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Abstract

Using a high-luminosity (Lbol∼1047.5–1048.3 erg s−1), high-redshift (3.2<z<3.8) quasar sample of 19 quasars
with optical and near-infrared spectroscopy, we investigate the reliability of the C IV-based black hole mass
estimates (MBH). The median logarithm of the C IV- and Hβ-based MBH ratios is 0.110 dex, with a scatter of
0.647 dex. The C IV-to-Hβ BH mass differences are significantly correlated with the C IV FWHMs, blueshifts, and
asymmetries. Corrections of the C IV FWHM using the blueshift and asymmetry reduce the scatter of the mass
differences by ∼0.04–0.2 dex. Quasars in our sample accrete at the Eddington ratio REDD>0.3 and cover a
considerable range of blueshifts, with 18/19 of the quasars showing C IV blueshifts (with the median value of
1126 km s−1) and 14/19 of the quasars showing C IV blueshifts larger than 500 km s−1. It suggests that not all
quasars with high Eddington ratios show large blueshifts. The Baldwin effect between the C IV rest-frame
equivalent width (REW) and the continuum luminosity at 1350Å is not seen, likely due to the limited luminosity
range of our sample. We find a lack of flux in the red wing of the composite spectrum with larger C IV blueshift and
detect a higher ratio of [O III] quasars with REW[O III]>5Å in the subsample with lower C IV blueshift. It is more
likely that they are caused by the combination of the Eddington ratio and the orientation effect.

Unified Astronomy Thesaurus concepts: Black hole physics (159); Quasars (1319)

1. Introduction

It is commonly accepted that black holes (BHs) reside in the
center of massive galaxies, and the BH mass (MBH) tightly
correlates with properties of the host galaxy, i.e., the mass of
the host galaxy spheroidal component and its velocity
dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002; Gültekin et al. 2009; Graham et al. 2011;
Kormendy & Ho 2013). These scaling relations strongly
suggest that BH growth is coupled with galaxy mass assembly
history (Nelson et al. 2004; Onken et al. 2004; Kormendy &
Ho 2013). To understand the growth history of BHs and the
connection between the BH and the host galaxy, it is important
to obtain reliable BH mass estimates.

Assuming that the line-emitting clouds in the broad-line
region (BLR) are virialized under the gravity of the central BH,
the BH mass can be estimated with the BLR size and the virial
velocity of the BLR clouds. The FWHM or the dispersion of
the broad emission line is commonly used to represent the virial
velocity. Mainly for low-redshift active galactic nuclei (AGNs),
the reverberation mapping (RM) technique has been applied;
the time lag of the variations between the broad emission line
and the continuum luminosity is used to trace the typical BLR
size (Peterson 1993; Peterson et al. 2004).
However, the RM technique requires long-term observa-

tional campaigns and is especially challenging at higher
redshift (Kaspi et al. 2000, 2007; Peterson et al. 2004; Bentz
et al. 2009; Denney et al. 2010; Du et al. 2014; Barth et al.
2015; Shen et al. 2015; Grier et al. 2017, 2019). A tight

correlation between the BLR size (R) and the quasar continuum
luminosity in optical bands has been revealed from the RM
campaigns (Kaspi et al. 2000, 2005; Bentz et al. 2013). This
relation provides an alternative inexpensive way to estimate the
BLR size through single-epoch (SE) spectroscopy, further
leading to the so-called SE virial BH mass estimates.
Under the virial assumption, BH masses for a large sample of

AGNs can be calculated with the product of the BLR size and
the virial velocity based on the SE spectroscopy via
MBH∝R×v2, with coefficients fairly well calibrated from
40 z<0.7 AGNs with Hβ-based RM MBH (Kaspi et al. 2000;
Peterson et al. 2004). Typically, in the SE method the Hβ broad
emission line width and the continuum luminosity at 5100Å are
used (e.g., Greene & Ho 2005; Vestergaard & Peterson 2006;
McGill et al. 2008; Shen et al. 2011; Shen & Liu 2012;
Shen 2013; Zuo et al. 2015; Coatman et al. 2017; Schulze et al.
2018; Coffey et al. 2019; Marziani et al. 2019).
At redshift larger than 2, both the Hβ line and the Mg II line

have moved out of the optical observing window. Such SE
estimates have been extrapolated to the C IV λ1549 emission
line in the rest-frame ultraviolet wavelength (McLure &
Jarvis 2002; Vestergaard 2002; Vestergaard & Peterson 2006;
Vestergaard & Osmer 2009; Denney 2012; Park et al.
2013, 2017; Coatman et al. 2016, 2017; Sulentic et al. 2017;
Marziani et al. 2019).
However, given the fact that before the Sloan Digital Sky

Survey (SDSS) RM project (for a technical overview, see Shen
et al. 2015) the RM technique is mainly based on the Hβ
emission line for the low-redshift AGN sample, the C IV
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emission line lacks direct calibrations from large samples. The
most recently obtained C IV radius–luminosity relation based
on the SDSS-RM project has raised the number of sources from
∼15 to ∼67 (Grier et al. 2019). However, it is still
controversial whether calibrations based on the overlap of the
RM and the SE methods can reliably estimate the C IV-based
BH masses for high-redshift luminous quasars (Shen et al.
2008; Shen & Liu 2012; Park et al. 2013).

The C IV emission line is commonly known to show
asymmetry and blueshift with respect to the low-ionization
lines (Gaskell 1982; Marziani et al. 1996, 2019; Sulentic et al.
2000, 2017; Shen et al. 2008; Richards et al. 2011;
Denney 2012; Coatman et al. 2016, 2017; Mejía-Restrepo
et al. 2018; Schulze et al. 2018; Vietri et al. 2018; Ge et al.
2019). These features suggest that, compared with the Mg II
and Hβ lines, the C IV line width is probably more affected by a
nonvirial velocity component owing to disk winds of ejected
materials (Konigl & Kartje 1994; Murray et al. 1995; Proga
et al. 2000; Marziani et al. 2010; Richards et al. 2011).
It is therefore essential to consider the effects of these

features on theMBH estimates. One straightforward approach to
test the reliability of the C IV-based BH mass estimates is the
systematic comparison with the Balmer line for the same
objects.

Using a sample of 16 lensed quasars, Greene et al. (2010)
found no systematic biases in the BH mass estimates between
the Balmer lines and the C IV line, although the scatter is large.
Based on a sample of 12 quasars, Assef et al. (2011) found no
systematic offsets between the C IV and Balmer line mass
estimates, but they did see that the differences between BH
mass estimates strongly correlate with the logarithm of the
ratios of the UV and optical continuum luminosities.

Based on 60 luminous quasars, Shen & Liu (2012) found
that the C IV line can be calibrated to yield consistent BH mass
estimates with those based on the Hβ line, but the scatter is
substantially larger than Mg II. They concluded that the line
width of Mg II correlates well with that of Hβ from the SE
spectroscopy, while the C IV line width is poorly correlated
with the Mg II or Hβ line widths. Some other studies suggested
that poor correlations between different line widths play more
important roles than the continuum luminosities in the
differences of virial BH mass estimates (Shen et al. 2008;
Denney 2012; Trakhtenbrot & Netzer 2012; Park et al.
2013, 2017; Runnoe et al. 2013; Coatman et al. 2017; Sulentic
et al. 2017; Mejía-Restrepo et al. 2018; Marziani et al. 2019).
Based on a sample of high-z luminous quasars with

0.9<z<3.1 and 1047.4erg s−1 <Lbol<1048.4 erg s−1,
Sulentic et al. (2017) confirmed that for high-luminosity
quasars with strong C IV outflows the full C IV profile cannot
perform as a useful virial BH mass estimator for most quasars.
By studying the C IV and Balmer lines of 230 luminous quasars
with 1.5<z<4.0 and 1045.5erg s−1 <Lbol<1048 erg s−1,
Coatman et al. (2017) found that with the increase of the C IV
line blueshifts, the scatter of the C IV-based BH mass estimates
increases dramatically compared to the Balmer line-based BH
masses, with ∼1 dex at the blueshift larger than 5000 km s−1

and ∼0.6 dex at the blueshift around 3000 km s−1. With a
sample of quasars with 1044erg s−1 <Lbol<1048.5 erg s−1

and 0<z<3, Marziani et al. (2019) proposed a scaling law
for obtaining the C IV-based BH masses with the corrected
FWHM of the C IV line. The correction to the C IV FWHM

depends on the C IV blueshift and the UV luminosity and is
related to the quasar main sequence (MS).
Marziani et al. (2019) proposed to compare the C IV and Hβ

profiles along the quasar MS. In the “Eigenvector 1” (EV1)
parameter space, the FWHMs of the Hβ broad component (BC)
and the rest-frame equivalent width (REW) ratios of the Fe II
λ4570 blend to the Hβ BC (RFe II) are not randomly distributed
but instead define a quasar MS (Boroson & Green 1992;
Sulentic et al. 2000, 2007, 2017; Marziani et al. 2001, 2003;
Shen & Ho 2014). Along with the FWHM of the Hβ BC and
RFe II, the C IV blueshift as one of the other EV1 parameters can
be obtained from the rest-frame optical and UV spectra,
allowing us to understand the relations with C IV blueshifts in
the context of the EV1 plane.
In our previous work, we have presented near-infrared (NIR)

observations of the Hβ and Mg II lines for 32 luminous z∼3.5
quasars with 1047.5erg s−1 <Lbol<1048.3 erg s−1 (Zuo et al.
2015). Based on that sample, here we investigate the reliability
of the C IV-based BH mass for high-redshift luminous AGNs.
Comparison work based on the sample would complement
other studies that have proposed empirical corrections to the
C IV-based BH masses (Assef et al. 2011; Denney 2012; Shen
& Liu 2012; Park et al. 2013; Runnoe et al. 2013; Coatman
et al. 2017; Sulentic et al. 2017; Schulze et al. 2018; Marziani
et al. 2019).
The dependence of the C IV-based BH mass estimates on the

C IV line blueshift and other physical properties will also be
investigated here. Previous works reported the presence of
large C IV blueshift in quasars with an Hβ FWHM less than
4000 km s−1 (Bachev et al. 2004; Sulentic et al. 2007; Marziani
et al. 2010), while our work would allow us to extend the
detection of large C IV blueshift in quasars with large Hβ
FWHM values (Sulentic et al. 2017; Vietri et al. 2018). In
addition, the origin of C IV blueshift is assessed using the
correlations of blueshift with other quasar properties, such as
the line width, REW, radio-loudness, and Eddington ratio
(REDD) (Richards et al. 2002, 2011; Sun et al. 2018; Vietri
et al. 2018; Marziani et al. 2019).
We describe our sample and spectral measurements in

Section 2. The results are delivered in Section 3 and discussed
in Section 4. We summarize our main results in Section 5.
Throughout the paper, a flat ΛCDM cosmology with ΩΛ=0.7,
Ω0=0.3, and = - -H 70 km s Mpc0

1 1 is adopted.

2. Data

2.1. Quasar Sample

We selected our targets from the SDSS DR7 quasar catalog
(Schneider et al. 2010; Shen et al. 2011) mainly by constraining
the redshift and magnitude ranges. To ensure the Mg II and Hβ
lines residing in NIR spectroscopy, redshifts were restricted
between 3.2 and 3.8. Certain redshift ranges were also excluded
to avoid the Hβ or Mg II lines accidentally falling in telluric
absorption bands. Apparent Vega magnitudes in J and K bands
were limited to brighter than 17 and 16 mag, respectively.
With these criteria, we selected 32 targets from the main

DR7 quasar catalog. Among the 32 targets, 30 were observed
with the TripleSpec instrument mounted on the Hale 200-inch
telescope, yielding a continuous spectral coverage of
0.95–2.46 μm simultaneously at a resolution of 2700 (Herter
et al. 2008). The remaining two objects were observed with the
LUCI 1 NIR instrument (Hill et al. 2012) mounted on the Large
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Binocular Telescope (LBT). J- and K-band spectra were
obtained with a resolution of 8460 and 6687, respectively.

The basic data reduction includes flat-field correction,
background subtraction, wavelength calibration, one-dimen-
sional spectra extraction, telluric correction, and absolute flux
calibration (Cushing et al. 2004; Becker et al. 2009; Bian et al.
2010; Zuo et al. 2015). These reduced spectra were then
dereddened for Galactic extinction (Cardelli et al. 1989;
Schlegel et al. 1998) and wavelength corrected to the rest
frame. We used the Hβ and [O III] doublets to determine the
systemic redshift for each object. The NIR spectra observations
and other related details can be found in Zuo et al. (2015).

After excluding six broad absorption line quasars, there are
two quasars with NIR spectra labeled as “poor” and three
quasars with NIR spectra labeled as “median.” Finally, 21
quasars with NIR spectra labeled as “good” are left (Zuo et al.
2015). Among the 21 quasars, there are 20 quasars with full
coverage of the Hβ line, 20 quasars with full coverage of the
Mg II line, and 19 quasars with full coverage of the Hβ line and
Mg II line. All of them have good SDSS spectra with full
coverage of the C IV line (signal-to-noise ratio [S/N] per
spectral resolution elements larger than 10). Thus, these 19
targets are adopted for the following analysis in this work.

The optical spectra are all collected from the SDSS DR14
database.9 Table 1 lists the number of the SDSS spectroscopic
observations for each quasar, the related information from Shen
et al. (2011) (SDSS DR7), and the SDSS spectrum with the
highest S/N per pixel obtained after the SDSS DR7 (SDSS
DR7+). For the 10 quasars with SDSS DR7+ spectra, the
mean S/N of the SDSS DR7 spectra and that of SDSS DR7+
spectra are 25.3 and 32.5, respectively. Our analyses are based
on the spectrum with the highest S/N for each quasar, i.e., the
SDSS DR7 spectra for nine quasars and the SDSS DR7+
spectra for 10 quasars.

2.2. Spectral Measurements

The procedures employed to derive the properties of the
emission lines in the NIR spectra (e.g., Hβ, [O III], and Mg II)
were described in detail in Zuo et al. (2015). The line properties
and the continuum luminosities around these emission lines are
taken directly from Zuo et al. (2015). Here we briefly review
the procedure to measure the NIR spectra and present our new
measurements from the optical spectra (particularly the C IV
line) in detail.

For each emission line, we locally fit a pseudo-continuum to
the continuum-dominated wavelength range around the line.
The pseudo-continuum consists of a power-law continuum and
Fe II emissions. As mentioned in earlier studies, the contrib-
ution from Fe II around the C IV line is quite small (Shen et al.
2011; Trakhtenbrot & Netzer 2012). Considering the difficulty
of constraining the Fe II features, including Fe II in the
emission-line fitting will introduce extra uncertainties. There-
fore, we decide not to include the Fe II features in the C IV line
fitting. The power-law continuum fitting windows around the
C IV line are generally selected to be [1445, 1465] Å and [1700,
1705] Å. To alleviate the effects of narrow absorption lines,
during the pseudo-continuum fitting and subsequent emission-
line fitting, we rejected data points that are 5σ below the
20-pixel boxcar-smoothed spectrum.

After subtracting the pseudo-continuum, the emission lines
were fitted with multiple Gaussians (for more details, see Shen
et al. 2011, 2019; Zuo et al. 2015). In the wavelength range
from 4700 to 5100Å, we fitted the line profiles with five
Gaussians: two for the BC of the Hβ line, one for the narrow
component (NC) of the Hβ line, and two Gaussians for the
[O III] λλ4959, 5007 doublets. Each Gaussian fitted to the Hβ
BC was generally constrained with the line center offset
( (lD log rf (Å))) less than 0.015 and the FWHM less than
35,250 km s−1. Minor modifications of the fitting parameters
were made if necessary. The NC of Hβ and the [O III] doublets
were tied together with the same line center offsets ( (lD log rf

(Å)) < 0.005) from their theoretic values and the same FWHM.
The upper FWHM limit of the NC was imposed as
1200 km s−1 (Shen et al. 2011). If needed, we introduced two
additional Gaussians with the same FWHM for the extended
wings of the [O III] doublets, which were not tied to the NC of
Hβ (Vietri et al. 2018). Among the 19 quasars, the [O III]
doublets of seven quasars (listed in bold in Table 2) were
modeled with two pairs of Gaussians (Zuo et al. 2015).
In the wavelength range from 2700 to 2900Å, the BC and

NC of the Mg II line were modeled with two Gaussians and one
Gaussian, respectively. Each Gaussian fitted to the Mg II BC

Table 1
Spectra Information from the SDSS DR7 and DR7+

Name (SDSS) Nobs S/N Note
(1) (2) (3) (4)

J011521.20+152453.3 2 23.61 DR7, highest S/N
J014214.75+002324.2 1 20.37 DR7
J015741.57–010629.6 3 19.22 DR7

22.61 DR7+, highest S/N
J025021.76–075749.9 2 20.62 DR7, highest S/N
J025905.63+001121.9 6 23.79 DR7

37.03 DR7+, highest S/N
J030341.04–002321.9 4 25.87 DR7

27.99 DR7+, highest S/N
J030449.85–000813.4 7 29.62 DR7, highest S/N
J075303.34+423130.8 4 32.94 DR7

40.69 DR7+, highest S/N
J080430.56+542041.1 2 22.62 DR7, highest S/N
J080819.69+373047.3 4 12.55 DR7

19.35 DR7+, highest S/N
J080956.02+502000.9 3 18.8 DR7

27.56 DR7+, highest S/N
J081855.77+095848.0 1 20.67 DR7
J090033.50+421547.0 2 40.85 DR7

47.48 DR7+, highest S/N
J094202.04+042244.5 2 28.96 DR7

41.07 DR7+, highest S/N
J115954.33+201921.1 1 39.94 DR7
J173352.23+540030.4 4 35.5 DR7

36.11 DR7+, highest S/N
J213023.61+122252.0 1 21.24 DR7
J224956.08+000218.0 2 14.56 DR7

24.95 DR7+, highest S/N
J230301.45–093930.7 1 26.33 DR7

Note. Column (1): name of the quasars. Column (2): number of spectra for this
quasar in the SDSS DR14 database. Column (3): average S/N per pixel of this
spectrum. Column (4): “DR7” means that the row refers to the information of
the spectrum used in the SDSS DR7 catalog (Shen et al. 2011); “DR7+” means
that the row refers to the information of the spectrum with the highest S/N per
pixel after the SDSS DR7.

9 https://dr14.sdss.org/optical/spectrum/search
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was generally constrained with (lD log rf (Å))) less than 0.015
and the FWHM less than 35,250 km s−1. The line center and
the FWHM of the Mg II NC were tied to that of the Hβ NC.

The pseudo-continuum-subtracted spectra at 1500 Å<
λ<1700 Å are also modeled with multiple Gaussians. Since
the existence of a strong NC in the C IV line is still
controversial, which may be difficult to disentangle in the
spectra, first we use Model A to fit the region around the C IV
line: three Gaussians for the BC of C IV, one for the BC of the
He II λ1640 line, and one for the BC of the O III] λ1663 line.
Each Gaussian fitted to the C IV/He II/O III] BC is constrained
with (lD log rf (Å))) less than 0.015/0.008/0.008 and the
FWHM less than 35,250/14,100/14,100 km s−1. Any Gaus-
sian component contributing less than 5% of the total flux is
rejected when estimating the FWHMs of the BC of the
C IV line.

We then use Model B to fit the C IV line complex: 2/1
Gaussians for the BC/NC of C IV, 1/1 for the BC/NC of the
He II line, and 1/1 for the BC/NC of the O III] line. The
FWHM and the line center of the NC of these three lines are
tied together. Here, the upper FWHM limit of the C IV NC is
relaxed to 1600 km s−1.

Based on a joint analysis of the reduced χ2 of line fitting from
the two models and visual inspection, we identify seven quasars
(J015741.57−010629.6, J025021.76−075749.9, J025905.63
+001121.9, J030449.85−000813.4, J075303.34+423130.8,
J080819.69+373047.3, and J090033.50+421547.0) with an
NC for their C IV lines and adopt the fitting results from Model
B. For the other targets, we use Model A to fit the C IV line. The
comparisons are presented in the Appendix.

The spectral fitting results for the wavelength range of
1500–1700Å are shown in Figure 1. Table 2 lists the line shift

(ΔV ), REW, and FWHM of the three Gaussians for the C IV
line of all 19 quasars. Note that each Gaussian fit to the C IV
line may not have a robust physical interpretation.
In Table 2, ΔVi is the line shift of the ith Gaussian profile,

which is calculated by comparing the fitted line center (λi) with
the expected rest-frame wavelength of C IV λ1549 according to
[O III] λ5007 (λlab),

( )l l
l

D =
-

´V c 1lab i

lab

([ ] ) ( )l
l l

= ´1549.06
O III 5007

5008.24
, 2lab

0

where λ0([O III] λ5007) is the peak wavelength of the first
Gaussian fitting to the [O III] λ5007 and c is the speed of light
in a vacuum. 1549.06 and 5008.24Å are the average rest-frame
wavelengths of the unsaturated C IV λλ1548.2, 1550.8 doublets
and the rest-frame wavelength of the [O III] λ5007 line,
respectively (Vanden Berk et al. 2001). In each panel of
Figure 1, the vertical red dashed line refers to λlab.
Observations show that even under the simple emission

situation in a planetary nebula, the C IV doublet is close to
being saturated with an intensity ratio of ∼0.8–2.0 (e.g.,
Feibelman 1983). In that case, assuming equal contribution
from both components of the C IV doublet, the average rest-
frame wavelength of C IV is 1549.48Å. However, to maintain
the consistency with a number of previous works (e.g., Vanden
Berk et al. 2001; Shen et al. 2011; Shen & Liu 2012), the
average rest-frame wavelength of the C IV doublet is adopted as
1549.06Å under the assumption of the unsaturated C IV
doublets with the intensity ratio as 2, though it would generally
overestimate the C IV blueshift by ∼80 km s−1.

Table 2
The Fitting Details of the C IV Emission Line

Name (SDSS) ΔV0|REW0|FWHM0 ΔV1|REW1|FWHM1 ΔV2|REW2|FWHM2 BC Indexes ΔV|REW|FWHM Model
(km s−1|Å|km s−1) (km s−1|Å|km s−1) (km s−1|Å|km s−1) (km s−1|Å|km s−1)

(1) (2) (3) (4) (5) (6) (7)

J011521.20+152453.3 4324/11/6362 1852/9/4227 3112/7/22831 0,1,2 2433/27/6483 A
J014214.75+002324.2 919/7/3261 1354/16/11486 795/0/6496 0,1,2 962/24/4730 A
J015741.57–010629.6 1425/26/12906 1938/19/4952 781/4/1600 0,1 1918/45/6489 B
J025021.76–075749.9 −125/3/2722 2128/15/8950 −227/1/853 0,1 140/18/6983 B
J025905.63+001121.9 829/28/13567 995/26/4486 −92/10/1600 0,1 957/55/5562 B
J030341.04–002321.9 196/3/2310 1537/17/6233 905/14/15617 0,1,2 511/34/6383 A
J030449.85–000813.4 933/13/11092 422/8/2563 −114/4/1285 0,1 421/21/3261 B
J075303.34+423130.8 421/18/8671 −10/9/2114 194/0/1600 0,1 22/27/2903 B
J080430.56+542041.1 3905/15/9893 −4716/5/15309 984/10/4612 0,1,2 1258/30/7041 A
J080819.69+373047.3 1873/20/5937 −4673/11/21070 421/0/984 0,1 1755/31/6714 B
J080956.02+502000.9 −34/9/2362 −437/17/12375 970/17/4872 0,1,2 147/43/4016 A
J081855.77+095848.0 3902/13/14787 1821/11/5206 197/0/5631 0,1,2 1954/25/6860 A
J090033.50+421547.0 −347/11/3319 8/26/11593 −988/1/1600 0,1 −360/36/4888 B
J094202.04+042244.5 1181/16/4595 274/7/1761 1686/17/13385 0,1,2 372/40/3356 A
J115954.33+201921.1 1758/7/27583 1385/12/6504 −251/0/1410 0,1,2 1447/19/7525 A
J173352.23+540030.4 1463/5/4095 3385/9/12457 −128/2/2165 0,1,2 254/16/5273 A
J213023.61+122252.0 4591/10/29638 483/17/5852 −23/8/1647 0,1,2 16/35/2474 A
J224956.08+000218.0 1264/22/4067 57/18/2070 467/24/14643 0,1,2 226/65/3160 A
J230301.45–093930.7 1424/4/4175 −443/0/4973 3675/15/13763 0,1,2 1685/19/9453 A

Note. Column (1): name of the quasars. The names in bold refer to the quasars, the [O III] doublets of which were fitted with two pairs of Gaussians. Column (2): C IV

emission-line velocity shift ΔVpeak with respect to [O III] λ5007, REW, and FWHM of the first Gaussian for the C IV line fitting. Column (3): ΔVpeak, REW, and
FWHM of the second Gaussian for the C IV line fitting. Column (4): ΔVpeak, REW, and FWHM of the third Gaussian for the C IV line fitting. Column (5): indexes of
Gaussians for the C IV BC. Column (6): ΔVpeak, REW, and FWHM of the C IV BC. Column (7): fitting model of the C IV emission line. In Model A, three Gaussians
are fitted to the C IV BC and the contribution of the C IV NC is not considered, while in Model B, 2/1 Gaussians are fitted to the C IV BC/NC.
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Figure 1. Fitting results of the C IV line complex in the wavelength range of 1500–1700 Å for the 19 quasars, where the spectrum in each panel is shown in black, the
combined model fitting is shown in red, the individual Gaussian for the BC is shown in purple, the individual Gaussian for the NC is shown in green, and the fitting
residuals are shown in brown. The vertical blue dashed lines from left to right refer to the wavelengths of λblue and λred. The vertical red dashed line refers to the
wavelength of λlab. The vertical black dashed and long-dashed lines refer to the wavelengths of λ0 and λhalf, respectively. Except seven quasars (J015741.57
−010629.6, J025021.76−075749.9, J025905.63+001121.9, J030449.85−000813.4, J075303.34+423130.8, J080819.69+373047.3, and J090033.50+421547.0),
the C IV line of the other quasars is not fit with an NC.
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Figure 1. (Continued.)
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The line shift ΔVC IV of the C IV BC is calculated with two
methods. In the first method,ΔVpeak

C IV is calculated with the peak
wavelength of the best-fitting BC (λ0), as shown with the
vertical black dashed line in each panel of Figure 1. In the
second method, DVC IV

half is calculated with the wavelength that
bisects the commulative total flux of the best-fitting BC (λhalf)
as

( )l l
l

D =
-

´V c. 3C IV
half lab half

lab

The vertical black long-dashed line in each panel of Figure 1
refers to λhalf.

The line shifts calculated with both methods are listed in
Table 2. Compared with DVC IV

peak, DVC IV
half yields a more

straightforward way to measure the C IV line shift and is
generally subjected to a smaller uncertainty. In our following
analysis, the calculated DVC IV

half values are adopted as the C IV
line shifts that are abbreviated as ΔVC IV for simplicity.

We also measure the C IV emission-line asymmetry (ASC IV)
as the ratio of the widths red and blue of the line centroid from
the model fitting of the C IV BC:

( )l
l

l
l

=AS ln ln , 4red

0

blue

0

where λred and λblue are the wavelengths at half peak flux red
and blue of the line centroid (Shen & Liu 2012), as shown with
the vertical blue dashed lines from right to left in each panel of
Figure 1.

2.3. Uncertainty Estimation

We apply the Monte Carlo approach to estimate the
uncertainties of the fitting parameters (Shen et al. 2011; Shen
& Liu 2012). For each object, 100 random mock spectra are
created by introducing random Gaussian noises to the original
spectrum using the flux density errors of the original spectrum.
We then fit the mock spectra with the same fitting strategy. The
1σ dispersion centered on the median of these measurements is
taken as the uncertainty, which accounts for the statistical
uncertainties and the systematic uncertainties due to the flux
errors and the ambiguities in multicomponent spectral fitting,
respectively.

Based on the quasars with multiepoch observations obtained
from the SDSS-RM project, Sun et al. (2018) justified the
uncertainty estimates by exploring the distributions of quasar
properties between close-epoch (i.e., rest-frame time interval
<2 days) pairs. Taking these as the true uncertainties, the
uncertainties estimated using the same Monte Carlo approach
are smaller by a factor of ∼1.2–1.7. Therefore, the uncertainties
obtained from the Monte Carlo approach should be scaled up
by a factor of ∼1.2–1.7.

To estimate the errors caused by the positioning of the
continuum, after globally fitting the pseudo-continuum under-
lying Hβ and Mg II of the 19 objects, we calculate the
difference between the obtained parameters and the corresp-
onding parameters obtained with the method in Section 2.2.
Given the median absolute difference of L3000 and L5100 as
∼0.012 and 0.043 dex, respectively, the larger one (0.043 dex)
can be taken as a rough estimate of the error of the continuum
luminosity caused by the positioning of the continuum. In the
same way, the error of the line FWHM caused by the
positioning of the continuum is ∼410 km s−1. These estimated

errors can be propagated into the statistical uncertainties to
account for the true errors of the continuum luminosities and
the line FWHMs.

3. Results

3.1. Comparison with the Hβ-based BH Mass Estimates

The continuum luminosities and the C IV line properties of the
19 targets are tabulated in Table 3. We use the Spearman’s rank
correlation coefficient (r) to describe the monotonic correlation
between the continuum luminosity at 1350Å (L1350) and the
continuum luminosity at 5100Å (L5100). As shown in the left
panel of Figure 2, we find a strong correlation between L1350 and
L5100 with r∼0.64 at a confidence level over 99%. The slope
from the bisector linear regression fitting using the BCES
estimator (Akritas & Bershady 1996) is 1.1±0.4, consistent
with that in Shen & Liu (2012). As shown in the right panel of
Figure 2, there is a poor correlation between the C IV FWHM
and the Hβ FWHM with r∼0.28 (p∼0.25), suggesting that
the clouds emitting the two features do not fully share the same
velocity distribution.
The virial BH mass estimates are expressed as follows:

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠
( )


= + +

- -

M

M
a b

L
clog log

10 erg s
log

FWHM

km s
,

5

BH,vir
44 1 1

where L and FWHM are the continuum (line) luminosity and
the width of one emission line, respectively.
As mentioned in Zuo et al. (2015), the Hβ-based BH masses

are calculated using the calibrations from Vestergaard &
Peterson (2006), with (a, b, c)=(0.91, 0.50, 2.00). The Mg II-
based BH masses are also considered here for comparison, with
(a, b, c)=(1.07, 0.48, 2.00) (Zuo et al. 2015).
The C IV-based BH masses are estimated using the

calibration from Vestergaard & Peterson (2006), with (a, b,
c)=(0.66, 0.53, 2.00). The errors of the C IV-based BH
masses listed in Table 3 are estimated as the 1σ dispersion
centered on the median of the measurements from the Monte
Carlo approach, not including the intrinsic error of the BH mass
SE virial relation (∼0.4 dex; Vestergaard 2002; Onken et al.
2004; Vestergaard & Peterson 2006).
Taking the Hβ-based BH mass estimates as the reference values,

we compare the C IV-based and the Mg II-based BH masses with
the reference values in Zuo et al. (2015). The histograms of the
logarithm of the C IV- and Mg II-based BH mass ratios, i.e.,

( ) ( )bM Mlog C IV HBH BH and ( ) ( )bM Mlog Mg II HBH BH , are
shown in Figure 3. The values of ( ) ( )bM Mlog C IV HBH BH
are between −0.85 and 0.67 dex, with a median value of
0.110±0.647 dex. The median value of ( )Mlog Mg IIBH

( )bM HBH is 0.041±0.394 dex. Here the scatters are calculated
as the inner 50th percentile of the distributions of the logarithm of
the mass ratios.
Considering the intrinsic error of the SE virial BH mass

estimates as ∼0.4 dex, all the quasars show consistent Mg II-
based BH mass estimates with the corresponding Hβ-based BH
masses, while 63% of quasars show consistent C IV-based BH
mass estimates with the Hβ-based MBH values. The BH mass
differences of the other 37% of quasars suggest that the C IV-
based BH mass estimates still need to be corrected to better
match the Hβ-based BH masses.
As shown in Table 1, for each quasar in our sample the

median S/N per pixel of the SDSS spectra is larger than 15.
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Table 3
Continuum and Emission-Line Parameters

Name (SDSS) z log L1350 FWHMC IV logMBH
C IV(VP06) REWC IV DVC IV

peak|DVC IV
half Loudness|R DR7 T|DR7+T|NIR T

(erg s−1) (km s−1) (Me) (Å) (km s−1|km s−1) flag|
(1) (2) (3) (4) (5) (6) (7) (8) (9)

J011521.20+152453.3 3.443 46.95±<0.01 6483±200 9.85±0.03 27±1 2433±352/2678±277 −1/−1 071205/071205/111022
J014214.75+002324.2 3.379 47.01±<0.01 4730±227 9.61±0.04 24±1 962±105/965±100 0/−1 000901/000901/111021
J015741.57−010629.6 3.572 46.99±<0.01 6489±149 9.87±0.02 45±1 1918±75/1590±61 0/−1 001123/100910/111021
J025021.76−075749.9 3.337 47.03±<0.01 6983±992 9.95±0.12 18±1 140±776/1233±233 0/−1 001223/001223/111021
J025905.63+001121.9 3.373 47.16±<0.01 5562±116 9.83±0.02 55±1 957±54/847±37 1/5.5 001223/101007/111021
J030341.04−002321.9 3.233 47.16±<0.01 6383±386 9.95±0.05 34±1 511±261/946±217 0/−1 000930/011023/111022
J030449.85−000813.4 3.287 47.38±<0.01 3261±892 9.48±0.19 21±1 421±137/506±106 0/−1 000930/000930/111020
J075303.34+423130.8 3.590 47.22±<0.01 2903±731 9.29±0.15 27±1 22±93/117±42 1/2645.3 000930/091213/111020
J080430.56+542041.1 3.759 47.10±<0.01 7041±253 10.00±0.031 30±1 1258±155/1570±102 0/−1 050114/050114/111022
J080819.69+373047.3 3.480 46.85±<0.01 6714±341 9.82±0.04 31±1 1755±120/1150±149 0/−1 011210/100312/111021
J080956.02+502000.9 3.281 47.03±<0.01 4016±73 9.48±0.02 43±1 147±176/296±163 0/−1 040326/101117/111022
J081855.77+095848.0 3.700 47.09±<0.01 6860±479 9.97±0.06 25±1 1954±282/1967±168 0/−1 070218/070218/111021/22
J090033.50+421547.0 3.290 47.49±<0.01 4888±522 9.89±0.08 36±1 -360±205/−282±196 1/2.1 020120/120226/120415
J094202.04+042244.5 3.276 47.37±<0.01 3356±51 9.50±0.01 40±<1 372±111/788±110 0/−1 011223/010411/120415
J115954.33+201921.1 3.426 47.40±<0.01 7525±310 10.21±0.041 19±<1 1447±533/1126±56 0/−1 080109/080109/120416
J173352.23+540030.4 3.432 47.45±<0.01 5273±136 9.93±0.02 16±1 254±712/1355±703 1/14.0 000929/010331/120415
J213023.61+122252.0 3.272 47.10±<0.01 2474±77 9.09±0.03 35±1 16±31/46±36 −1/−1 020705/020705/111021
J224956.08+000218.0 3.311 46.90±<0.01 3160±42 9.20±0.01 65±1 226±35/490±25 0/−1 021112/101002/111022
J230301.45−093930.7 3.492 47.27±<0.01 9453±453 10.34±0.041 19±1 1685±540/1923±392 0/−1 011215/011215/111020

Note. Column (1): name of the quasars. Column (2): redshift measured from the Hβ and the [O III] doublets of the NIR spectra. Column (3): continuum luminosity at 1350 Å. Column (4): FWHM of the C IV BC.
Column (5): C IV line-based BH masses estimated using the calibration from Vestergaard & Peterson (2006). The uncertainties quoted are only from statistical errors and not including the intrinsic uncertainties of the SE

virial BH mass estimates as ∼0.4 dex (Vestergaard 2002). Column (6): REW of the C IV emission line. Column (7): C IV emission-line velocity shifts DVC IV
peak and DVC IV

half with respect to [O III] λ5007. Column (8):
FIRST radio flag: −1 = not in FIRST footprint; 0 = FIRST undetected; 1 = core dominant. Radio-loudness R = f6cm/f2500. Column (9): date when the SDSS DR7/SDSS DR7+/NIR spectroscopy were taken, e.g.,
071110 referring to 2007 November 10.
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For the NIR spectrum of each quasar, the median S/N per
spectral resolution element of 3 pixels is no less than 10. Using
the SDSS DR7 sample, Shen et al. (2011) found that the bias
affecting the continuum luminosities and FWHMs during the
spectral measurements are negligible even if S/N is reduced to
as low as ∼5. This is further confirmed in Runnoe et al. (2013).
Given the relatively high S/N of the NIR and optical spectra in
our sample, we argue that the difference of the S/N of SDSS
optical spectra and NIR spectra of our quasars makes a small
contribution to the differences between the C IV- and Hβ-based
BH masses.

The continuum variation is typically at the level of ∼0.1 mag
for average SDSS quasars (MacLeod et al. 2012; Zuo et al.
2012). Since the luminosity enters into the BH mass estimates
as the square root, the luminosity uncertainty does not make a

large contribution to the BH mass estimates (Coatman et al.
2017). For the line shape variability, Wilhite et al. (2007) found
that the variation of the C IV line FWHM is less than 0.05 dex,
using 615 high-z quasars with spectra observed at two
epochs. They concluded that the inherent continuum and line
shape variability contributes ∼20% to the BH mass variations
(∼0.08 dex) between different epochs.
As listed in Table 1, the time differences between the NIR

spectroscopy and the SDSS spectroscopy range from 49 days to
12 yr, corresponding to 11 days–2.6 yr in the rest frame of
quasars (ΔTrf), where 8 out of the 19 quasars were observed
with time differences larger than 2 yr in the rest frame of
quasars. The absolute logarithm of the median BH mass ratio
( ( ) ( )bM Mlog C IV HBH BH ) for quasars with ΔTrf<2 yr is
measured to be 0.11±0.46 dex, while for quasars with
ΔTrf>2 yr, the absolute logarithm of the median BH mass
ratio is 0.43±0.53 dex.
However, we find that the median ( )bMlog HBH value for

quasars with ΔTrf<2 yr is larger by 0.23 dex than that for
quasars with ΔTrf>2 yr, and the median ( )Mlog C IVBH value
for quasars with ΔTrf<2 yr is smaller by 0.08 dex than that
for quasars with ΔTrf>2 yr. That means that the relatively
larger ∣ ( ) ( )∣bM Mlog C IV HBH BH with ΔTrf>2 yr is mainly
due to the distributions of the C IV- and Hβ-based BH masses
with the observing time difference, which are not related to the
quasar intrinsic properties.

3.2. Dependences of the Mass Differences on Different
Parameters

To investigate whether the logarithm of the mass ratios
depends on the C IV emission-line properties, in Equation (5)
we assume that there is no dependence on the FWHM by fixing
c as 0 and then calibrate the C IV-based BH masses to the
reference Hβ-based BH masses using the LINMIX_ERR
approach (Kelly 2007). If b is adopted as 0.530 (Vestergaard
& Peterson 2006), the best-fitting result yields the a value as
8.01±0.26. The median logarithm of the mass ratio is
0.025±0.360.
To investigate the dependence of the mass ratios on the

continuum luminosities, in Equation (5) we assume that there is

Figure 2. Left panel: correlation between log L1350 and log L5100. Right panel: correlation between log FWHMHβ and log FWHMC IV, where the red diamonds refer to
the corrected log FWHMC IV using Equation (6). More details can be found in Section 3.4.

Figure 3. Distributions of log MBH(C IV)/MBH (Hβ) (red histogram) and
log MBH(Mg II)/MBH(Hβ) (gray shaded histogram).
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no dependence on L by fixing b as 0 and then calibrate the
C IV-based BH masses to the reference BH masses using the
LINMIX_ERR approach (Kelly 2007). If c is adopted as 2.00
(Vestergaard & Peterson 2006), the best-fitting a value is
2.26±0.38. The median logarithm of the mass ratio is
0.006±0.432.

The median logarithm of the mass ratios and fitting results
are tabulated in Table 4. We find that under the aforementioned
assumptions, the scatters are large. Moreover, the scatter is
smaller when the dependence of the BH mass estimates on the
FWHM is assumed to be zero. It indicates that the scatter of the
mass differences is more related to the line properties than the
continuum luminosities.

For the 19 targets, we further investigate the Spearman
rank correlations between the logarithm of the mass ratios

( ) ( )bM Mlog C IV HBH BH and detailed spectral properties,
as tabulated in Table 5. There is a strong correlation
with bFWHM FWHMC IV H (r∼0.98, p<0.01), FWHMC IV

(r∼0.67, p<0.01), a moderate correlation with the C IV
blueshift ΔVC IV (r∼0.54, p∼0.02), and a moderate antic-
orrelation with the C IV asymmetry ASC IV (r∼−0.62,
p<0.01). However, we note that the strong relation with
FWHMC IV/FWHMHβ is simply due to the fact that the
calculated MBH(C IV)/MBH(Hβ) values are proportional to
(FWHMC IV/FWHMHβ).

2 No significant correlations with
other parameters are found, such as the luminosity or the
logarithm of the luminosity ratio.

It suggests that the logarithm of the mass ratio is mainly
affected by the line properties, such as FWHMC IV, ΔVC IV, and
ASC IV. The dependence of ( ) ( )bM Mlog C IV HBH BH on the
observed parameters is shown in Figure 4, including the
dependences on FWHMC IV, ΔVC IV, and ASC IV. Influences
caused by line properties, such as the blueshift and asymmetry
could be taken into account to further reduce the difference
between the C IV- and Hβ- based BH mass estimates.

3.3. Correlation between the C IV FWHM and the C IV
Blueshift

The distribution of the derived C IV blueshifts is shown in
Figure 5. Among the 19 quasars, 18 quasars exhibit positive
C IV blueshifts, with the median value as 1126 km s−1 and the
inner 50th percentile of the distribution as 1064 km s−1. A total
of 14/19 of the quasars show C IV blueshifts larger than
500 km s−1. Uncertainties of the C IV blueshifts range from 25
to 703 km s−1, with the median value at 110 km s−1. The
uncertainties are generally larger for larger blueshifts.

As shown in Figure 6, for our sample with Lbol∼
1047.5–1048.3 erg s−1, the C IV FWHM strongly correlates with
the C IV blueshift, with the Spearman correlation coefficient as
0.78 (p<0.01). Consistent results were found in many previous
studies (e.g., Richards et al. 2002; Sulentic et al. 2007;

Shen & Liu 2012; Coatman et al. 2016; Sun et al. 2018; Vietri
et al. 2018; Marziani et al. 2019), suggesting that the C IV
FWHM is likely a combination of a virialized component and an
outflow component.
For the large DR7 quasar sample, the C IV blueshifts relative

to the Mg II line can be estimated from the cataloged velocity
shifts of C IV and the velocity shifts of broad Mg II relative to
the systematic redshifts (Schneider et al. 2010; Shen et al.
2011). For a better comparison, we superimpose analog data in
contours, i.e., the C IV blueshifts relative to the broad Mg II line
and the C IV line FWHM, from the large DR7 quasar sample of
44,426 quasars with 1.5<z<5.0 located in the Faint Images
of the Radio Sky at Twenty cm (FIRST) footprint with radio-
loudness less than 10, nonzero REWC IV, FWHMC IV, log L1350,
and log REDD values (Shen et al. 2011). The radio-loudness (R)
is defined as the ratio of the flux density at rest-frame 6 cm to
the flux density at 2500Å (Jiang et al. 2007; Shen et al. 2011).
The border lines represent the 25th, 50th, 75th, and 95th
percentile contours centered at the maximum probability
point. Similar to Coatman et al. (2016), we find that the
FWHMs of quasars with large C IV blueshifts (≈1500 km s−1)
are about 2 times higher than those with moderate blueshifts
(≈300 km s−1).

3.4. Corrections of the C IV FWHM

Given the correlation between FWHMC IV/FWHMHβ and
the C IV blueshift (r∼056, p∼0.01), FWHMC IV can be
calibrated with the C IV blueshift to get better agreement with
FWHMHβ, which in turn results in a slightly more accurate BH
mass estimate.
The following equation is fitted to the data using the

LINMIX_ERR procedure:

( ) ( )a b= + Db
-FWHM VFWHM 1000 km s , 6C IV H
1

whereΔV is the C IV blueshift. For the 18 quasars with positive
ΔV values, the best-fitting results are α=0.67±0.20 and
β=0.41±0.17, which is shown as the black line in the left
panel of Figure 7. Then, the corrected FWHMC IV is calculated
as FWHMC IV/(α+β (ΔV/1000 km s−1)). The corrected
FWHMC IV values based on this calibration are also displayed
in the right panel of Figure 2 as the red symbols.
The red dashed line in Figure 7 refers to the best-fitting

relation for the 230 high-luminosity, 1.5<z<4.0 quasars
as shown in Figure 6 of Coatman et al. (2017)

Table 4
log MBH from the C IV Emission Line Using Different Calibrations versus the
Reference Hβ-based log MBH Estimates Using the Calibration in Vestergaard

& Peterson (2006)

a bc c D Mlog BH σ

(1) (2) (3) (4) (5)

0.66 0.53 2.0 0.110 0.647
8.01±0.26 0.53 0 0.025 0.360
2.26±0.38 0 2.0 0.006 0.432

Table 5
Correlations of the Logarithm of the C IV-to-Hβ BH Mass Ratios with Other

Spectral Parameters

Variable r p
(1) (2) (3)

log L1350 0.31 0.19
log L5100 0.04 0.86

L Llog 1350 5100 0.20 0.42
FWHMC IV 0.67 <0.01
FWHMHβ −0.40 0.09
FWHMC IV/FWHMHβ 0.98 <0.01
C IV blueshift ΔVC IV 0.54 0.02
C IV asymmetry ASC IV −0.62 <0.01

Note. Column (2): Spearman rank correlation coefficient r. Column (3):
significance of r deviated from the null hypothesis.

10

The Astrophysical Journal, 896:40 (23pp), 2020 June 10 Zuo et al.



with α=0.61±0.04 and β=0.36±0.03. The C IV
blueshifts in Coatman et al. (2017) are defined as
c(1549.48−λhalf)/1549.48, where 1549.48Å is the rest-frame
wavelength of the C IV doublet assuming equal contribution
from both components.

Given the anticorrelation between FWHMC IV/FWHMHβ

and the C IV asymmetry, the C IV FWHM can also be
calibrated with the C IV asymmetry to better agree with the
Hβ FWHM using the LINMIX_ERR procedure:

( )a b= +bFWHM FWHM AS . 7C IV H C IV

For the 19 targets, the best-fitting results are α=2.03±0.52
and β=−1.1±0.62. The fitting result is shown as the black
line in the right panel of Figure 7.

3.5. Corrections of the C IV-based Virial BH Mass Estimates

Using the corrected FWHMC IV and the scaling relations in
Vestergaard & Peterson (2006) for the C IV line, we calculate the
corrected BH masses MC IV,corr. The left panel of Figure 8
compares the C IV- and Hβ- based BH masses before and after
applying the blueshift-based correction to the C IV FWHM for

the 18 quasars with positive ΔVC IV. The reduction in scatter
between the C IV- and Hβ-based BH masses can be seen in the
reduction in the width of the distribution of the mass differences.
Before the correction, the median difference between the masses
is 0.110 dex and the scatter is 0.647 dex. After correcting the
C IV FWHM for the nonvirial contribution using the ΔVC IV,
the median difference is reduced to −0.032 dex with the scatter
as 0.424 dex.
The right panel of Figure 8 compares the C IV- and Hβ-

based BH masses before and after applying the C IV
asymmetry-based correction to the C IV FWHM for the 19
quasars. After the correction, the median difference is −0.065
dex with the scatter as 0.643 dex. For the target J075303.34
+423130.8 with the largest absolute mass difference, the
logarithms of the C IV-to-Hβ mass ratio before and after the
asymmetry-based correction are −0.845 and −0.797 dex,
respectively. Excluding this target, the median difference
before the asymmetry-based correction is 0.169±0.639,

Figure 4. Dependence of the logarithm of the C IV-to-Hβ BH mass ratios on FWHMC IV (left), the C IV blueshifts (middle), and the C IV asymmetries (right). The
dashed line in each panel refers to the situation where the C IV- and Hβ-based BH masses are equal.

Figure 5. Distribution of the C IV emission-line blueshifts with respect to
[O III] λ5007.

Figure 6. Correlation between FWHMC IV and the C IV blueshifts for the 18
quasars with positive ΔVC IV values. The contours are the analog data from the
large DR7 quasar sample of 44,426 quasars with the C IV FWHW values and
the C IV blueshifts relative to the broad Mg II line. The lines refer to the 25th,
50th, 75th, and 95th percentile contours centered at the maximum probability
point.
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which reduces to 0.123±0.359 after the correction. Therefore,
the correction based on the C IV asymmetry reduces the scatter
of logMBH(C IV)/MBH(Hβ) by less than 0.1 dex and by ∼0.3
dex if the target with the largest absolute mass difference is
excluded.

4. Discussion

4.1. Comparison with Previous Works

Considering the intrinsic error of the SE virial BH mass
estimates as ∼0.4 dex, no significant differences between the
C IV-based and the Hβ-based BH masses are found in some
previous studies (Vestergaard 2002; Vestergaard & Peterson 2006;
Greene et al. 2010; Assef et al. 2011). For our high-z luminous

quasars, the median logarithm of the C IV-to-Hβ mass ratios is
0.110 dex, but the scatter is 0.647 dex, with 63% quasars showing
mass residuals less than 0.4 dex. It suggests that the C IV-based
BH mass estimates still need to be corrected to reduce the
difference with the Hβ-based BH masses (Denney 2012;
Trakhtenbrot & Netzer 2012; Park et al. 2013; Runnoe et al.
2013; Coatman et al. 2017; Sulentic et al. 2017; Mejía-Restrepo
et al. 2018; Marziani et al. 2019).
Among the 1350 and 5100Å continuum luminosities,

redshift, Eddington ratio, C IV blueshift, C IV asymmetry, and
the logarithm of the ratio of the UV and optical continuum
luminosities, Assef et al. (2011) found that only the correlation
between ( ) ( )blogM C IV M HBH BH and the logarithm of the
ratio of continuum luminosities is most significant. They

Figure 7. Left: Correlation between FWHMC IV/FWHMHβ and the C IV blueshift for the 18 quasars with positiveΔVC IV, where the black dotted–dashed line refers to
the best-fitting relation for the 18 quasars and the red dashed line represents the best-fitting relation for the 230 high-luminosity, 1.5<z<4.0 quasars shown in
Figure 6 of Coatman et al. (2017). Right: Correlation between FWHMC IV/FWHMHβ and the C IV asymmetry for the 19 quasars, where the black dotted–dashed line
refers to the best-fitting relation for the 19 quasars.

Figure 8. Left: for the 18 quasars with positive blueshifts, comparison of the C IV- and Hβ-based BH masses before (black histogram) and after applying the C IV
blueshift-based correction to the C IV FWHMs (red histogram). Right: for the 19 quasars, comparison of the C IV- and Hβ-based BH masses before (black histogram)
and after applying the C IV asymmetry-based correction to the C IV FWHMs (red histogram).
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suggested that the dispersions in previous comparisons between
the C IV- and the Hβ-based MBH estimates are mainly due to
the continuum luminosities rather than any other properties of
the lines.

Shen & Liu (2012) found that the better correlation between the
FWHMs of the C IV and Hβ lines seen in Assef et al. (2011) is
essentially driven by the objects with lower luminosity. Marziani
et al. (2019) suggested that the 10 gravitationally lensed quasars in
Assef et al. (2011) might have a preferential section of Population
B quasars with FWHMHβ>4000 km s−1 and better agreement
between Hβ and C IV line widths.

Here, based on an independent high-redshift and high-
luminosity quasar sample, we find a strong correlation between

( ) ( )bM Mlog C IV HBH BH and the C IV blueshift, the C IV
asymmetry, and the C IV FWHM, as tabulated in Table 5.
Different from the result in Assef et al. (2011), these
correlations are more significant than that with the logarithm
of the ratio of the continuum luminosities.

The distribution of quasars in the FWHMHβ–RFe II plane is
shown in Figure 9. With the classification scheme in Marziani
et al. (2010, 2019), there are six Population A1 quasars
(FWHMHβ<4000 km s−1, RFe II<0.5), 12 Population B quasars
(FWHMHβ>4000 km s−1, RFe II<0.5), and the remaining one is
J081855.77+095848.0 (FWHMHβ>4000 km s−1, RFe>0.5).
The correlations between FWHMC IV and FWHMHβ of the
quasars in both Population A1 and Population B are insignificant,
with r∼0.43 (p∼0.40) and r∼0.22 (p∼0.50), respectively.
The correlation between log L1350 and log L5100 for the Population
B quasars is strong with r∼0.76 (p∼0.004), while there is no
correlation between the continuum luminosities for the Population
A1 quasars. Note that the number of Population A1 quasars is only
6, which could bias the correlation analysis. Nevertheless, the
poor relations between the FWHMs in both the Population A1
and Population B quasars suggest that the differences between

the line widths exist and may contribute to the differences between
the C IV- and Hβ-based BH masses.
From Figure 4, for the AGNs with C IV blueshift larger than

1000 km s−1, the median C IV-based BH mass is roughly
overestimated by a factor of ∼2 compared to the Hβ-based BH
masses. It is roughly consistent with the result found in
Coatman et al. (2016) but with a smaller overestimate value.
For quasars with C IV blueshift larger than 2000 km s−1, the
C IV-based BH masses overestimate the Hα-based BH masses
by a factor of ∼5 (Coatman et al. 2016).
Further using a large sample of 230 high-luminosity

(Lbol∼1045.5–1048 erg s−1) and 1.5<z<4 quasars, Coatman
et al. (2017) corrected the BH masses based on the blueshift-
corrected C IV FWHMs, where the blueshifts are calculated with
λhalf. After the correction, the scatter between the corrected C IV-
based and the Balmer line-based BH masses decreases from 0.4
to 0.24 dex. Marziani et al. (2019) confirmed the applicability of
correcting FWHMC IV using the C IV blueshift and the
luminosity for 76 quasars with Lbol∼1044–1048.5 erg s−1

and 0<z<3.
On correcting the C IV-based BH mass estimates, previous

studies have presented other methods based on the parameters
relatively independent of the redshift estimates, such as
reducing the dependence of the BH masses on the emission-
line width (Shen & Liu 2012; Park et al. 2013, 2017), the
continuum-subtracted peak flux ratio of the ultraviolet emis-
sion-line blend of Si IV+O IV relative to C IV (Runnoe et al.
2013), and the C IV shape (Denney 2012).
Mejía-Restrepo et al. (2018) suggested that these correction

methods based on the line peak ratios or blueshifts are of
limited applicability. This is because most of them depend on
correlations that are not driven by an interconnection between
the line width of C IV and that of the low ionization lines.
Coatman et al. (2017) found that the correction based on the
C IV blueshifts ΔVC IV yields no systematic bias to correct the
BH masses at different blueshifts. It hints that correcting the
C IV-based BH mass estimates using ΔVC IV is still valuable. In
our work, for the luminous quasars (Lbol>1047.5 erg s−1),
before the correction, the median difference is 0.110 dex, but
the scatter is as large as 0.647 dex. After the correction using
ΔVC IV, the median difference is −0.032 dex and the scatter is
reduced from 0.647 to 0.424 dex. This large scatter indicates
that the correction using ΔVC IV is still not sufficient, and other
intrinsic properties have to be taken into account in the
corrections of the C IV-based virial BH mass estimates.
Estimates of ΔVC IV require accurate redshift estimates,

which can be obtained with rest-frame optical spectra.
However, if a rest-frame optical spectrum is available, it is
unnecessary to correct the C IV-based BH masses based on the
blueshift. Therefore, a correction using only the information
around the C IV line is required, such as the ASC IV. In our
sample, after using the correction with ASC IV, the median
difference is −0.065 dex and the scatter decreases by less than
0.1 dex. If the target with the largest absolute mass difference is
excluded, the scatter is reduced by ∼0.3 dex. Investigations on
whether ASC IV and other properties can be used for the
correction of FWHMC IV will benefit significantly from a larger
sample.
On the other hand, if the systemic redshift can be estimated

with an improved method through only the rest-frame UV
spectra, such as the principal-component-analysis-based red-
shift estimates, the C IV-based BH mass estimates can still be

Figure 9. Distribution of the quasars in the optical EV1 plane, FWHMHβ vs.
RFe II. The Population A1 quasars with FWHMHβ<4000 km s−1 and
RFe II<0.5 are denoted as filled circles, the Population B quasars with
FWHMHβ>4000 km s−1 and RFe II<0.5 are denoted as open circles, and the
remaining quasar is shown as the diamond.
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corrected using the accurately calculated C IV blueshifts (Allen
et al. 2013; Coatman et al. 2017; Ge et al. 2019).

4.2. Baldwin Effect

The Baldwin effect is the anticorrelation between the REW
values of the C IV line and the continuum luminosity at 1450Å
(Baldwin 1977). For our sample at z ∼3.5, a weak antic-
orrelation between REWC IV and the continuum luminosity at
1350Å can be seen in the left panel of Figure 10 (r∼−0.31,
p∼0.20). For better comparison, in each panel, contours show
the distribution of the data from the SDSS DR7 quasar sample of
the 44,426 quasars as stated in Section 3.4. The absence of the
Baldwin effect may be due to the narrow range of the continuum
luminosity at 1350Å in our sample (1046.8erg s−1 <
L1350<1047.8 erg s−1), compared to that of the SDSS DR7
sample (1044 erg s−1 <L1350<1047.8 erg s−1).

As found in previous works (Richards et al. 2002, 2011;
Vietri et al. 2018), the REWC IV values decrease with increasing
blueshifts. Using multiepoch spectra of 362 quasars from the
SDSS-RM project, Sun et al. (2018) confirmed that the
extremely blueshifted quasars generally have smaller
REWC IV, while the reverse is not true. With the C IV blueshift
range narrower than that of the quasar sample in Sun et al.
(2018), we find that the REWC IV values moderately antic-
orrelate with the C IV blueshifts with r∼−0.45 (p∼0.06).
The result is shown in the middle panel of Figure 10.

Some previous works proposed a modified Baldwin effect,
relating REWC IV and Rlog EDD (Shemmer & Lieber 2015; Ge
et al. 2016). For our sample, the bolometric luminosity Lbol and
the Eddington ratio REDD are directly taken from Zuo et al.
(2015). The Lbol values are estimated with L5100 using the
bolometric correction factor of 9.26 from the composite
spectral energy distribution (SED; Richards et al. 2006), which
presented that the uncertainty of the bolometric luminosity can
be as much as 0.3 dex under the assumption of a single mean
SED. With the bolometric luminosities and the Hβ-based BH
masses, the REDD values are estimated as Lbol/LEDD. The errors
of Lbol and REDD listed in Table 2 of Zuo et al. (2015) only
account for the statistical uncertainties estimated using the
Monte Carlo approach. Including the uncertainty in the
bolometric correction (∼0.3 dex) and the intrinsic uncertainty
of the virial BH mass estimates (∼0.4 dex), the error
propagation would yield the errors of REDD larger than
∼0.5 dex.

No similar anticorrelation between the two parameters is
seen in our sample, as shown in the right panel of Figure 10.
We argue that it is probably due to the narrow range of
log REDD in our sample; the range of log REDD in our sample is
[−0.52, 0.49] compared to [−2, 0.5] in Ge et al. (2016) and
[−2, 0.6] in the SDSS DR7 quasar sample (Shen et al. 2011). A
larger sample with a wider Rlog EDD range is needed to better
understand the modified Baldwin effect.

4.3. Radio Properties

To study the differences between quasars with small and
large C IV blueshifts, we divide the 18 quasars with positive
ΔVC IV into two subsamples (subsample I and II) according to
ΔVC IV separated at 1000 km s−1; subsample II (9 quasars) has
higher C IV blueshifts than that of subsample I (9 quasars).
Some previous studies showed that radio-loud quasars are

strongly biased to have lower mean C IV blueshifts than the
radio-quiet quasars (Marziani et al. 1996; Sulentic et al. 2007;
Richards et al. 2011). As shown in Table 3, among the nine
quasars in subsample I, one quasar is not in the FIRST
footprint, six quasars are not detected in the FIRST, and two
quasars are radio detected with the radio-loudness R as 5.5 and
2645, respectively. Among the nine quasars in subsample II,
one is not in the FIRST footprint, seven are not detected in the
FIRST, and one is radio detected with R∼14.0.
With a limited sample, our results show that the fraction of

radio-detected quasars in subsample I is larger than that in
subsample II and the loudness of the radio-loud quasar in
subsample I is larger than that in subsample II. However,
whether it suggests that a higher-blueshift sample is more
radio-quiet still requires further verification based on a larger
sample of quasars.
Using 130 low-z AGNs, Sulentic et al. (2007) found

that sources with C IV blueshifts strongly favor radio-quiet
Population A quasars with FWHMHβ�4000 km s−1 and the
C IV blueshift is not observed in most Population B sources.
For 0.1<z<3.1 and < <- L47.4 erg s log 48.41

bol erg s−1

AGNs, Sulentic et al. (2017) confirmed the preference of C IV
blueshifts in Population A quasars and found that many
Population B quasars show significant C IV blueshifts. Using
the WISSH quasar sample with Lbol>1047.3 erg s−1, Vietri
et al. (2018) also found large C IV blueshifts in sources with
FWHMHβ>4000 km s−1.

Figure 10. Left: correlation between log REWC IV and the continuum luminosity at 1350 Å. Middle: correlation between log REWC IV and the C IV blueshift. Right:
correlation between log REWC IV and log REDD. In each panel, to show the parameter distribution of our sample with respect to the SDSS DR7 quasars, analog data
from the DR7 sample of 44,424 quasars are superimposed as contours, with the border lines representing the 25th, 50th, 75th, and 95th percentile contours centered at
the maximum probability point.
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Among six Population A1 quasars, only two quasars (33.3%
of the Population A1 quasars) are in subsample II. Among 12
Population B quasars, 6 quasars (50% of the Population B
quasars) are in subsample II with C IV blueshifts greater than
1000 km s−1, extending the detection of significant C IV
blueshifts in luminous Population B quasars.

4.4. Broad Emission Line Region Models

As we are more interested in the emission-line properties but
not the continuum of the quasar spectra, we create two
composite spectra based on the rest-frame spectra of the two
subsamples using the arithmetic mean instead of the geometric
mean at each wavelength pixel. After subtracting the best-
fitting pseudo-continuum from the stacked spectra, we
investigate their C IV emission-line profiles. As shown in
Figure 11, the blue wings are similar, while the red wing of the
C IV line profile with larger blueshift is lower. It appears that
the shift of the C IV emission line is not due to the blueshift of
the whole profile but to the suppression of the red wing.

Richards et al. (2002) suggested that the C IV blueshifts were
related to the quasar orientation, either external or internal. In a
spherically symmetric cloud model (Elvis 2000; Richards et al.
2002), assuming that the outflowing clouds are isotropically
distributed, subsample I may represent a more face-on
configuration of the accretion disk, and subsample II represents
a more edge-on configuration (Richards et al. 2002;
Leighly 2004; Coatman et al. 2017, 2016). The obscuration
of the optically thick disk in subsample II would reduce the flux
of the red wing of C IV, whereas for a disk-wind-type model
(Murray & Chiang 1998), the blueshift and shape could be
caused by both the orientation and a change in the opening
angle of the disk wind.

However, Leighly (2004) and Richards et al. (2011) hinted
that the C IV blueshifts are not likely due to the external
orientation. Leighly (2004) mentioned that the blueshifted

high-ionization lines may come from a wind that is moving
toward us, with the receding side obscured by the optically
thick accretion disk. Moreover, some studies suggested that the
blueshift implied the contribution from the outflowing wind
component (Bachev et al. 2004; Marziani et al. 2010, 2019;
Richards et al. 2011; Vietri et al. 2018).
In that way, the differences of the C IV properties between

subsamples I and II are due to differences in the accretion disk
wind, where the relative contribution of the wind component to
the disk contribution in subsample II is larger. Furthermore, the
difference of the disk wind is probably due to the difference of
the SED, ultimately determined by the intrinsic quasar
properties, such as the Eddington ratio (Richards et al. 2011;
Sulentic et al. 2017; Sun et al. 2018; Vietri et al. 2018;
Marziani et al. 2019).
On the other hand, we compared the REW[O III] distribution

of the two subsamples. We find that depending on
REW[O III]>5 or <5Å (Vietri et al. 2018), subsample I
can be divided into six [O III] and three weak [O III] quasars,
while subsample II contains one [O III] quasar and eight weak
[O III] quasars. The higher ratio of [O III] quasars in subsample
I with lower blueshifts suggests that the [O III] quasars seem to
exhibit lower blueshifts than the weak [O III] quasars. This is
qualitatively consistent with the result found in Vietri et al.
(2018), where among 18 quasars with 2<z<4 and
Lbol>1047.3 erg s−1, the 6 [O III] quasars show lower blue-
shifts than the other 12 weak [O III] quasars.
Shen & Ho (2014) suggested that the dispersion of the

FWHMHβ at fixed RFe II in the optical EV1 plane is largely an
orientation effect and found no tendency of the REW[O III]
values with FWHMHβ at fixed RFe II. That indicates that the
REW[O III] distribution cannot be solely explained by the
orientation effect.
Since the 18 quasars of our sample exhibit RFe II values

ranging from 0 to 0.47, as shown in Figure 9, it is reasonable to
assume that they are quasars with almost fixed RFe II and to take
the FWHMHβ as an orientation indicator. No significant
correlations between FWHMHβ and the C IV blueshifts and
REW[O III] are found, with r∼0.25 (p∼0.32) and r∼0.09
(p∼0.73), respectively. It indicates that neither the C IV
blueshifts nor the distribution of REW[O III] would be likely
explained by the orientation effect alone.
Though our results cannot help constrain the details of the

broad emission line region models, the strongly blueshifted
C IV line profile suggests that it is at least partly contributed by
the emission in the wind. The possibility of an orientation
effect cannot be neglected, but the orientation effect alone is
unlikely to explain either the C IV blueshift or the REW[O III]
distribution. It is possible that they are caused by the
combination of the orientation effect and the intrinsic quasar
properties, such as the Eddington ratio.

4.5. Is the C IV Blueshift Driven by the Eddington Ratio?

As shown in Figure 12, adopting REDD estimated from the
Hβ-based BH masses, all the quasars in our sample are
accreting at REDD>0.30 and cover a considerable range of
blueshifts. It suggests that not all quasars with high Eddington
ratios show large blueshifts. This is consistent with previous
works (Baskin & Laor 2005; Coatman et al. 2016; Sun et al.
2018), where quasars with large C IV blueshifts tend to accrete
at around Eddington limits, while the converse is not true.

Figure 11. C IV emission lines of the composite spectra for subsamples with
high and low C IV blueshifts. Black and red lines represent the composite
spectra with low (<1000 km s−1) and high (>1000 km s−1) ΔVC IV values,
respectively.

15

The Astrophysical Journal, 896:40 (23pp), 2020 June 10 Zuo et al.



The Eddington ratio is thought to be the underlying driver
behind the MS (Boroson & Green 1992; Sulentic et al.
2000, 2017; Marziani et al. 2001; Bachev et al. 2004; Marziani
et al. 2010, 2019; Shen & Ho 2014). As the REDD value
increases, the radiation pressure plays an increasingly impor-
tant role in accelerating clouds that could produce a blueshifted
C IV profile (Marziani et al. 2010). Previous studies found that
there is a correlation between the C IV line blueshifts and the
REDD values (Marziani et al. 2010; Coatman et al. 2016; Sun
et al. 2018; Vietri et al. 2018).

No similar correlation between the C IV blueshifts and REDD

is seen in our sample, with r∼−0.2 (p∼0.4). The median
Rlog EDD of the quasars in subsample I is 0.16±0.42, while

that of the quasars in subsample II is −0.16±0.30. The scatter
is estimated as the inner 50th percentile of the distribution.
From the difference of the median Rlog EDD, it seems that the
quasars of subsample I accrete at higher Eddington ratio than
the quasars of subsample II. However, this may not be
representative of the intrinsic relationship, as both the errors of
REDD (∼0.5 dex) and the scatters of the median Rlog EDD are
large compared to the difference of the median Rlog EDD

between subsamples I and II. If the REDD values are estimated
from the C IV-based BH masses, as shown in red, an
anticorrelation between the C IV line blueshifts and the REDD

is shown, with r∼−0.86 (p<0.01). This anticorrelation is
mainly due to the positive correlation between the C IV line
blueshifts and the C IV-based BH masses, as shown in
Section 3.2.

In the optical EV1 plane, the average REDD value increases
as the RFe II increases (Shen & Ho 2014; Marziani et al. 2019).
Our sample including only the Population A1 and Population B
quasars with RFe II<0.5 covers the left part in the optical EV1
plane. Thus, we argue that the inconsistent correlation between
the C IV blueshifts and REDD in our sample is mainly due to the
limited sample size and the range of the REDD, which should be
verified with a larger sample in the future.

5. Conclusion

Using a z∼3.5 luminous quasar sample (1047.5erg s−1 <
Lbol<1048.3 erg s−1) with observed-frame optical and NIR
spectroscopy, we have investigated the reliability of estimating
BH masses based on the C IV emission line and the possible
corrections based on the C IV blueshift and asymmetry. We
also study the C IV emission-line properties, in terms of the
blueshift and possible physical mechanisms therein. The
conclusions are summarized as follows:
1. The logarithms of the C IV-to-Hβ BH mass ratios are

between −0.85 and 0.67 dex, with a median value as 0.110 dex
and a scatter as 0.647 dex. A total of 63% of quasars in
our sample show logMBH(C IV)/MBH(Hβ) within the range of
0.4 dex. This suggests that the C IV-based BH mass estimates still
need to be corrected to better match the Hβ-based BH masses.
2. The logarithms of the C IV-to-Hβ BH mass ratios correlate

with the C IV FWHMs, the C IV blueshifts, and the asymme-
tries. Corrections using the C IV blueshift and the asymmetry
reduce the scatter of the logarithm of the mass ratio by ∼0.2
and ∼0.04 dex, respectively. Excluding the target with the
largest C IV-to-Hβ mass difference, the scatter is reduced by
∼0.3 dex after the correction using the C IV asymmetry.
3. The Baldwin effect between REWC IV and log L1350 is not

significant in our sample, likely due to the limited luminosity
range of our sample. The moderate anticorrelation between
REWC IV and the C IV blueshifts is seen. No similar antic-
orrelation between REWC IV and REDD (the modified Baldwin
effect) is seen, which may be mainly due to the narrow range of
log REDD of our sample.
4.With a limited number of quasars, we find that in

subsample I with positive C IV blueshifts <1000 km s−1 among
the eight quasars in the FIRST footprint, two quasars are radio
detected, including one radio-loud quasar with R∼2645 and
one radio-quiet quasar with R∼5.5, while in subsample II
among the eight quasars in the FIRST footprint, one quasar is
radio detected in the FIRST with R∼14.0. Whether it suggests
that a higher blueshift sample is more radio-quiet still needs to
be verified using a larger quasar sample in the future.
5. Among the 19 quasars, six are Population A1 and 12 are

Population B. A total of 50% of the Population B quasars
exhibit C IV blueshifts larger than 1000 km s−1, extending the
detection of significant C IV blueshifts in luminous Population
B quasars.
6. After comparing the C IV emission-line profiles of the

composite spectra of subsamples I and II, we find a lack of flux
in the red wing for the C IV composite emission line of
subsample II with larger blueshifts. The ratio of [O III] quasars
with REW[O III]>5 Å in subsample I is higher by 55.6% than
that in subsample II, suggesting that the [O III] quasars seem to
exhibit lower blueshifts than the weak [O III] quasars with
REW[O III]<5 Å.
7. Considering that our sample mainly covers a narrow range

of RFe II<0.5, we take the FWHMHβ as an indicator of the
orientation. No significant correlation between FWHMHβ and
the C IV blueshifts or REW[O III] is found, indicating that the
orientation effect alone cannot explain either the difference of
the C IV profile for quasars with different blueshifts or the
distribution of REW[O III]. It is more likely that they are caused
by the orientation effect and the intrinsic quasar properties,
such as the Eddington ratio.
8. Quasars in our sample accrete at high Eddington ratios

with REDD>0.3 and show a wide range of C IV blueshifts,

Figure 12. Eddington ratio vs. the C IV blueshift, where the black and red
symbols refer to the Hβ-based log REDD and the C IV-based log REDD values,
respectively. The quasars in our sample are accreting at REDD>0.3 and cover
a large range of blueshifts.
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with 18/19 of the quasars showing C IV blueshifts (with the
median value of 1126 km s−1) and 14/19 of the quasars
showing C IV blueshifts larger than 500 km s−1.
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Appendix

In Model A, we fit three Gaussians for the BC of C IV, one
Gaussian for the BC of He II λ1640, and one Gaussian for the
BC of O III] λ1663. In model B, we fit 2/1 Gaussians for the
BC/NC of C IV, 1/1 Gaussian for the BC/NC of He II, and
1/1 Gaussian for the BC/NC of O III]. The NCs of the three
lines are tied together and fitted with an upper FWHM limit as
1600 km s−1. We also compare them with Model C, where the
only difference from Model A is that the number of Gaussians
used to fit the C IV BC in Model C is 2 instead of 3.
Figures A1 and A2 present the spectra fitting results of

Model A and Model B in the wavelength range of
1500–1700Å for the 19 quasars, respectively. The reduced
χ2 of the spectral fitting of the C IV emission line using Models
A, B, and C are listed in Table A1, with the median values as
1.07±0.25, 1.06±0.27, and 1.16±0.34, respectively.
Model A yields the smallest χ2 for 68.4% quasars, though
considering the scatter, the χ2 values of the three models are
similar.
However, after visual inspections, we find that for most

quasars the three-Gaussian models (Model A and B) for the
C IV line reproduce the C IV line profile better than the two-
Gaussian model (Model C). This is reasonable, as there are
more adjustable parameters to maximize the consistency
between the model fitting and the observed data. For some
quasars, such as J011521.20+152453.3 and J014214.75
+002324.2, the fitting results from Model B show a weird
NC owing to the narrow spikes in the noisy regions of the
spectra.
If the candidate model selected from the visual inspection (as

listed in Column (7) of Table A1) is different from the the best
model according to the χ2 comparison (as listed in Column
(6)), we adopt the candidate model from the visual inspection.
If both Model A and Model B are listed in Columns (6) and (7),
we adopt the results from Model A, which is supported by the
Akaike information criterion (AIC) comparison, as listed in
Column (5).
To determine the best model for the data, we derive the AIC

values of Model A and Model B for each object. The optimal
choice is the one with the smaller AIC value. The AIC is
calculated as

( ˆ) ( )q= - +L kAIC 2 log 2 , A1

where θ is the set of model parameters, k is the number of the
independently adjusted parameters in the candidate model, and

(ˆ)qL is the likelihood of the candidate model giving the data
when evaluated at the maximum likelihood estimate of θ

(Akaike 1974). The derived AIC values from Model A and
Model B are listed in Table A1, showing that Model A is better
to approximate the data than Model B.
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Figure A1. Fitting results of the C IV line complex in the wavelength range of 1500–1700 Å for the 19 quasars using Model A, where the spectrum in each panel is
shown in black, the combined model fitting is shown in red, the individual Gaussian for the BC is shown in purple, and the fitting residuals are shown in brown. The
vertical blue dashed lines from left to right refer to the wavelengths of λblue and λred. The vertical red dashed line refers to the wavelength of λlab. The vertical black
dashed and long-dashed lines refer to the wavelength of λ0 and λhalf, respectively.
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Figure A1. (Continued.)
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Figure A2. Fitting results of the C IV line complex in the wavelength range of 1500–1700 Å for the 19 quasars using Model B, where the spectrum in each panel is
shown in black, the combined model fitting is shown in red, the individual Gaussian for the BC is shown in purple, the individual Gaussian for the NC is shown in
green, and the fitting residuals are shown in brown. The vertical blue dashed lines from left to right refer to the wavelengths of λblue and λred. The vertical red dashed
line refers to the wavelength of λlab. The vertical black dashed and long-dashed lines refer to the wavelength of λ0 and λhalf, respectively.
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Figure A2. (Continued.)
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In all, for seven quasars (J015741.57–010629.6, J025021.76–
075749.9, J025905.63+001121.9, J030449.85–000813.4, J075
303.34+423130.8, J080819.69+373047.3, and J090033.50+421
547.0), small fitting residuals around the C IV line are seen in the
results from Model A but not shown in the results from Model B.
Therefore, for these seven quasars we use the results from
Model B, and for the other 12 quasars we adopt the results from
Model A.
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Table A1
The Fitting Details of the C IV Emission Line

Name (SDSS) χ2 χ2 χ2 AICA-AICB χ2 Visual Final
A B C Comparison Inspection

(1) (2) (3) (4) (5) (6) (7) (8)

J011521.20+152453.3 1.29 1.30 1.34 −4.001 A A A
J014214.75+002324.2 1.21 1.20 1.24 −4.004 B A A
J015741.57–010629.6 0.96 0.88 1.08 −3.998 B B B
J025021.76–075749.9 0.96 0.96 0.98 −3.999 AB B B
J025905.63+001121.9 1.02 1.00 2.18 −4.000 B AB B
J030341.04–002321.9 0.97 1.00 1.07 −4.001 A A A
J030449.85–000813.4 0.90 0.93 1.00 −4.000 A B B
J075303.34+423130.8 1.97 1.88 1.89 −3.998 B AB B
J080430.56+542041.1 1.16 1.18 1.16 −4.003 A A A
J080819.69+373047.3 1.09 0.89 0.87 −3.984 B B B
J080956.02+502000.9 1.01 1.06 1.23 −4.001 A A A
J081855.77+095848.0 1.17 1.19 1.16 −3.998 A A A
J090033.50+421547.0 1.07 1.11 1.12 −4.001 A B B
J094202.04+042244.5 1.00 1.00 1.39 −4.000 AB AB A
J115954.33+201921.1 1.11 1.10 1.18 −3.997 B A A
J173352.23+540030.4 0.85 0.85 0.90 −4.000 AB AB A
J213023.61+122252.0 1.22 1.24 1.28 −4.001 A AB A
J224956.08+000218.0 1.35 1.39 1.92 −4.001 A A A
J230301.45–093930.7 0.89 0.90 0.90 −4.002 A A A

Note. Column (1): name of the quasars. Column (2): reduced χ2 of the spectral fitting to the C IV line complex using Model A. Column (3): reduced χ2 of the spectral
fitting to the C IV line complex using Model B. Column (4): reduced χ2 of the spectral fitting to the C IV line complex using Model C. Column (5); difference of the
AIC values between Model A and Model B. Column (6): preferred model with the lower reduced χ2 between Model A and Model B. Column (7): preferred model
from the visual inspection between Model A and Model B. Column (8): final adopted model from the combination of the results from Columns (5)–(7).
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