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ABSTRACT

The James Webb Space Telescope (JWST) opened a new observational window on the primordial Universe. Here we present new
JWST NIRSpec integral field spectroscopy (IFS) observations of the z = 7.54 quasar ULAS J1342+0928 obtained as part of the
Galaxy Assembly with NIRSpec IFS (GA-NIFS) GTO programme. The new data-set obtained with both the prism (R ~ 100) and the
high-resolution grating (R ~ 2700) allow for a complete description of the quasar emission from the rest-frame UV to optical bands.
The low-resolution data reveal the presence of [O mi] emission on ~7 kpc scales, well above the typical galaxy size at this redshift,
likely associated with a past outflow event. Additionally, the high-resolution observations show a more energetic ionised outflow on
nuclear scales (< 0.6 kpc). The total ionised mass outflow rate ranges between 50 and 300 M, yr~' where the significant spread is
mostly due to the lack of tight constraints on the electron density. This range overlaps in part with the star formation rate range (85—
545 Mg, yr~1), implying that the nuclear outflow could ultimately lead to an early star formation quenching. By employing an accretion
disc modelling, for the first time on JWST data, we manage to robustly estimate the black hole mass and the bolometric luminosity,
logMgn/(Mo)) = 9.2 +0.2 and log(Lyo/(ergs™")) = 46.8 + 0.1, respectively. We derive an Eddington ratio of Aggq ~ 0.4, challenging
the paradigm of widespread super-Eddington accretion in quasars at the epoch of reionisation. Lastly, we measure the most distant
broad line ratios (Fe nyy/Mgu and Fe 11,,/H 8) so far. Interpreting these ratios as proxies to the broad line region metallicity, we find
evidence for an early metal enrichment in quasars within 700 Myrs from the Big Bang.

Key words. quasars: general — quasars: supermassive black holes — quasars: emission lines — galaxies: active — Accretion, accretion
disks,
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1. Introduction

Quasars (QSOs) are the most luminous persistent sources in the
Universe, efficiently converting matter accreting onto supermas-
sive black holes (SMBH) into light. The enormous amount of
energy emitted by these powerful sources makes them stand as
clear signposts of galaxy assembly at all cosmic times.

Several surveys operating during the last decade revealed
(e.g. Wang et al. 2016; Jiang et al. 2016; Matsuoka et al. 2019;
Yang et al. 2023a) or further characterised (e.g. Farina et al.

* e-mail: bartolomeo.trefoloni@sns.it

2022; Yang et al. 2023b) high-redshift QSOs (z > 5), already
active when the Universe was less than 1 Gyr old. More than
500 quasars have been discovered above z = 5 so far (see also
Fan et al. 2023 for a recent review). Black hole masses (Mgy)
derived for these objects, are often found to exceed 10° M, (e.g.
Mazzucchelli et al. 2017; Yang et al. 2023b).

However, the very existence of such massive objects in the
epoch of reionisation poses serious challenges to current cosmo-
logical and accretion models. From a theoretical standpoint, it
is hard to predict the size of the collapsed progenitors (seeds)
and the route to accrete such a large mass (see e.g. Inayoshi
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et al. 2020 for a review). In particular, models trying to explain
how the aggregation of such masses might happen generally
fall into two main categories, each with their own shortcomings
with respect to observational constraints. A nearly continuous—
unconventionally high—accretion on standard seeds, left by the
first generation of stars, has been invoked to produce a 10° Mg
SMBH within 1 Gyr (the ‘light seeds’ scenario, e.g. Tanaka &
Haiman 2009; Volonteri 2010). On the other hand, lower accre-
tion rates could be enough to produce the observed masses in
the case of initial ‘heavy seeds’ (10* — 10% My, see e.g. Lodato
& Natarajan 2007). In this picture, there must be one or more
mechanisms that rapidly produce a 10* — 10° M, seed black
hole, which then proceeds to accrete near the Eddington limit.
Examples of such mechanisms are hyper-Eddington accretion
onto a lower mass BH leading to a 10° — 10° M, seed (Inayoshi
et al. 2016; Ryu et al. 2016), runaway collisions between stellar-
mass BH and/or stars in dense proto-clusters (see e.g. Vergara
et al. 2023 and references therein), and the so-called direct-
collapse black holes (DCBHs; e.g. Ferrara et al. 2014; Inayoshi
et al. 2014; Sugimura et al. 2014). Furthermore, primordial black
holes (PBHs; Carr & Hawking 1974; Bean & Magueijo 2002;
Dolgov 2018) are another possibility to explain the large SMBH
masses at high redshift, which has lately been gaining popular-
ity (e.g. Suh et al. 2025). In this framework, PBHs would have
formed during the radiation dominated era as a consequence of
the gravitational collapse of overdense regions. Since PBHs orig-
inate at earlier cosmic times, they would have naturally had more
time to accrete to the observed masses (Bernal et al. 2018). In
this context, reliably measuring SMBH masses at high redshift
is a key requirement to place tighter constraints on the seeding
mechanism.

The most robust technique to measure the black hole mass
hosted by AGN is via reverberation mapping campaigns (e.g.
Blandford & McKee 1982; Peterson 1993; Dalla Bonta et al.
2020; Shen et al. 2024) generally targeting the HB emission line
in local sources. However, this technique becomes increasingly
difficult at z > 1, with a few notable exceptions (e.g. Shen et al.
2014; King et al. 2015; Saturni et al. 2016) since the the HB
shifts into the infrared, as well as for the effect of cosmologi-
cal time dilation, requiring increasingly longer monitoring cam-
paigns. Furthermore, a smaller flux variability is observed in in-
creasingly brighter sources such as quasars emitting at high red-
shift (e.g. Shen et al. 2024). Alternatively, a direct measurement
of the differential phase of some broad emission lines from high-
resolution infrared interferometry, combined with the modelling
of the BLR dynamics, yielded an accurate estimate of the black
hole mass even up to z ~ 2 (e.g. Abuter et al. 2024, but see also
Gravity Collaboration 2018 and Amorim et al. 2020 for more lo-
cal examples). Also this approach, due to technical reasons, has
only been applied to a handful of suitable sources.

Because of these observational limits, the most widely em-
ployed technique for estimating the black hole mass in distant
QSOs is via the single-epoch calibrations (SE; see e.g. Vester-
gaard & Peterson 2006 and references therein). This technique
takes advantage of the tight relation between the broad line re-
gion (BLR) radius and the AGN luminosity (the R — L relation
with scatter <0.2 dex; e.g. Kaspi et al. 2005; Bentz et al. 2009),
which enables the use of carefully chosen monochromatic lumi-
nosities as a surrogate for the BLR radius. Using this relation, a
single observation could yield a proxy to the BLR radius, hence
the single-epoch (SE) name. Despite their wide applicability and
convenience, non-negligible systematic uncertainties affect these
estimates, which are generally estimated to be of the order of
0.4-0.5 dex (see e.g. Shen 2013 for a thorough discussion). An
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additional difficulty is caused by the complicated behaviour of
the BLR, especially in the case of luminous sources approach-
ing the quasar regime (e.g. Fries et al. 2024). Non-virial motions
of the BLR and a possibly luminosity-dependent covering fac-
tor -just to mention some possible effects- ultimately led to even
questioning the applicability of these calibrations for the quasar
population at high redshift (Abuter et al. 2024; Bertemes et al.
2025).

The new observational capabilities unlocked by the James
Webb Space Telescope (JWST, Gardner et al. 2006, 2023) are
are dramatically improving our understanding of how the high-
redshift Universe assembled. In particular, observations carried
out with the NIRSpec instrument (Jakobsen et al. 2022) onboard
JWST revealed the properties of the interstellar medium (ISM)
of the galaxies hosting the first generation of quasars at z > 3.5
with unprecedented detail (e.g. Perna et al. 2023; Loiacono et al.
2024; Marshall et al. 2023; Liu et al. 2024; Vayner et al. 2024,
Parlanti et al. 2024; Zamora et al. 2024; Marshall et al. 2025;
Bertola et al. 2025; Perna et al. 2025). Such observations re-
vealed, for the first time in the rest-frame optical, extended emis-
sion in the ionised phase of the ISM, mostly in the previously
inaccessible [O 1] and H « lines.

Widespread outflows have been observed in different gas
phases, such as ionised (in e.g. Bischetti et al. 2022, 2023;
Yang et al. 2023b; Loiacono et al. 2024), and molecular (in e.g.
Bischetti et al. 2019a; Salak et al. 2024; Spilker et al. 2025)
across many sources at the epoch of reionisation. Several ob-
servations confirmed that the QSO-related outflow events ex-
pel significant amounts of ionised gas (larger than the measured
star formation rates; SFR, see e.g. Venturi et al. 2023 and ref-
erences therein), while even larger gas masses are expected to
be ejected in the neutral phase (e.g. Cresci et al. 2023; Davies
et al. 2024; D’Eugenio et al. 2024; Salak et al. 2024). Prolonged
quasar outflow events, with similar energetics as those measured
in these observations, are therefore expected to naturally deplete
the host galaxies of their gas content (see e.g. Perna et al. 2018;
Circosta et al. 2021; Bertola et al. 2024, but see also Harrison
& Ramos Almeida 2024). The concomitant detection of such
galaxy-scale outflows and the presence of the benchmark Hg line
allowed for the first time to link the energetics of the quasar out-
flow to the well constrained black hole mass deep into the epoch
of reionisation (e.g. Marshall et al. 2023, 2024; Liu et al. 2024).

In this paper, we present JWST observations of the distant
quasar ULAS J1342+0928 (Bafiados et al. 2018). This source,
at redshift z = 7.54, represents the ideal laboratory to inves-
tigate the interplay between the central active nucleus and its
environment at the epoch of reionisation. Crucially, the multi-
wavelength campaigns that have targeted this object allowed for
a complete characterisation of the broad-band properties of both
the quasar and the host galaxy (see Sect. A).

In Section 2 we present the new JWST observations of ULAS
J1342+0928 as well as previous observing campaigns. Sections
3 and 4 are dedicated to the analyses performed and the main re-
sults. We discuss our results in the context of high-redshift QSOs
and AGN in Section 5 and collect our conclusions in Section 6.
Throughout this paper, we adopt a flat ACDM cosmology with
Hy =70kms™! Mpc™!, Q4 =0.7, and Q,, = 0.3. Correlations are
considered significant when yielding p-values lower than 0.01,
corresponding to ~2.6 o in the case of Normal approximation,
under the null-hypothesis of non correlation.
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2. Data
2.1. JWST/NIRSpec IFS observations of ULAS J1342

The quasar ULAS J1342+0928 (RA: 13:42:08.10, DEC:
+09:28:38.36, z = 7.54), ULAS J1342 for short, is the sec-
ond most distant QSO known so far. It was first discovered in
Baiiados et al. (2018), by exploiting the Ly a dropout technique,
combining the Wide-field Infrared Survey Explorer (WISE,
Wright et al. 2010) ALLWISE catalogue (Cutri et al. 2013), the
United Kingdom Infrared Telescope Infrared Deep Sky Survey
(UKIDSS, Lawrence et al. 2007), and the DECam Legacy Sur-
vey (DECaLS; Blum et al. 2016) photometry. Since then, several
multi-band observational campaigns have targeted this object.
We describe them in more detail in Appendix A.

ULAS J1342 was observed as part of the NIRSpec GTO pro-
gramme ‘Galaxy Assembly with NIRSpec IFS’ (GA-NIFS') un-
der programme 1219 (PI: Nora Liitzgendorf). The target was ob-
served on the 21st February 2023 with the Integral Field Spec-
trograph mode (IFS; Boker et al. 2022) using a medium cy-
cling pattern of 6 dithers and a total integration time of 3 h with
the high-resolution grating/filter pair G395H/F290LP covering
the wavelength range 2.9-5.3 um with a spectral resolution R
~ 1900-3600 (Jakobsen et al. 2022; Boker et al. 2022). A 1D
spectrum extracted from this cube centred at the quasar location
was also employed in Christensen et al. (2023), in addition to
the G140H/FO70LP and the G235H/F170LP fixed slit data, to
cover the HS—[Om] region. Additionally, PRISM/CLEAR ob-
servations (R ~ 30-330) in the 0.6-5.3 um wavelength range,
with a medium cycling pattern of 6 dithers and a total integration
time of 1 h, were also performed. Although delivering a lower
spectral resolution, PRISM data yield a superior sensitivity, key
for detecting faint extended features.

We retrieved the raw data from the the Barbara A. Mikul-
ski Archive for Space Telescopes (MAST) and adopted a modi-
fied version of the JWST pipeline (version 1.8.2), under the Cal-
ibration Reference Data System context jwst_1068.pmap. Our
customisation of the standard calibration pipeline resulted in im-
proved data quality. Most of these improvements are described in
Perna et al. (2023). Here we briefly highlight the major additions.
We corrected the 1/f noise via a polynomial fit and removed re-
gions affected by failed opening of the MSA shutters by masking
the corresponding pixels. We cleaned individual exposures from
the presence of cosmic rays by taking advantage of an algorithm
akin to LACOSMIC (Van Dokkum 2001) to prune outliers in the
individual 2D exposures. In short, as explained in D’Eugenio
et al. (2024), we measured the distribution of the derivative val-
ues along the dispersion direction, normalised it by the maxi-
mum of the flux (or three times the RMS noise, if this was larger)
and rejected the pixels above 95" percentile of the distribution.
We finally combined the cube using the ‘drizzle’ method, pro-
ducing a cube with 0”705 spaxels. Because of the brightness of
the point source QSO, as well as the under-sampling of the PSF
(see e.g. Smith et al. 2007; Law et al. 2023), the final cube was
affected by sinusoidal-type patterns (often referred to as ‘wig-
gles’) at the level of single spaxels. We corrected for this in-
strumental effect adopting the same recipe described in Perna
et al. (2023). Sky background subtraction was performed by sub-
tracting from each spaxel the smoothed spectrum integrated in a
source-free region of the field of view.

‘We show the redshift and 3,000A luminosity of ULAS J1342
in the context of other QSOs surveys at different redshifts in Fig.
1. There, we also highlight the parameter space explored by other

! https://ga-nifs.github.io

type 1 AGN within the GA-NIFS programme (see Sect. 2.1). We
show the SDSS DR16 sample (Wu & Shen 2022) as black con-
tours, and the XQz5 QSOs (Lai et al. 2024), the XQ100 sample
(Lopez et al. 2016), the QSOs from Shen et al. (2019), the sam-
ple from Yang et al. (2021), and those from the HYPERION
sample (Zappacosta et al. 2023) with other symbols according
to the legend.

Y UlAs 1342
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@ XQz5
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¢$ Shen+19

A Yang+21
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V Lu+24

gp Lyu+25
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Fig. 1: ULAS J1342 in the context of other QSOs surveys. The
most distant quasar known so far J0313-1806 (Wang et al. 2021)
has been shifted downwards by 0.5 dex for graphical purposes.
Some objects are shared among multiple surveys. Star-shaped
symbols mark objects observed within the GA-NIFS programme
(Ubler et al. 2023; Marshall et al. 2023, 2024; Parlanti et al.
2024; Zamora et al. 2024; Perna et al. 2025; Bertola et al. 2025).
Thick-edged symbols mark other objects observed with JWST
NIRSpec IFU (Liu et al. 2024; Lyu et al. 2025; Marshall et al.
2025).

3. Methods
3.1. Spectral fit of the high-resolution nuclear spectrum

In the left panel of Fig. 2 we show the G395H/F290LP integrated
spectrum extracted from a circular region with a 0”/3 radius, cen-
tred on the QSO location, covering the rest-frame H 5—[O m] re-
gion (shown in magenta in Fig. 4). In the extraction, with the aim
of producing a more realistic estimate of the flux uncertainties,
we rescaled the formal uncertainty on the integrated spectrum
based on the "ERR" extension using the flux standard deviation
in small (~20-30 A) continuum windows free from strong emis-
sion lines. This allowed us to take into account the correlations
induced by the size of the PSF relative to the spaxel size (see e.g.
Ubler et al. 2023).

We performed the spectral fit of the integrated spectrum em-
ploying a custom-made Python code, based on the IDL. MP-
FIT package (Markwardt 2009), which takes advantage of the
Levenberg-Marquardt technique (Moré 1978) to solve the least-
squares problem. The model is composed of a power law con-
tinuum (associated to the accretion disc), broad (from the BLR)
and narrow (from the narrow-line region, NLR) emission lines as
well as the optical Fe u pseudo continuum (also from the BLR).

The broad (FWHM > 1,000km s™!) emission lines (H Band
Hy)? were modelled by adopting different Lorentzian profiles

2 Here the term broad lines refers to those arising from the BLR, rather
than to the broad components indicating the presence of an outflow.
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which proved more effective than Gaussian line profiles in repro-
ducing the line shapes. We tied the kinematics of the NLR com-
ponents (i.e. [O 1] 114959,5007 and narrow H ) and the [O 1]
A5007/[O 1] 14949 flux ratio was fixed to its theoretical value of
3 (Osterbrock & Ferland 2006). We also included outflow com-
ponents in both [Om] and Hf, and constrained their kinemat-
ics to be the same. Both the systemic and the outflow compo-
nents were modelled as Gaussian lines. ULAS J1342 presents a
fairly complex, challenging to model, Fe 1 emission. We repro-
duced it by employing a linear combination of twenty spectral
templates derived within the CLoupy environment (Ferland et al.
2013). These models are then convolved with a Gaussian profile
(the same for all the models as they are expected to represent
co-spatial emission), spectrally shifted, and weighted during the
fitting process. The parameters ultimately fitted for the Fe i1 tem-
plates are then the velocity dispersion and the velocity shift of
the Gaussian kernel, as well as the weights of each template. We
paid particular attention to this modelling, even adding a couple
of additional broad components to faithfully reproduce single
Fe m multiplets, as the BLR template resulting from this analysis
was then used for the spaxel-by-spaxel PSF subtraction proce-
dure which we describe in Sect. 3.4.

As the nuclear spectrum is integrated from a finite aperture,
the fluxes evaluated are smaller than the intrinsic ones because
of aperture losses. We therefore accounted for this effect by esti-
mating the aperture correction using the strong broad optical Fe n
which is expected to be produced only on unresolved scales®.
Here, we refrained from using the H because of the detector
gap falling on the blue side of the line. We compared the flux of
the integrated Fen in the nuclear aperture (0”/3) and in a much
wider aperture virtually including the whole PSF (175; see e.g.
Marshall et al. 2023; Liu et al. 2024). We found that the cor-
rection needed to account for the aperture losses is about 16%,
the same amount quoted in works targeting bright QSOs at sim-
ilar z (Liu et al. 2024). We applied the same recipe to derive the
aperture correction for the low resolution data, which amounts
to ~ 12%. The redshift derived from the rest-frame set of NLR
lines is z = 7.535, and we will use this value as a reference in the
following.

We estimated the uncertainties on the best-fit parameters by
adopting a Monte Carlo procedure. In brief, we created 100
mock spectra by adding noise in each spectral channel to the
starting spectrum. The noise was drawn from a Gaussian distri-
bution, with wavelength-dependent amplitude equal to the nom-
inal uncertainty in each spectral channel. We then proceeded by
fitting the mock spectra adopting the same model employed for
the observed spectrum and computed the distribution of the best
fit parameters. The final uncertainties on the best-fit parameters
were estimated as the standard deviations of these distributions
after applying a 3o clipping to prune outlier values.

We report the relevant parameters derived from the fit to-
gether with the relative uncertainties in Table 1.

3.2. Spectral fit of the low-resolution nuclear spectrum

The spectral properties tracing the kinematics of the nuclear re-
gion are best described by the high resolution data. However, the
prism data, due to the higher sensitivity to high-EW, spectrally
broad lines are well suited to detect the diffuse emission, mostly
seen in [Om] (see also Sect. 4.1). For this purpose, we need to

3 Given that the wavelength ranges analysed here are rather small for
both the H—[O m] and the Mg 1 complexes, we applied a fixed (i.e. not
wavelength-dependent) aperture correction for each spectral region.
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Table 1: Parameters derived from the spectral fitting to the nu-
clear integrated spectrum.

Parameters Value
(D 2)

log(Lyp) 44.18 + 0.01
FWHMpyg 3300 + 440
10g(L5’100A) 46.13 £0.01
EWrgei/EWyg  1.11 £0.03
@ popt -2.35+0.04
log(Lmgn) 44.39 + 0.01
FWHMyen 3360 + 300
log(L; g904) 46.42 +0.01
EWFeII/EWMgH 341 +0.10
@ uv -1.73 £0.01

Notes. The H 3 luminosity (in erg s™') and FWHM only account for the
broad component. FWHMSs of both high- and low-resolution data have
been corrected for instrumental line spread function, using the available
2395h and the PRISM dispersion curves, and are in units of kms~'. All
of the parameters for the HB have been measured on the high-resolution
spectrum, while those for the Mgu line are measured from the prism
as explained in the text. The equivalent widths (EWs) of optical and
UV Fe 1 have been computed by integrating the best fit models between
4434-4684 A and 2200-3090 A, respectively. Here we enforced an un-
certainty of 0.01 dex for monochromatic luminosities and 0.01 for con-
tinuum slopes (@ ,uv, @a0pt)-

correct for the nuclear emission polluting nearby spaxels due to
the finite size of the JWST PSF. To this end, we independently
performed a spectral fit of the H S—[O 1] nuclear spectrum in the
prism data (see Fig. B.1), adopting the same method employed
for the high resolution spectrum. The best fit model of the broad
lines was then adopted as a BLR template and used to subtract
the PSF contamination in the spaxel-by-spaxel fit (Sect. 3.4).

In addition, further information about the BLR properties of
the source can be gathered by analysing the spectral region cov-
ering the rest-frame Mg 112798 line, which was already covered
with ground-based IR spectroscopy (Onoue et al. 2020). We em-
ployed the same routine described above to fit the spectral re-
gion around the Mg 11 line. In this case, we included in the model
only the broad MgnA2798 line, the narrow [Om] 42321 and
C1]42324 blended together. We also added a power-law contin-
uum between 2,1004&—3,5001& and the UV Fen which, given the
resolution, blends into a pseudo-continuum. Again, the Fe 1 was
modelled using the CLoupy templates already mentioned in Sect.
3.1. We corrected the line width for the prism line spread func-
tion, which at the Mg wavelengths (~ 2.4 um in the observed
frame) has a resolution of R<100. The intrinsic line FWHM
was then computed by subtracting in quadrature the instrumen-
tal broadening from the observed FWHM. We show the result of
the fit of the Mg 1 region in the right panel of Fig. 2.

3.3. Accretion disc modelling

Accretion disc modelling offers a viable alternative to estimate
the parameters of the accretion flow powering the quasar emis-
sion in ULAS J1342 (e.g. Malkan 1983). This method relies on
a relatively wide spectral coverage, including the region close
to the peak of the emission, generally falling in the UV for
SMBHSs, and the continuum to be measured in emission line-
free windows. In exchange, it offers favourable aspects, such
as a sounder understanding of the physics underlying the opti-
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Fig. 2: Left: Spectral fit of the integrated R2700 spectrum extracted from a 6x6 spaxels (0”/3 radius) region centered at the QSO
location. Vertical dotted lines mark the position of the main emission lines. Right: Same as in the left panel for the prism spectrum
around the Mg 11 emission line. In both images, the fit components are colour-coded according to the legend. Residuals are shown

in the bottom panels.

cally thick emission of the accretion disc, as compared to the
more loosely constrained kinematics of the BLR. Additionally,
accretion disc models naturally provide a self-consistent estima-
tion of Mgy and L. In particular, this approach has already
been undertaken for this source in Campitiello et al. (2019) using
ground-based spectroscopy mostly covering the spectral region
between ~ 1,400-3, 000 A. There the authors, adopting different
accretion disc models, estimated Mgy to be in the range 1089792
Mo. The nuclear prism spectrum is ideal to perform such anal-
ysis. The PRISM/CLEAR data have indeed a high-enough reso-
lution to select the continuum emission in emission line-free re-
gions, while, at the same time, offering a wide spectral coverage
from the Ly @ up to H wavelengths. Additionally, in objects as
luminous as ULAS J1342 the turnover of the optical continuum
at A > 4,000 A, generally associated with the host galaxy (e.g.
Vanden Berk et al. 2001), is not observed, therefore allowing for
a wider continuum baseline.

For the accretion disc modelling, we isolated the continuum
emission in small spectral windows (spanning ~ 20-30 A, see
Fig. 3) avoiding strong emission lines as well as the small blue
bump between ~2,200-4,000 A (Grandi 1982), which is made
of the blend of the Fe mn pseudo-continuum and the Balmer con-
tinuum. The uncertainty on each continuum point was evaluated
by simple error propagation, and is of the percent order. How-
ever, this approach would not take into account the flux calibra-
tion uncertainty, which could dominate the uncertainty budget.
The required accuracies for the flux calibration of JWST spec-
troscopy are of the order of 10%—15% (Gordon et al. 2018).
On-flight measurements on a relatively small sample of standard
stars proved an average accuracy of < 2% (Boker et al. 2023)
employing different filter/grating combinations. In order to re-
tain a conservative approach, we introduced a factor of 5% of the
flux in the uncertainty budget. With the purpose of showcasing
the capabilities of JWST/NIRSpec with respect to ground-based
NIR facilities, in Fig.3 we also overlay the Gemini/GNIRS long-
slit spectrum described in Onoue et al. (2020). The latter dataset

was obtained with a total exposure of 9 h and reaches a median
S/N at wavelengths larger than the Ly @ of ~30. As a compar-
ison, our low-resolution dataset, in the same wavelength range,
reaches a S/N~130 with just 1 h of exposure.

In order to mitigate our lack of knowledge about the ac-
cretion state of the quasar disc, we adopted three complemen-
tary models with slightly different underlying physical assump-
tions. In more detail, we used a standard non-relativistic Shakura
& Sunyaev (1973) geometrically thin and optically thick ac-
cretion disc. In order to allow for different mass-to-light con-
version efficiencies (€), we included the innermost stable or-
bit of the disc (Risco) as a free parameter. In the Newtonian
limit € = Risco/2Rg, with 2R being the Schwarzschild radius.
Moreover, the inclination angle of the line of sight (LoS) with
respect to the accretion disc axis was also included as a free pa-
rameter, although the Type 1 nature of this quasar limits the pos-
sible viewing angles in the range 6 ~ [0°-70°]. For this model,
the parameters ultimately left free to vary during the fit were the
black hole mass, the disc luminosity, the innermost disc radius,
and the inclination angle.

As complementary approaches, we also fitted the data em-
ploying the KERRBB model, a multi-temperature blackbody
model for a thin, steady-state accretion disc around a Kerr black
hole (Li et al. 2005), and the SLIMBH model, which also ac-
counts for a thickening of the accretion disc at high accretion
rates (Sadowski 2009). Both of these models are included in
ciao (Fruscione et al. 2006), the modelling application within the
SHERPA environment (Siemiginowska et al. 2024), which takes
advantage of the xspec (Arnaud 1996) library of models. In par-
ticular, we used sHERPA/c1A0 version 4.17.0. For these two latter
models, we fitted for the black hole dimensionless spin (a) in-
stead of the innermost disc radius, included among the Xspec
model parameters. The fit was then performed adopting a full
Monte Carlo Markov Chain (MCMC) Bayesian approach im-
plemented through the EMceE python package (Foreman-Mackey
etal. 2013). Since we do not know a priori which of the proposed
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models can yield the most realistic description of the accretion
disc state, we opted for a Bayesian Model Averaging (e.g. Yao
et al. 2018) under the simplifying hypothesis of equi-probability
of the models. We show the result of the accretion disc modelling
in Fig. 3. As a further check for the reliability of our fitting rou-
tine, we repeated the fit employing the “BADFit” routine (Lai
et al. 2023; Lai 2023) which implements in a Bayesian frame-
work both the KERRBB and the SLIMBH models. Both the black
hole mass and the disc luminosity, estimated with this alternative
recipe, proved consistent with our own implementation within
the uncertainties, which are of the same order of magnitude as
ours.

We note that here we did not take into account the possibility
of significant dust extinction along the line of sight. We cannot
probe it directly using the narrow Balmer lines decrement, be-
cause of the lack of the H @ in our data, and the faintness of the
Hy. Furthermore, such ratios would only constrain the extinc-
tion in the NLR scales. On a general ground, the steep contin-
uum observed argues against the possibility of significant dust
extinction. For instance, the quasar spectral template of Selsing
et al. (2016), purposefully made of a sample including remark-
ably luminous blue quasars (i.e. unobscured) between 1 < z < 2,
exhibits a spectral slope @; = —1.70 in the range ~ 1,450—
5,500 A. As a comparison, ULAS J1342 has a spectral slope
a, = —1.77 in the same spectral range, whereby the presence of
dust reddening would make this slope shallower. A similar ar-
gument can be drawn by considerations about the optical slope.
The slope of the continuum measured between ~ 4,200-5, 500
A is —2.35 £ 0.04 (see Table 1), consistent with the expectations
for an optically thick accretion disc in the vL, ~ v*/3 region, cor-
responding to @, ~ —2.33. This does not leave much room for
either dust extinction and/or host galaxy contamination at op-
tical wavelengths. Lastly, we also mention that complementary
information coming from X-ray data argue in favour of a low ex-
tinction delivered by dust-free gas, if any. The photon index mea-
sured in the two observing campaigns ranges between I' = 1.9
(Bafiados et al. 2018) and I" = 2.9 (Zappacosta et al. 2023; Tor-
tosa et al. 2024). Conversely, smaller photon indices (I' < 1.7,
see e.g. Merloni et al. 2014) are found in obscured sources where
gas extinction mostly absorbs the soft part of the X-ray spectrum
(s 2 keV), effectively producing a slope flatter than the intrinsic.
Lastly, we note that, if present, reddening would cause our SE
and AD Mgyestimates to diverge: SE Mpyrely on the measure-
ment of some continuum or line measurement, and would there-
fore be underestimated in case of reddening. On the other hand,
in the case of a non-greybody like extinction curve, dust extinc-
tion makes the observed SED redder (i.e. colder), hence pushing
the AD fit Myto larger values. Not observing such discrepancy,
with Mppbeing consistent (within the systematic uncertainties)
between the two methods, also argues against the presence of
significant reddening. Notwithstanding all these considerations,
we also explored the effect of reddening by directly including it
into our AD modelling in Appendix F.

3.4. Spatially resolved spectral fits

With the aim of characterising the spatially resolved properties
of the gas in the close environment of ULAS J1342, we per-
formed a spaxel-by-spaxel fit of the spectroscopic data. For this
purpose we employed the same routines described in Sect. 3.1
for each spatial element of the NIRSpec IFU for both the high-
and the low-resolution cubes. In order to account for the extent of
the PSF, we created a template made of the BLR components and
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the continuum from the best-fit model shown in Fig. 2. We added
this component, whose normalisation was left free to vary (e.g.
Carniani et al. 2015; Venturi et al. 2018; Marasco et al. 2020),
to the narrow Gaussian lines and a local second degree polyno-
mial continuum to model the HB-[Om] complex on a spaxel-
to-spaxel basis. In particular, we used up to two components for
both H and [O m] in the high resolution data (corresponding to
a narrow line and a broader outflow component), while only one
was included to reproduce the prism cube.

4. Results
4.1. Tracing the diffuse [O ] emission

In Fig. 4 we present the BLR-subtracted low-resolution datacube
integrated across the [O mi] wavelengths. Several noticeable fea-
tures clearly stand out. In addition to the nuclear [Omi] com-
ponent, we report the presence of multiple structures. The most
striking feature is an elongated [O m] halo extending for ~ 174
towards the SW. We discuss in greater detail the properties of
this region in Sect. 4.1.1.

In addition, we detected two [O ] emitters with a clumpy
morphology within the field of view, respectively north and
north-west of the QSO. We present the high-resolution spectra of
all of the circular regions highlighted in Fig. 4 in the surrounding
panels or in Appendix C. One of these clumpy [O m]-emitting
regions is located at ~ 0”/7 north-west of the central QSO (la-
belled as NW), to which it appears to be linked by an ionised
gas bridge, possibly hinting to an on-going interaction between
these two systems.

The high-resolution spectrum of the NW clump, shown in
Fig. C.1, revealed the presence of two separate sets of emission
lines which appear to be consistent with being two distinct kine-
matic components of the [O ] 114959, 5007 doublet. Assuming
the redshift of the QSO to be traced by the NLR at z = 7.535,
one of the two [Om] doublets is redshifted by 140+15 km s~!,
while the other by 700+10 km s~'. The FWHM of the most red-
shifted [O m] emitter is ~200 km s~!, while that of the other one
is ~300 km s~!. Being the spectral resolution FWHM ~ 110 km
s~!, we consider only the set of lines with FWHM equal to ~
300 km s~! as spectrally resolved, while the other as marginally
spectrally resolved. These two kinematical components are not
resolved in the low-resolution cube. In this framework, the two
sets of lines would correspond to two physically separated sys-
tems, with the redshifted one being at z=7.557. However, due
to its compact morphology in the high-resolution cube, and the
[O ] being marginally resolved, we also mention the possibil-
ity that the most redshifted set of lines detected in this region
could actually be an artifact introduced during the data reduc-
tion stage. None of our major conclusions would be affected by
such an occurrence.

Moreover, we detected another [O m1] emitter at ~ 1’8 north
of the QSO location (dubbed as N in Fig. 4, see Fig. C.2). For
this region, we avoided performing the extraction close to the
IFU edge as it would result in a noisier spectrum. Also in this
case, the redshift of this structure is consistent with that of the
QSO. The line width is close to the resolution limit (~200 km
s~1). While in the NW region the detection of the rest-frame UV
continuum in the low-resolution data was hampered by PSF ex-
tent which smears the QSO continuum on larger scales, for the N
clump we measured a rest-frame UV luminosity between 2,500—
3,000 A of (5+0.2)x 10*2 erg s~!. Both clumps are also detected
in [OuJA3728, while this is not the case for the extended [O mi]
halo, as we discuss in Appendix D.
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H ) used to compute the black hole mass via the single-epoch virial relations. The blue shaded area highlights the region bluewards
of the Ly « affected by inter-galactic medium (IGM) absorption, and therefore excluded in the fit. The inset panel shows the joint
posterior distributions of Mpy and Ly, together with the independent estimates coming from optical bolometric corrections (R06,
R12,N19, see Sec. 4.2) and the masses from virial calibrations (VP06, S11, P25, see Sec. 4.2). The coloured points mark the median
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emission at 3 and 7 o, respectively. The circles show the extraction regions of the [Om] spectra from the R2700 cube, which
are labelled accordingly. The white dashed box highlights the direction along which the extended [O m] surface brightness profile
shown in Fig. 5 was calculated. The dotted one has the same meaning for the [O 1] control direction. In the inset panels, we show the
R2770 spectra together with the best fit models for the nucleus and the [O mr] halo, while those for the N and NW [O m1] emitters are
presented in Appendix C. In the spectra, the vertical dotted lines mark the expected [O m] wavelengths at the systemic redshift. The
horizontal dashed line shows the RMS. The magenta Gaussian lines in both panels show the narrow rest-frame component, while
other Gaussian components reproduce the outflows. In the nuclear spectrum, the flux excess in [O m] 24959, not well reproduced
by the fit, is mostly due to Fe 1 contamination not perfectly accounted for by the BLR best fit model (see Fig. 2). In the spectrum
extracted in the extended [O mi] halo (top-right panel), we show both the best-fit models, marking with the solid red line the model
with one broad and one narrow components and with the dotted one that with only one broad component. The image has been
smoothed using a Gaussian kernel 1 pixel wide.

4.1.1. The extended [Ou] halo

In order to quantify the extent of the [Om] elongated compo-
nent, and compare it to the PSF size, we produced the [O ]
surface brightness profile along the SW direction employing the
aperture shown as a white dashed rectangle in Fig. 4. For this
purpose, we integrated the low-resolution BLR-subtracted cube
within 1, 500 km/s from the rest frame [O m1] peak wavelength,

after having subtracted a local continuum (only representing a
marginal improvement) to account for a non optimal contin-
uum subtraction in the spaxel-by-spaxel fitting. The PSF surface
brightness profile was computed from the emission of the Fen
bump between 4464-4684 A which arises from the unresolved
parsec scales of the QSO’s BLR. The radial profiles of [O m] and
PSF are shown in Fig. 5. We also extracted the [O 1] profile from
another random direction avoiding the companions (NE dotted
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rectangle in Fig. 4) to study its morphology in the nuclear region
and compare it with the kpc-scale SW plume. Analysing the pro-
file of the [Om] in the two directions, we note that the surface
brightness profile includes a compact and symmetric component
extending up to ~ 0”74 (i.e., 2 kpc) and the extended component
up to 1”74 (i.e., 7 kpc) toward the SW. Empirically, a simple ex-
ponential brightness profile plus a constant well describes the
observed profile. By comparing the width of the [Om] profile
with that of the PSF it is clear that i) the [O 1] is spatially more
extended than the PSF and ii) this is true also in the central 0”4,
both along the extended halo, as well as along the control direc-
tion (whose profile mostly overlaps with the extended one below
074, though their extraction region not being co-spatial). This
suggests the presence of a spherically symmetric bright nuclear
component, and a low-surface brightness one extending toward
the SW. With the aim of estimating the intrinsic extent of the nu-
clear [O m] component, we directly modelled the PSF and [O m]
SW halo profile. To this end, we used the directly observed PSF
(green data in Fig.5), as measured in the central 0”5 to avoid
the effect of the PSF wings. We convolved an unknown intrin-
sic [O ] surface brightness profile to ultimately reproduce the
observed one (red data in Fig. 5). Assuming circular symmetry,
the measured FWHM of the PSF is 0”711, in excellent agreement
with the values found by D’Eugenio et al. (2024). Since we do
not know a priori the intrinsic shape of the [O m] surface bright-
ness profile in the nuclear region, we explored different possible
distributions. We found the best agreement when using peaky
(high excess kurtosis) distributions such as an exponential or a
Lorentzian profile. In both cases we found an intrinsic FWHM
of the [O mi] profile of 0”712 (0.6 kpc).
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Fig. 5: Surface brightness profile of the extended [Om] emis-
sion (red) and PSF (green), as traced by the emission between
4464-4684 A. The [Om] emission evaluated across the same
wavelengths along a control direction is also shown in cyan. All
the surface brightness profiles are normalised to their peak value.
An exponential profile plus a constant term fit to the profiles are
shown as dashed lines.

4.1.2. Kinematics of the [Om] emission

Here we investigate the nature of the [O m] emission by study-
ing the gas kinematics obtained from the R2700 data. The top-
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left inset of Fig. 4 shows the [O m] R2700 spectrum extracted in
the central region around the QSO. This spectrum clearly reveals
the presence of a broad blueshifted [O 1] component. This com-
ponent is shifted by —360 km s~! with respect to the systemic
redshift as traced by the BLR and has a FWHM of 1,030 km s7L
Based on the properties of the [Om] line profile, we expect that
this component is associated with a galactic outflow.

This interpretation is corroborated by the [Omi] moment
maps, shown in Fig. 6. The moment maps were obtained by
analysing the best-fit models between +1,500km s~ from the
expected [O m] location in each spaxel where this line was de-
tected at > 2 0. Although the bulk of the [O m] emission is con-
centrated in the central region, the [O m] emitters as well as part
of the extended emission are detected. The moment 1 map shows
evidence for the presence of a “V-shaped” blueshifted [O m]
component at the QSO location ascribable to the approaching
side of an outflow (e.g. Carniani et al. 2015; Venturi et al. 2018;
Mingozzi et al. 2019; Marconcini et al. 2023). The high disper-
sion in the nuclear region observed in the moment 2 map pro-
vides evidence for the outflow nature of the [Om] emission at
the QSO location. The [Omi] linking ULAS J1342 to its NW
neighbour clump appears to have low velocity dispersion, possi-
bly indicating a low-turbulence exchange of gas between the two
systems.

Whilst the outflow nature of [O mi] emission at the centre is
evident, the origin of the elongated component to the SW (see
Fig. 4) is not obvious, as it is not possible to perform a spaxel-
by-spaxel kinematic analysis due to its faintness. In Fig. 4 (top-
right panel), we present the integrated high-resolution spectrum
from a representative region of the extended [Omi] emission,
along with the corresponding spectral best-fit models. The low
signal-to-noise ratio of the spectrum prevents us from determin-
ing whether one (dashed profile) or two Gaussian components
(solid profile) are required to fit the line profile. Nonetheless, in
both scenarios, the overall line FWHM exceeds 1,000 km s~.
This width is consistent with those observed in quasar-driven
outflows at comparable bolometric luminosities and lower red-
shifts (e.g., z < 1, Wu & Shen 2022; z ~ 1.5-3.5, Shen 2016;
z 2 3.5, Perna et al. 2025; Bertola et al. 2025), lending support
to the outflow interpretation for the extended emission.

4.1.3. Outflow properties

Under the assumption that both the nuclear and the extended
[O ] are tracing the ionised component of an outflow, we can
estimate key outflow properties such as the mass outflow rate
(M) and the mass loading factor (7 = M/SFR). Here we adopted
the formalism described in Carniani et al. (2015) to estimate
these outflow-related quantities. In particular, the ionised out-
flow mass (M) can be written as:

)_1 Mo (1)

Moy = 8 % 107 Liom )( fe
out —

K
1017201 ( 10* ergs! J\500cm—3

Here, K = (n.)?/(n2) ~ 1 is the electron density clumping
factor, Z — Z, is the logarithm of the gas metallicity with respect
to the solar one, and n. is the electron density. Several authors
found that [O mi]-based M,y systematically underestimate the to-
tal mass of ionised gas by a factor of ~3 with respect to HS (e.g.
Cano-Diaz et al. 2012; Carniani et al. 2015; Fiore et al. 2017;
Venturi et al. 2023; Cresci et al. 2023). We therefore increase the
outflow mass by a factor of 3. To measure Ljony for the nuclear
component of the outflow, we used the luminosity of the out-
flow component (the blueshifted one in the spectrum in top-left
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Fig. 6: Moment maps as derived from the best fit models of the high resolution spectra on each spaxel. The cross shows the QSO

position. In the moment 0 map we also extraction regions for the

panel in Fig. 4) from the high-resolution cube. As the nuclear
spectrum was obtained by integrating on an aperture with a ra-
dius of 0”3, we employed the same aperture correction of 16%
described in Sect. 3.1. We measured the [O 1] luminosity of the
extended component in the low-resolution spectrum obtained by
summing, over the [Om] halo, all the spaxels where the [O ]
was detected at > 1o. Here we acknowledge that fluxes mea-
sured in the low- and high-resolution data for the same object
differ by more than ~ 10% above z = 4.7 (see e.g. D’Eugenio
et al. 2025). However, the systematic uncertainties due to the
poor knowledge of the outflow electron density and geometry
are far larger than such an effect.

Assuming a constant outflow velocity, the mass outflow rate
is simply:

MoutVout

Moy = C
out Roul

@)

Where Violl,out = V[OllI],off + 20’[0111] (Rupke & Veilleux
2013), with viomm,of being the absolute value of the offset ve-
locity of the outflow component computed with respect to the
systemic one and oony the velocity dispersion of the outflow
[O ] component. Here R,y is the physical size of the region as-
sociated with the outflow. The coeflicient C reflects the outflow
history: C = 1 represents a constant outflow history, while C = 3
assumes a constant volume density in the outflow cone, implying
a decaying outflow history (see Fig. 4 in Lutz et al. 2020).

For the nuclear component, we assumed the physical size
of the outflow to be half the angular size of the intrinsic [O m]
profile (see Sect.4.1.1), which is 0”706, corresponding to a pro-
jected size of ~0.3 kpc. The outflow velocity was computed di-
rectly from the blueshifted component clearly visible in the nu-
clear spectrum (top left panel of Fig. 4), which is v,,=—1220
kms~!. For the extended [Om], we estimated Ry as the size
of the [O m] halo, which is 1774, corresponding to ~7 kpc. Here,
we used the outflow velocity derived from single Gaussian fit to
the high-resolution spectrum (top-right panel in Fig. 4), which
is consistent with the nuclear one. Assuming an average elec-
tronic density of n, = 200 cm™~3 (e.g. Fiore et al. 2017) and a gas
metallicity of Z = 1.37Z; (Novak et al. 2019), we derived a to-
tal mass outflow rate of ~270 Mg, yr’l, with the extended region
accounting for only ~1% of the total.

With the aim of exploring the possible systematics, we em-
ployed different values for both the outflow velocity and the
electron density of the outflow. In particular, we also computed
the outflow kinematics using the broad component of the high-
resolution spectrum of the extended outflow (broad component

nucleus and the [O mi] halo as well as the other [O 1] emitters.

in the top right panel of Fig. 4), instead of that of the total single-
component profile. We also changed the reference frame, com-
puting the outflow kinematics with respect to the [C i] redshift as
rest-frame (z=7.540, Venemans et al. 2020) instead of the NLR
one (z=7.535, Sect. 3.1). These changes cause differences in M
of ~ 40 M, yr~! at most, which are negligible with respect to the
uncertainty introduced by the unknown density of the ionised
outflow. Because of this, we performed the calculation assuming
both a high- and an intermediate-density scenario. In the first
case we assumed a density n. = 1000 cm™, which translates
into a lower limit for the mass outflow rate. Alternatively, we
set ne = 180cm™ as a lower limit, as derived from previous
observations which found the Hu regions in the ULAS J1342
environment to have n. > 180cm™ (Novak et al. 2019). This
latter value sets, instead, an upper limit for the mass outflow rate.
Under these extreme assumptions the mass outflow rate ranges
between ~ 50 — 300 My. Here, we note that we also did not cor-
rect for possible dust extinction, since we do not have indication
for it. If present, extinction would reduce the observed [O ]
flux, therefore the intrinsic (i.e. extinction-corrected) mass out-
flow rate would be higher than that estimated here.

The total ionised mass outflow rate is between ~ 50—
300 M, yr‘l, depending on the values of n. assumed, but it in-
creases to ~ 150-900 M yr~! in the case of C = 3. Because
of the unknown outflow history, such factor should be folded
into the systematic uncertainty. This range overlaps, for a good
part, with the star formation rate (SFR), which, according to
different indicators ([C1]; Venemans et al. 2017, FIR luminos-
ity; Novak et al. 2019; Venemans et al. 2020), lies in the range
85-545 My yr~!. As a consequence, the mass loading factor
(7 = M/SFR) spans a wide range of values between 0.1 and 10.
It is therefore possible that even the M, carried by the ionised
component of the on-going outflow alone could surpass the star
formation in ULAS J1342. However, tighter constrains on the
electron density of the outflow and its geometry are needed to
assess this possibility. Nonetheless, we must also recall that the
M,y estimated here is likely a lower limit to the total mass out-
flow rate. Outflows prompted by luminous quasars are indeed
expected to stratify on multiple phases, with the neutral atomic
and molecular ones carrying the largest shares of mass and en-
ergy (e.g. Baron & Netzer 2019; Fluetsch et al. 2019; Veilleux
et al. 2020; Fluetsch et al. 2021; Davies et al. 2024; D’Eugenio
et al. 2024). For this reason, we point out that the Moy estimated
here only represents a lower limit to the total one, and it is pos-
sible that its entirety could easily exceed the host galaxy SFR,
therefore delivering an early feedback. Yet, no strong outflows
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have been so-far detected in [C 1] observations of ULAS J1342
(Banados et al. 2019).
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Fig. 7: Mass outflow rate against bolometric luminosity of the
quasar (red star), in the context of other literature sources (Fiore
et al. 2017, Kakkad et al. 2020, Marshall et al. 2023, Liu et al.
2024, Marshall et al. 2025). Sources from F17 have been divided
according to their redshift. Thick-edged sources have been ob-
served with JWST NIRSpec IFU, while stars mark targets within
the GA-NIFS programme. The best-fit lines have been scaled
to match the mean value of the distribution (excluding ULAS
J1342). The vertical errorbars on the hollow diamond in the bot-
tom right corner exemplify of the spread introduced by changing
the density from 100 cm™ to 1000 cm~3. The horizontal errorbar
shows a typical uncertainty on the bolometric luminosity of 0.2
dex.

In Fig. 7 we compare the outflow rate measured in ULAS
J1342 with that of other type 1 AGN and QSOs at different bolo-
metric luminosities and redshifts where the outflow properties
have been determined based on IFU data. In particular, the values
presented there have been homogenised according to the same
procedure described in Venturi et al. in prep. Here we outline the
main features. All the outflow velocities (voy) Were recomputed
adopting the definition voy = Vo +2 0 with vog being the veloc-
ity difference between the outflow and the rest component and o
the velocity dispersion of the line outflow component. The out-
flow radius was computed as the maximum radius reached by the
outflow as traced by the broad component. The ionised outflow
mass was computed using Eq.1 in case the outflow was detected
in the [O ] line or the equivalent expression for the H « derived
in Carniani et al. (2015). Lastly, the geometrical factor was set
to C=3 to comply with other outflow compilations assuming the
case of constant average volume density. Furthermore, for all the
samples shown in Fig. 7 we used a constant electronic density
n. = 500cm™3. Changing this value for all the sources would
simply result in a vertical shift of the data points in the plot.

The mass outflow rate detected in ULAS J1342 nicely aligns
with the main trend derived from the other samples, as well as
with the empirical relations derived by Fiore et al. (2017), Bis-
chetti et al. (2019b) and Musiimenta et al. (2023), shown in
Fig. 7 as dot-dashed, dashed, and dotted line, respectively. In-
terestingly, as already noted in Bertola et al. (2025) for AGN
at z = 1, the relation between mass outflow rate and luminos-
ity does not seem to exhibit changes with the redshift. High-z
QSOs sit on the trends observed at lower redshifts and similar
luminosities within the large observed scatter. Alternatively, it is
also possible that any redshift evolution could be diluted by the
large systematic uncertainties, for instance on the outflow elec-
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tron density, which might be evolving with redshift (e.g. Isobe
et al. 2023; Topping et al. 2025).

Lastly, the spatial extent of the [O 1] revealed by the low-
resolution data suggests an elongated structure towards the SW
direction. This component, morphologically separated from a
nuclear outflow, could be related to a past outflow event which
has propagated through the host galaxy. Within this picture,
which we highlight to be mostly speculative, and assuming a
roughly constant outflow velocity of 1,200 km s~!, the outflow
should have been launched ~ 5.7 Myr earlier, to propagate on
a projected scale of ~7 kpc (see Fig. 5). In order to test this
hypothesis, deeper high spectral resolution observations will be
needed.

4.2. Black hole mass and Eddington ratio

We used the best fit parameters from the spectral analysis to de-
rive the accretion parameters (Mpy, Lyo) using standard optical
bolometric corrections (kpo;) for Ly and the SE calibrations for
MBH.

In particular, we adopted the widely employed Vestergaard &
Peterson 2006, (VP06) and the Shen et al. 2011, (S11) calibra-
tions for the H and the Mg m respectively, using our measured
Hp and Mg n broad line widths and continuum fluxes measured
from the high and low resolution spectra. With the aim of ex-
ploring also SE calibrations which take into account the possi-
ble effect of different Eddington ratios on the BLR shape, we
also employed the recent Pan et al. 2025, (P25) calibration. This
new recipe takes advantage of the R — L relation derived in Du
& Wang (2019), which uses the Fe n,p/H S ratio (see also Sect.
4.4) to account for the effect of the accretion rate on the BLR
geometry.

We estimated the bolometric luminosity using the 3,000
A monochromatic luminosity and assuming an empirical fixed
bolometric correction Ky, = 5.15 from Richards et al. 20006,
(R06) as well as an empirical and a theoretical luminosity-
dependent correction respectively by Runnoe et al. 2012, (R12)
and by Netzer 2019, (N19)*. We report all the values of Mgy and
Lyo; in Table 2. In all these measurements the systematic uncer-
tainties are far larger than the statistical ones.

The Mgy estimated using the emission line calibrations for
Hp and Mgu are respectively log(Mgy/(Mg)) = 9.0 (VP06)
and 9.3 (S11) with a systematic uncertainty of ~0.5 dex.
The Mpy derived employing the P25 prescription is smaller,
log(Mpy/(Mgp)) = 8.6, as a consequence of the smaller radius of
the BLR assumed by their prescription, with a similar systematic
uncertainty. The Ly, derived using the aforementioned bolomet-
ric corrections are respectively log(Lpo/(ergs™!)) = 47.1 (R06)
and 46.8 and 46.9 respectively for R12 and N19 with systematic
uncertainties of the order of ~0.2 dex. We compare the values
derived from these calibrations with those coming from the ac-
cretion disc modelling in the bottom left panel of Fig. 3 and in
Table 2. By combining these estimates, the Eddington ratio of
ULAS J1342 varies from a minimum of Aggg ~0.3 to a maximum
of Apqq ~2.8 with systematic uncertainties between 0.4-0.5 dex.

For the accretion disc modelling, although the innermost ra-
dius (or equivalently @) and the inclination are very loosely con-

4 Here we highlight that the N19 bolometric corrections have been
computed assuming an average inclination of the LoS with respect to
the disc axis of 57°. These corrections should be smaller (by a factor
of ~1.5) in the case of an inclination of 30°, which is more suitable for
broad line quasars where the dusty torus avoids nearly equatorial LoSs.
Such a correction would enhance the agreement with our model L.
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strained, all of the Mpy — Ly joint posterior distributions from
the individual models show clear uni-modal maxima. The best-
fit values of the three models are consistent within the 10~ uncer-
tainties and yield log(Mpn/Mg) = 9.2 and log(Ly /(erg sh) =
46.8. The uncertainties are of the order of 0.2 dex and 0.1 dex
for Mgy and Ly respectively, of the same magnitude as those
derived employing the “BADFit” routine and in line with other
works employing accretion disc modelling to estimate the accre-
tion parameters (e.g. Lai et al. 2023; Wolf et al. 2024).

The disc modelling estimates are also consistent with the H3
and Mg 11 estimates, yet this is mostly due to the large uncertain-
ties on single-epoch virial masses (0.4-0.5 dex). The bolometric
luminosity is instead consistent with the N19, but not with the
RO6. This is, however expected, since the fixed R06 ko overes-
timates the total luminosity in the case of luminous sources (see
e.g. Fig. 2 in N19). Our fiducial estimate of the Eddington ra-
tio of ULAS J1342 from accretion disc modelling is Agqq ~ 0.4.
Therefore the disc is in a state of moderate accretion, and could
be outside of the geometrically thin regime, yet it does not ap-
pear to exceed the Eddington limit.

Mgy calibration log(Mgy) Ly calibration  log(Lyop)
Mo ergs!
HB VP06 9.0+0.5 RO6 47.1 +0.1
HpB P25 8.6+0.5 R12 46.8 +0.2
Mgl S11 93+0.5 N19 46.9 + 0.2

This work (AD) 9.2 +0.2 This work (AD) 46.8 +0.1

Table 2: Accretion parameters estimated using either empirical
calibrations (see Sect. 4.2) or accretion disc modelling (AD)
which are used hereafter as fiducial values. The uncertainties on
the calibrated black hole masses are representative of the typi-
cal ones for the proposed emission line. The same holds for the
bolometric luminosities derived from monochromatic luminosi-
ties.

4.3. The growth of the ULAS J1342 SMBH

Under general assumptions, it is possible to attempt inferring
the evolutionary pathway ULAS J1342 went through. Previous
estimates showed that, assuming an Eddington limited accretion
(Agaq = 1), a starting seed of 10° M, is required at z ~ 15 (see
Fig. 5 in Campitiello et al. 2019). Since we infer a Agqq ~ 0.4,
the highly accreting phase must already be over by z ~ 7.5 with
ULAS J1342 having assembled most of its mass within the first
0.5 Gyr of cosmic time. The current accretion rate appears too
low even for ‘heavy seeds’ to produce the observed mass. This
is in line with SMBH accretion models which predict a super-
Eddington phase onto the BH seed likely in a gas enshrouded
environment, concealing the intrinsic quasar SED, followed by
a steep transition to sub-Eddington accretion in a non-obscured
phase (Lapi et al. 2014).

In Fig. 8 we show possible accretion histories aimed at re-
producing the observed SMBH in ULAS J1342. There, we as-
sumed a fixed average Eddington ratio (our current estimate of
Agda = 0.4 red dashed, Agqqg = 1 black dashed line, Agqgq = 2
black dotted line) and a unitary duty-cycle. We also show the
accretion histories derived for black holes hosted in massive
galaxies in recent simulations resulting in SMBH masses akin to
ULAS J1342. For their simulation framework, Zhu et al. (2022)
(blue line in Fig. 8) targeted the largest halos in 15 simulations up
to redshift 6 following the evolution of the SMBH and adopting
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Fig. 8: Possible accretion histories of the SMBH hosted in ULAS
J1342. The red dashed line represents the simple exponential ac-
cretion history with unitary duty cycle and the observed Aggq =
0.4, while the black dashed and dotted ones respectively assume
Aggqa = 1 and 2. The red (pink) stripe highlights the region around
Agqqa = 1 encompassed by the best fit values using the black hole
mass as estimated from the accretion disc modelling (SE). Sim-
ulated accretion histories for massive halos by Zhu et al. (2022)
and Bennett et al. (2024) are shown in blue and green respec-
tively. Rectangular patches show the regions of this parameter
space populated by black hole seeds according to different seed-
ing mechanisms (see text).

different prescriptions for a set of seeding, accretion and feed-
back parameters (we refer to their fiducial S5-REF set of param-
eters, see their Table 1). Instead, Bennett et al. (2024) (green
line) employed the FaBLE suite of simulations (Henden et al.
2018) with a modified setup tuned to find a plausible pathway
to grow massive black holes by z ~ 6 (the ‘Reference’ simu-
lation, see their Sect. 2.3). These evolution histories encompass
our simple exponential Agqq = 1 accretion, and manage to repro-
duce the observed mass of ULAS J1342.

The boxes in Fig. 8 highlight possible ranges of seed black
hole masses according to different seeding scenarios. In partic-
ular, we show the parameter spaces occupied by: i) light seeds
originating from remnants of massive metal-free stars inhabiting
early mini halos between z ~ 20-30 (Poplll, M ~ 10'-10% M,
e.g. Madau et al. 1998; Heger et al. 2003; Yoshida et al. 2006), ii)
intermediate seeds between z ~ 10-20 (M ~ 10°-10° M) pro-
duced by nuclear star clusters (NSC) in primordial galaxies (e.g.
Devecchi & Volonteri 2009; Davies 2007; Lupi et al. 2014), iii)
heavy seeds where black holes formed via atomic cooling direct
collapse in halos containing pristine gas at z ~ 8§-17 (DCBH;
e.g. Eisenstein & Loeb 1994; Silk & Rees 1998; Ferrara et al.
2014). The redshift ranges highlighted here reflect those where
the formation channels are most likely to produce the respective
seeds. A later seed formation for black holes originating from
PopllI stars or NSCs would necessitate an even more extreme
accretion history. We also show the expected mass evolution for
PBHs predicted by Ziparo et al. (2025) (see their Eq. 3.2) which,
appearing at z > 20, have assembled by z ~10 a mass in the
range of ‘heavy seeds’ (Mpu> 10° My). A phase of moderate,
yet still sub-Eddington, accretion of a PBH could also explain
the observed mass in ULAS J1342.
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Unless the accretion history of ULAS J1342 significantly
differs from those predicted by the simulations for massive ha-
los, or alternatively deviates from them with a decisively super-
Eddington phase at z > 15 — 20, heavy seeds seem to be the
preferred scenario to produce a mass of about 10° M, at z ~ 7.5.

4.4. BLR chemical enrichment

The metal abundance in quasar BLRs allows us to sample the
metallicity of gas up to remote cosmic epochs. Photoionisa-
tion calculations suggest that ratios of broad UV lines (e.g.
(Sitv+01v)/Crv, (Cm]+Sim])/Civ, Alm/C IV, Nv/C1v) are
suitable to estimate the BLR metallicity (e.g. Hamann et al.
2002; Nagao et al. 2006). Several works demonstrated the fea-
sibility of this approach up to z~7 (see e.g. Wang et al. 2022
and references therein). However, most of these broad UV lines
are often blended and fall in the NIR band above z~4. Because
of this, the ratio between Fe myy and Mgu has been widely em-
ployed as a first order proxy of the Fe/a element abundance ratio
(e.g. Dietrich et al. 2003a; Jiang et al. 2007; De Rosa et al. 2011;
Mazzucchelli et al. 2017; Shin et al. 2019; Trefoloni et al. 2023).
No clear redshift evolution for this ratio was found up to z~7. At
the same time, it has also been pointed out that the dependence of
such a ratio on the actual BLR metallicity is rather weak (Sarkar
etal. 2021). A more suitable proxy for the actual BLR metallicity
is instead the Fe u,p/H S (e.g. Trefoloni et al. 2024), which how-
ever falls deep into the NIR band for this redshift range. Because
of this, as we show in Fig. 9, all of the Fe 11,,/H 8 measurements
in the pre-JWST era were limited to z < 4.

In Fig. 9 we show both the Fe nyy/Mgn and the Fe n,,/H 3
ratios evaluated for the nuclear region of ULAS J1342, together
with other quasar samples at different redshifts (Dietrich et al.
2003a, D03, Maiolino et al. 2003, M03, De Rosa et al. 2011,
DR11, Shen 2016, S16, Matthews et al. 2021, M21, Mazzuc-
chelli et al. 2017, M17, Shin et al. 2019, S19, Sameshima et al.
2020, S20, Wu & Shen 2022, WS22, Trefoloni et al. 2023, T23,
Deconto-Machado et al. 2023, DM23, Trefoloni et al. 2024,
T25). The EW of UV and optical Fen have been computed by
integrating the best fit models over the wavelength ranges 2,200—
3,090A and 4,434-4,684A respectively. In order to roughly
match the ULAS J1342 luminosity regime, we only selected
sources above 10g(L; gy04 /(erg s71)) = 44.0 for the Fe nyy/Mgu
panel. For the Fe n,,/H 8 panel we applied instead a selection in
H} luminosity, by requiring log(Lys/(ergs™!)) > 43.0. Despite
being the highest redshift measurements of these ratios, our esti-
mates do not show any hint of decrease with respect to lower red-
shift samples. Nonetheless, we caution that several systematic
effects, that we discuss in Appendix E, could dilute a possible
weak evolution. Both the broad line ratios measured in ULAS
J1342 are in line with the values measured above z ~ 2 and
on the upper envelope of the SDSS distribution (the median and
1684 percentiles are shown respectively as a dashed and dot-
ted lines), although some systematics regarding the fitting tech-
nique and the Fen templates hamper a homogeneous compar-
ison among these samples. If these ratios are actually tracing
the BLR metallicity, albeit in conjunction with other parameters,
these measurements testify its lack of evolution up to z ~ 7.5, at
least for the brightest QSOs.

5. Discussion

Despite being already one of the most well-studied high-redshift
QSOs, deep into the epoch of reionisation, the new JWST ob-
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Fig. 9: The Feu/Mgu and Fen/H g ratios of ULAS J1342 (red
star) in the context of the redshift evolution of such ratios, to-
gether with other literature samples. The red "X and +" mark
the values already estimated by Onoue et al. 2020, (020) for
ULAS J1342 adopting the Vestergaard & Wilkes 2001, (VWO01)
and the Tsuzuki et al. 2006, TO6 Fe nyy templates respectively
and a Gaussian line profile for Mg 1. The dashed line marks the
median value of the low redshift SDSS sample from WS22.

servations, obtained within the GA-NIFS programme, revealed
several interesting details about ULAS J1342.

The optical spectrum covering the H 5—[O m1] region revealed
an extremely complex Fe 11 emission, with relatively narrow mul-
tiplet peaks, closely resembling those observed in local Seyfert
1 galaxies (e.g. I Zwicky 1; Phillips 1976; Véron-Cetty et al.
2004). A faithful modelling of such emission proved key to re-
liably subtract the unresolved BLR emission on a spaxel-by-
spaxel basis.

The detection of spatially resolved [O mi] emission on kpc
scales follows those already reported in other high-z QSOs ob-
served by JWST, such as DELS J0411-0907 and VDES J0020-
3653 (Marshall et al. 2023), J1007+2115 (Liu et al. 2024) or
NDWES J1425+3254 (Marshall et al. 2025) at redshifts between
z ~ 6.8-7.5. Here, we detected two [O m] clumpy structures (the
[O ] emitters) as well as a contiguous low-surface brightness
region. One of the [O mr] emitters is close (~4 projected kpc) to
the QSO, to which it appears to be linked by an [O ] bridge,
confirming the on-going interaction between these two objects,
similarly to the system described in Marshall et al. (2025). The
other one appears as a separated system at ~10 projected kpc,
yet still at the same redshift as the QSO. Regarding the extended
[O ] region, the most likely explanation for this component is
a past outflow episode. Although the bulk of the outflow mass
is concentrated within the central kpc, the diffuse component
extends for ~7 kpc, well above the typical galaxy size at these
redshifts. For instance, assuming the typical galaxy size at high
redshift to be described by the log-linear relation estimated by
Morishita et al. (2024), we find a UV half-light radius R ~ 1 kpc.
Based on such a size, we expect this outflow to have already es-
caped the host environment injecting energy and momentum in
the CGM as predicted by cosmological simulations (e.g. Costa
et al. 2014, 2018). As already discussed in Liu et al. (2024) for
J1007+2115, a quasar similar to our target both in terms of black
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hole mass and redshift, the outflow velocities appear sufficient
to exceed the escape velocity. Hydrodynamical simulations for
analogous black hole masses predict the escape velocity from the
halo to be < 1,000kms~! below ~ 1 kpe (Ni et al. 2018), and
the outflow velocities computed for ULAS J1342 make it slightly
able to escape. Outflows piercing through the IGM are also ex-
pected to clear the path for the quasar radiation to escape the
galaxy promoting the ionisation of the surrounding medium and
the formation of Ly o nebulae both predicted (e.g. Costa et al.
2022) and observed around quasars (e.g. Farina et al. 2019).

Combined information from the high- and low-spectral res-
olution data on the nucleus, allowed the black hole mass and lu-
minosity of the QSO hosted in ULAS J1342 to be robustly con-
strained. In addition to the black hole masses estimated via the
usual virial calibrations, we employed a SED-fitting approach
to measure Mpy taking advantage of different accretion disc
models. The result is consistent with the virial estimations, also
due to the large systematics rooted in the SE estimates. Interest-
ingly, this approach had already been attempted on ULAS J1342
by Campitiello et al. (2019), who used accretion disc models
to fit the Magellan/FIRE and Gemini/GNIRS spectra, covering
roughly between rest-frame 1,200-3,000 A, presented in Bafia-
dos et al. (2018). There, the authors obtained black hole masses
in the range log(Mpu/Mp) ~ 8.9-9.6, in broad agreement with
our findings.

In a broader context, our approach to the mass estimate
problem adopting an accretion disc modelling also proved the
capabilities of employing NIRSpec/PRISM observations. Ac-
cretion disc modelling has several key requirements, mostly a
simultaneous (i.e. not taken at different epochs) large wave-
length coverage, with a resolution still high enough to isolate
continuum windows. Because of these requirements, this ap-
proach has generally been tested on relatively small samples
with VLT/XSHOOTER (see e.g. Capellupo et al. 2015; Lai et al.
2023; Wolf et al. 2024) or local samples with an exquisite cov-
erage (e.g. Campitiello et al. 2020). Additionally, the peak of
the accretion disc should be covered by the data. Observations
only covering the vL, ~ v!/? region of the disc SED (generally
falling in the near-UV/optical) would only provide upper limits
to the black hole mass. This technique is also prone to system-
atic effects, such as host galaxy contamination as well as intrin-
sic reddening. However such effects are generally minimised in
the case of luminous blue quasars like ULAS J1342. Our new
low-resolution data fulfilled all these requirements, ultimately
allowing us to derive an accretion disc-based Mpy that is more
tightly constrained than those coming from single-epoch cali-
brations (~ 0.2 dex against 0.4-0.5 dex, see e.g. Shen 2013 and
references therein).

We explored different accretion disc models, namely a cus-
tom made Shakura & Sunyaev (1973) model, a version including
relativistic effects (KERRBB; Li et al. 2005), and also one suited
for high accretion rates where the vertical radiative energy trans-
port is not negligible (SLIMBH; Sadowski et al. 2011). The exact
details of the disc structure are not currently fully understood,
and accretion disc theory fails to explain several observables
such as the variability timescales (see e.g. Lawrence 2018), and
the size (Morgan et al. 2010; Fausnaugh et al. 2016; Jiang et al.
2017), while also the stability of the disc and the details behind
the viscosity are questioned (see Abramowicz & Fragile 2013
for a comprehensive review). However, quasar accretion discs
must be efficient (7 ~ 0.1, e.g. Yu & Tremaine 2002; Shankar
et al. 2008) in order to produce the enormous amounts of light
observed while still abiding by the constraints given by the dis-
tribution of relic SMBH masses, i.e. the Soltan argument (Soltan

1982). Additionally, the temperature profile, ultimately respon-
sible for the steady-state SED, depends on the mass and the ac-
cretion rate, but not on the details of the mechanism providing
the viscosity. This consideration explains why the best fit val-
ues for both luminosity and black hole mass are extremely close
(5 0.1 dex) for all the explored models: to reach the observed
luminosity, an efficient accretion process is required, and such
feature underlies all these models’.

Interestingly, this approach provides evidence for a moder-
ate accretion state for this source (Agqq ~ 0.4). Albeit not strictly
super-Eddington, at such accretion rate the disc is likely thicker
than classical thin discs, and the conditions for the launch of
powerful nuclear outflows (Zubovas & King 2013; Nardini et al.
2015; King & Pounds 2015; Nardini et al. 2019) could be in
place. These strong outflows are then expected to propagate into
the host galaxy, ultimately delivering the feedback (e.g. Sijacki
et al. 2007; Di Matteo et al. 2008; Harrison et al. 2018). Such
an effect must be in place at early times in order to justify the
presence of already quiescent galaxies at z > 3 (e.g. Santini
et al. 2021; Carnall et al. 2023; D’Eugenio et al. 2024; Rus-
sell et al. 2024). Evidence is being collected for strong [O mi]
outflows, clear signatures of this mechanism, being at work al-
ready at z ~ 6 (e.g. Marshall et al. 2023; Yang et al. 2023b; Liu
et al. 2024; Loiacono et al. 2024). The ionised mass outflow rate
detected in ULAS J1342 could in theory exceed the SFR, and ul-
timately deliver significant feedback to its host. There are, how-
ever, large uncertainties on both the SFR and the outflow density
and geometry which prevent us from drawing more certain con-
clusions. We also remind that a large amount of gas could still be
expelled in other phases (cold neutral, molecular), and therefore
the total expelled gas could easily reach, or even exceed, a mass
loading factor of unity.

From a chemical enrichment standpoint, it is interesting to
note that the broad line ratios characterising the BLR of ULAS
J1342 do not appear to deviate from those observed at lower
redshift, as already pointed out in Onoue et al. (2020). Broad
metal line ratios such as Siu/C1v, Sitv/C1v, Alm/C1v, often in-
terpreted as proxies to the BLR metallicity (see e.g. Lai et al.
2022 and references therein), had already been investigated and
compared to other lower redshift samples (z < 4) broadly finding
a lack of evolution. The JWST observations presented here, in
the rest-UV spectral region, previously unexplored at these high
redshifts, highlighted how also the Feng,/Hp ratio, regarded
as a proxy to the BLR metallicity, follows the trends derived
at lower redshift. The seeming non-evolution of Fe 11,,/H S and
Fe myy/Mg 1 line ratios complies with the same findings for other
broad line ratios (e.g. Nagao et al. 2006). Notably, other proper-
ties characterising the broad lines of quasars, such as the EW
(e.g. Croom et al. 2002; Stepney et al. 2023) have also been ar-
gued not to evolve with redshift. Putting together these clues,
there is growing evidence for an early assembly and chemical
enrichment of the BLR in quasars. In particular, as the Fen/H S
traces the enrichment of iron, produced by type Ia supernovae, it
is puzzling to find a Fe emission at z = 7.54 similar to those ob-
served locally. This requires an early onset of the star formation
likely around the epoch of the formation of the luminous galax-

> For slim accretion discs the efficiency itself depends on the accre-
tion rate, however in the range of reasonable accretion rates for quasars
(i.e. 0.01 < Agg < 10), the accretion process remains efficient (see
e.g. Fig. 9 in Sadowski 2009). We also explored if an accretion rate de-
pendent efficiency could change the accretion parameters derived here
adopting, for instance the prescriptions in Abramowicz et al. (2010), but
found negligible differences.
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ies at very high-z or, alternatively, conspicuous Fe production by
alternative channels such as pair-instability supernovae.

An early chemical enrichment in QSOs is consistent with
these sources residing in overdensities of the cosmic web (Can-
talupo et al. 2014; Farina et al. 2017; Balmaverde et al. 2017;
Ota et al. 2018; Garcia-Gonzdlez et al. 2017), which likely trace
the most advanced stage of the galactic evolution at every red-
shift. This also provides a key justification for the luminosity—
metallicity relation (L-Z relation; Hamann & Ferland 1993;
Dietrich et al. 2003b). Alternatively, the parameters ultimately
defining the cloud properties (e.g. the electron density, the
column density, the covering factor, the ionisation parameter)
should vary in such a way to keep the line properties constant.

6. Conclusions

In this paper we analysed the new JWST/NIRSpec-IFU high- and
low-spectral resolution observations of ULAS J1342, the second
farthest QSO known so far. Our main findings are listed below:

— By employing several emission lines, including the bench-
mark Hp, and different SE scaling relations, we estimated
the black hole mass for this source which ranges between
logMpu/Mg) = 8.6 — 9.3 with a systematic uncertainty of
the order of 0.4-0.5 dex. We also estimated Mpy using an al-
ternative approach relying, for the first time with JWST data,
on an accretion disc modelling approach. This approach pro-
vided a black hole mass of log(Mpy/Mg) = 9.2 + 0.2 where
the associated uncertainty is significantly smaller than that
of single-epoch calibrations (0.2 dex against 0.4-0.5 dex).
Here, we highlight that low-spectral resolution data of z > 4
quasars allow for a clear description of the disc emission,
therefore unlocking a new powerful way to investigate the
masses of primeval quasars.

— By combining the black hole mass with the estimated bolo-
metric luminosity, we derived a sub-Eddington accretion
state (Agqq ~ 0.4). Postulating an Eddington limited accre-
tion, already over by the time of observations, the black
hole seed should have been of the order of ~ 10°~10° M, at
z ~ 15-25. This mass range falls in the heavy seeds regime.

— The low-resolution data revealed the presence of extended
[Om], as well as two morphologically distinct [Omi] emit-
ters in the field of view, one of which in seeming interaction
with the QSO galaxy. The extended [O m] halo reaches as far
as ~7 kpc from the nucleus. This structure is possibly trac-
ing an outflow, a prospect suggested by the broad kinematics
revealed by the high-resolution data, while another brighter
[Om] outflow is detected in the nuclear region. The non de-
tection of a high [O m]/[O 1] ratio in the extended [O m] re-
gion argues against a massive presence of shocks in this re-
gion. The combined mass outflow rate spans the range 50—
300 M, yr~! depending on the assumed density, and could be
three times higher if the outflowing gas has a constant aver-
age volume density. These values overlap, in part, with those
estimated for the star formation rate. Therefore the ionised
mass expelled by the outflow could ultimately quench the
star formation as early as during the epoch of reionisation.
Additionally, a significant amount of mass and energy could
be carried by other phases (e.g. fast nuclear, neutral, molecu-
lar) so that the total outflowing gas mass could easily surpass
that consumed by star formation.

— We found that several line ratios involving both optical and
UV Fen (Fe /Mg and Fe /H 8, measured here for the first
time at z > 7), widely employed to trace the BLR metallicity,
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are consistent with the average values observed at lower red-
shifts despite being produced at remote cosmic times. This,
hints at an early chemical enrichment of BLRs in the first
generation of quasars.

The analysis presented here on ULAS J1342 demonstrated,
once again, the tremendous amount of information accessible
only through JWST. Despite being one of the most well-studied
QSOs at high redshift, the new observations presented here re-
vealed key features so far inaccessible. In particular, the syn-
ergy between the high- and low-spectral resolution observations
proved key, both to detect the extended ionised gas halo, to
perform the AD modelling and to robustly determine the gas
kinematics. This work demonstrates how the new capabilities of
JWST allow self-consistently linking the nuclear and the galactic
scales even as early as the epoch of reionisation.
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Appendix A: Previous studies

The multi-band properties of ULAS J1342 as well as its close
environment have been the subject of several investigations.
Ground based infrared spectroscopy of ULAS J1342 targeted
the rest-frame UV wavelengths, allowing the detection of broad
lines (e.g. MguA2798, C1vAa1549) suitable for estimating the
black hole mass. In particular, the black hole mass based on Mgt
SE calibrations is around 10° M, with slight differences depend-
ing on the calibration employed and on the UV Fen template
adopted in the fitting procedure (Bafiados et al. 2018; Onoue
et al. 2020). Interestingly, the rest-frame UV spectral properties
(continuum slope, line ratios) of ULAS J1342 align with typical
values derived at lower redshifts (Onoue et al. 2020).

ULAS J1342+0928 is also one of the few X-ray detected
sources at z > 7. It was first observed with Chandra in a
45.1 ks campaign in 2017 (Bafiados et al. 2018), and again for
208 ks with XMM-Newron in 2021 as part of the HYPERION
XMM-Newton Heritage program (Zappacosta et al. 2023; Tor-
tosa et al. 2024). These different observations measured consis-
tent hard X-ray (between rest-frame 2—10 keV) luminosities, in
particular 13.02‘:2 x 10% ergs~! in Bafados et al. 2018 against

17.13:(1) x 10 erg s~! in Zappacosta et al. 2023. Yet, the photon
index (I') was found to be steeper (at ~ 1.4 o) in the latter work

(I = 2.87*033 against I' = 1.957033).

Taking advantage of NOEMA observations and employing
the [Cu]158um-SFR scaling relations, Venemans et al. (2017)
classified ULAS J1342 as a highly star-forming galaxy, with
a SFR in the range 85-545 My yr™! and a dynamical mass
< 1.5x 10" M, Similar results concerning the host galaxy SFR
were obtained using ALMA observations of the dust continuum
(SFR = 150 + 30 Mg; Novak et al. 2019). Further ALMA ob-
servations, centred on the [Cn]158um emission line (Bafiados
et al. 2019), revealed the presence of two morphologically sep-
arate peaks and chaotic motions of the cold gas on kpc scales
around the central quasar, suggesting an on-going galaxy merger
whose gas reservoir is feeding the central quasar. Before the ob-
servational campaign described here, JWST/NIRSpec observed
this source in the fixed slit mode in both the G140H/FO70LP and
G235H/F170LP configurations. These observations were em-
ployed to study the absorbers along the line of sight to the quasar
and investigate the evolution of the metal enrichment up to the
epoch of reionisation in Christensen et al. (2023).

Appendix B: Prism HB-[O ] region fit

Here we show the spectral fit of the integrated prism spectrum
extracted from a 6x6 spaxels region centreed at the QSO loca-
tion in the HB-[Om] region. The best fit model for the broad
components and the continuum was employed for the PSF sub-
traction on a spaxel-by-spaxel basis.

Appendix C: High resolution spectra of the [O 1]
emitters

Here we show the high resolution spectra of the [O m] emitters
detected in the field of view of ULAS J1342. In addition to the
already shown spectra of the nuclear and extended [Om] halo,
here we display those of the regions labelled as ‘NW’, and ‘N’
in Fig. 4.
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Fig. B.1: Spectral fit of the H8—[O m] region of the low resolu-
tion data. The spectrum was extracted from the same region as
the one shown in Fig. 2. All of the model components are colour-
coded as in the legend.
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Fig. C.1: Spectral fit of the high resolution spectrum extracted
from the ‘NW’ [O 1] clump. The dotted lines mark the expected
wavelengths of the [O m] lines at the redshift of the QSO.

Appendix D: [01]43728 map

In this section, we show the flux map obtained by collapsing
the low-resolution data-cube at the wavelengths covered by the
[0 1]A43726,3729 ([Om]A3728 for simplicity). The spatial dis-
tribution of this line is shown as dashed contours. There, it can be
seen that, while there is a general co-spatiality between the [O mi]
and the [O 1], in the nucleus, and in the other [O m] emitters, this
is not the case for the extended SW region. In principle, the ion-
isation parameter in the [O m] halo can be different from that of
the nuclear region, therefore implying a different [O n1]/[O ] ra-
tio. If we suppose that the ratio between [O 1] and [O 1] (032)
is the same as in the nuclear region, the most likely cause for the
non detection of [O ] along the [Om] plume is the sensitivity.
Assuming the O32 ratio to be the same as in the nuclear region
(~3.1) the expected [O ] flux, given the measured [Om] in the
extended region, would fall below the 20~ contours reported here.
We can use the measured [O m] flux and the [O 1] RMS to set a
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Fig. C.2: Spectral fit of the high resolution spectrum extracted
from the ‘N’ [Om] clump. The dotted lines mark the expected
wavelengths of the [O m] lines at the redshift of the QSO.

lower limit for the O32 ratio which is O32,,;, ~1. This ratio helps
in constraining the properties of the extended [O mi] emission, as
it does not seem consistent with shock-induced photoionisation.
Assuming, for instance the shock line ratios calculated by Allen
et al. (2008), we would expect, for any shock velocity <1,000 km
s~!, to have 0322 1. Therefore shocks do not appear as a main
agent in the photoionisation in this region.
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Fig. D.1: Flux map of the [O1m]A3728 map. Dashed lines mark
respectively 2 and 3 o contours. White contours represent the
same ALMA contours described in Fig. 4. The coloured regions
are the same as in Fig. 4.

Appendix E: Possible systematics on the broad line
ratios

Here we briefly explore the possible systematics affecting the
comparison between the Fe 1i/H 8 and the Fe /Mg 11 ratios shown
in Fig. 9 among different authors. The choice of the Fen tem-
plates plays a key role to estimate the aforementioned ratios. In-
deed, the emission of the individual Fe multiplets, which is fixed
in the case of empirical templates (e.g. Vestergaard & Wilkes
2001; Tsuzuki et al. 2006) constrains the width and the flux of
the Mg and Hp lines (e.g. Shin et al. 2019; Wang et al. 2022;
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Lai et al. 2024), therefore crucially affecting the final ratios. A
more quantitative exploration of this topic is given in Sect. 5.3 of
Shin et al. (2019). Additionally, also the choice of the local con-
tinuum as well as the line profile chosen to model the HS and
the Mg play an important role. Different choices of these pa-
rameters among different works could introduce systematic dif-
ferences. Since the average Fe i/H 8 and Fe ni/Mg 11 ratios do not
appear to clearly evolve with the redshift, it is, however, hard to
speculate that these possible systematics combine in such a way
to exactly counteract an intrinsic decrease in these broad line ra-
tios.

Concerning ULAS J1342, we also highlight that analogous
measurements of the Fe ryy/Mg 1 ratio in this source had already
been performed in Onoue et al. (2020) and Yang et al. (2021).
The difference in the measurements shown in the top panel of
Fig. 9 encapsulates the contributions of the different assumptions
on the Mg 1 line profile (Gaussian, Lorentzian), the different Fe i1
templates employed in the fit, as well as the possible (yet minor)
effect of variability.

Appendix F: The effect of extinction

The presence of gas and dust along the line of sight within the
BLR and/or the host galaxy could bias our estimates of black
hole mass and bolometric luminosity. In the case of the AD mod-
elling, assuming a non-greybody like extinction curve, reddening
would make the observed SED dimmer and redder (i.e. colder)
than the actual one. This would translate into a lower disc lumi-
nosity and a higher black hole mass than the intrinsic. Notwith-
standing the points presented in the main text argue that redden-
ing is not a major issue for our source, we attempted to estimate
how the possible presence of reddening would alter our My and
Lyor estimates. To this aim, we directly introduced intrinsic red-
dening in our AD modelling.

The magnitude of the extinction might be degenerate with
both Mgy and Ly. As we wish to avoid unphysically high val-
ues of E(B-V), inconsistent with the previous considerations, we
need to inform our fitting routine about the E(B-V) distribution
actually observed in blue QSOs. We achieved this by taking ad-
vantage of the QSO compilation assembled in Krawczyk et al.
(2015), who explored the distribution of reddening in ~35,000
sources between 0 < z < 5.3. In brief, we selected all the sources
in their sample between +0.25 dex from the L; o)1 measured in
ULAS J1342 (~ 1,630 sources) and computed the E(B-V) dis-
tribution. We then fitted the E(B-V) distribution, only includ-
ing positive values® using a half Gaussian function. We used
these distributions as priors for the E(B-V) values entering in
the model likelihood. A Small Magellanic Cloud (SMC) extinc-
tion curve has been found to well reproduce the outliers in the
QSO colour distribution (e.g. Hopkins et al. 2004; Krawczyk
et al. 2015), therefore we adhered to such prescription. We used
the ‘G24_SMCAvg’ extinction curve from the Python package
‘dust_extinction’ (Gordon 2024) with a total-to-selective ratio
of Ry = 3.0 (Gordon et al. 2024) to redden the intrinsic SED
and proceeded to perform the AD fits in the same way as de-
scribed in the main text. The accretion parameters slightly shift
to log(Mpy/Mg) = 9.0+ 0.4 and log(Lpo /Le) = 47.0+£0.3. Asa

¢ Negative E(B-V), would imply sources with a bluer continuum than
the one assumed to be unextinguished. Albeit such sources are inter-
esting to understand the shape of the unobscured continuum, including
those sources would make the average E(B-V) slightly smaller. Because
of this, our approach to avoid such objects gives more conservative con-
strains on the fitted parameters.
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result of the mild decrease in Mgy and the increase in Ly, Agqq
increases to 0.8, yet ULAS J1342 remains below the Eddington
limit.
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