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ABSTRACT

High-redshift quasars are currently the only probes of the growth of supermassive black holes and
potential tracers of structure evolution at early cosmic time. Here we present our candidate selection
criteria from the Panoramic Survey Telescope & Rapid Response System 1 and follow-up strategy
to discover quasars in the redshift range 5.7 . z . 6.2. With this strategy we discovered eight new
5.7 ≤ z ≤ 6.0 quasars, increasing the number of known quasars at z > 5.7 by more than 10 %. We
additionally recovered 18 previously known quasars. The eight quasars presented here span a large
range of luminosities (−27.3 ≤ M1450 ≤ −25.4; 19.6 ≤ zP1 ≤ 21.2) and are remarkably heterogeneous
in their spectral features: half of them show bright emission lines whereas the other half show a weak
or no Lyα emission line (25% with rest-frame equivalent width of the Lyα+Nv line lower than 15Å).
We find a larger fraction of weak-line emission quasars than in lower redshift studies. This may imply
that the weak-line quasar population at the highest redshifts could be more abundant than previously
thought. However, larger samples of quasars are needed to increase the statistical significance of this
finding.
Subject headings: cosmology: observations – quasars: emission lines – quasars: general – surveys:

Pan-STARRS1

1. INTRODUCTION

High-redshift quasars provide us with unique infor-
mation about the evolution of supermassive black holes
(SMBHs), their host galaxies, and the intergalactic
medium (IGM) at early cosmic time. Over the last
decade, numerous studies have established a sample of
roughly 60 quasars at 5.5 < z < 7.1, mostly discov-
ered using optical surveys such as the Sloan Digital
Sky Survey (SDSS; Fan et al. 2001, 2003, 2004, 2006b)
and the Canada-France High-z Quasar Survey (CFHQS;
Willott et al. 2005, 2007, 2009, 2010b,a). Among the key
results from these studies are the existence of SMBHs
less than a gigayear after the big bang (e.g., Willott et al.
2003; Mortlock et al. 2011; De Rosa et al. 2013), and the
presence of near complete Gunn–Peterson absorption, in-
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dicating a rapid increase in the IGM neutral fraction and
the end of reionization at z ∼ 6 (Fan et al. 2006a). These
findings strongly suggest that fundamental changes are
happening in the IGM at 6 . z . 7. In addition, the
initial formation and growth of these SMBHs is, how-
ever, not fully understood. In order to further study this
important era in the history of the universe and better
constrain the formation and evolution of early structures
and SMBH, the discovery and characterization of a sig-
nificant sample of quasars in this redshift range is crucial.
The Panoramic Survey Telescope & Rapid Response

System 1 (Pan-STARRS1, PS1; Kaiser et al. 2002, 2010)
3π is surveying all the sky above declination −30◦ in the
filters gP1, rP1, iP1, zP1, and yP1 (Stubbs et al. 2010;
Tonry et al. 2012). The PS1 3π survey maps yearly each
region of the sky in two sets of pairs per filter. Each
pair is taken during the same night. The second pair for
gP1, rP1, and iP1 are obtained during the same lunation,
whereas for zP1 and yP1 are observed approximately 5–6
months later. There are some regions of the sky that are
not covered or have less coverage (i.e., 0 or 2 exposures
per year) than the average survey mostly due to weather
restrictions (especially for gP1, rP1, and iP1 bands be-
cause their observation pairs are taken within the same
month) or areas falling into the camera chip gaps.
PS1 presents an excellent opportunity to perform high-

redshift quasar searches for three reasons: (1) it covers
a larger area than previous high-redshift quasar surveys,
especially in the southern hemisphere; (2) it goes signif-
icantly deeper than SDSS in the reddest bands where
z ∼ 6 quasars are visible (current 5σ median limiting
magnitudes are gP1 = 22.9, rP1 = 22.8, iP1 = 22.6,
zP1 = 21.9, yP1 = 20.9); and (3) the additional y-band
(λeff = 9620 Å; FWHM= 890 Å; Tonry et al. 2012) en-
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ables the search for luminous quasars beyond the SDSS
limit, z > 6.5. In early 2013, PS1 produced its first in-
ternal release of the 3π stacked catalog (PV1), which is
based on the co-added PS1 exposures (see Metcalfe et al.
2013). This is the catalog used for the present work and it
includes data obtained primarily during the period 2010
May–2013 March.
In Morganson et al. (2012), we presented our pre-

liminary selection method for our quasar search when
the stacked catalog was not available and reported
the discovery of the first PS1 high-redshift quasar
(PSO J215.1514–16.0417 12 at z = 5.73). In this pa-
per, we refined our selection criteria and made use of
the deeper and more complete information in the new
PS1 stacked catalog. Our aim was to discover quasars at
z ∼ 6 while minimizing the contamination of foreground
objects. This was possible by focusing the search on the
redshift range 5.7 . z . 6.2 where quasars and stars are
best differentiated in PS1 colors (for details see Section
2). In this work we present our strategy and the first
discoveries of this search.
The paper is organized as follows. In Section 2, we

present our color selection procedures for 5.7 . z . 6.2
quasars, including the initial selection from the PS1
stacked catalog and the follow-up optical and near-
infrared (NIR) photometry. In Section 3, we present the
discovery of eight new z ∼ 6 quasars and discuss their
spectral properties. In Section 4, we estimate our com-
pleteness by studying whether other quasars from the
literature were or were not part of our list of candidates.
We discuss how typical the weak-line emission quasars
discovered in this work are in Section 5 and summarize
our results in Section 6. Magnitudes throughout the pa-
per are given in the AB system, except when referring
to Two Micron All Sky Survey (2MASS) and Wide-field
Infrared Survey Explorer (WISE ) magnitudes which are
in the Vega system, unless otherwise stated. We employ
a cosmology with H0 = 69.3 km s−1 Mpc−1, ΩM = 0.29,
and ΩΛ = 0.71 (Hinshaw et al. 2013).

2. SELECTION OF QUASAR CANDIDATES

Quasars at redshift z & 5.7 are observationally charac-
terized by their very red i− z color and blue continuum
(i.e., blue z− y color). They are very faint or completely
undetected in the i band due to the optically thick Lyα
forest at these redshifts, causing most of the light coming
from wavelengths λrest < 1216 Å to be absorbed.
To determine the optimum selection criteria, we have

taken the composite quasar spectrum from Decarli et al.
(2010), which consists of 96 bright quasars at 0 < z < 3.
We chose this template because at red wavelengths it
is less affected by host galaxy contamination than other
composite spectra in the literature (e.g., Francis et al.
1991; Vanden Berk et al. 2001) and it samples the rest
frame wavelengths of 5.7 < z < 7.2 quasars in the PS1
filters. For λrest < 1010 Å we replaced the template with
a flat fλ, normalized to the UV continuum blueward of
Lyα. Then, we applied the intergalactic attenuation cor-
rection from Meiksin (2006), tuning the optical depth,

12 We have slightly modified the name published in
Morganson et al. (2012) from PSO J215.1512–16.0417 to
PSO J215.1514–16.0417 based on the stacked catalog coordi-
nates.

τIGM, to match the transmitted flux blueward of Lyα
in the z ∼ 6 SDSS composite spectrum from Fan et al.
(2006b). Figure 1 shows the expected track of our quasar
template through the iP1−zP1 and zP1−yP1 colors as the
redshift is increased from z = 5.0 to z = 6.5. We are also
interested in the location of our potential contaminants
in this diagram. Since the observational color scatter
for brown dwarfs is significant, we decided to compare
with real PS1 colors of known brown dwarfs. We cross-
matched the ultracool dwarfs presented in Dupuy & Liu
(2012) with the PS1 stacked catalog, taking the closest
match within a 5′′ radius with proper motion measure-
ments taken into account. There were 126 matches that
had measurements in the iP1, zP1, and yP1 bands, and
with a signal-to-noise ratio (S/N) > 10 in the zP1 band
and S/N > 5 in the yP1 band. Their PS1 colors are
represented by stars in Figure 1.
In this work we focused on the upper-left region of the

color–color diagram in the right panel of Figure 1 for two
reasons: (1) the bulk of the z ∼ 6 quasar population is lo-
cated there and (2) this is the region with the least brown
dwarf contamination in this color–color diagnostic.
Because high-redshift quasars are very rare and be-

cause of the high number of other sources (or artifacts)
that mimic high-redshift quasar colors, we cleaned our
sample in several steps:

1. We selected initial high-redshift quasar candidates
from the PV1 PS1 stacked database (see Section
2.1).

2. At the position of each candidate, we applied forced
aperture photometry in the stacked images in order
to corroborate the catalog colors (see Section 2.2).

3. This was followed by forced photometry in all
single-epoch z-band images to remove artifacts (see
Section 2.3).

4. We then matched the candidate list to the 2MASS
(Skrutskie et al. 2006), SDSS DR8 (Aihara et al.
2011), and the UKIRT Infrared Deep Sky Survey
(UKIDSS; Lawrence et al. 2007) to eliminate con-
taminants that are evident when using the extra
information provided by these surveys (see Section
2.4).

5. We then cross-matched the remaining candidates
with known quasars (see Section 2.5) and visually
inspected the stacked and single-epoch stamps to
ensure that they are real.

6. We then obtained optical and NIR follow-up pho-
tometry (see Section 2.6).

7. Finally, we obtained spectra to confirm the nature
and redshifts of the remaining candidates (see Sec-
tion 2.7).

2.1. Selection from Pan-STARRS1 Catalog

We excluded the Galactic plane (|b| < 20◦), and M31
(7◦ <R.A.< 14◦; 37◦ <Decl.< 43◦) from our search.
The catalog used in this work had no data between 92◦ <
R.A.< 132◦. After removing these regions, the effective
area of our survey is ∼ 20, 000 square degrees or ∼ 1.9 π
steradian.
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For our candidates, we required coverage in at least
the three redder bands (iP1, zP1, and yP1) and that more
than 85% of the expected point-spread function (PSF)-
weighted flux in these bands was located in valid pixels
(i.e., that the PS1 catalog entry has PSF QF > 0.85). In
order to estimate the fraction of objects missed by re-
quiring coverage in these three bands and/or by being
located in bad pixels, we cross-matched the PS1 cata-
log to sources in 2MASS with S/N > 10 and fainter than
14th magnitude in all the 2MASS bands. The magnitude
cut is intended to avoid objects that would be saturated
in the PS1 catalog. After applying the same coverage and
pixel criteria we estimate that the percentage of missed
objects is ∼ 7%. We also excluded those measurements
for which the Image Processing Pipeline (Magnier 2006,
2007) flagged the result as suspicious (see Table 6 in Ap-
pendix A for details).
We limited our survey to candidates with zP1 > 18.0,

S/N > 10 in the zP1 band, and S/N > 5 in the yP1 band
(Equations (1a), (1b), and (1c)). We treated objects that
were or not detected in the iP1 band differently as sum-
marized in Equation (1d). For the former we required a
color iP1−zP1 > 2.2, for the latter we were less conserva-
tive and required iP1,lim − zP1 > 2.0, where iP1,lim is the
3σ-limiting magnitude. One of our main contaminants
are cool stars, which have similar i − z colors to those
of z & 5.7 quasars but are redder in z − y. However,
for quasars at z & 6.2, a significant amount of flux in
the z-band is also absorbed, making these objects redder
in the z − y color (see Figure 1). In this paper we aim
to get the bulk of the z ∼ 6 quasar population while at
the same time reducing the contamination by L- and T-
dwarfs. We produce a relatively pure sample by setting
an upper limit in the zP1−yP1 color of 0.5 (see Equation
(1e) and Figure 1). This constraint has the drawback of
preventing us from finding typical quasars at z & 6.2.
Once we have a better understanding of our contami-
nants, we will relax this constraint to search for quasars
at higher redshifts. In order to prevent contamination
from low redshift interlopers we also put constraints in
the rP1 and gP1 bands. In Equation (1f), we will require
that either the object was detected with a S/N< 3 in the
rP1 band, or that the flux in the band was negative (i.e.,
the object was not detected or there was no coverage),
or that there was a break in color of rP1 − zP1 > 2.2.
We required a non-detection or no coverage in the gP1

band (Equation (1g)), since we expect virtually null flux
in this band from a z ∼ 6 quasar. Quasars at these red-
shifts are expected to be unresolved. In an attempt to
select point-like sources we require the aperture magni-
tudes and PSF magnitudes of our candidates to be con-
sistent with each other within 0.3 mag at least in one of
the detection bands (zP1 or yP1, see Equation (1h)).
We can summarize the catalog selection criteria as fol-

lows:

zP1 > 18.0 (1a)

S/N(zP1) > 10 (1b)

S/N(yP1) > 5 (1c)

((iP1 < iP1,lim) AND(iP1 − zP1 > 2.2)) OR

((iP1 > iP1,lim) AND(iP1,lim − zP1 > 2.0)) (1d)

zP1 − yP1 < 0.5 (1e)

(S/N(rP1) < 3) OR (flux(rP1) ≤ 0) OR

(rP1 − zP1 > 2.2) (1f)

(S/N(gP1) < 3) OR (flux(gP1) ≤ 0) (1g)

(−0.3 < zP1−aper − zP1 < 0.3) OR

(−0.3 < yP1−aper − yP1 < 0.3) (1h)

2.2. Forced Photometry on Stacked Images

In order to confirm and check the PS1 catalog col-
ors, we implemented an algorithm to compute aperture
photometry on the stacked images. This algorithm re-
trieves 5′ × 5′ stacked postage stamps images centered
on the candidates and their respective stacked catalogs.
Then, we computed the aperture that maximizes the S/N
of bright stars in the field and used it to get the aper-
ture photometry of the respective candidate in the im-
age. Since the aperture photometry is noisier than the
PSF photometry, we relaxed the color criteria and re-
quired Equations (1a), (1d), (1e), and (1f) to be con-
sistent within 2σ with our own measurements from the
stacked images. This step mainly got rid of candidates
that had bad iP1 photometry in the catalog. This is not
surprising since our candidates were very faint or not de-
tected in the iP1 band, and large photometric errors are
expected.
We found empirically that when the diameter of

our computed optimal apertures (aperture diameter)
were smaller than 0′′.75 or greater than 3′′.75, the im-
ages had evident problems mostly related to back-
ground subtraction, causing unreliable catalog magni-
tudes. Thus, we only considered candidates with 0′′.75 <
aperture diameter(izy) < 3′′.75.

2.3. Single Epoch Forced Photometry

It is possible that a fraction of our candidates were
moving objects, spurious objects, or artifacts that ap-
peared as very bright sources in some of the individual
exposures and did not appear in others. After stack-
ing the images, such objects could still look like reason-
able quasar candidates. For this reason, we performed
forced aperture photometry on all individual single epoch
z band images (the detection band with the highest S/N)
by using the optimal aperture determined in Section 2.2.
We flagged the images in which the S/N at the position
of the candidate was S/N < 3 while, based on the magni-
tude of the candidate measured on the stacked image, a
S/N > 5 was expected. We retained candidates that had
less than 40% flagged images and that the standard devi-
ation of the single epoch magnitudes was less than 1 mag.
These criteria were determined based on tests performed
with known quasars and objects that had a counterpart
in SDSS and in the WISE (Wright et al. 2010).
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Figure 1. Left: the bottom panel shows the PS1 capture cross section in units of m2 e−1 photon−1 for the iP1, zP1, and yP1 bands
(Tonry et al. 2012). The three upper panels show the composite quasar spectrum from Decarli et al. (2010) (with the intergalactic medium
correction from Meiksin 2006) redshifted to z = 5.6, z = 6.0, and z = 6.3, from bottom to top. The gray dashed lines show the wavelength
of the Lyα line at each redshift. Right: color–color diagram showing the criteria used to select quasar candidates (long-dashed line, upper
left corner). The dot-dashed line is used for candidates with upper limits in the iP1 band. The thick black line shows the expected
color of the quasar template from Decarli et al. (2010) redshifted from z = 5.0 to z = 6.5 in steps of ∆z = 0.1 (see left panel). The
M/L/T dwarfs from Dupuy & Liu (2012) that have a PS1 counterpart are shown with stars. Blue squares are published quasars at
5.7 < z < 6.4 satisfying our S/N and coverage criteria. Fourteen of them were included in our candidate list. Green triangles represent
the PS1 colors of unpublished spectroscopically confirmed z ∼ 6 quasars (S.J. Warren et al., in preparation). Three of them were part of
our candidate list (see Tables 4 and 5). The red diamonds are the new quasars presented in this paper (see Table 2). They are labeled
with the following letters: a = PSO J340.2041–18.6621 (z = 6.00), b = PSO J007.0273+04.9571 (z = 5.99), c = PSO J037.9706–28.8389
(z = 5.99), d = PSO J187.3050+04.3243 (z = 5.89), e = PSO J213.3629–22.5617 (z = 5.88), f = PSO J183.2991–12.7676 (z = 5.86), g =
PSO J210.8722–12.0094 (z = 5.84), h = PSO J215.1514–16.0417 (z = 5.73), and i = PSO J045.1840–22.5408 (z = 5.70).

2.4. Cross-match with other Surveys

We required our candidates to be either undetected
in 2MASS or, similarly to Fan et al. (2001), that zP1 −
J2M < 1.5. We did forced photometry in the SDSS i-
band (iSDSS) and UKIDSS J-band (JUKIDSS) when our
candidates were in the area covered by these surveys.
Candidates with S/N < 5 or that had S/N > 5 in the
iSDSS band and that satisfy iSDSS − zP1 > 2.0 within
2σ errors were kept. We also retained objects that had
yP1 − JUKIDSS < 1.5.

2.5. Cross-match with Known Quasars

In order to avoid duplication with published quasars
and other ongoing quasar search efforts, we removed
fifteen published (including PSO J215.1514–16.0417)
and three unpublished quasars (ULASJ1207+0630 at
z = 6.04, ULASJ0148+0600 at z = 5.96, and
ULASJ1243+2529 at z = 5.83; S.J. Warren et al., in
preparation, but see also Mortlock et al. 2012) that were
part of our candidate list. These quasars are discussed
further in Section 4. All the remaining candidates were
visually inspected.

2.6. Imaging Follow-up

Obtaining deeper optical and NIR photometry is es-
sential to confirm the reality and colors of our candi-
dates and to remove cool dwarfs with similar optical
colors to quasars or contaminants that could have scat-
tered into our color selection. The photometric follow-
up observations were carried out over different observ-

ing runs and different instruments. We used GROND
(Greiner et al. 2008), a grizJHK simultaneous imager
at the 2.2 m telescope in La Silla during 2012 May
(when a small region of the stacked catalog was avail-
able) and 2013 January, typical on-source exposure times
were 1440 s in the NIR and 1380 s in the optical.
The ESO Faint Object Spectrograph and Camera 2
(EFOSC2; Buzzoni et al. 1984) at the ESO New Tech-
nology Telescope (NTT) was used to perform imaging in
the i#705 (IEFOSC2) and z#623 (ZEFOSC2) bands during
2013 March with on-source exposure times of 300 s. We
used the Omega2000 camera (Bizenberger et al. 1998)
at the 3.5m telescope in Calar Alto to perform imaging
with the z (zO2000), Y (YO2000), and J (JO2000) filters
during 2013 March–June with 300 s exposure time on-
source. The data reduction was carried out using stan-
dard reduction steps, consisting of bias subtraction, flat
fielding, sky subtraction, image alignment, and finally
stacking. The photometric zero points of the stacked im-
ages were calculated by using at least 5 stellar sources
(
∣

∣magP1−aper −magP1

∣

∣ < 0.2) in the images with mag-
nitudes and colors from the PV1 catalog. Since all the
filter curves are not exactly the same, conversions be-
tween PS1 and GROND/EFOSC2/Omega2000 magni-
tudes were computed as follows: first, we computed spec-
tral synthetic magnitudes of template stars of various
spectral classes (O – K) in each photometric system.
We then produced color–color diagrams for various fil-
ters (e.g., iGROND − iP1 vs iP1 − zP1). Through these
plots we have inferred the photometric system correc-
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tion terms via linear fits of the stellar loci. The color
conversions are the following:

iGROND = iP1 − 0.089× (rP1 − iP1) + 0.001

zGROND = zP1 − 0.214× (zP1 − yP1)

JGROND = J2M − 0.012× (J2M −H2M) + 0.004

HGROND =H2M + 0.030× (H2M −K2M) + 0.009

IEFOSC2 = iP1 − 0.149× (iP1 − zP1)− 0.001

ZEFOSC2 = zP1 − 0.265× (zP1 − yP1)

zO2000 = zP1 − 0.245× (zP1 − yP1)

YO2000 = yP1 − 0.413× (zP1 − yP1) + 0.012

JO2000 = J2M + 0.093× (J2M −H2M)

where J2M, H2M, and K2M are 2MASS magnitudes in
the AB system. The accuracy of the photometric zero
points was typically 0.01 – 0.04 mag and are included in
the magnitude errors presented in this work.

2.7. Spectroscopic Follow-up

In order to confirm the nature and redshifts of the
candidates, we have carried out optical and NIR spec-
troscopy using EFOSC2 at the NTT telescope in La
Silla, the FOcal Reducer/low dispersion Spectrograph
2 (FORS2; Appenzeller & Rupprecht 1992) at the Very
Large Telescope (VLT), the Multi-Object Double Spec-
trograph (MODS; Pogge et al. 2010) at the Large Binoc-
ular Telescope (LBT), and the Folded-port InfraRed
Echellette (FIRE; Simcoe et al. 2008, 2013) spectrom-
eter in the Baade Telescope at Las Campanas Obser-
vatory. The details of the spectroscopy observations of
the new PS1 quasars are shown in Table 1. The data
reduction included bias subtraction, flat fielding using
lamp flats and sky subtraction. For the wavelength cal-
ibration exposures of He, HgCd and Ne arc lamps were
obtained. The wavelength calibration was checked using
sky emission lines. The typical rms of the wavelength cal-
ibration was better than 0.5 Å. For the flux calibrations
we used observations of the spectrophotometric standard
stars G158-100, GD50, LTT7379, HD49798, EG274, and
G191-B2B (Oke 1990; Hamuy et al. 1992, 1994).

3. EIGHT NEW QUASARS AT REDSHIFT ∼ 6

3.1. Spectra

We have taken spectra of nine objects that were photo-
metrically followed up. Eight of them satisfied our crite-
ria in Section 2.1 and they all turned out to be quasars at
z ∼ 6. One object, selected with preliminary criteria, was
found to be an M-star, however this source did not sat-
isfy the final color cuts presented in this paper. None of
the eight quasars is detected in the NRAO VLA Sky Sur-
vey (Condon et al. 1998). Only PSO J007.0273+04.9571
and PSO J187.3050+04.3243 are located in the region
covered by the Faint Images of the Radio Sky at Twenty
cm (FIRST) radio survey (Becker et al. 1995) but they
are undetected. Four quasars, PSO J340.2041–18.6621,
PSO J007.0273+04.9571, PSO J037.9706–28.8389, and
PSO J183.2991–12.7676, are in the WISE All-Sky data
release products catalog (Cutri et al. 2012) with > 3.0σ
detections. The WISE magnitudes are tabulated in Ta-
ble 7 in Appendix C.
The PS1 stacked catalog and the follow-up photometry

of the quasars are presented in Tables 2 and 3. The

optical spectra of the new quasars are shown in Figure
2. Each spectrum has been scaled to the corresponding
zP1 magnitude. For completeness, the first PS1 quasar
PSO J215.1514–16.0417 (Morganson et al. 2012) is also
included in Figure 2 and Table 2.

3.2. Redshift Determination

There are four quasars, PSO J340.2041–18.6621,
PSO J037.9706–28.8389, PSO J187.3050+04.3243, and
PSO J213.3629–22.5617 that show clear emission lines
and their redshift estimation was performed by Gaus-
sian fitting to the Nv, λ1240 (hereafter Nv), O i+Si ii
λ1305 (hereafter O i+Si ii), and/or Si iv+O iv] λ1398
(hereafter Si iv+O iv]) lines. The observed wave-
lengths in the composite spectra from Vanden Berk et al.
(2001) were taken as reference. The uncertain-
ties in our line fittings were negligible compared
to the intrinsic shifts known to exist with respect
to the quasar systemic redshift (Richards et al. 2002;
Shen et al. 2007). Thus, following previous studies
(e.g., Fan et al. 2006b; Jiang et al. 2009; Willott et al.
2009), we adopted redshift uncertainties of ∆ z =
0.02. The other four quasars, PSO J007.0273+04.9571,
PSO J183.2991–12.7676, PSO J210.8722–12.0094, and
PSO J045.1840–22.5408 have discovery spectra with a
bright continuum almost devoid of bright emission lines
(see Figure 2). In the absence of strong lines, an ac-
curate redshift estimate for these quasars is challenging.
We estimated their redshift by matching their contin-
uum to the composite spectra from Vanden Berk et al.
(2001) and Fan et al. (2006b). For the brightest of these
quasars, PSO J183.2991–12.7676, we obtained a second
spectrum with a higher S/N and extended wavelength
coverage from which we were able to estimate its redshift
by fitting weak emission lines. The redshift estimated by
the Gaussian fitting was off by 0.03 with respect to our
preliminary estimation based on the continuum match-
ing (for more details see Section 3.3.6). Based on the
case of PSO J183.2991–12.7676, we adopted a redshift
uncertainty of ∆ z = 0.05 for the quasars whose red-
shifts were determined only by matching their contin-
uum to templates. Once the redshifts were estimated,
we calculated the absolute magnitude of the continuum
rest frame 1450 Å (M1450) for each quasar, by fitting a
power law of the form fλ = C × λβ to regions of the
continuum that are generally uncontaminated by emis-
sion lines (1285–1295, 1315–1325, 1340–1375, 1425–1470,
1680–1710, 1975–2050, and 2150–2250 Å) and that were
not affected by significant errors or absorption features.
The M1450 values are listed in Table 2.

3.3. Notes on Individual Objects

We here discuss the individual quasars, sorted by de-
scending redshift.

3.3.1. PSO J340.2041–18.6621 (z = 6.00± 0.02)

This quasar was selected from a preliminary small re-
gion of the PS1 stacked catalog. Because of the low S/N
of its EFOSC2 discovery spectrum, it was difficult to de-
termine an accurate redshift. Thus, we have obtained a
higher S/N spectrum using MODS at the LBT (see Ta-
ble 1). The MODS spectrum is shown in Figure 2. The
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Figure 2. Spectra of the nine newly discovered PS1 quasars at 5.70 ≤ z ≤ 6.00. The quasar PSO J215.1514–16.0417 was published in
Morganson et al. (2012). Here we show the discovery spectra of the new quasars (with the exception of PSO J340.2041–18.6621 whose
EFOSC2 discovery spectrum had very low S/N). The bottom panel shows the median telluric absorption and sky emission lines. Vertical
dashed lines indicate the observed wavelengths of key spectral lines, as given in the top panel.
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Table 1
Spectroscopic Observations of the New PS1 Quasars

QSO Instrument Date Slit Width (arcsec) Exp. Time (s) Seeing (arcsec)

PSO J340.2041–18.6621 EFOSC2 2012 Jun 21 1.5 3600 0.80 – 1.40
MODS 2012 Nov 17 1.2 3000 0.90 – 1.30

PSO J007.0273+04.9571 FORS2 2013 Jul 9 1.3 1782 0.75 – 1.01
PSO J037.9706–28.8389 FORS2 2013 Mar 4-5 1.3 3600 0.66 – 0.90
PSO J187.3050+04.3243 FORS2 2013 Apr 12 1.3 2682 1.05 – 1.17
PSO J213.3629–22.5617 FORS2 2013 May 3 1.3 1782 0.56 – 0.61
PSO J183.2991–12.7676 FORS2 2013 Apr 13 1.3 1782 0.62 – 0.77

FIRE 2013 Apr 19 0.6 6000 0.67 – 1.22
PSO J210.8722–12.0094 FORS2 2013 May 9 1.3 2682 0.66 – 0.71
PSO J045.1840–22.5408 FORS2 2013 Aug 9 1.3 1782 0.82 – 0.90
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spectrum shows a strikingly strong and narrow Lyα emis-
sion line. A separate narrow Nv line is evident and the
O i+Si ii line is also detected. The redshift was calcu-
lated from the average of the Gaussian fits to the Nv and
O i+Si ii lines. We have also carried out 870 µm obser-
vations of PSO J340.2041–18.6621, however the quasar
remained undetected in the map with an rms of 1.6 mJy
at the quasar position. Details of the submillimeter ob-
servations can be found in Appendix B.

3.3.2. PSO J007.0273+04.9571 (z = 5.99± 0.05)

The discovery spectrum shows a weak-line emission
quasar and with the current S/N there are not clear
emission lines from which the redshift could be de-
termined. The redshift estimate was calculated by
fitting the continuum to the composite spectra from
Vanden Berk et al. (2001) and Fan et al. (2006b). This
quasar was independently discovered by L. Jiang et al.
(in preparation).

3.3.3. PSO J037.9706–28.8389 (z = 5.99± 0.02)

The discovery spectrum shows a bright Lyα line and
a well separated Nv line. The O i+Si ii emission line is
also detected. The redshift was estimated as the average
of the best-fit values of the Nv and O i+Si ii lines.

3.3.4. PSO J187.3050+04.3243 (z = 5.89± 0.02)

Bright and narrow Lyα and Nv emission lines are
clear in the discovery spectrum. There is a tentative
Si iv+O iv] emission line but at very low S/N and in
a region with considerable telluric absorption. The red-
shift was calculated from the Gaussian fitting to the Nv
emission line.

3.3.5. PSO J213.3629–22.5617 (z = 5.88± 0.02)

Bright Lyα and Nv emission lines are evident in the
discovery spectrum. The Si iv+O iv] and O i+Si ii
emission lines are also detected. The redshift estima-
tion was calculated from the best-fit values of the Nv
and Si iv+O iv] lines. Even though adding the fit of
the O i+Si ii line to the redshift determination did not
change the estimated value, we decided to not con-
sider it since it seemed to be affected by an absorp-
tion system. We identify a possible absorption system
at z = 4.780± 0.002 from the C iv λλ1548, 1550 absorp-
tion feature at λ = (8945.9 Å, 8960.2 Å). However, we
note that the scatter between the expected and observed
positions of the two lines is large (∼ 1 Å). The spec-
trum shows also a clear Mg ii λλ2796, 2803 absorption
doublet at λ = (9113.0 Å, 9136.3 Å), corresponding to an
absorber at z = 2.2594 ± 0.0005. This absorber is fur-
ther confirmed by the presence at the same redshift of
the Fe ii λ2586 absorption at λ = 8429.8 and Fe ii λ2600
Å absorption at λ = 8474.0 Å.

3.3.6. PSO J183.2991–12.7676 (z = 5.86± 0.02)

This is the brightest quasar in our new sample (but
fainter than PSO J215.1514–16.0417 reported in Mor-
ganson et al. 2012). Figure 2 shows the FORS2 dis-
covery spectrum. This spectrum has a very bright con-
tinuum but it does not show any detectable emission
line and it seems that Lyα is almost completely ab-
sorbed. Since we did not have emission lines to fit, we
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Figure 3. FIRE spectrum of the quasar PSO J183.2991–12.7676
(z = 5.86). The gray solid line around zero flux shows the
1σ error. The dotted line shows the composite spectrum from
Vanden Berk et al. (2001) as reference. Unlike the discovery spec-
trum in Figure 2, the O i+ Si ii and Si iv+ O iv] emission lines are
clearly identified.

estimated a preliminary redshift from fitting the contin-
uum to the composite spectra from Vanden Berk et al.
(2001) and Fan et al. (2006b), yielding z = 5.83. We
obtained a second spectrum of higher S/N of this object
using the FIRE spectrometer (see Table 1). The FIRE
spectrum was scaled to the yP1 magnitude and is pre-
sented in Figure 3. The spectrum shows clear O i+Si ii
and Si iv+O iv] emission lines which were used for the
final redshift estimation. The O i+Si ii and Si iv+O iv]
lines are affected by absorption systems, but the sig-
nal is high enough to get good fits even when masking
the absorbed regions. There is a tentative C ii emission
line at lower S/N also affected by absorption that was
not used for the redshift estimate. In the case of this
quasar, the redshift estimated by matching the contin-
uum was off by 0.03 with respect to the line fitting esti-
mate (z = 5.86). Based on this case, we assumed a red-
shift uncertainty of 0.05 for the other weak-line emission
quasars in our sample whose redshift estimate was solely
based on continuum fitting. We identify absorptions sys-
tems at z = 4.460 ± 0.002, z = 2.1074 ± 0.0005, and
z = 2.431± 0.001 from the C iv λλ1548, 1550 doublet at
λ = (8946.2 Å, 8961.3 Å), Mg ii λλ2796, 2803 doublet at
λ = (8688.5 Å, 8709.8 Å), and another Mg ii λλ2796, 2803
doublet at λ = (9593.4 Å, 9618.6 Å) respectively. For the
latter we also identify the associated Fe ii λ2586 absorp-
tion at λ = 8874.8 and the Fe ii λ2600 Å absorption at
λ = 8921.3 Å. There seems to be a broad absorption line
blueshifted from the expected location of the C iv λ1546
(hereafter C iv) emission line, which is remarkably ab-
sorbed in the spectrum of this quasar.

3.3.7. PSO J210.8722–12.0094 (z = 5.84± 0.05)

This is the faintest of the PS1 quasar sample (zP1 =
21.15 ± 0.08). The discovery spectrum does not have
a S/N high enough to identify clear features in the
quasar, it seems rather a weak-line emission or line-
less quasar. The redshift estimate had to be deter-
mined by fitting the continuum to the composite spec-
tra of Vanden Berk et al. (2001) and Fan et al. (2006b).
There seems to be a weak absorption feature at λλ =
8692.6, 8705.3. If real, it could be associated with a C iv
λλ1548, 1550 absorption system at z = 4.616 ± 0.001,
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although with the current S/N it is hard to tell.

3.3.8. PSO J045.1840–22.5408 (z = 5.70± 0.05)

This is the lowest redshift quasar in the PS1 sample
so far. The discovery spectrum of this quasar looks very
peculiar and seems to be significantly affected by ab-
sorption systems or intrinsic absorption from the host
galaxy. The spectrum shows a weak-line emission quasar
and the S/N does not allow us to identify emission lines
in regions not affected by significant telluric absorption
or sky emission to calculate the redshift from. The
redshift was estimated by matching the continuum to
the composite spectra from Vanden Berk et al. (2001)
and Fan et al. (2006b). There are tentative Si ii and
Si iv+O iv] emission lines. If real, the redshift esti-
mated from the average of their Gaussian fits correspond
to z = 5.69, in agreement with our continuum fitting.
However, we conservatively estimated the redshift un-
certainty as ∆ z = 0.05 as for the other weak emission
line quasars where the redshift was calculated only from
continuum matching. There are also several absorption
lines around 8300 Å (e.g., λ = 8265.2, 8281.3, 8306.8,
and 8315.6 Å). Most of the lines are blended and, given
the resolution of the spectrum, it is hard to unambigu-
ously identify them. These lines could be due to a group
of galaxies at z ∼ 1.96 if we assume that all the lines are
due to Mg ii absorbers. We identify a Mg ii λλ2796, 2803
doublet at z = 2.0721± 0.0005 (observed at λ = 8589.2
Å and 8611.9 Å). The corresponding Mg i λ2853 Å seems
marginally detected at λ = 8764.0 Å.

4. KNOWN QUASARS IN Pan-STARRS1

As mentioned in Section 2.5, the 17 known quasars
in Table 4 and PSO J215.1514–16.0417 in Table 2 were
part of our candidate list. In order to calculate the frac-
tion of known quasars that we recover using our cur-
rent selection strategy, we cross-matched a list of the
known quasars at z > 5.7 with our PS1 stacked cata-
log. We required the quasars to satisfy the same crite-
ria as in Section 2 except for the magnitude and color
cuts (Equations (1a), (1d), (1e), (1f), and (1g)). In our
current catalog, there are 36 known quasars that sat-
isfy these criteria, including the quasars discovered in
this work. Other quasars do not appear in our catalog
for a variety of reasons including (1) they are detected
in PS1 but flagged or not detected in at least one of the
bands in which we are requiring detections (iP1, zP1, and
yP1), (2) they are in regions without coverage i.e., chip
gaps, quasars with 92◦ <R.A.< 132◦ (our catalog has
no coverage at this R.A. range), or quasars with Decl.
< −30◦; (3) they are too faint for the current depth
of PS1 (i.e., S/N(zP1)< 10 or S/N(yP1)< 5). The PS1
colors of published quasars and the unpublished quasars
from S.J. Warren et al. (in preparation) are shown in
Figure 1 with blue squares and green triangles respec-
tively. Table 5 shows the PS1 photometry of the known
quasars that are in the PS1 catalog but do not satisfy our
color selection. In total, we are recovering 72% (26/36)
of the high-redshift quasars detected in PS1. Among
the known quasars that do not pass our color criteria
are SDSSJ1148+5251 (z = 6.42) and ULASJ1148+0702
(z = 6.29) which are not strictly speaking part of our
z ∼ 6 search, they have zP1 − yP1 > 0.5 and lower lim-
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Figure 4. Redshift distribution of the z ≥ 5.7 quasars
published to date. Pan-STARRS1 includes the quasars in
Morganson et al. (2012) and this work. UKIDSS includes the
quasars in Venemans et al. (2007) and Mortlock et al. (2009,
2011). FIRST/radio includes the quasars in McGreer et al.
(2006), Cool et al. (2006), and Zeimann et al. (2011). SDSS
Main includes the quasars in Fan et al. (2001, 2003, 2004, 2006b).
SDSS Deep includes the quasars in Mahabal et al. (2005), Goto
(2006), Jiang et al. (2008), Wang et al. (2008), Jiang et al. (2009),
De Rosa et al. (2011), and Wang et al. (2013). CFHQS includes
the quasars in Willott et al. (2007, 2009, 2010b,a). VIKING in-
cludes the quasars in Venemans et al. (2013).

its in the iP1 − zP1 color. SDSSJ1048+4637 (z = 6.20)
and ULASJ1319+0950 (z = 6.133) have very quasar-
like colors (iP1 − zP1 = 2.79 and zP1 − yP1 = 0.70; and
iP1 − zP1 = 2.42 and zP1 − yP1 = 0.61 respectively)
and would be selected as quasars in our next search at
higher redshifts (where we will allow zP1 − yP1 > 0.5).
CFHQSJ1509–1749 (z = 6.12) has only a lower limit
of iP1 − zP1 > 1.81 and z − y = 0.64, it could be de-
tected as a quasar in our z > 6.2 search if the iP1-band
goes deeper in the next release of the stacked catalog.
SDSSJ2310+1855 (z = 6.0031) has iP1 − zP1 = 1.91
and zP1 − yP1 = 0.56 colors and will not be selected in
our next searches because its colors are in a region with
high contamination of brown dwarfs. SDSSJ0353+0104
with colors iP1 − zP1 > 1.97 and zP1 − yP1 = 0.46 is
barely missed by our selection and will be likely selected
as a quasar when the depth of the iP1 band increases.
SDSSJ2054–0005 (z = 6.0391), SDSSJ0927+2001 (z =
5.77), and SDSSJ1621+5155 (z = 5.71) are missed by
our selection because their PS1 colors are hard to distin-
guish from the more abundant brown dwarfs. Using our
current criteria for z ∼ 6 quasars we estimate that we
recover ∼ 81% (17/21) of the quasars that we are sup-
posed to find (z − y < 0.5, excluding the PS1 quasars).
With this work, PS1 has discovered more than 10% of the
z > 5.7 quasars published thus far. Figure 4 shows the
redshift distribution of all the z ≥ 5.7 quasars published
to date, highlighting the discovery surveys.

5. HOW COMMON ARE WEAK EMISSION LINE QUASARS?

Weak-line quasars are rare objects characterized by
a flat continuum and the lack of strong emission lines.
Meusinger et al. (2012) selected a sample of ∼ 1000
quasars (0.6 < z < 4.3) with unusual spectra from the
SDSS DR7. From these peculiar objects, they found
that 18% were weak-line quasars. Diamond-Stanic et al.
(2009) studied the SDSS DR5 quasar catalog and de-
fined weak-line quasars as the ones that have the
rest-frame equivalent-width (EW) of the Lyα+Nv line
(determined between λ rest = 1160 Å and λ rest =
1290 Å) lower than 15.4 Å. They showed that the frac-
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Table 2
PS1 Stacked Catalog Magnitudes, Redshifts, and Absolute Magnitudes of the PS1 High-redshift Quasars.

QSO R.A. (J2000) Decl. (J2000) iP1
a zP1 yP1 Redshift M1450

PSO J340.2041–18.6621 22:40:48.98 –18:39:43.8 > 23.44 20.28 ± 0.05 20.47 ± 0.13 6.00 −26.0
PSO J007.0273+04.9571 00:28:06.56 +04:57:25.7 23.24 ± 0.29 20.48 ± 0.06 20.18 ± 0.08 5.99 −26.5
PSO J037.9706–28.8389 02:31:52.96 –28:50:20.1 > 22.76 20.66 ± 0.09 20.70 ± 0.21 5.99 −25.6
PSO J187.3050+04.3243 12:29:13.21 +04:19:27.7 23.19 ± 0.28 20.90 ± 0.05 21.09 ± 0.18 5.89 −25.4
PSO J213.3629–22.5617 14:13:27.12 –22:33:42.3 22.98 ± 0.34 19.63 ± 0.04 19.83 ± 0.11 5.88 −26.6
PSO J183.2991–12.7676 12:13:11.81 –12:46:03.5 22.32 ± 0.15 19.58 ± 0.04 19.31 ± 0.05 5.86 −27.3
PSO J210.8722–12.0094 14:03:29.33 –12:00:34.1 > 23.17 21.15 ± 0.08 20.69 ± 0.13 5.84 −25.7
PSO J215.1514–16.0417b 14:20:36.34 –16:02:30.2 21.75 ± 0.09 19.16 ± 0.02 19.17 ± 0.08 5.73 −27.6c

PSO J045.1840–22.5408 03:00:44.18 –22:32:27.2 > 22.79 20.37 ± 0.06 20.53 ± 0.15 5.70 −26.4

aThe lower limits correspond to 3σ limiting magnitudes.
bQuasar published in Morganson et al. (2012), here we have slightly modified the coordinates from PSO J215.1512-16.0417 to

PSO J215.1514–16.0417 based on the stacked catalog.
cTo calculate this absolute magnitude, we took the best continuum fit from Morganson et al. (2012) and scaled it to the zP1 stack

magnitude presented here.

Table 3
Follow-up Photometry of the New PS1 Quasars.

QSO iGROND zGROND JGROND HGROND IEFOSC2 ZEFOSC2

PSO J340.2041–18.6621 23.32 ± 0.17 20.11 ± 0.04 20.28 ± 0.08 19.9 ± 0.11 · · · · · ·

PSO J007.0273+04.9571 22.74 ± 0.24 20.39 ± 0.04 19.77 ± 0.11 19.71 ± 0.15 · · · · · ·

PSO J037.9706–28.8389 23.19 ± 0.15 20.78 ± 0.04 20.41 ± 0.14 20.59 ± 0.26 · · · · · ·

PSO J187.3050+04.3243 · · · · · · · · · · · · 21.85 ± 0.04 21.00 ± 0.04
PSO J213.3629–22.5617 · · · · · · · · · · · · 20.70 ± 0.02 19.77 ± 0.01
PSO J183.2991–12.7676 · · · · · · · · · · · · 20.69 ± 0.03 19.31 ± 0.02
PSO J210.8722–12.0094 · · · · · · · · · · · · 22.35 ± 0.06 21.00 ± 0.03
PSO J045.1840–22.5408 22.78 ± 0.10 20.35 ± 0.03 19.65 ± 0.08 19.42 ± 0.08 · · · · · ·

Table 4
High-Redshift Quasars from other Surveys that were Part of the Final Candidate List in this Work.

QSO R.A. (J2000)a Decl. (J2000)a iP1
b zP1 yP1 Redshift Reference

SDSSJ1030+0524 10:30:27.12 +05:24:55.1 > 22.98 20.10 ± 0.05 20.28 ± 0.20 6.28 1
SDSSJ1623+3112 16:23:31.81 +31:12:00.5 > 23.27 20.20 ± 0.06 20.22 ± 0.10 6.22 1
SDSSJ1250+3130 12:50:51.91 +31:30:21.8 23.55 ± 0.39 19.94 ± 0.04 20.26 ± 0.12 6.13 1
SDSSJ1602+4228 16:02:53.95 +42:28:25.0 22.56 ± 0.20 20.09 ± 0.03 19.71 ± 0.06 6.07 1
SDSSJ1630+4012 16:30:33.90 +40:12:09.7 23.02 ± 0.35 20.37 ± 0.07 20.58 ± 0.12 6.05 1
ULASJ1207+0630 12:07:37.44 +06:30:10.2 > 23.22 20.44 ± 0.04 20.19 ± 0.11 6.04 2
SDSSJ1137+3549 11:37:17.73 +35:49:56.9 22.15 ± 0.11 19.43 ± 0.02 19.44 ± 0.05 6.01 1
ULASJ0148+0600 01:48:37.64 +06:00:20.1 22.80 ± 0.25 19.46 ± 0.02 19.40 ± 0.04 5.96 2
SDSSJ1335+3533 13:35:50.81 +35:33:15.9 22.57 ± 0.28 20.27 ± 0.03 19.97 ± 0.08 5.95 1
SDSSJ1411+1217 14:11:11.29 +12:17:37.3 23.25 ± 0.26 19.57 ± 0.02 20.08 ± 0.08 5.93 1
SDSSJ0005–0006 00:05:52.34 –00:06:55.7 23.09 ± 0.20 20.50 ± 0.06 20.69 ± 0.14 5.85 1

NDWFSJ1425+3254 14:25:16.33 +32:54:09.5 23.40 ± 0.37 20.44 ± 0.04 20.33 ± 0.11 5.85 3
ULASJ1243+2529 12:43:40.82 +25:29:23.8 > 23.51 20.18 ± 0.05 20.61 ± 0.14 5.83 2
SDSSJ1436+5007 14:36:11.73 +50:07:07.2 22.57 ± 0.23 20.24 ± 0.06 20.24 ± 0.08 5.83 1
SDSSJ0002+2550 00:02:39.39 +25:50:35.0 21.93 ± 0.08 19.02 ± 0.05 19.53 ± 0.07 5.80 1
SDSSJ1044–0125 10:44:33.04 –01:25:02.1 21.87 ± 0.12 19.35 ± 0.02 19.29 ± 0.07 5.7847 4
ULASJ0203+0012 02:03:32.38 +00:12:29.3 > 23.85 20.78 ± 0.09 20.50 ± 0.12 5.72 5

References. — (1) Fan et al. (2006c); (2) S.J. Warren et al., in preparation; (3) Cool et al. (2006); (4) Wang et al. (2013); (5)
Mortlock et al. (2009)

aThe coordinates correspond to the coordinates in the PS1 stacked catalog and are not necessarily identical to the ones in the discovery
papers.
bThe lower limits correspond to 3σ limiting magnitudes.
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Table 5
High-redshift Quasars from other Surveys that did not Satisfy the Color Selection of this Work

QSO R.A. (J2000)a Decl. (J2000)a iP1
b zP1 yP1 Redshift Reference

SDSSJ1148+5251 11:48:16.65 +52:51:50.4 > 23.07 20.63 ± 0.04 19.42 ± 0.10 6.42 1
ULASJ1148+0702 11:48:03.29 +07:02:08.3 > 22.71 21.03 ± 0.08 20.44 ± 0.15 6.29 2
SDSSJ1048+4637 10:48:45.07 +46:37:18.5 22.98 ± 0.38 20.19 ± 0.04 19.49 ± 0.12 6.20 1
ULASJ1319+0950 13:19:11.30 +09:50:51.5 22.56 ± 0.19 20.14 ± 0.04 19.53 ± 0.07 6.1330 3
CFHQSJ1509–1749 15:09:41.78 –17:49:26.8 > 22.06 20.25 ± 0.07 19.61 ± 0.10 6.12 4
SDSSJ0353+0104 03:53:49.73 +01:04:04.7 > 23.12 21.15 ± 0.10 20.69 ± 0.19 6.049 5
SDSSJ2054–0005 20:54:06.50 –00:05:14.4 22.65 ± 0.20 21.01 ± 0.09 20.66 ± 0.17 6.0391 3
SDSSJ2310+1855 23:10:38.89 +18:55:19.9 21.55 ± 0.10 19.64 ± 0.04 19.08 ± 0.04 6.0031 2
SDSSJ0927+2001 09:27:21.82 +20:01:23.5 21.52 ± 0.16 19.86 ± 0.03 19.88 ± 0.11 5.77 6
SDSSJ1621+5155 16:21:00.94 +51:55:48.8 21.96 ± 0.14 20.05 ± 0.06 19.80 ± 0.08 5.71 7

References. — (1) Fan et al. (2006c); (2) S.J Warren et al., in preparation; (3) Wang et al. (2013); (4) Willott et al. (2007); (5)
Jiang et al. (2008); (6) Carilli et al. (2007); (7) Wang et al. (2008)

aThe coordinates correspond to the coordinates in the PS1 stacked catalog and are not necessarily identical to the ones in the discovery
papers.
aThe lower limits correspond to 3σ limiting magnitudes.
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tion of weak-line quasars increased from 1.3% at z <
4.2 to 6.2% at z > 4.2. From Figure 2, we no-
ticed that half of the quasars discovered in this pa-
per (PSO J007.0273+04.9571, PSO J183.2991–12.7676,
PSO J210.8722–12.0094, PSO J045.1840–22.5408) show
a weak or absorbed Lyα line. However, following the
Diamond-Stanic et al. (2009) hard-cut definition, only
PSO J183.2991–12.7676 and PSO J210.8722–12.0094,
belong to their weak-line quasar classification with
Lyα+Nv EWs of 11.8 and 10.7 Å respectively. We noted
that the EW is very dependent on the continuum fit es-
timate and since most of our spectra do not cover the
region with λ rest > 1500 Å, a good fit to the continuum
is challenging. Thus, the uncertainties in our EW esti-
mates are of the order of 25%. Future NIR spectra of
these quasars will improve these measurements.
Even though these are low number statistics, 25% of

the quasars presented in this paper are weak-line quasars,
which is a higher fraction than found in lower redshift
studies and is consistent with the ∼20% of weak-line
quasars found in the SDSS main z ∼ 6 quasar sample
(X. Fan et al., in preparation.).
In principle, this kind of object should be easier to

select at higher redshifts due to the strong Lyα forest
and Lyman limit systems that produce a characteristic
break in the colors of high-redshift quasars, independent
of their emission lines. Thus, while high redshift searches
based on colors—like this work—should be equally sen-
sitive to both weak-line emission quasars and normal
quasars, some weak-line quasars could have been missed
at lower redshift due to the color-based selection criteria.
Several scenarios have been proposed to explain the

existence of such weak-line objects, including that they
could be strongly lensed galaxies, BL Lac objects, ob-
jects where the quasar activity has just started, or in-
voking unusual broad-line region properties in compar-
ison to normal quasars (e.g., Hryniewicz et al. 2010;
Shemmer et al. 2010; Lane et al. 2011). Nevertheless, no
consensus has yet been reached. Recently, Laor & Davis
(2011) proposed that weak-line or lineless quasars may be
produced by cold accretion discs that imply non-ionizing
continuum for some combinations of black hole masses
and quasar luminosities. They claimed that very high
masses in luminous active galactic nuclei are required
in order to have a cold accretion disc (M & 3× 109M⊙,
L ≈ 1046 erg s−1, especially for non-rotating black holes).
These numbers are similar to the masses and luminosi-
ties found in z ∼ 6 quasars (e.g., Kurk et al. 2007;
De Rosa et al. 2011), so this mechanism could be a sim-
ple explanation of the high fraction of weak-line quasars
in our sample. A more extensive sample of quasars is
urgently needed to shed light on the nature of these ob-
jects.

6. SUMMARY

We have presented the discovery of eight new quasars
at z ∼ 6. With this work, PS1 has now discovered a
total of nine quasars at 5.7 ≤ z ≤ 6.0. We estimated
that using the selection strategy of this paper, we recover
∼ 81% of the known quasars in our target redshift range
(excluding the PS1 quasars). The others are missed be-
cause their PS1 colors are hard to distinguish from brown
dwarfs. Follow-up observations are still on-going and the
discovery of more quasars is expected, therefore conclu-

sions on the luminosity function and the space density
of z ∼ 6 quasars are not possible at this time. The
variety of spectral features among these quasars is re-
markable, including four quasars with very bright emis-
sion lines and another four quasars with almost no de-
tectable emission lines. The fraction of weak-line emis-
sion quasars found in this work (25%) is much larger than
fractions found by other studies at lower redshifts (e.g.,
Diamond-Stanic et al. 2009) but consistent with the frac-
tion in the SDSS main z ∼ 6 quasar sample (X. Fan et al.,
in preparation). Our new discoveries show that weak-line
emission quasars could be more common at the highest
redshifts than previously thought.
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APPENDIX

A. PAN-STARRS1 LOW-QUALITY FLAGS

Here we present Table 6, containing the PS1 flags used in our selection.

B. PSO J340.2041–18.6621 SUBMILLIMETER OBSERVATIONS

The far-infrared (FIR) emission traces the warm dust emission from quasar host galaxies and allows us to estimate
their star formation rates. Studies from z ∼ 6 quasars have shown that ∼ 30% of these quasars are bright at
millimeter and submillimeter wavelengths (e.g., Wang et al. 2008). With this in mind, we took 870 µm observations
of PSO J340.2041–18.6621 using the Large APEX Bolometer Camera (LABOCA; Siringo et al. 2009) on the 12 m
APEX telescope (Güsten et al. 2006). The observations were carried out during 2012 November for a total of 14.5 hr.
The quasar was observed mainly in the afternoon or early evening in mediocre to poor weather conditions. The data
were reduced using the standard procedures implemented in the BoA software (Schuller 2012). The quasar remained
undetected in the map with an rms of 1.6 mJy at the quasar position. In the same map, however, we detected a
tentative 4.7σ submillimeter source. Its coordinates are R.A.= 22:40:59.407 and Decl.=-18:39:34.94. It is located at
a distance of ∼ 2.′5 from PSO J340.2041–18.6621 and we did not find an evident optical counterpart. The 870 µm
flux of this serendipitous source is 9.50± 2.02 mJy. Figure 5 shows the 870 µm 1σ-contours overlaid over the JGROND

image.

C. WISE MAGNITUDES

We cross-matched the PS1 quasars from Table 2 with the WISE All-Sky data release products catalog (Cutri et al.
2012) within a radius of 3′′. Three quasars were detected in the main all-sky release source catalog with S/N > 5.0
in the W1 band and two quasars were detected in the WISE ‘Reject Table’ 13 with S/N > 3.0 in the W1 band. The
WISE photometry is presented in Table 7. For completeness, in Table 7 we also included the WISE photometry for
the WISE -detected quasars from Tables 4 and 5.

REFERENCES

Aihara, H., Allende Prieto, C., An, D., et al. 2011, ApJS, 193, 29

13 http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_4a.html

http://www.sdss3.org/
http://www.astropy.org
http://www.starlink.ac.uk/topcat
http://www.starlink.ac.uk/stilts
http://www.matplotlib.org
http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_4a.html
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Table 6
Pan-STARRS1 Bit-flags Used to Exclude Bad or Low-quality Detections.

FLAG1 NAME Hex Value Description

FITFAIL 0x00000008 Fit (nonlinear) failed (non-converge, off-edge, run to zero)
POORFIT 0x00000010 Fit succeeds, but low-SN or high-Chisq
PAIR 0x00000020 Source fitted with a double psf
SATSTAR 0x00000080 Source model peak is above saturation
BLEND 0x00000100 Source is a blend with other sources
BADPSF 0x00000400 Failed to get good estimate of object’s PSF
DEFECT 0x00000800 Source is thought to be a defect
SATURATED 0x00001000 Source is thought to be saturated pixels (bleed trail)
CR LIMIT 0x00002000 Source has crNsigma above limit
EXT LIMIT 0x00004000 Source has extNsigma above limit
MOMENTS FAILURE 0x00008000 Could not measure the moments
SKY FAILURE 0x00010000 Could not measure the local sky
SKYVAR FAILURE 0x00020000 Could not measure the local sky variance
MOMENTS SN 0x00040000 Moments not measured due to low S/N
BLEND FIT 0x00400000 Source was fitted as a blend
SIZE SKIPPED 0x10000000 Size could not be determined
ON SPIKE 0x20000000 Peak lands on diffraction spike
ON GHOST 0x40000000 Peak lands on ghost or glint
OFF CHIP 0x80000000 Peak lands off edge of chip

FLAG2 NAME Hex Value Description

ON SPIKE 0x00000008 > 25% of pixels land on diffraction spike
ON STARCORE 0x00000010 > 25% of pixels land on star core
ON BURNTOOL 0x00000020 > 25%of pixels land on burntool subtraction region
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Figure 5. Image centered on the serendipitous 870 µm source at a distance of 2.′5 from PSO J340.2041–18.6621 (outside the image). The
solid (dashed) lines are the positive (negative) 1σ-contours overlaid over the JGROND image. The detection is 9.50 ± 2.02 mJy. There is
no evident optical counterpart. The LABOCA beam size of 18′′.2 × 18′′.2 is shown in the bottom left panel.
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Table 7
WISE Magnitudes for WISE -detected Quasars from Table 2 (the five entries at the top), Table 4 (the 17 entries in the middle), and

Table 5 (the nine entries at the bottom).

QSO W1 σ1 W2 σ2 W3 σ3 W4 σ4 Tablea

PSO J340.2041–18.6621 16.744 0.143 15.851 0.231 12.555 . . . 9.060 . . . M
PSO J007.0273+04.9571 17.606 0.286 16.194 0.310 12.403 . . . 8.628 . . . R
PSO J037.9706–28.8389 18.025 0.339 16.454 . . . 12.913 . . . 8.995 . . . R
PSO J183.2991–12.7676 16.387 0.098 16.323 0.310 12.710 . . . 8.625 . . . M
PSO J215.1514–16.0417 15.567 0.047 14.778 0.068 11.782 0.205 8.758 0.329 M

SDSSJ1030+0524b 16.512 0.114 15.567 0.174 12.364 . . . 8.372 . . . M
SDSSJ1623+3112b 16.839 0.110 15.914 0.166 12.706 . . . 9.268 . . . M
SDSSJ1250+3130b 16.489 0.096 15.474 0.136 12.302 . . . 8.473 . . . M
SDSSJ1602+4228b 16.107 0.046 15.209 0.062 12.184 0.184 9.526 . . . M
SDSSJ1630+4012b 18.000 0.271 17.138 . . . 13.122 . . . 9.447 . . . R
ULASJ1207+0630 17.217 0.209 16.005 0.265 12.514 . . . 8.442 . . . M
SDSSJ1137+3549b 16.379 0.092 15.868 0.193 12.144 . . . 8.765 . . . M
ULASJ0148+0600 16.200 0.066 15.267 0.099 12.753 . . . 8.728 . . . M
SDSSJ1335+3533 16.936 0.126 15.944 0.170 12.756 . . . 9.405 . . . M
SDSSJ1411+1217 16.709 0.088 15.612 0.107 13.014 . . . 9.375 . . . M
SDSSJ0005–0006 17.707 0.319 16.827 . . . 12.368 . . . 8.359 . . . R
NDWFSJ1425+3254 17.147 0.144 16.607 0.241 13.288 . . . 9.083 . . . M
ULASJ1243+2529 16.72 0.144 15.594 0.149 12.826 . . . 9.229 . . . M
SDSSJ1436+5007 17.541 0.165 16.771 0.271 13.203 . . . 9.532 . . . M
SDSSJ0002+2550 16.330 0.078 15.410 0.147 12.012 0.259 8.579 . . . M
SDSSJ1044–0125 16.274 0.088 15.546 0.155 12.281 0.362 9.532 . . . M
ULASJ0203+0012 16.656 0.095 16.546 0.293 12.381 0.339 9.369 . . . M

SDSSJ1148+5251b 16.007 0.062 15.242 0.093 12.544 0.350 8.598 . . . M
ULASJ1148+0702 16.632 0.131 15.537 0.167 12.534 . . . 8.700 . . . M
SDSSJ1048+4637b 16.430 0.080 16.259 0.233 12.885 . . . 8.843 . . . M
ULASJ1319+0950b 17.222 0.145 16.848 0.400 12.966 . . . 9.030 . . . M
SDSSJ0353+0104b 16.886 0.147 16.497 0.375 12.225 . . . 8.560 . . . M
SDSSJ2054–0005b 18.017 0.339 16.250 . . . 12.595 . . . 8.727 . . . R
SDSSJ2310+1855 15.950 0.067 15.192 0.107 12.541 . . . 9.003 . . . M
SDSSJ0927+2001 17.134 0.205 16.776 . . . 11.994 . . . 8.423 . . . M
SDSSJ1621+5155 15.711 0.036 14.782 0.043 13.033 0.293 9.609 . . . M

A detection is considered when a S/N greater than 3.0 in the W1 band is reported. Error values are only listed when S/N> 3.0; otherwise
null results (. . .) are listed.
aThe WISE table where the quasar information are found. M: Main WISE all-sky release source catalog. R: WISE Reject Table.
bThe WISE magnitudes for these quasars were also reported by Blain et al. (2013).
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