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ABSTRACT
Little Red Dots (LRDs) are compact sources with a blue rest-frame UV, a steep red optical continuum and, often, broad hydrogen
lines. They have been interpreted as dense stellar systems, dust-reddened active galactic nuclei, or black holes embedded in
dense, dust-poor gas, scenarios that are hard to tell apart in the rest-frame UV and optical. We present JWST/MIRI F770W and
F1000W imaging of the triply lensed Abell 2744-QSO1 at 𝑧 = 7.04, probing rest-frame 0.96 and 1.24𝜇m. QSO1 is unresolved,
and its steep optical rise stops near rest-frame 1𝜇m. Up to 1.24𝜇m, a 𝑇 ≃ 4450 K blackbody, or a hotter one reddened by dust,
describes the continuum, with no sign of the hot dust seen in most type-1 quasars. Our statistically preferred SED fits produce the
red continuum with (3–4) × 109 M⊙ of stars, over 100 times the dynamical limit on the host mass, and are therefore disfavoured.
An accretion disc in a dense gas cocoon respects this limit but over-predicts the 1.24𝜇m flux by 5𝜎. Super-Eddington accretion
models with a thermalising envelope reproduce the turnover, but only for a black hole ≈ 2.5 dex less massive than the dynamical
estimate. For a dust-reddened accretion disc (𝐴𝑉 ≃ 2 mag), dust at ≥ 1200 K can re-emit at most ≃ 2 per cent of the absorbed
luminosity, and most of it would have to emerge at ≃ 70–600 K, unless the dust covers only a small fraction of the sky. The
dynamics favour an accretion-powered source, but our data cannot distinguish dust reddening from processing by dense gas.
MIRI imaging at ≳ 18𝜇m could separate these scenarios.

Key words: galaxies: high-redshift – galaxies: active – quasars: supermassive black holes – infrared: galaxies – dust, extinction
– gravitational lensing: strong

1 INTRODUCTION

Among the many discoveries enabled by JWST, Little Red Dots
(LRDs; Matthee et al. 2024; Kocevski et al. 2023; Labbé et al. 2023)
have emerged as one of the most debated populations at intermediate
and high redshift (Harikane et al. 2023; Greene et al. 2024; In-
ayoshi 2025; Übler 2026). They are surprisingly common at 𝑧 ∼ 5–7
(Kokorev et al. 2024), and they combine properties with no clear
precedent among known galaxies or active galactic nuclei (AGN).
LRDs are compact and often unresolved in the rest-frame optical
(Kocevski et al. 2025). Their spectral energy distributions (SEDs)
are “V-shaped”, with a faint blue UV continuum and a steep red
optical rise (Furtak et al. 2024; Greene et al. 2024; Kocevski et al.
2025; Setton et al. 2025b). Their broad hydrogen lines, with a full
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width at half maximum (FWHM) above 1000 km s−1, point to gas
moving around a black hole (Matthee et al. 2024; Treiber et al. 2025;
Hviding et al. 2025). Other properties, however, are unusual for an
AGN. The broad lines often have large Balmer decrements and non-
Gaussian, exponential-like wings (Nikopoulos et al. 2026; Rusakov
et al. 2026; Torralba et al. 2026a; Chang et al. 2026; Brazzini et al.
2025; Scholtz et al. 2026; Sneppen et al. 2026). Many LRDs also
show Balmer absorption on top of the broad emission (Juodžbalis
et al. 2024; D’Eugenio et al. 2026a; Matthee et al. 2026; Torralba
et al. 2026b), a feature seen in only a handful of quasars (e.g. Hall
2007; Zhang et al. 2015). Most LRDs are X-ray undetected (Ananna
et al. 2024; Yue et al. 2024; Kokubo & Harikane 2025), faint in
the mid- and far-infrared (Williams et al. 2024; Setton et al. 2025a;
Akins et al. 2025; Casey et al. 2025) and show little or no variability
(Kokubo & Harikane 2025; Tee et al. 2025; Secunda et al. 2026).
Type-1 AGN, instead, are typically bright in X-rays (e.g. Steffen et al.
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2006; Just et al. 2007; Lusso & Risaliti 2016), show hot-dust emis-
sion in the near- and mid-infrared (e.g. Richards et al. 2006; Mor
& Netzer 2012), and vary on time-scales of months to years (e.g.
Vanden Berk et al. 2004; MacLeod et al. 2010).

This combination of observed physical properties makes the nature
of LRDs hard to establish. Proposed interpretations have ranged from
massive compact galaxies (Labbé et al. 2023; Baggen et al. 2024)
and composite AGN–host systems (Barro et al. 2024; Greene et al.
2024), to dust-reddened AGN with high accretion rates or a large
covering factor (Madau & Maiolino 2026), to accreting black holes
embedded in dense, hydrogen-rich gas (Inayoshi & Maiolino 2025;
Kido et al. 2025; Naidu et al. 2025; Yanagisawa et al. 2026; de Graaff
et al. 2026). More exotic options include supermassive stars, quasi-
stars within proto-globular clusters (Nandal & Loeb 2026; Begelman
& Dexter 2026; Chisholm et al. 2026; Kokorev et al. 2026).

Whichever of these scenarios is confirmed, it would change our
understanding of early black-hole and galaxy growth, and each would
change it in a different way. If the light of LRDs were dominated by
stars, the stars would have to have formed rapidly in extraordinarily
dense systems (Labbé et al. 2023; Baggen et al. 2024). Given the
number densities of LRDs, they would also have converted a large
fraction of the available baryons into stars by 𝑧 ≳ 5, possibly in ten-
sion with current cosmological models (e.g. Boylan-Kolchin 2023).
If instead LRDs were AGN and their broad lines traced virial motions,
they would host black holes of 106–109 M⊙ , up to 1.5–2 dex above
the local relation for their host stellar masses. This would challenge
even the most extreme models of black-hole growth (Maiolino et al.
2024; Juodžbalis et al. 2026; Pacucci et al. 2023; Harikane et al.
2023). Finally, if they were black holes embedded in dense, dust-
poor gas, scattering could broaden the lines and modify their ratios,
in which case virial masses would be overestimated thus easing the
tension with black-hole growth models (Rusakov et al. 2026; Chang
et al. 2026; Ji et al. 2025; Sneppen et al. 2026). At the same time, the
dense gas should also produce the observed red optical continuum.
This would happen in two ways: it could imprint a Balmer break
and absorption on an intrinsically blue AGN continuum (Inayoshi &
Maiolino 2025; Naidu et al. 2025; Torralba et al. 2026b; de Graaff
et al. 2025b; Matthee et al. 2026); or, if it is optically thick, it could
thermalise the accretion luminosity and emit a cool, nearly black-
body spectrum, a “pseudo-photosphere” (Kido et al. 2025; Liu et al.
2026; Begelman & Dexter 2026). Both scenarios would reproduce
the V-shaped SEDs and make LRDs an early, possibly short-lived
phase of black-hole growth inside dense gas, with black holes less
massive than their virial estimates and an emission very different
from that of standard AGNs (Inayoshi & Maiolino 2025; Kido et al.
2025; Naidu et al. 2025). The origin, lifetime and geometry of this
dense gas, however, remain unclear.

In the rest-frame UV and optical, studies have shown that these
scenarios are hard to tell apart, since stars, a dust-reddened AGN and
dense gas around the black hole can all reproduce the red optical con-
tinuum of LRDs (e.g. Greene et al. 2024; Barro et al. 2024; Inayoshi
& Maiolino 2025). This motivates observations in the rest-frame
near-infrared. There, the light of a stellar population best traces its
mass (e.g. Bell & de Jong 2001). A dust-reddened AGN should show
hot dust re-emitting the absorbed luminosity, which in type-1 quasars
often produces a rise beyond rest-frame ≈ 1𝜇m well described by a
𝑇 ≈ 1200–1300 K blackbody (Barvainis 1987; Richards et al. 2006;
Glikman et al. 2006; Temple et al. 2021). A pseudo-photosphere,
instead, emits a nearly thermal spectrum with 𝑇eff ≈ 4000–6000 K,
which turns over near rest-frame 1𝜇m without hot dust (Kido et al.
2025; Liu et al. 2025, 2026; Begelman & Dexter 2026; Sneppen et al.
2026).

At 𝑧 ≳ 5, the rest-frame near-infrared lies beyond observed 5𝜇m
and can only be reached with the Mid-Infrared Instrument (MIRI,
Rieke et al. 2015; Wright et al. 2023) on board JWST. MIRI obser-
vations of LRDs in this regime so far give a mixed picture. Several
bright LRDs show weak or absent hot-dust emission (Williams et al.
2024; Setton et al. 2025a), with mid-infrared colours bluer than those
of AGN tori (Pérez-González et al. 2024). In contrast, the Rosetta
Stone (Juodžbalis et al. 2024) and stacks of fainter LRDs (Delvecchio
et al. 2025; Pérez-González et al. 2026; Barro et al. 2026) show an ex-
cess beyond rest-frame ≈ 2𝜇m, which could trace hot dust. At 𝑧 < 1,
LRD analogues selected from the Dark Energy Spectroscopic Instru-
ment (DESI, Levi et al. 2019) survey show blackbody-like continua
with 𝑇 ≈ 2000–4700 K, peaking at rest-frame 0.6–1.5𝜇m (e.g. Lin
et al. 2026; Park et al. 2026), as expected for a pseudo-photosphere.
Some of them also show an excess at ≳ 3𝜇m, attributed to warm
dust at ≈ 500–700 K (Ashall et al. 2026). Individual faint LRDs at
the highest redshifts, where the population is most abundant, remain
largely unexplored at these wavelengths.

In this work, we present deep JWST/MIRI F770W and F1000W
imaging of Abell 2744-QSO1 (hereafter QSO1), a triply-imaged
lensed source at 𝑧 = 7.04 (Section 2) and one of the best-studied
LRDs to date (Furtak et al. 2023, 2024, 2025; Ji et al. 2025; Ma et al.
2025; Maiolino et al. 2026; D’Eugenio et al. 2026b; Ji et al. 2026a;
Zhang et al. 2026b; Tang et al. 2026). At the redshift of QSO1, these
filters probe rest-frame ≈ 0.96 and 1.24𝜇m, the immediate continua-
tion of the observed optical rise. We combine them with the existing
UV-to-optical photometry and spectroscopy and with far-infrared
and millimetre limits (Section 3) to address three open questions: (i)
how the optical rise of QSO1 continues into the near-infrared, (ii)
whether the red continuum comes from a massive stellar host or from
dense gas around the black hole, and (iii) whether QSO1 shows the
hot-dust emission expected for a dust-reddened AGN, and where the
luminosity absorbed by dust is re-emitted.

Throughout this paper, we assume a flat Λ-CDM cosmology with
ΩM = 0.3, ΩΛ = 0.7, and 𝐻0 = 70 km s−1 Mpc−1. We adopt AB
magnitudes (Oke & Gunn 1983) and a Chabrier (2003) initial mass
function (IMF).

2 TARGET

QSO1 is an extremely red, compact source at 𝑧spec = 7.0364 (Tang
et al. 2026), triply imaged by the galaxy cluster Abell 2744 (A2744,
𝑧 = 0.308). Its three images are Ima-A (RA = 3.5798375, Dec =

−30.4015733 deg), Ima-B (3.5835458, −30.3966828 deg) and Ima-
C (3.5972125,−30.3943442 deg), with magnifications 𝜇 = 5.4±1.1,
7.5 ± 1.5 and 2.7 ± 0.5, respectively (Furtak et al. 2025). Thanks to
the lensing magnification, we can study an intrinsically faint source
(𝑀UV ≃ −16.3) at different moments of its history. In fact, since
the light of each image follows a different path through the cluster,
it reaches us with a different delay. Image B and image C arrive
≈ 2.3 and ≈ 19 yr after image A (Furtak et al. 2025), spanning up
to ≈ 2.4 yr in the rest frame. Between these epochs, the equivalent
widths of the broad H𝛼 and H𝛽 lines have been found to change,
revealing variability of the broad-line emission (Furtak et al. 2025).

Several observations point to an accreting black hole, with little
room for a host galaxy. QSO1 is unresolved in JWST Near-Infrared
Camera (NIRCam; Rieke et al. 2023) imaging, with 𝑟e < 30 pc
(Furtak et al. 2024), and even its rest-frame UV shows AGN features,
namely broad Ly𝛼 and far-UV Fe ii emission (Tang et al. 2026).
Its narrow-H𝛼 velocity field indicates Keplerian rotation around a
black hole of ≈ 5 × 107 M⊙ (Juodžbalis et al. 2026), consistent
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with the broad-line estimate (Furtak et al. 2024). This leaves at most
≈ 2 × 107 M⊙ for the host stars, i.e. 𝑀BH/𝑀★ > 2. The narrow-line
widths also limit the total dynamical mass to 𝑀dyn < 4 × 108 M⊙ (Ji
et al. 2025).

Despite these constraints, what produces the continuum of QSO1
is still debated. It shows one of the strongest and smoothest Balmer
breaks among LRDs, comparable to that of the Cliff (de Graaff
et al. 2025b), followed by a steep optical rise. This shape has been
reproduced by a massive, heavily attenuated stellar population (Ma
et al. 2025), which however conflicts with the dynamical constraints
above, by an accretion disc seen through nearly dust-free gas with
𝑛H ∼ 1010 cm−3 and a large population of hydrogen in its 𝑛 = 2 level
(Ji et al. 2025; D’Eugenio et al. 2026b; Chang et al. 2026), or by
a pseudo-photosphere (e.g. Naidu et al. 2026). If instead the broad
Balmer decrement were due to dust, it would imply 𝐴𝑉 ≈ 2–3 mag
(Ji et al. 2025; D’Eugenio et al. 2026b). QSO1 is undetected by
the Atacama Large Millimeter/submillimeter Array (ALMA; Furtak
et al. 2024; Labbe et al. 2025), which constrains only cold dust. It is
also undetected in deep Chandra observations (Furtak et al. 2024),
which at 𝑧 = 7 probe rest-frame energies of ≈ 4–56 keV. This X-ray
faintness suggests either an intrinsically X-ray-weak source or a large
gas column (𝑁H ≳ 1024 cm−2; e.g. Lambrides et al. 2026; Maiolino
et al. 2025). These constraints come from the rest-frame UV and
optical and from far-infrared limits. The continuum beyond rest-
frame ≈ 0.6𝜇m, where the scenarios differ, had not been observed
before this work.

3 DATA

3.1 Dataset

The core of our dataset is the deep MIRI imaging at 7.7 and 10 𝜇m
from the JWST Cycle 3 program MIRI in Clusters (MIRIC, GO-5578,
PIs: Iani & Rinaldi; Iani et al. in prep.), which covers ∼5.9 arcmin2

of the central region of A2744, including all three images of QSO1.
The MIRI data were reduced with the same pipeline as in Rinaldi
et al. (2025), with further details to be presented in Iani et al. (in
prep.).

We complemented the MIRI data with all the available HST imag-
ing from the Advanced Camera for Surveys (ACS) and the Wide Field
Camera 3 (WFC3), and with JWST/NIRCam imaging. We used the
fully reduced, public mosaics of the UNCOVER DR31 (Bezanson
et al. 2024; Suess et al. 2024). These combine the NIRCam imag-
ing from ERS-1324 (GLASS; PI: Treu), GO-2561 (UNCOVER; PIs:
Labbé & Bezanson), DD-2767 (PI: Kelly), GO-2883 (MAGNIF; PI:
Sun), GO-3516 (ALT; PIs: Naidu & Matthee), GO-3538 (PI: Iani) and
GO-4111 (MegaScience; PI: Suess) with the HST programs 11689
(PI: Dupke), 13386 (PI: Rodney), 13389 (PI: Siana), 13495 (HFF;
PI: Lotz), 15117 (BUFFALO; PI: Steinhardt) and 17231 (PI: Treu).

We also used JWST/NIRSpec Multi-Shutter Assembly (MSA)
spectroscopy from SPURS (GO-9214, PIs: Mason & Stark), obtained
with the three medium-resolution (𝑅 ≃ 1000) grating/filter combina-
tions G140M/F100LP, G235M/F170LP and G395M/F290LP, which
together cover ∼1–5.3 𝜇m. We retrieved the reduced spectra (v4)
from the DAWN JWST Archive (DJA)2. The NIRSpec spectra were
reduced via msaexp3 (Brammer 2023) following the data reduction

1 https://jwst-uncover.github.io/DR3.html
2 https://dawn-cph.github.io/dja/
3 https://github.com/gbrammer/msaexp

described in Heintz et al. (2024); de Graaff et al. (2025a). All three
gratings targeted Ima-B of QSO1.

To potentially constrain the dust emission, we also considered far-
infrared and millimetre data. The region covering the three images
of QSO1 was observed by Spitzer/MIPS at 24 𝜇m and by Her-
schel/PACS (100 and 160 𝜇m) and SPIRE (250, 350 and 500 𝜇m)
(Rawle et al. 2014, 2016). These observations reach average 3𝜎
depths of 53 𝜇Jy, 2.6, 5.2, 16.8, 19.2 and 19.8 mJy, respectively,
where for SPIRE we adopt the confusion-limited depths of Nguyen
et al. (2010). QSO1 is not detected in any of these maps. We as-
sumed uniform image-plane noise and adopt the same 3𝜎 limit for
each image.

QSO1 is also covered by ALMA Band 6 (1.2 mm) observations
from DUALZ+ALCS+ALMA-HFF programs (Fujimoto et al. 2024,
2025; Muñoz Arancibia et al. 2023). We downloaded the fully-
reduced ALMA mosaic maps from the UNCOVER webpage4. None
of the three images is detected, with 3𝜎 upper limits of 94.5, 90.9
and 84.0𝜇Jy beam−1 for Ima-A, B and C, respectively.

3.2 Photometry extraction

For each of the three multiple images of QSO1, we created 18′′×18′′
cutouts centred on the corresponding coordinates reported in Sec-
tion 2. Ima-B is significantly contaminated by a foreground object
located at a small projected separation from the target (≈ 1′′). We
modelled and removed this contaminating emission through an it-
erative deconvolution procedure based on the Richardson–Lucy al-
gorithm (Richardson 1972; Lucy 1974), adopting filter-dependent
model PSFs. We present more details and examples of the contami-
nant modelling and subtraction in Appendix A.

We extracted the photometry using sep (Barbary 2016), a Python
implementation of SourcExtractor (Bertin & Arnouts 1996). For
each filter and multiple image, we adopted the circular aperture that
maximised the signal from the target, imposing a minimum radius
corresponding to the radius enclosing 70% of the PSF energy. The
measured fluxes and their uncertainties were subsequently corrected
for the flux falling outside the adopted apertures using the corre-
sponding PSF encircled-energy (EE) curves. For MIRI, we adopted
the in-flight EE curves of the JWST calibration reference files (CRDS
apcorr, context jwst_1298.pmap), which include the detector scat-
tering and the extended wings of the PSF. At our aperture radii
(0.40–0.56′′), they enclose 66–72% of the flux, ≈ 12% (F770W)
and 4–6% (F1000W) less than an stpsf model without detector ef-
fects, and agree within 1.5% with the growth curve of a field star
(Appendix D).

We estimated the photometric uncertainties empirically by placing
500 apertures, with the same area as that adopted for the target, at
random positions within the surrounding sky region. Neighbouring
sources were masked before placing the apertures, and the standard
deviation of the resulting sky-aperture fluxes was taken as the 1𝜎
uncertainty on our target flux measurement. To additionally account
for systematic uncertainties in the absolute flux calibration of the
JWST data, we adopted a conservative minimum relative uncertainty
of 5% in all JWST bands.

Finally, we corrected the photometry for Galactic foreground ex-
tinction. We adopted 𝑅𝑉 = 3.1 and the colour excess reported by the
irsa dust maps5 at the position of QSO1, 𝐸 (𝐵−𝑉) = 0.0112±0.0004
(Schlafly & Finkbeiner 2011). The correction in each passband was

4 https://jwst-uncover.github.io/DR2.html
5 https://irsa.ipac.caltech.edu/applications/DUST/
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calculated using the extinction curve of Gordon et al. (2023), as
implemented in the dust_extinction6 Python package (Gordon
2024). The adopted multiplicative corrections, 𝑓ext, are reported in
Table B1, together with the photometry of the three multiple im-
ages. The individual-image measurements listed in the table are not
corrected for gravitational-lensing magnification.

We then corrected the flux densities of the three multiple im-
ages for their magnification factors (Section 2; Furtak et al. 2025),
propagating the magnification uncertainties, which include a 20%
floor for lensing systematics, into the uncertainty of each band. Al-
though lensing introduces time delays that allow us to observe our
target at different intrinsic epochs, the resulting three SEDs show
overall consistent colours in their broad-band photometry (Furtak
et al. 2025), even in their new MIRI coverage, see Figure B1. The
bands that show the largest discrepancies are those affected by strong
emission lines. Despite their similar SEDs, Ima-A and Ima-B dis-
play approximately wavelength-independent offsets relative to Ima-
C, with weighted mean flux-density ratios of 𝑓Ima−A/ 𝑓Ima−C = 1.87
and 𝑓Ima−B/ 𝑓Ima−C = 1.22. These factors were derived from all de-
tected bands (Appendix B). Excluding the two MIRI bands changes
them by ≲ 2% (1.86 and 1.25), so the MIRI data do not drive the
normalisation. In the medium bands closest to MIRI that are free of
strong emission lines (F430M, F460M and F480M), the ratios are
1.92±0.08 and 1.23±0.05 (photometric uncertainties only). We use
these values to test for chromatic variability in Section 4.1. These
offsets likely reflect residual uncertainties in the relative magnifi-
cation factors, residual photometric systematics, or a combination
of both. We adopted Ima-C as the reference since it has the low-
est magnification and is therefore expected to be less sensitive to
uncertainties in the lens model. We corrected the de-magnified pho-
tometry of Ima-A and Ima-B for the single wavelength-independent
multiplicative factor found to match the normalisation of Ima-C. We
note that, because the combined SED is tied to the normalisation of
Ima-C, the uncertainty on 𝜇Ima−C acts as a common scaling of all
bands, corresponding to a systematic uncertainty of ±0.08 dex on all
luminosities and masses derived in this work.

The final photometry of QSO1 was then obtained as the inverse-
variance-weighted mean of the three rescaled measurements. To ac-
count for any remaining differences between the multiple images,
the uncertainty in each band was increased by adding in quadrature
a systematic term derived from the inter-image scatter. Further de-
tails of this procedure are provided in Appendix B. The resulting
combined SED is shown in Figure B1. Following the relative rescal-
ing, the measurements obtained from the three multiple images are
mutually consistent within 3𝜎 across the available passbands. The
magnification uncertainties included in these errors scale all bands
of an image together and do not affect the shape of the SED. For
the analysis of the continuum shape (Section 4.2) we therefore com-
bined the images with their photometric uncertainties only, keeping
the inter-image systematic term and a 5% calibration floor on the
stack. The SED fits use the total uncertainties, which is conservative.

3.3 NIRSpec spectrum

We constructed a continuous NIRSpec spectrum of QSO1 by
combining the observations obtained with the G140M/F100LP,
G235M/F170LP and G395M/F290LP grating–filter configurations
(Section 3.1). The individual spectra were resampled onto a com-
mon wavelength grid extending from 0.8 to 5.6 𝜇m, with a sam-

6 https://dust-extinction.readthedocs.io/en/latest/

pling of Δ𝜆 = 0.005 𝜇m, using the flux-conserving spectres
algorithm (Carnall 2017). In the wavelength regions covered by
more than one configuration, the spectra were combined us-
ing inverse-variance weighting. The corresponding wavelength-
dependent spectral-resolution curves were derived following the pa-
rameterisation of the instrumental line-spread-function (Shajib et al.
2025) and combined using the same weights. We subsequently
corrected for the overall normalisation and residual wavelength-
dependent path losses by matching the spectrum to the combined
imaging photometry derived in Section 3.2. To this end, we cal-
culated synthetic NIRCam photometry by convolving the spectrum
with the corresponding filter-transmission curves retrieved from the
Spanish Virtual Observatory Filter Profile Service (SVO FPS; Ro-
drigo et al. 2012; Rodrigo & Solano 2020). The uncertainties in the
synthetic photometry were propagated from the errors on the indi-
vidual spectral elements. For each filter covered by the spectrum,
we measured the ratio between the observed and synthetic photom-
etry. Both the imaging and synthetic-photometry uncertainties were
included in the corresponding error. We modelled the wavelength
dependence of these ratios using a second-order polynomial in log-
arithmic wavelength and flux-ratio space, and multiplied the spec-
trum by the resulting correction curve. The uncertainty associated
with the path-loss correction was estimated using 1000 Monte Carlo
realisations of the photometric-to-synthetic flux-density ratios. This
uncertainty was propagated into the final spectral error together with
the original uncertainty of the NIRSpec spectrum. The comparison
between the combined photometry and the spectrum before and after
the path-loss correction is shown in Figure B2, while further details
of the procedure are presented in Appendix C.

4 RESULTS

4.1 MIRI morphology and variability

We fitted each image in the contaminant-removed F770W and
F1000W mosaics with a point source and with a circular Gaus-
sian convolved with the PSF, accounting for the correlated noise of
the drizzled mosaics, with socca (Di Mascolo 2026). To bracket the
systematic uncertainty on the PSF, we repeated every fit with two
effective PSFs: a model PSF built by resampling per-exposure stpsf
models in the same way as the mosaics (“ad-hoc” PSF), and the same
PSF broadened to match the core of a field star (“broadened” PSF;
Appendices D and E). The broadened PSF is calibrated empirically,
but on a star much brighter than QSO1, whose core may be broad-
ened by brightness-dependent detector effects, so the true PSF of
QSO1 should lie between the two.

With the broadened PSF, all six fits (three images, two filters)
are best described by a point source (Figure 1). With the ad-hoc
PSF, some fits prefer a small extension (𝜎 ≃ 0.025–0.035′′), but
this has nearly the same angular size in all three images, despite
their different magnifications, and is smaller than the core excess
measured on the field star. It reflects a PSF systematic rather than
intrinsic structure, and QSO1 is unresolved in MIRI in all three
images. We nevertheless derive the size limits with the ad-hoc PSF,
since any mismatch then appears as extension and the limits are
conservative. The narrow H𝛼 and Ly𝛼 emission of QSO1 extends
over a few hundred parsecs (Maiolino et al. 2026; Ji et al. 2026a),
but the emission lines contribute only ≈ 3–7% of the MIRI flux
densities, almost entirely from the broad component (Section 4.2),
so an extended narrow-line region is not expected to be detectable in
MIRI. Converted to the source plane (Appendix E), the 95% upper
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Figure 1. QSO1 is unresolved in both MIRI bands in all three images. MIRI
morphology of the three images of QSO1 (rows: Ima-A, Ima-B, Ima-C). For
F770W and F1000W, the panels show the data, the best-fit point-source model
(broadened PSF) and the residuals, on 2.5′′ stamps. All images are consistent
with a point source. The size limits quoted in the text are derived with the
narrower ad-hoc PSF (Appendix E).

limits on the effective radius in F770W are 𝑟e < 64, 70 and 173 pc
for Ima-A, B and C. These limits are conservative. The tightest, 𝑟e <

64 pc for Ima-A (< 51 pc dividing by the tangential magnification
alone, as in Furtak et al. 2024), is a factor of ≈ 2 weaker than the
NIRCam limit of 𝑟e < 30 pc, as expected from the broader MIRI
PSF.

Ima-A and Ima-C sample epochs ≈ 19 yr apart in the observed
frame (≈ 2.4 yr in the rest frame; Section 2). Since the magnification
uncertainties are common to all bands of an image, we compared the
MIRI image ratios with those of the line-free NIRCam continuum
(Section 3.2), using the photometric uncertainties only. For Ima-
A, the cleanest image, the ratios relative to Ima-C (1.89 ± 0.13 in
F770W and 1.85 ± 0.15 in F1000W) are 0.98 ± 0.08 and 0.96 ±
0.09 times the NIRCam value. For Ima-B they are 12–16% lower,
within the scatter of its own NIRCam continuum ratios (1.13–1.43
in F430M–F480M), most likely because of residual contamination
from the foreground object (Appendix A). Point-source photometry
and different NIRCam reference bands change these ratios by at
most ≈ 15%, and no combination deviates from the NIRCam value
by more than 3𝜎. We find no evidence for wavelength-dependent
variability above ≈ 15%, as expected if the optical and near-infrared
continua come from the same component. Smaller variations, such
as those of a hot-dust component lagging the optical by ∼ 0.7 yr, the
light-crossing time of the sublimation radius (Section 5.3), cannot
be excluded. The broad lines, instead, have been reported to vary.
Their equivalent widths differ between the images by up to ≈ 20%
(Furtak et al. 2025), and those of H𝛽 and H𝛼 in Ima-C are about
twice those of Ima-A and Ima-B (Ji et al. 2025), consistent with
the ≈ 10% lower image ratios we measure in the line-dominated
NIRCam bands. Paschen lines twice as strong in Ima-C would raise
its MIRI flux densities by only ≈ 3% and ≈ 7% (Section 4.2), within
our uncertainties.

4.2 The near-infrared turnover

Between rest-frame 0.44 and 0.53 𝜇m (F356W and F430M), the flux
density rises as 𝑓𝜈 ∝ 𝜆𝛼 with 𝛼 = 2.9 ± 0.4, and the rise contin-
ues with 𝛼 = 1.83 ± 0.13 between 0.53 and 0.95 𝜇m (F430M and
F770W). Between the two MIRI filters (0.95–1.24 𝜇m), the contin-
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Figure 2. The steep optical rise of QSO1 flattens between the two MIRI
bands, and a single 𝑇 ≈ 4450 K blackbody describes the continuum from
rest-frame 0.35 to 1.24𝜇m. A hotter blackbody reddened by dust fits equally
well. Rest-frame SED of QSO1 normalised at 5500Å: path-loss-corrected
NIRSpec combined spectrum (black) and stacked photometry (white squares).
Lines show the blackbodies fitted to the photometry at rest-frame 0.35–
1.3𝜇m (𝑇BB = 4453 K, including MIRI; purple dash-dotted) and 0.35–
0.8𝜇m (𝑇BB = 4627 K, optical only; blue dotted), the green dashed line the
𝑇BB = 6874 K blackbody attenuated by an SMC screen with𝐸 (𝐵−𝑉 ) = 0.56
(𝐴𝑉 ≈ 1.5 mag), and the pink densely dotted line the reddened power law
𝑓𝜈 ∝ 𝜆−1.84 with 𝐸 (𝐵 − 𝑉 ) = 1.31 (𝐴𝑉 ≈ 3.6 mag; see Section 4.2).
Error bars and fits use the photometric uncertainties only (Section 3.2). The
coloured segments show the local power-law slopes 𝑓𝜈 ∝ 𝜆𝛼 between F356W
and F430M, F430M and F770W, and F770W and F1000W, and in the rest-
frame UV (F115W–F250M), with their values in the legend. Bottom: residuals
of the four continuum models, ( 𝑓obs − 𝑓model )/𝜎, at the bands between rest-
frame 0.3 and 1.3𝜇m, with the markers shown next to each model in the
legend (crosses: F410M and F444W, excluded from the fits).

uum is instead flat in 𝑓𝜈 , with 𝛼 = −0.07 ± 0.36. Since 𝜈 𝑓𝜈 ∝ 𝜆𝛼−1,
𝜈 𝑓𝜈 peaks between rest-frame 0.95 and 1.24𝜇m and declines at longer
wavelengths. Both MIRI filters contain hydrogen and helium recom-
bination lines (the Paschen series and Hei 𝜆10830 in F770W, Pa𝛽
in F1000W). Scaling the broad and narrow H𝛼 fluxes of D’Eugenio
et al. (2026b) with Case-B line ratios and the broad-line attenua-
tion (Appendix F), lines contribute at most ≈ 3% and ≈ 7% of the
F770W and F1000W flux densities, so the flattening is a property of
the continuum.

A single blackbody fitted to the combined photometry at rest-frame
wavelengths longer than 0.35 𝜇m (excluding F410M and F444W,
which are contaminated by H𝛽) has 𝑇BB = 4450 ± 60 K and 𝜒2

red =

𝜒2
min/(𝑁bands − 𝑁par) = 2.2 (nine filters, two free parameters), and

reproduces both MIRI points within 1.3𝜎 (Figure 2). The largest
residuals are in two NIRCam bands (F356W and F480M, ≈ 2–
2.5𝜎), not in MIRI. Fitting only the rest-frame optical filters (F300M
to F480M) gives 𝑇BB = 4630 ± 110 K, which under-predicts the
F770W and F1000W flux densities by 18% and 15% (3.3𝜎 and
2.0𝜎), whereas a power law fitted to the same filters (𝛼 = 3.3) over-
predicts them by factors of 2.2 and 5.3. The MIRI bands therefore
trace the turnover of the same thermal component that produces
the red optical continuum, and no additional component is needed
up to 1.24𝜇m. The blackbody temperature is, however, degenerate
with dust attenuation: a hotter, reddened blackbody (𝑇BB = 6874 K
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with 𝐴𝑉 ≃ 1.5 mag, 𝜒2
red = 2.4) describes the data equally well

(Appendix F).
Figure 3 compares QSO1 with empirical templates of type-1

quasars and LRDs, all normalised at rest-frame 5500Å. Relative
to the quasar templates (Vanden Berk et al. 2001; Glikman et al.
2006; Kim et al. 2026; Bosman et al. 2025), QSO1 is 10–20 times
fainter in the UV, but its steep optical rise brings it close to the quasar
composite at ≈ 1𝜇m. Only at 1.24𝜇m does the composite become
brighter, as the hot-dust emission of type-1 quasars sets in. Among
LRDs, the stacks of Delvecchio et al. (2025) and Pérez-González
et al. (2026) and the Rosetta Stone (Juodžbalis et al. 2024) closely
reproduce the optical rise and the MIRI photometry of QSO1, al-
though they are brighter in the UV. The closest match over the whole
range is JADES-1180-12402 (𝑧 = 3.19; Williams et al. 2024; Set-
ton et al. 2025a). With 𝐿𝜈 (5100 Å)/𝐿𝜈 (2500 Å) ≈ 9–11, QSO1
falls among the extreme LRDs (xLRDs, with a ratio above 6.3) of
Pérez-González et al. (2026), whose stack agrees well with it. Up to
1.24𝜇m, QSO1 is therefore a typical LRD with the UV continuum
of the most extreme ones. The local LRD the Egg (𝑧 = 0.10; Lin
et al. 2025; Ji et al. 2026b) and the Cliff (𝑧 = 3.55; de Graaff et al.
2025b), whose extreme Balmer break is due to absorption in dense
gas, have a similar optical rise and bracket QSO1 at 0.95–1.24𝜇m,
with the Egg slightly above and the Cliff slightly below. Beyond
1.24𝜇m, where our data stop, LRDs diverge. The LRD stacks keep
rising, whereas the the Egg and the Cliff stay nearly flat in 𝑓𝜈 up to
rest-frame≈ 3–4𝜇m. The Egg rises again only at longer wavelengths,
where its WISE photometry traces warm dust, and the Cliff shows
no evidence of hot dust (de Graaff et al. 2025b).

4.3 What produces the red continuum

We compared the SED with three sets of models of increasing physi-
cal detail: the continuum models of Ma et al. (2025) and the accretion-
flow envelopes of Liu et al. (2025) (Section 4.3.1), and our own mod-
els with the nebular emission of dense gas, fitted to the photometry
and the spectrum (Section 4.3.2).

4.3.1 Continuum models

Ma et al. (2025) modelled the rest-frame UV–optical continuum
of QSO1 (up to 0.66𝜇m) with an attenuated, ∼ 100 Myr-old stel-
lar population (galaxy-only), a reddened quasar continuum with a
small scattered fraction (AGN-only) and a combination of the two
(AGN+galaxy). All three described the data comparably well, but the
solutions with a stellar component require a very steep attenuation
curve (Ji et al. 2025). We first rebuilt their published best fits and
extended them to the MIRI bands without refitting (Appendix H,
Figure H1, Table H1). We found that those with a stellar component
over-predict F1000W by 48–60% (79% with the hot dust of the quasar
template). We then refitted the same families to our photometry, with
and without MIRI (Table H2, Figure 4).

Constrained by NIRCam alone, the models over-predict the MIRI
flux densities by 27–76% when a stellar component is present and by
18–43% for the AGN-only model, over the whole posterior volume,
because the attenuated continuum keeps rising beyond 1𝜇m. With
MIRI, the galaxy-only model needs less attenuation than when fitted
to NIRCam alone, and a surviving stellar mass of log10 (𝑀★ [M⊙]) =
9.33+0.10

−0.09, still in tension with the upper limit on the host stellar mass
(Section 2). The AGN+galaxy posterior splits into two modes, one
close to this galaxy-only solution and one dominated by the reddened
AGN with a minor stellar component (log10 (𝑀★ [M⊙]) ≈ 7.5–
8). The galaxy-only and AGN+galaxy models fit the data equally

well (𝜒2
red = 0.94 and 1.20) and have indistinguishable Bayesian

evidence7 (Δ ln(Z) = −0.7 for AGN+galaxy relative to galaxy-only).
The AGN-only model is disfavoured (Δ ln(Z) = −5.4, 𝜒2

red = 1.70),
and adding the hot-dust component of the Temple et al. (2021) quasar
template disfavours it further (Δ ln(Z) = −19.5). In the AGN+galaxy
model the hot dust instead suppresses the AGN, and the fit reverts to
the galaxy-only solution (Appendix H).

The spherical accretion-flow models of Liu et al. (2025), in which
the emission of an accreting black hole thermalises in a dense en-
velope, behave differently (Appendix H1). With a power law added
for the UV continuum, a single envelope spectrum reproduces the
photometry from the Balmer break to F1000W (𝜒2 = 14.3 in the
nine bands of Section 4.2, against 15.4 for the 4450 K blackbody),
with both MIRI bands within 1𝜎 (Figure 5), whereas the fit without
MIRI under-predicts them by 3–4𝜎. In this picture the Balmer break,
the turnover and the flat MIRI bands arise in the same thermalised
gas, without hot dust or an evolved population. Two discrepancies
remain. The model break is a sharp step at 3646 Å, whereas the
observed one is smoother, as expected if bulk or turbulent motions
broaden the Balmer edge (Ji et al. 2025; Naidu et al. 2025) or if
the photosphere spans a range of densities and temperatures. The
solution that matches the observed luminosity without rescaling has
𝐿 ≈ 2 × 1043 erg s−1, i.e. log(𝑀BH/M⊙) ≈ 5.2, and at the dynam-
ical black-hole mass (Juodžbalis et al. 2026) these near-Eddington
models would over-predict the observed luminosity by ≈ 2.5 dex
(Section 5.1).

4.3.2 SED modelling with dense gas

Except for the envelopes, the models of Section 4.3.1 include neither
emission lines nor the dense gas that may shape the Balmer break and
the broad lines of QSO1 (Ji et al. 2025) and of LRDs in general (Sun
et al. 2026). We therefore fitted the NIRSpec spectrum, emission
lines included, and the photometry jointly with a Bayesian forward-
modelling code based on the nested sampler Nautilus (Lange 2023),
using models with the nebular emission of stellar- and AGN-ionised
gas over a wide range of densities (Appendix I). The spectrum targets
Ima-B and is flux-calibrated to the stacked photometry (Section 3.3),
so the two data sets are not fully independent and its line equivalent
widths may differ from those of the stack (Furtak et al. 2025).

All families contain bpass binary stellar populations (Eldridge
et al. 2017; Stanway & Eldridge 2018), with a Chabrier (2003)-
like IMF extending to 300 M⊙ , metallicities of 0.05% (zem5), 0.5%
(zem4), 5% (z001) and 10% 𝑍⊙ (z002) and nebular emission com-
puted with Cloudy (v25; Gunasekera et al. 2025). We considered
three classes of models for the UV and red optical continuum: (i) two
stellar populations in gas of ordinary density (𝑛H < 106.0 cm−3);
(ii) an ordinary-density population plus a population coupled to
dense photoionised gas (𝑛H = 106.5−12.0 cm−3), with a free cov-
ering fraction and lines with their own velocity dispersion; (iii) an
ordinary-density population plus an accretion disc embedded in a
dense (𝑛H = 108.0−12.0 cm−3), dust-free cocoon8, with a free cover-
ing fraction 𝐶 (Appendix I3). The UV and optical components were

7 The Bayesian evidence, Z =
∫
L(𝜃 ) 𝜋 (𝜃 ) d𝜃 , is the likelihood L aver-

aged over the prior 𝜋, and therefore penalises models with more parameters
or wider priors. Differences |Δ ln(Z) | > 5 are commonly regarded as strong
evidence (Trotta 2008).
8 The Cloudy cocoon is an approximation in the regime favoured by the
fits, because Cloudy solves the gas structure only along the radial direction
of a spherically symmetric shell and does not follow scattering as a transfer
process (Appendix I3).

MNRAS 000, 1–27 (2026)



Where the red rise of QSO1 stops 7

1 2 5 10 20
Observed wavelength (z = 7.0364) [ m]

0.1 0.2 0.5 1 2 5
Rest-frame wavelength [ m]

10 2

10 1

100

101

102
f

/f
(5

50
0Å

)
5 10 20 40

Observed wavelength [ m]

0.5 0.7 1 2 3 5
Rest-frame wavelength [ m]

1

2

5

10

QSO1 spectrum (NIRSpec; this work)
QSO1 photometry (this work)
QSO1 3  upper limit (this work)
Rosetta Stone (z = 2.26; Juod balis+24)
QSO composite (Vanden Berk+01, Glikman+06)

QSO stack (Kim+26)
J0313-1806 (z = 7.642; Bosman+25)
JADES-1180-12402 (z = 3.19; Williams+24)
LRD stack ("maximal", Akins+25)
LRD stack (Pérez-González+26)

LRD stack (<z> = 6.2; Delvecchio+25)
xLRD stack (Pérez-González+26)
The Cliff (z = 3.55; de Graaff+25)
xLRD MIRI stack (Pérez-González+26)
J1025+1402 (z = 0.10; Ji+26)

Figure 3. Up to rest-frame 1.24𝜇m the SED of QSO1 resembles those of other LRDs, and lacks the hot-dust rise of type-1 quasars. Beyond this wavelength,
where our data stop, LRDs diverge. Rest-frame SED of QSO1 (stacked photometry: white squares and 3𝜎 upper limits; path-loss-corrected NIRSpec spectrum:
black) compared with type-1 quasar templates (Vanden Berk et al. 2001; Glikman et al. 2006; Kim et al. 2026), the 𝑧 ≈ 7.6 quasar J0313−1806 (Bosman
et al. 2025), the LRDs GN-28074 (the Rosetta Stone; Juodžbalis et al. 2024) and JADES-1180-12402 (Williams et al. 2024; Setton et al. 2025a), the Cliff
(RUBIES-UDS-154183, 𝑧 = 3.55; de Graaff et al. 2025b; PRISM spectrum and NIRCam+MIRI photometry, circles), the local LRD J1025+1402 (the Egg,
𝑧 = 0.10; Lin et al. 2025; Ji et al. 2026b), the “maximal” LRD template of Akins et al. (2025), the LRD stacks of Delvecchio et al. (2025) and Pérez-González
et al. (2026) (shaded: their uncertainties), and the stack of extreme LRDs (xLRDs) of Pérez-González et al. (2026) with its MIRI photometric stack (dark orange
line and diamonds). All curves are normalised to their flux density at rest-frame 5500Å. The right panel zooms on the rest-frame 0.5–5𝜇m range (grey box in
the left panel) and shows only QSO1, the LRD and xLRD stacks of Pérez-González et al. (2026), the Cliff, the stacks of Delvecchio et al. (2025) and Akins et al.
(2025), JADES-1180-12402 and the Egg. The QSO1 spectrum and photometry are from this work. The spectra of the Rosetta Stone and JADES-1180-12402
are smoothed for readability.

attenuated either independently or by a single shared foreground
screen with a Noll et al. (2009) law, and all families include dust
emission tied to the absorbed luminosity (Section 5.3). Each family
was fitted separately at each metallicity and compared through its
Bayesian evidence (Tables I2 and I3). We also repeated class (iii)
with the formed stellar mass limited to log10 (𝑀★ [M⊙]) ≤ 7.5, i.e.
a surviving mass of ≈ 2 × 107 M⊙ , the upper limit on the host
stellar mass derived from the dynamics by Juodžbalis et al. (2026)
(“stellar-mass limit” in the following).

Figure 6 shows the highest-evidence maximum-likelihood solution
of each class, Table 1 their properties and Figure I2 their posteriors. A
single foreground screen cannot reproduce the V-shaped SED: with a
shared screen, the dense-gas stellar solutions lose Δ ln(Z) ≃ 81–274
and the cocoon solutions≃ 94–125, so the UV and the red continuum
must come from regions with different effective attenuation.

Two ordinary-density stellar populations. A young, almost un-
obscured population produces the UV and a massive, attenuated
∼ 20 Myr population the red continuum (formed log10 (𝑀★ [M⊙]) ≃
9.61). This is the analogue of the galaxy-only model of Ma et al.
(2025), with a similar mass and the same steepest attenuation curve
allowed (𝛿 ≃ −0.95), but a younger age (∼ 20 against ∼ 100 Myr),
favoured by the nebular emission and the Balmer region of the spec-
trum. It has by far the lowest evidence of the four.

Stellar populations with dense gas. Coupling the red-continuum
population to dense photoionised gas significantly improves the
Bayesian evidence (Δ ln(Z) ≃ 127). A ∼ 16 Myr population with
log10 (𝑀★ [M⊙]) ≃ 9.62 produces the red continuum, ≈ 140–200
times the upper limit on the host stellar mass, and its lines need
𝜎𝑣 ≃ 800 km s−1, difficult to reconcile with a stellar H ii region.

Accretion disc in a dense cocoon. The highest-evidence run of all
does not use the disc for the red continuum. The disc, seen directly
and through a cocoon with 𝐶 ≃ 0.26, produces the UV, while a
∼ 20 Myr stellar population with log10 (𝑀★ [M⊙]) ≃ 9.57 produces
75–85% of the light at rest-frame 0.5–1.2𝜇m, with the same tension
with the dynamical mass.

Cocoon with the stellar-mass limit. With the stellar-mass limit the
roles are reversed. A young population (log10 (𝑀★ [M⊙]) ≃ 6.96)
produces the UV, and the disc (𝐿AGN ≈ 2.4 × 1044 erg s−1) and
the cocoon (𝐶 ≃ 0.22, 𝑛H = 1011 cm−3, 𝑈 = 10−3 and 𝑁H =

1025.5 cm−2, the largest column of the grid) more than 90% of the
light beyond rest-frame 0.5𝜇m, behind a screen with 𝐴𝑉 ≃ 1.3 mag
and the steepest attenuation slope allowed. The same solution is found
at all four metallicities. Its continuum keeps rising beyond rest-frame
1𝜇m and over-predicts F1000W by 5𝜎, whereas the solutions with a
massive stellar population are within 1𝜎 (stellar models) and 2.3𝜎
(unconstrained cocoon).
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Figure 4. MIRI reveals that the continuum models of Ma et al. (2025), constrained by NIRCam alone, over-predict the near-infrared, and that quasar-like hot
dust is disfavoured. Posterior fits of the model families of Ma et al. (2025) to the stacked photometry of QSO1, fitted to the NIRCam bands only (left) and to
NIRCam and MIRI (right). White squares are the fitted bands. Grey squares are bands not used in the fit (F090W, affected by the Ly𝛼 break, and F410M and
F444W, dominated by H𝛽). Horizontal bars show the filter coverage. In the left panel, the grey shaded region marks the MIRI range (𝜆obs > 5𝜇m), which is not
fitted. The NIRSpec spectrum (path-loss corrected, black) is shown for reference only and is not fitted. Coloured lines and shaded regions show the posterior
median and 16th–84th percentile range of each model family. Dotted lines include the hot-dust component of the Temple et al. (2021) quasar template. The
log-evidence of each fit is given in the legend. Bottom panel: residuals, ( 𝑓obs − 𝑓model )/𝜎, of the synthetic photometry of each model.

Within the model families explored, the spectrum requires a dense,
strongly reprocessing component, in line with the broad Balmer lines
with a large decrement (D’Eugenio et al. 2026b) and the broad Ly𝛼
and far-UV Fe ii emission of QSO1 (Tang et al. 2026). The highest-
evidence solutions produce the red continuum with ≈ 4× 109 M⊙ of
stars, two orders of magnitude above the stellar-mass limit, and the
solution within this limit has an evidence lower by Δ ln(Z) ≃ 20–33.
We regard this difference as indicative given the systematics of our
modelling (Appendix I), but it does not depend on how the images
are combined (it holds for the photometry of each lensed image, with
Δ𝜒2 = 31–107; Appendix I5) or on metallicity (Table I3).

Two test models clarify the role of the stars (Appendix I4). In the
first, there is no stellar population, and the disc and cocoon must also
produce the UV. This model misses the Balmer break by ≈ 3𝜎 and
over-predicts F1000W by ≈ 5𝜎 (Figure I1). In the second, the stars
are unattenuated and their mass is not limited. They then produce
only the UV, and the fit converges to the solution with the stellar-
mass limit. Within our grid, a separate UV component seems to
be required, and the massive solutions rely on heavily attenuated
stars. The UV may nevertheless be partly AGN light, as suggested
by its far-UV Fe ii emission (Tang et al. 2026), and radiative-transfer
effects not included in our grid could produce the blue UV and the
red continuum in the same gas (e.g. Mascia et al. 2026).

The SED alone thus prefers a massive stellar population, whereas
the dynamics, the broad lines and the UV features point to an
accretion-powered source in dense gas.

5 DISCUSSION

5.1 A pseudo-photosphere?

The steep optical rise of QSO1 does not continue into the near-
infrared, and its SED up to 1.24𝜇m is typical of LRDs (Section 4.2).
With 𝜈𝐿𝜈 (1 𝜇m) ≈ 1.8 × 1043 erg s−1 and 𝑀UV ≃ −16.3, QSO1
extends this shape to one of the faintest and most distant LRDs
observed at these wavelengths.

Two kinds of source can produce this shape. In the first, the en-
gine (e.g. an accreting black hole) is enshrouded in dense gas that is
optically thick enough to thermalise its emission, so that it radiates
from a pseudo-photosphere with 𝑇eff ≈ 4000–6000 K, close to a
blackbody (Liu et al. 2026). A single component then produces both
the optical rise and the turnover, without the need of dust. Thermali-
sation is what makes this model work. In fact, gas that only absorbs
the disc light can produce a Balmer break and can partially red-
den the optical continuum (Inayoshi & Maiolino 2025), but it cannot
produce the steep optical rise and the turnover observed. In a pseudo-
photosphere, these come from the thermal emission of the gas itself.
Among our models, only the accretion-flow envelopes of Liu et al.
(2025) are of this kind (Section 4.3.1). However, while these enve-
lope models reproduce the shape of the turnover, their luminosity is
in tension with the dynamical black-hole mass (Section 4.3.1). These
models, in fact, are powered by supercritical accretion, and photon
trapping and outflows regulate their emergent luminosity to ∼ 1–
10 𝐿Edd (Kido et al. 2025; Liu et al. 2025; Jiang et al. 2014). For the
dynamical mass, log(𝑀BH/M⊙) = 7.7±0.3 (Juodžbalis et al. 2026),
𝐿Edd ≈ 6 × 1045 erg s−1 (3–12 × 1045 erg s−1). QSO1 is far below
this value, whichever bolometric luminosity is adopted. Integrating
its observed SED gives 𝐿bol ≈ 3 × 1043 erg s−1 (Section 5.4), i.e.
𝜆Edd ≈ 0.005. The type-1 bolometric correction applied to H𝛼 gives
≈ 2 × 1044 erg s−1, i.e. 𝜆Edd ≈ 0.03. Even the intrinsic luminosity
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Table 1. Physical properties of the four representative solutions, each at the metallicity of its highest evidence (Figure 6): posterior medians with 16th–84th
percentile ranges. Ages are log10 (𝑡 [yr] ) , stellar masses are formed masses log10 (𝑀★ [M⊙ ] ) , de-magnified. The surviving masses are at most 0.15 dex lower
at these ages. “UV” and “opt.” denote the stellar populations dominating the rest-frame UV and optical continua. 𝛿 is the slope offset of the attenuation curve
(prior [−1, 0.4]). 𝑇dust,0 is the intrinsic dust temperature, before CMB heating. 𝐶 is the covering fraction of the photoionised gas of each stellar population, or
of the cocoon.

Two ordinary-density Stellar populations Accretion disc in Cocoon with the
stellar populations with dense gas a dense cocoon stellar-mass limit

zem4 zem5 zem4 zem4

ln(Z) (Δ ln(Z)) 3747.4 (−139.8) 3874.5 (−12.7) 3887.2 (0) 3854.4 (−32.8)
Optical continuum from stars stars (dense gas) stars disc + cocoon
UV-emitting stellar population
Age 6.8+0.2

−0.1 6.8+0.1
−0.2 – 6.9+0.1

−0.2
log10 𝑀★ 6.69+0.19

−0.22 6.48+0.19
−0.18 – 6.96+0.32

−0.35
𝐸 (𝐵 − 𝑉 ) 0.022+0.003

−0.004 0.019+0.004
−0.003 – 0.25+0.12

−0.13
𝐶 0.54+0.27

−0.16 0.44+0.23
−0.15 – 0.63+0.26

−0.25
log10 (𝑛H [cm−3 ] ) , log10 𝑈 5.5, −2.5 6.0, −1.0 – 6.0, −1.0
Optical-continuum stellar population
Age 7.3+0.1

−0.1 7.2 7.3+0.1
−0.1 –

log10 𝑀★ 9.61+0.08
−0.09 9.62+0.03

−0.03 9.57+0.10
−0.07 –

𝐸 (𝐵 − 𝑉 ) 0.663+0.025
−0.019 0.650+0.018

−0.016 0.694+0.017
−0.016 –

𝐶 0.18+0.12
−0.06 0.38+0.03

−0.02 0.49+0.29
−0.23 –

log10 (𝑛H [cm−3 ] ) , log10 𝑈 6.0, −1.5 7.5, −3.0 3.0, −1.5 –
𝜎𝑣 of dense-gas lines [km s−1] – 798+53

−51 – –
Accretion disc and cocoon
log10 (𝐿AGN [𝐿⊙ ] ) – – 9.97+0.21

−0.16 10.79+0.04
−0.04

𝐶 – – 0.26+0.04
−0.03 0.22+0.03

−0.02
log10 (𝑛H [cm−3 ] ) , log10 𝑈 – – 9.0, −2.0 11.0, −3.0
log10 (𝑁H [cm−2 ] ) – – 25.0 25.5
𝜎𝑣 of cocoon lines [km s−1] – – 855+74

−67 906+64
−64

𝐸 (𝐵 − 𝑉 ) – – 0.13+0.11
−0.07 0.315+0.012

−0.012
𝛿 – – 0.07+0.21

−0.38 −0.985+0.023
−0.011

log10 (𝑀★,tot [M⊙ ] ) 9.61 9.62 9.57 6.96
𝛿 (stellar) −0.95+0.06

−0.04 −0.95+0.04
−0.03 −0.98+0.03

−0.02 0.30+0.07
−0.21

𝑇dust,0 [K] 228+168
−104 234+162

−95 226+175
−103 171+193

−101
log10 (𝐿dust [𝐿⊙ ] ) 11.50+0.26

−0.29 11.62+0.23
−0.24 11.44+0.29

−0.28 10.29+0.29
−0.26

of a reddened accretion disc, (0.4–1.2) × 1045 erg s−1, would give
only 𝜆Edd ≈ 0.06–0.2. This tension would only ease if the black-hole
mass were overestimated, the bolometric luminosity underestimated,
or the emission strongly anisotropic, as expected for super-Eddington
flows (Jiang et al. 2014; Pacucci & Narayan 2024).

In the second kind, a hotter source is reddened by dust, and the
continuum turns over where the attenuation becomes small. The
hotter the source, the more luminosity the dust must absorb. A 6900 K
blackbody behind 𝐴𝑉 ≈ 1.5 mag has 𝐿bol ≈ 8×1043 erg s−1, of which
the dust absorbs 𝐿abs ≈ 5 × 1043 erg s−1. A 3 × 104 K blackbody
behind 𝐴𝑉 ≈ 3.3 mag would instead have 𝐿bol ≈ 5 × 1045 erg s−1,
nearly all of it absorbed. This is close to the Eddington luminosity for
the dynamical black-hole mass. All our other models are of this kind:
the reddened accretion disc (𝐴𝑉 ≈ 2.2 mag), the reddened blackbody
(𝐴𝑉 ≈ 1.5 mag), the massive stellar populations (𝐴𝑉 ≈ 2.6–2.8 mag)
and, despite its dense gas envelope, the cocoon with the stellar-
mass limit (𝐴𝑉 ≈ 1.3 mag, Section 4.3). In fact, while this cocoon
reproduces the UV, the Balmer break and the broad lines with a
black hole in dense gas, it does not reproduce the turnover, because
its gas does not thermalise. The gas is optically thick in the Balmer
continuum (𝜏 ≈ 30 below 3646 Å), which produces the break, but
only marginally in the Paschen continuum (𝜏 ≈ 2 below 8204 Å) and
nearly transparent beyond. Its near-infrared continuum is therefore
the transmitted disc light and the nebular emission of the gas, roughly
flat in 𝑓𝜈 . The steep rise comes instead from its dust screen and the
directly seen disc, which keep rising beyond 1𝜇m and over-predict
F1000W. The same mostly neutral gas also scatters little. In dense-

gas models of LRDs, scattering by free electrons has been proposed
to produce the broad wings of the Balmer lines (e.g. Chang et al.
2026). In our cocoon, however, the fully ionised layer is thin and
most free electrons come from the residual ionisation (𝑥𝑒 ≈ 0.6 %)
of the neutral gas. The electron-scattering optical depth is therefore
only 𝜏es ≈ 0.13, ≈ 4–20 times below what is needed to produce the
observed wings, and the line widths are set by the fitted velocity
dispersion. So, for the cocoon model with stellar-mass limit, we
attribute the MIRI mismatch mainly to the lack of thermalisation,
although the single geometry, fixed illuminating spectrum and grid-
edge column of our cocoon may also contribute (Appendix I3).

Although our cocoons do not reproduce the turnover, they still
constrain how the dense gas is distributed around the black hole.
Both cocoon solutions, with and without the stellar-mass limit, cover
the disc only partially with dense gas (𝐶 ≃ 0.22–0.26; Section 4.3.2),
which points to a clumpy or anisotropic medium. This is in line with
the broad Ly𝛼 of QSO1, since high-column gas shapes the Balmer
break while lower-opacity paths let Ly𝛼 and ionising photons escape
(Ji et al. 2026a; Tang et al. 2026). So does its UV Fe ii emission, which
needs dense, partially ionised gas exposed to the central continuum
(Tang et al. 2026). The fitted covering fraction is therefore an effective
quantity, which may trace openings in the cocoon, anisotropic escape
or sightlines of different optical depth. We highlight that this covering
fraction refers to the gas, and is distinct from the one of the dust
discussed in Section 5.3.

Except for our cocoon, which misses the turnover, both kinds
of source reproduce the observed SED shape, so the photometry
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Figure 5. A single accretion-flow envelope reproduces the continuum of
QSO1 from the Balmer break to F1000W, but its luminosity matches the
data only for a black-hole mass ≈ 2.5 dex below the dynamical estimate.
QSO1 compared with the accretion-flow envelope models of Liu et al. (2025)
(Appendix H1). Top: photometry (white squares; grey: bands not fitted) and
NIRSpec spectrum, with the fit to all bands (black), its envelope (pink) and
UV power-law (blue) components and its synthetic photometry (diamonds),
the fit without MIRI (dashed) and the solution whose luminosity matches the
data without rescaling (dash-dotted). The model curves are dotted beyond rest-
frame 1.3𝜇m, where the envelope spectra are extrapolated. Bottom: residuals,
( 𝑓obs − 𝑓model )/𝜎, of the photometry for the fits with (squares) and without
MIRI (triangles), and of the spectrum for the fit to all bands (grey, averaged
over six pixels, with emission lines masked since the models do not include
them).

alone cannot decide between them. They, however, rest on different
physical requirements. The pseudo-photosphere models we tested
need a luminosity close to Eddington, which is in tension with the
dynamical black-hole mass. A reddened source instead requires dust
that absorbs part of the intrinsic luminosity and re-emits it in the
infrared. Among the reddened solutions, those dominated by stars
must satisfy the dynamical limit on the host mass (Section 5.2), and
all must hide the re-emitted luminosity below our infrared limits
(Section 5.3).

5.2 A massive host?

MIRI probes the rest-frame near-infrared, where the light of an
evolved host best traces its mass (Bell & de Jong 2001), but in
QSO1 this emission is unresolved (𝑟e < 64 pc) and follows the
same thermal component as the optical. A surviving stellar mass of
≳ 3×109 M⊙ within 𝑟e < 30–64 pc (Furtak et al. 2024) would imply
Σ★ = 𝑀★/(2𝜋𝑟2

e ) ≳ 1–5 × 105 M⊙ pc−2, at or above the maximum
observed in dense stellar systems (Hopkins et al. 2010). Such densi-
ties are extreme but not impossible, so they cannot exclude a stellar
solution on their own. The dynamics can provide an additional test.
Our inferred stellar mass is ≈ 140–200 times the dynamical upper
limit on the host stellar mass (Juodžbalis et al. 2026, see also Ji
et al. 2025), and even the galaxy-only model of Ma et al. (2025),

refitted with MIRI, still requires ≈ 2 × 109 M⊙ (Section 4.3.1). One
way to reconcile the inferred stellar mass and the dynamical up-
per limit would be if the dynamical mass were underestimated. In
fact, since only the line-of-sight component of the rotation is mea-
sured, 𝑣obs = 𝑣 sin 𝑖, a nearly face-on disc would hide most of the
true velocity thus biasing the estimated enclosed mass by a factor
of 1/sin2 𝑖. However, Juodžbalis et al. (2026) fit the inclination to-
gether with the mass and found 𝑖 = 52◦ ± 2◦, and ≈ 45◦ ± 10◦ with
a non-parametric method. Hiding a factor of ≈ 140–200 would re-
quire the true inclination to be only ≈ 3–4◦, inconsistent with both
estimates. Moreover, similar mass deficits have been found in many
LRDs with measured line widths (Ji et al. 2026b; D’Eugenio et al.
2026a; Wang et al. 2025; Torralba et al. 2026a), which are unlikely
to all be seen face-on. If LRDs in general contained ∼ 109–1010 M⊙
of stars within a few tens of parsecs, their high number densities
(Kokorev et al. 2024) would reintroduce the baryon-budget tension
raised by the first massive-galaxy interpretations of these sources
(Labbé et al. 2023; Boylan-Kolchin 2023). The stellar solution faces
a further problem. It needs dense gas moving at ∼ 800 km s−1, as
expected near an accreting black hole rather than in H ii regions.

A strong Balmer break does not necessarily require evolved stars
but can arise from absorption in dense gas rather than from evolved
stars (e.g. de Graaff et al. 2025b). In our modelling, however, even
when a black hole in dense gas is available, the fit tends to prefer
a solution with a strong contribution by stars. The highest-evidence
cocoon produces the red continuum with ≈ 4 × 109 M⊙ of stars
and uses the disc only for the UV. Limiting the stellar mass to maxi-
mum values consistent with the dynamical mass disfavours the model
(Δ ln(Z) ≃ 20–33, see Section 4.3.2). This preference does not come
from the Balmer break or the optical continuum. It mainly comes
from the MIRI bands, where the cocoon lacks a pseudo-photosphere
(Section 5.1), and from the emission lines fit: the Balmer-line pro-
files and ratios, the high-order Balmer lines just redward of the break,
and the UV lines. These are exactly the features our cocoon models
describe least well, since they assume a single density, ionisation
parameter and column, a single Gaussian line width, and escape-
probability line transfer (Appendix I3). Models combining a range
of densities and columns, or radiative-transfer models that follow line
scattering and the thermalisation of the continuum (e.g. Matthews
et al. 2025; Sneppen et al. 2026; Liu et al. 2025), may close the gap.

We therefore regard the massive stellar solutions as unlikely, and
the preference of the SED for them as a limitation of our dense-gas
models rather than as evidence for a massive host.

5.3 Where is the dust?

The dynamical mass mainly tests the models with stellar populations
(Section 5.2). The other reddened models, including the reddened
accretion disc, can instead be tested through the amount of dust
they require. In the dense-gas picture, the red optical continuum
arises without any reddening (Section 5.1). In addition to the SED
fits, two independent tracers can help establish whether QSO1 is
reddened at all: the emission lines and the gas metallicity. The Balmer
decrement of the broad component is large and would imply 𝐴𝑉 ≈
2–3 mag if caused by dust (Section 2). However, dense gas near
the black hole, inside the sublimation radius (𝑅sub ≈ 0.2 pc for
𝐿bol ≈ 2× 1044 erg s−1; Barvainis 1987) and therefore dust-free, can
also produce large decrements without dust (Ji et al. 2025; Chang
et al. 2026; Torralba et al. 2026b; Matthee et al. 2026). The Balmer
decrement of the narrow component is instead consistent with Case B
(D’Eugenio et al. 2026b), suggesting little dust in the narrow-line gas.
This gas, however, extends over a few hundred parsecs (Maiolino et al.
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Figure 6. In our models, the highest-evidence solutions produce the red continuum with ≈ 4× 109 M⊙ of stars. With the stellar mass limited by the dynamics, the
disc and dense cocoon produce it instead, but over-predict F1000W. Maximum-likelihood solutions of the representative model families, each at the metallicity
of its highest evidence, compared with the NIRSpec spectrum and the photometry: two ordinary-density stellar populations (zem4, top left), the highest-evidence
stellar model including a dense photoionised component (zem5, top right), the highest-evidence accretion-disc cocoon model (zem4, bottom left) and the same
model with the stellar mass limited to the upper limit on the host stellar mass, 𝑀★ ≤ 107.5 M⊙ (zem4, bottom right). For each model, the upper panel shows the
individual components (coloured), the total model (black), the photometry (squares, with horizontal bars showing the filter widths, and the model photometry as
diamonds) and the NIRSpec spectrum (dark grey, with its uncertainty shaded). Dotted vertical lines mark the main emission lines. The middle panel gives the
fractional contribution of each component, and the lower panel the residuals, ( 𝑓obs − 𝑓model )/𝜎, with the spectrum averaged over six pixels and its uncertainty
propagated accordingly. Dashed lines mark ±3𝜎.

2026; Ji et al. 2026a) and does not necessarily probe dust in front of
the broad-line region. The very low metallicity of QSO1 implies little
dust per unit gas, but does not exclude 𝐴𝑉 ≈ 2 mag. For the Galactic
ratio, 𝑁H/𝐴𝑉 = 2.2×1021 cm−2 mag−1 (Güver & Özel 2009), scaled
linearly to the gas-phase metallicity of QSO1 (≈ 0.005 𝑍⊙ ; Maiolino
et al. 2026), 𝐴𝑉 ≈ 2 mag requires 𝑁H ≈ 1024 cm−2 outside the

sublimation radius9. A column of this size is consistent with the
X-ray faintness of QSO1 (Section 2). Neither tracer can therefore

9 We note that 𝑁H ≈ 1024 cm−2 is a lower limit if the dust-to-gas ratio falls
faster than linearly at low metallicity (Rémy-Ruyer et al. 2014), and an upper
limit if the nuclear gas is more enriched than the narrow-line gas.
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confirm or rule out dust reddening on its own. The energy budget
offers a more direct test.

If QSO1 is reddened, the dust is substantial. Our best-fit reddened
solutions have 𝐴𝑉 ≈ 2.6–2.8 mag for the massive stellar populations,
≈ 2.2 mag for the reddened accretion disc and ≈ 1.3 mag for the
screen of the cocoon with the stellar-mass limit (Section 4.3). The
energy absorbed by this dust must be re-emitted in the infrared, and
our limits constrain how much of it can be hidden, and at which
temperatures.

For the SED models of Section 4.3.2 the absorbed luminosity is a
fitted quantity. Conversely, for the reddened accretion disc it has to be
derived from the AGN-only fit to NIRCam and MIRI (Appendix G),
whose intrinsic disc has log10 (𝜆𝐿3000 [erg s−1]) = 44.22±0.04. Be-
tween 912 Å and 2.9𝜇m dust absorbs 𝐿abs = (3.9±0.3)×1044 erg s−1,
94% of the intrinsic emission in this range. The template does not in-
clude the ionising continuum, and extending it below 912 Å with
the disc continuum of our cocoon models (Appendix I3) gives
𝐿AGN ≈ 1.2 × 1045 erg s−1, ≈ 2 times the value from the bolo-
metric correction of Runnoe et al. (2012). Below 912 Å, the energy
is absorbed first by the gas, but it is largely re-emitted as lines and
recombination continua that the dust can then absorb. We therefore
adopt 𝐿abs ≈ (0.4–1.2)×1045 erg s−1 for the reddened accretion disc.
The lower value counts only the non-ionising continuum, which the
dust must absorb in any case, and the upper value assumes that all
the ionising luminosity is eventually reprocessed by dust. The en-
ergy budget for the three model families spans a factor of ≈ 30:
(1.3–2.3) × 1045 erg s−1 for the solutions with a massive stellar pop-
ulation, (0.4–1.2) ×1045 erg s−1 for the reddened accretion disc, and
(0.7–1.0) × 1044 erg s−1 for the cocoon with the stellar-mass limit.

Where this energy emerges depends on the dust temperature (Fig-
ure 7). Hot dust (≳ 1000 K) emits mostly near rest-frame 3𝜇m, warm
dust (100–600 K) at 6–40𝜇m and cold dust (≲ 50 K) near 100𝜇m.
Only hot dust is constrained directly by NIRCam and MIRI, through
its Wien tail. Such temperatures are reached mainly when an AGN
heats the dust, since dust heated by stars stays cooler. In the cocoon
with the stellar-mass limit, which already over-predicts F1000W by
5𝜎 (Section 4.3.2), hot dust would only increase the tension. We
therefore test hot dust for the reddened accretion disc only. The fits
of Section 4.3.1 already disfavour quasar-like hot dust. To quan-
tify how much is allowed, we fitted a single-temperature greybody
(𝐿𝜈 ∝ 𝜈𝛽𝐵𝜈 (𝑇d), 𝛽 = 0–2) jointly with the reddened accretion disc
to the NIRCam and MIRI photometry, and integrated it over all fre-
quencies to obtain its luminosity (Appendix G). Based on this model,
dust at 1200 K can re-emit at most 2% of the lower value of 𝐿abs,
and dust at 1000 K at most ≈ 7% (Table G1)10. The 1200 K limit
corresponds to 𝐿hot/𝐿AGN ≲ 0.007, a geometry-dependent proxy for
the covering factor of the hot dust. This is more than ten times below
the typical values of luminous quasars (≈ 0.1) and Seyfert 1 galax-
ies (≈ 0.15–0.35; Mor & Trakhtenbrot 2011; Mor & Netzer 2012),
although these values vary widely between objects, down to quasars
with no detectable hot dust (Hao et al. 2010; Jiang et al. 2010; Lyu
& Rieke 2017). This comparison should be taken with care though.
We convert the hot-dust flux into a luminosity assuming isotropic
emission, whereas the near-infrared emission of a clumpy torus de-
pends on the viewing angle by up to a factor of a few (Nenkova
et al. 2008; Hönig & Kishimoto 2010). For a reddened accretion

10 Both values are for 𝛽 = 0, the least restrictive case. This case also ap-
proximates optically thick dust, whose surface emits close to a blackbody, as
expected for the clouds of a clumpy AGN torus (Nenkova et al. 2008; Hönig
& Kishimoto 2010; Hönig 2019).
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Figure 7. For a reddened accretion disc, hot dust (≳ 1000 K) can re-emit at
most a few per cent of the absorbed luminosity, and cold dust (≈ 40 K) at most
15 per cent, whereas warm dust at ≈ 70–600 K could re-emit all of it without
exceeding any limit. Dust energy budget of QSO1 under the reddened-disc
hypothesis (Appendix G): stacked NIRCam and MIRI photometry, 3𝜎 upper
limits from MIPS, Herschel and ALMA, and the intrinsic and attenuated
disc of the reddened-AGN model. Shaded bands show single-temperature
dust components at their limits, labelled with the fraction of the absorbed
luminosity 𝐿abs they can re-emit. These limits are 1𝜎 for the 1000, 1200 and
1500 K components, which are fitted jointly with the disc to the NIRCam
and MIRI detections (𝛽 = 0–2; line: blackbody), and 3𝜎 for the 40 K
component, which is set by ALMA (𝛽 = 1–2; line: 𝛽 = 1.8). Dotted lines
show the total of the re-fitted disc and each hot component. Solid grey curves
show greybodies (𝛽 = 1.8) that re-emit all of 𝐿abs without violating any
limit, at the lowest (71 K) and highest (602 K) such temperatures and at
their logarithmic midpoint (206 K). All dust emission is shown as observed,
including the CMB contrast.

disc, our sightline crosses the dusty medium, so the hot inner face
of the torus may be partly hidden and its intrinsic luminosity a few
times higher than we infer. The limit also rests on a single band
on the Wien tail (F1000W, rest-frame 1.24𝜇m), so it is sensitive to
the calibration of this band, to its ≈ 7% line contribution (see Sec-
tion 4.2) and to the slope of the disc template beyond 1𝜇m. With these
caveats, QSO1 lies towards the hot-dust-poor end of type-1 AGN, but
only up to rest-frame 1.24𝜇m. A torus whose emission rises only at
longer wavelengths, as in the LRD stacks (Pérez-González et al.
2026; Delvecchio et al. 2025), is not constrained by our data (see
Section 5.5).

The hot-dust limit weakens quickly towards cooler grains, from
2% of 𝐿abs at 1200 K to ≈ 7% at 1000 K and ≈ 6–50% at 800 K
(depending on 𝛽, see Table G1). Still, in the reddened accretion disc
case, most of the absorbed energy must therefore emerge from cooler
dust, which is loosely constrained only by the far-infrared and mil-
limetre limits. Normalising a greybody with 𝛽 = 1.8 to these limits
(Appendix G), the full absorbed luminosity of the reddened accretion
disc can be hidden at ≈ 70–600 K, while ALMA limits dust at 40 K
to at most 15% of it (Figure 7). For the massive stellar solutions, the
larger absorbed luminosity can be hidden only at ≈ 100–440 K. Dust
can reach such temperatures in compact, low-metallicity starbursts,
much warmer than in typical star-forming galaxies, and produce a
steep mid-infrared rise without an AGN (e.g. Hainline et al. 2016;
Sturm et al. 2025; Rieke et al. 2025). For the cocoon with the stellar-
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Figure 8. No solution is excluded by energy balance, but the absorbed lumi-
nosity of the most attenuated solutions can be hidden only in a limited range
of dust temperatures, which deeper MIRI imaging at longer wavelengths can
test. Maximum luminosity of dust emission at a single temperature allowed by
the NIRCam and MIRI photometry (orange; fitted jointly with the reddened-
disc model) and by the MIPS, Herschel and ALMA limits (blue; including the
CMB contrast), for 𝛽 = 0–2. Each limit is shown only where it is the tighter
of the two. The dashed black curve is the combined limit for 𝛽 = 1.8. Shaded
regions show the luminosity absorbed by dust in each model, plotted over the
temperatures at which the combined limit allows it to be re-emitted in full as a
single (modified) blackbody. For the reddened accretion disc (Section 5.3) the
region extends from the absorption between 912 Å and 2.9𝜇m to the full in-
trinsic luminosity, and for the solutions of Section 4.3.2 it spans the 16th–84th
percentiles of the absorbed luminosity. Dash-dotted lines mark the intrinsic
disc luminosity of the reddened accretion disc and of the cocoon with the
stellar-mass limit, both computed with the disc continuum of Appendix I3.
The cocoon region lies below its 𝐿AGN because most of the disc luminosity
is emitted below 912 Å and is absorbed by gas or escapes, not by dust. Ver-
tical bands mark the temperatures of hot dust in type-1 quasars and of the
warm-dust excess in low-redshift LRDs (Ashall et al. 2026), and the hatched
band the sublimation range of silicate and graphite grains (≈ 1500–2000 K;
e.g. Barvainis 1987). Brown, red and purple curves show the combined limit
on additional dust if QSO1 were also detected with S/N = 10 in F1280W,
F1500W and F1800W (dashed) or in F1280W–F2550W (solid), with an SED
that follows beyond F1000W the xLRD stack of Pérez-González et al. (2026),
the Egg (Lin et al. 2025; Ji et al. 2026b) or the reddened-disc model, nor-
malised to QSO1 at rest-frame 1.24𝜇m. Temperatures are those at 𝑧 = 7.04,
including CMB heating, which is negligible at 𝑇d ≳ 40 K.

mass limit, the absorbed luminosity can be hidden at ≈ 40–700 K,
almost any temperature allowed by our limits (Figure 8). No solution
is therefore excluded on energy-balance grounds, but the dust of the
reddened accretion disc and of the stellar solutions must lie, at least
in part, at temperatures that longer-wavelength MIRI imaging can
test (Section 5.5).

Since grains in radiative equilibrium cool with distance from their
heating source (Barvainis 1987), the estimated dust temperature con-
straints can also set where the dust can be. For the massive stellar
solutions, dust at ≲ 400 K lies at 𝑅 ≳ 25 pc (applying the same scal-
ing as an approximation), i.e. at or beyond the size limit of QSO1.
For the cocoon with the stellar-mass limit, the small budget leaves
the dust location unconstrained. For the reddened accretion disc,
dust at ≲ 600 K lies at 𝑅 ≳ 6 pc for 𝐿AGN ≈ 1.2 × 1045 erg s−1,

≈ 13 times the sublimation radius at this luminosity. A shell at
this distance, covering the whole sky with the column needed for
𝐴𝑉 ≈ 2 mag at the metallicity of QSO1 (𝑁H ≈ 1024 cm−2), contains
𝑀gas ≈ 3 × 107 (𝑅/14 pc)2 M⊙ . At 𝑅 ≈ 50 pc (𝑇d ≈ 280 K), this
approaches the dynamical mass (< 4 × 108 M⊙ ; Ji et al. 2025). Both
the large cavity and the large mass follow from assuming a single
temperature. A torus with a range of temperatures can instead extend
to the sublimation radius, provided its hottest (≳ 1000 K) dust car-
ries no more than a few per cent of 𝐿abs, as in hot-dust-poor quasars
(Hao et al. 2010; Lyu & Rieke 2017), and most of the luminosity is
re-emitted by cooler dust further out. We note that 𝐿abs assumes that
the dust covers all sightlines, like ours. If the dust of the reddened
accretion disc covers only a fraction 𝐶 𝑓 of the sky, it absorbs and
re-emits only 𝐶 𝑓 𝐿abs, and its gas mass is lower by the same factor.
The rest of the disc light escapes unattenuated along the uncovered
sightlines, towards other observers. For 𝐶 𝑓 = 0.3 (0.1), the absorbed
luminosity can then be hidden at ≈ 50–670 K (≈ 35–750 K), with
dust at 1200 K carrying at most ≈ 7% (22%) of it. Such covering fac-
tors are at the low end of those of AGN. For the obscuring gas, typical
values are ≈ 0.85 at 𝜆Edd ≲ 0.03 and ≈ 0.4 above (Ricci et al. 2017),
a range that includes QSO1 (𝜆Edd ≈ 0.005–0.2; Section 5.1). For the
infrared-emitting dust, the covering factor decreases with luminos-
ity, from about unity in low-luminosity AGN to ≈ 0.1 in luminous
quasars (Maiolino et al. 2007), with a median of ≈ 0.6 in X-ray-
selected type-1 AGN (Lusso et al. 2013). Madau & Maiolino (2026)
adopt𝐶 𝑓 ≈ 0.15 in a model in which LRDs are blue broad-line AGN
seen through dust at high inclination.

The covering factor also links QSO1 to the LRD population. In
the reddened accretion disc interpretation, the fraction of systems
seen through their dust, and hence selected as LRDs, equals the cov-
ering factor. For 𝐶 𝑓 = 0.3 (0.1), each LRD would have ≈ 2 (9)
counterparts seen without dust, as blue broad-line AGN of similar
intrinsic luminosity. At 𝑧 ∼ 5, LRDs are ≈ 100 times more abundant
than UV-selected AGN of similar dust-corrected luminosity (Koko-
rev et al. 2024), which would require dust covering most of the sky.
Among the broad-line AGN identified spectroscopically with JWST,
however, LRDs make up≈ 30 per cent, a fraction that rises with lumi-
nosity and drops below 15 per cent under 𝐿bol ≈ 1.5 × 1044 erg s−1

(Hainline et al. 2025). At the intrinsic luminosity of QSO1, these
small samples suggest 𝐶 𝑓 ≳ 0.3, which disfavours the lowest cov-
ering factors but not the case 𝐶 𝑓 ≈ 0.3. The energy budget derived
above for full covering is therefore the most demanding case.

The broad Ly𝛼 of QSO1 (Tang et al. 2026) constrains the geometry
further. A uniform dust screen would suppress it by ≈ 27 mag for
the reddened accretion disc (𝐴𝑉 ≈ 2.2 mag) and by ≈ 17 mag in
the cocoon with the stellar-mass limit (𝐴𝑉 ≈ 1.3 mag). In such
scenarios, the dust must therefore be clumpy, as typically found in
AGN tori (e.g. Tristram et al. 2007; GRAVITY Collaboration et al.
2020; Hönig 2019). It can then cover most sightlines, as required
above, while a small fraction of the light leaks through gaps between
the clumps. In the reddened-disc fit this unattenuated fraction is
≈ 1% (Appendix G), and it also produces the blue UV continuum.
With Case-B or typical broad-line Ly𝛼/H𝛼 ratios and the broad-line
attenuation, this fraction predicts a broad Ly𝛼 luminosity within a
factor of a few of the observed one, before any absorption by the
intergalactic medium. In the cocoon, the screen may instead partly
stand in for reddening by the dense gas itself, in which case its dust
emission is an upper limit.
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Figure 9. Without warm dust, the bolometric corrections of QSO1 are com-
parable to those of other LRDs and well below those of type-1 AGN. They
would exceed the type-1 values only if a reddened accretion disc re-emitted
its absorbed luminosity as warm dust. H𝛼 and 5100Å luminosities of QSO1
relative to its bolometric luminosity, for the luminosity integrated over the
observed SED (orange symbols, a lower limit on 𝐿bol), for the observed SED
plus the dust components of Figure 7 at their limits (segments: allowed range),
for a reddened accretion disc whose absorbed luminosity, from 𝐿abs to 𝐿AGN,
is re-emitted at 300 K (green), for the intrinsic disc luminosity of the cocoon
model with the stellar-mass limit (hexagon), and for the maximal luminosity
allowed by the MIRI and far-infrared limits (triangle, upper limit on 𝐿bol).
All QSO1 points lie on the line set by its 𝐿H𝛼/𝐿5100. Blue triangles: the
two LRDs of Greene et al. (2026), their mean and the mean with their maxi-
mal far-infrared emission. Dashed and dotted lines: bolometric corrections of
type-1 AGN (Kaspi et al. 2000; Greene & Ho 2005). The top and right axes
give the bolometric corrections.

5.4 Bolometric luminosity

The dust budget also sets the bolometric luminosity of QSO1.
Integrating the de-magnified SED from Ly𝛼 to 1 mm, with a
Rayleigh–Jeans tail beyond F1000W, gives 𝐿obs = 2.9×1043 erg s−1

(3.5 × 1043 erg s−1 with a linear decline to the ALMA band as in
Greene et al. 2026), a lower limit on 𝐿bol since it omits the ion-
ising and X-ray emission. With 𝐿5100 = 1.05 × 1043 erg s−1 and
𝐿H𝛼 = (1.20 ± 0.07) × 1042 erg s−1 (measured on the Ima-B spec-
trum, whose broad-line equivalent widths are about half those of
Ima-C; Ji et al. 2025), the bolometric corrections are BC5100 ≈ 2.8–
3.4 and BCH𝛼 ≈ 24–29 (Figure 9). They are comparable to those of
the two LRDs of Greene et al. (2026) (5.4 and 19) and well below
those of type-1 AGN (9 and 170; Kaspi et al. 2000; Greene & Ho
2005), whose H𝛼 correction would give 𝐿bol ≈ 2 × 1044 erg s−1

(Juodžbalis et al. 2026), ≈ 6 times the observed luminosity. Hot dust
within our limits raises these corrections only slightly, to at most
BC5100 ≈ 3.6 and BCH𝛼 ≈ 31 (≥ 1200 K), and cold dust by at most a
factor of ≈ 2.5, to ≈ 8 and ≈ 75 (≈ 40 K). Warm dust can raise them
much further. A reddened accretion disc re-emitting its absorbed lu-
minosity at ≈ 300 K would have 𝐿bol ≈ (0.4–1.3) × 1045 erg s−1,
BC5100 ≈ 40–120 and BCH𝛼 ≈ 350–1050, above even the maximal
values of Greene et al. (2026), and the disc of the cocoon with the
stellar-mass limit falls in between (2.4 × 1044 erg s−1, BC5100 ≈ 23,

Table 2. Expected flux densities of Ima-A (image plane, i.e. not corrected
for magnification) in the MIRI bands beyond F1000W, if the SED of QSO1
continued like the xLRD stack of Pérez-González et al. (2026), like the Egg
(Lin et al. 2025; Ji et al. 2026b) or like the reddened accretion disc model of
Section 4.3.1, each normalised to QSO1 at rest-frame 1.24𝜇m. For reference,
Ima-A has 0.91 and 0.90 𝜇Jy (24.00 and 24.02 AB) in F770W and F1000W.

Filter (rest-frame 𝜇m) xLRD stack the Egg reddened disc
[𝜇Jy] (AB) [𝜇Jy] (AB) [𝜇Jy] (AB)

F1280W (1.59) 0.89 (24.03) 0.88 (24.04) 0.90 (24.02)
F1500W (1.86) 0.96 (23.94) 0.95 (23.96) 0.86 (24.06)
F1800W (2.24) 1.18 (23.72) 0.98 (23.92) 0.81 (24.13)
F2100W (2.61) 1.47 (23.48) 0.99 (23.92) 0.76 (24.20)
F2550W (3.17) 1.99 (23.15) 1.02 (23.87) 0.69 (24.31)

BCH𝛼 ≈ 200). The largest luminosity compatible with all our limits,
for dust at ≈ 340 K, is 𝐿bol < 6.8 × 1045 erg s−1.

5.5 Predictions for longer-wavelength MIRI imaging

Our data stop at rest-frame 1.24𝜇m, while the LRD stacks and local
LRDs depart most from a single thermal component at 2–3𝜇m (Sec-
tion 4.2). We therefore predict what MIRI imaging beyond F1000W
would see in QSO1 for three continuations of its SED: the xLRD
stack of Pérez-González et al. (2026), the Egg (Lin et al. 2025; Ji
et al. 2026b) and the reddened-disc model of Section 4.3.1, each
normalised to QSO1 at rest-frame 1.24𝜇m (Table 2). The xLRD and
the Egg continuations would exceed the 4450 K blackbody by factors
of ≈ 2–5 at rest-frame 2–3𝜇m. The excess would carry 𝐿d ≈ (1–
2) × 1043 erg s−1 up to rest-frame ≈ 20𝜇m, consistent with the warm
dust inferred for low-redshift LRDs (≈ 500–700 K; Ashall et al.
2026). This emission is allowed by our limits, as it lies ≈ 20–40
times below the MIPS limit. It would raise 𝐿obs by ≈ 40–80%, i.e.
to BC5100 ≈ 4–5, comparable to the values of Greene et al. (2026).
However, it would amount to only a few per cent of the absorbed
luminosity of the reddened accretion disc or of the massive stel-
lar solutions, so the bulk of that luminosity would still have to be
re-emitted by cooler dust.

In the image plane of Ima-A, the three continuations give the
same F1280W flux density, ≈ 0.9 𝜇Jy (≈ 24.0 AB). They separate at
longer wavelengths. F1800W ranges from 0.81 𝜇Jy (24.1 AB) for the
reddened accretion disc to 1.18 𝜇Jy (23.7 AB) for the xLRD stack,
and F2550W from 0.69 𝜇Jy (24.3 AB) to 1.99 𝜇Jy (23.2 AB), with
the Egg in between (0.98 and 1.02 𝜇Jy, i.e. 23.9 AB, in both bands).
The Cliff (de Graaff et al. 2025b) predicts flux densities within 5%
of those of the Egg in all five bands. If QSO1 followed the xLRD or
the Egg SED and were detected at S/N = 10 in F1280W–F2550W,
the excess up to rest-frame 3.2𝜇m would be measured as dust at
≈ 600–650 K with 𝐿d ≈ (0.2–1) × 1043 erg s−1. The temperature at
which the near- and far-infrared limits cross would drop from ≈ 620
to ≈ 220 K, and the absorbed luminosity of a reddened accretion disc
could be hidden only at ≈ 70–250 K, compared with 70–600 K today
(Figure 8). Imaging up to F1800W alone would already restrict it to
≲ 300–380 K.

6 CONCLUSIONS

We have presented the first rest-frame near-infrared observations of
the lensed LRD QSO1 at 𝑧 = 7.04, obtained with MIRI in F770W
and F1000W. Our main results are:
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(i) All three images are unresolved, with a conservative source-
plane 95% upper limit of 𝑟e < 64 pc for Ima-A. The MIRI-to-
NIRCam continuum ratios of Ima-A and Ima-C agree within ≈ 5%,
with no evidence for wavelength-dependent variability above ≈ 15%
over the observer-frame ≈ 19 yr (≈ 2.4 yr rest-frame) delay between
Ima-A and Ima-C, whereas the broad lines have been reported to
vary (Furtak et al. 2025; Ji et al. 2025).

(ii) The steep optical rise turns over between 0.96 and 1.24𝜇m.
A single 𝑇 ≃ 4450 K blackbody describes the optical continuum
and both MIRI bands, and a hotter, reddened thermal continuum fits
equally well. Up to 1.24𝜇m, the SED of QSO1 is typical of LRDs,
and its UV-to-optical ratio places it among the extreme LRDs of
Pérez-González et al. (2026). Without MIRI, models constrained by
the UV-to-optical data mispredict the 1𝜇m continuum by 15–76%.

(iii) Within the model families explored, the spectrum requires
a dense, strongly reprocessing component and differential attenua-
tion (Δ ln(Z) ≳ 80 against a shared screen). The highest-evidence
solutions produce the red continuum with ≳ 3 × 109 M⊙ of stars,
≈ 140–200 times the upper limit on the host stellar mass. Within this
limit, the disc and cocoon produce the red continuum but over-predict
F1000W, with an evidence lower by Δ ln(Z) ≃ 20–33 that comes
from the MIRI bands and the emission lines, the features our cocoon
models describe least well. Accretion-flow envelope models repro-
duce the shape of the turnover, but their luminosity matches QSO1
only for a black-hole mass ≈ 2.5 dex below the dynamical one, which
implies 𝜆Edd ≈ 0.005–0.03 rather than the near-Eddington accretion
these models assume.

(iv) There is no evidence for the standard quasar hot-dust upturn
up to 1.24𝜇m. For a disc reddened by 𝐴𝑉 ≈ 2 mag, which would
absorb 𝐿abs ≈ (0.4–1.2) × 1045 erg s−1, at most ≈ 2% can be re-
emitted by hot dust (𝑇d ≥ 1200 K) and at most ≈ 15% by cold
dust (𝑇d ≈ 40 K). The remainder could be emitted undetected by
warm dust at ≈ 70–600 K, and the larger budget of the massive
stellar solutions only at ≈ 100–400 K. The cocoon with the stellar-
mass limit absorbs ≈ 20 times less and is unconstrained. A reddened
accretion disc therefore remains allowed, provided that most of its
absorbed luminosity emerges at ≈ 70–600 K and dust hotter than
≈ 1000 K carries at most a few per cent of it, as in hot-dust-poor
quasars. Without dust, the observed luminosity gives BC5100 ≈ 3
and BCH𝛼 ≈ 25, comparable to other LRDs and well below type-1
AGN. If a reddened accretion disc re-emitted its absorbed luminosity
as warm dust, these would rise to ≈ 40–120 and ≈ 350–1050.

If the upper limit on the host stellar mass holds, the stellar solu-
tions explored here are excluded, and our results favour an accretion-
powered origin of the red continuum, either reddened by dust or
processed by dense gas, which our data cannot yet distinguish.
An accretion-powered source is also suggested by the broad Ly𝛼
and far-UV Fe ii emission of QSO1. Our Cloudy cocoons do not
form a pseudo-photosphere and miss the turnover, whereas enve-
lope models that do form one miss the luminosity expected for
the dynamical black-hole mass. Reconciling the two, and exploring
non-isotropic dust geometries that would relax the energy-balance
constraints derived here, are needed before QSO1 can be modelled
self-consistently.

Even with MIRI, our description of the continuum of QSO1 stops
at rest-frame 1.24𝜇m, short of the range where LRDs depart most
from a single thermal component. QSO1 belongs to the extreme
LRDs of Pérez-González et al. (2026), the subtype whose stack rises
again beyond rest-frame ≈ 2𝜇m, by factors of ≈ 2–5 over the 4450 K
blackbody at 2–3𝜇m. For the most extreme LRDs, near-infrared data
up to≈ 1.2𝜇m are therefore not sufficient to constrain the dust budget

or the nature of the red continuum. At 𝑧 ≳ 7 this range lies beyond
observed 16𝜇m and can be reached only with deep MIRI imaging
at ≳ 18𝜇m (F1800W, F2100W and F2550W). For Ima-A, the xLRD
stack, the Egg and a reddened accretion disc predict 0.8–1.2 𝜇Jy
(23.7–24.1 AB) in F1800W and 0.7–2.0 𝜇Jy (23.2–24.3 AB) in
F2550W (Section 5.5). Detections at S/N = 10 up to F2550W would
measure any warm-dust excess and confine the dust of a reddened
accretion disc to ≈ 70–250 K, and F1800W alone would restrict it to
≲ 300–380 K. Such data would tighten the energy budget of every
solution considered here and distinguish a true pseudo-photosphere
from a reddened, hotter continuum.
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APPENDIX A: REMOVAL OF CONTAMINATING
SOURCES

As discussed in Section 3.2, Ima-B is significantly contaminated by a
foreground object located at a small projected separation from QSO1
(≈ 1′′). We therefore developed a procedure to model and remove the
contaminating emission before performing the photometric extrac-
tion. For consistency, the same procedure was applied to the cutouts
of all three multiple images.

For each cutout, we first constructed a preliminary segmentation
map using sep (Barbary 2016) and estimated the local background
after masking the detected sources. The background-subtracted im-
age was then deconvolved using the Richardson–Lucy algorithm
(Richardson 1972; Lucy 1974). We adopted filter-dependent PSFs
generated with stpsf (Perrin et al. 2014) for the NIRCam and MIRI
observations.

Before constructing the contaminant model, the pixels associated
with QSO1 were identified from the segmentation map and replaced
in the deconvolved image with values randomly drawn from source-
free regions of the same cutout. This prevented emission from QSO1
from being included in the model of the contaminating sources. The
resulting image was smoothed and reconvolved to obtain a model of
the surrounding contaminating emission, which was then subtracted
from the original background-subtracted cutout.

Figure A1 presents representative examples of this procedure.
For each selected filter, we show the original background-subtracted
cutout and the residual image.

APPENDIX B: COMBINATION OF THE
MULTIPLE-IMAGE PHOTOMETRY

After correcting the photometry of each multiple image for
its corresponding lensing magnification, we found approximately
wavelength-independent normalisation offsets between the three re-
constructed SEDs. As discussed in Section 3.2, we adopted Ima-C as
the reference because it has the lowest magnification and is therefore
expected to be less sensitive to uncertainties in the lens model.

For Ima-A and Ima-B, we determined a single multiplicative scal-
ing factor, 𝑠𝑖 , by minimising

𝜒2 (𝑠𝑖) =
∑︁
𝑗

(
𝑠𝑖 𝑓𝑖, 𝑗 − 𝑓C, 𝑗

)2

𝑠2
𝑖
𝜎2
𝑖, 𝑗

+ 𝜎2
C, 𝑗

, (B1)

where 𝑖 denotes Ima-A or Ima-B, 𝑗 identifies the photometric band,
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Figure A1. Examples of the contaminant-removal procedure applied to Ima-B of QSO1. The top panels show the original image cutouts for all NIRCam and
MIRI wide bands available while the bottom panels show the corresponding residual images after the subtraction of all the models of nearby objects. The
colourmap stretch and limits are kept consistent between top and bottom panels for each filter.

and 𝑓𝑖, 𝑗 = 𝑓 obs
𝑖, 𝑗

/𝜇𝑖 and 𝜎𝑖, 𝑗 are the de-magnified flux density and
its uncertainty, respectively. The latter includes the uncertainty on
the magnification, 𝜎2

𝑖, 𝑗
= (𝜎obs

𝑖, 𝑗
/𝜇𝑖)2 + ( 𝑓𝑖, 𝑗𝜎𝜇𝑖/𝜇𝑖)2, with 𝜇𝑖 ±

𝜎𝜇𝑖 from the UNCOVER lens model v2 (Furtak et al. 2025). The
same definition applies to Ima-C. Both the flux densities and their
uncertainties were multiplied by the resulting scaling factors, while
Ima-C was left unchanged. The scaling factors were constrained to
be positive and were assumed to be independent of wavelength.

The final flux density in each band was calculated as the inverse-
variance-weighted mean of the three rescaled measurements:

𝑓 𝜈, 𝑗 =

∑︁
𝑖

𝑤𝑖, 𝑗 𝑓𝑖, 𝑗∑︁
𝑖

𝑤𝑖, 𝑗

, 𝑤𝑖, 𝑗 =
1

𝜎2
𝑖, 𝑗

. (B2)

The corresponding statistical uncertainty is

𝜎stat, 𝑗 =

(∑︁
𝑖

𝑤𝑖, 𝑗

)−1/2

. (B3)

To account for any residual dispersion between the three multiple-
image measurements, we additionally estimated a band-dependent
systematic uncertainty. We first calculated the weighted inter-image
variance,

𝑆2
𝑗 =

∑︁
𝑖

𝑤𝑖, 𝑗

(
𝑓𝑖, 𝑗 − 𝑓 𝜈, 𝑗

)2

∑︁
𝑖

𝑤𝑖, 𝑗

. (B4)

Part of this scatter is already expected from the statistical uncer-
tainties of the individual measurements. We therefore defined the
residual systematic variance as

𝜎2
sys, 𝑗 = max

0, 𝑆
2
𝑗 −

𝑁 − 1∑︁
𝑖

𝑤𝑖, 𝑗

 , (B5)

where 𝑁 = 3 is the number of multiple images. The final uncer-
tainty associated with the combined photometry was then obtained
by adding the statistical and systematic contributions in quadrature:

𝜎final, 𝑗 =
√︃
𝜎2

stat, 𝑗 + 𝜎2
sys, 𝑗 . (B6)

Figure B1 shows the de-magnified photometry of the three images

before and after applying the relative rescaling. The lack of a clear
wavelength dependence in the original offsets supports the use of
a single multiplicative factor for each multiple image. Following
the rescaling, the individual measurements are consistent with the
combined photometry within 3𝜎 across the available passbands.

We report the observed photometry for the three individual mul-
tiple images of QSO1 and the magnification-corrected final stacked
photometry in Table B1.

APPENDIX C: CONSTRUCTION AND PATH-LOSS
CORRECTION OF THE NIRSPEC SPECTRUM

We combined the NIRSpec spectra obtained with the
G140M/F100LP, G235M/F170LP, and G395M/F290LP configura-
tions. Each spectrum was resampled onto a common wavelength grid
extending from 0.8 to 5.6 𝜇m, with a sampling of Δ𝜆 = 0.005 𝜇m,
using the flux-conserving spectres algorithm (Carnall 2017). At
wavelengths covered by more than one configuration, the combined
flux density was calculated as

𝑓𝜈 (𝜆) =

∑︁
𝑘

𝑓𝜈,𝑘 (𝜆)𝑤𝑘 (𝜆)∑︁
𝑘

𝑤𝑘 (𝜆)
, 𝑤𝑘 (𝜆) =

1
𝜎2
𝑘
(𝜆)

, (C1)

where 𝑘 denotes the grating–filter configuration. The corresponding
uncertainty is

𝜎spec (𝜆) =
[∑︁

𝑘

𝑤𝑘 (𝜆)
]−1/2

. (C2)

Only spectral elements with finite and positive uncertainties were
included in the combination.

For each configuration, we also calculated the wavelength-
dependent resolving power using the instrumental line-spread-
function parameterisation presented by Shajib et al. (2025). The
resulting resolution curves were interpolated onto the common wave-
length grid and combined according to the relative inverse-variance
contribution of the individual spectra. This provided an effective
spectral-resolution curve that accounts for the transitions and over-
laps between the three configurations.

We corrected for residual wavelength-dependent path losses by
comparing the combined NIRSpec spectrum with the photometry
derived in Section 3.2. We retrieved the NIRCam filter-transmission
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Figure B1. Comparison of the de-magnified photometry obtained from the
three multiple images of QSO1 Ima-A (orange), Ima-B (blue) and Ima-C
(green). For Ima-A and Ima-B we show the photometry before and after
rescaling it for the wavelength-independent ratios 𝑓Ima−A/ 𝑓Ima−C = 1.87 and
𝑓Ima−B/ 𝑓Ima−C = 1.22. We also show the final inverse-variance-weighted
photometry (white squares).
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Figure B2. Spectrophotometric correction of the combined NIRSpec spectrum.
Top: comparison between the combined photometry, the individual grating
spectra, the stacked NIRSpec spectrum and the spectrum after applying the
wavelength-dependent correction. Bottom: ratio between the imaging and syn-
thetic photometry as a function of observed wavelength. The solid line shows
the best-fitting second-order polynomial, while the shaded region represents the
1𝜎 uncertainty derived from the Monte Carlo realisations.

curves from the SVO FPS (Rodrigo et al. 2012; Rodrigo & Solano
2020). For a spectrum expressed in terms of 𝑓𝜈 , we calculated the
synthetic flux density in each passband as

𝑓𝜈,syn, 𝑗 =

∫
𝑓𝜈 (𝜆)𝑇𝑗 (𝜆)

d𝜆
𝜆∫

𝑇𝑗 (𝜆)
d𝜆
𝜆

, (C3)

where 𝑇𝑗 (𝜆) is the transmission curve of filter 𝑗 . Only filters suffi-
ciently covered by the NIRSpec spectrum were included.

The uncertainty on the synthetic photometry was propagated from
the uncertainties of the spectral elements contributing to the convo-
lution. We then calculated the ratio

𝐶 𝑗 =
𝑓𝜈,phot, 𝑗

𝑓𝜈,syn, 𝑗
, (C4)

where 𝑓𝜈,phot, 𝑗 is the combined imaging photometry. The uncertainty
on this ratio includes both the photometric and spectroscopic contri-
butions:

𝜎𝐶, 𝑗 = 𝐶 𝑗

√︄(
𝜎phot, 𝑗

𝑓𝜈,phot, 𝑗

)2
+

(
𝜎syn, 𝑗

𝑓𝜈,syn, 𝑗

)2
. (C5)

We modelled the wavelength dependence of the photometric-to-
synthetic flux-density ratios with a second-order polynomial in log-
arithmic space:

log10 𝐶 (𝜆) = 𝑎0 + 𝑎1 log10 𝜆 + 𝑎2
(
log10 𝜆

)2
. (C6)

The fit was weighted using the uncertainties given by Eq. (C5). The
corrected spectrum was then obtained as

𝑓𝜈,corr (𝜆) = 𝐶 (𝜆) 𝑓𝜈,spec (𝜆). (C7)

Because the constant coefficient 𝑎0 sets the absolute normalisa-
tion of the correction, the procedure simultaneously corrects for a

wavelength-independent offset between the normalisation of the in-
put spectrum and that of the de-magnified photometry. Consequently,
the final spectrum is tied directly to the absolute normalisation of the
combined photometric SED, whereas the higher-order terms describe
the wavelength-dependent component of the path losses.

We estimated the uncertainty associated with the correction
through 1000 Monte Carlo realisations. For each realisation, the val-
ues of log10 𝐶 𝑗 were perturbed according to their uncertainties and
the second-order polynomial was refitted. The standard deviation
of the resulting correction curves was adopted as the wavelength-
dependent uncertainty 𝜎𝐶 (𝜆). The final uncertainty on the corrected
spectrum was calculated as

𝜎corr (𝜆) =
√︃[

𝐶 (𝜆)𝜎spec (𝜆)
]2 +

[
𝑓𝜈,spec (𝜆)𝜎𝐶 (𝜆)

]2
. (C8)

Figure B2 shows the photometric-to-synthetic flux-density ratios
and the best-fitting correction curve. The comparison between the
corrected synthetic photometry and the observed imaging measure-
ments provides a direct assessment of the consistency of the final
spectrophotometric calibration.

APPENDIX D: POINT-SPREAD FUNCTIONS

Testing whether QSO1 is resolved in MIRI requires a PSF accurate
on the scale of the core (𝑟 ≲ 0.3′′). A default stpsf model is in-
adequate, as it is computed for a single pointing and field position,
sampled on native detector pixels and oriented along the detector
axes, and therefore ignores how the dithered exposures were com-
bined into our mosaics. We built an “ad-hoc” effective PSF for each
lensed image (A, B, C) and filter (F770W, F1000W), reproducing the
construction of the mosaics: 20 exposures per filter combined with
the JWST pipeline resample step (v1.20; ivm weighting, square
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Table B1. Photometry of QSO1. All flux densities are corrected for Galactic extinction using 𝑓ext (𝐸 (𝐵 − 𝑉 ) = 0.0112, Gordon et al. 2023 curve). Ima-A,
Ima-B and Ima-C fluxes are not corrected for lensing magnification. The MIRI aperture corrections use the in-flight encircled-energy curves of the CRDS
reference files (Section 3.2). The stacked photometry is de-magnified with the magnifications of the UNCOVER lens model v2 (Furtak et al. 2025), including
their uncertainties, and normalised to Ima-C (Section 3.2 and Appendix B). The HST and ALMA reported upper-limits correspond to a 3𝜎 limit. The MIPS and
PACS limits are the mean 3𝜎 depths of the Abell 2744 imaging, while the SPIRE values take into account confusion limits (Rawle et al. 2014; Nguyen et al.
2010). For both Spitzer and Herschel’s upper-limits, we assumed independent and uniform image-plane noise. The stacked upper limits were obtained by taking
one third of each 3𝜎 depth as the 1𝜎 uncertainty, de-magnifying and rescaling it to Ima-C as for the detections, and combining the three in inverse variance.
For SPIRE, confusion noise is correlated over the beam, so the stacked limits are approximate.

Ima-A Ima-B Ima-C Stacked
Instrument Filter 𝑓ext 𝜇 · 𝑓𝜈 𝜇· err 𝑓𝜈 𝜇 · 𝑓𝜈 𝜇· err 𝑓𝜈 𝜇 · 𝑓𝜈 𝜇· err 𝑓𝜈 𝑓𝜈 err 𝑓𝜈

[𝜇Jy] [𝜇Jy] [𝜇Jy] [𝜇Jy] [𝜇Jy] [𝜇Jy] [𝜇Jy] [𝜇Jy]
HST/WFC3_UVIS F225W 1.091 < 0.041 – < 0.045 – < 0.034 – < 0.00304 –
HST/WFC3_UVIS F275W 1.070 < 0.027 – < 0.029 – < 0.024 – < 0.00197 –
HST/WFC3_UVIS F336W 1.054 < 0.012 – < 0.013 – < 0.012 – < 0.00092 –
HST/ACS_WFC F435W 1.043 < 0.005 – < 0.006 – < 0.005 – < 0.00042 –
HST/ACS_WFC F606W 1.031 < 0.005 – < 0.006 – < 0.005 – < 0.00036 –
JWST/NIRCam F070W 1.023 < 0.004 – < 0.004 – < 0.004 – < 0.00027 –
HST/ACS_WFC F814W 1.019 < 0.004 – < 0.005 – < 0.004 – < 0.00030 –
JWST/NIRCam F090W 1.016 0.008 0.001 0.004 0.0005 0.002 0.001 0.00059 0.00011
JWST/NIRCam F115W 1.010 0.019 0.001 0.016 0.001 0.006 0.001 0.00187 0.00023
JWST/NIRCam F140M 1.007 0.031 0.002 0.026 0.001 0.005 0.001 0.00255 0.00046
JWST/NIRCam F150W 1.006 0.026 0.002 0.022 0.003 0.006 0.001 0.00242 0.00034
JWST/NIRCam F162M 1.005 0.025 0.002 0.022 0.003 0.006 0.001 0.00242 0.00034
JWST/NIRCam F182M 1.004 0.020 0.001 0.014 0.001 0.007 0.001 0.00180 0.00024
JWST/NIRCam F200W 1.004 0.026 0.001 0.023 0.001 0.007 0.001 0.00251 0.00031
JWST/NIRCam F210M 1.004 0.024 0.001 0.019 0.001 0.005 0.001 0.00209 0.00028
JWST/NIRCam F250M 1.003 0.025 0.005 0.027 0.003 0.004 0.002 0.00246 0.00041
JWST/NIRCam F277W 1.002 0.031 0.001 0.063 0.003 0.012 0.001 0.00387 0.00114
JWST/NIRCam F300M 1.002 0.046 0.002 0.061 0.003 0.012 0.002 0.00496 0.00064
JWST/NIRCam F335M 1.002 0.125 0.006 0.113 0.006 0.033 0.002 0.01237 0.00144
JWST/NIRCam F356W 1.001 0.168 0.008 0.157 0.008 0.053 0.003 0.01770 0.00207
JWST/NIRCam F360M 1.001 0.169 0.008 0.149 0.007 0.048 0.002 0.01698 0.00198
JWST/NIRCam F410M 1.001 0.282 0.014 0.239 0.012 0.087 0.004 0.02851 0.00334
JWST/NIRCam F430M 1.001 0.303 0.015 0.261 0.013 0.083 0.004 0.02979 0.00348
JWST/NIRCam F444W 1.001 0.347 0.017 0.300 0.015 0.101 0.005 0.03474 0.00406
JWST/NIRCam F460M 1.001 0.381 0.019 0.345 0.017 0.101 0.005 0.03761 0.00439
JWST/NIRCam F480M 1.001 0.390 0.019 0.358 0.018 0.090 0.005 0.03647 0.00429
JWST/MIRI F770W 1.001 0.911 0.046 0.723 0.036 0.241 0.012 0.08570 0.01002
JWST/MIRI F1000W 1.002 0.899 0.045 0.694 0.035 0.243 0.015 0.08404 0.00991
Spitzer/MIPS 24𝜇m - < 53 - < 53 - < 53 - < 3.82 -
Herschel/PACS 100𝜇m - < 2600 - < 2600 - < 2600 - < 187 -
Herschel/PACS 160𝜇m - < 5200 - < 5200 - < 5200 - < 374 -
Herschel/SPIRE 250𝜇m - < 16800 - < 16800 - < 16800 - < 1209 -
Herschel/SPIRE 350𝜇m - < 19200 - < 19200 - < 19200 - < 1382 -
Herschel/SPIRE 500𝜇m - < 19800 - < 19800 - < 19800 - < 1425 -
ALMA Band 6 - < 94.5 - < 90.9 - < 84.0 - < 6.7 -

kernel, pixfrac = 1, 0.06′′ pixels), then reprojected onto a north-up
grid aligned to NIRCam.

For every exposure covering the source with valid pixels (10,
13 and 11 exposures for images A, B and C), we computed an
stpsf (v2.0.0) model at the detector position of the source, in-
cluding the sub-pixel phase, geometric distortion and MIRI de-
tector effects (DET_DIST product), for a blackbody spectrum of
𝑇 = 4470 K/(1 + 𝑧) = 556 K (see Figure 2). Each model was
inserted into a copy of its exposure, preserving the original masks
and variance, and all copies were resampled with the mosaic param-
eters onto a 0.06′′ grid centred on the source and normalised to unit
flux. Weights are thus those of the real data (effectively exposure-time
weights, as all exposures are identical).

We validated the procedure on an unsaturated field star (RA =

3.56893 deg, Dec = −30.40279 deg; 10 exposures per filter), rebuild-
ing its PSF in the same way (Figure D1). As a reference, we also con-
sidered a default stpsf model including detector effects (DET_DIST),

computed at the centre of the field and resampled onto the same
grid. Both models reproduce the azimuthally averaged profile of the
star, including the diffraction rings and the wings, but the ad-hoc
PSF also matches its two-dimensional structure, i.e. the orientation
of the hexagonal pattern and the centroid (< 0.005′′), with resid-
uals 5.4 (F770W) and 5.0 (F1000W) times smaller (𝜒2) than the
default model, whose single-pointing, native-pixel sampling leaves
strong residuals in the core. The stellar core is nevertheless slightly
broader than the ad-hoc PSF: convolving the latter with a Gaussian
of 𝜎 = 0.04′′ (F770W) and 0.05′′ (F1000W) reduces 𝜒2 by a further
factor of ∼3. About one third of this excess is due to the final re-
projection of the mosaic. We ascribe the rest to unmodelled detector
effects (charge diffusion and possibly the brighter-fatter effect, which
may affect the bright star more than QSO1). The input spectrum is
irrelevant (FWHM changes ≤ 1% between 556 and 5000 K). As
the true PSF of QSO1 should lie between the ad-hoc PSF and its
broadened version, we performed all morphological fits with both
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and regard a source extent as robust only if required in both cases
(see Section 4.1).

For aperture photometry, the core broadening is negligible, but the
encircled energy at the adopted radii (0.40–0.56′′) depends on the
PSF wings. We measured the growth curve of the field star out to 3′′
and corrected it to infinite radius with the stpsf DET_DIST model
(20′′ field of view). At the adopted radii, the star encloses 65–73% of
its flux, in agreement within 1.5% with the in-flight EE curves of the
CRDS apcorr reference file (jwst_miri_apcorr_0014), which
we adopted (Section 3.2). The stpsf DET_DIST model encloses 4–
5% (F770W) and 3–4% (F1000W) more flux, and the stpsf model
without detector effects ≈ 12% and 4–6% more, mostly because it
lacks the detector scattering that moves light from the core to the
wings, which is strongest at short wavelengths.

APPENDIX E: MIRI MORPHOLOGY

We modelled the three lensed images in the contaminant-removed
F770W and F1000W mosaics with socca11 (Di Mascolo 2026),
fitting 2.5′′ ×2.5′′ stamps centred on each image. The drizzled MIRI
mosaics have correlated noise (the rms of 2×2-binned blank regions
is∼1.4 times the value expected for independent pixels). We therefore
used a correlated Gaussian likelihood, with the pixel covariance taken
from the empirical noise autocorrelation of each stamp, measured
in pixels more than 1.5′′ from QSO1. Each image and filter was
fitted with its own ad-hoc PSF (Appendix D) and with the same
PSF convolved with the Gaussian that best reproduces the field star
(𝜎 = 0.04′′ and 0.05′′ in F770W and F1000W; “broadened” PSF),
the two bracketing the true PSF. We quantified any extension with a
profile likelihood: for each image, filter and PSF we fitted a model of
the PSF convolved with a circular Gaussian of width 𝜎, optimising
flux and centroid on a grid of 𝜎 = 0–0.10′′, and derived 95% upper
limits from Δ𝜒2 = 3.84 relative to the best fit. As a cross-check,
we computed Bayesian evidences (ln(B)) for a point-source and a
Gaussian model with nautilus (Lange 2023). With the broadened
PSF, all fits have 𝜎best = 0 and residuals consistent with noise. With
the ad-hoc PSF, the F770W fits of all three images and the F1000W fit
of Ima-A prefer 𝜎 ≃ 0.025–0.035′′ (Δ𝜒2 = 18–72; ln(B) ≃ 7–9 in
favour of the Gaussian), an excess consistent with the PSF systematic
discussed in Section 4.1.

We converted angular to physical sizes with the adopted cosmol-
ogy (5.21 kpc arcsec−1 at 𝑧 = 7.0364) and magnifications (Fur-
tak et al. 2025), taking 𝑟e ≃ FWHM/2 (Furtak et al. 2023). For
Ima-A, Ma et al. (2025) provided the tangential magnification from
the same lens model, 𝜇t = 3.21, implying a radial magnification
𝜇r = 𝜇A/𝜇t ≃ 1.68. A circular source of radius 𝑟 is thus imaged into
an ellipse with semi-axes 𝜇t𝑟 and 𝜇r𝑟. Since our circular model is sen-
sitive to the root mean square of the two axes, we converted the image-
plane limits of Ima-A as 𝑟src = 𝑟img/[(𝜇2

t + 𝜇2
r )/2]1/2 = 𝑟img/2.56.

For Ima-B and Ima-C, for which no shear information was available,
we assumed isotropic magnification (𝑟src = 𝑟img/

√
𝜇).

A first, model-independent bound follows from the angular reso-
lution alone: with effective PSFs of FWHM ≃ 0.28′′ (F770W) and
0.36′′ (F1000W), an unresolved source must have 𝑟e ≲ 0.14′′ in
F770W, i.e. ≲ 285, 270 and 445 pc in the source plane for Ima-A, B
and C. The profile-likelihood fits improve on this by a factor of ∼4:
with the ad-hoc PSF, the 95% limits on the intrinsic F770W FWHM
are < 0.063′′, < 0.073′′ and < 0.11′′ for Ima-A, B and C (F1000W

11 https://github.com/lucadimascolo/socca

gives weaker but consistent limits), corresponding to the radii quoted
in Section 4.1. With the broadened PSF the best-fit width is 𝜎 = 0 in
all fits and Δ𝜒2 rises steeply from this boundary. The resulting limits
(𝑟e < 18, 18 and 88 pc) reflect the mismatch between the broadened
and the true PSF rather than a measurement, and we do not use them.
Since the PSF uncertainty (𝜎 ≈ 0.03–0.04′′) exceeds the statistical
one, the ad-hoc-PSF limits should be regarded as the effective reso-
lution floor of these data. Dividing the image-plane size by 𝜇t alone,
as done by Furtak et al. (2024), would give 𝑟e < 51 pc for Ima-A.

APPENDIX F: LINE CONTAMINATION AND
CONTINUUM FITS

F1 Emission-line contribution to the MIRI bands

Both MIRI filters contain hydrogen and helium recombination lines:
F770W covers the Paschen lines from Pa𝛿 to Pa10 (Pa𝛾 and
Hei 𝜆10830 fall at its red edge, where the throughput is ≈ 3% and
≈ 33% of the peak, respectively), while F1000W covers Pa𝛽. To esti-
mate their contribution, we adopted the broad and narrow H𝛼 fluxes
measured by D’Eugenio et al. (2026b) for Ima-A, rescaled to our com-
bined photometry. For the narrow component, we assumed Case-B
line ratios for 𝑇 = 104 K (Storey & Hummer 1995) and no attenua-
tion, consistent with the narrow-line Balmer decrement (D’Eugenio
et al. 2026b). For the broad component, we applied the same Paschen-
to-H𝛽 ratios to the H𝛼 flux corrected for the attenuation inferred from
the broad-line Balmer decrement (𝐴𝑉,b = 2.9 ± 0.2 mag), adopt-
ing, as D’Eugenio et al. (2026b), the SMC-Bar extinction curve
of Gordon et al. (2003) and an intrinsic broad-line H𝛼/H𝛽 = 3.1
(Dong et al. 2008), and re-attenuated each Paschen line accordingly.
Folding each line through the filter transmission curves, the hydro-
gen lines contribute 1.9 ± 0.2% and 6.9+1.0

−0.8% of the F770W and
F1000W flux densities, respectively, almost entirely from the broad
component. For Hei 𝜆10830, we used the Hei/Pa𝛾 ratios measured
in LRDs by Kapoor et al. (2026), which are systematically lower
(≈ 1.0–1.6) than those of normal type-1 AGN (> 2.3) and tentatively
anti-correlate with the strength of the Balmer break, likely because
of Hei self-absorption in high-column-density gas. With a Balmer
break 𝑓𝜈 (4050Å)/ 𝑓𝜈 (3650Å) ≈ 2.5, comparable to the strongest
breaks in their sample, QSO1 is expected to have Hei/Pa𝛾 ≈ 1.0–
1.3, implying a further contribution of ≈ 0.8% to F770W (≲ 1.5%
even for Hei/Pa𝛾 = 2.3). Possible Hei absorption would only lower
it. In total, line emission accounts for ≈ 3% and ≈ 7% of the F770W
and F1000W flux densities. These estimates are conservative: if the
line contribution is instead scaled using the H𝛼 equivalent width re-
ported by D’Eugenio et al. (2026b), it decreases by a factor of ≈ 2.7.
If the broad Balmer decrement is not due to dust, Case-B Paschen-
to-Balmer ratios would lower it by a factor of ≈ 3–4. However, the
Paschen lines of LRDs are boosted relative to Case B (Juodžbalis
et al. 2024; Lin et al. 2026), as expected for dense gas in which the
Balmer lines are optically thick. Our adopted ratios correspond to a
broad Pa𝛽/H𝛼 ≈ 0.25, about four times the Case-B value and compa-
rable to the ratios observed in LRDs, so we adopt them independently
of the origin of the decrement. After correcting for the line emission,
the slope between the two MIRI filters becomes 𝛼 = −0.2 ± 0.4.

F2 Degeneracies of the continuum fits

The blackbody temperature is degenerate with dust attenuation. A
hotter, reddened blackbody provides a comparable description, e.g.
𝑇BB = 6874 K with 𝐴𝑉 ≃ 1.5 mag (𝜒2

red = 2.4), assuming the
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Figure D1. Validation of the MIRI ad-hoc PSFs on an unsaturated field star (top: F770W; bottom: F1000W). From left to right: the star in the mosaic, the ad-hoc
PSF, the default stpsf PSF including detector effects (field centre, detector orientation, single pointing) and the residuals after fitting each model (and the ad-hoc
PSF convolved with a Gaussian of 𝜎 = 0.042′′ and 0.054′′, “broadened”) to the star within 𝑟 < 1′′, shown within ±10% of the stellar peak. 𝜒2

rel is relative to
the ad-hoc PSF. Panels are 2.5′′ wide. Right: azimuthally averaged profiles normalised to the peak.

SMC-Bar extinction curve (𝑅𝑉 = 2.74, Gordon et al. 2003). The
photometry alone cannot break this degeneracy: 𝜒2

red increases only
from 2.2 for an unreddened 4450 K blackbody to 2.4 and 2.7 for
𝑇 = 7000 and 30000 K, with 𝐴𝑉 ≈ 1.6 and 3.3 mag, respectively.
Similarly, a dust-reddened power law ( 𝑓𝜈 ∝ 𝜆𝛼10−0.4𝐴𝜆 ) fitted to
the same filters requires a steep intrinsic slope (𝛼 = −1.8) and a
large attenuation (𝐴𝑉 ≈ 3.6 mag; 𝜒2

red = 3.2), whereas intrinsic
slopes typical of type-1 AGN or of a standard accretion disc ( 𝑓𝜈 ∝
𝜈−0.44 or 𝜈1/3; Vanden Berk et al. 2001; Shakura & Sunyaev 1973,
respectively) provide poor fits (𝜒2

red = 10.2 and 5.9, respectively), as
they cannot reproduce the turnover at ≈ 1 𝜇m.

APPENDIX G: DUST ENERGY BUDGET

Absorbed luminosity. We refitted the AGN-only model of Sec-
tion 4.3.1 (the Temple et al. 2021 continuum without emission lines
and hot dust, attenuated with the Noll et al. 2009 curve with free 𝐴𝑉

and 𝛿, plus a free unattenuated scattered fraction) to the 18 NIRCam
and MIRI bands, using the filter transmission curves. The fit recovers
the parameters of Table H2 (log10 (𝜆𝐿3000 [erg s−1]) = 44.22±0.04,
𝐴𝑉 = 2.17+0.10

−0.08 mag, 𝛿 = −0.96+0.06
−0.03, scattered fraction 𝑓scat =

0.010 ± 0.001, 𝜒2
red = 1.70). We sampled its posterior with emcee

(Foreman-Mackey et al. 2013) and, for each sample, integrated the
difference between the intrinsic and attenuated continuum between
912 Å and 2.9𝜇m, obtaining 𝐿abs = (3.9 ± 0.3) × 1044 erg s−1. The
ionising continuum is not included in the template. We extended
it with the incident continuum of the accretion disc used in our co-
coon models (Appendix I3), in which the range 912 Å–2.9𝜇m carries
33.7% of the luminosity, giving 𝐿AGN = (1.23+0.11

−0.10) × 1045 erg s−1.
Ionising photons are absorbed mainly by gas, especially at low metal-
licity, but are largely re-emitted as lines and recombination continua
that are in turn absorbed by the dust. The upper value of 𝐿abs there-
fore assumes complete reprocessing, while the lower value is inde-
pendent of it. The bolometric correction of Runnoe et al. (2012),
𝐿bol = 0.75 × 5.15 𝜆𝐿3000, gives 6.4 × 1044 erg s−1, and would give
9.6 × 1043 erg s−1 instead of 2.4 × 1044 erg s−1 for the disc of the
cocoon with the stellar-mass limit. The ionising continuum of LRDs
is not constrained by observations, so this factor of ≈ 2–2.5 is a
systematic uncertainty on all intrinsic luminosities.

Hot dust (NIRCam and MIRI). We added to the AGN model an
optically thin greybody, 𝐿𝜈 ∝ 𝜈𝛽𝐵𝜈 (𝑇d) with 𝛽 = 0, 1 and 2, at

Table G1. Upper limits on the luminosity of dust emission at a single tem-
perature, in units of 1043 erg s−1: 1𝜎 for the NIRCam and MIRI detections
and 3𝜎 for the far-infrared and millimetre non-detections.

𝑇d [K] 𝛽 = 0 𝛽 = 1 𝛽 = 1.8 𝛽 = 2
NIRCam+MIRI, joint fit with the reddened-disc model (1𝜎)

500 1.3 × 104 2200 640 480
600 640 130 44 35
700 82 20 7.5 6.0
800 19 5.1 2.2 1.8
900 6.3 1.9 0.89 0.75

1000 2.7 0.92 0.46 0.40
1200 0.86 0.35 0.20 0.18
1500 0.31 0.16 0.11 0.10
2000 0.15 0.10 0.096 0.097

MIPS, Herschel and ALMA (3𝜎)
30 2.0 2.4 3.3 3.6
40 2.1 3.4 5.9 6.9
50 2.9 5.7 12 14
80 7.1 23 68 92

100 12 48 170 240
150 33 200 480 440
200 72 420 360 350
300 220 440 510 540
400 500 510 240 210
500 350 140 77 68
600 140 66 44 40
800 58 36 30 29

fixed 𝑇d, and computed the profile likelihood of its normalisation,
re-optimising all AGN parameters at each step. Since F770W and
F1000W are detections, we quote these limits at Δ𝜒2 = 1 (1𝜎)
relative to the fit without dust, whereas the far-infrared and millime-
tre limits are the 3𝜎 upper limits of the non-detections. The limits
are converted to luminosities by integrating the greybody over all
frequencies.

Cold and warm dust (far-infrared and millimetre). For the MIPS,
PACS, SPIRE and ALMA bands, we normalised a greybody with 𝛽 =

1.8 to the stacked 3𝜎 limit of each band (Table B1), dividing by the
CMB contrast factor 1−𝐵𝜈 (𝑇CMB (𝑧))/𝐵𝜈 (𝑇d) (da Cunha et al. 2013),
and adopted the most constraining band at each temperature. Here
𝑇d is the dust temperature at 𝑧 = 7.04, including any CMB heating.
ALMA dominates below𝑇d ≈ 120 K, Herschel/PACS between≈ 130
and 350 K and MIPS above.
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APPENDIX H: COMPARISON WITH PREVIOUS
CONTINUUM MODELS

We reproduced the three model families of Ma et al. (2025) with their
ingredients: fsps (Conroy et al. 2009) stellar populations (MIST, Choi
et al. 2016; Dotter 2016; MILES, Sánchez-Blázquez et al. (2006);
Chabrier 2003 IMF log10 (𝑍 [Z⊙]) = −1; delayed-𝜏 history; nebular
continuum), the line-free Temple et al. (2021) quasar continuum
with or without its hot-dust component, and the Noll et al. (2009)
attenuation law, with unattenuated fractions 𝑓nodust (stars) and 𝑓scat
(AGN-only). In the AGN+galaxy model, the AGN is attenuated by
𝐴

gal
𝑉

+ 𝐴AGN
𝑉

.
We first rebuilt their best-fitting models from their Table 2, with

𝛿 = −1. They reproduce the quoted 𝐴1500/𝐴𝑉 (9.4; effective 2.1)
and the broad-line Balmer decrement (11.4) and their components
within ≈ 0.05 dex. Each model was rescaled by a single factor fitted
to the NIRCam continuum (F115W–F480M, excluding F410M and
F444W), which removes the 0.27 dex offset between their normalisa-
tion (𝜇A = 5.4, Ima-A) and ours. The galaxy-only and AGN+galaxy
models over-predict both MIRI bands by 23–60% (Table H1, Fig-
ure H1). The AGN-only model is within 8% without hot dust, but
over-predicts F1000W by a factor of ≈ 1.9 with hot dust. As Ma et al.
(2025) fitted only up to rest-frame 0.66𝜇m, these are predictions of
their models, not failures of their fits.

We then refitted the same families to our stacked photometry with
Nautilus (Lange 2023), using 1000 live points and an effective
sample size of 104. The fits use the 16 NIRCam bands from F115W
to F480M (excluding F410M and F444W), with or without F770W
and F1000W, and uniform priors as in Ma et al. (2025) (Table H2,
Figures 4 and H2). Fitted to NIRCam alone, the posteriors recover
their solutions. For example, 𝐴𝑉 = 2.21+0.49

−0.29 mag (galaxy-only) and
2.41+0.25

−0.18 mag (AGN-only), compared with their 2.12 mag and 2.08
mag. All of these fits over-predict MIRI, so the tension is not lim-
ited to the published best fits. With MIRI, the models without hot
dust match F770W and F1000W within 13%, but only with a differ-
ent optical solution: the galaxy-only model needs lower attenuation
(𝐴𝑉 = 1.79+0.12

−0.11 mag) and log10 (𝑀★ [M⊙]) = 9.33+0.10
−0.09, while

the AGN+galaxy posterior is bimodal, between an AGN-dominated
mode with a minor stellar component (log10 (𝑀★ [M⊙]) ≈ 7.5–8) and
the galaxy-only solution, with medians log10 (𝜆𝐿3000 [erg s−1]) =

44.17+0.06
−0.82 and log10 (𝑀★ [M⊙]) = 8.21+1.06

−0.70. These two have sim-
ilar evidence (Δ ln(Z) = −0.7), while AGN-only is disfavoured
(Δ ln(Z) = −5.4). The hot-dust component of the Temple et al.
(2021) template is disfavoured. The AGN-only model with hot dust
is rejected (Δ ln(Z) = −19.5, 𝜒2

red = 3.66). In the AGN+galaxy
model with hot dust, the AGN is suppressed by ≈ 1.2 dex, so that the
model reverts to galaxy-only (Δ ln(Z) = −2.4). Fitted to NIRCam
alone, the hot-dust models over-predict F1000W by up to a factor of
2.8. Fitted to NIRCam and MIRI, the galaxy-only and AGN+galaxy
models are statistically acceptable (𝜒2

red = 0.94 and 1.20), whereas
the AGN-only model is not as good (𝜒2

red = 1.70). All place 𝛿 close
to the lower edge of its prior (−1). Removing the line contribu-
tion to MIRI (Section 4.2) would only increase the tension with the
NIRCam-only fits.

H1 Comparison with accretion-flow envelope models

We used the 15 public continuum spectra of Liu et al. (2025), com-
puted for luminosities 𝐿 = 𝐿Edd (10𝑙 M⊙) with 𝑙 = 5, 6, 7 and five
reference densities 𝜌ref for each 𝑙, over rest-frame 1250–13000 Å.
We interpolated them linearly in log 𝐿𝜈 over (𝑙, log 𝜌ref − 0.5 𝑙), as
in the notebook released by the authors, and extrapolated beyond
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Figure H1. Best-fitting continuum models of Ma et al. (2025), rebuilt from
their Table 2 and extended to the MIRI bands, compared with the stacked
photometry (white squares) and the NIRSpec spectrum (black) of QSO1.
Each model is rescaled by a single factor fitted to the NIRCam continuum
bands (F115W–F480M, excluding F410M and F444W). Dotted lines include
the hot-dust component of the Temple et al. (2021) quasar template. Unlike
Figure 4, we show here the published solutions, not refits to our photometry.
Bottom panel: residuals, ( 𝑓obs − 𝑓model )/𝜎, of the synthetic photometry of
each model.

1.3𝜇m with a power law, which affects F1000W by ≤ 1%. The
models contain no emission lines and no flux below ≈ 2500 Å,
so we added a power law for the UV continuum. We fitted the
stacked photometry from F115W to F1000W (excluding F410M
and F444W) with the photometric uncertainties, on a grid of 𝑙, 𝜌ref
and UV slope, solving for the two normalisations. The shape fixes
log 𝜌ref − 0.5 𝑙 ≈ −14.75 ± 0.05, while 𝑙 is degenerate with the nor-
malisation. The solution whose luminosity matches the data without
rescaling has 𝑙 ≈ 5.2 and 𝜌ref ≈ 10−12 g cm−3.

APPENDIX I: SED MODELLING

I1 Stellar populations and stellar-ionised gas

For the stellar populations, we adopted the binary Bpass v. 2.2 models
(Eldridge et al. 2017; Stanway & Eldridge 2018), with a Chabrier-like
initial mass function extending to 300 M⊙ , and stellar metallicities
of 0.05, 0.5, 5 and 10% 𝑍⊙ , bracketing the very low gas-phase metal-
licity of QSO1 (Maiolino et al. 2026). Each stellar population had a
free formed mass (log10 (𝑀★ [M⊙]) ∈ [3, 12], or [3, 7.5] in the test
with the stellar-mass limit), its own colour excess and an age chosen
from the native bpass grid. In the family with two ordinary-density
populations, both ages were drawn from log10 (𝑡 [Myr]) = 0.0–2.2
(1–160 Myr), with the second population older than the first. In the
dense-gas families, both populations could take any age in the same
range, without ordering. In the cocoon families a single stellar popu-
lation in the same age range was combined with the AGN component
(Appendix I3).

Each bpass spectrum was then used as ionising source for a grid
of Cloudy (v25.00) photoionisation models to estimate the corre-
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Table H1. Predicted-to-observed MIRI flux-density ratios for the best-fit continuum models of Ma et al. (2025), rebuilt from their best-fit parameters. Each
model is rescaled by a single factor, either fitted to the NIRCam continuum bands (F115W–F480M, excluding F410M and F444W; “global”) or matched to
F480M. Numbers in parentheses give the deviation in units of the photometric uncertainty. Models labelled “+ hot dust” include the default hot-dust component
of the Temple et al. (2021) quasar template.

Model global F480M-matched
F770W F1000W F770W F1000W

Galaxy-only 1.31 (−2.6𝜎) 1.60 (−5.1𝜎) 1.11 (−0.9𝜎) 1.35 (−3.0𝜎)
AGN+galaxy 1.23 (−1.9𝜎) 1.48 (−4.1𝜎) 1.06 (−0.5𝜎) 1.28 (−2.4𝜎)
AGN+galaxy + hot dust 1.26 (−2.2𝜎) 1.79 (−6.7𝜎) 1.09 (−0.8𝜎) 1.55 (−4.6𝜎)
AGN-only 0.92 (+0.7𝜎) 1.05 (−0.5𝜎) 0.88 (+1.0𝜎) 1.01 (−0.1𝜎)
AGN-only + hot dust 1.02 (−0.1𝜎) 1.89 (−7.6𝜎) 0.97 (+0.2𝜎) 1.81 (−6.9𝜎)

Table H2. Posterior constraints for the Ma et al. (2025) model families fitted to the stacked photometry of QSO1, without and with the MIRI bands. Values are
posterior medians with 16th–84th percentile ranges. Stellar masses and luminosities are de-magnified with the Ima-C-anchored stack adopted here (UNCOVER
lens model v2, Furtak et al. 2025). They are 0.27dex lower than in the Ma et al. (2025) normalisation (𝜇A = 5.4). 𝑀★ is the surviving stellar mass in M⊙ and
𝜆𝐿3000 is in ergs−1. 𝜒2

red = 𝜒2
min/(𝑁bands − 𝑁par ) of the maximum-likelihood model, with 𝑁bands = 16 (NIRCam) or 18 (NIRCam+MIRI) and 𝑁par = 6, 8 and 4

for the galaxy-only, AGN+galaxy and AGN-only families. Δ ln(Z) is the log-evidence relative to the best model fitted to the same bands, and values for different
band sets are not comparable. The last two columns give the predicted-to-observed MIRI flux ratios (for the NIRCam-only fits, these are extrapolations).

Model Δ ln(Z) 𝜒2
red log10 𝑀★ 𝐴

gal
𝑉

log10 𝜆𝐿3000 𝐴AGN
𝑉

F770W F1000W
pred/obs pred/obs

Fit to NIRCam only (F115W–F480M)
Galaxy-only +0.0 0.91 9.56+0.21

−0.16 2.21+0.49
−0.29 – – 1.27+0.28

−0.20 1.62+0.49
−0.33

AGN+galaxy −0.7 1.19 8.30+0.95
−0.56 1.81+0.59

−0.85 44.42+0.29
−0.20 1.37+1.13

−0.88 1.36+0.42
−0.25 1.76+0.84

−0.42
AGN+galaxy (+hot dust) −0.7 1.16 8.39+0.94

−0.60 1.86+0.54
−0.82 44.38+0.29

−0.32 1.34+1.11
−0.87 1.44+0.40

−0.23 2.78+1.36
−0.75

AGN-only −5.9 1.77 – – 44.35+0.11
−0.09 2.41+0.25

−0.18 1.18+0.20
−0.15 1.43+0.30

−0.21
AGN-only (+hot dust) −5.9 1.77 – – 44.35+0.12

−0.09 2.41+0.28
−0.18 1.33+0.22

−0.17 2.62+0.57
−0.40

Fit to NIRCam + MIRI (F115W–F1000W)
Galaxy-only +0.0 0.94 9.33+0.10

−0.09 1.79+0.12
−0.11 – – 0.95+0.06

−0.06 1.13+0.08
−0.09

AGN+galaxy −0.7 1.20 8.21+1.06
−0.70 1.61+0.29

−0.78 44.17+0.06
−0.82 1.00+0.98

−0.66 0.96+0.06
−0.06 1.13+0.09

−0.08
AGN+galaxy (+hot dust) −2.4 1.20 9.30+0.10

−0.10 1.75+0.12
−0.12 43.00+0.28

−0.19 2.42+1.81
−1.65 0.93+0.06

−0.06 1.16+0.08
−0.08

AGN-only −5.4 1.70 – – 44.22+0.04
−0.04 2.17+0.10

−0.09 0.97+0.06
−0.06 1.13+0.09

−0.08
AGN-only (+hot dust) −19.5 3.66 – – 44.03+0.03

−0.03 1.86+0.07
−0.07 0.76+0.05

−0.04 1.38+0.09
−0.09

Note. For AGN+galaxy, 𝐴AGN
𝑉

is the additional attenuation of the AGN on top of 𝐴gal
𝑉

, as in Ma et al. (2025). For AGN-only, it is the total attenuation. The Noll
et al. slope 𝛿 lies close to the lower edge of its prior (𝛿 ≃ −0.8 to −1) in all fits. In the AGN+galaxy fits, the posteriors are broad or bimodal, and the quoted
ranges span both the galaxy- and the AGN-dominated solutions.

sponding nebular emission. The bpass models were set in a spher-
ical, ionisation-bounded, dust-free cloud (calculation stopped at an
electron fraction of 1%) with gas-phase metallicity tied to the stel-
lar metallicity via the Galactic-concordance abundance pattern of
Nicholls et al. (2017). The grid spanned log10 (𝑛H [cm−3]) = 0.5–12
and log10 (𝑈) = −4 to −1 in steps of 0.5 dex, and stored the trans-
mitted stellar light 𝐹trans, the diffuse nebular continuum 𝐹diffuse and
the absolute luminosities of the main emission lines 𝐹lines.

During fitting, each SSP was assigned a covering fraction 𝐶 𝑓 such
that its overall emission was (1−𝐶 𝑓 ) 𝐹BPASS +𝐶 𝑓 (𝐹trans + 𝐹diffuse +
𝐹lines). In addition, stellar age and the pair (log10 (𝑛H), log10 (𝑈))
were kept as discrete parameters and no interpolation across the grid
was performed. Nodes spanning both ordinary (log10 (𝑛H) ≤ 6) and
dense (log10 (𝑛H) ≥ 6.5) gas were computed. Ordinary-density popu-
lations were restricted to the former and had a free covering fraction.
In the dense-gas families (class ii in Section 4.3.2), the second pop-
ulation was restricted to the dense nodes, where forbidden lines are
collisionally suppressed and the emission is dominated by permit-
ted lines and by the Balmer continuum and absorption. Its covering
fraction was free, and its lines had their own velocity dispersion,
𝜎𝑣,dense ∈ [0, 3000] km s−1, independent of that of the ordinary-
density gas (𝜎𝑣 ∈ [20, 500] km s−1). For emission lines in the range
covered by the NIRSpec spectrum, we integrated them exactly over
each pixel using a Gaussian of width equal to the quadrature sum of

the fitted intrinsic velocity dispersion and the instrumental dispersion
at the line wavelength.

I2 Dust attenuation and emission

The stellar light and its nebular emission were attenuated with the
Calzetti et al. (2000) law, extended to the Lyman limit following
Leitherer et al. (2002). The dust screen carried a free slope offset,
𝐴𝜆 ∝ 𝐸 (𝐵 − 𝑉) 𝑘 (𝜆) (𝜆/0.55 𝜇m) 𝛿 , with 𝛿 ∈ [−1, 0.4], to per-
mit steeper or shallower (greyer) attenuation laws (e.g. Noll et al.
2009). In the families with independent attenuation, each component
(each stellar population with its nebular emission, or the AGN co-
coon) had its own colour excess. In the shared-screen families, all
components were placed behind a single foreground screen with a
common 𝐸 (𝐵 −𝑉) and 𝛿. Re-emission by dust was modelled with a
modified blackbody including CMB heating and the CMB contrast
at 𝑧 = 7.04 (da Cunha et al. 2013), plus a fixed-shape polycyclic
aromatic hydrocarbons (PAH) template (Drude profiles, including
the 3.3 and 3.4𝜇m features) with a free total luminosity. The intrin-
sic dust temperature had a log-uniform prior, 𝑇dust,0 ∈ [15, 600] K,
and the emissivity index and luminosity uniform priors, 𝛽 ∈ [1, 2.5]
and log10 (𝐿dust [𝐿⊙]) ∈ [4, 14]. 𝐿dust was integrated over rest-frame
1–1000𝜇m, so that it includes the full emission of warm dust. The
dust luminosity was tied through a Gaussian prior of width 0.3 dex in
log10 (𝐿dust) to the luminosity absorbed by dust between 912 Å and
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Figure H2. Posterior distributions of the galaxy-only (top) and AGN+galaxy (bottom) models of Ma et al. (2025), fitted to the NIRCam photometry only (left,
grey) and to NIRCam and MIRI (right, red). Contours enclose 39% and 86% of the posterior mass (1𝜎 and 2𝜎 in two dimensions). Dashed lines in the 1D
histograms mark the 16th, 50th and 84th percentiles (Table H2). 𝑀★ is the surviving stellar mass in M⊙ and 𝜆𝐿3000 is in ergs−1, both in our normalisation. The
age is measured from the onset of star formation, and 𝜏 is in Gyr. Axis ranges are the same in the two panels of each row.

3𝜇m. The absorbed luminosity included the stellar light leaving the
photoionised gas (uncovered and transmitted), the nebular continuum
and lines and, in the cocoon families, the cocoon emission. The light
absorbed by the gas itself is re-emitted as nebular emission and was
therefore counted once. The PAH luminosity was tied to 0.045 𝐿dust
with a Gaussian width of 0.3 dex (0.6 dex for the partially covering
cocoon, since PAH emission is expected to be suppressed near AGN).
These were soft priors, so the long-wavelength data could pull the
solution away from strict energy balance.

Finally, intergalactic medium (IGM) absorption was set to follow
Inoue et al. (2014) as implemented in eazy.

I3 Accretion disc embedded in a dense cocoon

In the cocoon families, an accretion disc is surrounded by a dense,
dust-free envelope of gas, whose emission we computed with a ded-
icated grid of Cloudy (v25.00; Gunasekera et al. 2025) models.
The intrinsic disc spectrum was the native, dust-free (transparent)
accretion-disc component of the skirtor models (Stalevski et al.
2012, 2016), a broken power law with 𝜆𝐿𝜆 ∝ 𝜆1.2, 𝜆0, 𝜆−0.5 and
𝜆−3 below 0.01, between 0.01 and 0.1, between 0.1 and 5, and
above 5 𝜇m, respectively. We did not use the torus component of
skirtor. The disc spectrum was extended to the extreme ultravio-
let with a 𝑇 = 3.3 × 105 K blackbody joined at 8 nm (Zhang et al.
2026a), and to the X-rays with a coronal power law with photon index
Γ𝑋 = 2.4 and an exponential cut-off at 300 keV (Yang et al. 2020),
joined at 0.1 keV and normalised through the optical-to-X-ray slope
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𝛼ox = 0.3838 log10 [𝐿𝜈 (2 keV)/𝐿𝜈 (2500 Å)] = −1.5 (Tananbaum
et al. 1979). The resulting spectrum was renormalised to the inte-
grated luminosity of the skirtor disc. In this continuum, ≈ 64% of
the luminosity is emitted below 912 Å (≈ 14% above 0.1 keV), and
BC3000 = 𝐿AGN/𝜆𝐿3000 ≈ 9.6.

The gas was modelled as a spherical, closed, dust-free shell
fully surrounding the source, with constant hydrogen density
log10 (𝑛H [cm−3]) = 8, 9, 10, 11 and 12, ionisation param-
eter log10 (𝑈) = −4, −3, −2, −1 and total hydrogen column
log10 (𝑁H [cm−2]) = 24.0, 24.5, 25.0, 25.5, which spans the columns
invoked by dense-envelope models of LRDs (Inayoshi & Maiolino
2025; Ji et al. 2025; Naidu et al. 2025). Each calculation was stopped
at the requested log10 (𝑁H). The gas-phase metallicity was set equal to
the stellar metallicity of each fit (𝑍gas = 10−5, 10−4, 0.001, 0.002 for
zem5, zem4, z001 and z002), with the Galactic-concordance abun-
dance pattern of Nicholls et al. (2017). One node (𝑛H = 109 cm−3,
𝑈 = 10−1, 𝑁H = 1025.5 cm−2) did not pass our convergence checks
at 𝑍gas = 10−5 and 10−4 and was excluded, leaving 79 nodes at these
metallicities and 80 at the others. Each model was run at a reference
bolometric luminosity of 1011 𝐿⊙ , with the corresponding ionising
photon rate 𝑄(H) and the inner radius implied by (𝑄(H),𝑈, 𝑛H),
so that the output is in absolute units. For each model we stored,
per unit bolometric luminosity of the disc, the transmitted contin-
uum 𝐹trans, the outward diffuse continuum with the line emission
removed (Cloudy’s outward diffuse continuum minus its outward-
line contribution) 𝐹diffuse and the emergent luminosity of each emis-
sion line 𝐹lines. Lines were excluded from the saved diffuse contin-
uum (Cloudy’s set save line width suppress), any residual
outward-line contribution was subtracted explicitly, and duplicated
and blended entries were removed from the line list, so that each line
is counted exactly once.

In the fit, the cocoon emission was

𝐿𝜆 = 𝐿AGN [(1 − 𝐶) 𝐹inc + 𝐶 (𝐹trans + 𝐹diffuse + 𝐹lines)] , (I1)

where 𝐹inc is the intrinsic disc spectrum and 𝐶 the covering fraction,
free in [0, 1]. The uncovered fraction thus reaches the observer as the
unprocessed disc, while the covered fraction is replaced by the emis-
sion of the cocoon. The bolometric luminosity, log10 (𝐿AGN [𝐿⊙]),
enters linearly and was solved for analytically at each likelihood
evaluation. The cocoon node (𝑛H,𝑈, 𝑁H) was a discrete parameter
without interpolation, and the lines were broadened with a free ve-
locity dispersion 𝜎𝑣 ∈ [200, 3000] km s−1. The cocoon emission
was attenuated by a foreground screen with the Calzetti et al. (2000)
curve, a free colour excess and a free slope offset 𝛿, as for the stellar
populations. In the shared-screen families this screen was common
to the stellar populations.

Limitations. Cloudy solves the ionisation, thermal balance and
non-LTE level populations of the gas self-consistently, including the
𝑛 = 2 population of hydrogen that shapes the Balmer break and
the Balmer absorption, at a cost that allows a grid of 80 nodes per
metallicity to be fitted with nested sampling. It assumes spherical
symmetry and computes the shell along the radial direction only,
and it transfers the lines with escape probabilities. In the closed
geometry adopted here, scattering opacities do not attenuate the in-
cident continuum, and the frequency redistribution of scattered pho-
tons is not followed. The ionising continuum is fixed (𝛼ox = −1.5,
Γ𝑋 = 2.4). Given the X-ray non-detection of QSO1, an X-ray-weaker
continuum could change the thermal and ionisation structure of the
gas. The electron-scattering optical depth computed by Cloudy is
𝜏es ≤ 2.2 for all nodes and ≲ 0.3 for the nodes selected by the fits,
because the gas beyond the thin ionised layer is only partially ionised
(𝑥𝑒 ≲ 2%). Scattering by neutral hydrogen is instead large in the
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Figure I1. Maximum-likelihood solution of the model without stars (Ap-
pendix I4, zem5), in which an accretion disc is seen directly and through
the dense cocoon. Panels as in Fig. 6, with Δ ln(Z) relative to the highest-
evidence model of Table I3. Without a separate UV component, the model
misses the Balmer break (3𝜎 in F300M) and over-predicts F1000W by 5𝜎.

UV. For the node of the cocoon with the stellar-mass limit, Cloudy
gives a Rayleigh optical depth of 211 at 1300 Å, yet transmits 40%
of the incident continuum at this wavelength. At 1𝜇m, both electron
and Rayleigh scattering are negligible in this node (𝜏 ≲ 0.1), and the
continuum shape is set by the absorption and emission of the gas.
These approximations affect the UV transmitted through the cocoon,
the shape of the broad lines and the structure of optically thick gas.
Monte Carlo radiative-transfer codes such as Sirocco (Matthews
et al. 2025; Sneppen et al. 2026) treat electron and resonance scatter-
ing in multi-dimensional geometries and should be used to test the
regime selected by our fits.

I4 Test models

The last block of Tables I2 and I3 lists two models that test the
components of the cocoon solution. In the model without stars, the
stellar population was switched off by fixing its mass to 103 M⊙ ,
its covering fraction to zero and its colour excess to zero, so that it
contributes no measurable light. The disc then has to produce the
UV continuum as well. The disc is seen both directly and through the
cocoon, with a free covering fraction (Appendix I3). In the model
with 𝐸 (𝐵 − 𝑉)★ = 0, the colour excess of the stellar population and
of its nebular emission is fixed to zero, its mass is not limited, and
the disc and cocoon keep their own screen. All other components,
priors, data and sampler settings are those of the other families, so the
evidences are directly comparable. Without stars, the cocoon solution
(zem5) has log10 (𝐿AGN [𝐿⊙]) = 10.71 ± 0.06 (≈ 2 × 1044 erg s−1),
a cocoon with 𝐶 = 0.49 ± 0.04, 𝑛H = 1011 cm−3, 𝑈 = 10−4 and
𝑁H = 1025.5 cm−2, lines with 𝜎𝑣 ≈ 910 km s−1, and a screen with
𝐴𝑉 = 1.6 ± 0.1 mag. Twice as much of the disc is covered as in
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the solution with a young stellar population (𝐶 ≈ 0.22), because the
uncovered disc must now account for the UV alone.

I5 Fits to the individual images

The stacked photometry combines three epochs separated by up to
≈ 19 yr in the observed frame and depends on the relative magnifica-
tions of the lens model, while the spectrum samples Ima-B only. To
test whether the model comparison of Section 4.3.2 depends on how
the images are combined, we evaluated the posterior samples of the
joint fits against the photometry of each image separately. For each of
the six models in Table I1, we took the parameter sets sampled in the
joint fit to the stacked photometry and the spectrum (up to 6000 per
model, including the highest-likelihood points) and computed their
synthetic photometry. We then compared it with the photometry of
each image (Table B1), using the photometric uncertainties and the
upper limits of that image and no spectrum. A free overall normali-
sation was solved for at each point, so that the test is sensitive only
to the shape of the SED and not to the magnification. The best point
of each model is the best solution for that image within the region of
parameter space allowed by the spectrum. It is not a posterior of the
photometry alone, which would explore a wider region.

For every model, the fitted normalisations reproduce the image
ratios of the stack (1.77–1.86, 1.16–1.23 and 1.02–1.06 for Ima-A,
B and C, against 1.87, 1.22 and 1), so the three images have the same
SED shape and achromatic offsets. Without the magnification and
inter-image terms of the stack, the uncertainties are smaller and the
𝜒2 values are larger than for the stack (Table I1). The largest residuals,
however, are in the same bands for every model (F140M and F277W
in Ima-A, F182M and F277W in Ima-B, F480M in Ima-C). They
trace differences between the images, such as the varying broad-line
equivalent widths and the residual contamination of Ima-B, rather
than differences between the models, and do not affect their ranking.

In each image the ranking is the same as for the stack. The best
solution with a massive stellar population fits better than the cocoon
with the stellar-mass limit by Δ𝜒2 = 107, 62 and 31 for Ima-A, B
and C (13 for the stack). The cocoon over-predicts F1000W by 7.2,
8.8 and 4.6𝜎, while the stellar solutions reproduce it within ≈ 1𝜎
in Ima-A and Ima-C. Without the MIRI bands, the difference drops
to Δ𝜒2 = 51, −6 and 9. The NIRCam photometry of Ima-B and
Ima-C alone therefore does not separate the two classes, and the
NIRCam-only cocoon fits predict F1000W fluxes 5–15𝜎 above the
observed ones. In Ima-B all models over-predict F1000W by 3–5𝜎,
as expected from its lower MIRI-to-NIRCam ratio (Section 4.1). The
cocoon with 𝐸 (𝐵 − 𝑉)★ = 0 behaves as the cocoon with the stellar-
mass limit, and the model without stars gives the poorest fits in every
image.

I6 Likelihood and sampling

The likelihood combined the photometry and the NIRSpec spectrum,
which was rebinned to three pixels per resolution element and com-
pared with models convolved to the instrumental resolution, without
masking the emission lines. A fractional error floor (jitter) of 5%
was added to the spectrum, the same for all families. For every com-
bination of model family and stellar metallicity we ran the nested
sampler Nautilus with 800 live points, a target effective sample size
of 4000, a live-evidence fraction 𝑓live = 0.01 and at most 4 × 106

likelihood calls. Priors were uniform over the ranges above and over
the allowed nodes for discrete parameters. The sampler returned the
Bayesian evidence ln(Z) and posterior samples for each run.

All runs completed the exploration phase ( 𝑓live < 0.01). The co-
coon with the stellar-mass limit was run with the same settings, except
for a lower target effective sample size. Figure I2 shows the posteriors
of the four solutions in Fig. 6. The formal statistical uncertainty on
ln(Z) returned by the sampler (≲ 0.2) does not include the run-to-
run scatter. The NIRSpec spectrum was flux-calibrated with a smooth
polynomial derived from the same photometry (Appendix C), whose
uncertainty was propagated pixel by pixel. The covariance this in-
troduces between spectral pixels and between the spectrum and the
photometry is not included in the likelihood. We therefore regard
differences of Δ ln(Z) ∼ 100 between classes as robust, and differ-
ences of Δ ln(Z) ∼ 10–30, such as those between the best stellar and
cocoon solutions (≃ 13) and between these and the cocoon with the
stellar-mass limit (≃ 20–33), as model-dependent rather than deci-
sive, since they may be affected by spectral covariance, discrete-grid
sampling and run-to-run variance. The latter difference is supported
by the MIRI and emission-line residuals (Section 5.2). Several solu-
tions sit at the edge of a grid or prior: the slope of the attenuation
curve (𝛿 ≃ −1), the column of the cocoon in the solution with the
stellar-mass limit (𝑁H = 1025.5 cm−2), and, in the dense-gas and
capped cocoon solutions, the photoionised gas of the UV-emitting
population (𝑛H = 106 cm−3 and 𝑈 = 10−1, the upper limits for
ordinary-density gas).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Table I1. 𝜒2 of the best solution of each model for the photometry of the individual images and of the stack, without the spectrum and with a free normalisation
(Appendix I5), using all 21 detected bands and the upper limits (“all”) or excluding F770W and F1000W (19 bands, “no MIRI”). The stack column uses the
uncertainties of the stacked photometry. The lowest value of each column is in bold.

Ima-A Ima-B Ima-C Stack
Model all no MIRI all no MIRI all no MIRI all no MIRI
2ssp_nodense_independent (zem4) 95.1 94.2 182.6 165.7 69.3 68.5 11.7 11.5
normal_dense_independent (zem5) 95.3 91.9 171.5 161.3 62.5 60.1 10.9 10.5
normal_accretion_cocoon_independent (zem4) 121.2 117.7 169.3 135.8 65.5 64.7 13.9 13.3
accretion_cocoon_independent, 𝑀★ ≤ 107.5 M⊙ (zem4) 202.2 143.0 231.2 129.9 94.0 69.4 24.3 14.3
accretion_cocoon_independent, 𝐸 (𝐵 − 𝑉 )★ = 0 (zem4) 196.1 145.6 253.5 142.6 92.6 68.5 24.0 15.4
accretion_cocoon_only (zem5) 319.5 270.2 240.2 111.7 116.4 70.6 33.9 19.9

Table I2. Model families fitted to QSO1. The family with 𝑀★ ≤ 107.5 M⊙ is the cocoon fitted with the stellar mass limited to the upper limit on the host
stellar mass. Every family except the one without stars contains a young, ordinary-density bpass population for the UV continuum, with its own Cloudy nebular
emission and covering fraction. The second column gives the component added for the red optical continuum. In the highest-evidence unconstrained cocoon
this role is taken by the stellar population, and the disc produces the UV (Section 4.3.2). “Independent” attenuation gives each component its own colour excess,
“shared screen” places all components behind one foreground screen while “single screen” is for families with one single component. Each family was fitted at
stellar metallicities of 0.05, 0.5, 5 and 10% 𝑍⊙ (zem5, zem4, z001, z002). 𝑁par is the number of sampled parameters. In the cocoon families the AGN luminosity
is solved for analytically and is not counted. The last block lists the test models of Appendix I4. For the model without stars, 𝑁par counts only the parameters
that affect the model.

Family Red-continuum component Attenuation 𝑁par
2ssp_nodense_independent ordinary-density SSP (𝑡 ≥ 10 Myr) independent 15
normal_dense_independent dense-gas SSP independent 16
normal_dense_screen dense-gas SSP shared screen 15
normal_accretion_cocoon_independent accretion disc + dense cocoon independent 15
normal_accretion_cocoon_screen accretion disc + dense cocoon shared screen 13
accretion_cocoon_independent, 𝑀★ ≤ 107.5 M⊙ accretion disc + dense cocoon independent 15
accretion_cocoon_independent, 𝐸 (𝐵 − 𝑉 )★ = 0 accretion disc + dense cocoon independent 13
accretion_cocoon_only disc + cocoon, no stars single screen 9

Table I3. Bayesian evidence, ln(Z) , of every family–metallicity combination fitted to QSO1, with Δ ln(Z) relative to the highest-evidence model (bold) in
parentheses. The row with 𝑀★ ≤ 107.5 M⊙ is the cocoon fitted with the stellar mass limited to the upper limit on the host stellar mass. The last block lists the
cocoon with an unattenuated stellar population and no mass limit and the model without stars.

Family zem5 zem4 z001 z002
(0.05% 𝑍⊙) (0.5% 𝑍⊙) (5% 𝑍⊙) (10% 𝑍⊙)

2ssp_nodense_independent 3739.1 (−148.1) 3747.4 (−139.8) 3721.3 (−165.9) 3705.2 (−182.0)
normal_dense_independent 3874.5 (−12.7) 3858.2 (−29.0) 3866.6 (−20.6) 3857.1 (−30.1)
normal_dense_screen 3600.3 (−286.9) 3776.9 (−110.3) 3767.0 (−120.1) 3724.1 (−163.1)
normal_accretion_cocoon_independent 3873.4 (−13.8) 3887.2 (0) 3875.0 (−12.2) 3833.0 (−54.2)
normal_accretion_cocoon_screen 3776.4 (−110.8) 3769.4 (−117.8) 3750.3 (−136.9) 3738.7 (−148.5)
accretion_cocoon_independent, 𝑀★ ≤ 107.5 M⊙ 3853.2 (−34.0) 3854.4 (−32.8) 3840.2 (−46.9) 3833.4 (−53.8)
accretion_cocoon_independent, 𝐸 (𝐵 − 𝑉 )★ = 0 3848.5 (−38.7) 3850.9 (−36.3) 3839.3 (−47.9) 3832.2 (−55.0)
accretion_cocoon_only 3749.8 (−137.4) 3731.8 (−155.4) 3706.8 (−180.4) 3693.2 (−194.0)
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Figure I2. Posterior distributions of the main parameters of the four solutions in Fig. 6: two ordinary-density populations (zem4, top left), stellar populations
with dense gas (zem5, top right), the accretion disc in a dense cocoon (zem4, bottom left) and the same model with 𝑀★ ≤ 107.5 M⊙ (zem4, bottom right).
Contours enclose 39% and 86% of the posterior, and dashed lines mark the 16th, 50th and 84th percentiles. Stellar masses are formed masses, log10 (𝑀★ [M⊙ ] ) ,
and ages log10 (𝑡 [yr] ) on the 0.1 dex bpass grid. Luminosities are log10 (𝐿 [𝐿⊙ ] ) and velocity dispersions in km s−1. “UV” and “opt.” denote the components
dominating the rest-frame UV and optical continua. In the unconstrained cocoon, 𝑀★, 𝑡★ and 𝐸 (𝐵 −𝑉 )★ refer to the stellar population that produces the optical
continuum, and in the cocoon with the mass limit to the one that produces the UV. The subscript “coc” refers to the attenuation of the cocoon. In the dense-gas
model the optical population has log10 (𝑡 [yr] ) = 7.2 in more than 99.9% of the posterior and its age is not shown.
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