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ABSTRACT

We report the results of near-infrared spectroscopic observations of 37 quasars in the redshift range
6:3 < z � 7:64, including 32 quasars atz > 6:5, forming the largest quasar near-infrared spectral sample
at this redshift. The spectra, taken with Keck, Gemini, VLT, and Magellan, allow investigations of
central black hole mass and quasar rest-frame ultraviolet spectral properties. The black hole masses
derived from the Mg II emission lines are in the range (0:3 � 3:6) � 109 M � , which requires massive
seed black holes with masses& 103� 4 M � , assuming Eddington accretion sincez = 30. The Eddington
ratio distribution peaks at � Edd � 0:8 and has a mean of 1.08, suggesting high accretion rates for these
quasars. The CIV { Mg II emission line velocity di�erences in our sample show an increase of CIV
blueshift towards higher redshift, but the evolutionary trend observed from this sample is weaker than
the previous results from smaller samples at similar redshift. The FeII /Mg II ux ratios derived for
these quasars up toz = 7 :6, compared with previous measurements at di�erent redshifts, do not show
any evidence of strong redshift evolution, suggesting metal-enriched environments in these quasars.
Using this quasar sample, we create a quasar composite spectrum forz > 6:5 quasars and �nd no
signi�cant redshift evolution of quasar broad emission lines and continuum slope, except for a blueshift
of the C IV line. Our sample yields a strong broad absorption line quasar fraction of� 24%, higher
than the fractions in lower redshift quasar samples, although this could be a�ected by small sample
statistics and selection e�ects.
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1. INTRODUCTION

Observations of high-redshift (z > 6) quasars hold the
key to understanding the formation and evolution of the
earliest supermassive black holes (SMBHs) and galaxies.
Recent observations of quasars atz > 6 have revealed
the existence of massive SMBHs with� 108 � 1010 so-
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lar masses in a very young Universe (e.g., Wu et al.
2015; Ba~nados et al. 2018; Matsuoka et al. 2019b; Onoue
et al. 2019; Shen et al. 2019; Yang et al. 2020a; Wang
et al. 2021b), within only 920 million years of the Big
Bang. This raises the question of how these SMBHs
grow to a few billion solar mass within such short time.
Theoretical models with di�erent seed black hole (BH)
mass and/or di�erent modes of accretion o�er several
potential explanations of the formation and growth of
early SMBHs. Detailed observations of a large sample
of the highest redshift quasars are needed to test these
models and to improve our understanding of SMBH for-
mation and evolution. Such studies rely on both wide-
�eld high-redshift quasar surveys for the discovery and
high-quality spectroscopic observations of high-redshift
quasars at optical and near-infrared (NIR) wavelengths
to measure quasar properties.

Recent progress in deep imaging surveys coupled with
NIR spectroscopic capabilities on large telescopes have
signi�cantly increased the sample size ofz > 6 quasars
to � 200 and pushed the quasar redshift frontier to
z & 7:5, deep into the epoch of reionization (e.g., Mort-
lock et al. 2011; Jiang et al. 2016; Mazzucchelli et al.
2017; Ba~nados et al. 2018; Fan et al. 2019; Reed et al.
2019; Matsuoka et al. 2019a,b; Venemans et al. 2013,
2015; Wang et al. 2018, 2019; Yang et al. 2019b, 2020a;
Wang et al. 2021b). Wang et al. (2019, hereafter W19)
and Yang et al. (2019b, hereafter Y19) have recently
carried out a new wide-�eld survey for reionization-era
quasars in a� 20,000 deg2 area by combining a number
of publicly available deep optical and infrared photomet-
ric datasets. This survey has already discovered more
than 35 quasars at 6:3 < z � 7:64 (also, Fan et al. 2019;
Wang et al. 2018; Yang et al. 2020a; Wang et al. 2021b).
These successful surveys of high-redshift quasars have
signi�cantly expanded the high-redshift quasar sample
and provided valuable new targets for the investigations
of both reionization history (e.g., Davies et al. 2018;
Yang et al. 2020a,b; Wang et al. 2020) and early SMBHs.

The measurements of BH masses in high-redshift (z >
6) quasars are mainly based on the quasar MgII emis-
sion line from NIR spectra, since MgII is the best tracer
in the observable wavelength range (i.e., optical and
NIR). Combined with the bolometric luminosity derived
from the NIR spectra after applying bolometric correc-
tions, the measurement of BH mass allows us to esti-
mate the Eddington ratio of these SMBHs. By �tting
the continuum of NIR spectra and the Mg II emission
line, the BH mass and Eddington ratio of a number of
z > 6 quasars have been derived (e.g., Jiang et al. 2007;
Kurk et al. 2007; Willott et al. 2010; De Rosa et al.
2014; Mazzucchelli et al. 2017; Onoue et al. 2019; Shen

et al. 2019; Schindler et al. 2020). These measurements
have improved our understanding of BH growth and ac-
cretion in the early Universe and also raised questions
related to early SMBH formation, accretion, and BH-
host galaxy co-evolution. At the same time, NIR spec-
troscopy also allows studies of the rest-frame ultraviolet
(UV) properties of these early quasars. The evolution
of quasar spectral properties (e.g., broad emission line
velocity shifts) gives insight into the physical conditions
and emission mechanisms of the quasar broad-line re-
gion (BLR) (e.g., Gaskell 1982; Richards et al. 2011;
Meyer et al. 2019). In particular, the Fe II /Mg II ratio
traces the chemical abundances in the quasar BLR and
is an important diagnostic of the iron enrichment and
the history of star formation in quasar host galaxies in
the early Universe (e.g., Hamann & Ferland 1999; Jiang
et al. 2007; De Rosa et al. 2011; Schindler et al. 2020;
Onoue et al. 2020).

We conducted a NIR spectroscopic survey of quasars
selected from a new survey (W19 and Y19) and other
known z > 6:5 quasars that did not have published
NIR spectra before our observations. In this paper, we
present the NIR spectral dataset, including spectra of
37 quasars at 6:3 < z � 7:64, and the results obtained
from its analysis. We describe the NIR spectral dataset
including the quasar sample, observations, and data re-
duction in Section 2. The spectral analysis is presented
in Section 3. We report the measurements of BH mass
and Eddington ratio in Section 4 and discuss the quasar
rest frame UV spectral properties in Section 5. We then
discuss early SMBH growth and broad absorption line
(BAL) quasars in this sample in Section 6. A summary
of this work is presented in Section 7. All results below
refer to a �CDM cosmology with parameters 
 � = 0.7,

 m = 0.3, and h = 0.7.

2. THE NIR DATASET

2.1. Quasar Sample

Our NIR spectroscopic observations mainly target the
new quasars from a series of recent investigations (Fan
et al. 2019; Wang et al. 2018, 2019, 2021b; Yang et al.
2019b, 2020a) and also include some previously known
z > 6:5 quasars that did not have published NIR spec-
tra before our observations. The NIR spectral sam-
ple presented in this paper is constructed based on (1)
quasars from the survey described in W19 and Y19,
(2) other known z > 7 quasars (i.e., J1120+0641 and
J1342+0928), (3) quasars observed in our Keck/NIRES
NIR spectroscopic programs, and (4) otherz > 6:5
quasars (i.e., J0024+3913 and J2232+2930) that are not
in the �rst three categories but have Gemini/GNIRS
data in the archive. The �nal sample includes 37 quasars
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at 6:3 < z � 7:64. Within this sample, ten quasars
have been published with BH mass measurements in the
literature (Mortlock et al. 2011; Venemans et al. 2015;
Ba~nados et al. 2018; Wang et al. 2018; Fan et al. 2019;
Tang et al. 2019; Wang et al. 2020; Yang et al. 2020a;
Ba~nados et al. 2021; Wang et al. 2021b). We include
them and present our new BH mass measurements of
these quasars in this paper to compare all quasar prop-
erties consistently.

In this sample, there are six previously unpublished
quasars. They are newly discovered objects found in
an ongoing survey, based on the same selection method
as used previously in W19 and Y19. W19 conducted
a z & 6:5 quasar survey based on color-color selection
using photometric data from the DESI Legacy imaging
Surveys (DELS, Dey et al. 2019), Pan-STARRS1 (PS1,
Chambers et al. 2016), and all public NIR imaging sur-
veys, as well as the Wide-�eld Infrared Survey Explorer
(WISE, Wright et al. 2010) mid-infrared survey in the
northern sky, while Y19 carried out a similar quasar sur-
vey in the southern sky using the data from the Dark
Energy Survey (DES, Abbott et al. 2018) DR1 instead of
DELS and PS1. In this paper, we report the coordinates
and the NIR spectra of these six new quasars. They
are J021847.039+000715.175, J052559.675{240622.98,
J092358.997+075349.107, J105807.720+293041.703,
J200241.594{301321.69, and J233807.032+214358.17.
The quasar selection, discovery, and other properties
will be presented in detail in a separate paper. Table 1
lists the full sample of 37 quasars and their redshifts.

As shown in Figure 1, our new NIR spectral sample
comprises the largest NIR spectral dataset of quasars at
z > 6:5 (32 quasars). Thus the derived measurements
from these quasars will be representative of the observed
NIR properties of luminous quasars in this redshift
range, in an absolute magnitude rangeM 1450 < � 25:2.
Moreover, this NIR sample contains a subsample of 32
quasars that meet the uniform selection used in W19 and
Y19. These quasars therefore form a complete sample
for the measurement of the BH mass function atz � 6:5
(J. Yang et al. in prep).

2.2. NIR Spectroscopy

We obtained NIR spectroscopy of our quasar sam-
ple using the following facilities: Keck/NIRES (Near-
Infrared Echellette Spectrometer, Elias et al. 2006a,b),
Gemini/GNIRS (Gemini Near-Infrared Spectrograph,
Wilson et al. 2004), VLT/X-Shooter (Vernet et al.
2011), Gemini/F2 (FLAMINGOS-2 near-infrared imag-
ing spectrograph, Eikenberry et al. 2004), and Magel-
lan/FIRE (Folder-port InfraRed Echellette, Simcoe et
al. 2010). Table 1 lists the instruments used to observe

Figure 1. The redshift and absolute magnitude distribu-
tion of quasars in our sample (red squares) and other known
quasars at z > 6:3 (blue squares). This new NIR spectro-
scopic sample covers 37 quasars from redshift 6.35 to the
most distant known one at z = 7 :64, which forms the largest
NIR spectral dataset for quasars at z > 6:5.

each quasar and the exposure times, and the observa-
tions with each instrument are described below.

1) We observed 18 quasars with Keck/NIRES from
2018 to 2020. Keck/NIRES has a �xed con�gu-
ration that simultaneously covers 0.94 to 2.45� m
with a �xed 0 :0055 narrow slit, resulting in a resolv-
ing power of R � 2700.

2) Spectra of 22 quasars were taken with Gemini
North/GNIRS, including 18 quasars observed in
our programs from 2018 to 2020 and four from
Gemini archival data. We used the short-slit
(cross-dispersion) mode (32 l/mm) with simulta-
neous coverage of 0.85{2.5� m. A 0:00675 slit was
used, corresponding toR � 700. For the archival
data, three of the quasars were observed with a
0:00675 slit, and one (J2232+2930) was observed us-
ing a 1:000 slit (R � 500).

3) In addition, we observed three quasars with
VLT/X-Shooter (ID: 0103.A-0423(A)) in 2019. X-
Shooter covers the wavelength range from 3000 to
24800 �A. We used a 0:009 slit for the VIS (5595-
10240�A) and a 0:006 slit for NIR (10240-24800�A),
resulting in resolving power of 8900 and 8100, re-
spectively.

4) Quasars J0313{1806 and J0525{2406 were ob-
served with Gemini South F2 in 2019. For both,
we used a slit width of 0:0072 which delivers a spec-
tral resolving power of R � 400. With F2, only
an HK range spectrum was obtained, covering the
wavelength range from 1.45 to 2.5� m.

5) In addition to the NIRES, GNIRS, and F2 obser-
vations, quasar J0313{1806 was also observed with
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Table 1. Quasar Information and Observation Information of the 37 Quasars in Our Sample.

Name Instrument Exp Time (s) z zerr Discovery [C II ] z Refa NIR b J (AB) c

J002429.77+391319.0 d GNIRS 13800 6.621 0.002 Tang et al. (2017) Y Mazzucchelli et al. (2017) Y 20.77 � 0.15
J003836.10 � 152723.6 GNIRS 15300 7.0340 0.0003 Wang et al. (2018) Y Wang in prep Y 19.69 � 0.07

J004533.57+090156.9 d NIRES 13680 6.4694 0.0025 Mazzucchelli et al. (2017) Y Eilers et al. (2020) N 20.80 � 0.13
J021847.04+000715.2 e NIRES 5760 6.7700 0.0013 Yang in prep Y Wang in prep N 21.08 � 0.30
J024655.90 � 521949.9 X-Shooter 24000 6.8876 0.0003 Y19 Y Wang in prep N 21.29 � 0.19
J025216.64 � 050331.8 NIRES/X-Shooter 18000/28800 7.0006 0.0009 Y19 Y Wang in prep Y 20.19 � 0.07
J031343.84 � 180636.4 FIRE/F2/ 21723/11040/ 7.6423 0.0013 Wang et al. (2021b) Y Wang in prep Y 20.94 � 0.13

GNIRS/NIRES 29100/16200
J031941.66 � 100846.0 NIRES 18720 6.8275 0.0021 Y19 Y Wang in prep N 20.98 � 0.24
J041128.63 � 090749.8 NIRES 5760 6.8260 0.0007 W19 Y Wang in prep N 20.02 � 0.14
J043947.08+163415.7 GNIRS 3600 6.5188 0.0004 Fan et al. (2019) Y Yang et al. (2019a) Y 17.46 � 0.02
J052559.68 � 240623.0e F2 5400 6.5397 0.0001 Yang in prep Y Wang in prep N |
J070626.39+292105.5 NIRES 15210 6.6037 0.0003 W19 Y Wang in prep N 19.16 � 0.05
J080305.42+313834.2 GNIRS 3600 6.377 0.006 W19 N W19 N 20.12 � 0.12
J082931.97+411740.4 GNIRS 13500 6.768 0.006 W19 N W19 N 20.28 � 0.15
J083737.84+492900.4 GNIRS 17400 6.710 0.008 W19 N W19 N 20.21 � 0.17
J083946.88+390011.5 GNIRS 16800 6.905 0.01 W19 N W19 N 20.39 � 0.20
J091054.53 � 041406.8 GNIRS/NIRES 3600/3600 6.6363 0.0003 W19 Y Wang in prep N 20.25 � 0.14
J091013.63+165629.8 GNIRS 13200 6.7289 0.0005 W19 Y Wang in prep N 21.06 � 0.13
J092120.56+000722.9 GNIRS 9600 6.5646 0.0003 Matsuoka et al. (2018) Y Wang in prep N 21.21 � 0.28
J092347.12+040254.4 NIRES 11880 6.6330 0.0003 W19,Matsuoka et al. (2018) Y Wang in prep N 20.02 � 0.09
J092359.00+075349.1 e GNIRS 7200 6.6817 0.0005 Yang in prep Y Wang in prep N |
J100758.26+211529.2 GNIRS/NIRES 21900/7920 7.5149 0.0004 Yang et al. (2020a) Y Yang et al. (2020a) Y 20.22 � 0.18
J105807.72+293041.7 e NIRES 3600 6.5846 0.0005 Yang in prep Y Wang in prep N |
J110421.59+213428.8 GNIRS 7200 6.7662 0.0009 W19 Y Wang in prep N 19.95 � 0.12
J112001.48+064124.3 GNIRS 4800 7.0851 0.0005 Mortlock et al. (2011) Y Venemans et al. (2017a) Y 20.35 � 0.15

J112925.34+184624.2 d NIRES 12600 6.823 0.003 Ba~nados et al. (2021) N Ba~nados et al. (2021) Y 20.90 � 0.11
J113508.93+501133.0 GNIRS/NIRES 7200/4800 6.5851 0.0008 W19 Y Wang in prep N 20.41 � 0.16
J121627.58+451910.7 GNIRS 4800 6.65 0.01 W19 N W19 N 21.02 � 0.13
J131608.14+102832.8 NIRES 3000 6.35 0.04 W19 N W19 N 20.75 � 0.12
J134208.10+092838.6 GNIRS 32400 7.5413 0.0007 Ba~nados et al. (2018) Y Venemans et al. (2017b) Y 20.30 � 0.02
J153532.87+194320.1 NIRES 2880 6.40 0.05 W19 N W19 N 19.64 � 0.11

J172408.74+190143.0 d NIRES 15120 6.44 0.05 Mazzucchelli et al. (2017) N Mazzucchelli et al. (2017) N 21.09 � 0.18
J200241.59 � 301321.7e GNIRS 3600 6.6876 0.0004 Yang in prep Y Wang in prep N 19.97 � 0.16
J210219.22 � 145854.0 GNIRS/NIRES 10200/5760 6.6645 0.0002 W19 Y Wang in prep N 21.14 � 0.20
J221100.60 � 632055.8 X-Shooter 31200 6.8449 0.0003 Y19 Y Wang in prep N 21.23 � 0.18

J223255.15+293032.0 d GNIRS 4800 6.666 0.004 Venemans et al. (2015) Y Mazzucchelli et al. (2017) Y 20.37 � 0.14
J233807.03+214358.2 e GNIRS/NIRES 1500/7200 6.60 0.03 Yang in prep N Yang in prep N 20.75 � 0.30

a The reference for the redshifts used in the spectral analysis. If the quasar has a [C II ] detection (column [C II ] = Y), the reference is for the [C II ]-based redshift, and the
redshift listed in column z is the [C II ]-based redshift. Most of the [C II ] detections are from a series of ALMA/NOEMA programs that will be reported in detail in F.
Wang et al. (in prep).

b The NIR column reports whether the object has previously published BH mass measurements (Y or N).

c The J -band photometric data used to scale the NIR spectra. For the quasars J0525{2406, J0923+0753, and J1058+2930 without J data, we used Y or K -band photometry,
as described in Section 2.3.

d These quasars are also named as PSO J006.1240+39.2219, PSO J011.3898+09.0324, PSO J172.3556+18.7734, PSO J261.0364+19.0286, and PSO J338.2298+29.5089,
respectively.

e These quasars are previously unpublished. Details of their selection and identi�cation will be reported separately (J. Yang et al. in prep).
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Magellan/FIRE (0.8-2.5 � m) in Echelle mode in
2019 November and December with 0:0075 and 1:000
slits, corresponding to resolving power ofR � 4800
and R � 3600, respectively. There are seven
quasars observed with multiple instruments.

2.3. Data Reduction

All NIR spectra are reduced with the open-source
Python-based spectroscopic data reduction pipeline
PypeIt 1 (Prochaska et al. 2020). The wavelength so-
lutions are derived from the night sky OH lines in the
vacuum frame. We choose this method in order to use
on-sky wavelength calibrations and also to reduce ob-
servational overheads given that our science goals do
not require very high resolution. The sky subtraction
is based on the standard A{B mode and a b-spline �t-
ting procedure that is performed to further clean up the
sky line residuals following Bochanski et al. (2009). An
optimal extraction (Horne 1986) is performed to gener-
ate 1D science spectra. The extracted spectra are ux
calibrated with sensitivity functions derived from the
observations of spectroscopic standard stars. Telluric
absorption is corrected by �tting absorption models to
the quasar spectra, and the absorption models are con-
structed using a telluric model plus a quasar model. The
telluric model grids are produced from the Line-By-Line
Radiative Transfer Model (LBLRTM2; Clough et al. 2005).
The quasar model is based on a principal component
analysis method (Davies et al. 2018).

The stacking of individual exposures or spectra from
multiple instruments does not employ any interpola-
tion to avoid correlated noise. We determine a com-
mon wavelength grid based on the dispersion of each
instrument. The wavelength grid is sampled linearly in
velocity space for echelle spectrographs and linearly in
wavelength for other long-slit spectrographs. For spec-
tra from multiple instruments, the wavelength grid is
derived based on the lowest resolution spectrum. We
then use a histogram technique to divide all native pix-
els into wavelength bins. The stacked ux in each wave-
length bin is then computed as the mean ux density of
values from all native pixels in that bin, weighted by the
average square of the signal-to-noise ratio (S/N) of the
exposure that contains this pixel.

The reduced spectrum of each quasar is then scaled
using its J -band magnitude (or scaled with K or Y if J
band is not available). We chooseJ band instead of the
K band, which includes the quasar MgII emission line,
since only a few objects haveK -band photometric data.

1 https://github.com/pypeit/PypeIt
2 http://rtweb.aer.com/lblrtm.html

For the quasars (23 objects) included in publicJ -band
photometric catalogs from the UKIRT Hemisphere Sur-
vey (UHS; Dye et al. 2018), the UKIRT InfraRed Deep
Sky Surveys{Large Area Survey (ULAS; Lawrence et al.
2007), or the VISTA Hemisphere Survey (VHS; McMa-
hon et al. 2013), we use the publicJ -band data. For
quasars not in these catalogs but which have published
J -band magnitudes (8 objects), we use the correspond-
ing J -band data. Then for the quasars without either of
those sources ofJ -band data, if they have been observed
in our UKIRT/WFCAM imaging programs (Wang et al.
2019), we use photometric data from our UKIRT images
(2 objects). For those quasars that do not have any of
the J data described above but are covered byJ -band
images from public surveys, we perform forced photom-
etry (300diameter) on the public J -band images.

The quasars J0923+0753 and J1058+2930 have only
< 3� forced photometric magnitudes in J band. For
J0923+0753, we use its forced photometric data in the
Y band (21.25� 0.26 in AB), which has S/N > 4� . For
the quasar J1058+2930, which does not have images in
any NIR bands, we use the photometry from the acqui-
sition image from NIRES in the K s band (20.56� 0.05
in AB). As a comparison, we also use the same scaling
factor as that for the quasar J0910{0414, which was ob-
served with NIRES just a few hours before J1058+2930
on the same night. Both yield consistent scaling factors,
with a 5% di�erence in ux density. The quasar J0525{
2406 has only an F2 spectrum covering theH and K
bands, and it does not have public NIR images. For this
object we take K s-band imaging with MMT/MMIRS
and scale its spectrum using thisK -band photometry
(20.48� 0.09 in AB). Then, all scaled spectra are cor-
rected for Galactic extinction based on the dust map of
Schlegel et al. (1998) and the extinction law of Cardelli
et al. (1989). All photometric data used to scale spectra
are listed in Table 1. All �nal spectra are shown in Fig-
ure 2 and Figure 9. Since this work focuses on the NIR
range, we plot the spectra only at wavelengths redder
than 9800 �A.

3. SPECTRAL ANALYSIS

After obtaining the �nal spectral dataset, we �t each
quasar spectrum to derive spectral properties for further
measurements. In this section, we describe our spectral
�tting procedure for the quasar continuum and emission
lines. We will also discuss a few individual quasars with
unusual spectral features.

3.1. Spectral Fitting

We �t each near-IR spectrum with a model consisting
of continuum plus emission lines. The initial redshift is
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Figure 2. An example of spectral �tting for the quasar J0319{1008 at z = 6 :8. (a) The spectrum (black line) is acquired with
Keck/NIRES. The grey line shows the spectral uncertainty. The purple dashed line represents the best-�t power law continuum
and the solid red line denotes the total �t. The two inset plots show the �ts to the C IV and Mg II emission lines. The
orange and blue solid lines represent the best-�t emission line and iron components, respectively. The quasar J0319{1008 has
a [C II ]-based redshift of 6.8275� 0.0021 (F. Wang et al. in prep). The line �tting yields a Mg II -based redshift of 6.816� 0.004.
The continuum �tting obtained a power-law slope of � � = � 0:45� 0:3. The �tting of all other quasar spectra is shown in Figure
9 in Appendix A. (b) The residual (data { model) of spectral �tting. (c) The telluric model used for the telluric correction for
this quasar.

chosen to be the [CII ]-based redshift or the published
redshift as listed in Table 1. The pseudo-continuum in-
cludes a power-law continuum, FeII template (Vester-
gaard & Wilkes 2001; Tsuzuki et al. 2006), and Balmer
continuum (De Rosa et al. 2014). The FeII template
used here is the combination of templates from Vester-
gaard & Wilkes (2001) and Tsuzuki et al. (2006). Vester-
gaard & Wilkes (2001, hereafter VW01) constructed an
empirical ultraviolet iron template covering the wave-
length range 1250{3090�A based on spectra of the nar-
row line Seyfert 1 galaxy I Zw 1. At that time, the iron
emission underlying the MgII line could not be well es-
timated, so the iron emission in the template was set
to zero over this region. Tsuzuki et al. (2006, hereafter
T06) derived an Fe II template from the spectrum of I
Zw 1 for the regions 2200{3500 and 4200{5600�A and
used synthetic spectra calculated with the CLOUDY
photoionization code to separate the underlying FeII
emission from the Mg II emission line. In this work,
we combine these two templates by combining the FeII
emission from the VW01 template for 1100{2200�A and

the T06 template for 2200{3500�A, in order to obtain a
template covering a wide wavelength range and also con-
taining the Fe II emission beneath the MgII line. When
�tting a spectrum, the iron template is broadened by
convolving the template with a Gaussian kernel derived
from the width the of Mg II line.

Gaussian �ts of the C IV and Mg II emission lines
are then performed on the continuum-subtracted spec-
trum. The Si IV and C III ] lines are also �tted if they
are visible. However, the SiIV lines sometimes are too
close to the edge of the recorded spectrum and thus have
lower S/N. Most of the C III ] lines are fully or partly
located within the region a�ected by strong telluric ab-
sorption (i.e., � 13500{14200�A). So the �tting of these
two lines has lower quality than the �tting of the C IV
and Mg II lines, and we are not using these two lines
for scienti�c analysis in this paper. For most cases, a
two-component Gaussian pro�le is used to �t each emis-
sion line, while for a few objects only a one-component
Gaussian is used. For example, for the quasar J0910{
0414, we use only one Gaussian to �t its MgII line due
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to multiple strong absorption features around the Mg II
line. When masking all the absorption features, the wide
range of absorptions results in a signi�cant gap at the
line center, such that a two-Gaussian model �t would
result in a double-peaked emission line model. For a
similar reason, a one-component Gaussian model is also
used for the C IV line of the quasar J1058+2930. Four
quasars do not have CIV �tting, including the quasar
J0525{2406 that has no spectrum blueward of 14500�A
and the other three quasars with unusual spectral fea-
tures (i.e., J0910{0414, J1316+1028, and J1535+1943;
see details in the next subsection). The redshifts derived
from the C IV and Mg II emission lines are based on the
line centroids (Peterson et al. 2004) rather than the line
peaks. In this case, any strong blue/redshifted compo-
nent will result in a di�erent redshift measurement from
the measurement using the line peak. The uncertain-
ties of all spectral measurements are estimated using
a Monte Carlo approach, following Yang et al. (2020a)
(also Shen et al. 2019; Wang et al. 2020). For each
spectrum, we generate 100 mock spectra by randomly
adding Gaussian noise at each pixel with standard devi-
ation equal to the spectral error at that pixel. We apply
the same �tting procedure to each mock spectrum to
obtain the corresponding measurements. Then the un-
certainties of the spectral measurements are estimated
as the average of the 16% and 84% percentile deviations
from the median value. The best �ts of the continuum
and the C IV and Mg II lines for each quasar are shown
in Figures 2 and 9.

The spectral �tting yields a set of spectral properties
of these quasars, including continuum slope, luminos-
ity, emission line FWHM, and line rest-frame equivalent
width (EW). The redshifts derived from the UV emis-
sion lines and line velocity shifts will be discussed in
detail in Section 5.1. The quasars in our sample have
power-law continuum slopes in the range of {1.74 to {
0.24 (f � / � � � ), with a mean of � � = � 1:2 and a 1�
dispersion of 0.4. The mean is in good agreement with
the mean slopes from quasar samples at similar redshifts
(e.g., � � = � 1:2 from the NIR spectral sample in Maz-
zucchelli et al. 2017 and� � = � 1:4 in Schindler et al.
2020). It is also consistent with the quasar composites
generated from low-redshift quasars (e.g.,� � = � 1:5 in
Vanden Berk et al. 2001 and� � = � 1:7 in Selsing et al.
2016) within the uncertainty, although our result has a
slightly redder slope. The absolute rest-frame 1450�A
magnitudes are derived from the best-�t power law con-
tinuum directly. We also measure the rest-frame 3000�A
luminosity and convert it to a bolometric luminosity as-
suming a bolometric correction factor of 5.15 (Richards
et al. 2006; Shen et al. 2011). These quasars are in the

luminosity range 0.5 { 3.4 � 1047 erg s� 1. The range
of FWHM of the C IV lines is � 1900 { 12000 km s� 1

with a mean of 5900 km s� 1, and the Mg II lines have
FWHMs of � 1700 { 5500 km s� 1 with a mean of 3000
km s� 1. The EWs of C IV are in the range of 6 to 70
�A and have a mean of 30�A. The EWs of the Mg II
line are from 8 to 35 �A with a mean of 20 �A. All these
measurements are summarized in Table 2.

3.2. Notes on Individual Objects

Some quasars have unusual spectral features such as
reddened continuum shapes or strong absorption lines.
We describe these objects and their spectral �tting sep-
arately.

BAL quasars { In our sample, there are nine quasars
with signi�cant BAL features (see details in Section 6.2),
which signi�cantly a�ect the spectral �tting. In par-
ticular, the quasar J0910{0414 has multiple metal ab-
sorptions within the emission-line pro�les in addition
to its BAL feature, indicative of both outow and in-
ow, which will be discussed in a separate paper. Its
strong absorption features mask most of the emission at
< 1570�A (rest-frame), therefore we use only the longer
wavelength range for spectral �tting. For the quasars
J0246{5219 and J0038{1527, we also mask the wave-
length range shorter than rest-frame 1500�A because of
their strong BAL absorptions on the blue side. For the
other BAL quasars, we mask the BAL troughs for spec-
tral �tting.

Red quasars {The quasars J0246{5219, J0319{1008,
and J1316+1028 have red continua with slopes� � >
� 0:5. They all have red J {W1 colors (J {W1 > 2:5).
J1316+1028's spectrum does not show a CIV line and
has only a tentative C III ] line, which may be a�ected by
the low S/N in this wavelength range. This quasar shows
a strong BAL feature in its observed optical spectrum
(Wang et al. 2019) but much weaker absorption features
in the NIR spectrum.

Unusual reddened quasar { The quasar J1535+1943
has a reddened continuum inY and J but a relatively
blue continuum at redder wavelengths. If this reddening
is caused by dust extinction, the extinction, relatively
at at wavelengths redward of rest-frame 1700 �A and
steeply rising at shorter wavelengths, is quite similar to
the dust extinction of quasar SDSS1048+46 atz = 6
described in Maiolino et al. (2004). This kind of dust
extinction detected in high-redshift quasar spectra could
be evidence for the origin of early dust formation (e.g.,
a supernova origin for the dust). A detailed discussion
of its dust extinction will be presented in a subsequent
paper (J. Yang et al. in prep). Given the relatively
at extinction at > 1700 �A, we �t its continuum using








































