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Defining	  ETGs:	  

In	  this	  talk	  my	  ETGs	  are	  from	  the	  ATLAS3D	  survey:	  

They	  are	  selected	  such	  that:	  
	  
•  Mk	  <	  -‐21.5	  	  ~	  log(Msun)	  >	  9.3	  

•  Within	  42	  Mpc	  

•  Visually	  classified	  as	  early-‐type	  (classical	  Hubble	  definiZon)	  

•  Observable	  with	  the	  WHT	  

à	  Volume	  limited	  sample	  of	  260	  ETGs	  	  
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HI	  in	  Early-‐Type	  Galaxies	  

• 	  40%	  of	  field	  ETGs	  detected	  
• 	  <10%	  of	  cluster	  ETGs	  

• 	  DetecZon	  rate	  independent	  of	  	  
	  	  	  galaxy	  mass	  
	  
• 	  HI	  Masses:	  107	  to	  1010	  Msun!	  

	  à	  significant	  fracZon	  of	  all	  	  
	  	  	  	  	  	  	  	  	  	  	  	  ETGs	  as	  H	  I-‐rich	  as	  spiral	  
	  	  	  	  	  	  	  	  	  	  	  	  galaxies!	  

	  à	  …	  but	  typical	  density	  is	  lower	  
	  
•  Majority	  of	  HI	  in	  disks/rings	  	  
•  Most	  dynamically	  relaxed	  
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galaxies’ optical images (their fig. 8). This index is proxy for the
bulge-to-disc ratio of a galaxy (e.g. Weinmann et al. 2009), so that
it is often used to select samples of early- or late-type systems.
Adopting standard criteria for this selection, Catinella et al. (2010)
results show that spiral galaxies are on average H I-richer than ETGs,
and that most H I non-detections are ETGs for M(H I)lim/Mstar of a
few per cent. However, consistent with our result, they also show
that there is a substantial overlap between the gas content of early-
and late-type galaxies.

Another element of similarity between spirals and ETGs with H I

is that the majority of all H I-rich ETGs show disc-like H I mor-
phology [64 per cent over the entire sample and 80 per cent above
M(H I) = 5 ! 108 M"]. Therefore, a significant population of ETGs
exists which has similar M(H I), M(H I)/LK and H I morphology as
spiral galaxies. What is then the difference between the H I proper-
ties of these two types of galaxies?

To investigate this we compare the distribution of H I column
density N(H I) in detected ETGs and spirals. For the latter we use
total-H I images constructed from WSRT data cubes as part of the
WHISP survey (van der Hulst 2002). We make this comparison as
fair as possible by: (i) using WHISP images at a 30 arcsec angular
resolution, similar to that of our ETG H I images, and (ii) studying
only WHISP galaxies which either belong to the ATLAS3D parent
sample (54 galaxies), or fall within the same recessional velocity
and MB range as spirals in the ATLAS3D parent sample but are
outside the sky area covered by it (29 galaxies).

We build the normalized N(H I) histogram for each detected ETG
and spiral separately. To do so we use for each galaxy all pixels
with detected H I emission in the total H I image. Fig. 10 shows the
median of all ETG histograms (red line) and of all spiral histograms
(blue line). Both distributions increase with decreasing N(H I) down
to the sensitivity limit of the observations. WHISP data cover a wide
range in sensitivity and are on average a factor of #5 shallower than
our observations of ETGs. The relative normalization of ETG and
spiral N(H I) distributions is therefore uncertain.

Figure 10. Distribution of H I column density N(H I). The solid red line
shows the median distribution for detected ETGs. The solid blue line shows
the median distribution for spirals in the WHISP sample (see text). The
shaded area corresponds to the 16th and 84th percentile (equivalent to
±1! for a Gaussian distribution). Thin black lines represent the best-fitting
Schechter function for ETGs and spirals, with a dotted line showing the
extrapolation of the best fit to column density below the sensitivity of the
observations. The dashed red line represents the column density sensitivity
of the shallowest total H I images presented in Fig. A1.

We choose to normalize the histograms in the figure to the inte-
gral of the respective best-fitting Schechter function above N(H I)=
1019 cm$2. These best fits are shown by solid black lines in the
N(H I) range where the fit was performed, and their extrapolation
to lower column density is represented by a dotted black line. For
spiral galaxies we find " = $0.99 ± 0.04 and N% = (1.03 ± 0.07) !
1021 cm$2. For ETGs N% is an order of magnitude lower, (9.2 ± 0.6)
! 1019 cm$2. This value is close to our sensitivity threshold (red
dashed line in the figure) so that " is not well constrained for ETGs.
Therefore, we assume the same flat slope found for spiral galaxies
(" # $1).5 We note that, although in different contexts, several
authors have successfully parametrized the distribution of N(H I) in
galaxies using a Schechter function (e.g. Zwaan et al. 2005b).

Fig. 10 and the above Schechter function parameters show a
significant difference between ETGs and spirals. The N(H I) dis-
tribution of spirals is very broad and stretches up to a few times
1021 cm$2. In contrast, the distribution of N(H I) in ETGs drops
very quickly and, on average, stops at #3 ! 1020 cm$2. Most ETGs
never reach column densities above 5 ! 1020 cm$2 at the resolution
of our data. This value is the mean column density of H I within
the bright disc of spiral galaxies, derived from the tight relation
between H I mass and H I radius within the 1 M" pc$2 = 1.25 !
1020 cm$2 isophote (e.g. Broeils & Rhee 1997; Noordermeer et al.
2005). Therefore, ETGs rarely host neutral atomic gas as dense as
even the average column density in the disc of spirals. It is in-
teresting to note that the few ETGs with H I at about 1021 cm$2 –
NGC 2685, NGC 2764, NGC 3619 and NGC 7465 – are all galax-
ies with large amounts of molecular gas (Paper IV), complex and
prominent dust distributions and star-forming regions (Paper II).

So we find that as far as H I properties are concerned, the main
difference between ETGs with large amounts of H I and spirals is
that the former miss the high-column-density H I typical of the bright
stellar disc of the latter. This is reasonable as the star formation rate
per unit area is much larger in spirals than in ETGs. Instead, the
H I found in ETGs has column densities similar to those observed
in the outer regions of spirals. In spirals, gas in these regions often
exhibits warps and unsettled morphology and kinematics, and is
taken as a signature of the on-going accretion of gas on the host
galaxy (Sancisi et al. 2008). This is similar to what we find in
ETGs. As mentioned in Section 4, most of the H I-rich ETGs have
a disc- or ring-like morphology, but in many cases part of the gas
has not settled yet (or has been disturbed recently). This suggests
that despite appearing as extremely different objects in their central
regions, H I-rich ETGs and spirals may look very similar in their
outskirts.

Based on numerical simulations, several authors have argued
that it is possible to form an ETG with a disc by merging two gas-
rich galaxies (e.g. Naab & Burkert 2001; Barnes 2002; Springel
& Hernquist 2005; Naab, Jesseit & Burkert 2006; Robertson et al.
2006). The distribution of the gas around the simulated merger
remnants resembles in many aspects the H I systems discussed here.
The size and mass of the distribution vary greatly depending on the
properties of the merging galaxies and the merger geometry, and

5 The best-fitting Schechter function to the N(H I) distribution of spirals has
a flat slope at low column densities not fully probed by the WHISP data.
We verify the prediction of this fit at low column density by analysing a
very deep WSRT H I image of a prototypical nearly face-on spiral galaxy,
NGC 6946 (Boomsma et al. 2008). We find that the N(H I) distribution in
this galaxy is flat and in excellent agreement with our best-fitting spiral
Schechter function between a few times 1018 and #1020 cm$2, confirming
the validity of our fit.
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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
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	  in	  ETGs	  
–  DetecRon	  rate:	  22%	  (Young	  et	  al.,	  11)	  
–  Molecular	  gas	  masses	  in	  range	  107	  to	  109	  Msolar	  
–  Upper	  limits	  down	  to	  6.3x106	  Msolar	  
–  Molecular	  gas	  fracZons:	  7%	  to	  0.02%	  (Msolar/LK)	  
–  No	  detecZons	  of	  molecular	  gas	  in	  slow	  rotators	  

–  DetecZon	  rate	  independent	  of	  luminosity	  and	  environment!	  
–  Molecular	  gas	  relaxed,	  dynamically	  cold,	  in	  disks/rings	  (Davis+	  11a,b,	  13a,	  Alatalo+	  13)	  
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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 o!set 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 o!sets 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 Ja!é 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 di!erent regions. The dotted lines
are the red sequence ridgeline and a parallel line 2! 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 H! line strength
index in place of color. As both the H! 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 H! line strength and NUV-K
color, Figures 3 and 4 are qualitatively similar. The only
notable di!erences are two outliers in the (NUV-K)–H!
relation, NGC1266 and UGC09519, which are both red
sequence galaxies in NUV-K colors but have strong H!
absorption, and undoubtedly these are galaxies with sig-
nificant internal reddening by dust. Even more so than
the NUV-K diagram, the H!-magnitude diagram dra-
matically emphasizes a dichotomy between a tight red

•  DetecZons	  do	  not	  avoid	  the	  
red	  sequence	  

•  Mass	  fracZons	  also	  don’t	  
depend	  on	  colour	  
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Big	  quesRons:	  
•  Are	  these	  galaxies	  

regenerated?	  Or	  being	  
quenched?	  

•  Where	  is	  the	  gas	  coming	  
from?	  

•  Is	  it	  forming	  stars?	  

?	  

?	  

•  DetecZons	  do	  not	  avoid	  the	  
red	  sequence	  

•  Mass	  fracZons	  also	  don’t	  
depend	  on	  colour	  
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Aside:	  Are	  these	  objects	  “quiescent”	  

Depends	  how	  you	  define	  it…	  
	  
But:	  
	  
•  Many	  are	  in	  the	  red	  

sequence	  
	  
•  80%	  are	  	  >10x	  below	  the	  

sSSR	  “main	  sequence”	  

•  Similar	  fracZon	  would	  be	  
selected	  in	  a	  “passive”	  
colour	  wedge	  

Davis	  et	  al.,	  14	  
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1.   Are	  these	  galaxies	  regenerated?	  Or	  being	  quenched?	  

Big	  quesRons:	  

2.   Where	  is	  the	  gas	  coming	  from?	  
	  

3. 	  Is	  it	  forming	  stars?	  
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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 (! = 0 Gyr) and delayed
tau models with ! = 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 ! = 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.

c$ 0000 RAS, MNRAS 000, 000–000

Regenerated?	  Or	  being	  quenched?	  

•  Gas	  hosZng	  galaxies	  almost	  
indisZnguishable	  from	  gas	  
poor	  galaxies	  (e.g.	  same	  B/T,	  
same	  environments,	  same	  
masses…)	  	  

•  Colour	  distribuZon	  enZrely	  
consistent	  with	  galaxies	  from	  
the	  red	  sequence	  that	  have	  
been	  regenerated	  

à	  Whatever	  mechanism	  keeps	  
galaxies	  quiescent	  has	  failed	  in	  up	  
to	  40%	  of	  cases…	  	  

Young	  et	  al.,	  2013	  
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1.   Are	  these	  galaxies	  regenerated?	  Or	  being	  quenched?	  

•  RegeneraZon	  most	  likely	  
•  Mechanisms	  that	  keep	  galaxies	  quiescent	  have	  failed	  ~40%	  of	  cases	  
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3. 	  Is	  it	  forming	  stars?	  
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Two	  main	  possibiliZes:	  
• 	  Internal	  stellar	  mass	  loss	  
• 	  External	  accreZon/cooling	  

Both	  leave	  traces	  in	  molecular	  gas	  
kinemaZcs.	  
	  
Internal	  stellar	  mass	  loss	  -‐>	  gas	  rotates	  
like	  stars	  
	  
External	  -‐>	  gas	  can	  rotate	  in	  any	  sense	  
	  
Use	  our	  large	  staZsZcal	  sample	  to	  see	  
which	  is	  dominant:	  

ALIG
N
ED	  

Key	  QuesZon:	  	  
What	  is	  the	  origin	  of	  the	  	  

cold	  gas?	  

M
ISALIG

N
ED	  

Davis	  et	  al.,	  2011	  (Paper	  X)	  
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In	  total:	  
• 	  Aligned	  gas	  à	  2/3	  of	  galaxies	  
• 	  Misaligned	  accreZon/cooling	  à	  2/3	  of	  galaxies	  

However-‐	  there	  is	  a	  strong	  environmental	  
dependence	  
à	  In	  field	  environments	  >50%	  of	  gas	  misaligned!!	  
	  
This	  misaligned	  gas	  is	  typically:	  
•  Lower	  metallicity	  &	  has	  a	  lower	  dust	  content	  
	  
à	  Suggests	  accreZon	  from	  minor	  mergers	  
dominates	  in	  the	  field	  
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Figure 5. Top panel: The HI mass function of all galaxies at z = 0 for the

models Lagos12, Lacey14 and Gonzalez-Perez14 and its variants including

partial ram pressure stripping of the hot gas (‘+RP’), as labelled. Observa-

tions correspond to Zwaan et al. (2005) (triangles) and Martin et al. (2010)

(diamonds). The shaded region shows the range where the number density

of galaxies decline due to halo mass resolution effects. Middle panel: as

in the top panel, but here the HI mass function is shown for galaxies with

K-band luminosities LK > 6 ! 109 L!. Observations correspond to the

analysis of HIPASS presented in § 2. Bottom panel: as in the top panel but

for ETGs (those with a bulge-to-total stellar mass ratio > 0.5) and K-band

luminosities LK > 6 ! 109 L!. Observations correspond to the analysis

of HIPASS (circles) and the ATLAS3D (with and without volume correc-

tion as filled and empty stars, respectively) surveys containing galaxies with

LK > 6! 109 L! and described in § 2.
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Figure 6. Top panel: the distribution function of the ratio between the HI

mass and the K-band luminosity for the same models shown in Fig. 5 for

galaxies with LK > 6! 109 L!. Observations correspond to the analysis

of HIPASS presented in § 2. Bottom panel: As in the top panel but for

ETGs (B/T > 0.5) with LK > 6! 109 L!. Observations correspond to

the analysis of HIPASS (circles) and ATLAS3D (stars) presented in § 2.

Fig. 5), the Lagos12 and Gonzalez-Perez14 models predict a num-

ber density of galaxies with 109 M! < MHI < 1010 M! lower

than observed, while the predictions from the Lacey14 model agree

well with the observations. The inclusion of partial ram pressure

stripping of the hot gas in the three models has the effect of increas-

ing the number density of ETGs with HI masses MHI > 108 M!.

This increase allows the models to get closer to the observations,

and particularly the Lacey14+RP model predicts a HI mass func-

tion of ETGs in very good agreement with the observations.

The HI mass function has become a standard constraint

on the GALFORM model since Lagos et al. (2011a). However,

Lemonias et al. (2013) show that a stronger constraint on simula-

tions of galaxy formation is provided by the conditional mass func-

tion of gas, or similarly, the gas fraction distribution. Here, we com-

pare the predictions for the HI gas fraction distribution function

with observations in Fig. 6. The HI gas fraction is taken with re-

spect to the K-band luminosity to allow direct comparisons with

the observations without the need of having to convert between

c" 2011 RAS, MNRAS 000, 1–20
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Figure 5. Top panel: The HI mass function of all galaxies at z = 0 for the

models Lagos12, Lacey14 and Gonzalez-Perez14 and its variants including

partial ram pressure stripping of the hot gas (‘+RP’), as labelled. Observa-

tions correspond to Zwaan et al. (2005) (triangles) and Martin et al. (2010)

(diamonds). The shaded region shows the range where the number density

of galaxies decline due to halo mass resolution effects. Middle panel: as

in the top panel, but here the HI mass function is shown for galaxies with

K-band luminosities LK > 6 ! 109 L!. Observations correspond to the

analysis of HIPASS presented in § 2. Bottom panel: as in the top panel but

for ETGs (those with a bulge-to-total stellar mass ratio > 0.5) and K-band

luminosities LK > 6 ! 109 L!. Observations correspond to the analysis

of HIPASS (circles) and the ATLAS3D (with and without volume correc-

tion as filled and empty stars, respectively) surveys containing galaxies with

LK > 6! 109 L! and described in § 2.
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Figure 6. Top panel: the distribution function of the ratio between the HI

mass and the K-band luminosity for the same models shown in Fig. 5 for

galaxies with LK > 6! 109 L!. Observations correspond to the analysis

of HIPASS presented in § 2. Bottom panel: As in the top panel but for

ETGs (B/T > 0.5) with LK > 6! 109 L!. Observations correspond to

the analysis of HIPASS (circles) and ATLAS3D (stars) presented in § 2.

Fig. 5), the Lagos12 and Gonzalez-Perez14 models predict a num-

ber density of galaxies with 109 M! < MHI < 1010 M! lower

than observed, while the predictions from the Lacey14 model agree

well with the observations. The inclusion of partial ram pressure

stripping of the hot gas in the three models has the effect of increas-

ing the number density of ETGs with HI masses MHI > 108 M!.

This increase allows the models to get closer to the observations,

and particularly the Lacey14+RP model predicts a HI mass func-

tion of ETGs in very good agreement with the observations.

The HI mass function has become a standard constraint

on the GALFORM model since Lagos et al. (2011a). However,

Lemonias et al. (2013) show that a stronger constraint on simula-

tions of galaxy formation is provided by the conditional mass func-

tion of gas, or similarly, the gas fraction distribution. Here, we com-

pare the predictions for the HI gas fraction distribution function

with observations in Fig. 6. The HI gas fraction is taken with re-

spect to the K-band luminosity to allow direct comparisons with

the observations without the need of having to convert between

c" 2011 RAS, MNRAS 000, 1–20
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different adopted IMFs, which would be the case if stellar mass

was used. Mitchell et al. (2013) show that when simulations and

observations adopt different IMF, the comparison between the stel-

lar masses predicted by the models and observations is misleading.

Instead, a full SED fitting needs to be performed to make a fair

comparison in such a case.

The top panel of Fig. 6 shows the predicted HI gas fraction for

galaxies with LK > 6!109 L!. The observations are described in

§ 2. The Lagos12 and Gonzalez-Perez14 models predict a peak of

the gas fraction distribution at higher gas fractions than observed,

while the Lacey14 predicts a peak closer to the observed one (i.e.

MHI/LK " 0.15M!/L!). The galaxies at the peak of the HI

gas fraction distribution also lie in the main sequence of galaxies

in the SFR-stellar mass plane (Lagos et al. 2011b). The inclusion

of partial ram pressure of the hot gas increases the number den-

sity of galaxies with HI gas fractions MHI/LK > 10"3 M!/L!

and reduces the number density of galaxies with lower HI gas frac-

tions. The physical reason behind these trends is that the inclusion

of partial ram pressure stripping increases the HI gas fraction of

gas poor galaxies due to replenishment of their cold gas reservoir.

The bottom panel of Fig. 6 shows the HI gas fraction distribution

of ETGs (B/T > 0.5) with LK > 6 ! 109 L!. The HI gas frac-

tion distribution of ETGs is very different from that of all galax-

ies, showing a much broader distribution with a tail to very low HI

gas fractions in all six models. The Lagos12 and Gonzalez-Perez14

models predict lower HI gas fractions for ETGs than observed,

while the predictions from Lacey14 are closer to the observations.

By including partial ram pressure stripping of the hot gas, the HI

gas fractions increase in all the models due to the replenishment

of the cold gas reservoirs in satellite galaxies. The predictions of

the Lacey14+RP model are a very good description of the obser-

vations, with a peak in the number density of ETGs in the range

MHI/LK " 0.002 # 0.02M!/L!. Overall, the HI content of

ETGs is moderately sensitive to the treatment of the hot gas con-

tent of satellite galaxies, while the overall galaxy population does

not show the same sensitivity to this physical process due to the

dominance of central galaxies.

4.3 The H2 content of early-type galaxies

The top panel of Fig. 7 shows the predicted H2 mass functions

for all galaxies. The observations are from Keres et al. (2003) and

are described in § 2. All the models provide a good description of

the observations. The largest differences between the models are

at the high-mass end. The Gonzalez-Perez14 model predicts the

highest number densities of galaxies with MH2
> 5 ! 109 M!,

although it is still in agreement with the observations within the

errorbars. Note that the inclusion of partial ram pressure strip-

ping of the hot gas leads to very little change. This is due to

the dominance of central galaxies in the H2 mass function, which

are only indirectly affected by the treatment of partial ram pres-

sure stripping. In the bottom panel of Fig. 7 we show the H2

mass function of ETGs (B/T > 0.5) with K-band luminosities

LK > 6! 109 L!. The differences between the models are signif-

icant: the Lagos12, Gonzalez-Perez14 and Lacey14 models predict

a number density of ETGs with H2 masses MH2
> 107 M! much

lower than is observed, by factors of 10, 6 and 4, respectively. It is

only when partial ram pressure stripping of the hot gas is included

that their predictions get closer to the observations. In particular,

the Lacey14+RP model predicts a number density of ETGs with

MH2
> 107 M! that is very close to the observations. The La-

gos12+RP and Gonzalez-Perez14+RP models are still a factor of
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Figure 7. Top panel: the H2 mass function at z = 0 for all galaxies in the

Lagos12, Lacey14 and Gonzalez-Perez14 models and their variants includ-

ing partial ram pressure stripping of the hot gas (‘+RP’). Observations from

the 60µm (downwards pointing triangles) and B-band (triangles) samples

of Keres et al. (2003) are also shown (see § 2). Bottom panel: as in the top

panel but for ETGs (B/T > 0.5) with LK > 6 ! 109 L!. Observa-

tions correspond to ETGs from the ATLAS3D survey with (filled stars) and

without (open stars) volume correction (see § 2 for details).

3# 4 lower than the observations. At the high-mass end of the H2

mass function for all galaxies (top panel of Fig. 7), the contribution

from ETGs is significant (although not dominant), while for the

HI, ETGs are only a minor contribution. The reason for this is sim-

ply the higher H2-to-HI mass ratios in ETGs compared to late-type

galaxies (see Fig. 4).

Fig. 8 shows the H2 gas fraction distribution for ETGs with

LK > 6!109 L! for the same six models of Fig. 7. Similarly to the

H2 mass function, the Lagos12 and Gonzalez-Perez14 models pre-

dict a number density of ETGs with MH2
/LK > 10"3 M!/L!

lower than observed, while their variants including partial ram pres-

sure stripping of the hot gas predict higher number densities, in

better agreement with the observations. The Lacey14+RP model

provides the best description of the observed H2 gas fractions. The

physical reason for the higher number density of H2 ‘rich’ ETGs

in the models including partial ram pressure stripping of the hot

c" 2011 RAS, MNRAS 000, 1–20
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Figure 8. The distribution function of the ratio between the H2 mass and

the K-band luminosity for ETGs (B/T > 0.5) with LK > 6 ! 109 L!,

for the models as labelled. Observations correspond to ETGs from the

ATLAS3D survey (see § 2 for details of the observational dataset).

gas is that the replenishment of the cold gas reservoir leads to an

increase in the surface density of gas. Since the HI saturates at

!H2
! 10M! pc"2, due to H2 self-shielding, the effect of cold

gas replenishment in the ISM has a stronger effect on the H2 reser-

voir than on the HI.

The incorporation of partial ram pressure stripping of the hot

gas brings the models into better agreement with the observed gas

fractions of galaxies, and particularly of ETGs. This indicates that

partial ram pressure of the hot gas is relevant in a wide range

of environments. Note that we have not included any description

of the ram pressure stripping of the cold gas, which has been

shown to take place in clusters through observations of the HI

and H2 contents of galaxies in the Virgo cluster (e.g. Cortese et al.

2011; Boselli et al. 2014a). However, no deficiency of HI or H2

has been observed in galaxies in environments other than clusters.

Tecce et al. (2010) using galaxy formation models show that ram

pressure stripping of the cold gas is relevant only in halos with

Mhalo > 3 " 1014 h"1 M!. Since most of the galaxies in the

ATLAS3D and HIPASS surveys are not cluster galaxies, we ex-

pect the effect of the ram pressure stripping of the cold gas to be

insignificant in our analysis.

The study of the neutral gas content of ETGs offers indepen-

dent constraints on the modelling of the ram pressure stripping of

the hot gas. Font et al. (2008) used the fraction of passive to active

galaxies as the main constraint on the satellite’s hot gas treatment.

Here we propose that the exact level of activity or cold gas con-

tent of galaxies that are classified as passive offer new, independent

constraints.

The Lacey14+RP model agrees the best with the observations

of HI and H2 in different galaxy populations. This is the first time

such a successful model is presented. Serra et al. (2014) use a sam-
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Figure 9. Top panel: The HI mass function of ETGs (B/T > 0.5) at z = 0
and z = 1 for the Lagos12+RP and Lacey14+RP models. Observations are

as in the bottom panel of Fig. 5. Bottom panel: As in the top panel, but for

H2. Observations are as in the bottom panel of Fig. 7.

ple of hydrodynamical simulations of galaxies and find that the sim-

ulations have difficulties reproducing the HI masses of ETGs. This

may partially be due to the small sample of simulated ETGs anal-

ysed by Serra et al. (50 in total). Here, by taking the full simulated

galaxy population, we can make a statistically robust comparison

with the observed ETG population.

4.4 Expectations for the evolution of the HI and H2 mass

functions

In the near future, the Australian Square Kilometer Array (ASKAP)

and the South African Karoo Array Telescope (MeerKAT) will be

able to trace the evolution of the HI gas content of ETGs towards

redshifts higher than z = 0.1, while current millimeter telescopes,

such as the Plateau de Bure Interferometer and the Atacama Large

Millimeter Array (ALMA), can already trace H2 in ETGs. To pro-

c" 2011 RAS, MNRAS 000, 1–20
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Figure 5. Top panel: The HI mass function of all galaxies at z = 0 for the

models Lagos12, Lacey14 and Gonzalez-Perez14 and its variants including

partial ram pressure stripping of the hot gas (‘+RP’), as labelled. Observa-

tions correspond to Zwaan et al. (2005) (triangles) and Martin et al. (2010)

(diamonds). The shaded region shows the range where the number density

of galaxies decline due to halo mass resolution effects. Middle panel: as

in the top panel, but here the HI mass function is shown for galaxies with

K-band luminosities LK > 6 ! 109 L!. Observations correspond to the

analysis of HIPASS presented in § 2. Bottom panel: as in the top panel but

for ETGs (those with a bulge-to-total stellar mass ratio > 0.5) and K-band

luminosities LK > 6 ! 109 L!. Observations correspond to the analysis

of HIPASS (circles) and the ATLAS3D (with and without volume correc-

tion as filled and empty stars, respectively) surveys containing galaxies with

LK > 6! 109 L! and described in § 2.
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Figure 6. Top panel: the distribution function of the ratio between the HI

mass and the K-band luminosity for the same models shown in Fig. 5 for

galaxies with LK > 6! 109 L!. Observations correspond to the analysis

of HIPASS presented in § 2. Bottom panel: As in the top panel but for

ETGs (B/T > 0.5) with LK > 6! 109 L!. Observations correspond to

the analysis of HIPASS (circles) and ATLAS3D (stars) presented in § 2.

Fig. 5), the Lagos12 and Gonzalez-Perez14 models predict a num-

ber density of galaxies with 109 M! < MHI < 1010 M! lower

than observed, while the predictions from the Lacey14 model agree

well with the observations. The inclusion of partial ram pressure

stripping of the hot gas in the three models has the effect of increas-

ing the number density of ETGs with HI masses MHI > 108 M!.

This increase allows the models to get closer to the observations,

and particularly the Lacey14+RP model predicts a HI mass func-

tion of ETGs in very good agreement with the observations.

The HI mass function has become a standard constraint

on the GALFORM model since Lagos et al. (2011a). However,

Lemonias et al. (2013) show that a stronger constraint on simula-

tions of galaxy formation is provided by the conditional mass func-

tion of gas, or similarly, the gas fraction distribution. Here, we com-

pare the predictions for the HI gas fraction distribution function

with observations in Fig. 6. The HI gas fraction is taken with re-

spect to the K-band luminosity to allow direct comparisons with

the observations without the need of having to convert between

c" 2011 RAS, MNRAS 000, 1–20
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different adopted IMFs, which would be the case if stellar mass

was used. Mitchell et al. (2013) show that when simulations and

observations adopt different IMF, the comparison between the stel-

lar masses predicted by the models and observations is misleading.

Instead, a full SED fitting needs to be performed to make a fair

comparison in such a case.

The top panel of Fig. 6 shows the predicted HI gas fraction for

galaxies with LK > 6!109 L!. The observations are described in

§ 2. The Lagos12 and Gonzalez-Perez14 models predict a peak of

the gas fraction distribution at higher gas fractions than observed,

while the Lacey14 predicts a peak closer to the observed one (i.e.

MHI/LK " 0.15M!/L!). The galaxies at the peak of the HI

gas fraction distribution also lie in the main sequence of galaxies

in the SFR-stellar mass plane (Lagos et al. 2011b). The inclusion

of partial ram pressure of the hot gas increases the number den-

sity of galaxies with HI gas fractions MHI/LK > 10"3 M!/L!

and reduces the number density of galaxies with lower HI gas frac-

tions. The physical reason behind these trends is that the inclusion

of partial ram pressure stripping increases the HI gas fraction of

gas poor galaxies due to replenishment of their cold gas reservoir.

The bottom panel of Fig. 6 shows the HI gas fraction distribution

of ETGs (B/T > 0.5) with LK > 6 ! 109 L!. The HI gas frac-

tion distribution of ETGs is very different from that of all galax-

ies, showing a much broader distribution with a tail to very low HI

gas fractions in all six models. The Lagos12 and Gonzalez-Perez14

models predict lower HI gas fractions for ETGs than observed,

while the predictions from Lacey14 are closer to the observations.

By including partial ram pressure stripping of the hot gas, the HI

gas fractions increase in all the models due to the replenishment

of the cold gas reservoirs in satellite galaxies. The predictions of

the Lacey14+RP model are a very good description of the obser-

vations, with a peak in the number density of ETGs in the range

MHI/LK " 0.002 # 0.02M!/L!. Overall, the HI content of

ETGs is moderately sensitive to the treatment of the hot gas con-

tent of satellite galaxies, while the overall galaxy population does

not show the same sensitivity to this physical process due to the

dominance of central galaxies.

4.3 The H2 content of early-type galaxies

The top panel of Fig. 7 shows the predicted H2 mass functions

for all galaxies. The observations are from Keres et al. (2003) and

are described in § 2. All the models provide a good description of

the observations. The largest differences between the models are

at the high-mass end. The Gonzalez-Perez14 model predicts the

highest number densities of galaxies with MH2
> 5 ! 109 M!,

although it is still in agreement with the observations within the

errorbars. Note that the inclusion of partial ram pressure strip-

ping of the hot gas leads to very little change. This is due to

the dominance of central galaxies in the H2 mass function, which

are only indirectly affected by the treatment of partial ram pres-

sure stripping. In the bottom panel of Fig. 7 we show the H2

mass function of ETGs (B/T > 0.5) with K-band luminosities

LK > 6! 109 L!. The differences between the models are signif-

icant: the Lagos12, Gonzalez-Perez14 and Lacey14 models predict

a number density of ETGs with H2 masses MH2
> 107 M! much

lower than is observed, by factors of 10, 6 and 4, respectively. It is

only when partial ram pressure stripping of the hot gas is included

that their predictions get closer to the observations. In particular,

the Lacey14+RP model predicts a number density of ETGs with

MH2
> 107 M! that is very close to the observations. The La-

gos12+RP and Gonzalez-Perez14+RP models are still a factor of
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Figure 7. Top panel: the H2 mass function at z = 0 for all galaxies in the

Lagos12, Lacey14 and Gonzalez-Perez14 models and their variants includ-

ing partial ram pressure stripping of the hot gas (‘+RP’). Observations from

the 60µm (downwards pointing triangles) and B-band (triangles) samples

of Keres et al. (2003) are also shown (see § 2). Bottom panel: as in the top

panel but for ETGs (B/T > 0.5) with LK > 6 ! 109 L!. Observa-

tions correspond to ETGs from the ATLAS3D survey with (filled stars) and

without (open stars) volume correction (see § 2 for details).

3# 4 lower than the observations. At the high-mass end of the H2

mass function for all galaxies (top panel of Fig. 7), the contribution

from ETGs is significant (although not dominant), while for the

HI, ETGs are only a minor contribution. The reason for this is sim-

ply the higher H2-to-HI mass ratios in ETGs compared to late-type

galaxies (see Fig. 4).

Fig. 8 shows the H2 gas fraction distribution for ETGs with

LK > 6!109 L! for the same six models of Fig. 7. Similarly to the

H2 mass function, the Lagos12 and Gonzalez-Perez14 models pre-

dict a number density of ETGs with MH2
/LK > 10"3 M!/L!

lower than observed, while their variants including partial ram pres-

sure stripping of the hot gas predict higher number densities, in

better agreement with the observations. The Lacey14+RP model

provides the best description of the observed H2 gas fractions. The

physical reason for the higher number density of H2 ‘rich’ ETGs

in the models including partial ram pressure stripping of the hot

c" 2011 RAS, MNRAS 000, 1–20
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Figure 8. The distribution function of the ratio between the H2 mass and

the K-band luminosity for ETGs (B/T > 0.5) with LK > 6 ! 109 L!,

for the models as labelled. Observations correspond to ETGs from the

ATLAS3D survey (see § 2 for details of the observational dataset).

gas is that the replenishment of the cold gas reservoir leads to an

increase in the surface density of gas. Since the HI saturates at

!H2
! 10M! pc"2, due to H2 self-shielding, the effect of cold

gas replenishment in the ISM has a stronger effect on the H2 reser-

voir than on the HI.

The incorporation of partial ram pressure stripping of the hot

gas brings the models into better agreement with the observed gas

fractions of galaxies, and particularly of ETGs. This indicates that

partial ram pressure of the hot gas is relevant in a wide range

of environments. Note that we have not included any description

of the ram pressure stripping of the cold gas, which has been

shown to take place in clusters through observations of the HI

and H2 contents of galaxies in the Virgo cluster (e.g. Cortese et al.

2011; Boselli et al. 2014a). However, no deficiency of HI or H2

has been observed in galaxies in environments other than clusters.

Tecce et al. (2010) using galaxy formation models show that ram

pressure stripping of the cold gas is relevant only in halos with

Mhalo > 3 " 1014 h"1 M!. Since most of the galaxies in the

ATLAS3D and HIPASS surveys are not cluster galaxies, we ex-

pect the effect of the ram pressure stripping of the cold gas to be

insignificant in our analysis.

The study of the neutral gas content of ETGs offers indepen-

dent constraints on the modelling of the ram pressure stripping of

the hot gas. Font et al. (2008) used the fraction of passive to active

galaxies as the main constraint on the satellite’s hot gas treatment.

Here we propose that the exact level of activity or cold gas con-

tent of galaxies that are classified as passive offer new, independent

constraints.

The Lacey14+RP model agrees the best with the observations

of HI and H2 in different galaxy populations. This is the first time

such a successful model is presented. Serra et al. (2014) use a sam-
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Figure 9. Top panel: The HI mass function of ETGs (B/T > 0.5) at z = 0
and z = 1 for the Lagos12+RP and Lacey14+RP models. Observations are

as in the bottom panel of Fig. 5. Bottom panel: As in the top panel, but for

H2. Observations are as in the bottom panel of Fig. 7.

ple of hydrodynamical simulations of galaxies and find that the sim-

ulations have difficulties reproducing the HI masses of ETGs. This

may partially be due to the small sample of simulated ETGs anal-

ysed by Serra et al. (50 in total). Here, by taking the full simulated

galaxy population, we can make a statistically robust comparison

with the observed ETG population.

4.4 Expectations for the evolution of the HI and H2 mass

functions

In the near future, the Australian Square Kilometer Array (ASKAP)

and the South African Karoo Array Telescope (MeerKAT) will be

able to trace the evolution of the HI gas content of ETGs towards

redshifts higher than z = 0.1, while current millimeter telescopes,

such as the Plateau de Bure Interferometer and the Atacama Large

Millimeter Array (ALMA), can already trace H2 in ETGs. To pro-

c" 2011 RAS, MNRAS 000, 1–20

BUT	  SAMs	  suggest	  the	  majority	  of	  the	  gas	  cools	  from	  the	  hot	  halo	  

à  Requires	  hot	  halos	  to	  have	  angular	  momentum,	  and	  be	  misaligned	  from	  
galaxies	  >50%	  of	  the	  Rme…	  

à  OR	  gas	  rich	  minor	  mergers	  to	  be	  more	  common	  than	  predicted,	  and	  
cooling	  suppressed?	  
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stripped enough that the galaxy is absorbed by the larger halo where

it lives. In these cases the sub-halo mass corresponds to the mass

of the sub-halo the last time it was identified in the simulation. In

the case of ETGs living in the highest sub-halo masses, most of the

gas accretion took place at higher redshifts, where most of the star

formation took place. This leads to alignment between the angular

momenta of the stars and the gas. In the case of the lowest sub-halo

masses, there has not been any merging episode, but only smooth

accretion from the hot halo. These low mass sub-halos are also rel-

atively isolated and therefore the halo in itself has not suffered any

important angular momentum flips or slews. These cases are more

similar to the ideal case shown in the top panel of the schematic of

Fig. 1.

5.2.1 Dependence on galaxy properties

6 CONCLUSIONS
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Figure 3. Distribution of angles (in radians) between the angular momenta

of the gas disk and the stellar component (dashed line), and the DM halo

and the gas disk (solid line), for ETGs with LK > 6 ! 109, L! and

MHI + MH2
> 107 M! in the Lacey14+RP model. Observational mea-

surements from the ATLAS3D are shown as shaded histogram. Errorbars

are Poisson errors. The y-axis is normalised to represent fractions. We con-

volve the predicted distribution of angles with a normalised Gaussian dis-

tribution with its centre at zero and a standard deviation of 15 degrees,

which corresponds to the expected scatter in the observations reported by

Davis et al. (2011). The result of this convolution is shown by the dotted

and dot-dashed lines, as labelled.

§ 3 lead to a distribution of !G,S that agrees with the observed dis-

tribution of ETGs within the errorbars. This is interpreted as mis-

alignment arising not only from recent mergers, but also from the

accretion history of ETGs, which can have slew the angular mo-

mentum of the stellar component throughout time with respect of

the DM halo and also the gas.

The angle !G,S of each galaxy is strongly affected by recent

accretion onto the galaxy. We find that the earlier the ETG had the

latest important accretion of cold gas (HI+H2) the more likely it is

to have its cold gas and stellar components aligned. This is shown

in the top panel of Fig. 4, where we show !G,S as a function of the

latest redshift at which the ETG double its cold gas mass, zdoubling.

Note that recent accretion can lead to both aligned or misaligned

cold gas/stellar components, which is seen from the higher density

of galaxies at low zdoubling regardless the value of !G,S. All ETGs

with doubling redshifts zdoubling > 2 have aligned stellar and gas

components, while there is a slightly higher tendency for angles

!G,S in the range 0.5!1.5 radians in ETGs that had their doubling

of cold gas at zdoubling > 1. ETGs with angles !G,S > 1.5 radians

had their last doubling of cold gas at zdoubling < 1. This indicates

that those ETGs that had their stars formed at the same time as they

gained most of their current cold gas have aligned components.

Another important driver of misaligned gas disks with re-

spect to the stellar components of ETGs is the history of gas ac-

cretion from mergers vs. smooth accretion from the hot halo. The

bottom panel of Fig. 4 shows that misalignment happens in our

model only in intermediate ranges of sub-halo masses, 1011 M! <
Msubhalo < 1013 M!. Here the sub-halo mass is the mass of

the gravitationally bound structure where the galaxy lives. Not all

satellites retain information of their sub-halo giving that it can get

0.0 0.5 1.0 1.5 2.0 2.5 3.0
angle between gas and stellar component

1

(1
+z

) t
o 

do
ub

lin
g 

tim
e

2

3

4

log(dn/dz/dangle/ Mpc-3 h3)
-5.1 -4.9 -4.6 -4.4 -4.2 -4.0 -3.8 -3.5 -3.3 -3.1 -2.9 -2.6 -2.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0
angle between gas and stellar component

11

12

13

14

15

lo
g 1

0(M
ha

lo
/h

-1
 M

O •
)

log(dn/dlog(Mhalo)/dangle/ Mpc-3 h3)
-4.9 -4.7 -4.5 -4.3 -4.1 -3.9 -3.7 -3.4 -3.2 -3.0 -2.8 -2.6 -2.4

Figure 4. Top panel: The look back time to the last time each ETG dou-

bled its cold gas mass reservoir (HI plus H2) as a function of the angle

between the angular momenta of the cold gas and the stellar component of

ETGs, !G,S, in the Lacey14+RP model. The coloured contours show num-

ber density per unit redshift and angle, with the scale shown by the key.

Circles show !G,S > 2.9 and (1 + z) > 3.9. Bottom panel: As in the

top panel but here we show the sub-halo mass where the ETG resides. The

filled circle shows the ETGs at the centre of the most massive sub-halo in

the simulation, which has a mass of 2! 1015 M! h"1, which, for clarity,

we have shifted down to the range shown by the figure.
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Is	  this	  reasonable?	  
	  
New	  semi-‐analyZc	  treatment	  follows	  the	  spin	  flips	  of	  halos	  
	  
à Predicts	  large	  fracZon	  of	  misaligned	  hot	  gas	  halos	  

à Can	  reproduce	  the	  observed	  misalignment	  distribuZons	  

à Also	  predicts	  the	  correct	  mass	  dependence	  

Watch	  for	  Lagos,	  Padilla,	  Davis	  et	  al.,	  2014	  

In	  the	  future	  ASTRO-‐H	  will	  have	  to	  spectral	  
resoluZon	  to	  observe	  rotaZon	  of	  hot	  halos	  in	  

X-‐ray	  lines…	  



Cool	  gas	  inside	  early-‐type	  	  
galaxies	  

	  
1.   Are	  these	  galaxies	  regenerated?	  Or	  being	  quenched?	  

•  RegeneraZon	  most	  likely	  
•  Mechanisms	  that	  keep	  galaxies	  quiescent	  have	  failed	  ~40%	  of	  cases	  

Big	  quesRons:	  

2.   Where	  is	  the	  gas	  coming	  from?	  
•  Field	  environments	  à	  AccreZon	  from	  minor	  mergers	  and	  cooling	  

from	  misaligned	  hot	  halos(?)	  
•  Cluster	  environments	  à	  stellar	  mass	  loss	  cooling?	  	  

	  

3. 	  Is	  it	  forming	  stars?	  
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Star	  formaRon	  -‐	  (Davis	  et	  al,	  2014)	  

•  ETGs	  form	  stars	  less	  
efficiently	  than	  
spirals!	  

•  SFE	  lower	  by	  a	  factor	  
~2.5!	  

	  

à	  Gas	  Density	  (HI+H2	  –	  WSRT+CARMA)	  à	  	  
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•  DepleRon	  Rme	  correlates	  with	  shape	  of	  
potenRal!	  	  

•  If	  most	  of	  the	  gas	  is	  in	  the	  rising	  part	  of	  the	  
rotaRon	  curve	  you	  get	  SFE	  suppression!	  

Star	  formaRon	  -‐	  (Davis	  et	  al,	  2014)	  

•  Torque	  rate	  in	  low	  SFE	  objects	  higher	  
à  Clouds	  pulled	  apart?	  

Clearly	  resolved	  studies	  will	  be	  required	  to	  
determine	  fully	  the	  physical	  cause	  
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1.   Are	  these	  galaxies	  regenerated?	  Or	  being	  quenched?	  

•  RegeneraZon	  most	  likely	  
•  Mechanisms	  that	  keep	  galaxies	  quiescent	  have	  failed	  ~40%	  of	  cases	  

Big	  quesRons:	  

2.   Where	  is	  the	  gas	  coming	  from?	  
•  Field	  environments	  à	  AccreZon	  from	  minor	  mergers	  and	  cooling	  

from	  misaligned	  hot	  halos(?)	  
•  Cluster	  environments	  à	  stellar	  mass	  loss	  cooling?	  	  

	  

3. 	  Is	  it	  forming	  stars?	  
•  Yes	  à	  building	  galaxy	  substructure	  
•  Star	  formaZon	  efficiency	  low	  
•  Dynamical	  quenching	  mechanism?	  
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Conclusions:	  	  
• 	  At	  least	  22%	  of	  early	  type	  galaxies	  have	  molecular	  gas	  –	  not	  “red	  and	  dead”!	  
• 	  At	  40%	  of	  field	  ETGs	  have	  substanZal	  HI	  reservoirs	  

	  à	  Quenching	  has	  failed	  to	  stop	  cold	  gas	  forming/surviving	  in	  ~50%	  of	  ETGs!	  
	  
•  This	  gas	  comes	  from	  the	  environment	  (and	  cooling	  from	  misaligned	  halos?)	  in	  the	  field	  
•  In	  clusters	  secular	  mechanisms	  dominate	  

•  The	  gas	  is	  forming	  stars,	  building	  up	  kinemaZc	  substructure	  
•  …	  but	  with	  low	  efficiency!	  	  
•  Dynamical	  quenching	  mechanisms	  may	  be	  at	  work?	  General	  importance?	  

	  
	  
The	  Future:	  	  
1)  What	  fundamental	  process	  suppresses	  star	  formaZon	  in	  local	  ETGs?	  	  

	   	  à	  Dynamics?	  Gas	  chemistry?	  Star-‐formaZon	  calibraZons?	  
2) 	  From	  where	  does	  the	  cold	  inter-‐stellar	  medium	  (ISM)	  in	  ETGs	  originate,	  and	  what	  is	  the	  
role	  of	  minor-‐mergers,	  and	  cooling	  from	  hot	  X-‐ray	  halo	  gas?	  	  

	   	  à	  ASTRO-‐H,	  simulaZons	  (hydro	  and	  SAMs),	  gas	  observaZons	  of	  other	  clusters	  



Cool	  gas	  inside	  early-‐type	  	  
galaxies	  

Thanks	  for	  Listening!	  
	  

Any	  quesZons?	  

CARMA	  in	  winter:	  mmarray.org	  


