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ABSTRACT

Little red dots (LRDs), high-redshift, compact, red objects with V-shaped spectra, are one of the
most exciting and perplexing discoveries made by the James Webb Space Telescope (JWST). While
the simplest explanation for LRDs is that they are high redshift active galactic nuclei (AGN), due
to their compactness and frequent association with broad line emission, the lack of corresponding
X-ray emission and observed variability cast doubt on this picture. Here, we simulate LRD light
curves using both traditional models for sub-Eddington AGN variability derived empirically from
lower-redshift AGN observations and moderately super-Eddington AGN disk models from radiation
magnetohydrodynamic simulations to examine the reason for the lack of variability. We find that even
though most LRDs have only been observed 24 times in a given waveband, we should still be detecting
significantly more variability if traditional sub-Eddington AGN variability models can be applied to
LRDs. Instead, our super-Eddington model light curves are ‘consistent with the lack of observed LRD
variability. In addition, the ongoing high-cadence NEXUS campaign will detect changes in magnitude,
Am > 1, for traditional sub-Eddington models, but will only observe significant continuum variability
for the lowest mass LRDs for our super-Eddington AGN models. Even if LRDs lack continuum
variability, we find that the ongoing spectroscopic JWST campaign TWINKLE should observe broad
emission line variability as long as soft X-ray irradiation manages to reach the broad line region from the
inner disk. Our models show that super-Eddington accretion can easily explain the lack of continuum

variability in LRDs.

1. INTRODUCTION

One of the most unexpected results from the James
Webb Space Telescope (JWST) is the discovery of the
so-called Little Red Dots (LRDs, Furtak et al. 2023;
Matthee et al. 2024; Barro et al. 2024; Greene et al. 2024;
Labbé et al. 2024; Kokorev et al. 2024; Labbé et al. 2025;
Kocevski et al. 2024; Akins et al. 2024). These LRDs
have a distinct V-shaped spectral energy distribution
(SED), with a faint blue UV continuum and a steep
rise in continuum flux towards longer rest-frame optical
wavelengths. The compactness of these sources (Akins
et al. 2024; Labbé et al. 2025; Furtak et al. 2023) and
the frequently associated Balmer and Paschen emission
lines with FWHM > 2000 km s~! (e.g. Kocevski et al.
2023; Greene et al. 2024; Furtak et al. 2024; Matthee
et al. 2024; Wang et al. 2024) have led to the conclu-
sion that these LRDs are obscured high redshift active
galactic nuclei (AGN).

* E-mail: asecunda@flatironinstitute.org

At z > 4 LRDs make up 20-50% of the AGN pop-
ulation, which is a number density that is about 100
times higher than expected if the UV luminosity func-
tions of z < 4 quasars are extrapolated down to the
fainter magnitudes of LRDs (Akins et al. 2024; Greene
et al. 2024; Kokorev et al. 2024; Kocevski et al. 2024;
Hviding et al. 2025). On the other hand, the number
density of LRDs photometrically selected using their V-
shaped SEDs and a compactness criterion drops dramat-
ically at z < 4 (Kocevski et al. 2024; Ma et al. 2025).
Therefore, determining whether LRDs are indeed AGN
and, if so, if their properties can be inferred using lower
redshift AGN properties, will have a large impact on
understanding the formation of the first supermassive
black holes (SMBHs) and their connection to galaxies
in the first billion years after the Big Bang.

Several oddities in LRD SEDs cast doubt on this
AGN picture. First, follow-up X-ray observations have
failed to detect significant X-ray emission associated
with LRDs (e.g., Ananna et al. 2024; Yue et al. 2024;
Kocevski et al. 2024; Sacchi & Bogdan 2025). While
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absorption could potentially account for the lack of de-
tected X-rays, the lack of hot dust observed in the MIR
is inconsistent with expectations from known obscured
AGN (Akins et al. 2024; Williams et al. 2024; Setton
et al. 2025; Casey et al. 2024). The SEDs of these
objects also have continuum inflection at the Balmer
limit or occasionally even distinct Balmer breaks that
are hard to explain with dust alone (e.g., Furtak et al.
2024; Labbé et al. 2024; Wang et al. 2024; Ma et al. 2025;
Setton et al. 2024). These spectral features, as well as
gas absorption signatures in broad emission lines, sug-
gest that LRDs are surrounded by a dense gas absorber
(Inayoshi & Maiolino 2024; Ji et al. 2025; Naidu et al.
2025; Maiolino et al. 2025).

Also puzzling is the lack of variability detected at rest-
frame UV and optical wavelengths for the vast majority
of LRDs with multiple epochs of observations (Kokubo
& Harikane 2024; Zhang et al. 2024; Tee et al. 2024;
Furtak et al. 2025). Detecting variability in multi-epoch
LRD observations would be an unambiguous sign that
they are indeed AGN, because AGN continuum and
broad lines are well known to vary over a broad range
of observable timescales from hours to decades, while
stellar populations do not. Tee et al. (2024, hereafter
T24) studied 30 bright LRDs that were also detected
in archival images from the Hubble Space Telescope
(HST), providing them with two epochs separated by
6-11 years in two different rest-frame UV wavebands
that they color-corrected to match HST and JWST fil-
ters. They found on average a change in magnitude of
Am = 0.15 £ 0.26 mag, which is not significant rela-
tive to the mean magnitude error of the HST observa-
tions, ~ 0.19. Zhou et al. (2025) simulated the results of
T24 using their corona-heated accretion-disk reprocess-
ing model. They found that the observed magnitude
variations are dominated by the HST measurement un-
certainties and that the lack of observed rest-frame UV
variability could be explained by high AGN luminosity
or strong galaxy contamination.

Kokubo & Harikane (2024, hereafter KH24) looked
at 3 LRDs and 2 less compact Ha emitters with 24
epochs of JWST observations spanning < 2 years in
the observer-frame. They found at most a maximum
change in UV or optical magnitude between two obser-
vations of Am = 0.1 mag, and no changes in UV or
optical magnitude between different epochs a factor of
two greater than their photometric errors. Zhang et al.
(2024) performed the most comprehensive analysis of
LRD variability to date. They compiled a sample of
314 LRDs with at least two epochs of observations with
JWST spanning < 2 years in the observer-frame. They
found that the observed changes in UV and optical mag-

nitudes between different epochs were consistent on the
whole with no variability. They only found eight LRDs
with evidence of variability, and only two LRDs where
the variability is correlated among multiple wavebands.

Finally, Furtak et al. (2025) studied the line, UV,
and optical variability of the triply imaged lensed LRD,
A2744-QSO1 (see also, Ji et al. 2025). Due to the
lensing-induced time delays between the images they
were able to examine the variability over 6-12 epochs
spanning 2.7 years in the rest-frame. While they found
evidence for Am &~ 0.4 mag between the three images,
this change in magnitude is not large enough to over-
come the uncertainty in the photometry and the inter-
image calibration. On the other hand, they did observe
statistically significant changes in the equivalent widths
of the Ha and Hf emission lines, which may be a sign of
emission line variability in this object (see also Ji et al.
2025).

Because most studies of LRD variability can draw on
only a few epochs of observation, it is unclear whether
variability is rare for LRDs or if the data are too sparse.
Ongoing and upcoming JWST surveys, such as NEXUS
(JWST Proposal Cycle 3, ID. 5105, Shen et al. 2024),
will provide an opportunity to examine higher cadence
and longer baseline observations of LRDs. In addition,
the upcoming TWINKLE campaign (JWST Proposal Cy-
cle 4, ID. 7404PI, PI Naidu), will allow us to look for
flux variability in broad Balmer emission lines.

If, however, we continue to not detect variability at
the levels predicted by empirical models fit to lower red-
shift AGN, we propose that super-Eddington accretion
could possibly explain this lack of variability, as well
as other discrepancies between LRDs and lower red-
shift AGN. For example, super-Eddington accretion can
help account for the preponderance of relatively mas-
sive SMBHs at these high redshifts by both accelerating
their growth and lowering our current mass estimates
(Kokorev et al. 2023; Furtak et al. 2024; Wang et al.
2024; Lambrides et al. 2024).

Super-Eddington accretion could also contribute to
the lack of observed X-ray emission from LRDs by
CHANDRA by decreasing and softening the X-ray emis-
sion of LRDs (Inayoshi et al. 2024; Madau & Haardt
2024; Madau 2025; Pacucci & Narayan 2024; Lambrides
et al. 2024), although recent evidence using stacked
CHANDRA observations suggests that the observed limits
on X-ray emission are too low to be explained by super-
Eddington accretion alone (Sacchi & Bogdan 2025). If
gas absorption is required to explain these low levels
of X-ray emission, super-Eddington accreting disks are
known to drive dense gas outflows and expand the disk
photosphere (e.g., Shakura & Sunyaev 1973; King &



Pounds 2003; Ohsuga et al. 2005; Sadowski et al. 2015;
Hu et al. 2022; Jiang & Dai 2024; Jiang et al. 2019;
Zhang et al. 2025). This puffed up disk photosphere
could perhaps resemble the proposed “black hole star”
model, where the AGN is fully embedded in dense gas
(Inayoshi & Maiolino 2024; Naidu et al. 2025; Maiolino
et al. 2025; Liu et al. 2025).

In this paper, we contextualize previous and future
LRD variability studies by predicting the likelihood of
observing significant LRD variability given the cadence
of observations and two different AGN models for LRDs.
The first model is an empirical model based on observa-
tions of lower redshift sub-Eddington AGN. The second
model is a theoretical model based on radiation mag-
netohydrodynamic (MHD) simulations of moderately
super-Eddington AGN. In Section 2, we describe how we
generate mock LRD light curves using both this empiri-
cal (Section 2.1) and theoretical (Section 2.2) approach.
We also describe in Section 2.3 how we use both of these
approaches to generate mock broad emission line light
curves to examine whether we will be able to detect
emission line variability with TWINKLE. In Section 3 we
show the predictions of our two models for the likelihood
of observing significant variability with current (Section
3.1) and ongoing (Section 3.2) observations. Finally, we
discuss and summarize our results in Sections 4 and 5,
respectively.

2. METHODS

Detecting or not detecting variability for LRDs could
be a powerful way to constrain different LRD models.
Here we study two different models for LRDs. The first
model assumes that LRDs are well represented by empir-
ical models for lower redshift AGN. We provide details
on how we generate mock LRD light curves using this
empirical model in Section 2.1. The second model as-
sumes that LRDs are super-Eddington accreting AGN.
In this second case, LRD variability cannot be mod-
eled using standard empirical models, and we develop a
model for LRD variability using radiation MHD simula-
tions of super-Eddington AGN. We describe this model
in detail and how we use it to generate mock LRD light
curves in Section 2.2. In Section 2.3 we describe how
we use both of these models to simulate mock broad
Balmer line emission light curves, which we will use to
study how these underlying models impact our ability
to observe variability in broad line emission.

2.1. Empirical Damped Random Walk Model

In this section, we assume that LRD variability is well
modeled by empirical models of variability fit to lower
redshift AGN. Rest-frame UV and optical continuum
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variability have been studied extensively for lower red-
shift AGN with masses ranging from 10° — 10'° M
and primarily sub-Eddington luminosities of around
0.02 — 0.5 Legq- This continuum variability is most fre-
quently modeled as a Damped Random Walk (DRW)
(e.g., Kelly et al. 2009; MacLeod et al. 2010; Burke et al.
2021, 2023; Stone et al. 2022). A DRW is a stochastic
process defined by a power spectral density (PSD) that
scales with the frequency of the variability as PSD oc 2
at high frequency, and transitions to white noise at
frequencies below a characteristic damping timescale,
7. The structure function at infinity, SF.,, parameter-
izes the magnitude of the variability at infinitely long
timescales.

We calculate SF., using the parameterization as a
function of rest-frame wavelength, Agr, i-band absolute
magnitude, M;, and SMBH mass, Mpy from Burke et al.
(2023),

log (SF‘X’) = A+ Blog ( Arr ) + C(M; + 23)+
mag

4000 A
D Mgy 7
109 Mg,

(1)

where A = —0.51 £ 0.02, B = —0.479 + 0.005, C =
0.131 £ 0.008, and D = 0.18 = 0.03. To calculate M;
we assume a typical Eddington ratio of L/Leqq = 0.1,
because the bolometric luminosities of LRDs are still
uncertain. We determine the damping timescale using

the mass-dependent parameterization from Burke et al.
(2021),

B MBH 0.38
=107 (108 M@) . ()

We use EzTAO (Yu et al. 2022) to generate mock
DRW light curves with parameters corresponding to var-
ious masses, redshifts, and rest-frame wavelengths for
observed LRDs. EzTAo0 is a Python toolkit that uses
CELERITE, a fast Gaussian process regression library,
to generate different representations of AGN variabil-
ity, including the DRW. We generate these DRWs with
high even cadences and then subsample these cadences
to match the reported observation times for different
LRDs in KH24 and T24 and the anticipated cadences
for NEXUS.

For our mock light curves based on the LRDs in
KH24 we simulate 1000 observer-frame F115W-band
and 1000 observer-frame F356W-band light curves us-
ing the reported masses, redshifts, and observation times
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for four of the KH24 LRDs.! For mock T24 light curves
we make 1000 mock observer-frame F115W-band light
curves with masses randomly drawn from a log-uniform
distribution ranging from Mpy = 10° to 10® My. We
then mock observe these light curves at two epochs us-
ing the mean observing time for the JWST observation
and the mean observing time for the EGS, GOODS-S,
or Abell 2744 HST fields given in T24 randomly scat-
tered by +20 days. For our mock NEXUS light curves
we simulate 1000 observer-frame F115W-band and 1000
observer-frame F356W-band light curves with masses
randomly drawn from a log-uniform distribution rang-
ing from Mgy = 10° to 108 Mg. We mock observe
these light curves with the anticipated bi-monthly ca-
dence randomly scattered by +14 days.

We simulate our mock T24 and NEXUS light curves
at redshift, z = 6, because it puts the F115W-band
and the F356W-band in the rest-frame UV and opti-
cal, respectively, and is a good representation for the
redshift of many LRDs. Decreasing the redshift will
increase both the rest-frame observation baseline and
wavelength. Testing different redshifts 4 < z < 9, we
find that these two factors tend to cancel out, so varying
the redshift has little impact on the observed variability.
The amount of optical variability could be maximized
by looking at the lowest redshift LRDs in the shortest
wavelength bands, but for now we restrict our exami-
nation to one rest-frame optical and one rest-frame UV
band. Because it has a larger impact on the amount of
variability we expect to detect, SMBH mass is the main
parameter we vary for our DRW model light curves. We
show an example DRW model optical light curve for a
108 My AGN at z = 6 in the top panel of Figure 5 in
Appendix A.

2.2. Super-Eddington Model

Several of the more puzzling features of LRDs could
be more easily explained if they are super-Eddington
accretors. In particular, super-Eddington accretion re-
laxes the need for very heavy black hole seeds (e.g. Fur-
tak et al. 2024; Greene et al. 2024) and can help ac-
count for low levels of X-ray emission (Inayoshi et al.
2024; Madau & Haardt 2024; Madau 2025; Pacucci &
Narayan 2024; Lambrides et al. 2024) and spectral fea-
tures that suggest significant gas absorption (e.g., Naidu
et al. 2025; Maiolino et al. 2025; Liu et al. 2025; Kido
et al. 2025), because super-Eddington accretion expands
the disk photosphere and leads to optically thick out-
flows and intrinsically weak high-energy flux. Theoreti-

1 We exclude MSAID2008 because it is no longer thought to be a

LRD.

cal models also suggest that super-Eddington accreting
AGN may be less relatively variable at UV and optical
wavelengths (Inayoshi et al. 2024). In this section, we
outline how we use radiation MHD simulations of AGN
disks from Jiang et al. (2019) and Jiang et al. (2025)
to create a model for the variability of super-Eddington
LRDs and generate mock LRD light curves.

2.2.1. Radiation MHD Simulations

Jiang et al. (2025) use ATHENA++ and the radia-
tion scheme in Jiang (2021) to perform global three-
dimensional radiation MHD simulations of the UV emit-
ting region (50-200 74) of Mgy = 10® My AGN disks.
Radiation is generated based on the local temperature
of the disk and varies as a function of time due to the
internal physics of the disk, such as magnetorotational
instability (MRI) turbulence, convection, or a magne-
tocentrifugal wind. Note, that these instabilities are
generated self-consistently by evolving the equations of
ideal MHD and therefore the variability is not directly
set by any empirical or theoretical model. Light curves
are made by integrating the outgoing flux from the in-
ner 50-200 7, of the simulated AGN disk. We de-trend
these simulated light curves by fitting and then subtract-
ing off a best-fit power-law to remove long term trends
resulting from the simulation set up.

There is no irradiation from a central X-ray emit-
ter/corona in these simulations.  However, super-
Eddington accretors are expected to be X-ray weak and
have expanded disk photospheres. These expectations
are in good agreement with the lack of detected X-rays
for a majority of LRDs (Ananna et al. 2024; Yue et al.
2024; Kocevski et al. 2024), which has led to the con-
clusion that LRDs are either embedded in dense gas
(e.g., Pacucci & Narayan 2024; Inayoshi & Maiolino
2024; Madau 2025; Naidu et al. 2025) or intrinsically
X-ray weak (e.g., Inayoshi et al. 2024). Either way,
the amount of X-ray flux reaching the UV and opti-
cal emitting region of the disk will be low. Secunda
et al. (2025) showed that insufficient X-ray irradiation
prevents X-rays from driving variability in UV-optical
light curves emitted from AGN disks. Therefore, in our
super-Eddington model we make the assumption that
the observed optical variability from LRDs will be lo-
cal intrinsic variability like the variability in these Jiang
et al. (2025) simulations.

We show the PSDs of light curves from three differ-
ent simulations in Jiang et al. (2025) in the left panel
of Figure 1. After evolving to a steady-state, each sim-
ulation has a different mass accretion rate ranging from
M = 0.03 Mogy to M =3 Medd7 due to different initial
conditions for the density and magnetic field parame-
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Figure 1. Left panel: The frequency-binned variability PSD of the UV light curves emitted from < 200 rg for three different
ATHENA++ simulations from Jiang et al. (2025) labeled by their mass accretion rate. Right panel: The frequency-binned
variability PSD of the soft X-ray (in yellow, emitted from ~ 10 r,) and UV (in purple, emitted from < 200 rg) light curves
from the simulations in Jiang et al. (2019) and Jiang et al. (2025), respectively, with M = 3 M.qa. We also show our best fit
power-law for each PSD, with best-fit parameter in the label. The black solid line shows the extrapolated PSD for the optical
emitting region at 10% rg. The dashed black line shows the optical DRW PSD for the same mass SMBH (Mpy = 108 M), at
10% Eddington. For both panels the error bars represent the standard deviation of that frequency bin. The simulations show
that higher accretion rates lead to lower variability, especially compared to a sub-Eddington DRW model.

ters. The simulation with M = 0.03 Medd has the high-
est variability at most frequencies, while the simulation
with M = 3 M.4q has the lowest variability. In other
words, accretion rate and variability are anti-correlated.

This anti-correlation occurs because in these simula-
tions from Jiang et al. (2025) the total optical depth
across the disk is larger when the mass accretion rate is
increased. In addition, an increase in the accretion rate
pushes the photosphere where the radiation is emitted
out to farther radii. At larger radii the dynamical and
thermal timescales that set the characteristic variabil-
ity timescales will be longer. As a result, more of the
variability ends up on timescales that are longer than
probed by these simulations and current LRD observa-
tions. An extended photosphere is a common feature of
super-Eddington AGN radiation MHD simulations (e.g.
Sadowski et al. 2015; Jiang et al. 2019; Zhang et al.
2025).

2.2.2. Optical Light Curves

In this paper, we focus on the optical variability of
super-Eddington LRDs. In our super-Eddington model
we expect UV emission to be either absorbed or scat-
tered depending on the absorption and scattering opti-
cal depth of the extended photosphere. If the emission
is absorbed, as could be the case for LRDs with strong
Balmer breaks, we do not expect to observe any UV
variability. If instead the UV is scattered, the short

timescale variability will likely be damped up to the
characteristic timescale near the photosphere. Future
work should examine what this variability might look
like.

The simulations from Jiang et al. (2025) are of the UV
emitting region of the AGN disk. Fully resolved radia-
tion MHD simulations of the optical emitting region of
an AGN disk are computationally challenging because
of the large radial extent of the optical region. How-
ever, it is generally expected that the typical variability
timescales of photons of different wavelengths should be
directly related to the distance where they are produced.
Therefore, in order to simulate mock optical LRD light
curves, we extrapolate existing simulations of the soft X-
ray and UV emitting disk to the optical emitting disk.

In the right panel of Figure 1 we compare the PSD of
the simulation from Jiang et al. (2025) with M =3 M.y
(in purple) to a simulation from Jiang et al. (2019)
with the same accretion rate (in yellow). These two
simulations are similar, except the simulation in Jiang
et al. (2019) is of the inner (< 10 r4) soft X-ray emit-
ting region of the disk. We fit a simple power-law,
PSD « Cor~?, to the light curves over the overlapping
frequency range of the simulations. The simulation of
the soft X-ray emitting region of the disk has a shallower
PSD, g = 2.4, than the simulation of the UV emitting
region, S = 2.6. This result is anticipated because the
dynamical and thermal timescales will be shorter in the
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inner disk allowing for more high frequency variability.
We also find Cy = 107 and Cy = 10~ 7 for the soft X-
ray and UV emitting regions, respectively, which means
overall the simulation of the soft X-ray emitting region
has more variability than the simulation of the UV emit-
ting region.

In our super-Eddington model, the optical emitting
region will be at ~ 10* — 10° r, (Liu et al. 2025).
We logarithmically extrapolate the values for 8 and the
structure function we fit to the soft X-ray and UV light
curves and find 8 = 3.0 and Cy = 5 x 1079 for opti-
cal light curves emitted at 10% r,. We show this optical
PSD as the solid black line in the right panel of Figure
1. The PSD for this super-Eddington model has sig-
nificantly less variability over day to month timescales
than an empirically modeled optical DRW PSD for a
108 My AGN at 10% Eddington, which we show for
comparison as a dashed line in the right panel of Figure
1. The variability is lower not just because the higher
accretion rate lowers the magnitude of the variability,
but also because the super-Eddington PSD only includes
locally generated variability while the DRW model as-
sumes that the X-rays are driving the variability of the
optical light curve.

Because we do not expect the variability to continue
as a power-law to the lowest frequencies, we need to
estimate a damping timescale at which we can expect
the PSD to flatten, becoming shallower than § = 3.0.
If we fit a bending power-law to the UV PSD, we find
evidence of a damping timescale around 100 days. The
damping timescale should scale with the local dynamical
timescales, o r3/2, giving a damping timescale of around
4 x 10* days in the optical emitting region. Our derived
damping timescale is consistent with the expected ther-
mal timescale in this region of the disk. In order to cap
the long timescale variability, we therefore set the length
of our simulated light curves to this damping timescale
of 4 x 10* days before sub-sampling them with current
and anticipated LRD observing cadences.

We use our extrapolated values for the super-
Eddington PSD to generate 1000 mock rest-frame opti-
cal, observer-frame F356 W-band, light curves using the
method in Timmer & Koenig (1995). We mock observe
these light curves with the observing cadences of four
example LRDs from KH24 and the planned NEXUS ca-
dence. As in the previous section, we use the given red-
shifts in KH24 for the four example LRDs. For our mock
NEXUS light curves we chose a redshift 4 < z < 9 from a
random uniform distribution. While varying the redshift
for these mock super-Eddington light curves broadens
the distributions slightly, ultimately the redshift does
not have a large impact on the amount of mock observed

variability. We show an example mock super-Eddington
optical light curve for a 108 My AGN at z = 6 in the
bottom panel of Figure 5 in Appendix A.

2.3. Mock Broad Line Emission

When ionizing X-ray and UV emission irradiates the
broad line region (BLR), the variability in these contin-
uum light curves is echoed in the broad emission lines
producing broad line variability (Blandford & McKee
1982; Peterson et al. 2004). To make predictions for
our future ability to observe this broad line variabil-
ity for LRDs, we simulate mock broad Balmer emission
line light curves with a cadence similar to the upcoming
JWST NIRCAM campaign, TWINKLE. TWINKLE will
observe 9 LRDs three times over Cycle 4 and compare
line fluxes between these three observations and an ad-
ditional Cycle 1 observation. Total, there will be four
observations over roughly a rest-frame year. To simu-
late broad line variability, we generate a driving mock
X-ray or UV light curve, reprocess this light curve with
a Gaussian response function to get the emission line
variability, and finally mock observe it with the pro-
posed TWINKLE cadence. We use three different models
for the driving X-ray or UV light curves.

The first model is an empirical model based on lower
redshift sub-Eddington AGN, where the X-ray light
curve is the driving light curve. This model assumes
that, while we do not observe X-ray emission from
LRDs, X-ray emission is still able to reach the BLR.
X-ray variability is commonly modeled with a bending
power-law PSD (e.g., Papadakis et al. 2002; McHardy
et al. 2004, 2007; Gonzédlez-Martin & Vaughan 2012;
Georgakakis et al. 2021; Jaiswal et al. 2023). Fits to
X-ray observations give a high frequency slope of —2
and a low frequency slope of —1 around the bending

1
frequency v, = 0.29 (Mé\g% days™!

amplitude A = 0.02 (Paolillo et al. 2023). We gener-
ate 1000 X-ray driving light curves with SMBH masses
drawn from a log-uniform distribution from Mgy = 10°
to 108 My at 2 = 5.3. We use z = 5.3 for these mock
light curves because that is the average redshift of the
9 LRDs that will be monitored by TWINKLE, which are
all roughly between 5 < z < 5.5.

We also generate z = 5.3 driving light curves using
our best-fit models in the previous section (see right
panel of Figure 1) for the soft X-ray and UV light curves
from the super-Eddington radiation MHD simulations in
Jiang et al. (2019) and Jiang et al. (2025), respectively.
We use both the soft X-ray and UV light curves from
these simulations, because in super-Eddington AGN it
is very possible that the soft X-ray will be absorbed
before reaching the BLR. Using both wavelength light

and a constant
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Figure 2. The mean maximum difference in magnitude, Am = max(m) — min(m), between all epochs for 1000 simulated
observer-frame F115-band (F356-band) light curves in pink (green) mock observed with different previous and ongoing LRD
observation cadences. Closed circles represent (Am) for our sub-Eddington DRW model light curves and triangles represent
(Am) for our super-Eddington model light curves. Error bars show the standard deviations of Am for the 1000 mock light curves.
The thick gray line shows a ~ 3¢ detection limit for variability based on the current precision of available JWST photometry,
while the thin gray line shows this limit for LRDs in T24 which is higher due to the lower depth of HST observations. If
LRD variability can be modeled using DRW models fit to lower redshift AGN, we should have already observed variability in
the rest-frame UV and optical for more LRDs, and we will definitely observe variability for LRDs with NExuUs. On the other
hand, if they are super-Eddington accretors, we do not expect to detect variability for most LRDs in either current or ongoing

observations, until we can reach a baseline of up to 10 years.

curves allows us to test which could be responsible for
driving line variability in a super-Eddington LRD. Un-
derstanding the driver behind emission line variability
is important because it could allow us to probe emission
regions of LRDs we are unable to observe directly.

We reprocess our driving X-ray, soft X-ray, and UV
light curves with a Gaussian response function to simu-
late the broad line response light curve. There is no sim-
ple empirical model for BLR reprocessing, but a Gaus-
sian response function is commonly used to model the
reprocessing of the driving light curve into the broad line
response light curve (e.g., Czerny et al. 2023; Jaiswal
et al. 2023). The most important parameter of this re-
sponse function that will impact our ability to detect
broad line variability is the Gaussian width, which will
set the smoothing of variability on shorter timescales.
This smoothing could impact our ability to detect vari-

ability with the limited TWINKLE cadence and base-
line. SDSS AGN suggest a typical reprocessing width is
< 100 days for Hf lines (Sun et al. 2015), while obser-
vations of individual AGN suggest widths of anywhere
from around 5 to 100 days for Ha and HB (Grier et al.
2013; Xiao et al. 2018; Du et al. 2018; Horne et al. 2021).
Due to this uncertainty, for each mock light curve we
choose to use a width between 5 and 100 days drawn
from a uniform random distribution. We show an exam-
ple broad emission line light curve for each underlying
driving light curve for a 108 My, z = 5.3 AGN in Figure
6 in Appendix A.

3. RESULTS

3.1. Predictions for Existing Variability Observations

The vast majority of LRDs that currently have mul-
tiple epochs of observations do not show signs of sig-
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nificant continuum variability (KH24, T24, Zhang et al.
2024; Furtak et al. 2025). However, most of these LRDs
have only been observed 2-4 times over less than a year
in the rest-frame. As a result, it is not yet clear if the
lack of observed variability is due to the poor time-
sampling of observations or the need for a new model
for LRDs. In this section, we predict the amount of
variability we should have already observed given cur-
rent observations for two different models for LRDs, an
empirical sub-Eddington DRW AGN model based on lo-
cal AGN and a theoretical super-Eddington AGN model
based on radiation MHD simulations.

3.1.1. UV Variability

We first use our empirical DRW model AGN light
curves to predict the UV variability that we expect to
have already observed for two LRD studies, T24 and
KH24. We do not model UV variability using our super-
Eddington model because we assume UV variability will
be damped away by the expanded gas photosphere ei-
ther through absorption or scattering. In Figure 2 we
show the mean and standard deviation of the maximum
change in magnitude, Am = max(m) — min(m), we
mock observe for 1000 DRW model mock UV T24 and
KH24 light curves.

T24 combined HST and JWST observations to study
the change in magnitude in two different color-corrected
wavebands over two epochs separated by 6-11 years in
the observer-frame (~ 8 — 26 months in the rest-frame)
for 30 LRDs. They found the mean change in magnitude
between the two observations, Am = 0.15 £+ 0.26 mag,
was not significant relative to the mean magnitude error
of the HST observations, ~ 0.19. The mean change in
magnitude we find for our mock light curves, (Am) =
0.46 £+ 0.4 mag, is more than triple the mean change in
magnitude T24 found for their observed LRDs. Further-
more, the majority of changes in magnitude T24 found
for their LRDs are < 0.1, while we find that the major-
ity of changes in magnitude are > 0.1 for our mock light
curves.

The LRDs in KH24 have 2-3 observations each in the
F115W-band over the course of ~ 2 months in the rest-
frame. We find (Am) = 0.28 + 0.2 mag for the mock
F115W-band light curves we simulate using the masses,
redshifts, and observation times of four of the LRDs
studied by KH24. This value is approximately an order
of magnitude higher than the variability KH24 observed
for these LRDs.

The thick gray line in Figure 2 shows the 3¢ limit we
consider a significant variability detection with JWST,
or Am = 0.21 mag. We derive this value using the
minimum error value Zhang et al. (2024) used for Am

in their examination of over 300 LRDs with multi-epoch
observations from JWST. The thin gray line shows this
30 limit for the LRDs in T24 which is higher due to
larger errors for the HST observations. Our DRW model
light curves suggest that we should have observed >
30 variability for 33% and 47% of LRDs in T24 and
KH24, respectively, while both studies do not observe
significant variability for any LRDs. These results imply
that we should already be detecting UV variability in
a greater fraction of LRDs if UV LRD variability can
be well-modeled by empirical DRW models fit to lower
redshift AGN.

3.1.2. Optical Variability

There is growing evidence that UV emission from
LRDs is dominated by starlight or scattered light from a
gas-embedded AGN (T24; Matthee et al. 2024; Greene
et al. 2024; Naidu et al. 2025; Chen et al. 2025; Torralba
et al. 2025; Zhou et al. 2025). Either would make it
difficult to detect variability from the AGN disk at UV
wavelengths. Therefore, we now turn to the potential
to detect rest-frame optical variability. In Figure 2 we
show the average and standard deviation of the maxi-
mum change in magnitude, Am, for our simulated rest-
frame optical, observer-frame F356W-band, light curves
for the LRDs studied in KH24. These LRDs have been
observed 3—4 times over a few months in the rest-frame.

For our DRW model light curves we find (Am) =
0.23 £0.2 mag, on average an order of magnitude larger
than the changes in magnitude observed for these LRDs.
In addition, none of the LRDs in KH24 showed a > 3¢
change in magnitude, while we are able to detect > 3o
optical variability for 42% of our mock light curves.
These results are in good agreement with our results for
the UV DRW model light curves. Both suggest that the
low cadence of current observations alone is not prevent-
ing us from observing variability. The lack of > 30 op-
tical variability for nearly all LRDs that currently have
multi-epoch optical observations already suggests that
standard DRW models are not a good fit for LRD vari-
ability.

Am is significantly lower for our super-Eddington
model light curves. We find (Am) = 0.062 £ 0.05 mag,
which is well below our 3¢ limit. In fact we find that less
than 1% of our simulated KH24 super-Eddington light
curves have Am > 30. The small changes in magnitude
we predict for our super-Eddington model are consistent
with the lack of observed significant optical variability
for most LRDs (KH24; Zhang et al. 2024). Therefore,
our super-Eddington model appears to be a better fit to
current observations.

3.2. Future Variability Observations



Two ongoing JWST campaigns have the potential to
greatly improve our ability to detect variability in LRDs.
First, NEXUS will observe dozens of LRDs roughly ev-
ery two months over the course of three years. These
18 observations will provide a much higher cadence and
longer baseline than we currently have for most LRDs.
The second ongoing JWST campaign is the NIRCam
campaign TWINKLE. TWINKLE will acquire spectra for
a total of 4 observations over roughly a year in the rest-
frame for 9 LRDs, allowing us to study broad emission
line variability. In this section, we make predictions for
the variability these campaigns will observe for our sub-
and super-Eddington models. We show that these two
campaigns will help us to constrain the Eddington ratios
of LRDs and reveal information on the main source of
irradiation and driver of variability in the BLR.

3.2.1. Continuum Variability

First, we make predictions for whether the NEXUS sur-
vey will observe variability in rest-frame UV and optical
continuum light curves if this variability can be modeled
using an empirical sub-Eddington DRW model based on
lower redshift AGN. We show the mean and standard de-
viation of the maximum changes in magnitude for our
1000 DRW model mock F115W-band and F356W-band
NEXUS light curves in Figure 2. The higher cadence and
longer baseline of NEXUS more than triples the amount
of variability we should expect to observe for LRDs for
these DRW models. We find (Am) = 1.2 + 0.6 mag
and (Am) = 0.72 £ 0.4 mag, for our mock rest-frame
UV and optical light curves, respectively. The horizon-
tal gray line shows the 3¢ limit we anticipate for de-
tecting significant variability in the NEXUS survey, or
Am = 0.21 mag. We find that the high NEXUS cadence
allows us to detect Am > 0.21 mag 100% of the time
for rest-frame UV light curves and 97% of the time for
rest-frame optical light curves.

Figure 2 also shows our predictions for the mean and
standard deviation of Am for our 1000 super-Eddington
model, rest-frame optical, NEXUS light curves. The
longer observation baseline and higher cadence planned
for NEXUS again leads to an increase in Am, but (Am) =
0.12 + 0.07 mag is still below the 3o limit. In addition,
only 12% of our mock super-Eddington light curves have
Am > 30. Therefore, if we still do not observe signif-
icant variability for a majority of LRDs after the com-
pletion of the NEXUS survey, it could be because LRDs
are super-Eddington AGN.

3.2.2. Broad Line Variability

The mock UV and optical LRD light curves from the
previous sections indicate that we should already have
observed variability for a significant fraction of LRDs if
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Figure 3. The distribution of the percent change in broad
line flux for 300 mock TWINKLE light curves made assum-
ing three different driving continuum light curves. The pink
distribution is for an X-ray driving light curve simulated us-
ing empirical models for lower redshift sub-Eddington AGN.
The yellow and purple distributions are for soft X-ray and
UV driving light curves, respectively, simulated using our
best-fit models for the light curves in the radiation MHD
super-Eddington AGN disk simulations in Jiang et al. (2019)
and Jiang et al. (2025), respectively. The vertical line shows
the 30 detection limit for variability in the TWINKLE survey.
If LRDs are super-Eddington AGN the driving continuum
light curve must be soft X-ray in order to observe broad line
variability with the TWINKLE survey.

they have variability similar to low redshift AGN. How-
ever, there is growing evidence from SED fits, gas ab-
sorption signatures in emission lines, and the lack of
observed UV variability, that UV emission from these
LRDs is dominated by the emission from starlight or
at best scattered light from a gas-shrouded AGN (T24,
Matthee et al. 2024; Greene et al. 2024; Naidu et al.
2025; Chen et al. 2025; Torralba et al. 2025; Zhou
et al. 2025). In addition, in the previous sections we
showed that if LRDs are super-Eddington accretors, it
will be difficult to observe significant optical variability
even with higher cadence observing campaigns such as
NEXUS. As a result, broad line variability may be the
most promising source of observable variability. The de-
tection of broad lines for numerous LRDs indicates that
ionizing emission must reach these BLRs, and observed
changes in the equivalent widths of broad emission lines
already provide evidence of broad line variability in mul-
tiple LRDs (Furtak et al. 2025; Naidu et al. 2025; Ji et al.
2025).

Our search for broad line variability will be greatly
aided by the ongoing TWINKLE campaign, which will
acquire a total of 4 observations over the course of a
rest-frame year for 9 LRDs. When ionizing X-ray and
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UV continuum emission irradiates the BLR, the vari-
ability in this continuum emission drives variability in
the broad emission lines. In this section, we compare
our expectations for observing broad line variability with
TWINKLE given three different driving continuum light
curves: an X-ray driving light curve generated using an
empirical model based on sub-Eddington lower redshift
AGN and a soft X-ray and UV driving light curve from
our super-Eddington radiation MHD simulations.

We show the maximum percent change in broad line
flux for 1000 mock TWINKLE light curves generated using
an empirical model based on lower redshift AGN in pink
in Figure 3. TWINKLE expects 5% line flux errors and
should therefore be able to detect any variations in flux
greater than 15%, which we show as the vertical gray
line in Figure 3. 96% of our empirical model mock light
curves have a maximum flux variation greater than 15%.
If we randomly select 9 of our sub-Eddington mock AGN
light curves for 10* realizations we observe a maximum
change in flux > 15% for at least five LRDs 100% of the
time, and for all nine LRDs 70% of the time.

Figure 3 also shows the maximum percent change in
flux we expect to observe with TWINKLE if either soft
X-ray or UV variability from our super-Eddington radi-
ation MHD simulations is driving broad line variability
in yellow and purple, respectively. Our super-Eddington
simulations again produce less variability than our mod-
els based on sub-Eddington accretors at lower redshifts.
Unsurprisingly, the more highly varying soft X-ray irra-
diation would be able to drive more line variability than
the less varying UV radiation.

In our super-Eddington model, if we randomly select
9 of our mock AGN light curves, for 10* realizations
we observe a maximum change in flux > 15% for at
least four LRDs 100% of the time, and for eight or nine
LRDs 81% of the time, if soft X-ray variability is the
main driver of broad line variability. If instead UV vari-
ability is the main driver, the mean percent change in
flux will be roughly an order of magnitude smaller and
we would not expect to see any > 15% flux variations at
all. Even if we do not reprocess our UV light curves with
a response function, we still do not observe any > 15%
flux variations because the variability in the UV simu-
lations is too low. Given there is already evidence for
broad line variability in LRDs, our results suggest that
if LRDs are super-Eddington accretors, then soft X-ray
emission from the inner disk must be the main source of
irradiation and driver of variability in the BLR. There-
fore, broad line variability implies there is soft X-ray
emission from LRDs that we are unable to directly ob-
serve.

30 detection limit
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Figure 4. The maximum difference in magnitude, Am =
max(m) — min(m), between all epochs as a function of
mass for 1000 simulated observer-frame F356W-band light
curves. Filled circles show the mean Am for mock sub-
Eddington DRW model NEXUS light curves. The triangles
(squares) show the mean Am we estimate for our super-
Eddington model NExUS (KH24) light curves using the scal-
ing SFo M=% from Equation 1 for a constant Ed-
dington ratio. Error bars show the standard deviations of
Am for the 1000 mock light curves and points have been
slightly offset to aid legibility. The solid gray line shows our
~ 30 detection limit for variability. If Am decreases with
mass for super-Eddington AGN with a scaling similar to sub-
Eddington AGN, we should expect to observe variability for
the lowest mass super-Eddington LRDs with NEXUS, but not
necessarily with current observations.

4. DISCUSSION

We find that our super-Eddington AGN model for
LRD variability agrees better with the current lack
of observed continuum variability in LRDs than sub-
Eddington empirical models based on lower redshift
AGN. In addition, we find that even with ongoing
higher cadence, longer baseline observations, such as
the NEXUS survey, we will still not observe significant
continuum variability for a majority of LRDs if they
are super-Eddington AGN, because we do not expect
super-Eddington AGN to vary significantly on rest-
frame monthly timescales. However, because our ex-
trapolated model PSD for super-Eddington optical vari-
ability is PSD o 3%, we do expect significantly more
variability on rest-frame timescales of a few years. The
ideal experiment to attempt to detect LRD continuum
variability would then require rest-frame multi-year op-
tical observations.

To study the impact of a longer observation base-
line, we simulate 1000 super-Eddington rest-frame opti-



cal LRD light curves using the methods in Section 2.2
and mock observe them twice annually over the 10 year
planned JWST lifetime. We show the mean and stan-
dard deviation of the maximum change in magnitude
for these mock light curves in Figure 2. Increasing the
baseline of observation to 10 years in the observer-frame
gives a ~ 67% chance of observing variability greater
than our 30 detection limit out to z < 9. Therefore, our
models predict that we should be able to observe optical
continuum variability towards the end of the planned
lifetime of JWST even if LRDs are super-Eddington
AGN.

Another alternative would be to try to observe the
variability in lensed LRDs, such as the triply lensed LRD
A2744-QSO1 (Furtak et al. 2025; Ji et al. 2025). Due
to lensing-induced time delays between the three im-
ages, the observations of A2744-QSO1 span 2.7 years in
the rest-frame. Although technically the predictions of
our super-Eddington model are in good agreement with
the Am = 0.4 mag measured by Furtak et al. (2025),
unfortunately this observed change in magnitude is con-
sistent with the uncertainty of the measurement due to
the large lensing systematics.

Due to the inconsistencies between LRDs and lower
redshift AGN, others have proposed modifications to
standard AGN models.  For example, our super-
Eddington model agrees well with the black hole star
model of Naidu et al. (2025), which resembles a super-
Eddington AGN with a puffed-up photosphere. Our
super-Eddington model light curves could also be rel-
evant to the late stage quasi-star model of Begelman
& Dexter (2025), which involves SMBHs accreting from
massive envelopes at a super-Eddington rate. Various
non-AGN models for LRDs also exist, such as tidal dis-
ruption events in collapsing clusters (Bellovary 2025)
or inelastic Raman scattering of stellar UV emission
(Kokubo & Harikane 2024).

There are several caveats to our super-Eddington vari-
ability model, which is based on a limited number of
computationally expensive radiation MHD simulations.
First, in order to simulate the extended optical emission
region, we have to infer that the scaling of the variabil-
ity between the inner and outer disk remains constant
and is well represented by the change from 10 — 200 r,.
As an alternative, we can assume that the variability
amplitude remains constant between the UV and opti-
cal emitting regions, but the variability timescale scales
with the local dynamical timescales, o 73/2. Using mock
optical light curves generated with this method, we find
that the maximum change in magnitude decreases even
further, on average by roughly two orders of magnitude,
compared to our simulations in Section 3. Therefore, it
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would be even more unlikely to detect variability with
this alternative scaling.

In addition, the super-Eddington radiation MHD sim-
ulations that we use are for a Mgy = 10® M, SMBH,
which is on the more massive side for LRDs. The filled
circles in Figure 4 show the mean and standard devia-
tion of Am for 1000 sub-Eddington DRW model light
curves as a function of SMBH mass. In this model Am
decreases with mass because, for a constant accretion
rate, SFo, oc M5 %' (see Equation 1).

We do not necessarily expect variability to decrease
with mass in exactly the same way for our super-
Eddington model as it does in the DRW model. How-
ever, as an example, we assume C = CoM 52,‘15 and
show the mean and standard deviation of Am(Mpgp)
for 1000 mock KH24 and 1000 mock NEXUS super-
Eddington model light curves as a function of SMBH
mass, as squares and triangles in Figure 4, respectively.
If this scaling is accurate, we could have already ob-
served variability for Mgy = 10° M LRDs even if they
are super-Eddington AGN, because 34% of mock super-
Eddington model KH24 light curves at this lowest mass
have Am > 30. In addition, Am > 30 for 65% of our
mock super-Eddington model NEXUS Mpy = 10° Mg
light curves. Therefore, it may be possible to observe
variability with NEXUS for the lowest mass LRDs even
if they super-Eddington accretors, although Am is still
significantly lower than for our sub-Eddington model
light curves.

If our super-Eddington model for LRDs is correct, fu-
ture observations of broad line variability with TWINKLE
would imply that there must be soft X-ray emission driv-
ing this variability that we are unable to observe. This
emission must then be strong enough to ionize the broad
lines but not strong enough to drive continuum variabil-
ity in the disk. Secunda et al. (2025) showed that suffi-
cient amounts of high-energy irradiation incident on the
UV-optical emitting region of an AGN disk are needed to
drive significant variability in UV-optical light curves, in
part due to the intrinsic variability driven by turbulent
fluctuations in this part of the disk. If the BLR lacks this
intrinsic variability, it may be easier for lower levels of X-
ray irradiation to drive emission line variability. Future
work should also examine whether the geometry of the
BLR or clumpiness of super-Eddington driven outflows
(Kobayashi et al. 2018) allows larger amounts of X-ray
irradiation to reach the BLR while the accretion disk is
shielded by a puffed-up photosphere and optically thick
outflows. We do not consider hard X-rays as the main
driver of broad line variability in the super-Eddington
case, because models of super-Eddington AGN suggest
they will be hard X-ray weak (e.g., Inayoshi et al. 2024).
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However, there is evidence that the relative hard X-ray
variability is stronger in super-Eddington accretors (e.g.,
Inayoshi et al. 2024), which could produce larger varia-
tions in emission lines.

Our empirical DRW models show that even with only
2 to 4 epochs of observations we should be able to de-
tect variability in sub-Eddington AGN. The high ca-
dence NEXUS survey should then lead to the identifica-
tion of dozens of non-LRD sub-Eddington high redshift
AGN using variability (Shen et al. 2024). Our models
suggest that variability could help distinguish between
sub-Eddington and a few times super-Eddington high
redshift AGN. However, we caution that changes in vari-
ability can also depend on other AGN properties such
as X-ray luminosity and SMBH mass. Continued work
studying lower redshift super-Eddington AGN can help
to better understand how accretion rate impacts vari-
ability.

We mainly discuss the lack of continuum variability
observed thus far for LRDs. However, continuum vari-
ability has been observed for a few LRDs. For example,
Naidu et al. (2025) claim to find a 30% optical flux vari-
ation between two observations for the LRD they base
their black hole star model on, although these flux mea-
surements were taken with two different instruments.
While more than 300 LRDs examined in Zhang et al.
(2024) did not show significant variability, Zhang et al.
(2024) found significant variability that was correlated
between different waveband JWST observations for two
LRDs. This rate is actually in good agreement with the
results for our super-Eddington model, which also have
Am > 3o for < 1% of our mock KH24 light curves.
Alternatively, Naidu et al. (2025) propose that changes
in optical flux could be the result of a change in the
gas surrounding the LRD. If ongoing surveys fail to ob-
serve variability for a majority of LRDs, current and fu-
ture exceptional cases which do exhibit variability could
perhaps provide information on how LRDs transform
from gas-enshrouded super-Eddington accretors to sub-
Eddington AGN more similar to lower redshift AGN.

5. CONCLUSION

A significant amount of JWST observing time contin-
ues to be dedicated to understanding the nature of LRDs
and determining whether they truly are high redshift
AGN. Particularly intriguing is the current lack of de-
tected variability for nearly all LRDs that have multiple
epochs of observation, because variability is an unam-
biguous identifier of AGN. However, we need to under-
stand whether this lack of variability can be explained by
a combination of the insufficient time sampling and short
rest-frame baseline of current observations or different

physical properties of LRDs, such as super-Eddington
accretion rates.

Here we generate mock light curves using both em-
pirical DRW models for AGN variability based on lower
redshift, sub-Eddington AGN and models derived from
radiation MHD simulations of super-Eddington AGN
disks. We find that our simulations based on empir-
ical sub-Eddington models predict a larger amount of
variability than has been observed so far at both rest-
frame UV and optical wavelengths. The ongoing NEXUS
campaign will provide the highest cadence observations
of dozens of LRDs to date. The simulated light curves
presented in this paper predict that if most of the LRDs
observed in the NEXUS survey do not show significant
variability, Am > 0.21 mag, then either LRDs are not
AGN, or LRD variability is not well described by tradi-
tional DRW models.

Current observational constraints on LRD variability
are in much better agreement with our mock light curves
modeled as super-Eddington AGN. In this model, the
UV emission from the AGN is absorbed or scattered,
and we find that the optical emission only weakly varies
on the relevant timescales. As a result, we do not detect
significant variability for 99% of mock super-Eddington
light curves with current observing baselines and ca-
dences and 88% of mock super-Eddington NEXUS light
curves. These simulated light curves are only a few times
Eddington, so it is only necessary for LRDs to be moder-
ately super-Eddington to sufficiently suppress variability
even if we continue to not observe variability from LRDs
with the NEXUS campaign.

The most promising way to use variability to help con-
firm if LRDs are AGN may be to look for variability in
broad line emission, because the observation of broad
lines from numerous LRDs suggests that ionizing radia-
tion from the inner rapidly time-varying disk must reach
the BLR. We show that if this ionizing radiation comes
from the soft X-ray emitting region in the inner disk,
the ongoing JWST campaign TWINKLE should observe
broad line variability for at least 4, and most likely 8
or 9, of the 9 LRDs that it will observe. On the other
hand, the ionizing radiation from the UV emitting re-
gion at 50 — 200 r will not drive enough variability in
the broad lines to be observed with TWINKLE. There-
fore studying broad line variability may allow us to study
X-ray emission from LRDs we are unable to directly ob-
serve.

Overall, we find that a super-Eddington accretion
model can easily account for the lack of observed vari-
ability in LRDs. Super-Eddington accretion can also
help solve several other LRD mysteries. For example,
super-Eddington accretion can help relax the need for
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very heavy black hole seeds (Kokorev et al. 2023; Fur- 2025). Uncovering whether LRDs are super-Eddington
tak et al. 2024; Wang et al. 2024; Lupi et al. 2024), accreting AGN will have a large impact on understand-
and perhaps explain the lack of observed X-ray emis- ing black hole seeding and growth, and increase our un-
sion (e.g., Ananna et al. 2024; Yue et al. 2024; Kocevski derstanding of galaxy evolution within the first 1 billion
et al. 2024) and high-ionization emission lines (Lam- years after the Big Bang.

brides et al. 2024; Madau 2025). In addition, super-

Eddington accretion naturally leads to optically thick ; The authors would like to thank the reviewer for their
outflows and a puffed up photosphere (e.g., Shakura & , helpful comments and Dr. Rohan Naidu for helpful
Sunyaev 1973; King & Pounds 2003; Jiang & Dai 2024; 5 information on TWINKLE. The Center for Computa-
Jiang et al. 2025), leading to gas absorption that could , tional Astrophysics at the Flatiron Institute is supported
help explain the odd SEDs of these objects (Inayoshi & s by the Simons Foundation. AZ acknowledges support
Maiolino 2024; Naidu et al. 2025; Maiolino et al. 2025). by Grant No. 2020750 from the United States-Israel
In fact, Liu et al. (2025) find the Balmer breaks and  ; Binational Science Foundation (BSF) and Grant No.
reddening of LRD SEDs are natural consequences of ; 2109066 from the United States National Science Foun-
super-Eddington accreting AGN (see also, Kido et al. ~  dation (NSF); and by the Israel Science Foundation

1 Grant No. 864/23.

APPENDIX

A. EXAMPLE MOCK LIGHT CURVES

In this appendix we provide examples of the sub-Eddington and super-Eddington optical and broad emission line
light curves discussed in this paper. Figure 5 shows an example rest-frame optical light curve for a 108 M, AGN
at z = 6 modeled using our empirical DRW model for sub-Eddington AGN (top panel) and our model based on the
AGN simulations in Jiang et al. (2025) for super-Eddington AGN (bottom panel). We show the PSD we use to model
the sub-Eddington light curve as the dashed line in Figure 1 and the PSD we use to model the super-Eddington light
curve as the solid gray line in Figure 1. In Figure 5 we also show the times at which we mock observe these light
curves based on the observation times for an example LRD from KH24 (in blue) and the anticipated NEXUS cadence
(in orange).

The DRW model sub-Eddington AGN light curve has more variability than the super-Eddington model light curve
on all timescales shorter than the NEXUS observing baseline. As a result, NEXUS would be able to observe Am = 0.20
for the sub-Eddington light curve while Am = 0.030 for the super-Eddington light curve. The observing cadence of
NEXUS is high enough that these Am are similar to the total change in magnitude over the observing baseline. However,
as we discuss in Section 4, the super-Eddington light curves have more variability on multi-year long timescales in the
rest-frame. Therefore, the baseline of NEXUS, not the cadence, is the limiting factor in observing more variability in
super-Eddington light curves.

The shorter baseline and fewer observations for current multi-epoch LRD observations, like the example cadence
for KH24 we show in Figure 5, do make it more difficult to observe a larger change in magnitude. We would observe
Am = 0.15 and Am = 0.026 for this KH24 observing cadence for these sub- and super-Eddington light curves,
respectively. However, it is still the PSD of the light curve that determines how much variability is observed. These
light curves help illustrate that current and ongoing observations provide an accurate approximation for the amount
of variability in the full light curve over the observing baseline making it much easier to observe variability in sub-
Eddington AGN light curves.

Figure 6 shows three example light curves for our three models for reprocessed broad line emission from a 10% M,
AGN at z = 5.3. We scale the flux as a function of time, F'(¢), by the mean flux of the light curve, F(t)/(F(t)), to see
the fractional change in flux more easily. The left panel shows the broad emission line light curve for a sub-Eddington
hard X-ray driver, the middle panel shows the broad emission line light curve for a super-Eddington soft X-ray driver,
and the right panel shows the broad emission line light curve for a super-Eddington UV driver (see Section 2.3 for
details). The pink points show the mock observing times of TWINKLE.

The broad emission line light curve with a hard X-ray driving light curve has a greater fractional change in flux than
the light curve with a soft X-ray driver, but both broad emission line light curves have enough fluctuations > 15% that
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Figure 5. Example rest-frame optical light curves for a 102 My AGN at z = 6 generated using our sub-Eddington DRW model
(top panel) and our super-Eddington model (bottom panel). We also show the observed times for an example KH24 and NEXUS
light curve starting at ¢ = 0 for this mock light curve as the blue and orange dots, respectively. The sub-Eddington light curve
has significantly more variability over this rest-frame timescale.

TWINKLE should expect to observe variability in both. On the other hand, our emission line light curve modeled with
a UV driving light curve only fluctuates 10% over the entire observing baseline of TWINKLE. Due to the sparsity of
observations, TWINKLE will only observe a 6% fluctuation, which is far below the threshold for a significant detection.
These example broad emission line light curves illustrate the conclusions of Section 3.2.2, that if we observe variability
in emission lines, then the underlying driving light curve must be the hard or soft X-ray light curve.
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