low-z
AGN variability amplitudes requires a low AGN-to-total
emission fraction of < 30% (M. Kokubo & Y. Harikane
2025; Z. Zhang et al. 2025a; W. L. Tee et al. 2025),
which is difficult to reconcile with the low to little emis-
sion from the host galaxy in LRDs (e.g., Y. Harikane
et al. 2023; C.-H. Chen et al. 2025).

Spectroscopic broad-line variability is a complemen-
tary line of evidence to test proposed models. For low-z
AGNs, the broad-line region (BLR) is illuminated by
the ionizing continuum, echoing the variability from the
UV /optical continuum from the accretion disk. While
X-rays from the LRD will not be detectable due to sup-
posed Compton thickness in the dense gas surround-
ing the SMBH (P. Madau & R. Maiolino 2026), if BLR
emission is powered by leaked ionizing continuum from
within the envelope, it will reverberate the variabil-
ity from the central engine. Therefore, measurements
of broad emission line variability can place constraints
on the different scenarios for LRDs and rule out non-
AGN models. For example, the lensed LRD A2744-
QSO1 (z = 7.04) displays equivalent-width variations
over rest-frame years (L. J. Furtak et al. 2025; X. Ji
et al. 2025). However, systematics induced from lens
modeling complicate the significance of these detections.

To investigate the possibility of (rest-optical) broad-
line AGN reverberation mapping in the early Universe
with JWST, and to place some of the first constraints
on broad-emission-line variability in LRDs, we ana-
lyze multi-epoch JWST NIRSpec spectroscopy from the
NEXUS survey (Y. Shen et al. 2024). NEXUS is a multi-
cycle (Cycles 3-5) Treasury JWST program, obtain-
ing repeated NIRCam imaging and WFSS spectroscopy
over a ~0.1 deg? field within the North Ecliptic Pole
(NEXUS-Wide). The central ~50 arcmin? region of
the NEXUS field is visited with a higher cadence with
joint NIRCam imaging and NIRSpec MSA spectroscopy
(NEXUS-Deep). NEXUS-Wide data are obtained with
a yearly cadence, while NEXUS-Deep data are obtained
with a bi-monthly cadence, both over the course of 2024-
2028. In this study, we utilize the first six epochs of
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Figure 1. The NEXUS BLAGNSs (blue)/LRDs (red/purple)
in Ha luminosity-redshift space The SDSS-RM low-z AGN
comparison sample (gray points) and SDSS DR16Q compar-
ison sample (gray contours) are also shown. Objects rep-
resented by filled stars show the subsample considered for
our Ha variability analysis. The purple stars represent the
subset of LRDs that have “cooler” temperatures (see Sec-
tion 5.2)

NIRSpec MSA spectroscopy from NEXUS-Deep, span-
ning nearly six months in the observed-frame.

This paper is organized as follows: in Section 2, we de-
scribe the spectroscopic data obtained through NEXUS,
its reduction, and the samples of BLAGNs and LRDs. In
Section 3, we describe our emission line modeling pro-
cedure and other metrics of sample classification and
variability. In Section 4, we present the results of our
line ratio and variability analyses. In Section 5, we con-
textualize our observed lack of variability in reference to
local AGNs and recent JWST variability work. Finally,
we conclude in Section 6. By default flux variations are
measured in fractional units relative to the mean flux.

2. DATA
2.1. JWST Observations

NEXUS Deep epochs were conducted with a cadence
of approximately two months. We make use of the
first six Deep epochs executed between June 1 2025 and
March 28 2026. All primary NIRSpec observations used
the MSA PRISM mode, providing a spectral resolution
of R ~ 100 — 300 over 0.6-5.3 um. The observations
employed the NRSIRS2RAPID readout pattern with 43
groups and one integration, together with a two-shutter
slitlet nodding pattern for each pointing, yielding an ef-
fective exposure time of 21.4 minutes per target.

Each Deep epoch comprises four MSA pointings and
is capable of observing ~800-900 targets. Targets are
assigned different priorities according to their bright-
ness and photometry-based science classifications (M.-
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Y. Zhuang et al. 2026a,b). The highest-priority, Class 1
targets include all broad-line objects identified in DESI
DR1 optical spectra ( DESI Collaboration et al. 2026)
and in NIRCam WFSS spectra from the NEXUS Early
Data Release (EDR; M.-Y. Zhuang et al. 2026a). Photo-
metrically selected LRD candidates from M.-Y. Zhuang
et al. (2026a) and Z. Pan et al. (2026) are also assigned
to Class 1. All spectra analyzed in this work corre-
spond to Class 1 targets. Further details on the observ-
ing strategy and data reduction are provided in M.-Y.
Zhuang et al. (2026a) and M.-Y. Zhuang et al. (2026b).

2.2. NIRSpec Reduction

The MSA spectra were obtained with the
PRISM/CLEAR configuration and reduced following
the NEXUS Quick Release notes (M.-Y. Zhuang et al.
2026b). We started from the stage 1 rate.fits products
retrieved from MAST. The spectra were processed using
msaexp v0.9.12 (G. Brammer 2023), the JWST calibra-
tion pipeline v1.16.1 and the CRDS reference context
jwst_1298.pmap. In addition to executing the default
pipeline, msaexp applies corrections for 1/f noise, de-
tector bias, rescales the readout noise using source-free
regions of each exposure and extends the wavelength
limits to 0.54 — 5.5 pm. The sky background was es-
timated by differencing the nodded exposures. The
background-subtracted 2D spectra were then coadded,
and the final 1D spectra were obtained through optimal
extraction.

Our custom reduction performs equally as well as the
DAWN JWST Archive (DJA)® reduction, with all re-
sulting spectroscopic light curves matching within un-
certainty. We visually inspect all spectra to ensure that
the reduction did not induce any artifacts or system-
atics. During this procedure, NX10749 Deep-02 and
NX10835 Deep-02 were removed due to poor reduction
(both DJA and NEXUS reductions).

2.3. BLAGNs and LRDs from NEXUS

We construct a sample of BLAGNs and LRDs, using
the procedures outlined in M.-Y. Zhuang et al. (2025),
subsequently adopted to produce source classifications
in M.-Y. Zhuang et al. (2026b). For a full description of
the criteria used to identify broad Ha emitters and se-
lect LRDs (i.e., Class 1 objects from M.-Y. Zhuang et al.
2026b), see Section 2 of M.-Y. Zhuang et al. (2025). We
initially construct our sample to include all sources cur-
rently classified as broad Ha emitters — i.e., broad-line
AGNs (BLAGNSs) and LRDs. We then restrict the sam-
ple to include sources with more than one Deep spectro-

5 https://dawn-cph.github.io/dja/

scopic epoch, leaving a sample of 31 sources with 17 (14)
LRDs (BLAGNSs). All sources are visually inspected to
ensure they are bona fide BLAGNs and LRDs. We con-
firm all of our LRDs are present in the sample from Z.
Pan et al. (2026). Six of our LRDs exhibit V-shaped
upturns that do not coincide with the Balmer break,
which may be indicative of a blackbody component with
temperature 7' < 3000 K. Such “cool” LRDs have been
identified in prior studies (e.g., A. de Graaff et al. 2025),
and we form a LRD subsample composed of solely these
objects.

We construct a comparison sample of low-z AGNs
from the SDSS-RM program (Y. Shen et al. 2015, 2019),
with spectral measurements from Q. Wu & Y. Shen
(2022, DR16Q), and similar Ly, to the NEXUS sam-
ple. In total, the low-z SDSS-RM comparison sample
consists of 56 AGNs with Ly, > 10! erg s~'. When
useful, we compare to all DR16Q AGNs with the same
luminosity constraint. We show our sample of BLAGNs
and LRDs in Fig. 1, and their SEDs in Fig. 2. We refer to
our sample by names corresponding to their Early Data
Release (EDR) IDs. The upcoming first NEXUS data
release (DR1, Zhuang et al., in prep) will use different
IDs, which we list in Table 1 as well.

3. ANALYSIS
3.1. Emasston Line Modeling

We first fit each of the emission lines present in each
epoch spectrum. The emission line complexes consid-
ered and the models used for each are described in Ta-
ble 2. For each line complex, we consider a 1000 A (rest-
frame) region around the complex center, and adopt a
straight line as the local continuum model. A straight
line continuum suffices for the narrow wavelength ranges
considered. In general, these spectral fitting windows
are chosen per-line, as to not be contaminated by other
broad lines or significant continuum variations. We use a
larger spectral window around Ha (~ 2000 A), as this
line is the basis of our variability analysis and proper
sampling of the continuum is essential.

We fit all emission line complexes jointly for a single
spectrum. All complexes are fit with multiple Gaus-
sians, using LMFIT (M. Newville et al. 2025). The
width and offset of narrow emission lines (if they
can be constrained) are all tied to each other, as-
suming all narrow-line emission is of similar origin.
In particular, the [N11] AA6548,6584, [S11] AA6717,6731,
and [O111] AA959,5007 doublets, [OI] AA6300,6363,
and all Her transitions are all treated as narrow
lines. This greatly constrains the profiles, especially in
lower-resolution portions of the spectra for low-redshift
sources. A majority of the significant Balmer and
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Figure 2. SEDs for our NEXUS BLAGNSs (bottom)/LRDs
(middle), and the SDSS-RM comparison sample (top). All
spectra are shifted to the rest-frame of the source, normalized
within the 5400 — 5700 A continuum window, and smoothed
with a Gaussian kernel of two pixels. The Balmer break,
signifying the supposed location of the “V” within the LRD,
is shown with a vertical dotted line.

Paschen lines, as well as He11A4686, are modeled with
a broad Gaussian component as well. We include the
Fe 11 “bump” near the ninth Paschen transition (Pa9),
implementing it as two broad Gaussians. Due to the
MSA resolution of the spectra, [O1] A3727 and [Ner]
A3869 are blended, so we fit them as a complex. Simi-
larly, Hy and [O 111] A\4364 are heavily blended, so we fit

this complex to a single narrow Gaussian, obtaining an
upper limit on Hy. We restrict the narrow component of
a complex to have a full-width half-maximum (FWHM)
at least 200 km s~! less than that of the broad com-
ponent. We further constrain that narrow component
has a FWHM < 700 km s~!, and the broad component
has a FWHM € [1500, 15000] km s~1. All components
must have an offset from the line center < 1000 km s—!.
None of our LRDs displays apparent Balmer absorption,
mostly likely due to PRISM’s poor spectral resolution,
so we exclude absorption modeling from this analysis.

To account for instrumental broadening, we convolve
the model with the publicly-available line-spread func-
tion (LSF) for NIRSpec prism®. We note that the line-
spread function in reality is different than that provided
by the JWST documentation due to both the morphol-
ogy of the source (A. de Graaff et al. 2024) and the data
reduction procedure (A. J. Shajib et al. 2025). The mea-
sured spectral resolution for point sources can be > 60%
higher than the fiducial dispersion function due to point
source morphology alone, so we increase the LSF reso-
lution by 60% across all wavelengths. This rough and
conservative increase in resolution produces reasonable
model fits for all lines (Fig. 3), even at low spectral res-
olution. We are primarily concerned with the total inte-
grated flux of the line complexes and relative changes in
line properties, not absolute line profiles, so we forsake
the accuracy of model parameters for better fits. We dis-
card any emission lines close to the edge of the spectra
to mitigate the effect of systematics in our analysis.

A recent focus with LRDs has been to determine the
shape of the broad component of Hydrogen and Helium
lines, as many models predict exponential broad com-
ponents from scattering in a dense gas medium (e.g.,
R. P. Naidu et al. 2025; M. C. Begelman & J. Dexter
2026; A. Sneppen et al. 2026; S.-J. Chang et al. 2025).
However, the low-resolution MSA spectra in this study
are inadequate to distinguish between different models.
Additionally, instrumental broadening causes the broad
lines to approach Gaussians, especially for the low-z low-
resolution sources. Therefore, we only utilize a single
Gaussian to extract the broad-line flux for each emission
line. Future dedicated follow-up will be able to deter-
mine the origin and shapes of these broad components.

To estimate the uncertainty in the emission line mod-
els, we utilize a Markov Chain Monte Carlo (MCMC)
approach, using emcee (D. Foreman-Mackey et al. 2013).
We adopt the same model as used previously, but intro-

6 https://jwst-docs.stsci.edu/jwst-near-infrared-
spectrograph/nirspec-instrumentation/nirspec-dispersers-
and-filters



Table 2. Measured Emission Line Complexes

Emission Line Complex | Apest [A] Model

[O11] + [Ne1rr] A3869 3727.42 | narrow + narrow
Ho 4101.74 | narrow

Hey 4340.46 | narrow

HB + [O1m] + Henr 4861.32 | complex

Ha + [N11] + [Su] +

6562.80 | complex

[O]] + Her
Pa9 + Fe 11 9229.01 | complex
[S 1] A9531 9531.00 | narrow
Pad 10049.40 | broad + narrow
Pay + Hel 10938.10 | complex
Pag 12818.10 | broad + narrow
Paa 18751.00 | broad + narrow

duce priors using our initial LMFIT-based fit. For each
parameter, we utilize a uniform prior using 50% to 150%
of the initial fit value as the prior bounds. This allows
for emcee to properly sample the likelihood distribution
around the maximum obtained by LMFIT. We run our
MCMC with 1000 burn-in samples, 1000 used samples,
and 1000 walkers, as necessitated by the large number
of parameters in the model. Because of the complex-
ity of the model’s likelihood-space, some walkers fail to
migrate from their starting position. Due to the large
number of walkers and MCMC samples, we discard these
walkers and still obtain well-sampled parameter distri-
butions, discarding < 50% walkers for each spectrum.
We utilize the distribution of model parameters to deter-
mine the upper and lower errors (16th—84th percentiles)
on the best-fit parameter value. For each line, we mea-
sure the integrated flux and rest-frame FWHM. Most
lines are either too low signal or unresolved to obtain
reliable measurements of integrated flux or line profile
properties. High-SNR lines such as Ha and the Paschen
series are among the most reliable in this analysis. We
acknowledge that the uncertainty in our measurements
is likely underestimated; E. Lambrides et al. (2026) find
a ~ 30% systematic uncertainty in multi-epoch G395M
spectra. Stacking analysis or highly-resolved follow-up
spectroscopy will allow for more detailed line profile
modeling in the future.

A prominent issue throughout our analysis involves
instrument systematics and observational effects within
NIRSpec MSA spectra. Slit losses especially cause fluxes
to vary significantly epoch-to-epoch. The effect of these
slit losses is dependent on both wavelength and slit po-
sition, making it difficult to account for. Seeing as
the line flux may vary, we can in principle normalize
the spectral fluxes using simultaneous broad-band pho-

7

tometry, commonly adopted in reverberation mapping
studies (Y. Shen et al. 2015). However, utilizing aper-
ture photometry on the NEXUS NIRCam imaging data
of our LRD sample, we observe ~6% apparent, epoch-
to-epoch continuum variability in F200W on average.
When using photometry from more sophisticated differ-
ence imaging techniques (i.e., Z. Stone et al. 2025), the
F200W epoch-to-epoch continuum variability decreases
to ~2% on average, with all sources displaying <10%
variability. Results in F444W are similar. Therefore,
we caution using standard aperture photometry in fu-
ture JWST variability studies, as it may be insufficient
for accurate spectro-photometric calibrations, especially
for low-variability sources observed with JWST.

Because we do not have accompanying difference
imaging for each spectrum, we devise a normalization
scheme utilizing the local continuum. LRDs are com-
pact by definition, so both the host-galaxy emission (if
present) and LRD emission of the SED will be affected
by slit losses in the same manner. Our initial difference-
image photometry shows minimal photometric variabil-
ity in our NEXUS LRD sample, which allows us to
use the local spectral continuum to normalize. Sub-
sequently, we divide the emission line profile for each
MCMC sample by the corresponding continuum model,
pixel-by-pixel. We then rescale the epoch spectrum us-
ing the continuum model from the spectroscopic epoch
with the largest continuum value at the line center —
i.e., the epoch least affected by slit loss — to recover the
absolute flux scale of the spectrum.

Our spectral normalization procedure for BLAGNS is
more complex, as the more extended host-galaxy emis-
sion and compact AGN emission will be affected by slit
losses differently. Furthermore, some BLAGNs show
clear signs of a varying continuum, violating the as-
sumption for LRDs. In this case, we normalize by the
aperture photometry, using the broad-band filter (either
F200W or F444W) closest to the emission line. Specifi-
cally, we obtain a multiplicative factor to scale the syn-
thetic broad-band photometry to the measured photom-
etry. This photometry will contain emission from both
the AGN and host galaxy components, allowing us to
compensate for slit losses better than with the local con-
tinuum normalization. While this may introduce addi-
tional scatter present in the photometric light curves,
in all cases the aperture photometry is less variable
than the local SED continuum. We add the photomet-
ric uncertainty in quadrature to all flux estimates with
this normalization. Three of our BLAGNs (NX6456,
NX10749, NX23770) do not have corresponding aper-
ture photometry for each MSA epoch. For these epochs,
we normalize with the aperture photometry taken near-
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Figure 3. Example line model fits for some objects in our sample. For each source (panel), an example emission line is shown for
a particular Deep epoch spectrum. For each panel, the top sub-panel shows the emission line in black, with the 1o uncertainty
shaded in gray, the emission line fit in blue, broad components in cyan, narrow components in orange, and the continuum in
red. Some line complexes (e.g., Ha) have multi-component fits shown within the profile. The bottom sub-panel displays the
residuals (relative to error) of the fits. The reduced x? value for each fit is shown in the corresponding panel.

est to the observed spectrum. While this may induce
an additional ~6% scatter, it reduces all Ha variability
estimates significantly relative to the local continuum
normalization.

For the six cool LRDs, we utilize the aperture pho-
tometry to normalize instead of the local continuum.
Importantly, this reduces the scatter in Ha variability
significantly within each object as opposed to using the
local continuum. If the cool LRDs represent an inter-
mediate stage between BLAGNs and LRDs, they may
exhibit AGN-like spectral variability. Fig. 4 displays a
mosaic of normalized multi-epoch Ha profiles used for
variability analysis.

Within our normalized line profiles, we find that
some sources exhibit significant velocity offsets between
epochs (e.g., NX7607), reaching > 1000 km s~!. While
emission line profile variability is commonly seen in local
AGNs (e.g., L. B. Fries et al. 2023), systematics in NIR-
Spec reduction may also lead to artificial profile vari-
ations. To investigate this, we utilize a sample of 46
emission line galaxies (ELGs) with repeated MSA spec-
tra within the first six NEXUS Deep epochs. We expect
the narrow emission lines present within the ELGs to
be constant in shape, so any observed variations suggest
unaccounted-for systematics. All available epochs for
each object are fit using the same procedure described
earlier in this section. For a proper comparison to the
sample we utilize for variability analysis (Section 3.3),
we only consider the Ha model fits. Only 18 of our
ELGs display Ha emission in multiple spectra, span-
ning 0 < z < 7. We then calculate the velocity offset
between the model line fits in each available epoch. Our
results are shown in Fig. 5 as a function of the amount of
broadening from the LSF at Ha for each source. Most
NEXUS LRDs and BLAGNs display offsets ~ 102~2 km
s~! with uncertainties ~50 km s~!. The ELGs show
similar results, reaching ~ 10* km s~! for large LSF

broadening (i.e., low redshifts). Seeing as the ELGs are
able to reproduce the offsets seen in our BLAGN/LRD
sample, any observed offset likely stems from issues in
wavelength calibration within the MSA reduction cou-
pled with an inability to resolve the profile. Based on
this test, we cannot claim detection of significant pro-
file variability in NX7607 or other BLAGNs/LRDs with
similar offsets measured from multi-epoch MSA spectra.
More work must be done in the future to mitigate such
systematics.

3.2. Line Ratios

We calculate emission line ratios for all observed lines
from the Balmer and Paschen series in order to com-
pare to theoretical predictions for the physical situa-
tions within high-z BLAGNs and LRDs. While ob-
served line ratios are normally obtained with respect
to HB, we opt to utilize line ratios with respect to Ha
due to its ubiquity among our sample and the signifi-
cantly higher signal-to-noise ratio (SNR). We calculate
line ratios for each individual spectrum, but also the
weighted mean of all line ratios across epochs. Many
of the emission line fits straddle the resolution limit,
especially low-SNR lines like Hy. Such measurements
may cause the weighted measurement to drop signifi-
cantly. For comparison, we include multiple extinction
curves within dust_extinction (K. D. Gordon 2024)
and dust_attenuation: the Small Magellanic Cloud
(SMC; K. D. Gordon et al. 2024), Large Magellanic
Cloud (LMC; K. D. Gordon et al. 2003), Milky Way
(K. D. Gordon et al. 2023), and star-forming galax-
ies (SFGs; D. Calzetti et al. 2000). We also calcu-
late Balmer decrements from the SDSS-RM and DR16Q
comparison samples using the total integrated line flux.
Observed line ratios are shown in Fig. 6.

We convert the measured Balmer decrement (Ha/HS
ratio) into an extinction Ay, assuming the decrement
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Figure 4. Normalized multi-epoch Ha line profiles for the broad-line variability sub-sample (Section 3.3), after imposing a
< 5% integrated flux uncertainty cut on each epoch. Typical LRDs are labeled in red, and cool LRDs are labeled in purple.

is due to dust reddening and the fiducial line ratio is
from Case B recombination — though this is probably not
true for LRDs. Using individual line ratios, we obtain
estimates for the dust extinction Ay for each source:

Ay 2.5 logg [(Ha/HB)ObS

= W(HB) — r(Ha) " | (Ho/Hp ] L

where AV = R\/E(B - V), A>\ = K()\)E(B - V),
(Ha/HB)obs is the observed line ratio, and (Ha/H ()int
is the intrinsic line ratio. To obtain estimates for dust
attenuation Ay, we utilize the average extinction curve
for the SMC, with Ry = 3.02, and assume intrinsic line
ratios from Case B recombination. For each source, we
obtain multiple estimates of Ay from each line ratio for
a given epoch. We then utilize the weighted mean of all
Ay across all epochs as our final estimate (Fig. 7). We
choose to exclude Hy and HJ, as their measurements
are highly uncertain. It should also be noted that we
only use Ha/Hp for the SDSS-RM sample, using line
flux values from Y. Shen et al. (2019).

The calculated dust attenuation only serves as a com-
parison for prior studies of broad Ha-emitters. Low-z
analyses indicate that local extinction laws, or ones sim-
ilar, may apply to high-z BLAGNs (C. M. Gaskell &
A. J. Benker 2007). However, many models proposed
for LRDs expect their Balmer decrements to be severely
affected by different physical mechanisms than dust at-
tenuation, such as collisional de-excitation and resonant
scattering in BH*s (R. P. Naidu et al. 2025; A. de Graaff
et al. 2025). Additionally, careful consideration of dust
re-emission and mid-to-far infrared upper-limits within
LRDs decreases simple Ay estimates by ~2.5 mag (K.

Chen et al. 2025). In our discussion, we only utilize
our obtained Ay as a means to discuss the large Balmer
decrements within LRDs and compare with other sam-
ples of LRDs.

3.3. Broad-line Variability

We now compare emission-line variability between our
NEXUS sample and the SDSS-RM comparison sample.
To do so, we restrict our analysis to Ha measurements,
as they are present in almost all NEXUS spectra, by
construction, and most SDSS-RM spectroscopic mea-
surements. Furthermore, our Ha measurements have
the highest quality among all emission lines and are
the least affected by the MSA spectral resolution. Still,
many of the integrated Ha fluxes have large measure-
ment uncertainties of = 10%, rendering variability con-
straints nearly useless. In order to mitigate the influ-
ence of low-SNR fluxes within our analysis, we impose
a cut of individual epoch fluxes with fractional uncer-
tainty < 5% before any variability analysis. Impor-
tantly, SDSS-RM quasars have shown to display intrin-
sic variability ~ 5 — 10% on the rest-frame timescales
probed by NEXUS (Fig. 8). In order to observe 5% in-
trinsic variability within our data, we must restrict the
flux uncertainty accordingly. This quality cut reduces
our LRD and BLAGN Ha variability sample size to 12
and 11, respectively (see Table 3 for details), but largely
preserves the global properties of these populations.

We expect Ha in normal, broad-line AGNs to exhibit
an intrinsic variability, originating from the central en-
gine, as well as white noise from flux measurement un-
certainties. The intrinsic rms variability of an AGN light
curve can be measured with a maximum likelihood es-
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Figure 5. Multi-epoch offsets in the peak model Ha

flux from our line fitting procedure for the sample of
BLAGNs/LRDs (blue/red), as well as a sample of ELGs
(gray). Offsets between two epochs are shown as a function
of the LSF broadening at Ha. Large offsets can be caused
by systematics in MSA spectral reduction, as evidenced by
the results for the ELGs.

timator o (e.g., Y. Shen et al. 2019). This oy metric
presents a statistically rigorous estimate of the intrinsic
flux variability, taking into account measurement errors
in each individual data points. It bypasses many of the
issues present in empirical methods, such as subtracting
a mean flux error in variability amplitude for traditional
structure function measurements.

In brief, the oy estimator assumes the observed sam-
ple distribution is the combination of a single intrinsic
Gaussian” variability (with dispersion og) around the
mean, and contributions from individual measurement
uncertainties. The latter uncertainties do not have to
be the same for individual data points. The intrinsic og
represents a sample-averaged rms variability around the
mean of the distribution. The estimator then evaluates
oo using a maximum-likelihood approach (fully detailed
in Y. Shen et al. 2019). In our case, the distribution
sample refers to the pairwise flux variations (referred to

7 In the current analysis, we assume Gaussian distributions for
all underlying population-wide intrinsic variability. This is
not a perfect assumption since individual objects may have
different rms variability amplitudes, but necessary given the
small sample statistics and limited epochs per object for the
LRD/BLAGN sample.

as 0g,AF, or simply og), or the collection of fluxes from
the light curve (referred to as og ).

We investigate our sample’s emission-line flux vari-
ations by utilizing pairwise fractional flux differences
AFy,. For plotting purposes, we take their absolute
values |AFy,|. These flux differences are obtained be-
tween each available spectral epoch, without duplica-
tion, relative to the mean of the full light curve after
excluding epochs with > 5% flux uncertainty. Observed
(error inflated) |AFy,| can reach 2 10% for our sample,
and > 30% for individual SDSS-RM objects over sim-
ilar rest-frame timescales (< months). For reference,
we list the mean flux uncertainty for each sub-sample
(Owhite noise) in Table 3. Utilizing the flux uncertainties
and cadence within current NEXUS data, we can sim-
ulate distributions of |AFyu,| generated from pure flux
uncertainties, as well as from flux uncertainties com-
bined with intrinsic variability measured for the SDSS-
RM sample. A Kolmogorov-Smirnov (KS) test could
then declare the similarity of the observed and simu-
lated |AFy,| distributions. However, current NEXUS
data contains too few LRD/BLAGN flux pairs to per-
form this analysis, considering that the KS test is more
subject to bias from flux uncertainties and small-sample
statistics. Longer baselines and more flux pairs from fu-
ture NEXUS data will be required to perform KS tests
for a rigorous detection of variability (or lack thereof).

Using the distribution of fractional pairwise flux dif-
ferences, we obtain estimates of the intrinsic variability
within the different considered subsamples. Because the
oo estimator assumes a Gaussian distribution around
zero mean (Y. Shen et al. 2019), we first create negative
duplicates of all |AFy,| flux differences. This enforces
that the distribution has zero mean and a symmetric
profile. We use the procedure outlined in Y. Shen et al.
(2019) to estimate og ap for a given subsample. We
then divide by v/2 to account for the fact we use pair-
wise flux differences instead of the fluxes themselves, as
the intrinsic variability contributes equally to each flux
in the pair, granting a sample-wide o¢. To avoid confu-
sion with the pairwise flux variations og, we label this
estimate o ). as it refers to the intrinsic rms variability
around the light-curve mean. We list these estimates in
Table 3. We exclude NX7607 when obtaining og ic, as
its ~ 30% variability significantly inflates the estimated
intrinsic variability. Due to unknown systematics, we
clarify that these estimates are upper limits to intrinsic
variability.

For comparison, we construct a flux-uncertainty-
corrected ensemble structure function (SF) of Ha vari-
ability using the SDSS-RM Ha light curves (Y. Shen
et al. 2024) from our comparison sample. We first com-
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high-z BLAGNs from I. Juodzbalis et al. (2026).

pile all fractional flux differences, and their uncertain-
ties, between all flux measurements for every AGN in
the SDSS-RM sample, noting its rest-frame time differ-
ence. We bin these flux differences by timescale, then
perform the following;:

SF(At) = \/med[(AF)?] — (k- medjoar])?  (2)

where k ~ 0.67 is the ratio of the median absolute de-
viation (MAD) to the standard deviation for a Gaus-
sian distribution. This SF is essentially the MAD of
all SDSS-RM AF' estimates for a given timescale, di-
rectly comparable to the individual AF values shown
in Fig. 8. As in prior analyses (C. L. MacLeod et al.
2012; S. Koztowski 2016), we subtract the median oap
among all pairs in the timescale bin in quadrature from
the raw SF to correct for flux uncertainties, but we scale
these uncertainties to the MAD. Uncertainties in the SF
are obtained via boostrapping, but are small (~ 0.1%)
given the large number of SDSS-RM pairs (Table 3).
We display this SF in open gray circles in Fig. 8. Most
observed LRD and non-variable BLAGN flux pairs are
consistent or less-variable than the SDSS-RM SF, al-
though the measured |AF| values are inflated from flux
uncertainties. We also recover a sample-wide o0g . for
the SDSS-RM sample (Table 3), using all flux differ-
ences on rest-frame timescales < 100d with the same
procedure as for the BLAGNs and LRDs.

We additionally construct an intrinsic og-based en-
semble SF for SDSS-RM. For each rest-frame timescale
bin, we obtain an estimate o9 aor. We again scale this

dispersion to the MAD for a fair comparison with the ob-
served |AF| values of LRDs and BLAGNs. This struc-
ture function is shown as filled circles in Fig. 8, and
roughly traces the traditional structure function. At
the timescales probed by the current NEXUS data, the
oo-based SF is consistent with the traditional SF, but
grows slightly larger at longer timescales. The two likely
diverge due to each SF method accounting for flux un-
certainty differently, e.g., the standard SF method uti-
lizes the average flux uncertainty in the bin. We com-
pare to a few other variability results in Fig. 8, including
TWINKLE (Z. Liu et al. 2026). They report a deficit
of 30 flux difference detections, given the number of
expected 30 detections within SDSS-RM light curves.
To paraphrase, they find LRD variability is lower than
SDSS-RM variability on ~6 month timescales, which we
display as an upper limit on Figs. 8 & 9 under the SDSS-
RM traditional SF estimate.

4. RESULTS
4.1. Balmer Decrement and Extinction

Our line ratio measurements of LRDs and BLAGNs
are consistent with recent JWST studies. High-redshift
LRDs and BLAGNs generally display larger Balmer
decrement (3.4-16.7 with a median value of 7.64) com-
pared with that for low-redshift AGNs (1.3-10 with a
median value of 3.22). Larger Balmer decrements sug-
gest either elevated dust content or collisionally excited
emission lines (M. Brooks et al. 2025; F. D’Eugenio et al.
2026; A. Torralba et al. 2025; G. P. Nikopoulos et al.
2025), or radiative transfer effects of Balmer lines in ex-
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tremely dense gas (e.g., P. Madau & R. Maiolino 2026;
S.-J. Chang et al. 2025). In fact, many of our sources
exhibit prominent [O I]A8446 emission, indicative of flu-
orescence from Lyf trapping in a dense gas medium
(J. Kwan & J. H. Krolik 1981). The same could be
said for Paschen-to-Balmer line ratios, although obser-
vational evidence suggest different broad line widths for
the Paschen and Balmer lines in AGNs (H. Landt et al.
2008; I. Lamperti et al. 2017), possibly from Paschen
lines existing on the outer parts of the BLR (D. Kim
et al. 2010). M. Kokubo (2024) demonstrate that Ra-
man scattering may produce differing line widths for dif-
ferent Hydrogen lines, although results from the Rosetta
Stone find inconclusive evidence (I. Juodzbalis et al.
2024).

Figure 6 displays the measured line ratios for our
LRDs and BLAGNSs, and the comparisons with predic-
tions from a dust-reddening model with various extinc-
tion laws. Under the dust-reddening assumption, none
of our sources has line ratios significantly violating Case
B recombination, as seen in a few LRDs (G. P. Nikopou-
los et al. 2025; Z. Zhang et al. 2025b). Overall, the line
ratios (and in particular the large Balmer decrement) in
LRDs and BLAGNS can be explained by dust reddening,
albeit with moderate scatter around the prediction (~
0.3 dex). The required dust extinction Ay values to pro-
duce these line ratios in LRDs are higher than typically
seen in low-redshift AGNs, as shown in Figure 7. How-
ever, the lack of dust thermal emission at longer wave-
lengths disfavors this interpretation for LRDs. More
recent LRD models suggest the red rest-frame optical
continuum emission originates from a quasi-blackbody
from the thermalized atmosphere/envelope surrounding
a central accreting BH (e.g., R. P. Naidu et al. 2025;
A. Sneppen et al. 2026). The same models could also
explain the large Balmer decrement using collisional ex-
citation and radiative transfer effects given the extreme
gas densities.

4.2. Ha Variability

Our Ha flux variability for JWST LRDs and BLAGNs
shown in Fig. 8 shows a concentration of flux dif-
ferences < 15%, similar to SDSS-RM quasars on
the same timescales, after accounting for uncertainty.
There is a population of large flux differences within
our sample, all produced by six BLAGNs (NXT7168,
NX23770, NX27038, NX29467, NX30350, NX34911).
These objects produce both small and large flux dif-
ferences across all observed timescales. These “vari-
able” BLAGNs mostly exist at lower redshifts (z < 3),
except for NX7168 and NX23770. They have mod-

erate Balmer decrements (4.2-7.5) and dust attenua-
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Figure 7. Estimates of dust extinction Ay from the NEXUS
BLAGN/LRD sample and SDSS-RM comparison sample.
Estimates are obtained using the total integrated fluxes from
each line. Faded red circles represent total Balmer decrement
Ay estimates for LRDs from the literature (Y. Harikane et al.
2023; M. Brooks et al. 2024; 1. Juodzbalis et al. 2024; 1. Labbe
et al. 2024; F. D’Eugenio et al. 2025; G. P. Nikopoulos et al.
2025; F. D’Eugenio et al. 2026; F. D’Eugenio et al. 2026),
and faded blue circles are high-z BLAGNSs from I. Juodzbalis
et al. (2026). A horizontal black line indicates no extinction
(Av =0).

tion (Ay € [0.5,3.0]), consistent with those from the
SDSS-RM sample. NX23770 does not have accompany-
ing photometry for all spectra, which may result in ex-
cess scatter. The higher flux differences in two of these
objects result from a single MSA epoch with a lower
integrated flux (NX7168, NX34911). Removing these
epochs per-object reduces the range of observed variabil-
ity to < 15%. Additionally, even without removing these
epochs, most fluxes fall within the 95th percentile of the
SDSS-RM flux differences at the same timescales. The
MSA spectra show no obvious signs of poor reduction
and the aperture photometry displays minimal scatter,
so we leave these fluxes in our analysis, but as a separate
“variable” BLAGN sample. Such variable fluxes exceed
the expected variability from white noise and SDSS-RM-
like variability from our procedure in Section 3.3, though
residual systematics in MSA spectra may contribute to
some of these apparent variations.

Our sample-wide intrinsic rms variability estimates
00,1c agree with the low-amplitude variability seen in
Fig. 8. The LRDs exhibit 4.02% Ha variability on rest-
frame ~months, with consistent results seen for both
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Figure 8. Pairwise Ha flux variations as a function of rest-frame timescale. Estimates from LRDs are shown in red/purple, and
BLAGNSs are shown in blue. Note that these individual flux variations are error-inflated. The MAD-scaled traditional structure
function (Eqn. 2) for the SDSS-RM comparison sample is shown as open gray circles and a dashed gray line. Bootstrapped
uncertainties are shown shaded in light gray, but very small. The MAD-scaled oo-based SDSS-RM intrinsic structure function
is shown with filled gray circles. A paraphrased result from TWINKLE (Z. Liu et al. 2026, see Section 3.3) and estimates from
local LRD analogs (C. J. Burke et al. 2026), GlimmIr (E. Lambrides et al. 2026) with systematic uncertainty included, and
A2744-QSO1 (L. J. Furtak et al. 2025) are also displayed. The range of timescales probed by future NEXUS data is shaded in
orange. We caution the apparent significant variability in NX7607 among our sample due to potential systematic uncertainties

(see Section 5.2 for details).

the cool LRDs and more typical “hot” LRDs. How-
ever, considering that the Ha flux estimates likely have
underestimated uncertainty from systematics, this rep-
resents an upper limit of variability in LRDs. Only one
of our cool LRDs (NX7607) exhibits tentative variability
(~30%), although the impact of systematics complicates
its significance. We discuss this further in Section 5.2.

The BLAGN sample produces 52 flux pairs from 14
objects, spanning 1.4 < z < 4.5. The full and variable
BLAGN samples produce og ). ~ 15%, higher than ex-
pected from SDSS-RM variability. Similar to the LRDs,
the non-variable BLAGNSs display 6.16% mean intrinsic
Ha variability. Such variability produced flux difference
pairs consistent with both LRD variability and SDSS-
RM variability.

We obtain a sample-wide o . for the SDSS-RM sam-
ple using all flux differences over similar rest-frame
timescales as the current NEXUS data (< 100d). The
SDSS-RM sample exhibits 6.21% intrinsic rms variabil-
ity, higher than the LRDs by 3.80 but consistent with
the non-variable high-z BLAGNs. Our non-detection of
Ha variability, and suppression relative to local quasars,
adds to a wealth of evidence indicating a lack of vari-
ability in LRDs. Figure 8 summarizes the Ho flux vari-

ability results from different studies. Z. Liu et al. (2026)
observe a lack of LRD Ha variability on rest-frame ~6
month timescales. Local LRD analogs monitored over
the course of a decade only exhibit ~ 5% Ha variabil-
ity (C. J. Burke et al. 2026). Significant short-timescale
(~weeks) Ha variability has only been reported in one
LRD (E. Lambrides et al. 2026), out of the dozens with
multi-epoch spectroscopy. Year-scale Ha variability is
reported in a lensed LRD, but with large uncertainties
incurred via systematics (L. J. Furtak et al. 2025; X. Ji
et al. 2025). Such evidence points towards a relatively
flat structure function of Ha flux variability in LRDs,
as also seen in the continuum variability for local LRDs
(C. J. Burke et al. 2026), discrepant with the variability
properties and physical interpretation in normal AGNs.
We further discuss the implications of the population-
wide variability properties of LRDs in Section 5.

4.3. Photometric Variability

Photometric variability measurements for NEXUS
data with robust difference imaging methods (i.e., Z.
Stone et al. 2025) have only been performed for the
first three Deep imaging epochs. Only one BLAGN,
NX27038 (z = 2.5), has had a 30 variability detection
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within these three epochs. Our current data is only able
to constrain the majority of LRD and high-z BLAGN
variability to the photometric noise floor (~ 2%). Fu-
ture long-baseline NEXUS difference image light curves
will place greater constraints on LRD/BLAGN contin-
uum variability.

Using the F200W and F444W aperture photometry
available for all six MSA epochs, we perform the same
analysis as described in Section 3.3, shown in Fig. 9
and Table 3. While these measurements may present
artificial variability from aperture photometry system-
atics, we obtain the most stringent estimates by again
restricting to photometry with < 5% uncertainty. In-
deed, a few BLAGNSs exhibit particularly high variabil-
ity > 15% in F200W, likely due to imaging systematics.
We list these as tentative variability estimates in place of
the upcoming difference imaging analyses. Generally, we
find little-to-no LRD photometric continuum variabil-
ity on the timescales probed by NEXUS (|AF| < 10%
with a sample-mean g1 S 3%). For comparison, we
utilize the sample of super-Eddington AGNs from the
SEAMBH campaign (K.-X. Lu et al. 2019) with variabil-
ity amplitude measurements. To compare with our sam-
ple, we convert their measured 5100A luminosity to the
bolometric luminosity, using the luminosity-dependent
bolometric correction (~ 20) from H. Netzer (2019).
We then convert this to a broad Ha luminosity using
a factor of 130 from J. Stern & A. Laor (2012). Us-
ing a median broad-to-total Ha ratio of 60% from A. J.
Taylor et al. (2025b), we convert these broad He lumi-
nosities to total luminosities, and restrict the sample to
sources with 41 < log,((Lua) < 44 and light curves with
rest-frame temporal baselines < 100 days. This leaves a
sample of 30 local super-Eddington sources.

In addition, we utilize the SDSS-RM continuum light
curves to construct an uncertainty-corrected SF for the
comparison SDSS-RM sample, originating at rest-frame
3900 — 5600 A, blueward of the window probed by the
NEXUS sample in F444W (0.60 — 1.85 um). For com-
parison, we assemble the og-based intrinsic SF. Similar
to the Ha SF's, the two are roughly consistent with each
other. We also construct a SF using the gri Zwicky
Transient Facility (ZTF; E. C. Bellm et al. 2019) light
curves for three local LRD analogs in C. J. Burke et al.
(2026). We know a priori that the intrinsic variability
is low (o9 < 0.01 mag), so we opt to use the intrin-
sic gg-based SF rather than the traditional one. The
resulting SF for the local LRD analogs is relatively
flat and low-amplitude (~ 3%) across all timescales,
as opposed to the SDSS-RM SF which increases with
timescale. The sample-wide og 1. for these local LRD
analogs across rest-frame timescales < 100d displays

similar results (2.23%), although well below the flux un-
certainties. However, a recent study using ZTF light
curves for additional local LRD analogs (R. Lin et al.
2026) suggests that some local LRDs may display simi-
lar continuum variability behaviors as normal AGNs.
Our constraints on continuum variability are much
stricter than those for Ha due to the number of
flux pairs. In F200W, we find op)c = 2.70% for
LRDs and opjc = 5.17% for BLAGNs. We note
that only one typical LRD has multi-epoch F200W
coverage (NX34350), and cite F444W for significant
LRD constraints. In F444W, LRDs (BLAGNSs) display
00,c =1.78% (3.18%). The intrinsic photometric vari-
ability of LRDs and BLAGNs are generally consistent
with each other, considering the comparable measure-
ment uncertainties. The range of variability observed in
our LRDs/BLAGNS is similar to that observed in local
super-Eddington AGNs of ~[3, 13]%, although the def-
initions of variability are slightly different. Using the
wavelength ranges probed by NEXUS and SDSS-RM
and the relation between wavelength and variability am-
plitude from Z. Stone et al. (2022), we estimate that
NEXUS objects should exhibit ~4% additional contin-
uum variability in the SDSS-RM wavelength range than
the NEXUS wavelength range in F444W. After account-
ing for this wavelength difference, our NEXUS results
are consistent with the SDSS-RM structure function and
SEAMBH estimates. While the sample-wide o¢c in
F444W is higher for the SDSS-RM sample (5.72%) than
the LRDs and BLAGNSs, after scaling the NEXUS es-
timate to the same rest-frame wavelengths probed by
SDSS-RM, this difference becomes marginal (< 30).

5. DISCUSSION
5.1. LRD Models Predict Little Variability

We now discuss the implications of our variability
measurements in the context of recent LRD models that
feature a dense gas envelop surrounding a central accret-
ing black hole. The origin of this dense gas region dif-
fers model-to-model. For a BH*, this dense gas medium
is located outside of the ionized gas and accretion disk
surrounding the SMBH, reaching ~ 1000AU in extent
(A. de Graaff et al. 2025). Resonant scattering, elec-
tron scattering, and collisional de-excitation of Balmer
photons produce large Balmer decrements, Balmer ab-
sorption, and large Balmer breaks - especially in BH*s,
which contain a significant amount of n = 2 state Hy-
drogen (e.g., R. P. Naidu et al. 2025; A. Sneppen et al.
2026; M. C. Begelman & J. Dexter 2026; F. Pacucci
et al. 2026; S.-J. Chang et al. 2025). On the other
hand, super-Eddington accretion in AGNs is believed
to produce a slim disk, with a funnel of gas shielding
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Figure 9. Same as Fig. 8, but using aperture photometry from F200W (left) and F444W (right) for JWST LRDs and blue
AGNs. The open gray circles and shaded regions are for the low-redshift SDSS-RM comparison sample (sampling rest-frame
continuum over 3900 — 5600 A). Filled gray circles show the oo-based SDSS-RM structure function. Orange points represent
the ensemble op-based SF using the local LRD analogs from C. J. Burke et al. (2026). Green stars display the continuum flux
variability amplitudes of SEAMBH super-Eddington AGNs (K.-X. Lu et al. 2019). The upper-limit result from Z. Liu et al.

(2026) (paraphrased — see Section 3.3) is shown in red.

much of the emission from the central engine, especially
when this funnel intercepts most of our line of sight (e.g.,
P. Madau & R. Maiolino 2026; P. Madau et al. 2026).
Both the dense gas funnel and perhaps the surround-
ing dusty torus (if existent) suppress high ionization
emission from the continuum (i.e., UV), while preserv-
ing the strong, broad Hydrogen emission lines, shown in
photoionization calculations with moderate covering fac-
tors (P. Madau & R. Maiolino 2026). Recent analytical
works based on MHD simulations in super-Eddington
accretion SMBHs also predict the formation of a photo-
sphere that produces much of the observed optical con-
tinuum in LRDs (e.g., H. Liu et al. 2025; J.-R. Liu et al.
2026).

However, the emission variability of this region sur-
rounding the SMBH remains unclear. Recent analyses
have shown that LRD photometric variability has much
lower amplitude than typical AGNs (M. Kokubo & Y.
Harikane 2025; Z. Zhang et al. 2025a; W. L. Tee et al.
2025; M. Brazzini et al. 2026; Z. Stone et al. 2025),
also supported by this work. Super-Eddington AGNs
vary less than normal local quasars (e.g., K.-X. Lu et al.
2019), a consequence of variability amplitude decreasing
with accretion rate (Y. L. Ai et al. 2010; C. L. MacLeod
et al. 2010; K.-X. Lu et al. 2019; T. Simm et al. 2016;
S. Rakshit & C. S. Stalin 2017; P. Sanchez-Séez et al.
2018). Observations of local super-Eddington quasars
find lower variability amplitudes in HZ than in the con-
tinuum (by = 60%; C. Hu et al. 2021), with broad-line

variability < 10% (P. Du et al. 2018). Recent super-
Eddington model studies focused on comparison with
LRDs and JWST-discovered BLAGNSs suggest low con-
tinuum variability amplitudes — < 10% (K. Inayoshi
et al. 2025) or ~0.06 mag (A. Secunda et al. 2025) —
and longer continuum variability timescales (< years;
D. Kido et al. 2025; A. Secunda et al. 2025). These
constraints are also present within the current NEXUS
continuum light curves.

In normal AGNs, the broad-line region reprocesses in-
cident ionizing radiation from the central source, echo-
ing its variability. Reverberation mapping campaigns
show Ha response times of months—years, with trans-
fer function widths ~tens of days (e.g., C. J. Grier
et al. 2017; Y. Shen et al. 2024; Z. Stone et al. 2025).
This reprocessed variability will be lower-amplitude and
longer-timescale than that produced by the central en-
gine, making the line variability more challenging to de-
tect. A. Secunda et al. (2025) propose that multi-epoch
spectroscopy with a 3-month cadence will be able to de-
tect LRD broad spectroscopic variability in both super-
Eddington sources and sub-Eddington sources, assum-
ing a sensitivity of 15% in broad-line flux uncertainties.
NEXUS reaches better flux sensitivity and cadence for
the variability subsamples, but we do not detect such
variability echoing a normal AGN driving ionizing flux
for the LRD population over the current NEXUS base-
line.
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Table 3. Variability Statistics

Sample Nobj  Npair  Owhitenoise (0] 00,1c [%0)]

) 2 6 (4) (5)
All LRDs 12 26 2.07 4.021939
Typical LRDs 7 14 2.17 3.6275 61
Ha Cool LRDs 12 1.94 4.42109%
All BLAGNSs 1 49 1.72 15.0671 7
“Variable” BLAGNs 6 35 1.62 17.48%331
“Non-variable” BLAGNs 14 2.25 6.167 152
SDSS-RM 51 10 2.88 6.297003
All LRDs 5 61 1.95 2.707935
Typical LRDs 1 15 2.42 0.00%5 69
F200W 1 cool LRDs 4 46 1.79 2.9870 %
BLAGNs 92 1.10 517105
SDSS-RM 55 10° 6.59 5.727000
Local LRDs 3 10t 7.42 2.251002
All LRDs 16 190 1.72 1784921
Faqaw | Typical LRDs 11 129 2.00 1.85103%
Cool LRDs 5 61 1.12 1667030
BLAGNs 12 124 1.05 3.18%022
SDSS-RM 55  10° 6.59 5.727900
Local LRDs 3 10 7.42 2.2510:02

(1): Sample used. (2): Number of objects in the sample. (3): The total number
of flux difference pairs. (4): Average flux measurement uncertainty across the
sample. (5): Sample-wide intrinsic rms flux variability (upper limits) relative to
a constant mean flux, obtained from the flux difference distributions. We input
the flux difference distributions duplicated with negated flux differences into the
algorithm from Y. Shen et al. (2019), then divide by v/2.

Most other considered models for LRDs predict very
little variability, if any at all, that can be observed
over the course of the NEXUS survey. Cocooned
SMBHs with thick dense gas envelopes (e.g., quasi-stars,
BH*s) will experience pulsations similar to Cepheids
on timescales of ~decades in the LRD rest-frame (M.
Cantiello et al. 2025). In the quasi-star scenario, as the
system evolves, these pulsations will become more er-
ratic and occur on shorter timescales. Direct-collapse
black holes are predicted to experience continuum vari-
ability on similar timescales due to competing accretion
and radiative feedback within the system (F. Pacucci
et al. 2026). However, in this scenario, most line
emission originates below the photosphere, causing the
broad-line components to primarily emerge from scat-
tering (M. C. Begelman & J. Dexter 2026). Hydro-

dynamical simulations within cocooned systems predict
variability on ~year timescales, appearing mostly in the
cores of emission lines, not the broad component (A.
Sneppen et al. 2026).

Sample-wide intrinsic variability estimates imply a
striking (> 30) difference between high-z LRDs and lo-
cal quasars. Additionally, because our measurements
are upper limits, these estimates are likely more dis-
parate. Only one LRD in our sample tentatively
presents significant Ha variability: NX7607 (but see
Section 5.2). Both our variability results and others
over rest-frame timescales extending to ~decades (C. J.
Burke et al. 2026; Z. Liu et al. 2026) reveal a consis-
tency with a white-noise pattern in both continuum and
Ha measurements for LRDs and high-z BLAGNS, if not
at-most low-amplitude (< 5%) intrinsic variability.



Current studies suggest variability will be difficult to
measure in high-z LRDs with current temporal base-
lines. L. J. Furtak et al. (2025) find only marginal ~10%
broad-line variability in the lensed LRD A2744-QSO1
over rest-frame ~years (although it may be up to ~50%;
X. Ji et al. 2025), consistent with local quasar variabil-
ity (Fig. 8). Significant ~0.5 mag continuum variability
is measured in the lensed R2211-RX1 over a rest-frame
century (Z. Zhang et al. 2025c), similar to timescales
of pulsational instabilities in quasi/supermassive stars
(M. Cantiello et al. 2025). Assuming a rest-frame pe-
riod of 41 yr (Z. Zhang et al. 2026) and an amplitude
of 0.5 mag in F444W, R2211-RX1 exhibits < 1% in-
trinsic variability over rest-frame years, consistent with
NEXUS measurements over the same timescales. If
short-term variability is present within LRDs, it is ex-
ceedingly rare, most likely ~a few percent of the total
population at best (Z. Zhang et al. 2025a). Indeed, only
one case of short-term spectroscopic variability has been
measured (E. Lambrides et al. 2026), albeit with signifi-
cant systematic uncertainty. Local LRD analogs present
a unique avenue for probing long-timescale variability,
with searches having been carried out recently utilizing
numerous datasets (X. Lin et al. 2026; C. J. Burke et al.
2026; K. Park et al. 2026; Q. O. Casey et al. 2026; X.
Lin et al. 2026). However, the majority of these samples
display little-to-no variability over decades (og < 0.01
mag; C. J. Burke et al. 2026), with only one source dis-
playing ~10% variability (X. Lin et al. 2026). A viable
path forward for LRD variability studies involves build-
ing large samples of local and high-z LRDs with multi-
epoch spectroscopy and imaging. While lensed systems
are increasingly important to eke out long-term vari-
ability, samples of local LRD analogs with decades-long
baselines are equally as useful.

5.2. “Cool” LRDs

Half of our LRD sample are defined as “cool”
LRDs, displaying UV upturns noncoincident with the
Balmer break, and features mostly consistent with a
cooler blackbody component in the rest-frame optical
(T < 3000K). This is somewhat common in JWST
LRD/BLAGN samples — D. J. Setton et al. (2025) find
that only 50% of their broad Ha emitters have the UV
upturn occur at the Balmer break. Our cool LRDs probe
the low end of blackbody temperatures present in cur-
rent LRD literature (e.g., A. de Graaff et al. 2025), sim-
ilar to five compiled in the low-z DESI LRD sample (X.
Lin et al. 2026). Using properties from Z. Pan et al.
(2026), these cool LRDs exhibit weaker Balmer breaks
and smaller blackbody fractions (i.e., the fraction of the
SED attributed to the blackbody) than the rest of the
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few dozen spectroscopically confirmed NEXUS LRDs.
This agrees with correlations found in prior studies (A.
de Graaff et al. 2025; Z. Pan et al. 2026; X. Lin et al.
2026). It should be noted that all of the cool LRDs lie at
lower redshifts z < 4 than the more typical LRDs, giv-
ing credence to cool LRDs being an intermediate stage
between BLAGNs and LRDs.

In our sample, these cool LRDs exhibit some-
what larger Balmer decrements than JWST BLAGNS,
but consistent with the typical LRDs in our sample.
NX15499, however, exhibits a significantly lower Balmer
decrement, suggestive of a possible reddened AGN. In-
terestingly, the cool LRDs display enhanced PaS/Ha
relative to the BLAGNs (~0.25), indicative of the higher
equivalent widths seen in prior JWST work (J. Matthee
et al. 2024). NX35791 displays Paf/Ha consistent with
extinction laws, but NX7607 and NX15499 do not. This
suggests that NX35791 may be a transitionary object
between BLAGNs and LRDs, or even a heavily reddened
AGN. The agreement of other line ratios with extinction
laws is less clear and varies by object. Previous works
have attempted to reproduce LRD features with a red-
dened AGN (e.g., D. J. Setton et al. 2025; M. Stepney
et al. 2026); these models will require more scrutiny with
respect to the variety of sources seen within the LRD
population.

Generally, the cool LRDs display intrinsic Ha vari-
ability consistent with the typical LRDs, less than the
BLAGNSs. One particular cool LRD (NX7607) displays
significant ~30% variability over a rest-frame timescale
of ~ 40 days, well above 30 flux uncertainties and the
mean SDSS-RM variability. This object has a moder-
ate Balmer decrement, and a shallower Balmer break
(1.08), with a low blackbody temperature (T" = 3210).
NX25108 and NX 15499 also exhibit 10% variability. No-
tably, one local LRD from X. Lin et al. (2026) with
an upturn ~1.1 pym and T = 2500K displays a signifi-
cant (~ 10%) dimming in the infrared over the course
of nearly a rest-frame decade.

We may be viewing a transitionary stage between
LRDs and BLAGNSs, where significant motion of dense
gas causes significant broad/narrow Ha variability. For
example, R. M. Mérida et al. (2026) reported evidence
for an evolution of blackbody temperature and stellar
mass with redshift, suggesting LRDs cool overtime and
become subdominant to stellar emission. Theories pos-
tulating the difference between LRDs and BLAGNSs re-
sults from the line-of-sight gas content (e.g., X. Lin et al.
2026; C.-H. Chen et al. 2026; A. Sneppen et al. 2026) will
produce sub- or super-Eddington AGN Ha variability,
where the AGN’s emission leaks through the poles of the
system. In this case, the continuum and BLR emission
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Figure 10. An overview of the cool LRD NX7607 (z = 3.2). Top: The processed MSA prism spectra for each observed epoch.
Prominent emission lines are indicated with vertical lines, and the Balmer break is shown as a dashed line. Bottom: Normalized

emission line profiles for several emission line complexes.

would resemble SDSS-RM or SEAMBH variability; cor-
relations between Ha and UV /optical continuum emis-
sion complicate this interpretation (e.g., Y. Asada et al.
2026; Y. Pang et al. 2026; C.-H. Chen et al. 2026). The
answer may be in the middle — Y. Pang et al. (2026) sug-
gest a BH*-like model where the covering factor of the
gas shell and temperature decrease with radius, hous-
ing a photoionized BLR. The exact geometry of these
non-spherical systems is still in debate and will require
future analysis.

While we cannot determine the precise line shifts of
Ha due to MSA calibration issues, observed profile
changes will illuminate the origin of the variability. An
observed blueward shift, such as seen in LRD Balmer
absorption, suggests outflow reminiscient of Type IIn
supernovae (R. P. Naidu et al. 2026) and luminous
blue variables (LBVs; N. Smith 2013), with recurring
“eruptions” occurring on timescales ~days—centuries
(N. Smith 2026). As the BH* cools and its envelope ex-
pands, pulsations in the photosphere will become more
erratic and outflows will begin to significantly affect the
dense gas shell. Assuming opacity-driven pulsational
instability expected in BH*s (e.g., M. Cantiello et al.
2025), we estimate the dynamical time of the gas enve-
lope. Following Z. Zhang et al. (2025a), we obtain a typ-
ical rest-frame timescale of 571 yr, assuming a 108 M
SMBH and a modest Eddington ratio Aggq = 0.5 — re-
quiring lensed systems for proper temporal sampling.
Observing this variability for NX7607 (z = 3.2) over
the course of years would require a very low accretion
rate (Agaq ~ 107%). Super-Eddington outflows are a

proposed origin for the observed blueshifted Balmer ab-
sorption in LRDs (P. Madau et al. 2026), seen in simu-
lations of BH accretion (e.g., Y.-F. Jiang et al. 2014; A.
Sadowski et al. 2015; H. Hu et al. 2022). However, local
super-Eddington AGNs display minimal (< 10%) broad
Hp variability (P. Du et al. 2018), similar to our noise
floor.

We show NX7607’s full MSA spectrum for all epochs
in Fig. 10. None of the its emission lines exhibit signif-
icant variability, except for Ha. Some narrow-line vari-
ability is seen in [O111], and slight broad-line variability
is seen in Paf. LRD [O111] variability was recently re-
ported in E. Lambrides et al. (2026), suggesting that the
narrow-line region may also echo the central engine in an
AGN scenario. If this short-term variability is real, it in-
dicates a disparate origin or lack of correlation between
the emission lines and the continuum, as the continuum
has shown to vary little. Interestingly, the model intro-
duced in Y. Pang et al. (2026) predict a lack of corre-
lation between spectroscopic and continuum variability,
with both occurring on short (~tens of days) timescales.
This model also predicts an SED with a broader-than-
expected blackbody feature, exactly as quantified in A.
de Graaff et al. (2025) for NX7607. However, our es-
timates may be affected by underestimated uncertainty
and improper normalization. If the wavelength calibra-
tion is egregious enough, it may also affect total flux
measurements. We therefore caution interpretation of
significant Ha variability in NX7607.



6. CONCLUSION

We perform a spectral analysis for 31 broad-line ob-
jects (17 LRDs, 14 BLAGNS) at 2 < z < 6 monitored
within the NEXUS survey, each observed with JWST
NIRSpec MSA bi-monthly for a maximum of 6 spectra
over the course of one year. We focus our analysis on
Ha and continuum variability, and emission line ratio
diagnostics for both the LRDs and BLAGNS in compar-
ison to a sample of local SDSS-RM AGNs with similar
L. Our main results are as follows:

e Our BLAGNSs exhibit Balmer decrements similar
to or larger than the local sample of SDSS-RM
AGNs. LRDs display Balmer decrements (~ 7.6)
on average higher than the BLAGNs and the local
AGNs (~ 3.2).

e Utilizing other line ratios, our sample is some-
what consistent with local extinction laws, with
the LRDs experiencing higher “extinction” than
the BLAGNs. Assuming an SMC extinction law,
BLAGNSs show Ay similar to the SDSS-RM sam-
ple, while LRDs have larger Ay 2 3. These re-
sults are under the assumption of dust reddening
in LRDs to interpret the observed rest-optical col-
ors, which is likely incorrect.

e Our LRDs and BLAGNs display intrinsic rms
Ha flux variability of 4.02% and 6.16% on rest-
frame timescales <100 days, though there are a
population of JWST BLAGNSs that are substan-
tially more variable in Ha flux. We consider these
variability constraints upper limits given potential
residual systematics in the flux measurements.

e Using accompanying aperture photometry in
F200W and F444W, we constrain sample-wide
rms intrinsic continuum variability for both our
BLAGNs and LRDs to < 3% over rest-frame
~months.

e Sample-wide measurements on < 100d rest-frame
timescales show a > 3¢ suppression of LRD broad-
line variability relative to low-redshift SDSS-RM
AGNs. High-redshift BLAGNs exhibit sample-
wide broad-line variability consistent with these
local AGNs.

e Combining with prior results over rest-frame
timescales of ~6 months (Z. Liu et al. 2026) to
decades (C. J. Burke et al. 2026), LRD variability
(both Ha and continuum) displays a white-noise
pattern over all observed timescales, inconsistent
with the structure functions for normal AGNs.
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The variability measurements for LRDs from this
work provide further insights on theoretical models of
this enigmatic population. Combined with recent liter-
ature studies, LRDs as a population have weaker vari-
ability than normal AGNs across similar wavelengths
and timescales. The average variability structure func-
tions for the continuum and Ha emission also deviate
from the typical red-noise pattern of normal AGN vari-
ability. The origin of broad Ha emission in LRDs is still
debated. If Ha is driven by the ionizing flux from the
central engine in LRDs, the flat structure function of
Ha variability suggests different properties of the ion-
izing flux from central accretion. This is because while
radiative transfer can modify the strengths of Balmer
lines, it preserves the variability pattern from the driv-
ing light curve. Alternatively, if Ha emission is mostly
produced in the warm layer of the dense gas envelop
surrounding the central BH, with major contributions
from collisional excitation, then we would expect differ-
ent variability patterns compared with Ha variability
in normal AGNs. Either way, the variability properties
of LRDs are markedly different from those of normal
AGNs, indicative of separate production mechanisms of
the emission.

Individual LRDs may still show significant variability
consistent with normal AGN behaviors, as suggested in
some recent studies (Z. Zhang et al. 2025a; L. J. Fur-
tak et al. 2025; E. Lambrides et al. 2026; R. Lin et al.
2026). If these reported variability incidents are real,
they would provide valuable constraints on the diversity
of LRDs. For example, some of these variable LRDs
may be transitioning to normal AGNs or with different
viewing angles. Nevertheless, we caution on two possi-
ble caveats on the reported variability detection. First,
it is easy to produce apparent variability given nearly
ubiquitous systematics (on the other hand, eliminating
variability by systematics is much harder, if not impos-
sible). Such systematics inclde improper photometry
(e.g., aperture flux variations), instrumental systemat-
ics, or simply being statistical outliers. Second, not all
“LRDs” are correctly classified or spectroscopically con-
firmed, which would require the full SED coverage to
remove, e.g., contaminants from heavily dust-reddened
normal AGNs. Given these considerations, continued
monitoring of genuine LRDs with larger sample sizes
and better systematics control would be necessary to
robustly measure the variability properties of LRDs. Fu-
ture NEXUS data, as well as other observing programs
targeting high-z LRDs and their low-z analogs, will pro-
vide crucial constraints on LRD variability, and thus the
nature of this population.
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