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ABSTRACT
The final phase of the reionization process can be probed by rest–frame UV absorption spectra of quasars at 𝑧 >∼ 6, shedding light
on the properties of the diffuse intergalactic medium within the first Gyr of the Universe. The ESO Large Programme “XQR-30:
the ultimate XSHOOTER legacy survey of quasars at 𝑧 ≃ 5.8 − 6.6” dedicated ∼ 250 hours of observations at the VLT to create
a homogeneous and high-quality sample of spectra of 30 luminous quasars at 𝑧 ∼ 6, covering the rest wavelength range from the
Lyman limit to beyond the Mg ii emission. Twelve quasar spectra of similar quality from the XSHOOTER archive were added
to form the enlarged XQR-30 sample, corresponding to a total of ∼ 350 hours of on-source exposure time. The median effective
resolving power of the 42 spectra is 𝑅 ≃ 11400 and 9800 in the VIS and NIR arm, respectively. The signal-to-noise ratio per 10
km s−1 pixel ranges from ∼ 11 to 114 at 𝜆 ≃ 1285 Å rest frame, with a median value of ∼ 29. We describe the observations,
data reduction and analysis of the spectra, together with some first results based on the E-XQR-30 sample. New photometry
in the 𝐻 and 𝐾 bands are provided for the XQR-30 quasars, together with composite spectra whose characteristics reflect the
large absolute magnitudes of the sample. The composite and the reduced spectra are released to the community through a public
repository, and will enable a range of studies addressing outstanding questions regarding the first Gyr of the Universe.
Key words: intergalactic medium - galaxies: high-redshift - quasars: absorption lines - quasars: emission lines - dark ages,
reionization, first stars
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1 INTRODUCTION

The first billion years of the Universe define the current frontier
of modern observational cosmology. During this time the first stars
and galaxies assembled from the primordial gas, and the atomic
hydrogen permeating the early Universe became ionized. The epoch
of reionization (EoR) represents a major phase transition in cosmic
history, which impacted almost every baryon in the Universe. Over
the last decade, a coherent picture of the Universe during the EoR
has started to emerge. Numerical models that best match a range of
independent observations, including many of those described below,
now generally feature a mid-point of reionization near 𝑧 ∼ 7−8 and an
end well below 𝑧 ∼ 6 (e.g. Kulkarni et al. 2019; Keating et al. 2020;
Nasir & D’Aloisio 2020; Choudhury et al. 2021; Qin et al. 2021;
Cain et al. 2021; Garaldi et al. 2022). This suggests that much of
the reionization process may lie within a redshift range that is highly
accessible observationally. An integrated constrain on the EoR comes
from the measurement of the optical depth, 𝜏es, of the Thomson
scattering of cosmic microwave background photons on the free
electrons. The most recent measurements (Planck Collaboration et al.
2020), report a value 𝜏es = 0.0561± 0.0071, which can be converted
into a mid-reionization redshift 𝑧re = 7.82± 0.71, in agreement with
the previous picture.

Quasars at 𝑧 ∼ 6, due to their high intrinsic luminosities and
prominent Lyman-𝛼 (Ly𝛼) emission lines, have played a relevant
role in the early characterization of the reionization process (see
Fan et al. 2022, for a recent review). The forest of H i Ly𝛼 absorp-
tions extending blueward of 𝜆 ≃ 1216 Å in the quasar rest frame
traces the diffuse intergalactic gas whose ionization is sensitive to
the metagalactic ultraviolet background (UVB). As the Ly𝛼 opacity
in the forest increases with redshift, eventually complete absorption
is reached once the intergalactic medium (IGM) reaches average hy-
drogen neutral fractions of ⟨𝑥HI⟩ >∼ 10−4 (Gunn & Peterson 1965).

The rapid increase in the mean optical depth (𝜏GP), together with
the appearance of large regions of total absorption gave the first
indication that reionization finished by redshift 𝑧 ∼ 5 − 6 (Fan et al.
2006b; Becker et al. 2015). Other approaches have also been used
to constrain the volume averaged H i fraction with quasar spectra,
most notably: the IGM H i damping wing in quasars at 𝑧 > 7 (e.g.,
Greig et al. 2017, 2019, 2022; Davies et al. 2018; Wang et al. 2020;
Yang et al. 2020a), and the evolution of H ii proximity zones around
larger collections of quasars (Maselli et al. 2009; Carilli et al. 2010;
Venemans et al. 2015, but see also Eilers et al. 2017; Davies et al.
2020 showing how the size of the proximity zone is independent of
the neutral hydrogen fraction).

Another class of constraints, based on the detail of high-𝑧 Ly𝛼
transmission, includes: the ‘dark pixel’ fraction (Mesinger 2010;
McGreer et al. 2015), which provides the most model-independent
measurement of the neutral fraction; the distribution function of
totally absorbed dark gap lengths (Gallerani et al. 2008; Malloy &
Lidz 2015), and the morphological analysis of individual spikes of
transmission (Barnett et al. 2017; Chardin et al. 2018; Kakiichi et al.
2018; Meyer et al. 2020; Gaikwad et al. 2020; Yang et al. 2020b)
which are sensitive to the strength of the local ionization field, the
clustering of sources, and IGM temperature.

Moreover, the scatter in opacity between high-redshift quasar lines
of sight probing the same redshift interval gave the first evidence of
an inhomogeneous UVB persisting until 𝑧 ∼ 5.3 (Becker et al. 2015;
Bosman et al. 2018; Eilers et al. 2018; Yang et al. 2020b). This
observation gave rise to multiple models invoking e.g. early heat-
ing of the IGM by the first galaxies (D’Aloisio et al. 2018; Keating
et al. 2018), the action of rare powerful sources (Chardin et al. 2017)

MNRAS 000, 1–20 (2015)



The XQR-30 quasar sample 3

0 2000 4000 6000 8000 10000 12000
R

0

5

10

15

20

25

30

35
M

ed
ia

n 
SN

R 
pe

r 1
0 

km
/s

VLT/X-Shooter
(E-XQR-30)

VLT/X-Shooter
(Becker+19)

Keck/ESI
(Bosman+18)

Magellan/FIRE
(Chen+17)

Gemini/GNIRS
(Zou+21) 20

25

30

35

40

# 
QS

O 
(z

em
>

 5
.7

)

Figure 1. Comparison of the properties of E-XQR-30 (star) with other spec-
troscopic surveys of quasars at 𝑧 ∼ 6 in terms of spectral resolution, median
SNR and number of targets (color scale in the sidebar). See the text for more
details.

and variations in the mean free path of ionizing photons originat-
ing from early galaxies (Davies & Furlanetto 2016). However, the
observed sightline-to-sightline scatter is best reproduced with simu-
lations assuming a late reionization, which has a midpoint at 𝑧 ∼ 7
and completes by 𝑧 ≃ 5.3 (e.g. Kulkarni et al. 2019).

As pointed out by some of these studies, these techniques are
severely limited by the scarcity of spectroscopic data with a high
signal-to-noise ratio (SNR). Although the number of known quasars
at 𝑧 ∼ 6 has increased by more than a factor of 10 in recent years (e.g.
Bañados et al. 2016; Reed et al. 2019; Wang et al. 2019; Bañados
et al. 2023; Matsuoka et al. 2022; Yang et al. 2023), robust conclu-
sions on these important cosmological issues have to rely on the small
available sample of ∼ 10 quasar spectra with high enough spectral
resolution (𝑅 >∼ 8000) and SNR ( >∼ 10 − 20 per 10 km s−1 pixel).
With the aim of making a decisive step forward in this research field,
we conceived the XQR-30 Large Programme (id. 1103.A-0817, P.I. V.
D’Odorico) which provides a public sample of 30 high-SNR spectra
of quasars at 5.8 ≤ 𝑧em ≤ 6.6 obtained with the XSHOOTER spec-
trograph (Vernet et al. 2011) at the ESO Very Large Telescope (VLT).
XSHOOTER is a high-sensitivity, Echelle spectrograph at interme-
diate resolution (𝑅 ≈ 6000 − 9000), providing complete wavelength
coverage from the atmospheric cutoff to the NIR (∼ 0.3 to 2.5 𝜇m)
in one integration.

The “enlarged" XQR-30 sample (E-XQR-30) comprises the XQR-
30 targets and the other 12 high-quality quasar spectra in the same
redshift range available in the XSHOOTER archive. Figure 1 shows
the unique properties of E-XQR-30 in terms of resolving power, SNR
and number of targets when compared with those of other spectro-
scopic surveys of quasars with 𝑧em > 5.7 used for absorption line
studies (Chen et al. 2017; Bosman et al. 2018; Becker et al. 2019; Zou
et al. 2021). The comparison samples were selected among those pub-
lished to date being obtained with a given instrument and with avail-
able median SNR values. In particular, the sample of XSHOOTER
spectra in Becker et al. (2019) is a picture of the situation before the
XQR-30 survey. We also note that XSHOOTER is the instrument that
offers the broadest, simultaneous wavelength coverage with respect
to Magellan/FIRE (0.82−2.51 𝜇m), Gemini/GNIRS (0.85−2.5 𝜇m)
and Keck/ESI (0.39 − 1.1 𝜇m).

The characteristics of this sample makes it ideal to investigate

several topics in addition to allowing the study of the H i reionization
process. Within the XQR-30 collaboration, we focus on:

• the early chemical enrichment and the mechanisms by which
heavy elements are expelled from galaxies into the circum-galactic
medium (CGM) and the IGM. Measurements of the number density
and cosmic mass density1 of C iv (𝜆 𝜆 1548, 1551 Å) and Si iv
(𝜆 𝜆 1394, 1403 Å) (Ryan-Weber et al. 2009; Simcoe et al. 2011;
D’Odorico et al. 2013; Codoreanu et al. 2018; Meyer et al. 2019;
D’Odorico et al. 2022) show a rapid increase of these quantities with
decreasing redshift in the range 5 <∼ 𝑧 <∼ 6.3, followed by a plateau to
𝑧 ∼ 1.5. On the other hand, the same statistical quantities determined
for low ionization lines reveal an almost constant behaviour in the
whole redshift range (Mg ii 𝜆 𝜆 2796, 2803 Å, Chen et al. 2017)
or even a decrease between the highest redshift bin at 𝑧 ≥ 5.7 and
lower redshifts (O i 𝜆 1302 Å, Becker et al. 2019). These results
have intriguing implications for the evolution of the ionization state
of the CGM and they have been found difficult to reproduce by
cosmological simulations (e.g. Keating et al. 2014; Rahmati et al.
2016; Keating et al. 2016; Finlator et al. 2020; Doughty & Finlator
2021). However, the statistical significance of the results at 𝑧 >∼ 5 is
limited by the fact that they are based on only a few tens of detected
lines, and on spectral samples with heterogeneous characteristics.

• the chemical abundances in the ISM of high-z galaxies and the
nature of the first stars. Damped Ly𝛼 systems2 (DLAs) trace the
kinematics and chemical composition of dense gas in and close to
galaxies at 𝑧 <∼ 5 (e.g. Wolfe et al. 2005). The extremely high H i
column density in these systems implies self-shielding from the ex-
ternal radiation. Metals are often dominated by a single ionization
state and chemical abundances are determined with very high pre-
cision. This precision is also linked to the accuracy of the column
density determinations that depends critically on the spectral reso-
lution and on the SNR of the used spectra. At 𝑧 >∼ 5, the increasing
opacity of the IGM makes the direct identification of DLA troughs
more and more difficult, requiring the use of other tracers. Luckily,
several low ionization metal lines are still detectable in the region
of the spectrum redward of the Ly𝛼 emission of the quasar (see e.g.
Cooper et al. 2019). In particular, it is reasonable to assume that
O i absorption systems trace predominantly neutral gas, as the O i
ionization potential is similar to that of H i, and are therefore the ana-
logues of lower-redshift DLAs and sub-DLAs (1019 < N(H i)/cm−2

< 1020.3). To date, the relative abundances of O, C, Si, and Fe have
been measured in 11 O i systems at 𝑧 ∼ 5 − 6 (Becker et al. 2012;
Poudel et al. 2018, 2020). In few cases, characterized by the proxim-
ity of the DLA to the quasar systemic redshift, it has been possible
to measure the column density of H i and derive the metallicity and
absolute abundances of the systems (D’Odorico et al. 2018; Bañados
et al. 2019; Andika et al. 2022). Measured abundances at 𝑧 >∼ 5 are
generally consistent with those obtained in DLAs and sub-DLAs in
the redshift range 2 < 𝑧 < 4 (e.g. Dessauges-Zavadsky et al. 2003;
Péroux et al. 2007; Cooke et al. 2011). The lack of strong variations
in the absorption-line ratios suggests that these systems are enriched
by broadly similar stellar populations. There is no clear evidence
of unusual abundance patterns that would indicate enrichment from
exotic sources such as metal-free Population III (PopIII) stars.

• the properties of quasars and their environment in the early

1 The cosmic mass density, Ω, is defined as the ratio between the comoving
mass density of a given ion, determined from the observed column density,
and the critical mass density.
2 DLAs are absorption systems characterized by a neutral hydrogen column
density N(H i)≥ 1020.3 cm−2.
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Universe. The mere presence of luminous quasars, powered by fast
accretion (> 10 M⊙ yr−1) onto massive (> 108 M⊙) black holes
(BHs) less than 1 Gyr after the Big Bang, represents a challenge for
models of massive BH formation and early galaxy growth (e.g. Lupi
et al. 2021). Several mechanisms have been invoked for the forma-
tion of the seeds of these BHs (e.g. Regan & Haehnelt 2009; Latif &
Ferrara 2016; Volonteri et al. 2021), from the remnants of extremely
massive PopIII stars, growing through phases of super-Eddington
accretion, to more exotic scenarios involving the direct collapse of a
single massive cloud of pristine gas. All these models yield distinc-
tive predictions for the time scales of the BH mass growth, on the
typical Eddington rate, on the BH to host galaxy stellar mass ratio,
on the metallicity of the BH close environment, and on the galactic
environment of the first quasars. These models can thus be tested
by accurate BH mass and accretion rate measurements achieved via
sensitive NIR spectroscopy of the Mg ii line (e.g. Shen et al. 2019;
Yang et al. 2021; Farina et al. 2022). The metallicity of the broad
line region can also be reconstructed via the Mg ii/Fe ii ratio, that
is used as a proxy of the abundance of 𝛼 elements (e.g. De Rosa
et al. 2011; Mazzucchelli et al. 2017; Onoue et al. 2020; Schindler
et al. 2020; Yang et al. 2021; Wang et al. 2022). The measurements
of H ii proximity zone sizes can be used to estimate quasar episodic
lifetimes (Eilers et al. 2017, 2020) as well as duty cycles (Davies
et al. 2020; Satyavolu et al. 2023b), which can lead to constraints on
the BH obscuration, seed mass and formation redshifts.

In this paper, we present the XQR-30 sample and its extension to
all the available XSHOOTER spectra of 𝑧 >∼ 5.8 quasars with similar
quality. The target selection is described in Section 2, the details of
observations are reported in Section 3. In Section 4 we detail the steps
of the data reduction. The procedures adopted for the absolute flux
calibration, the computation of the effective spectral resolution and
the intrinsic continuum determination are explained in Section 5. The
E-XQR-30 data products released to the community are described in
Section 6. Finally, we give a short summary of the results obtained
up to now in Section 7 and we draw our conclusions in Section 8.
Unless otherwise stated all reported magnitudes are given in the AB
system. We adopt a ΛCDM cosmology with parameters ΩΛ = 0.7,
Ωm = 0.3, and ℎ = 0.7.

Figure 2. Distribution of the XQR-30 targets (blue squares) in the Redshift-
𝐽AB magnitude plane. The orange dots represent the 9 quasars with SNR ≥ 25
per pixel, already available from the XSHOOTER archive at the time of the
proposal preparation. The green diamonds are the 4 quasars with similar
properties whose spectra in the XSHOOTER archive became available after
2018. VDES J0224-4711 is represented as a green diamond with a blue
contour (see text).
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Table 1. Properties of the quasars in the enlarged XQR-30 sample (XQR-30 + literature quasar spectra with similar quality). See the text for the detailed description of the table columns.

name RA (J2000) DEC (J2000) JAB Ref HAB Ref. KAB Ref 𝑚1450 𝑧[CII] Ref. Dis. Ref. 𝑧MgII log MBH
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

PSO J007+04 00:28:06.56 +04:57:25.64 19.93 ± 0.09 1𝑎 20.05 ± 0.03 H 2021-09-12 19.79 ± 0.05 S 2019-12-13 20.35 6.0015 ± 0.0002 8 1,5 5.954 ± 0.008 9.890.09
0.11

PSO J009-10 00:38:56.52 -10:25:53.90 19.93 ± 0.07 2 19.55 ± 0.05 H 2021-09-12 19.24 ± 0.07 S 2019-12-13 20.50 6.0040 ± 0.0003 8 2 5.938 ± 0.008 9.900.09
0.11

PSO J023-02 01:32:01.70 -02:16:03.11 20.06 ± 0.06 2𝑎 20.08 ± 0.04 H 2021-09-12 19.70 ± 0.17 4 20.61 – – 2 5.817 ± 0.002 9.390.05
0.06

PSO J025-11 01:40:57.03 -11:40:59.48 19.65 ± 0.06 2 19.78 ± 0.07 H 2021-09-12 19.60 ± 0.04 S 2019-12-13 20.02 – – 2 5.816 ± 0.002 9.330.06
0.07

PSO J029-29 01:58:04.14 -29:05:19.25 19.07 ± 0.04 2 19.14 ± 0.02 H 2021-09-12 18.91 ± 0.03 4 19.44 – – 2 5.976 ± 0.003 9.340.06
0.07

VST-ATLAS J029-36 01:59:57.97 -36:33:56.60 19.57 ± 0.01 3 19.62 ± 0.02 H 2021-09-12 19.23 ± 0.06 4 19.85 – – 7 6.013 ± 0.006 9.200.06
0.07

VDES J0224-4711 02:24:26.54 -47:11:29.40 19.73 ± 0.05 4 19.45 ± 0.07 4 18.94 ± 0.05 4 20.13 – – 9 6.525 ± 0.001 9.190.07
0.08

PSO J060+24 04:02:12.69 +24:51:24.42 19.71 ± 0.05 2 19.72 ± 0.08 H 2021-09-13 19.53 ± 0.06 4 20.03 – – 2 6.170 ± 0.003 9.180.07
0.09

VDES J0408-5632 04:08:19.23 -56:32:28.80 19.85 ± 0.05 4 19.68 ± 0.05 H 2021-09-12 19.63 ± 0.05 S 2019-12-14 20.23 – – 9 6.033 ± 0.004 9.310.08
0.09

PSO J065-26 04:21:38.05 -26:57:15.60 19.36 ± 0.02 3 19.15 ± 0.04 H 2021-09-12 19.22 ±0.06 4 19.60 6.1871 ± 0.0003 8 2 6.179 ± 0.006 9.560.13
0.18

PSO J065+01 04:23:50.15 +01:43:24.79 19.74 ± 0.05 3 19.48 ± 0.03 H 2021-09-13 19.37 ± 0.05 S 2019-12-13 20.55 – – 13 5.804 ± 0.004 9.600.12
0.17

PSO J089-15 05:59:45.47 -15:35:00.20 19.17 ± 0.04 2 18.78 ± 0.03 H 2021-09-13 18.43 ± 0.04 S 2019-12-13 19.74 – – 2 5.972 ± 0.005 9.570.08
0.10

PSO J108+08 07:13:46.31 +08:55:32.65 19.07 ± 0.06 4 19.03 ± 0.07 2 – – 19.57 – 2 5.955 ± 0.002 9.490.08
0.10

SDSS J0842+1218 08:42:29.43 +12:18:50.58 19.78 ± 0.03 5 – – 19.22 ± 0.04 S 2019-12-12 20.18 6.0754 ± 0.0005 8 5 6.067 ± 0.002 9.300.07
0.09

DELS J0923+0402 09:23:47.12 +04:02:54.40 20.14 ± 0.08 4 19.90 ± 0.13 4 19.44 ± 0.07 4 20.32 6.6330 ± 0.0003 14 15 6.626 ± 0.002 9.420.16
0.24

PSO J158-14 10:34:46.50 -14:25:15.58 19.25 ± 0.08 4 19.15 ± 0.10 4 18.68 ± 0.09 4 19.72 6.0685 ± 0.0001 10 13,16 6.065 ± 0.002 9.310.07
0.08

PSO J183+05 12:12:26.98 +05:05:33.49 19.77 ± 0.08 6 19.54 ± 0.11 4 19.54 ± 0.11 4 19.98 6.4386 ± 0.0002 8 6 6.428 ± 0.005 9.410.21
0.41

PSO J183-12 12:13:11.81 -12:46:03.45 19.07 ± 0.03 4 19.10 ± 0.04 4 19.10 ± 0.08 4 19.47 – – 1 5.893 ± 0.006 9.220.07
0.09

PSO J217-16 14:28:21.39 -16:02:43.30 19.71 ± 0.05 4 19.73 ± 0.11 4 19.37 ± 0.09 4 20.09 6.1498 ± 0.0011 11 2 6.135 ± 0.003 9.020.19
0.34

PSO J217-07 14:31:40.45 -07:24:43.30 19.85 ± 0.08 4 19.99 ± 0.04 H 2021-09-12 19.82 ± 0.15 4 20.37 – – 2 6.166 ± 0.004 8.900.16
0.27

PSO J231-20 15:26:37.84 -20:50:00.66 19.62 ± 0.02 S 2021-07-27 19.55 ± 0.005 S 2021-07-27 19.30 ± 0.03 S 2021-07-27 19.85 6.5869 ± 0.0004 8 6 6.564 ± 0.003 9.520.04
0.04

DELS J1535+1943 15:35:32.87 +19:43:20.10 19.63 ± 0.11 4 19.01 ± 0.05 H 2021-09-12 – – 20.23 – – 17 6.358 ± 0.002 9.800.06
0.07

PSO J239-07 15:58:50.99 -07:24:09.59 19.37 ± 0.07 4 19.27 ± 0.01 H 2021-09-13 18.98 ± 0.09 4 19.74 6.1102 ± 0.0002 10 2 6.114 ± 0.001 9.420.05
0.06

PSO J242-12 16:09:45.53 -12:58:54.11 19.71 ± 0.09 4 19.66 ± 0.02 H 2021-09-14 19.46 ± 0.26 4 20.29 – – 2 5.840 ± 0.006 9.510.10
0.13

PSO J308-27 20:33:55.91 -27:38:54.60 19.50 ± 0.04 2𝑎 19.62 ± 0.05 H 2021-09-07 19.63 ± 0.15 4 19.95 – – 2 5.799 ± 0.002 9.090.05
0.05

PSO J323+12 21:32:33.19 +12:17:55.26 19.74 ± 0.03 6 19.65 ± 0.06 H 2021-09-07 19.21 ± 0.02 F 2017-09-24 20.06 6.5872 ± 0.0004 8 6 6.585 ± 0.002 8.920.09
0.13

VDES J2211-3206 22:11:12.17 -32:06:12.94 19.62 ± 0.03 13 19.43 ± 0.04 H 2021-09-12 19.00 ± 0.03 13 19.95 6.3394 ± 0.0010 11 13,16 6.330 ± 0.003 9.300.15
0.24

VDES J2250-5015 22:50:02.01 -50:15:42.20 19.17 ± 0.04 4 19.12 ± 0.05 H 2021-09-12 18.94 ± 0.05 4 19.80 – – 9 5.985 ± 0.003 9.660.41
0.41

SDSS J2310+1855 23:10:38.89 +18:55:19.70 18.86 ± 0.05 4 18.94 ± 0.04 N 2020-07-12 18.96 ± 0.05 N 2020-07-12 19.26 6.0031 ± 0.0002 12 18 5.992 ± 0.003 9.670.06
0.08

PSO J359-06 23:56:32.45 -06:22:59.26 19.85 ± 0.10 2 19.70 ± 0.02 H 2021-09-12 19.32 ± 0.02 F 2017-09-25 20.2 6.1722 ± 0.0001 10 2 6.169 ± 0.002 9.000.09
0.12

SDSS J0100+2802 01:00:13.02 +28:02:25.80 17.60 ± 0.02 4 17.48 ± 0.02 4 17.04 ± 0.16 21 17.70 6.3269 ± 0.0002 8 21 6.316 ± 0.003 10.090.21
0.39

VST-ATLAS J025-33 01:42:43.72 -33:27:45.61 18.94 ± 0.01 F 2017-09-02 18.95 ± 0.02 4 18.76 ± 0.03 1 19.07 6.3373 ± 0.0002 8 7 6.330 ± 0.003 9.370.17
0.27

ULAS J0148+0600 01:48:37.64 +06:00:20.06 19.11 ± 0.02 4 19.12 ± 0.07 4 19.02 ± 0.08 4 19.49 – – 7 5.977 ± 0.002 9.580.08
0.10

PSO J036+03 02:26:01.87 +03:02:59.24 19.51 ± 0.03 19 19.30 ± 0.09 4 19.30 ± 0.09 4 19.65 6.5405 ± 0.0001 8 19 6.527 ± 0.004 9.430.08
0.10

WISEA J0439+1634 04:39:47.08 +16:34:16.01 17.47 ± 0.02 4 17.33 ± 0.17 20 16.85 ± 0.01 4 17.74 6.5188 ± 0.0004 14 20 6.520 ± 0.002 9.720.07
0.09

SDSS J0818+1722 08:18:27.40 +17:22:52.01 19.09 ± 0.06 4 – – – – 19.56 – – 23 5.960 ± 0.010 9.760.06
0.08

SDSS J0836+0054 08:36:43.86 +00:54:53.26 18.647 ± 0.003 4 18.878 ± 0.004 4 18.355 ± 0.009 4 19.01 – – 24 5.773 ± 0.008 9.590.13
0.20

SDSS J0927+2001 09:27:21.82 +20:01:23.64 19.95 ± 0.10 20 – – – – 20.26 5.7722 ± 0.0006 22𝑏 23 5.760 ± 0.005 9.110.10
0.13

SDSS J1030+0524 10:30:27.11 +05:24:55.06 19.87 ± 0.08 4 19.79 ± 0.11 4 19.49 ± 0.07 4 20.20 – – 24 6.304 ± 0.002 9.270.09
0.12

SDSS J1306+0356 13:06:08.26 +03:56:26.19 19.69 ± 0.03 4 19.65 ± 0.05 4 19.34 ± 0.04 4 19.98 6.0330 ± 0.0002 8 24 6.020 ± 0.002 9.290.09
0.12

ULAS J1319+0950 13:19:11.29 +09:50:51.49 19.58 ± 0.04 4 19.71 ± 0.13 4 19.44 ± 0.13 4 19.84 6.1347 ± 0.0005 8 25 6.117 ± 0.002 9.530.05
0.05

CFHQS J1509-1749 15:09:41.78 -17:49:26.80 19.75 ± 0.05 4 – – 19.49 ± 0.09 4 20.15 6.1225 ± 0.0007 11 26 6.119 ± 0.003 9.300.15
0.22

References: 1 - Bañados et al. (2014); 2 - Bañados et al. (2016); 3 - Bischetti et al. (2022); 4 - Ross & Cross (2020); 5 - Jiang et al. (2015); 6 - Mazzucchelli et al. (2017); 7 - Carnall et al. (2015); 8 - Venemans et al. (2020); 9 - Reed et al. (2017); 10 - Eilers et al. (2021); 11 - Decarli et al.
(2018); 12 - Wang et al. (2013); 13 - Bañados et al. (2023); 14 - Yang et al. (2021); 15 - Matsuoka et al. (2018); 16 - Chehade et al. (2018); 17 - ?; 18 - Jiang et al. (2016); 19 - Venemans et al. (2015); 20 - Fan et al. (2019); 21 - Wu et al. (2015); 22 - Carilli et al. (2007); 23 - Fan et al.
(2006a); 24 - Fan et al. (2001); 25 - Mortlock et al. (2009); 26 - Willott et al. (2007)
𝑎 Photometry has been re-analysed and updated in this paper. 𝑏 Redshift from a CO transition.
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2 SAMPLE SELECTION

We have selected the best objects available to pursue our goals. In
particular, our targets were the quasars with the brightest 𝐽 magnitude
and redshift 𝑧 ≥ 5.8 known in 2018 and were chosen to properly
sample the interesting redshift range (see Fig. 2). Our sample was
selected from published quasars (e.g. Bañados et al. 2014; Jiang et al.
2015; Carnall et al. 2015; Bañados et al. 2016; Reed et al. 2017) as
well as newly discovered quasars, unpublished at the time of the
proposal (Bañados et al. 2023). The targets were selected to have the
following characteristics:

• observability from Paranal: 𝛿 < +27 deg;
• emission redshift range 5.8 ≤ 𝑧em ≤ 6.6 (corresponding to a

cosmic time interval of ∼ 150 Myr). The lower 𝑧 limit is set by Mg ii
emission entering the K-band, the higher redshift by the requirement
of a homogeneous redshift coverage due to the very limited number
of quasars known above 𝑧 ∼ 6.5 at the time;

• magnitude cut JAB ≤ 19.8 for 𝑧em < 6.0 and JAB ≤ 20.0 for
6.0 ≤ 𝑧em ≤ 6.6, based on the photometry known at the time of the
proposal3;

• no existing XSHOOTER data with SNR >∼ 25 per 10 km s−1

pixel.

Three objects, compliant with our target requirements, were not
included in the XQR-30 Large Programme (LP) because they were
already part of an accepted proposal by the same P.I. (id. 0102.A-
0154, green diamonds with 𝐽AB > 18.5 in Fig. 2). However, one of
these quasars, VDES J0224-4711, was eventually added to the XQR-
30 sample and its observations were completed in the context of the
LP (green diamond with blue contour in Fig. 2). The other two objects
were included in the literature sample described in Section 3.2.

All the targets in the XQR-30 sample are listed in Table 1. The
columns of the table report: the quasar id. (1) and its spatial coor-
dinates (2,3); the updated photometry (4-9) in 𝐽, 𝐻 and 𝐾 bands
with the corresponding references or instrument used (S=SOFI,
H=HAWK-I, F=Fourstar, N=NOTCam); the AB magnitude at 1450
Å rest-frame measured from the XSHOOTER spectra (10); the emis-
sion redshift determined from the [C ii] emission line and the ref-
erence papers (11,12); the reference to the quasar discovery papers
(13). The last two columns (14, 15) present the redshift based on
Mg ii (Bischetti et al. 2022, and this work) and the BH mass in M⊙
measured from the Mg ii FWHM (Mazzucchelli et al. 2023, A&A
submitted). When available, we adopt the redshift determined from
the [CII] 158 𝜇m line in the rest frame Far-Infrared (FIR) of the
observed quasars, which is a reliable tracer of the host galaxy sys-
temic redshift (e.g. Venemans et al. 2016; Decarli et al. 2018). The
redshift determined from the Mg ii emission is systematically lower
than the one derived from [C ii] (with one exception) with velocity
shifts ranging between ∼ 50 and 3000 km s−1. At the redshift of
our quasars, the [C ii] line is observable in the sub-mm wavelength
regime; a companion ALMA programme (P.I. B. Venemans and S.
Bosman) will obtain [C ii] and dust continuum observations for all
the XQR-30 objects which were lacking this information. The com-
plete list of [C ii] based systemic redshifts and the comparison with
other emission lines will be published in a further paper (Bosman et
al. in prep.).

3 Note that with the updated photometry reported in Table 1 two objects no
longer satisfy these limits: PSO J023-02 and J0923+0402. They have been
kept in the sample anyway.

Table 2. Indicative exposure times adopted for the different magnitudes to
reach the desired signal-to-noise ratio.

JAB Texp (ℎ)

J < 19.3 4.0
19.3 ≤ J < 19.6 6.0
19.6 ≤ J < 19.8 8.0
19.8 ≤ J < 19.9 9.3
19.9 ≤ J < 20 10.7

3 OBSERVATIONS

3.1 XQR-30 objects

The observations for the XQR-30 LP were carried out in “service
mode” between April 7, 2019, and March 8, 2022. During this time
XSHOOTER was mounted on the unit telescope (UT) 2 of the VLT
until the end of February 2020, then it was moved to UT 3 and
recommissioned in October 2020. Due to the COVID pandemic,
there had been an interruption of operations at the ESO observatories
from March 23 to October 21 2020, which delayed the execution of
all observing programmes.

Service mode allows the user to define the Observing Blocks,
which contain the instrument setup and are carried out by the ob-
servatory under the requested weather conditions. The constraint
set adopted for XQR-30 observations required a maximum airmass
of 1.5, a fraction of lunar illumination < 0.4 and minimum moon
distance of 60 degrees. The seeing constraint was set to 1.0” (note
that seeing is measured at 5000 Å). ESO Large Programmes are
granted high-priority status, which means that observations out of
specifications are repeated and eventually carried over to the follow-
ing semester (which is not always the case for Normal Programmes)
until the constraints are met (to within ≈ 10 %).

XSHOOTER has three spectroscopic arms, UVB, VIS and NIR,
covering the wavelength ranges 0.3 − 0.56 𝜇m, 0.55 − 1.05 𝜇m and
0.98 − 2.48 𝜇m, respectively. Each arm has its own set of shutter,
slit mask, cross-dispersive element, and detector. The three arms are
observed simultaneously. We aimed at obtaining an average signal-
to-noise ratio SNR ∼ 25 per 10 km s−1 pixel as homogeneously as
possible across the optical and near IR wavelength range and across
the sample. Furthermore, we had as a goal to reach a minimum
SNR ∼ 8 − 10 also in the crossing region between the VIS and NIR
arm, where the efficiency decreases due to the dichroic. This region,
corresponding to the wavelength range ∼ 0.95 − 1.05 𝜇m, is critical
for our goals since it covers the redshift ranges 𝑧 ≃ 5.1− 5.8 for C iv
and 𝑧 ≃ 5.8 − 6.5 for Si iv.

To reach the desired SNR, we split the sample into 5 magnitude
bins for which we foresaw different total exposure times obtained
summing individual integrations of 1200s (see Table 2). Exposures
were acquired nodding along the slit by ±2.5” from the slit center.
This operation is carried out in order to improve the sky subtraction,
in particular in the NIR wavelength range, which is performed by
subtracting one from the other the pairs of nodded frames. However,
as it is explained in Section 4, thanks to the very good performances
of our custom pipeline, we were able to subtract the sky from every
frame individually, improving the SNR.

The adopted slit widths were 0.9” in the VIS and 0.6” in the
NIR arm, to account for the seeing wavelength dependence. These
slit widths provide a nominal resolving power of 8900 and 8100,
respectively.

The UVB arm is not relevant for these high-redshift targets since
the flux is completely absorbed below the Lyman limit (correspond-
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ing to 𝜆 = 6200 and 6930 Å for 𝑧 = 5.8 and 6.6, respectively). The
slit position was always set along the parallactic angle.

Target acquisition was done in the SDSS 𝑧′ filter. However, since
our targets are generally faint, the blind-offset technique was adopted,
which points the telescope to a bright star close to the target and
then move the telescope "blindly" to the position of the object to be
observed. The VIS CCD was binned by a factor of 2 in the dispersion
and spatial direction. For each exposure, the standard calibration plan
of the observatory was adopted.

Some of the objects in our sample already had XSHOOTER ob-
servations in the ESO archive, which were included to generate our
final spectra. The details of observations of each target are reported
in Table 3.

3.2 Additional objects

The XQR-30 sample was complemented with all the other quasars
fitting the same brightness and redshift selection criteria and having
an XSHOOTER spectrum with a SNR comparable with that of our
sample. Currently, there are 12 quasars with these characteristics in
the ESO archive which are also reported in Table 1 and in Fig. 2
(orange dots and green diamonds). The details of their observations
are listed in Table 3. The literature sample was reduced with the same
pipeline used for the main sample and described in Section 4.

We refer to the sample comprising the XQR-30 quasars plus the
literature quasars as the enlarged XQR-30 sample (E-XQR-30). The
total integration time for the full dataset is of ∼ 350 hours.

3.3 Photometry of XQR-30 quasars

We compile NIR 𝐽, 𝐻 and 𝐾 AB magnitudes of the E-XQR-30
objects in Table 1. We use the photometry to characterize the spectral
energy distribution of the quasars and to calibrate their spectra (see
Section 5.1).

For a significant fraction of the quasars, this NIR photometry
already existed in the literature (references in Table 1). We have
obtained follow-up photometry for objects missing this information
or in cases where the published photometry had large uncertainties.
We obtained 𝐽𝐻𝐾 images with the SOFI Imaging Camera on the
NTT telescope (Moorwood et al. 1998), 𝐽𝐾 images with Fourstar at
Las Campanas Observatory (Persson et al. 2013), 𝐻𝐾 images with
the NOTCam camera at the Nordic Optical Telescope4, and 𝐻-band
observations with the HAWK-I imager at the VLT (Pirard et al. 2004;
Kissler-Patig et al. 2008). The on-source exposure times for SOFI and
Fourstar observations range between 5 to 10 min. The exposure time
for𝐻 and𝐾 NOTCam observations were 18 and 27 min, respectively.
The HAWK-I observations were part of a bad-weather filler program
with exposure times of 12.5 min.

The images were reduced with standard procedures: bias subtrac-
tion, flat fielding, sky subtraction, and stacking. The photometric
zero points were calibrated against stellar sources in the UKIDSS
(Lawrence et al. 2007), VHS (McMahon et al. 2013), or 2MASS
(Skrutskie et al. 2006) NIR surveys. We report the follow-up pho-
tometry and their observation dates in Table 1.

4 http://www.not.iac.es/instruments/notcam/

4 DATA REDUCTION

The XSHOOTER spectroscopic data were reduced using a modified
version of the custom pipeline described in Becker et al. (2012, 2019)
and López et al. (2016). The pipeline features highly optimized sky
subtraction and spectral extraction, which perform better than the
public XSHOOTER pipeline distributed by ESO, in particular for
the sky subtraction in the NIR region (for a comparison see López
et al. 2016). The custom pipeline was applied to all new and archival
frames included in the E-XQR-30 sample.

Individual frames were first bias subtracted for the VIS arm and
dark subtracted for the NIR. A key feature of the pipeline is the use of
high-SNR dark frames created by averaging many (generally 10–20)
individual darks with exposure times matched to the science frames.
We typically used darks taken within a month of the science data
for this purpose. Subtracting these darks (along with flat-fielding)
removes many of the detector features that often complicate sky sub-
traction in the near-infrared, allowing us to model and subtract the sky
from each NIR frame individually rather than using nod-subtraction.
This avoids the factor of

√
2 penalty from nod-subtraction in the sky

noise. Individual frames were then flat-fielded. Two-dimensional fits
to the sky in the un-rectified frames were then performed following
Kelson (2003) using a b-spline in the dispersion direction modified
by a low-order polynomial along the slit. A higher-order correction to
the slit illumination function was also performed using the residuals
from bright skylines.

Spectral extraction and telluric correction were performed in mul-
tiple steps. First, a preliminary one-dimensional spectrum was ex-
tracted from each frame. Optimal extraction (Horne 1986) was used
adopting a Gaussian spatial profile, except for orders where the SNR
was sufficient to fit a spline profile. Relative flux calibration was
performed using a response function generated from a standard star.
Next, a fit to the telluric absorption in each frame was performed
using models based on the Cerro Paranal Advanced Sky Model (Noll
et al. 2012; Jones et al. 2013). In these fits, the airmass was set to
the value recorded in the header, while the precipitable water va-
por, instrumental full width at half maximum (FWHM), and velocity
offset between the model and spectrum were allowed to vary. The
best-fitting model was then propagated back to the two-dimensional
sky-subtracted frame. Finally, a single one-dimensional spectrum
was obtained by applying the optimal extraction routine simultane-
ously to all exposures of a given object. This last step allows for
optimal rejection of cosmic rays and other artefacts.

All the reduced spectra are shown in Fig. 3 and are publicly re-
leased (see Sec. 6). The SNR of the final extracted spectra measured
at 𝜆 ≃ 1285 Å rest frame is reported in Table 3, the median value of
the sample is SNR ∼ 29 per pixel of 10 km s−1.

5 DATA ANALYSIS

5.1 Absolute flux calibration

The flux calibration of the spectra carried out by the data reduc-
tion pipeline is relative, in the sense that the shape of the spectrum
is corrected for the instrument response but the flux values at the
different wavelengths may differ from the true flux. This could be
due to slit losses and non-photometric sky conditions at the time of
observations.

However, some of the science cases based on the E-XQR-30 sam-
ple do require an absolute flux calibration. To this aim, we created
combined optical + NIR spectra with the Astrocook python soft-
ware (Cupani et al. 2022) through the following steps:

MNRAS 000, 1–20 (2015)
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Figure 3. Spectra of the 42 E-XQR-30 quasars ordered by increasing Mg ii redshift (as reported in Table 1). Each subplot reports the spectrum (black) and the
error (yellow) arrays from 6000 to 22,000 Å observed wavelengths. The grey bands correspond to the regions affected by strong telluric absorptions in the NIR,
where the spectra have been cut. Spectra were rebinned to 50 km s−1 for display purposes.
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Figure 3. (Continued)
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Figure 3. (Continued)
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Table 3. Details of observations for the XQR-30 and literature samples. Exposure times (columns 2 and 3) are in hours and slit widths (columns 4 and 5) are
in arcsec. Column 6 displays the ESO programme IDs of the reduced frames, while in column 7 and 8 the effective resolving power (see Sec. 5.2) is reported;
the SNR per 10 km s−1 bin measured in each final extracted spectrum at 𝜆 ≃ 1285 Å rest frame is in column 9. Column 10 refers to the first publication of the
considered XSHOOTER spectrum.

Target TVIS TNIR slit VIS slit NIR Programme ID 𝑅VIS 𝑅NIR SNR XS Ref.

PSO J007+04 9.7 9.0 0.9 0.6 098.B-0537, 1103.A-0817 11500 9700 28.5 This work
PSO J009-10 10.3 10.7 0.9 0.6 097.B-1070, 1103.A-0817 11500 10500 23.9 This work
PSO J023-02 9.3 9.3 0.9 0.6 1103.A-0817 10900 9700 18.8 This work
PSO J025-11 9.3 9.3 0.9 0.6 1103.A-0817 10500 9700 27.7 This work
PSO J029-29 4.0 4.0 0.9 0.6 0101.B-0272, 1103.A-0817 10800 9900 26.6 This work
VST-ATLAS J029-36 7.4 7.5 0.9 0.9JH, 0.6 294.A-5031, 1103.A-0817 10100 9200 25.5 This work
VDES J0224-4711 8.6 8.3 0.9 0.9, 0.6 0100.A-0625, 0102.A-0154, 1103.A-0817 11200 9400 15.1 This work
PSO J060+24 8.0 10.3 0.9 0.6 1103.A-0817 11500 10300 25.3 This work
VDES J0408-5632 10.7 10.7 0.9 0.6 1103.A-0817 11300 9700 37.9 This work
PSO J065-26 6.0 6.0 0.9 0.6 098.B-0537, 1103.A-0817 11700 10500 41.4 This work
PSO J065+01 10.7 10.7 0.9 0.6 1103.A-0817 10700 9700 27.5 This work
PSO J089-15 4.0 4.0 0.9 0.6 1103.A-0817 12000 9700 28.9 This work
PSO J108+08 4.0 4.0 0.9 0.6 1103.A-0817 12200 9800 36.2 This work
SDSS J0842+1218 8.7 8.7 0.9 0.6 097.B-1070, 1103.A-0817 11400 10000 37.5 This work
DELS J0923+0402 12.0 12.0 0.9 0.6 1103.A-0817 11600 10200 11.0 This work
PSO J158-14 5.8 5.9 0.9 0.9JH, 0.6 096.A-0418, 1103.A-0817 10800 9100 29.7 This work
PSO J183+05 9.3 9.3 0.9 0.6 098.B-0537, 1103.A-0817 11900 10200 21.9 This work
PSO J183-12 4.0 4.0 0.9 0.6 1103.A-0817 11900 10000 33.9 This work
PSO J217-07 11.3 11.3 0.9 0.6 1103.A-0817 11200 9900 24.2 This work
PSO J217-16 10.3 10.7 0.9 0.6 1103.A-0817 11500 10200 35.5 This work
PSO J231-20 12.2 12.7 0.9 0.6 097.B-1070, 1103.A-0817 10800 9800 17.5 This work
DELS J1535+1943 8.7 9.3 0.9 0.6 1103.A-0817 11600 9700 15.2 This work
PSO J239-07 6.0 6.0 0.9 0.6 0101.B-0272, 1103.A-0817 11300 11000 34.5 This work
PSO J242-12 8.8 8.7 0.9 0.6 1103.A-0817 10700 9700 25.4 This work
PSO J308-27 7.0 7.0 0.9 0.6 0101.B-0272, 1103.A-0817 11800 10600 31.2 This work
PSO J323+12 8.9 9.7 0.9 0.6 098.B-0537, 1103.A-0817 10900 9800 15.7 This work
VDES J2211-3206 4.8 4.8 0.9 0.9, 0.6 096.A-0418, 098.B-0537, 1103.A-0817 10600 9100 12.7 This work
VDES J2250-5015 3.3 4.0 0.9 0.6 1103.A-0817 10800 9600 17.9 This work
SDSS J2310+1855 4.0 4.0 0.9 0.6 098.B-0537, 1103.A-0817 12700 9800 40.4 This work
PSO J359-06 12.0 12.0 0.9 0.6 098.B-0537, 1103.A-0817 11300 10000 35.7 This work

SDSS J0100+2802 11.0 11.0 0.9 0.6JH, 0.6 096.A-0095 11400 10300 102.1 1
VST-ATLAS J025-33 4.7 4.8 0.9 0.9JH, 0.6 096.A-0418, 0102.A-0154 11200 9300 29.5 This work
ULAS J0148+0600 11.0 11.0 0.7 0.6 084.A-0390 13300 10000 59.9 2
PSO J036+03 6.5 6.7 0.9 0.9, 0.6 0100.A-0625, 0102.A-0154 10700 9200 18.5 3
WISEA J0439+1634 14.9 15.2 1.2 0.9 0102.A-0478 9500 8200 113.9 This work
SDSS J0818+1722 9.2 9.4 0.9, 1.5 0.9, 1.2 084.A-0550, 086.A-0574, 088.A-0897 11000 7600 52.3 1
SDSS J0836+0054 2.3 2.3 0.7 0.6 086.A-0162 13100 10200 37.2 1
SDSS J0927+2001 12.0 10.8 0.7, 1.5 0.6, 1.2 0.84.A-390, 088.A-0897 12900 9400 36.5 1
SDSS J1030+0524 7.6 7.1 0.9, 1.5 0.9 084.A-0360, 086.A-0162, 086.A-0574, 12300 8400 16.8 1

087.A-0607
SDSS J1306+0356 13.4 11.0 0.9, 0.7 0.9, 0.6 60.A-9024, 084.A-0390 12000 9600 33.4 1
ULAS J1319+0950 10.5 10.0 0.7 0.6 084.A-0390 13700 9800 40.9 2
CFHQS J1509-1749 8.3 6.9 0.9 0.9, 0.9JH 085.A-0299, 091.C-0934 11800 8000 27.3 1

References: 1 - Bosman et al. (2018); 2 - Becker et al. (2015); 3 - Schindler et al. (2020) .

• the NIR arm spectrum was scaled to the VIS one using the
median values computed in the overlapping spectral region 1.00 −
1.02 𝜇m;

• the red end of the VIS arm spectrum and the blue end of the NIR
arm were trimmed at 𝜆 = 1.01 𝜇m to eliminate the noisiest regions;

• the two spectra were stitched together and rebinned to 50 km
s−1.

The combined spectrum was then normalized to the 𝐽AB band
photometry, assuming that the shape of the spectrum is correct (see
Bischetti et al. 2022). We tested this assumption by verifying that the
spectral shape does not significantly change when using the custom
pipeline described above and the standard ESO XSHOOTER pipeline

(Freudling et al. 2013). To this aim, we considered the ESO-released
reduced spectra which are calibrated with standard stars acquired on
the same night of the observations.

We note that the 𝐽-band photometry is not taken simultaneously
with the spectra, which could introduce uncertainty in the absolute
flux calibration, if some of these quasars have varied between the
photometric and spectroscopic observations. However, there is an
anti-correlation between quasar variability and luminosity or accre-
tion rate (e.g. Sánchez-Sáez et al. 2018, but see also Kozłowski et al.
2019). Given that the E-XQR-30 quasars are among the most lumi-
nous quasars at any redshift and accreting close to the Eddington
limit, we do not expect that quasar variability would have a strong
role in our results.
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Figure 4. Three examples of XQR-30 quasar spectra, rebinned to 50 km
s−1 and normalized to the J magnitude, compared with the other available
photometric bands. In the upper panel the calibrated spectrum is in agreement
with the photometry in the other bands; in the central panel, we show an
object for which the 𝑦 band shows an excess, while the lower panel displays
a spectrum with deficient H band photometry.

The median absolute flux correction is 20%. As a further check,
we also compared the 𝑧, 𝑦5, 𝐻 and 𝐾 photometry with the fluxes
extracted from the normalized spectrum in the corresponding bands.
In general, we find good agreement, with differences smaller than the
2𝜎 photometric uncertainties. For two quasars, namely PSO J239-
07, and PSO J158-14, the 𝑦 band photometry shows a flux excess
by about 40% with respect to the spectrum-based value. Finding
differences between the 𝑦-band fluxes from Pan-STARRS1 (PS1)
and the flux-calibrated spectra is not surprising, since the red side of
the bandpass of the PS1 𝑦-band is mainly determined by the CCD
quantum efficiency (QE) and the PS1 camera has 60 CCDs (or more
accurately, Orthogonal Transfer Arrays devices) all with different
QEs (Tonry et al. 2012). In three quasars (PSO J308-27, PSO J025-
11 and PSO J023-02), we observe a deficiency in the 𝐻 band by
about 30% ( Fig. 4). The largest 𝐻-band discrepancy of about 50%
is observed for SDSS J0836+0054.

We computed the Galactic extinction for our quasars based on the
SFD extinction map (Schlegel et al. 1998) recalibrated with the 14%
factor by Schlafly & Finkbeiner (2011). The average (median) value
for our sample is generally low, 𝐸 (𝐵 − 𝑉) ≃ 0.07 (0.04). However,
there are three quasars for which 𝐸 (𝐵 − 𝑉) >∼ 0.2 (PSO J060+24,
PSO J089-15 and PSO J242-12) and one (WISEA J0439+1634) with
𝐸 (𝐵 − 𝑉) ≃ 0.51. Since the effect on the flux is typically negligible
at the observed wavelengths, the released spectra are not corrected
for Galactic extinction.

5.2 Determination of effective spectral resolution

The nominal resolving power of the VIS and NIR arms of
XSHOOTER depend on the choice of the slit width. However, if
the seeing at the time of the observation is smaller than the slit, the
resolving power of the observed spectrum will be larger than the
nominal one.

An estimate of the resolving power as accurate as possible is
critical for the process of Voigt profile fitting of the absorption lines.

5 𝑧 and 𝑦 magnitudes for the E-XQR-30 sample are taken mainly from
Bañados et al. (2016, 2023) and are not reported in this paper.

To this end we have investigated the observables linked to the spectral
resolution in order to find an objective procedure to determine the
effective resolving power of the spectra. These quantities are:

• the average FWHM seeing condition (in arcsec, at 5000 Å)
calculated over the exposure time as measured by the Differential
Image Motion Monitor (DIMM) station at Paranal, which is reported
in the ESO archive for each observed frame;

• the FWHM (in arcsec) of a Gaussian fit of the spectral order
spatial profiles fitted in the 2D frames. This value depends on the
position in the frame and, in the VIS arm, it can be determined only
for the red orders since moving toward bluer wavelengths the flux is
almost completely absorbed. We considered the FWHM at ∼ 9500
Å and 11,900 Å for the VIS and the NIR arm, respectively;

• the FWHM (in km s−1) of the Gaussian kernel by which
the telluric model was smoothed in order to match the data. In
the NIR spectrum, five FWHM are measured over the wavelength
intervals: [10,900−12,850], [12,850−13,495], [14,830−16,240],
[16,240−17,890] and [19,770−20,700] Å in order to check whether
the FWHM depends on wavelength. At least in the high SNR frames,
no dependence has been detected to within ∼ 1 km s−1. Thus for the
purpose of measuring the spectral resolving power, we take the mean
value of these determinations.

In Fig. 5, we plot the relations between the above quantities for
the VIS frames of the quasar SDSSJ0100+2802 (belonging to the
literature sample), whose extreme brightness allows to reach a high
SNR also in single frames. We notice that there is a reasonable cor-
relation between the DIMM values and the FWHM measured on
the frames. The correlation is stronger with the FWHM of the spec-
tral order spatial profile and, in general, for the higher SNR frames.
However, it is also clear that the seeing measured by the DIMM is
too optimistic, being always smaller than the one at the telescope,
traced by the FWHM of the order spatial profiles. In Fig. 6 and 7, we
show the same relations but for the NIR frames of SDSSJ0100+2802
(slit=0.6") and J0439+1634 (slit=0.9"), respectively. When consid-
ering the relation between the DIMM FWHM and the FWHM of the
telluric model (measured in km s−1), we converted the former into a
velocity width assuming the nominal resolving power associated with
the adopted slit, 𝑅, and a linear relation between the width of the slit
and the resolving power: FWHM (km s−1) = [𝑐/(𝑅 ∗ 𝑠𝑙𝑖𝑡)] FWHM
("). For values of the DIMM FWHM larger than the adopted slit, we
assumed the nominal resolution (𝑅VIS ≃ 8900, 𝑅NIR ≃ 8100).

It is interesting to observe how the relation between the FWHM
of the telluric model and the DIMM FWHM flattens above a given
value (which depends on the XSHOOTER arm and slit width) which
however is always smaller than the nominal resolution, suggesting
that the latter could be overestimated.

In order to assign a reasonable resolution to our frames we pro-
ceeded through the following steps.

(i) The frames with SNR ≥ 8 per 10 km s−1 bin are used to build
relations between the FWHM of the spatial profiles and the telluric
FWHM for each arm and each slit. Data are fitted with a broken
line, where the break occurs at the slit width (see Fig. A1). There is
not enough data to fit a relationship for the NIR 1.2" slit, so in this
case we adopt the relationship measured from the 0.9" slit. There are
only 8 exposures observed with the NIR 1.2" slit, spread across two
objects which both have a larger number of exposures at smaller slit
widths, so the choice of scaling for this particular configuration is
unlikely to have a significant impact on the final results;

(ii) These relations are used to calculate the expected spectral
FWHM for each exposure, based on its measured spatial FWHM;
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Figure 5. FWHM of the spectral order spatial profiles (upper panel) and
average FWHM of the telluric model (lower panel) as a function of the
FWHM at ∼ 950 nm of the seeing disk for the VIS frames of the literature
quasar SDSSJ0100+2802, which was observed with a slit=0.9". The dots are
coloured according to the SNR of the corresponding frame (see the scale in
the sidebar). The dashed lines indicate the slit value.

(iii) The spectral FWHM of the composite spectrum (obtained
summing all the frames of a given object in a given arm) is deter-
mined by creating a synthetic composite profile by averaging together
the Gaussian profiles obtained from the single spectral FWHM. The
individual spectra are inverse-variance weighted when they are com-
bined, so the profiles should be weighted by 1/SNR2;

(iv) The weighted composite profiles are then fitted with a single
Gaussian profile and its FWHM is assumed as the resolution of the
combined spectrum. We verified that the composite profiles are very
well approximated by single Gaussians.

This procedure assumes that the telluric FWHM is a good mea-
sure of the spectral resolution for high-SNR exposures, and that the
spatial FWHM is more robust than the telluric FWHM for low-SNR
exposures. The values obtained for the VIS and NIR regions of the
E-XQR-30 sample are reported in Table 3 and shown in Fig. 8. In-
dicatively, the adopted resolution can be considered reliable to within
≈ 10 %.
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Figure 6. Same as Fig. 5 but for the NIR frames of SDSSJ0100+2802,
observed with a slit=0.6".

5.3 Estimate of the intrinsic emission spectrum

For many science cases it is necessary to determine the shape of the
intrinsic spectrum of the quasar. However, this operation is carried
out in different ways for different purposes. Here we briefly describe
the procedures adopted for the science cases studied with the E-
XQR-30 sample referring the reader to the original papers for further
details.
Determination of the transmission flux in the Lyman forests
The emission spectra used to measure the transmission flux and the
effective optical depth in the Ly𝛼 and Ly𝛽 forests have been recon-
structed employing a Principal Component Analysis (PCA). PCA
models use a training set of low-𝑧 quasar spectra to find optimal
linear decompositions of the ‘known’ red side (𝜆 > 1280 Å rest
frame) and the ‘unknown’ blue side of the spectrum (𝜆 < 1220 Å
rest frame), then determines an optimal mapping between the linear
coefficients of the two sides’ decompositions (Francis et al. 1992; Yip
et al. 2004; Suzuki et al. 2005; McDonald et al. 2005; Ďurovčíková
et al. 2020). Bosman et al. (2021) showed that PCA methods outper-
formed both the more traditionally employed power-law extrapolation
(e.g. Bosman et al. 2018) and ‘stacking of neighbours’ methods (e.g.
Bosman & Becker 2015), both in prediction accuracy and in lack of
wavelength-dependent reconstruction residuals.

For the E-XQR-30 sample, we used the log-PCA approach of
Davies et al. (2018), trained on ∼ 4600 quasars at 2.7 < 𝑧 < 3.5

MNRAS 000, 1–20 (2015)



14 V. D’Odorico et al.

0.50 0.75 1.00 1.25 1.50 1.75

FWHM from DIMM (”)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

F
W

H
M

of
th

e
or

d
er

sp
at

ia
l

p
ro

fi
le

(”
)

J0439+1634 NIR slit=0.9”

8

10

12

14

16

18

20

S
N

R

20 25 30 35 40 45 50 55

FWHM from DIMM (km/s)

20

25

30

35

40

45

50

55

T
el

lu
ri

c
F

W
H

M
(k

m
/s

)

J0439+1634 NIR slit=0.9” 8

10

12

14

16

18

20
S

N
R

Figure 7. Same as Fig. 5 but for the NIR frames of the literature quasar
J0439+1634, observed with a slit=0.9".

with SNR > 7 from the SDSS-III Baryon Oscillation Spectroscopic
Survey (BOSS, Dawson et al. 2013) and the SDSS-IV Extended
BOSS (eBOSS, Dawson et al. 2016) and tested using an independent
set of ∼ 4600 quasars from eBOSS.

The average uncertainty over the 1026 < 𝜆 < 1185 Å range, used
in Bosman et al. (2022), was determined from the test set and is
PCA/True −7.9/+7.8%, implying a large improvement compared to
power-law extrapolation methods (> 13%) and a slight improvement
over the best PCA in Bosman et al. (2021) (9%). We refer the reader
to Bosman et al. (2021) and Bosman et al. (2022) for further details
of the PCA training and testing procedures. Figures showing all
available PCA fits and blue-side predictions are available in Zhu
et al. (2021).
Fit of intervening metal absorption lines
The emission spectrum for the fit of the metal absorption lines in the
region redward of the Ly𝛼 emission line has been determined with
the Astrocook python package (Cupani et al. 2020). Astrocook
performs first the identification of absorption lines, then masks the
identified lines, calculates the median wavelength and flux in win-
dows of fixed velocity width, and inserts nodes at these locations.
Finally, univariate spline interpolation is applied to the nodes to es-
timate the shape of the continuum at the wavelength sampling of the
original spectra. The initial continuum estimates are manually refined
by adding and removing nodes as necessary using the Astrocook
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Figure 8. Resolving power in the NIR arm compared wit that in the VIS arm
and relative distribution histograms for the XQR-30 (blue dots) and literature
(orange dots) samples.

GUI. This operation is generally needed in regions affected by strong
skyline or telluric residuals, when there are large absorption troughs
due to clustered narrow absorption lines or to BAL systems or when
the spectrum has significantly slope changes in narrow wavelength
intervals (e.g. close to emission lines). A detailed description of the
procedure can be found in Davies et al. (2023a).
Identification of BAL quasars and fit of intrinsic emission lines
The intrinsic spectrum of the quasars for the study of the prop-
erties related with the quasars themselves (e.g. BH masses, AGN
winds) have been estimated with different techniques. Bischetti et al.
(2022), who determined the BAL fraction in XQR-30, built compos-
ite emission templates based on the catalogue of 11,800 quasars at
2.13 ≤ 𝑧 ≤ 3.20 from SDSS DR7 (Shen et al. 2011). For each XQR-
30 spectrum, the template is the median of 100 non-BAL quasar
spectra, randomly selected from the SDSS catalogue, with colours
and C iv equivalent width in a range encompassing ±20 % the val-
ues measured for the XQR-30 quasar. The combined template has a
spectral resolution of ≈ 70 km s−1 in the C iv spectral region, which
corresponds to the lower spectral resolution of the individual SDSS
spectra, and is normalized to the median value of the XQR-30 quasar
spectrum in the 1650 − 1750 Å interval, which is free from promi-
nent emission lines and strong telluric absorption in the X-shooter
spectra.

In Lai et al. (2022), on the other hand, in order to detect the chemi-
cal abundances in the quasar broad line region (BLR), the continuum
is fit with a power-law function normalized to rest-frame 3000 Å, con-
sidering the line-free windows 1445-1455 Å, 1973-1983 Å. We also
consider the contribution of the Fe ii pseudo-continuum spectrum
using the empirical template from Vestergaard & Wilkes (2001) to
cover the wavelength range from 1200 to 3500 Å. Emission lines
are fit with a double power-law method (Nagao et al. 2006) which
has been compared to the double-Gaussian and modified Lorentzian
methods, achieving better fits with fewer or equal number of free
parameters.
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5.4 Rest-frame UV magnitudes at 1450 Å

The quasars’ UV monochromatic AB magnitudes at rest-frame 1450
Å (𝑚1450) are widely used in the literature. For example, they are
used to determine the quasar luminosity function (e.g. Schindler et al.
2023), to estimate bolometric luminosities (e.g. Runnoe et al. 2012),
and to normalise quasar’s proximity zones (e.g. Eilers et al. 2020).
At 𝑧 > 5.7, the rest-frame 1450 Å wavelength is shifted to 𝜆 >

0.97 𝜇m, so it is not always possible to measure it directly from the
observed optical spectrum. Different approaches have been adopted
to determine 𝑚1450, which generally imply extrapolation from the
observed spectrum with a power-law or from NIR photometry (see
e.g. Bañados et al. 2016). These determinations are sensitive to the
assumed spectral power law and to strong emission/absorption lines
affecting the NIR photometry.

In the case of the E-XQR-30 high-quality spectroscopic sample,
we have the possibility to directly measure the flux density at 𝜆1450 =

1450 × (1 + 𝑧em) on the flux calibrated spectra and determine 𝑚1450
without the need of extrapolation. To this aim, the flux density, 𝑓𝜆1450
(and subsequently, 𝑚1450) was determined by taking the average
value over a few tens of Å of the fit of the continuum, modelled as a
power law plus a Balmer pseudo-continuum (following recent works,
e.g. Schindler et al. 2020). More details on the fit will be described
in a subsequent paper (Bischetti et al., in prep.).
All 𝑚1450 magnitudes are reported in Table 1. Compared with pre-
vious determinations from the literature (see e.g. the high-𝑧 database
in Fan et al. 2022), our magnitudes are fainter in most of the cases
with a mean and median discrepancy of ∼ 0.2 magnitudes. This
result is reasonable since most previous determinations were based
on extrapolations from photometric values (e.g., 𝑦 or 𝐽 magnitudes)
which are often contaminated by strong emission lines (e.g., C iv).

6 RELEASED DATA PRODUCTS

6.1 Reduced spectra

All the E-XQR-30 raw data, along with calibration files are available
through the ESO archive6.

The spectra reduced with the custom pipeline are released through
a public github repository7. For each quasar in the sample, two
binary FITS files are released: one with the combined VIS and
one with the combined NIR frames. The naming convention is
target_arm.fits, where target is the target name as reported
in Table 1, arm is the spectral arm (NIR or VIS). The table columns
are:

- WAVE: wavelength in the vacuum-heliocentric system (Å);
- FLUX: flux density with the telluric features removed (erg cm−2

s−1 Å−1);
- ERROR: error of the flux density (erg cm−2 s−1 Å−1);
- FLUX_NOCORR: same as flux, but with the telluric features

(erg cm−2 s−1 Å−1);
- ERROR_NOCORR: error of flux_nocorr (erg cm−2 s−1 Å−1).

A third data product is released for each quasar which is the com-
bined VIS + NIR spectrum rebinned to 50 km s−1 and normalized
to the 𝐽AB magnitude.

6 https://archive.eso.org/eso/eso_archive_main.html
7 https://github.com/XQR-30/Spectra

Table 4. Median composite spectrum of the total E-XQR-30 sample. Wave-
lengths are in units of Å and flux density units are arbitrary, normalised to
the rest-frame 1600-1610 Å continuum flux. Last column indicates the num-
ber of quasars contributing to each spectral channel. The entire table data is
available online.

Wavelength (Å) 𝑓𝜆 N

1150.160 0.0015 42
1150.352 0.0093 42
1150.543 0.0075 42
...
1600.468 0.9916 42
...
3000.856 0.4321 40
... .
3250.427 0.3315 17
... ...

6.2 Composite spectra

The composite spectrum based on the E-XQR-30 sample was com-
puted to investigate the average quasar UV spectral properties in the
redshift range 𝑧 ≃ 5.8 − 6.6 and compare them with previous 𝑧 ∼ 6
quasar samples from the literature. We generated a median composite
spectrum by converting the individual VIS + NIR combined spec-
tra to the rest-frame using 𝑧MgII (Table 1) and normalizing them to
continuum flux at 1600-1610 Å rest frame, as this spectral region
is free from prominent emission lines and strong telluric contami-
nation (see Shen et al. 2019; Yang et al. 2021). We did not adopt a
normalization at shorter wavelengths (e.g. Bañados et al. 2016) as
the spectral region blueward of C iv is affected by absorption in the
case of BAL quasars.

Figure 9 shows the composite spectrum of the total E-XQR-30
spectrum, corresponding to the spectral region between Ly𝛼 and
Mg ii emission lines. Shallow absorption is observed blueward of
C iv, due to the large fraction of BAL quasars in our sample (Bis-
chetti et al. 2022). This absorption feature disappears when excluding
BAL quasars from the composite (see Fig. B1). We do not find other
significant differences between the composite spectra including or
excluding BAL quasars. We also verified that no significant discrep-
ancies arise when comparing the total composite with that created
excluding the quasar spectra showing a strong H i absorber within
≃ 5000 km s−1 from the emission redshift (a so-called proximate
Damped Ly𝛼 system, see Davies et al. 2023a and Sodini et al. in
prep.). The comparison is shown in Fig. B1.

The composite E-XQR-30 spectrum covers the spectral region
from rest-frame 1150 to 3350 Å. We did not include shorter wave-
lengths, due to the strong IGM absorption. The total sample of 42
quasars contribute to the composite at wavelengths below 3000 Å
while the number of quasars included in the composite decreases at
longer wavelengths. The composite has a relatively low quality at
> 3270 Å, where less than 10 quasars contribute to the obtained flux.

We compare the composite E-XQR-30 spectrum with the median
composites from Shen et al. (2019) and Yang et al. (2021). The
former is based on 50 quasars at 𝑧 ≃ 5.7 − 6.4 with Gemini/GNIRS
spectroscopy (𝑅 ∼ 650); the latter consists of 32 quasars at 𝑧 ≃
6.5 − 7.6, the majority of which was observed with GNIRS and
Keck/NIRES (𝑅 ∼ 2700). Both samples include bright quasars with
similar magnitudes to E-XQR-30, with a few common sources, but
mostly consist of less luminous quasars (Fig. 10).

The composite spectrum of E-XQR-30 shows less prominent Ly𝛼
and high-ionization emission lines such as C iv and Si iv with respect
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Figure 9. Upper panel: composite spectrum of the total E-XQR-30 sample rebinned to 250 km s−1 (black curve), compared with composite spectra of 𝑧 ≃ 5.7−7
quasars from Shen et al. (2019) and Yang et al. (2021). Bottom panel: composite E-XQR-30 spectrum for quasars with high (low) equivalent width of the C iv
line, as shown by the orange (blue) curve, compared with the total E-XQR-30 composite spectrum. Vertical lines indicate the rest-frame wavelength of C iv and
Mg ii emission lines considering 𝑧MgII (Table 1). Insets show a zoom-in on the spectral region between Ly𝛼 and C iv.

29 28 27 26 25
Absolute magnitude at 1350 or 1450 Å

0

2

4

6

8

Nu
m

be
r o

f q
ua

sa
rs

E-XQR-30
Shen+19
Yang+21

Figure 10. Distribution of the absolute magnitude at 1450 Å of the E-XQR-30
sample (black histogram), compared with the quasar samples by Shen et al.
(2019) and Yang et al. (2021).

to Shen et al. (2019) and Yang et al. (2021) composites, while there
is no significant difference in the strength of Mg ii and C iii]. In our
composite, the peak of the C iv emission shows a larger blueshift and
the line profile is characterized by a more prominent blue wing, trac-
ing the presence of strong nuclear winds in the quasar BLR, whose
properties will be characterized in a forthcoming paper (Bischetti et
al. in prep). This is likely due to the luminosity difference between
E-XQR-30 and the Shen et al. (2019); Yang et al. (2021) samples
(e.g. Vietri et al. 2018; Schindler et al. 2020). The three composites
have consistent continuum slopes.

To highlight the variety of quasar UV properties within our sam-
ple, we also generated two additional composites for sources with
low (< 14.5 Å) and high (> 14.5 Å) C iv equivalent width (EW).
Sources with low (high) C iv EW typically have weaker (stronger)
Ly𝛼, Si iv and Mg ii emission lines. The interpretation of differences
close to C iii] is limited due to strong telluric contamination affecting

this spectral region. Quasars with low C iv EW typically show C iv
blueshifts with velocities ≥ 2000 km s−1 (Bischetti et al. in prep.),
consistently with the C iv EW-C iv blueshift anticorrelation typically
found in lower-redshift quasars (Richards et al. 2011; Temple et al.
2021).

The three composite spectra shown in Fig. 9 are part of the released
products, they can be found in the github repository where also the
reduced spectra are stored. An example of the format of the released
tables is shown in Table 4.

6.3 Metal absorption line catalogue

Davies et al. (2023a) have searched the E-XQR-30 quasar spectra
for metal absorption lines in the region redward of the Ly𝛼 emission
line of the quasar, compiling a catalogue of 778 systems spanning the
redshift range 2 <∼ 𝑧 <∼ 6.5. Each system shows absorption in one or
more of the following ions: Mg ii (360 systems), Fe ii (184), C ii (46),
C iv (479), Si iv (127), and N v (13). This catalog significantly ex-
pands on existing samples of 𝑧 >∼ 5 absorbers, especially for C iv and
Si iv which are important probes of the ionizing photon background
at high redshift. The catalogue has been released through the public
XQR-30 github repository8 along with completeness statistics and
a Python script to compute the absorption search path for different
ions and redshift ranges.

7 SUMMARY OF PUBLISHED RESULTS

At the time of writing, several results have been published by the
XQR-30 collaboration based on large quasar samples mainly built on
the high-quality E-XQR-30 spectra. We briefly summarize them in
the following.

The last phases of the reionization process have been studied with
several statistical indicators derived from the quasar spectra. The

8 https://github.com/XQR-30/Metal-catalogue
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main result, common to all studies, is that when comparing observ-
ables with simulations a fully ionized IGM with a homogeneous UVB
is disfavored by the data down to 𝑧 ≃ 5.3. In Bosman et al. (2022), an
improved measurements of the mean Ly𝛼 transmission in the redshift
range 4.9 < 𝑧 < 6.1 is derived from a sample of 67 quasar sightlines
with 𝑧em > 5.5. The sample includes the E-XQR-30 spectra (exclud-
ing 5 objects with strong BAL systems and QSO J0439+1634 whose
XSHOOTER spectrum was not available at the time) plus other 15
XSHOOTER and 16 Keck ESI quasar spectra. We find excellent
agreement between the observed Ly𝛼 transmission distributions and
the homogeneous-UVB simulations Sherwood (Bolton et al. 2017)
and Nyx (Almgren et al. 2013) up to 𝑧 ≤ 5.2 (< 1𝜎), and mild ten-
sion (∼ 2.5𝜎) at 𝑧 = 5.3. Homogeneous UVB models are ruled out
by excess Ly𝛼 transmission scatter at 𝑧 ≥ 5.4 with high confidence
(> 3.5𝜎). Our results indicate that reionization-related fluctuations,
whether in the UVB, residual neutral hydrogen fraction, and/or IGM
temperature, persist in the IGM until at least 𝑧 = 5.3 (𝑡 = 1.1 Gyr
after the Big Bang), strongly suggesting a late end to reionization.

Two works investigate the statistics of the "dark gaps", in the Ly𝛼
and Ly𝛽 forests (Zhu et al. 2021, 2022, respectively). Dark gaps are
contiguous regions of strong absorption which could be created by
regions of neutral IGM and/or low UV background (e.g. Nasir &
D’Aloisio 2020). For the analysis in the Ly𝛼 forest, we use high-
SNR spectra of 55 quasars at 𝑧em > 5.5 taken with XSHOOTER
(35 belonging to E-XQR-30) and Keck ESI. Focusing on the fraction
of sightlines containing dark gaps of length 𝐿 ≥ 30 ℎ−1 Mpc as
a function of redshift, 𝐹30, we measure 𝐹30 ≃ 0.9, 0.6, and 0.15 at
𝑧 = 6.0, 5.8, and 5.6, respectively, with the last of these long dark gaps
persisting down to 𝑧 ≃ 5.3. Furthermore, nine ultralong (𝐿 > 80ℎ−1

Mpc) dark gaps are identified at 𝑧 < 6. The presence of long dark
gaps at these redshifts demonstrates that large regions of the IGM
remain opaque to Ly𝛼 down to 𝑧 ≃ 5.3. For what concern the Ly𝛽
forest, the sample is reduced to the 42 quasars with the best SNR
at 5.77 ≤ 𝑧em ≤ 6.31. We show that about 80 %, 40 %, and 10 %
of quasar spectra exhibit long (𝐿 ≥ 10ℎ−1 Mpc) dark gaps in their
Ly𝛽 forest9 at 𝑧 ≃ 6.0, 5.8, and 5.6, respectively. Among these gaps,
we detect a very long (𝐿 = 28ℎ−1 Mpc) and dark (𝜏eff >∼ 6) Ly𝛽 gap
extending down to 𝑧 ≃ 5.5 toward the 𝑧em = 5.816 quasar PSO J025-
11. Finally, we infer constraints on ⟨𝑥HI⟩ over 5.5 <∼ 𝑧 <∼ 6.0 based
on the observed Ly𝛽 dark gap length distribution and a conservative
relationship between gap length and neutral fraction derived from
simulations. We find ⟨𝑥HI⟩ ≤ 0.05, 0.17, and 0.29 at 𝑧 ≃ 5.55, 5.75,
and 5.95, respectively.

The proximity zone, due to the enhanced radiation near a luminous
quasar, is the only region where it is possible to characterize the
density field in high-redshift quasar spectra which otherwise show
heavily saturated Ly𝛼 absorption. Using a sample of 10 quasar spectra
from the E-XQR-30 survey, Chen et al. (2022) measure the density
fields in their proximity zones out to ∼ 20 cMpc for the first time.
The recovered density cumulative distribution function (CDF) is in
excellent agreement with the modeled one from the CROC simulation
(Gnedin 2014; Chen & Gnedin 2021) between 1.5 and 3 pMpc from
the quasar, where the halo-mass bias is low. This region is far away
from the quasar hosts and hence approaching the mean density of the
Universe, which allows us to use the CDF to set constraints on the
cosmological parameter 𝜎8 = 0.6 ± 0.3. The uncertainty is mainly
due to the limited number of high-quality quasar sightlines currently
available. In the region closer to the quasar, within 1.5 pMpc, we
find that the density is higher than predicted in the simulation by

9 Note that Ly𝛽 dark gaps are required to be dark in the Ly𝛼 forest too.

1.23±0.17, suggesting that the typical host dark matter halo mass of a
bright quasar (𝑀1450 < −26.5) at 𝑧 ∼ 6 is log10 𝑀ℎ/𝑀⊙ = 12.5+0.4

−0.7.
While detecting individual H i Ly𝛼 forest lines in spectra of high-

redshift quasars is difficult, heavy element absorbers are readily de-
tected redward of the Ly𝛼 emission. They are fundamental probes of
the ionization state and chemical composition of the circumgalactic
and intergalactic medium near the end of the EoR. In Davies et al.
(2023a), we have carried out a systematic analysis in all the quasar
spectra of the E-XQR-30 sample to create a catalogue of 778 inter-
vening absorption systems in the range 2 <∼ 𝑧 <∼ 6.5 with Voigt fit
parameters and completeness estimates. The catalogue of absorbers
together with all parameters derived from the Voigt profile fitting
have been released to the public (see Sec. 6). The redshift evolution
of the statistical properties of C iv absorption lines over 4.3 <∼ 𝑧 <∼ 6.3
is presented in Davies et al. (2023b). We find that the C iv cosmic
mass density (ΩCIV) decreases by a factor of 4.7±2.0 over the ∼ 300
Myr interval between 𝑧 ≃ 4.7 and 𝑧 ≃ 5.8. Assuming that the carbon
content of the absorbing gas evolves as the integral of the cosmic star
formation rate density (with some time delay due to stellar lifetimes
and outflow travel times), we show that chemical evolution alone
could plausibly explain the observed fast decline in ΩCIV. However,
our data also reveal evidence for a decrease in the C iv/C ii ratio at the
highest redshifts (see also Cooper et al. 2019). Rapid changes in the
ionization state of the absorbing gas driven by the evolution of the
UV background towards the end of hydrogen reionization (see also
Becker et al. 2019) may contribute to the increased rate of decline in
ΩCIV at 𝑧 >∼ 5.

The intrinsic properties of the XQR-30 quasars have been inves-
tigated in Bischetti et al. (2022), where we studied the incidence
and characteristics of broad absorption line (BAL) systems. BAL are
absorption lines characterized by width of thousands of km s−1 and
velocities from the systemic emission redshift that can reach 0.1−0.2𝑐
(e.g. Weymann & Foltz 1983). They trace strong BH-driven outflows
that are believed to have the potential to contribute to AGN feedback
(e.g. Fiore et al. 2017). We found that about 40 − 47 % of XQR-30
quasars show BAL features identified through the C iv absorption,
a fraction which is ∼ 2.4 times higher than what we measure in
𝑧 ∼ 2 − 4 SDSS quasars selected in a consistent way. Furthermore,
the majority of BAL outflows at 𝑧 ∼ 6 also show extreme veloci-
ties of 20, 000 − 50, 000 km s−1, rarely observed at lower redshift.
These results indicate that BAL outflows in 𝑧 ∼ 6 quasars inject large
amounts of energy in their surroundings and may represent an im-
portant source of BH feedback at these early epochs, possibly driving
the transition from a growth phase in which BH growth is dominant
to a phase of BH and host-galaxy symbiotic growth (Volonteri 2012).

In Lai et al. (2022), the intrinsic emission lines in the spectra of
25 high-redshift (𝑧em > 5.8) quasars (15 from XQR-30) are used to
estimate the C iv blueshifts and the BLR metallicity-sensitive line
ratios. Comparing against CLOUDY-based photoionization models,
the metallicity inferred from line ratios in this study is several (at least
2−4) times supersolar, consistent with studies of much larger samples
at lower redshifts and similar studies at comparable redshifts. We also
find no strong evidence of redshift evolution in the BLR metallicity,
indicating that the BLR is already highly enriched at 𝑧 ∼ 6. Our
high-redshift measurements also confirm that the blueshift of the
C iv emission line is correlated with its equivalent width, which
influences line ratios normalized against C iv. When accounting for
the C iv blueshift, we find that the rest-frame UV emission-line flux
ratios do not correlate appreciably with the BH mass or bolometric
luminosity.

In Satyavolu et al. (2023a), we have measured proximity zone sizes
of 22 quasars from the E-XQR-30 sample. In our analysis, we exclude
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quasars with BALs and proximate DLAs that could contaminate or
truncate the proximity zone size and lead to a spurious measurement.
We infer proximity zone sizes between 2 − 7 physical Mpc, with a
typical error of less than 0.5 physical Mpc, which includes for the first
time, the errors due to the uncertainty in the quasar continuum. We
compare the distribution of our proximity zone sizes to those from
simulations (Satyavolu et al. 2023b); study the correlation between
proximity zone sizes and the quasar redshift, luminosity, or black
hole mass, and find that they indicate a large diversity of quasar
lifetimes. We find two quasars with exceptionally small proximity
zone sizes (< 2 physical Mpc). The spectrum of one of these quasars,
PSOJ158-14, at 𝑧em = 6.0685, shows, unusually for this redshift,
damping wing absorption without any proximate metal absorbers,
which could potentially originate from the IGM. The other quasar,
PSOJ108+08, has a high-ionization absorber at ∼0.5 physical Mpc
from the edge of the proximity zone.

The BH masses and accretion rates, and the bolometric luminosi-
ties for all the objects in the E-XQR-30 sample are computed in
Mazzucchelli et al. (subm.). Two estimates of the BH mass were
derived for each object based on the measured FWHM of C iv and
Mg ii emission lines. In this work, we report only the masses de-
rived from Mg ii (see Table 1) which are generally considered to be
more reliable due to the out-flowing components and/or winds which
commonly affects the C iv emission line profile.

8 CONCLUSIONS

In this paper, we present the XQR-30 survey: a sample of 30 spectra
of quasars probing the reionization epoch (5.8 ≤ 𝑧em ≤ 6.6) ob-
served at high resolution (𝑅 ∼ 10, 000) and high signal-to-noise ratio
(SNR ∼ 11 − 41 per bin of 10 km s−1) within an ESO XSHOOTER
Large Programme of 248 h. The XQR-30 observations were comple-
mented with all the available XSHOOTER archival observations for
the objects in the sample and with the addition of 12 more quasars
with archival XSHOOTER spectra of similar quality, for a total of
∼ 350 hours on-source observation. The total sample of 42 quasars
is designated as the “enlarged XQR-30" sample (E-XQR-30).

E-XQR-30 represents the state-of-the-art observational database
for the studies of the second-half of the reionization process with
quasar spectra.

Many results have been already published based on this sample,
spanning from the statistics of the transmitted flux in the Ly𝛼 and
Ly𝛽 forest strongly constraining reionization models (Bosman et al.
2022; Zhu et al. 2021, 2022); the reconstruction of the high-𝑧 density
field in the quasar proximity regions (Chen et al. 2022); the detection,
identification and analysis of heavy element absorption lines (Davies
et al. 2023a,b); and the intrinsic properties of the luminous quasars
in the sample being powered by super-massive BH and showing the
signatures of strong outflows possibly driving the transition to the
co-evolution of the BH and host-galaxy masses (Lai et al. 2022;
Bischetti et al. 2022, 2023; Satyavolu et al. 2023a, Mazzucchelli et
al. 2023 subm.). Several other papers are in preparation and will be
submitted soon.

This sample is intended to have a high community value: the
reduced spectra are made available through a public repository, to-
gether with the composite spectra and the catalogue of metal ab-
sorption lines. Several relevant properties of the observed quasars
are reported in this and in the other published papers. Furthermore,
XQR-30 has a notable legacy relevance since it is improbable that
such an investment of telescope time will be repeated on similar tar-
gets in the next 5-10 years. Given the finite number of bright quasars

with 𝑧 > 6 in the observable Universe (Fan et al. 2022), we may have
to wait for the next generation of 30-40 m class telescopes equipped
with high-resolution spectrographs (e.g. the ANDES spectrograph
for the ESO ELT, Marconi et al. 2021) to mark a significant step
forward in this field.
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Figure A1. FWHM of the telluric model measured in km s−1 vs. the FWHM of the spectral order spatial profile in arcsecs for the VIS (upper row) and NIR
(lower row) XSHOOTER arms and for all the slits adopted in the considered frames. The width of the slit in arcsec is reported in the upper part of every panel.
The black dots are the frames with SNR ≥ 8 per 10 km s−1 pixel, the grey dots are the frames with lower SNR. The dashed blue line is fitted to the black dots
with a break at the slit value. See Section 5.2 for more details.
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Figure B1. Upper panel: Composite spectrum of the total E-XQR-30 sample rebinned to 250 km s−1 (black curve), compared with the composite spectrum
obtained excluding the targets showing BAL systems (orange curve), as detected in Bischetti et al. (2022). The list of targets contributing to the no-BAL
composite is reported in Table B1. Lower panel: Composite spectrum of the total E-XQR-30 sample rebinned to 250 km s−1 (black curve), compared with the
composite spectrum obtained excluding the targets showing proximate DLAs (blue curve), as identified in Davies et al. (2023a) and Sodini et al. in prep. The
list of targets contributing to the no-pDLA composite is reported in Table B2.
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Table B2. List of the 36 targets showing no Damped Ly𝛼 systems (DLAs)
within ≃ 5000 km s−1from the emission redshift of the quasar, used to create
the no-pDLA composite shown in Fig. B1 with the blue curve. DLAs at
these redshifts cannot be identified trough the detection of the characteristic
Ly𝛼 absorption line showing the damping wings of the Lorentzian profile,
they were selected through the detection of the absorption line due to the
O i 𝜆 1302 Å transition (Davies et al. 2023a, Sodini et al. in prep.). The
reported emission redshift is measured with [C ii], when available, and with
Mg ii otherwise. Refer to Table 1 for the general properties of the quasars.

Target name 𝑧em

SDSS J0927+2001 5.7722
PSO J308-27 5.799
PSO J065+01 5.804
SDSS J0836+0054 5.810
PSO J023-02 5.817
PSO J242-12 5.840
PSO J183-12 5.893
PSO J108+08 5.955
PSO J089-15 5.972
ULAS J0148+0600 5.977
PSO J029-29 5.981
VDES J2250-5015 5.985
SDSS J0818+1722 5.997
PSO J009-10 6.0040
VST-ATLAS J029-36 6.013
SDSS J1306+0356 6.0330
VDES J0408-5632 6.033
PSO J158-14 6.0685
SDSS J0842+1218 6.0754
PSO J239-07 6.1102
CFHQS J1509-1749 6.1225
PSO J217-16 6.1498
PSO J217-07 6.166
PSO J060+24 6.170
PSO J359-06 6.1722
SDSS J1030+0524 6.304
SDSS J0100+2802 6.3268
VST-ATLAS J025-33 6.3373
VDES J2211-3206 6.3394
DELS J1535+1943 6.381
WISEA J0439+1634 6.5188
VDES J0224-4711 6.525
PSO J036+03 6.5405
PSO J231-20 6.5869
PSO J323+12 6.5872
DELS J0923+0402 6.6330
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