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南極望遠鏡　メインテーマ 
l  銀河広域サーベイ 

✗  テラヘルツ銀河の広域探査と星生成活動 
✗  クラスターに存在する銀河（LBGs）調査 

l  系外惑星 
✗  スーパーアースの水大気 
✗  惑星大気 

l  超新星 
✗  Ⅱ型超新星探査 
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Keywords 
l  Proto-Quasar / Proto-Cluster. 

✗  The formation of  early-type galaxies (ex. Tamura+10). 
✗  (“Monolithic collapse” (Eggen et al. 1962)? / “(Major) Merger” (Searle & 

Zinn 1978)?) 
✗   赤い銀河（Passive Galaxies or Dust-obscured Galaxies）の探査 

l  Search for over-densities near the SZ locations. 
✗  Red-sequence galaxies (ex. South Pole Telescope group). 

l  Search for SMGs. 
l  重力レンズ 

✗  z>4のStarburst galaxies (Vieira+13) 
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Strazzullo+13 
l  z~2のcluster中心には、Passive compactだけでなく、
Dusty-Red SFGsも存在する。 

l  （Tanaka+13でも） 

The Astrophysical Journal, 772:118 (17pp), 2013 August 1 Strazzullo et al.

Figure 3. Rest-frame U − V vs. V − J color–color plot. Larger/smaller
symbols show galaxies brighter than the two limits used (m140 < 24.5 and 25.7,
respectively). The solid line shows the separation criterion between passive and
star-forming galaxies at z ∼ 2 as adopted in Williams et al. (2009)—dotted lines
are, as a reference, ±0.1 mag around this limit. Interlopers in the foreground
and background are shown as light and dark gray symbols. Colored symbols
show cluster candidate members (“likely” and “possible” as full and empty
circles), red for passive and blue for star-forming sources according to the SED
classification—see the text for details.
(A color version of this figure is available in the online journal.)

SED is poorly constrained due to large photometric errors. In
these few cases, we adopt the SED-based classification.

Our sample of candidate members is thus ultimately divided
into 18 passive (6 secure members plus 4 likely and 8 possible
candidates) and 78 actively star-forming galaxies (8 secure
members plus 27 likely and 43 possible candidates).

3. GALAXIES ASSOCIATED WITH
THE CL 1449+0856 STRUCTURE

As discussed above, our selection of candidate members
should be highly complete but also significantly affected by
contamination from interlopers. While it is impossible to remove
this contamination based on photometric redshifts, we can
at least statistically investigate some properties of the cluster
galaxy populations that are strong enough not to be diluted by
the significant presence of interlopers.

3.1. Projected Distribution of Candidate Members

We show in Figures 4 and 5 the projected distribution
of candidate cluster members in the field. Note that both
figures show all candidate members—according to the specific
selection as labeled in individual panels—and are thus affected
by interloper contamination (as discussed in Sections 2.3.1
and 2.3.2). While the more uncertain “possible” members make
up about half of the full m140 < 25.7 candidate sample, their
contribution is higher at lower masses, and goes down to <30%
and 25% for the log M/M# > 9.9 and log M/M# > 10.4
mass-complete samples highlighted in the figures. Accounting
for spectroscopic members and the estimated contamination for
“likely” and “possible” candidates, we estimate that these mass-
complete samples are affected by an overall contamination of
<40% and ∼30%, for log M/M# > 9.9 and log M/M# > 10.4,
respectively.

Figure 4 shows individually all galaxies in the field, high-
lighting “possible” and “likely” candidate members, as well as
the nature of their stellar populations as estimated from their
SEDs (Section 2.4).

Figure 5 shows local density maps of the same sample of
candidate cluster members (m140 < 25.7), as well as of the mass-
complete sample (log M/M# > 9.9). These maps show more
clearly the projected distribution of (candidate) cluster galaxies,
the density enhancement around the cluster center (taken as

Figure 4. Left: the distribution of galaxies brighter than m140 = 25.7 in the studied field. Interlopers are plotted as gray crosses, while passive and star-forming
candidate members are highlighted in red and blue, respectively. Filled and empty circles show likely and possible candidates, and spectroscopically-confirmed
members are marked with a small green point in the center. Large and small circles show sources brighter than m140 = 24.5 and m140 = 25.7, respectively. Yellow
squares mark candidate members with rest-frame U − V > 1.3, while blue and purple squares show the mass-complete samples of members more massive than
log M/M# = 9.9 and 10.4, respectively. Solid gray circles show clustercentric radii of 250 and 500 kpc (proper) at the cluster redshift. North is up, east to the left.
Right: a close-up of the left-hand panel in the cluster center. Symbols are the same, gray circles mark clustercentric radii of 100 and 200 kpc (proper) at the cluster
redshift. Two AGNs spectroscopically confirmed to belong to the cluster (Gobat et al. 2013) are marked by green stars.
(A color version of this figure is available in the online journal.)

7

IRAC/X-ray selected clusters; 1010Msun/ UVJ-color 

The Astrophysical Journal, 772:118 (17pp), 2013 August 1 Strazzullo et al.

Figure 6. WFC3 F140W image of the studied area. Contours correspond to
the density map of the full flux-limited sample of candidate members shown in
Figure 5 (top left panel), with colors corresponding to projected number density
levels in the same color scale. The dashed circle shows the footprint of the
catalog we used, as in Figure 5. In the bottom panel, a close-up of the inner
cluster region (white square in the upper panel) is shown. White circles show
radii of 100 and 200 kpc (proper) at the cluster redshift.
(A color version of this figure is available in the online journal.)

Figures 4 and 5 clearly show the characteristic nature of the
galaxies in the central concentration, including many massive,
red, passive sources within 100–150 kpc of the cluster center.
West of the cluster center, these figures show an overdensity
of galaxies of a seemingly different nature, less massive, star-
forming, and (where available) of late-type structure (Figure 7).
Half of these galaxies are spectroscopically confirmed to be
cluster members.

Figure 7. Projected distribution (top panel, as in Figure 4) and the UVJ rest-
frame color–color plot (bottom panel) of the sample of candidate members
brighter than the limit for morphological analysis (m140 < 24.5). This sample is
flux limited, not mass complete: sources below the estimated mass completeness
of log M/M! = 10.4 are highlighted with gray squares. Solid/empty symbols
show likely/possible members, respectively. Galaxies classified as passive or
star forming are colored in red and blue, while galaxies with nSersic higher or
below 2 are shown as ellipses and spirals, respectively. Galaxies for which no
acceptable fit could be obtained are plotted as triangles; visual inspection shows
that only one, a passive source very close to the cluster center, might possibly
be an early-type.
(A color version of this figure is available in the online journal.)

Another overdensity in the projected distribution of candidate
members is located southeast of the cluster center. However, as
Figure 4 shows, it is made in large part of candidates less likely
to be at the cluster redshift, and it contains no spectroscopically
confirmed members. The reality of this structure could not be
confirmed with the current spectroscopic coverage, partly due
to observational issues; it is located at the edge of the field fully
covered by WFC3 grism spectroscopy with all four orientations,
and is largely composed of faint sources.

Considering the mass-complete sample (blue and purple
squares in Figure 4), and in spite of dilution due to interloper
contamination, a concentration of massive, of optically red
(rest-frame U − V > 1.320), and of passive galaxies in the
cluster core is evident. This central concentration appears to
include mostly passive sources, but also some dust-reddened
star-forming galaxies. These results seem to be largely stable

20 The rest-frame U − V > 1.3 threshold, used here when referring to optically
red sources, is close to the observed Y − K color cut used in Gobat et al. (2011).

9

n>2,  n<2 
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Boone+13 : Herschel Normal SFGs 
l  Herschel lensing galaxy +  870μm APEX/LABOCA 
follow up 
✗  Drop out (Flux Ratio S870/S500 > 0.5) : z > 4.0 

l  VLT/FORS spectroscopy 
✗  A ’normal’ dusty galaxy at z~6.107 ? 
✗   LFIR ~ 5 - 15 × 1011 L⊙ (SFR ~ 80 - 260 M⊙ yr-1) 

F. Boone et al.: Discovery of a strongly lensed Herschel drop-out

24

   low-z

100 160 250

350 500 870

3.6 70

Fig. 1. 10500⇥7800 thumbnails showing the central region of the cluster AS1063 at 3.6, 24, 70, 100, 160, 250, 350, 500 and 870 µm
(from left to right and from top to bottom). The contours correspond to the 870 µm emission detected with LABOCA at 3, 4, 5
and 6-� (� =1.1 mJy). The Herschel drop-out source can be seen around the BCG (marked by the green cross) at the center of the
870 µm map. The arrows in the 100µm map point two low-z sources (z = 0.3 and 0.6), whose 870 µm emission is blended with the
south-western part of the high-z source.

Hence, according to our lens+source model and to the pho-
tometry, the luminosity of the 870µm source corrected for lens-
ing is likely < 1012L�, i.e., an order of magnitude lower than
that of SMGs detected at z > 4 so far. For example, if we assume
Td = 30 K and z = 6, the observed luminosity of the northern
peak is LFIR ⇠ 5⇥1012L� (middle panel of Fig. 3), with µLA = 10
this implies an intrinsic luminosity LFIR ⇠ 5 ⇥ 1011L�.

3.3. A plausible HST counterpart at z = 6.107

Searching the HST images and catalogs provided by the CLASH
project we identified 4 objects (A, B, C, D on the right panel of
Fig. 2), which could be the 4 images of a high-z source. Indeed,
fitting various SED templates to the HST photometry we de-
rived a redshift z = 6.3 ± 0.3 (Fig 4) and the image positions
were accurately reproduced by our lens model for a source at
z ⇠ 6. To confirm the redshift we recently obtained VLT/FORS
spectroscopy of the B, C and D images. The Ly-↵ line is clearly
detected at z = 6.107 (Fig. 4, Richard et al. in prep) 2. The mag-
nifications are µA=17.1, µB=5.9, µC=6.7 and µD=2.5.

2 In a recent paper Bradley et al. (2013) mention a quintuple system
in this cluster but they list only 3 of our identified images (A, B and D).

The A image of this HST source benefits from a boost by the
same two galaxies of the cluster as in the model discussed above
for the 870µm emission. However, if they are both at the same
redshift the LABOCA source needs to be o↵set from the HST
source to reproduce the southern peak (LC); it is at ⇠30 kpc in
the above model. The distance between the two sources is mainly
constrained by the flux ratio of the two 870µm peaks, it could be
in the range 10-30 kpc. Hence, the two sources could be di↵erent
regions of the same galaxy, or two interacting galaxies.

The star formation rate (SFR) of the HST source estimated
from the UV continuum and from the Ly-↵ line and corrected for
lensing are SFRUV ⇠ 5 M� yr�1 and SFRLy↵ ⇠ 15 M� yr�1. The
Spitzer detection of B at 3.6µm implies (H-3.6) ⇡ 2, redder than
for typical z ⇠ 6–8 LBGs (McLure et al. 2011). SED fits with
young populations predict up to Av ⇠ 1.5 implying a reprocessed
IR luminosity of ⇠ 4 ⇥ 1011L�, i.e., an SFRIR ⇠ 70 M� yr�1.

At z = 6.1 the upper limit on the FIR luminosity of the
870µm source depends on the SED template assumed as illus-
trated on the right panel of Fig. 4. The intrinsic luminosities ob-
tained are in the range [5�15]⇥1011L�, which corresponds to an
SFR in the range [80�260] M� yr�1. The star forming properties
of the HST and the LABOCA sources could therefore be similar.

3

2013/09/18 南極赤外線望遠鏡WS      6 



Sedgwick+13 : AKARI Spectroscopy 
l  SMGのうち、Redshiftが既知の明るい天体。(z~3.5-4.0) 
l  AGN Binary at z>3.5? 

✗  PSF FWHM=4.7’’ 

6 Chris Sedgwick et al.

Figure 4. From top: 8C1909+722 HzRG, SMM1, SMM2, SMM3
(non-detection) and 4C60.07. The dashed red vertical lines show
the position of H↵ emission lines at the expected redshifts. The
solid red lines show the gaussian least-squares fits to the H↵ line
and continuum in the wavelength region shown. The dotted grey
lines show the noise levels as a function of wavelength, calculated
as described in the text. The green points at 3.0 µm are from the
AKARI broadband photometry (the reference image). The green
point at 3.6 µm for 4C60.07 is from Spitzer IRAC broadband
photometry. Spitzer photometry for 8C1909+722 is an order of
magnitude higher and may include flux from another source; 0.8
µm Keck photometry (De Breuck et al. 2001) is the same order
of magnitude as the AKARI data.
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c� 2010 RAS, MNRAS 000, 1–??

H↵ emission with AKARI-FUHYU near-infrared spectroscopy 3

Figure 1. Left: SCUBA 850 µm image and contours (at 0.5, 1, 1.5, 2, 2.5 and 3 �) for 8C1909+722 with the positions of the four
AKARI spectra marked in red. Right: SCUBA 850 µm image and contours (at 1, 2, 3 and 4 �) for 4C 60.07 with the position of the
AKARI spectrum marked in red. This does not resolve the sources within the central contour (see Figure 3 for SMA 870 µm contours).
The SCUBA maps are from Stevens et al. (2003).

dedicated to spectroscopy of point sources. The PSF FWHM
was 4.700 in imaging mode and ⇠ 6.700 in spectroscopic mode.

We selected the spectroscopy Astronomical Observing
Template (AOT) IRCZ4 in the configuration b;Np (which
selects the grism and the point source aperture). In Phase
III, this configuration gives a 5� detection limit for point
sources of ⇠ 2 mJy and a line sensitivity of ⇠ 5⇥10�18

Wm�2 for each pointing. Each pointing consisted of a ref-
erence image (see Figures 2 and 3) and at least 8 exposure
frames for the NG grism, bracketed by 10 dark frames (see
Onaka et al. 2009 for details). Each frame exposure was ⇠70
seconds, giving an integrated exposure time for each point-
ing of ⇠9.3 minutes. We carried out 10 pointings per source
wherever possible.

At the redshifts of the targets considered in this paper,
the H↵ hydrogen recombination line falls within our 2.5 µm -
5.0 µm observed wavelength range. However, H� was outside
our range. No other emission lines were detected. We used
the reference image of the larger 100 ⇥ 100 N3 band field
which is attached to the 10 ⇥ 10 grism field, smoothed with
a 5 ⇥ 5 median boxcar, to confirm the identification of our
sources with images from public archives.

2.4 Data reduction pipeline

The IRC data reduction pipeline for the warm phase (Onaka
et al. 2009) was originally used to analyse our data. How-
ever, we found the correction for spacecraft jitter between
the ⇠8 spectroscopic frames within each pointing and sky
subtraction did not yield satisfactory results, so we wrote
our own pipeline using Interactive Data Language (idl) to
reduce the raw spectroscopic data.

Our new pipeline includes dark subtraction, saturation
masking (physical detector saturation is detected by scaled
values from a short exposure and masked out), wavelength
calibration and spectral response calibration using the cali-
bration data from the IRC pipeline. We wrote our own rou-
tines to handle sky subtraction in which we fitted a sixth-
order polynomial in the dispersion direction to remove a

Figure 2. AKARI 3 µm images of the 8C1909+722 radio galaxy
and its companion submillimetre galaxies. The figures are centred
on the positional centroids of the sepctra, and each is a median
stack of the pointings taken for each source using the N3 filter.
The dispersion direction is horizontal and the FWHM of the ker-
nel used in the source extraction is equivalent to a width of 2 and
3 pixels in the wavelength and spatial directions respectively.

banding pattern across the frame, and a second-order poly-
nomial in the image direction. We also wrote routines to han-
dle de-glitching and to estimate the o↵sets between frames
for each pointing caused by spacecraft jitter, using the si-
multaneous 100⇥100 imaging data. Our pipeline included idl
routines for zerofootprint drizzling into an grid expanded by
5 times in each direction and for noise-weighted feature ex-
traction which were previously developed for the SCUBA
Half Degree Extragalactic Survey (SHADES, Serjeant et al.

c� 2010 RAS, MNRAS 000, 1–??
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High+10 

l South Pole Telescope (SPT) : SZ survey 
✗ 21 galaxies were detected in a 178 deg2 

✗ 0.15 < z < 1.0 
✗ The Blanco Cosmology Survey date (BCS; Ngeow et al. 2006) 

 + 可視光(grizバンド)follow up 観測 
✗ → Cluster mass, radius, redshift  

l South Pole Telescope (SPT) : SZ survey 
✗ 158 galaxy clusters were detected in a 720 deg2 

✗ 135 were first identified as clusters 
✗ 0.55 < z < 1.37 

Reichardt+13 

by Obata 
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THz銀河の赤外線	  follow	  up観測 

l Goto+	  10 

High-‐zになるにつれ、 
赤外線光度が支配的になる。 
 

？ 

High-‐zで赤外線で輝くTHz銀河 
	  →	  遠方銀河の赤外線寄与 
 

by Obata 
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l Riechers+ 13 
 
 

z=6.34のdust Massive Galaxy 
南極赤外線望遠鏡の感度なら観測可能！ 
 

THz銀河の赤外線	  follow	  up観測 

他にも… 
BHの有無 (Johnson+ 13) 
Galactic wind  (Veilleux+ 05) 
銀河進化史においても重要！ 

by Obata 
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SZ	  effect	  survey:Galaxy	  cluster	  survey 

l SZ effect 
✗ Galaxy clusterのhot gasによってCMBが逆コンプトン散乱 
✗ CMBのズレを観測することで、Galaxy clusterを検出できる 

Reichardt+13 
l 赤外線・可視光によるfollow up 
✗ 1m Swope telescope  
✗ 4m Blanco telescope 
✗ Spitzer/IRAC 3.6,4.5µｍ　etc. 

 
l Follow upできなかった天体 
✗ Follow up観測限界？ 
✗ SPTのfalse detection 

by Obata 
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5σ point-source limiting magnitude 
< 25mag (in griz band) 

SZ	  effect	  survey:Galaxy	  cluster	  survey 

l 赤外線・可視光によるfollow up 
✗ 1m Swope telescope  
✗ 4m Blanco telescope 
✗ Spitzer/IRAC 3.6,4.5µｍ　etc. 

Reichardt+13 

南極赤外線望遠鏡  
5σ point-source limiting magnitude  
> 26mag 
　=>  High-z Galaxy clusters  

FIRES
MODS

MODS

VLT GOODS-S

SDF

(K
A

B, 
5Ƴ

)

MUSYC 4m telescope 

8m telescope

(K
A

B, 
5Ƴ

)

Survey area (arcmin2)

D
ep

th

Our Goal

Subaru+MOIRCS

UKIDSS
VISTA

J䚸Kdark䚸3.4ȝm䚸3Ⰽᗈᇦ῝᥈ᰝ

静止系での可視光の輝線を観測 
→	  輝線強度診断でAGN確認？ 

by Obata 
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Our  Contribution? 

✗ A, L’-band Survey for Higher Redshift (3<z<6) galaxies. 
これまでよりもhigh-zでの「普通な銀河」のサーベイ 
✗ Internal Morphology with Highly Resolved Imaging.  
高い空間分解能を活かした詳細な銀河内部の調査 
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l  2 - 5 umでの高い透過率、空の暗さ（他のサイトでは困難な3.4um) 
l  0”.2 (@optical) という優れたシーイング条件 

AIRT 設計まとめより 
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Survey for galaxies at z>3. 
l  MOIRCS Deep Survey (MODS; Kajisawa+09)  
✗  J, H, KS-band deep survey @ Subaru/MOIRCS 
✗  Massive (>109Msun) galaxies at z<3. 

l  CANDELS H160-band (FWHM~0”.18, mH~25 mag) 

l  　->激進化期の銀河の形態調査 

Need Redder Images !! 

Deep 
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Survey for galaxies at z>3. 
l  A (L’)-band deep survey ? 
l  Finding the “normal” galaxies at z~3 to z~5-6. 
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Table 1
Properties of Galaxies Selected at a Constant Cumulative Number Density of nc = 1.4 × 10−4 Mpc−3

Redshift Na Massb Quiescentc re
d Sérsice b/af

Range log M/M# Fraction (kpc) Index

0.25 < z < 0.5 120 11.16 0.89 ± 0.03 6.1 ± 0.3 4.6 ± 0.2 0.74 ± 0.01
0.5 < z < 1 448 11.12 0.77 ± 0.02 5.1 ± 0.2 4.1 ± 0.09 0.71 ± 0.01
1 < z < 1.5 20 11.05 0.65 ± 0.1 3.2 ± 0.5 3.2 ± 0.5 0.64 ± 0.05
1.5 < z < 2 41 10.95 0.44 ± 0.08 2.4 ± 0.3 2.5 ± 0.3 0.57 ± 0.07
2 < z < 2.5 37 10.84 0.32 ± 0.08 2.3 ± 0.3 1.8 ± 0.4 0.68 ± 0.06
2.5 < z < 3 35 10.70 0.23 ± 0.07 2.3 ± 0.3 1.5 ± 0.3 0.52 ± 0.03

Notes.
a Number of galaxies in the sample at the given redshift.
b Stellar mass of galaxies at nc = 1.4 × 10−4 Mpc−3 for a given redshift (see Equation (2)).
c Fraction of galaxies that are quiescent based on UVJ selection.
d Median effective radius for galaxies at nc.
e Median Sérsic index for galaxies at nc.
f Median axis ratio for galaxies at nc.

Figure 3. Fraction of UVJ classified quiescent galaxies (QGs, solid red circles)
and star-forming galaxies (solid blue squares) vs. redshift for galaxies with
measured structural parameters selected at a constant cumulative number density
of nc = 1.4×10−4 Mpc−3. The star-forming fraction is simply the complement
of the quiescent fraction. The 1σ error bars are computed assuming a binomial
distribution. The open symbols represent the values for the appropriate mass
and redshift from Brammer et al. (2011). The change in the proportion of QGs
toward low redshift for galaxies at nc is dramatic, increasing from ∼23% at
z ∼ 2.75 to ∼89% at z ∼ 0.375. At z ∼ 3, most of the progenitors of massive
galaxies were star forming.
(A color version of this figure is available in the online journal.)

The size evolution at 0.25 < z < 2 follows

re = (9.3 ± 1.0) kpc × (1 + z)−1.1±0.2 (3)

with the exponent being consistent with the value of −1.27
found in van Dokkum et al. (2010) over roughly the same
redshift range. A striking feature in Figure 4(a) is the lack
of evolution at 1.5 < z < 3 in the median effective radius.
We investigate this further by showing the evolution of QGs
and SFGs separately in Figure 4. The constant median re arises
because SFGs are larger than QGs and their relative abundance
changes as a function of redshift. Above z > 3, the size evolution
is likely determined almost solely by SFGs since they become an
overwhelming majority of the population. We therefore expect

the sizes of galaxies to decrease above z ! 3 (see, e.g., Oesch
et al. 2010; Mosleh et al. 2012) for samples selected at nc. We
can test whether the apparent constant value of re at 1.5 < z < 3
is a generic feature or a consequence of the particular value of nc
selected for our study. At lower values of nc (i.e., higher masses
at a given redshift), we find that re can increase gradually from
z ∼ 3 to z ∼ 2.

The Sérsic index determines the distribution of light and hints
at the presence of a bulge or disk. The median Sérsic index in
Figure 4(b) increases from n ∼ 1 at z = 2.75 to n ∼ 6 at z ∼ 0.
The Sérsic index evolution at 0.25 < z < 3 can be characterized
by

n = (6.7 ± 0.5) × (1 + z)−0.9±0.1, (4)

which is consistent with the exponent of −0.95 found in van
Dokkum et al. (2010). The Sérsic index evolution indicates that
while most of the stars in ∼2 M" galaxies in the nearby universe
are distributed in a bulge, the stars in their progenitor galaxies
at z > 2 were distributed in structures resembling exponential
disks. We note that Wuyts et al. (2011) also find that SFGs at
high redshift, which represent the majority at nc, generally have
low Sérsic indices around n ∼ 1. The fact that QGs at 2 < z < 3
in Figure 2 generally have higher Sérsic indices than SFGs (see
also Bell et al. 2012), as is also the case at lower redshifts,
further suggests that our Sérsic profile fitting measurements are
not significantly biased by the limiting depth of the HST imaging
for higher redshift galaxies. In the Appendix, we show this to
also be the case with a much larger, stellar mass limited sample
(Figure 9).

While the Sérsic indices can be suggestive of a bulge or
disk component, the axis ratio distribution provides a better
constraint on the shapes of galaxies. Owing to the high resolution
of the HST imaging, we can examine the axis ratios of galaxies
selected at nc to z ∼ 3. The median axis ratio of galaxies at
nc = 1.4×10−4 Mpc−3 has increased significantly since z ∼ 3.
At z = 2.75, the typical axis ratio is b/a ∼ 0.52, a low value
that is indicative of a distribution of randomly oriented thin
disks. Meanwhile, at z = 0.06, the axis ratio is b/a ∼ 0.76,
closer to what is expected for elliptical galaxies. This value
is in good agreement with SDSS studies of massive QGs at
z = 0.06 (van der Wel et al. 2009; Holden et al. 2012). At
the highest redshifts (2.5 < z < 3), the residuals to the single
component Sérsic profile fits are smooth and visual inspection of
these residuals suggests that the lower axis ratios at high redshift
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Detection Limit 
l  10 hr : 
✗   20.9 mag (3.4um)  
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✗   22.1 mag (3.4um) 
✗   21.6 mag (L’) 

l  100 hr  ? : 
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✗   22.9 mag (L’) 

��

�

�ࢬࢧࣝࢭࢡࣆ ��ȣP� �

�࣮ࣝࢣࢫࣝࢭࢡࣆ ����͇� �7%'��

ど㔝� � ศゅ��ศゅ� �7%'��

�࣮ࢱࣝࣇ ���ȣP㹼�ȣP ྛ✀� �

ศᩓ� 5㹼���� �7%'�ศගࢺࢵࢪࣥࣛࢺ⏝�

ከኳయᶵ⬟� �� ಶ⛬ᗘࢺࢵࣜࢫࡢ� ࡣኚ᭦ࢺࢵࣜࢫ .(&.�026),5( ᪉ᘧ

�ࢢ࣮ࣥࢩ ���͇�����ȣP�� ���ȣP ࠊ⏺㛗Ἴ㛗࡛ᅇᢡ㝈ࡾࡼ

���ȣP ࡛ ����͇�

�

Ⅼ※᳨ฟ㝈⏺ S/N=5, 1 㛫✚ศ 

band 
Ȝ

eff
 

(ȝm) 

ǻȜ 

(ȝm) 

2.5m 

mag (ȝJy) 

Subaru 

mag (ȝJy) 

V 0.56 0.083 25.9 (0.16)* 26.0 (0.14) 

J 1.25 0.16 24.0 (0.40)** 23.2 (0.84) 

H 1.64 0.29 22.5 (0.99)** 22.1 (1.43) 
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Hα(6563Å) from high-z galaxies 

l  Koyama+13, Hayashi+13 (MOIRCS) 
✗  z~2.16 proto-cluster detected by Hα.  
✗  Stellar mass-SFR relation : 環境依存性はあるか？ 
✗  K-bandが地上の限界… 

Massive starbursts in a z ∼ 2 proto-cluster 1553

Figure 1. The velocity distribution (relative to the radio galaxy) of the spec-
troscopically confirmed proto-cluster member galaxies shown by Pentericci
et al. (2000), Kurk et al. (2004b) and Doherty et al. (2010) (solid-line his-
togram), with an arbitrarily scaled transmission curve of the NB2071 filter.
We also show the velocity distribution of the emission-line sources close
to the radio galaxy (within ∼15 × 15 arcsec2) revealed with integral field
spectroscopy by Kuiper et al. (2011) (dotted-line histogram).

package in MCSRED for NB data reduction, which was designed to
reduce MOIRCS NB data. We also use the J- and Ks-band imaging
data of the PKS 1138-C field obtained in 2006 presented by Ko-
dama et al. (2007). We mosaicked all the data together, and the final
image size is 6.7 × 7.5 arcmin2. Note that all the data are smoothed
to 0.7 arcsec full width at half-maximum (FWHM) seeing before
measuring the multiband photometry, and all the analyses in this
paper were performed on these smoothed images. We estimated
the limiting magnitudes of each image by measuring the variance
of 1.5 arcsec diameter aperture photometry at random positions on
each image. The data quality is effectively uniform, but the limiting
magnitudes differ slightly between the PKS 1138-C and PKS 1138-
S fields, due to the small differences in their total exposure times
(see Table 1).

2.2 Optical data

We obtained a new deep z′-band image with Suprime-Cam
(Miyazaki et al. 2002) on the Subaru Telescope. This observation
was executed on 2011 April 29 under photometric conditions (see
Table 1). We reduced the data in a standard manner with the SDFRED2
software (Yagi et al. 2002; Ouchi et al. 2004). Note that the field of
view (FoV) of Suprime-Cam (34 × 27 arcmin2) is much larger than
our MOIRCS data coverage, and so we trimmed the z′-band image
accordingly. The limiting magnitude was estimated in the same way
as for the MOIRCS data.

We also use the B-band data taken with FORS1 on the VLT by
Kurk et al. (2000). Note that the B-band data and our MOIRCS data
do not completely overlap with each other. In addition, the exposure
time of this B-band data is only 30 min. As a result the limiting
magnitude of the B-band data, estimated in the same manner as for
the Subaru data, is 26.2 mag which is not deep enough for studying
passive z ∼ 2 galaxies. However, we can still use the B-band data to
check the BzK diagram for NB sources in Section 3.2. The seeing

measured from the B-band image is ∼0.7 arcsec (see Kurk et al.
2004a).

2.3 Photometric catalogue

We construct a photometric catalogue of our data using the
SEXTRACTOR software package (Bertin & Arnouts 1996). The source
extraction is based on the NB2071 image, and we use the double-
image mode of SEXTRACTOR to perform multiband photometry. After
removing saturated sources, the catalogue includes 1038 sources
with >5σ detection in NB2071 (i.e. mNB2071 < 22.9). We use
MAG_APER (with 1.5 arcsec diameter apertures) for source detec-
tion and measuring colours, and MAG_AUTO for deriving the physical
quantities such as SFRs. Photometric zero-points are derived from
standard star observation of GD71 for NB2071 and GD153 for
the z′ band, while we scale the J and Ks data to match the existing
data presented in Kodama et al. (2007), adopting their updated zero-
points2 (see also Doherty et al. 2010; Tanaka et al. 2010b). We apply
here a small correction to the NB2071 photometry (by −0.04 mag),
based on the median Ks− NB2071 colours of bright sources with
mNB2071 = 17–20 mag. At the position of the PKS 1138, we esti-
mate the Galactic extinction to be E(B − V) = 0.04 based on the dust
map of Schlegel, Finkbeiner & Davis (1998). This corresponds to
AB = 0.17 mag, Az′ = 0.06 mag, AJ = 0.03 mag, AKs = 0.015 mag
and ANB2071 = 0.01 mag, assuming the extinction law of Cardelli,
Clayton & Mathis (1989).

2.4 Spitzer MIPS 24-µm data

We use the Spitzer MIPS (Rieke et al. 2004) 24-µm data retrieved
from the Spitzer Heritage Archive. The 24-µm filter covers 20.8–
25.8 µm corresponding to the rest-frame 6.6–8.2 µm for z = 2.16
galaxies, which is dominated by 7.7-µm polycyclic aromatic hy-
drocarbon (PAH) emission line. The retrieved data consist of three
AORs (14888704, 14888960 and 14889216) observed under the
observing programme 20593, and the data cover a ∼5 × 5 arcmin2

field around the radio galaxy. We find that the post-basic calibration
data (post-BCD) images created at Spitzer Science Center show
large-scale sky patterns. To remove the artefacts, we apply the self-
calibration on the BCD images following the recipe in the MIPS
Data Handbook. We then remosaicked the images using the MOPEX

software (Makovoz & Khan 2005) with 1.25 arcsec sampling scale.
Source detection and photometry is performed with SEXTRACTOR.
The limiting flux is measured in the same way as we did for opti-
cal and NIR data (with 12 arcsec diameter aperture). The resultant
3σ limiting flux is 39 µJy. We detect 164 sources in total at >3σ

significance within the 5 × 5 arcmin2 MIPS field, among which
we find that 15 are associated with Hα emitters. This matching is
based on the nearest optical/NIR counterpart to each source, and
we caution that, as a result of the poor point spread function (PSF)
of 24-µm data, these identifications may be uncertain for heavily
blended sources in some crowded regions. When determining the
24-µm fluxes, we use 12 arcsec aperture photometry (2× the PSF
size) with an aperture correction of 1.7× following the MIPS Data
Handbook.

2 The photometric zero-points used in Kodama et al. (2007) were not accu-
rate, and we have corrected them by the following amounts in the current
paper; Jcorr = J − 0.25 and Ks,corr = Ks − 0.30.
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of our (Ks-detected) Hα emitters on the colour versus stellar-mass
plane. Fig. 6 clearly shows that a large fraction of the Hα emit-
ters display irregular/clumpy morphologies with spatially extended
diffuse light, and this trend may be stronger for massive red/green
emitters. We attempt to quantify this trend by calculating the ‘Gini’
coefficient (G) of the Hα emitters, using the selected pixels in the
segmentation map created by SEXTRACTOR (we use the pixels within
3 × 3 arcsec2 region around each source to minimize the effect of
nearby sources). In Fig. 6, we plot the G value as a function of
stellar mass, and find that there is a weak trend that red/green mas-
sive emitters tend to have smaller G, hence more uniform light
distributions. We caution that the low-mass blue galaxies may be
(intrinsically) too small to be resolved, which may produce larger G
values. Moreover, the smaller G values for red/green galaxies may
be because the central, nucleated starburst activity is hidden by dust
(but we need a direct identification of this using e.g. high-resolution
submillimetre observation with ALMA).

The clumpy morphologies may not be surprising because the rest-
frame UV morphologies tend to be biased to highly star-forming
regions. Nevertheless, these clumpy morphologies would suggest
the presence of extended star-forming regions within those galaxies,
and therefore it is unlikely that a majority of the Hα emitters are
dominated by pure AGNs. In fact, the X-ray-detected Hα emitters
(IDs 5, 82, 83, except for the central radio galaxy) show relatively
compact morphologies compared to the others (and tend to have
larger G values; see open squares in the top right-hand panel in
Fig. 6). Although galaxies with such compact UV morphologies
are not the dominant population in our sample, there are a few more
galaxies with large G values at the high-mass end. These galaxies
may be additional AGN candidates, but it is impossible to discrim-
inate between nucleated starbursts and AGNs at this moment. We
can also notice that the clumpy morphologies may be most promi-
nent in green emitters. Most of the green emitters (except for the

X-ray-detected ones) have complex morphologies, and many of
them seem to accompany multiple cores and/or extended diffuse
light. This could suggest that their activity is triggered by merger
events, but firm conclusion requires rest-frame optical morpholo-
gies, which will be less biased to star-forming regions. Note that
a fraction of massive red/green emitters are very faint in the HST
image (see e.g. IDs 52, 50, 44, 26). We can still see some diffuse
UV emission from these galaxies, and so we expect that their UV
light is heavily obscured by dust. Indeed, a recent MIR spectro-
scopic study by Ogle et al. (2012) shows prominent PAH emissions
in the rest-frame MIR spectra of IDs 44 and 52 (corresponding to
their HAE 131 and HAE 229, respectively), which is another ev-
idence that these galaxies have dusty star formation within those
galaxies.

4.4 Star formation ‘main sequence’ in cluster environment

4.4.1 Colour dependence on the SFR versus M∗ plane

Recent studies have suggested a correlation between stellar mass
and SFRs of distant star-forming galaxies in the sense that massive
galaxies tend to have higher SFRs (e.g. Daddi et al. 2007; Elbaz
et al. 2007; Kajisawa et al. 2010; Villar et al. 2011), the so-called
‘main sequence’ of star-forming galaxies. Using the large sample of
star-forming galaxies in a proto-cluster environment from our study,
we test if the proto-cluster galaxies are on the same correlation as
reported for field galaxies at z ∼ 2. In Fig. 7(a), we plot the SFRs of
Hα emitters in the PKS 1138 field against their stellar mass. We also
show the main sequence of z ∼ 2 galaxies reported in the literature
(Daddi et al. 2007; Santini et al. 2009) for comparison. Although
the main sequence of field galaxies is slightly different between
the various literature studies (depending on the sample selection
or derivation of physical quantities), our Hα emitters are broadly
consistent with the literature work. We find that the significant

Figure 7. (a) SFRs of Hα emitters plotted against their stellar masses. The colour symbols show the different (J − Ks) colours as indicated. The grey points
are in the case of no dust extinction correction, and the open squares indicate X-ray-detected emitters. We also show the ‘main sequence’ of z ∼ 2 galaxies
from Daddi et al. (2007) and Santini et al. (2009). The histograms in the top and right-hand panels show the M∗ and SFR distribution of each colour population.
Note that we excluded the radio galaxy in this plot due to the large uncertainty in deriving its M∗ and SFR. (b) The same plot but changing the symbol type
based on the environment. Note that the field galaxies include the southern half of the PKS 1138 and GOODS-N field from Tadaki et al. (2011). We also show
the Hα-selected galaxies in the z = 0.8 cluster from Koyama et al. (2010) as a comparison, applying an average flux correction (×1.4) taking their NB filter
incompleteness into account (see Koyama et al. 2010). The dotted lines show the best-fitting main sequence for our z = 2.2 and 0.8 data, calculated using
galaxies with M∗ > 1010 M%.

 at Tohoku U
niversity on Septem

ber 12, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

1554 Y. Koyama et al.

Table 1. A summary of our Subaru imaging data for the PKS 1138 fields. The PSFs are measured on the mosaicked images (they are finally
smoothed to 0.7 arcsec FWHM for multiband photometry). Note that we reuse the J and Ks data taken in 2006 which were presented in Kodama
et al. (2007).

Field Filter Instrument FoV (arcmin2) ObsDate Exp. time Limit mag. PSF
(min) (1.5 arcsec, 5σ ) FWHM (arcsec)

PKS 1138 z′ Suprime-Cam 27 × 34 2011/04/29 75 25.8 0.7
PKS 1138-C J MOIRCS 4 × 7 2006/01/07, 2011/04/14 151 24.5 0.7
PKS 1138-S J MOIRCS 4 × 7 2011/04/17 78 24.2 0.5
PKS 1138-C Ks MOIRCS 4 × 7 2006/01/06 55 23.2 0.7
PKS 1138-S Ks MOIRCS 4 × 7 2011/04/14, 2011/04/17 36 23.2 0.5
PKS 1138-C NB2071 MOIRCS 4 × 7 2011/03/11 186 22.9 0.7
PKS 1138-S NB2071 MOIRCS 4 × 7 2011/04/14, 17 119 22.7 0.5

3 A NA LY SIS

3.1 Selection of Hα emitters

We select galaxies with a flux excess in the NB2071 filter compared
to the Ks filter. In Fig. 2, we plot Ks− NB2071 colours of all the
NB-detected sources against NB2071 magnitude. Considering the
deviation of the plotted points around Ks− NB2071 =0 and the pho-
tometric errors, we define NB2071 emitters as the galaxies which
satisfy both (1) Ks− NB2071 > 0.2 and (2) Ks− NB2071 >2.5"

(indicated by the solid-line curves in Fig. 2), where " is the sig-
nificance of the NB excess (Bunker et al. 1995). These criteria cor-
respond to EWrest ! 20 Å and f (Hα) ! 3 × 10−17 erg s−1 cm−2

(which corresponds to a dust-free SFR of ∼10 M% yr−1; see Sec-
tion 3.5). We find 83 sources satisfying these criteria in total (Fig. 2),
among which 12 are fainter than 2σ limit of our Ks-band data. We do
not use these Ks-undetected sources in the following analyses (ex-
cept that we show their spatial distribution in Section 4.1) because
it is impossible to accurately measure their J − Ks colours, stellar
masses or SFRs. We confirmed that omitting these faint sources
does not affect our results.

Figure 2. The Ks− NB2071 versus NB2071 colour–magnitude diagram
to define the NB2071 emitters. The vertical dashed lines show 5σ and 3σ

limiting magnitudes in NB2071, while the slanted dotted line shows the 2σ

limiting magnitude in the Ks band. The solid-line curves indicate ±2.5"

excess in Ks− NB2071 colours. Galaxies with Ks− NB2071 >0.2 and
Ks− NB2071 >2.5" are defined as the NB2071 excess sources (black
symbols). The triangles show emitters with Ks < 2σ , and two are above the
boundary (shown as arrows).

We checked that all nine spectroscopic members at z & 2.16
with visible Hα emission presented by Kurk et al. (2004b) (except
for one blended source in our NB image) are indeed selected as
NB2071 emitters in our analysis, confirming the reliability of our
emitter selection procedure. In contrast, a majority of the spectro-
scopically confirmed Lyα emitters (Pentericci et al. 2000) do not
show detectable Hα emission. This is not surprising because the
nature of Lyα emitters and Hα emitters may be different, and this
is in fact the strong motivation to study distant galaxies using the
Hα line, which allows us to select analogues of local, star-forming
galaxies. 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),3 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 their 20 candidates in our catalogue (90 per cent) show an NB
excess in our analyses. The missing two sources are the Hα emitter
candidates ID5 and ID154 in Kurk et al. (2004a). For ID154, we
can still see an excess in our NB data (and the source is indeed
located near the selection boundary in Fig. 2). On the other hand,
the ID5 source shows no NB excess (Ks−NB ∼ 0) in our analysis.
The reason for this is not clear, but it may be that the photometry
for this source is less accurate in Kurk et al. (2004a) because it is
located near the edge of their VLT survey field.

3.2 Reliability of the selection

The NB excess sources selected above may contain a fraction of
foreground or background contamination. The NB technique guar-
antees an excess of emission at λ = 2.07 µm in the selected NB
emitters, but this could be caused by the [O III] line from emitters at
z & 3.13, [O II] emitters at z & 4.55, or the Paα or Paβ emitters at
lower redshifts (e.g. Geach et al. 2008; Sobral et al. 2012). To check
the reliability of our Hα emitter selection at z = 2, we show the
BzK diagram for these sources in Fig. 3. The BzK-selection tech-
nique (Daddi et al. 2004) is designed to select distant galaxies over
a relatively broad range in redshift (1.4 " z " 2.5), but the major
contamination concerned above would fall outside this range. Fig. 3
clearly shows that a majority of NB2071 emitters satisfy the BzK
criteria, suggesting that they are really Hα emitters at z = 2.16.
Moreover, most of the 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

3 Kurk et al. (2004a) listed 40 Hα emitter candidates, while they suggest
that one of their candidates (ID29) is a low-redshift interloper. We exclude
this source from our analysis.
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黒四角：NB Emitters 
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Hα from z~4.2 (?) starburst galaxies 

l  A, L’ - 狭帯域フィルター + 三色カメラ 
✗  K, A-drop Hα Emitter candidates 
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Hα from z~4.2 (?) starburst galaxies 

l  A, L’ - 狭帯域フィルター + 三色カメラ 
✗  K, A-drop Hα Emitter candidates 
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Hα from z~4.2 (?) starburst galaxies 

l  A, L’ - 狭帯域フィルター + 三色カメラ 
✗  K, A-drop Hα Emitter candidates 

l   Spectroscopy 
✗  Redshift 
✗  ダスト減光量（Hα-Hβ比; Calzetti+97,00） 
✗  SFR, Σgas 
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Hα from z~4.2 (?) starburst galaxies 

l  A, L’ - 狭帯域フィルター + 三色カメラ 
✗  K, A-drop Hα Emitter candidates 
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Hα from z~4.2 (?) starburst galaxies 

l  A, L’ - 狭帯域フィルター + 三色カメラ 
✗  K, A-drop Hα Emitter candidates 

l   Spectroscopy 
✗  Redshift 
✗  ダスト減光量（Hα-Hβ比; Calzetti+97,00） 
✗  SFRNebular, Σgas, 星形成銀河の主系列 

l  Hα clumpsの空間分解 
✗  A-band 回折限界 
✗  3.4um@2.5m=0.28’’ 

H↵ emission with AKARI-FUHYU near-infrared spectroscopy 3

Figure 1. Left: SCUBA 850 µm image and contours (at 0.5, 1, 1.5, 2, 2.5 and 3 �) for 8C1909+722 with the positions of the four
AKARI spectra marked in red. Right: SCUBA 850 µm image and contours (at 1, 2, 3 and 4 �) for 4C 60.07 with the position of the
AKARI spectrum marked in red. This does not resolve the sources within the central contour (see Figure 3 for SMA 870 µm contours).
The SCUBA maps are from Stevens et al. (2003).

dedicated to spectroscopy of point sources. The PSF FWHM
was 4.700 in imaging mode and ⇠ 6.700 in spectroscopic mode.

We selected the spectroscopy Astronomical Observing
Template (AOT) IRCZ4 in the configuration b;Np (which
selects the grism and the point source aperture). In Phase
III, this configuration gives a 5� detection limit for point
sources of ⇠ 2 mJy and a line sensitivity of ⇠ 5⇥10�18

Wm�2 for each pointing. Each pointing consisted of a ref-
erence image (see Figures 2 and 3) and at least 8 exposure
frames for the NG grism, bracketed by 10 dark frames (see
Onaka et al. 2009 for details). Each frame exposure was ⇠70
seconds, giving an integrated exposure time for each point-
ing of ⇠9.3 minutes. We carried out 10 pointings per source
wherever possible.

At the redshifts of the targets considered in this paper,
the H↵ hydrogen recombination line falls within our 2.5 µm -
5.0 µm observed wavelength range. However, H� was outside
our range. No other emission lines were detected. We used
the reference image of the larger 100 ⇥ 100 N3 band field
which is attached to the 10 ⇥ 10 grism field, smoothed with
a 5 ⇥ 5 median boxcar, to confirm the identification of our
sources with images from public archives.

2.4 Data reduction pipeline

The IRC data reduction pipeline for the warm phase (Onaka
et al. 2009) was originally used to analyse our data. How-
ever, we found the correction for spacecraft jitter between
the ⇠8 spectroscopic frames within each pointing and sky
subtraction did not yield satisfactory results, so we wrote
our own pipeline using Interactive Data Language (idl) to
reduce the raw spectroscopic data.

Our new pipeline includes dark subtraction, saturation
masking (physical detector saturation is detected by scaled
values from a short exposure and masked out), wavelength
calibration and spectral response calibration using the cali-
bration data from the IRC pipeline. We wrote our own rou-
tines to handle sky subtraction in which we fitted a sixth-
order polynomial in the dispersion direction to remove a

Figure 2. AKARI 3 µm images of the 8C1909+722 radio galaxy
and its companion submillimetre galaxies. The figures are centred
on the positional centroids of the sepctra, and each is a median
stack of the pointings taken for each source using the N3 filter.
The dispersion direction is horizontal and the FWHM of the ker-
nel used in the source extraction is equivalent to a width of 2 and
3 pixels in the wavelength and spatial directions respectively.

banding pattern across the frame, and a second-order poly-
nomial in the image direction. We also wrote routines to han-
dle de-glitching and to estimate the o↵sets between frames
for each pointing caused by spacecraft jitter, using the si-
multaneous 100⇥100 imaging data. Our pipeline included idl
routines for zerofootprint drizzling into an grid expanded by
5 times in each direction and for noise-weighted feature ex-
traction which were previously developed for the SCUBA
Half Degree Extragalactic Survey (SHADES, Serjeant et al.

c� 2010 RAS, MNRAS 000, 1–??

AGN Binary at z>3.5? 
(PSF FWHM=4.7’’) 
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Figure 7. Hα spectra of ZC406690 (z = 2.195), for the entire galaxy (top left), as well as for selected clumps marked in the central Hα–ACS I-band composite
(Figure 2). The dotted gray curves in all panels denote the SINFONI spectral response profile measured from OH sky lines. Before construction of the integrated
spectrum, the galaxy rotation was removed for each pixel. The thin red curves show the broad Hα (clump A) or broad Hα + [N ii] (integrated spectrum, clump B)
components obtained from multi-component Gaussian fits. For region D, the thin red curve is the scaled broad Hα component of clump B, and the velocity scale is
relative to the systemic velocity of nearby clump B.
(A color version of this figure is available in the online journal.)

recently, Shapiro et al. (2009) have reported broad Hα/[N ii]
optical line emission from stacking of 47 z ∼ 2 SFG spectra in
the SINS survey. In both cases, the information is integrated over
galaxy (or intergalactic) scales and, in the case of absorption
lines, the location of the absorber along the line of sight is
not or only approximately (Steidel et al. 2010) constrained.
Lyα is strongly self-absorbed so that any information on spatial
distribution and kinematics is washed out and strongly depends
on modeling. The broad lines discussed by Shapiro et al. (2009)
could originate in extended galactic winds coming from star-
forming disks (similar to z ∼ 0 starburst galaxies; Armus et al.
1990; Lehnert & Heckman 1996; Martin 1999, 2005; Rupke
et al. 2005; Veilleux et al. 2005; Strickland & Heckman 2009)
or alternatively, in outflows driven by a central AGN.

3.2.1. Broad Wings of Hα Emission Associated with Clumps

Our data provide for the first time direct evidence for pow-
erful outflows on the scale of individual star-forming clumps.
Figures 7 and 8 show extracted spectral profiles for individual
bright clumps, as well as for the entire galaxy in Q1623-BX599
and ZC400690. We find that

1. the prominent clumps A and B in ZC406690 exhibit blue
line wings extending 500 and 1000 km s−1 half-width at
zero power (HWZP) from line center;

2. a more symmetric, broad component (FWHM 1000 km s−1,
HWZP ∼ 1000 km s−1) is seen in the integrated spectrum

of ZC406690 and BX599. In the latter, the broad emission
originates in a compact region (intrinsic diameter ! 3 kpc)
centered within ∼1 kpc of the peak of narrow Hα emission
(clump “A”; top panels in Figure 8);

3. somewhat blueshifted, broad components are also present
in clump A of ZC782941, the central pixels of clump A
of BX482, and perhaps in the average clump spectrum of
D3a15504;

4. there are no detectable broad wings in the off-clump galaxy
emission of D3a15504 and BX482, or in the southern
clumps of ZC782941.

Applying two or multi-component Gaussian fits, we find that
toward the clumps of the five SFGs in Table 2, the broad
(∆v (FWHM)broad ∼ 300–1000 km s−1), modestly blueshifted
(〈vbroad〉 – 〈vnarrow〉 ∼ −30–150 km s−1) components constitute
<20%–60% of the total Hα line flux (row 12 in Table 2). The
broad component fits are shown by thin continuous red lines in
the spectra in Figures 7–9. The evidence for these broad wings
is also apparent in the co-added spectrum of the clumps in all
five galaxies (Figure 9).

The line widths and flux fractions of the broad emission
components in the five galaxies are in good agreement with
the stacking results of Shapiro et al. (2009). In the bin of
the most massive, highest star formation rate galaxies (M∗ >
7 × 1010 M', comparable to our sample) Shapiro et al. (2009)
find FWHMbroad ∼ 2200 ( + 400, −750) km s−1 and fbroad =
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Figure 7. Hα spectra of ZC406690 (z = 2.195), for the entire galaxy (top left), as well as for selected clumps marked in the central Hα–ACS I-band composite
(Figure 2). The dotted gray curves in all panels denote the SINFONI spectral response profile measured from OH sky lines. Before construction of the integrated
spectrum, the galaxy rotation was removed for each pixel. The thin red curves show the broad Hα (clump A) or broad Hα + [N ii] (integrated spectrum, clump B)
components obtained from multi-component Gaussian fits. For region D, the thin red curve is the scaled broad Hα component of clump B, and the velocity scale is
relative to the systemic velocity of nearby clump B.
(A color version of this figure is available in the online journal.)

recently, Shapiro et al. (2009) have reported broad Hα/[N ii]
optical line emission from stacking of 47 z ∼ 2 SFG spectra in
the SINS survey. In both cases, the information is integrated over
galaxy (or intergalactic) scales and, in the case of absorption
lines, the location of the absorber along the line of sight is
not or only approximately (Steidel et al. 2010) constrained.
Lyα is strongly self-absorbed so that any information on spatial
distribution and kinematics is washed out and strongly depends
on modeling. The broad lines discussed by Shapiro et al. (2009)
could originate in extended galactic winds coming from star-
forming disks (similar to z ∼ 0 starburst galaxies; Armus et al.
1990; Lehnert & Heckman 1996; Martin 1999, 2005; Rupke
et al. 2005; Veilleux et al. 2005; Strickland & Heckman 2009)
or alternatively, in outflows driven by a central AGN.

3.2.1. Broad Wings of Hα Emission Associated with Clumps

Our data provide for the first time direct evidence for pow-
erful outflows on the scale of individual star-forming clumps.
Figures 7 and 8 show extracted spectral profiles for individual
bright clumps, as well as for the entire galaxy in Q1623-BX599
and ZC400690. We find that

1. the prominent clumps A and B in ZC406690 exhibit blue
line wings extending 500 and 1000 km s−1 half-width at
zero power (HWZP) from line center;

2. a more symmetric, broad component (FWHM 1000 km s−1,
HWZP ∼ 1000 km s−1) is seen in the integrated spectrum

of ZC406690 and BX599. In the latter, the broad emission
originates in a compact region (intrinsic diameter ! 3 kpc)
centered within ∼1 kpc of the peak of narrow Hα emission
(clump “A”; top panels in Figure 8);

3. somewhat blueshifted, broad components are also present
in clump A of ZC782941, the central pixels of clump A
of BX482, and perhaps in the average clump spectrum of
D3a15504;

4. there are no detectable broad wings in the off-clump galaxy
emission of D3a15504 and BX482, or in the southern
clumps of ZC782941.

Applying two or multi-component Gaussian fits, we find that
toward the clumps of the five SFGs in Table 2, the broad
(∆v (FWHM)broad ∼ 300–1000 km s−1), modestly blueshifted
(〈vbroad〉 – 〈vnarrow〉 ∼ −30–150 km s−1) components constitute
<20%–60% of the total Hα line flux (row 12 in Table 2). The
broad component fits are shown by thin continuous red lines in
the spectra in Figures 7–9. The evidence for these broad wings
is also apparent in the co-added spectrum of the clumps in all
five galaxies (Figure 9).

The line widths and flux fractions of the broad emission
components in the five galaxies are in good agreement with
the stacking results of Shapiro et al. (2009). In the bin of
the most massive, highest star formation rate galaxies (M∗ >
7 × 1010 M', comparable to our sample) Shapiro et al. (2009)
find FWHMbroad ∼ 2200 ( + 400, −750) km s−1 and fbroad =
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Figure 2. Emission line profiles and best fit to Hα and [N ii]λ6584 features for six regions of ZC406690: clump A, clump A “wind,” clump B, clump B “wind,” and
clumps C and D. Included with these spectra are one- or two-component Gaussian fits. For the two-component fits, the narrow component is shown in red and the
broad in green. For the spectra with one-component fits, these are shown in red. The errors (1σ rms) are shown below in blue. Clumps A and B and their winds are
well fit by two Gaussians, while clumps C and D can be well fit by one component. The lower right and left panels of Figure 2 compare the spectra and one-component
Gaussian fits of the [S ii] emission lines for clumps A and B, with regions selected by the method described in Section 2.3. For clump A, [S ii]λ6716/[S ii]λ6731 =
0.7 ± 0.1, while for clump B, = 1.2 ± 0.3, corresponding to electron densities of 1800 ± 1000 and 290 ± 300 cm−3, respectively (Osterbrock 1989). The gray hatched
lines in all figures show the wavelength range of strong sky OH emission features. The central panel is an Hα map of ZC406690, with each region outlined.
(A color version of this figure is available in the online journal.)

Table 1
Emission-line Data from the Clumps

Region % Broad σnarrow σbroad [N ii]/Hα [S ii]/Hα % Shocka χ2 Fit

Clump A 50 ± 4.8 82.7 ± 4.2 199 ±11.9 0.11 ± 0.014 0.14 ± 0.029 5 ± 5 0.78

Wind A 44 ± 7.2 84.7 ± 4.9 197 ± 20.5 0.15 ± 0.036 0.21 ± 0.061 10 +10
−5 0.64

Clump B 46 ± 4.6 81.9 ± 4.6 244 ± 68.2 0.20 ± 0.031 0.20 ± 0.055 15 +25
−15 0.59

Wind B 71 ± 2.9 97.7 ± 6.0 291 ± 12.7 0.32 ± 0.032 0.27 ± 0.068 30 +30
−20 0.58

Note. a The shock contribution is calculated by comparing the data to Figure 10 of Rich et al. (2011).

line profiles in all regions are well described by either one or
two Gaussians. We report the relative contribution to the flux
by the narrow and broad components in the next section and
Table 1. We derive the error for the fit parameters (velocity
dispersion, velocity, etc.) by generating 1000 Monte Carlo
realizations of the fit and taking the standard deviation for each
parameter.

For the H- and J-band spatially integrated spectra, we fit each
of the [O iii]λ4959,5007, Hβ, and [O ii]λ3726,3729 lines with
a single Gaussian component because these lines have too low
S/N to fit the underlying broad component. For the H band,
we fit all of the lines using the kinematics of the [O iii]λ5007
line, and for J band we constrain the two [O ii] lines to have
the same kinematics as Hα and fix their wavelength separation
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THE  NATURE  OF  DISPERSION-DOMINATED  GALAXIES  AT
HIGH  REDSHIFT

(Left)  Hα  linemaps  of  the  34  star-forming  galaxies  from  our  SINS/zC-SINF  AO  sample.  The  top
two   rows   contain   the   dispersion-dominated   objects   (with   ratio   of   intrinsic   rotation   velocity   to
velocity  dispersion  vrot   /  σ0  below  ~  1)  and   the   rest  are   rotation-dominated.  The  maps  are  all
plotted  on  the  same  angular  scale.  The  typical  FWHM  resolution  of   the  maps  presented  here   is
0.2   –   0.3   arcsec   (indicated  with   the   red   circle).   The   dispersion-dominated   galaxies   tend   to   be
more  compact  than  the  rotation-dominated  galaxies.  (Middle  and  right)  Dependence  of  vrot   and
σ0   on   the   Hα   half-light   radius   R1/2.   The   measurements   for   the   SINS/zC-SINF   galaxies   (blue
circles)  are  combined  with  those  of  other  z  ~  1  –  2.5  samples  observed  mostly  using  AO  (Law  et
al.   2009,   2012   and   Wright   et   al.   2009,   red   squares;;   Wisnioski   et   al.   2011,   green   circles;;
Swinbank   et   al.   2012,   cyan   upside-down   triangles;;   Épinat   et   al.   2009,   2012   and   Lemoine-
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sample  comprised  640,000  galaxies  at  z  ~  0.1,  130,000  galaxies  at  z  ~  1,  and  36,000  galaxies  at  z
~  2.  Size  and  profile  measurements  for  all  but  the  z  ~  0.1  galaxies  were  based  on  high  resolution
HST   imaging,   and   star   formation   rates   were   derived   using   a   Herschel-calibrated   ladder   of   star
formation   indicators.  We   found   that  a  correlation  between   the  structure  and  stellar  population  of
galaxies  (i.e.,  a  "Hubble  sequence")  was  already  in  place  as  early  as  z  ~  2.5.  At  each  epoch,  the
galaxy   population   can   be   divided   in   three   classes   that   coexist   over   more   than   an   order   of
magnitude  in  stellar  mass,  but  differ  in  star  formation  activity.  The  majority  of  normal  star-forming
galaxies  feature  shallow  surface  brightness  profiles   indicative  of  a  disk-like  nature.  At   fixed  mass,
they   also   tend   to   have   the   largest   size.   More   compact   and   cuspier   morphologies   are   found   for
quiescent   galaxies   that   already   formed   the   bulk   of   their   stars,   and   reside   below   the   "main
sequence"  of   star   formation.  These   results   imply   that   the   processes   of   star   formation  quenching
and  bulge  formation  are  intimately  related.  It  is  tantalizing  to  speculate  that  the  rare  population  of
starbursting  outliers  above  the  main  sequence  may  represent  an  intermediate  evolutionary  phase,
linking   the  normal   star-forming  and  quiescent  populations.  While   their   star   formation   is   peaking,
we  are  witnessing  the  rapid  build-up  of  a  central  cusp  that  is  characteristic  for  quiescent  galaxies.
Assuming   all   starbursting   outliers   will   be   quenched,   simple   duty   cycle   arguments   assign   typical
timescales  ~  100  Myr  for  this  short-lived  phase.  

These  results  appeared  in  Wuyts,  S.,  et  al.  2011a,  ApJ,  738,  106,  and  Wuyts,  S.,  et  al.  2011b,  ApJ,
742,  96.

DYNAMICS  AND  EVOLUTION  OF  GIANT  STAR-FORMING
CLUMPS  IN  Z  ~  2  DISKS

Two   examples   of   z   ~   2   rotating   disk   galaxies   with   prominent   star-forming   clumps:
zC406690   at   z   =   2.19   (left   panels)   and   Q2346-BX482   at   z   =   2.26   (right   panels).   For
each   galaxy,   the   velocity   field,   velocity   dispersion  map,   and   spatial   distribution   of   star
formation  map   from  our  SINFONI+AO  Hα  observations  at  a   resolution  of  ~  1  –  2  kpc
are  shown  in  the  top  row,  along  with  the  spatial  distribution  of  the  Toomre  Q  parameter
derived   from   the   Hα   line   emission   and   kinematic   maps.   The   clumps   correspond   to
minima   in  the  Q  maps,  with  values  below  unity  consistent  with  their  having  formed  via
gravitational  instabilities  in  a  turbulent,  gas-rich  disk.  The  quality  of  our  data  allowed  us
to  investigate  for  the  first  time  kinematic  signatures  of  clumps  from  maps  of  the  velocity
residuals,  i.e.  subtracting  the  velocities  from  the  best-fitting  model  disk  to  the  observed
velocity   field   (bottom   row).   Hα   light   and   residual   velocity   profiles   across   the   brightest
clump   in  each  of   the  galaxy  shown  here   (arrows  overplotted  on   the  bottom  row  maps
indicate   where   the   plotted   profiles   were   extracted)   reveal   measurable   but   modest
velocity  gradients.

New  and  deep  SINFONI+AO  observations  of   five  z     2  star-forming  disks  allowed  us   for   the   first
time  to  constrain  the  properties  of  individual  giant  star-forming  clumps  to  test  empirically  scenarios
of   their   formation   and   evolution.   We   found   that   the   clumps   reside   in   disk   regions   where   the
Toomre  Q   parameter   is   below   unity,   consistent  with   their   being   bound   and   having   formed   from
gravitational   instabilities.   The   clumps   leave   a   modest   imprint   on   the   gas   kinematics.   Velocity
gradients  across   the  clumps  are  10–40  km/s/kpc,  similar   to   the  galactic   rotation  gradients.  Given
beam   smearing   and   clump   sizes,   these   gradients   may   be   consistent   with   significant   rotational
support  in  typical  clumps.  The  brightest,  extreme  clumps  may  not  be  rotationally  supported;;  either
they   are   not   virialized   or   they   are   predominantly   pressure   supported.   The   velocity   dispersion   is
elevated   and   fairly   constant   across   the   galaxies,   and   increases   only   weakly   with   star   formation
surface   density.   The   large   velocity   dispersions   may   be   driven   by   the   release   of   gravitational
energy,   either   at   the   outer   disk/accreting   streams   interface  where   gas   from   the   halo   is   infalling
onto  the  disk,  and/or  by  the  clump  migration  within  the  disk.  

These  results  appeared  in  Genzel,  R.,  et  al.  2011,  ApJ,  733,  101

Genzel+11 

回転速度 速度分散 

Toomre Q parameter 

Hα clumpの分解 (Max Planck Group) 
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Hα clumpの分解  

l  CZ406690 : z = 2.19 

ACS I-band  image 
(FWHM=0.09”) 

Simulated A-band image 
(FWHM=0.28”) 
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まとめ（どんなことができる？） 
l  THz銀河のfollow up : Proto-cluster中の銀河を調査。 

✗  銀河形成の初期段階を知る。 
l  重力レンズ効果を利用したHighest Redshift Starburst 
galaxiesの探査。 

l  A, L’-bandでの深い観測（A~23.4 mag, L’~22.9 mag） 
✗  z~5-6までの Massive (1010Msun) 銀河カタログ。 
✗   Red Sequenceの起源。 

l  K, A, L’-bandでの高い透過率・空間分解能を活かし、 
✗  Hα candidatesの検出（K,A-drop） 
✗  空間分解 
✗  星形成のモードがlow-z側（z~1-2）とどのように違うのか。 

2013/09/18 南極赤外線望遠鏡WS      27 


