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Abstract

We present the discovery of PSO J083.8371+11.8482, a weak emission line quasar with extreme star formation
rate at z = 6.3401. This quasar was selected from Pan-STARRS1, UHS, and unWISE photometric data. Gemini/
GNIRS spectroscopy follow-up indicates a Mg II-based black hole mass of Mgy = (2. O+ 1 x 10° M, and an
Eddington ratio of Lye/Lgag = 0.5703, in line with an actively accreting supermassive black hole (SMBH) at
z 2 6. Hubble Space Telescope imaging sets strong constraint on lens boosting, showing no relevant effect on the
apparent emission. The quasar is also observed as a pure point source with no additional emission component. The
broad-line region (BLR) emission is intrinsically weak and not likely caused by an intervening absorber. We found
rest-frame equivalent widths of EW (Lya + N V) = 5.7 £ 0.7 A, EW (CIV)esr < 5.8 A (30 upper limit), and
EW (Mg I);es = 8.7 + 0.7 A. A small proximity zone size (R, = 1.2 £ 0.4 pMpc) indicates a lifetime of only
tqg = 10*4%07 years from the last quasar phase ignition. ALMA shows extended [C1I] emission with a mild
velocity gradient. The inferred far-infrared luminosity (Lgr = (1.2 & 0.1) x 10'3 L) is one of the highest among
all known quasar hosts at z = 6. Dust and [CII] emissions put a constraint on the star formation rate of
SFR = 900-4900 M, yr~—!, similar to that of a hyperluminous infrared galaxy. Considering the observed quasar
lifetime and BLR formation timescale, the weak-line profile in the quasar spectrum is most likely caused by a BLR
that is not yet fully formed rather than by continuum boosting by gravitational lensing or a soft continuum due to
super-Eddington accretion.

Unified Astronomy Thesaurus concepts: Quasars (1319); Supermassive black holes (1663); Active galactic nuclei

(16); AGN host galaxies (2017); Intergalactic medium (813); Reionization (1383); Early universe (435)

1. Introduction

Quasars'" are the most luminous nontransient sources in the
universe, and they are very rare, with a number density of only
<1 Gpc® (Inayoshi et al. 2019). Their spectra provide
important insights into the properties of the intergalactic
medium (IGM) at the later stages of the epoch of reionization
(EoR), which is thought to be completed by z ~ 5.5 (e.g., Fan
et al. 2006; Becker et al. 2015; Mortlock 2016). They are also
excellent probes for understanding the build-up of the first
supermassive black holes (SMBHs; e.g., Volonteri 2010) as
well as the metal enrichment of the first galaxies and of their
surroundings (e.g., Chen et al. 2017; Bosman et al. 2017;
Maiolino & Mannucci 2019; Onoue et al. 2020). Identification
and detailed characterization of more quasars at this epoch will
provide us with better constraints on the physical properties of
the universe at the end of the transition phase from neutral to
ionized hydrogen.

' NASA Hubble Fellow.
"1 We use the terms “quasar” and “QSO” interchangeably throughout this
paper.

The existence of billion-solar-mass SMBHs at z 2 6 (e.g.,
Mortlock et al. 2011; Wu et al. 2015; Mazzucchelli et al. 2017,
Bafiados et al. 2018; Yang et al. 2020) puts stringent constraints
on the formation and early growth models of the first SMBHs and
host galaxies within the first gigayear after the big bang (see
Inayoshi et al. 2019 for a recent review). This challenges standard
SMBH formation models, which start from a stellar seed mass
black hole that grows via Eddington-limited accretion (e.g.,
Volonteri 2010, 2012). Among the current theoretical scenarios
accounting for the formation of the observed SMBHs are the
growth from massive seed black holes (>10* M..) through a direct
collapse channel (e.g., Begelman et al. 2006; Ferrara et al. 2014;
Habouzit et al. 2016; Schauer et al. 2017; Dayal et al. 2019),
lower-mass seeds (<10°7 M) with Eddington-limited or even
super-Eddington accretion and very rapid growth (e.g., Ohsuga
et al. 2005; Tanaka & Haiman 2009; Inayoshi et al. 2016), or
the presence of radiatively inefficient accretion modes (e.g.,
Trakhtenbrot et al. 2017; Davies et al. 2019). Recent identification
of young quasars with estimated lifetimes of only 75 < 10-10° yr
at z ~ 6 (Eilers et al. 2017, 2018; Davies et al. 2020; Eilers et al.
2020) imposed additional tensions with respect to the standard
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growth models of SMBHs. These young quasars are identified
based on their small proximity zone, which is the region of
enhanced Ly« forest transmission produced by ionizing radiation
from the central quasar and before the onset of the Gunn &
Peterson (1965) absorption trough (e.g., Eilers et al. 2017).

At lower redshifts (z ~ 3-5), a notable group of quasars
shows exceptionally weak ultraviolet broad emission lines,
originally discovered in the Sloan Digital Sky Survey
spectra and systematically investigated by Diamond-Stanic
et al. (2009). These so-called weak emission line quasars
(WLQs) are defined as having a rest-frame equivalent width of
EW (Lya A1216 + NV A1240),q < 154 A and/or EW
(C 1v A\1549),.o < 10 A. Meanwhile, the EW(C 1v) of normal
quasars follow a log-normal distribution with a mean of
(EW(C 1v)) = 4272 A(Diamond-Stanic et al. 2009). Hence,
WLQs are the 30 outliers at the low end of this distribution.
Several theories have been proposed to explain the WLQ
phenomenon, and according to Plotkin et al. (2015), they fall
into two broad categories: (1) soft ionizing continuum theory
and (2) anemic broad emission line region (BLR) model. In the
soft ionizing continuum idea, one might expect that the BLR is
less photoionized so the broad emission lines produced are
weak, probably because of (i) inefficient photoionizing photons
due to an extremely high accretion rate (Leighly et al.
2007a, 2007b), (ii) low accretion rate in the very massive
black hole which leads to a radiatively inefficient cold accretion
disk (Laor & Davis 2011), or (iii) high-energy photons
produced by the accretion disk are absorbed by shielding
materials (Wu et al. 2011; Luo et al. 2015; Ni et al. 2018). On
the other hand, the anemic BLR model suggests that the BLR
itself could be unusually gas deficient (Shemmer et al. 2010;
Nikotajuk & Walter 2012), possibly if the quasar is in an early
phase of accretion and the BLR has not yet fully formed
(Hryniewicz et al. 2010; Meusinger & Balafkan 2014). It is
then critical to study the intrinsic properties of WLQs and the
environment of their host galaxies at the highest accessible
redshifts to test the evolutionary scenario.

Up to now, there have been around 270 quasars discovered
at z > 6, mostly found thanks to large-area or deep sky surveys
(e.g., Fan et al. 2006; Willott et al. 2010; Mortlock et al. 2011;
Venemans et al. 2013, 2015; Bafiados et al. 2016; Jiang et al.
2016; Matsuoka et al. 2016, 2018a, 2018b; Mazzucchelli et al.
2017; Reed et al. 2017, 2019; Wang et al. 2017; Pons et al.
2019; Wang et al. 2019; Yang et al. 2019). Among those z > 6
quasars discovered, there are only ~20 of them identified as
WLQs (Bafiados et al. 2016; Shen et al. 2019). To increase the
sampling points of reionization at z > 6 and to investigate the
relationship of rare WLQs and cases of very young quasars,
which gives us a handle on early modes of growth, increasing
the quasar sample size at this early epoch is critical.

In this paper, we report the discovery of PSO J083.8371
+11.8482 (hereafter PSO J083+-11) at z = 6.34, as part of our
effort to expand the number of known quasars at z > 6. In
order to investigate the physical properties of this quasar, its
host galaxy, and its environment, we performed an extensive,
multiwavelength (from optical /near-infrared (NIR) to submil-
limeter) campaign with state-of-the-art facilities, which we
present here. The primary data used for initial candidates
selection are outlined in Section 2, while our method for
selecting quasars via spectral energy distribution (SED)
modeling is described in Section 3. Then, we report the
spectroscopic follow-up data in Section 4 to confirm the quasar

Andika et al.

nature of PSO J083+-11 and derive black hole properties. High-
resolution Hubble Space Telescope (HST) NIR imaging to test
whether gravitational lensing affects the quasar’s apparent
emission is presented in Section 5. After that, in Section 6, the
proximity zone size and quasar lifetime calculations are
presented. The host galaxy properties from submillimeter
observation based on the Atacama Large Millimeter/submilli-
meter Array (ALMA) are explored in Section 7. Section 8
discusses possible physical processes that drive the weakness
of PSO J083+11 BLR emission. We close by summarizing the
paper and its conclusions in Section 9.

We use AB zero points for all magnitudes written in this paper.
We further assume a flat ACDM cosmology with 2, = 0.3,
Qp = 0.7, and Hy = 70 km s~! Mpc~! for all physical measure-
ments. Using this assumption, at z = 6.3401, the age of the
universe is 0.852 Gyr, and an angular scale of § = 1” corresponds
to a proper transverse separation of 5.6 kpc.

2. Initial Candidate Selection from Public Multiband Data

Our quasar candidate selection is a two-part process:
(1) preselection of candidates from multiband photometric data
and (2) modeling of the SED to derive relative probabilities for
a candidate to be a quasar or contaminant.

We started the first part of our quasar search by exploiting
the Pan-STARRS1 survey, following and expanding the
selection by Mazzucchelli et al. (2017) to focus on the redshift
range 6.3 < z < 7.1. Then, we added various infrared photo-
metric data points from public surveys to help us classify and
estimate the photometric redshift of each candidate. The
catalog photometry was corrected for Galactic reddening by
using the Bayestarl9 dust map (Green et al. 2019) and the
Fitzpatrick (1999) reddening law. Then, we cross-matched with
a list of late -M stars along with L and T dwarfs (hereafter ML T
dwarfs) from Best et al. (2018) and quasars from Flesch (2019)
to exclude those known objects from our list of z > 6 quasar
candidates. Finally, we carried out follow-up spectroscopy of
promising targets as the final confirmation of their nature. We
will provide the technical details for each step in the following
section.

2.1. Main Optical Catalog

We use the Pan-STARRSI catalog internal release version
(PS1 version 3.4; Chambers et al. 2016) as the main data for the
initial quasar candidate selection. The 50 limiting magnitudes
of this stack catalog are g =233, r=123.2, i=23.1,
z = 22.3, y = 21.3. Due to intervening intergalactic medium
(IGM), the z 2 6.2 quasar’s flux on the blue side of Lyc is
expected to be heavily absorbed, creating a strong break in the
flux. This will also make them basically undetected, i.e., have
very low signal-to-noise ratios (S/Ns), in all bands bluer than
the z band at the PS1 limiting magnitude. For the selection, we
require candidates to be detected in the PS1 y band and have
very red colors. In summary, the criteria used are

S/N(gpsi> Tpsis ips) < 8 (1)
S/N(ypsp) > 7 2
S/N(zps1) > 3 and zps; — ypg; > 1.2 3)
or
S/N(ZPSI) < 3and ZpPSllim — Yps1 > 1.2
Ypsi > 15 4)
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where all measured fluxes and magnitudes are based on point-
spread function (PSF) photometry, unless stated otherwise. The
magnitude limit criterion in Equation (4) is used to exclude
unusually bright objects or spurious sources.

However, quasars of extreme brightness could still be
detected in some PS1 “dropout” bands. This might be because
of their intrinsically high luminosity (e.g., Wu et al. 2015) or
their apparent fluxes are boosted by gravitational lensing events
(e.g., Fan et al. 2019; Fujimoto et al. 2020). Moreover, most
strongly lensed quasars would be removed as candidates due to
Equation (1) because the massive lensing galaxy at inter-
mediate redshift would contribute flux in those bands. Hence,
additional criterion is applied if Equation (1) is not fulfilled to
actually find this population:

(8ps1> Tpsi> ips1) — Ypsy > 3.0. 5)

There are some useful parameters in the PS1 catalog that can
be utilized to remove most of the contaminants. The first one is
to exclude objects showing extended morphology and only
choose point like or very compact sources by requiring

IyPSl,aper - yPSlI <05, 6)

where ypg; ,ner and ypg; are the PS1 catalog aperture and PSF
magnitudes of stacked images, respectively. This cutoff
threshold was chosen based on tests of spectroscopically
confirmed galaxies and stars, following Bafados et al. (2016).
Second, the measured PSF magnitudes also need to be
consistent with each other:

[¥pst sk — Ypstwepl < 0.5, (7N

where “stk” and “wrp” denote photometry from stacked images
and the mean photometry of single-epoch images, respectively.
Lastly, the expected weighted PSF flux is required to be located
in good pixels to a percentage of 85% or more, ie.,
PSF_QF > 0.85 in the catalog. By using the aforementioned
criteria, we obtained ~17 million candidates at the preliminary
selection step (see Table 1).

Some areas of PS1 are also covered by the Dark Energy
Spectroscopic Instrument Legacy Imaging Surveys Data Release
8 (DELS; Dey et al. 2019) and the Dark Energy Survey Data
Release 1 (DES; Abbott et al. 2018). The advantages of DELS
and DES are that they reach magnitude levels ~1 mag fainter
compared to PS1. DELS'? is conducted using imaging data
from three different telescopes, covering ~14,000 deg” of
extragalactic sky visible from the northern hemisphere
(—18° < decl.<+84°) in three optical bands. These data reach
So depths of g = 24.0, r = 23.4, and z = 22.5 mag (Dey et al.
2019). On the southern hemisphere, DES'? is utilizing the Dark
Energy Camera mounted on the Cerro Tololo Interamerican
Observatory 4 m Blanco telescope to image ~5000 deg” of
the southern Galactic cap region in five broad bands. The
median coadded catalog depth for a 1795 diameter aperture at
S/N=10 is g =24.33, r=24.08, i =23.44, 7z =22.69,
and Y = 21.44 mag (Abbott et al. 2018). Hence, the DELS and
DES catalogs are cross-matched to our main PS1 catalog with
2" radius and we will use their photometric data if available.

Selecting high-redshift (“high-z,” z 2 6) quasar candidates
through the color criteria becomes complicated due to

12 http:/ /legacysurvey.org/
13 https: //www.darkenergysurvey.org/
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Table 1
Summary of Quasar Selections
Step Selection Candidates Known
Quasars
1 Initial query with:
PSF_QF > 0.85
S/N (psp) 2 5
Yps1 > 15
Zps1 — Ypg; > 1.0
Excluding Galactic plane
Excluding M31 17170000 27
2 Detection in NIR or MIR 5631392 27
3 S/N(ypsy) =7 3627100 27
4 [Ypst aper — Ypsil < 0.5 1158750 24
5 [¥pst.sc — Ypst,wrpl < 0.5 1059373 24
6 Zpsi — Yps; > 1.2 367190 22
7 S/N (gps;> Tpsts ips1) < 8, or
(gPSl, rpsi, ips]) = Yps1 > 3 74374 22
8 SED fitting 7808 20
Forced photometry 1263 20
10 Visual inspection 155 20

Note. Each selection step shows the number of candidates and recovered
known quasars at z > 6. Our method is most sensitive to select quasars at
6.3 < z < 7.1 due to step 1 requirements.

contamination from other populations: late-M stars along with
L and T dwarfs (MLT dwarfs) and elliptical galaxies at
z = 1-2 (hereafter ellipticals). These populations have a higher
surface density than the target high-z quasars themselves but
have similar NIR colors. Hence, to reduce the number of MLT
dwarfs contaminating the candidate sample, we exclude the sky
region around M31 (7° < R.A. <14°; 37° < decl. < 43°)
and the Milky Way plane (b] < 20°). However, with the
advantage of the Bayestar19 (Green et al. 2019) dust maps,
we include some candidates in the Galactic plane region if they
have reddening of E(B — V) < 1 in the selection, as a
difference from previous studies that rigorously excluded all
regions with E(B — V) > 0.3 (e.g., Bafiados et al. 2016;
Mazzucchelli et al. 2017).

To make a more refined and more robust selection, we need
to take advantage of infrared photometry, because it will give
us a parameter dimension to distinguish quasars from MLT
dwarfs and ellipticals.

2.2. Public Infrared Data

We take advantage of public surveys when their sky
footprint overlapped with that of PS1. In this case, NIR
photometry for the northern hemisphere was taken from the
UKIRT Infrared Deep Sky Survey DR10 (UKIDSS; Lawrence
et al. 2007) and the UKIRT Hemisphere Survey DR1 (UHS;
Dye et al. 2018), while in the southern hemisphere, we used the
Vista Hemisphere Survey DR6 (VHS; McMahon et al. 2013)
with a 2" cross-matching radius. The J- as well as H- and
K-band magnitudes are very useful to discriminate between
quasars and MLT dwarfs (Mazzucchelli et al. 2017; Yang et al.
2019; Wang et al. 2019). This is also an efficient method to
remove spurious sources like cosmic rays that are usually only
detected in one survey and not in the others.

In addition, mid-infrared (MIR) data were taken from the
unWISE catalog (Schlafly et al. 2019), which contains roughly
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two billion objects, observed by the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) over the whole sky.
The W1 (3.4 pm) and W2 (4.6 pum) of WISE photometric bands
are useful to separate quasars from MLT dwarfs (e.g., the
W1 — W2 color). The advantage of unWISE compared to the
original WISE catalog (AIIWISE) is significantly deeper
imaging data and improved source extraction in crowded
regions (Schlafly et al. 2019). A 3” cross-match radius to our
main catalog was applied. By default, we defined that a source
is detected in the NIR/MIR if the catalog entry of the
corresponding flux measurements is not empty, i.e., there is a
match within the cross-matching radius.

3. Quasar Search via Spectral Energy Distribution
Modeling

The second part of our selection method is our own
implementation of fitting the full available SED to templates
of quasars and the main contaminants to fully exploit the
multiwavelength data. The end result of this procedure is to
estimate both the photometric redshift and the probability of
each source being a quasar or contaminant.

We used all MLT dwarf spectra observed by Burgasser
(2014), which are stored in the SpeX Prism Library.'
This contains ~360 templates that represent typical M5-M9,
LO-L9, and TO-T8 stars. By default, the covered wavelength
interval is 0.65-2.55 pm (from ipg;- to K-band). To extend the
template into the MIR region covered by the WISE data, we
calculate the corresponding W1 (3.4 um) and W2 (4.6 pm)
magnitudes, following Skrzypek et al. (2015), who derived
color relations in MLT dwarfs with photometric and spectral
data. Following Mazzucchelli et al. (2017), we derive the
unWISE magnitudes using the synthetic K-band magnitude and
factors for scaling (Kyl and W1_W2) for each MLT dwarf
template, depending on the spectral type. The following
equations were applied:

Wl =K - K_WI — 0.783, ®)
W2 =WI1 — W1_W2 — 0.63. )

The quasar models were taken from several observed
composite spectra that were derived either from low- or high-
redshift quasars spectra. Our first template comes from Selsing
et al. (2016), who build a luminous quasar composite spectrum
at 1 < z < 2 selected from SDSS. They performed spectro-
scopic observation with VLT /X-Shooter to cover ultraviolet to
NIR wavelength simultaneously. This approach ensures that
the full rest-frame wavelength range from LyS3 to 11350 A is
covered by the composite spectrum with very low contamina-
tion from host galaxy stellar emission. The second template is
from Jensen et al. (2016), who utilized 58,656 Baryon
Oscillation Spectroscopic Survey (BOSS) quasar spectra at
2.1 <z < 3.5 and created the composite binned by redshift,
spectral index, and luminosity. The third template that we used
was constructed by Harris et al. (2016), which is the averaged
spectra of 102,150 BOSS quasars located at 2.1 < z < 3.5.

Three composites of z > 5.6 quasar spectra were constructed
by Baiiados et al. (2016). The first one is the averaged spectra
of ~100 sources, the second is built by including only the top
10% objects by strongest rest-frame Lya+NV equivalent
width, and the third was constructed by using the 10% sources
with the smallest Lya+NV EW. These different templates

14 http:/ /pono.ucsd.edu/~adam/browndwarfs /spexprism/library.html.
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allow us to see how changes due to Ly« emission line strength
variation affect the quasar color. To reconstruct the intrinsic
quasar spectra before absorption of the intervening IGM, we
correct each Bafados et al. (2016) quasar template using the
prescription from Inoue et al. (2014) as calculated at redshift
Z = Zmedian Of the quasars used to create the composite.

Note that the three composite spectra from Bafiados et al.
(2016), one from Jensen et al. (2016), and one from Harris et al.
(2016) only cover up to a rest-frame wavelength of ~1500 A.
So, we extended those templates’ coverage by stitching them to
the template from Selsing et al. (2016) redward of this
wavelength. Then, we account for internal reddening by
applying the Calzetti et al. (2000) dust model. Levels of
reddening are varied from E(B — V) = 0 to 0.14 with a 0.02
increment, in addition to two negative reddenings of —0.01 and
—0.02 to model the quasars with a bluer continuum than
covered by the templates.

For completeness, we also make use of the Brown et al.
(2014) atlas of galaxy SEDs. These 129 galaxy SED templates
include various galaxy types like spirals, ellipticals, and
starburst, which are derived from nearby (z < 0.05) galaxy
observation. Internal reddening was accounted for by applying
the Calzetti et al. (2000) dust model to the templates with A
(V) =0 to 1 with 0.2 increments. Then, we make a grid of
models by shifting all the galaxy templates over the redshift
interval 0.0 < z < 3.0 with Az = 0.005. However, we only
use these templates in visual inspection as a final step to make
sure that our high-z quasar candidates do not resemble a z < 6
galaxy SED.

The SED fitting was done by using the EAZY photometric
redshift software, created by Brammer et al. (2008). The way
EAZY works is by stepping through a grid of redshifts and
trying to find the best template. Here we consider the redshift
interval of 4.0 < z < 8.0 with Az = 0.003 for the quasar SED
models. Template spectra are corrected for intervening HI
cloud absorption following the prescription from Inoue et al.
(2014). The template fit properly treats flux errors and negative
flux measurements because it is done in linear space. The
solutions with the smallest reduced x* (XfC 4) are chosen as best-
fit models, which can be computed for each template i as

N B 12
o= Z(datan fn(model,)) / Y (10)

] o(data,)

where the number of photometric data points is N and the
degree of freedom is (N — 1).

Photometric redshifts (zpno) may systematically be off
from spectroscopic redshifts (zspec), and we define this as
systematic offset bias (see, e.g., Carrasco Kind & Brunner 2013;
Nishizawa et al. 2020). This bias can be calculated as
AZ = (Zphot — Zspec) /(1 + Zspee). In our quasar candidate selec-
tion, we keep track of how many known quasars we can recover
at each step (see Table 1). For the sample of 22 known z > 6
quasars on which we run our SED code on, the average bias is
(Az) = 0.01, the scatter is oo, = 0.02, and the outlier fraction is
|Az| > 0.15 = 0%. Although this represents substantial scatter
in the photo-z accuracy, this is already enough to separate
between low- and high-z quasars. Note that our method is most
sensitive to select quasars at 6.3 < z < 7.1 due to our initial
color cut criterion (see step 1 in Table 1). From a total of ~130
known quasars in this redshift range, there are only ~30 quasars
that were originally discovered within the PS1 and DELS data.
The other =100 quasars are found from deeper surveys like
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Figure 1. SED fitting result for PSO J083+-11. Photometry data are shown with red filled circles with error bars in the top panel. The best-fit quasar spectral template
is shown with the blue line and blue circles for model photometry. The same goes for galaxy (magenta) and MLT dwarf models (yellow). The bottom panels show
12" cutouts in the five PS1 bandpasses. All written magnitudes are corrected for Galactic extinction. Finally, the bottom-right panel shows the probability density
function (PDF) of the calculated photo-z’s for quasar (blue line) and galaxy (magenta line) models.

SHELLQs, CFHQS, or outside PS1 footprints (e.g., DES,
VIKING).

The most-probable high-z quasar candidates are selected
based on the X?e 4 of the quasar (Xfe d,q) and MLT dwarf ()(fe " )
model fit, in addition to the estimated photometric redshift
(photo-z). The ratio of the two Xfe d (Xfe dq / xfe 4.4) 18 also used
as an important factor because this repreéents how more likely
the candidate is a quasar (q) compared to being an MLT dwarf
(d). The best values to discriminate between quasars and MLT
dwarfs are empirically derived by modeling the SEDs of
known PS1 quasars (see the compilation in Flesch 2019) and
Best et al. (2018) MLT dwarfs. An example of the SED fitting
results can be seen in Figure 1. We choose to use the following
criterion:

2

X
=9 <035 (11)

X red,d

which rejects 89% of the potential contaminants while
recovering 91% of the known quasars and leaves us with the
remaining 7808 candidates.

As an additional step, we performed forced photometry on
the remaining candidates to confirm the measurements from the
catalog and remove spurious detections (see Bafados et al.
2014, 2016 for reference). For each candidate, the algorithm
computed a 2” radius aperture photometry on the
1’ x 1’ stacked images'” centered on the candidate’s coordi-
nate. It is expected that the aperture photometry is noisier than
the PSF photometry. Hence, we imposed a criterion that our

15 The PSI stacked images can be retrieved with panstamps (see https://
panstamps.readthedocs.io /en/latest /index.html).

own magnitude measurements from the stacked images to be
consistent within 20 compared to the magnitudes in the PS1
catalog. After that, the measured photometry needs to fulfill
Equations (1)—(5), leaving us with 1263 candidates.

Finally, visual inspection was done of all the single-epoch
and stacked images of PS1 and other public survey, when
available. This is a final step to discard non-astronomical
sources (e.g., CCD artifacts, moving objects, hot pixels). After
that, the 155 surviving candidates were included in our list for
NIR spectroscopic follow-up observation. A summary of our
selection steps can be found in Table 1.

4. Spectroscopic Observations and Analysis

To confirm the quasar nature of our targets, we performed
several spectroscopic campaigns. As of 2020 July, seven
promising candidates have been spectroscopically observed. Five
of them are identified as contaminants while the other two, PSO
J083.8371+411.8482 and PSO J344.1442-02.7664, are previously
unknown z > 6 quasars. The spectroscopically rejected candidates
are reported in Appendix A while the discovery of PSO
J344.1442-02.7664 is reported in Appendix B. We followed up
PSO J083.8371+11.8482 with deeper NIR spectroscopy, which
we will discuss in the following.

4.1. Initial Classification and Redshift Determination with
Magellan/FIRE

We first confirmed PSO J083.8371+11.8482 (hereafter PSO
JO83+11) as a quasar at z ~ 6.3 via low-resolution NIR
spectroscopic follow-up by using 6.5m Magellan/FIRE
(Simcoe et al. 2013) on 2018 December 31 with a total
integration time on target of only 5 minutes. The observation
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was done using the high-throughput prism mode with a slit
width of 0”6, resulting in a spectral resolution of R = 500. The
observed wavelength range covered by this instrument is
Aobs ~ 0.82-2.51 pym.

A second observing run to take a substantially deeper NIR
spectrum of PSO J083+11 was done in January and February
2019, using the same telescope. The quasar was observed for
5 hr in the high-resolution echellette mode with the 076 slit.
This in principle gives us R = 6000 spectral resolution or
around ~50 km s~ velocity resolution in the wavelength range
of 0.82-2.51 ym. Unfortunately, this second observation run
suffered from suboptimal condition, which degraded the S/N.
Still, a quick look at the spectra showed that all key emission
lines—e.g., Lya A 1216, CIV A 1549, and Mgll A 2798—
appear unexpectedly weak. We modeled the emission lines and
continuum despite the noisy spectrum and found that its
continuum power-law slope is consistent with a Type 1 quasar
located at z = 6.34. We have to note that the region around
Mg 11 is heavily affected by telluric absorption, which made the
accurate line measurement difficult. To mitigate this issue and
to reduce instrument-specific effects, we carried out another
spectroscopic observing run.

4.2. Near-infrared Spectroscopy with Gemini/GNIRS

We obtained deep NIR spectroscopy with Gemini Near-
InfraRed Spectrograph (GNIRS) at the 8.1 m Gemini North
telescope (GN-2019A-FT-204, PI: M. Onoue) on 2019 March
20-22 with a total integration time on target of 8060 s. The
runs were executed in the cross-dispersed mode to cover the
observed wavelength range Agps ~ 0.9-2.5 pum, corresponding
t0 Arest ~ 1200 — 3400 A in the rest frame. We utilized the
“short” camera with a resolution of 0”15 per pixel and a 31.71/
mm grating. We used a slit with aperture of 0”675, resulting in
a spectral resolution of R ~ 750. The exposure time for single
frame was set to 155 s, and a standard ABBA offset pattern was
applied between exposures to better remove the contribution
from the sky emission. The airmass range of the observations
was ~1.1-1.7.

Data reduction was performed with PypeIt,l(’ an open-
source spectroscopic data reduction pipeline (Prochaska et al.
2020). Each exposure was bias-subtracted and flat-fielded using
standard procedures. The wavelength solution was obtained by
comparing the spectrum of the sky with the prominent OH
(Rousselot et al. 2000) and water lines.!” After removing
contamination from cosmic rays, the pipeline optimally
subtracts the background by modeling the sky emission with
a b-spline function that follows the curvature of the spectrum
on the detector. The 1D spectrum of the quasar was created for
each exposure using optimal weighting (Kelson 2003). Relative
flux calibration was performed with A-type stars observed
before or after the target exposures. We used Molecfit'®
(Kausch et al. 2015; Smette et al. 2015) to do telluric absorption
correction, after which single-exposure one-dimensional spectra
were coadded. All 1D spectra were coadded and scaled to the
observed UHS J-band photometry (Jyps = 20.09 £ 0.13, not
corrected for Galactic extinction) for absolute flux calibration. The
reddening due to Galactic extinction is then corrected by using the
dust map from Green et al. (2019) and the extinction law from

10 hitps: / /pypeit.readthedocs.io /en /latest/
7 hitps: //hitran.org
18 https: //www.eso.org/sci/software /pipelines /skytools /molecfit
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Gordon et al. (2016). Figure 2 shows the final spectrum in rest
frame. From now on, we will use the GNIRS spectrum for the
primary analysis instead of the FIRE spectrum, unless otherwise
stated explicitly.

4.3. Modeling the Emission Lines and Underlying Continuum

To model the PSO JO83+11 spectrum, we used a multi-
component fitting approach. The global continuum was modeled
using combined power-law and UV Fe Il templates (Vestergaard
& Wilkes 2001; Tsuzuki et al. 2006; Salviander et al. 2007). Free
parameters are the scaling factor for each component and the
power-law continuum slope. We implemented this approach by
using a modified version of PyQSOFit,' a code to fit typical
quasar spectra (Guo et al. 2018). We improved the performance
of PyQSOFit with respect to high-z quasars by optimizing
the fit of the narrow and broad emission lines, substituting
the continuum windows and other minor modifications. We
define the continuum window for the fit by iteratively marking
emission- and telluric-line-free regions. The following wave-
length ranges were selected as continuum windows: g =
1285-1290 A, 1315-1325A, 1350-1370 A, 1445-1465 A,
1580-1650 A, 2140-2300 A, 2340-2400 A, 2420-2480 A,
2630-2710 A, 2745-2765 A, and 2850-3000 A.

The rest-frame 1450 A absolute magnitude and the mono-
chromatic luminosity at 3000 A (L, (3000 A)) were calculated
from the best-fit power-law continuum. Then, the bolometric
luminosity Ly, was derived using the empirical correction from
Richards et al. (2006):

Lb()] =5.15 % )\L3000. (12)

After subtracting the best-fit continuum and scaled iron
templates, each broad emission line was modeled with single
Gaussian functions. We applied Monte Carlo simulations and
created mock spectra to estimate the errors of the derived
parameters. Random flux density errors are drawn assuming a
normal distribution using the noise spectrum then applied to the
raw spectrum with 1000 iterations. The measurement lower and
upper-limit values are taken as the 16th and 84th percentiles of
the distribution of these repeated measurements, respectively.
Finally, we obtained the equivalent width (EW), central
wavelength, FWHM, and velocity dispersion for each line.

However, as seen in Figure 2, the only strongly detected
broad line is Mgll, where we found FWHM (Mgl =
4140780 km s and EW (Mg ), = 8.7110¢] A. Moreover,
we obtained the redshift of zye y = 6.346 & 0.001, determined
from the observed Mg II central wavelength. The Ly« is weak,
and we do not significantly detect the CIV line. The derivation
of the Ly and C 1V EWs will be explained later in Section 6.
Assuming that CIvV will have an FWHM similar to or larger
than that of MgIl, we do not see any potential broad
absorption-line signatures in the region where C IV is expected
to be present (see the bottom panel of Figure 2). Hence, we
conclude that the absence of CIV is not simply caused by the
broad absorption-line phenomenon, but rather by the actual
nature of this quasar (see Section 6).

19 https://github.com/legolason/PyQSOFit.
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Figure 2. Upper panel: the spectrum of PSO J083+11 taken with Gemini/GNIRS. The observed flux (black), noise (gray), scaled atmospheric transmission (dashed
gray, unit in the right axis), and continuum, which consists of a power law plus Fe II emission (red) are shown. The expected emission line centers are shown by the
black vertical dotted lines. For comparison, the median composite spectrum of quasars at z > 5.7 taken from Shen et al. (2019) is plotted in blue. The Shen et al.
(2019) composite spectrum is scaled by taking the median of the PSO JO83+11 continuum flux at A = 1300-2000 A so those two spectra are matched with each
other. Lower panel: the continuum-subtracted spectrum around the key emission lines (black) and best-fit Gaussian models (dashed red). Note the sharp emission at
the center of Mg I is caused by imperfect telluric correction, so it is not real. We also detect a possible metal absorber near the Ly« emission, at Agps = 9037 and

9066 A.

4.4. Black Hole Mass and Eddington Ratio

The mass of the black hole is derived from our single-epoch
NIR spectra. With the assumption that the virial theorem is
valid for the BLR dynamics, we use the scaling relation for the
Mg 11 line from Vestergaard & Osmer (2009):

06_86( FWHM (Mg 1) )2 ALy (3000 A) )7 1%
103km s~! 10* erg s~!

Men _

fo)

where AL, (3000 A) is the rest-frame luminosity at 3000 A and
FWHMMg1) is the Mgl FWHM. Then, we calculated the
Eddington luminosity as

Liga = 1.3 % 1038[MBH) ergs L (14)

M

After that, we can derive the Eddington ratio as Ly /Lgqq- We
obtained a black hole mass of log(Mgy/M.) = 9.30°1§ and
normalized accretion rate of Ly, / Lgga = 0.5 1t8;{3 for the GNIRS
spectrum. As a comparison, we derived log(Mpy /M) =
9.06707¢ and Luyoi/Leag = 0.771033 from the combined FIRE
spectra. We report the error in measured virial black hole mass,
which we calculated by propagating monochromatic luminosity
errors and Mg II line width. However, please note that we did not
explicitly add systematic errors, which tend to be larger (0.5 dex)
compared to random measurement errors (Vestergaard &
Osmer 2009; Shen 2013).

In order to compare PSO J083+11 properties to other
quasars at high redshifts, we compile MgII line-width and

continuum luminosity measurements for ~70 previously
published z > 5.7 quasars (Jiang et al. 2007; Willott et al.
2010; De Rosa et al. 2011, 2014; Wu et al. 2015; Mazzucchelli
et al. 2017; Eilers et al. 2018; Fan et al. 2019; Onoue et al.
2019; Shen et al. 2019; Tang et al. 2019). Then, we classify
five quasars with EW (C1v) < 10 A in Shen et al. (2019) as
high-z WLQs. On the other hand, 261 WLQs at z ~ 1.3 are
taken from Meusinger & Balafkan (2014). We use their Mg II
line-width and continuum measurements to derive bolometric
luminosities and virial masses with the same cosmology
assumption and scaling relation (see Equations (12) and (13))
as those applied for PSO J083+11. Figure 3 shows the
distribution of calculated parameters in the black hole mass—
bolometric luminosity plane. Our object populates the same
Lio1/Lgaa and My parameter space as other quasars at z > 5.7
and those observed at z ~ 2 from SDSS Data Release 7.
Hence, we find that PSO J083+11 is powered by a typical
mature and actively accreting SMBH, which has been reported
in other quasars at similar luminosity ranges. A summary of
calculated physical parameters is shown in Table 2.

5. Searching for a Lensing Galaxy

It is well known that gravitational lensing can potentially boost
a quasar’s observed flux, which could lead to a substantial
overestimation of the powering black hole masses. This would
have an impact on our understanding of a high-z quasar’s intrinsic
properties. Furthermore, a large intrinsic lensing fraction among
luminous high-z quasars has been predicted (Comerford et al.
2002; Wyithe & Loeb 2002). Moreover, Pacucci & Loeb (2019)
predicted that there should be many mildly magnified (1 < 10)
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Figure 3. The black hole mass—bolometric luminosity plane of quasars at
various redshifts. Those parameters are calculated for a sample of z ~ 1.3
WLQs (magenta; Meusinger & Balafkan 2014), z > 5.7 WLQs (green; Shen
et al. 2019), and other z > 5.7 quasars compiled from literature (blue; see text
for details). The 0.5 dex systematic uncertainty associated with the Mg II-based
black hole mass estimate (Shen 2013) and the measurement errors are taken
into account in the error bars (red square with error bars). Contours show the
distribution of the z ~ 2 SDSS DR7 quasars (Shen et al. 2011). The diagonal
lines show Eddington ratios of Lye/Lgsa = 10, 1, 0.1, and 0.01 from top left
to bottom right. The associated typical uncertainties for each sample are shown
as error bars in the bottom right.

quasars at z > 6 with extremely small image separation (A6
< 0”2). The first confirmation of this prediction is the lensed
quasar at z = 6.51 found by Fan et al. (2019), J043947.08
+163415.7. While there is no obvious companion in the vicinity
of PSO J083+11 as judged from the discovery images, the
ground-based seeing prohibits detecting various potential lens
configurations with small separations. Hence, we have used the
Hubble Space Telescope (HST) to test the lensing hypothesis for
this quasar.

5.1. Near-infrared Imaging with HST

We obtained high-resolution imaging for PSO J083+11 by
using HST (GO 15707, PI: K. Jahnke). Our goal is to test the
quasar image being subject to gravitational lensing by utilizing
two methods. The first one is by searching for multiple quasar
images using the NIR F125W filter (A\ess = 12365 A) on the
Wide Field Camera 3 (WFC3). The second one is directly
searching for an intervening galaxy with the Advanced Camera
for Surveys (ACS) ramp filter FR853N (Ae¢r = 8528 A) in the
quasar Gunn—Peterson absorption trough just shortward of
Lya, where the quasar light will be nearly fully absorbed,
maximizing visibility of any intervening lensing galaxy. Each
band was exposed for two orbits, for a total integration time of
~80 minutes per filter. For the WFC3 /IR imaging, we rotated
the field between the two orbits by ~15°, to analyze not only
the images directly, but also the difference image that reduced
the interference of instrumental point-source spikes integral to
the HST PSF. Data reduction was carried out with the HST
pipeline for a final image pixel scale of 0”128 pixel '. The
50 surface brightness limit for a 1 arcsec® aperture is
~26 mag arcsec ~.

Our next step is to analyze the WFC3/F125W HST image
and search for extended emission, which could be due to an
intervening lensing galaxy, companion source, or the host
galaxy of PSO J083+11 itself. Our approach is to remove the
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Table 2
Derived Physical Parameters of PSO J083+11

Parameter Value Unit
ax —1.66991
Miaso —26.67 + 0.01 mag
Mgy (2.00507H x 10° M,
Lol (1.33130h) % 1097 ergs '
Lot/ Leaa 0515013
FWHM (Mg 1) 41407880 km s
Av(Mg 1 — [C])* 237 + 150 km s~
EW (Mg Drest 8.7 ltggz A
EW (Lya + N V)it 5.651072 A
EW (C V)res” <5.83 A
R, 1.17 £ 0.32 pMpc
tQ 103.410.7 yr
Zicm 6.3401 + 0.0004
FWHM ([C 11]) 229 +5 km s~
Flux ([C 1]) 10.22 £+ 0.35 Jy kms™!
S244 GHz 5.10 £ 0.15 mly
$258 GHz 5.54 £ 0.16 mly
Licy (1.04 £ 0.04) x 10 Lo
L (1.22 + 0.07) x 1013 Lo
Lrr (1.72 £ 0.09) x 10" L
SFRcy 800-4900 Mg yr~!
SFRTIR 9007600 Mg yr!
Maust (4.88 + 0.14) x 108 M,

Notes.
4 Velocity shift of Mg IT with respect to [C II].
® This is the 3o upper-limit value; see Section 6.

point-like emission from the central quasar, utilizing the
Photutils® software (Bradley et al. 2019). We chose eight
stars in the field to construct a PSF using median-averaging.
The stars are chosen so that they are sufficiently away from the
edge of the CCD or potential contaminants. They also have to
be 1.5x—15x brighter than the quasar to get accurate PSF
wings. Note that we did not take into account the effect of the
spectral types of selected reference stars; hence, there might be
color-dependent uncertainties due to systematic SED differ-
ences. Then, this model is fitted to the quasar’s nuclear
emission in the image, allowing the PSF centroid to move by
less than a pixel. The observed image and PSF subtraction
residual are shown in Figure 4.

5.2. Modeling a Possible Gravitational Lensing Effect

We identified emission in the WFC3 /F125W images, which
could be attributed to an intervening foreground galaxy having
a potential gravitational lensing effect, located at 1” to the
southwest from the central quasar. However, we could not
constrain a redshift of this emission by using HST data only. Its
AB magnitude was estimated using aperture photometry, with
an aperture of 4 pixel (~0”5) radius with a value of
magg ,sw = 25.42 & 0.07. However, this emission does not
show up in the ACS/FR853N image. We did the photometry
with the same aperture size and obtained a 5o upper-limit
magnitude of magppgssy = 23.25.

20 https: / /photutils.readthedocs.io /en/stable /
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Figure 4. HST WFC3 /IR F125W imaging of PSO J083+11. The observed quasar emission (left), PSF model (middle), and the PSF-subtracted image (right) are shown. The
image pixel scale is 0”128 pixel ', The white circle in the residual image marks the aperture used to determine the aperture photometry of the (likely) foreground galaxy,
located ~1” from the central quasar. We use a 4 pixel radius aperture (equivalent to ~0”5) to get an F125W band magnitude = 25.42 4 0.07.

We test whether the intervening galaxy could potentially boost
the apparent quasar emission by modeling the galaxy’s emission
from the far-ultraviolet to the microwave regimes using
BAGPIPES?! (Carnall et al. 2018). We used the measured flux
from WFC3/F125W image aperture photometry, complemen-
ted with upper-limit fluxes from the ACS/FR853N and PSI
bands as input data. Here, we assume the foreground emission,
which was found in the F125W images to be from a star-
forming main-sequence galaxy. To derive the stellar mass and
star formation rate (SFR), we need to scale the galaxy SED by
choosing a particular star formation history (SFH) model. The
simplest form of a parametric model uses up to three shape
parameters and a normalization. The most simple and widely
used parametric SFH model is exponentially declining (tau
model, 7). For this work, we consider the delayed exponentially
declining SFHs, which is a tau model multiplied by the time
since star formation began (7,). This would remove both a
discontinuity in SFR at T, and models with rising SFHs if 7 is
large (see Carnall et al. 2018). The model will fit the total
formed stellar mass and time since star formation began with
uniform priors in the value ranges of Mymeq = 10' 1M, and
Tp = 0.5 — 0.8 Gyr, respectively. We assume a fixed value for
the SFR timescale (7 = 0.3 Gyr), the metallicity (Z = 0.02;
equals to solar metallicity), and the nebular emission parameter
(log(U) = —3). The value of Ay = 1.0 mag was also applied
following the Calzetti et al. (2000) extinction law.

For us, the central output calculated by BAGPIPES is the
redshift-dependent galaxy stellar mass, which we will use to
constrain the possible magnification for PSO J083+411 by
applying the lensing equation (see Schneider 2006 for a
review). Given the upper limit for the mass-to-light ratio
(~100) for disk and ellipticals, we can estimate the maximum
total lens mass, including the dark matter contribution, from the
galaxy stellar mass output of the model. Assuming a point-
mass gravitational lens configuration, the possible combina-
tions of Einstein angle (fg) and magnification (4) can be
calculated. Given the calculated lensing galaxy masses, we find
limits of g < 075 and p < 1.07. Therefore, strong magnifica-
tion of the quasar’s emission by the foreground galaxy can be
excluded. The calculated FEinstein angles as a function of
simulated galaxy masses and redshifts are shown in Figure 5.

2 https://github.com/ACCarnall /bagpipes

log(M«/Mg)
7, 7, 7
979,702,

e “g

Ok [arcsec]

Fe. 120

o o, o0, Q0
v % % %

PRSI P R T LT
NTODT R 0T 90 O (MY

Redshift log(M+/Mo)

»
0"\/ Q(} Q('b Q-

Bk [arcsec]

Figure 5. A corner plot showing the calculated Einstein angles as a function of
simulated galaxy masses and redshifts.

6. Weak Emission Lines and Young Quasar Accretion
Lifetime

As already noted in Section 4.3, the quasar broad emission lines
are very weak or absent. We follow the prescription by Diamond-
Stanic et al. (2009) to determine the Lya+N V equivalent width,
where the fluxes above the power-law continuum in the range of
1160-1290 A were integrated. This region is dominated by
blended Lya A 1216 and NV A 1240 components, although
there is also a small fraction of SII A 1263. The calculated
Lya+NV equivalent width is EW (Lya 4+ N V) = 5.657072
A. In addition, we applied the same procedure for the wavelength
range of 1500-1600 A to estimate the 30 upper limit of the
C1V )\ 1549 equivalent width, for which we find EW (C 1V) e <
5.83 A. From these measurements, we can classify PSO J083+-11
as a weak-line quasar according to the empirical definition of
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Figure 6. The C IV rest-frame EW as a function of continuum luminosity at
3000 A. The black dots show the sample of z ~ 2 quasars from Shen et al.
(2011). The z > 5.7 normal quasars (blue squares) and WLQs (red squares)
taken from Shen et al. (2019) are also shown. It is clear that PSO JO83+11 is
the 3¢ outlier at the low end of the normal quasars’ EW (C V), log-normal
distribution.

Diamond-Stanic et al. (2009). The comparison between normal
quasars and the WLQs* EW (C 1), as a function of continuum
luminosity is shown in Figure 6. Although originally WLQs are
defined as quasars having EW (C V)¢ < 10 and found in low-
redshift (“low-z,” z < 5) quasars, this definition is still valid for
high-z quasars. Shen et al. (2019) showed that there is no
significant redshift evolution of EW (C 1V) e, at least up to z ~ 6
(see their Figure 8).

Eilers et al. (2017) showed that the lifetime of quasars can be
inferred from their proximity zone sizes. By definition, the
proximity zone is the region of enhanced Lya forest
transmission close to the quasar resulting from its own ionizing
radiation. The IGM will have a finite response time to reach a
new ionization equilibrium state due to the quasars’ radiation
with a timescale of foq ~ Fﬁll ~ 3 x 10* yr. Here, Iy, is the
rate of photoionization (Eilers et al. 2017).

In practice, we continuum-normalized the quasar Magellan/
FIRE spectrum and applied a convolution with a 20 A resolution
boxcar kernel. Then, the proximity zone size is defined as the
distance from the center of Ly« to shorter wavelengths where the
transmitted flux first drops below 10% of the level at the line (Fan
et al. 2006). Note that this is done in the observed frame of the
wavelength. The result is shown in Figure 7. The conversion of
the proximity zone size to the quasar lifetime can be inferred from
radiative transfer simulations (Davies et al. 2016) for quasars with
similar redshift and luminosity to our quasar and is shown in the
Figure 8. We observe a rather small proximity zone (R, = 1.17 &
0.32 pMpc) in the spectrum, which implies that PSO JO83-+11
has a lifetime of only 7 = 10*4£%7 yr. As a comparison, the
typical proximity zone sizes of quasars with —27.5 < M50 <
—26.5 are R, = 3 — 7 pMpc while their typical lifetimes are
tq = 10°~° yr (Eilers et al. 2017).

7. Probing the Quasar Host Galaxy
7.1. Submillimeter Observation with ALMA

The ALMA band-6 observations were performed to spatially
resolve the [C1I] 158 pum line, determine an accurate redshift,
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Figure 7. Measured proximity zone size (R,) of PSO J0834-11, marked with
two black dashed lines. The expected position of the Ly« central wavelength is
marked with green line. Continuum-normalized and smoothed spectra are
shown as blue and red lines, respectively. Here we observe a rather small
proximity zone of R, = 1.17 £ 0.32 pMpc.

and investigate the host galaxy of PSO J083+11
(2019.1.01436.S, PI: I. T. Andika). We integrated for a total
on-source time of 3145 s with observation carried out on 2019
October 9 using ALMA’s C43-4 array configuration. The
receivers were set to cover ~258 GHz, which is the expected
[C1] frequency (e = 1900.5369 GHz) at z = 6.34 (see
Section 4.2).

The data set was calibrated with a pipeline implemented in
Common Astronomy Software Application’? (CASA; McMul-
lin et al. 2007). Next, the TCLEAN task was applied using
natural weighting to image the visibilities while maximizing
the point-source sensitivity. We focused on a 5” circular region
around the central quasar and performed the cleaning down to
20. Then, we masked out the line-containing channels and used
a simple median approximation to model the continuum. After
that, we produced continuum-free data by subtracting the
continuum model from visibilities. The final imaged cubes
have a 30 MHz channel width, a synthesized beam of around

0”42 x 0”37, and an rms noise level of ~0.24 mJy beam .

7.2. [C 1] Spectral Profile

The [C 1] spectrum is extracted with an aperture radius of
1”5 (equivalent to 8.3 kpc) to maximize the recoverable
emission. We chose this value because there is no further [C II]
flux recovered outside this radius. Ill-defined units make the
flux measurement in interferometric maps challenging (see
Novak et al. 2019 for further details). Assume that we have the
aperture fluxes measured inside the dirty image D, the clean
component C only, and the residual image R. Then, the scaling
factor for corrections is ¢ = C/(D — R). The most important
factors that govern the scaling factor € are the clean and dirty
beam sizes. In our case, ¢ =~ 0.6. Then, we use the dirty image
flux and multiply it with € to get the final flux density in proper
units. Note that if using the final image only to measure the
flux, we would obtain ~10% larger values. This happens
because the final image is a superposition of clean Gaussian
components plus residuals. The extracted spectrum is shown in
Figure 9, and a Gaussian fit results in the integrated [C II] line
flux of 10.22 £ 0.35 Jy km s~', FWHM of 229 & S km s,

2 https://casa.nrao.edu/
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Figure 8. Left panel: dependence of proximity zone size R, on quasar lifetime (g), adopted from literature (Davies et al. 2016; Eilers et al. 2017) who have done
radiative transfer simulations for quasars with similar absolute magnitude (M;4s0 = 26.67) and redshift (z = 6.3401) as PSO JO83+11. R, = 1.17 £ 0.32 is indicated

by red lines. Right panel: probability distribution of #; which shows that PSO J083+-11 is a young object with 7o =

and a redshift of 6.3401 £ 0.0004. With respect to [C II] (host
galaxy tracer), the Mg Il (quasar BLR tracer) is redshifted by
237 + 150 km s~ '. As a comparison, Schindler et al. (in
preparation) found that Mgl in high-z quasars can be
significantly shifted with respect to the [CII] with a median
velocity shift of —41673%¢ km s~ '. The Mg II line, which arises
from the BLR, may experience strong internal motions or
winds, potentially displacing the emission line centers from the
systemic redshift (Mazzucchelli et al. 2017).

7.3. Moment Maps for [C 1] and Dust Continuum Emission

We covered two dust continuum spectral windows in our
observation, one centered at 244 GHz and the other at 258 GHz.
Pure continuum data are produced by selecting channels that are
free from line emission, where we chose the effective bandwidth
for each spectral window to be around 2500 km s~'. Then, we
collapsed each spectral window to create a moment-zero map
of the dust continuum. The final 244 GHz and 258 GHz dust
continium maps have rms noise levels of 30.7 and
35.8 pJy beam™ ', respectively. Figure 10 shows the continuum
map centered at 258 GHz. By using the same circular
aperture size as for [CIl]—i.e., a radius of 1”5—we obtain flux
densities of S244 GHz = 5.10 + 0.15 mJy and S258 GHz = 5.54 +
0.16 mJy. The moment-zero map of [CII] is also created by
collapsing the 700 km s~ cube width as shown in Figure 10.
This width is equivalent to 3 x [CII] FWHM.

As is visible in Figure 10, both continuum and [CII]
emission are spatially resolved with approximate sizes of
2.3 kpc x 1.7 kpc and 8.2 kpc x 4.3 kpc, respectively. These
sizes are defined as the major and minor axis FWHMs of the
2D Gaussian function, which is fitted to those emissions. In
addition, the continuum emission peak overlaps with the
central [CII] emission. In Figure 11, we show the velocity
field and dispersion maps of the continuum-subtracted [C II]
emission.”> A mild velocity gradient is seen with the northern
part redshifted and the southern part blueshifted. The

23 See the moment map equations and sigma line-width map definition in
https:/ /spectral-cube.readthedocs.io /en/latest/moments.html.
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Figure 9. PSO J083+11 continuum-subtracted [C II] spectrum, extracted with
a 1”5 aperture radius. The data (black) are fitted to a Gaussian function (red).
The upper axis shows velocities centered at z = 6.3401.

258.5

258.0

morphology in Figure 10 is seen as a single resolved blob
while the integrated spectrum (Figure 9) is represented well by
a simple Gaussian profile.

Finally, we overlaid the ALMA moment maps on the PSF-
subtracted HST image as seen in Figure 12. Previously, we
identified a potential lensing galaxy as shown in Figure 4.
However, there is no apparent dust or [CII] emission at the
position of this potential lensing companion (see Figure 12),
which makes it unlikely to be physically associated.

7.4. Star Formation Rate

To derive a star formation rate in the quasar host galaxy, we
first calculate the [CI] 158 ym line luminosity following
Carilli & Walter (2013):

Liine —1.04 x 103 Stine AV Dy,
Lo Jy km s~'\ Mpc

2
) Yobs GHz.  (15)

We obtain a luminosity of Licy = (1.04 £ 0.04) x 10'° L,
which interestingly makes this one of the most luminous [C II]
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line z > 6 quasars detected to date (Decarli et al. 2018;
Venemans et al. 2018). The star formation rate (SFR) can be
estimated by applying the De Looze et al. (2014) SFR-Lc
scaling relations for z > 5 galaxies:

118
SFRicmp =30 x 10—9(@) ] (16)

M®yr71 L@
This will give us a value of the SFRcy ~ 1990 M, yr—!.
However, one needs to take into account a factor of ~2.5 for
the systematic uncertainty from the scaling relation which
makes the possible range of derived SFR for PSO J083
+11 SFR{c = 800 — 4900 M, yr .

Another important parameter that we can estimate from the
ALMA data are the total infrared luminosity (Lyr, rest-frame

3-1100 pum), far-infrared luminosity (Lgg, rest-frame
42.5-122.5 pm), and the dust mass, from which we can again
calculate an independent star formation rate (e.g., Helou et al.
1988; Kennicutt & Evans 2012; Carilli & Walter 2013). This can
be done by assuming low dust optical depth in the Rayleigh—Jeans
regime, thus modeling the SED with a modified blackbody will be
sufficient (e.g., Beelen et al. 2006; Novak et al. 2019). The
expression is

Stips = fCMB (I+2 (DL)_ZKVV,%.MdustBz/,esl(ﬂiust,z)» (17)
where B, is the blackbody radiation function, D; is the
luminosity distance, My, is the dust mass, while the observed
and rest frequencies are related as veqy = (1 + z) s, and all
values are in SI units. The adopted opacity coefficient following

12
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Figure 12. PSF-subtracted HST image of PSO J083+11 with an overlay of ALMA dust continuum and [C II] emission maps as contours (from Figure 10). The
white solid lines in the left panel represent the [3, 5, 7, 12, 15] x o contours with ¢ = 0.04 mJy beam ™' for the continuum while the right panel shows o =
0.06 Jy beam ™" km s~ for the [C II] emission maps. Unlike Figure 4, this PSE-subtracted HST image has been rotated so north is up and east is left. The beam size
for ALMA data is shown in the bottom left. The neighboring potential foreground galaxy is located to the southwest from the central quasar (blue arrow). There is no
apparent dust or [C II] emission at the location of this neighbor, which makes it unlikely to be a physical companion.

Dunne et al. (2003) and Novak et al. (2019) is

8

) = 2.64(7”rest
¢/125 pm
where ¢ is the speed of light and (3 is the dust spectral
emissivity index. Note that the estimated dust mass will have at
least a factor of 2 for the systematic uncertainty due to the

adopted opacity coefficient scaling relation.
Dust heating by the cosmic microwave background (CMB)

plays an important role at z 2 6 and needs to be taken into
consideration following da Cunha et al. (2013), namely,

Buml (TCMB,z)
Bum,(’l-;lust,z) ’

+ T ,_ol(1 + 24 — 1]y,

VTCSI

Vo

B
Ky = Ii,,o( ) m’kg~!,  (18)

Joms = (19)

_ (44
- (Tdust

T(‘iust,z (20)

where Ty, is the intrinsic dust temperature of the source
assuming it is located at redshift zero and Ty = 2.73(142) K
is the temperature of the CMB at a given z. In our case,
TCMB = 2004 K

Note that we only have two data points of the continuum
measurements—at 244 and 258 GHz—both of them located on
the Rayleigh—Jeans tail and not reaching the dust SED peak.
This prohibits us from constraining the full SED shape and dust
temperature due to degenerate fitting parameters. Hence, further
assume that Ty, =47 K and § = 1.6, which are usually
applied for quasar host galaxies at z = 6 (e.g., Beelen et al.
2006; Decarli et al. 2018; Venemans et al. 2018). Scaling the
SED model (Equation (17)) to the observed FIR photometry at
244 and 258 GHz results in My, = (4.88 £ 0.14) x 108 M.
By integrating the SED, we obtain Lgg = (1.22 £ 0.07) x
10" L, and Lyig = (1.72 4 0.09) x 103 L. This high lumin-
osity means that PSO JO83+11 can be classified as a
hyperluminous infrared galaxy (HyLIRG, Ltjr > 103 Ly).
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The TIR luminosity can be converted to an SFR by utilizing
the relation from Murphy et al. (2011) and Kennicutt & Evans
(2012):

SFRTIR[M@ yr"] = 1.49 x 10_10LTIR[L®]' 2n

This gives us SFRpr ~ 2560 M yr—!. Accounting for the
factor of 3 of systematic uncertainty in the scaling relation, we
obtain the 1o possible range of SFRyr = 900-7600 M, yr—'.
This is consistent with SFR estimates based on the [CII]
luminosity above. A summary of the calculated parameters is
shown in Table 2.

To compare the PSO JO83+11 host galaxy properties with
other z 2 6 quasars, we took Licy and Lgpr measurements
from the literature (Walter et al. 2009; Venemans et al. 2012;
Wang et al. 2013, 2016; Willott et al. 2013, 2015, 2017;
Bafiados et al. 2015; Venemans et al. 2016; Mazzucchelli et al.
2017; Decarli et al. 2018), which were recalculated by Decarli
et al. (2018). We also added 10 young quasars studied by Eilers
et al. (2020). As seen in Figure 13, PSO J083+-11 shows values
of Licyy and Lgg comparable to those high-z quasars with the
highest SFR and FIR emission.

8. Discussion: a Young Weak-line Quasar?

Type 1 active galactic nuclei (AGNSs) intrinsically exhibit
strong broad-line emission in the optical and ultraviolet rest-
frame regime. However, this is not the case for WLQs, which
show unusually weak or no emission line. It is well established
that WLQs are not BL Lacertae objects, which usually have
spectra dominated by a relatively featureless nonthermal
emission continuum due to the effects of the relativistic jet
closely aligned to the line of sight of the observer (Diamond-
Stanic et al. 2009). Also, the majority of WLQs are radio quiet,
and they are not related to broad absorption-line phenomenon
(e.g., Kumar et al. 2018).
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Figure 13. The comparison between the star formation rate estimated from the
dust continuum luminosity (following Murphy et al. 2011 and Kennicutt &
Evans 2012) and the [C 1T] luminosity (following De Looze et al. 2014) using
the assumption of Ty, = 47 K. A sample of z 2 6 quasars from the literature
(black dots; see text) and z 2 6 young quasars (blue dots, Eilers et al. 2020)
are shown. PSO JO83+11 (red square) shows values of Licy; and Lpr
comparable to those high-z quasars with the highest SFR and FIR emission. For
clarity, the error bars of PSO J0834-11 have been multiplied by three.

Diamond-Stanic et al. (2009) and Shemmer et al. (2006)
established that WLQs are a rare, unique population as their nature
could not be explained by gravitational macro- or microlensing. In
the case of PSO J083+11, our HST observations revealed a
potential lensing galaxy located at @ ~ 1” from the central quasar.
However, the maximum magnification of p < 1.07 does not
provide significant boosting to the apparent quasar continuum
emission. In addition, we showed that PSO J083+11’s UV-to-
optical (Figure 1) and far-infrared SED (Section 7.4) is similar to
those of ordinary quasars, not a strongly lensed galaxy. Based on
these measurements, the weak-line nature of PSO J083+11
cannot be explained by strong gravitational macrolensing. Note
that to completely rule out microlensing, we would need
spectroscopic monitoring and to search for the reappearance of
emission lines. For a stellar lens in a foreground galaxy, the
characteristic timescale for microlensing is ~10 yr (Gould 1995).
Nevertheless, the closest foreground galaxy that we found in the
HST image is already far enough from the central quasar (6 > 0g;
see Section 5.2), making a microlensing interpretation unlikely.

Several theories have been proposed to explain the WLQ
phenomenon. and according to Plotkin et al. (2015), they can
be classified into two broad categories: (1) soft ionizing
continuum theory and (2) anemic broad emission line region
model. In this section, we will discuss the most probable
explanation for the observed weak-line nature of PSO
JO83+11.

8.1. Soft Continuum Due to Super-Eddington Accretion?

One might expect that the BLR is less photoionized so the
broad emission lines produced are weak due to soft ionizing
continuum. How could this happen? The first proposed
mechanism is an intrinsically soft continuum due to a cold
accretion disk around a slowly accreting, very massive black
hole (Laor & Davis 2011; Plotkin et al. 2015), although this
possibility is rather low in the case of PSO J083+11. This is
because the required critical mass is Mgy > 3.6 x 10° M, for
a nonrotating (@ =0) or Mgy > 1.4 x 10'° M, for a nearly
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maximally rotating (@ = 0.998) black hole, while the mass
estimated for PSO J083+-11 is already a factor of ~2 smaller
than the lower of these limits (see Section 4.4). In addition,
according to Volonteri et al. (2013), high-z SMBHs should be
rapidly spinning, which would yet increase this difference.

The second proposed mechanism is a quasar with a high
Eddington ratio that is expected to have an optically and
geometrically thick inner accretion disk, a so-called slim disk
(Luo et al. 2015). The scale height of this thick disk grows as a
function of Eddington ratio and becomes a shielding comp-
onent, which prevents the high-energy photons from the central
region to reach and ionize the BLR, leading to the observed
weak, high-ionization line emission (Ni et al. 2018). This
model has been corroborated by observation of WLQs with
weak X-ray emission that typically show harder X-ray spectra
compared to normal quasars, indicating intrinsic X-ray
absorption in these objects (Wu et al. 2011, 2012). However,
we cannot completely rule out the possibility of the presence of
shielding gas between the accretion disk and BLR due to the
lack of X-ray spectroscopy for PSO J083+11.

The third proposed mechanism is that an extremely high
accretion rate could lead to less efficient production of X-rays,
which results in an SED that peaks in the ultraviolet (Leighly
et al. 2007a, 2007b). This could be related to a quenched X-ray
corona, making it smaller in size, or alternatively, X-ray
photons that are trapped and advected into the black hole
before they can diffuse out. In other words, in these scenarios,
there would not be enough high-energy photons emitted from
the continuum source to produce high-ionization potential lines
like CIv. However, there would be no problems with
producing lower-ionization lines (e.g., Ho, HG, and Mg 11).

The second and third aforementioned mechanisms suggest
that on average the low-z WLQs have significantly higher
Eddington ratios and luminosities compared to other normal
low-z quasars (Meusinger & Balafkan 2014). In contrast, we do
not see this behavior for PSO J083+11 compared to other high-
z quasars because its Eddington ratio is based on the Mg I line,
and the underlying continuum is not particularly strong
(Lvor/Lgaa ~ 0.5; see Figure 3). However, we have to note
that the virial-mass calculation relies on the empirical scaling
relation derived via reverberation mapping, which might be
inadequate in the case of WLQs due to the weakness of their
emission lines (Luo et al. 2015). The calculated black hole
mass tends to be underestimated, making the actual Eddington
ratio potentially lower than currently estimated (Marculewicz
& Nikolajuk 2019). Moreover, the typical systematic error of
the single-epoch virial-mass approach is =0.4-0.5 dex
(Shen 2013) and could be larger if the Mg 1l BLR is complex
and may not be virialized yet in these kinds of exceptional
objects (Plotkin et al. 2015).

Another potential indicator of extremely high accretion rate
is the shape of the continuum itself, as found in a super-
Eddington (Lyo1/Lgqa = 9) quasar, PSO J006+39, at z ~ 6.6
with a very blue continuum that was studied by Tang et al.
(2019). This Eddington ratio was estimated by modeling the
SED of the UV continuum, where they obtained a power-law
slope index, a, = —2.94 &+ 0.03. This is significantly bluer
than the slope of ay = —2.33 predicted from the standard thin
disk model (Shakura & Sunyaev 1973). Although PSO J006
+39 is accreting at a super-Eddington rate, it is not a WLQ
(EW (C 1V)est ~ 84 A). Compared to that object, our measured
power-law slope index is consistent with a typical quasar
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(ay = —1.66 £ 0.01) and not steeper than those aforemen-
tioned models, indicating the absence of super-Eddington
accretion. Hence, overall, soft continunum models seem
inadequate to explain the weak-line nature of PSO J083+11.

8.2. Are WLQs Young Quasars?

With the caveats of all the scenarios presented in Section 8.1,
trying to explain the WLQ nature, another potential explanation
for the weak-line nature might lie in gas-deficient or anemic
BLR clouds, due to the quasar being in the beginning of its
accretion phase. In the first scenario, there might be only a
small amount of gas and/or covering factor in the BLR of
WLQs (Shemmer et al. 2010; Nikotajuk & Walter 2012). If this
is true, all broad lines should have small flux and equivalent
widths. However, unlike normal quasars, WLQs have relatively
small EW (C1V)e/EW (HB)ws line ratios, which are
inconsistent with their BLRs simply having low gas content
or small covering factors, although it could play a secondary
role (Plotkin et al. 2015).

On the other hand, the second scenario proposed that in the
beginning of an AGN phase, BLRs are still bare because the
material from the accretion disk has not yet have sufficient time
to reach the region where broad lines will later form
(Hryniewicz et al. 2010). With the assumption that the wind
from the disk has velocities of ~100 km s~ ", the time needed to
form the BLR is around ~10° yr (Hryniewicz et al. 2010).
Therefore, if WLQs are indeed an evolutionary quasar phase,
they should be rare. An interesting discovery is that the fraction
of WLQs among quasars seems to increase with redshift (e.g.,
Diamond-Stanic et al. 2009; Bafados et al. 2016; Shen et al.
2019). In this picture of a still-forming BLR during the WLQ
phase, higher-ionization species such as CIV would be the
weakest because they originate in a region higher above the
disk that is not fully formed yet. On the other hand, low-
ionization species (e.g., HB, Mg 1I) that are formed close to the
accretion disk may look normal (Plotkin et al. 2015).

We should emphasize that most low-z WLQ studies do not
have access to Lya and the quasar lifetime could not be
determined with the method that we explained in Section 6. At
z > 6, the proximity zones are sensitive to the lifetime of the
quasars as the intergalactic gas has a finite response time to the
quasars’ radiation. The accretion lifetime of PSO JO83+11 as
derived from its proximity zone gives us a range of
tq = 1034£07 yr, consistent with the BLR formation time at
the lower end. Hence, there is a possibility that the BLR in this
object is not fully formed yet, leading to the observed weak
emission line signature in the spectrum (Hryniewicz et al.
2010). However, as pointed out by Eilers et al. (2018), this
quasar could have a higher actual age of substantial accretion
compared to the one estimated from its proximity zone size. In
that case, it could have been growing in a highly obscured
phase and the UV continuum radiation had only broken out of
this obscuring medium ~10° to 10* yr before (see also Hopkins
et al. 2005; DiPompeo et al. 2017; Mitra et al. 2018). This
might be caused by a huge dust and gas supply at high
redshifts, funneled into the center of the host galaxy feeding
both star formation and SMBH, but hiding the quasar within it.
In line with that, even though tailored at lower-z systems,
Sanders et al. (1988a) argued that ultraluminous infrared
galaxies (ULIRGs) could be the initial stage of a quasar when
heavy obscuration was present. Only at the end of this incipient
dust-enshrouded phase would the quasar be revealed in the
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optical as an unobscured source (e.g., Sanders et al. 1988b;
Sanders & Mirabel 1996; Hopkins et al. 2008). A model
proposed by Liu & Zhang (2011) even predicts that the quasars
that have just become unobscured should exhibit no broad
emission lines because the BLR would form at a later stage
when the dusty torus supplies the fuel to the accretion disk. The
luminous FIR properties that we found in Section 7.4 would
suggest that PSO JO83+11 is just at the beginning of its
unobscured quasar phase while the host galaxy still experiences
highly active star formation. This picture is well consistent with
the young accretion lifetime derived from the proximity zone
size measurement.

8.3. A Small Caveat Regarding the Small Proximity Zone Size

Above, we attributed the small proximity zone of PSO J083
+11 to a limited unobscured accretion lifetime. There is a
hypothetical alternative, the truncation of PSO J083+11’s
proximity zone due to the presence of an absorption system
within <10,000 km s ™! (or z > 6.3) in front of the quasar, just
around the edge of the proximity zone. Such a system, like a
damped Lya system (DLA) or Lyman limit system (LLS),
would block ionizing radiation from the quasar to the IGM due
to its optically thick nature at the Lyman limit (Eilers et al.
2017, 2018; D’Odorico et al. 2018; Bafiados et al. 2019; Farina
et al. 2019).

In Figure 14, we show hypothetical absorption systems at
7 =16.295 (or z = 2.233, see below) that might be able to
truncate the proximity zone. This redshift value is equivalent to
a distance of R =~ 2.43 pMpc from the central quasar. For
comparison, the proximity zone size that we obtained in
Section 6 is R, = 1.17 £ 0.32 pMpc. The redshift of that
system was chosen so that the associated N vV AA1238, 1242
match the position of the two strong absorption lines observed
at 9037 A and 9066 A. However, the positions of other lines
that should be present in DLAs (e.g., Sill A1260, O1 A1302,
SiIv A1402, etc.) do not match any potential absorption lines
seen in the observed spectrum. The presence of low-ionization
lines is particularly important because they usually indicate an
optically thick self-shielding absorption system (Eilers et al.
2020), which can truncate the proximity zone. Also, by
considering that the inferred distance between the absorber and
quasar is not really close, the proximity zone might be
influenced by such a hypothetical absorber, but would unlikely
be significant.

In contrast, there is also an alternative possibility that the two
strong absorption lines mentioned before are associated with
Mg I AX2796,2803 from a lower-redshift (z = 2.233) absorp-
tion system instead. However, we have to note that searching
for very weak metal absorption features with our current
spectrum is difficult due to the low resolution. A more thorough
analysis to put stringent constraints on potentially associated
absorption systems will be done with VLT/MUSE data, and
we report on this in our next paper (I. T. Andika et al. 2020, in
preparation).

9. Summary and Conclusion

In this paper, we presented our effort to increase the number
of known quasars at z > 6, which led to the discovery of PSO
JO83+11, anew WLQ at z = 6.3401. This object was identified
using imaging data from PS1, UHS, and unWISE. This
discovery shows that our SED-fitting-based quasar selection to
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Figure 14. The GNIRS spectrum of PSO J083+11, normalized to the continuum (black). The positions of the expected metal lines coming from the hypothetical
absorption system in front of the quasar at z = 6.295 and z = 2.233 are shown in red and blue, respectively. The gray line indicates the noise spectrum. No strong
metal lines are found at the expected positions (albeit with low spectral resolution data), making the presence of a DLA or LLS very close to the quasar unlikely.

identify quasar candidates from large sky imaging surveys is
successfully finding quasars and can be adapted and extended
to find larger samples at the highest redshifts.

Our main results on PSO J083+11 can be summarized as
follows:

1.

. Lya+NV emission

By using the NIR spectra from Gemini/GNIRS, we
modeled the Mg II emission and the underlying continuum
to derive a black hole mass of log(Mgy) = 9.30°015 M.,
and Eddington ratio of Ly /LEdd = 0.517'13. This con-
firms that this object is powered by an actively accreting
SMBH with an accretion rate similar to those of the most
luminous low- and high-z quasar populations.

in this quasar is weak (EW
(Lya + N V) = 5.657072 A), suggesting that this is a
weak-line quasar. The weak-line nature of Lya+N V is not
likely caused by IGM strong absorption in the line of sight.
This is supported by the absence of CIV emission (EW
(C1V)est < 5.83 A), which suggests that the strength of the
BLR emission is intrinsically weak. The spectrum shows a
very small proximity zone R, = 1.17 £ 0.32 pMpc, which
suggests a current quasar lifetime of only 10° — 10*° yr, at
odds with the SMBH mass having formed with the
observed instantaneous accretion rate.

. From HST/WFC3 imaging in the F125W filter, we found a

potential intervening galaxy located 1”7 to the southwest
direction from the central quasar with a magnitude =
25.42 £ 0.07. Assuming that it is a star-forming main-
sequence galaxy at lower redshift and using a point-mass
gravitational lens configuration, we find an upper limit of
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possible lensing magnification g < 1.07, implying no
relevant effect of boosting to quasar apparent emission.
The quasar is also observed as a pure point source with no
additional emission component.

. ALMA band-6 observations for PSO JO83+11 have

detected both dust continuum and spatially resolved [C 1I]
emission from the host galaxy. We derived an accurate
redshift from [CH] (zcy = 6.3401 £ 0.0004). The
resolved extended morphology of this line might be caused
by a remnant of a merger or in any case unrelaxed ongoing
formation. This quasar is among the most luminous [CII]
emitters to date. Modeling the Rayleigh—Jeans tail of dust
continuum with a modified blackbody function gives us a
constraint on the dust mass of My, = (4.88 £+ 0.14) x
108 M, and star formation rate of SFRrgr = 900 —
7600 M, yr—!, similar to that of HyLIRGs. This value
is also consistent with the SFR derived from the [CII]
emission (SFRjc ;; = 800 — 4900 M, yr~!).

. Considering the quasar lifetime of PSO JO83+11 and

BLR formation timescale, we propose that the weak
emission line profile in our young quasar spectrum is
caused by a BLR that is not fully formed yet rather than
continuum boosting by gravitational lensing or soft
continuum emission due to super-Eddington accretion.
However, we cannot completely rule out the possibility of
the presence of shielding gas between the accretion disk
and BLR due to the lack of X-ray spectroscopy.

Overall, this quasar paints a puzzling picture of an SMBH, at

odds with seemingly only a very recent onset of currently
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moderate accretion. In the future, a thorough search for
potentially associated absorption systems which could affect
the accuracy of our quasar lifetime estimation will be done with
VLT/MUSE data. The availability of X-ray spectra from
facilities like XMM-Newton or Chandra would be very
beneficial to get better constraints on the SED modeling and
accretion rate, and to check the possibility of shielding gas
possibly present between the accretion disk and BLR.

In the context of an early phase of quasar (re)activation, the
narrow emission line region will take a longer time to form
compared to the broad emission line region and is likely to be
absent in this particular stage (Hryniewicz et al. 2010). Future
facilities like the James Webb Space Telescope JWST) will
enable us to observe z > 6 WLQs in the mid-infrared. Hence,
we can test for this hypothesis by constraining the NLR
properties and tracing the presence of this region by studying
the [O1I] A5007 line profile. Further statistical studies,
supported by a larger sample of WLQs at the highest accessible
redshifts, are required to establish connections between normal
quasars, young quasars, and those that are weak-lines. This will
play an important role in our understanding of quasar
evolution, the rapid formation of the first SMBHs, and
structure formation in general in the universe at the dawn of
cosmic time.
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Appendix A
Spectroscopically Rejected Candidates

The spectroscopically rejected candidates that we found in
our follow-ups are reported. We adopted the International
Astronomical Union naming convention for these sources,
which is “PSO JRRR.rrrr+DD.dddd,” where RRR.rrir and
+DD.dddd are the R.A. and decl. in decimal degrees (J2000),
respectively. The names, PS1 z-band magnitudes (zps;), PS1 y-
band magnitudes (ypg;), and VHS J-band magnitudes (Jyus)
are reported in Table Al. An accurate spectral classification of
the sources is beyond the scope of this work.

Table A1

Spectroscopic Rejected of Candidates Which are Definitely Not z > 6 Quasars
Name 2ps1 Ypsi Jvus

PSO J065.5314—13.3353  22.06 £ 0.18  20.54 £ 0.11  20.54 + 0.16
PSO J134.2027—-07.1366 ~ 22.03 £ 0.26  20.30 £ 0.09  19.73 £ 0.10
PSO J123.0135—-01.9006  21.93 £0.19 2044 £ 0.10  19.96 + 0.19
PSO J002.1774—02.9102  22.83 £0.30 21.06 £0.13  20.19 £ 0.15
PSO J303.7815—-00.4066  22.01 £ 0.15 2049 £0.10 1997 £ 0.13
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Appendix B
PSO J344.1442-02.7664: A New Quasar at Redshift ~6.5

We report the discovery of PSO J344.1442-02.7664, the
second quasar that we found within the PS1, DELS, and
unWISE catalogs. The J-band NIR photometry of this object
was obtained using NTT/Sofl (Moorwood et al. 1998) with an
exposure time of 15 minutes on 2019 July 16. The data were
reduced using standard procedures (see Bafiados et al. 2014 for
details). Then, we did low-resolution NIR spectroscopic
follow-up using the 6.5 m Magellan/FIRE on 2019 August 9.
The quasar was observed for 10 minutes in high-throughput

Andika et al.

prism mode (R = 500) using a 0”6 slit width. This in principle
gives us an R = 500 spectral resolution with a wavelength
coverage of 0.82-2.51 ym. The photometric data and the SED
fitting results can be seen in Figure 15. On the other hand,
Figure 16 shows the two-dimensional spectrum where we
estimated the redshift of z ~ 6.5 based on a strong Ly« break
around the observed-frame wavelength of 9100 A. The current
low-resolution spectrum is not sufficient to calculate accurate
emission line and black hole properties for this particular
object. Hence, the detailed analysis will be reported in our next
paper (Andika et al., in preparation).

Object ID: 38812 (344.144296, -2.766438)

le—17
1.21 Best QSO: Zphot = 6.49 X?q,q=0.56
1.0 4 Best Galaxy: Zphot = 0.99 Xd,q =40.89
Best Dwarf: SpT=M7  xZ, 4=45.47 Zpers =21.18 £0.03
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Figure 15. SED fitting result for PSO J344.1442-02.7664. Photometry data are shown with red filled circles with error bars in the top panel. The best-fit quasar
spectral template is shown with the blue line and blue circles for model photometry. The same goes for galaxy (magenta) and MLT dwarf models (yellow). The bottom
panels show the 12" cutouts in the five PS1 bandpasses. All written magnitudes are corrected for Galactic extinction. Finally, the bottom-right panel shows the
probability density function (PDF) of the calculated photo-z’s for quasar (blue line) and galaxy (magenta line) models.
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Figure 16. Two-dimensional spectrum of PSO J344.1442-02.7664 obtained with Magellan/FIRE. A strong Ly« break is clearly seen around the observed-frame
wavelength of 9100 A, which means that the Lya emission is redshifted to z ~ 6.5.
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