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大局的な星形成率	


宇宙における銀河やAGNの活動性がピーク！ 

銀河形成最盛期： 1<z<3 (6>Tuniv(Gyr)>2)  

Fan et al. (2006) 

QSOの個数密度	


Hopkins and Beacom (2006)	


銀河団のRed Sequence や 銀河形態のHubble系列が発現しだす時代。 
　à 銀河の屋台骨が作られた、銀河形成＆進化史上、最も重要な時代！ 	




銀河形成最盛期（z~２）研究における 
近年の目覚ましい進展の数 	々


•  Presence of Dusty Starbursts (SMGs, red HAEs) 
•  Rapid Decline of Stellar Mass Density 
•  Emergence of Red Sequence 
•  Main Sequence of Star Forming Galaxies 
•  Fundamental Metallicity Relation 
•  Massive Compact Spheroids (red nuggets) 
•  Cold Streams (in theory) 
•  Turbulent, Clumpy, but Rotational Disk 
•  Gas Outflow (feedback) 
•  High Ionization State Galaxies (strong [OIII] line) 



Stellar mass functions (z)	
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Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in different redshift intervals. The
shaded/hatched regions represent the total 1σ uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M!) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ∼ 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA offers a factor
of 1.5 improvement in the uncertainties in cosmic vari-
ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ∼ 8 - 15% at Log(Mstar/M!) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1σ random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-

metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1σ random errors
of the Schechter function parameters α, M∗

star, and Φ∗

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (affecting only the normal-
ization Φ∗).

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift
bins, the SMFs from the lowest-redshift bin (0.2 < z <
0.5) are shown as the dotted line as a fiducial to demon-
strate the relative evolution of the SMFs. The fraction
of quiescent galaxies as a function of Mstar is shown in
the bottom panels and the best-fit Schechter function pa-
rameters for these redshift ranges are listed in Table 1.
For reference, in the lowest-redshift panel (0.2 < z <

Muzzin et al. (2013)	


95,675 galaxies over a 1.62 deg^2 field down to Ks=23.4 (AB)	


Stellar mass densityは現在に比べ、z=1で50%、z=2で10%、z=3.5で1%にまで下がる。	


ULTRA-VISTA (COSMOS)	
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Figure 5 shows that in contrast to the SMF of
quiescent galaxies, the evolution of the SMF of star-
forming galaxies from z = 3.5 to z = 0 is fairly modest.
The M∗

star and α show no significant evolution up to
z = 3.5, albeit with large uncertainties in the latter.
Unlike the quiescent population, the number density
of Log(Mstar/M") > 11.5 galaxies shows almost no
evolution up to z = 3.5 (Figure 8). The only significant
evolution is in Φ∗, which evolves by 0.45+0.03

−0.03, 1.01
+0.06
−0.06,

and 2.40+0.21
−0.21 dex, since z ∼ 1.0, 2.0, 3.5. If we compare

this to the evolution of the quiescent population at the
same redshifts, we find that the quiescent population
has grown faster in Φ∗ by factors of ∼ 1.3, 2.4, and 2.2
since z ∼ 1.0, 2.0, and 3.5, respectively. This shows
that at all redshifts the majority of the growth in the
combined SMF is due to the increase in the quiescent
population.
The non-evolution in M∗

star and α and the rather
slow evolution in Φ∗ for the star-forming population is
remarkable if considered in the context of the evolution
of the star formation rate per unit Mstar (specific
star formation rates, hereafter SSFR) over the same
redshift range. The SSFR of star-forming galaxies with
Log(Mstar/M") = 10.0(11.0) declines by a factor of ∼
20(25) since z ∼ 2 (e.g., Muzzin et al. 2013), which
means the growth rate of these galaxies is evolving
substantially with redshift. That the process of galaxy
quenching evolves in such a way to keep the shape and
normalization of the star-forming SMF roughly constant
over this redshift range, while there is a significant
decrease in the SSFRs, implies a carefully orchestrated
balance between galaxy growth and quenching with
redshift.
Given that with the UltraVISTA data we now have

a reasonably well-determined SMF at z = 3.5 for
star-forming galaxies, it is interesting to compare this to
measurements of the SMFs of UV-selected star-forming
galaxies. In principle, our SMF of rest-frame-optical-
selected star-forming galaxies should be more complete,
as both UV-bright and UV-faint star-forming galaxies
will be selected, where the latter are likely to be highly
dust-obscured galaxies. With few rest-frame-optical-
selected SMFs for star-forming galaxies at z > 3 in the
literature, it is still unclear how large the population of
UV-faint star-forming galaxies is.
In the left panel of Figure 11 we plot the SMF

of Ks-selected star-forming galaxies at 2.0 < z <
2.5, as well as the SMF of BM/BX selected galaxies
by Reddy & Steidel (2009). We have converted the
Reddy & Steidel (2009) SMF from a Salpeter IMF to a
Kroupa IMF to match UltraVISTA (N. Reddy, private
communication). The BM/BX galaxies typically span
the redshift range 1.9 < z < 2.7 (Reddy & Steidel 2009),
which is a reasonable match to the redshift range of the
Ks-selected galaxies.
Considering the sizable systematic differences that

can arise from different ways of measuring the SMF
(see e.g., the inter-comparison of SMFs in the literature
in the appendix of Marchesini et al. 2009), the SMFs
do agree reasonably well, particularly at the highest
masses. This suggests either that the BM/BX selection
effectively selects the majority of massive star-forming
galaxies, regardless of their UV-luminosity, or that

Fig. 12.— Comparison of the Ks-selected SMF of star-forming
galaxies at 3.0 < z < 4.0 from UltraVISTA (blue) and other SMF in
the literature. The Marchesini et al. (2009) and Marchesini et al.
(2010) SMFs are also Ks-selected samples and agree well with the
UltraVISTA SMF. The Stark et al. (2009); González et al. (2011),
and Lee et al. (2012) SMFs are UV-selected. These agree reason-
ably well with UltrsVISTA at Log(Mstar/M!) = 11.0, but it ap-
pears the UV-selection may miss the most massive galaxies in this
redshift range.

massive dusty star-forming galaxies are less abundant
than UV-bright ones at z ∼ 2.3. Qualitatively speaking,
the UVJ diagram (Figure 3) suggests that the colors
of star-forming galaxies above the Mstar-completeness
limit are primarily red as compared to blue, so the
high completeness of the BM/BX selection for this
population is somewhat unexpected.
The low-mass-end of the SMFs do not agree well, with

the BM/BX population being more abundant than the
rest-frame-optical-selected population. This is difficult
to reconcile given that we have adopted strict Mstar-
completeness limits and that Ks-selection should be
more robust than UV-selection. Although we can not be
conclusive, the discrepancy could arise from systematic
effects due to the fact that these SMFs are determined in
quite different ways. Reddy & Steidel (2009) determine
the BM/BX SMF from the UV luminosity function
(LF) by using a subsample of galaxies for which they
have spectroscopic redshifts and SED-determined Mstar .
They convert the UV LF to a SMF assuming that the
distribution of Mstar in the subsample is representative
of the entire population. This is different than our
approach of fitting zphot and Mstar for each galaxy
individually. Interestingly, Reddy & Steidel (2009) also
determine a much steeper faint-end slope (α = -1.73 ±
0.07) for the SMF than other UV-selected samples which
measure the SMF with similar zphot and SED-fitting
techniques as used for the UltraVISTA catalog (e.g.,
Stark et al. 2009; González et al. 2011; Lee et al. 2012).
In the right panel of Figure 11 we compare the Ks-

selected star-forming SMF at 2.5 < z < 3.0 to the SMF
of Lyman Break Galaxies (LBGs) from Reddy & Steidel
(2009). Down to the mass limit of UltraVISTA, the
shapes of those SMFs agree reasonably well, although
the number density of Ks-selected star-forming galaxies

Muzzin et al. (2013)	


ULTRA-VISTA 
(COSMOS)	


UV-selected samples tend to 
miss the most massive galaxies !	




Daddi et al. (2007)	


“Main Sequence” of Star Forming Galaxies at z~2	
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COLDGASS project	


SDSS galaxies 
IRAM 30-m	


Main Sequenceからの距離の関数として、分子ガス割合も、星形成効率も、共に高くなる。	


Saintonge et al. (2012)	


SFR−M*ダイアグラム上での、星形成効率（SFE）と分子ガスの割合	
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Figure 6. Left: correlation between specific star formation rate (sSFR = SFR/M∗) and molecular gas fraction, for the 50 PHIBSS z = 1–1.5 SFGs (including Daddi
et al. 2010a; + Magnelli et al. 2012b: filled black circles) and the z = 2–2.5 detections (crossed red squares, arrows denoting possible corrections for metallicity). The
dashed curve is the best-fit relation of Equation (3) with a constant depletion timescale of 7 × 108 yr. Right: a different representation of the same relation, where we
plot log(Mmol-gas/M∗) vs. log(sSFR). The blue squares denote binned averages of the data, with horizontal and vertical bars denoting dispersion and uncertainty of
the median. The solid line indicates the best fit with slope 0.7 (±0.2); points and dashed line are the same as in the left panel. The dispersion of these relations about
the best fit with constant depletion time is ±0.24 dex.
(A color version of this figure is available in the online journal.)

Table 3
Ratio of vrot/σ 0 in High-z SFGs

〈vrot〉 〈σ0〉 〈vrot/σ0〉 References
(km s−1) (km s−1)

Hα IFU z = 1–2.5, 237 (±37) 50 (±16) 4.7 (±1.8) Genzel et al. (2008), Förster Schreiber et al. (2009,
logM∗>10.4 (N = 18) 2012), Epinat et al. (2012)
Cosmic eyelash z = 2.33 320 (±25) 50 (±10) 6.4 (±1.4) Swinbank et al. (2011)
CO 1–0/6–5
EGS12007881 z = 1.17 232 (±46) 32 (±6) 7.3 (±2.0) This paper, Combes et al. (2013b, in preparation)
CO 3–2
EGS13003805 z = 1.23 350 (±71) 46 (±11) 7.8 (±2.2) This paper, Combes et al. (2013b, in preparation)
CO 3–2
EGS13004291 z = 1.197 260 (±66) 51 (±8) 5.1 (±1.5) This paper, Combes et al. (2013b, in preparation)
CO 3–2
EGS13011166 z = 1.53 370 (±60) 55 (±8) 6.7 (±1.5) This paper, Genzel et al. 2013
CO 3–2
EGS13011166 z = 1.53 370 (±60) 65 (±15) 5.7 (±1.6) This paper, Genzel et al. 2013
Hα

EGS13019128 z = 1.35 170 (±40) 28 (±8) 6.1 (±2) This paper, Combes et al. (2013b, in preparation)
CO 3–2
EGS13035123 z = 1.12 210 (±30) 22 (±6) 9.5 (±3) This paper, Tacconi et al. (2010)
CO 3–2

relation is quite tight. A weighted bivariate fit without restricting
the slope to all z= 1–3 SFGs with {12 + log(O/H) > 8.6} yields
logΣstar form = −3.01(±0.32) + 1.05(±0.11)∗logΣmol gas. Fitting
only the z = 1–1.5 data, or fitting with a standard least-squares
technique, gives similar results with inferred slopes ranging
between 0.8 and 1.15, each with a formal 1σ uncertainty of about
±0.15. A corresponding bivariate fit to all 93 z = 0 near-main
sequence SFGs in Figure 7 yields logΣstar form = −3.5(±0.1)
+ 1.1(±0.05)∗logΣmol gas.

An intrinsic slope significantly steeper than unity would be
required if the conversion factor α decreases systematically

with Σmol gas. Such a trend is plausible if larger surface den-
sities correlate with high temperature (see the discussion in
Appendix A and Figure 10 of Tacconi et al. 2008, and in
Kennicutt & Evans 2012). For instance, if the conversion factor
changes from the Milky Way value (α = 4.36) at logΣmol gas =
2 to the “ULIRG” value (α ∼ 1) at logΣmol gas = 4, then the
resulting slope of the relation in Figure 7 would be N = 1.2.

In the case of the massive, clumpy rotating disk
EGS13011166 (z = 1.53, Figure 2(c), upper right, left in mid-
dle row of Figure 4), we have data cubes of CO 3–2 and Hα
(from LUCI on the LBT) at a similar resolution of ∼0.′′7 FWHM
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EGS13011166), the half-mass radius is smaller than that of the
gas and current star formation (as traced by CO and Hα). This is
consistent with Nelson et al. (2012), who found R(Hα)/R(stars)
∼ 1.3 for a sample of 57 z ∼ 1 SFGs in the 3D-HST survey.
In the case of BX610, the Hα and J-band distributions appear
to come from an inclined ring rotating around the central gas-
rich region, within which a red bulge is embedded. The more
compact stellar mass distributions thus are probably the result
of significant older bulges embedded in younger star-forming
disks.

3.1.2. Ratio of Rotation to Random
Motions: z > 1 SFGs are Turbulent

A generic characteristic of all z > 1 SFGs is an extended
“floor” of large local velocity dispersion in their Hα velocity
fields, 〈σ 0〉 ∼ 30–100 km s−1 (after removal of beam-smeared
orbital motion and instrumental resolution), so that the ratio of
rotational motion to velocity dispersion is typically ∼5 (for the
same stellar mass range as for the sample in this paper, log M∗ ∼
10.4–11.5; Genzel et al. 2008, 2011; Förster Schreiber et al.
2009; N. M. Förster Schreiber et al., in preparation; Law et al.
2009, 2012a; Epinat et al. 2009, 2012; Wisnioski et al. 2011,
2012). High-z ionized gas disks are turbulent and geometrically
thick. The UV-light distributions of edge-on “chain” galaxies
also indicate z-scale heights (∼1 kpc) comparable to those of
the ionized gas (Elmegreen & Elmegreen 2006). An important
question then is whether the large turbulence is a characteristic
of the entire gas layer, or only of the ionized gas and stellar light.

In the lensed “eyelash” system (J2135−0102, z = 2.33),
Swinbank et al. (2011) found that the spatially resolved molec-
ular velocity dispersion is 50 ± 10 km s−1, comparable to that
of the ionized gas. The high-resolution data sets of our sample
allow for the first time to make such measurements for a larger
set of galaxies, with the same methods as, for instance, applied
in Genzel et al. (2008, 2011) and Davies et al. (2011). Briefly,
Gaussian profiles are fitted to each spatial pixel. For a spatially
resolved, rotating disk with a constant floor of velocity disper-
sion, the effect of beam-smeared rotation is minimized along
the line of nodes in the outer parts of the galaxy. The average
velocity dispersion measured in this region, after correction for
the instrumental resolution, is a good estimate of the intrinsic
local velocity dispersion (Davies et al. 2011), although for the
∼4–8 kpc linear resolution of our CO maps there may be some
residual beam smearing effects in the velocity dispersion esti-
mates. Table 3 summarizes the results for these sources. The full
analysis will be presented in F. Combes et al. (in preparation)
and Freundlich et al. (2013).

To first order, the velocity dispersions and vc/σ 0 ratios in
CO and those in Hα agree. There may be a slight trend for
the average values of vrot/σ 0 to be somewhat larger for the
molecular gas than for the ionized gas (∼7 compared to ∼5).
The difference is marginally significant, given the dispersions
of the respective distributions (each ∼±1.7). Rotating disks at
z ∼ 0 have vrot/σ 0 ∼ 10–20 (Dib et al. 2006). Large random
motions indeed appear to be an intrinsic property of the entire
ISM of high-z SFGs.

3.2. Specific Star Formation Scales with Gas Fraction

Of the various scaling relations between gas and galaxy
properties that we will discuss in this paper, the relationship
between sSFR and gas fraction, defined as Mmol gas/(Mmol gas +
M∗) (or the ratio Mmol gas/M∗), has the lowest scatter. This is
shown in the left and right panels of Figure 6. Specific star

formation rate, sSFR = SFR/M∗, and molecular gas fraction
fmol gas are related through

fmol gas =
Mmol gas

Mmol gas + M∗
= 1

(1 + [sSFR × tdepl]−1)
, (3)

where tdepl = Mmol gas/SFR. The z = 1–1.5 data points (filled
black circles) are very well fit by Equation (3) with a constant
depletion timescale (tdepl ∼ 7 × 108 yr). The fewer z =
2–2.5 points (crossed red squares) are consistent with the same
relation but the scatter is larger, perhaps in part because of
the metallicity dependence of the conversion factor for 5 of
the 15 data points (Genzel et al. 2012). The strong trend is
seen even more clearly in the right panel of Figure 6, where
we plot the ratio of molecular gas mass to stellar mass as a
function of sSFR. The best-fit relation has a slope of 0.7 (±0.2)
and a dispersion of ±0.24 dex around this fit. Formally, the
systematic uncertainties in sSFR and gas to stellar fractions are
±0.2 dex and ±0.25 dex (see discussion in Erb et al. 2006;
Förster Schreiber et al. 2009; Genzel et al. 2010). These values
are comparable to the residual scatter in Figure 6, suggesting that
the intrinsic correlation between sSFR and gas fraction is even
tighter. The offset from the mean main sequence for z ∼ 1–2.5
SFGs thus is largely controlled by how gas rich a given galaxy
is. Magdis et al. (2012) reach a similar conclusion based on
a completely independent method of determining dust masses
from Herschel far-infrared SEDs, and inferring gas masses and
fractions from the mass–metallicity relation and the relation of
Leroy et al. (2011) between metallicity and gas-to-dust ratio in
z ∼ 0 SFGs.

In addition, galaxies above the main sequence also have
smaller depletion timescales (Kennicutt & Evans 2012;
Saintonge et al. 2012). This is demonstrated most clearly by
observations of z ∼ 0–4 galaxies far above (factor 5–10) the
main-sequence line. Most objects in this region appear to be
dominated by short-lived starburst events with ∼5–50 times
smaller depletion timescales than in the main-sequence SFGs
(Daddi et al. 2010b; Genzel et al. 2010; Magnelli et al. 2012a).
Many of the most luminous submillimeter galaxies (SMGs) at
z ∼ 1–4 also appear to be representatives of this “starburst” or
“merger” mode (Engel et al. 2010; Tacconi et al 2008). Corrected
for their ∼4 times smaller CO-conversion factors, these extreme
SMGs have molecular gas fractions comparable to their main-
sequence cousins (Greve et al. 2005; Tacconi et al. 2008; Engel
et al. 2010; Bothwell et al. 2013). In the z ∼ 0 COLDGASS sur-
vey, SFGs near the main sequence may also exhibit an inverse
correlation between depletion timescale and sSFR, although this
correlation is weaker than the trend with gas fraction (Saintonge
et al. 2011b, 2012).

3.3. The KS Relation at z = 1–3 is Near Linear

The much larger sample of z ∼ 1–3 SFGs in this paper
(as compared to that in Genzel et al. 2010 and Daddi et al.
2010b) allows us to revisit the discussion of the molecular KS
relation (Kennicutt 1998a; Kennicutt & Evans 2012). Figure 7
shows the results. The 50 CO detections are now sufficient to
determine independently the slope of the z = 1–1.5 relation,
and not just the intercept, as in the 2010 papers. It is apparent
that this data set is well fit by a linear KS relation (Σstar form =
Σmol gas/(0.7 (± 0.05) Gyr)). Within the uncertainties, the z ∼
2–3 SFGs lie on the same relation. The dispersion around a
linear relation is ±0.25 dex, which is comparable to the total
measurement uncertainties, again suggesting that the intrinsic
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t(depl)=0.7Gyr	


Tacconi et al. (2013)	


Gas fraction vs. sSFR	


Main sequenceや 
Fundamental metallicity relation
の分散にはgas fractionの違いが 

大きく寄与（主要因？） 
 

一方で分散もあり、SFEも寄与？ 

Clear correlation! 
Depletion time scale~0.7Gyr 
Need continuous gas supply! 

z=1.5 and 2.3	




Massive, compact, spheroidal galaxies at z>2	


van Dokkum et al.  (2008) 

Median stellar mass: 1.7×1011M☉ 
Median effective radius: 0.9 kpc 

Sizes are x5 smaller, and densities are 
 2 orders higher than nearby ellipticals! 

HST/NIC2 
Keck/LGS-AO	


“red nuggets”	




re ~ M2 	


~constant at r<5kpc	


factor ~ 4 at r>5kpc	


factor ~ 2 in total	


Size growth	
 Mass growth	


van Dokkum et al. (2010)	


minor merger	


major merger	


NEWFIRM medium-band survey	


大質量銀河（M>1011M◉）のサイズと質量進化	


“Inside-out” growth!	




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	


z~2 
cluster	


z~2 
field	


z~1.5 
cluster	


z<1 
cluster	




Unique Sets of Narrow-Band Filters on Wide-Field Cameras 
 Suprime-Cam (optical) and MOIRCS (NIR)	


The existing Suprime-Cam NB-filters capture emission lines from known good targets. 
The MOIRCS NB-filters were specifically designed for good targets at frontier redshifts. 

4 narrow-band filters	
 7 narrow-band filters	


FWHMs correspond 
 to ±1500-2000km/s	




Hα  
at z=2.2 [OIII] 

 at z=3.3 

Phot-z distribution 

NB209 emitters 

Clean selection of SFGs (line emitters) by NB imaging	


Tadaki et al. (2013a)	




radio	
  galaxy	

NB2315	


dense	
  clump	


Hayashi et al. (2012)	


Ks	


An ancient city of galaxies under rapid construction	


Hα imaging 
 with MOIRCS/NB2315 
3.4 hrs, 0.3-0.4” seeing	


~20x denser than the general field. 
Mean separation between galaxies is ~150kpc.	


1.5Mpc away  
from the RG	


A star-bursting proto-cluster!	


USS1558-003 (z=2.53)	


68 Hα emitters (HAEs) are detected.	




Clusters Grow Inside-Out !	
 

z=0 

z~1 

z~2 

: passive red galaxy 

: normal SF galaxy 

: dusty starburst 

Illustrated by Yusei Koyama	
 



星形成銀河のMain Sequenceの環境依存性 @z=2�

原始銀河団(PKS1138 at z~2)
の星形成銀河は、フィールドと
同じ“Main Sequence”に載る。 

しかし、 

MS上での銀河の分布は異なり、
原始銀河団の方がより質量の
が大きい（星形成率が高い）側
に偏った分布をしている。 

à 高密度領域での加速的な　
銀河形成を示唆 

 Hα-selected sample only  

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

Koyama et al. (2013a)	




SF galaxies at the peak epoch @SXDF-UDS-CANDELS 

  ●：blue HAE (J-K<1)	


  ●：red HAE  (J-K>1)	


  □：MIPS sources	


           (dusty star-bursting galaxies)	



z=2.2 Hα emitters
(NB2095)	



Tadaki et al. (2013b)	


z=2.5 Hα emitters
(NB2315)	



HAEs are strongly structured, 
in particular the red HAEs/MIPS 
sources favor high density regions.	




HST images (V606,I814,H160) from the CANDELS survey 
less massive clumpy galaxies 

（Mstar<1010M◉）	
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massive clumpy galaxies 
（Mstar=1010-11M◉）	


Tadaki et al. (2013b) 

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

Clumpy Structure is Common 

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

Massive clumpy galaxies tend to have a red clump near the stellar-mass center, 
which may be hosting a central dusty starburst and forming a bulge eventually ! 

Environmental dependence of the clumpiness and their colours is expected! 



Tadaki et al. (2013)	


Size-Mass Relation of NB(Hα)-selected SF Galaxies at z~2	
Nature of Hα selected star forming galaxies 3
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Fig. 1.— Distribution of the Sérsic index for the Hα emitters at
z = 2.2 and z = 2.5. Only the galaxies with H160 < 24 are used.

colors, 62 Hα emitters at z = 2.19 ± 0.02 and 43 ones
at z = 2.53 ± 0.02 have been identified in the SXDF-
UDS-CANDELS field. This is a clean, statistical sample
of star-forming galaxies, and importantly much less bi-
ased sample above a certain limit in SFRs. Actually,
12 out of them have been spectroscopically confirmed to
be at z = 2.19. Since four AGN-dominated objects at
z = 2.19 are rejected from sample, a total of 101 star-
forming Hα emitters are used in this work. Their stel-
lar masses and amounts of dust extinction are estimated
from the SEDs with 12-band photometries from u-band
to 4.5 µm, which are fitted to the stellar population syn-
thesis models of Bruzual & Charlot (2003). The SFRs
are computed from the Hα luminosities with the stan-
dard calibrations of Kennicutt (1998). The observations,
sample selection and estimate of physical properties are
described in the companion paper (Tadaki et al. ZZZ).

To investigate the morphologies of our Hα emitters, we
make use of the publicly available, high spatial resolution
images at four passbands (V606, I814, J125 and H160) of
CANDELS survey (Grogin et al. 2011; Koekemoer et al.
2011). The spatial resolution of all the images is matched
to FWHM=0.18′′, which is the PSF size of the H160 im-
age. The wavelength regime of the ACS-V606 image cor-
responds to the rest-frame UV at z > 2 hence we can
approximately trace internal star formation activities of
galaxies (with some complexity introduced by dust ex-
tinction though). The WFC3-H160 image corresponds
to the rest-frame optical at z > 2 and hence approxi-
mately traces the stellar mass distribution. As such, the
ACS and WFC3 data are both imperative to investigate
the morphologies of high redshift star-forming galaxies.

3. ANALYSIS

3.1. Structural parameters
The high resolution images by WFC3 enable us to es-

timate the structural parameters such as size and radial
profile in the rest-frame optical for galaxies at z = 2−2.5.
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Fig. 2.— Stellar mass-size relation of our Hα emitters at z=2.2
and 2.5 with H160 < 24 (green circles), and with H160 = 24 − 26
(gray points). The blue solid and dashed curves indicate the local
relation for late-type galaxies and its 1σ scatter, respectively (Shen
et al. 2003). The red solid line shows the local relation for early-
type galaxies. Orange line represent quiescent galaxies at z =
1.5 − 2.0 (Newman et al. 2012a).

The publicly available catalog by van der Wel et al.
(2012) is used to obtain the structural parameters of our
Hα emitters. We give a brief summary of the catalog
and their work below. For all the objects detected in the
CANDELS fields, the surface brightness distributions in
the H160-band images are fitted with Sérsic model (Ser-
sic 1968) by using the GALFIT version 3.0 code (Peng
et al. 2010) and GALAPAGOS (Barden et al. 2012). The
free parameters are the position of galaxy center, Sérsic
index, effective radius, axis ratio, position angle of the
major axis, and total magnitude. Initial guesses for these
parameters are taken from the SExtractor measurements.
The fitting ranges are constrained to keep the Sérsic in-
dex between 0.2 and 8, effective radius between 0.02 and
24 arcsec, axis ratio between 0.0001 and 1, magnitude be-
tween 0 and 40 as well as between −3 and +3 magnitudes
from the input value. We do not use faint galaxies with
H160 > 24, which could not be suitably fit by the Sérsic
model. This criterion results in approximately sampling
star-forming galaxies with M∗ > 4×109M#. Simulations
with artificial objects can estimate the systematic uncer-
tainties in the measured parameters by comparing them
to the input (true) parameters. In the case of galaxies
with H160 < 24, the measurement errors are estimated
to ∆n = −0.01± 0.24 and ∆re = −0.01± 0.08 for n <3,
and ∆n = −0.25±0.33 and ∆re = −0.22±0.19 for n >3
(van der Wel et al. 2012). For galaxies with exponential
profiles, the accuracy seems to be very good. We also re-
ject the bad fit objects (flag value 1 and 2 in the catalog).
Eventually, we have obtained the structural parameters
for 62 out of 84 Hα emitters with M∗ > 4 × 109M#.
We find that 73% of them have disk-like morphologies
in the sense that their Sérsic indices lie close to unity
(Figure 1). The median value of n for the Hα emitters
is n = 1.26. Other studies also have shown high-redshift

“blue nuggets” 

＊Not much evolution 
is seen in global mass-size 
relation since z~2 to z=0.	


＊Two blue nuggets are 
 found which are likely to 
 be direct precursors of red 
 nuggets seen at z~1-2	


● HAEs@z~2	


in SXDF-UDS-CANDELS field	
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wet major merger 

Clump migration 

smooth accretion 

dusty, old bulge? 

Cappellari+13	
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LATE-TRACK 

Two Channels for Formation of Massive Quiescent Galaxies	


Tadaki et al. (2013b)	
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Shimakawa et al. (2013)	


PKS1138 member (z=2.16)	


USS1558 member (z=2.53)	


Hα	


Hα	

[OIII]	


[OIII]	


最近、遠方銀河(z>2)で 
[OIII]が強くなっている 
ケースが報告されている。 
 
物理状態は？	

（重元素量が低い？ 
　AGNの寄与？他？）	


Deep MOIRCS spectroscopy 
of two proto-clusters at z>2	




課題	


　　　　　これらを「無バイアス」にかつ「統計的」に突き詰める。 

形成最盛期にある銀河の、形態獲得、星形成、AGN、フィードバックが、	

「いつ」、「どこで」、「どのように」起き、どう「相互に関連」しているのか？ 

1.  バルジ形成の謎。クランプ移動か、銀河の合体か？ 
2.  銀河形成（星形成）のモード？継続的進化とバースト・フェ
ーズの相対寄与は？ 

3.  星やガスの内部運動は？形態獲得との関係は？ 
4.  銀河のIMFは？時間変化？モード依存性？ 
5.  星形成活動とAGN活動とのリンクおよびフィードバック？ 
6.  遠方（特に低質量）銀河の物理状態？（[OIII]が強い理由） 
7.  これら全ての環境と質量への依存性は？なぜ？ 



SWIMS-18 Survey	

基盤 ・Ｂ（一般）‐５

研究計画・方法（つづき）

表１：近赤外装置 SWIMS の撮像フィルター

Narrow-Band Medium-Band Broad-Band

Band λ0(μm) FWHM(μm) Band λ(μm) λ0(μm) FWHM(μm) Band λ(μm) λ0(μm) FWHM(μm)

NB1244 1.244 0.012 Y 1.00-1.10 1.05 0.10 J 1.17-1.33 1.25 0.16

NB1261 1.261 0.012 J1 1.11-1.23 1.17 0.12 H 1.48-1.78 1.63 0.30

NB1630 1.630 0.016 J2 1.23-1.35 1.29 0.12 Ks 1.99-2.30 2.15 0.30

NB1653 1.653 0.016 H1 1.44-1.56 1.50 0.12

NB2137 2.137 0.021 H2 1.56-1.68 1.62 0.12

NB2167 2.167 0.021 H3 1.68-1.80 1.74 0.12

K1 1.96-2.10 2.03 0.14

K2 2.10-2.24 2.17 0.14

K3 2.24-2.38 2.31 0.14

図１：狭帯域フィルター(６枚)の波長透過特性 図２：[上図] 星形成銀河(z=1.674)のスペク

と OH 夜光輝線(ノイズ)の強度。上図は拡大図。 トル例。２枚の狭帯域フィルターが Hαと Hβ

フィルターの透過波長が強い夜光輝線を避ける 輝線を同時に捕えている。[下図] 中間帯域フように

設計されている。J, H, K バンドそれぞ ィルター(９枚)と広帯域フィルター(３枚)の

れ２枚ずつあり、Jと H、H と K の１枚ずつが、 透過波長特性。blue と red の波長域のフィルそれぞれ

Hβと Hαとのペア(4 組)となっている。 ターを１枚ずつ、計２枚を同時に観測できる。

表２：狭帯域フィルターが捕える赤方偏移。 表３：２枚同時観測の組み合わせと積分時間。

(斜字は本提案が主に対象とする３つの赤方偏 blue と red を同時に観測することで所要時間

移 z～0.9, 1.5, 2.3)。NB1244 と NB1261 は を半分にできる。一視野当たり、18 バンド全

銀河団 CL1604(z=0.895, 0.920)の Hαも狙える ての観測を完了するのに要する時間は 25 時間

程度（積分時間 22.5 時間＋オーバーヘッド）。

z(Hα) z(Hβ) z(OIII) z(OII)z(Paα) blue チャンネル red チャンネル

NB1244 0.895 1.484 1.559 2.337 NB1244 (6h) NB1630 (3h), NB2137 (3h)

NB1261 0.922 1.519 1.595 2.384 NB1261 (6h) NB1653 (3h), NB2167 (3h)

NB1630 1.484 2.256 2.354 Y (3h) H1 (2h), K1 (1h)

NB1653 1.519 2.302 2.401 J1 (3h) H2 (2h), K2 (1h)

NB2137 2.256 0.140 J2 (3h) H3 (2h), K3 (1h)

NB2167 2.302 0.156 J (1.5h) H (1h), Ks (0.5h)

研究機関名 国立天文台 研究代表者氏名 児玉 忠恭
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研究機関名 国立天文台 研究代表者氏名 児玉 忠恭

２バンド同時観測＆広視野＆大量観測時間の特長を生かして、１８枚もの多数 
のフィルターを搭載して、銀河形成最盛期の超多色＆広域撮像サーベイを行う！ 

※ HST F126N 1.259 0.015	


※	


基盤A (2012-2016)	




Medium-band redshifts	


van Dokkum et al. (2009), arXiv:0901.0551	


● NEWFIRM medium-band data	


⊿z/(1+z) ~ 0.02 	




SWIMS-18 NB emitters survey (z=0.9, 1.5, 2.5, 3.3) 
Target redshifts for line emitters (NB)	
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研究機関名 国立天文台 研究代表者氏名 児玉 忠恭
~25 hrs / FoV including overheads (40 hrs for TAO)	


SFR (Hα) = 3, 10, 30 M◉/yr (z=0.9, 1.5, 2.5) 
 (1 mag extinction assumed) 

For Subaru ( x1.6 for TAO)	


M* = 1010M◉ (z=1.5), 1011M◉ (z=4)	


Dual Emitters (Hα and [OIII])	

独創的なアイデア！	


※	


※	


※ CL1604+4304(z=0.895) 	

※ CL1604+4321(z=0.920) 	


A super-cluster	
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Figure 3. Spatial distribution of galaxies within the Cl1604 supercluster (0.84 ! z ! 0.96). The larger blue circles denote galaxies detected in the MIPS 24 µm
imaging, while the smaller red points denote those that are undetected. The size of the blue circles scales with the total IR luminosity of the galaxies as indicated by
the legend. The dashed circles denote the virial radius of each system.
(A color version of this figure is available in the online journal.)

match radius of 1.′′44, we calculate a spurious match probability
of 1.3% from the P-statistic (Lilly et al. 1999). We therefore
expect 2 of 126 matches between a supercluster member and a
24 µm source to be spurious.

4.1. Determining Cluster Membership

To determine the host cluster or group of each 24 µm detected
galaxy within the complex structure of the supercluster, we use
the galaxy’s position and velocity offset relative to the systemic
position and redshift of each cluster/group. Creating cluster
and group specific subsamples in this manner will allow us to
examine the large-scale environments of the starburst population
in terms of the properties of their host systems. We consider
a galaxy associated with a specific cluster or group if (1) its
comoving velocity relative to the median cluster/group redshift
is less than three times the system’s velocity dispersion, σv and
(2) it is located within two projected virial radii, Rvir, of the
cluster/group center. This latter constraint is motivated not only

by a desire to sample a full range of environments around each
system, but also due to a large population of infalling galaxies
observed near multiple Cl1604 clusters that extend beyond Rvir;
this is discussed further below.

We determined Rvir for each cluster and group using the
system’s measured σv and the relation Rvir = R200/1.14
(Biviano et al. 2006; Poggianti et al. 2009), where R200 is the
radius at which the density of the cluster is 200 times that of the
critical density of the universe. We measured σv for each system
using an iterative clipping procedure that is described in detail
in Gal et al. (2008), while R200 was in turn calculated using the
equation

R200 =
√

3σv

10H (z)
. (1)

The derived values of σv and Rvir for the Cl1604 clusters and
groups are listed in Table 1.

The result of applying the two conditions |dv| < 3σ and
R < 2Rvir for both 24 µm detected and undetected galaxies

5

Hα Emitter Survey on a Gigantic Super-Cluster at z~0.9	
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Figure 2. Redshift distribution of the Cl1604 supercluster.

Table 1
Properties of Galaxy Clusters and Groups in the Cl1604 Supercluster

ID Name R.A. Decl. z σv Rvir Ngal

(J2000) (J2000) (km s−1) arcmin/(h−1
70 Mpc) (R < 2Rvir)

A Cl1604+4304 241.097473 43.081150 0.898 703 ± 110 1.969/0.92 40
B Cl1604+4314 241.105050 43.239611 0.865 783 ± 74 2.261/1.05 62
C Cl1604+4316 241.031623 43.263130 0.935 304 ± 36 0.824/0.39 13
D Cl1604+4321 241.138651 43.353430 0.923 582 ± 167 1.594/0.75 60
F Cl1605+4322 241.213137 43.370908 0.936 543 ± 220 1.470/0.70 16
G Cl1604+4324 240.925080 43.401718 0.901 409 ± 86 1.143/0.53 15

In this study, we focus on the six best-studied clusters
and groups in the complex: Cl1604+4304, Cl1604+4314,
Cl1604+4321, Cl1604+4316, Cl1605+4322, and Cl1604+4324
(hereafter referred to as clusters A, B, and D and groups C, F,
and G, respectively). Various properties of these systems, includ-
ing redshifts, velocity dispersions, virial radii, and the number
of spectroscopically confirmed member galaxies, are listed in
Table 1.

Of these systems, cluster A is both the most massive and
most relaxed structure in the complex. It has a measured
velocity dispersion of 703 km s−1 (Gal et al. 2008) and its
ICM is X-ray detected with a bolometric luminosity of LX =
1.4 × 1044 h−2

70 erg s−1 (extrapolated to R200 assuming a beta
model with β = 2/3; Kocevski et al. 2009a). The cluster shows
no signs of significant substructure and Gal et al. (2008) found
no evidence of velocity segregation in its redshift distribution.
Cluster B is also X-ray detected with a luminosity slightly lower
than that of cluster A (LX = 8.2 × 1043 h−2

70 erg s−1), but the
system has a higher measured velocity dispersion (783 km s−1).
Kocevski et al. (2009a) found that the cluster departed from the
LX–σ relationship and concluded that the system is not fully
relaxed. Cluster D has the third highest velocity dispersion in
the supercluster (582 km s−1), but is not X-ray detected despite
being relatively rich. Gal et al. (2008) found significant levels of
velocity segregation in the cluster’s redshift distribution, as well
as an elongation of its member galaxies that has been interpreted
to be a galaxy filament feeding the cluster. The filament extends
out over 2 h−1

70 Mpc from the cluster center. The system is the
most dynamically active in the supercluster and is likely in the
process of accreting a substantial fraction of its future galaxy
population. Finally, groups C, F, and G are poorer systems
that are not directly detected in our X-ray observations. Their

velocity dispersions range from 304 to 543 km s−1, consistent
with rich groups, and each has at least a dozen spectroscopically
confirmed member galaxies.

The supercluster has been extensively studied at a variety of
wavelengths and thus far over 1400 redshifts have been collected
in the region, resulting in spectra for 414 supercluster members
(see Section 3.3). The complex structure of the supercluster,
as mapped by our spectroscopic observations, is described in
Gal et al. (2008), our X-ray observations of the system are
discussed in Kocevski et al. (2009a), and our 20 cm observations
of the structure are described in L. M. Lubin et al. (2011, in
preparation).

3. OBSERVATIONS AND DATA REDUCTION

3.1. IRAC and MIPS Imaging

The entire Cl1604 supercluster was imaged at 3.6–8 µm by
Infrared Array Camera (IRAC) and at 24 µm by Multiband
Imaging Spectrometer (MIPS) as part of the Spitzer program
GO-30455 (PI: L. M. Lubin). The area imaged by MIPS covers
a region ∼20′ ×60′ in size and was observed in slow-scan mode
with eight scan legs and half-array (148′′) cross-scan steps. We
repeated this pattern six times to obtain a total exposure time of
1200 s pixel−1 for all but the very edges of the resulting mosaic.
The IRAC observations cover a ∼20′×30′ subset of this area and
consist of a grid of 5×6 pointings with 260′′ separations. At each
pointing we performed 36 medium-dithered, 30 s exposures,
resulting in a total exposure time of 1080 s pixel−1 throughout.

The MIPS and IRAC data were processed using the standard
Spitzer Science Center (SSC) reduction pipeline into individual
basic calibrated data images. The IRAC images were further
processed using a modified version of the SWIRE survey
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SWIMS-18	


•  Medium-band (9枚) のphot-z探査による、1<z<4.5における、
准星質量リミットサンプル（特に受動的銀河）の構築とその進化
の研究。 ⊿z/(1+z) < 0.02 

 
•  Narrow-band (６枚) のHα／[OIII]輝線探査による、z=0.9, 

1.5, 2.5, 3.4における、准星形成率リミットサンプルの構築とそ
の進化の研究。 低質量側に延長。AGNの寄与も明らかに。 

     　   à 銀河の質量集積、星形成、BH成長の歴史を、　　　　　　　 
              「無バイアス」かつ「統計的」に明らかにする！ 

１平方度の広域、１８フィルターの超多色撮像、z~4.5まで拡張 



Z-FOURGE @Magellan 6.5m 
 (FourStar Galaxy Evolution Study)	


•  Four Star Infrared Camera; Hawaii-2RG x 4 
•  One deep 10.9’x10.9’ field each in COSMOS, CDFS and 

UDS FourStar; Hawaii-2RG x 4) 
•  30,000 galaxies at 1<z<3 
•  J1,J2,J3 ≈ 25.5, Hl, Hs ≈ 25, and Ks ≈ 24.5 

(AB, 5σ, total mag for compact sources) 
•  ⊿z/(1+z) ~ 0.02	

	




SWIMS-18がZ-FOURGEより優れている点	

•  Medium-band filtersの枚数増                    　　　　                　　　　　

J1(Y),J2,J3,Hs,Hl,Ks　à　Y,J1,J2,H1,H2,H3,K1,K2,K3　　　　　　
(Hを２から３分割へ。Kを１から３分割へ。計６から９枚へ。） 

•  Narrow-band filtersの存在 
 　6枚の狭帯域フィルター、Hαと[OIII]の２ラインを狙う３組のペア、オンバンドと 
 　オフバンドが隣接。 
 
•  ２バンド同時観測 
  　λ<1.4µm (blue) と λ>1.4µm (red) とを同時観測。 
 

•  観測時間の集中投資 
　　 à １.5年使って10倍広い視野（1平方度）を！原始銀河団(>1014M◉)も入る。 

à Phot-z精度(特にz>3)の向上、4<z<4.5銀河サンプルの構築（B-drop LBGと連携）	


　à [OIII]の強い遠方銀河に最適化、よりクリーンなエミッター選択	


à サーベイ効率が２倍に！　但し、初期視野は３分の１。 検出器倍増が必須。	




Survey Design for SWIMS-18 (imaging)	

•  1 sq. deg. (CANDELS, HSC-Ultra-Deep)    (SWIMS18-Wide) 
     100 pointings (×25 hrs/FoV) = 4,000 hrs = 365 nights 
     SFR-limit sample: 7.5 × 105 Mpc3 at each redshift 
       (Hα emitters)       3, 10, 30 M◉/yr (z=0.9, 1.5, 2.5) 
                                  ~16,000, 8,000, 4,000 HAEs (同上) 
        M*-limit sample: 1.2 × 107 Mpc3 (Δz=1) 
                                M* = 1010M◉ (z=1.5), 1011M◉ (z=4) ~ 100個 
 

•  このうち 0.1 sq. deg.では、５倍の積分時間    (SWIMS18-Deep) 
 

　　à TAOのおよそ1.5 年間分の観測時間を投入すればよい。 
　   （SWIMSの視野を２倍にできれば、半分の時間または倍の視野） 
 Subaru搭載時（2015−2017）にはこの1/10規模をパイロットサーベイとして実行 
 



＊Accurate physical quantities 
     Spec-z and 3D structures 
     Dust corrected SFRs (Hα/Hβ) 
     Gaseous metallicity (R23, O32, N2) 
     AGN separation ([OIII]/Hβ vs. [NII]/Hα) 
     Composite spectra of red galaxies (post-starburst) 
＊SWIMS-IFU 
     Kinematics (rotation/random/outflows) 
     Central AGN 
     Star forming regions 
      

Spectroscopic follow-up of SWIMS-18	


PFS (optical) + SWIMS (NIR)	



