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The ATLAS3D project – XIII. Neutral hydrogen 1841

Figure 2. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with very large H I

distributions relative to the stellar body. The top row shows total-H I contour images. We refer to the caption of Fig. A1 for a description of the content of each
image. In this figure the top-right scale bar indicates 10 kpc at the galaxy distance. The bottom row shows position–velocity diagrams of galaxies in the top
row, drawn along an axis which highlights relevant features in the H I kinematics (see text). We plot angular and velocity offset along horizontal and vertical
axis, respectively. The diagrams are drawn along an axis whose position angle is indicated on the bottom right of each diagram (north to east). Contours are
drawn at 1.0 × 2n mJy beam−1, n = 0, 1, 2, . . . . The cross on the bottom left indicates 10 kpc along the horizontal axis and 50 km s−1 along the vertical axis.

Figure 3. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with H I distributions of
size similar to that of the stellar body. See the caption of Fig. 1 for a description of the images. In this figure, position–velocity diagrams are drawn using the
R01 cubes. Contours are drawn at N0 × 2n mJy beam−1, n = 0, 1, 2, . . . , where N0 = 0.5 for NGC 2768, 0.75 for NGC 5422 and NGC 3489, and 1.0 for
NGC 7280.
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Molecular gas content of early-type galaxies 955

the probability of an inclination i is p(i) = sin (i). The model CO
linewidth distribution is scaled down in amplitude by a factor of
20 and by the global detection rate 0.22 to appear as the histogram
in Fig. 5. In ‘TF model 2’, a similar procedure is followed except
that Vc is generated from the galaxy’s dynamical mass, again using
the relations of Williams et al. (2010), and in this case only the CO
detections are used. Additional details on the dynamical masses are
given in Section 5.2.

These models show the expected CO linewidth distributions un-
der some non-trivial assumptions that (1) the Tully–Fisher relations
quoted above are appropriate; (2) the CO is always in relaxed discs
which reach to the flat, asymptotic value of the circular velocity
curve; and (3) in the case of model 1, the CO-rich galaxies have the
same MKs and circular velocity distribution as the entire sample.
The third assumption is addressed in Section 5 below, where we
show that the CO detection rate is not dependent on MKs . There is
a modest bias in the CO detection rate with the dynamical mass,
but model 2 already corrects for that bias by using only the CO de-
tections. Some justification for the second assumption is suggested
by the preponderance of double-horned profiles, but interferometric
maps and independently derived circular velocity profiles will be
required in order to check for which galaxies the assumption is not
satisfied. Four cases are discussed in detail by Young et al. (2008).

It is apparent that we have detected many more relatively narrow
lines, of FWHM 100–200 km s−1, than would be expected in either
of the simple models. Based on the above analysis of our detection
procedures, we believe that the observed peak at around 150 km
s−1 and the associated drop in the histogram between 150 and
300 km s−1 are not imposed by our methodology. They could be
related to a breakdown of the assumptions, which would mean that
we do not have an accurate estimate of Vc or the CO does not
extend far enough in radius to trace Vc in some cases. Using the
profile full width at 20 per cent of the peak, rather than at 50 per
cent, would eliminate some of the discrepancy but not all of it.
For Gaussian profiles, that change would increase the measured
width by a factor of 1.5, but for double-horned profiles, it should
not affect the measured width. There are also several observational

effects which would tend to produce an overabundance of narrow
lines. Narrow lines will arise if CO is extended and pointing errors
prevent the detection of one horn of a double-horned profile [as in
an extreme version of our CO(2–1) spectrum of NGC 3665]. If the
CO is in a ring whose radius is larger than the 30-m beam, a narrow
line may also result. Based on optical images, this effect may be a
problem for a galaxy such as NGC 5379. Both of these discrepancies
would also be rectified with interferometric maps. One impact of
these effects is that care is required when using the CO linewidths
for a Tully–Fisher study (Davis et al. 2011).

5 M O L E C U L A R M A S S C O R R E L AT I O N S

One of the major unsolved questions concerning the molecular gas
in early-type galaxies is its origin – whether it has been present in one
form or another since the galaxies were assembled or whether it was
more recently acquired from some external source. The ATLAS3D

data give a wealth of information on the structural, dynamical and
stellar population properties of the galaxies, or in other words, their
assembly and star formation histories. An examination of which
types of galaxies are gas-rich and which are gas-poor may help
to address the origins of the gas and, by implication, its role in
the evolution of different kinds of early-type galaxies. Figs 6–14
compare the molecular gas contents to various other properties of
the host galaxies. We discuss the implications of these results below.

5.1 Stellar luminosity

Fig. 6 shows the distribution of the molecular mass with the K-band
luminosity and a histogram of MKs for the CO-detected galaxies. CO
emission is detected over nearly the entire range of luminosities in
the sample and there is no clear trend in M(H2) versus MKs . There
is a small hint of a decrease in the detection rate at the highest
luminosities. Only one out of the 13 galaxies with MKs < −25
is detected, whereas three would have been expected at the global
average detection rate. However, the statistical significance of this

Figure 6. Molecular masses and MKs . The small crosses are ATLAS3D sample galaxies that are not detected in the CO emission (3σ 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-hand side scale) and
those of the galaxies detected in CO (solid line; right-hand side scale). The relative scaling for the two histograms is the global detection rate. Binomial
uncertainties are indicated for the histogram of detections.

C⃝ 2011 The Authors, MNRAS 414, 940–967
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Figure 1. Comparison of previously published NUV magnitudes
and GALEX catalog GR6 data for the Atlas3D sample. The one
pink triangle outlier is ngc4578, for which the new catalog data use
a much deeper exposure.

lation to curves of growth or from two-dimensional image
fits, and Figure 1 presents a comparison of the catalog
photometry to the results of Donas et al. (2007), Gil de
Paz et al. (2007), Jeong et al. (2009), and Carter et al.
(2011). There may be a systematic offset on the order of
0.2 mag for faint galaxies (NUV ≥ 16), in the sense that
the published magnitudes are brighter than the catalog
values.

We use the asymptotic NUV magnitudes and the
2MASS KS-band magnitudes (tabulated in Paper I) to
compute NUV-K colors. While this procedure is not as
accurate as aperture matching, it is adequate for our pur-
poses here as we use the photometry only to indicate the
distributions of galaxies within a color-magnitude dia-
gram. Likewise any systematic offsets on the order of 0.2
mag are still small compared to the scatter in the colors
of red sequence galaxies.

4. COLD GAS IN RED SEQUENCE GALAXIES

4.1. Molecular gas

Figures 2 through 5 show color-magnitude diagrams
and their analogs for the Atlas3D early-type galaxies,
with symbol sizes scaled to the molecular gas masses.
Figure 2 presents u− r colors, and Figure 3 shows NUV-
KS colors with the modification that molecular masses
are normalized to the stellar mass as M(H2)/M∗. A com-
parison of the two panels provides visual illustration of
important statistical results from Paper IV, namely that
the CO detection rate and M(H2) distributions are sur-
prisingly constant over the luminosity range of the sam-
ple. Thus in Figure 3 there is a trend for M(H2)/M∗

to be larger for low luminosity galaxies, but statistically
speaking it is because M∗ is smaller and not because
M(H2) is larger.

The red sequence is clearly evident in these figures,
as are a number of the Atlas3D members in the green
valley and even into the blue cloud. These ‘blue tail’
early-type galaxies have Mr > −20.5, MK > −23.4 or
log(M∗/M⊙) < 10.6; according to the luminosity func-
tions derived by Bell et al. (2003) they have L ! 0.6L∗,
whereas galaxies of L > 0.6L∗ are still on the red se-
quence. The ‘blue tail’ early-type galaxies are therefore
analogous to those detected in clusters at moderate red-
shift, for example, by Jaffé et al. (2011). The CO de-

Figure 2. Optical color-magnitude diagram for the Altas3D sam-
ple. CO detections are indicated in red circles and nondetections in
black crosses; the sizes of the red circles indcate the value of M(H2),
scaled logarithmically as indicated in the legend. Contours under-
neath show the red sequence and the blue cloud as indicated by a
sample of 60000 galaxies with redshifts in the range 0.01 ≤ z ≤ 0.08
from SDSS Data Release 8. No V/Vmax correction is applied, so
the contours are intended to mark the general locations of the red
sequence and the blue cloud in this diagram but not to indicate
relative numbers of galaxies in different regions. The dotted lines
are the red sequence ridgeline and a parallel line 2σ redder, as
described in section 4.3.

tection rate exceeds 50% among them, which supports
the suggestion that they are blue because of ongoing
star formation. They are also known to have younger
stellar populations in their centers (Scott et al. 2012;
Kuntschner et al. 2010).

In contrast to the blue tail galaxies, many of the CO
detections (particularly those with L ≥ 0.6L∗) also be-
long to galaxies which are securely located in the heart of
the red sequence, and this is true whether one considers
optical or UV-IR colors. In section 5 we consider inter-
nal reddening by dust associated with the molecular gas,
and we show that the dust plays a large role in keeping
these H2-rich red sequence galaxies on the red sequence.
However, the “raw” colors (before correction for internal
reddening), as presented in this section, are relevant for
comparisons to large surveys and studies of high redshift
galaxies, where internal dust corrections are often not
done.

Figure 4 presents an analog of a color-magnitude di-
agram which is constructed using the Hβ line strength
index in place of color. As both the Hβ line strength and
NUV-K color are sensitive to the presence of young stel-
lar populations, and as the Atlas3D sample displays a
tight relationship between Hβ line strength and NUV-K
color, Figures 3 and 4 are qualitatively similar. The only
notable differences are two outliers in the (NUV-K)–Hβ
relation, NGC1266 and UGC09519, which are both red
sequence galaxies in NUV-K colors but have strong Hβ
absorption, and undoubtedly these are galaxies with sig-
nificant internal reddening by dust. Even more so than
the NUV-K diagram, the Hβ-magnitude diagram dra-
matically emphasizes a dichotomy between a tight red
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18 Lisa M. Young et al.

Figure A1. Model isochrones for a simple scenario in which cold gas drops onto a red sequence galaxy and initiates some star formation activity. The total
mass of stars formed is 3× 108 M⊙. Panels show four different star formation histories for the late burst, including a delta function (τ = 0 Gyr) and delayed
tau models with τ = 100 Myr, 300 Myr, and 1 Gyr. Dashed lines indicate the location of the “red sequence” at the times indicated (in Gyr, relative to the
beginning of the burst). Contours and other symbols are the same as in Figure 7, with the exception that here the symbol size is the normalized H2 mass. In
the τ = 0 panel, an isochrone earlier than 0.1 Gyr would show yet bluer colours; in the other panels, the minimum in u − r colours can be seen where the
isochrones change from becoming bluer with time to becoming redder.

c⃝ 0000 RAS, MNRAS 000, 000–000
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  et	
  al.,	
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Figure 1. The average line-of-sight velocity of all gas particles in a (20 kpc)3 box centred on the galaxy at several lookback times, t,
as indicated in each panel. The colour scale runs from −300 (blue) to 300 km s−1 (red) and is saturated at either end. The image is
rotated such that the stellar angular momentum vector points in the y-direction (i.e. upwards). The shape of the stellar component is
shown as white contours which connect areas of equal mass surface density, with logarithmically spaced contour levels. The first panel
shows the gas disc before the merger, the second panel right after the merger when most of the gas disc has been destroyed. The galaxy
reforms a misaligned gas disc through accretion, as can be seen in the third panel. This gas disc is seen to rotate in the fourth panel,
due to continued misaligned gas accretion. At late times it exhibits a warp, clearly visible in the fifth panel, because the gas disc torques
with the stars and the stellar torques are stronger in the centre, which therefore realigns first. The last panel shows that the gas disc is
almost completely aligned with the stars. The gas disc remains misaligned for much longer than a few times tdyn.

stars within 25 kpc, outside of which dark matter dominates.
At z = 0, the stellar mass inside 20 and 5 kpc is 1011 and
6 × 1010 M⊙, respectively, and has only grown by a factor
of 1.7 and 1.3 in the past 5 Gyr. In the central 5 kpc, about
half the stellar mass increase is due to the accretion of stars
originally belonging to the merging galaxy and the other
half is due to star formation. The stellar half-mass radius at
late time is 3.4 kpc for stars within 20 kpc.

The galaxy that merges and destroys most of the gas
disc does so on its second passage. Just before the merger,
the satellite’s gas mass inside 5 kpc and stellar mass inside
20 kpc are 2.2 × 109 and 2.2 × 1010 M⊙, respectively. This
is a factor of 1.4 larger than the central galaxy’s gas mass
and a factor of 3.8 smaller than the central galaxy’s stellar
mass at the same time. With a stellar mass ratio of 1:4 this
merger is on the border of being classified as a major merger,
whereas in gas mass the merger ratio is close to 1:1.

The gas mass decreases by a factor of a few after the
merger to 5 × 108 M⊙. Most of the gas in the outer parts
of the disc is removed, but the central kpc remains rela-
tively intact. The half-mass radius of gas within 5 kpc is
only 0.4 kpc right after the merger, but grows steeply af-
ter tlookback = 3 Gyr, staying between 2.5 and 3.2 kpc after
tlookback = 2.1 Gyr. The total gas mass continues to grow

down to tlookback = 1.7 Gyr to a total of 3 × 109 M⊙ and
stays stable after that. The star-forming gas mass also de-
creases after the merger, but does not build back up as much
as the total gas mass. Additionally, it decreases steadily af-
ter tlookback = 1.7 Gyr, due to star formation and relatively
low accretion rates. The star-forming gas mass is an order
of magnitude lower than the total gas mass at the end of
the simulation, whereas at e.g. tlookback = 4 Gyr the differ-
ence was less than a factor of three. The half-mass radius
of the star-forming gas varies between 0.2 and 0.9 kpc over
the past 5 Gyr. These gas masses and radii are consistent
with the range observed in ETGs (e.g. Young et al. 2011;
Davis et al. 2011, 2013).

Inflow and outflow rates in the past 5 Gyr are shown
in Figure 3 as the solid, black curve and dashed, light-blue
curve, respectively. Additionally, the stellar mass-loss rate
and star formation rate (SFR) are shown by the dot-dashed,
purple curve and the dotted, red curve, respectively. All
rates are measured within 5 kpc of the centre and averaged
over the time between snapshots (which varies from 36 to
69 Myr). We checked that there is no significant difference
when using a SFR averaged over 100 Myr instead. The stel-
lar mass-loss rate shown here is defined as the increase in gas
mass in the centre not due to particles leaving or entering

© 2015 RAS, MNRAS 000, 1–10

van de Voort et al., 15	
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Figure 2. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with very large H I

distributions relative to the stellar body. The top row shows total-H I contour images. We refer to the caption of Fig. A1 for a description of the content of each
image. In this figure the top-right scale bar indicates 10 kpc at the galaxy distance. The bottom row shows position–velocity diagrams of galaxies in the top
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drawn at 1.0 × 2n mJy beam−1, n = 0, 1, 2, . . . . The cross on the bottom left indicates 10 kpc along the horizontal axis and 50 km s−1 along the vertical axis.

Figure 3. A sequence of H I-rich ETGs with increasingly less regular gas configurations (left to right). The sequence shows galaxies with H I distributions of
size similar to that of the stellar body. See the caption of Fig. 1 for a description of the images. In this figure, position–velocity diagrams are drawn using the
R01 cubes. Contours are drawn at N0 × 2n mJy beam−1, n = 0, 1, 2, . . . , where N0 = 0.5 for NGC 2768, 0.75 for NGC 5422 and NGC 3489, and 1.0 for
NGC 7280.

C⃝ 2012 The Authors, MNRAS 422, 1835–1862
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Pathways to and from the red-sequence 

Colours are not the only evidence 
of regeneration… 
 
 
Observationally: 
•  Gas accretion dominates in field 

environments 
  à Misaligned gas kinematics  
(Davis+11b, van de Voort et al., 15, Davis & Bureau 16) 
 
  à Low dust-to-gas/metallicity  

 (Davis+14d, Beeston+ in prep) 
 
  à HI accretion from environment visible 
       (e.g. Oosterloo et al., 10) 
 
  à Shells, tidal streams etc on deep 
images 
       (e.g. Duc et al., 2012, 2014) 



Pathways to and from the red-sequence 

Colours are not the only evidence 
of regeneration… 
 
 
Theoretically: 
 
•  Semi Analytic models can 

match well the HI/H2 mass 
function and gas mass 
fractions of ETGs  

à  Tracing back in time show 
the majority of these objects 
are regenerated 

(Lagos, Davis et al., 14a,b) 
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Colours are not the only evidence 
of regeneration… 
 
 

(Lagos, Davis et al., 14a,b) 
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Theoretically: 
 
•  Semi Analytic models can 

match well the HI/H2 mass 
function and gas mass 
fractions of ETGs  

à  Tracing back in time show 
the majority of these objects 
are regenerated 



Pathways to and from the red-sequence 

Colours are not the only evidence 
of regeneration… 
 
 
Theoretically: 
 
Hydro: EAGLE shows >15% of 
galaxies transforming in colour 
are regenerating 

12 J.W. Trayford, et al.

9.0 9.5 10.0 10.5 11.0
log10(M?/M�)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

u
⇤
�

r⇤

2 4 6 8 10 12 14
t [Gyr]

4.0 2.0 1.0 0.5 0.25 0.1 0.0
z

z = 1.0 z = 0.5 z = 0.0

z = 1.0 z = 0.5 z = 0.0

z = 1.0 z = 0.5 z = 0.0

4.0 2.0 1.0 0.5 0.25 0.1 0.0
z

4.0 2.0 1.0 0.5 0.25 0.1 0.0
z

Figure 7. Tracks illustrating the change in mass, colour and morphology, of a quiescently star-forming galaxy (thick blue curve & filled
circles), a rapidly quenched galaxy (thick red curve & filled triangles), and a rejuvenated galaxy (thick green curve & filled squares). Thin
tracks show merging satellites (see caption of Fig. 8). Left and middle panels: tracks in the (u?-r?, M?) plane (left panel) and colour as
function of time and redshift (middle panel), from redshift z = 4 to z = 0. Symbol colour corresponds to cosmic time as per the colour
bar. Background contours in the left panel correspond to the z = 0 colour-M? distribution. Grey tracks in the middle panel depict the
colour evolution of a passively-evolving coeval starburst (indicated with an arrow). Each burst is assumed to be composed of stars with
an exponential distribution of metallicities with given mean. The width of the grey region corresponds to varying this mean metallicity
over the range of [1/3,3] times solar (Z� = 0.0127). Right panel: edge-on gri-composite image of side length 40 pkpc, calculated using
ray-tracing to account for dust (Trayford et al. 2015, in prep.), for the z = 0 galaxy and its z = 0.5 and z = 1 main progenitor. The
corresponding symbol for each track is indicated on galaxy images.
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Figure 8. Same as Fig. 7, but for a massive galaxy (green track & filled circles) and galaxies that merge with it (thin tracks). Tracks
for merging galaxies (merging with M? > 109 M�) are coloured purple when they are centrals, and orange when they are satellites as
indicated in the legend; a star identifies the last snapshot before the satellite merges with the massive galaxy, and the track is linked to
that of the massive galaxy at the following snapshot by a dashed line. The right panel shows edge-on gri-composite images of the central
galaxy of side length 40 pkpc, at various redshifts labelled in each separate panel.

these masses the overall correlation between galaxy colour
and the residuals of the M•-M? relation is rather weak.

The massive z = 0 galaxy in Fig. 8 is a blue star-
forming disc until just below z = 1, after which it becomes
red and evolves into an elongated elliptical. Thin lines show
the tracks of five galaxies that merge with it, with the line

colour changing from purple to orange while these galaxies
become satellites. Examination of these tracks reveals that
while some galaxies become red when they are still centrals,
most galaxies quench after being identified as satellites. This
suggests that satellite identification is a good predictor of
colour change in eagle, particularly for galaxies falling into

MNRAS 000, 1–?? (2015)

Trayford	
  et	
  al.,	
  2016	
  



Pathways to and from the red-sequence 

Colours are not the only evidence 
of regeneration… 
 
 
Theoretically: 
 
Hydro: EAGLE shows >15% of 
galaxies transforming in colour 
are regenerating 
 
 
Analytically: rates of gas 
detection and misalignments 
consistent with expectation from 
LCDM minor merger rates 
(Davis & Bureau 2016) 



Pathways to and from the red-sequence 

So are gas rich ETGs a write off? 
 

(e.g. does ISM depletion always seem to happen before 
morphology transformation?) 



Pathways to and from the red-sequence 

Not so fast: Clusters may be the place to look! 
 
 

Virgo: HeViCS, ATLAS3D, Davis et al., 2011, Alatalo et al., 2015 

Fornax: AlFoCS, Davis et al., 2016 
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Not so fast: Clusters may be the place to look! 
 
 

NGC1387

5

The	
  ALMA	
  Fornax	
  Cluster	
  Survey	
  
(AlFoCS	
  –	
  Davis	
  et	
  al.,	
  in	
  prep)	
  

NGC1380

3

Gas rich cluster ETGs all have: 

•  Relaxed, aligned gas 
kinematics 

•  High gas metallicites 

•  No easy way to accrete gas 
and merge… 

à Environment perhaps can 
change morphology before 
removing all molecular gas? 
 



Pathways to and from the red-sequence 

1.  Gas rich early-type galaxies in field environments: are 
mostly regenerated objects, on a short term trip 
there and back again… 

 
 
2.  Suggests that usually gas depletion is first, before 

morphological change 

3.  Clusters are our best bet for finding remnant 
transitioning galaxies with early-type morphologies 


