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ABSTRACT

Quasars (QSOs) emit an enormous amount of light as a result of the accretion of gas onto supermassive black holes (SMBHs). Thanks
to their luminosity, the most distant known QSOs allow us to trace the growth of SMBHs deep into the epoch of reionisation. In this
work, we employed JWST/NIRSpec observations of eight luminous (10g(Lso04/(ergs™")) >45.7) QSOs at z>5.9 to constrain their
accretion properties, namely black hole mass, accretion disc (AD) luminosity, and Eddington ratio (Mpy, Lap, Agqa), by fitting the rest-
frame UV and optical emission with different AD models. This method provided self-consistent measurements of both Mgy and Lap.
The uncertainties on Mgy and Lap, obtained within the AD-modelling framework (U@EH ~0.2 dex; 0'12,]30 ~0.1 dex), are significantly
smaller than the systematic uncertainties associated with single-epoch Mgy (~0.4 dex) and Lap derived via bolometric corrections
(~0.2 dex). Based on these results, in our sample we found an average Eddington ratio of (log(Agqq)) =—0.9, with a dispersion of
~ 0.2 dex. Assuming that our high-z QSOs are representative of optically-selected bright blue QSOs, we derive a fraction of systems
accreting above the Eddington limit of ~0.2%. In conclusion, this work i) demonstrates the suitability of JWST to test AD models
on high-redshift (z > 4) QSOs, thanks to the large NIRSpec spectral coverage; ii) shows that AD modelling can yield robust Mpy and
Lap measurements, with smaller uncertainties than the typical calibrations; and iii) provides compelling evidence for sub-Eddington
accretion in bright high-z QSOs, challenging the widespread paradigm of near- or super-Eddington accretion occurring in these
sources.
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1. Introduction

Accretion of gas onto a supermassive black hole converts gravi-
tational energy into radiation. If this process, occurring through
an accretion disc (AD), is efficient, the huge energetic output re-
leased in the nuclear region of a galaxy gives rise to an active
galactic nucleus (AGN), with quasars (QSOs) belonging to the
brightest end of the AGN luminosity distribution.

Because of their incidence and brightness, broad-line AGN
can be observed up to extremely high redshifts (z>8.5; e.g.,
Kokorev et al. 2023; Taylor et al. 2025; Juodzbalis et al. 2025a),
possibly as high as z~11 where the direct detection of broad
lines in GN-z11 (Maiolino et al. 2024) is still debated. At the
same time, the farthest QSOs have been detected at z ~7.5-7.6
(Bafiados et al. 2018; Wang et al. 2021), when the Universe was
only 0.7 Gyr old. The presence of SMBHs with masses exceed-
ing 108 M,, at so early cosmic times remains puzzling, as the
pathway to grow such high masses in so little time is largely un-
clear (see, e.g., Inayoshi et al. 2020; Lusso et al. 2022; Fan et al.
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2023, for recent reviews on this topic). In particular, it raises
compelling questions concerning both the mechanisms at work
for this early assembly of SMBHs and the reliability of their
mass measurements.

Reverberation mapping (RM; Blandford & McKee 1982) is
widely recognized as the benchmark technique to estimate BH
masses in AGN, although other approaches have also been ex-
plored in recent years (see, e.g., Gliozzi et al. 2024 for a com-
parison). The RM method relies on the delay between the op-
tical AD continuum emission and the response of broad emis-
sion lines (generally HB; e.g., Peterson et al. 2004). Assuming
that the clouds orbiting in the broad-line region (BLR) are viri-
alised, it is ultimately possible to infer the BH mass based on the
BLR radius and cloud velocity. However, RM is extremely time-
and resource-consuming, and can only be applied to broad-line
AGN with significant continuum variations on relatively short
time-scales (see, e.g., Shen et al. 2019a, and references therein).
Because of these limitations, the number of AGN where RM has
been successfully performed is of the order of a few hundreds
(e.g., Shen et al. 2024), yet many more are expected in the next
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years as part of the on-going ‘Black hole mapper’ programme
in the recently started Sloan Digital Sky Survey V (SDSS-V;
Kollmeier et al. 2019; Almeida et al. 2023).

A more ‘economic’ BH-mass measurement method is based
on the tight relation, with a scatter of <0.2 dex (Kaspi et al.
2005; Bentz et al. 2009a), between the BLR radius and the
monochromatic disc luminosity (the R—L relation; Kaspi et al.
2000). Such a discovery allowed the use of the monochromatic
luminosity — or, equivalently, the line luminosity — as a proxy for
the BLR radius, enabling the calibration of ‘single-epoch’ (SE)
black-hole mass measurements, whereby a single spectrum can,
in practice, provide an estimate of both the key ingredients to
derive Mgy, namely the BLR radius and the rotational velocity
(parameterized by the second moment of the line profile or the
full width at half maximum — FWHM; e.g., Vestergaard & Pe-
terson 2006, and references therein). Consequently, SE calibra-
tions have been widely employed to estimate the BH masses of
moderately luminous broad-line AGN, as well as of bright QSOs
(e.g., Shen et al. 2011; Rakshit et al. 2020; Wu & Shen 2022).
Despite their wide applicability and convenience, non-negligible
systematic uncertainties affect the resulting BH mass estimates
(see, e.g., Shen 2013, and Appendix A for a more detailed dis-
cussion). Examples of such uncertainties are the unknown geom-
etry of the BLR (key to reliably estimate Mgy), the inclination
of the line of sight to the BLR, the differential line/continuum
variability, and the non-Gaussianity of the line profile, just to
mention some. The complicated dynamics of the BLR, possi-
bly also affected by a non-virialised component (i.e., an outflow;
Pancoast et al. 2014), and the effect of radiation pressure on the
BLR clouds (e.g., Marconi et al. 2008), exacerbated in the case
of bright sources (e.g., Fries et al. 2024), are additional reasons
for concern. The combination of all these limitations led to even
question the extrapolation of SE calibrations to the luminosity
and redshift regimes of bright QSOs (Bertemes et al. 2025).

While other techniques, such as dynamical methods (e.g.
Ferrarese & Ford 2005) are practically unfeasible for large sam-
ples at high redshift (but see also Juodzbalis et al. 2025b for a
direct BH mass measurement in an AGN at z ~7), accretion-
disc modelling offers an alternative approach to self-consistently
estimate the accretion parameters underlying the QSO emission
(e.g., Malkan 1983). Indeed, the disc steady-state spectral en-
ergy distribution (SED) is mainly governed by a few parameters,
namely the black-hole mass (Mgy), the accretion rate (M), and
the accretion efficiency (7), which is related to the spin a* (e.g.,
Shakura & Sunyaev 1973; Novikov & Thorne 1973; Page &
Thorne 1974). The combination of the latter parameters gives the
AD luminosity as Lap =n(a*)Mc?. While fitting the observed
SED with AD models entails the obvious advantage of simulta-
neously constraining both Mgy and Lap, this approach has been
generally attempted only on relatively small samples with re-
markable data quality (e.g., Capellupo et al. 2015; Campitiello
et al. 2020; Wolf et al. 2024). This is mostly due to the demand-
ing requirements needed to reliably describe the disc SED. It
is necessary to sample the SED with adequate signal-to-noise
(S/N) near its peak, while covering — ideally simultaneously —
the largest possible wavelength range. The presence of other es-
timates of Mgy and Lap from the SE relations and bolometric
corrections can also provide collateral constraints on the mod-
els.

The new capabilities offered by JWST (Gardner et al. 2006),
revolutionised our knowledge of the early Universe. In partic-
ular, the near-IR coverage delivered by the NIRSpec instrument
(0.6-5.3 um; Boker et al. 2022; Jakobsen et al. 2022) offered, for
the first time, the possibility to observe the HB—[O mi] complex
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with unprecedented sensitivity up to z~9. Recently, Trefoloni
et al. (2025) showed that, leveraging the JWST low-resolution
observing mode with the PRISM/CLEAR coupling, it is possible
to employ AD models to robustly constrain the accretion prop-
erties of high-redshift QSOs. Following their approach, in this
paper we analyse a sample of bright QSOs at 7> 5.9 observed
across the full JWST/NIRSpec wavelength range, to investigate
their accretion properties and to critically compare the robust-
ness of SE- and AD-based results.

Here, we briefly outline the structure of the paper. In Section
2, we describe the dataset employed, while in Section 3 we ex-
plain the analyses performed. We describe our results in Section
4. We discuss our findings in Section 5 in the context of other
similar works, and summarise them in Section 6. Throughout
this paper we adopt a flat ACDM cosmology with Hy = 70 km
s~ Mpc™!, Qx4 = 0.7, and Q,,, = 0.3.

2. Data

Our two-prong approach to estimate the accretion parameters
of high-redshift (z>5.9) QSOs observed with JWST requires
the widest possible wavelength coverage. Specifically, we fo-
cused on datasets that include at least two robustly detected
broad emission lines with available SE calibrations (but avoiding
C1v 41549, as we explain in Sec. 3.2). At the same time, in order
to anchor the AD emission to as many continuum windows as
possible, a spectral coverage from the Lya to the He is desirable.
Hence, here we assembled a compilation of 8 QSOs with pub-
licly available spectroscopic data obtained with JWST/NIRSpec,
probing the rest-frame range between ~ 1,200-6,700 A. At the
redshifts covered by our sample (i.e., well into the reionisation
epoch), the spectral region bluewards of the Lya becomes in-
accessible due to the almost total absorption by hydrogen in
the intergalactic medium (IGM). General information about the
sources, as well as the reference works where their JWST obser-
vations are presented, are provided in Table 1. We refer to those
works for the details about the observing set-ups and the data
reduction. For the sources whose JWST observations have not
been published yet, we used the data available in the Barbara A.
Mikulski Archive for Space Telescopes (MAST), adopting the
standard calibration pipeline (Bushouse et al. 2023). We empha-
size that our sample is rather various and unbiased, as a result
of the heterogeneous selection criteria that motivated the obser-
vations and of the different science cases that these data were
meant to address. We present the selected QSOs together with
other sources observed in several other surveys in Fig. 1.

In the cases where we extracted the nuclear spectrum
from the IFU data-cube (namely J0910—-0414, J1425+3254 and
J2239+40207), the radius of the integration region was chosen to
be 1”70, therefore virtually including all the flux enclosed within
the PSF, whose typical size is of the order of 0”/1 (see, e.g.,
D’Eugenio et al. 2024). In the extraction, with the aim of pro-
ducing 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 emission 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).
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Table 1: Relevant information for the objects in our sample.

Source RA DEC z  log(Lygga/(ergs™) Ref.
J0020-3653  5.131  -36.895 6.860 46.36 Christensen et al. (2023)
JO313-1806 48.433 —18.110 7.642 46.45 Wang et al. (2021)
J0411-0907 62.869 -9.131 6.825 46.51 Christensen et al. (2023)
J0910-0414 137.727 -4.235 6.636 46.64 Wang et al. (2019)
J1007+2115 151.993  21.258 7.515 46.51 Yang et al. (2020)
J1342+0928 205.534  9.477  7.535 46.29 Christensen et al. (2023)
J1425+3254 216318 32.903 5.890 46.18 Marshall et al. (2025)
J2239+0207 339.948 2.130  6.260 45.66 Lyu et al. (2025)

Notes. The Ref. column reports the works presenting the observations considered here. In case no papers concerning these observations have been

produced yet, we report the discovery paper.
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Fig. 1: QSOs presented in this work (red stars) and other QSO
surveys at different redshifts, namely XQz5 (Lai et al. 2024),
7Q100 (Lopez et al. 2016), the Gemini/GNIRS sample of Shen
et al. (2019b), the z ~ 6.3-7.6 sample of Yang et al. (2021), and
HYPERION (Zappacosta et al. 2023). Quasars at z<$2.6 from
the SDSS DR16Q (Wu & Shen 2022) are shown as black con-
tours. Some high-z QSOs are shared among multiple surveys.

3. Methods
3.1. Spectral fits

With the aim of deriving the spectral properties of the most
widely used virial emission lines (Mg 11, H3, Ha)' and the nearby
continuum, we performed a spectral fit of the nuclear spectra
for all our sources. We achieved this by employing a custom-
made Python code, based on the IDL MPFIT package (Mark-
wardt 2009), which takes advantage of the Levenberg-Marquardt
technique (Moré 1978) to solve the least-squares problem.
Broad lines often exhibit complex morphologies, which can
hardly be described by simple analytical functions. The over-
all line profile indeed retains a larger amount of physical in-
formation about the BLR kinematics, traced by spectral signa-
tures such as asymmetries, double peaks, and non-Gaussian tails,

! Calibrations involving the C1v 11549 line are still quite uncertain
(see, e.g., Coatman et al. 2017 for an overview on this topic and the
attempt to correct SE C1iv-based Mpy values), mostly because of the
difficulty in separating the virial from the outflow component. Because
of this, we refrained from employing this line.

rather than a single parameter representative of the line width
(e.g., Flohic et al. 2012; Kollatschny & Zetzl 2013; Storchi-
Bergmann et al. 2017). Also, several SE calibrations call for the
second moment of the line profile (o) to be a more reliable proxy
of the BLR velocity (see Sec. 1.2 in Dalla Bonta et al. 2020) than
the mere FWHM. For this reason, in order to model the broad
line profiles more faithfully, we adopted a two-stage approach.
First, we considered a set of emission line profiles (Gaussians,
Lorentzians, or broken power laws with a Gaussian smooth-
ing kernel) to reproduce as best as possible both the narrow
(FWHM < 1,000 km s~!) and the broad lines (FWHM > 1,000
km s7!), also including the broad Fen emission and possible
outflow components. We modelled the Fe i1 and the narrow lines
(Ha, HB, [Om], with the kinematics of the latter two emission
lines constrained to be the same) in the same way as described
in several other previous works (Trefoloni et al. 2023, 2024a;
Trefoloni et al. 2025), to which we refer the interested reader
for a more thorough description of the set-up. We chose differ-
ent spectral ranges to fit the line complexes close to the emis-
sion lines of interest. The fit was performed roughly in the range
2,200-3,500 A for the Mg 1 line, between 4,200-5,500 A for the
Hp, and between 6,200-6,900 A for the He.

After the best-fit model was derived, we subtracted all the
best-fit components with the exclusion of the broad line of in-
terest (Mg 11, HB, or He, see black line in Fig. 2). This approach
proved successful in isolating the broad-line emission in both
Hp and Ha. In the case of the Mg line, the separation between
the broad and the narrow component is often unclear, especially
in the low-resolution data. Because of this, we performed the
fit of this line adopting both a double Gaussian decomposition
(one broad and one narrow component) and a single Lorentzian.
When estimating Mpy using the Mg calibrations, we present
the results associated with both decompositions. We show an ex-
ample of the best-fit model as well as the individual components
in Fig. 2, while all the others are presented in Appendix F.

At the end of this ‘semi-parametric’ approach, we used the
broad-line profile to measure the line parameters. We consid-
ered the line emission between + 10,000 km s~! from the ex-
pected peak location and directly computed the flux, the first
and second (o) line moments, and the FWHM. Here, we also
performed a spectral smoothing adopting a Gaussian kernel 400
kms~! wide, in order to avoid noise spikes when computing the
line parameters. The width of this kernel is much smaller than
the line width, and therefore does not affect the line o, nor the
FWHM. Performing the same analysis, using the wavelengths
corresponding to the 1% and the 99" percentiles of the line flux
distribution instead, would produce negligible differences in the
line parameters.
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Fig. 2: Spectral fits of Mg, HB, and He lines of J1425+3254. Fluxes are shown in the rest frame. All the components are colour-
coded according to the legend. The remaining spectrum after the best-fit model subtraction is shown as a black line. The dotted lines
show the expected wavelengths for the most prominent emission lines. For the Mgu line here we only show the best fit obtained

assuming a Lorentzian profile.

We estimated the uncertainties on the parameters of interest
by producing 100 mock model-subtracted spectra by randomis-
ing the flux in each spectral channel. Here we neglected the
uncertainty introduced by the subtraction of the best-fit model
components. However, we stress that the ultimate goal of this
procedure is to provide us with estimates of the line parameters
(luminosity, width) or continuum luminosities. Since the typical
uncertainties on these quantities are much smaller than the sys-
tematic uncertainties on the calibrations where we employ them
(0.1 dex against ~0.4 dex), we can safely neglect this addi-
tional source of uncertainty. We report the relevant parameters
derived from the fit, together with the relative uncertainties, in
Table D.1. We note that, for the Mg line of J0910-0414, we
took advantage of the line measurement already performed by
Yang et al. (2021). There, the authors fitted a Gaussian profile to
the data obtained with GNIRS/NIRES, which have a finer reso-
lution (R ~ 700) than the PRISM data.

3.2. Single-epoch Mgy measurements

We employed the line parameters previously derived to estimate
the mass of the black hole powering the accretion in our sample
of QSOs. With the aim of exploring the range of possible Mpy
values associated with different calibrations, we took advantage
of a number of recipes for each emission line. In particular, we
explored calibrations in the form:

log(Mgy) = a + b [log(L) — 44] + ¢ [log(W) — 3], H
where L is the continuum or line luminosity in ergs™' and W
is the line width (either FWHM or o) in kms~'. We adopted
the following calibrations (see also Table E.1): Vestergaard &
Peterson (2006, VP06), Trakhtenbrot & Netzer (2012, TN12),
Bentz et al. (2013, B13), Dalla Bonta et al. (2020, DB20), and
Shen et al. (2024, S24) for HB; Greene & Ho (2005, GHO05),
Woo et al. (2015, W15), Cho et al. (2023, C23), and Dalla Bonta
et al. (2025, DB25) for He; and, lastly, McLure & Dunlop (2004,
MD04), Vestergaard & Osmer (2009, VO09), Shen et al. (2011,
S11), and Shen et al. (2024, S24) for Mg 1. Incidentally, we ac-
knowledge the presence of other prescriptions involving, for in-
stance, the Feu,p/HB or the Fe nyy/Mg ratios (see, e.g., Pan
et al. 2025) as additional terms to account for the effects of the
Eddington ratio on the BLR kinematics, which could systemat-
ically shift (by ~0.2 dex) the Mgy estimates towards lower val-
ues. However, we expect a general agreement between the Mgy
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values, within the (large) systematic uncertainties that similarly
affect the prescriptions above and the ones not considered here.
It is not trivial to determine the absolute accuracy of SE recipes,
because of the several terms contributing to the total uncertainty.
While early works reported overall accuracies of the order of 0.5
dex or higher (e.g. Vestergaard & Peterson 2006), more recent
studies lowered it to ~0.4 dex (e.g. Park et al. 2012; Shen et al.
2024). For the remaining of this work we will assume a system-
atic uncertainty on SE Mpy estimates of ~0.4 dex. We discuss

the magnitude of this uncertainty in greater detail in Appendix
A.

3.3. Bolometric corrections

A bolometric correction (kpo;) offers a convenient way to esti-
mate the bolometric luminosity in sources whose entire SED is
not known. From an observational standpoint, bolometric cor-
rections are calculated on (relatively small) samples with an
exquisite panchromatic coverage, and then applied to sources
with much sparser data (e.g., Richards et al. 2006; Lusso et al.
2012; Runnoe et al. 2012; Duras et al. 2020). Alternatively, they
can be derived from theoretical models, whose free parameters
are possibly tuned to reproduce observations (e.g., Marconi et al.
2004; Nemmen & Brotherton 2010; Netzer 2019). Since the lat-
ter bolometric corrections are based on AD models, similar to
those we employ to derive the accretion parameters (see Section
3.4), we took advantage of the recipes presented in Nemmen &
Brotherton (2010, NB10) and Netzer (2019, N19). These have
the form:

log(Loor) = @ + B log(4L,), 2
where AL, is a monochromatic luminosity at some fixed wave-
length free from strong emission lines. Generally, 4 = 1,350 A,
2,500 A, 3,000 A, 5,100 A are employed, with a preference for
3,000 A as it is less prone to host-galaxy contamination than
5,100 A, and less affected by possible dust (and gas) flux atten-
uation than the options at bluer wavelengths. For this reason, we
used the 3,000—/0% luminosity, with @ =9.24, 9.80 and 8=0.81,
0.80 from NB10 and N19, respectively. As done for the sys-
tematic uncertainties on Mpy, we explore in greater detail the
uncertainties related to bolometric corrections in Appendix A.
However, here we anticipate that even though some sources of
uncertainty can be shared by Mgy and Lp calibrations (e.g., the
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inclination of the line of sight to the AD and BLR), the system-
atic uncertainties on Lap are typically much smaller than those
on Mgy (~ 0.2 dex against ~ 0.4 dex). Therefore, whenever Lap
is combined with Mgy to estimate Agqq, in case of little or no
covariance the contribution of Lap to the total uncertainty be-
comes negligible. In the following, we will assume an average
uncertainty on Lap estimated via bolometric corrections of 0.2
dex.

3.4. Accretion-disc modelling

Accretion-disc modelling offers a viable alternative to esti-
mate the accretion parameters underlying the QSO phase (e.g.,
Malkan 1983; Shang et al. 2005; Capellupo et al. 2015; Campi-
tiello et al. 2018; Cheng et al. 2019; Campitiello et al. 2019; Lai
et al. 2023; Wolf et al. 2024; Trefoloni et al. 2025). This ap-
proach requires fairly demanding observational conditions com-
pared to the SE method, such as a wide (possibly simultaneous)
coverage of the QSO SED also probing the peak of the UV emis-
sion, with a spectral resolution high enough to disentangle con-
tinuum windows from emission lines. However, if these require-
ments can be met, systematic uncertainties are greatly reduced.
By providing a large simultaneous coverage of the rest-frame op-
tical and UV SED of QSOs at the epoch of reionisation, JWST
stands out as the only facility suited to pursue this effort on the
high-z sources analysed here.

Notably, at these high luminosities, we can neglect the pos-
sible presence of galactic contamination at optical wavelengths.
Indeed, the flattening of the continuum at optical wavelengths
(124,200 A) generally associated to the host galaxy (e.g., Van-
den Berk et al. 2001) is not observed in any of our targets. For a
quantitative comparison, both Jalan et al. (2023) and Ren et al.
(2024) propose that sources above log(Ls;q,/erg s =454
have less than 10% of host galaxy contamination at 5,100 A,
and our sources have log(Ls; 4 /erg s™!) =45.4-46.4.

For the AD modelling, we isolated the continuum emission
in small spectral windows (~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 consists of the blend of
the Fenn pseudo-continuum and the Balmer continuum. In par-
ticular, the continuum anchor points are centered at 1,475 A,
1,690 A, 1,810 A, 2,150 A, 4,035 A, 4,685 A, 5,130 A, 5,655
A, 6,020 A, and were tuned to avoid broad absorption features
and/or noise spikes. Adding a further continuum point close to
the Lya at 1,350 A does not change the best-fit estimates of Mgy
and Lap, as the presence of the broad component of this line
as well as other fainter lines (Ne VA1240, Sin11262, 0111302,
Cu1335) hampers a proper determination of the continuum. We
also introduced a 5% uncertainty factor in the continuum points
to account for the JWST/NIRSpec flux calibration uncertainty.

The AD modelling framework follows closely that already
described in Trefoloni et al. (2025), to which we refer for fur-
ther information. Here, we only highlight the main differences
with respect to that work. We implemented the general relativis-
tic corrections derived in Novikov & Thorne (1973) and Page &
Thorne (1974, see their Eq. 15n) to the geometrically thin and
optically thick accretion disc described by Shakura & Sunyaev
(1973). We refer to this as the NPT74 model. In order to allow
for different mass-to-light conversion efficiencies, we included
the dimensionless spin parameter a* as a free parameter. We
also accounted for the disc inclination by introducing a simple
wavelength-independent term f(60) = cos8(1 + dcos6)/(1 + d),
where d is the limb-darkening factor. Here we chose d =2 (e.g.,

Netzer & Trakhtenbrot 2014; Capellupo et al. 2015; Netzer
2019), which is well suited for an electron scattering atmosphere.
As complementary approaches, with the aim of including other
general relativistic corrections, we also fitted the data employ-
ing 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 accounts in-
stead for the possible thickening of the accretion disc at high
accretion rates (Sadowski 2009)?. Again, we refer to Trefoloni
et al. (2025) for more details about the implementation of the
fitting procedure and the model averaging. The best fit estimates
of both Lap and Mgy only exhibit minor differences between
the different models, with deviations of <0.1 dex on average.
Even assuming this value as a systematic uncertainty on both
parameters our conclusions would be largely unaltered. We also
mention that the posterior distributions do not constrain a* and 6.
Hopefully, the future availability of statistically meaningful sam-
ples of some tens of high-z QSOs with large spectral coverage as
the ones presented here, will allow us to determine — at least on
average — both of these quantities, therefore providing cosmo-
logical simulations of SMBH growth in the early Universe with
key ingredients.

As a further test of the reliability of our fitting approach, we
also employed the ‘BADFit’ routine (Lai et al. 2023; Lai 2023)
to independently estimate Lap and Mpy, using both the KER-
RBB and the SLIMBH models within a Bayesian framework.
We find a generally good agreement, with an average deviation
for My and Lap negligible with respect to the typical uncertain-
ties. We show the comparison of the distributions of the residuals
between our best-fit models and those derived with ‘BADFit’ in
Appendix B.

4. Results

We employed the accretion parameters, derived for each source
according to different recipes, to investigate the average proper-
ties of our sample of QSOs. In particular, we derived the Mgy,
Lap, and Aggq distributions and performed additional tests to take
into account the possibility of intrinsic reddening, which could
bias our estimates.

4.1. Mgy distribution

In Fig. 4, we present the comparison between the Mgy values de-
rived according to the different SE prescriptions employed and
the one derived via the AD modelling. When using the DB20 and
DB25 calibrations, we explored the results obtained from using
both FWHM and o as proxies of the BLR velocity. Also, when
taking advantage of the Mg line, for which the distinction be-
tween the narrow and the broad components is not univocal, we
tested the outcomes of employing the broad component derived
from a double-Gaussian (one broad and one narrow) fit, and from
a single, broad Lorentzian profile.

In general, Mgy as measured from AD fitting is close to
the centre of the SE-based mass distribution. An interesting
outcome is the scatter in the SE Mpy values even for the same

2 Due to the lack of a systematic X-ray coverage of our sample, we
refrained from adopting also models that self-consistently couple the
accretion disc and the X-ray corona (e.g., QSOSED; Kubota & Done
2018). For the sake of simplicity, we also avoided exploring more elab-
orate models such as those coupling AD and BLR (e.g. Hopkins 2024)
or with extreme magnetic fields (magnetically-arrested discs; MADs,
e.g. Tchekhovskoy et al. 2011).

Article number, page 5 of 19



A&A proofs: manuscript no. main

1425+3254

T 1 T 1T | —
1 1 1
1 1 1
! ! '
1 1
: , l NPT74
30+ ! !
i i I KERRBB
1 1
= - ; [l sLIMBH
(V)]
o =
(]
< 10+ 3V
O F b/(\‘
— =
— H s . 9
< 1 = b@r
'_<I i 1 =L b‘b‘_
: : S |
H H b?"g
—— Spectrum ! ! c).b* _ . — 1
. ] 1 ™
3+ BeSt.fIt i i ¥ & oY o° \99 &0?’ b‘b‘g b@’?‘b‘("?’ &\'}
| @ Confinuum 4 l0g(Mat) 109(Loor)
1000 1500 2000 3000 4000 5000 6000

rest-frame A [A]

Fig. 3: Left: Accretion-disc modelling of J1425+3254. The continuum points employed in the fit are marked as cyan dots. The
shaded bands represent the 16"-84'" percentiles of the distribution of 10,000 randomly extracted best-fit models. The dashed lines
mark the broad emission lines (Mgu, HB, Ha) used to compute Mpy via SE relations. The shaded area highlights the region
bluewards of Lya, affected by IGM absorption and thus excluded from the fit. Right: Joint posterior distribution of My and Lap.

line, essentially reflecting the diversity in the calibrations, also
depending on the adopted broad-line profile, as in the case of
Mg 1. For any given source, the same line yields results spanning
~ 1 order of magnitude. Black-hole masses estimated using the
DB20 calibrations for HB tend to be higher than the other ones,
while the VP06 and TN12 ones are generally closer to the AD
value. This is in large part due to the virial factor log f =0.683
adopted by DB20 (after Batiste et al. 2017) for both FWHM
and o. This value is larger than those adopted in W15 and C23,
who chose log f equal to 0.05 for FWHM- and 0.65 for o-based
Mpgy. More specifically, the mean deviations in dex between
the AD and SE estimate as a function of the SE calibrations
are: —0.2 (VP06), —0.1 (TN12), —0.2 (B13), 0.2 (DB20, with
FWHM as line width), and 0.5 (DB20, with o). The full list of
the deviations can be found in Table E.1. On the other hand,
masses based on Mg appear to be more clustered, as testified
by the smaller scatter in the deviations (see column 8 in Table
E.1). Possibly, this is due to the fact that these are not actually
independent calibrations, as most of them are basically anchored
to the HB SE calibrations. Mg n-based masses obtained adopting
a Lorentzian profile appear to provide values slightly more
consistent with the other estimates, while the Gaussian ones
tend to overestimate the AD mass. In contrast, in J0020-3653
the mass obtained with the Gaussian profile is a better match to
the AD one. While in the latter case a Gaussian profile might
truly be more suitable to reproduce the emission line, this source
could also be moderately reddened (see Sect. 4.4). Therefore,
the actual mass could be overestimated by the AD model and
underestimated by the SE recipe because of the extinction of the
3,000—/0\ luminosity. We also note that, since the FWHM of the
Lorentzian profile of J2239+0207 is close to the PRISM spectral
resolution at the corresponding wavelength (~ 6,000 km s~! at
2.03 um), the actual line width is uncertain, possibly causing the
mismatch with the AD estimate. The Her line was not covered
in JO313-1806, J1007+2115, and J1342+0928, while Mgn
was affected by a strong BAL in J0910-0414, therefore no fits
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were performed for these lines in these sources. We also stress
that most of the calibrations derived from samples with RM
measurements (VP06, B13, W15, DB20, C23, DB25) were de-
rived for sources in the luminosity range 42 <log(Ls o 4) $45,
with few of them reaching L g0z ~ 10* ergs~!, while most
of our sources are at the higher end of (or above) this interval.
Therefore, the direct extrapolation of these recipes to our targets
could be questionable, due to a different impact of the radiation
field, for instance. Reverberation mapping campaigns on bright
QSOs will be key to assess their validity (e.g. the *Black hole
mapper’ project, Kollmeier et al. 2019). In what follows, we
will assume the TN12 calibrations as our reference ones, since
they show the best agreement between AD and SE mass values.
While this does not necessarily mean that the TN12 calibration
is intrinsically the most accurate one, any other choice would
imply a larger average bias between the AD and the SE masses.

4.2. Ly distribution

In the bottom right panel of Fig. 4 we show the Lap values de-
rived with our AD modelling and those estimated using the &y,
prescriptions from N10 and N19, specifically their 3,000-A one.
In the latter works, the authors adopted an average inclination of
56° for their calculations; hence, for the sake of a fair compari-
son, we re-run our fits after fixing the inclination to that value,
since this parameter was basically unconstrained previously. We
note, in general, a good agreement, with a mean deviation of, re-
spectively, 0.05 and 0.07 dex for the N19 and the N10 k) values,
well below the systematic uncertainty. We therefore adopted the
N19 calibration as the fiducial one. We note that choosing the k|
values provided for other wavelengths (e.g., 1,350 A, 5,100 A)
would have produced a slightly lower agreement, yet still within
the uncertainty.
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Fig. 4: Top left, top right, bottom left: comparison between the Mpy values estimated from SE calibrations and AD fitting for
each QSO. Different colours and symbols represent different prescriptions as listed in Table E.1. Only the fiducial TN12 and N19
calibrations are shown with full coloured symbols. In the case of the DB20 and DB25 calibrations, we employed their recipes for
both FWHM and o of the line. For the Mg calibrations, we used the broad Gaussian (gau) as well as the Lorentzian (lor) line
widths. The AD estimate is marked by a magenta star across all panels. Measurement uncertainties are typically smaller than the
point size. The errorbar in each panel highlights the 0.4 dex systematic uncertainty (see Section 3.2). Points are slightly shifted
horizontally for visualisation purposes. Bottom right: comparison between the Ly, values estimated from bolometric corrections
and AD fitting for each QSO. The systematic uncertainty of 0.2 dex is shown as an errorbar on the left. The worst agreement is
found for J2239+0207, for which the discrepancy with respect to the N19 expectation is 0.25 dex.

4.3. The Agqyq distribution

We combined our best estimates obtained for Lyp and Mgy us-
ing, respectively, the fiducial k., and SE calibrations (we will
refer to the latter as the calibrated Lap and Mpy), and AD fitting
to evaluate Agqq in our sources. We show these distributions in
Fig. 5. We have already shown in Fig. 4 that if we fix the incli-
nation angle, which is only loosely constrained in the AD fitting
process, our Lap closely follows those derived by both N10 and
N19. When providing the ko value in N19, the author suggests
to decrease the corrections by a factor of ~ 1.4 if the torus has a
realistic covering factor of 0.5, as this implies an average incli-
nation smaller than 56°, and by a factor of ~ 2.5 in case of a polar
line of sight. We therefore reduced ko by 1.4, but it is plausible
that all these sources are observed close to face-on inclinations,
likely because of selection effects. This possibility has also been
suggested by studies on the CO kinematics of QSO host galax-
ies (e.g., Carilli & Wang 2006; Wu 2007; Ho 2007), although the
disc inclination does not necessarily align with the CO distribu-
tion in the host galaxy on much larger scales.

The mean values of the Agqq distributions (shown as dashed
histograms in Fig. 5) are (log(Ag4q)) =—0.73 and —0.86 for the
calibrated and AD Agqq, with dispersions of 0.28 and 0.23, re-
spectively. In both cases, the typical uncertainties on the indi-
vidual Ag4q values are not negligible with respect to the spread
of the distributions. Because of this, and with the aim of build-
ing a smoother distribution in spite of the small sample size, we
folded in the final distributions the uncertainties on both Mgy

and Lap. We achieved this by considering the systematic un-
certainties on the calibrated Mgy and Lap, while we employed
the uncertainties on the best-fit values in the case of the AD
ones. In the latter case, part of the systematic uncertainty de-
riving from the limited knowledge of the actual AD model was
already accounted for through model averaging. To this end, we
created two mock samples of 100,000 elements each, by ran-
domising Mgy and Lap using a Gaussian distribution whose
standard deviation was set to the systematic (best-fit) uncertainty
for the calibrated (AD) values. We show the distributions ob-
tained in this way as thick-edged empty histograms in Fig. 5.
There, we also show the joint distribution of different works at
z< 1.5 employing AD modelling to estimate the accretion pa-
rameters (Capellupo et al. 2015; Cheng et al. 2019; Campitiello
et al. 2020).

Several interesting features stand out. Although the observed
distributions have similar spreads, once smoothed assuming the
typical uncertainties as kernel widths, the distribution of the cal-
ibrated Aggg becomes fairly large, with a standard deviation ap-
proaching ~ 0.5 dex. This is mostly driven by the large uncer-
tainty on Mpy. As we stated in Sec. 3.3, a systematic uncertainty
of 0.2 dex or 0.3 dex on ky, would not make any significant
difference when estimating the spread of the Aggq distribution.
We also highlight that, albeit after incorporating the systematic
uncertainties the calibrated Agyq distribution exhibits a super-
Eddington tail, the face-value distribution only never reaches the
Eddington limit. With the exception of J0313-1806, which has
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Agaa ~ 0.7, thre rest of the sample shows relatively moderate
accretion rates at Aggq < 0.3.

One of the major consequences of the different spread be-
tween the AD and the calibrated Agyq distributions is the frac-
tion of super-Eddington sources. The calibrated Agqq distribution
has a ~ 8.6% fraction of super-Eddington sources, while the AD
one has ~0.2% only. The latter fraction would be even lower
if the measurement uncertainty could be reduced, with a bet-
ter sampling of the AD peak and complementary constraints on
the spin or the inclination. While the width of the AD Agqq dis-
tribution is also partially affected by the Agqq < 1 cap on the
SLIMBH model, this is unlikely to be the driving factor. In-
deed, the SLIMBH posteriors largely overlap with those of the
other models (see Fig. 3 and Fig. F.1). Lastly, we note that for
Agqa 2 0.3 the disc is expected to thicken (e.g., Abramowicz &
Fragile 2013) and our treatment could not be entirely appropri-
ate, albeit the peak of the best-fit Agqq distribution never reaches
such a value.
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Fig. 5: Distribution of Ag4q in our sample. The dashed histograms
show the best-fit values distributions, while the solid ones are
smoothed for the systematic and statistical uncertainties. Blue
and red lines represent the Agqq distributions derived from cali-
brated SE relations and AD modelling, respectively. In magenta
we present the total Agqq distribution for the joint Capellupo et al.
(2015), Cheng et al. (2019), and Campitiello et al. (2020) sam-
ples at z < 1.5. The cyan histogram highlights the effect of adopt-
ing the Richards et al. (2006) bolometric correction. We also re-
port the super-Eddington (sup-Edd) fractions of our sample ac-
cording to different recipes using the same colour-code as the
distributions.

This resonates with the findings of other works taking ad-
vantage of AD modelling (Capellupo et al. 2015; Cheng et al.
2019; Campitiello et al. 2020) to estimate Mgy and Aggq, al-
beit with slightly different models.? There is not even one source
out of the 73 in those three samples that is implied to accrete at
super-Eddington rate. Here, we also caution that by employing
a constant bolometric correction, such as the widely employed
kvor =5.15 at 3,000 A from Richards et al. (2006), most of our

3 Also Calderone et al. (2013) estimated Mgy on a sample of 23 radio-
loud Seyfert 1 galaxies at z=0.1-0.8, using a method that combined
broad lines and AD modelling. Although slightly different from the
others mentioned here, in that case too the authors found that all their
sources are accreting at Agqg < 0.1.
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sources would result in a near- or super-Eddington accretion
state. In order to give a tangible example of this, we also in-
cluded in Fig. 5 the Agqq recalculated using the above kpo. The
limitations of such an approach are discussed in Appendix A (see
also Trakhtenbrot & Netzer 2012). In brief, a constant bolomet-
ric correction tends to underestimate the actual correction at low
luminosity and overestimate it at the high end (see also Fig. 2 in
Netzer 2019). If such luminosity-independent ky, were adopted,
in combination with the TN12 SE calibration, the peak of the
Agqq distribution would shift upwards by ~ 0.4 dex, and the frac-
tion of super-Eddington sources would increase to ~ 28%.

4.4. 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 Mgy and
Lap. In this section, we present several arguments against this
effect playing a major role in the observational appearance of
our targets.

Concerning the Mpy and Lap calibrations, since both quan-
tities scale with some monochromatic luminosity (or, equiva-
lently, some line luminosity), they would be underestimated with
respect to the actual value in the case of flux attenuation. For
the AD modelling instead, assuming that differential reddening
(i.e., a non greybody-like extinction curve) is present, the ob-
served SED would be dimmer and redder (appearing as a colder
AD) than the intrinsic one. This would produce a lower Lap and
a higher Mgy as a result of the AD fitting. Because of these
combined effects, a significant amount of dust reddening would
produce a systematic trend in the deviations between the Mpy
values calculated according to SE and AD recipes. In particu-
lar, as the magnitude of extinction increases at smaller wave-
lengths, the difference between the SE and the AD estimates
(AlogM = log(Mgg) — log(Msp)) should become more nega-
tive going from He to HB and then to Mgu. We do not observe
this trend.

Although we do not expect our QSO sample to be signifi-
cantly affected by dust, as it consists of some of the most lu-
minous quasars shining in the early Universe, we aimed at test-
ing this hypothesis. Emission line-based methods, such as the
Balmer decrement, would not provide a robust estimate of red-
dening. On the one hand, the narrow-line Balmer ratio only pro-
vides a lower limit to the total extinction along the line of sight
to the nucleus. Additionally, the narrow lines are not easy to dis-
entangle in the case of sources as bright as ours (and with the
spectral resolution offered by the NIRSpec PRISM in half of the
sample). On the other hand, the broad-line Balmer ratio is not di-
rectly interpretable within the case B recombination framework
(e.g. Osterbrock & Ferland 2006). The extreme physical condi-
tions characterising the BLR are such that collisional, optical-
depth, and radiative-transfer effects become important, therefore
altering the simple case B recombination ratio (see, e.g., Korista
& Goad 2004, and references therein).

We thus estimated the amount of dust extinction along the
line of sight by reddening a template made of bright blue QSOs,
which we assume not to be affected by any dust reddening (e.g.,
Glikman et al. 2012; Jiang et al. 2013; Krogager et al. 2016b,a).
In particular, we took advantage of the spectral template derived
in Selsing et al. (2016), made of seven of the most luminous
blue QSOs at 1 <z<?2 observed with VLT/XSHOOTER. This
procedure is analogous to assuming that the modal colours of
the distribution these objects are drawn from are dust free. A
Small Magellanic Cloud (SMC) extinction curve has been found
to well reproduce the outliers in the SDSS QSO colour distri-
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bution (e.g., Hopkins et al. 2004; Krawczyk et al. 2015), hence
we adopted this curve (referred to as ‘G24_SMCAvg’) from the
Python package ‘dust_extinction’ (Gordon 2024) to redden the
adopted template, choosing a total-to-selective ratio of Ry =3.0
(Gordon et al. 2024). We performed the reddening in steps of
0.025 in E(B — V), measuring the spectral slope between the
rest-frame 2,200-1& and 5,500-10\ fluxes, and then estimated the
E(B — V) for each of our sources by means of linear interpo-
lation. The extinction in three out of eight sources turned out
to be negative, implying a bluer continuum than the one of the
adopted template. The mean E(B — V) derived is 0.02 (0.03 ne-
glecting negative values). The largest E(B — V) is 0.08, found
for J0020—-3653. Adopting a different extinction curve (e.g.,
Gallerani et al. 2010) would not produce any appreciable dif-
ference.

We took a step further by directly introducing dust redden-
ing into our modelling framework. We achieved this by tak-
ing advantage 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, also distinguishing be-
tween BAL and non-BAL sources.* In brief, we selected all the
sources in their sample (~ 3,100) within + 1o~ from our average
log(Lsp0 4)» and computed the E(B — V) distributions for both
the BAL and non-BAL objects, as BAL QSOs generally display
redder colours (see, e.g., Yamamoto & Vansevicius 1999). We
then fitted the E(B — V) distributions, only including positive
values using a half-Gaussian function.” We used these distribu-
tions as priors for the E(B — V) values entering the model likeli-
hood, using as starting guess the E(B — V) values derived at the
template reddening stage, and setting the maximum E(B — V) to
0.3. As done for the template reddening, we reddened the disc
SED using the ‘G24_SMCAvg’ extinction curve. Overall, the
inclusion of reddening within our modelling only introduces mi-
nor changes in the average Mgy and Lp distributions, which
shift, respectively, by —0.11 dex and 0.19 dex. As a result, the
average Agqq increases from 0.14 to ~ 0.28, yet it remains safely
below the Eddington limit. Assuming that the discrepancy with
respect to the template is not due to a genuine shift of the peak
due to a different disc temperature, but rather to reddening, if we
exclude the most reddened sources with E(B-V)>0.04 (J0020-
3653, J0411-0907, J2239+0207), the average (Agqq) shifts to -
0.77 while the dispersion shrinks to 0.26. Since the inclusion
of dust reddening acts in the direction of increasing Aggq, OUr
conclusion of predominantly sub-Eddington accretion should be
regarded as conservative.

5. Discussion

The presence of SMBHs when the Universe was less than 1 Gyr
old is apparently puzzling. It is hard to reconcile the observed
black hole masses with the standard accretion picture, unless we
postulate massive seeds to start accreting onto or constant super-
or even hyper-Eddington accretion. In this framework, obtaining
more accurate masses and self-consistently coupling them to the
emitted luminosity is of paramount importance.

4 The bulk of their distribution (~95%) is at redshifts below 3. We
assumed that the E(B — V) distributions for BAL and non-BAL QSOs
can be extended to the redshifts sampled by our work.

5 Negative E(B - V) would imply sources with a bluer continuum than
the one assumed to be unextinguished. Albeit such sources are interest-
ing for understanding the shape of the unobscured continuum, including
them would make the average E(B—V) smaller. Therefore, our approach
to avoid such objects gives even tighter constraints on the possible in-
trinsic reddening.

Despite being the most widely employed, SE-based Mgy de-
terminations mostly suffer from a large systematic uncertainty
inherent to these calibrations. As we explain in detail in Ap-
pendix A, numerous effects concur to make these estimates fairly
problematic: examples of these are the uncertainty on the virial
factor f, the scatter in the R—L relation, the possible presence of
host-galaxy contamination, and the differential line/continuum
variability (see, e.g., Denney et al. 2009; Park et al. 2012), al-
though the latter two should be minimal in case of luminous
QSOs. Moreover, while both the FWHM and o are widely em-
ployed to characterise the width of virial lines, they are not inter-
changeable (see, e.g., Section 1.2 in Dalla Bonta et al. 2020), and
it is not possible to fully encapsulate the line properties in just
one parameter. Adopting simple analytic profiles for the emis-
sion line, such as a Gaussian or a Lorentzian shape, instead of the
direct use of the line profile itself, can lead to several systemat-
ics (e.g., Denney et al. 2009). Even in the case of the benchmark
Hg line, it can be hard to disentangle contaminating agents, such
as the optical Fen, or outflow components, from the virial line
profile (see, e.g., Joly 1988). In some cases (e.g. Mrk 509, PDS
456), the virialisation itself of the BLR clouds has been ques-
tioned, as dynamical modelling of interferometric data revealed
outflow-dominated BLRs (Amorim et al. 2024). In this context,
the ability of accretion-disc modelling to simultaneously con-
strain Mpy and Lap becomes crucial, especially at high redshift,
where RM is unfeasible.

Another viable way to jointly estimate Mgy and Lap in
AGN and QSOs is offered by AD modelling (e.g., Koratkar
& Blaes 1999). This method is not as straightforward and
widely applicable as the SE one, since it relies on a broad
spectroscopic coverage of the Big Blue Bump (Grandi 1982)
that can hardly be obtained with ground-based facilities. In-
deed, most of the works employing this approach resorted to
VLT/XSHOOTER spectroscopy (e.g., Capellupo et al. 2015; Lai
et al. 2023; Wolf et al. 2024), or were instead forced to com-
bine several non-simultaneous, multi-wavelength measurements
(e.g., Campitiello et al. 2020). Additional complications are the
effects of the host-galaxy contamination, especially in the case
of faint AGNs, and of intrinsic reddening, which can both distort
the global SED. Also, in the case of z 0.5 sources, the inter-
vening IGM absorbs a large amount of the flux bluewards of Lya
(e.g., Mgller & Jakobsen 1990), making it virtually impossible to
access the spectral information within that range. Crucially, for
the bulk of the QSO population the peak of the emission is ex-
pected to lie at wavelengths close to or shorter than the Ly« (e.g.,
Cai & Wang 2023). This notwithstanding, AD modelling allows
a self-consistent determination of the accretion parameters, and
it is subject to lower systematic uncertainties. As Lap and Mgy
are simultaneously derived, this approach provides a more ro-
bust treatment of the statistic covariance between Lap and Mgy,
which is key to estimate the Agqq distribution. Moreover, AD es-
timates of Mgy overcome at least two setbacks of the emission
line-based ones, bypassing both the ambiguity of the line pro-
file (i.e., the fact that the component associated with the BLR
emission is not always trivial to determine) and the choice of
the calibration, which is itself another source of arbitrariness. As
RM is unfeasible at high redshift (if anything due to the cosmo-
logical time dilation), and the extrapolation of local SE recipes
presents several critical aspects, AD modelling is arguably the
most sensible method to determine the accretion parameters of
QSOs in the early Universe.

In this work, we showcased how the new capabilities deliv-
ered by JWST/NIRSpec offer a possible route for inferring Mgy
in high-redshift (z > 5) QSOs via AD modelling. Besides demon-
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strating the feasibility of this approach with these new datasets,
the main result of our work is the lack of evidence for super-
Eddington accretion in these sources. Although our targets con-
stitute a somewhat heterogeneous sample, being the collection
of observations with different science goals, their rest-frame op-
tical and UV properties closely follow those of larger samples of
optically-selected blue QSOs at both low and high redshift (see
also Appendix C for a more quantitative comparison). This ar-
gues in favour of our sources being representative of the typical
accretion properties of bright blue QSOs. Super-Eddington ac-
cretion in high-z QSOs might well be possible, but in systems
observationally different from the ones studied here, such as red,
dusty (possibly post-merger) systems where large amount of gas
can be available to fuel the accretion process (see, e.g., Kawakatu
et al. 2007). Yet, such sources would be hard to disentangle in
optical surveys from sub-Eddington accreting QSOs, appearing
as reddened due to the line of sight crossing the dusty torus.

Our results align with those derived from other samples
where Mpy and Lap were self-consistently estimated via AD
modelling (Capellupo et al. 2015; Cheng et al. 2019; Campi-
tiello et al. 2020). Also other works focusing on AD modelling
of individual high-redshift QSOs, such as J2157-3602 at z =4.7
(Lai et al. 2023), J0100+2802 — the most luminous quasar known
— at z=6.3 (Wolf et al. 2024), ULAS J1120+0641 (z=17.1),
DELS J0038-1527 (z=7.0), and ULAS J1342+0928 (z="7.5),
provided evidence for sub-Eddington accretion (see Campitiello
et al. 2019 and Trefoloni et al. 2025. In this picture, the large
fraction of super-Eddington sources, especially found in bright
QSOs (e.g, Mazzucchelli et al. 2023; Yang et al. 2023), possibly
stems from the combination of an overestimation of Lap due to
a fixed bolometric correction and the systematic errors on Mgy
caused by the adoption of local SE calibrations. This suggests
that, if either Lap in QSOs samples were homogeneously re-
evaluated using luminosity-dependent kyo values, or also Mgy
were estimated via AD modelling, a large fraction of the super-
Eddington high-z QSOs would vanish. According to our sample,
the actual incidence of blue QSOs above the Eddington limit
is likely to be ~0.2%, or even lower. Intriguingly, the lack of
widespread super-Eddington accretion, among a large sample of
optically-selected SDSS QSOs (> 100,000 objects), is also sug-
gested by Risaliti, Salvati & Trefoloni (in prep.), who explain the
Baldwin effect (Baldwin 1977) in terms of an optically-thick,
geometrically-thin accretion disc, assuming that most of opti-
cally thin broad lines are good proxies of Lap. As Agqq is one of
the free parameters in their model, the small dispersion found in
the scaling relations across several lines points to an intrinsically
narrow (< 0.2 dex) Aggq distribution peaking at log(Agqq) ~ —0.9.
While the central value is in keeping with the results presented
here, the narrow width of their Agqq distribution, also due to the
larger and more representative sample, implies a remarkably low
fraction of super-Eddington sources.

In general, it is also worth noting that while the Eddington
ratio is a convenient proxy of the accretion state, it only repre-
sents a rather crude approximation of the radiative limit. More
realistically, an Eddington ratio of ~0.2-0.3 could be already
enough to alter the structure of the accretion disc, making it ge-
ometrically thicker (e.g., Abramowicz et al. 1988). In such an
accretion state, only part of the entropy generated locally by dis-
sipative processes is released in the form of radiation, while the
remainder would be advected by the infalling gas. In this regime,
the mass-to-light conversion efficiency is expected to decrease as
a fraction of the photons generated in the disc cannot escape, be-
ing trapped in the radial flow (e.g., Begelman & Meier 1982).
More realistic modelling studies, taking into account the time
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delay between energy generation deep inside the disc and energy
release at the surface, showed that Lyp ~ Lgqq even for supercrit-
ical mass accretion rates (e.g., Ohsuga et al. 2005). This provides
a natural framework in which rapid early SMBH growth can oc-
cur even without invoking sustained super-Eddington luminosi-
ties.

Another way to regulate the accretion rate and prevent it from
reaching values close to or above the Eddington limit is through
the launch of powerful outflows (Slone & Netzer 2012; Laor &
Davis 2014). At Aggg ~0.2-0.3 the radiation pressure on free
electrons can already be enough to sustain nuclear winds with
sizeable mass accretion and mass outflow rates (e.g., Zubovas &
King 2013; Nardini et al. 2015; King & Pounds 2015; Nardini
et al. 2019). The propagation of these winds through the host
galaxies is then expected to result in the injection of energy and
momentum in the inter-stellar medium, yielding the potential to
ultimately deliver an early feedback (e.g., Sijacki et al. 2007,
Di Matteo et al. 2008; Harrison et al. 2018). Such outflow-driven
regulation may be particularly important at high redshift, where
recent JWST observations have uncovered overmassive SMBHs
accreting at extremely low Aggq (e.g2. JuodZbalis et al. 2024Db).
These findings are consistent with models invoking short bursts
of super-Eddington growth accompanied by massive gas expul-
sion and early feedback, followed by extended dormant phases.

6. Conclusions

In this paper, we analysed JWST observations of a sample of lu-
minous quasars at the epoch of reionisation, employing different
recipes to estimate their accretion parameters (i.e., Mgy, Lap,
Agdd)- Our main findings are listed below:

— We adopted a semi-parametric approach to extract the line
profile, in order to estimate Mgy based on several emission
lines (Ha,, HB, Mg ) and Lap based on monochromatic con-
tinuum luminosities. The degree of agreement among the
various estimates depends on the prescriptions employed and
on the assumed proxy for the BLR velocity (FWHM, o).
Most estimates are consistent with each other, if we include
the systematic uncertainty on each Mgy value (of the order
of 0.4 dex).

— We employed several optically-thick accretion-disc models
to self-consistently estimate Mgy and Lap. Although the spin
and the inclination angle remained largely unconstrained, all
the models produced consistent measurements of both Mgy
and Lap. Crucially, the average uncertainties on the best-fit
Mgy and Lap measurements are respectively of the order of
0.2 dex and 0.1 dex, significantly smaller than those asso-
ciated with single-epoch calibrations and bolometric correc-
tions. Both the best-fit values and the magnitude of the un-
certainties are consistent with those independently estimated
via the ‘BADFit’ routine.

— The Agqyq distribution derived from AD modelling has a mean
value of (log(Agqq)) = —0.86, with a relatively small standard
deviation of 0.23 dex (0.32 dex after smoothing the distribu-
tion according to the best fit uncertainties on both Mgy and
Lap). Assuming that the described sample of high-z QSOs
is representative of the entire bright blue QSO population,
we derive a fraction of systems accreting above the Edding-
ton limit of ~ 0.2%, challenging the paradigm of widespread
super-Eddington accretion in quasars at the epoch of reioni-
sation.

The analysis presented here on a sample of quasars at the
epoch of reionisation showcased, once again, the extraordinary
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capabilities of JWST. While the high-resolution spectroscopy al-
lowed us to compute the line kinematics and estimate Mpy ac-
cording to the usual recipes, an equally crucial amount of in-
formation can be gathered from the overall SED captured in
both the fixed slit and the low-resolution modes. In a wider per-
spective, this work showed unambiguously how data collected
with JWST/NIRSpec PRISM and fixed slit could be employed
to robustly constrain the black-hole masses in bright QSOs at
high redshift, therefore offering an alternative to the widely em-
ployed, yet highly uncertain, single-epoch calibrations. Large
spectroscopic surveys adopting this observational setup, also
favoured by the shorter exposures compared to the medium- and
high-resolution modes, could pave the way towards a more thor-
ough understanding of the SMBHs populating the primordial
Universe.
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Appendix A: Discussion about the systematics on
bolometric corrections and SE calibrations

Here we discuss in greater detail the systematic uncertainties af-
fecting both the SE Mgy estimates and the bolometric correc-
tions for Lap. We start with the former. While SE calibrations
provide an extremely convenient way to estimate Mgy, it is also
sensible to understand their limitations and the associated sys-
tematic uncertainties. The largest reverberation mapping cam-
paigns to estimate the time lags between continuum and line
emission have targeted the HB transition (e.g., Peterson et al.
2004; Bentz & Katz 2015) for both physical and technical rea-
sons (see, e.g., Dalla Bonta et al. 2025 for a discussion on why
Hp is preferred over He). Since widely employed Ha and Mgn
calibrations are based on the HB ones (e.g., McLure & Dun-
lop 2004; Greene & Ho 2005; Vestergaard & Osmer 2009; Shen
et al. 2011), their systematic uncertainties should be at least as
large. For this reason, we limit the discussion of systematic un-
certainties to those concerning the HB calibrations, keeping in
mind that all the issues discussed for this line largely affect the
others too.

The virial SE calibrations are derived by requiring the virial
product (1 = V2R/G, where V and R are, respectively, the BLR
rotational velocity and radius) to be the same as that measured
from RM campaigns. Here, V is derived from the line profile,
while the R—L relation is used to estimate the BLR radius.

A crucial uncertainty is that on the virial factor f, which is
generally tuned to reproduce the Mpy—M,; relation computed on
local inactive galaxies. Early works reported a spread by a factor
of ~2.9 (~0.46 dex; Onken et al. 2004). Alternatively, an upper
limit on the uncertainty on f of 0.43 dex has also been derived
from the scatter of the Mgy—M,, relation on a sample of AGN,
assuming this to be representative of the whole AGN popula-
tion as done in Woo et al. (2015). More recently, Williams et al.
(2018) lowered this uncertainty to ojog f = 0.14 +0.10, based on
16 objects with RM data used to derive dynamical masses. Yet,
the latest SDSS RM campaign found a dispersion in f still of
the order of 0.3 dex (Shen et al. 2024). This uncertainty di-
rectly propagates into the uncertainty on RM masses. Further-
more, other sources of uncertainty affect the Mgy calibrations,
such as variability (e.g., Denney et al. 2009), the intrinsic scatter
in the R—L relation (e.g., Bentz et al. 2009b), and the contribu-
tion of non-virial components to the line profile (e.g., Denney
2012; Coatman et al. 2017). All these effects are summarised in
detail, for instance, in Section 1 of Park et al. (2012). However,
the share of uncertainty introduced by these further systematics
is smaller than the one on the virial factor. Lastly, we note that
statistical measurement errors on both L and W, which, for spec-
tra with reasonably good S/N, are well below 0.1 dex, remain a
minor source of uncertainty. In light of these considerations, in
this work we assumed 0.4 dex a fiducial systematic uncertainty
on SE calibrations.

In addition to effects that produce a symmetric spread in the
SE estimates, there are also effects that might introduce system-
atic biases. In this context, the extrapolation of the SE calibra-
tions to the quasar luminosity regime, well above the range over
which they were calibrated, should be treated with caution. With
regard to this, as already noted in Section 4.1, our sample lies at
luminosities higher than those of the low-redshift sources used to
derive SE calibrations (1og(Ls;y4/(erg s71)) < 45.0). Above this
range, the R — L relation may flatten (Amorim et al. 2024), there-
fore undermining the adoption of such recipes in this regime.
A further reason for caution is that SE recipes are calibrated on
a subsample of sources exhibiting sufficiently large variability

to yield robust time-lag measurements. For instance, significant
lags (> 207) were detected in only 125 out of the 714 sources with
observations covering the Mg sample in Shen et al. 2024 and
an even smaller fraction (25/453) was recently reported in Mc-
Dougall et al. 2025. While this may also reflect a non-optimal
time sampling and S/N limitations, it remains unclear how rep-
resentative this subsample is of the global QSO population. For
similar reasons, the adoption of these recipes to estimate Mpy
in AGNs with BLR kinematics and physical conditions possibly
extremely different from local AGN, such as the population of
broad line AGN discovered by JWST (see e.g. Juodzbalis et al.
2024a; Maiolino et al. 2025), or the even more remarkable sub-
population of little red dots (LRDs; Matthee et al. 2024), is, at
least, questionable.

We now focus on the sources of systematic uncertainties
on bolometric corrections. Empirical bolometric corrections are
more robust, being based on observations, and intrinsically in-
corporate the parameter space explored by the joint Mpy and
Lap distributions. Yet, they present several setbacks, such as the
need to disentangle the AGN and the galaxy emission, the con-
tamination from emission lines that needs to be corrected for,
and the poor coverage of the extreme UV (see, e.g., Runnoe et al.
2012). An additional issue is that different authors employ differ-
ent integration limits to define their bolometric corrections. For
instance, Elvis et al. (1994) and Richards et al. (2006) integrated
their entire average SEDs, from the X-rays to the far-infrared.
Instead, Marconi et al. (2004) and Runnoe et al. (2012) limited
their integration up to 1 um, in order to avoid ‘double-counting’
of the disc photons absorbed and re-emitted by the dusty torus in
the infrared. Reiterating the argument already made in Trakhten-
brot & Netzer (2012), both observations and theory provide evi-
dence against a constant bolometric correction. Such corrections
are indeed expected (and observed) to decrease with increasing
optical luminosity, while the opposite is true for the X-ray bolo-
metric correction (e.g., Netzer 2019). Therefore, adopting a con-
stant bolometric correction tends to overestimate the actual Lap
in bright AGN (above Lg; o4 ~ 10% erg s™).

The anisotropy of the disc emission carries a large share of
the uncertainty on k. Since the main source of luminosity in
the rest-frame optical/UV is the accretion disc, whose orienta-
tion with respect to the line of sight is generally unknown, us-
ing an average inclination introduces a systematic uncertainty
on the correction. NB10 estimated the fractional uncertainty on
kvo1, showing that the isotropic assumption can lead to an under-
/over-estimation of the intrinsic luminosity by factors larger than
30%. Also the lack of a precise knowledge of the other accretion
parameters, such as a* and Mpy, contributes to the uncertainty
on k. For instance, the k. value presented in N19, although
calculated with a fixed line of sight of 6 = 56°, still presented
a spread as high as 0.35 dex, as a result of the marginalization
over the unknown parameters. This value is somewhat smaller
in empirical bolometric corrections, which have uncertainties of
the order of 30—40% (~0.15 dex; Runnoe et al. 2012). This is
likely due to the fact that the line of sight does not span a large
interval of inclination angles in broad-line AGN, implying that
the whole parameter space is not practically accessible.

Lastly, we mention that some systematic uncertainties on
both Mgy and Lap derive from the lack of knowledge of the
same physical quantity. For instance, the inclination of the line
of sight affects both parameters. However, if we are interested in
quantifying the resulting spread of the Agqq distribution, the to-
tal systematic uncertainty on Aggg can hardly be lower than that
on Mpy alone. A theoretical effort to self-consistently model the
accretion disc and BLR will be key to evaluate the extent of the
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effects of the possible covariance between the systematic uncer-
tainties.

Appendix B: Comparison between BADFit and our
accretion parameters

As discussed in Section 3.4, we also took advantage of the
Python routine ‘BADFit’ (Lai et al. 2023; Lai 2023) to derive
an independent estimate of both Mgy and Lap. This routine em-
ploys the KERRBB and SLIMBH models and performs the fit in
a Bayesian framework. In Fig. B.1 we show the distribution of
the differences between the Mpy values computed using our cus-
tom fits taking advantage of the KERRBB and SLIMBH mod-
els and those implemented in the ‘BADfit’ routine. In particu-
lar, we define Alog(Mpn) = log(MpH,ous) — l0g(Mpy papFi) and
Alog(Lior) =10g(Liol.ours) — 10g(Lbo1 BaDFit).- The average differ-
ence for Mgy using the KERRBB (SLIMBH) model is —0.001
(0.006) with a standard deviation of 0.032 (0.024). The aver-
age uncertainty on Mgy from our KERRBB (SLIMBH) fitting
routine is 0.205 (0.153). The average difference for Lap using
the KERRBB (SLIMBH) model is —0.063 (—0.053) with a stan-
dard deviation of 0.024 (0.019). The average uncertainty on Mpy
from our KERRBB (SLIMBH) fitting routine is 0.109 (0.094).
Although we find a minor shift in the best-fit Lop value from the
‘BADfit’ routine, this is negligible with respect to the typical fit
uncertainty.

Appendix C: Composite spectra comparison

Here we compare the composite spectrum of the QSOs in our
sample with those of other reference samples of low- and high-
redshift QSOs. The procedure to build the composite spectrum
of our sources follows closely that described in Trefoloni et al.
(2023, 2024a,b), therefore we refer the interested reader to those
works for further details. The only minor difference is that, as the
resolution of the fixed-slit spectra is higher than the PRISM one
(R~2,700 against R~ 100), we rebinned the former to match
the PRISM resolution of R=100 at 3 um, while preserving
the total flux. In Fig. C.1, we show the composite spectrum
of our QSOs with those of other samples of optically selected
blue QSOs (Vanden Berk et al. 2001; Selsing et al. 2016; Shen
et al. 2019b; Yang et al. 2021; Onorato et al. 2025). In addi-
tion, we also show individually the spectra of the ~ 150 optically
blue and X-ray unobscured QSOs, from the sample described
in Lusso et al. (2020), falling within 0.3 dex from the mean
log(Lg0 4/ (erg s™)) of our sample. We highlight that these lat-
ter sources are selected in order to minimise the possible pres-
ence of reddening via a careful UV/optical and X-ray selection
(see their Section 5 for further details). The overall shape of our
composite spectrum closely matches that of the other reference
ones, albeit with a lower spectral resolution. This visual similar-
ity is also quantitatively confirmed by the slope of the continuum
power law joining the 1,350 A and 3,000 A monochromatic lu-
minosities, which is close to the mean of the Lusso et al. (2020)
distribution, as also are those of the other composite spectra. This
similarity argues in favour of our sources being fairly representa-
tive of the typical accretion state and/or the degree of reddening
of bright QSOs.
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Fig. C.1: Main panel: Comparison between our composite spec-
trum and those obtained from other samples (see text). We also
overplot the individual spectra of the blue QSOs from the Lusso
et al. (2020) sample scaled by their 1,700-A monochromatic
luminosity. Inset panel: The distribution of the 1,350-3,000 A
slopes of the luminosity-matched Lusso et al. (2020) sample and
the other composite spectra. The slope of the Shen et al. (2019b)
and Onorato et al. (2025) composite spectra are overlapping.

Appendix D: Emission line properties

In this section we report the emission-line parameters measured
from the spectral fits for the sample in Table D.1.

Appendix E: SE Mgy calibrations

In Table E.1, we gather all the SE calibrations employed in this
work.

Appendix F: Fit atlas

In Fig. F.1 we present an atlas of all the spectral and AD fits to
the QSOs in our sample.
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the two distributions.

Table D.1: Emission-line properties.

1D log(Lypgoa)  10g(Lsig0a) ocHa FWHM Ha o HB FWHM HB FWHM Mgu lor FWHM Mg gau
[erg s [erg s71] [kms™] [kms™!] [kms™!] [kms™] [kms™!] [kms™]

J0020-3653 46.36 +0.02 46.22 +0.01 2629 +16 3184 +35 3290+36 3979+ 114 2326 +49 5010 + 69
JO313-1806 46.45 +0.05 46.25 +0.04 ... 2396 +97 1879 + 77 3337 + 88 4836 + 85
J0411-0907 46.51 £0.01 46.32+0.01 2615+6 2968 +14 3129+ 18 3578 +36 2524 + 10 6808 + 24
J0910-0414 46.64 £0.01 46.39 +0.00 3168 +47 3599 + 121 3931 +90 6715+789 ... ...

J1007+2115 46.51 £0.05 46.31 +£0.04 3307 = 118 4296 + 581 3153 + 84 3826 = 33
J1342+0938 46.29 +0.03 46.08 + 0.02 3029 + 117 3326 +218 2990 + 37 4292 + 27
J1425+3254 46.18 £0.01 4594 +0.01 2926 £33 2970+89 3274 +75 4222+ 182 2754 £ 16 5604 + 12
J2239+0207 45.66 +0.01 45.42 +0.00 2769 +39 2746 +41 2675+ 199 2861 + 248 2463 + 657 8538 + 296

Notes. © As the FWHM of the Lorentzian profile falls below the nominal spectral resolution, we report the FWHM directly measured from the

spectrum.

Table E.1: SE calibrations.

Line a b c L W Ref. mean (median) A + o
d @ B @ O (6) ) ®

Mgn 6.51 062 200 L;jo4 FWHM  McLure & Dunlop 2004, MD04 -0.5(-0.4) £ 0.2

Mgn 686 0.50 2.00 L3003 FWHM  Vestergaard & Osmer 2009, VO09 -0.4(-0.3) £ 0.2

Mgu 674 0.62 200 L;),z FWHM Shen et al. 2011, S11 -0.3(-0.2) £ 0.2

Mgn 635 0.60 3.00 L;y 04 o Shen et al. 2024, S24 0.2(0.1)+0.3
HB 691 050 2.00 Lsp s FWHM  Vestergaard & Peterson 2006, VP06 0.2 (-0.2) + 0.3
HB 672 065 2.00 Ls,x FWHM Trakhtenbrot & Netzer 2012, TN12 -0.1(-0.1)+04
HB 694 053 200 Ls,z FWHM Bentz et al. 2013, B13 -0.2(-0.1) +0.3
Hp 857 078 139 Ly FWHM Dalla Bonta et al. 2020, DB20 0.2(0.3)+0.3
HB 853 0.70 218 Ly o Dalla Bonta et al. 2020, DB20 0.5(0.5)+0.3
HB 6.85 050 2.00 Lsg4 o Shen et al. 2024, S24 -0.3(-03)+0.3
He 740 055 206 Ly, FWHM Greene & Ho 2005, GHO5 -0.5(-0.5) £ 0.1
He 813 046 2.06 Ly, o Woo et al. 2015, W15 0.1(0.1)+0.2
He 7.73 061 200 Ly, FWHM Cho et al. 2023, C23 -0.1(-0.2) £ 0.1
He 8.18 081 163 Ly, FWHM Dalla Bonta et al. 2025, DB25 0.3(0.3)+0.2
Hao 790 055 261 Ly, o Dalla Bonta et al. 2025, DB25 02(0.2)+0.2

Notes. Columns represent respectively: line employed (1), coefficients of the calibration as expressed in Eq. 1 (2,3,4), continuum or line luminosity
used by the calibration (5), proxy of the line width (6), reference (7), and mean (median) deviation between the AD and SE masses + standard

deviation.
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Fig. F.1: Spectral and AD fits of the QSOs in our sample.
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Fig. F.1: continued.
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