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ABSTRACT

JWST observations have uncovered a new population of red, compact objects at high redshifts dubbed ‘Little Red Dots’ (LRDs),
which typically show broad emission lines and are thought to be dusty Active Galactic Nuclei (AGN). Some of their other features,
however, challenge the AGN explanation, such as prominent Balmer breaks and extremely faint or even missing metal high-ionization
lines, X-ray, or radio emission, including in deep stacks. Broad-line AGN are known to vary in time, which is why we take advantage
of two years of available JWST observations of the multiply-imaged z = 7.045 LRD A2744-QSO1, with lensing-induced time delays
between the three images spanning 22 yr (2.7 yr in the rest-frame), to investigate its photometric and spectroscopic variability. We find
the equivalent widths (EWs) of the broad Ha and Hg lines, which are independent of magnification and other systematics, to exhibit
significant variations, up to 18 + 3 % for Ha and up to 22 + 8 % in HB, on atimescale of 875 d (2.4 yr) in the rest-frame. This suggests
that A2744-QSO1 is indeed an AGN. We find no significant photometric variability beyond the limiting systematic uncertainties, so
it currently cannot be determined whether the EW variations are due to line-flux or continuum variability. These results are consistent
with a typical damped random walk (DRW) variability model for an AGN like A2744-QSO1 (Mgy = 4 x 107 M) given the sparse
sampling of the light-curve with the available data. Our results therefore support the AGN interpretation of this LRD, and highlight
the need for further photometric and spectroscopic monitoring in order to build a detailed and reliable light-curve.

Key words. Quasars: emission lines — Galaxies: high-redshift — Gravitational lensing: strong — Quasars: individual: A2744-QSO1 —
Quasars: supermassive black holes

1. Introduction

One of the most prominent results from the JWST (Gardner et al.
2023; McElwain et al. 2023) in its first few years of operations
is the serendipitous discovery of a new population of extremely
red point-sources at high redshifts (z > 4), the so-called ‘Little
Red Dots’ (LRDs; e.g. Matthee et al. 2024a). These were ini-

* e-mail: furtak@ost.bgu.ac.il

tially identified in JWST imaging data (e.g. Endsley et al. 2023;
Furtak et al. 2023a; Barro et al. 2024; Labbé et al. 2025) with
follow-up later revealing broad emission lines, consistent with
heavily dust-attenuated (Ay = 3), broad-line type 1 active galac-
tic nuclei (AGN; e.g. Kocevski et al. 2023; Harikane et al. 2023;
Matthee et al. 2024a; Furtak et al. 2024; Kokorev et al. 2023;
Greene et al. 2024; Killi et al. 2023), although the picture has
grown more complicated with time (e.g. Pérez-Gonzdlez et al.
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2024; Baggen et al. 2024). Many LRD AGN have been observed
to date, down to z ~ 2.5 (e.g. Wang et al. 2024a; Kocevski et al.
2024; Naidu et al. 2024), with the largest photometric samples
encompassing several hundred objects selected in JWST’s blank
fields (e.g. Kokorev et al. 2024; Kocevski et al. 2024). At z > 4,
LRDs seem to represent 20 % to 30 % of the AGN population
(e.g. Kocevski et al. 2024). If LRDs are indeed powered by an
accreting black hole, they pose a challenge for black hole growth
models as they present extreme black-hole-to-galaxy mass ratios
Mpy/M, = 0.03 (e.g. Kokorev et al. 2023; Furtak et al. 2024;
Durodola et al. 2024; Matthee et al. 2024b) which are not ob-
served in the low-redshift Universe (though cf. Lin et al. 2024).

Most LRDs are, however, extremely faint in X-rays (e.g.
Ananna et al. 2024; Yue et al. 2024) or radio (Perger et al. 2024;
Mazzolari et al. 2024; Gloudemans et al. 2025), and seem to lack
a hot dust component in the mid-infrared (e.g. Williams et al.
2024; Akins et al. 2024). These features could be explained with
e.g. Compton-thick broad-line regions (Maiolino et al. 2024),
super-Eddington accretion (e.g. Pacucci & Narayan 2024; Lam-
brides et al. 2024; Inayoshi et al. 2024; Madau & Haardt 2024;
Madau 2025), or seeds of primordial origin (e.g. Dayal 2024).
However, they have also, in combination with the detection of
distinct Balmer-breaks in some LRDs (e.g. Wang et al. 2024b;
Setton et al. 2024; Ma et al. 2024; Labbé et al. 2024), led to alter-
native models where their spectral energy distribution (SED) is
dominated by stars (e.g. Pérez-Gonzdlez et al. 2024; Wang et al.
2024b; Baggen et al. 2024). While the extreme stellar densities
implied in such a picture could a priori help explain the observed
broad lines (Baggen et al. 2024), such extreme densities are not
otherwise observed in the Universe. On the other hand, the pres-
ence of a Balmer-break does not necessarily contradict an AGN
interpretation, as material around the black hole can in theory
have physical conditions such that a significant fraction of the
hydrogen atoms have their electrons in or above the second en-
ergy level (e.g. Laor & Davis 2011; Inayoshi & Maiolino 2024;
Li et al. 2024; Ji et al. 2025).

Since all type 1 AGN vary temporally (e.g. Matthews &
Sandage 1963; Kelly et al. 2009; MacLeod et al. 2012; Cam-
melli et al. 2025), variability could be a key discriminator be-
tween AGN and stellar-only models. Recent studies have there-
fore also looked for evidence of variability in LRDs (Kokubo &
Harikane 2024; Zhang et al. 2024; Tee et al. 2024; Ji et al. 2025).
The investigated samples show mostly no variability in several
epochs of broad-band photometry, both in the rest-frame ultra-
violet (UV) and optical (Kokubo & Harikane 2024; Zhang et al.
2024; Tee et al. 2024) with only a small subsample of LRDs
displaying potential variability (Zhang et al. 2024). However,
since JWST has only been operational for a little over two years,
time-domain data are still sparse. Therefore, variability studies
of LRDs so far are based on a handful of JWST epochs or rely
on archival Hubble Space Telescope (HST) data (e.g. Tee et al.
2024), which only probe the faint rest-frame UV emission of
LRDs.

In this work, we examine the variability of the multiply-
imaged LRD A2744-QSO1 (Furtak et al. 2023a, 2024), one of
the first LRDs ever detected. It was first identified photomet-
rically as a uniquely red-and-compact object in the Ultra-deep
NIRSpec and NIRCam ObserVations before the Epoch of Reion-
ization (UNCOVER; Bezanson et al. 2022) observations of the
strong lensing (SL) cluster Abell 2744 (A2744; e.g. Abell et al.
1989; Merten et al. 2011) and then spectroscopically confirmed
as a broad-line LRD at zgec = 7.0451 + 0.0001 (Furtak et al.
2023a, 2024). Being multiply-imaged, A2744-QSO1 is ideal for
this type of study because SL induces a delay in the relative
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Table 1. The three images of A2744-QSO1 (see also Furtak et al.
2023a) and their gravitational magnifications u and time delays At as
computed from the v2 UNCOVER SL model (Furtak et al. 2023b; Price
et al. 2024).

Image R.A.[Deg.] Dec.[Deg.] Aty [d] u

A 3.5798408 —30.4015681 0 54=+1.1
B 3.5835462 -30.3966783 85572 75=x15
C 3.5972175 -30.3943403 7043+ 27+05

—152

Table 2. List of epochs of JWST observations available for A2744-
QSOl1 to date.

Epoch  Program ID(s) PI(s) Date [MID]
JWST/NIRCam imaging
1 2756 Chen 59872.56
2 2561 Labbé & Bezanson 59890.23
3 2756 Chen 59919.42
4 2883, 3538 Sun, Tani 60247.37
5 4111 Suess 60262.06
6¢ 3516 Naidu & Matthee 60283.75
JWST/NIRSpec spectroscopy
7 2561 Labbé & Bezanson 60157.53
8’ 2561 Labbé & Bezanson 60522.16

“Single-filter epoch for F356W from ALT (Naidu et al. 2024).
bRepeat observation, only for image A.

arrival time of each of the three images. This means that each
visit effectively provides three epochs of observation, separated
by several years. With two years of JWST imaging and spec-
troscopy of A2744-QSO1 available to date, we can investigate it
for variability in its emission over a two-decade timescale (see
Ji et al. (2025) for another recent analysis of variability in this
object; we also compare to their results in our discussion).

This letter is organized as follows: The data are described
in section 2. We then present our spectroscopic and photomet-
ric analyses in sections 3 and 4, respectively, and then discuss
our results and their implications in section 5. We assume a flat
ACDM cosmology with Hy = 70 km s™' Mpc™!, Q5 = 0.7, and
Qn = 0.3, and use AB magnitudes (Oke & Gunn 1983). Errors
are typically 1o unless stated otherwise.

2. Data

In the two years since the first JWST observations of UN-
COVER, the center of A2744 was imaged numerous times with
JWST. Here, we use the Grism redshift & line analysis
software for space-based slitless spectroscopy
(grizli; Brammer 2023a) to query the Mikulski Archive
for Space Telescopes (MAST) for Near Infrared Camera
(NIRCam; Rieke et al. 2023) imaging targeted at the cluster
center, and to perform the data reduction. Each filter and epoch
is drizzled into mosaics of 0.04” per pixel. We list our six
imaging epochs in Tab. 2. The NIRCam observations reduced
here include data from programs 2756 (PI: W. Chen), 2561
(UNCOVER; PIs: 1. Labbé & R. Bezanson; Bezanson et al.
2022), 2883 (Magnif; PI: F. Sun), 3538 (PI: E. Iani), 4111
(MegaScience; PI: K. Suess; Suess et al. 2024), and 3516 (All
the Little Things; PIs: R. Naidu & J. Matthee; Naidu et al. 2024,
ALT).

Our spectroscopic analysis is based on data from the UN-
COVER program (Price et al. 2024), which also obtained ultra-
deep Near Infrared Spectrograph (NIRSpec; Jakobsen et al.
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Fig. 1. JWST/NIRSpec prism spectroscopy from UNCOVER of all three images of A2744-QSO1 in both spectroscopic epochs (see Tab. 2).
Image A is shown in blue (dark for epoch 7, light for epoch 8), image B in red and image C in green. Left: Full NIRSpec-prism spectra, normalized
to the total luminosity of image A in epoch 7, obtained by integrating the spectra in wavelengths 1.0 um < Agps < 5.4, um. Thanks to the new
reductions (see section 2), the broad He line no longer falls off the detector as in previous work, but is seen entirely here for the first time. Right:
Zoom-ins on the Ha (bottom) and HpB (top) lines, scaled by their continua listed in Tab. 3 such that they become independent of magnification,

similar to the EW.

2022; Boker et al. 2023) prism observations using the micro-
shutter array (MSA; Ferruit et al. 2022; Jakobsen 2024) in
July 2023. Due to a guide-star acquisition failure in the ini-
tial observations, a second epoch of prism spectra was taken
in July 2024, which includes image A of A2744-QSO1 in the
MSA. For this work, we utilize v4 reductions from the DAWN
JWST Archive (DJA; Heintz et al. 2024; de Graaff et al. 2024),
which are reduced using the development version (v0.9.5) of
MSAEXP (Brammer 2023b). We refer the reader to Price et al.
(2024) for most of the details of the MSAEXP reduction and refer
to appendix B for more information. The primary improvement
of the new reductions is a substantial extension of the wavelength
coverage to include the full NIRSpec prism disperser throughput
to cover wavelengths 0.6 um < A < 5.5 um, achieving spectral
resolutions R ~ 30 — 300. This has the advantage of fully cover-
ing the He line for our target on the red end of the detector (see
section 3). While several JWST grism spectroscopy programs
targeted A2744 as well, namely GLASS-JWST (ID 1324; Treu
et al. 2022), Magnif, and ALT, GLASS-JWST does not cover
wavelength ranges with emission lines for our target, and Mag-
nif only covers the Hy line which has too low a signal-to-noise
ratio (SNR) to be exploited here. The ALT spectroscopy covers
the Hp line, but only shows marginal detections in two images
and is therefore not usable for our variability studies.

Gravitational magnifications u and time delays At,y, listed
in Tab. 2, are computed analytically from the UNCOVER lens
model v2, which was constructed by Furtak et al. (2023b) using
a revised version of the Zitrin et al. (2015) parametric method
and was recently updated with JWST/NIRSpec spectroscopic

redshifts in Price et al. (2024). We assume a floor of 20 % uncer-
tainty in the magnification to account for lensing systematics'
(e.g. Zitrin et al. 2015). While the time-delays are also prone to
the same systematics, we find these to be of the order of a few
hundred days at most, which does not affect the search for vari-
ability conducted in this work.

3. Spectroscopic analysis

With the UNCOVER JWST/NIRSpec spectra of the three im-
ages, and the repeat observation spectrum of image A (see
Tab. 2), we effectively have four epochs of spectroscopy for
A2744-QSO1, spanning rest-frame wavelengths from Lyman-
a (Lya) to Ha. The spectrum presents no other permitted (i.e.
broad) emission lines other than the hydrogen Balmer series and
Lya (see e.g. Furtak et al. 2024). All four spectra are shown in
Fig. 1, with a special focus on He and HB, which we investigate
for variability because they have the most robust SNRs. Thanks
to the new spectroscopic reductions (see section 2), Ha no longer
falls off the detector as in our previous work on this object (Fur-
tak et al. 2024, see also Ji et al. 2025), which enables us to probe
the variability at a much higher SNR than with HS alone.

We measure the line fluxes by fitting spectra as explained
in detail in appendix B. The resulting integrated emission line
fluxes, underlying continua, and rest-frame equivalent-widths
(EWs) are listed in Tab. 3 for each image and epoch. Unlike

! In practice the systematics estimated for these magnification values
can reach ~40 % (Zitrin et al. 2015). However, the exact level does not
affect the conclusions of this work.
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Table 3. JWST/NIRSpec emission line results for each image of A2744-
QSO1 in each epoch of available spectroscopy (see Tab. 2). The line
fluxes and underlying continuum flux densities are de-magnified, but
the EWs are independent of magnification.

Line Image A Image B Image C
Epoch 7 Epoch 8
EW, [A]
Hp 483 53fi 503 62J_r§
Ha 285fg 289f§ 307f‘51 346f{}
Fiine [107P ergem™2s71]
Hp 27+02 29+03 24+0.3 29+03
Ha 202+08 247x1.1 18314 247=+x1.1
f/l,continuum [10722 crg Cm72 571 Ail]
HB 6.9+0.3 6.7+0.3 56+02 48+04
Ha 8.8+03 10604 6.7+0.2 6.6 £ 0.5
Aty [d]
—800 —600 —400 —200 0 200
70 - " " 1 " " " 1 " " " 1 " " " 1 " " " 1 " " " 1
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Fig. 2. Spectroscopic variability of A2744-QSO1 as a function of time,
with image A shown in blue, image B in red, and image C in green as in
Fig. 3. —Top: HPB rest-frame EW, presenting a drop of 22 + 8 % between
images C and A. —Bottom: Ha rest-frame EW, presenting a drop of 18 +
3 % in the time between images C and A. We note that the variability
is consistent in both broad Balmer lines, as can be expected since they
both originate from the broad-line region of A2744-QSO1. The EWs
represent excellent indicators of variability since they are insensitive to
most systematics such as lensing, slit-losses, calibration, etc.

absolute line fluxes, the EWs are neither prone to lensing nor
instrumental systematics (e.g. slit-losses), which is why we use
them as the primary and most robust indicators of variability (see
also Ji et al. 2025). As can be seen in Fig. 2, both He and HB
show a consistent variability in their EW over time?. More quan-
titatively, we note a drop in EW of 18 + 3 % in Hae and 22 + 8§ %
in HB between the times probed by image C and image A (in
both its epochs). The absolute calibration of the red edge of the

2 Here and throughout this letter, we define the time axis in days rel-
ative to the UNCOVER imaging (epoch 2 at MJD = 59890.23, see
Tab. 2). The relative time is then obtained by adding the difference be-
tween the epochs and At,,,,, the gravitational time delay listed in Tab. 2.
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NIRSpec prism, where Ha is located, is uncertain (5 — 10 %), but
this should not impact the EW measurements directly.

Four data points do not, however, sufficiently sample the
light-curve to robustly characterize the spectroscopic variabil-
ity of this source or to determine if the variations in the broad-
line EWs arise from line-flux variations, continuum flux varia-
tions, or both. If driven by continuum variability, these EW vari-
ations would translate to [Am| ~ 0.2 magnitudes, i.e. far below
the uncertainty floor in our photometric analysis over the same
timescale (section 4), and thus would not be detected. Our results
nonetheless clearly show significant variability in A2744-QSO1,
in particular given the high SNR in the He line, and confirm the
results recently found by Ji et al. (2025) using HB alone. We take
this as an indication that the broad lines in A2744-QSO1 indeed
originate from an AGN. It is hard to imagine a systematic effect
that would simultaneously affect the EWs of both lines.

4. Photometric analysis

We also investigate A2744-QSO1 for photometric variability. In
section 4.1 we present its photometric light-curve, and then as-
sess what level of variability can be expected with dedicated sim-
ulations in section 4.2.

4.1. Observed photometric light-curve

Since we are dealing with three perfect point-sources in all NIR-
Cam bands (see Furtak et al. 2023a), we measure simple aper-
ture photometry of the three images in all bands and epochs in
a consistent way and list the fluxes in Tab. A.1. The details on
the flux measurements can be found in appendix A. In addition
to the NIRCam photometry, we integrate the NIRSpec spectra in
the NIRCam filter band-passes to gain four additional effective
epochs of photometry in each band, also listed in Tab. A.1.

In Fig. 3 we show the photometric light-curve of A2744-
QSOL1 in selected filters chosen to have at least one epoch in
each of the November windows of 2022 and 2023, thus bridg-
ing the one-year gap. The F115W-, F200W-, and F277W-bands,
which cover the rest-frame UV emission of our object, present
small NIRCam flux variations which are fully consistent with
the photometric systematics (see Fig. A.1). Likewise, we see no
variability in rest-frame optical photometry for the three images
taken alone (F356W-, F410M-, and F444W; Fig. A.1). We do
find variations up to |[Am| ~ 0.4 magnitudes® in the full light-
curve covering longer timescales (22yr, i.e. 2.7 yr in the rest-
frame).

While the individual error-bars on each point of photom-
etry are very small, in particular in the optical bands, our
measurement is dominated by systematics. The main source
of uncertainty in this case are the magnification errors, of
0.22 magnitudes (20 %) chosen to represent the typical system-
atic uncertainties associated with SL mass modeling (see sec-
tion 2). Our measurement is furthermore prone to significant ad-
ditional systematics of ~ 0.05 — 0.3 magnitudes at the observed
brightnesses of the images (see Fig. A.1), arising from varying
depths, coverage and observing strategy between the epochs. We
also note that image B lies close to a cluster galaxy (see Furtak
et al. 2023a), meaning that its photometry and background esti-
mate might be contaminated.

3 Note, the |Am| = max(m — i) is defined here as the maximum dif-
ference to the mean across our entire light-curve in each band (dashed
horizontal lines in Fig. 3).
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Fig. 3. De-magnified light-curve of A2744-QSO1 in each photometric band with at least one epoch in both 2022 and 2023, as a function of time,
incorporating the gravitational time delays Af,,, given in Tab. 2. Image A is shown in blue, Image B in red, and Image C in green. Solid circles
represent NIRCam (NC) data-points and solid triangles represent the synthetic photometry obtained by integrating the NIRSpec (NS) spectra in
the broad-band filter band-passes. The dashed horizontal line represents the mean /7 from which variations |Am| are calculated in each band. Note
that the magnification uncertainties are not propagated into the photometry here since for each image, the magnification remains constant and is
only relevant when comparing to the other images. Instead, the colored crosses indicate the level of SL (magnification and time-delay) systematics
for each image. We also note that image B lies close to a cluster galaxy which might contaminate its photometry.

Thus, the variations that we see in the photometry of A2744-  4.2. Simulated light-curves
QSOL1 are at best marginal detections. The current data do not

yield a robust measurement of photometric variability beyond
the uncertainties, at least not with the current sampling of the
light-curve. Nonetheless, given the limited temporal sampling
and the stochastic nature of AGN variability, this does not nec-
essarily imply there to be no intrinsic variability in the source, as

discussed in section 4.2.

In order to assess what can be expected in terms of broad-band
variability from an AGN like A2744-QSO1, we simulate 100
light-curves using a damped random walk (DRW) model as in
Kelly et al. (2009). The DRW has been shown to be a decent
representation of quasar light-curves for timescales of days to
years (e.g. Koztowski et al. 2010; MacLeod et al. 2010; Zu et al.
2013). It is a stochastic process that characterizes the variability
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Fig. 4. Histogram of maximum variation |Am| from 100 simulated DRW
light-curves of an Mgy = 4 X 107 My, black hole, sampled at the rest-
frame effective times of our combined observations of all three images
of A2744-QSO1 as shown in Fig. 3. Rest-frame UV (F115W) varia-
tions are shown in light blue and optical variations (F356W) are shown
in dark blue. We choose to show the F356W-band here because it has
the most epochs (see Tab. A.1) and therefore has the highest proba-
bility of detecting a significant event. The gray-shaded area represents
variations that are below the typical errors of 0.3 magnitudes (including
systematics) in our photometry measurements in both bands. Even with
the sampling of our full light-curve, the probability to detect a signifi-
cant variation event (JAm| > 0.5 magnitudes) is relatively low.

power-spectrum as a power-law with exponent —2 at high fre-
quencies and white noise at frequencies below a certain damping
timescale Tprw. We use Tprw = 76 d, which corresponds to the
damping timescale for an AGN with mass Mgy = 4 x 10’ M,
(corresponding to A2744-QSO1; Furtak et al. 2024) as parame-
terized by Burke et al. (2021), and a structure function at infinity
of SF., = 0.3, which is a typical value for Sloan Digital Sky Sur-
vey (SDSS) quasars (MacLeod et al. 2010). We then sample each
light-curve at the relative (rest-frame) observation times of each
epoch and image for the F115W-band in the UV, and the three
optical bands F356W, F410M, and F444W, because they have
the highest SNRs. We add Gaussian noise to the mock observa-
tions scaled by the SNRs of the observations.

The resulting distribution of |Am| per mock light-curve is
shown in Fig. 4 for all three images combined. While we find
the probability for observing a |Am| > 0.3 magnitude event, i.e.,
slightly above the average uncertainties, to be of 56 %, 67 %,
53 %, and 56 % in the F115W-, F356W-, F410M-, and F444W-
bands, respectively, the probability to observe a significant event,
e.g. |Am| > 0.5 magnitudes, is of only 6 % (F115W), 17 %
(F356W), 15 % (F410M), and 6 % (F444W).

We also break-up our mock light-curves into the three sep-
arate images, which have two to five epochs each, in Fig. 5.
The probability of a significant event in the F356W-band, i.e.
|[Am| > 0.3 magnitudes given the dispersion between epochs at
the observed brightness of each image shown in Fig. A.l, is
< 13 % and < 3 % for a |[Am| > 0.5 magnitude event. In all other
bands, the probability is < 6 % for a |Am| > 0.3 magnitude event,
and a |Am| > 0.5 magnitude event cannot be observed for any of
the mock light curves in these filters. In our highest SNR band,
F444W, a significant event in the individual images would be
[Am| > 0.2 magnitude. Given our sampling of the light-curve,
the probabilities to detect such an event there would however
also only be of 1 — 17 %.

The difference in the likelihood of detecting variability in
the various wavebands depends only on the SNR of the ob-
servations and the specific observation times in each band. We
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find the likelihood of detecting variability is greatest for the
F356W-band because it has the largest number of observations.
However, if we take the wavelength dependence of SF,, from
Burke et al. (2023) into account, the probability of detecting
variability in the F356W-band and the other optical wavebands
decreases significantly. Finally, if we hold SF,, constant, for
Mgy < 10°M,, the probability of a significant excursion of
|Am| = 0.2 — 0.3 magnitudes for the F356W- or F444W-bands
becomes ~ 70— 100 %, making such low masses seem less likely
for A2744-QSO1.

5. Discussion and conclusion

Our variability measurements in the multiply-imaged LRD
A2744-QSO1 come after several years of debate as to the na-
ture of LRDs, which started when they were first identified pho-
tometrically (e.g. Furtak et al. 2023a; Barro et al. 2024; Labbé
et al. 2025), and has continued as more and more of the puzzling
aspects of their SEDs were revealed (e.g. Pérez-Gonzélez et al.
2024; Ananna et al. 2024; Yue et al. 2024; Setton et al. 2024,
Gloudemans et al. 2025). Because of the elusive nature of the
LRDs’ SED (e.g. Setton et al. 2024; Labbé et al. 2024), at this
stage we cannot predict which part of the SED — the optical or the
UV continuum — can be expected to vary in the first place. The
hardest component of the SED to explain with a purely stellar
model are the broad emission lines — both their high luminosity
and their width. And indeed, we do find these to vary consis-
tently in Ha and HB, by 18 + 3 % and 22 + 8 %, respectively as
shown in section 3. Note that Ji et al. (2025) find a similar re-
sult for HB in the same source, which we here confirm via the
higher SNR Ha line. The current data, however, are insufficient
to securely determine whether the EW variations are dominated
by variations in the continuum, the line fluxes, or perhaps most
probably — both. If dominated by continuum variation, our detec-
tion of broad-line EW variability in section 3 would correspond
to |[Am| ~ 0.2 magnitude excursions, which are below the limit-
ing sensitivity of our photometric analysis in section 4.1.

While the last year in particular saw several studies looking
into photometric variability of LRDs, the vast majority of LRDs
did not display significant variations over the handful of epochs
considered (Kokubo & Harikane 2024; Zhang et al. 2024; Tee
et al. 2024), similar to what we find for each image individu-
ally. Only eight out of several hundred investigated LRDs seem
to present significant variability (Zhang et al. 2024). This could
a priori indicate the LRD population at large to not necessar-
ily be AGN, although it has also been claimed that e.g. super-
Eddington accretion could explain the lack of variability (e.g.
Inayoshi et al. 2024). In the context of these non-detections in
the literature, our photometric results do not come as a surprise.
Even when combining the three images, and thus tripling the
number of effective epochs to 11 — 14, we do not find any sig-
nificant photometric variability, i.e. large |Am| > 0.5 magnitude
excursions (see section 4.1). This is nonetheless still consistent
with the stochastic nature of AGN variability (e.g. Kelly et al.
2009; MacLeod et al. 2010), as we have shown in section 4.2.
Indeed, our DRW simulations show that even if there were in-
trinsic photometric variability in A2744-QSO1, the probability
of detecting it with our sampling is low and nearly impossible in
the small amount of epochs for each image separately. The lack
of significant photometric variability in LRDs in the literature
therefore cannot rule out intrinsic variability of LRDs, nor that
they are AGN. It merely means that with the data available so
far, the light-curves of LRDs are not sufficiently sampled to rule
out expected levels of photometric variability.
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Fig. 5. Histogram of maximum variation |Am| from our simulated light-curves (see Fig. 4) in F115W (light) and F356W (dark), now sampled at

the rest-frame observation times of each image individually. As in Fig. 4, we show the F356W-band to represent the rest-frame optical because it
has the most epochs. Image A is shown in blue, image B in red and image C in green. The probabilities of observing a significant event are much

lower for the individual images than when combining the images to a full light-curve.

In conclusion, our detection of significant broad-line EW
variability in the multiply-imaged z = 7 LRD A2744-QSO1
presents strong evidence in support of the AGN interpretation
of this object, and a varying AGN at that, even if we do not find
significant photometric variability at this stage. Our results show
that robust investigations into the variability of LRDs, including
A2744-QS01, will require dedicated monitoring with numbers
of epochs large enough to sample the light-curve frequently and
maximize the probability to detect significant variation events.
More importantly, we stress that such monitoring campaigns
need to be consistent in depth, coverage, and observing strat-
egy to minimize the systematics between single epochs. Thanks
to the gravitational time delays, this source is ideally suited for
further study of its variability and could make for a prime target
for a large-scale reverberation mapping campaign in the future.
With that, one could potentially measure the black-hole mass
of an AGN at z = 7 directly and, for the first time, calibrate
the scaling relations used to measure black-hole masses beyond
the near-by Universe (e.g. Liu et al. 2024). Thanks to SL time
delays, multiply-imaged, cluster-lensed AGN like A2744-QSO1
may open a door to achieve this on a reasonable timescale out to
high-redshifts and high black-hole masses (e.g. Golubchik et al.
2024).
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Appendix A: Photometric measurements and
systematic uncertainties

In order to have consistent photometry measurements across all
three images and all epochs, we measure photometry in fixed
circular apertures of 0.16” radius with photutils (v1.13.0
Bradley et al. 2024) in all epochs and bands, without re-centering
the aperture between measurements. The latter ensures a more
robust sampling of the error-space. The background is measured
as the sigma-clipped median in circular annulii of inner and outer
radii 0.4” and 0.7” and is subtracted from the flux measurement.
Both the measurement aperture and the background annulus are
carefully chosen to avoid any possible contamination in all three
images. In Tab. A.1, we list the fluxes of each image in each filter
and epoch used in section 4. While FO70W and FO90W observa-
tions are also available from e.g. MegaScience (Suess et al. 2024)
and ALT (Naidu et al. 2024), the object is not detected in these
bands due to its Lyman-break and we therefore do not consider
them further here. The fluxes are de-magnified with the nominal
magnification factors listed in Tab. 2, but without propagating
the magnification uncertainties and other systematics. We how-
ever estimate our measurements to be dominated by significant
systematics from lensing and between the multiple epochs as dis-
cussed in section 4 and in the following. We also integrate the
NIRSpec spectra in the NIRCam band-passes for extra epochs
of photometry as mentioned in section 4. The resulting flux val-
ues are also listed in Tab. A.1.

Since our epochs of observation comprise JWST/NIRCam
imaging data from several different programs (see Tab. 2 and
section 2), which were all targeted at different science cases
and therefore have vastly differing coverages in area and filters,
depths, and observing strategies, our photometric light-curves
are prone to significant systematics, in addition to the magni-
fication uncertainties, that are not taken into account in the flux
uncertainties listed in Tab. A.1. In an attempt to quantify these
systematics, we use the public UNCOVER photometric catalog?
by Weaver et al. (2024) to select compact sources (a < 0.4”) in
the A2744-field with magnitudes 20 < m < 29.5. This selec-
tion is further re-fined with the use_phot and flag_nearbcg
flags (see Weaver et al. 2024). With a catalog of reference ob-
jects in hand, we cross-match their positions with the footprints
of the data per band and epoch and keep only objects that are
observed in every epoch in each band. We then compute the dis-
persion (standard deviation) in magnitude o, across all epochs
in each filter for each object as a quantification of the systemat-
ics between epochs. These are shown as a function of magnitude
in Fig. A.1 for the six filters used in our analysis in section 4,
alongside the same dispersion measurement for the three images
of A2744-QSOl1. As can be seen in the figure, the systematics
between epochs are larger than any expected photometric varia-
tions in the three rest-frame UV bands according to the simula-
tions that we conducted in section 5. In the optical bands, the sys-
tematics are somewhat lower for our source because it has much
higher SNRs in those filters, but still of similar order as typi-
cally expected variations. None of the individual images show
any variation above the systematic floor at its observed magni-
tude, which is consistent with what could be expected for DRW
AGN variability (again see section 5). This shows that a robust
investigation of the photometric variability of A2744-QSO1, and
LRDs in general, requires a dedicated monitoring program with

5 DR3, including the additional broad and medium bands from the
MegaScience program (Suess et al. 2024): https://jwst-uncover.
github.io/#releases.

consistent depths and observing strategies to minimize these sys-
tematics.

Appendix B: Spectroscopic measurements

For spectroscopy, we use the latest reductions of the UNCOVER
spectroscopic data (Price et al. 2024) available from the DJA
(Heintz et al. 2024; de Graaff et al. 2024). The spectra are re-
duced with MSAEXP v0.9.5 and reach 5.5 um, fully covering
Ha at z = 7.04. The spectra of images A and B have typical
SNR = 15 — 20 per pixel in the continuum, while the spectrum
of images C, and A in epoch 8, have SNR = 8§ — 10. In addi-
tion to the uncertainties provided by MSAEXP, we adopt a sys-
tematic error floor of 3 % per pixel in the continuum and 6 %
per pixel at the location of strong lines. These errors are added
in quadrature before fitting the spectra to account for spectro-
photometric calibration uncertainties and other uncertainties re-
lated to the detailed shape of the intrinsic lines and the NIRSpec
line-spread-function (LSF). The spectra are modeled over an ob-
served wavelength-range 4 = 3.1 — 5.4 um, i.e. red-ward of the
red-shifted Balmer break, as we are here primarily interested in
a robust measurement of the strongest Balmer lines and the con-
tinuum at the location of said lines.

The model fitted to the spectra consists of the following com-
ponents: The continuum is modeled with a power-law slope with
fixed B = —2.0, convolved with an exponential dust law with
index —0.7 and 0 < Ay < 6. This simple model reproduces
the curvature of the continuum well over the considered wave-
length range, better than a power-law of variable slope. The HB
line is modeled with a single broad-line Gaussian profile, while
He has a higher SNR and is therefore more complicated, re-
quiring a broad-line and a narrow-line component, even at the
JWST/NIRSpec prism resolution (effectively R > 500 at 5um
for point sources, see de Graaff et al. 2023). Fainter lines ad-
jacent to HB (the [O 1111114959, 5007A-doublet, He I114686A,
and Hy) are masked. The [N I1]116548, 65 83A-doublet is unde-
tectable and including it in the fit changes the Ha by <1%, which
is why we omit it. Finally, we include two nuisance parameters:
One is a rescaling of the resolution of the spectrum by a factor
Isf_scale = 1.0 — 2.0 with a uniform prior, reflecting uncer-
tainty in the JWST/NIRSpec LSF. A value of 1.0 is appropriate
for uniformly exposed shutters and 1.8 — 2.0 may be appropriate
for point sources (de Graaff et al. 2023). The second nuisance
parameter is noise_scale = 0.1 — 10 with a logarithmic prior, re-
flecting a possible over- or underestimate of the noise in the fit.
The posterior distributions are then sampled with PyMultiNest
(Buchner et al. 2014).

First, we fit the spectrum of image A (epoch 7), which
has the highest SNR, with the broad- and narrow-line widths
as free parameters, finding FWHMy;00q = 2533 + 120 ,kmy/s,
FWHMa1r0w = 800+ 60 km/s, and Isf_scale = 1.51. In the sub-
sequent fitting of the spectra of images B, C, and A (epoch 8),
we fix the line widths and LSF scaling to the values of im-
age A to ensure consistency. Typical values of noise_scale are
noise_scale = 1.0 — 1.15, indicating that the errors in the spec-
trum were only slightly underestimated. Finally, from the best-fit
model posterior samples, we determine for Ha and Hg the con-
tinuum at the line center, the total line flux, and the EW, taking
into account parameter correlations. For He, we sum the narrow
and broad components as they are difficult to separate reliably.
Basic convergence tests were done (live points, sampling effi-
ciency), showing the measurements were robust. The resulting
continuum fluxes, integrated line fluxes and EWs are listed in
Tab. 3 in section 3.
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Table A.1. De-magnified photometry of A2744-QSO1 used in section 4 to investigate the source’s variability. A summary of epochs is given in
Tab. 2. Note that the uncertainties here do not contain systematics such as magnification uncertainties or the systematic scatter between epochs.

Image F115W F200W F277W F356W F410M F444W
NIRCam epoch 1 — GO-2756

A 29.927 +£0.191 29.666 = 0.108 29.541 +0.058 27.722 + 0.010 - 26.952 + 0.007

B 30.338 £0.210  29.702 £0.095 29.492 +0.054 28.188 +0.013 - 27.470 £+ 0.009

C 29.542 £ 0.467 29.444+0.294 29.693 +0.119 28.223 +0.031 - 27.570 £ 0.022
NIRCam epoch 2 — GO-2561

A 30.021 £0.101  29.697 £ 0.084 29.611 £0.052 27917 +£0.012 27.164 + 0.009  26.939 + 0.006

B 29.684 +0.088 29.414+0.089 29.539 +0.076 28.945+0.018 27.675+0.010 27.471 +0.008

C 30412 +£0.211 30.021 £0.161 29.835+0.081 28.281 +£0.019 27.736 +0.018 27.505 + 0.012
NIRCam epoch 3 — GO-2756

A 29.812+£0.243  29.757+0.162 29.587 +0.073 27.711 £ 0.012 - 26.943 +0.008

B 30.189 £0.237 29.553+£0.135 29.617 +0.121 28.210 + 0.029 - 27.488 +£0.014

C 29.163 £0.381 19.378 £0.320 30.295+0.261 28.364 +0.041 - 27.589 + 0.028

NIRCam epoch 4 — GO-2883 & GO-3538

A 30.313 £0.145 29.753 £0.080 29.595 +0.051 27.739 +£0.009 27.191 +0.014  26.980 + 0.005

B 29.779 £ 0.194 29.440+£0.176 29.411 +0.141 28.170 +£0.033 27.712 +0.023 27.468 + 0.018

C - - - - 27.681 + 0.041 -
NIRCam epoch 6 — GO-3516

A - - - 27.761 £ 0.012 - -

B - - - 28.165 £ 0.014 - -

C - - - 28.271 +0.026 - -

NIRSpec synthetic epoch 7 — GO-2561

A 29947 +£0.146  29.631 £0.146 29477 +0.158 27.752 £0.051 27.265 +0.045 27.101 £ 0.052

B 29.863 £0.120 29.417+0.110 29.405+0.135 27.978 +£0.059 27.450 +0.053 27.341 +0.061

C 30.165 £ 0.421 29.788 £0.398 29.850 +£0.504 28.119 +£0.156 27.604 +0.135 27.435 +0.155

NIRSpec synthetic epoch 8§ — GO-2561

A 30.329 £ 0.348  30.009 £0.345 29.727 +0.334 27.854 £0.099 27.232 +0.081 27.025 £ 0.090

B , - - - - -

C , - - - - -

— Note: The filters listed here are only those used in section 4, i.e. the bands that have coverage in at least one epoch in 2022 and 2023 each.
The NIRCam epoch 5, listed in Tab. 2, only contains medium bands that are not observed in any other epoch and is therefore not used further in
section 4.
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Fig. A.1. Systematic dispersion (standard deviation) o, across all epochs of NIRCam imaging as a function of observed magnitude for each band
used in our analysis in section 4. The black dots represent compact (z < 0.4”) sources selected from the Weaver et al. (2024) UNCOVER catalog,
chosen to be covered by each epoch. Image A is shown in blue, image B in red, and image C in green. A2744-QSO1 does not present photometric
variability beyond the typical dispersion of objects in the catalog objects across all epochs.
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