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Galaxies and Clusters at the Cosmic Noon 



Star formation 

 The peak epoch of galaxy formation: 1<z<3 (6>Tcos(Gyr)>2) 

Fan et al. (2006) 

AGN (QSO) 

Hopkins and Beacom (2006)	

“COSMIC NOON”	



● DRG(J-K>2.3) 

RG 

● r-JHK   ● b-JHK 

PKS1138 (z=2.16) USS0943 (z=2.93) 

1011 M☉	

1011 M☉	

Direct progenitors of “some” of the present-day massive early-type galaxies. 
 The ideal laboratories to see any environmental effect at their “formation phase”	

Emergence of the red-sequence in proto-clusters	

Kodama et al. (2007)	

The peak epoch of massive galaxy formation in clusters	



Recent Remarkable Achievements 
 in the Cosmic Noon Era	

•  Presence of Dusty Starbursts (SMGs, red HAEs) 
•  Rapid Decline of Stellar Mass Density 
•  Emergence of Red Sequence 
•  Main Sequence of Star Forming Galaxies 
•  Fundamental Metallicity Relation 
•  Massive Compact Spheroids (red nuggets) 
•  Cold Streams (in theory) 
•  Turbulent, Clumpy, but Rotational Disk 
•  Gas Outflow (feedback) 
•  High Ionization State Galaxies (strong [OIII] line) 
•  etc… 



A typical spectrum of star forming galaxy	 

Kinney et al. (1996)	

[OII]	
[OIII]	

[Hα]	

[SII]	
[Hβ]	

[SIII]	

It consists of blue stellar continuum and many emission lines from ionized gas.	 



(SFRHα > 0.3M☉/yr) 
Hα (6563A)@z=0.4 

NB921 
z’ 

Flux ratio between 
narrow-band (NB921) and 

broad-band (z’)	

Koyama et al. (2011) 

Magnitudes in NB	

How narrow-band imaging survey works to sample 
star forming galaxies at high-z	



4 narrow-band filters	 7 narrow-band filters	

FWHMs correspond 
 to ±1500-2000km/s	

Subaru Wide-Field Survey of Narrow-Band 
Emitters ([OII], [OIII] and Hα) at 0.4<z<2.5 

MOIRCS FoV 

7’x4’	
Cluster N-body+SAM  simulation 

(Yahagi et al. 2005; νGC)	

z = 2 

Suprime-Cam (optical; 34’x27’)	 MOIRCS (NIR; 7’x4’)	

20×20 Mpc2 box (co-moving) 



18 nights for imaging, >15 nights for spectroscopy 

“MAHALO-Subaru”  
MApping HAlpha and Lines of Oxygen with Subaru	

Unique sample of NB selected SF galaxies across environments and cosmic times	

z~2 
cluster	

z~2 
field	

z~1.5 
cluster	

z<1 
cluster	



z = 3 

Nature? (intrinsic) 
earlier galaxy formation and 

evolution in high density regions 

 Nurture? (external) 
galaxy-galaxy interaction/mergers, 

gas-stripping 

Spirals	 Lenticulars	

Ellipticals	

Star-forming 
(young)	 No/little SF 

(old)	

Morphology- (SFR-) density relation 
(Dressler 1980)	 

z~0	 

log surface density (Mpc-2)	 

Origin of the cosmic habitat segregation	



Spatial distribution of star-forming galaxies in clusters	 

Hα emitters at z=0.81 (RXJ1716)	 [OII] emitters at z=1.46 (XCS2215)	 

Koyama, et al. (2011)	 Hayashi, et al. (2010)	 

□	 □	 

●	 phot-z members	 

Lx=2.7×1044 erg/s	 Lx=4.4×1044 erg/s	 

0.5 x R200	 0.5 x R200	 

Clusters Grow Inside-Out !	 



radio	  galaxy	
NB2315	

dense	  clump	

Hayashi et al. (2012)	

Ks	

Discovery of a Prominent Star-Bursting Proto-Cluster at z~2.5	

Hα imaging 
 with MOIRCS/NB2315 
3.4 hrs, 0.3-0.4” seeing	

~20x denser than the general field. 
Mean separation between galaxies is ~150kpc.	

1.5Mpc away  
from the RG	

USS1558-003 (z=2.53)	

68 Hα emitters (HAEs) are detected.	



Hayashi et al. (2012) 

Red Hα emitters (dusty starbursts) tend to favor higher density regions!	

Koyama et al. (2012) 

Spatial distributions of HAEs in two proto-clusters at z>2	

★	

★	

★　RG	

Blue HAE	■	
Red HAE	■	

clump-1	

clump-2	

clump-3	

~10M
pc on a side (co-m

oving)	

cluster core	



Clusters Grow Inside-Out !	 

z=0 

z~1 

z~2 

: passive red galaxy 

: normal SF galaxy 

: dusty starburst 

Illustrated by Yusei Koyama	 
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Figure 11: Distribution of redshifts and peculiar velocities with respect to the RGs in PKS1138 (left panel)
and USS1558 (right panel) clusters. Blue solid curves show the response curves of the NB filters used
in K13 and H12, and the blue dashed curves represent the wavelength shifts of the transmission curves
within the FoV. Left: Black and white histograms present our results (including the RG) and the past works
(Kurk et al., 2000, 2004; Croft et al., 2005; Doherty et al., 2010). Red dotted line indicates the location of a
strong OH line at !=2.073 nm. Right: Confirmed cluster members including the RG are plotted. Black solid,
slashed, and grey solid histogram show the galaxies in clumps 1, 2, and outside of them in the proto-cluster,
respectively. The bin size is !z=0.006 in both panels.

z!3.14/4.57/0.10 and 3.62/5.21/0.23 in the fore- or background of PKS1138 and USS1558 clus-
ters, respectively. In fact, we identified one each background [Oiii] emitter with doublet lines in
our colour-selected spectroscopic sample in respective fields. Therefore, among those 38 targets
whose redshifts were determined with multiple lines, 36 were identified as H" emitters at the clus-
ter redshifts. Contamination level by fore- or background galaxies would then be !5%, and it has
little impact on the current work. Observation completeness of the stellar-mass and the flux of the
targets is shown in Fig. 12.

Kinematical structures of distant proto-clusters deliver essential information on the mass as-
sembly history of galaxy clusters. Fig. 13 presents the spatial and redshift (or radial velocity)
distributions of the H" emitters (and 15 confirmed Ly" emitters in the case of PKS1138). The
blue and red symbols separate the members based on their redshifts or radial velocities; those ap-
proaching or receding, respectively, with respect to the radio galaxies. See the figure caption for
more details of the meanings of the di"erent symbols.

From the velocity dispersion, we now estimate R200 of each proto-cluster, which is the radius
within which the averaged matter density is 200 times larger than the critical density, and also the
dynamical masses of those systems (Mcl), using the virial theorem as written below (Finn et al.,
2005).

R200 = 2.47
#cl

1000 km/s
1

!
#$ + (1 + z)3#M

Mpc (3)

30

Identification of the progenitors of rich clusters and member galaxies in rapid formation at z>2 3

Figure 2. The kinematical structures of HAEs in (1) PKS1138 (left) and (b) USS1558 clusters (rightl). Grey dots represent HAE
candidates detected in our NB imaging (K13 and H12). Diamonds show the members newly confirmed in this study. Triangles are the
confirmed H! and Ly! emitters (LAE) in the previous works (Kurk et al. 2000, 2004; Croft et al. 2005; Doherty et al. 2010). Blue
and red symbols are separated by blue- and red-shifted galaxies, respectively, relative to the RGs (star mark). We identify three groups,
namely, PKS1138-C1, USS1558-C1, and USS1558-C2, and they are shown by grey dashed circles. Solid and dotted black circles indicate
R200 and 0.5!R200, respectively.

Table 2. (1) Cluster name as shown in Fig. 2, (2) newly confirmed
number of members, (3) mean peculiar velocity, (4) velocity dis-
persion, and (5) R200 and (6) cluster mass (Mcl) calculated from
Finn et al. (2005).

cluster new "!V# "cl R200 Mcl

name members [km/s] [km/s] [Mpc] [1014M!]
(1) (2) (3) (4) (5) (6)

PKS1138 all 27 $41 8825 — —
PKS1138 C1 9 +9 6835 0.535 1.715

USS1558 all 36 $717 756 — —
USS1558 C1 7 +121 284 0.19 0.10
USS1558 C2 19 $1042 574 0.38 0.87

fitted by gaussian curves with SPECFIT (Kriss 1994) that
are distributed within STSDAS4 layered on top of the IRAF
environment. We normally apply a single gaussian fitting,
but sometimes apply a multi-gaussian fitting for a broad
or multiple 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 the obtained spectra, we newly identified one or more
emission lines at above 3! levels for 27 and 36 SF galax-
ies in PKS1138 and USS1558 clusters respectively. Here, 1!
threshold is defined as a standard deviation of flux densi-
ties around each emission line, excluding the line itself. The
limiting magnitude of this spectroscopy (1!) is mAB=22.2–
22.6 in the K-band. The completeness of our observation is

4 Available at www.stsci.edu/institute/software hardware/stsdas/
5 estimated including Ly! emitters in the literature

76% (90 observed out of 116 candidates), and the e!ciency
or success rate is 70% (63 confirmed out of 90 observed).
A summary of our spectroscopic confirmation is presented
in Table 2. We note that velocity dispersions and R200 are
measured including the cluster members reported in the past
studies. The histograms (Fig. 1) show the redshift distribu-
tions of HAEs in the two proto-clusters. For PKS1138, 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 "=2.073 nm, and it significantly a"ects our
line detectability at the specific redshift interval of z=2.156–
2.162 for H# emission line. This actually contributes to the
dip seen in the redshift distribution at the corresponding
bin. The velocity dispersions of PKS1138-all and PKS1138-
C1 shown in Table 2 may decrease by 20–30 km/s if we take
into account this e"ect.

As seen in Fig. 1, cluster members are mostly located
at redshifts where the response curve has the maximum sen-
sitivity. The large numbers of newly confirmed members in
both clusters have confirmed that these systems are indeed
rich proto-clusters hosting lots of highly SF young galaxies
with typical star formation rates (SFRs) of !15–800M!/yr
after dust extinction correction. Since they are wide spread
and show clear substructures as shown in Fig. 2, the proto-
clusters are right in the phase of vigorous assembly. It should
be noted, however, that only 15 and 21 galaxies out of 27 and
36 emitters in PKS1138 and USS1558, respectively, are con-
firmed with detections of more than one emission lines. Al-
though our colour selections works well to discriminate H#
line at the cluster redshifts from other contaminant lines at

c% 2014 RAS, MNRAS 000, 1–5
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MOIRCS spectroscopy of two proto-clusters at z>2	

27 new 
 members	

36 new 
 members	
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Figure 2. The kinematical structures of HAEs in (1) PKS1138 (left) and (b) USS1558 clusters (rightl). Grey dots represent HAE
candidates detected in our NB imaging (K13 and H12). Diamonds show the members newly confirmed in this study. Triangles are the
confirmed H! and Ly! emitters (LAE) in the previous works (Kurk et al. 2000, 2004; Croft et al. 2005; Doherty et al. 2010). Blue
and red symbols are separated by blue- and red-shifted galaxies, respectively, relative to the RGs (star mark). We identify three groups,
namely, PKS1138-C1, USS1558-C1, and USS1558-C2, and they are shown by grey dashed circles. Solid and dotted black circles indicate
R200 and 0.5!R200, respectively.

Table 2. (1) Cluster name as shown in Fig. 2, (2) newly confirmed
number of members, (3) mean peculiar velocity, (4) velocity dis-
persion, and (5) R200 and (6) cluster mass (Mcl) calculated from
Finn et al. (2005).

cluster new "!V# "cl R200 Mcl

name members [km/s] [km/s] [Mpc] [1014M!]
(1) (2) (3) (4) (5) (6)

PKS1138 all 27 $41 8825 — —
PKS1138 C1 9 +9 6835 0.535 1.715

USS1558 all 36 $717 756 — —
USS1558 C1 7 +121 284 0.19 0.10
USS1558 C2 19 $1042 574 0.38 0.87

fitted by gaussian curves with SPECFIT (Kriss 1994) that
are distributed within STSDAS4 layered on top of the IRAF
environment. We normally apply a single gaussian fitting,
but sometimes apply a multi-gaussian fitting for a broad
or multiple 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 the obtained spectra, we newly identified one or more
emission lines at above 3! levels for 27 and 36 SF galax-
ies in PKS1138 and USS1558 clusters respectively. Here, 1!
threshold is defined as a standard deviation of flux densi-
ties around each emission line, excluding the line itself. The
limiting magnitude of this spectroscopy (1!) is mAB=22.2–
22.6 in the K-band. The completeness of our observation is

4 Available at www.stsci.edu/institute/software hardware/stsdas/
5 estimated including Ly! emitters in the literature

76% (90 observed out of 116 candidates), and the e!ciency
or success rate is 70% (63 confirmed out of 90 observed).
A summary of our spectroscopic confirmation is presented
in Table 2. We note that velocity dispersions and R200 are
measured including the cluster members reported in the past
studies. The histograms (Fig. 1) show the redshift distribu-
tions of HAEs in the two proto-clusters. For PKS1138, 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 "=2.073 nm, and it significantly a"ects our
line detectability at the specific redshift interval of z=2.156–
2.162 for H# emission line. This actually contributes to the
dip seen in the redshift distribution at the corresponding
bin. The velocity dispersions of PKS1138-all and PKS1138-
C1 shown in Table 2 may decrease by 20–30 km/s if we take
into account this e"ect.

As seen in Fig. 1, cluster members are mostly located
at redshifts where the response curve has the maximum sen-
sitivity. The large numbers of newly confirmed members in
both clusters have confirmed that these systems are indeed
rich proto-clusters hosting lots of highly SF young galaxies
with typical star formation rates (SFRs) of !15–800M!/yr
after dust extinction correction. Since they are wide spread
and show clear substructures as shown in Fig. 2, the proto-
clusters are right in the phase of vigorous assembly. It should
be noted, however, that only 15 and 21 galaxies out of 27 and
36 emitters in PKS1138 and USS1558, respectively, are con-
firmed with detections of more than one emission lines. Al-
though our colour selections works well to discriminate H#
line at the cluster redshifts from other contaminant lines at

c% 2014 RAS, MNRAS 000, 1–5
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3-D Views of Proto-Clusters at z>2	

velocity 
gradient	



Integrated Star Formation Rates in Cluster Cores	

Shimakawa et al. (2014a)	
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Figure 3. (a) Integrated SFRs in the cluster cores, !SFR, nor-
malized with the cluster dynamical masses (upper panel) and (b)
cluster dynamical masses (lower panel) are plotted as a func-
tion 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 val-
ues within 0.5!R200 to match the definition with other previous
measurements for a direct comparison. The previous works for 8
clusters at z=0.1–0.9 are shown by squares (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 H! line strengths for all the clusters
except for the z=1.46 and z=1.62 clusters which are based on
[Oii] lines. Note also that R200 is not fully covered for the z=0.81
cluster. The cluster mass of J0218 cluster at z=1.62 is adopted
from Tanaka et al. (2010). The red dotted curve shows a 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!1015M! predicted by theo-
retical models (Shimizu et al. 2012; Chiang et al. 2013). The pink
zone corresponds to ±1" scatter around the median values.

red line and the pink zone show the mass growth history of
massive cluster haloes predicted by cosmological simulations
(Shimizu et al. 2012; Chiang et al. 2013). The data points
show the measurements of dynamical masses of real clusters
used for comparison. It turns out that our proto-clusters
at z>2 have large enough masses to be consistent with the
progenitors of the most massive class of clusters like Coma.
The lower-z clusters shown with filled squares also follow
the same mass growth curve. Therefore we argue that we
are comparing the right ancestors with right descendants,
and the redshift variation of the mass-normalized SFRs seen
in the upper panel can be seen as the intrinsic cosmic SF
history of the most massive class of clusters.

In this Letter, we have presented the kinematical struc-
tures of the two richest proto-clusters at z>2, and extended
the cosmic evolution of !SFR/Mcl back to z>2 or 11 Gyrs
ago, based on the intensive multi-object NIR spectroscopy
of the NB selected star-forming galaxies. In our forthcom-
ing Paper II (in preparation), we will discuss the physical
properties of these galaxies (such as gaseous metallicities,
ionizing states, and dust extinction) using the multi emis-

sion line diagnostics, and compare them with those in the
general field at similar redshifts.
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Rapid increase of 
integrated SFR with z	

Our proto-clusters will 
 grow to ~1015M◉ clusters 

by the present-day	



Bursty and dusty star formation in two proto-clusters at z > 2 3

tion rates (SFRs) by estimating the dust attenuation of H!
emission lines based on the Balmer decrement technique
(H"/H! line ratios) and other corrections. We will study
gaseous metallicities using Pettini & Pagel (2004) descrip-
tion (N2 index), excitation states, and AGN contamination
using [Nii]/H! versus [Oiii]/H" diagram (BPT) (Veilleux
& Osterbrock 1987) and stellar-mass versus [Oiii]/H" dia-
gram (MEx) (Juneau et al. 2011). We then investigate their
environmental dependence of the mass-metallicity relation.

We first explain our data and data analysis. Next
we show our results: dust extinction (§3.1), MEx diagram
(§3.2), BPT diagram (§3.3), and mass–metallicity relation
(§3.4). We then discuss on the di!erences of the physical
properties and the star-forming activities between low- vs.
high- redshifts, and field vs. dense environments. The final
section provides the conclusions of this work.

We assume the cosmological parameters of "M=0.3,
"!=0.7 and H0=70 km/s/Mpc throughout this paper. We
employ the Salpeter (1955) initial mass function (IMF)
which results in 1.8 times larger SFR and stellar-mass than
the Chabrier (2003) IMF.

2 DATA & ANALYSIS

2.1 Observational data

With an aim to explore the mechanism of biased galaxy for-
mation in the early formation epoch of galaxy clusters, in
this paper, we study the physical properties of HAEs in the
two rich proto-clusters associated with radio galaxies (RGs),
PKS1138–262 (z=2.16) and USS1558–003 (z=2.53). Origi-
nally, 48 and 68 HAE candidates that show excess fluxes in
the narrow-band (NB) and are demarcated by a broad-band
colour-colour diagram (BzK or rJK) to eliminate other con-
taminant [Oiii]/ [Oii]/ Pa! emitters at wrong redshifts (see
Koyama et al. 2013; Hayashi et al. 2012 for more details).
In the latest study, then we have confirmed 27 and 36 HAEs
spectroscopically among them (Shimakawa et al. submitted)
with 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. In this spectroscopy, we observed
in total 90 objects by using a low resolution grim (HK500:
#=1.3–2.5 µm, R!500 for 0”8 slit width) for 5 masks, and
a high resolution grism (VPH-K: #=1.9–2.3 µm, R!1700
for 0”8 slit width; see Ebizuka et al. (2011)) for one of the
3 masks for PKS1138. This observation spent 5 nights of
spring in 2013 under 0.6”–1” seeing conditions and integra-
tion times were longer than 2 hours per mask. In the former
proto-cluster (hereafter PKS1138), 49 HAEs are identified
until now when we count the additional !22 spectroscop-
ically confirmed galaxies including Ly! emitters. The lat-
ter proto-cluster (hereafter USS1558) looks relatively young,
blue star-forming galaxies make up clumpy structures and
the most massive group contains 19 confirmed HAEs and 12
HAE candidates within !1.2 arcmin radius (or 0.6 Mpc in
physical scale).

Based on the reduced spectra by Shimakawa et al. (sub-
mitted), we study the physical properties of individual HAEs
in the dense environments. They are fit by gaussian curves
with SPECFIT (Kriss 1994) that are distributed within
STSDAS1 layered on top of the IRAF2 environment. We

Figure 1. Examples of the resultant spectra of HAEs in the
PKS1138 and USS1558 proto-clusters. Grey, blue, and red lines
show reduced spectra, fitting curve, and sky poisson noise levels.

usually apply a single gaussian fitting iteratively, but some-
times apply a multi-gaussian fitting for a broad or a multiple
blended emission line, and then the chi-square minimization
technique is used to best fit the line profile. SPECFIT pro-
vides flux error considering both of sky poisson noise and
fitting error, and thus we employ this error when we study
line ratio of individual galaxies. Two example of the resul-
tant spectra including best fit curves, and sky poisson noise
levels are represented in Figure 1. As the results, while more
than half of the resultant spectra show [Oiii] lines coupled
with H! lines with above 3 sigma level, [Nii] and H" lines
cannot be detected in the most of sample. H! and [Oiii] line
fluxes and redshifts of confirmed HAEs are listed in Table
1 and 2. This work basically discuss about confirmed HAEs
with H! fluxes 3> $ except as otherwise noted.

In this work, we often use the H! flux, stellar-mass,
and B-band magnitude derived from the previous narrow-
band surveys (Koyama et al. 2013; Hayashi et al. 2012).
This information is described in Table 1–3. For comparison
of our data with field counterparts at the similar redshifts,
we are referring several samples as reported by Tadaki et al.
(2013); Newman et al. (2013); Erb et al. (2006). Also, we
employ SDSS sample (Abazajian et al. 2009) as comparison
of the galaxies at between low-redshift and high-redshift.
Through this paper, we select the SDSS galaxies with equiv-
alent width (EW) of H! emission line >20Å, because our
data are based on the previous NB imaging (Koyama et al.
2013; Hayashi et al. 2012) which picked up the HAEs with
EWH!>20Å.

2.2 Stacking analysis

A large number of H! emitters in PKS1138 and USS1558
has been confirmed. For 33 confirmed H! emitters, we also
detect [Oiii] lines. As shown in the next section, we study

1 Available at www.stsci.edu/institute/software hardware/stsdas/
2 IRAF is distributed by the National Optical Astronomy Obser-
vatory and available at iraf.noao.edu/

c! 2014 RAS, MNRAS 000, 1–15

Figure 10: MEx diagram (a) upper panel is not dust corrected, (b) lower panel has been conducted
by Wuyts et al. (2013) prescription and Calzetti et al. (2000) extinction curve for individual galax-
ies in this work and Balmer decrement for the stacking spectra and SDSS sample. H! emitters
in the proto-clusters are shown as orange triangles for PKS1138 and green squares for USS1558.
Grey histogram indicates SDSS (Abazajian et al., 2009)). Black and white diamonds represent the
stacking spectra of PKS1138 and USS1558 respectively.
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Figure 28: Stellar mass vs. SFR of the H! emitters in the Mahalo-Subaru sample. Types of the symbols
are the same as in Fig. 27. Black dashed and dotted lines show the best fit line and the 1" deviation.
Pink and cyan lines represent the z!2.2 field galaxies of Daddi et al. 2007 (GOODS field: pink line), and
Whitaker et al. 2012 (AEGIS & COSMOS fields: cyan line).

mas) when AH! is fixed. It must be cased by stellar populations such as age and metallicity as a
function of stellar mass. On the other hand, redder H! emitters (in J " Ks) are more dust obscured
(larger AH!) at fixed stellar-mass. There is a tight correlation among extinction, stellar-mass, and
J "Ks colours of H! emitters, that is, higher attenuations and redder colours for more massive H!
emitters.

In Fig. 29b, we investigate the correlation between SSFR and dust obscuration at a given stellar
mass. Interestingly, dusty galaxies tend to have higher SSFRs even without any dust correction
applied. This means that the physical processes behind the environmental dependence make the
galaxies more bursty AND dustier in the dense environment at z>2. This can be naturally in-
terpreted if the star-forming activities of the proto-cluster galaxies are more often enhanced by
galaxy-galaxy mergers.

Fig. 29c,d show the main sequence diagrams (stellar-mass versus SFR) and galaxies are colour-
coded by J " Ks colour or AH!, respectively. We see clearly that obscured H! emitters have higher
SFRs, although no significant dependence of J"Ks colour and SFR can be found at a given stellar-
mass.

Why do the proto-cluster galaxies involve more bursty processes in their formation? There are
two possibilities which cause such bursty star-formation, namely higher star-formation e!ciency
(SFR/Mgas) and higher gas fraction (Mgas/(Mgas+Mstar)).

Star-formation e!ciency is known to be systematically higher in the star-bursting mode than in
the normal star forming mode (Daddi et al., 2010). Dissipational galaxy-galaxy interaction induces
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PKS1138 
USS1558 
SXDF

Figure 27: Stellar mass vs. dust extinction of H! flux. Red triangles, blue squares, and grey circles indicate
the H! emitters in PKS1138 and USS1558, and SXDF at z=2.2, respectively. Here H! emitters include
the candidates selected by the combined technique of narrow-band imaging and colour-colour selection
(Koyama et al., 2013; Hayashi et al., 2012; Tadaki et al., 2013). Black dashed and dotted lines show the best
fit line and the 1" deviation.

main sequences of z=2.2 field galaxies reported by Daddi et al. (2007); Whitaker et al. (2012) as
references, although we should note that there is still an uncertainty in dust correction especially
for low-mass galaxies. Actually the main sequence of Daddi et al. (2007) fits very well to that of
SXDF galaxies if we apply a more promising extinction correction based on the SED fitting (see
Tadaki et al. 2013). Even if we consider such uncertainty, the main sequence of the two proto-
cluster galaxies is elevated significantly above those of the field galaxies at z=2.2. It is noted that
the di!erence between the redshifts of z=2.2 and z=2.5 is negligible with regard to the star-forming
activities.

This result suggests that the H! emitters in the two proto-clusters are likely to be in the star-
burst mode since the star formation rate at a given stellar mass is higher than that of field galaxies at
z=2.2 in SXDF (Tadaki et al., 2013). A recent study indicates that the main sequence of interacting
galaxies deviates from that of normal star-forming galaxies based on the morphological analysis
of Herschel selected galaxies at 0.2<z<1.5 in the COSMOS field (Hung et al., 2013). Therefore,
the o!set of the main sequence may be caused by some external e!ects such as galaxy-galaxy
interaction which lead to high star-forming activities in dense environments.

Thirdly, we discuss the connection among colours, specific the star-formation rate (SSFR), dust
extinction, and environment of the H! emitters. Figure 29 shows stallar-mass vs. AH! (upper
panels) and stellar-mass vs. SFR (lower panels) colour-coded with J ! Ks colour, SSFR, or AH!.

The first obvious correlation is the one between J ! Ks colour and stellar-mass as seen in Fig.
29a. Redder H! emitters (in J ! Ks) tend to be more massive star-forming galaxies (in stellar
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Figure 9. Stellar mass vs. dust extinction of H! flux. Red triangles, blue squares, and grey circles indicate the H! emitters in PKS1138
and USS1558, and SXDF at z=2.2, respectively. Here H! emitters include the candidates selected by the combined technique of narrow-
band imaging and colour-colour selection (Koyama et al. 2013; Hayashi et al. 2012; Tadaki et al. 2013). Black dashed and dotted lines
show the best fit line and the 1" deviation.

any dust correction applied. This means that the physical
processes behind the environmental dependence make the
galaxies more bursty AND dustier in the dense environment
at z>2. This can be naturally interpreted if the star-forming
activities of the proto-cluster galaxies are more often en-
hanced by galaxy-galaxy mergers.

Fig. 9c,d show the main sequence diagrams (stellar-
mass versus SFR) and galaxies are colour-coded by J !Ks

colour or AH!, respectively. We see clearly that obscured
H! emitters have higher SFRs, although no significant de-
pendence of J !Ks colour and SFR can be found at a given
stellar-mass.

Why do the proto-cluster galaxies involve more bursty
processes in their formation? There are two possibilities
which cause such bursty star-formation, namely higher star-
formation e!ciency (SFR/Mgas) and higher gas fraction
(Mgas/(Mgas+Mstar)).

Star-formation e!ciency is known to be systematically
higher in the star-bursting mode than in the normal star
forming mode (Daddi et al. 2010). Dissipational galaxy-
galaxy interaction induces the centralized star-burst and it
leads to dusty star-formation in compact region. Given the
fact that H! emitters with higher SSFRs are more dust ob-
scured, this scenario naturally reproduces both bursty and
dustier natures of the proto-cluster galaxies. Therefore, our
result may suggest that the star forming activities of the
H! emitters have higher star-formation e!ciency in proto-
clusters at z>2 probably due to some external e"ects (such
as mergers) by surrounding environments. In the latter case,
however, although SFR goes up with more gas available at
a fixed stellar mass, it would have no direct e"ect on the
dust attenuation. Therefore, the cause of high obscuration
in the proto-clusters may be more naturally attributed to
high star-formation e!ciency (the former case). Moreover,
galaxies in proto-clusters are subject to gas stripping due to
ram pressure and tidal forces, and it would be hard to make
the gas fraction larger for proto-cluster galaxies compared
to field galaxies. To answer this question more clearly, we

need more statistical and sophisticated data of gas content
of these galaxies such as those obtained with ALMA.

5 CONCLUSIONS

This work has reported results on the kinematical structures
of the proto-clusters at z > 2 (PKS1138 and USS1558) and
on the physical properties of galaxies therein based on in-
tensive NIR spectroscopic follow-up observations. We have
discussed how the star forming activities in high density re-
gions at high-z are intrinsically biased, and how they are
externally a"ected by surrounding environments to estab-
lish the strong environmental dependence that we see in the
present-day universe. We propose a scenario which can be
consistent with all of these results.

(i) We have measured strength of dust attenuation of
H! emitters using Balmer decrement (H!/H") from the
stacked spectra and SFR(H!)/SFR(UV) ratios of individ-
ual galaxies. As a result, we present that the dust extinction
in the proto-cluster galaxies at z=2.2 and 2.5 is on average
higher than that of the field galaxies at similar redshifts.

(ii) We have then measured accurate star formation rates
for the proto-cluster galaxies by taking into account the dust
attenuation that we derive above, and compare them with
with those of the field galaxies selected in the same way. We
confirm that the specific star formation rates of the proto-
cluster galaxies at z=2.2 and 2.5 is on average higher than
those of the field galaxies at z=2.2 in SXDF.

These environmental dependences in the physical proper-
ties indicate that the mode of star-formation in dense envi-
ronments maybe di"erent from that of field galaxies in the
sense that star formation tends to occur more intensely and
in compact dusty regions. Such di"erence may be caused by
external influences by surrounding environments, such as
galaxy-galaxy interactions or mergers, and it would result
in producing red, spheroidal galaxies in the end.

(iii) The history of chemical enrichment also provide us
with some crucial information on the physical processes that
are occurring during the phase of galaxy formation. We have
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Figure 9. Stellar mass vs. dust extinction of H! flux. Red triangles, blue squares, and grey circles indicate the H! emitters in PKS1138
and USS1558, and SXDF at z=2.2, respectively. Here H! emitters include the candidates selected by the combined technique of narrow-
band imaging and colour-colour selection (Koyama et al. 2013; Hayashi et al. 2012; Tadaki et al. 2013). Black dashed and dotted lines
show the best fit line and the 1" deviation.

any dust correction applied. This means that the physical
processes behind the environmental dependence make the
galaxies more bursty AND dustier in the dense environment
at z>2. This can be naturally interpreted if the star-forming
activities of the proto-cluster galaxies are more often en-
hanced by galaxy-galaxy mergers.

Fig. 9c,d show the main sequence diagrams (stellar-
mass versus SFR) and galaxies are colour-coded by J !Ks

colour or AH!, respectively. We see clearly that obscured
H! emitters have higher SFRs, although no significant de-
pendence of J !Ks colour and SFR can be found at a given
stellar-mass.

Why do the proto-cluster galaxies involve more bursty
processes in their formation? There are two possibilities
which cause such bursty star-formation, namely higher star-
formation e!ciency (SFR/Mgas) and higher gas fraction
(Mgas/(Mgas+Mstar)).

Star-formation e!ciency is known to be systematically
higher in the star-bursting mode than in the normal star
forming mode (Daddi et al. 2010). Dissipational galaxy-
galaxy interaction induces the centralized star-burst and it
leads to dusty star-formation in compact region. Given the
fact that H! emitters with higher SSFRs are more dust ob-
scured, this scenario naturally reproduces both bursty and
dustier natures of the proto-cluster galaxies. Therefore, our
result may suggest that the star forming activities of the
H! emitters have higher star-formation e!ciency in proto-
clusters at z>2 probably due to some external e"ects (such
as mergers) by surrounding environments. In the latter case,
however, although SFR goes up with more gas available at
a fixed stellar mass, it would have no direct e"ect on the
dust attenuation. Therefore, the cause of high obscuration
in the proto-clusters may be more naturally attributed to
high star-formation e!ciency (the former case). Moreover,
galaxies in proto-clusters are subject to gas stripping due to
ram pressure and tidal forces, and it would be hard to make
the gas fraction larger for proto-cluster galaxies compared
to field galaxies. To answer this question more clearly, we

need more statistical and sophisticated data of gas content
of these galaxies such as those obtained with ALMA.

5 CONCLUSIONS

This work has reported results on the kinematical structures
of the proto-clusters at z > 2 (PKS1138 and USS1558) and
on the physical properties of galaxies therein based on in-
tensive NIR spectroscopic follow-up observations. We have
discussed how the star forming activities in high density re-
gions at high-z are intrinsically biased, and how they are
externally a"ected by surrounding environments to estab-
lish the strong environmental dependence that we see in the
present-day universe. We propose a scenario which can be
consistent with all of these results.

(i) We have measured strength of dust attenuation of
H! emitters using Balmer decrement (H!/H") from the
stacked spectra and SFR(H!)/SFR(UV) ratios of individ-
ual galaxies. As a result, we present that the dust extinction
in the proto-cluster galaxies at z=2.2 and 2.5 is on average
higher than that of the field galaxies at similar redshifts.

(ii) We have then measured accurate star formation rates
for the proto-cluster galaxies by taking into account the dust
attenuation that we derive above, and compare them with
with those of the field galaxies selected in the same way. We
confirm that the specific star formation rates of the proto-
cluster galaxies at z=2.2 and 2.5 is on average higher than
those of the field galaxies at z=2.2 in SXDF.

These environmental dependences in the physical proper-
ties indicate that the mode of star-formation in dense envi-
ronments maybe di"erent from that of field galaxies in the
sense that star formation tends to occur more intensely and
in compact dusty regions. Such di"erence may be caused by
external influences by surrounding environments, such as
galaxy-galaxy interactions or mergers, and it would result
in producing red, spheroidal galaxies in the end.

(iii) The history of chemical enrichment also provide us
with some crucial information on the physical processes that
are occurring during the phase of galaxy formation. We have
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HST images (V606,I814,H160) from the CANDELS survey 
less massive clumpy galaxies 

（Mstar<1010M◉）	
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massive clumpy galaxies 
（Mstar=1010-11M◉）	

Tadaki et al. (2013b) 

~40% of HAEs at z~2 show clumpy (or merger) structures 

Clumpy structure is common in high-z SFGs (Field) 

colours (I814-H160) of individual clumps are shown with red numbers 

Massive galaxies tend to have a red clump near the mass center, 
which may be hosting a central dusty starburst and forming a bulge eventually ! 
Environmental dependence of the clumpiness and the clump colours is expected, 
and should be tested with up-coming HST imaging of the USS1558 proto-cluster. 

3”	

3” (~25kpc)	



Dekel et al. 
(2009, Nature)	

Goerdt et al. 
(2010)	

320 kpc	

10 kpc	

Efficient gas supply to form a massive 
galaxy on a short time scale at high-z. 

 
Rapid gas accretion forms a gas rich disk which 

becomes gravitationally unstable and fragmented.	

“Cold Streams” along filaments 
(Inflow)	

cooling radiation of Lyα	



6

Fig. 2.— Same as Figure 1 for galaxy G2 (medium mass). Detailed sequences and movies of our fiducial models are available in Perret
et al. (2013a).

Bournaud et al. (2013)	

Medium-mass galaxy	

2C	

Stellar feedback 
(photo-ionization, 
 radiation pressure, 
 and supernova) 
are fully considered. 

Numerical simulation 
 of clumpy galaxies 

(N-body + SPH)	

180Myr	 300Myr	

420Myr	

640Myr	 760Myr	

540Myr	

High-z galaxies are gas 
rich due to massive gas 
accretion through cold 
streams. 
 
Gas rich disks are 
fragmented to clumps 
due to gravitational 
instability. 
 
Clumps migrate towards 
a galactic center due to 
dynamical friction and 
probably make a bulge 
of a disk galaxy.  

Mdyn = 3.5 × 1010 M◉  	

Bulge formation in disk galaxies through clump migration? 
à Necessity for spatially resolved studies of distant galaxies	



High-z Galaxy Anatomy	
IFU (3D spectroscopy)  w/AO	

Genzel et al. (2011)	

Rotation of gas-rich clumpy disk of a SFG at z=2.4 
 resolved with IFU (SINFONI) on VLT	



Galaxy Anatomy with 3D spectroscopy
（Integral Field Unit）�

VLT(UT4) / SINFONI 

VLT/SINFONI 
32 slices x 64 pixels	

Keck/OSIRIS 
Gemini/NIFS 

 
No such NIR instrument 
on Subaru unfortunately!  



Foerster-Schreiber et al. (2009)	z~2 UV selected galaxies; VLT/SINFONI w/o AO; Vc/σ~2-4	

SINS Survey	



blue wing = outflow	

Gas outflows from clumpy galaxies 
(feedback in action) 

Genzel et al. (2011)	

Hα line profile	

Gas outflow from the star-bursting clump-B (~500km/s) 

Fbroad/Fnarrow (outflow strength) scales with SFR, suggesting “stellar” feedback.	



Galaxy Anatomy reveals internal physics of forming 
galaxies, and its environmental dependence. 

AO+NB imaging and IFU 
SF regions, AGN, kinematics 

ALMA 
gas distribution, SF mode, kinematics	

HST imaging 
size, morphology, clumpiness	

Galaxy mergers?      Tidal signatures? Nucleated dusty SB? AGN? 
                                 Disordered kinematics? Central outflow? 
 
Clump migration?      SF clumps? Ordinary rotating disk? 
　　　　　　　　　　　　　　 Outflows from clumps? 
 
Secular evolution?    Exponential disk-wide star formation? 
                                Well-ordered rotational disk? 

SINS	



Existing/Upcoming instruments for galaxy anatomy�

Subaru+AO 
         0.06-0.1”@2µm (~0.5-1kpc @z>1), 1 arcmin (FoV) 

Subaru+GLAO 
         0.2” @2µm (~1.5kpc),                      15 arcmin	

TMT+AO 
         0.015” @2µm (~0.1kpc),                  15 arcsec	

ALMA 
        0.01-0.1”@Submm-mm (0.1-1kpc), 10arcsec-1arcmin 

JWST 
         0.05” @2µm (~0.5kpc),                      3 arcmin	

HST 
         0.18” @1.6µm (~1.4kpc),                 3.5 arcmin	

“Spatial Resolution” versus “Field of View”	



“ULTIMATE-Subaru”: GLAO + Wide-Field NIR Instr.	

High resolution (0.2”~1.5kpc) and Wide-field (15’) 
 

NIR: Narrow-band imaging and Multi-object spectroscopy	

Lyα emitters at z=8-10 
and 

spatially resolved 
 Hα, [OIII] emitters at 1<z<3.5	

NB imaging in between OH sky lines is 
competitive to JWST (wins by 20x FoV !)	

Ultra-wide Laser Tomographic Imager and MOS with AO for Transcendent Exploration	

JWST	
Subaru 
GLAO	

NB imaging	



“ALOHA-TMT”  
Anatomy with Lines of Oxygen and Hydrogen with AO on TMT	

Resolving internal structures/kinematics within galaxies under construction 

Huge light collecting power (13×Subaru), and 
High spatial resolution (0.015”@2µm with AO) 

~3 mag deeper (x 15) for point sources and 
~1.5 mag deeper (x 4) for extended sources 

compared to Subaru (8.2m diameter) 

0.015”@2µm ⇔ ~0.1kpc @z>1	
TMT can resolve stars and ionized gas with high resolution  

which is comparable to ALMA (molecular gas and dust)!	



“GRACIAS-ALMA”  
GRAphing  CO Intensity And Submm with ALMA	

Mapping/resolving gas and dust contents at the peak epoch of galaxy formation 

CO line @ Band-3 (~100GHz) SFR~50M☉/yr (2.7hrs, 5σ)	
Dust continuum@ Band-6-9 (450 µm–1.1 mm)	

< 0.1” (<1kpc) : centralized, disturbed or disk-wide gas distribution? 
< 50km/s: gas in-/out-flow, rotating disk or disturbed motions?	

Internal structures:	

Cycle-2 sensitivities	

Spatial resolution: 0.01-0.1”  (ßà 0.1-1kpc)   (0.18-0.4” in cycle-2) 

SFR~15M☉/yr (50min, 5σ)	
@1<z<3	



Band-6 (dust)	

Band-3 (CO)	

Clusters are efficient targets for ALMA 
especially at Band-3 as multiple targets 
can be observed by a single pointing (1’).	

USS1558 proto-cluster (z=2.53) 

Chandra 100ks X-ray data (Martini et al.) 
will also be taken soon. 

(AGN fraction, distribution)	

HST images (Hayashi et al.) 
will be taken soon. 

(Clumpy fraction, size evolution)	



SWIMS-18 Survey	

基盤 ・Ｂ（一般）‐５

研究計画・方法（つづき）

表１：近赤外装置 SWIMS の撮像フィルター

Narrow-Band Medium-Band Broad-Band

Band λ0(μm) FWHM(μm) Band λ(μm) λ0(μm) FWHM(μm) Band λ(μm) λ0(μm) FWHM(μm)

NB1244 1.244 0.012 Y 1.00-1.10 1.05 0.10 J 1.17-1.33 1.25 0.16

NB1261 1.261 0.012 J1 1.11-1.23 1.17 0.12 H 1.48-1.78 1.63 0.30

NB1630 1.630 0.016 J2 1.23-1.35 1.29 0.12 Ks 1.99-2.30 2.15 0.30

NB1653 1.653 0.016 H1 1.44-1.56 1.50 0.12

NB2137 2.137 0.021 H2 1.56-1.68 1.62 0.12

NB2167 2.167 0.021 H3 1.68-1.80 1.74 0.12

K1 1.96-2.10 2.03 0.14

K2 2.10-2.24 2.17 0.14

K3 2.24-2.38 2.31 0.14

図１：狭帯域フィルター(６枚)の波長透過特性 図２：[上図] 星形成銀河(z=1.674)のスペク

と OH 夜光輝線(ノイズ)の強度。上図は拡大図。 トル例。２枚の狭帯域フィルターが Hαと Hβ

フィルターの透過波長が強い夜光輝線を避ける 輝線を同時に捕えている。[下図] 中間帯域フように

設計されている。J, H, K バンドそれぞ ィルター(９枚)と広帯域フィルター(３枚)の

れ２枚ずつあり、Jと H、H と K の１枚ずつが、 透過波長特性。blue と red の波長域のフィルそれぞれ

Hβと Hαとのペア(4 組)となっている。 ターを１枚ずつ、計２枚を同時に観測できる。

表２：狭帯域フィルターが捕える赤方偏移。 表３：２枚同時観測の組み合わせと積分時間。

(斜字は本提案が主に対象とする３つの赤方偏 blue と red を同時に観測することで所要時間

移 z～0.9, 1.5, 2.3)。NB1244 と NB1261 は を半分にできる。一視野当たり、18 バンド全

銀河団 CL1604(z=0.895, 0.920)の Hαも狙える ての観測を完了するのに要する時間は 25 時間

程度（積分時間 22.5 時間＋オーバーヘッド）。

z(Hα) z(Hβ) z(OIII) z(OII)z(Paα) blue チャンネル red チャンネル

NB1244 0.895 1.484 1.559 2.337 NB1244 (6h) NB1630 (3h), NB2137 (3h)

NB1261 0.922 1.519 1.595 2.384 NB1261 (6h) NB1653 (3h), NB2167 (3h)

NB1630 1.484 2.256 2.354 Y (3h) H1 (2h), K1 (1h)

NB1653 1.519 2.302 2.401 J1 (3h) H2 (2h), K2 (1h)

NB2137 2.256 0.140 J2 (3h) H3 (2h), K3 (1h)

NB2167 2.302 0.156 J (1.5h) H (1h), Ks (0.5h)

研究機関名 国立天文台 研究代表者氏名 児玉 忠恭

Unique, comprehensive imaging survey of the Cosmic Noon 

Table 2: Two layers of SWIMS-18 survey.

survey area # of observing observing total time
layer (sq. deg.) pointings time (Subaru) time (TAO) for TAO
SWIMS-18-Wide 1 100 25hrs/FoV 40hrs/FoV 4,000 hrs
SWIMS-18-Deep 0.1 10 125hrs/FoV 200hrs/FoV 2,000 hrs

Table 3: Depth of the SWIMS-18-Wide survey.

SFR-limit (M!/yr) expected # of HAEs M"-limit (M!) expected # /(!z=1)
10(z=1.5), 30(z=2.5) 8000(z=1.5), 4000(z=2.5) 1010(z=1.5), 1011(z=3) 3000(z=3), 300(z=4)

survey [ZZZ] and Mahalo-Subaru NB survey [ZZZ], and other similar projects in the world, such as HiZELS
on UKIRT, NEWFIRM on Kitt Peak, Z-FOURGE on Magellan.
(1) Narrow-band filters: SWIMS-18 will employ 9 MB filters. dz/(1+z)=0.02
(2) Narrow-band filters: SWIMS-18 will employ 6 NB filters. H!and [Oiii]4 pairs. adjacent o"-band.
(3) Simultaneous observations of blue and red channels: separated at 1.4µm by a dichroic mirror.
(4) Large allocation of observing times: purpose-made telescope. 1.5 years TAO times to complete
SWIMS-18 survey over 1 sq. deg. (will be 0.75 years if FoV of SWIMS is enlarged twice.)

We aim to increase the number of bright H! emitters (>3–4!10#17 erg/s/cm2) from 68 to "500 by
a factor of seven. We will spend 1 hr net exposure time per pointing on each filter, except for NB1190
and NB1550, to reach down to 2.8–4.3!10#17 erg/s/cm2 (3") or H!-based dust-free star formation rates of
4.6–17.4 M!/yr (see Table 1 in TJ). These numbers are based on our actual previous data taken with these
filters. With NB1190 and NB1550 filters, we also aim to detect [Oii] and H# emission lines at z=2.19 with a
deeper exposure (2 hrs net integration per pointing) but taking only the two pointings in SXDF-CANDELS,
where we know of strong clustering of H! emitters at z=2.19 traced by NB2095, for maximum e#ciency
(Fig. 1). This particular redshift is also coordinated with Suprime-Cam NB387 filter which samples Ly!
emitters at the same redshift [9]. By detecting [Oii] and/or H# we will be sure of their redshifts without
spectroscopic confirmation. Moreover we can estimate accurate dust extinction based on the line ratios of
H# and H! (Balmer decrement) [10].

Immidiate scientific objectives are, first of all, to sketch accurate cosmic star formation history based
on the coherent, statistical sample of H! emitters at 1.5 < z < 2.6 provided by this project. Combined
with stellar masses estimated by SED fitting, we will plot SFR–M" relation (i.e. the main sequence of star
forming galaxies [11]), and see how it evolves with time and environment based on "500 H! emitters in
the general field together with "200 H! emitters in proto-clusters at similar redshifts [3]. Forthermore,
the HST images will be available for all the emitters, and we can classify galaxies in terms of compactness,
clumpiness, and dustiness. We can therefore investigate how these morphological properties are related to

Table 4: Exposure times.

blue channel red channel
NB1244 (6h) NB1630 (3h) NB2137 (3h)
NB1261 (6h) NB1653 (3h) NB2167 (3h)
Y (3h) H1 (2h) K1 (1h)
J1 (3h) H2 (2h) K2 (1h)
J2 (3h) H3 (2h) K3 (1h)
J (1.5h) H (1h) Ks (0.5h)

3

Simultaneous observations of blue (<1.4µm) and red (>1.4µm) channels !	

18 filters (6 NBs, 9 MBs, and 3 BBs) will be available !	

SWIMS is the new wide-field NIR camera and spectrograph to be installed on 
TAO 6.5m telescope in Chile, and will be mounted on Subaru for 2015-2017.	

Blue   	 Red   	

(Kodama et al.)	



SWIMS-18 Medium-Band Filters	

Table 1: SWIMS-18 filters

BB filters ! !c FWHM
(µm) (µm) (µm)

J 1.17–1.33 1.25 0.16
H 1.48–1.78 1.63 0.30
Ks 1.99–2.30 2.15 0.30

MB filters !c FWHM zs(Bal.Lim.) zs(D4000)
(µm) (µm) 3645Å 4000Å

Y 1.05 0.10 1.74 1.50
J1 1.17 0.12 2.05 1.78
J2 1.29 0.12 2.37 2.08
H1 1.50 0.12 2.95 2.60
H2 1.62 0.12 3.28 2.90
H3 1.74 0.12 3.61 3.20
K1 2.03 0.14 4.38 3.90
K2 2.17 0.14 4.76 4.25
K3 2.31 0.14 5.14 5.60

NB filters !c FWHM z(H") z([Oiii]) z(H#) z([Oii]) z(Pa") note
(µm) (µm) 6563Å 5007Å 4861Å 3727Å 1.875µm

NB1244 1.244 0.012 0.895 1.484 1.559 2.337 – CL1604+4304(z=0.895)
NB1261 1.261 0.012 0.922 1.519 1.595 2.384 – CL1604+4321(z=0.920)
NB1630 1.630 0.016 1.484 2.256 2.354 3.374 –
NB1653 1.653 0.016 1.519 2.302 2.401 3.436 –
NB2137 2.137 0.021 2.256 3.268 3.396 4.734 0.140
NB2167 2.167 0.021 2.302 3.328 3.458 4.814 0.156

galaxies (called as the main sequence) by a factor of 30 [4]. Moreover, the HST images have revealed that
about 40% of massive star forming galaxies (>2!1010M!) have clumpy structures (Fig. 2), despite of the
fact that many of these galaxies show ordered disk-like rotation. They are either external mergers or internal
clumpy galaxies fragmented by gravitational instability of gas rich disks [6] fed by cold streams [7]. Since the
clumps are likely to migrate towards galaxy center due to dynamical friction, they are probably intimately
linked to bulge formation in disk galaxies. In any case, this indicates that galaxy formation at its peak epoch
is not simple but involves some complicated physical processes, and such irregularity is probably responsible,
at least partly, for very high star formation and AGN activities seen at this epoch.

3 SWIMS-18 Survey

The above results are all intriguing and critical to understanding the origin of massive galaxies today.
However, we clearly su!er from poor statistics with the current data in hands. We therefore propose to
expand the survey area to 1 square degree, 40 times larger than the current 94 arcmin2 survey in the SXDF-
CANDELS field covered by 4 MOIRCS pointings, with a new NIR imager and spectrograph called SWIMS.
SWIMS is under development at Institute of Astronomy, Univ. of Tokyo for Tokyo Atacama Observatory
(TAO). TAO has been recently funded and it will be completed in 2017. SWIMS will be completed earlier in
2014 and it is planned to be attached to Subaru telescope in Hawaii until it is transferred to TAO in Chile.
We therefore plan to make a pilot survey of SWIMS-18 at Subaru over 3 years ("30 nights) in 2015–2017,
and then do its full survey at TAO from 2018 onwards.

SWIMS-18 survey has many unique features and advantages over our previous proto-cluster JHK imaging
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van Dokkum et al. (2009)	

NEWFIRM survey (KPNO)	

Great improvement 
in phot-z such as 
⊿z/(1+z) < 0.02 	

Will open a new window to 3.5<z<5 with K1,K2,K3 !	



SWIMS-18 Narrow-Band Filters	
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Dual Emitters ([OIII] and Hα) Survey 
with Pair NB filters	

※ HST F126N 1.259 0.015	



Why SWIMS-18 > Z-FOURGE ?	

•  More medium-band filters (from 6 to 9)                　　　　                　　　　　
J1(Y),J2,J3,Hs,Hl,Ks　à　Y,J1,J2,H1,H2,H3,K1,K2,K3 

 
 

•  Existence of narrow-band filters                                          　    
6 narrow-band filters, 4 pairs (Hα and [OIII]), adjacent on/off bands 

 
 

•  Simultaneous observations of two passbands              　 
λ<1.4µm (blue channel) and λ>1.4µm (red channel) with a dichroic mirror 

 
 

•  Large amount of time allocation to some dedicated programs 
　　 à 0.7-１.5 yrs of observing time for 1 sq. deg. (×10 Z-FOURGE),  
          optimal for environmental studies with clusters of >1014M◉ 

à Improvement of phot-z accuracy (in particular at z>3), Balmer break up to z<5	

　à optimized to strong [OIII] emitters at high-z, no contamination	

à Survey efficiency doubled	

(TAO 6.5m)	 (Magellan 6.5m)	



Survey Design for SWIMS-18 (imaging)	Table 2: Two layers of SWIMS-18 survey.

survey area # of observing observing total time
layer (sq. deg.) pointings time (Subaru) time (TAO) for TAO
SWIMS-18-Wide 1 100 25hrs/FoV 40hrs/FoV 4,000 hrs
SWIMS-18-Deep 0.1 10 125hrs/FoV 200hrs/FoV 2,000 hrs

Table 3: Depth of the SWIMS-18-Wide survey.

SFR-limit (M!/yr) expected # of HAEs M"-limit (M!) expected # /(!z=1)
10(z=1.5), 30(z=2.5) 8000(z=1.5), 4000(z=2.5) 1010(z=1.5), 1011(z=3) 3000(z=3), 300(z=4)

survey [ZZZ] and Mahalo-Subaru NB survey [ZZZ], and other similar projects in the world, such as HiZELS
on UKIRT, NEWFIRM on Kitt Peak, Z-FOURGE on Magellan.
(1) Narrow-band filters: SWIMS-18 will employ 9 MB filters. dz/(1+z)=0.02
(2) Narrow-band filters: SWIMS-18 will employ 6 NB filters. H!and [Oiii]4 pairs. adjacent o"-band.
(3) Simultaneous observations of blue and red channels: separated at 1.4µm by a dichroic mirror.
(4) Large allocation of observing times: purpose-made telescope. 1.5 years TAO times to complete
SWIMS-18 survey over 1 sq. deg. (will be 0.75 years if FoV of SWIMS is enlarged twice.)

We aim to increase the number of bright H! emitters (>3–4!10#17 erg/s/cm2) from 68 to "500 by
a factor of seven. We will spend 1 hr net exposure time per pointing on each filter, except for NB1190
and NB1550, to reach down to 2.8–4.3!10#17 erg/s/cm2 (3") or H!-based dust-free star formation rates of
4.6–17.4 M!/yr (see Table 1 in TJ). These numbers are based on our actual previous data taken with these
filters. With NB1190 and NB1550 filters, we also aim to detect [Oii] and H# emission lines at z=2.19 with a
deeper exposure (2 hrs net integration per pointing) but taking only the two pointings in SXDF-CANDELS,
where we know of strong clustering of H! emitters at z=2.19 traced by NB2095, for maximum e#ciency
(Fig. 1). This particular redshift is also coordinated with Suprime-Cam NB387 filter which samples Ly!
emitters at the same redshift [9]. By detecting [Oii] and/or H# we will be sure of their redshifts without
spectroscopic confirmation. Moreover we can estimate accurate dust extinction based on the line ratios of
H# and H! (Balmer decrement) [10].

Immidiate scientific objectives are, first of all, to sketch accurate cosmic star formation history based
on the coherent, statistical sample of H! emitters at 1.5 < z < 2.6 provided by this project. Combined
with stellar masses estimated by SED fitting, we will plot SFR–M" relation (i.e. the main sequence of star
forming galaxies [11]), and see how it evolves with time and environment based on "500 H! emitters in
the general field together with "200 H! emitters in proto-clusters at similar redshifts [3]. Forthermore,
the HST images will be available for all the emitters, and we can classify galaxies in terms of compactness,
clumpiness, and dustiness. We can therefore investigate how these morphological properties are related to

Table 4: Exposure times.

blue channel red channel
NB1244 (6h) NB1630 (3h) NB2137 (3h)
NB1261 (6h) NB1653 (3h) NB2167 (3h)
Y (3h) H1 (2h) K1 (1h)
J1 (3h) H2 (2h) K2 (1h)
J2 (3h) H3 (2h) K3 (1h)
J (1.5h) H (1h) Ks (0.5h)
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à Requires 0.7-1.5 yrs of observing time at TAO 
1/10-1/30 of the survey will be done with Subaru when SWIMS is mounted 

there for 3 yrs (2015-2017) 

SFR-limit sample (HAEs) : 7.5 × 105 Mpc3 at each redshift	

M*-limit sample: 1.2 × 107 Mpc3 (Δz=1) 



Summary	
•  Mahalo-Subaru is mapping out star formation activities across 

cosmic times and environment, covering the peak epoch of 
galaxy formation and evolution (1<z<3). 

 

•  Enhanced star forming activities in cluster cores at z~2 
 

•  The mode of star formation (e.g. dusty starburst) may depend 
on environment. 

 

•  Clumpy nature of SFGs at z~2 (especially the red clumps) 
maybe closely related to a bulge formation.  We expect some 
environmental dependence in internal structures of SFGs. 

 

•  Galaxy Anatomy with IFU and Gracias-ALMA will reveal the 
physical processes of galaxy formation. 

 

•  HSC will make a large, complete sample of 10K clusters to 
z~1.7. SWIMS-18 will be sensitive up to z~5, WISH will extend 
the frontier of SFR- and Mass-limited samples to z~6-8. 
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