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ABSTRACT
We make use of interferometric CO and bbservations, and optical integral-field spec-
troscopy from the ATLASP survey to probe the origin of the molecular and ionised inter
stellar medium (ISM) in local early-type galaxies. We findttB6+5% of our sample of fast
rotating early-type galaxies have their ionised gas kirterally misaligned with respect to
the stars, setting a strong lower limit on the importancextémally acquired gas (e.g. from
mergers and cold accretion). Slow rotators have a flat digidn of misalignments, indicating
that the dominant source of gas is external. The molecwaiséd and atomic gas in all the
detected galaxies are always kinematically aligned, evieervthey are misaligned from the
stars, suggesting that all these three phases of the gitarasnedium share a common ori-
gin. In addition, we find that the origin of the cold and warns g fast-rotating early-type
galaxies is strongly affected by environment, despite tbkeoular gas detection rate and mass
fractions being fairly independent of group/cluster mershg. Galaxies in dense groups and
the Virgo cluster nearly always have their molecular gaskiatically aligned with the stellar
kinematics, consistent with a purely internal origin (umesbly stellar mass loss). In the field,
however, kinematic misalignments between the stellar asg#gus components indicate that
at least 425% of local fast-rotating early-type galaxies have thews gapplied from exter-
nal sources. When one also considers evidence of accratisent in the galaxies’ atomic
gas distributions 2 46% of fast-rotating field ETGs are likely to have acquirecetedtable
amount of ISM from accretion and mergers. We discuss seseealarios which could explain
the environmental dichotomy, including preprocessingatagy groups/cluster outskirts and
the morphological transformation of spiral galaxies, betfind it difficult to simultaneously
explain the kinematic misalignment difference and the tamtsdetection rate. Furthermore,
our results suggest that galaxy mass may be an importarjiémdient factor associated with
the origin of the gas, with the most massive fast-rotatingxjas in our sample (M S — 24

© 2011 RAS mag; stellar mass o£8x10'° M) always having kinematically aligned gas. This mass de-
pendence appears to be independent of environment, simggésis caused by a separate
physical mechanism.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evant— galaxies: ISM —
ISM: molecules — ISM: evolution — stars: mass-loss
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1 Introduction

Lenticular and elliptical galaxies, collectively known eely-
type galaxies (ETGs), have long been thought to be the endpoi
of galaxy evolution. These systems have surprisingly unifeed
optical colours and are located in a tight red sequence irpticad
colour-magnitude diagram (e.g. Baldry et al. 2004). Thegiorof
the colour bimodality that separates the ETGs in the redesespu
from star-forming galaxies, located in a ‘blue cloud’, heastme a
central question in extragalactic astrophysics. In ordegilaxies
to fade and join this tight red sequence rapidly enough titasight
that the fuel for star formation must be consumed, destroyed-
moved on a reasonably short timescale (e.g. Faber et al).2007

In the paradigm of cold dark matter with a non-zero cosmolog-
ical constant {CDM), it is thought that star-formation is shut-off
in these galaxies by major mergers that can funnel the cadnga
the centre of the remnant (Barnes 2002), where it may beayestr
by an active galactic nucleus (AGN) or be used up quickly itaa-s
burst. In massive galaxies, virial shocks (such as thosmusiied
by Birnboim & Dekel 2003) can also create a halo mass thresh-
old, above which incoming gas will always shock to the viteh-
perature, stopping the accretion of further cold gas. Bnargut
from an AGN or starburst may also remove cold gas without a ma-
jor merger, and keep halo gas from cooling. Galaxies in efsst
and groups may also have their interstellar medium (ISM)onead
by harassment, or stripped and ablated away by a hot intsiet!
medium (ICM).

Evolutionary processes like those listed above leave galax
on the red sequence with little or no cold ISM, and thus nofstar
mation. Evidence is mounting, however, that a reasonahbtgifm
of ETGs do have cold gas reservoirs and residual star-fasmat
For example the surveys of Grossi et al. (2009), Morgantilet a
(2006) and Oosterloo et al. (2010) find between 44 and 66% of
field ETGs have detectable neutral hydrogen reservoirdev@ol-
bert, Mulchaey & Zabludoff (2001) have shown that over 75% of
early-types contain dust features in optical images. Yi.g2805)
and Kaviraj et al. (2007) have also shown that at least 30%T &£
have an excess of UV emission, attributable to ongoing vesitar
formation (over and above that predicted for an old steltgrupa-
tion from the UV-upturn phenomenon; see Yi 2008 for a review)
Sarzi et al. (2006) have shown that at least 10% of local ETass h
strong Balmer line emission and line ratios indicative ofjaing
star-formation. These studies all imply some ETGs must haggd
molecular gas reservoir to fuel this ongoing star-fornmatio

The molecular gas content of early-types had until recently
been investigated mainly using infrared-selected survegs ex-
ample Knapp & Rupen (1996) report a molecular gas detecéitan r
of 80% for ETGs brighter than 1 Jy at 16n. Combes, Young
& Bureau (2007) performed one of the first studies of ETGs thic
was not infrared-selected. They observed the SAURON saofple
galaxies(a representative sample of 48 ETGs which had been
observed with the SAURON integral field spectrograph, see
de Zeeuw et al. 2002 for full details)and reported a molecular
gas detection rate of 28% (with a CO(1-0) sensitivity of 3mK T
in a 30 km s! channel).The survey of Welch, Sage & Young
(2010) (which combined and added to the results of Welch &
Sage 2003; Sage & Welch 2006; Sage, Welch & Young 200Vas
the first published volume-limited sample, which found sedgbn
rate of 26% for ETGs within 20 Mpc (with a similar sensitivity

The ATLAS®P project is a complete, volume-limited survey
of the properties of 260 morphologically-selected ETGhimi40
Mpc (for full details see Cappellari et al. 2011a, hereaRaper
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1). This survey combines integral-field spectroscopy (IFpYical
imaging, molecular and atomic gas observations and siiookt
As part of this survey Young et al. (2011) (hereafter Paper IV
have presented an unbiased census of the molecular gasitcohte
this sample of nearby early-types, and report that 22% afalbg-
selected, morphologically-classified ETGs have substhmtolec-
ular gas reservoirs (I1610° M, of Hy). The brightest detections
have been followed up with CO-interfeometry (Alatalo et ai.
prep; see Section 2.2). Serra et al., in prep reporit@etection rate
of ~40% (for field galaxies with declination above®l@awn from
the same sample). These studies are the best availableatempi-
biased surveys of the ISM in local ETGs, showing that a reaisien
fraction of these systems have sizable gas reservoirs.

If galaxies form in a hierarchical manner, then these olaserv
tions pose a challenge to the standard view that early-tafsxips
join and remain on the red-sequence due to a lack of cold gas. O
must either demonstrate that it is possible to create a teghse-
guence without removing all of the cold ISM, or that galaxdes
regenerate or acquire cold gas after joining the red seguenc
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below our detection threshold.The lack of correlation with the
host galaxy properties, however, suggests that other mesha
must be destroying or preventing the molecular gas from ifagm
in 78% of ETGs, and that stellar mass loss may not be the domina
method of acquiring cold gas.

Galaxies can also regain a cold ISM \gaternal processes,
such as (major and minor) mergers and/or cold mode accifetion
the intergalactic medium (IGM). In a minor merger or coldraec
tion some fraction of the gas can avoid being shocked andailill
to the centre of the galaxy and cool, often producing a ckdisa
or rings (Mazzuca et al. 2006; Eliche-Moral et al. 2010). Ima
jor merger ejected gas can be re-accreted over the courssmoic
time. H in ETGs has long been thought to come almost exclusively
from external sources (e.g Knapp, Turner & Cunniffe 1985pré
recently deep HI observations (e.g. Morganti et al. 2006} tan-
firmed that almost all Hdetected field ETGs show signs of accre-
tion, indicating an external origin for much of the atomisgaith
an average Haccretion rate of 0.1 M yr—! (Oosterloo et al. 2010).

If the same is true for the molecular and ionised gas has ye¢ to

The gas we detect in these galaxies could be a remnant, leftdetermined.

over from the progenitors that formed the ETG. Stellar papul
tion analyses (e.g. Kuntschner et al. 2006, Kuntschner. 0410,
McDermid et al., in prep), however, show that the underlystej-

lar populations in these galaxies are ofg (1 Gyr). When com-
bined with the fact that most ETGs show relaxed stellar kiaem
ics (Emsellem et al. 2011, hearafter Paper Ill) and evidérara
deep imaging (Duc et al., submitted; Paper IX) this suggests
the last major merger that could have formed such systemsatvas
least several gigayears ago. Unless the remnant gas cande ma
stable against star-formation this thus suggests that e/seging
regenerated or newly accreted gas.

Galaxies can regenerate a cold ISM through biotbrnal and
externalprocesses. Stellar evolution models predict that an agerag
stellar population returns on the order of half its stell@ssto the
ISM over a Hubble time (Jungwiert, Combes & Palous 2001; Lia
Portinari & Carraro 2002; Pozzetti et al. 200%); This internal
gas return is dominated not by cataclysmic events such as-sup
novae, but by the long-term stellar mass loss from red gicartdh,
(post-)asymptotic giant branch stars and planetary nel{farriott
& Bregman 2008; Bregman & Parriott 2009). The majority of the
ejected mass from giant stars will shock heat and join theghst
reservoir of the galaxy (Parriott & Bregman 2008). It mayrtle
possible for this material to cool, recombine, fall towand galaxy
centre and eventually become molecular, regeneratingdidegas
reservoir. The fraction of gas which is able to cool from tlw h
halo in this way is however unknown. Mass loss from planetary
nebulae may avoid being shock heated, and cool from theednis
phase directly without joining the galaxies hot halo (Bregn&
Parriott 2009). Simulations have shown that this mass lossels
some angular momentum in this process, but generally iepves
the general sense of rotation of the parent star (e.g. MarBgur-
naud 2010).

Stellar mass loss must be occurring in all ETGs at all times,
at a rate depending on the number of stars present in eackygala
and its star formation history. One would thus expect manG&T
to have detectable molecular gas (assuming that somedinacti
the hot gas reservoir does cool). Paper IV however foundathigt
22% of ETGs have detectable molecular gas, and there is remeep
dence of the detection rate and molecular gas mass fraatibost
luminosity. It is of course possible that gas reservoirs exist in the
other systems with a more quiescent recent star-formation is-
tory, resulting in low gas masses from stellar mass loss thatre

© 2011 RAS, MNRASD0OQ, 1-17

Recent work has suggested one way to completely sidestep thi
problem, via ‘morphological quenching’ (Martig et al. 2Q0® this
scenario, red sequence galaxies are created not by remall/ihg
cold ISM, but by making some fraction of it stable againsvgea
tional collapse. The growth of a stellar spheroid via megginsec-
ular processes increases the stellar density, and henegithelic
frequency and velocity dispersion in the centre of the gal@kis
can cause the Toomre stability criterion (Toomre 1964) tweex
unity, implying that the gas is stable against gravitatiawdlapse.

As the star formation rate would be very low, this stable d&lil
would persist for many billions of years, and hence would be d
tectable today in red galaxies. In some ATLASgalaxies we do
indeed see large amounts of i a regular disk, but no correspond-
ing young stellar population (Morganti et al. 2006). Thi®gess
cannot béhow every ETG transits to the red sequencehowever,
as such long-lived discs are not observed in all ETGs.

In summary, determining the dominant source of the cold ISM
in ETGs is vital in order to understand their formation and-ev
lution. If stellar mass loss can build up molecular resesydhen
galaxies can transform themselves from spheroidal to désiey
tems over time and in isolation, and perhaps even (if moxgjichl
quenching does not intervene) evolve back into the bluedctver
cosmic timescales (e.g. Kannappan, Guie & Baker 2009).W-ho
ever mergers are the dominant source of the gas, then staation
episodes are likely to be short-lived and possibly violamid the
gas will not accumulate and regenerate.

Observationally the origin of the gas may be addressed by
comparing the angular momentum of the ISM with that of the un-
derlying stellar population. Because of angular momentum- ¢
servation, stellar mass loss must produce gas that is kiieatha
aligned with the bulk of the stars which produced it. To finster,
material from external sources can enter a galaxy with agylan
momentum, so many such mismatches should be observabie toda
the exact fraction depending on the dynamical timescalemfs-
aligned material to relax into the equatorial plane. Eveveiry old
systems, one might thus expect to see an equal number ofemlax
with counter and co-rotating gas if external accretion ardgers
are important (and if there is no preferred accretion dioagt

A number of previous studies have used the misalignment of
the angular momenta of gas and stars to constrain the origireo
ionized gas (e.g. Kannappan & Fabricant 2001; Sarzi et &6R0
and the molecular gas (e.g. Young 2002; Young, Bureau & Qappe
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lari 2008; Crocker et al. 2011) in early-type galaxies. Thalgf
this paper is to use the ATLAS complete volume limited sample
of 260 ETGs to constrain the importance of externally aegligas
in this way.

In Section 2 of this paper we describe the observations our
work is based upon, and present our method for extracting-kin
matic position angles. In Section 3 we describe the misalgmt
distributions obtained, and we discuss them further iniSect.

We conclude in Section 5 and discuss prospects for the future

2 Observations and data analysis

To compare the orientation of the stellar and gaseous angula
momenta, it is preferable to have full kinematic maps at camp
rable angular resolutions. Krajnovic et al. (2008) haveveh that
many ETGs have kinematically distinct stellar substriesuthat
may cause confusion in long-slit spectroscopic data. He#f8elata
are desirable, where one retrieves full two-dimensiongisad the
kinematics of the stars and ionised gas. These also all@sifilza-
tion of polar and misaligned structures, instead of congjratign-
ment measures to purely co-rotating and counter-rotating @as
one is forced to do with only long-slit spectroscopy). Thege
maps may be combined with mm-wave interferometry, to map the
cold molecular component of the ISM at similar spatial resohs.

The galaxies we use in this work are drawn from the complete,
volume-limited, morphologically selected ATLAS sample (Pa-
per 1) of 260 ETGs brighter thai > 8.2 x 10° L¢ x, within
D < 42 Mpc. Paper | summarizes the main data-sets available
for the survey galaxies. In this paper we combine the ATEAS
SAURON optical IFS stellar and ionised gas kinematic map3, C
kinematic maps, and IHnaps from the Westerbork Synthesis Radio
Telescope (WSRT). The CO data are a combination of new ofserv
tions from the Combined Array for Research in mm-wave Astron
omy (CARMA) and literature data from the Plateau de Burerinte
ferometer (PdBI), Owens Valley Radio Observatory Intenfieeter
(OVRO) and the Berkeley-lllinois-Maryland Array (BIMAT.hese
observations will be presented in full in Alatalo et al., in pepa-
ration, but we summarize briefly below.

2.1 SAURON IFS data

SAURON is an IFS built at Lyon Observatory and mounted at the
Cassegrain focus of the William Herschel Telescope. It &s2tan
the TIGER concept (Bacon et al. 1995), using a microlensyarra
to sample the field of view. Details of the instrument can hentb

in Bacon et al. (2001). All galaxies were observed with the-lo
resolution mode of SAURON, covering a field of view of about
33’ x 41" with 0794 x 0”94 lenslets. Mosaicking was used to
reach up to one effective radius (the radius encompassitfighlea
light) when necessary.

The SAURON observations for the ATLAS galaxies, and
the extraction of the stellar kinematics are described taitia Pa-
per |. In brief, for each target, individual datacubes weeggad and
analysed as described in Emsellem et al. (2004), ensuringnia m
mum signal-to-noise ratio of 40 per spatial and spectralpising
the binning scheme developed by Cappellari & Copin (2008 T
SAURON stellar kinematics were derived using a penalize@lpi
fitting routine (Cappellari & Emsellem 2004), providing paretric
estimates of the line-of-sight velocity distribution faaah spaxel.
During the extraction of the stellar kinematics, the GANDAtode
(Sarzi et al. 2006) was used to simultaneously extract thiséa
gas kinematics. The mean stellar velocity maps for the ATEAS
galaxies are presented in Krajnovic et al. (2011), hereRfper I1.

2.2 CARMA data

As part of the ATLASP survey, all galaxies that were detected in
CO(1-0) (from single pointings of the IRAM-30m telescope at
the galaxy centre; see Paper IV)with an integrated flux greater
than 19 Jy km s! that do not have interferometric data already
available in the literature have been observed with CARMAQIB

et al. 2006). Full details of this interferometric surveydse found

in Alatalo et al. (in preparation), but we summarize the obat#gons
here.

Observations of the detected sample galaxies were taken be-
tween 2008 and 2010, mainly in the D-array configuration; pro
viding a spatial resolution of 4’5 CO(1-0) was observed using
narrow-band correlator configurations, providing at leastaw
channels per 10 km's binned channel whilst ensuring adequate
velocity coverage for all galaxies. Bright quasars weralusecali-
brate the antenna-based gains and for passband calibrEtiedata
were calibrated and imaged using the Multichannel ImageoRec
struction, Image Analysis and Display (MIRIAD) softwarecgage
(Sault, Teuben & Wright 1995). Total fluxesd velocity widths
were compared with the IRAM 30m single-dish observatiorento
sure that large proportions of the fluxes were not being vesol
out.

A total of 26 galaxies included in this work have been obsgrve
and all were detected at greater than 3 with CARMA (IC 676,
IC719, 1C1024, NGC 1222, NGC2697,NGC 2764, NGC 2824,
NGC3182, NGC3607, NGC3619, NGC3626, NGC 3665,
NGC4119, NGC4324, NGC4429, NGC4435, NGC4694,
NGC 4710, NGC 4753, NGC5379, NGC 6014, NGC 7465, PGC
029321, PGCO058114, UGCO06176 and UGC09519). We also
include here galaxies for which CO(1-0) maps are alreadyedla
from the literature, mostly from SAURON survey (de Zeeuwlet a
2002) follow-ups. These are NGC 0524, NGC 2685, NGC 2768,
NGC3032, NGC3489, NGC4150, NGC4459, NGC4476,
NGC 4477, NGC 4526 and NGC 4550. Full references for the data
used in this work are listed in Table 1. This makes for a tot&7
sample galaxies that have CO(1-0) interferometric data.

This sample of mapped galaxies are the brightest2/3 of
the CO detections from Paper IV. The mapped galaxies are thus
biased towards higher molecular gas masses, but are statist
cally indistinguishable (with a Mann-Whitney U (MW-U) or
Kolmogorov-Smirnov test) from the full sample of CO detectel
systems in terms of their molecular mass fractions, local esi+
ronment, and host galaxy properties. The mapped galaxies sb
fall on the same CO Tully-Fisher relation (Davis et al. 2011,
hearafter Paper V). Other than molecular gas mass, the only
variable in which our sample may have some bias is in cluster
membership. Due to the fact that the Virgo cluster is relatively
nearby (and hence the flux from a given amount of molecular
gas is higher) we have mapped a greater percentage of cluster
members than field galaxies. We do not however expect this to
affect our conclusions. Overall we consider that the CO samip
discussed from this point should be reasonably free of biase
however it is worth remembering that we do not full sample the
parameter space at smaller molecular gas masses.

In this work we make use of the CO velocity fields which will
be presented in Alatalo et al, in prep. These mean velocitgsma
were produced by the masking method: each fully calibratetl a
cleaned image cube was smoothed along both the spatial and ve
locity axes, and the smoothed cube was clippegt25 times the
rms noise in a channel. The clipped version of the smoothed cu
was then used as a mask to define a three-dimensional volume in

(© 2011 RAS, MNRASDOQ, 1-17
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the original, unsmoothed cleaned cube, over which we catietihe bars, kinematically decoupled cores) that may or may naeste
first velocity moment (see Regan et al. 2001; Young, Bureaag-C same kinematic PA. In these cases, fihinematicpa routine re-
pellari 2008) An identical method was used in Young, Bureau & turns the value applicable to the bulk of the material (as driea,

Cappellari (2008); Crocker et al. (2008, 2009) and Crockerteal. rather than luminosity weighted). Such substructures ltawgever,
(2011), and we refer readers to these works for examples of ¢h skew the measured kinematic PA, in some cases by tens ofadegre
data quality achieved. When a bar is present, Paper Il has shown that the global kitiem

PA of the stars is uncertain with a standard deviatior@f°. In

2.3 Measuring kinematic position angles
g P d general however the stellar kinematic position angle is @ges-

The apparent (projected) direction of the angular momenté@  timate of the PA of the line of nodes even when a bar existss Bar
tor of any tracer can be found by estimating its kinematidtjms would be expected to have a stronger influence on the gaseous ¢
angle ¢, which lies normal to the angular momentum vector. The ponents than on the stars.
kinematic position angle (PA) is defined as the counteriolose It is worth remembering that we always compare the kinematic
angle between north and a line which bisects the tracertcitgl  pas of the molecular gas to that of the main body of the stanies
field, measured on the receding side. stellar velocity fields show a kinematically decoupled cg¢BC),
_ One canthen define the kinematic misalignment angis the 5 stellar subcomponent with misaligned rotation from tis¢ oéthe
difference between the kinematic PA of two galactic compésin stellar body. These KDCs generally extend only over a snealirel
this paper, we will consider misalignments between the ouwée region however, and hence do not significantly affect ounltes
gas, warm ionised gas and stellar angular momentum: The mm interferometric data have a poorer angular resolu-
o H /] !
Prmol—star = |Gmolecular gas — Pstar, (1) thn than the optical d.ata.x(4-5 Vs 172 ). In. order to test how
this affects the determination of the kinematic PA, we penfed a
wmolfion = |¢molecu1ar gas — ¢ionised gas |7 (2)

Monte-Carlo simulation. A synthetic velocity field with adwn PA
Yion—star = |Pionised gas — Pstar|; (3) was created using an empirical galaxy rotation curve frorad@e
(1999). We then added Gaussian noise to simulate the avsigge
nal to noise ratio of our data. We varied the inclination, &mel
angular extent of the emitting material while keeping a fikedm
size (which is identical to changing the angular resolytigsing a
fixed spatial sampling of 3 pixels per beam, and measureditiee k
matic PA using thdit_kinematicpa routine. Changing the inclina-
tion from edge-on to face-on had little effect of the deteration
on the PA, apart from very face on inclinations where the aelo
ity range becomes comparable to the channel width. Thisdrepp
only at inclinations less than 2.8 degrees for a typicabgateith a
maximum velocity of 200 kms', and 10 km s! channel width.
Varying the source size from 50 to 2.5 beams across (or equiva
lently 1 to 20’ angular resolution) caused a scatterdf0® in the
determined kinematic PA, with no systematic offset. The tRA

These quantities are defined to lie in the range 02180

In this work, the kinematic PA of the stars is taken from Pa-
per Il (Table 1, column 4 in Appendix C, and available online a
http://www.purl.org/atlas3d). The molecular and ioniggs kine-
matic PAs are presented here for the first time, and are meghsur
using the same method (ther_KINEMATIC _PA routine; described
in Appendix C of Krajnovic et al. 2006).

In this paper we were able to measure molecular gas kinematic
position angles for all the galaxies with mapped molecuéer. g he
values of the kinematic PA for these galaxies are listed InleTa.

We give two examples of CO velocity fields overlaid with thex-

rived kinematic PA and the associated error in Figure 1 skehigas
kinematic position angles were measured only on galaxiesravh
the emission appeared coherent, with a regular velocits, faghd e .
was not very confined to the very central regions (as thisde#& was always within the@ er.ror bars returned by the routine. .

tive of template mismatch within the GANDALF package; seezba We also used this S|m_ulat_|on to test the effect of 5|gr_1al
et al. 2006). These criteria were satisfied in 132 of the 2&@psa tp noise on our PA _determlna_tlons. T_he average RMS devia-
galaxies (51%). Where the ionised gas is only detected oswredi t!on.from the bll-(antl)symmie'{rlc velocity map created by the
region, we have re-run taT_KINEMATIC (PA code using only this  fl-kinematicpais ~15 km s~ for the reallciARMA data used
region to reduce the effect of low signal to noise ratio binsoar in this work (with a maximum oij km's ™). \ﬁrylng the sim-
PAs determinations. Table 1 contains the ionised gas kitierR& ulat.ed RMS n0|§e from 5 km s " to 50 I.<m S . scattered the
for all CO mapped galaxies in this work. Tables 3 and and 4 con- denve_d kinematic PAs by~-10°. Once again th'_s |_nduced no sys-
tain the kinematic misalignment between the ionised gasteildr tematic offset, and the tr_ue PA was always within the & error
components for all fast-rotating galaxies and slow rotatjalax- bars returned by the routine.

ies respectively, which were not mapped in CO, but which have The largest error on the observed molecular gas PA (as esti-
significant enough ionised gas detection to allow a kinemm@& mated by theit kinematicparoutine) is 30, and the average ¢}
measurement. error on the molecular gas PAs is, onsistent with the predicted

Hi data was available for 29 fast-rotating galaxies that over- €M" from our simulation. In this paper we choose to condiétee-

lap with the CO and ionised gas sample considered in thisrpape Matic misalignments between the gas and stars 60" as being
The large difference in angular scale probed make comperise- significantly mlsallgneq. ThIS con;ervatlve estimate essthat we
tween the extended IHand centrally concentrated molecular and &1 set arobust lower limit on the importance of externattyreted
ionized gas challenging, but potentially powerful. We dd ex- material.

tract kinematic position angles for thd,Hbut discuss the general

trends present from visual inspection of the H velocity fields 3 Results

in Section 3.4. More detailed analysis of theglocity fields and

intensity maps will take place in a future paper in this serie . . . .
In real ga|axiesy there can be kinematic substructures (eg A direct comparison between the kinematic PAs of the mobacul

gas and the main body of the stars reveals two populatiogsi(&i
2). We find 24:7% (9 out of 37 galaxies) have their molecular gas
§ Available from http://purl.org/cappellari/idl misaligned ¥ > 30°) with respect to the stars, setting a lower

3.1 Molecular gas and stars

© 2011 RAS, MNRASDOQ, 1-17
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Figure 1. Examples of the data for one of the galaxies with the besttrined molecular gas PA (NGC 0524, top), and the galaxy thighworst constrained

molecular gas PA (NGC2768, bottonbeft: CO velocity field (colours)Middle:

Stellar velocity fields from the SAURON IFU (data from Emseti et al.

2004).Right: H3 emission line kinematics from the SAURON IFU (data from $atzal. 2006). These are overlaid with the CO integratednsitg (black
contours) and the best fitting molecular gas/stellar kinen®4A, and its associated error as calculated in this pagmid(black line, and dashed black lines
respectively). The CO moments are taken from Crocker eD@B8ZNGC2768) and Crocker et al. 2011 (NGC0524). The SAUREWMdoverage of NGC2768

extends beyond the range of the plots shown above.

limit on the number of galaxies where the gas is likely to harne
external origin. The remaining #67% (28 out of 37 galaxies) have
their molecular gas aligned with the stads &€ 30°) with the stars,
consistent with an internal origin. The uncertainties gdoabove
include only the formal binomial counting errors.

Several individual galaxies have a KDC coincident with the
molecular gas. NGC 4476 is a pathological example, as it has
large stellar KDC, kinematically aligned with (and likelgrined
from) the molecular gas, while the stars have little senseoef
tation outside this region within the SAURON IFS field of view
PPAK IFS stellar kinematics suggest that the stellar vetdagld
may become inverted outside the SAURON field of view (Crocker
et al., in prep), hence the molecular gas could be considerbd
counter-rotating with respect to the stellar body at lawmdiir For
consistency, however, we use only the SAURON stellar kiriema
in this work (probing roughly one effective radius), and ¢terta-
bel NGC 4476’s molecular gas as co-rotating. It is worth inegin
mind, however, that the stellar kinematics in the outergaftall
of these galaxies could be different from the kinematicheden-
tral regions. Discounting the few galaxies such as this,revtiee
origin of the gas is hard to judge would not significantly etier
conclusions.

a

3.2 Molecular and ionised gas

The analysis presented in Section 3.1 can be repeated, dogpa
the apparent angular momenta of the molecular and ionised ga
This results in Figure 3. The molecular gas has a kinematss mi
alignment angle with the ionised component of less thah iA0
every galaxy (and generally much better than this), andimitie
errors quoted all galaxies are consistent with having arkate
misalignment angle of less than 10.5he overall distribution is
consistent with a Gaussian error distribution with centrzeao and

a standard deviation of 25as shown in Figure 3.
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Figure 2. Histogram showing the kinematic misalignment angle betwee
the molecular gas and the stars for all of the galaxies listéble 1. The
dashed line overplotted is a normalized Gaussian distoibwtith its center

at zero and a standard deviation 6f 8howing the expected scatter.

The galaxies which have a misalignement betweefi 15
and 40 are IC0676, NGC1222, NGC3032, NGC4150 and
PGC029321. These small misalignments can always be under-
stood as arising from small-scale kinematic substructwigisin
the galaxies affecting the ionised component, that arellysua-
resolved at the resolution of our CO interferometry. IC 06@8 its
ionised gas kinematic PA affected by a bar. NGC 1222 is a fighl
disturbed star-bursting system, that may be in the prodassder-
going a three-way merger (Beck, Turner & Kloosterman 2083).
discussed above, NGC 3032 and NGC 4150 have KDCs that may
be affecting the gas properties (McDermid et al. 2006; Setrail.
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Table 1.Kinematic parameters of the ATLA® early-type CO-rich galaxies used in this paper.

Name  ¢mol Admol Pion Adion Ymol—star Athmol —star Ymol—ion AtYmol—ion Yion—star Athion—star Ref.
(deg) (deg) (deg)  (deg) (deg) (deg) (deg) (deg) (deg) (deg)
@ @ ©) 4) ©) (6) @) 8) 9) (19) 1y (12
IC0676 16.5 10.0 3485 26.9 2.0 15.8 28.5 29.6 30.0 29.6 1
IC0719  229.0 3.5 2325 2.5 177.0 26.2 3.5 26.1 173.5 26.1 1
1C1024 24.5 12.8 315 8.2 5.0 16.7 7.0 13.6 2.0 13.6 1
NGC0524 36.5 1.8 41.5 21.9 4.0 2.7 5.0 22.0 1.0 22.0 6
NGC1222 33.0 15 54.5 21.5 10.0 9.4 21.5 23.4 11.5 23.4 1
NGC2685 105.0 10.0 109.5 13.8 68.5 10.3 4.5 14.0 73.0 14.0 2
NGC2697 301.5 1.8 300.0 3.1 0.0 3.6 15 4.4 15 4.4 1
NGC2764  202.5 1.8 1895 5.2 6.5 7.0 13.0 8.6 6.5 8.6 1
NGC2768  180.0 30.0 1875 6.1 87.5 30.2 7.5 7.0 95.0 7.0 4
NGC2824 161.5 1.8 1595 7.5 2.0 3.3 2.0 8.0 0.0 8.0 1
NGC3032 92.5 10.0 62.5 19.1 179.0 14.9 30.0 22.0 151.0 22.0 3
NGC3182 331.5 7.2 316.5 6.0 11.0 10.0 15.0 9.2 4.0 9.2 1
NGC3489 67.5 1.8 78.5 5.3 5.0 3.3 11.0 6.0 6.0 6.0 6
NGC3607 302.5 25 3025 0.5 1.0 2.9 0.0 1.6 1.0 1.6 1
NGC3619 74.5 4.2 76.0 0.5 225 5.2 15 3.0 24.0 3.0 1
NGC3626 169.5 1.8 165.0 3.2 170.0 1.9 4.5 3.3 174.5 3.3 1
NGC3665 219.5 20 2095 2.2 14.0 2.8 10.0 3.0 4.0 3.0 1
NGC4119 296.0 12.0 2925 18.6 4.5 13.6 3.5 19.7 1.0 19.7 1
NGC4150 146.0 10.0 168.5 10.1 15 11.9 22.5 12.0 21.0 12.0 3
NGC4324  232.0 1.8 239.0 6.8 6.0 5.5 7.0 8.6 1.0 8.6 1
NGC4429 82.0 2.0 92.5 2.0 4.5 3.2 105 3.2 6.0 3.2 1
NGC4435 201.0 1.8 198.6 3.1 8.5 2.5 2.4 3.6 6.1 3.6 1
NGC4459  269.0 50 2815 15 115 5.6 125 2.9 1.0 2.9 3
NGC4476  208.0 25 2190 7.5 15 11.8 11.0 13.7 12.5 13.7 1
NGC4477  227.0 3.0 2265 1.6 25.5 6.0 0.5 5.5 26.0 5.5 6
NGC4526  288.0 3.0 2945 4.7 0.5 3.5 6.5 5.0 6.0 5.0 3
NGC4550  355.0 10.0 3585 9.7 35 10.3 3.5 10.0 0.0 10.0 5
NGC4694  155.5 275 167.0 45.0 169.0 33.6 115 48.9 157.5 4891
NGC4710 207.0 10.0 208.5 2.2 0.5 10.7 15 4.4 1.0 4.4 1
NGC4753 93.0 2.8 85.5 15 4.5 3.8 7.5 2.9 3.0 2.9 1
NGC5379 66.0 20.0 77.0 5.0 5.0 22.4 11.0 11.2 16.0 11.2 1
NGC6014 139.5 6.2 151.5 10.2 7.5 10.5 12.0 13.3 4.5 13.3 1
NGC7465 106.0 3.8 1095 9.5 60.5 29.2 3.5 30.5 57.0 30.5 1
PGC029321 76.0 275 1055 27.2 19.5 46.1 29.5 46.0 49.0 46.0 1
PGC058114 94.5 7.0 93.1 3.1 152.5 12.2 1.4 10.5 153.9 10.5 1
UGC06176  201.0 8.5 214.0 8.5 0.5 30.2 13.0 30.2 13.5 30.2 1
UGC09519 1775 55 172.0 4.5 72.0 8.0 55 7.3 77.5 7.3 1

Notes:Columns 2-5 list the kinematic PAs for the molecular gas amised gas (even columns), and their respective errorsdalddhns). Columns 6-11 list
the misalignments between the molecular gas, ionised ghstars (even columns) and and their respective errors (olddhos). The errors quoted on the
kinematic PAs are those calculated by the_KINEMATIC _PA routine. The kinematic PA of the main body of the stars fotegalaxy is taken directly from
Paper Il (Table 1 in Appendix C, Column 4; available onlindp://www.purl.org/atlas3d). Column 12 lists the datterence: (1) Alatalo et al., in prep (2)
Schinnerer & Scoville (2002), (3) Young, Bureau & Cappel{2008), (4) Crocker et al. (2008), (5) Crocker et al. (20@8) Crocker et al. (2011).

2006). The ionised and molecular material in PGC 029321 has athe boundary between aligned and misaligned gas. As the dist

small angular extent, and as we showed above this can irctieas
error in the kinematic PA determination.

The uncertainty on ionised gas PA measurements is larger tha

the average 10Owe have estimated for the molecular gas PAs. As
discussed above, this is because the ionised gas is oftemyphas
a smaller angular extent than the molecular gas, and carsbede
laxed. Despite this increased uncertainty, and greaténsnt vari-
ance due to small substructures in the galaxies, our coatberv
threshold for misalignment{ > 30°) ensures that we still set a
strong lower limit on the importance of externally accrateaterial.
Despite the increased uncertainty, we only show plots oitthised
gas misalignment from here on, taking advantage of the ase
number of galaxies available to improve our statistics. Whbee
examines the molecular gas kinematic misalignments alltserse-
main unchanged.

One galaxy (NGC3032) has a molecular to ionized gas
kinematic misalignment = 30° cut-off we have taken to denote

© 2011 RAS, MNRASDOQ, 1-17

bution of misalignments closely follows the gaussian errodis-
tribution however, we suggest that this is due to observatial
scatter. We therefore conclude that the ionised and molecular ma-
terial are always kinematically aligned with each otheerewhen
they are kinematically misaligned with respect to the stirengly
suggesting they share a common origin (as previously disclis

a subsample of these galaxies by Crocker et al. 2011). Thiis4is
cussed further in Section 4.1.

Assuming 30 rather than 40° for the cut-off between
aligned and misaligned gas can at most bias our results by4%
(this is the area under the error distribution at misalignments
greater than 30°, normalized by the total area under this er-
ror distribution curve.) For the typical number of galaxies in-
cluded in our analysis this can result in the misclassificatin of
1-2 galaxies.
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Figure 3. Histogram showing the kinematic misalignment angle betwee

the molecular gas and the ionised gas for all the galaxiesdli® Table 1.
The dashed line overplotted is a normalized Gaussian ldlision with its
center at zero and a standard deviation ¢f, Ehowing the expected scatter.

3.3 lonised gas and stars

As the molecular and ionised gas are always aligned andkailg li
to share a common origin, investigating the kinematic rnigsahent
between the ionised gas and the stars can therefore alsdighied
on the origin of both of these gas phases in ETGs.

The ATLAS®P ionised gas detection rate (above an integrated

equivalent width of 0.0 in either H3 or [OlN]) is ~73+3% in

the field, ancd47+6% in the Virgo cluster. These figures are com-

parable with the previous SAURON survey ionised gas detecti
rate of 86:6% in the field and 5%12% in the Virgo cluster (Sarzi
et al. 2006). We are hence able to repeat the analysis inoBegi,
with the benefit of increased number statistics.

Table 3 contains the kinematic misalignment between the

ionised gas and stars for all fast-rotating galaxies witlgaiicant
enough ionised gas detection to allow a kinematic PA measeme

3.3.1 Slow-rotators

Slow-rotators as a class are round, massive, dispersioimeied,
mildly triaxial ETGs that generally have old stellar pogidas,

and large KDCs (Paper ). lonised gas is detected in slotators
(Sarzi et al. 2006), while molecular gas almost never is ¢Pay).

lonised gas is hence the best tracer to help us understaodigime
of the gas in the central parts of these systems. The stétiamiatic
PA can be poorly defined in a slow-rotator, which have litleno

coherent rotation by definition, and this translates todaugcer-
tainties in the misalignments. Despite this it is possibledtimate
the kinematic misalignment for 22 of the 36 slow rotatingagés

in the ATLAS®P sample. The derived misalignments are listed in

Table 4.

When slow rotators are considered by themselves (Figure 4),

they display a flat distribution of misalignments betweemitmised
gas and the stars, suggesting the dominant source of (@rjas is
external (as was seen previously with fewer galaxies byi &agd.
2007). A MW-U test finds no statistically significant evideribhat
the observed kinematic misalignments (in Figure 4) are nawd
from a uniform underlying parent distribution.

3.3.2 Fast-rotators
Figure 5 shows that 365% of fast-rotating galaxies (40 out of
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Figure 4. Histogram showing the kinematic misalignment angle betwee
the ionised gas and the stars for all the slow-rotating gedawith measur-
able kinematic misalignments. These systems are listedbie®.
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Figure 5. Histogram showing the kinematic misalignment angle betwee
the ionised gas and the stars for all the fast-rotating geddisted in Table
3. The dashed line overplotted is a normalized Gaussiarikdigon with its
center at zero and a standard deviation df, Ehowing the expected scatter.

galaxies found in molecular gas (but with a smaller uncetyi

Where both the ionised gas and molecular gas are detectaugidr
sured kinematic misalignments from the stars agree welll eatch
other, with a & scatter around the one-to-one relation of 18

MW-U test finds no statistically significant evidence tha tholec-
ular gas and ionised gas misalignments from the stars (@sgiand
5) are not drawn from the same underlying parent distriloutio

3.4 Comparisonto H

As part of the ATLASP survey we collected Hdata for all 166
galaxies above declination +1@nd further than 15 arcmin from
Virgo A. Most of these galaxies were observed with the Wistde
Synthesis Radio Telescope (WSRT). Observations are tescir
detail in Morganti et al. (2006); Oosterloo et al. (2010) Swtra
et al., in prep(see Serra et al. 2009, for a summary)For about
20 galaxies inside the Virgo cluster we use Arecibo datartaee
part of the Alfalfa survey (di Serego Alighieri et al. 200nstead
of WSRT data. We use Alfalfa data to derive an upper limit an th

110) have their ionised gas kinematically misaligned fromgtars
(Wion—star > 30°), consistent with the percentage of misaligned

HI mass which is comparable to what we obtain with our WSRT
observations.

(© 2011 RAS, MNRASDOQ, 1-17



This ATLAS®P Hi sample has 29 Hletections of fast-rotators
that overlap with the molecular and ionised gas sample wita-m
surable misalignments we consider in this work (13 that layper
with the interferometric CO sample, and a further 16 thatlaye
with the ionised gas sample). Despite the large differen@ngu-
lar resolution between thelHlata and the other tracers, in most
cases it is possible to estimate a rough kinematic PA of theiat
gas in the region where it overlaps with the CO and ionised gas
We find that the atomic and molecular material always appebe t
kinematically aligned with one another, suggesting thay tthare
a common origin. This is in agreement with the results of Noitg
etal. (2006), who find that theltdnd ionised gas are always aligned
in the SAURON sample (which is a subset of the ATI’RSsam-
ple).

As we have established that the ionised, molecular and atomi
gas are all likely to be part of the same structure, it is géing to
use the H data to investigate the connection with $ten at large
radii. Of the H-detected systems that have (molecular or ionised)
gas kinematically misaligned from the stars, 86% (12/14jptex-

On the origin of the gas in early-type galaxies9

stellar mass loss is not impeded. This is consistent withettie of

HI detections in Virgo (e.g. Giovanardi, Krumm & Salpeter 1983
di Serego Alighieri et al. 2007; Oosterloo et al. 2010 and&et
al., in prep) and with the steep decrease in the frequenapiris,
and increase in the frequency of fast-rotating ETGs in thgd/i
cluster core (see Cappellari et al. 2011b, hereafter Palper V

Despite this, as for spirals, the ETG CO detection rate ésid
the Virgo cluster is much higher than the Hetection rate, and is
almost identical to that found in the field (Paper IV). The ewl-
lar gas mass fractions (M/L k) of cluster and field galaxies also
appear to be similar. Paper IV does however show some ewedenc
that the H-richest ETGs are all low mass, and in poor environ-
ments. It is hence interesting to investigate these higd- law-
density galaxy populations separately, to see if the oogihe gas
is affected by the environment.

When our sample of galaxies is divided into Virgo (defined in
Paper | as all the galaxies within a sphere of radius 3.5 Mpe ce
tered on the cluster cenffgand field (everything else), a clear di-
chotomy in the kinematic misalignment distribution is aggua. In

tended H structures, clearly suggesting a source for the misaligned Figure 6, 42:5% (38 out of 90) of the fast-rotating field ETGs have

material. These systems are discussed in detail in Li & Ssaqu
(1994) (NGC 7465), Verheijen & Zwaan (2001) (NGC 4026), Mor-
ganti etal. (2006) (NGC 1023, NGC 2685, NGC 2768, NGC 7332),
Duc et al. (2007) (NGC 4694), Oosterloo et al. (2010) (NGC303
NGC4262), and Serra et al., in prep (NGC 0680, NGC 3626,
UGC 09519).

Furthermore, 38% (6/16) of thelHletected galaxies that have
gas kinematically aligned with the stars also have kinecadyi dis-
turbed H at larger radii, with clear suggestions of ongoing accretio
from external sources. These are discussed in Morganti (0416)
(NGC 4150), Oosterloo et al. (2010) (NGC 3384, NGC 3489) and
Serraetal., in prep (NGC 2778, NGC 3457, PGC 028887).

3.5 Environmental effects
3.5.1 Cluster environment

The ATLAS®P sample includes a range of galaxy densities, from
the Virgo cluster to sparse field environments. Galaxiedusters
are often H deficient (e.g. di Serego Alighieri et al. 2007), and it is
thought that the atomic material is removed by ram-pressiuig-
ping and interactions as the galaxies fall into the clustgemtial
and plow through the hot ICM (e.g. Gunn & Gott 1972; Giovainell
& Haynes 1983). Kenney & Young (1986) have shown that spi-
ral galaxies in Virgo are not CO deficient, even when they are H
deficient. This is likely to be because molecular gas is deasé
resides deeper in a galaxy potential well, where it will netas
affected by infall into a cluster.

To first order, the merger rate is enhanced as galaxies fall in
clusters, but once the galaxies are virialized the chaneenaérger
drops off considerably (the large velocity dispersion witie clus-
ter makes mergers reasonably rare; e.g. van Dokkum et &)199
Cluster (and group) centre galaxies are the only exceptighih
are likely to have many merging events, and are typicallysio-
tators (see Paper VII). Paper IV shows that ATI*RSVirgo fast-
rotating ETGs are likely to be virialized within the clus{ére line-
of-sight velocities are centrally peaked and consistetti Wweing
relaxed), and hence their last merger should have occuesstad
crossing times ago (a few gigayears).

Stripped or free-floating gas is likely to be destroyed amatkh
heated to the cluster virial temperature as it is capturetthéylus-
ter, joining the cluster’s hot X-ray halo. The external ahels by
which cold gas can be acquired are therefore likely to be-sfiut
once a galaxy is embedded in a cluster potential, whereamalt

© 2011 RAS, MNRASD0OQ, 1-17

kinematically misaligned ionised gas. However, in the Widuster
only 10+6% (2 out of 20) of the fast-rotating galaxies have ionised
gas kinematically misaligned for the stam®ifn—star < 30°). If
this distribution of alignments in the cluster was the samaadhe
field one would expect=8 to 10 galaxies to show misalignments.
A MW-U test gives a probability that the Virgo and field galax-
ies are randomly drawn from the same parent galaxy populaso
0.3% (30 significance). The same result is found when one con-
siders the kinematic misalignment between the molecularagal
the stars, but with lower number statistics (shown as thehlealt
area in Figure 6).

The two kinematically misaligned Virgo galaxies (NGC 4262
and NGC 4694) both lie on the outskirts of the cluster and adet
going mergers/interactions as they fall into the clusteaON1262
may have recently undergone a close encounter with a nearby
galaxy (see Vollmer, Huchtmeier & van Driel 2005). It has ragri
of HI surrounding the galaxy (Krumm, van Driel & van Woerden
1985). This system is strongly barred, and thesHows elliptical
orbits which may be the cause of the observed misalignmehts.
ring may be the source of the ionised gas as the kinematitiqgosi
angles appear to be similar. No CO emission was detected from
NGC 4262 (Paper IV). NGC 4694 is undergoing a gas-rich major
merger in the cluster outskirts. The CO and iRl this galaxy are
in non-equilibrium structures offset from the stellar bothwards
a dwarf galaxy (Duc et al. 2007; Alatalo et al, in prep.).

3.5.2 Group environments

There is observational evidence that preprocessing (@hroterg-
ers and tidal disruption) in group environments may be irgur
in the formation of ETGs (Zabludoff & Mulchaey 1998; Kodama
et al. 2001; Helsdon & Ponman 2003; Kautsch et al. 2008). Pape
VIl also shows that local environment density seems to berthst
important factor in determining the fraction of spiral gaés and
fast-rotating ETGs, outside of the Virgo cluster core. Hogresim-
ulations show that galaxies can enter clusters directiw fitee field
(e.g. Berrier et al. 2009), avoiding any preprocessing augs, and
that therefore any transformation mechanism should alsbkesto
occur in the cluster environment.

It is possible with the data we possess to examine if it is the

9 Cluster membership is listed in Paper |, Table 5, Column @,ailable
online at http://www.purl.org/atlas3d
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Figure 6. Top: Histogram showing the kinematic misalignment angle betwke ionised gas and the stars for all fast-rotator galanigggo (defined as lying
within a sphere of 3.5 Mpc centered on the cluster centreg.Widiched area indicates the number of galaxies in eachdtinvdre also mapped in molecular
gas. The two outlying galaxies withh >30 are NGC 4262 and NGC 46%ottom:As above, but for all fast-rotator galaxies which are notirg¥, including

galaxies in the field and small groups.

local density or the global environment that drive the obsér
kinematic misalignment correlations. To do this, we uélia lu-
minosity surface density estimatofs] based on a redshift cylin-
der with a depth of 600 km's, and an angular size adapted to
include the 3rd nearest neighbor, as presented in Capipetlat.
(2011b) (Paper VII; Table 2, Column 7 and available online at
http://www.purl.org/atlas3d). This estimator shouldipiait locally
dense environments, such as groups, as well as substisiatiting
the Virgo cluster. We plot this density indicator against t#ine-
matic misalignment of the ionised gas and stars in Figure the
densest environments, above a critical local luminositiese den-
sity of ~ 10'"7 Lo Mpc~2, all fast-rotators in both the field and
cluster have ionised gas kinematically aligned with thesstahile a
wide range of misalignments exist at lower densities. Thervis-
aligned systems in the Virgo cluster are below this lumityosir-
face density (they are thought to be recently accreted mststill
undergoing mergers in the cluster outskirts; see Sectmid)3.This
result does not change if one plots number surface densitysge
Paper VII, Table 2, Column 4) rather than luminosity surfdee-
sity, with the critical number density beimg 20 Mpc~2. A MW-U
test gives a (a posteriori) probability 1% that the kinematically
aligned galaxies above (and all the galaxies below) thicatiden-
sity are randomly drawn from the same parent populationné o
considers the larger scalgy andX 1o environment indicators from
Paper VIl the cluster/field result discussed in Sectionl3srecov-
ered.

The field galaxies that exist above this critical density
are NGC 0524, NGC 0680, NGC 3379, NGC3412, NGC5353,
NGC 5355, NGC 5379 and PGC 042549, all of which are in known
galaxy groups. All but one of these systems (which were alesker

in our Hi survey) are Hpoor (NGC 0680 is the exception, it is a
major merger remnant, and has kinematically disturbeextend-
ing between several of its group members; see Paper IX amd &er
al., in prep). At least two of these groups have extendedyXrados
(NGC524, Romer et al. 2000; NGC 5353/NGC 5355, O’'Sullivan,
Forbes & Ponman 2001).

3.6 Mass dependence

Whenever one sees an effect which appears correlated with en
ronment, it is important to check if the observed relatiomifact
driven by galaxy mass. The mass of a galaxy can affect theagas ¢
tent in various ways. A deeper potential can allow a galaxgtain
gas that would be lost due to supernovae and galactic winds in
lower mass system. Massive ETGs can also have X-ray halashwh
can prevent external gas (especially in cold flows) from ramge
the galaxy. Figure 8 shows the dependence of the ionisedtgas-
kinematic misalignment of fast-rotators on absoliteband mag-
nitude, an observable proxy for stellar mass. Distancdsetgalax-
ies are taken from Paper |. One can see a clear lack of misalign
fast-rotating galaxies at M S — 24. The only kinematically mis-
aligned galaxy brighter than this threshold is NGC 2768,chtis

a large elliptical galaxy in a relatively isolated envirogm, that
appears to be accreting from a nearby cloud bfMorganti et al.
2006; Crocker et al. 2008). A MW-U test gives&8% chance that
the galaxies with My < — 24 are drawn from the same distribution
of misalignment angles as the fainter galaxies.

We re-plot Figure 7 with the galaxies with M < —24 mag
highlighted in green (Figure 9). Interestingly, the fastators above
the proposed critical luminosity are not all the same systi&lan-
tified previously as being in dense environments, in factstnaoe

(© 2011 RAS, MNRASDOQ, 1-17
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Figure 7. The kinematic misalignment angle between the ionised gdstenstars for fast-rotator galaxies, plotted againstdhallluminosity surface density
within cylinders of depth 600 kms' in the redshift direction, with an angular size adapted ttuidie the 3rd nearest neighbor. Virgo galaxies are plottéal w
red stars, and field/group galaxies with solid blue circléee dashed line is a guide to the eye, at the suggested lodéinaity of 137 Lo Mpc—2. The error

on each kinematic misalignment angle measurementls®.

different. This is likely to be because the brightest and tnees-
sive galaxies in dense environments are usually slow nstéRaper
VII). It seems that for fast-rotating galaxies both massd environ-
ment can be important independent parameters in detergnihe
origin of the molecular and ionised gas.

4 Discussion

The results presented in the previous section shed lighten t
origin of the molecular and ionised gas in local ETGs, buy {hese
additional puzzles that require further discussion.

4.1 The link between the gaseous phases

Our results suggest that the molecular, atomic and ioniasdagm

a single structure, and have undergone a common evolutgoréa
viously found for atomic and ionised gas by Morganti et aD&0
Oosterloo et al. 2010) at least in fast-rotating galaxiesould be
difficult to maintain two kinematically distinct phases tietISM

for any length of time, given the collisional nature of gasléss
they were widely separated in radius, e.g. separate rik@s)in-
stance, let us consider a galaxy which has stellar mass mags o
ing, and has built an aligned gas reservoir. If this galaxyuaes
misaligned gas from an external source, the two systems may i
teract. Collisions between two components with differemjidar
momentum vectors should cause some of the gas to lose itlaangu
momentum and fall to the centre resulting in a more compast ga
distribution. A search for such a signature will be presgntea
later work in this series.

The ionised gas in these galaxies will also be coupled to the
properties of the broader ISM (due to its dissipative ngtufee
dominant ionisation mechanism in ETGs is thought to be iarad
tion by old stellar populations (e.g. post-asymptotic giaranch
stars; Binette et al. 1994; Sarzi et al. 2010), which areannify
distributed throughout the galaxy, hence ionised gas shuippro-
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duced at the interface of any part of the cold ISM, and thesieahi
gas would have the same angular momentum as the material it is
produced from.

The difference in angular resolution (and field of view)
between our CO and H observations (and to a lesser ex-
tent our ionised gas observations) could have some effect on
these conclusions. For instance warps are often seen in oute
HI disks around galaxies of all types (e.g. Garcia-Ruiz, San-
cisi & Kuijken 2002). However the agreement between the CO
(and ionised gas) in the inner parts, and the H at larger radii
would be hard to manufacture by chance. Although challeng-
ing, higher resolution Hi observations of the inner parts of these
galaxies could be used to remove this uncertainty, and furtér
establish the link between these phases.

4.2 The importance of external accretion
4.2.1 Slow-rotators

In slow rotators there is clear evidence that their ionisaslig pri-
marily acquired externally. The kinematic misalignmemss statis-
tically consistent with a flat distribution, with no signiiat increase
in the number of galaxies with exactly co- or counter-roigtjas.
This suggests that accretion and mergers dominate the ppl/su
in slow-rotating galaxies. If the source of ionization ire$e galax-
ies is long lasting (e.g. irradiation by old stellar popidas) then
this gas could even be left-over from the last merger thatterkthe
slow-rotator.

Slow rotators are thought to be formed from progenitors that
have undergone multiple major mergers (Paper Ill). Sinmrhat
suggest an average of 3 major mergers per slow-rotatingagala
and multiple minor mergers (Khochfar et al. submitted, P&fi).
Slow rotators are predominately massive (Paper lll), ahdtshe
centre of their group and cluster environments (Paper Mihich
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Figure 8. The kinematic misalignment angle between the ionised ghrestars for fast-rotator galaxies, plotted againstdted absolutes’s-band magnitude

of the galaxy from 2MASS. Distances to the galaxies are tdkamm Paper |. Virgo galaxies are plotted with red stars, asliifjroup galaxies with solid
blue circles. The dashed line is a guide to the eye, at theested) critical magnitude of M=—24 mag. The error on each kinematic misalignment angle
measurement isz15°.
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Figure 9. As Figure 7, but galaxies with M < —24 mag are plotted with dark green stars (for Virgo galax#s) solid dark green circles (for field/group
galaxies). The error on each kinematic misalignment anglasurement isz15°.

is likely to enhance their merger rate (e.g. van Dokkum €t209). systems are predominantly old (e.g. Kuntschner et al. 2M®;
Our results provide additional evidence that mergers arat/ore- Dermid et al., in prep), and hence the mass loss rate frontehars
tion are important in the evolution of slow rotators. population will be low. Any mass that is lost from these siate

A few questions do remain. For instance there is no statisti- the ISM may be kept hot by the large velocity dispersion obéhe
cally significant evidence for any of these galaxies haviegey- pressure supported systems, and may join the X-ray halo.
ated aligned ionised gas from stellar mass loss. The stahese Furthermore, the lack of a peak in the misalignment distribu

(© 2011 RAS, MNRASDOQ, 1-17
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Table 2. Synopsis of the statistics presented in this paper

Category Number Mol. Detection lon Detection # Mapped Mol #pded lon Misaligned Mol Misaligned lon
1) 2 3 4 ®) (6) ) (8
Fast-Rotators 224 243% 67+ 3% 35 110 23 7% 36+ 5%
Slow-Rotators 36 &4% 86+ 6% 2 22 5@:35% 68+10%
Field FR 202 2%43% 73t 3% 25 90 2& 9% 42+ 5%
Virgo FR 58 2H5% 4 6% 10 20 18 9% 10t 6%
I3 <107 FR 209 22-3% 67+ 3% 34 92 24 7% 44+ 5%
I3 > 1017 FR 51 16£5% 69+-10% 1 18 0% 16 9%
Mks > -24 FR 191 24-3% 65+ 3% 28 91 3% 9% A4t 7%
Mks < -24 FR 33 2A8% 80t 7% 7 19 14£13% 5+ 5%

Notes:Column 1 lists the categories of galaxies we discuss in taep FR denotes fast-rotators only.is our local the luminosity surface density estimator,
based on a redshift cylinder with a depth of 600 km' sand an angular size adapted to include the 3rd nearesthugjgis presented in Cappellari et al.
(2011b) (Paper VII; Table 2, Column 7 and available onlinbtgd://www.purl.org/atlas3d). M ; is the absolutd s-band total magnitude. Column 2 lists the
number of galaxies from the ATLA® survey that fall in this class. Columns 3 and 4 list the mdkcgas detection rates (taken from Young et al. 2011) and
ionised gas detection rates (above an integrated equivalidth of 0.02A in either H3 or [Ol1]) for these subsamples. Columns 5 and 6 state thebeurof
galaxies in this category mapped in molecular gas, and tiidkemeasurable kinematic PA's in their ionised gas maps$u@os 7 and 8 state the percentage
of mapped galaxies which have misaligned molecular, andedngas respectivelyl{ > 30°).

tion for co- and counter-rotating gas suggests the timesealuired

for the ionised gas in these systems to relax into the orpltale

is long (especially as the ionised gas is likely to be longdiv
This may be because these systems are in general very roand (P
per 1ll), and hence the gravitational torques will be loweart in
disky systems. Slow rotators can also be triaxial (Paper Haper

111), allowing gas in polar configurations to be stable.

4.2.2 Fast rotators

The molecular and ionised gasA486% of the galaxies in our sam-
ple are kinematically misaligned from the stellar body, &etce
are likely to have an external origin. There are ways in whith
angular momentum of gas in the central regions of galaxies ca
be altered (e.g. bars which produce resonant orbits andtirap
see Wada & Habe 1995). However the kinematic alignment with
the atomic gas at larger scales suggests this is not a donefran
fect. In addition, 36% is likely a lower limit to the importe@ of
externally acquired material. Assuming that gas from marged
accretion enters galaxies isotropically then one wouldekpn av-
eragex17% of galaxies to exhibit aligned kinematics (within°30
by chance (30180° ~ 0.17), despite the gas having an external
origin.

rotation. The lack of a large peak at a kinematic misalignnoén
180° however suggests that this criterion is seldom fulfillecthat
relaxation into the equatorial plane is not a symmetric @ssc

Clemens et al. (2010) compared the dust production rate in
the envelopes of evolved AGB stars with a constraint on the to
tal dust mass in Virgo cluster ETGs (from Herschel obseovai).
They find that passively evolving ETGs (defined by having it
mid-infrared spectra consistent with passively evolvitedlar pop-
ulations) are not detected by Herschel, and thus the dustudes
tion timescale in passive ETGs must be short. They conclodte t
passive ETG'’s with dust are thus likely to have acquiredatrfr
an external source. As dust is thought to be important tolgshie
nascent molecular clouds, and catalyze the conversioni afitHl
H> molecules (e.g. Duley & Williams 1993), perhaps a lack oftdus
could prevent some of our sample galaxies from regenerétigig
molecular reservoirs from internal sources.

External accretion/mergers appear to only be importartién t
field, where at least 42% of galaxies have a significant kitiema
misalignment between the molecular or ionised gas and #rs.st
The molecular and ionised gas are nearly always consistiémaw
purely internal origin in three (partially overlapping) pdations:
fast-rotating Virgo cluster galaxies, the densest gromrenments

The assumption that gas from mergers and accretion enters"e Sample, and in the highest luminosity fast-rotators.

galaxies isotropically is a conservative one. In fact one icaag-
ine scenarios where the gas accretion is not isotropic, rbéadt
preferential results in aligned gas. One such example woeld

As shown in Section 3.4, there is clear evidence that at Bast
of the field ETGs which are kinematically aligned have gasciwhi
is in fact externally accreted. Including this evidenceéases the

major merger that imparts a large amount of angular momentum percentage of field galaxies which have externally accrgésdo at

to the stars in the remnant, forcing them to rotate in the elain
the merger. Gas that is thrown off in the merger may fall bat® i
the remnant over many gigayears, and would likely fall irfgmen-
tially aligned. Some simulations have predicted that mmergers
may preferentially occur with the angular momentum vecfahe
accreted system aligned along the major axes of the darlkematt
halo (e.g. Deason et al. 2011). If such processes are ongbigiy
we will underestimate the importance of external accreiiothis
work. How isotropic the accretion of gas from major mergerd a
cold-mode accretion onto ETGs truly is could be tested &rrth
cosmological hydrodynamic simulations.

If a large amount of external gas is present within a galdey, t
gas depletion timescale through star-formation will beedarger
than the relaxation time (the time it takes for gas structtmwesettle
into the equatorial plane). In this case one would expechtb30%
of the galaxies to have co-rotating gas, and 50% to show eount
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least 46%. Knapp, Turner & Cunniffe (1985) have shown thatth
masses of early-type galaxies are unrelated to the galaminbs-
ity, unlike in spirals. This led them to predict that extdrsaurces
provideall the H in field ETGs. Morganti et al. (2006) and Ooster-
loo et al. (2010) have also shown that in almost all casesevHes
present in ETGs, there are some signs that it has been ditercia
creted. As it appears that the gaseous phases are closeg,litis
suggests that the molecular and ionised gas lélected ETGs
frequently has an external origin, even if it is kinematigaligned.
Hence the true importance of external accretion is likelgarasti-
mated in field environments.

If this is so, then we are forced to conclude that mergers
and accretion must not proceed isotropically, or relaxatbmis-
aligned gas happens over a short timescale, and prefdientia
prograde direction. It is also conceivable that retrogrgds sur-
vives for a shorter length of time (due to interactions witb hot
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halo of the galaxy, or similar). Due to the different anguleso-
lutions (and hence spatial scales) probed by theuhtl CO data
however, these conclusions require further investigatianfirst
order, one would expect the evidence for external Haccretion
to become stronger if one was able to investigate the kinemas
and morphology of the Hi at higher spatial resolution. A more
in depth treatment of these issues will be included in a @&work
in this series.

4.3 The effect of group and cluster environments

The striking result that galaxies in the Virgo cluster (atttko dense
environments) almost always have kinematically alignesl g&3-
gests that dense environments affect the accretion anelh@ration
of ionised and molecular material. The challenge is thusrid &
consistent theory that can explain the environmental digece of
the kinematic misalignments, while simultaneously actiognfor

the identical detection rates (and mass fractions) of thiecotar

gas in the field and clusters (Paper 1V).

unable to re-accrete external gas as they settle into thgpgroster
potential and become virialized. Stellar mass loss canriagener-
ate an aligned gas reservoir over time.

The principal difficulty of this explanation is that it reges the
gas generation efficiency to be higher in clusters than id fialax-
ies. Cluster galaxies have the same molecular gas deteatmand
mass fractions as field galaxies, but all this molecular gastie
generated internally. About 11% of galaxies in the field hageb-
stantial molecular gas reservoir kinematically alignethwine stel-
lar component (i.e. half of the detections), whit20% of galaxies
in Virgo have kinematically aligned gas (i.e. almost all bé tde-
tections). The ATLASP ionised gas detection rate4s73% in the
field, but only~48% in the cluster. If this ionised gas is cooling to
become molecular, then it must do so with a much greater efigi
in the cluster environment.

Some studies of the formation of molecular clouds (e.g.
Heitsch & Hartmann 2008) have suggested that they are nkes li
to form at the intersection of gas flows or shocks, such asethos

Paper IV has shown that the CO-detected galaxies in Virgo are found in the spiral arms and bars of disc galaxies. Concbivab

virialised, and hence have been in the cluster for sevegalygiars.
The average gas depletion timescale for field galaxies inCa+
detected sample is1-2 Gyr, assuming that the gas forms stars at
the rate predicted by either the Schmidt-Kennicutt refatibKen-
nicutt (1998) or a constant star formation efficiency as igi@i
et al. (2008) (See Alatalo et al., in prep). Recent studies faund
little evidence that these ETGs deviate from these standition
relations, and hence morphological quenching may not playge
role in the prolonging the lifetime of the the gas in majoofithese
systems (see Shapiro et al. 2010, Crocker et al. 2011 andld\lett
al, in prep).

If the ETGs present in clusters today were like current field
galaxies when they fell in, then they should have exhaustedadst
majority of their molecular gas by now (due to star formafiand
should not be detectable anymore. This implies that the Ed&ss
tected in Virgo today either must have been systematicatlyem
molecular gas-rich than is typical now when they fell in, beyt
must have regenerated their gas from an internal sourcathgce
Of course, if ETGs were more molecular gas-rich in the pasnt
either all the gas must have been kinematically alignedtfaonto
today’s field ETGs) or it must have somehow re-aligned updaren
ing the cluster. Both possibilities however seem rathetro@d, so
the internal replenishment hypothesis seems more plaughkill-
man et al. 1996) showed that spiral galaxies in the innerspafrt
the Virgo cluster have higher gas-phase metallicities thase in
the field. They suggested that these systems have beenreyalyi
‘closed-boxes’, undiluted by metal poor gas infall, prorgisome
support for this hypothesis.

It is of course possible that the molecular (and ionised)igas
ETGs in Virgo all comes from cooled stellar mass loss. Thisido
however require that ETGs which fall into the cluster exhalsir
pre-existing gas rapidly, so that any kinematically mpadid gas is
destroyed, and then that the right percentage of the ETGlatigpu
regenerate a molecular gas reservoir.

Figure 7 suggests that high local density environments also
result in aligned gas. We speculate that preprocessinganpgr
before galaxies enter clusters, could perhaps be impoiriaexk-
plaining the kinematic alignment of the gas. As galaxiekifdab
groups, or transit through the outskirts of clusters, mergies are
enhanced (e.g. van Dokkum et al. 1999). Starbursts triggleye
these violent interactions can quickly deplete the coldemalar
gas, which would rapidly remove any evidence of misaligned m
terial. The galaxies in Hpoor groups and clusters would then be

if such conditions are found more often in cluster galaxtes
could result in a higher molecular cloud formation efficigrithe
morphological classification of the ATLAS galaxies presented in
Paper Il reports a slightly enhanced barred fraction in tirgo/
cluster (36:4% versus 2£2% in the field). Alimost all of the CO-
detected galaxies in Virgo and dense groups that are aligaeel
their molecular gas distributed in rings, spirals, or withars (see
Alatalo et al, in prep). These structures associated witixgaeso-
nances can perhaps provide an environment with suitabléayes
or shocks, that could concentrate any diffuse gas presem gtel-
lar mass loss) and allow it to cool and form molecular cloddse
small difference in barred fraction within the cluster idikely to
be enough to explain the apparent enhanced molecular gaa-for
tion efficiency however.

Paper VI revisited the morphology-density relation (Bxles
1980) for the galaxies in our sample using the kinematicstfias
cation presented in Paper Ill. It showed that the fractiospfals
decreases, and the fraction of fast-rotating ETGs inceeaseg/ou
approach a group or cluster core. This can be interpreteidcasc
stantial evidence that spiral galaxies can be transformtedfast-
rotating ETGs as they settle into a group or cluster. Theegfbis
possible that some of the ETGs we detect in the group and clus-
ter environments actually fell in as spirals, which werentlseib-
sequently transformed into early-types. We would then heate
ing the remnant of their star-forming gas, that would ndlyrtae
co-rotating (counter-rotating molecular gas is very raregpirals).
This explanation would however require accepting that tioéen:
ular gas mass fraction is coincidentally similar inside antside
the cluster. The CO-detected ETGs in Virgo are also steditbyi
indistinguishable from the other ETGs in Virgo in their brigess
at K-band, specific angular momenturkg(| from Paper Il) , dy-
namical mass or stellar velocity dispersion (both from G#lppi
et al, in prep), alpha-element enhancement and stelladliokies
(at least in single stellar population analyses, McDerntielg in
prep). Nevertheless, we feel that this possibility is wphfurther
study, as it may provide direct observational evidence tdges
undergoing morphological change due to cluster envirotsaen

All of the mechanisms discussed above fail to satisfagtest
plain the identical detection rate and molecular gas foastfound
inside and outside of Virgo. The low number of detected ETGs
means that the detection rates and molecular gas fractiotigei
cluster may be identical by chance, and of course othererlustay
be very different. Clearly observations of other clusteesraquired
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to resolve this ambiguity, and pinpoint which, if any, of thigove
mechanisms are dominant.

4.4 The effect of galaxy mass

Figure 8 shows that the kinematic misalignments of the nubéec
and ionised gas in fast-rotating ETGs also seem to be effdnte
the mass of the host galaxy. Furthermore, this effect appedne
independent of the environmental effect discussed abae K-
ure 9). The processes resulting in these kinematic aligtsrranst
thus act on single galaxy scales.

Massive galaxies are better able to contain material that
would normally be lost during energetic events (such as rsupe
novae/galactic winds), perhaps resulting in a larger péaligned
material that can later cool. This process, however, cayn aelate
aligned gas, and thus leaves us unable to explain the lackerfe
nally accreted gas in these massive fast-rotating galaxies

AGN feedback is one possible mechanism which could ex-
plain this lack of kinematically misaligned gas. Springditteo
& Hernquist (2005) have shown in simulations that galaxygees
and accretion events that cause nuclear gas inflow can tggl
feedback, quenching star formation and gas accretion orod sh
timescale, particularly in massive galaxies. AGN feedlidagkered
by merging events could disrupt and destroy misaligned gser+
voirs as they form in the most massive galaxies. Gas fronhastel
mass loss can avoid such a fate, as it will not flow into thereant
great quantities due to angular momentum conservationhence
will not fuel an AGN.

Massive ETGs are also known to host hot, X-ray emitting gas
halos (Forman, Jones & Tucker 1985). These hot halos carnrheat
falling cold gas clouds, preventing the gas from reachiegydiaxy
centers. In a similar way, as mentioned above, virial shoakscre-
ate a halo mass threshold, above which incoming gas willyswa
shock heat to the virial temperature, joining the hot halor{@im
& Dekel 2003). This material is virialised in the hot haloddikely
forced into an aligned configuration by interaction with tiest of
the halo gas. It may then cool in an identical way to stellassna
loss, producing a kinematically aligned gas reservoir.

Both of the halo effects described above are reported to oc-
cur primarily in galaxies of mass> 10'* M, a good match to
our apparent threshold (M= —24 mag, or 810'° L x ). Once
again, however, the fact that our molecular gas detectinisan-
dependent of mass makes explaining these results diffMaksive
galaxies may well retain a large reservoir of kinematicaligned
hot gas (from internal or external sources), but in ordectoeve a
uniform detection rate as a function of mass the cooling frata
the halos would have to be enhanced by just the right amounatito
ance the reduction due to the lack of accretion events. lssiple
that the star formation efficiency in these systems couldte,
perhaps due to morphological quenching, allowing galatkiasdo
have gas to be detectable for longer.

Slow-rotating galaxies in general have a similar mass t® thi
population of aligned fast-rotators-8x10'° M; Paper IlI), but
have gas that is mainly from external sources. This suggestiis-
cussed in Papers Il and VIII, that slow-rotators have evdldif-
ferently to fast-rotators, with a greater number of exteavents,
such as mergers, shaping their properties.

5 Conclusions

In this work we have demonstrated that a large proportion of
the gas found in local early-type galaxies is likely supglizy ex-
ternal processes. Gas kinematically misaligned with retsjpethe
stars is common, indicating an external origin for the gagi86%
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of all fast-rotating ETGs. We have also shown that the iahise
atomic and molecular gas in local ETGs are linked, always hav
ing similar kinematics and thus presumably sharing a comann
gin. In the field,~42% of galaxies have kinematically misaligned
ionised gas, confirming that mergers and accretion playahnate

in supplying gas to field ETGs. Slow rotators are not generall
detected in molecular gas, but show a flat distribution ofsied
gas kinematic misalignments, suggesting they obtain éahgas
primarily through mergers and/or accretion. In many cafses;
rotating galaxies with kinematically aligned moleculadaanised
gas have Hdistributions that again suggest an external origin for
the gas. This suggests that external gas sources domirtatefiald

(as has been suggested by previous authors).

In the Virgo cluster, the molecular and ionised material in

fast-rotators is nearly always kinematically aligned witie bulk

of the stars, pointing to gas supplied by purely internacpsses.
Fast-rotators in dense groups also appear to always haymedli
gas kinematics, suggesting that the local environment @itant

in understanding the environmental dependance of the igiasr
Given the results of Paper 1V, indicating similar molecudas de-
tection rates and mass fractions in clusters and the fielsl stts
constraints on potential mechanisms for generating angeinéiing
molecular and ionised gas in cluster environments.

Molecular and ionised gas in the most massive fast-rotating
galaxies also appear to always be kinematically aligneti e
stars, independent of environment, suggesting that tiymraknt
can be caused by galaxy scale processes which reduce the prob
bility that cold, kinematically misaligned gas can be atedeonto
the galaxy (e.g. AGN feedback, the ability to host a hot X-gag
halo, or a halo mass threshold). This also supports therpi¢tlis-
cussed in Papers Ill and VIII) that fast-rotating galaxiehi¢h are
always aligned at high mass) have a different formation ralisim
to slow-rotators (who at similarly high masses mainly haxtere
nally supplied ionised gas).

We tentatively suggest that preprocessing in groups may hel
to explain the environmental dichotomy in the origin of thesg
Merger-induced starbursts in groups and cluster outstautd con-
sume any kinematically misaligned molecular gas that isqrg
and leftover ionised material would be ram pressure-stdpnce
galaxies settle into a cluster or4gdoor group, external gas accretion
and mergers are suppressed, allowing stellar mass losge¢nae
ate a kinematically aligned gas reservoir. It is possibs fhatures
such as bars and rings could funnel dust and gas lost by stars t
the centre of the galaxy, or collect them together, and cexidiain
the greater efficiency with which galaxies in dense envirents
must recreate their dense gas reservoirs. Alternativedycauld be
detecting the remnant gas left over from the morphologicaig-
formation of spiral galaxies into ETGs as they enter thetelusnd
group environments. Both of these possibilities, howdadrio ex-
plain why the detection rate of molecular gas (and the midegas
mass fractions) are similar inside and outside of the Vilgster.

More work to pin down the mechanism(s) creating and/or
aligning the gas is clearly required to unambiguously deiee
which, if any, of these effects is dominant. It would also leadfi-
cial to extend this sort of analysis to other clusters andjgsoto see
if the results reported hold true in yet denser environmé8riis For-
nax cluster in the southern hemisphere and the Coma clustiee i
north are obvious nearby targets, which should become sibtes
once new facilities such as the Large Millimeter TelescdpdT)
and the Atacama Large Millimeter/sub-millimeter Array (MIA)
come online.
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Table 3.Kinematic misalignment between the ionised gas and the &iaall the detected, fast-rotating, ATLAB early-type galaxies.

Name (z’ion A(bion ‘Ijionfstar A\Ijionfstar
(deg) (deg) (deg) (deg)
@ &) ® @) ®)

IC0676 348.5 26.9 30.5 29.6
IC0719 232.5 2.5 173.5 26.9
1C1024 315 8.2 2.0 13.6
NGC0680 26.0 2.5 26.5 4.5
NGC1266 350.5 35 56.0 7.8
NGC2577 88.0 2.8 16.0 3.4
NGC2764 189.5 5.2 6.5 8.6
NGC2778 50.5 4.0 5.0 6.2
NGC2824 159.5 7.5 0.0 8.0
NGC2852 188.0 2.8 32.0 5.5
NGC2859 269.0 1.8 5.0 35
NGC2950 97.5 2.2 16.5 4.0
NGC3182 316.5 6.0 4.0 9.2
NGC3226 36.0 1.0 8.0 6.3
NGC3245 184.0 4.8 9.5 5.6
NGC3248 302.5 4.0 179.5 9.8
NGC3412 175.0 10.5 19.0 12.1
NGC3457 339.5 4.8 5.5 38.5
NGC3499 125.0 4.2 75.0 12.7
NGC3595 99.5 7.2 99.0 7.4
NGC3599 352.5 3.2 63.0 17.6
NGC3607 302.5 0.5 1.0 2.8
NGC3610 128.0 3.8 6.5 3.8
NGC3613 96.0 0.5 3.5 1.3
NGC3619 76.0 0.5 24.0 3.0
NGC3626 165.0 3.2 174.5 4.6
NGC3648 315.0 5.2 60.5 6.0
NGC3665 209.5 2.2 4.0 3.0
NGC3694 309.5 8.0 159.5 12.2
NGC3838 137.0 5.2 15 6.3
NGC3941 144.0 1.2 129.0 3.7
NGC4026 343.0 2.0 18.5 3.6
NGC4036 258.0 15 3.0 1.8
NGC4111 197.0 1.0 47.5 2.5
NGC4119 292.5 18.6 1.0 19.7
NGC4143 155.0 1.8 165.5 2.9
NGC4179 142.8 3.1 0.7 4.4
NGC4203 198.0 1.8 3.5 6.0
NGC4251 207.0 12 71.5 3.2
NGC4255 113.0 2.8 2.0 4.3
NGC4281 118.0 0.5 33.0 1.6
NGC4324 239.0 6.8 1.0 8.6
NGC4382 29.0 9.7 8.5 10.8
NGC4417 224.0 9.5 4.5 10.4
NGC4429 92.5 2.0 6.0 3.2
NGC4435 198.6 3.1 6.1 3.6
NGC4473 101.0 9.7 9.0 10.5
NGC4474 95.5 4.5 16.5 8.1
NGC4494 186.2 3.1 1.2 6.8
NGC4521 12,5 1.8 23.5 3.3
NGC4596 112.5 0.5 12.5 4.5
NGC4612 310.3 3.1 17.7 12.0
NGC4621 307.0 10.0 14.0 11.2
NGC4643 68.0 25 20.0 4.9
NGC4684 292.0 7.5 87.5 9.0
NGC4694 167.0 45.0 157.5 48.9
NGC4697 218.0 0.5 29.5 2.1
NGC4710 208.5 2.2 1.0 4.4
NGC4753 85.5 15 3.0 2.9
NGC5103 357.0 8.0 38.5 8.9
NGC5173 93.5 6.0 174.0 17.8
NGC5273 715 44.5 119.0 45.0
NGC5353 297.5 0.5 245 11
NGC5355 62.0 8.5 33.0 16.4
NGC5379 77.0 5.0 16.0 11.2

Table continued below.
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Name ¢ion A(z7ion ‘Ijionfstar A‘Ijionfstar

(deg) (deg) (deg) (deg)
1) (2 (3) 4 (5)
NGC5422 3485 2.0 145 42
NGC5485 264.0 4.2 5.0 8.0
NGC5493 137.5 5.2 16.0 6.5
NGC5582 23.5 25 6.0 3.7
NGC6014 151.5 10.2 45 13.3
NGC6017 132.5 5.2 0.0 8.4
NGC6149 218.0 75 17.0 8.6
NGC6278 337.0 3.0 315 5.6
NGC6798 313.0 1.2 174.0 6.9
NGC7465 109.5 9.5 57.0 30.5
NGC7710 154.0 21.2 20.0 46.6
PGC016060 161.5 2.8 25 3.4
PGC029321 105.5 27.2 55.0 46.0
PGC035754 47.0 12.0 39.0 16.3
PGC042549 242.0 5.0 1.0 7.8
PGC056772 214.0 2.8 23.0 6.1
PGC058114 93.1 3.1 153.9 10.5
PGC061468 73.0 15.2 32.0 19.1
UGC05408 122.5 10.2 275 19.9
UGC06176 214.0 8.5 13.5 10.7
UGC09519 172.0 45 775 6.2

Notes:Columns 2-5 show the ionised gas kinematic PA, error, andhikelign-
ments between the ionised gas and the main body of the staadl foe fast-
rotating ATLAS?P galaxies where a kinematic PA was measurable. The stellar
PA is taken directly from Paper I, and the data tables frois plaper are avail-
able to download from http://www.purl.org/atlas3d. Kinetm misalignments

for the fast-rotating SAURON ETGs are tabulated in Sarzi.g2806).

Table 4. Kinematic misalignment between the ionised gas and the &arall the slow-rotating ATLASP early-type galaxies with measurable kinematic
misalignments.

Name d)ion A(z)ion \I/ionfstar A\I/ionfstalr
(deg) (deg) (deg) (deg)

@ @ ® “ ®)
NGCO0661 227.5 2.8 8.5 12.3
NGC1222 54.5 21.5 115 23.5
NGC1289 276.0 15.0 176.0 18.0
NGC3522 192.0 55 78.5 89.9
NGC3796 67.5 12.2 58.0 18.8
NGC4168 102.5 1.2 142.5 89.8
NGC4191 178.0 57 4.5 7.5
NGC4261 103.0 0.5 52.0 3.3
NGC4476 219.0 7.5 12.5 13.7
NGC4636 325 1.0 125.5 89.8
NGC4690 1915 15 139.5 25.8
NGC5322 102.0 1.0 171.0 7.3
NGC5481 233.5 3.8 7.5 19.4
NGC5631 305.0 2.0 174.0 9.0
PGC028887 216.5 8.0 4.5 12.4

Notes:Columns defined as in Table 3. Kinematic misalignments fersiiow-
rotating SAURON ETGs are tabulated in Sarzi et al. (2006).
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