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ABSTRACT
We present a study of the cold gas contents of theas3P early-type galaxies, in the con-
text of their optical colours, near-UV colours, ang ldbsorption line strengths. Early-type
(elliptical and lenticular) galaxies are not as gas-pogrrasiously thought, and at least 40%
of local early-type galaxies are now known to contain moliecand/or atomic gas. This cold
gas offers the opportunity to study recent galaxy evolutionugh the processes of cold gas
acquisition, consumption (star formation), and removablédular and atomic gas detection
rates range from 10% to 34% in red sequence early-type @sladképending on how the red
sequence is defined, and from 50% to 70% in blue early-typexged. Notably, massive red
sequence early-type galaxies (stellar massés< 10'° M), derived from dynamical models)
are found to have HHmasses up to M(H)/M,. ~ 0.06 and H, masses up to M()/M, ~ 0.01.
Some20% of all massive early-type galaxies may have retained atamiZor molecular gas
through their transition to the red sequence. However,rkatec and metallicity signatures
of external gas accretion (either from satellite galaxiethe intergalactic medium) are also
common, particularly at stellar mass€ss x 10'% M, where such signatures are found in
~ 50% of Hy-rich early-type galaxies. Our data are thus consisterfit iscenario in which
fast rotator early-type galaxies are quenched former lsgataxies which have undergone
some bulge growth processes, and in addition, some of themeaperience cold gas accre-
tion which can initiate a period of modest star formationvétgt We discuss implications for
© 0000 RAS the interpretation of colour-magnitude diagrams.
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1 INTRODUCTION

While early-type (elliptical and lenticular) galaxies geally have
smaller relative amounts of star formation activity thainap, they
are not all completely devoid of such activity. Modest raiéstar
formation in early-type galaxies can be traced with UV cospu
mid-IR and far-IR continuum emission, mid-IR PAH emissiop;
tical emission lines, and cm-wave radio continuum emis$@g.
[Shapiro et all 2010; Sarzi etlal. 2010). Surveys of UV and-opti
cal colours have suggested that this kind of low-level stama-
tion activity is present in around a quarter of all nearbylyeympe
galaxies (Yi et all. 2005; Kaviraj et &l. 2007; Suh et al. 20RQ-
centll.2) have emphasized that star foomatan
be found even in early-type galaxies which are on the redesemy

and Fumagalli et al| (201.3) have measured star formatias fiat

optically quiescent galaxies out to redshifts of 1-2.
This evidence for star formation activity should be undmvdt
in the context of paradigms for the development of the red se-
guence. Star formation requires cold gas, and the treatofieoid
gas is a crucial element of galaxy evolution models. For gtam

tiple types of evidence for recent gas accretion and findystem-
atic difference in the colours or stellar populations ofgés with
and without such evidence. A “frosting” or rejuvenation rabithat
invokes a small quantity of recent star formation on a redisege
galaxy can explain the colours andsHabsorption line strengths
of the Hy-rich ATLAS?P early-type galaxies. Sectibh 7 notes some
differences between the high (stellar) massddtections and their
low (stellar) mass counterparts. Sectidn 8 summarizesahela-
sions of the work.

2 SAMPLE

The ArLAs®P early-type galaxy sample is a complete volume-
limited sample of galaxies brighter thaw x —21.5, cover-

ing distances out to 42 Mpc, with some restrictions on Det¢iom

and Galactic latitude (see Cappellari et al. 2011a, hexe&%per

1). The early-type sample is actually drawn from a parentgam
which has no colour or morphological selection, and optical
ages of the entire parent sample have been inspected by eye fo

one class of models assumes that the development of the ved selarge-scale spiral structure. The 260 galaxies lackingabptruc-

guence is driven by AGN activity, as AGN-driven outflows ramo
the star-forming gas from blue gas-rich galaxies .
@). The outflow is assumed to remove the gas more quicéty th
it could be consumed by star formation activity. Cold gas miap
be removed or consumed by a variety of other processes as=wbci
with bulge growth 12). Another class of nede
points out that it may not be necessaryeémovethe cold gas, but
simply to sterilize itl(Kawata et &l. 2007; Martig eflal. 20@913).

In order to test these paradigms for the development of theee
quence, and in particular to test the relative importancgasf re-
cycling, accretion and removal as galaxies move to and fioen t
red sequence, we explore the relationships between tharsabd
early-type galaxies, their H absorption line strengths, and their
cold gas content.

ture form the basis of the A As®P project; integral-field optical
spectroscopy over a field of at least’38 41" was obtained with
the SAURON instrumenOl) on the William Her-
schel Telescope for these 260 galaxies. Paper | also tabulair
assumed distances and foreground optical extinctions.

The ArLAs®P early-type galaxies clearly trace out the opti-
cal red sequence, and they also include a smaller populafion
somewhat bluer galaxies (Paper I). Detailed study of thkaste
kinematic maps is used to reveal internal substructureb ssc
counter-rotating stellar cores or kinematically decodpsellar
discs [(Krajnovic et dl._2011, Paper II). The specific angute-
menta of the galaxies are analyzed in Emsellemlet al. (204, (
per 1l1) in the context of formation paradigms for slow andtfa

rotators [(Bois et al. 2011; Khochfar efal. 20

There have been several other surveys for molecular gas in Dynamical masses are provided by Cappellari btlal. (25[1351 b

various samples of early-type galaxies (£.0. Welch, Sagedny

2010), but the ALAs®® project is the only one which also has the
kinematic information that is necessary to interpret galsixecent
evolutionary histories. Stellar kinematics, shells anldltfeatures
give insight into the merger and assembly histories of tHaxga
ies, and ionized gas, KHand molecular kinematics reveal signs of
gas accretion and/or gravitational disturbances. ThesAthas®®
project is the first opportunity to bring together the evickefrom
star formation activity (recorded in the colours and absorption
of the stellar populations) and the recent interactionfan his-
tory recorded in the gas. In this paper we do not deal with mea-
surements of an instantaneous star formation rate or staafmn
efficiencies derived therefrom (elg. Martig ellal. 20133témd, we
focus particularly on the connections between gas aceratid the
star formation history over the last few Gyr, as those areded

in the stellar populations.

Sectior 2 of this paper describes theLAs*" sample of local
early-type galaxies. Sectibh 3 gives explanatory infoiomaon the
provenance of the colour, stellar population, and cold gas.Sec-
tion[4 shows the atomic and molecular gas contents of egply-t
galaxies, both on and off the red sequence. Depending orhwhic
colours are used to define the red sequence 2% to 34%t+6%
of red sequence early-type galaxies have0” Mg, of cold gas. A
discussion of internal extinction is found in Sectidn 5, evhshows
that although the ktrich galaxies are dusty, the dust usually has
only modest effects on integrated colours. Sedfion 6 carapiiul-

Other work on the sample probes environmental drivers of
galaxy evolution |(Cappellari etlal. 2011b; Cappellari 2010t
gas I3), stellar populations and star faomat
histories [(McDermid et al. 2013), and bulge/disc decontjms
(Krajnovic et all 2013).

3 DATA
3.1 Cold gas, line strengths and stellar population ages

All of the ATLAS®P early-type galaxies except NGC 4486A were
observed with the IRAM 30m telescope in the€O J=1-0 and 2-1
lines (2011, Paper Iﬂ)The CO detection limits cor-
respond to K masses of approximately0” Mg, for the nearest
galaxies and 0® M, for the more distant galaxies. To place this
CO survey in context it is crucial to note that the luminosigfec-
tion criterion for the sample is based purely on the tétgt-band
stellar luminosity, not the FIR flux or even tigluminosity (which
have been used in the past, and which are strongly influenceatb
presence of star formation). The CO detection rate is 23%;
detected H masses range frot0” " to 10°* M, and the molec-
ular/stellar mass ratios M@/M,. range from 3.410~* to 0.076.

1 NGC 4486A was missed because the velocity information in NED
HyperLEDA was inaccurate at the time of the obervations.
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In addition, the CO detection rate and My{fM, distributions are
broadly consistent between Virgo Cluster and field galaxieshat
the cluster environment has not strongly affected the nutdegas
content.

The brightest CO detections in the SAURON sample
(de Zeeuw et al. 2002) were mapped in CO J=1-0 emission with
the BIMA and Plateau de Bure millimeter interferometers- gi
ing the molecular gas distribution and kinematics at tylbica”
resolution [(Yound 2002, 2005: Young. Bureau & Cappellafg0
[Crocker et all_ 2008, 2009a, 2011). Similarly, the brigh@ét de-
tections in the remainder of theTAAs®P sample were mapped
with CARMA for this project (Alatalo et &ll_201Ba). These CO
maps have been obtained for a total of 40.As>" galaxies, which
is by far the largest and most robustly defined currentlylakbé
sample of molecular gas maps of early-type galaxies. Thecnel
lar gas is found in kpc-scale structures (Davis ét al. 20X88n in
discs or rings, and these data provide kinematic informétioour
discussion of the galaxies’ histories and their locatian/ement in
the colour-magnitude diagram.

Observations of Hare available for all of the ALAS®P early-
type galaxies at declinations 10°, except the four closest in
projection to M87 12). Thel Hletection rate is
32%+4%, and H mass upper limits range from 2@0° Mg to
3.8x107 M. Detected H masses fall in roughly the same range
as the molecular masses, i.e. M(¥M,= 10* to 10~ *. These in-
terferometric observations are made with the Westerboriti®gis
Radio Telescope (WSRT), covering 30 fields of view at typi-
cal resolutions of 35x 45". The data thus allow us to consider
both the total H content of the galaxy and to isolate the portion
of atomic gas which is located (in projection) in the centegjions
of the galaxy, in an area comparable to the SAURON field of view
and about three times larger than the beam of the 30m telescop
The difference between the total and centralrieasurements can
be significant because, as Oosterloo etlal. (2010) .and Seafia e
) have noted, the Hlistributions occasionally extend to more
than 10 effective radii; furthermore, Hs sometimes only detected
in the outskirts of a galaxy. As we will show, the central He-
tections are much better correlated with molecular gas déharthe
total H1 detections. The central Hnasses are presented in Table

@

McDermid et al. [(2013) presentHabsorption line strength
measurements for theTAAs®P galaxies, along with the best-fit
single or simple stellar population (SSP) ages and meitadkc
As discussed by Trager et al. (2000) and Kuntschner et al0)20
for example, the SSP parameters can be thought of as lurtyinosi
weighted mean stellar properties, although the weight bfake
SSP ages towards young populations is even stronger than the
luminosities would suggest (Serra & Trager 2007). The measu
ments are made in circular apertures of radiu(the galaxy’s ef-
fective or half-light radius)R. /2, and R. /8. Here we make use
of the R. /2 apertures, on the grounds that they are most similar to
the size of the IRAM 30m beam, and tie /8 apertures, which are
the most sensitive to small amounts of recent star formaitibinity
near the galaxy centers.

3.2 Optical and UV photometry

The Sloan Digital Sky Survey (SDS%andr magnitudes and fore-
ground extinctions for ALAS®P galaxies are obtained from Data
Release 8 (DRll). The matched-apertuoel-m
elMag’ magnitudes are used to compute colours and the Rairos
r magnitude is used for an absolute magnitide For five bright

(© 0000 RAS, MNRASD0Q, 000—-000

Cold Gas in Early-type Galaxies 3

2

o

w _||||||||||||||||||| |||||||||||||||||||

Literature — Catalog

+ Jeong+ 2009
A Donas+ 2007
O Gil de Paz+ 2007
O Carter+ 2012

14 15 16 17 18
Catalog NUV mag

©0

Figure 1. Comparison of previously published NUV magnitudes and
GALEX catalog GR7 data for theT As3P sample. The pink triangle out-
lieris NGC 4578, for which the new catalog data use a deegmrsexe than

muﬂ)?) used.

galaxies we were unable to find object matches of any type, pri
mary or secondary, in DR8, even though primary matches are id
tified in DR7; for these five the DR7 magnitudes are used. They a
NGC numbers 3608, 4374, 4459, 4486, and 4649. Some caution
is required in these caseés. Aihara et @011) note thaDiRk@
photometry was computed with an updated sky measurement alg
rithm, and the update tends to make extended galaxies bright
deed, a comparison of DR7 and DR8 photometry for thieas®P
galaxies suggests that objectsof 12 are about 0.5 mag brighter
in DR8 than in DR7. Thus the DR7 photometry of the ‘missing’
galaxies is manually adjusted 0.5 mag brighter to make the va
ues commensurate with DR8 photometry. The offset betwee® DR
and DR7 is roughly uniform in all filters and therefore doe$ no
distort colours as much as luminosities. Blanton et al. 13Gind

-@3) have further shown that the DR8 catalag ph
tometry still underestimates the fluxes of extended gasaxje0.5
mag or more, but Blanton etlal. (2011) have again demonsirate
that the effect on colours is minimal.

Near-UV magnitudes for the?A As®P galaxies were obtained
from the GALEX catalog server, release GR7. They are catect
for foreground extinction assuming the Milky Way(B — V)
values from| Schlegel etall (1998), just as for the SDSS data
above, and scaled to NUV adnyyy = 8.0 x E(B — V)
(Gilde Paz et dl. 2007). One quarter of theLAs>P galaxies have
additional published NUV photometry derived from extragiimin
to curves of growth or from two-dimensional image fits, ang-Fi
ure[d presents a comparison of the catalog photometry teshets
ofDonas et &l (2007). Gil de Paz et al. (2007). Jeonglet 80P,
andll). There may be a systematic offseh@n t
order of 0.2 mag for faint galaxies (NU¥ 16), in the sense that
the published magnitudes are brighter than the catalogsalu

We use the asymptotic NUV magnitudes and the 2MASS K
band magnitudeOO) to compute N\&olours.
While this procedure is not as accurate as aperture matciiisg
adequate for our purposes here as we use the photometryoonly t
indicate the distributions of galaxies within a colour-migde di-
agram. Likewise any systematic offsets on the order of 0.¢ ana
still small compared to the scatter in the colours of red saga
galaxies.
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Table 1.Central H masses

Name log M(HI)/M, Name log M(HI)/M, Name log M(HI)/M
1C0598 < 7.06 NGC3674 < 7.02 NGC4649 < 7.9
IC3631 < 734 NGC3694 < 7.11 NGC4660 < 6.50
NGC0661 < 6.99 NGC3757 < 6.72 NGC4694 = 7.13(0.02)
NGC0680 =  7.65(0.05) NGC379%6 < 6.72 NGC4710 =  6.71(0.08)
NGC0770 < 7.17 NGC3838 < 7.23 NGC4733 < 712
NGC0821 < 6.53 NGC3941 < 6.17 NGC4754 < 7.18
NGC1023 = 6.84(0.02) NGC3945 <  6.73 NGC4762 < 741
NGC2481 < 7.03 NGC3998 = 7.42(0.02) NGC5103 = 7.30(0.04)
NGC2549 < 6.12 NGC4026 < 7.14 NGC5173 = 8.45(0.01)
NGC2577 < 6.96 NGC4036 < 6.80 NGC5198 < 6.98
NGC2592 < 6.80 NGC4078 < 7.26 NGC5273 < 642
NGC2594 < 7.22 NGC4111 = 6.94(0.04) NGC5308 < 7.24
NGC2679 < 6.97 NGC4119 < 7.10 NGC5322 < 6.96
NGC2685 = 7.36(0.02) NGC4143 < 6.42 NGC5342 < 7.12
NGC2764 = 8.91(0.01) NGC4150 = 6.04 (0.06) NGC5353 <  7.07
NGC2768 < 6.61 NGC4168 < 7.08 NGC5355 < 7.11
NGC2778 < 6.68 NGC4203 = 7.03(0.03) NGC5358 < 7.13
NGC2824 =  7.45(0.08) NGC4251 < 6.58 NGC5379 < 6.97
NGC2852 < 6.90 NGC4262 < 7.02 NGC5422 = 7.43(0.05)
NGC2859 < 6.85 NGC4267 < 7.17 NGC5473 < 7.02
NGC2880 < 6.65 NGC4278 = 6.06(0.09) NGC5475 < 6.89
NGC2950 < 6.31 NGC4283 < 5.97 NGC5481 < 6.83
NGC3032 = 7.80(0.01) NGC4340 <  6.65 NGC5485 < 6.79
NGC3073 = 8.01(0.02) NGC4346 <  6.27 NGC5500 < 697
NGC3098 < 6.73 NGC4350 < 6.50 NGC5557 < 7.16
NGC3182 = 6.93(0.16) NGC4371 < 7.10 NGC5582 < 6.88
NGC3193 < 7.07 NGC4374 < 6.88 NGC5611 < 6.76
NGC3226 < 6.72 NGC4377 < 7.16 NGC5631 = 7.54 (0.03)
NGC3230 < 7.33 NGC4379 < 7.04 NGC5687 < 6.94
NGC3245 < 6.61 NGC4382 < 6.59 NGC5866 = 6.67 (0.06)
NGC3248 < 6.84 NGC4387 < 6.65 NGC6149 < 7.18
NGC3301 < 6.75 NGC4406 < 6.40 NGC6278 < 7.28
NGC3377 < 6.14 NGC4425 < 6.33 NGC6547 < 7.25
NGC3379 < 6.11 NGC4429 < 7.12 NGC6548 < 6.74
NGC3384 < 6.19 NGC4435 < 7.23 NGC6703 < 6.80
NGC3400 < 6.81 NGC4452 < 7.27 NGC6798 = 8.10(0.02)
NGC3412 < 6.17 NGC4458 <  6.53 NGC7280 = 7.25(0.05)
NGC3414 < 7.70 NGC4459 < 6.53 NGC7332 < 6.70
NGC3457 = 6.95(0.07) NGC4461 < 7.33 NGC7454 < 6.78
NGC3458 < 6.97 NGC4473 < 6.47 NGC7457 < 6.22
NGC3489 = 6.53(0.03) NGC4474 < 7.09 NGC7465 = 8.64(0.01)
NGC3499 = 6.77(0.14) NGC4477 <  6.56 PGC028887 < 7.29
NGC3522 < 748 NGC4489 < 6.35 PGC029321 < 7.30
NGC3530 < 6.98 NGC4494 < 6.46 PGC035754 < 7.20
NGC3595 < 7.04 NGC4503 < 7.15 PGC044433 < 7.28
NGC3599 < 6.64 NGC4521 < 7.18 PGC050395 < 7.13
NGC3605 < 6.44 NGC4528 < 7.19 PGC051753 < 7.13
NGC3607 < 6.53 NGC4550 < 6.50 PGC061468 < 7.15
NGC3608 < 6.53 NGC4551 <  7.39 PGC071531 < 6.98
NGC3610 < 6.63 NGC4552 < 6.48 UGC03960 = 7.06(0.11)
NGC3613 < 6.90 NGC4564 < 6.53 UGC04551 <  6.87
NGC3619 = 8.25(0.01) NGC4596 <  7.13 UGC05408 = 8.33(0.02)
NGC3626 =  7.80(0.02) NGC4608 < 7.22 UGC06176 = 8.40(0.02)
NGC3648 < 6.99 NGC4621 < 6.48 UGC08876 <  7.05
NGC3658 < 7.04 NGC4638 < 7.13 UGC09519 = 7.75(0.02)
NGC3665 < 7.05

Notes: Central Hi fluxes are those observed within one WSRT resolution elercentred on the optical nucleus (for additional descriptiee
IO). We attempt to account for beam smga&ffects in that the cases with poorly resolved centralhidles are treated as up-
per limits. The upper limits are calculated ascauhcertainty on a sum over one beam and 50 krh;ghat strategy is motivated MMOM.
Uncertainties on H masses are quoted as &n a sum over one beam and 50 km'swith a 3% absolute calibration uncertainty added in quadea

(© 0000 RAS, MNRASDOG, 000-000



3.3 Stellar masses

Two different estimates of stellar mass are used in thisp&pee,
denoted M, is derived fromK's luminosities using\/x¢ = 3.28
(Binney & Tremaine 2008) and a typical stellar mass-totligi

tio of M, /Lx = 0.82 in solar units3). The other,
denoted Mam and used more frequently, is a dynamical mass de-
rived from self-consistent modeling of the stellar kineicat@and
the isophotal structure of each galaxy (Cappellari £t al320. It
can be understood as;Mi ~ 2 x M, /o, wherelM, s, is the to-

tal mass within a sphere enclosing half of the galaxy lighve®
that the proportion of dark matter is small inside that sphi&tam
approximates a stellar mass that also accounts for systevaait
ations in the initial mass function_(Cappellari etlal. 20)13bhe
derivation of Miam assumes that the stellar mass-to-light ratio is
spatially constant within a galaxy, but unlike the case of Mdoes
not assume the ratio is the same for all galaxies. Trend=istéilar
mass-to-light ratios are discussed in Cappellari et all35). For
our purposes here, we note that the two measures of steltsrana
nearly linearly correlated with the median valud@f(Miav/M.)
being 0.17 dex and the dispersion being 0.15 dex.

4 COLD GAS IN RED SEQUENCE GALAXIES
4.1 Molecular gas

Figures[2 througli]5 show colour-magnitude diagrams and thei
analogs for the ALAS®P early-type galaxies, with symbol sizes
scaled to the molecular gas masses. Fifllire 2 pregentscolours
and Figurd B shows NUVK colours with the modification that
molecular masses are normalized to the stellar mass ag)WH.

A comparison of the two panels provides visual illustratdrim-
portant statistical results from Figure 7 of Paper IV, nantleat the
CO detection rate and M@ distributions are surprisingly constant
over the luminosity range of the sample. Thus in Fidure 3ether
is a trend for M(H)/M, to be larger for low luminosity galaxies,
but statistically speaking it is becaudé, is smaller and not be-
cause M(H) is larger| Cappellari et all_(2013b) have also shown
that, at fixed stellar mass, galaxies with low stellar veociis-
persion and large effective radius have larger moleculases in
other words, molecular gas in early-type galaxies is pesfially
associated with a discy stellar component. The masses até¢he
lar discs in question are much larger than the currently mbbée
molecular masses, though, as suggested by the;M{H values

in Figure[3.

—r
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Figure 2. Optical colour-magnitude diagram for theBas3P sample. CO
detections are marked with red circles and nondetectiotishlack crosses;
the sizes of the red circles indicate the value of MJHscaled logarith-
mically as indicated in the legend. Contours underneathvghe red se-
guence and the blue cloud as demarcated by a sample of 60GD0Gega
with redshifts in the rang8.01 < z < 0.08 from SDSS Data Release 8.
No V/Vwmax correction is applied, so the contours are intended to mark
the general locations of the red sequence and the blue ciahéidiagram
but not to indicate relative numbers of galaxies in différezgions. The
dashed line is the red sequence ridgeline and the dottedaoagzarallel
lines 2r redder and bluer, as described in sedfiof 4.3. The purpléslyis
UGC 09519, which is discussed in the text along with NGC 1266xam-
ples of galaxies with red colours but strong ldbsorption. NGC 1266 does
not appear in this plot because it is outside the SDSS coserag.

They are also known to have younger stellar populations éir th
centers|(Scott et &l. 201B: Kuntschner et al. 2010). Theivelg
few CO-nondetected blue tail galaxies tend to be at largamiigs,
D > 35 Mpc, so we suspect their molecular gas contents are just
below our sensitivity limits. In contrast to the blue taillgsdes,
many of the CO detections, particularly those with> 0.6L" or
log(Mam/Me) > 10.7, also belong to galaxies which are located
in the heart of the optical and UV-NIR red sequence.

Figure[4 presents an analog of a colour-magnitude diagram,

The red sequence is clearly evident in these figures, as areconstructed using the fHabsorption line strength index (interior

a number of the ALAS®® members in the green valley and even
into the blue cloud. These ‘blue tail’ early-type galaxies found

in the lower mass portion of the sample, wili, > —20.5,
Mg > —23.4 orlog(Mwm/Me) < 10.7; according to the lumi-
nosity functions derived 03) they hdve< 0.6L".
Galaxies with higher masses are still on the red sequence. Th
‘blue tail’ early-type galaxies are therefore analogoughtise de-
tected in clusters at moderate redshift, for exampl.
dZTli). The CO detection rate is 0.540.06 to 0.70+ 0.08 among
them, depending on which colours are used to define the hilue ta
(More extensive discussion of cold gas detection rateseifbund

in section[4.B.) They have the highest values of M(Mlaw in

to R./2) in the role of colour. The dynamical massid is used

in place of a stellar luminosity. As both thesHine strength and
NUV —K colour are sensitive to the presence of young stellar pop-
ulations, and as the A As®P sample displays a tight relationship
between H line strength and NUVK colour, Figure§ B and 4 are
qualitatively similar. The only notable differences aretautliers

in the (NUV—K) — Hg relation, NGC 1266 and UGC 09519, which
are both red sequence galaxies in NUK colours but have strong
HS absorption. They might be experiencing a recent shutdown in
star formation activity, as an abrupt shutdown would showirup
the NUV flux before the i line strength (see al al.
). These galaxies are also known to have internal nedde

the sample, namely 0.01 to 0.07, and those values are compadng from dust, and colour images are presentefl in_Alataltl et a

rable to the typical spiral galaxies in the COLD GASS sample
(Kauffmann et all 2013). These facts support the suggestiah

the blue tail galaxies are blue because of ongoing star fitmma

(© 0000 RAS, MNRASD0Q, 000—-000

(2013h).
Even more so than the NUMWK diagram, the H-mass di-
agram dramatically emphasizes a dichotomy between a teght r
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Figure 3. NUV—K colour-magnitude diagram with Hmasses. Symbols Figure 4. HB absorption line strength vs. stellar masgaM, with Ho
and dotted lines are as in Figlide 2. For context, cyan anddgtsyare from masses. Symbols and lines are as for Figliles 2[and 3; purpiboty
the GALEX UV Atlas of Nearby Galaxiemmowmre again are NGC1266 and UGC09519. The mean uncertainty in ghiniel
cyan dots are late type galaxies (morphological type: 0) and grey dots strength is 0.4 3), and it is indicated in the lower
are early typesT < 0). Note that the NUV magnitudes are measured in right corner with an error bar showinglo.

the AB system whereas thi€ s magnitudes are in the Vega system. Since

the ATLAS3D GALEX data are taken from the GALEX pipeline catalog,

and Figurdl shows a median offset of 0.19 mag between théngignd

the NUV magnitudes MMO?), the data froat gaper

have been shifted to account for the relative offset. Pusglabols mark L L s By B
NGC 1266 and UGC 09519, which are discussed in the text; NG6 i - . - N . B
the higher luminosity one of the pair. NGC 4552, a well-kndu upturn + o, + . + Lo
galaxy, is circled in black to demonstrate that the effeéthe UV upturn + + 5&* Ty, T
are comparable to the dispersion in red sequence colours. 10 MR S Wy ot —
Js¢) C ® v T T t+ Eﬁ&‘“{" PR ]
™5 = iy t"’*ﬁ Frie Foor e 1
= ST ]
. ) . . PAS - [ ) ‘ ] + + |
sequence at high stellar masses and a large dispersiop iabH T ¥ * ++. + 4 °
i i 3 o B @ + 0 .o N
sorption line strengths at lower stellar masses. The deatianc N @ + + @ +
line, at aroundog(Mam/Me) = 10.7, also marks changes in & [ te ‘:t “‘ 1
the structural properties of theTAAs®P galaxies. Above that  ° N o° ® et { 4
mass, the galaxies tend to be spheroid-dominated systeeis. B % L :+
low that mass, early-type galaxies include both spheroittidated + ‘.
and disc-dominated systems with a wide range of velocityetis = . =35 _|
sions and effective radii. The disc-dominated systems hawe = -250 7
; ; B log M(Hy)/Myw = —1.5@
molecular gas and younger stellar populations than thersjohe L i
domlnaIEd systemh (g;appe Ia[ QH al ;zol\?)b). 111 | 111 | 111 | | I | 111 | 1
Figure[® involves the highest degree of analysis and irgerpr 9.5 10.0 10.5 11.0 1.5 12.0
tation, as its axes are constructed from the dynamical mass M log Myu/Mo
and the SSP agb—m_LGMd—e—t MlS). Here. we ha\{e used theFigure 5. “Colour-magnitude” diagram using the inferred stellar Sgjes
SSP age measured in a central aperture of raliys (typically in place of colours and dynamical massegin place of absolute mag-
only a couple of arcseconds) and we observe that the smakter a  nitude. NGC 1266 and UGC 09519 are again shown in purple. Tiaeru
tures are more sensitive to recent star formation actihitytiarge tainties in the SSP ages range franflog age) = 0.04 dex to 0.12 dex, with

apertures (see also_McDermid etlal. 2013). For example, e C amean of 0.07 deX (McDermid et Al. 2013), and that unceytainshown

detected galaxies with Mv > 10'" M, do not exhibit enhanced  in the lower right corner with an errorbar ¢f0.07 dex.

Hp3 absorption in amk. /2 aperture (FigurEl4), but they do exhibit

younger ages in ak. /8 aperture. While the trend remains for a

smaller age dispersion at higher masses, it is not such p gigr not as deep and its sensitivity limits would miss most of teeed-

parity as in NUV-K colours and H line strength. tions in the ALAS®P sample. The stellar mass range covered by
Figures[2 throughl5 give a different perspective on the H both samples is very similar. However, only 8 of the 56 CO clete

content of early-type galaxies than the CO searches of tHeDCO  tions in the ALAS®P sample would simultaneously meet the stellar

GASS project [(Saintonge etlal. 2011). That paper finds no CO mass and CO sensitivity criterialof Saintonge étal. (2odnd,only

emission in any red sequence galaxy, but its CO observatiens two of those (NGC 1266 and UGC 09519) are on the red sequence

(© 0000 RAS, MNRASDOG, 000-000



in NUV—K andu — r colours. A stacking analysis of the COLD
GASS data is presented|in Saintonge ét al. (2012), but sigcki
moves all information about which individual galaxies haaes.
The improvements in sensitivity of theTAAs>P project pick up
significant numbers of molecular gas detections in red semge
early-type galaxies. Extreme examples of these red seqzhax-
ies with small but nonzero molecular masses can also be fiound
the detections of shocked,l¢mission in radio galaxiem al.
2010).

4.2 Atomic gas

The ArLAs®P sample displays a broad range of/H| mass
ratios, with measured values fromi0? to 10~2 (see also

Welch, Sage & Yourlg 2010). Figufé 6 presents the age-mass dia,

gram with H, total HI and central H masses. When consider-
ing the total H contents, the distribution of Hrich galaxies is
markedly different from that of the Hrich galaxies. For exam-
ple, only 8 of 56 H-rich galaxies (0.140.05) have SSP ages

8 Gyr; however, 19 of 53 htrich galaxies (0.36:0.07) have such
large ages. For space considerations we have not showcoht
tents on the optical, NUV or Brmagnitude diagrams, but the same
effect is present there and is even stronger at dynamicasesas

log(Mam /M) < 10.5. Interestingly, H is primarily detected in
fast rotatorll) whereasikldetected in both fast
and slow rotatorg (Serra ef/al. 2013), so the slow rotatersrare
commonly Hi-rich than H-rich.

When considering only the centralihnasses, however (Fig-
ure[@, lower panel), we find that the galaxies with centralddtec-
tions have age and mass distributions indistinguishabla those
of the H, detections. The central Hnasses are comparable to or
smaller than the K masses, as already noted et al.
(2010) and_Serra etlal. (2012), and this is undoubtedly dubeto
fact that the atomic column densities are smaller than thieeno
ular column densities in the galaxy centers (Blitz & Rosalkyv
12006;! Leroy et dl._2008; Lucero & Young 2013). The one known
exception with a large (central BfH> mass ratio~ 3.1 £ 0.6
is NGC 3073, and in the absence of a CO map for the galaxy we
can only speculate that its CO emission may be distributed av
smaller area than its H

These data strengthen the suggestionm et al.
(2006)/ Serra et al. (2008), and Oosterloo ét al. (2010)tteaex-
tended atomic gas reservoirs in early-type galaxies araects-
sarily associated with recent star formation activity ased in the
galaxies’ integrated colours,Habsorption line strength indices, or
SSP ages. 12) have noted, thedtumn densi-
ties in early-type galaxies tend to be smaller than thosgiials.
Atomic gas may be associated with star formation activitgrirex-
tended UV-bright disc, as @10), but moreetal
surveys of GALEX data and deep optical imaging (E.g. Duclet al
[2011) should be conducted to assess this activity in theas?®P
sample.

In summary, molecular gas ameéntral atomic gas in early-
type galaxies are almost always associated with recenfstan-
tion activity which can be seen in the SSP ages, particugdynall
radii. For early-type galaxies wittog(Miam/Ms) < 10.7, the
recent star formation activity manifests itself also in thg line
strength and NUW-K, but often it is not noticeable in integrated

SSP age (Gyr); R,/8

P age (Gyr); Ry/
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n
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Figure 6. Atomic gas le) and molecular gas in the agesma
diagram. As in the previous figure, the errorbar in the lovightrcorner

shows a typical uncertainty in the SSP age. Gray crosses@ueo@detec-
tions; cold gas contents are indicated by the sizes of thengsquares ()
and purple circles (bi). The top panel shows the totalitdontent associated
with the galaxy, whereas the bottom panel shows only thedtent within
the central WSRT synthesized beam 30’ — 40’ diameter, roughly com-
parable to the 22 aperture used for CO measurements). ThéHH mass
ratios can also be inferred from the symbol sizes; a galatly W/H 1 =

1 has a concentric circle and square of the same diameteonhparing
atomic and molecular masses, it is worthwhile to remembetr sbme of
the H, detections lack H data due to the Declination limit on the WSRT
observations. However, all of the IHietections do have CO measurements.

4.3 Implications of cold gas in red sequence galaxies

To quantify the cold gas content in red sequence early-tytexg
ies, we first make an empirical definition of the red sequence
in ATLAS®P. We fit lines to the colours and fHabsorption line
strengths of all galaxies not detected in CO emission; tliese
define the ridgelines of the red sequence. In the casedadlsorp-
tion the fitted line is constrained to have no slope. The dspes
characterizing the width of the red sequence are estimatdit-b
ting Gaussians to the histograms of residuals (again usilyg@O
nondetections). Such a Gaussian fit is more robust to ositliem
simply computing the standard deviation directly. Galaxigthin

20 of the ridgeline, or redder, are defined to be red sequenes-gal
ies. Figure§2 throudhl 4 show the red sequence ridgelineshand
blue edges defined in this manner. TdHle 2 gives the red seguen

u — r colours. For the highest mass early-type galaxies the star parameters and Tablé 3 gives the detection rates for coldngas

formation activity is not detectable in either optical or £NIR in-
tegrated colours.

(© 0000 RAS, MNRASD0Q, 000—-000

red sequence galaxies. In tha1ks®® sample the galaxies with
log(Mm/Ms) > 10.7 or L > 0.6L* are red sequence galaxies,
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Table 2.Red Sequence Definitions

“Colour” Ridgeline o
u—r u—r =0.59 —0.097(M,) 0.12 mag
NUV—-K NUV —-K=3.83 — 0.187(Mg) 0.37 mag
HB (Re/2) HB =1.62A 0.18A

with very few exceptions, and therefore detection stassfior the
high-mass galaxies are also given.

We note, first, that the detection rates of cold gas in early-
type red sequence galaxies are still substantial. For ebearip
H> they range from 10% (using Hto define the red sequence)
to 16% @ — r), and in total H content they are 24% (using®)
to 34% (high-mass galaxies). This result is qualitativelpgistent
with the detection rate of dust through far-IR emission froed
sequence early-type galaxi012). Whennhass
early-type galaxies are detected in cold gas emission, &y to
be blue; however, when high-mass early-type galaxies aniéasly
detected, they are still on the red sequence. Thus, for cpeesee
early-type galaxies, the cold gas detection rates are hiayneng
the more massive galaxies than among the low-mass galkies.
effect can be seen by comparing rows 5 and 6 in Table 3. Detecti
rates of (total) atomic gas are also always higher in red exacpi
galaxies than detection rates of molecular gas. In theas®"
sample the red sequence early-type galaxies have tatah&sses
up to 5<10° M), central Hi masses up to 2:510° My, and H
masses up to:210° M. Those latter two maximum values de-
pend at a factor of two level on the indicator (colour of Hhdex)
used to define the red sequence. Normalized to stellar makses
red sequence galaxies have total ratios M{Mav < 0.16, cen-
tral M(H |)/MJAM < 0.01 and M(Hz)/MJAM < 0.07.

At high stellar masses, the red sequence is just as welletefin
for galaxies rich in cold gas as for galaxies poor in cold §gecif-
ically, the Kolmogorov-Smirnov and Mann-Whitney U testewh
no statistically significant differences in the integratadours or
Hp absorption strengths of the high-mass CO detections and non
detections, or the Hdetections and nondetections. The aperture
must be restricted to very small sizes (eg)./8, as in Figurdb)
before enhanced Blvalues become measurable ip-Hch massive
galaxies.

Colour-magnitude relations are often used to study the
quenching of star formation and the development of the red se
quence (e.d. Snyder etlal, 2012; Jaffé et al. 2011). Our stater
that the approach to the red sequence may not necessanlyenv
the loss of all cold gas, even if one makes both coland mor-
phological cuts to select early-type galaxies. Thus it fthoot be
assumed that gravitational interactions between suckxigalavill
always be dissipationless (‘dry’; see also Chou, Bridge &afiam
M). Furthermore, at = 0 we observe that the presence of
H2 or HI does not increase colour scatterfin> 0.6L" early-
type galaxies. This result could have implications for tbecalled
scatter-age test (eOll), which uses otouinfer
star formation activity in high luminosity galaxies. Foretimost
massive ALAs®P galaxies, neither colours nordabsorption line
strengths identify b or Hi-rich galaxies, though for low lumi-
nosities the colours and/Hcan be partially successful at selecting
gas-rich galaxies. Finally, if all galaxies’ cold gas contewere
generally higher in the past than they are now, our data &t 0
may provide only lower limits on the cold gas contents of red s
gquence galaxies at higher redshifts.

5 COLOUR CORRECTIONS FOR INTERNAL
EXTINCTION

The previous section analyzed colour-magnitude relatigsisg
integrated colours without correction for internal dusidening.
Those uncorrected colours and their dispersions are apatefor
comparison to intermediate and high redshift studies oféldese-
quence (e.d. Snyder etlal, 2012; Jaffé ét al, 2011), whemico
are also typically not corrected for internal dust. We notineste
how large such corrections would be.

Many different methods have been used to estimate the in-
ternal extinction in galaxies, including scaling from thar-fR
thermal dust emission, the Balmer decrement, and/or th® 500
break, as well as from detailed fits of the spectra
12007} Schiminovich et al. 2007; eem
IGongalves et al. 2012). But since early-type galaxies lsaveoth
light distributions, and dust discs and filaments are rgadgible
in optical images of the ALAS®P galaxies|(Krajnovic et al. 2011;
[Scott et all. 2013; Alatalo et lal. 2013a), we adopt the mossggit-
forward method of measuring the internal extinction digefrom
optical images.

In .3)g — ¢ colour maps are used to identify
dusty regions and to de-redden those regionsiinages. We allow
for intrinsic colour gradients within galaxies by measgrthe lo-
cal g — i colour excess from a linear trendgn- ¢ with radius (see
Figure 2 03). The resulting total interneire-
tions A, are measured as the difference in the integrated magnitude
before and after the de-reddening correction, and are iexsén
Table[4. The corresponding extinctions for NUV, and Ks are
calculated from &y = 3.1 reddening law((Schlafly & Finkbeirer
2011) and, as abovelyyy = 8.0E(B — V) (Gilde Paz et al.
[2007). Measured total extinction$, range from 0.01 mag to 0.5
mag, with a median of 0.05 mag. For context and comparison, a
dusty patch imposing 1 mag of extinction and covering 10908 2
of an otherwise uniform source produces a total extinctidh @57
t0 0.139 mag.

Consistency checks on the extinctions in Téble 4 can be made
from the FIR luminosities of our sample galaxies. Specifycal
following the prescription of Johnson ef al. (2007), we cotep
the expected FUV extinction from the infrared excéBX =
log(Laust/Luv). The justification of this method is that the FIR
emission is reprocessed from UV emission intercepted by dus
grains, so the FIR/UV ratio is @e facto measurement of the
UV extinction. The expected FUV extinction can then be stale
back to A, by our assumed reddening law. With one excep-
tion (NGC 2685, which has a dramatically bright FUV disc or
ring), these predicted values df,. are 3 to 20 times larger than
the measured values of,. Indeed, this kind of a discrepancy
between IR-derived and optically-derived dust masses leas b

known for many years (Goudfrooij & de Johg 1995), and it is not

clear whether the IRX method can be applied in early-typedgal
ies in the same way as it is in spir2007). We
therefore adopt the optically-derived extinctions andpmynbear
in mind that they may be underestimated, as they will tend to
miss smoothly distributed dust components. FIR-basedudasses
for many of the ALAS®P sample have also been presented by
Smith et al. [(2012), Martini, Dicken, & Storchi-Bergmanrdi),
and.3), among others; investigations of thetd
properties are, however, beyond the scope of this paper.

Internal extinctions have not been measured for every galax
in the ATLAS®® sample. They have only been measured in cases
where the de-reddened images were necessary for robust two-

(© 0000 RAS, MNRASDOG, 000-000



Table 3.Cold Gas Detections in Early-Type Galaxies

Cold Gas in Early-type Galaxies 9

Galaxy Subtype Definition COdata IHlata Detection rates
Ha Central H  Total Hi

@ o) 3) 4 ®) (6) o

all 259 166 22 (03) 19 (03) 32 (04)
u — r red sequence u—r > 0.35 —0.097(M;) 213 144 16 (02) 15 (03) 30 (04)
NUV —K red sequence NUV — K > 3.10 — 0.187(Mg) 200 127 14 (03) 13 (03) 27 (04)
Hp red sequence Bl< 1.98A 189 123 10 (02) 09 (03) 24 (04)
high mass# red sequence) log(Mam/Me) > 10.7 102 61 16 (04) 15 (04) 34 (06)
low-mass, H red sequence log(Mjam/Me) < 10.7 and H3 < 1.98 A 93 66 05 (02) 06 (03) 18 (05)
low-mass, B ‘blue tail log(Msam/Me) < 10.7 and H3 > 1.98 A 64 39 55 (06) 49 (08) 51 (08)

Notes:Column 3 gives the total number ofrAas3P galaxies in each category that have CO data; this is theeesdimple, minus
NGC 4486A. Column 4 gives the number withi ldata le). The detection rates in columns Ee-pexcentages and

include formal uncertainties in parentheses.

Table 4.Internal extinctions

Name A, (mag) Name A, (mag)

IC1024 0.092 NGC4233 0.041
NGC2685 0.52 NGC4281 0.021
NGC2764 0.049 NGC4324 0.073
NGC3156 0.0038 NGC4429 0.22
NGC3489 0.012 NGC4459 0.014
NGC3499 0.092 NGC4476 0.013
NGC3607 0.016 NGC4526 0.16
NGC3619 0.051 NGC4753 0.052
NGC3626 0.024 NGC5379 0.048
NGC3665 0.031 NGC5631 0.0075
NGC4036 0.13 PGC056772 0.22
NGC4119 0.12 UGC06176 0.020

dimensional image modelling in_Scott ef al. (2013). Henceeso
notable dusty galaxies are not represented in Tdble 4y ditvause
the dust is spatially compact (e.g. UGC 09519 and NGC 1266), o
a dust disc is nearly face-on (e.g. NGC 3032), or the dust @pso
tically thick that the de-reddening correction fails (€N§5C 4710
and NGC 5866). Nevertheless, the set with internal extinctiata
is an illustrative set of the gas-richtAas®P galaxies. Of the 24,
19 are detected in CO emission and an additional three azetddt
in H | emission (the remaining two have nol Idata)l.
(2013a), Crocker et al. (2011), and Young, Bendo & Lucer@€0
show some overlays of optical colour maps and CO integrated i
tensity distributions in the krich ATLAS®P galaxies, to illustrate
the close association of molecular gas and dust.

No internal extinction correction is attempted for thg Eb-
sorption index. In principle, as it is a narrow-baseline iegjent
width measurement and the extinction will be approximatelg-
stant over a small wavelength range3 lis robust to a screen of
dust. In practice, however, thedHine strengths could be underes-
timated (and the inferred SSP ages could be too old) if yotenrg s
are completely obscured behind dust clouds. Similarlyctileur
correction measures colour excess with respect to theustmbp-
ulations surrounding the dust clouds or discs. If the steitgpula-
tions behind the dust clouds are younger, the broadbandcgxin
corrections could be underestimated. This kind of an urstienate
is probably a larger effect for the broadband colour tharitierH3
index as the stars dominatingskhbsorption are older and will have
moved farther from their natal clouds.
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Figure 7. Similar to Figurd R, except that galaxies with central ttetec-
tions have been added, and corrections for internal eidimdiave been
made for the galaxies in Taldlé 4. Corrected photometry ega(fibed cir-

cles) are linked with a line to the values before correctiopef circles).

where such correction is available. This correction makely o
modest alterations to the colour-magnitude diagrams. ¥amele,

in u — r, we find only four HB-rich galaxies that are on the red se-
qguence before correction and off the red sequence aftezatam
(though, as mentioned above, NGC 1266, UGC 09519, NGC 4710,
and NGC 5866 might also move off the red sequence with ar-inter
nal extinction correction.) The highest mass;iith red sequence
galaxies remain on the red sequence even with the extinction
rection. We note also that the red sequence ridgelines2and
boundaries (Sectidn 4.3) were defined using only CO-nontite
galaxies, so for practical purposes they are not affectetthéyn-
ternal extinction correction.

6 EVIDENCE FOR GAS ACCRETION

FiguredY anfll8 are analogous to Figlides 2and 3, but the pho-One possible interpretation of the cold gas detection iatéable

tometry has been corrected for internal extinction in thoases

(© 0000 RAS, MNRASD0Q, 000—-000

Bis that early-type galaxies occasionally retain some tamd/or
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Figure 8. Similar to Figurd B, except that galaxies with central ¢tetec-
tions have been added, and corrections for internal eidimdiave been
made for the galaxies in Tallé 4. Corrected photometry ga(fied cir-
cles) are linked with a line to the values before correctiopef circles).

molecular gas throughout their complex evolutionary hisg and
through their transformations from late-type to earlyetypnother

is that they may have lost their original cold gas but acqLgeme
new cold gas in recent times. As discusseOl
and McDermid et aI/ (2013), the kinematic and spectroscdata

of ATLAS®P identify specific galaxies that have experienced re-
cent gas accretion. The locations of these galaxies in tlwico
magnitude diagrams can help to clarify which of the altevest
mentioned above may be more relevant to the developmenteof th
red sequence and the histories of the ‘blue tail’ early-typlexies.

6.1 Identifying signatures of cold gas accretion or

interactions

Kinematic misalignments between cold gas and stars irelieat
ther that the gas was accreted, and its incoming orbital langu
momentum was not parallel to the galaxy’s angular momentum,
or that the gas endured through some major disruption sueh as
merger. Thus the misalignments serve as markers of a galhisy’
tory. Kinematic misalignments can also occur if the galaxyo-
tential is significantly triaxial or barred. Triaxiality it be im-
portant for a few of the slow rotators in the sample, but itdto
not be important for most of the CO detections; a strong nitgjor
of them occur in fast rotators (Paper 1V), and the fast rosatwe

consistent with being oblate (Krajnovi¢ ef
[2011] Weiimans et al. 2013; Cappellari el al. 2013b).

The kinematic misalignment angles between stars, molecula
gas, and ionized gas are providedmmzml), who f
ther show that the molecular gas kinematic position angbés)
are always consistent with ionized gas kinematic PAs whetk b
can be measured. Similarly, misalignment angles betweetnade
H 1 and stellar kinematics are providedZOJ}f\l)s',I'
galaxies are classified as having aligned gas or misaligagdigth
a dividing line at 30 which makes generous allowance for the un-
certainties in PA measurement and for the presence of bare H

we assume that all misaligned gas was accreted from sonmaalxte
source. This assumption will provide only a lower limit ore tim-
cidence of accreted gas, of course, as some of the alignedaas
also have been accreted.

McDermid etal. [(2013) have also identified a subset of
ATLAS®P galaxies which exhibit unusually low stellar metallici-
ties and strongy-element enhancement, when compared to their
peers at similar stellar masses. The low metallicity/sirp/Fe]
stellar populations are concentrated in the centers of thest
galaxies, and the hosts tend to be the mostrich sample mem-
bers in low-density environments, McDermid et al. (2013)-pr
pose that these galaxies have an underlying old stellarl@opu
tion which follows the same metallicity ang-element abundance
trends as the rest of the sample, but they have accreted tisubs
tial amount of low metallicity gas which has formed a younged
more metal-poor stellar population. The galaxies thustitied are
IC0676, IC 1024, NGC 2764, NGC 3073, NGC 4684, NGC 7465,
PGC056772, PGC 058114, PGC 061468, and UGC 05408, and in
the following sections they are also treated as showingssifigas
accretion.

Another indicator of a galaxy’s interaction and/or gas ac-
cretion history can come from disturbances to the gas dis-
tribution and kinematics. We make qualitative assessmént o
such disturbances from the CO position-velocity slices in
[Davis etal. [(2013a) and from the CO integrated intensity
maps and velocity fields in_Alatalo etlall (2013a). Markers
of disturbances include gas tails, strong asymmetries @& th
gas distribution, and complex velocity fields, and we thgreb
consider the following galaxies to have disturbed molecula
gas: 1C1024, NGC1222, NGC3619, NGC4150, NGC 4550,
NGC 4694, NGC 4753, NGC5173, NGC 7465, PGC 058114, and
UGC 09519. These are the galaxies noted in Alatalolet al.3201
as classes ‘M’ (mildly disturbed) or ‘X’ (strongly distur or
which are sufficiently lopsided that their integrated COcspen
from the CARMA data has a flux density twice as large on one
side of the systemic velocity as on the other side. NGC 4586
noted byl Crocker et &ll (2009a) to have an asymmetric gas disc
based on observations from the IRAM Plateau de Bure interfer
ometer. These classifications thus show disturbances irf flieo
40 galaxies with CO maps. Additional possible cases of distl
gas include NGC 2768 and NGC 3489 (Crocker ét al. 2011). The
qualitative assessments tend to be sensitive only to rathere
disruptions, and furthermore the sensitivity is undoulytednuni-
form, but the classifications are adequate in these initiafches
for large scale trends between disruptions and galaxy colou

Kinematic disturbances are also evident in the atomic gas
of many Hi-rich galaxies, especially at severBl. and beyond
(Serra et dl. 2012, 2013). However, since that materiargeleadii
does not appear to be associated with recent star formattimitya
within R. (Sectio4.P), we focus here on the kinematic informa-
tion from the gas on kpc scales. Theiks>P sample includes 15
galaxies with central HI detections from WSRT, but no CO map;
of these 15, only one (NGC 7280) is identified as likely shawin
significant kinematically disturbed gas. We suspect thatnean-
didates would be identified if the spatial resolution of thiedidta
were closer to that of the CO data.

The disturbance indicator provides a different perspedtian
the misalignment criterion discussed above, as it is ussfeih in
cases with well-aligned stellar and gaseous angular mamérns
also most sensitive to events within the last few orbitaktiscales
(typically a few x107 to 10% yr, [Yound[2002), and this may be
the most appropriate time-scale for correlations with aokvolu-
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tion. However, it may indicate tidal forces on pre-existgap in a
galaxy, rather than the accretion of new gas. Furthermaerd,ia
clearly dependent on the sensitivity and angular resaiubiothe
images, we can at present only detect the most egregioug-dist
bances. Deep optical images can help to distinguish betdiagin
interactions and gas accretiOll), and suck iso
ongoing, but for now we will take the disturbance indicateraa
possible sign of accretion with these caveats.

6.2 Stellar populations vs. accretion/interaction signatres

Figure[9 shows an age-mass diagram again but with markers ind
cating the galaxies that have signs of gas accretion ortgtanal
interactions. There are significant overlaps between ttlieators,
so that many galaxies have two or three of the signs. Thena®P
sample contains 158 galaxies witbg(Miam/Me) < 10.7, and
45 of them (.28 £ 0.03) are detected in CO emission or in central
H 1 emission. We find that 21 of those 4547 + 0.07) show mis-
aligned gas, which we interpret as meaning they have actiieté
gas from some external source. Further, 26 of thems(+ 0.07)
show misaligned gas and/or anomalously low stellar metads,
and 28 of them .62 £ 0.07) show misaligned gas, low metallic-
ities, and/or kinematic disturbances in the cold gas ai radR..
Thus, more than half of the low (stellar) mass,-tith or Hi-rich
early-type galaxies appear to have accreted substant@irats)of
cold gas. Considering the multiple markers of accretion iatet-
action makes a modest increase in this rate over considerisg
alignment alone. In contrast, only six of the 22 high steftass
galaxies with central cold ga8.@7 + 0.09) show any such signs.
From analysis of the stellar structures and kinematics,

[Cappellari et al. [ (20110, 2013b) have suggested that fast ro

tor early-type galaxies are former spiral galaxies whiclveha

[Cheung et al. 2012; Cappellari 2013). The fast rotators tigh-
ceivably retain some molecular gas through this transititow-
ever, spirals almost always have kinematically alignedegakstars
(Bureau & Chung 2006, and references therein). We mightekus
pect that in the absence of a major merger or external acnoreti
quenched former spiral galaxies will have primarily aligngas
(like the red symbols in Figufd 9) rather than strongly niggad
gas (blue symbols).

In this context, we consider whether the early-type galax-
ies with aligned gas might have had different evolutionastdi
ries from those with misaligned gas. We restrict attentibthis
point to the low (stellar) mass galaxies, due to the smali-inc
dence of misaligned gas among massive galaxies. Stalittsta
ing shows no compelling evidence that the low-mass;rigdh and
H.-rich galaxies with misaligned gas differ from their coupizrts
with aligned gas. Specifically, Kolmogorov-Smirnov and Man
Whitney U tests on the galaxy colours, equivalent SSP agetslm
licities, a-element abundances, stellar velocity dispersions, Bpeci
stellar angular momenta, and photometric disc-to-totgitlratios
give probabilities 0.13 to 0.99, none of which are small eiou
to infer a difference in the two populations. Ultimately thees-
tion may be decided through detailed exploration of theviiddi
ual galaxies’ star formation historiés (McDermid et al. 2DWith
deep optical imaging and measurements of the current staafo
tion rates and gas depletion time-scales. At present weluwdac
that the cold gas in early-type galaxies includes some gashwh
may have been retained through the quenching transitioheo t
red sequence, as well as some gas acquired in a major merger o
accreted from an external source such as a satellite galatheo
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Table 5. Misalignments and Disturbances in low-masstith galaxies

Relaxed CO  Disturbed CO  Total
aligned 21 6 27
misaligned 7 5 12
Total 28 11 39

Notes:UGC 05408 has such a poorly resolved CO distribution thatribt
possible to classify as either relaxed or disturbed.

intergalactic medium. This suggestion is not new, of colesg.

I@b). But for the first time we now bring statiat
samples of cold gas kinematic data to compare with the sf@ia:
ulation and structural data.

[Kaviraj et al. (2012) have advocated the idea that all theé dus
and molecular gas in early-type galaxies is accreted frotereal
sources, based on an analysis of dust lane galaxies in tlexyGal
Zoo project. Itis worth noting, however, that part of theigament
is based on their sample’s large inferred dust and molemdases,
M(H2)/M, ~ 0.013. The dust detection rate in Kaviraj el al. (2012)
is also substantially lower than our detection rate in CO (/%6
22%). The dust lane galaxies identifie t us
represent only the extreme tail ohHich early-type galaxies, and
the current study probes further into the MM, luminosity dis-
tribution.

Finally, in the context of reading the galaxies’ historiessi
also important to note that the kinematic disturbances watity
in the molecular gas may not be the result of accretion fromeso
external source onto a gas-poor galaxy. Instead, they makiebe
result of a strong gravitational interaction on an alreadg-gch
early-type galaxy, or (in the case of lopsidedness) annaten-
Stability. To test for these different possibilities, Teld gives the
incidence of disturbances in the CO kinematics for the loassn
galaxies with both aligned and misaligned gas. We note tisat d
turbances are somewhat more common among low-mass galaxies
with misaligned ga$5/12 = 0.42 £ 0.14) than among those with
aligned gag6/27 = 0.22 £+ 0.08). However, the Fisher exact and
chi-squared contingency table tests do not give better 9%
confidence levels on rejecting the null hypothesis, so tiepsa
sizes are still too small to associate disturbances prafaty with
gas accretion (as opposed to outflow or tidal forces).

6.3 Models of accretion-driven colour and H3 evolution

Extensive evidence for the accretion of cold gas, partibula
the low-mass ‘blue tail’ galaxies, raises additional gioest about
the colour evolution of early-type galaxies. For example, may
ask whether it is possible for a completely quiescent redesecg
galaxy to become as blue as our observed blue galaxies, tjieen
constraints of the observed molecular masses and star tiorma
rates. Secondly, we may ask whether cold gas accretion onésa
sive galaxy, with an associated burst of star formation,ld/oec-
essarily drive the galaxy off the red sequence.

Here we explore these questions by constructing a set of
toy models in which quiescent, red sequence galaxies ofenass
log(M. /M) = 10 to 11.5 experience 810° M, of star for-
mation activity at late times. Detailed information on thedels
is provided in the Appendix; briefly, we use the Flexible Biel
Population Synthesis codestOlO) to follogir
colour and HB absorption line strength evolution through the star
formation episode. The duration and strength of the ‘blileex-
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Figure 9. Similar to Figure[h, but here the circles and triangles iattic
galaxies with either CO or central IHletections. Kinematically misaligned
cold gas is indicated in blue and aligned (prograde) gasiiednGalaxies
showing significant disturbances in the molecular gas orIRGC 7280)
are indicated with triangles and those showing relaxed gamaircles. In

all cases the symbol size indicates the scaledrtass, if CO is detected, or
the Hi mass if CO is not detected. Outliers in the stellar massHiioiia
and mass«/Fe] relations are marked with green stars. The presende-or a
sence of disturbances can only be noted for galaxies with C&®ianaps,
and because only 70% of the CO detections are mapped we hisnewer
limits on the incidence of disturbances (triangles). Fdiagas without
CO maps we have used the kinematic misalignments measuredized
gas or Hi (Davis et al[ 2011 Serra et/Al. 2013). NGC 0509, NGC 3073, and
NGC 4283 are plotted in grey because they have insufficier@riatic in-
formation in all gas phases.

cursion is, of course, determined by the assumed mass ofgyoun
stars and the time-scale over which the late star formatioors.
The mass of young stars in mostas®® galaxies is poorly con-
strained, but many of the blue tail galaxies have currenemdéar
masses greater than30® Mg, which at least lends plausibility
to our assumption. In Fig_10 we show one example that follows
the evolution of the 4 absorption line strength through a burst of
M o texp(—t/7), with 7 = 0.1 Gyr. The burst begingt = 0)
about 10 Gyr after most of the galaxy’s stars formed, and the s
formation rate peaks at a tinte= 7 and subsequently decays on
a time-scale ofr. The H3 line strength increases to a maximum
of about 4 for the lowest-mass galaxies and then, over a period
of a couple Gyr, returns to its pre-burst value. In a similgiris
IScott et al.[(2013) have shown thatiks?® galaxies with young
central populations and low central Mgvalues will return to the
nominal Mgb—V .« relation after several Gyr of passive evolution.
The behaviors for other time-scales and for- » and NUV—K
colours are also shown in the Appendix.

The toy models clearly show that it is plausible to explaia th
blue tail galaxies as former red sequence galaxies, witham-qu
tity of recent star formation which is consistent with thesetved
H, masses in the ALAS®P sample. The required star formation
rates are also consistent with those obser@;
IO, Appendix A). In this excursion scensgia-
tively short star formation time-scales,~ 0.1 to 0.3 Gyr, are re-
quired in order to reproduce the bluest galaxies with thengfest
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Figure 10. Similar to Figurd#, with overlays showing the evolution ¢d o
galaxies with 3108 M, of recent star formation activity. The red line
marked ‘0.0’ shows the model red sequence before star farmat initi-
ated, and subsequent lines show how ehanges through the late burst.
Each isochrone is labelled with the time (in Gyr) since thgation of the
burst.

Hp absorption. For the massive galaxies, a tight red sequ@ace (
ticularly in NUV—K) favors longer star formation time-scales or
older bursts, as discussed in more detail in the Appendiiail2el
studies of the galaxies’ star formation histories are reargsfor
moving beyond this very simple plausibility check, but thedels
are consistent with a picture in which gas accretion ontosed
guence galaxies could produce at least some of the blueataik-g
ies.

Galaxy mergers are often associated with enhanced star for-
mation activity, as in the case of the luminous and ultrahous IR
galaxies (LIRGs and ULIRGS); the mechanism is thought tdiee t
galaxy-scale shocks driving the molecular gas to highesities.

In this context it is interesting to pursue the question otthler
the galaxies with kinematic signs of gas accretion or distoce
have shorter star formation time-scales than the galaxitsqui-
escent kinematics. As noted above, such differences armeat
surable in integrated colours or tii& /2 HB absorption strengths.

.|!,2T13b) also find that such differences are noibols
in star formation rates measured from mid-IR emission.

Some recent studies of the galaxy colour-magnitude diagram
(e.g.|Gongalves ethl. 2012) have assumed that galaxiekein t
‘green valley’ are exclusively becoming redder, on the apph
to the red sequence. At face value, such an assumption weeid s
to be in direct contradiction of the toy model employed héeteuw-
ever, our toy model does apply to a somewhat special populafi
galaxies, the Hrich early-type galaxies. In addition, their move-
ment through the green valley is faster on the blueward ttiaak
on the return redward track, so even in the context of thisuex
sion” model there will be a greater proportion of galaxiesving
redward than moving blueward.
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7 HIGH-MASS VS. LOW-MASS GALAXIES

Sectior[ 6 discusses evidence that the cold gas in low-malgs ea
type galaxies is commonly accreted. However, the pictunatish
less clear for the high-mass;Hich galaxies, since their incidence
of disturbed or misaligned gas is lower. The detectabilftkine-
matic misalignments and other gas disturbances shouldepetd
on the stellar mass of the galaxy, except to the extent tleadlid:
turbed cold gas will evolve on an orbital time-scale towagitsu-
lar orbits in a stable plane. In our mostly oblate gas-riclaxgas,
the evolution will be towards prograde or retrograde orlritthe
equatorial plane, and the orbital time-scales are shastex farger
galaxy mass (at fixed radius). Thus the difference in thesrafe
misalignment or gas disturbance between low-mass andrhags
galaxies is probably real, though it may simply mean thatige-
mass galaxies accreted their gas in the more distant pastuf-o
ther discussion, see Davis ef al. (2011) and Sarzilet al6Q2@n
the other hand, the metallicity signatures of accreted hasld be
more easily distinguished in a smaller host stellar popuiafThe
catalog of low-metallicity accreted gas is expected to bensfly
incomplete for large stellar masses.

In a study of the hot gas in AAs®P galaxiesl.
) note that interactions between hot and cold gas mey ha
a significant effect on the cold gas. They propose that thkehig
mass fast rotators, due to their deeper gravitational patspnmay
have recycled more of their internal stellar mass loss intwia
ISM. This recycled gas would necessarily be kinematicdignad
with the stellar rotation, and it might shock heat any inaogni
misaligned gas (thus producing the lack of misaligned mdéec
gas in high-mass galaxies). Bogdan et al. (2012) have aiso p
sented a case study of the hot gas content of four high-lusitino
(Mg ~ —24.0) ATLAS®P galaxies, and they demonstrate that
early-type galaxies of similar optical luminosity can haa gas
of very different distributions and kinematic states. Apegotreat-
ment of the interaction of hot gas and cold gas should tale int
account the possible angular momentum transfer betweegathe
phases.

We have commented several times that there is a striking dif-
ference in the SSP age andtibsorption line strength scatter of
high and low-mass early-type galaxies. Scott éf al. (2028 lalso
made the same comment about the dMime strengths and escape
velocities in the ALAs®P sample. In colour and B, some of this
difference is due to the relative gas masses; specificalyhigh-
mass galaxies tend to have smaller Mj#;av ratios. However,
as Figuré_IlL shows, there is a significant range of overlapvaid
ues of M(H:)/M,, from 1072 to 10~* can be found in both high-
mass and low-mass early-type galaxies. Under the very mtigpl
assumption that a fixed M@/M.. corresponds to a fixed percent-
age of young stars in a late starburst, one might then expect a
galaxies of the same MM, to have the same SSP age. Instead,
we observe that high-mass galaxies have systematicaljgr&SP
ages even at theamevalues of M(H)/M.. or M(Hz2)/M jam as low-
mass galaxies. The trend suggests differences in the staafion
efficiencies and/or the accretion and star formation hissobe-
tween low-mass and high-mass galaxies. Naabl ét al.[(204@) st
the star formation and assembly histories of simulated-higlss
and low-mass early-type galaxies, for example, and notetliga
high-mass galaxies have older stellar populations. THerdifices
might also be related to the fact that the high-mass galaries
to have kinematically quiescent, prograde gas, so predyrttay
have fewer internal shocks to drive enhanced star formation

In addition, the morphological quenching mechanism stidie
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Figure 11. Molecular gas content vs. SSP age; crosses are CO nondetec-
tions, and colour circles are CO detections. The colour ofi&ircle indi-
cates the total stellar magsg(Mjam /M) as noted in the colourbar. As
expected, there is a general trend such that galaxies wgkrlanolecular
contents tend to have younger stellar ages. In additioriVi{ét2)/M jam in

the rangel0—2-4 to 104 (gray box), galaxies of larger stellar masgaM

have systematically larger SSP ages even though they hexgautiie molec-

ular gas content (normalized to stellar mass).

by [Kawata et &l.| (2007) and_Martig et al. (2013) (among others
might explain this trend, as it invokes greater local stghdf the
gas in a deeper and steeper gravitational potential. Fangbea
. ) make high-resolution simulations ob&d@mas
disc (7.5 x 10® Mg ) in a galaxy withM, = 5.6 x 10'° M; this
galaxy then has M(E)/M ..~ 0.013, similar to the most k-rich of
our high-mass early-type galaxies. If the galaxy’s stefhass dis-
tribution is spherical, they find the cold gas only reachezimam
densities of 600 cm?®, whereas if the stellar distribution is flat-
tened like a spiral, the cold gas reachesl8® cm=. This differ-
ence suggests the same gas will have substantially longégtidm
time-scales in a spherical galaxy than in a flat galaxy. Fecisic
application to the ALAS®® sample, we note that Cappellari et al.
(2013b) have demonstrated that the high-mass early-tylpaiga
tend to be spheroid-dominated whereas the low-mass galaxie
clude both spheroid-dominated and disc-dominated syst@ms
remaining question is whether this kind of a quenching meisina
by itself can explain the apparent sharp and dramatic iser@a
colour dispersion at low masses or whether, as mentionedeabo
some systematic difference in gas accretion historiessis &-
quired. These issues can be addressed in more detail by dompa
the star formation histories and current gas depletion-soaes of
ATLAS® galaxies.

There are several other differences between the dust and
ISM properties of high-mass and low-mass early-type gakaxi
di Serego Alighieri et al. (2013) find that higher mass Virgass
ter early types tend to have higher dust temperatures thein th
counterparts at lower stellar mass. The reason for the fgendt
yet known. Crocker et all (2012) have also noted correlatiue
tween stellar mass and the physical properties of the mialegas
in ATLAS®P galaxies. The high-mass galaxies tend to have larger
BCOMCO ratios and larger HCNICO ratios. The proposed in-
terpretation of these trends is that they are driven by therkatic
state of the gas (as noted above, the high-mass galaxiesswe |
likely to have disturbed or misaligned molecular gas). Betphys-
ical properties of the molecular gas both affect, and aextdtl by,
star formation activity, and with the existing data it isllstiffi-
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cult to disentangle these causal relationships from enmental
effects such as stripping in clusters and groups. Additiarak
on the details of the molecular gas properties would be ‘éduar
understanding the star formation efficiencies of earlyetgplaxies.

8 SUMMARY

We present a study of the relationships between the coldHjas (
and H) content of early-type galaxies and their stellar popafegi
as encoded in B absorption line strengths, — » and NUV—K
colours. Detection rates of Hand H are > 50% in ‘blue tail’
early-type galaxies, depending somewhat on how the blliéstai
defined. Similarly, the low-mass Jich early-type galaxies are
usually more blue and have younger stellar populations thein
H.-poor counterparts, especially when measuredrelsorption
and NUV—K colours, and less frequently at— r.

Detection rates of K and H are also nonzero for red se-
quence early-type galaxiesp matter how the red sequence is de-
fined These detection rates range from 10% to 30% for galaxies
with masses$og(Miam/Me) = 9.8 to 11.8 and for different defini-
tons of the red sequence. The result is at least qualitativeh-
sistent with the detection rates of dust in red sequencg-garé
galaxies (e. 12). The red sequence thugiosnt
high mass early-type galaxies with abundant cold gas; Bpaity,
with H2 masses up t0:810° Mg, and Hi masses up to 410°

sense that the Himass does. But this correlation is not observed
in the extended H, only in the central H. The time-scales over
which the extended Hcan serve as a reservoir may be too long for
us to notice the correlation; or we might be finding theserede:e

H 1 systems in a stage prior to conversion of ito H, and star
formation activity.

These relationships between cold gas content, galaxy Golou
and H3 absorption can produce selection biases in samples of red
sequence galaxies. For example, the detection rates ofjasldre
larger among the massive red sequence galaxies than theéos-
red sequence galaxies.

We have also analyzed the stellar properties of galaxigs wit
and without signs that their cold gas was accreted from sottee-e
nal source. These signs include kinematic misalignmerttsdsmn
gas and stars, disturbed gas kinematics, and departurestffi®
stellar mass-metallicity relation. @ouama al-
ready commented, kinematic misalignments are not common at
high stellar masses or among the Virgo Cluster members, so-we
fer that~ 20% of the high-mass early-type galaxies galaxies may
have retained or recycled their cold interstellar mediurowElver,
at low stellar massesy 60% of the Hi- and H:-rich galaxies show
at least one of the signs that the cold gas was accreted.

Simple toy models can explain the colours and &bsorp-
tion strengths of the kirich ATLAS®P galaxies in a “frosting” or
rejuvenation scenario. Even the bluest of them could be dédym
quiescent, red sequence galaxies which acquired a modesinam

M. These results may serve as a reminder that ‘photometric gasof cold gas and recent star formation. The required stardton

fractions’ are merely averages over the relevant populatiand in-
dividual galaxies can deviate strongly from those averagetour
corrections for the reddening associated with the molegaa and
dust do not materially alter these conclusions.

The H-rich and Hi-rich massive early-type galaxies have

rates and gas masses are broadly consistent with thosevetbser
Of course, this colour analysis provides only a plausipititgu-
ment for the rejuvenation scenario and more detailed worthen
galaxies’ star formation histories is necessary.

We have searched for significant structural or stellar popu-

the same median colour and same colour dispersion as theirlation differences between the gas-rich galaxies thatlgletiow

analogs without cold gas. To first order, the reason for talsal-
ior is straightforward. The massive galaxies tend to havallem
Mgas /M., so they probably also have smaller ratidgew /Moia
(WwhereM,,e is the mass of young stars aivi,,4 is the mass of old
stars). The young stellar populations will therefore beedfficult
to detect via their colour effects on a large host galaxy.

However,Mg.s /M., or even M(H)/M,, does not uniquely
predict the colour and mean stellar age of an early-typexgala
we note that massive galaxies have older stellar popukatioan
low-mass galaxiesven at the same valuesM.. /M.. We spec-
ulate that the low-mass galaxies may have shorter gas amplet
time-scales or that they may have acquired their cold gag mear
cently. Additional high sensitivity, high resolution moldar and
radio continuum observations (such as are now availablé wit
ALMA and the JVLA) will complement improved simulations ¢e.
[Martig et ail 2018) in addressing these questions.

Atomic gas in early-type galaxies is not as closely related t
star formation activity as molecular gas is. Many-Hch early-
type galaxies are still on the red sequence, at all stellasesgand
in all indicators of colour, B absorption and SSP age. That result
is largely driven by the differing spatial scales of the meaments.
Specifically, the stellar population indicators we are vimgkwith
here are dominated by stars within an effective radius @, legt
much of the H is at severalR. and beyond12).
At the moment we are not considering young stellar popuiatio
in extended UV rings. Furthermori,the large-scale Hdistribu-
tions were serving as reservoirs of cold gas to drive stanbion
activity in the cores of their galaxies, we might expectltbta con-
tent to correlate with colour, B strength or SSP age in the same

signs of external accretion, and the gas-rich galaxies reitxed,
kinematically aligned gas. No notable differences are douBut
some of the prograde, well-aligned cold gas may also have bee
accreted, and additional theoretical work on the expectegilar
momentum distributions of accreted material would be Jalkia
Some of the implications of this work include the idea that
red sequence galaxies should not be assumed to be free afaxld
even if amorphological cut is made to exclude red spiralsatain
only red early-type galaxies. Early-type galaxies in theegrvalley
may have recently acquired cold gas, and may still be beapmin
bluer. Furthermore, for galaxies dfg(Miam/Me) > 10.7 and
cold gas masses up to a faw® Mg, and for the sample size we
have here, the presence of Eind Hi do not measurably affect in-
tegrated colours, the red sequence ridgeline or its colispedsion.
Hence, within these parameters, great care must be takeake m
inferences about the cold gas content and star formati@s waft
galaxies from the colour evolution of the red sequence ofatle
of such evolution.
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APPENDIX A: TOY MODELS FOR COLOURANDH 3
EVOLUTION

We make a quantitative assessment of the effects of rearfost
mation on red sequence galaxies using the Flexible StedjpulB-
tion Synthesis codes (version 2.4)@&@019&0&
ically, we model a scenario in which a relatively small amtooin
cold molecular gas drops into a red sequence galaxy ancegnit

star formation|(Cortese & Hughes 2009; Kaviraj €t al. 205ty

we follow the colour and K evolution of these simple models. We

use the Padova isochrones and a Chabrier initial mass &métor
following integrated colours, the BaSeL spectral librarysed be-
cause it has a larger wavelength coverage than MILES; b for
absorption, the MILES spectral library is used as it has thgt b
match to the ALAS®P optical spectroscopic resolution. The evo-
lution is traced by first constructing models of old, red ssgqe
galaxies with ages of 8.5 to 10.3 Gyr, metallicities [Fe/flfolar

to +0.2 dex, and stellar masses appropriate to span the cdihge
minosities in the ALAs®P sample. The ages and metallicities of
this old population are adjusted by hand to reproduce theesid
the red sequence, but that is purely for cosmetic purposgsvan
do not attempt to infer anything about the details of the tédlar
populations in this analysis. ThedHred sequence” is a simpler
solar metallicity model with an age of 10.2 Gyr. Late burdtstar
formation are then superposed, and the evolution of the oemp
ite population is followed to produce “red sequence” isocies
following the burst. No extinction is assumed on the young-po
ulation, so the colour isochrones illustrate the limitirage of the
maximum excursion from the red sequence.

The total mass of stars formed in the late burst is always
f Mdt = 3 x 10° Mg, motivated by the fact that the largest
molecular masses inferred in thetas®® sample are on the or-
der of 3x10” M. A stellar mass of 810% M, is therefore rea-
sonable in the sense that it is smaller than many of the diyren
known molecular masses. Interestingly, an HST study of NG&D4
(one of our low-mass blue tail galaxies) infers that it comgal—
2x10% M, of young stars| (Crockett etlal. 2011), though its cur-
rent molecular mass is onlyx70” Mg .1). In
short, the mass of young stars can also be larger than thencurr
molecular mass if a significant portion of that gas has airéeen
consumed or destroyed. The use of a constant mass of yousg sta
independent of total stellar luminosity, is also motivalbgdhe sta-
tistical work in Paper IV showing that the M@ distributions are
independent of stellar luminosity.

Four sets of models are produced for different star forma-
tion histories in the late burst; one set assumes an insi2obs
burst, and three are delayedmodels with MV (t) o te™/T for
7 = 100 Myr, 300 Myr, and 1 Gyr. In this assumed form, the star
formation rate peaks at time= 7, so thatr describes the time-
scale for the initial ramp-up of the star formation rate froemno to
its peak as well as for the decay from the peak back down ta zero
The instantaneous burst & 0) is clearly unphysical; even in the
case of an extreme violent merger one would still expect géallt
in on a dynamical time-scale, but the model is presenteddof ¢
text. The exponential cutoff in the star formation rate ipased
so that the models will gradually return to the red sequelncthe
real universe such a cutoff might be driven by consumptiothef
cold gas, by its destruction or expulsion in AGN-driven feack,
or something else, but we are agnostic about the cause ofitbi c
and merely observe its effects on the stellar population.

The peak star formation rates in the delayechodels are 1.1
Mg yr ', 0.37Mg yr~', and 0.11M, yr~'. In these models the
star formation rate is within 90% of its peak value for thedim
period 0.67 to 1.57 and is significantly lower outside that time
range. For comparison, the star formation rates inferredte
ATLAS®P galaxies by Shapiro etlal. (2010), Crocker étlal. (2011),
andl.b) from observations of PAHuR? 24um
and FUV emission are 0.006 toM yr~! and gas consumption
time-scales fall in the range 0.1 Gyr to 4 OaJ@))
measured gas consumption time-scales in a different sedrbf-e
type galaxies to be 0.3 to 10 Gyr. Thus the delayadodels are
consistent with observed star formation rates.

(© 0000 RAS, MNRASDOG, 000-000
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Figures[Al td A3 show the: — », NUV—K, and H3 line
strength models compared to thelhs®P galaxiesafter correc-
tion for internal extinction. As expected, the models albwhan
excursion off the red sequence to bluer colours or strongealbt
sorption, followed by a gradual return to the red sequencgtas
formation activity decreases. For a fixed quantity of stamia-
tion, less massive galaxies make larger excursions. Spgadt
the star formation over a longer time-scale produces weat@irr-
sions but with longer durations. In addition, the NUX colours
are the most sensitive to the current star formation rate Hhab-
sorption line strength has a delayed response to star frmmeas it
is dominated by the A stars;Halways reaches its maximum a few
hundred Myr after: — » and NUV—K have passed their minima.

The slow star formation models (= 1 Gyr, or peak SFR<
0.1Mg yr—1) do not become blue enough, particularlyin r and
H3 absorption, to explain the observed-Hch blue tail galaxies.
Models with faster bursts can easily explain the blue talbga
ies; on the other hand, such models exhibit much larger sanfje
NUV—K colours than do the high-massrdas®P galaxies. Thus,
in the context of these excursion models it is nontrivial xplain
simultaneously the tightness of the red sequence at highenasd
the numbers of blue galaxies at low masses. In order to repeod
these effects with the simple toy models, we would be driven t
three possible interpretation@) that the high-mass galaxies favor
longer star formation time-scales and lower star formagiicien-
cies than the low-mass galaxi€s) that the high-mass galaxies had
their late burst systematically longer in the past; an@igrthat the
excursion model does not apply to both high-mass and lonsmas
galaxies, as perhaps the low-mass galaxies have neversmtipe
to the red sequence. More detailed investigations of thaxgzd’
star formation histories should help to distinguish betwégese
possibilities.

(© 0000 RAS, MNRASD0Q, 000—-000
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Figure Al. Model isochrones for a simple scenario in which cold gas slapo a red sequence galaxy and initiates some star formeadtivity. The total
mass of stars formed Bx 108 M. Panels show four different star formation histories fer idite burst, including a delta function & 0 Gyr) and delayed
tau models withr = 100 Myr, 300 Myr, and 1 Gyr. Dashed lines indicate the locatiorthef “red sequence” at the times indicated (in Gyr, relativéhe
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Figure A2. Similar to Figurd8, with NUV-K model isochrones.
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Figure A3. HB-mass diagram, similar to Figué 4, with model isochrones.
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