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ABSTRACT

In a pilot project to study the relationship between stamfation and molecular gas prop-
erties in nearby normal early-type galaxies, we have obthobservations of dense molecular
gas tracers in the four galaxies of tR&URON sample with the stronge$tCO emission. We
used the Institut de Radio Astronomie Millimetrique (IRABQmM telescope 3 and 1 mm het-
erodyne receivers to observe tR€0(J=1-0),'3CO(J=2-1), HCN(E1-0) and HCO(J=1—
0). We report the detection 8#CO emission irall four SAURON sources and HCN emission
in three sources, while no HC@mission was found to our detection limitsany of the four
galaxies. We find that th€CO/*2CO ratios of threeSAURON galaxies are somewhat higher
than those in galaxies offiiérent Hubble types. The HGNCO and HCM3CO ratios of all
four SAURON galaxies resemble those of nearby Seyfert and dwarf gaaxith normal star
formation rates, rather than those of starburst galaxibe. HCNHCO" ratio is found to be
relatively high (i.e.>1) in the threeSAURON galaxies with detected HCN emission, mimick-
ing the behaviour in other star-forming galaxies but beifghar than in starburst galaxies.
When compared to most galaxies, it thus appears'8@® is enhanced (relative {6CO) in
three out of fouISAURON galaxies and HCOis weak (relative to HCN) in three out of three
galaxies.

All three galaxies detected in HCN follow the standard HQMrared luminosity and
dense gas fraction—star formatiofiieiency correlations. As already suggested8§0 ob-
servations, when traced by infrared radiation, star foromein the threeSAURON galaxies thus
appears to follow the same physical laws as in galaxiestgréint Hubble types. The star for-
mation rate and fraction of dense molecular gas however teeach the high values found in
nearby starburst galaxies, but rather resemble those obypearmal star-forming galaxies.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evauat— galaxies: ISM —
galaxies: kinematics and dynamics — galaxies: structuradidlines: galaxies

1 INTRODUCTION type galaxies with a substantial amount of molecular gaw siin
vious signs of (current) star formation (SF; e.g., Crocketd £2008,
2009, 2010; Young et al. 2008). However, the converse isrgéye
true (e.g., Jeong et al. 2009), and the&30 per cent fraction of SF
objects within the nearby early-type galaxy populationy(eYi et
al. 2005) appears to be superficially consistent with the®5 per
cent CO detection rate (e.g., Sage & Welch 2006; Sage et@ir,; 20
Combes et al. 2007; Young et al. 2010). This fact raises maggt
unanswered questions: how is the (current) SF ignited ily-¢gpe
galaxies? Is SF coupled to the molecular discs, i.e. do alecro
ular gas discs form stars? Does SF only take place in the siense
regions, perhaps ill-traced by tA&CO lines used in most surveys?
How, if at all, does the morphology of the molecular discs tred
physical characteristics of the molecular gas correlath thie ages

Over the last twenty years, growing evidence has accunuithst
nearby early-type galaxies (&0s) are not always devoid of molec-
ular gas, and can even harbour a substantial amount of it (®es
et al. 1991; Wiklind, Combes & Henkel 1995; Bettoni, Gaklest
Garcia-Burillo 2003; Sage, Welch & Young 2007; Combes,népu
& Bureau 2007; Young et al. 2010), often settled in a regylest
tating disc (e.g., Young 2002, 2005; Young, Bureau & Cagpell
2008; Crocker et al. 2008, 2009, 2010). Interestingly, hiatarly-

* Based on observations carried out with the IRAM 30m telesctiRAM
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Table 1.Basic parameters of the foSAURON galaxies.

NGC RA(J2000) DEC(J2000) Vo D  Activity
(hh:mm:ss.s) (dd:mm:ss)  (kmY  (Mpc) Type
3032 09:52:08.2  +29:14:10 1533 21.7 HIl
4150 12:10:33.6 +30:24:06 226 13.7 none
4459 12:29:00.0  +13:58:43 1210 16.3 HHL
4526 12:34:03.0 +07:41:57 550 16.3 none

Notes: Coordinates, distances, velocities and activipgsyare taken from
the NASA/IPAC Extragalactic Database (NED). Galaxy typesiINER,
H Il =star formation bursts.

of the stars? In order to answer some of these questionses-is
sential to study the spatially- and kinematically-resdlpeoperties

of the stellar populations, as well as those of the molecydarin
early-type galaxies (550). CO emission can also easily trace signs
of gravitational interactions or other dynamical pertuitias that
can help to understand how star formation is induced.

Observations of a sample of 48 nearbySg galaxies have
been carried out with a custom-designed panoramic optical
integral-field spectrograph (Bacon et al. 2001) within thearfe-
work of the SAURON project. A description of the sample and il-
lustrative results can be found in de Zeeuw et al. (2002) uRRes
include the detection of kinematic misalignments, twistd de-
coupled cores as well as central discs in roughly half of theces
(Emsellem et al. 2004; Krajnovic et al. 2008). Informatiam the
ionized gas (distribution, kinematics and ionisation; Zba&t al.
2006, 2010) and the age, metallicity and alpha-elementre@ha
ment of the stellar populations (Kuntschner et al. 2006,02@te
also available. The specific angular momentum of the gadeeqie
pears to be a dominant factor in their evolution (Emselleralet
2007; Cappellari et al. 2007), and all CO detections are dann
fast-rotating systems (Young et al. 2010).

In order to study star formation in tHBAURON sources and un-
derstand the various phenomena observed in the stellapaisdd
gas data, observations looking for central molecular gathén
nearby SAURON E/SO galaxies were obtained by Combes et al.

evolution (NGC 4459 and NGC 4526). The first group appears to
harbor a large fraction of widely distributed young starsle/ithe
second group possesses a lower young stellar fractiongtsga-
tially limited to the center (Kuntschner et al. 2010). Adilially,
NGC 3032 shows signs that its young stars have a lower restylli
than its bulk stellar population. Nevertheless, only NGG3and
NGC 4459 show signs of circumnuclear activity both in therfor
of H 1l regions, indicative of star formation bursts, and, in theeca
of NGC 4459 also in the form of a low-ionization nuclear eruss
region (LINER) nucleus.

The paper is organised as follows. Section 2 presents the ob-
servations. Section 3 consists of the results and a dismus$ithe
data and their trends. Finally, section 4 summarizes ouirfgsd
and conclusions.

2 OBSERVATIONS

Using the IRAM 30m telescope at Pico Veleta, Spain, in August
2008 andApril 2010, we observed thé*CO(J1-0), 13CO(J=2-

1), HCN(J1-0) and HCO(J=1-0) lines in the centres of our
four target galaxies. In 2009, we used the AB set of receivers
with the 1 and 4 MHz backends at 3 andt Inm (89-110 GHz
and 22 GHz), respectivelyhile we used the Eight Mixer Re-
ceiver (EMIR) with the Wideband Line Multiple Autocorrela-

tor (WILMA) backend in 2010 . The weather was exceptionally
good inboth years with a precipitable water vapour at 3 mm of
< 5 mm during~ 90 per cent of the time and 5-15 mm during
~ 10 per cent of the time, corresponding to system tempemature
Tsys = 100-200 K at 3 mm ang 300 K at 14 mm. We discarded

all 1.4 mm data obtained at 3 mm precipitable water vapour of 5—
15 mm while we kept the corresponding 3 mm data as the system
temperatures were still in an acceptable range (i.e., 9258 K).

We spent 2-5 hr on source per target and frequency, resittiag

rms noise level (in Fy scale) of~ 0.5-1 mK for HCN and HCO®
(binned to~ 30 km st) and of~ 2-3 mK for3CO (binned to

~ 20 km s1). Pointing and focus tests were carried out eveBr1

(2007).*2CO emission was detected in 12 of 43 galaxies observed 2 hr on a nearby planek(30°; Mars angor Saturn) or a nearby

with the Institut de Radio Astronomie Millimetriqgue (IRAMBOM
telescope, suggesting typical gas masses in a range betaveen
few 1¢f to 1 M,. Combes et al. (2007) further found that the
amount of molecular gas in the galaxies correlates withr tae
infrared (FIR) luminosities, an often-used indicator adrdiorma-
tion. The gas-rich sources show the most pronounced starafor
tion, as for normal star-forming spiral galaxies. Howevbg lack

of correlations between the molecular gas and most stettgr-p
erties suggests that the molecular gas is largely unrelatetie
old, pre-existing stellar population, and might have bedereally
accreted, as a result for instance of a merger or interaei@mt
(Combes et al. 2007).

However, as2CO emission has been found to be a rather un-
reliable tracer of the dense gas where star formation taleep
(e.g., Gao & Solomon 2004a,b), as a pilot study we focus here o
the volume angbr column density tracers HCN, HCGnd **CO
in the four SAURON galaxies with the brightes2CO emission. Ba-
sic parameters of these four sources are given in Table ly The
form an interesting subset of tHBAURON sample as they nicely
populate the two main evolutionary groups: i) those with aeno
‘troubled’ recent past, likely involving accretion gied minor in-
teractions with other galaxies (NGC 3032 and NGC 4150); gnd i
those with a more peaceful immediate past dominated by aecul

strong quasar<{ 10°; 0924+392). The pointings were consistent
with each other withine 1-3 arcsec throughout the observations.
This is entirely sfficient given the beam sizes (half power beam
width, HPBW) of 27 arcsec for HCN&L-0) and HCO(J=1-0),

22 arcsec fot3CO(J1-0) and 11 arcsec fafCO(J=2-1).

To remove the continuum from each spectrum, a baseline of
polynomial order O or 1 was fit to the line-free regions of eachn
and subtracted, and the scans were thereafter averaged.eé/e m
sured the peak intensities, central velocities, full wid#ff maxima
(FWHM) and velocity-integrated fluxes of the detected libgsit-
ting Gaussian profiles to the data. Some of the lines cleatibé
multiple peaks, so we compared line intensities obtainewah footh
multiple and single Gaussian fits. As the (summed) line siters
agreed well with each other, we will use the values from thelsi
Gaussian fits in the following.

Antenna temperature3 {) have been converted to main beam
temperaturesT(n) by dividing the antenna temperatures hy=
Beit/Fer, Where B and Fe are the beam and forwardteien-
cies, respectively (i.eTmp = T3/ n = 0.78/0.95 = 0.82 for
HCN and HCO, 5 = 0.75/0.95 = 0.79 for 3CO(J=1-0) and
n = 0.55/0.91 = 0.60 for *¥CO(J2-1)). To convert the mea-
sured brightness temperaturds,{[K]) to fluxes (S[Jy]) via S[JIyF
feorv Tmo[K], the following conversion factors must be useg,, =

© 0000 RAS, MNRASD00Q, 000-000



Molecular Gas in Early-Type Galaxies 3
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Figure 1. Emission line spectra of the foSAURON early-type galaxies observed. From top to bottom in eackelp&CO* (J=1-0), HCN(&1-0),13CO(Jk1-
0) and3CO(3=2-1). From left to right: NGC 3032, NGC 4150, NGC 4459 and N@26t The'3CO emission is overlaid with the spectra of tH€O
emission ¢yar) from Combes et al. (2007), scaled down to match @O line emission; the scaling factors are indicated in trepeetive spectra. The
(single, dual, triple) Gaussian fits to the line spectra do#qx in dark blue.

Table 2. Properties of the molecular line spectra.

Line 2CO(k1-0) 2CO(F2-1) BCO(¥x1-0) ¥CO(¥E2-1) HCN(F1-0) HCO (I=1-0y
Parameters (CYBO7) (CYBO7) (this paper) (this paper) (this paper) fthaper)
NGC3032:
I (Kkms?) 9.3+0.3 7.9:0.2 0.9:0.1 1.4:0.2 0.32:0.09 <0.2
<Vp > (kms?) 1549:2 153%2 157110 156110 157113
Av (km s71) 129+4 103:3 130:14 104:10 16Q:30
NGC4150:
I (Kkms?) 6.1+0.5 13.2.0.5 0.4:0.1 1.10.2 <0.2 <0.2
<Vo > (kms?) 204+7 200:3 221+14 226:12
Av (km s71) 158+14 1898 150:30 16Q:30
NGC4459:
I (Kkms?) 10.9:0.5 14.3:0.5 3.20.2 4.9-0.4 0.8:0.1 <0.7
<Vp > (kms?) 1169:9 11768 1194:22 117940 114@:20
Av (km s71) 477+16 405:15 39G:20 38G:20 440:70
NGC4526:
I (Kkms™?) 23.8:0.8 37.40.7 6.0:0.2 110.4 1.6:0.1 <0.7
<Vo > (kms?) 697+2 695:5 605:30 60G:30 606:40
Av (km s71) 650+23 533:11 68726 67727 760G:50

Notes:@Line properties have been obtained by fitting a single Gangsi the data from Combes et al. (2007) and this paperf Tmp dvis the
velocity-integrated line intensitys v, > is the mean (central) heliocentric velocityy is the velocity width (FWHM)® Determined from & upper limits
from spectrum at100 km s spectral resolution assuming the same FWHM as found for Bl (3=1-0) or'3CO(J=1-0) line.
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4.9 Jy K1 for HCN(J=1-0) and HCO(J=1-0), foony = 5.0 Jy K1
for 3CO(J=1-0) andf.o, = 5.8 Jy K1 for 3CO(J=2-1).

3 RESULTS AND DISCUSSION

We detected*CO(J=1-0) and'*CO(J=2-1) emission in four out
of four sources and HCN&L-0) emissionin three out of four
sources, while HCO® emission is undetected @il four sources
The spectra of the individual lines for each galaxy are phbtin
Fig. 1. We also overlay th&?CO emission from Combes et al.
(2007) on our3CO detections for a direct comparison. The line pa-
rameters obtained from Gaussian fits to the data are listeakile 2
and compared to thECO data from Combes et al. (2007). All the
line profiles appear to agree well with each other for eaclvidd
ual galaxy. Only thé3CO(J=2-1) line in NGC4459 and NGC4526
shows some asymmetry, with a stronger blueshifted peakthizit
can probably be attributed to the smaller beam.4tmim and thus

a different beam filling at 3 and 1.4 mm. While tR&CO line
emission in all galaxies except NGC 4526 strongly resemtblas
of 2CO, the*CO(J2-1) line in NGC 4526 dfers from that of
12C0O(J=2-1). This is most likely due to a slightlyfiérent pointing
during the two observations, which will be considered fa lime
ratios in the following discussion. It also indicates theg €mission

in NGC 4526 (and probably NGC 4459) is slightly larger thaa th
beam size at 1 mm. The fitted heliocentric velocities alseagrith
each other for all galaxies except NGC 4526, where the medsur
velocities difer from each other by90 km s*. However, this dif-
ference can be explained by the Gaussian fit to the asymniiaic
profile of the’>CO emission done in Combes et al. (2007), which
favours the stronger redshifted peak and thus shifts tleedentre
towards higher velocities (see also Fig. 1). If one caladahe cen-
tral velocities from the full widths at zero maximum (FWZMne
finds a more consistent value ©f620 km s?.

We calculated line ratios between the total of 6 molecuraedi
observed for each galaxy (see Table 3 and Fig. 2). To avotdsys
atic errors due to beam dilutiorffects, we only determined line
ratios at similar frequencies, i.e. observed with simileain sizes.
Please note that we consider the line ratio betweeA*be(J=2—

1) and?>CO(J2-1) line emission as uncertain given theiffeli-

ent line profiles (see discussion in the previous paragrapheg
line ratios are compared to those in galaxies dfedlent Hubble
types in Table 3 and Figure 2. The list of galaxies dfetient Hub-

ble types should be regarded as representative of each type a
does not attempt to be complete. We explicitly state theoregf
each galaxy where the line ratios have been taken. This is-esp
cially important for the very nearby galaxies such as M33,1IM3
and the dwarf galaxies, for which the observations alreadplve
giant molecular clouds (GMCs) and cannot be regarded as aver
aging over the central regions of each galaxy. In additioryip
ous studies indicate that molecular line ratios can vamiaantly
within a galaxy (e.g., Wilson, Walker & Thornley 1997; Heli®
Blitz 1997; Brouillet et al. 2005; Krips et al. 2007), esgalyi for
galaxies with an active galactic nucleus (AGN). NGC 1068 and
NGC 6951 are prominent examples of completel§atent chem-
istry and excitation conditions of the molecular gas clasehe
AGN and in the (star formation-dominated) large-scalead@rms
(e.g., Sternberg, Genzel & Tacconi 1994; Krips et al. 200D8).

Although the'3CO*2CO line ratios appear to be quite simi-
lar among galaxies of tfierent Hubble types, with values in gen-
eral around (-0.2, certain trends can nevertheless be identified.
While the starburst galaxies and (U)LIRGS seem to populate t

lower end of the line ratio distribution (with values.1), three of
the four SAURON galaxies lie at the higher end of it, with \egu
larger than @ in at least one of the two transitions (see Fig. 2).
Casoli et al. (1992) suggest that the I&BCO/*2CO ratios in star-
burst galaxies are not a consequence of excitation condidagor
optical depth fects, but are rather due to an actual change in the
B3CO/*2CO abundance ratio itself, either by overabundd@O or
underabundant®CO. As numerous new massive stars are formed
during a starburst, the interstellar medium will be prefeialy en-
riched by nucleosynthesis &C, whereas*C remains ungiected.
Also, at least in the case of a merger-induced starburstinfa#

of large-scale gas to the centre will result in a dilution o ten-
tral 13CO gas, as the infalling gas is poor'ftCO. As for the high
BCO*?CO line ratios in three of the fouBAURON galaxies, opti-
cal depth may well play a significant role, with e.g., optigahick
12C0O emission.

The HCN*CO and HCNCO ratios are similar to those of
the (star formation-dominated) central regions of nearkyf&t
and spiral galaxies as well as those of GMCs in dwarf gala(sies
Fig. 2), but they are quite fierent from (i.e., smaller than those of)
nearby starburst galaxies and the (AGN-dominated) cirawoiear
discs (CNDs) of some Seyfert galaxies (CNDs being smalign th
the central regions considered in the Seyferts).

The SAURON early-type galaxies stand out most when consid-
ering the HCMHCO* ratio, varying most significantly again not as
a function of Hubble type but rather of activity type (Fig.s&e
also Krips et al. 2008). Here, tls|AURON galaxies strongly resem-
ble the (AGN-dominated) circumnuclear regions of some &gyf
(e.g. NGC 1068, NGC 6951 and M51) and some (ultra-)luminous
infrared galaxies ((U)LIRGs). However, theyfidir from most star-
burst and the dwarf galaxies (at least the Magellanic Clpads
well as Centaurus A (Cen A). Nevertheless, because of the hig
HCN/*3CO and HCM?CO ratios of these Seyfert galaxies, the
high HCNHCO" ratios in theSAURON early-type galaxies proba-
bly have a dfferent origin than that in the Seyferts. While the high
HCN/HCO" ratios in the Seyfert galaxies are believed to be a con-
sequence of enhanced HCN emission (e.g., Sternberg et%4; 19
Usero et al. 2004; Krips et al. 2007, 2008), those in SABRON
galaxies appear to be due to lowered HGEnission instead.

HCO* is known to be enhanced over HCN in galaxies with
strong starburst activity, with a likely dependence on the af the
star formation burst, i.e. the older the star formation btire lower
the HCNHCO" ratio (see the examples of the evolved starburst
galaxy M82 and the young starburst NGC 6946; Krips et al. 2008
and references therein). Thiffect is thought to be a consequence
of the increased rate of supernova explosiong@mithe increased
importance of photo-dissociation regions (PDRs) in morehed
starburst galaxies. The high HZNCO+ ratios observed here in the
four SAURON targets may thus indicate that supernova explosions
(or, equally, PDRSs) only play a minor role in the gas chengisfr
these early-types.

It is interesting to note that the molecular line ratios ofstnaf
the SAURON early-type galaxies are not very similar to those of the
elliptical galaxy Cen A. Cen A rather seems to favour lindasit
close to those of the dwarf galaxies in our list. This is ndirely
surprising however as the molecular gas in Cen A, mostlytéxtin
the minor-axis dust lane, has almost certainly been caghtdmeing
a merger event with a gas-rich dwarf or small disc galaxy.(e.g
Malin, Quinn & Graham 1983).

When comparing the HCN luminosity to the IR luminosity
(a measure of star formation; see Fig. 3), one finds that the fo
SAURON sources nicely follow the IR-HCN correlation of star-
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forming galaxies, firmly extending the relation to lower lumosi-
ties. Plotting both of these luminosities (IR and HCN) noliresl
by the 2CO luminosity (thus measuring star formatiofieiency
against dense gas fraction), our early-type galaxies dgagom-
fortably on the relation (e.g., Solomon et al. 1992; Gao &oBmbn
2004a,b), having both relatively average dense gas fractand
star formation éiciencies (SFEs). This suggests that most of the
star formation in these four SAURON early-type galaxiesais-t
ing place in dense gas regions, as in other nearby (spirkiga.
The dense gas fraction is however lower than what is foundulg t
starbursting galaxies.

4 SUMMARY AND CONCLUSIONS

We detected significat®CO in four out of four and HCN emission

in three out of four SAURON early-type galaxies, while no HCO
emission was found in any of the four sources. We find some pro-
nounced dierences in the line ratios of tIS|AURON galaxies when
compared to other nearby galaxies offeient Hubble and activ-
ity types. In particular3CQO/*2CO appears slightly enhanced in
three SAURON galaxies compared to other galaxy types. This may
indicate diferent molecular gas excitation conditions ama¢hem-
istry in these sources. The closest resemblance to our feanbg
SAURON galaxies is found in nearby star-forming galaxies, includ-
ing Seyferts and dwarfs. This and the pronouncetedinces with
starburst galaxies suggest that the fGAURON galaxies exhibit
star-formation rates andfiiencies more similar to quiescent, nor-
mal star-forming galaxies than to starburst galaxies, &iad they

do not reach the high dense molecular gas fraction foundain st
bursts. Also, according to the higlt1) HCNHCO" ratios, PDRs
andor supernovae explosions do not seem to play an importaat rol
in the chemistry of the molecular gas in our four targets.

The threeSAURON galaxies observed in HCN nicely follow the
same physical laws concerning star formation and denseculale
gas as other galaxies, at least when infrared radiatioreid as the
star formation tracer.

Although the fourSAURON galaxies studied in this paper form
a nice subset of th6AURON sample with respect to their gen-
eral characteristics, they are not equally representatiith re-
spect to their molecular gas properties. They have beereatfos
their strong*?CO emission and could thus in principal be extreme
cases within the sample. Follow-up observations of-#m©, HCN
and HCO emission in a much larger sample of nearby early-type
galaxies are currently underway based on the success gfitbis
study. These will eventually allow us to confirm (or discatig
trends found in this pilot project and put them on a soundsisst
tical basis.

ACKNOWLEDGMENTS

We thank the IRAM stfi at the IRAM 30 m telescope at Pico Veleta
for their help during the observations. We would like to thamri-

ous members of thRAURON team for useful discussions throughout
this project and the referee for a thorough review of the pape
acknowledge the usage of the HyperLeda database (Patwuakl et
2003, httpf/leda.univ-lyon1.fr). This research has made use of the
NASA/IPAC Extragalactic Database (NED) which is operated by
the Jet Propulsion Laboratory, California Institute of fieclogy,
under contract with the National Aeronautics and Space Atsni
tration.

© 0000 RAS, MNRASD00, 000-000

Molecular Gas in Early-Type Galaxies 5

REFERENCES

Aalto, S., Booth, R. S., Black, J. H., & Johansson, L. E. B95,9
A&A, 300, 369

Baan, W.A., Henkel, C., Loenen, A.F., Baudry, A., Wiklind, T
2008, A&A, 477, 747

Bacon R., et al., 2001, MNRAS, 326, 23

Bettoni D., Galletta, G., Garcia-Burillo S., 2003, A&A, 3®

Bolatto A. D., Israel F. P., Martin Ch. L., 2005, ApJ, 633, 210

Brouillet N., Muller S., Herpin F., Braine J., Jacq T., 20B8&A,
429, 153

Cappellari M., et al., 2007, MNRAS, 379, 418

Casoli, F., Dupraz, C., & Combes, F., 1992, A&A, 264, 55

Chin Y.-N., Henkel C., Whiteoak J. B., Millar T. J., Hunt M. ,R.
Lemme C., 1997, A&A, 317, 548

Combes F., Young L. M., Bureau M., 2007, MNRAS, 377, 1795

Crocker A. F., Bureau M., Young L. M., Combes F., 2008, MN-
RAS, 386, 1811

Crocker A. F., Jeong H., Komugi S., Combes F., Bureau M.,
Young L. M., Yi S., 2009, MNRAS, 393, 1255

Crocker A. F., Bureau M., Young L. M., Combes F., 2010, MN-
RAS, submitted

de Zeeuw P. T. etal., 2002, MNRAS, 329, 513

Emsellem E., et al., 2004, MNRAS, 352, 721

Emsellem E., et al., 2007, MNRAS, 379, 401

Gao Y., Solomon P. M., 2004a, ApJS, 152, 63

Gao Y., Solomon P. M., 2004b, ApJ, 606, 271

Garcia-Burillo S., Combes F., Usero A., Gracia-Carpjddurnal
of Physics: Conference Series, Volume 131, Proceedingbha
Universe Under the Microscope - Astrophysics at High Angula
Resolution”, eds. R. Schoedel, A. Eckart, S. Pfalzner, K, Ro
01203

Glenn, J.; Hunter, T.R., 2001, ApJS, 135, 177

Heikkila A., Johansson L. E. B., Olofsson H., 1999, A&A, 344
817

Helfer T. T., Blitz L., 1997, ApJ, 478, 162

Henkel, C., Whiteoak, J.B., & Mauersberger, R., 1994, A&842
17

Israel F. P., 2009a, A&A, 493, 525

Israel F. P., 2009b, A&A, 506, 689

Israel F. P., 2001, A&A, 371, 433

Israel F. P, Tilanus R. P. J., Baas F., 2006, A&A, 445, 907

Israel, F. P.; Baas, F., 1999, A&A, 351, 10

Jeong H., et a., 2009, MNRAS, in press

Krajnovit D., et al., MNRAS, 2008, 390, 93

Krips M., Neri R., Garcia-Burillo S., Martin S., Combes, F.
Gracia-Carpio J., Eckart A., 2008, ApJ, 677, 26

Krips M., Neri R., Garcia-Burillo S., Combes F., Schinneke,
Baker A. J., Eckart A., Boone F., Hunt L., Leon S., Tacconi L.
J., 2008b, A&A, 468, L63

Kuntschner H., et al., MNRAS, 2006, 369, 497

Kuntschner H., et al., MNRAS, 2010, in press.

Lees J. F., Knapp G. R., Rupen M. P., Phillips T. G., 1991, ApJ,
379, 177

Malin D. F., Quinn P. J., Graham J. A, 1983, ApJ, 272, L5

Matsushita S., Kawabe R., Matsumoto H., Tsuru T. G., Kohno K.
Morita K.-I., Okumura S. K., Vila-Vilar6 B., 2000, ApJ, 545
L107

Meier, D.S.; Turner, J.L.; Hurt, R.L., 2008, ApJ, 675, 281

Nguyen, Q.-Rieu; Jackson, J.M.; Henkel, Ch.; Truong, B.;
Mauersberger, R.,1992, ApJ, 399, 521

Paglione T. A. D., Wall W. F., Young J. S., Heyer M. H., Richard



6 M. Krips et al.

Table 3. Molecular line ratios for a representative set of nearbyaxjal covering the Hubble sequence arftedént activity types.

piviyType  TERELD [ENGIN MO MOAB OLLY ReP  Regiod
Ellipticals: -6 < T< -4
Cen A Sy2 ~0.07 ~0.08 ~0.9 ~0.06 ~0.64 (1) Centre
~0.1 ~0.09 ~0.2 ~0.02 - 1) Dust Lane
Sauron (S0)-4<T<0
NGC 3032 HIl 0.020.01 0.2@:0.02 0.36:0.07 0.03:0.01 >1.7 2 Centre
NGC 4150 NONE 0.0¥0.01 0.080.01 <0.5 <0.03 - 2) Centre
NGC 4459 H kL 0.30+£0.02 0.34:0.02 0.23:0.03 0.020.01 >1.1 2 Centre
NGC 4526 NONE 0.260.01 ~0.3 0.35:0.02 0.02-:0.01 >2.3 @) Centre
Seyferts: < T < +8
NGC 1068 Sy2 0.09:0.02 0.06:0.01 1.60.6 0.13:0.02 1.20.2 (3.6) Centre
~0.02 0.062:0.002 ~80 ~1.4 ~1.4 (4,19) CND
NGC 2237 ? ~0.1 - 0.41:0.07 0.04:0.01 - (4,5) Centre
NGC 3079 SyA 0.06+0.01 0.0%40.01 0.6:0.2 0.039:0.09 >5 (6,23) Centre
NGC 3627 SyA ~0.06 - ~1.1 ~0.07 1.60.1 (3.8) Centre
NGC 3628 L+H I 0.12+0.02 0.1@0.02 0.340.09  0.02#0.007 1.60.5 (22,26) Centre
NGC 3982 Sy1.9H Il 0.07+0.01 - 0.320.08  0.022:0.005 - 4) Centre
NGC 4051 SyINL 0.06+0.01 - 0.320.08  0.019:0.004 - 4) Centre
NGC 4258 Syl.A 0.10+0.01 - 0.220.03  0.029:0.003 - 4) Centre
NGC 4388 Sy2 0.080.01 - 0.20.1 0.01@0.003 - 4) Centre
NGC 4826 Sy2H Il 0.12+0.02 0.130.02 0.46-:0.04 0.06:0.01 1.#0.1 (3,6) Centre
NGC 4945 Sy2 0.060.01 0.1%0.01 0.750.02 0.05:0.01 ~1 (27,28) Centre
NGC 5033 Sy1.8 0.120.01 - 0.360.03  0.044-0.005 ~1.9 4 CND
NGC 5194 Sy2 ~0.1-0.2 ~0.1 ~2 ~0.5 1.4:0.1 (3,7,8) CND
NGC 695F SyZ/L - 0.13:0.02 22 22 1.4:0.1 (3,5) CNDY
NGC 7172 Sy2H Il ~0.1-0.2 - 0.330.07 ~0.03 - 4) Centre
NGC 7314 Syl.9 ~0.1-0.2 - <0.4 ~0.05 - 4) Centre
NGC 7331 L ~0.14 ~0.17 ~0.03 ~0.04 >1.7 (22,24) Center
NGC 7582 Sy2 - - - 0.63.01 1.30.6 (29) Centre
NGC 7469 Sy1.2 ~0.06 ~0.05 0.950.1 ~0.1 ~1.4 (4,6,7) Centre
Mrk 2317 Syl - <0.03 - ~0.2 0.72:0.09 (29,30) Centre
Mrk 331F Sy2+H Il - - - ~0.2 ~1.3 (29) Centre
IRAS 05414-5840 Sy2 - - - 0.04@0.006 0.6:0.2 (29) Centre
Starbursts: & T < +8
m82 SB+H II ~0.03-0.1 ~0.1 ~1 ~0.2 0.720.1 (3,8,9) Centre
M83 SB+H Il 0.10+0.01  ~0.10+0.03 ~1 ~0.1 1.3:0.1 (23,25) Centre
NGC 253 SB-Sy2+H Il ~0.1 ~0.1-0.3 ~0.2-1.0 ~0.05-0.3 0.80.1 (10,11) Centre
IRAS 210293 SB? 0.080.01 0.1%0.02 - - - (20) Centre
NGC 660 SB2SyZL+H Il 0.07+0.01 0.050.01 0.%0.3 0.05:0.02 1.60.3 (20,21) Centre
NGC 891 HIl ~0.2 - - 0.02@0.005 1.20.5 (29,31) Centre
NGC 986 SBHII 0.10+0.01 0.06:0.01 0.90.2 0.02:0.02 - (20) Centre
NGC 1808 Sy2 0.060.01 0.0%40.01 1.20.2 0.06:0.01 0.560.04 (20,21) Centre
NGC 2146 SBHII 0.08+0.01 0.16:0.01 0.8&0.2 0.06:0.01 0.740.05  (4,20,21) Centre
NGC 2369 SB? - - - 0.040.01 1.60.4 (29) Centre
NGC 2903 SB2H Il - - - 0.02@:0.005 0.40.1 (29) Centre
NGC 3256 SBHII 0.03+0.01 0.16:0.04 2.60.4 0.06:0.01 - (20) Centre
NGC 4355 Sy2 - - - 0£0.2 0.08:0.01 (29) Centre
NGC 6946 SB-Sy2+H Il ~0.05-0.1 - ~1 ~0.2 1.20.1 (3,4,8) Centre
NGC 7552 SBL+H Il 0.07+0.01 0.1%0.02 1.10.2 0.080.01 0.20.2 (20,21) Centre

Notes: T is the numerical Hubble type. Sources marked witk"ashow a particular gas chemistry with unusually high HECO, HCN3CO andor
HCN/HCO ratios; sources marked with a™or “ {{” are LIRGs and ULIRGs respectively. Values marked with-& 6r given as a range indicate either
values averaged over (or a range of values for) severalipesitbservations or values for which an accurate estimate diiticertainty was not possibl@.
Sy=Seyfert; LI=LINER, SB= starburst, H K=star formation burssl Il regions, classifications taken from NEPReferences: (1) Wild & Eckart (2000),
Wild et al. (1997) and Wiklind & Combes (1997); (2) this pap@) Krips et al. (2008); (4) Krips et al. (2010, in prep.)) Eetitpas & Wilson (2003); (6)
Israel (2009a); (7) Israel, Tilanus & Baas (2006); (8) Rawi et al. (2001); (9) Matsushita et al. (2000); (10) Sakarebtl. (2006); (11) Sorai et al. (2001);
(12) Wilson et al. (1997); (13) Tosaki et al. (2007); (14) Bitet et al. (2005); (15) Petitpas & Wilson (1998); (16) Btib et al. (2005); (17) Heikkila et al.
(1999); (18) Chin et al. (1997); (19) Garcia-Burillo et @008); (20) Aalto et al. (1995); (21) Baan et al. (2008) (eeférences therein); (22) Meier et al.
(2008); (23) Nguyen-Q-Rieu et al. (1992); (24) Israel & B&E399); (25) Israel & Baas (2001); (26) Israel (2009b); (Bénkel et al. (1994); (28) Wang et
al. (2004); (29) Baan et al. (2008); (30) Glenn & Hunter (20@31) Sakamoto et al. (1997); (32) Wilson et al. (2008Regions in which the line ratios
where determined: Centrecentrals 10 kpc of a galaxy; CNE:= circumnuclear disc, i.e. a radius1 kpc; GMC= average over several giant molecular
clouds; SA= spiral arms? Ratio determined from absorption linéRatios determined from interferometric observations.
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. 13co(x1-0) Bco(k2-1) HCN(JE1-0) HCN(JE1-0) HCN(JE1-0) .
Source Activity Typé 12CO(F1-0)  12CO(¥k2-1)  B3CO(F1-0) 12C0O(31-0) HCO* (=1-0) Ref? Regior?
Starbursts: & T < +8

NGC 7771 SB+H Il - - - ~0.05 ~1.0 (29) Centre

UGC 2855 ? 0.080.02 0.1%0.01 - - - (20) Centre

IC 860° HIl - - - 0.08:0.01 0.50.2 (29) Centre

Arp 220" SB+Sy2L+H Il <0.05 ~0.05 - ~0.08 0.46:0.09 (29) Centre

IRAS 22025-4205 SB? - - - 0.150.03 0.420.2 (29) Centre

SF-spirals: < T < +8

M33 HIl ~0.10 ~0.14 - - - (12) GMC in SA

M31 L? ~0.13 - ~0.15 ~0.02 ~0.9 (13,14) GMC in SA

Maffei 2 NONE 0.02-0.1 - ~0.4-1.3 ~0.02-0.13 2404 (22,23) GMC in SA

Dwarf galaxies+8 < T < +10

IC10 SB - ~0.1 - - - (15) GMC

LMC NONE ~0.1 ~0.2 ~0.2-0.4 ~0.03-0.06 ~0.3-0.7 (16,17,18) GMC

SMC NONE ~0.1 ~0.1-0.2 ~0.3-0.4 ~0.02 ~0.4 (16,17,18) GMC

Peculiar galaxies ayior mergers

NGC 6240 SyZ/L ~0.02 ~0.01 - ~0.09 ~0.8 (29) Centre

Mrk 273" Sy2L - - - ~0.2 ~0.4 (29) Centre

NGC 3620 SB? - - - 0.6.03 <0.4 (29) Centre

IC 1623 ? - - - 0.0420.006 1.20.2 (29) Centre

Arp 55 L+H 1l - <0.04 - ~0.1 ~0.8 (29,32) Centre

Arp 193 L+H 1 - - - ~0.03 ~1.9 (29) Centre

Arp 299A H Il ~0.04 ~0.03 ~1 0.04G6:0.006 1.60.3 (29) Centre

Arp 2998 HIl ~0.04 ~0.03 ~1 0.05@:0.004 ~0.8 (29) Centre

IRAS 12112-0305 L+H 1l - - - ~0.07 ~0.6 (29) Centre

IRAS 1510%40724 HIl - - - 0.1%0.03 0.50.2 (29) Centre

Table 4. Properties of the molecular lines detected.
Source Lir LHen@-o) L1sco-g) Li2co@g) MaensdHz2) ~ M(Hz)  Lir/MdensdH2)  Lir/M(Hz2)
1P L) (@B Kkmsipd) @APRKkmsIpd) @AFPKkmsIpd) (@AEMy) (10 M) (Lo/Mo) (Lo/Ms)

NGC 3032 3.9 0.03 0.08 0.8 0.3 3.8 130 10
NGC 4150 0.7 <0.008 0.02 0.2 <0.08 1.0 >90 7
NGC 4459 2.2 0.04 0.17 0.6 0.4 3.0 55 7
NGC 4526 5.8 0.08 0.33 1.2 0.8 5.7 72 10

Notes:L = luminosity, M = mass. The infrared luminosity () is determined from the 12, 25, 60 and 308 fluxes using g = 47D\ 2 Fir[L o], with
Fir[W m=2] = 1.8x107%4 (13.48 fiqum + 5.16 bgm + 2.68 boum + f100.m) @and D= luminosity distance. The infrared luminosities were detifromIRAS
fluxes that were taken from the NED. The mass of the dense miategas is derived usinMlgensdHz2) = 10 Lncn Mo (K km s71 pc?)~1 (Radford, Solomon
& Downes 1991), while the entire molecular gas mass is déng@ngM(Hz)= 4.8 X Li2co Mo (K km s1 p)~1 (Young & Scoville 1991, and references

therein).
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