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!  Selection: 

!  260 galaxies 
!  Volume-limited 
!  Complete in MK 
!  No colour cut 
!  Mass range: ~ 7x109 - 5x1011 Msun

 

MK < -21.5   
D < 42 Mpc 
|δ – 29| < 35º 
|b| > 15º 
Early-type Morphology 

Cappellari +A3D  2011, Paper I 
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MultiVλ'Approach'

!   SAURON Large Program on WHT 

!   Single-dish CO survey of full sample (IRAM 30m) 

!   HI maps of ~150 northern galaxies with WSRT (excl. Virgo) 

!   CO interferometry of detections with CARMA 

!   Photometry multi-bands (INT, 2MASS, SDSS, deep=MegaCam) 

!   Archival data (2MASS, Chandra, XMM, GALEX, HST, Spitzer) 
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MultiVDiscipline'Approach'

!  Stellar Populations, Star Formation Histories 

!  Dynamical modelling, Mass-to-Light ratios (JAM) 

!  Gas in multiple phases 

!  High-res numerical simulations of idealized mergers 

!  High-res RE-simulations of massive galaxies with full cosmology 

!  Semi Analytic Modelling  
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542 T. A. Davis et al.

Figure 4. The relative molecular gas extent of ATLAS3D sample galaxies,
normalized by the galaxies’ effective radius. In the top panel, the ATLAS3D

galaxies are split into those with kinematically aligned molecular gas (top),
and misaligned (bottom) with respect to the stars. Kinematic misalignments
are taken from Paper X. In the bottom panel, the ATLAS3D systems are split
into Virgo cluster members (top) and field galaxies (bottom). The Virgo
cluster membership is taken from Paper I.

We discuss possible reasons for this environmental difference in
Section 6.1.2.

Given this environment dependence, we revisited the correla-
tions for spirals and ETGs discussed above, this time compar-
ing only the field ETGs with the BIMA-SONG spirals (all of
which are in the field). Removing the cluster galaxies leads us
to estimate the mean absolute extent of the gas in field ETGs as
1.23 Kpc. Thus, the average field spiral galaxy has gas which is ≈1.5
times as extended as the average field ETG. When considering the
normalized trends, however, the increase in the average normalized
radius actually makes it statistically more likely that the field ETGs
and spirals are drawn from the same population, strengthening our
conclusions.

4 G AS SURFAC E BRIGHTNESS PROFILES

Various authors (e.g. Young & Scoville 1982; Regan et al. 2001;
Leroy et al. 2009) have studied the correspondence between the
radial profile of the molecular gas and that of the stars in spiral
galaxies. On small scales (∼100 pc), the clumpy nature of the ISM
causes the molecular gas to deviate from a simple exponential pro-
file, but at larger scales (such as those probed by our CARMA
observations; 4.5 arcsec at 24.5 Mpc corresponds to ≈500 pc), the

molecular gas in the disc of many spiral galaxies is found to have
a reasonably similar profile to that of the stellar surface density,
and has a similar scalelength. Although molecular rings, and ex-
cesses and deficits of central molecular emission are found in spi-
ral galaxies, outside the bulge region the surface brightness pro-
file is still often comparable to the stellar surface brightness. As
the overall distribution of extents is similar in spirals and ETGs,
one might expect a similar result, with the molecular gas den-
sity profiles following those of the stars. However, the observed
molecular gas structures in our galaxies vary widely, and include
central discs, rings, bars, spirals and disturbed gas. These galax-
ies are also much more bulge dominated than spirals. Molecular
gas in ETGs could therefore have very different surface bright-
ness profiles from the relaxed discs seen in the majority of spiral
galaxies.

In order to investigate this issue, we extracted azimuthally av-
eraged radial surface brightness profiles from the unclipped CO
integrated intensity maps (to avoid any biases against faint emis-
sion) for all the sample galaxies. We used the CO kinematic PA
(from Paper X) and the ‘best’ inclination for the molecular gas
(from Table 1, column 8 in Paper V) to estimate the average CO
brightness in concentric elliptical annuli of one beam width (centred
at the optical nucleus of the galaxy as tabulated in Paper I). For the
galaxies close to edge-on (inclination >80◦), as we do not resolve
the molecular gas disc thickness we estimate the surface brightness
in rectangular regions one beam width thick along the major axis of
the disc. These CO surface brightness profiles were then compared
with the r-band stellar luminosity surface density profile convolved
to the same resolution. The stellar surface brightness profiles were
extracted from the MGE (Emsellem et al. 1994) model of each
ATLAS3D galaxy (Scott et al. 2012) with the software of Cappellari
(2002). We used the MGE values rather than those extracted directly
from the r-band images, as the MGE models have been carefully
fitted to remove the effects of foreground stars and other observa-
tional effects. MGE models were not available for NGC 4292 and
PGC 058114 (due to a lack of suitable r-band images), so in these
two cases we used the method described above directly on Ks-band
images. Using Ks-band images for all sources would not affect our
results.

In Fig. 5, we show four examples of profiles chosen to be repre-
sentative of the types of radial molecular gas surface density profiles
we see. Profiles for all of the CO mapped ATLAS3D galaxies are
shown in Appendix A (in the online material). Some galaxies (such
as PGC 058114, shown in the top left-hand panel of Fig. 5) follow
the stellar luminosity surface density closely, falling off with a sim-
ilar scalelength to the stars. We denote such systems as regular in
this work. We find that unlike in spirals where they make up ≈80
per cent of the population (Regan et al. 2001), regular systems make
up only half (21/41; 51 per cent) of our ETG sample.

Around a third (12/41; 29 per cent) of the galaxies in this work
have molecular gas radial profiles that fall off slower than those
of the stars, and 7/12 of these systems appear to be truncated at
large radii (the CO surface brightness does not smoothly drop to
our detection limit, but ends abruptly). In each plot, we include
the first undetected radial bin with a 3σ upper limit, to show this.
The galaxy (NGC 3489) shown in the upper right-hand panel of
Fig. 5 is an example of such a profile. We classify such sys-
tems as having excess emission (with or without truncation) from
now on.

Approximately 7 per cent of systems (3/41) have profiles that
show a lack of emission in the central regions, with a peak farther
out before the profile falls off (and is sometimes truncated). We
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Figure 12. From the Fundamental Plane to the Mass Plane. Top Panel: Edge
on view of the FP. Symbols and lines are as in Fig. 11. Middle Panel: Edge-
on view of the MP. Note the decrease in the scatter, when making the substi-
tution L ! M , and the variation in the coefficients, starting to approach the
virial ones b = 2 and c = 1. Bottom Panel: Same as in the middle panel,
but using as effective radius the major axis Rmaj

e of the effective isophote
rather than the circularized radius. The scatter increases slightly, but the tilt
is further decreased and now is consistent with the virial prediction.

not to represent real galaxies (van Dokkum & Conroy 2010; Cap-
pellari et al. 2012a). None of our conclusions is affected by the last
approximation, which only serves to allow for comparisons of our
results to previous similar studies that use stellar mass as parameter.

Two features are obvious from the plot: (i) There is a dra-
matic reduction of the observed scatter from � = 0.10 (26%) to
� = 0.062 (15%). This shows without doubt that a major part of
the scatter in the FP is due to variations in the M/L, in agreement
with independent results from strong lensing (Auger et al. 2010a);
(ii) The b coefficient substantially increase and is now much closer
to the virial value b = 2, while the c coefficient remains nearly
unchanged. The coefficients become consistent with the virial ones
when using the effective radius R

maj
e , which is insensitive to pro-

jection effects, instead of Re. This confirms that much of the de-
viation of the FP from the virial predictions is due to a systematic
variation in M/L along the FP, not to non-homology in the lumi-
nosity profiles or kinematics, also in agreement with previous dy-
namical (Cappellari et al. 2006) and strong lensing results (Bolton
et al. 2008; Auger et al. 2010a).

Galaxies are seen at random orientations so that projection ef-
fects should affect the measured �e. Given that the velocity ellip-
soid in ETGs is generally not too far from a sphere (Gerhard et al.
2001; Cappellari et al. 2007; Thomas et al. 2009), the velocity dis-
persion changes weakly with inclination, while the LOS velocity
varies as V = v sin i, where i is the galaxy inclination and v is the
edge-on (i = 90

�) velocity. In this work we have an estimate of the
galaxy inclination for every galaxy in our sample, as measured via
the JAM models. Although the inclination may not be always ac-
curate, Cappellari (2008) showed that it agrees with the inclination
inferred from dust disks, for a sample of four galaxies. Here we ex-
tend the comparison to an additional sample of 22 galaxies with reg-
ular dust disks. The JAM inclination is found to always agree within
the relative errors, with the inclination inferred from the dust disks,
assumed to be circular and in equilibrium in the galaxies equatorial
plane. Moreover our tests using JAM to recover the inclination of
N-body simulated galaxies also shows excellent agreement between
the recovered values and the known ones (Paper XII). Our estimator
of the ‘deprojected’ second velocity moment is then defined as

hv2rmsie = hv2 + �

2ie ⌘
PP

k=1
Fk(V

2
k / sin

2
i+ �

2
k)PP

k=1
Fk

, (29)

where i is the inclination of the best-fitting JAM models (A), Vk

and �k are the stellar velocity and dispersion, extracted via pPXF
adopting a Gaussian line-of-sight velocity distribution, and Fk is
the flux contained within that bin, for the P Voronoi bins (Cap-
pellari & Copin 2003) falling within the ‘effective’ ellipse of major
axis Rmaj

e and ellipticity "e (Table 1). We found that hv2rmsie agrees
with �e with an rms scatter of � = 0.025 dex, consistent with our
random errors. hv2rmsie did not improve any of our correlations with
respect to the much simpler and robust �e, which also has the key
advantage of not requiring spatially-resolved IFU kinematics. For
this reason we will not present any relation using hv2rmsie.

The result of this exercise clearly shows that the existence of
the FP is due to the fact that galaxies can be remarkably well ap-
proximated by virialized stellar systems with an M/L that varies
systematically with their properties. These facts have been clearly
realized since the discovery of the FP (Faber et al. 1987) and have
been generally assumed in most recent studies (see Ciotti 2009, for
a full discussion). The new findings on the tilt of the FP agree with a
similar study of scaling relations in ETGs using accurate dynamical
models and integral-field kinematics of a sample of just 25 galaxies

c� 2013 RAS, MNRAS 000, 1–35
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Figure 12. From the Fundamental Plane to the Mass Plane. Top Panel: Edge
on view of the FP. Symbols and lines are as in Fig. 11. Middle Panel: Edge-
on view of the MP. Note the decrease in the scatter, when making the substi-
tution L ! M , and the variation in the coefficients, starting to approach the
virial ones b = 2 and c = 1. Bottom Panel: Same as in the middle panel,
but using as effective radius the major axis Rmaj

e of the effective isophote
rather than the circularized radius. The scatter increases slightly, but the tilt
is further decreased and now is consistent with the virial prediction.

not to represent real galaxies (van Dokkum & Conroy 2010; Cap-
pellari et al. 2012a). None of our conclusions is affected by the last
approximation, which only serves to allow for comparisons of our
results to previous similar studies that use stellar mass as parameter.

Two features are obvious from the plot: (i) There is a dra-
matic reduction of the observed scatter from � = 0.10 (26%) to
� = 0.062 (15%). This shows without doubt that a major part of
the scatter in the FP is due to variations in the M/L, in agreement
with independent results from strong lensing (Auger et al. 2010a);
(ii) The b coefficient substantially increase and is now much closer
to the virial value b = 2, while the c coefficient remains nearly
unchanged. The coefficients become consistent with the virial ones
when using the effective radius R

maj
e , which is insensitive to pro-

jection effects, instead of Re. This confirms that much of the de-
viation of the FP from the virial predictions is due to a systematic
variation in M/L along the FP, not to non-homology in the lumi-
nosity profiles or kinematics, also in agreement with previous dy-
namical (Cappellari et al. 2006) and strong lensing results (Bolton
et al. 2008; Auger et al. 2010a).

Galaxies are seen at random orientations so that projection ef-
fects should affect the measured �e. Given that the velocity ellip-
soid in ETGs is generally not too far from a sphere (Gerhard et al.
2001; Cappellari et al. 2007; Thomas et al. 2009), the velocity dis-
persion changes weakly with inclination, while the LOS velocity
varies as V = v sin i, where i is the galaxy inclination and v is the
edge-on (i = 90

�) velocity. In this work we have an estimate of the
galaxy inclination for every galaxy in our sample, as measured via
the JAM models. Although the inclination may not be always ac-
curate, Cappellari (2008) showed that it agrees with the inclination
inferred from dust disks, for a sample of four galaxies. Here we ex-
tend the comparison to an additional sample of 22 galaxies with reg-
ular dust disks. The JAM inclination is found to always agree within
the relative errors, with the inclination inferred from the dust disks,
assumed to be circular and in equilibrium in the galaxies equatorial
plane. Moreover our tests using JAM to recover the inclination of
N-body simulated galaxies also shows excellent agreement between
the recovered values and the known ones (Paper XII). Our estimator
of the ‘deprojected’ second velocity moment is then defined as

hv2rmsie = hv2 + �

2ie ⌘
PP

k=1
Fk(V

2
k / sin

2
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where i is the inclination of the best-fitting JAM models (A), Vk

and �k are the stellar velocity and dispersion, extracted via pPXF
adopting a Gaussian line-of-sight velocity distribution, and Fk is
the flux contained within that bin, for the P Voronoi bins (Cap-
pellari & Copin 2003) falling within the ‘effective’ ellipse of major
axis Rmaj

e and ellipticity "e (Table 1). We found that hv2rmsie agrees
with �e with an rms scatter of � = 0.025 dex, consistent with our
random errors. hv2rmsie did not improve any of our correlations with
respect to the much simpler and robust �e, which also has the key
advantage of not requiring spatially-resolved IFU kinematics. For
this reason we will not present any relation using hv2rmsie.

The result of this exercise clearly shows that the existence of
the FP is due to the fact that galaxies can be remarkably well ap-
proximated by virialized stellar systems with an M/L that varies
systematically with their properties. These facts have been clearly
realized since the discovery of the FP (Faber et al. 1987) and have
been generally assumed in most recent studies (see Ciotti 2009, for
a full discussion). The new findings on the tilt of the FP agree with a
similar study of scaling relations in ETGs using accurate dynamical
models and integral-field kinematics of a sample of just 25 galaxies
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Conclusions'

!  Most massive ETGs form 90% of stars by z = 2 

!  Least massive ETGs form 90% of stars by z = 0.1 

!  Stars form quickest in denser environments 

!  At fixed mass: 
!  Smaller galaxies are older, richer in metals and more 

alpha-enhanced 
!  Larger galaxies form smooth sequence with spirals 
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