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ABSTRACT

We present interferometric observations of CO lind€0(1-0, 2-1) and*CO(1-0, 2-1)) and
dense gas tracers (HCN(1-0), HEQ@-0), HNC(1-0) and HNCO(4-3)) in two nearby edge-
on barred lenticular galaxies, NGC 4710 and NGC 5866, witlstbthe gas concentrated
in a nuclear disc and an inner ring in each galaxy. We probeHtysical conditions of a
two-component molecular interstellar medium in each gaémd each kinematic component
by using molecular line ratio diagnostics in three completasy ways. First, we measure
the ratios of the position-velocity diagrams of differeintels, second we measure the ratios
of each kinematic component’s integrated line intensaigea function of projected position,
and third we model these line ratios using a non-local thelsmamic equilibrium radiative
transfer code. Overall, the nuclear discs appear to haveumts molecular gas component
that is hotter, optically thinner and with a larger densefgastion than that in the inner rings,
suggesting more dense clumps immersed in a hotter moresdiffiolecular medium. This is
consistent with evidence that the physical conditionsérthclear discs are similar to those in
photo-dissociation regions. A similar picture emergesmt@mparing the observed molecu-
lar line ratios with those of other galaxy types. The phylsicenditions of the molecular gas
in the nuclear discs of NGC 4710 and NGC 5866 thus appeanieidiate between those of
spiral galaxies and starbursts, while the star formatichéir inner rings is even milder.

Key words: galaxies: lenticulars - galaxies: individual: NGC 4710 &l&IC 5866 - galaxies:
ISM - ISM: molecules

1 INTRODUCTION of X-rays (e.g. Forman et al. 1985), optical emission lineg.(
Caldwell 1984), H (e.g. Knapp et al. 1985) and CO (e.g. Wiklind

Mo!ecular.clouds are .the .stelllar nurseries of galaxies,mobing & Rydbeck 1986; Welch & Sage 2003; Sage et al. 2007).
their physical properties in different galaxy types has ploéen- Young et al. (2011) carried out the most extensive survey of

:!al to answer man;(/jlmplortant orl)etr_l quistltpnsl, re%arc:mggtqra-l molecular gas'CO(1-0)) in ETGs so far, in th@60 galaxies
lon processes and galaxy evolution. ACvely star-iolgnapira of the volume-limited ATLASP samplé (Cappellari et al. 2011).

?halgmesi mclludlng our own.M|III1<y Wr;y, are tnzlh Ic? fCO|d gasdan They obtained 2% detection rate, with Bl masses ranging from
€Il molecular gas reservoirs have been studied for maaysye g7 4, 4 5o M. The CO-rich ETGs in the ATLA®’ sample were

E ?]\:Yf\/l(;?ssggg Zﬂ'cﬁgzi)rz(:eangr?:gljl e;:lg/ tyrﬁetgzbditcﬁé Gosr’ further studied to probe the molecular gas properties inener
enticu 1Pt _generally thoug /o tails. Interferometric observations 8fCO(1-0) in40 objects were
in molecular gas, star formation within them is thought teeha ; . -
) presented in Alatalo et al. (2013), revealing a variety of @@r-
largely stopped. Nevertheless, roughly years after the first de- . . ) - 7
phologies (discs, rings, bars, and spiral arms), with siresller

tection of molecular gas in external spiral galaxies (Ridket al. . . . o :
) . i than in spirals in absolute terms but similar when comparehldir
1975; Solomon & de Zafra 1975), different phases of the optical extent (Davis et al. 2013a). The molecular gas kiatem

lar medium (ISM) of ETGs were also studied, through obséruat
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ics is generally regular (Davis et al. 2013a), allowing ooeas-
ily probe the Tully-Fisher (luminosity-rotational velagj Tully &
Fisher 1977) relation of ETGs (Davis et al. 2011b). Howegas-
star kinematic misalignments indicate that the molecudarttas an
external origin in at least one third of the systems, witBigant
field—cluster environmental differences (Davis et al. 2011

The molecular gas can also be used to study the physical con-
ditions (temperature, density, column density, opacikgitation
mechanism, etc) within the dense cold gas of ETGs, wherdastar
mation takes place. For example, different transitions gfven
molecule are good proxies for the gas temperature (3@O(2-
1)/'2C0O(1-0)), isotopologues probe the gas optical depth and col
umn density (e.g-*C0O/*2C0), and complex molecules (e.g. HCN,
HCO™, HNC, and HNCO) require much larger critical densities
(Up tOnerit &~ 10° cm™3) to be excited compared to simpler ones
(typically neri: ~ 10° cm~?). More subtle effects also exist. HCN
and its isotopomer HNC trace respectively the warm-denske an
cool-slightly less dense parts of a cloud, while HC®aces even
more tenuous regions (Huettemeister et al. 1995). H@én also
be enhanced in shocks associated with young supernova m&nna
(SNRs), due to cosmic rays (CRs) in the shocked materiak{bic
son et al. 1980; Wootten 1981; Elitzur 1983), and is theecfdso
an important tracer of CR-dominated regions of the ISM. HNCO
on the other hand, is a good tracer of shocked gas (Meier &€Furn
2005, 2012; Rodriguez-Fernandez et al. 2010; Ott et d4R@&Nd
it correlates well with SiO, a well-known shock tracer (Zietko
et al. 2000).

Focusing on the physical conditions of the ISM through
single-dish observations of severflCO transitions, the'*CO
isotopologue, and other molecules, Krips et al. (2010) atelr |
Crocker et al. (2012) (see also Davis et al. 2013b) found ttiet
molecular line ratios of ETGs are generally similar to thobepi-
rals and Seyferts, but different from those of starbursts(aitra-)
luminous infrared galaxies ((U)LIRGS). Interestinglyetline ra-
tios are statistically correlated with several other IS\ atellar
properties, e.g. the molecular-to-atomic gas ratio, ceraperature,
dust morphology, K-band absolute magnitudes and stellaulpe
tion age (Crocker et al. 2012). TH2CO(1-0)/*2CO(1-0) ratio of
ETGs also seems to depend on environment (Alatalo et al.)2015

Here, we conduct interferometric observations of two typi-
cal edge-on lenticular galaxies (with large bulges andreédust
lanes), NGC 4710 and NGC 5866 (morphological typ@9 and
—1.2, respectively; HyperLEDA). Both galaxies are fast rotating
and their ionised gas is kinematically-aligned with thelateéine-
matics, indicating that the gas is likely supplied by in&drpro-
cesses (e.g. stellar mass loss; Davis et al. 2011a) or exffrom
the galaxy formation event itself. NGC 4710 is a member thigd/i
Cluster (Kraan-Korteweg 1982) at a distancel6f8 Mpc (Tully
1988), while NGC 5866 is in a small group including two spiral
at a distance of5.3 Mpc (Tully 1988). However, since NGC 4710
is located in the outskirts of the cluster and the distandesdoen
NGC 5866 and its nearest companion is rather large, botlxigala
are unlikely to have had recent significant interactionwither
galaxies or to have been affected by environmental effddts.
general properties of the galaxies are listed in Table 1.

NGC 4710 and NGC 5866 also happen to be CO-bright,
unusual for supposedly red and dead’ systems, allowing the
first spatially-resolved study of multiple molecular trecén an
early-type galaxy. We map the entire discs of NGC 4710 and

2 http://leda.univ-lyon1.fr/

Table 1.General properties of NGC 4710 and NGC 5866.

Galaxy Property Value Reference

NGC 4710 Type S6(9) a
RA (J2000) 12h49m3g.8s b
Dec (J2000) 15d09™ 568 b
Distance (Mpc) 16.8 c
log(Mp, /Mg) 8.72 + 0.01 d
SFRoum (M yr=')  0.11 4 0.02 e
Vgys (kms™1) 1102 f
Major diameter 4’9 c
Minor diameter 1/2 c
Position angle 207° g
Inclination 86° h

NGC 5866 Type S€(8) a
RA (J2000) 15h06m29.5% b
Dec (J2000) 55945m 483 b
Distance (Mpc) 15.3 c
log(Mp, /Mg) 8.47 + 0.01 f
SFRoum (Mo yr=1)  0.21 £ 0.04 e
Vays (kms™1) 755 f
Major diameter 47 c
Minor diameter 1/9 c
Position angle 127° g
Inclination 89° h

References:® Sandage & Bedke (1994)> Nasa/lpac Extragalactic
Database (NED)¢ Tully (1988); ¢ Young et al. (2011)¢ Davis et al.
(2014);f Cappellari et al. (2011)8 Davis et al. (2011a)" Davis et al.
(2011b).

NGC 5866 in common lowf CO lines such a¥CO(1-0),'?CO(2-
1), ¥CO(1-0) and'3CO(2-1), thus probing relatively tenuous
molecular gas, as well lines of more complex molecules ssch a
HCN(1-0), HCO™ (1-0), HNC(1-0) and HNCO(4-3) (the latter two
lines being detected for the first time in those galaxies)s fbrob-
ing denser gas.

The most abundant tracers reveal an X-shaped position-
velocity diagram (PVD) in both galaxies, indicating thegerce of
an edge-on barred disc (see Bureau & Athanassoula 199madha
soula & Bureau 1999; Bureau & Freeman 1999), with gas concen-
trated in a nuclear disc within the inner Lindblad resonzence in
an inner ring around the end of the bar (corotation) and pbssi
farther out. Infrared observations also support a nuclesar slr-
rounded by a ring-like structure in the disc of NGC 5866. kttle
Xilouris et al. (2004) found that thé.75 and 15 um emission in
NGC 5866 peaks in the centre and=at4 kpc on either side of it
(see their Fig. 10). The barred nature of NGC 4710 is contiste
with its box/peanut-shaped bulge, but that of NGC 5866 isemor
surprising given its classical bulge. Should the ring-létaucture
in NGC 5866 have a different origin, however, the barred matu
of NGC 5866 would have to be revisited. Nevertheless, weudsc
our empirical and model results in light of these facts tigroaut.

The first goal of our study is thus to exploit the variations
of the molecular line ratios along the galaxy discs (as atfanc
of projected radius and velocity), to study the physicalperties
of the molecular gas in each of those two dynamical companent
independently (i.e. nuclear disc and inner ring). We alsahi®
quantitatively by modeling the molecular line ratios witman-
local thermodynamic equilibrium (non-LTE) code (RADEX;nva
der Tak et al. 2007). A secondary goal is to compare the star fo
mation activity in ETGs to that in other types of galaxiest fus,
the observed line ratios are compared with those at theeeitr
spirals, starbursts, Seyferts and other lenticulars, dsasewith
those of some giant molecular clouds (GMCs) in the spiralsarm
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and inter-arm regions of nearby galaxies (Sorai et al. 2B0@uiil-
let et al. 2005; Baan et al. 2008; Krips et al. 2010; Crockeal et
2012).

The paper is divided as follows. Section 2 describes the ob-
servations and data reduction, whije3 presents the results and
a basic analysis of the data. We discuss the line ratio d&imso
in § 4, both empirically and through modelling, the latter dethi
in Appendix B. A detailed discussion is presented;ifi and we
conclude briefly ir§ 6.

2 OBSERVATIONS & DATA REDUCTION

2.1 Observations
2.1.1 NGC4710

NGC 4710 was primarily observed using the Combined Array
for Research in Milimeter-wave Astronomy (CARMA), which in
cludes15 antennae x 10.4 m, 9 x 6.1 m) and thusl05 base-
lines. The'>CO(1-0) and*CO(1-0) observations were carried out
in April 2009, with 3 spectral windows per linel6 MHz or

~ 450 km s~! bandwidth, withl MHz or ~ 2.5 km s™! channels),

in the D configuration (maximum baselineldf m, yielding a syn-
thesized beam and thus angular resolutiorzc3” 8 at 115 GHz).
The CO(2-1) observations were carried out in January 20ith, w
3 spectral windows per linel 500 MHz or ~ 2000 km s~ ! band-
width, with 5 MHz or ~ 7 km s~! channels), using the E con-
figuration (maximum baseline d@f6 m, yielding a resolution of
~ 4”2 at 230 GHz). The'?CO(2-1) and*CO(2-1) observations
were obtained with a mosaic @fpointings, a central pointing sur-
rounded by6 pointings in an hexagonal pattern (see Fig. 1). Si-
multaneous observations of HCN(1-0), HEQ-0), HNC(1-0) and
HNCO(4-3) were obtained in October 2011. For each of HCN(1-0
and HCO (1-0), 3 spectral windows per line were usedy MHz

or ~ 1200 km s ! bandwidth, with0.4 MHz or ~ 1.3 km s !
channels), using the D configuration (yielding an averag®e-re
lution of ~ 5”5 for these lines). Observations of HNC(1-0) and
HNCO(4-3) used a single spectral window for each lis@(MHz

or ~ 1600 km s~! bandwidth, with5 MHz or ~ 16 km s~! chan-
nels). All the lines except HNCO(4-3) were detected withgmal-
to-noise ratioS/N > 3.

All four dense gas tracers, namely HCN(1-0), HOQ@-0),
HNC(1-0) and HNCO(4-3), were also observed using the Lnstit
de Radio Astronomie Millimetrique (IRAM) Plateau de Bure In
terferometer (PdBI), with six5 m antennae and thu$ baselines
in the 6ant-Special configuration (yielding an average ltgEm
of ~ 6”0 for these lines). /3.6 GHz or~ 12 500 km s~ ! band-
width with a spectral resolution &MHz or ~ 7 km s~ * was used.
The observations of the dense gas tracers were obtainee with
saic of2 pointings, centred at offsets-6" 3, +1173) and 5”3,
—11”3) with respect to the galaxy centre (and thus along the galaxy
major axis; see Fig. 1).

At the distance of NGC 4710,” corresponds tex 81 pc.
The resolution of the CARMA observations thus correspomds t
a linear scale ofz 300 and~ 450 pc for the tenuous (CO) and
dense gas tracers, respectively, while that of the PdBlroasens
corresponds tez 480 pc. The main observational parameters for
NGC 4710 are listed in Table 2.

2.1.2 NGC 5866

NGC 5866 was primarily observed with PdBI. Observations of
3C0O(1-0) and the dense gas tracers HCN(1-0), HCI0),
HNC(1-0) and HNCO(4-3), were carried out using the 6Dg con-
figuration during April-May 2011, yielding a resolution of 4”9
at 110 GHz and~ 6”5 for the dense gas tracers. The total band-
width was3.6 GHz or~ 12 500 km s~*, with a spectral resolu-
tion of 2 MHz or ~ 7 km s~*. 12CO(1-0) observations were ob-
tained at CARMA in the D configuration, yielding a resolutioh
~ 3”8 at115 GHz. Three spectral windows were us8@d{MHz or
~ 1000 km s™* bandwidth, with a spectral resolution @4 MHz
or~1kms?)

At the distance of NGC 5866L" corresponds tev 74 pc.
The resolution of the PdBI observations thus correspondslite
ear scale ok 360 and~ 480 pc for *CO(1-0) and the dense
gas tracers, respectively, while that of the CARMA obséovet
corresponds tez 280 pc. The main observational parameters for
NGC 5866 are listed in Table 2.

2.2 Data reduction
2.2.1 CARMA data reduction

The CARMA data were reduced using the Multichannel Image
Reconstruction, Image Analysis and Display (MIRIAD) pag&a
(Sault etal. 1995). First, for each track, initial data ections were
applied (i.e. line-length calibration, baseline and resfjfiency cor-
rections). The temporal behaviour of the phase calibrass tien
checked to flag de-correlations when necessary. Seconbdatite
pass and phase calibrations were performed using a britibtaza
tor, usually a quasar withiz0° of the source (3C273, 1224+213 or
1419+513). The gain solutions were then derived and apmitte
source. Flux calibration was carried out using the latekior
flux catalog maintained at CARMA (typically using a planeij-
ter successfully calibrating the source data for each taackeach
observed line, all data for a given line were combined inte wiBi-
bility file and imaged using the MIRIAD taskvert As CARMA is

a heterogeneous arragiyert was run with the mosaicking option,
to take into account the different primary beams. All dataesu
were created with a pixel size of x 1" and1”5 x 1”5 for the CO
lines and dense gas tracers, respectively, typically iyigle: 4 pix-
els across the synthesized beam major axis. The dirty cubes w
cleaned to a threshold equal to the rms noise of the dirtyratlan
in regions devoid of emission. The cleaned components vhere t
added back and re-convolved using a Gaussian beam of fdthwi
at half-maximum (FWHM) equal to that of the dirty beam. A full
calibrated and reduced data cube was thus obtained for ealels-m
ular line.

We note that to simplify the discussion, the fully-calilemt
and cleaned data cubes were rotated using the MIRIADr&gid
with the keywordrotate and the molecular gas position angle (see
Table 1), so that the emission (galaxy major-axis) is hatiab The
data presented in Figures 1 and 2 therefore do not représemtie
orientation of the galaxies on the sky.

2.2.2 PdBI data reduction

The PdBI data were reduced using the Grenoble Image and Line
Analysis System (GILDAS) packages Continuum and Line inter
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Table 2. Main observational parameters for NGC 4710 and NGC 5866.

Galaxy Transition Rest Freq.  Obs. Date Total Obs. Time  fatemeter Beam Conversion factor Noise
(GHz) (hours) (arcsec) (K Jy! beam)  (mJy beam!)
NGC4710 2CO(1-0) 115.271 3.9x3.2 7.3 9
13CO(1-0) 110.201 02 APR 2009 6.42 CARMA 4.4 x 3.9 5.8 5
12C0O(2-1) 230.538 4.1 x 3.5 1.6 28
13CO(2-1) 220.398 30/31 JAN 2011 503 CARMA 4.6 x 3.9 1.4 23
HCN(1-0) 88.633 5.1x 4.6 6.7
HCO™(1-0) 89.188  15/18/23/24/25 OCT 2011 16.62 CARMA 5.5 x 4.8 5.8 2
HNC(1-0) 90.663 5.1x 4.6 6.3
HCN(1-0) 88.633 6.1 x 5.3 4.9
HCO™(1-0) 89.188 6.1 x 5.2 4.9 1
HNC(1-0) 90.663 30 NOV 2011,19 JAN 2012 7.90 PdBI 57 % 5.0 5.9
HNCO(4-3) 87.925 6.3 x 5.4 4.7
NGC 5866 2CO(1-0) 115.271  12/13/16 AUG 2010 6.67 CARMA 3.6 X 2.9 8.7 11
13C0(1-0) 110.201  28/30 APR & 03 MAY 2011 11.55 PdBI 4.9 x 3.6 5.8 1
HCN(1-0) 88.633 6.3 x 5.2 4.8
HCO™(1-0) 89.188 6.3 x 5.2 4.7 0.5
HNC(1-0) 00,663 03/04 MAY 2011 11.33 PdBI 6.2 x 5.1 18
HNCO(4-3) 87.925 6.3 x 5.2 4.8

ferometer Calibration (CLIC) and MAPPINGCLIC was used for
the initial data reduction, including the bandpass, phaskfax
calibrations, and the creation of the tables. MAPPING was then
used to create fully calibrated and cleaned cubes, withetimero-
cedure and pixel sizes as above. Those cubes were then tamhver
into Flexible Image Transport System (FITS) files for furtaealy-
sisin MIRIAD and Interactive Data Language (IDL) environmie

3 IMAGING & ANALYSIS
3.1 Emission regions and moment maps

To derive the moment maps of NGC 4710 and NGC 5866, the
spatial extent of the emission must first be defined in they{ull
calibrated and cleaned cube of each line. The data cubeshvezee
fore first Hanning-smoothed spectrally and Gaussian-sieaot
spatially with a FWHM equal to that of the beam. The smoothed
cubes were then clipped (in three dimensions) 8tahreshold

emission is discontinuous, typically in the centre (nuctéisc) and
nearly symmetric regions farther along the disc on eithde §nner
ring edges; see, e.g., thBCO(1-0) emission in Fig. 1). The rms
noise levels listed in Table 2 were calculated using alllgiretside
of the identified emission regions in the original cubes.

3.2 Position-velocity diagrams

To create a PVD for each molecular line detected, we simpli to

a slice along the major axis of the galaxies in the fullytwated

and cleaned data cubes, averagingxels in the perpendicular di-
rection (i.e. along the galaxy minor axis; slightly largean the
synthesised beam, maximisity N as the emission is generally
not resolved perpendicular to the disc). The PVDs of all thed
detected in NGC 4710 and NGC 5866 are shown in Figures 3 and
4, respectively. The spatial resolution of each PVD, i.e.dlze of

the beam along the major axis of the galaxy, was calculateadkey

ing into account the position angle, major axis and minos axi

(whereos is the rms noise of the smoothed cube) and (smoothed) Synthesised beam (see Davis et al. 2013a).

moment maps created. Regions of contiguous emission fdr eac
line were then defined using the IDL region-growing algoritia-

As seen in Figures 3—4, the PVDs of the CO lines in both
galaxies (except?CO(2-1) in NGC 4710) and the PVD of HCN(1-

beLregionand the (smoothed) moment 0 maps. The largest central 0) in NGC 5866 reveal X-shape patterns, with two distincoeel

contiguous emission region for each line was then adoptadves-
dimensional mask, and used to derive the moments of thenatigi
(unsmoothed and unclipped) cube in that line. The momensmap
are shown in Figures 1 and 2 for all lines.

As the '2CO(1-0) is the most spatially extended line in both
galaxies, the contiguous emission region for the otheslg@not
be more extended than this. Furthermore, aS@0D(1-0) emission
lies along the major axis of the galaxies, we assume thanthit
be the case for the other lines as well. These two criteriz wers
also used to define the real extent of the line emission whisn th

3 http://www.iram.fr/IRAMFR/GILDAS

ity components: a central rapidly-rising velocity componéhere-
after nuclear disc) and an outer slowly-rising velocity gament
(hereafter inner ring). Both can easily be understood irctrgext

of barred galaxy dynamics (see Sellwood & Wilkinson 1993 for
a general review; Bureau & Athanassoula 1999, Athanassbula
Bureau 1999 and Bureau & Freeman 1999 for the observed kine-
matics of edge-on systems). Bar-driven inflows cause gascio-a
mulate onz, orbits (elongated perpendicular to the bar) within the
inner Lindblad resonance (ILR; when present) at the cerftteeo
galaxy, creating a feature known as a nuclear disc (or riag,
giving rise to the central rapidly-rising velocity compaomeseen

in the PVDs. Gas also accumulates just beyond the end of the ba
near corotation (and possibly beyond), creating a featmosvk as
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Figure 1. NGC 4710 moment map&eft: Moment 0 contour maps (white) of the detected lines owtrtai an optical image of the galaxy (greyscale)
from SDSS. Red circles show the primary beam of CARMA andfiBIRat the respective frequency of each line. The obsematabtained with multiple
pointings (mosaicking) are shown with multiple primary tmsa The beam sizes are also indica&dntre: Moment 0 maps with overlaid isophotal contours.
Right: Moment 1 maps with overlaid isovelocity contours. The éabjack circles on the moment maps show the IRAM 30 m telesbepen for comparison
(HNC(1-0) and HNCO(4-3) were not observed; see Crocker.&(HI2). Contour levels on the moment 0 maps are ftonto 100% of the peak integrated
line intensity in steps of0%. The moment 0 peaks are (from top to bottdif)s, 145.8, 10.8, 22.3, 3.0, 2.3, 1.7, 3.7, 2.5, 1.9 and1.0 Jy beant ' km s~ 1.
Contour levels on the moment 1 maps are spacesObym s~ 1. The array used, molecular line displayed, and synthesieath are also indicated in each
panel.
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Figure 2. Same as Figure 1 but for NGC5866.

an inner ring, and giving rise to the outer slowly-rising oty
component of the PVDs. The intermediate region occupiedby
orbits (elongated parallel to the bar) is swept free of gesating
a gap between the nuclear disc and inner ring (both morpholog
cally and in the PVDs). However, there is some material thatre
least in NGC 4710, where the X shape of tH€0(1-0) PVD re-
sembles a figure of eight at positive projected radii (seéipos3

in Fig. 10; less so for other tenuous gas transitions). Thissam
coming from the intermediate region is less clear at pasziand

4 since higher S/N emission coming respectively from there¢nt
disc and inner ring mostly contributes to the flux at thesétjpos.
These three morphological and kinematic features (nualéesr,
inner ring and empty intermediate region) generally coutgtireli-
able bar signatures.

The boxy/peanut-shaped bulge of NGC4710 confirms that it is
barred, while the dominant classical bulge of NGC5866 m#kes
characteristic kinematic bar signatures observed somesungris-
ing (see the optical images in Figures 1 and 2). The X-shap&l P
(and thus kinematic bar signature) was first observed in NEID4
by Wrobel & Kenney (1992) and in NGC 5866 by Alatalo et al.
(2013), both from>CO(1-0) observations.

The nuclear disc has a radial extent=of12” (~ 1 kpc) in
NGC 4710 andv 8" (=~ 0.6 kpc) in NGC 5866, while the inner
ring has a radius of 32" (=~ 2.6 kpc) in NGC 4710 andv 32"
(= 2.4 kpc) in NGC 5866 (see Figs. 3 and 4).

The moment 0 peaks are (fno bottom)51.5, 5.5, 2.9, 1.4, 1.2, and0.6 Jy beant ! km s~ 1.

3.3 Comparisons with IRAM 30m data

Some lines detected with CARMA and PdBl in this work were also
previously detected with the IRAM 30m single-dish telesedpor
NGC 4710, the relevant lines ardCO(1-0), 22C0O(2-1) (Young

et al. 2011),*CO(1-0), '3*CO(2-1), HCN(1-0) and HC®O(1-0)
(Crocker et al. 2012), while those for NGC 5866 are€O(1-

0) (Welch & Sage 2003)!*CO(1-0), HCN(1-0) and HC®O(1-0)
(Crocker et al. 2012). As the IRAM 30m beam is smaller than the
primary beams of CARMA and PdBI at any frequency (see Figs. 1
and 2), CARMA and PdBI are better able to recover the true inte
grated molecular gas content of the galaxies (as long asitee i
ferometer does not filter out diffuse, extended emission).

To check the consistency of the datasets from the IRAM 30m
single-dish telescope and the interferometers, we sietliRAM
30m integrated spectra using our CARMA and PdBI interfetame
ric data cubes. To do this, for each line we summed the flux in
our cubes spatially using a Gaussian weighting functionvgH
equal to that of the single-dish beam at the given frequeand (
centred on the galaxies, thus assuming no 30m pointing)error
The IRAM 30m beam size adopted for th&CO(1-0), '3CO(1-

0), *CO(2-1) and'*CO(2-1) line was22”, 23", 11” and 11”5,
respectively, while that for the HCN(1-0), HC®1-0), HNC(1-0)
and HNCO(4-3) lines wag8”. When the IRAM 30m fluxes were
listed in Kelvin (either antenna temperatdrg or main beam tem-
peraturel,,,), we converted the fluxes using the conversion factors
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Figure 3. PVDs of all the lines detected in NGC 4710. The PVDs are oierlath contours (black lines) spaced By and starting aBo, while the colour
scales start ato. The rms noise for the CARMA observations '3fCO(1-0),13CO(1-0),12C0O(2-1),13CO(2-1), HCN(1-0), HCO (1-0) and HNC(1-0) is
7.5,3.7,19.0, 19.0, 1.5, 1.6 and1.2 mJy beant?, respectively, while that for the PdBI observations of HTMNJ), HCO (1-0), HNC(1-0) and HNCO(4-3)
is0.8,0.9,0.9 and0.9 mJy beant !, respectively. The projected position numbers, as digcligg; 4.2 and illustrated in Figure 10, are indicated on the top
axes. The array used, molecular line displayed, and angegaiution along the major axis are also indicated in eadelpa

given in the associated papers or listed on the IRAM websker only channels free of line emission. To do this, for PdBI data
values at frequencies not specified there, we linearly polated used the MAPPING taskv_fit, and for CARMA data we used the
between the two nearest values. MIRIAD task uvfit

The true IRAM 30m spectra, simulated IRAM 30m spectra INNGC 4710, we found a continuum flux 823 + 0.88 mJy
and spatially-integrated CARMA and PdBI spectra (the fatti¢h- at 230 GHz and3c upper limits of2.46 and3.80 mJy at220 and
out beam weighting applied, thus recovering more flux if tmése 90 GHz, respectively. We were not able to estimate a continuum
sion extends beyond the 30m beam) are shown in Figure 5 and 6flux at115 and110 GHz, as there is no line free channel, but Alat-
for NGC 4710 and NGC 5866, respectively (see &1504). alo et al. (2013) list &0 upper limit of 5.20 mJy at115 GHz.

In NGC 5866, we found a continuum flux 6f99 + 1.28 mJy at
115 GHz,3.71 4+ 0.07 mJy at110 GHz and3.55 4+ 0.04 mJy at
3.4 Continuum emission 90 GHz.

NGC 4710 and NGC 5866 do not reveal spatially extended con-
tinuum emission, but they do harbour a continuum point soatc
their respective pgntre. Wt_a thus measured_the contlnuum_oﬂux 4 LINE RATIO DIAGNOSTICS
each galaxy by fitting a point source model in tiwe plane, using
Different molecular lines require different physical cdiahs to be
excited, so a multitude of line ratios are required to pramplex

4 hitp://Iwww.iram.es/IRAMES/mainWiki/lram30mEfficieres media. In this work, we perform three types of line ratio gsak,
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Figure 4. Same as Figure 3 but for NGC 5866. The rms noise for the oltimmsaof12CO(1-0),13CO(1-0), HCN(1-0), HCG (1-0), HNC(1-0) and HNCO(4-

3) are6.7, 0.9, 0.4, 0.4, 0.4 and0.4 mJy beanT !, respectively.

providing complementary information on the physical coiodis
of the gas along the disc (major-axis) of NGC 4710 and NGC 5866
First, we analyse direct ratios of the major-axis PVDs (del),
providing a qualitative view of the physical conditions ioth kine-
matic components of the galaxies (nuclear disc and inng).r8ec-
ond, we calculate the ratios of integrated line intensiiges func-
tion of projected radius along the galaxy discs, by extracinte-
grated spectra as a function of projected position for eawmkatic
component separately (s¢d.2). Third, we model these line ratios
using a non-LTE radiative transfer code, thus estimatingraber
of physical parameters describing a two-component maded8M
(see§ 4.3 and Appendix B).

When the density exceeds a given molecular transition crit-
ical densityn.it, collisions become the dominant excitation and
de-excitation mechanism. In dense clouds, gas excitaidhus
dominated by collisions with i by far the most abundant species.
Low-.J CO lines, such a8 CO(1-0) and its isotopologu€ CO(1-

0), havenc,is ~ 10% cm™3, whereas high density tracers, such as
HCN(1-0), HCO'(1-0), HNC(1-0) and HNCO(4-3), have critical
densities up tav..;; ~ 10° cm~3. We note however that when the
emitting gas gets optically thick-(>> 1), radiative-trapping oc-
curs (as some spontaneously-emitted photon are absorlbleith wi
the cloud), resulting in a reduction of the critical densiyya factor

~ 1/7 and a higher excitation temperature than that expected due
to collisions with H: only (Scoville 2013).

In this paper, we separate our line ratios in three different
groups, to better probe the physical conditions of diffepgrmases
of the molecular ISM. The three groups are: i) ratios of IWGO
lines only, tracing the temperature, opacity and columrsitgof
the relatively tenuous molecular gas; ii) ratios of dense tgac-
ers only, tracing the density, chemical state and dominzacitae
tion/ionisation mechanisms of the dense molecular gas (/g
and X-ray radiation, stellar winds and supernova explaioand
iii) ratios of CO to dense gas tracers, tracing the dense rgas f
tion. As our PdBI observations of HCN(1-0), HCQL-0), HNC(1-
0) and HNCO(4-3) in NGC 4710 are roughly twice as deep as our

CARMA observations of the same lines, we will exclusivelg tise
PdBI data of those lines for the line ratio analyses of thlaxga

4.1 PVD ratios

We start all line ratio analyses by first creating identicatiedcubes
for all molecular lines. These identical cubes have the sameber
of channels, channel width, start and end velocities, arel gize.
They are also convolved to a common circular beam sig€ &fthe
largest synthesised beam in our dataset (i.e. the beam diighe
density tracers observed at PdBI; see Table 2). The pixel &fiz
these data cubes was chosen td'b& yielding 5 pixels across the
beam. We then converted our fluxes from Jy beano Kelvin (K)
using the conversion factors calculated by the MIRIAD tmsktat
(see Table 2), so that by convention and throughout thisrpape
take the ratio of line intensities expressed in K.

For our first approach to line ratio analysis, PVDs were cre-
ated from these identical cubes as before, and ratios of tPE€®s
were calculated for relevant line pairs in each of the thifeeea
mentioned line ratio groups (CO lines only, dense gas tsamely,
and CO versus dense gas tracers). For the high density aader
3CO lines that remain undetected in some regions of the discs,
30 flux upper limit was adopted, yielding a lower limit on thedin
ratios considered. The PVD ratios are shown in Figures 7 -h@rev
the greyscales indicate lower limits.

4.2 Integrated line intensity ratios as a function of proje¢ed

radius

Using the PVDs created from the identical data cubes, fosear
ond approach we attempted to disentangle the spectra ofvthe t
kinematic components seen in the PVDs (nuclear disc and inne
ring; seeg§ 3.2), this as a function of projected position along the
disc. First, we extracted “integrated” spectra at a numibgrosi-
tions along the discs, each separated by one beam widthkimg ta
averages of subsequehpixel (i.e. one beam width) slices, as il-
lustrated in Figure 10. Second, we calculated the intedrite
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Figure 5. Comparison of integrated molecular line spectra for NGO Black solid lines show the integrated spectra of our CARM PdBI observations,
with no spatial weighting nor limit. Black dotted lines shole IRAM 30m integrated spectra simulated from our CARMA &uBI observations (with
Gaussian spatial weighting; s&8.3). Red dashed lines show original IRAM 30m integratectspdrom the literature. The HNC(1-0) and HNCO(4-3) lines
were never observed previously, so their integrated specé shown here for the first time.

intensity (i.e. [ Twp dv in K km s~ 1) of each kinematic compo-  grated line intensity 0Boms x FWHM, whereo s is the noise
nent at each position by fitting a single or double Gaussiahdo in the spectrum of the undetected line and FWHM is the FWHM
extracted spectrum at each position, depending on wheteigrra  of the (other) detected line used to define the line ratio ait plo-
gle or both kinematic components were present along theoline  sition. The error on this integrated line intensity uppenitiwas
sight (see Fig. 11). The packa#PFIT was used to optimize the  estimated using the noise in the spectrum and the error on the
fits (Markwardt 2009). When both components are detecteid-as FWHM. Integrated line intensity ratios of particular irgst are
gle Gaussian was normally sufficient in the outer parts (ining), Ri» = CO(1-0)/2CO(2-1),R11 = '2CO(1-0)/*CO(1-0) and
while a double Gaussian was normally required in the innetspa  Rox = '2CO(2-1)MCO(2-1) for the lows CO lines only, and
(nuclear disc and inner ring). When a single component isatiet! Rp1 =HCN(1-0)/HCO"(1-0), Rp2 = HCN(1-0)/HNC(1-0) and

in the inner parts (nuclear disc), a single Gaussian is ofseoal- Rps =HCN(1-0)/HNCO(4-3) for the dense gas tracer lines only.
ways sufficient. The ratios of the integrated line inteesitivere

then calculated as a function of projected radius along thesd

The correspondlng_ line ratio profiles are shown in _Flgures 12 4.3 LVG Modelling

and are tabulated in Tables A1—A3. Note that while the PVD ra-

tios shown in Figures 7—-9 are ratios of fluxes (i.e. K), théogat ~ For our third approach, we probe the physical conditionshef t

shown in Figures 12 — 14 are ratios of integrated line intessi.e. molecular gas quantitatively by modeling the observed fate®s
Kkms™). using the non-LTE radiative transfer code RADEX (van der Tak

et al. 2007). The physics and assumptions adopted by the code
At the projected positions where there is at least one unde- are described at length in Appendix B1. The three free parame
tected line (Tmb dv < 30, whereo is the uncertainty in the ters solved for are the molecular gas kinetic temperafweH-
integrated line intensity), we assigned an upper limit t® ithte- volume number densityt(H2) and species column number densi-
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Figure 7. PVD ratios of CO lines only and dense gas tracer lines only@ONt710.Top row: PVD ratios of CO lines only, with the relevaiht CO(1-0) or
12C0O(2-1) PVD contours overlaid (black linefottom row: PVD ratios of dense gas tracer lines only, with the HCN(1-0PRontours overlaid (black
lines). Contour levels are spaced By starting at3o. Greyscales indicate lower limits to the line ratios (§e€.1). The projected position numbers, as
discussed i 4.2 and illustrated in Figure 10, are indicated on the toaxe

ties N(mol). As the critical densities of the high density tracers Figs. B4—B6 and Tables B1 and B2). The best-fit models are gen-
are~ 3 orders of magnitude larger than those of the lgwzO erally consistent with the most likely models, but the uteieties
lines, we model the two sets of lines separately and heraafier on the latter are usually large due to the flatness of the Paxes,

to the associated molecular gas as dense and tenuous,tiedpec  as expected results within a single kinematic componeninais-
Given the line ratios available (see Tables A1—A3), fous sHt tinguishable.

models are possible: tenuous and dense gas in the nucleaofdis
NGC 4710, tenuous gas in the inner ring of NGC 4710, and dense
gas in the nuclear disc of NGC 5866.

Looking at the results for NGC 4710 in more details, the H
volume densityn(H-z) is generally well constrained (with frequent
single-peaked PDFs) for both the tenuous and dense moleada

The models are characterised in two ways described in de- components, at least in the nuclear disc. Unsurprisingé/ntodel
tails in Appendix B2: first, the best-fit model inx® sense (see results indicate thai(H-) is larger andV(CO) smaller in the dense
Figs. B1-B3 and Tables B1 and B2), and second, the most likely gas component than in the tenuous gas component. The Kievetic
model as determined from the probability distribution fiioic peratureTk of the tenuous gas component in the nuclear disc al-
(PDF) of each model parameter marginalised over the otlsess ( ways has a peak ab K (at the low-temperature edge of the model
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Figure 9. Same as Figures 7 and 8 but for NGC 5866.
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studied Bottom: Corresponding-pixel (i.e. one beam width) slices in the PVDs. Red circled associated numbers indicate positions where both kitema
components (nuclear disc and inner ring) are present atlentinte of sight, requiring a double-Gaussian fit (see Figright). Black circles and associated
numbers indicate positions where a single component (irngy is present, requiring a single Gaussian fit (see Figleft). The circles are one beam width

(6”5) in diameter, equal to the separation between the projguisitions.

grid) in the PDFs, with a monotonic decrease at higher teaper
tures, causing the large uncertainties seen in the mosy likedel
results. However, the most likelyx model results in the inner
ring are just upper limits (i.e. all models are equally liRelTk

for the dense gas component (nuclear discs only) showsesingl
peaked PDFs with much higher temperatures, but again ther-unc
tainties are large. Overall, while there seems to be a deadtfor
the dense gas component to have a higher highern(Hz2) and
smallerN(CO), theTk trend is not significant given the uncertain-
ties (see Table B1).

For NGC 5866, only the dense gas in the nuclear disc was

modeled. At the central projected position (i.e. positin the
model results indicate a similar dense gas volume densilynm
density and temperature as those in the nuclear disc of NGG.47
And again, the uncertainties f@ik are proportionally higher than
those forn(Hz) and N(CO). However, as two positions in the nu-
clear disc of NGC 5866 have at least one line ratio that is &tow
limit, the model results at those positions are just uppeité (and
thus unconstrained; see Table B2).

5 RESULTS AND DISCUSSION

In the previous sections, we quantified the physical conulitiof a
two-component molecular ISM, i.e. tenuous and dense gap@om
nents, along the discs of the edge-on early-type galaxieS A0
and NGC 5866. We achieved this by probing the variations of
molecular line ratios as a function of projected radius gltime

galaxy discs, and by performing radiative transfer modglof
these multiple molecular gas tracers.

In § 1, we also briefly discussed the properties of NGC 4710
and NGC 5866, highlighting the fact that they are relativisty-
lated, their barred nature, and their molecular gas richicesn-
pared to other ETGs. Before putting our results in contextdver,
we must also discuss their star formation.

5.1 Star formation

Dauvis et al. (2014) use22um fluxes from theéwide-field Infrared
Survey Explore(WISE catalogue to estimate the star formation
rates (SFRs) of molecule-rich ETGs in the ATLASsurvey. While

the total SFRs of NGC 4710 and NGC 5866 are average, that of
NGC 4710 is half that of NGC 586@®(11 vs.0.21 My yr—'; see
Table 1). However, as the star formation is concentratemlrings
rather than being spread across the entire discs, NGC 47.0 an
NGC 5866 have reasonably high SFR surface densities, irothe t
~ 30% of the ATLAS® ETGs. Davis et al. (2014) also found that,
like other ETGs, NGC 4710 and NGC 5866 have lower star forma-
tion efficiencies (SFEs) than those of spiral and starbuatsbges,
with molecular gas depletion times 0 and4 Gyr, respectively
(indicating SFEs respectively 5 and2 times lower than that of
normal spirals witil 4., = 2 Gyr; see, e.g., Kennicutt 1998). Nev-
ertheless, the molecular line ratios we measured alongisies df
both galaxies (particularly in the nuclear discs) show Kirties

to those found in the centres of some spirals and starbwssés (
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Figure 11. lllustration of the spectrum extraction process using ti@\N471012CO(1-0) PVD.Top left: 12CO(1-0) PVD and the spectrum extracted at
position —4, in the outskirt of the disc where a single kinematic commorfgner ring) is present along the line of sighibp right: Same for position-2,
where both kinematic components are present (nuclear diaaer ring).Bottom: Same for positiord (galaxy centre), where both kinematic components
are again present. The red and blue solid lines overlaid ersgiectra show the Gaussian profiles separately fitted tontigsien of the inner ring and
the nuclear disc, respectively, while the magenta soligslishow the sums of the multiple Gaussians. The red and btteddmes overlaid on the PVDs
and spectra indicate velocities &f FWHM with respect to the centre of the associated Gaussiers @ncompassing 95% of the total emission of each
component). Black dotted lines overlaid on the PVDs andtspéudicate the galaxy heliocentric velocity. Turquoiséidslines overlaid on the PVDs show
the (one beam) width of the spatial slice considered to eithee averaged spectrum at that position.

§ 5.5). This suggests that the molecular line ratios are nuitee these edge-on discs, a characteristic confirmed by the igalax
to whatever is suppressing star formation in these systems. PVDs (se€ 5.3 below).
5.2 Moment maps 5.3 PVDs

As our interferometric maps show (see Figs. 1 and 2), the-tenu Asdiscussed ifj 3.2, the PVDs of NGC 4710 and NGC 5866 show
ous molecular gas extends4030” on either side of the centre in  a characteristic X shape (see Figs 3 and 4). This is easilgrund

both galaxies. The tenuous gas is brighter in the nuclearttan stood in the context of barred galaxy dynamics, whereby éme c
in the inner ring of NGC 4710, but while this is also the case in tral rapidly-rising PVD component is associated with a pacldisc
NGC 5866, its inner ring is clearly more prominent (relativehe within the ILR, while the outer slowly-rising PVD componetdn
nuclear disc). As expected, the tenuous gas is more extehelad be associated with an inner ring near corotation.
the dense gas along the galaxy discs (at least given the Iyough In both NGC 4710 and NGC 5866, it is obvious that both
comparable noise levels in most cubes), the latter beingrgen '2CO and'3CO (i.e. all the tenuous gas) have similar distributions
ally centrally concentrated and restricted to the nuclésec dnly and kinematics, although as hinted from the moment O maps the
(HCN(1-0) emission in the outskirts of NGC 5866 again sutgas inner ring in NGC 5866 is more prominent. In fact, separathng
more prominent inner ring). Already, the integrated molacgas nuclear disc from the inner ring in the PVD, the integraté@O(1-
maps therefore suggest that different physical conditévadikely 0) (and'3CO(1-0)) flux of the inner ring in NGC 5866 is larger
to prevail in the nuclear discs and inner rings. than that of the nuclear disc (opposite in NGC 4710). Theesdo
In addition, the mean velocity maps reveal surprisingly eom not seem to be any molecular gas beyond the inner ring (i-e. be
plex behaviour beyond the nuclear disc in both galaxiegady yond corotation) in either galaxy, where the rotation cyive the

hinting at multiple velocity components along the line aftgiin high-velocity envelope of the PVD) would be expected to bt fla
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Figure 13. Same as Figure 12 but for the ratios of CO to dense gas traesriih NGC 4710.

The particularly strong emission at the edges of the inmgysr{es- components is clumpy. The molecular gas peaks likely trade i
pecially in NGC 4710) is simply due to edge brightening (as th  vidual giant molecular cloud complexes, and they shoulddsea
rings are seen edge-on). However, other local emissionmzaaie ciated with regions of increased star formation.

observed along the nuclear discs and inner rings in the P¥&s (

Figs 3 and 4), indicating that the molecular gas in both ob¢he The gap between the nuclear disc and inner ring in the PVDs

is easily understood by a lack of gas:onorbits, as they are swept
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Figure 14.Same as Figures 12 and 13 but for NGC 5866.

free of gas by the shocks on the leading edge of the bar. Howeve
the feature seen at the intermediate regiof?@0(1-0) PVD (see

§ 3.2 and Fig. 10) is not fully understood, but Athanassoulaw& B
reau (1999) speculated based on hydrodynamical simutatiat
this emission originates in secondary enhancements ohdasrit

of the leading edges of particularly strong (and sharp).bars

Overall, it is clear that the molecular gas in the barred edge
on galaxies NGC 4710 and NGC 5866 is primarily concentrated
in two distinct but clumpy kinematic components, a nucleiscd
and an inner ring. As the dense gas tracers (HCN(1-0), H@O
0), HNC(1-0) and HNCO(4-3)) are not detected outside théeauc
discs (except HCN(1-0) in NGC 5866), their PVDs do not shosv th
characteristic X shape. It is thus natural to expect the 1Bibjzal
conditions to be similar within each kinematic componenittfw
possibly small variations between clumps, especially dytlare
star-forming), but for the conditions to be different acrdlse two
components. The clumpy nature of the two kinematic compisnen
is confirmed by the observed line ratios, as local emissioxinma
in the PVDs (i.e. clumps) seem to correlate with local vawis
in the line ratios (particularly the ratios of CO to dense gaser
lines; see Figs. 12—14).

Lastly, we note that unlike the behaviour of the other lines i
both galaxies, there is almost no dense gas detected atrtheare
tre of the PVDs in NGC 5866. The same effect, if present atsll,
much weaker in NGC 4710 (see Figs. 3 and 4). This suggesta that
different excitation mechanism (or possibly gas distiimit dom-
inates in the very centre of NGC 5866 (e.g. active galacttdeus
or nuclear starburst activity), unless the local emissiammum is
in fact due to absorption against a nuclear continuum sodice
latter possibility however seems unlikely, since whileréhis a con-
tinuum source in NGC 5866 (see Section 3.4), no absorptiesdn
in the spectra.

5.4 Integrated spectra

Except for HNC(1-0) and HNCO(4-3) (shown here for the first
time), all the molecular lines discussed were previouslyeoked
with the IRAM 30m telescope (see Young et al. 2011 and Crocker
et al. 2012). As illustrated in the moment maps (Figs. 1 and 2)
where we overlaid the corresponding IRAM 30m beam sizes, the
CO extent (at all transitions) is covered entirely only by ithterfer-
ometric observations (with larger primary beams). Thelshulish
beams systematically cover the nuclear discs only, thusing®ut
much of the tenuous molecular gas (this is not a problem fer th
dense gas tracers, that are not detected in the inner rings).

In Figures 5 and 6, the integrated CARMA and PdBI spectra,
simulated (i.e. integrated with a spatial Gaussian weigftiRAM
30m spectra, and observed IRAM 30m spectra are overlaid with
each other (seg3.3). As expected given the comments above, the
integrated interferometric CO (i.e. tenuous molecular) dlases
are systematically larger than the single-dish fluxes (kited and
observed). However, again as expected given their spatiath-
pact emission (nuclear discs only), the integrated andesidigh
dense gas tracer spectra are consistent with each othiredifes
in the shapes of the spectra from line to line can furtheiciagi dif-
ferent gas physical conditions along the discs of the getatand
thus a slightly different spatial distribution for eachcea). Interest-
ingly, only the dense gas tracers of NGC 5866 show clearlyléou
peaked integrated line profiles (and to a lesser exXtg@O(1-0);
see Figs. 5 and 6).

The only discordant note in relation to the integrated spect
is the fact that the simulated IRAM 30m spectra of the tenuous
molecular gas in NGC 4710 are significantly brighter thantthe
IRAM 30m spectra (see the top three panels of Fig. 5). The rela
tively large offset between the simulated and observedtspéx
thus most likely due to a combination of single-dish poigtamrors
(supported by the slight asymmetry of the true IRAM 30m spect
not present in the CARMA data) and flux calibration uncettam
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(20% is standard for milimetric observations flux-calibrateéhgs
planetary models; see e.g. Alatalo et al. 2013).

5.5 Molecular line ratios

The ratios of the PVDs from different lines are shown in Fegir —
9, while Figures 12 — 14 show the ratios of the integratedititen-
sities as a function of projected radius for each kinemaiimmo-
nent separately (nuclear disc and inner ring; the valueBsaeel in
Tables A1—A3). Similarly, the LVG modeling results for thent-
ous and dense molecular gas components, in the nuclearadidcs
inner rings, are listed in Tables B1 and B2.

We recall here that for rings, the different projected posi-
tions simply correspond to different azimuthal positions. (an-
gles) within the rings, so we do not expect significant gnaievith
projected position. The nuclear disc, as its name suggaatsyvell
however be filled in.

5.5.1 2CO(1-0) /*2CO(2-1) ratio and tenuous gas temperature

In NGC 4710, the ratio of the PVDs of tH&CO(1-0) and"2CO(2-
1) lines shows that the ratio is greater than unity everyeaut is
slightly smaller in the nuclear disc than the inner ring (Beg 7),
suggesting a higher temperature in the tenuous molecutanfya
the nuclear disc. This is confirmed by the ratio of the integgta
line intensities along the two kinematic components (see 1),
clearly showing that?;, = '2CO(1-0)/*CO(2-1) at the central
three projected positions along the nuclear disc (i.e gotef posi-
tions—1, 0 and1) is smaller than that at the same positions in the
inner ring. This trend appears marginal at the edges of thkeau
disc (projected positions-2 and 2), but this is simply due to the
very weak emission (and associated large uncertaintiesd.th

Ideally, the temperature difference between the tenuoss ga
in the nuclear disc and inner ring of NGC 4710 would be con-
firmed by our LVG modeling, but the results are inconclusiMeis
is however not totally surprising, as we have only two CO gfran
tions (J =1 — 0,2 — 1) to constrain the temperature. Within
each ring, the best-fit temperatures cover nearly the enatirge al-
lowed by the models. This is probably because Ahg’ contours
at each position are often shallow and extended (see FiganB1
B3), so that the best-fit model results should be taken witfamg
of salt. The likelihood results are better suited to suchasions,
and suggest a low to intermediate temperature in the nudisar
(Tx ~ 10-60 K, but perhaps much higher), but no useful con-
straint can be derived for the inner ring (due to some linie tetver
limits).

Although '>CO(2-1) and its isotopologue were not observed
interferometrically in NGC 5866, single-dish observasiai these
lines in the central regions of NGC 5866 show tlfat is larger
there than in the central regions of NGC 4710 (Crocker etdl22.

This suggests that the CO gas at the centre of NGC 5866 isrcolde

than thatin NGC 4710. However, since the single-dish olagiems
cannot disentangle the emission from the nuclear disc amer in
ring, this should be verified with interferometric data.

5.5.2 '2CO/'3CO ratio and tenuous gas opacity

As shown in Figure 7, the ratio dfCO to its isotopologué®CO

is larger by a factor otz 2 in the central regions of the nuclear
disc of NGC 4710 (positions-1, 0 and1) than in all other regions
(external parts of the nuclear disc and the few positionkéririner

ring where a measurement is possible). This is true of beth th-
0 and2 — 1 transitions.

Looking at the ratios of the integrated line intensities @ C
an its isotopologue 11 12CO(1-0)/*CO(1-0) andRa»
12C0O(2-1)/*C0O(2-1)) as a function of projected radius (Fig. 12),
the above behaviour is confirmed. Indeed, B ratios at posi-
tions —1, 0 and 1 of the nuclear disc of NGC 4710 (the central
three projected positions) are twice those at the sameqgpeaj@o-
sitions in the inner ring (so iR:1 at position—1). We must note
however that theks, ratios in the inner ring of NGC 4710 are all
lower limits (the same applies to some positions for, and to
positions—2 and2 of the nuclear disc).

If confirmed (e.g. by the detection 6tCO(1-0) and*CO(2-

1) at all the positions along the inner ring), the behavicsalibed
above would indicate optically thinner tenuous molecuts i the
central regions of the nuclear disc (assuming that all of #@0 is
optically thin but only some of th&CO). However, the emission
in the central regions includes contributions from the meg as
well (in projection).

Interestingly, theR:; ratio of the inner ring of NGC 4710
shows a significant maximum at projected positie®, that clearly
corresponds to a clump (see Figure 12 and 10), while the weake
R11 minimum at position-1 has no obvious clump associated with
it.

While ax? (and thus likelihood) analysis of the opacity is not
possible, since it is not a model parameter, each model capu
does return the optical depths of the associated lines. Pptiead
depths of thé>CO(1-0) and'2CO(2-1) lines for the best-fit mod-
els are thus known. In addition, one would expect the CO colum
number density to correlate with its optical depth. Lookatghe
model results (Table B1), th€ CO(1-0) optical depth!2CO(2-1)
optical depth, and CO column number density in the nuclesc di
are generally slightly larger than those in the inner riraptcary to
our expectations based on the empiritaLO/3CO ratios. How-
ever, as the best-fit models are not representative of\thg ge-
ometry and most lie at the edge of the model grid, the assatiat
opacities and column number densities are questionable.

Unlike NGC 4710, theR,; ratio in NGC 5866 appears smaller
in the central regions by 25% (compared with all other regions in
the ratio PVD; see Fig. 9). However, the effect is weak andnsee
to be associated with a generally slightly smaller ratiohia in-
ner ring compared to the nuclear disc (if more marked in the ce
tral regions). Looking at the ratio of the integrated lingeimsities
(R11 only), the Ry, ratios of the nuclear disc and inner ring are
consistent in the central regions, although the ratios drease at
larger projected radii in the inner ring (see Figure 14). €fect
is marginal at best however, as nearly &ll; ratios measured are
consistent within the uncertainties.

Crocker et al. (2012) also measured fig and Ro» ratios in
the central regions of both galaxies (without disentamgthre two
kinematic components). While our average values alonguhkear
disc and the inner ring of NGC 4710 agree with the ratios rtejlor
by Crocker et al. (2012) (within the uncertainties), ourrageR11
ratio for both the nuclear disc and the inner ring of NGC 5866 i
larger than that found by Crocker et al. (2012).

As hinted above, as®CO is less abundant than its par-
ent molecule’?CO and is generally considered optically thin,
2CO/CO variations largely reflect variations in th&CO opti-
cal depth. The larger the ratio, the thinner ti€0 gas (and vice-
versa). The general behaviour in NGC 4710 and NGC 5866 (but
more prominent in NGC 4710) is thus that the CO gas is opticall
thinner in the nuclear disc than in the inner ring, althoughttend
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is weak and may be restricted to the inner parts of the nudiear

in NGC 5866. Variations within each kinematic componeng.(e.
local maximum in the inner ring of NGC 4710 and projected ra-
dius trend in NGC 5866) likely indicate azumithal variasasf the
physical conditions (i.e. clumpiness) within them.

High R11 and R22 ratios tracing diffuse gas are probably the
result of stellar feedback, and therefore indicate morevecur-
rent and/or recent star formation. Radid; gradients are indeed
seen in spirals (Paglione et al. 2001), and the ratio can lave
cal maxima in star-forming regions along spiral arms (Taalet
2011). This thus suggests that star formation is more istéms
the nuclear discs of our galaxies than their inner ringsgast in
NGC 4710), a behaviour entirely consistent with the genbeal
haviour of barred disc galaxies, particularly early-typeals (e.qg.
Kormendy & Kennicutt 2004). This also agrees with the higher
temperatures inferred for the molecular gas in the nuclésosd
(compared to that in the inner rings) in the previous sulii@ec
(§ 5.5.1). HigherS/N '*CO observations would however help to
strengthen this result.

5.5.3 HCN/HCO, HCN/HNC and HCN / HNCO ratios and
dense gas excitation

The ratios of the PVDs of the dense gas tracers only are shown i
Figures 7 and 9 for NGC 4710 and NGC 5866, respectively (where
greyscales represent lower limits, where HCN was deteateddi

the other lines). The ratios of the integrated line inté@sjnamely
Rpi =HCN(1-0)/HCO'" (1-0), Rp2 = HCN(1-0)/HNC(1-0) and
Rps =HCN(1-0)/HNCO(4-3) are shown as a function of pro-
jected radius in Figures 12 and 14. Generally, the denserges t
ers are detected only in the nuclear discs (typically ptejposi-
tions —1, 0 and 1). The only exception to this is the detection of
HCN(1-0) in the inner ring of NGC 5866 (with significant detec
tions at projected positions2, 2 and3).

The Rp1, Rp2 andRp3 ratios are larger thahat all projected
positions, and they do not show any evidence of a gradiert wit
projected position (and thus azimuthal anglBs1 < Rp2 <
Rps, indicating that HCN(1-0) is the brightest line among the
dense gas tracers, followed by respectively HGBO0), HNC(1-

0) and HNCO(4-3). Crocker et al. (2012) also detected HCN(1-
0) and HCO (1-0) in the central regions of both galaxies, finding
Rp1 ~ 1.5, consistent with the values found here for the nuclear
discs.

UV radiation from young massive (O and B) stars, X-rays
from active galactic nuclei (AGN) and CRs from supernova ex-
plosions all have distinct characteristic effects on théamaar gas
physical conditions, and each plays an important role irdtkso-
ciation and ionisation of molecules, thus changing the dseynof
the ISM and affecting the molecular line ratios observed.raa-
tion primarily affects the outermost layers of clouds (fmtlisso-
ciation regions or PDRs; e.g. Tielens & Hollenbach 19858lake
et al. 1987), while X-rays penetrate deeper and form X-raga
ciation regions (XDRs; Lepp & Dalgarno e.g. 1996; Malonewlet
e.g. 1996). Both UV and X-ray radiation can enhance HCN, but
since X-rays can affect the gas chemistry much deeper intals|
they can do so more efficiently (if present; e.g. Krips et 808&).

The theoretical results of Meijerink et al. (2007) suggést t
if the volume density exceeds a vallig® cm~3, thenRp1 > 1
in PDRs, whileRp; < 1 in XDRs. Our LVG modelling results
for a two-component molecular ISM indicate that for the degas
componentn(Hz)> 10° cm™® for both galaxies (see Tables B1
and B2). Combined with the fact th&p; > 1 everywhere in

both galaxies, this therefore indicates that PDRs are nilcedly |
dictating the physical conditions (and thus the observeslfatios)
of the molecular ISM in the nuclear discs of both galaxiesadRe
suringly, those densities are also much larger than thosenel
for the tenuous molecular gas component (typically3lrders of
magnitude).

Our results are also consistent with the absence of anyasubst
tial AGN activity (and thus X-rays) in NGC 4710 and NGC 5866.
However, sinceRp: > 1, supernova explosions are also unlikely
to be significant, and young massive OB stars are likely nesipte
for the HCN enhancement. If supernova explosions were a-domi
nant force in the ISM, HC® would have been enhanced by CRs
(with respect to HCN), leading t®p:1 < 1 as seen in starbursts
(although not all starbursts and spiral galaxies hBwg < 1; see
§ 5.6). Overall, the highRp, ratio observed thus suggests a low-
CR PDR-dominant environment in the nuclear disc of both)gala
ies, but there could be some impact from supernova explessn
seen in starbursts/spirals that have simRay; ratios.

We note briefly that, assuming thi&>1, Rp2 and Rps upper
limits in the inner ring of NGC 5866 are not too far off the mark
these ratios are then larger in the nuclear disc than in tier ifing,
indicating different dissociation and ionisation meclsams in the
two kinematic components. The HCN would need to be suppiesse
or HCO™, HNC and HNCO enhanced in the inner ring. More sen-
sitive observations of HCN, HCQ HNC and HNCO in the inner
ring of both galaxies are however necessary to clearly casisthe
physical conditions of their dense molecular ISM.

5.5.4 Ratios of CO to HCN, HCQ HNC and HNCO and dense
gas fraction

The ratios of CO PVDs to high density tracer PVDs (hereafter
Rcp) are shown in Figures 8 and 9 (where greyscales represent
lower limits, where CO was detected but not the high densigg)),
while the ratios of the integrated line intensities as a fiomoof pro-
jected radius are shown in Figures 13 and 14 (see also Tallles A
and AS3).

As seen from all those figures, there is a clear difference of
the CO to high density tracer ratios between the nuclearatisc
inner ring, for both NGC 4710 and NGC 5866. Indeed, thep
ratios are significantly larger in the inner rings (cleafesthe ra-
tios involving HCN and HC@), and the true differences are likely
to be even greater than that hinted by Figures 8—9 and 13-14 as
the Rcp ratios in the inner rings are all lower limits (except for a
few positions in HCN in NGC 5866). This contrast is incongay
ible for the HCN, HCO™ and HNC lines, but may well also hold
true for HNCO (where some inner ring lower limits are smaller
than the corresponding nuclear disc ratios). For examipderatios
of 12CO(1-0)/HCN(1-0) and>CO(1-0)/HCO (1-0) in the inner
ring of NGC 4710 are at lea50% higher than those in its nuclear
disc (and often more than twice). Similarly, the ratios'&€O(1-
0)/HCN(1-0) in the inner ring of NGC 5866 are at least twicesth
in its nuclear disc, whereas the ratios' 8 0(1-0)/HCO  (1-0) are
at least;0% higher, typically more.

As the Rcp ratios essentially trace the fraction of dense
molecular gas (see below), these empirical results styosigd-
gest that the fraction of dense gas is larger in the nuclessdif
the galaxies than in their inner rings. This is consistenbhwense
gas being generally centrally-concentrated in galaxied yéth the
more intense star formation activity (with hotter and ogificthin-
ner CO gas) inferred in the previous sub-sectidnh§.6.1-5.5.3)
for NGC 4710 and NGC 5866 specifically.
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We note that the averag&CO(1-0)/HCN(1-0), *2CO(1- NGC 4710 and NGC 5866 are located well within their bulgesd, an
0)/HCO" (1-0), **CO(1-0)/HCN(1-0) and*CO(1-0)/HCO" (1-0) is consistent with the idea that higher pressures leadgelatense
ratios along the nuclear disc of NGC 4710 are consistenttivithe gas fractions. In fact, th& CO(1-0)/HCN and>CO(1-0)/HCO"

found by Crocker et al. (2012) for the central regions of takaxgy, ratios in the nuclear discs of both galaxies are similaeglilse for
while the averagd?CO(2-1)/HCN(1-0),"2CO(2-1)/HCO"(1-0), 13C0O(1-0)), indicating that the dense gas fraction and/oidhe
3CO(2-1)/HCO (1-0) and *CO(2-1)/HCO (1-0) ratios in the sation mechanisms of the gas in the nuclear discs of botlxigala
nuclear disc are slightly smaller (l80-30%). Similarly, the av- are similar.

erage'?CO(1-0)/HCN(1-0),2CO(1-0)/HCO (1-0) and'3CO(1- Finally, we note that if the lonRcp ratios observed in the

0)/HCO" (1-0) ratios along the nuclear disc of NGC 5866 are con- nuclear discs of both galaxies were the result of chemidahece-
sistent with those found by Crocker et al. (2012), but theaye ment of HCN via X-rays from an AGN, then that could also explai
13CO(1-0)/HCN(1-0) ratio in the nuclear disc is slightly sieal the smaller CO/HCN ratios observed in the nuclear discs eoetp

(=~ 30%). See Table A2 and Table 4 in Crocker et al. (2012). with the inner rings. However, while the mm continuum sosarice

It is generally agreed that CO(1-0) traces the total molecu- NGC 4710 and NGC 5866 (s&e3.4) do suggest the presence of
lar gas content of galaxies, due to its low critical density =~ some AGN activity, the dense gas tracer line ratios discliabeve
10® cm~3). Some of the gas traced by CO(1-0) may therefore (see§ 5.5.3) indicate that this activity is weak and is not a dom-
not be involved in star formation. However, transitions ofrmm inant driver of the physical conditions and chemistry of I18&1.
complex molecules such as HCN(1-0), HEQ-0), HNC(1-0) and It is therefore more likely that the other mechanisms hgiftéd
HNCO(4-3) have higher critical densities (Uprt@sc ~ 106 cm™3) above are dominant.
because of their larger dipole moments. These moleculdbeaire- Unfortunately, as we have considered the tenuous (CO) and
fore generally taken as tracers of high-density molecuar ghore dense (HCN, HCO, HNC and HNCO) gas tracers separately for
closely related to star-forming regions than CO itself (&g0 & our LVG modeling, this modeling does not inform on the derss g

Solomon 2004b; Scoville 2013). As hinted above, the ratfdS®@ fraction.

to these dense gas tracers therefore trace the dense gamfadc

the ISM (larger for smaller ratios), underlying our statemtnat

the nuclear discs have a larger fraction of dense gas thanribe 5.5.5 Allratios and gas physical conditions
rings.

Nevertheless, another possible reason specifically folothe
CO/HCO" ratios observed in the nuclear discs is an enhancement
of HCO™ via supernova explosions (as the CRs generated can ion-
ize H, producing H that reacts with CO to form HCY). How-
ever, as discussed in the previous sub-sect§of.%.3), the CRs
ionisation rates are not likely to be as high as what is ndymal
inferred in starbursts (enhancing HCQvith respect to HCN and
other molecules), so the role of CRs in the ISM ionisation gasl
chemistry is probably limited.

In parallel to the discussion in the previous sub-section
(§ 5.5.3), the low'2CO(1-0)/HCN(1-0) ratios observed in the nu-
clear discs can further be driven by the chemical enhanceofen
HCN via UV radiation from young stars. Meijerink et al. (2007
claims that at high densitiesi{i, > 10° cm™?®), PDRs produce
lower CO(1-0)/HCN(1-0) ratios than XDRs, similar to the loa+

Overall, considering all line ratios and associated diagsp our
results seem to suggest that while the nuclear discs and rimgs

of NGC 4710 and NGC 5866 have similar molecular gas physi-
cal conditions, the nuclear discs have a slightly largersdegas
fraction with hotter and optically thinner molecular gaarnttheir
inner rings. Physically, this in turn suggests that comgphémahe in-

ner rings, the nuclear discs have a more inhomogeneous I18M, w
more dense clumps bathed in a hotter and more diffuse molecu-
lar medium. Conversely, the inner rings have a more homagene
ISM, with fewer clumps immersed in colder and denser mokacul
gas. This is consistent with a dominant PDR-like environméth

few CRs but intense UV radiation in the nuclear discs.

5.6 Line ratios and galaxy type/morphology

tios found in the nuclear disc of both galaxies. Our empiresults In Figure 15, we compare the ratios of the integrated linensities
thus suggest that a high dense gas fraction ISM harbourirf@sPD  obtained along the equatorial plane of NGC 4710 and NGC 5866
with relatively few CRs but strong UV radiation is the mos&ely with those obtained in the central regions of a variety ofagal
set of physical conditions explaining the Idd¢p ratios (andip1, ies (lenticulars, spirals, starbursts, Seyferts) as welspatially-
Rp> andRp3 ratios greater than unity) observed in the nuclear disc resolved spiral galaxy GMCs. The figure caption describethal
of both galaxies. symbols and overlaid lines in detail.

In the Milky Way, M31 and some other spirals, &€ O/HCN In Figure 1%, the R, ratio is shown as a function 6fCO(1-

ratio increases with radius (Helfer & Blitz 1997; Gao & Solom 0)/HCN(1-0) for the nuclear disc and inner ring of NGC 4710/on
2004b; Brouillet et al. 2005), in turn indicating a decrease as'?CO(2-1) was not observed in NGC 5866. However, the single-
the dense gas fraction with radius. Our results in NGC 471D an dish data for the centre of NGC 5866 and NGC 4710 are also shown
NGC 5866 are similar, as thRcp ratios in their inner rings (with for comparison. While the range tCO(1-0)/HCN(1-0) ratios in
radii of ~ 2.6 and~: 2.4 kpc, respectively) are larger than those in  lenticulars and particularly starbursts (green shadeibmeg Fig-

the nuclear discs (with radii £ 1 and= 0.6 kpc). Given the ge- ure 1%) is larger than that in NGC 4710, the striking feature of this
ometries we have argued for, however, we are only samplisg po figure is that theR,» ratio in NGC 4710 appears much larger than

sible dense gas fraction gradients at two discrete locgtiorihe that in most lenticulars, suggesting that the moleculatgapera-
galaxies (nuclear disc and inner ring radii). ture in most lenticulars is higher than that in NGC 4710.

Helfer & Blitz (1997) also argued that the CO/HCN ratio is di- As seenin Figure 15 the R1, ratio is larger tharR22 in a ma-
rectly related to the hydrostatic pressure, the ratio desing as the jority of sources of all kinds, including NGC 4710 and NGC 686
pressure increases. Our results thus suggest that therarpbgs- However, the range dR:; ratios in NGC 58669.3 < Ri1 < 10.3
sure is higher in the nuclear discs than in the inner ringss iBras for the nuclear disc an8l.6 < Ri1 < 18.9 for the inner ring, as

expected for the central regions of galaxies, as the nudisas of shown by respectively the blue and red horizontal linesjrialker
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Figure 15. Molecular line ratio diagrams for NGC 4710, NGC 5866 and aetwrof other galaxies. Our data for NGC 4710 and NGC 5866 howa as
filled circles and squares, respectively, while our dataternuclear discs and inner rings are shown in blue and repecgévely (black for the intermediate
region). Upper and lower limits are represented by arrowkeOlenticular galaxies are indicated by magenta filledsstiirips et al. 2010; Crocker et al.
2012), starburst nuclei by dark green filled stars, Seyfgytsrown filled stars, spiral arm GMCs by black circles withXafsee Baan et al. 2008; Table 3 in
Krips et al. 2010 and references therein), NGC 6946 (statb®MCs by black circles with a cross (Topal et al. 2014), B8l GMCs by turquoise circles
with an X (Brouillet et al. 2005). The data for NGC 1266 (a ienfar galaxy with a molecular outflow) are shown by magemfaases with a filled star
(Alatalo et al. 2011). The green shaded region in parietlicates the typical range 82 CO(1-0)/HCN(1-0) ratios in starbursts witheig > 10" L, (see
Table B2 in Baan et al. 2008). The rangel®f; ratios in the nuclear disc and inner ring of NGC 5866 (thiskiy@s indicated by respectively the blue and red
horizontal lines in paned, while the typical range in spirals withpir < 10! L, (Paglione et al. 2001) is indicated by the pale grey shadgidmeln panels
aandb, Crocker et al.’s (2012) single-dish observations of NGCa@nd NGC 5866 are shown as an open black circle and an opsndojaare, respectively
(see Table 4 of Crocker et al. 2012). The HCN(1-0)/HC@tios for M31 GMCs (Brouillet et al. 2005) are indicated hg turquoise shaded region in panels
c andd. The green shaded region in padehdicates the typical range 8f CO(1-0)/HCO' (1-0) ratios in the disc of M82 (starburst; Tan et al. 2011eT
12C0O(1-0)/HCN(1-0) ratios in spirals (Gao & Solomon 2004 iadicated by the dark grey shaded region in paagésandf, respectively. The black solid
lines in a number of panels show the 1 relation and are there to guide the eye. Similarly, the bladhed lines show a ratio dfin panelsc, d andf.
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than that in lenticulars3(< Ri11 < 30; Krips et al. 2010; Crocker
et al. 2012) and spiral$ (< R11 < 17; pale grey shaded region;
Paglione et al. 2001), and it is located toward the upper étigeo
distribution, similarly to starbursts. Th&;; ratios in NGC 4710
are smaller (mostly3 < Ri1 < 8) and occupy the lower end of
the spiral range. This indicates that the CO gas is optidhlly-
ner in NGC 5866 and starbursts than in NGC 4710, supportiag th
idea that strong star formation feedback in starbursté(taatiative
via UV light from OB stars and mechanical via supernova explo
sions) leads to diffuse gas. The difference between NGC 4nti0
NGC 5866 is however consistent with the wide rangeref and
Roo ratios observed in lenticular galaxies, analogous to the si
nificant variations observed in their CO to dense gas traateos
(Figs. 1%, d-f).

As seen from Figure 15 the HCN(1-0)/HNC(1-0) ratios in
the nuclear discs of NGC 4710 and NGC 5866 are greaterithan
and similar to those in starbursts, while some Seyferts haweh
smaller ratios. The behaviour is similar for the HCN(1-Q}/@&I"™ (1-

0) ratio, although many starbursts also then have smaliesra\s
hinted by thel : 1 line, the HCO/HNC ratio is essentially always
larger thanl in the nuclear discs of NGC 4710 and NGC 5866, as
for all starbursts (except one), while many Seyferts clusteund
thel : 1 relation. The ratios may be different in the inner rings of
NGC 4710 and NGC 5866, but this is unclear as all ratios arefdow
limits.

As shown in Figure 14, there is a clear difference between the
13CO(1-0)/HCO" and HCN(1-0)/HCO (1-0) ratios of NGC 4710
and NGC 5866 and those of starbursts (including M82 shown
as a green shaded region) in particular, while both Seygarts
other lenticulars have broad ranges of ratios encompatisirsg of
NGC 4710 and NGC 5866. As discussedsib.5.4, the'>CO(1-
0)/HCO" ratio is smaller in the nuclear discs than the inner rings
of NGC 4710 and NGC 5866, but now it also appears that this rati
is smaller in all starbursts than in either component, ssigiyg that
starbursts have a larger fraction of dense molecular gaseitizer
the nuclear discs or inner rings of NGC 4710 and NGC 5866 (in
that order). As usual, NGC 1266 stands out, here with an excep
tionally high dense gas fraction. The HCN(1-0)/HCQ-0) ratios
in the nuclear discs of NGC 4710 and NGC 5866 are also larger
than those in starbursts or the GMCs of M31, indicating leS©H

may dominate both ratios, the enhancement of FIGGa CRs is
strongest in starbursts, less so in M31's GMCs, and is weakes
NGC 5866 and NGC 4710.

The behaviour shown in Figure flfargely mimics that in
Figure 1%, although being unaffected by optical depth effects the
3CO(1-0) line is arguably a better tracer of the total molacul
gas content, thus introducing additional scatter. NGC I26€ains
the only lenticular galaxy witH®>CO(1-0)/HCN(1-0) significantly
smaller thanl.

6 CONCLUSIONS

Interferometric observations of tenuou$CO(1-0), 12CO(2-1),
13C0O(1-0) and'3*C02-1)) and dense (HCN(1-0), HCQL-0),
HNC(1-0) and HNCO(4-3)) molecular gas tracers were preskent
for the edge-on lenticular galaxies NGC 4710 and NGC 5866. Ou
main conclusions are:

(i) The PVDs of the CO lines are X-shaped and reveal that the
gas is constrained to two bar-driven kinematic componenkmth
galaxies, a nuclear disc (contained within the inner Liadhieso-
nance) and an inner ring (around corotation). AlthoughHtiggin
the nuclear discs, the tenuous molecular gas is clearlceten
both kinematic components and is radially more extendeul tina
dense gas, the latter being generally detected in the nudiees
only. However, as suggested by the HCN(1-0) detection inrthe
ner ring of NGC 5866, it is likely that the inner rings also tain
dense gas below our detection thresholds. Both componppésag
clumpy, and no molecular gas is detected beyond the inngs.rin

(iiy A comparison of our interferometric data with publishe
single-dish data (with much smaller primary beams) revdzds
the latter were missing significant flux associated with tkeli@es
in the radially-extended inner rings.

(iii) Molecular line ratios were probed empirically by sitidg
the ratios of the PVDs of CO lines only, dense gas tracer bmég
and CO to dense gas tracer lines, as well as by extractingit&e i
grated line intensity ratios of these same lines as a fumatigoro-
jected position along the galaxy discs, this for each kirtentam-
ponent separately. The CO(1-0)/CO(2-1) ratios are smailéne
nuclear discs than the inner rings, suggesting that theeaudiscs

and thus fewer CRs from supernova explosions in NGC 4710 and have higher tenuous molecular gas temperatures*¥0e/>CO

NGC 5866. Observations of botACO and high density tracers in
the outskirts of our galaxies and normal star-forming i@t star-
bursting) spirals would help to establish a better comparsample
for all galaxy types.

As can be seen from FiguredShile the'?CO(1-0)/HCN(1-
0) ratios in the inner rings of NGC 4710 and NGC 5866 are at the
upper end of the range for spirals (dark grey shaded regéong,
are entirely consistent with the ratios in M31’s GMCs, theO(1-
0)/HCN(1-0) ratios in their nuclear discs are smaller artthémid-
dle of the spiral range. While overlapping slightly with theclear
discs, the ratios for starbursts are generally even smallggesting
again a sequence of dense gas fraction (increasing fromNh@sG
of M31, to the inner rings and nuclear discs of NGC 4710 and
NGC 5866, to starbursts). And indeed, tR€0O(1-0)/HCO (1-0)
ratios in NGC 4710 and NGC 5866 are larger than those in star-
bursts, this both for the nuclear discs and inner ringsalgh more
so for the latter and M31's GMCs). While M31's GMCs and most
starbursts lie below thé : 1 lines, indicating an HC® enhance-
ment, the opposite is true in both the nuclear discs and inngs
of NGC 4710 and NGC 5866 (see also Figsc &hdd). This in-
dicates that while the aforementioned dense gas fractignesee

ratios are slightly larger in the nuclear discs, suggestitag the
tenuous gas there has slightly smaller optical depths ahaneco
densities (at the very least in NGC 4710). The line ratioshef t
dense gas tracers only (detected only in the nuclear disesila
larger thanl and HCN(1-0)/HCO (1-0) < HCN(1-0)/HNC(1-0)

< HCN(1-0)/HNCO(4-3), suggesting that the environment is-si
ilar to PDRs, with a chemical enhancement of HCN via UV radi-
ation from young massive OB stars and relatively few (supen
explosion-related) CRs. The ratios of CO to dense gas sdeey.
12CO/HCN(1-0) or'*CO/HCN(1-0)) are significantly lower in the
nuclear discs than in the inner rings, suggesting a higlaetitm

of dense gas there, possibly linked to a higher ambient press
Overall, the picture that emerges from these empiricalriati® di-
agnostics is that of nuclear discs that have a more inhonsmyesn
ISM, with more dense clumps immersed in a hotter and opticall
thinner molecular gas medium, consistent with a more iretestesr
formation activity (conversely for the inner rings).

(iv) LVG (RADEX) modeling was also carried out, consider-
ing a two-component molecular ISM traced by the CO lines only
(tenuous component) and dense gas tracer lines only (dense c
ponent). The results are however inconclusive. The bestefitels
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within a single kinematic component often cover the entirege of
parameters allowed by the models and are often driven todgje e
of the model grid, presumably as a result of the shallownass a
extent of thex? contours. The most likely model parameters have
very large uncertainties (particularly f@ik), due to the shape of
the marginalised probability distribution functions. Asch, they

do not reveal clear differences between the inner rings actbar
discs. This is exacerbated by the facts that most modeltsesié
upper limits in the inner ring of NGC 4710, and that we are Umab
to model the tenuous gas component in the disc of NGC 5866.

(v) We further compared the line ratios measured in NGC 4710
and NGC 5866 with those obtained in other galaxy types, tevea
ing interesting contrasts. The CO(1-0)/CO(2-1) ratio rgda and
thus the tenuous molecular gas temperature lower in NGC 4710
than in most other lenticular galaxies. TRE&CO/*CO ratios in
NGC 5866 are larger than those in NGC 4710 and similar to those
in starbursts, suggesting an optically thinner tenuouspoorant
similar to that in starbursts. The range of ratios in othatitellars
and Seyferts is however much larger than that in either NGID47
or NGC 5866. While the>?CO(1-0)/HCN(1-0) ratios in the nu-
clear discs of NGC 4710 and NGC 5866 are similar to those of
starbursts near the lower end of the range for spirals, ttiesra
in the inner rings are larger and rather similar to those ofese
in some Seyferts and lenticulars near the upper end of thalspi
range (where M31’'s GMCs are found). Th&CO(1-0)/HCN(1-0)
ratios of both the inner rings and nuclear discs are howearget
than those of starbursts (in that order), indicating smakmse gas
fractions. The HCN(1-0)/HC®O(1-0) ratio is greater than unity ev-
erywhere in NGC 4710 and NGC 5866, as in most starburstsewhil
it is smaller than unity in spatially-resolved GMCs. HighCO(1-
0)/HCO™ (1-0) ratios in NGC 4710 and NGC 5866 further indicate
relatively low HCO™ enhancement (few CRs from supernova ex-
plosions) compared to that seen in starbursts and GMCs.alver
the molecular line ratios in the nuclear discs of NGC 4710 and
NGC 5866 thus suggest that the physical conditions of theecaol
ular gas are intermediate between those of spiral galarigstar-
bursts, with intense but not extreme star-formation agtivwhile
the inner rings host even milder star formation. Interegyinthe
star formation efficiency of both galaxies is much lower tiiaat
of normal spirals, suggesting that the line ratios are nosisge to
whatever is suppressing star formation.

In summary, based on empirical line ratios, star formation
feedback is likely to be stronger in the nuclear discs of NGCM
and NGC 5866 than in their inner rings, leading to hotter apd o
tically thinner CO gas with a higher fraction of dense gasngs.
However, due to their large uncertainties, the most likelydsi
results are unable to confirm this apparent dichotomy. Ageke
olution of our observationsx{ 300 pc for the CO lines) is not
enough to resolve individual GMCs<(80 pc), the physical con-
ditions estimated either empirically or via LVG modelingamly
averages over GMC associations. Higher angular resolotiser-
vations of highJ CO lines and dense gas tracers with ALMA will
ultimately resolve the GMCs, and therefore allow us to yeaifid
expand these statements with much greater accuracy.
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Table A3. Ratios of CO to dense gas tracer lines in the intermediaierreg
of NGC 4710.

Ratio Value
T2CO(1-0) /HCN(1-0) > 26.6 £ 10.8
12CO(1-0) / HCOM (1-0) > 27.7 + 11.2
12CO(1-0) /HNC(1-0) >27.5 £ 11.1
12C0O(1-0) /HNCO(4-3) > 18.3 + 7.4
13CO(1-0) / HCN(1-0) 57+ 3.1
13C0O(1-0) / HCO (1-0) 6.0+ 3.3
13CO(1-0) / HNC(1-0) 59+ 3.3
13CO(1-0) /HNCO(4-3) > 39 + 2.2
12CO(2-1) /HCN(1-0) >17.0 £ 7.7
12C0O(2-1) / HCOM(1-0) > 17.7 £ 8.0
12CO(2-1) /HNC(1-0) >17.6 = 8.0
12C0O(2-1) /HNCO(4-3) > 11.7 + 5.3

Galaxy Position
NGC 4710 3
(+19”5)

\VAA\VAR\VAR\VAR\Y]

\

Notes: The offset along the major axis (with respect to tHaxyacentre)
of each projected position is listed under the projectedtipasnumber in
column 2. The uncertainties on the line ratios are calcdlatem the un-
certainties on the integrated line intensities using thaddrd error propa-
gation formula.

APPENDIX A: MOLECULAR LINE RATIOS

Tables of molecular line ratios along the discs of NGC 4716 an

NGC 5866, for CO lines only and dense gas tracer lines only (Ta
ble A1) as well as CO to dense gas tracer lines (Tables A2 apd A3
as described i 4.2.

APPENDIX B: LVG MODELS
B1 Model Parameters

The line ratio models discussedjmt.3 exploit the non-LTE radia-
tive transfer code RADEX (van der Tak et al. 2007), that ukes t
large velocity gradient (LVG) approximation (Sobolev 196as-
tor 1970; Goldreich & Kwan 1974; de Jong et al. 1975) and calcu
lates the intensities of molecular lines based on a stdistquilib-
rium involving collisional processes (excitation and deitation
through collisions with H), radiative processes, and the cosmic
microwave background radiatiof¢me = 2.7 K). The escape
probability depends on the optical depths (see Sobolev)186d

is related to the intensity within the medium. RADEX offensde
different medium geometries (sphere, uniformly expandhgll
and parallel slab), although the differences between thesgen-
erally small (van der Tak et al. 2007). We adopt here the eXipgn
shell geometry.

The main input parameters to RADEX are the molecular gas
kinetic temperaturd, Hs volume number density(H2), species
column number densitied’(mol), species line widtha&w (i.e. the
FWHMs of the Gaussians fitted to the spectra), and speci@ssitt
abundance ratios (e.g*’[C] / [**C], [HCN] / [HCO™], [HCN] /
[HNC] and [HCN] / [HNCO]). By modeling the dense gas tracer
lines and lowJ CO lines separately, we effectively adopt a two-
component molecular ISM (at each projected position aneédch
kinematic component).

We created model grids as follow#k, n(Hz), and N(mol)
are kept as free parameters to be fit for. Qur grid ranges from
10 t0 250 K in steps of5 K, n(Hz) ranges fromi0? to 107 cm™2 in
steps 0f0.25 dex, andN(mol) ranges fromi0*® to 10*! cm™2 in
steps 0f).25 dex. As the widths of all the lines are similar, we adopt
a single (average) line width for each kinematic componernt a
each group of lines (rather than, e.g., using the exact vafiach



Molecular Line Diagnostics in NGC 4710 & NGC 5866 23

Table Al. Ratios of CO lines only and dense gas tracer lines only, ih et nuclear disc and inner ring of NGC 4710 and NGC 5866.

Galaxy Position Ratio Nuclear disc Inner ring Galaxy Positi  Ratio Nuclear disc Inner ring
(1) (2 (3) 4) (5) (6) (1) (8) 9) (10
NGC 4710 —5 Ri2 - <0.8 £0.3 NGC 5866 -5 R11 - >189 £ 7.8

(—3275)  Rao - >24 4+ 1.1 (—325)
—4 Ri2 - 1.8 + 0.2 —4 R - 11.6 £+ 2.4
(—2670) Ry - 6.3 + 1.2 (—260)
Ra2 - >57+19
-3 Ri2 - 1.7 £ 0.2 -3 R11 - 10.3 £ 1.6
(=1975) R - >4.6 + 1.6 (—1975)
Ra2 - >34 +1.2
—2 Ri2 2.4 + 0.9 1.3 £ 0.2 —2 Ri1 - 9.7 £ 1.2
(-1370)  Ry1  >404+22 143 £ 5.2 (-1370)  Rp: - >1.0 £ 0.5
Rao >23+ 1.1 >6.9 £+ 25 Rpo - >08 £04
Rp1 >14 £ 0.7 - Rps - >08 £04

Rps >12+06 -
Rps >1.8 +0.9 -

-1 Ri2 1.6 + 0.1 2.3 + 0.5 -1 Ri1 9.3 + 1.9 8.6 + 1.4
(-65) R 72+ 1.7 2.9+ 0.9 (-675)  Rpy 1.8 + 0.5 -
Rao 85+ 1.6 >37+15 Rpa 2.6 £ 0.7 -
Rp; 1.5+ 0.1 - Rps >21409 -
Rpa 2.1 £ 0.2 -

Rbs 43+ 08 -

0 Rio 1.6 £ 0.1 2.2 4+ 0.3 0 Rii 102+ 15 9.7 + 2.3
(0" Ri1 76+ 1.3 =66+ 22 (0") Rp1 1.8 +0.3 -
Rao 6.7+ 07 >38+14 Rps 23404 -
Rp1 1.5 £+ 0.1 - Rps 4.4+ 1.1 -
Rpo 1.9 + 0.1 -

Rp3 4.2 £ 0.3 -

1 Ria 1.9 + 0.1 24405 1 Rii 104 +35 8.9 + 3.8
(+675)  Ri 8.1+ 1.6 8.1+ 25 (+675)  Rpy 1.9 + 0.5 -
Rao 6.7+09 >36=+1.4 Rpa 2.6 + 0.8 -
Rp1 1.7+ 0.2 - Rps >26+ 1.7 -
Rpa 2.3 + 0.4 -

Rbs 43+ 09 -

2 Ri2 3.1 £ 09 3.0 £ 0.9 2 R11 - 9.0 £ 1.0
(+1370)  Ri1 =50 + 2.1 6.1 + 2.1 (+1370)  Rpy - >15+ 0.6
Ro2 >22+10 >22+1.0 Rpa - >13 £ 0.5
Rps - >13+0.5
3* Ri2 - 1.9 + 0.6 3 Ri1 - 10.0 £ 1.3
(+195) R - >71+28 (+19'5)  Rpy - >0.8 + 04
Roo - >25 4 1.2 Rpa - >0.8+ 0.4
Rps - >08 + 04
4 Ri2 - 1.8 £ 0.2 4 R11 - 11.8 £ 2.4
(+260)  Ri - >6.4 422 (+26/0)
Ra2 - >4.5 4+ 1.6
5 Ri2 - 1.6 £ 0.6 5 R11 - 15.5 £ 6.5
(+32'5) R - >33+ 15 (+32'5)
Ro2 - >18 £0.8

Notes:* The ratios of CO lines only were also measured for the intdiate region at positiofs in NGC 4710 (see Fig. 10). These ratios are
R12 =1.9 + 0.6, R11 = 4.7 £ 1.8andR22 > 2.7 £+ 1.3. The offset along the major axis (with respect to the galaentre) of each projected position is
listed under the projected position number in column 2. Tieettainties on the line ratios are calculated from the taicgies on the integrated line
intensities using the standard error propagation formula.
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Table A2. Ratios of CO to dense gas tracer lines, in both the nuclearadid inner ring of NGC 4710 and NGC 5866.

Galaxy Position Ratio Nuclear disc Inner ring Galaxy Positi Ratio Nuclear disc Inner ring
1) (2 (3) @ (5) ) (8) 9) (10
NGC 4710 -5 T2CO(2-1) / HCN(1-0) - > 93+ 41NGC5866 -5 T2C0O(1-0) / HCN(1-0) - > 26.5 + 13.9
(—32"5) 12C0O(2-1) / HCOF (1-0) - >10.6 £ 4.6 (—32"5) 12CO(1-0) / HCOF (1-0) - >32.6 £ 17.1
12C0O(2-1) / HNC(1-0) - > 99+ 43 12C0O(1-0) / HNC(1-0) - > 26.6 &+ 14.0
12C0O(2-1) / HNCO(4-3) - > 74+ 32 12C0O(1-0) / HNCO(4-3) - >29.2 + 15.3
—4 12C0O(1-0) / HCN(1-0) - >37.3 +£ 128 —4 12C0O(1-0) / HCN(1-0) - >51.4 + 19.5
(—2670) '2CO(1-0) / HCO (1-0) - >44.5 £+ 15.3 (—2670) '2CO(1-0) / HCO (1-0) - >57.8 £ 21.9
12C0O(1-0) / HNC(1-0) - >50.2 + 17.3 12C0O(1-0) / HNC(1-0) - > 52.8 £+ 20.1
12CO(1-0) / HNCO(4-3) - > 48.8 £+ 16.8 12CO(1-0) / HNCO(4-3) - >49.9 + 18.9
13C0O(1-0) / HCN(1-0) - > 69+ 28 13CO(1-0) / HCN(1-0) - > 41+ 1.6
13CO(1-0) / HCOH (1-0) - > 82+ 33 13CO(1-0) / HCOF (1-0) - > 47+ 1.8
13C0O(1-0) / HNC(1-0) - > 93+ 3.7 13CO(1-0) / HNC(1-0) - > 43+ 1.6
13C0O(1-0) / HNCO(4-3) - > 9.0+ 3.6 13CO(1-0) / HNCO(4-3) - > 404+ 1.5
12C0O(2-1) / HCN(1-0) - >198 + 6.8
12CO(2-1) / HCOH (1-0) - >23.74+ 8.1
12C0O(2-1) / HNC(1-0) - >26.7+ 9.2
12CO(2-1) / HNCO(4-3) - >26.0 + 8.9
-3 12CO(1-0) / HCN(1-0) - >281+ 9.7 -3 12CO(1-0) / HCN(1-0) - >46.5 £ 16.8
(—19”5) 12CO(1-0) / HCO (1-0) - >47.0 £+ 16.2 (—19”5) 12CO(1-0) / HCOF (1-0) - >60.0 £ 21.7
12CO(1-0) / HNC(1-0) - >30.7 £ 10.5 12CO(1-0) / HNC(1-0) - >52.8 £ 19.1
12C0O(1-0) / HNCO(4-3) - >46.0 + 15.8 12C0O(1-0) / HNCO(4-3) - >50.8 + 18.3
12CO(2-1) / HCN(1-0) - >14.3 + 5.0 13C0O(1-0) / HCN(1-0) - > 4.6 + 1.7
12C0O(2-1) / HCO (1-0) - >238 + 84 13CO(1-0) / HCOH(1-0) - > 6.0+ 2.1
12CO(2-1) / HNC(1-0) - >156 £ 5.5 13CO(1-0) / HNC(1-0) - > 53+ 1.9
12C0O(2-1) / HNCO(4-3) - >233+ 82 13C0O(1-0) / HNCO(4-3) - > 51+ 1.8
-2 12C0O(1-0) / HCN(1-0) 25.0 + 11.3 > 50.3 + 18.7 -2 12C0O(1-0) / HCN(1-0) - 78.2 4 274
(—1370) '2CO(1-0) / HCO(1-0) > 19.3 + 10.8 > 68.6 & 25.6 (—1370) '2CO(1-0) / HCOF (1-0) - > 55.6 &+ 19.6
12CO(1-0) /HNC(1-0) >13.6 + 7.6 >48.3 + 18.0 12C0O(1-0) / HNC(1-0) - >44.6 £ 15.7
12CO(1-0) / HNCO(4-3) > 25.5 &+ 14.3 > 91.0 & 33.9 12CO(1-0) / HNCO(4-3) - >45.6 £ 16.0
13C0O(1-0) / HCN(1-0) - > 48+ 26 13CO(1-0) / HCN(1-0) - 81+ 28
13CO(1-0) / HCOH (1-0) - > 66+ 3.6 13CO(1-0) / HCOf (1-0) - > 66+ 2.3
13CO(1-0) / HNC(1-0) - > 46+ 2.5 13C0O(1-0) / HNC(1-0) - > 534+ 1.9
13C0O(1-0) / HNCO(4-3) - > 8.7+ 4.7 13C0O(1-0) / HNCO(4-3) - > 54+ 1.9
12C0O(2-1) / HCN(1-0) 10.6 + 4.3 =273+ 9.7
12C0O(2-1) /HCOM(1-0) > 124 + 6.0 >37.3 + 13.2
2CO(2-1) /HNC(1-0) > 87+ 4.2 =263+ 9.3
12C0O(2-1) /HNCO(4-3) > 16.4 + 8.0 >49.4 + 17.5
BCO(2-1) /HCN(1-0) < 1.3+ 1.0 -
-1 12C0O(1-0) / HCN(1-0) 19.2 & 1.1 >42.9 4 16.3 -1 12C0O(1-0) / HCN(1-0) 16.7 & 4.1>50.3 + 18.4
(—6'5) 12CO(1-0)/HCOF(1-0) 2824+ 2.6 >31.4 =+ 11.9 (—675) 12CO(1-0)/HCO"(1-0)  30.6 + 5.7>70.7 &+ 25.9
12C0O(1-0) / HNC(1-0) 40.5 £ 4.3 >37.6 £ 14.3 12C0O(1-0) / HNC(1-0) 42.7 £ 10.0 > 67.7 £ 24.8
12C0O(1-0) / HNCO(4-3)  81.7 4+ 14.6 > 42.8 + 16.2 12C0O(1-0) /HNCO(4-3) > 45.0 + 7.4 >50.7 &+ 18.6
13CO(1-0) / HCN(1-0) 2.7+ 0.6 >10.0 £ 4.7 13C0O(1-0) / HCN(1-0) 1.8+ 05> 63+ 23
13C0O(1-0) / HCOH (1-0) 39+ 1.0 >11.8+ 5.5 13C0O(1-0) / HCOH (1-0) 33+ 07> 88+ 3.2
13CO(1-0) / HNC(1-0) 56 £ 1.4 >11.9 £ 5.5 13C0O(1-0) / HNC(1-0) 46 £ 12> 84+ 3.1
13CO(1-0)/HNCO(4-3) 11.3 4+ 3.3 >124 + 58 13CO(1-0) /HNCO(4-3) > 33+ 0.7> 6.3+ 2.3
12C0O(2-1) / HCN(1-0) 12.1 &+ 0.8 >14.9 &+ 16.1
12CO(2-1) /HCOM(1-0) 178 £+ 1.7 >188 + 7.7
12C0O(2-1) / HNC(1-0) 25.6 £ 2.8 =225+ 9.2
12C0O(2-1) /HNCO(4-3) 51.6 + 9.3 >25.6 + 10.5
13CO(2-1) / HCN(1-0) 1.4 + 0.3 -
13CO(2-1) / HCOH (1-0) 21+ 04 -
13CO(2-1) / HNC(1-0) 3.0+ 0.6 -
13C0O(2-1) / HNCO(4-3) 61+ 1.6 -

Notes: The offset along the major axis (with respect to tHaxyecentre) of each projected position is listed under ttogegted position number in column 2.
The uncertainties on the line ratios are calculated fronutteertainties on the integrated line intensities usingstaadard error propagation formula.
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Table A2. Continued.

Galaxy Position Ratio Nuclear disc Inner ring Galaxy Positi Ratio Nuclear disc Inner ring
1) (2 (3) 4) (5) (6) ) (8) 9) (10
NGC 4710 0 T2CO(1-0) /HCN(1-0) 15.7 £ 0.5 >34.7 £ 11.6 NGC5866 0 T2CO(1-0) /HCN(1-0) 17.8 £ 3.2 >38.8 + 15.3
(0”) 12CO(1-0)/HCO"(1-0) 24.0 + 1.2 >39.7 + 13.3 (0”)  12CO(1-0)/HCO (1-0) 32.7 + 4.0 >51.8 & 204
2CO(1-0) /HNC(1-0) 295 + 1.9 >39.3 & 13.2 12CO(1-0) /HNC(1-0) 40.2 £ 6.1 >39.4 + 15.5
12C0O(1-0) /HNCO(4-3) 66.0 + 4.9 >45.0 + 15.1 12CO(1-0) /HNCO(4-3) 78.2 4+ 17.9 >42.7 + 16.8
13CO(1-0) / HCN(1-0) 2.1 +£ 0.4 - BCO(1-0) /HCN(1-0) 1.7+ 03 > 40+ 1.6
13CO(1-0)/HCOH(1-0) 3.2 £ 0.6 - 13CO(1-0)/HCOM(1-0) 32+ 04 > 53+ 21
13CO(1-0) / HNC(1-0) 3.9 £ 0.7 - BCO(1-0) /HNC(1-0) 39+ 06 > 41+ 1.6
13CO(1-0) /HNCO(4-3) 8.7 + 1.7 - 13CO(1-0) /HNCO(4-3) 7.7+ 1.8 > 44+ 1.7
12CO(2-1) /HCN(1-0) 96 +£ 04 >14.9 + 5.5
12C0O(2-1) /HCOH(1-0) 14.6 £ 0.8 >17.1+ 6.3
12CO(2-1) /HNC(1-0) 179 £ 1.3 >17.0+ 6.3
12CO(2-1) /HNCO(4-3) 40.2 £32 >184 + 6.8
13CO(2-1) / HCN(1-0) 1.4 £ 0.2 -
13CO(2-1) /HCOH(1-0) 2.2 £ 0.3 -
13CO(2-1) / HNC(1-0) 2.7 4+ 0.3 -
13CO(2-1) /HNCO(4-3) 6.0 £+ 0.8 -
1 12CO(1-0) /HCN(1-0) 17.6 £+ 1.5 > 38.7 4+ 13.8 1 12CO(1-0) /HCN(1-0) 154 + 4.6 >35.8 + 16.5
(+675) 12CO(1-0)/HCO"(1-0) 29.2 + 3.2 >44.2 + 15.7 (+675) 12CO(1-0)/HCOM(1-0) 29.5 £ 8.0 >40.1 + 18.4
12CO(1-0) /HNC(1-0) 40.6 £ 6.4 >44.6 + 15.9 12CO(1-0) /HNC(1-0)  40.0 £ 11.8 >44.4 + 20.4
12C0O(1-0) / HNCO(4-3) 76.0 £ 16.5 > 52.6 & 18.7 12C0O(1-0) / HNCO(4-3)> 45.1 & 12.6 > 45.0 + 20.7
13C0O(1-0) / HCN(1-0) 224+ 04 > 86+ 4.3 13C0O(1-0) / HCN(1-0) 1.5+ 05 > 40+ 2.0
13CO(1-0)/HCOF(1-0) 3.6 + 0.8 > 9.8+ 4.9 13CO(1-0) /HCO(1-0) 294 0.9 > 45+ 22
13C0O(1-0) / HNC(1-0) 504+ 1.2 > 99+ 4.9 13C0O(1-0) / HNC(1-0) 39+ 13 > 50+ 24
13CO(1-0) /HNCO(4-3) 93+ 26 >11.7+ 58 13CO(1-0) /HNCO(4-3) > 3.8 £ 1.4 > 51+ 25
12C0O(2-1) / HCN(1-0) 91+ 08 >149+ 6.0
12CO(2-1)/HCOM(1-0) 15.1 £ 1.7 >17.1 £ 6.8
12CO(2-1) /HNC(1-0) 21.1 + 34 >1724+ 6.9
12CO(2-1) /HNCO(4-3) 39.4 + 8.6 =204 + 8.1
13CO(2-1) / HCN(1-0) 1.4+ 0.2 -
13CO(2-1)/HCOH(1-0) 23+ 0.4 -
13CO(2-1) / HNC(1-0) 32+ 0.6 -
13CO(2-1) /HNCO(4-3) 5.9+ 1.5 -
2 12CO(1-0) /HCN(1-0) >19.0 £+ 7.7 >27.1 4+ 10.8 2 12C0O(1-0) / HCN(1-0) - 48.7 + 10.1
(+1370) 2CO(1-0)/HCO"(1-0) >23.4 4+ 9.6 >33.4 + 13.3 (+1370) 12CO(1-0)/ HCO"(1-0) - >51.1 £ 17.9
12CO(1-0) /HNC(1-0) > 25.1 + 10.3 > 36.0 &+ 14.3 12C0O(1-0) / HNC(1-0) - >46.9 + 16.4
12CO(1-0) /HNCO(4-3) > 22.9 £ 9.4 >32.7 + 13.0 12C0O(1-0) / HNCO(4-3) - > 44.6 £ 15.6
13C0O(1-0) / HCN(1-0) - > 58+ 29 13C0O(1-0) / HCN(1-0) - 544+ 1.1
13CO(1-0) / HCO (1-0) - > 724+ 36 13CO(1-0) / HCO' (1-0) - > 534+ 1.8
13C0O(1-0) / HNC(1-0) - > 7.7+ 38 13C0O(1-0) / HNC(1-0) - > 49+ 1.7
13C0O(1-0) / HNCO(4-3) - > 704+ 35 13C0O(1-0) / HNCO(4-3) - > 46+ 1.6
12CO(2-1) /HCN(1-0) > 94 + 41 > 95+ 4.4
12CO(2-1) /HCOM(1-0) >11.6 £ 5.1 >11.7 + 5.4
12C0O(2-1) /HNC(1-0) >124 + 55 >12.6 + 5.8
12CO(2-1) /HNCO(4-3) > 11.3 £ 5.0 >11.4 + 5.3
3 12C0O(1-0) / HCN(1-0) - >35.4 4 13.9 3 12C0O(1-0) / HCN(1-0) - 59.3 £ 18.1
(+19”5) 12C0O(1-0)/ HCO"(1-0) - >36.9 £ 14.5 (+19’5) 12C0O(1-0) / HCO"(1-0) - > 64.8 £ 22.7
12C0O(1-0) / HNC(1-0) - > 36.6 + 14.4 12C0O(1-0) / HNC(1-0) - >61.4 £ 21.5
12C0O(1-0) / HNCO(4-3) - >243+ 96 12C0O(1-0) / HNCO(4-3) - >62.1 + 21.7
12C0O(2-1) / HCN(1-0) - >156 + 7.5 13CO(1-0) / HCN(1-0) - 59 +£ 1.8
12C0O(2-1) / HCOH (1-0) - >163 + 7.8 13CO(1-0) / HCOH (1-0) - > 62+ 22
12CO(2-1) / HNC(1-0) - >16.2 £+ 7.8 13CO(1-0) / HNC(1-0) - > 58+ 21
12C0O(2-1) / HNCO(4-3) - >10.7 £ 5.2 13CO(1-0) / HNCO(4-3) - > 59+ 21

line in each kinematic component at each position). Thediighs
used for the modeling were thus respectiviehyp and180 km s™!
for the CO and dense gas lines in the nuclear disc of NGC 4710,
50 km s~ for the CO gas lines in the inner ring of NGC 4710, and The intrinsic abundance ratios of different molecules #se a

300 km s~ ! for the dense gas lines in the nuclear disc of NGC 5866. iImportant inputs to the model calculations and must theeebe
chosen carefully. Roberts et al. (2011) state that the satio

Other object—line—kinematic component combinations@ook be
modeled (see below).



26 S.Topal et al.

Table A2. Continued.

Galaxy  Position Ratio Nuclear disc ~ Nuclear ring Galaxy Raosi Ratio Nuclear disc Inner ring
(1) (2 (3) @ (5) (6) ) (8) 9) (10

NGC4710 4 T2CO(1-0) / HCN(1-0) - >35.1 + 12.2 NGC5866 4 T2CO(1-0) / HCN(1-0) - > 46.8 + 17.9
(+2670) 12CO(1-0) / HCO (1-0) - >37.3 £ 13.0 (+2670) 12CO(1-0) / HCO(1-0) - >47.1 + 18.1
12C0O(1-0) / HNC(1-0) - >29.0 £+ 10.1 12C0O(1-0) / HNC(1-0) - >46.7 £ 17.9
12C0O(1-0) / HNCO(4-3) - > 30.8 + 10.7 12C0O(1-0) / HNCO(4-3) - >51.2 + 19.6
12C0O(2-1) / HCN(1-0) - >20.7+ 7.3 13CO(1-0) / HCN(1-0) - > 544+ 20
12CO(2-1) / HCOH (1-0) - >220+ 7.7 13C0O(1-0) / HCOH(1-0) - > 54+ 20
12C0O(2-1) / HNC(1-0) - >17.1+ 6.0 13CO(1-0) / HNC(1-0) - > 544+ 20
12C0O(2-1) / HNCO(4-3) - >182+ 64 13CO(1-0) / HNCO(4-3) - > 59+ 22

5 12C0O(1-0) / HCN(1-0) - >16.0 £ 7.1 5 13C0O(1-0) / HCN(1-0) - > 1.1 £ 06

(+325) 12C0O(1-0) / HCO' (1-0) - >18.3 + 8.2 (+325) 13CO(1-0) / HCOH(1-0) - > 1.3+ 0.7
12C0O(1-0) / HNC(1-0) - >13.6 + 6.1 13C0O(1-0) / HNC(1-0) - > 1.2 £ 0.7

12C0O(1-0) / HNCO(4-3) - 14.0 £ 6.2 13CO(1-0) / HNCO(4-3) - > 1.5 +£08

12C0O(2-1) / HCN(1-0) -
12CO(2-1) / HCOF (1-0) -
12C0O(2-1) / HNC(1-0) -
12CO(2-1) / HNCO(4-3) -

A\YAA\AR\VAR\VAR\V]
(]
=
H

7.1+ 3.3
3.8
6.3 £ 3.0
6.5 £ 3.0

velocity-integrated line intensities are not good prof@sntrinsic
abundance ratios, while the ratios of column densities ette b We
therefore take here the ratios of the column densities asatites
of the intrinsic abundances. This indicates that changt®iabun-
dance ratios affect the column densities linearly, i.80% change
in an intrinsic abundance ratio will change the associatédnen
densities by50%. The ['2C] / [**C] ratio is~ 20 at the centre of
the Milky Way, ~ 50 in the4 kpc molecular ringzz 70 in the local
ISM and= 90 in the Solar System (Anders & Grevesse 1989; Wil-
son & Rood 1994). In the active nuclear regions of nearbyostat
galaxies, the'?C]/[**C] ratio is> 40 (Henkel et al. 1993; Henkel
& Mauersherger 1993; Martin et al. 2010). There is thus nuach
ation in the intrinsic {>C] / [*3C] ratio. The situation is even less
satisfactory for the abundance ratios of high density tac@nce
they have been much less studied in external galaxies. TG&H
/ [HCO™] and [HCN] / [HNC] ratios vary widely from source to
source (Wootten et al. 1978; Goldsmith et al. 1981, 1986;eRsb
etal. 2011) and there is a lack of information in the literatabout
the [HCN] / [HNCO] ratio. These ratios also vary from regian t
region within galaxies, as molecular clouds located inedéht re-
gions of galactic discs may well have different physicalditans
and processes at play. For example, HC®enhanced by shocks,
and the [HCN] / [HNC] ratio is known to vary with temperature
(it increases with increasing temperature, although thmaénce
of each species decreases with increasing temperaturecasiyd
Goldsmith et al. 1981, 1986; Schilke et al. 1992). Robertalet
(2011) suggest that [HCN] / [HNC] and [HCN] / [HCQ range
from 0.2 to 100 and50 to 0.02, respectively (at(Hs) = 10° cm™3
andTk = 10-200 K). However, both abundance ratios are about
1 at~ 30 K. In this work, we therefore assume an intrinsic ratio
of 70 for [*2C]/[**C] and1 for the dense gas tracers (i.e. [HCN]/
[HCO™], [HCN]/ [HNC] and [HCN]/ [HNCOQ])).

Overall, this thus yieldst possible sets of models for each
position in each galaxy: models for the tenuous molecularogdy
(i.e.12CO(1-0),"2CO(2-1),3*CO(1-0) and*CO(2-1)) and for the
dense molecular gas only (i.e. HCN, HECHNC and HNCO), this
for both the nuclear disc and the inner ring separately (&agan
averageAv for each group of lines separately).

The positions along the disc of the galaxies where we apply
the radiative transfer modelling are the same as thosesdisduin

§ 4.2 and illustrated in Figure 10. However, since olyow-.J

CO lines were observed in NGC 5866, these sets of models for
the tenuous molecular gas would be unconstrained and sseathu
computed. Similarly, the dense gas tracer lines are géyerat
detected in the inner ring, so these sets of models are ngiwteih
either. Overall, we thus need models for the tenuous andedens
molecular gas in the nuclear disc of NGC 4710, for the tenuous
gas in the inner ring of NGC 4710, and for the dense gas in the
nuclear disc of NGC 5866.

B2 Best-fitting and most likely models

Following Topal et al. (2014), we use two methods to charesee
the models (i.e. the physical parametéts n(H2) and N (mol) of
a two-component molecular ISM) best representing the daach
of the positions illustrated in Figure 10. First we usg’amethod
identifying the best-fitting model, and second a likelihandthod
identifying the most likely model.

For each set of model parameters, ffeis defined as

2 RL mod RL obs ?
= _— B1
=3 (Humg—Teons ) ®1)

where Ry,0q is the modeled line ratioR,.s is the observed line
ratio with uncertaintyA R, and the summation is over all in-
dependent line ratios at the given position (one fewer than the
number of lines available at that position).

For positions where lines are detected, sdline ratios are
available, theX2 is well-defined and the models are well con-
strained. However, for positions where at least one obsdelive
ratio is a lower limit, we calculate thg? following one of two
procedures. (1) For models with a line ratio larger than oraétp
the observed lower limit, thg? is taken asl, thus ensuring that
all models meeting this criterion are equally likely. (2)rFood-
els with a line ratio smaller than the observed lower linhig j<2
is calculated in the usual way, but the resultant redugédalue
then indicates a lower limit only, leading to an upper limit the
likelihood (see below).

Contours and grey scales of reducet (formally Ay? =
X? = X7 min» Wherex? i, is the minimum reduceg®) in Tk,
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Table B2.Model results for the dense gas in the nuclear disc of NGC 5866

Position  Offset () Parameter 2 Likelihood

1) (2 3 @ (5)

—1 —6"5 Tk 125 K < 250K
log(n(H2)) 6.0cm™3 <7em™3
log(N(X)) 13.8cm™2 <2lcm~?

0 0" Tk 225K 1021198 K
log(n(Hz)) 5.0cm™3 6.6f§;1f;7cm*3
—2 . —2
log(N(X)) 16.3cm 16.377'g cm
1 +6"5 Tk 125K < 250K
log(n(Hz)) 6.0cm—3 <7cm3
log(N(X)) 13.8cm™2 < 2lcm 2

Notes: Likelihood results list the median values @& (1o0) confidence
levels.

n(Hz2) and N(CO) space are shown in Figures B1—B3. These illus-
trate the uncertainties of the best-fit model parameterseahibit

the usual degeneracies between physical parameters. Fhéitbe
models kf’min) are listed in Tables B1 and B2. For positions with
a line ratio lower limit where a model meets the criterion dase

(2) above, the contours and greyscales are instead shovetourc
indicating aAx? lower limit. If x7 i, lies in such a region of pa-
rameter space, the best-fit model is then ill defined.

We also estimate the likelihood of our models, calculating a
each position the probability distribution function (PDé)each
model parameter marginalised over the other two. That issdch
possible value of a model parameter within our grid, we dateal
the sum of thee=2X"/2 terms for all possible values of the other
two parameters. These PDFs are shown in Figures B4—B6, along
with their peaks (most likely values), medians &% (1) con-
fidence levels around the median (the latter also listed ineBEaB1
and B2). Again, for positions with a line ratio lower limit whe a
model meets the criterion for case (2) above, the likelilsoap-
resent upper limits. If the peak of the PDFs is an upper lithi,
most likely model is then ill defined.

The best-fit model results generally agree well with those ob
tained from the likelihood analysis, in the sense that theetfbest-
fit model parametersTk, n(H2) and N(CO)) are generally con-
tained within the68% (10) confidence level around the median of
the PDF (or are just outside of it; see Figs. B4—B6 and Tables B
B2). However, because of the flatness of the PDFs, the umterta
ties in the most likely model results are rather large (pafdirly
for Tk). Significant differences are found between the tenuous and
dense gas components for certain parameteitd) and N(CO)),
but unsurprisingly the different positions within a singiaematic
component are generally statistically indistinguishable

The line widths used for the modeling are similar to the value
used for RADEX modeling of other external galaxies in therkit
ature (e.g. Rangwala et al. 2011; Kamenetzky et al. 2012-Ho
ever, the observed line widths in the nuclear discs are auatibns
of the intrinsic widths of the lines and the range of rotasiove-
locities contained within the synthesized beams. Therlaffect
could be dominant in the nuclear discs (while it is negligiir
the inner rings), as the molecular gas rotation is increpsapidly
in these components (unrelated to the physical conditiorthe
molecular clouds). The true intrinsic widths of the lineghe nu-
clear discs should thus lie between the observed line widttise
inner rings (i.e~ 50 km s™') and those observed in the nuclear
discs. To test whether our modeling results are sensititieetdine

widths adopted, we ran the nuclear disc models again usitlg bo
the line widths measured in the inner rings and the average li
widths of the nuclear discs and inner rings. The best-fit rhosle
sults are formally different in a few positions only (and geally
only the CO column densities), and the results from the thite
ferent line widths tested always agree within the uncetignAs
expected (van der Tak et al. 2007), the RADEX results aretbsr
only minimally affected by the line widths assumed, and {ldss
beam smearing effects on the line widths adopted in the aucle
discs does not have a significant impact on our modelingtesul
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Figure B1. Ax? = X7 — X7 ,,;,, Maps for the tenuous molecular gas in the nuclear disc of NGO 4positions-1, 0, 1 and2). For each regionAx; is
shown as a function dfk andn(H2) for three values ofV(CO) centred around the best-fit and indicated at the bottoesach panel. The models computed
are indicated by red dots and the best-fit model with a redifitiecle. Black dots represent bad models (e.g. unacceptai opacity; see van der Tak
et al. 2007). TheAx?2 contours show th@.20 (16% probability that the appropriate model is enclosed; ddrgesyscale)0.50 (38%), and1o (68%) to
50 (99.9%; lightest greyscale) confidence levels in stepd @ffor 3 degrees of freedonB(line ratios). The actual\x2 levels from0.20 to 50 are 0.8,
1.8, 3.5, 8.0, 14.2, 22.1 and28.0, respectively. The confidence levels fr@a to 50 are separated by black lines, those froro to 1o by grey lines. The
area containing models witd 1o confidence levels is much smaller than the best-fit model symtbpositions—1, 0 and1. Thex? ;, value, kinematic
component and position along the galaxy disc are also itetida each panel.
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Figure B2. Same as Figure B1 but for the dense molecular gas in the muilgaof NGC 4710 (left) and NGC 5866 (right) (positiord, 0 and1). N(X)
stands for the column number density of all four high dertsétgers. The area containing models with o confidence levels is much smaller than the best-fit
model symbol at positions 1 and0 in NGC 4710 and at positiofiin NGC 5866. For positions with a line ratio lower limit, bldets indicate models meeting
the criterion for case (2) described in the text (Appendiy. B&sociatedA x2 contours (confidence levels) are shown in colour: yellbw)( red ), orange
(30), green {o) and brown §o).
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N(CO)= 5.62E+19 cm™’

N(CO)= 1.00E+19 cm™?
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Figure B3. Same as Figures B1 and B2 but for the tenuous molecular gs inrier ring of NGC 4710 (positions4, —3, 0, 1, 2 and4). The area containing
models with< 1o confidence levels is much smaller than the best-fit model syatipositions—4 and1 in NGC 4710.
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Table B1. Model results for the tenuous and dense molecular gas inutlear disc and inner ring of NGC 4710.

Tenuous gas

Dense gas

Component Position Offset'}

@ &) ®)

Parameter x2

“ (5

Likelihood
(6)

Parameter x>

(1) (8

Likelihood
9)

nuclear disc -1 —6"5

1 +6"5

2 +1370

Tk

log(n(Hz))
log(N(CO))

Tk
log(n(Hz2))
log(N(CO))

Tk

log(n(Hz))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

10* K
3.5cm™3
19.0 cm—2

10* K
3.7cm™3
19.0 cm—2

230 K
2.7cm—3
20.5 cm—2

65 K
2.0* cm~3
15.3 cm=2

+119
25719 K
3.3752 em=3
19.670:8 cm2

112K
3.7 15 em™3
19.170:5 em—2

+169
571425,)1 K ,
3.372‘_067cm* ,
19.77 5, cm™
< 250 K

<7em™3
< 21cm 2

Tk 95K
log(n(H2)) 6.5cm—3
log(N(X)) 16.5cm—2

Tk 95K
log(n(Hz2)) 6.5cm™3
log(N(X)) 16.5cm~2

Tk 175K
log(n(H2)) 6.3cm—3
log(N(X)) 15.0cm—2

73
13573 K
6.4752 cm=3
14.370-8 cm2

153781 K
6.4753 cm=3
14.375°7 cm2
+75
134775 K

6.4753 cm=3
14.475 % em—2

inner ring —4 —26"70

-3 —1975

1 +6"5

2 +1370

4 +2670

Tk

log(n(H2))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

Tk

log(n(H2))
log(N(CO))

10* K
2.0 cm—3
19.3 cm—2

175 K
2.0 cm—3
17.8 cm~2

65 K
2.0* cm—3
17.5 cm—2

230 K
2.8cm3
20.0 cm—2

10* K
2.0 cm—3
19.3 cm=2

50 K
2.8cm=—3
15.5 cm—2

< 250K
<7cm 3
< 21cm2

< 250K
<7em™3
17.8 cm=2

< 250K
<7em™3
16.5 cm~2

< 250K
<7cm 3
< 21cm2

< 250K
<7cm 3
< 21cm 2

< 250K
<7cm3
17.5 cm—2

Notes: Likelihood results list the median values &8t (10) confidence levels. A stai) indicates a physical parameter lying at the edge of the gk
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Figure B4. PDF of each model parameter marginalised over the otherftwthe tenuous molecular gas in the nuclear disc of NGC 4p@a6i{ions—1, 0, 1
and2). In each PDF, the peak (most likely) and median value wittdnmodel grid are identified with a dashed blue and dashgdetiblack line, respectively.
The 68% (107) confidence level around the median is indicated by dottadkblines. The best-fit model in@? sense is indicated by a solid red line. The
PDFs for positior2 do not include the median value nor the confidence level, as at least one observed line ratio is arlbmé, resulting in PDF upper
limits (blue dots with arrows).
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Figure B5. Same as Figure B4 but for the dense molecular gas in the mutitaof NGC 4710 (left) and NGC 5866 (right) (positiord, 0 and1). N(X)
stands for the column number density of all four high denségers. The PDFs for positionsl and1 in NGC 5866 do not include the median value nor the
1o confidence level, as at least one observed line ratio is a llimvi, resulting in PDF upper limits (blue dots with arrows
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Figure B6. Same as Figures B4 and B5 but for the tenuous molecular ghe inrier ring of NGC4710 (positions4, —3, 0, 1, 2 and4). No PDF includes
the median value or thes confidence level, as at least one observed line ratio is albmi at each position, resulting in PDF upper limits (bldets with
arrows).



