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1 Introduction

The interstellar medium (ISM) in most massive spiral and
early-type galaxies (ETGs) is metal enriched relative t® fgpaind
in the solar neighbourhood (e.g. Thomas et al. 2005). Iddai
galaxies also have radial gradients in metallicity, in gahbav-
ing metal rich centres and metal poor outer regions (e.cetieel

ABSTRACT

In this paper we use observations of molecular tracers ialmieh anda-enhanced galax-
ies to study the effect of abundance changes on molecularistrg. We selected a sample of
metal rich spiral and star bursting objects from the literat and present here new data for
a sample of early-type galaxies (ETGs) previously studie€itocker et al. (2012). We con-
ducted the first survey of CS and methanol emission in ETGs¢ctieg 7 objects in at least one
CS transition, and methanol emission in 5 ETGs. We find th&&Whose gas is dominated
by ionisation from star-formation have enhanced CS emissiompared to their HCN emis-
sion, supporting the hypothesis that CS is a better tracéense star-forming gas than HCN.
We suggest that the methanol emission in these sourcevendsy dust mantle destruction
due to ionisation from high mass star formation in dense oudé clouds, but cannot rule out
a component due to shocks dominating in some sources. Wérean®tation diagrams for
each early-type source where at least two transitions ofengipecies were detected. The ro-
tational temperatures we derive for linear molecules vatywben 3 and 9 K, with the majority
of sources having rotational temperatures around 5 K. Ded#pé large uncertainty inherent
in this method, the derived source averaged CS and methalwho densities are similar to
those found by other authors for normal spiral and starlyaistxies. This may suggest dense
clouds are little affected by the differences between eanly late type galaxies. Finally we
used the total column density ratios for both our ETG anddttee galaxy sample to show for
the first time that some molecular tracers do seem to showrmsgdic variations that appear
to correlate with metallicity, and that these variationsgioly match those predicted by chem-
ical models. Using this fact, the chemical models of Bayedlef2012b), and assumptions
about the optical depth we are able to roughly predict thealigty of our spiral and ETG
sample, with a scatter 6£0.3 dex. We provide the community with linear approximasiom
the relationship between the HCN and CS column density eatttbmetallicity. Further study
will clearly be required to determine if this, or any, molé&auracer can be used to robustly
determine gas-phase metallically, but that a relationskigts at all suggests that in the future
it may be possible to calibrate a metallicity indicator floe tmolecular interstellar medium.
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no exception, the gas in the galactic centre is estimatedye hp
to 4 times the metallicity found in gas in the solar neighlhoad
(Shields & Ferland 1994; Maeda et al. 2002). In the next decad
as the power of millimetre wavelength facilities contintegrow
we will be able to investigate in greater detail the chemisfrthe
ISM, and metallicity is likely to be revealed as a crucialgraeter,

et al. 1990; Zaritsky, Kennicutt & Huchra 1994). The Milky Was which has so far not been explored in detail.
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In the first paper of this series (Bayet et al. 2012b; here-
after B12) we presented an exploratory study of the cheynidtr
photon-dominated regions in high metallicity environngeniVe
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found that the molecular ISM is affected in various ways, ifer from the ATLAS®® sample; Cappellari et al. 2011) by attempting
stance generally reaching chemical equilibrium at lowerpgera- to detect transitions of CS in these objects. These obsengaare
tures as metallicity increases. We also highlighted somieentes discussed in Section 2.3.

that were likely to be good tracers of high metallically eon-

ments, and some whose abundance was reduced by orders of magn2-2  Literature data

tude as metallicity increases. This raises the possiltfigy molec- We selected from the literature a sample of 6 well known nearb
ular abundance ratios could be used to determine the neétatf high-metallicity (Z>Z) spiral and star bursting galaxies which
the cold molecular ISM. have been extensively studied in the millimetre regime sEHeave

In B12 we also identified molecules that respond to aninereas determinations of CO, CS and HCN fractional abundanced-avai
in the fractional abundance of-elements. Thesa-elements (e.qg. able in the literature (see Martin et al. 2006), and meaisgees-
Ne, Mg, Si, S, Ar, Ca, Ti) are mainly synthesized byparticle phase metallicities (mainly from strong-line methods, asutated
capture in the silicon fusing precursor state to core-pskasuper- in Galliano, Dwek & Chanial 2008). Where more than one posi-
novae (SNe). Elements around the iron peak, however, aatecte  tion in the galaxies has been measured, we always seleatmiac
by SNe type la. In environments where star-formation hasibee pointing to match our observed data (see Section 2.3). Tlagiga
rapidly quenched (e.g. ETGs; Thomas, Greggio & Bender 1999) we selected, the values used for our analyses and theiriatexbc
and at high redshifts, therefore;elements are overabundant. How  references are listed in Table 1. The metallicities listetercon-
long this overabundance will persist in the gas phase has liiee verted to solar values assuming the solar oxygen abundant i
tle studied, however at high redshifts (before the first Sy tl + log(O/H) = 8.66 (Asplund et al. 2004). We selected 6 objétts
explode) the gas is likely to be significanthrenhanced. In the lo- order to match the number of ETGs with new observational data
cal universe, if stellar mass loss framenriched stars is important  (presented in Section 2.3). This sample does not aim at loeimg

in rebuilding the molecular gas reservoirs of ETGs (seeRayis plete, but contains enough representative members forutpoge
et al. 2011) then the resultant molecular reservoirs inadballuni- of this first exploratory study. We also include in our litena sam-
verse could also be-element rich. Understanding the chemistry ple the nearby ETG Centaurus A, and-@pc region of galactic
of the ISM in such conditions will thus be important for catlg centre region centred on Sagittarius A*(see Table 1).

interpreting results from future high redshift studies.

In this paper, we investigate observationally the ISM chem-
istry in high metallicity environments, with a focus on thent- The IRAM 30-m telescope at Pico Veleta, Spain, was used gurin
mon species identified as tracing metallicity in B12; carb@nox- February 2012 to observe CS emission in the sample of gas rich
ide (CO), carbon monosulfide (CS) and hydrogen cyanide (HCN) ETGs detected in HCN by Krips et al. (2010) and Crocker et al.
These species were highlighted in B12 as having interestédg  (2012) (and originally detected in CO by Combes, Young & Bure
haviours in different metallicity and-enhancement regimes. Here 2007 and Young et al. 2011). See Table 2 for a list of the ptigger

2.3 IRAM-30m telescope observations

we aim to determine empirically if any systematic variation of these objects. We aimed to detect CS(2-1) and CS(3-2)lsimu
molecular abundances is seen in galaxies with differenaliigtes, taneously in the 3mm and 2mm atmospheric windows. The beam
and discuss the possibility of calibrating a metallicitgizator for full width at half-maximum (FWHM) of the IRAM-30m at these
the molecular ISM. We use a sample of data from the literdture  frequencies is 25 and 171, respectively. The EMIR receiver was
high-metallicity galaxies where these species have beseroéd, used for observations in the wobbler switching mode, wiferre
and present our own data for a sample of molecular gas #i€h,  ence positions offset by:100” in azimuth. The FTS back-end gave
enhanced ETGs. an effective total bandwidth of4 GHz per window, and a raw

In Section 2 of this work we introduce our sample of high spectral resolution of 200 kHz40.6 km s at A\ =3mm,~0.4 km
metallicity galaxies drawn from the literature, and présmir new s™! at A =2mm). We were able to observe methanol lines in the
observations. In Section 3 we discuss this first ever surfeyS same spectral window as CS in both frequencies. When thderat
and methanol emission in ETGs. We then go on to derive esiBnat  was too bad for 2mm observations we were able to simultahgous
of column densities and rotational temperatures from alhtiolec- observe'*CO and G®0 in the upper-sideband of the 3mm receiver.
ular line detections presented in this paper, and compareaiues The system temperatures ranged between 90 and 200 K at
with our literature sample. In Section 4 we determine if oerived 3 mm and between 100 and 220 K at 1.3 mm. The pointing was
molecular column density ratios show any trend with metaylj checked every 2 hours on a nearby planet or bright quasathand
and compare to the model predictions of B12. Finally in $ec focus was checked at the beginning of each night as well as aft
we present our conclusions and discuss prospects for theefut sunrise or more often if a suitable planet was available.tifhe on

source ranged from 30 to 400 min, being weather-dependedt, a

2 Observations was interactively adjusted to try and ensure detection déoubar

emission.

The individual~=6 minute scans were inspected, and baselined,
In order to investigate chemistry in the molecular ISM ofthig either with a simple constant (zero-order) baseline, aalirférst-
metallicity anda-enhanced environments we require a sample of order) baseline, or a second order polynomial, dependinthen
objects with measured metallicitiesenhancements and detections scan. Scans with poor quality baselines or other problenns dis-
of CO, CS and HCN. Such data exists for nearby spiral and star carded. The good scans were averaged together, weightdteby t

2.1 Galaxy sample

bursting galaxies which have been extensively studiederitéra- inverse square of the system temperature. When the inéelirat
ture. Selection of a suitable sample of galaxies is cover&ection tensity of a line transition is greater than three times s an-
2.2. The molecular data we require, however, did not existdoly- certainty (calculated as in Crocker et al. 2012, including tin-

type objects with significank-enhancements. This motivated us to certainty from estimating the baseline level), we inclulde line
obtain IRAM-30m telescope time to extend the work of Crocker as a detection. Integrated intensities for each deteatedni each
et al. (2012) (who detected HCN emission in a sample of ETGs galaxy were computed by fitting a Gaussian profile in thass

(© 2013 RAS, MNRASDOQ, 1-14
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Table 1. Data taken from the literature

Galaxy/Region log(2/2) N(CO) N(HCN) N(CS) Region size
(dex) (108 cm—2) (10'* cm —2) (10'* cm—2)
) &) 3 4 5) 6
NGC253 0.34 6.70 3.36 2.67 0.3 kpc
1C342 0.24 2.20 0.70 0.88 0.36 kpc
m82 0.34 3.80 1.51 2.40 0.33 kpc
Maffei2 0.24 1.80 0.90 0.36 0.29 kpc
NGC6946 0.44 1.50 0.47 0.30 0.66 kpc
NGC4945 0.14 6.40 3.21 2.55 0.35 kpc
Sgr A* 0.60 33.00 64.34 13.14 2.5pc
Cen A 0.10 32.00 16.04 8.04 0.87 kpc

Notes: Literature data for molecular column densities in the @dgarts of the listed galaxies (Column 1). The metallicBpolumn 2) is a gas
phase measure from Galliano, Dwek & Chanial (2008), comdeid solar units assuming the solar oxygen abundance isd@(®/H) = 8.66
(Asplund et al. 2004). A means the metallicity has been estimated from the masslitigtalelation (Tremonti et al. 2004). The CO, HCN
and CS total column densities in Columns 3-5 are calculatad fable 7 in Martin et al. (2006). The metallicity of thel&szic centre (around
Sgr A*¥) is taken from Shields & Ferland (1994) and Maeda e{2002). HCN and CO column densities around Sgr A* are eséth&iom
the H'3CN and3CO observations of Lee & Lee (2003), while CS column dersitiere estimated from th€®CS observations of Martin
et al. (2008), all assuming ®#C/'3C ratio of 27.8 from Martin et al. (2008). Any uncertainty timis isotopic ratio assumed is removed in
ratios of these quantities. The metallicity of the centiaitp of Centaurus A comes from Markowitz et al. (2007), witie molecular column
densities are estimated from absorption line data predémtéckart et al. (1990). Column 6 contains the diameter efréigion probed by the
observations towards centre of these objects (where ttandisto these objects has been taken from the NASA/IPAGgaiactic Database).

Table 2. Properties of ETG sample observed with the IRAM-30m

Galaxy T Type Mys Dist. Re logi0(Mu,) ZRe/s [OlI/H B
(kms™1) (Mpc) @) M) (dex)

@ @ ()] “ 5 ® ™ ®
NGC2764 -2.0 2706 39.6 12.3 9.19 -0.68 0.44
NGC3032 -1.9 1562 21.4 13.2 8.41 0.03 0.31
NGC3665 2.1 2069 33.1 30.9 8.91 0.05 0.61
NGC4526 -1.9 617 16.4 44.7 8.59 0.20 0.81
NGC4710 -0.9 1102 16.5 30.2 8.69 -0.09 1.13
NGC5866 -1.3 755 14.9 36.3 8.47 0.05 0.50
NGC6014 -1.9 2381 35.8 22.4 8.8 -0.27 0.45
UGC09519 -1.9 1631 27.6 7.4 8.8 0.25 1.14

Notes: Table listing the galaxies observed in this work, and soméheir properties. Column 1 lists the galaxy name, and Col@nthe
Hubble T-type of the system. Columns 3-5 list the systemicoity of the galaxy, its distance, and the effective raditithe galaxy (the radius
enclosing half the light). All of these quantities are talkenm Cappellari et al. 2011. Column 6 lists the khass present in the central’2af
the galaxies, from Young et al. (2011). Column 7 shows theltigty derived from stellar population fits to the innegrens of these galaxies,
within Re/8 (from McDermid et al., in prep). Column 8 shows {©OIIl}/H 3 line ratio within the CO rich region, taken from Crocker et al
(2012).

package ofG LDASYT, or summing the spectrum over the velocity 2.4 Comparison with literature fluxes

(whe_re the profile shape is non-gaussian). Both meth.OdSJpeOd For three of these objects (NGC2764, NGC3665 and NGC4526)
consistent results, and here we present the values deretithie where our IRAM-30m were taken in bad weather we re-detected
sum. Table 3 lists the RMS noise levels in each spectrum, ¢he v 13C0(1-0) lines which had been previously observed
locity width summed over, and the line integrated inteasifin K NGC2764 was detected iﬁg%o by ():/rocker ot ;al (2012)
—1 . il
kms®"). and they report a main beam brightness temperature of:D41
We convert the spectra from the observed antenna temperatur K km s . Here we find a main beam brightness temperature of
(T) to main beam tempe_ra_lture_rg) by dividing by the ratio of 1.08+0.15 K km s™*. NGC3665 was also detected by Crocker et al.
the beam and fprward efficiencieg ( Ben/Fer) as tabulated on (2012) who report a main beam brightness temperature 6f(8 19
the IRAM websité. Where the exact frequency has no measured KKkms-' Our measurement is 3.3D.16 K kms ' 3CO was de-
efficiency available we linearly |n'terpolated the valueyrieed. tected in NGC4526 by Krips et al. (2010), who found a main beam
The detected lines for the first three sources (selectedhalph brightness temperature of 5:86.28 K km . In this paper we
betically) are displayed in Figure 1, and the rest are pestin report a flux of 5.63-:0.13 K km s*. All these measurements are

Appendix A. consistent within the quoted errors, especially consiggifie nom-
inal flux scale accuracy of the IRAM-30m=(0%%).

1 http://www.iram.fr/IRAMFR/GILDAS/ - accessed 14/01/13
1 http://www.iram.es/IRAMES/mainWiki/EmirforAstronome - accessed § http://www.iram.es/IRAMES/mainWiki/EmirforAstronome - accessed
23/04/2013 23/04/2013

© 2013 RAS, MNRASD0Q, 1-14
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Table 3. Molecular transitions detected in the observed ETGs.

Galaxy Ras  Transition Freq Peak RMS Y AV JTebdV JTeav Np/ge  Ref
(@) (GHz) (mK) (mK) (kms1) (kms 1)  (Kkms™1) (Kkms~ 1) (102 cm—2)
(1) (2 (3) 4 (5) (6) ) (8) 9) (10) (11) (12)
NGC2764 8.7 CS(2-1) 97.98 2.25 1.03 100 5966  0.59+ 0.16 57+ 1.6 1.27 1
BCOo(1-0) 11020 3.28 0.50 100 54059  1.08+0.15 8.5+ 1.2 528.00 1,2
HCN 88.63 - - - - - 3.3£0.9 0.23 2
HCO+ 89.19 - - - - - 5.4+ 0.9 0.67 2
CO(1-0) 115.27 - - - - - 12 3.5 14100.00 3
CO(2-1)  230.55 - - - - - 63-1.8 1890.00 3
1BCO(2-1)  220.40 - - - - - 5504 85.00 2
NGC3032 6.6 CS(2-1) 97.98  3.58 1.60 40 2682  1.03+0.19 17£3.1 3.70 1
CS(3-2) 146.96  6.72 1.97 40 18527  0.74+0.14 57+1.1 0.58 1
HCN 88.63 - - - - - 5.3+ 0.8 0.37 2
CO(1-0)  115.27 - - - - - 9% 2.7 11900.00 3
CO(2-1)  230.55 - - - - - 25-1.0 738.00 3
13COo(1-0) 110.20 - - - - - 14 0.9 676.00 2
1B3COo(2-1)  220.40 - - - - - 4904 76.30 2
NGC3665  10.2 CHOH 96.73  1.02 0.34 80 6508 97 0.44+0.13 33£1.0 4.69 1
13CO(1-0) 11020 5.49 1.16 80 72035  3.37+0.16 20+ 1.0 1250.00 1,2
HCN 88.63 - - - - - 4.3+0.7 0.30 2
CO(1-0)  115.27 - - - - - 6% 3.6 7980.00 3
CO(2-1)  230.55 - - - - - 3118 920.00 3
13C0O(2-1)  220.40 - - - - - 13- 0.4 197.00 2
CO(3-2) 345.82 - - - - - 29-1.0 388.00 4
NGC4526 2.6 CS(2-1) 97.98  0.83 0.34 100  98a45  0.60+ 0.13 59+ 13 13.10 1
CH3OH 96.73  0.90 0.34 100 808107  0.43+0.10 44+ 10. 62.20 1
3COo(1-0) 11020  7.00 0.60 20 7385 5.63+0.13 440+ 10. 27200.00 1,2
C'80(1-0) 109.78  1.61 0.60 100 8@p80  1.37+0.16 110+ 13 13400.00 1
HCN 88.63 - - - - - 210+ 14 14.80 2
CO(1-0)  115.27 - - - - - 1506 71 185000.00 3
CO(2-1)  230.55 - - - - - 60 17 18000.00 3
13CO(2-1)  220.40 - - - - - 146- 6.9 2130.00 2
CO(3-2) 345.82 - - - - - 56 17 7410.00 4
NGC4710  17.2 CS(2-1) 97.98  1.83 0.55 50 B4 0.71+0.11 2.3+ 0.4 0.51 1
CH3OH 96.73  2.55 0.55 50 35240  0.46+0.08 1.5+ 0.3 2.18 1
CS(3-2) 146.96  1.84 0.53 100 5@092  0.79+0.16 1.6+0.3 0.16 1
CHsOH 14510 5.43 0.53 100 32822 0.824+0.14 1.6+0.3 0.78 1
HCN 88.63 - - - - - 5.3+ 0.4 0.37 2
HCO+ 89.19 - - - - - 3.3:0.4 0.40 2
CO(1-0)  115.27 - - - - - 83 1.9 9870.00 3
CO(2-1)  230.55 - - - - - 52 0.9 1690.00 3
13C0O(1-0)  110.20 - - - - - 13- 0.4 818.00 2
13CO(2-1)  220.40 - - - - - 8.8:0.3 137.00 2
NGC5866  17.3 CS(2-1) 97.98  1.47 0.39 50 64@9  0.7240.08 2.3+0.3 0.51 1
CH3OH 96.73  3.96 0.39 50 456 49  1.47+0.09 4.8+0.3 6.81 1
CS(3-2) 146.96  1.19 0.28 100 5@094  0.38+ 0.07 0.8+ 0.1 0.08 1
CHsOH 14510 0.82 0.20 100 64894  0.394+0.08 0.8+£0.2 0.37 1
HCN 88.63 - - - - - 3.1+ 0.3 0.22 2
HCO+ 89.19 - - - - - 2.1 0.3 0.26 2
CO(1-0)  115.27 - - - - - 56 1.0 6680.00 3
CO(2-1)  230.55 - - - - - 24-1.0 725.00 3
13C0O(1-0)  110.20 - - - - - 9.2:0.4 557.00 2
13CO(2-1)  220.40 - - - - - 5.5 0.3 84.70 2
CO(3-2) 345.82 - - - - - 39-1.0 524.00 4

Notes: Column one contains the name of the object, and column tweatenthe geometric mean CO(1-0) source size estimated thienmterferometric
observations of Alatalo et al. (2012); Davis et al. (2013®)lutnn 3 lists the detected transition, and the rest frequéntisted in Column 4. The telescope
beam size at the frequency of CS(2-1) i¢/2522'8 at the frequency of3CO/C'80, and 171 for CS(3-2). For the methanol blend at 96.73 GHz we use a
telescope beam size of 2@, and 17 3 for the blend at 145.10GHz. The telescope beam sizes fditéhature detections are taken from the source listed in
Column 11. Columns 5 and 6 show the peak brightness tempeaitthe line, and the RMS around the baseline calculateidérfiee regions in the spectrum
with channel widthV, tabulated in Column 7. The beam temperatures in ColummalBare main beam temperatures, (). Column 8 shows the line width
and the statistical error in this quantity returned by theAit lines are consistent with arising from gas centred arbthe systemic velocity of the system
(which is listed in Table 2). The observed integrated ling ftlushown in Column 9. The flux corrected using Equation 1 @nshin Column 10. Column 11
shows the derived column density in the upper level of theendes! transition, assuming LTE (and that the emission igalpt thin for all moleculars but
12C0. Transitions marked with fin this column are blends, and are treated separately (sg®1$&.5). Column 12 shows the data reference: (1) this work
(2) Crocker et al. (2012), (3) Young et al. (2011), (4) Kripsik (2010), (5) Bayet et al. (2012a).

(© 2013 RAS, MNRASDOQ, 1-14
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Figure 1. Example molecular line detections for three of the ETGs odeskfor this paper, selected alphabetically (panel a,bcastibw the lines detected in
NGC2764, NGC3032 and NGC3665, respectively). The restefittections for the other sources are presented in Appéndike observed transition is
indicated in the figure legend. The x-axis shows velocitgetffrom the line centre, corrected for the systemic velagfithe galaxy (listed in Table 2). Average
velocity binning in these plots 100 km s71, 40 km s™! and 80 km 5!, for sources a, b and ¢ respectively, and in general varisgeea 25 km s and

115 km s 1. The intensity is in units of main beam temperaturg,{J. A short-dashed line shows the zero level, and long-dasih@sn the measured velocity

width.
Galaxy Reas Transition Freq Peak RMS Y AV JTrbdV JTeav Np/ge  Ref
(@) (GHz) (mK) (mK) (kms?!) (kms!') (Kkms1) (Kkms1) (10'2cm~—2)
(€)) (2 (3) 4) (%) (6) ) (8) 9) (10) (11) (12
NGC6014 3.6 CS(2-1) 97.98 5.71 1.27 25 2221 0.60+ 0.09 31+ 4.7 6.93 1
CH3OH 96.73  5.11 1.27 50 34831 0.55+0.14 29+ 7.4 41.60 1
13CO(l—O) 110.20 - - - - - 28t 3.3 1760.00 2
HCN 88.63 - - - - - 13+ 3.2 0.89 2
CO(1-0) 115.27 - - - - - 28a- 14 33700.00 3
CO(2-1) 230.55 - - - - - 11 3.8 3290.00 3
13CO(2—1) 220.40 - - - - - 1411 265.00 2
CO(3-2) 345.82 - - - - - 14 7.4 1840.00 4
UGC09519 5.3 CS(2-1) 97.98 2.84 0.59 25 4566 0.68+ 0.14 17+ 3.4 3.70 1
CH3OH 96.73 2.64 0.59 25 406 46 0.53+ 0.11 13+ 2.8 18.90 1
13CO(l—O) 110.20 - - - - - 1% 2.3 685.00 2
*C180(1-0) 109.78 0.83 0.36 50 23 96 0.204 0.08 3.9+ 1.6 490.00 1
HCO+ 89.19 - - - - - 8.5-2.1 1.05 2
CO(1-0) 115.27 - - - - - 236 6.8 27100.00 3
CO(2-1) 230.55 - - - - - 7315 2190.00 3
13CO(2-1)  220.40 - - - - - 5.6-:1.0 77.10 2
CO(3-2) 345.82 - - - - - 95+ 4.1 1260.00 4
Table 3 continued.
2.5 Data products Ty = @7 (1)
bt
where
In order to directly compare our observed transitions terditure )
data, and to the models of B12, we need to convert the obséneed Libt = s )
intensities into total column densities of each molecule.dltline 02 + 913

the process we used to do this below, following the procedlse
used by Martin et al. (2006); Aladro et al. (2011, 2013).

The source-averaged brightness temperatugg €an be esti-
mated from the measured main beam brightness temperaturg. (T
In the approximation of a Gaussian source distributionz#@j ob-
served with a Gaussian beam of sfizehe below equations correct
for the dilution effect due to the coupling between the sewand
the telescope beam (Martin et al. 2006).

© 2013 RAS, MNRASD0Q, 1-14

Here we use the geometric mean of the minimum and max-
imum extent of the molecular gas distribution in these ETGs,
mapped in CO(1-0) by Alatalo et al. (2012), as tabulated ini®a
et al. (2013). The resulting source size we assume in theféss
paper is listed in Table 3, along with the beam correctedqynated
intensity (fTBdV). We also show in Table 3 the line detections
from Crocker et al. (2012), Young et al. (2011) and Bayet et al
(2012a), converted togl as described here. The real extent (and
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distribution) of each emitting component is likely to befeient
(e.g., Meier & Turner 2012) and this is one of the main underta
ties in our resulting quantities.

25.1 Rotation Diagrams

From the observed beam corrected brightness temperatute of
measured molecular lines one can directly estimate thercotlen-
sity of these molecules in the upper level of the observeastra
tion (in an LTE approximation). All the necessary spectopsc
information required to derive these parameters (e.gstEin co-
efficients, upper and lower energy levels) were extractechfthe
Cologne Database for Molecular SpectroscoppNS)g (Muller
et al. 2005). Table 3 includes an estimate of the column teirsi
the upper level of the observed transitiory{yu; where g is the
degeneracy of the state), calculated as in Equation 3 (skksi@ivh
& Langer 1999 and appendix B1 of Martin et al. 2006 for detil

discussion of this technique).
-1
)" (=) (Ramers )@

-5

where G2 is the (temperature independent) product of the line
strength and the molecule dipole moment (in units of riviHz;
extracted from the CDMSy is the frequency of the transition in
MHz, 7 is the optical depth (if this is not known then this relation-
ship is only valid in the optically thin limit), ancf T, 6V is the
integrated intensity of the beam corrected brightness ¢eatpre,
in units of K km s, as tabulated in Table 3. Equation 3 assumes
that the rotation temperature is large compared to the teaye
of the background radiation field (usually dominated by theK
cosmic microwave background). If this were not the case tai-
ure to take into account the contribution of the absorptibthe
2.7K background would make the derivag, /g,. a lower limit.

In order to convert the column densities in the observe@stat
to a total column density for a given molecule, more than one
transition has to be detected, in order to give an estimat¢ho
rotation temperature (I;). Figure 2 shows an example (for the
source where we detect the most transitions) of the rotatian
grams derived for each molecule where we detect at leastines |
of that species. Rotation diagrams for each galaxy are prede
in Appendix B (Fig B1). The rotational temperature and catum
density are determined from the slope [-(log €)}{Tand intercept
[log(N/Q\0t) at Eu = 0], where Qy; is the partition function for that
molecule evaluated at the determined rotational tempergthe
values for the partition functions used here were intetigdidrom
the data available at the Cologne Database for Moleculac-Spe
troscopy). The fitted parameters are tabulated in Table &.dEh
rived Tt Will be a lower limit for the kinetic temperature () if
the lines are sub-thermally excited, e.qg. if the densities are not
high enough to counterbalance spontaneous decay of thee@xci
levels.

If the emission from these molecular species is opticaligkth
then in order to derive the correct column density we needsan e
timate of the optical depth (obtained through detectionrobp-
tically thin isotopologue) to feed into Equation $.CO(1-0) and
13C0O(2-1) have been observed for all these objects, and soave ar
able to calculate th&CO optical depth of each transition, assum-
ing a'2C/*3C ratio. The trué?C/*3C ratio may vary between ob-
jects, but as we lack the information to constrain this rdtiectly,

J TV
Kkms—1

1.667 x 107
Sp?

Ny
9u

v

MHz

-
1—e "

9 http://www.astro.uni-koeln.de/cdms/ - accessed 14@132

we here use the Milky Way o£70 (Wilson & Rood 1994), appli-
cable for approximately solar metallicity gas. Lower valwé this
ratio have been reported towards the galactic centre, and ih-
stead used these values our optical depths (and thus ourdhtenn
density estimates) would be lower. In addition!3CO is also op-
tically thick then we will underestimate the optical depth'eCO.

In NGC4526 we also detect'®0(1-0), and so have a second inde-
pendent measure of the optical depth (which we calculatenasg

a Milky Way 2C/*3C ratio of ~250; Wilson & Rood 1994). Both
estimates of thé?CO optical depth are consistent §=19.8+0.9,
T18=17.4+2.1), suggesting thdf CO is not significantly optically
thick in this object. We do not have this information for ther
ETGs considered in this work, so work under the assumptiah th
13CO is also optically thin in these other objects. For molecul
species other than CO we do not detect isotopologues, arsd thu
cannot correct for optical depth effects. The total colurensity
estimates we derive are thus formally lower limits. We aneder
able to set limits on the optical depths of some of these epeas
described in Section 4.1.

In addition, with the observations we possess here we aye onl
able to derive a single rotational temperature for eachrgastt In
reality several gas components with different rotationgeratures
are often required to fit observational data (e.g. Bayet.€2G9).
This is a second large source of uncertainty, but only inrtuorks
with a larger number of observations we will be able to tatkle
issue in detail. The colder components of the ISM that emiibw
J lines (which we observe here for most species) usually datain
the total column density estimate, suggesting the unceytai to-
tal column densities when one only has a few Iéwines should
be smaller than the uncertainty in the mean rotation tentpera
A few sources have CO(3-2) detections from Bayet et al. (212
but no detection of thg=3-2 transition of any CO isotopes. When
we use the CO(3-2) in a naive way (i.e. in rotation diagraritb-w
out optical depth correction) we do require two gas comptmen
with different rotational temperatures to fit the data, this tsec-
ond, higher rotational temperature component contrib«te3% of
the total column density in all cases. We include the existenf
these components in our error budget for all molecules, bl
ing an additional 30% error in the column density, to attenopt
account for the presence of any additional higher rotatitamaper-
ature components of the ISM we are unable to detect.

We also detect methanol emission in various sources in our
galaxy sample. The methanol lines at 96.73 GHz and 145.1 GHz
are blended (4 times and 7 times, respectively). In ordem¢e c
ate the rotation diagram and calculate the total columnitiefos
methanol we use a statistical decomposition (from ApperB#ix
in Martin et al. 2006), which is based on the relative ratbshe
Einstein coefficients. One must assume an internal rotétiomper-
ature in order to split the levels, and here (as in Martin.€2@G06)
we use a value that minimises the difference between the slep
rived from a single set of blended lines, and the slope defik@m
both sets of lines. This statistical method for splittingrided lines
should be treated with caution, as the error on the derivedtities
may be much higher than reflected in the formal error barg-esp
cially given that the few transitions observed represeht arsmall
fraction of the emitting column density. Given the large entain-
ties we present the values derived for completeness, bubtose
them further.

In order to estimate the column density of the cases whegye onl
one transition was detected an educated guess of the rotativ
perature is made by using the measureg. Trom the molecule
closest in critical density (of the ground state) to the roole in
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Figure 2. Rotation diagrams for NGC 4710 (the source where we detect th

most transitions). The energy of the upper level is plotggirast the derived
column density in the upper level for each observed trams{thlack points),
as tabulated in Table 3. These data points are fitted witheaalimd the best
fit, corresponding to the rotation temperature indicatethélegend, is dis-
played (solid line). We split methanol blends statistigalis described in
Section 2.5. Rotation diagrams for the other galaxies agsqmted in Ap-
pendix B (Figs B1-5).

question. This technique has been used by other authorsAfe.g
adro et al. 2013), however it is clear that the column desssitie-
rived in this way should be treated with caution. Table 4 shive
derived total column densities and rotation temperatwethe de-
tected species in our newly observed galaxies.

3 Results and Analysis
3.1 Gas properties

This paper presents the first systematic survey of CS andameith
in early-type galaxies, and as such we discuss the relatbes-
sity of these transitions, and can search for correlatietsden the
properties of these early-type galaxies and the ratiosefiifier-
ent molecular tracers. We find the CS(2-1) emission line iGE®

generally between 10 and 40 times weaker than CO(1-0). Iresom

cases it can be brighter th&HCO(1-0), with the detected lines hav-
ing fluxes between 0.1 and 1.5 times that 8€0. Methanol emis-
sion at 3mm is generally of a similar brightness to CS. Tal{kn2l
Table 1 of Crocker et al. 2012) lists various physical prapsrof
these systems (derived as part of the ATER$roject; Cappellari
et al. 2011). We have searched for correlations betweenratiwsr
of the detected molecular tracers and these physical giepesnd
display the clearest ones here.

The top panel of Figure 3(a) shows the CS(2-1) to HCN(1-

0) integrated intensity ratio for each galaxy of our ETG skmp
(where detected), plotted against the log of the [OlIf/Iratio.
This ionised gas line ratio is often used to determine if tleeina-
nism powering the ionised gas emission is star formatiom(iich
case line ratiodog, , ([OI1I]/HpB) <-0.2 are expected), or other en-
ergy sources (AGN/shocks). Three galaxies have CS(2-NHC
0) ratios greater than unity, and all are located at low [JHIB
ratios, suggesting that ongoing massive star-formatianidates
the gas ionisation. The critical density required to ex@®(2-1)
emission is similar to that of HCN(1-0) (Evans 1999). Howeve
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(b) Sources of methanol

Figure 3. Figure 3(a) shows the ratio of the integrated intensity ofZ=5
and HCN(1-0) (top panel) and HCN(1-0) ahtiCO(1-0) (bottom panel) for
the ETGs observed in this work, plotted against the [Oll8/ktio. Figure
3(b) shows the ratio of the integrated intensity of methdilehd at 96.73
GHz to HCN(1-0) (top) and CS(2-1) (bottom) for the ETGs oledrin
this work, again plotted against the [Olll]/Hine ratio. All the line intensi-
ties presented have been corrected for beam dilution eff€xtly galaxies
where both transitions have been detected are includedgdlagy names
are indicated above the top panel of each sub-figure, to aclsision in
Section 3.1.

sulfur-bearing species are shown to be particularly erdgddaring
strong massive star formation (as the accelerated collafpseres
enhances its formation; Lintott et al. 2005a). These thigeats
have normal HCN#CO ratios (bottom panel of Figure 3(a)), while
their CS/3CO ratios (not shown) are enhanced. This supports the
hypothesis that CS is a better tracer of dense, star-forgasghan
HCN (Lintott et al. 2005b; Bayet et al. 2009).

In Figure 3(b) we plot the integrated intensity of the metiian
blend at 96.73 GHz against the [Olll]/Hratio introduced above.
Methanol is a grain species, formed in icy grain mantles (man
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Table 4. Total column densities and rotation temperatures derik@u fotational diagrams.

Galaxy Transition Gradient Intercept Rot. Temp N(x)
(K=1 log1o(cm —2) (K) (10™ cm —2)
(1) (2 (3) 4) (5) (6)
NGC2764 CO -0.072 17.3 61+0.1 2790
13co -0.075 15.1 5.80.5 41.3
CS(2-1) - - 5.8 0.2
HCN(1-0) - - 5.8 0.04
HCO™(1-0) - - 5.8 0.04
NGC3032 CcO -0.086 17.4 540.1 3850
13co -0.090 15.3 4.9 0.2 57.3
CS -0.114 13.4 3.805 0.92
HCN(1-0) - - 3.8 0.08
NGC3665 CcO -0.073 17.6 6803 6610
13co -0.076 15.5 5.2 0.2 98.1
HCN(1-0) - - 5.8 0.06
NGC4526 CO -0.100 19.1 43 0.09 173000
13co -0.105 17.0 4.2+ 0.09 2580
CS(2-1) - - 4.3 2.9
C'%0(1-0) - - 4.3 620
HCN(1-0) - - 4.3 3.0
NGC4710 CO -0.070 17.4 6:20.10 4270
13co -0.073 15.3 5.90.2 63.5
CS -0.072 12.2 6.4+ 1.3 0.087
CH30H -0.051 12.3 8.5 3.2 0.38
HCN(1-0) - - 6.1 0.07
HCO™(1-0) - - 6.1* 0.03
NGC5866 CO -0.074 17.3 590.1 2950
13co -0.077 15.2 5.6:0.2 44.0
CS -0.118 12.5 3.2 0.4 0.13
CH30H -0.167 13.8 2.6:0.1 5.36
HCN(1-0) - - 3.7 0.05
HCO™ (1-0) - - 3.7 0.02
NGC6014 CO -0.074 17.8 580.2 9350
13co -0.078 15.7 5.6-0.4 139
CS(2-1) - - 5.7 1.2
HCN(1-0) - - 5.7 0.2
UGC09519 coO -0.087 175 5:80.08 4050
13co -0.090 15.3 4.8 0.7 58.1
CS(2-1) - - 4.9 0.7
HCO™(1-0) - - 4.9 0.07

Notes: Column 1 lists the galaxy name, and Column 2 the transitionendl he rotational quantum numbers are indicated in thesoabere
we only detect one transition. When CO(3-2) data exists \¢ieide the parameters derived from the higher rotation teatpe component in
a second row. Column 3 and 4 contain the gradient and intefaep,/k=0) of the best fit line on the rotation diagrams displaye#igure B1.
Column 5 shows the derived rotation temperature. Whereahevs marked with a star the temperature is assumed fromafecule with the
best matched critical density, or the mean if more than onk swlecule exists. Column 6 is the derived total sourcesmesl column density
of this species, calculated as described in Section 2.5.

gas phase pathways can explain the observed galactic almesja
e.g. Millar, Herbst & Charnley 1991). High gas phase abundan
can thus only result for a significant release of mantle in&sthe
gas phase by some heating mechanism, generally attriboiteid t
ther shocks or ionisation from high mass star formationufé@(b)
shows that these objects all have low [OllIpHatios, which (as
explained above), suggests that the methanol enhancemibesie
sources may be driven by star-formation. Furthermore, tt®in
right panel of Figure 3(b) shows that (with one exceptior) ta-
tio of methanol to CS is not enhanced in these objects, dfrong
suggesting that high mass star-formation in dense molecidads
could be the cause of the enhancement in methanol emission.

We are, of course, unable to completely rule out the pres-
ence of shocks accompanying the star formation in theseigala
(Meier & Turner 2005). Meier & Turner (2012), for instanceuhd
methanol traces hydrodynamical bar shocks in Maffei 2. Baps

ral structure, and the presence of AGN can all cause shookis, a
enhance star-formation at the same time. NGC5866 has arhimhe
tio of methanol emission with respect to all the other trastudied
here, and thus we suggest that shocks could be importansiatih
ject. This object has a classical bulge, but molecular gasriatics
reveal it may well be barred (Davis et al. 2013). Detectiopufe
shock tracers (such as SiO), or spatially resolving the sionsof
these tracers would be required to enable us to put strorayer c
straints on the cause of the methanol emission in early-ggbeex-
ies.

The spectral profile of each molecular line is governed by the
velocity field of the galaxy coupled with the spatial distriton of
the gas emitting in that line. Changes in spectral shape fioen
to line can indicate different molecular gas propertiesifi¢mnt
locations within a galaxy. The line widths of the speciesedtd
here are not all consistent (some varying by a faet8), suggest-
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ing that in some galaxies (as discussed in Crocker et al.)2dif2
ferent gas lines trace gas components with different dpatiants.
For instance NGC3032 haseb0% smaller line width at CS(3-2)
than at CS(2-1). In this case, however, Crocker et al. (2€ihd)
a line width more similar to CS(3-2) for other lines in thisjedt.
This suggests that profile differences may be caused by imibis
case. NGC4526 has a similar line width in all transitiong, the
detected methanol emission line peaks much more stronglyndr
the systemic velocity than the other lines. NGC4710 alsoceas
trally peaked methanol emission, in this case with a sméher
width than the other transitions. This could indicate tlahe addi-
tional mechanism (e.g. shocks) is liberating additionaihaeol in
the central parts of these objects (which both have barsitis8ly
resolved observations of these galaxies will clearly beiired to
determine if this is indeed the case.

3.1.1 Rotational Diagrams

Figure 2 and Figure B1 in Appendix B present the rotationat di
grams derived for each molecule where we detect at leastines |
of that species, for each galaxy. The derived gas rotationpée-
atures, and total column densities are presented in Tablhd.
temperatures we derive for the simple unblended molecideg v
between 3.7 and 8.5 K, with the majority of sources havingtioh
temperatures around 6 K. Such low temperatures may ariseibec
that the assumption of a single source size for all tramstinay be
flawed, and/or that the low- emitting gas may be sub-thermally
excited in this system. This analysis also assumes allitrams
(other than CO) are optically thin, which makes it somewhat s
prising that between different tracers the derived tentpeza (for
the low-J lines) in each galaxy vary little.

Given the above caveats (and the large uncertainty indwred f
blended lines), the derived rotation temperatures fronmtathanol
blends are somewhat different from those derived from the si
pler unblended molecules. In NGC4710 the methanol tramsiti
suggest a rotation temperature~8.5 K, larger than the CO/CS
rotation temperatures. In NGC5866 the trend is reversetth, tve
methanol transitions suggesting a rotation temperature206 K,
half the CO rotation temperaturessb.5 K (formally rotation tem-
peratures lower than the cosmic microwave background teampe
ture are forbidden, suggesting that the real distribuéixt@nt of the
methanol emitting component in NGC5866 is very differennir
that assumed). Methanol which has been liberated from giam
star-formation is usually present in warm star-formingespmvhile
methanol released by shocks is generally found in the fasit co
ing post-shock ISM (e.g. Viti et al. 2001). NGC5866 was idfead
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NGC4526) the total column density of HCN is lower than that of
CS, ranging from1x10' - 6x10" cm~2, similar or slightly
lower than found in Seyfert galaxies (Pérez-BeaupuitdfoA&
Gerebro 2007).

4 Metallicity and a-enhancment tracers

In our previous paper (B12) we considered the effect that a
super-solar metallicity otv-enhanced ISM has on molecular abun-
dances. We highlighted some molecules that were likely tgpduel
tracers of these types of environments, and in this sectotest if
these tracers do show any significant trends with respecetalm
licity (and a-enhancement). We first do this empirically in Section
4.1, and then compare with the models of B12 in Section 4li.1.
is worth bearing in mind that we are forced to treat the effexdt
metallicity anda-enhancement as separable, while in reality there
is degeneracy between the two. Further studies of the jfattteof
metallicity anda-enhancement are certainly required if we wish to
set strong constraints on the gas chemistry in these scets/obn-
ments.

4.1 Metallicity

In Figure 4 we show the column density ratio of CS and HCN
(which was predicted in B12 to show systematic trends asaifum
of metallicity), as a function of the measured galaxy metitjl

Here we unfortunately have had to use stellar metallicfoes
the ETGs (from the ATLA&P survey; McDermid et al., in prep),
and gas-phase metallicities for the literature galaxissi@ailed in
Table 1). In actively star-forming spiral galaxies thelstehnd gas
phase metallicities are likely to be closely linked. In ETGew-
ever, the light is dominated by a metal rich old populatioraming
the true gas phase metallicity could be very different (eisply if
the gas has an external origin; Davis et al. 2011). This Simas
not ideal, but in this work we continue with the data avaikatwWe
here use stellar metallicities derived from the very innartp of
these objects (within B8), which provides the maximum possible
sensitivity to any such changes in the metallicity of thengpop-
ulation, but caution the reader that the error on the metliof the
ETGs may be larger than indicated by the formal error bar.

As described in Section 2.5.1, our estimates of the column de
sity of CS and HCN are lower limits (by a facter/(1 — e™7);
Goldsmith & Langer 1999), as we have no information on thé opt
cal depth in these transitions (this is not the case in thacsalcen-
tre and Centaurus A, where the molecular column densitynastis
we use come from optically thin tracers). An upper limit cansiet

as an object that may have an enhanced methanol abundance dut the CS optical depth using our IRAM-30m observations,clvhi

to shocks in Section 3.1. The methanol emission has mucleicool
methanol rotation temperatures, as expected from the ghostk
cooled ISM. Thus, although some of these differences mae ari
from the increased uncertainty inherent in a statisticabdgosi-
tion of blended lines and/or changes in the beam dilutiotofac
we may also be seeing real differences linked to the meamanis
liberating methanol from grain surfaces (see Section 3.1).

included G*S within the bandpass. Assuming®#2SP*S ratio of

8 (derived in NGC253, which has a high gas-phase metallicity
Martin et al. 2006), the upper limits to the brightness terapure

of C3*S imply CS optical depths of 5 in the early-type objects.
These estimates are consistent with those of Aladro et @132
who foundrcg(2—1)=1.53 andrycn—0)=1.55 in NGC1068, and
Martin et al. (2006) who foundcg(s—2)=3.2 in NGC253. We pro-

The total source averaged column densities of CS derived ceed from this point assuming thats—1,3—2) and raceni—o)

here range frome1x10'3 - 3x10' cm™2. These values are in
good agreement with the values found for spiral galaxies &yeB
et al. (2009), suggesting this dense gas may be little &ffieby
any differences between spiral and ETGs. Where available®u
rived methanol column densities are also reasonable, [@ing
ilar to those found in NGC253 (Huttemeister, Mauersber§er
Henkel 1997), and to individual molecular clouds in the Milk
Way (Leurini et al. 2007). In all of our ETG sources (apartnfro
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are< 5 in these sources, and (as their critical densities are aimil
NCien(1—0) = 2.6x10°, Ncog(3-2) = 1.3x 10°; Evans 1999) addi-
tionally that the optical depth in these two species shoalsiimilar
(within a factor of~2). These uncertainties are included in the error
bars presented in Figure 4.

Despite these large uncertainties an empirical correlasiob-
served between the measured molecular column densityaatio
the measured metallicity in Figure 4 (with a Spearmans raniee
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Figure 4. Total column density ratio of HCN and CS, plotted against-mea
sured metallicity. Points based on literature data forabpand starburst
galaxies are coloured blue, while ETGs are coloured red. éftmr bars
reflect the range induced if the HCN and CS optical depths diereht
from each other by a factor of two. A fit to the points is indezhwith the
dashed line, and the best fit gradient and slope are indidatiée top left

of the figure.

lation coefficient of 0.64). The best fit linear relationsigghown
below:
N(HCN)

[Z/H] = (0.7940.17) x log <7

NG ) +(0.08 +0.09)(4)

We caution however that because of the mix of abundance
measurements used, and the systematics inherent in dogvare
intensities to column densities, the uncertainties on s fit line
could be larger still. Despite the 0.3 dex scatter arouns lieist
fit line, the fact that a rough relation exists suggests thalen
ular column density ratios do change systematically as etifum
of metallicity. This raises the intriguing possibility thene could
eventually estimate the metallicity of the ISM from obse¢imas in
the millimetre regime.

4.1.1 Comparison with models

Figure 5 shows the fractional abundance ratios for CO, HC an
CS as a function of metallicity, predicted from the model8aP.
We include lines for varying optical depths between 1 and i20 v
sual magnitudes (4), and shade the region between the=8 and
Av=20 lines. In the PDR models of B12 the optical depthi/at
band is computed assuming a gas-to-dust ratio of 100, ancka mi
of silicon and carbon dust grains. It is the main parameté¢hése
models, as it controls how much of the incident UV light iseatd
penetrate and drive chemical reactions in the cloud. Fodgthils
see Le Petit et al. (2006).

We provide here linear approximations to the N(HCN)/H(CS)
vs [Z/H] relations (as a function of ) in the hope they will prove
useful to the community. These approximations are validhim t
metallicity range 0.5-3 only (as the N(HCN)/N(CS) vs metal-
licity relation is bimodal at low metallicities). Table 5 m@ins the
linear fit coefficients and the formal errors in the fitted paeters,
and should be used in the following functional form.

) e

N(HCN)

N{CS) ®)

[Z/H] = m x logy, <

Table 5. Linear fits to the model N(HCN)/N(CS) vs [Z/H] relations

Ay m c
(mag) (dex 1) (dex)
1) (2 (3)

1 1.0640.24 -0.69+ 0.19

3 0.93+0.11 0.524+ 0.07

5 1.014+0.08 1.40+ 0.11

8 1.004+ 0.32 1.52+ 0.48

20 1.75+ 0.94 2.76+ 1.46

Notes: This table contains linear approximations to the N(HCNEZB)
vs [Z/H] relations as a function of optical depth (column Cplumns
2 and 3 contain the gradient and intercept (respectivelyd lofear fit
(and their formal fitting errors), parameterized as in Equeb. These
approximations are valid in the metallicity range 0.%3 only.

In the models of B12 fractional abundance ratios are diyectl
proportional to column density ratios. Assuming the samieue
in our observations we are able to overplot the column dgmnait
tios derived from observations of our spiral (blue points) ETGs
(red points). The models of B12 go up to a metallicity of 3 time
solar, and here we cross-hatch the region between metedliof 3
and 5 times solar, based on an extrapolation of the modedigren
We caution against drawing any conclusions in this regioithiv/
their error bars (calculated as described above, and imgjiatidi-
tional error terms to account for our lack of knowledge ofdpécal
depth) all of the observed data points lie within the modglaes
predicted by B12. Although the range of allowed column dizssi
is large, this at least gives us confidence that the modeblupeo
reasonable solutions. The diagrams all give reasonablyistemt
results, with every point (within its errors) lying betwean A, of
1 and 5. These are typical visual extinctions we would exfarct
PDRs (Martin, Martin-Pintado & Viti 2009), which sit atafedges
of molecular clouds.

Given this, Figure 6 shows the metallicity we would predict
for each galaxy based on the N(HCN)/N(CS) ratio (which was pr
dicted by B12 to be the most sensitive to metallicity) andiagag
we are probing gas at an.2of 3, as expected for PDR regions
(Martin, Martin-Pintado & Viti 2009). We compare the pietdd
metallicity against the measured values, and find that tiseaiere-
lation. The points do not follow the one-to-one line howe\as
at high metallicites simply using the model relations (wath as-
sumed A of 3) causes us to underestimate the measured metallic-
ity of the gas. This is to be expected, given that the gradiéttie
relation between N(HCN)/N(CS) and metallicity predictedthe
model (0.93-0.11 dex ') is somewhat steeper than the empirical
relation derived in Section 4.1 (0.79.17 dex'). The cause of
this difference in slope is unclear, but this could arise tuissues
in the assumption of an+A or calibration offsets between the dif-
ferent metallicity measures used to create this plot. We Gdsition
that models of B12 are for photon-dominated regions onlyata
ies where the gas energy balance is dominated by X-ray atiadi
or cosmic-rays will likely not follow these relations. Foetr studies
of the response of gas chemistry in high metallicity envinents
will clearly be required before any such method can be catiat,
and applied robustly.

4.2 «-enhancement

Figure 7 shows the observed HCN, CO and CS column density ra-
tios plotted against thetellar a-enhancements for the ATLAS
ETGs. We do not include our spiral sample here, as we have no
information on the abundance afelements in these systems. We
again show the model grid from B12 (for the Salaris & Weif3 1998

(© 2013 RAS, MNRASDOQ, 1-14
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Figure 5. Total column density ratios of our molecular tracers phbtte
against metallicity. Points based on literature data faraband starburst
galaxies are coloured blue, while ETGs are coloured red.ribeel grids
from B12 are included, we here show relations for varyingoaptdepths
between 1 and 20 A and shade the region between the=R and A,=20
relations. We cross-hatch the region between 3 and 5 tinlas setallic-
ity, based on an extrapolation of the model trends. The &aas in the top
and bottom panels include the effect of varying the unknoptical depth
of CS and HCN between 0 and 5. In the middle panel the errorreéect
the range induced if the HCN and CS optical depths are diffdfrem each

other bg a factor of two.
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Figure 6. Metallicity predicted from the N(HCN)/N(CS) ratio assumian
A of 3, plotted against the observed metallicity. The line qfiaity is
shown as a guide to the eye. The scatter around the one-teetation is
0.36 dex. Spirals are shown as blue-points, and ETGs arenshowved.
Maffei 2 is not included here as the observed line ratio liel autside the
model grid for A,=3.

a-enhancement scenario), for varying optical depths betwke
and 20 A.. Thea-enhanced models of B12 go up to an enhance-
ment of 0.4 dex, and here we cross-hatch the region between
enhancements of 0.4 and 0.5 dex, which are based on an extrapo
lation of the model trends. We caution against drawing amclen
sions in this region.

The observed data points lie within the model grids. How-
ever, if one believes that the models of B12 are correct, gaiha
assumes a meanyAof 3 magnitudes, in the N(CO)/N(CS) and
N(HCN)/N(CS) diagrams almost every galaxy would be coesist
with having nogas-phase a-enhancement. For the N(HCN)/N(CO)
panel (identified as the most sensitive by B12) the majofipoints
could be consistent with the measured stelle@nhancements, but
the uncertainties are large.

If the gas in these objects was formed through stellar mass
loss from thea-enhanced stellar populations (and we assume that
the models are correct), seeing no gas-phasahancement would
imply that the gas has been around long enough for SNe laichenr
the ISM with iron peak elements (diluting theenhancement). If
alternatively the gas has been obtained from external ssutds
would imply that these sources were meenhanced (as one would
expect from minor merger scenarios; e.g. Kaviraj et al. 20Davis
et al. (2011) argue over half the gas in local ETGs has been ac-
creted, and that Virgo objects (which are unable to accretegas)
have had this gas several gigayears. In this context, itus tiot
too surprising that little evidence is found farenhancements in
the gas-phase in these objects. Of course, one should beusaut
when drawing any firm conclusions from these results, asatie |
of correlation could also be because of the large unceigaiirt our
measurements, because the models do not include suffitigsitp
to capture the effect at-enhancements on the ISM, or that the de-
generacies with respect to changing metallicity are strong

A study of isolated ETGs, where the gas is expected to have re-
cently cooled from stellar mass loss, may be required tachéte if
these molecular diagnostics truly are able to trae@nhancements.
Alternatively gas in the vicinity of core-collapse SNe inrawn
galaxy may show such a signature. In the ALMA (Atacama Large
Millimeter/submillimeter Array) era it will also be poss@to probe
molecular gas at high redshifts £z6), where SNe la have had in-
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sufficient time to provide any iron enrichment, and thesgiistics
may prove useful there.

5 Conclusions

In this paper we have used observations of molecular tracers
metal rich andv-enhanced galaxies to present an exploratory study
of the effect of abundance changes on molecular chemistyséA/
lected a sample of metal rich spiral and star-bursting ¢gjrom
the literature (and additionally included observationSgf A* and
Cen. A), and present here new data for a sample of ETGs psdyiou
studied by Crocker et al. (2012). We conducted the first suofe
CS emission in ETGs, detecting at least one transition inj@otd
We also obtained detections of methanol emission in 5 ETGs.

We compared flux ratios of the CS and methanol lines to those
already observed (HCN, CO) to determine if and how the pi@sen
of these emission lines is linked to galaxy properties. \We firat
the systems where star-formation is the dominant gas itoiisa
mechanism have enhanced CS emission, compared to their HCN
emission, supporting the hypothesis that CS is a betteertratc
dense star-forming gas than HCN.

We have shown evidence that the methanol enhancement in
these sources may be driven by high mass star-formationrisede
molecular clouds, consistent with the lack of methanol enba
ment when compared to CS emission. NGC5866 has a higher ratio
of methanol emission with respect to all the other tracerd caoler
methanol rotation temperatures, and thus shocks may beimere
portant in this source. Detection of pure shock tracerd(ascSiO),
and/or spatially resolving the emission of these tracensavbe re-
quired to enable us to put stronger constraints on the céube o
methanol emission in early-type galaxies.

We constructed rotation diagrams for each early-type sourc
where at least two molecules of a given species were deteiesl
is the first time rotation temperatures have been studied gam-
ple of ETGs. The temperatures we derive vary between 3 and 10 K
with the majority of sources having rotation temperatunesiad
6 K. Despite the large uncertainties (arising from our aggions
of LTE, identical extents for the regions emitting in diffet tran-
sitions, a single rotational temperature, etc) the dersmace av-
eraged total column densities are similar to those foundthgro
authors for normal spiral and starburst galaxies, sugygstense
clouds may be little affected by the differences betweety eard
late type galaxies.

Finally we used our ETG and literature sample to determine
if these objects show any systematic change in total coluem d
sity ratios that correlate with the metallicity of the scewr®espite
the large uncertainties we do find a correlation, with a scatt
~0.3 dex. This suggests that with further study it may be [essi
to calibrate a metallicity tracer for the molecular ISM instvay.

We additional attempt to verify if the correlation observed
matches that predicted by the chemical models of B12. We ffiad t
the observed datapoints almost always lie within the modiel g
from B12, providing some confidence that the model predistio
are valid for these types of sources.

which the molecular emission lines arise is crucial to geaecu-
rate determination of the metallicity of the gas. Howevershew
here that, for this selection of sources, crudely assumimgan op-
tical depth of 3 magnitudes results in a reasonable detetiimof
the metallicity, with a scatter 0£0.35 dex. The relation predicted
by the model is steeper than that found empirically, whicly ina
due to the large uncertainties, or a break down in our siyiptif
assumptions. We provide the community with linear apprexim

N(HCN) /N(CS) N(CO)/N(CS)

N(HCN) /N(CO)

10%¢E

10°E

Av = 1
Lo Av = 3 4
F ---- Av=5 E
——————— Av = 8
——e Av = 20

other by a factor of two.

0.2
[O(/Fe]smrs

As shown in B12, understanding the mean optical depths at Figure 7. Total column density ratios of our molecular tracers phbtte

0.3

against stellarx-element enhancement. Our new observations of ETGs are
coloured red. We do not include our spiral sample, as we havefarma-

tion on theira-element abundances. The model grids from B12 are included,
we here show relations for varying optical depths betweendl2® A,. We
cross-hatch the region betweenenhancements of 0.4 and 0.5 dex, based
on an extrapolation of the model trends. The error bars iridpheand bot-

tom panels include the effect of varying the unknown optagpth of CS

and HCN between 0 and 5. In the middle panel the error barsréfie
range induced if the HCN and CS optical depths are differssrnfeach
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tions to both the observed and predicted relationship beriviee
N(HCN)/N(CS) ratio and metallicity. Further study will edy be
required to determine if this, or any, molecular tracer carubed
to robustly determine metallicity. That a relationshipstgiat all,
given the large uncertainties are crude assumptions maae ike
promising.

When we compared our data to the modelsi«egnhancement
from B12 we find that the molecular measures show little corre

lation with stellara-enhancement. This could suggest that the gas

has an external origin, or has been present in the galaxyeiooggh
for SNe la to enrich it. Alternatively the lack of a corretaticould
be due to our large uncertainties, or because current mddeist
fully treat the degeneracy between metallicity angénhancement.
Other evidence suggests that the gas could really haveetiffe-
abundances to the stars, but we are unable to determine wxich
planation is correct with our current data.

This study, along with B12, represents a first tentative &iep
wards understanding the chemistry of molecular gas in higtam
licity environments. We show that some molecular tracerisdeed
show systematic variations that appear to correlate wittalie
ity, and that these variations can be roughly reproducechbync
cal models. With the power of the next generation of mm-fiéed
(e.g. ALMA, Large Millimeter Telescope, Cornell Caltechedtima
Telescope) we will be able to study such variations in d€tath
in our own Milky Way, and other galaxies), shedding light te t

physics and chemistry of the ISM, and perhaps providing a new

method of estimating metallicity from the molecular gasggha
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Figure Al. Molecular line detections reported in this paper, from d&AM-30m observations. The observed transition is inditatethe figure legend. The
x-axis shows velocity offset from the line centre, corrddiar the systemic velocity of the galaxy (listed in TableR)r NGC4526 the plotted® CO detection

has a channel width of 20 knT4, and the other linesz100 km s™1. The plots for NGC4710 and NGC5866 use channel widthss0 km s~1 at 3mm and

~100 km s~ at 2mm. The intensity is in units of main beam temperatugg )T A short-dashed line shows the zero level, and long-dasiesn the derived
velocity width.
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