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ABSTRACT

Aims. Molecules that trace the high-density regions of the interstellar medium have been observed in (ultra-)luminous (far-)infrared
galaxies, in order to initiate multiple-molecule multiple-transition studies to evaluate the physical and chemical environment of the
nuclear medium and its response to the ongoing nuclear activity.

Methods. The HCN(1-0), HNC(1-0), HCO*(1-0), CN(1-0) and CN(2—1), CO(2-1), and CS(3-2) transitions were observed in
sources covering three decades of infrared luminosity including sources with known OH megamaser activity. The data for the
molecules that trace the high-density regions were augmented with data available in the literature.

Results. The integrated emissions of high-density tracer molecules show a strong relation to the far-infrared luminosity. Ratios of
integrated line luminosities were used for a first-order diagnosis of the integrated molecular environment of the evolving nuclear star-
bursts. Diagnostic diagrams display significant differentiation among the sources that relate to the initial conditions and the radiative
excitation environment. Initial differentiation was introduced between the FUV radiation field in photon-dominated-regions and the
X-ray field in X-ray-dominated-regions. The galaxies displaying OH megamaser activity have line ratios typical of photon-dominated

regions.
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1. Introduction

Large amounts of high-density molecular gas play a crucial
role in the physics of (ultra-)luminous (far-)infrared galaxies
((U)LIRGS), giving rise to spectacular starbursts and possibly
providing the fuel for the emergence of active galactic nuclei
(AGN). A strong linear relation has been found between the
far-infrared (Lpr) and HCN luminosities, the latter being an
indicator of the high density (n (H) 2 10*cm™) component of
the interstellar medium. This arises predominantly from the nu-
clear region and indicates a close relation to the nuclear star-
burst environment and the production of the FIR luminosity
(Gao & Solomon 2004a). The molecular gas contributes a sig-
nificant fraction to the dynamical mass of the central regions of
FIR galaxies (Henkel et al. 1991; Young & Scoville 1991).
Emissions of molecules that trace the high-density regions
in LIRGs and ULIRGs may serve to study the characteris-
tics of the extreme environments in the nuclear regions of
starburst and AGN nuclei. While much of the energy genera-
tion of FIR-luminous galaxies has traditionally been attributed
to AGN activity using their optical signatures, the NIR and ra-
dio signatures suggest significant starburst contributions (Genzel
et al. 1998; Baan & Klockner 2006). Circumnuclear star for-
mation in the densest regions serves as a power source for the
majority of ULIRGs such that they even mimic the presence
of an AGN (Baan & Klockner 2006). The ULIRG population
is also characterized by OH megamasers (MM) (Baan 1989;

* Appendices A and B are only available in electronic form at
http://www.aanda.org

Henkel & Wilson 1990) resulting from the amplification of
the radio continuum by FIR-pumped foreground gas. Few
H,CO MM are also found among this population (Baan et al.
1993; Araya et al. 2004).

The observed molecular emissions from the high-density
components could carry the signature of the nuclear region
of the ULIRG and its nuclear power generation. Recent stud-
ies consider the HCN (1-0) versus CO (1-0) relation and
its implications for star formation activity (Gao & Solomon
2004a,b). Discussions are ongoing in the literature about
whether such molecular emissions are accurate tracers of the
high-density medium at the site of star formation (Wu et al.
2005; Gracia-Carpio et al. 2006; Papadopoulos 2007). It should
be evident that only multi-transition and multi-molecule (multi-
dimensional) studies can describe the multi-parameter environ-
ment of the nuclear activity and further establish the connection
between the molecular signature and the nature of the nuclear
energy source. The translation or extrapolation from the charac-
teristics of individual star formation regions in our Galaxy to in-
tegrated regions in nearby galaxies at larger distances or even to
unresolved nuclear regions in distant galaxies requires detailed
multi-species observations and comparisons combined with
elaborate theoretical modelling. The interpretation of molecu-
lar line data has focused on the nature of the local excitation
mechanisms in the form of photon dominated regions (PDR)
with far-ultraviolet radiation fields and X-ray dominated regions
(XDR) (Lepp & Dalgarno 1996; Meijerink & Spaans 2005). The
molecular properties of these two different regimes can be used
as diagnostic tools in interpreting the integrated properties of
galaxies.
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This paper reflects a multi-dimensional approach to under-
standing molecular line emissions that started in the mid 90’s,
but is only now coming to fruition. This study originally aimed
to establish a better link between molecular megamaser activ-
ity and the molecular properties of luminous FIR galaxies, but it
has changed into a general study of ULIRGs. Here we present
data on the molecular characteristics of normal and FIR galaxies
across the available range of Lgr. Data of the CO, HCN, HNC,
HCO™, CN, and CS line emissions obtained for a representative
group of 37 FIR-luminous and OH megamaser galaxies has been
joined with the additional data of 80 sources presented in the
literature. Early studies of the properties of CS (Mauersberger
et al. 1989), HCO"™ (Nguyen-Q-Rieu et al. 1992), and HNC
(Hiittemeister et al. 1995) using small numbers of sources stud-
ied the relations between line and FIR luminosities and the na-
ture of the central engine. Our molecular emission data show
clear tendencies that cover a wide regime of nuclear activity.
This database forms the basis for a first evaluation of the emis-
sion line properties and for further study and modelling of the
line properties.

2. Characteristics of high-density tracers
in galaxies

Extragalactic line ratios do not display the extreme ratios found
in the Galaxy, because they are integrations of ensembles of
different types of clouds within one beam. Nevertheless, clear
variations reflect the response of the molecular emission to the
varying physical and chemical environments characterizing the
regions of nuclear activity.

HCN and HNC molecules — Steady-state excitation models
show that the abundance of HCN and its isotopomer HNC de-
creases with increasing density and temperature (Schilke et al.
1992). Values for the HNC/HCN abundance ratio below unity
are consistent with steady-state models for higher-density gas
at higher temperatures. An HNC/HCN abundance ratio greater
than unity suggests a rather quiescent, low temperature gas. In
dark clouds this ratio can be more than 3.0 (Churchwell et al.
1984) but in warm environments in giant molecular clouds, the
ratio may decrease to values of 0.5 to 0.2 (Irvine et al. 1987). In
the Orion Hot Core the observed HNC/HCN column density ra-
tio can be as low as 0.013 with values of 0.2 on the ridge (Schilke
et al. 1992). The observed HNC/HCN intensity ratio is found
to vary significantly from 0.16 to 2 among galaxies with simi-
lar HCN/CO intensity ratios (Aalto et al. 2002), which may be
connected with IR pumping (Aalto et al. 2007). This suggests
that HNC is not reliable as a tracer of cold (10 K) high-density
gas in LIR galaxies, as it is in the Galaxy. HCN has thus been
used to determine the gas masses and the related star formation
efficiencies (Gao & Solomon 2004b).

Our exploratory LVG simulations suggest that, for a given
density, column density, and temperature, HCN(1-0) and
HNC(1-0) have similar intensities, but that HCO*(1-0) is
weaker. At higher temperatures HNC tends to be selectively de-
stroyed in favor of HCN as long as the medium is not highly
ionized. The canonical HNC/HCN abundance ratio is 0.9, if
the standard neutral production paths are used (Goldsmith et al.
1981). In a highly ionized medium, low HNC/HCN ratios would
be prevented since HCNH* can form HCN and HNC with equal
probability (Aalto et al. 2002; Wang et al. 2004). The passage of
shocks may selectively destroy HNC and could significantly re-
duce the steady-state HNC/HCN abundance ratio (Schilke et al.
1992).
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The HCO* molecule — Hiittemeister et al. (1995) suggest a
simplified picture where the molecules trace different gas com-
ponents: HCN in the warm and dense part, HNC in the cool and
slightly less dense part, and HCO™ in the slightly less dense
part, that is penetrated by cosmic rays and/or UV photons. The
HCN/HCO™ intensity ratio may vary from 0.5 to >4, which indi-
cates that the molecules probe distinct physical regions in nearby
galaxies (Nguyen-Q-Rieu et al. 1992). Alternatively, there have
to be large-scale abundance differences and/or different types of
chemistry. The excitation of HCN and HCO" in these galax-
ies suggests low optical depth of less than unity and very low
excitation temperatures of <10 K (Nguyen-Q-Rieu et al. 1992).
This conclusion is confirmed by studies of many species in
NGC 4945 and other nearby galaxies (e.g., Wang et al. 2004).
A multi-transition study of the high-density medium in Arp 220
and NGC 6240 suggests that HCN would serve better as a tracer
of dense gas than HCO™, which can be more sub-thermally ex-
cited and as a radical avoids high densities (Greve et al. 2006).

Shock propagation can strongly change the gas-phase chem-
istry such that HCO" is enhanced relatively to HCN in gas
associated with young supernova remnants (Dickinson et al.
1980; Wootten 1981). The shocked region of IC 443 shows
an enhancement of two orders of magnitude in HCO™ relative
to CO (Dickinson et al. 1980). This enhancement of HCO®*
would result from increased ionization due to cosmic rays in the
shocked dense material (Wootten 1981; Elitzur 1983).

The CN molecule — The abundance of the cyanid radi-
cal CN is enhanced in the outer regions of molecular clouds
in PDR dominated environments (Greaves & Church 1996;
Rodriguez-Franco et al. 1998). At larger depths the CN abun-
dance declines rapidly (Jansen et al. 1995b). To a significant ex-
tent CN is a photo-dissociation product of HCN and HNC; e.g.,
the CN/HCN abundance increases in the outer regions of molec-
ular clouds that are exposed to ultraviolet (FUV) radiation (see
Rodriguez-Franco et al. 1998). Therefore, the CN/HCN (1-0)
line intensity ratios may be used to probe the physical and chem-
ical conditions for Galactic and extragalactic PDR sources.

In the Orion bar the CN abundance is enhanced at the inner
edge of the PDR, but it declines at larger depths (Jansen et al.
1995a). The Orion-KL region shows HCN (1-0) emission that
is significantly stronger than the HNC and CN (1-0) emission,
which is predicted for warm (7' 2 50 K) gas (Ungerechts et al.
1997).

Using CN (1-0) and CN (2—1), as well as HCN (1-0) mea-
surements across the inner star-forming molecular disk in M 82,
Fuente et al. (2005) find that Nen/Nuen = 5. They argue that
such a high ratio is indicative of a giant and dense PDR bathed
in the intense radiation field of the starburst and conclude that
Ay < 5 in the clouds of M82, because for optically thicker
clouds the CN/HCN column density ratio would be smaller than
observed. The effect of enhanced CN/HCN abundance and line
temperature ratios is confirmed by theoretical models of CN and
HCN gas-phase chemistry (Boger & Sternberg 2005). This sug-
gests that the CN/HCN abundances ratio in molecular clouds
may be used as probes of FUV and cosmic-ray driven gas-phase
chemistry, for a wide range of conditions. Boger & Sternberg
(2005) find that in dense gas, CN molecules are characteristi-
cally and preferentially produced near the inner edges of the
C11 zones in the PDRs. In addition, chemical models (Krolik &
Kallman 1983; Lepp & Dalgarno 1996) indicate an enhancement
of CN under high X-ray ionization conditions. The prominence
of HNC and CN relative to HCN has been considered a measure
of the evolutionary stage of the respective starburst (Aalto et al.
2002). This way the objects with strong HCN and weak HNC
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and CN are dominated by a warm dense gas environment early
in the evolution.

The CS molecule — Multi-transition studies of CS in se-
lected Galactic clouds by Snell et al. (1984) show that there
is considerable density variation across their core regions, be-
cause the lower (column) density outer regions contribute little
to the total CS emission. The cloud core is approximately two or-
ders of magnitude denser than the extended cloud, and the den-
sity rises very steeply towards the core. LVG-modelling of the
data suggests a mean density of 5 to 10 x 10° cm™ with cloud
core masses ranging from 3 x 10° to 2 x 10° M. The CS abun-
dance varies considerably, peaking in the clumped high-density
medium. Chemical studies suggest that the fractional abundance
of CS is sensitive to both the abundances of sulfur and oxygen
(Graedel et al. 1982).

Although the CS lines may be brightest toward star-forming
cores in regions of high volume-density, ubiquitous low-level
CS emission, probably due to sub-thermally excited low-density
gas, is found to dominate the emission from the inner Galaxy
(McQuinn et al. 2002) and its central region (Bally et al. 1988).
On the other hand, the study of the excitation state of CS in the
integrated nuclear environment of Arp 220 and NGC 6240 sug-
gests that CS probes the densest gas in the high-density medium
better than HCN or HCO* (Greve et al. 2006).

3. Observations
3.1. IRAM Pico Veleta (PV) observations

Observations with the 30-m IRAM! telescope at Pico Veleta
(PV) (Spain) were carried out in Sept. 1994, May 1996,
Jan. 1997, and May 1997. At the frequencies of the 4 ~ 3.4 mm
J = 1-0 transitions of HCN, HNC, and HCO" the full width
to half power beam size was 25”; for the 4 = 2.6 and 1.3 mm
CO J = 1-0 and 2-1 transitions it was 21 and 13”. Typically,
observations were started with the CO J = 1-0 and 2-1 lines,
then the lower frequency frontend was tuned to HCN, HNC or
HCO™ while keeping CO(2—1) as a sensitive indicator of point-
ing quality.

During the first session in 1994, the 3mm SIS receiver
had a 512 MHz bandwidth and a receiver temperature of
80-120 K below 100 GHz (image sideband rejection 5—10 dB).
Starting in 1996, the renewed SIS receivers were single-
sideband tuned with image sideband rejections of 25-40dB.
Receiver temperatures were Tr..(SSB) = 55-85K at a wave-
length of 3.4 mm, 100—-140K at 2.6 mm, 130K at 2.0 mm, and
100—-180K at 1.3 mm. The observations were done under varied
atmospheric conditions, which were best for the runs in 1997.
The system temperatures during these sessions were 200—300K
for the 80-90GHz range, 260—-400K around 150 GHz, and
700-1200K around 230 GHz.

During the first session in 1994 we used the filterbank back-
end (FB) in a 512 x 1 MHz mode and the acousto-optical spec-
trometer (AOS) in a 512 X 1 MHz mode. During the 1996 and
1997 observations we used the AOS in 512 X 2MHz mode
in parallel with the FB in 256 x 1MHz mode. The spec-
tral resolution of the observations with 1 MHz channels was
3.2kms™" at 115GHz and 1.6kms™" at 230 GHz.

The observing procedure included the use of the wob-
bling secondary mirror in order to minimize baseline problems,
which allowed switching between source and reference positions

! Institute de Radioastronomie Millimétrique is supported by
INSU/CNRS (France), the MPG (Germany), and the IGN (Spain).
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placed symmetrically at offsets of 4’ in azimuth. Each wobbler
phase had a duration of 2 s. From continuum cross scans through
nearby pointing sources, we estimate the absolute pointing un-
certainty to be of <3”. The positional alignment between the
receivers is estimated to be better than 2”. For all sources single
nuclear pointings were used.

The results of our observations are presented in units of main
beam brightness temperature (Tpp; €.g. Downes 1989). Using
beam efficiencies of 0.78, 0.75, 0.69, and 0.52, we find main
beam sensitivities of §/Tmp =4.86, 4.72, 4.62, and 4.44 Jy/K at
A ~34,2.6,2.0,and 1.3 mm. The calibration is affected by the
pointing, baseline stability, and receiver stability from session to
session. The overall accuracy of the data is estimated to be 15%.
Stability of calibration between the four observing periods has
been ensured by using the same calibration sources during all
of the sessions. All data has been calibrated using the standard
chopper wheel method.

3.2. SEST observations

Two observing sessions were done at the Swedish/ESO?
Submillimeter Telescope (SEST) at La Silla (Chile) during
January 1995 and January 1997. System performance during the
first session prevented detection with a sufficient signal-to-noise
ratio for the high-density lines of all our target sources except
for IRO7160—-6215. The data presented in this paper have been
predominantly obtained during the successful second session.

The observations were done using two Low-Resolution
AOS systems with 1 GHz bandwidth having a total of 1440 chan-
nels for a single polarization. The channel spacing was 1.4 MHz,
corresponding to 5.2 and 3.6 kms™! at 80 and 115 GHz. In 1997
the receiver temperatures were Tp..(SSB) = 100-180K and
120-140K in the 80—-116 GHz and 130-150GHz frequency
ranges, respectively. Observations were conducted under very
favorable atmospheric conditions and the actual system temper-
atures were between 150 and 200K in the 80-90 GHz band and
between 250 and 350K around 150 GHz.

The target transitions for the observations were the
HCN(1-0) and HCO™(1-0) transitions, which occur in a single
bandpass, and the HNC(1-0) transition. Parallel observations
were done of CS(3-2) using the other polarization. CO(1-0)
observations were done for sources without known earlier de-
tections. Single nuclear pointings were used for all sources.
Pointing observations indicate that the absolute pointing uncer-
tainty is of the order of <3”.

Calibration was done with a chopper wheel and using the
T intensity scale. The spectral data has been converted into a
main-beam brightness temperature T, using a main-beam effi-
ciency of 0.75 at 86 GHz, 0.70 at 115 GHz and 0.60 at 150 GHz.
Conversion factors to flux units are 18.75, 18.90, and 20.50 Jy/K.
The beam size is respectively 57", 45", and 34”.

4. Results

The observational results have been presented in Online
Figs. A.1 and A.2 and in Tables B.1 and B.2. In the follow-
ing evaluations, the luminosity distance Dy has been taken
from the literature for sources with radial velocities below about
1500 kms™" and determined from known emission line veloc-
ities or from NED using Hy = 72 kms'and g9 = 0.5.
The FIR luminosity Lgr has been determined from the 60 and

2 The European Southern Observatory.
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100 um IRAS fluxes using an IR-color correction factor 1.8
(Sanders & Mirabel 1996; Solomon et al. 1997).

IRAM Pico Veleta results — Our Pico Veleta 30-m observa-
tions of 18 luminous FIR sources have resulted in 66 detections
of emission lines for the following transitions: 18 for CO(2-1),
11 for HCN(1-0), 8 for HNC(1-0), 11 for HCO* (1-0), 8 for
CS(3-2), 6 for CN(1-0) and 4 for CN(2—1). The target sample
for HCN, HNC, and HCO™ was selected on the basis of FIR lu-
minosity, the presence of OH MM activity, or the strength of the
CO J = 1-0 line obtained earlier with the 12-m NRAO tele-
scope (Baan & Freund 1992, unpublished). Sources for obser-
vations of the cyano radical CN were selected on the basis of
the strength of the CO and HCN lines. The CS(3-2) data has
been obtained in parallel to the observations at lower frequen-
cies. High-density tracer transitions in sources with published
detections at the time of the observations were not re-observed.
Individual spectra toward the nuclear positions obtained during
our observations are presented in Tpp, units in Figs. A.1 and A.2.
Results from Gaussian fitting are presented in Table B.1 after
conversion into units of Jy kms™".

SEST results — The observations of 20 sources with the
SEST 15-m telescope have resulted in a total of 52 new de-
tections of emission lines in 16 sources for the following tran-
sitions: 12 for CO(1-0), 11 for HCN(1-0), 8 for HNC(1-0),
13 for HCO™* (1-0), 7 for CS(3-2), and 1 for CN(1-0). Target
sources during these sessions have been selected on the basis of
the strength of known CO emission lines (Mirabel et al. 1990;
Garay et al. 1993), and of the FIR luminosity taken from the
IRAS catalogue. The source NGC 660 is common between the
Pico Veleta and SEST data sets. High-density tracer lines in
sources with published detections at the time of the observations
were not re-observed. Individual spectra toward the nuclear po-
sitions are presented in Fig. A.3 in Ty, units and the results from
Gaussian fits are given in Table B.1 after conversion into units
of Jy kms™!. Target sources without any line detection have been
omitted from the tables.

Detections from the literature — The detections of our com-
bined sample has been augmented with detections of molecular
lines tracing the high-density component reported in the liter-
ature. In addition, we have used these detections to verify and
cross-calibrate our own detections where possible. Thus we ob-
tained detections of at least one of the HCN(1-0), HNC(1-0),
HCO*"(1-0), CN N = 1-0 and N = 2-1, and CS(3-2) transi-
tions for a total of 80 additional sources. A total of 167 individual
published records have been used, which include a significant
number of HCN detections from Gao & Solomon (2004a).

The integrated source sample — Our own sample of
37 sources has been augmented with the data of 80 sources
from the literature. Table B.1 presents the available data on
molecules that trace low-density and high-density components
of the medium. The database contains a total number of 202 re-
liable detections of high-density tracers, and 110 for CO (1-0)
with 32 accompanying CO (2—1) line detections. This represents
an incomplete record for many of the sources. The database has
84 detections plus 18 upper limits for HCN, 28 + 13 for HNC,
42 + 10 for HCO*, 19 + 6 for CN(1-0), 13 + 7 for CN(2-1),
and 17 + 20 for CS(3-2). For 23 sources a complete set of
HCN (1-0), HNC (1-0) and HCO*(1-0) tracer transitions were
obtained and 10 sources have one out of three as an upper limit.

All data records for our integrated sample have been con-
verted from Ty into units of Jy km s~! for the PV and SEST re-
sults or from antenna temperature for other telescopes. We also
note that some data in the literature has been obtained with vari-
ous single-dish instruments: the 30-m Pico Veleta telescope, the
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15-m SEST telescope, the 12-m NRAO telescope at Kitt Peak,
the Onsala 20-m telescope, and the 14-m FCRAO telescope.
The inclusion and comparison of this data has been complicated
by the incomplete reporting of observing and calibration proce-
dures. In many cases the CO (1-0) and HCN(1-0) line strengths
from different data records have been used. General agreement
was found for line data from multiple source records with errors
within 30%. Some published line data records, particularly in
Gao & Solomon (2004a), were not compatible with our data and
other available data and could not be used in the compilation.
As a result some line ratios are also different from those in other
publications because of inconsistencies between our own data
and some published data. The source NGC 660 was included
in both our observing samples and a comparison of the HCN
and HCO" lines shows agreement within 10%. We also note that
some of our own lower quality spectra and their unreliable fits
have not been used in the evaluation and have been designated
as upper limits in our data base in Tables 1 and 2.

Evaluating the data — The collected data has been obtained
at different observing beams and different beam filling factors.
For a given telescope, the beam sizes at the observing frequen-
cies of HCN, HNC, and HCO™ are very similar and they differ
by some 25% from those of CN (1-0) and CO (1-0). Since the
emission of the high-density tracers is well-confined to the nu-
clear regions of the galaxies, it will generally not fill the beam.
On the other hand, the CO (1-0) emission and possibly also
the CO (2—1) emission will be more extended and could fill the
beam for nearby galaxies. The extent of a typical CO (1—-0) emis-
sion region in ULIRGs varies between 2 and 3 kpc (Downes
& Solomon 1998); this would result in an underestimate of the
CO emission at radial velocities less than 2000 kms~! for the
PV telescope and less than 1000 km s™! for the SEST telescope.

Because of their similar frequencies, the line ratios of the
high-density tracers are not affected by different beam filling fac-
tors. Their ratios with CO (1-0) would only be affected by an
underestimate of the total CO emission. The line intensity ratio
between CO (1-0) and the high density tracers used throughout
this paper will therefore be representative of more distant galax-
ies, while they could be lower limits for nearby galaxies. We will
return to the effect of relative filling factors in the evaluation of
the CO line ratios below (Sect. 5.2).

5. The CO line characteristics
5.1. Line luminosities

The J = 1-0 and 2-1 lines of CO observed by us are easily
saturated and thermalized, such that they are likely not tracing
the high-density regions (n(H,) > 10* cm™3) of the ISM where
the star formation occurs. The CO characteristics of our sam-
ple sources are shown in Fig. 1. Slopes (indicated in the fig-
ures with s) have been fitted to the data using a standard Least
Squares Fit method (see Bevington & Robinson 1992). To eval-
uate the significance of the fits, the correlation coefficient (indi-
cated by r) has also been calculated. For these calculations upper
limits have been omitted, and all data have been given the same
statistical weight, since only few data points have known errors.
Both CO transitions display a clear dependence on the FIR lu-
minosity with slopes of 0.74 = 0.04 (110 sources; » = 0.87)
and 0.91 + 0.10 (32 sources; r = 0.85). At high luminosities
the scatter in Lco is a factor 4 but increases at lower luminosi-
ties to a factor of 10. This scatter can be attributed to variations
of the star formation efficiency (SFE) Lgr/M(H,), ranging be-
tween 1 and 100 Lo/Mg, and (in part) to underestimates of the
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Fig. 1. Integrated line luminosities versus FIR luminosity for the in-
tegrated sample of sources. a) CO (1-0) luminosity versus FIR lu-
minosity, b) CO(2—-1) Iluminosity versus FIR luminosity, and
¢) CO (2-1)/CO (1-0) luminosity ratio versus FIR luminosity. There
are 110 reliable data points for CO(1-0) and 32 for CO(2-1). The fit-
ted slope (s) and the correlation coefficient (r) are given in the lower
right corner of each frame and the fit does not take into account any dis-
played upper limits. The data points in the diagrams are either squares
for reliable values or triangles for upper and lower limits. Filled sym-
bols indicate the 24 OH or H,CO MM sources in the sample. Open
symbols may also represent undetected OH MM because of beaming
effects or weak maser action with similar ISM conditions.

CO luminosity for the lower luminosity (and nearby) sources,
where single-dish instruments only sample the central region.
The slopes for both CO curves are significantly less steep
than unity, possibly related to optical depth effects or to an
increase in the star formation efficiency SFE at high Lgg.
Assuming constant Lco-to-M(H,) conversions, earlier stud-
ies suggested a linear Lpr-M(H;) relation with a slope that
steepens at high Lpr due to a strong variation of the SFE
(Young & Scoville 1991). Similarly Braine & Combes (1992)
present a linear relation between the CO(2—1) and FIR data
for Lpr < 10'%% Lo, The relation with slope less than unity
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deduced from our data for L > 10! Ly is consistent with
characteristics of the upper luminosity range of the earlier
data. Our fit would suggest SFE o Lpr?? for the higher
end of the Lp distribution, or an equivalent variation in the
Lco-to-M(H,) conversion factor.

5.2. The CO line ratio

The Ico(2—-1)/Ico(1-0) line ratio has been displayed for
32 sources of which five have values greater than 2 (OH MM
IRAS 15107+0724, NGC 660, NGC 3256, IRAS 06259-4708,
and IRAS 18293-3413; Fig. 1c). Earlier results from nearby spi-
ral galaxies (Radford et al. 1991; Braine & Combes 1992) as
well as the data from this study show a concentration of data
points around 1.5 with a few outliers up to 3.

An observed line ratio of >1 for a homogeneous gas could
imply that the gas is optically thin, which is not realistic for
the nuclear environments considered in our sample. An optically
thick cloud model with external heating of small dense clouds,
i.e. with hot young stars blowing holes into the molecular struc-
tures, can make the CO (2—1) line stronger than the CO (1-0)
line, if the temperature decreases by about 30—60K (factor 2)
from the 7 = 1 surface for the CO (2—1) line to the 7 = 1 sur-
face for the CO (1-0) line (Braine & Combes 1992). The higher
opacity of the CO (2—1) line as compared to the CO (1-0) line,
in almost all scenarios, leads to a higher beam filling factor for
the CO (2—1) line and thus a line intensity ratio larger than unity.

Early evaluation of the Ico to hydrogen mass M(H;) conver-
sion factor in galaxies by Maloney & Black (1988) assumed ther-
malized CO rotational levels with Tex = Tiin. This would predict
CO (2-1)/CO (1-0) brightness temperature ratios in the range
of 0.9 to 1.1 in the Galaxy. In order to explain similar extragalac-
tic data, Radford et al. (1991) show that sub-thermal excitation
(Tex < Tiin) in the n(Hy) = 10? to 103 cm™ range could result in
integrated CO (2—1)/CO (1-0) line ratios in the 1.4—-2 range, and
beam-corrected (intrinsic) 74(2—1)/T,(1-0) ratios in the range
of 0.6-0.75.

An evaluation of the CO properties requires consideration
of the relative filling factor of the two CO transitions (Sect. 4).
Here the conversion from the observed Ty, ratio to an intrin-
sic Ty ratio involves an antenna beam correction factor (d? +
b3)/(d2 + b,), which expresses the relative size of the source
ds and the beam size b at the two transitions. For a represen-
tative size of 2 kpc for the prominent CO emission regions in
luminous FIR galaxies, the intrinsic Ty ratios will be reduced
by a factor of 1.15-2.46 (for velocities of 750 to 7500kms™!)
relative to the corresponding Ty, ratios. This range of values
suggests that most of the observed ratios could have intrinsic
Ty ratios around unity, which is consistent with a sub-thermal
excitation of the low-density molecular medium (Radford et al.
1991). Our most extreme value of 3.0 for the OH MM source
IR 15107+0724 at 46 Mpc would give a brightness temperature
ratio of 1.4.

The conversion of integrated CO (1-0) lines to H, col-
umn densities is expressed as N(Hz)/Icoa-0) = a (Strong
et al. 1988). These authors suggested a value @« = 2.3 X
10%° moleculescm™?/(Kkms™!), using the properties of self-
gravitating virialized molecular clouds of high optical depths.
However, this value is not uniformly applicable for the Galaxy
and for extragalactic nuclei. Studies of the Galactic Center using
COBE data (Sodroski et al. 1995) and C'30 and the mm dust
emission (Dahmen et al. 1998) find that the conversion factor is
a highly variable value, resulting in an overestimate of the mass
in the nuclear region and an underestimate in the outer disk.
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Studies of the central regions of the nearby galaxies NGC 253
(Mauersberger et al. 1996b) and NGC 4945 (Mauersberger et al.
1996a) show an overestimate by a factor of 6—10. Studies of
ULIRGs show that most of the CO luminosity comes from rel-
atively low-density gas that is dynamically significant and is
located in a molecular disk (Solomon et al. 1997; Downes &
Solomon 1998). A conservative estimate of the CO—to—H, con-
version M(Hy)/L;, = 0.8 Mo/(Kkms™" pc?) for such extra-
galactic nuclei is based on an « factor about 5 times lower
than the value for self-gravitating clouds. This conversion ratio
may be used to convert the CO (1—-0) values listed in Table B.1
into H, masses.

6. High-density tracer molecules
6.1. Line luminosities

The diagrams of line luminosity against the infrared luminosity
for all molecular transitions considered (Figs. 1-3) show a well-
behaved distribution with a considerable width. The spread of
the data points may be caused by a variety of effects, such as
non-radiative heating of the gas, differences in the initial abun-
dances, and the evolutionary changes of the ISM resulting from
a starburst and the depletion of the high-density material (see
Sect. 7 below). Data points at low luminosity that lie well below
the center of the line luminosity distribution may result from us-
ing only the central pointing for nearby galaxies.

The HCN, HNC and HCO* molecules — The line lumi-
nosities of the source sample of the prominent tracer molecules
are presented against the FIR luminosity in Fig. 2. The slopes
for these three molecules are close to unity such that HCN
(84 sources) has s = 0.98 + 0.06 (r = 0.89), HNC (28 sources)
has s = 1.18 + 0.13 (r = 0.88), and HCO*(42 sources) has
s = 1.10 £ 0.06 (r = 0.95). The tracer luminosities provide a
slightly tighter relation with Lgr than the CO(1-0) data as dis-
played in Fig. 1. Fits with slope 0.9 + 0.1 for HCN versus HCO*
and with slope 1.4 + 0.4 for HCN versus CO(1-0) have been
noted by Nguyen-Q-Rieu et al. (1992). A slope of 0.97 + 0.05
was found for HCN versus Lgr (Gao & Solomon 2004a) and
slopes of 0.88 + 0.15 for HNC versus both HCN and HCO*
(Hiittemeister et al. 1995). The scatter of the distributions is
about one decade in the main body of data points.

The CN molecule — The mm—wave spectra of the cyano
radical CN have more complex characteristics than those of the
other observed molecular species. The CN N = 1-0 line ob-
servations at Pico Veleta have been taken at the strongest fea-
ture, the J = 3/2—1/2 transition at 113.491 GHz that contains
one third of the total intensity in the optically thin limit under
Local Thermodynamic Equilibrium (LTE) conditions. For the
SEST data for NGC 1068, besides the J = 3/2—1/2 feature a
second J = 1/2—1/2 feature is seen at 113.191 GHz at a rela-
tive strength of 0.45 (Figs. A.2). This relative strength is close to
the LTE value, which could suggest that the lines are optically
thin (see Wang et al. 2004). The CN N = 2-1 transition data
focus on the J = 5/2-3/2 line at 226.659 GHz that represents
one sixth of the total intensity (7 < 1; LTE). The CN data has
been augmented with data for both transitions from Aalto et al.
(2002).

Most of the CN detections are single broad features centered
at the systemic velocity of the galaxies (Figs. A.1-A.3). Only
Arp220 and IR 05414 show double N = 1-0 and N = 2-1
CN components that cannot be attributed to other spingroups but
only to the two nuclei of their respective systems.
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Fig. 2. a) Integrated HCN (1-0), b) integrated HNC (1-0), and ¢) in-
tegrated HCO™ (1-0) line luminosity versus FIR luminosity for the to-
tal sample. There are 84 reliable data points for HCN, 27 for HNC,
and 42 for HCO". The slope of the fitted line (s) and the correlation
coefficient (r) are shown in the lower right corner of each frame. The
displayed upper limits have not been used in the fits. The symbols are
explained with Fig. 1.

The CN line luminosities in Fig. 3a,b show a distribution that
is similar to that of other tracer molecules. A slope close to unity
is found for CN(1-0) (19 sources): s = 1.03 £ 0.13 (r = 0.89)
and for CN(2—1) (13 sources): s = 1.14 £ 0.17 (r = 0.89). The
scatter of the distributions is less than one order of magnitude.

The CS molecule — Our CS (3-2) data from the PV 30-
m and SEST telescopes (Figs. A.1-A.3) have been augmented
with detections from Mauersberger et al. (1989), Mauersberger
& Henkel (1989), and Wang et al. (2004). An early assessment
of the CS emission in nearby galaxies shows a clear relation
with Lco and Lpr and the star formation rate (Mauersberger &
Henkel 1989). The CS line luminosity (17 sources) versus the
FIR luminosity has a higher slope, s = 1.56 £ 0.14 (r = 0.95), as
compared with a slope of unity for the much smaller sample of
Mauersberger et al. (1989). This larger slope of CS as compared
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and 17 for CS(3-2). The slope of the fitted curves (i) and the correlation
coefficient (r) are shown in the lower right corner of each frame. No
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Fig. 1.

to the other molecules under consideration indicates a stronger
environmental dependence (Fig. 3c).

6.2. Evaluating the relations

The well-known Kennicutt-Schmidt laws relate to the surface-
density of star formation (Xgpr) and the surface-density of the
gas (Zgys). On the basis of HI, CO, and Her data for a large sam-
ple of spiral and starburst galaxies, Kennicutt (1998) finds that
the Xgpr — Zgas relation has an exponent @ = 1.4 (Zgpr o Xg,).
Analogously the relation of the integrated luminosity of the
high-density gas component involved in the star formation pro-
cess and the integrated star formation rate (SFR) expressed as
Lrr could also behave as a Kennicutt-Schmidt law. Krumholz
& Thompson (2007) made model predictions for the Kennicutt-
Schmidt laws assuming a constant star formation efficiency.
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They find that the line luminosity for molecules with a critical
density lower than the average density of the system rises lin-
early with density. For lines with critical densities larger than
the median gas density, the luminosity per unit volume increases
faster than linearly with the density. The star formation rate
also rises super-linearly with the gas density, and the combina-
tion of these two effects produces a close to linear correlation
(@ ~ 1) for the high critical density molecules and a super-
linear relation for the low density tracers (@ ~ 1.5; the classic
Kennicutt-Schmidt law). They also predict that generally there
may be more intrinsic scatter in this relation for low critical den-
sity molecules than for high density tracers.

Our data mostly confirm the findings of Krumholz &
Thompson (2007). Our CO distributions (Fig. 1) show indices
of @ = 1.40 and 1.23 (the inverse of the slope s in our dia-
grams) and have a relatively large spread. The relations between
Lpr and the line luminosities of high density tracers HCN (1-0),
HNC (1-0), HCO* (1-0), CN (1-0), and CN (2—1) are all lin-
ear within the errors (see Figs. 2 and 3). However, the relation
for CS (3-2) is sub-linear with @ = 0.66. Since CS has a crit-
ical density close to that of HCN and higher than that for CO,
CS is expected to have a linear relation (Krumholz & Thompson
2007). This may indicate that this species is influenced by addi-
tional chemical and environmental effects.

6.3. Tracer intensities relative to CO (1-0)

In Figs. 4 and 5 the integrated intensities for the total sample are
compared with the CO(1-0) emission that represents the larger
scale low-density component. Ignoring NGC 7469, which seems
to have unusual high ratios, and upper limits, the emission line
ratio varies from 0.01 to 0.18 for HCN, from 0.01 to 0.08 for
HNC, from 0.01 to 0.21 for HCO™", from 0.01 to 0.15 for CN,
and from 0.01 to 0.11 for CS. An early study of CS suggests
a relative line ratio in the 0.01-0.08 range (Mauersberger &
Henkel 1989). The upper range for the HCN/CO intensity ra-
tio of our current sample is comparable with the sample of Gao
& Solomon (2004a). The range for HNC and HCO™ is found
to be (slightly) smaller than for HCN (when ignoring the out-
liers/upper limits) (see also Gracid-Carpio et al. 2006).

We note that the distribution of characteristic line ratios for
all molecules increases with FIR luminosity, which gives an up-
wardly curved lower boundary for the distribution at higher Lgg.
The highest values for all ratios are found at Lgg > 10'9 Lg.
As discussed in Sect. 7 below, a decreasing line strength of a
high-density tracer as compared with CO during the course of a
nuclear starburst would be the signature of the depletion of the
nuclear high-density component.

7. Modelling of a ULIRG outburst
7.1. The outburst model

The FIR light curve of an ULIRG is determined by the radia-
tive energy generated by a (circum-)nuclear starburst possible
in hybrid mode with an AGN, that is re-radiated by a torus-like
dusty environment. During such a FIR outburst, the low-density
and high-density molecular components of the nuclear region
evolve differently. The large-scale signature of the low-density
gas, as represented by CO (1-0) emission, would only be par-
tially altered by the centralized star formation process. On the
other hand, the centrally concentrated high-density gas forms the
structural basis for the star formation process and will be slowly
consumed, destroyed or dispersed by the newly formed stars.
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In a simplified scenario, the instantaneous FIR luminosity
of the ULIRG represents the rate at which the nuclear activ-
ity generates FIR energy and consumes/destroys its high-density
molecular material. In the absence of a representative FIR light
curve with different timescales for the rise and fall of the FIR lu-
minosity, we choose a diffusion-like expression as a response
to a sudden start of the star formation. This function may be de-
fined for ¢ > 0 as:

T 2.5
Liw (1) = 1.35 Lep(max) (7) e, o)

where Lpr(max) is the maximum luminosity and 7 is the char-
acteristic timescale of the burst. The duration of the burst (down
to 1% of the peak) is on the order of 10 x 7. A diffusion curve
may not be the most appropriate representation of a FIR light
curve but it resembles those obtained with starburst-driven mod-
els of the FIR evolution and color properties of ULIRGs (Loenen
et al. 20006).
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The initial line strength of the high-density HD(¢ = 0) com-
ponent can be defined as a fraction 5, of that of LD, the larger-
scale low-density component, that is assumed to remain un-
changed during the outburst. As a result, the line ratio of the
high- and low-density components varies with time during the
FIR outburst as:

HDW _ g, [1 @)

fot Ler(n)dt
T
LD

EFR,int

where ' is the total fraction of the initial By of the HD
emission component that is destroyed (disappears) during the
whole course of the outburst. The instantaneous HD component
depends on the fraction of the FIR energy generated up till time
t and the total FIR energy radiated during the outburst EFg in-
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7.2. Modelling results

The results obtained in these simulations are presented in
Fig. 6 for three FIR light curves with peak luminosities log
Lpr(max) = 11, 12, and 12.5 in order to cover the range
of observed FIR luminosities. The FIR light curves (upper
frame) are used to determine the evolving luminosity of a high-
density component (middle frame), and the evolving emission
ratio of the high- and low-density components (bottom frame).
A light curve having a more delayed peak would give more
rounded curves and the turn-around point would occur at higher
HD(t)/LD values.

This simple time-dependent scenario already shows some
distinctive behavior of the high-density component during a
FIR outburst, that is relevant to the high-density tracer data pre-
sented in this paper:

1) The rapid rise segment (indicated as (a) in Fig. 6) of the star
formation process and the resulting FIR outburst ensure that the
data points show rapid evolution and are relatively sparse at the
onset of the curves. During the peak of the curve the depletion
rate of the high-density component is highest. After the luminos-
ity peak the data points in the decay segment of the three curves
(indicated as (b) in Fig. 6) will be closer together. Because of the
increased probability of finding a source in this state, our source
samples will be dominated by sources in the intermediate and
later stages of evolution.

2) The luminosity of the high-density component versus
Lpr will display a separation between the upward (a) and down-
ward (b) luminosity segment due to the ongoing depletion (mid-
dle frame Fig. 6). Sources with the highest peak luminosities
and the largest depletion factors follow the outermost evolution-
ary track and will end on the lower boundary of the distribution.
This effect could add significantly to the scatter in the diagrams
of the high density tracers versus Lgg.

3) The high- to low-density emission ratio versus FIR (bottom
frame Fig. 6) reflects the phases of the FIR light curve: a rapid
horizontal track for the rapid rise segment (a) of the FIR lu-
minosity with few data points, followed by a downward curved
track with accumulation of data points at the lower boundary
for the decay segments (b). After finishing the FIR light curve,
a third buildup phase may take place with a steady re-building
of the high-density molecular component in the central regions.
A molecular buildup would prepare the galaxy for the next star
formation outburst.

7.3. Comparison with observations

The observed relations between molecular line luminosities and
FIR luminosities in Figs. 1-3 are in agreement with the simula-
tions in the middle frame of Fig. 6. The observed scatter in the
diagrams would partly result from differences in the rise and de-
cay stages of an outburst. Furthermore, the track of the highest
luminosity sources and OH MM would lie at the outer edges of
the distribution. Similarly, the distribution of data points in an
Lyp — Lpr diagram could display a steepening towards higher
Lpr values (see Fig. 2).

The observed intensity ratios of tracer molecules relative
to CO (1-0) show organized distributions (Figs. 4 and 5), that
are in agreement with the simulations in Fig. 6¢. The upper re-
gions of the distributions are indeed sparsely populated as they
represent (near-)initial values for sources. From the diagrams it
follows that the initial fraction Sy of the high-density component
would be in the 0.08-0.18 range, and the depletion rate I" for
our sample of sources would lie in the 0.6—0.9 range. Further
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Fig. 6. Simulations of characteristic behavior of the high-density com-
ponent during a FIR outburst. Labels (a) and (b) indicate the rapidly
rising and the slower decaying segments of the outburst, respectively.
Upper diagram: three L light curves versus time on a log-linear scale.
The time is in units of T as used in Eq. (1). Middle diagram: the as-
sociated luminosity of the high-density (HD) component Lyp for the
three light curves on a log-log scale. The parameters of the curves as
described in Sect. 7 are: 1) the outer curve with initial 8y = 0.18, log
Lpr(max) = 12.5, and a depletion rate of I' = 0.9 during the course of
the outburst; 2) the middle curve 0.135, 12.0, and 0.5; and 3) the inner
curve 0.09, 11.0, and 0.4. Lower diagram: the time-evolution of the ra-
tio of high- and low-density (LD) components for the three FIR light
curves of the above frames.

evolution of the outburst during the decay phase would result
in the characteristically curved lower boundary observed in the
diagrams. The highest FIR luminosity sources that have passed
beyond their peak are also found at this lower boundary.

The distribution of OH MM (and H,CO MM) are quite con-
spicuous in the diagrams. Some occupy the sparse region of
rapid evolution at the highest HD/LD intensity ratios (high 5),
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while others have already evolved to the curved lower edge of
the distribution, as seen clearly for the HCN/CO ratio in Fig. 4a.

8. Molecular excitation environments

The emission properties of Galactic and also extragalactic emis-
sion regions have been studied and interpreted by using two dis-
tinct excitation regimes: X-ray Dominated Regions (XDRs) and
Photon Dominated Regions (PDRs) with far-ultraviolet radia-
tion fields. These environments are quite distinguishable using
the emission characteristics of high-density tracers in the cloud
core regions and low-density tracers at the cloud surfaces (Lepp
& Dalgarno 1996; Meijerink & Spaans 2005; Boger & Sternberg
2005). The abundance and emission characteristics of the molec-
ular and atomic lines depend strongly on the available (attain-
able) column density submitted to the radiation field and the
strength of the radiation field.

Global environmental conditions — The PDR and XDR
modelling of Meijerink & Spaans (2005) and Meijerink et al.
(2006, 2007) incorporate the physics and the chemistry in the
local environment using many molecules and chemical reactions
under local thermal balance. A large grid of density and radia-
tive conditions was used to predict the cumulative column den-
sities taking into account the radiation transfer in a representa-
tive slab-model incorporating XDR and PDR environments. This
grid predicts column densities in all relevant energy states for
the dominant molecules. All high-density tracer emissions are
predominantly produced by regions with high hydrogen column
densities. Relying on the predicted column densities for such a
gas component, we restrict ourselves to a first order analysis of
the observed line ratios using the ratios of calculated column
densities.

The characteristics of both the PDR and XDR models de-
pend on the parameterization of the radiative energy deposition
rate per hydrogen nucleus P = Fryy/ng or Fx/ng and suggest
the following regimes:

1) For PDRs with high values of P > 5 x 107* ergcms™!
the column density ratios vary for all column densities Ny >
10215 ¢cm~2 as:

N(HCO*)/N(HCN) < N(HNC)/N(HCN) < 1

while for smaller values for Ny, the ratios switch around such
that:

N(HNC)/N(HCN) < 1 < N(HCO*)/N(HCN)

and for lower P ~ 5 x 107® ergcm s™! the column density ratios
vary as:

1 < N(HNC)/N(HCN) ~ N(HCO*)/N(HCN).

2) For XDRs the radiation penetrates deeper into the cloud
volume than for PDRs. For stronger XDR radiation fields (P >
5 x 107 ergcms™!) and for column densities above the transi-
tion point Ny =~ 10?>> cm™2, the observable molecular column
densities have ratios:

1 < N(HNC)/N(HCN) < N(HCO™)/N(HCN),
and below this Ny transition point:

N(HNC)/N(HCN) <« N(HCO*)/N(HCN) < 1,
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while for lower P ~ 5x107% ergcm s™! the column density ratios
vary as:

N(HCO")/N(HCN) < N(HNC)/N(HCN) ~ 1.

3) For PDR conditions the column density ratio
N(CN)/N(HCN) varies from 0.5 to 2.0 over the respective
density range of 10° to 10* cm=3.

4) For XDR conditions the column density ratio is
N(CN)/N(HCN) > 1 and may become as large as 10.

5) For PDR conditions at Ny > 10*2 cm ™2 the column density
ratio N(CS)/N(HCN) > 1. At lower column densities the ratio
may become < 1, which makes CS a column density indicator.

6) For XDR conditions for the whole column density range
at low values of P ~ 5x 107 ergcm s~! the column density ratio
is N(CS)/N(HCN) > 1. At higher values of P the ratio remains
>1 for Ny > 10%* cm™2 and is <1 for lower Ny, again making it
column density sensitive.

Evolutionary environmental conditions — The characteris-
tics described above are representative of a steady-state nuclear
excitation environment. Realistically the behavior of molecules
tracing the high-density component is affected by changing evo-
Iutionary and environmental effects that influence their abun-
dance and the exciting radiation fields.

Assuming that FIR luminous sources are mostly powered
by (circum-)nuclear starbursts, the evolving star formation will
generate supernovae with shocks enhancing the cosmic ray flux,
and produce new generations of X-ray binaries. Because these
star formation products alter the excitation environment, an en-
vironment initially dominated by PDR conditions could change
into one with a combination of PDR and XDR conditions during
the later stages of the outburst (for M 82 see: Garcia-Burillo et al.
2002; Spaans & Meijerink 2007). This will modify the line ratios
from their steady-state conditions discussed above. For instance,
increased cosmic ray production in shocks would enhance the
relative HCO*abundance while shocks also would decrease the
relative HNC abundance (Wootten 1981; Elitzur 1983; Schilke
et al. 1992). We will refer to this evolved starburst stage as be-
ing in a “late-stage” as compared with an “early-stage” starburst
where these effects do not yet play a role.

During the late-stage starburst also the density and temper-
ature structure of the ISM and its clumping would be affected,
resulting in chemical changes such as the selective destruction
of HNC in favor of HCN at higher temperatures (see Sect. 2). In
addition, a certain fraction of the high-density medium will be
used/destroyed by the star formation process. As a result the line
emission may originate in regions of decreasing column densi-
ties, which modifies the observed line ratios.

9. Diagnostics with tracer lines

In the absence of multi-transition studies using LVG simula-
tions involving higher J transitions, we make the assumption
that the integrated line ratios have a diagnostic value that is
equivalent to the ratios of column densities for the observable
molecular species. The global characteristics of molecular col-
umn densities described in the previous section for XDR- and
PDR-dominance may thus be used for a first diagnosis of the
excitation environments.

9.1. High-density tracer ratios versus Lgg

Diagrams of relative intensities for HCN, HNC, HCO™*, CN, and
CS are presented in Figs. 7 and 8. Horizontal lines for a ratio
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Fig.7. High-density tracer line ratios versus FIR luminosity. a) The
integrated HNC (1-0)/HCN (1-0) line intensity ratio, b) the inte-
grated HCO*(1-0)/HCN (1-0) line intensity ratio, and ¢) the integrated
HNC (1-0)/HCO™* (1-0) line intensity ratio. The dotted lines mark the
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above. These labels have been omitted in the two lower frames (where
X would be in the upper range of frame b) and in the lower range of
frame ¢)) because non-standard heating effects on HCO*and HNC (see
Sect. 9.1) causes a shift of the data points and makes labelling non-
appropriate. The symbols are described with Fig. 1.

equal to unity (and two for CN) have been added to the dia-
grams in order to test a first order division between PDR and
XDR line ratios as derived in the previous section. However,
we find that the unity value is not a reliable boundary for ra-
tios with HCO™*. For CS this line separates high and low column
densities. The line ratios are predominantly determined by re-
gions having the highest molecular column densities (Meijerink
etal. 2007). All diagrams show some systematic behavior in that
the OH MM sources cluster together and that there could be a
wedge-like upper boundary for the sources at high luminosities.
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HCN, HNC and HCO™ lines — The observed ratios of HCN,
HNC, and HCO™ in Fig. 7 show a range of values between 0.2
and 2.0. Modelling results indicate that the HCO*/HCN ratio in
most PDR environments is expected to be smaller than unity,
while in XDRs the HCO*/HCN line ratio becomes >1 for the
higher column densities. The PDR sources are expected to lie in
the lower parts (<1) of the upper two diagrams and in the upper
part (>1) of the bottom diagram of Fig. 7.

The observed HNC/HCN data shows significant clustering
at 0.5 across the whole Lgr range, which could indicate that
the HNC/HCN ratios have been lowered by the evolving star-
burst excitation. In the HCO*/HCN diagram in Fig. 7b, the
OH MM sources are well confined to the 0.3 and 0.8 range
with only IC 694 (Arp299A, IR 11257+5850A) as the excep-
tion. Rather than finding a steady decrease of the observed
HCO*/HCN with increasing Lgr (Gracia-Carpio et al. 2006),
our larger sample presents a more complicated picture that hints
at (systematic) evolutionary influences on the nuclear medium.

The diagrams of Fig. 7 display systematic behavior related
to the HCO"and HNC characteristics. The group of megamaser
sources (mostly) lies to the right of the vertical line of Lgr >
10" L but they are in the PDR regions of all three diagrams.
They are mostly high Ny and pure PDR sources. On the other
hand, the group of sources left of that vertical line lies in the PDR
regime for the HNC/HCN ratio, straddles the XDR-PDR divid-
ing line for the HCO*/HCN ratio, and lies in the XDR region
for the HNC/HCO™ratio. This effect can be attributed to HCO*
enhancement and HNC depletion during a late-stage starburst
phase, that pushes PDR sources to a first-order XDR regime in
the two bottom diagrams. This late-PDR behavior is exemplified
by the late starburst M 82.

The lowest values of HNC/HCO® for high Lgr sources are
for OH MM IC 694 and the two AGN sources NGC 1068 and
NGC 6240, which are all H,O emitters. NGC 6240 is not an OH
MM but is similar to Arp 220 in its properties. Both have domi-
nant (circum-)nuclear starburst activity and NGC 6240 also has a
shock-heated molecular emission region located between its two
AGN nuclei (Tacconi et al. 1999; Baan et al. 2007; Iono et al.
2007). The emission of the ring of starformation in NGC 1068
(Schinnerer et al. 2000) also falls within the SEST observing
beam; this would dominate the signature of the source and re-
sults in different ratios than for IRAM 30 m data (Usero et al.
2004). As a result of these characteristics, the three sources lie
in the PDR region of Fig. 7a and in the XDR region of Fig. 7c.
Alternatively, the emission from these sources could be dom-
inated by low Ny emission regions, where the theoretical line
ratios are reversed compared to the high Ny cases (Sect. 8).

The evolved starburst behavior displayed in Fig. 7 shows that
the first-order PDR-XDR division of the three diagrams may not
be optimal. The most reliable tracer of PDR versus XDR behav-
ior appears to be the HNC/HCN ratio, because it is least affected
by late-stage starburst conditions. Using this ratio would also im-
ply that most sources of our sample are PDR dominated starburst
sources.

CN and CS lines — The N(CN)/N(HCN) ratios would lie
below 2.0 for PDRs and (far) above for XDRs (Meijerink et al.
2006). In Fig. 8ab any XDR sources would lie (far) above
the line in the two diagrams. The OH MM have a typical
CN(1-0)/HCN ratio in the 0.4—-0.8 range, except for Arp220
with a value of 1.7. The PDR-XDR division appears well situ-
ated in the diagram.

The N(CS)/N(HCN) ratio should be >1 at high column
densities for both XDRs and PDRs (Fig. 8c). The observed
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CS(3—-2)/HCN(1-0) ratio increases with increasing Lgr, which
suggests a correlation with column density.

9.2. High-density tracer ratios versus each other

Tracers HCN, HCO*, and HNC - The line ratios of high-
density tracer molecules HCN, HCO*, and HNC may be com-
pared to each other in order to discern collective behavior
(Fig. 9). There is a significant spread in data points and a sep-
aration of a group of mostly OH MM from an extended group of
non—OH MM. The discrepant OH MM point is again IC 694.
The diagrams of Fig. 9 may be interpreted in the framework
of dominant PDR and XDR characteristics of the emission re-
gions using only the (more dependable) HNC/HCN ratio (see
Sect. 8). The data points have extended (slanted) distributions in
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all three frames with most sources lying on the PDR side of the
three dividing lines.

The dependence on density is strongest for HCO* (Meijerink
et al. 2007). In the top-left frame, the diagonal structure rep-
resents a change from higher (bottom-right) to lower (top-left)
densities with Arp220 and other OH MM lying at the high
density extreme. HNC depletion and HCO*enhancement due to
evolved starburst environmental effects (see Sect. 8) may ac-
count for the bunching of data points, and the fact that some
sources have moved close to the XDR-PDR boundary.

Tracers CN and CS — The CN/HNC and CN/HCO® ver-
sus CN/HCN distributions show a significant spread with the
OH MM concentrated at lower CN/HNC ratios (Fig. 10). The
first order diagnostics discussed in Sect.8 indicates that all
sources have a CN/HCN ratio close to unity, which is consistent
with PDR environments. There is a hint of a gap in the source
distribution at CN/HCN = 1. The slant in the data distribution in
the bottom frame of Fig. 10 (as compared with the top frame)
results from the HCO* enhancement for part of the sample.

The CS diagrams (Figs. 10c,d) display a clear extended
structure with the OH MM showing high ratios against HNC,
HCO™ and HCN. Since CS is to first order a column density
tracer (see Sects. 2 and 8), this linear variation in the relative
strength of CS is a consequence of seeing more of the highest
density components with a high column density. ULIRGs/OH
MM with high column densities have high ratios and moder-
ate (low) power FIR sources like NGC 1808, M 83, and Maffei 2
have lower values.

Comparisons with CO — A diagnostic diagram may be con-
structed using the ratios of tracers with CO (1-0) (Fig. 11).
These diagrams also display a significant (diagonal) spread in
data points and a separation between OH MM and the rest of
the data points. The HCO*enhancement and the less apparent
HNC depletion may account for the curved distributions of the
bottom-left and top-right frames. As presented in previous sec-
tions, the ratios of high-density tracers with CO would be evo-
lutionary indicators that reduce in value during the course of the
outburst. Depending on their Lgg (max), the sources during early
evolutionary stages have a starting point further towards the top-
right side of each frame, while more evolved sources or those
with smaller Lpr(max) will appear more towards the bottom-
left side. The relative locations of (late-stage) M 82 and (early-
stage low Lpr (max)) NGC 253, and ULIRGs/OH MM Arp 220
and Mrk 231 are consistent with this picture. While there is no
one-to-one interpretation of relative positions of individual data
points, the collective paths would support FIR-related evolution
from higher Lgg and PDR—dominated sources in early stages of
evolution to XDR-like sources at lower Lgr (see Figs. 9-12).
Detailed modelling needs to confirm the evolutionary paths fol-
lowed by the nuclear activity having different initial conditions.

9.3. Diagnostics of the nuclear energy source

The variation of the line intensity ratios has also been con-
nected to the AGN or starburst nucleus (SBN) nature of
the nuclear power sources (Kohno et al. 2001; Gracia-Carpio
et al. 2006). Both authors suggest that the data points
with HCO*/HCN < 0.55 would indicate AGN activity and that
higher values indicate a composite AGN nature.

The (log-log) diagram of HCO*/HCN versus the evolution-
ary parameter of the HCN/CO ratio (Fig. 12) shows a continu-
ous distribution for our larger sample (see Sects. 6.3 and 7) that
confirms the distribution of data points presented earlier (Kohno
et al. 2001; Gracid-Carpio et al. 2006). The central ridge that
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Fig. 9. The integrated line ratios of HCN (1-0),
HNC (1-0), and HCO* (1-0) versus each
other. a) Integrated HCO™ (1-0)/HCN (1-0)
versus HNC (1-0)/HCO™ (1-0) ratios; b) in-

tegrated ~HCO™ (1-0)/HCN (1-0)  versus
HNC (1-0)/HCN (1-0) ratios; and ¢) in-
tegrated HNC(1-0)/HCN (1-0) versus

HNC (1-0)/HCO™ (1-0) ratios. The P and X
and the dotted lines mark the regions of the
line ratios of predominantly photon-dominated
regions (PDRs) and predominantly X-ray-
dominated regions (XDRs) using only the
HNC/HCN ratio. The symbols are described
with Fig. 1.
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the CN/HCOratio. ¢) The CS/HCN ratio versus the CS/HNC ratio and d) versus the CS/HCO*ratio. The symbols are described with Fig. 1.

accounts for most of the data points shows an inverse-linear re-
lation between the two ratios, which suggests a general deple-
tion of HCN relative to CO and HCO* during the course of
the outburst. In our evolutionary scenario, a source moves from
(bottom) right to (upper) left in the diagram during the decay

segment of the nuclear outburst. M 82 represents a later stage
of starburst evolution and is located at the upper left, since its
late-PDR nature also enhances HCO*. OH MMs and ULIRGs
may start at the right side of Fig. 12, while less dominant star-
bursts have a starting point more at the center or even on the
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Therefore, the predicted properties of the nuclear ISM dur-
ing the evolution of the starburst may well account for the data
points in Fig. 12 and particularly the (inverse-linear) central
ridge. If the observed trend were affected by the presence of an
AGN, its influence on the excitation environment of the nucleus
would have to be further confirmed by more detailed modelling.
The (circum-) nuclear starburst would easily outshine the com-
pact AGN region and dominate the emission signature in low
spatial resolution data.

HCN (1-0)/CO (1-0) ratio. The symbols are described with Fig. 1.

10. Summary

Molecular line emissions in FIR-luminous galaxies are tools for
multi-dimensional diagnostics of the environmental parameters
in the nuclear ISM and the heating processes resulting from the
nuclear activity.
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A proper evaluation of integrated emission lines and their
diagnostic line ratios can be achieved after synthesis and mod-
elling of a representative description of the integrated nuclear
molecular medium under a wide variety of AGN- and starburst-
related circumstances. The molecular information in this paper
has been diagnosed to first order, using modelling results for nu-
clear emission regions presented in the literature.

The collective behavior of line luminosities and line ratios
of the low-density and high-density tracers presents a consis-
tent picture of the molecular medium in the nuclear regions
of ULIRGs. The high-density tracers represent the molecular
medium in the regions where star formation is taking place,
and the low-density tracer represents the relatively unperturbed
larger-scale molecular environment. The tracer luminosities in-
crease roughly linearly with FIR luminosity but they show sig-
nificant scatter in data points due to physical processes in the
nuclear region, the chemical history, and the relative age of the
nuclear activity. The luminosity of high-density tracers varies
linearly with Lpr except for the CS(3—-2) luminosity, where a
steeper relation is suggestive of a different excitation depen-
dence. The CO(1-0) and CO(2-1) lines for these high FIR lu-
minosity sources have a slope less than unity and are (almost)
consistent with empirical evidence on the relation of SFR versus
gas content (Kennicutt 1998).

First order diagnostics of the nuclear ISM can be based
on the collective behavior of high-density tracers HCN, HNC
and HCO™ showing significant differentiation and systematic
changes. The line strengths of these three molecules relative
to the CO (1-0) line show a large variation and a distinct de-
pendence on Lgr. This variation has been interpreted in terms
of an evolutionary model where the depletion of molecular gas
depends on the consumption and destruction of the high-density
gas by the ongoing star formation process. Only partial diagnos-
tics could be done using the available CN and CS data, which
complements the diagnostics of the three other high-density
tracers.

The emission line ratios of the three high-density tracers
of the galaxies show a structured distribution that fills selected
parts of the parameter space. Interpreting these distributions has
been done using modelling column densities that are character-
istic of PDR- and XDR-dominated nuclear environments. OH
MM and other powerful ULIRGs are mostly characterized by
PDR-dominance. The other end of the data distribution is char-
acterized by mixed PDR-XDR and XDR-dominated environ-
ments. (U)LIRGs represent the phases of nuclear evolution that
generate the highest FIR luminosities and most rapidly deplete
the dense molecular component. Using the HCN/CO ratio as an
evolutionary indicator, the distributions of data points may re-
flect evolution from PDR-like to more XDR-like nuclear ISM
properties during the course of the outburst.

The HCO*/HCN and HNC/HCN ratios serve as indicators of
environments affected by star-formation feedback with shocks
and non-standard heating and with HNC depletion and HCO*
enhancement in a fraction of the sources. The HCO*/HCN ratio
also serves as a density indicator and would be higher under PDR
circumstances and lower in XDR environments. The observed
trends in the HCO*/HCN ratio could result from the (indirect)
influence of an AGN in the nucleus. More likely the trends in
the relative abundance of HCN as compared to other constituents
result from evolution of the nuclear environment during the SBN
activity.

The detailed interpretations of multi-line multi-molecule
emission line behavior and their relation to the local environ-
ment require detailed modelling of the physical parameters of
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the environment together with the excitation, the chemistry, and
the radiative transfer for the molecular constituents. Hereby the
integration of higher level transitions of the molecules is needed
to determine specific excitation temperatures and densities. A
comparison with the properties of Galactic emission regions
will emphasize the effect of scale size on the line ratios for
tracer molecules. Further studies are underway to connect the
FIR signature and global heating scenario of ULIRGs (Loenen
et al. 2006) with modelling of the molecular emissions under
varying conditions in a nuclear starburst. The emission scenar-
ios for XDRs and PDRs establish the connection between star
formation and other sources of excitation and the integrated
emission line parameters observed in extragalactic sources.
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Appendix A: Display spectral data
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Fig. A.1. Spectra of Pico Valeta sources — Part 1. Vertical scale is T}, in degrees.
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Fig. A.3. Spectra of SEST sources. Vertical scale is T}, in degrees. Source IR 10257 is also known as M 83 or NGC 5236.
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Appendix B: Data tables

Table B.1. Observational data for High-Density Tracers based on Pico Veleta and SEST Data and from Literature .

Source MM DL3 Lpr CO (1-0) CO(2-1) HCN (1-0) HNC(1-0) HCO* (1-0) CS(3-2) CN (1-0) CN(2-1) Telescopes ~ Comments

IRAS name Mpc Iog% Jykms’1 Jy km 57! Jykms’1 Jy km 57! Jy km 57! Jy km 57! Jy km 57! Jy km 57!

00085-1223  NGC34 828 1147 1485 (13.57 <71.57 . <8.17 1022097 SE -

00278-3331  NGCI134 220 1060  336.4(27.0) <21.0 <21.0 <572 SE -

00335-2732 ... 1 2935 1194 <268 <154 <154 <289 SE -

00345-2945 NGCI174 493 1092 211.7(19.1) <176 <176 <36.0 SE -

01053-1746  1C1623 81.7 11.63 291.1 (44.8) 107/ 12.4 (2.0) SE, KP scaled value from ref. f

01364-1042 ... 1 2035 1185  46.5¢ <6.9 <69 <14.1 SE -

01403+1323  NGC660 140 1059  716.3(186.9) 1617.3(184) 33.0(83)  189(57) 328(63) <860 <8.6 PV, SE SEST data CO

02401-0013  NGC1068 2 167 11.18 19029/ 1967.2(82.0)/ 1575 (12.1) 61.9(8.8) 143.1(93) 50.5(69)  285.4(24.2) SE,FC,PV  scaled refs. f &j. PV data
consist. with refs. ¢, h & i

0305642034 ... 1 1141 1120 945 347 (4.2) <19 PV -

03317-3618  NGC1365 208 1110 21659 (102.4) ... 132.6 (65.0) 49.1(9.6) 87.6(259) 467(97) ... SE SEST data consist. with f

05059-3734  NGCI1808 109 1054  1897.6 (137.2) ... 107.1(50) 452(10.5 594(3.6) 101 (3.6) 1026277 8204.1¢ SE HNC low in ref. d

0541445840 ... 620 1125 4111 508.0(36.6)  149(25) <38 9.1 (2.6) <234 11.6 <104 PV -

07160-6215  NGC2369 453 1112 5538 (5.7 9594 (143)F  238(80) <137 23.8(63)  <20.6 SE SEST data & ref. b

08071+0509 12201 11.80 709 115.4(7.3) <38 <69 <59 <1424 PV -

10039-3338 ... 11432 1170 ... <9.0 <9.0 <135 SE -

10257-4338  NGC3256 393 1162 1222.8(7.6)> 29807 (143" 465(8.8)  <42.0 59.6(6.7) <327 324 (147  226209°¢ SE HCN low in ref. d

11143-7556  NGC3620 253 1092 572.7(74.3) . 435(176) <156 <23.1 384(87) ... SE -

11257+5850a  Arp299A 12 420 1175 2835 537.8(5.4) 11.8(1.8) 49(12) 192(19 <104 8.6 (2.1) PV 1C694, refs. e & f consist.
scaled ref. g

11506-3851 ... 1 428 1124 2253¢ 414(105) <23.1 <133 17.6 (4.2) SE -

12018-1852  NGC4038 226 1069 ... 8.6 (5.2) <146 268(69)  <19.6 SE -

12243-0036 ... 1 303 1097 1654 253.3(3.0) 130(1.6)  134(1.6) 9.7(1.6) 15925  94(1.8) <16.1 PV -

12540+5708  Mrk231 1 170.0 1235  103.5¢ . 17.69 21247 1265 .. 133534 40(L1) 0SO,PV  agrees with our data

1312642452 ... 543 1114 2362 131.8 (2.0) <28 <58 48 (1.1) <6.2 3.1 (1.0) PV -

13341-2936  M83* 37 1007 653.9(33.3) 684 (212) 20.1 (14)° 308(125 550147 ... SE, PV -

13428+5608 Mrk273 1 1520 1212 97.39 15.69 <6.14 5.99 <6.74 0S0 refs. g & ¢ consist.

14566—1629 486 1064 <249 . <158 SE -

15065-1107 1 253 1035 2079 28.6 (3.3) 35(1.1) . <34 . PV -

1510740724 ... 1 471 1114 1181 356.3 (4.6) 130(3.6) 6943) 65(2) 11.7(34)  7.6(9.8) <274 PV -

1532742340 Arp220 1 730 1216  515.0¢ 650.9 (324)  39.8¢ 348 (73 185(3.6)  57.6(12.9) 68.7(103) 39.1 (1209 PV, 0S80, SE scaled values refs. f & e

16399-0937 ... 1 1111 1150 118.1 67.4(9.2) <27 PV -

16504+0228  NGC6240 2 980 1176  333.2¢ 457.0(12.5) 3129 8.0 (4.0)¢ 2349 <263 151 2.0)¢ 42433 SEPV scaled values ref. g
ref. e consist.

17208-0014 1 1730 1240 17779 327.0 3.7) 12.89 8.79 <159 <6.8 PV -

17526+3253 1 1069 1110 1040 164.6 (144) <36 <8.1 <6.9 <8.8 <263 PV -

20550+1656 1 1527 11.86 803 111.8 (4.1) 28(12) PV -

2202544205 ... 1 603 1100 898 1429 (60.0)  13.6(22) <69 5.7(1.8) <52 <82 PV -

23134-4251  NGC7552 2201 1102 652.0(88.1) 343(64)  161(52) 30.8(65)  222(45) SE -

231564238  NGC7582 219 1087 6955 (69.0) 212(58)  <26.1 283(103) <234 SE -

004022350 ... 950 1144 2098 (5.7)¢ 323.9(82°F .. SE -

00450-2533  NGC253* 25 1022 8236.0/ 318.2 (14.0)" 234.0 (7.0)° 276.1 (14.0)" 128.5 (12.5) 553.3 (43.5)° 412.2(15.1)" PV,KP scaled values ref. f

01077-1707 140.6 11.61  120.0% SE -

01159-4443 ... 1957 1136  107.8¢ SE -

0121940331 NGC520 316 1096 226.8¢ 15.9¢ PV -

0148442220  NGC695 131.0 11.60  27.39 239 3.6¢ PV -

0207143857 NGC828 746 1133 378.0° <3.7¢ PV -

0211440456 Mrk1027 1230 1137 136.0f 441 PV -

02193+4207 NGC891 100 1038 4943/ 381.6(26.6) 8423 42(09¢ 943" PV, FC scaled values ref. f
consist. withc & h

02360-0653  NGC1022 211 1039 3377/ 9.4/ KP -

0238145923 Maffei2 50 1000 ... 123.5 (94" 342(1.9)°¢ 459 6.1)" 282 (2.3) PV -

0239140013 NGC1055 148 1029 222141 2630.2 (136.0)/ <31.3/ KP, PV scaled values ref. j

02526-0023  NGCl1144 1180 1139  216.9/ 35/ PV -

0341946756 1C3424 37 9.92 324720 89.4 (52" 29909 459@7" 222320 T13@7)"  23.1(09° PV,KP scaled values ref. f

0417047510 NGC1530 348 1064 269.3¢ 9.4¢ PV -

04315-0840  NGCl614 633 1152 243.0 (13.5)° 7.2f 1628.1)¢ 205417 SEPV -

04454-4838 ... 1 2244 1186  29.4¢ SE -

05083+7936  VIIZw31 220.0 11.92 100.99 4.99 3.59 PV refs. f & g not consist.

05189-2524 167.5 1196 924/ 5.3/ PV -

06035-7102 ... 3352 1218 31.8¢ SE -

06106+7822  NGC2146 152 1097 11464 (26.7)¢ 1259.0 (17.3)/ <18.7" 75(14)° 19733 <920 32.0 (8.0)¢ 0SO,PV  scaled values ref. j

062066315 1 3903 1220  51.4¢ SE -

06259-4708 165.5 11.83  71.8(1.9°  1742(6.2)° SE -

065926313 ... 9.1 11.16  83.3¢ SE -

0710148550  NGC2276 355 1077 2926/ 6.8/ KP -

0835442555  NGC2623 767 1156  346.6 (13.3)¢ 145 (3.6)¢ <16.0¢ 0SO0 -

08520—6850 191.8 1173 26.9¢ SE -

09111-1007 ... 2314 1203 56.3¢ SE -

09126+4432  Arp55 161.0 11.68 48.39 4.79 3.99 PV ref. f & h not consist.

0929342143  NGC2903 6.2 9.89 1162.5/ 281(5.6" 65(14)° 10328 PV scaled values ref. f

0932046134  UGC5101 1 1602 1196 733/ 104/ . PV -

09517+6954  M82* 35 1065 45796/ 1189 (9.4)" 627 (2.8)¢ 188.1 (7.0)" 753 (11.6)" 1658 (17.5)" 88.7 (4.9 PV,KP scaled values ref. f

09585+5555 NGC3079 2 162 1064 17687/ 431 89" 32347 <94" 153 (3.2) PV, KP scaled values ref. f

1012647339 NGC3147 416 1079 75.6° 8.4¢ PV -

1056542448 ... 1733 1199  77.57 8.6/ PV -

1101044107  Arpl48 1 1433 1159  86.0/ 541 PV -

1108545556  NGC3556 10.6 10.11 1032.5/ 16.8" KP -

11176+1315  NGC3627 76 1010 447747 35972 (74.8)) <214/ KP, PV scaled values ref. j
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Source MM Di3 Lpg CO (1-0) CO(2-1) HCN(1-0) HNC(1-0) HCO* (1-0) CS(3-2) CN (1-0) CN(2-1)  Telescopes Comments

IRAS name Mpc log LF% Jy km s Jy km s Jy km s Jy km 57! Jy km 571 Jy km 5! Jy km 57! Jy km 57!

11176+1351 NGC3628 96 1021  1309.47 13431 (170 27.1(65" 159 (1.9° 169 (2.8)" PV, KP scaled values refs. f & j
11257+5850bc  Arp299be 420 1159 2933 (26.7)¢ 14.0¢ .19 40.0 8.0)¢ 0SO,PV  NGC3690, ref e consist.
11460+4859  NGC3893 139 1002 626.5/ 26.0/ KP -

11578-0049  NGC4030 171 1031 1879.9/ 39.3/ KP -

1159646224  NGC4041 180 10.19 4336/ 1.7/ . KP -

1211240305 ... 1 2970 1228  47.89 3.69 2.19 PV -

1223943129 NGC4414 93 995 1982.0/ 1501.9 (68.6)/ 385/ KP, PV scaled values ref. j
12396+3249  NGC4631 8.1 1025 11670/ <271/ <4.6! KP, PV -

1254242157 NGC4826 47 944 2172.6/ <40.1/ KP -

13001-2339 ... 90.0 1145  142.0% SE -

13025-4911  NGC4945 78 11.10  9886.6 (28.4)% 18878.5 (12.3)F 420.0 (7.5)F 225.0 (4.1)F 450.0 3.8)F 2752 (4.0)% 756.0 (18.9)% 602.7 (8.0 SE -

13086+3719  NGC5005 140 1022 254237 754/ . KP -

13135+4217  NGC5055 73 996 4690.5/ <46.5/ . KP -

13183+3423  Arpl93 940 1163 17119 4.99 9.49 PV ref. f & e not consist.
13229-2934  NGC5135 517 1115 42637 212/ .. KP -

13299+4713  MS514 97 1132 .. 271 23" 80(23) <23 PV -

14306+5808  NGC5678 278 1044 8117/ 23.1/ . KP -

14348-1447 ... 3495 1233 41.6¢ SE -

14376-0004 NGC5713 240 1058  505.97 10.0/ KP -

14378-3651 ... 286.2 12.17  24.5¢ SE -

1451440344  NGC5775 213 1057  868.7F 26.5/ KP -

16330-6820 197.8 1193 178.8% SE -

180935744 725 1147 146.9% . . SE -

18293-3413 721 1173 686.1(7.6)"  1426.8 (20.5" 18.7 SE, KP scaled values ref. f
18341-5732 ... 648 1126  257.0(38) 307.5(123) ... SE -

18425+6036  NGC6701 568 1102 380.9/ 9.0/ KP -

19115-2124 2053 11.89  95.5¢ SE -

19254-7245 ... 260.8 11.96  58.8¢ SE -

2028442543  NGC6921 755 1106  182.0f 16.5" . . ... KP -

20338+5958  NGC6946 55 1013 14322f 4124200 187(14)¢ 45956 88(3.7) PV, KP scaled values ref. f
205114250 ... 179.2 1200  75.9¢ SE -

21453-3511  NGC7130 650 1131  256.5(135)¢ ... 16.5/ 10.0 (1.2)4 13527¢ 18420 SE KP -

22132-3705  1C5179 481 1115 2873(5.7)" 4018 (123" 239/ . . SE, KP scaled values ref. f
2234743409  NGC7331 150 1056  <191.6/ 474" 4709° <28 PV, KP scaled values ref. f
22467-4906 1747 1176 53.9¢ SE -

22491-1808 ... 13298 1216 22.0¢ SE -

2300740836 NGC7469 660 1151  48.19 10.89 170 244 15.89 213 (2.7)¢ PV,0S0 -

23024+1203  NGC7479 352 1076  <787.67 <202/ KP -

23128-5919 186.3 11.98  46.5¢ SE -

23179-6929 1747 1172 945(1.9%  1292(123)Y ... SE -

23365+3604 ... 1 261.0 12.13 42.19 2.39 1.49 PV refs. f & g not consist.
23488+1949  NGC7771 57.0 1132 496.19 22.79 21.59 PV refs. f & e consist.
2348842018 Mrk331 720 1140  49.59 8.39 10.59 PV refs. f & g not consist.

Notes to Table 1: 1) Data without references is new data presented in this paper. References for line data from the literature: @ Mirabel et al. (1990), b Garay et al. (1993), ¢ Hiittemeister et al. (1995),
d Aalto et al. (2002), e Solomon et al. (1992), f Gao & Solomon (2004a), g Gracid-Carpio et al. (2006), 1 Nguyen-Q-Rieu et al. (1992), i Mauersberger et al. (1989), j Braine & Combes (1992), k Wang et al. (2004),

[ Henkel et al. (1993), m Henkel et al. (1988), and n Mauersberger & Henkel (1989).

2) Column MM: 1 = OH MM, 2 = H,O MM.
3) Distances Dy derived from radial velocities using Hy = 72 Mpc/km s7! and q0 =0.5.
4) Observational data from the literature for M 51, M 82, M 83, IC 342, NGC 253, and Maffei 2 were taken at the nuclear position using the 26" beam of the IRAM 30m telescope.
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Table B.2. Line ratios for Luminous Infrared Galaxies.

Soure MM I B BCn  EeGD ENLe  Bere Roen gon oo oo
IRAS name log %

00085-1223  NGC34 11.47 <0.05 <0.05 0.07 (0.015)
00278-3331 NGC134 10.60 <0.06 e <0.06 <0.17

00345-2945 NGC174 1092 ... e o <0.08 e <0.08 <0.17

01053-1746  1C1623 11.63  1.16 (0.186) ... 0.04 (0.006) ... 0.04 (0.009) .

01364-1042 ... 1 11.85 <0.15 <0.15 <0 30

01403+1323  NGC660 10.59 0 99 (0.315) 0 58 (0.224) 0 58 (0.206) 0.05 (0.017) 0.03 (0.010) 0.05 (0.015) <0.12 <0.01

02401-0013  NGC1068 2 11.18 0.91 (0.092) 0.39 (0.064) 0.43 (0.068) 0.08 (0.006) 0.03 (0.005) 0.08 (0.005) 0.03 (0.004) 0.15 (0.013) ...
03056+2034 ... 1 1120 <0.02

03317-3618  NGC1365 11.10 066 (0.378) 037 (0.196) 056 (0.199) 0.06 (0.030) 0.02 (0.005) 004 (0.012) 002 (0. 005)

05059-3734  NGC1808 10.54  0.56 (0.042) 0.42 (0.100) 0.76 (0.182) 0.06 (0.005) 0.02 (0.006) 0.03 (0.003) 0.01 (0.002) 0 05 (0.004) O 04 (0.004)
05414+5840 ... 11.25  0.61 (0.204) <0.26 <0.42 0.04 (0.006) <0.01 0.02 (0.006) <0.06 0.03 <0.03
07160-6215  NGC2369 11.12 1.00 (0.428) <0.57 <0.57 0.04 (0.014) <0.02 0.04 (0.011) <0.04 ...
08071+0509 ... 1 11.80 ... e e <0.05 <0.10 . <0.08 e <2.01
10257-4338  NGC3256 11.62  1.28(0.283) <0.90 <0.70 0.04 (0.007) <0.03 0.05 (0.006) <0.03 0.03 (0.001) 0.02 (0.002)
11143-7556  NGC3620 1092 <0.53 <0.36 0.08 (0.032) <0.03 <0.04 0.07 (0.018) ...
11257+5850a Arp299A 1,2 11.75 1.63 (0.300) 0.42 (0.119) 0.26 (0.066) 0.04 (0.006) 0.02 (0.004) 0.07 (0.007) <0.04 0.03 (0.008) ...
11506-3851 ... 1 11.24 <032 <0.56 0.18 (0.046) <0.10 <0.06 0.08 (0.018) ...

12018-1852  NGC4038 10.69  3.11 (2.053) <1.70 <0.55

12243-0036 ... 1 10.97  0.75(0.153) 1.03 (0.175) 1.38 (0.278) 0.08 (0.010) 008 (0.010) 006(0010) 010(0015) 006 (0.011) <010
12540+5708 Mrk231 1 1235 0.72(0.085) 0.69 (0.138) 0.96 (0.224) 0.17 0.12 (0.023) 0.12 (0.014) ... 0.13 (0.052) 0.04 (0.011)
1312642452 ... 11.14  >1.70 <1.21 <0.01 <0.02 0.02 (0.005) <0.03 0.01 (0.004)
13341-2936 M83 10.07  0.45(0.229) 0.29 (0.093) 0.65 (0.269) 0.10 (0.033) 0.03 (0.003) 0.05 (0.019) 0.01 (0.002) ...

13428+5608 Mrk273 1 1212 0.38 <0.39 <1.02 0.16 <0.06 0.06 . <0.07

15065-1107 1 1035 . 0.02 (0.005) . <0.02

15107+0724 ... 1 11.14 050(0223) 053 (0.363) 106(0752) 0.11 (0.031) 006(0036) 006(0019) 0.10 (0.029) 0.06 (0.083) <023
1532742340  Arp220 1  12.16  0.46 (0.089) 0.87 (0.184) 1.88 (0.536) 0.08 0.07 (0.014) 0.04 (0.007) 0.11 (0.025) 0.13 (0.020) 0.08 (0.023)
16399-0937 ... 1 11.50 ... <0.02
16504+0228 NGC6240 2 11.76  0.75 0 26 (0.128) 0 34 (0.170) 0.09 0.02 (0.012) 0.07 <0.08 0.05 (0.006) 0.13 (0.010)
17208-0014 1 12.40  0.68 e e 0.07 e 0.05 . <0.09 <0.04
17526+3253 1 11.10 <0.03 <0.08 <0.07 <0.08 e <0.25
20550+1656 1 11.86 ... 0.03 (0.015) ...
22025+4205 ... 1 11.00 0.42(0.151) <0.51 <1.22 0.15 (0.025) <0.08 0.06 (0.020) ... <0.06 <0.09
23134-4251  NGC7552 11.02  0.90 (0.253) 0.47 (0.176) 0.52 (0.204) 0.05 (0.012) 0.02 (0.009) 0.05 (0.012) 0.03 (0.008) ...

23156-4238 NGC7582 10.87  1.34(0.609) <1.23 <0.92 0.03 (0.009) <0.04 0.04 (0.015) <0.03

00450-2533  NGC253 10.22  0.87 (0.058) 0.74 (0.039) 0.85 (0.050) 0.04 (0.002) 0.03 (0.001) 0.03 (0.002) 0.02 (0.002) 0.07 (0.005) 0.05 (0.002)
01219+0331  NGC520 10.96 . . . 0.07 . .

01484+2220 NGC695 11.60 1.59 . . 0.08 . 0.13

02071+3857 NGC828 11.33 <0.01

02114+0456  Mrk1027 11.37 . 0.03 .

02193+4207 NGC891 10.38 1 1 1(0.541) 0 50 (0.178) 0 45 (0.206) 0.02 (0.005) 0.01 (0.002) O 02 (0. 008)

02360-0653  NGC1022 10.39 . 0.03

02381+5923  Maffei2 10.00 0 37 (0.057) O 28 (0.026) 0 74 (0.107) .

02391+0013  NGC1055 10.29 <0 01

02526-0023 NGCl1144 11.39 . 0.02 .

03419+6756  1C342 9.92 0 51 (0.060) O 34 (0.022) O 65 (0.070) 0.03 (0.002) 0.01 (0.000) O 01 (0.001) 0 01 (0.001) O 02 (0.001) 0 01 (0.000)
04170+7510 NGC1530 10.64 0.03 . .

04315-0840 NGC1614 11.52 ... . 0.03 (0.002) ... 007 (0.034) 008 (0.018)
05083+7936  VIIZw31 11.92  0.70 e e 0.05 e 0.03

05189-2524 ... 11.96 ... . 0.06 .
06106+7822  NGC2146 1097 >1.05 >0.40 0 38 (0.095) <0.02 0.01 (0.001) 0 02 (0.003) <O 01 0.03 (0.007) ...
07101+8550  NGC2276 10.77 0.02 . e

08354+2555 NGC2623 11.56 e e 0.04 (0.01 1) .. <0.05

09126+4432  Arp55 11.68 0 83 e . 0 10 e 0 08

09293+2143  NGC2903 9.89  0.37(0.124) 0.23 (0.068) 0 64 (0.220) 0.02 (0.005) 0.01 (0.001) 0.01 (0.002) .

09320+6134  UGC5101 1 11.96 . 0.14 .

09517+6954  MS82 10.65 1 58 (0.138) O 53 (0.048) 0 33(0.019) 0.03 (0.002) 0.01 (0.001) 0 04 (0.002) 0 02 (0.003) 0 04 (0.004) 0 02 (0.001)
09585+5555 NGC3079 2 10.64 <0.22 0.75 (0.189) >3.45 0.02 (0.005) 0.02 (0.003) <0.01 0.01 (0.002) ...

10126+7339  NGC3147 10.79 0.11

10565+2448 ... 11.99 0.11

11010+4107 Arpl48 1 11.59 0.06

11085+5556  NGC3556 10.11 0.02

11176+1315 NGC3627 10.10 <0.00

11176+1351  NGC3628 10.21 62 (0.182) 059 (0.157) 094(0193) 0.02 (0.005) 0.01 (0.001) 001 (0.002) ...
11257+5850bc Arp299bc 11.59  0.79 . . 0.05 (0.004) ... 0.04 (0.003) ... 0.14 (0.030) ...
11460+4859  NGC3893 10.02 0.04
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Table B.2. continued.

Somcs Wim T TR RS R e B oi o o
IRAS name log L{%

11578-0049  NGC4030 1031 ... e e 0.02

11596+6224 NGC4041 10.19 ... . . 0.03 . e

1211240305 ... 1 12.28  0.60 e e 0.07 e 0.04

12239+3129 NGC4414 9.95 0.02

12396+3249  NGC4631 1025 ... e e <0.02 e e <0.00

1254242157 NGC4826 9.44 <0.02
13025-4911  NGC4945 11.10  1.07 (0.021) 0.54 (0.014) 0.50 (0.010) 0.04 (0.001) 0.02 (0.000) 0.05 (0.000) 0.03 (0.000) 0.08 (0.002) 0.06 (0.001)
13086+3719  NGC5005 1022 ... 0.03
13135+4217  NGC5055 9.96 <0.01

13183+3423  Arpl93 11.63 191 0.03 0.05

13229-2934  NGC5135 .15 ... e e 0.05

13299+4713  MS51 11.32 ... 0.29 (0.090) ...

14306+5808  NGC5678 10.44 ... e e 0.03

14376-0004 NGC5713 10.58 ... e e 0.02

14514+0344  NGC5775 10.57 ... e . 0.03 .

18293-3413 ... 11.73 ... 0.03 (0.000) ...

18425+6036  NGC6701 11.02 ... e e 0.02

2028442543  NGC6921 11.06 ... 0.09 .
20338+5958  NGC6946 10.13 1.11 (0.178) 0.45 (0.058) 0.41 (0.059) 0.03 (0.003) 0.01 (0.001) 0.03 (0.004) 0.01 (0.003) ...
21453-3511 NGC7130 11.31 ... 0.61 (0.076) ... 0.06 (0.003) 0.04 (0.005) ... 0.05 (0.011) 0.07 (0.009)
22132-3705  IC5179 .15 ... 0.08 (0.002) ...

22347+3409 NGC7331 10.56  <0.60 1.00 (0.360) >1.67 >0.02 >0.02
23007+0836  NGC7469 11.51 146 1.57 (0.224) 1.07 (0.153) 0.22 0.35 (0.050) 0.33 0.44 (0.055) ...
23365+3604 ... 1 1213 0.62 e e 0.06 e 0.03

23488+1949  NGC7771 11.32 095 e e 0.05 e 0.04

23488+2018  Mrk331 1140 126 " " 0.17 " 0.21

Notes to Table 1: Column MM: 1 = OH MM, 2 = H,O MM.



