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Outline	
•  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−LYA: Environmental dependence of Lyα 
emissivity from Hα emitters. 

 

•  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	



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)
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Dust extinctionMadau & Dickinson (2014)

Rest-UV is NOT a good tracer of SF in this critical era à Go for Hα and [OIII] at NIR!	

“Largely hidden by dust!”	

Why 1<z<3 ? and Why Hα and [OIII] ? 



4 narrow-band filters	 7 narrow-band filters	z = 2 

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

Wide-Field Survey of Line Emitters ([OII], [OIII], Hα) of 
14 known clusters at 0.4<z<3.6 and major general fields (CANDELS) 

MAHALO−Subaru 
MApping HAlpha and Lines of Oxygen with Subaru	

(PI: Kodama, T.)	

FWHMs correspond to ±1500-2000km/s	

1.  Nearly a complete sample of SFGs down to a certain line flux limit. (no pre-selection) 
2.  Redshifts are accurately known only with imaging (the same within a narrow slice).  
3.  Lower dust extinction compared to UV-selected SFGs such as LBGs. 
4.  Known redshifts/line fluxes deserve excellent targets for follow-up observations, 
     such as NIR spectroscopy and ALMA line observations. 	

Advantages of NB-selected SFGs	



radio	galaxy	NB2315	

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) �
Ou>low?	

radio	galaxy	

FoV=4’ x 7’	



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 !	



Hayashi et al. (2012) 

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

Koyama et al. (2013) 

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

★	
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★　RGs	

Blue HAEs = Normal SFGs	

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

1.  Lots of HAEs in proto-cluster cores unlike lower-z clusters (quenched center). 
Clusters grow (quench) inside-out! 



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

Koyama et al. 
(2013a) 

		24um	sources		

Red Hα emitters in PKS1138 are massive (M★ >1011M¤) and dusty star-forming 
galaxies.  Many are detected at 24µm with MIPS, but not in X-ray. 

High density	

Low density	

■	 Hα emitters	

☆			24um	sources		

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



Red galaxies can be very active!	

Hiroshima CARP	



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

Shimakawa et al. (2014)	

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-day	Our samples are tracking a typical mass growth 
 history of Coma-class rich clusters.	
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The Inside-Out 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 



MAHALO−DEEP : towards lower mass galaxies 

Less massive galaxies (<109.5M☉) show significantly larger sSFR (bursty)!	

10 hrs exposures in NB and 3 hrs in Ks, etc.	
USS1558-003 (z=2.53) and PKS1138-262 (z=2.16) proto-clusters	

Hayashi et al. (2016)	

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)	
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HST/WFC3 
F160W 	

r=1.5”	

Hayashi et al. (2016)	

A half of them are located in the dense clumps, but the other half are in the outskirts.	



○ LAEs 
●  HAEs	

Suprime-Cam (34’ x 27’) − NB429 (Lyα)	

MOIRCS (7’ x 4’) − NB2315 (Hα)	

Shimakawa et al (in prep) 
Hayashi et al. (2012; 2016)	

Dual emitter (Lyα+Hα) survey in and around USS1558 (z=2.53)	

Dual emitters (LAE&HAE) avoid the dense clumps! 
HAEs in the high density clumps are often Lyα absorbers.	

Mean separation	

MAHALO-LYA 

LAE&HAE	

lower densities

Mean separation	

NAOJà UCSC	

&HAEs	

LAE&HAE	

HAEs	



Integrated Lyα escape fraction: fesc (Lyα) = Fluxobs.(Lyα) / Fluxdust-corr.(HαàLyα) 	

Low Lyα escape fraction in HAEs in the dense clumps	

Shimakawa et al. 
      (in prep.)	

Rich CGM/IGM (HI) in the dense clumps fed by cold mode accretion?	

low density regions	

high density regions	

Radius within which we stack the images	

Stacking analysis	



Stellar Mass 

SFR
U

V 

Suzuki et al. (2015)	

[OIII] emitters at z~3.4 
versus 

Hα emitters at z~2.3 
in SXDF-UDS-CANDELS 

MAHALO-FAR : Towards higher-z SFGs with [OIII]	

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

dM*/dt = (1-R) SFR	



(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)	



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. 
Spatially resolved maps of these quantities are also the keys to understand the physics.	

GRACIAS−ALMA	

done (CO)	

ALMA status	

done (CO)	

done (CO/dust)	

done (CO/dust)	

done 
(CO/dust)	



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	
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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)	



Summary	
•  MAHALO-Subaru has been mapping out SFGs in clusters 

and the general fields, and has revealed the inside-out 
quenching of galaxy clusters since z~2.5. 

 

•  MAHALO-LYA finds that LAEs are totally avoiding the 
dense clumps in the young proto-cluster at z=2.5 due 
probably to rich HI gas associated to the clumps fed by 
the cold-mode accretion. 

 

•  MAHALO-DEEP has revealed star-bursting galaxies with 
high-sSFR at the low mass end (< 109.5M◉) in z>2 proto-
clusters.  Environmental effects? 

 

•  MAHALO-SHARP (GANBA-Subaru, GRACIAS-ALMA) are 
resolving internal structures of SFGs at z>2 and witnessing 
the physical processes of galaxy formation, depending also 
on environments. Anti-correlation between f(gas) and SFE 
is seen in a proto-cluster at z~2.5 ?	


