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Introduction

The question

Genzel et al. 2011, van Dokkum et a. 2008, Capperallari et al. 2011

z=0z~2

The Astrophysical Journal, 733:101 (30pp), 2011 June 1 Genzel et al.
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Figure 1. Maps of individual velocity “channels” of width !34 km s"1 in the H! line of D3a15504 (top row), BX482 (middle two rows), and ZC782941 (bottom row).
The maps are resampled to 0.##025 per pixel and have a resolution of FWHM ! –0.##18–0.##25. Velocities relative to the systemic redshift indicated are given in km s"1.
Circles/ovals and symbols denote the clumps identified in these galaxies. Crosses denote the kinematic centers of the galaxy rotation. The color scale is linear and
autoscaled to the brightest emission in each channel.
(A color version of this figure is available in the online journal.)
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Figure 2. FWHM ! 0.##2 H! and rest-frame UV/optical continuum images of four massive luminous z ! 2 SFGs. All maps have been re-binned to 0.##025 pixels. Top
row: three-color composites of integrated H! line emission (red), and continuum (blue–green) images, along with the most prominent clumps identified by labels A,
B,. . .. Middle: integrated SINFONI H! emission. All four images are on the same angular scale, with the white vertical bar marking 1## (!8.4 kpc). Bottom. HST NIC
H-band, ACS I-band, or NACO-VLT AO Ks-band images of the program galaxies, at about the same resolution as the SINFONI H! maps. The color scale is linear
and autoscaled.
(A color version of this figure is available in the online journal.)
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Striking result from the ATLAS 3D project

Emsellem et al. 2011, Cappellari et al. 2011

Introduction

ellipticity

rotation-
dominated

dispersion-
dominated

λR versus ellipticity plot for 260 early-type galaxies
898 E. Emsellem et al.

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 !

"
!) somewhat

mimics the variation in "R and ! 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 "Re/2 and !e/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 "Re

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 ("R and !), the observed distribution
of points and the intrinsic uncertainty in defining the threshold for
"N

R = "R/
"

!. 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 ! and "R of 0.05) to be ±6 galaxies (2# ). 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 "R–! 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 ! = 0.2. Es also tend to be in the lower part of the
diagram (low value of "R), while the highest "R values correspond
to S0 galaxies. Most SRs which are not 2# galaxies are classified
as Es (23/32).

As expected, the vast majority of galaxies with ellipticities !e >

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 2# galaxies except one (NGC 4473) are classified as S0s

Figure 8. "R versus the ellipticity ! 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 "R/

"
! 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 "N

R =
"R/

"
! 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 "N

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 2# galaxies which
are all, except NGC 4473, below 1010.75 M&. The normalized "N

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

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 "N

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 !e 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

C' 2011 The Authors, MNRAS 414, 888–912
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The ATLAS3D project – VII. Morphology–density 1683

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 ! ! 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 ! " 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 " ’ 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 ! ! 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

C" 2011 The Authors, MNRAS 416, 1680–1696
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slow rotator

The ATLAS3D project – VII. Morphology–density 1683

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 ! ! 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 ! " 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 " ’ 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 ! ! 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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fast rotator~ V/σ
(2D spectroscopy)

(3D spectroscopy)

Census of the stellar angular momentum in ETGs 891

measured flattening does, however, not properly reflect the intrinsic
flattening of the galaxy when measured in the region of the bar. In
galaxies with obvious bars, such as NGC 936, 3400, 3412, 3599,
3757, 3941, 4262, 4267, 4477, 4608, 4624, 4733, 4754, 5473, 5770
and 6548, and UGC 6062, we therefore use the global kinematic
position angle as derived from the two-dimensional SAURON stel-
lar kinematics, with the moment ellipticity value from the outer
parts of the galaxy (outside the region influenced by the bar; values
provided in Paper II), both for the derivation of, for example, !R,
and for all plots of this paper.

2.2 The SAURON data

The SAURON integral-field spectrograph (Integral Field Unit) has
been extensively used at the Cassegrain focus of the William
Herschel Telescope since 1999 (Bacon et al. 2001). All observa-
tions were conducted using the low spatial resolution mode which
provides a field of view of about 33 ! 41 arcsec2 and a spatial sam-
pling of 0.94 ! 0.94 arcsec2. The narrow spectral range allows the
user to probe a few stellar absorption and ionized gas emission lines
with a spectral resolution of about 4 Å [full width at half-maximum
(FWHM)].

All data reduction was performed using the dedicated XSAURON

software wrapped in a scripted pipeline. A set of 64 galaxies in-
cluded in the ATLAS3D sample were observed prior to the mounting
of the volume phase holographic (VPH) grating (mostly from the
original SAURON survey, see de Zeeuw et al. 2002, for details). For
these galaxies, we obtained an average of 2 h on source sometimes
following a mosaicking strategy to cover the targets with the largest
effective radii. The spectral resolution attained for these galaxies is
about 4.2 Å FWHM. For most of the 196 remaining targets, we in-
tegrated 1 h on source centred on the object, including two (slightly
dithered) 30-min exposures: only when the source was extended
did we allow for a mosaic of two fields to attempt to fully cover
the region within 1Re, with two 30-min exposures for each field.
The orientation of the SAURON field was adapted to each target
to optimize the coverage of the galaxy, taking into account its ap-
parent photometric flattening. The spectral resolution attained for
these 196 galaxies is about 10 per cent better (due to the use of the
VPH grating) and reaches 3.9 Å FWHM.

The 260 final merged data cubes (with 0.8 ! 0.8 arcsec2 rebinned
spaxels) were then analysed using a common analysis pipeline and
using a minimum signal-to-noise ratio threshold of 40 for the adap-
tive binning (Cappellari & Copin 2003). Gas and stellar kinematics
were extracted via a pPXF algorithm (Cappellari & Emsellem 2004)
with a library of stellar templates as in Emsellem et al. (2004), but
adopting here the MILES library (Sánchez-Blázquez et al. 2006)
and an optimized template per galaxy (see Paper I for details).

We derived !R and V/" from growing effective apertures, as in
E+07, following the ellipticity and position angle profiles obtained
from the photometry or from the constant values (kinemetric axes
and moment ellipticity from the outer part) for galaxies with obvious
bars (see Section 2.1). Using the two-dimensional spectroscopy, the
expression for !R as given by

!R " #R |V |$
#R

%
V 2 + " 2$

, (1)

which transforms into

!R =
!Np

i=1 FiRi |Vi |
!Np

i=1 FiRi

"
V 2

i + " 2
i

, (2)

Figure 1. Histogram of the maximum aperture radius Rmax covered by the
SAURON observations of all 260 ATLAS3D galaxies (normalized by Re).
The red line shows the corresponding cumulative function (right-hand verti-
cal scale) for galaxies with R > Rmax: we cover about 92, 43 and 18 per cent
at Re/2, Re and 1.5Re, respectively, as indicated by the vertical/horizontal
(dashed/dotted) lines.

where Fi, Ri, Vi and " i are the flux, circular radius, velocity and
velocity dispersion of the ith spatial bin, the sum running on the
Np bins. Considering the signal-to-noise ratio threshold used here,
we expect a typical positive bias for values of !R near zero (see
appendix A of E+07) in the range [0.025–0.05].

In the following, we will use !Re and (V/" )e to denote values
measured at 1Re, and !Re/2 and (V/" )e/2 for values at Re/2. In Fig. 1,
we provide an histogram of the maximum available effective aper-
ture sizes from our SAURON data set for the ATLAS3D sample: we
cover an aperture of 1Re or larger for 43 per cent of our sample and
Re/2 for 92 per cent of all ATLAS3D galaxies. Note that 18 per cent
are covered up to at least 1.5Re.

Finally, accurate dynamical masses, Mdyn, were derived via Multi-
Gaussian Expansion (Emsellem, Monnet & Bacon 1994) of the
galaxies’ photometry followed by detailed Jeans anisotropic dy-
namical models (Cappellari 2008; Scott et al. 2009) of the ATLAS3D

SAURON stellar kinematics (Cappellari et al. 2010). This mass rep-
resents Mdyn & 2 ! M1/2, where M1/2 is the total dynamical mass
within a sphere containing half of the galaxy light.

3 A FIR ST LO O K AT T H E A PPA R E N T
A N G U L A R M O M E N T U M O F AT L A S 3D

G A L A X I E S

3.1 Velocity structures and !R

With the 260 stellar velocity maps from the ATLAS3D sample, we
probe the whole range of velocity structures already uncovered
by E+07: regular disc-like velocity fields (e.g. NGC 4452 and
3530), kinematically distinct cores (KDCs) (e.g. NGC 5481 and
5631) or counter-rotating systems (NGC 661 and 3796), twisted
velocity contours (e.g. NGC 3457 and 4552), sometimes due to
the presence of a bar (e.g. IC 676, NGC 936). We also observe a
few more galaxies with two large-scale counter-rotating disc-like
components, as in NGC 4550 (Rubin, Graham & Kenney 1992), for
example, IC 0719 or NGC 448. IC 719 exhibits in fact two velocity
sign changes along its major-axis and NGC 4528 exhibits three
sign changes. Only a few galaxies have noisy maps or suffer from
systematics, for example, NGC 1222, UGC 3960 or PGC 170172,
due to the low signal-to-noise ratio of the associated data cubes or
from intervening structures (e.g. stars). The reader is referred to

C' 2011 The Authors, MNRAS 414, 888–912
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‣ the majority is fast rotator
‣ the ellipticals are the minority
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!obs

BX482 z = 2.26

" < 0.5Q

H#

Figure 4. Maps of H! Gaussian fit velocities (top left), H! Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for BX482. Shown
in the center is also the map of H!-integrated flux from Figure 2 The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The H!, velocity, and
velocity dispersion maps (resolution 0.!!18 FWHM) were re-binned to 0.!!025 pixels. For construction of the Q-map, the data were smoothed to 0.!!25 FWHM. The
typical uncertainties in the Q-values are ± 0.03 to ± 0.2 (1" ) along the bright ring of BX482. All pixels with !Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)

Table 3
Abundance Measurements

Source [N ii]/H! ! (N ii/H!) µ = 12 + log (O/H)a !µ

(1) (2) (3) (4) (5)

BX599 all 0.19 0.08 8.49 0.18
BX482 clump A 0.14 0.017 8.41 0.05
BX482 clumps B + C 0.11 0.024 8.35 0.09
BX482 nucleus 0.22 0.027 8.53 0.05
D3a15504 clumps A–F 0.31 0.02 8.61 0.03
D3a15504 interclump 0.33 0.02 8.63 0.03
D3a15504 nucleus 0.43 0.04 [8.69]b 0.04
ZC782941 clump A 0.18 0.026 8.48 0.06
ZC782941 clumps B–E 0.28 0.021 8.58 0.03
ZC782941 interclump 0.205 0.021 8.51 0.04
ZC406690 all 0.097 0.017 8.32 0.08
ZC406690 clump A 0.073 0.015 8.25 0.09
ZC406690 clump B 0.22 0.017 8.53 0.03
ZC406690 clump C 0.14 0.019 8.41 0.06

Notes.
a µ = 8.90 + 0.57 log([N ii]/H!) (Pettini & Pagel 2004), with µ" = 8.66 (Asplund et al. 2004).
b Suspect because of possible influence of central AGN (Genzel et al. 2006).

a central AGN, as well as by large non-circular motions. Both
increase the velocity dispersion there (Figure 3, bottom left;
Genzel et al. 2006). The central regions of BX482, ZC782941,
and ZC406690 exhibit elevated velocity dispersions due to an
additional central mass (without much H! emission) in the cases
of BX482 (Genzel et al. 2008) and ZC406690 (S. Newman et al.
2011, in preparation), and unresolved beam smearing of rotation
in ZC782941.

We find that throughout the extended outer disks and toward
the clumps of D3a15504, BX482, ZC782941, and ZC406690,
the empirically determined Q-parameter is at or even signifi-
cantly below unity. As postulated, these SFGs are indeed unsta-

ble to fragmentation throughout their disks. The clumps are thus
gravitationally bound or nearly so. Our analysis only considers
the gaseous component. As discussed in Section 2.4, taking into
account a stellar component with dispersion similar to that of
the gas will probably lower the Q-values still further. Given
the typical molecular gas fractions of #0.3–0.8 (Tacconi et al.
2010; Daddi et al. 2010a), this pushes Q to significantly below
unity in the prominent clumps. These clumps thus appear to
be in the highly unstable regime, where linear Toomre-stability
analysis is inappropriate. The fact that the Q-parameter is below
unity even in the more diffuse disk regions suggests that global
perturbations are significant in setting the Q-distribution. We
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The ATLAS3D project – VII. Morphology–density 1683

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 ! ! 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 ! " 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 " ’ 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 ! ! 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

C" 2011 The Authors, MNRAS 416, 1680–1696
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velocity fields of SFG at z~2

Genzel et al. 2011, see also Foerster Shreiber et al. 2009

‣ stellar mass is ~5×1010 Msun

‣ SFR is ~100 Msunyr-1

‣ disk size is ~5 kpc
‣ local velocity dispersion is 40-90 km s-1

High-z SFGs have a large rotating disk
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Figure 1. Maps of individual velocity “channels” of width !34 km s"1 in the H! line of D3a15504 (top row), BX482 (middle two rows), and ZC782941 (bottom row).
The maps are resampled to 0.##025 per pixel and have a resolution of FWHM ! –0.##18–0.##25. Velocities relative to the systemic redshift indicated are given in km s"1.
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(A color version of this figure is available in the online journal.)

K!band NACO

E

A

D
CB

F

K ! H"

E

A

D
CB

F

D3a15504 z=2.38

H ! H"

A

B
C

D

BX482 z=2.26

H"

D E

C
B

A

ZC782941 z=2.18

I ! H"

D
E

C
B

A

I!band ACS

ED

CB

A

H"

E

D
CB

F

G

A

H"

A

B
C

D

H!band NIC

A

B
C

D

ZC406690 z=2.19

I ! H"

A

B

C

D

A

B

C

D

I!band ACS

A

B

C

D

H"

Figure 2. FWHM ! 0.##2 H! and rest-frame UV/optical continuum images of four massive luminous z ! 2 SFGs. All maps have been re-binned to 0.##025 pixels. Top
row: three-color composites of integrated H! line emission (red), and continuum (blue–green) images, along with the most prominent clumps identified by labels A,
B,. . .. Middle: integrated SINFONI H! emission. All four images are on the same angular scale, with the white vertical bar marking 1## (!8.4 kpc). Bottom. HST NIC
H-band, ACS I-band, or NACO-VLT AO Ks-band images of the program galaxies, at about the same resolution as the SINFONI H! maps. The color scale is linear
and autoscaled.
(A color version of this figure is available in the online journal.)

6

Hα map

1″~8kpc



Quenching mechanism

Martig et al. 2009

Introduction

‣ AGN feedback - blowout/heating of gas in galaxy
‣ stellar feedback - heating of gas in star-forming 

region
‣ halo quenching - suppression of accretion gas by 

virial shock heating
‣ environmental quenching - gas stripping in cluster
‣morphological quenching - stabilization of disk

256 MARTIG ET AL. Vol. 707

Figure 7. Gas surface density and Q parameter in the disk. Shown are gas surface density (top), Qg, Qs, and the combined effective Q in the three phases of evolution.
The box side is 30 kpc. During the MQ phase, the effective Q is above 2 across most of the disk, but below 3–4 in extended areas. This explains the stability of
axisymmetric modes and the lack of bound clumps in this phase, while non-axisymmetric perturbations are clearly visible. In the early and late phases, Q drops below
unity in several extended areas, consistent with the appearance of strong axisymmetric perturbations and bound clumps in these phases. The effective Q is similar to
Qg in the MQ phase, where Qs is rather high. In the unstable phases, especially the late one, the stellar disk component helps destabilizing the disk.
(A color version of this figure is available in the online journal.)

result from different gas masses or densities, but from a different
depth of the gravitational potential measured by !5 and from a
different contribution of stars !s to the total disk density.

Note that the disk instability and the high level of star
formation at t = 3.5 Gyr are not artifacts due to relaxation
of initial conditions. Indeed, the galaxy has been evolved in
isolation for 500 Myr before being introduced in the simulation,
which is a long enough time for the initial disk to acquire
a realistic structure in the global galactic potential (see more
details in Martig & Bournaud 2008).

Maps of the Toomre parameter for the gas component (Qg),
the stellar component (Qs), and the combined parameter Q are
shown in Figure 7 for the blue galaxy at t = 3.5 Gyr, for the
inefficiently star-forming red ETG at t = 10 Gyr (i.e., during
the MQ phase), and the actively star-forming disk galaxy at t =
13.7 Gyr in the case without the final merger so that a disk can
be identified. These maps confirm that the star-forming disks
have a low Q parameter, with averaged values of Q around 2
in the star-forming regions, and local overdensities with Q < 1
in clumps and spiral arms. Regions with Q ! 1 are unstable

5 ! is computed in radial bins of 100 pc from a smoothed version of the
rotation curve.

against axisymmetric instabilities, reach high gas densities, and
form stars actively.

The gas disk in the red ETG differs by having somewhat larger
values of Qg in its dense regions, because of the change in ! ,
and more importantly by having Qs " 1, because of the lack
of stellar contribution !s to the disk density and self-gravity. As
a result, the combined Q parameter remains significantly above
1 everywhere in the disk, preventing axisymmetric instabilities,
even though non-axisymmetric armlets are present in the disk
(Figure 8). During the MQ phase, the gas thus does not
reach high densities, and the star formation efficiency is low:
considering the global cold gas mass present in the galaxy, the
SFR could have been expected to be 10 times higher.

During the red phase of our simulation, the gas mass and
surface density increase by a factor of 3. Yet the SFR remains
constantly low and the galaxy remains red; the stability param-
eter Q indeed remains large, and no dense gas clumps form.
Only when the mass of the cold gas disk has increased above
9 # 109 M$, the disk becomes unstable again, so that the star
formation increases and the galaxy turns back blue: we find
an average Q % 3 with the densest regions reaching Q = 1
at t = 11 Gyr, when the galaxy begins to turn back to blue

Q>>1

with massive bulge

when were bulges formed?
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Bulges are already formed at z~1

Wuyts et al. 2013

Introduction

The Astrophysical Journal, 779:135 (16pp), 2013 December 20 Wuyts et al.

Figure 4. Gallery of case examples from the massive z ! 1 SFG sample. PSF-matched three-color postage stamps sized 3.""4 # 3.""4 are composed of i775J125H160
for galaxies from the GOODS fields, and I814J125H160 for galaxies in EGS/UDS/COSMOS. Below, we show the surface brightness distributions in I, H, and H!,
respectively (at natural resolution, with a slight smoothing applied to the H! maps for visualization purposes). Blue, star-forming regions present in the I band generally
dominate the H! emission as well. Central peaks in surface brightness (i.e., “bulges”) appear more prominently in the H band.
(A color version of this figure is available in the online journal.)

astrometric frame of the CANDELS broadband images. This
accounts for uncertainties in the position of the grism spectra
on the detector and degeneracies between on the one hand
the systemic redshift and on the other hand morphological k-
corrections between the H! line map and the galaxy’s F140W
light distribution that was used as template in the redshift
determination. For each band, we adopted the shift leading
to the largest correlation coefficient, in most cases limited to
0–3 pixels.16 The ratio of I-to-H band correlation coefficients
then serves as a quantitative measure of how much better the

16 One pixel corresponds to 23 Å in wavelength, and 0.""06 spatially.

H! morphology corresponds to the I-band light distribution
compared to the H band. Figure 5 demonstrates what we inferred
by eye: a majority (65%) of galaxies in our sample shows a
stronger cross-correlation between the I and H! morphologies
than between the H and H! morphologies. This difference
is most pronounced among the more extended systems. For
galaxies with semimajor axis lengths larger than 3 kpc (as
measured with GALFIT by van der Wel et al. 2012), more
than 75% shows a better match between H! and the I band than
between H! and the H band. GN_96, GN_373, and GN_4952
in Figure 4 serve as examples of 3–5 kpc sized sources with
log(cross I # H!/cross H # H!) ! 0.05–0.07. For the largest

8

‣ stellar mass (H-band) concentrates on galaxy center
‣ star forming regions are distributed over disks

Bulges would be formed at higher redshift

HST images of SFGs at z~1

rest-frame optical light
~ stellar mass

Hα line
~ star-forming region

rest-frame UV light
~ star-forming region
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MApping HAlpha and Lines of Oxgen with Subaru

credit NAOJ, see also Kodama et al. 2013
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‣MOIRCS narrow-band survey in SXDF-CANDELS field
‣ high-resolution NIR/optical images are available
‣ NB209/NB2315 can trace Hα emission at z=2.19/2.53
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Sample selection
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Figure A.2. (Continued)

96

Hα 
at z=2.2 [OIII]

 at z=3.3

distribution of zphotcolor-magnitude diagram

‣ ~100 Hα emission-line galaxies were identified
‣MOIRCS spectroscopy confirms the redshift with success rate of 90%

NB209 
emitters

MAHALO-Subaru project in CANDELS-SXDF
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MAHALO-Subaru project in CANDELS-SXDF

Star-forming galaxies at z>2 have a clumpy structure
The Astrophysical Journal, 780:77 (11pp), 2014 January 1 Tadaki et al.

24µm NB209-6 V606 I814 J125 H160 M *

24µm NB209-7 V606 I814 J125 H160 M *

24µm NB209-12 V606 I814 J125 H160 M *

24µm NB2315-1 V606 I814 J125 H160 M *

24µm NB2315-4 V606 I814 J125 H160 M *

Figure 2. Five examples of our clumpy HAEs. From left to right, MIPS 24 µm images, three-color images of V606/I814/H160, V606 band, I814 band ACS images, J125
band, H160 band images by WFC3, and the estimated spatial distribution of stellar mass (see the text for the estimation technique). The size of each image is 3!! on
each side, except for the MIPS images (40!! " 40!!). Circles indicate the position of identified clumps.
(A color version of this figure is available in the online journal.)

of multiple components, no matter if a second component (or
an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (#41%) 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$ # 1010.5 M% and
SFR # 100 M% yr&1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.!!18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M$ > 1011 M%, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential 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 their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M$) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.

Also, we investigate the fraction of HAE clumpy galaxies
with 109.5 M% < M$ < 1010.8 M% as a function of the offset
from the main sequence at a fixed stellar mass: ! log(SFR) =
log(SFR) & log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
main sequence is defined as SFRMS = 238(M$/1011 M%)0.94

(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 &H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 & H160 color. We
used the following conversion equations:

log(M$/1011) = &0.4(H160 & H11) (1)

!logM$ = a exp[b(I814 & H160)], (2)

where H11 = 22.8, a = &2.3, and b = &1.4 at z = 2.2
and H11 = 23.0, a = &2.4, and b = &1.5 at z = 2.5.

4

see also Wuyts et al. 2012

‣ ~40% show clumpy structure
‣ stellar mass distribution is smooth

HST images of Hα emitters at z>2 (~24×24 kpc2)

24µm NB209-6 V606 I814 J125 H160 M *

24µm NB209-7 V606 I814 J125 H160 M *

24µm NB209-12 V606 I814 J125 H160 M *

24µm NB2315-1 V606 I814 J125 H160 M *

24µm NB2315-4 V606 I814 J125 H160 M *

closeup
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A nuclear clump is redder than off-center clumps

see also Foerster Shreiber et al. 2011, Guo et al. 2012

‣ The SED fitting shows a large dust 
extinction and old age in red clump

The Astrophysical Journal, 780:77 (11pp), 2014 January 1 Tadaki et al.
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Figure 6. Histograms of dust extinction and age of clumps divided according to
color: I814 ! H160 > 1.5 (red hatched) and I814 ! H160 < 1.5 (blue hatched).
Only HAEs with a red clump are included.
(A color version of this figure is available in the online journal.)

I814 ! H160 " 1.0 as well as a red clump. It is worth stressing
that these objects are bright in the infrared, which indicates that
a dusty starburst is occurring somewhere within them. If the
blue clumps contain a large amount of dust, they should appear
much redder due to dust extinction. To pin down where the dusty
star-forming regions are located within the galaxies, we fit the
SEDs of individual clumps with the stellar population synthesis
model of (Bruzual & Charlot 2003) using hyperz (Bolzonella
et al. 2000). Since only four broadband photometric bands
(V606, I814, J125, and H160) are used for the fitting, constant star-
formation histories and solar metallicity are assumed to estimate
the amount of dust extinction and the luminosity-weighted age
of the clumps. In Figure 6, we plot histograms of dust extinction
and luminosity-weighted age of the clumps. We divide the
clumps into red and blue clumps at I814 !H160 = 1.5. It is clear
from the distributions that the red clumps are dustier and older
than the blue clumps. The Kolmogorov–Smirnov test suggest
that the null hypothesis—that they are drawn from the same
distribution—is proven to be false at a significance level of 1.0%
both in Av and age. Therefore, it is likely that dusty starburst
activity is concentrated in the red clumps toward galaxy centers
rather than in the blue clumps or in the inter-clump regions.

As an alternative approach, the H! flux maps are created from
the NB (line+continuum) and K-band (continuum) images of the
clumpy HAEs. Since the H! flux extends over entire galaxies in
most cases, we cannot identify the internal star-forming regions
from which strong H! emission is actually radiated. However,
there are a few cases where we can resolve clumps even in the
seeing-limited H! images. In Figure 7, we show the HST images
of four such clumpy HAEs that can be spatially resolved in the
H! maps. If only the rest-frame UV luminosities are used as SFR
indicators, the blue clumps would be seen as major contributors
of the intense star formation within these galaxies. However,
the peak of H! distribution is clearly located at or near the red
clump rather than at the blue clumps. Although H! luminosities
are sensitive to massive stars compared with UV luminosities,
the two SFR indicators provide consistent results for old stellar
population systems with age > 100 Myr (Wuyts et al. 2013).

NB209-8

V606+H! H160+H!
NB2315-1

V606+H! H160+H!
NB2315-4

V606+H! H160+H!
NB2315-14

V606+H! H160+H!
Figure 7. Four HAEs with resolved dusty star-forming clumps. From left to
right, three-color V606/I814/H160, V606-band images, and H160-band images
are presented. Contours display the H! flux density maps derived from NB
(MOIRCS) and K-band (WFCAM; Lawrence et al. 2007) images whose PSF
sizes are matched to #0.$$7. The red and black circles in right panels indicate
the positions of the reddest clump nearest to the galactic center and other bluer
clumps, respectively.
(A color version of this figure is available in the online journal.)

Since the red clumps are older (Figure 6), the high flux ratios
of H! to UV is a robust evidence for dusty star formation in
the red clumps. The H! emission line is much less attenuated
by dust compared with UV continuum emission and penetrates
through the dusty star-forming regions. If we can correct for
the differential dust extinction among clumps, the intrinsic H!
line strength in the red clumps would be significantly larger
and the star-formation map would become quite different from
the UV luminosity map. It should be noted that AGNs at the
centers of galaxies may be contributing to the MIPS 24 µm
fluxes and the H! flux densities. At least for SXDF-NB209-
6, 7, and 11, however, the line ratios of H!/[N ii] indicate that
they are more like star-formation dominated galaxies rather than
AGN-dominated ones (Tadaki et al. 2013).

Our results suggest that some HAEs at z > 2 have a
dusty star-forming proto-bulge component. How is such a
dusty starburst triggered at the centers of galaxies? What is
the feeding process of a proto-bulge component? Although
a major merger is a viable process for inducing a nucleated
starburst, other processes should be required in the case of
normal star-forming galaxies with ordinary rotational disks.
Such star-forming clumps embedded in the disks are thought
to be produced by gravitational instabilities of gas-rich disks
(Genzel et al. 2011). However, clumps are seldom formed at the
galactic center due to the large velocity dispersion there. Clump
migration is a more preferable process than galaxy mergers,
which can transport a large amount of gas from the rotational
disks to the galactic center. If gas-rich clumps migrate to a
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Figure 4. Stellar-mass-size relation of the HAEs at z = 2.2 and 2.5 with
H160 < 24 (green circles) and with H160 = 24–26 (gray points). The blue
solid and dashed curves indicate the local relation for late-type galaxies and its
1! scatter, respectively (Shen et al. 2003). The red solid line shows the local
relation for early-type galaxies. The orange line represents the typical location
of the compact quiescent galaxies at z = 1.5–2.0 (Newman et al. 2012a). Blue
and red circles indicate the two compact HAEs, SXDF-NB209-17 and SXDF-
NB2315-7 (Section 4.2).
(A color version of this figure is available in the online journal.)

the local relation. Even if faint galaxies with H160 = 24–26
(gray points in Figure 4) are included in the sample, such a
trend is not changed. Some other processes other than secular
processes are needed for these less massive HAEs to evolve into
local star-forming/quiescent galaxies. We also find two massive,
compact HAEs and we will discuss these interesting objects in
detail in Section 4.2.

4. RESULTS

4.1. Dusty Star-forming Clumps

A lot of HAEs at z > 2 have kiloparsec-scale clumps, as
shown in Figure 2. The fate of these clumps is an important issue
and a matter of hot debate in relation to the bulge formation of
galaxies. In numerical simulations, clumps formed in rotational
disks can migrate toward galaxy centers as a result of their
mutual interactions and dynamical friction against the host
disk and coalesce into central young bulges (Ceverino et al.
2010; Inoue & Saitoh 2012). This is a very efficient process for
carrying a large amount of gas from the galactic disks to the
bulge components. On the other hand, the momentum-driven
galactic winds due to massive stars and supernovae can disrupt
giant clumps with Mclump = 108–9 M! before they migrate
toward galaxy centers (Genel et al. 2012). Genzel et al. (2011)
and Newman et al. (2012b) find the empirical evidence for gas
outflows originating in massive luminous clumps in z " 2 disks
by deep AO-assisted integral field spectroscopic observations.
Whether the scenario for clump-origin bulge formation is viable
depends sensitively on the longevity of clumps. If the clumps
contain a large amount of gas, they would survive and exhibit
an age gradient as a function of distance from galaxy centers.
The H" equivalent width (EWH") is relatively insensitive to dust
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Figure 5. Color gradients in I814 #H160 of the clumps as a function of projected
distance from the 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.
(A color version of this figure is available in the online journal.)

extinction if the line and continuum emission both originates in
the same regions and is thus the most useful measure of variation
in stellar ages. Förster Schreiber et al. (2011b) measured EWH"

for clumps in one massive galaxy at z " 2 and found a
correlation between EWH" and galactocentric distance. This
suggests that the clumps near the galactic center tend to be
older than the outer clumps, supporting the clump migration
scenario. All other previous studies of clumps have relied on
the colors of galaxies and SED fitting with multi-wavelength
photometries. Wuyts et al. (2012) performed a detailed analysis
of spatially resolved SEDs for a complete sample of star-forming
galaxies at 1.5 < z < 2.5. They found the trend of having
redder colors, older stellar ages, and stronger dust extinction in
the clumps near galactic centers compared with the off-center
clumps. Guo et al. (2012) have also shown the same obvious
radial gradients in color, age, and dust extinction for clumpy
galaxies at z = 1.5–2.0.

In our sample, there are some clumpy HAEs with red clumps
of I814 # H160 > 1.5, which are often seen in the stellar mass
range of 1010.5 M! < M$ < 1010.8 M! (Figure 1). We focus
on these HAEs with a red clump to investigate the clump
properties and test the viability of the clump migration scenario.
Figure 5 shows the radial gradient of clump colors across the
host galaxies. An aperture magnitude within a diameter of 0.%%36
(= 2 times the PSF size) is used to derive the color of a
clump. The stellar mass-weighted center is adopted to define
a galactocentric distance. We find that the clumps closer to
the centers are redder compared with the off-center clumps, in
agreement with previous studies. The nuclear red clump seems
to be a proto-bulge component, which would become an old
bulge seen in local early-type galaxies.

Some HAEs with a red clump are detected in the public
MIPS 24 µm image (PI: J. Dunlop). Because the PSF size of
the MIPS 24 µm image is "6%%, we cannot spatially resolve
the infrared emission within galaxies for most of the HAEs,
nor can we resolve the structures from clump to clump. The
five HAEs presented in Figure 2 each have a blue clump of
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red clump galaxies show the MIR emission
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A center clump has high Hα/UV ratio

 white contour: Hα map
 ○: nuclear red clump

UV optical
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Figure 6. Histograms of dust extinction and age of clumps divided according to
color: I814 ! H160 > 1.5 (red hatched) and I814 ! H160 < 1.5 (blue hatched).
Only HAEs with a red clump are included.
(A color version of this figure is available in the online journal.)

I814 ! H160 " 1.0 as well as a red clump. It is worth stressing
that these objects are bright in the infrared, which indicates that
a dusty starburst is occurring somewhere within them. If the
blue clumps contain a large amount of dust, they should appear
much redder due to dust extinction. To pin down where the dusty
star-forming regions are located within the galaxies, we fit the
SEDs of individual clumps with the stellar population synthesis
model of (Bruzual & Charlot 2003) using hyperz (Bolzonella
et al. 2000). Since only four broadband photometric bands
(V606, I814, J125, and H160) are used for the fitting, constant star-
formation histories and solar metallicity are assumed to estimate
the amount of dust extinction and the luminosity-weighted age
of the clumps. In Figure 6, we plot histograms of dust extinction
and luminosity-weighted age of the clumps. We divide the
clumps into red and blue clumps at I814 !H160 = 1.5. It is clear
from the distributions that the red clumps are dustier and older
than the blue clumps. The Kolmogorov–Smirnov test suggest
that the null hypothesis—that they are drawn from the same
distribution—is proven to be false at a significance level of 1.0%
both in Av and age. Therefore, it is likely that dusty starburst
activity is concentrated in the red clumps toward galaxy centers
rather than in the blue clumps or in the inter-clump regions.

As an alternative approach, the H! flux maps are created from
the NB (line+continuum) and K-band (continuum) images of the
clumpy HAEs. Since the H! flux extends over entire galaxies in
most cases, we cannot identify the internal star-forming regions
from which strong H! emission is actually radiated. However,
there are a few cases where we can resolve clumps even in the
seeing-limited H! images. In Figure 7, we show the HST images
of four such clumpy HAEs that can be spatially resolved in the
H! maps. If only the rest-frame UV luminosities are used as SFR
indicators, the blue clumps would be seen as major contributors
of the intense star formation within these galaxies. However,
the peak of H! distribution is clearly located at or near the red
clump rather than at the blue clumps. Although H! luminosities
are sensitive to massive stars compared with UV luminosities,
the two SFR indicators provide consistent results for old stellar
population systems with age > 100 Myr (Wuyts et al. 2013).

NB209-8

V606+H! H160+H!
NB2315-1

V606+H! H160+H!
NB2315-4

V606+H! H160+H!
NB2315-14

V606+H! H160+H!
Figure 7. Four HAEs with resolved dusty star-forming clumps. From left to
right, three-color V606/I814/H160, V606-band images, and H160-band images
are presented. Contours display the H! flux density maps derived from NB
(MOIRCS) and K-band (WFCAM; Lawrence et al. 2007) images whose PSF
sizes are matched to #0.$$7. The red and black circles in right panels indicate
the positions of the reddest clump nearest to the galactic center and other bluer
clumps, respectively.
(A color version of this figure is available in the online journal.)

Since the red clumps are older (Figure 6), the high flux ratios
of H! to UV is a robust evidence for dusty star formation in
the red clumps. The H! emission line is much less attenuated
by dust compared with UV continuum emission and penetrates
through the dusty star-forming regions. If we can correct for
the differential dust extinction among clumps, the intrinsic H!
line strength in the red clumps would be significantly larger
and the star-formation map would become quite different from
the UV luminosity map. It should be noted that AGNs at the
centers of galaxies may be contributing to the MIPS 24 µm
fluxes and the H! flux densities. At least for SXDF-NB209-
6, 7, and 11, however, the line ratios of H!/[N ii] indicate that
they are more like star-formation dominated galaxies rather than
AGN-dominated ones (Tadaki et al. 2013).

Our results suggest that some HAEs at z > 2 have a
dusty star-forming proto-bulge component. How is such a
dusty starburst triggered at the centers of galaxies? What is
the feeding process of a proto-bulge component? Although
a major merger is a viable process for inducing a nucleated
starburst, other processes should be required in the case of
normal star-forming galaxies with ordinary rotational disks.
Such star-forming clumps embedded in the disks are thought
to be produced by gravitational instabilities of gas-rich disks
(Genzel et al. 2011). However, clumps are seldom formed at the
galactic center due to the large velocity dispersion there. Clump
migration is a more preferable process than galaxy mergers,
which can transport a large amount of gas from the rotational
disks to the galactic center. If gas-rich clumps migrate to a
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have rotation disks

The ATLAS3D project – VII. Morphology–density 1683

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 ! ! 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 ! " 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 " ’ 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 ! ! 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

C" 2011 The Authors, MNRAS 416, 1680–1696
Monthly Notices of the Royal Astronomical Society C" 2011 RAS

 at N
ational A

stronom
ical O

bservatory of Japan on M
ay 30, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

fast rotator

16/23



109 1010 1011

M *  [Msolar]

0.1

1

10

r e 
[k

pc
]

z~0 SFG (Shen+03)
z~0 QG (Shen+03)
z~1.75 QG (Newman+12)
blue nuggets

size-M* plot for Hα emitters at z>2

blue nugget

The Astrophysical Journal, 780:77 (11pp), 2014 January 1 Tadaki et al.

0.1

1

10

sp
ec

ifi
c 

S
F

R
 [G

yr
-1

]

108 109 1010

! [Msolar kpc-2 ]

0.1

1

ga
s 

fr
ac

tio
n

NB209-17
NB2315-7

Figure 8. Specific SFRs (top) and gas fractions (bottom) as a function of stellar
surface densities (" = M!/2!r2

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).
(A color version of this figure is available in the online journal.)

galaxy center, a starburst would be induced at the center by
collisions between the clumps, in a manner similar to a major
merger (Barnes & Hernquist 1996).

Gas fueling to the galactic center by clump migration is also
an important process in view of the coevolution of galaxies
and supermassive black holes (Bournaud et al. 2011b). Dusty
star formation at the galaxy center is thought to accelerate
the black hole growth due to strong dissipation of gas and its
further accretion toward 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 qui-
escent galaxies at z " 2 tend to be extremely compact com-
pared with local ones with the same stellar mass (e.g., van
Dokkum et al. 2008). This suggests that the structures of com-
pact quiescent galaxies have undergone a rapid evolution since
z " 2 (Trujillo et al. 2007). However, the progenitors and the
formation processes of such compact quiescent galaxies have
been much less investigated. 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 H" emitter sam-
ple, 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). Moreover, the two compact HAEs show high Sérsic in-
dices of n ! 2, which indicate relaxed bulge-like morphologies.
They can directly turn into compact quiescent galaxies at high
redshift just by stopping their star-formation activities without
changing their sizes or structures. Note that SXDF-NB209-17

SXDF-NB209-17

zspec=2.18
n=2.0
re=1.9kpc

SXDF-NB2315-7

zNB=2.53
n=2.1
re=1.6kpc
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Figure 9. H160-band images (top) and SEDs (bottom) of the two massive
compact star-forming galaxies SXDF-NB209-17 (left) and NB2315-7 (right).
Red symbols and blue spectra indicate the observed SEDs and the best-fit SED
models by Bruzual & Charlot (2003), respectively.
(A color version of this figure is available in the online journal.)

has been spectroscopically confirmed to be located at z = 2.182
(Tadaki et al. 2013).

The star-formation activities and stellar populations substan-
tially differ between the two compact HAEs. Figure 8 shows the
relation between stellar surface density (defined as M!/2!r2

e )
and specific SFR for the HAEs. SXDF-NB209-17 is found to
have significantly suppressed specific SFRs compared with the
other extended HAEs. This may suggest that the star-forming
activity in the compact galaxy is just beginning to be quenched.
In contrast, the star-formation activity of SXDF-NB2315-7 is
still high despite its large stellar mass of M! > 1011 M#. Next,
we evaluate the gas mass of HAEs from "SFR with the assump-
tion of the Kennicutt–Schmidt relation: "SFR = (2.5$10%4)"1.4

gas
(Kennicutt 1998). While most of the HAEs show high gas frac-
tions of "0.5, consistent with the direct measurements of gas
fraction in star-forming galaxies at z " 2 based on the CO
observations (Tacconi et al. 2010; Daddi et al. 2010), the gas
fractions of the two nuggets are clearly much lower, especially
for SXDF-NB209-17. This further supports the idea that they are
in the transitional phase from star-forming to quiescent galaxies.

Also, the SED from the UV to the near-infrared indicates an
old stellar population with the age of 1.0 Gyr in SXDF-NB209-
17, while SXDF-NB2315-7 is likely to be a young dusty star-
bursting galaxy with the age of 0.5 Gyr and dust extinction of
2.0 mag in AV (Figure 9). These results suggest that both of
them are good candidates for the progenitors of red nuggets
at z = 1.5–2.0, but that they are in the midst of the different
evolutionary phases on the way to quiescent galaxies. While
SXDF-NB2315-7 is in the starburst phase, SXDF-NB209-17
is probably a similar population to the young quiescent (post-
starburst) galaxies reported by Whitaker et al. (2012). Such a
compact star-forming phase appears only at z > 1 and it can be
the direct channel to form red nuggets seen at similar redshifts.

5. FORMATION OF MASSIVE QUIESCENT GALAXIES

We have presented two kinds of curious populations: galaxies
with a nuclear dusty star-forming clump and the very compact
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JVLA observation in a proto-cluster

CO(1-0) observation with JVLA
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Fig. 3.— Molecular gas fraction plotted as a function of stellar
mass. Red and blue symbols indicates red and blue HAEs, respec-
tively. Black circles show star-forming galaxies at z > 2 from the
PHIBSS survey Tacconi et al. (2013). For both samples, Salpeter
IMF is adopted.

Another two HAEs, ID 213 and ID 223, are also nom-
inally detected at the significance level of 4 ! 5! in the
spectra binned with 92 km s!1. For ID 223, there is a
large velocity o!set of "1000 km s!1 between zH! and
zCO. This discrepancy might be caused by the low S/N
ratios of the H" and/or CO spectra and follow-up ob-
servations with higher sensitivity are required to confirm
the detection.

The CO J = 1 ! 0 observation allows us to esti-
mate a molecular gas mass independent of its excita-
tion level. Whereas a derived molecular gas mass de-
pends on a CO–H2 conversion factor, a Galactic value,
" = 4.36 M"/(K km s!1 pc!2), is likely to be appropri-
ate as well for normal star-forming galaxies at z = 1!2.5
(Tacconi et al. 2013). For ID 193 only, we use a conver-
sion factor of "CO = 0.8 M"/(K km s!1 pc!2), which
is the value in the case of starburst galaxies (Downes
& Solomon 1998; see Section 4). We estimate molec-
ular gas masses for four HAEs and give the 3! upper
limit (Mgas < 2 ! 3 # 1010 M") for 16 HAEs. Figure
3 shows the gas fraction, Mgas/(Mgas + M#), as a func-
tion of stellar mass along with the PHIBSS sample by
Tacconi et al. (2013), which is mainly constructed from
UV color-selected galaxies with H" line detections (Erb
et al. 2006). As most of our sample are star-forming
galaxies with M# < 1011 M", which is less massive com-
pared to the PHIBSS sample, the non-detections do not
contradict the results of the PHIBSS. For galaxies with
M# > 2# 1010 M", gas-dominated systems (gas fraction
is above 50%) are not common. We also look into the
relation between the detection rate of CO emission and
the rest-frame optical color. Our sample consists of four
red HAEs with J ! Ks > 1.38 and 16 blue HAEs. The
three massive ones (ID 193, ID 213, and ID 223) out of
four red HAEs are actually detected in the CO emission
line while only one (ID 191) out of 16 blue HAEs is de-
tected. Red and massive galaxies tend to be relatively
bright in CO emission compared to blue and less massive
ones.

3.2. Identification of dusty star formation

Although H" emission line is one of the best indicators
of SFR, it can still miss much of star formation in the
case of very dusty galaxies (Koyama et al. 2010). Infrared
emission, which is a re-radiation of UV flux of massive
stars by their surrounding dust, is very useful for esti-
mating dust-obscured SFRs of galaxies. Three MIPS 24
µm sources are identified within the JVLA FoV, and the
brightest one with S24µm = 425 µJy is located between
ID 191 and ID 193 (Figure 2). Since the PSF size of the
MIPS images is too large (" 6$$), we can not measure the
24 µm flux density of each galaxy.

To deblend the IR emission, we use a radio continuum
image at 33 GHz (116 GHz in the rest frame), which
is created with natural weighting by averaging the data
over about 2 GHz excluding the frequency range of the
CO emission line. Radio continuum is also a good indi-
cator of dust-obscured SFR because it reflects the non-
thermal emission from supernovae remnants and thermal
bremsstrahlung emission from ionized gas (Yun & Carilli
2002). 1.4 GHz luminosity is often used to derive SFRs
(Condon 1992) but 116 GHz traces the bottom of SEDs
consisting of non-thermal and thermal bremsstrahlung
emission. However, the radio data allow us to speculate
the relative contribution of each galaxy to the blended
IR emission. We estimate a 116 GHz flux density of 5.0
± 2.6 µJy (1.9!) and 10.3 ± 2.6 µJy (3.9!) for ID 191
and ID 193, respectively (Figure 2). Although ID 191 is
marginally detected, it is clear that the detected IR emis-
sion is dominated by ID 193. Using the conversion factor
at z = 2.51 from 24 µm flux densities (Wuyts et al. 2008),
we derive a total IR luminosity of LIR = 2.5 # 1012 L"
and LIR = 5.1# 1012 L" for ID 191 and ID 193, respec-
tively. Assuming that the bulk of the total IR luminos-
ity is powered by star formation, we find that ID 193
has a SFR= 880 M"yr!1 with the standard calibration
of Kennicutt (1998). Since the H"-based SFR is "40
M"yr!1, this object is likely to be strongly attenuated
by a large amount of dust (AH! = 3 mag). On the other
hand, other red HAEs including ID 213 and ID 223 are
not detected at 24 µm/radio and the 3! upper limit of
LIR < 1.6 # 1012 L" is given.

4. DISCUSSION AND SUMMARY

The separation of 32 kpc and the velocity o!set of 130
km s!1 between ID 191 and ID 193 suggest that they
are probably in a pre-merger phase and they could merge
together within " 200 Myr. On the other hand, ID 193
is already red in the rest-frame optical and bright in the
IR/radio emission. The derived high SFR of 880 M"yr!1

is similar to that of SMGs, where extremely high star for-
mation is thought to be driven by major mergers (Tac-
coni et al. 2008; Engel et al. 2010; Ivison et al. 2012).
Even the high-redshift disk galaxies fed by cold accre-
tion of gas through cosmic filaments do not show such
extremely high SFRs (Dekel et al. 2009; Genzel et al.
2008).

In Figure 4, we plot individual HAEs with CO de-
tections on the LIR ! L$

CO diagram to investigate their
star-formation mode and compare it with other popula-
tions taken from the literature (Neri et al. 2003; Greve
et al. 2005; Solomon et al. 1997; Tacconi et al. 2013; Ar-
avena et al. 2012; Leroy et al. 2009; Smith et al. 2007).
The ratio of LIR to L$

CO reflects how molecular gas is
being turned into stars. On the LIR ! L$

CO diagram,
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Fig. 2.— (Top) Velocity-averaged maps of the CO emission for four HAEs (10 ! 10 arcsec2). The visibility data are averaged over the
spectral range shown by yellow-shaded regions in the CO spectra (bottom panel). The images were obtained using briggs weighting for ID
191/ID 193 and natural weighing for ID 213/ID 223. The CO flux is shown in black contours in a step of 1!, starting at ±2!. Magenta
and green contours present MIPS 24 µm and radio continuum ("rest = 116 GHz) map, respectively. (Bottom) The CO spectra extracted
from the peak position in the top images. The unit of the vertical axis and the horizontal axis are flux density per beam (mJy beam!1)
and velocity (km s!1), respectively. The velocity resolution is 18 km s!1, but the spectra of ID 213/ID 223 are binned over the velocity
range of 92 km s!1 to detect a faint emission line. The red lines show the best-fitting profile with double or single gaussian model. Dashed
lines indicate the redshift expected from the H# spectroscopy. The channels flagged at the edges of each spectral window are shown by
gray-shaded regions.

TABLE 1
Properties of the H# emitters with CO(1-0) line detections

IDa R.A. Decl. zCO vCO FWHM b SCOdv L"
CO LIR M# c

(J2000) (J2000) (km s!1) (Jy km s!1) (1010 K km s!1pc2) (1012 L$) (1010 M$)
bHAE-191 16 01 11.20 "00 31 19.0 2.5145 179 0.070 ± 0.012 2.1 2.5 5.1
rHAE-193 16 01 11.45 "00 31 19.3 2.5134 163 0.066 ± 0.010 1.9 5.1 4.8
rHAE-213 16 01 11.71 "00 31 11.9 2.5301 306 0.024 ± 0.006 0.7 <1.6 4.6
rHAE-223 16 01 10.62 "00 31 08.0 2.5282 666 0.034 ± 0.007 1.0 <1.6 16.0
a “bHAE” and “rHAE” indicate blue and red HAEs, respectively, separated at J " Ks = 1.38.
b FWHM of a gaussian component.
c Stellar masses are estimated from Ks-band magnitudes using the relationship between mass-to-luminosity ratios in Ks-band and

J " Ks colors based on the population synthesis bulge-disk composite models (Kodama et al. 1999).

Two HAEs, ID 191 and ID 193, are obviously detected
in the velocity-averaged CO line intensity maps (Figure
2). As the emissions are hardly spatially resolved, their
CO spectra are extracted from the peak positions of the
CO cube. These two HAEs are spatially adjacent to
each other and the separation between them is about
4 arcsec corresponding to 32 kpc in the physical scale.
The velocity o!set is only 130 km s!1. Table 1 shows a
summary of the properties of detected CO emission lines.

Both CO spectra show a double-peak profile. From a
spectral fitting of two-component gaussian model with
the same FWHM, the line widths are measured to be
179 km s!1 and 163 km s!1 for ID 191 and ID 193, re-
spectively. This irregular feature is closely related to a
spatial distribution of molecular gas within galaxies. Lo-
cal edge-on disks show a double-horn profile but a gap
at zero-velocity is widespread in the velocity range and
moreover rarely below 50% of the peak flux (e.g. Wal-

ter et al. 2008). Such spectra are also seen in color-
selected star-forming galaxies at z ! 1.5 (Daddi et al.
2010b) and SMGs at z = 1 " 3.5 (Greve et al. 2005).
Daddi et al. (2010b) demonstrate with numerical sim-
ulations that turbulent and clumpy disks can success-
fully reproduce the spectra similar to the observed ones
but uniform disks can not. Actually, morphologies of
star-forming galaxies become increasingly irregular and
clumpy at z > 2 (e.g. Tadaki et al. 2014; Elmegreen &
Elmegreen 2005). If most of the CO emission is domi-
nated by a few giant clumps, the observed feature can be
readily explained. Otherwise, one double profile would
reflect a merger between two galaxies with di!erent ve-
locities. Even higher-resolution observations would make
it challenging to discriminate between a merger and mul-
tiple kpc-scale clumps within a single galaxy. We discuss
further the physical process of ID 191/ID 193 in terms
of star-formation mode in Section 4.
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Fig. 2.— (Top) Velocity-averaged maps of the CO emission for four HAEs (10 ! 10 arcsec2). The visibility data are averaged over the
spectral range shown by yellow-shaded regions in the CO spectra (bottom panel). The images were obtained using briggs weighting for ID
191/ID 193 and natural weighing for ID 213/ID 223. The CO flux is shown in black contours in a step of 1!, starting at ±2!. Magenta
and green contours present MIPS 24 µm and radio continuum ("rest = 116 GHz) map, respectively. (Bottom) The CO spectra extracted
from the peak position in the top images. The unit of the vertical axis and the horizontal axis are flux density per beam (mJy beam!1)
and velocity (km s!1), respectively. The velocity resolution is 18 km s!1, but the spectra of ID 213/ID 223 are binned over the velocity
range of 92 km s!1 to detect a faint emission line. The red lines show the best-fitting profile with double or single gaussian model. Dashed
lines indicate the redshift expected from the H# spectroscopy. The channels flagged at the edges of each spectral window are shown by
gray-shaded regions.

TABLE 1
Properties of the H# emitters with CO(1-0) line detections

IDa R.A. Decl. zCO vCO FWHM b SCOdv L"
CO LIR M# c

(J2000) (J2000) (km s!1) (Jy km s!1) (1010 K km s!1pc2) (1012 L$) (1010 M$)
bHAE-191 16 01 11.20 "00 31 19.0 2.5145 179 0.070 ± 0.012 2.1 2.5 5.1
rHAE-193 16 01 11.45 "00 31 19.3 2.5134 163 0.066 ± 0.010 1.9 5.1 4.8
rHAE-213 16 01 11.71 "00 31 11.9 2.5301 306 0.024 ± 0.006 0.7 <1.6 4.6
rHAE-223 16 01 10.62 "00 31 08.0 2.5282 666 0.034 ± 0.007 1.0 <1.6 16.0
a “bHAE” and “rHAE” indicate blue and red HAEs, respectively, separated at J " Ks = 1.38.
b FWHM of a gaussian component.
c Stellar masses are estimated from Ks-band magnitudes using the relationship between mass-to-luminosity ratios in Ks-band and

J " Ks colors based on the population synthesis bulge-disk composite models (Kodama et al. 1999).

Two HAEs, ID 191 and ID 193, are obviously detected
in the velocity-averaged CO line intensity maps (Figure
2). As the emissions are hardly spatially resolved, their
CO spectra are extracted from the peak positions of the
CO cube. These two HAEs are spatially adjacent to
each other and the separation between them is about
4 arcsec corresponding to 32 kpc in the physical scale.
The velocity o!set is only 130 km s!1. Table 1 shows a
summary of the properties of detected CO emission lines.

Both CO spectra show a double-peak profile. From a
spectral fitting of two-component gaussian model with
the same FWHM, the line widths are measured to be
179 km s!1 and 163 km s!1 for ID 191 and ID 193, re-
spectively. This irregular feature is closely related to a
spatial distribution of molecular gas within galaxies. Lo-
cal edge-on disks show a double-horn profile but a gap
at zero-velocity is widespread in the velocity range and
moreover rarely below 50% of the peak flux (e.g. Wal-

ter et al. 2008). Such spectra are also seen in color-
selected star-forming galaxies at z ! 1.5 (Daddi et al.
2010b) and SMGs at z = 1 " 3.5 (Greve et al. 2005).
Daddi et al. (2010b) demonstrate with numerical sim-
ulations that turbulent and clumpy disks can success-
fully reproduce the spectra similar to the observed ones
but uniform disks can not. Actually, morphologies of
star-forming galaxies become increasingly irregular and
clumpy at z > 2 (e.g. Tadaki et al. 2014; Elmegreen &
Elmegreen 2005). If most of the CO emission is domi-
nated by a few giant clumps, the observed feature can be
readily explained. Otherwise, one double profile would
reflect a merger between two galaxies with di!erent ve-
locities. Even higher-resolution observations would make
it challenging to discriminate between a merger and mul-
tiple kpc-scale clumps within a single galaxy. We discuss
further the physical process of ID 191/ID 193 in terms
of star-formation mode in Section 4.

velocity-averaged CO map of two Hα emitters

Tadaki et al. in prep

CO(1-0) spectrum CO(1-0) spectrum

they could merge within 200 Myr
evidence for a gas rich major merger!
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Gas rich major merger
JVLA observation in a proto-cluster

(left) Capperallari et al. 2011, (right) Shimakawa et al. 2014, in press, arXiv:1402.3568

dynamical mass of USS1558 proto-cluster
(from 19 members with spec-z)

1692 M. Cappellari et al.

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 "10, !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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‣ slow rotators reside only in dense core of cluster at z=0
‣ a gas-rich major merger was identified in proto-cluster at z=2.5

we may be witnessing the progenitor of slow rotator in USS 1558 proto-cluster
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Figure 8. Specific SFRs (top) and gas fractions (bottom) as a function of stellar
surface densities (" = M!/2!r2

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).
(A color version of this figure is available in the online journal.)

galaxy center, a starburst would be induced at the center by
collisions between the clumps, in a manner similar to a major
merger (Barnes & Hernquist 1996).

Gas fueling to the galactic center by clump migration is also
an important process in view of the coevolution of galaxies
and supermassive black holes (Bournaud et al. 2011b). Dusty
star formation at the galaxy center is thought to accelerate
the black hole growth due to strong dissipation of gas and its
further accretion toward 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 qui-
escent galaxies at z " 2 tend to be extremely compact com-
pared with local ones with the same stellar mass (e.g., van
Dokkum et al. 2008). This suggests that the structures of com-
pact quiescent galaxies have undergone a rapid evolution since
z " 2 (Trujillo et al. 2007). However, the progenitors and the
formation processes of such compact quiescent galaxies have
been much less investigated. 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 H" emitter sam-
ple, 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). Moreover, the two compact HAEs show high Sérsic in-
dices of n ! 2, which indicate relaxed bulge-like morphologies.
They can directly turn into compact quiescent galaxies at high
redshift just by stopping their star-formation activities without
changing their sizes or structures. Note that SXDF-NB209-17

SXDF-NB209-17

zspec=2.18
n=2.0
re=1.9kpc

SXDF-NB2315-7
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Figure 9. H160-band images (top) and SEDs (bottom) of the two massive
compact star-forming galaxies SXDF-NB209-17 (left) and NB2315-7 (right).
Red symbols and blue spectra indicate the observed SEDs and the best-fit SED
models by Bruzual & Charlot (2003), respectively.
(A color version of this figure is available in the online journal.)

has been spectroscopically confirmed to be located at z = 2.182
(Tadaki et al. 2013).

The star-formation activities and stellar populations substan-
tially differ between the two compact HAEs. Figure 8 shows the
relation between stellar surface density (defined as M!/2!r2

e )
and specific SFR for the HAEs. SXDF-NB209-17 is found to
have significantly suppressed specific SFRs compared with the
other extended HAEs. This may suggest that the star-forming
activity in the compact galaxy is just beginning to be quenched.
In contrast, the star-formation activity of SXDF-NB2315-7 is
still high despite its large stellar mass of M! > 1011 M#. Next,
we evaluate the gas mass of HAEs from "SFR with the assump-
tion of the Kennicutt–Schmidt relation: "SFR = (2.5$10%4)"1.4

gas
(Kennicutt 1998). While most of the HAEs show high gas frac-
tions of "0.5, consistent with the direct measurements of gas
fraction in star-forming galaxies at z " 2 based on the CO
observations (Tacconi et al. 2010; Daddi et al. 2010), the gas
fractions of the two nuggets are clearly much lower, especially
for SXDF-NB209-17. This further supports the idea that they are
in the transitional phase from star-forming to quiescent galaxies.

Also, the SED from the UV to the near-infrared indicates an
old stellar population with the age of 1.0 Gyr in SXDF-NB209-
17, while SXDF-NB2315-7 is likely to be a young dusty star-
bursting galaxy with the age of 0.5 Gyr and dust extinction of
2.0 mag in AV (Figure 9). These results suggest that both of
them are good candidates for the progenitors of red nuggets
at z = 1.5–2.0, but that they are in the midst of the different
evolutionary phases on the way to quiescent galaxies. While
SXDF-NB2315-7 is in the starburst phase, SXDF-NB209-17
is probably a similar population to the young quiescent (post-
starburst) galaxies reported by Whitaker et al. (2012). Such a
compact star-forming phase appears only at z > 1 and it can be
the direct channel to form red nuggets seen at similar redshifts.

5. FORMATION OF MASSIVE QUIESCENT GALAXIES

We have presented two kinds of curious populations: galaxies
with a nuclear dusty star-forming clump and the very compact

8

The ATLAS3D project – VII. Morphology–density 1683

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 ! ! 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 ! " 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 " ’ 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 ! ! 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 ! ! 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 ! " 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 " ’ 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 ! ! 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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For further information, please read our paper (Tadaki et al. 2014, ApJ) 
or contact: tadaki.ken@nao.ac.jp
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