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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 un-

WISE photometric data. Gemini/GNIRS spectroscopy follow-up indicates a Mg ii-based black hole

mass of MBH =
(
2.0+0.7
−0.4

)
× 109 M� and an Eddington ratio of Lbol/LEdd = 0.5+0.1

−0.2, in line with

actively accreting supermassive black hole (SMBH) at z & 6. HST 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 equiva-

lent widths of EW(Lyα + Nv)rest = 5.7 ± 0.7 Å, EW(C iv)rest ≤ 5.8 Å (3-sigma upper limit), and

EW(Mg ii)rest = 8.7± 0.7 Å. A small proximity zone size (Rp = 1.2± 0.4 pMpc) indicates a lifetime of

only tQ = 103.4±0.7 years from the last quasar phase ignition. ALMA shows extended [C ii] emission

with a mild velocity gradient. The inferred far-infrared luminosity (LFIR = (1.2±0.1)×1013 L�) is one

of the highest among all known quasar hosts at z & 6. Dust and [C ii] emissions put a constraint on

the star formation rate of SFR = 900–4900 M� yr−1, similar to that of hyper-luminous 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 which is not yet fully formed rather than continuum

boosting by gravitational lensing or a soft continuum due to super-Eddington accretion.

Keywords: dark ages, reionization, galaxies: active – quasars: emission lines, supermassive black holes,

individual (PSO J083.8371+11.8482)
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1. INTRODUCTION
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Quasars1 are the most luminous non-transient sources

in the Universe and they are very rare with number den-

sity of only . 1 Gpc−3 (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 (SMHBs; e.g. Volonteri 2010) as well as the

metal enrichment of the first galaxies and of their sur-

roundings (e.g. Chen et al. 2017; Bosman et al. 2017;

Maiolino & Mannucci 2019; Onoue et al. 2020). Iden-

tification and detailed characterization of more quasars

at this epoch will provide us with better constraints on

the physical properties of the Universe at end of the

transition phase from neutral to ionized hydrogen.

The existence of billion-solar-mass SMBHs at z & 6

(e.g. Mortlock et al. 2011; Wu et al. 2015; Bañados et al.

2018; Mazzucchelli et al. 2017; Yang et al. 2020) puts

stringent constraints on the formation and early growth

models of the first SMBHs and host galaxies within the

first Gyr 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 theo-

retical scenarios accounting for the formation of the ob-

served SMBHs are: the growth from massive seed black

holes (& 104 M�) through 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 (. 102−3 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 presence of radiatively inefficient accre-

tion modes (e.g. Trakhtenbrot et al. 2017; Davies et al.

2019). Recent identification of young quasars with esti-

mated lifetimes of only tQ < 104−5 years at z ∼ 6 (Eilers

et al. 2017, 2018; Davies et al. 2020; Eilers et al. 2020)

imposed additional tensions with respect to the standard

growth models of SMBHs. These young quasars are

identified based on their small proximity zones, which

is the region of enhanced Lyα forest transmission pro-

duced by ionizing radiation from the central quasar and

before the onset of the Gunn & Peterson (1965) absorp-

tion trough (e.g. Eilers et al. 2017).

1 We use the terms “quasar” and “QSO” interchangeably through-
out this paper.

At lower-redshift (z ∼ 3 − 5), a notable group

of quasars shows exceptionally weak ultraviolet broad

emission lines, originally discovered in the Sloan Digi-

tal Sky Survey spectra and systematically investigated

by Diamond-Stanic et al. (2009). These so called

weak emission line quasars (WLQs) are defined as hav-

ing rest-frame equivalent width of EW(Lyα λ1216 +

Nv λ1240)rest < 15.4 Å and/or EW(C iv λ1549)rest <

10 Å. Meanwhile, the EW(C iv) of normal quasars follow

a log-normal distribution with a mean of 〈EW(C iv)〉 =

42+25
−16 Å (Diamond-Stanic et al. 2009). Hence, WLQs are

the 3σ outliers at the low-end of this distribution. Sev-

eral theories has been proposed to explain the WLQ phe-

nomenon and according Plotkin et al. (2015), they fall

into two broad categories: (1) soft ionizing continuum

idea 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 pro-

duced broad emission lines are weak, probably because

of: (i) inefficient photoionizing photons due to an ex-

tremely high accretion rate (Leighly et al. 2007a,b), (ii)

low accretion rate in the very massive black hole which

leads to radiatively inefficient cold accretion disk (Laor

& Davis 2011), or (iii) accretion disk produced high-

energy photons are absorbed by shielding materials (Wu

et al. 2011; Luo et al. 2015; Ni et al. 2018). On the other

hand, anemic BLR model suggests that the BLR itself

could be unusually gas deficient (Shemmer et al. 2010;

Niko lajuk & 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 proper-

ties of WLQs and environment of their host galaxies at

the highest accessible redshifts to test the evolutionary

scenario.

Up to now, there have been around 270 quasars dis-

covered 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; Jiang

et al. 2016; Bañados et al. 2016; Matsuoka et al. 2016;

Mazzucchelli et al. 2017; Reed et al. 2017; Wang et al.

2017; Matsuoka et al. 2018a,b; Reed et al. 2019; Yang

et al. 2019; Wang et al. 2019; Pons et al. 2019). Among

those discovered z > 6 quasars, there are only ∼ 20

of them which are identified as WLQs (Bañados et al.

2016; Shen et al. 2019). To increase sampling points of

reionization at z > 6, and to investigate the relation-

ship of rare WLQs and cases of very young age quasars

which allows us to handle on early modes of growth, an

increase in the quasar sample size at this early epoch is

critical.
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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 num-

ber of known quasars at z > 6. In order to inves-

tigate the physical properties of this quasar, its host

galaxy and its environment, we performed an exten-

sive, multi-wavelength (from optical/near-infrared to

sub-millimeter) campaign with state of the art facilities,

that 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 modeling is described in Section 3. Then,

we report the spectroscopic follow-up data in Section 4

for confirming the quasar nature of PSO J083+11 and

derive black hole properties. High resolution Hubble

Space Telescope (HST) near-infrared imaging to test

whether gravitational lensing affects the quasar’s ap-

parent emission is presented in Section 5. After that, in

Section 6, proximity zone size and quasar lifetime calcu-

lations are presented. The host galaxy properties from

sub-millimeter observation based on Atacama Large

Millimeter/sub-millimeter Array (ALMA) are explored

in Section 7. Section 8 discusses possible physical pro-

cesses 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 zeropoints for all magnitudes written in

this paper. We further assume a flat ΛCDM cosmology

with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1

for all of physical measurements. Using this assump-

tion, at z = 6.3401 the age of Universe is 0.852 Gyr

and an angular scale of θ = 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) pre-selection of candidates from multiband photomet-

ric data, 2) modeling of the spectral energy distribution

to derive relative probabilities for a candidate to be a

quasar or contaminant.

We started the first part of our quasar search by ex-

ploiting the Pan-STARRS1 survey, following and ex-

panding the selection by Mazzucchelli et al. (2017) to fo-

cus on the redshift range 6.3 ≤ z ≤ 7.1. Then, we added

various infrared photometric 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 Bayestar19

dustmap (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 MLT

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 confir-

mation 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-STARRS1 catalog internal release ver-

sion (PS1 version 3.4; Chambers et al. 2016) as the main

data for the initial quasar candidate selection. The 5σ

limiting magnitudes of this stack catalog are g = 23.3,

r = 23.2, i = 23.1, z = 22.3, y = 21.3. Due to interven-

ing intergalactic medium (IGM), the z & 6.2 quasar’s

flux on the blue side of Lyα is expected to be heav-

ily absorbed, creating a strong break in flux. This will

also make them basically undetected, i.e. have very low

signal-to-noise ratios (S/N), in all bands bluer than 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(gPS1, rPS1, iPS1) < 8 (1)

S/N(yPS1) > 7 (2)

S/N(zPS1) ≥ 3 and zPS1 − yPS1 > 1.2 (3)

or

S/N(zPS1) < 3 and zPS1,lim − yPS1 > 1.2

yPS1 > 15 (4)

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 grav-

itational 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 be-

cause the massive lensing galaxy at intermediate redshift

would contribute flux in those bands. Hence, additional

criterion is applied if Equation 1 is not fulfilled to actu-

ally find this population:

(gPS1, rPS1, iPS1)− yPS1 > 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
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morphology and only choose point-like or very compact

sources by requiring

|yPS1,aper − yPS1| < 0.5, (6)

where yPS1,aper and yPS1 are PS1 catalog aperture and

PSF magnitudes of stacked images, respectively. This

cutoff threshold was chosen based on tests of spec-

troscopically confirmed galaxies and stars, following

Bañados et al. (2016). Second, the measured PSF mag-

nitudes also need to be consistent with each other:

|yPS1,stk − yPS1,wrp| < 0.5, (7)

where “stk” and “wrp” denote photometry from stacked

images and the mean photometry of single-epoch im-

ages, respectively. Lastly, the expected weighted PSF

flux is required to be located in good pixels to a per-

centage of 85% or more, i.e., PSF QF > 0.85 in the

catalog. By using aforementioned criteria, we obtained

∼ 17 millions 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 En-

ergy 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.

DELS2 is conducted using imaging data from three dif-

ferent telescopes, covering ∼ 14 000 square degrees of

extragalactic sky visible from the northern hemisphere

(−18 deg < Dec < +84 deg) in three optical bands.

These data reach 5-sigma depths of g = 24.0, r = 23.4

and z = 22.5 mag (Dey et al. 2019). On the southern

hemisphere, DES3 is utilizing the Dark Energy Camera

mounted on the Cerro Tololo Interamerican Observatory

4–m Blanco telescope to image ∼ 5000 square degrees of

southern Galactic cap region in five broad bands. The

median coadded catalog depth for a 1.′′95 diameter aper-

ture at S/N = 10 is g = 24.33, r = 24.08, i = 23.44,

z = 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 & 6) quasar can-

didates through color criteria becomes complicated due

to 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 pop-

ulations have a higher surface density than the target

2 http://legacysurvey.org/
3 https://www.darkenergysurvey.org/

Table 1. Summary of quasar selections. Each selection step
shows the number of candidates and recovered known quasars at
z > 6.

Step Selection Candidates Known

Quasars

1 Initial query with:

PSF QF > 0.85

S/N(yPS1) ≥ 5

yPS1 > 15

zPS1 − yPS1 > 1.0

Excluding Galactic plane

Excluding M31 17170000 27

2 Detection in NIR or MIR 5631392 27

3 S/N(yPS1) ≥ 7 3627100 27

4 |yPS1,aper − yPS1| < 0.5 1158750 24

5 |yPS1,stk − yPS1,wrp| < 0.5 1059373 24

6 zPS1 − yPS1 > 1.2 367190 22

7 S/N(gPS1, rPS1, iPS1) < 8, or

(gPS1, rPS1, iPS1)− yPS1 > 3 74374 22

8 SED fitting 7808 20

9 Forced photometry 1263 20

10 Visual inspection 155 20

Note—Our method is most sensitive to select quasars at 6.3 ≤
z ≤ 7.1 due to step 1 requirements.

high-z quasars themselves but have similar near-infrared

colors. Hence, to reduce the number of MLT dwarfs con-

taminating the candidate sample, we exclude the sky

region around M31 (7 deg < RA < 14 deg; 37 deg <

Dec < 43 deg) and the Milky Way plane (|b| < 20 deg).

However, with the advantage of 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 to pre-

vious studies that rigorously excluded all regions with

E(B − V ) > 0.3 (e.g. Bañados et al. 2016; Mazzucchelli

et al. 2017).

To make a more refined and more robust selection,

we need to take advantage of infrared photometry, be-

cause 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, near-

infrared (NIR) photometry for the northern hemisphere

was taken from the UKIRT Infrared Deep Sky Survey

DR10 (UKIDSS; Lawrence et al. 2007) and the UKIRT

http://legacysurvey.org/
https://www.darkenergysurvey.org/
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Hemisphere Survey DR1 (UHS; Dye et al. 2018), while

in the southern hemisphere we used the Vista Hemi-

sphere Survey DR6 (VHS; McMahon et al. 2013) with

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

other.

In addition, mid-infrared (MIR) data were taken from

the unWISE catalog (Schlafly et al. 2019) which con-

tains roughly two billion objects, observed by the Wide-

field Infrared Survey Explorer (WISE; Wright et al.

2010) over the whole sky. The W1 (3.4 µm) and

W2 (4.6 µm) 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 (AllWISE) 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 cata-

log 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 im-

plementation of fitting the full available spectral energy

distribution (SED) to templates of quasars and the main

contaminants to fully exploit the multi-wavelength 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 Library4.

This contains ∼ 360 templates which represent typical

M5–M9, L0–L9, and T0–T8 stars. By default, the cov-

ered wavelength interval is 0.65–2.55 µm (from iPS1- to

K-band). To extend the template into the mid-infrared

region covered by the WISE data, we calculate the cor-

responding W1 (3.4 µm) and W2 (4.6 µm) magnitudes,

following Skrzypek et al. (2015), who derived color re-

lations in MLT dwarfs with photometric and spectral

data. Following Mazzucchelli et al. (2017), we derive the

unWISE magnitudes using the synthetic K-band mag-

nitude and factors for scaling (K W1 and W1 W2) for

4 http://pono.ucsd.edu/∼adam/browndwarfs/spexprism/library.
html

each MLT dwarf template, depending on the spectral

type. The following equations were applied:

W1 = K −K W1− 0.783 (8)

W2 = W1−W1 W2− 0.63 (9)

The quasar models were taken from several observed

composite spectra which 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 spectroscopic observation with VLT/X-

Shooter to cover ultraviolet to near-infrared wavelength

simultaneously. This approach ensures that the full rest-

frame wavelength range from Lyβ to 11 350 Å is covered

by the composite spectrum with very low contamination

from host galaxy stellar emission. The second template

is from Jensen et al. (2016) who utilized 58 656 Baryon

Oscillation Spectroscopic Survey (BOSS) quasar spec-

tra 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 con-

structed by Bañados 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 Lyα+NV equivalent width, and the third was

constructed by using the 10% sources with the small-

est Lyα+NV EW. These different templates allow us

to see how changes due to Lyα emission line strength

variation affect the quasar color. To reconstruct the in-

trinsic quasar spectra before absorption of the interven-

ing IGM, we correct each Bañados et al. (2016) quasar

template using 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 Bañados

et al. (2016), one from Jensen et al. (2016), and one from

Harris et al. (2016) only cover up to rest-frame wave-

length of ∼ 1500 Å. So, we extended those templates’

coverage by stitching them to the template from Sels-

ing 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 reddening of −0.01 and −0.02

to model the quasars with 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

http://pono.ucsd.edu/~adam/browndwarfs/spexprism/library.html
http://pono.ucsd.edu/~adam/browndwarfs/spexprism/library.html
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templates include various galaxy types like spirals, el-

lipticals, and starburst, which are derived from nearby

(z . 0.05) galaxy observation. Internal reddening was

accounted by applying Calzetti et al. (2000) dust model

to the templates with A(V ) = 0 to 1 with 0.2 increment.

Then, we make a grid of models by shifting all the galaxy

templates over the redshift interval 0.0 ≤ z ≤ 3.0 with

∆z = 0.005. However, we only use these templates in vi-

sual inspection as 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 pho-

tometric 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 ∆z = 0.003 for the quasar SED models. Template

spectra are corrected for intervening H i cloud absorp-

tion 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 smallest reduced-χ2 (χ2
red) are cho-

sen as best-fit models, which can be computed for each

template i as:

χ2
i,red =

N∑
n=1

(
datan − fn(modeli)

σ(datan)

)2/
(N − 1) (10)

where the number of photometric data points is N and

the degree of freedom is (N − 1).

Photometric redshifts (zphot) 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 ∆z = (zphot − zspec)/(1 + zspec). In

our quasar candidates selection, 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

〈∆z〉 = 0.01, scatter is σ∆z = 0.02, and outlier fraction

is |∆z| > 0.15 = 0%. Although this represents sub-

stantial 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 which

were originally discovered within PS1 and DELS data.

The other & 100 quasars are found from deeper surveys

like SHELLQs, CFHQS, or outside PS1 footprints (e.g.

DES, VIKING).

The most probable high-z quasar candidates are se-

lected based on the χ2
red of the quasar (χ2

red,q) and MLT

dwarf (χ2
red,d) model fit, in addition to the estimated

photometric redshift (photo-z). The ratio of the two

χ2
red (χ2

red,q/χ
2
red,d) is also used as an important factor

because this represents how more likely the candidate is

a quasar (q) compared to being an MLT dwarf (d). The

best values to discriminate between quasar 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 SED

fitting results can be seen in Figure 1. We choose to use

the following criterion:

χ2
red,q

χ2
red,d

< 0.35 (11)

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 photome-

try on the remaining candidates to confirm the measure-

ments from the catalog and remove spurious detections

(see Bañados et al. 2014, 2016 for reference). For each

candidate, the algorithm computed 2′′ radius aperture

photometry on the 1′ × 1′ stacked images5 centered on

the candidate’s coordinate. It is expected that the aper-

ture photometry is noisier than the PSF photometry.

Hence, we imposed a criterion that our own magnitude

measurements from the stacked images to be consistent

within 2-sigma compared to the magnitudes in the PS1

catalog. After that, the measured photometry needs to

fulfill the Equation 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 sur-

vey, when available. This is a final step to discard non-

astronomical sources (e.g. CCD artifacts, moving ob-

jects, hot pixels). After that, the 155 surviving can-

didates 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 per-

formed several spectroscopic campaigns. As of July

2020, seven promising candidates have been spectro-

scopically observed. Five of them are identified as con-

taminants while the other two, PSO J083.8371+11.8482

and PSO J344.1442–02.7664, are previously unknown

z > 6 quasars. The spectroscopically rejected candi-

dates are reported in Appendix A while the discovery

5 The PS1 stacked images can be retrieved with panstamps (see
https://panstamps.readthedocs.io/en/latest/index.html).

https://panstamps.readthedocs.io/en/latest/index.html
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Figure 1. SED fitting result for PSO J083+11. Photometry data is 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 5 PS1 bandpasses. All
written magnitudes are corrected for Galactic extinction. Finally, the bottom right panel shows the probability density function
(PDF) of calculated photo-z’s for quasar (blue line) and galaxy (magenta line) models.

of PSO J344.1442–02.7664 is reported in the Appendix

B. We followed up PSO J083.8371+11.8482 with deeper

near-infrared (NIR) spectroscopy, which we will discuss

in the following.

4.1. Initial classification and redshift determination

with Magellan/FIRE

We firstly confirmed PSO J083.8371+11.8482 (here-

after PSO J083+11) as a quasar at z ∼ 6.3 via low-

resolution near-infrared (NIR) spectroscopic follow-up

by using 6.5m–Magellan/FIRE (Simcoe et al. 2013) on

December 31, 2018 with total integration time on tar-

get of only 5 minutes. The observation was done using

the high-throughput prism mode with slit width of 0.′′6,

resulting in a spectral resolution of R = 500. The ob-

served wavelength range covered by this instrument is

λobs ∼ 0.82− 2.51 µm.

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 hours in the high-resolution echel-

lette mode with the 0.′′6 slit. This in principle gives us

R = 6000 spectral resolution or around ∼ 50 km s−1

velocity resolution in the wavelength range of 0.82–

2.51µm. Unfortunately, this second observation run

suffered from sub-optimal condition, which degraded

the signal-to-noise ratio (S/N). Still, a quick-look at

the spectra showed that all key emission lines – e.g.

Lyα λ1216, C iv λ1549, and Mg ii λ2798 – appear unex-

pectedly weak. We modeled the emission lines and con-

tinuum 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 re-

gion around Mg ii is heavily affected by telluric absorp-

tion, which made the accurate line-measurement diffi-

cult. To mitigate this issue and to reduce instrument-

specific effects, we carried out another spectroscopic ob-

serving run.

4.2. Near-infrared spectroscopy with Gemini/GNIRS

We obtained deep NIR spectroscopy with Gem-

ini Near-InfraRed Spectrograph (GNIRS) at the

8.1m–Gemini North telescope (GN-2019A-FT-204, PI:

M. Onoue) on March 20–22, 2019 with total integration

time on target of 8060 seconds. The runs were exe-

cuted in the cross-dispersed mode to cover the observed

wavelength range λobs ∼ 0.9− 2.5 µm, corresponding to

λrest ∼ 1200 − 3400 Å in the rest-frame. We utilized

the ‘short’ camera with a resolution of 0.′′15 per pixel

and a 31.7 l/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 sec-

onds and a standard ABBA offset pattern was applied

between exposures, to better remove the contribution
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from the sky emission. The airmass range of the obser-

vations was ∼ 1.1− 1.7.

Data reduction was performed with PypeIt6, 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 lines7. After removing contamination from

cosmic rays, the pipeline optimally subtracts the back-

ground by modeling the sky emission with a b-spline

function which follows the curvature of the spectrum on

the detector. The 1D spectrum of the quasar was cre-

ated 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 Molecfit8 (Kausch et al. 2015; Smette et al.

2015) to do telluric absorption correction, after which

single-exposure one-dimensional spectra were co-added.

All 1D spectra were co-added and scaled to the observed

UHS J-band photometry (JUHS = 20.09±0.13, not cor-

rected for Galactic extinction) for absolute flux calibra-

tion. The reddening due to Galactic extinction is then

corrected by using dust map from Green et al. (2019)

and extinction law from 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 J083+11 spectrum, we used a

multi-component fitting approach. The global contin-

uum was modelled using combined power-law and UV

Fe ii 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 us-

ing a modified version of PyQSOFit9, a code to fit typical

quasar spectra (Guo et al. 2018). We improved the per-

formance 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 mi-

nor modifications. We define the continuum window

for the fit by iteratively marking emission- and telluric-

line-free regions. The following wavelength ranges were

6 https://pypeit.readthedocs.io/en/latest/
7 https://hitran.org
8 https://www.eso.org/sci/software/pipelines/skytools/molecfit
9 https://github.com/legolason/PyQSOFit

selected as continuum windows: λrest = 1285–1290 Å,

1315–1325 Å, 1350–1370 Å, 1445–1465 Å, 1580–1650 Å,

2140–2300 Å, 2340–2400 Å, 2420–2480 Å, 2630–2710 Å,

2745–2765 Å, and 2850–3000 Å.

Table 2. Derived physical parameters of PSO J083+11.

Parameter Value Unit

αλ −1.66+0.01
−0.04

M1450 −26.67± 0.01 mag

MBH

(
2.00+0.74

−0.44

)
× 109 M�

Lbol

(
1.33+0.01

−0.03

)
× 1047 erg s−1

Lbol/LEdd 0.51+0.13
−0.17

FWHM (Mg ii) 4140+880
−430 km s−1

∆v(Mg ii− [C ii])a 237± 150 km s−1

EW(Mg ii)rest 8.71+0.67
−0.64 Å

EW(Lyα+ Nv)rest 5.65+0.72
−0.66 Å

EW(C iv)rest
b ≤ 5.83 Å

Rp 1.17± 0.32 pMpc

tQ 103.4±0.7 yr

z[C ii] 6.3401± 0.0004

FWHM ([C ii]) 229± 5 km s−1

Flux ([C ii]) 10.22± 0.35 Jy km s−1

S244GHz 5.10± 0.15 mJy

S258GHz 5.54± 0.16 mJy

L[C ii] (1.04± 0.04)× 1010 L�

LFIR (1.22± 0.07)× 1013 L�

LTIR (1.72± 0.09)× 1013 L�

SFR[C ii] 800− 4900 M� yr−1

SFRTIR 900− 7600 M� yr−1

Mdust (4.88± 0.14)× 108 M�

aVelocity shift of Mg ii with respect to [C ii].

bThis is the 3-sigma upper limit value, see Section 6.

The rest-frame 1450 Å absolute magnitude and the

monochromatic luminosity at 3000 Å (Lλ(3000 Å)) were

calculated from the best-fit power-law continuum.

Then, the bolometric luminosity Lbol was derived us-

ing the empirical correction from Richards et al. (2006):

Lbol = 5.15× λL3000 (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 sim-

ulation and created mock spectra to estimate the er-

rors of the derived parameters. Random flux density

errors are drawn assuming a normal distribution using

the noise spectrum, then applied to the raw spectrum

https://pypeit.readthedocs.io/en/latest/
https://hitran.org
https://www.eso.org/sci/software/pipelines/skytools/molecfit
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 is consisted of power-law plus Fe ii
emission (red) are shown. The expected emission line centers are shown by 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 median of PSO J083+11 continuum flux at λrest = 1300−2000 Å so those two specra 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 ii is caused by imperfect telluric correction, so it is
not real. We also detect a possible metal absorber near the Lyα emission, at λobs = 9037 Å and 9066 Å.

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, re-

spectively. Finally, we obtained the equivalent width

(EW), central wavelength, full width at half-maximum

(FWHM), and velocity dispersion for each line.

However, as seen in Figure 2, the only

strongly detected broad line is Mg ii, where we

found FWHM (Mg ii) = 4140+880
−430 km s−1 and

EW (Mg ii)rest = 8.71+0.67
−0.64 Å. Moreover, we obtained

the redshift of zMg ii = 6.346 ± 0.001, determined from

the observed Mg ii central wavelength. The Lyα is

weak and we do not significantly detect the C iv line.

Derivation of Lyα and C iv EWs will be explained later

in Section 6. Assuming that C iv will have a FWHM

similar or larger than that of Mg ii, we do not see any

potential broad absorption line signatures in the region

where C iv is expected to be present (see bottom panel

of Figure 2). Hence we conclude that the absence of

C iv is not simply caused by broad absorption line phe-

nomenon, but rather than actual nature of this quasar

(see Section 6).

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 scal-

ing relation for the Mg ii line from Vestergaard & Osmer

(2009):

MBH

M�
= 106.86

(
FWHM (Mg ii)

103 km s−1

)2(
λLλ(3000 Å)

1044 erg s−1

)0.5

(13)

where λLλ(3000 Å) is the rest-frame luminosity at 3000
Å and FWHM (Mg ii) is the Mg ii full width at half max-

imum. Then, we calculated the Eddington luminosity

as:

LEdd = 1.3× 1038

(
MBH

M�

)
erg s−1 (14)

After that, we can derive the Eddington ratio as

Lbol/LEdd. We obtained a black hole mass of

log(MBH/M�) = 9.30+0.16
−0.10 and normalized accretion

rate of Lbol/LEdd = 0.51+0.13
−0.17 for the GNIRS spec-

trum. As a comparison, we derived log(MBH/M�) =

9.06+0.24
−0.16 and Lbol/LEdd = 0.77+0.33

−0.33 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 the
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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 Mg ii line width

and continuum luminosity measurements for ∼ 70 pre-

viously 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;

Tang et al. 2019; Fan et al. 2019; Shen et al. 2019;

Onoue et al. 2019). Then, we classify 5 quasars with

EW(C iv) < 10 Å in Shen et al. (2019) as high-z weak

emission line quasars (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 luminosity and virial

mass with the same cosmology assumption and scaling

relation (see Equation 12 and 13) as those applied for

PSO J083+11. Figure 3 shows the distribution of calcu-

lated parameters in the BH mass–bolometric luminosity

plane. Our object populate the same Lbol/LEdd and
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Figure 3. The BH mass–bolometric luminosity plane of
quasars at various redshifts. Those parameters are calcu-
lated for 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 BH mass estimate (Shen 2013) as well
as the measurement errors are taken into account in the error
bars (red square with error bars). Contours show the distri-
bution of the z ∼ 2 SDSS DR7 quasars (Shen et al. 2011).
The diagonal lines show Eddington ratios of Lbol/LEdd = 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.

MBH parameter space as other quasars at z > 5.7 and

those observed at z ∼ 2 from the SDSS Data Release

7. Hence, we find that PSO J083+11 is powered by

a typical matured 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 poten-

tially boost a quasar’s observed flux which could lead to

a substantial overestimation of black hole masses pow-

ering. 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

(µ ≤ 10) quasars at z > 6 with extremely small image

separation (∆θ . 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 config-

urations 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 of gravita-

tional lensing by utilizing two methods. The first one is

by searching for multiple quasar images using the NIR

F125W filter (λeff = 12365 Å) on the Wide Field Cam-

era 3 (WFC3). The second one is directly searching for

an intervening galaxy with the Advanced Camera for

Surveys (ACS) ramp-filter FR853N (λeff = 8528 Å) in

the quasar Gunn-Peterson absorption trough just short-

ward of Lyα, where the quasar light will be nearly fully

absorbed, maximizing visibility of any intervening lens-

ing 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 deg, 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 point spread function. Data reduction was

carried out with the HST pipeline for a final image pixel

scale is 0.′′128 pixel−1. The 5σ surface brightness limit

for a 1 arcsec2 aperture is ∼ 26 mag arcsec−2.

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,



Probing the Nature of High Redshift Weak Emission Line Quasars 11

or the host galaxy of PSO J083+11 itself. Our ap-

proach is to remove the point-like emission from the cen-

tral quasar, utilizing the Photutils10 software (Bradley

et al. 2019). We chose eight stars in the field to construct

a point-spread function (PSF) using median-averaging.

The stars are chosen so they are sufficiently away from

the edge of the CCD or potential contaminants. They

also have to be 1.5 − 15× 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 differences. 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 emis-

sion 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 magF125W =

25.42± 0.07. However, this emission doesn’t show up in

the ACS/FR853N image. We did the photometry with

the same aperture size and obtained 5-sigma upper limit

magnitude of magFR853N = 23.25.

We test whether the intervening galaxy could poten-

tially boost the apparent quasar emission by modeling

the galaxy’s emission from the far-ultraviolet to the mi-

crowave regimes using BAGPIPES11 (Carnall et al. 2018).

We used the measured flux from WFC3/F125W image

aperture photometry, complemented with upper limit
fluxes from ACS/FR853N and PS1 bands as input data.

Here, we assume the foreground emission which was

found in the F125W images is 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, τ). For this work,

we consider the delayed exponentially declining SFHs,

which is a tau model multiplied by the time since star

formation began (T0). This would remove both a dis-

10 https://photutils.readthedocs.io/en/stable/
11 https://github.com/ACCarnall/bagpipes

continuity in SFR at T0 and models with rising SFHs

if τ is large (see Carnall et al. 2018). The model will

fit the total formed stellar mass and time since star for-

mation began with uniform priors in the value ranges of

Mformed = 101−15M� and T0 = 0.5 − 0.8 Gyr, respec-

tively. We assume a fixed value for the SFR timescale

(τ = 0.3 Gyr), for the metallicity (Z = 0.02; equals to

solar metallicity), and for the nebular emission parame-

ter (log(U) = −3). The value of AV = 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+11 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 gravita-

tional lens configuration, the possible combinations of

Einstein angle (θE) and magnification (µ) can be cal-

culated. Given the calculated lensing galaxy masses we

find limits of θE ≤ 0.′′5 and µ ≤ 1.07. Therefore, strong

magnification of the quasars emission by the foreground

galaxy can be excluded. The calculated Einstein angles

as a function of simulated galaxy masses and redshifts

is shown in Figure 5.

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 Lyα+Nv equivalent width, where the

fluxes above the power-law continuum in the range of

1160–1290 Å were integrated. This region is dom-

inated by blended Lyα λ1216 and Nv λ1240 com-

ponents, although there is also a small fraction of

S iii λ1263. The calculated Lyα+Nv equivalent width

is EW(Lyα + Nv)rest = 5.65+0.72
−0.66 Å. In addition, we

applied the same procedure for the wavelength range

of 1500–1600 Å to estimate the 3-sigma upper limit

of the C iv λ1549 equivalent width, for which we find

EW(C iv)rest ≤ 5.83 Å. From these measurements, we

can classify PSO J083+11 as a weak-line quasar accord-

ing to the empirical definition of Diamond-Stanic et al.

(2009). The comparison between normal quasars and

WLQs’ EW(C iv)rest as a function of continuum lumi-

nosity is shown in Figure 6. Although originally WLQs

are defined as quasars having EW(C iv)rest < 10 and

found in low redshift (“low-z”, z . 5) quasars, this defi-

https://photutils.readthedocs.io/en/stable/
https://github.com/ACCarnall/bagpipes
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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−1. The white circle in the residual image
marks the aperture used to determine the aperture photometry of the (likely) foreground galaxy, located at ∼ 1′′ from the
central quasar. We use a 4-pixel radius aperture (equivalent to ∼ 0.′′5) to get a F125W band magnitude = 25.42± 0.07.
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Figure 5. A corner plot showing the calculated Einstein
angles as a function of simulated galaxy masses and redshifts.

nition is still valid for high-z quasars. Shen et al. (2019)

showed that there is no significant redshift evolution of

EW(C iv)rest, 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 zones size. By def-

inition, the proximity zone is the region of enhanced

Lyα forest transmission close to the quasar resulting

from its own ionizing radiation. The IGM will have a fi-

nite response time to reach a new ionization equilibrium

state due to the quasars’ radiation with a timescale of

teq ≈ Γ−1
H i ≈ 3 × 104 yr. Here, ΓH i is the rate of pho-

toionization (Eilers et al. 2017).

In practice, we continuum-normalized the quasar

Magellan/FIRE spectrum and applied a convolution
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z 2 SDSS DR7 quasars
z 6 quasars
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PSO J083+11
(Andika et al. 2020)

Figure 6. The C iv rest-frame EW as a function of contin-
uum luminosity at 3000 Å. The black dots show sample of
z ∼ 2 quasars from Shen et al. (2011). The z > 5.7 nor-
mal quasars (blue squares) and WLQs (red squares) which
are taken from Shen et al. (2019) are also shown. It is clear
that PSO J083+11 is the 3σ outlier at the low-end of normal
quasars’ EW(C iv)rest log-normal distribution.

with a 20 Å resolution boxcar kernel. Then, proxim-

ity zone size is defined as the distance from center of

Lyα 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

wavelength. The result is shown in Figure 7. Conversion

of proximity zone size to quasar lifetime can be inferred

from radiative transfer simulations (Davies et al. 2016)

for quasars with similar redshift and luminosity as our

quasar, and is shown in the Figure 8. We observe a

rather small proximity zone (Rp = 1.17 ± 0.32 pMpc)

in the spectrum which implies that PSO J083+11 has

lifetime of only tQ = 103.4±0.7 years. As a compar-

ison, the typical proximity zone sizes of quasars with
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Figure 7. Measured proximity zone size (Rp) of PSO
J083+11, marked with two black dashed-lines. The expected
position of Lyα 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 Rp = 1.17± 0.32 pMpc.

−27.5 . M1450 . −26.5 are Rp = 3 − 7 pMpc while

their typical lifetimes are tQ = 105−6 years (Eilers et al.

2017).

7. PROBING THE QUASAR HOST GALAXY

7.1. Sub-millimeter observation with ALMA

The ALMA band-6 observation were performed to

spatially resolve the [C ii] 158µm line, determine an

accurate redshift, 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 seconds

with observation carried out on October 9, 2019 using

ALMA’s C43-4 array configuration. The receivers were

set to cover ∼ 258 GHz, which is the expected [C ii] fre-

quency (νrest = 1900.5369 GHz) at z = 6.34 (see Section

4.2).

The data-set was calibrated with a pipeline imple-

mented in Common Astronomy Software Application12

(CASA; McMullin et al. 2007). Next, the TCLEAN task

was applied using natural weighting to image the visibil-

ities while maximizing the point source sensitivity. We

focused on a 5′′ circular region around the central quasar

and performed the cleaning down to 2-sigma. Then, we

masked out the line-containing channels and used a sim-

ple median approximation to model the continuum. Af-

ter that, we produced continuum-free data by subtract-

ing the continuum model from visibilities. The final im-

aged cubes have 30 MHz channel width, a synthesized

beam of around 0.′′42 × 0.′′37, and a root-mean-square

(rms) noise level of ∼ 0.24 mJy beam−1.

12 https://casa.nrao.edu/

7.2. [C II] spectral profile

The [C ii] spectrum is extracted with an aperture ra-

dius of 1.′′5 (equivalent to 8.3 kpc) to maximize the re-

coverable emission. We chose this value, because there

is no further [C ii] flux recovered outside this radius.

Ill-defined units issue makes 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 com-

ponent C only, and residual image R. Then, the scaling

factor for correction is ε = C/(D−R). The most impor-

tant factors that governs the scaling factor ε are clean

and dirty beam size. In our case, ε ≈ 0.6. Then, we use

the dirty image flux and multiply it with ε to get the final

flux density in proper unit. 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 resid-

uals. The extracted spectrum is shown in Figure 9 and

a Gaussian fit results in the integrated [C ii] line flux of

of 10.22 ± 0.35 Jy km s−1, FWHM of 229 ± 5 km s−1,

and a redshift of 6.3401± 0.0004. With respect to [C ii]

(host galaxy tracer), the Mg ii (quasar broad line re-

gion tracer) is redshifted by 237 ± 150 km s−1. As

a comparison, Schindler et al. (in preparation) found

that Mg ii in high-z quasars can be significantly shifted

with respect to the [C ii] with a median velocity shift of

−416+304
−398 km s−1. 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 II] 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 which are free from line emission,

where we chose effective bandwidth for each spectral

window to be around 2500 km s−1. Then, we collapsed

each spectral window to create moment zero map of the

dust continuum. The final 244 GHz and 258 GHz dust

continuum maps have rms noise levels of of 30.7 and

35.8 µJy beam−1, respectively. Figure 10 shows the con-

tinuum map centered at 258 GHz. By using the same

circular aperture size as for [C ii] – i.e. 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

[C ii] is also created by collapsing the 700 km s−1 cube

width as shown in Figure 10. This width is equivalent

to 3× [C ii] FWHM.

https://casa.nrao.edu/
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Figure 9. PSO J083+11 continuum-subtracted [C ii] spec-
trum, extracted with 1.′′5 aperture radius. The data (black)
is fitted to a Gaussian function (red). The upper axis shows
velocities centered at z = 6.3401.

As is visible in Figure 10 both continuum and [C ii]

emission are spatially resolved with approximate sizes

of 2.3 kpc × 1.7 kpc and 8.2 kpc × 4.3 kpc, respec-

tively. These sizes are defined as the major and minor

axis FWHMs of 2D Gaussian function, which is fitted

to those emissions. In addition, the continuum emission

peak overlaps with central [C ii] emission. In Figure 11,

we show the velocity field and dispersion maps of the

continuum subtracted [C ii] emission13. A mild veloc-

ity gradient is seen with the northern part redshifted

13 See the moment map equations and sigma linewidth map defini-
tion in https://spectral-cube.readthedocs.io/en/latest/moments.
html

and the southern part blueshifted. The morphology in

Figure 10 is seen as single resolved blob while the in-

tegrated spectrum (Figure 9) is represented well by a

simple Gaussian profile.

Finally, we overlaid the ALMA on the PSF-subtracted

HST image as seen in Figure 12. Previously, we iden-

tified a potential lensing galaxy as shown in Figure 4.

However, there is no apparent dust or [C ii] emission

at the position of this potential lensing companion (see

Figure 12), which makes it unlikely to be physically as-

sociated.

7.4. Star formation rate

To derive a star formation rate in the quasar host

galaxy we first calculate the [C ii] 158µm line luminosity

following Carilli & Walter (2013):

Lline

L�
= 1.04× 10−3 Sline∆v

Jy km s−1

(
DL

Mpc

)2
νobs

GHz
(15)

We obtain a luminosity of L[C ii] = (1.04 ± 0.04) ×
1010 L�, which interestingly makes this one of the most

luminous [C ii] line z > 6 quasars detected to date (De-

carli et al. 2018; Venemans et al. 2018). The star forma-

tion rate (SFR) can be estimated by applying De Looze

et al. (2014) SFR-L[C ii] scaling relations for z > 5 galax-

ies:
SFR[C ii]

M�yr−1
= 3.0× 10−9

(
L[C ii]

L�

)1.18

(16)

This will give us value of SFR[C ii] ∼ 1990M� yr−1.

However, one needs to take into account a factor of ∼ 2.5

https://spectral-cube.readthedocs.io/en/latest/moments.html
https://spectral-cube.readthedocs.io/en/latest/moments.html
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Figure 10. The PSO J083+11’s ALMA dust continuum (left) and [C ii] velocity-integrated (right) maps. The size of
the synthesized beam can be seen at the bottom left of each panel. The solid lines in the left panel represent the
[3, 5, 7, 9, 12, 15, 21, 30, 42, 54] × σ contours with σ = 0.04 mJy beam−1 for continuum flux density while right panel shows
σ = 0.06 Jy beam−1 km s−1 for the [C ii] velocity-integrated flux. Negative contours are shown as dashed lines. The 1.′′5 (8.3
kpc) aperture size that was applied to calculate total flux density is represented by the dotted circles. The position of the quasar
is marked with a black cross.
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Figure 11. Maps of [C ii] intensity-weighted velocity (mean velocity field, left panel) and intensity-weighted velocity dispersion
(right panel) for PSO J083+11. Note that we exclude those pixels with < 3σ detection in the in the integrated [C ii] flux (see
Figure 10). The beam size is shown in the bottom left. The position of the quasar is marked with a black cross.

for the systematic uncertainty from the scaling relation

which makes the possible range of derived SFR for PSO

J083+11 SFR[C ii] = 800− 4900M� yr−1.

Another important parameter that we can estimate

from the ALMA data are the total infrared luminosity

(LTIR, rest-frame 3 − 1100 µm), far-infrared luminos-

ity (LFIR, rest-frame 42.5 − 122.5 µm), 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, so modeling the SED with a modified blackbody

will be sufficient (e.g. Beelen et al. 2006; Novak et al.
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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] × σ contours with
σ = 0.04 mJy beam−1 for continuum while right panel shows σ = 0.06 Jy beam−1 km s−1 for the [C ii] emission maps. Unlike
Figure 4, this PSF-subtracted HST image has been rotated so the 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 south-west from 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.

2019). The expression is:

Sνobs
= fCMB(1 + z)(DL)−2κνrestMdustBνrest(Tdust,z)

(17)

where Bνrest is the blackbody radiation function, DL is

luminosity distance, Mdust is dust mass, while observed

and rest frequencies are related as νrest = (1+z)νobs, and

all values are in SI units. The adopted opacity coefficient

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

κνrest = κν0

(
νrest

ν0

)β
= 2.64

(
νrest

c/125µm

)β
m2 kg−1

(18)

where c is speed of light and β is the dust spectral emis-

sivity index. Note that the estimated dust mass will

have at least a factor of two for the systematic uncer-

tainty due to the adopted opacity coefficient scaling re-

lation.

Dust heating by the cosmic microwave background

(CMB) plays an important role at z & 6 and needs to

be taken into consideration following (da Cunha et al.

2013), namely

fCMB = 1− Bνrest(TCMB,z)

Bνrest(Tdust,z)
(19)

Tdust,z =
(
T β+4

dust + T β+4
CMB,z=0

[
(1 + z)β+4 − 1

]) 1
β+4

(20)

where Tdust is the intrinsic dust temperature of the

source assuming it is located at redshift zero and

TCMB = 2.73(1 + z) K is the temperature of the CMB

at a given z. In our case, TCMB = 20.04 K.

Note that we only have 2 data points of 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 to constrain

the full SED shape and dust temperature due to de-

generated fitting parameters. Hence, further assume

that Tdust = 47 K and β = 1.6, which is usually ap-

plied for quasar host galaxies at z & 6 (e.g. Bee-

len et al. 2006; Venemans et al. 2018; Decarli et al.

2018). Scaling the SED model (Equation 17) to the

observed FIR photometry at 244 and 258 GHz results

in Mdust = (4.88 ± 0.14) × 108M�. By integrating the

SED, we obtain LFIR = (1.22 ± 0.07) × 1013 L� and

LTIR = (1.72 ± 0.09) × 1013 L�. This high luminosity

means that PSO J083+11 can be classified as an hyper-

luminous infrared galaxy (HyLIRG, LTIR > 1013 L�).

The TIR luminosity can be converted to a SFR by uti-

lizing the relation from Murphy et al. (2011) and Ken-
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nicutt & Evans (2012):

SFRTIR[M� yr−1] = 1.49× 10−10LTIR[L�] (21)

This gives us SFRTIR ∼ 2560 M� yr−1. Account-

ing for the factor 3 of systematic uncertainty in the

scaling relation, we obtain 1-sigma possible range of

SFRTIR = 900− 7600 M� yr−1. This is consistent with

SFR estimate based on the [C ii] luminosity above. A

summary of the calculated parameters is shown in Table

2.
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Figure 13. The comparison between the star formation
rate estimated from the dust continuum luminosity (follow-
ing Murphy et al. 2011 and Kennicutt & Evans 2012) and
the [C ii] luminosity (following De Looze et al. 2014) using
assumption of Tdust = 47 K. A sample of z & 6 quasars from
literature (black dots, see text) and z & 6 young quasars
(blue dots, Eilers et al. 2020) are shown. PSO J083+11 (red
square) shows values of L[C ii] and LFIR comparable to those
high-z quasars with the highest SFR and FIR emission. For
clarity, the error bars of PSO J083+11 have been multiplied
by three.

To compare PSO J083+11 host galaxies properties

with other z & 6 quasars, we took L[C ii] and LFIR

measurements from literature (Walter et al. 2009; Ven-

emans et al. 2012; Wang et al. 2013; Willott et al. 2013;

Bañados et al. 2015; Willott et al. 2015; Wang et al.

2016; Venemans et al. 2016; Mazzucchelli et al. 2017;

Willott et al. 2017; Decarli et al. 2018) which were recal-

culated by Decarli et al. (2018). We also added 10 young

quasars which was studied by Eilers et al. (2020). As

seen in Figure 13, PSO J083+11 shows values of L[C ii]
and LFIR 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 (AGNs) intrinsically ex-

hibit strong broad line emission in the optical and ultra-

violet rest-frame regime. However, this is not the case

for the weak emission line quasars (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 non-

thermal 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 ma-

jority of WLQs are radio quiet and they are not related

to broad absorption line phenomenon (e.g. Kumar et al.

2018).

Diamond-Stanic et al. (2009) and Shemmer et al.

(2006) established that WLQs are a rare, unique pop-

ulation as their nature could not be explained by grav-

itational macro- or micro-lensing. In the case of PSO

J083+11, our HST observations revealed a potential

lensing galaxy located at θ ∼ 1 ′′ from the central quasar.

However, the maximum magnification of µ ≤ 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 measure-

ments, the weak-line nature of PSO J083+11 cannot be

explained by strong gravitational macro-lensing. Note

that to completely rule out micro-lensing, we would need

spectroscopic monitoring and search for the reappear-

ance of the emission lines. For a stellar lens in a fore-

ground galaxy, the characteristic timescale for micro-

lensing is ∼ 10 years (Gould 1995). Nevertheless, the

closest foreground galaxy that we found in HST image

is already far enough from the central quasar (θ > θE,

see Section 5.2), making a micro-lensing interpretation

is unlikely.

Several theories has been proposed to explain the

WLQ phenomenon and according Plotkin et al. (2015),

they can be classified into two broad categories: (1) soft

ionizing continuum idea and (2) anemic broad emission

line region model. In this section we will discuss the

most probable explanation of the observed weak-line na-

ture of PSO J083+11.

8.1. Soft continuum due to super-Eddington accretion?

One might expect that the BLR is less photoionized

so the produced broad emission lines are weak due to

soft ionizing continuum. How could this happen? The

first proposed mechanism is an intrinsically soft con-

tinuum 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 MBH > 3.6 × 109 M� for a
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non-rotating (a = 0) or MBH > 1.4 × 1010 M� for a

nearly maximally rotating (a = 0.998) black hole while

the mass estimated for PSO J083+11 is already a factor

∼ 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 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 component which prevents the high

energy photons from central region to reach and ionize

the BLR, leading to observed weak high-ionization line

emission (Ni et al. 2018). This model has been corrobo-

rated from observation of WLQs with weak X-ray emis-

sion 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 pres-

ence of shielding gas between 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 produc-

tion of X-rays, which results in an SED that peaks in

the ultraviolet (Leighly et al. 2007a,b). 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 dif-

fuse 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 C iv. However, there would be no problems

with producing lower-ionization lines (e.g. Hα, Hβ, and

Mg ii).

The second and third aforementioned mechanisms

suggest that on average the low-z WLQs have signif-

icantly higher Eddington ratios and luminosities com-

pared to other normal low-z quasars (Meusinger & Bal-

afkan 2014). In contrast, we do not see this behav-

ior for PSO J083+11 compared to other high-z quasars

because its Eddington ratio is based on the Mg ii line

and the underlying continuum is not particularly strong

(Lbol/LEdd ∼ 0.5; see Figure 3). However, we have to

note that the virial mass calculation relies on the empir-

ical scaling relation derived via reverberation mapping,

which might be inadequate in the case of WLQs due

to their weakness of emission lines (Luo et al. 2015).

The calculated black hole mass tends to be underesti-

mated, making the actual Eddington ratio potentially

lower than currently estimated (Marculewicz & Nikola-

juk 2019). Moreover, the typical systematic error of

single-epoch virial-mass approach is ≈ 0.4 − 0.5 dex

(Shen 2013) and could be larger if the Mg ii BLR is

complex and may not be virialized yet in this kind of

exceptional objects (Plotkin et al. 2015).

Another potential indicator of extremely high accre-

tion rate is the shape of the continuum itself, as found

in a super-Eddington (Lbol/LEdd ≥ 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 power-law slope index,

αλ = −2.94 ± 0.03. This is significantly bluer than the

slope of αλ = −2.33 predicted from the standard thin

disk model (Shakura & Sunyaev 1973). Although PSO

J006+39 is accreting at super-Eddington rate, it is not a

WLQ (EW(C iv)rest ∼ 84 Å). Compared to that object,

our measured power-law slope index is consistent with a

typical quasar (αλ = −1.66±0.01) and not steeper than

those aforementioned models, indicating the absence of

super-Eddington accretion. Hence, overall soft contin-

uum 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 the

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 (Shem-

mer et al. 2010; Niko lajuk & Walter 2012). If this is

true, all broad lines should have small flux and equiv-

alent widths. However, unlike normal quasars, WLQs

have relatively small EW(C iv)rest/EW(Hβ)rest line ra-

tios which is inconsistent with their BLRs simply hav-

ing 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 ∼ 103 years (Hryniewicz et al. 2010). There-

fore, 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; Bañados et al.

2016; Shen et al. 2019). In this picture of a still forming
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BLR during the WLQs phase, higher-ionization species

such as C iv would be the weakest because they origi-

nate in a region higher above the disk that is not fully

formed yet. On the other hand, low-ionization species

(e.g. Hβ, Mg ii) that are formed close to the accretion

disk may look normal (Plotkin et al. 2015).

We should emphasize that most of low-z WLQ stud-

ies do not have access to Lyα and the quasar lifetime

couldn’t be determined with the method that we ex-

plained in Section 6. At z > 6, the proximity zones are

sensitive to the lifetime of the quasars since the inter-

galactic gas has a finite response time to the quasars’

radiation. The accretion lifetime of PSO J083+11 as

derived from its proximity zone gives us a range of

tQ = 103.4±0.7 years, consistent to the BLR formation

time at the lower end. Hence, there is a possibility that

the BLR in this object is not fully formed yet, lead-

ing 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 ∼ 103 to 104 years before

(see also Hopkins et al. 2005; DiPompeo et al. 2017; Mi-

tra et al. 2018). This might be caused by a huge dust

and gas supply at high redshifts, funneled into the cen-

ter 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 ultra-luminous infrared galax-

ies (ULIRGs) could be the initial stage of a quasar when

heavy obscuration was present. Only at the end of this

incipient dust-enshrouded phase, the quasar would be

revealed in the 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 un-

obscured 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 lumi-

nous FIR properties that we found in Section 7.4 would

suggest that PSO J083+11 is just at the beginning of

its unobscured quasar phase while the host galaxy still

experience 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 systems within ≤ 10000 km s−1 (or z > 6.3)

in front of the quasar, just around the edge of the prox-

imity zone. Such a system, like a damped Lyα system

(DLA) or Lyman limit system (LLS), would block ion-

izing 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; Bañados et al. 2019;

Farina et al. 2019).

In Figure 14, we show hypothetical absorption systems

at z = 6.295 (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 Rp = 1.17±0.32 pMpc.

The redshift of that system was chosen so that the as-

sociated Nv λλ1238, 1242 match the position of the two

strong absorption lines observed at 9037 Å and 9066 Å.

However, the positions of other lines that should be

present in DLAs (e.g. Si iiλ1260, O iλ1302, Si iv λ1402,

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 indi-

cate the optically thick self-shielding absorption system

(Eilers et al. 2020) which can truncate the proximity

zone. Also, by considering that the inferred distance be-

tween absorber and quasar is not really close, the prox-

imity 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 as-

sociated with Mg iiλλ2796, 2803 from a lower redshift

(z = 2.233) absorption system instead. However, we

have to note that searching for very weak metal absorp-

tion features with our current spectrum is difficult due

to the low resolution. A more thorough analysis to put

stringent constraint on potentially associated absorption

systems will be done with VLT/MUSE data and we re-

port on this in our next paper (I. T. Andika et al., 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 J083+11, a new weak emission line

quasar at z = 6.3401. This object was identified using

imaging data from PS1, UHS, and unWISE. This discov-

ery show that our SED-fitting-based quasar selection to

identify quasar candidates from large sky imaging sur-
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Figure 14. The GNIRS spectrum of PSO J083+11, normalized to the continuum (black). The positions of expected metal
lines coming from 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), discouraging the presence of a DLA or LLS very close to the quasar.

veys is successfully finding quasars, and can be adapted

and extended to find larger samples at the highest red-

shifts.

Our main results on PSO J083+11 can be summarized

as follows:

1. By using the near infrared spectra from Gem-

ini/GNIRS, we modeled the Mg ii emission and

the underlying continuum to derive a black hole

mass of log(MBH) = 9.30+0.16
−0.10 M� and Edding-

ton ratio of Lbol/LEdd = 0.51+0.13
−0.17. This confirms

that this object is powered by an actively accret-

ing SMBH with an accretion rate similar to those

of most luminous low- and high-z quasars popula-

tion.

2. Lyα+Nv emission in this quasar is weak

(EW(Lyα + Nv)rest = 5.65+0.72
−0.66 Å), suggest-

ing that this is a weak-line quasar. The weak-

line nature of Lyα+Nv is not likely caused by

IGM strong absorption in the line of sight. This

is supported by the absence of C iv emission

(EW(C iv)rest ≤ 5.83 Å), which suggests the

strength of the BLR emission is intrinsically weak.

The spectrum shows a very small proximity zone

Rp = 1.17 ± 0.32 pMpc which suggests a current

quasar lifetime of only 103 − 104.5 years, at odds

with the SMBH mass having formed with the ob-

served instantaneous accretion rate.

3. From HST/WFC3 imaging in the F125W filter,

we found a potential intervening galaxy located

at 1′′ to the southwest direction from the central

quasar with a magnitude = 25.42 ± 0.07. Assum-

ing that it is a star-forming main sequence galaxy

at lower redshift and using a point-mass gravita-

tional lens configuration, we find an upper limit of

possible lensing magnification µ ≤ 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 compo-

nent.

4. ALMA band-6 observations for PSO J083+11 have

detected both dust continuum and spatially re-

solved [C ii] emission from the host galaxy. We
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derived an accurate redshift from [C ii] (z[C ii] =

6.3401± 0.0004). The resolved extended morphol-

ogy of this line might be caused by a reminiscent

of a merger or in any case unrelaxed ongoing for-

mation. This quasar is among the most luminous

[C ii] emitters to date. Modeling the Rayleigh-

Jeans tail of dust continuum with a modified

blackbody function give us a constrain on dust

mass of Mdust = (4.88± 0.14)× 108 M� and star

formation rate of SFRTIR = 900− 7600 M� yr−1,

similar to that of HyLIRGs. This value is also

consistent with the SFR derived from the [C ii]

emission (SFR[C ii] = 800− 4900 M� yr−1).

5. Considering the quasar lifetime of PSO J083+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 accretion disk

and BLR due to the lack of X-ray spectroscopy.

Overall, this quasar paints a puzzling picture of a

supermassive black hole, at odds with seemingly only

a very recent onset of currently moderate accretion.

In the future, a thorough search for potentially asso-

ciated absorption systems which could affect the ac-

curacy of our quasar lifetime estimation will be done

with VLT/MUSE data. Very beneficial would be the

availability of X-ray spectra from facilities like XMM-

Newton or Chandra to get better constraints on the SED

modeling, accretion rate, and to check the possibility

of shielding gas possibly present between accretion disk

and BLR.

In context of an early phase of quasar (re)activation,

the narrow emission line region will take longer time to

form compared to 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 Tele-

scope (JWST) will enable us to observe z > 6 WLQs

in the mid-infrared. Hence, we can test for this hy-

pothesis by constraining the NLR properties and tracing

the presence of this region by studying the [O iii] λ5007

line profile. Further statistical studies, supported by

a larger sample of WLQs at highest accessible redshifts

are required for establishing connections between normal

quasars, young quasars, and those which are weak-lines.

This will play an important role in our understanding of

quasar evolution, the rapid formation of the first super-

massive black holes, 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.rrrr and

+DD.dddd are the right ascension and declination in decimal degrees (J2000), respectively. The names, PS1 z-band

magnitudes (zPS1), PS1 y-band magnitudes (yPS1), and VHS J-band magnitudes (JVHS) are reported in Table 3. An

accurate spectral classification of the sources is beyond the scope of this work.

Table 3. Spectroscopic rejected of candidates which are definitely not
z > 6 quasars.

Name zPS1 yPS1 JVHS

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 20.44± 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 20.49± 0.10 19.97± 0.13
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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 near-infrared (NIR) photometry of this object was obtained by using the NTT/SofI

(Moorwood et al. 1998) with exposure time of 15 minutes on July 16, 2019. The data were reduced using standard

procedures (see Bañados et al. 2014 for details). Then, we did low-resolution NIR spectroscopic follow-up by using

6.5m-Magellan/FIRE on August 9, 2019. The quasar was observed for 10 minutes with high-throughput prism mode

(R = 500) using 0.′′6 slit width. This in principle gives us R = 500 spectral resolution with the wavelength coverage of

0.82–2.51µm. 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 Lyα break around

the observed-frame wavelength of 9100 Å. 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 later in

our next paper (Andika et al., in preparation).
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Figure 15. SED fitting result for PSO J344.1442–02.7664. Photometry data is 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 5 PS1 bandpasses.
All written magnitudes are corrected for Galactic extinction. Finally, the bottom right panel shows the probability density
function (PDF) of calculated photo-z’s for quasar (blue line) and galaxy (magenta line) models.

Figure 16. Two-dimensional spectrum of PSO J344.1442–02.7664 obtained with Magellan/FIRE. A strong Lyα break is clearly
seen around the observed-frame wavelength of 9100 Å which means that the Lyα emission is redshifted to z ∼ 6.5.
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