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ABSTRACT

Protoclusters, the progenitors of galaxy clusters, trace large scale structures in the early Universe
and are important to our understanding of structure formation and galaxy evolution. To date, only
a handful of protoclusters have been identified in the Epoch of Reionization (EoR). As one of the

rarest populations in the early Universe, distant quasars that host active supermassive black holes
are thought to reside in the most massive dark matter halos at that cosmic epoch, and could thus
potentially pinpoint some of the earliest protoclusters. In this letter, we report the discovery of a

massive protocluster around a luminous quasar at z = 6.63. This protocluster is anchored by the
quasar, and includes three [C II] emitters at z ∼ 6.63, 12 spectroscopically confirmed Lyα emitters
(LAEs) at 6.54 < z ≤ 6.64, and a large number of narrow-band imaging selected LAE candidates at
the same redshift. This structure has an overall overdensity of δ = 3.3+1.1

−0.9 within ∼ 35× 74 cMpc2 on

the sky and an extreme overdensity of δ > 30 in its central region (i.e., R . 2 cMpc). We estimate that
this protocluster will collapse into a galaxy cluster with a mass of 6.9+1.2

−1.4 × 1015 M� at the current
epoch, more massive than the most massive clusters known in the local Universe such as Coma. In

the quasar vicinity, we discover a double-peaked LAE which implies that the quasar has a UV lifetime
greater than 0.8 Myrs and has already ionized its surrounding intergalactic medium.

Keywords: Quasar (1319) — Protoclusters(1297) — Supermassive black holes (1663) — Reionization
(1383) — Early universe (435)

1. INTRODUCTION

How luminous quasars, powered by billion-solar-mass
supermassive black holes (SMBHs), formed less than a
billion years after the Big Bang has been one of the
outstanding open questions in cosmology since the early
2000s. In the current theoretical paradigm, the earliest
SMBHs grew in massive galaxies and inhabit massive
dark matter halos (e.g., Springel et al. 2005; Costa et al.
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2014; Latif et al. 2022). This picture is supported by
the observed strong clustering of high redshift quasars
(e.g., Shen et al. 2007; Arita et al. 2023) and the discov-
eries of a significant number of binary quasars at z > 4
(e.g., Hennawi et al. 2006; McGreer et al. 2016; Yue
et al. 2021). Following these arguments, one might ex-
pect that the most distant quasars, hosting the earliest
active SMBHs, could act as signposts for protoclusters,
the progenitors of local galaxy clusters and the largest
(well beyond 1 cMpc) structures in the early Universe.

Extensive efforts on finding overdensities of galax-
ies around z > 6 quasars (e.g., Stiavelli et al. 2005;
Willott et al. 2005; Zheng et al. 2006; Kim et al. 2009;
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Bañados et al. 2013; Morselli et al. 2014; Champagne
et al. 2023) have been made in the past two decades (see
Overzier 2016, for a review), however, to date only four
z > 6 quasar fields were spectroscopically confirmed to
be associated with galaxy overdensities at Mpc-scales:
J0100+2802 at z = 6.3 with ∼20 [O III] emitters con-
firmed with recent JWST observations (Kashino et al.
2022), J0305–3150 at z = 6.6 with 10 [O III] emitters
and a large number of Lyman Break Galaxies (LBGs)
confirmed with recent JWST observations (Wang et al.
2023a) and Hubble Space Telescope (HST) observations
(Champagne et al. 2023), respectively, J1030+0524 at
z = 6.3 with two LAEs and four LBGs at the quasar
redshift (Mignoli et al. 2020) and J1526–2050 at z = 6.6
with two LAEs and two [C II] emitters (Decarli et al.
2017; Neeleman et al. 2019; Meyer et al. 2022).

In this letter, we report the discovery of a protocluster
anchored by a luminous quasar: J0910–0414 at z = 6.63.
The identification of this protocluster is secured by the

discovery of a large number of narrow-band imaging
selected LAE candidates, twelve spectroscopically con-
firmed LAEs, and three [C II] emitters in addition to the
central luminous quasar. In §2, we present our observa-

tions, data reduction, LAE selection and confirmation,
as well as ALMA confirmation of [C II] emitters. In §3,
we show the characterization of the overdensity of both

LAEs and [C II] emitters and discuss the constraints
on the mass of the protocluster. We also compare the
structure anchored by J0910–0414 with other structures

traced by distant quasars in this section. In addition,
we report the discovery of a double-peaked LAE in the
quasar vicinity and its implications in this section. Fi-
nally, we summarize our findings and discuss future im-

plications in §4.

2. OBSERVATIONS AND DATA ANALYSIS

J0910–0414, a luminous quasar discovered by (Wang

et al. 2019) with a [C II]-based redshift of z = 6.6363±
0.0003 (Wang et al. 2023b). J0910–0414 hosts a SMBH
with a virial mass of (3.59±0.61)×109 M� (Yang et al.
2021). The black hole in J0910–0414 is among the most
massive SMBHs known at z > 6.5 and therefore is an
ideal candidate for tracing the most biased dark matter
halos and galaxy overdensities. In addition, the red-
shifted Lyα line of galaxies at the quasar redshift is well
placed in a narrow band filter, NB926, on Subaru/HSC,
which makes J0910–0414 a good target to search for an
overdensity of LAEs with narrow-band imaging. This
motivated us to investigate whether J0910–0414 traces
an overdensity of galaxies with multi-wavelength fol-

lowup observations.

2.1. Subaru/HSC observation and LAE selection

The Subaru/HSC observations were obtained from
2019 November to 2020 January. We observed this
quasar field with i2, z and NB926 filters and the on-
source exposure times are 150 minutes, 240 minutes,
and 313 minutes, respectively. The data were processed
with hscPipe 6.7, a customization of the LSST Sci-
ence Pipelines (Jurić et al. 2017; Bosch et al. 2018).
The pipeline first processes and calibrates the individual
CCDs and then combines them into stacked mosaics for
each filter. The photometric and astrometric calibra-
tions were performed based on the Pan-STARRS1 DR1
dataset (Chambers et al. 2016). The seeing of stacked
images were estimated to be 0.79′′, 0.74′′, and 0.56′′ for
i2, z and NB926, respectively. The 5σ limiting mag-
nitudes measured within 1.5′′ diameter apertures were
measured to be 27.31, 26.27, and 25.71 AB magnitudes

for i2, z and NB926, respectively. The hscPipe pipeline
performs a range of photometric measurements. In this
work, we used the forced catalog following previous

works (Becker et al. 2018; Shibuya et al. 2018). The
forced catalog contains the intrinsic astrometric param-
eters of a source that are determined from the band in

which it is detected with the highest significance. These
parameters are then held fixed for other bands. For
the photometric information, it contains CModel mag-
nitude, aperture magnitude and a number of pipeline

flags. The CModel magnitude is a weighted combina-
tion of exponential and de Vaucouleurs fits to the light
profiles of each object. The detailed algorithm of the

CModel photometry is presented in Bosch et al. (2018).
Except where noted below, we adopt CModel magni-
tudes for the color and total magnitude measurements.

Subaru/HSC covers a circular field-of-view (FoV) with
a radius of 45′ and our designed dither pattern gives a
relative uniform depth within r . 40′ from the cen-
tral quasar position. Therefore, the Lyα emitter (LAE)
within 40′ of the quasar position will have a uniform se-
lection. Similar with Shibuya et al. (2018), we impose
the following selection criteria to select LAEs:

SNR(NB926) ≥ 5 (1)

z −NB926 ≥ 1.0 (2)

SNR(i) < 3 (3)

The signal-to-noise ratio (SNR) is measured in a
1.5′′ diameter aperture while the color was mea-
sured using the CModel magnitude following previous
works (e.g., Shibuya et al. 2018). We also required
[i2,z,NB926] flag edge, [i2,z,NB926] flag bad,
[i2,z,NB926] flag intercenter,
[i2,z,NB926] flag saturcenter, and
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Figure 1. a, Large scale overdensity of LAEs around quasar J0910–0414. The background image is HSC z-band image. The
red dot denotes the position of the quasar. The blue dots represent LAE candidates identified from deep Subaru imaging, the
green dots represent spectroscopically confirmed LAEs at z > 6.5, and the orange point represents a spectroscopically confirmed
low-z galaxy. The overdensity of LAEs within the yellow box (14×30 arcmin2, or ∼ 35 × 74 cMpc2) is δ = 4.3+1.1

−0.9. The colored
contours are overdensity isolines of LAEs which were estimated using a quartic kernel and a grid size of 1 arcmin. The blue,
light blue, pink, and red lines denote overdensity δ = 3, 4, 5, and 6, respectively. The black dashed and solid lines represent
r = 50 cMpc (at z = 6.63) and r = 40′ (∼ 99 cMpc at z = 6.63), respectively. The average LAE surface density was estimated
using galaxies located between these two lines. b, Small scale overdensity of [C II] emitting galaxies identified from ALMA
observations. c, The zoom-in [C II] flux integrated map of the quasar host galaxy and a satellite galaxy (C) with [C II] emission.

[i2,z,NB926] flag crcenter to be False to reject
most of the artifacts and/or low-z contaminants intro-
duced by inaccurate photometry. As a usual step on
selecting LAEs, all sources satisfying these criteria were
then visually inspected in the stacked images to further
reject moving objects, satellite trails, uncorrected hot

pixels, and other artifacts. In total, 87 LAE candidates
pass our selection. The spatial distribution of these
LAEs is shown in Figure 1. For visualization purpose,
we estimate the overdensity contours of LAEs using a
quartic kernel and a 1′ grid size which are also shown
in Figure 1. Many of these LAEs are distributed within
the central ∼ 14× 30 arcmin2, or ∼ 35× 74 cMpc2 and
clustered around the central luminous quasar, indicat-
ing that the quasar resides in a significant overdense
structure.

2.2. Optical spectroscopy

To confirm the imaging selected LAE candidates
and understand the contamination rate of our se-
lection, we performed optical spectroscopic observa-
tions for a subset of the LAEs with Magellan/IMACS
and Keck/DEIMOS. The Magellan/IMACS observa-
tions were carried out on March 2021. We used the
IMACS f/2 camera with 300-line red-blazed grism and
designed a dedicated multi-slit mask (slit mask ID is
4129 in the Magellan/IMACS mask database) for the
observation. With a single mask, we observed 10 LAE
candidates, some dropout-selected galaxies, bright align-
ment stars and flux-calibration stars. All slits on the

mask have a 1′′ slit width. The sky was clear with a
seeing of ∼ 0.8′′−1.0′′ on the first night (2021 March 5)
and ∼ 0.6′′− 0.7′′ on the second night (2021 March 10).
We obtained 11×1200s exposures on the first night and
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Figure 2. Left: The [C II] spectra (after continuum subtraction in the uv plane) of [C II] emitters. Their redshifts are
z = 6.6266 ± 0.0001, 6.6272 ± 0.0001, and 6.6379 ± 0.0001 for SMG-A, SMG-B, and SMG-C, respectively. Middle and right:
The optical spectra of spectroscopically confirmed LAEs. The identifications of these LAEs are labeled as Arabic numerals in
Figure 1. These galaxies have redshifts of z = 6.54−6.64. Detailed information of the galaxies are listed in Table 1. The spectra
for LAE-05 and LAE-08 are from IMACS observations and the the remaining spectra are from DEIMOS observations.

6×1200s exposures on the second night. Following the
standard procedures, we reduced IMACS data with the

COSMOS2 pipeline (Oemler et al. 2017). From these ob-
servations, we spectroscopically confirmed six LAEs at
z ∼ 6.6 and one low-redshift [O III] emitter at z ∼ 0.85.
One object falls into a bad slit and the other two galaxies

are undetected by the IMACS observations.
To obtain high quality spectra for IMACS confirmed

LAEs and confirm more LAEs in the field, we also ob-

served this field with Keck/DEIMOS. We designed three
multi-slit masks with 1′′ slit width and used the 830G
grating for the DEIMOS observations. We observed one

mask on 2022 February 25 and two masks on 2022 Febru-
ary 26. We placed 8 LAE candidates on mask1, 4 LAE
candidates on mask2, and 6 LAE candidates on mask3.
We also added some dropout-selected galaxies and align-
ment stars as filler targets on these masks. The sky was
clear on both nights and the seeing varied from 0.6′′ to
1.2′′ with a short period of ∼ 1.5′′ seeing on the second
night. We spent 6-hours of time on-source for mask1
and 3-hours each on the other two masks.

The DEIMOS data were reduced with the PypeIt
pipeline (Prochaska et al. 2019, 2020) following the stan-

dard steps, including overscan subtraction, flat fielding,
wavelength calibration, optimal extraction, flux calibra-
tion and telluric correction. Seven of the eight LAEs on
mask1 were confirmed to be z ∼ 6.6 LAEs, with three

of them previously confirmed with IMACS. The other
LAE candidate was undetected because of its faintness
(NB926=25.8 magnitude). Masks mask2 and mask3

were observed for only 3-hours and only three (one of
them was previously confirmed with IMACS) of the ten
LAE candidates were confirmed to be z ∼ 6.6 LAEs.

One LAE candidate is too close to the slit edge. The
rest of the LAE candidates on mask2 and mask3 are
either undetected or show very faint emissions and can-

not be either confirmed or ruled out as z ∼ 6.6 LAEs.
Future deeper spectroscopic observations are needed to
confirm the nature of these LAE candidates.

In total, the IMACS and DEIMOS observations con-
vincingly confirmed 12 bright LAEs at z ∼ 6.6 and only
one low-z interloper at z = 0.85. We can only measure
redshift for ∼60% of the LAE candidates but of these
92% are indeed at the intended redshift z ∼ 6.6 suggest-
ing that the narrow-band selection has low interloper
contamination. These bright LAEs have Lyα luminosi-
ties of LLyα ' (0.6 − 3.6) × 1043 erg s−1. The detailed
properties of these spectroscopically confirmed z ∼ 6.6
LAEs are listed in Table 1 and the spectra of these LAEs
are shown in Figure 2.

2.3. ALMA observation and [C II] emitters

To identify obscured galaxies in the quasar field, we
also observed the quasar J0910–0414 with Atacama
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Table 1. Spectroscopically confirmed high-redshift galaxies in the protocluster.

ID Name Redshift Mask ID NB926 za i LLyα L[CII]

mag mag mag 1043erg s−1 108 L�

LAE-01 J091051.899−041703.94 6.541 mask1,4129 24.36±0.05 25.46±0.10 >27.81 3.57±0.87 –

LAE-02 J091039.434−042258.45 6.563 mask1 25.29±0.08 >27.19 >27.73 1.34±0.09 –

LAE-03 J091043.771−040755.72 6.572 mask2 25.28±0.07 26.91±0.30 >27.81 1.21±0.13 –

LAE-04 J091042.675−042828.98 6.589 mask3 25.06±0.09 >27.17 >27.73 0.76±0.16 –

LAE-05 J091135.005−041744.02 6.597 4129 23.94±0.05 25.70±0.20 >27.80 2.71±0.36 –

LAE-06 J091022.398−040522.91 6.602 mask2,4129 24.54±0.07 26.24±0.27 >27.64 1.20±0.08 –

LAE-07 J091101.294−041522.55 6.625 mask1,4129 24.12±0.04 26.60±0.26 >27.79 2.25±0.12 –

LAE-08 J091122.389−035809.51 6.626 4129 24.71±0.10 25.74±0.17 >27.75 0.78±0.12 –

LAE-09 J091042.883−041734.68 6.626 mask1 26.00±0.15 >27.17 >27.82 1.24±0.10 –

LAE-10 J091046.177−041747.74 6.634 mask1 26.08±0.16 >27.24 >27.86 0.65±0.10 –

LAE-11 J091054.343−041452.80 6.641 mask1,4129 24.66±0.06 26.98±0.34 >27.83 1.86±0.30 –

LAE-12b J091053.671−041322.62 6.641 mask1,4129 24.97±0.10 >27.19 >27.82 0.42±0.11 –

SMG-A J091054.544−041355.52 6.6266 – – – – – 12.82±0.43

SMG-B J091053.598−041409.11 6.6272 – – – – – 42.43±0.73

SMG-C J091054.552−041406.99 6.6379 – – – – – 1.76±0.16

aWe adopt 3-σ magnitude limits for undetected sources.

bThe Lyα line of LAE-12 was only detected from the DEIMOS data, limited by the depth of the IMACS observation.

Large Millimeter/submillimeter Array (ALMA) C-3 in

band 6 (Project: 2018.1.01188.S, PI: F. Wang). The on-
source exposure time was 19 minutes. We identified two
[C II] emitting galaxies (SMG-A and SMG-B) from the

single-pointing ALMA observation, indicating that we
are seeing a significant small-scale overdensity of galax-
ies around this quasar. We then followed up this quasar

field with ALMA/C-6 (Project: 2019.1.01216.S, PI: J.
Yang) to reach a higher resolution and better sensitiv-
ity. The high resolution observations were obtained from
2021 May to 2021 June with a total on-source time of
383 minutes and revealed a third [C II] emitting galaxy
(SMG-C) interacting with the quasar itself.

The ALMA data were reduced with the standard CASA

package (McMullin et al. 2007). In this letter, we focus
on the identification of three [C II] emitting galaxies,
while the detailed ALMA data reduction and the char-
acterization of the quasar host galaxy will be presented
in a separate work (Yang J. et al., in prep). The two
bright [C II] emitting galaxies (SMG-A and SMG-B) are
clearly seen in the moment zero map in panel c of Fig-

ure 1 and the third galaxy is merging with the quasar
itself and can be seen in the the zoom-in plot in Fig-
ure 1. The [C II] spectra of galaxy SMG-A and SMG-
B were extracted from the deep C-6 data cube with a
1.0′′ diameter aperture centered at (09h10m54.544s, –
04d13m55.515s) and (09h10m53.598s, –04d14m09.107s),

respectively. To avoid contamination from the flux of

the quasar, we extracted the spectra for the SMG-C
with a smaller aperture (0.3′′ diameter aperture ) cen-
tered at (09h10m54.552s, –04d14m06.994s). The [C II]

spectra of all these galaxies are also shown in Figure 2
and the apertures used for spectral extraction are high-
lighted with yellow circles in panel b and c of Figure 1.
The [C II] luminosities of SMG-A, SMG-B, and SMG-C

are in the range of (1.8 − 42.5) × 108 L�. It is inter-
esting to note that all three [C II] emitters are not de-
tected in Subaru narrow-band imaging and z-band imag-

ing, which indicates that these [C II] emitters are likely
dustier than the narrow-band selected LAEs.

3. RESULTS

3.1. Overdensity of galaxies

To measure the significance of the overdensity of LAEs
in the protocluster, we measure the density of LAEs in
two regions. First, we measure the LAE density in the
outskirts of the Subaru HSC field. As shown in Figure
1, the LAEs are clustered within the central ∼ 14 × 30
arcmin2 or ∼ 35× 74 cMpc2 region. We choose to only

use the region with r > 50 cMpc (i.e., radius bigger
than the largest protocluster known in the EoR; Jiang
et al. 2018) from the central quasar as a comparison field
to measure the ‘background’ LAE density. Second, we
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measure the LAE density within the central ∼ 14 × 30
arcmin2 region where the LAEs are clustered.

In Figure 3 we plot the surface density of LAEs as
a function of their narrow band brightness. As shown
in Figure 3, the ‘background’ LAE densities (red open
circles) in our HSC field are very similar to that mea-
sured from other z ∼ 6.6 LAE surveys (Ouchi et al.
2010; Shibuya et al. 2018; Ono et al. 2021), except at
the very faint end close to the survey depth limit. The
surface density of LAEs in the central ∼ 14×30 arcmin2

region, however, is clearly higher than that estimated
from both the outskirts of the HSC field and other stud-
ies in all magnitude bins. On average, the density in the
central region (24 LAEs within 420 arcmin2) is 4.3+1.1

−0.9

(δ = n
n̄ − 1 = 3.3+1.1

−0.9) times higher than that derived
from the outskirts (50 LAEs within 3740 arcmin2) of the
field. In particular, the overdensity of LAEs within the
central . 2cMpc is δ > 30, making J0910–0414 among
the most extreme (in terms of both extent and overden-

sity) overdensities of LAEs known in the early Universe
(e.g., Jiang et al. 2018).

To characterize the overdensity and the extent of the

protocluster in detail, we also measure the cumulative
overdensity profile of both LAEs and [C II] emitters in
this field. We measure the overdensity profile in a set
of cylindrical volumes with logarithmically spaced ra-

dial bins and a velocity bin of ∆v = ±1000 km s−1

(Meyer et al. 2022) and ∆v = ±2250 km s−1 (the width
of NB926 filter) for [C II] emitters and LAEs, respec-

tively. The background number of [C II] emitters is es-
timated from the [C II] cumulative number density with
L[CII] > 108.2 L� (5σ limit of our ALMA observation
with an assumption of line width of FWHM=200 km

s−1; Popping et al. 2019; Uzgil et al. 2021) while the
background number of LAEs is directly measured from
the outskirts (r > 50 cMpc ) of our HSC observations.

The overdensity profiles of [C II] emitters and LAEs are
shown as orange squares and red dots in Figure 3, re-
spectively. In this figure, we also show the overdensity
profiles of three quasar fields with known [C II] overden-
sities measured using both [C II] emitters and LAEs by
Meyer et al. (2022) 1.

To quantitatively characterize the overdensity profile

in this protocluter, we further compare it with the over-
density profiles expected from protoclusters and quasar-
galaxy cross-correlation functions in Figure 3. Shen
et al. (2007) measured a correlation length of rQQ

0 =

1 The [C II] density estimated from the [C II] luminosity function
(Popping et al. 2019) is underestimated by a factor of two in
Figure 10 of Meyer et al. (2022). We corrected this factor in
Figure 3.

24.3 h−1 Mpc for a fixed slope of γ = 2.0 using a sam-
ple of ∼ 1500 quasars at z > 3.5, which indicates that
high redshift quasars are among the most highly clus-
tered population in the Universe. Garćıa-Vergara et al.
(2019) re-fit the measurements in Shen et al. (2007)
by fixing γ = 1.8 and derive rQQ

0 = 22.3 h−1 Mpc.
Ouchi et al. (2018) measured a correlation length of
rGG
0 = 2.66 h−1 Mpc (for a fixed slope of γ = 1.8)

for z ∼ 6.6 LAEs. This yields an expected quasar-

LAE cross-correlation length of rQG
0 =

√
rQQ
0 , rGG

0 =

7.7 h−1 Mpc (γ = 1.8). The cumulative overdensity
profile measured from the rQG

0 and γ for quasar-LAE is
plotted as a black dotted line in Figure 3. Since there is
no existing measurement of the auto-correlation length
for [C II] emitters, we show the overdensity profile (ma-
genta dashed line) measured from quasar-CO emitters
with rQG

0 = 8.37 h−1 Mpc and γ = 1.8 (Garćıa-Vergara
et al. 2022) as a comparison. Furthermore, we also show
the LAE overdensity profile (blue dot-dashed line) in

protocluster fields at intermediate redshifts that is mea-
sured from a sample of high-z radio galaxies (HzRg) and
Lyα blobs (LAB) by Hennawi et al. (2015) — we used

γ = 1.8 and rQG
0 = 20 h−1 Mpc to be consistent with γ

of other profiles shown in Figure 3. It is clear that the
overdensity in the J0910–0414 field is much higher than

that expected from the quasar–galaxy cross-correlation
function and the overdensity even exceeds the average
protocluster by a factor of seven for R . 2 cMpc, de-
creasing to an excess of ∼ 3 on scales of R ' 5 cMpc,

and exhibits a steeper profile. This indicates that the
protocluster traced by quasar J0910–0414 is among the
most overdense structures known in the early Universe.

3.2. The mass of the protocluster

To estimate the total present-day mass of this proto-
cluster, we follow the widely used formula by assuming
that this structure will collapse into a cluster at z = 0
(e.g., Chiang et al. 2013): Mz=0 = (1 + δm)ρ̄V , where
ρ̄ = 3.88× 1010M� cMpc−3 is the mean matter density
of the Universe, V is the volume of the protocluster,
and δm is the mass overdensity. We estimate the vol-
ume of the protocluster using the yellow box (∼ 14× 30
arcmin2 or ∼ 35 × 74 cMpc2) shown in Figure 1 and a
line-of-sight depth of 36.9 cMpc which is derived from

the redshift difference of the highest-z LAE and lowest-
z LAE in the spectroscopic sample. We note that the
volume is conservative because the boundary does not
cover the whole structure and the line-of-sight depth is
a lower limit since the sensitivity of NB926 filter drops
dramatically for detecting LAEs at z & 6.65. The ob-
served galaxy overdensity within this region is 3.3+1.1

−0.9

and the bias parameter for z ∼ 6.6 LAEs is measured to
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Figure 3. Left, Surface density of LAE candidates as a function of narrow band magnitude. The density of LAE in the central
∼ 14×30 arcmin2 region (solid red points) is 4.3+1.1

−0.9 times higher than that measured in the outskirt (r > 50 cMpc) of our HSC
field and that measured in other LAE surveys (Ouchi et al. 2010; Shibuya et al. 2018; Ono et al. 2021). Right, Cumulative
overdensity profile of galaxies in quasar fields. The orange squares and red dots denote the overdensity profiles measured in
J0910–0414 field for [C II] emitters and LAEs, respectively. The black open squares and open circles denote the overdensity
profiles of [C II] emitters and LAEs measured from three quasar fields with [C II] companion galaxies. The black dotted line
represents the expected overdensity profile of LAEs in quasar fields (Shen et al. 2007; Ouchi et al. 2018; Garćıa-Vergara et al.
2019). The magenta dashed line denotes the exptected overdensity profile of CO emitters in quasar fields (Garćıa-Vergara et al.
2022). The blue dot-dashed line shows the expected overdensity profile of LAEs in average protocluster fields (Hennawi et al.
2015).

be b = 4.54± 0.63 (Ouchi et al. 2018). We thus can de-
termine δm through 1 + bδm = C(1 + δ), where C is the

correction factor for the redshift space distortion. Ex-
trapolating the Chiang et al. (2013) formula to z ∼ 6.6
and higher masses, we derive C = 0.84, δm = 0.57 and
the present-day mass Mz=0 = 6.9+1.2

−1.4 × 1015 M� for

δ = 3.3+1.1
−0.9 at z = 6.63, . This would make J0910–0414

the most massive protocluster known at z > 6 (e.g.,
Jiang et al. 2018; Hu et al. 2021) and at z = 0 it would

be three times more massive than the nearby Coma clus-
ter (Merritt 1987).

3.3. Comparison with other galaxy overdensities traced
by z ∼ 6 quasars

J0100+2802, the most luminous quasar known at
z > 6, has been found to be associated with a galaxy
overdensity with ∼ 20 [O III] emitters in its vicinity
(Kashino et al. 2022). However, these [O III] emitters
are much fainter than the galaxies identified in J0910–
0414 field and we could not compare the two structures

directly. Similarly, J0305–3150 resides in a structure
with overdensities of both [O III] emitters (Wang et al.
2023a) and LBGs (Champagne et al. 2023). Never-
theless, the narrow-band imaging observation of J0305–
3150 indicates that no bright candidate LAEs presents
in the vicinity of J0305–3150, and the surface density
of LAEs on large scales appears to be underdense com-
pared to control fields (Ota et al. 2018), making it a dif-

ferent kind of structure from J0910–0414. J0836+0054,
a radio-loud quasar at a slightly lower redshift (z ∼ 5.8),
resides in a rich structure with overdensity of bright

LAEs (Overzier 2022). In particular, the three z ∼ 5.8
LAEs confirmed in J0836+0054 field have similar Lyα
luminosities (Bosman et al. 2020) to the LAEs found in

J0910–0414 field. In addition, the LAE overdensity in
the central R . 3 cMpc regions of both fields are com-
parable (Overzier 2022). This indicates that the two
structures around J0836+0054 and J0910–0414 could be

similar despite the lack of dusty galaxy observations in
J0836+0054 field. J1030+0524, a well studied quasar
at z = 6.3, has been found residing in a structure with

overdensities of both LBGs and LAEs at various scales
(Mignoli et al. 2020). Interestingly, most spectroscopi-
cally confirmed galaxies in J1030+0524 field are much
fainter than the LAEs found in this work, indicating
that the galaxy populations in these two structures could
be different. Finally, J1526–2050, a luminous quasar at
z ∼ 6.6, has been studied with both ALMA and MUSE
observations. These observations indicates that J1526–
2050 traces an Mpc-scale structure with both [C II] emit-
ters and LAEs in the quasar vicinity, making it a struc-

ture potentially similar to the structure around J0910–
0414. However, the wide-field imaging and spectroscopic
observations in the J1526–2050 field are lacking and the
extend of this structure is still unclear. In summary,
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the structures traced by distant quasars exhibit signifi-
cant diversity, and the current non-uniform observations
make it challenging to directly compare their physical
properties and evolutionary phases. Therefore, conduct-
ing systematic investigations of the Mpc-scale environ-
ment of distant quasars in a more consistent manner
would be valuable for understanding the connection be-
tween quasars and their Mpc-scale surroundings, as well
as the evolutionary phases of these large-scale struc-
tures.

3.4. A double peaked LAE in the quasar vicinity

Although the proximity zone size of the central quasar
cannot be determined from the optical spectra because
of the appearance of strong N V broad absorption line
on top of the quasar Lyα line (Yang et al. 2021). Never-
theless, the typical proximity zone size of quasars with
similar luminosity and redshift is ∼5 pMpc (Eilers et al.

2020). In Figure 4, we show the zoom-in spectra of the
LAE-11, the nearest companion LAE at ∼ 0.3 pMpc
from the quasar, and the relative position of the LAE-

11 to the quasar. The line-of-sight proper distance and
the perpendicular separation along the plane of sky be-
tween the quasar and the LAE-11 are D‖ = 0.18 pMpc,
and D⊥ = 0.25 pMpc, respectively. Interestingly, LAE-

11, at a slightly higher redshift than the quasar, shows
a widely separated double peak Lyα line as shown in
Figure 4. The peak separation of the Lyα line is mea-

sured to be 320±22 km s−1 which implies a low ionizing
photon escape fraction of ∼ 7% by using the empirical
fitting formula of Izotov et al. (2018). Since the blue

peak of the Lyα line is only visible in a highly ionized
environment, the presence of a double-peaked Lyα line
in LAE-11 provides a direct evidence that the quasar
has ionized the gas in the intergalactic medium (IGM)

around LAE-11 (e.g., Bosman et al. 2020). This indi-
cates that the quasar proximity zone size is > 0.3 pMpc.
Additionally, we can constrain the quasar UV lifetime
using galaxies in the proximity zones of quasars (e.g.,
Bosman et al. 2020) because the observed radiation field
at a certain point in space is sensitive to the quasar ra-
diation emitted at an earlier time with a time delay of

∆t =
(D2
‖ +D2

⊥)1/2 −D‖
c

(4)

, where c is the speed of light (Bosman et al. 2020).
Using Equation (4), we estimate the time delay to be
∆t = 1.6 × 106 yr. Nevertheless, the redshift dif-
ference between the LAE-11 and the quasar is small
(∆z = 0.005 or v = 185 km s−1), we cannot distinguish
the line-of-sight separation from the peculiar velocity of

the galaxy around the quasar. In addition, the Lyα of
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Figure 4. A double peaked LAE identified in the
highly ionized quasar vicinity. The red asterisk indi-
cates the position of the quasar while the black circle high-
light the relative position of the LAE-11 to the quasar. The
black line shows the spectrum of the LAE and the gray line
denotes the error vector. LAE-11 shows a widely separated
double-peaked Lyα line. The detection of the blue peak of
the double peaked Lyα line in this galaxy indicates that the
strong quasar radiation has ionized its vicinity.

high-redshift galaxies is usually redshifted (e.g., Stark
et al. 2017), which could make the line-of-sight velocity

separation between the quasar and LAE-11 more uncer-
tain. Taking these into account, we estimate the lower
limit of quasar UV lifetime using tq >

D⊥
c = 8.1 × 105

yr. Future deeper spectroscopic observations of more
galaxies around the quasar or at slightly higher redshifts
than the quasar will allow us to study the ionizing prop-

erty and the structure of quasar proximity zone (e.g.,
Schmidt et al. 2019).

4. SUMMARY

In this letter, we report the discovery of a protocluster
anchored by a luminous quasar J0910–0414 at z = 6.63
from wide-field Subaru/HSC imaging, Keck/DEIMOS
and Magellan/IMACS optical spectroscopic, and deep

ALMA observations. The identification of this proto-
cluster is secured by the discovery of a significant over-
density of both [C II] emitters and LAEs in the field.
The existence of three [C II] emitters within just one
ALMA pointing indicates that the density of [C II] emit-
ters in J0910–0414 field is three orders of magnitude
times higher than that expected from blank field. The
density of LAEs within the central ∼ 14 × 30 arcmin2

(or ∼ 35×74 cMpc2) region is 4.3+1.1
−0.9 times higher than

that found in the outskirts of Subaru/HSC imaging, and
the overdensity of LAEs increases to δ > 30 within the
central two Megaparsecs. We measured the cumulative
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overdensity profile of galaxies in J0910–0414 field, which
is much higher than that expected from the quasar–
galaxy cross-correlation function from kpc-scale up to
∼ 50 Mpc-scale. The overdensity of LAEs even exceeds
the average overdensity of protoclusters at z ∼ 2 by a
factor of ∼ 7 for R . 2 cMpc decreasing to an excess
of ∼ 3 on scales of R ' 5 cMpc. In addition, we esti-
mated the present-day mass of this protocluster to be
Mz=0 = 6.9+1.2

−1.4 × 1015 M�, three times more massive
than the nearby Coma cluster, making J0910–0414 the
most massive protocluster known at z & 6.

Our deep optical spectroscopy indicated a high purity
of narrow-band selected LAE candidates and success-
fully confirmed 12 LAEs at 6.54 < z ≤ 6.64 with only
one low-z interloper at z = 0.85. Remarkably, we dis-
cover a double-peaked LAE in the vicinity of the central
quasar. The presence of the blue peak Lyα line in this
galaxy implies that the quasar vicinity is highly ionized
by the quasar radiation and the quasar UV lifetime is

larger than 0.8 Myr.
This work demonstrates that it is efficient to identify

galaxy overdensities by targeting quasar fields with both
ALMA and narrow-band observations. Future ALMA

mosaic observations, wide-field narrow band imaging,
and JWST observations of quasars in the EoR will allow
us to not only identify galaxy overdensities in the EoR

but also study the environmental dependence of galaxy
evolution.
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Jurić, M., Kantor, J., Lim, K. T., et al. 2017, in

Astronomical Society of the Pacific Conference Series,

Vol. 512, Astronomical Data Analysis Software and

Systems XXV, ed. N. P. F. Lorente, K. Shortridge, &

R. Wayth, 279. https://arxiv.org/abs/1512.07914

Kashino, D., Lilly, S. J., Matthee, J., et al. 2022, arXiv

e-prints, arXiv:2211.08254.

https://arxiv.org/abs/2211.08254

Kim, S., Stiavelli, M., Trenti, M., et al. 2009, ApJ, 695,

809, doi: 10.1088/0004-637X/695/2/809

Latif, M. A., Whalen, D. J., Khochfar, S., Herrington,

N. P., & Woods, T. E. 2022, Nature, 607, 48,

doi: 10.1038/s41586-022-04813-y

McGreer, I. D., Eftekharzadeh, S., Myers, A. D., & Fan, X.

2016, AJ, 151, 61, doi: 10.3847/0004-6256/151/3/61

McMullin, J. P., Waters, B., Schiebel, D., Young, W., &

Golap, K. 2007, in Astronomical Society of the Pacific

Conference Series, Vol. 376, Astronomical Data Analysis

Software and Systems XVI, ed. R. A. Shaw, F. Hill, &

D. J. Bell, 127

Merritt, D. 1987, ApJ, 313, 121, doi: 10.1086/164953

Meyer, R. A., Decarli, R., Walter, F., et al. 2022, ApJ, 927,

141, doi: 10.3847/1538-4357/ac4f67

Mignoli, M., Gilli, R., Decarli, R., et al. 2020, A&A, 642,

L1, doi: 10.1051/0004-6361/202039045

Morselli, L., Mignoli, M., Gilli, R., et al. 2014, A&A, 568,

A1, doi: 10.1051/0004-6361/201423853
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