
JCMT & HSC :  
Deep submm imaging 
of dusty starbursts in 
protoclusters at 2<z<6

—Project summary and current status report—
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Boylan-Kolchin+09



MAHALO-Subaru
MApping HAlpha and Lines of Oxygen with Subaru

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

z<1 
clusters

z~1.5 
clusters

z>2 
clusters

z>2 
field

~20 nights for imaging, >15 nights for spectroscopy Kodama et al. (2013)



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



 Massive + dusty galaxies in the proto-cluster core�

Koyama et al. 
(2013a) 

		24um	sources		

Red Hα emitters are very 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.�



Tamura+09

Casey+15 
COSMOS@z=2.47

Steidel+00
Umehata+15

SSA22@z=3.1

Walter+12, HDF-N@z=5.18

The number is yet small

SMGs found in protocluster



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-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       1.0 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 2016/01/31�



MAHALO-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 HAEs�

MOIRCS 
FoV�

Work in progress!�

�AEs vs. SMGs�



Subaru-HSC Legacy Surveys�

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�

  �           6 (>1014.5M�)�at z=1�

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

      300 (>1014.5M�)�at z=1�



Science goals

1. Ultradeep/Deep layer (~27 deg2)
　~10-20 protoclusters will be found at each redshift　
　→ redshift evolution of protoclusters
2. Wide layer (~1400 deg2)
    ~1000 protoclusters will be found at z~4 (g-dropout)
　→ variety of protoclusters

layer area (deg2) filters depth (mag)

Wide 1400 (700 deg2 × 2 fields) grizy i~25.9

Deep 27 (7 deg2  × 4 fields) grizy + 3NB i~26.8

Ultradeep 3.5 (1.8 deg2 × 2 fields) grizy + 3NB i~27.4



Expectation

Subaru-HSC Legacy Surveys�
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(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.
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HSC-Deep�       27 deg2�       200 (>1014  M�)�at z=1�
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Our recent JCMT program as DDT pilot (HSC protocluster followup)  
( PI : M. Yuichi) 

SCUBA-2 mapping of HSC-selected galaxy 
clusters at 1 < z < 7

• 5-6 targets will be observed as DDT pilot program 
• We are currently carefully brushing-up our final 

target source for the classical observation on July



• The successful JCMT follow-up of galaxies detected with 
MAHALO-Subaru program"
• We are currently working on the data reduction (~80 % 

completion of the requested time)  
• for USS1558 : potential detection that are associated to color-

selected (DRG) galaxies are to be followed-up by ALMA 
• other 5 protocluster : several detection above > 5σ 

• analysis is, and will be undertaken in detail 
• number density, SFRD etc. 

• JCMT-HSC synergy :"
• HSC protocluster survey is NOW dramatically increasing the 

number of protoclusters z>1 up to z=7 
• 5-6 sources through the approved DDT program would open a 

new potential between JCMT and HSC synergy, in terms of 
starburst phase occurrence in over dense region and thus the 
galaxy evolution

Summary


