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ABSTRACT
The elemental abundances in the broad-line regions of high-redshift quasars trace the chemical evolution in the nuclear regions of
massive galaxies in the early Universe. In this work, we study metallicity-sensitive broad emission-line flux ratios in rest-frame
UV spectra of 25 high-redshift (5.8 < z < 7.5) quasars observed with the VLT/X-shooter and Gemini/GNIRS instruments,
ranging over log (MBH/M�) = 8.4 − 9.8 in black hole mass and log

(
Lbol/erg s−1

) = 46.7 − 47.7 in bolometric luminosity. We
fit individual spectra and composites generated by binning across quasar properties: bolometric luminosity, black hole mass, and
blueshift of the C IV line, finding no redshift evolution in the emission-line ratios by comparing our high-redshift quasars to lower
redshift (2.0 < z < 5.0) results presented in the literature. Using CLOUDY-based locally optimally emitting cloud photoionization
model relations between metallicity and emission-line flux ratios, we find the observable properties of the broad emission lines
to be consistent with emission from gas clouds with metallicity that are at least 2–4 times solar. Our high-redshift measurements
also confirm that the blueshift of the C IV emission line is correlated with its equivalent width, which influences line ratios
normalized against C IV. When accounting for the C IV blueshift, we find that the rest-frame UV emission-line flux ratios do not
correlate appreciably with the black hole mass or bolometric luminosity.

Key words: galaxies: abundances – galaxies: active – galaxies: high-redshift – quasars: emission lines.
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IN T RO D U C T I O N

he broad-line region (BLR) of quasars contains dense (nH ≈ 109 −
014 cm−3) and high-temperature (T ∼ 104 K) gas (e.g. Peterson
006), which is in close proximity to the supermassive black hole
E-mail: samuel.lai@anu.edu.au
NASA Hubble Fellow
Strittmatter Fellow.
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SMBH) and photoionized by radiation from the accretion disc.
mission lines originating from the BLR can be used as virial
stimators of the black hole mass (e.g Vestergaard 2002; McLure &
unlop 2004; Greene & Ho 2005; Onken & Kollmeier 2008; Shen

t al. 2008; Vestergaard & Osmer 2009), as well as to infer chemical
bundances of the gas around black holes (e.g. Hamann & Ferland
992, 1999; Hamann et al. 2002; Dietrich et al. 2003; Nagao,
arconi & Maiolino 2006; Matsuoka et al. 2011; Wang et al. 2012;

hin, Nagao & Woo 2017; Xu et al. 2018; Wang et al. 2022). The
ight correlation between the SMBH mass and the galactic bulge mass
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the MBH−Mbulge relation; Magorrian et al. 1998; Marconi & Hunt
003; Häring & Rix 2004; Greene, Peng & Ludwig 2010) as well as
he velocity dispersion of the galactic bulge (the MBH−σ relation;
errarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002;
alviander & Shields 2013) suggests that host galaxies and their
entral SMBH co-evolve over cosmic time. High-redshift quasars
rovide an opportunity to understand the formation and evolution
f the earliest galaxies and their SMBHs. The galaxy stellar mass–
as phase metallicity relationship (MZR) (e.g. Maiolino et al. 2008;
avé et al. 2017; Maiolino & Mannucci 2019; Curti et al. 2020;
anders et al. 2021) combined with the MBH/Mhost ratio (e.g. Targett,
unlop & McLure 2012) and a relationship between the quasar BLR
etallicity with black hole mass (ZBLR−MBH) can be used to link the
ass or metallicity of the central black hole to metallicity in the host

alaxy, enabling an investigation of their co-evolution in the young
<1 Gyr) Universe (e.g. Hamann & Ferland 1993).

The study of quasar BLR metallicity is strongly motivated by
he relationship between quasar activity, host galaxy evolution, and
tar formation episodes (e.g. Hamann & Ferland 1999). Elemental
bundances in the BLR are indicative of the chemical evolution in
alactic nuclear material. Early investigations of BLR metallicity
sing highly ionized ions of C, N, and O among others, indicated
olar or supersolar metallicity with high associated uncertainties (e.g.
hields 1976; Baldwin & Netzer 1978). Given the degeneracies

nvolved with fitting these broad emission features, high signal-
o-noise ratio (SNR) spectra or stacking spectra into high SNR
omposites is needed to accurately fit these lines. Considerable
rogress has been made since then, pushing towards higher redshift
e.g. Pentericci et al. 2002) and investigating chemical enrichment
istory. Photoionization models suggest that rest-frame UV line flux
atios, such as (Si IV + O IV)/C IV and N V/C IV, can be used to infer
etallicity in the BLR (Hamann et al. 2002; Nagao et al. 2006).
hese high-ionization lines (HILs) are associated to a region closer

o the nuclear engine of the black hole than low-ionization lines
LILs) as indicated by reverberation mapping experiments (Collin-
ouffrin et al. 1986; Collin-Souffrin & Lasota 1988; Clavel et al.
991; Korista et al. 1995; Williams et al. 2020). Studies utilizing these
etallicity-sensitive lines found that quasar metallicity correlates
ith luminosity (e.g. Hamann & Ferland 1993; Dietrich et al. 2003;
agao et al. 2006; Xu et al. 2018), and outflow strength or velocity

e.g. Wang et al. 2012; Shin et al. 2017; Temple et al. 2021).
dditional studies found that metallicity correlates with black hole
ass (e.g Matsuoka et al. 2011; Xu et al. 2018; Wang et al. 2022),

ossibly pointing to a more fundamental relationship between black
ole mass and the metallicity of its BLR.
Simultaneously, there is no evidence to suggest that the same line

atios evolve with redshift (e.g. Pentericci et al. 2002; Juarez et al.
009; Xu et al. 2018) up to redshifts as high as z = 7.64 (Onoue
t al. 2020; Yang et al. 2021). Such studies consistently estimate
etallicities several times the solar value Z ∼ 5Z�, up to Z > 10 Z�

n some quasars (e.g. Juarez et al. 2009). High redshift quasars with
upersolar metallicities suggest rapid chemical enrichment scenarios.
nder this paradigm, the nuclei of the most massive galaxies in

he early Universe were enriched rapidly from the host galaxy’s
nterstellar medium within ∼ 500 Myr from the formation of the first
tars. From then on, observations suggest that the metallicity of the
uasar BLR did not change appreciably for a significant span of
osmic time.

It has also been suggested that the diversity of high-ionization
mission line ratios measured across a wide range of black hole
asses and luminosities can be attributed, in whole or in part, to

as emission from at least two distinct regions of differing densities,
NRAS 513, 1801–1819 (2022)
lluminated by different ionizing radiation (Sameshima, Yoshii &
awara 2017; Temple et al. 2021). This model does not necessarily

equire the metallicity in the BLR to vary across the quasar population
n order to account for the observed differences in emission line
roperties. These studies indicate that inferences on quasar chemical
nrichment history utilizing emission-line flux ratios have to account
or variations in the physical conditions of the emitting gas.

In this paper, we study spectra of 25 high-redshift (z > 5.8)
uasars taken with ESO’s VLT/X-shooter and Gemini-N/GNIRS.
he bulk of our sample consists of high-resolution and high SNR
pectra from the ESO-VLT X-shooter Large Programme XQR-30
P.I. V. D’Odorico). We fit and investigate flux ratios of metallicity-
ensitive lines (primarily N V/C IV and (Si IV + O IV)/C IV) using
ndividual quasar spectra and composites binned by black hole mass,
olometric luminosity, and blueshift of the C IV line to determine
hether these parameters are correlated with metallicity in the BLR.
his paper follows closely other studies at lower redshift (e.g. Nagao
t al. 2006; Xu et al. 2018; Shin et al. 2019) and high redshift
tudies based on smaller samples (e.g. Jiang et al. 2007; Juarez et al.
009; De Rosa et al. 2014; Tang et al. 2019; Onoue et al. 2020;
ang et al. 2022), many of which report measurements of the same
etallicity indicators we use. Compared to a recent study of 33, z ∼
quasars observed with Gemini-N/GNIRS (Wang et al. 2022), our

ample contains higher SNR and spectral resolution spectra from
-shooter. Additionally, we consider the effects of BLR outflow on

he metallicity-sensitive flux ratios, where the outflow is measured
y the blueshift of the C IV emission line (e.g. Sulentic, Marziani &
ultzin-Hacyan 2000; Baskin & Laor 2005; Vietri et al. 2018).
The content of this paper is organized as follows: in Section 2,

e describe the properties of our high-redshift quasar sample, data
eduction, spectrum processing, and the methodology for generating
omposites. In Section 3, we describe our approach to fitting
etallicity-sensitive emission lines and the conversion from line

atios to metallicities in the BLR. We present the results for our
igh redshift sample in Section 4, and in Section 5, we discuss and
ontextualize the results, presenting correlations found between the
roperties of the high redshift quasars and the metallicity of their
LRs. We summarize and conclude in Section 6. Throughout the
aper, we adopt flat �CDM cosmology with H0 = 70 km s−1 Mpc−1

nd (�m, ��) = (0.3, 0.7). All referenced wavelengths of emission
ines are measured in vacuum.

QUA SAR SAMPLE AND COMPOSI TES

.1 Sample selection

The bulk of the sample originates from quasars in the ESO-
LT X-shooter Large Programme XQR-30 (P. I. V. D’Odorico,
rogramme number 1103.A-0817).1 The XQR-30 programme targets
0 Southern hemisphere bright QSOs at 5.8 < z < 6.6 to study the
niverse in its infancy. These quasars have virially estimated BH
asses of (0.8 − 6.0) × 109 M� (Mazzucchelli et al., in preparation).
t lower BH masses, 0.2 − 1.0 × 109 M�, we include one quasar

pectrum from Shen et al. (2019) and nine spectra from Yang et al.
2021), all of them taken with Gemini/N GNIRS. From these other
amples, we only considered spectra covering quasar properties
utside the range of XQR-30 quasars with SNR > 5 per resolution
lement near rest-frame 1600 and 2800 Å, which are in the proximity
f the emission lines of interest. Their redshifts span a similar range

https://xqr30.inaf.it/
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Figure 1. Stacked distribution of quasar properties in our sample from left- to right-hand panel: redshift, quasar bolometric luminosity, black hole mass, C IV

blueshift. The properties of the XQR-30 sample, observed with ESO’s X-shooter, are highlighted in blue while the GNIRS spectra are presented in orange. The
inner bin edges of composites by quasar bolometric luminosity, black hole mass, and C IV blueshift are delineated by black dashed lines.

Table 1. Properties of the quasars and spectra included in this study and their measured emission line flux ratios. The redshift is determined from the Mg II

line with an uncertainty floor of 0.001. The C IV blueshift is measured using the median wavelength of the C IV fit and the mean SNR is measured in the
rest-frame wavelength range 1400–1600 Å. We prescribe a minimum error of the C IV blueshift equivalent to ∼200 km s−1, based on the 1 Å resolution of
the resampled grid. All quasars listed above the horizontal divider are observed with GNIRS and all quasars listed below the divider are observed with
X-shooter. The last column indicates our source for the black hole mass and bolometric luminosity. The bolometric correction used to measure the luminosity,
single-epoch virial mass calibration, and Fe II template used to measure Mg II are all consistent throughout the sample.

Name RA Dec. Mg II Redshift C IV Blueshift SNR N V/C IV (Si IV + O IV)/C IV MBH/Lbol

(J2000) (J2000) (km s−1) Reference

J0024+3913 00:24:29.77 39:13:19.00 6.620 ± 0.004 635 ± 255 9.45 0.77 ± 0.15 0.27 ± 0.06 1
J0829+4117 08:29:31.97 41:17:40.40 6.773 ± 0.007 1574 ± 336 16.33 0.49 ± 0.09 0.12 ± 0.05 1
J0837+4929 08:37:37.84 49:29:00.40 6.702 ± 0.001 600 ± 204 30.91 1.49 ± 0.08 0.66 ± 0.10 1
J0910+1656 09:10:13.63 16:56:29.80 6.719 ± 0.005 − 159 ± 279 9.42 0.50 ± 0.08 0.19 ± 0.09 1
J0921+0007 09:21:20.56 00:07:22.90 6.565 ± 0.001 678 ± 204 9.66 0.49 ± 0.13 0.16 ± 0.05 1
J1216+4519 12:16:27.58 45:19:10.70 6.648 ± 0.003 4955 ± 232 7.63 – 0.50 ± 0.33 1
J1342+0928 13:42:08.10 09:28:38.60 7.510 ± 0.010 6900 ± 405 24.79 – 0.78 ± 0.28 1
J2102–1458 21:02:19.22 −14:58:54.00 6.652 ± 0.003 3433 ± 232 11.47 1.82 ± 0.44 0.57 ± 0.23 1
P333+26 22:15:56.63 26:06:29.40 6.027 ± 0.006 2534 ± 325 5.73 0.80 ± 0.47 0.27 ± 0.19 2
J2338+2143 23:38:07.03 21:43:58.20 6.565 ± 0.009 – 7.07 – – 1

PSOJ007+04 00:28:06.56 04:57:25.64 6.001 ± 0.002 3816 ± 218 24.58 – 0.45 ± 0.20 3
PSOJ025–11 01:40:57.03 −11:40:59.48 5.816 ± 0.004 2575 ± 266 26.54 – 0.70 ± 0.13 3
PSOJ029–29 01:58:04.14 −29:05:19.25 5.976 ± 0.001 3295 ± 205 27.39 1.14 ± 0.13 0.64 ± 0.15 3
ATLASJ029–36 01:59:57.97 −36:33:56.60 6.020 ± 0.002 2705 ± 217 27.35 1.07 ± 0.11 0.49 ± 0.13 3
VDESJ0224–4711 02:24:26.54 −47:11:29.40 6.528 ± 0.001 2217 ± 204 28.68 0.79 ± 0.04 0.34 ± 0.11 3
PSOJ060+24 04:02:12.69 24:51:24.42 6.170 ± 0.001 1082 ± 204 30.73 0.76 ± 0.05 0.10 ± 0.05 3
PSOJ065–26 04:21:38.05 −26:57:15.60 6.188 ± 0.001 8288 ± 204 36.57 – 0.78 ± 0.65 3
PSOJ108+08 07:13:46.31 08:55:32.65 5.945 ± 0.001 4832 ± 205 37.27 – 0.78 ± 0.27 3
PSOJ158–14 10:34:46.50 −14:25:15.58 6.068 ± 0.001 2683 ± 204 31.67 0.81 ± 0.07 0.28 ± 0.09 3
J1212+0505 12:12:26.98 05:05:33.49 6.439 ± 0.001 4329 ± 204 31.27 – 0.93 ± 0.37 3
PSOJ217–16 14:28:21.39 −16:02:43.30 6.150 ± 0.001 4023 ± 204 34.57 – 0.30 ± 0.13 3
PSOJ242–12 16:09:45.53 −12:58:54.11 5.830 ± 0.001 891 ± 205 15.55 0.87 ± 0.11 0.34 ± 0.22 3
PSOJ308–27 20:33:55.91 −27:38:54.60 5.799 ± 0.001 1971 ± 205 33.18 0.98 ± 0.06 0.95 ± 0.10 3
PSOJ323+12 21:32:33.19 12:17:55.26 6.586 ± 0.001 697 ± 204 31.34 0.73 ± 0.05 0.36 ± 0.08 3
PSOJ359–06 23:56:32.45 −06:22:59.26 6.172 ± 0.001 1082 ± 204 35.36 0.96 ± 0.13 0.11 ± 0.04 3

Note. 1: Yang et al. (2021); 2: Shen et al. (2019); 3: Mazzucchelli et al. (in preparation).
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rom z= 6.0 to 6.8 with one quasar at z= 7.54 (i.e. Onoue et al. 2020).
ll redshifts are measured from the peak of the best-fitting models

o the Mg II emission line, where we use the complete reconstructed
ine profile in case of multicomponent fits. We provide some details
f the Mg II fits in Section 3.1 and we leave the complete discussion
or Mazzucchelli et al. (in preparation).

Of the 30 quasars in XQR-30, 14 are classified as quasars with
road absorption-lines (BAL) and 16 are considered non-BAL (Bis-
hetti et al., in preparation). We exclude quasars with BAL features as
hey introduce additional uncertainty in the measurement of line flux.
rom the XQR-30 non-BAL sample, we reject J1535+1943 by visual

nspection due to its dust-reddened continuum in the wavelength
egions of interest (Yang et al. 2021). Such a continuum is not well-
odelled by the continuum fitting method we describe in Section 3.1

nd it would affect the continuum fit if included in composites.
ombined with 10 spectra from Gemini GNIRS, a total of 25 high-

edshift quasar spectra are included in this study. Fig. 1 and Table 1
how the distribution of the quasar sample and physical properties.
MNRAS 513, 1801–1819 (2022)
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.2 Data reduction and post-processing

he data reduction procedure for GNIRS spectra is described in full
n the source papers: Shen et al. (2019) and Yang et al. (2021). Shen
t al. (2019) used a combination of the PyRAF-based XDGNIRS
Mason et al. 2015) and the IDL-based XIDL package while Yang
t al. (2021) used the PYTHON-based spectroscopic data reduction
ipeline PypeIt (Prochaska et al. 2020).
XQR-30 data are reduced with an improved version of the flexible

ustom IDL-based pipeline used with data from the XQ-100 legacy
urvey (López et al. 2016; Becker et al. 2019). The overall strategy
s based on techniques described in Kelson (2003) with optimal
ky subtraction, telluric absorption correction, optimal extraction,
nd direct combination of exposures. The pipeline is described in
dditional detail in Becker et al. (2012) and it has also been used
n other studies based on XQR-30 data (e.g. Zhu et al. 2021).
-shooter data are obtained using three arms with the following
avelength ranges: UVB (300–559.5 nm), VIS (559.5–1024 nm),

nd NIR (1024–2480 nm). We extract data from only the VIS and
IR arms because there is no light in the UVB for our sources.
In the 50 km s−1 rebinned quasar spectra from the XQR-30 sample,

he mean SNR per pixel measured in the range 1400-1600 Å in the
est frame, is ∼30 with a minimum of 24 and maximum of 38, while
he mean SNR per pixel for the GNIRS sample is ∼13, ranging
etween 6 and 30. Median pixel widths are 0.25 Å for the rebinned
QR-30 spectra and 0.43 Å for GNIRS spectra between rest-frame
400–1600 Å. The XQR-30 SNR reported here can be different from
hose of other studies based on XQR-30 data because of differences
n binning strategies and wavelength region over which the SNR is

easured.
After data reduction, each spectrum undergoes a common post-

rocessing procedure described as follows:

(i) For every reduced spectrum in our quasar sample prior to
reating composite spectra, the data are restricted to relatively high
NR. The per-pixel SNR floor is one for GNIRS spectra and five for
QR-30 spectra. Data restricted by the SNR floor are omitted from

urther processing and fitting.
(ii) We then apply a sigma-clip mask with a box width of 30 pixels,

nd a 3σ threshold to remove narrow absorption features and noise
bove 3σ . These absorption features are not desired when fitting
he intrinsic flux and profile of the broad emission lines. For the
oisier and lower resolution GNIRS spectra, the sigma-clip mask
as a minimal effect on the resulting spectra.
(iii) As the spectra are observed with different instruments and

xhibit a diversity of redshifts, we standardize the rest-frame wave-
ength domain for all of the spectra, facilitating the stacking of com-
osites later. Every spectrum is resampled using a flux-conserving
lgorithm into a common wavelength domain with 1 Å bins in the
est-frame. The resampling calculation and error propagation are
escribed in detail in Carnall (2017). The number of pixels per 1 Å
in in the raw spectra is wavelength-dependent, ranging from 1–3
ixels per bin for GNIRS spectra and 2–8 for X-shooter spectra.

To test the robustness of our measurements, we vary the details
f the post-processing procedure. Among the many variations, we
erform the sigma-clipping before resampling rather than after, apply
n upper error threshold to restrict the maximum allowable error, and
n one instance, we do not perform resampling on individual quasar
pectra. In each case, we find that the majority of measurements are
onsistent within their uncertainties and the overall correlations and
onclusions we draw from our measurements are unaffected. This
ives us confidence in our results.
NRAS 513, 1801–1819 (2022)
.3 Black hole mass estimate

he black hole mass of each quasar is based on single-epoch virial
ass estimates. We source the black hole masses from Shen et al.

2019), Yang et al. (2021), and Mazzucchelli et al. (in prepara-
ion) which span log (MBH/M�) = 8.4 − 9.8 over the entire quasar
ample. To determine the masses, these studies use the rest-frame
V Mg II broad emission line and the Mg II-based virial estimator,
escribed generally by the following
(

MBH,vir

M�

)
= 10a

[
λLλ

1044 erg s−1

]b [FWHM(Mg II)

1000 km s−1

]2

, (1)

here λLλ is the monochromatic luminosity of the continuum at rest-
rame 3000 Å, and (a,b) are empirically calibrated against reverbera-
ion mapping experiments to the values (6.86, 0.5) in Vestergaard &
smer (2009) and (0.74, 0.62) in Shen et al. (2011). The masses of
uasars in the XQR-30 and Yang et al. (2021) samples are estimated
sing the Vestergaard & Osmer (2009) calibration. The mass of the
ne quasar we have included from Shen et al. (2019) is reported
ith the Shen et al. (2011) calibration, but we have re-calibrated

he mass with Vestergaard & Osmer (2009), resulting in a 0.1 dex
ifference. The continuum luminosity is estimated by fitting a power-
aw continuum and Fe II emission around the Mg II line, as described
n Section 3.1 and the Fe II template (i.e. Vestergaard & Wilkes 2001)
s consistent between the different studies. The absolute fluxing of
he XQR-30 spectra is based on calibrations against observed near-
nfrared photometry and is described in full in Mazzucchelli et al.
n (in preparation). Mg II full width at half-maximum (FWHM) is
etermined with single or multicomponent Gaussian fits to the broad
mission line and the peak of the total line profile is used to calibrate
he systemic redshift of the quasar spectrum. Typical systematic
rrors from the virial mass estimator for the Mg II line can be up to
.55 dex (Shen et al. 2008; Vestergaard & Osmer 2009). Bolometric
uminosities are measured from the flux-calibrated spectrum using
he continuum luminosity at 3000 Å and adopting a bolometric
orrection of 5.15 (Shen et al. 2011) throughout our entire sample.

The virial mass estimate is routinely applied to quasars (e.g.
cLure & Dunlop 2002; Shen & Liu 2012) and aside from the
g II line, Hβ, and C IV emission lines have been used. Virial mass

stimates using the Hβ emission line is not feasible for high redshift
uasar studies prior to the James Webb Space Telescope, but the Mg II

ine width is correlated with Hβ and can be used as its substitution
n single-epoch virial black hole mass estimates (e.g. Salviander
t al. 2007; Shen et al. 2008; Wang et al. 2009; Shen & Liu 2012).
ompared to the C IV emission line, the advantage of the Mg II line is

hat it is less affected by non-virial components of the black hole
mission, such as the radiatively driven BLR wind (e.g. Saturni
t al. 2018). The difference between the C IV and Mg II virial mass
stimates is correlated with the C IV blueshift (Shen & Liu 2012;
oatman et al. 2017).

.4 C IV blueshift measurement

he C IV emission line is of particular interest in assessing BLR
utflow strength which has also been linked to metallicity (e.g.
ang et al. 2012; Shin et al. 2017). This HIL can exhibit significant

lueshifts (e.g. Gaskell 1982; Wilkes 1984; Marziani et al. 1996;
anden Berk et al. 2001; Baskin & Laor 2005; Sulentic et al. 2007)
nd asymmetric velocity profiles (e.g. Sulentic et al. 2000; Baskin &
aor 2005), structure that is often interpreted as arising from a disc
ind or outflow (e.g. Sulentic et al. 2007; Vietri et al. 2018). The
lueshift of C IV is therefore an indication of the balance of emission
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Figure 2. C IV EW as a function of C IV blueshift. There is a moderate
anticorrelation between these two quantities, implying that weaker C IV lines
are more strongly blueshifted and stronger lines are less blueshifted. The
outlier with high EW and blueshift is J1216+4519. Its SNR is low (∼7 per
pixel) which is reflected by the large error in EW.
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2It is also possible to define the C IV blueshift by the maximum of the C IV

line profile or the blueshift and asymmetry index (BAI) defined as the flux
blueward of 1549.48 Å. Although we do not use these definition in this
study, we have checked that these alternatives have little effect on the relative
C IV blueshifts between quasars. The relationship found in Fig. 2 and the
correlations found in this study is unaffected.
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etween the outflowing ionized gas and the emission at a systematic
edshift, which we call the ‘wind’ and ‘core’ component, respectively
adopting the terminology of Temple et al. 2021). At high redshifts
z > 5.8), the mean and median C IV–Mg II velocity shifts are greater
han for luminosity-matched quasars at lower redshifts, although this

ay potentially be biased by increased torus opacity and orientation-
riven selection effects (Meyer, Bosman & Ellis 2019; Schindler et al.
020; Yang et al. 2021). In this study, we define our estimate of the
IV blueshift as

C IV blueshift

km s−1
≡ c × (1549.48Å − λmed)/1549.48Å, (2)

here c is the speed of light and λmed is the median wavelength
isecting the total continuum-subtracted C IV emission line flux. The
avelength 1549.48 Å is the average of the C IV λλ1548.19, 1550.77
oublet. This definition is the same as in Temple et al. (2021), but
heir redshift is defined using a variety of low-ionization emission
ines, some of which are known to exhibit velocity shifts relative
o Mg II. In this study, we define our redshift using only the Mg II

ine. Due to the 1 Å wavelength resolution, we prescribe a minimum
recision of ∼200 km s−1 for the C IV blueshift, evaluated as an error
f ±1 Å at the average wavelength of the C IV doublet. The overall
ncertainty of the C IV blueshift is combined with the uncertainty
rom the measured redshift.

The C IV blueshift is also known to be anticorrelated with the
ine’s equivalent width (EW; Leighly & Moore 2004; Richards et al.
011; Vietri et al. 2018; Rankine et al. 2020; Schindler et al. 2020;
emple et al. 2021), a relationship which is reproduced for our high-
edshift quasar sample in Fig. 2. This correlation may be driven
y orientation, properties of BLR winds, or the Baldwin effect
inking properties of HILs like C IV with the quasar luminosity
Baldwin 1977). The results show that the highly blueshifted C IV

ines are weak, while stronger lines are less blueshifted and more
ymmetric.
We note that a velocity shift relative to C II] of 5510+240
−110 km s−1 was

easured for J1342+0928 (Bañados et al. 2018; Onoue et al. 2020)
nd Schindler et al. (2020) also measured velocity shifts relative
o Mg II for several XQR-30 quasars in our sample. However, due
o differences in the definition of C IV blueshift,2 choice of Fe II

emplate, and sometimes the referenced line to estimate the redshift,
e have re-measured the blueshifts for most quasars in our sample.
owever, the C IV blueshift could not be reliably determined for one

ndividual quasar: J2338+2143, which, despite the minimum SNR
equirement, has an overall SNR too poor to obtain a reliable fit.

.5 Composite spectra

he primary objective of this work is to measure flux ratios of
etallicity-sensitive lines binning by quasar properties, such as

olometric luminosity, black hole mass, and C IV blueshift, to
etermine whether these parameters are correlated with metallicity
n the BLR. Although most of the spectra have sufficient SNR
o proceed with the emission-line fitting independently, the weak
nd blended emission lines of some SNR/pixel ≤ 8 spectra in this
ample could not be fit convincingly. By stacking the spectra, we
re able to obtain higher SNR. Another reason to stack the spectra
s to average out peculiarities of individual quasars in each bin in
rder to construct better comparisons to the photoionization models
eferenced in Section 3.2. As we are interested in the average
pectral properties within a binned parameter space rather than the
pecific individual properties, we use equivalent weighting of spectra
ithin each composite regardless of the SNR of input spectra so

hat the output is not biased in favour of any contributing quasar
bserved with high SNR. We construct six bins from each of the
hree quasar properties (black hole mass, bolometric luminosity,
nd C IV blueshift), with a similar number of contributing quasar
pectra in each bin. We also avoid extending the width of each
in too wide. Therefore, the average number of quasar spectra in
ach bin is four, and all composites are created from 3–6 input
pectra.

The dynamic range of quasar bolometric luminosity in this sample
s log

(
Lbol/erg s−1

) = 46.7 − 47.7. We split the sample into six
uminosity bins with the following edges: 46.72, 46.79, 46.95,
7.17, 47.30, 47.40, 47.70, and a composite is created from each
in. The first three bins include all 10 GNIRS spectra and the
nal three bins are composed of exclusively X-shooter spectra. The

otal BH mass range reflected in our high-redshift quasar spectra
s log (MBH/M�) = 8.4 − 9.8. Again, we form six mass bins with
he following edges: 8.40, 8.75, 8.87, 8.98, 9.20, 9.40, 9.80, and
reate a composite spectrum from each bin. We also arrange and
tack all individual quasars in the sample into six C IV blueshift bins,
ith the following bin edges: −200, 680, 1500, 2500, 3000, 4000,
000 km s−1. Fig. 1 shows the bin edges of each composite delineated
y black dashed lines.
Prior to stacking, we apply an upper error threshold equal to twice

he minimum error within box widths of 50 pixels to restrict data to
here the error is reasonable. The error threshold clips wavelength
ins with unusually high error and high flux that were not masked by
MNRAS 513, 1801–1819 (2022)
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Figure 3. Composite created from all 25 high-redshift quasars in our sample compared against the SDSS quasar template comprised of 2200 spectra described
in Vanden Berk et al. (2001). The composite is split into two sections with independent y-axis scaling to better visualize the various spectral emission features,
which are denoted with the grey dashed lines. The composite and SDSS template are normalized together at 2200–2250 Å, and the grey spectrum is the error
spectrum of the composite. The blue and small patches of orange shaded regions indicate when the template or the composite is in excess, respectively. Our
high-redshift composite has a noticeably flatter continuum slope and significant Ly α absorption compared to the lower redshift SDSS sample, but the profiles
and relative integrated fluxes of emission features other than Ly α are comparable.

t
t
e
c
u
n
a
c
B
i
s
a
n
r
m
u
w

e
e
t
q
p
e
c
o
a
a
A
p
i
o

p
b
e

o
t
t
c

3
M

3

I
l
S
b
λ

C
u
t
l
fl
m
t
G
m
fl
e
i
m
g
l
B
m
l
o
G
o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1801/6566349 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 29 D

ecem
ber 2022
he general post-processing procedure. The resulting spectra contains
he most stable and robustly measured elements. Without the upper
rror threshold, the propagation of error from a small number of
omponent spectra can create unstable composites, leading to greater
ncertainty in the final flux measurements. Every spectrum is then
ormalized across the rest-frame 1430 ∼ 1450 Å wavelength range
nd the arithmetic mean of each stack is taken to generate the
omposite. We also take the median or geometric mean (e.g. Vanden
erk et al. 2001) of the stack and find that it does not significantly

nfluence the result. Furthermore, we generate composites after
ubtracting a power-law continuum, fitted as described in Section 3.1,
nd find that the resulting measured broad emission-line fluxes are
ot significantly discrepant either. In all cases, the resulting line
atio measurements regardless of taking the composite arithmetic
ean, geometric mean, median, or after subtracting the contin-

um agree to within 2.0 σ , with ∼ 75 per cent of measurements
ithin 1.0σ .
The uncertainty in each resolution element is composed of the

rror in every contributing spectrum added in quadrature, but we also
stimate the systematic error in each composite by generating all of
he possible composites that can be obtained if any one contributing
uasar spectrum is excluded. The standard deviation in each 1 Å
ixel from all such simulated composites is treated as the systematic
rror, added in quadrature to the uncertainty propagated from each
ontributing spectrum. This systematic error is an additional source
f error which raises the uncertainty floor of the combined spectrum
nd reduces the relative uncertainty between each resolution element,
ffecting the weighting of each pixel in a least-squares fitting routine.
fter combining all sources of uncertainty, the resulting SNR per
ixel of the composites measured between rest-frame 1400-–1600Å
s 20–100. We show a composite constructed from all 25 quasars in
ur sample in Fig. 3.
Three individual quasar spectra are treated differently for our com-

osites. PSOJ007+04, PSOJ025–11, and J1212+0505 are affected
y proximate damped Ly α absorption (pDLA) systems (Bañados
t al. 2019; Farina et al. 2019), which causes a significant fraction
NRAS 513, 1801–1819 (2022)
f its Ly α emission to be absorbed at the systemic redshift. We fit
he emission lines of pDLA affected quasars individually, and mask
heir emission blueward of the N V centroid from contributing to
omposites.

LI NE FI TTI NG AND META LLI CI TY
EASUREMENT

.1 Emission-line fitting

n this work, we study a large number of rest-frame UV emission
ines: Ly α, N V, Si II, Si IV, O IV, N IV], C IV, He II, O III], Al II, Al III,
i III, C III], and Mg II. The measurement of emission-line fluxes can
e tricky due to adjoining and heavily blended lines, such as N V

1240 Å with Ly α λ1216 Å or Al III λ1857 Å, Si III λ1887 Å, and
III] λ1909 Å. Furthermore, the strong Fe II emission biases the

nderlying continuum level measurement. Despite these challenges,
here are two widely employed methods for fitting quasar emission-
ines (Nagao et al. 2006). One method measures the emission-line
ux by integrating above a well-defined independent local continuum
odel (e.g. Vanden Berk et al. 2001) and the other method endeavors

o fit emission lines using one or more appropriate functions, such as
aussians or Lorentzians (e.g. Zheng et al. 1997). Both of these
ethods have shortcomings in measuring accurate emission-line
uxes. Defining an appropriate local continuum level below an
mission-line is challenging and is sensitive to where the baseline
s anchored. The additional uncertainty propagates into the resulting

etallicity estimates. Regarding the function fitting approach, a sin-
le Gaussian or Lorentzian profile is insufficient for broad emission-
ines with asymmetric velocity profiles (e.g. Corbin 1997; Vanden
erk et al. 2001; Baskin & Laor 2005). The approach utilizing
ultiple Gaussian functions can obtain smooth realizations of the

ine profile, but the decomposition is not unique and a large number
f free parameters is required. Modified functions such as a skewed
aussian (defined in Appendix A) or asymmetric Lorentzian depend
n fewer parameters and are arguably more physically relevant (e.g.
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allery et al. 2012). With multiple reasonable approaches, there is a
oncern that the resulting line flux can be method-dependent. In this
ork, we use various appropriate functions to fit emission lines and
e compare the several different methods against similar fits from

xisting literature in Appendix A.
We follow the general procedure from Xu et al. (2018) and define

he following two line-free windows in rest-frame to fit the contin-
um: 1445−1455 Å, 1973−1983 Å. In specific circumstances, we
dentify two additional windows (1320−1325 Å and 1370−1380 Å)
o further constrain the continuum shape or we extend the blue-end
f the first line-free window to 1432 Å in the case of a blueshifted
IV line. The continuum is fit with a power-law function normalized

o rest-frame 3000 Å

pl(λ) = Fpl,0

(
λ

3000Å

)γ

, (3)

here Fpl, 0 and γ represent the normalization and power-law slope,
espectively. We also consider the contribution of the Fe II pseudo-
ontinuum spectrum using the empirical template from Vester-
aard & Wilkes (2001) to cover the wavelength range from 1200 to
500 Å. We convolve the template with a Gaussian broadening kernel
o better fit the variety of features from the Fe II pseudo-continuum
een across spectra in our sample

Fe(λ) = ζ0 Ftemplate|λ(1+δ) � G(λ, σ ), (4)

here the free parameters of the Fe II flux contribution include a
ux scaling factor ζ 0, the FWHM of the broadening kernel σ , and a
mall wavelength shift δ. The contribution from the iron continuum
s more relevant at wavelengths close to the Mg II λ2799 Å line and
s important in obtaining the virial mass estimate. Combined, the
ower law and the Fe II template are fit to the data in the line-free
indows and form the underlying continuum baseline.
Emission lines are fit with the following double power-law method

dopted from Nagao et al. (2006), Matsuoka et al. (2011), and Xu
t al. (2018)

em(λ) =
⎧⎨
⎩

F0 ×
(

λ
λ0

)−α

λ > λ0

F0 ×
(

λ
λ0

)+β

λ < λ0

, (5)

here the two power-law indices (α and β) are used to fit the red
nd blue sides of the emission-line profile. The peak intensity, F0,
ontrols the height of the emission line and the peak wavelength, λ0,
efines the location of the peak.
Emission lines with different degrees of ionization often show

ystematically varied velocity profiles (e.g. Gaskell 1982; Baskin &
aor 2005). Thus, we categorize emission lines into two distinct
ystems: HILs and LILs. The HILs include N V, O IV, N IV], C IV,
nd He II while the LILs include Si II, Si IV, O III], Al II, Al III, Si III,
nd C III] (Collin-Souffrin & Lasota 1988). The boundary separating
he two main groups is an ionization potential of 40 eV. We assume
hat the emission-line profiles of lines in the same category are
oupled to the same line-emitting gas clouds of the BLR, sharing
common value for the α and β power indices. Because we did not

orrect for the suppression of Ly α from the intergalactic medium,
he redder α index of the Ly α line is coupled with the HILs, while
he bluer β index is left unconstrained (Nagao et al. 2006; Xu
t al. 2018).3
Although the Ly α line does not directly factor into the line ratios we measure
r the metallicities we determine, its flux and line profile does affect the
easured flux of the N V line.

a
b
(
q
s

Our adopted piece-wise power-law function fit to emission lines
as been compared to the double-Gaussian and modified Lorentzian
ethods, achieving better fits with fewer or equal number of free

arameters (Nagao et al. 2006). In cases when the piece-wise function
oes not produce a reasonable fit to the shape of the spectral feature,
uch as significantly blueshifted lines, we fit a skewed Gaussian
unction, where both the skew and FWHM of the Gaussian are
oupled between LILs and HILs. Unlike the default piece-wise
trategy, Ly α is completely decoupled from the HIL group when
tting skewed Gaussians. We choose to fit a single skewed Gaussian
ecause it has the same number of free parameters as the piece-
ise power-law fit. Changing the fitting strategy is also motivated
y the reduction in the minimum chi-square value even when the
ts produce similar emission-line flux ratios. A more complete
escription of the comparison between these two fitting methods and
he definition of the skewed Gaussian are provided in Appendix A.

When LILs and HILs are not coupled, some local continuum
ethods can produce emission-line profiles with very different
idths and skewness (Vanden Berk et al. 2001). We assume, as

everal similar other studies do (e.g. Nagao et al. 2006; Matsuoka
t al. 2011; Xu et al. 2018), that emission lines with similar ionizing
otentials originate from similar line-emitting regions in the BLR.
he coupling of power indices in equation (5) provides a crucial
onstraint in ensuring that the kinematics of line-emitting clouds are
reserved within the LIL and HIL groups. Furthermore, without the
oupling of HILs, the decomposition of the Ly α and N V emission
rofile is not unique. The coupling of the N V profile and the red
ing of Ly α to HILs provides a way to obtain a unique solution that
isentangles their line profiles and fluxes.
The emission lines Ly α λ1216, N V λ1240, Si II λ1263, Si IV

1398, O IV λ1402, N IV] λ1486, C IV λ1549, He II λ1640, O III]
1663, Al II λ1671, Al III λ1857, Si III λ1887, and C III] λ1909 are all
t simultaneously. The line-fitting regions generally are 1214–1290,
360–1430, 1450–1700, and 1800–1970 Å with some flexibility
epending on the width and kinematics of the spectral features. Each
ine is allowed an independent ±25 Å shift in central wavelength,
0, with respect to the rest-frame vacuum wavelength. Whether
e used the piece-wise power law or skewed Gaussian approach,
single emission-line is fit with only four parameters. Fig. 4 shows

n example fit to ATLASJ029-36 which was observed with VLT/X-
hooter. In this example, all of the lines from Ly α at 1216 Å to C III]
t 1909 Å have been fit simultaneously, with coupled LILs and HILs.

We fit the C IV emission line to estimate the blueshift according
o equation (2). When C IV blueshifts < 4000 km s−1, we adopt the
iecewise power-law fit and at higher blueshifts, we use the skewed
aussian function. We find both methods produce consistent results

t lower C IV blueshifts as shown in the comparison described in
ppendix A.
We also fit the Mg II line independently with one skewed Gaussian

r two symmetric Gaussians, using the following line-free windows:
770–1810, 2060–2340, 2600–2740, 2840–3100Å to measure the
ontinuum. The continuum is measured independently for the Mg II

ine fit because the contribution from the Fe II emission is much more
ignificant at these longer wavelengths. Although the fit parameters
re not always consistent between the two wavelength ranges, we
nd the power law to be an adequate local approximation of the
ccretion disc emission. We use the Mg II FWHM, equation (1),
nd calibration from Vestergaard & Osmer (2009) to determine the
lack hole mass and find good agreement with Mazzucchelli et al.
in preparation). We calibrate the spectrum against the observed
uasar AB magnitude in the J bandpass, where flux from the
pectrum integrated over the filter transmission profile is scaled
MNRAS 513, 1801–1819 (2022)
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Figure 4. Example fit to ATLASJ029-36 observed using VLT/X-shooter with a mean SNR per 1 Å pixel of 27.35 between 1400–1600 Å. The top plot shows
the spectrum after the post-processing techniques and the bottom plot shows the residuals. The inset plot provides a closer look at the line profiles of Ly α and
N V. The vertical blue bars indicate the continuum fitting windows, which are fit by the power-law continuum denoted by the orange line. The red lines indicate
the emission line fits as well as the extent of the individual line-fitting windows. All fitted emission lines are labelled and their individual line profiles are shown.
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ppropriately to the observed value. The peak flux wavelength of
he total Mg II line profile is used to determine the redshift and its
rror. Fig. 5 shows an example of a multiple Gaussian fit to the
g II emission line along with the combined power law and Fe II

ontinuum.
For the line flux error estimation, we adopt a Monte Carlo approach

sed in similar studies of high-redshift quasar spectra (e.g. Shen et al.
019; Yang et al. 2020; Wang et al. 2021). We create 50 mock spectra
or each individual spectrum and stacked composite, where the flux
t each pixel is resampled from a symmetric distribution with a
tandard deviation equivalent to the pixel spectral error. We assume
he spectrum noise to follow a Gaussian distribution in this case. The
ame fitting procedure is applied to every mock spectrum generated
n this way and we filter out outlier fits by sigma-clipping the line
ux measurements using a 3σ threshold. The final line flux of each
etallicity-sensitive line is the median of all remaining fits and the
nal uncertainty is its standard deviation.
Using other empirical templates of the Fe II emission (e.g. Tsuzuki

t al. 2006; Bruhweiler & Verner 2008; Mejı́a-Restrepo et al. 2016)
an result in a maximum discrepancy of 20 per cent in the Mg II

WHM and 0.2 per cent in the estimated redshift. Although this can
odify the significance of the black hole mass correlation presented
NRAS 513, 1801–1819 (2022)
n Section 4, it has no effect on the metallicity estimates or the
onclusions of this study, which depends primarily on the C IV profile.

Fig. 1 presents the distribution of redshift, bolometric luminosity,
lack hole mass, and C IV blueshift in our sample. The completed
ample covers redshifts z = 5.8−7.5, spanning a range in bolometric
uminosity log

(
Lbol/erg s−1

) = 46.7 − 47.7 and a range in black
ole mass log (MBH/M�) = 8.4 − 9.8. Quasars with luminosities
og

(
Lbol/erg s−1

) ≤ 47.0 and black hole masses log (MBH/M�) ≤
.9 are all observed with GNIRS. We measure C IV blueshifts
panning over 5000 kms−1 in our sample, from values consistent
ith no detectable blueshift to the most extreme outflow-dominated

pectrum in PSOJ065-25. None of the targets exhibit a significantly
edshifted C IV emission line. We list all of the measured quasar
roperties in Table 1.

.2 Line ratios and metallicity

n order to interpret the results of the fitting, it is useful to compare
he measured HIL ratios against predictions from photoionization
odels. It is well-known that single-zone photoionization models

re unable to fully reproduce the observed emission from the BLR,
ecause the gas clouds span a wide range of densities and degrees

art/stac1001_f4.eps


Quasar chemical abundance 1809

Figure 5. Example two-Gaussian fit to the Mg II emission line of PSOJ217–
16, observed using VLT/X-shooter. The top plot shows the spectrum after the
post-processing techniques and the bottom plot shows the residuals. The inset
plot provides a closer look at the Mg II line profile after continuum subtraction.
The orange line is the power law and the green line is full baseline continuum
with the Fe II template. The red line marks the fit to the emission line and
the extent of the fitting windows. These fits are presented in greater detail in
Mazzucchelli et al. (in preparation).
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f ionization (e.g. Davidson 1977; Collin-Souffrin & Lasota 1988).
ultizone models incorporate emission from gas with a wide range

f physical properties and are shown to be consistent with observation
e.g. Rees, Netzer & Ferland 1989; Hamann et al. 1998).

The flux ratio-metallicity relation is sensitive to the density of line-
mitting clouds, spectral energy distribution (SED) of the ionizing
ontinuum, and microturbulence, but under the locally optimally
mitting cloud model (LOC; Baldwin et al. 1995), the net emission
pectrum can be reproduced by integrating across a wide range of
hysical conditions. Therefore, the characteristics of the observable
pectrum originate from an amalgamation of emitters, where each
mission line is formed in a region that is optimally suited to emit the
argeted line. This model consistently reproduces properties of both
ow and high-ionization emission lines observed in quasar spectra
e.g. Korista & Goad 2000; Hamann et al. 2002; Nagao et al. 2006).

We primarily utilize two broad emission-line flux ratios (N V/C IV,
Si IV + O IV)/C IV) because the relevant lines are easier to detect
nd more commonly studied in the existing literature. However, we
lso present results for additional line ratios ((O III] + Al II)/C IV,
l III/C IV, Si III/C IV, C III]/C IV). The emission from these other

ines are substantially more difficult to measure and can only be
etected in a robust manner in high SNR spectra, such as our
QR-30 sample of high-redshift quasars. We convert all of the line

atios into metallicity estimates using relations derived from CLOUDY

hotoionization simulations described in Hamann et al. (2002) and
agao et al. (2006). Both models utilize the LOC model (Ferland

t al. 1998). Nagao et al. (2006) predicts line flux ratios for all listed
ine ratios with two models for the ionizing continuum: one with a
trong UV thermal bump matching results from Scott et al. (2004)
nd one with a weak UV thermal bump similar to Hubble Space
elescope quasar templates (Zheng et al. 1997; Telfer et al. 2002).
hese two SEDs are thought to be extreme and opposite cases for

he actual ionizing continuum (Nagao et al. 2006), which gives us
he full range of possible inferred metallicities. Hamann et al. (2002)
redicts line flux ratios of only N V/C IV for three mock incident
pectra: that of Mathews & Ferland (1987); a single hard power-law
ith index α = −1.0 (fν ∝ να); and a segmented power law with

ndices α = [ − 0.9, −1.6, −0.6] for 0.25 to 12 Å, 12 to 912 Å, and
12 Å to 1μm, respectively. The segmented power-law continuum
pproximates data gathered from observations (e.g. Laor et al. 1997).
or Hamann et al. (2002), the Mathews & Ferland (1987) incident
pectrum predicts the highest metallicities for the same line ratio
nd the α = −1.0 spectrum produces the lowest. The spread in
etallicities predicted for the same line ratio is incorporated into

ur uncertainties. For N V/C IV, the results from both publications
re largely consistent with minor differences arising from the SED
f the ionizing continuum, integration ranges of gas density (nH) or
onizing flux (H), cloud column density, and the version of CLOUDY

sed.
Line ratios which imply metallicities over 10 Z� extend beyond

he parameter space probed by Hamann et al. (2002) or Nagao et al.
2006). This occurs when the measured line ratio exceeds 0.84 for

V/C IV or 0.45 for (Si IV + O IV)/C IV. For the other line ratios,
his occurs at (0.39, 0.16, 0.36, 0.57) for ((O III] + Al II)/C IV,
l III/C IV, Si III/C IV, C III]/C IV). In order to investigate inferred
etallicities for higher line ratios, we assume that the observed line
ux ratio–metallicity relationship maintains a linear trend in log-
pace and linearly extrapolate beyond the parameter space probed
y the simulations. Supersolar metallicites over 10 Z� have not been
alibrated against CLOUDY simulations.

We consider all of the photionization calculations with different
onizing SEDs in our metallicity estimate. The effect of the ionizing
ontinuum SED is responsible for up to a factor of 2 difference
n the resulting metallicity predictions from N V/C IV. For N V/C IV,
he uncertainty from the metallicity calibration based on the various
hotoionization models is dominant over the observational uncer-
ainty. (Si IV + O IV)/C IV is a more robust metallicity indicator than

V/C IV because it is not as sensitive to differences in the ionizing
ontinuum or assumed weighting functions (e.g. Nagao et al. 2006;
atsuoka et al. 2011; Maiolino & Mannucci 2019), and it is not

ffected by bias propagating from a poor fit to the highly absorbed
y α emission line. However, in this study, we offer no discussion
n the discrepancy between the metallicity indicators. Instead, we
resent the inferred metallicities separately and use the spread of
esults from different assumed ionizing SEDs as the uncertainty
f each individual measurement. A comparison between inferred
etallicities from N V/C IV and (Si IV + O IV)/C IV is provided in the

nline supplementary material.

R ESULTS

e present all quasars and their measured properties in Table 1.
n addition to fitting the composites described in Section 2.5,
he emission-lines of nearly all of the quasar spectra can be fit
ndividually. We fit the N V/C IV line ratio for 16 of the 25 individual
uasars, wherever the N V emission can be separated from the Ly α

mission. We show the N V/C IV and (Si IV + O IV)/C IV line ratio
esults for individual fits in Table 1 and provide six example fits to
ndividual quasar spectra in online supplementary material, covering
he lowest and highest quasar bolometric luminosity, black hole

ass, and C IV blueshift. Also available are figure sets which show
ample fits to bolometric luminosity composites, black hole mass
omposites, and C IV blueshift composites. We provide all line fluxes
easured from our composites normalized against C IV in Tables B1,
2, and B3.
We present the measured line ratios of all individual and composite

ts of bolometric luminosity and black hole mass in Fig. 6. For
MNRAS 513, 1801–1819 (2022)
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Figure 6. N V/C IV and (Si IV + O IV)/C IV flux ratios as a function of the quasar bolometric luminosity (left-hand panel) and virially estimated black hole mass
(right-hand panel). The low-redshift sample (2.0 < z < 5.0) indicated in grey is from Xu et al. (2018) while another higher redshift comparison sample indicated
in red is sourced from Wang et al. (2022). Our sample is presented in blue and black. Square points with capped error bars indicate composites while circular
points indicate individual fits. Not all individual quasars involved in the composites are plotted. The single red square denotes the composite from Wang et al.
(2022). The black hole masses in this study and in Wang et al. (2022) are estimated with single-epoch virial estimates using the Mg II emission line, while the
Xu et al. (2018) study uses the C IV emission line. The orange shaded space indicates a range of line ratios which are consistent with the metallicity indicated
in the secondary axis based on photoionization calculations with different ionizing SEDs. The overlapping region in the N V/C IV plot indicates a range of line
ratios which is consistent with both Z = 10 and 20 Z� (e.g. Hamann et al. 2002; Nagao et al. 2006). Metallicity values larger than 10 Z� are extrapolated.

Figure 7. Example spectra of three quasars in the sample (PSOJ242–12, PSOJ308–27, and PSOJ359–06) which exhibit similar bolometric luminosities. The
raw spectrum is shown in this plot, but many of the significant absorption features (e.g. in PSOJ359–06) are masked by the post-processing procedure. Overall
line fits are shown in black. A large scatter in the (Si IV + O IV)/C IV emission line flux ratio is observed between quasar spectra with significantly different C IV

EW, which is inversely correlated with the C IV blueshift.
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omparison, we show SDSS low-redshift composites reported in Xu
t al. (2018) and high-redshift (z ∼ 6) quasars observed with GNIRS
rom Wang et al. (2022). Square symbols indicate measurements
rom fits of composites while circular points indicate fits of individual
pectra. Our data, indicated in blue and black, have the highest
NR and spectral resolution of the data represented in the figure.
easurements of both metallicity-sensitive line ratios show a large

catter between individual quasar fits even when controlling for
uasar luminosity or black hole mass. Particularly at a bolometric
uminosity range of log

(
Lbol/erg s−1

) = 47.30 − 47.35, we see over
factor of 8 difference between the individual quasar measured with

he highest and lowest (Si IV + O IV)/C IV line ratio, as seen in Fig. 7.
he composites suppress the high variance that we observe in the
NRAS 513, 1801–1819 (2022)
ndividual measurements, which can be attributed to varied C IV

lueshifts. The associated uncertainty of the bolometric luminosity
nd black hole mass for each composite is determined by the mean
nd standard deviation of the input spectra. We note that in Xu et al.
2018), the black hole masses are estimated using the C IV emission
ine which can be biased by its blueshift.

The line flux ratio measurements of our high-redshift quasar
ample are essentially indistinguishable from the lower redshift
esults of comparable luminosity and black hole mass sourced from
u et al. (2018). Therefore, we do not observe appreciable evolution
ith redshift. However, our high-redshift sample does not show
statistically appreciable correlation between observed line ratios

nd the bolometric luminosity, as evidenced in the previous work

art/stac1001_f6.eps
art/stac1001_f7.eps


Quasar chemical abundance 1811

Figure 8. N V/C IV and (Si IV + O IV)/C IV flux ratios as a function of the
C IV blueshift of quasars in the sample. Blueshift composites are presented in
black while individual fits are mapped on to a blue–green gradient scaled to
the black hole mass. The minimum C IV blueshift error is 200 km s−1 based
on the 1 Å wavelength bins, but the contribution from the systemic redshift
error is added in quadrature for an average total of 230 km s−1 uncertainty.
The Spearman correlation coefficients and p-values are derived from the fits
to individual quasars. The orange shaded space indicates a range of line
ratios which are consistent with the metallicity indicated in the secondary
axis based on photoionization calculations with different ionizing SEDs. The
overlapping region in the N V/C IV plot indicates a sub-space of parameters
which is consistent with both Z = 10 and 20 Z�. The line ratio correlation
with the C IV blueshift is more significant than the correlation with black hole
mass or bolometric luminosity.
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Hamann & Ferland 1993; Dietrich et al. 2003; Nagao et al. 2006;
u et al. 2018). This may be because this sample covers a restricted

uminosity range compared to the lower redshift sample. Deeper
bservations of quasars with high redshift and lower luminosity (e.g.
atsuoka et al. 2016) are needed to verify any trend in emission-

ine ratio with quasar bolometric luminosity. On the other hand, we
ecover the positive correlation between (Si IV + O IV)/C IV and the
stimated black hole mass as shown in Fig. 6. The measurements
f individual quasars exhibit large scatter for very similar quasar
roperties. We present the line ratio dependence on the C IV blueshift
n the following section to explain this variance.

.1 C IV blueshift and line flux ratios

ig. 8 plots emission line flux ratios against the C IV blueshift along
ith the estimated black hole mass as a third axis, represented by the
lue–green colour scale. The C IV blueshift and uncertainty of the
omposite spectra is obtained from the mean and standard deviation
f the input spectra. We prescribe an uncertainty floor of the C IV

lueshift equivalent to 200 km s−1 based on the 1 Å wavelength grid,
ut the total uncertainty for measurements of individual quasars is
omposed also of the redshift error added in quadrature. On average,
he C IV blueshift error is 230 km s−1. Measurements of the N V

mission line becomes more challenging to deblend from the Ly α

ux at high blueshifts, especially for individual lower SNR spectra,
hus, the high C IV blueshift parameter space for N V/C IV is only
parsely explored.

The results from Figs 7 and 8 demonstrate that the measured
mission line ratios are strongly correlated with the C IV blueshift.
ontrolling for the C IV spectral shape in Fig. 8, the relationship
etween the two emission line ratios with black hole mass is no longer
lear. The C IV lines of the highest mass quasars are typically more
lueshifted, but the most massive quasars do not necessarily have
he highest line ratios among other quasars with similar blueshifts.
t could also be seen that quasars with moderate (∼1000 km s−1)

IV blueshifts can have a very large scatter in observable line
atios whereas quasars with higher blueshifts consistently possess
ome of the highest line ratios observed in our sample. At high

IV blueshifts, the lower flux of the C IV line, as evidenced by its
orrelation with narrower EWs shown in Fig. 2, drives the C IV-
ormalized flux ratio measurements higher. The responses of the
V, Si IV, and O IV EWs are not proportionate to that of the C IV line

s the C IV blueshift rises. We see similar trends on other metallicity-
ensitive line ratios that depend on the C IV flux as shown in Appendix
ig. B1.
Fig. 9 presents the correlations found in our sample between the
IV blueshift with the virially estimated black hole mass, quasar

olometric luminosity, and Eddington ratio. The C IV blueshift is not
ignificantly correlated with the quasar bolometric luminosity, but
here is a moderate relationship between the C IV blueshift with the
ddington ratio and estimated black hole mass, with the magnitude
f Spearman correlation coefficients greater than 0.4 and at least
per cent significance. We show in Fig. 10 the residuals calculated
y subtracting the correlation found between composites of C IV

lueshift and the (Si IV + O IV)/C IV line ratio from the measured
ine ratios of individual quasars. The results show that higher mass
nd more luminous quasars are not more likely to lie above this
elationship, indicating no strong correlation with black hole mass
r luminosity when controlling for blueshift (also see Temple et al.
021). The stronger and more significant correlation between line
atios and the C IV blueshift could be attributed to the fact that the

IV blueshift is a more direct observable compared to the black
ole mass or luminosity, which are estimated using calibrations
ith large associated uncertainties. When not controlled, the C IV

lueshift can bias other correlations found between quasar properties
nd the metallicity in the BLR, such as the apparent mass correlation
n Fig. 6. It is important to note that the C IV blueshift and quasar
roperties are not independent for our sample. This suggests that
tudies measuring metallicity-sensitive line flux ratios dependent
n the C IV flux should consider the C IV spectral shape before
nterpreting the diversity of emission-line ratios as an indication of
volution in the BLR metallicity.

.2 Inferred metallicity in the quasar BLR

sing models derived from the photoionization code CLOUDY, we
onvert the measured N V/C IV and (Si IV + O IV)/C IV line ratios
nto metallicity estimates in the BLR. Figs 6 and 8 show the range
f line ratios consistent with 5, 10, and 20 Z� for N V/C IV and 1, 5,
0, and 20 Z� for (Si IV + O IV)/C IV. The minimum and maximum
ounds of each metallicity estimate are determined by the variations
n the assumed ionizing SED used in CLOUDY photoionization LOC
odels presented in Hamann et al. (2002) and Nagao et al. (2006).
MNRAS 513, 1801–1819 (2022)
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Figure 9. The quasar black hole mass (left-hand panel), bolometric luminosity (middle), and Eddington ratio (right-hand panel) are plotted against the measured
C IV blueshift for our sample. The least-squares linear fits are shown along with the Spearman r-coefficients and their significance. There is a moderate, but
significant, correlation between the quasar outflow indicator, i.e. the C IV blueshift, and the black hole mass. The correlation between the C IV blueshift with the
Eddington ratio is weaker and less significant, while no significant correlation was found with the bolometric luminosity.

Figure 10. (Si IV + O IV)/C IV residual as a function of black hole mass
(left-hand panel) and bolometric luminosity (right-hand panel). The residual
is measured by subtracting the correlation found between composites of C IV

blueshift and the (Si IV + O IV)/C IV line ratio from the measured line ratios
of individual quasars. The scatter is large around zero with no apparent
systematic deviation with black hole mass or bolometric luminosity. This
shows that higher mass or more luminous quasars are not more likely to
exhibit higher line ratios than their smaller or fainter counterparts. However,
we caution the reader when interpreting this relationship, because the C IV

blueshift and quasar properties are not independent.
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he central tick is determined by the median of all relevant models.

arger variations in metallicity can be seen for the N V/C IV line ratio,
ndicating that (Si IV + O IV)/C IV is less dependent on the shape
f the ionizing flux SED (e.g. Nagao et al. 2006; Matsuoka et al.
011; Maiolino & Mannucci 2019). The overlapping region in the
V/C IV plot shows a range in the line ratio which is consistent with
NRAS 513, 1801–1819 (2022)
oth Z = 10 and 20 Z� depending on the referenced photoionization
odel, implying a factor of 2 uncertainty. The results for the other

ine ratios ((O III] + Al II)/C IV, Al III/C IV, Si III/C IV, and C III]/C IV)
lotted against quasar bolometric luminosity, estimated black hole
ass, and C IV blueshift are presented in Fig. B1 in the Appendix.
enerally, these other line ratios predict metallicities similar to

Si IV + O IV)/C IV.
Spectra with high C IV blueshift are dominated by emission from

n outflowing BLR wind, which is correlated with high X/C IV

ine flux ratios. Photoionization models suggest that the wind
mission originates from higher density gas clouds closer in to the
ccretion disc, illuminated by high ionizing fluxes, while the core
mission is composed of emission from clouds with a broad range
f physical properties, as in the LOC model (Temple et al. 2021).
e therefore consider the metallicity results from spectra where

he C IV blueshift < 1500 km s−1, minimizing the contribution from
he wind emission. The two composites satisfying this requirement
ield (N V/C IV, (Si IV + O IV)/C IV) line ratios of (0.83 ± 0.15,
.31 ± 0.13) and (0.84 ± 0.09, 0.22 ± 0.03) for C IV blueshifts from
200–680 and 680–1500 km s−1, respectively. We do not consider

he other line ratios in this discussion as they are substantially
ore difficult to measure. The N V/C IV line ratio typically predicts

igher metallicities with greater corresponding uncertainty than the
Si IV + O IV)/C IV line ratio. Fig. 8 also plots the line ratios for each

IV blueshift composite and the inferred metallicity in the secondary
xis. Using the aforementioned reference photoionization models,
he measured N V/C IV line ratio is consistent with being produced
y gas clouds with Z−200−680 = 9.77 ± 2.35 Z� and Z680–1500

9.96 ± 2.42 Z� for the two lowest C IV blueshift composites.
or (Si IV + O IV)/C IV, it is Z−200−680 = 4.61 ± 0.01 Z� and
680–1500 = 2.01 ± 0.01 Z�. Both metallicity indicators individually
uggest supersolar metallicities with high significance (�4σ ). The
bsolute measured metallicity differs by a factor of 2–4 between
he indicators although the (Si IV + O IV)/C IV line provides more
obust results and is less affected by the model chosen for the
onizing flux. Using the (Si IV + O IV)/C IV line ratio, we can
ee that the metallicity in the quasar BLR at z ∼ 6 is at least
–4 times supersolar. Inferred metallicities from spectra observed
ith high C IV blueshifts range from Z>1500 = 8 Z� to as high as
>3000 = 20 Z�.
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D ISCUSSION

revious studies of chemical abundances in the BLR have suggested
etallicities that are several times solar across a wide range of

edshifts (2.0 < z < 7.5; eg. Hamann & Ferland 1992; Dietrich
t al. 2003; Juarez et al. 2009; Xu et al. 2018; Onoue et al. 2020),
onsistent with some galactic chemical evolution models (Tinsley
980; Arimoto & Yoshii 1987; Hamann & Ferland 1993, 1999).
omplementary probes targeting quasar narrow absorption features
lso suggest supersolar (Z > 2 Z�) metallicites (e.g. Hamann &
erland 1999; D’Odorico et al. 2004; Jiang et al. 2018; Maiolino &
annucci 2019). The lack of apparent redshift evolution up to z ∼
stands in contrast to studies of metallicity in star-forming galaxies

nd Lyman-break galaxies up to z ∼ 3.5, which show evolution in the
ass-metallicity relationship and an overall decrease in metallicity
ith redshift (e.g. Maiolino et al. 2008; Mannucci et al. 2009). It

s possible to infer the host galaxy metallicity using the mass of
he central black hole using the tight (0.1 dex) galaxy stellar mass–
as phase metallicity relationship (MZR) (e.g. Maiolino et al. 2008;
avé et al. 2017; Maiolino & Mannucci 2019; Curti et al. 2020;
anders et al. 2021) combined with the MBH/Mhost ratios (e.g. Targett
t al. 2012). The results from comparisons between quasar BLR
nd host galaxy metallicities at redshifts 2.25 < z < 5.25 suggest
hat the BLR is enriched in excess of the inferred metallicities
f the host galaxies, which are approximately solar (Xu et al.
018). This discrepancy has been attributed to the black hole mass–
etallicity relationship and selection effects, where only the most
assive and enriched high-redshift quasars are selectively observed

n a magnitude-limited survey (e.g. Juarez et al. 2009; Maiolino &
annucci 2019). However, Xu et al. (2018), Wang et al. (2022),

nd this paper study samples with comparable quasar properties as
hown in Fig. 6. The Xu et al. (2018) composites include hundreds
f SDSS DR12 quasar spectra in the redshift range 2.25 < z < 5.25,
hereas Wang et al. (2022) utilizes a higher redshift sample with 33
∼ 6 quasars. These quasars occupy a similar black hole mass and

uminosity range, and show very similar line ratios within the scatter
f the data, suggesting that a selection bias is not sufficient to explain
he apparent lack of redshift evolution.

Additionally, we note that the C IV blueshift, a signature of quasar
utflows, is a significant factor correlated with the measured C IV

ux (see Fig. 2). According to a study of 34 low-redshift quasars
panning nearly 3 dex in black hole mass and bolometric luminosity,
utflow indicators are not correlated with black hole mass and
nly marginally correlated with luminosity and Eddington ratio
Shin et al. 2017). Although our study covers a smaller range
f quasar parameters, our results in Fig. 9 show a moderate, but
ignificant, correlation between the C IV blueshift and the black hole
ass. There is also a similar negative correlation between the C IV

lueshift and the Eddington ratio, and no significant correlation
ith quasar bolometric luminosity. There are several methodical
ifferences between the measurements in our study and those in
hin et al. (2017). We measure black hole virial masses based on
g II instead of H β, and calculate systemic redshifts from the Mg II

ine rather than from a combination of low-ionization narrow lines
Si II, O II], O I], H β). We also use different outflow indicators: our

IV blueshift is defined in equation (2), in contrast to the ‘velocity
hift index’ (VSI) and ‘blueshift and asymmetry index’ (BAI) defined
n equations (2) and (3) of Shin et al. (2017). According to our result,
correlation between the black hole mass or bolometric luminosity
ith the C IV blueshift implies that the C IV flux is anticorrelated with

he C IV blueshift by extension (see Fig. 2). As the C IV blueshift
s found to be correlated with the metallicity-sensitive rest-frame
V line ratios and quasar properties, this has the potential to bias
orrelations between metallicity and black hole mass or luminosity.
he relationship between the C IV blueshift and these line ratios
an be explained by increased gas opacity with metallicity, leading
o larger absorption and increased acceleration (e.g. Wang et al.
012). However, the extreme metallicities (∼ 20 Z�) seen in the most
lueshifted high redshift (z > 6.0) quasars in our sample suggest that
hile the relationship between the C IV blueshift and the line ratio

s real, the comparison to the simple photoionization models is no
onger appropriate as emission from the BLR outflow dominates
he observed spectrum. The dynamics, density, and geometry of the
LR wind is not the same as for symmetric core emission (Temple
t al. 2021). An alternative explanation is that the C IV blueshift
elationship with the rest-frame UV line ratios is driven primarily by
he weakening of the symmetric C IV core emission and enhanced
mission towards the line of sight from quasar orientation (e.g. Yong
t al. 2020). Further studies on quasar properties and their emission-
ine flux ratios will need to account for indications of quasar outflows
r avoid using emission lines that are strongly affected by BLR
utflow.
It has also been suggested that the observed diversity of line ratios

N V/C IV and (Si IV + O IV)/C IV among others) can be attributed to
he variation of density of the emitting gas and the incident ionizing
ux instead of metallicity. Temple et al. (2021) proposes a model
ith two kinematically distinct regions, the core and the wind, that

an reproduce the range of observed broad emission-line flux ratios
nder solar metallicities, as long as the spatial density distribution of
he emitting gas clouds is adjusted accordingly. Such multiple zone
hotoionization models have been used to great effect in reproducing
uasar and AGN spectra (e.g. Rees et al. 1989; Peterson 1993;
aldwin et al. 1996; Hamann et al. 1998; Korista & Goad 2000).
he locally optimally emitting cloud (LOC) model, proposed in
aldwin et al. (1995), is a natural extension of multizone models.
he advantage of the LOC model is that the total line emission

s composed of an integration over the density (nH) and ionizing
ux (H) parameter space assuming certain empirically motivated
istribution functions (Nagao et al. 2006), thereby bypassing the
eed for specific knowledge of either nH or H. The properties
f the emission lines are then dominated by the emitters that are
ptimally suited to emit the targeted line (Baldwin et al. 1995). It
s well-documented that the line ratios depend sensitively on nH

nd H (e.g. Hamann et al. 2002; Nagao et al. 2006; Temple et al.
021), but the LOC results represent the average properties of diverse
uasar samples. We note that the high-density wind component
nH ≈ 1013 −1014 cm−3, H ≈ 1022 −1024 cm−2 s−1) and the range
f typically assumed BLR properties (nH ≈ 109 − 12 cm−3, H ≈
018 − 21 cm−2 s−1) suggested in Temple et al. (2021) are parameter
anges which are also covered by the LOC photoionization models
sed in this study (nH ≈ 107 −1014 cm−3, H ≈ 1017 −1024 cm−2 s−1)
Hamann et al. 2002; Nagao et al. 2006). However, if the assumed
loud distribution functions used in photoionization models are
naccurate, the absolute metallicity inferred from line ratios is subject
o change. For example, photoionization models using emission from
lumpy disc winds can produce spectra resembling that of quasars
Dannen et al. 2020; Matthews et al. 2020), showing that there are
iable alternatives to the LOC models we have referenced for the
onversions between line ratio and metallicity.

The results from Temple et al. (2021) further motivated us to
se a quasar outflow indicator, the C IV blueshift, as a control to
imit the effect of the BLR wind. Even for composites of low C IV

lueshift where the assumed contribution to the overall emission
rom the wind is low, we observe in Fig. 8 that the average emission-
ine properties are comparable to emission from gas clouds with
MNRAS 513, 1801–1819 (2022)
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etallicity several times solar (e.g. Z−200−680 = 4.61 ± 0.01 Z�
sing (Si IV + O IV)/C IV) under the LOC model.
The supersolar metallicities in the quasar BLR inferred from low
IV blueshift composites imply rapid enrichment scenarios that are

ot unrealistic under normal galactic chemical evolution scenarios
n the cores of massive galaxies (e.g. Gnedin & Ostriker 1997;
ietrich et al. 2003). The BLR is a small nuclear region of the galaxy

<1 pc) with higher densities entailing shorter dynamical time-scales
e.g. Gnedin & Ostriker 1997; Cen & Ostriker 1999; Kauffmann &
aehnelt 2000; Granato et al. 2004). The total mass of the BLR is
n the order of 104 M� (Baldwin et al. 2003), and it can be enriched
apidly to supersolar metallicities within 108 yr by a single supernova
xplosion every 104 yr (Juarez et al. 2009). Under some multizone
hemical evolution models, massive star formation in the galactic
entral regions and subsequent metal enrichment via supernovae can
redict supersolar metallicities (up to 10 Z�) within 0.5–0.8 Gyr (e.g.
amann & Ferland 1993; Friaca & Terlevich 1998; Romano et al.
002). This rapid enrichment scenario means that the properties of
he BLRs do not necessarily trace the chemical properties of their host
alaxies (e.g. Suganuma et al. 2006; Matsuoka et al. 2018). This is
upported by studies presenting estimates of metallicity in the quasar
arrow-line region (NLR) which represent a region over 1000 pc in
ize (e.g. Bennert et al. 2006). The metallicity in the NLR was found
o be 2–3 times lower than the BLR, following similar MZR trends
s star-forming galaxies (e.g. Dors et al. 2019). However, in addition
o high-metallicity BLRs, there is now mounting evidence that entire
ost galaxies can be highly enriched to solar values in early cosmic
ime as evidenced by measurements of C, N, and O ions (e.g. Walter
t al. 2003; Venemans et al. 2017; Novak et al. 2019; Pensabene et al.
021).
More exotic enrichment scenarios such as enhanced supernova

ates in central star clusters (e.g. Artymowicz, Lin & Wampler 1993;
hields 1996), star formation inside quasar accretion discs (e.g.
ollin & Zahn 1999; Goodman & Tan 2004; Toyouchi et al. 2022),
r nucleosynthesis without stars (e.g. Chakrabarti & Mukhopadhyay
999; Hu & Peng 2008; Datta & Mukhopadhyay 2019) are also
apable of producing highly enriched BLRs in a short time. However,
e do not consider these to be strictly necessary to explain the
etallicities in the z ∼ 6 redshift quasars inferred from observations

n this study. Pushing metallicity estimates to even higher redshifts
> 8 when the Universe is only 0.6-Gyr old would place more

tringent constraints on the metal enrichment time-scales from the
ra of re-ionization of the Universe, where such rapid enrichment
cenarios could be required to produce supersolar metallicities (e.g.
riaca & Terlevich 1998).

C O N C L U S I O N S

n this study, we examined a sample of 25 high-redshift (z > 5.8)
uasars, 15 of which were observed with X-shooter during the XQR-
0 programme and 10 of which were observed with Gemini North’s
NIRS sourced from Shen et al. (2019) and Yang et al. (2021). The

ample from XQR-30 contains the highest-quality spectra covering
he rest-frame UV emission lines observed in quasars in this redshift
ange. The bolometric luminosity of the quasars in this sample covers
og

(
Lbol/erg s−1

) = 46.7 − 47.7 assuming a bolometric correction
actor of 5.15 from the continuum luminosity at 3000 Å. The black
ole mass range in the sample is (0.2 − 6.0) × 109 M�, measured
ith single-epoch virial mass estimates utilizing the FWHM of the
g II emission line. We measured the blueshift of the C IV line in
ost of the quasars in this sample and created composites by quasar
NRAS 513, 1801–1819 (2022)
uminosity, black hole mass, and C IV blueshift. We then measured
road rest-frame UV emission-line flux ratios in individual quasar
pectra and all composites. The main results are as follows:

(i) Due to the relationship between the C IV blueshift and its EW,
he metallicity-sensitive broad emission-line ratios correlate with the

IV blueshift, which is an indicator of the projected BLR outflow
elocity. If not accounted for, this correlation biases studies of quasar
etallicity and its relationship with black hole mass and luminosity.
he correlation between the metallicity-sensitive emission line flux

atios and the C IV blueshift is stronger and more significant than for
he quasar bolometric luminosity or black hole mass.

(ii) Comparing against CLOUDY-based photoionization models,
he metallicity inferred from line ratios of the high-redshift (z ∼
) quasars in this study is several (at least 2–4) times supersolar,
onsistent with studies of much larger samples at lower redshifts
nd similar studies at comparable redshifts. We also find no strong
vidence of redshift evolution in the BLR metallicity, indicating that
he BLR is already highly enriched at z ∼ 6. The metallicity-sensitive
mission-line flux ratios are sensitive to the density nH of gas clouds
nd the incident ionizing flux H, but we use locally optimally
mitting cloud photoionization models to draw conclusions based on
he average properties of diverse samples of quasars. Our low C IV

lueshift composites are good probes of metallicity at this redshift
s they minimize the effects of the BLR wind.

(iii) The lack of redshift evolution in the BLR metallicity is
ontrary to studies of metallicity in star-forming and Lyman-break
alaxies, which show a significant redshift dependence. Furthermore,
stimates of host galaxy properties based on black hole mass suggest
etallicities that are approximately solar. We find that selection

ffects are not sufficient to explain the apparent lack of redshift
volution and the discrepancy between the BLR metallicity and host
alaxy metallicity. However, given the small scale of the BLR, rapid
nrichment scenarios make it a poor tracer of host galaxy metallicity.

(iv) The supersolar metallicity inferred for BLRs at z ∼ 6
rovides stringent constraints on the time-scales of star formation
nd metal enrichment in the vicinity of some of the earliest SMBHs.
apid metal enrichment scenarios of the BLR are not unrealistic
nder normal galactic chemical evolution models and more exotic
xplanations, such as nucleosynthesis or star formation inside the
ccretion disc, are not strictly necessary.

Intrinsic absorption lines could, in principle, provide more
traightforward estimates of the BLR metallicity (e.g. Hamann &
erland 1999; D’Odorico et al. 2004; Maiolino & Mannucci 2019).
n the past, such studies were not possible due to low SNR of quasar
pectra at z ∼ 6, but the high-quality data of XQR-30 enables this
ype of investigation, which will be explored in a future study. More
recise metallicity diagnostics would solidify and refine these results,
specially for individual quasars.
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Figure A1. Comparison between measurements obtained with the piece-
wise power-law fit and the skewed Gaussian fit. The three quantities plotted
are the (Si IV + O IV)/C IV emission-line flux ratio, the C IV blueshift, and the
C IV EW. Each of these measurements are scaled to the maximum quantity
produced by the piece-wise power-law fitting method. We find no systematic
difference with the (Si IV + O IV)/C IV flux ratio, whereas the C IV blueshift
and EW show a slight measurement bias where the piece-wise power-law
method produces comparatively larger values.
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PPENDI X A : C OMPA RI SON O F
MI SSI ON-LI NE FI TTI NG METHODS

In this study, we use a piece-wise power-law function to fit emission
eatures. This approach to emission-line fitting is different from
ther widely adopted functions such as multiple Gaussians and
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esulting flux ratios are consistent between different emission-line
tting functions. For the comparison, we used the skewed Gaussian
istribution because it is an alternative which, like the piece-wise
ower law, also fits each emission-line with four free parameters. The
robability density function (pdf) of a skewed Gaussian distribution
s described by the following formula
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here φ(x) is the standard Gaussian pdf

(x) = 1√
2π

e− x2
2 , (A2)

nd (x) is its cumulative distribution function given by

(x) =
∫ x

−∞
φ(t)dt, (A3)

nd ω controls the scale of the distribution while α determines the
kewness. The normalization, F0, is proportional to the peak of the
mission line at the peak wavelength, λ0. Analogous to the coupling
f power indicies of LIL and HIL lines, we couple the skewness and
cale of lines in each category, with the exception of the parameters
f Ly α which can vary independently. The scale of the skewed
aussian distribution is coupled in velocity space, which preserves

he FWHM and kinematic status of line-emitting clouds.
Because of the blended Ly α and N V line profile, and the

bsence of an analogous approach to coupling the red wing of
y α to HIL lines with this method, we compare the flux ratio
f (Si IV + O IV)/C IV as well as the C IV EW and blueshift.
ig. A1 shows a comparison between these quantities, scaled to

he maximum value produced by the power-law fitting method. We
nd no systematic difference with the (Si IV + O IV)/C IV flux ratio,
ut the C IV EW and blueshift show a slight measurement bias
here the piece-wise power-law fit produces larger values (∼1σ )

han the skewed Gaussian approach. On average, the scatter in the
Si IV + O IV)/C IV emission-line ratio is 0.7σ SD, while the scatter
n the C IV EW and blueshift are 1.2σ SD and 1.1σ SD, respectively.
n general, the skewed Gaussian approach underfits the peak of C IV

mission lines, especially in the lower C IV blueshift and higher EW
egime. This indicates that the skewed Gaussian approach should
e used when the C IV emission is more blueshifted, which is the
trategy we have adopted in this study.

We also compare our results against a similar study of metallicity
t redshift z ∼ 6 (Wang et al. 2022). Our data overlap consists of one
Table B1. Table of line flux ratios from the bolometric luminosi
line. The uncertainty represents the measurement error of the disp

Line / log
(
Lbol/erg s−1

)
46.72–46.79 46.79–46.95 46.95

Ly α 0.62 ± 0.05 0.45 ± 0.08 1.49
N V 0.91 ± 0.05 1.06 ± 0.12 0.92
Si II 0.23 ± 0.02 0.48 ± 0.07 0.23
Si IV 0.07 ± 0.04 0.22 ± 0.13 0.12
O IV 0.28 ± 0.07 0.23 ± 0.14 0.37
N IV] 0.09 ± 0.02 –
C IV 1.00 ± 0.04 1.00 ± 0.08 1.00
He II 0.22 ± 0.02 0.24 ± 0.03 0.18
O III] – 0.11 ± 0.03 0.00
Al II 0.16 ± 0.02 0.09 ± 0.03 0.10
Al III 0.16 ± 0.01 0.12 ± 0.03 0.08
Si III 0.21 ± 0.01 0.22 ± 0.04 0.12
C III] 0.29 ± 0.02 0.40 ± 0.03 0.47
uasar (P333+26) out of the 24 considered in this study, for which
ang et al. (2022) does not report measurements for either N V/C IV

or (Si IV + O IV)/C IV. Nevertheless, we obtained two of their spectra
J0008–0626 and J1250+3130) from their parent sample, Shen et al.
2019) which are not used in this study because they are BAL quasars.
n Wang et al. (2022), a multiple-Gaussian approach was used for
mission-line fitting and each individual quasar spectrum was fit
ndependently. In addition, emission lines were not coupled together
nto groups of LILs and HILs. Though both spectra were of BAL
uasars and despite the different methods used, we find less than
0 per cent difference in N V/C IV and less than 5 per cent difference
n (Si IV + O IV)/C IV. These comparisons show that the results and
orrelations presented in this study can be reproduced with a variety
f continuum and line-fitting methods. This gives us confidence that
ur measurements are robust.

PPENDI X B: ADDI TI ONA L TABLES AND
I GURES

he following section contains additional tables to supplement the
ain text. Tables B1, B2, and B3 contain information of the line flux

atios from luminosity composites, black hole mass composites, and
IV blueshift composites, respectively, each normalized to the flux of

he C IV emission line. The error for each line in the tables represents
he measurement uncertainty of that line, without propagating the
rror of the C IV line from the normalization. Fig. B1 presents the
ine flux ratios of (O III] + Al II)/C IV, Al III/C IV, Si III/C IV, and

III]/C IV as functions of the bolometric luminosity, black hole mass,
nd C IV blueshift. The online supplementary material includes a
omparison between the inferred metallicities using the N V/C IV

ine ratio and the (Si IV + O IV)/C IV line ratio as well as figure sets
hich show sample fits of selected individual spectra, bolometric lu-
inosity composites, black hole mass composites, and C IV blueshift

omposites.
MNRAS 513, 1801–1819 (2022)

ty composites normalized to the flux of the C IV emission
layed line, independent of the C IV uncertainty.

–47.17 47.17–47.30 47.30–47.40 47.40–47.70

± 0.09 1.86 ± 0.81 1.32 ± 0.07 0.59 ± 0.02
± 0.09 1.01 ± 0.03 0.63 ± 0.04 0.84 ± 0.02
± 0.02 0.14 ± 0.01 0.07 ± 0.02 0.21 ± 0.01
± 0.03 0.28 ± 0.01 0.40 ± 0.02 0.39 ± 0.01
± 0.04 – – –
– 0.04 ± 0.01 – –
± 0.02 1.00 ± 0.01 1.00 ± 0.02 1.00 ± 0.01
± 0.01 0.21 ± 0.01 0.18 ± 0.01 0.18 ± 0.00
± 0.03 0.05 ± 0.04 0.09 ± 0.04 0.06 ± 0.00
± 0.02 0.06 ± 0.04 0.02 ± 0.04 0.05 ± 0.01
± 0.01 0.09 ± 0.00 0.09 ± 0.01 0.15 ± 0.00
± 0.01 0.06 ± 0.02 – 0.18 ± 0.01
± 0.04 0.53 ± 0.02 0.76 ± 0.03 0.47 ± 0.01
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Table B2. Table of line flux ratios from the black hole mass composites normalized to the flux of the C IV emission line. The
uncertainty represents the measurement error of the displayed line, independent of the C IV uncertainty.

Line / log(MBH/M�) 8.40–8.75 8.75–8.87 8.87–8.98 8.98–9.20 9.20–9.40 9.40–9.80

Ly α 1.59 ± 0.26 0.68 ± 0.21 1.58 ± 0.27 1.49 ± 0.21 0.87 ± 0.05 1.10 ± 0.41
N V 0.66 ± 0.17 0.73 ± 0.24 0.98 ± 0.23 0.77 ± 0.10 0.91 ± 0.08 0.78 ± 0.35
Si II 0.36 ± 0.18 0.26 ± 0.16 0.29 ± 0.10 0.15 ± 0.04 0.20 ± 0.04 0.37 ± 0.24
Si IV 0.13 ± 0.13 0.24 ± 0.15 0.25 ± 0.15 0.30 ± 0.05 0.09 ± 0.07 0.35 ± 0.33
O IV 0.12 ± 0.08 0.07 ± 0.11 0.24 ± 0.22 – 0.33 ± 0.13 –
N IV] 0.05 ± 0.05 – – – – –
C IV 1.00 ± 0.15 1.00 ± 0.23 1.00 ± 0.16 1.00 ± 0.05 1.00 ± 0.07 1.00 ± 0.18
He II 0.10 ± 0.05 0.25 ± 0.08 0.24 ± 0.07 0.17 ± 0.02 0.23 ± 0.03 0.20 ± 0.08
O III] 0.10 ± 0.10 0.03 ± 0.06 0.10 ± 0.07 0.11 ± 0.03 0.09 ± 0.04 0.05 ± 0.07
Al II 0.09 ± 0.11 0.06 ± 0.09 0.03 ± 0.05 0.00 ± 0.02 0.06 ± 0.04 0.15 ± 0.09
Al III 0.12 ± 0.07 0.24 ± 0.09 0.17 ± 0.05 0.11 ± 0.02 0.11 ± 0.02 0.25 ± 0.15
Si III – 0.17 ± 0.10 0.07 ± 0.10 0.14 ± 0.08 0.21 ± 0.06 0.38 ± 0.31
C III] 0.55 ± 0.20 0.46 ± 0.13 0.60 ± 0.18 0.52 ± 0.12 0.38 ± 0.09 0.51 ± 0.34

Table B3. Table of line flux ratios from the C IV blueshift composites normalized to the flux of the C IV emission line. The
uncertainty represents the measurement error of the displayed line, independent of the C IV uncertainty.

Line / C IV blueshift −200–680 680–1500 1500–2500 2500–3000 3000–4000 4000–5000
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

Ly α 1.08 ± 0.15 0.80 ± 0.09 0.94 ± 0.12 1.12 ± 0.51 0.49 ± 0.13 –
N V 0.83 ± 0.12 0.84 ± 0.08 0.76 ± 0.08 0.91 ± 0.19 1.39 ± 0.24 –
Si II 0.22 ± 0.08 0.13 ± 0.02 0.08 ± 0.03 0.18 ± 0.07 0.29 ± 0.08 –
Si IV 0.09 ± 0.09 0.22 ± 0.03 0.21 ± 0.08 0.16 ± 0.16 0.09 ± 0.16 0.35 ± 0.15
O IV 0.22 ± 0.09 – 0.15 ± 0.09 0.32 ± 0.22 0.51 ± 0.25 0.17 ± 0.20
N IV] 0.06 ± 0.05 0.01 ± 0.02 – – – 0.15 ± 0.12
C IV 1.00 ± 0.11 1.00 ± 0.06 1.00 ± 0.07 1.00 ± 0.20 1.00 ± 0.13 1.00 ± 0.16
He II 0.14 ± 0.03 0.19 ± 0.03 0.20 ± 0.03 0.27 ± 0.09 0.23 ± 0.06 0.34 ± 0.09
O III] 0.11 ± 0.06 0.11 ± 0.03 0.07 ± 0.04 0.02 ± 0.03 0.07 ± 0.05 0.14 ± 0.06
Al II – – – 0.07 ± 0.05 – 0.16 ± 0.07
Al III 0.04 ± 0.03 0.07 ± 0.02 0.10 ± 0.03 0.15 ± 0.03 0.20 ± 0.04 0.43 ± 0.09
Si III 0.05 ± 0.05 0.09 ± 0.07 0.15 ± 0.06 0.27 ± 0.06 0.31 ± 0.04 0.32 ± 0.16
C III] 0.43 ± 0.09 0.48 ± 0.11 0.47 ± 0.08 0.29 ± 0.06 0.27 ± 0.04 0.27 ± 0.13
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Figure B1. Line flux ratios of (O III] + Al II)/C IV, Al III/C IV, Si III/C IV, and C III]/C IV as functions of the bolometric luminosity, black hole mass, and C IV

blueshift of quasars in the sample. Composites are plotted as black squares while individual fits are represented by blue points. The orange shaded space indicates
a range of line ratios which are consistent with the metallicity indicated in the secondary axis based solely on varying the assumed ionizing SED in the various
photoionization calculations. We present the Spearman correlation coefficient and p-value for correlations based on fits of individual quasars only if the p-value
≤ 0.1.
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