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1. SDDSJ0100+2802
- z=6.30
- Lbol=4e14Lsun
- M_BH=1.2e10Msun (MgII輝線幅)
- z=40で1e3MsunのBHにsuper-Eddingtonで降着してなんとか作れるレベル

2. ALMA 観測
- Band6 0.15” resolution
- 4つの像に分裂

3. Foreground absorber = lens galaxy?
- VLT/X-shooter観測
- z=2.33にMgII吸収 + LyA輝線
- SFR=1Msun/yr => Mstar=1e10-11Msun (assuming SFMS)

4. 重力レンズモデル
- HST F850天体 がSub-mm天体と~50pc offsetしていると説明可能
- 増幅率はALMA像が60倍、HST像で最大450倍 (数倍の不定性あり)
- その場合 M_BH=1e9Msun以下まで減少

- ただしレンズではなくて、実際に４つの天体があるという可能性も排除しきれない
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ABSTRACT

Gravitational lensing sometimes dominates the observed properties of apparently very bright objects.
We present morphological properties in the high-resolution (FWHM ∼ 0.′′15) Atacama Large Millime-
ter/submillimeter Array (ALMA) 1-mm map for an ultra-luminous quasar (QSO) at z = 6.30, SDSS
J010013.02+280225.8 (hereafter J0100+2802), whose black hole mass MBH is the most massive (∼
1.2×1010M⊙) at z > 6 ever known. We find that the continuum emission of J0100+2802 is resolved
into a quadruple system within a radius of 0.′′2, which can be interpreted as either multiple dusty star-
forming regions in the host galaxy or multiple images due to strong gravitational lensing. The Mg ii
absorption and the potential Lyα line features have been identified at z = 2.33 in the near-infrared
spectroscopy towards J0100+2802, and a simple mass model fitting well reproduces the positions and
flux densities of the quadruple system, both of which are consistent with the latter interpretation.
Although a high-resolution map taken in the Advanced Camera for Survey (ACS) on board Hubble
Space Telescope (HST) shows a morphology with an apparently single component, in our fiducial lens
mass model it can simply be explained by a ∼ 50 pc scale offset between the ALMA and HST emission
regions. In this case, the magnification factor for the observed HST emission is obtained to ∼ 450,
reducing the intrinsic MBH estimate to even below 109M⊙. The confirmation or the rejection of the
gravitational lensing scenario is important for our understanding of the super-massive black holes in
the early Universe.
Keywords: galaxies: formation — galaxies: evolution — galaxies: high-redshift

1. INTRODUCTION

The existence of the super-massive black hole (SMBH)
in the early Universe (e.g., Wu et al. 2015; Bañados et al.
2018) challenges to the theories (e.g., Volonteri & Rees
2006) of the formation and growth of the black holes
(BHs). Luminous quasars (QSOs) at high redshift are
massive galaxies hosting the SMBHs in their centers and
thus serve a unique laboratory to study the evolution
mechanism of the SMBH as well as the earliest phase of
galaxy formation and evolution.
In the last two decades, more than 100 z ∼

6 QSOs have been discovered through wide-field
surveys in the optical–near infrared (NIR) wave-
lengths (e.g., Jiang et al. 2009, 2016; Willott et al.
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2010; Venemans et al. 2013, 2015; Bañados et al. 2016;
Matsuoka et al. 2016, 2018). Currently, the most mas-
sive BH at z > 6 ever known is J0100+2802 at z = 6.30
(Wu et al. 2015), originally identified owing to its red op-
tical color with the dataset of the Sloan Digital Sky Sur-
vey (SDSS; York et al. 2000), two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006) and the Wide-field In-
frared Survey Explorer (WISE; Wright et al. 2010). The
bolometric luminosity Lbol is estimated to be 4.29 ×
1014L⊙ based on an empirical conversion factor from
the luminosity at 3,000 Å, while the BH mass MBH is
evaluated to be 1.24± 0.19 × 1010M⊙ via the single-
epoch virial MBH estimator based on the Mgii line (e.g.,
Vestergaard & Osmer 2009). Although the ten billion
solar mass BH at z = 6.30 is reproduced under the as-
sumptions of the Eddington-limited accreting rate and
the BH seed mass of at least 1,000 M⊙ by z = 40, it
is yet to be known whether these assumptions are valid.
Moreover, it is also an open question how to lose the an-
gular momentum in the inter-stellar medium (> 100 pc)
and keep the Eddington-limited mass transportation to
the accretion disk (< 1 pc) around the central BH (e.g.,
Sugimura et al. 2018) under the strong feedback effect
(e.g., Park et al. 2017; Latif et al. 2018).
The Atacama Large Millimeter / submillimeter Array

(ALMA) enables us to investigate the star-forming prop-
erties of the SMBH host galaxies at z ∼ 6 via the far-
infrared fine-structure lines, such as [C ii] 158 µm and
[O iii] 88 µm, and the dust continuum emission (e.g.,
Wang et al. 2013; Decarli et al. 2018; Venemans et al.
2018; Walter et al. 2018; Hashimoto et al. 2018). These
ALMA studies reveal that the SMBH host galaxies at z ∼
6 have intense star-formation rates of ∼ 100 – 3000 M⊙
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Figure 1. ALMA 1.′′2 × 1.′′2 images of J0100+2802. The LR (natural-weighted), MR (briggs-weighted, robust = 0.5), and HR (briggs-
weighted, robust = 0.2) maps are presented from left to right. The white contour shows the −3σ level, and the black contour denotes the
3σ, 4σ, 5σ, 6σ, 7σ, 8σ, 9σ, 10σ, 15σ, and 20σ levels. The rms noise levels of the LR, MR, and HR maps are 16 µJy/beam, 17 µJy/beam,
and 20 µJy/beam, respectively. The ALMA synthesized beam is presented at the bottom left. We confirm that the MR map shows the
consistent morphology in the previous study (see Figure 1 in Wang et al. 2019). The blue cross represents the optical emission peak position
in the GAIA DR2 catalog.

and the noise fluctuation. No positive peak over the 7σ
level is detected. These results indicate that AID4 (SNR
= 5.4) may be caused by the combination of the diffuse
continuum and the noise fluctuation with the probabil-
ity of ∼ 0.8%, while AID1, AID2, and AID3 (SNR > 7)
are hard to be explained by this combination. We also
calculate the surface brightness of the diffuse continuum
at the AID4 position in other profiles (e.g., Gaussian,
exponential-disk, deVaucouleurs-spheroidal) with the ef-
fective radii of 0.5 – 2.0 kpc which are the typical values
among z ∼ 6 star-forming galaxies with the stellar mass
Mstar of ∼ 1010.5−11 M⊙ (e.g., Shibuya et al. 2015). We
find that the surface brightness values become fainter
than one in the uniform profile, indicating that AID4 is
still hard to be explained by modeling of the different
surface brightness profiles.
One interpretation for these four components is that

they are quadruple images due to strong gravita-
tional lensing effect (e.g., Magain et al. 1988). In fact,
Wu et al. (2015) report the existence of abundant ab-
sorbers (e.g., at z = 2.33 and 3.34) in the optical–NIR
spectroscopy towards J0100+2802. In the top panel of
Figure 2, we show the Mg ii absorption line feature
at z = 2.3244 ± 0.0002 which we confirm in the lat-
est optical–NIR spectroscopy with VLT/X-shooter from
the ESO archive (PI: M. Pettini; see Becker et al. 2019).
Moreover, the bottom panel of Figure 2 shows the pos-
sible Lyα line emission at z = 2.3334 ± 0.0002 with
the 5.3σ level that we also identify in the same data
from VLT/X-shooter. The Lyα velocity offset from the
Mg ii absorption is estimated to be 810 ± 90 km s−1

which falls in the general range of the Lyα velocity offset
among z ∼ 2 galaxies (see e.g., Figure 8 in Stark et al.
2017). We obtain the luminosity of the potential Lyα line
LLyα = 1.1 × 1042 erg s−1. This can be converted into
the star-formation (SFR) value of ∼ 1 M⊙ yr−1 with the
scaling relation of SFR = 9.1 × 10−43 × LLyα M⊙ yr−1

(Kennicutt 1998). Based on the typical values between
SFR and Mstar among quiescent galaxies at the similar
redshift, the SFR value of ∼ 1 M⊙ yr−1 corresponds to
the Mstar value of ∼ 1010−11 M⊙ (see e.g., Fig. 3 in

Barro et al. 2014). These results suggest the possibility
that the foreground object with Mstar ∼ 1010−11 M⊙ at
z = 2.33 may affect the brightness of J0100+2802 via
gravitational lensing effect.
To test whether the four components identified in the

HR map can indeed be explained by strong grtavitational
lensing, we construct a mass model with the parametric
gravitational lensing package glafic (Oguri 2010). Here
we fix the lens redshift at z = 2.33 where the possible
foreground object is identified. The mass model consists
of a singular isothermal ellipsoid (SIE) and an external
shear. We adopt no priors on the centroid of the SIE,
while we add a Gaussian prior on the amplitude of the
external shear of γ = 0.05 ± 0.05. The flux errors are
assumed to be 10 %. The approximate positional un-
certainty of the ALMA map ∆p in milliarcsec is given
by

∆p =
70000

ν ∗B ∗ σ
, (1)

where σ is the peak SNR, ν is the observing frequency
in GHz, and B is the maximum baseline length in kilo-
meters (ALMA technical handbook 11). For a peak with
SNR = 5 in our ALMA maps, we obtain ∆p of ∼ 0.′′02.
Due to the large elongation of the ALMA beam shape,
we conservatively adopt the positional error of 0.′′03. Af-
ter the fitting routine for the four peak positions in the
HR map, we obtain the best-fit mass model with the χ2

over the degree of freedom of 6.11/3. With this fiducial
lens mass model, the Einstein radius is 0.′′14 which corre-
sponds to the line-of-sight velocity dispersion of the lens-
ing galaxy of 121 kms−1 at the lens redshift of 2.33. In-
terestingly, from the scaling relation for quiescent galax-
ies (e.g., Zahid et al. 2016), the velocity dispersion of
121 km s−1 corresponds to the Mstar value of ∼ 1010.3

M⊙ which is consistent with the independent Mstar esti-
mate of ∼ 1010−11 M⊙ from the Lyα line luminosity. We
list the magnification factors for the four components in
Table 1. The best-fitting mass model predicts the total

11 Section 10.5.2: https://almascience.nao.ac.jp/documents-
and-tools/cycle7/alma-technical-handbook
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Figure 3. Simple mass model fitting results for positions and flux densities of the four components identified in the ALMA HR map.
Left: The red crosses and triangles show the peak positions of the four components in the observed and the model maps, respectively.
The size difference among the red triangles correspond to the ratio of the magnification factors of the four components in our model. The
black curve denotes the critical curve. The error scale used in the fitting is presented at the bottom left. The center of the coordinate is
defined at the position of AID1. Right: The observed (Sobs) and intrinsic (Sint) flux densities of the four components. The dashed line
presents the average value of the intrinsic flux densities for the four components.
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Figure 4. Left: The HST/F850LP 0.′′6 × 0.′′6 image for J0100+2802. The blue and red contours denote the continuum emission
identified in the HST/F850LP and the ALMA HR maps, respectively. The crosses indicate the peak positions of these emission. The
PSFs of the HST and ALMA maps are presented in the bottom left and right, respectively. Middle: The continuum peak positions in
the source plane. The red open triangle indicates the best-fit position of the ALMA continuum emission in the simple mass model fitting
(Section 3.1), and the blue open triangle shows a possible position of the HST continuum emission. The black line is the caustics. Right:
The continuum peak positions in the image plane. The red and blue crosses are assigned in the same manner as the left panel. The blue
triangles denote a possible peak positions of the HST emission in the resolution-free map predicted with our fiducial mass model, if the
HST emission originates near from the cusp of the caustic in the source plane. The size difference among the triangles correspond to the
ratio of the magnification factors of the four components in our fiducial mass model. The black line denotes the critical curve. In the
middle and right panels, the same coordinate system is assigned as the left panel of Figure 3.
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Figure 6. Distribution of bolometric luminosity Lbol and BH
mass MBH estimated from Mg ii line among QSOs. The red open
circle indicates the apparent property of J0100+2802 (Wu et al.
2015), while the red star denotes the potential intrinsic property af-
ter the gravitational lensing correct. For comparison, the magenta
open and filled circles present the apparent and intrinsic proper-
ties of J0439+1634 that is identified as a gravitationally lensed
QSO at z = 6.42 (Fan et al. 2019). The black circles are other
QSOs at z ! 6 (Mortlock et al. 2011; Mazzucchelli et al. 2017;
Bañados et al. 2018), and the grey dots and black contours are
the distribution of the SDSS QSOs at z = 0− 2 (Shen et al. 2011).
The blue lines present fractions of the Eddington luminosity.

and discuss the intrinsic physical property of J0100+2802
in this scenario.
In the case that the positions of HID1, HID2, and HID3

are very close with l = 0.′′04, our fiducial lens mass model
estimates the total magnification factor of ∼ 450 for the
quadruple images. The characteristic of J0100+2802 has
been measured by the ground-based telescopes at the
optical–NIR wavelengths (Wu et al. 2015) whose angu-
lar resolutions do not resolve the structure. Therefore,
the previous measurements can be affected by the mag-
nification factor of ∼ 450.
The virial MBH estimator based on the Mg ii line (e.g.,

Vestergaard & Osmer 2009) is given by

MBH = 106.86
(

λLλ,3000

1044erg s−1

)0.5 (FWHMMgII

km s−1

)2

, (2)

where λLλ,3000 is the rest-frame UV luminosity at 3000
Å wavelength and FWHMMgII is the full-width-half-
maximum of the Mg ii line in the spectrum. If we apply
the total magnification correction to the UV luminosity
in Equation 2, the intrinsic MBH estimate is decreased
by a factor of ∼17.3. In Figure 6, we show the intrinsic
values of Lbol and MBH of J0100+2802 after the total
magnification correction. We find that J0100+2802 falls
in the area within the distribution of low-redshift SDSS
QSOs, and that the MBH value is decreased even below
109M⊙. These results indicate that the gravitational
lensing effect has a significant potential to change our
understanding of the nature of the most massive SMBH
at z > 6.

We caution that our estimate of the total magnifica-
tion factor of ∼ 450 for the observed HST emission in-
volves large uncertainty, given that the lens mass model
is not well constrained. Given the discussions in e.g.,
Keeton et al. (2003), it is expected that the total magni-
fication near the cusp catastrophe for a given separation
of images in the image plane is roughly inversely pro-
portional to the ellipticity of the lens potential and also
to 2 − α, where α denotes the radial slope of the lens
potential (α = 1 for our fiducial SIE lens model). We
find that the ellipticity is not very well constrained in
our model with e = 0.14 ± 0.09 (1σ), which will lead
to the uncertainty of the total magnification of a factor
∼ 2. Together with the fact that the radial slope may
be α ≠ 1, our estimate of the total magnification factor
should be uncertain by a factor of a few or so.
Another caution is the proximity zone measure-

ments of J0100+2802. The NIR spectroscopy towards
J0100+2802 is reported to have a large proximity zone
Rp of 7.8 ± 0.8 pMpc (Wu et al. 2015). In Eilers et al.
(2017), the authors carried out the deeper NIR spec-
troscopy with Keck/ESI, and updated the Rp measure-
ment of 7.12 ± 0.13 pMpc. Taking the uniquely bright
property into account, the authors find that this mea-
surement is smaller than the prediction from the simu-
lation (∼ 12 pMpc) and discuss a possible scenario that
this quasar has been shining for still shot such as ∼ 105

years. It is interesting that the gravitational lensing sce-
nario is also consistent with the trend of the Rp mea-
surement smaller than the prediction estimated from its
luminosity.
Note that we cannot rule out the possibility of 2).

Recent ALMA observations reveal the overdensity of
companion galaxies around the high-z luminous QSOs
(e.g., Decarli et al. 2017; Trakhtenbrot et al. 2017). The
follow-up ALMA high-resolution observations also report
the existence of the nearby on-going mergers around the
z > 6 QSOs (Venemans et al. 2019; Bañados et al. 2019).
The existence of the on-going mergers and/or the ISM
environment harboring the multiple dusty star-forming
regions in J0100+2802 will be definitely interesting and
provide us with important insights to understand the
rapid growth of the most massive SMBH in the early
Universe. However, the Mg ii absorption and the Lyα
line features at z = 2.33 in the optical–NIR spectroscopy
implies the existence of the foreground galaxy that can
causes gravitational lensing effect. Indeed, the indepen-
dent Mstar estimates for the z = 2.33 galaxy are consis-
tent with each other (Section 3.1), although the uncer-
tainties can be large due to the scaling relations. More-
over, recent HST observations report that another SDSS
QSO at z = 6.34, J0439+1634, known as the bright-
est QSO (Lbol = 5.9 × 1014 L⊙) at z > 6, is resolved
into multiple objects with the existence of the nearby,
low-luminous galaxy at the photometric redshift z ∼ 0.7
(Fan et al. 2019; Pacucci & Loeb 2019a). The authors
argue that the magnification factor is estimated to be ∼
50 in their best-fit mass model that dramatically changes
the intrinsic physical properties of J0439+1634 such as
Lbol and MBH. Importantly, the g, r, i-band AB mag-
nitudes of the foreground galaxy of J0439+1634 are ∼
23–25 mag that are lower than the SDSS limiting magni-
tudes (5σ ∼ 21–22 mag) and thus negligible in the color
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Figure 6. Distribution of bolometric luminosity Lbol and BH
mass MBH estimated from Mg ii line among QSOs. The red open
circle indicates the apparent property of J0100+2802 (Wu et al.
2015), while the red star denotes the potential intrinsic property af-
ter the gravitational lensing correct. For comparison, the magenta
open and filled circles present the apparent and intrinsic proper-
ties of J0439+1634 that is identified as a gravitationally lensed
QSO at z = 6.42 (Fan et al. 2019). The black circles are other
QSOs at z ! 6 (Mortlock et al. 2011; Mazzucchelli et al. 2017;
Bañados et al. 2018), and the grey dots and black contours are
the distribution of the SDSS QSOs at z = 0− 2 (Shen et al. 2011).
The blue lines present fractions of the Eddington luminosity.
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REALITY OR MIRAGE? OBSERVATIONAL TEST AND IMPLICATIONS FOR
THE CLAIMED EXTREMELY MAGNIFIED QUASAR AT Z = 6.3

Fabio Pacucci1, 2 and Abraham Loeb1, 2

1
Black Hole Initiative, Harvard University, Cambridge, MA 02138, USA

2
Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA

ABSTRACT

In the last two decades, approximately 200 quasars have been discovered at z > 6, hosting active super-massive
black holes with masses M• & 109 M�. While these sources reflect only the tip of the iceberg of the black hole mass
distribution, their detection challenges standard growth models. The most massive z > 6 black hole that was inferred
thus far (J0100+2802, M• ⇡ 1.2 ⇥ 1010 M�) was recently claimed to be lensed, with a magnification factor µ = 450.
Here, we perform a consistency check of this claim, finding that the detection of such a source requires a bright-end
slope � � 3.7 for the intrinsic quasar luminosity function (LF), �(L) / L�� . Commonly used values of � ⇠ 2.8
are rejected at > 3�. If the claim is confirmed, it is very unlikely that all the remaining 51 sources in the Sloan
Digital Sky Survey sample are not magnified. Furthermore, it su�ces that & 25% of the remaining sources are lensed
for the intrinsic LF to di↵er significantly (i.e., > 3�) from the observed one. The presence of additional extremely
magnified sources in the sample would lower the requirement to ⇠ 4%. Our results urge the community to perform
more extended multi-wavelength searches targeting z > 6 lensed quasars, also among known samples. This e↵ort could
vitally contribute to solving the open problem of the growth of the brightest z ⇠ 7 quasars.

Keywords: Active galaxies — Supermassive black holes — Early universe — Reionization — Quasars
— Strong gravitational lensing — Luminosity function
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1. Lensed quasar at z>6
- Fan+19 : z=6.51 with u~50
- Paucci+19 : 標準的なLFを仮定すると、今のサーベイではz>6 quasarを半分くらい見
落としている？
- Fujimoto+19が正しいとして、quasar LFがどのようになるのかを考察
特にpower-law slope (beta)

2. Comparison of observation with lensed model
- 観測 : Jiang+16 (z>5.7 52 quasars) / beta=2.8
- モデル : u=450のquasarが一個入るようにパラメータ調整
- beta>3.7でないとovershoot (Fig. 1)

3. Lens probability : Fig. 2
- 51/52天体がu<10の可能性は1e-5 
- 少なくとももう一天体 u>100の天体がある可能性は60%
- WFIRSTだとu>10が500天体、u>100が50天体見つかるはず

4. Intrinsic LF
- 15天体程度がそれなりに増幅されていると観測されるLFは真のLFから有意にずれ
る。(Fig 3) => Fig. 4がその実例

5. SDDSJ0100+2802が増幅されていない可能性もありうる
- 大きなproximity zone (7.9Mpc)
- その場合、beta<3.7でもOKになる
- deeper ALMA obsによるチェックが必要4 Pacucci & Loeb

Figure 1. The z & 6 SDSS quasar LF calculated from
Jiang et al. (2016) is shown with black symbols and 1� error
bars. The lines show the expected number of lensed quasars
assuming a bright-end slope of the intrinsic quasar LF of
� = 2.7, 3.2, 3.7, 4.2 as indicated in the legend. The lens-
ing probability model (Pacucci & Loeb 2019) assumes the
detection of one quasar with µ = 450 in the M1450 ⇡ �29
luminosity bin.

reconstruct their LF. We derive absolute magnitudes at
� = 1450 Å from Jiang et al. (2016) and employ the rel-
evant bolometric correction from Runnoe et al. (2012).
The number densities of the quasars are calculated using
the standard 1/Vmax weighting method, where Vmax is
the maximum volume in which a given source is observ-
able, assuming a survey nominal limit of zAB = 20.0 mag
for an uncertainty of ⇠ 0.10 mag in the SDSS. We divide
the absolute magnitude range �24 < M1450 < �29 in
seven bins to be consistent with Jiang et al. (2016).
We then employ the lensing probability model in

Pacucci & Loeb (2019) to calculate how many lensed
quasars with µ < 450 we expect in the same sample.
The underlying assumption is that if J0100+2802 is in-
trinsically a black hole withM• ⇠ 8⇥108 M� but magni-
fied to appear as M• ⇠ 1010 M� (Fujimoto et al. 2019),
then more of the fainter sources should be magnified
by µ < 450. We assume a flat distribution in intrinsic
mass for the unlensed sources, as the observed lumi-
nosity depends only on the product between the mag-
nification factor and the unlensed luminosity, which is
proportional to the intrinsic mass. We use four values
of the intrinsic quasar LF: � = 2.7, 3.2, 3.7, 4.2. This
range encompasses most of the values usually employed
in literature (e.g., Jiang et al. 2016; Yang et al. 2016).
The results are shown in Fig. 1. The models with

� = 2.7 and � = 3.2 significantly overshoot the observed
number density of z & 6 quasars in several luminosity
bins. Otherwise stated, if J0100+2802 is magnified by
a factor µ = 450, we should have observed significantly

more quasars atM1450 ⇡ �27,�28,�29. The prediction
is inconsistent with SDSS data at > 3�. If the intrinsic
quasar LF is instead steeper, with � � 3.7, the lensing
probability model can still accommodate the presence of
a µ = 450 quasar without overproducing the SDSS num-
ber counts. In summary, this consistency test strongly
favours steep values (� � 3.7) for the intrinsic slope of
the z & 6 quasar LF. Shallower values are significantly
inconsistent with the presence of a source magnified by
µ = 450.

3.2. Probability of Additional Lensed Sources
in the SDSS sample

After checking that the presence of a quasar with
µ = 450 is, in principle, possible with steep values of
the intrinsic quasar LF, we expand on the implications
that its detection draws on the other sources in the sam-
ple. While we cannot a priori state which sources in the
sample are lensed, we can derive strong predictions on
the overall expected number of lensed sources and on
their magnifications.
Following our results in Sec. 3.1, we fix � = 3.7 and

compute the probability P (< µ) = 1 � P (� µ) of hav-
ing magnification factors µi < µ for all the remaining
i = 1, . . . , 51 sources in the sample. We denote this en-
semble probability, PSDSS. We also assume that each
of the remaining quasars are represented by stochastic,
independent variables: once the overall lensing model is
fixed, the magnification factor of one source in the sam-
ple is independent from all the others. The probability
PSDSS is then

PSDSS =
51Y

i=1

[1� Pi(� µ)] . (5)

The result is shown in Fig. 2. The probability that
all the remaining 51 sources have µi < 10 is P (µi <
10) ⇠ 10�5. If J0100+2802 is magnified by µ = 450
there is almost certainty that there is at least one quasar
magnified with µ � 10 in the same sample. Even more
interestingly, Fig. 2 conveys that P (µi < 100) ⇠ 0.4,
i.e., there is a ⇠ 60% chance that at least another quasar
in the sample is extremely magnified, with µ � 100.
If the claim about J0100+2802 is confirmed, these

probability calculations will serve two purposes in guid-
ing future searches for lensed z > 6 quasars. From a
theoretical perspective, they indicate that the extremely
large mass of some high-z quasars could be an opti-
cal illusion, thus leading to a re-consideration of cur-
rent black hole growth models. From an observational
point of view, the high probability that additional SDSS
quasars are strongly lensed motivates future searches for
these sources, with higher resolution observations either
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employing longer wavelengths (e.g., ALMA) or next-
generation telescopes, such as the Wide Field Infrared
Survey Telescope (WFIRST) and the James Webb Space
Telescope (JWST).
In particular, we forecast that WFIRST will be instru-

mental for discovering a large number of z & 6 quasars,
owing to its deep wide-area survey capabilities. Follow-
ing the mission specifications (see Spergel et al. 2015
and the WFIRST website), it is instructive to estimate
the number of lensed z & 6 quasars that this survey
could detect. For the planned High Latitude Survey, we
assume a survey area AWFIRST ⇠ 2, 200 deg2 reached
to a limiting magnitude mlim,AB ⇠ 27. We then inte-
grate the LF over luminosity and redshift to find the
expected number NWFIRST of z > z0 quasars discover-
able by WFIRST:

NWFIRST(z > z0) =

Z +1

Llim

dL

Z +1

z0

dV

dz
dz�(L, z) , (6)

where Llim is the bolometric luminosity of a quasar
at redshift z corresponding to an apparent magnitude
mlim,AB and V is the comoving volume. We obtain
NWFIRST(z > 6) ⇠ 5⇥ 104, while restricting our atten-
tion to z > 7 we obtain NWFIRST(z > 7) ⇠ 3, 000. For
this order-of-magnitude estimate, we employ the Jiang
et al. (2016) LF for sources with M1450 < �24 and the
Matsuoka et al. (2018) LF for sources withM1450 > �24.
The evolution of the LF for z & 6.5 is uncertain: for
the purpose of this estimate, we keep the shape of the
z & 6.5 LF equal to the one presented by Jiang et al.
(2016), while we change the overall density of quasars
following the prescription by Wang et al. (2019b). Note
that the spatial density of quasars is expected to decline
by ⇠ 1 order of magnitude between z = 6.5 and z = 8.
Assuming a conservative value of � = 2.8, our lensing
model predicts that the WFIRST z > 6 quasar sample
could contain ⇠ 500 quasars with magnification factors
µ � 10 and ⇠ 50 quasars with magnification factors
µ � 100. Irrespective of the reality of the claim about
J0100+2802, WFIRST will certainly play a crucial role
in investigating the putative population of lensed high-z
quasars.

3.3. Toward the Intrinsic Quasar LF

Building upon our results in Sec. 3.2, we now aim to
investigate how the presence of an additional number
i < N = 52 of lensed quasars in the sample modifies the
observed z > 6 quasar LF.
Previous studies (e.g., Turner 1980; Wyithe & Loeb

2002a,b; Wyithe et al. 2011) already pointed out that
the intrinsic LF for quasars could significantly di↵er
from the observed one. In fact, magnification bias could

Figure 2. Probability PSDSS that all the remaining 51
sources in the SDSS sample have magnifications µi < µ. As-
suming the presence of one source with µ = 450, it is nearly
impossible, e.g. P (µ < 10) ⇠ 10�5, that all of the remaining
sources are not magnified. The values discussed in the text
are indicated with red dashed lines.

artificially increase the number counts of bright objects,
thus a↵ecting the bright-end slope of the LF. For exam-
ple, Wyithe & Loeb (2002b) placed a limit on the slope
of the z ⇠ 6 quasar LF � . 3 using the fact that none
of the quasars found by Fan et al. (2003) are strongly
lensed (i.e., µ > 2). Note that in Sec 3.1 we placed a
limit � � 3.7 for the intrinsic LF instead, due to the
putative detection of one quasar with µ = 450.
To investigate how the presence of an additional num-

ber i < N = 52 of lensed quasars in the sample modifies
the observed LF, we proceed as follows. Assuming the
lensing probability model from Pacucci & Loeb (2019)
with � = 3.7, for each integer i < 52 we draw a number
i of magnification factors from the given probability dis-
tribution. We then decrease the observed luminosities
L1450 with the appropriate magnification factors for the
i randomly chosen lensed sources. We re-construct the
LF accounting for all the i sources which have changed
luminosity. Finally, we compare the new, de-lensed, LF
with the one observed by Jiang et al. (2016) employing
the statistics

⌃(i) =

vuut
nbinsX

k=1

(Ck,obs � Ck,mod)2

�2
k

, (7)

where nbins is the number of luminosity bins used to
construct the LF, Ck,obs and Ck,mod are the observed
and the modified source counts in the k-th bin, respec-
tively, and �k is the error associated with each measure
in the observed LF (Jiang et al. 2016). As the magni-
fication factors are randomly drawn from a probability
distribution, the occurrence of large values of µ has a
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Figure 3. Plot showing how the intrinsic LF would di↵er
(in terms of the standard deviation �) from the SDSS one
(Jiang et al. 2016) if an additional number i < 52 of quasars
in the sample are lensed. Blue points are the results for a
single trial, the black line is the average over 106 trials, the
shaded region indicates the 1� uncertainty.

very significant impact on the statistics in Eq. (7). To
smooth out random fluctuations, we run the experiment
described above 106 times, obtaining the average e↵ect.
We checked that the average line is insensitive to a num-
ber of trials larger than 106.
The result for ⌃(i) is shown in Fig. 3. We predict

that, on average, a number i > 15± 3 of lensed quasars
among the N = 52 SDSS sample (& 25% of the sample)
modifies the bright-end slope of the quasar LF by > 3�
with respect to the observed one. Of course, it is possible
that even a small number i ⌧ 15 of strongly lensed
sources can significantly a↵ect the LF, especially if they
all occur in the same luminosity bin. The presence of
additional extremely magnified sources would require a
sample fraction as low as ⇠ 4% to reach an inconsistency
> 3� with respect to the observed LF.

A practical example of how a number i < 52 of lensed
quasars in the SDSS sample would modify the observed
quasar LF is shown in Fig. 4. The green line is the
best fit to the SDSS sample from Jiang et al. (2016),
shown with black symbols, using a double power-law
fitting function with ↵ = 1.9 and � = 2.8. The blue
line is a double power-law fit to a modified sample ob-
tained assuming that i = 20 randomly chosen quasars
from the SDSS sample are magnified. The magnification
factors are drawn from the lensing probability distribu-
tion described in Pacucci & Loeb (2019) with a value
of � = 3.7 for the intrinsic quasar LF. This fitting line
is significantly inconsistent with data from Jiang et al.
(2016) at the bright end. In fact, as more quasars are
magnified, their true luminosity is decreased and their

Figure 4. Example of the lensing e↵ect on the quasar LF
for a number i = 20 of lensed quasars in the SDSS sample.
Black symbols are data from Jiang et al. (2016); the green
line being their best fit, and the blue line being the quasar
LF that we obtain assuming that additional 20 randomly
chosen quasars in the sample are magnified. The red dashed
line indicates a slope � = 3.7, for reference.

contribution to the quasar LF is shifted to the faint end.
For reference, the red dashed line indicates a bright-end
slope � = 3.7.

4. DISCUSSION AND CONCLUSIONS

Our study is motivated by the claim (Fujimoto et al.
2019) that J0100+2802, a z ⇡ 6.3 quasar with M• ⇡
1.2⇥ 1010 M� (Wu et al. 2015) is lensed by a magnifica-
tion factor µ = 450. The black hole mass is calculated
via a virial estimator based on the MgII line which scales
as M• / (�L�,3000)0.5 (Fujimoto et al. 2019), such that
the final, unlensed mass would be ⇠ 8⇥108 M�, decreas-
ing the growth time by ⇠ 20%. It is worth noting that
also the Eddington ratio for J0100+2802 would change
dramatically, from �Edd ⇡ 1 to �Edd ⇡ 0.07.
This source could be the second z > 6 lensed quasar

found in less than one year (Fan et al. 2019) and, by far,
the one with the highest magnification. A magnification
factor µ = 450 has a probability P (> 450) ⇠ 10�3 to oc-
cur in the most favorable lensing models (see Pacucci &
Loeb 2019 with � = 3.6): claiming it in a relatively small
sample of sources invites skepticism, but we might have
observed an extraordinary source such as J0100+2802
only because it is extremely magnified. It is thus in-
structive to understand the theoretical implications of
this putative detection.
We performed a consistency check of the Fujimoto

et al. (2019) claim, finding that a detection of one quasar
with µ = 450 in the SDSS sample (Jiang et al. 2016)
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the one with the highest magnification. A magnification
factor µ = 450 has a probability P (> 450) ⇠ 10�3 to oc-
cur in the most favorable lensing models (see Pacucci &
Loeb 2019 with � = 3.6): claiming it in a relatively small
sample of sources invites skepticism, but we might have
observed an extraordinary source such as J0100+2802
only because it is extremely magnified. It is thus in-
structive to understand the theoretical implications of
this putative detection.
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et al. (2019) claim, finding that a detection of one quasar
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