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Abstract

The Fell/MgIl emission line flux ratio in quasar spectra serves as a proxy for the relative Fe to a-element
abundances in the broad-line regions of quasars. Due to the expected different enrichment timescales of the two
elements, they can be used as a cosmic clock in the early Universe. We present a study of the Fe 1I/Mg Il ratios in a
sample of luminous quasars exploiting high-quality near-IR spectra taken primarily by the XQR-30 program with
VLT XSHOOTER. These quasars have a median bolometric luminosity of log(Lyq[erg s ') ~47.3 and cover a
redshift range of z =6.0-6.6. The median value of the measured Fe II/MgII ratios is ~7.9 with a normalized
median absolute deviation of ~2.2. In order to trace the cosmic evolution of Fe II/Mg II in an unbiased manner, we
select two comparison samples of quasars with similar luminosities and high-quality spectra from the literature, one
at intermediate redshifts (z = 3.5-4.8) and the other at low redshifts (z = 1.0-2.0). We perform the same spectral
analysis for all these quasars, including the usage of the same iron template, the same spectral fitting method, and
the same wavelength fitting windows. We find no significant redshift evolution in the Fe /Mg I ratio over the
wide redshift range from z =1 to 6.6. The result is consistent with previous studies and supports the scenario of a
rapid iron enrichment in the vicinity of accreting supermassive black holes at high redshift.

Unified Astronomy Thesaurus concepts: Quasars (1319); High-redshift galaxies (734); High-luminosity active

galactic nuclei (2034)

Materials only available in the online version of record: figure set, machine-readable tables

1. Introduction

The first-generation galaxies and quasars formed and lit up
the dark Universe with ionizing photons when the age of the
Universe was less than 1Gyr. High-redshift (z 2 6) quasars
provide a direct probe of this epoch of cosmic reionization
thanks to their high luminosities (e.g., G. D. Becker et al. 2015;
S. E. I. Bosman et al. 2022). In the past two decades, a number
of quasars at z ~ 6-7.5 have been discovered (e.g., X. Fan et al.
2001; L. Jiang et al. 2007; C. J. Willott et al. 2010;

? Kavli Astrophysics Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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B. P. Venemans et al. 2013; S. L. Reed et al. 2015; E. Bafiados
et al. 2016; L. Jiang et al. 2016; E. Bafados et al. 2018;
Y. Matsuoka et al. 2018; F. Wang et al. 2019, 2021; Y. Matsuoka
et al. 2022). Most of those high-redshift luminous quasars host
supermassive black holes (SMBHs) with BH masses
Mgy~ 10°7'°M,, accreting near the Eddington limit (e.g.,
E. P. Farina et al. 2022; C. Mazzucchelli et al. 2023). The dense
gas orbiting around SMBHs in the broad-line region (BLR) is
observed as broad emission lines with the typical full width at
half maximum (FWHM) ~2000-10,000kms~" at rest-frame
UV and optical wavelengths. Photoionization models suggest
that the flux ratios of broad emission lines such as Nv/C1V,
NV/Hell and (SiIlv+O1V)/CIV can be used to estimate the
BLR metallicity (F. Hamann et al. 2002; T. Nagao et al. 2000,
but also see M. J. Temple et al. 2021 for the influence
of nonabundance parameters). While the BLR metallicity is
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expected to reflect the star formation history of the quasar host
galaxy, current observations suggest no significant redshift
evolution of the metallicity at redshift up to z~7.5 (e.g.,
T. Nagao et al. 2006; L. Jiang et al. 2007; Y. Juarez et al. 2009;
G. D. Rosa et al. 2011, 2014; C. Mazzucchelli et al. 2017; J.-
J. Tang et al. 2019; M. Onoue et al. 2020; J.-T. Schindler et al.
2020; S. Lai et al. 2022; S. Wang et al. 2022).

Among all BLR line flux ratios, the ratio of the Fe II pseudo
continuum in the rest-frame UV to the Mgl doublet at rest-
frame 2798 A (Fe I1/Mg I1 \2798) is of particular interest. Mg,
an «-element, is enriched mainly by core-collapse type II
supernovae (SNe II) soon after the onset of star formation (e.g.,
S. E. Woosley & R. D. Hoffman 1992). Fe is thought to be
efficiently produced by type Ia supernovae (SNe Ia) that evolve
from binary systems with a longer lifetime ~1Gyr (e.g.,
L. Greggio & A. Renzini 1983). The enrichment timescale of
Fe is thus delayed by ~1 Gyr relative to that of Mg. This time
delay of the Fe enrichment can serve as a cosmic clock (e.g.,
F. Hamann & G. Ferland 1993, 1999). Given that z > 6 quasars
have reached the first billion years of the Universe, one expects
to see a rapid decline of their Fe ll/MgII at z > 6, which is
sensitive to the star formation history in quasar host galaxies.
Observationally, no obvious redshift evolution has been
reported at redshift up to z~7.5 (e.g., K. Kawara et al.
1996; Y. Yoshii et al. 1998; K. L. Thompson et al. 1999;
M. Dietrich et al. 2002; F. Iwamuro et al. 2002; A. J. Barth
et al. 2003; M. Dietrich et al. 2003; W. Freudling et al. 2003;
R. Maiolino et al. 2003; F. Iwamuro et al. 2004; Y. Tsuzuki
et al. 2006; L. Jiang et al. 2007; J. D. Kurk et al. 2007;
G. D. Rosa et al. 2011, 2014; C. Mazzucchelli et al. 2017;
H. Sameshima et al. 2017; J. Shin et al. 2019; M. Onoue et al.
2020; H. Sameshima et al. 2020; J.-T. Schindler et al. 2020;
J. Shin et al. 2021; J. Yang et al. 2021; S. Wang et al. 2022;
Y. Yoshii et al. 2022). Based on the nonevolution of Fell/
Mg 11, it has been suggested that there are other mechanisms for
the Fe production, such as the presence of Population-III stars
(M. Onoue et al. 2020; D. Toyouchi et al. 2022; Y. Yoshii et al.
2022).

In previous studies of the Fell/MgIl redshift evolution,
quasar samples and spectral analysis methods are often
heterogeneous. Comparison samples at different redshifts were
usually from different studies, which may introduce systematic
uncertainties or even biases. For example, different studies
usually used different spectral fitting methods and different iron
emission templates (e.g., C. Mazzucchelli et al. 2017; J. Shin
et al. 2019). M. Onoue et al. (2020) showed that different
templates of the UV Fe II pseudo continuum introduce an offset
of 37% in Fell/Mg1I (see also e.g., J.-H. Woo et al. 2018;
J.-T. Schindler et al. 2020). In addition, different studies often
used different wavelength ranges or spectral windows for
emission-line fitting (e.g., L. Jiang et al. 2007; H. Sameshima
et al. 2017; S. Wang et al. 2022). This was limited by the
spectra available for different redshifts. The impact of all above
factors on the Fe II/Mg II measurement is not well understood.
Therefore, it is critical to measure the Fe 11/Mg I of quasars at a
wide redshift range based on a unified approach.

This paper presents our Fell/MgIl measurements of
6.0 <z<6.6 quasars using high-quality spectra taken by a
large spectroscopic campaign of VLT /XSHOOTER. The high-
redshift sample is compared with intermediate-redshift (z ~ 4)
and low-redshift (z ~ 1.5) samples in order to address the Fe 11/
Mg 11 evolution over cosmic time. The structure of the paper is
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as follows. We introduce our data sets and method of spectral
analyses in Sections 2 and 3 respectively. The results of our
Fell/Mgll measurements are shown in Section 4. We
discuss the systematic uncertainties and implications of our
results in Section 5 and summarize the paper in Section 6. In
this paper, we adopt a standard ACDM cosmology with Hy=
70kms ! Mpcfl, Qm=0.3, and 2, = 0.7. All the magnitudes
are reported in the AB system.

2. Data and Quasar Sample
2.1. The Enlarged XQR-30 Quasar Sample

XQR-30 is an European Southern Observatory (ESO) large
program (ID:1103.A-0817, P.I. V. D’Odorico; V. D’Odorico
et al. 2023) that spent ~250hr of observing time with the
XSHOOTER spectrograph (J. Vernet et al. 2011) at the Very
Large Telescope (VLT). The program provides high-quality
spectra of 30 quasars at 5.8 <z < 6.6 in the optical and near-
infrared wavelengths. These quasars are the brightest z > 5.8
quasars accessible from the Paranal Observatory known by
2018. The mean J-band magnitude of this sample is 19.44 mag.
The observations were carried out with a 0”9-wide slit in the
VIS (visible) arm and a 0” 6-wide slit in the NIR (near-infrared)
arm. This configuration yields the nominal spectral resolution
of R~ 8900 in the optical and R ~ 8100 in the near-infrared.
An additional set of 12 quasar spectra in the same redshift and
luminosity ranges were retrieved from the XSHOOTER
archive. These spectra have comparable data quality (e.g.,
G. D. Becker et al. 2015; S. E. 1. Bosman et al. 2018;
J.-T. Schindler et al. 2020). The combination of this sample and
the main XQR-30 sample, named as the enlarged XQR-30
sample (hereafter, E-XQR-30), consists of 42 spectra with a
total exposure times of ~350hr. The median -effective
resolving power of E-XQR-30 is R ~ 11,400 and 9800 in the
VIS and NIR arms, respectively. The data reduction of the
E-XQR-30 sample was performed using a modified version of
a custom IDL pipeline (G. D. Becker et al. 2012; S. Lépez et al.
2016; G. D. Becker et al. 2019). This pipeline provides optimal
spectral extraction, telluric correction, and sky subtraction
(particularly in the near-infrared range), which is optimal for
our science goal (S. Noll et al. 2012; A. Jones et al. 2013). The
E-XQR-30 NIR spectra are not corrected for Galactic
extinction, whose effect is typically negligible at the observed
wavelength (V. D’Odorico et al. 2023). More details of the
E-XQR-30 quasars and data reduction can be found in
V. D’Odorico et al. (2023).

We used the NIR-arm spectra (0.98-2.48 um) of the
E-XQR-30 quasars for our analyses, since the Fe Il and Mg II
emission lines are redshifted to the near-infrared wavelengths at
7> 6. These quasars have mean signal-to-noise ratios (SNRs)
per pixel above 20 at 2750-2850 A. We removed DELS J1535
+1943 from our final sample because its dust-reddened
continuum (J. Yang et al. 2021) cannot be modeled with a
single power-law function. We also removed SDSS J0100
42802, one of the external E-XQR-30 quasars discovered by
X.-B. Wu et al. (2015), because its line shape of Mgl is
strongly affected by the atmospheric absorption at 2.05 pm.
There is one gravitationally lensed quasar in our sample,
UHS J0439+1634 (X. Fan et al. 2019a), and we take into
account the magnification factor of 51.3 reported in X. Fan
et al. (2019a). Based on our visual inspection, we further
rejected quasars with strong broad absorption lines and quasars
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Table 1
The Measured Properties of the E-XQR-30 Quasars
FWHM
ID Zmgn  Jap  References EW Mg il Mgl EW °Fe 0 Fen/Mgn log(ALsooo)  10g(Lbo))  Lvoi/Leaa  (Fe /Mg 1),
(A) (km s~ (A) (ergs™ (erg s

@D 2) (3) @ 5) (6) (M ®) ) (10) (11) (12)
PSO J158-14 6.065 19.27 A3) 1931302 271175 143.0%33 7411013 467801080 47.49759)  1.83104 4554033
SDSS J0842+1218 6.067 19.70 3) 32461030 3238138 2904130 8955018 4651130007 47.22709)  0.947033 6.451942
PSO J239-07 6.114 19.35 1) 20.374028 3386130  244.613% 8337009  46.68475001 47.407019  1.05783] 58475092
PSO 1217-16 6.135 19.69 1) 19.367932 3212482 182473 9.423‘}_{? 46.5037999%  47.21*019  0.9579% 6.78t8§8
PSO 1359-06 6.169 19.85 1) 2143793 244673 287.0932 1339702 46.5087390% 47227010 1.647042 8.441033
PSO JO60+24 6.170  19.95 A3) 17.86t8§)l 268313 141.6%3)  7.93701  46.489700%  47.2020% 1.33t8§3 525503
VDES J2211-3206 6330 19.54 A3) 28.861041  3123%) 2291733 7.94701% 467031000 47.413019 126703 5.337033
PSO J183+05 6.428 19.77 ) 3170708 3502775 326.1171  10.291030  46.370105%F  47.08°019  0.68%012 8.0019:%4
VDES 10224-4711 6.525 19.73 @3) 31667 zg 323973 1522133 481H000 467971000 47.51:‘{,{3 1.30t8_§§ 3.20+03
PSO J231-20 6.564 19.60 A3) 23.06704 417978 278.67835  12.087037  46.5537000%  47.26°0% 0597913 9.73+078
PSO J323+12 6.585 19.63 A3) 37.81%); 23 276474 3035750 8.03701% 4654379007 4726700 134793 5317937
ULAS J131940950  6.117 19.58 A3) 21347937 3989788 1142738 5351017 4656875303 47281097 0.66%01 420103
CFHQS J1509-1749  6.119 19.75 ©)) 16.887031 3448139 421730 249731 46.628%00% 4734739 0.957932 179404
SDSS 110300524 6.304 19.87 @3) 26997938 316173 141.373% 5247012 46.581799%3 47.29t8_?§ 1.07793¢ 3.6602¢
VST-ATLAS J025-33 6330 19.10 A3) 18907922 347174 740722 391%010  46.83870907  47.55°090  1.19%0% 266797
WISEA J0439+1634  6.520 17.47 A3) 17.60150¢ 2982711 1223793 695759 458847000  46.60709  0.547 }g 5731938
PSO J036-+03 6.527 19.40 @3) 5431020 25567112 44.0131 811708 46.80879%%3  47.52101) 212708 4815938

Note. The Mg 1I redshifts of the quasars are given in column (2). The J-band magnitudes and their references are listed in columns (3) and (4). The measured FWHM

Mg 11 in unit of km s~

'and EW Mg 11 in unit of A are listed in columns (5) and (6). The measured EW Fe II in unit of Ais given in column (7). Since the EWs in this

study were derived from scaled flux, the Fe I1/Mg Il (column (9)) are equal to the flux ratios. The rest-frame continuum luminosity ALzggo, the bolometric luminosity
Lo and the Eddington ratio Lye/Lgdq are listed in columns (9)—(11). The Fe 11/Mg I results after correcting the Eddington ratio dependence are listed in column (12).
The measurement uncertainties were derived from a Monte Carlo simulation based on the flux error at each wavelength step.

References. (1) E. Bariados et al. (2016); (2) C. Mazzucchelli et al. (2017); (3) N. P. Ross & N. J. G. Cross (2020).

(This table is available in machine-readable form in the online article.)

at redshifts z < 6.05, whose Mg II emission lines in the spectra
are severely affected by the heavy atmospheric absorption at
~1.9 um. We also rejected PSO J065-26 and PSO J217-07,
because their Mgl lines are strongly affected by the
atmospheric absorption at ~2 ym. In the end, our E-XQR-30
sample consists of 17 quasars at redshifts between 6.05 and 6.6.

For each selected quasar, its VIS- and NIR-arm spectra were
merged with each other using their overlapping spectral region at
1.00-1.02 pm. The merged spectrum was then scaled to match the
J-band photometry of the quasar. The J-band magnitudes of our
quasars were collected from the literature (see Table 1; E. Bafiados
et al. 2016; C. Mazzucchelli et al. 2017; N. P. Ross &
N. J. G. Cross 2020). Finally, we rebinned the spectrum by an
integer number of pixels using a public code SpectRes
(A. C. Carnall 2017) so that all quasar spectra have a fixed
wavelength step of 50 km s ™. This step harmonized the resolution
of different spectra to reduce systematic bias. The bolometric
luminosity was derived by applying a bolometric correction of
Lipoi = 5.15 X Mg (Y. Shen et al. 2008), where Lzono is the
luminosity at rest-frame 3000 A. The typical error in the bolometric
correction is ~0.1 dex (G. T. Richards et al. 2006), and this error is
propagated into the uncertainty estimate for L. The median
bolometric luminosity of the final sample of E-XQR-30 is
log(Lyolerg s_l]) ~47340.1, where the uncertainty is the
normalized median absolute deviation (NMAD). The measured
Ly scatter of the E-XQR-30 sample is similar to the propagated
uncertainty of each Ly, The minimum and median values of the
mean SNRs per pixel at the rest-frame 2250~ 2350 A of the

rebinned spectra are 40 and 52, respectively. Figure 1 shows two
examples of the final spectra at rest-frame 2100-3100 A.

2.2. The XQ-100 Quasar Sample

The intermediate-redshift sample is from XQ-100, another
VLT/XSHOOTER large program of ESO (ID:189.A-0424,
P.I. S. Lépez; S. Lépez et al. 2016). XQ-100 provides 100
high-quality quasar spectra at z~ 3.5-4.8. The adopted slit
widths were 1”70 in the UVB arm and 0”9 in the VIS and NIR
arms, providing the nominal resolution of 5400, 8900, and
5600, respectively. The data reduction of XQ-100 was done
using a custom IDL pipeline similar to that for E-XQR-30. The
XQ-100 spectra are also not corrected for Galactic extinction
for the same reason as E-XQR-30. The reduced data were
retrieved from the ESO archive. From the XQ-100 sample, we
selected 78 quasars at 3.5 < z < 4.8 whose Mg II emission lines
are not severely affected by the atmospheric absorption at
1.35-1.42 pm. We thus removed quasars at z = 3.82-4.08. We
also removed another quasar (JO747+2739) whose telluric
absorption is not well corrected.

The XQ-100 spectra were merged, scaled, and rebinned
using the same methods as for the E-XQR-30 spectra. We
referred to the J-band photometry reported in existing NIR
surveys, including the VISTA Hemisphere Survey
(R. G. McMahon et al. 2013), VISTA Kilo-degree Infrared
Galaxy Survey (A. Edge et al. 2013), UKIRT Hemisphere
Survey (S. Dye et al. 2018), UKIDSS Large Area Survey
(A. Lawrence et al. 2007), and Two Micron All Sky Survey


https://doi.org/10.3847/1538-4357/ad7d09

THE ASTROPHYSICAL JOURNAL, 975:214 (16pp), 2024 November 10

Jiang et al.

Observed wavelen

000 . 1900%th [A(JOOO

15000 16000 17000 21000
8 SDSSJ0842+1218 (Z 6. 067) ~ Bestfit model — Fe I 1
PL + BC - BC

r - Mgll
o L
| Y |
oL l R
_ / § ]
I ————— P a—
m 1 " " " 1 " " " 1
~ ggﬁm 0 »a y wiﬁm L L ’M MW 'w“ﬂ] Mn.lm‘.ﬂmu.%
'E_d3 HHWWM||WIw”H ITWW”’” gdm . nmv %TW"3%%WW'”
; 16000 17000 1800Q . .19000. ?OOOQ ?100Q .22000. ?3000
T 10 VDES J0224-4711 (z46.525) ]
58 ]
G (WYY L v " ]
O L Y i T [T LY | TR Rithrtide 4 1
= o TIETT w""l |m| l"l']"'r'l rwy :
< 2 /\[\J :
L : ]
of - ]

0.5 yunn Mumx T I

00 “ . 1 ‘ AW (L A

—o.5Hl' [ \ ﬁHﬂﬂ@Wth A e A

2200 2400

2600 2800 3000

Rest wavelength [A]

Figure 1. Spectral fitting for two representative spectra in the E-XQR-30 sample at Mg ~ 2100-3100 A. The heavy atmospheric absorption regions at
18200-19400 A are masked out in the figure. In each panel, the color-coded lines show the power-law continuum plus Balmer continuum (PL + BC, orange), the
Balmer continuum only (BC, brown), the scaled Fe Il template from Y. Tsuzuki et al. (2006) (Fe II, green), and the Mg II emission line (Mg II, blue). The red line
shows the sum of all components (best-fit model). For each spectrum, the residual flux of the best-fit model with the +10 observed errors (gray ranges) is shown in the
lower subpanel. We also smooth the errors and use the pink curves to indicate their boundaries. The full list of the spectra with the best-fit model fits are published as
online figures, and the captions of the online figures are the same as the caption of this figure (but for different quasars).

(The complete figure set (17 images) is available in the online article.)

Point Source Catalog (R. M. Cutri et al. 2003). The exact
reference of each quasar is reported in Table 2. The median
bolometric luminosities of the XQ-100 sample is log(Ly[erg
s ') ~47.5 £ 0.2, which is similar to that of E-XQR-30. The
minimum and median values of the mean SNRs per pixel at
rest-frame  2250-2350 A of  this sample are 30 and 70,
respectively, which are comparable to the SNRs of the
E-XQR-30 spectra. Figure 2 shows two examples of the
spectra.

2.3. The SDSS DRI16 Quasar Sample

We selected our low-redshift sample from the Data Release
16 of the Sloan Digital Sky Survey quasar catalog (hereafter,
SDSS DR16Q; B. W. Lyke et al. 2020). The SDSS DR16Q
spectra are all corrected for Galactic extinction using the dust
map of D. J. Schlegel et al. (1998) by B. W. Lyke et al. (2020).
The spectral resolution of the SDSS DR16Q quasar spectra is
R ~2000 (150 km s per each resolution element), which is
lower than the resolutions of E-XQR-30 and XQ-100. We
tested the effect of the resolution using z > 6.05 E-XQR-30
quasar spectra, whose MgII emission lines are free from the
atmospheric absorption window and thus more closely
resemble the SDSS spectral situation. We degraded the
E-XQR-30 quasar spectra with a Gaussian kernel to reduce

the spectral resolutions from their effective resolutions reported
in V. D’Odorico et al. (2023) to 2000. The median Fe II/Mg II
value of the degraded sample is only 2% lower than that of the
original sample, within 0.15 ¢ significance.

The comparison of the Fell/MgIl values is presented in
Appendix A. Therefore, we concluded that the relatively low
spectral resolution of the SDSS DR16Q sample does not affect
our measurements of Fe II/Mg II.

We chose SDSS DRI16Q quasars that have similar
bolometric luminosities as the E-XQR-30 and XQ-100 quasars.
We first used the median SNRs of the SDSS spectra provided
by the DR16Q catalog to select high-quality spectra, requiring
median SNRs higher than 20 per pixel. We also limited our
low-redshift range to 0.81 <z < 1.97 so that the SDSS spectra
cover the rest-frame 2100-3100 A. This redshift range is
slightly different from that of H. Sameshima et al. (2017), who
used the SDSS spectra at 0.72 <z < 1.63 to perform Fel1/
Mg I measurements. This is because the spectral window for
their emission-line fitting, the rest-frame 2200-3500 A, is
different from ours. We will discuss the effect of these two
different spectral windows in Section 5.1. For each quasar in
the sample, we scaled its spectrum to match the r-band
photometry of the quasar. We then fitted the spectrum to
measure L3poo and computed the bolometric luminosity from
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Table 2
The Measured Properties of the XQ-100 Quasars
1D Mg 1 JAB Reference Flag EW Mg FWHM Mg 11 EW Fell Fe /Mg 11 log(A3000) log(Lpor) Lio1/Lida (Fe 11/Mg 1),
(mag) (A) (km s (A) (erg s (erg s™")

1) 2) (3) @) (5) (6) (7 ®) ) (10) 1) 12) (13)
7133254005250 3.509 17.84 0)) 1 18.6179:9% 251142 89.6112 4.8115% 46.80410:50!1 47.52739 2197939 2.83+539
HB89 1159+123 3.516 16.71 0)) 0 30.483% 3119+19 254.9%13 8.361004 47.184 350! 47,9051 2.2010:38 49193
SDSS 11024+1819 3.520 17.88 6] 0 21357033 404878 95.1%39 4457013 4678210091 47.497093 0.827939 3.3250%8
J101818+054822 3.521 18.50 2 1 27.04+3:18 357513 109.0%9 4.035007 465401551 4725703 0.80507 3.02532
J144250+092001 3.536 17.38 @) 1 19.447019 511813 60.17}4 3.0979%¢ 4701543501 47734019 0.67+511 2414018

Note. The same table as Table 1 but for the XQ-100 sample. The column (5) lists the flags of whether there is a suspicious arm-connection problem in this spectrum at <2200 A, with 0 indicating normal and 1 indicating
a problem. Only a fraction of the XQ-100 sample are presented here.
References. (1) R. M. Cutri et al. (2003), (2) A. Lawrence et al. (2007), (3) A. Edge et al. (2013), (4) R. G. McMahon et al. (2013), (5) S. Dye et al. (2018).

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 2. Same as Figure 1 but for the XQ-100 sample. The heavy atmospheric absorption regions at 13500-14200 A are masked out in the figure. The Fe 1I/Mg 1T
ratios of BRI 0952-0115 (upper panel) and J111701 + 131115 (lower panel) are 5.15° 334 and 3.74=5-3%, respectively. The full list of the spectra with the best model
fits are published as online figures. For the XQ-100 spectra that show flux correction problems as deicrlbed in Section 3, they are labeled with Flag = 1 in Table 2 and

their affected wavelength regions are marked with a red bar in the online figures.

(The complete figure set (78 images) is available in the online article.)

Liooo. We selected 1291 SDSS quasars in the bolometric
luminosity range of log (Lyq[ergs™ 1) ~ 47.0-48.0.

We selected our final low-redshift sample from these 1291
high-luminosity SDSS quasars, forcing it to follow the
luminosity distribution of the E-XQR-30 and XQ-100 samples.
This procedure enables us to have a better control over the
three quasar samples at different redshift ranges. To achieve
this goal, we extracted a luminosity-matched sample of 99
quasars from the SDSS quasars. The selected sample size is
limited by the small number of high-luminosity quasars (log
(Lpoilerg s™ ') >47.5) in the 1291 SDSS quasars. These 99
SDSS quasars span a redshift range of 0.95 <z<1.97, and
their minimum and median values of the mean SNRs per pixel
at rest-frame 2250-2350 A are 24 and 39, respectively.
Figure 3 shows two examples of the spectra. Figure 4 shows
the bolometric luminosity distribution of the three samples as a
function of redshift.

3. Spectral Analyses

We carried out multicomponent spectral fitting for the three
quasar samples introduced in Section 2. For each quasar, its
observed continuum was decomposed into a power-law con-
tinnum (Fpp = Fp A™), a Balmer continuum (Fgc), and an iron
pseudo continuum, with three free parameters, namely the scale
factor and the slope of a single power-law function, and the scale
factor of the UV iron template. To measure the Fe IT flux, we used
the empirical iron template from Y. Tsuzuki et al. (2006; hereafter

the TO6 iron template). The TO6 iron template is based on a high
resolution spectrum of I Zw I, a narrow-line Seyfert 1 galaxy at
z=0.061. This template has been frequently used in the literature
(e.g., H. Sameshima et al. 2017; J. Shin et al. 2019; M. Onoue
et al. 2020; J.-T. Schindler et al. 2020; J. Shin et al. 2021;
S. Wang et al. 2022). It is also suited for our analyses, because it
takes into account the Fe Il contribution underneath Mg IT based
on photoionization models. The iron template was convolved with
Gaussian kernels to generate a range of line widths of
FWHM = 500-10,000 km s ™", with a step size of 500km s~ .
For the underlying Balmer continuum, we adopted the
following formula introduced by S. A. Grandi (1982),

Fac = Fag B\(T,) (1 — ¢ ™0/ we)’), (1)

where B)\(T,) is the Planck function at an electron temperature 7,
and 7, is the optical depth at the Balmer edge Agg = 3646 A.
Owing to the limited wavelength coverage, we followed previous
studies (e.g., M. Dietrich et al. 2003; J. D. Kurk et al. 2007;
G. D. Rosa et al. 2011; C. Mazzucchelli et al. 2017; J. Shin et al.
2019; M. Onoue et al. 2020; J.-T. Schindler et al. 2020; S. Wang
et al. 2022) and fixed the normalization factor Fgg to be 30% of
Fpr (A=3675 A). The two parameters 7, and 7, were fixed to be
15,000K and 1, respectively, following the literature (e.g.,
G. D. Rosa et al. 2011; C. Mazzucchelli et al. 2017; J. Shin et al.
2019; M. Onoue et al. 2020; J.-T. Schindler et al. 2020). These
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Figure 3. Same as Figure 1 but for the low-redshift SDSS sample. The smoothed errors are not shown for SDSS spectra. The Fe 1I/Mg II ratios of SDSS 081946.32
+414247.2 (upper panel) and SDSS 113448.31+333105.2 (lower panel) are 431109 and 3.757598, respectively.
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Figure 4. The redshift—bolometric luminosity plane of the three quasar samples used in this work. The red circles, green diamonds, and blue pentagons represent the
E-XQR-30 quasars at 6.0 < z < 6.6, the XQ-100 quasars at 3.5 < z < 4.8, and the low-redshift SDSS quasars, respectively. Their typical measurement errors of
log Ly are shown in the lower right corner. These quasars are among the most luminous quasar populations at these epochs (47.0 < log Ly [ergs™'] < 48.0).

choices can help us avoid systematic differences when we
compare with previous results later.

We generated a model to fit the spectrum with the single
power-law continuum, the Balmer continuum, and the T06 iron
template. The fitting method is similar to that described in
M. Onoue et al. (2020), and is slightly modified to suit our three
samples and science goals. The VIS and NIR arms of

XSHOOTER cover a wide wavelength range of 550-2480 nm.
To focus on Fe 11 and Mg 11 in this study and optimize our results,
we chose to fit the NIR-arm spectrum only. The employed
continuum-iron fitting windows are A = 2100-2750 Aand
2850-3100 A. The robustness of the continuum measurement in
this spectral range is discussed in Section 5.2. We excluded the
strong atmospheric absorption ranges for each E-XQR-30 and
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XQ-100 spectrum, and modified the longest wavelengths fitted
for some spectra due to their limited spectral coverage. A small
number of the XQ-100 spectra displayed a glitch in the
connection region between the NIR and VIS arms, due to a
wavelength-dependent flux correction problem. This will likely
affect our measurements of the continuum and Fe II/Mg II values.
We visually checked the spectra and adjusted the continuum
+iron fitting windows for these spectra. Wavelength regions with
suspicious arm-connection problems were excluded. We also
flagged them in the XQ-100 online table (see Table 2). All best-
fit models performed well near Mgl and in most of the Fell
measurement regions. The results change by only ~1% without
these flagged spectra, suggesting that this has very limited impact
on our study. For completeness, we still used the full XQ-100
sample in our analyses. The low-redshift SDSS sample did not
change because it has no strong atmospheric absorption bands.
These fitting windows cover some weak emission lines such as
[CII] A2326 and [O1I] A\2471, but the distribution of the iron
pseudo continuum is much wider than these small emission lines,
and thus they do not affect our spectra fitting results.

The quasar spectra were iteratively fitted to obtain the power-
law scale and slope factors, and the scale factor of the iron
template. We redshifted the iron templates to the Mg II-based
redshift, without considering a potential velocity shift. The fitting
steps on the continuum+-iron windows are described below.

1. A single power-law continuum plus Balmer continuum
were fitted to the spectrum.

2. The iron template was fitted to the continuum-subtracted
spectrum.

3. The continuum model was updated by repeating the
continuum fitting to the spectrum after subtracting the
iron model.

All fitting steps above used the least-square method. The
second and third steps were repeated until the three parameters
achieved <1% convergence. In the procedure, we used all iron
templates with different line widths, and selected one iron
model that returned the minimum x> value at the continuum
+iron windows. The broad Mg Il emission line was then fitted
to the residual spectrum after subtracting the best-fit continuum
+iron model. A single Gaussian profile was used to fit the
emission line. The two MgIl double emission lines mix
together due to the broad-line width, so a single Gaussian
profile is sufficient for the fit. The fitting window for Mg II was
Arest = 2750-2850 A.

We ran the above procedure twice. After the completion of
the first iteration, we used the best-fit models to perform a
single round of 3¢ clipping to mask out the pixels that could be
significantly affected by strong sky lines or cosmic rays. The
sigma is the observed flux error. We then performed the second
iteration after the sigma clipping. Figures 1, 2, and 3 show a
few examples of the high-redshift E-XQR-30, intermediate-
redshift XQ-100, and low-redshift SDSS spectra with their
best-fit models, respectively.

The Fell flux was calculated by integrating the scaled iron
template over 2200 < A5 [A] < 3090. The equivalent widths
(EWs) of the Fell and MgII emission lines were derived by
dividing the line flux by the power law plus Balmer continuum
flux at Ay =3000A. This procedure is to make a direct
comparison with H. Sameshima et al. (2017) and M. Onoue
et al. (2020), who measured EWs in the same way. We also
calculated the Fell and Mgll EWs using the standard EW

Jiang et al.

measurement. The differences of the measured EWs from the
two methods are only 0.06-0.08 dex, and are much smaller
than the measurement errors. The monochromatic luminosity
AL3z000 and bolometric luminosity L, were measured using the
method described in Section 2.1.

We propagated the measurement uncertainties using Monte
Carlo simulations. Specifically, we generated 1000 mock
spectra for each quasar. The flux at each wavelength was the
original flux plus an error flux. The error flux was randomly
drawn from a Gaussian distribution with o equal to the
observed error at this wavelength. We repeated our fitting
process for each version of the noise-added spectrum. We
obtained a distribution of the 1000 results for each continuum
+emission parameter, and their 1o uncertainties were measured
from the 16th and 84th percentiles of the distribution.

4. Results
4.1. Emission-line Properties

The Fell and MgIl broad emission-line properties are
derived from our best-fit models. With our Mg I measurement
using the TO6 iron template, we estimate the Eddington
luminosities of the quasars in all samples by the following
formula

Lgga = 1.3 x 1038(@)erg s~ )

O]

where Mpy is the BH mass calculated using the virial relation
from M. Vestergaard & P. S. Osmer (2009). The Eddington ratio
Lio1/Ligq is obtained by dividing the bolometric luminosity by the
Eddington luminosity. The uniform measurements of the
Eddington ratios for our three redshift samples help us correct
the correlation between the Fell/Mg1I ratio and the Eddington
ratio (see Section 4.2). The measurement uncertainties of these
quantities are derived from the same Monte Carlo simulations as
described in Section 3. We calculate these ratios from the 1000
mock spectra of each quasar and obtain their distributions. The 1o
uncertainties are measured from the 16th and 84th percentiles of
the distributions.

The measured properties of the E-XQR-30 quasars are
presented in Table 1. The emission-line properties of the low-
redshift and intermediate-redshift samples are measured in the
same way. The measured properties of the XQ-100 and SDSS
samples are shown in Tables 2 and 3 respectively, with
machine-readable formats available online.

4.2. Dependence on the Eddington Ratio

The Fe 1I/Mg 11 flux ratio has been used as a proxy for the Fe/
Mg abundance ratio (i.e., [Fe/a]). It is expected to show a dramatic
change at cosmic age ~1Gyr due to the different evolution
timescales of SNe Ia and SNe II, the major producers of Fe and Mg
respectively (e.g., F. Hamann & G. Ferland 1993, 1999). On the
other hand, observations have shown that the Mgl EW
anticorrelates with the Eddington ratio (X.-B. Dong et al. 2011;
H. Sameshima et al. 2017). This dependence on the nonabundance
parameter has to be corrected when one addresses the chemical
enrichment of the BLR cloud. Photoionization models show that
this Eddington ratio dependence can be attributed to the different
origin of the Fe Il and Mg I emission. H. Sameshima et al. (2017)
argued that Mgl mainly originates from the fully ionized zone



Table 3
The Measured Properties of the SDSS Quasars
1D ZMg 1 r EW Mg 1t FWHM Mg 11 EW Fe 11 Fe /Mg 11 log(AL3000) log(Lpo1) Lo/ Lida (Fe 11/Mg 1),
(mag) A (km s™") (A) (erg s™") (erg s™1)

1) ) (3) (C)] (5) (6) @] @) ©) (10) a1
SDSS135823.98-+021343.8 0.953 15.73 12.49%0:14 4374778 821714 6.57+313 46.610+39% 47.324018 0.58+318 5.3270%
SDSS142107.56-+253821.0 1.053 15.58 18.97+513 266673 109.7+12 5.78+0% 46.74010:5% 47.4570% 179704 3.575938
SDSS082045.38+130618.9 1.128 15.92 13.237912 281078 86.0714 6.50913 46.68010:0% 47.3970:19 1527938 418793}
SDSS120858.01+454035.4 1.164 15.28 19154518 4256148 96.7+13 505590 46.95079:000 47.67°0% 091792 3.67153¢
SDSS143120.53+395241.5 1212 16.19 21637933 5563+ 95.2%32 4407518 46.64010:5% 47.357319 0.37°9% 3.9770%

Notes. The same table as Table 1 but for the low-redshift SDSS sample.
# The r-band magnitudes are quoted from H. Aihara et al. (2011).

(This table is available in its entirety in machine-readable form in the online article.)
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(FIZ), while Fe I mainly originates from the partially ionized zone
(PIZ). When the gas density increases, the electron temperature of
the FIZ decreases, the fraction of MgJr increases, and thus the Mg II
emitted by the collisional excitation is stronger. Meanwhile, the
electron temperature of the PIZ and its Fe" and Mg" fractions are
basically unchanged. In order to correct for this density effect,
H. Sameshima et al. (2017) introduced a correction to take into
account the Eddington ratio dependence of the observed Feli/
Mg ratio:

3)

EWMg ). = EW(MgII)(
¢ Lo/ Ligd

(Lvol/ Leda) )a

where the median value of their measured Eddington ratios is
(Lvol/Lgaa) = 107°%%, and the power-law index is a = —0.30. We
apply this correction to previous samples (except the XQz5
sample; see below) that will be used to compare with our results.

For our samples (i.e., the samples for which we measured the
Fell/Mg I ratio ourselves), we slightly modify the correction,
because our spectral fitting windows are different from those of
H. Sameshima et al. (2017) and thus there is an offset between the
two Fell/Mg Il measurements (see Section 5.1). We perform a
linear regression for the 1291 high-luminosity low-redshift SDSS
DR16Q quasars to derive a new empirical correlation between the
Eddington ratio and the Fe 11/Mg I ratio. From our analyses, the
median value of the Eddington ratios is (Lye/Lgad) = 10~ %%% and
the power-law index is a= —0.24 +0.01. We propagate this
uncertainty of the power-law index into the uncertainty estimate
for (Fell/MgII).. We use this new correction in our following
analyses, assuming that the Eddington ratio dependence does not
evolve with redshift. Figure 5 shows the observed Fell/MgII
ratios before and after this correction, as well as their linear
regressions. We also apply our correction to the XQz5 sample that
consists of 83 luminous quasars between 4.5 <z<5.3 with
optical and near-infrared spectroscopic observations (S. Lai et al.
2024). The luminosity range of this sample is similar to ours. The
Fe 11/Mg I values of the XQz5 quasars were measured by S. Lai
et al. (2023), and were further corrected to match our
measurement for a fair comparison.

4.3. No Redshift Evolution of Fe 1i/Mg I

The Fe 11/Mg I flux ratios of our three samples are presented in
the top panel of Figure 6. Other measurements that used the T06
iron template and reported Fe II flux at the same wavelength range
(2200 A< At < 3090 A) are also shown in the same figure
(H. Sameshima et al. 2017; J. Shin et al. 2019; M. Onoue et al.
2020; J.-T. Schindler et al. 2020; J. Shin et al. 2021; S. Wang
et al. 2022). The middle panel of Figure 6 shows the Fe II/Mg Il
line ratios after correcting the Eddington ratio dependence. We
show the median and NMAD of the corrected Fe II/Mg II ratios
for each sample in the bottom panel of Figure 6, and compare
their distributions at redshift from z =0 to z > 7. We analyze the
evolutionary trend of Fe II/Mg1I using both original Fe 11/Mg II
measurements and corrected values (Fe II/Mg II),. from our SDSS,
XQ-100, and E-XQR-30 samples. The linear regression shows the
slopes of Fell/Mg T versus redshift are 0.035 £ 0.034 dex and
0.021 £0.041 dex in the logarithmic scale, respectively. Both
slopes are consistent with zero within 1o.

The median flux ratios before and after the Eddington ratio
correction for the E-XQR-30, XQ-100, and SDSS samples are
presented in Table 4. We find no significant redshift evolution
in the corrected FelI/Mg1I flux ratios from z=0.95 to 6.59,
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Figure 5. Correlation between the Eddington ratio and Fe 11/Mg 11 line flux ratio.
The upper panel shows the observed correlation and the lower panel shows the
correlation after correcting for the dependence of the Eddington ratio (Section 4.2).
The symbols and colors are the same as in Figure. 4. The side panels show the
normalized histograms. The dashed lines are the linear regressions of the shown
data points, and the results are log(Fe 1I/Mg 11) = 0.26 X 10g(Lyo1/Lgaa)+0.77 in
the upper panel and log(Fe II/Mg 1), = —0.02 X log(Lol/Lgaa)+0.64 in the
lower panel. The uncertainty ranges of the linear regressions are obtained by the
least-square method, and shown as the shaded regions. The weak negative slope
of corrected Fe I1/Mg 1I in the lower panel is insignificant.
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suggesting early iron enrichment in the vicinity of massive
black holes. Most measurements in the literature also fall
within the 1o range of the low-redshift SDSS sample. Possible
systematic biases in these measurements will be discussed in
Section 5.1. The large scatter of Fe 1I/Mg 11 flux ratios in the
high-redshift sample will be discussed in Section 5.3.

We also estimate the dependence of the EWs of Fell and
Mgl on redshift using our three samples. With the linear
regression, we calculate the slopes of the relations between EW
and redshift for the two emission lines. The results in the
logarithmic scale are 0.027 +0.065 and 0.011 £0.045,
respectively, suggesting no significant evolution within 1o.

5. Discussion
5.1. Systematic Uncertainties of the Fe II/Mg II Measurements

Systematic uncertainties of the Fell/Mgll line ratio
measurements were not included in the reported uncertainties.
They can be caused by different iron templates, spectral fitting
windows, emission-line fitting models, data reduction, etc. In
this section, we discuss some systematic uncertainties of the
measurements and their implications. We mostly focus on
(Fe /Mg II)., which is the measured Fe I1/Mg 1I corrected for
the Eddington ratio dependence using the method in
Section 4.2.

First of all, the Fell/MgIl measurements rely on iron
templates. Our study used the TO6 iron template. To test the
systematic bias between the TO6 and VWOI iron templates, we
perform the same fitting method for three good E-XQR-30
spectra using the VWOI1 template and show the comparison in
Table 5. Compared with the results from the TO6 template, the
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Figure 6. Fe 11/Mg 11 line flux ratios at redshift from z = 0 to 7. The top panel shows the observed flux ratios. The middle panel shows the same ratios after correcting
the Eddington ratio dependence (see details in Section 4.2). The bottom panel shows the median and £10 scatter of each sample. The filled symbols show the samples
analyzed in this work (red: E-XQR-30, green: XQ-100, blue: low-redshift SDSS), and the open symbols show the samples in the literature. The different colors and
symbols are described in the legend on the top. The subpanels in the lower right corners of the top and middle panels show the typical measurement errors in the
logarithmic scale. The gray contours (with a step of 0.2 dex in the logarithmic scale) and gray dots represent the low-redshift sample of H. Sameshima et al. (2017).
Their median Fe 11/Mg II flux ratios at six redshift bins (a step of Az = 0.15) are shown as the black crosses. Those with Eddington ratios over 0.9 are shown as the
purple dots, and the median of this subsample is shown as the purple cross. The dashed line and its shaded region are the median value of the SDSS sample and its
+10 range as our baseline at low redshift. The figure shows no apparent evolution of the line flux ratio with redshift.

Table 4
Fe 11/Mg Il Line Ratios of the Three Main Samples
Sample Redshift Fe /Mg 11 (Fe 11/Mg 1),
SDSS 0.95-1.97 5.56 + 1.50 4.13+0.98
XQ-100 3.51-4.79 530+ 1.94 3.57 £ 1.09
E-XQR-30 6.05-6.59 7.94 £2.19 531 £1.68

Note. The redshifts are based on the Mg II emission-line measurements. For
each sample, we show the median value and NMAD as the uncertainty.
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Fe II/Mg I line ratios based on the VW01 template are lower
by 33% at a 40 significance. This is consistent with the results
in the literature (e.g., J.-H. Woo et al. 2018; J. Shin et al. 2019;
M. Onoue et al. 2020; J.-T. Schindler et al. 2020). The
(Fe 11/Mg 1), values are lower by 28% at a 20 significance.
In addition, different fitting windows introduce systemic
uncertainties of the measurements. The fitting windows used in
our study are 2100-2750A and 2850-3100A for the
continuum+-iron fitting and 2750-2850 A for the Mg II fitting,
while H. Sameshima et al. (2017) used 2200-2700 A and
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Table 5
Examples of the Fe 1I/Mg I and Eddington Ratio Results Using the T06 and VWO Iron Templates
Name Fell/Mg 1l Liol/Leaa (Fe 11/Mg 1),
T06 VW01 TO06 VW01 TO06 VWO1

SDSS J0842+1218 8.957918 5.72+0.9¢ 0.94+022 0.68751¢ 6.4579%2 445402
PSO J158-14 7417013 560755 183104 141703 4557033 3.661035
PSO J239-07 8.33°00% 523790 1057937 0.76:34 5841042 3.9770%
Average 8.23 £0.63 5514021 1.27 £ 0.40 0.95 +0.32 5.61+£0.79 4.03 £0.32

Note. Each property shows the results measured by both T06 and VWOI iron templates. The last row shows the average and standard deviation of the three quasars

results.

29003500 A for the continuum-iron fitting and 2700-2900 A
for the Mg I fitting. In order to check the influence of different
fitting windows, we perform the following tests using the SDSS
DR16 quasar spectra. We randomly select ~500 spectra and
ensure that the rest-frame 2100-3100 A and 2200-3500 A
spectra of this sample are available. We then fit our model to
this sample in the above two different types of fitting windows.
The results show that the continuum and the Fe Il and Mg II line
flux measurements are all affected. The Fe I1/Mg II flux ratios
measured using our fitting windows are larger than those using
the H. Sameshima et al. (2017) fitting windows by ~15% at a
0.650 significance.

Furthermore, different fitting models may affect the Fe 11/
Mg I measurements. For example our Fell/MgIl measure-
ments of the XQ-100 quasars are about 30% larger overall than
the S. Lai et al. (2023) results at 1o significance. We and S. Lai
et al. (2023) both measured the XQ-100 sample, but using
slightly different fitting methods. We used a single-component
Gaussian model to fit the Mg IT emission line, while S. Lai et al.
(2023) used a multicomponent Gaussian model. We compare
the median Fell/MgIl values measured in both works and
estimate the systematic bias introduced by the different models.
We find a systematic difference of 30%. This is because the
multicomponent model includes a wider component for Mg II,
and thus provides a lower Fell/MgIl value. This is also
mentioned in J. Shin et al. (2021). When we compare the two
results in Figure 6, we have applied a correction to the XQz5
sample to take into account the above systematic difference.

Finally, the spectra of the same quasar observed by different
instruments or reduced by different pipelines can be incon-
sistent and introduce biases. We check quasars in common in
different samples or studies. SDSS J0842+1218 and PSO J060
424 in our E-XQR-30 sample were included by S. Wang et al.
(2022). We fit their GNIRS near-infrared spectra to calculate
Fe I1/Mg II using our fitting method. The calculated Fe 11/Mg It
values are smaller than our results by ~45%. This difference is
likely due to the low spectral resolution (R ~600) of the
GNIRS data (Y. Shen et al. 2019). We find that some peaks of
the Fell emission lines in the low-resolution spectra are
smoothed, leading to a smaller value of the Fell emission
during the modeling process. Therefore, the Fe II/MgII ratios
are underestimated. This finding highlights the importance of a
relatively high spectral resolution for the measurement of the
Fe II/Mg I ratio.

5.2. Robustness of the Continuum Fitting

In this paper, our measurements are limited to a relatively
short wavelength window compared to some previous studies
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of low-redshift quasars (e.g., M. Dietrich et al. 2003). We used
the spectra of the XSHOOTER NIR arm, because one single
power-law continuum cannot well characterize the entire
wavelength range of the XSHOOTER VIS and NIR arms.
The truncation at the short wavelength is chosen to be 2100 A.
This helps us avoid the flux calibration problem in the arm-
connection range mentioned earlier and thus achieve a good
model fit. The truncation at the long wavelength is at 3100 A,
which is limited by the effective wavelength coverage of the
E-XQR-30 and XQ-100 spectra. In this case, our wavelength
window does not cover the Balmer continuum edge
ABg = 3646 A so we have used a fixed Balmer-to-power-law
ratio (i.e., Fgg/FpL). In this subsection, we address how our
Fell/Mgll measurements were affected by the truncated
wavelength windows.

From the SDSS DR16 quasar sample, we select
~200 spectra that cover the following wavelength windows:
Arest = 2100-2750 A, 28503600 A, 41804230 A and 4440
4460 A. The last two windows are the two reddest ranges in the
SDSS spectra that are dominated by the continuum emission
without broad-line emission. We perform our spectral fitting
method to our truncated wavelength windows and to the new
longer windows. The Balmer-to-power-law ratio is fixed to be
0.3. An example of SDSS quasar spectrum with both fitted
models is presented in Appendix B. Figure 7 shows the
comparison of the measured power-law slopes and Fe I1/Mg It
ratios between the two different window ranges. The median
slope value (with its NMAD) is —1.55+0.49 from our
truncated wavelength windows, and is —1.62 4= 0.44 from the
longer wavelength windows. The difference is less than 5%,
suggesting that our truncated wavelength range works reason-
ably well. The Fell/MgII ratios are lower when the longer
wavelength windows are used, and the difference is 20% at a
<lo significance. We emphasize that this difference does not
affect our results, since we use the same truncated wavelength
range for all quasars in this study.

We further test the impact of the relative strength of the
Balmer continuum using a series of Balmer-to-power-law
ratios: 0.1, 0.3, 0.5, 0.8, and 1. We perform our spectral fitting
method to our truncated wavelength windows and to the new
longer windows, as we did above. Note that the truncated
windows do not cover the Balmer edge Agg = 3646 A. For the
truncated windows, we fixed the Balmer-to-power-law ratio to
be 0.3 earlier. Now we find that different ratios give similar
Fe I1/Mg Il measurements within 1o errors, which is consistent
with the literature results (e.g., G. D. Rosa et al. 2011). For the
longer fitting windows, a Balmer-to-power-law ratio of 0.1 or
0.3 gives the best fit. The best-fit Fe II/Mg II measurements are
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Figure 7. Comparison between our truncated wavelength windows and the
longer wavelength windows. The upper and lower panels show the calculated
power-law (PL) slopes and Fe I1/Mg 11, respectively. The blue symbols are the
measurements of ~200 SDSS DR16 quasars. The black dashed lines indicate
the 1:1 reference line. The subpanel in the lower right corner of each panel
shows the typical measurement errors. The Balmer-to-power-law ratio is fixed
to be 0.3.

well consistent with those based on the truncated fitting
windows. The longer fitting windows still lead to lower Fe 11/
Mg I measurements. The difference is only 10% at a 0.60
significance. Therefore, it is reasonable to fix the Balmer-to-
power-law ratio to be 0.3 for our main samples.

The above tests show that the choice of our spectral fitting
windows has not brought obvious systematic biases. Our Fe 11/
Mg II measurements are reliable compared to those based on
longer wavelength windows.

5.3. Large Scatter of Fe 1I/Mg II in the High-redshift Sample

We find that the scatter of the Fe /Mg II flux ratios for the
E-XQR-30 sample is larger than those for the XQ-100 and
SDSS samples, as shown in Table 4 and Figure 6. We have not
fully understood the reason for the relatively large scatter at
z > 6, but we have a couple of explanations, including physical
and nonphysical reasons.
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In our quasar selection procedure from the E-XQR-30
sample, we have removed quasars at z < 6.05 whose spectra are
severely affected by the atmospheric absorption in the near-
infrared. For the remaining quasars at z > 6.05, we visually
checked their spectra and found that their emission-line profiles
and best-fit models all look reliable. We particularly inspect two
quasars with the maximum and minimum corrected Fe II/Mg II
ratios in this sample, including PSOJ231-20 ((Fe II/MgII). =
9.731378: log(Lyolerg s '1) =47.26) and CFHQS J1509-1749
((Fen/Mg ). = 1.797017; log(Lyglerg s~ '1) = 47.34), and find
no apparent anomaly in their Mg1I line profiles. However, we
cannot rule out the possibility that some spectra (particularly
at 7=16.15-6.20 and z=6.30-6.40) could have been slightly
affected by relatively weak atmospheric absorption at
2.00-2.02 pum and 2.05-2.08 pm.

The large scatter in the high-redshift sample can be attributed
to a physical origin. Based on ULAS J1342+4-0928 at z =7.5,
Y. Yoshii et al. (2022) raised a possibility that pair-instability
supernovae (PISNe) that emerge from metal-free Population-II1
stars can supply iron to the BLR cloud in some quasars at high
redshift. When PISNe were present, this extra iron supplier
may affect the Fe/c abundance ratio. We will further discuss
the early iron enrichment in Section 5.4.

5.4. Iron Enrichment in the Early Universe

Our results confirm the lack of a redshift evolution in the quasar
Fe 11/Mg 11 line ratios at redshifts up to z ~ 6.6. Thanks to the high
data quality of our three samples over a wide redshift range, our
measurements provide one of the most robust results for this
conclusion. The nonevolution is consistent with the lack of
redshift evolution of the BLR metallicity derived from other
tracers. Although we do not cover the higher redshift range, the
nonevolution trend seems to hold up to z =7.54 (M. Onoue et al.
2020; Y. Yoshii et al. 2022). The age of the Universe was only
0.8 Gyr at z ~ 6.6, which is younger than the expected timescale
of an efficient iron production by SNe Ia.

The origin for the lack of the Fell/MgII evolution is still
unclear, and some possible solutions have been proposed. The
typical time delay between the iron enrichment caused by SNe
Ia and SNe II is thought to be about 1 Gyr, but recent
observational constraints suggest that the SNe la rate has a
delay-time distribution (DTD) that has a power-law shape ¢~
over t ~ 0.1-10 Gyr (D. Maoz & F. Mannucci 2012; D. Maoz
et al. 2014; S. A. Rodney et al. 2014; D. Maoz &
O. Graur 2017). Therefore, the cosmic time for the SNe Ia
iron enrichment may be earlier and the timescale for the
enrichment completion may be statistically shorter than the
previous expectation. Many Fe/« evolution models based on
SNe Ia DTD and core-collapse supernova (CCSNe) point to a
decline in Fe/« at high redshift, but the fact that our Fe 11/Mg It
measurements remain consistent up to z ~ 6.6 does not support
the predictions of these models (e.g., D. Maoz &
O. Graur 2017; H. Sameshima et al. 2017; Y. Yoshii et al.
2022).

Meanwhile, PISNe are candidates with a significant contrib-
ution to the iron enrichment, which is produced by the
explosion of Population-III stars as massive as 150-300 M,
(H. Umeda & K. Nomoto 2002). The iron yield from one
PISNe with 280 M, is about one hundred times of that from a
SN Ia (Y. Yoshii et al. 2022). Recently, Q.-F. Xing et al. (2023)
reported a chemical signature for the existence of PISNe from
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stars more massive than 140 M, highlighting the possibility of
the PISNe contribution. Many recent studies also proposed a
possible explanation of a rapid iron enrichment by a top-heavy
initial mass function (IMF) with a power-law index larger than
the classic value, indicating massive CCSNe and PISNe
(D. Toyouchi et al. 2022; M. Ali-Dib & D. N. C. Lin 2023;
J. Huang et al. 2023; J.-M. Wang et al. 2023). More
observations and future studies are needed to confirm these
candidates.

6. Summary

We have analyzed a sample of high-luminosity quasar
spectra at z ~ 6.0-6.6, focusing on the Fe IIl/MgII line ratios.
This high-redshift sample is from the enlarged XQR-30 project
that provided high-quality spectra observed by the XSHOO-
TER spectrograph at VLT. To make a consistent comparison at
different redshifts, we have also analyzed two lower-redshift
quasar samples with the same method, including a sample of 78
quasars at z ~ 3.5-4.8 from the XQ-100 project observed by
VLT XSHOOTER and a sample of 99 quasars at z ~ 0.95-1.97
selected from the SDSS DR16Q.

We have performed comprehensive analyses for these
luminosity-matched samples and measured their Fell/MgI
line ratios with a correction for the Eddington ratio depend-
ence. With a wide redshift coverage and high-quality data, our
measurements are very suitable to trace the cosmic evolution of
Fell/Mgll in a unbiased manner. Our results confirmed no
significant redshift evolution in Fell/MgII at redshifts from
z~1 to 6.6, suggesting a rapid iron enrichment in the early
epoch. The nonevolution of Fe II/MgII can be explained by a
time-dependent SNe Ia rate, a nonstandard SN population such
as PISNe, or a population with a top-heavy IMF.

The results presented in this paper will motivate further
observations of quasars at z2>7. The first-year JWST
observations have discovered a sizable amount of low-
luminosity AGNs at high redshift (e.g., Y. Harikane et al.
2023; D. D. Kocevski et al. 2023; R. Maiolino et al. 2023;
M. Onoue et al. 2023; H. Ubler et al. 2023; J. Matthee et al.
2024). Follow-up spectroscopy of these new AGN with JWST
or future large telescopes will provide an opportunity to
identify active SMBHs residing in metal-poor systems. Future
near-infrared wide-field surveys such as Euclid and Nancy
Roman Space Telescope will provide z~ 7-9 quasars in a
similar luminosity range as those presented in this study
(Euclid Collaboration et al. 2019; X. Fan et al. 2019b;
W. L. Tee et al. 2023).
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Appendix A
The Degraded E-XQR-30

We degraded the E-XQR-30 quasar spectra from their
effective spectral resolution (V. D’Odorico et al. 2023) to the
SDSS spectral resolution R ~2000. Figure 8 shows the
comparison of the measured Fe I1/Mg II values of the degraded
and original spectra.
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Figure 8. Comparison of the Fe 1I/Mg II line ratios between the degraded and
original E-XQR-30 quasar spectra. The dashed line indicates the 1:1
reference line.

Appendix B
Effects of the Truncated Wavelength Windows on Spectral
Fitting
Figure 9 shows the best-fit models of a SDSS spectrum fitted
over our truncated wavelength windows and the longer
windows, respectively. The Balmer-to-power-law ratio was
fixed to be 0.3. The measured Fell/MgIl line ratios are
3.0670% and 2.407519 respectively.


http://www.sdss4.org

THE ASTROPHYSICAL JOURNAL, 975:214 (16pp), 2024 November 10

Jiang et al.

Observed Wavelen(%th [A]
45.00 50.00 55I 6

4000 000 6500
— Best-fit model — Fell |
30r SDSS021117.99+260820.6 (z=0.859) A

2200 2400 2600

2800

3000 3200 3400

Rest wavelength [A]

Figure 9. The color-coded lines have the same meaning as in Figure 3. The solid lines and dashed lines show the models fitted over our truncated wavelength windows
and the longer windows, respectively. Since the best-fit models (red lines) are similar, we only display the residual flux of the best-fit model derived from our truncated

wavelength windows in the lower subpanel.
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