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Fig. 5. Examples of the protocluster candidates. The points indicate
g-dropout galaxies. Individual protocluster candidates exhibit unique
shapes, and some are accompanied by several other overdense regions
(e.g., bottom-left and top-right panels).

The individual overdense regions show a wide range of
morphologies (figure 5). The morphology of these over-
dense regions will eventually provide clues to understanding
galaxy/halo assembly from the large-scale structure of the
universe, but this is beyond the scope of this paper. Some
overdense regions have neighboring overdense regions
within a few arcminutes (figure 5). Although, as mentioned
above, 0.75 physical Mpc (1.′8) is the typical extent of pro-
toclusters, protocluster galaxies can be located a few or
more physical Mpc away from their center depending on
the direction of the filamentary structure (e.g., Muldrew
et al. 2015). It is unlikely that two overdense regions are
located within a few arcminutes just by chance, because the
mean separation is ∼ 40′ based on the surface number den-
sity of overdense regions. Toshikawa et al. (2016) quanti-
tatively investigated how far protocluster members are typ-
ically spread from the center and found that galaxies lying
within the volume of Rsky < 8′(6′) and Rz < 0.013(0.010)
at z ∼ 3.8 will be members of the same protocluster with
a probability of > 50%(80%). Overdense regions which
are located near each other are expected to merge into
a single structure by z = 0. In this study, if > 4 σ over-
dense regions are located within 8′ from another more
overdense region, they can be regarded as substructures of
that protocluster, though the spectroscopic follow-up will
be required to distinguish them from a chance alignment.
Thirty-seven regions out of the 216 having > 4 σ overden-
sity have more overdense regions in the neighborhood. The
fraction of neighboring overdense regions is significantly
higher than that expected by uniform random distribu-
tion (N = 10.6 ± 3.2), implying that the large fraction of

neighboring overdense regions is physically associated with
each other, rather than a chance alignment. As a result, we
have found 216 protocluster candidates at z ∼ 3.8, and 179
out of them would trace the unique progenitors of galaxy
clusters in the Wide layer, which is about ten times larger
than any previous study of protoclusters (N ∼ 10–20 at
z ! 3). Toshikawa et al. (2016) indicate that three proto-
cluster candidates out of four identified by the same method
are confirmed to be real protoclusters by spectroscopic
follow-up observations, which is consistent with the model
prediction.

3 Angular clustering
Based on the systematic sample produced by the HSC-SSP,
we investigate the spatial distribution of protocluster can-
didates at z ∼ 3.8 through the angular correlation function,
ω(θ ). In order to include any small-scale structure in the cor-
relation function, in this analysis we use all > 4 σ overdense
regions instead of only unique protocluster candidates. We
measure the observed ω(θ ) using the estimator presented in
Landy and Szalay (1993):

ωobs(θ ) = DD(θ ) − 2DR(θ ) + RR(θ )
RR(θ )

, (2)

where DD, DR, and RR are the numbers of unique
data–data, data–random, and random–random pairs with
angular separation between θ − $θ/2 and θ + $θ/2,
respectively. As shown in figure 5, the overdense regions
are generally found to have 3′–6′ extents within ! 2 σ

regions and show various, complex shapes. The coordinates
of overdense regions are simply defined as the position of
their overdensity peak. The locations of surface overdensity
peaks can be affected by projection effects, but the typical
uncertainty is expected to be only 0.′5 (∼ 2′ at worst) by
using theoretical models (Toshikawa et al. 2016). We dis-
tribute 40000 random points in the same geometry as pro-
tocluster candidates. The uncertainty of ωobs(θ ) is estimated
using the bootstrap method as follows: We randomly select
our protocluster candidates, allowing for redundancy, and
calculate ωobs(θ ). This calculation is repeated a hundred
times, and the uncertainty of each angular bin is deter-
mined by the root mean square of all of the bootstrap steps.
Figure 6 shows the angular correlation function for all > 4 σ

overdense regions at z ∼ 3.8 in the Wide layer.
The angular correlation function can be parametrized

by a power law: ω(θ ) = Aωθ − β . The slope, β, is found
to be ∼ 1.0, which does not strongly depend on redshift
and mass of clusters at z " 2 (e.g., Bahcall et al. 2003;
Papovich 2008). We use a least-squares technique to fit
a power-law function to the angular correlation function.
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map, suggest that the northern LABOCA structure also lies at z = 4.3 
(see Methods). The sources detected in the ALMA 870-µm imaging 
therefore comprise just 50% of the total flux density of the southern 
LABOCA source, and 36% of the total LABOCA flux density, suggest-
ing that the roughly 500-kpc extent of the protocluster contains a total 
star-formation rate of 16,500 M⊙ yr−1. Modelling the spectral energy 
distribution on the basis of this combined submillimetre photometry 
yields an infrared luminosity (at wavelengths from 8 µm to 1,100 µm) 
of (8.0 ± 1.0) × 1013 times the Solar luminosity (L⊙). The gas masses of 
the 14 protocluster galaxies—estimated from the CO(4–3) line, or from 
the [C ii] line if undetected in CO(4–3) (see Methods)—range from 

1 × 1010M⊙ to 1 × 1011M⊙, with a total gas mass of roughly 6 × 1011 
(XCO/0.8)M⊙ (where XCO is the conversion factor from CO(1–0) lumi-
nosity to total gas mass). A follow-up survey of colder molecular gas in 
the CO(2–1) line with the Australia Telescope Compact Array (ATCA, 
a radio telescope) detects the bulk of this large gas repository, especially 
in the central region near sources B, C and G, and confirms that the 
assumed line-intensity ratio, CO(4–3) to CO(1–0), used in the Methods 
when calculating the total gas mass, is consistent with the average meas-
urements from ATCA.

The detected ALMA sources also enable an initial estimate of the 
mass of the protocluster. We determine the mean redshift using the 
biweight estimator18 to be 〈 〉 = . − .

+ .z 4 3040bi 0 0019
0 0020 . The velocity dispersion 

of the galaxy distribution is σ = −
+408bi 56
82  km s−1 according to the 

biweight method18, which is the standard approach for galaxy samples 
of this size. Other common methods (gapper18 and Gaussian fit) agree 
to within 3% and provide similar errors. Under the assumption  
that SPT2349-56 is approximately virialized, the mass-dispersion  
relation for galaxy clusters19 indicates a dynamical mass of 
Mdyn = (1.16 ± 0.70) × 1013M⊙, which is an upper limit if the system has 
not yet virialized. Given the possible selection effect of requiring a bright 
source (with S1.4mm values of more than 15 mJy) within the 1′ SPT beam 
for detection, we also further consider the possibility that our structure may 
represent an end-on filament being projected into a compact but unbound 
configuration, rather than a single gravitationally bound halo. Our analysis 
in the Methods suggests that this is not as likely as a relatively bound system 
in a massive halo, given the velocity dispersion measured as a function of 
position, and other supporting arguments. However, we cannot rule this 
possibility out completely, and further analysis and observations of the 
larger angular scale of the structure will be required to more fully under-
stand the nature of this system.
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Fig. 1 | The SPT2349-56 field and spectra of the constituent galaxies.  
a, LABOCA 870-µm contours of SPT2349-56, overlaid on the IRAC  
3.6-µm image; the 26″ beam at 870 µm is shown in white. Contours 
represent signal-to-noise rations of 3,7 and 9, moving inwards. The  
small red circles show the locations of the 14 protocluster sources.  
b, ALMA band-7 imaging (276 GHz, 1.1 mm), showing the 14 confirmed 
protocluster sources, labelled A to N. Black and blue contours denote 75% 
(outer contour) and 90% (inner contour) of the peak flux for each source, 
based on the CO(4–3) and [C ii] lines, respectively. The dashed black line 

shows where the primary beam is at 50% of its maximum. The filled blue 
ellipse shows the 0.4″ naturally weighted synthesized beam. c, CO(4–3) 
spectra (black lines) and [C ii] spectra (yellow bars) for all 14 sources, 
centred at the biweight cluster redshift z = 4.304. The [C ii] spectra are 
scaled down in flux by a factor of ten, for clarity of presentation. The red 
arrows show the velocity offsets determined by fitting a Gaussian profile 
to the CO(4–3) spectra for all sources except for G, H, K, L, M and N, 
for which we used [C ii] (because these sources are not detected in the 
CO(4–3) spectra).

Table 1 | Derived physical properties of SPT2349-56 protocluster 
members
Source ∆V [km s−1]† SFR [M⊙ yr−1] Mgas [1010M⊙]

A −90 ± 35 1,170 ± 390 12.0 ± 2.1
B −124 ± 31 1,227 ± 409 11.2 ± 2.0
C 603 ± 12 907 ± 302 6.7 ± 1.2
D −33 ± 40 530 ± 182 8.4 ± 1.5
E 84 ± 21 497 ± 179 4.8 ± 0.9
F 395 ± 82 505 ± 169 3.4 ± 0.7
G 308 ± 42 409 ± 137 2.9 ± 1.3‡

H −719 ± 28 310 ± 105 4.4 ± 2.0‡

I 310 ± 78 268 ± 91 2.2 ± 0.5
J −481 ± 35 243 ± 85 2.2 ± 0.5
K 631 ± 12 208 ± 71 3.1 ± 1.4‡

L −379 ± 18 122 ± 43 3.3 ± 1.5‡

M 34 ± 21 75 ± 34 1.2 ± 0.6†

N 90 ± 25 64 ± 29 1.0 ± 0.5†

†Velocity offsets were measured relative to the mean redshift, z = 4.304.
‡The [C II] line was used to derive Mgas in these cases, as CO(4–3) was not detected.
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A mosaic of the CDF-S GOODS tiles is shown in Figure 15.
At z850 < 27:0 mag there are a total of 361 g475-dropouts in the
transformed CDF-S in an area of 159 arcmin2, giving an average
surface density of 2.27 arcmin!2 (see Fig. 15). The surface den-
sities are 1.82 and 1.16 arcmin!2 for z850 < 26:5 mag and z850 <
26:0 mag, respectively. The surface density of g475-dropouts in

TN 1338 is approximately 2.5 times higher for each magnitude
cut (5.64, 4.36, and 2.74 arcmin!2, respectively).
What is the significance of this factor of 2.5 surface over-

density? LBGs belong to a galaxy population that is strongly
clustered at every redshift (Porciani & Giavalisco 2002; Ouchi
et al. 2004b; Lee et al. 2006), with nonnegligible field-to-field
variations. In our particular case, it is interesting to estimate the
chance of finding a particular number of g475-dropouts in a sin-
gle 3:40 ; 3:40 ACS pointing. Analyzing each of the 15 GOODS
tiles individually, the lowest number of g475-dropouts encoun-
tered was 12, and the highest was 37 to z850 ¼ 27:0 mag. Next,
we measured the number of objects in #500 randomly placed,
square 11 arcmin2 cells in the CDF-S GOODS mosaic. The cells
were allowed to overlap so that the chance of finding the richest
pointing possible was 100%. In Figure 16 (top panel ) we show
the histogram of counts in cells for the three different magnitude
cuts. In each case the number of objects in TN 1338 (indicated by
the dashed lines) falls well beyond the high-end tail of the dis-
tribution, with none of the cells randomly drawn from GOODS
containing as many objects (the highest being 41, 35, and 24 for
z850 < 27:0, 26.5, and 26.0 mag, respectively). Approximating
the distributions with a Gaussian function (strictly speaking, this
is only valid in the absence of higher order clustering moments,

Fig. 14.—Object map of the g475-dropout candidates (circles), TN J1338!
1942 (square), LAEs (stars), and the detection catalog (points). The g475-dropouts
detected in Ks are indicated by filled circles. Larger circles indicate brighter ob-
jects in z850. The contours represent density fluctuations! $ ("! "̄)/"̄ of !1,
!0.5,!0.1 (dashed contours) and +0.1, +0.5, +1, +1.5 (solid contours), achieved
by smoothing the object mapwith a Gaussian of width 3600, or 250 kpc (FWHM),
using equal weights. LAEs that are not in the g475-dropout sample were not in-
cluded in the density contours. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 15.—Distribution of z # 4 LBGs in the CDF-S GOODS field with
z850 % 27:0 mag (circles). Larger symbols correspond to brighter objects. The
inset in the top left shows the 3:40 ; 3:40 TN 1338 field and the distribution of
g475-dropouts at the same scale as the CDF-S GOODS field for comparison.

Fig. 16.—Counts-in-cells analysis of z # 4 LBGs in the GOODS simulations
compared to TN 1338. Top: Histograms of the number of objects in square cells
the size of TN 1338 (3:40 ; 3:40) for z850 < 27:0 (right histogram), 26.5 (middle),
and 26.0 mag (left). The number of g475-dropouts in TN 1338 is indicated by the
vertical lines in corresponding color. Bottom: Same as the top panel, but for 2:10 ;
2:10 cells. The number of g475-dropouts in TN 1338 exceeds the number encoun-
tered in GOODS for each limiting magnitude and cell size. [See the electronic
edition of the Journal for a color version of this figure.]
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Lyman-alpha intensity map
(21cm map = Lya map + HI map)

Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0 5

Fig. 3. Cutout Lyα image showing the 5′×3.′5 area around the HLQSO with north up and east left. Cyan crosses (green squares) denote objects selected

as LAEs (LABs). Color bar indicates Lyα brightness in erg s−1 cm−2 arcsec−2 using an asinh stretch. White contours correspond to 1× 10−18 and

2× 10−18 erg s−1 cm−2 arcsec−2 (respectively correspond to ∼ 1σ and 2σ).

(“QSO fluorescence”, e.g., Kollmeier et al. 2010). Lacaille

et al. (2018) conducted JCMT/SCUBA2 observations with

0.6 mJy beam−1 sensitivity at 850 µm (corresponding to

SFR ∼ 45 M⊙ yr−1) for this field. They found a source

with a few mJy at 850 µm near the filament, but it is at

∼ 10′′ away and at present has no redshift information,

leaving it unconvincing as a power source. Fainter SMGs

can still explain observed LLyα and need to be constrained

in the future. The contribution of gravitational cooling to

the Lyα emission, though still difficult to predict due to its

exponential dependence on temperature, can in principle

be large enough to be detected (e.g., Goerdt et al. 2010;

Rosdahl & Blaizot 2012) but only within ∼ Rvir from the

massive (Mhalo > 1012) halo center in most cases, hence

this mechanism is unlikely at the location in question.

Considering the luminosity of the HLQSO and assuming

the gas sees the QSO radiation, hydrogen in the filament

should be almost ionized. Thus, the most promising power

source at this stage is QSO fluorescence.

We crudely estimate the plausibility of this scenario.

The ionizing photon production rate from the HLQSO is

estimated as Ṅ = 1058 s−1 using the observed UV lumi-

nosity of νL
ν,1450Å

= 1.5× 1014L⊙ and assuming UV con-

tinuum slope of ν−1. Modeling the filament as a column

with a height of 200 kpc and a diameter of 50 kpc, the

amount of ionizing photon available to the filament at the

distance of 650 kpc is Ω/(4π) · Ṅ = 2× 1056 s−1 or equiv-

alently LLyα = 2× 1045 erg s−1, which can power the ob-

served luminosity of the filament, LLyα = 2×1043 erg s−1.

The predicted HI fraction can be written as Cneα/Γ =

4× 10−4Cne, where C is the clumping factor, ne is the

electron density [cm−3], and α = 2.6× 10−13 cm3 s−1 de-

notes the case-B recombination rate at temperature of 104

K, and Γ denotes the photoionization rate [s−1]. Under

these assumptions, the luminosity of the filament will be

roughly LLyα=0.68hνLyα×Cn2
eαV =3×1046Cn2

e erg s−1,

where hνLyα is the energy of Lyα photon and V is the

assumed total volume of the structure. As an example,

C ∼ 103 with a density ne ∼ 10−3 cm−3, corresponding to

about 100 times the mean baryon density at z=2.84, could

explain the luminosity of the filament.

How is this high clumping factor achieved? We ad-

vocate a mechanism where the high clumpiness of gas in

the filament is due to the CGM of a significant number of

faint halos of mass in the range of ≤ 109−10M⊙. Regions

just around self-shielded spheres where density is suffi-

ciently high are ionized by the QSO and emit Lyα pho-

tons which are then scattered by residual HI gas in the

filament. We will detail this model in a separate paper.

Additionally, the sub-kpc scale structure in the CGM/IGM

(e.g., Rauch et al. 1999; Schaye et al. 2007; Hennawi et al.

2015; Cantalupo et al. 2019) may drastically change its

Hennawi+15,Science

Kikuta+19

Simulation of Lya map
z=6.4
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