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ABSTRACT

We present the Data Release 9 Quasar (DR9Q) catalog from the Baryon Oscillation Spectroscopic Survey (BOSS) of the Sloan Digital Sky
Survey III. The catalog includes all BOSS objects that were targeted as quasar candidates during the survey, are spectrocopically confirmed
as quasars via visual inspection, have luminosities M;[z = 2] < —20.5 (in a ACDM cosmology with Hy = 70 kms~' Mpc™!, Qy = 0.3, and
Qu = 0.7) and either display at least one emission line with full width at half maximum (FWHM) larger than 500 km s! or, if not, have
interesting/complex absorption features. It includes as well, known quasars (mostly from SDSS-I and II) that were reobserved by BOSS. This
catalog contains 87 822 quasars (78 086 are new discoveries) detected over 3275 deg? with robust identification and redshift measured by a
combination of principal component eigenspectra newly derived from a training set of 8632 spectra from SDSS-DR7. The number of quasars
with z > 2.15 (61 931) is ~2.8 times larger than the number of z > 2.15 quasars previously known. Redshifts and FWHMs are provided for the
strongest emission lines (C 1v, C 1iI], Mg 11). The catalog identifies 7533 broad absorption line quasars and gives their characteristics. For each
object the catalog presents five-band (u, g, r, i, z7) CCD-based photometry with typical accuracy of 0.03 mag, and information on the morphology
and selection method. The catalog also contains X-ray, ultraviolet, near-infrared, and radio emission properties of the quasars, when available,
from other large-area surveys. The calibrated digital spectra cover the wavelength region 3600-10500 A at a spectral resolution in the range
1300 < R < 2500; the spectra can be retrieved from the SDSS Catalog Archive Server. We also provide a supplemental list of an additional
949 quasars that have been identified, among galaxy targets of the BOSS or among quasar targets after DR9 was frozen.
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1. Introduction of the third stage of the Sloan Digital Sky Survey (SDSS-III,
Eisenstein et al. 2011). It is based on the ninth data release of

Since their discovery (Schmidt 1963), interest in quasars has the SDSS (Ahn et al. 2012). BOSS is a five-year program to

grown steadily, both because of their peculiar properties and
because of their importance for cosmology and galaxy evolu-
tion. Many catalogs have gathered together increasing numbers
of quasars either from heterogeneous samples (see Hewitt &
Burbidge 1993; Véron-Cetty & Véron 2006, and references
therein) or from large surveys, most importantly: the Large
Bright Quasar Survey (LBQS, Morris et al. 1991; Hewett et al.
1995); the 2dF Quasar Redshift Survey (2QZ; Boyle et al. 2000;
Croom et al. 2001) and the successive releases of the Sloan
Digital Sky Survey (SDSS, York et al. 2000) Quasar Catalogs
(e.g., Schneider et al. 2010, for DR7).

This paper describes the first quasar catalog of the Baryon
Oscillation Spectroscopic Survey (BOSS, Schlegel et al. 2007;
Dawson et al. 2012). BOSS is the main dark time legacy survey

* Catalog is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbhg. fr/viz-bin/qcat?]/A+A/548/A66
** Hubble fellow.
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obtain spectra of 1.5 million of galaxies and over 150000 z >
2.15 quasars. The main goal of the survey is to detect the char-
acteristic scale imprinted by baryon acoustic oscillations (BAO)
in the early universe from the spatial distribution of both lumi-
nous red galaxies at z ~ 0.7 and H T absorption lines in the inter-
galactic medium (IGM) at z ~ 2.5. BOSS uses the same imaging
data as in SDSS-I and II, with an extension in the south Galactic
cap (SGO).

The BAO clustering measurements in the IGM require a
quasar catalog of maximal purity and accurate redshifts. Indeed
the spectra of any non-quasar object, especially at high signal-to-
noise ratio, will dilute the signal and/or increase the noise in the
clustering measurement. The automated processing of the spec-
tra (Bolton et al. 2012) is sophisticated, but is not perfect. The
identification of the objects and their redshifts have therefore to
be certified before any analysis is performed. The present cata-
log, henceforth denoted DR9Q catalog, contains 87 822 quasars
identified among the objects targeted as quasar candidates over
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an area of 3275 deg? surveyed during the first two years of
BOSS operations. We also give a supplemental list of quasars
identified among galaxy targets. This catalog keeps the tradition
of producing quasar catalogs (Schneider et al. 2002, 2003, 2005,
2007,2010) from SDSS-I and II (York et al. 2000). The final ver-
sion of the SDSS-II quasar catalog (Schneider et al. 2010) based
on the seventh SDSS data release (Abazajian et al. 2009) con-
tains 105 783 objects mostly at z < 2 (see Shen et al. 2011, for
their properties). Note that the DR9Q catalog does not contain all
DR7 quasars but only those DR7 quasars that were reobserved
during the two first years of BOSS!. High redshift (z > 2) quasar
continua together with pixel masks, improved noise estimates,
and other products designed to aid in the BAO-Lyman-a cluster-
ing analysis will be released in Lee et al. (in prep.).

The selection of candidates and observations are summa-
rized in Sect. 2. We describe the visual inspection of all targets
in Sect. 3, present accurate redshifts for the quasars in Sect. 4
and describe the detection and measurement of broad absorption
lines (BALs) in Sect. 5. The catalog is described in Sect. 6. We
give a catalog summary in Sect. 7 and comment on the supple-
mental lists of quasars in Sect. 8. We conclude in Sect. 9.

In the following we will use a ACDM cosmology with Hy =
70 kms~! Mpc™!, Qu = 0.3, and Q4 = 0.7 (Spergel et al. 2003).

Most of the objects in the catalog show at least an emis-
sion line with FWHM > 500 kms~! in their spectra. However,
there are a few exceptions: a few objects have emission lines
with smaller FWHM due to noise or dust obscuration (Type II
quasars) others have very weak emission lines but are identi-
fied as quasars because of the presence of the Lyman-« forest
(Diamond-Stanic et al. 2009). We will call a quasar an object
with a luminosity M;[z = 2] < —20.5 and either displaying at
least one emission line with FWHM greater than 500 km s Uor,
if not, having interesting/complex absorption features. This def-
inition is slightly different from the one used in SDSS-DR7. The
change in absolute magnitude is to include a few low-z objects in
the catalog. Because BOSS is targeting z > 2.15 quasars, the me-
dian absolute luminosity is higher in BOSS than in SDSS-DR?7.
All BOSS objects with z > 2 qualify for the SDSS-DR7 defi-
nition: FWHM > 1000 km s~! and M;[z = 0] < =22 (adopting
the same cosmology and @, = —0.5). In the following, all mag-
nitudes will be PSF magnitudes.

2. Survey outline

In order to measure the BAO scale in the Lyman-« forest at
z ~ 2.5, BOSS aims to obtain spectra of over 150000 quasars
in the redshift range 2.15 < z < 3.5, where at least part of the
Lyman-a forest lies in the BOSS spectral range. The measure-
ment of clustering in the IGM is independent of the properties of
background quasars. Therefore the quasar sample does not need
to be uniform and a variety of selection methods are used to in-
crease the surface density of high redshift quasars (Ross et al.
2012). Some quasars with z < 2 will be targeted in the course
of specific ancillary science programs or as a consequence of
imperfect high-redshift quasar selection.

To detect the BAO signal, a surface density of 15 quasars
with z > 2.15 per square degree is required (McDonald
& Eisenstein 2007). For comparison, SDSS-I/II targeted
about ~14000 z > 2.15 quasars over the full survey,
e.g. ~8400 deg” (Schneider et al. 2010), leading to a surface

' All known z > 2.15 quasars in BOSS footprint are being reobserved
to obtain spectra of uniformly high S/N in the Lyman-« forest and to
enable variability studies.
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density of ~2 quasars per square degree in the redshift range
of interest for BOSS. To reach the BAO quasar density require-
ment implies targeting to fainter magnitudes than SDSS-I/II. The
BOSS limiting magnitude for target selection is r < 21.85 or
g < 22 (Ross et al. 2012), while z > 3 quasars were selected to
be brighter than i ~ 20.2 in SDSS-I/II (Richards et al. 2002).

2.1. Imaging data

BOSS uses the same imaging data as that of the original
SDSS-I/II survey, with an extension in the SGC. These data were
gathered using a dedicated 2.5 m wide-field telescope (Gunn
et al. 2006) to collect light for a camera with 30 2k x 2k CCDs
(Gunn et al. 1998) over five broad bands — ugriz (Fukugita
et al. 1996); this camera has imaged 14555 unique square
degrees of the sky, including ~7500 deg’ in the NGC and
~3100 deg? in the SGC (Aihara et al. 2011). The imaging data
were taken on dark photometric nights of good seeing (Hogg
et al. 2001). Objects were detected and their properties were
measured (Lupton et al. 2001; Stoughton et al. 2002) and cal-
ibrated photometrically (Smith et al. 2002; Ivezi¢ et al. 2004;
Tucker et al. 2006; Padmanabhan et al. 2008), and astrometri-
cally (Pier et al. 2003).

2.2. Target selection

The target selection of quasar candidates is crucial for the goals
of the quasar BOSS survey. On average 40 fibers per square de-
gree are allocated by the survey to the quasar project. The sur-
face density of z > 2.15 quasars to the BOSS magnitude limit
is approximately 28 per deg” (see Palanque-Delabrouille et al.
2012). Thus, recovering these quasars from 40 targets per square
degree in single-epoch SDSS imaging is challenging because
photometric errors are significant at this depth and because the
quasar locus (in ugriz) crosses the stellar locus at z ~ 2.7 (Fan
1999; Richards et al. 2002; Ross et al. 2012). All objects clas-
sified as point-sources in the imaging data and brighter than ei-
ther r = 21.85 or g = 22 (or both, magnitudes dereddened for
Galactic extinction) are passed through the various quasar target
selection algorithms. The quasar target selection for the first two
years of BOSS operation is fully described in Ross et al. (2012).
We briefly summarize here the key steps.

The target selection algorithm is designed to maximize the
number of quasars useful for the Lyman-a forest analyses and
reach the requirement of 15 deg™? quasars with z > 2.15. Several
target selection methods are therefore combined and data in
other wavelength bands are used when available. At the same
time, in order to use the quasars themselves for statistical stud-
ies, such as the quasar luminosity function or clustering anal-
yses (e.g. White et al. 2012), part of the sample must be uni-
formly selected. Thus, the BOSS quasar target selection is split
in two parts:

— About half of the targets are selected as part of the so-called
“CORE” sample using a single uniform target selection algo-
rithm. The likelihood method (Kirkpatrick et al. 2011) was
adopted for the CORE selection during the first year of ob-
servations. Starting with the second year of operation, it was
replaced by the extreme deconvolution method (XDQSO;
Bovy et al. 2011) which better takes photometric errors into
account.

— Most of the remaining quasar candidates are selected as part
of the so-called “BONUS” sample through a combination
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of four methods: the non-parametric Bayesian classification
and kernel density estimator (KDE; Richards et al. 2004,
2009), the likelihood method (Kirkpatrick et al. 2011), a neu-
ral network (Yeche et al. 2010) and the XDQSO method
(Bovy et al. 2011, 2012, objects for lower likelihood than
in the CORE sample, over a slightly expanded redshift
range, and incorporating data from UKIDSS; Lawrence et al.
(2007); from GALEX; Martin et al. (2005); and, where avail-
able, from coadded imaging in overlapping SDSS runs). The
outputs of all of these BONUS methods are combined using
a neural network.

Point-sources that match FIRST (Becker et al. 1995) and that are
not blue in u—g (which would be characteristic of z < 2 quasars)
are also always included. In addition, previously known z >
2.15 quasars (mostly from SDSS I/II) were also re-targeted for
several reasons: (i) the BOSS wavelength range is more ex-
tended than in previous surveys; (ii) BOSS spectra have usu-
ally higher signal-to-noise ratio (S/N) than SDSS spectra (Ahn
et al. 2012); (iii) the two epoch data will allow spectral variabil-
ity studies. This sample is selected using the SDSS-DR7 quasar
catalog (Schneider et al. 2010), the 2dF QSO Redshift Survey
(2QZ; Croom et al. 2004), the 2dF-SDSS LRG and QSO Survey
(2SLAQ; Croom et al. 2009), the AAT-UKIDSS-SDSS (AUS)
survey, and the MMT-BOSS pilot survey (Appendix C in Ross
et al. 2012). Quasars observed at high spectral resolution by
UVES-VLT and HIRES-Keck were also included in the sam-
ple. Finally, BOSS includes targeting of a number of ancillary
programs, some designed specifically to target quasars (e.g.,
the variability programs; Palanque-Delabrouille et al. 2011;
MacLeod et al. 2012). The corresponding programs include:

e Reddened quasars: quasar candidates with high intrinsic
reddening.

e No quasar left behind: bright variable quasars on Stripe 82.

e Variability-selected quasars: variable quasars on Stripe 82,
focused on z > 2.15.

e K-band limited sample of quasars: quasars selected from
SDSS and UKIDSS K photometry.

e High-energy blazars and optical counterpars of gamma-ray
sources: Fermi sources, plus blazar candidates from radio and
X-ray.

e Remarkable X-ray source populations: XMM-Newton and
Chandra sources with optical counterparts.

e BAL quasar variability survey: known BALs from SDSS-I/II.

e Variable quasar absorption: known narrow-line absorption
quasars from SDSS-I/II.

e Double-lobed radio quasars: point sources lying between pairs
of FIRST radio sources.

e High-redshift quasars: candidates at z > 3.5 in overlap be-
tween scanlines.

e High-redshift quasars from SDSS and UKIDSS: candidates at
z> 5.5 from SDSS and UKIDSS photometry.

e Previously known quasars with 1.8 < z < 2.15: reobserved to
constrain metal absorption in the Ly« forest.

e Variable quasars: selected from repeat observations in over-
laps of SDSS imaging runs.

These programs are described in detail in the Appendix and
Tables 6 and 7 of Dawson et al. (2012).

2.3. Spectroscopy

Because BOSS was designed to observe targets two magnitudes
fainter than the original SDSS spectroscopic targets, substantial

Fig. 1. The space distribution in equatorial coordinates of the SDSS-III
DRO data release quasars.

upgrades to the SDSS spectrographs were required and prepared
during the first year of SDSS-III (Smee et al. 2012). New CCDs
were installed in both red and blue arms, with much higher
quantum efficiencies both at the reddest and bluest wavelengths.
These are larger format CCDs with smaller pixels, that match the
upgrade of the fiber system from 640 fibers with 3 arcsec opti-
cal diameter to 1000 fibers (500 per spectrograph) with 2 arcsec
diameter. The larger number of fibers alone improves survey
efficiency by 50%, and because BOSS observes point sources
(quasar targets) and distant galaxies in the sky-dominated regime
the smaller fibers yield somewhat higher S/N spectra in typical
APO seeing, though they place stiffer demands on guiding ac-
curacy and differential refraction. The original diffraction grat-
ings were replaced with higher throughput, volume-phase holo-
graphic (VPH) transmission gratings, and other optical elements
were also replaced or recoated to improve throughput. The spec-
tral resolution varies from ~1300 at 3600 A to 2500 at 10000 A.
The instrument is described in detail in Smee et al. (2012) and
the BOSS survey is explained in Dawson et al. (2012).

BOSS spectroscopic observations are taken in a series of at
least three 15-min exposures. Additional exposures are taken un-
til the squared signal-to-noise ratio per pixel, (S/N)?, reaches
the survey-quality threshold for each CCD. These thresholds are
(S§/N)> > 22 at i-band magnitude 21 for the red camera and
(S/N)? > 10 at g-band magnitude 22 for the blue camera (extinc-
tion corrected magnitudes). Recall that the pixels are co-added,
linear in log A with sampling from 0.82 to 2.39 A over the wave-
length range from 3610 to 10 140 A. The current spectroscopic
reduction pipeline for BOSS spectra is described in Bolton et al.
(2012). SDSS-III uses plates with 1000 spectra each, more than
one plate can cover a tile (Dawson et al. 2012). 819 plates were
observed between December 2009 and July 2011. Some have
been observed multiple times. In total, 87 822 unique quasars
have been spectroscopically confirmed based on our visual in-
spection. Figure 1 shows the observed area in the sky. The to-
tal area covered by the SDSS-DR9 is 3275 deg?. Figure 2 dis-
plays the cumulative number of quasars as a function of the
observation date.

As z > 2 quasars are usually identified by the presence of
strong Lyman-« and C IV emission lines, we determine the S/N
effectively achieved at the position of these lines. The median
S/N per pixel at the position of various emission lines (Lyman-a,
C1v, C 1] complex and Mg I1) and in the continuum are shown
in Fig. 3. While the S/N per pixel in regions free of emission
lines (black histogram) drops to be equal to ~1 at » ~ 22, the S/N
at the top of the Lyman-« (green histogram) and C 1v (red his-
togram) emission lines stays above about 4, allowing the identi-
fication of a fair fraction of these objects at this magnitude.
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Fig. 2. Cumulative number of quasars as a function of observation
date during the first two years of the survey. Horizontal times are due
to the yearly summer shutdown during monsoon rains (summer 2010
at MJD = 55400) and the monthly bright time when BOSS does
not observe.
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Fig. 3. Median observed S/N per pixel at the top of the Lyman-« (green),
C 1V (red), C 11] complex (blue), Mg 1I at z > 2 (orange) and Mg II
at z < 2 (yellow) emission lines and in emission-line free regions
(black) versus r-PSF magnitude (corrected for Galactic extinction). Two
redshift ranges are considered for Mg II because the emission line
is redshifted in regions of the spectra with very different characteris-
tics. At r ~ 22, the median S/N per pixel at the top of the Lyman-a
and C IV emission lines is about 4; sufficient to identify most of the
quasars. Outside of the emission-line regions, at the same magnitude,
the S/N per pixel is about unity.

In order to classify the object, each spectrum is fit by the
BOSS pipeline? with a library of star templates, a PCA de-
composition of galaxy spectra and a PCA decomposition of
quasar spectra. Each class of templates is fit over a range

2 The software used is called idlspec2d and is publicly available. The
current version is v5_4_45. Details can be found at http://www.
sdss3.org/dr9/software, Bolton et al. (2012).
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of redshifts: galaxies from z = —-0.01 to 1.00 quasars from
z = 0.0033 to 7.00; and stars from z = -0.004 to 0.004
(1200 kms™!). The combination of redshift and template with
the overall best fit (in terms of the lowest reduced chi-squared)
is adopted as the pipeline classification (CLASS) and redshift
measurement (Z + Z_ERR). A warning bitmask (ZWARNING) is
set to indicate poor wavelength coverage, negative star tem-
plate fits, broken/dropped fibers, fibers assigned to mesure sky
background, and fits which are within A/\{2 /d.o.f. = 0.01 of the
next best fit (comparing only fits with a velocity difference of
1000 kms™"). A ZWARNING equals to zero indicates a robust
classification with no pipeline-identified problem (Aihara et al.
2011; Bolton et al. 2012).

The classifications by the BOSS pipeline are not perfect
however and visual inspection is required. Most misclassified
spectra have low S/N. At S/N per pixel ~2, some objects are fit
equally well by a star and a quasar template. Even if the ob-
ject is correctly identified as a quasar, the redshift can be er-
roneous, because one line is misidentified; the most common
case is Mg 112800 is misidentified as Lyman-@. But this can
be also because of a strong absorption feature (e.g. a damped
Lyman-a system, DLA, or a BAL) spoils the profile of an emis-
sion line and the pipeline is unable to recover it.

2.4. Calibration warnings
2.4.1. Excess flux in the blue

The BOSS spectra often show excess light at the blue end (a sim-
ilar problem was found in SDSS-DR?7 spectra; Paris et al. 2011).

To quantify this problem we selected spectra where a
damped Lyman-a system (DLA) is observed with aborp-
tion redshift greater than 3.385 and with a column density
N(HT) > 10%°> cm~2. There are 402 such quasars in the sample.
In these spectra, and because of the presence of the DLA, the flux
is expected to be zero at dgps < 4100 A (e.g. below the Lyman
limit of all DLAs). When stacking the selected lines of sight
(Fig. 4), we note instead that the flux increases for wavelengths
below 4000 A. The excess light at Ao ~ 3600 A is 10% of the
flux at A = 1280 A where the spectra are normalized. This
problem can affect the analysis of the Lyman-« forest (see e.g.
Font-Ribera et al. 2012) and is probably a consequence of im-
perfect sky subtraction (Dawson et al. 2012). It will be corrected
in a future version of the pipeline.

2.4.2. Spectrophotometric calibration

To maximize the flux in the blue part of the quasar spectra,
where the Lyman-a forest lies, it was decided to offset the po-
sition of the quasar target fibers to compensate for atmospheric
refraction and different focus in the blue (Dawson et al. 2012).
These offsets were not applied to the standard stars. The current
pipeline flux calibration does not take these fiber offsets into ac-
count, therefore the spectrophotometry of the main QSO targets
(e.g. not the ancillary targets) is biased toward bluer colors over
the full wavelength range. Spectrophotometry of these objects
will preferentially exhibit excess flux relative to the SDSS imag-
ing data at A < 4000 A and a flux decrement at longer wave-
lengths. Because the fiber offsets are intended to account for at-
mospheric differential refraction, data will show larger offsets
in spectrophotometric fluxes relative to imaging photometry for
observations performed at higher airmass. Dawson et al. (2012)
discuss in details the quality of the BOSS spectrophotometry and
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Fig. 4. Stack of DR9 BOSS spectra where a damped Lyman-« system is
seen at an absorpstion redshift higher than 3.385 with a column density
N(H ) > 103 cm™2. The spectra are normalized to unity near 1280 A
in the quasar rest frame. Owing to the presence of the DLA, the flux is
expected to be zero at observed wavelengths below ~4100 A (e.g. below
the Lyman limit of all DLAs). This is not the case in the very blue part
of the spectrum (Aqs < 4000 A) where the mean observed flux appears
to increase (spuriously).

reports that stellar contaminants in the quasar sample (i.e. quasar
candidates that are actually stars) have g — r colors 0.038 mag
bluer than the photometry with an rms dispersion of 0.158 mag.

This problem is illustrated in Fig. 5 where the median com-
posite spectra of quasars observed by both SDSS-I/IT and BOSS
are plotted together. The resulting SDSS-DR7 spectrum is in red
and BOSS spectrum in black. The BOSS composite spectrum is
bluer than the same composite from SDSS-DR7 spectra. Note
that this flux mis-calibration is different from object to object so
that Fig. 5 shows only the mean difference between DR7 and
DRO spectra.

2.4.3. Identified quasars with bad spectra

During the course of the first two years of BOSS, different ver-
sions of the SDSS spectroscopic pipeline were used after some
systematic problems had been fixed, thus improving the over-
all quality of the data. The visual inspection described below is
performed on the fly, within a few days after the data are ob-
tained, qualified and reduced by the version of the pipeline that
is available at the time the data are obtained. Once an object is
positively identified as a quasar, a galaxy, or a star from visual
inspection, it keeps its identification in our catalog unless an ap-
parent mistake has been committed and is corrected in the course
of some check performed afterwards by the scanners or by a user
of the data.

When a new version of the pipeline is made available, all the
data are re-reduced. We then reinspect objects with uncertain
identifications (QSO_?, QSO_Z?, Star_?, see Sect. 3.2) or spec-
tra that are not qualified (Bad) but we do not reinspect the objects
with firm identifications.

It can happen that the spectra of a few objects are of lesser
quality with the new version of the pipeline. These objects are
still in the catalog.

Even the most thorough work of the kind described here can-
not be absolutely flawless. We encourage the reader to signal any
mistake to the first author of this paper in order to ensure highest
quality of the information provided in the catalog.

—HI-Ly-o

SDSS-DR? spectra

SDSS-DR9 spectra

Normalized near 1450A (rest) flux

L 1 L L L L 1 L L L L 1 L L L L L L L L
1000 1500 2000 2500 3000

Restframe wavelength (A)

Fig. 5. Composite spectra of 6459 quasars observed both by SDSS-DR7
and BOSS for (i) SDSS-DR?7 spectra (red) and; (ii) SDSS-DR9 spec-
tra (black). The slope of the two composite spectra should be similar
(as any variability should be averaged out). This is not the case because
of the difference in focus of the BOSS quasars and standard stars. Note
that this flux mis-calibration is different from object to object.

3. Construction of the DR9Q catalog

In order to optimally measure the BAO clustering signal in the
IGM, we must have as pure a catalog of quasars as possible.
In this catalog, peculiar features such as broad absorption lines
(BAL) or damped Lyman-a systems (DLA) that may dilute the
signal, should be identified. We therefore designed quality con-
trol of the data based on a visual inspection of the spectra of all
BOSS objects that might be a quasar. During commissioning and
the first year of the survey this quality control was also very use-
ful to report problems with the pipeline, which helped improve
the overall quality of the data reductions.

The catalog lists all the visually confirmed quasars.
About 10% of these quasars have been observed several times
(Dawson et al. 2012), either because a particular plate has been
re-observed (e.g. to increase the S/N for a particular scientific
project), or because a particular region in the sky has been re-
observed at different epochs (e.g. Stripe 82), or, because plates
overlap. Now, and throughout BOSS, overlapping plates are
used as an opportunity to increase the S/N on a few objets
(e.g. CORE objects). These repeat observations are often useful
to confirm the nature of objects with low S/N spectra. However
we did not attempt to co-add these data mostly because they are
often of quite different S/N.

3.1. A tool for the visual inspection

Immediately after the processing by the BOSS pipeline, the re-
duced data (spectra and pipeline classification) are copied to the
IN2P3 (Institut National de Physique Nucléaire et de Physique
des Particules) computing center>. A Java program gathers meta-
information and saves it into an Oracle database.

All spectra are matched to target objects, imaging and pho-
tometry information, and SDSS-II spectroscopy. They are pro-
cessed by a Java program that computes basic statistics from the
spectra and fits a power law continuum and individual emission
lines to each spectrum. The spectra are then made available on-
line through a collaborative web application, from which human
scanners can flag objects and decide classifications.

3 CC-IN2P3, http://cc.in2p3.fr
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Fig.6. Fraction of visually confirmed quasars with a non-zero
ZWARNING flag as a function of the -PSF magnitude (after correcting
for Galactic extinction). A positive ZWARNING means that the pipeline
considers its redshift estimate to be unreliable. This fraction increases
at faint magnitudes.

This tool and the visual inspection procedure described in
the next section evolved with time during commissioning and the
first six months of the survey. The whole procedure was repeated
at the end of the first two years to guarantee the homogeneity
of the catalog.

3.2. Visual inspection procedure

The identifications provided by the BOSS pipeline are already
very good. Nevertheless about 12% of all quasar targets have
a non-zero ZWARNING flag, i.e. their redshift is not considered
to be reliable by the pipeline. After visual inspection, 4% of
all confirmed quasars have a non-zero ZWARNING flag. Not sur-
prisingly, the fraction of these objects increases with magnitude
(see Fig. 6).

We visually inspected all quasar candidates and objects from
quasar ancillary programs (see Sect. 2.2) to (i) secure the iden-
tification of the object and; (ii) reliably estimate the systemic
redshift of the quasar. We manually confirmed or modified the
identification of the object and, when needed, corrected the red-
shift provided by the BOSS pipeline, i.e. when it was wrong
(when e.g. an emission line is misidentified or a bad feature was
considered an emission line) or inaccurate (when emission lines
are correctly identified but not properly centered). Examples of
misidentified objects or inaccurate redshift estimates are dis-
played in Fig. 7.

All the information on the objects is stored in a database
which is updated in real time as new data arrives from the tele-
scope. Modifications from the visual inspection are stored also in
the database. For each plate, the objects classified by the pipeline
as star, QSO with z < 2, and QSO with z > 2 are made available
to the scanner in three different lists. The cut in redshift corre-
sponds to the Lyman-a emission line entering the BOSS spec-
trum. It also corresponds to a strong gap in the BOSS quasar
redshift distribution due to target selection (see Fig. 22).

Most of the objects classified as stars by the pipeline are in-
deed stars and most of the objects classified as quasar with z < 2
are either quasars with z < 2 or stars (see below). The objects
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classified as quasars at z > 2 are ranked by decreasing S/N. This
organizes the visual inspection and minimizes the risk of errors.
Most of the quasars with z > 2, the most valuable for the survey,
are inspected by two different individuals.

Objects that cannot be firmly identified by visual inspection
are labeled in several categories. Some spectra cannot be rec-
ognized because either the S/N is too low, or the spectrum has
been badly extracted; such objects are classified as Bad. For oth-
ers, the classification is not considered to be robust, but there is
some indication that they are stars (star_?) or quasars (QSO_?).
For some objects both scanners were unable to give a firm identi-
fication, such objects are labeled as “?”. Other objects are galax-
ies (Galaxy). Finally some objects are recognized as quasars but
their redshifts are not certain (QSO_Z?).

The output of the visual classification is provided as fields
class_person and z_conf_person in the specObjAll table
of the SDSS Catalog Archive Server (CAS) or the specOb-
jAllfits file from the Science Archive Server (SAS). The cor-
respondence between the visual inspection classification we de-
scribe in this paper (QSO, QSO_BAL, QSO_Z7?, QSO_?, Star,
Star_?, Galaxy, ?) and the values of z_conf_person and
class_personis given in Table 1. Each time a new version of
the BOSS pipeline becomes available, the data are reprocessed
and objects in the categories bad, ?, QSO_? and QSO_Z? are
inspected again. Examples of objects classified as QSO_Z? and
QSO_7 are displayed in Fig. 8. Only objects classified as QSO or
QSO_BAL are listed in the official DR9Q catalog. Objects classi-
fied as QSO_Z? are included in the supplemental list of quasars
(see Sect. 8). Objects classified as QSO_? are also given for in-
formation in a separate list.

Of the 180268 visually inspected targets corresponding to
the DR9Q catalog, 87822 were classified as unique quasars,
81307 as stars and 6120 as galaxies. 1362 objects are likely
quasars (QSO_7?), 112 are quasars with an uncertain red-
shift (QSO_Z?) and 578 are likely stars (Star_?). 2599 tar-
gets have bad spectra (Bad) while we were not able to identify
368 objects (?). Therefore 97.5% of the objects are successfully
classified. Only 27 true quasars were mis-identified by the
BOSS pipeline as Star, while 11523 stars were classified
as QSO, most of them misidentified, however, as low redshift
quasars, and only 1241 have ZWARNING = 0. Table 2 gives
a summary of these numbers.

Note that Palanque-Delabrouille et al. (2012) have obtained
deeper MMT QSO data of some of the BOSS targets classi-
fied as QSO_? and confirmed that essentially all of these objects
are true quasars.

During the visual inspection, a redshift is determined that
will be refined further by an automatic procedure (see Sect. 4).
The redshift of identified quasars provided by the visual inspec-
tion is obtained applying the following procedure:

— The first guess for the redshift is given by the BOSS pipeline
and is not modified except if inaccurate or wrong. The
redshift from the pipeline can be wrong in cases where
an emission line is misidentified. The presence of strong
absorption at or near the emission, and especially a
strong DLA, is also a source of error. Often the redshift
is just inaccurate because either it misses the peak of the
Mg 11 emission line (and we consider that this line is the most
robust indicator of the redshift) or it is defined by the max-
imum of the C IV emission line when we know that this
line is often blueshifted compared to Mg 11 (Gaskell 1982;
Mclntosh et al. 1999; Vanden Berk et al. 2001; Richards
et al. 2002; Shen et al. 2008; Hewett & Wild 2010).
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Fig.7. First column: examples of z > 2 quasars classified as STAR by
spectrum of F stars. Second column: examples of stars identified as QSO

the BOSS pipeline. The overall shape of the spectrum is similar to the
by the BOSS pipeline. Strong absorption lines or wiggles in the spectrum

can mimic quasar features. Third colum: examples of z > 2 quasars for which the BOSS pipeline provides an inaccurate redshift estimate that must

be corrected during the visual inspection. The pipeline is confused by th
5 pixels.

Table 1. Classification from the visual inspection corresponding to the
combination of class_person (first column) and z_conf_person
(first row) values provided in the headers of the SDSS-DRY spectra
available from the SDSS Catalog Archive Server.

z_conf_person 0 | 2 3

/

class_person

0 Not inspected ? - -

1 - - Star_? Star

3 - QSO0_? QS0_zZ? QSO

4 - - - Galaxy
30 - - - QSO_BAL

— If the Mg 1T emission line is present in the spectrum, clearly
detected, and not affected by sky subtraction, the visual in-
spection redshift is set by eye at the maximum of this line.
The typical uncertainty is estimated to be Az < 0.003. The
redshift is refined further, as described below.

— In other cases and for z > 2.3 quasars, such that Mg 1I is
redshifted into the noisy part of the red spectrum where sky
subtraction errors make it unreliable, the redshift is estimated
using the positions of the red wing of the C IV emission line
which is known to be often blueshifted compared to Mg 11
and of the peak of the Lyman emission line. The precision is
estimated to be Az < 0.005.

The visual redshift is not accurate to better than Az ~ 0.003.
but can be used as a reliable guess for further automatic red-
shift determination (see Sect. 4). Figure 9 displays the distri-
bution of the velocity difference between the visual inspection

e strong absorption lines. The spectra were boxcar median smoothed over
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Fig. 8. Examples of QSO_? (top panels) and QSO_Z? (lower panels). The
spectra were boxcar median smoothed over 5 pixels.

redshift estimate and the redshift provided by the BOSS pipeline.
At z < 2 the pipeline estimate is usually good and does not
require significant adjustments. In the redshift range 2.0-2.3,
about half of the redshifts are modified because the Mg IT emis-
sion line is available and defines clearly the visual inspection
redshift while the pipeline finds often a slightly lower redshift.
Atz > 2.3, 10% of the redshifts are corrected. Only 1116 quasars
(~2%), regardless of ZWARNING flags, have a difference be-
tween the pipeline and visual redshifts larger than 0.1.
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Fig. 9. Normalized (to unit integral) distribution of the velocity differ-
ence between the pipeline and visual inspection redshift estimates for
different redshift bins. About half of the pipeline redshifts are corrected
during the visual inspection. Most of the corrections are for quasars
with 2 < z < 2.5 where the Mg II emission line is available and where
the pipeline redshift estimate does not correspond to the peak of the
Mg 11 emission line.

Table 2. Number of objects identified as such by the pipeline with any
ZWARNING value (second column) and with ZWARNING = O (third col-
umn), and after the visual inspection (fourth column).

Classification # pipeline # pipeline # visual inspection
with ZWARNING = 0
Qso 102 696 86855 87822
QSO withz > 2 (69975) (64 004) (65 185)
QS0_7? - - 1362
QS0_z7? - - 112
Galaxy 10563 6812 6120
Star 67009 49475 81307
Star_? - - 578
Bad - - 2599
? - - 368
Total 180268 143142 180268

In addition, peculiar spectral features are flagged:

— When a damped Lyman-a absorption line is present in the
forest, the object is assigned a flag “DLA”. This flag can be
used to check automatic Damped Lyman-a detections (see
Noterdaeme et al. 2009, 2012).

— Broad absorption lines in C IV and/or Mg 1I are also flagged.
At this point there is no estimate of the width of the lines
and we stay conservative. This flag can be used to check au-
tomatic BAL detections (see Sect. 5.1).

— Problems such as the presence of artificial breaks in the spec-
trum, obviously wrong flux calibration, or bad sky subtrac-
tion are flagged as well whatever the identification of the
object is. These quality flags are pipeline-version dependent
and are not meant to be released with the catalog. They are
mainly useful for feedback to the pipeline team.

3.3. A note on damped Lyman-a systems

In the course of the visual inspection, we flag the spectra with
strong H 1 absorption (DLASs) in the Lyman-a forest. At this
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Fig.10. H 1 column density distribution for DLAs and sub-DLAs
detected by Noterdaeme et al. (2009) in quasars observed both by
SDSS-DR7 and BOSS (black histogram). The red histogram displays
the same distribution but for DLAs flagged after visual inspection
of BOSS spectra. This shows that the visual inspection is robust for
log N(H 1) > 20.3, the standard definition of DLAs.

point we do not try to measure the column density or to de-
termine the redshift of the DLA. Flagging these lines of sight
can be useful to complement the search for DLAs by automatic
procedures since this is a notoriously difficult task. Figure 10
shows the number of DLAs we flag along SDSS-DR7 lines
of sight reobserved by BOSS, versus the N(H 1) column den-
sity. It can be seen that we visually recover most of the DLAs
(log N(H 1) > 20.3) identified in the SDSS-DR7 by Noterdaeme
et al. (2009). Only 11 such DLAs are missed by the visual in-
spection out of 257. The detection and analysis of DLAs in
BOSS spectra is beyond the scope of this paper and will be de-
scribed in Noterdaeme et al. (2012).

4. Automatic redshift estimate

The visual inspection provides a reliable and secure redshift es-
timate for each quasar. Nevertheless, it is somewhat subjective
and the accuracy of such an estimate is limited and cannot be
better than 500 km s~!. In principle, it is possible to estimate
the redshift of a quasar using a linear combination of principal
components to fit the spectrum: the well known systematic shifts
between emission lines are intrinsically imprinted in the compo-
nents and the method can take into account the variations from
quasar to quasar (see e.g. Paris et al. 2011). This should be a
reliable procedure providing:

— the reference sample used to derive the principal components
is representative of the whole quasar population;
— the redshift of each quasar in the reference sample is reliable.

We will derive PCA components in order to reproduce the quasar
spectrum between 1410 and 2900 A, in the quasar rest frame, so
that most of the prominent emission lines are covered, especially
C 1v and Mg 11. This will yield an automatic estimate of the
quasar redshifts. These components will be also used to fit emis-
sion lines individually to estimate a redshift for each emission
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line from the peak of the fit model. To derive these PCA com-
ponents, we will use a reference sample of quasars for which
the two main emission lines are well observed. The redshifts of
the quasars in the reference sample have also to be chosen care-
fully. The technique to derive PCA components of quasar spectra
has been described in detail in several papers (e.g. Francis et al.
1992; Yip et al. 2004; Suzuki et al. 2005). We refer the reader in
particular to Sect. 2.3 of Paris et al. (2011).

4.1. Selection of the reference sample

To compute a set of principal components from a sample as
representative as possible of the whole quasar population, we
selected quasar spectra in SDSS-DR7 meeting the following
requirements:

— The rest frame wavelength range 1410-2900 A is red-
shifted into the observed wavelength range 3900-9100 A
(i.e. 1.77 < z < 2.13). This observed wavelength range is
chosen to avoid the flux-excess issue in the very blue portion
of the spectra (Sect. 2.4.1 and Paris et al. 2011) and bad sky
line subtraction at the red end.

— The median squared S/N per pixel over the full wavelength
range is higher than 5.

— The spectra do not display BAL troughs as listed in the Allen
et al. (2011) catalog.

In SDSS-DR7, 8986 quasar spectra meet these requirements.
They all were visually inspected to remove spectra with obvi-
ous reduction issues (missing pixels, continuum breaks or very
bad flux calibration). We finally used 8632 spectra.

The low-S/N cut we use here maximizes the number of
quasars used for the PCA decomposition and makes our sample
as representative as possible of the BOSS quasars.

4.2. Computing principal components

We now need an accurate redshift for each quasar before we cal-
culate the PCA eigenvectors. We first describe the use of Hewett
& Wild (2010) redshifts and then an improved approach using
the peak of the Mg II emission line in individual spectra.

Using Hewett & Wild (2010) redshifts: We first consider the red-
shifts provided by Hewett & Wild (2010; HW10). They have
performed a systematic investigation of the relationship between
different redshift estimation schemes and have derived empiri-
cal relationships between redshifts based on different emission
lines. They generated a high-S/N quasar template covering the
UV and optical bands to be used to calculate cross-correlation
redshifts. They estimate and correct for the quasar luminosity-
dependence of systematic shifts between quasar emission lines.
They are thus able to reduce systematic effects dramatically, cor-
recting redshifts for the mean systematic shifts between emission
lines. Note however that this does not fully account for intrinsic
quasar-to-quasar variation among the population.

Using these redshifts for the sample of representative quasars
defined in Sect. 4.1, we derive the PCA eigenvectors. We then
use the set of principal components to fit a linear combination
of 4 principal components to the whole spectrum of z > 2.2
SDSS-DR7 quasar spectra and estimate their redshifts. This
number of components has been chosen after several trials in
order to be able to derive a robust redshift for the maximum
of objects. Note that the samples used to compute the principal
components and to which we apply the procedure are disjoint.

The median of the distribution of the velocity differences
between the redshift given by HW10 and our redshift estimate
is less than 30 kms~!. However, the rms of this distribution is
about 1200 km s~! which is undesirably large and is presumably
due to quasar to quasar variations in emission-line shifts.

We can try to overcome this drawback by using a redshift
that is more representative of the individual characteristics of
the quasars in the reference sample. This is why we will derive
a redshift from the observed Mg 1T emission line in each quasar
spectrum. Indeed this line has been recognized as a reliable in-
dicator of the actual redshift of the quasar (Shen et al. 2007,
HW10).

Using Mg 11 emission line redshifts: Using the set of PCA com-
ponents previously described, we fit the Mg II emission line of
each quasar in the same SDSS-DR?7 reference sample. From this
fit, we define the Mg 11 redshift using the peak-flux position of
the emission line fit. Using a combination of principal compo-
nents to fit an emission line avoids the need to assume a line
profile (e.g. Gaussian, Lorentzian or Voigt).
To estimate the quality of each emission line fit:

— We compute the amplitude of the emission line (expressed in
units of the median error pixel of the spectrum in the window
we use to fit the line) from the maximum flux relative to a
fitted power-law continuum.

— We measure the FWHM of the emission line in km s™.

The amplitude-to-FWHM ratio (expressed in s km™") provides
an estimate of the prominence of the emission line. In particular,
a weak and broad emission line will display a very low value of
the amplitude-to-FWHM ratio.

To confirm the quality of the Mg II line measurement, we
also fit C 1V emission lines using the same procedure. The
C 1v emission line is easier to fit since it is stronger and the
region of the spectrum where it is redshifted is cleaner. If C 1v
could not be fit, we also considered the Mg 11 fit to be unreliable.

We then used the 7193 spectra with both C 1V and
Mg 11 amplitude-to-FWHM ratios larger than 8 x 107* s km™!
to compute the new PCA components to be applied to the
whole spectra.

We use the set of principal components derived with the
Mg 11 redshifts in the following. Figure 11 displays the mean
spectrum together with the first five principal components.

4.3. Redshift estimates for BOSS quasars

For each quasar in the DR9Q catalog, we use four principal
components to fit the overall spectrum after having subtracted
the mean spectrum. Four components are enough to reproduce
the overall shape of the spectrum and derive the redshift (Yip
et al. 2004; Paris et al. 2011). However, in order to avoid poor
fitting due to the presence of strong absorption lines and espe-
cially BAL troughs, we first obtain a fit with only two principal
components. This number is chosen because it provides a rea-
sonable estimate of the amplitude of emission lines. Using this
first guess, we remove pixels below 20~ and above 30 of the con-
tinuum where o is defined as the median flux error in an 11 pixel
window. We are thus able to remove broad absorption lines and
badly subtracted sky emission lines (especially at the very red
end of the spectra). We then increase the number of principal
components iteratively to three and four, removing narrow ab-
sorption lines, keeping the same detection thresholds.
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Fig. 11. Mean spectrum and the first five principal components derived
in Sect. 4.2. A linear combination of the first four principal components
is used to estimate the global redshift of the quasar, while five compo-
nents are used to fit emission lines locally.

Then, taking the visual inspection redshift estimate as an ini-
tial guess, it is possible to determine a redshift for each quasar
by fitting a linear combination of four principal components to
the spectrum, in which the redshift becomes a free parameter.
We call this redshift the PCA redshift.

In addition, and in the same way as described in the pre-
vious subsection, we used five principal components to fit the
Mg II emission line in BOSS spectra when possible and derived
a redshift from the peak flux of the fit model. Using PCA allows
to recover the line without a priori assumptions about the line
profile in a region of the spectrum affected by sky subtraction.
In the following we will call this redshift the PCA Mg 11 redshift
estimate.

We compare in Fig. 12 the distributions of the velocity differ-
ence between PCA and PCA Mg 11 redshift estimates. The PCA
was applied to all BOSS quasars with 1.57 < Zyisya < 2.3 so
that both C 1v and Mg I emission lines are in the observed red-
shift range and are not strongly affected by sky subtraction. We
considered three PCA estimates, varying the rest frame wave-
length range over which the PCA was applied: (i) 1410-2850 A
(full range); (i) 1410-2500 A (Mg 11 is not included) and
(iii) 1410-1800 A (only C 1V is in the range). There are
18271 objects. It can be seen in Fig. 12 that the distribu-
tions are very similar. The median and rms of the distributions
are (=35.3, 642), (=52.2, 780) and (=30.3, 851) km s~! respec-
tively for the three wavelength ranges. The rms is dominated
by low S/N spectra and slightly increases when the amount of
information decreases. The similarity of the distributions clearly
shows that the PCA redshift estimate is consistent with the Mg 11
estimate even when Mg 11 is not included in the fit.

4.4. Comparison to HW10

In order to compare the HW10 redshift estimates to ours, we
selected SDSS-DR7 quasars re-observed by BOSS in the red-
shift range 2.00 < z < 2.30. We also restricted the sub-sample to
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Fig. 12. Distributions of the velocity difference between PCA redshift
estimates derived using different rest frame wavelength ranges and the
PCA Mg 11 redshift estimate.

quasars for which we were able to fit the Mg IT emission line reli-
ably and required the amplitude-to-FWHM of this line be larger
than 8 x 10~ s km~'. Even though the Mg Il emission line is still
detectable up to z = 2.5, we restrict the redshift range to below
z =2.3 to avoid the red end of the spectra where sky lines can be
badly subtracted. 746 quasar spectra remain for the comparison.

Figure 13 displays the distributions of velocity differences
between the PCA Mg II redshift estimate and our PCA global
estimate (black histogram) or HW10 redshift (red histogram).
Both distributions were normalized in the same manner and we
also took into account the difference in the rest frame wavelength
used by the different authors.

The median HWI10 redshift estimate is shifted by
+136.9 kms~! (with positive velocity indicating redshift) com-
pared to our median Mg Il redshift with an rms of 467 kms™'.
Both HW10 and Shen et al. (2011) find that the median shift of
the Mg I emission line relative to the [OIII] doublet is smaller
than 30 km s~!. These discrepancies in the median velocity shift
may not be very significant as different fitting recipes for any of
these lines (Mg 11, [OIII], C 1V) can potentially cause systematic
velocity differences of this order.

The median shift of our global estimate compared to the
Mg 11 redshift is —49.9 km s~1, with an rms of 389 kms~!. The
rms of the distribution is smaller than previously because we re-
strict our comparison here to spectra with high S/N. It is more
peaked and the number of outliers is lower. This is not surpris-
ing as we use the same components to fit the overall spectrum.
However this illustrates the intrinsic dispersion between the re-
sults from the two methods.

The overall conclusion is that our PCA estimate is very close
to the Mg 11 emission line redshift. And we are confident that the
application of the procedure using PCA components to quasars
for which the Mg 1I emission line is redshifted beyond the ob-
served wavelength range, will give robust redshift estimates.

4.5. Emission line redshifts

Following the procedure described above, it is possible to repro-
duce the shape of each emission line with a linear combination of
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Fig. 13. Normalized distributions of the velocity difference between our
global PCA redshift estimate (black histogram), the pipeline redshift
estimate (blue histogram) or Hewett & Wild (2010) redshifts (red his-
togram) with the redshift derived from a PCA fit of the Mg II emission
line (see text).

principal components. This combination can therefore fit the in-
dividual lines without any a priori assumption about the line pro-
file. In the case of individual lines we have more flexibility to use
more components because the fit is more stable over a smaller
wavelength range. We will use five PCA components and define
the position (redshift) of the line as the position of the maxi-
mum of this fit. Table 3 displays the definition of each window
used to fit emission lines together with the vacuum rest frame
wavelengths taken from the NIST database* used to compute
the redshift. For multiplets (e.g. C Iv and Mg 1), the rest frame
wavelength used is the average wavelength over the transitions in
the multiplet weighted by the oscillator strengths. Together with
the redshift estimate of each line, we also retrieve information
on the symmetry of the line. We compute the blue (red) HWHM
(half width at half maximum) from the PCA fit, bluewards (red-
wards) of its maximum. The total FWHM is the sum of the blue
and the red HWHMs. The continuum is provided by the fit of a
power law over the rest frame wavelength windows 1450—-1500,
1700-1850 and 1950-2750 A.

In Fig. 14 we plot the velocity of C 1V relative to Mg II versus
the absolute magnitude of the quasar. The more luminous the
quasar, the more blueshifted is the C IV emission line. Errors in
the fit are less than 200 km~'. These measurements can be useful
to understand the relative shifts between different emission lines
and discuss the structure of the broad line region (see Shen et al.
2007; Shang et al. 2007).

The C m1]A1909 line is blended with Si T1]A1892 and to a
lesser extent with Al MA1857. We do not attempt to deblend
these lines. This means that the redshift and red HWHM derived
for this blend should correspond to C mI1]11909, but the blue
HWHM is obviously affected by the blend.

5. Broad absorption line quasars

Broad absorption troughs are flagged as BAL during the visual
inspection. This flag means that an absorption feature broader

4 http://physics.nist.gov/PhysRefData/ASD/lines_form.
html
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Fig. 14. Velocity difference between C 1V and Mg II emission line red-
shifts as a function of the absolute i magnitude of the quasar. The
solid black line shows the median velocity shift in 0.2 mag bins. Blue
and cyan histograms display the 10th, 30th, 70th and 90th percentiles.
The mean shift between the two emission lines increases with the
quasar luminosity.

Table 3. Window and rest frame wavelength used to fit each emission
line.

Transition Window Rest frame wavelength A)
Civ 1450—-1700 1549.061
C ] 1800-2000 1908.734
Mg 11 2600-2850 2798.778

than a usual intervening absorption (those arising in galaxies ly-
ing along the line of sight to the quasar) is seen. These BALs
may affect the Lyman-a forest and should be removed from its
analysis. We flag mostly C 1v BALs but also Mg I1 BALs. Since
during the visual inspection we do not measure the width of the
trough, there is no a priori limit on the strength of the absorption.

We also implemented an automatic detection of C Iv BALSs.
We describe in Sect. 5.1 the method used to detect BALs and
estimate their properties automatically. We then test the robust-
ness of the visual inspection in Sect. 5.2 and the results of the
automatic detection in Sect. 5.3.

In the following subsections, we will concentrate on
C 1v BALs with z > 1.57. The quasar redshift limit is chosen
so that the Si IV emission line is included in the spectra. This
ensures that C IV BALs can be measured across the full range of
velocities in balnicity index, e.g. up to 25000 km s~

5.1. Method used to estimate BAL properties automatically

In order to detect BALs and to characterize the strength of the
troughs using an objective procedure, we compute the balnicity
(BI, Weymann et al. 1991) and the absorption indices (Al, Hall
et al. 2002) of the C 1v troughs. In addition, we introduce a new
index, the detection index (DI), which is a slight modification
of BI. In Sect. 5.3, we will measure these indices for all quasars
regardless of visual inspection.

The continuum has to be estimated first. For this, we use the
same linear combination of four principal components described
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Fig. 15. Examples of high-redshift BAL quasar spectra in different ranges of S/N and BI. The fit of the continuum is overplotted.

in Sect. 4. The resulting continuum covers the region from the
Si1V to the Mg 1T emission lines (see examples in Fig. 15). As de-
scribed in Sect. 4.5, the procedure iteratively avoids absorption
features and especially the BALs. During the automatic proce-
dure, we smoothed the data with a five pixel boxcar median.

With this continuum, we compute the BI in the blue of the
C 1V emission line using the definition introduced by Weymann
etal. (1991):

[1

3000
Bl = — f
25000

where f(v) is the flux normalized to the continuum as a function
of velocity displacement from the line center. C(v) is initially set
to 0 and can take only two discrete values, 0 or 1. It is set to 1
whenever the quantity 1 — f(v)/0.9 is continuously positive over
an interval of at least 2000 kms~'. It is reset to zero whenever
the quantity in brackets becomes negative. Therefore BI = 0 does
not mean that no trough is present. It means that, if a trough is
present, the absorption does not reach 0.9 times the estimated
continuum over a continuous window of 2000 km s~

We will also define DI giving C a value 1 over the whole
trough if the criterion of a continuous trough over 2000 km s~ is
fulfilled. This index has the advantage of measuring the strength
over the whole trough. This index will be useful to apply cuts in
the analyses of the Lyman-« forest. Indeed these analyses need
an estimate of the total strength of the trough in order to avoid
lines of sight spoiled by a strong BAL.

To study weaker troughs, Hall et al. (2002) introduced the
Al measurement defined as

AI:_fO [ f()
25000

1 - 22
0.9

where f(v) is the normalized flux and C(v) has the same def-

inition as for the DI except that the threshold to set C to 1 is

reduced to 450 kms~'. The Al index was introduced in order to

i0)

0.9 M

] C(v) do,

} C(v) dv, (2)
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take into account weaker troughs and to measure troughs that are
located close to the quasar rest velocity. It is however more sen-
sitive to the continuum placement than the BI. Note that Trump
et al. (2006) used a modified version of the AI wherein the factor
of 0.9 was removed from the integral to make the Al an equiv-
alent width measured in km s~!, where 1000 km s~! was the
threshold instead of 450 km s~!, and where the integral extended
to 29000 km s~!. In this work we use the original Hall et al.
(2002) definition of the Al
Following Trump et al. (2006), we calculate the reduced y?
for each trough:
)2

through = Z (

where N is the number of pixels in the trough, f(v) is the nor-
malized flux and o the rms of the pixel noise. The greater the
value of ,\(fr ough’ the more likely the trough is not due to noise.

We apply the automatic detection to all quasars in the
DROQ catalog and provide values of DI, Al and BI. We estimate
also an error on the indexes. The error squared is obtained by ap-
plying the same formula as for the indexes replacing (1 — £/0.9)
by (0//0.9)? with o the rms of the noise in each pixel. Note how-
ever that the error on the strength of the trough is most of the
time dominated by the placement of the continuum. To estimate
the latter we have displaced the fitted continuum by 5% and ap-
plied Eq. (2) of Kaspi et al. (2002).

1
N

1 - f(v)

a

3

5.2. Robustness of the visual detection of BALs

During the visual inspection, we are conservative and flag a BAL
only if the trough is apparent. In addition, the automatic detec-
tions rely on the position of the continuum while the visual in-
spection lacks this problem. This means that the BAL sample
from the visual inspection is purer than those from automatic
detection. It is however unavoidable that, as the strength of the
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Fig.16. Ratio of the numbers of BAL visual and automatic detec-
tions as a function of spectral S/N per pixel at Ay = 1700 A for
BI > 500 km s~!. As expected, this ratio decreases with decreasing S/N.

absorption or the spectrum S/N decreases, the visual inspection
will start to be subjective. On the other hand the fraction of
false BALs detected by the automatic procedure will be higher.
Figure 16 shows the ratio of the number of visual BALs to that
of the automatic detections as a function of S/N per pixel at
Arest = 1700 A for BI > 500 km s~

Out of the whole DR9Q catalog, 7533 quasars have been
flagged visually as BAL. Out of the 69674 quasars with z >
1.57, 7228 are flagged as BAL by visual inspection. If we re-
strict the latter sample to quasars with S/N > 10 at 1700 A in
the rest frame we have flagged 1408 BALs out of 7317 quasars,
a fraction of 19.2% which compares well with what was found
by Gibson et al. (2009).

Trump et al. (2006) measured BAL troughs (BI and AI)
in the SDSS-DR3 release. We compare their detections and
BI measurements with ours for quasars in common between
BOSS and SDSS-DR3. Out of the 477 BALs (BI > 0) that are
detected by Trump et al. (2006), we flag 425. We checked the
BOSS spectra of these quasars individually. About half of them
are not BALs and a handful, all with BI < 500 km s~, are real
BALs that were missed by the visual inspection. For the rest, it is
hard to decide if they are real or not because of poor S/N. Note
that, in general, BOSS spectra are of higher S/N than previous
SDSS spectra.

There are an additional 296 quasars in Trump et al. (2006)
that have C 1v troughs that we do not flag as BALs. These all
have AI > 0 but BI = 0. The histogram of Al measurements from
Trump et al. (2006) for these objects is plotted as well in Fig. 17
(black histogram). Most of the missing troughs have Al smaller
than 1000 kms~!. A visual inspection of the BOSS spectra re-
veals that most of the Als have been overestimated and about
half are not real mainly because the continuum in the red side of
the C IV emission line has been overestimated.

Allen et al. (2011) searched for BALs in SDSS-DR6; they
measured only BI. Out of the 7223 quasars with z > 1.57 in
common with BOSS, they find 722 quasars with BI > 0. Of these
7223 objects, we flag 1259 as BALs of which 853 have BI > 0.
We checked the 131 objects for which we measured BI > 0
but Allen et al. (2011) found BI = 0 individually. Some of the

AI - Trump et al. (2006)

a0l BI — Allen et al. (2011) i

Number of objects

1500

T ,
1000 2000

Trough strength on CIV (km/s)

Fig. 17. Distribution of BI and Al for quasars detected as BAL by auto-
matic procedures in previous SDSS releases, and that were not flagged
by the visual inspection of the BOSS spectra. The black histogram
shows the distribution of Al as measured by Trump et al. (2006) for
296 such quasars (all have BI = 0). About half of them are not real
BALs (see text). From the automatic detection by Allen et al. (2011)
(blue histogram), 57 quasars were missed by the visual inspection. Here
again, only a handful of these objects actually display BAL troughs.

s
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0.000 . . . . ! . . . . ! . . . .
4000 5000 6000 7000

Wavelength (A)

Fig. 18. Example of appearing BAL troughs. This quasar has been ob-
served in SDSS-DR7 (red curve) and in SDSS-DRO (black curve). The
two spectra have been scaled to have a surface unity between 5600
and 6200 A. The normalized flux in the C IV region expressed in ve-
locity is displayed in the inset. This quasar had was not detected as
BAL in SDSS-DR7 (i.e. BI = 0) while it has BI = 1826 kms~! in the
SDSS-DRO spectrum.

additional BALs are identified because of better S/N in BOSS,
some were missed by Allen et al. (2011) because of difficulties
in fitting the emission line correctly, a handful are explained by
the disappearance of the BAL between the two epochs (Filiz Ak
et al. 2012) and also by some appearances (see Fig. 18). We also
find 57 objects that are detected by Allen et al. (2011) and are
missing in our visual detection. The BI distribution of these ob-
jects is shown as the blue histogram in Fig. 17. About half of
them are not BALs upon re-inspection and a handful are real
BALs missed by the visual inspection. The nature of the rest of
the objects is unclear.
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Fig. 19. Normalized distributions of the logarithm of BI measured from
C 1v troughs. The BI distribution from the present catalog (black his-
togram) computed from 7227 visually flagged BAL quasars is very sim-
ilar to the distribution from Trump et al. (2006, red histogram) obtained
from 1102 BAL quasars from the SDSS-DR3 quasar catalog (Schneider
et al. 2005). The distribution is also very similar to the BI distribution
from Allen et al. (2011, blue histogram) based on the SDSS-DR6 quasar
catalog.

We conclude from this comparison that our catalog of BAL
quasars flagged by visual inspection is pure at the 95% level, but
is probably incomplete below BI ~ 500 km s~!. This results from
the conservative approach we adopted when flagging the troughs
implying that the number of detections in the visual inspection
is decreasing with decreasing S/N.

It is difficult to estimate the incompleteness especially
at low S/N because none of the previously published sam-
ples is reliable at small BI values. Therefore we caution the
reader against blind uses of the catalog. S/N at rest wave-
length 1700 A (S/N_1700) is provided in the catalog. This can
be used to identify the more reliable spectra.

The BI distributions normalized by the total number of
quasars with BI > 500 kms~! in each sample for visually
flagged BALs in DRO (this work) and DR6 (Allen et al. 2011) are
compared in Fig. 19. We find 3130 BALs with BI > 500 kms~!
out of 69674 BOSS quasars with z > 1.57 (4.5%). If we re-
strict ourselves to quasars with S/N > 10, these numbers are
813 BALs out of 7317 quasars, corresponding to a rate of 11.1%.
This compares well with the ~10% uncorrected observed frac-
tion of BAL found by Allen et al. (2011) at z ~ 2.5.

5.3. Automatic detection

We also performed an automatic detection of the C IV troughs
using the continua in the wavelength range between the Si IV to
C 1V emission lines computed as described in Sect. 4. Bls, Als
and DIs are calculated for all quasars with z > 1.57 using
Egs. (1) and (2). The values are given in the catalog together with
the number of troughs both with width >2000 and 450 km s~!.
We also give, for quasars with BI > 0, the minimum and max-
imum velocities relative to Zem, Umin and vm.x, spanned by the
whole absorption flow.

Out of the 69674 (resp. 7317) quasars with z > 1.57 (resp.
and S/N_1700 > 10), 8124 (resp. 3499) BALs, with/\/tzmugh > 10,
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Fig. 20. Balnicity index (BI) from this work against BI measured by
Allen et al. (2011) for SDSS-DR6 objects re-observed by BOSS.

have Al > 0 kms~!. A visual inspection of spectra with small
values of Al indicates that a number are due to inadequate con-
tinuum fitting. We advise to be careful with Al values smaller
than 300 km s~! (see also below).

Out of the 69674 (resp. 7317) quasars with z > 1.57
(resp. and S/N_1700 > 10), 4855 (resp. 1196) BALs have
BI > 0 kms™!. This corresponds to 7% (resp. 16.3%). 821 BALs
(11.2%) have BI > 500 km s~'. While the overall detection
rate is larger than for the visual inspection, it is important to
note that the automatic detection finds only 8 more objects with
BI > 500 km s~! in spectra with S/N > 10 than the visual in-
spection. Upon reinspection, we found that half of them are not
real and are due either to a peculiar continuum or to the pres-
ence of strong metal lines from a DLA at zgps ~ Zem. Three are
real, but shallow BALs. This shows that the automatic and vi-
sual detections give nearly identical results for BI > 500 km s~
At lower BI and lower S/N, and consistently with what was
found by comparison with previous surveys, the number of un-
reliable detections is large.

We compare in Fig. 20 the BI values measured by Allen
et al. (2011) for SDSS-DR6 spectra with BI values measured
by our automatic procedure using BOSS spectra for the same
quasars. Although the scatter is large, the median difference is
only ~30 km s~!. Note that part of the scatter is probably due
to BAL variability (see Gibson et al. 2008, 2010; Filiz Ak et al.
2012). In Fig. 21 left (resp. right) panel, we compare the fre-
quency distribution of Al (resp. BI) values in our BAL sample
detected automatically with that of previous studies. The dis-
tributions are normalized in the same manner. It can be seen
that the shape of the distributions are very similar. They peak
around AI = 300 km s~' which is the lower limit we set for
robust detection.

We have shown here that BI measurements provided in the
catalog are robust for S/N > 5 (see Fig. 16) and BI > 500 km s~
Any statistical analysis should be restricted to the correspond-
ing sample. The catalog gives a few properties of detected C 1v
troughs and of Si v and Al 111 troughs but only in cases where
BI(C 1v) > 500 km s~ and S/N > 5. These troughs have been
measured by Gibson et al. (2009) in SDSS-DRS.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220142&pdf_id=19
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220142&pdf_id=20

I. Paris et al.: The Sloan Digital Sky Survey quasar catalog: ninth data release

T T
- SDSS-DR9 b
(this work)
0.2~ |
S SDSS-DR3
k= r (Trump et al. 2006) 7
o L ]
°
ge] L ]
o
N
T 01 .
£ | |
]
2 L ]
0.0 | | |
1 2 3 4

log Alciv (km/s)

SDSS-DR9

006~  (this work) |
c
o SDSS-DR6
5 (Allen et al. 2011) i
2
%)
T 0.04
O
(O]
N
©
£
@)
= 0.02

0.00 ‘ ‘

1 2 3 4
log Blciv (km/s)

Fig. 21. Left panel: distribution of Al from our automatic detection (black histogram) and from SDSS-DR3 (red histogram, Trump et al. 2006).
The distributions are normalized for log AI > 3. The difference between the two results at low Al is a consequence of slightly different formula
used to measure Al. Right panel: distribution of BI from our automatic detection (black histogram) and from SDSS-DR6 (blue histogram, Allen

etal. 2011).

6. Description of the DR9Q catalog

The DR9Q catalog is available both as a standard ASCII file and
a binary FITS table file at the SDSS public website http://
www.sdss3.org/dr9/algorithms/gso_catalog.php. The
files contain the same number of columns, the FITS headers
contain all of the required documentation (format, name, unit
of each column). The following description applies to the stan-
dard ASCII file. Table 4 provides a summary of the informa-
tion contained in each of the columns in the ASCII catalog.
The supplemental list of quasars (see Sect. 8) together with the
list of objects classified as QSO_7? are also available at the same
SDSS public website.
Notes on the catalog columns:

1. The DRY object designation, given by the format
SDSS Jhhmmss.ss+ddmmss.s; only the final 18 characters
are listed in the catalog (i.e., the “SDSS J” for each en-
try is dropped). The coordinates in the object name follow
TAU convention and are truncated, not rounded.

2-3. The J2000 coordinates (Right Ascension and
Declination) in decimal degrees. The astrometry is from
DRO (see Ahn et al. 2012).

4. The 64-bit integer that uniquely describes the spectro-
scopic observation that is listed in the catalog (Thing_ID).
5-7. Information about the spectroscopic observation
(Spectroscopic plate number, Modified Julian Date, and
spectroscopic fiber number) used to determine the charac-
teristics of the spectrum. These three numbers are unique for
each spectrum, and can be used to retrieve the digital spectra
from the public SDSS database.

8. Redshift from the visual inspection (see Sect. 3.2).

9. Redshift from the BOSS pipeline (see Sect. 2 and Bolton
et al. 2012).

10. Error on the BOSS pipeline redshift estimate.

11. ZWARNING flag from the pipeline. ZWARNING > 0
indicates bad fits in the redshift-fitting code.

12. Automatic redshift estimate from the fit of the
quasar continuum over the rest frame wavelength range
1410-2000 A with a linear combination of four principal
components (see Sect. 4). When the velocity difference be-
tween automatic PCA and visual inspection redshift esti-
mates is larger than 3000 km s~!, this PCA redshift is set
to —1. The inaccuracy in the PCA estimate is often due to
difficulties in the fit of the continuum. In that case no au-
tomatic measurements are made on these objects and BI is
setto —1.

13. Error on the automatic PCA redshift estimate. If the
PCA redshift is set to —1, the associated error is also
setto —1.

14. Estimator of the PCA continuum quality (between 0
and 1). See Eq. (11) of Paris et al. (2011).

15-17. Redshifts measured from C 1v, C 11] complex and
Mg 11 emission lines from a linear combination of five prin-
cipal components (see Sect. 4).

18. Morphological information. If the SDSS photometric
pipeline classified the image of the quasar as a point source,
the catalog entry is O; if the quasar is extended, the catalog
entry is 1.

19-21. Quasars targeted by BOSS are tracked with the
BOSS_TARGET1 flag bits (19; see details of selec-
tion method in Ross et al. 2012). In addition, 5% of
fibers on each plate are dedicated to ancillary pro-
grams tracked with the ANCILLARY_TARGET1 (20) and
ANCILLARY_TARGET?2 (21) flag bits. The bit values and
the corresponding program names are listed in Dawson et al.
(2012).

22. A quasar known from SDSS-DR7 has an entry equal to 1,
and 0 otherwise
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Column Name Format Description®

1 SDSS_NAME Al9 SDSS-DRY designation hhmmss.ss+ddmmss.s (J2000)

2 RA F11.6 Right Ascension in decimal degrees (J2000)

3 DEC F11.6 Declination in decimal degrees (J2000)

4 THING_ID 110 Thing_ID

5 PLATE 15 Spectroscopic Plate number

6 MJD 16 Spectroscopic MID

7 FIBERID 15 Spectroscopic Fiber number

8 Z_VI Fo.4 Redshift from visual inspection

9 Z_PIPE Fo.4 Redshift from BOSS pipeline

10 ERR_ZPIPE F9.4 Error on BOSS pipeline redshift

11 ZWARNING 14 ZWARNING flag

12 Z_PCA F9.4 Refined PCA redshift

13 ERR_ZPCA F9.4 Error on refined PCA redshift

14 PCA_QUAL Fo.4 Estimator of the PCA continuum quality

15 Z_CIV Fo.4 Redshift of C IV emission line

16 Z_CIII Fo.4 Redshift of C 111] emission complex

17 Z_MGII Fo.4 Redshift of Mg II emission line

18 SDSS_MORPHO 12 SDSS morphology flag 0 = point source 1 = extended

19 BOSS_TARGET1 120 BOSS target flag for main survey

20 ANCILLARY_TARGET1 120 BOSS target flag for ancillary programs

21 ANCILLARY_TARGET2 120 BOSS target flag for ancillary programs

22 SDSS_DR7 12 1 if the quasar is known from DR7

23 PLATE_DR7 5 SDSS-DR7 spectroscopic Plate number if the quasar is known from DR7
24 MJD_DR7 16 SDSS-DR7 spectroscopic MID if the quasar is known from DR7
25 FIBERID_DR?7 14 SDSS-FR7 spectroscopic Fiber number if the quasar is known from DR7
26 UNIFORM 12 Uniform sample flag

27 MI F9.4 M;[z =2](Ho =70 kms™ Mpc™!, Qu =03, @y =07, a, = -0.5)
28 DGMI F9.4 Alg — i) = (g — i) — {(g — D))reashire (Galactic extinction corrected)
29 ALPHA_NU F9.4 Spectral index measurement «,

30 SNR_SPEC Fo.4 Median S/N over the whole spectrum

31 SNR_1700 F9.4 Median S/N in the window 1650-1750 A (rest frame)

32 SNR_3000 F9.4 Median S/N in the window 2950-3050 A (rest frame)

33 SNR_5150 F9.4 Median S/N in the window 5100-5250 A (rest frame)

34 FWHM_CIV F9.4 FWHM of C 1V emission line in km s™!

35 BHWHM_CIV Fo.4 Blue HWHM of C 1V emission line in km s~

36 RHWHM_CIV F9.4 Red HWHM of C IV emission line in km s~!

37 AMP_CIV Fo.4 Amplitude of C IV emission line in units of median rms pixel noise
38 REWE_CIV Fo.4 Rest frame equivalent width of C 1v emission line in A

39 ERR_REWE_CIV F9.4 Uncertainty on the rest frame equivalent width of C IV emission line in A
40 FWHM_CIII F9.4 FWHM of C 11] emission complex in km s

41 BHWHM_CIII F9.4 Blue HWHM of C 111] emission line in km 57!

42 RHWHM_CIII Fo.4 Red HWHM of C 11] emission line in km s!

43 AMP_CIII F9.4 Amplitude of C 111] emission complex in units of median rms pixel noise
44 REWE_CIII Fo.4 Rest frame equivalent width of C 11| emission line in A

45 ERR_REWE_CIII F9.4 Uncertainty on the rest frame equivalent width of C 111] emission complex in A
46 FWHM_MGII Fo.4 FWHM of Mg 11 emission line in km 57!

47 BHWHM_MGII Fo.4 Blue HWHM of Mg 11 emission line in km s/

48 RHWHM_MGII Fo.4 Red HWHM of Mg 11 emission line in km 57!

49 AMP_MGII Fo.4 Amplitude of Mg II emission line in units of median rms pixel noise
50 REWE_MGII Fo.4 Rest frame equivalent width of Mg II emission line in A

51 ERR_REWE_MGII Fo.4 Uncertainty on the rest frame equivalent width of Mg 11 emission in A
52 BAL_FLAG_VI 12 BAL flag from visual inspection

53 BI_CIV F9.4 Balnicity index of C IV trough in km s~

54 ERR_BI_CIV F9.4 Error on the balnicity index of C IV trough in km 57!

55 AL_CIV Fo.4 Absorption index of C IV trough in km s~!

56 ERR_AI_CIV F9.4 Error on the absorption index of C IV trough in km s™!

57 DI_CIV F9.4 Detection index of C IV trough in km s~

58 ERR_DI_CIV Fo.4 Error on the detection index of C IV trough in km 57!

59 CHI2THROUGH F9.4 x? of the trough from Eq. (3)

60 NCIV_2000 13 Number of distinct C TV troughs of width larger than 2000 km s~
[ VMIN_CIV_2000 Fo.4 Minimum velocity of the C IV troughs defined in row 60 km s

62 VMAX_CIV_2000 F9.4 Maximum velocity of the C 1V troughs defined in row 60 in km s
63 NCIV_450 13 Number of distinct C TV troughs of width larger than 450 km s~
64 VMIN_CIV_450 Fo.4 Minimum velocity of the C IV troughs defined in row 63 in km s

Notes. > All magnitudes are PSF magnitudes.
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Column Name Format Description®

65 VMAX_CIV_450 F9.4 Maximum velocity of the C IV troughs defined in row 63 in km s~!
66 REW_SIIV F9.4 rest frame equivalent width of the Si IV trough

67 REW_CIV F9.4 rest frame equivalent width of the C 1V trough

68 REW_ALIII Fo.4 rest frame equivalent width of the Al III trough

69 RUN_NUMBER 16 SDSS imaging run number of photometric measurements
70 PHOTO_MID 16 Modified Julian date of imaging observation

71 RERUN_NUMBER A4 SDSS photometric processing rerun number

72 COL_NUMBER 12 SDSS camera column number (1-6)

73 FIELD_NUMBER 15 SDSS field number

74 OBJ_ID A20 SDSS object identification number

75 UFLUX F9.4 flux in the u-band (not corrected for Galactic extinction)
76 ERR_UFLUX F9.4 Error in u flux

77 GFLUX F9.4 flux in the g-band (not corrected for Galactic extinction)
78 ERR_GFLUX Fo.4 Error in g flux

79 RFLUX F9.4 flux in the r-band (not corrected for Galactic extinction)
80 ERR_RFLUX F9.4 Error in r flux

81 IFLUX F9.4 flux in the i-band (not corrected for Galactic extinction)
82 ERR_IFLUX F9.4 Error in i flux

83 ZFLUX F9.4 flux in the z-band (not corrected for Galactic extinction)
84 ERR_ZFLUX Fo.4 Error in z flux

85 TARGET_UFLUX F9.4 TARGET flux in the u-band (not corrected for galactic extinction)
86 TARGET_GFLUX F9.4 TARGET flux in the g-band (not corrected for galactic extinction)
87 TARGET_RFLUX F9.4 TARGET flux in the r-band (not corrected for galactic extinction)
88 TARGET_IFLUX F9.4 TARGET flux in the i-band (not corrected for galactic extinction)
89 TARGET_ZFLUX F9.4 TARGET flux in the z-band (not corrected for galactic extinction)
90 U_EXT F9.4 u band Galactic extinction (from (Schlegel et al. 1998))
91 HI_GAL F9.4 logNy (logarithm of Galactic H I column density in cm™2)
92 RASS_COUNTS F9.4 log RASS full band count rate (counts s™!)

93 RASS_COUNTS_SNR F9.4 S/N of the RASS count rate

94 SDSS2ROSAT_SEP Fo.4 SDSS-RASS separation in arcsec

95 NUVFLUX F9.4 nuv flux (GALEX)

96 ERR_NUVFLUX F9.4 Error in nuv flux

97 FUVFLUX Fo.4 fuv flux (GALEX)

98 ERR_FUVFLUX F9.4 Error in fuv flux

99 IMAG F9.4 J magnitude (Vega, 2MASS)

100 ERR_IMAG Fo.4 Error in J magnitude

101 JSNR F9.4 J-band S/N

102 JRDFLAG 12 J-band photometry flag

103 HMAG Fo.4 H magnitude (Vega, 2MASS)

104 ERR_HMAG Fo.4 Error in H magnitude

105 HSNR F9.4 H-band S/N

106 HRDFLAG 12 H-band photometry flag

107 KMAG F10.6 K magnitude (Vega, 2MASS)

108 ERR_KMAG F10.6 Error in K magnitude

109 KSNR F10.6 K-band S/N

110 KRDFLAG 12 K-band photometry flag

111 SDSS2MASS_SEP F10.6 SDSS-2MASS separation in arcsec

112 WIMAG F10.6 w1 magnitude (Vega, WISE)

113 ERR_WIMAG F10.6 Error in w1l magnitude

114 WI1SNR F10.6 S/N in w1 band

115 WICHI2 F10.6 x? in w1 band

116 W2MAG F10.6 w2 magnitude (Vega, WISE)

117 ERR_W2MAG F10.6 Error in w2 magnitude

118 W2SNR F10.6 S/N in w1 band

119 W2CHI2 F10.6 x? in wl band

120 W3MAG F10.6 w3 magnitude (Vega, WISE)

121 ERR_W3MAG F10.6 Error in w3 magnitude

122 W3SNR F10.6 S/N in w1 band

123 W3CHI2 F10.6 2 in w1 band

124 WAMAG F10.6 w4 magnitude (Vega, WISE)

125 ERR_W4MAG F10.6 Error in w4 magnitude

126 W4SNR F10.6 S/N in w1 band

127 W4CHI2 F10.6 x? in w1 band

128 SDSS2WISE_SEP F10.6 SDSS-WISE separation in arcsec

129 FIRST_FLUX F10.6 FIRST peak flux density at 20 cm expressed in mJy
130 FIRST_SNR F10.6 S/N of the FIRST flux density

131 SDSS2FIRST_SEP F10.6 SDSS-FIRST separation in arcsec
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23-25. Spectroscopic plate number, Modified Julian Date,
and spectroscopic fiber number in SDSS-DR?7.

26. Uniform flag. See Sect. 7.4.

27. The absolute magnitude in the i band at z = 2 calcu-
lated after correction for Galactic extinction and assuming
Hy =70 kms™! Mpc‘l, Qy = 0.3, Qp = 0.7, and a power-
law (frequency) continuum index of —0.5. The K-correction
is computed using Table 4 from Richards et al. (2006).

28. The A(g — i) color, which is the difference in the Galactic
extinction corrected (g—i) for the quasar and that of the mean
of the quasars at that redshift. If A(g—i) is not defined for the
quasar, which occurs for objects at either z < 0.12 orz > 5.12
the column will contain “-9.000”. See Sect. 7 for a descrip-
tion of this quantity.

29. Spectral index a, (see Sect. 7.2).

30. Median S/N computed over the whole spectrum.

31. Median S/N computed over the window 1650—1750 A in
the quasar rest frame.

32. Median S/N computed over the window 2950-3050 A in
the quasar rest frame.

33. Median S/N computed over the window 5100-5250 A in
the quasar rest frame.

34-37. FWHM (km s~ '), blue and red HWHM (the sum of
the latter two equals FWHM), and amplitude (in units of the
median rms pixel noise, see Sect. 4) of the C IV emission
line.

38-39. Rest frame equivalent width and corresponding un-
certainty in A of the C IV emission line.

40-43. Same as 34-37 for the C 1II] emission complex. It is
well known that C 11]11909 is blended with Si 11]11892
and to a lesser extend with Al mA1857. We do not attempt
to deblend these lines. Therefore the redshift and red HFHM
derived for this blend correspond to C 11]11909. The blue
HFWM is obviously affected by the blend.

44-45. Rest frame equivalent width and corresponding un-
certainty in A of the C 111] emission complex.

46-49. Same as 34-37 for the Mg 11 emission line.

50-51. Rest frame equivalent width and corresponding un-
certainty in A of the Mg I emission line.

52. BAL flag from the visual inspection. It is set to 1 if
a BAL feature was seen during the visual inspection. It is
set to 0 otherwise. Note that BAL quasars are flagged during
the visual inspection at any redshift.

53-54. Balnicity index for C 1V troughs, and its error, ex-
pressed in kms~!. See definition in Sect. 5.1. The BI is mea-
sured for quasars with z > 1.57 only. If the BAL flag from
the visual inspection is set to 1 and the Bl is equal to 0, this
means either that there is no C 1V trough (but a trough is
seen in another transition) or that the trough seen during the
visual inspection does not meet the formal requirement of
the BAL definition. In cases with bad fits to the continuum,
the BI and its error are set to —1.

55-56. Absorption index, and its error, for C IV troughs ex-
pressed in kms~!. See definition in Sect. 5.1. In cases with
bad continuum fit, the Al and its error are set to —1.

57-58. Detection index, and its error, for C IV troughs ex-
pressed in kms~!. See definition in Sect. 5.1. In cases with
bad continuum fit, the DI and its error are set to —1.

59. Following Trump et al. (2006), we calculate the re-
duced y? for each trough from Eq. (3). We require that
troughs have ,\/fmugh > 10 to be considered as true troughs

(see Sect. 5.1).
60. Number of troughs of width larger than 2000 km s~!.
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61-62. Full velocity range over which C 1V troughs are at
least 10% below the continuum for troughs of width larger
than 2000 km s~!.

63. Number of troughs of width larger than 450 km s~'.
64-65. Full velocity range over which C 1V troughs are at
least 10% below the continuum for troughs of width larger
than 450 km s~!.

66-68. Rest frame equivalent width in A of Si 1v, C 1V and
Al 11 troughs detected in BAL quasars with BI > 500 km s~
and S/N_1700 > 5. They are set to O otherwise or in cases
where no trough is detected and to —1 if the continuum is
not reliable.

69-70. The SDSS Imaging Run number and the Modified
Julian Date (MJD) of the photometric observation used in
the catalog. The MJD is given as an integer; all observations
on a given night have the same integer MJD (and, because of
the observatory’s location, the same UT date). For example,
imaging run 94 has an MJD of 51 075; this observation was
taken on 1998 September 19 (UT).

71-74. Additional SDSS processing information: the pho-
tometric processing rerun number; the camera Cols. (1-6)
containing the image of the object, the field number of the
run containing the object, and the object identification num-
ber (see Stoughton et al. 2002, for descriptions of these
parameters).

75-84. DR9Y flux and errors (not corrected for Galactic ex-
tinction) in the five SDSS filters.

85-89. TARGET photometric flux in the five SDSS filters.
90. Galactic extinction in the # band based on the maps of
Schlegel et al. (1998). For an Ry = 3.1 absorbing medium,
the extinctions in the SDSS bands can be expressed as

Ay =C A,

where x is the filter (ugriz), and values of C, ;. are 0.736,
0.534, 0.405, and 0.287. See Schlafly & Finkbeiner (2011)
however.

91. The logarithm of the Galactic neutral hydrogen column
density along the line of sight to the quasar. These values
were estimated via interpolation of the 21-cm data from
Stark et al. (1992), using the COLDEN software provided
by the Chandra X-ray Center. Errors associated with the
interpolation are typically expected to be less than ~1 X
10%° cm™2 (e.g., see Sect. 5 of Elvis et al. 1994).

92. The logarithm of the vignetting-corrected count rate
(photons s1) in the broad energy band (0.1-2.4 keV) in the
ROSAT All-Sky Survey Faint Source Catalog (Voges et al.
2000) and the ROSAT All-Sky Survey Bright Source Catalog
(Voges et al. 1999). The matching radius was set to 30”
(see Sect. 7.5.1);

93. The S/N of the ROSAT measurement.

94. Angular Separation between the SDSS and ROSAT All-
Sky Survey locations (in arcseconds).

95-98. UV fluxes and errors from GALEX, aperture-
photometered from the original GALEX images in the two
bands FUV and NUV (see Sect. 7.5.2).

99-100. The J magnitude and error from the Two Micron
All Sky Survey All-Sky Data Release Point Source Catalog
(Cutri et al. 2003) using a matching radius of 2.0”
(see Sect. 7.5.3). A non-detection by 2MASS is indicated
by a “0.000” in these columns. Note that the 2MASS mea-
surements are Vega-based, not AB, magnitudes.

101-102. S/N in the J band and corresponding 2MASS
jr_d flag.

103-106. Same as 98—101 for the H-band.
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107-110. Same as 98—101 for the K-band.

111. Angular separation between the SDSS and 2MASS po-
sitions (in arcseconds).

112-113. The wl magnitude and error from the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010) All-
Sky Data Release Point Source Catalog using a matching ra-
dius of 2" (see Sect. 7.5.4).

114-115. S/N and y? in the WISE w1 band.

116-119. Same as 111-114 for the w2-band.

120-123. Same as 111-114 for the w3-band.

124-127. Same as 111-114 for the w4-band.

128. Angular separation between SDSS and WISE positions
(in arcseconds).

129. If there is a source in the FIRST catalog (version
July 2008) within 2.0” of the quasar position, this column
contains the FIRST peak flux density (see Sect. 7.5.5). An
entry of “0.000” indicates no match to a FIRST source; an
entry of “—1.000” indicates that the object does not lie in the
region covered by the final catalog of the FIRST survey.
130. The S/N of the FIRST source whose flux is given in
Col. 128.

131. Angular separation between the SDSS and FIRST posi-
tions (in arcseconds).

7. Summary of sample
7.1. Broad view

The DRIQ catalog contains 87 822 unique, visually confirmed
quasars, of which 65205 and 61931 have, respectively, z > 2
and z > 2.15. 91% of these quasars were discovered by BOSS.
The first two years of operations cover an area of approxi-
mately 3275 deg? leading to a mean density of >15 quasars with
z > 2.15 per square degree. In the following, we describe the
properties of the quasar population drawn from the whole sam-
ple. However, we also provide a uniform flag (see Sect. 7.4).
A sample of quasars with uniform > 0 is a sufficiently statis-
tical sample for, e.g., clustering measurements on some scales
(e.g., White et al. 2012) and luminosity function demographics.

Quasars from the present catalog span a range of redshift
from z = 0.058 to z = 5.855. The redshift distribution is given
in Fig. 22 together with that from SDSS-DR7 (red histogram,
Schneider et al. 2010). It is apparent from the figure that BOSS
primarily targets z > 2.15 quasars as it was designed. Only 7932
of those quasars were previously known, e.g. detected by previ-
ous surveys and the majority of those were previous SDSS dis-
coveries. The DR9Q catalog thus contains about 2.6 times more
high-redshift quasars than the whole SDSS-I/II survey. The two
peaks in the redshift distribution at z ~ 0.8 and z ~ 1.6 are due to
known degeneracies in the SDSS color space. Six objects have
z < 0.1. These are Seyfert galaxies that were classified as quasars
in order to differentiate them from normal galaxies.

Figure 23 displays the redshift distributions in the red-
shift range of interest for BOSS for the whole sample
(black histogram), the CORE sample (red histogram) and the
BONUS sample (blue histogram). The CORE sample is selected
via uniform target selection (see details in Ross et al. 2012),
and is designed for statistical studies of the quasar population
(see Sect. 7.4). On the other hand, the BONUS sample is the re-
sult of the combination of four target selection algorithms. This
sample was designed to maximize the number of high-redshift
quasars. Typical spectra are shown in Fig. 24.

Table 5 gives the number of objects targeted by the various
selection methods and visually inspected (Col. #2) as described
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Fig.22. The redshift distribution of quasars from this catalog is dis-
played in black. The same distribution is shown for newly discovered
quasars only (dashed blue histogram). Most of the SDSS-DR9 quasars
have a redshift greater than 2. The redshift distribution of quasars from
the SDSS-DR7 catalog (Schneider et al. 2010) is shown for compar-
ison in red. The latter is dominated by quasars at low redshift. The
present catalog contains 2.6 times more quasars at z > 2.15 than the
DR?7 catalog.
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Fig.23. Redshift distribution of SDSS-DRY quasars in the range
2.00—4.00 for the whole distribution (black histogram), the CORE sam-
ple (red histogram) and the BONUS sample (blue histogram). The
CORE sample was uniformly selected through the likelihood method
(Kirkpatrick et al. 2011) during most of the first year of operation
and the XDQSO method (Bovy et al. 2011) for the second year. The
BONUS sample was selected through a combination of four target se-
lection algorithms to maximize the number of high-redshift quasars
in the sample.

in Ross et al. (2012) together with the number of objects clas-
sified by visual inspection as quasars (Col. #3), quasars with
z > 2.15 (Col. #5), stars (Col. #6) or galaxies (Col. #7).
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Fig. 24. First row, left: spectrum of the highest redshift quasar (z = 5.855) observed by BOSS; this quasar was discovered by Fan et al. (2004);
the quasar with highest redshift discovered by BOSS is SDSS J222018.50-010147.0 at z = 5.605. First row, right: spectrum of the most luminous
(M; [z = 2] = =30.91) quasar available in this catalog. Middle and bottom rows: four typical quasar spectra selected to be representative in terms
of S/N at different redshifts (z ~ 2.3, 2.5, 2.7, 3.5). The S/N listed is the median S/N per pixel over the whole spectrum. All the spectra were

boxcar median smoothed over 5 pixels.

Columns #8 and #9 give, respectively, the number of objects
with good spectra but uncertain identification and the number
of objects with data of too low S/N to allow for identification
(see Sect. 3 for a detailed description of the different categories).
Note that a single object can be selected by several methods.

BOSS targets fainter objects than SDSS-I/II. The r-PSF
magnitude distribution (corrected for Galactic extinction) of
SDSS-DR9Y quasars is shown in Fig. 25 (top panel), and peaks
at ~20.8. The median S/N computed over the whole spectrum
versus the r-PSF magnitude is shown in the bottom panel of
Fig. 25. Percentiles are indicated in grey. The i-PSF magnitude
distribution of quasar candidates, spectroscopically confirmed
quasars and z > 2.15 confirmed quasars are shown in Fig. 26.
There is no drop of the success rate at high magnitude, indicat-
ing again that the S/N threshold used to define a survey quality
plate is well chosen.

Figure 27 shows the distribution of objects in the redshift-
luminosity (L versus z) plane for the BOSS survey (black con-
tours and points) together with the same quantities for the
SDSS-DR7 (red contours and points; Schneider et al. 2010). We
calculate the absolute i-band (at z = 2) magnitudes, M;, using the
observed i-band PSF magnitudes and the K-corrections given
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in Table 4 of Richards et al. (2006). This shows the coverage
available for calculating the evolution of the faint end of the
quasar luminosity function, and for placing constraints on the
luminosity dependence of quasar clustering (White et al. 2012).

Figure 28 shows the SDSS (u—g), (g—r), (r—i), and (i—z) col-
ors as a function of redshift for the DR9Q catalog. Also shown
are the mean color in redshift bins (thin red solid line), and the
models described in Ross et al. (in prep., thick colored lines).
This model is systematically bluer than the data at low red-
shift; BOSS target selection systematically excludes UV-excess
quasars. The trends with redshift are due to various emission
lines moving in and out of the SDSS broadband filters, and the
onset of the Lyman-a forest and Lyman-limit systems (e.g., Fan
1999; Hennawi et al. 2010; Richards et al. 2002, 2003; Bovy
et al. 2012; Peth et al. 2011); see also Prochaska et al. (2009)
and Worseck & Prochaska (2011) for biases in the SDSS target
selection.

Figure 29 shows the SDSS color—color diagrams for the
quasars in the DR9Q catalog. This figure illustrates the red-
shift dependence of quasar colors (see also Fig. 28; Fan 1999).
The quasars at z ~ 2.7 are located in the stellar locus (black
contours).
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Table 5. Number of visually inspected DR9 BOSS quasar targets (third column) and identifications in the DR9Q catalog for each target selection
method (first column; see Table 4 of Ross et al. 2012, and Tables 6 and 7 in the Appendix of Dawson et al. 2012).

Selection Maskbits #Objects #QSO #QSOz>2.15 #STAR #GALAXY #? #BAD
BOSS_TARGET1
QSO_CORE 10 3468 13 1084 1975 64 41 11
QSO_BONUS 11 4259 803 437 3319 89 30 18
QSO_KNOWN_MIDZ 12 9927 9775 9121 36 3 56 57
QSO_KNOWN_LOHIZ 13 24 24 0 0 0 0 0
QSO_NN 14 72365 45319 34 864 25541 569 407 529
QSO_UKIDSS 15 48 27 20 19 2 0 0
QSO_KDE_COADD 16 1362 305 202 921 56 50 30
QSO_LIKE 17 90762 54313 35869 32909 1699 938 903
QSO_FIRST_BOSS 18 3348 2507 1629 433 142 174 92
QSO_KDE 19 92203 47564 34252 42248 1021 647 723
QSO_CORE_MAIN 40 67677 41817 32355 23930 799 461 670
QSO_BONUS_MAIN 41 148085 76 660 53000 65320 2931 1467 1705
QSO_CORE_ED 42 22715 15019 12387 7055 198 169 274
QSO_CORE_LIKE 43 23951 17635 12522 5591 319 188 218
QSO_KNOWN_SUPPZ 44 24 24 0 0 0 0 0
ANCILLARY_TARGETI
QSO_AAL 22 174 172 1 0 1 0 1
QSO_AALS 23 281 277 2 0 0 1 3
QSO_IAL 24 80 80 0 0 0 0 0
QSO_RADIO 25 72 71 0 0 0 1 0
QSO_RADIO_AAL 26 58 58 0 0 0 0 0
QSO_RADIO_IAL 27 31 30 0 0 0 0 1
QSO_NOAALS 28 32 31 0 0 0 1 0
QSO_GRI 29 1117 354 343 373 177 26 187
QSO_HIZ 30 335 0 0 272 4 3 56
QSO_RIZ 31 728 47 42 545 78 11 47
ANCILLARY_TARGET2
HIZQS082 0 62 2 2 55 1 0 4
HIZQSOIR 1 28 0 0 25 0 0 3
KQSO_BOSS 2 183 81 39 89 4 9 0
QSO_VAR 3 1380 856 296 431 85 5 3
QSO_VAR_FPG 4 576 549 263 6 3 14 4
RADIO_2LOBE_QSO 5 332 149 15 131 29 7 16
QSO_SUPPZ 7 208 208 0 0 0 0 0
QSO_VAR_SDSS 8 1887 568 166 1185 39 35 60

Notes. These categories overlap because many objects are selected by multiple algorithms.

7.2. Spectral index and composite spectra

The quasar continuum can be expressed as feon; vfgst, where a,
is the spectral index. This index is obtained by fitting a power law
over wavelength ranges outside the Lyman-a forest and devoid
of strong emission lines. The regions of the fits are 1450—1500,
1700-1850 and 1950-2750 A in the rest frame. The continuum
is iteratively fitted to remove absorption lines and to limit the
impact of the iron emission blends on the @, measurement.

The distribution of the quasar spectral index of SDSS-DR7
quasars re-observed by BOSS is shown in Fig. 31. The median
spectral index measured for BOSS spectra (black histogram)
is aypro = —0.517 while the median value measured with
SDSS-DR7 spectra is @,pr7 = —0.862. This discrepancy is
mainly the consequence of the inaccuracy of the BOSS flux
calibration in the blue (see Fig. 5). This may explain as well
the fact that the distribution is more symmetric than previ-
ously measured (e.g. Richards et al. 2003) lacking the red tail.
Therefore the reader should be careful of this measurement us-
ing BOSS quasar spectra.

Although the absolute flux calibration is in error, it is in-
teresting to compare the composite spectra in different absolute
magnitude bins. They are displayed in Fig. 32 for the absolute

magnitude bins —25.0 < M; < —23.5 (magenta), —-26.5 < M; <
—25.0 (blue) and M; < —26.5 (black). The equivalent widths of
the emission lines decreases with increasing luminosity. This is
the well-known Baldwin effect (Baldwin 1977). The rest equiv-
alent widths of the most important equivalent emission lines is
given for different absolute magnitude bins in Table 6.

7.3. Rest equivalent widths in individual spectra

As explained in Sect. 4.5, we used five PCA components to fit
the emission lines and derive their redshift. We used these fits
to measure also the rest equivalent width and widths (FWHM
and HWHM) of the emission lines. The continuum is fitted as
a power law to the best PCA component fit over the windows
1450-1470 A and 1650-1820 A. We modified the windows
used by Shen et al. (2011) (1445-1465 A and 1700-1705 A)
to minimize the fraction of bad fits, especially for emission lines
narrower than the mean.

Figure 30 shows the comparison between the rest equivalent
width measured on SDSS_DR?7 spectra by Shen et al. (2011) and
that measured on BOSS spectra of the same quasars. Our rest
equivalent widths are about 10% smaller on average. This sys-
tematic shift is likely related to a difference in the rest frame
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Fig. 25. Top panel: distribution of r magnitude of SDSS-DR9 quasars
(PSF; corrected for Galactic extinction). Bottom panel: median S/N per
pixel over the whole spectrum with respect to the r-PSF magnitude
(black histogram). Percentiles are indicated in grey.

wavelength range used to compute the rest frame equivalent
width. While we strictly limited the equivalent width computa-
tion to the 1500—1600 A range, Shen et al. (2011) used this range
to fit the line but accounted for the extra wings to estimate the
rest frame equivalent width. The rms scatter is about 33%. We
checked by hand some of the largest discrepancies and found
that our procedure seems to behave well. We applied our pro-
cedure to both SDSS-DR7 data and BOSS data from the same
quasars. The mean difference is 4% and rms 25%. Statistical
errors are of the order of 15%, and variability can account for
another 15% (see e.g. Bentz et al. 2009; Wilhite et al. 2006).
BOSS spectra are also of better quality.

The rest equivalent widths are listed in the catalog for C 1v,
the C 111] complex and Mg II. A value of —1 indicates that the
PCA failed to fit the emission line. The variance was computed
as the integral over the width of the line of the variance in each
pixel. Note however that errors are mostly due to the position of
the continuum.
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Fig. 26. Fraction of quasar candidates confirmed as quasars (red his-
togram) and z > 2.15 quasars (blue histogram) versus the i-band
PSF magnitude (corrected for Galactic extinction).
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SDSS-DR7 |

redshift

Fig.27. L — z plane for SDSS-DRY quasars (black contours and
points) and SDSS-DR7 quasars (red contours and points; Schneider
et al. 2010). The luminosity assumes Hy, = 70 kms™' Mpc™! and
the K-correction is given by Richards et al. (2006) who consider
K(z = 2) = 0. Contours are drawn at constant point density.

7.4. Uniform sample

We provide a similar uniform flag in our catalog to previous
versions of the SDSS quasar catalogs (e.g., Schneider et al.
2007). Quasars in our catalog with uniform = 1 are CORE tar-
gets that were selected with the XDQSO technique (Bovy et al.
2011) after XDQSO became the CORE targeting algorithm of
choice for BOSS (e.g., in or after Chunk 12; Ross et al. 2012).
XDQSO will remain the BOSS quasar target algorithm for the
rest of the survey, so this uniform = 1 sample will grow sig-
nificantly in subsequent releases.

Quasars with uniform = 2 would have been selected by
XDQSO ifit had been the CORE algorithm prior to Chunk 12.
uniform = 2 objects are quite complete to what XDQSO
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Fig. 28. SDSS colors vs. redshift for quasars in the DR9Q catalog. The thin solid red line is the median color in bins of redshift. The thick color
lines are models from simulations used to determine the BOSS quasar completeness (McGreer et al., in prep.; see also Ross et al., in prep.) for
three different quasar luminosities: M;[z = 2] = —22.49 (cyan), M;[z = 2] = —24.99 (green) and M;[z = 2] = —27.49 (orange); and empirical
tracks for the DR7 quasars (blue Bovy et al. 2011). These simulations include the Baldwin effect (Baldwin 1977). Therefore the colors depend on
the quasar luminosity. The model is systematically bluer than the data at low redshift because BOSS systematically excludes UV-excess sources.

would have selected (e.g., Ross et al. 2012), so uniform >
® is a sufficiently statistical sample for, e.g., clustering mea-
surements on some scales (e.g., White et al. 2012). Quasars in
our catalog with uniform = 0 are not homogeneously selected
CORE targets. Finally, the very few (30) quasars in our cata-
log with uniform = -1 have no chunk information, but are a
sufficiently small sample to be discarded for the purposes of
statistical analyses.

7.5. Multiwavelength matching
7.5.1. ROSAT all sky survey

We cross-correlate the DR9Q catalog with the ROSAT all sky
survey catalog listing the sources detected in the energy band
0.1-2.4 keV. The matching radius is set to 30”.

We report the logarithm of the vignetting-corrected count
rate (photons s~!) from the ROSAT All-Sky Survey Faint Source
Catalog (Voges et al. 2000) and the ROSAT All-Sky Survey
Bright Source Catalog (Voges et al. 1999). An entry of “-9.000”

in the column RASS_COUNTS indicates no X-ray detection.
We also report the S/N at the position of the quasar and the sep-
aration between the quasar and the X-ray source.

There are 16 matches with the Bright Source Catalog
and 298 with the Faint Source Catalog. It never happened
to find more than one source within the matching radius.
No DR9 quasar is detected both in the Bright and Faint Source
catalog. Only the most reliable detections were included in our
catalog: X-ray counterparts for 13 quasars were flagged for pos-
sible detection quality issues and therefore are not included in
the present quasar catalog.

7.5.2. The Galaxy Evolution Explorer (GALEX)

The GALEX space mission (Martin et al. 2005) has performed
an all-sky imaging survey in two UV bands (FUV: 1350 to
1750 A; NUV: 1750 to 2750 A) down to map ~ 20.5 and
a medium-deep imaging survey that reaches map ~ 23 (e.g.,
Bianchi et al. 2011). Both surveys are used here.
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Fig. 30. Rest frame equivalent width of the C IV emission line of
SDSS-DR?7 quasars, measured from the SDSS-DR?7 spectra (Shen et al.
2011) and spectra obtained by BOSS (this work).

GALEX images are force photometering GALEX images
(from GALEX Data Release 5) at the SDSS-DRS8 centroids
(Aihara et al. 2011), such that low S/N point-spread function
(PSF) fluxes of objects not detected by GALEX is obtained.
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Fig. 31. Distribution of the spectral index a, of z > 2 of SDSS-
DR7 quasars (red histogram) re-observed by BOSS (black histogram).
The spectral index was measured using the rest frame wavelength
ranges 1450—1500, 1700-1850 and 1950-2750 A. As seen already
from the composite spectrum shown in Fig. 5, the spectral indices mea-
sured using SDSS-DR9 quasar spectra are bluer than those obtained
using DR7 spectra (see Sect. 7.2).
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Fig. 32. Composite spectra of BOSS quasars in different ranges of abso-
lute magnitude: —25.0 < M; < —23.5 (magenta), —26.5 < M; < -25.0
(blue) and M; < —26.5 (black). All the spectra were normalized to have
a flux unity near 1450 A in the quasar rest frame. The Baldwin effect is
apparent (see Table 6).

Table 6. Rest frame equivalent widths measured on the composite spec-
tra displayed in Fig. 32.

M; [z =2] Restframe equivalent width (A)
Sirv. Civ Cm] Mg
-250<M; <-235 106 658 313 44.2
-265<M; <-250 9.5 48,6 274 37.0
M; < -26.5 8.3 340 234 29.8

A total of 77236 quasars lie in the GALEX FUV footprint,
78062 lie in the NUV footprint, and 77 197 are covered by
both bandpasses.

7.5.3. The two micron all sky survey (2MASS)

We cross-correlate the DR9Q catalog with the All-Sky Data
Release Point Source Vatalog (Cutri et al. 2003) using a match-
ing radius of 2.0”.

Together with the Vega magnitudes in the J, H and K-bands
(XMAG with x = J, H or K) and their errors (ERR_XxMAG),
we report the S/N (xS/N) since the errors on the magni-
tude do not differentiate the 20~ upper limits (in a 4" ra-
dius aperture) from detections. We also give for each band
the value of the 2MASS flag rd_fig[1] (entry xRDFLAG)
which gives the meaning of the peculiar values of xXMAG and
ERR_XMAG (see http://www.ipac.caltech.edu/2mass/
releases/allsky/doc/explsup.html).

There are 1441 matches in the catalog.

7.5.4. The Wide-Field Infrared Survey (WISE)

We take the DR9Q catalog, and match to the Wide-Field Infrared
Survey (WISE; Wright et al. 2010) All-Sky Data Release?, ask-
ing for all quasars in the DR9Q catalog that are in the All-Sky
Source Catalog. WISE photometry covers four bands, 3.4, 4.6,
12 and 22 um, where the angular resolution of WISE is ~6"
for 3.4, 4.6, 12 um, and ~12” for 22 ym (Wright et al. 2010).
After testing for various matching radii (1", 2”7, 6”, 12”7, 18"),
we use a matching radius of 2.0”, and a total of 45987 rows

> http://wise2.ipac.caltech.edu/docs/release/allsky/

of WISE photometry data are returned, along with the separa-
tion in arcseconds between the SDSS and WISE source (stored
in SDSSWISE_SEP).

In the DR9Q catalog, we report the photometric quantities,
wxmpro, wxsigmpro, wxsnr, wxrchi2, where x = 1-4 and
represents the four WISE bands centered at wavelengths of 3.4,
4.6, 12 and 22 pum. These magnitudes are in the Vega system,
and are measured with profile-fitting photometry (see e.g.
http://wise2.ipac.caltech.edu/docs/release/
allsky/expsup/sec2_2a.html and http://wise2.ipac.
caltech.edu/docs/release/allsky/expsup/secd_A4c.
html#wpro).

Formulae for converting WISE Vega magnitudes to
flux density units (in Janskys) and AB magnitudes are
given in Wright et al. (2010) and Jarrett et al. (2011)
and also here: http://wise2.ipac.caltech.edu/docs/
release/allsky/expsup/sec4_4h.html#conv2flux

Although the MIR WISE properties of the BOSS quasars
will be valuable for many scientific questions, we strongly urge
the user to not only consider the various “health warnings” asso-
ciated with using the BOSS quasar dataset (as given in Sect. 2)
but also those connected to the WISE All-Sky Release Data
Products®.

We do not investigate any of the 2MASS, or UKIDSS prop-
erties associated with WISE matches here, but these are being
investigated in Ross et al. (in prep.).

7.5.5. FIRST

We cross-correlate the DR9Q catalog with objects that are de-
tected in the FIRST radio survey (Becker et al. 1995). We use
the version of July 2008.

If there is a source in the FIRST catalog within 2.0” of the
quasar position, we indicate the FIRST peak flux density and
the S/N. Note that extended radio sources may be missed by
this matching.

Note that, as in SDSS-I/II, FIRST sources are automat-
ically included in the target selection. An additional cut in
color (u — g > 0.4) is added to avoid as much as possible
low-redshift sources (Ross et al. 2012). The catalog contains
3283 FIRST matches.

8. Additional quasars

We provide a supplemental list of 949 quasars, of which 318
at z > 2.15, that have been identified among quasar targets
after DR9 was “frozen” (Sect. 8.1) or among galaxy targets
(Sect. 8.2). This supplemental list of quasars is provided in the
same format as the DR9Q catalog but in a separate file and is
meant to be merged with the whole catalog for DR10. Figure 33
gives the redshift distribution of these additional quasars. The
list is available together with the DR9Q catalog and the list of
objects classified as QSO_? at the SDSS public website http://
www.sdss3.org/dr9/algorithms/qso_catalog.php

8.1. Additional quasars from the quasar target list

The quasar catalog was frozen’ in February 2012, but we subse-
quently identified an additional 301 quasars (294 with z > 2.15)

6 http://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/secl_4.html

7 By which we mean no additional quasar or change in the identifica-
tions were intended to be included in the catalog.
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Fig. 33. Redshift distribution of the 949 additional quasars described
in Sect. 8.

that have been targeted as quasar candidates. Some of these were
identified with improvements of the pipeline. Others are identi-
fied from a good spectrum taken on a plate which was not survey
quality so was not included in the first inspection. A handful are
objects that have been misidentified during the first inspection
but were corrected during the checks.

In addition, a few ancillary programs were not included in
the first inspection. Therefore the supplemental list contains the
quasars that have been targeted only by these programs. These
comprise 500 quasars of which 20 have z > 2.15.

Finally, only objects classified as QSO or QSO_BAL are listed
in the official DR9Q catalog. Objects classified as QSO_Z?
(126 in total; 122 corresponding to the DR9Q inspection) are
also included in the supplemental list. Most of the latter are very
peculiar BAL quasars.

8.2. Galaxy targets

In order to be as complete as possible we also tried to identify
serendipitous quasars. For this, we visually inspected all objects
from the BOSS galaxy target list that the pipeline reliably classi-
fies (ZWARNING = 0) as quasars with z > 2, and all objects clas-
sified as GALAXY/BROADLINE. We also visually inspected 10% of
the galaxy targets classified as quasars with ZWARNING not equal
to zero; none were in fact quasars, so we did not inspect the
remaining such objects. A large fraction (65%) of the unclassifi-
able objects are attributed to the QSO class, but with low signifi-
cance. They include all sorts of unidentified objects and spectra
with calibration problems but probably very few real quasars,
if any. In total we identified 22 additional quasars, 4 of which
were at z > 2.15, out of more than 3000 targets. There is one
quasar classified as QSO_Z?.

9. Conclusion

The quasar catalog presented here contains 87 822 quasars,
61931 having z > 2.15, with robust identification from visual
inspection and redshift derived from the fit of PCA components
to the spectra. This catalog has been gathered during the first two
years of the BOSS operation covering 3275 deg?. It will be the
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basis for studies of the luminosity function and the spatial distri-
bution of quasars as well as studies of the clustering properties
of the Lyman-« forest. In particular it will be used to measure
for the first time the BAO clustering signal in the IGM at z ~ 2.3
from the Lyman-« forest.

For quasars with z.,, > 1.57, the catalog identifies
7228 broad absorption line quasars from visual inspection,
of which 3130 have BI > 500 km s™'. In the 7317 spectra with
S/N > 10, we find 813 BALs with BI > 500 km s~! corre-
sponding to a fraction of 11.1%. We implement a procedure
to identify BALs automatically, fitting the quasar continuum
with PCAs. 3330 BALs with BI > 500 km s~! have been identi-
fied in this way, of which 821 in spectra of S /N > 10. The catalog
gives their characteristics, balnicity and absorption indices. The
list of BALs will be used for statistical analysis of this popu-
lation of quasars. Since SDSS-DR7 z > 2.15 quasars are reob-
served by BOSS, this will be a unique opportunity to study the
variability of these troughs. High redshift (z > 2) quasar con-
tinua together with pixel masks, improved noise estimates, and
other products designed to aid in the BAO-Lyman-« clustering
analysis will be released in Lee et al. (in prep.).

BOSS is a five year program and the next version of our
quasar catalog, to be released as a part of SDSS-DRI10 in
July 2013, should contain about two times as many quasars as
the DR9OQ catalog. Improvements in the pipeline will allow us
to achieve identification of more objects. We will also perform
multiple checks and improve our procedures in order to place
better constraints on the characterisitcs of the quasar spectra.
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