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Figure 6. Molecular masses and MK . Small crosses are ATLAS3D sample galaxies that are not detected in CO emission (3! upper limits), and large circles
are detections. The histograms in the right-hand panel show both the properties of the entire ATLAS3D sample (dotted line; left-side scale) and those of the
galaxies detected in CO (solid line; right-side scale). The relative scaling for the two histograms is the global detection rate. Binomial uncertainties are indicated
for the histogram of detections.

Figure 7. The Kaplan-Meier estimators for the cumulative M(H2) distri-
bution functions (SK ) for high-, medium-, and low-luminosity ATLAS3D
galaxies. These estimators include the effects of censored data (upper limits)
in constructing the cumulative distribution function. The shaded regions in-
dicate 1! uncertainties on the estimated cumulative distribution functions.
The distribution functions are similar for all three luminosity ranges, sug-
gesting no dependence of molecular mass on host luminosity.

wise heated by ambient hot gas, it would be difficult to predict
how much of it might be able to cool and re-form molecules. Envi-
ronmental and feedback effects would also complicate the relation-
ship between the stellar luminosity and the amount of molecular
gas present in a galaxy. Thus, we argue that one cannot infer either
internal or external origin for the gas based on the M(H2)-MK re-
lationship alone (or the lack of one). The value of the ATLAS3D
project is, of course, that other structural and kinematic parameters
and stellar population information are available for the sample as
well.

5.2 Dynamical mass

In spite of the lack of a relationship between CO content and MK ,
there is some evidence for a modest dependence of the CO content
on the dynamical mass and a closely related quantity, the global

stellar velocity width !e. Figure 8 shows that the CO detection rate
for galaxies with !e ! 100 km s!1 is relatively high, 0.38 ± 0.05,
whereas for !e > 100 km s!1 it is 0.14 ± 0.03. The median !e

for CO detections is 99 km s!1, whereas for nondetections it is
137 km s!1. The effect in dynamical mass is more subtle, so that
the CO detection rate above a dynamical mass of 3 ! 1010 M" is
0.19 ± 0.03 and below is 0.25 ± 0.04. A KS test on the dynamical
masses of CO detections and nondetections gives a probability of
6.5% that they could have been drawn from the same parent pop-
ulation. However, the Kaplan-Meier estimators show no significant
differences in H2 masses of high and low mass galaxies.

For both !e and dynamical mass the sense of the difference is
that lower mass galaxies are more likely to be detected. It is curious
that the magnitude of the effect is much stronger in !e than in dy-
namical mass. The details of the scaling relations between those two
quantities are beyond the scope of this paper, but it is helpful to be
precise about their definitions. Cappellari et al. (2006) explain that
!e is the second moment of the galaxy’s luminosity-weighted line
of sight velocity distribution (LOSVD). Because it is constructed by
fitting a Gaussian to a stack of all spectra within the effective radius,
it includes contributions from both the mean stellar rotation and the
velocity dispersion approximately as !e # (V 2

rot + !2)1/2, where
Vrot is the projected mean stellar rotation velocity and ! is the lo-
cal stellar velocity dispersion. Cappellari et al. (2006) discusses the
use of !e in the virial mass asMvir # 5!2

eRe/G. The dynamical
mass used here is, however, derived from stellar dynamical models
of the SAURON stellar kinematics (Cappellari et al. 2010), using
the Jeans anisotropic modelling technique of Cappellari (2008). It
can be understood asMJAM $ 2!M1/2, whereM1/2 is the total
dynamical mass within a sphere containing half of the galaxy light.
In addition, as M1/2 is generally dominated by the stellar mass,
MJAM approximates the stellar massMstar but should not be con-
flated with the total halo mass out to the virial radius. The quantities
MJAM and !e for the ATLAS3D sample will be published in Cap-
pellari et al., in preparation.

Several different effects could be responsible for the depen-
dence of the CO detection rate on !e and dynamical mass. We note
first that molecular gas likely does induce star formation, and the
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Figure 1. Mosaic showing CO distributions (solid blue lines) overlaid on optical images

(colours and solid black lines) for selected sample galaxies. A range of morphologies is observed.

2. Molecular gas properties

In Young et al. (2011), we present a complete CO single-dish survey of the ATLAS3D

sample carried out with the IRAM 30m telescope. With a sensitivity of 3 mK T ∗
a per

30 km s−1 channel (≈ 3 × 107 M⊙ of molecular hydrogen at the median distance), the

main result is a surprisingly high detection rate of 22%. Equally important, detections

are present throughout the so-called red sequence, formed of objects with presumably

low specific star formation rates. The molecular gas masses span the range 107–109 M⊙,
and both the detection rate and the molecular-to-stellar mass ratios are independent

of luminosity and most structural and dynamical parameters probed. There is however

a clear dependence on the specific stellar angular momentum (as quantified by the λR

parameter; Emsellem et al. 2007), in the sense that slow-rotating galaxies are deficient in

molecular gas, and a possible weak dependence on environment for fast-rotating galaxies.

We have strived to obtain follow-up interferometric line-imaging of all CO detections,

first with BIMA and PdBI, and now with CARMA (Alatalo et al., in preparation).

Figure 1 shows a subset of the nearly 40 galaxies observed so far, and it illustrates the

range of distributions detected. CO is generally centrally-concentrated, with central disks,

bars, rings, and occasional disturbed morphologies. A careful comparison with the spiral

galaxies of the BIMA-SONG survey (Regan et al. 2001) reveals that while the CO extent

is generally smaller in an absolute sense in ETGs, the extent distributions are identical

once scaled by a characteristic size (effective radius, scalelength, isophotal diameter, etc).

Taking full advantage of the three-dimensional nature of the SAURON optical integral-

field data and the CO synthesis observations, we can compare the kinematics of the

stars, ionised gas, and molecular gas (Fig. 2; Davis et al. 2011). The kinematic major

axes of the stars and molecular gas are aligned in about 2/3 of the CO-detected galaxies,

implying that the molecular gas is consistent with an internal origin (e.g. stellar mass

loss) in 2/3 of the cases overall, while it must have an external origin (e.g. external

accretion, minor merger) in at least 1/3 of the cases (some of the kinematically-aligned

gas can also have an external origin). Crucially, these statistics are strongly dependent

on environment. The stars and molecular gas are nearly always kinematically-aligned in

Bureau et al 2011, Alatalo et al. in prep 

ATLAS3D: volume limited sample of 260 local ETGs 
22% detection rate in CO ! 
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Figure 6. Molecular masses and MK . Small crosses are ATLAS3D sample galaxies that are not detected in CO emission (3! upper limits), and large circles
are detections. The histograms in the right-hand panel show both the properties of the entire ATLAS3D sample (dotted line; left-side scale) and those of the
galaxies detected in CO (solid line; right-side scale). The relative scaling for the two histograms is the global detection rate. Binomial uncertainties are indicated
for the histogram of detections.

Figure 7. The Kaplan-Meier estimators for the cumulative M(H2) distri-
bution functions (SK ) for high-, medium-, and low-luminosity ATLAS3D
galaxies. These estimators include the effects of censored data (upper limits)
in constructing the cumulative distribution function. The shaded regions in-
dicate 1! uncertainties on the estimated cumulative distribution functions.
The distribution functions are similar for all three luminosity ranges, sug-
gesting no dependence of molecular mass on host luminosity.

wise heated by ambient hot gas, it would be difficult to predict
how much of it might be able to cool and re-form molecules. Envi-
ronmental and feedback effects would also complicate the relation-
ship between the stellar luminosity and the amount of molecular
gas present in a galaxy. Thus, we argue that one cannot infer either
internal or external origin for the gas based on the M(H2)-MK re-
lationship alone (or the lack of one). The value of the ATLAS3D
project is, of course, that other structural and kinematic parameters
and stellar population information are available for the sample as
well.

5.2 Dynamical mass

In spite of the lack of a relationship between CO content and MK ,
there is some evidence for a modest dependence of the CO content
on the dynamical mass and a closely related quantity, the global

stellar velocity width !e. Figure 8 shows that the CO detection rate
for galaxies with !e ! 100 km s!1 is relatively high, 0.38 ± 0.05,
whereas for !e > 100 km s!1 it is 0.14 ± 0.03. The median !e

for CO detections is 99 km s!1, whereas for nondetections it is
137 km s!1. The effect in dynamical mass is more subtle, so that
the CO detection rate above a dynamical mass of 3 ! 1010 M" is
0.19 ± 0.03 and below is 0.25 ± 0.04. A KS test on the dynamical
masses of CO detections and nondetections gives a probability of
6.5% that they could have been drawn from the same parent pop-
ulation. However, the Kaplan-Meier estimators show no significant
differences in H2 masses of high and low mass galaxies.

For both !e and dynamical mass the sense of the difference is
that lower mass galaxies are more likely to be detected. It is curious
that the magnitude of the effect is much stronger in !e than in dy-
namical mass. The details of the scaling relations between those two
quantities are beyond the scope of this paper, but it is helpful to be
precise about their definitions. Cappellari et al. (2006) explain that
!e is the second moment of the galaxy’s luminosity-weighted line
of sight velocity distribution (LOSVD). Because it is constructed by
fitting a Gaussian to a stack of all spectra within the effective radius,
it includes contributions from both the mean stellar rotation and the
velocity dispersion approximately as !e # (V 2

rot + !2)1/2, where
Vrot is the projected mean stellar rotation velocity and ! is the lo-
cal stellar velocity dispersion. Cappellari et al. (2006) discusses the
use of !e in the virial mass asMvir # 5!2

eRe/G. The dynamical
mass used here is, however, derived from stellar dynamical models
of the SAURON stellar kinematics (Cappellari et al. 2010), using
the Jeans anisotropic modelling technique of Cappellari (2008). It
can be understood asMJAM $ 2!M1/2, whereM1/2 is the total
dynamical mass within a sphere containing half of the galaxy light.
In addition, as M1/2 is generally dominated by the stellar mass,
MJAM approximates the stellar massMstar but should not be con-
flated with the total halo mass out to the virial radius. The quantities
MJAM and !e for the ATLAS3D sample will be published in Cap-
pellari et al., in preparation.

Several different effects could be responsible for the depen-
dence of the CO detection rate on !e and dynamical mass. We note
first that molecular gas likely does induce star formation, and the
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Gas disk stability against local collapse 
and star formation 
¨  Stability results from a competition between: 

¤  self-gravity  
¤  velocity dispersion which inhibits the collapse 
¤  differential rotation that shears gas clouds 

¨  Toomre parameter for a thin rotating gas disk: 

¨  Stability criterion: Qg > 1 
¨  For a gas disk embedded in a stellar disk: an effective Toomre 

parameter (stars contribute to instability)  

Gas disk stability against local collapse and SF
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Qg =
κσg

πGΣg

Stability criterion: Qg > 1

For a gas disk embedded in a stellar disk: an effective
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Gas disk stability in elliptical galaxies 

¨  Gas disk is stabilized when stars are in a spheroid 
instead of a disk: 
¤  steeper potential well  
¤  reduced disk self-gravity 
 

ETGs should have lower 
star formation efficiencies: 
 
morphological quenching 
(Martig et al. 2009) 



Evolution from z=2 to z=0 



MQ phase 

Morphological quenching in a cosmo 
simulation 

Elliptical galaxy with a 
massive gas disk but 
inefficient SF and red colors 
(Martig et al. 2009) 
 
 



Lower SF efficiency in elliptical galaxies 



A comparison with high resolution AMR 
simulations 
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Figure 3. Gas surface density and velocity dispersion. The top panels show the gas surface density (5x5 kpc panels, colormap in units

Msun/pc2) for the 4 generic simulations. The bottom panels show the corresponding in-plane velocity dispersion !! =
!

!2
x + !2

y ,

mass-averaged along the line of sight, computed in 80x80 pc pixels (5x5 kpc panels, colormap in units km/s)

Figure 4. Gas surface density profiles (top panels) and gas density probability distribution functions (PDF, bottom panels) for the
spiral and elliptical with a gas fraction of 1.3% (left panels) and 4.5% (right panels). In each case the initial profile is also shown.
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¨  AMR code RAMSES, 5 pc maximal resolution, star formation, 
kinetic SN feedback (Martig, Crocker et al. 2013) 

¨  Same gas disk embedded in spiral or elliptical galaxy 
¨  Mgas=7.5 x 108Msun, fgas=1.3% 
 

SFR = 2.5 Msun/yr SFR = 0.1 Msun/yr 



A comparison with high resolution AMR 
simulations 

¨  AMR code RAMSES, 5 pc maximal resolution, star formation, 
kinetic SN feedback 

¨  Same gas disk embedded in spiral or elliptical galaxy 
¨  Mgas=2.5 x 109Msun, fgas=4.5% 
 

SFR = 11.3 Msun/yr SFR = 4.8 Msun/yr 
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Figure 3. Gas surface density and velocity dispersion. The top panels show the gas surface density (5x5 kpc panels, colormap in units

Msun/pc2) for the 4 generic simulations. The bottom panels show the corresponding in-plane velocity dispersion !! =
!
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x + !2

y ,

mass-averaged along the line of sight, computed in 80x80 pc pixels (5x5 kpc panels, colormap in units km/s)

Figure 4. Gas surface density profiles (top panels) and gas density probability distribution functions (PDF, bottom panels) for the
spiral and elliptical with a gas fraction of 1.3% (left panels) and 4.5% (right panels). In each case the initial profile is also shown.

c! 0000 RAS, MNRAS 000, 000–000



The resulting Kennicutt relation  
4 M. Martig et al.

Figure 2. Simulated spiral and elliptical galaxies on the Kennicutt relation. Left : for a cosmological resimulation. Right : for idealized
simulations with a maximal resolution of 5 pc. In both cases the shaded area is the 1! zone from Kennicutt (1998) and the solid lines
are fits to the simulated data points (for the idealized ellipticals, a fit is performed separately for the two galaxies since they have a very
di!erent behaviour). The dashed lines are there to guide the eye and are simply the fits for the spiral population but with an e"ciency
divided by 2.5 (left) or 5 (right).

z ! 0.2 is a much quieter phase, dominated by smooth dark
matter and gas accretion, with an average gas accretion rate
of 9 M" yr!1. Finally, a major merger takes place at z = 0.2
with a mass ratio of 1.5:1.

During the quiet phase, a gas disk is gradually built
within the elliptical galaxy, with a cold gas mass growing
from 5.1#109 M" to 1.3#1010 M". In spite of this large gas
content, the star formation rate remains at a low level, and
the galaxy has a red color. This is the phase corresponding
to a morphological quenching e!ect: the gas disk is stable
against star formation because it is embedded in an elliptical
galaxy.

In M09, we discussed the detailed properties of the gas
disk, and analyzed its stability. In the next Section, we will
show where the simulated galaxy stands on the Kennicutt
relation, and will discuss the star formation e"ciency as a
function of host galaxy morphology.

3 GAS DYNAMICS AND STAR FORMATION

IN SIMULATED GALAXIES

3.1 Star formation e!ciency

In this Section as well as in the following ones, we define the
star formation e"ciency ! as :

#SFR = !# #!
gas , (1)

where the star formation surface density is expressed in units
of M" yr!1 kpc!2 and the gas surface density #gas is in
M" pc!2. This definition is chosen because it is the easiest
one to compare to observational data.

We show on the left panel of Figure 2 the gas and star
formation rate surface densities in the cosmological simu-
lation studied in M09. We measure these quantities during
the morphological quenching phase in 5 snapshots (500 Myr
apart) of the simulation. For each snapshot, average values
of #gas and #SFR are computed within the optical radius of
the main galaxy (R25 in g band), and in 10 annuli centered
on the center of the galaxy (each annulus has a width of

1 kpc). The same method is used for star forming disks, in
a series of snapshots at z $ 2 before the first minor mergers
occur, and at z $ 0.

Except at very low gas density, the star forming disks
lie within 1" of the best fit proposed by Kennicutt (1998).
The red ETGs undergoing morphological quenching roughly
occupy the same region of the Kennicutt plot as the star
forming disks, although very high gas densities are not found
in the MQ phase. As expected, the quenched gas disks tend
in average to lie slightly below the star forming galaxies
(i.e., to have a lower #SFR for a given #gas). We fit the
e"ciency and slope of the Kennicutt relation (Eq. 1) for
each series of points independently, not taking into account
the points at low gas density and low star formation rate
that would artificially skew the slope to a too high value. We
list in Table 1 the best fit values for the e"ciency and slope
of the Kennicutt relation. The e"ciency and slope for the
spiral galaxies are very close to the best fit values proposed
by Kennicutt (1998), while the elliptical has much lower
e"ciency but also a much steeper slope. This steep slope
makes it hard to compare the e"ciency directly with the
one found for the spirals. To help with the interpretation of
the results, we draw on Figure 2 a line with the same slope as
the spirals’ one and that goes through most of the elliptical
points, or at least through the points corresponding to global
averages. This line gives an e"ciency of star formation 2.5
times lower in the elliptical galaxy compared to the spirals.

We test if this result still holds in the 5-pc resolution
simulations of gas disks embedded in an idealized spiral or
elliptical galaxy. We now measure the gas and SFR surface
densities within 500 pc wide annuli between 0 and 2 kpc
from the center of the galaxy (see right panel of Figure 2).
We fit both simulated spirals with the same slope and e"-
ciency, which we find to be slightly higher than Kennicutt’s
best fit. We perform separate fits for the two elliptical galax-
ies, that have a very di!erent behaviour (see the resuting
best fit values in 1). The elliptical with a large gas fraction
(and thus a high gas surface density) lies very closely to
the spiral’s best fit : the slope is the same in both cases,
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Resolved observations of molecular gas 
and star formation in ETGs 
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Figure 1. DSS R-band images of the 12 sample E/S0 galaxies
with molecular gas. Each image is 7!! 7!.

of Es and S0s and cluster and non-cluster members, addi-
tionally trying to uniformly populate ellipticity-magnitude
space (de Zeeuw et al. 2002).

Combining a detection campaign with the Institut
de Radioastronomie Millimétrique (IRAM) 30m telescope
(Combes et al. 2007) and data from the literature, 13/48
galaxies of the main sample are detected in CO from
single-dish measurements. Follow-ups to obtain interfero-
metric molecular gas data have mapped 4 galaxies with
the Berkeley-Illinois-Maryland Array (BIMA; Young et al.
2008) and 7 galaxies with the IRAM Plateau de Bure In-
terferometer (PdBI; Crocker et al. 2008, 2009, 5 presented
in this paper). Two galaxies observed with PdBI turn
out to be non-detections (described below). One galaxy,
NGC 2685, already has interferometric data in the litera-
ture (Schinnerer & Scoville 2002). Thus out of the original
13 CO detections from the main SAURON early-type sample,
10 now have interferometric maps, 2 are false single-dish de-
tections and for only one, NGC 3156, we have been unable
to obtain interferometric data.

No systematic survey of molecular gas in the SAURON

‘specials’ sample has been undertaken, but a litera-
ture search reveals CO detections for three: NGC 2320,
NGC 5666 and NGC 5866 (Wiklind & Henkel 1995;
Welch & Sage 2003). NGC 2320 and NGC 5666 both have
interferometric CO maps (Young 2002, 2005), so we also in-
clude these two galaxies in our sample. As they have not
gone through the same selection process, we briefly describe
both of them here.

NGC 2320 lies at 83 Mpc, more distant than the SAURON
sample limit of 40 Mpc. It is classified as an elliptical in
both the RC3 (de Vaucouleurs et al. 1991) and UGC (Nilson
1973) catalogues and is a member of the Abell 569 cluster.

Table 1. Observing parameters

Galaxy Date Config. Ant. Receiver Tsys

(NGC) (K)
524 24/08/07 D 5 new: 3mm 250

21/12/07 C 6 new: 3mm 200
3489 23/04/07 C 6 new: 3mm 225

23/10/08 D 6 new: 3mm 250
24/10/08 D 6 new: 3mm 350

4278 24/12/05 C 6 old 400, 300
01/11/07 D 6 new: 1mm 200

4477 09/01/06 C 5/6 old 250, 300
30/04/06 D 6 old 225, 350

7457 29/06/07 D 4/5 new: 3mm 200
13/07/07 D 5 new: 3mm 250

NGC 5666 (at 35 Mpc) is a di!cult galaxy to classify.
Donzelli & Davoust (2003) conclude that NGC 5666 has too
much gas and spiral structure to be a true early-type, but
also has too high a bulge-to-total ratio and too old stellar
populations for a normal Scd galaxy. An r1/4 law fits the
Spitzer Multiband Imaging Photometer (MIPS) 24 µm sur-
face brightness profile reasonably well (based on data from
Young et al. 2009), hinting at the dominance of a classic de
Vaucouleurs profile. We thus include NGC 5666 in our sam-
ple, but remain aware of its uncertain morphology. In par-
ticular, we note that it did not meet the visual early-type
selection criteria for the complete Atlas3D sample, which
follows upon the SAURON survey (Cappellari et al. in prepa-
ration).

We therefore have a total of 12 galaxies with both IFU
and CO maps (10 from the main sample and 2 ‘specials’).
Unfortunately the CO distribution of NGC 2685 lies in a po-
lar ring outside of the region mapped with the SAURON IFU,
so sometimes we will not be able to discuss this galaxy with
the rest of the sample. Additionally, the CO-detected but
unmapped galaxy from the main SAURON sample, NGC 3156,
is included when information on the CO distribution is not
required. The inclusion of the two ‘special’ galaxies compli-
cates the sample, but we are primarily interested in consider-
ing the range of molecular gas and star formation properties
in E/S0s and so want the largest sample size possible. When
the statistics of the properties are important, we will limit
the sample to the galaxies from the main SAURON sample.
However, more detailed work in this vein requires a much
larger (and complete) sample. Digital Sky Survey (DSS) R-
band images for the 12 sample galaxies are shown in Fig. 1.

3 OBSERVATIONS AND DATA REDUCTION

3.1 CO observations and data analysis

We observed five galaxies (NGC 524, NGC 3489, NGC 4278,
NGC 4477 and NGC 7457) in the C and D configurations at
the PdBI. Observing parameters for individual galaxies are
listed in Table 1. The receivers were upgraded in December
2006. After this point, the CO(2-1) and CO(1-0) lines could
no longer be simultaneously observed. The correlator config-
uration before December 2006 had a total bandwidth of 580
MHz and 1.25 MHz resolution. Since December 2006, the
total bandwidth is 950 MHz with 2.5 MHz resolution. Dur-
ing the observations, the correlator was regularly calibrated
by a noise source inserted in the IF system.
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Figure 1. DSS R-band images of the 12 sample E/S0 galaxies
with molecular gas. Each image is 7!! 7!.
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Figure 1. DSS R-band images of the 12 sample E/S0 galaxies
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of Es and S0s and cluster and non-cluster members, addi-
tionally trying to uniformly populate ellipticity-magnitude
space (de Zeeuw et al. 2002).

Combining a detection campaign with the Institut
de Radioastronomie Millimétrique (IRAM) 30m telescope
(Combes et al. 2007) and data from the literature, 13/48
galaxies of the main sample are detected in CO from
single-dish measurements. Follow-ups to obtain interfero-
metric molecular gas data have mapped 4 galaxies with
the Berkeley-Illinois-Maryland Array (BIMA; Young et al.
2008) and 7 galaxies with the IRAM Plateau de Bure In-
terferometer (PdBI; Crocker et al. 2008, 2009, 5 presented
in this paper). Two galaxies observed with PdBI turn
out to be non-detections (described below). One galaxy,
NGC 2685, already has interferometric data in the litera-
ture (Schinnerer & Scoville 2002). Thus out of the original
13 CO detections from the main SAURON early-type sample,
10 now have interferometric maps, 2 are false single-dish de-
tections and for only one, NGC 3156, we have been unable
to obtain interferometric data.

No systematic survey of molecular gas in the SAURON

‘specials’ sample has been undertaken, but a litera-
ture search reveals CO detections for three: NGC 2320,
NGC 5666 and NGC 5866 (Wiklind & Henkel 1995;
Welch & Sage 2003). NGC 2320 and NGC 5666 both have
interferometric CO maps (Young 2002, 2005), so we also in-
clude these two galaxies in our sample. As they have not
gone through the same selection process, we briefly describe
both of them here.

NGC 2320 lies at 83 Mpc, more distant than the SAURON
sample limit of 40 Mpc. It is classified as an elliptical in
both the RC3 (de Vaucouleurs et al. 1991) and UGC (Nilson
1973) catalogues and is a member of the Abell 569 cluster.

Table 1. Observing parameters
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(NGC) (K)
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much gas and spiral structure to be a true early-type, but
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follows upon the SAURON survey (Cappellari et al. in prepa-
ration).

We therefore have a total of 12 galaxies with both IFU
and CO maps (10 from the main sample and 2 ‘specials’).
Unfortunately the CO distribution of NGC 2685 lies in a po-
lar ring outside of the region mapped with the SAURON IFU,
so sometimes we will not be able to discuss this galaxy with
the rest of the sample. Additionally, the CO-detected but
unmapped galaxy from the main SAURON sample, NGC 3156,
is included when information on the CO distribution is not
required. The inclusion of the two ‘special’ galaxies compli-
cates the sample, but we are primarily interested in consider-
ing the range of molecular gas and star formation properties
in E/S0s and so want the largest sample size possible. When
the statistics of the properties are important, we will limit
the sample to the galaxies from the main SAURON sample.
However, more detailed work in this vein requires a much
larger (and complete) sample. Digital Sky Survey (DSS) R-
band images for the 12 sample galaxies are shown in Fig. 1.
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3.1 CO observations and data analysis
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NGC 4477 and NGC 7457) in the C and D configurations at
the PdBI. Observing parameters for individual galaxies are
listed in Table 1. The receivers were upgraded in December
2006. After this point, the CO(2-1) and CO(1-0) lines could
no longer be simultaneously observed. The correlator config-
uration before December 2006 had a total bandwidth of 580
MHz and 1.25 MHz resolution. Since December 2006, the
total bandwidth is 950 MHz with 2.5 MHz resolution. Dur-
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the PdBI. Observing parameters for individual galaxies are
listed in Table 1. The receivers were upgraded in December
2006. After this point, the CO(2-1) and CO(1-0) lines could
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CO maps : BIMA (Young et al. 
2008) and PdBI (Crocker et al. 
2009,2011) 
HI mass: Westerbork (Serra et al. 
2012) 
SFR maps: non-stellar 8μm 
emission (Shapiro et al. 2010) 

+12 spirals with data from  THINGS (Walter et al. 2008), BIMA-SONG 
(Helfer et al. 2003) and SINGS (Kennicutt et al. 2003) surveys  
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Table 3. The sample of observed ETGs

Name Distance H2 mass H i mass f3.6 PA Axis Ratio
(Mpc) log(M!) log(M!)

NGC 524 23.3 7.8 < 6.4 0.293 36.5 1.06
NGC 2768 21.8 7.8 7.8 0.258 180 1.20
NGC 3032 21.4 8.7 7.8 0.293 92.5 2.06
NGC 4150 13.4 7.7 6.0 0.264 146 1.44
NGC 4459 16.1 8.2 < 6.6 0.264 89 1.47
NGC 4477 16.5 7.4 < 7.0 0.261 227 1.20
NGC 4526 16.4 8.8 < 7.9 0.268 108 2.28
NGC 4550 15.5 6.9 < 6.5 0.268 179 3.55

Distances from Paper I. H2 masses from Crocker et al. (2011) and use XCO = 3" 1020 cm!2 (K km s!1)!1. H i masses from
Paper XIII or Crocker et al. (2011). f3.6 is the multiplicative factor applied to the IRAC 3.6µm image when it is subtracted o! the
8µm image in order to remove the stellar emission at 8µm (Shapiro et al. 2010). Position angles are from Cappellari et al. (2007) and

axis ratios are derived from best inclinations from Davis et al. (2011a, Paper V).

indicator. This sample is made of all galaxies for which this
information is available, after removing one galaxy (NGC
3489). NGC 3489 has a very unusual molecular gas distri-
bution, including spiral arms. This suggests that the gas is
gravitationally unstable, and is consistent with NGC 3489
being a flat, discy galaxy, with stars that might contribute
to the disc instability. In addition, the molecular gas has an
irregular velocity field suggesting that it has been recently
accreted or disturbed (Crocker et al. 2011). Because of these
uncertainties, we exclude this galaxy from the sample. De-
tails of the sample galaxies are listed in Table 3.

For comparison, we analyse a sample of twelve late-
type galaxies: NGC 628, NGC 2903, NGC 3351, NGC 3521,
NGC 3627, NGC 4736, NGC 4826, NGC 5055, NGC 5194,
NGC 5457, NGC 6946, and NGC 7331. This sample con-
sists of all late-type galaxies with available CO from BIMA-
SONG (selecting only those with both BIMA and 12m obser-
vations Helfer et al. 2003), H i from THINGS (Walter et al.
2008) and 8µm data from SINGS (Kennicutt et al. 2003)
or LVL (Dale et al. 2009). These galaxies are at similar dis-
tances (5–15 Mpc) to our ETG sample galaxies.

4.1 Observational gas surface densities

Gas surface densities are derived using CO and H i inter-
ferometric observations. We use the 12CO(1-0) transition
as a tracer of molecular gas, using a conversion factor of
XCO = 3 ! 1020 cm!2 (K km s!1)!1. Half of the ETG
CO maps (NGC 3032, NGC 4150, NGC 4459, NGC 4526)
were obtained using the Berkeley Illinois Maryland Array
(BIMA) with details of observational setup and data reduc-
tion in Young et al. (2008). The other half of the CO maps
(NGC 524, NGC 2768, NGC 4477 and NGC 4550) were ob-
tained with the Plateau de Bure Interferometer (PdBI) with
details in Crocker et al. (2008), Crocker et al. (2009) and
Crocker et al. (2011).

Our choice of XCO is based upon the typical value for
Milky Way clouds. It is known that XCO varies based upon
metallicity, reaching much higher values in low-metallicity
systems (e.g. Wilson 1995; Arimoto et al. 1996). Mean-
while, highly active galaxies such as starbursts and ULIRGS
have lower values of XCO (e.g. Wild et al. 1992; Solomon
et al. 1997). Unfortunately, little is yet known about what

Table 4. Observational results for early-type galaxies

Radius !gas !SFR

kpc M! pc!2 M! yr!1 kpc!2

NGC524
0.31 77.9± 16.3 0.0373± 0.0051

0.62 32.8± 6.6 0.0195± 0.0024

0.92 11.4± 2.3 0.0084± 0.0013

NGC2768
0.18 47.4± 9.5 0.0173± 0.0038

NGC3032
0.58 204.1± 39.6 0.1029± 0.0032

1.15 81.3± 15.1 0.0218± 0.0007

1.73 20.4± 3.5 0.0037± 0.0001

NGC4150
0.44 77.1± 15.7 0.0380± 0.0017

0.89 7.2± 1.5 0.0035± 0.0002

NGC4459
0.57 119.1± 23.9 0.0632± 0.0034

1.14 17.3± 3.5 0.0051± 0.0007

NGC4477
0.22 114.5± 23.0 0.0141± 0.0045

NGC4526
0.35 637.4± 127.6 0.2037± 0.0095

0.70 265.3± 53.1 0.0705± 0.0033

1.05 45.7± 9.2 0.0094± 0.0012

NGC4550
0.33 15.5± 3.2 0.0081± 0.0017

the appropriate value for early-type galaxies may be. Recent
theoretical modeling suggests that XCO is not a function of
galaxy morphology, depending most strongly on metallicity
and more weakly upon radiation field and column density
(Narayanan et al. 2012; Feldmann et al. 2012). None of the
early-type galaxies chosen for this work are starbursts and
furthermore, many have low [O iii]/H! ratios signalling rel-
atively high gas-phase metallicities. Therefore a choice of
XCO = 3! 1020 cm!2 (K km s!1)!1 is at least plausible for
the early-type galaxy sample and simplifies the comparison
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Observed LTGs and ETGs on the 
Kennicutt relation 

SF efficiency 
1.8 x lower 

(Martig, Crocker et al. 2013) 
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with the spiral galaxies, for which we will use the same value
of XCO.

We sum the flux density in the CO maps of these galax-
ies within annular ellipses. The annuli are centered at each
galaxy’s optical center with widths equal to the average of
the interferometric beam major and minor axes in order to
keep the measurements independent. The position angle and
axis ratio of the ellipses are listed in Table 3. No background
subtraction is performed for the CO photometry.

The H i data obtained with the Westerbork Synthe-
sis Radio Telescope are less well resolved (beams typically
> 30!!) and so we only have ‘central’ values of H i mass
(Paper XIII). We assume this mass is uniformly distributed
over the observed CO distribution. While the H i/H2 ratio
almost certainly varies within each galaxy, we note that the
inclusion of the H i is always a minor consideration for the
early-type galaxies, as they have only ! 10% or less of their
cold gas mass in H i in these regions.

An identical approach is followed for the late-type
galaxies, including using the same XCO factor. The only
change is the use of the interferometric H i maps from the
VLA as obtained by the THINGS project. The resolution
of these maps is ! 6!!, so we are able to use the H i map
itself, combined with the CO maps to obtain a total cold
gas surface density.

The dominant error in the gas surface density is the
calibration uncertainty associated with the CO observations,
taken to be 20%. We also add in quadrature a component
for the estimated photometric error, based upon the noise
level in the original data cubes.

4.2 Observational star formation rate surface

densities

For both early and late-type galaxies, we compute star for-
mation rates using their non-stellar 8µm emission. Emission
from this wavelength predominantly traces band emission
from PAHs. We choose 8µm as a star formation rate indi-
cator because its resolution is better than some other avail-
able indicators (2.82!! compared to: GALEX FUV at 4.5!!,
Spitzer 24µm at 6.4!!). We note that H! would have a better
resolution than 8µm, but too few (2) of our ETGs have avail-
able H! maps. To obtain a measure of the non-stellar 8µm
emission, we subtract a fraction of the 3.6µm IRAC band
(f3.6; dominated by stellar continuum) from the 8µm IRAC
band. The fraction used changes from galaxy to galaxy and
is based on stellar population models as in Shapiro et al.
(2010). These values are listed for the early-types in Table 3
and a constant fraction of 0.293 is used for the late-type
galaxies.

Photometry is performed in the the same elliptical an-
nuli as used for the gas. Background subtraction is per-
formed before the stellar subtraction in both the 3.6 and
8µm images and the recommended aperture corrections are
applied.

For the conversion to SFR, we turn to the papers of Wu
et al. (2005a) and Zhu et al. (2008) which give SFR conver-
sions for the IRAC 8µm band based upon comparisons to
other SFR tracers (radio, H!, IR, UV). We convert these
from a Salpeter to Kroupa Initial Mass Function (IMF) and
find conversion factors from 1.06 "10"43 to 1.303 "10"43

(converting from luminosity in erg s"1 to SFR in M# yr"1),

Figure 5. Star formation rate and total gas surface densities for
a sample of local late-type (blue squares) and early-type galaxies
(red dots). For each galaxy, these values are computed in several
radial bins depending on the extent of the molecular gas. We
also show the 1! zones from Kennicutt (1998) (shaded area) and
Bigiel et al. (2008) (dotted lines), both corrected for our XCO

value and for a Kroupa IMF. The solid blue and red lines are fits
to the data points, showing an average star formation e!ciency
lower by a factor ! 2 in ETGs.

based on the tracers used for comparison. We opt to take a
roughly average conversion factor of 1.2"10"43 in this work.
We note that some fraction of the 8µm emission will be con-
tributed by old stars exciting PAH molecules and not exclu-
sively UV photons from young star-forming regions (Crocker
et al. 2013). Due to the concentration of old stars in the
bulges of ETGs (where the molecular gas is also found), the
early-type galaxies likely have a larger contribution to their
8µm emission from old star heating (Xilouris et al. 2004;
Kaneda et al. 2008). However, the 8µm emission is well tied
to the hot dust emission in the 24µm band in ETGs (Crocker
et al. 2011). Thus the 8µm SFRs are not likely to be far
o!, but should be strictly regarded as upper limits for the
early-type galaxies.

The error for the derived star formation rates includes
the photometric error, a 3% error from IRAC calibration in
both the 3.6 and 8µm images and a systematic error of 10%
on the stellar subtraction fraction. These are combined in
quadrature.

4.3 Results

Our derived gas and star-formation surface densities are
listed in Table 4 for the early-type galaxies. In Figure 5,
we plot the values for both the early- and late-type galaxies.
While there is some spread in both populations, the points
corresponding to the annular averages for early-type galaxies
are biased towards having lower values of !SFR at a given
gas surface density. We note that this is an improvement
on earlier works (Shapiro et al. 2010; Crocker et al. 2011)
that were unable to distinguish an ETG o!set. We now spa-
tially resolve the gas and star formation and we also gain
diagnostic power by directly treating spiral galaxies with an
identical methodology. Additionally, as noted above, we ex-
cluded a galaxy with an irregular molecular gas distribution,
which the previous studies had included.

c" 0000 RAS, MNRAS 000, 000–000



Conclusion 

¨  Morphological quenching: gas disks are stabilized 
against star formation when embedded in a stellar 
spheroid instead of a disk, whatever: 
¤  the mechanism forming the spheroid 
¤  the origin of the gas (left over after mergers or 

accreted) 

¨  SF efficiency 2-5 times lower in ETGs 
¨  There is an upper limit to the amount of gas that 

can be stabilized 


