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ABSTRACT

Surveying eighteei? CO-bright galaxies from the ATLA® early-type galaxy sample with
the Institut de Radio Astronomie Millimétrique (IRAM) 30talescope, we dete&tCO(1-0)
and'3CO(2-1) in all eighteen galaxies, HCN(1-0) in 12/18 and HGD-0) in 10/18. We find
that the line ratio$2CO(1-0)/3CO(1-0) and'2CO(1-0)/HCN(1-0) are clearly correlated with
several galaxy properties: total stellar mass, luminesigyghted mean stellar age, molecular
to atomic gas ratio, dust temperature and dust morphologysWggest that these correlations
are primarily governed by the optical depth in thH&€O lines; interacting, accreting and/or
starbursting early-type galaxies have more optically thotecular gas while those with settled
dust and gas discs host optically thick molecular gas. Thgesof the integrated line intensity
ratios generally overlap with those of spirals, althoughnoée some outliers in th&#CO(1-
0)/*3CO(1-0),12CO(2-1)F3CO(2-1) and HCN/HCO(1-0) ratios. In particular, three galaxies
are found to have very loW?CO(1-0)/3CO(1-0) and2CO(2-1)3CO(2-1) ratios. Such low
ratios may signal particularly stable molecular gas whigkates stars less efficiently than
‘normal’ (i.e. below Schmidt-Kennicutt prediction), castent with the low dust temperatures

seen in these galaxies.

Key words: galaxies: elliptical and lenticular, cD — galaxies: ISM -fagdes: stellar content
— galaxies: evolution — galaxies: kinematics and dynamics

1 INTRODUCTION

Molecular gas is an essential ingredient for star formafmmd

in many, but not all, galaxies. Early-type galaxies (eitipts and
lenticulars) were classically thought to completely lac&lecular
gas and to be passively-evolving ‘red and dead’ galaxiesv-Ho
ever, we have long known that not all early-types are empty of
cold gas; molecular gas was first detected in early-typexgady
Wiklind & Rydbeck (1986) and Phillips et al. (1987).

Shortly after these first detections, surveys detected010-2
galaxies, but were biased towards early-types with pdatiqarop-
erties, such as those bright in the far infra-red (Wiklind &rel
1989; | Sage & Wrobe| 1939) or with optically obscuring dust
(Wang et al. 1992). These selection effects made it easysto di
miss any early-type galaxies with molecular gas as pecsjiar
tems. The next generation of surveys increased number§Q30-
galaxies) and were less bhiased, if still not complete (W& &age
2003 Sage et &l. 2007; Combes et al. 2007)). In Youngl et al1(20
hereafter Paper 1V), we have recently completed an exterf259
galaxies) molecular gas detection campaign for the vollimited
ATLASSP sample of early-type galaxies (Cappellari €t al. 2011a,
hereafter Paper ). We find a 22% detection rate, down to @aypi
detection threshold df x 107 M, of Hz, robustly establishing that
many early-type galaxies host a substantial amount of mtdec
gas.

The majority of early-type galaxies with molecular gas dre o
viously star-forming, based on ultraviolet (UV), opticalinfrared
data. Indeed, the detection rate for star formation seenvinéarly
matches the molecular detection rate §0%, [Kaviraj et al! 2007).
According to the current observations, the star formatiicien-
cies of early-type galaxies broadly follow the Kennicuthidt
law (Shapiro et al. 2010; Crocker et al. 2011). A subset showvs
obvious sign of ongoing star formatian (Crocker et al. 2(0¥8L.1),
although these determinations are difficult due to theiy \@w spe-
cific star formation rates. Recenlly, Saintonge et al. (3Ghve de-

* Based on observations carried out with the IRAM 30-m telpsctRAM
is supported by INSU/CNRS (France), MPG (Germany) and IGM({(9.
t E-mail: crocker@astro.umass.edu

t Dunlap Fellow

termined that star formation efficiencies are reduced faremaas-
sive, more concentrated and higher stellar surface degaiéxies,
all properties that positively correlate with early-typenphology.

In a spiral galaxy, the presence of a stellar disc renders the
gas disc more locally unstable to axisymmetric perturlpatitikely
boosting its star formation efficiency (elg. Jog & SolomoB4P
In [Krajnovic et al. (2011, hereafter Paper 1l) and Emsel&tral.
(2011, hereafter Paper Il1), we found that the vast majaftyarly-
type galaxies (the fast rotators) are consistent with baifagnily of
disc-like systems resembling spiral galaxies with the gasdust
removed [(Cappellari et Bl. 2011b, hereafter Paper VII). ki@,
the fast rotators are generally characterized by largeerspis than
spiral galaxies. This increase in the depth of the potemt&ll is
expected to make their gas discs more stable against fragtioen
(Kawata et al. 2007).

Indeed, simulations with a centrally-concentrated stetlass
distribution (as found in spheroids) and no stellar disonstioat
the cool gas is more stable than in spiral galaxies (Martallet
2009). This stability (termed ‘morphological quenchinghould
lower the efficiency of star formation and produce a coolrstedlar
medium (ISM) with properties (velocity dispersion, depsitstri-
bution, etc.) different from those of galaxies with steliscs. In
this paper, we present the first major attempt at constrgittie
empirical properties of the molecular gas in early-typegas, es-
pecially looking for any divergence from the propertiesrfdiufor
spiral galaxies.

The surveys mentioned above have used the bHghO(1-0)
emission line to measure the total molecular content ofyegde
galaxies, but little work has been done to constrain the owele
lar gas properties using other species and transitiongr&8lesther
molecular species are bright enough to measure, inclufie®,
HCN and HCO . These species have been widely observed in star-
burst and Seyfert galaxies and also in some local spirakigaa

The observed?>CO/4CO ratio is widely used to indicate the
average optical depth of the molecular[ﬂ;aslthough it may also
be influenced by chemical processes. THeO isotope is far more

e—7(12) 120

1 i 2¢co —
Described by( 1555 Jobs = S (13 1360

(© 2011 RAS, MNRASD00,[TH15



The ATLASP Project — XI. Dense molecular gas 3

abundant and becomes optically thick at lower ¢blumn densi-
ties. Its use as a measure of the total molecular hydrogetemon
(via one of the'>CO-to-H, conversion factors ¥o or aco) relies
on the assumption that it is optically thick, and essentiatiunts
the number of virialized molecular clouds of a similar temgpere
and density (e.¢. Young & Scoville 1991). The less abund3@o
isotope is optically thin until higher column densities ahds the
12COM3CO ratio (often denoteéR) should reflect differences in
average optical depth itfCO, either within the molecular clouds
themselves or because of the additional contribution offfaisd
molecular component. Variations in th&C to 13C abundance ratio
and'?CO «'3CO fractionation (due to charge-ion reactions or se-
lective photodissociation) must also be considered, aghahey
do not seem to drive this ratio in spiral galaxies (Pagliarale
2001).

The HCN(1-0) and HCO(1-0) lines have higher critical den-
sities (approximatelyt0® and10° cm~3, respectively) than CO(1-
0) (Nerit =~ 10313. The critical density is simply the density at
which collisions are more frequent than radiative decagsarstrict
limit with no emission at lower densities. Thus dependingttos
density distribution of the molecular gas, the typical gassity
probed by the HCN(1-0) and HC{1-0) transitions will vary from
system to system, although in all cases it will be higher tten
densities probed by CO(1-0).

Higher HCN/2CO and HCO/'2CO ratios in luminous
infrared galaxies (LIRGsS) and ultra-luminous infrared aydés
(ULIRGS) are thus taken to indicate higher dense gas frac-
tions in these galaxies (Gao & Solonion 2004a; Gracia-©apal.
2006). The more moderate increase of HG&CO compared to
HCN/*2CO in these systems may be explained by the order of
magnitude difference in the critical densities of HCN(1dh)d
HCO™(1-0) (Juneau et &l. 2009). In both the Milky Way and M31,
the HCN/2CO ratio declines with radius, signaling the decline of
the dense gas content (Helfer & Blitz 1997; Brouillet el £0%).
Indeed, Helfer & Blitz (1997) find that the HCN(1-63C0O(1-0)
ratio correlates with the hydrostatic pressure in the d#8EN(1-
O)/12CO(1'O)O( P0'19i0'04.

Molecular chemistry can also influence the HCN and HCO
emission seen in galaxies. X-ray dominated regions (XDRzs)ral
active galactic nuclei (AGN) may enhance the HCN abundaglee r
ative to CO (e.d. Lepp & Dalgarno 1996). This effect has bden o
served in Seyfert galaxies and led to the recommendatiorefep
HCO™ as a dense gas tracer (Gracia-Carpio et al.|2006; Krips et al
2007). Howevel, Papadopoulos (2007) warn about possifdetef
of free electrons in cosmic-ray dominated regions (CRDRs) a
XDRs, or highly turbulent molecular clouds destroying HCO
Nevertheless, most of these chemical effects rely on thditons
found in starbursts or AGN, and hence HCN and HC&e likely
to remain good tracers of dense gas in more quiescent regimes

Until recently, the only early-type galaxy to be studied in
molecular species other thdiCO was Centaurus A (Cen A),
with its striking lane of dust and gas. The 5 x 10® M of
molecular gas in its disc extends to about 2.6 kpc (Phillirle
1987;| Eckart et al. 1990), whilexd10® M, of atomic gas is seen
in a warped disc out to about 6 kpc_(van Gorkom el al. 1990;
Struve et al. 2010). While often considered a galaxy corepien
its own class, its molecular and atomic gas content is not di+

2 Note that effective critical densities, which take into @aat radiative
trapping, are about an order of magnitude lower (e.g. Sec&ilSolomon
1974)
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Figure 1. Distributions of the 56 galaxies selected for follow-upligéines)
out of the 5912C0O(1-0) detections from ATLA% (dashed lines). Top
panel: our subsample is clearly biased towards the highetamar gas
masses and mass fractions and slightly biased towards walusé tem-
peratures, as measured by the Infrared Astronomical Bat@RAS) 60 to
100 pm flux ratio (féo/f100). The bottom panel shows no bias in abso-
lute K-band magnitude, local environmenty), or specific stellar angular

momentum AR /+/€c).

ferent to that of some of our sample galaxies. In terms of mole
ular emission line studies, Wild etlal. (1997) found'%CO(1-
0)/*3CO(1-0) ratio of 14 towards the center of Cen A and 11 to-
wards two positions in its disc, similar values as found imap.

As for HCN,|Wild & Eckart (2000) find a higher ratio of HCN(1-
0)/*2CO(1-0) in the center (0.067) than in offset positions altivey
disc (0.02-0.04).

In Krips et al. (2010), thé*CO(1-0)3CO(2-1), HCN(1-0)
and HCO (1-0) emission lines of four early-type galaxies were
measured as a pilot project for this work. Two of these gakxi
have particularly low'>CO(1-0)/*CO(1-0) ratios of around 3 and
two have more typical ratios of around 10. The HCN(1:83/O(1-

0) and HCN(1-0)/>CO(1-0) ratios are in the range observed for
spiral and Seyfert galaxies, but lower than for starbuidtsst cu-
riously, none were detected in HGQL-0), despite 3/4 being de-
tected in HCN(1-0), which usually has a similar integratetn-
sity. In one case, the HCN(1-0)/HC@1-0) ratio is constrained to
be larger than 2, indicating some significant differencénénchem-
istry or physical properties of this galaxy’s molecular gampared

to those of spiral, Seyfert and starburst galaxies.

In this paper, we extend the original sample of 4 early-type
galaxies from Krips et al! (20110) to a sample of 18 galaxiesfr
the ATLAS®P sample. Section 2 describes the sample selection and
Section 3 describes our observations and data reductiorcoviie
pare the profiles of the different molecular lines withintegalaxy
and discuss the derived line ratios in Section 4. In Sectionet
also investigate the variations of the molecular line satiith other
galaxy properties. Our conclusions are presented in Sebtio
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Table 1.0bserved line frequencies and beam sizes.

Line Rest freq. Beam size
(GHz) @)
HCN(1-0) 88.632 27.7
HCO™(1-0) 89.189 27.7
13C0(1-0) 110.201 22.3
13C0O(2-1) 220.399 11.2
2 SAMPLE

We draw our sample from thECO(1-0) detections of Paper IV
which present$?>CO(1-0) data on 259 of the 260 early-type galax-
ies in the ATLAS® sample. The ATLASP sample is volume-
limited and complete to a distande < 42 Mpc, with a cut-off
absolute magnitude af/x = —21.5. It includes only early-type
galaxies, defined according to classic galaxy morphologybfite
1936; Sandage 1961) by the absence of spiral arms (for nga-ed
on galaxies) or by the lack of galaxy-scale dust lanes (fgeath
galaxies). Further details on the sample can be found inrRape

Paper IV detectd?CO in 56/259 of the ATLASP sample
galaxies, based on centrally-pointed observations usiagrtsti-
tut de Radio Astronomie Millimétrique (IRAM) 30m telesapA
rms noise of around 3.0 mKI) in *2CO(1-0) was achieved for
every galaxy. With a conversion factorc¥ = 3.0 x 10%° cm™2
(K km s™1)™, this results in a molecular gas mass detection limit
of 1 x 107 Mg for the nearest sample galaxies (11 Mpc) and
1 x 108 Mg for the furthest sample galaxies (40 Mpc). Due to
the expected lower intensity of tHéCO(1-0),'*CO(2-1), HCN(1-

0) and HCO (1-0) lines, we selected the 18 strong&¥EO(1-0)
detections for follow-up at these transitions. Both peaftiness
temperature and line width were used to determine the ‘gthénf

the 12CO(1-0) detections. Out of these 18 galaxies, four were pre-
viously observed and reported in the Krips etial. (2010)tmtady.
Details of the sample galaxies are provided in Table 2, tioyithe

H2> mass derived in Paper IV.

The necessity of choosing the brighté3€0O(1-0) detections
biases our sample towards galaxies with large moleculamgases
and large molecular gas mass fractions, as can be seen iaphe t
panel of Fig[l. However, using Kolmogorov-Smirnov tests, 18
galaxies selected are consistent with being a randomly rdsaus-
sample of both the remainder of the CO-detected galaxiesrend
non-CO detected ATLA® galaxies, with respect to the distribu-
tion of their absolutei-band magnitudeys (a measure of local
environment density; see Paper VII) akd (a measure of the stel-
lar specific angular momentum used to classify galaxies stsofa
slow rotators; see Paper lll). The distributions of thesedlparam-
eters are plotted in the bottom panel of Elg. 1. The selectbgan-
ple is slightly biased with respect to dust temperaturei¢eted by
the fs0/ f100 ratio) when compared to the other CO detections (top
panel of Fig[l). The probability that the two distributicare drawn
from the same parent population is only 1.1%, the CO-riclsanob
ple being biased toward higher dust temperatures, but alssilgy
being more narrowly spread than the other CO detections.

3 IRAM 30M OBSERVATIONS AND DATA REDUCTION

We used the IRAM 30m telescope at Pico Veleta, Spain, to vbser
the 13CO(1-0), **CO(2-1), HCN(1-0) and HC®(1-0) transitions
in July 2009 and April 2010. The Eight Mixer Receiver (EMIR)
was used, tuned to either tH2CO(1-0) or HCN(1-0) redshifted

frequency at 3mm and simultaneously fHCO(2-1) at 1mm for
both 3mm setups. The rest frequencies and beam sizes fooéach
the lines are specified in Talile 1. We observed in wobbletesivig
mode with reference position offsets20”. The Wideband Line
Multiple Autocorrelator (WILMA) backend provided a bandith

of 8 GHz at 2 MHz channel resolution (2 MHz corresponds to 6.7,
5.5 and 2.7 km s! at 13*CO(1-0), HCN(1-0) and*CO(2-1), re-
spectively). This bandwidth is sufficient to observe HQ®-0) and
HCN(1-0) simultaneously.

System temperatures ranged from 90 to 200 K at 3mm and 250
to 600 K at Imm. The pointing was checked approximately every
2-3 hours or more frequently during periods of high wind. #sng
was performed at the beginning of the night, after sunriseioset,
and/or after about 5-6 hours of observing.

Observations for four sample galaxies (NGC 3032, NGC 4150,
NGC 4459 and NGC 4526) were taken in August 2008 and pub-
lished in[Krips et al.[(2010). We note that these observatissed
the old SIS receiver and thus a different observing setup the
other 14 galaxies. Observing details are described in kKafijad.
(2010).

Conversions from antenna temperatu& ) to main beam
temperature were calculated by dividing by the ratio of tearb
and forward efficienciesy = Ber/Fen. We used values appro-
priate for when the observations were taken. For the newradbse
tions, values tabulated in the EMIR Commissioning R&Mre
used. To obtainB.s and F.g values at frequencies not specified
in these tables, we linearly interpolated between the twar-ne
est values. The conversion ratios used for the new obsengati
are:n(HCN)=n(HCO")=0.85,,(*3*CO(1-0))=0.83 and;(**CO(2-
1))=0.66. For the older observations, we base our conves o
the measurements performed in August 2007 and June 2008. For
the 1mm values, linear interpolation is again used. Howevetr
ing the discrepant values found for the C150 receiver, wievol
the approach of Paper IV for the 3mm values. The 3 val-
ues are based on the aperture efficiency plot on p. 15 of thiMIRA
2007 Annual Rep(ﬂ (Ber=1.21 Acgr, Where A.g is the aperture
efficiency). This results inp(HCN)=n(HCO™)=0.79, n(**CO(1-
0))=0.78,7(*>C0O(1-0))=0.78,7(*3C0O(2-1))=0.65 and;(*>*CO(2-
1))=0.63.

Linear baselines were fit to frequencies outside of the drplec
line region for each scan, then the scans were averagechérget
weighted by their system temperature. The spectra for faor-s
ple galaxies are shown in Figl 2 in th&,, scale, with the rest in
Appendix 1. The figures includ€CO(1-0) and'2CO(2-1) spectra
from Paper IV and Welch & Sage (2003) for comparison.

As all of the galaxies have previous well measured molecular
linewidths from the'2CO(1-0) data, we use this prior knowledge
to help ascertain detections and measure integrated itiésngn
order for a galaxy to be detected, we require the integrateshi
sity over its'2CO(1-0)-detected velocity range to be three times
greater than the uncertainty expected over such a velogdthw
As in|Sage et all (2007) and Paper 1V, the statistical uniceyta
in a sum overN; channels of widthhv and rms noise leveF is
ot = (6v)?0?Ni(14 Ni/Ny,), whereNy, is the number of baseline
channels used (and thus thg/ N, term contributes the uncertainty
from estimating the baseline level). The rms noise is meakaout-
side of the range where line emission is expected. If a gaarpt
detected, we give three times the measured uncertainty ap-an

3 http://www.iram.es/IRAMES/mainWiki/EmirforAstronome
4 http://www.iram.fr/IRAMFR/ARN/AnnualReports/IRAMR007. pdf

(© 2011 RAS, MNRASD00, [TH15



The ATLASP Project — XI. Dense molecular gas 5

Table 2. Sample properties.

Name D MK )\Re €e P10 |Og(MH1) |Og(MH2) f60/f100 Dust MOI’ph. [O |||]/HB
(Mpc)  (mag) (Mpc?) Me) Mg)

1C0676 246 -22.27 049 0.524 -1.41 827 8.62 0.62 F 0.32
1C1024 242 -21.85 0.72 0.679 -0.85 Q04 8.57 0.52 F 0.60
NGC1222 333 -22.71 0.15 0.280 -1.90 £31 9.08 0.85 F 1.81
NGC1266 299 -2293 0.64 0.193 -2.11 698 9.29 0.79 F 1.70
NGC2764 396 -23.19 0.66 0.614 -2.01 9.28 9.19 0.51 F 0.44
NGC3032 214 -2201 0.34 0.102 -1.52 8.04 8.41 0.41 D 0.31
NGC3607 222 -2474 021 0.185 -0.92 < 6.92 8.42 - D 0.99
NGC3665 331 -2494 041 0.216 -1.94 <743 8.91 0.25 D 0.61
NGC4150 134 -2165 051 0.328 -1.18 6.26 7.82 0.46 N 1.53
NGC4459 16.1 -23.89 0.44 0.148 0.78 < 6.91 8.24 0.39 D 0.66
NGC4526 16.4 -2462 045 0.361 0.83 < 7.684 8.59 0.33 D 0.81
NGC4694 16.5 -22.15 0.29 0.547 0.60 8.21 7.99 0.41 F 0.68
NGC4710 16,5 -23.53 0.65 0.699 0.09 6.84 8.69 0.39 D 1.13
NGC5866 149 -24.00 0.32 0.566 -2.12 6.96 8.47 0.27 D -
NGC6014 358 -22.99 0.39 0.419 -2.27 < 8.281 8.80 0.63 D 0.45
NGC7465 29.3 -2282 0.28 0.364 -1.97 9.98 8.80 0.47 F 0.87
PGC058114 23.8 -21.57 0.18 0.185 -2.31 8.23 8.61 0.78 - 0.64
UGC09519 27.6 -21.98 0.63 0.484 -2.41 9.27 8.80 0.40 F 1.14

Notes: Distances and M from Paper I\, ande. from Paper Ill;p10 from Paper VII; H content from Serra et al. (2011)Hontent from Paper 1V,
feo/ f1o0 derived from IRAS measurements; dust morphology is D for,d#sfor filamentary and N for none from Paper Il. Exceptioh§rossi et al.
(2009),2 |Paturel et &1/ (2003} |Alatalo et al. [(2011)? [Knapp et al.|(1979); ISpringob et g1/ (2005).

per limit. Integrated intensities with errors are tabulsite Table[3,
along with the velocity range integrated over. We note tindy the

measurement errors are tabulated, systematic unceetaante also
important at around 10%.

4 RESULTS
4.1 Consistency of line profiles

Assuming that the intrinsic velocity dispersion of the nwollar gas
is low (< 30 km s'!, the channel width), the spectral profile of
each molecular line is governed by the velocity field of thizga
coupled with the spatial distribution of the gas emittinghat line.
Changes in spectral shape from line to line can indicatemifft
molecular gas properties at different locations within Egga We
thus compare the line profiles of each galaxy, testing fosist@ncy
as documented in Appendix B. Briefly, we first determine wheth
Gaussian or a double-peaked profile is the best fit td16©(1-0)
line. Then, using this best fit functional form, we determivteether
the shape parameters (leaving amplitude free) for all dthes are
consistent with those derived for tA&CO(1-0) line.

Three galaxies, NGC 1266, NGC 3607 and NGC 4526, have
line profiles inconsistent witt? CO(1-0) for all or almost all of their
other lines. For NGC 1266 (best fit by a Gaussian), the FWHM
is significantly greater in it$2CO(2-1), HCN(1-0) and HCO(1-

0) lines and is significantly narrower in botACO lines (further
discussed in Section 4.3). Alatalo et al. (2011) find that NK266’s
12C0O(1-0) and'?>CO(2-1) line profiles are best fit by two nested
Gaussians (with a shared centre). We thus perform such adest
two-Gaussian fit for the other molecular lines of NGC 1268, bu
find that the two-Gaussian fit does not result in a signifigelotver

X2 value in these other lines. For NGC 3607 and NGC 4526, the
distinct changes in shape are consistent with pointingtsfeshich
preferentially miss one side of their double-peak profiles.

Out of all the galaxies, NGC 5866 has the most interesting di-
versity of line profiles. Despite an asymmetry likely due ¢inping
in both2CO lines, it is clearly double-peaked in bdthCO lines,

© 2011 RAS, MNRAS000,[THI5

HCN(1-0) and HCJ (1-0), while both'3CO lines show a clear
single central peak. In this galaxy, the molecular gas mant llif-
ferent properties in the centre and disc.

The line most frequently found to be inconsistent with
12C0O(1-0) is the'2CO(2-1) line. These two lines have the highest
signal-to-noise ratio and thus their parameters are besti@ned,
making it harder for them to be formally consistent. Theeatit
beam sizes (factor 2) means a smaller region is traceédGo(2-

1) providing one reason for potential line-profile diffeces along
with gas property variations and, additionally, theCO(2-1) is

very sensitive to pointing offsets, as clearly seen in NGO736
NGC 3665, NGC 4526 and NGC 5866.

At some level, we expect the intrinsic line profiles in the-var
ious lines to all be different, due to different local comafiis in
the molecular gas. Higher signal-to-noise data should stoeh
varying profiles and allow variations in the physical prdjeer of
the molecular gas to be studied. However, the relativelydigmal-
to-noise ratio of our observations does not allow for sudiaitizl
work and we thus only consider integrated intensity ratastifie
remainder of this paper.

4.2 Line ratio diagnostics

Molecular line ratios are a first step to diagnose the statthef
molecular gas within galaxies. Here we compare the lin@satf
our early-type galaxies with those of spirals, Seyfert auahd star-
bursts. We also test if the molecular line ratios correlaté wther
ISM and stellar properties of the galaxies.

We compute the integrated line ratios after using interfea
ric 2C0O(1-0) data (Alatalo et al., in prep.) to estimate beamemmrr
tion factors for each galaxy. Appendix B tabulates theseesbnd
describes the process. This step is necessary, as thditnasisie
compare are at different frequencies, thus measured offeretit
beam sizes. Corrections from HCN or HE@ 2CO(1-0) are up
to 60% in the case of the most centrally-concentrated seubre
the corrections for most sources range between 30-50%.04dl ¢
rections are under 10% between tH€0O and**CO lines and no
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Table 3.12C0O(1-0),12C0O(2-1),13CO(1-0),13CO(2-1), HCN(1-0) and HCO(1-0) integrated intensities.

Galaxy Vel. range 2C0o(1-0) 2Cco(2-1) 13C0O(1-0) 13Cco(2-1) HCN(1-0) HCG (1-0)

(kms—1) (Kkms—1) (Kkms=1) (Kkms 1) (Kkms 1) (Kkms™ 1) (Kkms1)
1C0676 1310-1516 11.46 +0.39 16.78 £0.32 1.44+0.11 1.97+£0.15 0.27+£0.06 0.27+0.06
1C1024 1359-1619 11.41 £0.38 15.74+£0.36 0.724+0.08 1.9040.12 < 0.27 < 0.28
NGC1222 2253-2603 17.32 + 0.45 28.95+0.49 0.78+0.10 1.424+0.20 <036 0.37+£0.12

NGC1266 1750-2500 34.76 £0.99 105.224+0.88 1.04+£0.09 4.044+0.19 2.83+£0.15 1.97+0.15
NGC2764 2514-2944 16.17 £ 0.48 24.54£0.71 1.414+0.10 2.01£0.14 0.284+0.08 0.47=+0.08

NGC3032 1475-1630 8.32+0.23 6.61 +£0.27 0.84+0.07 1.23+£0.09 0.27£0.04 < 0.33
NGC3607 670-1227 10.44 +£0.29 19.54 £2.20 1.66+£0.17 2964032 0.73£0.10 0.51+0.10
NGC3665 1737-2432 11.97 £0.64 14.35+£0.83 3.71£0.19 5.64+0.19 0.49+0.08 <0.23
NGC4150 75-350  6.04£0.47 10.99 £0.49 0.42+£0.07 0.87+0.11 < 0.24 < 0.25
NGC4459 980-1385 10.03 £ 0.56 11.52£0.51 2.99+0.13 4.03+£0.21 0.59+0.12 < 0.62
NGC4526 280-980 21.63 &+ 1.00 3226 £0.89 5954+0.28 6.76+£0.34 1.75+0.12 < 0.63
NGC4694 1083-1264 6.14 £0.35 6.60 +£0.28 0.35+0.08 0.65+0.14 < 0.20 < 0.20
NGC4710 896-1368 31.65 +0.74 40.424+0.62 4.77+£0.15 6.13£0.20 1.41+£0.10 0.89=+0.10
NGC5866 432-1051 21.57 £0.38 17.35+£0.68 3.27+0.16 3.80+0.18 0.84+0.09 0.57=+0.09
NGC6014 2266-2570 7.48 +£0.38 10.81 £0.37 0.78+£0.13 1.54+0.10 0.20£0.05 <0.14
NGC7465 1827-2117 11.89 £0.39 21.48+0.43 063+£0.14 1.15£0.06 0.134+£0.03 0.29+0.03
PGC058114  1383-1768 11.37 £0.38 21.65£0.27 0.56 £0.09 1.45+0.20 <0.33 0.38£0.11
UGC09519 1501-1818 12.64 4+ 0.38 13.96 £0.29 0.45+0.10 0.88+0.18 <0.21 0.29+£0.07

1 pilot sample galaxies from Mnoy

1C0676 1IC1024 NGC1222 NGC1266

80
60F

2C0O(1-0) ] “co@-0)] 129 2Co(-0)] 229

T (MK)

: 8CO(2-1)

HCN(1-0) HCN(1-0)

10F H H E

al

HCO"(1-0)

HCO'(1-0) : © HCO'(1-0)

{ HCO'(1-0)]

-2

N N -3 . . . . . n

500 1000 1500 2000 500 1000 1500 2000 1500 2000 2500 3000 1500 2000 2500 3000
Viss (km s) Visg (km s) Visg (km s) Viss (km s)

Vo N A ot o

Figure 2. Example molecular line spectra from the IRAM 30m telescapectra of the remaining 14 galaxies are shown in Appendikh&.spectra have been
binned to a channel width of 30 knT$ and the scale is in main beam temperature (mK). The blue liows the best-fit Gaussian or double-peak function
(fits are only performed on detected lines). The verticahdddines indicate the velocity range integrated over taiokintegrated intensitieJop to bottom:
12C0(1-0),12C0O(2-1),13CO(1-0),13CO(2-1), HCN(1-0) and HCO(1-0). Thel2CO(1-0) and'2CO(2-1) data are from Paper IV.
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Table 4.Integrated intensity line ratios.

Galaxy 2cof3co  Tcof3co HCN/2CO HCN/3CO HCN/HCOF I3co/Hcot  T2co(1-0)/
(1-0) (2-1) (1-0) (1-0) (1-0) (1-0) 12Cc0(2-1)
1.3 +1.4 +0.008 +0.07 +0.35 +1.29 +0.05
IC0676 7.5 83713 003370058 0257007 1.00%03° 4.037029 1347003
IC1024 151738 8.1t} <0.024 <0.38 >261 1177502
NGC1222 211753 20.0155 <0.021 <0.46 <0.96 1.657056  0.981002
5.6 +3.8 +0.020 +0.73 +0.14 +0.07 +0.03
NGC1266 30'9—%.0 24.875 0128705  3.941g46 1435513 0.36Z7 0862503
1.8 +1.9 +0.008 +0.08 +0.21 +0.57 +0.06
NGC2764 10.87}2 11.671% 002570008 0271008 0.59703] 2227057 1501008
1.6 +0.9 +0.009 +0.09 +0.11
NGC3032 9.57°¢ 53709 0.04470090 0417050 >0.81 >252 2047010
1.1 +1.4 +0.019 +0.13 +0.40 +0.75 +0.13
NGC3607 5970 6.4715 009770015 0581005 1437008 24770705 1.03701%
0.5 +0.4 +0.013 +0.04 0.16
NGC3665 3.000:2 247195 0060100513 0.18700) >2.13 >16.21  1.937)1%
NGC4150 13.75:5 12.2*+27 < 0.040 <0.58 >171 1.08°5%0
0.5 +0.4 +0.020 +0.06 y+0.10
NGC4459 3.2t0:3 28704 008170020 0.26150% >0.95 >4.80 1.397015
0.5 +0.7 +0.018 +0.06 0.06
NGC4526 3.570:2 46707 0.108t301%  0.3815:9¢ >2.77 >9.41 1.1575%8
NGC4694 16.6"57 9.715 < 0.032 <0.56 >1.73  1.877073
0.9 +1.0 +0.010 +0.06 +0.24 +0.82 +0.04
NGC4710 6.309 6.579 006170010 0391000 1597038 4101927 1327001
0.9 +0.7 +0.010 +0.07 +0.32 +1.00 +0.13
NGC5866 6.209 43757 005910010 0367007 1481032 4100090 3.071013
2.3 +1.1 +0.011 +0.13 0.10
NGC6014 9.007:2 67711 0.04010517 0367513 > 1.46 >551 1.5875 00
5.7 +2.8 +0.004 +0.11 +0.13 +0.48 +0.04
NGC7465 17.9°57 181738 001570507 0277048 044703 1637045 1.05%00]
8.9 +4.6 0.47 +0.04
UGC09519 26.25° 151755 <0.017 <0.47 <0.72 1.087537 1187501
PGC058114 18.95°% 14431 < 0.029 <0.58 <0.85 1.057039  2.30%00%

correction is required between HCN(1-0) and HQQ®-0) as they
are very close in frequency.

Errors on the integrated intensity ratios are calculatédgus
very simple Monte Carlo simulation of errors through digisi We
include the measurement errors of Tallle 3 and, for ratidaes hot
measured simultaneously (i.e. all except HCN/HQa 10% sys-
tematic error contribution. This simulation is necessagause the
non-linear operation of division produces a strongly biaéson-
Gaussian) error distribution, which is not well approxiethby the
standard error propagation formula. The bias is partibulastice-

resolved studies will have to determine what drives the dighy o
compared t@Rq; ratios.

The highestRio and Rz, ratios for the early-type sample
are similar to those of the most extreme starbursts, whédat-
est ratios have never before been seen in integrated galagy m
sures, matching the very lowest values ever measured ixygala
discs{(Tan et al. 2011). As mentioned above, spirals havel igc-
dients infRo, the value generally decreasing with radius in the
disc (Paglione et al. 2001; Tan et al. 2011), although it cameh
local maxima within spiral arms or intense star-formingioeg

able here because our measurements are small comparedrto the(Schinnerer et al. 2010; Tan eilal. 2011). In general, bighratios

errors (i.e. low signal-to-noise; large relative errorsipthe first-
order Taylor expansion of the standard error propagatiomita
beyond its region of validity). Using 1000 samples from a €#an
distribution around each integrated intensity and digdive then
calculate upper and lower errors by sorting the obtainedegand
identifying the values that exclude the bottom and top 15(1&%v-
ing the central 68.2% range of values, thus akin doetrors on a
Gaussian distribution).

421 'colMco

The sample galaxies vary by a factor of 10 in bdf#CO(1-
0)/13CO(1-0) (hereaftefi;) and>CO(2-1)CO(2-1) (hereafter

Ma1; see Tabléld) and these two ratios are well correlated (gee th

top panel of FiglB). However, about half the sample galakies

significantly largefR1o thanfiq; ratios, as can be seen comparing

the galaxies to the solid 1:1 line in F[d. 3 (error bars do ntarisect
the line). The galaxy area probed by the (1-0) transitioroighde in
diameter to that of the (2-1) transition, so the highep ratios may
indicate that the more extended gas traced by the (1-O)itiemss
more optically thin in some early-type galaxies. Howevee, dif-
ference in the (1-0) and (2-1) ratios may instead be dominbye
the global temperature and density of the molecular gadiciga

© 2011 RAS, MNRASD00,[THI5

seem to signal more active star formation by tracing theugsiéfgas
created by feedback processes. The majority of early-tgpexges
havefio ratios similar to those of spirals (5-20), with NGC 1222,
NGC 1266 and UGC09519 being exceptions at the high end and
NGC 4526, NGC 4459 and NGC 3665 being exceptions at the low
end.

Figured4h and ba show how tbl, ratio varies with several
galaxy properties, Figufe Wa focusing on ISM properties amd-
ronment and Figureba focusing on stellar properties. Thaxga
with a significant molecular outflow, NGC 1266, is identified i
each plot with a circle and will be discussed separatelyh@&top of
each plot, the Spearman rank correlation coefficient angbtble-
ability that the null hypothesis (no correlation) is true aiven.
Low probabilities for the null hypothesis (we take ‘low’ t@ less
than 0.03) suggest the data are correlated. The dust mogphbas
two discrete categories (disc and filament), so the null thgms is
that the sample means are the same. We evaluate this pitbapil
Welch'’s t-test (similar to the Student t-test but not assuntihat the
sample variances are the same).

By the above measure®,;, is correlated with the molecular-
to-atomic gas ratio (atomic gas measured hyerhission), the dust
temperature, M and the single stellar population (SSP) derived
age. TheéR ratios of the galaxies with dust discs are also signifi-
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Figure 3. Molecular line ratio diagrams. Early-type galaxies areespnted
by yellow squares with error bars or upper or lower limitsir&8lp, star-
bursts and Seyfert nuclei are portrayed by purple circleserg stars and
blue triangles, respectively (Krips etial. 2010). The gragdhighlights the
region occupied by spirals from Paglione €t al. (2001) inttpeplot, spi-
rals from{ Gao & Solomon (2004a) in the middle plot, and GMC%/i81
(Brouillet et al. 2005) in the bottom plot. The band refletis fact that the
ratio along one axis is not yet well constrained by literatdata. NGC 1266,
a sample galaxy with a molecular outflow, is identified by hiireles. Cen
A'is represented by yellow squares without error bars.

cantly different than those of galaxies with filamentarytd@ the
other hand, no significant correlation is found with the [ 3
emission line ratio (a measure of the ionised gas excitgtion
cal environmentX.3), SSP-derived metallicity or alpha-element en-
hancement, or specific stellar angular momentig/(/€c).

Of course, not all of these parameters are independent. Stel
lar luminosity (or mass) is known to positively correlatettwi
the SSP-derived age, metallicity and alpha-element ermagict
(Trager et al. 2000; Thomas etlal. 2005, McDermid et al., @ppr
The bright-CO selection criterion results in a relationimn stel-
lar mass and gas fraction such that galaxies with highdastabhss
have low gas fraction and vice versa. The galaxies with highs
fractions tend to be those that are interacting, with lowelerular-
to-atomic gas ratios, filamentary dust morphologies andérigust
temperatures, while the low gas fraction galaxies are maiecn
ular, with settled and colder dust discs (see Table 2). We thatt
low mass galaxies with low gas fractions (and settled dust mo
phologies and low dust temperatures) do exist among the 56 CO
detected ATLASP galaxies. Observing such galaxies will help sep-
arate some of these currently degenerate parameters. Tegoro
with the current sample, we draw from the most plausible I&-re
tions, supported by previous work on late-type galaxies.

It has long been known tha®io directly correlates with
the dust temperature in spiral and starburst galaxies (e.g.
Young & Sandels 1986; Aalto etlal. 1995). The explanation pro
posed is that hot dust temperatures signal more efficienfata
mation (more UV photons impinging on a given quantity of Jlust
that in turn may produce optically thin molecular outflowsadrot,
diffuse component of molecular gas through radiative faelbin
either case, higheR, ratios result.

All of the sample galaxies with higtkio ratios have fila-
mentary dust structure, indicating an unsettled ISM. Sigihm-
teraction are also often visible, either in stellar lightger I,
Duc et all 2011, hereafter Paper IX) or in tails of atomic gaerfa
et al., in prep.). However, unlike the direct relation betw&i o
and feo/fio0 Seen in_Young & Sanders (1986) and_Aalto et al.
(1995), a number of the early-type galaxies with high, do not
have particularly warm dust (IC 1024, NGC 4694, NGC 7465 and
UGC 09519). These galaxies are interacting or accretingdbu
not (currently) have starburst or nuclear activity subsady heat-
ing their dust. For these galaxies, the low optical deptH®O(1-

0) must be attributed to unsettled gas as opposed to feeditmaok
intense star formation. Indeed, interacting galaxies Hmzaen ob-
served to have increased gas velocity dispersions (Irwi®¢19
Elmegreen et al. 1995), which would allow for a decreasedtalpt
depth in*2CO(1-0).

Thus, theRyo ratio seems driven to higher values by gas-rich
interactions (major mergers, minor mergers, or tidal gague)
and/or feedback from starburst activity. The gas-richrad@ons
tend to have large amounts of atomic gas involved, thus mipta
the correlation with the molecular-to-atomic gas ratio.sbtem-
peratures of these galaxies are middle to high, never veryTbe
strong apparent correlation witki-band luminosity may be due to
our sample selection, since we have no high mass, high gesefin
(generally interacting) galaxies or low mass, low gastfeec(gen-
erally settled) galaxies. Similarly, the strong trend WBBP age
may be tied to the biased gas fraction because SSP age isarery s
sitive to the fraction of young to old stars (which is presbiga
higher in high gas fraction galaxies). As mentioned abavelud-
ing low mass, low gas-fraction galaxies in future work wilba us
to see if either galaxy mass or SSP age affecbihgline ratio.

In the fourth panel of Fid. 4a, the eye is drawn to a correfatio

(© 2011 RAS, MNRASD00, [TH15
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between [QlI]/HS, although the Spearman correlation coefficient
reveals this is not particularly likely. Indeed, it is haal dtate a
connection: highRio galaxies shy away from the lowest values of
[O m}/HB while low 911 galaxies have middle valued-ratios. Cou-
pled with another optical emission line ratio such asl[H« or
[SUJ/Ha, [O ])/HS is frequently used to distinguish HIl-region
photoionisation from shock ionisation or from a power-laantin-
uum source such as an AGN. Unfortunately, without the setinad
ratio, the values observed for our galaxies are degendratss. the
lack of a clear correlation may be due to various ionisatmurses
which are differently (or not) related to molecular gas Enties.

Some relation also looks possible fot;p and 33, mostly
driven by galaxies at high local environmental densitiesrgalow
A1 values. These are all galaxies that are in the Virgo clustdre
centre of their group. Itis possible that in these galaxtesmolec-
ular gas is additionally pressure confined by the hot intcasg or
intra-cluster medium and so has such high optical depthniwe
galaxies are needed to rule in such a scenario.

We have suggested that either stellar feedback and/or mmgoi
accretion of cold gas leads to more optically thin molecgks and
higherfR1, ratios. However, chemical effects may also be able to
explain such relationst3C is a secondary product of nucleosyn-
thesis and should build up in abundance relativE’® as a stellar
population ages and returns material to the interstellafiune. In-
teractions may bring less enriched material into galaxiét, pre-
sumably les$®C, explaining the higheR 1, ratio seen in these sys-
tems. Chemical fractionation due to isotopic ion exchawogetds
13C0 and away from?CO may also cause the trend Wiy / f100;
at lower temperatures the lower-enefd€ O will be more strongly
preferred. If the majority of molecular gas is at low temperes in
the more settled galaxies, then this option could also bgores-
ble for the observed trends. Ratios involving HCN and HO@Ip
disentangle these options in the next sections.

starburst-likeR o ratios), while they overlap with approximately
half of the Seyfert nuclei.

We plot the inverse of these ratios (tl#&€O(1-0)/HCN and
13C0O(1-0)/HCN) against the same galactic properties as &etor
make plots with the same orientation as 85, (Figs.[4b,c and
[Bh,c). Again ignoring NGC 1266, very similar trends to thage
M1o are seen with?CO(1-0)/HCN, although the lower number of
galaxies (only 12 detected in HCN) makes it easier for thé nul
hypothesis of no correlation to be accepted. Correlatioitis thie
molecular-to-atomic gas ratio, dust temperature, SSP agdd/k
are still significant. A correlation with stellar metalligiis also
shown to be likely, but would probably not be if the one lowenit
at high Z were included. For thHé CO(1-0)/HCN ratio, no correla-
tion is seen with any galaxy parameter.

In the *2CO(1-0)/HCN ratio, there is no difference in the car-
bon isotope, so the continued presence of most of the trelmds o
served withfi; rules out enhancetfC abundance as their cause.
If ion-exchange reactions leading to fractionation wergpomsi-
ble for the trends with?CO(1-0)/HCN, inverse relations would be
expected for®CO(1-0)/HCN. As this is not seen, fractionation is
also unlikely to explain the observed trends. With both alaunce
variations and ion-exchange reactions unable to drive tiserved
trends, a varied average optical depth'®€0O(1-0) is left as the
most likely cause.

HCN/2CO(1-0) is frequently used as a dense gas tracer in
star-forming galaxies. Gao & Solomon (2004b) find an incedas
HCN/*2CO(1-0) ratio for LIRG and ULIRG galaxies and suggest
that gas traced by HCN is more closely tied to star formati@mt
that traced by2CO(1-0). In Fig[$, we place our early-type galax-
ies on a HCN>CO(1-0) versud.rir plot along with the late-type
galaxies from_Gao & Solomon (2004b). The early-type gakse
low Lrir do not behave as nicely as the late-types, instead they
exhibit a wide range of HCN#CO(1-0) ratios. However, much

We note that three of the early-type galaxies have extremely of this may be due to the optical depth effects'fitO(1-0) de-

low P19 and Rz ratios, at the limit seen in spiral galaxy discs:
NGC 3665, NGC 4459 and NGC 4526.98;o minimum value of
3.3 was reported in Tan etlal. (2011), but spiral discs gdigdrave

scribed above. We colour-code the early-type galaxies &y 2y o
ratio, and as expected if the optical depth'd€0O(1-0) plays a
role, galaxies with lowi;, ratios are seen at high HCNCO(1-

R10 values above 5 (Young & Sanders 1986; Paglionelet al.| 2001; 0) and vice versa (a blue colour indicates high HEXIO(1-0)).

Schinnerer et al. 2010). The values observed here indibatete
gas in these three galaxies is either less affected by starafo
tion feedback (remaining very optically thick and/or fiacated
towards'®>CO) or is more enriched with*C.

4.2.2 HCN

For HCN, we consider ratios with bottf CO(1-0) and**CO(1-

0) (see Tablé€l4). HCN?CO(1-0) varies by a factor of about 7,
from 0.015 to 0.108, while HCN?CO(1-0) varies by only a fac-
tor ~3 from 0.18 to 0.58, if NGC 1266 is excluded (because of
its unique properties associated with its molecular oudfld@ur
early-type galaxies mostly lie within the HCNCO(1-0) range of
normal spirals indicated by the grey band in Kiy. 3, basedhen t
galaxies ol Gao & Solomon (2004a) with far-infrared lumiityps
Lpr < 10" L (thus below the LIRG luminosity threshold). The

Thus HCN/2CO(1-0) is not a good tracer of dense gas fraction in
early-type galaxies, HCN/CO(1-0) should be better. Additionally,
we see that NGC 1266 has a high HENZO(1-0) ratio despite its
high R4 ratio. It thus exhibits a dense gas ratio like a LIRG or
ULIRG regardless of optical depth considerations. Thuk dignse
gas fractions are not limited to galaxies that are extrerbgght in

the FIR.

If we instead use HCN?CO(1-0) as a dense gas tracer, we
find that that there is only about a factor 3 variation in thisa (ig-
noring NCC 1266) among the early-type galaxies. Unforteiyat
few spiral galaxies have both HCN ahtCO(1-0) measured; only
a comparison with a larger spiral sample will really tell wiher the
early-type galaxies as a population have different densefrga-
tions.

42.3 HCO

three galaxies above the grey band are NGC 3607, NGC 4459 andHCO™ (1-0) is detected in 10 of the 18 sample galaxies, includ-

NGC 4526. These are three galaxies that were also | inand
Ma1, signaling that it may be their weakness'#CO that is the
shared trait between the two ratios. NGC 7465 lies below thg g
band; it is a galaxy with highR,o andR2:. Few spirals have mea-
sured HCNF2CO(1-0) ratios, but the early-types definitely have
HCN/*3CO(1-0) ratios lower than starbursts (even those with high

© 2011 RAS, MNRASD00,[THI5

ing 3 cases where HCN is not detected (NGC 1222, PGC 058114
and UGC 09519). The HCN/HCOratios for the detected early-
type galaxies range from 0.44 (and possibly less)t@.77. Ra-

tios of 0.66 to 1.7 are seen in M31 giant molecular clouds (GMC
Brouillet et al.l 2005); this region is shaded in grey in thetdm
panel of Fig[B. Most early-type galaxies are also found iwith
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Figure 4. Molecular line ratios against ISM properties and environt{éom left to right): (1) molecular-to-atomic gas rati@) fso/f100 ratio of IRAS

fluxes (a dust temperature proxy), (3) dust morphology (disdamentary; from Paper Il), (4) median [O Ill]J/Hemission line ratio (a measure of the ionised
gas excitation; from Sarzi et al., in prep.), and 45) (a measure of the local galaxy density; from Paper VII). Ftomto bottom, the molecular ratios are (a)
MR10, (b) 12CO(1-0)/HCN and (c}3CO(1-0)/HCN. NGC 1266 is highlighted with a circle. The Spean rank correlation coefficient (‘r’) and the probability
that the null hypothesis (P, no correlation) is true are given at the top of each plot.
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Figure 5. Molecular line ratios against stellar properties (front tefright): (1) absolutei-band magnitude, SSP best-fit (2) age, (3) metallicity, [@ha
element abundance (McDermid et al., in prep.) and (5) spestéilar angular momentum normalized by ellipticity (Pape From top to bottom, the molecular
ratios are (ai1o, (b) 12CO(1-0)/HCN and (c)}3CO(1-0)/HCN. NGC 1266 is highlighted with a circle.The Spean rank correlation coefficient (‘r) and
the probability that the null hypothesis R no correlation) is true are given at the top of each plot.
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Figure 6. HCN/2CO(1-0) versus FIR luminosity. Early-type galaxies are
shown as colored squares with the color reflecting this ratio (blue to
red depicts low to high ratios). Late-type galaxies from@a® & Solomon
(2004b) sample are shown as diamonds. NGC 1266 is hightidhte sur-
rounding circle.

this range, as are most starbursts and Seyferts, althoydérSeu-
clei appear biased towards higher and spiral galaxies ts\awer
HCN/HCO" ratios (e.gl Krips et al. 2008). As for theéCO(1-
0)/HCO™ ratio, the early-type galaxies have larger ratios than the
starbursts (and many of the Seyferts), analogous to thelesmal
HCN/*3CO(1-0) ratios observed. Thus both ratios agree that early-
type galaxies have lower dense gas fractions than starfamst
many Seyfert) galaxies, at least if the latter systems atelom-
inated by chemical enhancement of the HCN and HCO

Curiously, two of our galaxies (NGC 3665 and NGC 4526)
have quite high HCN/HC®(1-0) ratios, 2 or higher based on
our HCO™ non-detections. These are two of the three galaxies
with extremely lowfR1o values. The third very loviio galaxy
(NGC 4459) is also a non-detection in HCOits HCN/HCO"
must be abové.4. None of these three galaxies has a clear Seyfert
nucleus based on optical emission line ratio classificqtitmet al.
1997) or a powerful X-ray nucleus, although one (NGC 366%) ha
conspicuous radio jets that may signal an X-ray bright AG#iden
within. Still, an AGN driving XDR chemistry cannot be the com
mon link between these three galaxies. Instead, the pesisibi
efficiency of star formation in these galaxies may suppodveet
ionisation fraction and thus a smaller abundance of HQ®la-
tive to HCN. Information from other molecular gas tracetglsas
HNC, will help diagnose if this is the case.

4.3 Molecular gas classes

As mentioned above, early-type galaxies exhibit a variétpaec-
ular line ratios. Here we draw attention to two basic clasgaekax-
ies with settled dust and gas discs and those with unsettistchcid
gas.

Galaxies with settled discs include NGC 3032, NGC 3607,
NGC 3665, NGC 4459, NGC 4526, NGC 4710, NGC 5866 and
NGC 6014. Most also have clearly double-peaked spectra, in-
dicating that the molecular gas distribution extends bdytire
turnover of the galaxy’s rotation curve (Paper V), and alNeéha
more molecular than atomic gas. These galaxies havédagynand
Mo1 values, in three cases strikingly low (below 3). They alseeha
high HCN/A2CO(1-0) ratios, consistent with the idea that they are

very optically thick in12CO(1-0). Many also have high>( 1.4)
HCN/HCO" (1-0) ratios.

Within this set of settled gas discs, we find that those with
the greatestk-band luminosities have the lowe%t;o, M2 and
12CO(1-0)/HCN ratios. If these galaxies also have the ledst ef
cient star formation (as predicted by morphological quérgtior
galaxies with high bulge to disk ratios) then the very oplycdnick
molecular gas in these galaxies might result from reducechare
ical and/or radiative feedback accompanying the less effigtar
formation. Another option is that they are generally founenvi-
ronments where hot gas may confine their molecular gas taa thi
(and thus more optically thick) layer.

The second class of galaxies we draw attention to are those
with unsettled dust (Paper IlI), signaling either ongoing ga-
cretion or a merger: IC 676, IC 1024, NGC 1222, NGC 2764,
NGC 4694, NGC 7465 and UGC 09519. Recent work suggests
that minor mergers are likely to supply the cold gas to marthef
currently star-forming early-type galaxies (Kaviraj et2009), so
such signs of accretion are not unexpected. These galagiesg
ally have more atomic than molecular gas and the atomic gas-di
butions frequently, although not always, show signs ofraxtgon
(Serra et all 2011). PGC 058114 does not have optical phetome
try for dust classification, but generally seems to fit in ttless.
These galaxies all have high;, ratios and low HCN£CO(1-0)
ratios (see Fig. 4). Increased turbulence from the intenaadiffuse
molecular gas within the significant atomic phase and/ariigant
radiative or mechanical feedback from a related starbuesttes a
lower optical depth in these galaxies. This group has a wpdessl
in dust temperatures.

NGC 4150 may bridge the two classes; recent HST WFC3
imaging reveals a dust disc with spiral structure and steltp-
ulation analysis suggests a recent (1 Gyr) minor merger
(Crockett et all 2011). H observations show a low-column den-
sity cloud of atomic hydrogen, possibly leftover from thisnior
merger [(Morganti et al. 2006). However the overall molectda
atomic gas fraction is quite high, making NGC 4150 more simil
to members of the settled disc group. Its molecular lineosalie
in the middle of the ranges we observe. In general, therdedyli
to be a continuum from highly disordered to settled ISM. Mahy
the interacting galaxies may have or may be developing a afst
some of the galaxies with discs may not be entirely settléd ye

As mentioned previously, NGC 1266 stands apart in many
ways from the other galaxies. It has a massive molecular out-
flow, discovered during the IRAM 30m survey of the ATLAS
galaxies |(Alatalo et al. 2011). Here we note its extremelghhi
HCN/*2CO(1-0) ratio of 2.7, higher than most starbursts and
Seyfert nuclei found in the literature. The interpretatadrihis ra-
tio as an extremely high dense gas fraction fits with the végh h
surface density implied by the interferometttCO observations.
But an increased ionisation rate due to X-rays, cosmic @ysery
intense FUV emission could also boost the HCN abundance. The
clear line profile mismatches suggest spatial variatiotisgmolec-
ular properties or multiple molecular components. TheO(2-1),
HCN(1-0) and HCO (1-0) lines were all fit with wider Gaussians
(FWHM = 154"14, 152713 and 176735 km s~ respectively) than
the '2CO(1-0) line (FWHM = 1323 km s™'), suggesting that they
are more prevalent with respectftCO(1-0) in the molecular out-
flow (which reaches higher velocities). On the other hanel rtér-
row profiles of both thé*CO(1-0) (FWHM = 94" | km s') and
13C0O(2-1) (FWHM = 106 3 km s7%) lines indicate reduced emis-
sion from the'3CO lines in the outflow. The outflow must there-
fore have an even high&, ratio and is likely very optically thin,

(© 2011 RAS, MNRASD00 [THI5
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consistent with the large velocity gradient modeling perfed in
Alatalo et al. [(201/1) using th&€ CO(1-0)12CO(2-1) and*2CO(3-
2) transitions. The lack of strontf CO wings confirms a typical
Xco factor should not be used for the molecular outflow.

5 CONCLUSIONS

Using the IRAM 30m telescope, we have surveyed'f@0, HCN
and HCO™ emission of the 18 galaxies with the strong&&EO
emission in the ATLASP sample of nearby early-type galaxies. We
detect all 18 galaxies in botf CO(1-0) and>*CO(2-1) transitions,
12/18 in HCN(1-0) and 10/18 in HCQ1-0).

Fitting the 12CO(1-0) lines with a double-peak or Gaussian
profile and evaluating the reducegd value, we find that one third of
the galaxies are best fit by a Gaussian, one third with a ctaabld-
peak profile and the remaining one-third with a very flat-&xgpp
‘double-peak’ profile. Two galaxies (NGC 1266 and NGC 5866)
have clearly different profiles in the various moleculae8nindi-
cating spatial variations of the molecular gas conditioithiw the
galaxies. Discrepant profiles in a few other galaxies arsistent
with pointing offsets. We hypothesize that at higher sigoahoise
ratios, the majority of the line profiles would be found to bginsi-
cally inconsistent due to changing molecular gas conditibtigher
signal-to-noise single-dish data or interferometric magse vari-
ous lines will allow us to determine if this is indeed the case

The molecular gas line ratios of early-type galaxies aregen
ally consistent with the ranges observed in spiral galasitisough
we also identify some outliers. In terms of the HENZO(1-0)

tend to have less optically thin molecular gas, along wittelodust
temperatures and higher molecular to atomic gas mass.raties
correlations withK'-band luminosity and SSP age can plausibly be
explained by sample selection effects, further work intigdess
massive early-type galaxies with settled gas and dust dbsies
quired before conclusions are reached.

A set of outliers with lowi;o and9Rs1, high HCNA2CO(1-
0) and only upper limits to their HCN/HCOratios are identified.
These galaxies may have particularly stable molecular dgashw
remains very optically thick if>CO or have their molecular gas
confined to a thin layer by hot gas pressure. NGC 1266, a galaxy
with a molecular outflow, also stands apart from both spiaaid
the rest of the early-type sample. Its HCRZO(1-0) and"3CO(1-
0)/HCO" ratios suggest that it has a very high dense gas fraction,
but its highfi10 and2; values simultaneously suggest that much
of its 12CO emission is optically thin. This combination of ratios is
seen in some other extremely active starburst or Seyfeakigal.
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APPENDIX A: REMAINING SPECTRA

The spectra of the remaining 14 galaxies not shown in Figel ar
shown here in Fig_Al.

APPENDIX B: TEST OF LINE PROFILE CONSISTENCY

Here we document how we test for line profile consistency.hs t
12C0O(1-0) spectra generally have the highest signal-toengitio,
so we first fit a single Gaussian and a double-peaked profiletet
lines. Our double-peak function is a parabola cut off synicegty
by a steeply declining exponential on either end:

T we ™ (FO-W=)/15 kms~1)

Tub,0 + a(v — vo)?
—((v=vg—w)/15kms™ 1)

v<Vg—W
Vo— WU Vo+ W

f)

r:[‘mb,we v>vVvo+ W

The parabola is a function of the velocity, and is centered apy
with a cutoff at \w£w on either side. T,,0 gives Ty, at the cen-

different intensities will be measured over differentlgesi beams,
an effect that is often called ‘beam dilution’ for centralmisources
or centrally concentrated sources.

Our data consist of the integrated intensities (i.e. brighs
temperatures integrated over specific frequency or veloaitiges)
of lines at different frequencies, therefore measured diféarent
beam areas. For HCN(1-0) and HE(-0), the frequencies are so
close that the difference in area is smal (1%) and their ratio
can be computed without any correction. However, the diffee is
significant for all other line ratios. In the worst case, wepare the
integrated intensity of HCN(1-0) and HC@1-0) in a 27.7 arcsec
beam to the integrated intensity GiCO(1-0) in a 21.3 arcsec beam
(afactor 1.7 in area).

To predict and thus correct the effect of different beamssize
the structure of the source must be known in the tracer useet- |

“ferometric'2CO(1-0) maps obtained for all sources as part of the

ATLAS®P project (Alatalo et al., in prep.) reveal the distributidn o
this line. Unfortunately, the other lines do not yet haveifegromet-
ric data. Still, we can perform a first-order correction ass\g that

tral velocity, w, and the parameter ‘a’ describes the steepness of the distributions of the other lines are identical to thdt2@0(1-0),

the parabolad > 0 in order to guarantee a double-peak or flat-
topped shape). b, w=Tmb,0 + aw? is the peak height. Instead of a
sharp cutoff from the peaks to zero, which leads to fittindopems,

a steep exponential decay with a decay constant of 15 khiss
specified on both sides.

The fits were performed with the Interactive Data Language
(IDL) package MPFIT(Markwardt 2009). The reducgd values
for the Gaussian and double-peak fits to tA€O(1-0) spectra are
listed for each galaxy in TableB1. 7/18 galaxies are bestyfiab
single Gaussian, 6/18 by a true double-peak profile and 518 b
flat-topped profile¢ = 0). For most galaxies, this fit-based classi-
fication agrees with the by-eye classification in Davis e(2011,
hereafter Paper V).

For all the other transitions of each galaxy, we constrai th
type of fit to that which provides the lowaf value in the>?CO(1-

0) line. Uncertainties in the fit parameters are then detegthby
Monte Carlo simulations, adding Gaussian noise to the wbder
spectra and refitting 1000 times. The distributions of treulteng
parameters are not necessarily Gaussian, so we use thaleqtiv
to a 2 range, containing 95% of the probability. The measured line
profiles are considered consistent with each other whenrtberu
tainties on all their parametersq(and o for the Gaussianyo, w
anda for the double-peak profile) overlap. We use tR€O(1-0)
profile as a base and compare the other lines to it.

Table[B1 lists whether the line profile of each of the other five
lines is consistent with that 3CO(1-0) (1 indicates consistency, 0
inconsistency). We note that consistency here is not tieahthinsic
line profiles agree to within a certain measure, but instbatithe
observed line profiles do not rule out such agreement (iecofien
too low signal-to-noise).

APPENDIX C: DERIVATION OF BEAM CORRECTION
FACTORS

A single-dish telescope measures an average surface rieght
(usually expressed as a temperature) that results fromaineoe
lution of its main beam pattern with the sky brightness. Tatgrn

of the main beam is roughly a Gaussian, with a half-power beam
width (HPBW) that depends inversely on frequency. Thus,afor
given telescope, a lower frequency line is measured overgana
sky region than a higher frequency line. For non-uniformrses,
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within a scaling factor.

For each galaxy and for each transition, we first perform the
weighted integration of the interferometriéCO(1-0) map using
a Gaussian with appropriate HPBW as the weighting function.
The HPBWSs we use are determined by the formula: HRBW
2460" /[v/GHz]. This results in HPBWSs of 27.7, 27.7, 22.3, 21.3,
11.2 and 10.7 arcsec for the HCN(1-0), HEQ-0), *CO(1-0),
12C0(1-0),13C0O(2-1) and>CO(2-1) lines, respectively. Then we
divide this spatially integrated flux by the beam area, olitgi an
estimate of the integrated intensity'3CO(1-0) in each differently-
sized beam. This derived intensity is writtenfg 5w (*>CO(1-0)),
where the ‘int’ denotes the interferometric origin and tHeBW is
specified in arcseconds. With the assumption that othes liase
spatial distributions identical to that &tCO(1-0) to within a scal-
ing factor, we can then estimate their integrated integsivver dif-
ferent beam sizes. For example, to compute the estimated HGN
integrated intensity measured over the smaff€0(1-0) beam:

int

_ 013" (*Co(1-0)

I, — T oo~~~ v 1" (
int 12 - 27.7
1=, (12CO(1-0))

21.3

» (HCN) HCN), (C1)
where the prime indicates that this is an estimated, andirexttty
measured, integrated intensity.

We list the correction factors required for the line ratios w
study in Tabld_Cll. These have been applied to the ratiosl liste

Table4.
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Figure A1. Molecular line spectra from the IRAM 30m telescope; specfithe first 4 galaxies are shown in Fig. 2. The spectra have biemed to a channel
width of 30 km s~1 and the scale is in main beam temperature (mK). The blue lioe's the best-fit Gaussian or double-peak function (fits akemerformed
on detected lines). The vertical dashed lines indicate ¢hecity range integrated over to obtain integrated int@ssiTop to bottom12C0O(1-0),12CO(2-1),
13CO(1-0),13CO(2-1), HCN(1-0) and HC®(1-0). The'2CO(1-0) and'2CO(2-1) data are from Paper IV and Welch & Sage (2003).
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Figure A1 —continued
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Table B1.Line profile fits and consistency.

Name Gaussiay® Double-peaky®> Fit 12CO(2-1) ¥CO(1-0) ¥CO(2-1) HCN(1-0) HCJ (1-0)
IC0676 1.7 1.3 F 1 1 1 1 1
IC1024 2.9 2.2 F 0 1 1

NGC1222 3.7 1.6 D 0 1 1
NGC1266 2.0 78.7 G 0 0 0 0 0
NGC2764 1.8 1.8 F 1 1 1 1 1
NGC3032 2.1 0.9 D 1 0 1 1
NGC3607 11.4 3.0 D 0 0 0 0 1
NGC3665 4.0 2.4 D 1 1 1

NGC4150 1.1 1.5 G 1 1 0

NGC4459 3.3 2.2 D 1 1 1 1

NGC4526 5.8 2.1 D 0 0 0 0 0
NGC4694 1.0 1.4 G 0 1 1

NGC4710 1.9 4.7 G 1 0 0 0 1
NGC5866 6.8 9.6 G 1 0 0 1 1
NGC6014 25 2.2 F 1 1 1 0

NGC7465 2.0 1.7 F 1 1 1

UGC09519 1.6 6.7 G 0 1 1

PGC058114 2.4 5.7 G 0 1 1

Notes: The three types of fits denoted in the ‘Fit’ column aséhgle Gaussian (G), a double-peaked profile (D) or a flgpedmprofile (F). The final five
columns indicate whether the line specified in the colummiimgghas a profile consistent with th&CO(1-0) profile (1) or not (0).

Table C1.Integrated intensity correction factors.

Name e, (2coq0) It (Pco(0)) I, (Pco(-0) I, (12C0(1-0) I, (P2CO(1-0))
1‘21;3,,0200(1-0)) 1;2f2,,<12co<1-0)) 1;:7,,(12(30(1-0)) 1;2f7,,<1200(1-o)) 1‘2‘;”_3,,0200(1-0))
IC0676 1.06 1.03 1.35 1.43 1.96
1C1024 1.05 1.02 1.27 1.33 1.62
NGC1222 1.05 1.02 1.27 1.33 1.63
NGC1266 1.08 1.05 1.45 1.57 2.60
NGC2764 1.06 1.05 1.34 1.43 2.28
NGC3032 1.05 1.02 1.29 1.35 1.62
NGC3607 1.06 1.03 1.32 1.39 1.92
NGC3665 1.07 1.05 1.38 1.47 2.32
NGC4150 1.05 1.04 1.30 1.38 1.97
NGC4459 1.05 1.02 1.30 1.37 1.60
NGC4526 1.05 1.03 1.28 1.34 1.71
NGC4694 1.06 1.04 1.32 1.40 2.01
NGC4710 1.05 1.02 1.31 1.38 1.68
NGC5866 1.07 1.05 1.40 1.50 2.47
NGC6014 1.07 1.04 1.38 1.47 2.29
NGC7465 1.06 1.03 1.31 1.39 1.89
PGC058114 1.07 1.07 1.40 1.50 2.24
UGC09519 1.08 1.08 1.43 1.54 2.54
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