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A little red dot at z = 7.3 within a large  
galaxy overdensity
 

Jan-Torge Schindler    1  , Joseph F. Hennawi    2,3, Frederick B. Davies4, 
Sarah E. I. Bosman    4,5, Ryan Endsley6,7, Feige Wang    7,8, Jinyi Yang7,8, 
Aaron J. Barth    9, Anna-Christina Eilers    10,11, Xiaohui Fan7, Koki Kakiichi12, 
Michael Maseda    13, Elia Pizzati    2 & Riccardo Nanni    2

The nature of ‘little red dots’ and their relation to other forms of accreting 
supermassive black holes remain an open question. Here we report the 
discovery of a little red dot at z = 7.3. It is attenuated by moderate amounts of 
dust, AV = 2.79 mag, and has an intrinsic bolometric luminosity of 1046.6 erg s−1 
and a supermassive black hole mass of 5 × 108 M⊙. Most notably, this object is 
embedded in an overdensity of eight nearby galaxies, allowing us to 
calculate a spectroscopic estimate of the clustering of galaxies around little 
red dots. We find a little red dot versus galaxy cross-correlation length of 
r0 = 8 ± 2 h−1 cMpc, comparable to that of z ≈ 6 ultraviolet-luminous quasars. 
The resulting estimate of their minimum dark matter halo mass 
log10(Mhalo,min/M⊙) = 12.0+0.8−1.0  indicates that nearly all haloes above this mass 
must host actively accreting supermassive black holes at z ≈ 7, in strong 
contrast with the far smaller duty cycle of luminous quasars (<1%). Our 
results, taken at face value, motivate a picture in which supermassive black 
holes in little red dot phases could serve as the obscured precursors of 
ultraviolet-luminous quasars, which provides a natural explanation for the 
short ultraviolet-luminous lifetimes inferred from both quasar clustering 
and quasar proximity zones.

James Webb Space Telescope ( JWST) spectroscopy has confirmed 
dozens of (type-1) active galactic nuclei (AGNs) by detecting a broad 
(full-width at half-maximum, FWHM > 1,000 km s−1) emission-line com-
ponent to the Hα (or Hβ) line1–8, characteristic of gas motion in the 
gravitational field of a supermassive black hole (SMBH). A particularly 
intriguing subclass of these broad-line AGNs appear as compact, red 
sources in imaging by the near-infrared camera (NIRCam) onboard 
JWST (F277W − F444W > 1)1,6,7. Broad-line AGNs photometrically 

selected with similar criteria have become known as ‘little red dots’7 
(LRDs). Assuming a power law (fλ ∝ λα, with flux density fλ, wavelength λ 
and slope α) to describe parts of their spectrum, it can be characterized 
by a red rest-frame optical slope (α ≥ 0), often observed in combina-
tion with a blue rest-frame ultraviolet (UV) slope (αUV ≲ −1), resulting in 
V-shaped continua6,7 with a minimum around ~3,500 Å. These have been 
interpreted as moderately obscured (AV = 1–4) AGNs1,6,7 superimposed 
on a galaxy stellar component or a fraction of unattenuated scattered 
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and would be appealing candidates for obscured phases of quasar 
growth, because their expected duty cycles would have to approach 
unity30. In this Article, we present the first spectroscopic LRD–galaxy 
clustering measurement to determine how LRDs are embedded in the 
evolving cosmic web of dark matter haloes, enabling a direct compari-
son with high-z UV-luminous quasars.

The JWST programme GO 2073 is building the foundation for 
mapping the morphology of the ionized intergalactic medium around 
two z ≳ 7 quasars with stringent constraints on SMBH growth. The 
immediate goals are to identify galaxies at and beyond the redshift of 
the quasars to study quasar galaxy clustering and to provide targets 
for subsequent deep spectroscopic observations to map the quasar 
‘light echoes’. Based on JWST NIRCam pre-imaging in four filter bands 
(F090W, F115W, F277W and F444W) and ground-based photometry 
by the large binocular camera (LBC) at the Large Binocular Telescope 
(LBT; Methods), we selected galaxy candidates for a spectroscopic 
follow-up in the same cycle with the micro-shutter assembly (MSA) 
of the near-infrared spectrograph (NIRSpec) onboard JWST. Among 
the followed-up galaxy candidates, we identified one broad-line AGN 
at z = 7.26, J1007_AGN, and eight nearby galaxies at similar redshifts 
(z = 7.2–7.3) in the field of quasar J1007+2115 (z = 7.51)31.

Figure 1 displays the photometric and spectroscopic discovery 
observations of J1007_AGN. It appears as a compact source with  
a red rest-frame optical colour (F277W − F444W = 1.65 mag; 
Extended Data Fig. 1). The NIRSpec/MSA PRISM spectrum of J1007_
AGN (Fig. 1, bottom) has a clearly detected continuum, featuring a 
plethora of strong emission lines. The most prominent feature is the 
[O iii] λλ4959, 5007 doublet, from which we derive the source redshift 

AGN light. Alternatively, the spectral features could be explained by a 
star-forming galaxy that hosts an AGN encased in a cloud of extremely 
dense gas9,10. To date the underlying physical processes that produce 
the characteristic LRD spectra are not yet fully understood and are 
highly debated11–15. Although their intrinsic bolometric luminosities and 
SMBH masses can rival those of quasars, their number densities6,7,16,17 
(103–104 Gpc−3) place them factors of 10–100 above the faint-end 
extrapolations of the z > 5 quasar luminosity functions18,19.

The existence of z ≳ 6 quasars20 with MBH > 109 M⊙ SMBHs, where 
MBH is the black hole mass, challenges models of SMBH formation. In 
the canonical picture, SMBH growth is bounded by the Eddington limit 
and black holes grow exponentially with the Salpeter timescale21. With 
an average radiative efficiency of ~0.1, this e-folding timescale is 
~50 Myr. To assemble the massive SMBHs of luminous z ≈ 6 quasars, 
continuous accretion at the Eddington limit comparable to the Hubble 
time tH(z) is necessary. Hence, the quasar duty cycle, the fraction of 
cosmic time a galaxy shines as a luminous quasar, fduty = tQ/tH(z) is 
expected to be around unity. However, clustering measurements place 
quasars in massive dark matter haloes22–24 (log10(Mhalo/M⊙) ≈ 12.30) 
and motivate small UV-luminous duty cycles of fduty ≈ 0.1% with phases 
of active growth of tQ ≈ 106–107 years, thus exacerbating the challenge 
of growing their SMBHs from stellar seeds to MBH > 109 M⊙ by z ≈ 6. 
Radiatively inefficient accretion, which directly results in much faster 
SMBH growth, or UV-obscured, dust-enshrouded growth phases for 
the bulk of the SMBH population and thus a much larger intrinsic duty 
cycle are two proposed solutions to this problem23,25–29. If LRDs with 
intrinsic quasar-like properties are found in similarly massive dark 
matter haloes to quasars, they could belong to the same population 
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Fig. 1 | Photometry and discovery spectroscopy of J1007_AGN at z ≈ 7.3. 
Top: image cut-outs (2 arcsec × 2 arcsec) covering the six filters from ground-
based LBT/LBC r- and i-band images and JWST/NIRCam F090W, F115W, F277W 
and F444W. By design, the source is not detected in the bluest three bands and 
appears as a red object (F115W − F444W = 1.94 mag) with compact morphology 
in F115W, F277W and F444W. Referenced apparent magnitudes are calculated 
from aperture photometry at the source location. Middle: the co-added 2D 
NIRSpec/MSA spectrum of the three AB-subtracted dither positions as a function 
of observed wavelength. The 2D spectrum is displayed in pixel coordinates, 
resulting in a nonlinear observed wavelength axis. The bright trace is the positive 

co-added spectrum, whereas the dark traces show the four negative traces of 
the individual AB dithers. Bottom: the one-dimensional optimally extracted 
co-added spectrum as a function of rest-frame wavelength. Positions of spectral 
features, including typical line emission observed in AGNs, are indicated with 
blue dotted lines. Orange data points show the fluxes measured from the NIRCam 
photometry. Error bars on the photometry denote the 3σ flux error and the 
wavelength range of the filter in which the transmission is above 50% of its peak 
value. The blue data points show the synthetic photometry calculated from the 
MSA spectrum. 2D, two-dimensional.
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z = 7.2583 ± 0.0006 (Methods). As shown in Fig. 2 (left), we decompose 
the spectrum with a multi-component fit (Methods) and find a broad 
Hβ linewidth of FWHM = 3,370+1156−648 kms−1  (nominal resolution 
R ≈ 180 ≈ 1,650 km s−1 at Hβ), allowing us to unambiguously classify 
this source as a type-1 AGN. The source also exhibits weak Hδ 
(signal-to-noise ratio, SNR ≈ 3) and Hγ (blended with [O iii] λ4364) 
Balmer lines as well as several high-ionization emission lines (for 
example, [Ne iii] λ3869.85; SNR ≈ 6) typical for an AGN. We detect 
high-ionization rest-frame UV lines, notably N iv λ1486 and C iv 
λλ1548.2, 1550.8 emission (see Methods for details). Its photometric 
and spectroscopic properties place this source firmly among the 
population of LRDs6,7.

We measure an absolute magnitude at rest-frame 1,450 Å of 
M1,450 = −19.76+0.77−0.45 mag  from the spectrum. In comparison with  
large samples of LRDs16, J1007_AGN stands out as a particularly lumi-
nous source. For the time being, we follow the literature2,6 in interpret-
ing the spectral continuum as a combination of a dust-reddened AGN 
component, which dominates the rest-frame optical, and scattered 
AGN light, which produces the observed rest-frame UV emission. Fitting 
an appropriate continuum model to the data (Methods and 
Extended Data Fig. 2), we find J1007_AGN to be moderately dust 
obscured with AV = 2.79

+0.25
−0.25 mag.

The standard approach for estimating the black hole masses of 
LRDs uses scaling relations32 between the linewidth and the line lumi-
nosity of the broad Hβ line component. We carefully decompose the 
rest-frame optical emission with a parametric model (Methods) as 
shown in Fig. 2 (left) and measure the properties of the individual 
components, as summarized in Extended Data Table 1. Using the  
measured Hβ line properties, we derive a black hole mass of 
MBH,GH05,LHβ = 11.52+10.11−4.63 × 10

7M⊙  (where the subscript GH05 refers  
to the Greene and Ho32 scaling relation that is used to derive the BH 
mass). The bolometric luminosity is typically estimated from the 
rest-frame UV continuum emission. However, in LRDs this emission  
is not fully understood. Therefore, we convert the Hβ line luminosity 
(LHβ) to a continuum luminosity (L5100) using a relation derived  
from low-z AGNs32 and then adopt a bolometric correction33 
Lbol = 9.26 × L5100. We estimate the bolometric luminosity of 
log10(Lbol,Hβ (erg s−1)) = 45.52+0.08−0.06 . With an Eddington luminosity  
ratio of λEdd,GH05,LHβ = 0.20+0.13−0.09 , J1007_AGN is rapidly accreting mass. 

These measurements were derived based on the observed spectrum.  
However, our continuum model indicates that the AGN emission that 
dominates at the Hβ wavelength is attenuated by dust. Correcting the 
spectral model for dust attenuation of AV = 2.79

+0.25
−0.25 mag, we derive 

notably larger values for the SMBH mass MBH,GH05,LHβ = 4.51 × 108 M⊙, 
bolometric luminosity log10(Lbol,Hβ (erg s−1)) = 46.64 and Eddington 
luminosity ratio λEdd,GH05,LHβ = 0.58+0.62−0.31  (Extended Data Table 2). 
Figure 2 (right) places these results in the context of quasars20 and other 
z > 6 AGNs1,6, using equivalent assumptions to derive bolometric lumi-
nosities and black hole masses. Based on its observed bolometric 
luminosity and black hole mass, J1007_AGN straddles the boundary 
region between the more luminous LRDs and the faint high-z quasar 
population34. Taking into account the dust attenuation, it could intrinsi-
cally be as luminous (Lbol ≈ 1046 erg s−1) and massive (MBH ≳ 108.5 M⊙) as 
a typical UV-luminous quasar.

Correcting for our selection function, we estimate a number  
density for LRDs nLRD ≈ 2.67 × 104 Gpc−3 based on our serendipitous dis-
covery (see Methods for a detailed description). Figure 3 compares this 
number density (orange diamond) with luminosity function measure-
ments for broad-line AGNs and LRDs (coloured squares) and quasars 
(grey filled symbols and lines), as a function of UV magnitude (left) and 
bolometric luminosity (right). The figure underlines that our discov-
ery is consistent with the expectation from z > 6 LRDs but >100 times 
above the best constraints of the z ≳ 6 quasar luminosity functions19,35.

With the preceding analysis, we established that J1007_AGN is a 
bright z = 7.26 LRD. Exploiting the discovery of eight galaxies in the 
vicinity of J1007_AGN, we conduct a clustering analysis to constrain 
the environment of a z ≈ 7.3 LRD for the first time. Details of the  
galaxies can be found in Methods (Extended Data Figs. 3 and 4 and 
Extended Data Tables 3 and 4). We restricted our fiducial analysis  
to the six nearest galaxies out of the eight, which are within 
|ΔvLOS| < 1,500 km s−1, where |ΔvLOS| is the line-of-sight velocity differ-
ence. However, the results do not strongly depend on this assumption 
(Methods). Taking our survey selection function and targeting com-
pleteness into account, we calculate the volume-averaged LRD–galaxy 
cross-correlation function χ in three radial bins (Methods and 
Extended Data Table 5). We find an excess of galaxies within the inner-
most bin, resulting in an overdensity of δ ≈ 30 (Extended Data Fig. 5). 
Assuming a real-space LRD–galaxy two-point correlation function of 
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Fig. 2 | Spectral modelling and physical properties of J1007_AGN. Left: 
posterior median of our model fit (bright red) compared with the J1007_AGN 
spectrum (black). Individual fitting components are highlighted with blue and 
green lines. Light coloured regions depict fit uncertainties (16th to 84th 
posterior percentile range). Insets: decomposition of the Hγ and Hβ emission 
lines (continuum model added to line components). Right: J1007_AGN (bright 
red diamonds) in comparison with z > 6 AGN1,6 (blue and green squares) and 
high-redshift quasars from the literature20 (grey points, systematic 1σ 

uncertainty in black) in the black hole mass versus bolometric luminosity plane. 
Error bars on the coloured data denote statistical 1σ uncertainties (or 16th to 84th 
percentiles of the posterior). We differentiate between the observed (filled 
diamond) and dereddened (AV = 2.79

+0.25
−0.25 mag; open diamond) measurements. 

Uncertainties on AV are consistently propagated and included in both bolometric 
luminosity and black hole mass. For display, we adopted the fiducial bolometric 
luminosity Lbol,Hβ and the SMBH mass estimate MBH,GH05,LHβ of Extended Data  
Tables 1 and 2, which are based on the Hβ emission-line properties (Methods).

http://www.nature.com/natureastronomy


Nature Astronomy | Volume 9 | November 2025 | 1732–1744 1735

Article https://doi.org/10.1038/s41550-025-02660-1

the form23 ξLG = (r/rLG0 )−γ , where RLG0  is the cross-correlation length  
and γ = 2.0, we calculate a best-fitting cross-correlation length 
rLG0,corr ≈ 8.17

+2.42
−2.38 h

−1 cMpc (Methods). Our result for rLG0  is lower than 
but still comparable with the recent quasar clustering measurement23 
at 〈z〉 = 6.25 with a cross-correlation length rQG0 ≈ 9.1+0.5−0.6 h

−1 cMpc.
Assuming that galaxies and LRDs trace the same underlying dark 

matter overdensities36, we adopt the recent estimate of the galaxy 
auto-correlation length23 rGG0 ≈ 4.1 h−1 cMpc  to estimate the LRD 
auto-correlation length rLL0  and the minimum mass of dark matter 
haloes hosting z ≈ 7.3 LRDs: log10(Mhalo,min/M⊙) = 12.02+0.82−1.00  (Meth-
ods). Our result is broadly consistent with similar minimum halo mass 
estimates for (luminous) quasars22,23, log10(Mhalo,min/M☉) ≈ 12.3–12.7 at 
z ≳ 6, which would imply that quasars and LRDs are, indeed, hosted by 
comparable mass dark matter haloes traced by similar overdensities 
of galaxies and, thus, drawn from the same underlying population. 
However, we note that the uncertainties also encompass dark matter 
halo masses of log10(Mhalo,min/M☉) ≈ 11.5, akin to recent measurements37 
of broad-line AGNs at z ≈ 5.4. To constrain the duty cycle of LRDs, the 
fraction of cosmic time a galaxy spends in an LRD phase, we assume 
that they temporarily subsample their hosts, and so their number 
density can be expressed as nLRD ≈ tLRD/tH(z)nhalo,min = fdutynhalo,min, where 
nhalo,min is the number density of dark matter haloes with M > Mhalo,min 
and tLRD is the LRD lifetime. Adopting the LRD abundance17 at z ≈ 7.5 
(log10(nLRD (cMpc−3)) = −5.58 ± 0.44), we calculate the duty cycle 
log10(fduty) ≈ 3.66+5.89−3.90 . Taken at face value, the median duty cycle 
implied by our measurement is unphysical given the constraints of our 
cosmological model; LRDs vastly outnumber dark matter haloes with 
the median dark matter halo mass. This scenario was discussed in a 
recent paper30, leading the authors to conclude that LRDs and compa-
rably luminous quasars cannot only be hosted in dark matter haloes 
with similar masses. Given (1) our small sample size of a single LRD, (2) 
that we have probably underestimated our error bars by neglecting 
cosmic variance and (3) potential systematics associated with assuming 
a power-law correlation function24, we do not believe our results imply 
a departure from the standard cosmology. Instead, we consider it more 
probable that most LRDs are hosted in less massive haloes than our 
median result indicates. At z ≈ 7.3, dark matter haloes with 
log10(Mhalo,min/M☉) ≲ 11.6, well within our uncertainties, would result in 
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results on the duty cycle for accreting SMBHs. Also included are measurements 
from quasar proximity zones90 (grey cross) and Lyα damping wings27,38 (filled 
circles). The green square marks our recalculation of the duty cycle estimate 
for a broad-line AGN37 (Methods). The duty cycle fduty should be interpreted as 
the fraction of cosmic time a galaxy spends in an LRD or quasar phase and is 
related to the active lifetime by tQ = fdutytH(z), indicated as grey dashed lines in 
the bottom panel. Vertical error bars denote the 1σ statistical uncertainty on the 
measurement, whereas horizontal error bars denote the redshift range of the 
underlying data sample.
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physical duty cycles fduty ≲ 100%. However, the clustering of J1007_AGN 
underlines that LRDs can also be found in more massive dark  
matter haloes.

In Fig. 4 we place our clustering results in context with the redshift 
evolution of auto-correlation lengths, minimum host dark matter halo 
masses and duty cycles for UV-luminous quasars and JWST broad-line 
AGNs37. Our LRD auto-correlation length and dark matter halo mass 
measurements are generally consistent with both UV-luminous qua-
sars at z ≈ 6 and JWST broad-line AGNs at z ≈ 5.5. The high duty cycle 
indicated by our analysis is in stark contrast with the far lower duty 
cycle inferred for UV-luminous quasars (<1% at z ≳ 6) from both qua-
sar–galaxy clustering23,24 and their Lyα forest proximity zones27,38. It 
is also slightly larger than the duty cycle implied by the clustering of 
galaxies around a z ≈ 5.4 broad-line AGN37 (recalculated, see Methods).

In this work we have introduced the z = 7.3 LRD J1007_AGN. It is 
one of the most luminous LRDs, and if attenuated by dust, its intrinsic 
properties would be akin to UV-luminous quasars. Our spectroscopic 
LRD–galaxy clustering analysis places this source in an ~1012 M⊙ dark 
matter halo, indicating that it could be drawn from the same underly-
ing population as UV-luminous quasars. Generalizing our clustering 
measurement to the LRD population, we argue that LRDs populate the 
massive end of the dark matter halo distribution (≳1011.5 M⊙), resulting 
in high duty cycles of fduty ≈ 100%, in contrast to UV-luminous quasars 
(fduty ≈ 1%). Hence, we propose that the bulk of massive SMBH growth at 
high redshift occurs in long-lived phases wherein the SMBHs appear as 
LRDs, and that they appear as UV-luminous quasars just a short fraction 
(fduty ≈ 1%) of cosmic time. In this picture, the factor of ~100 luminous 
LRD to quasar abundance ratio naturally results from the fraction of 
time SMBHs spend in each phase23,27,28,39, which alleviates the tension 
between the short, inferred lifetimes of UV-luminous quasars relative 
to the time required to grow their 109 M⊙ SMBHs in less than 1 Gyr after 
the Big Bang40. Although highly suggestive, an important caveat is that 
the UV-luminous quasars we compare with in Fig. 4 have Lbol 5 to 20 
times brighter than that of J1007_AGN, which is itself uncertain due 
to the reddening correction, and there is probably a dependence of 
clustering, halo mass and duty cycle on Lbol (ref. 30). Furthermore, our 
analysis, which is based on a handful of galaxies in a single LRD field, 
has large statistical errors, which are probably underestimated owing 
to cosmic variance and the simplicity of our modelling. Nevertheless, 
our study presents highly suggestive evidence for strong LRD cluster-
ing and high duty cycles, which provides a compelling motivation to 
further pursue precise LRD clustering measurements to unravel the 
nature of this puzzling population and its connection to quasars and 
SMBH growth.

Methods
Data and data reduction
The data presented in this work were taken as part of the JWST pro-
gramme GO 2073 ‘Towards Tomographic Mapping of Reionization 
Epoch Quasar Light-Echoes with JWST’. The goal of the programme is to 
understand the timescales on which z ≳ 7 quasars grow by tomographi-
cally mapping the extended structure of the ionized region around 
those quasars, their ‘light echoes’41. For this purpose, one measures the 
transmission of flux in the spectra of background galaxies, which serve 
as line-of-sight tracers for the ionized region. The programme GO 2073 
was primarily designed to identify galaxies at the redshift and in the 
background of two high-redshift quasars. We, therefore, first collected 
JWST/NIRCam photometry in the two quasar fields to select galaxy 
candidates and then spectroscopically followed up the candidates 
with the NIRSpec/MSA in the same cycle. J1007_AGN was originally 
selected as a priority 1 galaxy candidate in the field of quasar J1007+2115 
and serendipitously discovered during the spectroscopic follow-up 
campaign. For all cosmological calculations, we adopt a concordance 
cosmology42 with Hubble constant H0 = 70 km s−1 Mpc−1, dark energy 
density parameter ΩΛ = 0.7 and matter density parameter ΩM = 0.3.

Photometric data. The source J1007_AGN was discovered in an ~5′ × 6′ 
field centred on the redshift z = 7.51 quasar J1007+2115 (ref. 31). The 
JWST/NIRCam observations cover the F090W, F115W, F277W and 
F444W filter bands to enable galaxy dropout selection. The mosaic was 
built from two pointings employing a FULLBOX 6 dither pattern using 
the MEDIUM 8 read-out pattern. With 3,736.4 s of exposure time per 
pointing and the SW/LW filter pair, the NIRCam imaging was charged a 
total science time of 14,952 s. We downloaded the data using the jwst_
mast_query Python package. Our image data reduction was carried out 
using version 1.6.3 of the JWST Science calibration pipeline (CALWEBB; 
Calibration Reference Data System (CRDS) context jwst_1046.pmap).

During the reduction, we executed a range of other steps. After 
CALWEBB stage 1, we performed 1/f-noise subtraction on a row-by-row 
and column-by-column basis for each amplifier43. We continued by 
running stage 2 of the pipeline on these 1/f-noise-subtracted images. 
Detector-dependent noise features were apparent in the stage 2 out-
puts. To remove them, we constructed master background images for 
each filter and detector combination by median filtering all available 
exposures in our programme. Scaled master backgrounds were then 
subtracted from our stage 2 outputs. Properly aligning the individual 
detector images proved challenging due to the low number of point 
sources in reference catalogues. Therefore, we devised a multistage 
alignment process. We began by running CALWEBB stage 3 on the 
F444W dither groups with the largest overlap. This resulted in four 
F444W submosaics corresponding to combined images for each detec-
tor and each of our two pointings. These four submosaics were then 
aligned to the positions of known Gaia stars in the field using tweak-
wcs. Choosing one tile as a reference, we iteratively aligned the other 
three tiles using the Gaia star catalogue and point sources from the 
reference tile. The aligned F444W submosaics were resampled into 
one mosaic with a pixel scale of 0.03″. As a final step, the full mosaic 
was then aligned to the full set of Gaia reference stars in the field. With 
the F444W full mosaic as a reference image, we aligned the CALWEBB 
stage 2 output files to a common reference frame, (including the F444W 
images). Then we created association files for the aligned images of 
each filter and ran CALWEBB stage 3 (with tweakregstep disabled) to 
create mosaics with a pixel scale of 0.03″ for each filter band. The mean 
alignment accuracies measured from the full mosaics and the Gaia 
reference star catalogue were 0.024″, 0.018″, 0.018″ and 0.011″ for the 
F090W, F115W, F277W and F444W bands, respectively. We estimated 
that our full mosaics cover a field of view of ~29 arcmin2.

To calculate the source photometry, we began by resampling 
the mosaics to a common world coordinate system grid. Then we 
convolved the resampled F090W, F115W and F277W mosaics to the 
lower resolution of the F444W filter. The convolution kernels of the 
point-spread function were generated empirically from point sources 
in the field. To extract the photometry, we used the software SEx-
tractor44. Source detection was performed on an inverse variance 
weighted signal-to-noise image stack of the four mosaics. We cal-
culated Kron45 aperture photometry on all detected sources using a 
Kron parameter of 1.2. The fluxes measured in these small apertures 
were then aperture-corrected in two steps, equivalent to common 
procedures46. The correction for the wings of the point-spread func-
tion used empirically generated point-spread functions based on 
point sources in the field.

To improve our high-redshift galaxy selection, we obtained deep 
r-band and i-band dropout images with LBT/LBC47. The observations 
were performed in binocular mode, with individual exposures for 
all images set to ~180 s to minimize the effects from cosmic rays and 
the saturation of bright stars in the field. In total, the on-source time 
was 9.5 h for both bands. We processed the LBC data using a custom 
data-reduction pipeline named PyPhot. The pipeline implements 
standard imaging data-reduction processes including bias subtraction, 
flat fielding and sky background subtraction. The master bias and flat 
frames were constructed using the sigma-clipped median on a series 
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of bias and sky flats, respectively. For the i-band, we corrected for fring-
ing by subtracting a master fringe frame constructed from our science 
exposures. The sky background was estimated using SExtractor44 
after masking out bright objects in the images. In addition, we masked 
cosmic rays using the Laplacian edge-detection algorithm48. Finally, 
we aligned all individual images to Gaia Data Release 3 and calibrated 
the zero points with well-detected point sources in the Pan-STARRS49 
photometric catalogues. After image processing, we created the final 
mosaics for each band using SCAMP50 and Swarp51. The pixel scales of 
the final mosaics were 0.224″ px−1 for the LBC images.

Selecting galaxy candidates. Based on the JWST/NIRCam and 
ground-based photometry, we devised a photometric process for 
selecting galaxy candidates, targeting galaxies in the field of quasar 
J1007+2115 and in the background. The target redshift interval for this 
quasar field was 7.43 < z < 9.09. The maximum redshift was chosen so 
that the foreground quasar was still within the Lyβ forest of the back-
ground galaxy. The minimum redshift was chosen so that galaxies with 
−3,000 km s−1 line-of-sight velocity relative to the quasar were included 
to allow for a quasar–galaxy clustering analysis. Our galaxy selection 
procedure was largely informed by the properties of high-redshift 
galaxies as presented in the JAGUAR catalogue52. We first required 
SNR = 2.0 for source detections in the F115W and F277W bands. We 
cleaned our photometric sample by removing sources with F115W to 
F277W colours that were outside the range from −1.5 mag to 1.5 mag. 
This did not affect galaxies in our target redshift range according to the 
JAGUAR catalogue. We used a probabilistic dropout selection based on 
the F090W to F115W colour as the main selection criterion. Based on 
the F090W to F115W colours of JAGUAR mock galaxies, we assigned to 
each colour value a purity, which is the fraction of mock galaxies with 
that colour value within the target redshift range compared with all 
the mock galaxies with that colour value. Each galaxy candidate was 
then assigned a purity value, and the full candidate list was ordered 
by decreasing purity. We continued by grouping the first 100 sources 
in priority class 1 and then proceeded with 100, 100, 700 and 1,000 
sources for classes 2, 3, 4 and 5, respectively. All remaining sources 
were assigned to priority class 6. The broad priority classes were used 
in our spectroscopic MSA design with the eMPT tool53. We visually 
inspected our candidates using the JWST NIRCam and ground-based 
LBT photometry. Additionally, photometric redshifts were calcu-
lated with bagpipes54 using all photometric information to guide the 
process. As we did not expect source flux in the NIRCam F090W filter 
(λ = 0.795–1.005 μm) for high-redshift sources, galaxy candidates with 
a notable F090W detection were demoted to a lower priority class. 
This procedure prioritized sources in the targeted redshift range but 
did not result in a hard lower-redshift cutoff. The resulting candidate 
list was used as input for the spectroscopic follow-up observations.

Spectroscopic data. Our galaxy candidates were observed in two 
NIRSpec/MSA pointings with the PRISM/CLEAR disperser filter com-
bination, providing continuous spectra from 0.6 μm to 5.3 μm with 
a resolving power R ≈ 30–330. The MSA masks were designed using 
the eMPT tool53 with the goal of maximizing the coverage of priority 1 
sources from our candidate list. Before designing the mask, we visu-
ally inspected all priority 1 through 5 candidates, removing sources 
where the photometry was obviously affected by image artefacts. Of 
all priority 1 (2 and 3) candidates, 78 (64 and 52) passed this step. We 
assigned MSA slits to 52 of the 124 candidates that were covered by 
the area of the two final MSA pointings. Of all 56 (35 and 33) priority 
1 (2 and 3) targets, 34 (9 and 9) received slits, resulting in a target-
ing completeness of 61%, 26% and 27%, respectively. Each pointing 
was observed using the standard 3 shutter slitlet nod pattern with 55 
groups per integrations and 2 integrations per exposure and read out 
using the NRSIRS2RAPID pattern. This resulted in a total exposure time 
of 4,902 s per pointing.

The raw rate files were downloaded from the Space Telescope Sci-
ence Institute (STScI) using jwst_mast_query and then reduced with a 
combination of the CALWEBB pipeline and the PypeIt55 Python package. 
The spectroscopic reduction was carried out using version 1.13.4 of the 
JWST Science calibration pipeline (CALWEBB; CRDS context jwst_1188.
pmap). Only J1007_AGN has been re-reduced recently with the CRDS 
context jwst_1215.pmap. PypeIt is a semi-automated pipeline for the 
reduction of astronomical spectroscopic data, and it includes JWST/
NIRSpec as a supported spectrograph. The rate files were first processed 
with the CALWEBB Spec2Pipeline skipping the bkg_subtract, mas-
ter_background_mos, resample_spec and extract_1d steps, which were 
then performed using PypeIt. We used difference imaging with PypeIt 
for background subtraction and then co-added the 2D spectra according 
to the nod pattern, super-sampled on a finer pixel grid (factor 0.8). The 
final one-dimensional spectra for all sources were optimally extracted 
from their 2D co-added spectra. To ensure that the physical properties 
determined for J1007_AGN were accurate, we additionally applied an 
absolute flux correction to the J1007_AGN spectrum. By calculating the 
synthetic NIRCam F115W, F277W and F444W band fluxes from the final 
J1007_AGN spectrum, we determined an empirical flux correction factor 
of 1.21. Figure 1 (bottom) shows the resulting excellent agreement of the 
photometry with the spectrum in the three detection bands.

Analysis
Galaxy discoveries. The goal of the Cycle 1 programme GO 2073 was 
to discover bright galaxies at the redshifts of two high-redshift quasars 
and beyond. We followed up galaxy candidates spectroscopically using 
the NIRSpec/MSA with the PRISM disperser. Here, we report only on the 
galaxy discoveries related to the environmental analysis of J1007_AGN. 
The full sample will be presented in a future publication on this Cycle 
1 programme.

Among the 52 galaxy candidates that were followed up in the J1007 
field, we discovered 8 galaxies within a line-of-sight velocity differ-
ence |ΔvLOS| = 2,500 km s−1 relative to J1007_AGN. These were spectro-
scopically identified by their [O iii] λλ4960.30, 5008.24 emission-line 
doublet. It is important to note that these galaxies were not specifi-
cally targeted to study the environment of J1007_AGN. Their redshifts 
were determined by fitting for the redshift of the [O iii] λλ4960.30, 
5008.24 doublet in the galaxy spectra. The spectra were modelled using 
a power-law continuum component and one Gaussian component for 
each of the doublet emission lines, whose redshift and FWHM were 
coupled. Extended Data Table 3 provides the galaxy coordinates, their 
zOIII redshift and their NIRCam fluxes. For each galaxy, we calculated 
the line-of-sight velocity distance ΔvLOS, the angular separation (both 
in arcseconds and in proper kiloparsecs) and their absolute UV magni-
tudes MUV, approximated by the absolute magnitude of the F115W filter 
band. These properties are summarized in Extended Data Table 4 and 
were used in our analysis of the LRD–galaxy cross-correlation meas-
urement. Note that the faintest galaxy that we could identify in our 
spectroscopic sample has a UV magnitude of MUV ≈ −18.9, which we 
adopted as our spectroscopic UV detection limit for galaxies in the 
following clustering analysis.

Spectroscopic analysis of J1007_AGN. In many LRDs, rest-frame 
UV lines (for example, Si iv, C iv, C iii] and Mg ii) are uncharacteristi-
cally weak for type-1 AGNs, fully absent or more consistent with pho-
toionization from massive stars8. By contrast, the J1007_AGN spectrum 
shows evidence for rest-frame UV lines, including a weak detection 
of N iv λ1486 and C IV emission (SNRpeak ≈ 3) and a possible detection 
of the Mg ii line (SNRpeak ≈ 2). Although N iv λ1486 emission is rarely 
detected from AGNs or quasars56, recent observations have reported 
nitrogen-enriched gas in a range of z ≳ 6 galaxies57–59 and LRDs60,61. Curi-
ously, we also observed a downturn of the continuum flux blueward 
of C iv in combination with the absence of strong Lyα emission, which 
might indicate the presence of a strong broad absorption line system. 
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However, the low resolution of our present data in this wavelength 
range precludes further interpretation.

We used the SCULPTOR62 Python package to model the J1007_
AGN rest-frame optical spectrum in the wavelength range 31,000 Å to 
43,000 Å (3,754 Å to 5,207 Å rest-frame) with a combination of a power 
law for the continuum and Gaussian profiles for the emission lines. The 
wavelength range was set to not include too much flux redward of the 
[O iii] lines, where the power-law slope of the continuum was expected 
to change63. The [O iii] λ4960.30, [O iii] λ5008.24, [O iii] λ4364.44, He 
ii λ4687.02 and [Ne iii] λ3869.85 lines were modelled with one Gauss-
ian component each. We approximated the Hβ λ4862.68 line and Hγ 
λ4341.68 lines with two Gaussian components each, whereas the Hδ 
λ4102.89 line was modelled with a single (narrow) component. Owing 
to the low SNR of the [Ne iii] λ3968.58 emission line, we decided against 
including it in the model and accordingly masked out its contribution.

Modelling the rest-frame optical continuum was complicated by  
contributions from a multitude of atomic and ionic iron emission 
lines blending into a pseudo-continuum64,65. Adding an iron pseudo- 
continuum to the model produced the same results, because the ampli-
tude was effectively set to zero. This indicates that the low resolution 
and modest SNR of our spectrum cannot constrain the iron pseudo- 
continuum at present, and hence, we did not include it in our fitting.

We expected the widths and redshifts of some of the narrow or 
broad emission lines to be correlated. To better decompose these line 
components, we coupled the redshift and FWHM of the Hβ, Hγ and  
Hδ narrow line components to the [O iii] λ4960.30, [O iii] λ5008.24 
and [O iii] λ4364.44 lines. Additionally, the redshift and FWHM of the 
Hβ and Hγ broad-line components were also coupled together. To 
constrain the model of the low signal-to-noise detection of the He ii 
line, we coupled its redshift to the redshift of the narrow emission lines.

AGNs and type-1 quasars excite both Hγ and [O iii] λ4364.44 
emission63, which are usually blended due to the broad nature of the 
lines. Unfortunately, the quality of our spectrum did not allow us to 
uniquely decompose the individual line contributions without cou-
pling the redshifts and widths as described above (Fig. 1).

We sampled the full parameter space of the model fitting using 
emcee66. As results, we quote the median value of the fitting param-
eter and report the 68th-percentile range of the fitting posterior as 
our 1σ uncertainty. Our model fits account for the low resolution of 
the PRISM observations by convolving the model spectrum with the 
wavelength-dependent dispersion curve provided by STScI. As a con-
sequence, all fitted linewidths are intrinsic and did not require a resolu-
tion correction. At the wavelength of the narrow [O iii] λ5008.24, this 
dispersion curve predicted a resolution R ≈ 193 (FWHM ≈ 1,550 km s−1). 
Without accounting for the line spread function, we measured an 
FWHM of ~1,150 km s−1 for the [O iii] λ5008.24 line. Hence, the actual 
spectral resolution is better than the nominal spectral resolution of 
the MSA PRISM. This was not surprising, as the nominal resolution 
assumed flat illumination of the MSA slits, whereas our target only 
partially filled the slit (Fig. 1). For our fitting procedure, we assumed 
a spectral resolution of R ≈ 273 (≈ 1,100 km s−1) at [O iii] λ5008.24 and 
scaled the dispersion curve accordingly. We tested the fitting results 
against various assumptions on the adopted spectral resolution at  
[O iii] λ5008.24 (R ≈ 268 ≈ 1,120 km s−1 and R ≈ 278 ≈ 1,080 km s−1). 
Across the three adopted resolutions, the median fitting results all 
agree well within their 16th to 84th percentile ranges.

Extended Data Table 1 summarizes the main source properties of 
J1007_AGN calculated from the fitting in addition to the source redshift, 
which was determined from a separate line fit to the [O iii] λ4960.30 
and [O iii] λ5008.24 lines. The absolute magnitude at 1,450 Å, M1450, 
was directly calculated from the average spectral flux in a 50-Å window 
around rest-frame 1,450 Å. We note that fluxes and linewidths of the 
Hβ and Hγ emission-line components face considerable uncertain-
ties. Although our model fitting treated coupled narrow and broad 
emission linewidths consistently, the low resolution still resulted in a 

large degeneracy between the narrow and broad components. These 
uncertainties limited the use of the Balmer decrement to constrain 
dust attenuation for J1007_AGN and were carried over to the derived 
properties (for example, the SMBH mass).

Nature of the continuum emission. The width of the Hβ broad-line 
component, FWHMHβ,broad/(km s−1) > 3,000, left little doubt that our 
source is a bona fide type-1 AGN. However, rest-frame UV emission lines 
(C iv, Si iv, Mg ii and C iii]), which are expected to be strong in type-1 
AGNs, appear weak and the continuum beyond ~3,500 Å has an unusu-
ally red slope (αOPT = 0.28 in fλ ∝ λαOPT). The resulting red rest-frame 
optical colour (F277 − F444W ≳ 1.5) and the compact nature of the 
source (Extended Data Fig. 1) mark this source as belonging to the 
population of LRDs6,7,67. These are compact, red (rest-frame optical) 
sources discovered in JWST imaging data. Spectroscopic surveys have 
identified broad Hα or Hβ line components in photometrically selected 
compact, red sources, indicating that a notable fraction are (type-1) 
AGNs (~60%)6. However, their lack of strong rest-frame UV emission 
lines typical for AGNs and their unusual V-shaped continuum (blue 
rest-frame UV and red rest-frame optical) make it challenging to classify 
them in the AGN unification paradigm. One hypothesis is that the 
continuum emission is the superposition of a dust-attenuated AGN 
continuum and much weaker scattered intrinsic AGN emission, which 
is responsible for the blue rest-frame UV slope6,67, like lower-redshift 
dust-reddened quasars68. Alternatively, the spectrum could be 
explained with dust-attenuated AGN emission in combination with 
unattenuated69 stellar light dominating the rest-frame UV emission6,67. 
It has also been proposed9 that dense gas is responsible for the Balmer 
break and absorption features often observed in LRDs13,14,70.

Here we consider scenarios that attribute the shape of the LRD 
continuum emission to some level of dust attenuation between the 
observer and the broad-line region (BLR) of the AGN. In this scenario, 
our measurements of the bolometric luminosity, black hole mass and 
Eddington luminosity ratio derived from the rest-frame optical spec-
trum will be biased low. To estimate the level of dust attenuation, we 
first measured the Balmer decrement from the narrow Hβ and Hγ lines 
(see tabulated values71 for temperature T = 104 K and electron density 
ne = 106 cm−3). From the flux ratio of these Balmer lines, we estimated 
the dust attenuation AV = 5.67

+6.07
−6.49 mag . Different assumptions on  

the spectral resolution led to similarly high results (for R ≈ 268, 
AV = 4.58

+5.15
−6.63 mag, and for R ≈ 278, AV = 6.61

+6.73
−5.90 mag).

The large uncertainties are due to the degeneracy with the broad 
Balmer lines in our fitting. We note that we did not derive a Balmer dec-
rement from the broad-line components. Their flux ratios are known 
to deviate from theoretical expectations due to the changing condi-
tions and high densities of the BLR72. Using the Hδ line for the Balmer 
decrement led to negative and, hence, unphysical dust-attenuation 
values. We modelled the marginally resolved (3–4 px) and detected 
line (SNR ≲ 4) with only one narrow component. A non-negligible 
broad-line component may explain this inconsistency. However, given 
the already large uncertainties on the components of the other Balmer 
lines, we do not believe that a two-component fit for Hδ will lead to 
meaningful results.

Alternatively, we modelled the spectrum of J1007_AGN in line-free 
windows with two continuum models. First, we modelled the contin-
uum emission with a combination of an attenuated power-law model 
f(f2500, αλ, Av) and a scattered-light power law g(f2500, αλ, fsc). Both power 
laws were defined by the same intrinsic flux at 2,500 Å, f2500, and the 
same slope, αλ. The former model was then attenuated by AV using  
a standard attenuation curve73, and the latter was multiplied by a  
scattered-light fraction fsc. With these models, we performed a  
Markov chain Monte Carlo likelihood fit using emcee66. We introduced 
a Gaussian prior on the power-law slope with a mean of −1.5 and a 
standard deviation of σ = 0.3, because a uniform prior fit always pre-
ferred extremely steep (αλ < −3), physically unmotivated, power-law  
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slopes. All other parameters received uniform priors. Our results  
indicate that the underlying continuum emission originated from a 
steep power law (αλ = −1.98+0.23−0.27  and f2500 = 21.61

+9.44
−6.58 ) that has been 

attenuated (AV = 2.79
+0.25
−0.25 mag). We found the scattered-light fraction 

log10( fsc) = −1.74+0.19−0.21. Figure 2 displays the median model along with 
the 68th-percentile posterior range in orange. The model can reason-
ably well approximate the continuum emission within the flux uncer-
tainties. However, the rest-frame ≲3,000 Å region seems slightly 
underpredicted, whereas the rest-frame ~3,000–4,000 Å region is 
slightly overpredicted by this fit.

We also fitted a superposition of a galaxy model with a power-law 
slope to the data. The power-law model is equivalent to the model 
described above without the scattered-light component. We also 
imposed the same prior on the power-law slope. We generated the 
galaxy model using bagpipes54 and its default stellar population syn-
thesis models. We adopted a delayed-τ star formation history, with a 
uniform prior on the galaxy age (10–735 Myr) and timescale of decrease 
τ (0.1–4.0 Gyr). Stellar masses were allowed within the range 108 to 
1012 M⊙, and the galaxy model has its own dust-attenuation parameter 
uniformly sampled within AV,gal = 0.01–6 mag. The same dust- 
attenuation law73 was applied consistently for both components. First 
tests of the galaxy plus power-law model showed that the stellar metal-
licity cannot be constrained by the fit, and so we fixed it to a value of 
0.5 consistent with the gas-phase metallicity of high-redshift, massive 
galaxies (M ≈ 1010 M⊙). The blue solid line in Extended Data Fig. 2  
shows the median fit of this model to the spectrum with separate con-
tributions from the galaxy and the power-law component highlighted 
with different line styles. The galaxy component dominates the  
continuum in the rest-frame optical with a clear Balmer break. The 
nominal results for the stellar mass, stellar age and the τ parameter are 
log(M∗/M⊙) = 9.83

+0.50
−0.22 , t = 0.45+0.17−0.19 Gyr  and τ = 2.22+1.21−1.30 Gyr. We note  

that the posteriors show strong degeneracies between the stellar age 
and the τ parameter and that both parameters effectively remain uncon-
strained. The galaxy component was attenuated by AV,gal = 0.93

+2.27
−0.18 mag. 

The AGN, modelled as a power law, was similarly steep as in  
the scattered-light model (αλ = −1.72+0.38−0.85 ) with an amplitude 
f2500 = 29.00

+38.45
−25.91 . The dust attenuation for the AGN was largely uncon-

strained, with a nominal median value AV = 4.47
+1.16
−3.37 mag.

Scaling relations between the Hβ broad-line flux and 5,100 Å con-
tinuum luminosity32 imply similar levels of dust attenuation for the 
AGN continuum and broad-line components. The line fitted to the 
J1007_AGN spectrum (Fig. 2) resulted in a value LHβ = 3.89 × 1042 erg s−1, 
which would correspond to an accretion disk continuum flux of  
L5100 ≈ 4.76 × 1040 erg s−1 Å−1, according to the scaling relation. We meas-
ured a value L5100 ≈ 2.69 × 1040 erg s−1 Å−1 for the continuum component 
in our spectral fit, close to the value estimated from the scaling relation.  
For the continuum fits, the scattered-light model found a similar  
continuum luminosity (L5100 ≈ 1.69 × 1040 erg s−1 Å−1), whereas the model  
with the galaxy component predicted a much lower luminosity  
L5100 ≈ 5.35 × 1039 erg s−1 Å−1), about a factor of 9 lower than inferred 
from the Hβ line luminosity. It is notable that the J1007_AGN spectrum 
almost obeys the established AGN scaling relations between the line 
luminosity and the continuum luminosity. Any contribution from a stel-
lar component to the continuum would decrease the AGN continuum 
luminosity, essentially breaking with these scaling relations. In light 
of this, we prefer the interpretation of the scattered-light model and 
adopted its posterior attenuation value (AV = 2.79 mag) for further 
analysis, a conservative choice in comparison with the results from 
the Balmer decrement.

Derivation of the SMBH mass and the Eddington ratio. The AGN 
nature of LRDs and the association of the observed broad Balmer lines 
originating in a typical BLR is highly debated in the literature12–15,60,74. 
To estimate the SMBH mass and Eddington rate of J1007_AGN, we 
proceeded by assuming that the broad lines observed in our spectrum 

originated from BLR gas and that the single-epoch virial estimators 
calibrated in the local Universe do apply to our source. Assuming that 
the BLR emitting gas is in virial motion around the SMBH, we used the 
line-of-sight velocity width, as measured by the FWHM of the line, to 
trace the gravitational potential of the SMBH mass MBH:

MBH ≈ f R × FWHMG , (1)

where R is the average radius of the line-emitting region, G is the grav-
itational constant and f encapsulates our ignorance regarding the 
detailed gas structure, its orientation towards the line of sight and 
more complex BLR kinematics. Correlations connecting the radius R 
to the continuum luminosity of broad-line AGNs75,76 then allowed us to 
rewrite the expression above in terms of direct observables77, that is a 
virial SMBH mass estimator. Traditionally, these relations estimate the 
SMBH mass from the FWHM of a line (for example, the Hβ line) and a 
measure of the continuum luminosity of the source (for example, the 
luminosity at 5,100 Å, L5100). For quasars that dominate the emission at 
5,100 Å, this choice is appropriate. However, it is unclear to what extent 
the emission in the rest-frame optical is dominated by the AGN or by 
galaxy light. Therefore, we employed a single-epoch virial estimator32 
that uses the total Hβ line luminosity as a proxy for the continuum 
luminosity for our fiducial SMBH estimate, MBH,GH05,LHβ. Additionally, 
we adopted three different single-epoch virial estimators32,78,79 that 
use the Hβ FWHM and continuum luminosity L5100 for comparison. We 
used these to gauge the systematic uncertainty inherent in this form 
of SMBH mass measurement.

To estimate the bolometric luminosity Lbol, we applied a typical 
bolometric correction factor33 (Lbol = 9.26L5100) to estimate the bolo-
metric luminosity from the continuum luminosity at 5,100 Å, L5100. To 
produce consistent results for our fiducial SMBH mass estimator, we 
alternatively used the empirical line-to-continuum luminosity relations32 
to calculate an approximate L5100 from LHβ, and then we converted L5100 
to a bolometric luminosity (denoted as Lbol,Hβ). We used the appropriate 
bolometric luminosities to calculate the Eddington luminosity ratios, 
λEdd = Lbol/(1.26 × 1038 erg s−1 M☉

−1 × MBH), for the different SMBH mass 
estimates. All measured spectral properties along with the luminosities, 
SMBH masses and Eddington luminosity ratios are presented in Extended  
Data Table 1. Based on the observed spectrum, we found J1007_AGN  
to host an SMBH with a mass of MBH,GH05,LHβ = 11.52+10.11−4.63 × 10

7M⊙  with  
an Eddington luminosity ratio of λEdd,GH05,LHβ = 0.20+0.13−0.09 . At face  
value, J1007_AGN hosts a rapidly (λEdd > 0.1) accreting, relatively mas
sive SMBH (MBH ≈ 108 M⊙), akin to the least luminous quasars20 identified  
at z > 5.9 (see Fig. 2, right, for a comparison). The SMBH mass esti
mates based on different single-epoch scaling relations vary within a  
factor of 2, in agreement with the expected systematic uncertainties78 
of ±0.43 dex depending on the adopted estimator and model 
assumptions80.

Following our discussion on the nature of the continuum emission, 
we concluded that the J1007_AGN spectrum probably suffers from dust 
attenuation. To estimate the attenuation-corrected source properties, 
we adopted the attenuation value of AV = 2.79

+0.25
−0.25 mag  derived from 

the continuum fit with the scattered-light model.
We corrected the model fit realizations to the optical J1007_AGN 

spectrum (Fig. 2) by applying an attenuation correction for an AV value 
that was randomly sampled from the posterior of the scattered-light 
model fit. In this way, we consistently propagated both the uncertain-
ties on the line fit and the dust attenuation.

We measured the properties of the dust-corrected model fits and 
recalculated the luminosities, SMBH mass and the Eddington luminosity 
ratio for our fiducial choice of single-epoch virial estimator32 based on 
the Hβ line luminosity. These results are summarized in Extended  
Data Table 2. Accounting for the attenuation, J1007_AGN reaches 
quasar-like bolometric luminosities log10(Lbol,Hβ/(erg s−1)) = 46.64+0.13−0.12  
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and an SMBH mass MBH,GH05,LHβ = 4.51+5.22−2.32 × 10
8M⊙, now fully overlap-

ping with the quasar distribution20 at z > 5.9, as shown in Fig. 2 (right).

Number density estimate. To place our serendipitous discovery of 
J1007_AGN in context with the population of faint high-redshift AGNs 
discovered with JWST, we calculated its approximate number density. 
J1007_AGN was discovered as a priority 1 galaxy candidate during our 
spectroscopic follow-up campaign. Although the target redshift range 
for galaxy candidates was approximately z ≈ 7.4–9.1, our permissive 
selection also selected dropout sources at lower redshifts. To calculate 
the volume surveyed by our observations, we used an inclusive redshift 
interval of z = 7.2–9.1. Given our deep NIRSpec PRISM observations, we 
are confident that we would have detected any similarly bright AGN up 
to z = 9.1. The discovery of J1007_AGN and many z ≈ 7.2 galaxies moti-
vated the extension of the lower redshift limit below the nominally 
targeted redshift range for galaxies. The total survey area we adopted 
is 16.73 arcmin2, which is the overlap of our NIRCam photometry and 
NIRSpec/MSA spectroscopy. We derived a survey volume 
V = 61,402 Mpc3. This led to an approximate source density 
n = 1/V ≈ 1.63 × 104 Gpc−3, assuming a total selection completeness of 
100%. However, we already knew that our targeting selection complete-
ness for priority 1 sources was only 61%. Correcting for this effect, we 
calculated ncorr ≈ 1.64/V = 2.67 × 104 Gpc−3. To compare these number 
estimates in the context of other samples of faint high-redshift AGNs, 
we calculated luminosity function estimates based on this one source. 
This was solely for illustration, and we caution that calculating a statisti-
cal property from a single source incurs systematic biases due to the 
small sample size and cosmic variance. First, we placed J1007_AGN in 
the context of the high-redshift UV luminosity function. As a proxy for 
the absolute UV magnitude, we used the absolute magnitude at 1,450 Å 
as measured from the spectrum, M1450 = −19.29 (Extended Data Table 1) 
and chose a bin size ΔM1450 = 1. With these assumptions, our corrected 
luminosity function measurement is Φ = 2.67+6.14−2.21 × 10

4 Gpc−3 mag−1 , 
where the uncertainties encompass the confidence interval for a Pois-
son distribution that corresponds to 1σ in Gaussian statistics. We com-
pare our estimate with the UV luminosity functions of faint AGNs1,6, 
galaxies and quasars in Fig. 3 (left). Figure 3 (right) shows our luminosity 
function estimate converted to bolometric luminosity. In correspond-
ence with the literature6,17, we used the bolometric luminosity estimate 
derived from the Hβ line luminosity, Lbol,Hβ. These panels show that our 
luminosity function estimate agrees well with other measurements for 
faint high-redshift AGNs, indicating that the identification of this 
source in our surveyed volume was likely to be expected. We note that 
the bolometric luminosity function of these AGNs remains orders of 
magnitude above the best constraints on the bolometric quasar lumi-
nosity function35.

LRD–galaxy cross-correlation measurement. The LRD–galaxy 
cross-correlation function χ averaged over an effective volume Veff can 
be related to the LRD–galaxy two-point correlation function ξLG through

χ(Rmin,Rmax) =
∫ ξLG(R,Z)dVeff

Veff
, (2)

which is equivalent to that for luminous quasars36,81. In this case, we 
chose a cylindrical geometry with radial coordinate R being the trans-
verse comoving distance and the cylinder height Z the radial comoving 
distance,

Z = c
H(z)δz, (3)

where H(z) is the Hubble constant at redshift z, c is the speed of light 
and δz is a redshift interval. The volume-averaged cross-correlation 

χ(Rmin, Rmax) was calculated in radial bins with bin edges Rmin and Rmax. 
We effectively calculated χ(Rmin, Rmax) as

χ(Rmin,Rmax) =
⟨LG⟩
⟨LR⟩ − 1, (4)

where 〈LG〉 is the number of LRD/galaxy pairs in the enclosed cylin-
drical volume and 〈LR〉 is the number of random LRD/galaxy pairs in 
average regions of the Universe. We considered only J1007_AGN for the 
LRD–galaxy clustering measurement here and, thus, 〈LG〉 is simply the 
number of associated galaxies in the volume. The random number of 
galaxies can be expressed in terms of the background volume density of 
galaxies ρgal at redshift z in the cylindrical volume Veff: 〈LR〉 = ρgalVeff. Our 
survey volume was not large enough to allow us to empirically deter-
mine the background volume density of galaxies. Hence, we calculated 
an estimate of ρgal from the galaxy luminosity function82. We integrated 
the luminosity over the magnitude range −30.0 < MUV ≤ −18.9, where the 
faint-end limit corresponds to the faintest spectroscopically identi-
fied galaxy in our sample. The resulting galaxy background density 
ρgal = 7.12 × 105 Gpc−3. The effective volume in cylindrical geometry 
can be expressed as

Veff = ∫
Zmax

Zmin
∫

Rmax

Rmin
S(R,Z )2πRdRdZ, (5)

where S(R, Z) is the galaxy selection function in terms of both R and Z. 
We decompose S(R, Z) into three components:

S(R,Z ) = SZ(Z )SR(R)ST(R), (6)

where SZ(Z) is the redshift-dependent completeness, SR(R) the radially 
dependent coverage completeness and ST(R) the radially dependent 
targeting completeness. The coverage completeness SR(R) accounts 
for the area in the radial annulus that was not covered by our NIRCam 
observations and NIRSpec/MSA follow-up, whereas the targeting 
completeness ST(R) accounts for the fact that only a subset of galaxy 
candidates in the covered MSA footprints could be followed up with 
our MSA observations.

Owing to the limited number of companion galaxies, we chose 
three radial bins with bin edges 0.1 h−1 cMpc, 0.6 h−1 cMpc, 2.7 h−1 cMpc 
and 7.6 h−1 cMpc (0.14 cMpc, 0.86 cMpc, 3.71 cMpc and 10.86 cMpc). For 
these bins, we calculated a radial coverage completeness SR(R) = 1.0, 
0.52 and 0.26, respectively, based on the fractional area covered by 
our NIRSpec observations. We limited our selection of galaxies for 
the clustering measurement by restricting the relative line-of-sight 
velocity to |ΔvLOS| ≤ 1,500 km s−1 and |ΔvLOS| ≤ 2,500 km s−1, selecting six 
or alternatively all of the eight galaxies listed in Extended Data Table 4. 
These line-of-sight velocity differences correspond to redshift intervals 
z = 7.22–7.30 or z = 7.20–7.32, respectively. For simplicity, we conserva-
tively set the redshift-dependent completeness SZ(Z) to a constant 100% 
over these narrow redshift intervals, providing us with a lower limit on 
the cross-correlation measurement.

In addition, our assignment of MSA slits with the eMPT tool intro-
duced a targeting selection function ST(R) that depends on the priority 
class of a candidate. For each priority and radial bin, we calculated our 
targeting completeness Cp,R as the fraction of targeted to photometri-
cally selected galaxy candidates in the MSA area. All our identified gal-
axies belong to the priority classes p = 1 and 2 (Extended Data Table 4). 
The relevant completeness values for our three radial bins R = [1, 2, 3] 
in increasing distance to J1007_AGN are C1,1 = 1.0, C1,2 = 0.75, C1,3 = 0.57 
and C2,3 = 0.22. Based on these values, we calculated the ‘corrected’ 
number of LRD/galaxy pairs 〈LG〉r,corr per radial bin as

⟨LG⟩R,corr = ∑
p

⟨LG⟩p,R
Cp,R

, (7)
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where 〈LG〉p,r is the number of LRD/galaxy pairs per radial bin R and 
priority p. Finally, the targeting selection function was approximated 
by the fraction of observed to corrected LRD/galaxy pairs:

ST(R) =
⟨LG⟩R

⟨LG⟩R,corr
, (8)

with values of 1, 0.75 and 0.32 for the three radial bins in order of 
increasing distance. We present our binned clustering measurements 
in Extended Data Table 5 for the two samples with relative line-of-sight 
velocities |ΔvLOS| ≤ 1,500 km s−1 and |ΔvLOS| ≤ 2,500 km s−1, finding an 
overdensity in the innermost radial bin with δ = 〈LG〉/〈LR〉 − 1 ≈ 45 or 
26, respectively.

We next aimed to constrain the real-space LRD–galaxy two-point 
correlation function ξLG by parameterizing its shape as

ξLG = (r/rLG0 )
−γLG , (9)

where r = √R2 + Z 2  is the radial coordinate, rLG0  is the cross-correlation 
length and γLG is its power-law slope. This form is governed by two 
parameters. However, our limited statistics did not allow us to uniquely 
constrain both rLG0  and γLG. Hence, we assumed the value γLG = 2.0 for 
our analysis, which was chosen to allow for comparison with the quasar 
literature23. We performed a fit to the binned data and sampled a Pois-
son likelihood on a grid. We present the median of the posterior as our 
results on the cross-correlation length rLG0  in Extended Data Table 5. 
Uncertainties reflect the confidence interval for a Poisson distribution 
that corresponds to 1σ in Gaussian statistics83. Extended Data Fig. 5 
(left) presents our binned LRD–galaxy cross-correlation measurement 
with |ΔvLOS| ≤ 1,500 km s−1, including the targeting completeness cor-
rection. The corresponding best-fitting cross-correlation length is 
rLG0,corr ≈ 8.17

+2.42
−2.38 h

−1 cMpc . Increasing the line-of-sight distance to 
|ΔvLOS| ≤ 2,500 km s−1 to encompass all discovered nearby galaxies 
produced a consistent result (Extended Data Table 5).

Assuming that galaxies and LRDs trace the same underlying 
overdensities36, the LRD–LRD auto-correlation ξLL can be expressed 
in terms of the galaxy–galaxy auto-correlation ξGG and the LRD–galaxy 
cross-correlation ξLG according to

ξLL = ξ2LG/ξGG. (10)

For our analysis, we fixed the slopes of the auto-correlation functions 
as in previous work on quasars23,36,84,85, assuming γGG = 2.0 and γLL = 2.0. 
As all of our identified galaxies show prominent [O iii] lines 
(Extended Data Fig. 3), we adopted the recent measurement of the 
galaxy auto-correlation length, rGG0 = 4.1 h−1 cMpc, at 〈z〉 = 6.25 based 
on [O iii] emitters23. Using our cross-correlation length estimate  
for |ΔvLOS| ≤ 1,500 km s−1, rLG0,corr ≈ 8.17

+2.42
−2.38 h

−1 cMpc, we derived an auto- 

correlation length rLL0 ≈ 19.11+11.49−8.63 h
−1 cMpc . We used predictions of a  

halo model framework (TheHaloMod)86,87, to link the auto-correlation 
length to a minimum dark matter halo mass for LRDs at z ≈ 7.3. Assum-
ing that all LRDs live in dark matter haloes with a minimum mass thresh-
old Mhalo,min, we predicted the quasar auto-correlation function using 
the halo model for different Mhalo,min. For each quasar auto-correlation 
function, we tabulated the auto-correlation length rLL0  and the cumula-
tive abundance of haloes nhalo,min with M > Mhalo,min. This allowed us to 
link our estimate rLL0  to a minimum halo mass. We calculated a minimum  
halo mass log10(Mhalo,min/M⊙) = 12.02+0.82−1.00  with a corresponding abun
dance of log10(nhalo,min/cGpc

−3) = −0.24+3.86−5.86 . On comparing this value  
with the z ≈ 7.5 number density of LRDs17 (MUV = −20 and 6.5 < z < 8.5),  
log10(nLRD/cGpc−3) = 3.42 ± 0.44, it became evident that a large range  
for the estimated minimum halo mass would be inconsistent with our 
current cosmology (Extended Data Fig. 5, right). Assuming that the 
LRDs are a subsample of their host distribution, one can relate their 
number density nLRD and the minimum mass host halo abundance 

nhalo,min to their lifetime tLRD using the same arguments as for 
UV-luminous quasars88,89,

nLRD ≈
tLRD
tH(z)

nhalo,min. (11)

Here, tH(z) denotes the Hubble time at redshift z. We emphasize that 
the LRD lifetime tLRD is the average time period in which we observed 
the source as an LRD. In this context, the ratio of LRD lifetime to Hubble 
time is referred to as the duty cycle fduty = tLRD/tH(z) = nLRD/nhalo,min. Based 
on the abundance of LRDs and our inferred cumulative halo abundance 
nhalo,min, we calculated a duty cycle log10( fduty) ≈ 3.66+5.89−3.90, resulting in a 
lifetime for z ≈ 7.3 LRDs of log10(tLRD/yr) ≈ 12.52+5.9−3.9. We accounted for 
the uncertainties by calculating realizations drawn from our best-fitting 
posterior for nhalo,min, assuming a log-normal distribution for nLRD and 
reporting the 16th to 84th percentiles as uncertainties. We display the 
redshift evolution of the auto-correlation length, the minimum halo 
mass and the duty cycle for quasars, broad-line AGNs and our result 
for LRDs in Fig. 4. The unphysical regime for duty cycles is marked in 
the grey region in the bottom panel. Furthermore, we recalculated the  
duty cycle for a broad-line AGN37 (green square, log10( fduty) = −1.07+0.45−0.41 ). 
In the original work, the authors integrated over a large range of halo 
mass abundances (Mhalo = 1011–1012 M⊙) well beyond their derived char-
acteristic halo mass of log10(Mhalo (h−1 M☉)) = 11.46. Adopting their result 
as a median mass, we calculated a corresponding minimum halo mass 
log10 (Mhalo (h−1 M☉)) = 11.31. Using the same approach as above, we cal-
culated the halo abundance using TheHaloMod at z = 5.4. The bottom 
panel of Fig. 4 compares the duty cycles of different sources and from 
different tracers across cosmic time. At z > 5, luminous quasars 
(M1450 ≲ −26.5 mag) usually have low duty cycles fduty ≈ 0.1% measured 
from quasar clustering22–24, quasar proximity zones90 and Lyα  
damping wings27,38. This is in contrast to z ≈ 4 quasars84,91 and to z ≈ 5  
broad-line AGNs37 with fduty ≳ 10%. Our analysis resulted in a duty  
cycle log10( fduty) ≈ 3.66+5.89−3.90 . Although the median value lies in the 
unphysical region (fduty > 1), our lower 16th percentile tail extends well 
into the region of physical duty cycles fduty = 0.3–1. This result is driven 
by the high number densities of LRDs17 compared with the number 
densities of available host dark matter haloes in the mass range  
we inferred.

Data availability
The JWST data used in this publication from programme GO 2073 are 
publicly available through the Mikulski Archive for Space Telescopes 
portal (https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.
html). All further datasets generated and analysed during this study 
are available from the corresponding author upon reasonable request.

Code availability
The JWST data were in part processed with the JWST calibration pipeline 
(https://jwst-pipeline.readthedocs.io). We used tweakwcs (https://
github.com/spacetelescope/tweakwcs) to align the JWST images into 
mosaics. Ground-based LBT/LBC image reduction was carried out with 
PyPhot (https://github.com/PyPhot/PyPhot).
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Extended Data Fig. 1 | Comparison of J1007_AGN to photometrically selected 
LRDs from COSMOS-Web. Left: F277W-F444W colour as a function of F444W 
magnitude. J1007_AGN (orange star) sits above the nominal threshold of F277W-
F444W=1.5 for selecting LRDs in the COSMOS-Web sample (grey dots), while 
being brighter in F444W than the majority of their photometric LRDs. Right: 
F277-F444W colours as a function of the F444W compactness C444.  

The compactness is defined as the ratio of the aperture fluxes with diameters 
of 0″2 and 0″5. J1007_AGN (orange sttar) falls in the centre region, as expected 
for a source with an unresolved point spread function. The dashed grey lines 
refer to the compactness selection critera (C444 > 0.5 and C444 < 0.7) applied to 
photometrically selected LRDs67 (grey dots).
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Extended Data Fig. 2 | Continuum model fits to the J1007_AGN spectrum.  
Top panel: The scattered light power-law model (orange) and the galaxy + 
power-law model (blue). Individual fit components are highlighted with dashed 
and dotted lines as described in the legend. The model is fit to the J1007_AGN 
spectrum (black) in the gray shaded emission-line free regions indicated at 

the bottom. The 68-percentile posterior of the continuum model is shown in 
light orange/blue around the median fit. Bottom panel: Residual of the median 
continuum model fits (orange/blue) contrasted by the 1σ flux uncertainties of the 
J1007_AGN spectrum (gray regions).
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Extended Data Fig. 3 | Optimally extracted and co-added NIRSpec/MSA spectra of the 8 galaxies within 2500 km s−1 along the line of sight relative to the AGN. 
We display the spectral flux (black) and its corresponding 1σ uncertainty (grey). The redshifts are derived from spectral fits to the [O III]λλ5007, 4959 doublet. Notable 
emission lines are indicated in orange.
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Extended Data Fig. 4 | Distribution of J1007_AGN and associated galaxies with 
|ΔvLOS| ≤ 2500kms−1 in the field of the sky and visualized in 3D, including 
the line-of-sight distance. Left panel: J1007_AGN (orange star) and galaxy 
(circles) positions highlighted on the F277W mosaic of the J1007 quasar field. 
Galaxy positions are coloured by the line-of-sight velocity. Right panel: A 3D (sky 

position and line-of-sight distance) representation of J1007_AGN and its eight 
nearby galaxies. The maximum volume for the cross-correlation analysis 
(|ΔvLOS| ≤ 1500kms−1; |r| ≤ 10.9cMpc) is highlighted by the blue cylinder, 
encompassing six of the eight galaxies.
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Extended Data Fig. 5 | Clustering measurement and a comparison between the 
cumulative halo mass function and the LRD abundance at our derived 
minimum halo mass. Left panel: Volume-averaged cross-correlation function χ 
as a function of transverse separation in three radial bins. We fit the LRD-galaxy 
two-point correlation function ξLG = (r/rLG0 )

−2.0
 to the 6 galaxies within 

|ΔvLOS| ≤ 1500kms−1, and report our best-fit value of the cross-correlation 
length rLG0 . Uncertainties reflect the confidence interval for a Poisson distribution 

that corresponds to 1σ in Gaussian statistics83. Right panel: Cumulative halo 
abundance as a function of minimum halo mass. Adopting a recent measurement 
for the LRD abundance17 at z ≈ 7.5, we depict our minium halo mass estimate in 
orange. Error bars reflect the 1σ (16 to 84 percentile) statistical uncertainties. At 
face value, the combination of LRD abundance and our Mhalo,min mass range is 
largely in excess of the cumulative halo abundance at z = 7.3.

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-025-02660-1

Extended Data Table 1 | J1007_AGN Properties

Derived properties of J1007_AGN based on three model fits to the NIRSpec PRISM spectrum with differing assumptions on the spectral resolution.
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Extended Data Table 2 | Dereddened AGN Properties

Dereddened spectroscopic properties of J1007_AGN derived by correcting the spectral model for dust attenuation of AV = 2.79.
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Extended Data Table 3 | Source information

Target IDs, coordinates, [O III] 5007 line redshift, and the fluxes in the four NIRCam filters F090W, F115W, F277W, and F444W for J1007_AGN and the identified galaxies. In order to make the 
velocity shifts in Extended Data Table 4 consistent with the quoted redshift here, we provide a higher accuracy for the redshift than the nominal redshift uncertainty of σz ≈ 0.001 from the fit.
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Extended Data Table 4 | Galaxy properties relative to J1007_AGN

Selection, clustering and derived spectroscopic properties of the eight clustering galaxies. Given an accuracy on the emission line redshifts of σz ≈ 0.001 the velocity along the line of sight 
has an uncertainty of ≈ 40 km s−1.
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Extended Data Table 5 | LRD-galaxy cross-correlation results

Detailed LRD galaxy cross-correlation results in three radial bins. The top part of the table assumes a |ΔvLOS | ≤ 1500kms−1, including 6/8 identified galaxies, whereas the bottom part uses 
|ΔvLOS | ≤ 2500kms−1 to include all 8 galaxies.
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