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ABSTRACT

We present measurements of the star formation rate (SFRgipdrly-type galaxies (ETGS)
of the ATLAS®P sample, based owide-field Infrared Survey ExploréWISB 22 ym and
Galaxy Evolution Explorefar-ultraviolet emission. We combine these with gas massés
mated from!2CO and Hi data in order to investigate the star formation efficiendyEBin a
larger sample of ETGs than previously available. We firsalibcate (based owISEdata) the
relation between old stellar populations (traced<atband) and 22:m luminosity, allowing
us to remove the contribution of 22n emission from circumstellar dust. We then go on to
investigate the position of ETGs on the Kennicutt-Schimkd) relation. Molecular gas-rich
ETGs have comparable star formation surface densitiesnmalcspiral galaxy centres, but
they lie systematically offset from the KS relation, haviager star formation efficiencies by
a factor of=2.5 (in agreement with other authors). This effect is drikkgrgalaxies where a
substantial fraction of the molecular material is in theéngspart of the rotation curve, and
shear is high. We show here for the first time that althougimtimber of stars formed per unit
gas mass per unit time is lower in ETGs, it seems that the ahafistars formed per free-
fall time is approximately constant. The scatter arounsl tlyinamical relation still correlates
with galaxy properties such as the shape of the potentidierirtner regions. This leads us
to suggest that dynamical properties (such as shear or ¢halgdtability of the gas) may be
important second parameters that regulate star formatidicause much of the scatter around
star-formation relations.
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1 Introduction

Star formation is a fundamental process, responsible for co
verting the soup of primordial elements present after tigeblaing
into the universe we see around us today. Despite this, eletidt
rages about the way star formation proceeds, and the rosayif
that environment plays in its regulation. For instancehhigdshift
starbursts seem to convert gas into stars much more effictban
local disc galaxies (Daddi et al. 2010; Genzel et al. 2018)s Th-
creased efficiency may be explained by a change in gas piepert
(e.g the high fraction of gas at high volume densities inbstests),
or may be an artefact of the imperfect methods we have of astim
ing star-formation rates, and tracing molecular hydrogéanzel
et al. 2012).

Atomic gas is present irr32% of early-type galaxies (ETGs;
Bottinelli & Gouguenheim 1977; Knapp, Turner & Cunniffe 38
Morganti et al. 2006; di Serego Alighieri et al. 2007; Grossal.
2009; Oosterloo et al. 2010; Serra et al. 2012), dust®9% (Col-
bert, Mulchaey & Zabludoff 2001; Smith et al. 2012; Agius &t a
2013), and molecular gas in 22% (Combes, Young & Bureau 2007,
Welch, Sage & Young 2010; Young et al. 2011, hereafter Paper |
Low level residual star formation has also been detectesligir
studies of UV emission (e.g. Yi et al. 2005; Kaviraj et al. 200
Salim & Rich 2010; Wei et al. 2010), optical emission linegy(e
Crocker et al. 2011) and infra-red emission (e.g. Knapp.€tQd9;
Combes, Young & Bureau 2007; Temi, Brighenti & Mathews 2009,
hearafter T09; Shapiro et al. 2010).

Typically ETGs have much smaller fraction of molecular gas
to stellar mass than spirals. This average fraction appeade-
crease with increasing galaxy bulge fraction (Cappellariale
2013a, hereafter Paper XX; see also Saintonge et al. 20h1y. T
suggests a connection between bulge formation and galatcu
ing, as also suggested by optical studies (Bell et al. 20H@yv-
ever the decrease of the molecular gas fraction does not teeleen
the only factor making ETGs red. In fact, even at fixed gas-frac
tion, molecule-rich ETGs form stars less efficiently thanmal
spirals, and very much less efficiently than high-redshdttsurst
galaxies (Saintonge et al. 2011, 2012; Martig et al. 2018e-he
after Paper XXII). Such a suppression would help explain bbw
jects in the red sequence can harbour substantial cold ge/oérs
for a long period of time, without becoming significantly bluA
similar suppression of star formation may also be ongointhén
central parts of our own Milky Way (Longmore et al. 2013), sug
gesting this may be a general process in spheroids and/seden
stellar environments. The physics of whatever processusicg
this suppression of star formation is, however, unknowre déep
potential wells of these objects could hold gas stable agaiol-
lapse (dubbed ‘morphological-quenching’; Martig et al02)) or
strong tidal fields and streaming motions could pull clougara
(e.g. Meidt et al. 2013; Kruijssen et al. 2013), loweringdbhserved
SFE.

In this work we use data from the ATLAS project to investi-
gate if local ETGs do display a lower SFE than local spiratsl, i&
so what may be driving this suppression. ATLESis a complete,
volume-limited exploration of local<42 Mpc) ETGs (Cappellari
et al. 2011a, hereafter Paper I). All 260 ATLASsample galaxies
have measured total molecular gas masses (or upper limots; f
IRAM 30m CO observations presented in Paper IV).rHasses are
also available for the northern targets (from Westerborkti$gsis
Radio Telescope, WSRT, observations; Serra et al. 2012after
Paper Xlll). To estimate the SFR in these objects, we utdisi
from theWide-field Infrared Survey ExploréWISE Wright et al.

2010) all sky survey at 22m, and from theGalaxy Evolution Ex-
plorer (GALEX) in the far ultraviolet (FUV).

Section 2 presents the data we use in this work, and describes
how derived quantities are calculated. Section 3 presemt®esults,
where we investigate the 22m emission from CO non-detected
ETGs, and the star formation activity in objects with a cdkMi.
Section 4 discusses these results, and what we can learhsthou
formation and the evolution of ETGs. Section 5 presents ouor ¢
clusions.

2 Data

In this paper we consider the ATLAS sample of ETGs. This
sample was carefully selected based on morphology to iectwe
ery early-type object (brighter than -21.5 ffi-band) visible from
the William Herschel Telescope, out to a distance of 42 Mpd,ia
thus a complete, volume-limited sample. More informationtloe
sample selection can be found in Paper I. In this work we clemsi
two sub-samples, those galaxies with a detected molecsilthat
can provide fuel for star formation (from Paper V), and thasth-
out. Here we consider entire galaxies in an integrated nra#ne
spatially-resolved star-formation analysis will be prese in a fu-
ture work. To estimate the star formation efficiency in thebe
jects, we require both molecular and atomic gas massesrsrat
obscured and un-obscured star formation, and sizes foetiens
concerned. We describe below how these were obtained.

2.1 Molecular gas masses

The CO(1-0) and CO(2-1) lines were observed in every galaxy i
the ATLAS®® sample at the IRAM-30m telescope, and 56 objects
were detected (for full details see Paper 1V). From thesembs
vations we have estimated molecular gas masses for thetelbtec
galaxies, using a Galacti¥co factor of 3x10%° cm™2 (K km

s~ H~! (Dickman, Snell & Schloerb 1986). We return to discuss
this assumption later, but as ETGs usually have high stelktal-
licities such a value is a priori reasonable. Making thisiagstion,

we found molecular gas reservoirs with masses betweéran@
10”5 My, as tabulated in Paper IV. We were also able to place
limits on the amount of molecular gas of CO non-detectedatbje
finding upper limits between £aand 16 M, (for objects at differ-
ent distances).

These observations were single pointings at the galaxy cen-
tres, with a beam size a£22’ for the CO(1-0) transition (used to
calculate the molecular gas masses). In some objects thecmol
lar gas distribution was later shown to be more extended tihan
30m telescope beam (see Davis et al. 2013a, hereafter Péger X
for an analysis of the total molecular gas extent in theseab).

In these cases, we use total interferometric CO fluxes froat-Al
alo et al. (2013, hereafter Paper XVIII). In principle it isgsible
that these interferometric observations resolved out sEmission,
which would make our CO masses lower limits. The correction
for molecular material outside the beam of our single-dishen-
vations is much more significant, however, and so we consider
better to use the interferometric fluxes where possible.h&sGO

is not generally extremely extended, we do not expect theuamo
of flux resolved out to be large, so this should not affect am-c
clusions. In objects without interferometric observasiowe used
the single-dish CO fluxes to estimate the masses. Our sineatss
(described below) suggest that very few of these unmappiedtsb
have extended gas reservoirs, so these 30m telescope sraasts
are unlikely to miss substantial amounts of molecular niter
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2.2 Atomic gas masses

As presented in Paper Xlll, all ATLA® field galaxies above a
declination of 10 were observed with the WSRT, with a resolu-
tion of ~35". For Virgo cluster objects we take the data from the
ALFALFA survey (di Serego Alighieri et al. 2007), as docurtezh

in Paper XIlII. Most of the molecular discs studied here araltm
than 3%, so we assume that only thellgas mass detected in the in-
nermost beam is important. The central iass used here is listed
in Table Al of Young et al (2013). In many cases the i the
central regions is unresolved. When calculating the coetbigas
surface density we assume that the isl cospatial with the CO. In
galaxies with large H discs (Class "D” in Paper XIlII), we assume
that the Hi disc has a uniform surface density over the entire inner

beam. This is an assumption, but has been shown to be reésonab

in other galaxies, where Hemission saturates in the inner parts of
the discs (e.g. Wong & Blitz 2002; Bigiel et al. 2008). In atife
below a declination of 1Q where we have no Hobservations, we
assume that the Hmass is negligible. We expect this assumption
to be reasonable, given that the other objects we study heralla
molecular-gas dominated in the inner parts.

2.3 22um fluxes

Emission ate20-25um traces warm dust, that is present around hot
newly-formed stars, in the ejected circumstellar matenialnd hot
old stars, and in AGN torii. If one can correct for the emisdimm
old stars (in the absence of strong AGN), th20-25,m emission
can provide a sensitive estimate of the amount of obscusedast
mation in our systems.

Here we use 222m fluxes from theWISEcatalogue (Wright
et al. 2010) all sky data release. We chose to VWM8E 22 um
rather tharSpitzer24 ym observations as th&/|SEdata are avail-
able for every source in our sample, at a reasonably unif@pthd
(and Ciesla et al. 2014 have shown that where multiple measur
ments exist the scatter betwe8pitzer24 ym andWISE 22 ym
fluxes is low). We downloaded th&/ISE22 um catalogue profile
fit magnitudes\W4mprg and aperture magnitude values (parameter
w4gmag from the WISEcatalogue (Wright et al. 2010). The aper-
ture values are calculated using elliptical apertures ddffrom the
position, size and inclination of the galaxy from the Two kbic
All Sky Survey (2MASS Skrutskie et al. 2006) Extended Source
Catalog (XSC; Jarrett et al. 2000), and enlarged bywh8Eteam
to correct for the larger point-spread function of IMSEsatellite.
See theNISEdocumentatioh for full details of these magnitudes.
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2.4 FUV fluxes

FUV light is emitted primarily by young O and B stars, and henc
traces star formation activity over the lasD.1 Gyr. In the most
massive and old ETGs, the UV-upturn phenomenon is obseived,
which additional FUV light is emitted by an older populatioh
stars (likely post-asymptotic giant branch stars; Yi 20B8reau
et al. 2011). The light from this phenomenon is diffuse,dafing
the old population, and is energetically unimportant if revew-
level star formation is present (Yi et al. 2005). Thus we dbexe
pect this phenomenon to substantially affect measurenuodrsisr
formation derived from FUV in this work. If it were to have afi e
fect, however, it would formally make our star formationiesttes
upper limits.

FUV magnitudes for the star-forming galaxy sample used in
this work were obtained from th€ ALEX catalog server, release
GR7. Where multiple observations of the same target existalw
ways used the deepest observation. These magnitudes exetedr
for foreground extinction assuming the Milky Way E(B-V) val
ues from Schlegel, Finkbeiner & Davis (1998) scaled to U\hgsi
Aruv = 8.24 E(B-V) (Gil de Paz et al. 2007). The FUV flux mea-
sured for each object (and its error) is listed in Table 1. Me¢hod
used to calculate star formation rates is discussed in(Be8tR.

2.5 Source sizes

To estimate the mean surface density of gas and star fonmtatio-
ers, one needs to know the total area over which they ardéxlittd.
For most of the objects in our star-forming sample, the aagabe
directly estimated from the size of the molecular gas reseseen
in our interferometric CO observations. This size is listedol-
umn 3 of Table 1 in Paper XI¥ The typical gas reservoir is found
to have a radial extent a£1 kpc. In Paper XIV we also present a
‘beam corrected’ size for the CO reservoirs, but as such eess
is intrinsically uncertain we here choose to use the obsemvea-
sured extents (making our adopted sizes formally uppetd)nif at
our resolution the gas appears to be in a disc, the area isatstl
assuming the gas is in a flat circular disc, with a diameteergiv
by the observed major-axis length. Where our observatiensat
rings of gas (either spatially or in velocity space; see PaQ¥
and Paper XVIII), the rings are assumed to have a radial wifith
200 pc. This is an assumption based purely on the size ofrtgs ri
that are visible in optical images in some well-resolvecesgg.g.
NGC 4324). If the molecular rings were smaller, the surfaee-d
sity of gas used would be underestimated. The galaxies ishwhi

As some of our sources are (marginally) extended compared to W& make this correction are NGC 2685, NGC 2764, NGC 3626,

the WISEbeam, and the profile fit magnitudes are known to under-
estimate the true flux for extended sources, we prefergntisé the
aperture flux values (parameterigmag. In CO-detected objects
we verified that the apertures used in the catalogue are sllaeyer
than the CO distribution. In a few objects (usually the maat-s
forming objects with compact gas reservoirs) the profile figmi-
tudes retrieve more flux, and so we instead use theseproval-

ues. The 22um fluxes we measure for each object (and the respec-

tive errors, as listed in the catalogue) are listed in Tablerlour

NGC 4324 and NGC 5866.

For those objects where only single-dish molecular gas data
exist, we estimate the area of the star-forming regionsgusa
solved images of gas and/or star-formation tracers. Invthik we
estimate the size of these regions using the highest resoluacer
available. Where possible we ubkibble Space TelescogElST)
images of UV emission, or unsharp-masked optld&8IT images
that pick out patchy dust (that has been shown to be almostyalw
cospatial with the cold gas, occasionally slightly moreeexied;

CO detected sample. For the CO non-detected sample we a|\,\,aySPaper XVIII). WhereHST observations are not available, we use

use the aperture magnitudes, and list the derivegt@auminosi-
ties in Table Al. The method we use to calculate star formatio
rates while removing the contribution of old stars is disaasin
Sections 3.1 and 3.2.

t http://wise2.ipac.caltech.edu/docs/release/allslagcessed 30/05/13
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the size of the FUV-emitting region, as estimated frGALEXim-
ages (resolution=6"), the size of strong Balmer line emitting re-
gions in ourSAURON integral field unit observations (resolution

1 Inthe published version of Paper XIV the size entries foesg\galaxies
were incorrect. We here use the corrédto values of 20 for NGC4150
and 21’2 for NGC4526
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Figure 1. 22 pm WISE luminosities of the ATLASP galaxies plotted
against theirKs-band luminosities. Blue circles are galaxies with detécte
molecular gas; red circles are those ETGs without a deteatdecular ISM.
The best-fit to the ATLASP galaxies without a detected molecular ISM is
shown as a black solid line. The typical error on each poishiswn in the
bottom-right corner of the plot.

~1-2"), or the size of the 24im emission inSpitzerimages (res-

molecular gas show no clear correlation between thepir@2mis-
sion and stellar luminosity, but always lie above the meaation

of the CO non-detected galaxies for any given stellar lusityp
strengthening our suspicion that the bulk of thein22 emission is
star-formation related. Some galaxies in our CO non-detesam-
ple (10%) also lie well above the relation formed by the majority
of the CO non-detections. Some these galaxies lie systeafigti
at the edge of our survey volume, where our molecular gas-dete
tion limit is highest, and are thus likely star-forming srsis which

lie below our CO detection limit. Others have young stellapp
ulation ages in their central parts (suggesting they may leen
star-forming in the recent past) or have active AGN. We discu
these objects in more detail in Figure 2 and below.

We conduct a robust fit (using the LTISNEFIT§ routine de-
scribed in Cappellari et al. 2013b; hereafter Paper XV) temeine
the mean amount of 22m emission caused by old stellar popula-
tions at each stellar mass. The coefficients of the bestéitioel are
shown in Equation 1, and the systems that were considerddrsut
are indicated with a cross in Table A1l. We note that doing & sim
ple fit including all the outliers (that are likely star-foimg) would
slightly change the slope of the derived relation, but wawdtalter
our conclusions.

L22 m,passive
log (L

Lk
= (1. .04) L — 4 46)(1
e ) (1.00£0.04) log ( T )+(30 520.46)(1)

In order to estimate the amount of 22h emission arising ex-

H ~ R H . ) )
olution =~6"). The source sizes we measure, and the data these ar%luswely from star formation in our CO detected sample, wie-s

based on, are listed in Table 1. We include the additionatamty

in size coming from the limited spatial resolution of sometadse
data, as shown in Table 1. We use these source sizes to @sgimat
the surface densities of both star formation and gas tracers

3 Results

3.1 22um emission from CO non-detected ETGs

As discussed above, the hot dust that gives rise tar@2mission
from galaxies occurs both in the birth clouds around newtyned
massive stars and in the circumstellar ejecta of old st&3%siudied
the 24, m emission of 18 CO non-detected elliptical galaxies from

the SAURON galaxy sample (de Zeeuw et al. 2002; a subset of the

sample studied here). They found that the; 24 emission from
these objects correlates well with th&-band luminosity (a proxy
for stellar mass), as would be expected from emission froml@én
stellar population.

tract off the contribution of the passive stellar populasi¢follow-
ing T09):

@)

where Lez;m,passive IS Obtained from the tota1 luminosity via
Equation 1.

For CO non-detected galaxies, the scatter around the best-fi
relation in figure 1 is largex0.4 dex), larger than the expected un-
certainty in either luminosity. We searched for an astreptal ex-
planation for this intrinsic scatter. Galaxies with no a#tel molec-
ular ISM that have large Hdiscs, clouds or disturbed Hdistri-
butions do not show any enhancement irg22 emission over and
above that expected for a passive population. Galaxies smitll
H 1 discs do lie above our best-fit relation for CO non-detected o
jects, consistent with having some small but non-negligitbn-
tribution from star formation at 22m, but as only two cases are

L22/,Lm,SF = L22p,m,obs - L22/,Lm,passive7

We here reproduce such a correlation in Figure 1, but using present in our sample these objects do not drive the intrtsitter

22 um WISEluminosities for all 260 galaxies of the ATLAS sam-
ple. Our sample galaxies that contain no detectable ma@et8M

are shown as red circles, while molecular gas-rich objeetsizown

in blue. A typical error bar is shown in the bottom-right cerrof

the plot. TheKs-band luminosity of each object has been estimated
from its 2MASS K-band magnitude, assuming that the absolute
magnitude of the Sun as-band is 3.28 mag (Table 2.1 of Bin-
ney & Merrifield 1998). To be consistent with the other pagars
this series, we use thE; 1o1a1 Magnitude (parameteri_ext from

the 2MASS catalogue; Jarrett et al. 2000; Skrutskie et @60
as tabulated in Paper |. The$é, (ota1 Magnitudes are measured
over large apertures, to include the total flux from the galasing

the techniques developed in Kron (1980) and curves-of-tir¢see
Jarrett et al. 2000 for further details). Distances to thysdaxies are
given in Paper |. Th®VISEand 2MASS luminosities we derived for
the sample objects are listed in Table Al.

Our CO non-detected galaxy sample shows a clear correlation

with galaxy luminosity, but with a significant scatter. Gaés with

observed.

When controlling for stellar luminosity, the offsets abaued
below the line defined in Equation 1 for the CO non-detected-sa
ple do not correlate with stellar kinematic quantities (Kowic
et al. 2011; Emsellem et al. 2011), ionised-gas quantitiesea-
sures of galaxy environment (Cappellari et al. 2011b).I&telop-
ulation age (or equivalently the strength ofldbsorption; McDer-
mid et al., 2013) does show a weak trend (Figure 2, left pairel)
that the systems with the youngest4 Gyr) mean stellar popula-
tions (detected in any aperture) tend to lie above the besté-
tion (likely due to a larger number of AGB stars, that are im@iot
sources of dust creation from a stellar population). Howtgwevast
majority of galaxies in our CO non-detected sample are dataih
by older stellar populations, and the residuals around fimua do
not correlate with age beyond 4 Gyr. Mathews et al. (2013hdou

§ available at http://www-astro.physics.ox.ac.uk/ mxéfits

(© 2012 RAS, MNRASDOQ, 1-16
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Figure 3. Comparison of SFRs derived usifgISE22 xm emission only,
and WISE 22 ym combined withGALEX FUV emission for our star-
forming galaxy sample. The solid line shows the 1:1 relatmguide the
eye.

that the metallicity of the stellar population is an impaottdriver
of the scatter in this relation at fixed mass. With a largergam
of objects we are unable to reproduce this trend (Figure iree
panel).

Our CO non-detected galaxy sample does not contain many

strong active galactic nuclei (AGN), but lower luminosityatear
activity could contribute to the scatter seen in Figure 1 tfes
torus region of an AGN emits in the mid-infrared; e.g. Rujga

Star formation suppression in ETGs 5

observations, but the bandpasses ofShazer24 ym andWISE22

pm filters (and the SEDs of galaxies in this region) are suffittye
similar that the error induced by usiVgISE22 pm measurements
should be minimal. Importantly, the star formation caltimas we

use are both based on tBeitzerinfrared Nearby Galaxies Survey,
and thus should be internally consistent. Using a SFR egiimda-
rived specifically forWISE 22 um data but not calibrated on the
same galaxy sample, such as that by Shi et al. (2012), would no
change the conclusions of this paper.

When using 22um fluxes in either of these two conversions
considered we first remove the emission from the passiveteld s
lar populations (using Equations 1 and 2, as discussed pliowe
CO-detected object falls below the correlation in Equati®rand
2 (NGC2768), suggesting it has low amounts of obscured SF, an
thus the 22um band is dominated by emission from old stellar pop-
ulations. We remove this object from our analysis of;28 SFRs
from this point on, but do include this object in the combirgi
um + FUV relations, by assuming its 22n flux is zero (and hence
all the star-formation is unobscured).

For each galaxy in our star-forming sample, we list both SFRs
we estimate in Table 1. The errors in these SFRs are estimated
through propagation of the uncertainties in the input dtiast
and these are also listed in Table 1. The SFRs estimated frem t
22 ym emission alone agree well within the errors with those es-
timated from FUV emission combined with 22n emission (see
Figure 3). The ratio of the SFRs derived with and without the
FUV does not show any correlation with galaxy mass, confirm-
ing that the UV-upturn phenomenon is not adversely affectire
UV-derived SFRs. The ratio of these two star-formationgatey
weakly depend on the star-formation rate itself (the bestefa-
tion with a fixed intercept between these two indicators hsisge
of 1.03+0.02), but more data would be needed to confirm if this
low significance trend is real. Overall, the agreement betwbese

et al. 2010). The 31 galaxies in our CO non-detected sampte th SFRs suggests ETGs have ratios of obscured and unobscared st

have radio cores in the Faint Images of the Radio Sky at Twenty

Centimeters (FIRST) survey (Becker, White & Helfand 1996) d
tend to lie above our best fit-relation (see Figure 2, righigba Re-
moving galaxies with radio cores does not substantiallgcafour
best-fit (Equation 1). Almost all the X-ray-bright AGN idéied in
our sample (by Sarzi et al. 2013) also have a molecular IS¥heso
do not contribute to the scatter discussed here. The preséicen-
tral ionised-gas velocity dispersion peaks often coreslatith low
level nuclear activity (Sarzi et al., in prep), but we do ne¢ any
clear trend in the residuals of galaxies with such an entraanée

3.2 Star-formation rates

Many different conversions exist to convert an observed ifiua
given waveband to a SFR. These are primarily empirical aenve
sions, often based on observations of nearby galaxies.is€eney
between SFR estimates made using different tracers is thiys o
likely if the conversions are calibrated against the sarhefssam-
ple galaxies. Here we use the results of Calzetti et al. (R0O7
estimate SFRs from our measured 2@ fluxes. We also use a
combined relation from Hao et al. (2011) to estimate the SBRIf
WISEandGALEXdata together. This combined relation extinction
corrects th&sALEXfluxes, using the total infrared to FUV luminos-
ity ratio (IRX) method. This extinction correction is verpportant,

formation similar to those of spiral galaxies.
3.2.1 Literature Comparison

As part of the ATLASP survey, we have also estimated SFRs in
some of these objects fro®pitzerobservations of (non-stellar) 8
pm emission (Falcon-Barroso et al, in prep; including thdiema
results of Shapiro et al. 2010).

Twenty-three of our molecular gas-rich sample h&pstzer
measurements. The scatter between tpen8and 22;m measures
of star formation is larger than that between the twqu@2-based
measures discussed above, but generally the agreemenbds go
with a scatter o&~0.4 dex. The &m SFRs were estimated using
the calibration of Wu et al. (2005), that is based upon a aiffe
galaxy sample, and this may be the cause of the larger scatter

3.3 Kennicutt-Schmidt relations

Star-formation relations are usually given with respectstar-
formation rate and gas surface densities, Lerr < Xy mo,
wheren is some power-law exponent. This is physically motivated
by theoretical predictions that star formation depends as \@l-
ume density (e.g. Schmidt 1959), and additionally removes t
distance dependence of the relation. For a sample of loaal st
forming spiral and starburst galaxies, Kennicutt (1998&ré¢after

as without it FUV SFRs can be underestimated by half an orfler o K98) foundrn = 1.4 (the so-called Kennicutt-Schmidt relation), as

magnitude (see Hao et al. 2011 for full details). This allow$o es-
timate the contribution from both obscured and unobscussdar-
mation (based on a Kroupa initial mass function, IMF, bufsige
1 Gyr). Both of these calibrations are formally for 24n Spitzer

© 2012 RAS, MNRASD0Q, 1-16

shown below after correction to a Kroupa (2001) IMF:

logy (Ssrr) = (1.4 £ 0.15) log, o (Surrm,) — (3.76 £0.12), (3)
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Table 1.Properties of the star-forming ETG sample used in this work.

Galaxy Area  Source  loBHriH, Tdyn ¢ Fooum Fo2,m,corr Fruv ESFR,22um  BDSFR,FUV+22um
(kpc®) (Mo pc?) (Myr) (mJy) (mJy) {uJy) (log Mg yr=" kpc™?)
(1) (2 3 4) 5) (® ) (8) 9) (10) (11)
1C0676 2.514+ 0.83 PXIV 2.31+ 0.22 66.1 8.1 550.0 545% 3.7 238+ 4.1 -0.51+0.19 -0.46+ 0.18
1C0719 10.3kt 2.04 PXIV 1.33+0.17 51.5 14.3 58.7 5348 04 652+ 27.6 -1.68+0.14 -1.76+ 0.12
1C1024 4.29+ 1.02 PXIV 2.24+ 0.19 63.2 8.4 339.1 3368 1.9 652+ 8.6 -0.91+ 0.15 -0.93+ 0.14
NGC0509 3.8 1.36 24m 0.90+ 0.23 776 182 5.7 3.8 0.2 2+ 0.8 -2.20+0.20 -2.544-0.23
NGC0524 3.76+ 0.97 PXIV 1.394+ 0.19 18.3 13.7 51.5 2& 1.9 239+ 7.5 -253+0.31 -2.36+ 0.15
NGC1222 1.63+ 0.92 PXIV 3.12+0.31 65.8 51 1824.6 18200 17.7 2178+ 17.8 0.304+ 0.29 0.55+ 0.29
NGC1266 0.03+ 0.01 All 4.76+ 0.16 16.8 2.0 734.4 7288 5.3 22+ 4.2 1.27+ 0.11 1.73+0.13
NGC2685 0.93+ 0.35 PXIV 1.664 0.23 20.4 118 53.3 374 0.9 2066+ 10.3 -1.35+0.21 -1.03+0.20
NGC2764 8.63+ 0.33 PXIV 2.46+ 0.15 119.7 7.4 300.0 2958 1.8 473+ 20.4 -0.81+ 0.10 -0.82+ 0.08
NGC2768 1.48+ 0.57 PXIV 1.47+ 0.24 12.9 13.1 51.7 -39 1.8 377+ 9.0 - -1.944- 0.20
NGC2824 7.80+ 2.44 PXIV 2.03+0.21 37.6 9.5 74.9 719 04 78+ 7.4 -1.264+0.18 -1.38+ 0.17
NGC3032 4.85+ 1.01 PXIV 1.82+ 0.18 56.4 10.7 136.9 1324 0.5 1124+ 6.7 -1.33+0.14 -1.37+ 0.13
NGC3073 0.94 0.69 FUV 2.15+ 0.37 35.8 8.9 8.9 7.2 01 309+ 1.3 -1.49+0.36 -1.27+ 0.35
NGC3156 4.23+ 0.96 PXIV 1.04+ 0.18 645 16.8 14.3 92 0.3 147+ 1.7 -2.21+0.15 -2.37+0.13
NGC3182 5.79% 1.76 PXIV 1.664+ 0.21 39.2 11.8 331 274 0.3 5244+ 21.2 -1.62+0.18 -1.61+ 0.17
NGC3245 0.09t 0.01 HST 2.30k0.15 4.3 8.1 184.0 158% 1.2 173+ 4.6 0.09+ 0.10 0.294+ 0.08
NGC3489 0.50+ 0.18 PXIV 1.58+ 0.22 18.3 123 108.0 67F 1.3 626+ 13.7 -1.19+ 0.20 -1.19+ 0.19
NGC3599 0.05k 0.01 HST 2.7 0.15 8.7 6.4 33.6 314 0.3 9+ 0.9 0.16+ 0.11 0.3640.10
NGC3607 8.14+ 1.36 PXIV 1.594+ 0.17 242 123 105.9 385 2.1 707+ 5.4 -2.00+0.13 -2.09+ 0.11
NGC3619 1.60+ 0.72 PXIV 2.36+ 0.26 10.0 7.9 45.9 28% 0.7 687+ 7.7 -1.46+0.24 -1.37+0.23
NGC3626 1.5 0.08 PXIV 2.26+ 0.15 35.8 8.4 166.7 1564 1.0 - -0.71+0.10 -
NGC3665 8.84f 2.10 PXIV 2.16+ 0.19 25.7 8.8 138.9 554 1.2 181+ 12.8 -1.91+ 0.15 -2.15+0.14
NGC4036 1.94 0.73 FUV 1.84+ 0.23 16.3 10.6 60.0 4146 0.8 256+ 4.7 -1.11+0.20 -1.13+ 0.20
NGC4111 0.49t 0.22 HST 1.7+ 0.26 171 114 96.7 845 1.0 210+ 3.7 -0.59+0.24 -0.53+ 0.23
NGC4119 1.55+ 0.44 PXIV 1.95+ 0.20 38.5 10.0 47.2 292 1.2 82+ 11.0 -1.73+0.17 -1.93+ 0.17
NGC4150 1.32+ 0.33 PXIV 1.71+ 0.19 41.7 11.5 72.7 67% 05 109+ 2.4 -1.29+0.15 -1.41+0.14
NGC4203 0.32+0.18 24m 2.04+0.31 8.9 9.5 79.9 354 1.2 546+ 12.6 -1.17+0.29 -1.09+ 0.28
NGC4283 0.28+ 0.17 Fuv 1.664+0.34 105 11.8 10.6 22 0.3 72+ 3.6 -2.03+0.32 -2.014+0.31
NGC4324 1.92+ 0.06 PXIV 1.694+ 0.15 79.8 11.6 46.9 30% 0.8 405+ 22.9 -1.76+ 0.10 -1.84+ 0.08
NGC4429 0.98t 0.35 PXIV 2.40+ 0.23 11.9 7.7 190.2 1234 5.1 4644 28.8 -0.98+ 0.20 -0.99+ 0.19
NGC4435 0.5# 0.27 PXIV 2.30+ 0.27 8.1 8.2 1119 69.% 2.7 209+ 4.7 -0.98+ 0.25 -1.01+ 0.24
NGC4459 1.94 0.48 PXIV 1.96+ 0.19 11.4 9.9 142.3 9748 2.2 418+ 6.9 -1.294+0.15 -1.36+ 0.14
NGC4476 2.65+ 0.61 PXIV 1.63+0.18 36.5 12.0 30.3 2338 0.2 149+ 45 -1.93+0.15 -2.13+0.14
NGC4477 0.28+ 0.19 PXIV 2.10+ 0.36 5.6 9.2 44.6 10& 15 408+ 7.2 -1.35+0.34 -1.13+ 0.33
NGC4526 2.22+ 0.52 PXIV 2.24+ 0.18 14.9 8.4 349.9 2614 8.4 658+ 7.0 -1.00+ 0.15 -1.04+ 0.14
NGC4596 1.16+ 0.37 24m 1.274+0.22 0.8 147 39.8 4.2 19 330+ 6.5 -2.21+0.25 -1.98+ 0.18
NGC4643 0.85+ 0.33 FUV 1.34+£0.24 0.7 14.1 87.6 489 1.6 31+ 89 -1.254+0.21 -1.37+0.24
NGC4684 0.38+ 0.17 FUV 1.63+ 0.26 22.8 12.0 247.7 2388 1.0 977+ 9.5 -0.41+0.24 -0.29+ 0.23
NGC4694 1.00t 0.35 PXIV 2.06+ 0.22 73.0 9.3 112.0 974 0.8 778+ 8.7 -1.23+0.20 -1.244-0.19
NGC4710 2.9# 0.07 PXIV 2.61+ 0.15 91.5 6.8 416.1 3838 4.6 108+ 15.7 -0.96+ 0.10 -1.03+ 0.10
NGC4753 4.76+ 1.07 PXIV 2.02+0.18 33.4 9.6 250.5 1108 4.3 100+ 7.6 -1.57+0.15 -1.76+ 0.14
NGC5173 4.58+ 1.76 FUV 2.04+ 0.24 41.1 9.5 18.1 8% 0.2 518+ 6.9 -2.23+0.21 -2.09+ 0.20
NGC5273 0.85k 0.32 24m 1.3840.23 21.7 13.8 83.9 81F 0.5 161+ 3.5 -0.48+0.21 -0.404+ 0.20
NGC5379 4.85+ 1.43 FUV 1.84+0.20 131.2 10.6 39.3 308 0.3 245+ 139 -2.05t 0.17 -2.26+ 0.16
NGC5866 2.39k 0.05 PXIV 2.38+0.15 58.7 7.8 225.7 21045 1.4 495+ 7.8 -0.67£0.10 -0.644 0.08
NGC6014 3.7H1.53 PXIV 2.20+ 0.25 19.1 8.6 130.0 105& 0.7 430+ 18.7 -1.574+0.22 -1.72+ 0.21
NGC6798 0.69t 0.55 FUV 2.45+ 0.41 13.4 7.5 14.5 8.2 0.3 17+ 6.6 -1.23+0.40 -1.33+ 0.43
NGC7465 10.42+ 2.04 PXIV 2.15+ 0.17 64.0 8.9 313.3 3102 1.8 - -0.88+0.14 -
PGC016060 1.22-0.04 H3 2.184+0.15 25.3 8.8 23.2 188 0.2 - -1.314+0.10 -
PGC029321 3.9%1.73 PXIV 2.02+ 0.26 45.1 9.6 342.6 341F 2.5 - -0.47£0.23 -
PGC056772 0.9% 0.83 FUv 2.214+0.44 28.2 8.6 124.2 122F% 0.6 37+ 6.2 -0.36+0.43 -0.28+ 0.43
PGC058114 1.12 0.55 PXIV 2.70+ 0.28 1.8 6.5 504.8 50238 3.0 115+ 13.2  -0.26+ 0.26 -0.16+ 0.25
PGC061468 5.1%1.75 H3 1.284+0.22 574 146 15.3 142 0.2 - -1.784+0.19 -
UGC05408 1.26+ 0.43 PXIV 2.53+ 0.22 34.9 7.2 218.0 2168 1.0 878+ 9.7 -0.17+0.19 0.014 0.18
UGC06176 1.87 0.47 PXIV 2.64+ 0.19 10.2 6.7 232.7 2308 1.4 - -0.36+ 0.15 -
UGC09519 2.52+ 0.98 PXIV 2.41+ 0.24 25.0 7.7 30.4 27% 0.2 - -1.45+0.21 -

Notes:Column one lists the name of the galaxy. Column 2 containsitba of the star-forming region, estimated from the sousted in Column 3. PXIV
refers to Table 1 of Davis et al. (2013a), Al1 refers to Atatet al. (2011), I8 refers to a size calculated from the Balmer line emittingaegisible in
SAURON observations. Column 5 lists the total gas surfacsitiederived from the bl and HI masses of these objects, as described in the text. Colursts5 li
the dynamical time at the outer edge of the molecular didculzded from the circular velocity of these galaxies as$ tlaidius (see Davis et al. 2011b and Paper
X1V). Column 6 contains the local free-fall time of the gaalaulated as in Equation 6. Column 7 contains the obseWksEintegrated 22:m flux density

of the object, before correction for circumstellar emissiG@olumn 8 contains th&/ISEintegrated 22um flux density corrected for circumstellar emission
using Equations 1 and 2. Column 9 contains the integrated fil/density of the object, after correction for Galacticiegtion (Schlegel, Finkbeiner &
Davis 1998). A dash in this column indicates that no measenesrare available. Column 10 contains the logarithm of #ie Surface density estimated using
the equation in Calzetti et al. (2007), after correctiondiocumstellar emission. Column 11 contains the logarithrthe SFR surface density estimated from
corrected 22:m fluxes andSALEXFUV photometry, using the relation from Hao et al. (2011). © 2012 RAS, MNRASO00, 1-16
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Figure 2. Residuals around the best-fit line from Figure 1 plotted amatfon of galaxy properties, for the CO non-detected ATERETGs. The left panel
shows residuals versus the age of the stellar populationeigalaxy, measured within a one effective radius apertdeDérmid et al., 2013). The vertical
dashed line in this panel is a guide to the eye at a populatierné4 Gyr (as discussed in the text). In the centre paneleiduals are plotted as a function
of the central metallicity of the galaxy (measured in an Regd8rture; using aperture values with one effective radimgidvnot change our conclusions). The
right panel shows the residuals against Hieband luminosity of the galaxy, as measured for Figure 1.Sdiel black line is our best-fit relation from Figure
1. Red circles denote galaxies which have a compact rad® aod black circles those without. Open circles show objet are not in the FIRST survey

volume.

where Sspr is in units of My yr=' kpc™? and Surim, is in

units of M, pc2. A value of n greater than unity implies that
the star-formation efficiency (SFE; where SEESFRM,.s) in-
creases in high column density clouds. Other works studgtag
formation within spatially-resolved regions in nearbyrapgalax-

ies suggest a constant SFE (re.~ 1; Young & Scoville 1991;
Young et al. 1996; Bigiel et al. 2008). We compare our ETGS to
both the Kennicutt-Schmidt relation and the constant SH&ion

of Bigiel et al. (2008, hereafter B08) in Figures 4 and B1.

In addition to the controversy surrounding the slope of the
Kennicutt-Schmidt relation, it seems that high-redshtéirisurst
galaxies form more stars per unit gas mass than their loal an

total CO flux and directly-measured molecular gas resesioés.
Figure 4 also shows the star-formation relation of K98 asue bl
line, with the I error region shaded in grey. The best fit to our
data points is shown as a solid red line, while the best fit with
slope fixed to that found by K98 is shown as a dashed red line. Th
coefficients of these fits are shown in the figure legends, encea
produced in Table 2. Figure B1 is analogous to Figure 4, wiéh t
constant SFE relation of BO8 shown for comparison (rathan th
K98).

Figure 5 shows our ETGs and the spiral and starburst galaxies
of K98 on the same plot for comparison. We show only the gakxi
from this work with CO interferometry available, and use SkR-

logues (e.g. Daddi et al. 2010; Genzel et al. 2010, hereafter rived from the combination dVISEandGALEXdaya. We also in-

D10+G10). This has led to the suggestion that two differeft S
regimes exist: a long-lasting mode for discs (evolving &aty)
and a more rapid mode for rapidly star-forming high-redsbid-
jects (with major mergers and/or dense SF regions). Wefigads
where our sample of ETGs falls with respect to these two SFasiod
in this Section.

Figure 4 shows the surface density of star formation (ddrive
using 22um emission only in the top row of panels, and the com-
bined FUV+22um calibration in the bottom row), plotted against
the surface density of Hand Hi in our Hx-rich galaxy sample (cal-
culated as described in Section 2). We do not show plots \uih t
molecular gas only, as these objects are molecule-dondireatd
hence the derived star-formation relations are almosticknThe
plots in the left column show all our sample of+ich ETGs, while
the plots in the right column show only those objects whereitcO
terferometry is available, leading to a better determamatf the

© 2012 RAS, MNRASD0Q, 1-16

clude the ETGs from Paper XXII, where we have spatially-kesb
star formation rates (in radial bins) for 6 of our sample ET¢zd-
culated from non-stellar 8m emission. Our trend based on global
measurements agrees well with the resolved observatiessmpied
in that paper (although the best-fit slope to the PXXII sarmgald

be slightly shallower).

Although generally within the scatter of the original K9&re
tion, it is clear for all indicators that our ETGs have a lowager-
age SFE than both the spiral and starburst galaxies makirigeup
sample of K98 (and thus a much lower SFE than the high-redshif
objects of D10+G10). The left column of plots in Figure 4 (eHi
includes all objects) shows increased scatter, as expgited the
larger uncertainties on the reservoir areas and massethdyustill
suggest that the SFE of ETGs is lower than that of later-typects.
The zero points of the best-fit relations with a fixed slopstéli in
Table 2) suggest a relation offset by a factor of between r2d2s5
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Figure 4. The SFR surface density of molecular gas-rich ATIERSETGs, shown as a function of the gas (atomic and moleculafyceidensity. The bi+

H 1 surface densities are estimated as described in Sectiord2ha SFRs as described in Section 3.2. The data points laavthé fraction of their 222m
emission arising from circumstellar emission removed,escdbed in Section 3.1. The top row shows SFR densitiesateffomWISEdata only, while the
bottom row shows SFRs derived from a combinatiotséfLEXFUV andWISE22 ym emission. Black circles denote galaxies where resolviedferometry

is available from Paper XVIII (allowing better estimatestlo¢ total molecular gas mass and density) and open symbmis gdiaxies for which only IRAM
30m telescope data are available. The left column showskkigs, while in the right column the IRAM points have beemoved to include only our most
reliably-determined data points. The galaxy which appagtke top right of every panel is NGC1266, which hosts a langéecular gas outflow (see Alatalo
et al. 2011; Davis et al. 2012 for more details). We show ipatiels the K98 SF relation (for local spiral/starburst xjas) converted to a Kroupa IMF as a
solid blue line, with its typical scatter indicated as a gsépded area. Our best-fit star-formation relations for Ea®@shown as red solid and dashed lines,
for the relation with a free and fixed slope, respectivelye Tdgend of each plot indicates the fitted slope and interaieihie best unconstrained fit.

from that of K98 (depending on the tracer/sample selectian

a factorx17 from that of the high-redshift starbursts. These mean
offsets are significant at greater thaBcalevel, even given the large
scatter in the observations. Looking at the galaxies iddiily, itis
clear that this effect is dominated by a specific set of objeghose
properties will be discussed further below.

The slopes of our best-fit relations when using only.22 as
a tracer of star formation are slightly shallower than tHatien
of K98, with slopes ofn=1.1%4-0.03 and 1.130.04 (when fitting
all galaxies and those with interferometric data only, eesipely).
These are still steeper than a constant SFE relation, asleartyc
be seen in Figure B1. When using a calibration with both FUV
and 22um fluxes our best fits are steeper, with1.49+0.04 and
1.3140.04, respectively, consistent with the slope found by K98.
B08 suggest that when one investigates star formation iatéedly-
resolved fashion (rather than in an integrated manner as ldere),
one obtains a shallower relation. The slope obtained wiblved
observations in Paper XXIl is indeed shallower (as seen guei
5). However, this result is still the subject of some debatg.(Mo-

mose et al. 2013), and we will investigate this matter furthieen
presenting spatially-resolved star-formation relatiforsall these
galaxies in a future work.

3.4 Elmegreen-Silk relation

An alternative parameterisation of the relation betweeR SRd
gas surface density depends on the dynamical time at theafdge
the star-forming gas dise4,), as shown below (EImegreen 1997;
Silk 1997):

4)

K98 also placed their sample of spiral and starburst gadaotiethis
relation (estimating the radial extent of the gas by findimg édge
of the main Hv or Bry-emitting disc). They found a tight linear
correlation, that is an equally good description of the daiats
as Equation 3. Their best-fit relation is (again after cdioecto a

Kroupa IMF):
-1
- 0.106( ) ( ) ,
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Figure 5. As the bottom-right panel of Figure 4, but showing for refex the spiral and starburst objects of K98 (where the SFRs wadculated from H
emission, and have been corrected to a Kroupa IMF) and thmkpaesolved star formation rates (in radial bins) of 8&s (presented in Paper XXII, where

the SFR was calculated from non-stellarm8 emission).

Table 2. Kennicutt-Schmidt relation fits

2

SF Indicator Sample n c Xiod
log(Mg yr~—! kpc—2)

1) 2 3 4 (5)
22um all  1.204+0.04 —3.58 £ 0.09 6.74
22um all 1.40 —4.01 £ 0.02 7.12
22um PXVIII 1.14 £ 0.04 —3.57£0.10 3.83
22um PXVIII 1.40 —4.15 4+ 0.03 4.66
FUV + 22um all  1.51+0.04 —4.20 £ 0.10 9.90
FUV + 22um all 1.40 —3.96 £0.02 10.02
FUV + 22um PXVIII 1.36 £ 0.05 —4.11£0.11 4.23
FUV +22um  PXVIII 1.40 —4.19 +0.03 4.25
Notes: This table contains the fitted slope and intercept for

th

Kennicutt-Schmidt relations presented in Figure 4 (hereapaterised as

10g10(XsFr)=n 10g10(Zgas) + ¢). Column 1 lists the SFR indicator used,
and Column 2 the sample of galaxies included in the fit. PXY&fers to the

times for our objects are listed in Table 1. Paper XIV has shihat
the molecular gas is dynamically cold and follows well theaiar
velocity profile in the majority of our objects, and hencesthj,,,
measurement should provide good estimates of the dynatimes
within the molecular gas itself.

Figure 6 shows the position of our molecular gas-rich sample
ETGs (red circles) with respect to the ElImegreen-Silk (Ee&jtion
of K98 (as in Equation 5). Also plotted for comparison arespieal
(black circles) and starburst (blue circles) sample of K98.

Our ETGs fall systematically below the E-S relation, with a
large scatter. The best fit to our sample (assuming the saear i
slope as K98) i€srr = 2.96 x 107 Lgas Qgas, SUggesting ETGs
furn ~2% of their gas into stars per dynamical time, a factor of
~6 lower than spiral/starburst galaxies (and high-redsiéftbursts
which are also found to obey the E-S relation; e.g. D10+GIbg

interferometrically mapped sample of Alatalo et al. (20I3)e slope %) and ETGS} fallin the gap betweenlthe spira! galaxies and starbucdei
intercept €) of the best fits are given in Columns 3 and 4. Where the sloge wan this plot, in the same region as spiral galaxy centresh@ss

fixed ton = 1.4 (the best fit value of K98), this is indicated in Column8l@o
error bar is reported on the slope. Column 5 shows the redyéddr each fit,
indicating how well the best fit values represent the obskdata points.

We estimate the dynamical times of our sample galaxies ubimg
ATLAS®P mass models from Paper XV, from which we can ex-
tract a circular velocity ¥zirc) profile as a function of radius, as-
suming a mass-follows-light model (models A of Paper XV)- Al
though our galaxies contain dark matter, as well as stelkttan
this contributes only 13% in median within.Rwhich is generally
larger than the region where we detect CO. This implies that t
total mass profile has a slope very close to that of the steikkri-
bution alone, justifying our use of mass-follows-light netel We
define the dynamical time at the outer edge of the gas disketas-d
mined in Paper XIV) simply ag4yn = 27R/V.irc. The dynamical
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in K98), but they are offset to lower SFRs. The cause of tHiscef
will be discussed further in Section 4.4.

3.5 Local volumetric star-formation relations

An alternative approach to unifying star-formation redas is to
assume that star formation efficiency is set by the localevafithe
gas free-fall time. As discussed in depth in Krumholz, Dék&c-
Kee (2012, hereafter KDM12), such a volumetric star-foiorate-
lation can reproduce observations of both Galactic andgatactic
star forming sources. The local free-fall time that is ratefor star
formation can be calculated in several ways, depending athven
the ISM of the object is assumed to be in small bound unitsh(suc
as giant molecular clouds; GMCs) or a continuous sheet with |
cal density variations. The former is thought to be a moresjuay
model of low-redshift galaxies, while the later is thoughb®ap-
propriate in high-redshift and starbursting sources.
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Figure 6. As the top-right panel of Figure 2, but with the gas surfaaesée
ties divided by the dynamical time (estimated at the outgeeaf the molec-
ular gas disc). Only galaxies with interferometic CO mapslable are in-
cluded. Molecular gas-rich ATLA®> ETGs are the red circles, while the
spiral and starburst objects of K98 are shown in black andresgectively.
The best fit reported in K98 is shown as a black line, and theftiés our
points, assuming the same slope as K98, is shown as a daskedltie in-
tercept of the best fit line corresponds to ETGs turmir9o of their gas into
stars per dynamical time, a factorab lower than spiral/starburst galaxies.
The mean error bar on the ETG data points is shown in the batigim
corner.

The fundamental parameters that vary in the GMC based free-
fall time (tg,cmc) estimate are the gas velocity dispersion and
the observed gas density (see Equation 6 below). No studyeof t
molecular gas velocity dispersion in ETGs currently exigt,Davis
et al., in prep., suggest that this dispersion is low, anelyikimilar
to local spirals which have,.s < 12 km s ! (Caldu-Primo et al.
2013). Assuming this velocity dispersion does not strongly be-
tween sources, the GMC based estimate of free-fall timedast
pends on the gas surface density itself (making this cooredctor
a simple rotation of the points in log-space).

Bl

™ Ogas

tgoMC = —(—m———5
\/g G(EGMC?)Zgaus)i

where G is the gravitational constant,. is the gas velocity dis-
persion (assumed here to be a constant 8 ki as in KDM12),

(6)

u _ L4 °
‘]‘,\ 2 ;_ . E%E—O.Omw,/t,, :
g E e K98 Spiral g.0° :
X F ° K98 Starburst :
T o ]
5 Of -
[°) " h
= o ]
§ —2F 3
£ N h
ES E ]
8 L ]
« C \. ]
& P ]
W —4Ce -
C —= ]

-1 0 1 2 3 4

EHI+H,/t" (Mg PC_2 MY"_i)

Figure 7. As the top-right panel of Figure 2, but with the gas surface
densities divided by the local free-fall time (estimateihgsEquation 6).
Only galaxies with interferometic CO maps available arduded. Our
ATLASSP ETGs are the red circles, while the spiral and starbursiotéjef
K98 (with free-fall times as calculated in KDM12) are showrbiack and
red, respectively. The best fit reported in KDM12 is shown ael@ black
line. It provides a good fit to our ETGs, so we do not plot our ditted
relation. The mean error bar on the ETG data points is showheibottom
right corner.

mass in discreet GMCs (Davis et al. 2013c). The adoptedféiee-
times are listed in Column 5 of Table 1.

Using the free-fall time calculated from equation 6, in Fegyid
we plot our ETGs on the local volumetric star-formation tiela of
KDM12. Also plotted for comparison are the spiral (blackctEs)
and starburst sample (blue circles) from K98 (with fre¢-fiahes
as calculated by Krumholz, Dekel & McKee 2012). Our ETGs fall
onto the relation of KDM12, suggesting that on average tloey c
vert~1% of their gas into stars pévcal free-fall time We discuss
this result further in Section 4.4.

3.6 Dynamical drivers of star formation suppression

The fact that local ETGs do not follow the same relationstep b
tween star formation and gas surface density in Figure 4esigg
that there is some difference in the way star formation prdsen
these objects. Figure 7 suggests this may be a dynamicat,edfe
only when accounting for the relevant local timescale is izarn

Yg4as IS the observed (galaxy average) gas surface density andsal SF relation obtained, where molecule-rich ETGs fornstirae
Yawmc IS the average GMC surface density, which we here assumefraction of stars per free-fall time as nearby spiral andbstst-

is a constant 88/, pc~2, as in Krumholz, Dekel & McKee (2012).

The alternative (starburst) prescription from KDM12 aseam
that star formation is regulated by the dynamical stabdfta con-
tinuous disc of gas, that globally should have a Too@rparam-
eter (Toomre 1964) ok1. In this case the parameters needed to
calculate the free-fall time are the dynamical time (whicttees
the equation linearly), and the logarithmic derivative loé trota-
tion curve (3=553) which enters to the power of -0.5. In objects
where the majority of the gas reaches beyond the turnovereof t
galactic rotation curvg ~0, and the free fall time simply depends
on the dynamical time (as in the E-S star-formation relatiis:
cussed in Section 3.4).

We calculate the local free-fall times for our ETGs using the
relations of KDM12. We find that the GMC estimate (the funatib
form of which is shown in Equation 6) is shorter in all objecad
hence dominant. This is expected, as local ETGs are usually n
starbursts, and have been observed to have most of theicuhaie

ing objects. The obvious difference between ETGs and Iquiedls
galaxies is that they tend to have, deeper, steeper pdteriks.
In this section we investigate if the shape of the potentialedates
with the suppression of star formation discussed above.

In Figure 8 (panel a) we plot the gas depletion time
(=Mgas/SFR = 1/SFE) for those sample galaxies which were
mapped in Paper XVIII, against the extent of the molecular(tgb-
ulated in Paper XIV) normalised by the location of the tureon
the rotation curve of that object (estimated from the JAM siod
circular velocity profiles published in Paper XV, as in Dagtsal.
2011b and Paper XIV). Figure 8 shows that galaxies with lagg d
pletion times (and thus low SFE) have the majority of theilene
ular gas confined within regions where the rotation curvehef t
galaxy is still rising. The rest of the objects, which haverenof
their gas within the flat part of the galaxy rotation curveyénde-
pletion times and star formation efficiencies consisterihwhose
found for normal spiral galaxies<{0.5-1.5 Gyr).

© 2012 RAS, MNRASDOQ, 1-16
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Figure 8. Gas depletion times plotted in panel a) as a function of thengx
of the molecular gas, normalised by the location of the tuen@ the galaxy
rotation curve. The dashed line shows a simple mixing moslelescribed
in the text, where gas depletion times are assumed to be aléitibte in
the rising part of the rotation curve, and0.8 Gyr in the flat part. Panel
b) shows the fraction of the molecular gas mass presentei@turnover
radius. The grey points are galaxies where within our beasse cannot
determine this quantity accurately. The dashed line is degto eye fitted
to the solid points. Panel c) shows the mean logarithmicvdive of the
rotation curve in the inner part of the rotation curve (iesi),cx)-
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We also plot in Figure 8, panel a) a simple mixing model
(shown as a dashed line). This toy model assumes that twipstar
mation regimes exist within early-type galaxies, one wighymow
SFE (which is valid in the rising part of the rotation cuna)d one
with a normal SFE, similar to that found in local spirals (alhnis
valid in the flat part of the galaxy rotation curve). We assuiae
pletion times of 0.8 Gyr for the normal regime, and a Hubbfeeti
for the low SFE regime respectively. We then assume all tlse ga
is distributed in an exponential disc (which is only true f50%
of these sources; Paper XIV), and that the maximum gas ewent
can measure corresponds to 3 scale lengths. We then vargalee s
length of this disc with respect to the turnover of rotatiomve, and
calculate a model "integrated” depletion time by weightihg two
assumed depletion times by the fraction of gas in each redihis
leads to the curve shown in 8. This toy model is likely to be st va
over-simplification, and the exact values of all the assupagdme-
ters were simply selected to provide a by-eye fit to the da¢zpide
this, the functional form produced by such a toy model reabbyn
matches the behaviour seen in the data, suggesting thatppees-
sion of star formation we observe may be driven by the fractib
gas which is inside the turnover radius.

In panel b) of Figure 8 we plot the gas depletion time against
the fraction of the molecular gas mass that lies within tadver

]M(r<Rpeak)
Mot

solved CO maps from Paper XVIII, laying down an ellipticabap
ture at the turnover radius (with ellipticity calculatedngsthe in-
clinations of these objects from Paper V; Davis et al. 201ahjl
determining the fraction of the CO flux coming from insidestha-
dius. Despite the limited resolution of our CO maps causiggit
icant scatter, this panel broadly confirms our interpretatf panel
a, showing that systems with the majority of their molecigas
mass lying within the turnover of the galaxy rotation cunavé
longer depletion times. The dashed line is a guide to eyalfitie
the black points, and has the form:

M(r < Rpeak)
J\ltot

In panel c) of Figure 8 we plot the depletion time against the
logarithmic derivative of the rotation curvgg(as defined in Sec-
tion 3.5), a variable in defining the stability of the gas disee
Krumholz, Dekel & McKee 2012). We average this quantity over
the inner portion of the galaxy, where the rotation curveisgg,
as this is the area that seems to be involved in star formatipn
pression (see panel a and b). This variable describes haplgte
rising the rotation curve is, with values of zero being expddor
a flat rotation curve, and values of 1 representing solid bady
tation. Figure 8, panel c) shows that these variables antelate,
although with reasonable scatter (Spearmans rank coorelztef-
ficient of -0.6). On average it seems that galaxies with tftengest
suppression of star formation have fast rising rotationesirwhich
plateau before reaching the peak velocity, leading values as low
as~0.1. Galaxies with more normal depletion times, on the other
hand, have rotation curves that rise more steadily to a pe#hk,
average values agf ~0.35.

Following directly from panel c, it should be noted that the
shear rate (AR) is directly related to the derivate of the galaxy ro-
tation curve, as below:

A 1dv

Q= —05(=—=—=—1) (8)
where A is the first Oort constarnf?, is the angular velocityx V/R),
V is the circular velocity, and R is the radius. Thus the diépte

of the rotation curv ) . We calculate this using the re-

log(Tuep) = (0.73 £ 0.11) — (0.20 £ 0.08). (7)
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time would positively correlates with the mean shear rat¢éhn
inner regions. Thus it seems that galaxies which do not fderss
efficiently have higher shear rates than those with more abstar
formation efficiencies. It is not clear if shear can reallythe only
factor governing the SFE in ETGs however, aS)A¢ even higher in
the flat part of these galaxies rotation curves, where theppEars
to be normal.

4 Discussion
4.1 22pm emission from old stars

In Figure 1 we explored the relationship betweern.22 emission
and Ks-band luminosity in CO non-detected ETGs.
A strong relationship was confirmed betwelgg-band magni-

4.2 Star formation rates

For this sample of molecular gas-rich ETGs we find SFRs betwee
~0.01 and 3M yr—!, and SFR surface densities ranging from
~0.004 to 18.75V/ yr—* kpc™2. The median star-formation rate
for our molecular gas-rich ETGs is0.15 M, yr—*, and the me-
dian star formation surface density is 006, yr—* kpc=2. We find
that almost all molecule rich ETGs have higher star-fororatate
surface densities than average spiral galaxies. They tigeisame
region of the Kennicutt-Schmidt plot (Figure 4) as the dpjedaxy
centres from K98. This may be a selection effect, as galanits
widespread star formation would likely not have been molqdio
cally classified as early type, and our flux-limited CO surbi@ses
us to objects with high molecular gas surface brightnessedpdr
survey would be required to determine if some ETGs have low su
face density disks like those found in spirals, or if sucheoty are

tude and 22:m emission (as presented in T09), however the amount truly absent.

of emission from CO non-detected galaxies can vary by alimalét

Overall itis clear that simply selecting ETGs (by eitherazol

an order of magnitude between objects of the same mass. AGN ac or morphology) is not a good way to ensure a galaxy sampleés fr

tivity and galaxies with young stellar populations4 Gyr) con-
tribute to this scatter, but they do not dominate it. Thisgsositer-
esting questions about the nature of this emission, anceafdatter,
in molecule poor galaxies.

from star formation activity, as is often assumed by studidsgher
redshifts.

It has been suggested that this mid-infrared emission comes#4-3 Star formation relations and efficiencies

from circumstellar material around (post-) asymptotimgiaranch
(AGB) stars (Athey et al. 2002). All stars between 0.8 anti/8
will go through an AGB stage (Herwig 2005), but from a single
burst of star formation the number of stars going through ¢fel-
atively short-lived) phase is a strong function of time. Auuhally,
the dust production rate from AGB stars are thought to scatelu
minosity, so higher mass AGB stars (that die quickly) pradomore
dust than their lower mass counterparts (Boyer et al. 2@08jnas-
sive ETGs have harsh radiation fields, dust would be expdoted
be destroyed (through sputtering) on short timescafed Myr;
Clemens et al. 2010) if no cold-ISM is available to shieldsi, a
constant supply of new dust is required. Overall we wouldeekp
that galaxies that have not formed many new stars in the 226lyt
should not have as many AGB stars (per unit luminosity, orapas
and thus not as much 22m emission as relatively young galaxies.
As also found by Temi, Brighenti & Mathews (2005), there sséon
be no relation between the amount of 22 emitting dust and stel-
lar population age beyond 4 Gyr, and hence perhaps anothereso
of dust may be important in old galaxies.

Many other potential dust production mechanisms (such-as su
pernovae; e.g. Matsuura et al. 2011) should also be strdingld
to the stellar population age, and so cannot explain eitredtist
emission observed in these old galaxies, nor the residbalst éhe
best-fit relation in Figure 1. Mergers could bring in new d{astd
new stars that produce dust), but they cannot explain thetmo
distribution of this dust throughout these (gas poor) gakgAthey
etal. 2002), and the strong link between the stellar luninas the
galaxy and the warm dust emission. Mergers could potentaih-
tribute to the scatter seen at fixed galaxy luminosity sedfignre
1, but given the short lifetime of dust in these objects, trexgar
rate would have to be high.

Perhaps emission from very small grains (VSGs; Sellgren
1984) could help explain dust emission from these old passiv
galaxies. VSGs seem to have a longer lifetime in the ISM (@fiita
2010), and are produced during the destruction of largestaliine
dust grains. The intrinsic scatter around the best-fitimian Fig-
ure 1 remains largely not understood, however a full expilmmeaof
this phenomenon is beyond the scope of this paper.

Figure 4 clearly shows that ETGs, on average, form a facterb
fewer stars per unit molecular gas mass than late-type arlousst
galaxies (and a factoe20 fewer than high-redshift starbursts).

Our estimate of a lower SFE by a factor=R.5 agrees well
with the decrease of star formation efficiency observed &axg
ies with redder colours, higher stellar mass concentratiand/or
higher stellar mass densities in the COLD-GASS survey (Bage
et al. 2011, 2012), and (for a subsample of 8 of the objectiiedu
here) in the resolved star formation study published in PAp&I.
This factor of two also is similar to predictions from simtites
of gas in idealised galaxies which is affected by ‘morphalab
quenching’ (Martig et al. 2009 and Paper XXII).

Itis clear that ETGs do not not fit well in a picture where the
star-formation efficiency is assumed to be constant (egjeBét al.
2008), or even in a bimodal theory with star bursting and ai+eg
lar star-formation modes. Instead, as we show above theFife
varies smoothly as a function of galaxy properties, a likelgre
physical model would be that a continuum of star formatiorde®
exist, spanning the range between extreme high SFE sttslaund
our low efficiency early-type objects.

In our study, this difference is mainly driven by galaxieghwi
star formation rates belowt 0.3 M, yr~* kpc™? (or equivalently
cold gas surface densities300 M, pc2). The few systems above
this limit are consistent, within their errors, with follovg a stan-
dard Kennicutt-Schmidt relation (and lie above the cons&FE
relation of BO8 in Figure B1). These systems generally hareed
circumnuclear gas reservoirs, and would likely be consideas
central starbursts if located in a late type galaxy.

The systems with the lowest SFEs all have cold gas surface
densities of around: 100 M, pc~2. These systems tend to have
extended molecular gas discs, that appear to be dynamieddlyed
and follow exponential molecular gas surface brightnessilps
(Paper XIV), but have the majority of their gas situated ie tis-
ing part of the galaxy rotation curve (See Section 3.6). Wevbe
consider if the offset observed in these systems could beecdoy
changing gas properties, or the difficulty of estimating SFRd
molecular gas masses.
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4.3.1 Difficulties in estimating star formation rates

SFRs are notoriously difficult to calibrate. They rely ingitaly on
knowing the number of massive stars formed in a given star for
mation episode, and thus the number of ionising photons SH
calibrations we used here have all been calibrated in nostaa
forming spiral/starburst galaxies. However, the physicalditions
within our early-type galaxies may be different in ways thiat-
late the assumptions made in these calibrations. For iostéfithe
dust properties (e.g. size distribution or compositionjendifferent

in ETGs, then our 22um fluxes could be systematically higher or
lower than expected.

The formation of dust is a controversial subject, but it is
thought that stellar winds from AGB/pAGB stars are likelylte
important (e.g. Ferrarotti & Gail 2006). As ETGs tend to beahe
rich and have large-element enhancements, the dust formed in the
mass loss of such stars could be different from that foundtier |
type objects. If dust is accreted from external sourcesoofse,
then that complicates matters further (Clemens et al. 2D&0js
et al. 2011a, hereafter Paper X). Additionally, all SFRmafions
make assumptions about the star-formation history of thectd
(usually that the SFR has been constant over thesp&80 Myr to
1 Gyr). In our early-type galaxies, where much of the gas naagh
been accreted recently, a much more bursty SF history maybe m
applicable.

Recent evidence has suggested that the IMF is unlikely to be
universal (e.g. van Dokkum & Conroy 2010; Cappellari et @lL2),
and varies as a function of galaxy properties. In particindaper
XX we found the mass normalisation of the IMF to be relatedheo t
bulge fraction, which is also correlated to galaxy quenghwe
have assumed here a Kroupa IMF for every object, but any Bbjec
to-object variation that depends on galaxy or ISM physicappr-
ties could affect the star-formation relation retrievedir ©@bjects
are present in the sample of Cappellari et al. (2012), horvewel
we do not see any clear trend between the SFE and the IMF.

Another factor that can affect our SFR determination is the
inter-stellar radiation field (ISRF). In the spiral/starkting systems
where our SFR relations are calibrated, the ISRF is dominaye
irradiation from newly formed OB stars. It is this light thae see
directly in the FUV, and re-radiated in the infrared. In ETGew-
ever, various population of old stars generate intense ttaalidtion
fields, that can dominate the ionisation structure of the (Sklrzi
et al. 2010). The most massive ETG systems also host largg X-r
halos, that provide an additional source of heating. We hote-
ever that in general these processes would increase the fifikee
radiation we are using to trace star formation, and would thake
us overestimate the SFR in these galaxies. This can therafur
remove the discrepancy present in Figure 4, where our cdéull
star formation rates are low by a factsg.5.

4.3.2 AchangingXco

The molecular gas surface densities used here assume diGalac
Xco factor (the conversion between CO flux and)HXco has
been shown to vary as a function of metallicity (e.g. Wils&93;
Bolatto et al. 2008; Leroy et al. 2011; Sandstrom et al. 2@iR®)
in high-redshift starbursts (e.g. Solomon et al. 1997; Desv&
Solomon 1998). Other observational evidence from locabstats
(Hinz & Rieke 2006; Meier et al. 2010), the Galactic centr&gO
et al. 1998) and high-sub-millimetre galaxies (Tacconi et al. 2008)
suggests thakco may also be lower in regions of high molecular
surface density. See Bolatto, Wolfire & Leroy (2013) for aieew
of this issue.

Our objects are generally metal rich (with metallicitiesuard
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solar or above), where ¢ changes little. Thus including the ef-
fect of a varyingXco with metallicity would change little the SFE
of our ETGs. We also find no correlation between the SFE of our
objects and stellar metallicity (although it is possiblattthe gas-
phase metallicity is different, if gas has been accretegePX).
The objects that show the largest SFE suppression in ouratiia
do not have particularly dense molecular gas reservoirspwlom-
pared to other systems where density drivégo variations have
been observed.

As part of the BIMA-SONG survey, Regan et al. (2001)
showed that molecular gas embedded in the bulges of spiat-ga
ies seems to emit more strongly (in the CO(1-0) line) tharmése
disc regions. Sandstrom et al. (2012) suggest that this rmalub
to a changingXco, possibly caused by the higher ISM pressure
within a large bulge. However, Leroy et al. (2013) found tB&tin
spiral galaxy centres is more efficient than normal even whkn
ing into account a variabl& ¢, the opposite of the effect observed
here. By construction our systems are even more bulge-ddetn
than the objects studied by Leroy et al. (2013), and thus the e
fects of a changingXco could be stronger. The galaxies with the
strongest observed star formation suppression also havadjor-
ity of their gas in the central regions of the galaxy, wheeytould
be most susceptible to this issue.

Overall we are unable to rule out the possibly that a lower
Xco in individual objects could be contributing to the scatter i
the relations we observe. However, we find it unlikely thaio is
lower in all objects uniformly, as then our ETGs would no leng
lie on the KDM12 relation (as presented in Figure 7) instgaapl
above it on average, forming more stars per unit mass anddtee
time.

4.3.3 Changing gas properties

If the gas reservoirs in the objects that have low SFEs weleeto
substantially different from those found in other galaxtess could
help explain the discrepancy. For instance, if shear anulitye
pressure increased the amount of low density CO emittingthes
could cause us to overestimate molecular gas masses (s@nSec
4.3.2 above). Equally, if the fraction of dense gas were fdivan
normal in these objects, this could reduce the number of et
are able to form.

To search for signs of such changes in molecular gas proper-
ties, we correlated the SFE of our molecular gas rich ETGh wit
the molecular gas line ratios presented for some of thesezhin
Krips et al. (2010); Crocker et al. (2012) and Davis et al 1&6).
Some of these objects with molecular line ratio informati@mve
low SFE, while others are consistent with having the same &-E
spiral galaxies. Thé?CO/**CO ratio is usually assumed to be an
indicator of the mean optical depth of the CO emitting gashéf
amount of low density gas in these systems is increasing aue t
dynamical/pressure effects, one might expect the objeittslow
star formation efficiencies to have smaller mean opticattgep/Ve
find however that thé>CO/3CO ratio does not correlate with the
star formation efficiency in these objects, and (as shownrbgier
et al. 2012) the">CO/*3CO ratios in these objects are similar to
those usually found in spiral galaxies.

In a similar way, if the dense gas fraction is lower in ob-
jects with suppressed star formation then we would expectdh
tio of dense gas tracers (such as HCN, HCand CS) to CO iso-
tope emission to be suppressed. We find here that the HCN/CO,
HCO'/CO and CS/CO ratios do not correlate with the SFE, and
again are in the normal range found for spiral galaxies. $hig
gests that the properties of the molecular clouds in thekeiga
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are not different in any systematic way that could explaim db-
served SFE suppression. This is backed up by the analysiyietB
et al. (2013) and Dauvis et al. (2013b), who found the gas ieghe
ETGs has similar physical properties (density, tempeetior gas
in normal spiral galaxies and the Milky Way.

4.4  Dynamically regulated star formation

In Section 4.3 we discussed the possibility that the low &igar
mation efficiency we observe in these objects could be arfeatte
of changing gas properties, or the difficulty of estimatitay $or-

and galaxies with younger stellar populatiors4(Gyr) contribute
to this scatter, but do not dominate it. We were unable toodyce
claimed correlations between stellar metallicity and tbatter in
this relation, and thus the astrophysical driver of the migjof the
scatter remains unknown.

Once the contribution from old stars has been removed, we
found SFRs betweern0.01 and 3V, yr—!, and SFR surface den-
sities ranging fromx=0.004 to 18.75\/, yr—* kpc™2. The median
SFR for our molecular gas-rich ETGs4€.15 M, yr—!, and the

median SFR surface density is 0.06. yr—' kpc~2. Almost all

mation rates and molecular gas masses. We find no eviderice thamolecule-rich ETGs have higher SFR surface densities treadisk

definitively points to such a solution for this discrepanicydeed,
one of the strongest arguments against such solutions aréhty
do not adequately explain the systematic behaviour of defst-
mation efficiency as a function of galaxy dynamics. In thisties
we discuss the possibility that these dynamical effectg aldomi-
nant role in regulating star formation in this sample of faxating
ETGs.

We showed above that one can obtain a single star-formation
relation that fits ETGs, low and high-redshift spiral/stagh galax-
ies and galactic clouds, if you normalise the gas densitpheydcal
free-fall time, as shown in Figure 7. Our ETGs are constari wi
using up~1% of their gas per local free-fall time, and the scatter
around this relation is reasonably low.

Despite this, Figure C1 in Appendix C shows that once again,
additional parameters correlate with the scatter seenndrdioe
KDM12 relation. The shape of the potentidl) (@and relative gas ex-
tent all correlate with the ratio of the depletion time to free-fall
time. If the gas velocity dispersion, or average cloud massch
we have assumed to be constant, change systematicallyhesle t
properties then this could lead to these dependancies.

We briefly discussed above the possible importance of shear.
Shear induced by galactic rotation acts to prevent grawoitat col-
lapse of gas clouds, which will increase the Jeans massreebjiair
them to become bound, potential influencing the mean cloud de
sity (Toomre 1964). In addition, strong shear that pullsideapart,
or an increased presence of hot gas in galaxy centres caukhise
gas velocity dispersions. A similar correlation betweeaashand
specific star formation rate has been found in the discs oesspir
ral galaxies (Seigar 2005), suggesting this process maynperi
tant (however, it should be mentioned that shear appearatem
little in Milky Way star-forming regions and some spiral ebjs
Dib et al. 2012; Meidt et al. 2013).

KDM12 also present an alternative prescription for caltnta
the free-fall time, that assumes that star formation is letgd by
the dynamical stability of a continuous disc of gas, whicbbgl
ally should have a Toomre Q parameter (Toomre 1964%af
In this case dynamical time arng enter the equation for free-fall
time directly. In Figure C1 we do not use this formalism, asGM
timescales dominate, but the remaining correlations vigsé pa-
rameters suggest the global stability of the disc coultksiimpor-
tant.

5 Conclusions

In this paper we presented star formation rates for the-(fast
rotating) molecule-rich ATLAZP early-type galaxies, derived from
WISE22 pum andGALEXFUYV data. We first recalibrated the rela-
tion betweenks-band luminosity and 22m emission for our large
sample of CO non-detected ETGs, to allow subtraction of.@2
emission from circumstellar material around old stars. dinéssion
from CO non-detected galaxies can vary by almost half anraie
magnitude between objects of the same stellar mass. AGMXtgcti

of the average spiral galaxy, but similar to spiral galaxptoes.
This is depute many of the galaxies being bulge-dominatedi)ya
ing in the red-sequence on an optical colour magnitude dmgr
It is thus clear that selecting early-type objects by molpin or
optical colour is not a good way to build a sample free from feta
mation activity, as is often assumed by studies at higheshiéd.

Using these SFRs, we showed that our ETGs fall below the
canonical Kennicutt-Schmidt relation, forming on averagéac-
tor of ~2.5 fewer stars per unit molecular gas mass than late-type
and starburst galaxies (and a factore#0 fewer than high-redshift
starbursts). In our study, this difference is mainly dribgrgalaxies
with SFRs belowx~0.3 M, yr—* kpc=2 (or equivalently cold gas
surface densities 300 M, pc™?). These systems have the major-
ity of their molecular gas concentrated in the inner regiofiheir
host galaxy where the rotation curve is still rising, andsshighigh.

A local dynamical star-formation relation (taking into ac-
count the local free-fall time within the galaxy disc) reguces
well our observations. Using this relation one can obtairina s
gle star-formation relation, that fits ETGs, Galactic clsuahd
spiral/starburst galaxies at all redshifts. Despite tttig, residu-
als around the dynamical star-formation relation stilretate with
galaxy properties such as the shape of the potential in therin
regions. We postulate that the dynamical stability of the geay
be an important second parameter, that suppresses staatimmm
and causes much of the scatter around the best-fit dynantégal s
formation relation.

We discussed various mechanisms that can cause this effect,
and more generally the difficulties inherent in estimatifdRS and
molecular gas masses in these ETGs. A changisg ¥actor could
potentially cause the low SFE we observe, but it can not @xpla
why the SFE in our study depends so strongly on dynamical-quan
tities.

Itis clear that further study will be required to fully detéine
the cause of the low SFE in ETGs. Ascertaining what is drivirey
residuals around the KS and KDM12 law will give us a direct way
probe the physics that regulates star formation. For iestahvari-
ations in cloud properties and gas velocity dispersiongegsent
in the central parts of ETGs, then they can potentially érgame
of the SFE trends. Obtaining observational evidence fon sada-
tions will require high angular and spectral resolutioneslations,
to resolve individual molecular clouds. Gas-phase metsllesti-
mates and observations of multiple spectral lines coull lzésused
to determine if the Xo factor in these objects is systematically dif-
ferent. In addition, studies of the stability of the gas, anthpari-
son with spatially-resolved star-formation relationsl] wé crucial
to determine how changes in galactic conditions affect thesics
of star formation.
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Table Al. Properties of the CO non-detected ETG sample used in this wor ~ Table Al —continued

GaIaXy Lics L22um,obs Outlier GaIaXy Lics L22um,obs Outlier
log(Le) log(ergs s'1) log(Le) log(ergs s'1)

(1) (2 (3) 4) @) @ (3 (4)

1C0560 10.15 41.39 X NGC3674 10.60 40.80 -
1C0598 10.35 41.27 X NGC3694 10.25 41.90 X
1C3631 10.12 40.90 - NGC3757 10.17 40.38 -
NGC0448 10.52 40.93 - NGC3796 10.05 40.68 -
NGC0474 10.88 41.05 - NGC3941 10.54 41.02 -
NGC0502 10.53 40.77 - NGC3945 11.04 41.53 -
NGC0516 10.20 40.62 - NGC3998 10.64 41.74 X
NGC0525 10.06 40.81 - NGC4026 10.52 40.94 -
NGC0661 10.59 40.93 - NGC4078 10.51 41.18 -
NGC0680 10.98 41.37 - NGC4143 10.55 41.27 -
NGC0821 10.91 41.34 - NGC4168 10.92 41.41 -
NGC0936 11.25 41.66 - NGC4179 10.58 40.68 -
NGC1023 10.92 41.36 - NGC4191 10.55 41.06 -
NGC1121 10.39 40.63 - NGC4215 10.68 41.06 -
NGC1248 10.47 40.99 - NGC4233 10.86 41.49 -
NGC1289 10.70 41.28 - NGC4251 10.78 41.36 -
NGC2481 10.66 41.40 - NGC4255 10.51 40.88 -
NGC2549 10.28 40.91 - NGC4261 11.38 42.01 -
NGC2577 10.68 41.32 - NGC4262 10.35 40.71 -
NGC2592 10.46 40.76 - NGC4264 10.51 40.96 -
NGC2679 10.44 41.00 - NGC4267 10.58 40.64 -
NGC2695 10.77 41.11 - NGC4278 10.83 41.38 -
NGC2698 10.64 41.15 - NGC4281 10.92 41.82 X
NGC2699 10.40 40.80 - NGC4339 10.31 40.35 -
NGC2778 10.20 40.58 - NGC4340 10.52 40.87 -
NGC2852 10.18 40.61 - NGC4342 10.14 40.54 -
NGC2859 10.96 41.32 - NGC4346 10.33 40.77 -
NGC2880 10.50 40.70 - NGC4350 10.56 41.13 -
NGC2950 10.48 41.01 - NGC4365 11.40 41.49 -
NGC2962 10.92 41.60 - NGC4371 10.69 41.18 -
NGC2974 10.76 41.83 X NGC4374 11.36 41.81 -
NGC3098 10.40 40.99 - NGC4377 10.28 41.26 X
NGC3193 11.16 41.39 - NGC4379 10.21 40.52 -
NGC3226 10.61 41.45 X NGC4382 11.36 41.78 -
NGC3230 10.98 41.39 - NGC4387 10.16 40.51 -
NGC3248 10.28 40.36 - NGC4406 11.33 41.73 -
NGC3301 10.62 4154 X NGC4417 10.46 41.03 -
NGC3377 10.42 40.90 - NGC4434 10.33 40.80 -
NGC3379 10.83 41.17 - NGC4442 10.76 41.29 -
NGC3384 10.72 41.06 - NGC4458 10.02 40.26 -
NGC3412 10.33 40.48 - NGC4461 10.54 40.77 -
NGC3414 10.90 41.48 - NGC4472 11.62 41.85 -
NGC3457 10.07 40.42 - NGC4473 10.82 41.15 -
NGC3458 10.56 40.95 - NGC4474 10.22 40.87 -
NGC3499 10.06 40.90 X NGC4478 10.43 40.90 -
NGC3530 10.11 40.62 - NGC4483 10.05 40.37 -
NGC3605 10.04 40.52 - NGC4486 11.46 42.07 -
NGC3608 10.77 40.99 - NGC4486A 10.04 40.55 -
NGC3610 10.79 41.28 - NGC4489 9.95 40.13 -
NGC3613 11.02 41.06 - NGC4494 10.96 41.31 -
NGC3630 10.58 40.96 - NGC4503 10.60 40.90 -
NGC3640 11.15 41.73 - NGC4521 10.88 41.55 -
NGC3641 10.05 40.38 - NGC4528 10.13 40.14 -
NGC3648 10.54 41.03 - NGC4546 10.63 41.25 -
NGC3658 10.69 41.46 - NGC4550 10.22 40.60 -
Notes:Column one lists the name of the galaxy. Column 2 contains the NGC4551 10.18 40.35 -
K, band luminosity of the galaxy, calculated using the 2MAS@lto NGC4552 11.03 41.37 -
K,-band magnitude and the distance to these objects as in Paper NGC4564 10.54 41.19 -
assuming that the absolute magnitude of the Sutiaband is 3.28 mag NGC4570 10.70 41.35 -
(Binney & Merrifield 1998). Column 3 contains tNgISE22 :m lumi- NGC4578 10.38 41.01 -
nosity of the galaxy, calculated as described in Sectiom@ @gain us- NGC4608 10.49 41.00 -
ing the distances from Paper I. Column 4 lists galaxies treaelagged NGC4612 10.33 40.67 -
as outliers in our survival analysis fit (marked with an ‘xJhese ob- NGC4621 10.97 41.29 -
jects are likely to have a molecular ISM and star-formatiatwvbere not NGC4623 10.01 40.87 X

detected in CO, probably due to the fixed flux limit of our syrve
© 2012 RAS, MNRASD0Q, 1-16
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Table Al —continued

Galaxy Lrs L22,im,0bs Outlier
log(Le) log(ergs s 1)

(1) (2 (3) (4)

NGC4624 10.78 40.54 -
NGC4636 11.06 41.65 -
NGC4638 10.52 40.87 -
NGC4649 11.50 42.38 X
NGC4660 10.39 40.92 -
NGC4690 10.50 41.12 -
NGC4697 10.88 41.20 -
NGC4754 10.77 41.18 -
NGC4762 11.10 41.79 -
NGC4803 10.22 40.71 -
NGC5103 10.26 40.77 -
NGC5198 10.95 41.24 -
NGC5308 10.96 41.09 -
NGC5322 11.42 41.96 -
NGC5353 11.36 41.96 -
NGC5355 10.27 41.15 X
NGC5422 10.79 41.06 -
NGC5473 11.01 41.52 -
NGC5475 10.46 41.19 -
NGC5485 10.76 41.36 -
NGC5493 11.11 41.49 -
NGC5500 10.08 40.57 -
NGC5507 10.59 40.97 -
NGC5557 11.26 41.49 -
NGC5574 10.23 40.95 -
NGC5576 10.97 41.17 -
NGC5582 10.62 40.97 -
NGC5611 10.19 40.55 -
NGC5631 10.79 41.47 -
NGC5638 10.83 41.24 -
NGC5687 10.60 41.03 -
NGC5770 10.17 40.50 -
NGC5813 11.35 41.79 -
NGC5831 10.79 41.12 -
NGC5838 10.96 41.65 -
NGC5839 10.32 40.68 -
NGC5845 10.48 40.99 -
NGC5846 11.32 41.58 -
NGC5854 10.63 41.25 -
NGC5864 10.76 41.18 -
NGC5869 10.62 40.97 -
NGC6010 10.72 41.23 -
NGC6017 10.32 41.44 X
NGC6149 10.35 41.02 -
NGC6278 10.99 41.43 -
NGC6547 10.75 41.03 -
NGC6548 10.59 42.04 X
NGC6703 10.85 41.23 -
NGC7280 10.44 40.98 -
NGC7332 10.81 41.38 -
NGC7457 10.26 40.68 -
PGC016060 10.37 41.73 X
PGC042549 10.40 41.36 X
PGC051753 10.08 40.53 -
PGC054452 9.95 40.31 -
UGC04551 10.48 40.54 -
UGC06062 10.44 41.12 -
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Figure C1. As in Figure 8 (panels a & c), but with gas depletion times
normalised by the local free-fall time, calculated as descrin Krumholz,
Dekel & McKee (2012). This shows that residual dependanaiegalaxy
dynamics remain when normalising by the free-fall time alon

B Constant star formation efficiency star-formation relations
C Residuals around dynamical star-formation relations
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