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TIME Magazine cover, March 11, 1966, featuring Maarten Schmidst.

A quasar composite spectrum using ~ 2000 SDSS quasar spectra taken
from Vanden Berk (2001). This spectrum showcases two power-law
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diagnostic broad emission lines.

Distribution of SDSS quasars from DR14 (contours) and the 272 objects in
the GNIRS-DQS sample (symbols) in the luminosity-redshift plane, where
M, is the absolute i-band luminosity (BAL quasars are represented by red
squares, and non-radio quiet quasars are represented by blue diamonds).
Most, but not all, quasars in DR14 are represented via contour lines, for
clarity. Redshift ranges were chosen to ensure the prominent emission
lines of HB and [O 111] would be centered in the J, H, or K band. The
final sample is representative of the quasar population within our selection
criteria.

Redshift distribution in each redshift interval from SDSS (top), and

corresponding magnitude distribution of the 272 objects in our sample
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be discussed in a future publication. 26
GNIRS spectrum of the Hf region of SDSS J001355.10-012304.0,

Zgys = 3.380. The “shelf” structure redward of the H line appears to be
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Table 3.6. The standard deviation (shaded region), mean (dashed line),
median (dotted line), and zero velocity offset (solid line) are marked in

each panel. SDSS J090247.574304120.7 and SDSS J111119.10+133603.8
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sample calculated using the VP06 approach (y-axis) and correcting

for accretion rate (x-axis). The dashed line represents a one-to-one
relationship. This figure shows that Hp-based Mgy esimates that were
not corrected for accretion rate are systematically overestimated.
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Pearson correlation coefficient and the slope is the slope of the best-fit

line. Notably, using oy;,e as the velocity width parameter provides the

most precise C 1v-based Mgy estimates with respect to the Hp-based

Mgy estimates. Additionally, using oj,e as the velocity width parameter
leads to the largest Pearson correlation coefficient and steepest slope of

the best fit relation. Typical uncertainty of 0.5 dex on the Mpy values is
displayed in the top panel for reference. 84
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parameters against the HB-based Mpy estimates; the bottom panels
present the results when adding EW(C 1v) to the analysis as discussed

in Section 4.3.1. The symbols are the same as in Figure 4.2. For all
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2.10 < z < 2.40. As observed for the entire redshift range (Figure 4.3),
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Same as Figure 4.3 but for the subset of sources in the range

3.20 < z < 3.50. In this subset of sources the most reliable velocity width
parameter for deriving Mg 11 only-based Mgy estimates is the MAD
instead of the FWHM. This is determined from evaluating the standard

deviations and r in each panel. This disparity suggests the importance
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of expanding the sample of quasars that lie in this redshift range. As
we find for the entire redshift range, the inclusion of the EW of C 1v
(bottom panels) improves the accuracy and precision of these Mg 11-based
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reference.

Mg 11-based Mpy estimates of our sample derived through the
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CHAPTER 1

INTRODUCTION

1.1. Active Galactic Nuclei

Active galactic nuclei (AGN) are compact regions at the center of galaxies which
exhibit energies orders of magnitude higher than normal galaxies (i.e., the Milky Way).
These “central engines” emit over a large span of wavelengths in a manner that cannot be
attributed to stellar emission [1]. Galaxies that host AGN are referred to as active galaxies,
and these objects differ from normal galaxies in that the large amounts of energy generated
in active galaxies is believed to be primarily from the influence of supermassive black holes
(SMBHs), as opposed to predominantly stellar nucleosynthesis that illuminates galaxies like
our own [2].

This fundamental difference in what fuels AGN leads to distinct features that can
be observed in these objects. While the specifics are debated, it is believed that AGN
continua can be defined by some form of power-law in both the rest-frame UV-optical and
X-ray bands, and typically have strong, broad emission lines of characteristic elements [3, 4].
Some AGN can exhibit unusually low luminosities with respect to the general population
[5], while others can exhibit strong radio emission [6], in addition to absorption features
[7]. This variety of effects is believed to be primarily due to line-of-sight observation and
inclination angle of the AGN structure itself (see [8] and Figure 1.1). While AGN can have
many different, overlapping classifications based on observational parameters, there is one
classification of AGN that will be the focus of this dissertation: quasars.

In the 1920s, a variety of studies demonstrated that certain objects that were believed
to be within our own galaxy exhibited spectral properties that physically placed them at
distances thought to be outside of our own galaxy [9, 10, 11]. It was determined that these
objects could have their large distances explained by the fact that they were, themselves,
other galaxies outside of our own Milky Way. A few of these objects, such as the “extra-
galactic spirals” Carl Seyfert described in 1943 [5], had distinctly different properties from
similar objects in the sky, such as strong, broad nuclear emission lines present only in the

galaxy’s core. These objects, known as Seyfert galaxies, were very bright galaxies that were
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FIGURE 1.1. The unification model of AGN (see Torres & Anchordoqui 2004;
[8]). The unification model demonstrates that the different classifications of
AGN arise from orientation of the source. A Seyfert 1 galaxy [5] is observed
if the orientation angle is ~ 30 degrees, making both the narrow and broad
line regions visible, whereas larger angular offsets will mask the broad line
region via the toroidal structure surrounding the accretion disk, showing to an
observer the properties of a Seyfert 2 galaxy. Blazars are seen when observing
down the line of sight of the relativistic jets eminating from the central engine,
and orthogonal observation to the jets, along the disk structure itself, presents

an ordinary radio galaxy:.

host to large amounts of activity originating at the galaxy center, and are now known as one
of the many types of AGN that astronomers recognize today. In 1959, Cambridge published
the Third Cambridge Catalog of Radio Sources, also known as “3C”, with a revised version
in 1962 [12]. Within this source catalog, there were more than a few interesting objects, and

many objects that were recorded as radio sources, but did not have any optical counterparts



[13]. One object in the survey, 3C 48, had an optical counterpart identified, which appeared
to be a faint blue star, and a spectrum was obtained. However, this spectrum was considered
anomalous and unreliable by the community, as it contained many unknown broad emission
lines. It wasn’t until 1962 when another interesting source, 3C 273, was predicted to undergo
several lunar occultations, allowing astronomers Cyril Hazard and John Bolton to accurately
record a position for optical followup. Using the precise position, Maarten Schmidt iden-
tified its optical counterpart, again appearing to be a faint stellar source, and recorded its
spectrum, which produced the same oddities observed in 3C 48. Schmidt realized that the
emission lines present in the spectrum of 3C 273 were hydrogen (Balmer series) emission
lines, and concluded that the redshift of this object was z = 0.158 [14]. This value was
baffling to astronomers. If this redshift was due to the motion of a star, it would mean it

was receding at a rate of 47,000 km s™!

, which was orders of magnitude beyond any known
star. If the redshift was cosmological, its distance would imply an object both more lumi-
nous and more compact than any observed galaxy. 3C 273 appeared as an unresolved point
source with both unusual radio emission and Balmer emission that defied explanation. Upon
further investigation, it was also discovered that 3C 273 was bright enough that it appeared
in archival photographs from the early 20th century, and further observations showed that
its luminosity was variable on yearly timescales, which implied that a large percentage of the
light was being emitted from an extremely small region that would be minuscule compared to
the size of a galaxy. Despite no concrete explanation, the floodgates were opened, and many
more spectra were taken and interpreted in a similar manner, including a retroactive accep-

tance of 3C 48. In 1964 the term “quasar” was coined, dubbed such from a portmanteau of

“quasi-stellar radio sources”, and QSO, or “”quasi-stellar object”.

As further speculation and studies were undertaken, it was determined that these
quasars were indeed compact, as interferometry and further optical observations demon-
strated no ability to spatially resolve them. Because of their compact size, it meant that the
amount of power generated would have to be enormous, especially at the redshifts indicated

by their spectra. In 1964, it was suggested by Edwin Salpeter and Yakov Zel’dovich that



Ficure 1.2. TIME Magazine cover, March 11, 1966, featuring Maarten Schmidt.

the amount of powert being generated by these objects could be due to an accretion disk
surrounding a SMBH [15]. This explanation, while widely accepted today, was met with ap-
prehension at the time due to the still speculative existence of black holes. The 1970s proved
fruitful for quasar understanding, as black hole physics became more widely accepted and
understood, X-ray observations were made of quasars, and modern cosmological modeling
began to take form [15]. Eventually, quasars became established science, and the field of
quasarology evolved. Distances such as those originally recorded by Maarten Schmidt have

now been dwarfed, as quasars up to z > 7 have been observed [16].

Quasars are the most luminous type of AGN, along with being the most luminous ob-
jects in the known universe, with characteristic bolometric luminosities of Ly, ~ 10*° — 10*® erg s71.
Quasars share certain spectral features with other types of AGN, such as prominent Ly«
emission, alongside other broad line emitting regions in the rest-frame UV-optical band.
Despite what the name might imply, future surveys revealed that the majority of the quasar
population lacked strong radio emission [17], with only ~ 10% of quasars being classified

as radio-loud [18]. Quasars themselves are powered by accretion onto a central SMBH of



~ 107 — 10° My, which is believed to be surrounded by a geometrically thin, optically thick
accretion disk structure in the case of radio-quiet sources [19]. This structure enables thermal
UV-optical emission, while X-ray emission is caused by Compton upscattering of photons in
the disk. In addition to the accretion disk, these objects have powerful jets of relativistic
material orthogonal to the plane of the accretion disk [20]. Quasars can also exhibit severe
absorption in the form of broad absorption lines (BALs; [21, 22, 23]). It is spectral properties
such as these that define the role of observational astronomy with respect to studying these

objects.

1.2. Quasar Spectroscopy

Vanden Berk (2001; [24]) presents a composite of ~ 2000 Sloan Digital Sky Survey
(SDSS) quasars (presented here in Figure 1.3). This spectrum shows the typical layout of an
average, ‘ordinary” quasar in the rest-frame UV-optical band. Within this figure is shown
a steep UV power-law continuum from ~ 1216 — 5600 A, and a shallow optical power-law
from ~ 5600 — 8000 A. The physical motivation behind the use of the power-laws is the
thermal emission onto the accretion disk surrounding the SMBH [25], and the breaking of
a continuous power-law could be caused by a variety of factors, such as the ratio of Balmer
emission to Fe 11 emission, and reddening effects such as the presence of molecular gas,
absorption by the host galaxy, and extinction [26]. Changes of spectral slopes over redshift
could provide information on quasar evolution and co-evolution with the quasar host galaxy.

Quasar spectra typically contain a set of prominent narrow and broad emission lines.
Permitted lines, such as Lya, C 1v, Mg 11, H3Z, and Ha are usually broad, with larger
measurable full width at half maximum intensities (FWHMSs), whereas forbidden lines, such

as [O 111, are usually narrow with FWHM values below ~ 1000 km s .

Narrow lines
cannot, form in the same region of the quasar as broad emission lines due to high densities
in the broad line region (BLR) being much larger than the critical density required for these
forbidden transitions. Semi-forbidden lines can be both broad and narrow.

Due to the emission mechanisms of broad lines, and the high density region they orig-

inate from, these lines are susceptible to (sometimes severe) shifting effects, i.e., blueshifts,
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FI1GURE 1.3. A quasar composite spectrum using ~ 2000 SDSS quasar spectra
taken from Vanden Berk (2001; [24]). This spectrum showcases two power-law
continua, prominent Fe 1114+Fe 1T emission, and several important diagnostic

broad emission lines.

with respect to the rest frame of the quasar, which implies that broad emission line gases
are directly impacted by outflows from the AGN [27, 28, 22, 29, 30, 24, 31, 32]. Certain
broad lines (i.e., C 1v and H/3) can be comprised of a narrow “core” component and a broad
component, which can cause measurement of their central wavelengths to be offset. This fea-
ture of certain broad emission lines, combined with photoionization theory, implies that the
BLR contains layers within the overall region, implying a stratified structure [33, 30, 24, 34].
Conversely, narrow lines show little to no shifting effects due to the fact that the narrow line
region is located much farther away from the accretion disk, and is therefore subjected to

much less interference from quasar outflows [35].

Spectroscopy is critical to understand quasars and their interactions with the host

galaxy, as certain emission lines can be used as diagnostic indicators of specific behaviors in



the environment surrounding the AGN. Lines such as HZ and Mg 11 can be used as indicators
for Mpy and accretion rate probes, and lines such as [O 111] are accurate measures of redshift.
However, due to the high redshifts that many of these objects exist at, these lines, which
accurately identify the features and properties of quasars, are shifted out of the UV-optical
regime. As we “chase” these emission lines, we must go to redder wavelengths, and the need
for IR and radio data increases. Throughout recent history, there have been a few mini
near-infrared (NIR) surveys, but none of substantial size. To this end, we desire to take a
comprehensive approach to building the largest uniform survey of NIR high redshift quasars
to create the ultimate go-to inventory of such data so that it might be used as a goalpost
for rest-frame optical high redshift quasars.

In this dissertation, we use a multi-wavelength approach across a large range of red-
shifts to investigate quasar redshifts, black hole masses (Mpy), and spectral properties. In
Chapter 2, we overview the Gemini Near-Infrared Spectrograph - Distant Quasar Survey
(GNIRS-DQS), which includes technical details concerning observation and data reduction
to produce quasar spectra, along with measurements of both primary quasar diagnostic lines
and supplementary lines present in the survey sample. In Chapter 3, we supplement the
GNIRS-DQS sample with additional objects, and provide new measurements for quanti-
fying Fe 11 emission strength, which is becoming an increasingly important diagnostic for
quasars. Additionally, we utilize linear regression analysis to improve rest-frame UV-optical-
based quasar redshifts via the GNIRS-DQS sample, and search for any possible redshift
dependence. In Chapter 4, we search for new methods to correct for quasar Mgy using
GNIRS-DQ@QS as a diagnostic, and compare our result to those presented in other works. In
Chapter 5, we use a combination of spectral inventories, including GNIRS-DQS, in order
to investigate the properties of weak emission line quasars, and how they fit in a unified
spectroscopic UV-optical parameter space, which can show that these objects might not be
as unique as previously thought. In Chapter 6, we summarize the work and results stemming

from GNIRS-DQS, along with presenting further avenues of investigation for future works.



CHAPTER 2

A CATALOG OF SPECTROSCOPIC PROPERTIES FROM THE GEMINI NEAR
INFRARED SPECTROGRAPH - DISTANT QUASAR SURVEY

2.1. Introduction

A persistent problem in extragalactic astrophysics is understanding how supermassive
black holes (SMBHs) and their host galaxies co-evolve over cosmic time [36, 37, 38, 39]. This
problem touches upon several aspects of galaxy evolution, including the SMBH mass (Mgy),
which correlates with properties of the host galaxy, such as the bulge mass and stellar velocity
dispersion [40, 41, 42, 43, 44, 45|, the accretion rate, which probes the accretion flow and
efficiency of the accretion process, [46, 47, 48], and the kinematics of material outflowing from
the vicinity of the SMBH, which may affect star formation in the host galaxy [49, 50, 51].
For nearby (z < 1) active galactic nuclei (AGNs) or quasars, most of the parameters required
for exploring these topics can be most reliably estimated using optical diagnostics, namely
the broad HB A4861 and narrow [O 111] A\4959, 5007 emission lines. However, at z 2 1,
which includes the epoch of peak quasar activity (from z = 1 — 3), these diagnostic emission
lines are redshifted beyond Aps ~ 1um, firmly into the near-infrared (NIR) regime. Since
the vast majority of large spectroscopic quasar surveys have been limited to Ao,y < 1pum,
investigations of large samples of quasars at z 2 1 are usually forced to use spectroscopic
proxies for HS and [O 111]. Using indirect proxies can lead not only to inaccurate redshifts
(27, 52, 53, 32, 54], but also to systematically biased and imprecise estimates of fundamental

parameters such as Mgy and accretion rate [55, 56, 57].

NIR spectra have been obtained for a few hundred quasars at z 2 1, but these
spectra constitute a heterogeneous collection of relatively small samples (= 10 — 100 sources)
that span wide ranges of source-selection criteria, instrument properties, spectral band and

resolution, and signal-to-noise ratio (S/N) [30, 58, 59, 60, 61, 56, 62, 63, 64, 35, 65]. Thus,

This entire chapter is reproduced from BM Matthews, O Shemmer, C Dix, MS Brotherton, AD Myers, 1
Andruchow, WN Brandt, GA Ferrero, SC Gallagher, R Green. Placing high-redshift quasars in perspective:
A catalog of spectroscopic properties from the gemini near infrared spectrograph—distant quasar survey.
Astrophysical Journal Supplement Series 252 (2021), no. 2, 15-26. DOI 10.3847/1538-4365/abc705, with
permission from IOP Publishing.



the current NIR spectroscopic inventory for high-redshift quasars is biased in a multitude of
selection criteria, and none of these mini-surveys are capable of providing a coherent picture
of SMBH growth across cosmic time.

To mitigate the various systematic biases present in the current NIR spectroscopic
inventory, we have obtained NIR spectra of 272 quasars at high redshift using the Gemini
Near-Infrared Spectrograph (GNIRS, [66]), at the Gemini-North Observatory, with a Gemini
Large and Long Program®. By utilizing spectroscopy in the ~ 0.8-2.5 um band of a uniform,
flux-limited sample of optically selected quasars at 1.5 < z < 3.5, our Distant Quasar Survey
(GNIRS-DQS) was designed to produce spectra that, at a minimum, encompass the essential
HS and [O 111 region in each source while having sufficient S/N in the NIR band to obtain
meaningful measurements of this region. This survey assembles the largest uniform sample
of z 2 1 quasars with rest-frame optical spectroscopic coverage. The spectral inventory
presented in this catalog will allow development of single-epoch prescriptions, as opposed to
C 1v reverberation mapping, for rest-frame ultraviolet (UV) analogs of key properties such
as Mgy and accretion rate, along with revised redshifts based primarily on emission lines in
the rest-frame optical band.

This paper describes the GNIRS observations and structure of the catalog; subse-
quent investigations will present the scientific analyses enabled by this catalog. Section 2.2
describes the target selection, and Section 2.3 describes the GNIRS observations, and the
spectroscopic data processing. Section 2.4 presents the catalog of basic spectral properties,
along with a smaller catalog of additional features that can be measured reliably in some of
the spectra. Section 3.4 summarizes the main properties of our catalog as well as comments
on its future applications. Throughout this paper we adopt a flat ACDM cosmology with
Qy=1-9Q¢=0.7and Hy = 70 kms™'Mpc~! [67].

2.2. Target Selection

The GNIRS-DQS targets were selected from the spectroscopic quasar catalog of the
Sloan Digital Sky Survey (SDSS; [68]), primarily from SDSS Data Release 12 [69] and sup-

Ihttp://www.gemini.edu/node/12726
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plemented by SDSS Data Release 14 (DR14; [70]). Sources were selected to lie in three
narrow redshift intervals, 1.55 < z < 1.65, 2.10 < 2z < 2,40, and 3.20 < z < 3.50, in order
to cover the H3+[O 111] emission complex, and in order of decreasing NIR brightness, down
to m; ~ 19.0, a limit at which the SDSS is close to complete in each of those redshift in-
tervals [71]. Figure 2.1 displays the luminosity-redshift distribution of GNIRS-DQS sources
with respect to sources from the SDSS DR14 catalog. For the redshift distributions in the
selected intervals, shown in Figure 3.1 along with their respective magnitude distributions,
the HS+]O 111] emission complex reaches the highest S/N in the centers of the J, H, and
K bands, respectively. The selected redshift intervals also ensure coverage of sufficient con-
tinuum emission and Fe 11 line emission flanking the HB+[O 111] complex, enabling accurate
fitting of these features. We visually inspected the SDSS spectrum of each candidate and
removed sources having spurious redshifts, instrumental artifacts, and other anomalies. The
combined SDSS-GNIRS spectroscopic coverage of each source includes, at a minimum, the
C v A\1549, Mg 11 AA2796, 2803, Hj3, and [O 111] emission lines; the Ha A6563 emission line
is present in all sources at 1.55 < z < 2.50, representing ~ 87% of our sample. We note
that the 2.10 < z < 2.40 redshift bin comprises ~ 67% of our entire sample, given that this
redshift bin is three times wider than that of the lower redshift bin, and sources in this bin
are brighter than the sources in the higher redshift bin.

In summary, the GNIRS-DQS sources constitute an optically-selected, NIR flux lim-
ited sample of quasars, spanning wide ranges in rest-frame UV spectral properties, including
broad absorption line (BAL) and non-radio quiet quasars? (comprising ~ 30%? and ~ 12% of
the sample, respectively [70]. Figure 2.3 shows the radio loudness distribution of the GNIRS-
DQS sources. The GNIRS-DQS sample is broadly representative of the general quasar pop-
ulation of luminous, high-redshift quasars during the epoch of most intense quasar activity

[72, 73, 74].

2We consider radio-quiet quasars to have R < 10, where R is the radio loudness, defined as R = f, (5 GHz) /
f. (4400 A), where f,(5 GHz) and f, (4400 A) are the flux densities at rest-frame frequencies of 5 GHz and
4400 A, respectively [17]. Non-radio quiet quasars include radio-intermediate (10 < R < 100) and radio-loud
(R > 100) sources, respectively.

3Quasars flagged as BAL quasars in [70] (see, Table 3.1).
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FIGURE 2.1. Distribution of SDSS quasars from DR14 (contours) and the 272
objects in the GNIRS-DQS sample (symbols) in the luminosity-redshift plane,
where M; is the absolute i-band luminosity (BAL quasars are represented by
red squares, and non-radio quiet quasars are represented by blue diamonds).
Most, but not all, quasars in DR14 are represented via contour lines, for clar-
ity. Redshift ranges were chosen to ensure the prominent emission lines of
Hfj and [O 111] would be centered in the J, H, or K band. The final sample is

representative of the quasar population within our selection criteria.

2.3. Observations, and Data Reduction

The observations were designed to yield data of roughly comparable quality, in terms
of both S/N and spectral resolution, to the respective SDSS spectra at Agps ~ 5000 A. The

GNIRS spectra were thus required to have a ratio of ~ 40 between the mean flux density and
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FIGURE 2.2. Redshift distribution in each redshift interval from SDSS (top),
and corresponding magnitude distribution of the 272 objects in our sample
(bottom). The three redshift bins correspond to the HS and [O 111] lines

appearing at the center of the J, H, or K photometric bands.

the standard deviation of that flux density in a rest-frame wavelength interval spanning 100 A
around et = 5100 A, and a spectral resolution of R ~ 1100 across the entire GNIRS band.
These requirements enable accurate measurements of redshift based on [O 111] line peaks,
with the high S/N contributing to reducing the uncertainties below the spectral resolution
limit, ~ 300 km s [32]. As explained below in Section 2.4, we determine that, on average,
our spectra produce uncertainties on the measured line peak of [O 111] A5007 of order ~ 50
km s~!, stemming from pixel-to-wavelength calibration and our fitting procedures.

All spectra were obtained in queue observing mode with GNIRS configured to use
the Short Blue camera (0.15” pix!), the 32 lines mm™ grating in cross-dispersed mode,
and the 0.45”-wide slit. This configuration covers the observed-frame ~0.8-2.5 ym band
in each source, simultaneously, in six spectral orders with overlapping spectral coverage.
Our observing strategy utilized an ABBA method of slit nodding to enable sky subtraction.
Exposure times ranged from ~ 10—40 minutes for each object, with an additional 15 minutes

of overhead per source. Each observation included calibration exposures, and either one or
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FiGURE 2.3. Radio loudness distribution of the GNIRS-DQS sources; the
shaded (grey) columns represent upper limits on R for radio undetected sources
based on the [70] catalog, and the dashed line at log R = 1 incidates the
threshold for radio quiet quasars. This distribution is generally similar to that

of the SDSS quasar population [74].

two ABBA sequences depending on source brightness. We also observed a telluric standard
star either immediately before or after the observation in a spectral range of B8V to A4V,

with 8200 K < Tog < 13000 K, and typically within ~ 10° — 15° from each quasar.

The observation log of the original 272 sources appears in Table 3.1. Column (1) is
the SDSS designation of the quasar. Column (2) provides the most reliable reported redshift
estimate from SDSS (Table A1, column 9 “Z” [70]). Columns (3), (4), and (5) list the respec-
tive J, H, and K magnitudes of each quasar from the Two Micron All Sky Survey (2MASS;
[75]). Columns (6) and (7) give the observation date and semester, respectively. Column

(8) is the net science exposure time, Column (9) provides comments, if any, concerning the
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observation, Column (10) provides a flag for whether or not the quasar is a BAL quasar (as
defined in [70]), and Column (11) provides a flag for whether or not the quasar is considered
non-radio quiet (see, footnote 2).

We classify an acceptable observing night for this survey based on our programs’
approved observing conditions including no greater than 50% cloud cover and 85% image
quality?, however some objects were observed under worse conditions, and are noted as
such in Table 3.1. Additionally, 12 sources were observed over two observing sessions. These
additional observations are recorded separately and immediately follow the initial observation

in Table 3.1 (which brings the total number of lines in that Table to 284). For these objects,

all available observations were utilized in the reduction process.

Quasar zspss ¢ J H K Obs. Date Semester Net Exp. Comments BAL RL
[mag] [mag] [mag] [s]
(1 (2) ®3) (4) (5) (6) (7 (8) (9) (10)  (11)
SDSS J000544.71—-044915.2 2.322 16.94 16.09 16.66 2019 Oct 18 2019B 1800 4
SDSS J000730.94—095831.5 2.223 17.09 15.94 15.37 2019 Jan 06 2018B 1800 4 1
SDSS J001249.89+-285552.6 3.236 16.51 15.71 15.49 2017 Sep 09 2017B 1800 1
SDSS J001355.10—012304.0 3.396 16.71 16.05 15.46 2019 Jan 05 2018B 900 1
2019 Jan 07 2018B 900
SDSS J001453.204-091217.6 2.338 16.65 15.92 15.14 2017 Sep 19 2017B 2025 1
SDSS J001813.304-361058.6 2.316 16.15 15.65 14.75 2017 Aug 31 2017B 1800
SDSS J001914.464-155555.9 2.271 16.72 15.81 15.14 2017 Sep 01 2017B 1800
SDSS J002634.464-274015.5 2.250 17.05 1592 15.25 2018 Dec 20 2018B 1800
SDSS J003416.614-002241.1 1.632 16.48 15.86 15.68 2017 Sep 01 2017B 1800
SDSS J004300.264-045718.6 2.362 16.22 15.65 14.89 2018 Dec 21 2018B 1800 4 1
SDSS J004719.71+014813.9 1.590 16.57 16.06 15.25 2018 Dec 24 2018B 1800
SDSS J005233.674014040.8 2.301 15.99 15.22 14.59 2019 Jul 04 2019B 900
SDSS J005408.294-020751.6 1.590 16.53 15.90 15.50 2018 Nov 25 2018B 2250 14 1
SDSS J010113.724-032427.0 1.579 16.23 15.38 15.25 2018 Dec 21 2018B 1800 1
SDSS J010328.72—110414.4 2.195 16.90 15.86 15.47 2017 Sep 04 2017B 1800 1
SDSS J010447.394-101031.6 2.361 17.36  16.07 15.46 2019 Oct 18 2019B 1800 1
SDSS J010500.724-194230.4 2.320 16.73 15.76 15.00 2017 Sep 04 2017B 1800
SDSS J010615.934-101043.0 2.350 17.09 16.09 15.30 2019 Nov 26 2019B 1920
SDSS J010643.23—031536.4 2.242 16.58 15.75 15.19 2018 Dec 24 2018B 1800

‘https://wuw. gemini.edu/observing/telescopes-and-sites/sites#Constraints

14



https://www.gemini.edu/observing/telescopes-and-sites/sites#Constraints

SDSS J011218.074-353011.7
SDSS J011515.844-110651.1
SDSS J011538.724-242446.0
SDSS J013012.364-153157.9
SDSS J013113.25+085245.5
SDSS J013136.44+130331.0
SDSS J013417.81—-005036.2
SDSS J013647.96—062753.6
SDSS J013652.52+4-122501.5
SDSS J014018.20—013805.8

SDSS J014128.264-070606.1

SDSS J014206.864-025713.0
SDSS J014932.064-152754.0
SDSS J021259.214-132618.8
SDSS J022007.64—010731.1
SDSS J024318.99+025746.6
SDSS J025042.454-003536.7
SDSS J035150.97—061326.4
SDSS J072517.524-434553.4
SDSS J072928.484-252451.8
SDSS J073519.684-240104.6
SDSS J073900.90+485159.0
SDSS J073913.654-461858.5
SDSS J074941.164-262715.9
SDSS J075115.434-505439.1
SDSS J075136.36+432732.4
SDSS J075405.08+280339.6
SDSS J075547.834-220450.1
SDSS J075837.62+4-135733.7
SDSS J080036.014-501044.3
SDSS J080117.79+4-521034.5
SDSS J080413.664-251633.9
SDSS J080937.55+263729.6
SDSS J081019.474-095040.9
SDSS J081056.964-120914.8
SDSS J081114.664-172057.4
SDSS J081127.44+461812.9

SDSS J081342.09+-344235.3

2.305
2.280
2.374
2.349
3.532
1.594
2.254
3.285
2.393
2.235

2.265

2.315
2.389
1.619
3.441
3.280
2.387
2.221
1.594
2.306
3.278
1.620
1.581
1.592
2.300
2.250
2.271
2.314
2.198
1.621
3.209
2.298
2.260
2.218
2.259
2.323
2.257
2.245

17.06
16.92
16.55
16.43
16.63
16.29
16.64
16.46
16.64
16.10

17.01

15.75
16.82
16.49
16.90
16.47
16.72
16.21
16.14
16.67
16.81
16.62
16.22
16.53
15.89
16.67
16.49
16.08
16.37
15.84
15.71
16.27
16.69
16.58
16.16
16.19
15.96
17.14

16.04
16.01
15.74
15.82
16.16
15.43
15.85
16.03
15.78
15.42

16.08

14.92
16.06
15.67
16.19
15.92
15.77
15.74
15.50
15.67
16.45
15.81
15.71
15.60
15.55
15.75
15.96
15.50
15.56
15.41
15.34
15.68
16.02
15.87
15.45
15.49
15.64

16.01

15.69
14.94
15.09
14.71
15.32
15.61
15.16
15.47
14.73
14.58

15.24

13.99
15.29
15.59
15.36
15.68
15.25
15.17
15.01
14.95
15.35
15.63
15.22
15.35
14.90
15.22
15.27
14.74
14.48
15.12
14.61
14.89
15.61
15.06
14.68
14.65
14.88

15.23

15

2019 Nov 29
2019 Nov 29
2019 Jan 06
2017 Sep 04
2017 Sep 01
2018 Aug 30
2018 Dec 24
2018 Nov 25
2017 Oct 29
2018 Nov 25
2019 Nov 26
2019 Nov 29
2018 Nov 26
2019 Nov 27
2017 Sep 25
2017 Sep 01
2019 Dec 04
2017 Sep 09
2017 Oct 30
2017 Oct 20
2017 Nov 05
2017 Sep 21
2018 Dec 23
2018 Dec 17
2017 Nov 06
2019 Oct 02
2018 Dec 17
2018 Dec 24
2017 Nov 02
2018 Dec 20
2017 Nov 04
2017 Nov 04
2019 Jan 03
2019 Oct 27
2017 Dec 29
2017 Dec 29
2017 Nov 04
2017 Nov 14

2019 Oct 27

2019B
2019B
2018B
2017B
2017B
2018B
2018B
2018B
2017B
2018B
2019B
2019B
2018B
2019B
2017B
2017B
2019B
2017B
2017B
2017B
2017B
2017B
2018B
2018B
2017B
2019B
2018B
2018B
2017B
2018B
2017B
2017B
2018B
2019B
2017B
2017B
2017B
2017B

2019B

1800
1800
1800
1800
1800
2025
1800
1800
1800
900
1920
1920
900
1920
1800
1800
1800
1800
1800
1880
1800
1800
1800
1800
1800
1800
1800
1800
1880
1800
940
1880
1800
1800
1800
1410
940
1880

1800




SDSS J081410.764-443706.9
SDSS J081558.354-154055.2
SDSS J081940.584-082357.9
SDSS J082507.674-360411.1
SDSS J082603.32+342800.6
SDSS J082613.85+495019.3
SDSS J082643.45+4-143427.6
SDSS J082644.66+163549.0
SDSS J082736.89+4061812.1

SDSS J082852.67—042938.9
SDSS J083255.63+182300.7
SDSS J083417.12+4-354833.1
SDSS J083745.744-052109.4
SDSS J084029.974-465113.7
SDSS J084133.15+200525.7
SDSS J084526.75+550546.8
SDSS J084729.52+4-441616.7
SDSS J084846.114-611234.6
SDSS J085046.174-522057.4
SDSS J085337.36+121800.3
SDSS J085344.174-354104.5
SDSS J085443.104-075223.2
SDSS J085726.944-331317.1
SDSS J085856.004-015219.4
SDSS J085946.794-603702.1

SDSS J090247.57+4304120.7
SDSS J090444.334-233354.0
SDSS J090646.98+4-174046.8
SDSS J090709.894-250620.8
SDSS J090710.36+4-430000.2
SDSS J091000.56+401158.5
SDSS J091054.174-375914.9
SDSS J091118.024-202254.7
SDSS J091301.014-422344.7
SDSS J091328.22+4-394443.9
SDSS J091716.79+461435.4

SDSS J091941.26+-253537.7

2.277
2.230
3.204
1.579
2.307
2.180
2.308
2.189

2.192

2.275
2.274
2.163
2.355
1.572
2.342
1.618
2.347
2.258
2.230
2.196
2.175
1.604
2.339
2.172

2.276

1.560
2.259
1.579
3.310
2.189
2.176
2.162
3.225
2.315
1.582
1.626
2.267

16.83
16.39
16.80
15.52
16.50
16.49
16.88
15.89

15.99

16.70
15.90
15.71
16.43
15.90
15.09
16.33
16.61
15.38
15.94
16.06
16.79
16.62
16.26
16.87

16.71

15.74
15.77
16.25
16.24
15.88
16.81
16.45
16.96
16.07
16.40
16.33

16.81

16.03
15.63
15.80
14.79
15.80
16.08
16.00
15.32

15.19

16.07
15.43
15.29
15.85
15.20
14.41
15.65
15.51
14.73
15.45
15.65
16.02
15.62
15.60
15.78
15.97

15.08
15.25
15.47
15.71
15.41
16.06
15.85
16.08
15.50
15.85
15.61

16.02

15.11
14.90
15.70
14.75
15.17
15.27
15.63
14.28

14.21

15.41
14.68
14.60
15.15
15.03
13.62
15.18
15.01
13.89
14.55
14.80
15.30
15.51
15.19
15.06

15.11

14.89
14.21
15.20
15.08
14.67
15.36
15.12
15.30
14.43
15.32
15.33

15.96

16

2019 Dec 04
2019 Jan 03
2019 Oct 27
2017 Dec 30
2018 Dec 20
2019 Dec 09
2019 Nov 16
2018 Nov 25
2018 Nov 20
2018 Dec 23
2019 Dec 11
2018 Dec 20
2017 Nov 13
2019 Jan 11
2017 Nov 10
2019 Feb 03
2018 Jan 05
2019 Jan 03
2017 Nov 02
2019 Sep 30
2017 Dec 30
2019 Oct 27
2019 Jan 21
2019 Jan 01
2018 Jan 02
2019 Nov 16
2019 Dec 11
2017 Oct 20
2018 Jan 02
2019 Jan 01
2018 Dec 21
2018 Jan 05
2019 Dec 11
2019 Mar 16
2017 Nov 03
2018 Jan 02
2018 Jan 01
2018 Jan 05
2019 Dec 10

2019B
2018B
2019B
2017B
2018B
2019B
2019B
2018B
2018B
2018B
2019B
2018B
2017B
2018B
2017B
2019A
2017B
2018B
2017B
2019B
2017B
2019B
2019A
2018B
2017B
2019B
2019B
2017B
2017B
2018B
2018B
2017B
2019B
2019A
2017B
2017B
2017B
2017B

2019B

2250
1800
1800
940
1800
1880
1800
1125
900
900
1800
900
940
1800
940
900
1800
1800
640
900
2350
1800
1800
1800
1800
450
1800
940
940
1800
1800
940
1920
1800
1305
1880
1800
1800

1800

1,4




SDSS J092216.044-160526.4
SDSS J092325.254-453222.2

SDSS J092456.664-305354.7

SDSS J092523.24+4-214119.8
SDSS J092555.05+490338.2
SDSS J093251.984-023727.0
SDSS J093533.88+4-235720.5
SDSS J093952.614-195838.3
SDSS J094140.164-325703.2
SDSS J094214.404-034100.3

SDSS J094328.944-140415.6

SDSS J094347.024-690818.4
SDSS J094427.274-614424.6
SDSS J094602.31+274407.0
SDSS J094637.83—012411.5
SDSS J094646.94+4-392719.0
SDSS J094648.59+4-171827.7
SDSS J094902.38+4-531241.5
SDSS J095058.76+263424.6
SDSS J095327.954-322551.6
SDSS J095330.364-353223.1
SDSS J095544.264-182546.9
SDSS J095707.824-184739.9
SDSS J095746.754-565800.7

SDSS J095823.07+4-371218.3
SDSS J095852.19+4-120245.0
SDSS J100212.634-520800.2
SDSS J100610.554-370513.8

SDSS J100653.264-011938.7
SDSS J100850.06—023831.6
SDSS J101106.744-114759.4

SDSS J101211.44+4-330926.4

SDSS J101353.43+244916.4

SDSS J101425.114-032003.7

2.373
3.452

3.457

2.364
2.343
2.165
2.306
1.580
3.453
1.583

2.400

1.598
2.333
2.440
2.214
2.220
2.294
1.611
2.401
1.575
2.385
3.482
2.380
1.575

2.280
3.298
1.613

3.204

2.298
2.259
2.248

2.254

1.634

2.146

16.47
16.44

16.39

16.66
16.77
16.85
16.67
15.81
16.55
16.62

16.63

16.62
16.41
15.87
16.99
16.70
16.90
16.61
16.61
16.13
16.93
16.80
16.54

16.08

16.33
16.29
16.52

16.30

16.80
17.05
17.03

16.59

15.03

16.61

15.94
16.02

16.04

15.79
16.01
15.85
15.93
15.00
15.81
15.99

15.86

15.74
15.61
15.28
15.72
16.08
15.87
16.07
15.94
15.28
15.90
15.83
15.68

15.31

15.81
15.70
15.96

15.69

15.92
15.92
15.87

15.85

14.06

15.82

15.05
15.64

15.33

15.13
15.50
15.28
15.29
14.85
15.24
15.53

14.88

15.68
14.72
14.55
15.34
15.57
15.01
15.96
15.64
14.81
15.69
15.58
15.37

15.04

15.33
14.98
15.98

15.27

15.20
15.50
15.04

15.17

13.90
15.17

17

2017 Dec 29
2019 Dec 10
2019 Jun 19
2019 Dec 10
2019 Jan 03
2019 Dec 11
2018 Dec 21
2019 Jan 09
2018 Jan 06
2018 Jan 06
2019 Dec 16
2018 Jan 03
2018 Jan 06
2019 Jan 03
2019 Dec 12
2017 Nov 10
2017 Nov 13
2019 Oct 24
2019 Mar 09
2019 Jan 01
2018 Dec 19
2019 Feb 06
2018 Dec 17
2019 Jan 10
2018 Jan 03
2017 Nov 03
2018 Jan 04
2018 Jan 02
2018 Jan 02
2019 Jan 03
2017 Nov 04
2017 Nov 10
2019 Jan 10
2019 Jan 03
2019 Jan 02
2017 Dec 04
2018 Jan 03
2018 Jan 02

2018 Jan 03

2017B
2019B
2019A
2019B
2018B
2019B
2018B
2018B
2017B
2017B
2019B
2017B
2017B
2018B
2019B
2017B
2017B
2019B
2019A
2018B
2018B
2019A
2018B
2018B
2017B
2017B
2017B
2017B
2017B
2018B
2017B
2017B
2018B
2018B
2018B
2017B
2017B
2017B

2017B

1800
1800
1800
1800
1800
1800
1800
1800
1880
1800
1880
900
900
1800
2250
940
1800
1920
1800
1800
1800
1800
1800
1800
1800
900
900
1800
940
1800
940
940
1800
1800
1800
1350
900
640
1800

1,3




SDSS J101429.574-481938.4
SDSS J101542.044-430455.6
SDSS J101724.26+4-333403.3
SDSS J101921.62+4-354036.7
SDSS J102154.00+051646.3
SDSS J102537.69+4-211509.1
SDSS J102648.154-295410.9

SDSS J102731.49+4-541809.7

SDSS J102907.094-651024.6
SDSS J103209.784-385630.6
SDSS J103236.984-230554.1
SDSS J103246.194-323618.0
SDSS J103405.734-463545.4
SDSS J103546.024-110546.4
SDSS J103718.234302509.1
SDSS J104018.51+4-572448.1
SDSS J104330.09+4-441051.5
SDSS J104336.734-494707.6
SDSS J104621.574-483322.6
SDSS J104716.504-360654.0
SDSS J104743.574661830.5
SDSS J104911.344-495113.6
SDSS J104941.584-522348.9
SDSS J105045.724-544719.2
SDSS J105714.824-440323.8
SDSS J105902.04+580848.6
SDSS J105926.43+062227.4
SDSS J110148.854054815.5
SDSS J110516.684-200013.7
SDSS J110735.584-642008.6
SDSS J110810.874-014140.7
SDSS J111119.104-133603.8
SDSS J111313.294-102212.4
SDSS J111352.534-104041.9
SDSS J111850.024-351311.7
SDSS J111920.984-232539.4
SDSS J112127.79+254758.9

SDSS J113048.454-225206.6

1.571
2.425
1.573
1.557
3.439
2.252
2.335

1.593

2.175
1.584
2.379
2.380
2.215
2.359
2.293
3.411
2.215
2.194
1.577
2.291
2.171
1.606
2.384
2.173
3.340
2.248
2.199
1.589
2.362
2.330
1.614
3.475
2.261
1.603
2.175
2.289
1.587
2.370

16.25
16.49
16.49
16.24
16.75
16.30
16.61

16.55

15.88
16.21
16.99
17.02
16.74
15.70
16.94
16.96
16.63
16.34
16.38
16.68
16.43
15.40
17.01
15.85
16.14
16.61
16.00
16.22
16.31
16.21
16.34
15.89
16.02
16.47
16.47
16.68
16.26

16.86

15.53
16.05
15.84
15.66
16.06
15.90
15.54

15.72

15.41
15.86
16.09
15.90
15.96
15.13
15.69
15.97
15.76
15.78
16.06
15.88
15.64
14.58
15.91
15.38
15.70
15.93
15.27
15.52
15.67
15.74
15.72
15.51
15.48
15.61
15.77
15.86
15.41

16.01

15.32
15.34
15.40
15.77
15.33
14.89
15.09

15.71

14.57
15.49
15.41
15.41
15.13
14.23
15.57
15.30
15.52
14.78
15.52
15.25
15.20
14.28
15.27
14.45
15.01
15.00
14.71
15.33
15.08
15.08
15.61
15.03
14.62
15.22
15.32
15.18
15.38

15.12

18

2018 Jan 03
2019 Dec 18
2018 Jan 03
2017 Nov 03
2018 Dec 16
2018 Dec 19
2018 Jan 02
2019 Jan 04
2019 Jan 13
2018 Mar 29
2019 Apr 15
2019 Dec 16
2019 Dec 16
2018 Jan 08
2017 Nov 17
2019 Mar 03
2019 Jan 01
2018 Dec 19
2018 Dec 20
2019 Jan 07
2018 Dec 21
2019 Jan 03
2017 Oct 28
2019 Dec 12
2019 Mar 09
2019 Feb 03
2019 Jan 03
2019 Mar 17
2019 Dec 12
2019 Apr 15
2019 Dec 27
2019 Dec 28
2019 Mar 17
2019 Jun 16
2019 Dec 29
2019 May 13
2019 Dec 29
2019 May 18

2020 Feb 04

2017B
2019B
2017B
2017B
2018B
2018B
2017B
2018B
2018B
2018A
2019A
2019B
2019B
2018B
2017B
2019A
2018B
2018B
2018B
2018B
2018B
2018B
2017B
2019B
2019A
2019A
2018B
2019A
2019B
2019A
2019B
2019B
2019A
2019A
2019B
2019A
2019B
2019A

2020A

1800
1800
1800
1305
1800
1800
940

900

900

920

1800
1920
1800
1800
940

1350
1800
1800
1800
1800
1800
1800
640

1800
920

470

900

920

1800
1800
1800
1800
940

1800
1800
1800
1800
1800

1800

1,4




SDSS J113621.044-005021.2
SDSS J113740.614-630256.9
SDSS J113924.64+-332436.9
SDSS J114212.25+4-233250.5
SDSS J114323.71+193448.0
SDSS J114350.30+362911.3
SDSS J114705.244-083900.6
SDSS J114711.784-084029.6
SDSS J114738.354+-301717.5

SDSS J114902.704-144328.0
SDSS J114907.154-004104.3
SDSS J114927.904-432727.9
SDSS J115034.534-653928.2
SDSS J115747.994-272459.6
SDSS J120452.82+354007.4
SDSS J121314.03+080703.6
SDSS J121404.114-330945.6
SDSS J121423.014-024252.8
SDSS J121519.424-424851.0
SDSS J121736.65+515510.3
SDSS J121810.984-241410.9
SDSS J121843.394-153617.2
SDSS J121940.36—010007.4
SDSS J122046.054-455442.1
SDSS J122709.484-310749.3
SDSS J123514.64+462904.0
SDSS J124512.86+4-194727.5
SDSS J125150.45+4-114340.7
SDSS J125159.904-500203.6
SDSS J132736.564-033128.3
SDSS J133342.56+4-123352.7
SDSS J133448.874-515743.6
SDSS J134341.994-255652.9
SDSS J135827.124-170510.3
SDSS J135908.354-305830.8
SDSS J140058.794-260619.4
SDSS J140704.43+273556.6

SDSS J141028.144-135950.2

3.428
2.322
2.314
1.600
3.348
2.343
1.604
2.333

3.353

2.190
2.301
3.305
2.224
2.206
1.592
2.376
1.595
2.231
2.314
2.225
2.381
2.268
1.575
2.220
2.190
2.204
2.173
2.195
2.385
1.594
3.275
3.240
1.600
2.233
2.290
2.351
2.225

2.213

16.45
16.47
16.38
16.09
16.10
16.19
16.08
16.64

16.80

16.36
16.85
16.86
15.32
16.14
16.56
16.63
16.16
16.32
16.45
16.04
15.78
15.27
15.60
15.71
16.57
16.43
15.95
16.46
16.43
15.61
16.60
16.77
15.77
16.71
16.19
16.43
16.46

16.21

15.81
15.81
15.95
15.52
15.72
15.51
15.18
15.79

16.09

15.88
15.47
15.91
14.82
15.43
15.92
15.88
15.46
15.76
15.80
15.39
15.13
14.52
15.06
15.07
15.59
15.86
15.26
15.70
15.70
14.87
15.80
16.04
15.00
15.82
15.63
15.70
15.98

15.52

15.48
14.85
14.85
15.14
15.31
15.14
14.79
15.21

15.42

14.95
14.95
15.38
14.08
14.48
15.89
15.30
15.15
15.15
14.50
14.44
14.33
13.83
14.84
14.23
14.93
14.90
14.73
14.83
15.40
14.84
15.18
15.62
14.63
14.96
14.93
14.95
14.86
14.67

19

2019 Mar 17
2019 Dec 16
2020 Mar 06
2020 Jan 04
2019 Mar 17
2019 Jun 18
2019 Nov 15
2019 Jun 14
2019 Jun 17
2019 Dec 30
2019 Jun 14
2019 Jun 18
2019 Dec 18
2019 Mar 17
2019 Jun 17
2019 Mar 01
2019 May 23
2019 Dec 28
2019 Jun 13
2019 Feb 26
2019 Jun 16
2019 Mar 18
2019 Mar 08
2019 Mar 19
2018 Jun 23
2019 May 24
2019 May 22
2019 Jul 14
2019 Apr 20
2019 Dec 12
2020 Jul 08
2019 May 18
2020 Jul 08
2019 Mar 19
2019 Mar 23
2019 May 14
2018 Jun 26
2020 Jun 30
2019 Mar 09

2019A
2019B
2020A
2019B
2019A
2019A
2019B
2019A
2019A
2019B
2019A
2019A
2019B
2019A
2019A
2019A
2019A
2019B
2019A
2019A
2019A
2019A
2019A
2019A
2018A
2019A
2019A
2019B
2019A
2019B
2020A
2019A
2020A
2019A
2019A
2019A
2018A
2020A

2019A

1800
1800
1800
1800
1800
1800
900
1800
1800
1920
1800
1800
1800
628
2025
1800
1800
900
1800
1800
1800
920
600
920
920
1800
1800
900
1800
1800
1200
1800
1800
1380
1800
1800
1800
1800

900

1,3




SDSS J141617.384-264906.1
SDSS J141925.484-074953.5
SDSS J141951.844-470901.3
SDSS J142013.03+253403.9
SDSS J142330.09+115951.2
SDSS J142435.974-421030.4
SDSS J142500.24+4-494729.2
SDSS J142502.624-274912.2
SDSS J142543.324-540619.3
SDSS J142903.03—014519.3
SDSS J144624.294-173128.8
SDSS J144706.294-350956.1
SDSS J144706.814-212839.2
SDSS J144948.624-123047.5
SDSS J145541.11-023751.0
SDSS J145608.33+111823.7
SDSS J150205.58—024038.5
SDSS J150226.60+4-180039.5
SDSS J150743.714-220928.8
SDSS J151123.304-495101.2
SDSS J151341.894-463002.8
SDSS J151507.824-612411.9
SDSS J151727.684-133358.6
SDSS J151733.094-435648.4
SDSS J152336.274-071325.7
SDSS J152929.55+230208.7
SDSS J153248.95+173900.8
SDSS J153551.234-373029.0
SDSS J154231.96+4-390854.8
SDSS J154550.374-554346.2
SDSS J154907.474-565645.7
SDSS J155355.104-375844.1
SDSS J155934.264-590031.6
SDSS J160029.864-331806.9
SDSS J160137.904-172851.0
SDSS J160207.674-380743.0
SDSS J160425.304+193929.1

SDSS J160513.17+4-325829.9

2.299
2.394
2.296
2.235
1.613
2.213
2.260
2.344
3.247
3.420
2.196
2.273
3.235
1.592
1.613
1.562
2.215
2.340
3.236
2.400
1.579
2.182
2.235
2.197
1.586
1.581
2.350
2.197
2.356
2.158
1.603
2.369
1.601
1.593
2.239
1.593
3.313
2.276

16.39
16.37
15.72
16.34
16.22
16.28
16.52
16.74
16.06
16.52
16.56
16.26
16.47
16.55
16.58
16.37
16.49
16.02
16.57
16.09
16.60
16.74
16.48
16.56
16.43
16.52
16.69
16.64
17.01
16.15
16.56
16.89
16.54
16.61
15.69
15.29
16.55
16.49

15.68
15.69
15.05
15.67
15.43
16.01
15.80
15.94
15.50
15.74
15.76
15.72
15.82
15.51
16.05
15.40
15.84
15.26
16.06
15.47
15.62
15.58
15.84
15.99
15.42
15.69
15.70
15.94
15.74
15.49
15.76
15.96
15.52
15.83
15.90
14.51
16.05
15.97

14.84
14.86
14.30
15.03
15.27
15.01
15.22
14.88
15.24
15.06
15.42
14.83
15.29
15.34
14.78
14.94
15.14
14.79
15.35
14.77
15.57
15.23
14.94
15.24
15.36
15.66
15.37
14.85
15.24
14.99
15.33
15.19
15.12
15.27
14.87
14.39
15.15
15.42

20

2019 Mar 23
2019 May 22
2019 May 19
2019 May 14
2019 Apr 17
2019 Mar 23
2020 Jul 10
2020 Mar 11
2020 Jun 29
2020 Mar 11
2019 May 14
2018 Jun 26
2019 Mar 21
2020 Jun 30
2019 Apr 23
2020 Jul 08
2019 Mar 22
2019 Apr 18
2020 Feb 23
2020 Jun 04
2019 Apr 24
2019 Apr 17
2020 Jun 14
2019 Apr 23
2020 Jun 04
2019 Mar 22
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SDSS J160552.974-292141.4
SDSS J160637.574173516.2
SDSS J160716.654-182649.4
SDSS J161435.704-372715.6
SDSS J161942.39+525613.4
SDSS J161942.58+325419.3
SDSS J162659.244-301535.0
SDSS J162701.94+4-313549.2
SDSS J163125.104-174810.0
SDSS J163433.424-265158.2
SDSS J164807.554-254407.1
SDSS J165321.034-271706.7
SDSS J165348.024-485019.0
SDSS J174015.844-255457.1
SDSS J205900.36—064309.5
SDSS J210831.56—063022.5
SDSS J214611.80—085857.4
SDSS J214657.66—023946.3
SDSS J214901.21—-073141.6
SDSS J220344.984-235729.3
SDSS J222621.454-251545.0
SDSS J223934.45—004707.2
SDSS J225608.484-010557.8
SDSS J225627.124-092313.3
SDSS J230722.21+4-253803.8
SDSS J231450.124-182402.8
SDSS J231706.96+323802.8
SDSS J233344.66+290251.5
SDSS J234817.55+4-193345.8
SDSS J235212.85—012029.6

2.321
2.323
2.323
1.601
2.345
2.220
1.578
2.318
2.180
1.571
2.191
1.605
2.249
2.220
2.280
2.345
2.182
2.283
2.211
2.187
2.385
2.221
2.268
2.290
1.594
2.284
2.378
3.201
2.154

2.376

16.25
16.72
16.48
15.85
15.55
16.50
16.45
16.01
16.15
16.44
15.71
15.71
16.18
16.61
16.55
16.43
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16.44
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14.88
16.91
16.78
16.67
16.40
16.58
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16.69
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15.44
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15.63
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15.86
15.53
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16.07
16.04
15.96

15.84

14.70
15.75
14.97
14.84
13.95
15.46
15.43
14.74
14.44
15.57
14.35
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15.01
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15.32
15.69
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13.51
15.70
15.23
15.42
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15.14
15.73
15.76
15.33
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2017B
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1800
1800
1800
1800
1800
1800
1800
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TABLE 2.1. “Value based on best available measurement as stated by SDSS
(Paris et al. (2018; [70]), Table A1, column 9 “Z”).

NOTE — Objects followed by an empty row aside from observation date, semes-
ter, and net exposure are additional observations made for that same object.
Comments:

(1) At least one exposure was taken under subpar observing conditions.

(2) All exposures were taken under supbar observing conditions.

(3) Supplemental data used from other observations to aid in reduction as
described in Section 2.4.5.

(4) Observation failed to provide spectrum of the source due to bad weather,

instrument artifacts, or other technical difficulties during the observation.

Our data processing procedure generally follows the XDGNIRS pipeline developed by
the Gemini Observatory ([76]°: see also [77]) with the Gemini package in PyRAF®. Following
standard image cleaning for artifacts and other observational anomalies, we pair-subtract
the images to remove the bulk of the background noise by directly combining the sky-
subtracted object exposures. Quartz lamps and IR lamps were used to create flat fields to
correct pixel-by-pixel variation across the detector. The flat-fielded images were corrected
for optical distortions. Several objects required replacement flat fields due to pixel shifting
of dead pixels in the detector into the GNIRS spectra directly (marked accordingly with a
corresponding comment in Table 3.1), which produced a notable increase in the uncertainty
of spectroscopic measurements for these objects, particularly in the bluer bands. On average,
the increased flux uncertainty from these spectra is on the order of ~3%. At this stage, of
the 272 sources observed, 46 observations did not yield a meaningful spectrum due to bad

weather, instrument artifacts, or other technical difficulties (Note 4 in Column 9 of Table 3.1),
http://www.gemini.edu/sciops/instruments/gnirs/data-format-and-reduction/

reducing-xd-spectra

*https://www.gemini.edu/node/11823
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leaving the final sample at 226 sources.

Wavelength calibration was performed using two argon lamp exposures in order to
assign wavelength values to the observed pixels. The uncertainties associated with this

1

wavelength calibration are not larger than 0.5 A RMS, corresponding to < 10 km s~! at

~ 15000 A.

Spectra of the telluric standards were processed in a similar fashion, followed by a
careful removal of the stars’ intrinsic hydrogen absorption lines. This process was performed
by fitting Lorentzian profiles to the hydrogen absorption lines, and interpolating across these
features to connect the continuum on each side of the line. Following the line cancellation,
the quasar spectra were divided by the corrected stellar spectra. The corrected spectra
were multiplied by an artificial blackbody curve with a temperature corresponding to the
telluric standard star, which yielded a cleaned, observed-frame quasar spectrum. Each quasar
spectrum was flux calibrated by comparing local flux densities to the J, H, and K 2MASS
magnitudes from Table 3.1 and using the magnitude-to-flux conversion factors from Table
A.2 of [78]. For the final spectra, we masked any noise present from cosmic rays, regions of

high levels of atmospheric absorption, and band gap interference.

We chose this method as opposed to flux calibrating via the telluric standards to avoid
any differences in atmospheric conditions between observations of the object and the telluric
standard. This preference was also motivated by our use of a relatively narrow slit in order
to prioritize spectral resolution at the cost of potentially larger slit losses in the observations.
Although the 2MASS and Gemini observations are separated by several years in the quasars’
rest frames, the cross-calibrations are subject to minimal uncertainties since ~ 88% of our
sources are luminous radio-quiet quasars at high redshift. Such sources typically show UV-
optical flux variations on the order of < 10% over such timescales [79, 80, 81]. In fact, the
effects stemming from the differences in airmass between the quasars and their respective
telluric standard stars, as well as the slit losses, are typically larger than the expected intrinsic

quasar variability.

In order to further test the reliability of our flux calibration, we compared the flux
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densities in overlapping continuum regions, Agps ~ 8000 — 10000 A, between our GNIRS
spectra and those of the respective SDSS spectra; this test was feasible for ~ 90% of our
sources that have both high-quality GNIRS and SDSS spectral data where we can obtain
meaningful comparisons that avoid reductions in quality that can occur in this region for
both surveys. We found that the flux densities in the SDSS spectra are, on average, smaller
than the GNIRS flux densities by ~ 40% (n = —0.155), with a 1o scatter of ~ 60% (o =
0.2013) (see, Fig. 2.4, where p and o are the logarithms of the mean and standard deviation,
respectively). Therefore, the flux densities when directly comparing both spectral sets are
consistent at the 1o level, despite the presence of this systematic offset. This systematic offset
should be taken into account when comparing fluxes between SDSS and GNIRS spectra,
however, it does not affect the emission-line measurements presented in this survey. This
scatter may include discrepancies such as those due to intrinsic quasar variability, fiber
light loss in SDSS spectra, and differences in airmass between quasars and their respective
standard star observations. Examples of prominent emission lines in final, flux-calibrated

spectra appear in Figure 2.5.

2.4. Spectral Fitting

The final GNIRS quasar spectra were fit by using multiple localized linear continua,
explained in Section 2.4.1, constrained by no less than six narrow (~ 200 A-wide, rest-
frame) line-free regions, and performed Gaussian fits to the emission lines. The Fe 11 and
Fe 111 emission complexes were modeled via empirical templates from Boroson, & Green [82]
and Vestergaard & Wilkes [83] for the rest-frame optical and UV band, respectively. These
templates were scaled and broadened by convolving a Gaussian with a full width at half
maximum (FWHM) value that was free to vary between 1300 and 10000 km s~!. Given that
the Fe 11, Fe 111, and H/ lines likely originate from different physical regions [84], we kept the
FWHM of the iron templates as a free parameter. The FWHM values selected to broaden
each template were determined using a least squares analysis on each fitted region.

For the [O 111] lines, the widths of each line were restricted to be identical to each

other, and their flux ratios were kept constant at I5oo7/ 1950 = 3 ([85] and references therein);
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FIGURE 2.4. Flux-density ratio distribution between SDSS and GNIRS spec-
tra from the overlapping continuum regions (Agps ~ 8000 — 10000 A) with a
lognormal distribution fit. The log of the mean ratio (u) and its standard de-
viation (o) indicate that the flux densities of the GNIRS spectra are consistent

at the 1o level with those from their respective SDSS spectra.

additionally, the rest-frame wavelength difference between the A5007 and A4959 lines was

kept constant, which proved adequate for the fits of each object.

We fit two Gaussians to each broad emission line profile to accommodate possible
asymmetry present in the profile due to, e.g., absorption, or outflows. We note that the two
Gaussians fit per broad emission-line are adopted for fitting purposes only, and they do not
represent physically distinct regions. Fitting the line profiles with more complex models was
not warranted given the quality of our GNIRS spectra. The constraints on the Gaussian
profiles for each emission line were that the peak wavelengths can differ from their known

1

rest-frame values by up to £+ 1500 km s™', on initial assessment (see, e.g., [86], Figure 5) with
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Ficure 2.5. SDSS and GNIRS spectra and their best-fit models for three
representative quasars in our sample (fitting of the SDSS spectra is de-
ferred to a future publication). From left to right, panels show the corre-
sponding SDSS spectra, followed by the GNIRS Mg 11, H3, and Ha spec-
tral regions, respectively. In the three rightmost panels, the spectrum is
presented by a thin solid line, and best-fit models for the localized lin-
ear continua, Gaussian profiles, and iron emission blends are marked by
dashed lines. Summed best-fit model spectra are overplotted with thick
solid lines. Details of the spectral fitting procedure are given in Section 2.4.
All of the GNIRS spectra and their best-fit models are available electroni-
cally at https://datalab.noirlab.edu/gnirsdgs.php. We note that SDSS
J083745.74+052109.4 is flagged as a BAL quasar (see, Table 3.1, [69]), and

will be discussed in a future publication.
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a max flux value ranging from zero to a value calculated to be twice the maximum value of the
emission line. Visual inspection yielded some exceptions beyond an offset of = 1500 km s~!,

whereupon manual fitting was performed to compensate for the larger velocity offset.

2.4.1. Continuum Fitting

By using localized linear continuum fitting, we were able to achieve more accurate
measurements by avoiding uncertainties stemming from a single power-law fit. There has
been debate about an accurate model for quasar continua: a single power-law, a broken
power-law [24], or whether the power-law description is appropriate at all in the rest-frame
optical band; for example, in highly reddened quasar spectra a single power-law fitting
will likely fail (see, e.g., [87]). Alternatively, quasar continua may be better described by
accretion disk modeling [64]. This survey was primarily concerned with measuring emission-
line properties as opposed to continua, and, through using a variety of fitting methods
including our own investigations into the efficacy of power-law and broken power-law fits, we
conclude that localized linear continua give, at worst, the same level of uncertainty as power-
law fitting, and, at best, avoid large uncertainties inherent in modeling blended continuum
features. Therefore, measurements of all the emission lines implemented localized linear
continua where the windows for fitting were determined by the availability of the nearest

continuum band segments as defined in [24].

2.4.2. Mg 11

The Mg 11 doublet is detected in the bluer regions of our spectra, where the S/N
is lower by roughly an order of magnitude than the redder regions where the HS line is
detected. Since our survey was designed such that the S/N near the Hf region would be
roughly comparable to the S/N across the respective SDSS spectrum of each source (see,
Section 2.2), the S/N around the Mg 11 region in our GNIRS spectra is roughly an order of
magnitude lower than the corresponding values in the SDSS spectra. As a result, we were
only able to obtain reliable Mg 11 and Fe 114Fe 111 fits for ~31% of our sources (and we do not

present measurements for Fe 114Fe 111 due to their considerable uncertainties). In this work,
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we only present Mg IT line measurements based on the GNIRS spectra of our sources; in a
future publication, we will complement these data with Mg 11 line measurements based on the
sample’s SDSS spectra (for ~87% of our sample at z < 2.4). On average, the uncertainties
on the measured Mg 11 properties are roughly an order of magnitude larger than those of
HpS. During the fitting process, we made a preliminary evaluation of the noise around the
Hp and Mg 11 lines. If the noise around Mg 11 was within a defined threshold (S/N ~ 10)
when compared to that of the HfS region (S/N ~ 40, see Section 2.3), the Mg 11 line was
fit automatically. Otherwise, each spectrum was visually inspected to determine if it was
possible to perform reliable measurements of the Mg 11 line. Due to the lower S/N in this
region, the Fe 114+ Fe 111 complex was fit with narrow (~ 20 A) continuum bands and often
required further interactive adjustments in order to avoid noise spikes to ensure accurate

fitting to the Mg 11 feature.

2.4.3. HB

The Hp region, for most of our objects, provided reliable measurements given the sur-
vey was designed with this region in mind. However, in < 2% of our objects, the Hf3 emission
line was adjacent to the edge of the observing band, resulting in larger uncertainties when
fitting the Fe 11 emission complex. This misalignment of H3 stems from selecting our sample
using UV-based redshifts, based primarily on the peak wavelength of the C 1v emission line,
which suffer from systematic biases due to outflows that can be as large as ~ 5000 km s~!
([54], Matthews et al. 2023, submitted). This misalignment also results in reduced coverage
of the Fe 11 blends for these objects. Despite this complication, we were able to adequately
fit two Gaussians to each of the HfS emission lines.

By design, our survey targeted highly luminous quasars, biased toward having higher
L/Lgqq values (see, Fig. 2.1, [88]), which typically also tend to have relatively strong
Fe 11 emission. As a result, we relied on the broad iron bumps on either side of the Hf line,
rest-frame ~ 4450 — 4750 A and 5100 — 5400 A [24], as our primary region for fitting the
Fe 11 complex. While reasonable in most cases, these fits are likely affected by He 11 \4686

emission-line contamination, however the He 11 emission line is unresolvable in this sample
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FIGURE 2.6. GNIRS spectrum of the Hp region of
SDSS J001355.10-012304.0, zss = 3.380. The “shelf” structure redward
of the Hf line appears to be a result of strong Fe 11 and mild [O 111] emission.
This differs from typical “Eigenvector 1”7 trends in Boroson, & Green [82],
where sources with strong Fe 11 blends tend to have weak [O 111 lines. Line
styles are as in Fig. 2.5. These shelves may be a signature of binary quasar

candidates (see, e.g., [89]).

due to uncertainties from a variety of factors (see Section 2.4.5). On average, the correspond-
ing Fe 11 EW values in those sources is ~ 20 A. Additionally, ~ 5% of our objects differed
from the well-known trends of “Eigenvector 1”7 [82], having a blend of strong [O 111] and

Fe 11 emission, resulting in their spectra exhibiting “shelves” on the red side of the HS pro-

These features required a more careful fitting, and we did not see any evidence of

[O 111] outflows directly contributing to this emission complex. An example of a shelf-like fit

is presented in Figure 2.6.

Figure 2.7 shows the distribution of [O 11] EWs in the GNIRS-DQS sample. As

explained in Section 2.4.6 below, for those objects that do not have detectable [O 111] emission,
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FIcure 2.7. [O 1] rest-frame EW distribution of the GNIRS-DQS sources
(grey) overplotted with rest-frame [O 111] EWs from [90] (red outline; scaled
down by a factor of 100). For ~ 19% of the GNIRS-DQS sources that lack
detectable [O 111] emission we are able to place strong upper limits on their
EW values (black). When compared to [O 111] measurements of low-redshift,
low-luminosity sources from [90], the [O 111] emission tends to become weaker

as luminosity increases, consistent with the trends observed in previous studies

of high-redshift quasars [91, 35].

we must use the Mg 11 line to determine systemic redshifts (zgys); for those objects that lack
both [O 111] and Mg 11, we must utilize the Hf line for that purpose, which is present in
every GNIRS-DQS spectrum.

2.4.4. Ha

Being the most prominent feature in all the spectra of our sources at z < 2.5 (consti-
tuting ~ 87% of the sample), Ha yielded the smallest uncertainties on all the emission-line
parameters. We do not detect significant narrow [N 11| emission-lines flanking the Ha line in

any of our sources, which is expected given our selection of highly luminous quasars [92, 90].
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2.4.5. Uncertainties in Spectral Measurements

The uncertainties inherent in the GNIRS spectra are contributed by a variety of
factors. These include (but are not limited to) sub-par observing conditions, the use of
replacement flat fields in several of the spectra (see Section 2.3), and differences in airmass
and /or atmospheric conditions between the standard star and the respective quasar obser-
vations. Moreover, modeling the telluric standard star continuum with a blackbody function
fails to account for potential NIR excess emission from a circumstellar disk around the star.
These factors lead to uncertainties on the flux density and shapes of the emission-line pro-
files, including the locations of their peaks. The uncertainties on these parameters are in
the range ~ 4-7%, ~ 3-6%, ~ 2-5%, and ~ 2-4%, for each emission line, respectively. On
average, these uncertainties result in general measurement errors across all parameters for

an emission-line profile of up to ~ 7%.

Emission-line fitting first relied on shifting the spectrum to the rest-frame using the
best available SDSS redshift. However, due to inaccuracies with the SDSS redshift, the
emission-lines in the GNIRS spectra often did not line up with the known rest-frame values.
This offset led to uncertainties during fitting, and was ultimately mitigated by introducing
a redshift iteration process. Emission-lines were fit for three different regimes separately,
the Mg 11, Hf3, and Ha regions, based off of the SDSS redshift. A systemic redshift, zgys,
was then determined by the best fit of the most reliable emission-line for measuring red-
shift, as discussed in Section 2.4.6 below, and the spectrum was shifted according to this
value. This process was repeated until the difference in consecutive redshifts was less than
Zn—1 — Zn < 0.001 for each region. Additionally, this redshift iteration allows more accurate
measurements on 2, the flux density at rest-frame 5100 A (F5100), and more accurate

fitting of the broadened iron templates.

After identifying the most accurate redshift, final fits are performed on emission-
line features. Using preliminary Gaussian and localized linear continuum fits, residuals are
generated, which yield upper and lower values for uncertainties present across the fitting

region. With these residual bounds, Gaussian noise is introduced, and a series of 50 fits is
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performed in order to generate upper and lower bound estimates on the final Gaussian fits.
To quantify the error on best-fit parameters, each iterated fit value is stored, which is used
to generate a distribution of principle measurements. These distributions are then fit using
a Gaussian function in order to determine the final errors at a 1o confidence level. The
iron templates of the HS and Mg 11 regions also experience iterations of FWHM for the line
profile, which allows for accurate Fe 11 and Fe 111 broadening error estimates. These various
fitting iterations allow conservative error estimates on basic emission-line parameters, i.e.,
FWHM, EW/ and line peaks. Finally, the best fit spectral model for each source was verified

by visual inspection.

2.4.6. The Catalog

Table 2.2 describes the format of the data presented in the catalog. It contains basic
emission line properties, particularly the FWHM and rest-frame EW, of the Mg 11, HS,
[O 111], and Ha emission lines. The catalog also provides observed-frame wavelengths of
emission-line peaks, as well as the asymmetry and kurtosis of each emission line, which were
obtained from the Gaussian fits. A host of additional parameters are given, including the
FWHM of the kernel Gaussian used for broadening the Fe 11 blends around the Hf region
and the EW of these blends in the 4434 — 4684 A region (following [82]), as well as the
flux density and monochromatic luminosity (AL,) at 5100 A. The catalog also provides Zsys
values measured from observed-frame wavelengths of emission-line peaks. For determining
Zsys, We adopt the observed-frame wavelength of the peak of one of three emission lines
with the highest degree of accuracy which is present in the GNIRS spectrum, where it is
known that these three emission lines have uncertainties of ~ 50 km s=!, ~ 200 km s7!,
and =~ 400 km s™! for [O 111], Mg 11, and Hf, respectively [32].

In cases where the prominent emission lines (i.e., Mg 11, Hj, [O 111], and Har) have no
significant detections, upper limits are placed on their EWs by assuming FWHM values for
each line using the median value in the sample distributions, and taking the weakest feature
detectable in the GNIRS spectra for each line. Additionally, we placed upper limits on the

EW of the optical Fe 11 blends in cases where excess noise surrounding the Hg+-[O 111] region
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would not enable us to fit the Fe 11 blends reliably; we found that a value of 2 A for this
parameter provides a conservative upper limit in all such cases.

Finally, additional, and typically weaker, emission line measurements follow the for-
matting presented in Table 2.3, and are reported in the supplemental features catalog for
106 sources from our sample where such features could be measured reliably. These emission
lines were fit on a case-by-case basis after visually inspecting each GNIRS spectrum (and no
upper limits are assigned in cases of non-detections). Where applicable, we performed fits
on the following emission lines with two Gaussians per line, following the same methodology
used for primary emission line measurements: HJ A4101, Hy A4340, and [Ne 111] A3871. The

[O 11] A3727 doublet was fit in the same manner.
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Column Name Bytes Format Units Description
(1) () ®3) (4) () (6)
1 OBJ (1-24) A24 SDSS object designation
2 7ZSYS (26-29) F4.3 Systemic redshifts
3 LC_MG II (31-35) F5.0 A Observed-frame wavelength of the emission line peak of Mg 11 based on peak fit value
4 LC_MG II_.UPP (37-39) F3.0 A Upper uncertainty for the line peak of Mg 11
5 LC_MG II.LOW (41-43) F3.0 A Lower uncertainty for the line peak of Mg 11
6 FWHM_MG II (45-48) F4.0 km s™! FWHM of Mg 11
7 FWHM_MG II_UPP (50-52) F3.0 km s7! Upper uncertainty of FWHM of Mg 11
8 FWHM_MG II.LOW  (54-56) F3.0 km s* Lower uncertainty of FWHM of Mg 11
9 EW_MG II (58-59) F2.0 A Rest-frame EW of Mg 11
10 EW_MG II.UPP (61-62)  F2.0 A Upper uncertainty of EW of Mg 11
11 EW_MG II.LOW (64-65) F2.0 A Lower uncertainty of EW of Mg 11
12 AS_MG II (67-71) E5.2 Asymmetry of the double Gaussian fit profile of Mg 11
13 KURT_MG II (73-75) F3.2 Kurtosis of the double Gaussian fit profile of Mg 11
14 LC_HB (77-81) F5.0 A Observed-frame wavelength of the emission line peak of HS based on peak fit value
15 LC_HB_UPP (83-85) F3.0 A Upper uncertainty for the line peak of Hj3
16 LC_HB_LOW (87-89) F3.0 A Lower uncertainty for the line peak of HS
17 FWHM_HB (91-94) F4.0 km s FWHM of HS
18 FWHM_HB_UPP (96-98) F3.0 km s~! Upper uncertainty of FWHM of HS
19 FWHM_HB_LOW (100-102) F3.0 km s~ ! Lower uncertainty of FWHM of Hf
20 EW_HB (104-105)  F2.0 A Rest-frame EW of HA
21 EW_HB_UPP (107-108)  F2.0 A Upper uncertainty of EW of HfS
22 EW_HB_LOW (110-111)  F2.0 A Lower uncertainty of EW of Hf
23 AS_HB (113-17) E5.2 Asymmetry of the double Gaussian fit profile of H3
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FWHM_HA_LOW
EW_HA
EW_HA_UPP
EW_HA_LOW
AS_HA
KURT_HA
FWHM_FE II
EW_FE IT ¢

119-121
123-127
129-131

133-135

150-151
153-154
156-157
159-163

179-181
183-186

196-197

199-200

( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(169-173)
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(215-218)
( )

220-221

F3.2
F5.0
F3.0
F3.0
F4.0
F3.0
F3.0
F2.0
F2.0
F2.0
E5.2
F3.2
F5.0
F3.0
F3.0
F4.0
F3.0
F3.0
F2.0
F2.0
F2.0
E5.2
F3.2
F4.0
F2.0

km s

b

km s

km s

Kurtosis of the double Gaussian fit profile of HS
Observed-frame wavelength of the emission line peak of [O 111] A5007 based on peak fit value
Upper uncertainty for the line peak of [O 111] A5007
Lower uncertainty for the line peak of [O 111] A5007
FWHM of [O 111] A5007
Upper uncertainty of FWHM of [O 111] A5007
Lower uncertainty of FWHM of [O 111] A5007
Rest-frame EW of [O 111] A5007
Upper uncertainty of EW of [O 111] A5007
Lower uncertainty of EW of [O 111] A5007
Asymmetry of the double Gaussian fit profile of [O 111] A5007
Kurtosis of the double Gaussian fit profile of [O 111] A5007
Observed-frame wavelength of the emission line peak of Ha based on peak fit value
Upper uncertainty for the line peak of Ha
Lower uncertainty for the line peak of Ha
FWHM of Ha
Upper uncertainty of FWHM of Ha
Lower uncertainty of FWHM of Ha
Rest-frame EW of Ha
Upper uncertainty of EW of Ha
Lower uncertainty of EW of Ha
Asymmetry of the double Gaussian fit profile of Ha
Kurtosis of the double Gaussian fit profile of Ha
FWHM of the kernel Gaussian used to broaden the Fe 11 template

Rest-frame EW of Fe 11 in the optical as defined by [82]
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49
50

LOGFA5100 (223-227)  E5.2  ergs 'cm 2A! Flux density at rest-frame 5100 A
LOGL5100 (229-232) F4.2 erg s Monochromatic luminosity at rest-frame 5100 A

TABLE 2.2. “A value of 2 A denotes an upper limit on this parameter.

NOTE — Data formatting used for the catalog. Asymmetry is defined here as the skewness of the Gaussian fits,
i.e., a measure of the asymmetry of the distribution about its mean, s = E(x — p)3/03, where p is the mean of =,
o is the standard deviation of x, and E(t) is the expectation value. Kurtosis is the quantification of the ”tails” of

the Gaussian fits defined as k = E(z — p)*/o?, where symbols are the same as for asymmetry.
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Column Name Bytes Format  Units Description
1 2 3) (4) (5) (6)
1 OBJ (1-24) A24 SDSS object designation
2 LC_HD (26-30) F5.0 A Observed-frame wavelength of the emission line peak of Hé based on peak fit value
3 LC_HD_UPP (32-35) F4.0 A Upper uncertainty for the line peak of Hé
4 LC_HD_LOW (37-40) F4.0 A Lower uncertainty for the line peak of Hé
5 FWHM_HD (42-45) F4.0 kms™! FWHM of Hé
6 FWHM_HD_UPP (47-49) F3.0 km s~1 Upper uncertainty of FWHM of H§
7 FWHM_HD_LOW (51-53) F3.0 km s™1! Lower uncertainty of FWHM of H§
8 EW_HD (55-56) F2.0 A Rest-frame EW of Hé
9 EW_HD_UPP (58-59) F2.0 A Upper uncertainty of EW of Hé
10 EW_HD_LOW (61-62) F2.0 A Lower uncertainty of EW of H§
11 AS_HD (64-68) E5.2 Asymmetry of the double Gaussian fit profile of HS
12 KURT_HD (70-72) F3.2 Kurtosis of the double Gaussian fit profile of Hé
13 LC_HG (74-78) F5.0 A Observed-frame wavelength of the emission line peak of Hvy based on peak fit value
14 LC_HG_UPP (80-83) F4.0 A Upper uncertainty for the line peak of Hvy
15 LC_HG_.LOW (85-88) F4.0 A Lower uncertainty for the line peak of Hy
16 FWHM_HG (90-93)  F4.0 kms~! FWHM of Hy
17 FWHM_HG_UPP (95-97) F3.0 km s~1! Upper uncertainty of FWHM of Hy
18 FWHM_HG_LOW (99-101) F3.0 km s~1! Lower uncertainty of FWHM of Hy
19 EW_HG (103-104)  F2.0 A Rest-frame EW of Hy
20 EW_HG_UPP (106-107) F2.0 A Upper uncertainty of EW of Hy
21 EW_HG_LOW (109-110) F2.0 A Lower uncertainty of EW of Hy
22 AS_HG (112-116) E5.2 Asymmetry of the double Gaussian fit profile of Hvy
23 KURT_HG (118-120) F3.2 Kurtosis of the double Gaussian fit profile of Hy
24 LC.OII“ (122-126) F5.0 A Observed-frame wavelength of the emission line peak of [O 11] based on peak fit value
25 LC_O II_.UPP (128-131) F4.0 A Upper uncertainty for the line peak of [O 11]
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26 LC_O II.LOW (133-136) F4.0 A Lower uncertainty for the line peak of [O 11

27 FWHM_O II (138-141)  F4.0 kms! FWHM of [O 1]

28 FWHM_O II_.UPP (143-145) F3.0 km s~1! Upper uncertainty of FWHM of [O 11]

29 FWHM._O II.LOW  (147-149) F3.0 kms™! Lower uncertainty of FWHM of [O 11]

30 EW_O II (151-152)  F2.0 A Rest-frame EW of [O 1]

31 EW_O II_.UPP (154-155) F2.0 A Upper uncertainty of EW of [O 11]

32 EW_O II.LOW (157-158) F2.0 A Lower uncertainty of EW of [O 11]

33 AS_OII (160-164) E5.2 Asymmetry of the double Gaussian fit profile of [O 11

34 KURT.O II (166-168) F3.2 Kurtosis of the double Gaussian fit profile of [O 11]

35 LC_NE III b (170-174) F5.0 A Observed-frame wavelength of the emission line peak of [Ne 111] based on peak fit value

36 LC_NE III_.UPP (176-179) F4.0 A Upper uncertainty for the line peak of [Ne 111

37 LC_NE III.LOW (181-184) F4.0 A Lower uncertainty for the line peak of [Ne 111]

38 FWHM_NE III (186-189) F4.0 km s~1! FWHM of [Ne 111]

39 FWHM_NE III.UPP  (191-193) F3.0 km s~1! Upper uncertainty of FWHM of [Ne 111

40 FWHM_NE III.LOW  (195-197) F3.0 kms™! Lower uncertainty of FWHM of [Ne 111]

41 EW_NE III (199-200)  F2.0 A Rest-frame EW of [Ne 111]

42 EW_NE III.UPP (202-203) F2.0 A Upper uncertainty of EW of [Ne 111

43 EW_NE III.LOW (205-206) F2.0 A Lower uncertainty of EW of [Ne 111

44 AS_NE III (208-212) E5.2 Asymmetry of the double Gaussian fit profile of [Ne 111]

45 KURT_NE III (214-216) F3.2 Kurtosis of the double Gaussian fit profile of [Ne 111
TABLE 2.3. *[O 11] A 3727

®[Ne 111] A 3870

NOTE — Data formatting used for the supplemental measurements in the supplemental features catalog.




2.5. Summary

We present a catalog of spectroscopic properties obtained from NIR observations of
a uniform, flux-limited sample of 226 SDSS quasars at 1.5 < z < 3.5, which is the largest,
uniform inventory for such sources to date. The catalog includes basic spectral properties of
Mg 11, H3, [O 111}, Fe 11, and Ha emission lines, as well as Hd, Hy, [O 11], and [Ne 111] emission
lines for a subset of the sample. A spectral resolution of R ~ 1,100 was achieved for this
data set, which is roughly comparable to the value of the corresponding SDSS spectra. These
measurements provide a database to comprehensively analyze and investigate rest-frame UV-
optical spectral properties for high-redshift, high-luminosity quasars in a manner consistent

with studies of low-redshift quasars.

In particular, the catalog will enable future work on robust calibrations of UV-based
proxies to systemic redshifts and black-hole masses in distant quasars. Such prescriptions are
becoming increasingly more important as millions of quasar optical spectra will be obtained
in the near future by, e.g., the Dark Energy Spectroscopic Instrument (DESI; [93, 94]) and
the 4-metre Multi-Object Spectroscopic Telescope (4AMOST; [95]), where reliable estimates of
Zeys and Mgy will be crucial to extract the science value from these surveys. In forthcoming
papers we will present, among other facets, redshift calibrations via indicative emission lines
such as [O 111 (Matthews et al. 2023, submitted), SMBH estimates using the HfS and
Mg 11 profiles measured in this survey (Dix et al. 2023, submitted), and correlations among
UV-optical emission lines [82, 96, 56].

In the future, we should continue to push the redshift barrier for the HS and [O 111] emis-
sion lines, as current investigations have been confined to z < 3.5, in order to gain an in-
creased understanding of the co-evolution of SMBHs and their host galaxies, along with more
reliable redshifts. However, at redshifts higher than z ~ 3.5, these observations cannot be
obtained via ground-based telescopes. Future studies in this respect could include a two-
pronged approach using small calibration surveys. The first survey, for example, can use
higher resolution instruments such as Gemini’s Spectrograph and Camera for Observations

of Rapid Phenomena in the Infrared and Optical (SCORPIO; [97]) which will better mea-
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sure weak emission-line profiles and obtain more accurate measurements of the prominent
emission lines. This information will reinforce the measurements of this survey and allow for
more confident applications to much higher redshifts, even beyond z > 6. The second survey
would be a select sample of a few dozen highly luminous z > 3.5 objects using space-based
observations from the James Webb Space Telescope (JWST; [98]) for optimal spectral qual-
ity, with the possibility for a contemporaneous SCORPIO survey to obtain measurements of
lines such as C 1v from the ground.
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O.8S.,C.D.), AST-1815645 (M. S. B., A. D. M..), AST-1516784 (W. N. B.), and AST-1715579
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located within the Maunakea Science Reserve and adjacent to the summit of Maunakea. We
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CHAPTER 3

GNIRS-DQS: AUGMENTED SPECTROSCOPIC CATALOG AND A PRESCRIPTION
FOR CORRECTING UV-BASED QUASAR REDSHIFTS

3.1. Introduction

Obtaining systemic redshifts (zys) for quasars to accuracies better than 1000 km s~*

is necessary for a variety of reasons. These include measuring the kinematics of outfowing
material near the supermassive black hole (SMBH) that impact star formation rates in the
quasar’s host galaxy [49, 50, 51|, and cosmological studies that utilize redshifts as distance
indicators, such as quasar clustering and the proximity effect at high redshift [99, 100, 101,
102, 103, 104].

A quasar zg value is typically determined from spectroscopy in the optical band
relying, particularly, on the wavelength of the peak of the narrow [O 111] A5007 emission line
at z < 0.8, the Mg 11 AA2798, 2803 doublet for 0.4 < 2z < 2.3, or the Balmer lines up to
z ~ 1, in order of increasing uncertainty on the derived zqs value, ranging from ~ 50 km s™*
to ~ 600 km s~ [105, 32, 106]. However, at higher redshifts, these z indicators shift out
of the optical band, and redshift determinations usually rely on shorter wavelength, and
typically higher ionization emission lines such as C 1v A1549. Such emission lines are known
to show additional kinematic offsets of up to several 10° km s~! that add uncertainties of
this magnitude to the derived redshift values [27, 33, 23, 32, 107]. The redshifts of distant
quasars determined from large spectroscopic surveys (e.g., Sloan Digital Sky Survey, SDSS)
(68, 108, 94, 109], that are limited to Aops < 1 pm, therefore will have uncertainties on the
order of tens of Mpc at z = 2.5, when converting from velocity space into comoving distance
[110].

A direct comparison of SDSS Pipeline redshifts [111, 109] with zss values obtained
from rest-frame optical indicators show that corrections to UV-based redshifts can be made
despite the presence of potentially large uncertainties. Past investigations such as Hewett &
Wild [52], Mason et al. [112] and Dix et al. [54], hereafter HW10, M17, and D20, respectively,
have demonstrated that these uncertainties can be mitigated through corrections obtained

from regression analyses based on pre-existing rest-frame optical spectral properties and used
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as prescriptions for correcting UV-based redshifts.

HW10 relied primarily on sampling methods wherein an average quasar spectrum was
generated using a large sample of existing quasar spectra, and then statistical analysis was
used to provide offsets for any given quasar with respect to this “master” spectrum in order
to correct for any uncertainties. However, this offset correction becomes less reliable for high
redshift quasars as important emission lines such as [O 111] and Mg 11 leave the optical-UV

regime, and so additional corrections are needed [113].

M17 and D20 used regression analyses that apply empirical corrections to UV-based
redshifts involving the C 1v spectroscopic parameter space, a diagnostic of quasar accretion
power [86, 113, 114], which affects the wavelengths of emission-line peaks. Specifically, these
parameters include the rest-frame equivalent width (EW) and full width at half maximum
intensity (FWHM) of the C 1v line' as well as the continuum luminosity at the base of this
line. Such corrections have been applied to sources that lack broad absorption lines and
are not radio-loud? in order to minimize the effects of absorption and continuum boosting,
respectively, to the C 1v line profile to mitigate potential complications arising from these

sources and provide the most reliable results possible.

The D20 analysis, an extension of the M17 study, was based on a non-uniform sam-
ple of 55 SDSS sources with spectral coverage in the rest-frame optical and UV. Here, we
use a much larger and more uniform sample of 154 sources with highly reliable zy, values
drawn from an augmentation of the Gemini Near Infrared Spectrograph - Distant Quasar
Survey (GNIRS-DQS) near-infrared (NIR) spectral inventory (hereafter M21, [115]). Our
results allow us to obtain significantly improved prescriptions for correcting UV-based red-
shifts. Section 5.2.2 describes the properties of the quasar sample and the respective redshift
measurements, along with an augmentation of the M21 catalog of spectral properties from

GNIRS-DQS. Section 5.2 presents prescriptions for UV-based quasar redshift corrections

IWe discuss additional velocity width measurement methods in Appendix 3.5.

2We consider radio-loud quasars to have R > 100, where R is defined as R = f,(5 GHz) / f, (4400 A),
where f,(5 GHz) and f£,(4400 A) are the flux densities at a rest-frame frequency of 5 GHz and a rest-frame
wavelength of 4400 A, respectively [17]
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based on multiple regression analyses including several velocity width indicators, alongside
discussion of the redshift dependence of the velocity offset corrections, and redshift estimates
for quasars with extremely high velocity outflows. Our conclusions are presented in Sec-
tion 3.4. Throughout this paper we adopt a flat ACDM cosmology with 2y =1 —Qy = 0.7
and Hy = 70 km s~ Mpc™! [67].

3.2. Sample Selection

Our quasar sample is drawn from GNIRS-DQS, which comprises the largest, most
uniform sample of optically selected high-redshift quasars having NIR spectroscopic coverage
(M21). The GNIRS-DQS sources were selected from all SDSS quasars [70, 109] having
m; < 19.0 mag at 1.55 < z < 3.50 for which the HS and [O 111] emission-lines can be covered
in either the J, H, or K bands. We augment the original GNIRS-DQS sample with 34
additional sources, selected in a similar fashion as described below, and shown in Figure 3.1.
Distributions of radio loudness and [O 111] A5007 EW for the GNIRS-DQS sources are shown

in Figures 3.2 and 3.3, respectively.

3.2.1. The Augmented GNIRS-DQS Catalog

We add spectroscopic data for 31 sources that were observed in semester 2020B as part
of our GNIRS-DQS campaign (see M21 for a detailed description of the observational strategy
and the instrument configuration). In addition, we include spectroscopic data for 11 sources
that were observed in a similar fashion, albeit with a narrower slit, 0.30”, in semester 2015A
(program GN-2015A-Q-68; PI: Brotherton). Of these 42 sources, 34 (comprising 26 from
GNIRS-DQS and 8 from GN-2015A-Q-68) had observations that produced useful spectra
that we include in the augmented GNIRS-DQS catalog. This fraction is consistent with the
overall success rate of ~ 80% for all the GNIRS-DQS observations. The observation log of
these additional objects is given in Table 3.1.

The formatting for the basic spectral properties of all 260 GNIRS-DQS objects is
presented in Tables 3.2 and 3.3 in a similar fashion to Tables 2 and 3 in M21. These Tables

contain the most reliable measurements for the entire GNIRS-DQS sample. The GNIRS-
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F1GURE 3.1. Distributions of the most reliable reported redshift estimate from
SDSS (Table D1, column 27 “Z”, [109]) in each redshift interval (top), and cor-
responding magnitude distributions (bottom). The initial GNIRS-DQS sample
is marked in grey, and sources from the augmented sample are shown in red.
The three redshift bins correspond to the Hf and [O 111] lines appearing at the
center of the J, H, or K photometric bands. The number of sources observed
in each redshift bin is marked in each of the top panels. Of a total of 314
sources observed, 272 of which were reported in M21, reliable NIR spectra
were obtained for 260 sources; the NIR spectra of 226 of these were presented

in M21 and the remaining 34 are presented in this work.

DQS sample was originally selected from the SDSS quasar catalogs for Data Release (DR) 12
and DR14 [69, 70]; the augmented GNIRS-DQS catalog presented here includes 26 sources
that were selected from SDSS DR16 [109] which are marked appropriately in Table 3.1. DR16
measurements have been adopted for the full sample [109]. Table 3.4 presents the parameters
used to model all of the emission lines, using Gaussian profiles, in the GNIRS-DQS spectra.
For each profile, these parameters include the observed-frame wavelength of the line peak,

velocity width (FWHM), and flux-density normalization (fy). All of the GNIRS spectra and
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logR

FI1GURE 3.2. Radio-loudness distribution of the GNIRS-DQS sources. Darker
shaded regions indicate new sources not in M21. The dashed line at log R = 1
indicates the threshold for radio-quiet quasars, and the dotted line at log R = 2

indicates the threshold for radio-loud quasars (see also M21).

log EW (O III]/\15007) [A]2

FIGUure 3.3. [O 111] A5007 rest-frame EW distribution of 222 GNIRS-DQS
sources (solid gray histogram) and a similar distribution from Shen et al. [90]
(red outline; scaled down by a factor of 500). See M21 for additional discussion.

We define a threshold of reliability for an [O 111] EW measurement at 0.1 A.
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their best-fit models are available electronically at NOIRLab?.

Quasar zspss ¢ J H K Obs. Date Net Exp. Comments BAL RL

[mag] [mag] [mag] [s]

(1) 2) (C) R CO R ) (6) (7) (8) 9 (10)

SDSS J001018.88+280932.5* 1.612 16.56 15.80 15.76 2020 Dec 09 1800
SDSS J003001.11—-015743.5 1.582 17.08 15.96 15.76 2020 Sep 09 1800
SDSS J003853.154-333044.3 2.357 16.81 15.98 15.29 2020 Dec 25 1800
SDSS J004613.544-010425.7 2.150 16.44 15.85 15.02 2020 Dec 11 1800 1
SDSS J004710.484-163106.5 2.165 16.33 15.62 14.90 2020 Dec 11 1800
SDSS J005307.714+191022.7* 1.583 16.72 15.79 1543 2020 Sep 08 1800
SDSS J020329.86-091020.3* 1.579 17.02 1597 15.64 2020 Aug 23 900 2
2020 Sep 11 900 2
SDSS J073132.184461347.0* 1.578 16.71 15.83 15.31 2020 Sep 29 1350
SDSS J080117.914333411.9* 1.598 16.73  15.99 15.79 2020 Oct 05 1350
SDSS J080429.61+113013.9* 2.165 16.64 15.99 15.13 2020 Nov 27 1800
SDSS J080636.81+345048.5* 1.553 16.45 15.88 16.58 2020 Sep 30 1800
SDSS J080707.37+260729.1* 2.312 16.84 15.99 15.53 2020 Sep 30 1800 2
SDSS J081520.94+323512.9* 1.584 16.90 15.85 15.55 2020 Nov 28 1800 2
SDSS J084017.874103428.8 3.330 16.69 16.47 15.27 2015 Apr 23 1720
SDSS J084401.954-050357.9 3.350 15.39 14.93 14.19 2015 Apr 06 800
SDSS J084526.75+550546.8* 1.620 16.33 15.65 15.18 2020 Nov 27 1800
SDSS J091425.724504854.9* 2.341 17.18 15.98 15.17 2020 Nov 29 1800
SDSS J092942.974064604.1* 1.608 16.65 15.53 15.28 2020 Nov 30 1800 2
SDSS J094140.16+325703.2* 3.452 16.55 15.81 15.24 2020 Nov 29 1800
SDSS J094427.274614424.6* 2.340 16.41 15.61 14.72 2020 Dec 09 1800
SDSS J095047.45+194446.1* 1.575 16.80 15.98 15.62 2020 Dec 12 900
2020 Dec 21 900
SDSS J095555.68+351652.6* 1.616 16.99 15.97 15.85 2020 Dec 09 1800
SDSS J101724.26+333403.3* 1.579 16.49 15.84 15.40 2020 Nov 30 1800
SDSS J111127.434293319.3* 2.178 16.42 15.88 15.10 2020 Dec 31 1800 2
SDSS J112726.814+601020.2* 2.159 16.60 15.79 1540 2020 Dec 31 2250 2
SDSS J112938.46+440325.0* 2.213 16.99 15.88 15.11 2021 Jan 02 1800
SDSS J113330.17+4144758.8* 3.248 16.90 15.88 15.64 2021 Jan 02 1800
SDSS J113924.64+332436.9* 2.314 16.38 15.95 14.85 2020 Dec 09 1800
SDSS J122343.154+503753.4 3.491 15.90 15.57 14.69 2015 Mar 30 1160
SDSS J122938.61+462430.5* 2.152 16.30  15.77 15.19 2020 Nov 30 1800

SDSS J130213.544-084208.6 3.305 16.12 15.64 15.02 2015 Apr 01 1720 2

3https:/ /datalab.noirlab.edu/gnirs_dqs.php
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SDSS J131048.174-361557.7 3.420 15.79 15.11 14.38 2015 Apr 05 800 2
SDSS J132845.004-510225.8 3.411 16.10 15.53 14.77 2015 Apr 05 1160
SDSS J141321.054-092204.8 3.327 16.16 15.63 15.05 2015 Apr 05 1160
SDSS J142123.974-463318.0 3.378 16.28 15.49 14.89 2015 Apr 07 1700
SDSS J142755.85—002951.1 3.362 16.60 1591 15.27 2015 Apr 01 1720
SDSS J165523.09+4-184708.4 3.327 16.28 15.88 15.19 2015 Apr 08 1720
SDSS J173352.234-540030.4 3.424 15.87 15.72 14.95 2015 Mar 23 1190
2015 Apr 01 680
SDSS J210558.29—011127.5 1.625 16.61 15.49 15.54 2020 Aug 21 2250 1
SDSS J211251.06-+000808.3* 1.618 16.85 15.89 15.89 2020 Aug 19 1800 1

SDSS J213655.35—080910.1 1.591 16.96 15.56 15.74 2020 Aug 23 1800

SDSS J220139.99+114140.8* 2.382 16.87 15.76 15.84 2020 Aug 30 1800 1
SDSS J222310.76+180308.1* 1.602 16.70 15.99 15.60 2020 Sep 01 1800 1
SDSS J223934.45—004707.2 2.121 16.91 1597 15.70 2020 Oct 03 1800 1
SDSS J233304.61—-092710.9 2.121 16.17 1541 14.83 2021 Jan 01 1800 1

e e .. 2021 Jan02 900
TABLE 3.1. “Value based on best available measurement in SDSS DR16 ([109];

Table D1, column 27 “Z”)

*Denotes object selected from Data Release 16.

Several sources have more than one observation, indicated by an empty source
name. All SDSS data taken from DR16.

Comments in Column (8) represent:

[1] At least one exposure did not meet our observation conditions requirements.
[2] Observation failed to provide spectrum of the source due to bad weather,

instrument artifacts, or other technical difficulties during the observation.

3.2.2. Improved Spectroscopic Inventory

Tables 3.2 and 3.3 include improved measurements of all spectral features. In par-
ticular, they include measurements of the rest-frame optical Fe 11 emission blend which was
fitted for each source in the same manner as in M21; however, each such feature now has a
measured EW value and errors, thus effectively removing all the upper limits on the EWs

(cf. Table 2 of M21). We fit two Gaussians to each broad emission-line profile to accom-
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modate a possible asymmetry arising from, e.g., absorption, or outflows. We note that the
two Gaussian fit per broad emission line is adopted only to characterize the line shape; the
two Gaussians do not imply two physically distinct regions. The errors on the spectral mea-
surements were calculated in the same manner as the other uncertainties described in M21,
with upper and lower values being derived from a distribution of values recorded during the
iterative process of broadening the Fe 11 template (see M21 for a detailed description of the
Fe 11 blend fitting process).

In addition to the inclusion of 34 new sources, Tables 3.2 and 3.3 contain the most
reliable data following remeasurement of each source with additional vetting and visual
inspection, particularly with respect to the [O 111] and Fe 11 fitting. These values therefore

supersede the corresponding values presented in M21.
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Column Name Bytes Format Units Description
1 2) 3) (4) (5 (6)
1 OBJ (1-24) A24 SDSS object designation
2 ZSYS (26-30) F5.3 Systemic redshifts
3 LC.MG II (32-36) 15 A Mg 11 observed-frame wavelength®
4 LC_MG II_UPP (38-39) 12 A Upper uncertainty for the line peak of Mg 11
5 LC_MG II.LOW (41-42) 12 A Lower uncertainty for the line peak of Mg 11
6 FWHM_MG II (44-47) 14 km s~1! FWHM of Mg 11
7 FWHM_MG II_.UPP (49-52) 14 km s~1! Upper uncertainty of FWHM of Mg 11
8 FWHM_MG II.LOW  (54-57) 14 km s™1! Lower uncertainty of FWHM of Mg 11
9 EW_MG II (59-60) 12 A Rest-frame EW of Mg 11
10 EW_MG II_.UPP (62-63) 12 A Upper uncertainty of EW of Mg 11
11 EW_MG II_.LOW (65-66) 12 A Lower uncertainty of EW of Mg 11
12 AS_MG II (68-76) E9.2 Asymmetry of the double Gaussian fit profile of Mg 11
13 KURT-MG II (78-81) F4.2 Kurtosis of the double Gaussian fit profile of Mg 11
14 LC_HB (83-87) 15 A Hp observed-frame wavelength®
15 LC_HB_UPP (89-90) 12 A Upper uncertainty for the line peak of Hj
16 LC_HB_.LOW (92-93) 12 A Lower uncertainty for the line peak of Hj
17 FWHM_HB (95-99) 15 km s~1! FWHM of Hp
18 FWHM_HB_UPP (101-105) 15 km s~ ! Upper uncertainty of FWHM of Hj
19 FWHM_HB_LOW (107-110) 15 km s~1! Lower uncertainty of FWHM of Hf
20 EW_HB (112-114) 13 A Rest-frame EW of Hf
21 EW_HB_UPP (116-117) 12 A Upper uncertainty of EW of HS3
22 EW_HB_LOW (119-120) 12 A Lower uncertainty of EW of HfS
23 AS_HB (122-130) E9.2 Asymmetry of the double Gaussian fit profile of H3
24 KURT_HB (132-135) F4.2 Kurtosis of the double Gaussian fit profile of HS
25 LC_O III (137-141) 15 A [O 111] A5007 observed-frame wavelength®
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

LC.O III_.UPP
LC.O III_.LOW
FWHM_O III
FWHM_O III_.UPP

FWHM_O III.LOW

EW_O III
EW_O III_.UPP
EW_O III_.LOW

AS_O III

KURT_O IIT
LC_HA
LC_HA_UPP
LC_HA_LOW
FWHM_HA
FWHM_HA_UPP
FWHM_HA_LOW
EW_HA
EW_HA_UPP
EW_HA_LOW
AS_HA
KURT_HA
FWHM_FE II

EW_FE II
EW_FE II_.UPP
EW_FE II.LOW

LOGFA5100

LOGL5100

143-144
146-147
149-152
154-157
159-162
164-171
173-180
182-189
191-199
201-204
206-210
212-213

215-216

223-226
228-231
233-235
237-238
240-241
243-251
253-256
258-262
264-271
273-280
282-289
291-296

( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(218-221)
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(298-302)

12
12
14
14
14
E8.2
E8.2
E8.2
E9.2
F4.2
15
12
12
14
14
14
13
12
12
E9.2
F4.2
F5.0
E8.2
E8.2
E8.2
F6.2

F5.2

1

erg s— cm~2A-1

erg s—

1

Upper uncertainty for the line peak of [O 111] A5007
Lower uncertainty for the line peak of [O 111] A5007
FWHM of [O 11] A5007
Upper uncertainty of FWHM of [O 111] A5007
Lower uncertainty of FWHM of [O 111] A5007
Rest-frame EW of [O 111] A5007
Upper uncertainty of EW of [O 111] A5007
Lower uncertainty of EW of [O 1m1] A5007
Asymmetry of the double Gaussian fit profile of [O 111] A5007
Kurtosis of the double Gaussian fit profile of [O 111] A5007
Ha observed-frame wavelength®
Upper uncertainty for the line peak of Ha
Lower uncertainty for the line peak of Ha
FWHM of Ha
Upper uncertainty of FWHM of Ha
Lower uncertainty of FWHM of Ha
Rest-frame EW of Ha
Upper uncertainty of EW of Ha
Lower uncertainty of EW of Ha
Asymmetry of the double Gaussian fit profile of Ha
Kurtosis of the double Gaussian fit profile of Ha
FWHM of the kernel Gaussian used to broaden the Fe 11 template
Rest-frame EW of optical band Fe 11 as defined by [82]
Upper uncertainty of EW of Fe 11
Lower uncertainty of EW of Fe 11
Flux density at rest-frame 5100 A

Monochromatic luminosity at rest-frame 5100 A




1<

TABLE 3.2. “The emission link peak based on the peak-fit value.

Data formatting used for the catalog. Asymmetry is defined here as the skewness of the Gaussian fits, i.e., a
measure of the asymmetry of the distribution about its mean, s = E(z — u)®/03, where p is the mean of z, o is
the standard deviation of x, and E(t) is the expectation value. Kurtosis is the quantification of the "tails” of
the Gaussian fits defined as k = E(z — p)*/o?. All of the GNIRS spectra and their best-fit models are available

electronically at https://datalab.noirlab.edu/gnirs_dgs.php.



Column Name Bytes Format Units Description
(1) (2 ®3) (4) (5) (6)
1 OBJ (1-24) A24 SDSS object designation
2 LC_HD (26-30) F5.0 A H observed-frame wavelength®
3 LC_HD_UPP (32-35) F4.0 A Upper uncertainty for the line peak of Hé
4 LC_HD_LOW (37-40) F4.0 A Lower uncertainty for the line peak of H§
5 FWHM_HD (42-45) F4.0 kms™! FWHM of Hé
6 FWHM_HD_UPP (47-49) F3.0 km s~1! Upper uncertainty of FWHM of H§
7 FWHM_HD_LOW (51-53) F3.0 km s~1! Lower uncertainty of FWHM of H§
8 EW_HD (55-56) F2.0 A Rest-frame EW of Hé
9 EW_HD_UPP (58-59) F2.0 A Upper uncertainty of EW of Ho
10 EW_HD_LOW (61-62) F2.0 A Lower uncertainty of EW of H§
11 AS_HD (64-68) E5.2 Asymmetry of the double Gaussian fit profile of HS
12 KURT_HD (70-72) F3.2 Kurtosis of the double Gaussian fit profile of Hé
13 LC_HG (74-78) F5.0 A H~ observed-frame wavelength®
14 LC_HG_UPP (80-83) F4.0 A Upper uncertainty for the line peak of Hvy
15 LC_HG_.LOW (85-88) F4.0 A Lower uncertainty for the line peak of Hy
16 FWHM_HG (90-93) F40 kms™! FWHM of Hy
17 FWHM_HG_UPP (95-97) F3.0 km s—1! Upper uncertainty of FWHM of Hy
18 FWHM_HG_LOW (99-101) F3.0 km s~1 Lower uncertainty of FWHM of Hy
19 EW_HG (103-104)  F2.0 A Rest-frame EW of Hy
20 EW_HG_UPP (106-107) F2.0 A Upper uncertainty of EW of Hy
21 EW_HG_LOW (109-110) F2.0 A Lower uncertainty of EW of Hy
22 AS_HG (112-116) E5.2 Asymmetry of the double Gaussian fit profile of Hvy
23 KURT_HG (118-120) F3.2 Kurtosis of the double Gaussian fit profile of Hy
24 LC.O II* (122-126)  F5.0 A [O 11] observed-frame wavelength®
25 LC_O II_UPP (128-131) F4.0 A Upper uncertainty for the line peak of [O 11]
26 LC_O II.LOW (133-136) F4.0 A Lower uncertainty for the line peak of [O 11
27 FWHM_O II (138-141) F4.0 km s—1 FWHM of [O 11]
28 FWHM_O II_.UPP (143-145) F3.0 kms™! Upper uncertainty of FWHM of [O 11]
29 FWHM_O II.LOW  (147-149) F3.0 kms! Lower uncertainty of FWHM of [O 11]
30 EW.O II (151-152)  F2.0 A Rest-frame EW of [O 1]
31 EW_O II.UPP (154-155) F2.0 A Upper uncertainty of EW of [O 11]
32 EW_O II.LOW (157-158) F2.0 A Lower uncertainty of EW of [O 11]
33 ASO1I (160-164) E5.2 Asymmetry of the double Gaussian fit profile of [O 11]
34 KURT_O II (166-168) F3.2 Kurtosis of the double Gaussian fit profile of [O 11]
35 LC_NE III¢ (170-174)  F5.0 A [Ne 111] observed-frame wavelength®
36 LC.NE III_.UPP (176-179) F4.0 A Upper uncertainty for the line peak of [Ne 111
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37 LC_NE III.LOW (181-184) F4.0 A Lower uncertainty for the line peak of [Ne 111]

38 FWHM_NE III (186-189)  F4.0 kms~! FWHM of [Ne 11]

39 FWHM.NE III.UPP  (191-193) F3.0 kms™! Upper uncertainty of FWHM of [Ne 11]

40 FWHM.NE III.LOW  (195-197) F3.0 kms! Lower uncertainty of FWHM of [Ne 111]

41 EW_NE III (199-200) F2.0 A Rest-frame EW of [Ne 111]

42 EW_NE III_.UPP (202-203) F2.0 A Upper uncertainty of EW of [Ne 111

43 EW_NE III_.LOW (205-206) F2.0 A Lower uncertainty of EW of [Ne 111]

44 AS_NE IIT (208-212) E5.2 Asymmetry of the double Gaussian fit profile of [Ne 111]
45 KURT_NE III (214-216) F3.2 Kurtosis of the double Gaussian fit profile of [Ne 111

TABLE 3.3. *The emission link peak based on the peak-fit value.

[0 1] A 3727

[Ne 111] A 3870

Data formatting used for the supplemental measurements in the supplemental

features catalog.

Column Name Bytes Format Units Description
(1) (2 ®3) (4) () (6)
1 OBJ (1-24) A24 SDSS object designation
2 MG II.LAM_PEAK_NARROW (26-29) 14 A Narrow Mg 11 peak®
3 MG II.STD_NARROW (31-32) 12 A Narrow Mg 11 width
4 MG II_.F_.LAM_NARROW (34-37) 14 erg s tem 2A1 Narrow Mg II normalization
5 MG II_.LAM_PEAK_BROAD (39-42) 14 A Broad Mg 11 peak®
6 MG II.STD_BROAD (44-47) 14 A Broad Mg 11 width
7 MG II_.F_.LAM_BROAD (49-52) 14 erg s~ lem—2A-1 Broad Mg 11 normalization
8 O ILLLAM_PEAK_NARROW  (54-57) 14 A Narrow [O 1] peak®
9 O II.STD_NARROW (59-60) 2 A Narrow [O 11] width
10 O II_.F_.LAM_NARROW (62-65) 14 erg s~ lecm—2A-1 Narrow [O 11] normalization
1 O ILLLAM_PEAK_BROAD (67-70) 14 A Broad [O 11] peak®
12 O IL.STD_BROAD (72-75) 14 A Broad [O 1] width
13 O II_.F_.LAM_BROAD (77-78) 12 erg s~ lem—2A-! Broad [O 11] normalization
14  NEIILLAM_PEAK.NARROW  (80-83) 14 A Narrow [Ne 111] peak®
15 NE III_.STD_NARROW (85-86) 12 A Narrow [Ne 111] width
16 NE III.F_.LAM_NARROW (88-89) 12 erg s~ lem—2A—1 Narrow [Ne 111] normalization
17 NE IIL.LAM_PEAK_BROAD  (91-94) 14 A Broad [Ne 111] peak®
18 NE III.STD_BROAD (96-99) 14 A Broad [Ne 111] width
19 NE III_.F_LAM_BROAD (101-102) 12 erg s~ lem—2A—1 Broad [Ne 111] normalization
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55

HD_LAM_PEAK_NARROW
HD_STD_NARROW
HD_F_LAM_NARROW
HD_LAM_PEAK_BROAD
HD_STD_BROAD
HD_F_.LAM_BROAD
HG_.LAM_PEAK_NARROW
HG_STD_NARROW
HG_F_.LAM_NARROW
HG_LAM_PEAK_BROAD
HG_STD_BROAD
HG_F_LAM_BROAD
HB_LAM_PEAK_NARROW
HB_STD_NARROW
HB_F_LAM_NARROW
HB_LAM_PEAK_BROAD
HB_STD_BROAD
HB_F_.LAM_BROAD
O III.1.LAM_PEAK_NARROW
O III.1_.STD_NARROW
O III_.1_.F_.LAM_NARROW
O III_.1.LAM_PEAK_BROAD
O III_.1.STD_BROAD
O III.1_.F_.LAM_BROAD
O III 2. LAM_PEAK_NARROW
O III.2.STD_NARROW
O III_2_.F_.LAM_NARROW
O III-2.LAM_PEAK_BROAD
O III2_.STD_BROAD
O III-2_.F_.LAM_BROAD
HA_LAM_PEAK_NARROW
HA_STD_NARROW
HA_F_LAM_NARROW
HA_LAM_PEAK_BROAD
HA_STD_BROAD
HA_F_LAM_BROAD

104-107
109-110
112-113
115-118
120-123
125-127
129-132
134-135
137-139
141-144
146-149
151-153
155-158
160-162
164-166
168-171
173-175
177-179
181-184
186-187
189-191
193-196
198-200
202-204
206-209
211-212
214-216
218-221
223-225
227-229
231-234
236-238
240-243
245-248

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(250-252
(

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

254-256

I4
I4
13
14
13
13
14
13
I3
14
12
13
I4
13
13
14
12
13
14
13
I3
14
13
I4
14
13
13

erg s~ lem—2A-1
A
A

erg s~ lem—2A-1

Narrow Hé peak?®
Narrow H width
Narrow H normalization
Broad H peak®
Broad H$ width
Broad HJ normalization
Narrow H~v peak®
Narrow Hy width
Narrow H~v normalization
Broad Hvy peak®
Broad Hvy width
Broad Hv normalization
Narrow HS peak®
Narrow Hf3 width
Narrow HfB normalization
Narrow HS peak®
Broad HB width
Broad HfB normalization
Narrow [O 111] 4959A peak®
Narrow [O 111] 4959A width
Narrow [O 111] 4959A normalization
Broad [O 111] 4959A peak®
Broad [O 111] 4959A width
Broad [O 111] 4959A normalization
Narrow [O 1] 5007A peak?®
Narrow [O 1] 5007A width
Narrow [O 11] 5007A normalization
Broad [O 111] 5007A peak®
Broad [O 1] 5007A width
Broad [O 11] 5007A normalization
Narrow Ha peak®
Narrow Ha width
Narrow Ho normalization
Broad Ha peak®
Broad Ha width

Broad Ha normalization

o4




TABLE 3.4. “The Gaussian profile peak based on the peak-fit value.
Independent Gaussian feature fit parameters for each emission line that was

fit with both a narrow and broad Gaussian profile.

3.2.3. C 1v Emission-Line Measurements

M17 and D20 found that the accuracy and precision of a source’s UV-based redshift
can be significantly improved when regressed against the FWHM and EW of its C 1v line
as well as the UV continuum luminosity at a rest-frame wavelength of 1350A (L1350).4 The
C 1V emission line has been measured in the SDSS spectrum of each GNIRS-DQS source
using the same fitting approach outlined in D20, which closely follows the methods utilized
in both M21 and this work; the C 1v emission-line properties of all the GNIRS-DQS sources

appear in Dix et al. (2023, submitted).

3.3. Correcting UV-Based Redshifts

Our aim is to derive corrections that, on average, shift the velocity offsets of the
UV-based redshifts as close as possible to a velocity offset of zero km s™! from 2y based
on the [O 111] A5007 line. We make this correction by applying a regression analysis to a
calibration sample of 154 sources from GNIRS-DQS as described below.

The sample used for this analysis is a subset of the augmented GNIRS-DQS sample
described in Section 5.2.2. Starting with the 260 GNIRS-DQS sources with useful NIR
spectra, we chose to include only the 222 objects with [O 111] rest-frame EW measurements
greater than 0.1 A that can provide the most accurate values of Zsys (see Figure 3.3); i.e., 38
sources whose zgs values were based on either Mg 11 or H3 were removed. We then remove
52 broad absorption line (BAL) quasars, as the BAL troughs degrade measurements of the
EW and FWHM for C 1v [116, 23]. These two parameters are of primary importance for

our regression analysis. We also remove 17 radio-loud (RL) quasars (having R > 100; see

4Objects with redshifts z < 1.65 had Ly35¢ extrapolated from L3ggp assuming a continuum power-law of the
form f, oc 05 [24].
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Figure 3.2) (one of which, SDSS J114705.24+083900.6, is also classified as a BAL quasar) due
to potential continuum boosting, which may affect both EW (C 1v) and Lj35 measurements
[117].

Finally, two additional sources, SDSS J073132.184-461347.0, and SDSS J141617.38+264906.1,
were excluded due to the inability to measure the C 1v line reliably (see Dix et al., 2023, sub-
mitted). The result of this selection process is a calibration sample of 154 objects, presented
in Table 3.5, which is a representative sample of optically selected quasars (see Section 5.2.2)

used to derive prescriptions for correcting UV-based redshifts through linear regression anal-

ysis.
Av; Av; Awv;
Quasar Zsys ¢ ZCTIV b (km s’l) zowio ¢ (km s’l) ZPipe d (km sfl)

SDSS J001018.88+-280932.5 1.613 1.611 -230 1.612 -110
SDSS J001453.204+-091217.6  2.335 2.326 =770 2.344 820 2.308 -2360
SDSS J001813.30+-361058.6  2.324 2.303 -1880 2.316 -720
SDSS J001914.46+-155555.9  2.267 2.263 -370 2.276 830 2.271 350
SDSS J002634.46+-274015.5  2.247 2.243 -340 2.247 50 2.267 1850
SDSS J003001.11-015743.5 1.59 1.579 -1260 1.59 -40 1.582 -950
SDSS J003416.614-002241.1 1.63 1.626 -500 1.63 10 1.627 -350
SDSS J003853.154+-333044.3  2.361 2.365 360 2.357 -350
SDSS J004710.484-163106.5 2.184 2.162 -2060 2.165 -1780
SDSS J004719.714-014813.9  1.591 1.588 -340 1.59 -130 1.59 -50
SDSS J005233.67+014040.8  2.309 2.295 -1250 2.305 -370 2.291 -1620
SDSS J005307.714+191022.7  1.598 1.581 -1940 1.585 -1460 1.583 -1680
SDSS J010113.724-032427.0  1.579 1.577 -270 1.577 -280 1.579 0
SDSS J010500.724+194230.4  2.323 2.293 -2660 2.288 -3140
SDSS J010615.93+101043.0  2.353 2.33 -2070 2.35 -330 2.335 -1600
SDSS J010643.23-031536.4  2.248 2.232 -1480 2.249 40 2.242 -570
SDSS J011538.724-242446.0  2.401 2.369 -2810 2.39 -1010 2.374 -2370
SDSS J013113.254-085245.5  3.537 3.529 -550 3.538 10 3.542 300
SDSS J013136.444-130331.0 1.599 1.579 -2260 1.597 -240 1.594 -490
SDSS J013647.96-062753.6  3.288 3.239 -3430 3.311 1620 3.265 -1640
SDSS J014128.264-070606.1  2.262 2.256 -580 2.262 0
SDSS J014932.06+152754.0  2.384 2.384 40 2.39 540
SDSS J020329.86-091020.3  1.582 1.574 -930 1.579 -310
SDSS J021259.21+132618.8  1.617 1.613 -500 1.627 1050 1.623 650
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SDSS J035150.97-061326.4
SDSS J072928.484-252451.8
SDSS J073900.90+4-485159.0
SDSS J073913.654-461858.5
SDSS J074941.16+4262715.9
SDSS J075136.36+4-432732.4
SDSS J075405.08+4-280339.6
SDSS J075547.834-220450.1
SDSS J080117.91+4-333411.9
SDSS J080413.66+4-251633.9
SDSS J081019.484-095040.9
SDSS J081056.96+4-120914.8
SDSS J081127.444-461812.9
SDSS J081410.764-443706.9
SDSS J081558.35+154055.2
SDSS J081940.58+082357.9
SDSS J082507.67+360411.1
SDSS J082603.32+4-342800.6
SDSS J082644.66+163549.0
SDSS J082736.894-061812.1
SDSS J083417.124-354833.1
SDSS J084017.874103428.8
SDSS J084029.974-465113.7
SDSS J084526.754-550546.8
SDSS J084846.114-611234.6
SDSS J085344.174-354104.5
SDSS J085443.104+075223.2
SDSS J085856.004+015219.4
SDSS J085946.79+4-603702.1
SDSS J090247.57+4304120.7
SDSS J090646.98+4-174046.8
SDSS J090709.894-250620.8
SDSS J090710.364-430000.2
SDSS J091941.264-253537.7
SDSS J092216.044-160526.4
SDSS J092325.254-453222.2
SDSS J092456.664-305354.7
SDSS J092523.24+4-214119.8

SDSS J092555.054-490338.2

2.223
2.311
1.627
1.574
1.594
2.249
2.271
2.314
1.602
2.301
2.236
2.251
2.237
2.274
2.235
3.204
1.582
2.306
2.188
2.191
2.162
3.333
1.574
1.616
2.259
2.183
1.612
2.169
2.279
1.562
1.581
3.316
2.193
2.266
2.371
3.473
3.448
2.361
2.34

2.22
2.304
1.611
1.577
1.585
2.227
2.274
2.315
1.596
2.298
2.213

2.26
2.243
2.266
2.228
3.193
1.576
2.296
2.188
2.193
2.153
3.328
1.569
1.614
2.256
2.161
1.599
2.144
2.259

1.56
1.567
3.304
2.181
2.263
2.369
3.441
3.429
2.358
2.334

-300
-650
-1850
320
-980
-2050
280
100
-630
-300
-2130
820
590
-700
-620
-780
-700
-930
30
220
-820
-370
-580
-210
-300
-2080
-1460
-2390
-1800
-170
-1620
-830
-1160
-240
-170
-2120
-1280
-230

-560
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2.228
2.309
1.621
1.587
1.594
2.244
2.277
2.329

1.598

2.23
2.267
2.263
2.282
2.238
3.207
1.582
2.312
2.194
2.203
2.166
3.333
1.578

1.62

2.262

1.607

2.168

1.562
1.579
3.317
2.197
2.268
2.382
3.459
3.447
2.362
2.345

440
-230
-750
1480

10
-510

590

1340

-440

-590
1460
2440
720
270
230
30
510
620
1190
370

460
530
220
660
-570

-150

70
-290
100
300
250
980
-940
-80
120

440

2.308
1.618
1.581
1.588
2.232
2.276
2.312
1.602
2.295
2.212
2.262
2.242
2.274
2.232
3.2
1.579
2.283
2.189
2.195
2.153
3.33
1.572
1.618

2.257

1.603
2.159
2.264
0.064
1.574
3.281
2.188
2.267
2.373
3.453
3.457
2.364

2.344

-320
-280
-1110
790
-640
-1570
480
-150
20
-610
-2260
1010
530
-10
-260
-270
-370
-2130
120
440
-780
-210
-290
200

-210

-960
-950
-1320
-146280
-860
-2450
-470
110
180
-1350
580
300
360




SDSS J093533.884-235720.5
SDSS J094140.164-325703.2
SDSS J094214.404-034100.3
SDSS J094347.024-690818.4
SDSS J094602.31+4274407.0
SDSS J094637.83-012411.5
SDSS J094648.59+171827.7
SDSS J095047.454194446.1
SDSS J095058.76+4-263424.6
SDSS J095544.254182546.9
SDSS J095555.684-351652.6
SDSS J095707.824-184739.9
SDSS J095852.194-120245.0
SDSS J100212.634-520800.2
SDSS J100850.06-023831.6
SDSS J101106.74+4114759.4
SDSS J101425.114032003.7
SDSS J101429.57+4481938.4
SDSS J101724.26+4-333403.3
SDSS J102537.69+4-211509.1
SDSS J102731.49+4-541809.7
SDSS J102907.094-651024.6
SDSS J103209.784-385630.5
SDSS J103236.984-230554.1
SDSS J104018.514-572448.1
SDSS J104330.09+-441051.5
SDSS J104336.734-494707.6
SDSS J104716.50+360654.0
SDSS J104743.574+661830.5
SDSS J104911.34+4-495113.6
SDSS J105045.724-544719.2
SDSS J105902.044-580848.6
SDSS J105926.434-062227.4
SDSS J110516.684-200013.7
SDSS J110735.584-642008.6
SDSS J110810.874-014140.7
SDSS J111119.104-133603.8
SDSS J112726.814+601020.2

SDSS J113621.054-005021.2

2.304
3.449
1.581
1.599
2.488
2.215
2.298
1.573
2.404
3.485
1.616
2.37
3.307
1.619
2.272
2.249
2.165
1.569
1.579
2.255

1.59

1.581
2.378
3.411
2.216
2.195
2.29
2.166
1.606
2.173
2.248
2.198
2.357
2.325
1.605
3.478
2.162
3.428

2.295
3.401
1.583
1.588
2.383
2.214
2.294
1.571
2.371
3.476
1.617
2.324
3.297
1.611
2.255
2.244
2.142
1.554
1.572
2.25
1.587
2.155
1.584
2.376
3.395
2.201
2.177
2.289
2.162
1.605
2.163
2.238
2.195
2.355
2.304
1.616
3.464
2.142

3.42

-810
-3180
240
-1270

-8910

-350
-260
-2860
-570
70
-4040
-720
-860
-1550
-420
-2190
-1710
-780
-420
-290
-1420
360
-140
-1080
-1430
-1650
-120
-370
-110
-940
-920
-250
-140
-1850
1260
-910
-1850
-540

o8

2.306
3.454
1.584
1.591
2.383
2.219
2.303
1.575
2.392
3.494
1.617
2.364
3.309

1.618

2.254
2.156
1.569
1.579
2.248
1.594
2.171
1.596
2.382
3.413
2.212
2.197
2.294
2.168
1.607
2.174
2.253
2.205
2.364
2.323
1.618
3.486
2.159
3.434

200
370
350
-970
-8930
410
440
160
-1020
620
20
-550
100

-50

470
-880
60
30
-640
460
120
1720
400
110
-460
270
290
230
120
90
460
660
660
-100
1430
580
-270
410

2.296
3.453
1.583
1.593
2.408
2.212
2.294
1.582
2.387
3.482
1.617
2.385
3.275
1.614
2.259
2.245
2.148
1.562
1.574
2.247
1.592

2.162

2.38
3.411
2.206
2.194
2.291
2.171
1.606
2.169
2.246
2.193
2.361
2.307
1.614
3.227
2.146

3.43

-750
310
280

-740

-6830

-200

-400

1040

-1460

-170
120

1380

-2270

-500

-1160
-320
-1620

-800

-520

-720
270

-760

1110

180

-1010
-90
70
460

-370
-140
-480
400
-1580
1010
-16330
-1440

120




SDSS J114212.254-233250.5
SDSS J114350.304-362911.3
SDSS J114902.704-144328.0
SDSS J114907.154-004104.3
SDSS J121314.034080703.6
SDSS J121519.42+4424851.0
SDSS J121810.98+4-241410.9
SDSS J122938.614-462430.5
SDSS J123514.644-462904.0
SDSS J125150.45+4-114340.7
SDSS J125159.904-500203.6
SDSS J132845.004-510225.8
SDSS J134341.994-255652.9
SDSS J135908.354-305830.8
SDSS J140704.434-273556.6
SDSS J141028.14+4135950.2
SDSS J141925.484-074953.5
SDSS J141951.84+4-470901.3
SDSS J142435.974421030.4
SDSS J142502.624-274912.2
SDSS J142543.324-540619.3
SDSS J142755.85-002951.1
SDSS J142903.03-014519.3
SDSS J144624.294-173128.8
SDSS J144706.814-212839.2
SDSS J144948.624-123047.4
SDSS J145541.11-023751.0
SDSS J150743.714220928.8
SDSS J151507.824-612411.9
SDSS J151727.68+4-133358.6
SDSS J151733.094-435648.4
SDSS J152929.554-230208.7
SDSS J155355.104-375844.1
SDSS J160029.864-331806.9
SDSS J160637.574173516.2
SDSS J161435.704-372715.6
SDSS J162659.244-301535.0
SDSS J163433.424265158.2

SDSS J164807.55+4-254407.1

1.594
2.352
2.204
2.301
2.391
2.311
2.38
2.145
2.208
2.209
2.378
3.403
1.601
2.316
2.22
2.216
2.391
2.311
2.212
2.346
3.261
3.365
3.42
2.209
3.224
1.592
1.612
3.23
2.182
2.236
2.204
1.581
2.364
1.594
2.331
1.599
1.58
1.569

2.195

1.582
2.349
2.187
2.29
2.362
2.307
2.366
2.146
2.198
2.188
2.365
3.4
1.601
2.259
2.209
2.201
2.37
2.277
2.209
2.346
3.25
3.375
3.392
2.198
3.202
1.588
1.609
3.224
2.176
2.221
2.179
1.576
2.346
1.587
2.31
1.597
1.58
1.565
2.194

-1350
-290
-1630
-1010
-2530
-330
-1260
90
-910
-1960
-1170
-200
60
-5150
-1000
-1350
-1870
-3030

-250

-760
640
-1890
-1060
-1550
-460
-330
-410
-560
-1350
-2330
-580
-1560
-750
-1880

-280

-490

-130

29

1.6
2.358
2.192
2.307
2.371
2.317
2.382
2.157
2.207
2.202
2.384
3.408
1.604
2.287
2.224
2.216
2.39
2.29
2.224
2.35

3.263

3.425
2.2
3.225
1.588
1.616
3.247
2.187
2.238
2.189
1.584
2.369
1.593
2.322
1.603
1.579
1.575

2.203

720
550
-1130
520
-1740
600
180
1160
-110
-680
500
340
360
-2650
360
80
-110
-1830
1200
330

120

370
-870
50
-450
510
1220
510
180
-1440
410
500
-110
-800
390
-100
700
710

1.592
2.341
2.2

2.31
2.314
2.375
2.152
2.203
2.191
2.377
3.411
1.613
2.266
2.216
2.205
2.384
2.276
2.212
2.344
3.241
3.357
3.432
2.194
3.218
1.596
1.613
3.236
2.182
2.234
2.182
1.581
2.353
1.594
2.311
1.601
1.579
1.572

2.196

-220
-970
-400
-980
-7050
300
-440
640
-420
-1630
-130
540
1490
-4490
-320
-1010
-660
-3100
70
-200
-1400
-580
810
-1460
-400
500
120
440
10
-180
-2080
-30
-940
80
-1790
160
-130
280
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SDSS J173352.234-540030.4  3.429  3.421 -560 3.435 420 3.425 -310
SDSS J210558.29-011127.5  1.637 1.614 -2630 1.624 -1520 1.62 -1970
SDSS J213655.35-080910.1  1.596 1.575 -2460 1.59 -750 1.592 -460
SDSS J214901.21-073141.6  2.203  2.198 -460 2.212 800 2.215 1170
SDSS J220139.99+114140.8  2.372 2.35 -1970 2.378 550 2.382 890

SDSS J222310.76+180308.1  1.604 1.596 -860 1.606 230 1.602 -170
SDSS J222621.45+4-251545.0  2.391 2.377 -1210 2.39 -20 2.385 -530
SDSS J225627.124-092313.3  2.293  2.281 -1110 2.296 220 2.273 -1790
SDSS J230722.21+4253803.8  1.597 1.591 -640 1.595 -190 1.594 -240
SDSS J231450.124-182402.8  2.284  2.279 -450 2.291 610 2.284 -40

SDSS J233304.61-092710.9 2.12 2.113 -660 2.125 530 2.121 120

SDSS J233344.664-290251.5 3.233  3.183 -3510 3.203 -2070 3.187 -3200
SDSS J234817.554-193345.8  2.202 2.179 -2140 2.194 -730 2.154 -4440

TABLE 3.5. “Redshifts determined from the [O 111} A\peax as described in M21.
’Redshifts determined from the C 1V Aea values given in Dix et al. (2023,
submitted).

¢Acquired from HW10 and/or from P. Hewett, priv. comm.

4Acquired from Lyke et al. (2020; [109]).

The redshift corrections are performed on redshifts obtained from three separate tech-
niques: 1) measurements of the observed-frame wavelength of the peak of the C 1v emission
line, 2) HW10 redshifts (P. Hewett, priv. comm.), and 3) SDSS Pipeline redshifts (Table
D1, column 29 “Z PIPE”, [111]). The HW10 redshifts are notable as they already have a
primary redshift correction applied.

The principal metric under investigation in this work is the initial velocity offset (Awv;)
between each of the aforementioned three UV-based redshifts (zmess) and the zgs value of
a source determined from its [O 111} A5007 emission line by measuring the line peak in each
spectra, which is presented in Table 3.2. This offset is computed using the following equation

(see D20):

(1) Av; = ¢ (M) _

1+ 248
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These initial velocity offset values are presented in Table 3.5 and are shown in the top panels

of Figure 3.4.

As shown in Table 3.5, there are three sources, SDSS J085344.17+354104.5, SDSS
J090247.57+304120.7 and SDSS J111119.10+133603.8, where the SDSS Pipeline fails to
produce reliable redshifts, resulting in either no produced redshift for the first of these, or
unrealistically high velocity offsets of |Awv;| > 16000 km s~! for the latter two, while the
velocity offsets for these two sources from the C 1v and HW10 methods yield values that
are only —170 and +70 km s™!, and —910 and +580 km s !, respectively. As a result, these
three sources are excluded from the SDSS Pipeline analysis, but are retained in the C 1v

and HW10 analyses.

The regression analysis follows the methods used by M17 and D20, where the correc-
tion to the velocity offset depends on the C IV emission-line properties and UV continuum

luminosity such that:

(2) Aveorr (km s7') = alogiogFWHMcry (km s™)
+ BlogiEWery (A)

+ ogioLizso (10717 erg s7'ATY)

where Av.,, is the velocity offset we subtract from the initial velocity offset calculated using
Equation 1. The final, post-correction velocity offset, Avy = Av; — Aveoy, is displayed
in the bottom panels of Figure 3.4. Since we fit the observed values of Av; to the model
shown in Equation 2 and solved for the best fit coefficients, then, by definition, the mean
(p) of Av; — Avgpyy is zero. This Aveey, value is used to obtain a revised zgs prediction by
adjusting the initially measured redshift of a quasar. From Equation 1, solving for zycas,

and substituting zmeas = Zsys and Veorr = v, We get
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AUcorr ( 1 + Zmeas)
C

(3) Zrev = Zmeas

where z.., is the revised, more accurate, and more precise redshift.

Starting with our 154-object calibration sample, we run linear regressions using the
three parameters defined in Equation 2. The results of this linear regression analysis provide
the Aveor values from Equation 2 that are subtracted from the initial velocity offsets of the
objects (from Table 3.5).

Distributions of the Av; and Avy values are plotted in the top and bottom panels in
Figure 3.4, respectively. We see that the C 1v-based Av; values are skewed toward negative

1

values (blueshift) with a mean velocity offset of y = —1034 km s™', and a standard deviation

of o = 1173 km s~!. The SDSS Pipeline-based Av; values have a considerably smaller

1 yet a larger standard deviation of o =

negative initial velocity offset of y = —564 km s~
1268 km s~!. As expected, the HW10-based Awv; values show a mean initial velocity offset
much closer to zero (1 = 54 km s71), however the standard deviation is only slightly smaller
than that of the C 1v-based Av; values (¢ = 1038 km s™'). Despite the improvements
demonstrated by the HW10-based values, we are able to use our regression analysis to
improve on UV-based redshift determinations further, as shown below.

As explained above, our redshift corrections yield mean Av; values of zero km s™*
using all three UV-based methods (see the bottom panels of Figure 3.4). The standard
deviation of the Avy values, on the other hand, indicated by the standard deviation, o, are
reduced by ~ 17%, ~ 3%, and ~ 5% for the C 1v, HW10, and SDSS Pipeline methods,
respectively, with respect to the measured Av; values. The median velocity offsets are also
reduced significantly for all three methods. The linear regression coefficients (Equation 2)
used to achieve these corrections are presented in Table 3.6. Table 3.6 also gives the ¢-Value
[118] for confidence statistics in determining the importance of each parameter (see also

D20), where ¢-Values of |t| 2 2 denote a strong correlation, with decreasing confidence as

t— 0.
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FIGURE 3.4. Velocity offsets relative to zys before (panels a, ¢, and e) and
after (panels b, d, and f) the corrections using the linear regression coefficients
given in Table 3.6. The standard deviation (shaded region), mean (dashed
line), median (dotted line), and zero velocity offset (solid line) are marked
in each panel. SDSS J090247.57+304120.7 and SDSS J111119.104+133603.8
do not appear on the SDSS Pipe panels because of their unreliable redshifts,
and SDSS J085344.17+354104.5 does not appear as it lacks an SDSS Pipeline

redshift.
UV-Based Sample Regression Value Error ¢-Value
Redshift Method Size Coefficients

«a -3268 537 -6.08

Cv 154 B8 1356 356 3.80

~y 196 47 4.18

o -1043 592 -1.76

HW10 149 8 385 298 1.95

o 61 51 1.20

a -1696 661 -2.57

SDSS Pipe 151 B 452 461 3.17

~ 79 57 1.37

Residuals of the 154 source sample both before and after our corrections are applied
are presented in Figure 3.5. The residual distributions show the substantial reduction in the
63
velocity offsets before and after each correction. The corrected velocity offsets for both the

C 1v and HW10-based methods are closer to zero than the corrected velocitv offsets for the
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FIGURE 3.5. Residual velocity offsets with respect to zys before (three left-

most columns), and after (three rightmost columns), corrections are applied

(see Equation 2) against our regression parameters. The outliers discussed in

Section 5.2 do not appear in this plot.

The results of our regression analysis, presented in Table 3.6, provide considerably
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offsets). Values of this magnitude, while high, are not unexpected due to the kinematics
associated with luminous, rapidly accreting quasars that can directly affect the C 1v emission
line and cause large blueshifts [119, 120, 121]. Nevertheless, our method tends to correct

even these large velocity offsets to more reasonable values as shown in Figures 3.4 and 3.6.
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FIGURE 3.6. Initial velocity offsets (Av;; circles) compared to final veloc-
ity offsets (Avy; squares) for C 1v-based redshifts of the calibration sample
of 154 sources. The lines connecting the initial and final velocity offsets are
sorted from top to bottom by the absolute value of the velocity offset correc-
tion (|Aveorr|), where the lines are color coded with respect to the monochro-
matic luminosity at rest-frame 5100 A as such: 46.08 < log(Ls100) < 46.41,
46.42 < log(Lsi00) < 46.74, and 46.75 < log(Ls100) < 47.09 are marked in red,
green, and blue, respectively. While the majority of the Av; values, which are
blueshifts, produce Avy values with the opposite sign, we also see Av; values
which are redshifts that end up as blueshifts; however the overall effect of our
regression analysis brings Avy values closer to zero. We find no trend between

| AVeor| and the monochromatic luminosity at rest-frame 5100 A.

improved redshifts over the regression coefficients used by D20. When we employ the D20
regression coefficients on our calibration sample of 154 sources, we obtain standard deviations

on the distributions of Av; which are ~ 8% larger for the HW10 method, ~ 31% larger for
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F1GURE 3.7. GNIRS-DQS spectra of SDSS J094602.31+274407.0 (top) and
SDSS J135908.35+305830.8 (bottom). These two objects display the largest
velocity offsets (C 1v vs. [O 111]) in the 154 object calibration sample, with
Av; = —8910 and Awv; = —5150, respectively. For the GNIRS-DQS sample,
we elected to fit Gaussians to residual spectral features after subtracting a
localized linear continuum and a convolved Fe 11 template (see M21 for further

discussion).
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the SDSS Pipeline method, and ~ 2% larger for the C 1v-based redshifts than when using
the coefficients from Table 3.6.

In summary, considering the four basic observables associated with the C 1v emission
line, one can derive the most accurate and precise prediction of the systemic redshift of a

quasar.

3.3.1. Redshift and Luminosity Dependence

Typically, redshifts are determined either spectroscopically or photometrically from
multiple features (i.e., HW10 and the SDSS Pipeline). When some of these features are
no longer available in the spectra, our ability to determine the redshift is affected, and
it is plausible that the initial velocity offsets depend also on source redshift. We search
for such a dependence in our data by splitting our calibration sample into three redshift
bins: 1.55 < z < 1.65 (Bin 1), 2.10 < z < 2.40 (Bin 2), and 3.20 < z < 3.50 (Bin 3),
which contain 43, 90, and 21 sources, respectively. These intervals ensure coverage of the
[O 111] A5007 emission line in the J, H, or K bands (see Section 5.2.2).

We perform the regression analysis as described in Section 5.2 on each redshift bin
separately. The results are presented in Table 3.7, and shown in Figure 3.8. The standard
deviation (o) of the velocity offsets has been reduced by factors of up to ~ 32% across all
redshift bins compared with the respective standard deviations for the bulk sample. For the
C 1v-based method, the smallest improvement is in Bin 1 (~ 2%), compared to improvements
of ~ 22% in Bin 2 and ~ 32% in Bin 3. This trend appears to follow the increase in the aver-
age Awv; in each of those bins (4 = —703 km s7%, = —1161 km s7!, and g = —1171 km s},
respectively). Although the statistics in Bin 3 are limited, this trend may follow from the
fact that the highest redshift bin tends to have higher luminosity quasars, which results in
larger C 1v blueshifts (e.g., due to outflows or winds) on average for more distant sources
[86]. Since our regression analysis relies heavily on the C 1v parameter space, it is not un-
expected that our corrections to the C 1v-based redshifts would be more important for the
more powerful sources found preferentially at higher redshifts. It is therefore imperative to

obtain rest-frame UV-optical spectra of as many quasars at the highest possible redshifts for
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FiGURE 3.8. Same as Figure 3.4, but split into three redshift bins. Top six
panels, middle six panels, and bottom six panels correspond to redshift Bin 1,

Bin 2, and Bin 3, respectively, as described in the text.

this type of analysis.

Concerning the HW10-based method, our corrections produce improvements in stan-
dard deviation ranging from ~ 2% to ~ 10%, with no apparent trend with redshift. There-
fore, it seems that these improvements are not very sensitive to the coverage of the Mg 11
line, which is absent from Bin 3. This result may be indicative of the overall robustness of
the HW10 method, as found from the entire sample (see Section 5.2 and Figure 3.4). Mild
improvements, and no significant redshift dependence, are observed for the SDSS Pipeline
method, and the overall standard deviations of velocity offset distributions stemming from

this method remain high (> 1000 km s™!) in Bins 2 and 3.

UV-Based Redshift Regression Value Error ¢-Value Number of
Redshift Method Bin? Coeflicients Sources
@ -545 809 -0.67
1 B 611 475 1.29 43
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v 9 66 0.13
o -3976 758  -5.24
Cv 2 8 1726 527 3.27 90 ‘
v 239 67 3.54
o 5439 1474 -3.69
3 8 47 1078 0.04 21 ‘
v 239 138 2.95
o 494 710 081
1 8 606 371  -1.55 42 ‘
5 22 54 -0.39
o 21831 942 -2.11
HW10 2 B 1680 558  2.90 87 ‘
v 92 80 1.23
o 1721 1424  1.01
3 8 946 1100  0.86 20 ‘
5 4137 144 -1.10
o 108 741 015
1 8 -166 431  -0.38 42 ‘
5 -6 60  -0.11
o 2310 959  -2.41
SDSS Pipe 2 B 1943 668 291 89 ‘
~y 108 85 1.27
o 2086 2114  0.99
3 8 2459 1520  1.62 20 ‘
5 250 197  -1.27

TABLE 3.7. “Bins 1, 2, and 3 correspond to redshift ranges of 1.55 < z < 1.65,

2.10 < 2 £ 240, and 3.20 < z < 3.50.

In general, the greatest limitation in our ability to search for a redshift dependence is
the disparity in the number of sources in each bin. Predictably, Bin 2 yields results that are
closer to those obtained for the entire sample, as ~ 58% of that sample is contained within
that bin. A significantly larger sample size, particularly in Bin 3 (z ~ 3), may allow for a
more definitive conclusion in this matter. This highest redshift bin is particularly important
given the absence of the Mg 1I lines from the optical spectrum, and the need to reliably

estimate redshifts of more distant sources.
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In addition to exploring a possible redshift dependence, we also look to see if our
ability to predict a quasar’s zgs value depends on source luminosity. We trisect the cali-
bration sample into three equal Loy bins: 46.08 — 46.41, 46.42 — 46.74, and 46.75 — 47.09,
and look for any significant statistical deviations with respect to the entire sample. The
results are shown in Figure 3.6. We see that there appears to be no clear dependence on
source luminosity. A possible explanation for this result is that our sample is flux limited,

and therefore it is difficult to disentangle the strong redshift-luminosity dependence.

3.4. Summary and Conclusions

We present an augmented catalog of spectroscopic properties obtained from NIR ob-
servations of a uniform, flux-limited sample of 260 SDSS quasars at 1.55 < z < 3.50. This
catalog includes basic spectral properties of rest-frame optical emission lines, chiefly the
Mg 11, Hp, [O 1], Fe 11, and Ha lines, depending on the availability of the line in the
spectrum. These measurements provide an enhancement to the existing GNIRS-DQS data-
base enabling one to more accurately analyze and investigate rest-frame UV-optical spectral
properties for high-redshift, high-luminosity quasars in a manner consistent with studies of
low-redshift quasars.

We also present prescriptions for correcting UV-based redshifts based on a subset
of the GNIRS-DQS sample of 154 objects that are non-BAL, non-RL, have accurate C 1v
measurements, and have z.s values obtained from [O 111I] measurements. We provide mea-
surements of velocity offsets using three different UV-based methods compared to zg values.
This 154 object sample is three times the size of the calibration sample used in D20, and is
both a higher quality and more uniform dataset than M17 and D20.

We attempt to correct for these velocity offsets using a linear regression based on
UV continuum luminosity and C 1v emission-line properties. Using this approach, we can
decrease the standard deviation of the distribution of velocity offsets in our calibration sample
by ~ 3% with respect to the best available UV-based redshift method, and by ~ 17% using
C 1v-based redshifts. The SDSS Pipeline provides the least precise UV-based redshifts, as

the standard deviation on the velocity offsets is larger by ~ 20% compared with the other
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two methods both before and after the correction. We find that the simplest, most reliable
way to obtain an accurate and precise zgs value is using the C 1v parameter space alone
via four basic observables associated with the C 1v emission line, and applying the following

methodology:

(1) Measure the observed peak wavelength, EW, and FWHM of C 1v, and the monochro-
matic luminosity at 1350 A (Liss0).

(2) Calculate an initial redshift measurement, zyeas, with the observed peak wavelength
of C 1v.

(3) Use Equation 2 and the coefficients in Table 3.6 to calculate Aveo,.

(4) Use Equation 3 with the observed zpe.s and calculated Ave,, to obtain a revised,

more accurate, and more precise redshift measurement.

Additionally, we explore whether our prescriptions depend on 1) velocity width mea-
surement, of which we determine there is no overt discrepancy based on methodology, 2)
source redshift, where we determine that additional data are needed, particularly at the
highest redshifts under investigation, in order to obtain more robust results, and 3) source
luminosity, where no clear trends are apparent, consistent with the flux-limited nature of
our sample.

A primary interest going forward would be bolstering the sample with supplementary
observations of quasars, primarily at z ~ 3, in order to obtain statistically meaningful results
on a potential redshift dependence, and further improve UV-based redshift determinations.
Another avenue of further investigation includes increasing the sample size of quasars with
significantly higher spectral resolution, e.g., using Gemini’s Spectrograph and Camera for
Observations of Rapid Phenomena in the Infrared and Optical (SCORPIO, [122]), in order
to further improve the UV-based redshift corrections by obtaining more accurate line peaks
of spectral features. Machine learning can also play an important role as larger data sets
will be produced that require redshift correction en masse. By utilizing the entire quasar
UV spectrum, as opposed to a few key parameters, it will be possible to test if machine

learning algorithms can produce more reliable estimates of zs,s much more efficiently than
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our prescriptions allow.

As future projects begin to produce data, we can expect that ~ 10° high-redshift (z >
0.8) quasars will have redshifts determined through large spectroscopic surveys conducted in
the rest-frame UV-optical regime from instruments such as the Dark Energy Spectroscopic
Instrument (DESI; [93, 94]), the 4m Multi-Object Spectroscopic Telescope [95], and the
Subaru Prime Focus Spectrograph (PFS, [108]). For those quasars at 1.5 < z < 5.0, coverage
of the C 1v emission line will enable crucial redshift corrections, as has been demonstrated
in this work. Instruments such as the James Webb Space Telescope (JWST, [98]) can
provide simultaneous coverage of C 1v, Mg 11, and [O 111 for 6 < 2z < 9, allowing for similar
investigations of redshift dependencies and corrections for the most distant known quasars.

This work is supported by National Science Foundation grants AST-1815281 (B. M. M.,
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made use of the NASA /TPAC Extragalactic Database (NED), which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration. We thank Paul Hewett for helpful contributions of

redshift data.

3.5. Appendix: Comparing Different Velocity Widths of the C 1v Line

In our regression analysis, we have elected to use the FWHM of the C 1v line. How-
ever, there has been some debate in the literature concerning the overall reliability of using
FWHM as the quantification of the velocity width of an emission line [123, 124]. While
M17 and D20 used FWHM for their analyses, other methods for measuring velocity widths
of emission-line profiles include Line Dispersion (¢) and Mean Absolute Deviation (MAD,
[57, 124]). We therefore repeated our analysis by replacing FWHM with each of these two ve-

locity width methods, measured from the Gaussian fits presented in Table 3.4, and compared
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the results obtained from all three velocity widths. We find that replacing FWHM with o or
MAD gave no notable improvement in the dispersion on the relevant corrections, as shown

in Figure 3.9. We thus have elected to adopt the FWHM parameterization throughout this

work.
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F1GURE 3.9. Comparison of the velocity offsets produced using C v FWHM,
o, and MAD for each UV-based redshift method. Each panel displays the cor-
relation between the corrected velocity offset values produced by our regression
analysis when using either FWHM, o, or MAD, along with a corresponding
Pearson linear correlation coefficient r, where r — 1 corresponds to a strong
correlation. No significant difference exists in this regression analysis between

the three different parameters.
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CHAPTER 4

GEMINI NEAR INFRARED SPECTROGRAPH - DISTANT QUASAR SURVEY:
PRESCRIPTIONS FOR CALIBRATING UV-BASED ESTIMATES OF
SUPERMASSIVE BLACK HOLE MASSES IN HIGH-REDSHIFT QUASARS

4.1. Introduction

A persisting point of interest in astrophysics today is understanding the co-evolution
of supermassive black holes (SMBHs) and their host galaxies through cosmic time [125, 36,
38, 51, 126, 127]. A fundamental ingredient in this research area is the SMBH mass (Mgy).
Over the past four decades, several methods have been employed for obtaining Mgy values
in galaxies such as stellar kinematics, masers, interferometry and spectrophotometric moni-
toring campaigns of active galaxies, e.g., [40, 41, 128, 129, 130, 131, 132, 133]. Overall, the
masses obtained from these methods are consistent with each other but deriving Mgy values
in active galactic nuclei (AGN) have the best prospects of obtaining the SMBH mass function
through cosmic time given the large luminosities of such sources and their mass observable
indicators at all accessible redshifts [134, 135, 136, 55].

The Mgy values for AGN, or quasars, are usually determined through measurements
of broad emission lines in the optical band. Specifically, following the virial assumption [137],
we use measurements of the size of the broad emission line region (BELR), Rggrr, and the
velocity width of an emission line stemming from the BELR, AV, in order to estimate Mgy
for AGN. Of these terms, estimating the value of Rggr becomes the most pertinent for
reliable estimates of Mpy.

Ideally, measurements of Rpgpr are derived from reverberation mapping (RM) of
AGN or quasars, which uses time lags between continuum fluctuations and photoionized
BELR emission line fluctuations to determine the size of the BELR [138, 139, 140]. To date,
Mgy has been measured successfully using RM campaigns for ~ 150 quasars primarily with
the HBA4861 emission line [141, 142, 143, 144]. One of the most important findings from these
RM campaigns is the BELR size-luminosity (R — L) relation, where Rpgprr o< L with a ~
0.5, in agreement with expectations from photoionization theory [145, 146, 147, 148, 149].

Since RM campaigns are currently impractical for Mgy measurements in ~ 10° of
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known quasars [131], [150] have proposed that the R — L relation, in conjuction with the
virial assumption, allows one to estimate single epoch (SE) Mpy values by substituting the
continuum luminosity for Rpprr. Estimates of Mgy values for ~ 10° quasars have been

obtained in this fashion during the past two decades [90, 151, 152].

Nevertheless, estimating Mgy values using the SE method faces additional challenges,
particularly at high redshift. First, the most reliable SE indicator for Mgy is obtained
from spectroscopic measurements of low-ionization emission lines such as the Hfline, and at
z 2 1, this line is shifted into the less accessible near-infrared (NIR) band. Second, recent
Super-Eddington Accreting Massive Black Hole (SEAMBH) and Sloan Digital Sky Survey-
RM campaigns discovered many highly accreting objects that lie below the R — L relation
[144, 153], suggesting that an additional correction to account for accretion rate is warranted

for SE Mgy estimates.

To overcome the first of these, SE Mpy estimates using other prominent emission
lines have been calibrated against HS-based Mgy estimates in the nearby universe. The
two most common emission lines that are used for such calibrations are Mg 11 AA2798, 2803
[154, 155, 62, 156, 157] and C 1v A1549 [150, 158, 159, 160, 123, 65, 161, 124]. However,
these emission lines have yielded relatively fewer successful Mgy measurements through RM
campaigns [162, 32, 163, 132, 164, 165, 166], and each of these line profiles contains its
own intrinsic measurement challenges [83, 167]. To address the second challenge, [168] have
proposed to include a correction to the R — L relationship based on the Fe 11 emission blend
flanking the Hf emission line, which is known to be an accretion-rate indicator. Recently,
[169] implemented such a correction and found that Mgy estimates in highly accreting sources

are overestimated.

In this work, we utilize a large spectroscopic inventory for high-redshift quasars that
allows us to obtain the most reliable Mgy estimates using rest-frame ultraviolet (UV) emis-
sion lines. Our inventory includes high quality measurements of the Hf3, Fe 11, Mg 11, and
C 1v emission lines, which allows us to implement two separate accretion-rate based cor-

rections to the estimated Mgy value while investigating the effects of using different BELR
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velocity width measurements.

This paper is organized as follows: In Section 5.2.2, we describe our sample and
data analysis. In Section 4.3, we present the results of multiple regression analyses used
for obtaining prescriptions for reliable Mgy estimates at high redshift. In Section 4.4 we
discuss our results and in Section 5.4 we present our conclusions. Throughout this paper, we

compute luminosity distances using Hy = 70 km s~ Mpc™!, Oy = 0.3, and Q, = 0.7 [67].

4.2. Sample Selection and Measurements

Our sample is drawn from the Gemini Near Infrared Spectrograph - Distant Quasar
Survey (GNIRS-DQS; Matthews et al. 2023, hereafter M23). These quasars were selected
from all the Sloan Digital Sky Survey [68] quasars [109] having m; ~ 19.0 that lie in the red-
shift intervals 1.55 < 2 < 1.65, 2.10 < z < 2.40, and 3.20 < z < 3.50; these redshift intervals
assure that the Hf spectral region is covered in either the J, H, or K bands.

From all 260 GNIRS-DQS sources, we were able to reliably measure C 1v emission-line
profiles for 177 sources from their respective SDSS spectra. Specifically, the C 1v emission
line is difficult to measure reliably in broad absorption line (BAL) quasars due to BAL
troughs impacting the emission-line profile. Therefore, all 65 BAL quasars from the GNIRS-
DQS sample were removed during our C 1v-based Mgy estimate analysis. Since our analysis
involves measurements of the rest-frame equivalent width (EW) of the C 1v emission line, we
further removed 16 radio-loud quasars (RLQs)! from the sample. This was done in order to
avoid potential dilution of the C 1v emission line by continuum emission originating in the
radio jets. We note that one of the BAL quasars we removed, SDSS J114705.244-083900.6,
is also radio loud. Finally, we removed two sources, SDSS J073132.184461347.0 and SDSS
J141617.38+264906.1, for which we were unable to measure the C 1V emission line reliably
from their SDSS spectra due to a poor signal-to-noise ratio (S/N). The remaining sample of
177 non-BAL, non-RL sources with reliable C 1v measurements was used in the C 1v-based

Mgy estimate analysis below.

IWe define radio loud quasars as sources having radio-loudness values of R > 100 (where R is the ratio of
the flux densities at 5 GHz and 4400 A; [17])
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The GNIRS spectra provide reliable Mg 11 measurements for 99 of the GNIRS-DQS
sources (see, M23): only 70 of these sources also have reliable C 1v measurements following
the removal of 22 BAL quasars and seven RLQs. From these 99 quasars, 65 (47 with reliable
C 1v measurements) lie in the redshift range of 2.10 < z < 2.40, and 34 (23 with reliable
C 1v measurements) lie at 3.20 < z < 3.50. In both of these redshift ranges Mg 11 and Hj3
are covered in the same spectrum, however, in the latter range Mg 11 has the highest S/N
(62].

Furthermore, we were able to reliably measure the Mg 11 profile in the SDSS spectra
that adequately covered that emission line in 179 of the GNIRS-DQS sources: 34 and 13 of
these sources do not have reliable C 1v measurements given that these are BAL quasars and
RLQs, respectively. From this sample of 179 quasars, 53 sources had a measurable Mg 11
profile in both the SDSS and the GNIRS-DQS spectra. When combining all available Mg 11
measurements, either from SDSS or GNIRS-DQS or both, we compiled a total sample of 225
sources: 47, 16, and 2 of these sources do not have reliable C 1v measurements given that

these are BAL quasars, RLQs, or sources with unreliable C 1v measurements, respectively.

4.2.1. Fitting the SDSS Spectra

The SDSS spectra were fit utilizing a local linear continuum and two Gaussians for
each broad emission line. We find that fitting two Gaussians to each of the C 1v and Mg 11
emission lines is sufficient given the signal-to-noise (S/N) ratio across both the SDSS and
GNIRS spectra. The Fe 11 and Fe 111 emission complex that blends with the Mg 11 emission
line was modeled with the empirical template of [83]. This template was broadened with a
Gaussian kernel having a full width at half maximum intensity (FWHM) value that was free
to vary between 1300 — 10000 km s~! and was determined based on a least squares analysis
of each fitted region.

The Gaussians were constrained such that the flux density would lie between zero
and twice the value of the peak of the respective emission line and the widths between
zero and 15000 km s~!. The peaks of these Gaussians were also constrained to fit within

+1500 km s~ ! of the rest-frame value of the peak of the emission line based on the systemic
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redshift measured in M21. After the initial fitting was performed for each region, we visually

inspected the fit to see if more lenient constraints with interactive fitting were warranted.

4.2.2. Measurements and Error

The SDSS spectra of the sources were fit utilizing a local linear continuum and two
Gaussians for each broad emission line. We find that fitting two Gaussians to each of the
C 1v and Mg 11 emission lines is sufficient given the S/N of ~ 40 across both the SDSS and
GNIRS spectra. The Fe 11 and Fe 111 emission complex that blends with the Mg 11 emission
line was modeled with the empirical template of [83]. This template was broadened with a
Gaussian kernel having a full width at half maximum (FWHM) intensity that was free to
vary up to 10000 km s~! and was determined based on a least squares analysis of each fitted
region.

The Gaussians were constrained such that the flux density would lie between 0 and
twice the value of the peak of the respective emission line and the FWHM was restricted
to lie within 0 and 15000 km s~!. The peaks of these Gaussians were also constrained to
lie within #1500 km s~! of the rest-frame wavelength of the peak of the emission line based
on the systemic redshift from M23. After the initial fitting was performed for each region,
we visually inspected the fit to see if more lenient constraints with interactive fitting were
warranted.

Spectral properties stemming from these fits are reported in Table 4.1 for C 1v and
Mg 11. In this Table, Column (1) reports the source’s SDSS designation. Columns (2), (3),
(4), (5), and (6) list the FWHM, mean absolute deviation (MAD; described below), line
dispersion (ojine), EW, and the observed-frame wavelength of the emission-line peak, Apea,
respectively, for C 1v. Columns (7), (8), (9), (10), and (11) list the same spectral properties

for the Mg 11 emission line.

4.2.3. Measurements and Error

For each emission-line profile in either the GNIRS or SDSS spectra, we measured the

values of the oy, and MAD. The line dispersion is defined by
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where ) is the line centroid and P(\) is the emission-line profile. The MAD is defined as

(5) BMD—/M—M@HMM//HMM,

where Apeq is the median wavelength of the emission-line profile, first suggested in [57] as an
appropriate representation for the emission-line width. For each emission-line profile in the
GNIRS spectra, we obtained the FWHM, EW, and observed-frame wavelength of the peak
emission from M23.

We present three different values for the velocity widths (FWHM, MAD, 0},e) due
to the uncertainties inherent in the accuracy of FWHM, the most popular of these param-
eters [123, 124, 157]. While 0y, is a dependable measurement to describe the emission-line
velocity width, [57] suggest that MAD provides an accurate estimate of this quantity for low-
quality data. Overall, we recognize that the best virial velocity width indicator is debatable,
therefore, we provide calibrations for the Mpy estimates utilizing all of these parameters.

We have also derived the monochromatic luminosities, L1359 and Lggg, by measuring
the continuum flux densities, at rest-frame A1350 A and A\3000 A, respectively, and employ-
ing our chosen cosmology. All the flux densities and monochromatic luminosities (Lsi00) at
rest-frame A\5100 A used in this work were obtained from the M23 catalog. The flux cali-
bration for the GNIRS-DQS data is extensively discussed in [115]. In certain cases, the flux
density at rest-frame wavelength 3000 A was not measurable in the GNIRS-DQS spectrum
due to this wavelength range falling outside of the J band. In these cases, the flux density was
determined by extrapolating from the flux density at rest-frame wavelength 5100 A using
the canonical quasar optical-UV continuum of the form f, oc v=%5 [170, 24]. Similarly, there

are SDSS spectra that do not have a reliable flux density value for the rest-frame wavelength
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1350 A due to low S /N at the blue end of the SDSS spectrum. In these cases, we employed
the same model as described above extrapolating from the flux density at rest-frame 1450 A.

The uncertainties for all emission line measurements reported in Table 1, were de-
termined by following the methods described in M21 and M23. Briefly, we created mock
spectra that introduced random Gaussian noise to the original spectra. We then fit these
spectra as described above, and measured the newly fit profiles. This process was repeated
1000 times in order to obtain a distribution for each of our parameters, and the 68% range

is reported as our measurement uncertainty.

4.3. UV-Based Black Hole Mass Calibration
4.3.1. Estimating Black Hole Masses

We obtain SE Mgy estimates for each emission line in this work by, first, following

the virial assumption,

(6) Mgy = %My
where G is the gravitational constant and f is the virial factor which depends on the geometry
and orientation of the system and is assumed to be on the order of ~ 1 [171, 172]. Then, we
substitute the continuum luminosity for Rggrr according to the R — L relation (see, Section
5.1) as Rpgrr o< L°°.

We estimate Hf-based Mgy values by further correcting the Rggpr parameter in

Equation 6 (hereafter, Ryg) for the source accretion rate, based on the scaling relation

presented in [168] in the following way
(7) log(RHﬁ/lt — days) =4 + ﬁlog 644 + 'VRFe

where £y = Ls100/10* erg s7, § = 1.65 & 0.06, 8 = 0.45 £ 0.03, v = —0.35 & 0.08, and
Rr. is an indicator of the strength of the Fe 11 emission defined as the ratio of the flux (F')
or EW between Fe 11 (in the 4434-4684A rest-frame band; [82]) and HB; Rpe = Frenr/Fup =

EWgerr/EWpg. In this work we employ the ratio of EWs to determine Rp.. For the virial
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factor in Equation 6, we adopt f = 1.5 and the FWHM as AV for HB-based Mgy values
[169]. The value for the f factor introduces additional uncertainty, on the order of ~2-3 [173],
in our estimation of Mpy. Our adopted value is consistent with [174] and the emipirical best
fit value obtained from the M — oy correlation [175, 171, 176].

[169] have shown that this accretion-rate correction is necessary for adjusting Mgy val-
ues that are overestimated by a factor of 2 for typical luminous high-redshift quasars. We
compare the accretion rate corrected HfB-based Mgy estimates for our sample to the tradi-

tional approach of VP06 which uses the following equation to obtain HB-based Mgy values:

M, FWHM L\(5100A
(8) log ( MBH) =0.91+ 2log (M> +0.5log (M)

© km s~! 10*erg s~!
utilizing a virial factor on the order of unity. Figure 4.1 presents the HB-based Mgy masses
for our sample, based on the relation of VP06 against our accretion-rate-corrected values.
We find that the masses, computed according to the VP06 approach, are systematically
overestimated by 0.26 dex, consistent with the [169] finding.

Given that correcting for accretion-rate is necessary for reliable Mgy estimates, we
explore whether additional accretion rate based corrections would further improve Mgy es-
timates for rest-frame UV emission lines. To accomplish this, we introduce a term into our
UV-based Mgy estimates that includes the C 1v EW, as this parameter has been shown to
be generally anti-correlated with the quasar’s accretion rate [167, 177].

Following Equation 6 with the addition of our C 1v EW term, we derive C 1v-based

Mpy estimates as

Mgn AV AL (1350A) EWcry
1 —2log [~} +0.510g [ SATR) bl .
(9) log < M, > o8 (1000 km s—l) +05log ( 10terg 51 ) 7 OB TR

The coefficients a and b were determined from a linear-regression analysis to the calibration
set of HB-based Mpy estimates. By design, we allow a and b to freely vary during the
regression analysis, resulting in a zero mean offset between the C 1v-based and Hf-based

Mgy estimates.
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FIGURE 4.1. The Hp-based Mpy estimates of all 260 quasars from the
GNIRS-DQS sample calculated using the VP06 approach (y-axis) and cor-
recting for accretion rate (x-axis). The dashed line represents a one-to-one
relationship. This figure shows that Hp-based Mgy esimates that were not

corrected for accretion rate are systematically overestimated.

The linear-regression was performed such that the difference between our UV-based
Mgy values and the HB-based Mgy values was minimized. Specifically, we subtracted the
first two terms in Equation 9 from the derived HfB-based Mgy estimates and fit the remaining
coefficients, a and b, to this difference. This was accomplished utilizing the REGSTATS
function in the Statistics Toolbox 11.4 of MATLAB 9.5. As the errors associated with SE
Mgy values are large (on the order of 0.5-0.6 dex and 0.7 dex for relative and absolute
uncertainty, respectively; see, Section 4.4), we did not include the errors as part of the
linear-regression. Despite this, we also employed the LINMIX_ERR algorithm [178] where we
adopted a 0.5 dex uncertainty to have a basis of comparison for our regression, and found

the results were generally consistent. The uncertainty of the coefficients, presented in our
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equations below, stem directly from the linear fit.
Unlike the case for C 1v above, for Mg 11-based Mpy estimates, we calibrate our

estimates in two separate runs using the following equation,

Mgn AV AL, (3000A) EWery
10) 1 —2log ([————— ) +05log [ 22— 1
(10) Og(M@> Og(looo kms—1)+05og<1044erg o1 ) Tetdlos{ =)

where AV is the velocity width of Mg 11; the Mg 11 lines were measured from a combination
of the SDSS and GNIRS spectra of the sources as described below. The coefficients ¢ and d
were determined differently in each run through a linear-regression analysis to the calibration
set of HB-based Mgy estimates. The first run set the coefficient d to 0 in order to provide a
prescription that only used the Mg 11 emission line while allowing ¢ to be a free parameter.
For this run we did not need any C 1V measurements, allowing us to use all of the Mg 11
measurements in each subsample (see, Section 5.2.2). The second run allowed both ¢ and d
to be free parameters during the regression. This run required C 1v measurements, reducing
our Mg 11 sample as described in Section 5.2.2. In both runs, we used the same type of
linear-regression as discussed for the C 1v analysis, but using Equation 10 and coefficients ¢
and d instead.

Given the considerably lower S/N ratio of the GNIRS spectra at A < 1.2 um (M21),
we split the analysis utilizing the Mg 11 line measured from the GNIRS spectra into three
different parts based on source redshift (see Section 5.2.2). In addition to these subsamples,
we analyzed the total of 160 and 225 sources for the subsample including SDSS and/or
GNIRS Mg 11 measurements with and without C 1v. For the subsample of 53 sources that
have Mg 11 measurements available in both the GNIRS and SDSS spectra, the average of

these measurements was used in the regression analyses (see Section 4.3.4).

4.3.2. Testing Different Velocity Width Parameters

We substitute the FWHM, MAD, and oy, as the velocity width parameter in each
of our Mgy estimates in Equations 9 and 10 to further investigate which of these param-

eters provides Mgy values closest to those obtained from HpB. In each analysis described
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F1GURE 4.2. The calibrated C 1v-based Mgy estimates using the three veloc-

ity width parameters, discussed in Section 4.3.1, against the calibration set of

Hp-based Mgy estimates. The dashed line in each panel represents a one-to-

one relationship and the thin solid line in each panel represents the best linear

fit to the data. The r value provided in each panel is the Pearson correlation

coefficient and the slope is the slope of the best-fit line. Notably, using o, as

the velocity width parameter provides the most precise C 1v-based Mpy esti-

mates with respect to the Hp-based Mgy estimates. Additionally, using ojine

as the velocity width parameter leads to the largest Pearson correlation coeffi-

cient and steepest slope of the best fit relation. Typical uncertainty of 0.5 dex

on the Mpy values is displayed in the top panel for reference.
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tion 4.3.1. The symbols are the same as in Figure 4.2. For all the Mg 11-based
Mgy estimates, using the FWHM as the velocity width parameter provided the
most accurate and precise results when compared to the HB-based Mgy esti-
mates. As can be seen when comparing the standard deviations and r from the
top panels and the bottom panels, including the C 1v EW in the Mg 11-based
Mpy estimate resulted in a higher precision for each velocity width parameter.
Typical uncertainty of 0.5 dex on the Mgy values is displayed in the top left

panel for reference.

above, we calibrate the C 1v- and Mg 11-based Mgy estimates to the HF-based values that
use the FWHM for the velocity width of H5 [169]. For the C 1v-based Mgy estimates, pre-
sented in Figure 4.2, oy3,, produced the most reliable results when compared to the HB-based

Mgy values. We determined which velocity width parameter was preferred based on the low-
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FIGURE 4.4. Same as Figure 4.3 but for the subset of sources in the range
2.10 < 2 < 2.40. As observed for the entire redshift range (Figure 4.3), the
FWHM of Mg 11 is the most reliable velocity width parameter and the inclusion
of the C 1v EW helped improve the accuracy and precision of the Mg 11-based

Mgy estimates with respect to the Hp-based estimates.

est standard deviation, steepest slope of the best-fit relation and largest Pearson correlation

coefficient when comparing the resulting UV- and HpB-based Mpy values.

For each of the Mg 11 subsamples described above, we present the calibrated Mg 11-
based Mgy estimates in Figures 4.3, 4.4, 4.5, and 4.6 both with (bottom panels) and with-
out (top panels) the inclusion of the C 1v EW. Except for the subsample of sources at
3.20 < z < 3.50, all the other Mg 11-based subsamples showed the strongest corrrelation
with the HB-based Mgy estimates when using the FWHM as the velocity width parameter
for the Mg 11 line. For the subsample at 3.20 < z < 3.50, we find that using the MAD for
the velocity width parameter in Mpy estimates provides the best results when using only

the Mg 11 emission line (see, Figure 4.5). We recognize that this discrepancy may be a result
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FIGURE 4.5. Same as Figure 4.3 but for the subset of sources in the range
3.20 < 2 £ 3.50. In this subset of sources the most reliable velocity width
parameter for deriving Mg 1I only-based Mgy estimates is the MAD instead
of the FWHM. This is determined from evaluating the standard deviations
and r in each panel. This disparity suggests the importance of expanding the
sample of quasars that lie in this redshift range. As we find for the entire
redshift range, the inclusion of the EW of C 1v (bottom panels) improves the

accuracy and precision of these Mg 1I-based Mgy estimates.

of the limited sample size which may not provide meaningful statistics. In spite of this, the
results from this subsample are considered to be the least uncertain given that Mg 11 and
Hf are measured in the same spectrum with the highest S/N ratio possible. The best fit

coefficients stemming from our linear-regression analyses appear in Table 4.2.

4.3.3. Comparison with Previous Studies

In order to have a basis of comparison for this work, we provide estimates for the C 1v-

based Mgy values for our sample using the prescriptions provided in VP06, [123], and [65].
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FIGURE 4.6. Same as Figure 4.3 but for the source sample having Mg 11
measurements taken from GNIRS-DQS and/or SDSS. From evaluating the
standard deviations and Pearson correlation coefficients in each panel, we find
that using the FWHM as the velocity width parameter in the calculation for
Mg 11-based Mgy estimates provides the most reliable Mpy estimates with
respect to the HB-based Mgy values. As we find for each Mg 11 subsample,
the inclusion of the EW of C 1v (bottom panels) improves the accuracy and

precision of our Mg 11-based Mgy estimates.

VP06, P17, and C17, use the following Equations to determine C 1v-based Mgy estimates,

respectively,

Mgn FWHMcry AL (1350A)
11 1 = 6.66 + 2.0log | ————— 53log | S
(11) Og(MQ) 606+ 2.0 Og(looo km s—1>+053 Og<1044erg s )

Mgy Oline,CIV )\L/\(1350A)
12) 1 — 6.73+2.0log (—TmeCV__) | g y31og (AAUIDA)
(12) Og(MQ) 073 +20 Og(moo km s—1>+0 30g<1044erg 51 )
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MBH FWHMCIV Corr. )\L,\(1350A)
1 1 =6.71+2.01 : b3l — .
(13) Og(MQ) 6.71 + OOg( 1000 Tun o1 )+053 Og(1044ergs_1

C17 uses a velocity width (FWHMcry corr.) that has been adjusted by the blueshift
of the C 1v emission-line peak with respect to the line peak of HS [65].
In Figure 4.7 we present the C 1v-based Mgy estimates for our sample based on the

prescriptions from the literature. In comparison, our prescription,

M, ine
log ( MBH) = 6.299 £ 0.169 + 2log (Ul—)+

o 1000 km st
(14) ALy (1350A) EW
Slog [ S 385+ 0.1191 v
0.5 og(1044erg S_l)+0385 0.119 og( )

which is plotted at the bottom panel of Figure 4.2, provides the smallest scatter, steepest
slope of the best-fit relation, largest Pearson correlation coefficient, and, by design, corrects
the mean offset? between previous C 1v-based Mpy estimates and HB-based Mgy values.
To form a basis of comparison for our Mg 11-based Mpy estimates, we followed the
prescriptions provided in [155], [62], and [157]. VOO09, Z15, and L20 use the following

Equations to determine Mg 11-based Mgy estimates, respectively,

Mgy FWHMye11 AL (3000A)
1 1 = 0.86 + 2.0log | ———== Slog [ Z=————2
(15) Og(M@) 0.86 + Oog( — )+05 Og(1044ergsl :
Mgy FWHMygrr AL, (30004A)
1 1 = 1.07 +2.0log | ————*& A8log | T ——L
(16) og ( L, > 07+ 2.0log ( — + 0.48log T0terg 51 )’
Mgu FWHMygrr AL (3000A)
17 1 =7.00+20log | ") +05log | " ).
(17) o8 ( M, ) o0l (1000 kst ) 0% ToHerg 51

In Figure 4.8, we present the Mg 11-based Mgy estimates from Equations 15, 16,

and 17. The three panels of Figure 4.8 that correspond to these three equations are almost

2The mean offset correction accounts for the bias introduced when not considering a source’s accretion rate
in their HB-based Mpy values [169].
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FI1GURE 4.7. C 1v-based Mgy estimates of our sample derived through the
methodology of, from top to bottom: VP06, P17, and C17 against the Hf-
based Mgy estimates. The dashed lines represent one-to-one relationships and
the thin solid lines represent the best linear fit to the data in each panel. The
most reliable C 1v-based Mgy values from this work were derived utilizing
Oline as the velocity width parameter (see the bottom panel of Figure 4.2).
Our prescription shows a considerable improvement in the value of the Pear-
son correlation coefficient, r, albeit a modest improvement in the standard
deviation, with respect to previous work. Additionally, our prescription cor-
rects the mean offset due to considering the accretion rate when estimating
Hp-based Mgy values. Typical uncertainty of 0.5 dex on the Mgy values is

displayed in the top panel for reference.
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identical to each other given the similarities between these equations. For comparison, we
elect to use the Mg 11 subsample that contains SDSS and/or GNIRS measurements as it is
the largest and, therefore, provides the most meaningful statistics. From our comparison,

we find that our Mg 11-based Mgy estimates given by,

M,
(18)  log ( BH) = 7.000 % 0.022 + 21log (

FWHM g1 AL (3000A)
—— 8 ) 4 0.5log | o
M,

1000 km s—1! 10%erg s—1

which is plotted at the top left panel of Figure 4.6, provides results that are consistent with
those from the prescriptions of the previous studies except for the mean offset correction
stemming from consideration of the accretion rate. The consistency between Equations 17
and 18 confirm the results derived in 1.20.

When the C 1v EW is included in the regression analysis for the Mg 11-based Mpy val-

ues, we obtain the following prescription (for 160 sources; see, Section 5.2.2),

1000 km st

M,
log ( BH) = 6.793 £ 0.047 + 2log (
Mg

FWHMyg11 )

(19) AL, (3000A)

10%erg s—1

+0.51og <

EW
> +0.005 = 0.001 log ( CW),

A

which is plotted in the bottom left panel of Figure 4.6. In this case, we see a clear im-
provement in the scatter and the Pearson correlation coefficient and slope of the best-fit
relation.

We report all the Mgy estimates for the H3, C 1v and Mg 11 lines in Table 4.3 where
Column (1) provides the SDSS designation of the object, Columns (2), (3), and (4) provide
the HB-based Mgy estimates derived using the FWHM, MAD, and oy, as the velocity width,
respectively. Columns (5), (6), and (7) provide C 1v-based Mpy estimates derived from VP06,
P17, and C17, respectively. Columns (8), (9), and (10) are the C 1v-based estimates derived
using the regression analysis for each C 1v velocity width parameter, FWHM, MAD, and
Oline, Tespectively. We report in columns (11), (12), and (13) the Mg 11-based Mpy estimates
derived using the prescriptions of VO09, Z15, and 1.20. Lastly, in columns (14), (15), and
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FIGURE 4.8. Mg 11-based Mgy estimates of our sample derived through the
methodology of, from top to bottom, VO09, Z15, and L20 against the Hf-
based Mpy estimates. The panels include all Mg 11 measurements available in
SDSS and/or GNIRS. The dashed line in each panel represents a one-to-one
relationship and the thin solid line in each panel represents the best linear fit
to the data. We find that our results are consistent with those of previous
work when only measuring Mg 11, but are clearly improved with the inclusion
of the C 1v EW (see the left most panels of Figure 4.6). Our prescriptions, by
design, correct the mean offsets between the Mg 11- and Hf-based Mgy values
with or without the inclusion of the C 1v EW. Typical uncertainty of 0.5 dex

on the Mpy values is displayed in the top panel for reference.
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(16), we report the Mg 11-based Mgy estimates using each of the three Mg 11 velocity width
parameters, FWHM, MAD, and oy, respectively. For our Mg II-based Mgy estimates,

values are provided with and without the C 1v EW term.

4.3.4. Mg 11 Covered by both SDSS and GNIRS Spectra

For 53 sources from the GNIRS-DQS catalog of M23, in the 2.10 < 2z < 2.40 redshift
range, we have measurable Mg 11 profiles from both GNIRS and SDSS spectra. In order to
confirm consistency across the SDSS and GNIRS spectra, we compare the effects of measuring
these spectra in different epochs using different instruments by evaluating the differences in
Mg 11-based Mgy estimates stemming from each spectrum. In order to stay consistent, we
used the VO09 method for calculating the Mg 11-based Mpy estimates for all measurements
in our comparison. This comparison is presented in Figure 4.9. Overall, we conclude that
the two sets of measurements are consistent with each other and the mean offset between

the log(Mpn) values is only —0.012.

4.4. Discussion

In this work, we perform calibrations between C 1v- and Mg 1I-based Mgy estimates
and those based on the Hf line using the largest, homogeneous sample of luminous quasars
at high redshift that cover these three emission lines. The Hf-based Mgy estimates that we
calibrate to are accretion-rate-corrected according to the scaling relation presented in [168]
that involves the optical Fe 11 emission. We show that the inclusion of the C 1v EW in our
calibrations to these HB-based Mgy values allow for an additional accretion-rate correction in
UV-based Mpy estimates. The inclusion of this term in our prescriptions leads to UV-based
Mgy estimates that are closest to those obtained from Hp.

Our results display improvements with respect to similar Mgy calibrations from pre-
vious studies that excluded such accretion-rate corrections. When utilizing oy, as the veloc-
ity width parameter, we obtain the most reliable prescription (Equation 14) for C 1v-based
Mgy values, compared with previous studies of this kind. As shown in the bottom panel of

Figure 4.2 we reduce the scatter of C 1v-based Mgy estimates with respect to those from Hj
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FiGURE 4.9. The upper leftmost and lower leftmost panel compare the
GNIRS-DQS and SDSS, respectively, Mg 11-based Mgy estimates based on the
VOO09 methodology using the H3-based masses. The rightmost panel presents
the direct comparison of the SDSS- and GNIRS-DQS-based estimates to each
other. In each panel, the mean and standard deviation of the residuals are
reported. The dashed line in each panel represents a one-to-one relationship.
Overall, we find that the measurements of the Mg 11 lines from the GNIRS

spectra are consistent with the respective measurements from SDSS.

by ~ 24%, ~ 3%, and ~ 33% compared to the prescriptions of VP06, P17, and C17, respec-
tively (see, Figure 4.7). Similarly, the Pearson correlation coefficient between C 1v-based and
Hp-based Mgy values improves from 0.09, 0.30, and 0.17 to 0.37, respectively. The slope of
the best-fit relation between C 1v-based and HpB-based Mgy values also improves from 0.11,

0.28, and 0.25 to 0.36, respectively.
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We also present a prescription (Equation 18) for obtaining Mg 11-based Mgy estimates
when only the Mg 11 line is covered in the spectrum. This prescription is consistent with the
findings of L20, confirming their results. This L20 prescription is recommended when only the
Mg 11 emission line is available as there is no systematic mean offset present when compared
to the accretion-rate corrected HB-based masses. We also note that for the subsample of 34
sources in the highest redshift bin (3.20 < z < 3.50), the scatter in our prescription is further
reduced by ~ 25% (see, Figures 4.5 and 4.6). A larger sample of sources in this redshift
range is necessary in order to draw firm conclusions as to whether a larger improvement can

be achieved.

When we introduce the additional accretion-rate correction factor, in the form of the
EW of C 1v, we obtain a significantly improved Mg 11-based Mgy value using Equation 19.
Compared to the Mg 11-based Mgy estimates derived from Equation 18, this prescription
reduces the scatter in the calibration with H3-based Mgy estimates, by ~ 15%. Similarly,
the Pearson correlation coefficient is increased by ~ 51% (see, Figure 4.6). With respect
to previous studies discussed throughout this work, our prescriptions, by design, correct the
mean offset between UV-based and accretion-rate-corrected HpB-based Mgy estimates. These
corrections are critical, as manifested in Figures 4.7 and 4.8, where mean offsets of up to

0.40 and 0.14 appear in the u values for C 1v and Mg 11, respectively.

We note that SE Mpy estimates, in general, have a 0.5-0.6 dex relative uncertainty
and 0.7 dex absolute uncertainty [150]. Meanwhile, Mpy measurements that stem from
RM campaigns have an inherent uncertainty of 0.3-0.5 dex due to their calibration against
the M — o4 relation [179, 180, 181, 171], and such observations are quite challenging at
high redshift [166]. While not being able to completely bridge the gap between these two
approaches, the improvements this work provides to the accuracy and precision of SE UV-
based Mgy estimates are considerable. We find that even when significant outliers are
removed from all the Mgy comparisons performed above, the resulting improvements in the
scatter of up to ~ 7% do not warrant the removal of otherwise ordinary looking sources from

the sample. Overall, our work shows that when using a large, uniform calibration sample
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of quasars having coverage of C 1v, Mg 11, Fe 11 and Hf, and when correcting for accretion
rate both in the optical (Rp.) and in the UV (EW(C 1)), one can obtain the most reliable

prescriptions for obtaining SE UV-based Mpy estimates.

4.4.1. Ha-based Mgy values

The GNIRS-DQS spectral inventory of M23 also provides measurements for the Ho
emission line where available. In order to test the applicability of using this emission line as a
Mgy indicator [128], we ran the entire regression analyses presented in this paper substituting
FWHM (Ha) for FWHM(HS). We find that the results based on Ho are consistent with those
obtained from Hf, thereby confirming the applicability of using Ha to estimate Mgy values

in quasars.

4.5. Conclusions

We provide prescriptions for reliable rest-frame UV-based Mgy estimates with respect
to Mpp estimates obtained from the Hf line. Utilizing the GNIRS-DQS catalog (M23), we
calibrate SE C 1v- and Mg 11-based Mgy estimates to HB-based Mgy estimates using a linear
regression analysis that includes two basic accretion-rate observable indicators: the relative
strength of the optical Fe 11 emission with respect to HS and the EW of the C 1v emission
line. We also investigate the use of different velocity width parameters for the C 1v- and
Mg 11-based Mgy estimates and compare our results with previous studies. We summarize

our main results as follows:

(1) The HpB-based Mpy estimates in this work are overestimated by a factor of ~ 2
when the relative strength of the optical Fe 11 emission is not taken into account,
consistent with the results of [169]. All of the Mgy prescriptions throughout this
work take that correction into account.

(2) The inclusion of the C 1v EW in our prescriptions considerably improves the accu-
racy and precision of UV-based Mgy estimates. With respect to previous studies,
our most reliable UV-based Mgy values reduces the scatter by ~ 15% when com-

pared to HfB-based values.
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(3) The preferred velocity width parameters for estimating Mpy using C 1v and Mg 11
are e and FWHM, respectively.

(4) Equation 14 presents the prescription for obtaining the most reliable C 1v-based
Mgy estimates, in the absence of Mg 11 coverage. Conversely, if the source’s spec-
trum only covers the Mg 11 line, the prescription from L.20 (Equation 17) is preferred.
Otherwise, Equation 19 presents the most robust prescription for UV-based Mpy es-
timates when there is spectral coverage of both C 1v and Mg 11 emission lines.

(5) NIR observations of additional sources at 3.20 < z < 3.50 would allow us to test
if further significant improvements can be achieved for UV-based Mgy estimates.
Primarily, this redshift range reduces the uncertainty introduced when measuring
Mg 11 by shifting the emission line further from the blue edge of the J-band. A
larger sample with more reliable measurements at this range may reveal further

discrepancies between low and high luminosity objects.

In the coming decade, we expect that millions of high-redshift (z = 0.8) quasars
will have Mpy estimates derived from rest-frame UV emission lines through large spectro-
scopic surveys, e.g., the Dark Energy Spectroscopic Instrument (DESI; [93]) and the 4m
Multi-Object Spectroscopic Telescope [95]. It is therefore crucial to derive the most reliable
Mgy estimates for future high-redshift quasar catalogs using the prescriptions provided in

this work.
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SDSS J010447.394+101031.6 67981337 434671498 589211600 90+2  5198+2
SDSS J010500.724+194230.4  7136T8L5 376411252 6934+190L  34%% 510273 3187%83% 22537452 3078FSLT 34148 929045 -7
SDSS J010615.93+101043.0 53357284  2246%392 31367352  21f) 515973
SDSS J010643.23-031536.4 35157313 2754F331 3357152 8F1  5007F2 43001581 1022F332  1286F¢l7  ofi 9066+4 —5
SDSS J011538.724+242446.0 66227128  4305%323 51567352  30%] 521971 58867530 2133%id  2672F33%  20%2 9530417 —22
SDSS J013012.36+153157.9 202417888 o78ti85 12714233 14 *8 936744 -5
SDSS J013113.25+085245.5 50751478 2526198 3010%ils  23f0 701672 3212%235  1088F132  1364F17% 18l 1270043 -4




66

SDSS J013136.444-130331.0
SDSS J013417.81-005036.2
SDSS J013647.96-062753.6
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SDSS J075115.434-505439.1
SDSS J075136.36+432732.4
SDSS J075405.084-280339.6
SDSS J075547.834-220450.1
SDSS J075837.624-135733.7
SDSS J080036.014-501044.3
SDSS J080117.79+521034.5
SDSS J080117.91+4-333411.9

1142
193271753
746
6403 1%

1927
1003913927

49881123

16
2671135

309
58171309

541
82217351

338
36501338
504
74237592

35561858

58401219
52911226
4252 78,
10208 7%
58741237
41061253

87
5207 720

248
108441228

463
55501393

+2000
54372983

723
2053 157

181
34561181

434
27247534

176
27957378
1173
515711750

640
65061532

114
16857118
93
2724 7%

88
2332775

46291332
2339 15
19481230
373871352
33251129
4284 7, 19475

37
2591137

82
4142 7%,

176
2982F178

2524
250813385

1162
320971753

205
4315+30%

833
4272 T3

281
40447333
1513
6124t2256

981
6559 *jg3

178
21231378
129
35271129

129
27411129

43801529
28521158
2661152
56673350
45734132
56721346

60
3431159

114
49621113

253
42717253

+1
353

+1
(A5

2
153

43+32

5711
2914

+4
44+4

1
1471}
1
1941

1
174}

3511
1619
2740
7
3471
5411

0
2819

0
1919

197}

3995 5
5028 5,

656629

504411

524211
398711

3
404873

3
4987F3
2
401473

1
5118711

404412
399112
4004719
502713
499911
507111

5134+1

652515

402173

207
45051397

191
20247323

353
31511333

171
26627371

265
27601357

701
32901752

114
21871115

495
26167422

292
561617232

158
45151158

202
13581352

367
9251250

163
10511383

505
102813232
215
103471212

225
12791332

153
12611353

763
1547 4%

880
1988 30

660
16151889

247
16691377

525
1144732%

200
13147362

713
1299 47

249
13067333

262
16031358

207
16971397

1053
20407153

1177
252971780

867
2031 557

2
1513

197}

7
2017

1
1811

1
127+1

2
11+2

4811

1
2111

1
2577

1
2111

12045+6 —8

9053+6 —8

916149 —12

12411+5 —6

9033+6 —7

9272+12 —15

11989+2 —2

909243 -5

9129+9 -11

11926+3 —4




00T

SDSS J080413.664-251633.9
SDSS J080636.814-345048.5
SDSS J081019.484-095040.9
SDSS J081056.96+4-120914.8
SDSS J081114.66+172057.4
SDSS J081127.44+461812.9
SDSS J081410.76+4-443706.9
SDSS J081558.354154055.2
SDSS J081940.584-082357.9
SDSS J082507.674360411.1
SDSS J082603.324-342800.6
SDSS J082643.454-143427.6
SDSS J082644.664-163549.0
SDSS J082736.894-061812.1
SDSS J083255.634-182300.7
SDSS J083417.124-354833.1
SDSS J083745.74+052109.4
SDSS J084017.87+4103428.8
SDSS J084029.974465113.7
SDSS J084133.154-200525.7
SDSS J084401.954-050357.9
SDSS J084526.754-550546.8
SDSS J084729.524-441616.7
SDSS J084846.114-611234.6
SDSS J085046.174-522057.4
SDSS J085337.36+4-121800.3
SDSS J085344.17+4-354104.5
SDSS J085443.10+075223.2

130
52417139

534
68251532

204
42997304

78251293
52431384
36961191
50731184
3414 9%

1813
945111813

23
24847133
56
2755135
1290
722277290

56571112

64
3808755

202
48147202

144
43851112

78
3641 7%

69531538

1269
8456171259

4938 7%

40
2024759

176
33311378

201
29397300

3434 59,
4361 5%,
2381 7%
31841393
2180 155

1514
487411514

27
19497137
34
20417137
1516
360175367

42
2393153

44
20527143

4
1986143

86
2588 155,

73
2321 17

1767
223875057

1320
203211330

2506 75,

57
2600137
296
39917399

327
41691337

42921108
308971439
32031129
54381511
28831157

2266
699112256

45
2727785
54
2805131
2513
602473315

3014 5%

74
2729 774

2480152

147
35241347

119
31967132

2900
505973999

395613251

34851139

0
127%8

1
26717

3513

2019
3613
2019
38F3
471

3
2613

0
6210
0
2319
3
24713

0
2210

0
4619

0
19+9

53%1

0
20719

+1
875

1
4t}

2979

510912

497613

505073

50237}

4
505971¢
500011
649512
399010

5105 1

0
493979
4946719

8

5041 5

4884711

670411

3979713

405011

5044+1

493314

4897118

402611

182
24221182
284
33711382

571
22911271

399
32991399
813
3026 s
157
33551308
348
49887388
479
436413759

322
33131322

403
39581393
381471521

7
32691357

155
20941338

1071
228241073

303
26831303

172
8527563

200
109471299

2364
229373355

195
12941389
766
2446 70%
3564
1053:053
499
23997799
400
20547499

300
14391399

1050
144171959
473
16791773
523
25171332

+256
1203+258

164
7361350

269
14097357

214
10661335

255
13601352

1895
31467 5507

219
16237319
1043
32381—1616
4443
1320:320
643
3149 715,
493
267117193

419
18901619

1408
1801F 5507
606
214615898
695
3574 550

+332
1691+332

177
9097575

379
18941379

2
17+3

2
1613

4
1813

1
19+1
4
2872

16
53118

21+1

3013

1
211

2
1612
1473

2
2613

9
24j_11

2
103

6
1278

9251+3 —4

9053+9 —12

9099+4 -5

9075+3 —4
9169+7 —10
905742 -3

1176749 —12

923145 -7

9257+2 -3

9194+12 —16
8823+9 —11
9404+6 —8

1212743 —4

937646 —7

9115+3 —4




10T

SDSS J085726.944-331317.1
SDSS J085856.004-015219.4
SDSS J085946.794-603702.1
SDSS J090247.574-304120.7
SDSS J090444.33+233354.0
SDSS J090646.98+174046.8
SDSS J090709.894-250620.8
SDSS J090710.36+4-430000.2
SDSS J091054.174-375914.9
SDSS J091118.024-202254.7
SDSS J091301.014-422344.7
SDSS J091328.234-394443.9
SDSS J091425.724-504854.9
SDSS J091716.794-461435.3
SDSS J091941.264-253537.7
SDSS J092216.04+160526.4
SDSS J092325.25+453222.2
SDSS J092456.66+4-305354.7
SDSS J092523.244-214119.8
SDSS J092555.054-490338.2
SDSS J092942.974-064604.1
SDSS J093251.984-023727.0
SDSS J093533.88+235720.5
SDSS J094140.164-325703.2
SDSS J094214.40+4-034100.3
SDSS J094328.944-140415.6
SDSS J094347.02+690818.4
SDSS J094427.274-614424.6

495
91787252
207
59251357

30871207

284
61271252
407
41407807

72
5632 %

36361122
3705733

4745 18
55751527
33851202
4645 9%
64397199
59191189
9991+312

2345134

282
64621252

151
35291158
71
2604 755

133
249271133

75
2504 172,
99
2069 2%

60
2681759

2827 17T
1993 s
2799 8%
3087—_‘— 1931621
1780 %
631311834
318411659
38231121
3601 2%

24
15747123

69
2829 1%

224
45417334
121
33061131

196
32687395

118
32621118
152
25611152

05
3473719

3721115
27541123
39361338
442671002
25721151
52623330

302
42601392
189
50207389
122
42431132

39
2153139

101
35627195

1
2471
0
28719

1
487%3

0
1749
0
1919

0
24710

37+1
4411
3519
18F1
4411
3270

0
2679
1
4411
0
1519

3519

4411

4871713
5048713

39661

2
397612
2
666672

492711

505519
521979
687911
686115
520112
516415

4016711
5104711
6817118

4001719

400973

71
2538171

436
35571338

472
30251552

609613220

2702152

262
39701262

910
4288 F50
361
46581301

81
3192 T

853
1888 11550

262
16811352

236
12581330

250
19061329

251
11331337

273
15931273

1007
158371297
238
16831338

286
14627358

1205
26961—1821

341
21581352

278
167613758

305
23531395

14601299

+357
20557227

1317
197371573
325
21231325

356
19311338

1
2611

3273

177 12

1
2811

1
1171

31
25731

15+2L
7
3217

1
2111

12089+1 —2

8860+3 —4

11830+9 —12

9157+9 —12

12524+2 —2

12431+4 -5

8874+12 —15
924946 —8

12365+2 -2




¢01

SDSS J094602.314-274407.0
SDSS J094637.83-012411.5
SDSS J094646.944-392719.0
SDSS J094648.594-171827.7
SDSS J094902.38+531241.5
SDSS J095047.45+4-194446.1
SDSS J095058.76+4-263424.6
SDSS J095327.95+4-322551.5
SDSS J095330.36+4-353223.1
SDSS J095544.254-182546.9
SDSS J095555.684-351652.6
SDSS J095707.824-184739.9
SDSS J095746.754-565800.7
SDSS J095823.074-371218.3
SDSS J095852.194-120245.0
SDSS J100212.63+520800.2
SDSS J100610.55+370513.8
SDSS J100653.264-011938.7
SDSS J100850.06-023831.6
SDSS J101106.744-114759.4
SDSS J101211.444-330926.4
SDSS J101353.434-244916.4
SDSS J101425.114-032003.7
SDSS J101429.574-481938.4
SDSS J101542.044-430455.6
SDSS J101724.26+4-333403.3
SDSS J102154.00+051646.3

SDSS J102537.69+4-211509.1

992
11851 17222
206
48857308
447
89801347

161
45161153

4
48051328

264
58411207

650
82821530
83
3392 %%
279
53907372

787
10500 %7,
109
60057193

186
58627385

135
44927138

73
3707 5,

3417472

69801323

212
76137312

43381188

55887229

809

4528 1509
25431129

1496

884075537

65
2242752

179
21217579

88
3148 2%

96
3064 0%
72
1761 %%
2738155

2254

395112254
50
3236152

115
26157135

18107152

2326138

1901 57,

381
24641381

84
2303 %%

1913+34

60
28217589

1575
503213573
69
3270 759,
2321
1212172323

104
28621192

30641289

130
41887139

129
39711129
123
25761135
87
3433 5%

3566
1078413555

78
4207 7%,

163
31307353

87
2213 80

3044131

24901199

662
31247552

30731123

59
2459139

3769 1%

0
619

0
19749

3
20713

1
4471

35432

+0
227+

1349
39+1

0
20719

2
15%3

0
2319

0
1749

18F9

0
3479

30*9

1
1471}

0
19749

0
20719

471

5240+9
49781
493513

51031}

398373

1
522211

5206 177,
693311
4054711

514919
505071

665614

404572

504219

502511

4867 1)

395615

398511

503511

376
448171378

30651192

126
25401128

35701218

100
37627199

687
29691557

20951123

+136
2244+136

768
3920 5%

814
2039 2Ly

1107
183411497

617
12461837

231
15691330

722
1956 1%

273
15711373

174
7381372

623
21391532

1465
301575558

1119
2616171512

1552
252015333

844
1677 154

317
20311337

933
2690 3%

360
20651352

209
9317259

819
3178 L

1925
397575087

1
1917
1
2741

1
1411

1
2111
1
15+1

2
2172

1
1311

6
1718

24
3573

9038+3 —4

924141 —2

12545+5 -7

9187+2 -3

1205742 —2

11766+5 —7

9093+2 -3

9104+2 —2

8678+6 —8




€01

SDSS J102731.494-541809.7
SDSS J102907.094-651024.6
SDSS J103209.784-385630.5
SDSS J103236.984-230554.1
SDSS J103246.19+323618.0
SDSS J103405.73+463545.4
SDSS J103718.234-302509.1
SDSS J104018.514-572448.1
SDSS J104330.094-441051.5
SDSS J104336.734-494707.6
SDSS J104621.574-483322.7
SDSS J104716.504-360654.0
SDSS J104743.574-661830.5
SDSS J104911.344-495113.6
SDSS J104941.584-522348.9
SDSS J105045.72+544719.2
SDSS J105902.04+580848.6
SDSS J105926.434-062227.4
SDSS J110148.85+4-054815.5
SDSS J110516.684-200013.7
SDSS J110735.584-642008.6
SDSS J110810.874-014140.7
SDSS J111119.104-133603.8
SDSS J111313.294-102212.4
SDSS J111352.534-104041.9
SDSS J111850.024-351311.7
SDSS J111920.98+232539.4

SDSS J112127.794-254758.9

1885
568675813
105
82201122
574
60081372

279
25601772

329
70911329
127
64301120

80
7245 130

57
3124137
381
617213858

2362133

5564 7%
43971163

146
58261318

14
40621115

111
68701153

813
7221 T3

758
8226 1%

78981209

926
6472 7925
3221135
74
2643 174

86
2611 135

32247139
15
2795155

545
37557315

2049134
766
3666 155,

1401122

3143+57
24047128

+89
33105

2215152
96
3343 0%
419
28437419

173
30041373

28321242

1216
4800t1814
403275}

107
33021197

123
33491123

46001183
66
3804755

943
5486 7756

74
2701 114
1146
4676:710

33
1864733

114
42831111
193
32121193

43
46447313

104
311071%
166
46077348
663
38941553

239
40721332

62
3618752

3
21713
0
2419

0
1619

0
18+

0
14719
2519

301}

1
6111
2
29713

0
5119

3319
301

48*1

1
37+l
0
24710
2
22712

1
1941

0
2219

4007 1%
48881
400313

523071

2
6808712
495971

4922711

509419
489812

403519

490071
501511

1
494911

519611
5118+11
40527

6915 1%

2
4881712

267
32281387

523913238
31051253
33771198
4705+28¢

+468
44147458

146
23021155

205
26921395

609
49761802

534
9751331

17887529
18581285
14591354
17571282

237
1759+33%

216
1180*318

9741218

202
17891393

11957599, 1271 8886+11 —15

224713%0 1971 9012+5 -7
24007388 2615 924743 -5
18991593 1771 12338+2 -3
22097383 23F1  9017+5 -6

22281322 o7F1  8969+7 —10

16497355 2771 9218+1 2

12457277 1275 909443 —4

22571279 2578 9124+7 —10




70T

SDSS J112726.814-601020.2
SDSS J112938.464-440325.0
SDSS J113048.454-225206.6
SDSS J113330.174-144758.8
SDSS J113621.05+005021.2
SDSS J113740.61+630256.9
SDSS J113924.644-332436.9
SDSS J114212.254-233250.5
SDSS J114323.714-193448.0
SDSS J114350.304-362911.3
SDSS J114705.244-083900.6
SDSS J114711.784-084029.6
SDSS J114738.354-301717.5
SDSS J114902.704-144328.0
SDSS J114907.154-004104.3
SDSS J114927.90+432727.9
SDSS J115747.99+4272459.6
SDSS J121314.034-080703.6
SDSS J121404.104-330945.6
SDSS J121423.014-024252.8
SDSS J121519.424-424851.0
SDSS J121736.654-515510.3
SDSS J121810.984-241410.9
SDSS J122046.054-455442.1
SDSS J122343.154-503753.4
SDSS J122709.484-310749.3
SDSS J122938.61+462430.5
SDSS J123514.64+462904.0

499
67167299

258
418471238

88651221
32201328
725473753
48177299
60241259

352
69471252

527
51071327

130
43567139

168
59217188

677
11952 1870

1684
905575875
118
46221118

44061292

113
29731153

305373573

2832142
20087132
25531193
3780, 19 45243
29761299

201
32037201

+394
28287394

102
22901193

88
2559 155,

904
48445790

946
3179 08
135
272271133

191
28427191

36601370

2499
530573759

53
3517133

282
31147382

166
30817359

1505
516113592

307
41681397

36781368

592
42167392

33581182

33331149

1458
564375123

1590
4212t2372
237
43951337

311
41237341

0
1619

4717

1919
1541
11+1
2912
247F1

1
2411

1
15F1

0
2079

1
31+

2
22712

1
1177
43+

4671}

486714

684712

399973
518813
5078 1
493741
509613

4
667414

2
520712

1
512311

2
521472

9
4951 1%,

4885112
4873%1

49537F%

216
41517318

2798F1%9

3227t

36331195

143
2983% 150
479
25841279

253
19671253

174
26407378

191
248171323

116
23661115

524
32481524

1129
193251783

254
153171352

334
13061333

194
133313085

14331289
384
14971389

208
925_‘——322

991
2054 150

2004
177871508

822
1723 458

307
16421397

1649
254413853

324
20297327

516
17751588

233
16761333

389
19047389
444
19831635

279
11997279

1130
313171139

2617
268972617

1108
252211198

369
21351353

1
2511

2971

28+1

3
22713

1471
137}

2
2072

17H]

—15

1
14711

1
1177

1471

1165243 -5

12403+2 -2

12179+3 -3

12197+7 -9

12121+2 -3
9018+5 —7

9498+2 -3

9276+2 -3

9036+2 -3

1251542 -3

8976+4 —6




G0t

SDSS J125150.454-114340.7
SDSS J125159.904-500203.6
SDSS J132845.004-510225.8
SDSS J133342.564-123352.7
SDSS J134341.99+255652.9
SDSS J135908.35+305830.8
SDSS J140058.794-260619.4
SDSS J140704.434-273556.6
SDSS J141028.144-135950.2
SDSS J141321.054-092204.8
SDSS J141617.384-264906.1
SDSS J141925.484-074953.5
SDSS J141951.844-470901.3
SDSS J142013.034-253403.9
SDSS J142435.974-421030.4
SDSS J142500.24+494729.2
SDSS J142502.62+274912.2
SDSS J142543.324-540619.3
SDSS J142755.85-002951.1
SDSS J142903.03-014519.3
SDSS J144624.294-173128.8
SDSS J144706.814-212839.2
SDSS J144948.624-123047.4
SDSS J145541.11-023751.0
SDSS J150205.58-024038.5
SDSS J150743.714-220928.8
SDSS J151123.30+495101.2

SDSS J151341.89+4-463002.7

112
46607152
208
68357308

115
49331113

1361
591175551

84451157

242
56271232

386
53151358

256
812873235

686
5094 1153

210
51137319

23461232
5762+1033
2994 175
8464 174,
1929755
76071328
53701372

144
36257112

292
62431392

3030 F50)
389711650

204
27711292

1019
21621—1521

59
3302139

168
28257198

288
34487388

3330 50

580
35311389

110
31181139

14527259
27071243
1759 180
324011364
1358 F810
4845 15
6718 1225

90
2329 9,

1355
311173359

132
422871132
2556
552213350

38991362

367373581

4505 154

323
39051323

462
51371552

105
4312719

905
5080 05,

192
43807392

28501337
31681357
22731117
804312331
18021338
40167517
493411308

154
34371358

2183
527315557

0
4779
4
PI

3011

1713

0
2840

2019

3973

0
147F§

2
25713

0
24719

4213
12+1
3511
2112

0
1519

2
1472

7
6677,

6011

5
44715

493910
521312

681615

4
402973

504912

4970713

495912

5
5220735

507613

49701

518311
6583 177
674873
6803119
495311
6500112
40093

404219

654312

852
3324 552

216
42437318

46571559

242
455413232

169
33447159

187
32321387

141
31011155
2122159

40371192

163
24601393

328
38521328

238
289971338

217
1171337

314
16761357

4
17561391

863
1576 1553,

957
2120 7%

239
15091332

1376
218612376

1302
156111392

1637128¢

441
12287 ¢81

261
16597353

286
14061336

270
14381379

408
21461595

358
22081328

1149
175611339

1321
286573050

282
19891357

+1828
322975759
1832
22551333

365
210971383

633
16107523

331
21391331

367
1876135¢

23
247133

2
2013

2012

1
17+l

1
2377

1
15+]

2
2112
1
2411

1713

1
2577

1
2317

6
2319

12320+13 —17

1197443 —4

9238+7 -9

9038+8 —10

9274+2 -3

9035+5 —6

11900+2 -3
11979+1 —2

12389+3 —4

11823+3 —4

8992+2 -3

11877+5 —7
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SDSS J151507.824-612411.9
SDSS J151727.684-133358.6
SDSS J151733.094-435648.4
SDSS J152929.554-230208.7
SDSS J153248.95+173900.8
SDSS J154550.37+554346.2
SDSS J155355.104-375844.1
SDSS J160029.86+-331806.9
SDSS J160207.674-380743.0
SDSS J160425.304-193929.1
SDSS J160513.174-325829.9
SDSS J160552.974-292141.4
SDSS J160637.574173516.2
SDSS J161435.704-372715.6
SDSS J161942.394-525613.4
SDSS J162659.24+301535.0
SDSS J163125.10+174810.0
SDSS J163433.424-265158.2
SDSS J164807.55+4-254407.1
SDSS J165321.034-271706.7
SDSS J173352.234-540030.4
SDSS J205900.36-064309.5
SDSS J210558.29-011127.5
SDSS J210831.56-063022.5
SDSS J211251.064-000808.3
SDSS J213655.35-080910.1
SDSS J214901.21-073141.6

SDSS J220139.99+114140.8

69
3862 5%,
149
66867333
380
96731389

129
57107723

341
68791255

444
319713184

283
100751353

202
108257292

101
56407191

378
41361378

373071%%

49981451
3320 7%
84721286
47271253
113811322
36521189
93631479
76361329
6387 1151
7251 4o

2239
TAT5 R

2030+25
2713+57

127
32131137

34
2093133

103
26967123

717
3013 54

3428151

309
37047399

48
2250175

266
21807388

1839128

1723149
2152158
2045152
2280753
38534139
2316+5!
32441118
29374242
576311713
3610 155

1539
1178913339

2695 177
3555 122
36761388

49
2744729

150
36591259

006
314477208

82
4278 15

633
46701533

81
3024 T

443
32861383

40
2369129

2122 7%
3033 5%
3561 17k
3049 24
49874211
2814 1%
39761347
36031375
480073403
392443157

2064
48437557

0
3410
0
2719

1
174}

0
2519

1
2671

8
52 7%,

0
1619

0
2119

0
1749

1
2271

3019

1749
4019
1759
1419
12+9
3611
11+9
17H]
21+3
21+2

5
2813

4919719
1
498971
17
4925117

399012

3
518373

6
40087$

6608119

5016 1)

1
512773

1
40227

399679

397413
494811
401012
684912
509013
40501
5138114
40241
3989+3
4953 15

5189119

245 236 302 1
308973337 12851235 16967302 1871

199 1309 1856 23
36667393 573611399 845811850 27123

189 262 343 1
41397382 14687352 1832%333 1977

193 1335 1800 1
42811193 151071235 195571892 2111

149 316 391 1
30221157 17561358 23117350 23%)

9010+3 —4

8937+3 —4

12029+6 —9

9165+3 —5

1241143 —4
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SDSS J220344.984-235729.3
SDSS J222310.764-180308.1
SDSS J222621.454-251545.0
SDSS J223934.45-004707.2
SDSS J225608.48+010557.8
SDSS J225627.12+092313.3
SDSS J230722.214-253803.8
SDSS J231450.124-182402.8
SDSS J233304.61-092710.9
SDSS J233344.664-290251.5
SDSS J234817.554-193345.8

SDSS J235212.85-012029.6

149
51451339

57771

5668 117 070
2863112}
45801128
3967 7L1718763
62261334
7497100

290
56647539

206
21561398

2074138

24657220
1472752
21601113
1066271208
22467138
259571208

30534118

442
30407432

3979 24

34041230
1944 1870
30821257
820758
31741219
313013858

39051388

0
1949

0
2619

2713
49+1
3211
37+8

1
1841

2
14712

0
2119

402271

5231+1

508313

0
401379
507911
482373

5
647913

11
4924771

2
521372

235
227113238

733
27231733

416
36181325
751
3131155,
475
347971578

383514358

313
34017313

1119
658371754

1243
278211573

206571240
256
14117238
237
15381337

243
14041323

251
15911332

1537
964411337

1624
386115377

283973547

325
18701328

239
2010339
351
18201351

20671299

3
3273

2
2512

2
2712

2
19+2

15+19
19443

2
2112

8848+1 —1

9137+7 —10

9214+6 —8

9198+7 —10

11742+8 —10

8973+1 —1

947645 —7

TABLE 4.1. C 1v and Mg 1I emission line measurements in our sample.




Emission Line FWHM MAD Oline

C v (a,b) (5.172 4 0.196,0.960 £ 0.138)  (6.727 + 0.187,0.250 +:0.131)  (6.299:£0.169, 0.385:+0.119)
Mg 11 only (c, d) (7.000+£0.022, 0) (7.562 £ 0.028, 0) (7.309 % 0.031, 0)
Mg 1 & C 1v (¢,d) (6.793+0.047, 0.005+0.001) (7.410 & 0.0.068,0.005 + 0.002)  (7.168 = 0.074, 0.004 + 0.002)

TABLE 4.2. Resulting regression coefficients from Equations 9 and 10 for each
of our velocity width parameters. Bold coefficients are the recommended pre-

scription for each emission line (see, Section 4.4).
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HB C1v Mg 11

Quasar FWHM MAD oj, VP06 P17 C17 FWHM MAD  ojne  VO09  Z15 L20 FWHM® MAD? 0jine
SDSS J001018.88+-280932.5 8.97 8.41 864 874 877 9.01 8.72 8.92  9.02
SDSS J001249.89+-285552.6 9.24 8.57 8.81 9.55 9.71  9.69 9.52 9.48 9.48
SDSS J001355.10-012304.0 9.75 9.04 9.26 9.11 9.27  9.25 9.05 8.92 8.88
SDSS J001453.204-091217.6 9.47 852 872 955 928 9.44 9.34 9.30  9.45 9.18 9.34  9.32 9.16 9.23 9.20
SDSS J001813.30+361058.6 9.26 843 865 9.71 9.10  9.29 9.31 9.32 9.23 9.57 9.73 9.71 9.56 9.68 9.68
SDSS J001914.46+4155555.9 9.14 8.63 891 930 883 9.38 9.14 9.02  9.05 9.45 9.61  9.59 9.45 9.05 8.99
SDSS J002634.46+4-274015.5 9.30 8.68 892 9.26 9.33 948 9.58 9.79  9.70  8.86 9.03  9.00 8.87 8.99 9.04
SDSS J003001.11-015743.5 9.01 832 854 925 870 9.17 9.19 9.00  8.90
SDSS J003416.614+-002241.1 9.15 854 878 916 861 9.13 8.82 8.73  8.73 9.29 9.45  9.43 9.32 8.98 8.94
SDSS J003853.15+333044.3 9.19 8.42 8.65 9.73 8.90 9.90 9.10 8.79 8.89
SDSS J004613.544+-010425.7 9.09 8.54  8.77 8.67 883 881 8.67 9.69 9.84
SDSS J004710.484-163106.5 9.07 8.46 872 942 887 898 8.99 8.94 894
SDSS J004719.714014813.9 9.31 852 873 912 878 9.2 9.01 894 9.00 9.21 9.37 9.35 9.21 9.10 9.10
SDSS J005233.674-014040.8 9.76 8.82 9.02 9.81 9.11  9.85 9.50 9.29  9.28 9.30 9.46  9.44 9.21 8.83 8.75
SDSS J005307.714+191022.7 9.77 8.84 9.03 9.28 9.09 9.22 9.08 8.98  9.23
SDSS J010113.724-032427.0 9.64 8.85 9.06 948 9.28 9091 9.68 9.44  9.61 9.55 9.72  9.69 9.58 9.20 9.17
SDSS J010328.71-110414.4 9.15 8.45  8.68 9.32 9.48  9.46 9.28 9.54 9.57
SDSS J010447.394+101031.6 9.35 840 859 9.63 933 943 9.19 9.40 941
SDSS J010500.72+4194230.4 8.96 849 873 9.71 9.50  9.26 9.44 9.35  9.66 9.17  9.32 9.31 9.17 9.17 9.16
SDSS J010615.934+101043.0 8.62 825 850 940 877 9.12 8.94 8.80  8.84
SDSS J010643.23-031536.4 9.47 9.36 9.60 9.17 8.93 8.89 8.27 8.99 8.85 9.48 9.64 9.62 9.44 8.85 8.79
SDSS J011538.72+4-242446.0 9.03 841 865 9.79 9.36 9.30 9.45 9.59  9.,51 9.54 9.70 9.68 9.57 9.05 8.98
SDSS J013012.36+4153157.9 9.25 8.66  8.92 8.71 8.87 8.85 8.63 8.60 8.58
SDSS J013113.254-085245.5 9.15 850 872 958 891 9.68 9.15 9.12  9.03 9.24 940 9.38 9.19 8.81 8.75
SDSS J013136.44+4-130331.0 8.44 794 817 823 834 7.84 6.93 7.07  8.03 9.07 9.23 9.21 9.00 8.94 8.94
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SDSS J013417.81-005036.2
SDSS J013647.96-062753.6
SDSS J013652.524-122501.5
SDSS J014018.20-013805.8
SDSS J014128.264+070606.1
SDSS J014206.86+4-025713.0
SDSS J014932.06+152754.0
SDSS J020329.86-091020.3
SDSS J021259.214-132618.8
SDSS J022007.64-010731.1
SDSS J025042.454+003536.7
SDSS J035150.97-061326.4
SDSS J072517.524-434553.4
SDSS J072928.484-252451.8
SDSS J073132.184-461347.0
SDSS J073519.68+4-240104.6
SDSS J073900.904-485159.0
SDSS J073913.65+461858.5
SDSS J074941.16+4-262715.9
SDSS J075115.434+-505439.1
SDSS J075136.364-432732.4
SDSS J075405.08+4-280339.6
SDSS J075547.834-220450.1
SDSS J075837.624+135733.7
SDSS J080036.014-501044.3
SDSS J080117.79+4-521034.5
SDSS J080117.91+4333411.9

SDSS J080413.66+4251633.9

9.30
9.46
9.34
9.64
8.86
9.37
8.91
9.48
8.73
9.27
9.90
8.78
7.85
9.61
8.61
9.36
9.38
8.94
8.95
8.06
9.01
9.37
9.07
9.32
9.23
9.49
9.45

8.99

8.69
8.52
8.75
8.80
8.14
8.55
8.46
8.58
8.01
8.82
9.16
8.51
7.41
8.67
8.07
8.54
8.72
8.28
8.67
7.29
8.53
8.90
8.65
8.76
8.33
9.08
8.94

8.42

8.97
8.72
8.99
9.01
8.37
8.78
8.71
8.78
8.25
9.08
9.37
8.79
7.63
8.87
8.30
8.75
8.95
8.50
8.94
7.50
8.79
9.13
8.91
9.01
8.53
9.34
9.15

8.65

9.43

10.23

9.37

8.85
9.40

9.81

9.26
9.82

9.20

9.37
9.46
9.22
10.21
9.62
9.21

9.56

10.57
9.46

9.50

8.68

9.27

9.06

9.03
9.29

9.44

8.58
8.98

8.77

8.97
8.74
8.64
9.48
9.20
9.31

8.99

9.61
9.06

8.70

9.11

9.57

9.21

9.30
9.34

9.88

9.47
10.06

9.16

9.04
9.26
9.26
9.29
9.36
9.97

9.99

9.98
9.86

9.76

8.53

9.61

9.19

8.80
9.07

9.65

8.61
9.31

8.64

9.12
8.87
8.86
9.25
9.34
9.14

9.20

10.03
8.96

8.79

8.48

9.40

9.07

9.14
9.48

9.83

8.68
9.08

8.95

9.38
8.87
8.72
9.35
9.32
9.50

9.12

9.84
9.06

8.76

8.56

9.33

9.25

9.27
9.40

9.64

8.61
9.05

8.83

9.11
8.77
8.75
9.39
9.37
9.55

9.14

9.74

8.69

9.58
8.96
9.04
8.97

9.09

9.39
9.27

9.08

8.90
8.96
9.21
8.76
8.86

9.26

8.88
9.35
8.90
9.57
9.11
9.00
9.19
9.69
9.56

8.95

9.74
9.12
9.19
9.14

9.24

9.56
9.44

9.23

9.06
9.13
9.37
8.93
9.01

9.43

9.05
9.51
9.06
9.73
9.27
9.16
9.35
9.84
9.72

9.72
9.10
9.18
9.11

9.23

9.53
9.41

9.22

9.04
9.10
9.35
8.90
9.00

9.40

9.02
9.49
9.04
9.71
9.25
9.14
9.33
9.83
9.70

9.09

9.51
8.95
9.01
8.96
9.07

9.37
9.30

9.02

8.76
8.94
9.10
8.77
8.90

9.23

8.83
9.26
8.85
9.57
9.08
8.97
9.12
9.65
9.46

8.91

9.07
8.65
9.17
9.40

9.60

9.00
8.72

8.76

8.62
9.59
8.94
9.12
8.79

8.97

8.96
9.35
9.19
9.10
8.83
9.50
9.00
9.29
9.16

8.95

8.99
8.60
9.17
9.49

9.68

8.94
8.65

8.70

8.57
9.69
8.89
9.22
8.78

8.94

8.99
9.33
9.18
9.04
8.79
9.56
8.97
9.23
9.08

8.97
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SDSS J080636.814-345048.5
SDSS J081019.484-095040.9
SDSS J081056.964-120914.8
SDSS J081114.66+4-172057.4
SDSS J081127.44+461812.9
SDSS J081410.76+4-443706.9
SDSS J081558.35+154055.2
SDSS J081940.58+4-082357.9
SDSS J082507.67+360411.1
SDSS J082603.32+4-342800.6
SDSS J082643.454143427.6
SDSS J082644.664-163549.0
SDSS J082736.894-061812.1
SDSS J083255.634-182300.7
SDSS J083417.124-354833.1
SDSS J083745.744052109.4
SDSS J084017.874103428.8
SDSS J084029.97+465113.7
SDSS J084133.154+-200525.7
SDSS J084401.954-050357.9
SDSS J084526.754-550546.8
SDSS J084729.52+4-441616.7
SDSS J084846.114-611234.6
SDSS J085046.17+4-522057.4
SDSS J085337.36+4-121800.3
SDSS J085344.174354104.5
SDSS J085443.104+075223.2

SDSS J085726.94+-331317.1

8.94
8.87
9.07
9.64
8.95

8.84

9.81
8.98
9.38
9.21
8.97
9.15
9.16
8.84
9.03
9.04
9.08
9.39
9.84
9.35
9.24
9.45
9.14
9.30
8.92
8.84

8.78

8.54
8.44
8.33
8.90
8.37
8.20
8.51
8.99
8.68
8.44
8.58
8.63
8.41
9.09
8.23
8.35
8.53
8.41
8.38
9.01
8.57
8.64
8.71
8.44
9.08
8.30
8.15

8.28

8.80
8.68
8.56
9.12
8.62
8.43
8.73
9.21
8.94
8.63
8.81
8.89
8.63
9.36
8.47
8.57
8.78
8.64
8.55
9.21
8.78
8.87
8.94
8.66
9.34
8.55
8.37

8.55

9.73

9.45

10.02
9.44
9.28
9.49
9.10

10.06

8.90
9.01
9.92

9.69

9.34

9.51

9.18

9.35

9.76

9.84

9.39

9.07

9.21

9.27

9.02

9.35
8.77

9.59

8.78
8.82
9.54

8.92

8.84

8.72

9.01

9.29
9.00

8.91

9.39

10.20

10.15
9.34
9.24
9.47
9.16

9.91

9.33
9.23
9.59

9.53

9.52

5.00

9.48

9.57

9.85

9.76

9.11

9.34

9.19

9.53
9.19
8.94
9.26
8.97

9.67

8.88
8.57
9.49

9.22

9.19

8.99

9.10

9.01

8.87

8.71

9.06

9.27

9.31

9.44
9.48
9.07
9.29
8.94

9.65

8.95
8.90
9.46

9.08

9.02

8.87

8.97

9.13

8.81

8.89

8.98

9.19

9.40

9.38

9.18

9.54
8.99

9.72

9.06
8.93
9.67

9.03

9.07

8.81

9.04

9.18

9.21

8.81

9.04

8.94
9.19
9.04
9.65
9.33
9.02
9.23
9.70
8.98
9.39
9.30
8.95
8.90
9.44
9.35
9.11
8.82
9.10

9.22
8.82

9.23

9.26

8.95

9.11

9.11
9.35
9.19
9.81
9.49
9.18
9.39
9.85
9.13
9.55
9.45
9.10
9.06
9.59
9.50
9.27
8.97

9.27

9.38
8.98

9.38

9.41

9.11

9.26

9.08
9.33
9.18
9.79
9.47
9.16
9.37
9.84
9.12
9.53
9.44
9.09
9.04
9.58
9.49
9.25
8.96
9.24

9.36
8.96

9.37

9.40

9.09

9.25

8.88
9.12
9.00
9.62
9.29
9.02
9.29
9.66
8.93
9.39
9.28
8.96
8.85
9.37
9.28
9.08
8.79

9.07

9.22
8.71

9.15

9.09

8.87
9.15

9.17
8.73
9.85
9.32
9.32
9.41
11.38
9.56
9.81
9.20
9.11
9.41
9.48
9.08
9.30
9.29
8.82
8.83

8.96
8.40

9.36

9.22

9.21

9.12

9.21
8.66
9.93
9.26
9.33
9.43
11.37
9.53
9.94
9.16
9.16
9.52
9.53
9.01
9.31
9.36
8.85
8.80

8.96
8.33

9.40

9.25

9.29

9.12




¢l

SDSS J085856.004+-015219.4
SDSS J085946.79+4-603702.1
SDSS J090247.574304120.7
SDSS J090444.334-233354.0
SDSS J090646.98+4174046.8
SDSS J090709.894-250620.8
SDSS J090710.36+-430000.2
SDSS J091054.17+4-375914.9
SDSS J091118.02+4-202254.7
SDSS J091301.014-422344.7
SDSS J091328.23+4-394443.9
SDSS J091425.724-504854.9
SDSS J091716.794-461435.3
SDSS J091941.264-253537.7
SDSS J092216.044-160526.4
SDSS J092325.25+4453222.2
SDSS J092456.66+305354.7
SDSS J092523.24+4-214119.8
SDSS J092555.05+-490338.2
SDSS J092942.974-064604.1
SDSS J093251.984-023727.0
SDSS J093533.884-235720.5
SDSS J094140.16+4-325703.2
SDSS J094214.404-034100.3
SDSS J094328.944-140415.6
SDSS J094347.024-690818.4
SDSS J094427.274+614424.6

SDSS J094602.31+4-274407.0

9.14
8.78
9.38
9.47
8.76
9.27
8.74
8.99
9.59
9.27
8.25
9.06
8.62
9.41
8.90
9.20
9.17
8.93
9.54
8.98
9.36
9.65
9.19
9.07
9.34
9.34
9.30

8.93

8.20

8.53
8.58
8.13
8.76
8.07
8.38
8.64
8.52
7.92
8.70
7.73
8.51
8.36
8.64
8.69
8.42
8.60
8.04
8.49
8.69
8.52
8.15
8.48
8.41
8.60
8.24

8.39
8.34
8.73
8.79
8.37
9.04
8.31
8.61
8.83
8.74
8.19
9.01
7.93
8.72
8.60
8.88
8.94
8.66
8.80
8.24
8.70
8.88
8.74
8.33
8.69
8.59
8.82

8.47

10.03
9.61

9.05

9.71
9.36
9.77

9.21
9.21
9.63
9.83
9.03
9.30

9.60

9.65

10.10

8.63

9.56

10.44

9.22
8.91

8.90

8.95
8.73

9.12

9.03
8.75
9.23

9.39

9.24

9.06

9.31

9.15

8.39

8.87

9.45

9.54
9.34

9.56

10.21
9.31
9.44

9.33
9.42
9.19
9.70
9.20
9.69

8.93

9.58

9.41

8.91

9.37

9.25

9.61
9.25

8.91

9.14
8.85
9.34

8.96
9.04
9.36
9.28
8.87
9.01

9.21

9.48

9.48

8.37

9.40

9.42

9.35
9.07

9.09

9.05
8.88
9.27

9.19
8.89
9.36
9.43
8.70
9.76

9.15

9.49

9.31

8.49

9.07

9.59

9.33
9.04

9.13

9.01
8.82
9.25

9.21
8.97
9.44
9.48
8.81
9.38
9.17

9.52

9.19

8.54

9.06

9.36

9.04

9.15

9.27
9.21
9.13
9.36
9.28

9.10

9.89
9.58
8.56
9.12
9.46
9.08
9.75
9.42
9.38
9.46
9.36

8.77

9.10

9.88

9.20

9.31

9.43
9.37
9.28
9.51
9.43

9.26

10.05
9.74
8.71
9.27
9.61
9.24
9.91
9.58
9.54
9.62
9.51

8.93

9.26

10.03

9.18

9.29

9.41
9.35
9.27
9.50
9.42

9.24

10.03
9.72
8.70
9.26
9.60
9.22
9.89
9.56
9.52
9.60
9.50

8.91

9.24

10.02

9.00

9.08

9.24
9.16
9.11
9.33
9.26

9.04

9.78
9.57
8.53
9.02
9.44
9.05
9.73
9.40
9.33
9.47
9.32

8.71

9.07

9.79

9.16

8.74

9.61
9.86
9.35
9.58
9.10

8.85

9.50
9.11
9.02
8.92
9.14
8.76
9.29
9.02
9.15
8.99
9.18

9.16

8.99

9.48

9.21

8.69

9.69
10.01
9.39
9.70
9.10

8.84

9.45
9.06
9.07
8.89
9.10
8.71
9.23
8.97
9.12
8.93
9.16

9.24

8.96

9.42




€1t

SDSS J094637.83-012411.5
SDSS J094646.944-392719.0
SDSS J094648.59+4-171827.7
SDSS J094902.384-531241.5
SDSS J095047.45+194446.1
SDSS J095058.76+4-263424.6
SDSS J095327.954-322551.5
SDSS J095330.36+353223.1
SDSS J095544.25+4182546.9
SDSS J095555.684-351652.6
SDSS J095707.82+4-184739.9
SDSS J095746.754-565800.7
SDSS J095823.074-371218.3
SDSS J095852.194-120245.0
SDSS J100212.634-520800.2
SDSS J100610.55+4370513.8
SDSS J100653.264-011938.7
SDSS J100850.06-023831.6
SDSS J101106.744-114759.4
SDSS J101211.444-330926.4
SDSS J101353.434-244916.4
SDSS J101425.114-032003.7
SDSS J101429.574-481938.4
SDSS J101542.044-430455.6
SDSS J101724.26+4-333403.3
SDSS J102154.004-051646.3
SDSS J102537.69+211509.1

SDSS J102731.49+4-541809.7

9.06
9.21
9.36
9.01
9.14

9.01

9.08
9.17
9.34
8.62
8.44
8.80
9.39
8.79
9.63
9.41
8.83
8.63
9.55
9.42
9.24
8.58
8.89
9.43
9.53
9.45

9.34

8.58
8.93
8.57
8.45
8.51
8.53
8.47
9.24
8.58
8.55
8.03
8.00
8.17
8.65
8.11
8.78

8.49

8.27
8.60
8.71
8.40
8.06
8.59
8.50
8.91
8.66

8.37

8.83
9.33
8.79
8.71
8.75
8.78
8.70
9.52
8.82
8.75
8.26
8.26
8.42
8.88
8.34
8.98
8.69
8.36
8.54
8.80
8.93
8.60
8.33
8.88
8.69
9.14
8.87

8.54

9.33
9.97

9.39

9.41

9.63

9.97
9.26
9.32

10.18

9.63

9.97

9.25

9.17

9.02

9.85

9.81

9.24

9.49

9.54

8.81
10.04

8.79

8.83

9.14

9.13

8.80

8.77

9.99

9.13

9.16

8.46

8.57

8.94

8.83

8.57

8.97

9.47
9.22

9.59

9.69

9.11

9.50
9.51
9.88

9.40

9.37

9.90

9.23

8.95

9.11

9.66

9.50

9.12

9.96

9.96

8.83
9.63

9.22

9.15

9.18

9.31
9.04
8.99

9.55

9.19

9.38
8.71

8.90

8.71

9.19

9.30

8.76

9.36

9.08

8.90
10.13

9.00

8.90

9.24

9.20
8.90
8.92

9.43

9.25

9.36

8.59

8.96

8.70

9.03

8.91

8.67

9.13

9.80

8.87
10.18

9.01

9.00

9.24

9.01
8.89

10.03

9.23

9.26

8.51

8.97

8.71

8.96

8.90

8.64

9.18

9.29

8.68
9.49
9.08
8.85
9.18
9.39
9.05
9.28
9.10
8.96
8.46
9.11
9.22
9.45
8.84
9.25
9.17
8.90
8.77
8.70
9.25
9.35
8.94
9.31

9.00

9.34

9.65

8.84
9.65
9.24
9.02
9.34
9.55
9.21
9.43
9.25
9.13
8.61
9.27
9.38
9.60
9.01
9.40
9.33
9.07
8.93
8.86
9.40
9.51
9.10
9.46

9.17

9.50
9.81

8.82
9.63
9.22
8.99
9.32
9.53
9.19
9.42
9.24
9.10
8.60
9.25
9.36
9.59
8.98
9.39
9.31
9.04
8.91
8.84
9.39
9.49
9.08
9.45

9.14

9.48

9.79

8.66
9.44
9.07
8.82
9.15
9.41
9.06
9.24
9.02
8.90
8.33
9.07
9.18
9.38
8.82
9.21
9.16
8.90
8.71
8.65
9.19
9.34
8.88
9.25

8.96

9.30

9.59

9.23
9.25
9.10
8.78
8.69
9.02
9.40
9.36
9.01
9.12
8.41
9.23
9.04
9.41
8.78
9.19
9.28
8.90
8.85
9.47
9.40
9.49
9.03
9.29

8.90

9.35

9.22

9.29
9.21
9.12
8.75
8.61

8.96

9.38
9.02
9.11
8.41
9.27
9.01
9.43
8.78
9.17
9.29
8.89
8.93
9.55
9.48
9.49
9.07
9.28

8.87

9.34

9.16




V1T

SDSS J102907.094-651024.6
SDSS J103209.784-385630.5
SDSS J103236.984-230554.1
SDSS J103246.194-323618.0
SDSS J103405.734+463545.4
SDSS J103718.23+4302509.1
SDSS J104018.51+4-572448.1
SDSS J104330.09+-441051.5
SDSS J104336.734-494707.6
SDSS J104621.574483322.7
SDSS J104716.504-360654.0
SDSS J104743.574-661830.5
SDSS J104911.344-495113.6
SDSS J104941.584-522348.9
SDSS J105045.724-544719.2
SDSS J105902.04+4-580848.6
SDSS J105926.434-062227.4
SDSS J110148.85+4-054815.5
SDSS J110516.684-200013.7
SDSS J110735.58+4-642008.6
SDSS J110810.874-014140.7
SDSS J111119.104-133603.8
SDSS J111313.294-102212.4
SDSS J111352.534-104041.9
SDSS J111850.024-351311.7
SDSS J111920.984-232539.4
SDSS J112127.79+4-254758.9

SDSS J112726.814+601020.2

9.29
8.81
8.93
9.07
9.52

9.34

9.35
9.66
8.62
8.90
9.65
8.96
9.39
9.43
8.83
9.37
9.68
9.36
8.73
9.16
9.77
9.28
9.49
8.93
9.18
9.34

8.88

8.81
8.04
8.51
8.24
8.67
9.19
8.60
8.73
8.71
7.68
8.33
8.68
8.51
8.54
8.75
8.35
8.43
8.78
8.54
8.39
8.34
8.79
8.95
8.57
8.62
8.53
8.72
8.14

9.14
8.24
8.75
8.46
8.87
9.54
8.85
8.97
8.90
7.88
8.56
8.87
8.76
8.74
8.98
8.61
8.63
8.98
8.75
8.64
8.55
8.97
9.21
8.76
8.92
8.76
8.94

8.36

10.22
9.66

8.86

9.90
9.67

9.91

9.00
9.69

8.80

9.80
9.33

9.76

9.31

9.98

9.77

10.28

9.84

9.72

9.35
8.94

8.90

9.03

9.45

8.69
9.25

8.40

9.33
8.86

9.33

8.88

9.39

9.04

9.40

8.97

9.00

9.85
9.82

9.23

9.95
9.53

9.55

9.28
9.52

9.07

9.90
9.31

9.72

9.44

9.73

10.30

10.30

9.52

9.43

9.78
9.06

8.33

9.23
9.27

9.57

8.97
9.35

8.70

9.50
9.01

9.62

9.07

9.55

9.32

9.75

9.40

9.14

9.54
9.05

9.01

9.30
9.11

9.51

8.90
9.41

8.59

9.48
8.98

9.49

8.98

9.49

9.11

9.52

9.10

9.13

9.50
8.98

8.97

9.33
9.14

9.61

8.95
9.40

8.64

9.53
9.01

9.58

9.06

9.53

9.13

9.53

9.07

9.04

9.42
9.17
8.97
9.43
9.63
9.01
9.35
9.50
9.50
8.97
8.72
9.56
8.80
9.10
9.62
9.13
9.82
9.33
9.04
9.43

9.01

9.62

9.05
8.87
8.99

8.86

9.58
9.33
9.13
9.59
9.78
9.17
9.50
9.66
9.65
9.14
8.89
9.72
8.96
9.26
9.77
9.28
9.97
9.49
9.21
9.58

9.17

9.77

9.21
9.03
9.15

9.03

9.56
9.31
9.11
9.57
9.77
9.15
9.49
9.64
9.64
9.11
8.86
9.70
8.94
9.24
9.76
9.27
9.96
9.47
9.18
9.57

9.15

9.76

9.19
9.01
9.13

9.00

9.36
9.11
8.94
9.38
9.58
9.00
9.29
9.47
9.48
8.95
8.72
9.52
8.82
9.07
9.58
9.05
9.84
9.30
9.01
9.42

8.98

9.59

9.03
8.79
8.97

8.94

9.19
9.15
9.03
9.13
9.22
9.18
9.14
9.22
9.28
9.19
8.82
9.14
8.23
9.07
9.41
8.87
9.38
9.05
8.87
9.44

9.34

9.27

9.16
9.00
9.55

8.23

9.16
9.15
9.05
9.08
9.16

9.20

9.21
9.26
9.22
8.88
9.08
8.16
9.06
9.41
8.84
9.32
9.01
8.83
9.47

9.37

9.18
9.14
9.61

8.15




GII

SDSS J112938.46+4-440325.0
SDSS J113048.454-225206.6
SDSS J113330.174-144758.8
SDSS J113621.054-005021.2
SDSS J113740.614+630256.9
SDSS J113924.64+-332436.9
SDSS J114212.25+4-233250.5
SDSS J114323.714193448.0
SDSS J114350.304-362911.3
SDSS J114705.244-083900.6
SDSS J114711.784-084029.6
SDSS J114738.354-301717.5
SDSS J114902.70+4-144328.0
SDSS J114907.154-004104.3
SDSS J114927.904-432727.9
SDSS J115747.99+4-272459.6
SDSS J121314.034-080703.6
SDSS J121404.10+4-330945.6
SDSS J121423.014-024252.8
SDSS J121519.42+4-424851.0
SDSS J121736.654-515510.3
SDSS J121810.98+4-241410.9
SDSS J122046.054-455442.1
SDSS J122343.154-503753.4
SDSS J122709.484-310749.3
SDSS J122938.614-462430.5
SDSS J123514.64+4-462904.0

SDSS J125150.45+4-114340.7

9.13
9.47
9.27
9.57
9.64
9.03
8.84
9.56
9.17
9.40
8.70
9.10
9.26
9.50
9.78
9.12

8.93

8.89
8.97
9.51
9.23
9.33
9.56
9.35
9.11
9.45

9.36

8.91
8.57
8.74
8.77
8.69
8.13
8.43
8.64
8.66
8.72
8.41
8.77
8.54
8.62
9.54
8.69
8.35
8.41
8.38
8.58
8.85
8.67
8.86
9.06
8.74
8.44
8.91

8.82

9.18
8.78
8.99
8.99
8.88
8.33
8.71
8.84
8.91
8.93
8.67
9.02
8.76
8.82
9.95
8.97
8.58
8.62
8.62
8.85
9.07
8.92
9.12
9.30
8.97
8.68
9.16

9.09

9.56

10.11

9.27

9.54

9.52

9.56

9.95

9.61

9.21

9.79

10.27

9.98
9.38
9.34

9.46

9.09

9.01

8.65

9.37

9.06

9.16

9.23

9.06

9.41

9.12
9.14
9.09
9.17

9.76

9.78

9.48

8.76

9.28

9.31

9.59

9.14

9.21

9.53

9.98

9.05
9.23
9.26

9.09

9.40

9.60

8.65

8.83

9.17

9.15

9.51

8.99

8.87

9.47

9.81

9.24
9.21
9.19

9.32

9.50

9.25

8.95

8.72

9.48

9.11

9.42

9.20

8.83

9.24

9.63

9.14
9.14
9.18

9.31

9.77

9.07

8.60

9.52

9.16

9.30

9.28

8.93

9.24

9.51

9.10
9.35
9.30

9.40

8.70
8.59
9.48

9.23

9.38
9.26
9.32

9.33

9.41
9.18
9.66
9.25
9.03
9.10
8.83
9.29
9.00
9.09
9.35
9.87
9.09
9.76
9.13
9.18

9.40

8.86
8.75
9.63

9.38

9.54
9.41
9.48

9.48

9.56
9.34
9.81
9.40
9.19
9.26
8.99
9.44
9.16
9.25
9.50
10.03
9.24
9.92
9.28
9.34

9.56

8.84
8.73
9.62
9.37

9.52
9.40
9.46

9.47

9.55
9.32
9.80
9.39
9.17
9.24
8.97
9.43
9.14
9.23
9.49
10.01
9.23
9.90
9.27
9.32

9.54

8.62
8.60
9.46

9.22

9.38
9.19
9.32

9.26

9.38
9.11
9.64
9.17
8.98
9.04
8.77
9.15
8.94
9.02
9.32
9.81
8.99
9.67
9.07
9.12

9.39

8.25
8.39
9.29
9.17

9.32
9.43
9.01

9.66

9.03
9.19
9.18
9.15
9.31
8.90
8.98
8.81
9.03
9.27
9.72
9.59
9.37
9.52
9.07
9.25

9.16

8.19
8.36
9.27

9.15

9.31
9.49
9.01

9.69

8.97
9.18
9.10
9.14
9.32
8.87
9.00
8.72
9.09
9.34
9.74
9.55
9.45
9.49
9.10
9.26

9.13




91T

SDSS J125159.904-500203.6
SDSS J132845.004-510225.8
SDSS J133342.564-123352.7
SDSS J134341.994-255652.9
SDSS J135908.35+305830.8
SDSS J140058.79+4260619.4
SDSS J140704.43+4-273556.6
SDSS J141028.14+4-135950.2
SDSS J141321.054-092204.8
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9.18
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9.35
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9.55

9.07

9.41

9.23
10.01
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8.60
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9.48
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9.19
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9.17
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9.33
9.56
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8.56
9.09
8.85
9.42
8.53
8.89
9.06
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8.38
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8.96
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8.25
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8.80
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SDSS J222310.764-180308.1
SDSS J222621.454-251545.0
SDSS J223934.45-004707.2
SDSS J225608.484-010557.8
SDSS J225627.124+092313.3
SDSS J230722.21+4-253803.8
SDSS J231450.12+-182402.8
SDSS J233304.61-092710.9
SDSS J233344.66+4-290251.5
SDSS J234817.554-193345.8

SDSS J235212.85-012029.6

8.85
9.95
9.40
8.82
9.13
8.65
8.91
9.10
9.09
9.19

9.28

8.27
8.98
8.47
8.37
8.41
8.04
8.32
8.63
8.48
8.74

9.16

8.50
9.18
8.66
8.62
8.64
8.27
8.56
8.86
8.70
9.00

9.43

9.42

9.96

9.49
8.47
9.41
9.17
9.60
9.52

9.55

8.78

9.37

8.86
8.03
8.86
8.81
8.83
8.62

9.04

9.37

9.83

9.48
8.44
9.64
9.31
8.98
9.13

9.33

8.92

9.56

9.12
8.38
9.10
8.94
9.06
8.89

9.08

8.80

9.53

8.94
8.15
8.94
10.23
8.84
8.71

9.16

8.85

9.55

8.98
8.20
9.02
8.98
8.89
8.60

9.12

10.07
9.55
9.04
9.01
8.61
9.12
9.16
9.36
9.37

9.24

10.21
9.71
9.20
9.18
8.78
9.27
9.31
9.51
9.53

9.40

10.21
9.69
9.18
9.15
8.75
9.26
9.30
9.50
9.51

9.38

10.00
9.57
9.03
8.99
8.58
9.07
9.10
9.29
9.32

9.19

9.68
9.09
9.26
8.86
9.44
9.19
9.39
9.18
9.00

8.93

9.63
9.03
9.27
8.86
9.63
9.21
9.43
9.15
8.97

8.88

TABLE 4.3. “log(Mpp) estimates derived with (top row) and without (bottom row) the inclusion of the C 1v

EW, where available.

Data in this Table are presented as log(Mpn/Mg).




CHAPTER 5

SHEDDING NEW LIGHT ON WEAK EMISSION-LINE QUASARS IN THE
C IV-H/3 PARAMETER SPACE

5.1. Introduction

Weak emission-line quasars (WLQs) are a subset of Active Galactic Nuclei (AGN)
with extremely weak or undetectable rest-frame optical-UV emission lines [182, 183, 184,
185]. The Sloan Digital Sky Survey (SDSS; [68]) has discovered ~ 10° Type 1 quasars
with Lya+N v A1240 rest-frame equivalent widths (EWs) < 15.4 A and/or C1v A1549 EW
<100 A [186, 187]. These numbers represent a highly significant concentration of quasars
at = 30 deviation from the log-normal EW distribution of the SDSS quasar population, with
no corresponding “tail” at the opposite end of the distribution [186, 188]. Furthermore, the
fraction of WLQs among the broader quasar population increases sharply at higher redshifts
(and thus higher luminosities), from ~ 0.1% at 3 < z < 5 to ~ 10 — 15% at z = 5.7
(186, 189, 77].

Multi-wavelength observations of sources of this class have shown that they are un-
likely to be high-redshift galaxies with apparent quasar-like luminosity due to gravitational-
lensing amplification, dust-obscured quasars, or broad-absorption-line (BAL) quasars [190,
191], but that their UV emission-lines are intrinsically weak. Furthermore, WLQs are typi-
cally radio-quiet, and have X-ray and mid-infrared properties inconsistent with those of BL
Lac objects [192, 193, 188, 194].

About half of WLQs have notably lower X-ray luminosities than expectations from
their monochromatic luminosities at 2500 A [195, 196, 197, 198]. One explanation for this
phenomenon is that, at small radii, the geometrically thick accretion disks of these WLQs
are ‘puffed up’ and prevent highly ionizing photons from reaching the broad emission-line
region (BELR; [199, 188, 195, 196, 198]). The X-ray radiation is partially absorbed by the
thick disk, resulting in low apparent X-ray luminosities at high inclinations (i.e., when these
objects are viewed edge-on). When these objects are viewed at much lower inclinations,

their notably steep X-ray spectra indicate accretion at high Eddington luminosity ratio

([Lbol/LEdda hereafter L/LEdd; [200, 195, 201])
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The indications of high Eddington ratios in WLQs may provide a natural explanation
for the weakness of their emission lines in the context of the Baldwin Effect. In its classical
form, this effect is an anti-correlation between the EW(C1v) and the quasar luminosity [202].
Subsequent studies, however, have found that this relation stems from a more fundamental
anti-correlation between EW(C1v) and HB-based L/Lgqq ([203], hereafter BL04; [204]). This
anti-correlation, coined the Modified Baldwin Effect (MBE), was extensively studied and
built upon by [177], hereafter SL15, however, see also [205]. SL15 utilized a sample of
nine WLQs and 99 non-radio-loud, non-BAL (‘ordinary’) quasars spanning wide ranges of
luminosity and redshift to analyze the relative strength of the C1v emission-line and the
Hpg-based Eddington ratio. They confirmed the findings of BL.L04 for the sample of ordinary
quasars. However, all nine WLQs were found to possess relatively low L/Lgqq values, while
the MBE predicts considerably higher Eddington ratios for these sources. This finding led
SL15 to conclude that the HB-based L/ Lgqq parameter cannot depend solely on EW(C1v) for
all quasars. Such a conclusion may also be consistent with subsequent findings that WLQs
possess strong Fe 11 emission and large velocity offsets of the C1v emission-line peak with
respect to the systemic redshift (hereafter, Blueshift(C1v)) [206], and that L/Lgqq correlates
with Blueshift(C1v) at high Blueshift(C1v) values (see Figure 14 of [113]).

In this work, we explore two possible explanations for the findings of SL15. The first
of these is that the traditional estimation of Hp-based black-hole mass (Mpy ) values, and
therefore L/Lgqq values, fails to accurately predict Mgy , particularly in quasars with strong
optical Fe 11 emission [181, 169]. Such a case is typical for WLQs, and thus a correction via
measurement of the strength of the Fe 11 emission-complex in the optical band is required
[168, 174]. The second explanation is that EW(C1v), by itself, is not an ideal indicator of
the quasar accretion rate. In addition to EW(C1v), we utilize a recently defined parameter,
the ‘C1v || Distance’ [207] (hereafter R22), which represents a combination of the EW(C1v)
and Blueshift(C1v) [86, 114, 208], and search for a correlation between that parameter and

L/LEdd-

To investigate these explanations, we extend the WLQ sample of SL15 to nine ad-
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ditional sources available from the Gemini Near-IR Spectrograph - Distant Quasar Survey
(GNIRS-DQS;[115], hereafter M23). Furthermore, we study the distribution of WLQs in
L/Lgqq space versus a sample of ordinary quasars from SL15 and M23. We aim to investi-
gate the underlying driver for the weak emission lines in WLQs and test the assertion that
all WLQs have extremely high accretion rates.

The structure of this paper is as follows. In Section 5.2, we discuss our sample selection
and the relevant equations used to estimate Hfp-based L/Lgqq values. In Section 5.3, we
analyze the samples’ spectroscopic properties as well as the sources’ black-hole masses and
accretion rates. Then, we discuss the correlation between the C1v parameter space and
L/Lgaq. In Section 5.4, we summarize our findings. Throughout this paper, we compute
luminosity distances using a standard ACDM cosmology with Hy = 70 km s~ Mpc™1,
Oy = 0.3, and Qp = 0.7 [67].

5.2. Sample Selection and Data Analysis
5.2.1. WLQ Sample

We compile a sample of 18 WLQs in this work. All these WLQs have accurate
full-width-at-half-maximum intensity of the broad component of the HS A4861 emission
line (hereafter, FWHM(Hf)), monochromatic luminosity at rest-frame 5100 A (hereafter,
vL, (5100 A)), EW(Fe 11 A\4434 — 4684), and EW(Hf) measurements. Nine of these sources
were obtained from SL15, seven from the GNIRS-DQS sample of M23 (see Section 5.2.2),
and two from this work (see Appendix 5.5). SL15 compiled a sample of nine WLQs: SDSS
J0836-+1425, SDSS J1411+1402, SDSS J14174+0733, SDSS J1447—0203 [185, 209], SDSS
J0945+1009 [210, 209], SDSS J1141+0219, SDSS J1237+6301 [186, 191], SDSS J1521+5202
211, 199], and PHL 1811 [212].

Table 5.1 provides basic properties for the 18 WLQs in our sample. Column (1) pro-
vides the source name; Column (2) gives the systemic redshift determined from the peak of,
in order of preference, the [O 11]A5007, Mg 11 A2798, and Hf emission lines; Column (3) gives
log v L, (5100 A); Column (4) gives FWHM(HS3); Column (5) gives Rporr =~ EW (Fe 11) /EW (H}3);

Column (6) gives traditional H5-based Mpy estimates (following Equations 21 and 23); Col-
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umn (7) gives Fe 11-corrected HB-based Mpy, corr €stimates (following Equations 22 and 23);
Column (8) gives traditional HB-based L/Lgqq values (from Equation 24); Column (9)
gives Fe 11-corrected Hf-based L/Lgdd, corr values (from Equation 24); Column (10) gives
EW(C1v); Column (11) gives Blueshift(C1v); Columns (12) and (13) provide the references
for the rest-frame optical and UV spectral measurements, respectively. All derived properties
are discussed in detail in Section 5.2.3.

The two WLQs from [191] and the two introduced in Appendix 5.5 do not have a
reliable C1v line measurement in the literature, hence we perform our own measurements
from their SDSS spectra, following the procedure in Dix et al. (2023, hereafter D23). Briefly,
we fit the C1v emission line with a local, linear continuum and two independent Gaussians.
These Gaussians are constrained such that the flux densities lie between 0 and twice the value
of the peak of the emission line; the FWHM is restricted to not exceed 15000 km s~!. The
EW of the line emission can then be measured, as well as the blueshift, which is calculated
from the difference between A1549 and the peak of the Gaussians (see Equation 20).

These WLQs possess stronger relative optical Fe 11 emission (indicated by the larger
Rpe11 values) compared to ordinary quasars from the same samples. WLQs are only selected
based on their C1v emission-line strength (EW(C1v) < 10 A), so we are unaware of any
biases introduced by the rest-frame optical emission to the selection process of the WLQs in

this work.

5.2.2. Ordinary Quasar Sample Selection

In order to create a comprehensive comparison sample of quasars for our analysis,
which requires measurements of both the H5 and C1v emission lines, we select two catalogs
of ordinary quasars from the literature. For the high-redshift quasars (1.5 < z < 3.5),
C1v emission properties can be obtained from SDSS, but the HS emission line lies outside
of the SDSS range, and therefore it has to be measured with NIR spectroscopy. In this
redshift range, we utilize the GNIRS-DQS catalog in M23. GNIRS-DQS is the largest and
most comprehensive inventory of rest-frame optical properties for luminous quasars, notably

the HB, [O 111], and Fe 11 emission lines. To complement this sample of high-redshift, high-
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luminosity quasars, we include an archival sample of quasars in the low-redshift regime from
the BL04 subsample also utilized in SL15. In this redshift range (z < 0.5), the Hf emission
properties can be obtained from optical spectra, but the C1v emission-line properties are
more difficult to obtain, and are available primarily from the Hubble Space Telescope (HST)
and the International Ultraviolet Explorer (IUE) archives. Below, we briefly discuss the

selection process for our ordinary quasar sample.

The GNIRS-DQS sources were selected to lie in three narrow redshift intervals, 1.55 <
z < 1.65, 2.10 < 2 <240, and 3.20 < z < 3.50 to center the HG+[O 111]spectral complex
in the NIR bands covered by GNIRS (i.e., the J, H, and K bands, respectively). In total,
the survey comprises 260 sources with high-quality NIR spectra and comprehensive Hj,
[O 1], and Fe 11 spectral measurements [115]. We exclude 64 BAL quasars, 16 radio-loud
quasars (RLQs), and one quasar, SDSS J114705.24+083900.6 that is both BAL and radio
loud. We define RLQs as sources having radio-loudness values of R > 100 (where R is
the ratio between the flux densities at 5 GHz and 4400 A; [17]). RLQs and BAL quasars
are excluded to minimize the potential effects of continuum boosting from a jet [187] and
absorption biases (e.g., see BL04), respectively. Two quasars, SDSS J073132.18+461347.0
and SDSS J141617.384264906.1, are excluded due to a lack of C1v measurements from D23.
In total, 177 GNIRS-DQS quasars are included in our analysis; of these, seven sources with
EW(C1v) < 10 A can be formally classified as WLQs (see Section 5.2.1). We adopt values
of FWHM(Hp), vL, (5100 A), EW(Hp), and EW(Fe 11) values from M23. The latter two

parameters are used to derive Rpet.

Quasars in the M23 sample are crossmatched with the C1v emission-line measure-
ments from D23, who also report the wavelengths of the C1v emission-line peaks. The

Blueshift(C1v) values are derived following Equation (2) in [54]

Av c z — 2
20 _ |: :| meas Sys :
(20) km s—! km s—! ( 1+ 2gys )

where zyeas 15 the redshift measured from the wavelength of the C1v emission-line peak, and

Zsys 18 the systemic redshift with respect to the [O 11|, the Mg11, or the HS emission lines
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reported in M23. In this work, we report the Blueshift(C1v) = —Aw values.

WLQs often have extremely weak or undetectable [O IIIJemission, so we must use
alternative emission lines as the reference for zys. Although there are known, non-negligible
intrinsic uncertainties associated with using the Mgi1 and Hf emission lines as zgs indi-
cators (~ 200 km s~ and ~ 400 km s™', respectively; [32]), WLQs often possess large
Blueshift(C1v) values (> 2000 km s in ~ 60% of the WLQs in our sample); therefore, the
uncertainty associated with using, e.g., an HB-based z4 value is relatively small compared
to the quasar’s Blueshift(C1v) value, and does not affect the conclusions of this work.

Sixty quasars at z < 0.5 from BL04 are added to our analysis from the 63 BL04
quasars in SL15. PG 0049+171, PG 14274480, and PG 14154451 are excluded due to a
lack of published Fe 11 spectral measurements. The UV data in the BL04 sample comes,
roughly equally, from both the HST and the IUE archives [167]. Throughout this work, we
check whether including only one HST or IUE data changes the conclusion of the paper,
but we find no statistical difference in the results of Section 5.3. Therefore, we include
both subsets in the main body of this work. We obtain the FWHM(HB), vL, (5100 A), and
Rpe1r values for the BL04 sources from [82], and their EW(C1v) and Blueshift(C1v) values
from [167]. Table 5.2 lists the basic properties of the ordinary quasars in our sample with

the same formatting as Table 5.1.

5.2.3. Mgy and L/Lgqq Estimates

Traditional estimation of single-epoch Mgy values has made use of the reverberation-
mapping (RM) scaling relationship between the size of the Hp-emitting region (Rpg) and
vL, (5100 A) [145, 213, 147, 149]. In this work, we use the empirical scaling relation estab-

lished by [149] for consistency with other recent studies [169]:

RH/B
21 1 = (1.527 £ 0.031 0.533 £ 0.035) log ¢
@1 o8 || = )+ ( ) 1og

where (44 = vL,(5100 A) /10* erg s~
However, the HG RM sample was subsequently determined to be biased toward objects

with strong, narrow [O 11I] emission-lines, and, in effect, is biased in favor of low-accretion-

124



rate broad-line AGNs [214, 215]. Recent RM campaigns aimed at minimizing such bias, such
as the Super-Eddington Accreting Massive Black Hole (SEAMBH; [216, 217, 144]) and the
SDSS-RM project [131], found deviations from the traditional size-luminosity relationship.
In particular, SEAMBH found a population of rapidly accreting AGNs with a BELR size
up to 3-8 times smaller than predicted by Equation 21, which implies an overestimation of
super-Eddington-accreting Mpy values from single-epoch spectra by the same factor. We
apply a correction to the traditional Hp-based Mgy estimation, developed by [168], which
utilizes the Rp.y; parameter in addition to FWHM(HS) and vL, (5100 A).
For the Fe 11-corrected values of Mpy (hereafter, Mpy. corr), we apply the size-luminosity

scaling relation for Ry following Equation (5) of [168]:

log RHﬁ, corr
lt—days

(22) — (1.65 £ 0.06) + (0.45 £ 0.03) log 44

+ (—0.35£0.08) Rrpe 1.

Subsequently, Mgy (Mpn, corr) can be estimated using the following relationship:

MBH (]\413H7 corr)
Me

P ]
B pc km s™'| |pc Mg' (km s1)2

RHB (RHB, corr) FWHM(HB) ?
pc km s—!

4.3 % 1073 -t
pec Mg' (kms=1)2|

(23)

z1.5{

where we adopt f = 1.5 for the virial coefficient, consistent with results from [171, 172,
218, 169], RprLr ~ Rugs is the size-luminosity relation from Equation 21 or 22, AV is the
velocity width of the emission line, which is taken here as FWHM(H/), assuming Doppler
broadening [213], and G is the gravitational constant.

The L/Lgqq parameter can be computed from the corresponding Mpy value following

Equation (2) of [191] assuming that Lggq is computed for the case of solar metallicity:
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L/LEdd <L/LEdd7 corr)

vL, (5100 A)] [ Man (Msn, corr)] ™"
104 ergss—1 100M ’

(24)

= 1.06f(L) [

where f(L) is the luminosity-dependent bolometric correction to L, (5100 A), derived from
Equation (21) of [219].

We note that a wide range of bolometric corrections for quasars is available in the
literature [220, 221, 222, 223]. However, in general, the range of these corrections is not large
enough to affect the conclusion of our work. For example, [169] recently used a constant
bolometric correction of Lpe/vL, (5100 A) ~ 9; the bolometric corrections we derive are in
the range of ~ 5-6, which results in a relatively small systematic offset in the derivation of
the L/Lgqq parameter.

The uncertainties associated with the corrected Mgy and L/Lgqq values in this work
are estimated to be at least ~ 0.3 dex [169], but could be much larger (~ 0.4 — 0.6 dex) for
high L/Lgaq objects such as WLQs (see also, SL15).

5.3. Results and Discussion
5.3.1. Black Hole Masses and Accretion Rates

For the 248 quasars included in this work, we determine the virial H3-based Mgy, ¢orr and
corresponding L/Lgqd, corr Values from their derived optical properties, following the Fe 11-
corrected BELR size-luminosity relation of Equation 22, applied to Equations 23 and 24. We
also calculate these quasars’ Mgy and L/Lggq values following the traditional BELR size-
luminosity relation of Equation 21 to compare the two methods for estimating black-hole
masses and accretion rates.

Figure 5.1 presents the traditional versus corrected Mgy and L/Lggq values for the
quasars in our sample, following the procedure of [169]. The Hp-based Mgy, core values of
ordinary quasars show small systematic deviations from the traditional BELR size-luminosity
relation estimates (less than a factor of two for 222 out of 230 quasars). On the other hand,

for a majority of the WLQs, due to the relative weakness in HS emission compared to
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FIGURE 5.1. Black-hole mass (top panel) and accretion rate (bottom panel)
calculated using the traditional (x-axis) and Rpep-corrected (y-axis) BELR
size-luminosity relation for all quasars in our analysis. Diamonds mark ordi-
nary quasars and squares mark WLQs. The dashed lines represent a one-to-
one relation between the two methods. The traditional relation overestimates
Mgy in rapidly-accreting quasars by roughly an order of magnitude. In turn,
the traditional relation underestimates L/Lgqq by a similar factor. In par-
ticular, the Rpg.-corrected accretion rates are much larger for a considerably

larger fraction of sources in the WLQ) subset than in the ordinary quasars, due

to their larger Rp.r values.
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Fe 11, Mgy, corr values deviate significantly from the traditional relation, by up to one order
of magnitude. Since L/Lpqq is inversely proportional to Mpy , the L/Lgdd, corr Values are
enhanced by a similar factor. This result is in line with the [169] finding of a larger deviation

from the one-to-one relation in high-accretion-rate quasars.

5.3.2. The Anti-correlation between EW(C1v) and L/Lgqgq

We use our sample to explore the anti-correlation between EW(C1v) and HpA-based
L/Lgqq previously studied in SL15, as well as with L/Lgqq, corr- Figure 5.2 shows EW(C1v)
plotted against the traditional L/Lgqq values (left) and against the Fe 11-corrected L/ Lgaqd, corr Val-
ues (right). The first four rows of Table 5.3 present the respective Spearman-rank correlation
coefficients (rs) and chance probabilities (p) of the ordinary quasar sample and the complete
sample, including WLQs, for the correlation involving EW(C1v). We detect significant anti-
correlations between EW(C1v) and L/Lggq both with and without WLQs (i.e., p < 1%).
However, the anti-correlation for the sample including WLQs is slightly weaker than without
WLQs (both p values are roughly similar, but rg increases slightly). Our result reaffirms
findings by SL15, who found WLQs to be outliers in this relation.

With a Fe 11 correction, the L/Lgqq, corr Values provide a significantly stronger anti-
correlation with EW(C1v) as the rg value decreases from —0.36 (for the L/Lgqq case) to
—0.48. Furthermore, the inclusion of WLQs no longer spoils the Spearman-rank correlation;
in fact, the p value remains extremely low (p = 4.02 x 1072 for the entire sample), and the rg
value decreases from —0.48 to —0.54, indicative of a stronger anti-correlation. Nevertheless,
the L/Lgdq, corr values of most of the WLQs in our sample still appear considerably smaller
than a linear model would suggest (see Figure 5.2). To quantify the deviation of WLQs from
the MBE, we fit a simple linear model, without considering the errors, to the log EW(C1v)
and log L/Lgad, corr values of the ordinary quasar sample. Our WLQs deviate from the
best-fit model by a mean of ~ 3.40, with a range in deviation from 1.08¢ to 8.02¢. Such a
discrepancy paints WLQs as significant outliers in this correlation.

We also explore whether a bolometric luminosity correction based on the peculiar-

ity of WLQs could account for this discrepancy. Although several methods for correcting
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bolometric luminosity are available in the literature [220, 221, 222, 223], if WLQs were to be
reliably predicted by the MBE, these corrections must be up to ~ 10° times larger than those
of [219] (as in the case of SDSS J1141+0219 with EW(C1v) = 0.4 A). Such a discrepancy is
larger than the difference expected by any of the current bolometric correction methods in
the literature. These results reveal that EW(C1v) is likely not the sole indicator of accretion

rate in all quasars, in agreement with SL15.
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FIGURE 5.2. Correlation between EW(C1v) and L/Lgqq of ordinary quasars
(diamonds) and WLQs from Table 5.1 (squares). The left panel presents the
traditional L/Lgqq values, and the right panel displays the Fe 1-corrected
L/Lgad, corr values. The dotted-dashed lines represent the EW threshold for
quasars, below which objects are defined as WLQs. The correlation for the
ordinary quasar sample, obtained by fitting a linear model, is shown as a
dashed line. The shaded regions represent the 1- and 2-o deviation from
the fitted correlation. Correcting the traditional L/Lgqq values results in
a stronger anti-correlation expected by the MBE (see Table 5.3); however,
WLQs’ L/Lgdd, corr values are still considerably (more than an order of mag-
nitude) over-predicted by the MBE, suggesting that EW(C1v) is not the sole

indicator of quasars’ accretion rates.
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5.3.3. The C1v || Distance as an Indicator of L/Lgaq

[114] used an independent component analysis (ICA) technique to analyze the spectral
properties of the C1v emission line in 133 quasars from the SDSS-RM project [131]. In
particular, they fitted a curve to trace the positions of these sources on the EW(C1v) and
the Blueshift(C1v) plane. The position of a quasar projected onto this curve is defined as its
‘C1v || Distance’ (for more details on how this parameter is calculated, see [208] and R22).
This parameter essentially indicates the location along a non-linear first principal component
of the C1v parameter space, and encodes information about the physics of the C1v-emitting
gas [86, 224, 225].

The left panel of Figure 5.3 shows the distribution of EW(C1v) versus Blueshift(C1v)
of the 248 quasars in our sample. The right panel of Figure 5.3 shows the same distribution
in scaled space, following the procedure in [208], and the piece-wise polynomial best-fit curve
from Figure 2 of R22. Even though our sources are drawn from samples that are different from
those of R22, the best-fit curve traces the C IV parameter space of sources across wide ranges
of redshifts and luminosities. Since all quasars in our sample are selected photometrically,
either in optical (for GNIRS-DQS quasars) or UV (for BL04 quasars) surveys, and were not
selected based on their spectroscopic characteristics, there are no known biases associated
with their selection, and thus they are expected to trace the C1v parameter space in a similar
manner to larger samples of quasars in other studies [113].

While the EW(C1v) parameter, on its own, is not an ideal accretion-rate indicator,
the C1v || Distance parameter appears to provide a robust indication of the accretion rates
for all quasars including WLQs. We plot the C1v || Distance versus H5-based L/Lgqq (left)
and L/Lgdd, corr (right) for all quasars in our sample in Figure 5.4. The last four rows of
Table 5.3 provide the Spearman-rank correlation coefficients and chance probabilities for the
correlations involving the C1v || Distance. Both the L/Lggq and L/Lgaq, corr are significantly

correlated with the C1v || Distance parameter (i.e., p < 1%).

In the case of C1v || Distance versus L/Lgqq, corr, the correlation coefficient is con-

siderably larger than the correlation involving L/Lggqq (0.56 versus 0.36), indicating the
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importance of the Fe 1I correction to Mgy . Furthermore, the inclusion of WLQs in the sam-
ple both strengthens the correlation (rg increases from 0.51 to 0.56 while the p value remains
extremely small, < 107'), and allows the high-L/Lgqq, core €nd of the correlation to be fully
populated. There is also no significant deviation of the WLQs from this correlation, as op-
posed to their behavior in the MBE (see, Figure 5.2) as well as in the C1v || Distance versus
traditional L/Lgqq (see left panel of Figure 5.4). To quantify this effect, we fit a linear model
to the C1v || Distance and L/Lgqq (L/Lgad, corr) SPace, taken into account only the ordinary
quasars. Then, we calculate the mean scatter of the WLQs from this line. In the case of
L/Lgqq, we find the deviation from the best-fit line to range from 0.97¢ to 3.000, and the
mean deviation to be ~ 1.80. Meanwhile, the deviation in the case of L/Lgdd, corr ranges
from 0.010 to 2.330, with a mean deviation of ~ 1.1o. Thus, using L/Lgqq, corr D0t only
results in a stronger correlation with C1v || Distance, but C1v || Distance also serves as a

better predictor for L/Lgqq, corr than for L/Lpgqq.

The right panel of Figure 5.4 shows that WLQs are not a disjoint subset of quasars in
the UV —optical space [206]. Our results indicate that WLQs possess relatively high accretion
rates, due not only to their extremely weak C1v lines, but rather to their relatively large
values of the C1v || Distance parameter. Similarly, we observe quasars with high accretion
rates (and large values of C1v || Distance) that do not necessarily possess extremely weak
C1v lines, some of which have Eddington ratios that are larger than those of several WLQs.
Finally, while we are unaware of a large population of quasars that deviate significantly
from the correlations of Figure 5.4, a future examination of, e.g., H3-based L/Lgqq values

of quasars with very large EW(C1v) [226] is warranted to further test our results.

In this work, we show that the C1v and Hf parameter space provides important
diagnostics for quasar physics. In particular, we found that the C1v || Distance can serve as
a robust predictor of quasar’s accretion rate, especially after a correction based on Rpe1y is
applied. Within the limits of our sample, we also find that WLQs are not a disjoint subset
of the Type 1 quasar population, but instead lie preferentially towards the extreme end of

the C1v-Hf parameter space.
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5.4. Conclusions

We compile a statistically meaningful sample of ordinary quasars and WLQs to study
the dependence of quasar accretion rates, corrected for the relative strength of Fe 11 emission
with respect to HS, upon source location in the C1v parameter space. Utilizing 18 WLQs,
16 of which are obtained from the literature and two of which are presented in this work,
we confirm the findings of [169] that the traditional approach to estimating the Eddington
ratio for rapidly-accreting quasars systematically underestimates this property by up to an

order of magnitude compared to Fe 11-corrected values of this parameter.

Using the Fe 11-corrected values of HfS-based L/Lgqq, we investigate the correlation
between this parameter and the C1v parameter space. We confirm and strengthen the SL.15
results by finding that WLQs spoil the anti-correlation between EW(C1v) and HpA-based
L/ Lgqaq for quasars, whether the latter parameter is estimated using the traditional method,
or whether a correction based on Fe 1T emission is employed in the Mgy estimate. In keeping
with SL15, we conclude that the EW(C1v) cannot be the sole indicator of accretion rate in

quasars.

We also investigate the relationships between a recently-introduced parameter, the
C1v || Distance, which is a combination of EW(C1v) and Blueshift(C1v), and the tradi-
tional Hf-based L/Lgqq and the Fe 11-corrected L/Lgaq, corr- Such relationships yield strong
correlations, especially in the case of Fe 11-corrected L/Lgad, corrs and can accommodate all
the quasars in our sample. Our finding suggests that WLQs are not a disjoint subset of
sources from the general population of quasars. We find that many WLQs have extremely
high accretion rates which is indicated by their preferentially higher values of the C1v || Dis-
tance parameter. Similarly, we find several quasars in our sample that possess high Eddington
ratios, and correspondingly large values of the C1v || Distance, that do not have extremely

weak C1V lines; some of these sources display Eddington ratios that are larger than those of

a subset of our WLQs.

In the context of the C1v parameter space, it will be interesting to investigate whether

the extreme X-ray properties of WLQs are the result of extremely large C1v || Distance val-
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ues rather than resulting only from extremely weak C1v lines. Such a test would require
X-ray coverage of a large sample of sources with HS+Fe 11 data across the widest possible
C1v parameter space such as the GNIRS-DQS sample of M23. It would also be useful to
determine whether the weakness of the broad Lya+N v emission line complex (from which
the first high-redshift WLQs were identified) also correlates with C1v || Distance, which will
require ultraviolet spectroscopy [227]. The results of these investigations will shed new light
on the connection between the quasar accretion rate and the physics of the inner accretion
disk and BELR.
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FIGURE 5.3. Top panel: distribution of EW(C1v) versus Blueshift(C1v) for
our sample. Bottom panel: illustration of the C1v || Distance parameter.
The data are first scaled so that the two axes share the same limit, then
each data point is projected onto the best-fit curve obtained from R22. The
C1v || Distance value of each quasar is defined as its projected position (green
point) along the solid black curve. Three of the WLQs are out-of-range in the
right panel, but only their projected positions onto the curve are relevant to

our results.
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FIGURE 5.4. C1v || Distance versus L/Lgqq of 248 quasars in our sample. In

the left panel, the C1v || Distance values are plotted against the traditional

Hp-based L/ Lgqq parameter, and in the right panel, against the Fe 11-corrected

Hp-based L/ Lgad, corr parameter. The correlation for the ordinary quasar sam-

ple, obtained by fitting a linear model, is shown as a dashed line. The shaded

regions represent the 1- and 2-0 deviation from the fitted correlation. While

using the traditional size-luminosity relation to estimate accretion rates al-

ready yields a strong correlation, the Fe 11-corrected accretion rates show a

much stronger correlation with the C1v || Distance parameter for all quasars.

Furthermore, this parameter serves as a better predictor for L/Lgqq, corr than

for L/LEdd .
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Quasar zsys  logwL, (5100 A) FWHM(HB) Rper1 log Mpu log MBH, corr L/Lgdd L/Lgdd, corr EW(C1v) Blueshift(C1v) Optical Civ
(erg s™1) km s™1! (Mg) (M) A km s~! Ref.®  Ref.?
(1) (2) 3) (4) &) (6) (7 (8) () (10) (11) (12)  (13)
SDSS J010643.23—031536.4  2.248 46.51 6782 0.58 9.99 9.71 0.20 0.39 7.675:8 14517 53° 1 2
SDSS J013136.444130331.0  1.599 46.45 2294 0.78 9.02 8.67 1.63 3.67 2.8755 23207819 1 2
SDSS J013417.81—-005036.2  2.270 46.45 5211 0.98 9.73 9.31 0.32 0.84 7.3107 2233152, 1 2
SDSS J075115.43+505439.1  2.311 46.59 3077 3.05 9.35 8.19 1.05 15.04 6.679-8 59531231 1 2
SDSS J083650.86+142539.0  1.749 45.93 2880 2.48 8.94 8.04 0.62 4.95 4.2193 2266 + 191 3 3
SDSS J085337.36+121800.3  2.197 46.56 4502 0.28 9.66 9.48 0.47 0.73 77t 11667353 1 2
SDSS J085344.17+354104.5  2.183 46.40 4168 0.72 9.51 9.18 0.47 1.00 4.3193 205311059 1 2
SDSS J094533.98+100950.1  1.683 46.17 4278 2.00 9.41 8.66 0.35 2.03 2.910% 5485 £ 380 3 3
SDSS J094602.31+274407.0  2.488 46.75 3833 1.65 9.63 8.94 0.79 3.82 59705 9062119 1 2
SDSS J113747.64+391941.5 2.428 45.81 2518 3.31 8.76 7.57 0.72 10.99 8t 308973558 4 4
SDSS J114153.334021924.4  3.550 46.55 5900 3.25 9.89 8.67 0.27 4.60 0.412 5771245 5 6,4
SDSS J123743.07+630144.7  3.490 46.35 5200 2.86 9.68 8.61 0.29 3.39 1+2 —9707432° 5 4
SDSS J141141.96+140233.9  1.754 45.64 3966 1.41 9.06 8.56 0.24 0.78 3.8153 31427379 1 2
SDSS J141730.92+073320.7 1.716 45.91 2784 1.65 8.90 8.29 0.65 2.64 25722 532174178 1 2
SDSS J144741.76-020339.1  1.430 45.56 1923 1.60 8.39 7.83 0.96 3.52 7.7+92 131977559 1 2
SDSS J152156.48+520238.5  2.190 47.14 5750 164  10.19 9.48 0.52 2.69 9.14£0.6 4900 % 300 ° 7 7
SDSS J213742.25—-003912.7  2.294 45.75 2630 2.45 8.77 7.89 0.62 4.68 3t 49861857 4 4
PHL 1811 0.192 45.56 1943 1.29°¢ 840 7.94 0.94 2.70 6.6 1400 + 250 8 8
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TABLE 5.1. “Source of rest-frame optical-UV data, Column (12): zs, L, (5100 A), FWHM(HS), Ryerr; Column
(13): EW(C1v), and Blueshift(C1v). (1) M23; (2) D23; (3) [209]; (4) this work; (5) [191]; (6) [90]; (7) [199];(8)
212].

®[199] also reported Hj3-based Blueshift(C1v) = 9400 km s~!. Here, we have opted to use a MgI-based value of
Blueshift(C1v).

¢[212] reported the Rpe1r value as being in the range 1.22—1.35. We have adopted a mean value of 1.29 for this

work.
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Quasar Zsys  logvL, (5100 A) FWHMHB) Rrpe 1 L/Lgad, corr EW(C1v) Blueshift(C1v) Optical Civ

(erg s~1) km s~! A km s~! Ref.®  Ref.?

(1) 2 3) <y (5) (6) (7) (®) (9) (10)
SDSS J001018.884-280932.5 1.613 46.27 3189.0 0.06 1.29 61.0 203.0 1 2
SDSS J001453.204-091217.6  2.335 46.36 6428.0 0.72 0.60 39.0 825.0 1 2
SDSS J001813.30+-361058.6  2.324 46.46 4896.0 0.55 1.02 25.8 1885.0 1 2
SDSS J001914.46+155555.9  2.267 46.34 4033.0 0.17 0.96 44.5 372.0 1 2
SDSS J002634.46+-274015.5  2.247 46.38 4420.0 0.00 0.73 134.6 400.0 1 2
SDSS J003001.11-015743.5  1.590 46.10 4028.0 0.26 0.77 52.7 1279.0 1 2
SDSS J003416.614+-002241.1  1.630 46.24 5527.0 0.44 0.56 28.5 483.0 1 2
SDSS J003853.15+-333044.3  2.361 46.39 4297.0 0.50 1.17 13.8 -398.0 1 2
SDSS J004710.48+-163106.5 2.184 46.51 3573.0 0.42 1.83 22.1 2080.0 1 2
SDSS J004719.714-014813.9  1.591 46.13 5605.0 0.24 0.41 48.9 341.0 1 2
SDSS J005233.674+014040.8  2.309 46.65 6518.0 0.63 0.77 31.7 1313.0 1 2
SDSS J005307.714191022.7  1.598 46.23 8981.0 0.21 0.18 38.3 1989.0 1 2
SDSS J010113.724-032427.0 1.579 46.39 6484.0 0.00 0.34 102.8 208.0 1 2
SDSS J010447.394+101031.6  2.373 46.29 6754.0 0.61 0.46 22.1 1548.0 1 2
SDSS J010500.72+194230.4  2.323 46.42 3547.0 0.49 1.77 33.8 2663.0 1 2
SDSS J010615.93+101043.0  2.353 46.08 2936.0 0.54 1.79 21.1 2026.0 1 2
SDSS J011538.72+-242446.0 2.401 46.53 3925.0 0.67 1.90 29.9 2820.0 1 2
SDSS J013113.254-085245.5  3.537 46.62 3874.0 0.42 1.78 23.3 508.0 1 2
SDSS J013647.96-062753.6  3.288 46.71 6617.0 0.97 1.05 15.0 3458.0 1 2
SDSS J014128.264-070606.1  2.262 46.25 3312.0 0.31 1.43 42.7 518.0 1 2
SDSS J014932.064+152754.0 2.384 46.33 2896.0 0.04 1.65 56.9 7.0 1 2
SDSS J020329.86-091020.3  1.582 46.13 7025.0 0.81 0.41 29.1 968.0 1 2
SDSS J021259.214132618.8  1.617 46.11 4722.0 0.95 1.00 44.1 417.0 1 2
SDSS J035150.97-061326.4  2.223 46.51 2616.0 0.37 3.27 13.8 314.0 1 2




6€T

SDSS J072517.524-434553.4
SDSS J072928.484-252451.8
SDSS J073900.904-485159.0
SDSS J073913.654-461858.5
SDSS J074941.16+4-262715.9
SDSS J075136.36+432732.4
SDSS J075405.08+4-280339.6
SDSS J075547.834-220450.1
SDSS J080117.79+4-521034.5
SDSS J080117.91+4-333411.9
SDSS J080413.66+4-251633.9
SDSS J081019.484-095040.9
SDSS J081056.96+4-120914.8
SDSS J081127.444-461812.9
SDSS J081410.76+4-443706.9
SDSS J081558.35+154055.2
SDSS J081940.58+4-082357.9
SDSS J082507.67+360411.1
SDSS J082603.32+4-342800.6
SDSS J082644.66+163549.0
SDSS J082736.89+4-061812.1
SDSS J083255.634-182300.7
SDSS J083417.124-354833.1
SDSS J084017.874103428.8
SDSS J084029.974-465113.7
SDSS J084526.754-550546.8
SDSS J084846.114+611234.6

SDSS J085443.104+-075223.2

1.595
2.311
1.627
1.574
1.594
2.249
2.271
2.314
3.259
1.602
2.301
2.236
2.251
2.237
2.274
2.235
3.204
1.582
2.306
2.188
2.191
2.279
2.162
3.333
1.574
1.616
2.259

1.612

46.37
46.51
46.27
46.33
46.37
46.42
46.34
46.51
46.92
46.24
46.52
46.42
46.57
46.54
46.32
46.53
46.76
46.60
46.40
46.72
46.76
46.64
46.63
46.51
46.53
46.34
46.82

46.32

1705.0
7074.0
5566.0
4060.0
3592.0
3736.0
4911.0
3207.0
5361.0
6795.0
3188.0
3297.0
3515.0
3804.0
2910.0
4622.0
7601.0
2939.0
5763.0
2687.0
3400.0
4269.0
3654.0
3038.0
4447.0
4971.0
4180.0

3138.0

1.76
0.45
0.27
0.74
0.49
0.58
0.02
0.24
0.64
0.59
0.37
0.83
0.33
0.54
0.57
0.00
0.37
0.79
0.66
0.16
0.33

1.61

0.26
0.86
0.26
0.52

0.47

20.04
0.48
0.50
1.48
1.61
1.71
0.57
1.97
1.59
0.42
2.24
2.69
1.89
1.84
2.49
0.80
0.53
4.06
0.75
3.37
2.54
3.92
3.52
2.23
1.72

0.68

1.96

24.1
22.0
45.7
19.1
53.3
29.2
29.1

429.0
622.0
1851.0
-314.0
1023.0
1996.0
-256.0
-65.0
3267.0
729.0
273.0
2175.0
-851.0
-555.0
711.0
641.0
769.0
698.0
936.0
-24.0
-221.0
2265.0
835.0
371.0
596.0
199.0
231.0

1466.0
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SDSS J085856.004-015219.4
SDSS J085946.79+4-603702.1
SDSS J090247.574-304120.7
SDSS J090646.98+4-174046.8
SDSS J090709.89+250620.8
SDSS J090710.36+4-430000.2
SDSS J091941.26+4-253537.7
SDSS J092216.044160526.4
SDSS J092325.25+4-453222.2
SDSS J092456.664-305354.7
SDSS J092523.244-214119.8
SDSS J092555.054-490338.2
SDSS J092942.974-064604.1
SDSS J093533.884-235720.5
SDSS J094140.164-325703.2
SDSS J094214.404-034100.3
SDSS J094347.024+690818.4
SDSS J094637.83-012411.5
SDSS J094646.94+4-392719.0
SDSS J094648.59+171827.7
SDSS J095047.454194446.1
SDSS J095058.764-263424.6
SDSS J095330.36+4-353223.1
SDSS J095544.254-182546.9
SDSS J095555.684-351652.6
SDSS J095707.824-184739.9
SDSS J095823.07+371218.3

SDSS J095852.19+4120245.0

2.169
2.279
1.562
1.581
3.316
2.193
2.266
2.371
3.473
3.448
2.361
2.340
1.632
2.304
3.449
1.581
1.599
2.215
2.230
2.298
1.573
2.404
2.389
3.485
1.616
2.370
2.282

3.307

46.50
46.42
46.52
46.39
46.81
46.62
46.28
46.37
46.67
46.70
46.22
46.34
46.23
46.34
46.87
46.14
46.24
46.52
46.37
46.43
46.16
46.50
46.39
46.74
46.26
46.53
46.47

46.76

3861.0
3148.0
5370.0
3174.0
3498.0
3136.0
6110.0
3026.0
3754.0
3628.0
3133.0
6598.0
5009.0
6736.0
4034.0
5190.0
6247.0
3366.0
5214.0
4627.0
4163.0
3550.0
4235.0
3151.0
6595.0
2732.0
3566.0
4417.0

0.57
0.81
0.49
0.83
0.06
1.20
0.12
0.24
0.25
0.29
0.34
0.42
0.49
0.13
0.69
0.64
0.60
0.20

0.17
0.02
0.73
0.52
0.22
0.74
0.79
0.92

0.25

1.74
2.89
0.87
2.79
2.06
5.08
0.37
1.87
1.76
2.01
1.58
0.44
0.70
0.33
2.76
0.67
0.50
1.75
1.26
0.81
0.64
2.35
1.22
2.64
0.52
4.34
2.62
1.41

23.7
27.6
47.7
16.7
19.4
24.4
36.7
43.7
35.4
18.0
44.1
32.2
25.6
44.1

35.0
44.1
19.4
29.2
44.5

35.1

13.5
39.1
29.2

14.7

16.8

2320.0
1852.0
229.0
1677.0
851.0
1137.0
251.0
142.0
2167.0
1251.0
287.0
548.0
4476.0
820.0
3237.0
-250.0
1277.0
92.0
4085.0
346.0
201.0
2911.0
2488.0
629.0
-149.0
4102.0
1988.0

707.0
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SDSS J100212.634-520800.2
SDSS J100850.06-023831.6
SDSS J101106.744-114759.4
SDSS J101425.114-032003.7
SDSS J101429.57+481938.4
SDSS J101724.26+-333403.3
SDSS J102537.69+4-211509.1
SDSS J102731.49+4-541809.7
SDSS J102907.094-651024.6
SDSS J103209.784-385630.5
SDSS J103236.984-230554.1
SDSS J104018.514-572448.1
SDSS J104330.094-441051.5
SDSS J104336.734-494707.6
SDSS J104716.504-360654.0
SDSS J104743.574+661830.5
SDSS J104911.34+4-495113.6
SDSS J105045.72+4-544719.2
SDSS J105902.04+4-580848.6
SDSS J105926.434-062227.4
SDSS J110516.684-200013.7
SDSS J110735.584-642008.6
SDSS J110810.874-014140.7
SDSS J111119.104-133603.8
SDSS J111850.024-351311.7
SDSS J112726.814-601020.2
SDSS J113621.054+005021.2

SDSS J114212.25+4-233250.5

1.619
2.272
2.249
2.165
1.569
1.579
2.255
1.590
2.170
1.581
2.378
3.411
2.216
2.195
2.290
2.166
1.606
2.173
2.248
2.198
2.357
2.325
1.605
3.478
2.175
2.162
3.428

1.594

46.21
46.31
46.35
46.56
46.36
46.24
46.14
46.31
46.66
46.28
46.36
46.75
46.51
46.52
46.34
46.53
46.73
46.66
46.37
46.72
46.38
46.40
46.33
46.94
46.51
46.44
46.84

46.35

3123.0
2997.0
2275.0
5309.0
2841.0
6689.0
6420.0
6892.0
4545.0
4281.0
3267.0
3984.0
7222.0
7025.0
2975.0
7059.0
2709.0
4781.0
2804.0
6361.0
5039.0
2937.0
4784.0
6936.0
3664.0
4168.0
5139.0

3518.0

0.45
0.62
0.41
0.81
1.00
0.60
0.18
0.76
0.48
1.16
0.30
0.44
0.62
0.43
0.23
0.40
0.22
0.20
0.21
0.97
0.16
0.64
0.75
0.33
0.77
1.17
0.19

0.72

1.71
2.41
3.71
1.20
3.86
0.44
0.30
0.51
1.42
1.76
1.66
2.00
0.53
0.48
1.85
0.47
3.54
1.02
2.12
1.16
0.64
2.84
1.07
0.76
2.31

2.26

1.98

17.7
34.1
30.4
13.6
19.0
20.0
46.9

23.8
15.6
18.3
13.5
24.6
29.7
60.6
29.3

51.2

30.2
48.3
36.8
24.3
22.2

19.5

16.2
46.8

19.3

889.0
1557.0
483.0
2152.0
1799.0
763.0
416.0
382.0
1388.0
-385.0
144.0
1094.0
1353.0
1669.0
101.0
387.0
156.0
914.0
945.0
297.0
207.0
1887.0
-1275.0
922.0
2266.0
1869.0
523.0

1396.0




44!

SDSS J114350.304-362911.3
SDSS J114711.784-084029.6
SDSS J114902.704-144328.0
SDSS J114907.154-004104.3
SDSS J114927.90+432727.9
SDSS J121314.034-080703.6
SDSS J121519.42+4-424851.0
SDSS J121810.98+4-241410.9
SDSS J122046.054455442.1
SDSS J122709.48+4-310749.3
SDSS J122938.614-462430.5
SDSS J123514.644-462904.0
SDSS J125150.454-114340.7
SDSS J125159.904-500203.6
SDSS J132845.004-510225.8
SDSS J134341.99+4255652.9
SDSS J135908.35+305830.8
SDSS J140704.43+4-273556.6
SDSS J141028.14+4-135950.2
SDSS J141925.484-074953.5
SDSS J141951.844-470901.3
SDSS J142435.974-421030.4
SDSS J142502.624-274912.2
SDSS J142543.324-540619.3
SDSS J142755.85-002951.1
SDSS J142903.03-014519.3
SDSS J144624.29+4173128.8

SDSS J144706.81+4-212839.2

2.352
2.332
2.204
2.301
3.331
2.391
2.311
2.380
2.219
2.219
2.145
2.208
2.209
2.378
3.403
1.601
2.316
2.220
2.216
2.391
2.311
2.212
2.346
3.261
3.365
3.420
2.209

3.224

46.44
46.46
46.51
46.50
46.76
46.44
46.40
46.73
46.79
46.57
46.46
46.49
46.49
46.51
46.93
46.60
46.50
46.35
46.67
46.55
46.76
46.38
46.37
46.91
46.70
46.74
46.52

46.76

4090.0
3396.0
4461.0
5920.0
6459.0
3761.0
3345.0
3981.0
4295.0
5057.0
4040.0
5243.0
4635.0
3365.0
3821.0
12197.0
5795.0
6045.0
6555.0
5214.0
4938.0
6177.0
4436.0
4126.0
3142.0
5337.0
2938.0

6113.0

0.27

0.25
0.62
0.19
0.81
0.27
0.41
0.60
0.59
0.39
0.15
0.10
0.89
0.25
0.39
0.65
0.44
0.82
0.64
0.70
0.63
0.04
0.45
0.16
0.60
0.22

0.25

3.49
1.02
0.78
0.63
2.08
1.63
1.91
2.06
1.13
1.32
0.67
0.82
3.02
2.31
0.17
0.83
0.54
0.91
1.08
1.62
0.62
0.74
2.27
2.42
1.25
2.34

0.74

15.3
11.4
28.5
23.9
23.8
15.0
28.9
30.8

22.0

43.2
46.2
47.0
28.7
30.0
16.7
27.9
20.4
38.7
14.3
24.9
24.5
41.7
11.8
34.6
21.4
14.9

14.1

245.0
4831.0
1546.0
1029.0
1543.0
2600.0

353.0
1221.0
2112.0
6062.0

-86.0

953.0
1938.0
1113.0

209.0

-4.0
5112.0
1039.0
1353.0
1841.0
3100.0

295.0

-14.0

803.0

576.0
1908.0
1046.0

1566.0
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SDSS J144948.624-123047.4
SDSS J145541.11-023751.0
SDSS J150743.714-220928.8
SDSS J151507.824-612411.9
SDSS J151727.68+133358.6
SDSS J151733.09+4435648.4
SDSS J152929.55+4-230208.7
SDSS J155355.104-375844.1
SDSS J160029.86+-331806.9
SDSS J160425.304-193929.1
SDSS J160513.174-325829.9
SDSS J160637.574173516.2
SDSS J161435.704-372715.6
SDSS J162659.244-301535.0
SDSS J163433.424-265158.2
SDSS J164807.55+254407.1
SDSS J165321.034-271706.7
SDSS J173352.234-540030.4
SDSS J205900.36-064309.5
SDSS J210558.29-011127.5
SDSS J210831.56-063022.5
SDSS J211251.064-000808.3
SDSS J213655.35-080910.1
SDSS J214901.21-073141.6
SDSS J220139.994-114140.8
SDSS J222310.764-180308.1
SDSS J222621.45+4251545.0

SDSS J225627.124+-092313.3

1.592
1.612
3.230
2.182
2.236
2.204
1.581
2.364
1.594
3.296
2.280
2.331
1.599
1.580
1.569
2.195
1.610
3.429
2.283
1.637
2.350
1.626
1.596
2.203
2.372
1.604
2.391

2.293

46.34
46.17
46.65
46.59
46.45
46.38
46.32
46.31
46.25
46.71
46.37
46.26
46.57
46.22
46.25
46.76
46.54
46.71
46.50
46.49
46.42
46.23
46.33
46.44
46.48
46.20
47.09

46.44

6505.0
4798.0
3764.0
3663.0
4680.0
4715.0
3536.0
3307.0
7471.0
4439.0
3460.0
3337.0
4662.0
5308.0
2695.0
2949.0
2843.0
4200.0
4102.0
3557.0
4949.0
3493.0
4769.0
3181.0
2846.0
3291.0
8350.0
4175.0

0.09
0.18
0.61
0.42
0.53
0.75
0.59
0.34
0.15
0.60
0.85
0.91
0.34
0.78
0.71
0.14
0.73
0.33
2.17

0.78

0.61
0.94
0.75
0.60
0.32
0.34

1.00

0.35
0.56
2.27
1.92

1.08

1.71
1.57
0.25
1.75
2.33
2.31
1.08
0.79
2.98
2.89
3.84
1.56
5.64
2.40
1.53
1.59
1.26
2.77
3.21
1.37
0.64

1.96

27.6
19.4
26.3

26.8

471.0
295.0
410.0
585.0
1421.0
2301.0
583.0
1590.0
776.0
2073.0
3789.0
1878.0
250.0
47.0
428.0
82.0
2469.0
521.0
-261.0
2584.0
2949.0
3256.0
2379.0
486.0
1953.0
892.0
1225.0

1061.0




jad!

SDSS J230722.214-253803.8
SDSS J231450.124-182402.8
SDSS J233304.61-092710.9
SDSS J233344.664-290251.5
SDSS J234817.55+193345.8
SDSS J235212.85-012029.6

PG 0003+199

PG 0026+129

PG 0050+124

PG 00524251

PG 01574001

PG 0804+761

PG 0838+770

PG 0844+349

PG 0921+525

PG 09234129

PG 09234201

PG 0947+396

PG 0953+414

PG 1011-040

PG 10124008

PG 10224519

PG 1048+342

PG 1049-006

PG 1114+445

PG 1115+407

PG 11164215

PG 1119+120

1.597
2.284
2.120
3.233
2.202
2.387
0.026
0.145
0.059
0.154
0.163
0.100
0.132
0.064
0.035
0.029
0.193
0.206
0.234
0.058
0.186
0.045
0.167
0.360
0.144
0.154
0.176

0.050

46.36
46.37
46.65
46.71
46.58
46.50
44.07
45.13
44.61
45.17
44.99
45.28
44.73
44.49
43.60
43.76
45.22
44.88
45.56
44.25
45.00
43.54
44.80
45.67
44.73
44.61
45.54

44.02

2720.0
3243.0
3178.0
4068.0
5058.0
5193.0
1640.0
1860.0
1240.0
5200.0
2460.0
3070.0
2790.0
2420.0
2120.0
1990.0
7610.0
4830.0
3130.0
1440.0
2640.0
1620.0
3600.0
5360.0
4570.0
1720.0
2920.0

1820.0

0.64
0.39
0.09
0.80
1.41
0.60
0.62
0.51
1.00
0.23
0.71
0.67
0.89
0.89
0.14
0.53
0.72
0.23
0.25
0.73
0.66
1.00
0.32
0.56
0.20
0.54
0.47

0.90

3.15

1.83

2.44
2.20
0.99
0.62
1.43
2.66
0.15
0.82
0.71
0.55
0.56
0.15
0.28

0.11

0.68
1.07
0.70
0.49
0.23
0.33
0.12
0.95
0.90

0.60

49.3
31.6
37.4
17.8

13.9

60.1
19.3
29.9
119.0
43.0
45.0
50.0
28.0
186.0
93.0

28.0

54.9
25.0
23.0
38.0
46.0
67.0
55.0
25.9
40.5

29.0

704.0
449.0
625.0
3567.0
2182.0
1906.0
-102.0
-120.0
177.0
107.0
1524.0
210.0
-197.0
-50.0
-488.0
-437.0
-794.0
266.0
127.0
337.0
494.0
39.0
572.0
436.0
-494.0
666.0
462.0

209.0
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PG 1121+422
PG 1126-041
PG 1149-110
PG 1151+117
PG 12024281
PG 1211+143
PG 12164069
PG 12294204
PG 12444026
PG 1259+593
PG 13074085
PG 1309+355
PG 1310-108
PG 1322+659
PG 1341+258
PG 13514236
PG 13514640
PG 1352+183
PG 1402+261
PG 14044226
PG 14254267
PG 14264015
PG 1435-067
PG 1440+356
PG 1444+407
PG 1501+106
PG 15194226

PG 15344580

0.225
0.060
0.049
0.176
0.165
0.081
0.332
0.064
0.048
0.477
0.154
0.182
0.034
0.168
0.086
0.055
0.088
0.151
0.164
0.098
0.364
0.086
0.129
0.078
0.268
0.036
0.136

0.030

44.90
44.37
44.02
44.89
44.66
45.10
45.65
44.41
44.05
45.99
45.13
44.99
43.77
44.91
44.34
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TABLE 5.2. “Source of rest-frame optical data, including zy., ¥L, (5100 A), FWHM(Hp), and Rp, 1. (1) M23;

(3) [82].

®Source of rest-frame UV data, including EW(C1v) and Blueshift(C1v). (2) D23; (4) [167]. Column (1) provides
the source name; Column (2) gives the systemic redshift determined from the peak of, in order of preference,
the [O 1m]A5007 , Mgir A2798, and HB A\4861 emission lines; Column (3) gives logvL, (5100 A); Column (4)
gives FWHM(H}); Column (5) gives Rp. 1 = F(Fe 11 A\4434 — 4684) /F(HB) ~ EW(Fe 11)/EW(HS); Column (6)
gives Fe 11-corrected Hf-based L/Lgqgq (from Equation 24); Column (7) gives EW(C1v A1549); Column (8) gives

C1v velocity offsets from the systemic redshift; Columns (9) and (10) provide the reference for the rest-frame

optical and UV spectral measurements, respectively.




Correction Sample N rs P

EW(C1v)-L/Lgaqa Ordinary 230 —0.38 3.27 x 1079
EW(C1v)-L/Lgqq All 247 —0.36 4.66 x 1078
EW(C1v)-L/Lgad, corr Ordinary 230 —0.48 6.91 x 10715
EW(C1V)-L/Lgad, corr All 247 —0.53 1.23 x 10719
C1v Distance-L/Lgqq Ordinary 230 0.39 7.23 x 10710
C1v Distance-L/Lgqq All 247  0.38 823 x 10710
C1v Distance-L/Lgdd, corr Ordinary 230 051  8.32 x 1017

C1v Distance-L/Lgdd, corr All 247 056 216 x 1072

TABLE 5.3. The last three columns represent the number of sources in each
correlation, the Spearman-rank correlation coefficient, and the chance proba-

bility, respectively.

5.5. Appendix: NIR Spectroscopy of SDSS J113747.644-391941.5 and SDSS J213742.25—003912.7

SDSS J113747.64+391941.5 and SDSS J213742.25—003912.7 (hereafter, SDSS J1137+43919
and SDSS J2137—0039, respectively) are two WLQs with redshifts suitable for observing
the Hp line in the H-Band. Observations of these quasars were carried out by the Gemini-
North Observatory using GNIRS throughout four observing runs between 2014 March 14 and
2014 August 4, under program GN-2014A-Q-47. The observation log appears in Table 5.4.
For both targets, we used the Short Blue Camera, with spatial resolution 0.”15 pix~!, and
a 1.0” slit to achieve a spectral resolution of R ~ 600. An H-filter was applied, producing a
spectral range of 1.5 - 1.8 um, corresponding to rest-frame ~ 4500 — 5300 A. Exposure times
for each subintegration were 238 s and 220 s, and the total integration times were 7140 s
and 7040 s for SDSS J1137+3919 and SDSS J2137—0039, respectively. These observations
were performed using the standard “ABBA” nodding pattern of the targets along the slit in
order to obtain primary background subtraction.

The spectra were processed using the standard procedure of the IRAF Gemini pack-
age based on the PyRAF Python-based interface. Exposures from the same nodding position
were added to boost the signal-to-noise ratio, then the sum of exposures from two different

nodding positions were subtracted to remove background noise. Wavelength calibration was
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done against an Argon lamp in order to assign wavelength values to the observed pixels.

Spectra of telluric standard stars with Tyg ~ 9700 K were taken immediately before
or after the science exposures to remove telluric absorption features in the quasars’ observed
spectra. These spectra were processed in a similar fashion, followed by a removal of the
stars’ intrinsic hydrogen absorption lines by fitting a Lorentzian profile to each hydrogen
absorption line, and interpolating across this feature to connect the continuum on each side
of the line. The quasars’ spectra were divided by the corrected stellar spectra. The corrected
quasar spectra were then multiplied by an artificial blackbody curve with a temperature
corresponding to the telluric standard star, which yielded a cleaned, observed-frame quasar
spectrum.

Flux calibrations were obtained by taking the Wide-field Infrared Survey Explorer
(WISE; [228]) W1-band (at 3.4 ym) apparent magnitudes, reported by SDSS Data Release
16 [109], and the W1 isophotal flux density Fj(iso) given in Table 1 of [229]. Flux densities

at 3.4 pm were derived according to:
(25) F/\(3.4 ,um) = F)\(iSO) . 10*mag/2.5.

The flux densities at 3.4 um were extrapolated to flux densities at 1.63 pum, roughly corre-
sponding to Aest = 5100 A, assuming an optical continuum of the form F, o« v~°° [24].

We modeled the spectra following the methods of [58] and [191]. Our model consists
of a linear continuum through the average flux densities of two narrow (~20 A) rest-frame
bands centered on 4750 A and 4975 A, a broadened Fe 11 emission template [82], and two
Gaussian profiles for the HS A4861 emission-line. No [O 11Ijemission-lines are detectable in
either spectrum, and we placed upper limits on their EWs by fitting a Gaussian feature
where the [O I11]emission-lines should be such that they are indistinguishable from the noise.
The final, calibrated near infrared spectra of the two WLQs appear in Figure 5.5.

In both sources we detected weak and relatively narrow HS lines as well as strong
Fe 11 features compared to quasars at similar luminosities and redshifts [60, 35]. We also

determined the systemic redshifts (zgs) values from the observed-frame wavelength of the
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peak (Apeax) of the Hf emission-line, a similar treatment as in [115] for sources that lack
[O mi1]emission. The z4 values are larger than the redshifts reported by [109] by Az = 0.008
in SDSS J11374-3919 and by Az = 0.013 in SDSS J2137—0039, corresponding to velocity
offsets (blueshifts) of 700 km s™! and 1184 km s™!, respectively, which is consistent with
typical velocity offsets between SDSS Pipeline redshifts and zs values observed in luminous,
high-redshift quasars (M23, [54]). The rest-frame spectra in Figure 5.5 have henceforth been
corrected by zgs. Rest-frame EWs of HB A\4861, Fe 11 A\4434 — 4684, and the upper limit
on the EWs of [O 1m1] A5007 were calculated for SDSS J1137+3919 to be 16 A, 53 A,
and < 4 A, and for SDSS J2137—0039 to be 20 A, 49 A, and < 5 A, respectively. The
flux densities at a rest-frame wavelength of 5100 A are 7.77 x 10~'® ergscm2s~ ' A~! and

8.18 x 107'® ergscm 257! A~!, respectively.

logvL, Exp. Time
Quasar 2% 255 ? (5100A)  Observation Dates (s)
SDSS J113747.644-391941.5 2.420 2.428 45.8 2014 Mar 14, 20 7140
SDSS J213742.25—-003912.7 2.281 2.294 45.8 2014 Jun 29, Aug 04 7040

TABLE 5.4. “Obtained from visually-inspected redshifts (zvis) reported in
SDSS Data Release 16 [109].

bSystemic redshifts (see § 5.5 for details).
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F; [107ergem™ s A

FIGURE 5.5. The NIR spectra of SDSS J1137+3919 (top) and SDSS
J2137-0039 (bottom).
spectrum of each quasar. The continuous straight line below the spectrum is
the linear continuum fit. The dashed line is the HB A\4861 profile modelled
with two Gaussians. The dotted-dashed line is the Fe 11 template from [82],

which was broadened by 1500 km s=! for SDSS J1137+3919, and 1400 km

\S]

SDSS J113747.64+391941.5

[
5000

w0 as0
Rest-Frame Wavelength [A]

In each panel, the continuous line is the observed

s~! for J2137—0039. The bold solid line is the entire fitted spectrum.
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CHAPTER 6
CONCLUSION

We present near-infrared spectroscopic measurements of 260 high redshift quasars
between 1.5 < 2z < 3.5. These measurements include important diagnostic emission lines
such as Mg 11, HB, and [O 111], along with supplementary emission lines such as HJ and H~,
when present, for use in future investigations. This spectral inventory will not only serve as a
reference point for investigations into high redshift quasars, but will also enable investigation
into a variety of avenues including co-evolution of quasars and their host galaxies, and redshift
evolution of spectral properties.

Using this spectral inventory, we take a sub-sample of 154 “ordinary” quasars with
highly reliable [O 111] measurements in order to explore relationships between accurate sys-
temic redshift measurements and prominent observed-frame UV-optical lines in high redshift
quasars, namely C 1v, and whether we might be able to accurate correct redshifts using the
properties of only a single emission line. Our results suggest that not only is this a feasible
practice, but that it, in fact, yields the most accurate results, on average, barring direct
[O 111] measurement.

Also with this spectral inventory, we use a sub-sample of 177 sources to explore two
different regimes in quasar understanding. The first was a similar exploration to the redshift
analysis, only applied to correcting black hole masses. By using HS and Mg 11 measurements
from GNIRS-DQS, we are able to explore how different black hole mass estimators work on
our survey sample, and further explore our own corrections in this regard. We find that, using
our black hole mass corrections, we can gain the most accurate black hole mass estimations
using both the C 1v and Mg 11 emission lines. While not as robust as reverberation mapped
data, this single epoch analysis will prove invaluable for quick, reliable black hole mass
estimations for bulk quasar observations.

The other exploration was into weak line quasars. Historically, there has been a
definite distinction in the community as to what constitutes a weak line quasar based on
emission line strength via measurements such as equivalent width. As a result, astronomers

have been inclined to consider weak line quasars a sub-type of quasar. However, our inves-
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tigation shows that, while weak line quasars might stick out a bit with respect to accretion
rate, they still roughly follow the general distribution of “ordinary” quasars, and appear to
not be notably distinct objects on their own.

As we push to higher and higher redshifts and obtain spectra of millons of quasars via
a variety of sky surveys, establishing relationships and prescriptions using proven baseline
methodologies will be crucial in interpreting large data sets in an efficient, accurate, and
precise manner. By applying the tools and knowledge we have garnered, we will be able to
ensure that future explorations into quasars will take advantage of the full parameter space
available across a large of wavelength ranges, and across a large span of redshifts. Future
avenues of investigation include high resolution radio spectroscopy of specific diagnostic line
such as [O 11] in order to gain a more complete understanding of outflows in the narrow
line region, follow-up mini surveys of currently existing near-infrared inventory using next
generation instruments such as SCORPIO to more accurately refine Fe 11 emission and Mg 11
measurements in order to investigate quasar metallicity, and how it evolves over cosmic time,
and continuing to push to higher redshifts using such instruments as the Keck Observatory
and the soon-to-be operational James Webb Space Telescope and explore the origins of these

mysterious objects.
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