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Outline

• Cosmic evolution of star forming activities in clusters 
since z~2.5

• Environmental dependence of chemical evolution at z>2

• Spatially resolved views of “red” emitters and clumps 
at z>2



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?



18 nights for imaging, >15 nights for spectroscopy

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

Unique sample of NB-selected SF galaxies across environments and cosmic times
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radio galaxy
NB2315

dense clump

Hayashi et al. (2012)

Ks

A 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 detected.
~40 are spec. confirmed.

Ks

NB2315 (Hα)

5”=40kpc

Outflow?

radio galaxy



Hayashi et al. (2012)

Red Hα emitters (dusty starbursts?) tend to favor higher density regions!
(=key populations under the influence of environmental effects)

Koyama et al. (2013)

Spatial distributions of HAEs in two proto-clusters at z>2
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Proto-clusters are filamentary/clumpy, in the mid of vigorous assembly!

(Hα emitters)



Dynamical masses and Integrated SFRs in cluster cores

Shimakawa et al. (2014a)

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

F i g u r e 3 . (a) I ntegrated SFR s in the cluster cores, ΣSFR , nor-
malized w ith the cluster dynam ical m asses (upper panel) and (b)

cluster dynam ical m asses ( lower panel) are plotted as a func-

tion of redshift. T he open diamonds show the measurements for

the M ahalo-Subaru cluster sample including this work , calculated

w ithin R 200 of each cluster (K oyama et al . 2010, 2011; H ayashi et

al . 2011; Tadak i et al . 2012) . T he fi l led diamonds indicate the val-
ues w ithin 0.5×R 200 to match the defi nition with other prev ious

measurements for a direct comparison. T he previous works for 8

clusters at z= 0.1–0.9 are shown by squares (F inn et al . 2005) .

T he grey and open squares separate those clusters according to

their dynam ical m asses as shown in the lower panel. N ote that

SFR s are measured from Hα l ine strengths for al l the clusters
except for the z= 1.46 and z= 1.62 clusters which are based on

[O i i ] l ines. N ote also that R 200 is not ful ly covered for the z= 0.81

cluster. T he cluster mass of J0218 cluster at z= 1.62 is adopted

from Tanaka et al . (2010) . T he red dotted curve shows a relation

as a function of redshift scaling as (1+ z)6 . I n the lower panel , the

red line and the pink zone show the typical m ass growth history
of massive cluster haloes w ith 1–2×1015M predicted by theo-

retical models (Shim izu et al . 2012; Chiang et al . 2013) . T he 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
(Shim izu et al. 2012; Chiang et al. 2013). T he data points
show the measurements of dynamical masses of real clusters
used for comparison. I t 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.
T he lower-z clusters shown with fi l led squares also follow
the same mass growth curve. T herefore 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 cosm ic SF
history of the most massive class of clusters.

I n 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/M cl back to z> 2 or 11 Gyrs
ago, based on the intensive multi-ob ject N IR spectroscopy
of the NB selected star-form ing galaxies. I n our forthcom-
ing Paper II ( in preparation) , we wil l discuss the physical
properties of these galaxies (such as gaseous metal l icities,
ionizing states, and dust extinction) using the multi em is-

sion line diagnostics, and compare them with those in the
general field at sim ilar 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



Shimakawa et al. (2014b)

SDSS (z~0)

Cluster > Field

at low-mid mass

Field at z~2 (Erb06)

① Sample selections? HAEs in 

clusters tend to be more 

evolved than LBGs in the field.

② Accelerated, hence more 

advanced chemical evolution 

in clusters, and smaller f(gas)?

③ Stripping of metal poor gas 

from the reservoir, and 

stopping dilution of metals.

④ Recycling of enriched and 

once ejected gas?  

(Dave+ ’11; Kulas+ ’13)

Clusters at z~2-2.5

Based on stacking analysis of N2=[NII]/Hα with MOIRCS/Subaru

Environmental Dependence of Gaseous Metallicity at z>2

Poster #76  Shimakawa et al.



Fundamental Metallicity Relation

Cluster > Field

at low-mid mass?

Shimakawa et al. (2014b)

It is not just because the evolutionary

stages of cluster SFGs are more

advanced (=gas fraction is smaller), 

but their effective yield must be

higher due to some external effects!

either

③ stripping of metal poor gas

or

④ recycling of metal rich gas

in proto-clusters

Poster #76  Shimakawa et al.



Inflow and outflow processes may well depend on environment !

© Rythm Shimakawa(Dave+ ’11; Kulas+ ’13)



HST images (V606,I814,H160) from the CANDELS survey

less massive clumpy galaxies
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Tadaki et al. (2013b)

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

Clumpy structures are common in HAEs at z~2 (Field)

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

Massive galaxies tend to have a red clump near the stellar mass center,
And they tend to be detected with MIPS 24μm.

 The red clumps may be the site of nucleated dusty starburst to form a bulge!
We need to spatially resolve star forming activities within galaxies.

3”

3” (~25kpc)



(UV) (optical)

Spatially resolved Hα line emission in clumpy galaxies

Tadaki et al. (2013b) Contours: Hα images

Hα emission tends to be

stronger in red clumps,

suggesting a dusty

starburst occuring there

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 images



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

Mapping/resolving molecular gas and dust contents of high-z SF galaxies

CO line @ Band-3 (~100GHz) SFR~50M☉/yr (2.7hrs, 5σ)

Dust continuum@ Band-6-9 (450 μm–1.1 mm)

cycle-2 sensitivities

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

SFR~15M☉/yr (50min, 5σ)
@1<z<3

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

Relations between red clumps ~ dusty starbursts ~ bulge formation ~ environment

We can spatiall resolve dusty star formation directly within galaxies.



Band-6 (dust)

Band-3 (CO)

Clusters are efficient targets for ALMA 

especially at Band-3 as multiple targets 

can be observed by a single pointing (1’).

USS1558 proto-cluster (z=2.53)

Chandra 100ks X-ray data (Martini et al.)

have just been taken.

(AGN fraction, distribution)

HST images (Hayashi et al.)

are being taken NOW!

(Clumpy fraction, size evolution)

Unique targets to test the effects of environment on galaxy formation



Summary
• Mahalo-Subaru has been mapping out star formation activities 

across cosmic times (0.4<z<3) and environments.

• Clusters grow inside-out, and the SF activity in cluster cores 
drops rapidly as (1+z)6.

• Dusty starbursts are more prevalent in proto-clusters, and the 
key populations under the influence of environmental effects.

• Gaseous metallicities are higher in proto-clusters than in the 
field due to recycling of enriched gas or stripping of metal 
poor gas.

• Clumpy nature of SFGs at z~2 (in particular, red dusty clumps) 
maybe closely related to a bulge formation.  We expect some 
environmental dependence, which should be tested with up-
coming AO, HST and ALMA observations.


