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A B S T R A C T 

We present optical and near-infrared (NIR) spectroscopic observations for a sample of 45 quasars at 6 . 50 < z ≤ 7 . 64 with 

absolute magnitudes at 1450 Å in the range −28 . 82 ≤ M 1450 ≤ −24 . 13 and their composite spectrum. The median redshift and 

M 1450 of the quasars in the sample are z median = 6 . 71 and M 1450 , median � −26 . 1, respectively. The NIR spectra are taken with 

Echelle spectrographs, complemented with additional data from optical long slit instruments, and then reduced consistently using 

the open-source Python-based spectroscopic data reduction pipeline PypeIt . The median of the mean signal-to-noise ratios 
per 110 km s −1 pixel in the J , H , and K band [median 〈 SNR λ〉 ] is median 〈 SNR J 〉 = 9 . 7, median 〈 SNR H 

〉 = 10 . 3, and median 

〈 SNR K 

〉 = 11 . 7; demonstrating the good data quality. This work presents the largest medium-/moderate-resolution sample of 
quasars at z > 6 . 5 from ground-based instruments. Despite the diversity in instrumental set-ups and spectral quality, the data set 
is uniformly processed and well-characterized, making it ideally suited for several scientific goals, including the study of the 
quasar proximity zones and damping wings, the Ly α forest, the intergalactic medium’s metal content, as well as other properties 
such as the distribution of SMBH masses and Eddington ratios. Our composite spectrum is compared to others at both high and 

low z from the literature, showing differences in the strengths of many emission lines, probably due to differences in luminosity 

among the samples, but a consistent continuum slope, which pro v es that the same spectral features are preserved in quasars at 
different redshift ranges. 

Key words: methods: data analysis – techniques: spectroscopic – galaxies: active – quasars: supermassive black holes –
cosmology : early Universe. 
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but the spectroscopy quality does not lead to a clear classification. 
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 I N T RO D U C T I O N  

isco v eries of high-redshift quasars ( z > 6) hav e unco v ered the
resence of e xceptionally supermassiv e black holes (SMBHs), rang- 
ng from approximately 10 8 to 10 10 M �, in the early stages of the
niverse (Wu et al. 2015 ; Ba ̃ nados et al. 2018 ; Matsuoka et al. 2019a ;
noue et al. 2019 ; Shen et al. 2019 ; Yang et al. 2020 ; Wang et al.
021a ; see Fan, Ba ̃ nados & Simcoe 2023 for a recent re vie w). This
oti v ates inquiry into the rapid growth mechanisms enabling these 
MBHs to reach billions of solar masses within an extraordinarily 
rief time frame, less than 1 Byr after the big bang. 
Various theoretical models proposing different seed black hole 
asses (10 2 –10 6 M �) and highly efficient accretion modes present 

otential explanations for the formation and growth of early SMBHs 
see Woods et al. 2019 and Inayoshi, Visbal & Haiman 2020 for recent 
e vie ws). Rigorous observ ations of an e xtensiv e sample of z > 6 . 5
uasars are imperative to test and refine these models, advancing 
ur comprehension of SMBH formation and evolution. Recent 
dvancements in deep imaging surv e ys, coupled with the enhanced 
apabilities of near-infrared (NIR) spectroscopy on large telescopes, 
av e substantially e xpanded the sample size of quasars with z > 6
o more than 200 (e.g. Fan et al. 2023 ). This has extended the quasar
rontier beyond z > 7 . 5, moving deep into the epoch of reionization
EoR; e.g. Mortlock et al. 2011 ; Venemans et al. 2013 , 2015 ; Ba ̃ nados
t al. 2016 , 2018 ; Jiang et al. 2016 ; Mazzucchelli et al. 2017 ; Wang
t al. 2018 , 2019 , 2021a ; Fan et al. 2019 ; Matsuoka et al. 2019a , b ;
eed et al. 2019 ; Yang et al. 2019 , 2020 , 2021 ). Furthermore, recent
bservations from the JWST have already unco v ered new high- z 
ctive galactic nuclei with lower luminosity and black hole mass, 
romising to deliver additional breakthroughs in our understanding 
e.g. Goulding et al. 2023 ; Kokorev et al. 2023 , 2024 ; Larson et al.
023 ; Andika et al. 2024 ; Fujimoto et al. 2024 ; Furtak et al. 2024 ;
reene et al. 2024 ; Maiolino et al. 2024 , b ; Matthee et al. 2024 ;
 ́erez-Gonz ́alez et al. 2024 ; Labbe et al. 2025 ). 
Our work of collecting high-quality spectra marks a significant 
ilestone as the most e xtensiv e medium-/moderate-resolution col- 

ection of quasar data at very high redshifts obtained through ground- 
ased instruments. Despite the diversity in spectral resolution and 
ignal-to-noise ratios (SNR), the data set is consistently processed, 
nsuring reproducibility and reliability for various scientific ob- 
ectives. These include the exploration of the final phases of the 
oR through the study of the Ly α forest (Fan et al. 2006 ; Becker
t al. 2015 ; Bosman et al. 2022 ), investigations into the intergalactic
edium’s (IGM) metal content (e.g. Davies et al. 2023 ), the broad-

ine region chemical abundances (e.g. Lai et al. 2022 ), and analyses
f properties such as the distribution of SMBH masses and Eddington 
atios (Yang et al. 2021 ; Farina et al. 2022 ; Mazzucchelli et al. 2023 ).
lso, the creation of a composite spectrum can be extremely helpful 

n e v aluating the continuum and line properties of quasar spectra,
nv estigating the av erage rest-frame UV quasar spectral properties 
nd their possible evolution with redshift (Vanden Berk et al. 2001 ;
elsing et al. 2016 ; Mazzucchelli et al. 2017 ; Meyer, Bosman & Ellis
019 ; Schindler et al. 2020 ; Yang et al. 2021 ). Moreo v er, constructing
 composite spectrum enhances the detection of spectral features that 
ay be difficult to identify in individual spectra due to their low SNR.
his approach also facilitates the identification of objects that deviate 

rom the template and aids in modelling and fitting spectral energy 
istributions. 
Other key analyses involving high-quality spectra aim to place 

onstraints on the average fraction of neutral hydrogen ( 〈 x HI 〉 ) at
he EoR and on the radiative efficiency of the earliest SMBHs.
hey can be performed by starting with the reconstruction of the 
uasar’s intrinsic blue side of the spectrum from the observed red
ide employing, e.g. principal component analysis (PCA) continuum 

odelling (e.g. Davies et al. 2018a , b ; Davies, Hennawi & Eilers
019 ; Bosman et al. 2021 ) so that we can systematically study quasar
roximity zones and lifetimes t Q (see Fan et al. 2006 ; Eilers et al.
017 , 2020 ; Davies, Hennawi & Eilers 2020 ; Satya v olu et al. 2023 ),
roximate damped Ly α systems (see Ba ̃ nados et al. 2019 ; Andika
t al. 2020 , 2022 ), and Ly α damping wings (Miralda-Escud ́e 1998 ;
avies et al. 2018a ; Ďuro v ̌c ́ıko v ́a et al. 2024 ; Greig et al. 2024 ). 
This paper is the first of a series aimed at exploiting the wealth

f information that could be obtained from this sample (e.g. the
tudy of the quasar proximity zone sizes in Paper II, Onorato et al.
025 ). Here, we present and make publicly available the optical and
IR spectra of 45 quasars at 6 . 50 < z ≤ 7 . 64, and the composite

est-frame UV/optical spectrum. We describe the data set including 
he quasar sample, the instruments, and their properties, with the 
ata reduction in Section 2 . Section 3 details the spectral calibration
rocedure and presents the main properties of the sample. We show
 comparison between this sample and other spectroscopic data 
eleases of high- z quasars in Section 4 . We discuss the mean quasar
omposite spectrum in Section 5 , and we conclude this work with a
ummary of the paper, presented in Section 6 . All results below
efer to a Lambda cold dark matter cosmology with parameters 
� 

= 0 . 7, �m 

= 0 . 3, and h = 0 . 7; all magnitudes are reported in
he AB system. 

 T H E  DATA  SET  

.1 Quasar sample 

e start this analysis by compiling a list of quasars, both known
rom the literature and unpublished, and applying a redshift cut at
 > 6 . 5. We check the individual telescope archives for medium-
moderate-resolution spectroscopy of these sources from Echelle 
pectrographs, and then also long slit instruments if the Ly α region
s not sufficiently co v ered. We a v oid collecting data of faint objects
 M 1450 � −25), even if we do not apply a strict M 1450 cut as long as
he luminosity of the source does not strongly compromise the data
eduction. Thus, our catalogue includes 45 quasars in the redshift 
ange 6 . 50 < z ≤ 7 . 64 ( z median = 6 . 71) and in the magnitude
ange −28 . 82 ≤ M 1450 ≤ −24 . 13 ( M 1450 , median � −26 . 1, see Fig.
 and Table 1 ). The full names of the quasars are in Table 1 ,
hile short names are adopted throughout the paper. Out of the
5 objects, 11 are classified in the literature as broad absorption
ines (BAL) quasars, defined as those with absorption lines with 
ull width at half-maximum (FWHM) � 2000 km s −1 . These
ALs sources are J0313 −1806, J0038 −1527, J1243 + 0100, 1 

0839 + 3900, J2348 −3054, J0246 −5219, J0910 −0414, 
0923 + 0402, J0706 + 2921, J1526 −2050, and J0439 + 1634,
s flagged in T able 1 . W e include three new unpublished high- z
uasars, J0410 −0139 (Ba ̃ nados et al. 2025 ), J1917 + 5003, and
0430 −1445 (Belladitta et al. 2025 ). This last source also seems to
e a possible BAL, leading to a final number of 12 BALs in this
ork and hence a BAL fraction of � 27 per cent . The fraction of
AL quasars measured by Bischetti et al. ( 2022 ) in the XQR-30
ample (5 . 8 � z � 6 . 6) is � 40 per cent . They point out that other
orks collecting z � 5 . 7 quasar spectra found a BAL fraction of
6 –24 per cent (Shen et al. 2019 ; Schindler et al. 2020 ; Yang et al.
MNRAS 540, 1308–1328 (2025) 
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M

Figure 1. Panel (a) : distribution of J -band photometry used to scale the 
spectra as a function of z for all the 45 quasars in this sample. The legend 
is unique and split between the two plots, showing the sources colour-coded 
with decreasing z. The full symbols mark the quasars for which J -band 
photometry is available, while the open symbols mark those for which it is 
not (we report Y -band photometry for J1243 + 0100 and J0923 + 0753, and 
K p -band photometry for J1058 + 2930). The error bars show the uncertainties 
on both z and the photometric measurements. Panel (b) : distribution of M 1450 

as a function of z for all the 45 quasars in this sample. The error bars show the 
uncertainties on z. The circles mark the M 1450 computed from the spectrum 

scaled with J -, Y -, or K p -band photometry. The stars mark the quasars for 
which M 1450 from spectroscopy is not reliable because of the low SNR of the 
spectrum or appearance of BAL features. In the case of J1243 + 0100, M 1450 

is from the disco v ery paper (Matsuoka et al. 2019a ), while for J0910 −0414 
and J0923 + 0402, we follow the method described in Appendix B . Panel (c) : 
histogram of the redshift distribution of the sample, with bins of size 0.05. 
The dashed red line represents the median redshift ( z median = 6 . 71). Panel 
(d) : histogram of the M 1450 distribution of the sample, with bins of size 0.2. 
The dashed red line represents the median M 1450 ( M 1450 , median � −26 . 1). 
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021 ), and suggest these could be lower limits on the actual BAL
raction, as they are based on spectra with lower resolution and
NR. Similarly, our BAL fraction may also be a lower limit due to

he heterogeneous data quality. Table 2 lists the remaining published
 > 6 . 50 sources not included in the sample, stating for each quasar
NRAS 540, 1308–1328 (2025) 
heir redshift and the reason for exclusion (i.e. M 1450 � −25 or no
chelle data). 

.2 Instruments 

e obtain visible (VIS) and NIR spectroscopy of our sample
rom the data archives of three main Echelle spectrographs: Gem-
ni/GNIRS (Gemini Near-Infrared Spectrograph; Elias et al. 2006a ,
 ), Keck/NIRES (Near-Infrared Echellette Spectrometer; Wilson
t al. 2004 ), and VLT/X-Shooter (Vernet et al. 2011 ), both VIS
nd NIR arms, except for J1342 + 0928, whose spectrum is entirely
o v ered by the NIR arm. For some quasars, part of the spectrum red-
ard of Ly α is in the optical, and hence not co v ered by the NIR arm,

o we have complemented them using observations from additional
ong slit instruments, such as Gemini/GMOS (Gemini Multi-Object
pectrographs; Hook et al. 2004 ), Keck/DEIMOS (DEep Imaging
ulti-Object Spectrograph; Faber et al. 2003 ), K eck/LRIS (Lo w-
esolution Imaging Spectrometer; Oke et al. 1995 ; Rockosi et al.
010 ), and LBT/MODS (Multi-Object Double Spectrographs; Pogge
t al. 2010 ). A complete list of the instruments used to observe each
uasar is available in Table 1 . 

.2.1 Dither sequences 

ll GNIRS and NIRES observations were e x ecuted following an
BBA dither sequence except for the last two frames of J0313 −1806,
hich are AABB. The X-Shooter observations were acquired with
ifferent dither sequences (i.e. ABBA, ABAB, AABB), but because
f the long average exposure time per frame ( � 600 –1800 s) and
he consequent change of the sky conditions, they were treated as
BCD during the data reduction instead of performing usual image
ifferencing. The only X-Shooter frames where a dither sequence
f ABBA was used while performing the reduction are those for
1110 −1329 because of the short exposure time of 300 s. This applies
ostly for the NIR arm since VIS data are usually not reduced doing

mage differencing, but using a sky model. 

.2.2 Wavelength co vera g e , slit widths, R, FWHM, and dv pix 

he GNIRS data provide full wavelength coverage of the YJHK
ands (0 . 81 –2 . 52 μm). Slit widths of 0.68 or 1.00 arcsec were used,
ith mean resolution of R � 1200 − 1000 or FWHM � 280 km
 

−1 and pixel size of dv pix � 86 km s −1 . The NIRES observations
ave a coverage of 0 . 94 –2 . 47 μm through a fixed 0.55 arcsec slit,
here the mean resolution is R � 2700 or FWHM � 111 km s −1 

nd pixel size of dv pix � 38 km s −1 . The X-Shooter data cover
he wavelength range 0 . 55 –1 . 02 μm in the VIS arm and 1 . 02 –2 . 48
m in the NIR arm. The slit width varies among programs but is

ypically 0.9 arcsec in the VIS and 0.6 arcsec in the NIR arm.
he mean resolution in VIS is R � 8900 or FWHM � 34 km
 

−1 and pixel size dv pix � 11 km s −1 , while in NIR, R � 8100
r FWHM � 37 km s −1 and dv pix � 13 km s −1 . J0319 −1008 is
omplemented with R400 grating GMOS-N observations, co v ering
he wavelength range 0 . 65 –1 . 15 μm. The slit width is 1.00 arcsec,
ith a mean resolution of R � 3200 or FWHM � 94 km s −1 , and
ixel size of dv pix � 51 km s −1 . J0706 + 2921 is complemented
ith 830G grating DEIMOS observations, co v ering the wav elength

ange 0 . 65 –1 . 00 μm. The slit width is 1.00 arcsec, with a mean
esolution of R � 7900 or FWHM � 38 km s −1 , and pixel size
f dv pix � 17 km s −1 . J0218 + 0007 is complemented using grating
00/10000 LRIS red observations, co v ering the wav elength range
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Table 2. Remaining published quasars at z > 6 . 50 that are not included in 
the sample. We report their short names, redshift, and the main reason why 
they are excluded from the analysis. 

Quasar z Reason for exclusion 

J2356 + 0017 7 .012 Faint 
J1317 + 0017 6 .94 Faint 
J1349 + 0156 6 .94 Faint 
J1609 + 5328 6 .92 Faint 
J2210 + 0304 6 .88 Faint 
J0214 + 0232 6 .829 Faint 
J0112 + 0110 6 .82 Faint 
J1429 −0104 6 .796 Faint 
J1310 −0050 6 .796 Faint 
J1612 + 5559 6 .78 Faint 
J0244 −5008 6 .7306 No Echelle data 
J0229 −0808 6 .7249 No Echelle data 
J0213 −0626 6 .7214 Faint 
J1344 + 0128 6 .72 Faint 
J1338 + 0018 6 .701 Faint 
J1205 + 0000 6 .699 Faint 
J0001 + 0000 6 .69 Faint 
J1231 + 0052 6 .69 Faint 
J1130 + 0450 6 .68 Faint 
J2252 + 0402 6 .67 Faint 
J0910 + 0056 6 .65 Faint 
J1035 + 0324 6 .63 Faint 
J1023 + 0044 6 .63 Faint 
J1450 −0144 6 .628 Faint 
J0919 + 0512 6 .62 Faint 
J1732 + 6531 6 .6 No Echelle data 
J1114 + 0215 6 .55 Faint 
J1440 + 0019 6 .549 Faint 
J0525 −2406 6 .5397 No Echelle data 
J1545 + 4232 6 .5 Faint 
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 . 70 –1 . 03 μm. The slit width is 1.00 arcsec, with a mean resolution of
 � 1700 or FWHM � 176 km s −1 , and pixel size of dv pix � 56 km
 

−1 . J0411 −0907, J1917 + 5003, and J1058 + 2930 are complemented
y red grating MODS observations (both MODS1 and MODS2),
o v ering the wav elength range 0 . 42 –1 . 12 μm. The slit width is
.00 and 1.2 arcsec, with a mean resolution of R � 2700 − 2300
r FWHM � 111 km s −1 , and pixel size of dv pix � 33 km s −1 . All
f these properties of the instruments are summarized in Table 3 . 

.3 Data reduction 

ll spectra are reduced with the open-source Python-based Spectro-
copic Data Reduction Pipeline PypeIt, 2 using versions between
.7.1 and 1.14.1 (Prochaska et al. 2020a , b ). The pipeline performs
mage processing, including gain correction, bias subtraction, dark
ubtraction, and flat fielding. It uses supplied flat-field images to
utomatically trace the Echelle orders and correct for the detector
llumination. Construction of the wavelength solutions and the
avelength tilt models are based on either arc (for VIS instruments)
r science frames (i.e. using sky OH lines, for NIR spectrographs).
osmic rays are remo v ed with the L. A. COSMIC algorithm (van
okkum 2001 ). The sky subtraction is based on the standard A–
 mode and a B-spline fitting procedure that is performed to

urther clean up the sky line residuals following Bochanski et al.
 2009 ). Optimal extraction (Horne 1986 ) is performed to generate
 https:// github.com/ pypeit/ PypeIt

https://github.com/pypeit/PypeIt
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Table 3. Properties of the instruments used to collect the data. The black line separates the NIR from the VIS arm. 

Instrument Dither sequence �λ ( μm ) Slit width (arcsec) R FWHM (km s −1 ) dv pix (km s −1 ) a 

GNIRS ABBA 0 . 81 –2 . 52 0.68/1.00 � 1200 / � 1000 � 280 � 86 
NIRES ABBA 0 . 94 –2 . 47 0.55 � 2700 � 111 � 38 
X-Shooter NIR varies 1 . 02 –2 . 48 0.6 � 8100 � 37 � 13 
X-Shooter VIS – 0 . 55 –1 . 02 0.9 � 8900 � 34 � 11 
GMOS – 0 . 65 –1 . 15 1.00 � 3200 � 94 � 51 
DEIMOS – 0 . 65 –1 . 00 1.00 � 7900 � 38 � 17 
LRIS – 0 . 70 –1 . 03 1.00 � 1700 � 176 � 56 
MODS – 0 . 42 –1 . 12 1.00/1.2 � 2700 / � 2300 � 111 � 33 

Note . a The pix el sizes reported are those of each individual spectrograph, while the ones used to re-bin the spectra during the co-addition procedure are reported 
in Section 2.4 , and chosen to be coarser than the coarsest dv pix between the involved instruments. 
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D science spectra. We clarify that PypeIt uses a nearest grid point
nterpolation algorithm for the extraction and co-addition of spectra 
o a v oid correlations between pix els. The e xtracted spectra are flux
alibrated with sensitivity functions derived from the observations 
f spectroscopic standard stars. All flux-calibrated 1D spectra of 
ach quasar are then co-added to achieve higher SNR and corrected 
or telluric absorption using PypeIt . In particular, during the co- 
ddition procedure, both spectra and noise vectors are iteratively 
escaled to a preliminary mean spectrum, then they are optimally 
eighted and combined. This procedure is continued in a loop with 

he rescaling factors converging to unity as the procedure is iterated. 
o conclude, a telluric model is fit to correct the absorbed science
pectrum up to a best-fitting PCA model (Davies et al. 2018b )
f said spectrum. The telluric model is based on telluric model 
rids produced from the Line-By-Line Radiative Transfer Model 
LBLRTM4; Clough et al. 2005 ; Gullikson, Dodson-Robinson & 

raus 2014 ). 
All the PypeIt files to reproduce the reduction are publicly 

vailable in a GitHub repository. 3 

.4 Co-add of spectra from different instruments (or arms) 

s reported in Table 1 and in Section 2.2 , some quasars are observed
ith more than one spectrograph and/or in more arms. Here, we 
escribe how we treat these spectra after the flux calibration with 
ensitivity function since the y hav e different resolutions, wavelength 
rids, and pixel sizes. 

(i) X-Shooter VIS–NIR: two different approaches were used 
epending on the stage of development of PypeIt . We co-add the
ajority of the quasars with versions between 1.8.2 and 1.11.1, using

he Echelle combspec PypeIt routine, getting a unique spectrum in 
 wavelength grid of [5410, 24 770] Å and pixel size of dv pix � 13
m s −1 . Few quasars were reduced using recent PypeIt versions
after 1.12.3), which now support the option of editing a unique file
 .coadd1d ) to combine the 1D spectra from multiple exposures of
he same object, in case we work with the same type of spectrograph
i.e. Echelle), containing both arms together. The final spectrum has 
he same characteristics as those obtained with the first method. 

(ii) GNIRS–NIRES: we co-add them using a single coadd1d 
le. J0313 −1806 and J1007 + 2115 are co-added on to a common
rid co v ering [9410, 24 690] Å with a pix el size of dv pix � 90 km
 

−1 . We co-add J0910 −0414 and J2102 −1458 by requiring a pixel
ize of dv pix � 90 km s −1 , but without constraints on the wavelength
 https:// github.com/ enigma-igm/ onorato24 hiz qsos 

I  

o  

r
b  
ange. We get a final spectrum that co v ers [8240 −25 200] Å and has
v pix � 90 km s −1 . 
(iii) GNIRS–X-Shooter (VIS–NIR): we co-add them using a 

nique coadd1d file for all the GNIRS, X-Shooter VIS, and NIR
rames. The final spectra co v er [5410, 25 200] Å with a pix el size of
v pix � 90 km s −1 . 
(iv) NIRES–GMOS: we co-add all the Echelle long slit spectra 

sing the multi combspec PypeIt routine, which works with the 
nal 1D spectrum in both instruments, getting an ultimate spectrum 

ith wavelength coverage of [8000, 24 700] Å and pixel size of
v pix � 55 km s −1 . 
(v) NIRES–DEIMOS: using multi combspec as described abo v e, 

e get a final spectrum co v ering [8000, 24 700] Å with pixel size of
v pix � 40 km s −1 . 
(vi) NIRES–LRIS: using multi combspec as described abo v e, we 

et a final spectrum co v ering [8000, 24 700] Å with pix el size of
v pix � 60 km s −1 . 
(vii) NIRES–MODS: using multi combspec as described abo v e, 

e get a final spectrum co v ering [8000, 24 700] Å with pixel size of
v pix � 40 km s −1 . 

In the end, when Echelle frames are co-added together, the 
elluric correction described abo v e (at the end of Section 2.3 ) is
pplied to the final stacked spectrum; when Echelle long slit are
o-added, the individual spectra of both instruments are already 
elluric corrected, and no further correction is required. In principle, 
elluric correction should be applied before heliocentric correction, 
ince telluric absorption occurs in the Earth’s atmospheric frame, 
ot the heliocentric v acuum frame. Ho we v er, for man y of the
aint quasars in this work, individual e xposures hav e low SNR,
aking accurate telluric correction difficult using the model-based 

pproach in PypeIt . Moreo v er, our data were often taken on
ifferent nights, and aligning exposures in the Earth’s rest frame 
ould shift the quasar spectrum, complicating outlier rejection. We 

herefore apply telluric correction to the co-added, heliocentric-frame 
pectra as a compromise, accepting minor line broadening to ensure 
ufficient SNR for accurate modelling and outlier removal. Also, this 
roadening effect is more relevant for bright sources, and less critical
or the faint quasars in our sample. 

 QUASAR  SAMPLE  PROPERTIES  

.1 Redshift 

n this paper, we account for uncertainties in the systemic redshift
f every quasar depending on the emission line used to determine its
edshift. Systemic redshifts are challenging quantities to determine 
ecause of various f actors, lik e the broad widths of emission lines,
MNRAS 540, 1308–1328 (2025) 
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4 Both SofI and NOTCam are dedicated follow-up. 
5 https://www2.k eck.haw aii.edu/inst/nires/guider.html 
6 As we scale almost all the spectra using the J band, which is the photometric 
band closest to 1450 · (1 + z) Å, any possible uncertainties in the spectral 
shape should not result in a significant source of error on M 1450 . 
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unn–Peterson absorption (Gunn & Peterson 1965 ), and offsets
etween different ionization lines (Gaskell 1982 ; Tytler & Fan
992 ; Vanden Berk et al. 2001 ; Richards et al. 2002 ; Shen et al.
016 ). Also, most quasars show winds and strong internal motions,
hich displace many of the emission lines far from the systemic

edshift of the host galaxy. Thus, following Eilers et al. ( 2017 ),
e decide to assign a redshift error of �v = 100 km s −1 for the
ost precise determinations of the location of the quasar, such as

hose using emission lines from the atomic gas reservoir of the host
alaxy itself ([C II ] lines). Ho we ver, we emphasize that obtaining this
easurement is not straightforward: the typical velocity dispersion

 σv ) observed within quasar host galaxies is around 300 km s −1 for
etections of at least SNR > 5. The statistical error on the mean
edshift is approximately σv / SNR ≈ 60 km s −1 . Thus, our adopted
ncertainty of 100 km s −1 is just a conserv ati ve estimate. This
ssumption is based on the expectation that the quasar resides within
he gravitational potential traced by the cool interstellar medium.
or quasars with a redshift measurement from low-ionization broad
mission lines, such as Mg II , we assume a redshift error of �v = 390
m s −1 , to account for the dispersion between the redshift of the Mg II
ine and the redshift of the host galaxy (e.g. Mazzucchelli et al. 2017 ;
chindler et al. 2020 ). This value is supported by previous literature
nd further confirmed by our own analysis on a sub-sample of our
ources with both Mg II and [C II ] redshifts, for which we find a
edian velocity shift of �v � −388 km s −1 , in excellent agreement
ith Schindler et al. ( 2020 ). Table 1 reports redshifts, methods, and

eferences for every quasar. 
These �v will be adopted as uncertainties on the redshift (and

hus on the position of the Ly α line) to achieve our next scientific
oal of studying the proximity zones of the quasars in this sample
Onorato et al. 2025 ). From the literature ( z Ref in Table 1 ), we also
et values of �z for every quasar, but we do not report them here.
hey are available online at the link at the end of Section 2.3 , and
e use them as uncertainties on z in Fig. 1 . 

.2 Absolute flux calibration 

he flux calibration of the spectra obtained by the data reduction is
elati ve: e very spectrum is corrected using a spectroscopic standard
tar, but the flux values at the different wavelengths may differ from
he true flux. This could be due to slit losses and non-photometric
ky conditions at the time of observations. Tests of absolute flux
alibration have been performed in this analysis, tying the spectra to
he photometric data in the Y , J , H , and K bands, where all or part of
hem are av ailable. Ho we ver, since there is not a good match in all
he photometric bands at once, a definitive method is still an object
f discussion. Also, we point out that the photometry is not taken
ogether with the spectra, and this could introduce uncertainty in the
bsolute flux calibration, as some of these quasars might have varied
etween the spectroscopic and photometric observations. 

For this paper, the reduced spectrum of each quasar is scaled
sing its J -band magnitude, or the Y and K p band ones if the J band
s not available (as in the case of J1243 + 0100, J0923 + 0753, and
1058 + 2930), all in the AB system; an example for all bands is
hown in Fig. A1 and the approach is described in Appendix A .
e also e v aluate the consistency of this scaling by comparing

ynthetic photometry from the flux-scaled spectra to available Y -,
 -, and K -band magnitudes. We find that the typical discrepancy is

round 10 per cent, with a maximum deviation of ∼ 40 per cent
see Appendix A ). These NIR data come from different archival
urv e ys: the UKIRT Infrared Deep Sk y Surv e y (UKIDSS; Lawrence
t al. 2007 ), the UKIRT Hemisphere Surv e y (UHS; Dye et al. 2018 ),
NRAS 540, 1308–1328 (2025) 
nd the VISTA Hemisphere Surv e y (VHS; McMahon et al. 2013 ).
he Y -band photometry of J1243 + 0100 comes from the Hyper
uprime-Cam Subaru Strategic Program surv e y (Aihara et al. 2018 ),
s reported in the disco v ery paper (Matsuoka et al. 2019a ). The J -
and photometry of J0410 −0139, J0430 −1445, and J2132 + 1217
s taken from SofI (Son of ISAAC; Moorwood, Cuby & Lidman
998 ), at the New Technology Telescope (NTT) in La Silla, and
hat of J1129 + 1846 and J1917 + 5003 comes from NOTCam, 4 at
he Nordic Optical Telescope (NOT). The K p -band photometry of
1058 + 2930 is gotten from the acquisition image taken with NIRES,
hose guider camera uses a Mauna Kea K 

′ (K prime) filter. 5 Since
he transmission curve of this filter is not available, we use the one
rom Keck/NIRC2 K p to perform the flux scaling (see the bottom
anel of Fig. A1 ), as it is very similar to the Mauna Kea K 

′ . Most
f these magnitudes are collected from Ross & Cross ( 2020 ) and
vailable online. All J -band (or Y and K p ) magnitudes are displayed
n panel (a) of Fig. 1 as a function of redshift z for each quasar, and
he final flux-scaled spectra are plotted as a function of wavelength in
ig. 2 . 
A detailed list of all the filters that were used to acquire every
agnitude is available at the link given at the end of Section 2.3 , while

he final flux-calibrated spectra are available online as explained in
he Data Availability Section. An example of the format of the FITS
les, selecting a random row, for two spectra reduced using different
ypeIt versions is shown in Table 4 . 

.3 Absolute magnitudes at 1450 Å

e calculate M 1450 using the flux-scaled spectra 6 of the quasars
hemselv es. From ev ery spectrum in the observ ed frame and knowing
he redshift of each quasar, we compute the rest-frame wavelength. 

We determine the apparent AB magnitude at 1450 Å from
he median flux between 1445 and 1455 Å, converted to Jansky
 f ν, 1450 ), using the Pogson law: m 1450 = −2 . 5 · log 10 ( f ν, 1450 ) + 8 . 9.

e continue calculating the luminosity per unit frequency ( L ν) at
450 Å with equation ( 1 ), where d L is the luminosity distance to the
bject at a redshift z: 

 ν = 

4 πd L 
2 · f ν, 1450 

1 + z 
(1) 

e find the absolute AB magnitude at 1450 Å using equation ( 2 )
rom the luminosity per unit frequency L ν , where d 0 is the reference
istance (10 pc), and 3631 Jy is the zero-point flux density in the AB
ystem: 

 1450 = −2 . 5 · log 10 

(
L ν

4 πd 0 
2 · 3631 Jy 

)
(2) 

he results from this method are compared with other values from
he literature, showing good agreement. For this reason, we trust
he estimates we obtain for all quasars, with only three exceptions.
n the case of J1243 + 0100, the spectrum is of poor quality as the
ource is faint and has a low SNR (see the values at the last three
olumns of Table 1 ). As a consequence, this makes the result difficult
o trust, so we adopt the M 1450 from Matsuoka et al. ( 2019a ), in which
hey measured it from the best-fitting power-law continuum. In the

https://www2.keck.hawaii.edu/inst/nires/guider.html
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Figure 2. Spectra of all the 45 quasars in this sample, sorted by decreasing z (as reported in Table 1 ). Every subplot shows the spectrum (colour-coded with 
z) and the associated error (grey) in the observed wavelength range [8245, 22 980] Å, the short name, and z of the quasar. The light-grey bands cover [13 500, 
14 150] Å, and [18 200, 19 300] Å, indicating the regions affected by strong telluric absorption, where the spectra are masked. All the spectra shown here are 
smoothed for display purposes. The box containing the name and the redshift of the quasars is coloured in light beige to mark the BALs. 
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ase of J0910 −0414 and J0923 + 0402, the BAL features visible in
heir spectra create a bias in the measurement of M 1450 . For this
eason, we correct the estimate by matching these spectra with 
 ‘reference spectrum’ with a trustworthy continuum shape, such 
s the composite spectrum created from the sample in this paper 
shown in Fig. 5 ). The match is performed by eye and shown in Fig.
1 , with a detailed description of the method followed reported in
ppendix B . 
We show the absolute magnitude values M 1450 as a function of

edshift z for our sample in panel (b) of Fig. 1 , with its histogram in
anel (d). 
.4 SNR of the spectra 

e compute the SNR of the spectra in this sample considering three
ifferent wavelength ranges (the J , H , and K bands). We want to
roperly sample the spectra and a v oid possible biases introduced
y telluric absorption re gions. F or these reasons, we define the
anges in which we can compute the SNR in a very conserv ati ve
anner, a v oiding regions affected by absorption: [11 000 , 13 400],

14 500 , 17 950], and [19 650 , 22 400] Å. 
To make the calculation and have a comparison among the quality

f the spectra that is as fair as possible, we follow the following steps:
MNRAS 540, 1308–1328 (2025) 



1316 S. Onorato et al. 

M

Figure 2. Continued. 
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(i) We mo v e the spectra to the rest frame, dividing the wavelengths
y (1 + z); 
(ii) We define a new wavelength grid: [1040, 3332] Å in steps of

v pix = 110 km s −1 (set to be coarser than the coarsest pixel scale, in
elocity, among all the instruments used to create the sample); 

(iii) We re-bin the spectra into the new wavelength grid; 
(iv) We finally compute the mean SNR in the three different

avelength ranges ( 〈 SNR λ〉 , where λ = J , H , K ), also shifted to
he rest frame according to the redshift of the quasar considered. 

Two examples showing the method described above, considering
he highest and lowest redshift quasar in the sample, are visible in Fig.
1 . The results of this analysis are shown in the last three columns
f Table 1 , and in the histograms in Fig. 3 , where we generate 25
ogarithmically spaced bins between the minimum and maximum of
NRAS 540, 1308–1328 (2025) 
ll the 〈 SNR λ〉 values in the sample. The majority of the spectra have
 SNR J , H 〉 in the range [5,10], and 〈 SNR K 〉 between 0 –5 and 10 –15. To
uantify the o v erall data quality we compute the median 〈 SNR λ〉 in
he three wavelength ranges. We have median 〈 SNR J 〉 = 9 . 7, median
 SNR H 〉 = 10 . 3, and median 〈 SNR K 〉 = 11 . 7 (reported as red dashed
ertical lines in Fig. 3 ). 

The different properties for every quasar are reported in Table 1 ,
hich lists the name of the quasars, the instruments (and arms), the

xposure time for each quasar in every instrument, their redshifts,
he method adopted to determine the redshift, the reference for
his measurement, the J -band photometry in the AB system, the
agnitude ( M 1450 ), the reference for the disco v ery of each quasar,

nd the mean SNR of the spectra in the three different wavelength
anges. The references and some notes are listed at the bottom of the
able. 
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Figure 2. Continued. 

Table 4. Example of the internal structure of the FITS files, at a random row, for two of the spectra in this sample. The first column is the wavelengths in the 
observed frame in units of Å. The second column is a new wavelength grid e v aluated at the centres of the wavelength bins, also in units of Å (this is the quantity 
we usually put on the x-axis when plotting a spectrum). The third column is the flux array in units of 10 −17 erg s −1 cm 

−2 Å−1 . The fourth column is the inverse 
variance array in units of 10 −17 erg s −1 cm 

−2 Å−1 ) −2 . ‘sigma’ is a column introduced only in the most recent PypeIt versions and represents the noise vector 
(if it is not present, it is al w ays possible to determine from i v ar −1 / 2 ). The sixth column is a good pixel mask for the spectrum, and the seventh one is the telluric 
model. The ‘obj model’ column is not present in the spectra reduced with the most recent PypeIt versions and represents the object model used for the telluric 
fitting. The last two columns are created after the flux scaling procedure and represent the new flux and i v ar corrected with the X-band photometry of the quasar, 
where X could be J , Y , or K p depending on the available photometric information, in the same units as before. 

Wave Wave grid mid Flux i v ar sigma mask Telluric obj model flux scaled X i v ar scaled X 

J1342 + 0928 10289.82613 10289.83458 0.31196 18.34511 – 1 0.99 0.61569 0.36666 13.27947 
J1058 + 2930 10240.48127 10240.45124 1.56780 2.58264 0.62226 1 1.0 – 0.54980 21.00057 
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Figure 3. Top : histogram of the 〈 SNR λ〉 of the quasars in this sample, 
reported in Table 1 in the J band. We generate 25 logarithmically spaced 
bins between the minimum and maximum of all the 〈 SNR λ〉 values in the 
sample. The median 〈 SNR λ〉 is shown as a red dashed vertical line. Middle : 
same, but for the H band. Bottom : same, but for the K band. 
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 C O M PA R I S O N  WITH  OTH ER  QUASAR  

AMPLES  

t is important to discuss this work by comparing it to the present
iterature on other high- z samples, such as Shen et al. ( 2019 ),
chindler et al. ( 2020 ), Yang et al. ( 2021 ), D’Odorico et al. ( 2023 ),
nd Ďuro v ̌c ́ıko v ́a et al. ( 2024 ), where Ďuro v ̌c ́ıko v ́a et al. ( 2024 )
nd D’Odorico et al. ( 2023 ) are also spectroscopic data releases. The
ost rele v ant quantities used to characterize the samples are reported

n Table 5 . In Fig. 4 we show the distribution of their median z
nd M 1450 colour-coded with the sample size and with the errorbars
epresenting the extension of the samples in both z and M 1450 . The
amples that also are public data releases are marked with thicker
dges and brighter shades. We want to state clearly that for all the
bjects where the spectra are previously published, these are not the
ame reductions as in earlier publications, as all data are re-reduced
n this work. 

The sample that shows the most similarities with this work is
he one in Yang et al. ( 2021 ), with 31 quasars in common in the
edshift range 6 . 50 < z < 7 . 65 out of the 37 total sources. Ho we ver,
here are key differences between the two data sets. The major
ifferences lie in the instruments used to collect the spectra: Yang
t al. ( 2021 ) primarily used Gemini/GNIRS and Keck/NIRES, while
n this work, a larger fraction of the data comes from VLT/X-
hooter, which offers better spectral resolution (see the R values
f each instrument reported in Table 3 ) and, consequently, higher
NRAS 540, 1308–1328 (2025) 
uality spectra. Additionally, most of the spectra in Yang et al.
 2021 ) have wav elength co v erage only in the NIR arm, whereas
ur data set includes broader co v erage. These differences arise due
o distinct scientific objectives. Yang et al. ( 2021 ) focused on central
H masses derived from the Mg II emission lines, the Eddington

atio distribution, and chemical abundances in the rest-frame UV
such as the Fe II /Mg II ratio). Consequently, their data set did not
rioritize co v erage in the optical band. In contrast, we assembled a
ample tailored for additional scientific goals, including the study of
uasar proximity zones (Onorato et al. 2025 ) and the Ly α forest,
hich require co v erage in the VIS arm, a key feature provided by
ur data set. Another important difference is that we have refined
he redshift measurements for some quasars, incorporating more
ecent literature values and prioritizing [C II ] measurements when
vailable. Additionally, unlike Yang et al. ( 2021 ), which derived
 1450 from a best-fitting power-law continuum, we independently

ompute these values from the spectra themselves by using the
ethodology described in Section 3.3 . 
The other three samples with only a few similarities with this work

re Ďuro v ̌c ́ıko v ́a et al. ( 2024 ) with eight sources in common in the
edshift range 6 . 53 < z < 7 . 09 out of the 18 total ones, Schindler
t al. ( 2020 ) with eight quasars in common at 6 . 57 < z < 7 . 65 out
f the 38 total ones, and D’Odorico et al. ( 2023 ) with only six
ources in common at 6 . 50 < z < 6 . 64 out of the 42 total ones.
n the first sample mentioned, the spectra come almost entirely
rom Magellan/FIRE (Simcoe et al. 2013 ; R = 6000 if the slit is
.6 arcsec wide), which has a better data quality than the GNIRS and
IRES/MODS spectra in common, but worse than the X-Shooter
nes. The other two samples have all the spectra acquired with
LT/X-Shooter. 
Finally, there are no sources in common with Shen et al. ( 2019 )

s the redshift range (5 . 71 –6 . 42) of their 50 quasars does not
 v erlap with the one in this work. All their spectra come from
emini/GNIRS. 

 COMPOSI TE  SPECTRUM  

n this section, we present a z > 6 . 5 quasar composite spectrum based
n this sample and compare it with other composite spectra known
rom the literature (see Fig. 5 and Table 7 ). We aim to study the
verage UV quasar spectral properties and their possible evolution
hrough the different redshifts. We decide to exclude all the quasars
hat show BAL features in their spectra (flagged in Table 1 ) and then
e generate the composite with 33 out of the 45 z > 6 . 5 quasars in

he sample. This choice comes from the fact that BAL features can
istort the shape of the main emission lines, producing a prominent
 IV and many other high-ionization features, such as Si IV and N V .
We generate the composite spectrum following Selsing et al.

 2016 ) as a guideline: 

(i) We mo v e the spectra to the rest frame, dividing the wavelengths
y (1 + z); 
(ii) We define a new wavelength grid: [1040, 3332] Å in steps of

v pix = 110 km s −1 (set to be coarser than the coarsest pixel-scale, in
elocity, among all the instruments used to create the sample); 

(iii) We re-bin the spectra into the new wavelength grid; 
(iv) We normalize the spectra to the continuum flux at 1450 Å rest

rame, where there are no strong broad lines or iron emission; 
(v) Only for λ > 1225 Å, we apply the following masks to impro v e

he o v erall quality of the composite, without affecting its natural
hape in the Ly α region: 
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Table 5. Main properties of the sample in this paper, compared with those of other spectroscopic samples from the literature. The columns sho w, respecti vely, 
the reference of the sample, the redshift range, the M 1450 range, the total number of quasars included in the sample (with the objects in common with this work), 
and the instruments used to take the spectra. 

Sample z range M 1450 range N sources (in common) Instruments 

Onorato et al. (2025 – this 
work) a 

6 . 50 –7 . 65 [ −28 . 8 , −24 . 1] 45 GNIRS/NIRES/X- 
Shooter/GMOS/LRIS/DEIMOS/MODS 

Ďuro v ̌c ́ıko v ́a et al. ( 2024 ) a 6 . 03 –7 . 08 [ −28 . 0 , −26 . 5] 18 (8) FIRE/X-Shooter/MOSFIRE/ESI 
D’Odorico et al. ( 2023 ) a 5 . 77 –6 . 63 [ −27 . 8 , −25 . 8] 42 (6) X-Shooter 
Yang et al. ( 2021 ) 6 . 30 –7 . 65 [ −27 . 4 , −25 . 2] 37 (31) GNIRS/NIRES/X-Shooter/FIRE/F2 
Schindler et al. ( 2020 ) 5 . 78 –7 . 54 [ −29 . 0 , −24 . 4] 38 (8) X-Shooter 
Shen et al. ( 2019 ) 5 . 71 –6 . 42 [ −27 . 7 , −24 . 9] 50 GNIRS 

Note. a Public data release. 

Figure 4. Comparison between the properties of the quasars in this work 
and those of the other high- z samples (Shen et al. 2019 ; Schindler et al. 2020 ; 
Yang et al. 2021 ; D’Odorico et al. 2023 ; Ďuro v ̌c ́ıko v ́a et al. 2024 ). We plot the 
median z and M 1450 for all the catalogues, with markers colour-coded with 
the number of sources included in each sample ( N sources ) as indicated by the 
colourbar on the right. The errorbars represent the extension of the samples 
in both z and M 1450 . The works where the spectra are publicly released 
(this work; D’Odorico et al. 2023 ; Ďuro v ̌c ́ıko v ́a et al. 2024 ) are marked with 
thicker edges and brighter shades. 
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(a) Telluric transmission > 0 . 5: we use the individual 
PypeIt telluric model fits to mask out the telluric regions; 

(b) SNR > 0 . 5: to mask the flux where the SNR is very low
(and hence the noise is high); 

(c) σ [10 −17 erg s −1 cm 

−2 Å−1 ] < 1 . 5: to mask the flux where
the noise is high (i.e. in those regions close to the right edge
of the wav elength co v erage of the spectra, where the noise
increases exponentially); 

(d) Flux [10 −17 erg s −1 cm 

−2 Å−1 ] < 40: to mask out the
outliers (e.g. hot pixels or sky lines not well subtracted during 
the spectra reduction). 

(vi) We create the composite spectrum as a weighted mean of 
he individual spectra. The weight assigned to each spectrum at 
ach wavelength is given by equation ( 3 ). The different factors in
he equation are the good pixel mask (see Table 4 ) that removes
ad pixels from the calculation, the combination of the four masks
efined abo v e to e xclude low SNR re gions, high-noise areas, and
purious outliers (masks tot ), and the number of spectra contributing 
t each wavelength (n used ). Thus, the composite spectrum at every
avelength is the sum of the fluxes of the individual spectra at that
avelength, each multiplied by its weight, and divided by the sum
f the weights. 

eights = 

gpm · masks tot 

n used 
(3) 

The composite spectrum that we obtain is available online as 
xplained in the Data Availability Section, and an example of the
ormat of the FITS file is shown in Table 6 . For λ ∈ [1700,
900] Å and λ ∈ [2300, 2600] Å (rest frame), the quality of the
omposite decreases because of the presence of strong telluric 
bsorption at λ ∈ [13 500, 14 150] Å and λ ∈ [18 200, 19 300]

(observed frame). Indeed, at the wavelengths of the highest 
bsorption, only � 5 –10 spectra contribute to the composite because
f the narrow redshift range of our sample. The quality also decreases
or λ > 3100 Å, where the number of contributing spectra starts to get
ower. 

In the bottom panel of Fig. 5 , we compare our composite with those
rom Vanden Berk et al. ( 2001 ), Telfer et al. ( 2002 ), Selsing et al.
 2016 ), Shen et al. ( 2019 ), Yang et al. ( 2021 ), and D’Odorico et al.
 2023 ); for comparison purposes, all the composites are normalized
t 1450 Å, showing a better match among their continuum shape for
< 1580 Å rather than at longer wavelengths, where there is a visible

ffset between the various continua. For a better comparison with 
ur work, we consider the non-BAL composite from D’Odorico et al.
 2023 ). We also report the main emission lines in this wavelength
ange, and an inset panel with a zoom-in of the region [1175, 1580]
, where we can see differences in the Ly α and C IV lines, despite

he good o v erlap among their continuum shape. In the middle panel
f Fig. 5 , we display the number of spectra that are contributing to
he composite at each wavelength for our work, D’Odorico et al.
 2023 ), Yang et al. ( 2021 ), and Shen et al. ( 2019 ) (the only three
or which this piece of information is available); and finally, in the
op panel, we show the distribution of the mean quasar redshift
hat contributes to the composite at each wavelength. We summa- 
ize the properties of our composite and the comparison ones in
able 7 . 
The discrepancies highlighted in the inset panel of Fig. 5 are
ost likely due to differences in luminosity among the samples (see

he M 1450 column in Table 7 ), as we know that many emission-
ine properties are functions of quasar luminosity. This is the case
f C IV , a high-ionization line visible in the composites, where a
ecreasing equi v alent line width (EW) is expected with increasing
MNRAS 540, 1308–1328 (2025) 



1320 S. Onorato et al. 

M

Figure 5. Bottom panel : composite spectrum of the 33 non-BAL quasars in the sample (black) with its noise v ector (gre y), compared with sev eral other 
composites from the literature (coloured curves). All the composites are normalized to the continuum flux at 1450 Å. The grey band for λ < 1225 Å highlights 
the mask-free region, where none of the masks described in the main text is applied. The main emission lines are shown as dashed blue lines. The inset panel 
shows a zoom-in of the region [1175, 1580] Å, where the composites differ more. Middle panel : number of spectra that contribute to the composite realization 
at each wavelength for this work, D’Odorico et al. ( 2023 ), Yang et al. ( 2019 ), and Shen et al. ( 2019 ) (same colours as in the bottom panel). Top panel : mean 
redshift of the quasars that contribute to the composite at each wavelength for this work. 

Table 6. Composite spectrum of the 33 non-BAL quasars in the sample. 
Wavelengths are in the rest frame and units of Å. Flux density units are 
arbitrary, normalized to the rest-frame 1450 Å continuum flux. The third 
column is the noise vector. The fourth column indicates the number of quasar’s 
spectra contributing to the composite at each wavelength. The last column is 
the mean redshift that contributes to the composite at each wavelength. The 
entire table data are available online. 

Wavelengths [ Å] Flux [ F λ] Error N spec Mean z 

1040.00000 0.07235 0.03021 18 6.73951 
1040.38167 0.14979 0.02575 18 6.73951 
1040.76347 0.24631 0.02212 18 6.73951 
– – –
1600.55798 1.36016 0.04412 30 6.72212 
– – –
2096.78621 0.97827 0.04707 33 6.76699 
– – –
3250.71769 0.78563 0.14352 13 6.62963 
– – –
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uminosity, according to the so-called Baldwin effect (Baldwin
977 ). The biggest differences are noticeable in the strength of the
 IV emission line when comparing our composite with the one from

he most bright samples, such as Selsing et al. ( 2016 ), Shen et al.
 2019 ), and D’Odorico et al. ( 2023 ). This effect is also confirmed
y the test described in Section 5.3 , where we divide the sample
f non-BAL quasars into two luminosity bins and create a separate
omposite from each one. In Fig. 8 , we can notice the different EW
f the Ly α, C IV , and Mg II emission lines due to the difference in
 1450 of the two sub-samples. The different strength of the Ly α line

etween our sample (or high- z in general) and low- z ones is due
NRAS 540, 1308–1328 (2025) 
o the increasing absorption from the IGM towards higher redshift.
he o v erall continuum slope of the composite is consistent with

hose from the literature, showing that the same spectral features are
reserved in quasars at different z ranges. 
In the next sections, we discuss an alternative version of the

omposite obtained including the BAL quasars, and two tests
erformed by dividing the 33 non-BAL quasars into two redshift
ins first, and into two M 1450 bins later. 

.1 Including BAL quasars 

s already stated at the beginning of Section 5 , BAL features can
ffect the shape of a quasar spectrum. For this reason, we decide to
xclude the contribution of all the BAL quasars in the sample to the
reation of the final composite spectrum. Ho we ver, for completeness
urposes, we also create another version of the composite, this time
onsidering all the quasars in the sample, so including the BALs. We
how the comparison between the two versions in Fig. 6 , where the
lue curve is the composite created from the 33 non-BAL quasars
n the sample, and the orange curve is the one obtained including
lso the 12 BALs flagged in Table 1 , and listed in Section 2.1 . The
est of the plot shows the same quantities already described in Fig. 5 .
rom this comparison, we can see that there are no strong differences
etween the two versions of the composite. Both D’Odorico et al.
 2023 ) and Yang et al. ( 2021 ) make the same investigation on
he BAL contribution to their composite spectrum. They agree
ith this study that BALs do not cause significant differences but,
nlike in this work, decide to include them in their final composite
nyway. 
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Table 7. Main properties of the non-BAL composite spectrum created from the sample in this paper, compared with those of other composites. The columns 
sho w, respecti vely, the reference of the composite, the redshift range of the sample, the M 1450 range for the sample, the total number of quasars included in the 
sample, and the instruments used to take the spectra. 

Composite z range M 1450 range N tot quasars Instruments 

Onorato et al. (2025 – this work) 6 . 50 –7 . 55 [ −27 . 4 , −25 . 2] 33 GNIRS/NIRES/X- 
Shooter/GMOS/LRIS/MODS 

D’Odorico et al. ( 2023 ) 5 . 77 –6 . 63 [ −27 . 8 , −25 . 8] 24 a X-Shooter 
Yang et al. ( 2021 ) 6 . 50 –7 . 65 [ −27 . 4 , −25 . 2] 38 b GNIRS/NIRES/X-Shooter/FIRE/F2 
Shen et al. ( 2019 ) 5 . 71 –6 . 42 [ −27 . 7 , −24 . 9] 50 GNIRS 
Selsing et al. ( 2016 ) 1 . 12 –2 . 10 [ −28 . 1 , −27 . 2] c 7 X-Shooter 
Telfer et al. ( 2002 ) 0 . 33 –3 . 60 [ −27 . 7 , −24 . 7] c 184 FOS/GHRS/STIS 
Vanden Berk et al. ( 2001 ) 0 . 044 –4 . 789 [ −25 . 8 , −22 . 8] d 2204 SDSS 

Notes. a Excluding the BALs. 
b Where 31 come from Yang et al. ( 2021 ), and 7 from Schindler et al. ( 2020 ). 
c From Lusso et al. ( 2015 ), M 1450 = M i ( z = 2) + 1 . 28. 
d Converted from 17 . 5 < r ′ < 20 . 5, with z median = 1 . 253. 

Figure 6. Bottom panel : composite spectrum of the 33 non-BAL quasars in the sample (dark blue curve, which is the same as the black curve in Fig. 5 ), 
compared with the composite spectrum obtained including the 12 BAL quasars (orange curve), which are flagged in Table 1 , and also listed in Section 2.1 . There 
are no significant differences between the two versions of the composite. The rest of the plot shows the same quantities already described in Fig. 5 . 
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.2 Dividing the sample into two redshift bins 

o check whether we are av eraging an y features in the final composite 
pectrum because of the relatively wide redshift distribution of the 
uasars in the sample, we perform another test dividing the 33 
on-BAL quasars into two redshift bins and creating a composite 
pectrum from the spectra in each bin. If any ‘ z-related’ features are
resent, they might arise when dividing the sample into two groups
ased on the redshift. To account for enough statistics, we consider 
he median redshift of the 33 non-BALs ( z median , non −BAL = 6 . 70) and
reate a version of the composite from the 17 spectra having z ≥ 6 . 70
nd another version from the 16 spectra with z < 6 . 70. The two
ersions are shown in Fig. 7 , where the blue curve is the composite
reated from the quasars at z ≥ 6 . 70, and the orange curve is the one
w

btained from the quasars at z < 6 . 70. The rest of the plot shows the
ame quantities already described in Fig. 5 . 

From this comparison, we notice that the high- z composite has a
hallower slope and thus a redder continuum. A possible interpre- 
ation of this would be a larger number of mini BAL absorption
t higher redshift. Bischetti et al. ( 2022 , 2023 ) found that the
AL fraction in z ≥ 6 quasars is two to three times higher than

n quasars at z � 2 –4 . 5. The presence of BALs correlates with a
edder continuum, probably due to dust attenuation. If this idea is
orrect, it would explain why the Ly α and C IV lines look weaker.
lternativ ely, another e xplanation to justify the weaker Ly α could
e the presence of more neutral hydrogen in the IGM causing more
bsorption and suggesting the presence of statistical IGM damping 
ings ( ̌Duro v ̌c ́ıko v ́a et al. 2024 ). 
MNRAS 540, 1308–1328 (2025) 
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Figure 7. Bottom panel : composite spectrum of the 17 spectra having z ≥ 6 . 70 (dark blue curve), compared with the composite spectrum obtained from the 
16 spectra with z < 6 . 70 (orange curve), where z median , non −BAL = 6 . 70 is the median redshift of the 33 non-BAL quasars. The rest of the plot shows the same 
quantities already described in Fig. 5 . 

Figure 8. Bottom panel : composite spectrum of the 16 spectra having M 1450 < −26 . 0 (dark blue curve), compared with the composite spectrum obtained from 

the 17 spectra with M 1450 ≥ −26 . 0 (orange curve), where M 1450 , median , non −BAL = −26 . 0 is the median M 1450 of the 33 non-BAL quasars. The rest of the plot 
shows the same quantities already described in Fig. 5 . 
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.3 Dividing the sample into two magnitude bins 

he last test we perform on the composite consists of dividing the
3 non-BAL quasars into two M 1450 bins and creating a composite
pectrum from the spectra in each bin. As before, to account for
NRAS 540, 1308–1328 (2025) 
nough statistics, we consider the median M 1450 of the 33 non-BALs
 M 1450 , median , non −BAL = −26 . 0) and create a version of the composite
rom the 16 spectra having M 1450 < −26 . 0 and another version from
he 17 spectra with M 1450 ≥ −26 . 0. The two versions are shown in



Quasar catalogue and composite spectrum 1323 

F  

h  

t  

s
 

t  

p
l  

a

6

I
q
s

7
−  

s
q  

t
a
s
V
L
t  

t

 

 

 

 

 

 

 

o  

t  

s
r
e
c
c
S  

t  

5  

i  

a  

d  

e  

t  

2  

e  

w  

b  

s  

M  

f  

l
t

w  

o
e  

(  

1  

2  

a
B
D  

w
p  

o  

i  

r

A

T  

t
i
A
N
p
N
g  

n  

e
I

 

t  

s
t
A
fi  

r
e  

H
t
u  

W
(
A

 

t

t
U  

a  

s
g
A
O
U
o

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/1/1308/8131540 by guest on 18 February 2026
ig. 8 , where the blue curve is the composite created from the quasars
aving M 1450 < −26 . 0, and the orange curve is the one obtained from
he quasars having M 1450 ≥ −26 . 0. The rest of the plot shows the
ame quantities already described in Fig. 5 . 

The differences in the strength of the emission lines come from
he Baldwin effect (Baldwin 1977 ), already discussed in Section 5 ,
roving that quasars’ luminosity anticorrelates with their emission 
ines strength. From this test, we sho w ho w this ef fect is still visible
t early times. 

 SU M M A RY  

n this section, we discuss the conclusions of this paper, the 
uantitative analysis performed on the sample, and future work. We 
ummarize the two main results below. 

(i) We report and release a sample of 45 quasars at 6 . 50 < z ≤
 . 64 ( z median = 6 . 71), in the magnitude range −28 . 82 ≤ M 1450 ≤
24 . 13 ( M 1450 , median � −26 . 1), where 12 out of the 45 quasars

how BAL features in their spectrum, and three are new unpublished 
uasars (Ba ̃ nados et al. 2025 ; Belladitta et al. 2025 ). This represents
he largest medium-/moderate-resolution released sample of quasars 
t high redshift from ground-based instruments. The optical and NIR 

pectroscopy were obtained using the Gemini/GNIRS, Keck/NIRES, 
LT/X-Shooter, Gemini/GMOS, Keck/DEIMOS, Keck/LRIS, and 
BT/MODS instruments. The data in this sample allow us to estimate 

he M 1450 of the quasars directly from the spectra, and to determine
heir quality from the SNR: 

(a) After scaling the flux and inverse variance of each 
spectrum considering the J -, Y -, or K p -band magnitude of every
quasar, we calculate M 1450 from these new flux-scaled spectra 
(see Section 3.3 and Appendix B ). These values may be rele v ant
in the course of the analysis on quasar proximity zones (Onorato 
et al. 2025 ), in case we have to correct the measurements for
the luminosity of the quasar. 

(b) We compute the SNR of the spectra in the sample, 
considering three different wavelength ranges that exclude 
the telluric regions: [11 000 , 13 400], [14 500 , 17 950], and
[19 650 , 22 400] Å (see Section 3.4 and Appendix C ). We want
to test the quality of the spectra and give an idea of how much
a certain spectrum can be trusted. 

(ii) We create a z > 6 . 5 quasar composite spectrum using 33 out
f the 45 quasars of this sample: we exclude the BAL quasars
o a v oid biases in the analysis due to absorption features in their
pectra. We compare the composite with others from low- and high- 
edshift quasars samples from the literature. No significant redshift 
volution is found for either broad UV emission lines or quasar 
ontinuum slopes (see Section 5 ). An alternative version of the 
omposite, created considering also the BAL quasars, is described in 
ection 5.1 . We notice that there are no strong differences between

he two versions. Other two tests are discussed in Sections 5.2 and
.3 . In the first one, we divide the sample of 33 non-BAL quasars
nto two redshift bins (17 quasars at z ≥ 6 . 70 and 16 at z < 6 . 70)
nd create a composite from the spectra in each bin. There are small
ifferences in the continuum shape and the strength of Ly α and C IV

mission lines, visible in Fig. 7 , that we tentatively interpret as due
o the presence of subtle BAL absorption at higher z (Bischetti et al.
022 , 2023 ). Alternatively, statistical damping wings ( ̌Durov ̌c ́ıkov ́a
t al. 2024 ) could also justify the weaker Ly α observed at higher z,
hile the difference in Mg II could arise from changes in the average
lack hole mass or accretion rates. In the second test, we divide the
ample of 33 non-BAL quasars into two M 1450 bins (17 quasars at
 1450 ≥ −26 . 0 and 16 at M 1450 < −26 . 0) and create a composite
rom the spectra in each bin. In Fig. 8 , we see how weaker emission
ines are associated with brighter quasars, confirming the presence of 
he Baldwin effect (Baldwin 1977 ), which still holds at early times. 

Starting from the sample presented in this paper, in subsequent 
orks we will reconstruct the quasar’s intrinsic blue side from the
bserved red side, with PCA continuum modelling (e.g. Davies 
t al. 2018a , b ; Bosman et al. 2021 ), to study their proximity zones
Onorato et al. 2025 ), and Ly α damping wings (Miralda-Escud ́e
998 ; Davies et al. 2018a ; Ďuro v ̌c ́ıko v ́a et al. 2024 ; Greig et al.
024 ). In particular, Hennawi et al. ( 2025 ) introduce a new inference
pproach for analysing the IGM damping wings, deriving a single 
ayesian likelihood for the entire spectrum, while Kist, Hennawi & 

avies ( 2025 ) quantify the precision with which these IGM damping
ings analysed with the new method can measure astrophysical 
arameters such as 〈 x HI 〉 and t Q , and the dependence of this precision
n the properties of the spectra analysed. Our final goal will be to
mpose more stringent constraints on 〈 x HI 〉 during the EoR and the
adiati ve ef ficiency of the earliest SMBHs. 
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ATA  AVA ILA BILITY  

ata archi v es 

he raw Gemini data (both GNIRS and GMOS) can be searched and
ownloaded from the Gemini Observatory Archive at link https://ar
hive.gemini.edu/searchform . The user needs to set the Instrument
sed and the coordinates of the target (RA and Dec.). Additionally, we
otice that sometimes there are superimposed features like vertical
triping, horizontal banding, and quadrant offsets on GNIRS data.
e use the CLEANIR 7 Python routine to remo v e these artefacts. 
The raw Keck data (all NIRES, DEIMOS, and LRIS) can be

ownloaded from a Basic Search on the K eck Observ atory Archi ve
KOA) at the link ht tps://koa.ipac.caltech.edu/cgi-bin/K OA/nph-K
Alogin . The user needs to select the Instrument used, set the Object
ame or Location, and decide how to return the results. In case we
ant to download multiple targets, we can look for More Search
ptions, select the desired Instruments, and add a file in the Multiple
bject Table File section. A code to create such a table is provided

n the GitHub repository storing the rele v ant tables and codes used
n this paper, whose link is provided in Section 2.3 . 

The raw ESO data (VLT/X-Shooter) can be downloaded from the
SO Observ atory Archi ve at the link https://ar chive.eso.or g/eso/es
 archive main.html . The user can type the coordinates of the target
RA and Dec.), set the Instrument used, and select the category of
ata desired. In case we want to download multiple targets, we can
dd a file in the List of Targets section. A code to create such a file
s provided in the GitHub repository already mentioned. 

The raw LBT data (MODS) come from pri v ate projects present in
he LBT Archive at the link http:// archive.lbto.org/ . The user needs
o set the coordinates of the target (RA and Dec.), the Instrument
sed, and to authenticate for the project. 
More (and fewer) details can al w ays be inserted in the archives

hen searching for targets. 

ata reduction and analysis 

he files to reduce the spectroscopic data with PypeIt ( .pypeit ,
flux , .coadd1d , and .tell ), the .csv tables (containing

nformation such as the redshift of the quasars, photometric details,
NRAS 540, 1308–1328 (2025) 

 https://www.gemini.edu/instr umentation/nir i/data-r eduction 

G
G
G

r SNR), and the rele v ant codes to reproduce the results in this paper
re all stored in the GitHub repository previously mentioned. 

inal FITS files (spectra and composites) 

he data underlying this article are available in the article and in its
nline supplementary material. 
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PPENDI X  A :  FLUX  SCALI NG  WI TH  J - ,  Y - ,  O R  

 p -BAND  P H OTO M E T RY  

s already mentioned in Section 3.2 , the reduced spectrum of
very quasar in this sample is scaled using the J -, Y -, or K p -
and photometry. This is because the flux calibration of the spectra
erformed with PypeIt is relative and, while we are still looking
or a definitive absolute flux calibration method, we need to tie the
pectroscopic measurements with the photometric ones, which are 
ore accurate in terms of fluxes. 
To correct the spectra, we scale them to a given magnitude in a

pecified passband filter. First, we calculate the AB magnitude of 
he spectrum in a certain passband filter ( m spec ) by using the Python
ibrary Speclite. 8 Then, we calculate a scale factor ( SF ) using
he difference between the calculated magnitude from the spectrum 

nd the true magnitude from the photometry ( m phot ), as shown in this
ormula that we get from the Pogson law: 

F = 10 0 . 4( m spec −m phot ) (A1) 

his scale factor is used to adjust the flux and inverse variance of
he spectrum to match the true magnitude in the given passband (see
ig. A1 ). For a subset of quasars, literature photometry is available
ot only in the J band, but also in the Y , H , and K bands. We
ompute other synthetic magnitudes, but this time from the flux- 
caled spectra and compare them to the additional photometry to 
ssess any discrepancies. We find that the typical deviation between 
ynthetic and observed magnitudes is around 10 per cent, with a
aximum discrepancy of approximately 40 per cent. Two illustrative 

xamples, one with high and one with low discrepancy, are shown in
he top two panels of Fig. A1 . We do not display synthetic photometry
or the Y band of the quasar J1342 + 0928 because the available
pectrum does not fully co v er the wavelength range of the Y -band
lter (9635 –11025 Å). As a result, it is not possible to reliably
ompute the synthetic magnitude for this band. 
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M

Figure A1. Top two panels : example cases of the spectra of J1342 + 0928 and J1007 + 2115 before (blue) and after (orange) applying the scale factor ( SF ) 
calculated from the J -band magnitudes of these quasars (as described in equation A1 ), and the noise vectors. The lower plot shows (in brighter shades) the 
transmission curve of the passband filter used to get the photometry. We also include the Y -, H -, and K -band magnitudes, along with their respective transmission 
curves (in lighter shades), to compare with the synthetic photometry derived from the flux-scaled spectrum (magenta stars) and visually assess any discrepancies. 
Middle : same, but for J0923 + 0754 and its Y -band photometry. Bottom : same, but for J1058 + 2930 and its K p -band photometry. 
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Figure B1. Top : match between the spectrum of J0910 −0414 and the composite spectrum obtained from the sample excluding the BALs already corrected to 
get a better estimate of the M 1450 . The spectrum of the BAL quasar is shown in blue, while the composite is in orange, with their noise vectors reported at the 
bottom of the plot. The back dashed line falls at λ = 1450 Å and the green dashed line is the normalization wavelength at 2000 Å. The magenta star is the ‘new’ 
continuum level assumed for the BAL quasar at 1450 Å. Bottom : same, but for J0923 + 0402. 
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9 It is the ratio between the flux of the BAL spectrum and the flux of the 
composite spectrum at the wavelength λ . 
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PPEN D IX  B:  A BSOLUTE  M AG N I T U D E  O F  

0 9 1 0  −0 4 1 4  A N D  J 0 9 2 3  + 0 4 0 2  (BAL  QUASARS)  

his appendix describes the approach followed to calculate M 1450 in 
he two problematic cases of J0910 −0414 and J0923 + 0402. These
uasars are affected by strong BAL features, which mostly appear 
round the region at rest frame 1450 Å, making the measurement 
f M 1450 with the method described in Section 3.3 difficult to trust
note the black dashed line at λ = 1450 Å in Fig. B1 falling in
he area affected by the BAL). To correct this problem, we want to
isualize what the continuum would be in a quasar with the same
hape, but without BAL features. For this aim, we make a comparison
sing the composite spectrum created from the sample excluding the 
AL quasars (described in Section 5 and shown in Fig. 5 ). We start
o ving the observ ed spectrum (already flux-scaled using its J -band
agnitude) to the rest frame, while the composite spectrum is already 

n the rest frame. We scale the composite to the observed spectrum
t a certain wavelength ( λnorm 

= 2000 Å, in both cases, produces a
ood result) by multiplying for a factor A . 9 We apply a power-law
orrection with an exponent α, to rotate the composite and then have
 better match with the orientation of the observed spectra, according
o the following formula: 

 composite , new = f composite · A 

(
λcomposite 

λnorm 

)α

(B1) 

e set α = 0 . 3 for J0910 −0414 and α = 0 . 8 for J0923 + 0402. 
Finally, we can calculate M 1450 (reported in Table 1 ) from

he scaled composite spectrum following the method described 
n Section 3.3 , assuming that the magenta star in Fig. B1 repre-
ents the ‘new’ continuum level for the BAL quasar at 1450 Å.
ig. B1 shows the observed spectra in blue and the composite

n orange, with their noise vectors reported at the bottom of
ach plot; the black dashed lines represent λ = 1450 Å and the
reen dashed lines are the normalization wavelengths, both set at 
000 Å. 
MNRAS 540, 1308–1328 (2025) 

norm 



1328 S. Onorato et al. 

M

F  

w  

J  

t  

t

A

I  

f  

J  

i
e
r

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/articl
igure C1. Top : example case of the distribution of the SNR along the
avelength grid [1040, 3332] Å for the highest z quasar in the sample,

0313 −1806 (dark red). The bands ( J , H , and K ) in which we compute
he SNR are indicated according to different colours. Bottom : same, but for
he lowest z quasar of the sample: J1110 −1329. 

PPENDIX  C :  SNR  

n Fig. C1 , we plot the distribution of the SNR along the rest-
rame wavelength grid defined in Section 3.4 for J0313 −1806 and
1110 −1329 (dark red curves), and the J , H , and K bands (indicated
NRAS 540, 1308–1328 (2025) 

n Section 3.4 too) are in different colours. These are two good 
xample cases of spectra with medium/high and medium/low SNR, 
espectively. 
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