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Abstract  We present the results of near-infrared spectroscopy of Hα emitters (HAEs) associated with two protoclusters around radio galaxies (PKS 
1138−262 at z=2.2 and USS 1558−003 at z=2.5) with the Multi-Object Infrared Camera and Spectrograph (MOIRCS) on the Subaru telescope. Among 
the HAE candidates constructed from our narrow-band imaging, we have confirmed membership of 27 and 36 HAEs for the respective protoclusters. The 
clusters show prominent substructures, suggesting that they are still in the midst of rapid building. We calculate the dynamical masses of the clusters and 
substructures, assuming their local virialization. The inferred masses (∼1E14 M⊙) of the protocluster cores are consistent with their being typical 
progenitors of the present-day most massive class of clusters (∼1E15 M⊙) if we take into account the typical mass growth history of clusters. We then 
estimate the integrated star formation rates (SFRs) of the protocluster cores normalized by their dynamical masses and compare these with lower redshift 
descendants. We see a marked increase of star-forming activities in the cluster cores as we go back in time to 11 billion years ago. !
   Also, the identified HAEs show very high excitation levels as characterized by much higher [OIII]/ Hβ line ratios than those of low-z galaxies. Such a 
high excitation level is qualitatively driven by their high specific SFRs (sSFRs) and lower gaseous metallicities. Furthermore, we investigate the 
environmental dependence of gaseous metallicities by comparing the HAEs in the protoclustrers with those in the general field at similar redshifts. We 
find that the gaseous metallicities of protocluster galaxies are more chemically enriched than those of field galaxies at a given stellar mass in the range of 
Mstar ≲1E11M⊙. This can be attributed to many processes, such as intrinsic (or nature) effects, external (or nurture) effects, and some systematic effects 
(sampling bias). Although, none of the interpretation is perfect, the external effects such as gas recycling or stripping seem to be favored.
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Figure 3. (a) Integrated SFRs in the cluster cores, !SFR, normalized with
cluster dynamical masses (upper panel) and (b) cluster dynamical masses
(lower panel) are plotted as a function of redshift. The open diamonds
show the measurements for the Mahalo–Subaru cluster sample including
this work, calculated within R200 of each cluster (Koyama et al. 2010, 2011;
Hayashi et al. 2011; Tadaki et al. 2012). The filled diamonds indicate the
values within 0.5R200, to match the definition with other previous measure-
ments for a direct comparison. The previous works for eight clusters at
z = 0.1–0.9 are shown by squares (compilation by Finn et al. 2005). The
grey and open squares separate those clusters according to their dynamical
masses, as shown in the lower panel. Note that SFRs are measured from
Hα line strengths for all the clusters except for the z = 1.46 and z = 1.62
clusters, which are based on [O II] lines. Note also that R200 is not fully
covered for the z = 0.81 cluster. The cluster mass of the J0218 cluster at
z = 1.62 is adopted from Tanaka, Finoguenov & Ueda (2010). The red
dotted curve shows the relation as a function of redshift, scaling as (1 +
z)6. In the lower panel, the red line and the pink zone show the typical mass
growth history of massive cluster haloes with 1–2 × 1015 M⊙ predicted by
theoretical models (Shimizu, Yoshida & Okamoto 2012; Chiang, Overzier
& Gebhardt 2013). The pink zone corresponds to ±1σ scatter around the
median values.

of !SFR/Mcl back to z > 2 or 11 Gyr ago, based on intensive multi-
object NIR spectroscopy of the NB-selected star-forming galaxies.
In our forthcoming Paper II (in preparation), we will discuss the
physical properties of these galaxies (such as gaseous metallicities,
ionizing states and dust extinction) using multi-emission-line diag-
nostics and compare them with those in the general field at similar
redshifts.
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Future work  We are now studying the characteristics of the ‘individual’ galaxies with MOSFIRE on Keck. It is essential towards understanding the 
environmental dependence of galaxy formation. However, these current works are limited with only the integrated or averaged features in each galaxy. As 
a next step, we need to know their spatially resolved physical properties. The 3D spectroscopy such as SINFONI and KMOS mounted on VLT will 
spatially resolve radial gradients of the gaseous metallicity and ionization states directly as well as dust extinctions and specific star-formation rates.

MEx 
diagram

BPT 
diagram

~ 102 Mpc2!

(comvinig)

L2 R. Shimakawa et al.

These results are all intriguing, but we need to confirm them and
investigate the physical properties of protocluster galaxies in much
greater detail with spectroscopic follow-up observations. This Let-
ter reports the first results of our near-infrared (NIR) spectroscopy
of HAEs in the two richest protoclusters at z > 2. We first de-
scribe our targets and the method of spectroscopic observations
and then present the kinematical structures of spectroscopically
confirmed members. We also discuss SF activities in these two
systems through comparison with lower redshift counterparts. We
assume a !-dominated cosmology with "M = 0.3, "! = 0.7 and
H0 = 70 km s−1 Mpc−1.

2 O B S E RVAT I O N A N D DATA R E D U C T I O N

Our targets are selected on the basis of NB Hα imaging to-
gether with broad-band imaging of the two protoclusters around
the radio galaxies (RGs), namely PKS 1138−262 (z = 2.16) and
USS 1558−003 (z = 2.53), hereafter PKS 1138 and USS 1558, re-
spectively. First we sample line emitters that show excess fluxes in
the narrow-band and then use a broad-band colour–colour diagram
(BzK or rJK) to separate Hα emitters at the cluster redshift from
contaminant [O III]/[O II]/Paα emitters at other redshifts (see K13
and H12 for more details). We select the emitters with Hα fluxes
larger than 2.5 × 10−17 erg s−1 cm−2 as estimated from the NB
imaging (K13; H12), which corresponds to SFR ∼ 19–25 M⊙ yr−1

for PKS 1138 and USS 1558, respectively, using the Kennicutt
(1998) conversion. We have identified 48 and 68 HAEs candi-
dates in the vicinity of PKS 1138 and USS 1558 respectively (K13;
H12). We used the Multi-Object Infrared Camera and Spectrograph
(MOIRCS), a NIR imager and spectrograph (Ichikawa et al. 2006;
Suzuki et al. 2008) mounted on the 8.2-m Subaru Telescope on
Mauna Kea. It provides a multi-object spectroscopic (MOS) capa-
bility at ∼0.9–2.5 µm with a 4 × 7 arcmin2 field of view covered
by two HAWAII-2 2048 × 2048 arrays with the spatial resolution
of 0.117 arcsec pixel−1. We used a low-resolution grism (HK500:
R ∼ 500 for 0.8 arcsec slit width) for 5 masks and a high-resolution
grism (VPH-K: R ∼ 1700 for 0.8 arcsec slit width; see Ebizuka et al.
2011) for one of the 3 masks for PKS 1138. We made more than
15 slits per mask. In total, 98 objects were observed (some targets
were redundant).

We spent 5 nights (March–April in 2013) under 0.6–1 arcsec
seeing conditions for most of the time; however, one night was
completely lost due to bad weather. The net integration times were
longer than 2 h per mask. A summary of the observations is given
in Table 1.

Table 1. Summary of the observations. Columns: (1) cluster name,
(2) grism name, (3) resolution with 0.8 arcsec slit width, (4) integra-
tion time and (5) the number of observed targets. HK500 and VPH-K
indicate low- and high-resolution grisms covering the ranges 1.3–2.5
and 1.9–2.3 µm, respectively.

Cluster Name Grism R Integ. time Targets
(1) (2) (3) (4) (5)

PKS 1138−262 HK500 513 120 min 23
(11:40:48,−26:29:08) HK500 513 161 min 19

z = 2.16 VPH-K 1675 225 min 18

USS 1558−003 HK500 513 180 min 25
(16:01:17,+00:28:48) HK500 513 276 min 19

z = 2.53 HK500 513 175 min 15

Data reduction was carried out using the MOIRCS MOS Data
Pipeline (MCSMDP:1 Yoshikawa et al. 2010) which is a data reduction
package based on IRAF2 for spectroscopic data of MOIRCS. This
pipeline executes bad pixel masking, cosmic-ray rejection, pairwise
frame subtraction, correction for distortion and the combination
of positive and negative spectra semi-automatically. A wavelength
calibration is performed with OH lines and a flux calibration is
performed using standard stars with a spectral type of A0V. For
USS 1558, we checked the result of wavelength calibration care-
fully by comparing it with thorium argon lines, since Hα lines
are located beyond λ = 2.3 µm, where there is no remarkable OH
line. However, it should be noted that since thorium argon lines
are not strong enough at the long wavelength range of 2.3–2.5 µm,
we have larger uncertainties for the USS 1558 members. Therefore
we use an [O III] emission line, if available, to estimate the red-
shift of a USS 1558 member. The root-mean-square error (RMS) of
wavelength calibration is about ±3Å, which corresponds to ±40–
50 km s−1. This error is negligible for determination of the velocity
dispersion of each cluster.

3 R ESULTS

We first search for emission lines in the wavelength range of NB
filters, where Hα line candidates have already been detected by past
NB imaging surveys. Next they are fitted by Gaussian curves with
SPECFIT (Kriss 1994), which is distributed within STSDAS3 layered on
top of the IRAF environment. We normally apply a single Gaussian
fitting, but sometimes a multi-Gaussian fitting for a broad or mul-
tiple emission line, and the chi-square minimization technique is
used to best fit the line profile. Further details of the line fitting will
be presented in our forthcoming full Paper II (in preparation).

In the obtained spectra, we identified one or more new emission
lines at above 3σ levels for 27 and 36 SF galaxies in PKS 1138
and USS 1558 clusters, respectively. Here, the 1σ threshold is de-
fined as a standard deviation of flux densities around each emission
line, excluding the line itself. The limiting magnitude of this spec-
troscopy (1σ ) is mAB = 22.2–22.6 in the K band. The completeness
of our observation is 76 per cent (90 observed out of 116 candi-
dates) and the efficiency or success rate is 70 per cent (63 confirmed
out of 90 observed). A summary of our spectroscopic confirma-
tions is presented in Table 2. We note that velocity dispersions and
R200 are measured including the cluster members reported in past
studies. The histograms (Fig. 1) show the redshift distributions of
HAEs in the two protoclusters. For PKS 1138, we also plot cluster
members identified by past works (Kurk et al. 2000, 2004; Croft
et al. 2005; Doherty et al. 2010) and in total 49 members have been
spectroscopically confirmed, including the RG.

It should be noted that a relatively strong OH sky line is located
at λ = 2.073 nm and this significantly affects our line detectability
at the specific redshift interval z = 2.156–2.162 for the Hα emis-
sion line. This actually contributes to the dip seen in the redshift
distribution at the corresponding bin. The velocity dispersions of
‘PKS 1138 all’ and ‘PKS 1138 C1’ shown in Table 2 may decrease
by 20–30 km s−1 if we take this effect into account.

As seen in Fig. 1, cluster members are mostly located at red-
shifts where the response curve has maximum sensitivity. The large

1 Available at http://www.naoj.org/Observing/DataReduction/
2 IRAF is distributed by National Optical Astronomy Observatory and avail-
able at http://iraf.noao.edu/
3 Available at http://www.stsci.edu/institute/software_hardware/stsdas/
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MOIRCS spectroscopy (Apr. 2013)!
HK500: 1.3–2.5μm, R≈500, VPH-K: 1.9–2.5μm, R≈1700

➡48 and 68 HAE candidates in PKS1138 and 
USS1558 are selected by NB technique 
(Koyama et al. 2013a; Hayashi et al. 2012)!

➡New confirmation of 27 and 36 HAEs in 
PKS1138 and USS1558, respectively

➡Comparing cluster masses 
with those by numerical 
simulations (Shimizu et a. 
2012; Chiang et al. 2013)!

➡ Identification of the 
progenitors of the most 
massive class of clusters!

➡Redshift variation of the 
mass-normalized SFRs is 
roughly scaled as (1+z)6!

➡Their SFHs are compared 
between the right ancestors 
and the right descendants

Mcl and ΣSFR/Mcl histories ➡Mass-excitation (Juneau et al. 2011) and BPT diagram (Baldwin et al. 1981)!
➡We estimate [OIII]/Hβ ratio from [OIII]/Hα based on the dust correction

ISM conditions of the 
protocluster galaxies at z>2

Mass—metallicity (M-Z) relation!
in the protocluster at z>2
Erb et al. 2006b; Shimakawa et al. 2014b

Offsets from field at each z
Hughes et al. 2013; Magrini et al. 2012; 
Kulas et al. 2013; Shimakawa et al. 2014b

➡The excess of M-Z relation for the protocluster galaxies with those of 
field galaxies (Erb et al. 2006b), which is consistent with Kulas et al. 2013!

➡We discuss many possibilities to coincide with our and past results!
➡However, we have not yet reached to any fully consistent view

Gas recycling Stripping halo gas

Possibilities!
(see more detail in 
Shimakawa et al. 2014b)

Shimakawa et al. 2014b

Field

Intrinsically!
smaller halo (gas)

Chemically!
enriched gas moves back

Stripping!
outer metal-poor gas

Cluster Advanced!
downsizing


