
ALMA science IV: 
ALMA+Subaru observations of high-redshift cluster galaxies 

Ken-ichi Tadaki (NAOJ)

1. ALMA + Subaru/narrow-band synergy
2. ALMA + Subaru/medium-band synergy



Why high-redshift cluster/protocluster?

by z=2, about 2Gyr before the universe as a whole. If we
consider the whole 4Gyr “cosmic noon” epoch at 1<z<4,
the universe and present-day clusters formed about 50% and
75% of their total stellar mass, respectively.

Although the CSFRD predictions in the G13 and H15 SAMs
are very similar, interesting differences are seen when
comparing the stellar growth in the cores. In H15, the fractional
CSFRD in cores declines over time for the entire redshift range,
while in G13 it rises after z=2. This is caused by the different
implementations of the environmental effects operating in
group- and cluster-size halos. This comparison shows that a
detailed study of particularly the star formation history of
protocluster cores could provide important constraints for
modeling environmental processes.

5. Internal Evolution of Galaxy Clusters

We now investigate the internal evolution of the star
formation and mass assembly of clusters. Figure 5 shows the
total SFR per protocluster as function of redshift averaged over
our sample in the middle panel, and the fractional SFR (black

curves) and Må (red curves) in the core halo in the lower panel.
We identify three distinct epochs during the history of cluster
formation (as illustrated in the top panel):

1. From z10 to z∼5, galaxy growth in protoclusters
appears to begin in an “inside-out” manner. This is based
on the relatively large fractions of the SFR and Må found
in cores compared with protoclusters as a whole (the
qualitative picture would stay the same if we define the
core as a slightly extended region instead of a single
halo). Although the cores represent only a tiny fraction of
the protocluster volume at these redshifts, initially they
dominated the SFR due to the higher MAR of these
massive halos. On average, these halos reached peak SFE
at z∼5 when their masses approached :M1012 (Chiang
et al. 2013). By this time, the SFR gradient across the
entire protocluster flattens as more halos grow to near
peak SFE, resulting in a drop in the fraction of the SFR
and Må associated with the cores to about 20%. The core
remains dominant at a later cosmic time if seen in galaxy
tracers of a higher limiting mass (dashed lines). This

Figure 4. Upper panel: SFR density for all galaxies (black), protoclusters (blue), and cores (red). The associated stellar mass densities are shown in the inset. Data
points show a set of observationally derived cosmic SFR density for comparison (circles: Cucciati et al. 2012; squares: Schiminovich et al. 2005; diamonds:
Finkelstein et al. 2015, and pentagons: Oesch et al. 2013). Lower panel: Fractional contributions to the total cosmic SFR density of protoclusters (blue) and
protocluster cores (red). The associated stellar mass density fractions are shown in the inset.
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expected contribution to the cosmic star formation rate density
‣ 1% at z=0
‣ 20% at z=2
(Proto-)clusters are increasingly more important at higher redshift

Chiang et al. 2017

implies a relatively top-heavy stellar mass function in
dense regions.

2. Between z∼5 and z∼1.5, the entire Lagrangian
volumes of protoclusters contain numerous halos of
1011–1012.5 :M . This allows protocluster galaxies to grow
at a total SFR of about �

:M1000 yr 1 for a prolonged
period of time, which contributes to about 65% of the
total stellar mass seen in present-day clusters. Depending
on the magnitude of the initial overdensity, some
protoclusters may already contain significant group- or
cluster-sized cores near the end of this epoch. These cores
would be the first regions to show evidence of galaxy
quenching or dense intracluster gas.

3. After z∼1.5, the fraction ofMå contained in protocluster
cores starts to increase as the cluster is being assembled.
The fraction of SFR in the cores lags behind its mass
growth, implying that the growth of the cores is achieved
mainly by incorporating externally formed stars from
infalling galaxies. The violent gravitational collapse
(Figures 2 and 3) proceeds in an inside-out manner as
the inner shells of a centrally peaked overdensity
turnaround before the outer shells. In this epoch, galaxy
quenching is enhanced through multiple channels,
including gravitational heating, AGN feedback, group
pre-processing, and various types of satellite quenching

processes like starvation, ram-pressure stripping, and
tidal disruption.

Due to the extreme hierarchical nature of cluster assembly,
the far majority of the stars in present-day clusters formed in
the extended protocluster regions, mainly during the second
phase outlined above. Only 15% of the stellar mass formed
“in situ” in cores (this calculation takes into account mass loss
during stellar evolution), which makes the core halos under-
representative during the main epoch of cluster (galaxy) growth
at cosmic noon.

6. Discussion

Based on two recent SAMs, we have demonstrated in this
Letter that the fraction of the cosmic SFR density associated
with the formation of present-day clusters is as high as 20% at
z=2 and 50% at z=10. Protocluster galaxies are thus a
nearly dominant population at Cosmic Dawn, and remain
significant at Cosmic Noon.
We outlined three stages that describe the early history of

cluster formation, which began with an inside-out growth phase
from z10 to z∼5, followed by an extended star formation
phase at z∼5–1.5, and a violent infalling and quenching phase
at z∼1.5–0.
These phases are in qualitative agreement with tentative

observational evidence. For example, Ishigaki et al. (2016)

Figure 5. Middle panel: average total SFR per protocluster. Bottom panel: The fractions of the total SFR (black curves) and stellar mass (red curves) occurring in the
core halo. The dashed lines at high redshift in the bottom panel illustrate the dependence of the upturn of core dominance on the limiting galaxy stellar mass. The rise
and fall in the total SFR of protoclusters and the reversed trend found for the cores motivates the three-stage scenario for cluster formation illustrated in the top panel.
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 z=1.5-3



Why Subaru?

HSC project (http://anela.mtk.nao.ac.jp/michitaro/m31-halpha/)
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Emission-line galaxies identified by narrow-band observations
86-10 Publications of the Astronomical Society of Japan (2020), Vol. 72, No. 5

Fig. 5. AAOmega spectra of the confirmed NB816 and NB921 emitters that are selected from the HSC-SSP PDR1 data. The left-hand panel shows the
spectra in the blue arm, and the right-hand panel shows the spectra in red arm. The spectra are lined up in the order of redshift. (Color online)

Table 3. Redshifts of emission-line galaxies surveyed

with the NB filters.

Redshift Redshift range Line NB

0.050 0.042–0.058 [O III] NB527
0.092 0.084–0.101 Hα NB718
0.246 0.237–0.254 Hα NB816
0.404 0.393–0.414 Hα NB921
0.411 0.400–0.422 [O II] NB527
0.432 0.421–0.443 [O III] NB718
0.479 0.471–0.488 Hα NB973
0.633 0.621–0.644 [O III] NB816
0.840 0.826–0.853 [O III] NB921
0.923 0.908–0.938 [O II] NB718
0.939 0.928–0.950 [O III] NB973
1.193 1.178–1.208 [O II] NB816
1.471 1.453–1.489 [O II] NB921
1.605 1.590–1.619 [O II] NB973

photometry is a measurement of flux density for each object
on the PSF matched coadd images, where the target PSF
is 1.′′1 and the aperture size is 1.′′1 . Note that the pho-
tometry is conducted on the undeblended images, namely
the detected footprints are not deblended into each object.
This is because we found that there are some objects that

have unnaturally bright cmodel magnitudes, which could be
in part due to failure in deblending sources. Furthermore,
when we use the cmodel magnitudes to select emission-
line galaxies, some candidates are found to be unnaturally
clustered over a small area. Therefore, we decided to use
the magnitude with the small aperture on the undeblended
images to measure the colors in the central 1.′′1 region of
galaxies for the selection of emission-line galaxies.

A slight difference in effective wavelength between NB
and BB filters requires us to correct for the color term to esti-
mate properly the stellar continuum underlying an emission
line. In Hayashi et al. (2018), we used the stellar popula-
tion synthesis models to estimate the intrinsic colors of the
stellar continuum for galaxies at redshifts that the NB fil-
ters can probe, and then correct for the color terms using
the average relation between the intrinsic BB − NB and
the observed BB colors in each redshift. This time, we lin-
early interpolate to estimate the continuum flux density at
the NB wavelength by taking a weighted average of two
BB magnitudes (see also the Appendix of Vilella-Rojo et al.
2015). Note that the weights are tuned so that the galaxies
without emission lines at the wavelength of the NB filter
distribute around the sequence of BBcorrected − NB = 0 with
photometric errors. The weights used are shown in table 4.
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Filter Line Redshift Redshift range Nemitter

NB921 [OII] 1.471 1.453-1.489 14586
NB816 [OII] 1.193 1.178-1.208 15301

NB921 [OIII] 0.840 0.826-0.853 14647

NB816 [OIII] 0.633 0.621-0.644 10323

NB921 Hα 0.404 0.393-0.414 8532

NB816 Hα 0.246 0.237-0.254 5400

Hayashi et al. 2020
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XCS2215 cluster at z=1.46
2576 M. Hayashi et al.

Figure 3. Celestial distribution of NB912/NB921 [O II] emitters and NBH Hα emitters. The blue dots show [O II] emitters identified from NB912 data (i.e.
NB912 [O II]), while red dots show those from NB921 data (i.e. NB921 [O II]). The green dots are for [O II] emitters identified from both NB912 and NB921
data (i.e. NB912+NB921 [O II]). The solid open squares show NBH Hα emitters, following the same colour-coding as for [O II] emitters (e.g. the Hα emitters
identified as NB921 [O II] emitters as well are shown by red open squares). The black open squares indicate Hα emitters without any [O II] emission detected.
The grey regions are masked due to the bad quality of the images, and the dotted square shows the FoV of a single detector of WFCAM on UKIRT (see also
the text in Section 2.3). The axes show relative coordinates from the centre of the galaxy cluster. As already found in Hayashi et al. (2011), we can confirm
again the clustering of [O II] emitters in the centre and the large-scale structure existing in the surrounding region even when the NB921 data are used.

0.5 arcsec. Among 380 NB912 and 429 NB921 [O II] emitters, it is
found that 170 galaxies are common in both samples. We also find
that four NBH Hα emitters are in the [O II] emitter samples by using
a circle with 1.0 arcsec radius to search for the common galaxies.
Moreover, cross-matching with the spectroscopic data described in
Section 2.6, we spectroscopically confirm 41 NB912+NB921, 21
NB912, 11 NB921 [O II] emitters, and 2 Hα emitters (see also Fig. 1).

Fig. 3 shows a celestial distribution of NB912 or NB921 [O II]
emitters. It is worth mentioning that we can confirm again the clus-
tering of [O II] emitters in the centre and the large-scale structure
existing in the surrounding region which were already found in
Hayashi et al. (2011), even when the NB921 data are used. More
importantly, it seems that there is a slight difference in the distribu-
tion between NB912 and NB921 [O II] emitters, although about half
of them overlap. The prominent filamentary structure that Hayashi
et al. (2011) have discovered is likely to be slightly in the fore-
ground, and the distribution of NB921 [O II] emitters seems to be

spread along the southwestern direction from the cluster centre. As
shown in Fig. 1, the NB912 and NB921 can detect galaxies with a
difference in velocity by ∼2000 km s−1. Thus, all of the differences
suggest that there is a three-dimensional structure around the galaxy
cluster. A similar result has been reported at higher redshift as well.
Shimasaku et al. (2004) used the samples of Lyman α emitters se-
lected by two narrow-band filters and found that the distribution of
the galaxies is quite different at z = 4.79 and 4.86. These obser-
vations demonstrate that revealing the three-dimensional structure
is crucial to improve our understanding, in particular in the early
Universe when galaxies are active and the structures are growing.
This implies the two-dimensional celestial distribution could lead
to errors in estimating the environment in which galaxies reside due
to projection effects. This is investigated in the following sections
using the two [O II] emitter samples.

Fig. 3 also shows a celestial distribution of NBH Hα emitters.
Unlike the [O II] emitters, Hα emitters are not clustered, but this is

MNRAS 439, 2571–2583 (2014)
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2. Data

Our ALMA Cycle 3 program in Band 3, 2015.1.00779.S,
was conducted in 2016 May. The spectral coverage is
93.03–94.86 GHz with a spectral resolution of 13.906MHz
(∼12.5 km s−1), which allows us to capture CO(2–1) emission
lines from galaxies at z=1.430–1.478. The data are taken at
three pointings covering a total area of 2.33 arcmin2, where
sensitivity is greater than 50% (Figure 1). Integration time is
1.04 hr per each pointing.

Calibration of the raw data was conducted using the Common
Astronomy Software Applications (CASA; McMullin et al. 2007)
with a standard pipeline. The calibrated visibilities were inverted
using natural weighting to produce mosaicked 3D cubes with
different velocity resolutions (50, 100, 200, 400, and 600 km s−1).
The synthesized beam size is ´ q ´1. 79 1. 41, with a position angle
of −80°. Typical noise levels of these cubes are 0.17, 0.12, 0.11,
0.12, and 0.12mJy beam−1. Note that the noise levels are
measured by taking the standard deviation of the counts in all
the cubes, including pixels with emission, and thus giving
upper limits of the noise levels. Then, emission lines are extracted
(see the next section for the detailed procedure), and image
deconvolution is performed with a CLEAN threshold of 5σ
for each cube, where we set CLEAN boxes of ´ q ´2 2 , almost
the same as the synthesized beam size, at the position of each
emitter.

The optical and NIR spectroscopies already confirm 34
cluster member galaxies within a radius of R200 (Hilton
et al. 2010; Hayashi et al. 2011). We have created catalogs of
[O II] emission-line galaxies selected with two narrowband
filters, NB912 and NB921 (Hayashi et al. 2014). Among the
confirmed member galaxies, 20 galaxies are [O II] emitters. We
also retrieve Hubble Space Telescope (HST) data taken with
Wide Field Camera 3 (WFC3; GO-13687, PI: A. Beifiori) from
the HST archive. All these data are used to search for optical

and NIR counterparts of the emission lines detected in our
ALMA Band 3 data.

3. CO(2–1) Emission Lines from Cluster Galaxies

We run Clumpfind (Williams et al. 1994) on the data cube
without the primary beam correction to search for emission lines,
where we adopt the source extraction parameters of T% �T 2
and T�T 5low . The emission line search is performed in the cubes
with different velocity resolutions of 50, 100, 200, 400, and
600 km s−1. We find 8, 7, 5, 7, and 7 emission line candidates at
>5σ in each cube, and after excluding overlaps we have detected
21 candidates at a signal-to-noise ratio (S/N) of�5.0 in at least
one velocity resolution. Note that we performed the same
procedure in the CLEANed cubes, but we find that the number
of line candidates detected does not change. This is because the
impact of side lobes is almost negligible thanks to the good uv
coverage of the ALMA data taken with 38–42 antennas.
In order to check the reliability of the extracted emission line

candidates, we performed the line search in the inverted data cubes
in the same manner by counting negative detections. We find 0, 0,
0, 2, and 3 negative detections in the data cubes with 50, 100, 200,
400, and 600 km s−1 resolution, respectively. This implies that
there can be about five false detections at T�5 in our line search.
To remove the possible false detections, we cross-matched the

coordinates of the detections in the ALMA data with those of the
objects in the optical and NIR data catalogs by Hayashi et al.
(2014). We used a search radius of 1 arcsec for the object
matching. We found that 17 line candidates have counterparts in
the optical–NIR data: 11 have counterparts of [O II] emitters, and 5
have counterparts of sBzK galaxies (Daddi et al. 2004). For the
remaining line, #15, the counterpart is not an [O II] emitter, and
also it does not have colors that meet the sBzK color criteria.
However, #15 seems to be a pair of galaxies with #16, judging
from the small spatial separation of ∼0.9 arcsec and the same
central frequency of the lines (Figures 2–3). Four of the detections
have no counterparts in the optical and NIR data, which are
selected from the data with a 600 km s−1 resolution only. In this
Letter, we remove these emission line candidates without optical/
NIR counterparts from the list of emission lines detected. Note that
this is consistent with the rate of false detection that we estimate.
A list of the 17 emission lines is given in Table 1, and their

spectra are shown in Figure 2. All the detected emission lines
have a single Gaussian profile and none have a double peaked
profile (Figure 2). We measure the frequency at the peak of an
emission line, its width, and the peak line flux by fitting a
Gaussian kernel to the spectrum. The width of the lines ranges
from 207 to 593 km s−1. For 6 of the 17 emission lines, the
redshifts measured by the optical and NIR spectroscopies are in
good agreement with the redshifts measured from the ALMA
data by assuming that they are CO(2–1) lines. Among the
emission lines without any spectroscopic redshifts, we can still
estimate redshifts for five lines by combining the narrowband
imaging data of the adjacent two filters, NB912 and NB921
(Hayashi et al. 2014). Most of the redshifts thus determined are
consistent with those of CO(2–1) lines.
Based on the considerations, we regard the 17 lines we have

detected with ALMA as CO(2–1) lines from cluster member
galaxies. We estimate the CO(2–1) luminosities from the
intensity map integrated in velocity by the width of the
emission line (2× FWHM), following Solomon et al. (1992).
The luminosity, a ( – )LCO 2 1 , ranges (4.5–22) ×109 K km −1 pc2.
The properties of the CO(2–1) lines are summarized in Table 1,

Figure 1. Spatial distribution of galaxies, with detections of CO(2–1) lines
shown by filled circles. They are color-coded based on the redshifts estimated
from the CO(2–1) lines, and the numbers next to the symbols show the IDs of the
galaxies (see Table 1). The solid curve shows a region where the ALMA Band 3
data are available with a sensitivity greater than 50%. The cross symbols show
the [O II] emitters associated with this cluster (Hayashi et al. 2014). A star
symbol shows a cluster center determined with extended X-ray emission
(Stanford et al. 2006). The background is the HST/WFC3 image in F160W. The
dashed circle shows the cluster-centric radius of R0.5 200 (Hilton et al. 2010).
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17 CO emitters are detected

efficient observations of CO(2-1) line emission
3 pointings: ~50 galaxies

Hayashi et al. 2017Hayashi et al. 2014



Subaru -> ALMA

2572 M. Hayashi et al.

Observational studies through wide-field imaging surveys of distant
clusters at z < 1 have also supported the hierarchical formation by
finding large-scale structures around galaxy clusters (e.g. Kodama
et al. 2005; Gal et al. 2008; Tanaka et al. 2009; Koyama et al. 2010).
Now, the discovery of large-scale structures around galaxy clusters
and protoclusters is being extended to z ∼ 3 (e.g. Erb, Bogosavl-
jević & Steidel 2011; Tanaka et al. 2011; Hayashi et al. 2012; Tadaki
et al. 2012; Yamada et al. 2012; Galametz et al. 2013; Koyama et al.
2013a; Henry et al. 2014). One interesting finding suggested by
such observational studies is that cluster galaxies seem to follow
an inside-out evolution in the sense that the environment where
galaxies are active shifts from the densest regions at high redshifts
(z ≈ 2–3) towards less dense regions at lower redshifts (z # 1).
Star-forming activity increases rapidly in the denser regions and
becomes comparable to the surrounding lower density regions at
higher redshifts, which implies that galaxy formation is biased to-
wards higher density regions at high redshift (Kodama et al. 2013,
and references therein). However, it is also known that the environ-
mental dependences of galaxy properties seen at z ∼ 0 are already
in place at z ∼ 1 (e.g. Holden et al. 2007; van der Wel et al. 2007;
Patel et al. 2009, 2011; Sobral et al. 2011).

The next step to understand the evolution of cluster galaxies is
to determine precisely how galaxies change their properties as a
result of the hierarchical growth of large-scale structures. However,
the difficulty is the need for accurate determination of the redshift
to determine the precise environment of the galaxies. Although
photometric redshifts estimated by fitting template spectral energy
distributions (SEDs) to the multiwavelength photometry of galaxies
is quite effective, the uncertainty becomes large at higher redshifts.
Moreover, the number density of blue star-forming galaxies with
less prominent features in the SED exceeds that of red quiescent
galaxies which have strong breaks in their SED at z ! 1.0–1.5 (e.g.
Brammer et al. 2011; Moustakas et al. 2013; Muzzin et al. 2013;
Tomczak et al. 2013). An effective way to solve the issue is by
carrying out the imaging with narrow-band filters targeting nebular
emission from H II regions of star-forming galaxies. The narrow-
band imaging enables a largely unbiased sampling of star-forming
galaxies down to a limiting star formation rate (SFR) of galaxy, and
the redshifts of galaxies selected are determined with the accuracy
of !z ∼ 0.03. However, this is too uncertain to accurately define
the environment of galaxies as this redshift range corresponds to a
comoving depth of ∼56 Mpc at z = 1.46. We thus demonstrate a
novel technique to circumvent this problem.

The galaxy cluster XMMXCS J2215.9−1738 (hereafter
XCS2215) at z = 1.46 is one of the most distant massive clus-
ters known (Stanford et al. 2006). Extended X-ray emission from
hot gas bound in the cluster suggests that it is already a mature
system. However, previous studies have revealed that this galaxy
cluster is still growing actively (Hayashi et al. 2010, 2011). We
discovered a high fraction of galaxies undergoing active star for-
mation in the core of the cluster and the existence of large-scale
structures of star-forming galaxies around the cluster. The find-
ing means that this galaxy cluster is a good target to investigate
the processes operating on galaxies assembling into the centre of
the cluster from the outskirts. However, our current understand-
ing is based on a view of the large-scale structures projected on
the celestial plane. We require to know the true three-dimensional
structures to reveal in detail the processes playing a critical role in
formation of characteristic properties of cluster galaxies, because
the projected distribution of galaxies may not reflect the real struc-
tures. The results found without the three-dimensional structures
can be led to wrong conclusions. Thus, in this paper, we aim to de-

fine the three-dimensional structures around the XCS2215 cluster
at z = 1.46.

The outline of this paper is as follows. The observations and data
are described in Section 2, and samples of emission line galaxies
identified with three different narrow-band filters are presented in
Section 3. A new method to estimate the accurate redshifts with
two adjacent narrow-band filters is introduced in Section 4, which
allows us to reveal the three-dimensional view of the filamentary
large-scale structures around the galaxy cluster in Section 5. Then,
we compare [O II] emission line galaxies with Hα emission line
galaxies associated with these structures. We also discuss the depen-
dence of galaxy properties on the environment defined by the three-
dimensional distribution of the galaxies. Finally, we present the
conclusions of this paper in Section 6. Throughout this paper, mag-
nitudes are presented in the AB system. However, Vega magnitudes
in J and K, if preferred, can be obtained from our AB magnitudes us-
ing the relations JVega = JAB − 0.92 and KVega = KAB − 1.90, respec-
tively. We adopt cosmological parameters of h = 0.7, #m = 0.3,

and #$ = 0.7. In z = 1.46, 1 arcmin corresponds to 1.25 Mpc
(comoving) and 0.51 Mpc (physical), respectively.

2 O B S E RVAT I O N S A N D DATA

2.1 Narrow-band filters targeting nebular emission
lines at z = 1.46

We used two narrow-band filters which are adjacent filters and
both can detect [O II] emission at z ∼ 1.46. These are the NB912
and NB921 narrow-band filters installed on the Subaru Prime
Focus Camera (Suprime-Cam; Miyazaki et al. 2002) on the Subaru
Telescope. The central wavelength and full width half-maximum
(FWHM) of the NB912 (NB921) filters are 9139 (9196) and 134
(132) Å, which implies a velocity difference of ∼2000 km s−1 for
galaxies at z = 1.46 (Fig. 1). The specifications of the two narrow-
band filters are shown in Table 1. Our analysis also makes use
of a third filter: the NBH narrow-band filter installed on the Wide
Field Camera (WFCAM; Casali et al. 2007) on the United King-
dom Infrared Telescope (UKIRT). This filter was made for the High

Figure 1. Response curves of NB912 (blue), NB921 (green), and NBH
(red) filters. The horizontal axis shows the redshifts where [O II] or Hα lines
enter each filter; [O II] for NB912 and NB921, and Hα for NBH. The open
and hatched histograms show the distribution of spectroscopic redshift of all
cluster members and [O II] emitters selected with NB912 and NB921, respec-
tively. The [O II] emitters are spectroscopically confirmed using MOIRCS
(Hayashi et al. 2011) and FMOS (Section 2.6) on the Subaru Telescope.
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Since no CO emission line is detected at the very center of
the cluster, starvation, as well as ram-pressure stripping, are
likely at work in the galaxies. By the time the galaxies settle in
the virialized region of the central region, the star formation
activity is fully quenched.

To verify our scenario, information on H I gas is also important,
in addition to knowledge of the molecular gas. It is still impossible
to observe H I gas in and around galaxies at �z 1, however, there
were several observations of H I gas in cluster galaxies at lower

redshifts of 1z 0.2 (e.g., Verheijen et al. 2007; Lah et al. 2009;
Jaffé et al. 2015; Stroe et al. 2015). Jaffé et al. (2015) present the
result of H I gas survey in a massive galaxy cluster at z=0.2 and
find that almost all of the H I detected galaxies are located in
the recent infall region in the phase–space. They argue that the
ram-pressure plays a key role in removing the H I gas from the
galaxies. This supports our scenario.
Investigating the detailed properties of individual galaxies and

their dependence in the positions on the phase-space diagram can
deepen our insight into the evolution of cluster galaxies. So far,
there is no (proto-)cluster at �z 1 that has a detection of CO
emissions that is statistically sufficient to discuss the molecular
gas properties of the member galaxies on the phase-space
diagram. This study, for the first time, succeeds in detecting
CO(2–1) emission lines from the 17 member galaxies in the
cluster at z=1.46. For a better understanding of the evolution of
cluster galaxies, identification of the mode of star formation, i.e.,
as a starburst or secular, and the efficiency of star formation, are
key factors (Daddi et al. 2010; Genzel et al. 2010). We will
discuss these issues in forthcoming papers.
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Table 1
Properties of CO(2–1) Emission Lines

ID R.A. Decl. Redshifta Line Width a ( – )L CO 2 1 S/N Counterpart
(J2000) (J2000) (102 km s−1) (109 K km s−1 pc2)

ALMA.B3.01 22 15 58.16 −17 38 14.5 1.466 3.7±0.2 19.9±1.1 18.8 NB921 [O II]
ALMA.B3.02 22 15 57.51 −17 38 00.5 1.450 3.1±0.8 4.5±0.9 4.7 sBzK
ALMA.B3.03 22 15 58.54 −17 37 47.7 1.453 4.9±0.3 21.6±1.2 18.6 NB921 [O II]
ALMA.B3.04 22 15 59.52 −17 37 54.2 1.466 4.8±1.1 6.2±1.2 5.3 sBzK
ALMA.B3.05 22 15 58.05 −17 38 18.7 1.467 2.5±0.6 4.7±0.9 5.1 NB921 [O II]
ALMA.B3.06 22 15 59.72 −17 37 59.0 1.467 4.9±0.4 21.2±1.2 18.0 NB921 [O II]
ALMA.B3.07 22 15 57.28 −17 37 58.0 1.452 4.8±0.7 11.0±1.2 9.5 sBzK
ALMA.B3.08 22 15 58.23 −17 38 22.2 1.457 3.6±0.4 12.2±1.0 11.7 sBzK
ALMA.B3.09 22 15 57.76 −17 37 45.2 1.468 3.5±0.7 6.8±1.0 6.8 NB912+NB921 [O II]
ALMA.B3.10 22 15 57.23 −17 37 53.2 1.454 2.7±0.2 14.0±0.9 15.4 NB912+NB921 [O II]
ALMA.B3.11 22 15 58.75 −17 37 41.0 1.451 5.3±1.0 9.6±1.2 8.0 NB912+NB921 [O II]
ALMA.B3.12 22 15 56.92 −17 38 05.0 1.445 2.1±0.3 5.6±0.8 7.3 NB912 [O II]
ALMA.B3.13 22 15 59.77 −17 38 16.7 1.471 5.2±0.7 10.6±1.2 8.5 sBzK
ALMA.B3.14 22 16 00.41 −17 37 50.7 1.451 4.8±1.0 6.2±1.1 5.4 NB912 [O II]
ALMA.B3.15 22 16 00.83 −17 38 32.5 1.465 5.2±0.9 10.9±1.2 8.9
ALMA.B3.16 22 16 00.92 −17 38 31.5 1.465 5.9±0.8 13.6±1.3 10.6 NB921 [O II]
ALMA.B3.17 22 16 00.38 −17 38 57.7 1.460 4.4±0.8 8.9±1.1 8.2 NB912+NB921 [O II]

Note
a The redshifts are derived from CO(2–1) emission lines.

Figure 4. Phase-space diagram showing the relative line-of-sight velocities of
cluster member galaxies as a function of distance from the cluster center. The
red circles show the CO(2–1) emitters. The blue symbols show the [O II]
emitters without CO(2–1) detection, among which the filled circles represent
the spectroscopically confirmed ones, while the open circles are those with
redshifts estimated from the ratio of emission line fluxes of two adjacent
narrowband filters (NB912 and NB921), and the crosses are those detected
only either in NB912 or NB921 (Hayashi et al. 2014). We set those redshifts to
be 1.44 (for NB912) and 1.47 (for NB921), respectively. Green circles show
the other spectroscopically confirmed cluster members (Hilton et al. 2010;
Hayashi et al. 2014). The gray region shows a virialized area defined by Jaffé
et al. (2015). The gray lines show the curves of constant v×R values (Noble
et al. 2016). (right panel) Redshift histograms of spectroscopically confirmed
galaxies. (upper panel) Cumulative fraction of the number of galaxies as a
function of radius from the cluster center.
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lines from 11 gas-rich galaxies in three galaxy clusters at
z∼1.6 using ALMA. They argued that the cluster galaxies
tend to have enhanced gas fractions compared with the field
scaling relations at z=1.6 but depletion timescales consistent
with those of the field galaxies. These three clusters are found
by the Spitzer Adaptation of the Red-sequence Cluster Survey
(Muzzin et al. 2009; Wilson et al. 2009). They estimate a
cluster mass of 1014 Me from the richness of the member
galaxies (Noble et al. 2017). Rudnick et al. (2017) detected CO
(1–0) emission lines from two massive galaxies in a confirmed
z=1.62 galaxy cluster (Papovich et al. 2010; Tanaka
et al. 2010) using the Karl G. Jansky Very Large Array
(VLA). They argued that the gas fractions and star formation
efficiencies of the galaxies in the cluster are comparable to
those of the field galaxy scaling relations. The cluster mass is
estimated to be 1.1×1014 Me from XMM-Newton X-ray data
(Papovich et al. 2010; Tanaka et al. 2010). Because the cluster
mass of the XMMXCS J2215.9–1738 cluster is estimated to be
∼3×1014 Me, all of these clusters are systems with a similar
mass scale.

The molecular masses for the galaxies associated with the
galaxy clusters at z∼1.6 are derived in the same manner as in

Section 3.1 using the information available from the literature
(Noble et al. 2017; Rudnick et al. 2017) for proper comparison
with our results. We use the stellar masses and SFRs of the
galaxies shown in the literature. The comparison with the
results in the galaxy clusters at z∼1.6 shows that our results
are consistent with those of the other clusters at similar
redshifts (Figure 8). Therefore, we conclude that cluster
galaxies at z∼1.5 can have a molecular gas fraction larger
than what the field galaxies have. While the depletion timescale
of the massive cluster galaxies with ∼1011 Me is similar to that
of the field galaxies, less massive galaxies can have a larger
depletion time.

4.3. Molecular Gas Reservoirs of Quiescent Galaxies

The member galaxies with a CO line and/or dust continuum
detected are located away from the very center of the cluster
(Figure 1). It is worth investigating how much of the gas
reservoirs of the member galaxies in the very center is left. To
give a constraint on the molecular gas mass for such galaxies,
the stacked data in Band 3 are used to discuss the average
amount of molecular gas in these member galaxies.

Figure 8. Same as Figure 7, but the gas fraction and depletion time are compared with what is expected from the scaling relations for field galaxies given by Tacconi
et al. (2018). The MS is derived from the literature of Speagle et al. (2014). The scaling relations are functions of redshift, stellar mass, and ratio of specific SFR to that
of MS galaxies with a given stellar mass at the redshift; thus, they take account of the redshift evolution of the specific SFR. The horizontal line in each panel shows
the gas fraction and depletion time on the scaling relations. The red circles show our results. The green squares show the results of Noble et al. (2017) for galaxies in
three galaxy clusters at z∼1.6, and the blue triangles show the results of Rudnick et al. (2017) for galaxies in a galaxy cluster at z∼1.6.
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CO emitters could have entered the cluster more recently 
than other quiescent and less massive [OII] emitters

Phase-space diagram of cluster galxaies

no CO emitter

infall

Gas fraction and gas depletion timescale

Cluster galaxies could be more gas rich due to efficient 
accretion of gas

more gas rich

Subaru -> ALMA



Summary: ALMA + Subaru synergy

Subaru
wide-field of view + unique filter set

ALMA
spatially-resolved observations

ALMA (ESO/NAOJ/NRAO), Hayashi et al., the NASA/ESA Hubble Space TelescopeIkeda et al.,


