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List of projects (1)
• MAHALO: Mapping star formation in clusters/fields

at 0.4<z<3.6 with narrow-band imaging
(Hα, [OII]) with Subaru

• MAHALO−DEEP: Towards lower masses (<109.5M�)

• MAHALO−RED: Towards dusty galaxies (with JCMT)

• MAHALO−FAR: Towards higher redshifts (3<z<3.6) 
with [OIII]

• MAHALO−SHARP: Towards higher spatial resolution
(<0.2”) with AO imaging and ALMA

GRACIAS−ALMA
GANBA−Subaru



List of projects (2)

• HSC2 : Hybrid Search for Clusters with HSC

• PFS2 : Panoramic Follow-up Spectroscopy with PFS

• SWIMS-18 : NIR imaging survey with 18 filters

• ULTIMATE-Subaru (ULTIMATE-K) :
GLAO + Wide-field NIR instruments
(NB/MB/BB imaging survey in the K-band)



MAHALO-Subaru
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works, many recent studies have also found further supporting ev-
idence that the PKS1138 is a forming proto-cluster (Miley et al.
2006; Kodama et al. 2007; Hatch et al. 2008; Zirm et al. 2008;
Hatch et al. 2009; Doherty et al. 2010; Tanaka et al. 2010; Kuiper
et al. 2011). Given the strong evidence of the over-density of galax-
ies, this PKS1138 field can be a great laboratory for testing the en-
vironmental dependence of galaxy properties at z ∼ 2 (Tanaka et
al. 2010), although such environment study of z >∼ 2 Universe is
currently very limited. In this paper, we will revisit this field us-
ing the wide-field near-infrared (NIR) camera, MOIRCS, on the
Subaru Telescope, aiming to reveal the entire structure around this
proto-cluster and the environmental dependence of Hα-based star
forming activity at z ∼ 2 for the first time. Throughout this paper,
we adopt the standard cosmology with ΩM = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1Mpc−1, which gives a 1′′ scale of 8.29 kpc at the
redshift of the PKS1138 (z = 2.156). Magnitudes are given in the
AB system, unless otherwise stated.

2 DATA

2.1 MAHALO-Subaru project

We have been conducting a systematic narrow-band survey for
the distant Universe, including high-density region such as (proto-
)clusters as well as general fields (MAHALO-Subaru project;
MApping HAlpha and Lines of Oxygen with Subaru). The
overview, concept and the primary targets of this project are de-
scribed in Kodama et al. (2012), but very briefly, we exploit a lot of
available narrow-band filters installed on the Subaru Telescope (Iye
et al. 2004) including optical filters on Suprime-Cam (Miyazaki
et al. 2002) and near-infrared filters on MOIRCS (Ichikawa et al.
2006; Suzuki et al. 2008), to target Hα or [OII] lines as indicators
of star forming activity of galaxies at 1.5 <∼ z <∼ 2.5. Note that
the narrow-band survey is the most efficient and unbiased way to
construct a clean sample of star forming galaxies in the distant Uni-
verse. Our goal is to study environmental dependence of star form-
ing activities of galaxies in the distant Universe based on a handful
of star forming galaxy sample. The wide-field cameras (Suprime-
Cam and MOIRCS) on the Subaru Telescope are ideal for this pur-
pose. The initial, pioneering Hα emitter survey for intermediate-
redshift clusters have been presented by Kodama et al. (2004),
Koyama et al. (2010) and Koyama et al. (2011). We have also com-
pleted [OII] emitter survey for high-z cluster fields at z ∼ 1.5 using
Suprime-Cam (Hayashi et al. 2010; Hayashi et al. 2011; Tadaki et
al. 2012), and now we have been carrying out Hα emitter survey for
z >∼ 2 targets with MOIRCS, including proto-cluster environments
(Tanaka et al. 2011; Hayashi et al. 2012) as well as general fields
(Tadaki et al. 2011). This paper also describes the new data and re-
sults for one of our primary targets; PKS1138−262 proto-cluster
fields at z = 2.16. As we stated earlier, this field is a well-known
proto-cluster at z ∼ 2 (see Section 1), and so multi-wavelength
datasets from X-ray to infrared are also available. Taking this ad-
vantage, we aim to study the properties of galaxies more in detail,
compared to other similar studies on proto-cluster environments.

2.2 The Subaru data

2.2.1 MOIRCS data

We widely observed the PKS1138 field with J ,Ks, and NB2071
filters using MOIRCS on the Subaru Telescope. The NB2071 fil-
ter (λc = 2.068µm, ∆λ = 0.027µm) captures the Hαλ6563

Figure 1. (Top): The transmission curves of the NB2071 and Ks filters.
We also show a template spectrum of a star forming galaxy from Kinney
et al. (1996), redshifted to z = 2.16, demonstrating that our NB2071 fil-
ter can capture the Hα line of z ∼ 2.16 galaxies. (Bottom): The redshift
distribution of the spectroscopically confirmed Hα emitters from Kurk et
al. (2004b) (solid-line histogram) and Ly-α emitters from Pentericci et al.
(2000) (dashed-line histogram) in the PKS1138 proto-cluster, with an ar-
bitrarily scaled transmission curve of the NB2071 filter. We also show the
corresponding velocity relative to the central radio galaxy at z = 2.156 (top
tics). This plot shows that the NB2071 filter perfectly matches to the veloc-
ity distribution of the cluster members and that our survey is very complete
for Hα emitters in the PKS1138 field.

line at z ≃ 2.16 (see the top panel of Fig. 1), and this narrow-
band data plays the most important role in this study. The filter
captures the Hα lines of galaxies at z≃2.13–2.17, correspond-
ing to the velocity of −2500km/s<∼ ∆v <∼1500km/s relative to
the central radio galaxy (see the bottom panel of Fig. 1). Note
that the NB2071 filter perfectly matches to the redshift distri-
bution of spectroscopically confirmed member galaxies in the
PKS1138 field, so that the completeness of the Hα emitters would
be >95% (in fact, the filter is designed by ourselves aiming to tar-
get this particular field). We set up 2 fields of MOIRCS, PKS1138-
C and PKS1138-S (each FoV covers 4′×7′; see Fig. 2). The
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Narrow-band imaging can efficiently sample line-emitters
(Hα, [OIII], [OII]) in a particular redshift slice A wide-field Hα imaging of a z ∼ 2 proto-cluster 5

Figure 3. The Ks−NB2071 vs NB2071 colour–magnitude diagram to de-
fine the NB2071 emitters. The vertical dashed-lines show 5σ and 3σ lim-
iting magnitudes in NB2071, while the slanted dash-dotted line shows the
2σ limiting magnitude in Ks-band. The solid-line curves indicate ±2.5Σ
excess in Ks−NB2071 colours. Galaxies with Ks−NB2071>0.2 and
Ks−NB2071>2.5Σ are defined as the NB2071 excess objects (magenta
open symbols). The magenta triangles show the Ks-undetected emitters.

We checked that all the spectroscopic members at z ≃ 2.16
with visible Hα emissions presented by Kurk et al. (2004b) (ex-
cept for one blended source in our NB image) are indeed selected
as NB2071 emitters in our analysis, suggesting the reliablity of our
emitter selection procedure. In contrast, a majority of the spectro-
scopically confirmed Lyα emitters (Pentericci et al. 2000) do not
show strong Hα emissions. This is not surprising because the na-
ture of Lyα emitters and Hα emitters should be different, and this
is in fact the strong motivation to study distant galaxies using the
Hα line. We also cross-checked with the photometric sample of Hα
emitter candidates shown in Kurk et al. (2004a). Out of the 39 Hα
emitter candidates listed in Kurk et al. (2004a)2, 20 have unique
counterparts in our NB-selected catalogue, while the remaining 19
are too faint or blended in our Subaru data. We find that 18 out of
20 candidates in our catalogue (90%) show NB excess in our anal-
yses, which also suggests the reliablity of our selection. There still
exists a small difference, which probably caused by small differ-
ence in depths of broad-band or narrow-band data between these
two studies, and by a small difference in the characteristic of the
NB filter used in each study.

3.2 BzK diagram

The narrow-band excess objects selected above may contain a frac-
tion of foreground or background contamination. The narrow-band
technique guarantees an excess at λ = 2.07µm of the selected NB
emitters, but it is possible that they are [OIII] emitters at z ≃ 3.13,
[OII] emitters at z ≃ 4.55, or the Paα or Paβ emitters at lower
redshifts. To check the reliability of our Hα emitter selection at
z = 2, we show the BzK diagram in Fig. 4. The BzK-selection
technique (Daddi et al. 2004) is designed to select 1.4 <∼ z <∼ 2.5

2 Kurk et al. (2004a) listed 40 Hα emitter candidates, while they suggest
that one of thier candidates (ID29) is a low-z interloper. We exclude this
object from our analysis.

Figure 4. The BzK diagram to check the colours of NB2071 emitters. The
black dots show all the NB-selected objects which are detected at both z′

and Ks, within the B-band data coverage. For B-undetected objects, we
relpaced their B-band magnitudes with 2σ limiting magnitude, and show
their lower limits of B−z′ colours with the rightward arrows. The NB2071
emitters are shown with magenta open squares. The red and blue pentagons
are spectroscopically confirmed Hα emitteres (from Kurk et al. 2004b) and
Lyα emitters (from Pentericci et al. 2000), respectively. Most of the emitters
as well as the spectroscopic members satisfy the BzK criteria.

galaxies. This redshift range is broad, but the major contamination
discussed above would fall outside this range.

The BzK diagram clearly shows that a majority of NB2071
emitters (magenta squares) satisfy the BzK criteria, suggesting
that they are really Hα emitters at z = 2.16. Also, most of NB
emitters are located in the top-left region of the BzK diagram (i.e.
satisfying the sBzK criteria), supporting that they are star-forming
population. Excluding the sources close to bright stars (for which
optical photometry is not performed well), we find that 51 out of
56 (∼90%) NB2071 emitters detected in both z′ and Ks within
the B-band data coverage satisfy the BzK selection criteria within
photometric error, while 5 objects (∼10%) fall outside the criteria.
Note that the B-band data is not deep enough, and so we can cal-
culate only bluer limits of B− z′ colour for objects which are faint
in B-band. We replaced their B-band magnitudes with the 2σ limit
(shown as rightward arrows in Fig. 4), but this does not affect our
measurement above.

One may claim that the BzK selection may not be a per-
fect way to exclude the high-z contamination (i.e. [OIII] emitters
at z ∼ 3, which might be the major concern). To fully understand
the contamination rates, we clearly need deep spectroscopy for all
of them (but it is not realistic). We therefore check the photometric
redshifts of our NB emitters derived in Section 2.5. Unfortunately,
due to the lack of multiband photometry in the sourthen half of
our field, we can derive photometric redshifts for only 40 bright
emitters (around a half of our full Hα emitter sample) located in
the northern half of our survey. Even for such bright objects, it is
not easy to derive accurate photo-z for z >∼ 2 galaxies, in partic-
ular for star forming galaxies with relatively flat SEDs. Neverthe-
less, our photometric redshift analysis shows that >70% of emitters

c⃝ 0000 RAS, MNRAS 000, 000–000

Hα (6563Å)   
@z=2.16

Excess flux in NB        
as compared to BB

A secure and unbiased sample of star forming galaxies
(low dust extinction, low contamination, high completeness)

Broad-band colours (or phot-z’s) are used to discriminate our target line
emitters (Hα) from other contaminant line emitters at different redshifts



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<3.7

MOIRCS FoV

7’x4’
Cluster N-body+SAM simulation

(Yahagi et al. 2005; �GC)

z = 2

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

20�20 Mpc2 box (co-moving)



~20 nights for imaging, >15 nights for spectroscopy

MApping HAlpha and Lines of Oxygen with Subaru
Unique sample of NB-selected SF galaxies across environments and cosmic times

z>2
clusters

z>2
field

z~1.5
clusters

z<1
clusters

Kodama et al. (2013)

MAHALO-Subaru



z = 3

Nature? (intrinsic)
Biased, earlier galaxy formation      

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)

What is the origin of the cosmic habitat segregation?
Explore the initial stage of environmental effects by studying proto-clusters.



High-z structures revealed by MAHALO

(Koyama+11)

(Koyama+10)

(Hayashi+10, 11)

(Tadaki+12)

(Koyama+13)

(Hayashi+12)

z=0.4

z=0.8

z=1.5

z=1.6

z=2.2

z=2.5

Hα

Hα
[OII]

[OII]
Hα

Hα

CL0939

RXJ1716

XCSJ2215

CL0218

PKS1138

USS1558



Spatial distribution of star-forming galaxies
in clusters at z<1.5

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 (Quench) Inside-Out !



radio galaxyNB2315

dense clump

Hayashi et al. (2012)

Ks

The most prominent star-bursting proto-cluster at z~2.5

Hα imaging
with MOIRCS/NB2315

~20x denser than the general field.
Mean separation between galaxies is ~150kpc in 3D.

1.5Mpc away 
from the RG

USS1558-003 (z=2.53)

68 Hα emitters are detected.
~40 are spec. confirmed.

Ks

NB2315 (Hα)

4”=30kpc

Outflow?

radio galaxy

FoV=4’ x 7’



Hayashi et al. (2012)

Red HAEs (J-Ks >1.38; dusty starbursts) tend to favor dense cores/clumps!

Koyama et al. (2013)

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

�

�

� RGs

Blue HAEs = Normal SFGs�

Red HAEs = Dusty SFGs
(or Passive+AGNs)
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cluster core

Lots of HAEs live in proto-cluster cores, indicating strong SF activities there.



Massive + dusty galaxies in the proto-cluster core at z~2

Koyama et al. 
(2013a)

24um sources

Red Hα emitters are massive (M� >1011M¤) and dusty star-forming galaxies.  
Many are detected at 24µm with MIPS.

High density

Low density

� �Hα emitters

� 24um sources

à Cluster specific/preferred phenomena at high-z,
holding a key to understanding the early environmental effects.



Red/dusty SFGs are preferentially seen in groups or in the cluster outskirts.

: Hα emitters
: MIR sources (15μm)

(cluster
core)

(group/outskirts)

(field)

Dusty star formation on the red sequence in groups at z~1
RXJ1716 cluster (z=0.81)

Koyama, TK, et al. (2010)

: MIR sources (15μm)
: Hα emitters



Evolution of integrated SFRs and
growth of dynamical mass in cluster cores

Shimakawa et al. (2014b)

Identification of the progenitors of rich clusters and member galaxies in rapid formation at z>2 5

Figure 3. (a) Integrated SFRs in the cluster cores, ΣSFR, 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 Hα 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 ±1σ 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 ΣSFR/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

per unit cluster mass
with increasing z

Numerical simulations
suggest that

these proto-clusters will
grow to ~1015M� clusters

by the present-dayOur samples are tracking a typical mass growth
history of Coma-class rich clusters.
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Inside-out growth (quenching) of galaxy clusters
revealed by 

: passive red galaxy

: normal SF galaxy

: dusty SF / AGN

z = 0 

z ~ 0.5 

z ~ 1 

z ~ 2 

Illustrated by Yusei Koyama

ΣSFR(R<R200) / M200 ~ (1+z)6

(Shimakawa et al. 2014)

MAHALO-Subaru
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Star-forming
main sequence

Dusty starburst
(mergers?)
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Galaxy evolution on the main seq. and its environ. dependence

Starburst may be
more prevalent

in proto-clusters?

Quenching is
more prevalent

in proto-clusters!

à Large scatter around the MS for cluster galaxies?



No clear environmental 
dependence in the location 

of the main sequence.

But cluster galaxies tend to 
be more massive.

Scatter maybe a bit larger 
for the cluster galaxies but 
suffer from small statistics 
due to short timescales of 

enhancement/quenching and 
uncertain dust correction.

Ha emitters 

M*-scaled dust correction for Hα is applied.
(Garn & Best 2010)

Environmental dependence
of the Star-Forming Main-Sequence?

Koyama et al. (2013a)
à Better statistics and accurate

dust correction are the keys.



MAHALO-Deep-Cluster (MDC)

Less massive galaxies (<109.5M�) show significantly larger sSFR (bursty or younger)!

10 hrs exposures in NB and 3 hrs in Ks, etc.

USS1558-003 (z=2.53), PKS1138-262 (z=2.16)

Hayashi et al. (2016)

S15A-047 (Kodama et al.) :

à Is this due to an environmental effect in high-z proto-clusters?

Hα emitters

sSFR=10-8 yr-1

USS1558-003 (z=2.53)

Work in progress for
PKS1138-262 (z=2.16) by
Shimakawa et al., in prep.



Hayashi et al. (2016)

A half of the low-mass SBs are located in the dense clumps,
and the other half are in the outskirts.



HST/WFC3
F160W 

r=1.5”

Hayashi et al. (2016)

Mostly compact, but some, especially in the outskirts, show substructures.



PKS1138

USS1558

Hα

Lyα

HαKs

Ks

B

Giant blobs
and outflows

from RGs

Shimakawa et al.
(in prep.)



MAHALO-Deep-Field (MDF)
Three CANDELS fields (two ALMA Deep Fields): GOODS-S, SXDF-UDS, COSMOS

S16B-081 (Kodama et al.) to be observed in Sep-Dec, 2016 (4 nights)

2.530



USS1558-003 (z=2.53)

14hrs on-source integration with SCUBA-2 in DAISY mode (FoV~6’)
à 1.26mJy (3σ)=220M�/yr at center, 1.7mJy=300M�/yr at edge (@850μm)

MAHALO−RED
(MAHALO−JCMT)

A coordinated program with JCMT (~100hrs)  to 
map dusty starbursts in proto-clusters.

(15AB; Kodama et al.)

Cluster             Redshift  Integration
PKS1138-262      2.16       7.5 h
2QZ10hr              2.23     10.0 h
4C23.56               2.48     10.5 h
USS1558-003      2.53     15.0 h
USS0943-242      2.92     10.0 h
MRC0316-257     3.13     13.0 h
TNJ1338-1942     4.11       8.0 h
SDF-z6cluster      6.00     15.0 h

as of 2016/06/30



MAHALO−RED (JCMT)

USS1558-003 (z=2.53)

Dmax=0.313
P(same)=30%

� 850μm SMGs
� blue HAEs

Enhanced dusty starbursts (Twelve 850μm sources within the MOIRCS deep image).
Spatial distributions are similar (NNE-SSW filament) between 850μm sources and HAEs.

� red HAEsMOIRCS
FoV

HAEs vs. SMGs

2D K-S test

Hayashi et al.

ALMA follow-up
(identification)

with CO(3-2) (Band-3)
is approved in cycle-4.



Identification of SCUBA2 sources will be done with ALMA

Hayashi et al. (cycle-4)
CO(3-2) observations of SCUBA2 sources in USS1558-003 (z=2.53) in Band-3



Towards higher-z star-forming galaxies with [OIII]
MAHALO-FAR



Star forming galaxies in the general field @SXDF-UDS-CANDELS

●：blue HAE (J-K<1)
●：red HAE  (J-K>1)
□：MIPS sources

(dusty star-bursting galaxies)

NB2095
Hα emitters at z=2.2

and [OIII] emitters at z=3.2

Tadaki+ (2013a), Suzuki+ (2015)

NB2315
Hα emitters at z=2.5

and [OIII] emitters at z=3.6

MAHALO-Subaru
(field sample)



Dramatic Evolution of SFGs along the MS within a Gyr from
z~3.4 [OIII] emitters to z~2.3 Hα emitters in UDS (Field)

Stellar Mass

SFR
U
V

They follow the same main sequence (MS), but a significant offset along the MS.

Evolution
or

Selection effect?

Suzuki et al. (2015)



[OIII] emitters at z=2.23 and z=3.24

HiZELSDifference!

D
ifference!

Suzuki et al., in prep.

There are more
massive, SB galaxies

at z=2 than z=3.



z=2.2 (2.5)z=3.2 (3.6)

109 Msun

1010 Msun

1011 Msun

Stellar Mass

SFR
U
V

Accelerated Galaxy Growth on the Main Sequence
from z=3.2 to z=2.2 (general field)

Let us assume that galaxies evolve along (“clime-up”) the constant main sequence.

Galaxies increase their M* and SFR by a large factor (2-10) in this 1Gyr interval!

� R: return mass fraction

�2

�3

�10



High density regions of [OIII] emitters

at z=3.24 (HiZELS)

Towards higher redshifts (z>3) with [OIII] emitters

Proto-cluster at z=3.13 traced by [OIII] emitters

with NB207 (HzRG, MAHALO)

Suzuki, T. et al., in prep.

cf.) MOSFIRE spectra were obtained!



Towards higher spatial resolution with AO and ALMA
MAHALO-SHARP



“Clumpy” SFGs at the cosmic noon (~40% of HAEs)

Tadaki, TK, et al. (2012)

z~2 (10.5 Gyrs ago)

Massive clumpy galaxies tend to have a red clump, and be detected at 24µm.

à The red clumps may be the sites of nucleated dusty 
starburst to form bulges?

Mergers or Fragmentation?



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
(feeding in action!)

cooling radiation of Lyα 35



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. (2014)

Massive gas infall
↓

Gas rich disk
↓

Fragment to clumps
↓

Migrate towards center
↓

Formation of a bulge

Numerical simulations
(N-body+SPH)
reproduce the

clumpy nature of star
forming galaxies and
the bulge formation

180Myr 300Myr

420Myr

640Myr 760Myr

540Myr

Mdyn = 3.5 � 1010 M�
diskbulge

Hypothesis

Paradigm
Shift!



(UV) (optical)

Tadaki et al. (2013b)

Hα tends to be stronger in the red clump, suggesting a dusty SB occurring there.
à The site of bulge formation with a dusty starburst?

Nature of Hα selected star forming galaxies 7
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.

extinction if the line and continuum emissions both orig-
inate from the same regions, and is thus the most useful
measure of variation in stellar ages. Förster Schreiber
et al. (2011b) have measured the equivalent widths of
Hα emission (EWHα) for clumps in one massive galaxy
at z ∼ 2 and find a correlation between EWHα and galac-
tocentric distance. This suggests that the clumps near
galactic center tend to be older than the outer clumps,
supporting the clump migration event. All the other pre-
vious studies of clumps have relied on the colors of galax-
ies and SED fitting with multi-wavelength photometries.
Wuyts et al. (2012) have performed a detailed analysis
of spatially resolved SEDs for a complete sample of star-
forming galaxies at 1.5 < z < 2.5. They find the trend
of having redder colors, older stellar ages, and stronger
dust extinction in the clumps near galactic centers com-
pared to the off-center clumps. Guo et al. (2012) have
also shown the same obvious radial gradients in color, age
and dust extinction for the clumpy galaxies at z = 1.5–
2.0.

In our sample, there are some clumpy HAEs with red
clumps of I814 − H160 > 1.5, which are often seen in the
stellar mass range of 1010.5 M⊙ < M∗ < 1010.8 M⊙ (Fig-
ure 2). We focus on these HAEs with a red clump in order
to investigate the clump properties and test the viability
of clump migration scenario. Figure 5 shows the radial
gradient of clump colors across the host galaxies. An
aperture magnitude within a diameter of 0.36′′(=2×PSF
size) is used to derive a color of a clump. The stel-
lar mass-weighted center is adopted to define a galac-
tocentric distance. We find that the clumps closer to
the centers have redder colors compared to the off-center
clumps in agreement with the previous studies. The nu-
clear red clump seems to be a proto-bulge component,
which would become an old bulge seen in local early-
type galaxies. The issue here is which of the two (age
or dust extinction) is responsible for the observed color

NB209-8

V606+Hα H160+Hα
NB2315-1

V606+Hα H160+Hα
NB2315-4

V606+Hα H160+Hα
NB2315-14

V606+Hα H160+Hα
Fig. 6.— Four HAEs with resolved dusty star-forming clumps.

From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.

variations among the clumps. It is challenging to give
a clear-cut answer to this issue even with the current
high-resolution, multi-wavelength data.

Some HAEs with a red clump are detected in the pub-
lic MIPS 24-micron image (SpUDS; PI: J. Dunlop). Be-
cause the PSF size of the MIPS 24µm image is ∼ 6′′,
we can not spatially resolve the infrared emission within
galaxies for most of the HAEs, nor resolve the structures
from a clump to a clump. However, the colors of indi-
vidual clumps obtained from the HST images help us to
speculate where the dusty star-forming regions are lo-
cated within the galaxies. The five HAEs presented in
Figure 1 each have a blue clump of I814 − H160 ≃ 1.0 as
well as a red clump. It is worth stressing that these ob-
jects are bright in the infrared emission, which indicates
that a dusty starburst is occurring somewhere within
them. If the blue clumps contain a large amount of dust,
they should appear much redder due to dust extinction.
Therefore it is likely that dusty starburst activities are
concentrated in the red clumps towards galaxy centers
rather than in the blue clumps or in the inter-clump re-
gions.

As an alternative approach, the Hα flux maps are cre-
ated from the NB (line+continuum) and BB (continuum)
images of the clumpy HAEs. Since the Hα flux extends
over entire galaxies in most cases, we can not identify the
internal star-forming regions from which strong Hα emis-

Some extended HAEs are resolved with natural seeing, but for the majority,
we require better resolutions with AO+NB imaging, IFU and ALMA.

Seeing-limited Hα image in red contour

MAHALO−SHARP : Towards higher spatial resolution

A clumpy, extended SFG (HAE) at z=2.53 from MAHALO



EW(Hα) ~ sSFR Continuum ~ Mstars L(Hα) ~ SFR

GANBA−Subaru
Galaxy Anatomy with Narrow-Band AO imaging with Subaru

AO-assisted narrow-band Hα or [OIII] imaging with IRCS on Subaru

Struggling with
terrible weather :<

Minowa et al., in prep.
Being-truncated bulge + Off-center star-forming clump ?

A Hα emitter at z~2.19 (NB2095 + AO188) in SXDF-CANDELS
(0.2” ~ 1.6 kpc)



Suzuki, T. et al., in prep.

Proto-cluster USS1558-003 (z=2.53)

(0.16” ~ 1.3 kpc)

Resolved star-forming clumps!

MOIRCS + NB (Hα)
(seeing~0.5”)

IRCS + AO188
+NB (Hα)

HST/H-band
(0.16”)

Any environmental dependence in the internal structures?

(Hayashi et al.
in prep)

IRCS
+NB2135
+AO188

FWHM=0.16”
FoV=1’ x 1’

GANBA-Subaru
on MAHALO proto-clusters



Environmental dependence of Hα compactness at z~0
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Environment (local number density)

Nucleated star formation or gas stripping from the outer disks in clusters?

SAMI

Outside-in quenching?
SAMI survey

Schaefer et al. (2016)



Hα compactness at z~1

Nelson et al. (2015)
Inside-out quenching?



( Mgas�(Mgas+Mstar))f(gas)

SFE ( SFR�Mgas )

MApping HAlpha and Lines of Oxygen
with Subaru

CO(3à2) @ z~2.5 @100GHz   à Mgas

Dust conti. @450 μm–1.1 mm   à Dusty SFR

è Spatial distributions, gas kinematics,
and environmental dependence

�

Galaxy Resolved Anatomy with CO Interferometry 
And Submm observations with ALMA

GRACIAS-ALMA

MAHALO-Subaru

Spatial resolution: < 0.1”  (⇔ <1 
kpc)

Band-3 (CO)

Band-6 (dust)

clusters are “efficient”
targets for ALMA!

SFR~50M�/yr (2.7hrs, 5σ)

SFR~15M�/yr (50min, 5σ)

Velocity resolution: < 50km/s
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Galaxy Resolved Anatomy with CO Interferometry 
And Submm observations with ALMA

Mapping/resolving molecular gas and dust contents of high-z SF galaxies
at 1.5<z<2.5 across various environments

CO line @ Band-3 (~100GHz) SFR~50M�/yr (~3hrs, 5σ)

Dust continuum@ Band-6-9 (450 μm–1.1 mm)
Spatial resolution: 0.1~0.2”  (~1kpc)

SFR~15M�/yr (~1hr, 5σ) @1<z<3

f(gas) and SFE(=SFR/Mgas) are essential quantities to characterize the mode of SF.

GRACIAS−ALMA

done (CO)

ALMA status

done (CO)

done (CO/dust)

done (CO/dust)

done
(CO/dust)



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)

Unique targets to test the effects of environment on galaxy formation



Lee et al., in prep.

ALMA observations (Band-3, 6) of 4C23.56 proto-cluster at z=2.48
7 detections with CO(3-2) line and 4 detections with dust continuum at 1.1mm from HAEs



Lee et al., in prep.

ALMA observations of CO(3-2) and dust continuum
of HAEs in 4C23.56 proto-cluster at z=2.48

AGN

Our ALMA sources (SFGs) are located on the SF main sequence (similar in sSFR).

SFR(Hα)

M*



Anti-correlation between f(gas) and SFE in the z~2.5 proto-cluster?
But WHY?

Lee, Minju et al., in prep.

4C23.56
(z=2.48)

AGN

f(gas)

SFE
log



�

�

�

�

ALMA
Dust cont.

ALMA
CO line

GANBA-Subaru GRACIAS-ALMA

Subaru/IRCS NB+AO
SF traced by Hα

HST / ACS
SF traced by UV

HST / WFC3
Stellar mass

HST imaging

0.1”-0.15” 0.1” 0.16” 0.1” 0.2”

Bulge/clump scale (~1kpc) anatomy of
high-z SFGs across various environments

with Subaru-AO + HST + ALMA (higher resolution)



U4-28702

1"

I814 H160 870µm U4-36247 I814 H160 870µm

U4-32351 I814 H160 870µm U4-15095 I814 H160 870µm

U4-34138 I814 H160 870µm U4-28473 I814 H160 870µm

U4-33135 I814 H160 870µm U4-16504 I814 H160 870µm

U4-34617 I814 H160 870µm
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HST/H
ALMA/870um

Tadaki et al. (2016)

ALMA high-res. dust continuum imaging of HAEs at z~2
à Dusty “compact” bulge formation in rotating disk
à Supporting the �compaction” scenario!



Towards unbiased, larger surveys of
both star-forming and quiescent galaxies



Future key instruments of Subaru Telescope
�#tripod pot$
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Hyper Suprime-Cam

with 1.7 deg2 FoV

Prime-Focus Spectrograph

with 2,400 fibers over

a 1.3 deg2 FoV

GLAO+NIR instruments

with 15 arcmin FoV
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���������



CL0016 cluster (z=0.55)
(Tanaka, M. et al. 2009)

PFS

Millenium Simulation
(Springel et al. 2005)

~1,200 redshifts from spectroscopy
red are cluster members, while blue are non-members

LSS around the richest cluster at z=0.55

HSC + PFS is unique/powerful for clusters/LSSs

Suprime-Cam 7-pointings

1.3�= 75 Mpc (z=1), 100 Mpc (z=1.5), 118 Mpc (z=2) in co-moving

HSC



HSC Legacy Surveys
(SSP: Subaru Strategic Program, 

300nights/5yrs)

2 Wide-field imaging with Hyper Suprime-Cam

(LBGs), Lyman-α emitters (LAEs) and quasars to an unprecedented depth and solid angle. The clustering of the
LBG samples will allow us to determine the dependence of the stellar mass and star formation rate on the host dark
halo mass over Mhalo ∼ 1011 – 1013M⊙ in the era of galaxy formation, z ∼ 2 – 7. We will measure the clustering
and luminosity functions of LAEs at z = 2.2, 5.7, 6.6, and 7.3 with samples extending down to ∼ 0.3L∗. At high
redshift, these will allow us to constrain the neutral hydrogen fraction of the intergalactic medium, xHI, at z ∼ 7
with a precision of σ(xHI) ∼ 0.1, and to constrain the topology of spatially-inhomogeneous reionization.

1 Introduction
We live in a golden age for extragalactic astronomy and cosmology. We now have a quantitative and highly
predictive model for the overall composition and expansion history of the Universe that is in accord with
a large array of independent and complementary observations. Observations of galaxies over most of the
13.7 billion year history of the Universe have led to a broad-brush understanding of the basics of galaxy
evolution. However, there are fundamental and inter-related questions that remain:
• What is the physical nature of dark matter and dark energy? Is dark energy truly necessary, or could
the accelerated expansion of the Universe be explained by modifications of the law of gravity?
• How did galaxies assemble, and how did their properties change, over cosmic time?
• What is the topology and timing of reionization at high redshift? What were the ionizing sources?

These questions, and many more, can be addressed with a comprehensive deep and wide-angle imaging
survey of the sky, using the Hyper Suprime-Cam (HSC) on the 8.2m Subaru Telescope. The combination
of the large aperture of the Subaru Telescope, the large field of view (1.77 deg2) of HSC, and the excellent
image quality of the site and the telescope make this the ideal instrument for addressing these fundamental
questions in modern cosmology and astronomy. We propose a 300-night strategic survey program, involving
astronomers from Japan, Taiwan, and Princeton University in the United States. The survey will consist
of three layers, which together will explore galaxy evolution over the full range of cosmic history from the
present to redshift 7, probing both starlight (from the photometry) and dark matter (using gravitational
lensing). The weak lensing (WL) allows us to measure the large-scale distribution of dark matter and
its evolution with cosmic time. Cross-correlations of HSC WL observables with the spectroscopic galaxy
distribution in the SDSS/Baryon Oscillation Spectroscopic Survey (BOSS) and the observed temperature
and polarization fluctuations in the Cosmic Microwave Background (CMB) will constrain the parameters
of the standard model of cosmology, and test for exotic variations such as deviations from the predictions of
General Relativity on cosmological scales. Studies of the highest-redshift galaxies and quasars discovered
in this survey will lead to a deeper understanding of reionization, a key event in the thermal history of the
Universe.

Table 1: Summary of HSC-Wide, Deep and Ultradeep layers
Layer Area # of Filters & Depth Comoving volume Key Science

[deg2] HSC fields [h−3Gpc3]
Wide 1400 916 grizy (r ≃ 26) ∼ 4.4 (z < 2) WL cosmology, z ∼ 1 gals, clusters
Deep 27 15 grizy+3NBs (r ≃ 27) ∼ 0.5 (1 < z < 5) z <∼ 2 gals, reionization, WL calib.
Ultradeep 3.5 2 grizy+3NBs (r ≃ 28) ∼ 0.07 (2 < z < 7) z >∼ 2 gals, reionization, SNeIa

The experience of the Sloan Digital Sky Survey (SDSS; York et al. 2000), and the tremendous success of
the current prime-focus camera on Subaru, Suprime-Cam (Miyazaki et al. 2002a), have demonstrated the
power of wide-field imaging to make science breakthroughs in a broad range of topics. The SDSS imaged
in five broad-bands (u, g, r, i, and z), to a depth of r ≈ 22.5 (5σ point source). It has produced more
highly cited papers in recent years than any other observational facility, including the Keck Telescopes
and the Hubble Space Telescope (Madrid & Macchetto 2009). The SDSS characterized the nature and
distribution of galaxies in the local present-day Universe. Observations with Suprime-Cam have led the
world in studies of the distant Universe, and have shown that an imager on the Subaru telescope has the
potential to extend SDSS low-redshift discoveries in the field of cosmology and galaxy formation/evolution
to the intermediate- and high-redshift Universe. The HSC survey we propose will cover SDSS-like volumes
at high redshift, making it the first truly large-scale survey of the distant Universe.

survey area cluster number (dn/dz)

HSC-Deep 27 deg2 200 (>1014 M�) at z=1 
�0.5

6 (>1014.5M�) at z=1 
�0.5

HSC-Wide 1400 deg2 10,000 (>1014 M�) at z=1 
�0.5

300 (>1014.5M�) at z=1 

Superb for distant cluster search as well !



HSC 
NB 

filters

“red sequence” survey (passive galaxies) “blue coud” survey (SF galaxies)

phot-z (or color-color) survey to z~1.5 NB [OII],[OIII] emitter survey to z~1.7

Hybrid Search for Clusters with HSC (HSC2) PI: Kodama



Red sequence survey of high-ρ regions (galaxy clusters)
The combination of R, i’ and z’ photometries is effective to cull out galaxies at 0.9<z<1.3.

Subaru-XMM Deep Field (UDS)

z~1 cluster/group candidates

Kodama et al. (2004b)
Suprime-Cam



LSSs around two x-ray clusters at z~1.5 traced with [OII] emitters

Tadaki et al. (2012)

Hayashi et al. (2011)

●

(Hilton+09)

(Papovich+10)

XCS2215(z=1.46)

ClGJ0218(z=1.62)

NB973

NB912
Suprime-Cam/Subaru

30’ ~ 30-40 Mpc
(co-moving) on a side



Hybrid Cluster Finding Approach

• The red sequence survey will be biased to well-
evolved rich clusters at any time, since it is 
sensitive to passively evolving galaxies, and 
would miss young clusters with only weak red 
sequence.

à By combining with blue sequence survey with 
narrow-band filters, we can be also sensitive to 
young, actively star-forming clusters!
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LSS at z=1.2 in the DEEP2 field discovered by HSC2

Yamamoto et al., in prep.

20 arcmin = 22 Mpc (comoving)

Blue Cloud
([OII] emitters
with NB816)

Red Sequence
(r’i’z’-selected)



Prime Focus Spectrograph (PFS)
FoV=1.3 deg2, 2400 fibers (R=2000-5000), Blue/Red/IR channels: 0.35-1.26μm

Courtesy: N. Tamura



PFS (0.35<λ<1.26μm) is best at z < 1.0-1.5

z(Hα,[NII])  < 0.92

z(Hβ)  < 1.59

z([OII]) < 2.38

PFS wavelength limit
at 1.26μm

z([OIII])< 1.52

z([SII])  < 0.87

1 hr integration à F=0.9-1.3 x 10-17 cgs (5σ).
Total throughput = 30% (opt) ~ 20% (NIR)

SFR([OIII])corr ~ 4M�/yr @ z=1.5



Three major science areas for PFS
with ~1M spectra

• COSMOLOGY (Baryon Acoustic Oscillation)

• ARCHAEOLOGY (Local Groups and MW)

• HIGH-Z
Early universe (LBGs/LAEs) at z≫2
CGM/IGM tomography
SDSS-like rest-frame optical survey to z~1−1.5

The PFS team will conduct a SSP of 300 nights / 5yrs in total,
split into 100 nights each for the three areas above.



Ø Resolving Star Formation History in Fine Time Scales
Hα,Hβ� Balmer absorption� SED
107 yr 108-9 yr >109 yr
Starburst? Truncation timescale? à Physical mechanisms

Ø Accurate Dust Extinction
Hα/Hβ (Balmer decrement) àDust extinction

Ø Chemical Evolution of Interstellar Gas
N2, R23, [SII]/[NII], [OIII]λλ4959,5007/[OIII]λ4363 (Te) à Metallicity

Ø Ionization States, AGN / SB Separation
[OIII]/[OII], [OIII]/Hβ-[SII]/[NII], BPT à Ionization parameter, AGN

Ø Electron Density
[OII]λ3726,3729, [SII]λ6716,6731 à e- density of HII-R and PDR

z(Hα) < 0.92

z(Hα/Hβ) < 0.92

z(S2N2) < 0.87

z(O32) < 1.52

z([OII]) < 2.38

z(R23) < 1.52

z(Hβ) < 1.59

(PFS2)
Quenching history (10x decline in SFRD) since z=1.5

“Stacking analysis for weak lines”

with super statistical sample

“Full coverage of environments”

including 1,000s clusters

Panoramic Follow-up Spectroscopy with PFS



Direct Method (gaseous metallicity)
Electron temperature (Te) measurements
from [OIII]λλ4959,5007/[OIII]λ4363        à Gaseous Metallicity (Z)

z=0.8 DEEP2 galaxies, Ly et al. (2014), Keck/DEIMOS

However, [OIII]λ4363 is ~1/100 of [OIII]λ5007 à Stacking of 10,000 galaxies!



Line profiles (Outflow, AGN, Mdyn)

SINFONI/VLT
Genzel et a. (2014)

log M*=
9.4-10.3

log M*=
10.3-10.6

log M*=
10.6-10.9

log M*=
10.9-11.7

Center

Outer (disk)

Low-mass (log M*<10.9)
SFR driven outflow
(Δvbroad~300km/s)

High-mass (log M*<10.9)
AGN driven outflow

PFS: R=3000-5000 ⇔ ΔV=60-100km/s



A simulated
PFS spectrum
of a PSB galaxy
with J=19 at z=1

(5 hrs integration)

Recovery of
age and metallicity

S/N

log age

[M/H]

Absorption lines and continua analyses

input/output spectra
of a PSB

input

output
contours

PFS throughput~30%

Stacking analyses will also help a lot here!

Credit: M. Onodera

à Key to understanding quenching history



• 6 Narrow-Band Filters (NBF)
SFR limited sample and AGNs at z=0.9, 1.5, 2.3, 3.3.
Hα & [OIII] dual emitters with pair NBFs.

• 9 Medium-Band Filters (MBF)
Stellar mass limited sample at 1<z<5 with improved
phot-z (⊿z/(1+z) ~ 0.01).

• 3 Broad-Band Filters (BBF)

à Tracking the cosmic histories of “mass assembly” and 
“star formation/AGN activities” back to z~3-5.

“NIR version of COMBO-17”SWIMS-18
Super multi-λ (NIR) imaging survey of the Cosmic Noon

over a 1-deg2 unbiased field + some high density regions
on Subaru (8.2m; 2017-2018) and TAO (6.5m; 2019-)



SWIMS (Subaru à TAO)
• A new NIR camera and Multi-Object Spectrograph developed for 

TAO 6.5m telescope (IoA, U. Tokyo)
• FoV=6.6’�3.3’ (Subaru), 9.6’�4.8’ (TAO)
• Initially operated at Subaru (2017~2018) and then shipped to TAO
• 2-bands (0.9-1.4/1.4-2.4um) simultaneous imaging/spectroscopy

PI: Motohara, K. (IoA, U. Tokyo)



Star formation

!25(M5"9(5M&82(&U(F"I"K$A;/W1(U&>'"C3&6A#<0C(5KC368C3&6: 1<z<3 (6>Tcos(Gyr)>2)

Fan et al. (2006)

BH accretion (AGN/QSO)

Hopkins and Beacom (2006)

��������!"#!$%&&%�

Dust extinctionMadau & Dickinson (2014)

The Cosmic High Noon tends to be hidden by dust!

SWIMS-18



Six Narrow-band filters (NBF)

Dual emitters ([OIII] & Hα) with 4 pair NBFs
à Redshift identification & Ionization states (ratio)

SFR-limited sample at z=0.9, 1.5, 2.3, and 3.3



6 R. Shimakawa, T. Kodama, K. Tadaki, M. Hayashi, Y. Koyama, and I. Tanaka

cluster
cluster

Figure 3. Dust extinction of Hα lines as a function of stellar
mass based on the prescriptions of Wuyts et al. (2013). White
triangles and squares indicate the stacked spectra of HAEs in
PKS1138 and USS1558, respectively. Red triangles, squares, and
blue circles show the individual HAEs in PKS1138, USS1558,
and SXDF (field) at z=2.2 (Tadaki et al. 2013), respectively. We
use 2σ limiting magnitude of B-band for each object with the
detection significance of 2σ or below for applying the UV flux
density, and also use 2σ flux if Hβ fluxes of the stacked spectra
are less than 2σ detection to estimate AHα,Balmer. Dashed and
dotted lines represent the best-fitted line and 1 sigma deviations
based on SXDF sample. Grey dots indicate the SDSS galaxies
(Abazajian et al. 2009) located in the abundance sequence on the
BPT diagram (Kewley et al. 2006), whose dust extinction are
estimated using the Balmer decrement technique.

tio is almost free from dust extinction. In order to derive
the physical quantities from the line ratios, many authors
have invented and improved the line diagnostics using the-
oretical models and/or the empirical calibrations based on
local galaxies. Among them, some traditional treatments are
widely used, such as BPT diagram (Baldwin et al. 1981, see
§3.3) and mass-metallicity relation (Tremonti et al. 2004,
see §3.4). In §3.2–3.4, we show the physical properties of
HAEs in the protoclusters based on several line diagnostics,
and compare them with SDSS local galaxies and the field
galaxies at similar redshifts (z=2.1–2.5).

This MOIRCS spectroscopy not only confirms the exis-
tence of Hα emission line for a large number of NB-selected
HAE candidates, but also detects [Oiii] emission line for
about a half of the confirmed HAEs. Interestingly, their
[Oiii] fluxes are as much, or more than their Hα fluxes.
The fraction of [Oiii] detection is much larger than expected
from the typical [Oiii]/Hα line ratio of local SF galaxies.
In local SDSS galaxies (Abazajian et al. 2009), for example,
most of the HAEs have [Oiii] line fluxes that are smaller
than a half of Hα fluxes (without dust correction) except
for Seyfert AGNs. It indicates that the SF galaxies at z > 2
have much higher ionization states.

By studying the relationship between [Oiii]/Hα line
ratio and stellar mass, we obtain a diagnostic which can
demarcate narrow-line AGNs from SF galaxies and discuss
the physical states of the galaxies. This diagram is called
Mass-Excitation (MEx) diagram which was first discussed
by Juneau et al. (2011). The original MEx is presented by
using a close-pair line ratio, [Oiii]/Hβ. However, this work

cluster
field
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Figure 4. Mass-excitation (MEx) diagrams for individual and
stacked results. White triangles and squares indicate the stacked
spectra of in PKS1138 and USS1558, respectively. Red triangles,
squares, and blue circles show the individual HAEs in PKS1138,
USS1558, and SINS & LUCI data (field) at z=2.1–2.5 (Newman
et al. 2014), respectively. [Oiii]/Hβ line ratio of individual objects
in PKS1138 and USS1558 is based on the prescriptions of Wuyts
et al. (2013) and intrinsic Hα/Hβ flux ratio (=2.86). We show
the 2σ upper limit for [Oiii]-undetected (< 2σ) objects. Magenta
crosses are X-ray sources in Newman et al. (2014) sample. Grey
dots represent the SDSS galaxies (Abazajian et al. 2009).

alternatively employes the [Oiii]/Hα line ratio to derive
[Oiii]/Hβ ratio by assuming the dust extinction and the
Hα/Hβ line ratio of 2.86, because Hβ lines are rarely de-
tected for individual galaxies.

Figure 4 shows the MEx diagram. We can see that the
[Oiii]/Hβ line ratios of our sample are clearly high compared
to the SDSS galaxies. It indicates that the ionizing states of
high-z galaxies are significantly higher than low-z galaxies.
Such high excitations of the protocluster galaxies at z > 2
are consistent with those of field galaxies as noted by re-
cent works (Newman et al. 2014; Kewley et al. 2013; Holden
et al. 2014; Masters et al. 2014). To compare our result with
field galaxies at the similar redshifts, the field SF galaxies
(and some X-ray sources) obtained by SINS and LUCI sur-
vey (Newman et al. 2014) are also represented. The success
rate of [Oiii] detection (> 2σ) is poor in high-mass galaxies
and the 2σ flux is assigned to the objects if [Oiii] line is not
detected. The absence of [Oiii] line in high-mass galaxies
is likely to be caused by high dust extinction and intrinsi-
cally smaller [Oiii] fluxes in massive galaxies compared to
lower-mass objects. The stacked spectrum “PKS1138-high”
in the higher mass bin has a higher [Oiii]/Hβ line ratio than
that of “USS1558-high” in spite of the fact that “PKS1138-
high” bin is more massive than that of “USS1558-high”.
It may be caused by a significant contribution of Seyfert-
type AGNs, and indeed “PKS1138-high” and two massive
objects in PKS1138 are located at the similar position of
X-ray sources in z > 2 field sample by Newman et al. (2014)
(Fig. 4). However, all of HAEs in PKS1138 cannot be seen in
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[OIII]/Hα ratio à Ionization/Excitation State

Shimakawa et al. (2014b)

SDSS

High-z > Low-z 

(z~2)
(HβàHα conversion)

(stacked)

Both higher sSFR and
lower metallicity are 
contributing to much 

higher ionization states
of high-z SF galaxies.
(Kewley et al. 2013)

SWIMS-18 can do this only by imaging !
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Hα mapping of a known super-cluster at z=0.9
CL1604+43 (z=0.895, 0.922)

This northern target can be observed
only while SWIMS is on Subaru.Kocevski et al. (2011)



NB1653: [OIII] emitters
NB2167: Hα emitters

HS1700+64 proto-cluser (z=2.30)

Bogosavljevic (2010)Steidel (2005)

SWIMS-18 NB filters

Hα and [OIII] mapping of a proto-cluster at z=2.3
This northern target can be observed

only while SWIMS is on Subaru.



Table 1: SWIMS-18 filters

BB filters λ λc 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 λc 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 λc FWHM z(Hα) z([Oiii]) z(Hβ) z([Oii]) z(Paα) 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 suffer 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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Will open a new window to
4<z<5 with K1,K2,K3 !

M*-limited sample of galaxies up to z~5
Nine Medium-band filters (MBF)

SWIMS-18 MBFs

J1,J2,J3,Hs,Hl,   Ks

ZFOURGE (Magellan)

Improved measurements of
phot-z and SED-based Av.



K2 – K3

K1
 –

K2

A colour track for
a quiescent galaxy

z = 4

z = 4.25
z = 4.5

z = 4.75

z = 5
z = 5.25

K1, K2, and K3 capture the Balmer break feature at 4 < z < 5

Toshikawa et al.



z range 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0 5.0-6.0
w/o SWIMS18  22.7      9.9 7.8       13.0      14.8      11.4        7.2       12.4      26.6
w/   SWIMS18  15.5      7.9 4.1         6.5 6.0        6.9 4.5         8.2        6.3

Outlier fraction (%)

WITHOUT
SWIMS-18

MBFs

Δz/(1+z) >0.1

WITH
SWIMS-18

MBFs

U,g,r,i,z,y,
J,H,K,

CH1,CH2

U,g,r,i,z,y,
YJ12H123K123

CH1,CH2

Improvements of Photometric Redshifts @1<z<5.5

(Deep)

0              1              2              3              4              5              6
Redshift (z)

Δ
z/

(1
+z

)

Tadaki,
et al.

K<24.9

K<24.9

We should also have better estimates of dust extinction.



Mass assembly history of galaxies:
stellar mass functions to z~5

7

Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in different redshift intervals. The
shaded/hatched regions represent the total 1σ uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M⊙) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ∼ 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA offers a factor
of 1.5 improvement in the uncertainties in cosmic vari-
ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ∼ 8 - 15% at Log(Mstar/M⊙) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1σ random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-

metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1σ random errors
of the Schechter function parameters α, M∗

star, and Φ∗

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (affecting only the normal-
ization Φ∗).

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift
bins, the SMFs from the lowest-redshift bin (0.2 < z <
0.5) are shown as the dotted line as a fiducial to demon-
strate the relative evolution of the SMFs. The fraction
of quiescent galaxies as a function of Mstar is shown in
the bottom panels and the best-fit Schechter function pa-
rameters for these redshift ranges are listed in Table 1.
For reference, in the lowest-redshift panel (0.2 < z <

Muzzin et al. (2013)

100K galaxies over a 1.62 deg^2 field down to Ks=23.4 (AB)

Faint end at z<4?  What so ever at z>4???

ULTRA-VISTA (COSMOS)

z>4?z>4?

?
?

3<z<4

3<z<4



SWIMS-18 Pilot Survey @ Subaru

(1) General Fields (200hrs = 20nights)
The ZFOURGE fields (UDS & COSMOS; 200 arcmin2)
where deep Y, J1, J2, Hs, Hl, Ks already exist.

MB: K1, K2, K3:  3hrs exposure each
Balmer break galaxies@4<z<5: ~50 galaxies in 200arcmin2

NB: 1261/1653/2167:  3hrs exposure each
~120 HAEs & ~50 O3Es in 200arcmin2/NB

(2) Clusters (100hrs =10nights)
A super-cluster CL1604+43 (z=0.9) with NB1244/NB1261 (Hα)
A proto-cluster HS1700+64 (z=2.3) with NB1653 ([OIII])/NB2167 (Hα)        

+ MBFs (phot-z, red sequence galaxies)

20-30 nights over 2017B/2018A



SWI S Spectroscopy
• Large spectroscopic survey at the cosmic noon

Lots of spectroscopic follow-up needs for SWIMS-18 
galaxies and HSC selected galaxies/clusters at 0.7<z<3.7 
(with Hα or [OIII]).

c.f.) PFS to z~0.9-1.5 à SWIMS to z~2.5-3.7

• Accurate line ratios with simultaneous observations of 
blue and red channels
e.g.) J ([OII]), H ([OIII], Hβ) and K (Hα, [NII], [SII]) at z~2-2.5,           

so we can get “accurate” line ratios (O32, R23, Hα/Hβ, etc…), 
free from a slit-loss problem.

W



SWIMS-18
• SWIMS-18 is a super multi-λ (NIR) imaging survey of 

the “Cosmic High Noon” over a 1-deg2 unbiased field + 
some high density regions.

• Stellar mass-limited sample at 1<z<5 with MB filters. 
SFR-limited sample of star-forming galaxies (and 
AGNs) at 0.9<z<4.8 with NB filters.

• Balmer-break galaxies up to 4<z<5, and Dual (Hα and 
[OIII]) emitters at z=1.5 and 2.3 are unique samples!

• SWIMS-18 will track the histories of mass assembly 
and star formation (and AGN activity) and their 
environmental dependence over the cosmic high noon 
and beyond with great statistics!
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Ground Layer AO with Adaptive 
Secondary Mirror (4 LGSs)

+
Wide-field Near-IR Instruments 

(Imager, MOS or M-IFU)

Seeing improvement
(FWHM 0.4”→ 0.2” in K) over 15’ FOV

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

ULTIMATE-Subaru

Courtesy: Hayano & Minowa
à 0.2” resolution for extended sources

2x higher sensitivity for point sources



FoV.comparison.of.NIR.facilities.in.
2020s.available.at.λ>2um�

VLT/HAWK(I.
(7.5’.x.7.5’)�

Subaru/IRCS.
(1’x1’)�

HST/WFC3.
(2.0’x2.3’)�

ULTIMATE(Subaru.
(16’.x.16’)�

JWST/NIRCAM.
(2.x.2.2’.x.2.2’)�

Subaru/MOIRCS.
(4’.x.7’)�

(15’ x 15’)

FoV comparison of NIR instruments in 2020’s at λ>2μm

� Note that there is no wide-field space mission which can probe NIR at λ>2μm! 

Courtecy: Y. Koyama



(1) Wide-field imager (WFI)
in collaboration with HIA (Canada)
FoV=15’ x 15’, Narrow-band and Medium-band filters

(2) Starbug/fiber + Multi-IFU
in collaboration with AAO (Australia)
0.2“/spaxel, 1.8” FoV, 16-50 IFUs, R=3000 (100km/s),
JH simultaneous coverage, but no K-band
This is like “KMOS � GLAO � K-band”

(3) MOS + Imager
lower priority, lower feasibility
FoV= 6’ ~ 15’

Three instrument candidates proposed for ULTIMATE



Some major science cases for ULTIMATE

• HIGH-Z (imaging)
Early universe at z>1 in rest-frame optical

• MID-Z (Multi-IFU)
SAMI/MaNGA/CALIFA-like survey at z~1 (z<2)

• LOW-Z (NB imaging)
Pa-α (SF) map in dusty galaxies at z~0.1−0.2

• Galactic center kinematics
• Low mass end of IMF in star forming regions
• Archaeology by finer sampling of crowded regions



• 0.75 mag deeper (point-source), 8 times wider FoV than 
current instrument MOIRCS, and 0.2” spatial resolution.

• NB survey with 0.2” seeing (Extension of MAHALO/GANBA)
Internal maps of SF (propagation of SF within galaxies)
for 1,000s of SFGs at 2<z<3.7 with a 1.6kpc resolution.

• MB survey (K1, K2, K3 (+Ks�) (Extension of SWIMS-18)
10 hrs exp. (26mag; 5σ)/FoV/band = 640hrs/deg2 for 4 filters
Mass assembly history back to z~5 with Balmer break 
galaxies at 4<z<5 of ~4,000 / deg2 (?)

• WFIRST/EUCLID only up to 2µm. JWST has a narrow FoV (2’)

ULTIMATE-K survey
Narrow/Medium/Ks band imaging with GLAO+WFI (15’) 


