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ABSTRACT

We present bolometric luminosities, black hole masses and Eddington ratios for 42 luminous quasars at z > 6 using high signal-
to-noise ratio VLT/X-Shooter spectra, acquired in the enlarged ESO Large Programme XQR-30. In particular, we derive bolometric
luminosities from the rest-frame 3000 A luminosities using a bolometric correction from the literature, and the black hole masses
by modelling the spectral regions around the C1v 1549A and the Mgu2798A emission lines, with scaling relations calibrated in
the local universe. We find that the black hole masses derived from both emission lines are in the same range, and the scatter of the
measurements agrees with expectations from the scaling relations. The Mg n-derived masses are between ~(0.8—12) x10°M,, and
the derived Eddington ratios are within ~0.13—1.73, with a mean (median) of 0.84 (0.72). By comparing the total sample of quasars
at z > 5.8, from this work and from the literature, to a bolometric luminosity distribution-matched sample at z ~ 1.5, we find that
quasars at high redshift host slightly less massive black holes which accrete slightly more rapidly than at lower—z, with a difference
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in the mean Eddington ratios of the two samples of ~0.27, in agreement with recent literature work.

Key words. (galaxies:) quasars: supermassive black holes — (galaxies:) quasars: emission lines — galaxies: high-redshift

1. Introduction

Quasars are the most luminous, non transient sources in the uni-
verse, hence they can be observed at very early cosmic times,
into the Epoch of Reionization at z > 6 (within the first bil-
lion years of the universe; e.g.Jiang et al.||2015] 2016| [Bafa-
dos et al[2016| Reed et al|2019 Matsuoka et al.|2019), up
to z ~7.5 (e.g.Banados et al.| 2018, [Yang et al|[2020, Wang
et al.| 2021 see [Fan et al||2022 for a recent review). They
are already powered by supermassive black holes (SMBHs) in
their centers (Mpy > 108M,, e.g.Jiang et al[2007, Shen et al.
2019), challenging models of early black holes formation and
growth (e.g., [nayoshi et al.|[2020 and [Volonteri et al.|2021| for
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recent reviews), and already present evolved broad-line-regions
(BLRs) with super-Solar metallicities (e.g. Kurk et al.[2007, [Lai
et al|[2022). In order to grow a billion-solar masses SMBH
by z > 6, models require either a “light” (~ 10°My) SMBH
seed undergoing rapid super-Eddington accretion episodes, or a
“heavy” (~ 10° My) seed, which could also grow sub-Eddington
(e.g./Volonteri| 2010). Current studies identify Poplll stars as
main candidates of the progenitors of light seeds (e.g.Bond et al.
1984/ Valiante et al.|[2016), while direct collapse of large pri-
mordial, low metallicity gas clouds produce ~ 10-°M, seeds
(e.g./Oh & Haiman|[2002, Begelman et al.|[2006| Ferrara et al.
2014). Alternatively, runaway collisions and stellar-dynamical
interactions in dense primordial star clusters can form seeds
with intermediate masses (~ 10°~*M,; e.g. Devecchi & Volon-
teri| 2009, Sakurai et al.||2017). Another possibility to grow the
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observed black hole masses is a radiatively inefficient accre-
tion scenario, which may allow for 100X higher mass accretion
rates while remaining sub-Eddington, although this would re-
quire a large fraction of obscured quasars at high—z (e.g.Davies
et al.[2019). Constraints from observational studies of black hole
masses and accretion rates of sources at z > 6 are therefore fun-
damental to inform SMBHs’ formation theories and models, and
to position them in the context of their (co-)evolution with their
host galaxies (e.g.[Pensabene et al.|[2020, Neeleman et al.[2021).

Currently, ~100 measurements of z > 5.8 SMBH masses
have been reported in the literature, based on ground-based NIR
spectroscopic data with limited signal-to-noise ratios (SNR; e.g.
Shen et al.[2019, Yang et al.|[2021} see |Fan et al.|[2022] for a re-
cent review). The backbone of such studies is the modelling of
the region around the rest-frame UV Mgu2798A emission line,
which can be used to derive black hole masses and accretion
rates once virial equilibrium is assumed and taking advantage of
scaling relations calibrated in the local universe (e.g.|Vestergaard
& Osmer|2009). Another routinely used emission line to mea-
sure black hole masses is the C1v 1549 A (e.g.|Vestergaard &
Petersonl[2006), especially in cases in which the Mg falls in
or close to telluric absorption, even if one has to consider larger
uncertainties due to intrinsic, non virial components of the C1v
line, arising from winds/outflows (e.g.|Coatman et al.2017). Al-
though some studies suggest that z > 6 quasars accrete at a rate
comparable to that of a luminosity distribution-matched sample
of quasars at z ~ 1 — 2 (e.g.Mazzucchelli et al.|[2017| |Shen
et al.|2019), others observe a slight increase in Eddington ra-
tio as a function of redshift (e.g. Yang et al|[2021] [Farina et al.
2022). One of the main drawbacks of literature work so far is
the low SNR of the considered data, which may introduce bi-
ases in the properties derived by the spectral fitting (e.g. Denney
et al.|2016)), and could highly deteriorate the C1v or Mg line
modeling in case of strong absorption features.

In this paper, we present measurements of bolometric lumi-
nosities, black hole masses and accretion rates from the mod-
eling of the Mgn and C1v emission line regions for a sample
of 42 luminous z ~ 6 quasars from the enlarged XQR-30 sur-
vey (E-XQR-30). In particular, 30 objects were observed in the
Legacy Survey of quasars at z =5.8-6.6 XQR-30 (D’Odorico
et al.|2023} in this paper also referred to as “XQR30 Core”), and
12 sources with similar properties and available X-Shooter ob-
servations with comparable SNR are obtained from the literature
(in this paper also referred to as “XQR30 Extended”). This is the
first sample with such a high SNR (> 11 — 114 per bin of 10 km
s~!: ID’Odorico et al|[2023) optical/NIR spectra, which allows
us for accurate modeling of their emission lines. Out of the total
sample, black hole masses and accretion rates for 19 objects are
reported for the first time. This work is organized as follows: in
Section [2] we describe the sample and we briefly report the data
reduction, while in Section [3|we report the spectral modeling; in
Section E] we present our measurements, we compare the black
hole masses obtained via C1vand Mg emission line modeling;
we place our work in the context of quasars at lower redshift and
we compare them with current measurements of high—z quasars
properties in the literature. We list our conclusions and outlook
for future studies in Section[5] Throughout the paper, magnitudes
are reported in the AB system, and we use a flat cosmology with
Hy=70kms™ Mpc™', Q) = 0.3, and Q4 = 0.7.

2. Sample and Data Reduction

XQR-30 is an ESO Large Program (Program ID: 1103.A-
0817(A); PI: D’Odorico) comprising high SNR (~11-41 in
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the continuum at rest-frame wavelength of 1285 A) spectra
for 30 high—z quasars with the X-Shooter spectrograph (Ver-
net et al| [2011) at the VLT (D’Odorico et al. |2023). The
quasars were selected to be observable from Paranal Observatory
(Decl.<27deg), with redshift in the range 5.8 < z < 6.6, and AB
magnitude J < 19.8 (20.0) for z < 6.0 (6.0 < z $6.6). This sur-
vey aims at addressing several goals, from the characterization of
the reionization process, to the study of absorbers along the line
of sight and the early metal enrichment of the quasars’ BLRs and
circumgalactic medium (CGM). We also consider 12 additional
quasars with analogous luminosities and redshifts, and with X-
Shooter spectra with comparable SNR (~17-114 at rest-frame
1285 A) available in the archive (data previously published in
Becker et al.|2015] [Bosman et al.|2018|, |[Schindler et al.|[2020).
The spectra for the entire sample were treated with a consistent
methodology.

Briefly, the data were reduced with a custom-made pipeline
optimized for faint sources (Lopez et al|2016, Becker et al.
2019). After standard reduction, the correction for telluric ab-
sorption is obtained using models created with ESO SKYCALC
Cerro Paranal Advanced Sky Model (Noll et al. 2012, Jones et al.
2013)). The relative flux calibration is measured with a static re-
sponse function calculated from a standard star. The 1D stacked
spectra of the VIS and NIR arms were combined using Astro-
cook (Cupani et al.|2018| 2020)), and re-binned to a constant ve-
locity step of 50 km s~!. Each quasar’s spectrum was absolute-
flux calibrated by scaling it to match the observed AB band mag-
nitude in J band (D’Odorico et al.|2023)). For a full description
of the sample and data reduction, see D’Odorico et al.| (2023)).

3. Modeling of the spectra

Quasars’ rest-frame UV/optical spectra are characterized by
a pseudo-continuum, due to different emission processes, and
broad emission lines. To model these spectra, we followed the
approach described in [Mazzucchelli et al.| (2017) and Schindler|
et al.| (2020). Details of the spectral modeling will be presented
in a forthcoming paper (Bischetti et al. 2023, in prep.), while we
summarize in the following the main spectral components:

— a power-law quasar continuum emission. For the reddest
quasars, we also included a second or third polynomial func-
tion to better fit the part of the spectrum blueward of the
Crv (e.g.[Shen et al.[2019). To model this pseudo contin-
uum, we consider regions of the spectra free of strong emis-
sion line features or of absorption due to the atmosphere
(e.g.[Schindler et al.[2020).

— A Balmer pseudo continuum (fpc), as per the description
from [Dietrich et al.| (2003)):

foc(D) = facoBa(L,Ty) (1 _ eTBE(/l//lBEP) @))

with values for the electron temperature (7. = 15,000 K)
and optical depth (rgg = 1) as used in other works (e.g.De
Rosa et al.|[2014/Mazzucchelli et al.[2017). We impose the
Balmer emission to 30% of the pseudo-continuum contribu-
tion, as above described, at rest-frame 3646 A (e.g./Schindler|
et al| 2020, [Farina et al.| |[2022). The Balmer pseudo-
continuum and the power-law function are modelled at the
same time.

— A Feu pseudo-continuum, using the empirical template from
Vestergaard & Wilkes| (2001)), which is used to derive the
Mgu emission line-based scaling relation to calculate black
hole masses in Section[d] The empirical template, shifted us-
ing an initial redshift measured from the Mg emission line,
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is convolved with a Gaussian convolution kernel of different
values depending on each spectrum.

— One (or more) Gaussian function(s) is used to model the
broad emission lines, with a upper limit to the full-width-at-
half-maximum (FWHM) < 10000 km s~!, which prevents
the model from using a very broad Gaussian function to
model weak Fen emission not perfectly reproduced by the
Vestergaard & Wilkes| (2001) template.

Here, in case the emission lines were fit with more than one
Gaussian function, we calculate the best values and uncertain-
ties for the properties of the entire line following the method re-
ported in |Schindler et al.| (2020). Briefly, for each line for which
two or three Gaussian functions were used, we create N=1000
replication of each of the best Gaussian fits. For each replica-
tion, the mean and standard deviation of each fit are randomly
drawn from Gaussian distributions, whose respective mean and
standard deviation are fixed to the best fit value and associ-
ated uncertainty, respectively. Then, in each replication, we sum
the single Gaussian functions and we calculate the total full-
width-at-half-maximum (FWHM) as the distance between the
two wavelengths where the flux is equal to half the maximum.
All the 1000 FWHM values so obtained are distributed as a
Gaussian function, and we consider as the best value and un-
certainty for the final FWHM of the line the mean and sigma
of such distribution. The final FWHMp,, and FWHMc,, val-
ues are reported in Tab.[T} We show in Fig.[I] the fit of the spec-
tral region around the Mgu emission line. We note that in few
cases, the Mg emission line falls very closely (PSOJO07+04,
PS0OJ009-10, PSOJ183-12, PSOJ065+01) or within (PSOJ023-
02, PSOJ025-11, PSOJ242-12) a region affected by strong tel-
luric absorption. Therefore, also given the potential degeneracies
of our spectral modeling with several components, the fit results
and relative derived quantities (e.g. black hole masses, bolomet-
ric luminosities, Eddington ratios) should be taken with caution.

4. Data Analysis

In this section, we derive the quasars’ black hole masses, lumi-
nosities and accretion rates, relying on the fit of both the C1v
and Mgu wavelength regions.

4.1. Black hole masses and Eddington ratios calculation

Mg II: To derive black hole masses, we use the scaling relation
provided by |Vestergaard & Osmer| (2009):

FWHMyg, ]2 [/lLA (3000 A) " o
©

M =100
BH.Mell 103 kms~! 10% erg s~!

where AL,(3000A) is the monochromatic luminosity at rest-
frame wavelength 3000 A. Systematic uncertainties in SMBH
masses are estimated to be ~0.55dex.

C IV: In this case, we use the scaling relation from |Vestergaard
& Peterson|(2006):

0.53
] Mo (3)

MBH v = 106.66 [FWHMC v,corT ]2 I:AL/l (1350 A)

103 kms~! 10% ergs-!

where the AL (1350 10\) is the monochromatic luminosity at rest-
frame wavelength 1350 A and FWHMc y corr is the corrected
FWHM of the total C1v emission line. It is important to note

that the C1v emission line profile is affected by the presence
of an outflowing component (e.g.Richards et al.|2006, Meyer
et al.|2019). Therefore, we use the equation from|Coatman et al.
(2017) to obtain the corrected value of the full-width half maxi-
mum:

FWHMc

C1v Blueshift
0.36 x T +0.61

FWHMc v,corr — @

where C1v Blueshift is the velocity difference between the C1v
centroid and the quasars’ systemic redshifts (obtained from
the Mgn or from the [CII] emission line, when available, as
reported in D’ Odorico et al.|2023| and in Tab., in units of km
s~L. In this case, the uncertainties measured on the Vestergaard
& Peterson| (2000) relation is ~0.40 dex, while it is estimated to
be reduced to ~0.24 dex with the correction by |[Coatman et al.
(2017). We calculated both LA(1350A) and LA(3OOO/°%) using the
value of the fluxes at 1350 A and 3000 A from the power-law fit.

From the black hole mass measurements, we can calculate the
Eddington luminosity as:

MBH,C v/Mgn

Liagcmgn = 1.3 % 10% ( ) ergs™! 5

(0]

We also compute the bolometric luminosity (L) using the bolo-
metric correction presented by Richards et al.| (2000):

Lol = 5.152 Ly(3000A) erg s~ (6)

We note that it has been discussed that such bolometric cor-
rection might be overestimated for highly luminous quasars
(e.g.[Trakhtenbrot & Netzer| [2012). Nevertheless, we decide
to use it for consistency with several works in the litera-
ture (e.g.Mazzucchelli et al.| 2017, |Yang et al.|[2021} |[Farinal
et al.|[2022). From the Lgqq and Ly, values we can derive the
corresponding Eddington ratios Aggacrv = Lvol/LEddcv and
AgddMgn = Lbol/Leddmgu- We report the values of the monochro-
matic and bolometric luminosities, black hole masses and Ed-
dington ratios in Tab.[T}

4.2. Civ vs Mg black hole masses comparison

We compare the black hole masses measured from the C1v and
Mg u emission line regions modeling in Fig.[2] The two measure-
ments are approximately in the same range, although the C1v
based values are slightly higher than the Mg i1 ones, with a mean
ratio of My cw/MBsHMen ~1.3. On the other hand, as discussed
in [Farina et al.| (2022), we also notice that the C1v modeling
tends to underestimate the values of black hole masses for higher
Mgumen values, i.e.for higher FWHMy,, values. Finally, we
also notice that a high fraction of broad absorption line (BAL)
quasars have been recovered in the XQR-30 sample (~ 50%;
Bischetti et al.[2022)). Even though BAL features may compli-
cate the fit of the C1v emission line region, the high SNR of our
spectra still permits a good modeling of the line in the majority
of the cases. The quasar PSO J065+01 stands out as a particular
outlier, with a C1v-based mass lower than that recovered from
the Mg line by a factor of ~1.3dex. This is due to the very pe-
culiar shape of the quasar spectrum, and the very low SNR of the
C1v emission line.

If one considers the Mg 1 line-derived BH masses as the ref-
erence values, we can estimate the mean (median) of the disper-
sion of the C1v line-derived values to be 0.28 (0.21) dex. If one
excludes PSOJ065+01, one obtains a mean (median) dispersion
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Fig. 1. Spectral region centered on the Mg emission line for the XQR-30 sample. The pseudo-continuum (power law + Balmer contribution +
Fen empirical template) and multiple Gaussian lines fit are shown with dashed magenta and green lines, respectively, while the total fit is shown
in red. We also show the residuals (in grey) in the lower panels. We note that in few cases the Mgm emission line falls partially (PSOJO07+04,
PS0J009-10, PSOJ183-12, PSOJ065+01) or fully (PS0OJ023-02, PSOJ025-11, PSOJ242-12) in a region affected by telluric absorption. Despite
the general high SNR of our spectra, given the (much) higher noise in these regions, the fit of these objects could be affected.

of 0.25 (0.21) dex. All these values are lower than the dispersion
of the C1v-based scaling relation to obtain black hole masses

(see Eq.[3), expected to be ~0.40dex from the
[Peterson| (2006) relation, and are consistent with the ~0.24dex

scattering expected when considering the Coatman et al.[(2017)
correction. A larger black hole masses range would be needed
to fully understand how the C1v- and Mgu-based black hole
masses estimates compare.

4.3. Comparison with the literature and lower redshift
samples

We place our black hole mass and Eddington ratio measure-
ments, based on the Mg modeling, in the context of the lit-
erature (e.g.Yang et al.|2021] [Farina et al.[2022). For simplicity,
in the following section, we will denominate these quantities as
MBH and /1BH~

To consider sources at low redshift, we take the SDSS Data
Release 7 (DR7, Richards et al.[[2011]) quasar catalog. We se-

Article number, page 4 of 9

lect objects with: a) redshift between 0.35 < z < 2.25, ie.
with the Mg 1 emission line region recovered in the SDSS wave-
length range; b) valid values for L,;(3000); c) broad Mg emis-
sion line (FWHMp, > 1000. km s71), with spectra of good
quality and hence reliable fit (FWHMuyg, > 2 ERR_FWHMyg
and EWy,, > 2ERR_EWy,,). The sample so-obtained is of
77,824 quasars. Regarding the high-redshift sample, we con-
sider quasars at z > 5.8 with NIR spectra observed in the lit-

erature (Willott et al|2010, [De Rosa et al|2011] Mazzucchelli
et al][2017, [Chehade et al| 2018, 2019} Matsuokal
et al|2019] [Reed et al]2019, [Onoue et al. 2019, [Andika et al.
[2020| [Eilers et al.|[2020] [Schindler et al|[2020| [Bafiados et al.
[2021], [Yang et al.|2021], [Farina et al.|2022; see [Fan et al|[2022]
for a review). We obtained 114 sources, out of which 23 are
also part of the E-XQR-30 sample. We report in Section .4] a
comparison between the values obtained in this work and in the
literature, showing an overall agreement. For the remaining part
of the analysis presented below, we consider for these quasars
the values of Mpy, Ly, and Agy newly derived here. In the fol-
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Fig. 3. Black hole masses versus bolometric luminosities. We show
quasars at 0.35 < z < 2.25 from the SDSS DR7 survey (black con-
tours and grey points), and a sample of z > 5.8 quasars from the liter-
ature (blue points, see Section f.3|for references). We report the newly
calculated values for the core XQR-30 quasars in red diamonds, and
the additional 12 high-z sources in golden diamonds. Typical system-
atic uncertainty on black hole masses, due to the scaling relations used
(~0.55dex), is shown in the bottom right corner. Distributions of bolo-
metric luminosities, black hole masses and Eddington ratios for all the
above described samples are also reported.

lowing comparison, we exclude the quasar JO100+2802, which
is a strong outlier in bolometric luminosity and does not have
comparable counterparts in the SDSS survey, and the quasar
J0439+1634, which is gravitationally lensed (Fan et al.[2019).
Hence, the total sample of high redshift quasars considered here

(literature + E-XQR-30) is of 133 sources. For both the high-
z quasars from the literature and the low-redshift objects from
SDSS, we calculate the values of black hole masses, bolometric
luminosities and Eddington ratios in a consistent way with the
sample presented in this paper (see Sec. f.I). We show in Fig. [3]
the black hole masses and bolometric luminosites values for the
E-XQR-30 sample and for these comparison samples. As already
expected from the sample selection, we see that the E-XQR-30
sample occupies the parameter space at the highest luminosities,
with a mean (median) Ly value of 2.3 (2.2) x10*” erg s™!. The
mean (median) Mgy values are of 2.9 (2.4) x10° M, and mean
(median) Agy values of 0.84 (0.72).

In general, caution should be taken when comparing differ-
ent quasars sample. First of all, it is extremely difficult to define
the completeness of the high-z sample, due to the heterogeneous
selection criteria of the different sub-samples (e.g.Bafiados et al.
2016, Jiang et al|[2016, Matsuoka et al.[[2019). This can in-
sert systematic biases in our comparison, considering that even
well defined samples can be biased (for instance a positive
luminosity-dependent bias of measured black hole masses has
been found; e.g. [Shen & Kelly|2012} Kelly & Shen|[2013| |Wu
et al.|2022). Secondly, we would like to highlight that, given that
we derived Ly using the bolometric correction from Richards
et al.| (2006), these values are a reflection of the quasars UV lu-
minosities. Hence, when we match samples by bolometric lu-
minosity distribution (see below), we are effectively consider-
ing the intrinsic UV luminosity distribution. Finally, our cut of
FWHMpy, > 1000 km s~! in the low-redshift quasars selec-
tion, despite being generally considered in literature for defining
broad emission lines objects (e.g. [Padovani|2017), can insert a
bias against slightly lower FWHM values, which in return af-
fects BHs with lower masses. Keeping in mind these cautions,
we still decide to compare the high-redshift quasars sample and
the quasars at lower redshifts, in order to test for any redshift
evolution in the black hole and Eddington ratio distributions.

We first consider only the sources in the E-XQR30 sample,
then we utilize all high—z quasars (from this work + the liter-
ature). In order to obtain a consistent comparison, we select a
subsample of quasars from the SDSS matching the bolometric
luminosity distribution of the sample of quasars at high—z. In
practice, we select sources at low—z in a range of +0.01 logLy
for each high—z quasar, and we consider their respective Mpy
and Agy: we repeat this trial 1000 times. The mean (median)
of the black hole masses values of the low—z quasar sample
matched with the E-XQR30 sources are 3.2 (2.6) x10° M. On
the other hand, the mean (median) Agy values are 0.86 (0.69).
We note that these values are comparable with those obtained
for the E-XQR30 objects. We also performed a Kolmogorov-
Smirnov (KS) test in order to assess if the bolometric-luminosity
matched low—z and the E-XQR30 samples are consistent to be
drawn from the same underlying population. We obtain a p value
of 0.41 / 0.27 for the Mgy / Agy distribution, rejecting the hy-
pothesis that these two samples are not drawn from the same
population.

We now consider the entire high-z sample (this work + lit-
erature; 133 objects). In order to test how our comparison relies
on the intrinsic high—redshift quasars luminosity distribution, we
repeat the same comparison as above in different ranges of lumi-
nosity, following the approach from|Farina et al.| (2022). We con-
sider three luminosity ranges each containing the same number
of quasars: high luminosity (log Lyy > 47.17 erg s™!), medium
luminosity ( 46.92 < log Ly, < 47.17 erg s™') and low lumi-
nosity (log Ly < 46.92 erg s™!). Results are reported in Fig.
The mean, median, and standard deviation values for Ly, Mgy
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and Ay, for the entire luminosity sample, and for each range of
luminosity, for the low— and high—z samples are listed in Tab.[2]
We repeated the KS test for this sample, and for all the luminos-
ity ranges. The resulting p-values are also reported in Tab.2}

We note that the bolometric luminosity distribution in the
low—z sample is constructed to be consistent with that at high—z.
This is also reflected in the corresponding p-values of 1 for all
the cases (see Tab.[2). We find that the mean and median black
hole mass/Eddington ratio values are lower/higher in the high-
redshift sample with respect to the low—z one, considering all
luminosities, and in every luminosity range. However, we note
that these differences with redshifts are more significant at lower
luminosities, with a difference between the mean Eddington ratio
at high— and low—z of ~0.38 in the low luminosity range, higher
with respect to what is observed for luminous objects (~0.03).
We can also notice that the distributions of Mgy and Agy have
slightly larger dispersions at lower luminosities. E.g. the stan-
dard deviation for the high—z black hole masses (Eddington ra-
tios) is 0.45 (0.38) dex in the low luminosity range, with respect
to a standard deviation of 0.25 (0.24) dex in the high luminos-
ity range. These trends can also be reflected in the results of the
KS test. Indeed, in the high luminosity range, the p-values ob-
tained by comparing the black hole masses and Eddington ratios
distributions at high— and low—z are relatively high (0.47 and
0.32, respectively). Conversely, in the medium and low luminos-
ity ranges, and when considering all luminosities, we recover
low p-values (< 107#), rejecting the hypothesis that these quan-
tities are drawn from the same underlying distribution.

In summary, our analysis suggests that quasars at high red-
shift accrete slightly faster than those in a bolometric lumi-
nosity distribution matched sample at z ~ 1.5, assuming the
same mean radiative efficiency. This trend increases for the
faintest objects discovered, albeit with a larger dispersion. In
other words, at high-redshift we observe that the most lumi-
nous quasars are powered by less massive SMBHs, accreting
at slightly higher rates compared to a luminosity-matched sam-
ple at high—z. This result is in contrast with respect to previous
works (e.g.[Mazzucchelli et al.|[2017, |Shen et al.|[2019), which
did not recover a change in the mean Eddington ratio value with
z, and with expectations from the consistency between compos-
ite spectra of quasars at z 2 6 and at lower—z (e.g.Shen et al.
2019, Yang et al.[2021). On the other hand, our outcome is in
agreement with the recent results by |Yang et al.|(2021)) and |Fa-
rina et al.| (2022)), which observed a similar increase in the mean
value of the Eddington ratio as measured in this work. Also,
one can notice that the composite spectra obtained in the liter-
ature are usually focused on the higher luminosity quasars, both
at high- and low—z (e.g./Vanden Berk et al|2001} |Selsing et al.
2016), where the changes between the two samples are less ap-
parent (see Fig.[] and Tab.[2).

4.4. Comparison between XQR-30 and literature values

We note that 23 objects reported in the E-XQR-30 sample
already have observations reported in the literature. In case of
sources observed by more than one study, we consider only
the most recent measurement: J0142-3327 (Chehade et al.
2018); PSO060+24 (Shen et al.|2019); J0224-4711 (Reed et al.
2019); J0923+0402, J1535+1943 (Yang et al.[2021)); PSO239-
07, J12211-3206, J0842+1218, PS0231-20, PSO158-14,
PS0O007+04, PSO065-26, PSO183+05, J2310+1855, PSOJ359-
06, PSOJ323+12, J1319+0950, PSO036+03, J1030+0524,
J1306+0356, J1509-1749, J0100+2802 (Farina et al.2022)). The
quasar J0439+1634 was also observed by |Yang et al.[(2021])), but
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given that this source is lensed (Fan et al.[2019)), we decide to not
include it in this comparison. We show in Fig.[5|the comparison
of the bolometric luminosities, black hole masses and Eddington
ratios (from the Mgu emission line model), all calculated with
a consistent method (see Section @ In general, we note that
there are no recovered systemic trends between the quantities
derived here and those from the literature. The major outlier
reported here is PSOJ007+04, whose Mgn emission line was
fitted in this work with a very broad Gaussian (see Tab.[I] and
Fig.[T). This resulted in a very large black hole mass and a low
Eddington ratio, differently than what presented in |Farina et al.
(2022)). This is due to the fact that the Mg line in this quasar is
very close to a telluric absorption, hence its modelling should
be considered with caution (see Fig.[I]and Tab.[I).

5. Conclusions

The E-XQR-30 sample provides us with a unique opportunity
to study quasars at high—z with spectra of exquisite quality and
high signal-to-noise ratio. Here, we calculate their bolometric lu-
minosities via the monochromatic luminosity at rest frame 3000
A. We obtain black hole mass values by modeling the C1v and
Mg emission line regions, using scaling relation calibrated in
the local universe (Vestergaard & Peterson|2006, [Vestergaard &
Osmer|2009). In particular, we account for the non-virial com-
ponent of the C1v emission line, due to outflows/wings, utilizing
the correction from |Coatman et al.| (2017). We observe that, in
our sample, the black hole mass values obtained with the two
emission lines cover the same parameter space (see Fig.[J). As-
suming that the Mg n-based estimates are the more reliable, the
scatter of the C1v-based measurements is lower than that mea-
sured around the [Vestergaard & Peterson|(2006) scaling relation
(~0.4 dex), and it is consistent/slightly larger than what is ex-
pected after the |Coatman et al.|(2017) correction (~0.24 dex).

We compare the values measured from the E-XQR-30 ob-
jects with those of other quasars at z > 5.8 obtained from the
literature, and from a sample of quasars at 0.35 < z < 2.25 from
the SDSS DR7 survey (see Fig.[3). We consider a comparison
sub-sample of quasars at low—z, matched to the entire high—z
quasars’ bolometric luminosity distribution. The high—redshift
Eddington ratio distribution is slightly higher with respect to the
matched low—z sample (i.e. with a difference between the mean
Agn values of ~0.27; see Fig.[]and Tab.[2). We repeat this com-
parison considering sub-samples of high— and low—z quasars in
different bolometric luminosity ranges, and noted that this in-
crease in the mean Eddington ratio at higher redshifts is present
in every luminosity range, and is more marked at lower lumi-
nosities. This suggests that quasars at z > 6 accrete marginally
faster than at z ~ 1, as suggested by other recent works in the
literature (e.g. Yang et al.|[2021}, [Farina et al.[2022]).

In the future, it will be crucial to explore the properties of
quasars over larger ranges of luminosity and black hole masses,
thanks also to the discoveries that will be enabled by future sur-
veys such as the Legacy Survey of Space and Time (LSST)
at Vera Rubin Observatory (e.g.Ivezi¢ et al|2014, [2019) and
the Euclid survey (e.g.|Euclid Collaboration et al.|2019). On
the other hand, it will also be important to measure black hole
masses from other emission lines, e.g. HB, which are directly
related to the reverberation mapping studies at low—z, and test
whether there are any systematic difference with values obtained
from the Civ or Mgu line modeling (e.g.Homayouni et al.
2020). The James Webb Telescope will be key in pursuing such
studies (e.g.|[Eilers et al.|[2023] |Larson et al.[[2023] |Yang et al.
2023, Maiolino et al.[[2023)).
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Fig. 4. Bolometric Luminosities (left), black hole masses (middle) and Eddington ratios (right) distributions for all the quasars at high—z (literature
+ enlarged XQR-30) in green, and for a bolometric luminosity matched sample at low—z. Mean values for the quantities, both at low- and high-
redshift, are shown with dashed lines, in grey and green, respectively. In the top row we consider all the luminosity distribution of high—z quasars,
while from the second to the last row we present the samples divided by luminosity ranges, each containing the same number of high—z quasars,
from high to medium to low luminosities. See Section [£3] for further details on the samples compilation and matching. The Eddington ratio
distribution at high—z is shifted to marginally higher values than at lower—z, for the entire luminosity case, and for each luminosity range. We note
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that with decreasing luminosity, the separation between the high and low redshift sample is increasing, albeit with larger dispersions.

Table 2. Mean, median and standard deviation of bolometric luminosities, black hole masses and Eddington ratios distribution shown in Figure@,

for the low— and high—z quasars samples. We also report the p-values obtained with a Kolmogorov-Smirnov test.

High—z quasars Low—z quasars KS-test

mean median st.dev mean median stdev p-value
All Luminosity
Lpot [10* erg s7'] 1.49 1.32 038 1.49 1.32 0.38 1
Mgy [10° M) 1.79 1.40 045 244 1.80 035 2x107™*
ABH 0.89 0.76 030 0.62 0.50 0.34 2x1078
High luminosity: Lye > 10%717 erg s7!
Lpot [107 erg s7!] 2.47 2.18 0.14 247 2.17 0.14 1.0
Mgy [10° M) 2.74 2.18 025 3.19 2.53 0.28 0.47
ABH 0.88 0.73 024 085 0.69 0.28 0.32
Medium luminosity: 10%9? < Ly, < 1017 erg 71
Lpot [10* erg s7'] 1.20 1.26 0.07 1.20 1.26 0.07 1.0
Mgy [10° M) 1.61 1.28 027 238 1.81 0.30  1x107*
ABH 0.84 0.76 028 0.61 0.51 029  6x107°
Low luminosity: Ly, < 1072 erg s7!
Lot [10% erg s7'] 0.49 0.58 030  0.49 0.58 0.30 1.0
Mgy [10° M) 0.52 0.52 045  1.46 1.03 0.35 1078
ABH 0.79 0.77 038 041 0.32 0.34  3x107°

Article number, page 8 of 9



Mazzucchelli et al.: XQR-30: Black Hole Masses and Accretion Rates

48 -
Shen-+2019 L
Reed+2019 g
Yang+2021 ,//
Farina+2022 0 -
Chehade+2018 ﬁ
Q)
//,
e
E .
log Lol
2
y
47 48
/,/
10+ B P
o -

eXQR30 values

— ] =

Literature values

Fig. 5. Comparison between bolometric luminosities (upper), black
hole masses (central) and Eddington ratios (lower panel) for the quasars
in the enlarged XQR-30 sample that were previously observed and stud-
ied in the literature: black diamond (Chehade et al|2018), yellow dia-
mond (Shen et al.[2019)), grey circle (Reed et al.[2019)), pink pentagon
(Yang et al.|2021)) and red squares (Farina et al.|2022). The dashed black
line denotes the one-to-one relation. The filled symbols represent data
of sources from the core XQR-30 survey, while empty ones show data
from the literature sample.
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