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~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
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MAHALO-Subaru

[core members] T. Kodama (PI), I. Tanaka, Y. Minowa, M. Hayashi, 

Y. Koyama, K. Tadaki, R. Shimakawa, T. Suzuki, M. Yamamoto



The critical epoch of formation of massive early-type 
galaxies: z=1.5-2.5

Hopkins & Beacom 2006

Cosmic star formation rate density

redshift

• Formation redshift of quiescent galaxies in clusters is z~3-4 (Tanaka+13)

• Appearance of massive red-sequence galaxies at z~ 2-3 (Kodama+07)

Shimakawa et al. (2014b)

Evolution of integrated SFRs and growth 

of dynamical mass in cluster cores



High-z structures revealed by MAHALO

(Koyama+11)

(Koyama+10)

(Hayashi+10, 11)
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• There are a lot of star-forming galaxies in the 

center of galaxy (proto-)clusters at z>1.5

• No strong environmental dependence of star 

formation activity

We are witnessing the high-z star-forming 

galaxies that will grow to be massive 

early-type galaxies in galaxy clusters

NB imaging with Subaru/Suprime-Cam, MOIRCS

□星形成銀河

○ star-forming galaxies

0.5xR200

Active star formation in the center of high-z galaxy 
clusters at z>1.5



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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Blue HAEs = Normal SFGs

Red HAEs = Dusty SFGs or

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



Inside-out growth 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



Passive

Star-forming

main sequence

Dusty starburst

(mergers?)

fast track

late track

Stellar Mass (M*)

S
ta

r 
F

o
rm

a
ti
o
n
 R

a
te

 (
S

F
R

)

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!



No environmental 
dependence in the location 

of the main sequence.

But cluster galaxies tend 
to be more massive.

Scatter analysis is hard 
due to short timescale and 
uncertain dust correction.

Ha-selected sample only 

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

Environmental dependence
of the Star-Forming Main-Sequence?

Koyama et al. (2013a)  Great statistics and accurate
dust correction are the keys.

Alternatively, see the dusty
starburst populations directly!



Enhanced star formation of less massive galaxies 
in a proto-cluster at z=2.5

At M*>109.5 Msun, star forming 

galaxies are on the universal 

main sequence irrespective of 

the environment.

At M*<109.0 Msun, star forming 

galaxies in a proto-cluster at 

z=2.5 show a significant upward 

scatter from the main sequence.

Hayashi et al. submitted

Deep NB imaging with Subaru/MOIRCS: ~10 hours integration 

Deep imaging is important. In 

addition, to better understand 

galaxy evolution, we have to 

reveal where the star-formation 

is occurred within a galaxy. 



3D-HST survey

How does the internal structures of galaxy form?

Wuyts et al. (2013)

Key is to spatially resolve individual galaxies at kpc scale.

• Distribution of star formation regions and stellar component

• Spatially resolved specific star formation 



Proposal of observations with ULTIMATE-Subaru



Proposal: Wide-field NB imaging with ULTIMATE-Subaru

• the large-scale structures

• spatially resolved star formation in individual galaxies
We can reveal simultaneously

wide field of view high spatial resolution

Pair filters targeting Ha and [OIII] (or Ha and Hb)

(from SWIMS filters)



Proposal: Two adjacent NB filters

Zabl et al. (2016)

VISTA/VIRCAM

Subaru/Suprime-Cam

Hayashi et al. (2014)

Hayashi et al. (2014)

2-D distribution

3-D distribution



Proposal: Tunable filter is worth considering 

• Pair NB filters

• Two adjacent NB filters

• Redshift distribution of high-z galaxy clusters 

z=2.44   Lee+2016 (IGM)

z=2.45   Diener+2015  (zCOSMOS)

z=2.47   Casey+2015 (SCUBA-2)

z=2.49   Cooke+2014 (HzRG)

z=2.506 Wang+2016  (DRGs)

z=2.53   Hayashi+2012 (HzRG)

Even if we focus on galaxy (proto-)clusters at z~2.5, we cannot observe 

all of them with single NB filter

The increasing number of galaxy clusters at z>2 are found recently.

FWHM of NB => Dz~0.02-0.03





Answers to the questions to speakers (1/3)

• Observations with a unique set of narrow-band filters

• Large-scale structures (i.e, environments) thanks to the wide field of view

• Spatial revolved SF and stellar components in K-band thanks to the high 

spatial resolution  

• Galaxies at z=2.0-2.5 (Ha from these galaxies enters K-band) 

• Agree that the WFC is 1st priority.



Answers to the questions to speakers (2/3)

• Since we have investigated the large-scale structures around 

proto-clusters and the SF activity there with MOIRCS, of 

course, we can develop the studies with GLAO+MOIRCS.



Answers to the questions to speakers (3/3)

• This current plan is acceptable.

• Yes, but the conclusion may depend on the actual sensitivity and total 

throughput.

• To do the studies with two adjacent filters and/or pair filters, the shape of 

the transmission curve is also important. I’m concerned about how 

accurately the shape of the transmission curve can be produced. 

• 14 arcmin => 21 co-moving Mpc @ z=2, 

• 0.2 arcsec resolution =>  1.7 physical kpc @ z=2



Summary of our proposal

• Wide field imager

• Pair NB filters or tunable filter 

• the large-scale structures of SF galaxies with Ha emission

• spatially resolved star formation in individual galaxies

We can reveal simultaneously

wide field of view high spatial resolution


