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Figure 4. Color Skywalker images are shown for clumpy galaxies in the GOODS field with red underlying disks. Their COMBO17 redshifts (lower left), ID numbers
(lower right), and 2 kpc scales (upper left) are given.
(A color version of this figure is available in the online journal.)

of 16, while the bulges in the two clumpy types are larger than
the clumps by an average factor of only 2.2. This is consistent
with UDF galaxies, where bulges are more similar to clumps
in the clumpiest galaxies than they are in the more modern
morphologies (EEFL).

The right-hand side of Figure 8 shows the ratios of the
clump or bulge masses to the whole-galaxy pseudoluminosities,
measured as 10−0.4Brest for rest-frame absolute magnitudes
Brest given in COMBO17 (Wolf et al. 2008). This ratio is
convenient for scaling the clump masses to the masses of star-
forming regions in local galaxies. The ratio is also useful for
understanding a selection effect evident in the left-hand panels;
i.e., the drop in clump mass at lower redshift. This drop is not
present in the right-hand panels, indicating that the low clump
masses at low redshift are the result of systematically smaller
and fainter galaxies at low redshift, with essentially no change in
the clump mass for a galaxy of a given brightness. The decrease
in galaxy size for lower redshift is presumably the result of a
smaller sampling volume in the universe.

The log of the ratio of the clump mass to the galaxy pseudo-
luminosity averages −1.1 ± 0.5, −0.7 ± 0.5, −0.4 ± 0.5, and
−0.1 ± 0.4 for the spirals, flocculents, clump clusters with red
disks, and clump clusters, respectively. For the bulges, the logs
of these ratios are higher: 0.6 ± 0.6, 0.3 ± 0.5, −0.1 ± 0.6,

and 0.2 ± 0.4. These averages consider all redshifts, so the
differences between the logs for the clumps and bulges in this
case are slightly different than the differences for the case of
mass given above (which was for z > 0.5). The masses in
clump clusters are larger than in spirals and flocculents, relative
to the galaxy luminosities, by a factor of 10−0.1−[−1.1−0.7]/2 = 6.
Relative bulge masses compared to relative clump masses are
larger in spirals and flocculents than they are in either type of
clump cluster by a factor of ∼11, which is 10 to the power
0.5(0.6 + 0.3 − [−1.1 − 0.7]) − 0.5(−0.1 + 0.2 − [−0.4 − 0.1]).

In a typical local galaxy with MB ∼ −20.3 mag, the largest
regions of star formation contain ∼105 M#. In Figure 8, an
average galaxy with Brest = −20.3 mag has a clump mass
of 10, 26, 52, and 105 million solar masses for the four
galaxy types. These are ∼100 to ∼1000 times larger than the
largest star-forming regions in local galaxies, and larger still
if we consider that the same galaxies in GOODS would be
fainter today because of stellar evolution. Locally, the value of
log

(
M/10−0.4MB

)
is −3.1 if M = 105 M# and MB = −20.3,

much lower than the plotted values in Figure 8.
Some clumps in GOODS galaxies are 10 or more times

larger than these average values, considering the upper range
of the points in Figure 8. The maximum (non-bulge-like)
clump masses reach log

(
M/10−0.4Brest

)
∼ 1. At this value, a
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Figure 9. Clump mass (left) and ratio of clump mass to total galaxy light (right) vs. redshift for clumps in the GEMS survey that could be measured in V606 and z850
passbands. Background light from the interclump region is not subtracted from the clump light in this case, so these masses are larger than the pure star formation
masses plotted in the previous figure. The decrease in clump mass for small redshift, combined with the constant clump mass per unit galaxy light, indicate that the
galaxies are suffering a selection effect based on angular resolution and surface brightness, but the clumps inside the galaxies are not.
(A color version of this figure is available in the online journal.)
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Figure 10. Redshift distribution of the excess surface density of each clump (left) and the surface density of each interclump region (right), both in M! pc−2. The red
squares are for bulges or bulge-like clumps, the blue crosses are for nonbulge clumps (for an interclump region, this distinction is based on whether the region was
used to subtract the background for a bulge or a clump; overlap of a cross and a square on the right means that an interclump region was used for both). Bulges have
higher surface densities than clumps by a factor of ∼7 for spirals and flocculents, and about the same surface densities as clumps for clump clusters. The curves plot
log(1 + z)4, which is proportional to the log of the detection limit. The bulges in spirals and flocculents have higher surface densities than the bulges in clump clusters
by a factor of ∼6. On the right, the interclump surface density is a factor of ∼3 times higher for spirals, flocculents, and clump clusters with red disks than for clump
clusters without red disks. This excess is consistent with the conversion of clump clusters into spiral galaxies over time.
(A color version of this figure is available in the online journal.)

clumpの星質量

M*=106-109M◉
r=0.5-1 kpc　
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MAHALO-Subaru project (PI: T. Kodama)
SXDF-UDS-CADELS field
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Fig. 1.— The transmission curves of NB209 and NB2315 filters
on MOIRCS (solid line) and the WFCAM K-band filter (dashed
line). The labels on the top axis indicate redshifts for Hα emitters.

sequence galaxies represent 98% of mass-selected star-
forming galaxies and account for ∼90% of the cosmic
SFR density at z ∼ 2, with the sample detected by
PACS 100 µm or 160 µm on-board Herschel as well as
optical/near-infrared (NIR) color-selected one. Despite
its importance, the definition of main sequence is largely
dependent on a sample selection and a SFR indicator
used. In this paper, we present the main sequence of
star-forming galaxies at z > 2, which are selected from
a Hα narrow-band (NB) imaging survey. The advantage
of selecting galaxies with a NB imaging is that we can
construct a nearly SFR-limited, complete sample of star-
forming galaxies which spans a broader range in stellar
mass from Mstar ∼ 109M! (e.g. Lyman break galaxies;
LBGs) to Mstar > 1011M! (e.g. submillimeter-selected
galaxies; SMGs). Also, a Hα line is one of the best SFR
indicators as well as a probe of high-z star-forming galax-
ies, which has many great advantages: being less affected
by dust extinction, and having been well calibrated in
the local Universe (Hopkins et al. 2003). Recently, we
have been conducting the “MAHALO−Subaru” project
(MApping HAlpha and Lines of Oxygen with Subaru;
see overview Kodama et al. 2013), which is a large, sys-
tematic survey of Hα emitters with unique sets of NB
filters. By this project covering various environments,
we have discovered some star-bursting proto-clusters at
z > 2 traced by numerous Hα emitters (Tanaka et al.
2011; Hayashi et al. 2012; Koyama et al. 2013). In gen-
eral fields, other large Hα surveys have been carried out
at z ∼ 2.2. Sobral et al. (2013) have made a large sam-
ple of Hα emitters at z = 2.23 with a narrow-band filter
over ∼2 deg2 as a part of the High-z Emission Line Sur-
vey (HiZELS) with Wide Field Camera (WFCAM) on
UKIRT, and derived the Hα luminosity functions and its
evolution. Hayes et al. (2010) also have conducted the
deepest survey of Hα emitters at this high redshift with
HAWK-I on VLT over a 56 arcmin2 area, and constrain
the faint end slope of luminosity function. Given such
large or deep narrow-band surveys providing statistical
samples of star-forming galaxies at z ∼ 2, our primary
motivation is shifted from the stage of identifying high-z
star-forming galaxies to the next stage of understand-
ing the physical processes in these galaxies that controls
their formation and early evolution.

This paper is structured as follows. In Section 2,
we describe the existing data and our observations in

TABLE 1
Multi-wavelength data.

Filter Instrument m5σ,AB Reference
u CFHT/MegaCam 27.68 Almaini et al.
B Subaru/Suprime-Cam 28.38 Furusawa et al. 2008
V Subaru/Suprime-Cam 28.01 Furusawa et al. 2008
Rc Subaru/Suprime-Cam 27.78 Furusawa et al. 2008
i′ Subaru/Suprime-Cam 27.69 Furusawa et al. 2008
z′ Subaru/Suprime-Cam 26.67 Furusawa et al. 2008
Y VLT/HAWK-I 26.69 Fontana et al.
Ks VLT/HAWK-I 25.92 Fontana et al.
J UKIRT/WFCAM 25.63 Lawrence et al. 2007
H UKIRT/WFCAM 24.76 Lawrence et al. 2007
K UKIRT/WFCAM 25.39 Lawrence et al. 2007
3.6µm Spitzer/IRAC 24.72 Ashby et al.
4.5µm Spitzer/IRAC 24.61 Ashby et al.

Subaru/XMM–Newton Deep survey Field (SXDF; Fu-
rusawa et al. 2008). We show the target selections of
Hα emitters in Section 3. In Section 4, their global prop-
erties such as SFRs, stellar masses and metallicities are
derived, and the mass-metallicity relation is presented.
In Section 5, we discuss the main-sequence galaxies at
z > 2 and the dustiness of star formation activities. We
summarize our study in Section 6. Throughout this pa-
per, we assume the cosmological parameters of H0=70
km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7, and Salpeter
IMF is adopted for the estimation of stellar masses and
SFRs (Salpeter 1955).

2. DATA

We have conducted the Hα emitter surveys in two
redshift slices at z = 2.2 and at z = 2.5 in part of
the major general field SXDF. Two narrow-band fil-
ters, namely NB209 (λc = 2.09µm, FWHM=0.027µm)
and NB2315 (λc = 2.315µm, FWHM=0.027µm) are
used. Figure 1 shows the filter response functions of our
narrow-band filters as well as that of the broad-band fil-
ter, which measures the continuum level. NB209 and
NB2315 filters capture Hα emission lines from galaxies
at z = 2.191± 0.020 and z = 2.525± 0.021, respectively.
Note that z ∼ 2.5 is the highest redshift where we can
capture Hα lines with high sensitivity from the ground-
based telescopes.

2.1. Broad-band data
In SXDF, there are the extensive data-set over the

multi-wavelengths from ultraviolet (UV) to mid-infrared.
We use the public multi-wavelength catalog by Galametz
et al. (2013), which includes the u-band data from
CFHT/Megacam (Almaini et al. in preparation),
B, V,Rc, i′ and z′ band data from Subaru/Suprime-Cam
(Furusawa et al. 2008) , Y and Ks band data from
VLT/HAWK-I (Fontana et al. in preparation), J,H and
K bands data from UKIRT/WFCAM (UKIDSS Data
Release 8; Lawrence et al. 2007), and Spitzer/IRAC
data (Ashby et al. in preparation). Table summa-
rizes the broad-band data used and their limiting mag-
nitudes. Also, we make the photometric catalog from
the public MIPS 24-micron image (SpUDS; PI: J. Dun-
lop) with SExtractor (?). Aperture magnitudes within
a radius of 7.5′′are used. A minimum flux-density cut
of S24 > 100µJy (equivalent to ∼ 5σ) is applied in gen-
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Figure A.2. (Continued)
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モチベーション：星形成銀河の形態を調べる
Hα flux-limitedなサンプルがベスト

clump銀河がどの程度一般的な種族が知ることができる
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Clump or Merger ?

uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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２つの可能性
① smoothなgas streamによって円盤はガスリッチ
になり、重力不安定性によって形成された（内的要因）
② clumpyなstreamまたはmerger（外的要員）
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Fig. 2.— Star formation rates are plotted against stellar masses for the HAEs at z = 2.2 and 2.5. Red and blue circles show clumpy and
non-clumpy galaxies, respectively. A black dashed line denotes the fitted main sequence of SFR=200(M∗/1011M")0.9. The histograms in
the top and the right panels show the projected distributions of M∗ and SFR for clumpy (red) and non-clumpy (blue) galaxies, respectively.
In the inset of the lower corner of the main panel, we show histograms of the deviations from the main sequence in the SFR direction.
Magenta squares show the objects with a red clump of I814 − H160 > 1.5 (Section 4.1).

2005). Such clumpy nature must be mirroring the im-
portant physics in the early phase of galaxy formation.
To investigate the properties of clumpy galaxies, we first
identify clumps in the HAEs by a semi-automatic method
using the 2-D version of clumpfind code (Williams et al.
1994) as employed by Livermore et al. (2012). Clumps
are defined in the H160 or V606 images. Because the ACS
images are not available for four HAEs at z = 2.2, we use
a total of 101 galaxies. In order to minimize misidenti-
fication, the contour intervals of 3σ is adopted. To dis-
tinguish clumps from noises, we only accept the clumps
that satisfy the following criteria : (1) the size is larger
than the PSF (0.18′′), and (2) the peak flux density is
above the 10σ level in H160 map or the 6σ level in V606
map. We adopt different criteria for the H160 map and
the V606 map in order to match to the visual inspection.
The stellar mass of identified clumps roughly corresponds
to Mclump ∼ 109 M" (Section 3.2).

Figure 1 displays some examples of the color images of
clumpy galaxies. The identified clumps are marked by
black circles. Here, a clumpy galaxy is defined as an ob-
ject consisting of multi-components, no matter whether
a second-component (or a later component) is a clump
formed by a gravitational collapse or an external small
galaxy. We find that 42 out of 101 HAEs (∼ 42%)
have sub-clumps along with the main-component. Such
clumpy galaxies are seen everywhere on and around the
main-sequence over a wide range in stellar mass, but the
fraction of clumpy galaxies peaks in M∗ ∼ 1010.5M" and

SFR ∼ 100 M"yr−1 (Figure 2). The fraction of clumpy
galaxies noted here is the lower limit because non-clumpy
galaxies could consist of a few smaller clumps, which
are not resolved in the 0.18′′resolution images, especially
for less massive galaxies. On the other hands, the frac-
tion seems to decrease in the most massive galaxies with
M∗ > 1011 M", although clumps, if exist, could be more
easily resolved in those larger galaxies. If clumps are
continuously formed by gravitational collapses, their host
disks should be gas rich so as to be able to collapse by
overcoming a large velocity dispersion and a shear of dif-
ferential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo,
our HAEs with M∗ > 1011 M" would exhaust the bulk
of gas and become unable to form new clumps. In fact,
the sSFRs of massive HAEs are suppressed compared to
other HAEs, suggesting that they may be just quenching
their star formation activities.

Also, we investigate the fraction of clumpy galaxies for
the HAEs with 109.5 M" < M∗ < 1011 M" as a func-
tion of the offset from the main sequence at fixed stel-
lar mass: ∆log(SFR)=log(SFR)-log(SFRMS). Here, the
main sequence is defined as SFRMS=200(M∗/1011M")0.9

(Daddi et al. 2007). However, there is no clear evidence
of difference on the stellar mass-SFR diagram between
clumpy and non-clumpy galaxies. We therefore conclude
that clumpy signature is common among star-forming
galaxies at z > 2 and is much more so compared to for
example major-merger driven starburst galaxies.

clumpy銀河の割合は40%程度
ΔSFRMSと無関係？
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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V606+Hα H160+Hα
Fig. 6.— Four HAEs with resolved dusty star-forming clumps.

From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.
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Fig. 7.— Specific SFRs (top) and gas fractions (bottom) as a
function of stellar surface densities (Σ=M∗/2πr2

e) for the HAEs at
z = 2.2 and z = 2.5. Symbols are the same as in Figure 4. The
gas fraction is defined as Mgas/(Mgas + Mstar).

growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-

銀河中心に近いクランプの方が外側のクランプに比べて赤い色をしている
1. old & dusty starburst

2. old & quiescent

銀河中心からの距離 [kpc]
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Fig. 2.— Star formation rates are plotted against stellar masses for the HAEs at z = 2.2 and 2.5. Red and blue circles show clumpy and
non-clumpy galaxies, respectively. A black dashed line denotes the fitted main sequence of SFR=200(M∗/1011M")0.9. The histograms in
the top and the right panels show the projected distributions of M∗ and SFR for clumpy (red) and non-clumpy (blue) galaxies, respectively.
In the inset of the lower corner of the main panel, we show histograms of the deviations from the main sequence in the SFR direction.
Magenta squares show the objects with a red clump of I814 − H160 > 1.5 (Section 4.1).

2005). Such clumpy nature must be mirroring the im-
portant physics in the early phase of galaxy formation.
To investigate the properties of clumpy galaxies, we first
identify clumps in the HAEs by a semi-automatic method
using the 2-D version of clumpfind code (Williams et al.
1994) as employed by Livermore et al. (2012). Clumps
are defined in the H160 or V606 images. Because the ACS
images are not available for four HAEs at z = 2.2, we use
a total of 101 galaxies. In order to minimize misidenti-
fication, the contour intervals of 3σ is adopted. To dis-
tinguish clumps from noises, we only accept the clumps
that satisfy the following criteria : (1) the size is larger
than the PSF (0.18′′), and (2) the peak flux density is
above the 10σ level in H160 map or the 6σ level in V606
map. We adopt different criteria for the H160 map and
the V606 map in order to match to the visual inspection.
The stellar mass of identified clumps roughly corresponds
to Mclump ∼ 109 M" (Section 3.2).

Figure 1 displays some examples of the color images of
clumpy galaxies. The identified clumps are marked by
black circles. Here, a clumpy galaxy is defined as an ob-
ject consisting of multi-components, no matter whether
a second-component (or a later component) is a clump
formed by a gravitational collapse or an external small
galaxy. We find that 42 out of 101 HAEs (∼ 42%)
have sub-clumps along with the main-component. Such
clumpy galaxies are seen everywhere on and around the
main-sequence over a wide range in stellar mass, but the
fraction of clumpy galaxies peaks in M∗ ∼ 1010.5M" and

SFR ∼ 100 M"yr−1 (Figure 2). The fraction of clumpy
galaxies noted here is the lower limit because non-clumpy
galaxies could consist of a few smaller clumps, which
are not resolved in the 0.18′′resolution images, especially
for less massive galaxies. On the other hands, the frac-
tion seems to decrease in the most massive galaxies with
M∗ > 1011 M", although clumps, if exist, could be more
easily resolved in those larger galaxies. If clumps are
continuously formed by gravitational collapses, their host
disks should be gas rich so as to be able to collapse by
overcoming a large velocity dispersion and a shear of dif-
ferential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo,
our HAEs with M∗ > 1011 M" would exhaust the bulk
of gas and become unable to form new clumps. In fact,
the sSFRs of massive HAEs are suppressed compared to
other HAEs, suggesting that they may be just quenching
their star formation activities.

Also, we investigate the fraction of clumpy galaxies for
the HAEs with 109.5 M" < M∗ < 1011 M" as a func-
tion of the offset from the main sequence at fixed stel-
lar mass: ∆log(SFR)=log(SFR)-log(SFRMS). Here, the
main sequence is defined as SFRMS=200(M∗/1011M")0.9

(Daddi et al. 2007). However, there is no clear evidence
of difference on the stellar mass-SFR diagram between
clumpy and non-clumpy galaxies. We therefore conclude
that clumpy signature is common among star-forming
galaxies at z > 2 and is much more so compared to for
example major-merger driven starburst galaxies.
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ダスティーな星形成が
この銀河のどこかで起きている
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赤いクランプでダスティーな星形成をしている可能性が高い
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.
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Fig. 7.— Specific SFRs (top) and gas fractions (bottom) as a
function of stellar surface densities (Σ=M∗/2πr2

e) for the HAEs at
z = 2.2 and z = 2.5. Symbols are the same as in Figure 4. The
gas fraction is defined as Mgas/(Mgas + Mstar).

growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
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function of stellar surface densities (Σ=M∗/2πr2

e) for the HAEs at
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gas fraction is defined as Mgas/(Mgas + Mstar).

growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.

0.1

1

10

sp
ec

ifi
c 

SF
R

 [G
yr

-1
]

108 109 1010

∑ [Msolar kpc-2 ]

0.1

1

ga
s 

fra
ct

io
n

NB209-17
NB2315-7

Fig. 7.— Specific SFRs (top) and gas fractions (bottom) as a
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e) for the HAEs at
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growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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Fig. 6.— Four HAEs with resolved dusty star-forming clumps.

From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.
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Fig. 7.— Specific SFRs (top) and gas fractions (bottom) as a
function of stellar surface densities (Σ=M∗/2πr2

e) for the HAEs at
z = 2.2 and z = 2.5. Symbols are the same as in Figure 4. The
gas fraction is defined as Mgas/(Mgas + Mstar).

growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-

GLAOの利点
1. 高い感度
2. 広い視野
3. 高分解能
　4. 地上にある

GLAOは0.2″の分解能を達成
（WFC3と同程度）
GLAO+NB filterの組み合わせが
最も競争力のある観測装置となる
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内容
１．z>2のclump銀河とその性質
２．clump migrationとtidal disruption



Clumpy銀河は円盤銀河になるのか？
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Fig. 5.— The color gradients in I814 − H160 of the clumps as a
function of projected distance from a galactic center. The clumpy
HAEs with a red clump of I814 − H160 > 1.5 are presented. We
also display other clumpy HAEs as gray symbols.
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Fig. 6.— Four HAEs with resolved dusty star-forming clumps.

From left to right, three color image of V606I814H160, V606-band
images and H160-band images are presented. Contours display the
Hα flux density maps derived from NB (MOIRCS) and BB (WF-
CAM) images whose PSF sizes are matched to ∼ 0.7′′. Red and
black circles in right panels indicate the positions of the reddest
clump nearest to the galactic center and other bluer clumps, re-
spectively.
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growth due to strong dissipation of gas and its further
accretion towards the center. This scenario is preferable
therefore to account for the tight relationship between
bulge and supermassive black hole masses (Di Matteo
et al. 2005).

4.2. Massive compact, star-forming galaxies
Recent observational studies have shown that massive

quiescent galaxies at z ∼ 2 tend to be extremely com-
pact, compared to local ones with the same stellar mass
(e.g., van Dokkum et al. 2008). This suggests that the
structures of compact quiescent galaxies have undergone
a rapid evolution since z ∼ 2 (Trujillo et al. 2007). How-
ever, the progenitors and the formation processes of such
compact quiescent galaxies has been much less investi-
gated. Barro et al. (2013) have studied both the number
densities of compact quiescent galaxies (“red nuggets”)
and compact star-forming galaxies (“blue nuggets”) at
z = 1.3–3.0, and find that blue nuggets can fade to red
nuggets with the starburst lifetime of ∼ 0.8 Gyr. In
our Hα emitter sample, we find two massive, compact
star-forming galaxies with M∗ > 1011 M" and re < 2
kpc (SXDF-NB209-17 and SXDF-NB2315-7 in Figure 4).
Their surface stellar mass densities are as high as those of
red nuggets at z = 1.5–2.0 (Newman et al. 2012a). More-
over, the two compact HAEs show high Sérsic indices of
n ≥ 2, which indicate relaxed bulge-like morphologies.
They can directly turn to compact quiescent galaxies at
high-redshift just by stopping their star formation activ-
ities without changing the sizes or structures. Note that
SXDF-NB209-17 has been spectroscopically confirmed to
be located at z = 2.182 (Tadaki et al., in preparation).

The star formation activities and stellar populations
substantially differ between the two compact HAEs. Fig-



4 Tadaki et al.

9.0 9.5 10.0 10.5 11.0 11.5
log M *  [Msolar]

0.0

0.5

1.0

1.5

2.0

2.5

lo
g 

SF
R

 [M
s
o
la

r
yr

-1
]

non-clumpy
clumpy
with red clump

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
Δlog SFR

Fig. 2.— Star formation rates are plotted against stellar masses for the HAEs at z = 2.2 and 2.5. Red and blue circles show clumpy and
non-clumpy galaxies, respectively. A black dashed line denotes the fitted main sequence of SFR=200(M∗/1011M")0.9. The histograms in
the top and the right panels show the projected distributions of M∗ and SFR for clumpy (red) and non-clumpy (blue) galaxies, respectively.
In the inset of the lower corner of the main panel, we show histograms of the deviations from the main sequence in the SFR direction.
Magenta squares show the objects with a red clump of I814 − H160 > 1.5 (Section 4.1).

2005). Such clumpy nature must be mirroring the im-
portant physics in the early phase of galaxy formation.
To investigate the properties of clumpy galaxies, we first
identify clumps in the HAEs by a semi-automatic method
using the 2-D version of clumpfind code (Williams et al.
1994) as employed by Livermore et al. (2012). Clumps
are defined in the H160 or V606 images. Because the ACS
images are not available for four HAEs at z = 2.2, we use
a total of 101 galaxies. In order to minimize misidenti-
fication, the contour intervals of 3σ is adopted. To dis-
tinguish clumps from noises, we only accept the clumps
that satisfy the following criteria : (1) the size is larger
than the PSF (0.18′′), and (2) the peak flux density is
above the 10σ level in H160 map or the 6σ level in V606
map. We adopt different criteria for the H160 map and
the V606 map in order to match to the visual inspection.
The stellar mass of identified clumps roughly corresponds
to Mclump ∼ 109 M" (Section 3.2).

Figure 1 displays some examples of the color images of
clumpy galaxies. The identified clumps are marked by
black circles. Here, a clumpy galaxy is defined as an ob-
ject consisting of multi-components, no matter whether
a second-component (or a later component) is a clump
formed by a gravitational collapse or an external small
galaxy. We find that 42 out of 101 HAEs (∼ 42%)
have sub-clumps along with the main-component. Such
clumpy galaxies are seen everywhere on and around the
main-sequence over a wide range in stellar mass, but the
fraction of clumpy galaxies peaks in M∗ ∼ 1010.5M" and

SFR ∼ 100 M"yr−1 (Figure 2). The fraction of clumpy
galaxies noted here is the lower limit because non-clumpy
galaxies could consist of a few smaller clumps, which
are not resolved in the 0.18′′resolution images, especially
for less massive galaxies. On the other hands, the frac-
tion seems to decrease in the most massive galaxies with
M∗ > 1011 M", although clumps, if exist, could be more
easily resolved in those larger galaxies. If clumps are
continuously formed by gravitational collapses, their host
disks should be gas rich so as to be able to collapse by
overcoming a large velocity dispersion and a shear of dif-
ferential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo,
our HAEs with M∗ > 1011 M" would exhaust the bulk
of gas and become unable to form new clumps. In fact,
the sSFRs of massive HAEs are suppressed compared to
other HAEs, suggesting that they may be just quenching
their star formation activities.

Also, we investigate the fraction of clumpy galaxies for
the HAEs with 109.5 M" < M∗ < 1011 M" as a func-
tion of the offset from the main sequence at fixed stel-
lar mass: ∆log(SFR)=log(SFR)-log(SFRMS). Here, the
main sequence is defined as SFRMS=200(M∗/1011M")0.9

(Daddi et al. 2007). However, there is no clear evidence
of difference on the stellar mass-SFR diagram between
clumpy and non-clumpy galaxies. We therefore conclude
that clumpy signature is common among star-forming
galaxies at z > 2 and is much more so compared to for
example major-merger driven starburst galaxies.
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Figure 1. (a) Cumulative number density of galaxies at a given stellar mass for different redshifts, derived from the mass functions of Marchesini et al. (2009). At
a fixed cumulative number density of nc = 1.4 × 10−4 Mpc−3 (dashed black line) we determine the corresponding stellar mass for a given redshift bin (dotted
vertical lines). (b) Stellar mass vs. redshift for galaxies selected at nc = 1.4 × 10−4 Mpc−3. The solid curve represents a second-order polynomial fit and is given
by Equation (2). A galaxy with a stellar mass of M ≈ 5 × 1010 M$ at z = 2.75 grows by a factor of ∼3 in mass by z = 0.375. For a given redshift, we study the
structural properties of galaxies at nc = 1.4 × 10−4 Mpc−3 by selecting objects in a narrow mass bin around the predicted stellar mass from Equation (2).
(A color version of this figure is available in the online journal.)

The scatter about this relation is only σ = 0.0046 dex, sug-
gesting that this parameterization is adequate for the redshift
range studied here. Note that this scatter does not reflect the
systematic uncertainty in measuring stellar masses of galaxies
at high redshift, which can be substantial (e.g., Marchesini et al.
2009). Poisson uncertainties in the Schechter parameters com-
puted by Marchesini et al. (2009) propagate into an uncertainty
in the derived stellar mass in Equation (2) at a given redshift of
∼0.10 dex. For the high-mass end at lower redshifts (z ! 1.5),
where cosmic variance is likely an important factor, an addi-
tional uncertainty of up to ∼0.10 dex may be warranted. For
a given redshift, we study the properties of galaxies within a
bin of size ∼0.3 dex in stellar mass centered on the predicted
mass from Equation (2). The actual boundaries of the bin are
adjusted such that the median mass is close to the value given
by Equation (2). Given the steepness of the mass function, in
practice this results in selecting galaxies at (log Mnc/M$)+0.15

−0.1 .
The bin size is broad enough to allow for robust measurements
of median structural parameters. Given the narrow redshift and
mass bins employed, scattering of galaxies into and out of the
sample due to photometric uncertainties is unavoidable and is
a larger effect at higher redshifts (e.g., z > 2) where Monte
Carlo simulations of the photometry suggest uncertainties in
the redshifts of σz/(1 + z) ∼ 0.08 and in the stellar masses of
∼0.17 dex. As a consequence, within a given redshift and mass
bin at z > 2, just under half of the original sample is recovered
in our simulations while the remainder is made up of galaxies
near the bin boundaries and therefore displays similar proper-
ties to that of the original sample. In order to avoid confusion,
we emphasize that at a given redshift we are not selecting all
galaxies with masses above the mass limit implied by the given
value of nc, but instead, we are selecting galaxies in a narrow
mass bin at the mass determined by nc.

Equation (2) indicates that galaxies at nc = 1.4×10−4 Mpc−3

grow by a factor of ∼3 from z = 2.75 to z ∼ 0, resulting in a
galaxy at low redshift with a stellar mass of M ∼ 1.5×1011 M$
(i.e., ∼2 M"). From z = 2 to z = 0.1, Equation (2) predicts
that the stellar mass grows by a factor of ∼2, which is similar
to what is found in van Dokkum et al. (2010). We note that

the stellar mass growth inferred from our purely observational
motivated method (Equation (2)) is less than what is predicted
from abundance matching techniques (e.g., Conroy & Wechsler
2009), though the latter analysis is quite uncertain at z > 1.
More recent efforts that combine dark matter merger trees with
observational constraints indicate similar mass growth to what
is found here at z < 3 (Behroozi et al. 2012). At z ∼ 0, the latter
work indicates that a ∼2 M" galaxy occupies a dark matter halo
of mass M ∼ 4 × 1013 M$, which is typical of galaxy groups.

Both van Dokkum et al. (2010) and Papovich et al. (2011)
show with simulations that in selecting galaxies at a fixed
number density, the completeness fraction declines with cosmic
time, meaning that some of the objects selected in a given
number density bin at high redshift are no longer found in that
bin at lower redshift. Contaminants from other number density
bins also enter the sample. However, most of the contaminants
scatter in from neighboring bins and likely display properties
that are very similar to those of galaxies in the number density
bin of interest.

Finally, we note that although we use mass functions from
Marchesini et al. (2009), which are based on different data from
what is employed here, we arrive at qualitative and quantitative
conclusions that are quite similar to what was found in van
Dokkum et al. (2010). This suggests the systematic uncertainties
as a result of this choice are minimal.

4.2. Star Formation Properties

We first examine how the star formation properties of galax-
ies have evolved since z ∼ 3. As is well known, galaxies can be
classified in two distinct categories: star forming and quiescent,
at least out to z ∼ 3 (Whitaker et al. 2011). Figure 2 shows
the rest-frame U − V versus V − J colors of galaxies in different
redshift bins selected at nc = 1.4 × 10−4 Mpc−3. This UVJ
diagram is commonly used to separate QGs from SFGs (see,
e.g., Labbé et al. 2006; Wuyts et al. 2007; Williams et al. 2009;
Patel et al. 2011, 2012). It is preferred over a color–magnitude
or a color–mass selection because of its ability to separate red
galaxies that are quiescent from reddened SFGs. Shown in each
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赤いクランプを持つclumpy銀河は
円盤銀河というよりは巨大楕円銀河へと進化するだろう
（実際、銀河の中心で原始バルジ的なものがすでに存在）

Clumpy銀河は円盤銀河になるのか？
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Figure 3. Gas properties of the central galaxy s224 at z = 2. (a) Face-on SFR surface density, (b) face-on line-of-sight (vertical) velocity dispersion, (c) face-on gas
surface density, (d) edge-on SFR surface density, (e) edge-on line-of-sight velocity field overplotted with contours of SFR surface density, and (f) log Q. Each panel
is 10 kpc on a side. All face-on panels are overplotted with Σg = 1000 M! pc−2 contours.
(A color version of this figure is available in the online journal.)
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Figure 4. Time sequence of gas surface density maps showing the disruption of a clump in our model (top), where t = 0 (not shown) is the formation time of the
clump. To demonstrate the role of the wind, we turn it off at z = 2.03 (t = 22 Myr) and show the alternative evolution of non-disruption, virialization and migration
(bottom). The color coding is as in Figure 3(c). The upper rightmost panel shows the mass of gas (solid) and young (<50 Myr) stars (dashed) for four clumps as a
function of time since their formation. The magenta lines are for the clump highlighted on the top and the black for the clump highlighted on the bottom. The jump in
mass of the green lines at t ≈ 60 Myr is a result of a merger between two clumps (not shown in other panels). The typical clump lifetime in the presence of winds is
≈50 Myr, and the mass of new-formed stars is approximately 10% of the maximum clump gas mass. The mass of new-formed stars internal to the clump decreases
following the decrease of the gas mass, as these stars are dispersed out of the clump when the collapse is halted by the return to Q > 1.
(A color version of this figure is available in the online journal.)
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including 
strong feedback

no winds

銀河の中心で激しい星形成を起こすにはガスを銀河中心に運ぶ機構が必要である

clump migrationシナリオの都合の良い点
1. 星を銀河中心に運ぶ（直接的なバルジ形成）

2. ガスを銀河中心に運ぶ（銀河中心での激しい星形成・BHへのガス供給）
clump migrationシナリオを観測的に検証する必要がある！
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Figure 1. Morphology of nearby galaxies from the ATLAS3D parent sample. The volume-limited sample consists of spiral galaxies (70 per cent), fast rotators
ETGs (25 per cent) and slow rotators ETGs (5 per cent). The ATLAS3D sample consists of the ETGs only, classified according to the absence of spiral arms or
an extended dust lane. The edge-on fast rotators appear morphologically equivalent to S0s, or to flat ellipticals with discy isophotes. Many of the apparently
round fast rotators display bars or dusty discs, indicating that they are far from edge-on. All the galaxies classified as ‘discy’ ellipticals E(d) by Bender, Saglia
& Gerhard (1994) belong to the fast rotators class. However contrary to E(d) and S0 galaxies, the fast rotators can be robustly recognized from integral-field
kinematics even when they are nearly face-on (Cappellari et al. 2007; Emsellem et al. 2007). They form a parallel sequence to spiral galaxies as already
emphasized for S0 galaxies by van den Bergh (1976), who proposed the above distinction into S0a–S0c. Fast rotators are intrinsically flatter than ε ! 0.4 and
span the same full range of shapes as spiral galaxies, including very thin discs. However very few Sa have spheroids as large as those of E(d) galaxies. The
slow rotators are rounder than ε " 0.4, with the important exception of the flat S0 galaxy NGC 4550 (not shown), which contains two counter-rotating discs of
nearly equal mass. The black solid lines connecting the galaxy images indicate an empirical continuity, while the dashed one suggests a possible dichotomy.

was illustrated in the classification scheme of Kormendy & Bender
(1996), where these galaxies are termed ‘discy’ ellipticals E(d). All
the galaxies classified as E(d) by Bender et al. (1994) belong to the
fast-rotator class. The complement however is not true as the weak
discs of E(d) galaxies are only visible near the edge-on orientation,
while the fast-rotator class can be recognized also near face-on view
(Paper III).

The plot also illustrates the fact that the slow rotators appear to
be intrinsically quite round (see fig. 5 of Paper I and fig. 6 of Paper
III), as already noticed in the SAURON survey (Emsellem et al.
2007; Cappellari et al. 2007). The only slow-rotator flatter than
E4 in the ATLAS3D sample, and treated as ‘exception’ in our comb
diagram, is the S0 galaxy NGC 4550, which was indicated by Rubin,
Graham & Kenney (1992) and Rix et al. (1992) for containing two
counter-rotating discs of comparable mass. A detailed dynamical
model of this galaxy, confirming the original interpretation and the
nearly equal mass for the two discs, was presented in Cappellari
et al. (2007). This object is not unique: a similar one (NGC 4473),
classified as a fast rotator due to the smaller fraction of counter-
rotating stars, was also modelled by Cappellari et al. (2007) and

a number of additional ones were newly discovered in ATLAS3D

(Paper II), where they are termed ‘double σ ’ galaxies. Most of
them are classified as fast rotators, but some others are rounder
slow rotators (Paper III). The resulting classification of this special
class of objects seems to depend on the amount of accreted counter-
rotating mass and the geometry of the orbit during the accretion
event (Bois et al. 2011, hereafter Paper VI).

The ellipticity distribution in the outer parts of the galaxies in our
sample (Paper II) is characterized by a roughly constant fraction
of galaxies up to ellipticities ε ≈ 0.75. Under the reasonable as-
sumption of random orientations for the galaxies in our sample, this
indicates that most of the galaxies, even when they appear round in
projection, must possess quite flat discs as previously reported for
S0 galaxies (Sandage et al. 1970; Binney & de Vaucouleurs 1981).
This is confirmed via Monte Carlo simulations in Paper III, while a
quantitative statistical study of the shape of fast rotators will be pre-
sented in another paper of this series. This implies that the sample
galaxies shown in Fig. 1 are not exceptions, but are representative
of our ETGs sample. Additional indications of the flatness of most
of the galaxies in our sample come from the fact that the inclination
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Figure 1. Morphology of nearby galaxies from the ATLAS3D parent sample. The volume-limited sample consists of spiral galaxies (70 per cent), fast rotators
ETGs (25 per cent) and slow rotators ETGs (5 per cent). The ATLAS3D sample consists of the ETGs only, classified according to the absence of spiral arms or
an extended dust lane. The edge-on fast rotators appear morphologically equivalent to S0s, or to flat ellipticals with discy isophotes. Many of the apparently
round fast rotators display bars or dusty discs, indicating that they are far from edge-on. All the galaxies classified as ‘discy’ ellipticals E(d) by Bender, Saglia
& Gerhard (1994) belong to the fast rotators class. However contrary to E(d) and S0 galaxies, the fast rotators can be robustly recognized from integral-field
kinematics even when they are nearly face-on (Cappellari et al. 2007; Emsellem et al. 2007). They form a parallel sequence to spiral galaxies as already
emphasized for S0 galaxies by van den Bergh (1976), who proposed the above distinction into S0a–S0c. Fast rotators are intrinsically flatter than ε ! 0.4 and
span the same full range of shapes as spiral galaxies, including very thin discs. However very few Sa have spheroids as large as those of E(d) galaxies. The
slow rotators are rounder than ε " 0.4, with the important exception of the flat S0 galaxy NGC 4550 (not shown), which contains two counter-rotating discs of
nearly equal mass. The black solid lines connecting the galaxy images indicate an empirical continuity, while the dashed one suggests a possible dichotomy.

was illustrated in the classification scheme of Kormendy & Bender
(1996), where these galaxies are termed ‘discy’ ellipticals E(d). All
the galaxies classified as E(d) by Bender et al. (1994) belong to the
fast-rotator class. The complement however is not true as the weak
discs of E(d) galaxies are only visible near the edge-on orientation,
while the fast-rotator class can be recognized also near face-on view
(Paper III).

The plot also illustrates the fact that the slow rotators appear to
be intrinsically quite round (see fig. 5 of Paper I and fig. 6 of Paper
III), as already noticed in the SAURON survey (Emsellem et al.
2007; Cappellari et al. 2007). The only slow-rotator flatter than
E4 in the ATLAS3D sample, and treated as ‘exception’ in our comb
diagram, is the S0 galaxy NGC 4550, which was indicated by Rubin,
Graham & Kenney (1992) and Rix et al. (1992) for containing two
counter-rotating discs of comparable mass. A detailed dynamical
model of this galaxy, confirming the original interpretation and the
nearly equal mass for the two discs, was presented in Cappellari
et al. (2007). This object is not unique: a similar one (NGC 4473),
classified as a fast rotator due to the smaller fraction of counter-
rotating stars, was also modelled by Cappellari et al. (2007) and

a number of additional ones were newly discovered in ATLAS3D

(Paper II), where they are termed ‘double σ ’ galaxies. Most of
them are classified as fast rotators, but some others are rounder
slow rotators (Paper III). The resulting classification of this special
class of objects seems to depend on the amount of accreted counter-
rotating mass and the geometry of the orbit during the accretion
event (Bois et al. 2011, hereafter Paper VI).

The ellipticity distribution in the outer parts of the galaxies in our
sample (Paper II) is characterized by a roughly constant fraction
of galaxies up to ellipticities ε ≈ 0.75. Under the reasonable as-
sumption of random orientations for the galaxies in our sample, this
indicates that most of the galaxies, even when they appear round in
projection, must possess quite flat discs as previously reported for
S0 galaxies (Sandage et al. 1970; Binney & de Vaucouleurs 1981).
This is confirmed via Monte Carlo simulations in Paper III, while a
quantitative statistical study of the shape of fast rotators will be pre-
sented in another paper of this series. This implies that the sample
galaxies shown in Fig. 1 are not exceptions, but are representative
of our ETGs sample. Additional indications of the flatness of most
of the galaxies in our sample come from the fact that the inclination
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galaxies). The three non-rotators (red circles in Fig. 6) which are
close to the defined relation are all very probably nearly face-on
rapidly rotating galaxies which would be significantly above the
line were they viewed edge-on. For a FR to be consistent with
no rotation requires very low inclination and therefore extremely
round isophotes (see e.g. Jesseit et al. 2009). The new relation
works significantly better at disentangling such cases from the truly
low-angular-momentum galaxies. This partly comes from the fact
that the dependency on the ellipticity (criterion ∝

√
ε) somewhat

mimics the variation in λR and ε due to inclination effects.
The new criterion defined should minimize the contamination and

misclassification, but as for any empirically designed classification,
we expect some ambiguous cases or systems for which it is hard to
conclude. There are, for example, two galaxies, namely NGC 5173
and 3757, which coincidentally have the same λRe/2 and εe/2, and
lie at the very limit between SRs and FRs (NGC 3757 is in fact
a galaxy with a bar which perturbs the ellipticity measurement).
Three non-regular rotators are significantly above the curve (to be
compared with the total of 224 FRs), namely NGC 770, 5485 and
7465: NGC 770 is a galaxy with a known counter-rotating disc
(Geha, Guhathakurta & van der Marel 2005), NGC 5485 is one
of the rare galaxies with prolate kinematics (as NGC 4621) and
NGC 7465, which is the non-regular rotator with the highest λRe

value, is an interacting system forming a pair with NGC 7464 (Li
& Seaquist 1994) and shows a complex stellar velocity field with a
misaligned central disc-like component.

The probability of a galaxy to be misclassified as a slow (or fast)
rotator is hard to assess. We can at least estimate the uncertainty
on the number of SRs in our sample by using the uncertainty on
the measurements themselves (λR and ε), the observed distribution
of points and the intrinsic uncertainty in defining the threshold for
λN

R = λR/
√

ε. Using Re as the reference aperture, we estimate the
potential contamination of SRs by FRs by running Monte Carlo
simulations on our sample (assuming Gaussian distribution for the
uncertainty on ε and λR of 0.05) to be ±6 galaxies (2σ ). We obtain
a relative fraction of ∼14 ± 2 per cent of SRs in the full ATLAS3D

sample of ETGs, which represents 4 per cent of the full parent
sample of 871 galaxies (Paper I). This is much lower than the
25 per cent quoted in E+07, but as mentioned above, this is due to
the flatness of the luminosity distribution of the original SAURON
sample.

4.6 Slow rotators, fast rotators and Hubble types

We now examine the Hubble-type classification in light of our new
scheme to separate FRs and SRs. In Fig. 8, we show the distribution
of galaxies in the λR–ε diagram using the two main classes of Es
(T < −3.5) and S0s (T ≥ −3.5, as defined in Paturel et al. 2003).

The ATLAS3D sample of 260 ETGs includes 192 S0s and 68 Es.
As expected, Es in the ATLAS3D sample tend on average to be more
massive and rounder than S0s. We therefore naturally retrieve the
trend that Es tend to populate the left-hand part of the diagram and
within the SR class, there is a clear correlation between the apparent
ellipticity and being classified as an E or S0, the latter being all more
flattened than ε = 0.2. Es also tend to be in the lower part of the
diagram (low value of λR), while the highest λR values correspond
to S0 galaxies. Most SRs which are not 2σ galaxies are classified
as Es (23/32).

As expected, the vast majority of galaxies with ellipticities εe >

0.5 are S0s. However, 20 per cent of all FRs (45/224) are Es and
66 per cent of all Es in the ATLAS3D sample are FRs. Also the fact
that all 2σ galaxies except one (NGC 4473) are classified as S0s

Figure 8. λR versus the ellipticity ε within an aperture of Re. The lines
are as in Fig. 7. The filled ellipses and open symbols are galaxies with a
morphological type T < −3.5 (Es) and T ≥ −3.5 (S0s), respectively. Note
the Es which are FRs (above the green line).

demonstrates that the global morphology alone is not sufficient to
reveal the dynamical state of ETGs. The E/S0 classification alone
is obviously not a robust way to assess the dynamical state of a
galaxy. There is in fact no clear correlation between λR/

√
ε and

the morphological type T , besides the trends mentioned here. From
Fig. 8, we expect a significant fraction of galaxies classified as Es
to be inclined versions of systems which would be classified as S0s
when edge-on, and just separating ETGs into Es and S0s is therefore
misleading.

4.7 Properties of slow and fast rotators

The detailed distribution of galaxies in groups a, b, c, d and e as
defined in Paper II is shown in Fig. 9 using histograms of λN

R =
λR/

√
ε values both for Re and Re/2. The group e galaxies, and

consequently the FRs, peak at a value of around 0.75 within Re/2
and 0.85 for Re. SRs are defined as galaxies with λN

R < kFS, mostly
associated with galaxies from groups a to d, which represent the
lower tail of that distribution with some small overlap with group
e. We provide the SAURON stellar velocity and velocity dispersion
maps of all 36 SRs in Figs A1 and A2 of Appendix A. We refer the
reader to Paper II for all other SAURON stellar velocity maps.

We re-emphasize in Figs 10 and 11 the trend for SRs to be on the
high-mass end of our sample. SRs span the full range of dynamical
masses present in the ATLAS3D sample. However, most non-rotators
and galaxies with KDCs have masses above 1010.75 M&. If we ex-
clude the three potential face-on FRs (see Section 3), all non-rotators
have masses above 1011.25 M&. These non-rotators and KDC galax-
ies clearly have a different mass distribution from 2σ galaxies which
are all, except NGC 4473, below 1010.75 M&. The normalized λN

Re
value for SRs tends to decrease with increasing mass (Fig. 10): the
mean λN

Re values for SRs below and above a mass of 1011.25 M& are
about 0.22 and 0.13, respectively. FRs overall seem to be spread
over all λN

Re values up to a dynamical mass 1011.25 M& where we
observe the most extreme instances of SRs (e.g. non-rotators). In
Fig. 11, we show εe with respect to the dynamical mass Mdyn where
we have coloured each symbol following the fast (blue) and slow
(red) rotator classes. Fig. 11 also shows the fraction of SRs with
respect to the total number of galaxies within certain mass bins: SRs
represent between 5 and 15 per cent of all galaxies between 1010 and
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3.3 The kinematic morphology–density relation

In the previous section, we saw that the ratio between fast and
slow rotators has a very small sensitivity to environment, at least
within the density ranges explored by our local volume, except in
the Virgo core. One may wonder whether this is due to the fact that
we do not explore a sufficiently wide range of densities. We show
in this section that this is not the case and in fact the picture changes
dramatically when one includes spiral galaxies in the study.

In Fig. 8 we show the T–! relation for fast and slow rotator
ETGs and spiral galaxies using, from top to bottom, the three differ-
ent density estimators ρ10, !10 and !3, respectively (Section 3.1).
In agreement with the previously reported studies we find a clear
trend for the spiral fraction f (Sp) to gradually decrease with en-
vironmental density while the fraction of ETGs correspondingly
increases. This trend continues smoothly over nearly four orders of
magnitude in density and does not flatten out even at the lowest den-
sities. The fraction of spirals is equal to that of ETGs at a volume
density that corresponds to a region within the core of the Virgo
cluster.

Broadly speaking the three density estimators provide qualita-
tively similar trends and we first focus on !3, which provides the
cleanest relation. We find two new results:

(i) The extreme low densities explored by our local volume al-
low us to demonstrate that the most isolated galaxies are almost
invariably spirals. In fact, as much as f (Sp) = 36/39 = 92 per cent
of the galaxies in the lowest density bin (!3 = 0.01 Mpc−2) are
spirals. Considering the two lowest log !3 density bins, to improve
the statistics, we find f (Sp) = 177/213 = 83 per cent. This spiral
fraction is consistent with the estimate for the Analysis of the inter-
stellar Medium of Isolated GAlaxies (AMIGA) sample of isolated
galaxies (Sulentic et al. 2006).

(ii) The use of our kinematic classification shows that genuine
spheroidal ETGs, the slow rotators, make up only a very small
fraction [f (SR) ≈ 4 per cent] of the total galaxy population except
in the Virgo core where they contribute to ≈20 per cent of the
total. The slow rotators contribute even lower fractions at the lowest
densities: there are no slow rotators in the lowest density bin, while
considering the two lowest log !3 bins we find f (SR) = 4/213 =
1.9 per cent. Of the four slow rotators in the two bins, one (NGC
6703) is indicated in Paper III as possible face-on fast rotators and
another one (UGC 03960) has a low data quality. This implies
that the fraction of genuine slow rotators in the two lowest density
bins may be as low as 1 per cent. This is in strong contrast to
traditional studies of the T–! relation that never find less than
∼10 per cent of (misclassified) elliptical galaxies even in the lowest
density environments (e.g. Postman & Geller 1984; Bamford et al.
2009).

Looking in more detail, there is a notable difference between the
T–! relation obtained using the !10 and !3 estimators. Using both
estimators the fraction of spirals f (Sp) and fast rotators f (FR) are
well described by two linear relations of log ! (see also Dressler
et al. 1997). However using !3 the relations become noticeably
steeper and more cleanly defined. Moreover, using !3 the fraction
of slow rotators f (SR) does not show the drop that is observed using
!10 in the outskirts of the Virgo cluster (as pointed out regarding
Fig. 7). The best-fitting T–! relations using the two surface-density
estimators are:

f (Sp) = 0.69 − 0.07 × log !10 (2)

f (FR) = 0.28 + 0.06 × log !10 (3)

Figure 8. The T–! relation for fast rotators (blue ellipse with vertical
axis), slow rotators (red filled circle) and spiral galaxies (green spiral). The
dashed vertical line in the top two panels indicates an approximate separation
between the density of galaxies inside/outside Virgo. In the bottom two
panels the solid blue and magenta lines are best fit to the first six values.
The numbers above the symbols represent the number of galaxies included
in each of the seven density bins.

using the !10 estimator and restricting the linear fit to the range
0.01 ! !10 ! 20 Mpc−2, and

f (Sp) = 0.69 − 0.11 × log !3 (4)

f (FR) = 0.26 + 0.09 × log !3 (5)

using the !3 estimator in the range 0.01 ! !3 ! 50 Mpc−2. The
relations for f (Sp) and f (FR) have nearly opposite slopes so that the
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Compact quiescent galaxy
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Figure 17. Star formation history of a gas-rich merger simulation producing a compact remnant. The spectral energy distribution (SED) of simulated remnants (red
in inset panel) provides a good match to the mean SED of the observed compact quiescent galaxies from vD08. White, blue and red circles in the log-scaled postage
stamp show the circularized region containing half the total mass, U- and V-band light, respectively. A mass-to-light ratio gradient is present in the simulated remnant,
which typically results in larger half-light radii at shorter wavelengths.
(A color version of this figure is available in the online journal.)

on the latter aspect, the inset panel in Figure 17 contrasts the
distribution of rest-frame UV to near-infrared SEDs of merger
remnants computed from our simulations (median, 50th and
100th percentiles are displayed in red) to the mean rest-frame
SED of quiescent galaxies from the vD08 sample (Muzzin et al.
2009a, black data points, with error bars representing the error
on the mean). The model and observations show an excellent
agreement over the full wavelength range probed, boosting con-
fidence that the modeled stellar populations reflect reality at
least in an integrated sense.

In this paper, we focused on the structure and resolved stellar
populations of merger remnants. We used the sample of massive
quiescent galaxies from vD08 as reference sample. Their near-
infrared spectra are characterized by a Balmer/4000 Å break
(Kriek et al. 2006). Deep NIC2 observations (vD08) have
revealed their compact nature at the highest resolution currently
available. Analyzing a suite of binary merger simulations of
varying mass, gas fraction, progenitor scaling, and orbital
configuration, we confirm the idea originally proposed by
Khochfar & Silk (2006a) that major mergers can explain their
location in the size–mass diagram provided they are gas rich.

Merging galaxies scaled to represent high-redshift star-forming
disks, we find that systems of ∼1011 M" with half-mass radius
∼1 kpc can be formed when the gas fraction by the time of
final coalescence is about ∼40%. Observational evidence for
gas fractions of this magnitude has been accumulating in recent
years (e.g., Tacconi et al. 2010). The corresponding velocity
dispersions of these simulated massive compact galaxies are
of order 300–400 km s−1. They show considerable rotation
(vmaj/σ of up to unity) compared to the majority of lower
redshift early-type galaxies, a result that has yet to be confirmed
observationally.

Running radiative transfer on the output of our SPH simula-
tions, we find that the merger remnants have a radially depen-
dent mass-to-light ratio. Typically, when observing the remnant
500 Myr to 1 Gyr after the peak in SFR, the half-mass radius
is a factor of ∼2 smaller than the rest-frame V-band half-light
radius. This implies that the high effective densities inferred
from NICMOS and WFC3 observations of high-redshift quies-
cent galaxies may in fact only be lower limits. In the rest-frame
U band, the typical light-to-mass size ratio increases to a fac-
tor 3–4. The ratio re,light/re,mass shows a significant sightline

simulated merger remnants (Wuyts+10)

mergerからの経過時間 [Gyr]
SF
R

slow rotator (classical bulge)の起源？

No. 1, 2008 COMPACTNESS OF MASSIVE QUIESCENT GALAXIES AT z ∼ 2.3 L7

Fig. 2.—Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and stellar mass (right
panel). Large symbols with error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted lines indicate the expected location of galaxies with stellar velocity dispersions of 200, 300, and 500 km s!1. The high-redshift galaxies are much
smaller and denser than SDSS galaxies of the same stellar mass.

Uncertainties in the structural parameters of faint galaxies
are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1 are
2# these rms values, to account for additional systematic un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu ! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
of 0.7 dex), a factor of ∼180 higher than the densities of local
red sequence galaxies of the same mass.

We note that it is difficult to determine the morphologies of
the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), and a possible interpretation is that the light of
a subset of the galaxies is dominated by very compact, massive
disks (see § 5).

5. DISCUSSION

We find that all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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by NASA through a grant from the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA contract
NAS5-26555. G.B. acknowledges support from NSF grant
AST-08-08133. P.G.P.-G. acknowledges support from grant
AYA2009-07723-E.

APPENDIX A

SELECTION OF COMPACT GALAXIES IN THE
MASS–SIZE DIAGRAM

In this Appendix, we address the robustness of the selection
criteria for compact galaxies. As described in Section 2, compact
galaxies are selected using a pseudo surface density threshold,
Σ1.5 ≡ log(M/rα

e ) = 10.3 M# kpc−α , with α = 1.5. The inverse
value of α is the slope of the mass–size relation, described as
re = γMα−1

, where γ is the mass-normalized radius or zero
point of the mass–size relation. The values of α and Σ1.5 are
chosen to include the bulk of the quiescent population at z > 1.5.
However, Figure 2 illustrates how this criterion also identifies
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accretion the gas may sink towards the centre (Mihos & Hernquist
1994) until it becomes self-gravitating and starts forming stars. It
is during this phase of rapid gas accretion that the (M/L)–σ (Cap-
pellari et al. 2006; van der Marel & van Dokkum 2007) and IMF–σ

(Section 4.3) relations, the tilt of the FP (Dressler et al. 1987; Djor-
govski & Davis 1987; Faber et al. 1987), the Mgb–σ (Burstein
et al. 1988; Bender, Burstein & Faber 1993) or the Mgb–Vesc rela-
tion (Davies, Sadler & Peletier 1993; Scott et al. 2009; Paper XXI),
will be imprinted in the ETGs’ population (Robertson et al. 2006;
Hopkins et al. 2009b) and then mostly preserved in the following
evolution.

The early progenitors of today’s fast-rotator ETGs would be high-
redshift spirals, which are different from local ones. They are char-
acterized by giant gas clumps (Elmegreen et al. 2007; Genzel et al.
2011), have high gas fractions (Daddi et al. 2010; Tacconi et al.
2010), possess large velocity dispersion and are dominated by tur-
bulent motions (Förster Schreiber et al. 2006, 2009; Genzel et al.
2006, 2008; Law et al. 2012). In that situation, bulges may form
naturally as the clumps collide and sink to the centre (Bournaud,
Elmegreen & Elmegreen 2007; Dekel, Sari & Ceverino 2009b), un-
less they are efficiently destroyed by stellar feedback (Genel et al.
2012; Hopkins et al. 2012). Secular effects (Kormendy & Kenni-
cutt 2004) will also contribute to the bulge growth and σ e increase,
while keeping the mass unchanged, as will contribute the destabi-
lizing effect of minor mergers.

During the bulge growth some process must be able to turn off
star formation, without destroying the fast-rotating discs that still
dominate the local ETGs’ population (Paper II; Paper III) and that
dominates the ETGs’ population already from z ∼ 2 (van der Wel
et al. 2011; see also van Dokkum 2011). The reduced efficiency
of star formation by morphological quenching (Martig et al. 2009;
Ceverino, Dekel & Bournaud 2010; Martig et al. 2013, hereafter
Paper XXII) may be one of the processes explaining why on aver-
age bigger bulges correspond to older ages and larger M/L. How-
ever, we showed in Fig. 3 that the cold gas fraction is decreasing
with the bulge fraction, which shows that less fuel is available for
galaxies with more massive bulges. Bulge/spheroid growth seems
also associated with AGN feedback, which would provide another
bulge-related quenching mechanism (Silk & Rees 1998; Granato
et al. 2004; Bower et al. 2006; Croton et al. 2006; Hopkins et al.
2006). During the sequence of bulge/spheroid-growth followed by
quenching, the original gas-rich spiral will move from the left of
the observed (MJAM, Rmaj

e ) plane towards the right, or possibly the
bottom right due to the increased concentration, while intersecting
the constant σ lines (blue arrow in Fig. 15 and top row of Fig. 16).
At the end of the events, the galaxy will be a fast-rotator ETG,
generally more massive and with a bigger bulge (smaller Re, larger
σ e and concentration) than the precursor clumpy spiral.

At any stage during the bulge-growth phase, the galaxy may
accrete purely stellar satellites (Khochfar & Silk 2006). In the case of
these dry mergers, the situation is quite different and one can predict
the final configuration using energy conservation (Hernquist et al.
1993; Cole et al. 2000; Boylan-Kolchin et al. 2006; Ciotti, Lanzoni
& Volonteri 2007). The predictions show that sizes will increase as
the mass grows. For major mergers (equal mass) and typical orbital
configurations, one can show that the mass and radius double, while
σ remains constant in agreement with simulations (Nipoti et al.
2009; see Hilz et al. 2012; Hilz, Naab & Ostriker 2013 for more
accurate numerical simulations and detailed physical explanations
of this process). While in the limit in which the same mass doubling
happens via small satellites as mostly expected from the shape of
the Schechter (1976) mass function, the radius will increase by a

Figure 15. Evolution scenario for ETGs. The symbols are the same as in
Fig. 1, while the large arrows indicate the proposed interpretation of the
observed distribution as due to a combination of two processes – (a) in situ
star formation: bulge or spheroid growth, which seems to be associated with
the quenching of star formation, which moves galaxies towards the right of
the bottom, due to the increased concentration (decreasing Re and increasing
σ e), and (b) external accretion: dry mostly minor merging, increasing Re
by moving galaxies along lines of roughly constant σ e (or steeper), while
leaving the population unchanged. A schematic illustration of these two
processes is shown in Fig. 16.

Figure 16. Schematic representation of the two main processes responsible
for the formation of the observed distribution of galaxies on the MP. (a) In situ
star formation: bulge growth via cold accretion, secular evolution, or minor
gas-rich mergers, followed by quenching by AGN or other mechanisms,
leaving the galaxy more massive, more compact, and consequently with a
larger σ e, and gas poor (blue arrow in Fig. 15); (b) external accretion: major
or minor dry mergers, increasing galaxy mass and sizes at nearly constant
σ e, or with a possible decrease, leaving the population mostly unchanged
(red arrow in Fig. 15). (Taken from Cappellari 2011b.)

factor of 4 and the dispersion will be twice smaller (Bezanson et al.
2009; Hopkins et al. 2009a; Naab, Johansson & Ostriker 2009; Hilz
et al. 2012). As a result, the galaxy will move along lines that are
parallel to the constant σ lines, or steeper. During these dry mergers,
given that there is little gas involved, the stellar population, colour
and M/L will remain unchanged (red arrow in Fig. 15 and bottom
row of Fig. 16).
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uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an

 

 

−150 −100 −50 0 50 100 150
−150

−100

−50

0

50

100

150

−1.0

−0.5

0.0

0.5

1.0

1.5

 

 

−150 –100 −50 0 50 100 150
−150

−100

−50

0

50

100

150

−30

−25

−20

−15

−10

−5

0

5

Distance (kpc) Distance (kpc)

D
is

ta
nc

e 
(k

pc
)

log (K/Kvir) dM/d

Entropy Flux per
solid angle

a b Ω

Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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Fig. 2.— Star formation rates are plotted against stellar masses for the HAEs at z = 2.2 and 2.5. Red and blue circles show clumpy and
non-clumpy galaxies, respectively. A black dashed line denotes the fitted main sequence of SFR=200(M∗/1011M")0.9. The histograms in
the top and the right panels show the projected distributions of M∗ and SFR for clumpy (red) and non-clumpy (blue) galaxies, respectively.
In the inset of the lower corner of the main panel, we show histograms of the deviations from the main sequence in the SFR direction.
Magenta squares show the objects with a red clump of I814 − H160 > 1.5 (Section 4.1).

2005). Such clumpy nature must be mirroring the im-
portant physics in the early phase of galaxy formation.
To investigate the properties of clumpy galaxies, we first
identify clumps in the HAEs by a semi-automatic method
using the 2-D version of clumpfind code (Williams et al.
1994) as employed by Livermore et al. (2012). Clumps
are defined in the H160 or V606 images. Because the ACS
images are not available for four HAEs at z = 2.2, we use
a total of 101 galaxies. In order to minimize misidenti-
fication, the contour intervals of 3σ is adopted. To dis-
tinguish clumps from noises, we only accept the clumps
that satisfy the following criteria : (1) the size is larger
than the PSF (0.18′′), and (2) the peak flux density is
above the 10σ level in H160 map or the 6σ level in V606
map. We adopt different criteria for the H160 map and
the V606 map in order to match to the visual inspection.
The stellar mass of identified clumps roughly corresponds
to Mclump ∼ 109 M" (Section 3.2).

Figure 1 displays some examples of the color images of
clumpy galaxies. The identified clumps are marked by
black circles. Here, a clumpy galaxy is defined as an ob-
ject consisting of multi-components, no matter whether
a second-component (or a later component) is a clump
formed by a gravitational collapse or an external small
galaxy. We find that 42 out of 101 HAEs (∼ 42%)
have sub-clumps along with the main-component. Such
clumpy galaxies are seen everywhere on and around the
main-sequence over a wide range in stellar mass, but the
fraction of clumpy galaxies peaks in M∗ ∼ 1010.5M" and

SFR ∼ 100 M"yr−1 (Figure 2). The fraction of clumpy
galaxies noted here is the lower limit because non-clumpy
galaxies could consist of a few smaller clumps, which
are not resolved in the 0.18′′resolution images, especially
for less massive galaxies. On the other hands, the frac-
tion seems to decrease in the most massive galaxies with
M∗ > 1011 M", although clumps, if exist, could be more
easily resolved in those larger galaxies. If clumps are
continuously formed by gravitational collapses, their host
disks should be gas rich so as to be able to collapse by
overcoming a large velocity dispersion and a shear of dif-
ferential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo,
our HAEs with M∗ > 1011 M" would exhaust the bulk
of gas and become unable to form new clumps. In fact,
the sSFRs of massive HAEs are suppressed compared to
other HAEs, suggesting that they may be just quenching
their star formation activities.

Also, we investigate the fraction of clumpy galaxies for
the HAEs with 109.5 M" < M∗ < 1011 M" as a func-
tion of the offset from the main sequence at fixed stel-
lar mass: ∆log(SFR)=log(SFR)-log(SFRMS). Here, the
main sequence is defined as SFRMS=200(M∗/1011M")0.9

(Daddi et al. 2007). However, there is no clear evidence
of difference on the stellar mass-SFR diagram between
clumpy and non-clumpy galaxies. We therefore conclude
that clumpy signature is common among star-forming
galaxies at z > 2 and is much more so compared to for
example major-merger driven starburst galaxies.
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K NB F125 F160
NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F125 F160
NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F606 F814 F125 F160 Mstar

NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

NB209-63

K NB F606 F814 F125 F160 Mstar

NB209-64

K NB F606 F814 F125 F160 Mstar

NB209-65

K NB F606 F814 F125 F160 Mstar

NB209-66

K NB F606 F814 F125 F160 Mstar

NB209-67

K NB F606 F814 F125 F160 Mstar

NB209-68

K NB F606 F814 F125 F160 Mstar

NB209-69

K NB F125 F160
NB209-70

K NB F606 F814 F125 F160 Mstar

NB209-71

K NB F606 F814 F125 F160 Mstar

NB209-1

K NB F606 F814 F125 F160 Mstar

NB209-2

K NB F606 F814 F125 F160 Mstar

NB209-3

K NB F606 F814 F125 F160 Mstar

NB209-4

K NB F606 F814 F125 F160 Mstar

NB209-5

K NB F606 F814 F125 F160 Mstar

NB209-6

K NB F606 F814 F125 F160 Mstar

NB209-7

K NB F606 F814 F125 F160 Mstar

NB209-8

K NB F606 F814 F125 F160 Mstar

NB209-9

K NB F606 F814 F125 F160 Mstar

NB209-10

K NB F606 F814 F125 F160 Mstar

NB209-11

K NB F606 F814 F125 F160 Mstar

NB209-12

K NB F606 F814 F125 F160 Mstar

NB209-13

K NB F606 F814 F125 F160 Mstar

NB209-14

K NB F606 F814 F125 F160 Mstar

NB209-15

K NB F606 F814 F125 F160 Mstar

NB209-16

K NB F606 F814 F125 F160 Mstar

NB209-17

K NB F606 F814 F125 F160 Mstar

NB209-18

K NB F606 F814 F125 F160 Mstar

NB209-19

K NB F125 F160
NB209-20

K NB F606 F814 F125 F160 Mstar

NB209-21

K NB F606 F814 F125 F160 Mstar

NB209-22

K NB F606 F814 F125 F160 Mstar

NB209-23

K NB F125 F160
NB209-24

K NB F606 F814 F125 F160 Mstar

NB209-25

K NB F606 F814 F125 F160 Mstar

NB209-26

K NB F125 F160
NB209-27

K NB F606 F814 F125 F160 Mstar

NB209-28

K NB F606 F814 F125 F160 Mstar

NB209-29

K NB F606 F814 F125 F160 Mstar

NB209-30

K NB F606 F814 F125 F160 Mstar

NB209-31

K NB F606 F814 F125 F160 Mstar

NB209-32

K NB F125 F160
NB209-33

K NB F606 F814 F125 F160 Mstar

NB209-34

K NB F606 F814 F125 F160 Mstar

NB209-35

K NB F606 F814 F125 F160 Mstar

NB209-36

K NB F606 F814 F125 F160 Mstar

NB209-37

K NB F125 F160
NB209-38

K NB F606 F814 F125 F160 Mstar

NB209-39

K NB F606 F814 F125 F160 Mstar

NB209-40

K NB F125 F160
NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F125 F160
NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F606 F814 F125 F160 Mstar

NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

NB209-63

K NB F606 F814 F125 F160 Mstar

NB209-64

K NB F606 F814 F125 F160 Mstar

NB209-65

K NB F606 F814 F125 F160 Mstar

NB209-66

K NB F606 F814 F125 F160 Mstar

NB209-67

K NB F606 F814 F125 F160 Mstar

NB209-68

K NB F606 F814 F125 F160 Mstar

NB209-69

K NB F125 F160
NB209-70

K NB F606 F814 F125 F160 Mstar

NB209-71

K NB F606 F814 F125 F160 Mstar

NB209-1

K NB F606 F814 F125 F160 Mstar

NB209-2

K NB F606 F814 F125 F160 Mstar

NB209-3

K NB F606 F814 F125 F160 Mstar

NB209-4

K NB F606 F814 F125 F160 Mstar

NB209-5

K NB F606 F814 F125 F160 Mstar

NB209-6

K NB F606 F814 F125 F160 Mstar

NB209-7

K NB F606 F814 F125 F160 Mstar

NB209-8

K NB F606 F814 F125 F160 Mstar

NB209-9

K NB F606 F814 F125 F160 Mstar

NB209-10

K NB F606 F814 F125 F160 Mstar

NB209-11

K NB F606 F814 F125 F160 Mstar

NB209-12

K NB F606 F814 F125 F160 Mstar

NB209-13

K NB F606 F814 F125 F160 Mstar

NB209-14

K NB F606 F814 F125 F160 Mstar

NB209-15

K NB F606 F814 F125 F160 Mstar

NB209-16

K NB F606 F814 F125 F160 Mstar

NB209-17

K NB F606 F814 F125 F160 Mstar

NB209-18

K NB F606 F814 F125 F160 Mstar

NB209-19

K NB F125 F160
NB209-20

K NB F606 F814 F125 F160 Mstar

NB209-21

K NB F606 F814 F125 F160 Mstar

NB209-22

K NB F606 F814 F125 F160 Mstar

NB209-23

K NB F125 F160
NB209-24

K NB F606 F814 F125 F160 Mstar

NB209-25

K NB F606 F814 F125 F160 Mstar

NB209-26

K NB F125 F160
NB209-27

K NB F606 F814 F125 F160 Mstar

NB209-28

K NB F606 F814 F125 F160 Mstar

NB209-29

K NB F606 F814 F125 F160 Mstar

NB209-30

K NB F606 F814 F125 F160 Mstar

NB209-31

K NB F606 F814 F125 F160 Mstar

NB209-32

K NB F125 F160
NB209-33

K NB F606 F814 F125 F160 Mstar

NB209-34

K NB F606 F814 F125 F160 Mstar

NB209-35

K NB F606 F814 F125 F160 Mstar

NB209-36

K NB F606 F814 F125 F160 Mstar

NB209-37

K NB F125 F160
NB209-38

K NB F606 F814 F125 F160 Mstar

NB209-39

K NB F606 F814 F125 F160 Mstar

NB209-40

K NB F125 F160
NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F125 F160
NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F606 F814 F125 F160 Mstar

NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

NB209-63

K NB F606 F814 F125 F160 Mstar

NB209-64

K NB F606 F814 F125 F160 Mstar

NB209-65

K NB F606 F814 F125 F160 Mstar

NB209-66

K NB F606 F814 F125 F160 Mstar

NB209-67

K NB F606 F814 F125 F160 Mstar

NB209-68

K NB F606 F814 F125 F160 Mstar

NB209-69

K NB F125 F160
NB209-70

K NB F606 F814 F125 F160 Mstar

NB209-71

K NB F606 F814 F125 F160 Mstar

NB209-1

K NB F606 F814 F125 F160 Mstar

NB209-2

K NB F606 F814 F125 F160 Mstar

NB209-3

K NB F606 F814 F125 F160 Mstar

NB209-4

K NB F606 F814 F125 F160 Mstar

NB209-5

K NB F606 F814 F125 F160 Mstar

NB209-6

K NB F606 F814 F125 F160 Mstar

NB209-7

K NB F606 F814 F125 F160 Mstar

NB209-8

K NB F606 F814 F125 F160 Mstar

NB209-9

K NB F606 F814 F125 F160 Mstar

NB209-10

K NB F606 F814 F125 F160 Mstar

NB209-11

K NB F606 F814 F125 F160 Mstar

NB209-12

K NB F606 F814 F125 F160 Mstar

NB209-13

K NB F606 F814 F125 F160 Mstar

NB209-14

K NB F606 F814 F125 F160 Mstar

NB209-15

K NB F606 F814 F125 F160 Mstar

NB209-16

K NB F606 F814 F125 F160 Mstar

NB209-17

K NB F606 F814 F125 F160 Mstar

NB209-18

K NB F606 F814 F125 F160 Mstar

NB209-19

K NB F125 F160
NB209-20

K NB F606 F814 F125 F160 Mstar

NB209-21

K NB F606 F814 F125 F160 Mstar

NB209-22

K NB F606 F814 F125 F160 Mstar

NB209-23

K NB F125 F160
NB209-24

K NB F606 F814 F125 F160 Mstar

NB209-25

K NB F606 F814 F125 F160 Mstar

NB209-26

K NB F125 F160
NB209-27

K NB F606 F814 F125 F160 Mstar

NB209-28

K NB F606 F814 F125 F160 Mstar

NB209-29

K NB F606 F814 F125 F160 Mstar

NB209-30

K NB F606 F814 F125 F160 Mstar

NB209-31

K NB F606 F814 F125 F160 Mstar

NB209-32

K NB F125 F160
NB209-33

K NB F606 F814 F125 F160 Mstar

NB209-34

K NB F606 F814 F125 F160 Mstar

NB209-35

K NB F606 F814 F125 F160 Mstar

NB209-36

K NB F606 F814 F125 F160 Mstar

NB209-37

K NB F125 F160
NB209-38

K NB F606 F814 F125 F160 Mstar

NB209-39

K NB F606 F814 F125 F160 Mstar

NB209-40

K NB F125 F160
NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F125 F160
NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F606 F814 F125 F160 Mstar

NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

NB209-63

K NB F606 F814 F125 F160 Mstar

NB209-64

K NB F606 F814 F125 F160 Mstar

NB209-65

K NB F606 F814 F125 F160 Mstar

NB209-66

K NB F606 F814 F125 F160 Mstar

NB209-67

K NB F606 F814 F125 F160 Mstar

NB209-68

K NB F606 F814 F125 F160 Mstar

NB209-69

K NB F125 F160
NB209-70

K NB F606 F814 F125 F160 Mstar

NB209-71

K NB F606 F814 F125 F160 Mstar

NB209-1

K NB F606 F814 F125 F160 Mstar

NB209-2

K NB F606 F814 F125 F160 Mstar

NB209-3

K NB F606 F814 F125 F160 Mstar

NB209-4

K NB F606 F814 F125 F160 Mstar

NB209-5

K NB F606 F814 F125 F160 Mstar

NB209-6

K NB F606 F814 F125 F160 Mstar

NB209-7

K NB F606 F814 F125 F160 Mstar

NB209-8

K NB F606 F814 F125 F160 Mstar

NB209-9

K NB F606 F814 F125 F160 Mstar

NB209-10

K NB F606 F814 F125 F160 Mstar

NB209-11

K NB F606 F814 F125 F160 Mstar

NB209-12

K NB F606 F814 F125 F160 Mstar

NB209-13

K NB F606 F814 F125 F160 Mstar

NB209-14

K NB F606 F814 F125 F160 Mstar

NB209-15

K NB F606 F814 F125 F160 Mstar

NB209-16

K NB F606 F814 F125 F160 Mstar

NB209-17

K NB F606 F814 F125 F160 Mstar

NB209-18

K NB F606 F814 F125 F160 Mstar

NB209-19

K NB F125 F160
NB209-20

K NB F606 F814 F125 F160 Mstar

NB209-21

K NB F606 F814 F125 F160 Mstar

NB209-22

K NB F606 F814 F125 F160 Mstar

NB209-23

K NB F125 F160
NB209-24

K NB F606 F814 F125 F160 Mstar

NB209-25

K NB F606 F814 F125 F160 Mstar

NB209-26

K NB F125 F160
NB209-27

K NB F606 F814 F125 F160 Mstar

NB209-28

K NB F606 F814 F125 F160 Mstar

NB209-29

K NB F606 F814 F125 F160 Mstar

NB209-30

K NB F606 F814 F125 F160 Mstar

NB209-31

K NB F606 F814 F125 F160 Mstar

NB209-32

K NB F125 F160
NB209-33

K NB F606 F814 F125 F160 Mstar

NB209-34

K NB F606 F814 F125 F160 Mstar

NB209-35

K NB F606 F814 F125 F160 Mstar

NB209-36

K NB F606 F814 F125 F160 Mstar

NB209-37

K NB F125 F160
NB209-38

K NB F606 F814 F125 F160 Mstar

NB209-39

K NB F606 F814 F125 F160 Mstar

NB209-40

K NB F125 F160
NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F125 F160
NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F606 F814 F125 F160 Mstar

NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

NB209-63

K NB F606 F814 F125 F160 Mstar

NB209-64

K NB F606 F814 F125 F160 Mstar

NB209-65

K NB F606 F814 F125 F160 Mstar

NB209-66

K NB F606 F814 F125 F160 Mstar

NB209-67

K NB F606 F814 F125 F160 Mstar

NB209-68

K NB F606 F814 F125 F160 Mstar

NB209-69

K NB F125 F160
NB209-70

K NB F606 F814 F125 F160 Mstar

NB209-71

K NB F606 F814 F125 F160 Mstar

NB209-1

K NB F606 F814 F125 F160 Mstar

NB209-2

K NB F606 F814 F125 F160 Mstar

NB209-3

K NB F606 F814 F125 F160 Mstar

NB209-4

K NB F606 F814 F125 F160 Mstar

NB209-5

K NB F606 F814 F125 F160 Mstar

NB209-6

K NB F606 F814 F125 F160 Mstar

NB209-7

K NB F606 F814 F125 F160 Mstar

NB209-8

K NB F606 F814 F125 F160 Mstar

NB209-9

K NB F606 F814 F125 F160 Mstar

NB209-10

K NB F606 F814 F125 F160 Mstar

NB209-11

K NB F606 F814 F125 F160 Mstar

NB209-12

K NB F606 F814 F125 F160 Mstar

NB209-13

K NB F606 F814 F125 F160 Mstar

NB209-14

K NB F606 F814 F125 F160 Mstar

NB209-15

K NB F125 F160
NB209-16

K NB F606 F814 F125 F160 Mstar

NB209-17

K NB F606 F814 F125 F160 Mstar

NB209-18

K NB F125 F160
NB209-19

K NB F606 F814 F125 F160 Mstar

NB209-20

K NB F606 F814 F125 F160 Mstar

NB209-21

K NB F606 F814 F125 F160 Mstar

NB209-22

K NB F606 F814 F125 F160 Mstar

NB209-23

K NB F606 F814 F125 F160 Mstar

NB209-24

K NB F606 F814 F125 F160 Mstar

NB209-25

K NB F125 F160
NB209-26

K NB F606 F814 F125 F160 Mstar

NB209-27

K NB F606 F814 F125 F160 Mstar

NB209-28

K NB F606 F814 F125 F160 Mstar

NB209-29

K NB F606 F814 F125 F160 Mstar

NB209-30

K NB F606 F814 F125 F160 Mstar

NB209-31

K NB F125 F160
NB209-32

K NB F606 F814 F125 F160 Mstar

NB209-33

K NB F125 F160
NB209-34

K NB F606 F814 F125 F160 Mstar

NB209-35

K NB F606 F814 F125 F160 Mstar

NB209-36

K NB F606 F814 F125 F160 Mstar

NB209-37

K NB F125 F160
NB209-38

K NB F606 F814 F125 F160 Mstar

NB209-39

K NB F606 F814 F125 F160 Mstar

NB209-40

K NB F606 F814 F125 F160 Mstar

NB209-41

K NB F606 F814 F125 F160 Mstar

NB209-42

K NB F606 F814 F125 F160 Mstar

NB209-43

K NB F606 F814 F125 F160 Mstar

NB209-44

K NB F606 F814 F125 F160 Mstar

NB209-45

K NB F606 F814 F125 F160 Mstar

NB209-46

K NB F606 F814 F125 F160 Mstar

NB209-47

K NB F606 F814 F125 F160 Mstar

NB209-48

K NB F606 F814 F125 F160 Mstar

NB209-49

K NB F606 F814 F125 F160 Mstar

NB209-50

K NB F606 F814 F125 F160 Mstar

NB209-51

K NB F606 F814 F125 F160 Mstar

NB209-52

K NB F606 F814 F125 F160 Mstar

NB209-53

K NB F606 F814 F125 F160 Mstar

NB209-54

K NB F606 F814 F125 F160 Mstar

NB209-55

K NB F606 F814 F125 F160 Mstar

NB209-56

K NB F606 F814 F125 F160 Mstar

NB209-57

K NB F606 F814 F125 F160 Mstar

NB209-58

K NB F606 F814 F125 F160 Mstar

NB209-59

K NB F606 F814 F125 F160 Mstar

NB209-60

K NB F125 F160
NB209-61

K NB F606 F814 F125 F160 Mstar

NB209-62

K NB F606 F814 F125 F160 Mstar

less massiveなclumpy銀河は
現在の宇宙の円盤銀河へと進化する可能性が高い

Clumpy銀河は円盤銀河になるのか？
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Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

It is clear from Figure 2 that present-day galaxies with the
mass of the Milky Way have changed over cosmic time. The
most obvious change is that galaxies became redder with time,
particularly after z ∼ 1, indicative of a decrease in the specific
SFR. The galaxies also appear brighter at lower redshift in
Figure 2, reflecting the mass evolution of Equation (1). A
striking aspect of this change in brightness, and a central result
of this Letter, is that the bulges appear to change nearly as
much as the disks, particularly at z > 1. We do not see high-
density “naked bulges” at z ∼ 2 around which disks gradually
assembled. Instead, the central densities at z ∼ 2 were much
lower than the central densities at z ∼ 0. We quantify this result
in the remainder of the Letter.

3.2. Evolution of Surface Density Profiles

We first analyze the surface density profiles of the galaxies,
in order to study their mass growth as a function of radial
distance from their centers. Following van Dokkum et al. (2010)
we measured the profiles from stacked images to increase the
signal-to-noise ratio. The galaxies were grouped in six bins
with mean redshifts 0.015, 0.60, 1.0, 1.5, 2.0, and 2.4. Each bin
contains 40–90 galaxies. The rest-frame u- and g-band images
in each bin were normalized and stacked, aggressively masking
all neighboring objects.

The image stacks were corrected for the effects of the
point-spread function (PSF) following the method outlined in
Szomoru et al. (2010). First, a two-dimensional Sérsic (1968)
model, convolved with the PSF, was fit to the stacks using the
GALFIT code (Peng et al. 2010). Then the residuals of this
fit were added to the unconvolved Sérsic model. As shown
in Szomoru et al. (2010), this method reconstructs the true
flux distribution with high fidelity, even for galaxies that are
poorly fit by Sérsic profiles. The resulting radial surface density
profiles are shown in Figure 3. The profiles are derived from the

rest-frame g-band images and scaled such that the total mass
within a diameter of 50 kpc is equal to MMW(z). Error bars were
determined from bootstrapping (see van Dokkum et al. 2010).
We note here that the u − g color gradients of the stacks are
small (≈0.1 dex−1) at all redshifts, consistent with other studies
(e.g., Szomoru et al. 2013).

There is strong evolution in the overall normalization of the
profiles from z = 2.5 to z = 1 and less evolution thereafter,
reflecting the mass evolution of Equation (1). The evolution
from z = 2.5 to z = 1 is strikingly uniform: the profiles are
roughly parallel to one another in Figure 3(b), and rather than
assembling only inside out the galaxies increase their mass at
all radii. This is in marked contrast to more massive galaxies,
which form their cores early and exclusively build up their outer
parts over this redshift range (see Figure 6 in van Dokkum
et al. 2010 and Figure 6 in Patel et al. 2013). After z ∼ 1,
the evolution in the central parts slows down but the outer
parts continue to build up, consistent with the visual impression
that around this time the classical “quiescent bulge and star-
forming disk” structure of spiral galaxies was established (see
Figure 2).

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M$)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.
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Figure 6. (a) Stellar mass surface density profiles of galaxies selected at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3 for different redshifts. At a
given redshift, light profiles were derived for each galaxy in the 0.3 dex mass bin based on the best fitting Sérsic index and effective radius. These light profiles were
then normalized to the stellar mass of each galaxy and then median combined. The dotted portion of each profile indicates where the bootstrapped uncertainty of the
median is greater than 20%. The gray shaded region extends to the radius that corresponds to the maximum PSF FWHM/2 for the full sample (occurs at z = 1.76).
(b) Cumulative stellar mass at a given radius relative to the total mass within r < 100 kpc for a galaxy at z ∼ 0. The mass profiles overlap at small radii suggesting
very little mass growth in the inner parts of a galaxy at nc, while at larger radii there appears to be a substantial buildup of mass with cosmic time.
(A color version of this figure is available in the online journal.)

stellar mass of each galaxy. Note that this conversion neglects
radial gradients in the mass-to-light ratio. For a given redshift
bin, the median of the mass profiles was computed at each radius
resulting in the profiles shown in Figure 6(a). The uncertainty in
the median of the mass profile at a given radius was computed by
bootstrapping the sample. We note that one-dimensional Sérsic
fits to these median profiles recover the Sérsic index and half-
light radius to within ∼10% of the median values reported in
Table 1.

A naive interpretation of Figure 4(b) would be that the bulges
of galaxies grow in time given the increase in the Sérsic index,
a crude proxy for the bulge-to-disk ratio (e.g., Lackner & Gunn
2012). However, the mass profiles in Figure 6(a) generally
overlap at small radii and diverge at large radii, suggesting a
buildup of mass in the outer parts of the galaxy with time.
Figure 6(b) shows the cumulative proportion of mass assembled
at different radii relative to the total mass within r < 100 kpc
of the median galaxy at z = 0.06. Roughly ∼50% of the total
mass of the galaxy is assembled within r < 7 kpc at z = 0.06,
as expected given that re ∼ 7 kpc at that redshift. At z ∼ 2.25,
the assembled mass within r < 7 kpc is ∼40% of the total mass
at z = 0.06 indicating that much of the mass within r < 7 kpc
was already in place ∼10 Gyr ago. Note that the small sample
in the 1 < z < 1.5 bin likely leads to this curve falling slightly
above the 0 < z < 1 data at r < 10 kpc.

In Figure 7, we compare the mass growth between the central
and outer regions of galaxies selected at nc = 1.4×10−4 Mpc−3.
The total stellar mass as a function of redshift is shown by the
black line, while the projected mass inside and outside of r = 2
kpc is given by the red and blue lines, respectively. These values
are determined by integrating Equation (5) as follows:

M(rin < r < rout) =
∫ rout

rin

Σ(r)2πrdr, (6)

where rin and rout are the inner and outer radii enclosing the
mass, M. For the central regions (rin = 0 kpc, rout = 2 kpc), the
stellar mass appears to grow from z ∼ 3 to z ∼ 2 but then levels
off around ∼1010.5–10.6 M$. In contrast, in the outer regions

Figure 7. Projected stellar mass for different radial regions of galaxies selected
at a constant cumulative number density of nc = 1.4 × 10−4 Mpc−3. At small
radii (r < 2 kpc, red line), most of the stellar mass was in place by z ∼ 2. At
larger radii (r > 2 kpc, blue line), there has been a substantial buildup of mass,
fueling the overall mass growth of the galaxy.
(A color version of this figure is available in the online journal.)

(rin = 2 kpc, rout = 100 kpc) mass continues to build up over
the entire redshift range studied, growing by a factor of ∼3. The
stellar mass that has been added to the outer parts of galaxies
over time is therefore the dominant source of assembled mass,
as the central parts appear to have been assembled by z ∼ 2.
Increasing the value of rin so as to avoid the central regions of
the Sérsic fit (e.g., rin = 1 kpc), which can be less secure, does
not qualitatively impact the latter result. The results above are in
qualitative agreement with those of van Dokkum et al. (2010).

An alternative projection of Figure 7 is shown in Figure 8.
This figure shows the radius enclosing a given stellar mass
as a function of redshift (analogous to Figure 1 in Diemand
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log M* ~10.7 (MW-like) at z=0
(van Dokkum+13)

log M* ~11.2 at z=0
(Patel+13)

r < 2kpc : z~2で形成され、成長しない
r > 2kpc : z~0.5までに徐々に成長 

r < 2kpc : z~1まで円盤と共に成長
r > 2kpc : z~0までに徐々に成長 

銀河中心からの距離 [kpc] 銀河中心からの距離 [kpc]
星
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表
面
密
度

星
質
量
表
面
密
度

Clumpy銀河は円盤銀河になるのか？



Clumpは銀河中心まで落ちることができるのか？

Genel+12

The Astrophysical Journal, 745:11 (10pp), 2012 January 20 Genel et al.
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Figure 3. Gas properties of the central galaxy s224 at z = 2. (a) Face-on SFR surface density, (b) face-on line-of-sight (vertical) velocity dispersion, (c) face-on gas
surface density, (d) edge-on SFR surface density, (e) edge-on line-of-sight velocity field overplotted with contours of SFR surface density, and (f) log Q. Each panel
is 10 kpc on a side. All face-on panels are overplotted with Σg = 1000 M! pc−2 contours.
(A color version of this figure is available in the online journal.)
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Figure 4. Time sequence of gas surface density maps showing the disruption of a clump in our model (top), where t = 0 (not shown) is the formation time of the
clump. To demonstrate the role of the wind, we turn it off at z = 2.03 (t = 22 Myr) and show the alternative evolution of non-disruption, virialization and migration
(bottom). The color coding is as in Figure 3(c). The upper rightmost panel shows the mass of gas (solid) and young (<50 Myr) stars (dashed) for four clumps as a
function of time since their formation. The magenta lines are for the clump highlighted on the top and the black for the clump highlighted on the bottom. The jump in
mass of the green lines at t ≈ 60 Myr is a result of a merger between two clumps (not shown in other panels). The typical clump lifetime in the presence of winds is
≈50 Myr, and the mass of new-formed stars is approximately 10% of the maximum clump gas mass. The mass of new-formed stars internal to the clump decreases
following the decrease of the gas mass, as these stars are dispersed out of the clump when the collapse is halted by the return to Q > 1.
(A color version of this figure is available in the online journal.)

7

including 
strong feedback

no winds

stellar feedbackによってクランプは壊れる

clumpのlifetimeを観測的に見積もることが重要



クランプは円盤形成にも寄与するのか？

5

Fig. 1.— Sequence of snapshots showing the mass-weighted average of the gas density along each line-of-sight (i.e., the typical 3-D density
reach along each line-of-sight, rather than the column density) for model G1 (high mass). Snapshots are taken every 100Myr from 200
to 700Myr after the beginning of the simulation. Three typical clumps were selected for analysis, marked with symbols on the maps. At
t=700Myr, these three typical clumps have merged with the central disk or bulge or with other giant clumps, hence being un-marked
in the last snapshost, on which other clumps formed later-on in the outer disk material and/or recycled gas are still present. Detailed
sequences and movies of our fiducial models are available in Perret et al. (2013a) and allow the reader to track long-lived clumps in detail.

クランプ位置でのポテンシャルの勾配が大きければ、クランプの一部は潮汐力によ
って破壊されてしまう。壊されたクランプの星成分は円盤の構成要素となる。

クランプ半径

潮汐半径

潮汐破壊によって円盤の一部となるBournaud+13



星質量：

ガス質量：

力学的質量：
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Dynamical mass: The dynamical mass of clumps (mtot) are derived from their velocity dispersions and sizes (rclump).
Tidal radius: We can derive the total mass (Mtot) of host galaxy from the rotation curve. The tidal radius for a clump
at Rc from galactic center is defined by rtidal ≡ Rc(Rcmtot/rclumpMtot(Rc))1/2 (Saitoh et al. 2006). Assuming isothermal
density profiles for clumps, we can estimate the amount of clump disruption by tidal stripping, m∗,clump(r > rtidal). Also, the
tidal stripping timescale is roughly estimated as τtidal ∼ (3/2)(Rc/Vc), where Vc is the circular velocity of clumps (Okamoto
et al. 1999). If the total amount of clump disruption by tidal stripping, Σm∗,clump(r > rtidal)/τtidal, is larger than the sum
of SFRs in the inter clump region, the tidal stripping would be a dominant mechanism of disk formation.
Outflow: The emission line profiles of some clumps can be fitted with two-components (narrow and broad; Figure 4). This
broad component is thought to be originated in the outflow. Assuming the simplified outflow model of Newman et al. (2012),
we can derive the mass loss rate by outflow (ṁout) from the ratio of two (Fratio = Fbroad/Fnarrow) and outflow velocity (vout)
in the following way: ṁout ∝ (1 + Fratio)−1vout. Moreover, by combining them with the mass loss rate by tidal stripping,
we can constrain the lifetime of clumps. If it is much longer than the typical timescale of migration (200–300 Myr; Dekel &
Krumholz 2013), this would be the first evidence from observations to support the clump migration scenario.
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Dynamical mass: The dynamical mass of clumps (mtot) are derived from their velocity dispersions and sizes (rclump).
Tidal radius: We can derive the total mass (Mtot) of host galaxy from the rotation curve. The tidal radius for a clump
at Rc from galactic center is defined by rtidal ≡ Rc(Rcmtot/rclumpMtot(Rc))1/2 (Saitoh et al. 2006). Assuming isothermal
density profiles for clumps, we can estimate the amount of clump disruption by tidal stripping, m∗,clump(r > rtidal). Also, the
tidal stripping timescale is roughly estimated as τtidal ∼ (3/2)(Rc/Vc), where Vc is the circular velocity of clumps (Okamoto
et al. 1999). If the total amount of clump disruption by tidal stripping, Σm∗,clump(r > rtidal)/τtidal, is larger than the sum
of SFRs in the inter clump region, the tidal stripping would be a dominant mechanism of disk formation.
Outflow: The emission line profiles of some clumps can be fitted with two-components (narrow and broad; Figure 4). This
broad component is thought to be originated in the outflow. Assuming the simplified outflow model of Newman et al. (2012),
we can derive the mass loss rate by outflow (ṁout) from the ratio of two (Fratio = Fbroad/Fnarrow) and outflow velocity (vout)
in the following way: ṁout ∝ (1 + Fratio)−1vout. Moreover, by combining them with the mass loss rate by tidal stripping,
we can constrain the lifetime of clumps. If it is much longer than the typical timescale of migration (200–300 Myr; Dekel &
Krumholz 2013), this would be the first evidence from observations to support the clump migration scenario.

クランプ内の質量変化

どういう物理量に制限を与えれば良いか？

tidal strippingによるクランプ破壊を円盤のクランプ以外での星形成と比較
することで、クランプ破壊による円盤形成への寄与を調べることが可能
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Dynamical mass: The dynamical mass of clumps (mtot) are derived from their velocity dispersions and sizes (rclump).
Tidal radius: We can derive the total mass (Mtot) of host galaxy from the rotation curve. The tidal radius for a clump
at Rc from galactic center is defined by rtidal ≡ Rc(Rcmtot/rclumpMtot(Rc))1/2 (Saitoh et al. 2006). Assuming isothermal
density profiles for clumps, we can estimate the amount of clump disruption by tidal stripping, m∗,clump(r > rtidal). Also, the
tidal stripping timescale is roughly estimated as τtidal ∼ (3/2)(Rc/Vc), where Vc is the circular velocity of clumps (Okamoto
et al. 1999). If the total amount of clump disruption by tidal stripping, Σm∗,clump(r > rtidal)/τtidal, is larger than the sum
of SFRs in the inter clump region, the tidal stripping would be a dominant mechanism of disk formation.
Outflow: The emission line profiles of some clumps can be fitted with two-components (narrow and broad; Figure 4). This
broad component is thought to be originated in the outflow. Assuming the simplified outflow model of Newman et al. (2012),
we can derive the mass loss rate by outflow (ṁout) from the ratio of two (Fratio = Fbroad/Fnarrow) and outflow velocity (vout)
in the following way: ṁout ∝ (1 + Fratio)−1vout. Moreover, by combining them with the mass loss rate by tidal stripping,
we can constrain the lifetime of clumps. If it is much longer than the typical timescale of migration (200–300 Myr; Dekel &
Krumholz 2013), this would be the first evidence from observations to support the clump migration scenario.

クランプの散逸時間とクランプの典型的なmigration timescale (200-300 
Myr)と比較することで、クランプ移動の検証が可能

潮汐破壊

TMT・ALMAを用いてz>2の小質量clumpy銀河のkinematicsを明らかにする必要がある

アウトフローによる破壊

クランプに取り込まれるガス

clump migration/tidal disruptionを検証するには

クランプのlifetime



近傍LIRGのPaα IFU observation

tidal stripping timescale is roughly estimated as τtidal ∼ (3/2)(Rc/Vc), where Vc is the circular velocity of clumps (Okamoto
et al. 1999). If the total amount of clump disruption by tidal stripping, Σm∗,clump(r > rtidal)/τtidal, is larger than the sum
of SFRs in the inter clump region, the tidal stripping would be a dominant mechanism of disk formation.
Outflow: The emission line profiles of some clumps can be fitted with two-components (narrow and broad; Figure 4). This
broad component is thought to be originated in the outflow. Assuming the simplified outflow model of Newman et al. (2012),
we can derive the mass loss rate by outflow (ṁout) from the ratio of two (Fratio = Fbroad/Fnarrow) and outflow velocity (vout)
in the following way: ṁout ∝ (1 + Fratio)−1vout. Moreover, by combining them with the mass loss rate by tidal stripping,
we can constrain the lifetime of clumps. If it is much longer than the typical timescale of migration (200–300 Myr; Dekel &
Krumholz 2013), this would be the first evidence from observations to support the clump migration scenario.

We emphasize that high resolution and high sensitivity IFU observations with AO are key in order to
measure such physical quantities in the clump scale (0.5–1.0 kpc).

Figure 1 (Left): Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame
g-band images in each redshift bin (van Dokkum et al. 2013).
Figure 2 (Bottom): Stellar mass versus SFR for SDSS sample at z ∼ 0.1 (gray dots). Magenta star indicates the proposed
LIRG target. Red and blue solid line show the typical properties of star-forming galaxies at z ∼ 2 (Daddi et al. 2007) and
z ∼ 1 (Elbaz et al. 2007), respectively.

Figure 3 (Left): HST I814 images of proposed target. Black squares and circle show the FoVs of NIFS (3′′×3′′) and spatial
resolution (0.2′′), respectively. A white circle indicates the 25′′distance from a bright star.
Figure 4 (Right): A example of H α emission line profile of a clump in a star-forming galaxy at z ∼ 2 (Newman et al.
2012). The narrow component is shown in red and the broad in green.
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既存の装置やnuMOIRCSで何かできないか？
z~0.1 clumpy LIRGをターゲットにした面分光観測は、
銀河の形態獲得シナリオに対して重要な制限を与えることが可能！



Summary

わざわざクランプにこだわらなくても・・・

・z>2の時代はclumpyな形態をした銀河が多い
・これらのclumpが形態獲得に何らかの形で寄与したと考えるのは自然
・clumpが銀河中心に落ち込んで疑似バルジになるという予測がある
・clumpが銀河円盤で壊れてディスクになるという予測もある
・これらの予測の観測的な検証は難しい
・模擬high-z SFGとして近傍LIRGのIFUならどうだろうか？
・将来的にはTMTでz>2のclumpy銀河に対してsub-kpc分解能でIFUを行う
・もしかすると２つの銀河が合体しているのが、分解能が悪いせいで
rotationに見えているというオチかもしれない


